)roceedin gs
Book

The 37t Annual Meeting of the Thai Society
for Biotechnology and International Conference

29t"— 31t October 2025
Mandarin Hotel Bangkok, Thcllond

7B




// .

TSB 2025

n Action

CONTENT
Page
Committee 1
BS-0O-002: Transcriptomics analysis of Starmerella riodocensis GT-SL1R 5

under High carbon to nitrogen ratio Condition for Enhanced Sophorolipid
Production
Sirawich Sapsirisuk and Nitnipa Soontorngun
BS-P-008: Impact of heterologous Beta Carotene Ketolase (bkt) gene 14
expression from Hematococcus pluvialis in Synechocystis sp. PCC 6803 on
carotenoid production under salt stress
Benjamat Sukkokee and Saowarath Jantaro

BS-P-014: Complete genome insights into a bacillus cereus group isolates 22
from food

Sawanya Potirungsee, Phornphan Sornchuer and Kritsakorn Saninjuk
BS-P-016: Microbiome biomarkers for colorectal cancer diagnosis via 30

metagenomic analysis

Kasidet Taweepon, Tavan Janvilisri, Joy Scaria, Supeecha Kumkate and
Phurt Harnvoravongchai
MB-0-022: Functional analysis of aromatic amino acid transporter gene aaaT 40
on antimicrobial resistance in Pseudomonas aeruginosa

Pacharapon Phoopanish, Jintana Duang-nkern, Saharit Wijitpittayanon
and Adisak Romsang
MB-0-024: Distribution of Vibrio spp. in relation to water quality in the 47
Songkhla lake basin, Thailand

Jutamas Manit, Kurrotulayunee Kareeya and Rattanaruji Pomwised
MB-P-005: Performance testing of a urine microalbumin dip test strips 56
developed for preliminary kidney disease screening

Umaporn Pimpitak, Wanwisa Poonlapdecha Anumart Buakeaw,
Sirirat Rengpipat and Kittinan Komolpis
MB-P-010: ITS-based identification of common poaceae species found 63
around bangkok

Lilian Haidvogl, Umaporn Siriwattanakul, Wanichaya Chaiwimol and
Wisuwat Songnuan
MB-P-012: Enhancing scoliosis detection using ai: integrating deep learning 71
into the medical field

Pittayud Aursukitwattan and, Pakwalan Kiewwichai
MB-P-015: Evaluation of chondrocyte culture formats for enhancing early 77
cartilage matrix formation

Matthuros Sonthisathaporn, Nattanan T-Thienprasert
and Chomdao Sinthuvanich
MB-P-017: Optimizing a split lentiviral delivery system for CRISPR/Cas9- 84
based gene knockout in mesenchymal stem cells

Lanlalit Pongsasakulchot, Kanok Keerati-Opasawat,
Natcha Gahawong and Waracharee Srifa
MB-P-025: OCT-4 activating compound 1 enhances developmental 93
competence and pluripotency of porcine SCNT embryos

Thida Praeksamut, Phattarawadee Noita and Rangsun Parnpai

© The 37" Annual Meeting of the Thai Society for Biotechnology and International Conference (TSB2025)



//

TSB 2035

n Action

MB-P-026: Assessment of the antioxidant and anti-inflammatory properties of
human placental extract in human mesenchymal stem cells

Kanda Rungboon, Nipha Chaicharoenaudomrung,
Natchadaporn Sorraksa, Phongsakorn Kunhorm, and Parinya Noisa
MB-P-027: Novel insights into the role of vesicle- and monolayer-derived
extracellular vesicles from bovine oviduct epithelial cells in enhancing embryo
quality in vitro

Apisit Polrachom, Kamolchanok Tonekam, Worawalan Samruan,
Traimat Boonthai and Rangsun Parnpai
MB-P-029: Establishment of the glycoprotein CD147 knockout in a human
leukemia cell line (K562) using lentivirus-based CRISPR/Cas9 system

Wannakan Jaikamlue, Kumpanat Pomlok, Suparat Lithanatudom,
Jiraprapa Wipasa and Pathrapol Lithanatudom
IE-O-005: Sorghum stem juice valorization to produce bioethanol: Process
simulation and life cycle assessment

Jutima Tantrakool, Aye Myat Theint Kyaw, Penjit Srinophakun,
Anusith Thanapimmetha, Maythee Saisriyoot, Khemmathin Lueangwattanapong
and Nutchapon Chiarasumran
IE-O-011: Enhancing biotransformation of cassava pulp to biomethane with
liquid hot water and microbial pretreatments

Saengmany Phommakod, Suppanut Varongchayakul,
Warinthorn Songkasiri and Pawinee Chaiprasert
IE-O-022: Effects of Thai herbal extracts on mitigating alachlor-induced
oxidative stress in Saccharomyces cerevisiae

Pham Ngoc Nhi Huynh and Choowong Auesukaree
IE-P-031: Sugarcane leaf derived-biochar acid catalyst for efficient isosorbide
production from sorbitol

Chonthicha Nilapornkul, Pongtanawat Khemthong, Bunyarit
Panyapinyopol, Wasawat Kraithong, Pawan Boonyoung, Saran Youngjan,
Jakkapop Phanthasri and Kamonwat Nakason
IE-P-041: Genetic improvement and chitinolytic enzyme production of
Stenotrophomonas maltophilia Mc_EO05 isolated from termite exoskeleton

Chinnaphat Meeto, Kittipong Chanworawit and Pinsurang Deevong
IE-P-044: Reducing sugar extraction from over-roasted coffee beans and
coffee silverskins

Sukon Tantipaibulvut, Patchanida Nuttipongpairoj, Areerat Khumpoln,
Kanjanakorn Piyarat, Sukanya Yot-aon, Jirayut Euanorasetr
and Sukanya Phuengjayaem
IE-P-046: Characterization of UV-mutated Kluyveromyces marxianus:
isobutanol tolerance and xylose utilization

Krittaporn Thungmuthaswade, Navaphorn Pinrenu,
Thanyalak Vorawongsakul and Jirasin Koonthongkaew
IE-P-048: Factors influencing on development of trehalose production by
Saccharomyces cerevisiae

Warissara Chotiwanee, Sitanan Thitiprasert and Nuttha Thongchul
IE-P-052: Nitrate reducing bacteria from oil sludge and their potential roles
on metal corrosion inhibition

Luxnapol Marturunkakul, Chutima Rotchum and Ekawan Luepromchai

Page
104

111

120

126

135

146

153

163

170

175

183

190

© The 37" Annual Meeting of the Thai Society for Biotechnology and International Conference (TSB2025)



//

TSB 2035

n Action

IE-P-053: Effect of potentially pathogenic and plastic-degrading bacterial
co-culture on polylactic acid microplastics

Nutthamon Boonlum, Chonchanok Muangnapoh
and Ekawan Luepromchai
BN-0O-018: Investigation of the antioxidant activity of a selected compound
derived from Curcuma comosa Roxb. in Saccharomyces cerevisiae

Trin Tangnararatchakit, Anyaporn Sangkaew, Apichart Suksamrarn
and Chulee Yompakdee
BN-P-012: Cratoxylum formosum extract attenuates inflammation in
LPS-activated macrophages by reducing IL-6 expression

Tuangtong Vongpipatana, Talayboon Pooyoi and Kotchakorn Srikhong
BN-P-016: Chitinase production by Aeromonas caviae EW02 newly isolated
from giant mud crab pond and potential to degrade chironomid egg masses
(Chironomus plumosus)

Chirath Pitakkhuamdee, Kittipong Chanworawit,
Piyangkun Lueangjaroenkit and Pinsurang Deevong
BN-P-023: Phyllosticta capitalensis, an endophytic fungus isolated from
Ocimum sanctum with antibacterial activity

Pattaranan Ounjai, Khwanruedee Sangjan, Onchapron Jitkumkoon,
Urarux Romruen and Eakaphun Bangyeekhun
BN-P-026: Screening of potent flavor compounds produced by
non-Saccharomyces yeast

Naphattarachon Thammapanyaphong, Thamonwan Tassanaset
and Jirasin Koonthongkaew
BN-P-027: Antimicrobial activity against Cutibacterium acnes of corn
agro-residues extract as waste utilization for cosmetic application

Natthawut Thitipramote, Ranchana Samaniam, Prinyaporn
Pradmeeteekul, Junniphaphorn Nimkamnerd, Thiyapan Noppakoon

and Witayapan Nantitanon
BN-P-030: Optimization of pectin yield from Cyclea barbata miers leaves
using response surface methodology

Witayapan Nantitanon, Pimpailin Rodpradit and Natthawut
Thitipramote
AB-0-008: Biomass production of in vitro Microchirita involucrata roots and
evaluation of biological activity of root culture extracts elicited with elicitors

Adsadayu Thonnondang, Onrut Inmano, Anupan Kongbangkerd
and Apinun Limmongkon
AB-0-021: Antifungal activity of Priestia aryabhattai ptku-123 crude extract
against Fusarium spp. associated with durian die-back disease

James Konkov, Nisit Watthanasakphuban and Paiboon Tunsagool
AB-0-024: Biological properties of alkali lignin extract from longan peel for
cosmetic application

Kittiya Phiguntong and Jidapha Tinoi
AB-P-003: SSR-based marker-trait associations for the selection of
drought-tolerant maize S1 genotypes

Theerawut Wongwarat, Chaiyawat Nantachot and Suriphat Thaitad

Page
199

207

216

221

229

236

244

255

263

274

283

292

© The 37" Annual Meeting of the Thai Society for Biotechnology and International Conference (TSB2025)



/

TSB 2025 ;

n Action

AB-P-012: Encapsulated freeze-dried lactic acid bacteria modulate gut
microbiota, health, and growth of Penaeus monodon

Narongchai Chupoon, Nomchit Kaewthai Andrei, Sirinat Srionnual
and Thanikan Thorasin
AB-P-014: Expression of chitinase encoding gene from Serratia marcescens
Mc_GO07 and termiticidal activity against the wood-feeding termite
Microcerotermes sp.

Kittipong Chanworawit, Torphan Vitoonpanyakij
and Pinsurang Deevong
AB-P-018: Genome-based discovery of novel cyanobacterial natural products
derived from Gloeocapsa sp. strain BRSZ

Hari Winanda, Sasiprapa Samsri, Stephen B. Pointing,
Hakuto Kageyama and Rungaroon Waditee-Sirisattha
AB-P-019: Exploring cyanobacterial diversity from a neutral-alkaline hot
spring in Thailand and their photoprotective compound productions

Chatchadarat Anantasophon, Pawat Wangthaphan, Tanawat Leknawin,
Sasiprapa Samsri, Stephen B. Pointing, Hakuto Kageyama
and Rungaroon Waditee-Sirisattha
AB-P-020: Phenotypic variation and plasticity of root hair traits in Australian
durum wheat (Triticum turgidum subsp. Durum) under phosphorus deficiency

Sukrita Majak, Samir Alahmad, Lee Thomas Hickey, Alexander Bucksch
and Patompong Johns Saengwilai
AB-P-026: Unveiling the quantitative landscape of gingerol and its derivatives
in Thai ginger (Zingiber officinale Roscoe)

Kronsirinut Rothjanawan, Nattakanwadee Khumpirapang, Alisa
Kongthong and Pimprapa Chaijak
AB-P-030: Characterization of multi-stress tolerant PGPR from orchard soils
in Chanthaburi province, Thailand

Jirapat Chanthamalee, Winyou Puckdee and Chewa Thassana
AB-P-033: Effect of skim milk supplementation on the production of air-dried
lactic acid bacterial starter culture immobilized on corn husk and its
antagonistic activity against Aspergillus flavus

Possawee Boonyong and Cheewanun Dachoupakan Sirisomboon
AB-P-034: Bioelectricity from palm oil mill effluent: the role of the pentose
phosphate pathway in Choricystis parasitica SW-03

Alisa Kongthong, Thanopon Yooyen and Pimprapa Chaijak
AB-P-035: Isolation and characterization of fungi from organic rice
cultivation soil for enhancing rice seed germination

Anuruk Seeka, Gregorius Nico Adi Setiawan, Manato Nishikawa
and Nuttapon Pombubpa
AB-P-036: Identification and functional characterization of small heat shock
proteins in shrimp immune responses to Ecytonucleospora hepatopenaei
(EHP) infection

Pithiwat Maiket, Nutthapon Sangklai and Anchalee Tassanakajon
AB-P-038: Identification of signaling pathways controlling antimicrobial
peptide gene expression in black tiger shrimp Penaeus monodon

Chayanit Khunrit, Thapanan Jatuyosporn, AnchaleeTassanakajon
and Kuakarun Krusong

Page
302

312

323

329

336

346

354

362

370

378

387

397

© The 37" Annual Meeting of the Thai Society for Biotechnology and International Conference (TSB2025)



TSB2025

in Action

AB-P-040: The efficacy of in straw dilution method on survival rates of
vitrified bovine embryos

Chanyada Angchuan, Traimat Boonthai and Rangsun Parnpai
FB-0-008: Process optimization of liquefaction in enzymatic hydrolysis of
waste bread using response surface methodology

Hsu Yadanar Htun, Natta Laohakunjit, Nattapon Kaisangsri, Apiradee
Uthairatanakij, Punchira Vongsawasdi, Ratchadaporn Kaprasob
and Orrapun Selamassakul
FB-O-011: Development and characterization of cellulose acetate/chitosan
films incorporated with piper betel extract for antimicrobial food packaging

Prapot Kumhang, Piyarat Khanthawaro and Nichapat Takiaw
FB-0-012: Discrepancies of antimicrobial resistant genotypes and phenotypes
in foodborne bacteria Vibrio parahaemolyticus from aquatic bird feces in
Thailand

Wijitra Khaosoong, Yuki Matsumoto, Shota Nakamura, Tetsuya lida,
Carla N. Mavian and Chonchanok Muangnapoh
FB-0-014: Impact of bacteriophage contamination from silage on yogurt
fermentation

Noppakorn Thadasawate, Jeeranan Kamchai, Suratsa Nuansakun,
Punyawee Dulyayangkul and Thanyaporn Srimahaeak
FB-0-017: Characterization and screening of flavor-producing non-
saccharomyces yeasts for fermentation applications

Manutsanun Boonyanuwat, Thamonwan Tassanaset and Jirasin
Koonthongkaew
FB-P-009: Isolation and characterization of Chlorella sp. AARLG049N
mutants with high protein and low Chlorophyll content

Kitkarn Veeraphisitt and Niyom Kamlangdee
FB-P-010: Isolation, morphological identification, and growth of
thraustochytrid isolated from mangrove habitats in the gulf of Thailand

Sasiwimol Duangvichai, Niyom Kamlangdee
and Kaliyamoorthy Kalidasan
FB-P-019: Influence of ethanol desolvation ratio on lutein encapsulation in
whey protein isolate particles

Peerapong Wongthahan, Araya Chaoruangrit and Panadda Nonthanum

Page
403

408

417

426

436

445

452

459

467

© The 37" Annual Meeting of the Thai Society for Biotechnology and International Conference (TSB2025)



o

A\ 'Hl /” ° 8

[ / (v
:E

TSB:202

nology in Action

INTERNATIONAL SCIENTIFIC COMMITTEE

Prof. Dr. Kohsuke Honda
ICBiotech, The University of Osaka

Prof. Dr. Hiroshi Shimizu
Graduate School of Information Science and Technology,
The University of Osaka

Prof. Dr. Randeep Rakwal
Institute of Health and Sport Sciences, University of
Tsukuba

Prof. Dr. Takeharu Tsuge

Department of Materials Science and Engineering, Major in

Human Centered Science and Biomedical Engineering,
Institute of Science Tokyo

Prof. Dr. Beom Soo Kim

Department of Chemical Engineering, Chungbuk National

University

Assoc. Prof. Dr. Rietie Venter

UniSA Clinical and Health Sciences, Health and Biomedical

Innovation, University of South Australia

Assoc. Prof. Dr. Joy Scaria
Veterinary Pathobiology, Oklahoma State University

Prof. Dr. Stephen Brian Pointing
Yale-NUS College & Department of Biological Sciences,
National University of Singapore

Prof. Dr. Sudesh Kumar
School of Biological Sciences, Universiti Sains Malaysia

Prof. Dr. Tuck Seng Wong
Department of Chemical & Biological Engineering, The
University of Sheffield

Assoc. Prof. Dr. Masaki Honda
Department of Chemistry, Meijo University

Prof. Dr. Hakuto Kageyama
Graduate School of Environmental and Human Sciences,
Meijo University

Prof. Dr. Shinya Kodani
Shizuoka University

Japan

Japan

Japan

Japan

Republic of Korea

Australia

USA

Singapore

Malaysia

UK

Japan

Japan

Japan

© The 37" Annual Meeting of the Thai Society for Biotechnology and International Conference (TSB2025)



c ﬁ%:\};w.
TSB2025

nology in Action

Prof. Sheng-Fan Wang Taiwan
Kaohsiung Medical University

LOCAL ORGANIZING COMMITTEE

Prof. Dr. Tanapat Palaga
Department of Microbiology, Faculty of Science, Chulalongkorn University, Thailand

Prof. Dr. Tavan Janvilisri
Department of Microbiology, Faculty of Science, Chulalongkorn University, Thailand

Prof. Dr. Wanchai Assavalapsakul
Department of Microbiology, Faculty of Science, Chulalongkorn University, Thailand

Prof. Dr. Chulee Yompakdee
Department of Microbiology, Faculty of Science, Chulalongkorn University, Thailand

Assoc. Prof. Dr. Panan Rerngsamran
Department of Microbiology, Faculty of Science, Chulalongkorn University, Thailand

Assoc. Prof. Dr. Rungaroon Waditee-Sirisattha
Department of Microbiology, Faculty of Science, Chulalongkorn University, Thailand

Assoc. Prof. Dr. Suchada Chanprateep Napathorn
Department of Microbiology, Faculty of Science, Chulalongkorn University, Thailand

Assoc. Prof. Dr. Ekawan Luepromchai
Department of Microbiology, Faculty of Science, Chulalongkorn University, Thailand

Assoc. Prof. Dr. Onruthai Pinyakong
Department of Microbiology, Faculty of Science, Chulalongkorn University, Thailand

Assoc. Prof. Dr. Cheewanun Dachoupakan Sirisomboon
Department of Microbiology, Faculty of Science, Chulalongkorn University, Thailand

Assoc. Prof. Dr. Naraporn Somboonna
Department of Microbiology, Faculty of Science, Chulalongkorn University, Thailand

Asst. Prof. Dr. Kobchai Pattaragulwanit
Department of Microbiology, Faculty of Science, Chulalongkorn University, Thailand

Asst. Prof. Dr. Supat Chareonpornwattana
Department of Microbiology, Faculty of Science, Chulalongkorn University, Thailand

Asst. Prof. Dr. Chonchanok Muangnapoh
Department of Microbiology, Faculty of Science, Chulalongkorn University, Thailand

© The 37" Annual Meeting of the Thai Society for Biotechnology and International Conference (TSB2025)



c ﬁ%:\};w.
TSB2035

nology in Action

Asst. Prof. Dr. Chompoonik Kanchanabanca
Department of Microbiology, Faculty of Science, Chulalongkorn University, Thailand

Asst. Prof. Dr. Sita Virakul
Department of Microbiology, Faculty of Science, Chulalongkorn University, Thailand

Asst. Prof. Dr. Nuttapon Pombubpa
Department of Microbiology, Faculty of Science, Chulalongkorn University, Thailand

Dr. Jirasin Koonthongkaew
Department of Microbiology, Faculty of Science, Chulalongkorn University, Thailand

Dr. Tatpong Boontawon
Department of Microbiology, Faculty of Science, Chulalongkorn University, Thailand

Prof. Dr. Nuttha Thongchul
Institute of Biotechnology and Genetic Engineering, Chulalongkorn University, Thailand

Assoc. Prof. Dr. Kittinan Komolpis
Institute of Biotechnology and Genetic Engineering, Chulalongkorn University, Thailand

Assoc. Prof. Dr. Aphichart Karnchanatat
Institute of Biotechnology and Genetic Engineering, Chulalongkorn University, Thailand

Assoc. Prof. Dr. Chuenchit Boonchird
Mahidol University

Prof. Dr. Vilai Rungsardthong
King Mongkut's University of Technology North

Assoc. Prof. Dr. Prakit Sukyai
Kasetsart University

Assoc. Prof. Dr. Ratchaneewan Aunpad
Thammasat University

Assoc. Prof. Dr. Sehanat Prasongsuk
Chulalongkorn University

Dr. Kuakoon Piyachomkwan
Poon Phol Company Limited

Dr. Korsak Towantakavanit
Mitr Phol Sugar Corp., Ltd.

Mr. Niwat Suriyakamon
Pharmafac plan technology Co.,Ltd.

© The 37" Annual Meeting of the Thai Society for Biotechnology and International Conference (TSB2025)



TSBzozs

ology in Action

Assoc. Prof. Dr. Tatsaporn Todhanakasem
King Mongkut's Institute of Technology Ladkrabang

Assoc. Prof. Dr. Theppanya Charoenrat
Thammasat University

Asst. Prof. Dr. Adisak Romsang
Mahidol University

Assoc. Prof. Dr. Apichart Karnchanatat
Chulalongkorn University

Assoc. Prof. Dr. Rujikan Nasanit
Silpakorn University

© The 37" Annual Meeting of the Thai Society for Biotechnology and International Conference (TSB2025)



TSB2025

in Action

TRANSCRIPTOMICS ANALYSIS OF Starmerella riodocensis GT-SL1R UNDER
HIGH CARBON TO NITROGEN RATIO CONDITION FOR ENHANCED
SOPHOROLIPID PRODUCTION

Sirawich Sapsirisuk®, Nitnipa Soontorngun**

!Excellent Research Laboratory for Yeast Innovation, Biochemical Technology Division,
School of Bioresources & Technology, King Mongkut’s University of Technology Thonburi
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Abstract:

Sophorolipid (SL) is a one of biosurfactant produced by the yeast strain Starmerella
bombicola, a well-known SL-producing yeast. SLs have potential applications in various
fields, including food preservation, cosmetics, antimicrobial agents, and bioremediation. In
this study, we identified a new SL-producing yeast species, Starmerella riodocensis GT-
SL1R, which was isolated from honey. This yeast strain demonstrates the potential to
produce SLs, and its production performance was further evaluated under different
cultivation conditions. Specifically, S. riodocensis GT-SL1R was cultivated under varying
carbon-to-nitrogen (C/N) ratios to investigate its metabolic response and SL production
capacity. At a high C/N ratio of 100, the yeast produced nearly 30 g/L of SL after 7 days,
compared to 18 g/L at a low C/N ratio of 25, while biomass accumulation was significantly
reduced. Transcriptomic profiling revealed a global metabolic shift under nitrogen-limited
conditions, with approximately 500 genes upregulated and more than 500 downregulated.
Genes involved in cell cycle regulation, DNA replication, ribosome biogenesis, and
ergosterol synthesis were strongly repressed, suggesting growth arrest. In contrast, key SL
biosynthetic genes (CYP52M1, UgtAl, UgtB1, At, and Sbhle) and the transporter MDR were
highly induced, along with genes related to nitrogen uptake and recycling. These findings
demonstrated that S. riodocensis reprogrammed its metabolism under nitrogen limitation,
suppressing growth and redirecting resources toward SL biosynthesis. Thus, this
transcriptomic data provided insights for optimizing glycolipid production at an industrial
scale.

Keywords: Biosurfactant, C/N ratio, Sophorolipid production, Starmerella riodocensis,
Transcriptomics
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Introduction:
Microbial biosurfactants have attracted considerable attention as sustainable alternatives to
chemically synthesized surfactants due to their biodegradability, low toxicity, and diverse
industrial applications in pharmaceuticals, cosmetics, food processing, and bioremediation
(Marchant & Banat, 2012; Varjani & Upasani, 2017). Among various biosurfactants,
sophorolipids (SLs), glycolipid molecules mainly produced by yeasts of the genus
Starmerella, are one of the most promising due to their high production yield and versatile
biological activities, including antimicrobial, anticancer, and anti-inflammatory properties
(Van Bogaert et al., 2011; Shah et al., 2021). The type strain Starmerella bombicola ATCC
22214 is the most extensively studied SL-producing yeast, capable of secreting over 300 g/L
of sophorolipids under optimized conditions (Saerens et al., 2011). The biosynthesis of SL
proceeds through a well-coordinated pathway involving both fatty acid metabolism and
carbohydrate utilization. Initially, cytochrome P450 monooxygenase (CYP52M1)
hydroxylates the fatty acid substrate, typically a long-chain fatty acid such as oleic acid, to
produce ®- or »-1-hydroxy fatty acids (Van Bogaert et al., 2013). These hydroxylated fatty
acids are then sequentially glycosylated by UDP-glucosyltransferases (UgtAl and UgtB1),
which transfer glucose moieties from UDP-glucose to generate the sophorose head group,
resulting in acidic sophorolipids. Further structural modifications, such as acetylation by an
acetyltransferase (At) and lactonization catalyzed by sophorolipid lactone esterase (Sble),
diversify the SL molecules into lactonic forms, which display different physicochemical and
biological properties (Ueda et al., 2019). This pathway highlights the interplay between
primary metabolic routes and specialized enzymes, enabling Starmerella species to produce a
broad spectrum of SL structures. Recently, novel yeast species such as Starmerella
riodocensis have been isolated from natural environments and identified as potent SL
producers with potentially unique metabolic traits (Alfian et al., 2022). Understanding the
regulation of SL biosynthesis in these non-model strains is essential for broadening the
biotechnological applications of SL. The biosynthesis of SL is influenced by nutritional and
environmental factors, particularly the carbon-to-nitrogen (C/N) ratio, which plays a critical
role in directing cellular metabolism toward biomass formation or secondary metabolite
production (Konishi et al., 2015; Gautam & Tyagi, 2006). A high C/N ratio typically
promotes lipid or glycolipid accumulation, while a low C/N ratio favors cell growth (Ribeiro
et al.,, 2020). However, the molecular mechanisms underlying this metabolic shift in
Starmerella riodocensis remain poorly understood.

Advances in high-throughput transcriptomics and quantitative real-time PCR (qRT-
PCR) provide powerful tools to investigate global gene expression patterns and the regulation
of key biosynthetic genes. In Starmerella spp., genes such as CYP52M1 (cytochrome P450
monooxygenase), UgtAl and UgtB1l (UDP-glucosyltransferases), At (acetyltransferase), and
Sble (sophorolipid lactone esterase) are known to be central in SL biosynthesis and structural
modification (Van Bogaert et al., 2013; Ueda et al., 2019). Profiling their transcriptional
response under different C/N conditions provides insights into how nutrient availability
regulates SL production. Therefore, this study aimed to investigate SL production by S.
riodocensis GT-SL1R under varying C/N ratios, combined with gene expression and
transcriptomic analyses. These findings will not only expand the current understanding of
sophorolipid biosynthesis in non-model Starmerella species but also provide a foundation for
metabolic engineering strategies to enhance SL production for industrial applications.
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Methodology:

1. Yeast strain and maintenance

The yeast strain Starmerella riodocensis GT-SL1R was isolated from honey collected in
Ratchaburi province, Thailand, and identified based on ITS1 and ITS2 regions as reported by
Alfian et al. (2022). The strain was preserved in 70% glycerol (v/v) in YPD broth and stored
at —20 °C. For working cultures, the strain was re-streaked on YPD agar plates and incubated
at 30 °C for 48 h.

2. Seed preparation and sophorolipid production

An active colony of S. riodocensis GT-SL1R was inoculated into 50 mL of YPD broth and
incubated at 30 °C with shaking at 150 rpm for 24 h. The cells were harvested by
centrifugation at 4,000 x g for 10 min, washed twice with sterile deionized (DI) water, and
resuspended in sterile DI water. Cell density was adjusted to ODsoo for inoculation. A 10%
(v/v) seed inoculum was transferred into 50 mL of sophorolipid (SL) production medium
containing 10% (w/v) glucose (total carbon content 40% w/w), 10% (v/v) palm oil (Gaysorn
brand™, Thailand; total carbon content 50% w/v), 0.1% (w/v) KH2POa, 0.1% (w/v) K2HPOa,
0.05% (w/v) MgSOa-7H-0, 0.01% (w/v) CaClz-2H-0, and 0.01% (w/v) NaCl, with an initial
pH of 4.5. To adjust the carbon-to-nitrogen (C/N) ratio, yeast extract (Gibco™, USA,; total
nitrogen content 10% w/w) was supplemented at 3.6% (w/v) for a C/N ratio of 25, or at 0.9%
(w/v) for a C/N ratio of 100. Cultivation was carried out at 30 °C with shaking at 150 rpm for
7 days. For the adjusted C/N ratios, the carbon sources were fixed, and the nitrogen source
was varied by modifying the yeast extract concentration, as shown in the formulation below:

Total carbon content
C to N ratio =

Total nitrogen content

3. Sophorolipid extraction and analysis

At the end of cultivation, yeast cells were separated from the culture broth by centrifugation.
The culture broth was then extracted twice with ethyl acetate at a 1:2 (v/v) ratio. The phases
were separated using a separatory funnel, and the upper phase containing SL and ethyl
acetate was collected. The solvent was evaporated to obtain crude SL, which were
subsequently weighed. SL production was calculated as the total weight of crude SL (Q)
divided by the cultivation volume (L). For cell dry weight (CDW) measurement, yeast cells
were washed twice with sterile DI water and dried overnight in a hot air oven. CDW was
calculated as dried cell mass (g) divided by cultivation volume (L).

4. Gene expression analysis

The yeast strain S. riodocensis GT-SL1R was cultured in SL medium under two different
C/N ratios (25 and 100) for 24 h. The optical density of the cells was measured and adjusted
to 0.1 at OD600 nm for the initial inoculum. Total RNA was extracted using the chloroform-—
methanol method and purified with the RNeasy Mini Kit (QIAGEN, Hilden, Germany).
cDNA was synthesized from purified RNA using the gPCRBIO cDNA Synthesis Kit
(PCRBIOSYSTEMS, UK). gRT-PCR experiments were performed using a real-time PCR
detection system with the corresponding analytical software. Reaction mixtures contained
Universal g°PCR Master Mix (NEB). The ACTIN1 gene was used as the internal reference to
analyze the relative fold change in the transcription of target genes in this yeast strain.
Relative expression levels were determined using the 222t method with gene-specific
oligonucleotides, including CYP52M1, UgtAl, UgtB1, At, and Sble.
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5. Transcriptomics analysis

RNA from S. riodocensis GT-SL1R grown under different C/N ratios (25 and 100) was sent
to Biomarker Technologies (Beijing, China) for transcriptomic analysis. cDNA libraries were
prepared and sequenced on an lllumina NovaSeq 6000 platform (PE150). Clean reads were
processed using FastQC and Trimmomatic, then aligned to the S. bombicola ATCC 22214T
reference genome with HISAT2. Gene counts were obtained with featureCounts, and
differential expression analysis was performed in R using DESeq2. Genes with padj < 0.05
and |log-FC| > 1 were considered differentially expressed. Functional enrichment of DEGs
was assessed using Gene Ontology (GO) and KEGG pathway analysis with clusterProfiler.

6. Statistic analysis

Statistical analysis was performed using the SPSS statistical package version 25.0 (IBM
SPSS Inc., New York, NY, USA). The data were analysed using a one-way analysis of
variance (ANOVA) followed by Tukey's test to calculate significant differences in treatment
means. The least significant difference (p < 0.05) was considered statistically significant.

Results and Discussion:

The cultivation of S. riodocensis GT-SL1R in SL production medium under different C/N
ratios, namely 25 (low C/N ratio) and 100 (high C/N ratio), revealed clear differences in SL
production after 7 days of fermentation. Yeast grown at a C/N ratio of 100 produced 26 g/L
of SL, which was significantly higher than the 18 g/L obtained at a C/N ratio of 25. These
results indicate that a higher C/N ratio promotes SL production (Figure 1). However, in
terms of cell dry weight (CDW), yeast cultivated at the higher C/N ratio (100) exhibited a
significantly lower CDW compared to those grown at the lower C/N ratio (25) (Figure 2).

This finding is consistent with the gene expression analysis performed under the same
cultivation condition, where the transcription levels of five key SL biosynthetic genes
CYP52M1, UgtAl, UgtB1, At, and Shle were markedly upregulated under the C/N ratio of
100 compared to the low C/N ratio condition (Figure 3). To better understand how S.
riodocensis GT-SL1R produced SL, we performed a comparative transcriptomic analysis
under two conditions: nitrogen-limited (high C/N ratio of 100, which promotes SL
production) and nitrogen-sufficient (low C/N ratio of 25). The results showed a clear
metabolic switch. In total, 500 genes were significantly upregulated, and 550 genes were
downregulated under nitrogen-limited (High C/N ratio) conditions (Figure 4).

This indicates that the yeast reprogramed its metabolism—reducing growth-related
processes and instead redirecting energy and resources into SL production to store excess
carbon. Many genes involved in the cell cycle, DNA replication, and chromosome
segregation were downregulated. Key regulators of the cell cycle such as cyclins and kinases
(NIM1, CDC5) also showed strong repression. Structural genes and septins protein (CDC3,
CDC10) were suppressed, suggesting that cell division had nearly stopped. Ribosomal
protein genes and glycolysis genes were also downregulated. Even ergosterol biosynthesis
genes were reduced, likely redirecting acetyl-CoA away from membrane synthesis toward
fatty acid production for SL biosynthesis. Key enzymes such as CYP52M1, UgtAl, UgtB1,
and At were highly expressed. A lactone esterase (SBLE) was also upregulated, suggesting
enhanced modification of fatty acid precursors.

© The 37" Annual Meeting of the Thai Society for Biotechnology and International Conference (TSB2025)

BS-P-002



BS-P-002

30

a

_ a I Bl C/IN25
-
3 1 C/N 100
c 20 b
S T
S
=
® c
2 10
- I
(/2]

0- T T T T

|
01 3 5 7 0 1 3 5 7
Cultivation times (days)
Figure 1.
Sophorolipid production by S. riodocensis GT-SL1R under different C/N ratios: 25 (black)
and 100 (grey) for 7 days. The X-axis represents cultivation time (days), and the Y-axis
represents SL production (g/L).
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Figure 2.
Cell dried weight by S. riodocensis GT-SL1R under different C/N ratios: 25 (black) and 100
(grey) for 7 days. The X-axis represents cultivation time (days), and the Y-axis represents
CDW (g/L).
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The effect of C to N ratio on relative genes expression in SLs biosynthesis from
S. riodocensis GT-SL1R of C to N 100/ C to N 25.
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Figure 5.
Transcriptomic comparison between high C/N ratio (100) and low C/N ratio (25). Red, grey,
and blue spots represent upregulated, unchanged, and downregulated genes, respectively.

Additionally, the SL transporter gene SLMDR (ABC transporter) showed higher expression,
indicating active export of SLs from the cell. The yeast increased the expression of genes
involved in nitrogen uptake and recycling, such as the ammonium transporter, amino acid
permeases, and enzymes like amidase and arginase. Multiple transporters from the MFS and
ABC families were also upregulated, likely to manage metabolic stress and export
compounds. Genes related to energy production were upregulated, reflecting the high energy
demand of SL synthesis (Figure 5).

These findings highlight a well-known trade-off in oleaginous yeasts: nutrient
limitation, particularly nitrogen restriction, shifts metabolism away from growth and toward
the biosynthesis of storage or secondary metabolites (Papanikolaou & Aggelis, 2011; Li et
al., 2016). Our transcriptomic analysis further confirmed this metabolic switch. Under
nitrogen-limited conditions (C/N = 100), genes associated with cell cycle progression, DNA
replication, and ribosome biogenesis were markedly downregulated. This repression,
including cyclins (CCN1, PCL1) and microtubule components (TUB1, TUB2), suggests that
cell division was actively suppressed. Such downregulation is a typical response of yeasts
under nutrient stress, where growth-related processes are curtailed to conserve energy (Brauer
et al., 2008). Conversely, genes essential for SL biosynthesis were strongly upregulated,
confirming that nitrogen limitation promotes the channeling of carbon flux into sophorolipid
pathways. These results are in agreement with studies in Starmerella bombicola, where
nitrogen-limited conditions triggered strong induction of SL biosynthetic genes and elevated
SL titers (Van Bogaert et al., 2009; Roelants et al., 2016).

Furthermore, the upregulation of the SL transporter gene (SLMDR) suggests that
enhanced efflux capacity may facilitate secretion and prevent intracellular accumulation, a
mechanism similarly reported in S. bombicola (Van Bogaert et al., 2013). Interestingly, we
also observed that ergosterol biosynthesis genes were suppressed under high C/N conditions,
which may redirect acetyl-CoA from membrane sterol production toward fatty acid synthesis,
thereby supporting SL biosynthesis. This metabolic rerouting of acetyl-CoA has also been
described in lipid-accumulating yeasts such as Yarrowia lipolytica (Beopoulos et al., 2009).
Additionally, upregulation of nitrogen uptake and recycling genes (e.g., MEP2, GAP2,
DUR3) indicates an adaptive response to scavenge limited nitrogen sources, similar to
nitrogen catabolite repression relief observed in Saccharomyces cerevisiae (Magasanik &
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Kaiser, 2002). Taken together, our data demonstrated that S. riodocensis GT-SL1R undergoes
a global metabolic reprogramming in response to nitrogen limitation, where growth is
suppressed while carbon flux and energy are redirected toward sophorolipid biosynthesis.
This strategy reflects an evolutionary adaptation of Starmerella species to nutrient-fluctuating
environments and provides a foundation for metabolic engineering to further enhance SL
productivity.

The observed increase in SL production at a high C/N ratio can be attributed to the
metabolic reallocation that occurs under nitrogen deficiency. When nitrogen is abundant,
yeast cells preferentially channel carbon flux into biomass accumulation, protein synthesis,
and cell division. However, under nitrogen-limited conditions, these growth-related processes
are repressed, as evidenced by the strong downregulation of genes involved in DNA
replication, ribosome biogenesis, and cytoskeletal organization. This metabolic downshift
frees up both carbon and reducing equivalents, which are then redirected into lipid-related
pathways, including SL biosynthesis. In this way, the yeast effectively uses SL as a strategy
to balance intracellular carbon overflow, converting excess carbon into extracellular
glycolipids rather than continuing to proliferate. This shift explains why a high C/N ratio
leads to nearly a two-fold increase in SL production despite reduced cell dry weight
(Papanikolaou & Aggelis, 2011; Li et al., 2016).

Mechanistically, nitrogen deficiency also acts as a cellular stress signal that
reprograms global gene expression to favor survival under nutrient limitation. Previous
studies in model yeasts such as Saccharomyces cerevisiae have shown that nitrogen
starvation activates stress-response transcription factors and signaling pathways, including
TOR (Target of Rapamycin) downregulation, which suppresses growth-related processes and
induces autophagy, amino acid recycling, and secondary metabolite synthesis (Brauer et al.,
2008; Conrad et al., 2014). Consistent with this, our transcriptomic data revealed
upregulation of genes involved in nitrogen scavenging (e.g., ammonium transporters and
amino acid permeases) as well as transporters from the MFS and ABC families, which likely
mitigate metabolic stress by exporting excess metabolites. At the same time, the strong
induction of SL biosynthetic genes (CYP52M1, UgtAl, UgtB1, At, Shle) and the SL efflux
transporter SLMDR suggests that nitrogen deficiency does not merely suppress growth but
actively redirects metabolism toward SL synthesis and secretion (Van Bogaert et al., 2007;
Roelants et al., 2019). Thus, the combination of metabolic rerouting, stress-responsive
regulation, and enhanced transport capacity provides a mechanistic explanation for why a
higher C/N ratio substantially enhances SL production in S. riodocensis.

Conclusion:

The results demonstrate that S. riodocensis GT-SL1R responded to nitrogen limitation (high
C/N ratio) by markedly increasing SL production at the expense of cell growth. Cultivation at
a C/N ratio of 100 vyielded significantly higher SL levels compared to a C/N ratio of 25,
despite reduced biomass. Transcriptomic analysis confirmed this metabolic shift, with strong
repression of genes associated with cell cycle progression, ribosome biogenesis, and
ergosterol synthesis, alongside pronounced upregulation of key SL biosynthetic genes,
transporters, and nitrogen acquisition pathways. Collectively, these findings indicate that S.
riodocensis undergoes a global reprogramming of cellular metabolism under nitrogen-limited
conditions, redirecting resources from growth toward secondary metabolite production. This
metabolic adaptation highlights the potential of nutrient manipulation as a strategy to enhance
SL biosynthesis for industrial applications.
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IMPACT OF HETEROLOGOUS Beta Carotene Ketolase (bkt) GENE EXPRESSION
FROM Hematococcus pluvialis IN Synechocystis sp. PCC 6803 ON CAROTENOID
PRODUCTION UNDER SALT STRESS
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Abstract:

Synechocystis sp. PCC 6803 is a model cyanobacterium extensively studied for its
photosynthetic capacity and potential in the sustainable bioproduction of high-value
compounds, herein carotenoids. Among these, ketocarotenoids are particularly valuable due
to their potent antioxidant properties. However, Synechocystis sp. PCC 6803 naturally
produces only limited types of carotenoids and lacks an efficient pathway for the biosynthesis
of high value ketocarotenoids. In this study, we explored strategies to improve carotenoid
biosynthesis via heterologous expression of the [-carotene Kketolase gene (bkt)
from Haematococcus pluvialis (or OX_BKT) in Synechocystis sp. PCC 6803. All strains
were cultured in BG11 medium containing 0.25%, 1%, and 2% (w/v) NaCl. Unknown peaks
that were undetectable in WTc were found in certain HPLC chromatograms of the OX_BKT
strain at 1% and 2% NaCl. It is considered that the peaks are either new carotenoid species or
free astaxanthin. In addition, exposure to high NaCl concentrations altered the carotenoid
profile in both WTc and OX_BKT; myxoxanthophyll and zeaxanthin contents decreased,
whereas [-carotene and chlorophyll a contents increased. These findings suggest that salt
stress may change carotenoid metabolism and pigment composition and also induce
the bkt gene expression to produce new carotenoid products in Synechocystis sp. PCC 6803.

Introduction:

Pyruvate/glyceraldehyde 3-P
v
PP l.)\l\l’l’
Lycopene o
y-Carotene
Deoxymyxol B-Carotene
2'-dimethyl- crt0 CriR
fucoside / \
Echinenone p-Cryptoxanthin
¢C"H CrtR-b BKT
J’CI‘tR CrtO * CriR ke s L
Myxol Ataranih
2"-dimethyl- 3’-Hydroxy Zeaxanthin
fucoside echinenone
A. Synechocystis sp. PCC 6803 B. Haematococcus pluvialis

Figure 1.
Carotenoid biosynthetic pathway in (A) Synechocystis sp. PCC 6803 (Makino et al. (2008))
and (B) Haematococcus pluvialis (Henriquez et al. (2016)).
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Carotenoids are accessory pigments that play critical roles in photosynthesis and
photoprotection, as well as serving as precursors for various bioactive compounds. Two
classes of carotenoids including carotenes and xanthophylls are potentially applied in broader
applications. Among these, ketocarotenoids, which contain a ketone group in the carotenoid
molecule, like echinenone, canthaxanthin or astaxanthin, are particularly valuable carotenoids
known for its potent antioxidant properties and wide-ranging applications in the food,
cosmetic, and pharmaceutical industries.

In recent years, Synechocystis sp. PCC 6803, a model cyanobacterium, has gained
attention as a potential alternative for the sustainable production of valuable bioproducts.
This organism offers several advantages due to its rapid growth, ability to utilize CO2, and
established genetic manipulation techniques. The native carotenoid biosynthetic pathway
in Synechocystis sp. PCC 6803 involves several key intermediates that can be further
converted into various ketocarotenoids. However, Synechocystis sp. PCC 6803 naturally
produces only a limited type of carotenoids and lacks an efficient pathway for the
biosynthesis of high value ketocarotenoids. The native p-carotene ketolase (encoded by crtO
gene) catalyzes the conversion of -carotene to echinenone but shows limited activity toward
further ketolation steps and produces the 3'-hydroxyechinenone as the final ketocarotenoid
product via a conversion from echinenone by [-carotene hydroxylase (encoded by the crtR
gene). In contrast, comparing carotenoid synthesis in Haematococcus pluvialis, the beta-
carotene ketolase (bkt) can convert zeaxanthin into astaxanthin by adding keto groups.
Additionally, it can catalyze the transformation of beta-carotene into canthaxanthin, which
serves as an intermediate that can be further converted into astaxanthin through the action of
beta-carotene hydroxylase (Figure 1). Therefore, to improve carotenoid synthesis, we created
Synechocystis sp. PCC 6803 expressing the heterologous bkt gene from Haematococcus
pluvialis (OX_BKT) in order to investigate the potential of this strain as a host.

Methodology:

1. Construction of the recombinant plasmid

For the heterologous bkt gene from Haematococcus pluvialis, the gene sequence was
obtained from NCBI database (GU143690.1). Restriction enzyme recognition sequences
were added to the 5’ and 3’ ends of the gene sequence and the bkt gene fragment was
synthesized by a commercial gene synthesis service (U2Bio (Thailand) Co., Ltd., Bangkok,
Thailand). Before ligation, the bkt gene fragment was amplified by PCR. Next, the amplified
gene fragment and the pEERM vector were digested with specific restriction enzymes and
ligated using T4 DNA ligase. The reaction mixture was incubated at 4°C for 16-18 hours.
Following ligation, the recombinant plasmid was transformed into the competent Escherichia
coli DHSa cells using the heat shock method. Then, the transformants were spread on LB
agar plates containing 30 pg/mL chloramphenicol and incubated overnight at 37°C. After
incubation, a single colony was selected from the LB agar plate and inoculated into 3 mL of
LB medium for 16-18 hours at 37°C with shaking. Following incubation, the plasmid DNA
was extracted using the Presto™ Mini Plasmid Kit (Geneaid Biotech Ltd., Taiwan). To
determine the size of the recombinant plasmid, the samples were digested with restriction
enzymes and analyzed by agarose gel electrophoresis.

2. Natural transformation into Synechocystis sp. PCC 6803 cells

Synechocystis sp. PCC 6803 cells were grown in BG1: medium until the optical density (OD)
at 730 nm of about 0.5. Then, the cell culture was harvested by centrifugation at 5,500 rpm,
25°C for 10 minutes, and the cell pellet was resuspended in fresh BGi1 medium before
aliquoting into a new tube. Subsequently, 10 pL of recombinant plasmid was mixed
with Synechocystis cell suspension, followed by incubation under white light with an
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intensity of 40-50 pumol photons m™2 s ! for 16-18 hours at 27-30°C. After incubation, the
mixture was spread on a BG1: agar plate containing 10 pg/mL chloramphenicol. The plates
were incubated until single colonies appeared. The transformants were transferred to a BG11
agar plate containing up to 30 pg/mL chloramphenicol. The transformants were confirmed
for gene size, location, and segregation by PCR using specific primers, and the results were
verified by agarose gel electrophoresis.

3. Growth culture and measurement of pigment content

3.1 Culture condition

Synechocystis sp. PCC 6803 wild type control (WTc) and OX_BKT strains were cultured in
BG11 medium containing various NaCl concentrations. The conditions included normal BG11
without NaCl as the control (0%, w/v), and BG11 supplemented with NaCl at 42.8 mM
(0.25%, w/v), 171 mM (1%, w/v), and 342 mM (2%, w/v). The cultures were maintained at
27-30°C under continuous white light illumination with an intensity of 40-50 umol photons
m2 s, Culture flask, with an initial optical density (OD) of approximately 0.2 at 730 nm,
was placed on a rotary shaker at 160 rpm for 14 days. Cell growth was monitored
spectrophotometrically by measuring the OD730 every two days to construct the growth curve.
The representative growth rates were calculated regarding the logarithmic (log) phase and
transition from the lag to the logarithmic phase.

3.2 Determination of intracellular pigment content

One mL of cell culture was extracted by N,N-dimethylformamide (DMF) and resuspended to
dissolve cell pellet and incubated in the dark for 10 minutes. After centrifugation to remove
debris, the absorbance of supernatant was measured at 461, 625 and 664 nm, respectively.
The contents of chlorophyll a and carotenoids were calculated according to following
equations;

Chlorophyll a content (ug/OD73q) = [(12.1 X Agea) — (0.17 X Ags)] / OD739 (Moran, 1982)
Carotenoid content (ug/OD730) = [(Ass1 — (0.046 X Aggs)) X 4] / OD739 (Chamovitz et al.,
1993)

4. Quantitative analysis of carotenoids by HPLC
The Synechocystis cell cultures of both wild type (WTc) and OX_BKT strains were harvested
by centrifugation at 5,500 rpm for 10 minutes. Before starting solvent extraction, the cell
suspension was concentrated to an ODz3o of approximately 1. Then cell culture 2 mL was
centrifuged, after that supernatant was discarded, and the remaining pellets were extracted
with 1 mL of absolute methanol for 10 minutes. Following centrifugation at 10,000 rpm for 5
minutes, the supernatant was collected and filtered through a 0.45 pm. polypropylene
membrane filter

Pigment extracts were analyzed by high-performance liquid chromatography (HPLC)
using a reverse-phase C18 column with the UV-vis detector at 440 nm. The solvent system
consisted of a gradient of mobile phase A (acetonitrile:water = 9:1) to mobile phase B (ethyl
acetate) at a flow rate of 1 mL/ minutes. After elution, the retention times and spectra were
analyzed and confirmed the identity of all peaks (Liang et al., 2023). Carotenoid content was
calculated following equation from Lagarde and Vermaas (1999);
Ccar = Cchl % [(echl % Acar)/(ecar % Achl)]

Where Cch| = the chlorophyll concentration in the pigments extracts determined by
the extinction coefficient of chlorophyll a.echl, and ecar = the specific extinction coefficients

of the chlorophyll a and the carotenoids obtained from Mantoura and Llewellyn (1983).
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Results and Discussion:

To evaluate the growth rate of wild type control (WTc) and the overexpressing strain
(OX_BKT), Synechocystis cells were cultured in BG11 medium containing various NaCl
concentrations. During days 6 to 10 (log phase) in Figure 2A, the result revealed that under
normal BGy: condition (0% NaCl), OX_BKT showed a comparable growth rate (0.153 +
0.005) to WTc (0.129 + 0.010). However, when NaCl was added at 0.25% and 1%
concentrations, the growth rate of OX_BKT was insignificantly higher than WTc by
approximately 5% and 4%, respectively. Unexpectedly, at 2% NaCl condition, the growth
rate of OX_BKT (0.148 + 0.015) demonstrated the insignificant decrease, which became
lower than WTc (0.160 £ 0.005).

(A) (B)

e WT k-
= WTc B8 OX_BKT ¢ & bktox

nd nd nd nd 0.20+
0204 — — — —_— * % nd nd
0.15+

0.10

0.05+

Growth rate (OD,,,/Day)
Growth rate (OD,,,/Day)

0.00-

0.00

0% 0.25% 1% 2% 0% 0.25% 1% 2%
Figure 2.

Growth rates of WTc and OX_BKT strains during (A) log phase (day 6 to day 10) and (B)
adaptation from lag to log phase (day 4 to day 8) under various NaCl conditions. Data
represent mean + SD (n =3). Statistical analysis was performed using multiple t-test of the
statistical difference of the data between the values of WTc and the engineered strain
indicated by an asterisk at *p < 0.05, “nd” means no significant difference.

On the other hand, in Figure 2B, the growth rate from day 4 to day 8, representing the
adaptation from lag to log phase, OX_BKT showed a higher growth rate than WTc under
normal BGu: (0%) and 0.25% NaCl conditions by 35.91% and 29.98%, respectively.
However, at 1% and 2% NaCl conditions, the growth rate of OX_BKT was comparable with
the WTc. These results indicate that the heterologous expresssion of beta-carotene ketolase
gene from Haematococcus pluvialis apparently enhanced cell growth rate during the
adaptation from the lag to the log phase under normal condition and salt stress, particularly
at 0.25% NaCl condition. This may be considerably explained by the role of carotenoids in
protecting cells from oxidative stress generated by salinity. Carotenoids can stabilize
membranes and scavenge reactive oxygen species (Widomska et al.,, 2019), thereby
supporting better growth performance. Consistent with studies in sweet potato, it has been
demonstrated that the accumulation of carotenoids, particularly B-carotene, reduces reactive
oxygen species (ROS) and Hz0: levels under salt stress and enhances stress tolerance (Kim et
al., 2012).
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Figure 3.

Total chlorophyll a contents of WTc and OX_BKT strains under various NaCl conditions
during the lag phase (Day 2), logarithmic phase (Day 8), and late logarithmic phase (Day 14).
Data represent mean + SD (n =3). Statistical analysis was performed using two-way ANOVA
followed by Tukey’s multiple comparisons test of the statistical difference of the data across

the various media. Bars labeled with different letters indicate statistically significant
differences (p < 0.05) and sharing at least one letter are not significantly different.
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DAY2 DAYS8 DAY14
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Figure 4.

Total carotenoid contents of WTc and OX_BKT strains under various NaCl conditions during
the lag phase (Day 2), logarithmic phase (Day 8), and late logarithmic phase (Day 14). Data
represent mean + SD (n =3). Statistical analysis was performed using two-way ANOVA
followed by Tukey’s multiple comparisons test of the statistical difference of the data across
the various media. Bars labeled with different letters indicate statistically significant
differences (p < 0.05) and sharing at least one letter are not significantly different.

For the total content of major pigments (Figures 3 and 4), during the lag phase (Day
2), both wild type (WTc) and the engineered strain (OX_BKT) showed similar levels of total
carotenoids and chlorophyll a under all NaCl conditions. When the cultures entered the
logarithmic phase (Day 8) and late logarithmic phase (Day 14), it was found that
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chlorophyll a contents were increased under salt stress, particularly at 1-2% NaCl conditions
in comparison with those at the lag phase (Day 2) (Figure 3). At 1% NaCl treatment, both
strains had the highest chlorophyll a content, with WTc increasing by 27% and OX_BKT
by 17%, compared to the normal medium BGu1 condition. In contrast, the total carotenoid
content of OX_BKT was decreased with increasing NaCl concentration in the medium. For
the wild type strain, carotenoid levels remained relatively stable under 0%, 0.25%, and 1%
NaCl conditions but exhibited a decrease under the 2% NaCl condition (Figure 4). Moreover,
under all NaCl conditions, OX_BKT consistently contained lower levels of total carotenoids
than WTc, in particular at 0.25% NaCl condition. In contrast, previous studies have shown
that overexpression of bkt gene in Chlamydomonas reinhardtii significantly increased total
carotenoid content by 2.13-2.20 times (Chen et al., 2023).
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Figure 5.

HPLC chromatogram of carotenoid profiles. (a.) WTc at 1% NaCl , (b.) WTc at 2% NaCl,
(c.) OX_BKT at 1%NacCl (d.) OX_BKT at 2% NaCl (e.) a HPLC chromatogram
of Haematococcus pluvialis carotenoid extracts obtained from Juréackova et al. (2023).
Abbreviation: ME, monoester astaxanthin; DE, dinoester astaxanthin.

HPLC chromatogram analysis revealed that both wild type (WT) and OX_BKT
strains exhibited the same major carotenoid peaks at identical retention times, including peak
1 (myxoxanthophyll), peak 2 (zeaxanthin), peak 3 (3-hydroxyechinenone), peak 4
(chlorophyll a), peak 5 (echinenone), and peak 6 (B-carotene). However, under elevated salt
stress conditions (1% and 2% w/v NaCl concentrations), an additional peak (peak 7) was
detected in the OX_BKT strain, but it was not found in the WTc. In Figure 5e, the free
astaxanthin peak was found around 11 minutes of retention time (JurCackova et al., 2023).
Similarly, carotenoid profiling in cyanobacteria has demonstrated that astaxanthin peaks
generally appear before other carotenoids due to its higher polarity (Pniewski, 2020). It is
worthy to note that the unidentified peak (peak 7) detected only in the OX_BKT strain also
appeared at an early retention time. Although it remained unclear, the peak no.7 in the
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OX_BKT strain was speculated to be free astaxanthin or a new carotenoid type, in particular
induced by NaCl stress, in comparison with the WTc, due to the earlier retention time of the
higher polarity of carotenoids. Previous studies suggested that successful astaxanthin
biosynthesis requires the combined introduction of both heterologous p-carotene ketolase
(bkt) and B-carotene hydroxylase genes from H. pluvialis (Liang et al., 2023). Despite this
limitation, the appearance of an unidentified carotenoid peak in the OX BKT strain
suggested that heterologous bkt expression may potentially lead to the synthesis of new
carotenoid species in Synechocystis sp. PCC 6803.

0% 0.25% 1% 2%

= (| [ | /| wre

W = OX_BKT
0.6

Carotenoid content
(mg/OD75)

Myxoxanthophyll Zeaxanthin 3-hydroxy Echinenone Beta-carotene
echinenone

Figure 6.

Carotenoid contents in WTc and OX_BKT strains under different NaCl conditions. Data
represent mean + SD (n =3). Statistical analysis was performed using two-way ANOVA
followed by Tukey’s multiple comparisons test to determine significant differences between
groups. Bars labeled with different letters indicate statistically significant differences (p <
0.05).

To investigate the carotenoid profiles of wild type (WTc) and OX_BKT strains, the
contents of myxoxanthophyll and zeaxanthin were decreased with increasing NaCl
concentration, while pB-carotene and echinenone showed opposite trends (Figure 6).
Specifically, B-carotene content was increased under salt stress and reached higher levels
under 0.25% and 2% NaCl conditions in both WT and OX_BKT strains. These findings
suggest that Synechocystis cells may attempt to maintain an overall carotenoid balance
(Figure 4) by adjusting the proportions of carotenoid species (Figure 6), each of which could
play a different role in salt stress. Our results indicate that salt stress can lead to a higher
content of carotenoids in the carotene group, specifically B-carotene, compared to the
xanthophyll group. This agrees with previous studies in microalgae, where moderate to high
NaCl concentrations often promote [(-carotene accumulation as a protective cell under
oxidative stress (Wolf et al., 2021). Interestingly, echinenone showed the highest
accumulation at 1% NaCl condition. Notably, at 1% NaCl condition, $-carotene content was
lower compared to 0.25% and 2% NaCl conditions, while echinenone accumulation was at its
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highest. This suggested that salt stress at 1% NaCl concentration may trigger the expression
of both native and heterologous beta-carotene ketolase, which possibly catalyzes the
conversion of beta-carotene into ketocarotenoids. Consequently, B-carotene was utilized as a
substrate rather than stored, leading to enhanced echinenone production.

Conclusion:

This study demonstrated that heterologous expression of the B-carotene ketolase gene (bkt)
from Haematococcus pluvialis in Synechocystis sp. PCC 6803 (OX_BKT) had influenced
both growth rate and carotenoid accumulation under different NaCl conditions. OX_BKT
showed the enhanced growth compared to WTc under normal and moderate salt stress.
Chlorophyll a levels were increased under salt stress in both strains, whereas total carotenoid
level in OX _BKT was decreased when increasing NaCl concentration. HPLC profiling
confirmed the presence of native carotenoids in both strains, while an additional peak unique
to OX_BKT under salt stress. This finding suggests that heterologous bkt expression may
lead to the synthesis of novel carotenoid species. Furthermore, NaCl stress significantly
altered carotenoid composition by reducing myxoxanthophyll and zeaxanthin while
promoting [B-carotene and echinenone accumulation, especially at 1% NaCl condition.
Together, the heterologous bkt expression in Synechocystis sp. PCC 6803 not only affected
the biosynthesis of carotenoid under salt stress, but it also served as a basis for further
metabolic engineering projects that aim to produce high-value ketocarotenoids.
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Abstract:

Bacillus species are spore-forming, Gram-positive bacteria that are widely distributed in
diverse ecological niches. The B. cereus group is particularly significant due to its
implications for human health and food safety. Members of this group contaminate a variety
of raw and processed foods and can survive heat treatments owing to the high resistance of
their spores. B. cereus is an opportunistic pathogen capable of causing gastrointestinal
illnesses, including diarrheal and emetic syndromes, as well as extra-intestinal infections.
These conditions arise from the production of exotoxins such as hemolysin BL, non-
hemolytic enterotoxin, and cytotoxin K, which are associated with diarrheal symptoms, and
the emetic toxin cereulide, which induces nausea and vomiting. This clade exhibits notable
medical and ecological diversity and is recognized for its resistance to multiple antibiotics,
including B-lactam agents. Although tetracycline remains one of the most effective
treatments, emerging resistance is increasingly reported. Furthermore, biofilm formation
enhances persistence and virulence, posing challenges for both treatment and food safety. In
this study, two B. cereus group isolates obtained from food in Thailand were subjected to
whole-genome sequencing using Oxford Nanopore technology. Genomic analyses revealed
features consistent with the B. cereus sensu stricto lineage. Comparative phylogenomic and
average nucleotide identity (ANI) analyses positioned the isolates within the B. cereus clade,
clustering closely with reference genomes such as B. cereus WPySW2 and AFAOQ1. Both
isolates harbored multiple virulence genes, including nheA, nheB, nheC, entFM, cerA, and
bceT, indicating dual diarrheal and hemolytic pathogenic potential. These findings highlight
the importance of understanding the pathogenicity, resistance mechanisms, and ecological
adaptability of B. cereus for mitigating foodborne risks and informing public health
interventions.
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Introduction:

Bacillus species, which are spore-forming Gram-positive bacteria, are ubiquitous in nature as
vegetative and spore cells. B. cereus group is a known human pathogen that can cause food
poisoning that easily spreads to both raw and processed food such as rice, pasta, dairy
products, vegetables, meat, and spices. This pathogen is capable of forming heat-resistant
spores, allowing it to survive food processing and cooking conditions (1). Certain members
of the B. cereus group are responsible for gastrointestinal illnesses including emetic and
diarrheal types, as well as extra-intestinal infections, this can be severe in individuals with
immunocompromised or ocular diseases. The B. cereus group, also referred to as B. cereus
sensu lato (s.l), is composed of several closely related species as opportunistic pathogen
towards extraintestinal infections, while B. anthracis is the causative agent of anthrax in
humans and animals, and B. thuringiensis is widely applied as biopesticide, due to its
insecticidal properties (2, 3). The group also compose with other species such as B. mycoides
and B. pseudomycoides, which form rhizoidal colonies on agar media (3); B.
weihenstephanesis, and B. wiedmannii, which are psychrotolerant (4-6); and B. cytotoxicus,
noted for its thermotolerance. In addition, other members include B. albus, B.
bingmayongensis, B. fungorum, B. gaemokensis, B. luti, B. manliponensis, B. mobilis, B.
nitratireducens, B. pacificus, B. paramycoides, B. paranthracis, B. proteolyticus, B.
toyonensis, and B. tropicus. Several more species have recently been classified within this
group (7-9). Most foodborne illnesses are caused by cereulide, showing symptoms like
nausea or vomiting within 15 minutes to 6 hours after ingesting contaminated food (10).
Research suggests that cereulide activates 5-HT3 serotonin receptors, which stimulate the
vagus nerve and subsequently trigger the center of medulla oblongata causing vomit (11).

B. cereus shows resistance to many antibiotics like erythromycin, tetracycline, and
streptomycin, which can arise from both genetic factors and environmental influences, but
more often in B-lactam antimicrobial agents, including penicillin G, ampicillin, and
cefotaxime, mainly because it produces -lactamase enzymes. Tetracycline, a broad-spectrum
antibiotic mostly effective against many B. cereus; however, cases of resistance have been
documented in certain countries. In addition, biofilm formation further contributes to its
pathogenic potential, as biofilms provide protection against antibiotic treatments and host
immune defenses. This came from B. cereus secretion of damaging exotoxins such as
hemolysins, phospholipases, pore-forming enterotoxins and emetic toxins. Among these, key
pore-forming enterotoxins are hemolysin BL (HBL), non-hemolytic enterotoxin (NHE), and
cytotoxinK (CytK) (12, 13). Hbl and Nhe are tripartite complexes (B, L1,L2) disrupt host
cell membranes, which CytK is a single protein toxin capable of forming pores that lead to
cell lysis, while enterotoxins are synthesized by vegetative cells that were introduced into the
host cells or spores, within the small intestine causing abdominal cramps and watery
diarrhea. Another tripartite complex (NheA, NheB, NheC), which forms pores in host cell
membranes, induces cell death, and activates the NLRP3 inflammasome that leads to
apoptosis (14). In contrast, the emetic toxin cereulide is a plasmid-encoded cyclic peptide that
is pre-formed in contaminated food and induces vomiting after ingestion. B. cereus also
produces degradative enzymes, most of which are regulated by the transcriptional activator
PIcR (15). It functions as a quorum sensing system within B. cereus, this enables the
bacterium to adjust to different environmental conditions. Two B. cereus group isolates from
food were used in this experiment, and it is characterized by WGS using Oxford Nanopore
sequencing, also the presence of genes related to virulence was observed in all isolates.
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Methodology:

Bacterial strain and growth condition

Two B. cereus group isolates from foodstuff collected in 2018 in Pathum Thani province,
Thailand, were performed in this study. The sampling procedure and microbiological analysis
of the isolates were identified using both microbiological methods and API® 50 CHBJ/E
Medium. The isolated bacteria were cultured on nutrient media and incubated at 35(1C. The
glycerol stocks of bacterial culture were stored at -80[1C.

DNA extraction and Whole genome sequencing

The genomic DNA was isolated using Monarch HMW DNA Extraction Kits (NEB, Ipswich,
MA, USA) according to the manufacturer’s instructions and qualitatively characterized using
a fluorometer. The DNA library preparation was performed using the Native Barcoding kit
prior to sequencing on a flow cell (version R10.4.1/FLO-MIN114) using the MinlON MKlc.
Raw signals from the sequencer were base called using a superhigh accuracy model and
demultiplexed using Guppy v.5.0.7 followed by adapter trimming using Porechop v.0.2.4.
ONT raw reads were filtered with >1,000 bases in length using NanoFilt v.2.8.0. Quality
control of filtered reads was checked by NanoPlot v.1.28.1. The sequence data was used for
genome assembly using CANU v2.2. Taxonomic identification was performed using
BTyper2 and GTDB-TK v1.5.1.

Genome annotation and circular map construction

The completeness and contamination levels were determined using CheckM v1.1.6. The
assembled genomes were annotated using Rapid prokaryotic genome annotation (Prokka)
with default parameters. The circular map for each genome was created using Genovi v0.4.3.

Whole-genome-based phylogenetic analysis and average nucleotide identity (ANI)

All complete genome sequences of the B. cereus group in complete genome level used in this
study were obtained from the NCBI Genbank database. A maximum likelihood phylogenetic
tree of xx strains was conducted using GToTree v1.8.3 with the hidden Markov model
(HMM) source Firmicutes and default parameters. The resulting phylogeny was visualized
using the web-based iTOL. Average nucleotide identities (ANI) based on BLAST alignment
of whole-genome sequencing were calculated and visualized using pyANI v0.2.12.

Results and Discussion:

Whole genome sequencing and annotation were performed on two Bacillus isolates.
Taxonomic classification using BTyper2 and GTDB-TK identified it as B. cereus based on
average nucleotide differences and alignment fraction. The circular genome maps (Figure 1A
and 1B) illustrate the distribution of coding sequences (CDSs), GC content, and GC skew
across both genomes. The general feature of B. cereus B08 and B69 strains genome consists
of one circular chromosome (B08; 5,368,653 bp and B69; 5,304,230 bp) with an overall GC
content of 35.3%, consistent with previously reported B. cereus genomes. Genome annotation
results revealed 5,721 coding sequences, 108 tRNA genes, and 42 rRNA genes for B08, and
5,407 coding sequences, 107 tRNA genes, and 39 rRNA genes for B69 (Tablel). Functional
classification of coding sequences using the Clusters of Orthologous Groups (COG) database
revealed similar overall distribution patterns between the two isolates (Figure 1C and 1D).
The most abundant functional categories included “Amino acid transport and metabolism
(E),” “Carbohydrate transport and metabolism (G),” “Transcription (K),” and “General
function prediction only (R).” Notably, both isolates contained a high proportion of genes
associated with “Defense mechanisms (V)” and “Secondary metabolites biosynthesis,
transport and catabolism (Q),” which are linked to antimicrobial resistance and toxin
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production. Therefore, comparative genome analysis revealed that B. cereus isolates maintain
highly conserved core genomic features while displaying significant variability in regions
encoding virulence factors and antimicrobial resistance determinants (1, 16). The
identification of plasmid-borne genes underscores the critical role of mobile genetic elements
in facilitating bacterial adaptation to environmental stressors and food-processing conditions.
Functional enrichment analysis demonstrated overrepresentation of COG categories
associated with diverse metabolic pathways, reflecting the metabolic versatility that enables
B. cereus to successfully colonize varied food matrices and withstand adverse conditions,
including thermal stress and desiccation. This genomic plasticity contributes to the
organism's persistence in food production environments and its emergence as a significant
foodborne pathogen.
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Circular genome maps and COG functional classification of two B. cereus strains. (Top; A
and B) Circular genome representation of B. cereus isolates. Outer rings indicate coding
sequences (CDSs) on the forward (dark orange) and reverse (light orange) strands, followed
by tRNA/rRNA genes (light blue), GC content (black), and GC skew (green/yellow).
Genome size and organization are shown in Mbp scale. (Bottom; C and D) Distribution of
coding sequences into Clusters of Orthologous Groups (COG) categories for each isolate.
Highly represented categories include amino acid transport and metabolism (E), carbohydrate
transport and metabolism (G), transcription (K), replication, recombination and repair (L),
and defense mechanisms (V). Other notable categories observed are cell
wall/membrane/envelope biogenesis (M), energy production and conversion (C), and
secondary metabolites biosynthesis, transport, and catabolism (Q). Categories associated with
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protein processing and stability, such as posttranslational modification, protein turnover, and
chaperones (O), are also well represented. Less frequent but biologically relevant categories
include cell motility (N), intracellular trafficking and secretion (U), and mobilome-related
genes such as prophages and transposons (X), which may contribute to horizontal gene
transfer and genome plasticity.

Comparative genomic analysis of the B. cereus group isolates revealed clear clustering
patterns consistent with species-level distinctions. The phylogenetic tree (Figure 2A),
constructed from whole-genome sequence data using GToTree program, shows that the
isolates segregate into distinct clades corresponding to recognized members of the B. cereus
sensu lato complex, including B. cereus sensu stricto, B. pacificus, B. paranthracis, and B.
tropicus. Isolates sequenced in this study (highlighted in blue) grouped closely with B. cereus
strain MB1, AFAO1, and WPySW2. Notably, two isolates clustered within the B. cereus s.s.
clade, while others exhibited closer relationships to B. thuringiensis HM-311 and B.
thuringiensis SA11 genomes. The ANI heatmap (Figure 2B) further supports these
observations, with strong within-species similarity (>95% ANI) indicated by red diagonal
blocks. Inter-species comparisons demonstrated ANI values of two B. cereus strains to B.
cereus WPySW?2 (B08; 98.92% and B69; 98.98%), B. cereus AFA01 (B08; 98.92% and B69;
98.99%), and B. cereus AFAQ1 (B08; 98.91% and B69; 98.99%).

A B

Figure 2.

Genome-based phylogenomics and Average Nucleotide Identity. (A) Maximum likelihood
phylogenetic tree of two B. cereus strains (Blue font) and other strains of B. cereus group
genome sequences, generated using the GToTree v1.8.3 workflow and visualized using the
web-based tool iTOL v6. (B) Heatmap of whole genome-based average nucleotide identity
(ANI) of the two B. cereus strains and other type strains of B. cereus group genome
sequences, constructed using pyANI v0.2.12.
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Table 1.
Genome characteristics of two B. cereus isolated from food sample from Pathum Thani
province, Thailand

Sample Genome GCcontent  Number of  Number of = Number of
length (bp) (%) CDSs® rRNA tRNA

B08 5,368,653 35.3 5,721 42 108

B69 5,304,230 35.3 5,407 39 107

4CDS; coding DNA sequences.

Virulence gene profiling of the two B. cereus group isolates was performed using BTyper2
against the Virulence Factor Database (VFDB). As shown in Table 2, both isolates (B08 and
B69) carried multiple virulence genes commonly associated with diarrheal food poisoning,
including the non-hemolytic enterotoxin complex (nheA, nheB, nheC), enterotoxin FM
(entFM), and the diarrheal toxin gene (bceT). In addition, both isolates possessed cereolysin
A (cerA), a pore-forming toxin contributing to hemolytic activity. All predicted genes showed
high coverage (>97%) and nearly complete sequence identity (97-100%) to reference
sequences in VFDB, suggesting strong conservation of these virulence determinants across
the isolates. The identification of both diarrheal toxin genes (nhe complex, entFM, bceT) and
hemolytic toxin genes (cerA) demonstrates the complexed pathogenic potential of these
isolates. This dual toxin profile enables the production of enterotoxins that function within
the gastrointestinal tract while simultaneously contributing to broader cytotoxic effects.
These observations are consistent with previous studies indicating that foodborne B. cereus
isolates frequently possess diverse enterotoxin repertoires, predisposing them to cause either
diarrheal or emetic food poisoning syndromes depending on environmental conditions and
differential gene expression patterns. The detection of highly conserved toxin genes across
isolates emphasizes the significant threat these strains pose to food safety and public health.
This genetic conservation suggests that pathogenic potential is maintained across diverse B.
cereus populations, reinforcing the critical importance of implementing comprehensive
genomic surveillance programs for foodborne pathogens to monitor virulence gene
distribution and evolution in food production environments.
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Table 2.
Virulence genes predicted in two B. cereus isolates based on VFDB database using BTyper2.
Sample Gene Product Source Percent Percent
coverage identity
B0O8 entFM  enterotoxin NP_831723.1 97.2 100
cerA cereolysin A AGL98059.1 100 100
nheA non-hemolytic enterotoxin NP_831582.1 99.7 100
Iytic component L2
nheB non-hemolytic enterotoxin NP_831583.1 100 100
Iytic component L1
nheC enterotoxin C NP_831584.1 98.9 100
bceT diarrheal toxin BAA04134.1 994 97
B69 entFM  enterotoxin NP_831723.1 97.6 100
cerA cereolysin A AGL98059.1  97.7 100
nheA non-hemolytic enterotoxin NP_831582.1 99.7 100
lytic component L2
nheB non-hemolytic enterotoxin NP_831583.1 100 100
lytic component L1
nheC enterotoxin C NP_831584.1 99.4 100
bceT diarrheal toxin BAA04134.1 994 97

Conclusion:

This study provides genomic insights into two B. cereus groups isolated from food in
Thailand, highlighting their potential threat to food safety and public health. Whole-genome
sequencing using Oxford Nanopore technology revealed that both isolates possess genomic
features consistent with the B. cereus sensu stricto lineage, including genome size (~5.3 Mb)
and GC content (35.3%). Functional annotation and COG classification confirmed a broad
metabolic versatility, with an overrepresentation of genes involved in amino acid and
carbohydrate metabolism, defense mechanisms, and secondary metabolite biosynthesis,
supporting their adaptability in diverse food environments. Comparative phylogenomic and
ANI analyses positioned the isolates within the B. cereus s.s. clade, clustering closely with
reference genomes such as B. cereus WPySW2 and AFAOQL. Importantly, virulence gene
profiling demonstrated that both isolates carry highly conserved toxin genes including nheA,
nheB, nheC, entFM, cerA, and bceT, with high coverage and identity to VFDB references.
The presence of these diarrheal and hemolytic toxin genes underscores their dual pathogenic
potential, consistent with strains associated with foodborne disease.
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Abstract:

Colorectal cancer (CRC) is among the most common malignancies worldwide and
contributes substantially to cancer-related mortality. CRC progression is frequently
associated with delayed diagnosis and limited effectiveness of current therapeutic strategies,
as tumors can acquire resistance to chemotherapy or radiotherapy. Treatment outcomes are
generally more favorable in early-stage CRC than in metastatic disease, underscoring the
importance of reliable diagnostic tools to improve patient survival. Various diagnostic
approaches, including tumor characteristics and gut microbiome profiling, have been
proposed as potential sources of biomarkers. However, universal biomarkers for CRC
diagnosis have not yet been established. Moreover, most previous studies have focused on
specific gut microbes using a single metric to distinguish healthy individuals from CRC
patients.

In this study, we utilized a metagenomic gut microbiome database to identify
potential microbial biomarkers for CRC. Multiple analytical metrics, including microbial
diversity, differential abundance, and microbial interaction networks, were applied to
evaluate the diagnostic potential of candidate gut microbes and their associations. Our
findings revealed no significant differences in the top ten most abundant species among the
three groups—control, adenoma, and cancer. Both alpha and beta diversity analyses indicated
comparable microbial diversity across groups. Differential abundance analysis at the species
level, based on three independent approaches, identified Prevotella copri as a potential
biomarker for CRC, supported by its high LDA score and increased abundance in cancer
samples compared to controls. Nevertheless, the interactions between P. copri and other
microbial species remain unclear, and further investigation is required to elucidate its
potential role in promoting or inhibiting colorectal carcinogenesis.

Introduction:

Colorectal cancer (CRC), an epithelial malignancy of the colon, is considered one of the five
most common cancers worldwide, including in Thailand, due to its high incidence and
mortality rates. According to the World Health Organization (WHO), the age-standardized
incidence rate is approximately 20 per 100,000 individuals, ranking fourth globally, while the
mortality rate is around 10 per 100,000. These statistics indicate that nearly half of CRC
patients die from the disease?.

The main contributors to CRC-related mortality are low survival rates and disease
recurrence. The overall survival rate of patients with metastatic CRC treated at the University
of Texas M.D. Anderson Cancer Center (UTMDACC) ranged from approximately 20-40%,
reflecting limitations in treatment effectiveness and late diagnosis?. Furthermore, recurrence
rates are significantly higher in advanced stages of CRC compared to early stages. Both
studies also suggested that longer delays until diagnosis reduce the effectiveness of treatment.
Conversely, several studies reported survival rates up to 90-100% in cases of early
detection®. Therefore, early diagnosis is crucial to reduce CRC mortality.
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Conventional diagnostic methods, including patient history, biopsy, colonoscopy, and
certain non-invasive tests, are not always efficient or reliable. The invasive standard approach
of colonoscopy demonstrates high sensitivity (70-95%) and specificity (~90%)*, providing a
reasonably accurate diagnosis; however, complications related to bowel preparation and
procedure-related discomfort cannot be avoided. Carcinoembryonic antigen (CEA), a non-
invasive biomarker, offers low sensitivity of approximately 50% for CRC diagnosis®.
Additionally, factors such as comorbidities, infections, and bowel preparation can influence
the accuracy of colonoscopy. Consequently, alternative diagnostic approaches are needed to
improve reliability and patient comfort.

Biomarker characterization in CRC has focused on two main types: genetic
biomarkers and gut microbiome profiles. Several studies have shown that CRC progression is
associated with dysregulation of oncogenic genes. Comparisons between healthy individuals
and CRC patients have also revealed significant differences in gut microbiota composition,
where dysbiosis—characterized by an increase in opportunistic pathogens and a reduction in
commensal flora—may promote carcinogenesis.

The human gut microbiome plays a critical role in disease development, including
CRC. Alterations in microbial composition in dysbiosis patients highlight differential
abundances of specific microorganisms. Most studies have focused on a single matric to
identify potential microbial biomarkers for CRC diagnosis, which may limit the reliability
and robustness of the findings.

To address this knowledge gap, we aim to investigate potential gut microbial
candidates as CRC biomarkers using metagenomic analysis. A multi-metric microbial
profiling, including diversity metrics, differential abundance analysis, and microbial
interaction networks, will be employed to distinguish CRC patients from healthy individuals.

Methodology:

Sample dataset and preprocessing

A public fecal metagenomic shotgun sequencing of CRC dataset (PRJIEB7774) was retrieved
from NCBI. This dataset was retrieved from Austrian summitted by Beijing Genome Institute
(BGI). Sequences were quality-filtered to remove low-quality reads and host contamination
and assigned to their respective samples.

OTU and Operational taxonomic profiling

Filtered sequences were processed using the Quantitative Insights into Microbial Ecology 2
(QIIME2) pipeline with the Kraken2 classifier for species-level taxonomic profiling,
referencing the Kraken2 database. Operational taxonomic units (OTUs) and taxonomic
profiles were exported for downstream metric calculations.

Diversity, differential abundance, and network analysis

OTU tables and taxonomic profiles from QIIME2 were processed using the Phyloseq R
package for preprocessing prior to differential abundance analysis. Alpha and beta diversity
were analyzed across three groups (Control, Adenoma, and Cancer) using the vegan R
package. Differential abundance was assessed using three approaches: LEfSe (via the
microbiomeMarker package), DESeg2, and ANCOMBC. Correlation networks of gut
microbiomes in the three groups were constructed using the NetCoMi R package. Network
metrics and properties were obtained and visualized in Cytoscape.

Statistical analysis
Alpha diversity indices and LEfSe results were tested using the Kruskal-Wallis test for
multiple-group comparisons. Differences in Bray—Curtis distances (PCoA) and network
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properties from NetCoMi were assessed using permutation-based methods. Parametric tests
for differential abundance were conducted using Wald tests (DESeq2, negative binomial
distribution) and log-linear models (ANCOMBC). Statistical analyses were performed in R
(version 4.5.0), with significance defined as p < 0.05. P-values from overall tests were
adjusted for multiple comparisons using the Benjamini—Hochberg false discovery rate (FDR),
with adjusted p-values < 0.05 considered significant.

Results and Discussion:

Diversity and taxonomic profiling

A total of 150 Austrian fecal samples were characterized based on the American Joint
Committee on Cancer (AJCC) TNM staging system and classified into three groups: 63
samples from healthy individuals (Control), 47 samples from adenoma patients, and 46
samples from carcinoma (Cancer) patients. The Shannon index (Figure 1a) indicated no
significant differences in alpha-diversity across the three groups in pairwise comparisons.
Similarly, Bray—Curtis PCoA analysis of beta-diversity (Figure 1b) was plotted via
PERMANOVA test across three group. It revealed significant difference with p-value =
0.012 between three groups. This microbial community alteration could be defined as a pair
of control and cancer groups that had greater difference significantly from pairwise
comparison analysis (p-value = 0.001). Adenoma did not exhibit significantly greater
diversity compared to the control or cancer group. These results suggest that the overall gut
microbiome diversity is substantially affected during cancer development, consistent with
one of cohort which findings reported by Zhang et al®.

The mean relative abundances of species-level OTUs were calculated and visualized
as stacked bar plots for the top 10 OTUs (Figure 1c). Overall, microbial profiles showed only
slight variations among control, adenoma, and cancer groups. However, Escherichia coli was
markedly increased in the adenoma and cancer groups, with approximately a tenfold higher
mean relative abundance compared to the control group. Previous studies have reported that
E. coli may contribute to colorectal carcinogenesis through the release of toxins that induce
inflammation in the colorectal region.’
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Figure 1 Gut Microbiome Diversity and Top 10 species relative abundance
The alpha diversity of gut microbiome in Control, Adenoma, and Cancer group was analyzed
by Shannon diversity index (a). Beta diversity was assessed by Bray—Curtis principal
coordinate analysis (PCoA) with PERMANOVA and pairwise tests (b). The mean relative
abundance of species-level OTUs of thetop 10 most abundant bacterial species were depicted
in bar plots, with remaining species categorized as “Others” (c).

Differential abundance analysis
LEfSE with a threshold of False Discovery Rate (FDR) < 0.05 provided Linear Discriminant
Analysis (LDA) scores to determine potential species that were differentially abundant
among the three groups. Species with LDA scores > 3.5 were plotted (Figure 2a), including
eight species, with Prevotella copri, Escherichia coli, and Methanobrevibacter smithii
showing the highest LDA scores in the cancer group. Four species, two Bacteroides species,
Blautia, and Coprococcus—were enriched in the adenoma group, with the highest LDA
scores. In the control group, Bacteroides vulgatus and Bifidobacterium breve were identified
as the top species with the highest scores. Previous studies have reported that the genus
Prevotella serves as a common biomarker in colorectal cancer, supporting our findings. In
addition, normal flora species observed in our analysis including Bacteroides vulgatus and
Bifidobacterium breve have been characterized as cancer-preventive microbes due to their
protective functions®®.

DESeqg2 analysis was also performed to identify significant changes in microbial
abundance by applying log fold change, Wald test, and FDR correction with a threshold of <
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0.05. The results were visualized as a heatmap (Figure 2b), highlighting the top 10
differentially abundant species across all groups. Both adenoma and cancer groups exhibited
higher abundances of several genera, including Porphyromonas and Prevotella, compared to
the control group. Conversely, Lactobacillus was substantially reduced in adenoma and
cancer groups.

Similarly, the ANCOM-BC method provided log fold change estimates combined
with prevalence and robustness testing to identify potential differential abundances while
accounting for zero inflation in microbiome data. This analysis revealed only minor
differences between the control and adenoma groups, which did not reach significance after
adjusted p-value, prevalence, and robustness testing (Figure 2c). In contrast, comparisons
between cancer and control groups demonstrated a substantial increase in several species
from the genera Porphyromonas, Prevotella, Lachnospiraceae, Bifidobacterium, and
Lactobacillus, with absolute log fold change values > 1. Among these, six species were
identified as potential biomarkers through prevalence and robustness testing: Porphyromonas
asaccharolytica, Prevotella copri, Porphyromonas uenonis, Porphyromonas somerae,
Porphyromonas sp. HMSC077F02, and Dialister pneumosintes.

Zhang et al.® reported universal diagnostic genera for colorectal cancer across
multiple populations, including cohorts from Australia, China, France, Italy, Germany, and
the United States. Their findings highlighted Porphyromonas, Parvimonas, and
Peptostreptococcus as the main genera altered during CRC progression. Consistent with their
study, our results also demonstrated a pronounced increase in several Porphyromonas species
in the cancer group. Moreover, Porphyromonas gingivalis has been reported as a potential
biomarker associated with colorectal cancer prognosis’. However, our analyses did not detect
this species as significant in either LEfSE or ANCOM-BC.

Taken together, across the three differential abundance methods, Prevotella copri
consistently emerged as a candidate biomarker. It demonstrated a high LDA score in LEfSE
and significant enrichment in the cancer group with a log fold change of approximately 3 in
both DESeq2 and ANCOM-BC analyses. Previous studies by Yao et al*°. and Niccolai et al'.
have also emphasized the relevance of P. copri through mechanisms such as inflammatory
responses mediated by IL-9 and its detection via quantitative PCR as a diagnostic tool. These
findings support our results, underscoring P. copri as one of the most promising microbial
biomarkers identified in this study.
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Figure 2 Biomarker discovery from Differential Abundance Analysis
Differential abundance analysis of species-level taxa based on three approaches: (a) LEfSe,
showing taxa with LDA scores > 3.5; (b) DESeq?2, visualized as a heatmap of log fold
changes across the three groups; (c—d) continued on next page
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Figure 3 (continued) Biomarker discovery from Differential Abundance Analysis
(c—d) ANCOM-BC, represented as bar plots of log fold changes for pairwise comparisons
between Healthy vs. Adenoma and Healthy vs. Cancer. Thresholds were set at absolute log

fold change > 0.5 for the Adenoma comparison and > 1 for the Cancer comparison. In

ANCOM-BC, six species passed both prevalence and robustness tests and were identified as
potential biomarkers (e). Adjusted p-values (FDR) were applied across all analyses, with
significance thresholds indicated as g < 0.05 (*), g < 0.1 (**), and q < 0.01(**%*).
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Correlation Network Analysis

Our findings suggest that Prevotella copri may represent a crucial microbe in colorectal
cancer development within this Austrian cohort. Correlation network analysis provided
additional insights into its interactions with the surrounding microbial community. Using the
NetCoMi R package and visualizing the results in Cytoscape (Figure 3), we observed that P.
copri lost its negative associations with certain Clostridia and Clostridium species during the
progression from adenoma to carcinoma. Furthermore, negative interactions with other
Prevotella species, which similarly opposed Clostridia and Clostridium, were also lost. In
contrast, positive associations between P. copri and other Prevotella species were retained
across cancer stages compared to the control group.

To assess network-level differences, Jaccard indices were calculated for dissimilarity
tests across the three groups, considering multiple centrality metrics (Degree, Betweenness,
Closeness, Eigenvector, and Hub taxa) (Table 1). Statistical analysis of the top 10 nodes for
each centrality measure did not reveal significant differences. However, comparison between
the Control and Cancer groups indicated similarity in Eigenvector centrality, with P(> Jacc) =
0.006, suggesting that the key microbial contributors identified in this comparison were not
significantly different between groups.

Prevotella copri as potential candidate of CRC biomarkers

Prevotella copri, a Gram-negative microbial species, is abundant in the human digestive
system and has been identified in various microbiome profiles, both in beneficial and disease-
associated contexts?. A comparative study of gut microbiota between European and rural
African children demonstrated that the Prevotella genus plays a key role in digesting
polysaccharide-rich diets and provides protection against inflammation and colonic diseases
caused by Escherichia, Salmonella, Shigella, and Klebsiella speciest. In addition, studies on
glucose metabolism in both human and mouse models have shown that the introduction of
Prevotella improved glycogen storage.

However, P. copri has also been associated with rheumatoid arthritis, as its high
abundance was observed in fecal samples and in mouse models inoculated with P. copri.
These mice exhibited increased colitis severity, which could contribute to a higher
susceptibility to rneumatoid arthritis?®.

Our findings indicate that P. copri was not among the top 10 most relatively abundant
species in the gut microbiome of Austrian CRC cohorts, whether in healthy or cancer groups.
Nevertheless, differential abundance analysis revealed significantly greater alterations in the
cancer group compared to the healthy group, as determined by DESeq and ANCOM-BC
approaches.

The study by Zhang et al® identified differential abundance of P. copri and other
microbial species using a two-sided Wilcoxon rank-sum test, comparing their relative
abundance. In contrast, our study employed three differential analysis approaches to
determine that P. copri may act as a key microbial regulator associated with colorectal
cancer. In a DSS-induced mouse model, P. copri administration markedly increased
susceptibility to rheumatoid arthritis'®, and histological analysis of colon samples revealed
enhanced colitis effects. Furthermore, previous studies investigating species abundance
across different cohorts have identified P. copri as one of the top five most abundant species
in colorectal cancer patients compared to healthy controls®®,

These findings suggest that P. copri may contribute to colorectal cancer development
by promoting inflammation, which can accelerate carcinogenesis. A study evaluating
potential microbial biomarkers for CRC diagnosis by Yao et al'°. also identified P. copri as
one of the candidate biomarkers. However, P. copri alone may not serve as the most effective
biomarker due to limitations in specificity and sensitivity. The most reliable diagnostic
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markers for CRC are likely to involve a combination of multiple microbial species to achieve
higher diagnostic accuracy.

Given that the gut microbiome composition varies substantially among different
populations, further analyses in diverse cohorts are required to identify additional potential
microbial candidates and to establish a consistent and reliable gut microbial biomarker profile
for CRC diagnosis.
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Figure 3 Correlation Network Interaction comparisons on Prevotella copri
Correlation networks centered on Prevotella copri were visualized across the three groups.
Edges represent correlation metrics, with green lines indicating positive correlations and red

lines indicating negative correlations. The strength of each correlation is depicted by line
thickness, while node size reflects degree centrality. No significant differences were observed
among the Control (a), Adenoma (b), and Cancer (c) groups (adjusted p-value < 0.5)
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Global Jaccard Index comparison between Control Vs. Cancer
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Centrality Value Jaccard Index (P(<=Jacc) P(>=Jacc)
Degree 0.298 0.342 0.756
Betweenness 0.250 0.098 0.942
Closeness 0.311 0.416 0.686
Eigenvector 0.509 0.997 0.006**
Hub Taxa 0.231 0.322 0.863

“Footnote 1 p-value < 0.05
“Footnote 2 p-value < 0.01

Conclusion:

Based on the current findings, differential abundance analyses suggest that Prevotella copri
may serve as a potential biomarker in colorectal cancer development. However, its
interactions within the gut microbial community remain insufficiently characterized, limiting
our understanding of its role in shaping microbiome dynamics.
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Abstract:

Pseudomonas aeruginosa is a multidrug-resistant opportunistic pathogen capable of
surviving diverse environmental stresses through efflux pumps, detoxification systems, and
chemical transporters. Amino acid transporters have recently been recognized for roles
beyond nutrient uptake, particularly in stress adaptation. In this study, the physiological
function of the aromatic amino acid transporter gene (aaaT) was examined using knockout
and complementation approaches, verified by sequencing. Plate sensitivity assays revealed
that the aaaT-knockout strain exhibited pronounced sensitivity to paraquat (PQ), a superoxide
generator, while complementation restored resistance, underscoring the role of aaaT in PQ
tolerance. Strains with ectopic aaaT expression from a pBBR vector displayed growth defects
compared with both wild-type and knockout strains, though no significant differences were
observed under exposure to other oxidative agents, including hydrogen peroxide, cumene
hydroperoxide, sodium hypochlorite, and N-ethylmaleimide. Antibiotic susceptibility testing
by disk diffusion showed that the aaaT-knockout strain was more susceptible to ciprofloxacin
and norfloxacin, but exhibited modestly increased resistance to cefepime, with no substantial
changes to most other antibiotics. Collectively, these findings demonstrate that aaaT
contributes to P. aeruginosa tolerance against oxidative stress and modulates its susceptibility
to specific antibiotics, especially fluoroguinolones. Targeting aaaT may therefore represent a
promising strategy to sensitize P. aeruginosa to existing antibiotics and enhance therapeutic
efficacy.

Introduction:

Pseudomonas aeruginosa is a highly adaptable opportunistic pathogen that poses a
significant challenge to public health due to its intrinsic and acquired resistance mechanisms
against antibiotics and oxidative stress. The bacterium’s resilience is attributed to its versatile
metabolic pathways, efflux pumps, and stress response systems, which enable survival in
diverse and hostile environments.! Proteins involved in amino acid transport and metabolism
are increasingly recognized as pivotal in maintaining redox balance and cellular
homeostasis.! However, the precise role in resistance and stress tolerance remains poorly
understood.

Efflux pumps and amino acid transporters are key players in bacterial resistance to
antibiotics and biocides. Efflux pumps, such as those from the resistance-nodulation-cell
division (RND) family, actively expel toxic compounds, reducing their intracellular
concentration and allowing bacteria to survive lethal exposures.? Amino acid transporters,
primarily responsible for nutrient uptake, can also contribute to resistance by facilitating the
uptake or expulsion of antibiotics and biocides. These systems often work synergistically,
with efflux pumps providing a broad-spectrum defense and amino acid transporters offering a
targeted mechanism to enhance survival.®
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In P. aeruginosa, efflux pumps and amino acid transporters are critical contributors to
its intrinsic and acquired resistance to antibiotics and biocides. The MexAB-OprM efflux
pump, a member of the resistance-nodulation-division (RND) family, is well-known for
conferring broad-spectrum resistance to antibiotics such as p-lactams, fluoroguinolones, and
macrolides, as well as to biocides like chlorhexidine.* Similarly, the MexCD-OprJ and
MexEF-OprN systems provide resistance to fluoroquinolones and chloramphenicol, with
their overexpression linked to reduced susceptibility to multiple antimicrobials.® The
interplay between efflux pumps and amino acid transporters highlights the complexity of
resistance mechanisms in P. aeruginosa, emphasizing the need for targeted approaches to
combat this pathogen's adaptability.

The primary aim of this study was to investigate the physiological role of P.
aeruginosa aromatic amino acid transporter gene (aaaT) in the contribution to the bacteria's
survival under host-mediated stress, and the assessment on the antibiotic susceptibility.
Ultimately, the study sought to uncover the potential of targeting this gene as a strategy to
overcome antibiotic resistance.

Methodology:

Bacterial growth conditions

Pseudomonas aeruginosa and Escherichia coli strains were grown in Luria-Bertani (LB) broth
(Difco, USA) at 37 °C with continuous shaking at 180 rpm under aerobic conditions. As
required for selective marker of plasmid, the medium was supplemented with 100 pg/mL
ampicillin (Amp) or 10 pg/mL gentamicin (Gm) for E. coli cultivation while the medium was
supplemented with 200 pg/mL carbenicillin (Cb) or 30 pg/mL gentamicin (Gm) for P.
aeruginosa cultivation. All bacterial strains were cultured, maintained, and all experiments
were performed in the BSL-2 laboratory according to the procedure MUSC2022-029,
approved by the Biosafety Committee of the Faculty of Science at Mahidol University.

Construction of P. aeruginosa aaaT-mutant

A 339-bp fragment from the middle of the aaaT coding region in the PAO1 genome was
amplified using primers EBI-1500 (5-CTTCTTCGGTATCAGCCC-3') and EBI-1501 (5'-
ACGAAGGTGGTCAGCATC-3"). The resulting PCR product was isolated, purified, and
subsequently ligated into the cloning vector pKNOCKgwm at the Smal restriction site. The
ligated product, pPKNOCK-aaaT, was transformed into E. coli BW20767 cells. Transformants
were screened via PCR using primers BT543 (5'-TGACGCGTCCTCGGTAC-3’) and EBI-
1501 to confirm plasmid insertion and orientation. The plasmid was then sequenced to ensure
accurate construction. Using a conjugation technique, plasmid pKNOCK-aaaT was
transferred into the PAOL wild-type strain. The aaaT-KO mutant was isolated based on its
antibiotic resistance phenotype and confirmed through PCR amplification.®

Construction of P. aeruginosa full-length aaaT

The complete aaaT gene from the Pseudomonas aeruginosa genome was amplified using
primers EBI-1499 (5'-GCCGCCTCCCGCACAATG-3") and EBI-1502 (5'-AAACAGCTA
TGACCATG-3"), which are designed to cover the entire coding sequence. The resulting
1312-bp PCR product was cloned into the Smal site of the expression vector pPBBR1MCS-4.
The recombinant plasmid carrying the aaaT gene was then transformed into competent
Escherichia coli DH5a cells. PCR screening with primers MI13F  (5'-
GTAAAACGACGGCCAGT-3") and EBI-1500 were used to verify the insertion and
orientation of the plasmid, followed by sequencing to confirm the accuracy of the construct.®
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Physiological studies

Plate sensitivity assay

The plate sensitivity assay was conducted to evaluate bacterial growth on plates, reflecting
the resistance levels of the PAO1 wild-type strain and various mutant strains against a range
of oxidants. All Pseudomonas aeruginosa strains will initially be cultured in 3 mL of fresh L-
broth containing suitable antibiotics. Overnight cultures were then subculture into 3 mL of
fresh L-broth to adjust the ODeoo to 0.05 and incubated at 37 °C for 3 h. Exponentially
growing cultures will be serially diluted 10-fold, and each dilution will be spotted onto L-
agar plates with or without specific concentrations of oxidants. The plates were be incubated
overnight at 37 °C, and the growth differences between strains will be observed. Resistance
to oxidants will be quantified as the percent survival, calculated as the ratio of CFU on
oxidant-containing plates to CFU on plates without oxidants, expressed as a percentage.’
Data will be presented as the mean and standard deviation from three independent biological
replicates.®

Disk Diffusion Assay

The antibiotic susceptibility of P. aeruginosa PAOL and its mutant derivatives was evaluated
using the standard Kirby-Bauer disk diffusion method with a modification by Romsang et al.
and Hudzicki.® Briefly, bacterial cultures were grown aerobically in Mueller Hinton (MH)
broth at 37 °C with 180 rpm shaking until the exponential phase, after which 50 pL of each
culture was mixed with 15 mL of pre-warmed soft agar and poured onto MH agar base plates.
Antibiotic-impregnated disks were placed on the solidified bacterial lawn and incubated at 37
°C for 18 h. The diameters of inhibition zones were measured in millimeters, and each assay
was performed in triplicate.

Statistical statements

All groups of datasets were performed in mean + standard deviation (SD). The student’s t-test
and ANOVA analyses were used to determine a difference between datasets with p-value <
0.05 which was considered significant.

Results and Discussion:
To investigate the physiological role of the aaaT gene in P. aeruginosa, four isogenic strains
were constructed including P. aeruginosa wild-type control (PAO1/pBBR), aaaT-knockout
strain (aaaT-KO/pBBR), aaaT-complemented strain (aaaT-KO/pBBR-aaaT), and aaaT-
overexpression strain (PAO1/pBBR-aaaT). Sequencing confirmed correct insertion of the
full-length aaaT gene into the pBBR vector without mismatches.®

When spotted on LB agar (LA) plates and incubated for 18 h, all strains displayed
comparable colony numbers under non-stressed conditions. However, both the complemented
and overexpression strains consistently exhibited smaller colony sizes compared with the
wild-type and knockout strains, indicating a growth defect potentially associated with
plasmid-based aaaT expression. Under oxidative stress conditions, no significant difference
was observed on plates containing hydrogen peroxide (H20:), cumene hydroperoxide (CHP),
sodium hypochlorite (NaOCI), and N-ethylmaleimide (NEM) (Figure 1). In contrast, the
aaaT-knockout strain showed marked sensitivity to paraquat (PQ), a phenotype that was
restored upon complementation via a transformation of an ectopic aaaT-expression vector
(Figure 1). Interestingly, the overexpression strain also displayed PQ sensitivity in addition to
its colony size defect (Figure 1), further suggesting that the ectopic aaaT expression imposes
a physiological burden. Collectively, these findings implicate aaaT in the superoxide stress
response, with PQ sensitivity emerging as the most consistent phenotype. The data suggests
that the aaaT gene encodes a transporter that is able to recognize and import paraquat due to
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its structural similarity to aromatic amino acids. The selective susceptibility to paraquat, but
not other oxidative agents, strongly supports the hypothesis that the primary role of the aaaT
transporter in this context is the uptake of paraquat, rather than a general role in managing all
forms of oxidative stress. Research in E. coli has shown that paraquat susceptibility is linked
to polyamine uptake. Polyamines are small, positively charged molecules essential for cell
growth. The polyamine transport system in E. coli is known to also transport paraquat,
contributing to its toxicity. Mutants with defects in this transporter exhibit increased
resistance to paraquat because the herbicide can no longer efficiently enter the cell.®

up 10 102 103% 10° 10° up 10t 102 103 10° 10°

{

PAO1/pBBR-aaaT [ | o
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aaaT-KO/pBBR
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Figure 1.
Plate sensitivity assays under oxidative stress.

The exponential-phase cells of P. aeruginosa mutant strains were 10-fold serial diluted and
spotted on LB agar (LA) plates with or without oxidants, including 2.1 mM CHP, 0.15 mM
PQ, 0.35 mM H:0-, 0.75 mM NEM, and 8.88 mM NaOCI. After incubation at 37 °C for 18 h,
growth between these strains was observed. The data presented were representative of three
similar results.

Interestingly, we found that the aaaT-complemented and aaaT-overexpression strains
displayed intrinsic growth defects on the LA and oxidant-containing plates (Figure 1). This
intrinsic growth defects in the aromatic amino acid transporter gene aaaT-overexpression
suggest that the delicate metabolic balance in the bacterial cells is disrupted by the
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unregulated influx of aromatic amino acids or their toxic analogs,'® or by a significant
energetic burden associated with maintaining the high number of transporters.!**® This
finding highlights the critical importance of gene regulation for maintaining optimal cellular
function, demonstrating that both the absence and the excessive presence of this AaaT
transporter can be detrimental to the overall survival and growth in P. aeruginosa.

Next, the antibiotic susceptibility test was performed in the wild-type (PAO1/pBBR)
and the aaaT-knockout mutant (aaaT-KO/pBBR). The Kirby-Bauer disk diffusion assay® °
revealed that most antibiotics produced comparable inhibition zone diameters between the
two strains, supporting the notion that aaaT is not a broad determinant of intrinsic resistance.
For example, no significant difference was observed in several antibiotics including
imipenem (IPM10, p = 0.37), meropenem (MEM10, p = 0.066), ceftriaxone (CRO30, p =
0.51), ceftazidime (CAZ30, p = 0.69), fosfomycin (FOS50, p = 0.68), tetracycline (TE30, p =
0.24), polymyxin B (PB300, p = 1.00), and tobramycin (TOB10, p = 0.12), consistent with
previous studies highlighting the dominant role of efflux pumps and other intrinsic
mechanisms in P. aeruginosa resistance.® *

Nevertheless, the aaaT-knockout strain exhibited a significant increase in the
inhibition zones against ciprofloxacin (CIP5, p = 0.0136) and norfloxacin (NOR10, p =
0.0244), indicating dramatically increased sensitivity to fluoroquinolones (Figure 2). These
results are consistent with the idea that amino acid transporters may indirectly influence
quinolone susceptibility, possibly through effects on metabolic or redox balance.® *° Loss of
aaaT could disrupt intracellular pools of metabolites required for redox homeostasis. This
imbalance likely increases the susceptibility of the aaaT-knockout strain to PQ and
fluoroquinolones, both of which generate ROS as part of their bactericidal action.** Another
explanation could be expressed that amino acid transporters and efflux systems are
functionally linked in P. aeruginosa.l 2 Knockout of aaaT may reduce efflux efficiency
against fluoroquinolones, further sensitizing the mutant. Conversely, compensatory
adjustments in efflux activity (e.g., MexAB-OprM upregulation) or changes in outer
membrane permeability could selectively limit cefepime uptake, explaining the observed
resistance phenotype. Together, these findings suggest that aaaT modulates susceptibility in a
context-dependent manner: its loss predisposes cells to enhanced killing by ROS-inducing
drugs (PQ, CIP, NOR) while paradoxically conferring a survival advantage under cefepime
exposure. This dual effect underscores the complexity of metabolic-redox interactions in
shaping antibiotic responses in P. aeruginosa.®®

In contrast, the aaaT-knockout strain showed a smaller inhibition zone upon cefepime
treatment (FEP30, p = 0.0082), a fourth-generation cephalosporin, compared to that in the
PAO1/pBBR strain (Figure 2). This paradoxical outcome may reflect compensatory changes
in efflux pump activity or outer membrane physiology that limit cefepime uptake. While
cefepime requires specific porins for entry, the absence of the aaaT transporter may have
triggered a global stress response within the cell. This response could lead to the upregulation
of major multi-drug efflux pumps like the MexAB-OprM system, which are capable of
expelling a broad range of antibiotics, including cephalosporins.® This induced efflux system
would effectively lower the intracellular concentration of cefepime, reducing its ability to
reach its target and consequently resulting in increased resistance.

Altogether, these findings suggest that while aaaT is not a broad determinant of
resistance, it contributes to enhanced sensitivity to fluoroquinolones and altered response to
cephalosporins (Figure 2). This selective effect implies that aaaT may not directly interact
with antibiotic targets but rather influence susceptibility through its role in maintaining
cellular physiology. In particular, disruption of aaaT could perturb redox homeostasis or
nutrient transport, indirectly altering the ability of P. aeruginosa to tolerate certain
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antibiotics. Such context-dependent roles highlight the importance of considering metabolic
background when studying resistance mechanisms.
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Figure 2.
Antibiotic susceptibility of P. aeruginosa PAO1 and its aaaT knockout derivative (aaaT-
KO/pBBR) determined by the Kirby-Bauer disk diffusion assay. Bars represent the mean
inhibition zone diameters (mm), and error bars indicate the standard deviation from three
independent experiments. Asterisks (*) denote statistically significant differences between
strains (p < 0.05, Student’s t-test).

Taken together, these findings demonstrate that aaaT plays a specific role in the
oxidative stress response and selectively modulates susceptibility to certain antibiotics.
Rather than acting as a broad-spectrum resistance determinant, aaaT may indirectly influence
drug tolerance through its role in maintaining cellular physiology and redox balance. Growth
defects observed in complemented and overexpression strains highlight the limitations of
plasmid-based systems and the importance of employing chromosomal integration
approaches, such as mini-Tn7, to achieve balanced gene expression in future studies.! 8 10

Conclusion:

This study concludes that the aaaT gene plays a crucial role in P. aeruginosa stress response
and antibiotic susceptibility. The aaaT-knockout strain's sensitivity to paraquat confirms its
involvement in superoxide stress tolerance. Furthermore, the gene's influence on antibiotic
interactions is complex; its absence increases susceptibility to fluoroquinolones while
paradoxically conferring a modest resistance to cefepime. The findings indicate that the aaaT
gene plays a key role in protecting P. aeruginosa from oxidative stress and influences its
susceptibility to specific antibiotics, particularly fluoroquinolones. These findings suggest
that targeting the aaaT transporter could be a potential strategy for overcoming antibiotic
resistance in P. aeruginosa by sensitizing the bacteria to existing antibiotics, thereby
improving the efficacy of current treatment regimens.
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Abstract:

Songkhla lake basin is an important brackish water ecosystem in Thailand, supporting both
biodiversity and aquaculture. Environmental changes and human activities affect water
quality and the spread of Vibrio spp. which are associated with vibriosis in aquatic animals
and severe infections in humans. This study investigated the occurrence of Vibrio spp. using
the most probable number (MPN) method and examined correlations with water quality
parameters. Isolates were identified using selective media, multiplex PCR for Vibrio
vulnificus, and MALDI-TOF MS for other species. While V. vulnificus was not detected, V.
albensis and other Vibrio species were present. Bacterial abundance correlated with elevated
ammonia, nitrite, and organic matter, along with variations in pH, salinity, and temperature.
These findings provide baseline data on Vibrio ecology in the Songkhla lake basin and
underscore the importance of water quality monitoring to reduce risks for public health and
aquaculture.

Introduction:

Climate change, particularly rising global temperatures, has significant impacts on public
health and aquatic ecosystems. Increasing seawater temperatures and sea levels, together with
pollution, have contributed to the rising incidence of Vibrio-associated illnesses and their
emergence in previously unaffected regions*?. The genus Vibrio comprises Gram-negative,
motile, curved rod-shaped bacteria that naturally inhabit estuarine and marine environments?®.
Under nutrient-rich conditions, such as those found in aquaculture systems, Vibrio spp. can
proliferate rapidly, disrupting ecological balance and facilitating bacterial cycling*. In
aquaculture, Vibrio infections (vibriosis) are a major cause of mortality in fish and
crustaceans, leading to severe environmental consequences and economic losses®. Their
persistence in sediments enables long-term survival and recurrent contamination within the
same ecosystem. Several Vibrio species are also pathogenic to humans, including V.
cholerae, V. parahaemolyticus, and V. vulnificus. Notably, V. vulnificus is an opportunistic
pathogen responsible for gastroenteritis, wound infections, and septicemia in humans®.

In Thailand, V. vulnificus infections have been reported by the Thai Ministry of
Health among government-based hospital between 2001-2006 with 6-12 per years or 0.016
cases per 100,000 populations per year. Septicemia by V. vulnificus infection causes rapid
onset of limb swelling and hemorrhagic bullous skin lesion, septic shock with deadly
disseminated intravascular coagulation’.

The Songkhla lake basin is the largest brackish water ecosystem in Thailand,
encompassing three provinces: Songkhla, Phatthalung, and Nakhon Si Thammarat. This
unique ecosystem supports high biodiversity and serves as a major aquaculture hub in
southern Thailand. However, environmental changes and increasing human activities have
significantly influenced water quality, creating favorable conditions for the proliferation of
pathogenic bacteria®. Among the key bacterial groups inhabiting brackish water ecosystem,
Vibrio spp. are of particular concern due to their dual role as natural inhabitants and
opportunistic pathogens.
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Changes in the physical and chemical properties of water systems, such as
temperature, dissolved oxygen (DO)?, salinity!?, and organic matter'! resulting from human
activity, can strongly impact the abundance and distribution of Vibrio spp. in the Songkhla
lake basin. Understanding the distribution of these bacteria is important for monitoring and
preventing the spread of pathogens that threaten both public health and the aquaculture
sustainability. Therefore, this study aimed to investigate the distribution of Vibrio spp., with
particular emphasis on V. vulnificus and related organisms, in the Songkhla lake basin. In
addition, the relationship between water quality parameters and bacterial abundance was
examine to better understand the environmental factors influencing Vibrio occurrence in this
ecosystem. The findings of this study will contribute to identifying key diverse of Vibrio
growth and provide a basis for water quality management strategies to reduce potential risks
associated with seafood consumption and aquaculture production in the region.

Methodology:

Sample collection

Brackish water samples were collected from multiple sites around the Songkhla lake basin
from November 2024 to February 2025, yielding a total of 16 samples, as shown in figure 1.
At each site, water was aseptically collected in sterile bottles and stored at 4°C. All samples
were transported to the laboratory and processed on the same day to minimize changes in
microbial composition.

Enumeration of Vibrio spp. by MPN method

For bacterial enumeration, 25 ml of each brackish water sample was added to 225 ml of
alkaline peptone water (APW, pH 8.5) to obtain a 1:10 dilution (total of 250 ml). The
bacterial concentration was estimated using the three-tube most probable number (MPN)
method. Briefly, ten-fold serial dilutions (1072, 1073, and 10~*) were prepared in triplicate and
incubated at 37 °C for 18-24 h. As a presumptive Vibrio test, all turbid tubes were streaked
onto Thiosulfate Citrate Bile Salt Sucrose (TCBS) agar and incubated at 37 °C for 18-24 h.
Tubes showing turbidity and yielding colonies on TCBS agar were considered positive. The
number of positive tubes at each dilution was recorded and used to calculate the MPN values.

Identification of Vibrio spp. isolates
Colonies grown on TCBS agar were sub-cultured on CHROMagar™ Vibrio and incubated at
37°C for 18 — 24h. Turquoise colonies were presumptively identified as V. vulnificus.

Genomic DNA of bacterial isolates was extracted using the boiling method. In brief, a
single colony from an overnight culture was suspended in 200 ul of sterile deionized water,
boiled at 100°C for 10 min, cooled on ice for 10 min, and centrifuged at 14,000 rpm for 5
min. The supernatant was collected and used as DNA template for multiplex PCR.

Species identification was performed by multiplex PCR targeting the 16S rRNA gene,
and the whA (cytolysin) gene, using MyTaq™ DNA polymerases (Bioline). Primer
sequences are shown in Table 1. PCR conditions included an initial denaturation at 96 °C for
6 min, followed by 30 cycles of denaturation at 94 °C, annealing at 57.3 °C, and extension at
72 °C. A final extension was carried out at 72 °C for 7 min. PCR products were resolved on
1.5% agarose gels to confirm the presence of target amplicons for V. vulnificus.
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Songkhla lake basin

Google Earth

Figure 1.
Sampling sites of brackish water in Songkhla lake basin includes 16 sites.

In addition, unidentified isolates were analyzed using Matrix-Assisted Laser
Desorption/lonization Time-of-Flight Mass Spectrometry (MALDI-TOF MS) for species-
level identification.

Table 1.
Primer sequence of targeted genes specific to V. vulnificus
Targeted gene  primer Sequence (5°-3%) m Size (bp)
(°C)
16S rRNA? 27-F  AGAGTTTGATCATGGCTCAG 53.7 1,465
1492-R  TACGGCTACCTTGTTACGACTT
whAB wh-F  TTCCAACTTCAAACCGAACTATGA  59.4 205

wh-R  ATTCCAGTCGATGCGAATACGTTG

Water quality analysis

Several water quality parameters were analyzed to evaluate their potential influence on the
growth and distribution of Vibrio spp. Dissolved oxygen, ammonia, nitrite, sulfide, and total
alkalinity were measured at the Central Equipment Division, Faculty of Science, Prince of
Songkla University, using standard protocols. The temperature, salinity, and pH were
determined in situ at the time of sample collection.
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Results and Discussion:

1. Wate quality

The water quality was assessed using several parameters, including dissolved oxygen (DO),
ammonia, nitrite, sulfide, total alkalinity, temperature, salinity, and pH (Table 2). DO levels
ranged from 6.80 to 9.35 mg/L, which is considered acceptable, as concentrations above 5
mg/ml are generally sufficient to support aquatic life. Lower DO values typically indicate
pollution or organic contamination.

Ammonia concentrations across the sampling sites ranged from 0.15 to 8.62 mg/L,
exceeding the recommended safe level of < 0.1 mg/L for fish and aquatic animals'*. Elevated
ammonia levels may reflect sewage discharge or organic waste input into the water source®®.
Nitrite levels ranged from 0.13 to 1.41 mg/L, whereas the optimal nitrite concentration should
remain below 1 mg/L. High nitrite value may indicate poor water associated with oxygen
depletion and waste, which is in turn can stimulate microbial proliferation®. Notably, sulfide
was not found in all samples sites. Sulfide is toxic to aquatic animals and typically indicates
wastewater contamination. Its absence suggests limited direct sewage inflow.

Other parameters also provided insight into water quality. Total alkalinity ranged from
4.09 to 81.90 mg/L, with higher levels in some areas suggesting greater buffering capacity
against pH fluctuations. The pH values ranged from 5.63 to 7.72, with the lowest value (5.63
at site B) potentially linked to sewage input. Temperature and salinity values ranged from
28.0 — 30.4 °C and 0.00 — 1.00 ppt, respectively, reflecting typical tropical brackish water
conditions. Our results suggest that Songkhla lake basin provides an environment conducive
to the persistence and growth of Vibrio spp.
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Table 2.
Sampling sites, physical and chemical parameters of brackish water from Songkhla lake basin
Parameters
Site Isolates  Latitude Longitude DO  Ammonia Nitrite Sulfide al-:}e)\tl?rI\e Temperature Salinity oH
(mg/L)  (mg/L) — (mg/L)  (mg/L) oy C) (ppt)
A Vsblll  7°07°55.0  100°28'43.0  7.85 1.15 0.99 N 81.90 28.00 1.00  7.05
N E
g _Vsbl2l 7°07°07.0  100°2820.0 _ 8.90 7.53 1.41 N 8.19 28.2 020  5.63
Vsh122 N E 8.80 8.62 1.12 N 4.09 28.00 0.00  6.02
Vsb  7°03°352  100°27°14.5  8.25 0.37 0.53 N 24.57 28.00 0.00 6.83
C
231 N E
Vsb 9.00 0.24 0.47 N 20.48 28.20 000 7.13
b 241 7°11°06.7  100°24°48.9
Vsb N E 9.35 0.18 0.35 N 20.48 28.00 0.00 7.09
242
Vsb  7°21’11.4  100°1927.3  8.60 0.50 0.25 N 18.43 28.20 0.00 6.24
E
251 N E
Vsb  7°26°26.1  100°14°01.7  6.80 0.19 0.38 N 18.43 28.40 0.00 7.72
F
261 N E
Vsb  7°30°48.5  100°10°38.9  8.45 0.15 0.13 N 22.52 29.20 0.00 7.58
G
271 N E
Vsb  7°37°33.4  100°0924.6  9.05 0.18 0.24 N 40.95 29.00 0.00 7.04
H
281 N E
Vsb  7°46°52.7  100°07°23.0  8.00 0.21 0.20 N 22.52 29.00 000 7.21
I
291 N E
] Vsb  7°46°47.9  100°11°47.8  8.55 0.15 0.22 N 10.24 29.20 0.00 6.96
2101 N E
K Vsb  7°47°52.6  100°15°56.2  8.65 0.27 0.22 N 20.48 30.00 0.00 7.07
2111 N E
L Vsb  7°47°50.1  100°17°03.8  8.85 0.29 0.22 N 20.48 30.00 0.00 7.10
2121 N E
M Vsb  7°34’50.1  100°18°20.6  7.50 0.75 0.32 N 34.81 30.40 0.00 5.97
2131 N E
N Vsb  7°27°46.5 100°24°41.6  8.65 0.20 0.23 N 36.86 29.20 0.00 6.52
2141 N E
o Vsb  7°15°15.39 100°28°47.55  9.00 0.21 0.21 N 30.71 30.40 0.00 7.29
2151 N E
B Vsb  7°06°50.9  100°33°23.9  7.00 0.63 0.40 N 24.57 29.00 1.00  7.39
2161 N E

2. Most probable number (MPN)
The distribution of Vibrio spp. and related organisms in the Songkhla lake basin is
summarized in Table 3. Site M and site N exhibited the highest bacterial concentration, each
exceeding 1,100 MPN/g, followed by stie B with the 1,100 MPN/g. The elevated abundance
in these locations likely reflects localized accumulation of organic matter. There organic
matter can enhance the growth of indigenous bacteria®>®.
In contrast, site D, G, and H indicated relatively low bacterial concentration, ranging
from 43 to 93 MPN/g. Bacterial counts at the remaining sites varied between 150 and 460
MPN/g. These findings indicate that bacterial abundance is not evenly distributed across the
basin but instead follows site-specific patterns, likely influenced differences in environmental
and physicochemical conditions.
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Table 3.
Abundance of Vibrio spp. in Songkhla lake basin by Three-tube MPN method
Positive tubes Isolates  Positive tubes
Site Isolates MPN/g Site MPN/g
0.1 0.01 0.001 0.1 0.01 0.001
A Vsblll 3 2 2 210 H Vsb281 3 1 0 43
Vsb121 3 3 2 1100 | Vsb291 3 3 1 460
B Vsbl22 3 3 1 460 J Vsb 3 3 1 460
2101
C Vsh 3 3 1 460 K Vsb 3 3 1 460
231 2111
Vsh 3 1 0 43 L Vsh 3 2 1 150
D 241 2121
Vsh 3 2 0 93 M Vsb 3 3 3 >1100
242 2131
E Vsh 3 3 1 460 N Vsb 3 3 3 >1100
251 2141
F Vsh 3 3 1 460 O Vsh 3 3 1 460
261 2151
G Vsb 3 1 0 43 P Vsb 3 3 1 460
271 2161

3. Identification of Vibrio spp. isolates

Bacterial identification from the Songkhla lake basin was determined by using the selective
media, CHROMagar™ Vibrio, followed by multiplex PCR and MALDI-TOF MS (Table 4).
Several Vibrio species and related organisms were detected, reflecting their natural
abundance in the lake environment. Turbid tubes from the MPN that yielded colonies on
TCBS agar confirmed the widespread presence of Vibrio spp. and associated bacteria in the
water samples.

To specifically investigate V. vulnificus, turquoise colonies from CHROMagar™
Vibrio were further analyzed by multiplex PCR. The suspected isolates including Vsb111,
Vsb121, Vsh241, Vsb242, VVsh251, Vsh261, Vsb2141, Vsb2151, and VVsb2161 tested positive
for the 16S rRNA gene but negative for the vwhA gene, which is specific for V. vulnificus.
This result indicated that none of them were V. vulnificus.

MALDI-TOF MS analysis identified some isolates as V. albensis, while others could
not be reliably identified at the species level. All these results suggested that the Songkhla
lake basin is a low-prevalence area for V. vulnificus, with other Vibrio species being more
commonly represented.

4. Occurrence of V. albensis

Among the isolates analyzed, some were identified as Vibrio albensis using MALDI-TOF
MS. V. albensis belongs to the non-O1/non-0139 Vibrio cholerae (NOVC) group!’ and
naturally inhabits aquatic environments where it can also associate with marine animals.
Phylogenetically, this species shares more than 80% similarity with V. cholerae, reflecting its
close genetic relationship.
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Table 4.
Bacterial identification from sampling sites around Songkhla lake basin
™ PCR (Multiplex)
Site Isolates CHR\%\f ia:)%ar 16S WhA MALI\EI) S';TOF
rRNA

A Vsb111l + + - No
B Vsh121 + + - No

Vsh122 - ND ND ND
C Vsh 231 - ND ND ND
D Vsh 241 + + - V. albensis

Vsh 242 + + - V. albensis
E Vsb 251 + + - V. albensis
F Vsh 261 + + - V. albensis
G Vsh 271 - ND ND ND
H Vsh 281 - ND ND ND
| Vsh 291 - ND ND ND
J Vsh 2101 - ND ND ND
K Vsh 2111 - ND ND ND
L Vsh 2121 - ND ND ND
M Vsh 2131 - ND ND ND
N Vsb 2141 + + - No
0 Vsh 2151 + + - No
P Vsb 2161 + + - V. albensis

4TCBS agar: + (Green colony), - (Yellow colony),
PCHROMagar™ Vibrio : + (Green to turquoise colony), - (Purple and white colony)
‘MALDI-TOF MS: No (No Organism Identification Possible)

: ND (Not determine)

Although V. albensis is primarily considered an environmental bacterium, previous
reports have documented its ability to infect humans'®. Clinical cases have included
gastroenteritis and septicemia, particularly in immunocompromised individuals. However,
knowledge regarding its infection mechanisms and virulence factors remains limited
compared with well-studied pathogenic Vibrio species®®.

The detection of V. albensis in the Songkhla lake basin highlights the ecological
diversity of Vibrio spp. in this environment. While its clinical relevance is less established
than that of V. vulnificus or V. parahaemolyticus, its occurrence in a major aquaculture hub
suggests the need for continued monitoring and further investigation into its potential
pathogenicity.

5. Prevalence of V. vulnificus in relation to salinity

Although high concentrations of Vibrio spp. and related organisms were detected across the
sampling sites, no V. vulnificus isolates were confirmed. Previous studies have demonstrated
that both temperature and salinity strongly influence the ecology and life cycle of V.
vulnificus?. This species is known to proliferate over a wide salinity range, typically between
5 and 25 ppt?. In contrast, the salinity of the brackish water samples collected from the
Songkhla lake basin during this study ranged from 0 to 1 ppt, which is below the optimal
threshold for V. vulnificus growth.
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Climatic conditions during the sampling period likely contributed to this observation.
According to the Thai Meteorological Department, the northeast monsoon brings humid air
from the Gulf of Thailand between October and February, often resulting in tropical
depressions, storms, or typhoons that generate heavy rainfall in southern Thailand, including
the Songkhla region??. The influx of freshwater during this period likely reduced salinity in
the lake, creating an environment less favorable for V. vulnificus proliferation.

These findings suggested that in the Songkhla Lake Basin, V. vulnificus occurrence
may be primarily regulated by salinity rather than temperature or organic matter availability.
Consequently, seasonal fluctuations in salinity should be considered a critical factor when
assessing the risk of V. vulnificus outbreaks in this ecosystem.

6. Environmental Factors Influencing Distribution

The distribution of Vibrio spp. in the Songkhla lake basin appeared to correlate with several
physicochemical parameters of the water. For example, isolates Vsb2131 (Site M) and
Vsh2141 (Site N) were recovered from areas with dissolved oxygen (DO) levels of 7.50 and
8.65 mg/L, respectively, where bacterial concentrations exceeded 1,100 MPN/g. As
facultative anaerobes, Vibrio spp. and other indigenous aquatic bacteria do not require high
DO for growth?3, which may explain their persistence in these environments.

Nutrient levels, particularly ammonia and nitrite, were also associated with bacterial
distribution. Isolate Vsb122 was obtained from a site B with elevated ammonia (8.62 mg/L),
while isolate Vsb121 was found at the same site where nitrite reached 1.41 mg/L. Both
compounds are byproducts of protein decomposition in aquatic systems. Their accumulation
can stimulate microbial growth by serving as nitrogen sources®*?®,

pH also appeared to influence bacterial abundance. Site B, with the lowest pH value
(5.63), still supported concentrations up to 210 MPN/g. This suggests that Vibrio spp. and
related bacteria are capable of adapting to suboptimal pH conditions, particularly in
environments rich in organic matter.

Salinity was another key factor. Sites with low salinity (0.00 ppt) nevertheless
contained bacterial concentrations exceeding 1,100 MPN/g, indicating that various Vibrio
spp. and marine bacteria can thrive in both estuarine and nearly freshwater conditions.
Temperature likely further supported this growth. Previous studies have shown that 25-35 °C
provides favorable conditions for Vibrio proliferation'?, consistent with the range observed in
this study (28-30 °C).

Overall, these findings demonstrate that Vibrio spp. are highly adaptable and capable
of persisting under diverse environmental conditions in the Songkhla Lake Basin. The
interplay of nutrient availability, pH, salinity, and temperature collectively shapes their
distribution and abundance, reinforcing the importance of environmental monitoring in
managing microbial risks in aquaculture ecosystems.

Conclusion:

This study demonstrates the first evidence linking the distribution of Vibrio spp. in the
Songkhla lake basin to water quality parameters. Key factors, including ammonia, nitrite, and
temperature were strongly associated with bacterial diversity and abundance. DO and pH also
influence growth directly. These findings highlight the importance of organic matter
dynamics in shaping microbial communities within the basin.

Although V. vulnificus was not detected, the widespread presence of other Vibrio spp.
and related microorganisms underscores the ecological significance of this environment and
the potential risks to public health and aquaculture. Continuous monitoring of pathogenic
Vibrio species is therefore essential to support sustainable aquaculture practices and
safeguard seafood safety in this important ecosystem.
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Abstract:

This study describes the development of a novel lateral flow dipstick assay for the rapid
screening of chronic kidney disease (CKD). The assay utilizes gold nanoparticles as a signal
and is based on competitive antigen-antibody binding for the detection of microalbumin in
urine, a key indicator of CKD. This point-of-care test is designed for convenient initial
screening, particularly for microalbuminuria. The qualitative colorimetric dipstick, with a
cutoff value of 20 pg/mL, provides results based on visual inspection of the color change,
eliminating the need for specialized personnel. The method is cost-effective, provides rapid
results, and can be implemented in various healthcare settings. In a study of 237 urine
samples, the dipstick assay showed agreement with a standard reference method in 229
samples (51 positive, 178 negative), while 8 samples yielded discordant results. Statistical
analysis revealed a sensitivity of 87.93%, a specificity of 99.44%, and an accuracy of 96.62%
for the urine microalbumin dipstick. These results suggest that this dipstick assay is a
promising tool for CKD screening by monitoring urine aloumin levels for microalbuminuria,
enabling physicians to make timely decisions regarding patient care. Positive results should
be further confirmed by standard laboratory testing.

Introduction:

Chronic Kidney Disease (CKD) is a major public health challenge in Thailand. Patients with
end-stage CKD often require hemodialysis or peritoneal dialysis. Early detection of declining
kidney function is crucial, and monitoring protein leakage in urine is essential for assessing
kidney health. Normally, the kidneys reabsorb proteins during filtration, preventing their
excretion in urine. The presence of protein in the urine indicates a potential risk of CKD or
other kidney diseases, which can severely impact health.

A standard and accurate method for assessing proteinuria involves analyzing protein
leakage in urine over a 24-hour period. Albumin is the primary protein excreted,;
microalbuminuria is defined as albumin excretion in the range of 30-300 mg per 24 hours.
Quantitative measurement of albumin in urine in clinical laboratories typically relies on
immunoassays, such as immunoturbidimetry, immunofluorescence, ELISA, and
radioimmunoassay. However, these methods require significant quantities of antibodies,
expensive instrumentation, and trained personnel, leading to high costs and lengthy
turnaround times.

The Microalbumin Dip Test Strip offers a rapid, point-of-care solution for detecting
microalbumin in urine using a lateral flow immunochromatographic assay. This test is
suitable for early-stage kidney disease screening by healthcare professionals and for
convenient at-home testing. With a microalbumin detection cutoff value of 20 ug/mL, the test
strip eliminates the need for complex analytical equipment. Results are available within 5-10
minutes by simply dipping the strip into urine for 10 seconds, enabling the preliminary
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identification of kidney disease (microalbuminuria) in patients. Therefore, this study aims to
assess the efficacy of a novel dip strip test for albumin detection in urine and to compare its
performance against standard laboratory methods for the screening of individuals at risk of
chronic kidney disease.

Methodology:
Preparation of Gold Nanoparticle and Monoclonal Antibody Conjugates
The monoclonal antibody (mAb) against human albumin was obtained from IBGE,
Chulalongkorn University. The GNP-mADb conjugate was prepared following a previously
described method (Pimpitak et al., 2020). Briefly, the optimal mAb to GNP ratio was first
determined using the sodium chloride precipitation method. This ratio was then used for
GNP-mADb conjugation.

To prepare the conjugate, 10 mL of mAb solution at the optimized concentration was
added dropwise to 100 mL of the GNP solution. The mixture was gently stirred for 30
minutes at room temperature. Subsequently, 10 mL of 10% bovine serum albumin (BSA) in
20 mM sodium borate buffer, pH 8.2, was added. After gentle mixing for 10 minutes, the
solution was centrifuged at 25,000 x g at 4°C for 30 minutes. The resulting GNP-mADb
conjugate pellet was washed three times with 20 mM sodium borate buffer containing 0.01%
thimerosal. The conjugate solution was stored at 4°C until use.

Preparation of Dip Test Strip

The dip test strip comprised a 4 x 17 mm sample pad (Whatman® Standard 17; Whatman,
Kent, UK), a 4 x 10 mm conjugate pad (Whatman® GF33; Whatman, Kent, UK), a 4 x 25
mm analytical pad AE 99 (GE Healthcare), and a 4 x 17 mm adsorption pad (Whatman®
CF7; Whatman, Kent, UK). Human serum albumin (HSA) (4 mg/mL) and goat anti-mouse
immunoglobulin (1 mg/mL) (Jackson ImmunoResearch, USA) were applied to the analytical
pad at the test line (T-line) and control line (C-line) using a BioJet HR™ Non-Contact
Solenoid Dispenser coupled with an XYZ3210 Dispense Platform (Biodot, CA, USA) at a
flow rate of 1 pL/cm. The GNP—-mAD conjugate was applied to the conjugate pad at a flow
rate of 15 pL/cm. All pads were dried at 40°C for 30 minutes and then assembled onto a 4 x
60 mm plastic backing card (MIBA-080; DCN, CA, USA) in a conventional layout (Figure
1A) and covered with transparent plastic tape. The test strips were then placed in a sealed
aluminum foil bag containing silica gel and stored in a humidity-controlled chamber (<20%
relative humidity) at room temperature until use.
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Figure 1.

(A) Schematic diagram of the microalbumin dip test strip. (B) Interpretation of test results.

Clinical performance study

The performance of the dip test strips was evaluated using urine samples with known albumin

concentrations, as quantified by a standard microalbumin turbidimetric immunoassay.
Performance parameters were defined and calculated as shown in Tables 1 and 2.

Table 1.
Definition of Test Result

Dip Strip Immunoturbidimetry”
Test™ — -
Positive Negative total
Positive TP (True positive) =51 FP (False positive) = 1 (TP+FP) =52
Negative FN (False negative) =7 | TN (True negative) =178 | (FN+TN) = 185
total (TP+FN) =58 (FP+TN) = 179 N = 237

* Positive when microalbuminuria > 20 pg/mL and negative when microalbuminuria < 20

png/mL

“* Positive when the cherry red color was not observed at the T-line and negative when the

cherry red color was observed at the T-line. In all cases, a cherry red color had to be observed
at the C-line; otherwise, the test was classified as invalid.
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Table 2.
Parameters Used for Dip Strip Test Performance.

Parameter Calculation
Estimated Accuracy (%) [(TP+TN)/(N)]x100
Estimated Specificity (%) [TN/(FP+TN)]x100
Estimated Sensitivity (%) [TP/(TP+FN)]x100
False Positive (%) [FP/(TP+FP)]x100
False Negative (%) [FN/(FN+TN)]x100
Based on evaluation specimens with disease prevalence (%) | [(TP+FN/(N)]x100
Positive Predictive Value (PPV) [TP/(TP+FP)]x100
Negative predictive value (NPV) [TN/(FN+TN)]x100

Results and Discussion:

Clinical Performance of Microalbumin Dip test strips.

In-house produced Microalbumin Dip Test Strips were tested in a laboratory controlled
according to 1SO 13485:2016. Results were compared to a standard immunoturbidimetric
method (gold standard) performed by an ISO 15189:2012-certified laboratory (Table 1).
Relative accuracy (AC), specificity (SP), sensitivity (SE), positive predictive value (PPV),
and negative predictive value (NPV) were calculated using the equations in Table 2.

The dip test strip's efficiency was assessed using urine samples from patients at the
Center of Excellence in Critical Care Renal Disease, Chulalongkorn Hospital, Thai Red Cross
Society. Figure 2 illustrates the dip test strips being tested in urine. Of the 237 samples, 51
tested positive and 178 tested negative by both the dip test strip and the standard method.
Eight samples yielded discordant results (Table 1). Analysis of the test results (Table 3)
revealed a sensitivity of 87.93%, a specificity of 99.44%, and an accuracy of 96.62%.

These results demonstrate that the developed prototype dip test strips are suitable for
microalbuminuria detection in the early stages of CKD. The high sensitivity and low false
negative rate (3.8%) indicate the potential of this test for early and accurate diagnosis.
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Figure 2
shows an example of microalbumin dip test strips when tested with a urine sample.
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Table 3.
Clinical Performance of Microalbumin Dip Strip Test.

Parameter
Number of samples 237
Estimated Accuracy (%) 96.62
Estimated Specificity (%) 99.44
Estimated Sensitivity (%) 87.93
False Positive (%) 1.9
False Negative (%) 3.8
Based on evaluation specimens with disease prevalence (%) 24.5
Positive Predictive Value (PPV) (%) 98.1
Negative predictive value (NPV) (%) 96.2

Conclusion:

The developed urine microalbumin dip test strips offer a promising point-of-care tool for
early screening of chronic kidney disease, particularly in resource-limited settings. Early
detection of kidney dysfunction is crucial for enabling timely interventions and lifestyle
modifications to slow the progression of CKD. These dip test strips have the potential to
improve patient outcomes and reduce the burden of CKD, especially in underserved
communities.

Further research should focus on evaluating the long-term stability and shelf life of
the dip test strips under various storage conditions. This is essential to ensure the reliability
and effectiveness of the test in real-world settings, particularly in areas with varying climates
and limited access to controlled storage facilities.
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Abstract:

Poaceae species—the main contributors to pollen allergy within Thailand—have almost
identical pollen, often only differing significantly in size, so grains cannot be discriminated at
species level visually. Exact taxonomical identification of grasses, necessary for research, is
only achieved by experts when the entire plant, including inflorescence, is available. As this
is often unobtainable, and sequencing can be time-consuming, other ways to verify a sample's
classification must be found. Here, we demonstrate a way of aiding in the identification of 15
common grass species found around the Bangkok area, based on PCR amplification of its
conserved internal transcribed spacer (ITS) region. Using eight different primers, a unique
amplification pattern was created for each species, allowing to distinguish between the
grasses of the Panicoideae and Chloridoideae families. While the close resemblance of all
collected ITS sequences does not allow for precise characterization, directed PCR
amplification may be used as an immediate species indicator, before the sequencing results
return and verify the identification. However, the scarcity of ITS sequences for Thai grasses
limits further improvement of this method. It is therefore important to also expand relevant
databases to aid development of better processes, improving speed and quality of research.

Introduction:

The number of people experiencing allergic reactions to grass pollen in Asia is increasing =3,
making it the third most common cause of airborne allergen-related allergies in Thailand.
Palynological and allergological research has mostly focused on Western countries, with
limited data, especially long-term, available on South-East Asia (SEA) . This scarcity
poses hurdles, given that the predominant allergenic plants differ depending on the
geographical location. Consequently, there is a lack of regionally relevant data and specific
allergenic components, and new emerging allergenic species remain inadequately studied "2,
A key challenge lies in the first step, identification of relevant Poaceae species.

For this, it is essential for pollen research to determine the composition of a sample
accurately. Traditionally, this is achieved through microscopic examination and comparison
to known references. Poaceae species, however, lack distinctive differentiating features
between pollen grains, often only varying significantly in size. Hence, this method is prone to
overlooking contaminations and cannot discern different grasses accurately. Further, grass
identification at species level is difficult, necessitating trained experts and mostly the entire
plant including blade, sheath and most importantly inflorescence. An alternative to this
expertise-dependent and labor-intensive process is DNA sequence analysis ®!, which offers
improved detection for different species from any part of a plant sample 213

Identification through DNA barcoding ¢, using the internal transcribed spacer
(ITS) region, is particularly suitable. The ITS region is present in all plants and comprises the
standardized short sequences ITS1, 5.8S, and ITS2, located within the ribosomal RNA
(rRNA) gene cluster. These regions, spanning approximately 590 to 630 base pairs, are easily
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isolated and characterized by DNA sequencing, making them effective for species
identification 1°,

Sending each sample for sequencing is time-consuming and costly, so a fast,
laboratory-based verification alternative should be available to identify species commonly
dealt with within the lab. Due to the vast diversity of the Poaceae family, which encompasses
over 11000 species (in 768 genera and 12 subfamilies)?°, out of which ca. 500 species are
found within Thailand 22?2, a small assay that identifies all would not be feasible. Thus, this
study focused on investigating species-specific digestion and amplification patterns to
identify commonly found grasses around Bangkok.

Methodology:

Sample Collection

Plant samples—including leaves, inflorescence and roots—of Poaceae species found within
the Bangkok area were collected. Species were identified by a taxonomic expert. DNA was
extracted using a cold CTAB extraction protocol. Approximately 0.1 g of fresh tissue (blade,
sheath, inflorescence, and/or pollen) sample was ground in liquid nitrogen and extracted with
2% CTAB buffer (1.5 M NaCl, 100 mM Tris-HCI pH 8, 20 mM EDTA pH 8.0, 0.2% RB-
mercaptoethanol) at a ratio of 1:20 (w/v).

Acquisition and Analysis of ITS Region Sequences

PCR amplification of extracted DNA with Vivantis® Tag DNA Polymerase (Vivantis,
Malaysia) targeting the ITS region wusing the standard primers ITS4 (5°-
TCCTCCGCTTATTGATATGC-3’) and ITS5 (5-GGAAGTAAAAGTCGTAACAAGG-3’)
(Macrogen Inc., Seoul, KOR) yielded amplicons of approx. 590-630 base pairs. Amplicon
sequences were compared against the GenBank database using Blastn (BLAST®, NLM,
USA) and aligned using Multiple Sequence Alignment (Clustal Omega, EMBL-EBI, UK).
Sequences were retrieved in RStudio 2024.04.2+764 using the packages ape for
phylogenetics and comparative methods, and seqinr for nucleotide sequence management.

In Silico Cleaved Amplified Polymorphic Sequences (CAPS) assay

ITS sequences of collected specimens and publicly available GenBank sequences of interest
were analyzed for interspecific differences. In silico restriction enzyme (RE) digestion was
performed using the NEBcutter v3.0.19 tool (New England Biolab, UK) to identify the
smallest number of restriction enzymes (RE) capable of producing distinguishable
fragmentation patterns between the selected species.

Primer-Based Species Identification

Primers for differentiation were designed to amplify ITS regions of several specific species,
thereby separating them into different groups via a decision tree based on the initially
collected grass samples. The primer was deemed suitable if it successfully paired with
standard ITS primer (ITS4 or ITS5) (Table 1). Further single species-specific primers were
designed for final verification of each grass. PCR amplification was performed using
genomic DNA as template, with each designed differentiation-primer and species-specific
primer, in pair with the according standard ITS primer under conditions established for ITS
amplification. PCR products were analyzed by gel electrophoresis on a 1.5% TAE-Gel, run at
100 V for 30 minutes.
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Results and Discussion:

ITS Region

The internal transcribed spacer (ITS) region is widely used for DNA barcoding in plants, and
hence may be used for taxonomical identification of Poaceae species when a matching

Table 1.
Differentiation primers. Primers designed for differentiation between the collected grass
species, which were either designed as a pair with the standard primer ITS4 or ITS5

Length GC content Tm

Primer  Sequence (bp) (%) (°C)
ITS5  5-GGA AGT AAA AGT CGT AAC AAG G-3° 22 41.0 '59.0
Pl.  5-GAAGGC GTC AAG GAI CAC -3’ 18 55.6 60.3

P212 5-CAA AAC AGA CIG TGA ACG TGT C -3 22 455 61.9

P2.13  5-GTGACC CTT AAA CAA AAI AGA CC -3' 23 43.0 61.9

P3.2.  5-GTGCAGCGATIC TATCTTAATC-3' 22 41.0 59.0

P33 5-GIATGG CGT CAA GGA AAA C -3 19 52.6 61.9

Reverse Primers with ITS 5 used as forward

Length GC content Tm

Primer  Sequence (bp) (%) (°C)
ITS4  5°-TCC TCC GCT TAT TGA TAT GC-3’ 20 45.0 '60.0
P21 5-GICICT GCA ICG AGA ACA AC-3' 20 50.0 61.0

P31  5-GAACAACTT GIAGTC GCCCAC-3 21 53.4 63.1

P22 5-GTC ATC CAC CIT GTG CTG -3 18 55.6 60.1

Forward Primers with 1TS4 used as reverse reference sequence is available 2%,
However, for several of the 18 collected specimens in this study, reference sequences were
either limited or entirely absent, therefore, confirmation of two species, Cenchrus sp. and
Echinochloa colona, by sequencing was not possible.

The observed high conservation within the ITS region leads to close alignment
between the different species and complicates determination of suitable unique segments for
species differentiation. The collected ITS sequences span approximately 610-650 base pairs,
but with the highly conserved 5.8S region?2” excluded (159 bp in all collected sequences but
for Zea mays with 160 bp), only 450-490 bp remain available for identifying RE cut sites.
Further, this limited size and conserved nature of the ITS region restrict the number of unique
primers that can be designed (Figure 1).

In most cases, sequence differences between individual species are limited to isolated
single nucleotide polymorphisms (SNPs) rather than longer divergent regions, making it
difficult to design primers with high specificity to one single species. This increases the
likelihood of non-specific binding and cross-amplification. Additionally, the presence of
point mutations due to geographical variation cannot be ruled out when working with field-
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collected samples from different locations in the future?®=3°. Nevertheless, in this study, the
two specimens collected for Urochloa reptans, Cynodon dactylon and Chloris barbata at
separate locations, all show identical sequences.

CAPS Assay

Digestion of collected samples using Hinfl, NgoMIV, and BmgBI restriction enzymes
combined did not allow for unambiguous identification. Even within a single genus
(Urochloa), analysis of ten sequences produced only six distinguishable CAPS profiles,
demonstrating that genus-specific CAPS patterns are not feasible, as considerable overlap
exists between species. However, intraspecific consistency was observed, with specimens
collected at different locations showing identical restriction patterns. The repetition of
digestion profiles in several related and unrelated species prevents direct identification of
collected grass samples, nevertheless.

While simultaneous digestion with multiple REs may increase the variability between
patterns, it would also produce many fragments under 100 bp, difficult to separate using gel
electrophoresis, and limiting its practicality. Other alternative restriction enzymes could
improve species differentiation; however, due to the diversity within Poaceae, it is unlikely
that a single enzyme (or set of enzymes) will resolve all taxa. It may be more practical to
develop CAPS profiles using readily available enzymes and validate them for target species
groups relevant to local biodiversity or allergen studies.

Primer-based Differentiation

Eight primers were designed to enable species identification using a minimal number of PCR
reactions, ideally following a decision tree. Alternatively, all primers may be run
simultaneously to reduce experiment duration, especially when analysing an individual
sample. As Primer 2.1.3 produces identical results to Primer 2.1.2 it was found redundant and
may be excluded from the protocol. Due to the highly conserved 5.8S rRNA region between
the ITS1 and ITS2 region, most differentiation primers were designed in close proximity and
if bound amplified one band between 420-620 bp in length. However, the performed PCR
amplifications did not match the predictions.

Across all primer sets, at least two more species were amplified than the design
intended, which may be attributed to genomic repeats and non-target binding, and unspecific
primer binding possibly due to short primer length and high GC content. Regardless, 12
distinctive amplification patterns for the 15 grasses were produced, based on
presence/absence and fragment length (Table 2). Patterns were shared between multiple
species in the case of Eriochloa procera, Panicum repens and Megathyrsus maximus. While
all three are found in the same tribe, Paniceae, other species belonging to this tribe had
different amplification patterns. Urochloa reptans, Eleusine indica and Dactyloctenium
aegyptium, which belong to different subfamilies, were amplified by every tested primer.

The limited sample size likely means that future additional species may share
amplification patterns. Still, the current primers offer preliminary guidance for species
identification within a known confined area. For instance, Cynodon dactylon, the most
common cause of airborne grass allergen sensitization in Thailand 3!, could be identified here
through a distinct amplification pattern out of a group of 16 species.

To enable fast in-lab identification, the total extracted plant DNA rather than purified
ITS amplicons was used and primers were validated using standard PCR conditions. This
allowed amplification of large (>1000 bp) fragments, due to non-target genomic binding sites
outside the ITS region. Further, some unexpected amplifications may be a result of minor but
frequent polymorphisms between sequences. Subsequently, when applied to purified ITS-
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region amplicons, several primers (e.g., P1, P2.2, P3.2) amplified all species tested, and this
approach was therefore abandoned.

The main challenge encountered was the lack of primer specificity. Even primers
designed to only align to a single species amplified multiple. Out of 13 primer pairs tested,
only the U. reptans-specific primer pair demonstrated species specificity. Again, the high
sequence conservation across the Poaceae ITS region complicates the design of species-
specific primers. Consequently, using these differentiation primers may narrow down species
identity within established collection sites, but they cannot provide definitive identification.

Table 2.
Amplification Pattern. Resulting amplicons after PCR-amplification with differentiation
primers for each Poaceae sample. Red indicates no amplification, while blue indicates a
successful amplification.

Primer

Sample Abbr. 1 211 212 213 31 32 22 33 ITS

Eriochloa procera EP 500 600 600 600 500 450 0 0 600

Panicum repens PR 500 600 600 600 500 450 0 0 600

Cenchrus echinatus CE 0 0 0 0 0 450 0 0 600
500,

Cenchrus sp. CS 500 600 600 600 500 450 1000 0 600

Echinochloa colona  ES 500 600 600 600 500 450 0 600 600

Megathyrsus maximus MM 500 600 650 600 500 450 0 0 600

Digitaria bicornis DB 0 0 0 0 500 450 0 0 600

Urochloa reptans UR 500 600 600 600 500 450 500 600 600

Eragrostis tenella ET 500 0 600 600 500 450 500 600 600

Zoysia matrella M 0 0 600 600 500 0 0 0 600

Eleusine indica El 500 600 600 600 500 450 500 600 600

Cynodon dactylon CD 500 0 650 600 1000 450 500 600 600
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Chloris barbata CB 0 0 600 600 0 0 500 600 600
Dinebra panicea DP 0 0 0 0 0 0 0 0 600
Dactyloctenium

aegyptium DA 500 600 600 600 500 450 500 600 600

P212 P33
sg P23 nooon
Bl
Figure 1.

Schematic overview of the standard primer (ITS5 and ITS4) and designed differentiation
primer locations in the ITS region.

Conclusion:

Rapid and reliable identification of the multitude of grasses is critical, particularly in allergen
research, where timely sample confirmation affects both study accuracy and the ability to
collect pollen of interest. While DNA sequencing is the most accurate approach, it is time-
consuming and not always feasible in lab settings.

This study demonstrates that PCR-based primer amplification and CAPS (cleaved
amplified polymorphic sequences) analysis offers preliminary guidance for verifying species
identity. Although no single assay differentiated all species, a combination of the methods
may distinguish between the 15 tested grasses.

However, the results also highlight important limitations. The high sequence
conservation within the ITS region significantly reduces primer specificity, and unpredictable
amplification patterns across species indicate that each primer must be empirically validated
for every sample. Furthermore, the method’s utility is currently restricted by the lack of ITS
reference sequences for Thai Poaceae species in public databases. Expanding the available
sequence data will improve the possibilities for grass species verification.

This is not only important for environmental and allergy-related studies, but also for
broader applications supporting ecological and climate-related research®>%, As such, the ITS
region remains valuable for plant identification in various stages of growth through
sequencing and DNA barcoding *8, however, its limitations for fast, in-lab assays suggest the
need for additional or alternative loci formats in future development.
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Abstract:

In the past, the study of biological conditions such as scoliosis relied heavily on physical
detection through human eyes, with limited access to advanced technology. This often made
it difficult for doctors to accurately identify and differentiate between each type of scoliosis,
which are thoracic, thoracolumbar, and lumbar. Nowadays, with advancements in artificial
intelligence, a deep learning image classification model can assist in recognizing these spinal
curvatures more quickly and accurately. The model that is being used is the Xception model,
trained using spinal X-ray images. The model achieved a validation accuracy of 68% and a
test accuracy of 96%. This can potentially be introduced as a tool to aid in the detection of
scoliosis. In the future, doctors can possibly compare their manual classification of scoliosis
types with the model’s predictions and discussed spinal.

Introduction:

Scoliosis is a spinal deformity that leads to an abnormal curvature and rotation of the spine.!
Traditionally, it has been diagnosed through physical examinations and manual interpretation
of X-ray images. These conventional methods, while foundational in medical practice, were
limited by subjectivity and time consumption. In the past, healthcare settings did not have
access to advanced diagnostic technologies. This makes early detection and precise
classification of scoliosis type, including thoracic, thoracolumbar, and lumbar, more
challenging.

With the advancement of artificial intelligence, particularly deep learning, the area of
medical diagnostics has undergone a significant transformation. Deep learning, a branch of
Al that simulates human neural processing, is now being utilized in hospitals to enhance the
accuracy and speed of scoliosis detection.? By analyzing spinal X-rays, Al models can
identify complex curvature patterns, predict disease progression, and support clinicians in
classifying scoliosis types more efficiently than ever before.

The integration of Al into orthopedic diagnostics, especially for scoliosis, reflects a
broader shift in modern medicine where data-driven tools are increasingly embedded into
clinical workflows.®> As these technologies continue to evolve, their role in improving
diagnostic precision, treatment outcomes, and healthcare efficiency becomes more critical.*
Scoliosis detection is just one example of how deep learning is reshaping the future of
medical imaging and patient care.

Scoliosis classification plays an important role in spinal diagnostics and treatment
planning. Clinically, scoliosis is often categorised based on the location of the spinal
curvature, with thoracic, thoracolumbar, and lumbar types being the most common.® Each
type reflects a distinct pattern of spinal deviation observed in radiographic imaging.
However, traditional diagnostic tools, such as manual interpretation of X-rays, can be limited
by image quality and variability between practitioners. These limitations may hinder the early
and accurate identification of scoliosis types, potentially delaying treatment, which might
cause further damage. The integration of advanced technologies like deep learning has
introduced a new level of precision in classification. This allows for more consistent analysis
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of spinal curvature patterns and contributes to improved diagnostic accuracy and clinical
outcomes.

A study by Zhu et al. demonstrates a method for the automated classification of
scoliosis using spinal X-ray images.® Deep learning techniques, particularly convolutional
neural networks, are applied to analyze curvature patterns and vertebral alignment in the
human body. The study shows that precise spatial features of spinal deviation, such as Cobb
angle and curve location, are critical for the model to accurately classify scoliosis types.®
While there are numerous studies exploring the use of image processing and Al in medical
imaging, many of these operate at a complex clinical or research level.® Despite the progress,
integration of Al-based scoliosis classification into a broader clinical setting remains limited,
and accessibility outside of specialized institutions is still evolving.

Methodology:

In this study, the Xception model was trained with a total of 129 spinal X-ray images. The
model was trained on the Google Colab platform. The methodology includes dataset
preparation, model training, and performance evaluation. Three anatomical types of scoliosis
are being classified: thoracic, thoracolumbar, and lumbar. A total of 129 spinal X-ray images
were used, with 40-43 images per category. These images were sourced from public
repositories. The dataset was divided into 60% for training, 20% for validation, and 20% for
testing.

To enhance the model’s generalizability, augmentation techniques such as image
rotation, zooming, and horizontal flipping were applied. The data was split into 60-20-20 to
minimize the risk of overfitting and enhance the model’s reliability. The model was trained
over 17 epochs. It performance was measured through the accuracy curve of training and
validation.

Results and Discussion:
This research developed a deep learning model for automated scoliosis classification,
demonstrating strong performance using radiographic images. The Xception model is used to
categorize thoracic, thoracolumbar, and lumbar scoliosis types. The model achieved an
overall accuracy of 96%, suggesting that it can accurately distinguish features between the
three scoliosis types. This high accuracy demonstrates the model's capability to generalize to
unseen data. When the dataset is augmented before the classification process, the model
performs better in terms of generalizability. This is crucial for application in clinical practice.
Figure 1 displays the training and validation curves over 17 epochs. By epoch 17, the
training accuracy steadily increased from 24% in the very first epoch to 96%. At the last
epoch, the validation accuracy was 96%, with a sign of overfitting of the data. While both the
training and validation loss curves steadily decreased, the training loss dropped more
significantly. This demonstrates how well the model works with the provided dataset.
Furthermore, the model's remarkable capability of generalizing unknown data is
demonstrated in Figure 2, which displays an example of predictions in which 15 out of 16
images are accurately identified. This high accuracy suggests the model’s potential to
generalize unseen data within the available dataset.
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Training and validation accuracy and loss curve
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Figure 2.
Example of model predictions

A confusion matrix revealed strong classification performance across all three
categories (thoracic, thoracolumbar, and lumbar scoliosis), though some overlap can be
evident. The confusion matrix in Figure 3 shows that the model attains 100% accuracy in
classifying thoracic scoliosis. This exceptional accuracy shows that the model can classify the
features of the thoracic scoliosis well. However, there is a slight misclassification of
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thoracolumbar and lumbar scoliosis. These results are consistent since the thoracolumbar
curve exhibits features of both thoracic and lumbar abnormality, making it more challenging
to classify. Also, some of the images that are being classified may lie on a spectrum rather
than fitting into one specific category.

Confusion Matrix

Lumbar

True Labels
Thoracic

Thoracolumbar

| |
Lumbar Thoracic Thoracolumbar
Predicted Labels

Figure 3.
Confusion matrix

Despite these minor misclassifications, the model can be highly applicable for real-
world scenarios. Automated scoliosis classification using radiographic images presents a
remarkable advancement in biomedical image analysis and diagnostic tools. Conventional
classification of scoliosis mostly depends on manual interpretation by orthopedic surgeons or
radiologists, which can be time-consuming.® This diagnosis is difficult and subjective,
especially for cases on a spectrum. In both clinical and remote locations, a 96% accurate Al-
powered tool can be used as a decision support system, reducing diagnostic uncertainty and
speeding up the screening process. This is highly beneficial in underdeveloped places with
little access to a specialist.

The integration of these deep learning models with medical biotechnology tools
suggests an advancement toward enhanced medical decision-making and precise diagnostics.®
The model can be improved by adding techniques like Grad-CAM. By making it easier to see
what parts of the spinal imaging had the greatest influence on the model's prediction, this
method can improve the interpretability of the model.°

Thus, the results indicate that our deep learning model is useful and accurate for
medical diagnosis. This model has the potential to be a useful tool in orthopedic diagnostics
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with additional validation on larger datasets and integration into easily accessible platforms.
Its ability to automatically categorize different types of scoliosis makes an important
contribution to the growing field of medical Al. It also demonstrates how deep learning can
improve healthcare by providing a practical solution.

However, the data set is very small, which might cause overfitting and introduced bias
to the model. Therefore, in future work, validation with the use of a larger and more diverse
dataset collected from multiple hospitals to ensure that the model’s generalizability across
different groups of patients. In addition, X-ray images from different machines may vary in
orientation, potentially influencing the model’s performance. This model should be viewed as
a diagnostic support tool, not replacing clinical expertise. Its integration into hospital
workflows in the future could help doctors rapidly verify manual classifications, especially in
hospitals with limited resources. Moreover, future improvements also should include
additional evaluation metrics such as precision, recall, and F1-score to improve the reliability
of accuracy and a more comprehensive evaluation. This would allow a more complete
understanding of the model’s performance and limitations. Cross-validation, such as k-fold,
will also be included to increase generalization of the model. ’

Conclusion:

This study explored the integration of a deep-learning image classification model in the
medical field, focusing on the classification of types of scoliosis. The objective of the study
was to use the advances in technology to aid in the detection of diseases in a medical way.

Three types of scoliosis have been classified using the Xception model: thoracic,
thoracolumbar, and lumbar. The model was trained on a dataset of 129 images over 17
epochs. The Xception model achieved an accuracy of 96%. The model performed well in
identifying thoracic; every image in this category was correctly identified.

This study demonstrates the potential of Al in enhancing clinical diagnostics. The
model's predictions supported physicians in identifying and classifying scoliosis types more
efficiently. This offers a supporting tool for the early detection of spinal deformities. In the
future, by comparing the Al-generated classifications with their evaluations, doctors could
cross-validate the result, investigate the misclassification, and refine diagnostic accuracy.
This integration of deep learning into clinical workflows supports diagnostic consistency and
informed decision-making.

Despite certain limitations, primarily related to the size of the dataset, the study
demonstrates how Al can effectively enhance detection in medicine. By including a variety of
datasets, future research may create platforms for broader clinical or medical use, evaluate
long-term learning outcomes, and expand this model to include more classifications.

Overall, the results indicate that Al models developed in this work can significantly
contribute to improving the identification of scoliosis. It can become a useful tool for doctors,
especially for their accuracy, and reducing the time-consuming part of detection. While the
findings indicate promising generalization capability, further testing on another separated
datasets is required to confirm clinical applicability.
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EVALUATION OF CHONDROCYTE CULTURE FORMATS FOR ENHANCING
EARLY CARTILAGE MATRIX FORMATION
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Abstract:

Osteoarthritis (OA) is a chronic disease primarily affecting individuals over 60 years old,
with a higher prevalence in females. The global incidence of OA is continuously rising due to
aging populations and increasing rates of obesity and injury. Unlike other tissues, damaged
cartilage has limited self-healing capabilities due to its avascular nature, low cell count, and
abundant extracellular matrix (ECM). Current treatments for OA include surgical
interventions such as drilling, subchondral abrasion, microfracture, and Autologous
Chondrocyte Implantation (ACI). However, these approaches face challenges such as issues
with cell handling and scaffold imperfections. This study aims to explore optimal in vitro
culture conditions that support cartilage matrix production for potential application in cell-
based therapies. Gene expression of Piezo2, ACAN, Col2A1 as well as glycosaminoglycan
(GAG), DNA, and hydroxyproline content, were analyzed to identify which culture method
best preserves the chondrocyte phenotype and promotes early-stage cartilage matrix
synthesis. The results showed that the monolayer culture was superior in maintaining crucial
gene expression. This culture also demonstrated enhanced extracellular matrix efficiency, as
evidenced by significantly higher GAG/DNA and hydroxyproline/DNA ratios. These results
suggest that monolayer culture provides a promising environment for in vitro cartilage matrix
synthesis, paving the way for future injectable cell-based therapies for OA in both humans
and animals.

Introduction:

Osteoarthritis (OA) is a chronic degenerative joint disease commonly found in the elderly,
affecting small, medium, and large joints. It can occur in both males and females over the age
of 60 years old, with the incidence rate in women being higher than that in men(Geng et al.,
2023) and is a leading cause of disability among older adults. OA significantly impairs
mobility and often requires costly treatments, especially joint replacement surgery in severe
cases’. The knee joint, in particular, bears substantial mechanical load, and its articular
surface is protected by cartilage tissue. This tissue has a thick layered structure of hyaline
cartilage composed of chondrocytes embedded within an abundant extracellular matrix
(ECM) containing water, collagen type Il, and proteoglycans®. ECM plays a critical role in
absorbing compressive forces and reducing friction during movement. These mechanical
stimuli influence mechanosensitive ion channels, which in turn regulate mechanotransduction
pathways crucial for cartilage maintenance and regeneration.

Chondrocytes express several types of mechanosensitive ion channels, including
members of the Transient Receptor Potential (TRP) family and the recently identified Piezo
channels, namely PIEZOl1 and PIEZO2, which are involved in intracellular calcium
regulation’®. Additionally, Voltage-Gated Calcium Channels (VGCCs) mediate calcium
influx in response to changes in membrane potential. Calcium ions (Ca?") serve as vital
second messengers in signaling pathways that control ECM synthesis. Specifically, Ca?" can
activate the MEK/ERK signaling pathway, which promotes GICAT-I gene transcription by
enhancing Spl binding to its promoter, thereby regulating glycosaminoglycan (GAG)
synthesis?. Furthermore, this signaling pathway also influences the expression of the SOX9
gene, which upregulates Col2A1, a key gene involved in collagen production (Sahu et al.,
2020).
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Currently, among the various treatment approaches for OA, only a limited number of
surgical interventions are routinely recommended. Procedures including drilling, subchondral
abrasion, and microfracture induce cartilage regeneration through the activation of bone
marrow-derived mesenchymal stem cells; however, the regenerated tissue has consistently
been reported as fibrocartilage, lacking the properties of native hyaline cartilage (Mitani et
al., 2009). To address this critical need for functional cartilage regeneration, various tissue
engineering methods have emerged. For instance, Autologous Chondrocyte Implantation
(ACI), a tissue engineering method, allows for the regeneration of thick hyaline cartilage by
implanting scaffold-embedded chondrocytes. However, concerns regarding scaffold adhesion
and biocompatibility remain. The cell-sheet technique, a scaffold-free alternative, also
regenerates thick hyaline cartilage by layering cultured chondrocyte sheets. However, its
limitations include the fragility of single sheets, necessitating layering and prolonged culture
periods.

Recognizing these existing limitations in current cartilage regenerative strategies,
especially regarding the quality of regenerated tissue, scaffold-related issues, and prolonged
culture periods, this study aims to explore novel approaches by investigating the effects of
various culture conditions on chondrocyte proliferation, extracellular matrix (ECM)
production, and the expression of key cartilage-related genes in monolayer culture, ultimately
working towards a simplified and efficient method for cartilage regenerative medicine.

Methodology:

Chondrocyte Isolation

Cartilage was collected from porcine knees and cut into 1 mm pieces under sterile conditions.
The tissue was first incubated in chondrocyte culture medium containing 0.1% pronase at
37°C with 5% CO: for 1 hour to digest protein in the ECM of cartilage, followed by digestion
in 0.1% collagenase type Il under the same conditions for 14-16 hours to digest the collagen
type Il. The digested solution was filtered through 100 pum and 70 pm cell strainers, then
centrifuged at 2,0 0 0 rpm for 1 5 minutes. The resulting cells were washed twice with
phosphate-buffered saline (PBS) containing penicillin and streptomycin, followed by another
centrifugation!?. The cell pellet was then resuspended in DMEM with HEPES buffer or
HEPES buffer alone to achieve a final density of 1x 108 cells/mL.

Cell culture

Cells were plated into T25 flasks containing 5 mL of chondrogenic medium at densities of 1
x 10° cells/mL and 5 x 10° cells/cm2 for monolayer and cell sheet cultures, respectively. For
pellet culture, 1 mL of cells was seeded at a density of 3 x 10° cells/mL in 15 mL conical
tubes and centrifuged at 600 xg for 5 minutes. The pellets were incubated overnight at 37°C
with 5% CO.. After incubation, the medium was replaced with high-glucose DMEM
supplemented with HEPES buffer, 10% FBS, 0.4 mM L-proline, 0.25 mM ascorbic acid
phosphate magnesium salt N-hydrate, 1 mM sodium pyruvate, and penicillin-streptomycin.
The culture medium was changed every 3 days for a total of 7 days, after which the samples
were subjected to biochemical analyses.

GAG Quantification

GAG content was measured using the dimethyl methylene blue (DMMB) assay. A 50-pL
sample digested with papain in PBS (pH 7.5) was mixed with 200 pL of DMMB solution (46
UM DMMB, 40 mM NaCl, 40 mM glycine, pH 3). Absorbance was read at 525 nm. A
standard curve was generated using chondroitin sulfate at 0-40 pg/mL in PBS®.
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DNA Quantification

A 40-pL papain-digested sample was mixed with 200 pL of Hoechst 33258 dye (0.2 pg/mL)
in a 96-well black plate, in triplicate. Calf thymus DNA (0-1 pg/mL in PBS) was used as the
standard. Fluorescence intensity was measured with excitation at 365 nm and emission at 460

nm°®.

Hydroxyproline Quantification

Samples were hydrolyzed in 2 M HCI at 121°C for 15 minutes, followed by neutralization
with 2 M NaOH. To each 100-uL sample, 625 uL of 0.05 M chloramine-T was added and
incubated at room temperature for 25 minutes, followed by the addition of 625 pL of 1 M
Ehrlich’s reagent and incubation at 65°C for 20 minutes. The reaction was stopped with cold
water, centrifuged at 600 xg for 5 minutes, and 200 pL of supernatant was transferred to a
96-well plate (in triplicate). Absorbance was measured at 550 nm38.

Gene Expression Analysis (QRT-PCR)

RNA was extracted from the chondrocytes, followed by reverse transcription reaction to
obtain complementary DNA (cDNA). Gene expression levels of GAPDH, TRPV, Piezo,
Piezo2, Col2Al, ACAN, and SOX9 were measured using SYBR Green-based qRT-PCR.
PCR conditions included an initial denaturation at 95°C for 10 minutes, followed by 40
cycles of 95°C for 15 seconds and 60°C for 60 seconds. Melting curve analysis was
performed from 65°C to 95°C with a 0.2°C increment®. Primer sequences for extracellular
matrix gene analysis were as follows:

GAPDH, (forward 5-ACCCCTTCATTGACCTCCAC-3’, reverse 5-ATACTCAGCACCAGCATCGC-3),
TRPV4, (forward 5-CACCGTGGTGTGGTAAGGGT-3, reverse - 5-GGAGCTTTGGGGCTCTGT-3’),
Piezol, (forward 5’-GCCCCCAACGGACCTGAAGC-3’, reverse5’-TGCGCAGCTGGATACGCACC-
3’) Piezo2, (forward 5-CCAGCTGGATCTGCGTGGAGG-3’, reverse 5-TGGTTGATCACC
CCGGCGAC-3’), COL2A1, (forward5’-GCTATGGAGATGACAACCTGGCTC-3’, reverse 5°-
TCACCGTGCAGCCATCCTTCAGAA-3’) ACAN,(forward5’-CGAGGAGCAGGAGTTTGTCAAC-
3, reverse 5-ATCATCACCACGCAGTCCTCTC-3")=, Sox9, (forward  5°-
CAGGGCTCTGTGCTCTACTCC-3’, reverse S-GGGTTACGGTCTTTCTTCGGT-3)™.

Results and Discussion:

Gene expression analysis of TRPV4, Piezol, Piezo2, Col2A1, ACAN, and SOX9 revealed
that on day 7 after culturing chondrocytes in different formats, which were pellet, monolayer,
and cell sheet cultures, the expression levels of most genes tended to decrease compared to
fresh cells, which were used as a control group (Figure 1). TRPV4 expression significantly
decreased in all groups. This indicates that the culture environment could not maintain
TRPV4 gene expression. Piezol and Piezo2 expression also decreased, with the monolayer
culture showing the highest expression among the test groups, while the cell sheet culture had
the lowest level. This suggests Piezol and Piezo2 responded differently depending on the
culture format. Col2A1, a key gene for cartilage matrix, was drastically reduced in all culture
formats, indicating that the culture conditions at this stage were not suitable for maintaining
collagen type Il gene expression. ACAN expressions also declined in all groups but remained
detectable. The monolayer culture had the highest level (0.39-fold), while the pellet culture
showed a marked decrease (0.01-fold). This suggests that monolayer culture may better
preserve the chondrocyte phenotype at day 7. SOX9, a key transcription factor for cartilage
development, also showed decreased expression in all groups. Overall, culturing for 7 days
led to a marked decrease in the expression of mechanotransduction-related genes (TRPV4,
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Piezol, Piezo2) and cartilage-specific genes (Col2A1, ACAN, SOX9), especially in the pellet
culture format. In contrast, the monolayer culture tended to maintain better gene expression,
particularly for Piezol, Piezo2, Col2A1l, and ACAN, whereas the cell sheet culture did not

show apparent efficacy in preserving gene expression.

2.0

fold change
= »n

o
n

TRPV4

=4
=)

fold change
- - n
o 0 o

s
o

2.0

Peizo1

L i
=

. R —
p——
«
1.5
@
o
£
§1.D
3
2
0.5
Fresh cell Pellet  Monolayer Cell sheet Fresh cell Pellet  Monolayer Cell sheet
Col2A1 ACAN
20 P
ans ! ==
t
I —— !
e 15 e
@
o
<
a
5 1.0
2
2
0.5 E
0.0
Fresh cell Pellet  Monolayer Cell sheet Fresh cell Pellet  Monolayer Cell sheet

fold change
- - Y
o wn o

o
w

Peizo 2

‘ sus
rex

ﬁﬁﬁﬁ

4

fold change
- - ~
o o o

e
@

Fresh cell Pellet ~ Monolayer Cell sheet

SOX9

”
—

- Fresh cell Pellet ~ Monolayer Cell sheet

Relative expression levels of mechanotransduction-related genes (TRPV4, Piezol, Piezo2)
and cartilage-specific genes (Col2A1, ACAN, SOX9). Values are expressed as fold changes
relative to fresh cells. Statistical analysis was performed using one-way ANOVA.

DNA quantification showed that pellet culture had the highest DNA content
(0.34+0.04 pg/sample), compared to monolayer culture (0.04+0.004 pg/mg) and cell sheet
culture (0.11£0.06 pg/mg) (p < 0.0001). Thus, pellet culture maintained a higher cell number
compared to monolayers and cell sheets within the same time frame, while monolayer culture

resulted in the lowest DNA content (Figure 2).
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Figure 2.

DNA content in chondrocytes cultured under different conditions. Statistical analysis was
performed using one-way ANOVA.
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GAG quantification revealed that the pellet culture had a significantly higher GAG
content (1.18+0.1 pg/sample) compared to the monolayer (0.51+0.03 pg/sample) and cell
sheet (0.57£0.22 pg/sample) cultures. Pellet culture thus better promoted GAG synthesis,
likely due to its three-dimensional nature, allowing greater cell-to-cell and cell-environment
interaction. However, there was no significant difference between the cell sheet and the
monolayer, indicating similar GAG production efficiency (Figure 3A).
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Figure 3.

GAG content in chondrocytes cultured under different conditions. (A) GAG content
normalized by tissue weight (ug/sample), (B) GAG content normalized by DNA amount
(Hg/pg). Statistical analysis was performed using one-way ANOVA.

When the GAG/DNA ratio was analyzed, monolayer culture had the highest ratio
(16.19£1.79 pg/ug), significantly higher than cell sheet (5.18+0.37 ug/ug) and pellet
(3.35+0.79 pg/ug) (p < 0.0001) (Figure 3B). This shows that despite having the fewest cells,
monolayer culture enabled the highest GAG production per cell. Pellet culture had the lowest
GAG/DNA ratio, suggesting a lower ECM synthesis capability per cell. Although the cell
sheet had a higher GAG/DNA ratio than the pellet, it remained significantly lower than the
monolayer, possibly due to limitations in nutrient distribution or inefficiencies in early-stage
matrix synthesis. Therefore, monolayer culture produces the most GAG per cell, despite
having the lowest DNA content.

Hydroxyproline content, which is a direct correlation to total collagen content,
showed that monolayer culture produced the most hydroxyproline (0.77+0.24 pg/sample),
followed by pellet (0.44+0.23 pg/sample) and cell sheet (0.34+ pg/sample) cells. However,
hydroxyproline content were not statistically significant between monolayer and cell sheet
culture. This indicates that pellet culture promotes collagen synthesis more effectively than
others within 7 days (Figure 4A).
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Figure 4.
Hydroxyproline content in chondrocytes cultured under different conditions. (A)
Hydroxyproline content normalized by tissue weight. (B) Hydroxyproline content normalized
by DNA amount. Statistical analysis was performed using one-way ANOVA.
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Hydroxyproline/DNA ratio analysis revealed that monolayer culture had the highest
total collagen production per cell at day 7 (24.06 + 7.31 ug/ug), significantly higher than
pellet (0.92 £ 0.10 pg/ug) and cell sheet culture (3.14 + 1.62 pg/pg) (p < 0.001) (Fig. 4B).
This confirms that monolayer-cultured cells, despite being fewer, synthesized the most total
collagen and GAG during the early culture period.

Overall, monolayer culture in the early stage (7 days) was the most efficient in
promoting ECM production per cell, particularly GAG and collagen, which are key
components of cartilage. Limitations of each culture format should be considered in
designing future cartilage tissue engineering strategies. While monolayer culture
demonstrated the highest ECM production efficiency per cell, its low DNA content indicates
a smaller cell population, which may limit its capacity to generate sufficient tissue volume for
therapeutic applications. Conversely, pellet culture supported a higher overall cell number,
but the ECM synthesis efficiency per cell was considerably lower, suggesting that although
pellet may provide greater tissue bulk, the quality of matrix production is reduced. Cell sheet
culture showed intermediate performance, but its fragility and potential nutrient diffusion
limitations restrict its practicality for large-scale applications.

Conclusion:

Each culture format presents trade-offs between cell number, ECM production efficiency,
and structural feasibility, which should be carefully considered when designing cartilage
tissue engineering strategies. Extending the time course will clarify whether the high ECM-
per-cell observed in the monolayer at Day 7 is sustained or a transient response, and whether
pellet or cell-sheet formats produce greater bulk matrix over a more extended period.
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OPTIMIZING A SPLIT LENTIVIRAL DELIVERY SYSTEM FOR CRISPR/CAS9-
BASED GENE KNOCKOUT IN MESENCHYMAL STEM CELLS
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Abstract:

Pooled CRISPR knockout (KO) screens enable large-scale functional analysis of genotypic-
phenotypic relationships for cell line models, leading to insights into cellular functions and
disease development. However, applying this approach to primary human cells remains
challenging due to limited culture sizes and windows, as well as low delivery efficiency of
CRISPR components. Here, we explored a CRISPR-based KO approach compatible with
pooled screens using a split lentiviral system for the sequential delivery of sgRNA- and Cas9-
expressing vectors in mesenchymal stem cells derived from human exfoliated deciduous teeth
(SHED). Our results show that serial transduction using common CRISPR screening
lentiviral vectors is compatible with SHED, with up to 76% guide RNA vector delivery
efficiency and 56.8% Cas9 vector co-delivery efficiency in serial transduction. The delivery
efficiency directly correlated with lentiviral doses with stable expression for both vectors.
Gene knockout was validated at the HBB locus, resulting in an average indel mutations of
28%. Notably, knockout efficiency is considerably lower than Cas9 delivery efficiency,
highlighting Cas9 vector delivery and CRISPR component expression as key limiting factors.
These findings establish a proof-of-concept framework for split lentiviral CRISPR/Cas9
delivery in primary MSCs and provide a foundation for future pooled CRISPR screening in
MSC models.

Introduction:

The CRISPR/Cas9 system is a powerful tool for inducing loss-of-function mutations at a
specific gene through complementary sequences of guide RNA (gRNA) and the nuclease
activity of Cas9. Following the precise introduction of double-strand breaks, error-prone
repair via non-homologous end joining (NHEJ) generates insertion or deletion mutations
(indels), leading to disruption of gene expression.! One of its most powerful applications is
the pooled CRISPR knockout (KO) screen, which enables large-scale functional analysis of
gene-phenotype relationships. Pooled CRISPR screens are a technique where genetic
perturbations are introduced in a pooled library, and correlations between gene targets and
phenotypes of interest are subsequently analyzed by sequencing-based quantification to
reveal changes in guide RNA abundance after the pooled cells are challenged with a related
selection pressure.?

Although pooled CRISPR screens are widely used with cell lines®, there are still
challenges in primary human cells. Shalem and colleagues demonstrated that an all-in-one
lentiviral vector is compatible with gene KO in genome-scale screening of pluripotent stem
cells, but it resulted in low delivery and editing efficiencies due to lentiviral vector packaging
limit.* To overcome these limitations, a split lentiviral system, using separate vectors for
gRNA (lentiGuide-Puro) and Cas9 (lentiCas9-Blast), has been developed, offering higher
functional titers and improved delivery efficiency.®

Primary human mesenchymal stem cells (MSC) are multipotent stromal cells capable
of triple-multilineage. Owing to their self-renewal ability, tissue regeneration potential, and
immunomodulatory properties, MSCs have become a key candidate in tissue engineering and
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cell-based therapies.® However, further research is needed to better understand how MSC
functions, improve their effectiveness and benefits, and develop guidelines for clinical use.’

In this study, we aimed to optimize a suitable protocol for pooled CRISPR screening
using a split lentiviral delivery system for CRISPR/Cas9-based KO in dental tissue-derived
MSC, namely, stem cells from human exfoliated deciduous teeth (SHED). Our approach
involves sequentially delivering gRNA and Cas9 via a two-step lentiviral transduction
protocol, using commonly used vectors for pooled CRISPR screens (lentiGuide-Puro and
lentiCas9-EGFP vectors). We optimized the delivery protocols and evaluated delivery
efficiencies and gene KO efficiencies using the aforementioned vectors to establish a protocol
compatible with future pooled CRISPR screening in primary human MSCs.

Methodology:
2.1 Preparation of Lentivirus-Producing (HEK293T) and Target Cells (SHED)
Human embryonic kidney 293T (HEK293T; ATCC® CRL-3216™) cells were cultured in
Dulbecco’s Modified Eagle Medium high glucose media (DMEM high glucose; Gibco)
supplemented with 10% fetal bovine serum (FBS; Gibco), 1% penicillin-streptomycin
(Gibco). The cells were maintained at 37°C in a humidified incubator with 5% CO.. The
medium was replaced every 2 days. Upon reaching 80-90% confluency, the cells were
subcultured at a 1:8 ratio in a T75 flask using TrypLE™ Express Enzyme (Gibco), according
to ATCC recommendations. HEK293T cells were used exclusively for lentiviral vector
production.

Stem cells from human exfoliated deciduous teeth (SHED) were kindly provided by
Dr. Hathaitip Sritanaudomchai, Department of Oral Biology, Faculty of Dentistry, Mahidol
University, Thailand. SHED were originally isolated from deciduous tooth pulp of healthy
donors following informed consent, under protocols approved by the Mahidol University
Ethics Committee (IRB 2014/041.2110).8 SHED were cultured in complete media consisting
of Dulbecco’s Modified Eagle Medium (DMEM, Gibco) supplemented with 10% fetal
bovine serum (FBS, PAN-biotech GmbH), 1% penicillin-streptomycin (Gibco), and
maintained at 37°C in a humidified incubator with 5% CO.. The medium was replaced every
2-3 days, and cells were subcultured upon reaching 80-90% confluency using TrypLE™
Express Enzyme (Gibco). For all experiments, cells from two biological donors between
passages 6-12 were used to minimize phenotypic drift. SHED identity was previously
confirmed by their MSC marker expression and their fibroblast-like morphology.

2.2 Lentiviral production and transduction

The split lentiviral CRISPR/Cas9 system consisted of two plasmids: 1) lentiGuide-Puro was a
gift from Feng Zhang (Addgene plasmid # 52963 ; http://n2t.net/addgene:52963 ;
RRID:Addgene_52963)° and 2) lentiCas9-EGFP was a gift from Phil Sharp & Feng Zhang
(Addgene plasmid # 63592 ; http://n2t.net/addgene:63592 ; RRID:Addgene 63592).°
Lentiviral particles were produced in HEK 293T cells. In brief, 1x10% HEK 293T cells were
seeded in 6-well plates and overnight transfected with 2 pg of transfer vector plasmid (either
lentiGuide-Puro or lentiCas9-EGFP), 1.5 pg of psPAX2 (a gift from Didier Trono (Addgene
plasmid # 12260 ; http://n2t.net/addgene:12260 ; RRID:Addgene_12260)), and 0.5 pg of
pMD2.G (a gift from Didier Trono (Addgene plasmid # 12259 ; http://n2t.net/addgene:12259
. RRID:Addgene_12259)), using Lipofectamine™ 2000 Transfection Reagent (Thermo
Fisher Scientific) according to manufacturer protocol. The lentiGuide-Puro viral supernatants
were harvested after 24 hours, and lentiCas9-EGFP viral supernatants were harvested after 48
hours in complete SHED culture medium, then filtered through a 0.45 um syringe filter
(Sartorius™). Lentiviral volumes were added to SHED (seeded at 12,500 cells/cm?) at
different percentages of the final transduction medium volume, including 3.125%, 6.25%,
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12.5%, 25%, and 50% in complete medium, to evaluate dose-dependent delivery efficiency.
After 24 hours, the transduction medium was replaced with fresh complete culture medium.

2.3 Measurement of lentiGuide-Puro vector delivery efficiency and long-term expression via
puromycin resistance selection

Four days after lentiGuide-Puro transduction, cells were split into two groups, including non-
treated (Puro’) and puromycin-treated (Puro™) groups. Puromycin (Gibco) (2ug/ml) was
administered to Puro® group, whereas Puro™ group served as a control. Delivery efficiency
was measured at the endpoint of puromycin selection, defined as the time when all the Puro™
non-transduced cells group (0% of lentiviral dose) were eliminated. And the delivery
efficiency of lentiGuide-Puro was calculated as the percentage of viable cells in the Puro®
group by that in the Puro group at the same lentiviral dose. For long-term expression
stability, the percentages of puromycin-resistant fraction were calculated for at least 3
passages after transduction. All experiments were performed in biological replicates.

2.4 Measurement of lentiCas9-EGFP vector delivery efficiency using flow cytometry
Following lentiCas9-EGFP transduction into SHED, green fluorescence protein (GFP)
expression was assessed after two days by fluorescence microscopy (Zeiss; Axiocam 105
color) using a FITC channel set (excitation 488 nm, emission 509 nm) to qualitatively
confirm successful transduction. Four days post-lentiCas9-EGFP transduction, the percentage
of GFP-positive cells (GFP*) was quantified by flow cytometry (Beckman Coulter, USA).

The samples were stained with propidium iodide (PI; Biolegend®) for 30 minutes at
room temperature (RT) in the dark to monitor the viable cell population. An unstained PI
control and a non-transduced negative control (GFP- cells) were included to establish baseline
control, serving as a reference to set the threshold for a positive GFP signal and minimizing
false positives from autofluorescence. Flow cytometry data were acquired by recording at 30
ML per sample. Sequential gating was applied to exclude debris (FSC/SSC), doublets (FSC-A
vs. FSC-H), and dead cells (Pl-positive), followed by quantification of GFP* cells within the
viable population. Data were analyzed using the CytExpert software (Beckman Coulter).
Results were expressed as the percentage of GFP* cells, with experiments performed in
biological replicates.

2.5 Measurement of serial transduction efficiency
The two-step transduction strategy ensures that Cas9 activity is restricted to cells already
carrying sgRNAs. By introducing the sgRNA-expressing cassette first and selecting gRNA-
positive cells before delivery of Cas9, this approach avoids increasing cellular stress that
would occur from puromycin selection concurrently with DNA double-strand breaks, which
would occur if Cas9 were expressed before sgRNA delivery. In addition, for future pooled
screening experiments, selecting gRNA-positive cells before Cas9 delivery allows additional
proliferation steps to maintain the recommended coverage of 100-200 cells per target for
positive selection screens and 500-1,000 cells per target for negative selection screens prior
to the introduction of Cas9, thereby minimizing bottlenecks and preserving the quality of
pooled CRISPR screens.?

First, SHEDs were seeded in a T75 flask at a density of 12,500 cells/cm?. Two days
later, the cells were transduced with the lentiGuide-Puro vector (HBB gene targeting) at a
viral dose corresponding to 12.5% of the culture volume. Following 24 hours of incubation,
the medium was replaced with fresh culture medium. Three days after transduction,
puromycin (2 pg/ml) was added for selection, allowing sufficient time for integration and
expression of the puromycin-resistance gene. Puromycin selection eliminated non-transduced
cells, thereby enriching the sgRNA-positive population. Once the puromycin-resistant cells
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reached 80% confluency, they were subcultured and seeded into a 12-well plate at the same
density (12,500 cells/cm2).

Two days after seeding, the cells were serially transduced with various lentiCas9-
EGFP vector supernatant ratios (3.125%, 6.25%, 12.5%, 25%, and 50% in complete medium)
to evaluate dose-dependent delivery efficiency. To confirm transduction, GFP expression was
qualitatively assessed by fluorescence microscopy two days later. When the cells reached
80%-90% confluency after transduction, the percentage of GFP™ cells were quantified using
flow cytometry. All experiments were performed in biological replicates.

2.6 Validation of gene knockout efficiency by measuring indel mutation percentage

Following the successful serial transduction and quantification, the efficacy of CRISPR-
Cas9-mediated gene knockout was validated by measuring indel mutation frequencies at the
HBB locus. Genomic DNA was extracted from cells that received a single lentiGuide-Puro
and from cells that received serial lentiGuide-Puro and lentiCas9-EGFP transductions using
the Genomic DNA Extraction Kit (BIOSEARCH technologies). The targeted genomic region
(HBB) was amplified using polymerase chain reaction (PCR) with primers designed to
produce 438 bp amplicon (Forward: 5’-TCTGTCTCCACATGCCCAGT-3’, Reverse: 5°-
CAGGGCAGAGCCATCTATTG-3). The resulting amplicons were analyzed using Sanger
sequencing.

Sequencing chromatograms were analyzed using Inference of CRISPR Edits (ICE)
software (ICE CRISPR Analysis. 2025. v3.0. EditCo Bio, URL: https://ice.editco.bio/) to
calculate editing efficiency and identify profiles of insertion and deletion mutations, thereby
providing a quantitative measure of gene knockout efficiency.

Results and Discussion:

This study focused on optimizing protocol of split lentiviral delivery system for
CRISPR/Cas9-based gene knockout. The human beta globin (HBB) gene, which is not
required for SHED function and therefore whose indel mutation should not affect cell
viability or cellular behavior, was selected as a gene target to evaluate delivery of CRISPR
components and gene knockout efficiencies.

First, we determined the optimal lentiviral dose for lentiGuide-Puro vector
transduction (Figure 1A). Our study utilized the lentiGuide-Puro vector, which contains a U6
promoter (an RNA polymerase type Ill (Pol 111) promoter) for sgRNA expression and an
elongation factor-1a (EFla) promoter (an RNA polymerase type II (Pol II) promoter) that
drives stable expression of the puromycin resistance gene (PuroR), thereby enabling both
gRNA expression and antibiotic selection of transduced cells (Figure 1B). We found that
while puromycin (2 pg/mL) was sufficient to induce cytotoxicity in non-transduced parental
controls, it was much less cytotoxic to the transduced cells, thus demonstrating successful
transduction of the lentiGuide-Puro transgene cassette (Figure 1C). Furthermore, we observed
that delivery efficiencies were dependent on the lentiviral dose, with the highest estimated
efficiency of 76.0% achieved at a 25% (v/v) lentiviral supernatant in culture medium (Figure
1D). The stable expression of the lentiGuide-Puro vector was confirmed at each dose for up
to three passages post-transduction (Figure 1E). These results suggest that lentiGuide-Puro
vector is compatible with SHED cells across different biological donors.
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Figure 1.

Optimization for lentiGuide-puro vector transduction and long-term stability

Schematic diagram of experiment for optimized lentiGuide-puro vector protocol

Components of the lentiGuide-Puro vector

Representative phase-contrast images of SHED cells after 3 days of puromycin selection

at 50X magnification, demonstrating the resistance of transduced cells (12.5% lentiviral

dose shown) to puromycin with selective pressure applied

D. Dose-response curve showing the relationship between lentiviral concentration and
delivery efficiency, indicated by percentage of puromycin-resistant cells

E. Evaluation of the stability of lentiGuide-Puro expression over three passages, showing

percentages of puromycin resistance fraction for SHED transduced at different viral
dosages

Ow >

Furthermore, we observed compatibility of lentiCas9-EGFP vector to SHED cells
using various lentiviral doses with single- and serial-transductions (Figure 2A, 2B,
respectively). We used the lentiCas9-EGFP vector, which contains an EFla promoter (a Pol
Il promoter) that drives stable expression of both Cas9 and GFP proteins (Figure 2C). The
lentiCas9-EGFP vector was compatible with SHED, as confirmed by fluorescence
microscopy at 100X magnification for GFP expression. Moreover, we observed that serial
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transduction induced minimal cytotoxicity and preserved cell proliferation capacity (Figure
2D). As expected, the number of GFP* cells correlated with the lentiviral dose, with up to
68.0% transduction efficiency of single-vector transduction using 50% lentiviral supernatant
volume in culture medium. Importantly, the serial transduction groups showed a slightly
lower percentage of GFP™ cells compared to the lentiCas9-EGFP only group, suggesting that
a split CRISPR/Cas9 lentiviral delivery system is feasible but may be affected by slightly
reduced transduction efficiency of the second vector (Figure 2E). Collectively, these findings
demonstrate that the lentiCas9-EGFP vector is compatible with SHED in both single and
serial transductions, with minimal cytotoxicity despite the reduced efficiency observed in the
serial system.
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Optimization fo lentiCas9-EGFP vector transduction

Schematic diagram of experiment for optimized single lentiCas9-EGFP vector protocol
Schematic diagram of experiment for optimized serial lentiCas9-EGFP vector protocol
Components of the lentiCas9-EGFP vector

Representative phase-contrast and fluorescence images of SHED cells post lentiCas9-
EGFP transduction versus serial transduction at 100X magnification (50% lentiviral
dose shown)

Dose-response curve showing the relationship between lentiviral concentration and
percentage of GFP+ cells, comparing single transduction to serial transduction
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Finally, we validated the gene knockout efficiency of the split lentiviral CRISPR/Cas9
system. PCR analysis confirmed the successful amplification of the target HBB gene,
producing a 438 bp amplicon at the CRISPR/Cas9 cutting site (Figure 3A). Subsequently, the
PCR products were sequenced using the Sanger sequencing technique. The resulting
chromatogram of the serial transduced sample showed overlapping peaks downstream of the
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target site, indicating a heterogeneous sequence and confirming gene editing that leads to
indel mutation, represented by heterogeneity of the allelic sequences found in the serially
transduced samples (Figure 3B upper row). This was in contrast with single lentiGuide-Puro
(HBB) sample, well-defined peaks with no evidence of indel formation (Figure 3B lower
row). ICE analysis of the sequencing data revealed an average indel mutation of 28% in the
serially transduced sample. Furthermore, we found that the percentage of indel mutation was
less than half of the lentiCas9-EGFP delivery efficiency (Figure 3C). Finally, we successfully
generated gene knockout from split lentiviral CRISPR/Cas9 system.

A)

Product PCR size: 438 bp

3000 bp

B)
EDITED SAMPLE 166 TO 231 BP
@6 E6E T T 6 € T E TG 6 6 6 A G T C T 6 CC6
1500 e g
1000
g \/ | \ | \/
\ \ VA AIRINA / \ / IRINRPT \
p UV XY X PNy VIV VYV VY ALY XXIY VYV IANANAAALINLL
170 175 180 185 190 195

CONTROL SAMPLE 163 TO 228 BP

1500 6 6 TG CAT T G A TCCTG AGGAG 6T TG G T T AL T 6 C C T 6 TGGG G C (.(:V(. ACGTGG AT 6 A

1000

o /BISARS LS BASADENON IR NAGSASARBUUAS

- = L ch YA ViV U8 o Y 5% 8 5 1 V.V Ax
165 170 176 180 185 190 195 200 205 210 215 220 225

Relation between GFP+(%) and indel mutation (%)

100
80
60

40

Percentage (%)

20+

Figure 3.
Assessment of Gene Editing Efficiency

A. Agarose gel electrophoresis of PCR products confirming the successful amplification of
the target gene (L: VC 100 bp plus ladder; lane 1: no-template control lane; 2:
lentiGuide-Puro only; 3-7 PCR products of serial transduction from 2 donors)

B. Representative Sanger sequencing chromatograms validating indel mutations in the
edited sample, indicated by overlapping peaks downstream of the target site, compared
with the well-defined peaks of the control sample (lentiGuide-Puro only)

C. Bar plots comparing lentiCas9-EGFP transduction efficiency (percentage of GFP-
positive cells) and gene editing efficiency (percentage of indel mutation)
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In this study, we investigated the application of a split lentiviral system for sequential
delivery of sgRNA- and Cas9-expressing vectors in MSCs from human exfoliated deciduous
teeth (SHED). Our findings demonstrate the technical feasibility of this approach, high
efficiency delivery of sgRNA-expressing vector, and moderate frequency of the Cas9-
expressing vector of choice. While the system was successfully adapted for SHED, its overall
efficiency remained lower compared to immortalized cell lines, likely due to the
heterogeneous biological characteristics of primary cells, their limited proliferation capacity,
and high sensitivity to transgene-induced stress, as previously reported in other primary
human cells.!®!! Previous studies have shown that the two-step Cas9 expressing cells serially
transduced lentiGuide-Puro vector achieved higher knockout efficiency when compared to
the one-step lentiCRISPRv2 system. However, this advantage was offset by reduced cell
viability, particularly when targeting safe harbor genes in pooled CRISPR screens. 2

Our findings underscore the critical importance of Cas9 expression levels in achieving
efficient gene knockout. Elevated Cas9 expression has been shown to accelerate editing
kinetics, thereby enhancing knockout efficiency.'? Potential strategies include redesigning the
vector backbone to optimize promoter strength and enhance Cas9 expression'®, adopting non-
viral delivery methods such as lipid nanoparticles4, electroporation'®, or delivering Cas9 in
alternative formats such as mRNA or protein.*°

Conclusion:

In conclusion, our results demonstrate that the split lentiviral delivery system is compatible
with primary human MSCs derived from dental tissue (subtype SHED), showing no
cytotoxicity in single transductions and only minimal cytotoxicity in serial transductions.
Future studies should further investigate the correlation between serial delivery efficiency
and cell viability to quantitatively assess potential cytotoxic effects. Although the HBB gene
was successfully edited, the efficiency was still lower than GFP™ cell frequencies in the
puromycin-resistant fraction. Notably, the indel frequency correlated with Cas9 delivery
efficiency, highlighting the importance of improving Cas9 delivery strategies to achieve
higher knockout efficiency. However, excessive Cas9 activity may also increase cytotoxicity
and off-target effects, underscoring the need for balanced optimization. The split delivery
system, with Cas9 delivered after puromycin selection steps, would minimize the time
window between Cas9 delivery and the beginning of screening assays. This helps reduce the
chance of off-target mutations compared to an all-in-one vector, in which a puromycin
selection step is added after the introduction of Cas9 and lengthening the gap between Cas9
expression and the start of screening assays. Regardless, potential off-target sites should be
identified through computational predictions and help inform guide gRNA library design.
Overall, these findings provide proof-of-concept that a split lentiviral delivery system can be
applied in primary MSCs, and future optimization of Cas9 delivery will be critical to unlock
its full potential for pooled CRISPR screens in future studies.
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Abstract:

Somatic cell nuclear transfer (SCNT) is an assisted reproductive technique involving a donor
cell is transferred into an enucleated oocyte. Its efficiency remains low due to abnormal
nuclear reprogramming. Previous studies have shown that SCNT blastocysts exhibit aberrant
expression of OCT-4 and related genes. OCT-4 transcription factor is crucial for embryonic
development, maintaining pluripotency, and regulating primordial germ cell formation. On
the other hand, DNA methylation plays an important role in mammalian embryogenesis, such
as gene imprinting, X chromosome inactivation, and genome stability. In the cloning
technique, SCNT-derived embryos are highly methylated compared with in vitro fertilized
embryos. Therefore, abnormal SCNT embryos may be caused by an incomplete
reprogramming of DNA methylation. Enhancing OCT-4 expression in SCNT embryos may
improve their reprogramming efficiency. In this study, we investigated the optimal
concentration and effects of OCT-4 Activating Compound 1 (OAC1) that was reported to
induce the expression of OCT-4 and NANOG in bovine SCNT embryos. Comparisons were
made with porcine embryos derived from in vitro fertilization (IVF). The results of this study
indicated that treatment with OAC1 at a concentration of 1.5 uM significantly increased the
blastocyst formation rate and total cell numbers in SCNT embryos (p < 0.05). Furthermore,
OACL1 enhanced the expression of OCT-4, SOX2, and NANOG specifically at the 8-cell stage,
but did not significantly affect gene expression at other developmental stages. Regarding
DNA methyltransferase (DNMT), IVF embryos exhibited lower expression levels than SCNT
embryos during early development, with expression levels increasing from the 8-cell to the
blastocyst stages involving re-methylated occurs and new genomic imprints are established
by activating the methylation. In conclusion, OAC1 appears to exert beneficial effects on
embryonic development in SCNT embryos by promoting OCT-4 and related genes
expression and reprogramming through modulation of DNA methylation.

Introduction:

Somatic cell nuclear transfer (SCNT) involves transferring a donor cell into an enucleated
oocyte. Currently, SCNT has been successfully applied to a range of species. Animal
production based on SCNT offers a range of opportunities in basic and applied research, in
agriculture, genetic conservation, and human medicine [1]. However, SCNT efficiency is still
low because of incomplete epigenetic reprogramming of donor cell nuclei [2]. Consequently,
the improvement of epigenetic reprogramming is a crucial factor in enhancing the
developmental efficiency of SCNT embryos [3].

OCT-4 (Octamer-binding transcription factor 4) is a major transcription factor in
embryonic stem cells and primordial germ cells [4] The OCT-4 gene is essential for complete
embryo development [5] and regulating pluripotency in embryonic stem cells [6]

Previous SCNT-related studies reveal that the expression level of the OCT-4 gene in
donor cells improves developmental efficiency, promotes nuclear reprogramming of SCNT
embryos in bovine and porcine [7] and enhances the expression level of the OCT-4 during
cleavages resulting in a higher developmental rate of mouse SCNT embryos. Oct4-activating
compound (OAC1) has been widely applied to increase the expression activity of the OCT-4
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in mouse [9]. Moradi-Hajidavaloo et al. (2023) [10] reported that using 1.5 uM of OACL1 in
IVC medium improves the quality of bovine SCNT embryos. However, the effects of OAC1
on porcine SCNT embryos have not yet been reported.

This study aimed to determine the optimal concentration and the effects of OAC1 as a
small-molecule supplemented in IVC medium on cleavage rate, blastocyst formation rate,
expression level of OCT-4, SOX2, NANOG, and DNMT1genes of porcine SCNT embryos.

Methodology:

Chemicals

Chemicals used in this research were purchased from Sigma-Aldrich Corporation (St. Louis,
MO, USA), if not, specify additionally.

Preparation of oct-4 activating compound 1 (OAC1) solution

Commercially available OAC1 was dissolved in 1 ml dimethylsulphoxide (DMSO) to
produce a 21.07 mM 1,000X stock solution. Porcine zygote medium-3 (PZM-3) was used to
dilute the stock solution to obtain a working solution.

Donor cell preparation

Fibroblast cells were isolated from the ear skin tissues of a male piglet. The skin was washed
with 70% alcohol, and root hair and cartilage were removed before being manually cut into
small pieces. The tissue pieces were placed on culture dishes and covered with a sterilized
glass slide. Four milliliters of culture medium were then added to each culture dish, and the
tissues were cultured under a humidified atmosphere of 5% CO: at 37 °C. The culture
medium consisted of Minimum Essential Medium Eagle, Alpha modification (aMEM)
supplemented with 10% fetal bovine serum (FBS, Gibco, 10270-098), 1 mM L-glutamine,
100 1U/ml penicillin-G, and 100 pg/ml streptomycin sulfate. The medium was changed every
3 days. After the fibroblasts reached at least 80% confluency, they were harvested using
trypsin/EDTA and passaged until the third passage. At the third passage, the harvested cells
were resuspended in freezing medium, loaded into 0.5 ml straws, stored at —80 °C overnight,
and subsequently transferred to liquid nitrogen until use. For donor cell preparation,
fibroblasts were thawed and cultured in a culture dish with 3 ml of culture medium under a
humidified atmosphere of 5% CO. at 37 °C for 2-3 days. Porcine fibroblasts at the fourth
passage were used as donor cells.

Oocyte collection and in vitro maturation (IVM)

Porcine ovaries were obtained from a local slaughterhouse and kept in 0.9% NaCl solution at
room temperature within 2 h during transport to the laboratory. Then, cumulus-oocyte
complexes (COCs) were collected from antral follicles using an 18-gauge needle equipped
with a 10 ml syringe. COCs with homogeneous cytoplasm and at least three layers of intact
cumulus cells were cultured in IVM-I medium (50 COCs/500 ul) in 4-well dishes covered
with mineral oil under 5% CO: at 38.5 °C for 23 h, followed by culture in IVM-II medium
under the same conditions for 22 h.

Somatic cell nuclear transfer (SCNT)

SCNT was performed following a previously published protocol [11]. Briefly, cumulus cells
were removed from COCs after 42—-44 h of IVM. Only A- and B-graded metaphase Il (MII)
oocytes were used, and the zona pellucida above the first polar body was cut before
enucleation with a glass needle squeeze. Complete enucleation was confirmed by staining the
extruded cytoplasm and the first polar body with 5 ug/ml Hoechst 33342 and visualization
under a fluorescence microscope (1X71, Olympus, Tokyo, Japan). Donor cells at passage 4
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were inserted into the perivitelline space of enucleated oocytes. The oocyte—donor cell
complexes were fused using an electro-cell fusion machine (SUT F-1, Suranaree University
of Technology) with two DC pulses of 24 V for 16 psec. Reconstructed embryos were
activated by incubation in 3 puM lonomycin diluted in TCM199H for 4 min at room
temperature, followed by incubation in 2 mM 6-Dimethylaminopurine (6-DMAP) diluted in
PZM-3 under 5% CO: in air at 38.5 °C for 3 h.

In vitro embryo culture with OAC1 treatment

After the SCNT processes, groups of 50 oocytes were cultured in 500 pl of PZM-3 medium
[12] supplemented with 0, 1.0, 1.5, or 3.0 uM OAC1 in 4-well dishes covered with mineral
oil at 38.5 °C under 5% CO2, 5% O, and 90% N for 6 days. Embryo development was
examined on days 3 and 6 to record cleavage and blastocyst formation, respectively.

Total cell number of porcine SCNT embryos

Total cell numbers were determined using Hoechst 33342 staining [13]. After 144 h of IVC,
10 blastocysts per treatment were incubated with 25 ug/ml Hoechst 33342 in PBS (without
Ca?*" and Mg?") for 5 min at room temperature. Stained embryos were mounted on glass slides
and observed under a fluorescence microscope (IX71, Olympus, Tokyo, Japan).

In vitro fertilization (IVF)

Embryos from the IVF group were used as a positive control. After 44 h of IVM (2.4),
oocytes were washed three times in modified pig-FM medium [14] containing 10 mM
HEPES, 2 mM caffeine, and 5 mg/ml BSA. Fresh semen from the SUT farm was diluted in
BTS extender [15] at 15-20 °C. Sperm were preincubated in washing medium (TCM199
with Earle’s salts, 4.12 mM calcium lactate, 3.05 mM glucose, and 12% FBS, pH 7.8) under
5% CO: in air at 37 °C for 30 min, centrifuged, and resuspended in pig-FM to a final
concentration of 1.0 x 10%ml. For fertilization, 10—15 oocytes were co-incubated with a 50 pl
sperm droplet in 35-mm culture dishes covered with mineral oil under 5% CO- at 38.5 °C for
4-6 h. After fertilization, cumulus cells were removed by gentle pipetting, and embryos were
cultured in PZM-3 medium under 5% CO2, 5% O, and 90% N: at 38.5 °C. Developmental
stages (PN, 2-, 4-, 8-cell, and blastocyst) were evaluated on days 1, 2, and 5-6, respectively.

Effect of OAC1 on the expression level of OCT-4, SOX2, NANOG and DNMT1by gPCR

Embryos at PN, 2-, 4-, 8-cell, and blastocyst stages from IVF and SCNT groups were
harvested in PBS (-) and stored at —80 °C until RNA extraction. Embryos at PN (n = 150), 2-
cell (n = 120), 4-cell (n = 60), 8-cell (n = 40), and blastocyst (n = 20) stages were lysed in
lysis buffer, and mRNA was extracted using the FavorPrep™ Tissue Total RNA Mini Kit
(Favorgen Biotech, Pingtung, Taiwan) according to the manufacturer’s protocol. mRNA was
reverse-transcribed to cDNA using the biotechrabbit™ c¢cDNA Synthesis Kit (Biotechrabbit,
Berlin, Germany). The reaction was incubated at 25 °C for 30 s and 52 °C for 30 min,
followed by 99 °C to inactivate reverse transcriptase. cDNA was stored at —20 °C until use.
Quantitative real-time PCR (qPCR) was performed with the KAPA SYBR-Green PCR

Master Mix (Applied Biosystems, Carlsbad, CA, USA) on a CFX Opus 96 real-time PCR
system (Bio-Rad, Hercules, CA, USA) using specific primers (Table 1). Relative gene
expression was normalized to GAPDH (reference gene) and compared with IVF embryos
(normal control) using the 224t method.
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Table 1.
Primer sequences used in this study

. R , Product .

genes Primer Sequence5’ to 3 Length, bp Accession No.
genes related to embryo development
OCT4 F:

'FI;TTGGGAAGGTGTTCAGCCAAACG 198 NM_001113060

TCGGTTCTCGATACTTGTCCGCTT
SOX2 F: ATGCACAACTCGGAGATCAG

R: TATAATCCGGGTGCTCCTTC 130 NM_001123197
NANOG F: GGTTTATGGGCCTGAAGAAA

R: GATCCATGGAGGAAGGAAGA %8 NM_001129971
genes related to epigenetic reprogramming
DNMT1 F: TCGAACCAAAACGGCAGTAC

R: CGGTCAGTTTGTGTTGGACA 215 NM_001032355
GAPDH F:.GTCGGTTGTGGATCTGACCT 207 NM_001206359

R: TTGACGAAGTGGTCGTTGAG

Statistical analysis

Statistical analysis was performed by GraphPad version 5 (GraphPadSoftware, San Diego,
CA, USA), and data were represented as the mean £ SEM. A value of p < 0.05 was
considered significant with different superscript-case letters. The differences between data
were indicated using a one-way analysis of variance (ANOVA), followed by the Tukey—
Kramer Honest Significant Difference (HSD) Post hoc test to compare differences between
the two groups.

Ethical Approval Statement
This study was approved by the Institutional Animal Care and Use Committee,
Suranaree University of Technology. The protocol number is IACUC-67-43.

Results and Discussion:

Results

Cleavage and blastocyst rate of porcine SCNT cultured with OAC1

To evaluate the optimal concentration of OAC1 supplemented in IVC medium on porcine
SCNT embryos development. After the SCNT process, the reconstructed embryos were
cultured in IVC medium supplemented with 0, 1.0, 1.5, and 3.0 uM OACL. The results from
Table 2 showed that supplemented with 1.5 uM OAC1 significantly higher cleavage rate than
the untreated group (86.33 + 1.2% vs 74.2 =+ 1.8%, p < 0.05). The blastocyst rate of the 1.0
and 1.5 uM OAC1 was significantly higher than untreated group (42.87 £ 1.9% and 48.07 +
0.8% and 36.1 + 0.9% p < 0.05, respectively) (Table 2)

Total cell number of porcine SCNT cultured with OAC1

In the next step, we examine the effect of OACL supplemented in IVC medium on

the total cell number in the blastocysts. The results showed that total cell number of
supplemented with 1.5 uM OAC1 was significantly higher than the other group (Table 2).

© The 37" Annual Meeting of the Thai Society for Biotechnology and International Conference (TSB2025)

MB-P-025

96



/

TSB 2025 ;

n Action

Table 2
The effect of different concentrations of OAC1 on the development of porcine SCNT embryos

MB-P-025

OAC1 No. of No. of cleaved No. of blastocysts Total cell number
concentration embryos (mean = SEM, X y in blastocyst (mean +
(mean £ SEM, %)
(UM) cultured %) SEM)
0 156 117 (742 +1.8)¢ 57(36.1+£2.9)° 53.8+1.6°
1.0 158 124 (79.0+1.7) 68 (42.8+1.9)" 61.1+1.2°
bc
15 160 140 (86.3+1.2)® 76(48.1+1.8)%® 66.0+18%
3.0 158 130 (82.5+1.6) 66 (41.53 +2.0)" 582+1.1°
bc

9 replicates were performed
a.b.¢ \/alues with different superscripts in the same column are significantly different
(P<0.05)

OAC1 affected the expression of genes related to the development and pluripotency of
porcine SCNT embryos
We investigated the OACL that regulated the mRNA expression level of OCT-4, SOX2, and
NANOG genes at PN, 2-, 4-, 8- cells and blastocyst stages between untreated SCNT embryos
group as a negative control (SCNT-Untreated), IVF group as a positive control (normal
control) and SCNT embryos treated with 1.5 uM of OAC1 as a treatment group (SCNT-
OAC1) with the results shown in Figure 1

The expression level of the OCT-4 gene in the treatment group showed variation
across the developmental stages. At PN and 8-cell stages, the OCT-4 expression level of the
SCNT-OAC1 group was significantly higher than the SCNT-Untreated group (p < 0.05), but
no significant difference when compared with the IVF group. At 2- and 4-cell stages, the
OCT-4 expression level of the SCNT-OAC1 group was significantly higher than the SCNT-
Untreated and IVF groups (p < 0.05). Finally, at the blastocyst stage, the OCT-4 expression
level of the SCNT-OACL1 group had no significant difference when compared with the
SCNT-Untreated and IVF groups. The expression level of the SOX2 gene in the treatment
group showed variation across different stages. At PN stage, the SOX2 expression level of
the SCNT-OAC1 group was significantly higher than SCNT-Untreated and I\VF groups (p <
0.05). At the 2-cell stage, the SOX2 expression level of the SCNT-OAC1 group was
significantly lower than the SCNT-Untreated, but no significant difference when compared
with the IVF groups. At 4-cell and blastocyst stages, the SOX2 expression level of the SCNT-
OAC1 group was significantly lower than the IVF group (p < 0.05), but was significantly
higher than the SCNT-Untreated group (p < 0.05). Finally, at 8-cell stage, the SOX2
expression level of the SCNT-OACL group was significantly higher than SCNT-Untreated
and IVF groups (p < 0.05), but the IVF group was significantly higher than the SCNT-
Untreated group (p < 0.05). The expression level of the NANOG gene in the treatment group
showed variation across different stages. At PN and 4-cell stages, the NANOG expression
level of the SCNT-OACL1 group was significantly lower than the I\VVF group (p < 0.05), but no
significant difference when compared with the SCNT-Untreated group. At the 2-cell stage,
the NANOG expression level of the SCNT-OAC1 group was significantly lower than the IVF
group (p < 0.05), but was significantly higher than the SCNT-Untreated group. Finally, at 8-
cell and blastocyst stages, the NANOG expression level of the SCNT-OACL1 group was
significantly higher than the SCNT-Untreated group (p < 0.05), but no significant difference
when compared with the IVF group.
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Figure 1

Comparison of mMRNA expression levels (mean + SEM) of genes related to
development and pluripotency of porcine embryos between the SCNT-OACL, IVF, and
SCNT-Untreated groups at PN, 2-cell, 4-cell, 8-cell, and blastocyst stages: (A) Expression
levels of OCT-4 gene, (B) Expression levels of SOX2 gene, and (C) Expression levels of
NANOG gene. Embryos at PN stage (n=150), 2-cell stage (n=120), 4-cell stage (n=60), 8-cell
stage (n=40), and blastocyst stage (n=20) were examined. ® ® 3 ¢ \alues with different
superscripts indicate a significant difference (p < 0.05). Error bar = standard error of the

mean.
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OAC1 affected the expression of genes related to DNA methylation of porcine SCNT embryos
We investigated the OAC1 that regulated the mRNA expression level of the DNA
methylation of porcine SCNT embryos, including DNMT1genes at PN, 2-, 4-, 8- cells, and
blastocyst stages between untreated SCNT embryos group as a negative control (SCNT-
Untreated), IVF group as a positive control (normal control) and SCNT embryos treat with
1.5 pM OACL1 as a treatment group (SCNT-OAC1) with the results shown in Figure 2.

The expression level of the DNMT1 gene in the treatment group showed variation
across different stages. At the PN stage, the DNMTL1 expression level of the SCNT-OAC1
group was significantly higher than the IVF group (p < 0.05), but no significant difference
when compared with the SCNT-Untreated group. At the 2-cell stage, the DNMT1 expression
level of the SCNT-OACL group was significantly higher than SCNT-Untreated and IVF
groups (p < 0.05), and the SCNT-Untreated group was significantly higher than the IVF
group. At the 4-cell stage, the DNMT1 expression level of the SCNT-OAC1 group was
significantly lower than the SCNT-Untreated group (p < 0.05), but no significant difference
when compared with IVF group. Finally, at 8-cell and blastocyst stages, the DNMT1
expression level of the SCNT-OAC1 group was significantly lower than the IVF group (p <
0.05), but no significant difference when compared with the SCNT-Untreated group.

DNMT1 IVF
5- B3 SCNT-Untreated
] SCNT-OAC1
S a
2 4
§ a
SE 1, b b P
o2 &
[N a) 24 —
g b Cc b ﬁ b a
= b
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Figure 2

Comparison of mRNA expression levels (mean + SEM) of genes related to DNA
methylation of porcine embryos between the SCNT-OACL, IVF, and SCNT-Untreated
groups at PN, 2-cell, 4-cell, 8-cell, and blastocyst stages. Embryos at PN stage (n=150), 2-cell
stage (n=120), 4-cell stage (n=60), 8-cell stage (n=40), and blastocyst stage (n=20) were
examined. & P @ ¢ \/alyes with different superscripts indicate a significant difference (p <
0.05). Error bar = standard error of the mean.

Discussion:

In our study, first of all, we treated various concentrations of OAC1 supplemented in 1VVC
medium and cultured for 6 days to examined the optimal concentration by measuring the
quality and development of porcine SCNT embryo (cleavage rate, blastocyst rate, and total
cell numbers) between treated and untreated OACL. The results showed that 1.5 uM of
OACL1 gives a significantly increased the embryo development particular at cleavage and
blastocyst rates, and the total cell numbers of blastocyst-derived porcine SCNT. The results
of this experiment are similar to a SCNT bovine embryo that was treated with 1.5 uM of
OAC1, showing an increased developmental rate [10]. We used 1.5 uM of OAC1 to
investigate the mRNA expression of OCT-4, SOX2, and NANOG genes that pluripotency
markers of embryonic cells play an important role in self-renewal and maintaining the
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pluripotency of cloned embryos [16,17]. The effect of pluripotent markers induced by OAC1
has not yet been reported in a porcine SCNT embryo. However, the OCT-4 expression in our
study showed an increase in the SCNT-OAC1 group at the PN until 8-cell stages than the
untreated and IVF group but no significant difference was observed at blastocyst stages
between the untreated and IVF group. This result is consistent with the report in SCNT
porcine embryo, the OCT-4 expression level is detected until the 8-cell stage from
transcription using maternal mRNA, and the zygote OCT-4 expression being from 8 — 16-cell
stage [18]. In addition, in mouse embryos, the loss of OCT-4 expression showed at the
blastocyst stage due to the occurrence of differentiation of totipotent cells to somatic lineages
[19]. During early embryonic development, transcription factors (TFs) play a crucial role in
determining the fate of blastomere by regulating the activation or suppression of OCT-4, the
key development gene is a core component of the pluripotency regulation network, guiding
blastomere to ICM, which later gives rise to embryonic stem cell or toward differentiation
into trophoblast cell, with contribution to extra-embryonic structure [6]. Several studies have
demonstrated a function of OCT-4 in the embryo development [20]. Further studies on the
transcription regulation of OCT-4 in porcine improved the developmental efficiency of nuclei
transfer embryos, suggesting that high OCT-4 expression in donor cells are more efficient
promote nuclei reprogramming [21,22]. However, the mRNA expression of OCT-4 in porcine
and bovine SCNT embryos was significantly lower than that derived by IVF [23]. Previous
studies have made progress on identifying an OCT-4 promoter-activating compound to
promote the OCT-4 expression to enhance the efficiency of reprogramming [24]and
differentiated cells into pluripotent cells [10,24,25] The SOX2 expression level of SCNT-
OAC1 group showed higher than untreated and IVF groups at PN and 8-cell stages, lower
than IVF group at 4-cell and blastocyst stage but no difference at the 2-cell stage. Sox2 acts
cooperatively with OCT-4 at promoters activating the transcription of several genes, which
play important roles in embryo development [26]. The downregulate of SOX2 expression is
possible to decreasing OCT-4 expression levels influence several transcription factors and
induce developmental arrest [18].

The NANOG expression level in the OACL1 treatment group was lower than in the IVF
group at the PN stage until the 4-cell stage, and there was no difference at the 8-cell to
blastocyst stages. The results were consistent with the previous study, the OCT-4 and SOX2
network stimulates the expression of NANOG has shown that the expression of OCT-4,
SOX2, and NANOG follows the same trend, with high expression level of NANOG at the 8-
cell stage to the blastocyst stage [27,28] and the distinct expression pattern of OCT-4
compared to NANOG at certain stages of embryo development supports previous studies
indicating that OAC1 promotes the expression level of OCT-4 and NANOG [24].

DNA methylation occurs at the fifth carbon of cytosine residues within CpG
dinucleotides and is essential for long-term transcriptional silencing as well as normal
mammalian embryonic development. Somatic cells with high levels of DNA methylation
areoften used as nuclear donors for cloning, resulting in cloned embryos that typically exhibit
increased DNA methylation, which is abnormally hypermethylated [29]. DNMT1, a
maintenance methyltransferase, is recruited to the replication fork during the S-phase of the
cell cycle, where it methylates the newly synthesized DNA strand [30] DNA demethylation
occurs during early embryonic development, followed by re-methylation at later stages
[31,32]. We investigate the mMRNA expression of DNMT1 involved in the dynamics of DNA
methylation. The results showed that the expression of DNMTL1 in the OAC1 treatment group
was higher than I\VVF group at PN, and 2-cell stages, but no significant difference at the 4-cell
stage, and significantly lower than the IVVF group at 8-cell to blastocyst stages. Normally, the
DNMTSs expression at the early stage of IVF is lower than SCNT embryos [33] but it could be
higher than SCNT embryos that possible explanation may be the limitation of VM oocytes to
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process several spermatozoa entering the ooplasm [34]. Inconsistent reports of SCNT
embryos can be high DNA methylation expression is partially retained its methylation pattern
even after the nucleus has been structurally remodeled into a pronucleus-like state [35].
Another reason that porcine IVF embryos at early stages still increase more than SCNT
embryos is that after fertilization, the parental epigenomes undergo significant changes to
restore totipotency in the zygote. The tightly packed paternal genome quickly unravels, sperm
protamines are replaced with histones, and DNA is actively demethylated without the need
for replication [36,37]. In addition, from the 8-cell to the blastocyst stage, normalized DNA
methylation levels continuously increased in IVF embryos, but contrasted to SCNT embryos
that decreased DNA methylation is possibly the result of de novo methylation related to the
activity of de novo DNA methyltransferases [38,39]. On the other hand, the report of global
DNA methylation at an early stage and blastocyst stage does not different between IVF and
SCNT embryos but at the 8-cell stages, the IVF embryo increases more than the SCNT
embryo possibly re-methylated occurs and new genomic imprints are established by
activating the methylation [33,35,40]

Conclusion:

The optimal concentration of OACL1 at 1.5 uM could enhance cleavage and blastocyst rates,
as well as the total cell numbers. Additionally, it improved the expression of genes related to
the pluripotency and DNA methylation of SCNT embryos, including OCT-4, SOX2, NANOG
and DNMT1 at the 8-cell to the blastocyst stages. However, more of the OAC1 dynamic on
the development and epigenetic modification of porcine SCNT embryos need to be confirmed
in the future. The suggestion of the study might be to investigate such as the optimal time to
culture OAC1 after the SCNT process, the suitable period of treatment, the IVM or IVC
period, the mechanism of OACL1, co-culture with another small molecule, another position of
histone modification, and the number of healthy offspring after embryo transfer.
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Abstract:

Cellular senescence is a major concern for humans, caused by both natural aging and external
environmental factors. From these factors, if the body accumulates oxidative stress in the
body weakens physiological functions, leading to cellular deterioration, organ dysfunction,
and aging. As a result, people are increasingly turning to dietary supplements or commercial
cosmetic to maintain their health and beauty. However, one major problem with most
products may have long-term side effects and could increase the risk of chronic diseases.
Human placental extract (HPE) has gained increasing attention in scientific and clinical fields
as a promising natural supplement whose advantages include being naturally sourced and
having few side effects. It’s rich in nutrients, cytokines, and growth factors. Which contribute
to its antioxidant properties, restores cells, and delay cells senescent. Therefore, this study
aims to evaluate the effects of human placental extract at optimal concentrations under both
normal and oxidative stress conditions through MTT assay, DCFH-DA assay, and gene
expression analysis using RT-PCR. The expected results suggest that HPE enhances
antioxidant defense mechanisms by regulating the expression of antioxidant enzymes,
thereby preventing ROS production and cause delay cells senescent.

Introduction:

Cellular senescence builds up in the organs of aging animals and is triggered by both internal
and external factors [1]. External elements, such as ultraviolet radiation (UVR), can
accelerate this process by increasing oxidative stress. UVR promotes the production of ROS
in mitochondria, leading to DNA and protein damage, which weakens cell function and
structure. This contributes to premature aging and the development of diseases like cancer,
neurodegenerative disorders, and other age-related conditions [2, 3]. Antioxidant enzymes
such as SOD, CAT, and GPX play a key role in neutralizing ROS and protecting cells from
oxidative damage [4, 5].

Mesenchymal stem cells (MSCs) are versatile cells that can develop into different
types of specialized cells, such as bone, cartilage, fat, and muscle cells [6]. They play an
essential role in healing and tissue regeneration by replacing damaged cells and also have
strong anti-inflammatory effects. Because of these abilities, MSCs have attracted growing
attention in medical research for their potential use in treating various health problems,
including joint disorders like osteoarthritis, heart diseases, and immune system conditions [7,
8].

Human placental extract (HPE) is a natural substance rich in bioactive compounds,
including nutrients, peptides, enzymes, amino acids, fatty acids, vitamins, minerals, and
growth factors like FGF-2, VEGF, and TGF-B [9, 10]. HPE has been shown to reduce
oxidative stress, support anti-inflammatory activity [11] and promote autophagy, which helps
rejuvenate skin by encouraging the formation of new cells and reducing signs of aging [12,
13]. It also helps regulate hormonal balance. because the placental is rich in beneficial
molecules, HPE has become popular in the health and beauty industries [14]. Placental
extracts from human is considered low-risk, cost-effective, and valuable for developing

© The 37" Annual Meeting of the Thai Society for Biotechnology and International Conference (TSB2025)

MB-P-026

104


mailto:kandakdrb@gmail.com

// .

TSB 2025

n Action

therapeutic and commercial cosmetic products [15]. With its strong regenerative potential and
safety profile, HPE continues to be explored for use in various medical therapeutic
applications and commercial cosmetic [16, 17].

Materials and Methods:

Cell culture and MTT cells survival assay

The umbilical cord-derived human mesenchymal stem cells (UC-MSCs) were obtained from
the American Type Culture Collection (ATCC) (Manassas, VA, USA). Cells were cultured in
MEM alpha medium containing 10% (v/v) FBS, 1% (v/v) penicillin-streptomycin, 1% (v/v)
nonessential amino acids, and 1% (v/v) L-glutamine in a humidified incubator with a 5% CO
atmosphere at 37 °C. Cells were cultured until they reached 80% confluence which was
found to be optimal for both utilization and expansion. The determination of cell viability and
cell proliferation was performed by using MTT (3-[4,5-dimethyl-2-thiazolyl]-2,5-diphenyl-
2H-tetrazolium bromide) assays. MSCs were seeded in a 96-well plate at a density of 4 x 103
cells/well and incubated overnight until the cells were approximately 80% confluent. The
cells were treated with various concentrations of 0.5, 1, 2, 5, 10, 50, 100, 1000, and 1800
ug/mL HPE for 24 hours. After treatment, cells were washed once with 1x PBS and
incubated with MTT 0.5 mg/mL in serum-free medium with a 5% CO; atmosphere at 37 °C
for 3 hours. The MTT solution was discarded and formazan crystals were solubilized by
adding DMSO. The absorbance was measured at 570 nm by using a microplate reader. The
cytotoxic effect of hydrogen peroxide (H2O2-induce stress on MSCs was evaluated using cell
viability assays. This experiment will continue like the previous one but will use H20>
instead of human placental extract to find the appropriate concentration for MSCs to use as a
model under induced conditions.

Measurement of ROS intracellular using DCF-DA assays

Intracellular ROS generation was determined using 2',7'-dichlorofluorescin diacetate (DCFH-
DA). MSCs were seeded in a 96-well plate at a density of 5 x 103 cells/well and incubated for
24 hours. The cells were then pretreated with or without 1 mM H20: for 30 minutes before
being treated with various concentrations of HPE standard (0.5, 1, 2, and 5 pg/mL) for 24
hours. Subsequently, the cells were exposed to 1 mM H:0: alone or co-treated with 10 mM
N-acetylcysteine (NAC) for 30 minutes. After treatment, all conditions were incubated with
10 pM DCF-DA at 37 °C under 5% CO- for 1 hour. The fluorescence intensity of DCF-DA
was then measured using a fluorescence microplate reader.

Gene expression by RT-PCR

Cells were pretreated with or without 1 mM H:O: for 30 minutes in 6-well plates. After
pretreatment, cells were treated with various concentrations of HPE standard and incubated
for 24 hours. Following incubation, cells were detached using 0.25% trypsin-EDTA and
collected by centrifugation at 1500 rpm. Total RNA was extracted using the NucleoSpin
RNA kit (Macherey-Nagel, Dueren, Germany) according to the manufacturer’s instructions.
Subsequently, 1 pg of total RNA was used to synthesize complementary DNA (cCDNA) using
TOYOBO kits. The RT-PCR reaction mixture was prepared with cDNA, 2X Taq Master
Mix, nuclease-free water, and specific primers for the genes SOD, GPX, and CAT.
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as an internal control to
normalize gene expression, as listed in Table 1. RT-PCR products were separated by agarose
gel electrophoresis and visualized under UV light after staining with RedSafe™ Nucleic Acid
Staining Solution. Electrophoresis was performed using the PowerPac™ Basic Power Supply
(BIO-RAD).
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Results:

Cytotoxicity of HPE and H202-induce in MSCs

To assess the effects of HPE on MSCs viability and cytotoxicity, MSCs were treated under
normal conditions with various concentrations of HPE (0.5, 1, 2, 5, 10, 50, 100, 1,000, and
1,800 pg/mL) for 24 hours. To mimic oxidative stress conditions, MSCs were also exposed to
different concentrations of H-0: (0.1, 0.5, 1, 3, 5, 10, 20, 30, and 40 mM) for 30 minutes
(Figure 1 B-C). Untreated MSCs served as the control group in both experiments to
determine the optimal concentrations of HPE and H.O: for cell viability. The results
demonstrated that HPE at concentrations of 0.5 to 1000 pg/ml did not significantly affect cell
viability compared to the control. In contrast, treatment with HPE at concentrations of 1,800
pa/ml significantly reduced cell viability. Based on these findings, HPE concentrations
ranging from 0.5 to 5 pg/ml, which maintained high cell survival rates, were selected for use
in subsequent experiments. In the oxidative stress model. MSCs exposed to H.0O» showed a
significant obvious cytotoxicity in cells at concentrations range from 3 mM onwards.
Meanwhile, H20. at a concentration of 1 mM of, cells began to show signs of stress but
maintaining a certain level of viability. Therefore, 1 mM H.0. was chosen as the optimal
concentration for inducing oxidative stress in this model (Figure 1D). Moreover, the
morphology of MSCs treatment with HPE remained cell viability similar to that of the control
group in terms of size and flattened shape (Figure 1A).

HPE reduced oxidative stress in MSCs by activating antioxidant genes

The effect of HPE on the expression of antioxidant-related genes in MSCs was investigated.
The mRNA expression levels of CAT, GPX, and SOD were analyzed by RT-PCR (Figure 2
A-B) in cells pretreated with or without 1 mM H:O: for 30 minutes prior to HPE treatment.
HPE was applied at concentrations from 0.5 to 5 pg/mL under both normal and oxidative
stress conditions and compared to the control group. The results revealed that HPE
significantly upregulated the expression of antioxidant genes in a dose-dependent, indicating
an enhancement of the cellular antioxidant defense system. Additionally, intracellular ROS
levels were assessed using the fluorescent probe DCF-DA, confirm the antioxidant activity of
HPE through a marked reduction in ROS production in MSCs (Figure 2 C).
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Figure. 1

The effect of HPE and H202-induce on MSCs proliferation.

(A) The morphology of MSCs treated with HPE at 10X magnification was use to digitally
capture the image; scale bar 100 um. (B) The proliferation of cells treated with HPE was
assessed using the MTT assay. (C) The effect of H.O.-induced oxidative stress on MSC

viability was also evaluated using the MTT assay. (D) The potential of HPE when pre-treated

with H20-induced oxidative stress on MSCs.
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The effect of HPE on mRNA expression in MSCs. (A-B)

The treatment of HPE-treated at concentrations 0.5 to 5 ug/mL either with or without 1 mM
H20--induced for 30 minutes. upregulated the level of antioxidant genes in a dose-dependent
by using GAPDH as the internal control. (C) To confirm antioxidant activity based on the
reduction of intracellular ROS levels after treated with HPE was measured in MSCs using the
fluorescent dye DCF-DA. Image j was used to analyze images of RT-PCR bands.

Discussion and Conclusion

Cellular senescence is a serious issue that affects human health and quality of life [18]. It can
be caused by both internal aging, which is a natural biological process, and external factors
such as pollution, chemicals, UVR, and certain lifestyle habits [19, 20]. A major factor in
cellular aging is oxidative stress. This happens when the body produces too many ROS and
its natural antioxidant system becomes weaker [21, 22]. High levels of ROS can harm
important parts of the cell, like DNA, proteins, and mitochondrial membranes. This damage
affects the balance inside the cell, lowers its ability to function properly, and reduces its
ability to repair and divide. As a result, organs dysfunction, and signs of aging may appear
throughout the body[23]. Antioxidants help fight oxidative stress by neutralizing ROS and
protecting cells [5]. The body produces antioxidant enzymes such as SOD, GPX, and CAT to
help control ROS levels. HPE has shown the ability to decrease oxidative stress, which helps
delay cell senescence and prevent cell damage [11, 24]. Studies show that HPE can reduce
ROS in stressed cells and increase the levels of antioxidant enzymes like SOD, GPX, and
CAT in a dose-dependent. This benefit is likely due to the bioactive substances in HPE,
including nutrients, enzymes, minerals, cytokines, vitamins, and growth factors. These
components not only have antioxidant effects but also support cell repair and regeneration.

In conclusion, this study shows strong evidence from in vitro experiments that HPE
can improve the body’s antioxidant defenses in both normal and oxidative stress conditions.
This action helps decrease the levels of ROS and delay cell senescence. The results suggest
that HPE could be a natural option for reducing damage caused by oxidative stress, delaying
the aging process in cells, and helping maintain healthy tissue function.
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Abstract:

This study investigated the effects of extracellular vesicles (EVs) derived from bovine
oviduct epithelial cells (BOECs) on the development of bovine embryos during in vitro
culture (IVC). EVs play an essential role in mimicking the oviductal microenvironment by
transferring bioactive molecules such as proteins and RNAs, thereby facilitating intercellular
communication and embryo development. In this experiment, EVs were isolated from two
BOEC culture systems: a monolayer culture (BOEC-M-EVs) and a vesicle-forming culture
(BOEC-V-EVs). These EVs were supplemented into the IVC medium at concentrations of 2
x 100, 4 x 10°, and 8 x 10° particles/mL, while non-supplemented embryos served as controls.
Supplementation with BOEC-M-EVs significantly increased total blastocyst cell numbers at
all concentrations tested (132.8 + 3.6, 147.6 = 5.6, and 148.2 + 1.7) compared with the
control group (108 £ 5.2, P < 0.05). Similarly, BOEC-V-EVs enhanced total cell numbers at
4 x 10° and 8 x 10¢ particles/mL (149.0 = 1.7 and 158.6 = 3.2, P < 0.05). Both EV types
improved blastocyst quality at higher concentrations, consistent with the upregulation of
IFNT, a gene essential for maternal recognition of pregnancy in ruminants. These findings
demonstrate that BOEC-derived EVs support embryo development by recreating
physiological cues of the oviduct and suggest their promising application for enhancing in
vitro embryo production and reproductive efficiency in cattle.

Keywords: ruminant species, reproduction, oviduct epithelial cells, In vitro fertilization

Introduction:

In vitro embryo production (IVEP) is a widely used method for producing superior bovine
embryos. However, embryos generated in vitro often exhibit slower developmental rates than
their in vivo counterparts due to increased cell death caused by suboptimal culture conditions.
As a result, improving the in vitro culture (IVC) environment is crucial to enhancing embryo
quality and achieving results comparable to those seen in vivo. To address this, previous
research has explored various culture media supplements, such as resveratrol and anethole
from star anise, to improve the development of bovine embryos. Recently, extracellular
vesicles (EVs) have emerged as promising candidates for enhancing embryonic growth in
livestock. EV's promote intercellular communication by delivering biomolecules essential for
early embryonic development, implantation, and pregnancy. While the benefits of EV
supplementation have been extensively studied in species such as sheep and mice, little is
known about their effects on bovine embryos. demonstrated that EVs derived from the bovine
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uterus not only upregulated genes associated with embryo previous report?, development, and
implantation but also significantly increased inner cell mass and trophectoderm ratios.
Similarly, in a previous study, researchers found that the addition of EVs to the in vitro
maturation (IVM) medium enhanced both the trophectoderm and inner cell mass of bovine
IVF embryos?. Furthermore, EVs derived from bovine oviduct epithelial cells have been
shown to improve mitochondrial activity, decrease lipid accumulation, and upregulate genes
involved in blastocyst development. These findings suggest that EVs enhance embryo quality
by regulating lipid metabolism and reducing the expression of apoptosis-related genes.
Moreover,® reported that EVs produced from monolayered bovine oviduct epithelial cells
(BOEC-M-EVs) in IVC medium improved embryo quality by upregulating the expression of
quality-related genes, outperforming fresh BOEC supplementation. However, no studies have
yet investigated the effects of EVs derived from spheroid-derived or vesicle-shaped bovine
oviduct epithelial cells (BOEC-V-EVs). Therefore, the objective of this study is to evaluate
how BOEC-M-EVs and BOEC-V-EVs in IVC medium influence the development and
quality of bovine embryos produced through IVF.

Methodology:

Chemicals and reagents

Unless stated otherwise, all chemicals and reagents were purchased from Sigma-Aldrich (St.
Louis, USA). The cell culture media were purchased from Gibco (Paisley, UK), and plastic
cell culture devices were obtained from SPL Life Sciences (Gyeonggi-do, Republic of
Korea).

Preparation of EVs-depleted fetal bovine serum (dFBS)

Fetal bovine serum (FBS, Gibco, 10270-098) used in this study was removed EVs*. Briefly,
the FBS was heated for 30 min at 56°C in a water bath, and then ultracentrifuged twice at
120,000xg for 90 min at 4°C. Subsequently, the supernatant was collected and kept at -20°C
in conical tubes until used.

Preparation of bovine oviduct epithelial cells (BOEC)

Healthy oviducts from bovine ovaries were collected at the slaughterhouse during the post-
ovulatory stage, which occurs between first five days of the estrus cycle®. Bovine oviducts
were thoroughly rinsed with 0.9% NaCl solution, then placed in plastic bottles containing
0.9% NaCl solution, and kept at 4°C. Upon arrival at the laboratory, bovine oviducts were
rinsed with 0.9% NaCl solution, soaked in PBS to remove any debris, and submerged in 70%
ethanol. Connective tissues and blood vessels were discarded in a biosafety cabinet. Oviducts
were subsequently rinsed twice in 70% ethanol after rinsing in PBS. Oviducts were rinsed in
washing solution containing TCM199 HEPES supplement with bovine serum albumin
(BSA). Next, oviductal segments were pressed into 1.5 ml microcentrifuge tubes using
forceps. Three separate oviducts, at least, were combined. Retrieved cells separated by
repeatedly taking in and out 10 times using a 21-gauge needle and a 25-gauge needle attached
to a 1 ml syringe to isolate cells. Retrieved cells were transferred to a 15 ml conical tube
containing 10 ml washing medium. The conical tube was incubated at 38.5°C for 5 min.
Then, the supernatant was discarded and retrieved cells were washed with 10 ml washing
medium twice. Subsequently, 100 pl retrieved cells were diluted with 10 ml culture medium
(TCM199 supplemented with 10% FBS).
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Preparation of conditioned medium from monolayered bovine oviduct epithelial cells
(BOEC-M)

The BOEC were seeded in culture medium in a 100 mm pertidish (Nunc, Denmark,
10mL/dish) and incubated at 38.5°C under a humidified atmosphere at 5% CO- in air for 48
h. The medium was changed and incubated at 38.5°C under humidified atmosphere at 5%
COz in air until confluence was reached. Then remove all medium and added 10 ml. TCM199
supplemented with 10%FBS and incubated at 38.5°C at days 2, 4, and 6 post-incubation, the
conditioned medium was collected for EVs isolation and TCM199 supplement with 10%
dFBS was added into the petridish. The collected conditioned medium was stored at -80°C
until used.

Preparation of conditioned medium from vesicle-shaped bovine oviduct epithelial cells
(BOEC-V)

The BOEC were cultured in culture medium in a 100 mm pertidish and incubated at 38.5°C
for 48 h as aforementioned. In order to gain only vesicle-shaped BOEC (BOEC-V), the
conditioned medium and BOEC-V were transferred into a new 100 mm petridish and
incubated at 38.5°C for 48 h. Afterward, the medium containing BOEC-V was selected and
pipetted into 5 ml TCM199 supplemented with 10% FBS prior to incubation at 38.5°C for 48
h. The suspended BOEC-V was rinsed twice in TCM199 supplemented with 10% dFBS.
After that, the suspended BOEC-V was cultivated in 60 mm dishes with 5 ml TCM199
supplemented with 10% dFBS. The conditioned medium was collected at days 2, 4 and 6
post-incubation and stored at -80°C as detailed previously.

EVs isolation

EVs were extracted from the collected BOEC-monolayer conditioned medium (BOEC-M-
EVs) and BOEC-vesicle conditioned medium (BOEC-V-EVs) with minor modifications®.
The collected BOEC-M-EVs and BOEC-V-EVs were separately centrifuged at 4°C, 300xg
for 15 min. Then, the supernatant was collected and centrifuged again at 2,000xg, 4°C for 15
min. The supernatant was collected before centrifugation at 4°C, 12,000xg for 15 min. The
supernatant was then ultracentrifuged at 4°C, 100,000xg for 90 min. The pellets were
collected, resuspended in PBS(-), and filtered through a 0.22 um filter. The BOEC-M-EVs
and BOEC-V-EVs were kept at -80°C until use.

The particle size distribution by nanoparticle size analyzer

Particle size distribution was assessed using the Nanoparticle Tracking Analysis (NTA)
(Malvern Panalytical, NanoSight Pro) following the manufacturer’s instruction. In brief,
isolated EVs were resuspended in PBS(-). Next, the EVs suspension was transferred into a
glass cuvette before being placed in the Nano Particle Size and Zeta Potential Analyzer for
analysis.

In vitro embryo production (IVEP)

Oocyte collection and in vitro maturation (1VM)

Bovine ovaries were collected from local abattoirs and stored in 0.9% NaCl solution at room
temperature during transport to the laboratory. Upon arrival, ovaries were rinsed with 0.9%
NaCl solution, and oocytes were aspirated from follicles diameter 3-8 mm. using 10ml.
syring connected with 18G needle and examined under a stereo microscope. Cumulus-oocyte
complexes (COCs) with at least 3 layers of cumulus cells and homogeneous cytoplasm were
selected and placed in  modified Dulbecco's  phosphate-buffered  saline
(mDPBS)supplemented with 0.1% polyvinyl pyrrolidone (PVP). Then, the intact COCs were
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cultured in a 60 mm culture Petri dish containing IVM medium covered with mineral oil (20
oocytes/drop). The composition of the IVM medium included TCM-199 supplemented with
10% FBS, human chorionic gonadotropin (HCG, Intervet, Netherlands) follicle-stimulating
hormone (FSH, Antrin R10; Kyoritsu Seiyaku Co., Tokyo, Japan), and 17R-estradiol.
Oocytes were cultured in a humidified atmosphere of 5% CO: in air at 38.5°C for 23 h.

Sperm preparation and in vitro fertilization (IVF)

Frozen semen from a Wagyu Bull in 0.25 mL straws was thawed at 37°C in a water bath for
1 min and then centrifuged at 3000 rpm for 10 min through a gradient of 400 pL of 45% and
400 pL of 90% Percoll solution in a 1.5 mL Eppendorf tube. The sperm pellet was re-
suspended in 1 ml of Tyrode’s albumin lactate pyruvate (TALP)” And centrifuged at 3000
rpm for 5 min. The pellet was re-suspended in TALP medium. and adjusted to a final
concentration of 2x10° sperm/ml for IVF. Then 50 pl droplets of sperm suspension were
transferred to a 35 mm culture dish covered with mineral oil COCs were co-incubated with
sperm (10 COCs/drop) under humidified atmosphere of 5% CO2 in air at 38.5°C for 10 h.

In vitro culture (IVC) of presumptive zygotes

At 10 h of co-incubation of sperm and COCs, the presumptive zygotes were denuded by
pipetting in TCM199 HEPES supplemented with 10% FBS. The presumptive zygotes were
then cultured in CR1aa medium (Rosenkrans et al., 1993) [8] supplemented with 5% dFBS
and either BOEC-M-EVs or BOEC-V-EVs at 3 concentrations (2x10°, 4x10° and 8x10°
particles/ml). The CR1aa medium supplement with 5% dFBS without EVs supplements was
considered a negative control. The presumptive zygote was cultured in 80 pl droplets of
medium ( 12 zygote/drop) a 35 mm culture dish under a humidified atmosphere of 5% CO.,
5% O, and 90% N at 38.5°C for 7 days. The development of embryos was recorded at days
2 and 7 post-culture, respectively.

Embryo development

The cleavage rate was recorded on day 2 (48 h post-culture), and cumulative blastocyst yield
was recorded on day 7. Throughout the study, IVM and IVF were performed 10 times at each
treatment to produce more than 150 presumptive zygotes per treatment before culture in
CR1aa medium supplemented with 5% dFBS and supplemented with either BOEC-M-EVs
or BOEC-V-EVs.

Embryo quality

Differential staining

Blastocysts collected on day 7 post-cultured were stained with 0.1 mg/ml propidium iodide
(P1) and 0.2% Triton X-100 in mDPBS supplemented with 0.1% PVP for 1 min. Afterward,
embryos were placed into Hoechst 33342 solution dissolved in 99.5% ethanol for 5 min
before being mounted with glycerol on a glass slide. Trophectoderm (TE) and inner cell
masses (ICM) were counted under an inverted fluorescent microscope. ICM cells appeared
blue due to Hoechst uptake, while TE cells were stained pink-red.

Quantitative real-time polymerase chain reaction (qPCR)

A group of 20 blastocysts from each experiment was pooled, washed with PBS(-), and stored
at -80°C until mRNA extraction. The mRNA was extracted from the blastocysts using the
Dynabeads® Oligo (dT)25 nucleotide method (Dynabeads mRNA DIRECT™ kit,
Invitrogen, Waltham, Massachusetts, USA) according to the manufacturer's instructions.
Complementary DNA (cDNA) was synthesized from the mRNA using reverse transcriptase
and oligo-dT primers (biotech rabbit GmbH, Berlin, Germany). The cDNA was then used to
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examine gene expression through gPCR analysis. Specific gene expressions were analyzed
using KAPA SYBR FAST gPCR Master Mix (Applied Biosystems, Carlsbad, CA, USA) via
the BIO-Rad system (CFX Opus 96 Real-Time PCR System). Melting curve analysis was
performed to verify the specificity of the primers (Table 1). GAPDH was used as the
housekeeping gene to normalize the target genes. Analysis of relative gene expression data
was conducted in triplicate, and statistical analysis was performed using the 2-AACt method.

Statistical analysis

Data are expressed as mean £ SEM. The number of embryo development and total cell were
tested for normality and homoscedasticity before statistical analysis. Differences in embryo
development and total cell numbers were analyzed using a one-way ANOVA followed by
Dunnett's Multiple Comparison for post-hoc comparison (GraphPad Prism 5.01 Inc., La Jolla,
CA, USA). The level of significance for all analyses was P < 0.05.

Results and Discussion:

Extracellular vesicles (EVs) have been widely investigated in reproductive biology due to
their crucial role in embryo—maternal communication. Initially, EVs were identified in human
uterine luminal fluid (ULF) and later studied in various animal species, including ovine and
bovine models® ® 10, In cattle, several studies have successfully isolated EVs from epithelial
cells of the oviduct and uterus, demonstrating their potential contribution to embryo
development and implantation 1311,

Figure 1.
Morphology of oviduct epithelial cells grown in TCM199+10%dFBS in this study:
A) monolayer culture (BOEC-M), and B) vesicle culture (BOEC-V)
A: Scale bar 10 um, B: Scale bar 100 pum.

In the present study, EVs were successfully isolated from both monolayered BOECs
(BOEC-M) and vesicle-shaped BOECs (BOEC-V) and supplemented into embryo culture
medium. Importantly, this is the first study to report the successful isolation of EVs from
BOEC-V-EVs. Nanoparticle Tracking Analysis (NTA) revealed that BOEC-M-EVs and
BOEC-V-EVs exhibited round to cup-shaped morphologies, with average diameters of 131
nm and 189 nm, respectively, and concentrations of 1.89 x 102 and 2.42 x 104 particles/ml.
These size ranges are consistent with previous reports, which have shown that EVs derived
from bovine oviduct epithelial cells and uterus typically fall within the 150—200 nm range®2.
In addition, Lopera-Vasquez et al. (2017) reported BOEC-M-EV diameters ranging from 80—
150 nm*3, while Almifiana et al. (2018) observed smaller EVs within 30-100 nm*. Similar
particle sizes have also been observed in sheep EVs (148 nm)® and human follicular fluid
EVs (=220 nm)®. Taken together, these findings confirm the successful isolation of EVs
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from both BOEC-M and BOEC-V cultures. However, further studies are needed to confirm
EV identity, such as detecting CD9 or other EV-specific surface markers.

(a) (b)
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Concentration (particles / ml)
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Figure 2.
The average particle size of BOEC-M-EVs (A) and BOEC-V-EVs (B) using the NTA.

Despite successful EV isolation, supplementation with BOEC-derived EVs at 4 x 10°
and 8 x 10¢ particles/ml in IVC medium did not significantly improve cleavage, blastocyst, or
hatching rates (P > 0.05). However, EV supplementation significantly enhanced blastocyst
quality, as demonstrated by increased total cell numbers and upregulation of IFNt expression
(P < 0.05). These results agree with previous studies showing that EV supplementation
primarily affects embryo quality rather than blastocyst yield. For example, Leal et al. (2022)
reported that adding dFCS-EVs increased blastocyst cell numbers without affecting cleavage
or blastocyst formation rates'!. Similarly, embryos co-cultured with BOECs or bovine
amniotic membrane stem cells (bAMSCs) exhibited significantly higher survival rates after
warming compared to controls.

Table 1.
Effect of BOEC-M-EVs and BOEC-V-EVs supplemented in IVC medium on bovine embryo
development.

EVs conc. in
Types of EVs IVC medium  No. IVC Cleavage (%) Blastocyst (%)
(particles/ml)
132/200 45/200
Control - 2000 66.00+-45) (23.65+2.9)
- 131/200 57/200
2x10 200 6550+1.3) (28.50+2.3)
152/200 67/200
BOEC-M-EVs 6
4x10 200 (7600:32) (3350+7.3)
. 105/158 64/200
8x10 200 (65.00+4.0) (3200 +4.4)
- 135/200 52/200
2x10 20 (6750+31) (32.27+46)
N i 138/200 62/200
BOEC-V-EVs 4x10 200 (60.00£35) (31.00+5.0)
. 76/200 60/200
8x10 200 7000+50) (30.00=5.0)

ANOVA —test (10 Blastocysts) %: Mean = SEM.
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The substantial increase in total cell numbers observed in this study may be related to
the role of EVs in mediating intercellular communication and regulating gene expression
during early embryonic development™’. Consistent with this, EVs extracted from the bovine
uterus have previously been shown to enhance inner cell mass (ICM) and trophectoderm (TE)
ratios by upregulating genes involved in embryo development, quality, and implantation®®,
However, the beneficial effects were less pronounced at lower EV concentrations (2 x 10°
particles/ml), suggesting that an insufficient EV dose may limit their influence on embryo
competence.

Total cell number

2001
T
@ a a a a
‘élso-b ab T oL, O
z
T 1004
[ ¥
=
S 501

0

SELS oL
ol
Figure 4.
Analysis of the TE, ICM, and total cell number of IVF embryos cultured in IVC medium
supplemented with or without BOECs-M-EVs and BOECs-V-EVs. A total of 10 embryos per
group were analyzed. Data are presented as mean = SEM, P < 0.05 (ANOVA test).

Moreover, several studies have confirmed that EV supplementation improves embryo
quality by promoting cell proliferation and enhancing developmental competence. Sidrat et
al. (2022) reported significant increases in IFNt expression in embryos treated with BOEC-
derived EVs®™, while supplementation with BSA'? and dFCS® has yielded similar positive
outcomes. Since IFNt is a key signal for pregnancy recognition and successful maternal—
embryo communication, its increased expression further supports the positive effects of
BOEC-derived EVs 1.

Interestingly, our findings demonstrate that BOEC-V-EVs were comparable to
BOEC-M-EVs in enhancing blastocyst quality, despite being derived from distinct culture
systems. This similarity suggests that the bioactive cargo (e.g., proteins, mRNAs,
microRNAS) contained in EVs may be conserved between BOEC-M and BOEC-V. However,
we cannot rule out subtle compositional differences that may influence their functional
effects. Previous studies have shown that cell culture conditions play a crucial role in shaping
the molecular profile of secreted EVs, which can directly impact embryonic development.
For example, Wei et al. (2022) demonstrated that heat stress at 42 °C altered EV content,
leading to reduced embryo competence.

Overall, our results indicate that EVs derived from BOECs improve blastocyst quality
rather than blastocyst formation rates, and that both BOEC-M-EVs and BOEC-V-EVs are
equally effective under the tested conditions. Future research should investigate the molecular
mechanisms underlying these effects and explore how EV cargo composition is influenced by
culture conditions, with the aim of optimizing EV-based strategies in assisted reproductive
technologies (ART).
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Conclusion:

Using Nanoparticle Tracking Analysis (NTA), this study successfully isolated and
characterized extracellular vesicles (EVs) from both monolayered BOECs (BOEC-M) and
vesicle-shaped BOECs (BOEC-V), confirming their sizes to be predominantly below 200 nm.
Supplementation of BOEC-derived EVs into in vitro culture (IVC) medium did not
significantly improve cleavage or blastocyst formation rates. However, EV supplementation,
particularly BOEC-V-EVs, significantly enhanced blastocyst quality by increasing total cell
numbers and upregulating IFNt expression, which plays a crucial role in pregnancy
recognition and maternal-embryo communication.

These findings indicate that BOEC-derived EVs can contribute to improving embryo
competence rather than increasing embryo production efficiency. To fully elucidate the
molecular mechanisms underlying these effects and maximize the potential applications of
EVs in assisted reproductive technologies (ART), further studies should investigate the
bioactive cargo of EVs and their roles in regulating cell signaling pathways during early
embryonic development.
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Abstract:

Cluster of differentiation 147 (CD147) is a plasma membrane-bound glycoprotein that
functions as an adhesion molecule. While CD147 has been proposed as a promising
biomarker in cancer and a potential antitumor targeting solid tumors/adherent cell model, its
role in leukemia (suspension cells) has not been extensively studied. Therefore, this study
aimed to establish the CD147-knockout leukemia models in a human leukemia cancer cell
line (K562) using CRISPR-Cas9 technology. In this study, we successfully generated 6 stable
cell lines bearing CD147-depletion namely KO1, KO6, KO8, KO9, KO10 and KO13. Flow
cytometry analysis confirmed KO6 was the most significant reduction in CD147 expression.
Besides, morphological analysis revealed that the CD147-depleted cells were relatively larger
in size with an increased level of debris as compared to controls. We hypothesize that the
type of cell death is most likely a necrotic-like cell death since the cell morphology after
CD147-knockout are primarily associated with cellular enlargement and swelling. Taken
together, we concluded that disruption in CD147 expression in K562 cells was detrimental to
cell survival, thus, further studies should be conducted to explore the role of CD147-
knockout in greater details, particularly focusing on the molecular mechanisms underlying
the cellular aberration of CD147-depleted K562 cells.

Introduction:

Cancer remains a major global public health challenge due to its high incidence and mortality
rates. Despite advancements in diagnosis and treatment, the ability to specifically target
cancer cells while minimizing side effects continues to be a primary goal of current medical
research. One of the most challenging cancers to treat is leukemia, which affects individuals
across all age groups. Particularly, chronic myelogenous leukemia (CML) is more prevalent
in children, where treatment options are more limited compared to adults. CML is closely
associated with the BCR-ABL mutation and resistance to conventional therapies (1).
Furthermore, patients with CML exhibit variable responses to targeted therapy. According to
the European Leukemia Net guidance, some patients are unable to maintain long-term disease
control with Tyrosine Kinase Inhibitor (TKI therapy). Therefore, appropriate management
strategies are required, such as dose reduction to minimize treatment-related side effects.
Recent advances in allogeneic stem cell transplantation have further expanded
treatmentoptions for these patients (2). The K562 cell line, derived from a patient in the blast
crisis phase of CML, is widely used as a model for studying disease mechanisms and
developing novel therapeutic approaches. In recent years, the emergence of CRISPR/Cas9
gene-editing technology has revolutionized biomedical research. This system enables precise
manipulation of genes at the molecular level, allowing researchers to investigate gene
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function and disruptoncogenic pathways with high efficiency. In leukemia research,
CRISPR/Cas9 has been applied to modify immune cells and target specific genes to enhance
treatment efficacy and reduce side effects. Efficient delivery of the CRISPR/Cas9 system into
target cells is a critical step in successful gene editing (3). Among various delivery
methods, lentiviral vectors have gained popularity due to their ability to infect both dividing
and non-dividing cells and stably integrate genetic material into the host genome. This makes
them particularly suitable for editing hematopoietic and leukemia cells such as K562.

One such target protein of interest in cancer research is CD147, a glycoprotein that
plays a key role in cancer cell processes including invasion, angiogenesis, immune evasion
and prognostic biomarker (4). Overexpression of CD147 has been widely documented across
a spectrum of human cancers, including but not limited to leukemia, breast cancer, lung
cancer, and gastric cancer (5). This elevated expression often correlates with increased tumor
aggressiveness, advanced disease stages, and poorer patient prognoses. Consequently,
inhibiting CD147 function has emerged as a highly promising therapeutic strategy. By
targeting CD147, researchers aim to disrupt multiple pathways critical for cancer growth and
dissemination. This potentially leads to a reduction in tumor aggressiveness, enhanced
sensitivity to existing treatments, and ultimately improved therapeutic outcomes for cancer
patients.

Therefore, this study aimed to generate a model of CD147-knockout K562 leukemia
cells using a lentivirus-based CRISPR/Cas9 system for further in-depth investigation of
CD147 roles in leukemia progression. This approach may contribute to the development of
more precise and effective treatments for leukemia in the future.

Methodology:

Preparation of CD147-knockout lentivirus.

HEK-293T cells (a gift from Asst.Prof.Dr. Alisa Tubsuwan, Mahidol University, Thailand)
were transfected with the lentiCRISPR V2 plasmid (Addgene, 52961) containing sgRNA
along with the packaging plasmids (psPAX2 and pMD2.G) (Addgene, 12260 and 12259)
using a suitable transfection method for propagating the recombinant lentivirus (6) and then
the lentivirus carrying CD147 knockout cassette was employed for transfection into a
leukemia cell line (K562 cells) (a gift from Prof.Dr. Sumalee Tungpradabkul, Mahidol
University, Thailand).

Generation of CD147-knockout models and clonal selection in K562 cell line.
CD147-knockout cassette was transfected into the leukemia cell line (K562 cells) with
appropriate amount of lentiviral particles. Genome-edited cells were selected via the
antibiotic selection using 1 pg/ml puromycin. After that, the selected single clones were
expanded to obtain a homogeneous population of genetically edited cells (7).

Validation of CD147-knockout models.

Selected K562 clones with transfected CD147-knockout cassette were validated via flow
cytometry to detect the expression level of CD147 and confirm the significant reduction of
CD147 expression in the CD147-knockout cells compared with control cells (8, 9).

Observation of cell morphology and cell viability of transfected leukemic cell line.
Successfully validated K562 clones bearing CD147 depletion were subjected to cell viability
and morphological screenings by visualized under an inverted light microscope.
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Statistical analysis.

All experimental data were analyzed for statistically significant differences using SPSS
software. One-way ANOVA was employed, with a P-value < 0.001 considered statistically
significant.

Results and Discussion:

Generation of CD147-knock out cassette packaging in Lentivirus.

The lentivirus containing CD147-knockout construct was generated using the single guide
RNA (gRNA) sequences as described elsewhere (10), including BSG-F (5'-
CACCGTCTTCATCTACGAGAAGCGC) and BSG-RC (5-AAACGCGCTTCTCGTAGA
TGAAGAC). This construction was subsequently adopted in the recent study, which
investigated the downregulation of CD147 in HelLa cells. The results revealed that this
construct can disrupt CD147 expression in HelLa cells, leading to abnormal cellular changes
(11). For the lentivirus production process, HEK-293T cells were transfected with the
lentiviral cassettes including the Cas9-gRNA construct along with the packaging plasmids to
generate the lentivirus containing CD147-knockout construct (Figure 1). Then, K562 cells
were transduced to generate CD147-knockout K562 models.

pRS-marker,CMV enhan +41 MV promoter,5' LTR (truncated) HIV-1 Psi, +40
+7

*19

lentiCRISPR V2 K0147_g2

13013 bp

—_— — —
Q‘\E%

1. Plasmid transfection 2. Virus harvest 3. Optional: concentration and storage 4. Cell transfection

Figure 1
Schematic of viral propagation in HEK-293T cells. (a) Lentiviral construction for CD147
knockout. (b) The CD147-knockout cassette was transfected into HEK-293T cells to produce
lentivirus. Subsequently, K562 cells were transduced with lentiviral particles and then were
selected in medium containing puromycin.
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Evaluation of CD147 Expression in K562 Cells Using Flow Cytometry.

Flow cytometry analysis was employed to assess the expression level of CD147 in CD147-
knockout cells based on mean fluorescence intensity (MFI) data. Results revealed CD147
expression was noticeably decreased in the CD147-knockout K562 cell line as compared to
the controls (Figure 2a) and the relative fold change of CD147 expression was shown in
Figure 2b. Data indicated that the obtained two CD147-disrupted K562 clones (KO6 and
K10) showed the significantly declined expression of CD147 (0.08+0.01, 0.55+0.01 fold,
respectively) as compared to wild-type (1.13+0.08 fold) and empty vector (1 fold), as shown
in Figure 2. According to the observation under a microscope, CD147-knockout cells
displayed heterogeneous phenotypes (Figure 3). Interestingly, the severity of phenotypic
changes is consistent with the different levels of CD147 downregulation. This was evidenced
by the fact that the morphological observation in KO6, where CD147 was most efficiently
knocked out, exhibited more severe than KO10 (a mild CD147-knockout model).
Nevertheless, a subset of cell population could adapt to survive by compensating CD147
expression resulting in a better cell survival observed after several batches of cell cultivation
after CD147 knockout. For instance, KO10 demonstrated the CD147 compensation by
upregulating CD147 expression level and the overall phenotypes are more comparable to
wild-type cells (Figure 3), resulting in two distinct peaks of cell populations observed (Figure
2a).
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Figure 2

Assessment of CD147 expression level. (a) The histograms represent CD147 expression in
CD147-knockout cells as compared to controls. (b) The relative fold change of CD147
expression is presented as the mean * standard deviation from each sample as duplicates.

The morphological differences in KO6 and KO10 expression levels

According to the CD147 expression results in K562 cells (Figure 2), CD147-depleted K562
clone KOG6 exhibited more severe morphological characteristics, including the presence of
enlarged cells, abnormal-shaped cells, and a higher number of dead cells in culture, as well as
a slower proliferation rate as compared to KO10 where the moderate CD147 knockout was
observed (Figure 3). According to the observation of abnormal cells, characterized by cellular
enlargement and swelling, results revealed the percentage of aberrant cells significantly
increased to 6.4+0.52% and 4.2+0.94% in KO6 and KO10, respectively, as compared to wild
type (1.8£0.2%). These findings suggest that KO6 cells, with the least CD147 expression,
possess a higher proportion of abnormal cells.
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Figure 3
Comparison of cell morphology among (a) Wild type, (b) KO6 and (c) KO10 cells.

Morphological Observation of CD147-knockout K562 Cells.

After K562 cells were transduced with lentivirus targeting CD147-knockout cassette and
subsequently cultured in selective medium for the clonal selection (12), it was observed that
the expansion of selected cells (CD147-knockout cells) was slower than wild-type and empty
vector controls. Furthermore, the observation under an inverted microscope revealed aberrant
cell morphology in the CD147-knockout cell line (KOG6) as evidenced by the presence of
somewhat larger cells and the accumulation of cell debris (Figure 4). This finding supports a
recent study, demonstrating that treatment of HepG2 cells with the IgM mAb targeting
CD147 led to cell swelling and an increased level of cell death (13).

Wild type LV2 KO-CD147

Figure 4 |
Morphological observation of K562 cell lines including (a) wild-type, (b) empty vector and
(c) CD147-depleted K562 cells under an inverted microscope.

Conclusion:

In this study, we successfully established a CD147-knockout suspension model in the K562
leukemia cell line. The knockout efficiency was confirmed using flow cytometry, which
demonstrated a significant reduction in CD147 expression in the knockout cells compared to
controls. Notably, CD147-knockout K562 cells exhibited the increase in cell size. According
to cell morphology observation, results revealed that CD147-knockout cells showed cell
enlargement and a higher number of debris compared to controls. Besides, CD147-knockout
cells also showed poorer cell survival compared to controls. Interestingly, we noticed that
cells with CD147 depletion became swelling prior to death, together with the reduced cell
survival. Hence, it is likely that the type of cell death associated with CD147 depletion is a
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necrotic-like cell death. Taken together, our findings suggest the potential roles of CD147 in
regulating cell size, cell morphology and cell viability in leukemia cells. Nevertheless, this
study remains preliminary and further in-depth investigations in the molecular level such as
those involving with signaling pathways, cell cycle arrest, and programmed cell death, are
required to validate these findings in the future study.
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Abstract:

The increasing global demand for renewable raw materials has intensified interest in
bioethanol as a versatile chemical feedstock. This study adopts an industrial ecology
perspective to valorize sorghum stem juice, a low-value agricultural byproduct associated
with Thailand’s furniture industry. Although limited utilized, it contains fermentable sugars
that render it a promising substrate for bioethanol production. Two process scenarios were
evaluated, the first utilized a mixture of sorghum stem juice and sugarcane molasses, while
the second relied solely on molasses, a conventional feedstock. Process simulation was
conducted using Aspen Plus V.14 to optimize the bioethanol production pathway, achieving
an ethanol purity of 95%. In parallel, a life cycle assessment (LCA) was performed to
evaluate the environmental impacts of both scenarios within the context of Thailand’s
expanding bio-based sector. The LCA was conducted using a cradle-to-gate approach and a
functional unit of 1 kg of bioethanol. The results indicated that the co-utilization of sorghum
stem juice and sugarcane molasses had more environmental benefits, with a global warming
potential (GWP) of 5.62 kgCO2eq, compared to 7.74 kgCO2eq for the molasses-only
pathway. The major environmental impacts were primarily attributed to the reliance on non-
renewable energy sources in Thailand and the sugarcane cultivation stage.

Pathway I: Molasses

Wood pellets fuel

ETHANOL Life

Cycle
I« Bioethanol

Assessment
(LCA)
Pathway II: Sorghum stem juice Molasses
(SST)

Sorghum stem

Sorghum

Figure 1.
Bioethanol production pathways from sorghum and molasses for LCA

© The 37" Annual Meeting of the Thai Society for Biotechnology and International Conference (TSB2025)

IE-O-005

126



TSB 2035

n Action

Introduction:

Fossil fuels, the predominant global energy source, emit harmful gases and particulate matter
during combustion, contributing significantly to environmental degradation. This has
stimulated the search for cleaner alternatives, among which bioethanol has emerged as a
promising candidate due to its ability to reduce emissions and particulate matter. Bioethanol
is primarily employed as a transportation fuel, commonly blended with gasoline, and has also
been identified as a potential feedstock for sustainable aviation fuels. It may be utilized either
as a complete substitute for gasoline or in blended forms. Beyond its energy applications,
bioethanol functions as a solvent in pharmaceuticals, chemicals, and cosmetics, and as a
versatile feedstock for the synthesis of resins, plastics, and other value-added products.
Unlike petroleum-derived ethanol, bioethanol is produced from biomass, a renewable and
biogenic resource, thereby offering a substantially lower carbon footprint.*

Despite these advantages, commercial bioethanol production remains heavily
dependent on food-based crops such as corn (USA), sugarcane (Brazil), wheat and cassava
(China), and cassava and blackstrap molasses (Thailand)?. As these substrates are
simultaneously utilized in the food, feed, starch, organic acid, and alcoholic beverage
industries, competition for raw materials often constrains the sustainable expansion of
bioethanol production. Consequently, increasing research attention has been directed toward
identifying alternative non-food energy crops.

Sorghum represents a particularly promising candidate owing to its high fermentable
sugar content, short maturation period of 100-120 days compared with 270-360 days for
sugarcane®®, and adaptability to diverse climatic and soil conditions. Furthermore, it requires
less fertilizer and consumes only one-third of the water required for sugarcane cultivation?,
rendering it a resource-efficient and sustainable bioethanol feedstock. In addition to its
energy potential, sorghum offers considerable value for bio-based chemical manufacturing
due to its carbohydrate-rich composition and bioactive compounds®®. With biomass yields
reaching up to 60 tons of stems per hectare’, sorghum provides a reliable and scalable supply
for downstream industries.

Beyond conventional and non-food biomass feedstocks, industrial waste streams have
recently gained attention as alternative resources for bioethanol production. In particular,
wastewater generated during sorghum juice extraction retains significant amounts of residual
sugars that remain suitable for fermentation. While the solid biomass fraction is typically
processed into wood pellets for fuel, the sugar-rich wastewater, frequently regarded as waste,
presents additional value when valorized as a fermentation substrate which simultaneously
supporting waste minimization and renewable energy generation.

To assess this potential, the present study compares two ethanol production pathways:
the conventional route utilizing molasses and an alternative route employing sorghum stem
juice. Process simulation is conducted using Aspen Plus to evaluate ethanol yields and
process efficiencies, while life cycle assessment (LCA) is applied to examine the
environmental implications of each pathway. By repurposing industrial waste and optimizing
fermentation processes, this research seeks to advance sustainable practices and contribute to
the development of a circular bio-based chemical industry.

Methodology:

The study was structured into two primary phases, process simulation modeling and
environmental impact assessment of the final products. The simulation was performed using
Aspen Plus V.14 software to evaluate the mass and elemental balances of all input and output
streams across each stage of the bioethanol production process. Two feedstock scenarios
were considered which are a mixture of sorghum stem juice and molasses (SSJ), and
molasses alone, representing the conventional production pathway. The output data from the

© The 37" Annual Meeting of the Thai Society for Biotechnology and International Conference (TSB2025)

IE-O-005

127



TSB2025

in Action

simulation served as the basis for the life cycle inventory (LCI) phase. Subsequently,
environmental impacts were assessed using a cradle-to-gate approach life cycle assessment
(LCA) methodology through SimaPro software method ReCiPe 2016 midpoint (H) and
endpoint (H), with clearly defined system boundaries as illustrated in figure. 2.

A life cycle assessment is covering the following stages: (i) cultivation, (ii) juice
extraction, (iii) fermentation, and (iv) distillation. The functional unit was defined as 1 kg of
bioethanol produced, reflecting the study’s focus on ethanol as a chemical feedstock rather
than as an energy carrier.

Beginning with the cultivation of sorghum and including all subsequent processing
steps for the production of bioethanol from SSJ, sorghum cultivation and sugarcane molasses
production were represented using LCA inventory data from Ecoinvent (2019) and
AgriFootprint 5.0 for the Thailand region. The average yield of sorghum cultivation was
assumed to be 15 tons per rai (2,400 m?). The primary feedstocks for fermentation, SSJ and
sugarcane molasses, were obtained during the extraction stage. Several assumptions were
applied in the analysis such as the production of fertilizers, pesticides, chemicals, and energy
was included using market datasets, which aggregate all activities associated with a reference
product within a given geographic region, including transportation. The transportation of
sorghum to the extraction facility and from the extraction facility to the biorefinery was
included. Capital goods, labor, and infrastructure were excluded from the system boundaries.

Process Modeling using Aspen Plus V.14 Environmental Impact Assessment using SimaPro
t—— Human health
Life Cycle
SSJ + Assessment
Molasses D . .
g @ca) Midpoint Endpoint
Ft(:lan(?l impact impact —— Ecosystems
EIGULCUON Cradle-to-gate assessment assessment

Molasses ——— . )
Functional unit:
1 kg of bioethanol

Resource
availability

Figure 2.
System boundary of bioethanol production from SSJ and molasses

Juice extraction was a necessary step because the biomass portion of the sorghum
stalks was intended for use as wood pellets, requiring the sugar-rich juice to be separated.
This was carried out using a 6-roller mill, which is widely applied in sorghum and sugarcane
industries due to its high extraction efficiency.® The rollers crush the stalks progressively,
releasing the juice while retaining the fibrous bagasse. After extraction, the juice was passed
through a filtration cloth to remove suspended solids and fine bagasse particles, ensuring a
cleaner substrate for subsequent fermentation. From the harvested sorghum, approximately
30 tons of juice were obtained, while the remainder was left as fibrous biomass. On a mass
basis, the extracted juice accounted for about 30% of the stalk weight, with the remaining
70% retained as bagasse, consistent with reported values for sorghum processing.

Fermentation and distillation stages were simulated in Aspen Plus V.14 and using the
non-random two-liquid (NRTL) method. Table 1 gives a brief explanation of each block used
for simulation bioethanol production. The flowsheet diagram of process can be shown in
figure 3. The process simulation begins with sorghum stem juice as the feedstock, which
consists of 71.47 g/L total sugars by mass. Because the feed is highly diluted, achieving the
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target ethanol purity of 95 vol.% presents a challenge. To address this, additional sugar is
introduced by blending the feed with molasses from an external source containing 47%
sugars by mass. Finally got 13.70 wt.% of sugar. While conventional case has 20 wt.% of
sugar. The mixture is then sent to the fermenter, R-01 at 32°C, where Saccharomyces
cerevisiae yeasts convert the sugars into bioethanol and CO; according to the following
equation.

CsH1206 — 2C2HsOH + 2CO2 D

In the fermenter, sucrose was converted to ethanol obtaining 10.80 vol.% and 8.25
vol.%ethanol from molasses and SSJ, respectively. In this study, sugar was converted into
ethanol at a sugar consumption rate of 81.7%. The mixture then enters flash separator S-01 to
remove unwanted gases while the remaining stream was heated to 80 °C. After heating,
distillation was performed with two rectification columns (T -01 and T-02). In the former, 20
stages were employed, while the latter used 15. Feeding for the first column occurred at the
17th stage, while for the second column, it was the 9th. From the first column, bioethanol was
obtained with 88.56 vol.% and 51.14 vol.% for molasses and SSJ, respectively.

In the second column, the bioethanol collected from stream ETOH, is ethanol with 95
vol.% purity close to azeotropic bioethanol which is 95.60%. The by-product obtained in the
first distillation unit (vinasse) was considered to be an avoided product. The inputs and
outputs of both the SSJ and molasses employed in this study can be shown in Table 2.

Table 1.
Block description for bioethanol production simulation from SSJ and molasses
Block Equipment Description
M-01 Mixer To mix sorghum stem juice with molasses
R-01 Rstoic To convert raw material to ethanol through fermentation.
S-01 Sep To remove carbon dioxide from the main stream
E-01 Heater To heat the mainstream up to 80 Celsius
P-01 Pump To increase the main stream pressure
T-01 RadFrac To concentrate ethanol up to 51.14 vol.% and 88.56 vol.
%
T-02 RadFrac To concentrate ethanol up to 95 vol.%

Results and Discussion:

Table 2 presents the material balance of the ethanol production process from SSJ and
molasses, as derived from the model simulation. These simulation results were employed as
the primary basis for constructing the life cycle inventory, which constitutes a critical step in
the life cycle assessment framework. The environmental performance of bioethanol
production was evaluated under a cradle-to-gate system boundary, with the functional unit
defined as 1 kg of bioethanol. The assessment was considered under conditions specific to
Thailand in order to ensure regional relevance. Furthermore, electricity consumption was
represented using the Thai national grid mix to account for country specific energy
characteristics.

The impact assessment focused on seven environmental categories identified as
having the highest normalization constants within the ReCiPe 2016 method. These categories
include Global warming potential, Terrestrial ecotoxicity, Freshwater ecotoxicity, Human
noncarcinogenic toxicity, Land use, Fossil resource scarcity, and Water consumption. The
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detailed results of the impact assessment for ethanol production from SSJ and molasses are

presented in Table 3.

=

M-01

C)>—| MOLASSES

Figure 3.
Aspen Plus V.14 flow sheet simulation for the bioethanol production from A. SSJ and B.
molasses

Table 2.

Inputs and outputs of the bioethanol production from molasses and sorghum stem juice (for

functional unit 1 kg of bioethanol)

IE-O-005

Process parameters Unit Molasses SSJ
Input -
Sorghum stem juice kg 11.86
Molasses kg 9.70 2.33
Electricity used kwh 2.33 5.26
Output
Bioethanol kg 1 1
Emission to air
Carbon dioxide kg 8.74E-01 8.68E-01
Emission to water Bioethanol

kg 9.98E-03 3.01E-03
Glucose kg 4.95E-02 5.18E-02
Fructose kg 4.95E-02 4.66E-02
Sucrose kg 5.82E-02 3.36E-02
Carbon dioxide kg 1.61E-07 1.46E-07

When comparing the two scenarios, bioethanol production from sorghum stem juice
(SSJ) was found to have a relatively lower environmental burden across all considered impact
categories. In terms of global warming potential (GWP), the conversion of SSJ to bioethanol
resulted in greenhouse gas emissions of 5.62 kg CO--eq per kilogram of bioethanol, whereas
molasses -based bioethanol accounted for 7.74 kg CO2-eq. This indicates that the global
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warming potential of bioethanol derived from molasses was 27.39% higher than that of SSJ.
The dominant contributors to these emissions differed between the two feedstocks. For
molasses, the major source of impact originated from transportation, as the market dataset
incorporated truck transport over distances which is over 76% of GWP. In contrast, for SSJ,
the principal contributor was electricity consumption. This higher energy demand is
attributed to the relatively lower sugar concentration of SSJ, which requires additional
processing energy to achieve the same ethanol quality and yield as molasses which is over
68%. The Thai electricity grid mix is primarily composed of natural gas, lignite, and hard
coal, all of which are fossil-based sources and thus significantly contribute to the associated
greenhouse gas emissions.

In term of terrestrial ecotoxicity, SSJ-based ethanol production resulted in 5.85 kg
1,4ADCB-eq per kilogram of bioethanol, while molasses-based ethanol accounted for 10.89 kg
1,ADCB-eq. For molasses, the main source of impact was sugarcane cultivation, specifically
fungicide and herbicide application, which contributed 77.47% of the total. For SSJ, the
dominant sources were also agricultural inputs (34.59%) and electricity consumption
(33.85%), highlighting the influence of both farming practices and energy requirements in
this pathway. For freshwater ecotoxicity, SSJ-based ethanol production generated 0.20 kg
1,ADCB-eq per kilogram of bioethanol, compared with 0.30 kg 1,4-DCB-eq for molasses-
based ethanol. In the molasses pathway, sugarcane cultivation was again the primary
contributor (81.61%), largely due to the use of fertilizers, pesticides, and fungicides, which
leach into water bodies through agricultural runoff. By contrast, in the SSJ pathway, the main
source of impact was electricity consumption (50%), reflecting the higher energy intensity of
processing SSJ. In terms of human non-carcinogenic toxicity, SSJ-based ethanol production
resulted in 3.24 kg 1,4-DCB-eq per kilogram of bioethanol, whereas molasses-based ethanol
accounted for 3.44 kg 1,4-DCB-eq. The principal contributor in the molasses case was
sugarcane cultivation (52.87%), again driven by the application of fertilizers, pesticides, and
fungicides, which release toxic residues into soils and water systems. In the SSJ case,
electricity use was overwhelmingly dominant, contributing 89.23% of the total impact.

For land use, SSJ-based ethanol production required 2.41 m?a crop-eq per kilogram of
bioethanol, of which 64.58% was attributed to sugarcane farming and 35.42% to sorghum
cultivation. By contrast, molasses-based ethanol required 6.52 m2a crop-eq, entirely from
sugarcane cultivation. The higher land use in the molasses case is explained by allocation
rules in the Agri-footprint 5.0 database, which reports that one ton of sugarcane yields
approximately 132 kg of sugar and only 31 kg of molasses. Consequently, a substantially
larger amount of sugarcane must be cultivated to obtain sufficient molasses for ethanol
production, leading to higher land use impacts. For fossil resource scarcity, SSJ-based
ethanol production resulted in 1.65 kg oil-eq per kilogram of bioethanol, while molasses-
based ethanol accounted for 2.38 kg oil-eq. The main contributor in the SSJ pathway was
electricity consumption (68.09%), whereas in the molasses pathway, diesel use in sugarcane
cultivation was the largest source of impact (76.43%). Finally, in terms of water
consumption, SSJ-based ethanol production required 0.66 m3 per kilogram of bioethanol,
with the majority of the burden attributed to sugarcane cultivation (72.60%) and the
remainder to sorghum farming. In contrast, molassesbased ethanol required 2.01 m3 per
kilogram of bioethanol, with sugarcane cultivation overwhelmingly dominating the impact
(98.74%).
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Table 3.
Life cycle Impact Assessment of bioethanol from SSJ and molasses

Impact categories Unit Molasses SSJ
Global warming potential kg CO2 eq 7.74 5.62
Terrestrial ecotoxicity kg 1,4-DCB 10.89 5.85
Freshwater ecotoxicity kg 1,4-DCB 0.35 0.20
Human non-carcinogenic toxicity kg 1,4-DCB 3.44 3.24
Land use m?a crop eq 6.52 241
Fossil resource scarcity kg oil eq 2.38 1.65
Water consumption m3 2.01 0.66

To complement the midpoint analysis, the assessment was extended to the endpoint
(single-score) level, which provides a more comprehensive perspective on environmental
damages. At this level, impacts are aggregated into three areas of protection which are human
health, ecosystems, and resource availability, yielding indicators that are more directly
interpretable in relation to societal and ecological concerns.

The single-score life cycle assessment (LCA) results are presented in Figure 4 and
expressed in milliPoints (mPt). The findings indicate that the total environmental impact of
ethanol produced from SSJ was 161.61 mPt, compared with 243.87 mPt for ethanol derived
solely from molasses, demonstrating the lower overall burden of the SSJ pathway. When the
impact categories are considered individually, the SSJ pathway consistently exhibited lower
impacts across all categories. In the human health category, ethanol from SSJ accounted for
129.94 mPt, representing a reduction of approximately 28% compared to molasses-only
ethanol (180.17 mPt). With respect to ecosystems, the SSJ route generated 26.17 mPt, which
is nearly 51% lower than the 53.43 mPt associated with the molasses-only system. In terms of
resource availability, the SSJ based scenario reported 5.50 mPt, compared to 10.27 mPt for
molasses alone, reflecting a 46% decrease.

300
250
200

150

mPt

100

50

SSJ Molasses

Human health Ecosystems Resources

Figure 4.
Endpoint single-score results for bioethanol from SSJ and molasses

The endpoint results per impact category are summarized in Figure 5. For global
warming, ethanol from SSJ accounted for 74.68 mPt, which is considerably lower than the
102.86 mPt observed for molasses-only ethanol. Similar improvements are seen in terrestrial
ecotoxicity, where SSJ resulted in 0.037 mPt compared with 0.069 mPt for molasses, and in
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freshwater ecotoxicity, where the values were 0.077 mPt for SSJ and 0.136 mPt for molasses,
confirming the reduced toxic emissions from the SSJ pathway. In terms of human
noncarcinogenic toxicity, both systems show comparable outcomes, with 9.34 mPt for SSJ
and 9.91 mPt for molasses. A substantial difference is evident in land use, where the SSJ
pathway reported 11.94 mPt, less than half of the 32.35 mPt associated with molasses. For
fossil resource scarcity, ethanol from SSJ yielded 5.48 mPt, compared to 10.23 mPt for
molasses, representing a reduction of nearly 47%. Water consumption also reflected this
trend, with SSJ requiring 1.61 mPt compared to 2.26 mPt for molasses.

180
160

140
® Freshwater ecotoxicity

120 Toter :
Water consumption

100 Fossil resource scarcity

mPt

80 Land use

Human non-carcinogenic toxicity
60 . .
H Terrestrial ecotoxicity

40 Global warming

SSJ Molasses

Figure 5.
Endpoint single-score results per impact categories for bioethanol from SSJ and molasses

Conclusion:

The comparative life cycle assessment demonstrated that using sorghum stem juice (SSJ) as a
co-feedstock with molasses improves the overall sustainability of bioethanol production. At
the inventory level, SSJ ethanol required more raw material input and higher electricity
consumption compared with the molasses-only pathway. However, because sorghum is a
more environmentally favorable feedstock than molasses, the higher input demand did not
translate into greater impacts. At the impact assessment level, SSJ ethanol consistently
outperformed molasses ethanol, with the global warming potential decreasing from 7.62 to
5.62 kg CO:-eq/kg at the midpoint level. Endpoint results confirmed these advantages,
showing reductions in global warming from 102.86 to 74.68 mPt. The total environmental
impact of SSJ ethanol was 161.61 mPt, compared to 243.87 mPt for molasses ethanol.
Overall, the results indicate that incorporating sorghum stem juice as a co-feedstock with
molasses leads to substantial reductions in environmental burdens, with the most pronounced
improvement observed in the ecosystem damage category. These findings highlight the
environmental benefits of valorizing sorghum stem juice in ethanol production and underline
its potential as a sustainable feedstock that can significantly enhance the performance and
resilience of bioethanol supply chains.
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Abstract:

Cassava pulp (CP), a major agro-industrial byproduct of cassava starch processing in
Thailand, contains high residual organic matter, making it a potential feedstock for anaerobic
digestion. However, much of its starch is trapped within the lignocellulosic cell wall, which
limits biodegradability. This study investigated two pretreatment strategies to improve CP
conversion: (a) liquid hot water (LHW) under optimized conditions, and (b) microbial
hydrolysis and fermentation of starchy lignocellulose using Clostridium manihotivorum CT4"
(CT4T), both aimed to disrupt the cell wall structure of CP and solubilized hemicellulose and
starch into saccharides as well as enhancing volatile fatty acids (VFAs) production for
biomethane generation. Under the selected optimum LHW condition (186.67 °C and 6.97
min), glucose was released at 444 mg/gTS-CP, along with detectable amount of galactose,
xylose, L-arabinose and mannose. Inhibitory compounds, including furfural and
hydroxymethylfurfural, were presented only at low concentrations (0.031 and 0.032 g/L,
respectively). Biochemical methane potential tests of LHW-pretreated CP showed a
biomethane yield of 328+2.59 mL/g VS and substrate degradation efficiency of 75.0+2.28%,
representing a 35% improvement over untreated CP and reducing the anaerobic digestion
time from 22 d to 10 d. These results demonstrated that LHW was an efficient, chemical-free
pretreatment for enhancing CP biodegradability. In the biological pretreatment, CP hydrolysis
and fermentation by CT4T found only low sugar accumulation (0.21-0.24 mg/mL) but
generated substantial yields of acetic acid (0.24-0.28 g/g VS) and butyric acid (0.29-0.32 g/g
VS). Subsequent methanogenesis, initiated with a syntrophic-methanogenic consortium and
fed with the VFAs-rich leachate, biomethane yielded of 325+3.94 mL/g VS, with a substrate
degradation efficiency of 66.8+£1.79%; a 30% improvement compared to untreated CP. Both
LHW and CT4T effectively disrupted the CP cell wall, releasing starch that was readily
utilized and completely degraded. These pretreatment strategies significantly enhanced CP
conversion to biomethane in a shorter time than non-pretreated CP. Overall, LHW and CT4"
provide environmentally friendly and promising approaches for accelerating and improving
biomethane production in the cassava starch industry.

Keywords: Biological hydrolysis, Biomethane, Cassava pulp, Clostridium manihotivorum
CT4", Liquid hot water, Pretreatment

Introduction:

The increase in global cassava demand cause Thailand, the world's biggest cassava supplier,
try to fulfill the market demand by increasing cassava production. This means that increased
cassava production will also increase waste generation from the manufacturing process. In
2019, the cassava-starch product manufacturing process in Thailand (5.12 million tons) was
reported to annually generate two types of waste, including wastewater (21 million m®) and
cassava pulp (CP) (9.5 million tons). The wastewater is being used directly by the
cassavastarch factories with a biogas integrated system in Thailand for biogas generation,
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while the high solids content in CP causing this waste requires special management to avoid
pollution in the environment [1].

In order to implement the circular economy concept declared by the Thailand
Government in the cassava starch industry aiming to combat the environmental issues
associated with cassava waste, finding an effective strategy to manage CP waste would be
promising. CP waste is mainly generated from cassava-starch industries with high residual
organic content remnants. The residual organic content in CP is 60-75% starch, 4-15%
cellulose, 4-5% hemicellulose, 1-3% lignin, 1-2% protein, 0.1-0.2% lipids, 2-12% ash, and
117% other materials [1]. Thus, it can be potentially used as biogas production feedstock that
can further contribute to waste reduction, environmental improvement, and reduction in
greenhouse gas emissions.

The main residual compound of CP is starch. However, this residual starch is in the
form of starch granules entrapped inside the plant cell wall, namely lignocellulosic material
that is recalcitrant to degradation [2]. Therefore, to achieve maximum digestion of CP, it is
important to degrade the lignocellulosic plant cell wall to further release the starch for
enzymatic digestion. In addition, being known as one of the easy compounds to be
enzymatically degraded by microorganisms, high starch content might cause a limitation in
anaerobic digestion (AD). In addition, due to the presence of lignocellulose and high starch
content in CP, parallel limitations might be caused if it is used as the biogas production
feedstock. The effective AD technology of CP can be obtained if the lignocellulose material
that limits hydrolysis of microbial contact with the main organic residue is successfully
degraded. Therefore, starch granules can be released freely and further utilized by
microorganisms to produce organic acids. This means that AD technology that can enhance
lignocellulose degradation is required. There are several techniques for enhancing the
hydrolysis of lignocellulosic materials in AD, such as using pretreatment methods based on
physical, chemical, and biological techniques [3]. Physical and chemical-based techniques
are highly effective in hydrolyzing lignocellulose; these techniques require high operating
costs and generate other types of waste that may harm the environment. Biological-based
techniques have gained more attention in developing AD technology, which is cheaper and
safer for the environment. The promising physico-chemical and biological-based strategies to
enhance break down lignocellulosic plant cell wall, there were only a few pretreatment
methods that had potential as cost effective and applied on an industrial scale. These methods
were liquid hot water (LHW) and biological pretreatments [4]. The effective microbial
consortia that specialize in AD of cellulosic waste, Clostridium species, are particularly
notable because they can degrade into a broad range of substrates, from 15-3"9 generation
(starch crops, lignocellulosic biomass, and C1 grasses) [5]. Mulyawati et al. [6] found
Clostridium butyricum-rich microbial consortium able to degrade rice straw which is high in
lignocellulosic content for up to >80% degradation. This versatility highlights their potential
as robust microbial candidates for biorefinery applications. Additionally, Clostridium
manihotivorum CT4" is a mesophilic anaerobic bacterium isolated from the cassava landfill
soil. It produces a complex enzyme mix amylolytic, hemicellulolytic, cellulolytic, and
pectinolytic that enables CP degradation, generating acetic acid (AA) and butyric acid (BA),
ethanol, propionate (PA), CO2, and H> as major fermentation end-products [7].

Therefore, this study conducted two strategies of LHW and microbial pretreatments of
CP for biomethane production. The selected optimization of LHW pretreatment in CP to
disrupt the cell wall structure, solubilize starch, and recover produced sugars at 187 °C for 7
min was used and then biochemical methane potential assay of LHW pretreated CP and
nonpretreated CP was also studied. Next biological strategy is carried out by separating the
first step for hydrolysis and acidogenesis using a lignocellulolytic bacteria, Clostridium
manihotivorum CT4T, and the second step for acetogenesis and methanogenesis.
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Furthermore, the result of this study will become a promising AD technology for massive CP
waste minimization and biomethane as renewable energy production.

Methodology:

Cassava Pulp Characterization

The fresh CP used in this study was obtained from a cassava-starch factory in Chonburi
Province, Thailand. The fresh CP was immediately homogenized before being stored at a
cold temperature. Prior to use for the experiment, the fresh CP was dried in a
laboratorystandardized oven at 50°C for 48 h and until the moisture content was below 10%.
The dried CP was ground with mortar and pestle and then sieved through the mesh no.10
sieve (2.0 mm in size). The dry CP was then stored at room temperature (30-35°C). The CP
was also characterized based on standard methods. These parameters were total solids (TS),
moisture content, and volatile solids (VS) [8] including starch content [9] as well as cellulose,
hemicellulose, and lignin contents [10].

Pretreatment

Liquid hot water and C. manihotivorum CT4T were used to break down lignocellulosic cell
wall to release free starch granules with solubilization and hydrolysis/fermentation,
respectively.

Liquid hot water

The selected optimum condition for pretreatment was used at temperature of 186.67 [1C and
reaction time of 6.97 min from previous research study [2]. LHW pretreatment with loading
1.5% VS of CP was conducted in mini benchtop reactor (Parr Instruments, Moline, USA).
The pressure was set as saturated vapor pressure at a specific temperature by N2 gas with a
vertical shaking system at 500 rpm. The heating jacket elevated the temperature inside the
reactor with a heating rate of 10 °C/min. After reaching the targeted temperature and time of
reactions, the cooling coil was applied to instantly terminate the heating process and rapidly
decrease the temperature. Solid residue and clear hydrolysate fraction of the pretreated CP
were separated by filter paper (Whatman No.1). The clear hydrolysate was collected for
sugar composition analysis. The presences of inhibitors, such as furfural and
hydroxymethylfurfural, which were probably generated during the pretreatment, were also
observed. The solid residual fraction was analyzed for its starch content, lignocellulosic
composition, and morphology of biomass structure. Scanning electron microscope (SEM)
was used to reveal morphology and the disruption of the intact biomass structure. The results
analyzed would be compared to non-pretreated CP.

Clostridium manihotivorum CT4"

C. manihotivorum CT4T (CT47) is a novel lignocellulolytic species isolated from the soil of
cassava landfill. CT4" was obtained from the Thailand Bioresource Research Center (TBRC).
The microorganism was cultured anaerobically in an anaerobic chamber (Bactron Anaerobic
Chamber: Model I, USA) at 37 °C in basal medium 7 using glucose as a carbon source for
activating inoculum. When the optical density (ODsoo) reached 0.9-1.1, 5% (v/v) CT4T
exponential phase culture and supplemented with 1.0 and 1.5% VS of dried CP in the basal
medium. Hydrolysis and fermentation were conducted at 37 °C for 6 d, and biomass
degradation and volatile fatty acids (VFAS) production were measured [7]. The BM7 medium
containing 1.5 g/L KH2POg4, 2.9 g/L KHPOs, 2.1 g/L Urea, 4.5 g/L yeast extract, 0.5 g/L
cysteine-HCI, 0.001 g/L Resazurin, and 200 pL. of a mineral solution containing 25 g/L
MgCl2.6H0, 375 g/L CaCl2.2H20, and 0.3 g/L FeS04.6H20.
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Biochemical methane potential (BMP) analysis

After CP pretreatment with LHW and CT4', the pretreated samples were carried out to
determine BMP. In this experiment, two fractions such as clear hydrolysate and solid residual
fraction from pretreated CP with LHW and CT4" were also analyzed for their BMP.
Nonpretreated CP was used as a control treatment. BMP assay was conducted with a working
volume of 80 mL and the inoculum-to-substrate (ISR) used in this experiment was 1:1, which
was identified as the suitable ratio based on a previous study [11]. The bottles were flushed
with N2 gas for 10 minutes for anaerobic conditions before being incubated at mesophilic
temperatures (37 °C). The initial pH was adjusted to pH 7.0 using NaHCOs, and this
experiment was performed in triplicates. Biogas production and composition were
determined by liquid displacement method and gas chromatography (GC) with a thermal
conductivity detector (TCD) [11].

Statistical Analysis

All quantitative data obtained was statistically analyzed using analysis of variance of
ANOVA followed by the Tukey Test to compare the significance of different. The data was
presented as the mean and standard deviation. The threshold for statistical differences was set
atp <0.05.

Results and Discussion:

Characterization of cassava pulp

Fresh CP resembles starchy biomass with 21.4% TS and 78.6% moisture; it was
characterized by high organic content (98.3% VS) and a starch-rich composition (47.9%
starch) with 20.9% cellulose, 8.1% hemicellulose and 3.4% lignin. It was also observed that
CP mainly contained 76.9% (dry basis) of carbohydrate polymer, especially starch and
lignocellulosic components.

Cassava pulp pretreatment

Liquid hot water

The selected optimum condition for CP pretreatment was carried out at 187 [1C for 6.97 min.
The remaining solid residue after LHW pretreatment was approximately 22% TS. SEM
revealed the structural morphologies of pretreated CP compared with non- pretreated CP as
shown in Figure 1. For non-pretreated CP, starch granules were trapped inside the plant cell
wall. Smooth surface without disruption of the cell wall was observed (Figure 1a). However,
no entrapping starch granules were observed in the cell wall of pretreated CP due to the
gelatinization of starch. SEM illustrated the appearance of disruption and breakdown of an
intact cell wall structure of pretreated CP (Figure 1b).
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Figure 1.
The morphologies of the solid residues from a) non-pretreated CP at 1000x magnification and
b) pretreated CP under optimum condition at 187 °C for 7 min at 500x magnification.

Starch, cellulose, hemicellulose, and lignin contents in solid residue before and after
CP pretreatment were shown in Figure 2. Starch and hemicellulose were mostly removed
from pretreated CP residue compared with non-pretreated CP, in which it was reduced from
47.9 to 0.1% and 8.1 to 1.7% (based on TS of non-pretreated CP), respectively. Starch and
hemicellulose are highly hydrolyzed from pretreated CP into an aqueous phase. However,
cellulose and lignin were partially hydrolyzed from pretreated CP. Cellulose and lignin were
slightly reduced from 20.9 to 14.2% and 3.4 to 2.2%, respectively.

o

- Nom-pretrested CF - O LHW peetreased CP

% dry basis of mon-pretreated CF
S

TZ' IIIL.T

Solid remaining | Saarch Cellluloss Hemicellulose l Lignin

Flgure 2.
Starch, cellulose, hemicellulose and lignin content in solid residue comparing to non-
pretreated CP.

In clear hydrolysate fraction after pretreatment of CP, most sugar in form of
disaccharides were observed maltose at 4 mg/g VS and monosaccharides form as glucose,
xylose, galactose, L-arabinose, and mannose were found at 4, 2, 4, 9 and 2 mg/g VS,
respectively. The total amount of glucose was 444 mg/g VS. The amount of solubilized
glucose in the clear hydrolysate was calculated as 78% of total glucose in CP. Glucose in the
clear hydrolysate was mostly hydrolyzed from starch (99.8% reduction). The amounts of
furfural and hydroxymethylfurfural at optimum condition were 31 and 32 pg/mL,
representing to 0.53 and 0.52 mg of FF and HMF per 1 g of pretreated CP, respectively. It
was noticed that furfural and hydroxymethylfurfural in this pretreatment was lower than an
inhibitory effect of FF and HMF on fermentative microorganisms presenting at a
concentration of more than 1 mg/mL [12].

© The 37" Annual Meeting of the Thai Society for Biotechnology and International Conference (TSB2025)

IE-O-011

139



TSB:2035

in Action

Clostridium manihotivorum CT4"

The degradation efficiency of CP based on VS removal by microbial CT4" pretreatment was
measured. At 1.0 and 1.5 %VS CP concentration, CP removal was 66.8-69.5%. Starch was
completely utilized within 96 h, while hemicellulose and cellulose were hardly degradable
compared to starch (Table 1).

IE-O-011

Table 1.
Substrate degradation rate on different starch concentration of CT4"
Concentration (%VS) Substrate degradation efficiency (%)
CP Starch Cellulose Hemicellulose
1.0 69.5 99.6 47.4 94.0
15 66.8 99.2 39.6 55.5

Table 2 summarizes the degradation rate by CT4" in CP as carbon source. The CP
degradation rate was 0.0726-0.0834 g/L.h. In addition, degradation rate of existing substrate
components in CP as the term of starch CP (0.0581-0.0759 g/L.h) was higher than cellulose
(0.0041-0.0052 g/L.h) and hemicellulose (0.0025-0.0039 g/L.h) in CP approximately
14.214.6 times and 19.5-23.2 times, respectively. Degradation rate of starch in CP was higher
than cellulose and hemicellulose in CP due to the CP mainly comprise of 37.43% starch
content (dry basis) following of 24.6% cellulose and 12.63% hemicellulose. Hydrolysis of
starch occurs more rapidly due to its simpler polymeric structure and the presence of
amylolytic enzymes.

Table 2.
Degradation rate by CT4" in CP as carbon source
CP concentration CP uptake Starch uptake cellulose hemicellulose
(%VS) (g/L.h) (9/L.h) uptake uptake
(g/L.h) (g/L.h)
1.0 0.0726+0.002  0.0581+0.003 0.0041+0.0002 0.0025+0.0001
1.5 0.0834+0.003  0.0759+0.003 0.0052+0.0002 0.0039+0.0002

To investigate physical structure changes of CP after pretreatment by CT4T,
nonpretreated and pretreated CP were analyzed by SEM. Figure 3a shows the rigid surface
structure of non-pretreated CP, in which starch granules of CP are entrapped in the fibrous
matrix containing the cellulose microfibrils embedded in the cross-linked hemicelluloselignin
matrix [13], hindering their extraction and degradation. After hydrolysis of CP by the CT4"
for 72 h, the fibrous structure was disrupted and loosened by the action of the enzyme from
CT4" (Figure 3b). The degradation of the fibrous cell wall matrix resulted in the release of
intact starch granules, allowing starch-degrading enzymes to access and degrade the starch
granules.
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Figure 3.
Surface structures of non-pretreated CP (a) and pretreated CP with CT4" for 72 h incubation
(b) using scanning electron microscopy

CP hydrolysis and fermentation by CT4" resulted in only low sugar concentrations
(0.21-0.24 mg/mL), as the sugars were utilized by the bacteria for cellular growth and
maintenance through oxidation—reduction reactions, leading to the production of VFAs
during fermentation. From Table 3 summarized the specific production rate and production
yield of the major product including acetic and butyric acids. The estimated VFA production
rate of CP for AA and BA were 0.0089-0.0093 and 0.0115-0.0120 g/h; and VFA Yyield for
both acids were 0.2432-0.2805 and 0.2928-0.3225 g/g VS, respectively. The H, production
rate and yield of CT4" achieved was 12.26-19.85 mL/h and 174-193 mL H./g VS,
respectively (Table 4). Comparison to C. lentocellum Cel10 [14] could utilize CP to generate
H>, and the H. yield reached 91 mL H./g VS.

Table 3.
Maximum concentration of end product by CT4T in cassava pulp as carbon source
CP concentration CPremoval  VFA production e (g/h) VFAvyield VS)BA
(%VS) (%) rat BA (9/g
AA AA
1.0 69.58 0.0089 0.0115 0.2432 0.2928
1.5 66.8 0.0093 0.0120 0.2805 0.3225
Table 4.
H, yield and kinetics coefficient of CT4" on various cassava pulp concentration
CP concentration (%VS) H2 yield (mL H2/g VS) H2 production rate (mL/h)
1.0 174.12 12.26
1.5 192.96 19.85

Biogas and methane production from pretreated CP

Liquid hot water

Pretreated CP contained two fractions of solid residue (SR) and clear hydrolysate (CH). In
this study, pretreated CP named mixture (MX), SR, and CH at optimum condition were
observed for their BMP. The cumulative biomethane production obtained from the AD of
those pretreated CP and non-pretreated CP were monitored during the 60 d experimental
period as illustrated in Figure 4. During 10 d of the initial stage, higher cumulative
biomethane production from MX was observed (112 NmL) compared with non-pretreated CP
(87 mL). The methane content of MX was sharply increased up to 61.2%, while
nonpretreated CP was at 55.2%. After 10 d of incubation time, biomethane production from
MX was slightly increased and reached a steady state, while that from non-pretreated CP still
sharply increase until to d 22 and then slightly increased. The cumulative biogas and
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biomethane production at d 60 of MX were 247 and 133 mL, while those of non-pretreated
CP were 238 and 123 mL, respectively. Methane yields of CH, SR, and MX were 216, 70,
and 328 mL/g VS within 10 d, respectively, while non-pretreated CP was 243 mL/g VS
within 22 d.

The methane yield from LHW pretreated CP at 187 °C for 6.97 min was 35% higher
than non-pretreated CP. Several literature searches were reported that the highest reducing
sugar and maximum methane yield were obtained from LHW pretreatment of corn stove [15],
Sida hermaphrodita [16], sugarcane press mud [17], and poultry slaughterhouse waste sludge
[18]. LHW pretreatment, also known as hydrothermal or autohydrolysis processing, is a
chemical-free method that minimizes equipment corrosion and operates over short reaction
times. Hydronium ions generated through water autoionization act as a weak acid to disrupt
lignocellulosic structures, promoting cell wall breakdown and starch solubilization. This
approach enables high total sugar recovery with low inhibitor formation, thereby improving
substrate degradability and enhancing biomethane production in AD [19-20].

b 140 4
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80

ethane production (NmL)

40

mulative mq

0 10 20 30 40 50 60
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Figure 4.
Comparison of cumulative biomethane production from non-pretreated and pretreated CP as
solid residue, clear hydrolysate, and mixture

Clostridium manihotivorum CT4T

Leachate from CT4T pretreated CP containing AA (0.56-1.22 g/L) and BA (1.10-1.40 g/L)
was determined for potential of biogas and biomethane production by adding
syntrophsmethanogens. The result was shown in Figure 5. The leachate from CT4" exhibited
high accumulated biomethane production (120 mL) and 80% biomethane composition
(Figure 5a). Over 6 d, the accumulated biogas and biomethane yields were 409 and 325 mL/g
VS, respectively, with COD removal efficiency of 90% (Figure 5b). Biomethane yield from
CT4T was compared with non-pretreated CP (NP-CP).
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Figure 5.
Biogas production and composition (a) and gas yields (b) from CT4" pretreated CP

Two consecutive batch incubations with NP-CP, NP-CP1 and NP-CP2, were
determined biomethane production in 7 d. Over 7 d, the accumulated biomethane and carbon
dioxide yields obtained from NP-CP1 and NP-CP2 were 221 and 250 mL/g VS, 131 and 150
mL/g VS, respectively. CP removal efficiency approached completely CP degradation
(Figure 6). It was illustrated that CT4"T pretreatment of lignocellulosic CP feedstock
promotes to increase biomethane yield by 30% compared with non-pretreated feedstock.
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Figure 6.
CP removal and biogas yield of non-pretreated CP

Biological pretreatment with CT4T provides a low-energy, cost-effective alternative
for CP processing. CT4T possesses a broad enzymatic profile, including amylolytic,
cellulolytic, hemicellulolytic, and pectinolytic activities, enabling effective in situ
degradation of starch, cellulose, and hemicellulose [7]. During pretreatment, CT4'
hydrolyzes complex polysaccharides into soluble sugars and VFAs, which can serve as direct
substrates for methanogens in the subsequent AD stage.

The choice between LHW and CT4T pretreatments involves a trade-off. LHW can
rapidly enhance biomethane yields but demands high energy input and capital investment.
CT4T pretreatment is slower but more cost-effective, environmentally friendly, and produces
intermediate products (VFASs, Hy) that allow for flexible biorefinery integration. A promising
future direction could be hybrid pretreatment, where mild LHW condition will be applied to
disrupt biomass structure, followed by CT4" fermentation to further hydrolyze carbohydrates
and initiate VFAs production before methanogenesis. This could be balanced with the
advantages of rapid substrate accessibility from LHW with the cost-effectiveness and product
diversification of biological pretreatment.
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Comparison methane production from LHW and CT4T pretreatment

At a CP concentration of 1.5% VS, LHW and CT4T pretreatments achieved nearly complete
starch degradation (99.8+£0.05% and 99.2+0.03%, respectively). However, LHW pretreatment
resulted in higher CP (75.0+2.28%) and hemicellulose (78.8+£0.73) degradation compared to
CT4" pretreatment (66.841.79% and 55.5+0.83%, respectively), whereas cellulose
degradation was slightly higher with CT4T (39.6+0.42%) than with LHW (32.3%0.62%).
Despite these variations, methane yields were comparable between the two methods
(328+2.59 vs. 325+£3.94 mL/g VS), indicating that both pretreatment strategies effectively
enhanced biogas production from CP as illustrated in Table 5.

IE-O-011

Table 5.
Substrate hydrolysis in CP by LHW and CT4T
CP concentration Substr ate tion efficiency (%) Methane yield
(%VS) CP degrada Cellulose Hemicellulose  (mL/gVS)
Starch

LHW pretreatment method

15 75.0+2.28  99.840.05 32.3+0.62 78.8+0.73 328+2.59
CT4T pretreatment method

1.5 66.8+1.79  99.240.03 39.6+0.42 55.5+0.83 325+3.94

Conclusion:

Both pretreatments of lignocellulosic CP by LHW and CT4" with free chemical usage prior
to bioconversion into biomethane illustrated that these effective pretreatment methods
enhanced to break down cell wall plant and release free starch granules, which easily
hydrolysis to glucose. After pretreatments, starch and hemicellulose were greatly removed
from CP, while cellulose and lignin remained in the solid residue. The increasing of soluble
sugar and by- products (AA and BA) especially from CT4" pretreatment in hydrolysate and
more disruption in the lignocellulosic matrix of a cell wall structure from these pretreatments
resulted in higher biomethane production yield and maximum biomethane production rate
comparing to non-pretreated CP. It was noticed that these pretreated CPs accelerated higher
production of biomethane within a shorter time compared with non-pretreated CP. Moreover,
biotransformation of CP into biomethane through pretreatment of LHW and CT4T requires
minimum operational cost and produces high-economy products while minimizing
greenhouse gas emissions to the atmosphere. This next-generation CP waste pretreatment and
utilization will be good application in the future by contributing to sustainable development
goals.
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Abstract:

Alachlor is a chloroacetanilide herbicide used to control broad leaf weeds and annual grasses
in agricultural crops such as corn, soybean, and sorghum. Due to its intensive application,
alachlor has been detected in soil and water resources worldwide at concentrations exceeding
safety limits. In Saccharomyces cerevisiae, prolonged exposure to alachlor has been reported
to result in increased reactive oxygen species (ROS) accumulation and the activation of
antioxidant defenses. This study aimed to investigate the protective potential of three Thai
medicinal extracts, namely Cissus quadrangularis L. (CQ), Moringa oleifera Lam (MO) and
Mucuna pruriens (L.) DC. (MP), in alleviating alachlor-induced oxidative stress. Yeast cells
exposed to alachlor and supplemented with ethanolic CQ, MO, or MP exhibited significantly
enhanced growth compared with untreated controls. Moreover, all three extracts markedly
decreased intracellular ROS levels compared with untreated controls, reflecting strong
antioxidant capacity. These findings indicate that ethanolic extracts of CQ, MO, and MP play
a protective role against alachlor-induced oxidative stress, likely through their antioxidant
and cytoprotective properties. Overall, our results highlight the potential of these Thai herbal
extracts, particularly in ethanolic form, as natural candidates for mitigating herbicide-induced
oxidative damage.

Introduction:
In recent decades, the extensive use of pesticides in industrial agriculture has raised serious
concerns regarding the environment, food safety, and human health. Approximately 2 million
tons of pesticides are applied globally each year, and this number is expected to increase in
the next few years®. Moreover, according to the Food and Agriculture Organization (FAO),
the proportion of herbicides in global pesticide consumption has increased rapidly, reflecting
a 53% increase. Among them, alachlor [2-chloro-2',6'-diethyl-N-(methoxymethyl)-
acetanilide], a chloroacetanilide herbicide widely applied for pre-emergent control of grasses
and broadleaf weeds, is particularly concerning due to its persistence in soil and groundwater.
Many studies suggest that alachlor disrupts key metabolic pathways in plants by inhibiting
protein, lipid, gibberellin, and terpenoid biosynthesis, thereby reducing anthocyanin, lignin,
very-long-chain fatty acids, and essential amino acids 24,

Alachlor has been classified by the United States Environmental Protection Agency as
a probable human carcinogen, and epidemiologic studies have linked its exposure to
increased risks of lymphohematopoietic cancers, laryngeal cancer, and myeloid leukemia®®.
In the eukaryotic model Saccharomyces cerevisiae, prolonged exposure to alachlor induced
intracellular ROS accumulation. To cope with the alachlor-induced oxidative stress, S.
cerevisiae relied on cytosolic Cu/Zn-SOD as its primary defense, with glutathione as
compensatory protection, especially when enzymatic antioxidant defenses are compromised”.
Many plants are rich in natural antioxidants and have been used for medicinal purposes since
ancient times. Their main antioxidants, including polyphenols, vitamins and carotenoids,
have been shown to effectively mitigate oxidative stress induced by pesticides®®. Therefore,
this study aims to investigate the protective role of three Thai herbal extracts, namely C.
qguadrangularis (CQ), M. oleifera (MO) and M. pruriens (MP), against alachlor-induced

© The 37" Annual Meeting of the Thai Society for Biotechnology and International Conference (TSB2025)
146



// .

TSB 2025

n Action

oxidative stress in the eukaryotic model S. cerevisiae. Specifically, spot susceptibility assay
was performed to examine the effects of these extracts on the growth of wild-type yeast cells
under alachlor stress. In addition, the reactive oxygen species (ROS) levels were also
measured to evaluate the ability of the extracts to alleviate oxidative stress induced by
alachlor.

Methodology:

Yeast strains and growth conditions

The wild-type S. cerevisiae strain BY4742 (MATo, his3A41; leu2A0; lys2A0; ura340) was
used in this study. Yeast cells were cultured in YPD medium containing 1% yeast extract, 2%
peptone, and 2% glucose at 30 °C. Agar media were prepared by adding 2% agar.

Preparation of ethanolic extracts

A total of 83.33 g of each dried herb powder was mixed with 500 mL of absolute ethanol and
incubated with shaking at 30 °C for 24 h. After the incubation period, the mixture was
carefully pipetted to separate and retain the supernatant, which contains the ethanol-soluble
fraction, and was kept at room temperature. The ethanolic extract was then evaporated and
dried under reduced pressure to remove the ethanol, resulting in a concentrated extract.
Before use, the dried ethanolic extract was reconstituted in absolute ethanol to achieve final
concentrations.

Preparation of aqueous extracts

A total of 5 grams of each dried herb powder was suspended in 30 mL of distilled water. The
suspension was vigorously vortexed for 1 min to ensure homogenization, followed by
centrifugation at 13,000 rpm for 20 min at 4 °C. The supernatants were filtered through
Whatman No. 42 filter paper to remove residual particulates. The resulting filtrates were
concentrated under reduced pressure using a rotary evaporator and then lyophilized to
dryness. Before use, the dried extracts were reconstituted in sterile distilled water to the
desired concentrations and sterilized by membrane filtration through 0.22 um syringe filters
(Acrodisc®, Pall, USA).

Table 1.
List of Thai herbs used in this study
Name in Thai Scientific name Part
TEEEY Moringa oleifera Lam. Leaves
a3 dasng Cissus quadrangularis L. Aerial parts
Y Mucuna pruriens L. Seeds

Determination of phenolic and flavonoid contents

The total phenolic content was determined using the Folin—Ciocalteu assay. Briefly, 100 pL
of extract was mixed with 100 pL of Folin—Ciocalteu reagent and then diluted with 300 pL of
distilled water. After incubation for 5 min, 500 pL of 8% (w/v) sodium carbonate solution
was added, and the final volume was adjusted to 1.5 mL with distilled water. The mixture
was left at room temperature in the dark for 30 min, after which absorbance was measured at
765 nm using a microplate reader. A standard curve was created using gallic acid (5-500
pHg/mL), and results were expressed as mg gallic acid equivalents (GAE) per g of dried
extract.
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The total flavonoid content was determined using the aluminum chloride colorimetric
method. In this assay, 500 pL of extract was mixed with 500 pL of 2% (w/v) AICls solution
and allowed to react at room temperature for 1 h. The mixture was measured at 420 nm using
a microplate reader. A standard curve was generated using quercetin (5-200 pg/mL), and the
TFC values were expressed as mg quercetin equivalents (QE) per g of dried extract.

DPPH and ABTS antioxidant assays

The antioxidant capacity of the extract was determined using 2,2-diphenyl-1-picrylhydrazyl
(DPPH) and 2,2'-azino-bis-(3-ethylbenzothiazoline-6-sulfonic) acid (ATBS) assays.

For the DPPH assay, 100 pL of extract at various concentrations was mixed with 100 pL of
0.3 mM DPPH solution in ethanol. The mixture was incubated in the dark at room
temperature for 30 min, and the absorbance was measured at 518 nm using a microplate
reader. The antioxidant activity of the sample was expressed as the half-maximal inhibitory
concentration (ICsp).

For the ABTS assay, the ABTS-* radical cation was generated by mixing 7 mM
ABTS solution with 2.45 mM potassium persulfate and incubating the mixture in the dark at
room temperature for 16 h. The ABTS-* solution was diluted with ethanol to an absorbance
of 0.70 £ 0.02 at 734 nm. Next, 20 uL of extract was added to 180 pL of ABTS-* solution
and allowed to react for 6 min at room temperature. Absorbance was measured at 734 nm
using a microplate reader. The antioxidant activity of the sample was expressed as the half-
maximal inhibitory concentration (ICso).

Spot susceptibility assay

Log-phase BY4742 cells (OD600~1) were treated with 1.5mM alachlor in the presence and
absence of 5 mg/mL of plant extracts, and then incubated at 30 °C for 16 h. Subsequently, 1
mL of each condition was collected and centrifuged at 7000 rpm for 5 min, washed twice,
and resuspended in sterile reverse osmosis (RO) water. The cells were then subjected to 10-
fold serial dilution (10°, 10, 102, 103, and 10#) and 2.5 uL aliquots of each dilution sample
were spotted onto YPD agar plates. The plates were incubated at 30 °C for 2 days.

Measurement of ROS level

Intracellular ROS levels were measured using the 2',7'-dichlorodihydrofluorescein diacetate
probe (DCFH-DA; Sigma). Log-phase BY4742 cells (ODsoo ~1) were treated with alachlor in
the presence or absence of plant extracts and incubated at 30°C for 16 h. Cells were then
incubated with 0.1 mM DCFH-DA in the dark for 1 hour prior to harvesting, washed twice
with PBS, and disrupted with glass beads by vortexing for 30 min. Supernatants were
collected by centrifugation at 13,000 rpm for 10 min at 4°C, and fluorescence was measured
using a microplate reader (excitation 490 nm, emission 524 nm). ROS levels were normalized
to protein content and expressed as relative DCF fluorescence.

Results and Discussion:

Antioxidant compositions and free radical scavenging activity

The total phenolic content (TPC), total flavonoid content (TFC) of ethanolic and aqueous
extracts from the three Thai herbs are summarized in Table 2. Among the six extracts,
aqueous M. pruriens (AMP) exhibited the highest TPC (132.08 + 9.64 mg GAE/g DW),
while ethanolic M. oleifera (EMO) showed the highest TFC (16.33 £ 0.41 mg QE/g DW). On
the other hand, aqueous C. quadrangularis (ACQ) had the lowest TPC (4.51 + 0.96 mg
GAE/g DW), and aqueous M. pruriens (AMP) showed the lowest TFC (1.44 £ 0.19 mg QE/qg
DW). Overall, ethanolic extracts (EMP, ECQ, EMO) contained higher levels of both
phenolics and flavonoids compared with their aqueous counterparts, except for AMP, which
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exhibited remarkably high phenolic content. These results suggest that the type of solvent
strongly influences the extraction efficiency of different antioxidant compounds. Ethanol is a
more versatile solvent due to its intermediate polarity, which allows it to dissolve both polar
and non-polar compounds, thereby enabling the extraction of a broader range of
phytochemicals. In contrast, water is a highly polar solvent that is more efficient in extracting
polar molecules®®.

Antioxidant activity of the six extracts was evaluated by measuring the free radical
scavenging capacity against DPPH and ABTS radicals, expressed as the concentration
required to inhibit 50% of radical activity (ICso values), as summarized in Table 2. For DPPH
assay, AMP exhibited the lowest ICso value (0.15 + 0.00), consistent with its high TPC,
indicating strong radical scavenging activity. ACQ showed the lowest activity (ICso = 14.52 +
1.24 mg/mL). A similar trend was observed in the ABTS assay, where AMP displayed the
highest I1Cs0 (0.13 + 0.01 mg/mL), while ACQ showed the lowest activity (ICso = 4.39 £ 0.64
mg/mL). EMO, despite its high flavonoid content, showed only moderate radical scavenging
in both assays (DPPH ICse = 1.16 £ 0.03 mg/mL; ABTS ICso = 1.52 = 0.08 mg/mL),
suggesting that different antioxidant compounds contribute differentially to radical
scavenging mechanisms. Overall, ethanolic extracts generally demonstrated stronger
antioxidant activity than aqueous extracts. These findings provide a basis for the protective
potential of Thai herbal extracts in alleviating herbicide-induced oxidative stress.

Table 2.
Total phenolic and flavonoid contents, and antioxidant capacities (DPPH and ABTS
scavenging activities) of six extracts.

Extract TPC TFC DPPH ICso ABTS ICso
(mg GAE/g DW) (mg QE/g DW) (mg/mL) (mg/mL)
EMP 2418+ 2.9 5.64 £ 0.49 0.87+0.2 0.74 £ 0.07
AMP 132.08 +£ 9.64 1.44+0.19 0.15+0.00 0.13+0.01
ECQ 10.12 +1.16 6.41+0.38 3.26 +0.18 2.34+1.13
ACQ 451 +0.96 1.88 £ 0.05 1452 +1.24 4.39 + 0.64
EMO 25.7+1.12 16.33+0.41 1.16 £ 0.03 1.52 +£0.08
AMO 25.98 + 0.96 6.84 £ 0.35 1.46 +£0.10 1.45+0.13

Ethanolic extracts restore yeast growth under alachlor stress

The effects of six herbal extracts on the growth of S. cerevisiae under alachlor stress are
shown in Figure 1. To evaluate whether the extracts reduce alachlor toxicity, we examined
the growth of wild-type cells incubated with 1 mM and 1.5 mM alachlor in the presence or
absence of 5 mg/mL of each extract. We found that supplementation with ethanolic extracts
markedly restored cell growth at both concentrations of alachlor. On the other hand, the
supplementation of aqueous extracts only slightly improved the growth of wild-type yeast
cells at 1 mM, with minimal effects observed at 1.5 mM. Interestingly, although AMP
contained high levels of phenolic compounds and displayed strong antioxidant activity, it was
unable to recover growth at the higher alachlor concentration. It is likely that its antioxidant
capacity alone could not counteract the cellular damage triggered by severe herbicide stress,
suggesting that other protective mechanisms beyond ROS detoxification are required. These
results suggest that the ethanolic extracts have the ability to protect yeast cells against
alachlor, possibly through their effects on alleviating alachlor-induced oxidative stress. This
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protective effect is consistent with their higher phenolic and flavonoid contents, which are
associated with stronger antioxidant activity.
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Figure 1.

Effects of Thai herbal extracts on yeast cell growth under alachlor stress conditions. The
wild-type (BY4742) cells were incubated in YPD media containing 1 mM or 1.5 mM
alachlor in the presence or absence of 5 mg/mL of each extract (Control) with shaking at 30
°C for 16 h.

Ethanolic extracts reduce intracellular ROS levels during exposure to alachlor

To further investigate the role of ethanolic extracts in inhibiting ROS generation, we
measured the intracellular ROS levels of yeast cells exposed to 1.5 mM alachlor in the
presence or absence of 5 mg/mL of each ethanolic extract. Our results showed that
supplementation with 5 mg/mL of EMP, ECQ, and EMO dramatically reduced the
intracellular ROS levels of alachlor-treated cells to normal levels. This reduction in ROS is
consistent with the improved cell growth observed under 1.5 mM alachlor stress when
supplemented with 5 mg/mL ethanolic extracts.

Previously, it has been reported that alachlor induces oxidative stress indirectly,
primarily as a consequence of its direct effect on protein denaturation’. In this study,
supplementation with 5 mg/mL of EMP, ECQ, and EMO significantly suppressed ROS
accumulation in alachlor-treated yeast cells, indicating their strong antioxidant potential. The
reduction in ROS levels suggests that these herbal extracts help restore redox balance and
protect cells from oxidative damage. Together with the spot assay results, our findings
demonstrate that ethanolic Thai herbal extracts can effectively alleviate alachlor-induced
oxidative stress.
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Figure 2.

Effects of ethanolic herbal extracts on intracellular ROS levels. ROS levels were measured
using the DCFH-DA fluorescence assay. DCF fluorescence intensity of each sample was
normalized to the untreated wild-type cells and expressed as relative DCF fluorescence. Data
represent mean + SD from six independent experiments. Values with different superscript
letters indicate statistically significant differences at P < 0.05.

Conclusions:

Conclusively, our data demonstrate that ethanolic extracts of Mucuna pruriens (EMP), Cissus
quadrangularis (ECQ), and Moringa oleifera (EMO) have stronger free radical scavenging
activity as measured by DPPH and ABTS assays, compared to their aqueous extracts.
Consistent with the antioxidant potential, these extracts markedly restored the growth of
wild-type (BY4742) yeast cells under alachlor stress and brought the intracellular ROS levels
to baseline. Altogether, these observations suggest the protective role of ethanolic Thai herbal
extracts in mitigating alachlor-induced oxidative stress in yeast, thereby providing a
molecular basis for their cytoprotective effects. Nevertheless, further studies are necessary to
elucidate the precise mechanisms underlying this protection.
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Abstract:

Isosorbide is a high-value chemical used in food, pharmaceuticals, and plasticizers,
commonly produced via acid-catalyzed sorbitol dehydration. While homogeneous acid
catalysts are effective, they pose challenges such as corrosion, difficult separation, and
environmental concerns. To address these issues, this study developed a heterogeneous acid
catalyst from sugarcane leaves (SCL). The catalyst was synthesized through carbonization at
500 °C under CO: for 1h, followed by sulfonation at 200 °C for 6 h using concentrated
sulfuric acid. Its physicochemical properties were characterized using CHNS analysis, BET
surface area, acidity, TGA/DTG, SEM, TEM, FTIR, and XPS. The resulting catalyst showed
excellent properties, with a surface area of 154 m?%g, total acidity of 4.18 mmol/g, and
sulfonic acid content of 2.31 mmol/g. Isosorbide synthesis was conducted at 200-240 °C for
6-27h with catalyst loadings of 0-35wt.%. Optimal yield (54.23 mol%) and selectivity
(60.96%) were achieved at 220°C for 21h with 25 wt.% catalyst. Recyclability tests
confirmed the catalyst’s stability and reusability. These findings demonstrate that SCL-
derived biochar is a promising, eco-friendly catalyst for dehydration reactions, advancing
sustainable chemical production.

Keywords: Sorbitol conversion, Agricultural residues, Sugarcane leaf, Double dehydration,
Isosorbide

Introduction:

Isosorbide, also known as Dianhydro-D-glucitol, is a biomass-derived diol produced via
double dehydration of D-sorbitol (1, 2). Recognized as a high-value platform chemical, the
global isosorbide market was valued at USD 413.3 million in 2020 and is projected to reach
USD 700 million by 2027, with a CAGR of 7.9% (3). Owing to its safety, biocompatibility,
and renewable origin, isosorbide serves as a sustainable alternative to petroleum-based diols
in bio-based polymers and pharmaceuticals (2). Despite extensive research on isosorbide
production, homogeneous acids, such as sulfuric acid and p-toluenesulfonic acid, remain the
most commonly used catalysts. However, they present drawbacks including corrosion,
difficult separation, environmental concerns, and lack of reusability(4). Recently,
heterogeneous catalysts supported on biochars (e.g., rice husk, corncob, and cassava rhizome)
have emerged as promising alternatives for dehydration reactions (5, 6). Sugarcane leaves
(SCL), with over 16 million tons of annual surplus in Thailand (7), are a promising feedstock
for biochar production. Their high contents of oxygen, volatile matter, cellulose, and
hemicellulose (8) enable the formation of porous structures during devolatilization and
facilitate the introduction of Brensted acid sites via sulfonation (6). Utilizing SCL not only
adds value to waste but also helps mitigate PM2.5, CO, and GHG emissions from open
burning (9). To the best of our knowledge, this is the first report on using SCL-derived solid
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acid catalysts for sorbitol dehydration to isosorbide. Therefore, this study aims to synthesize a
heterogeneous acid catalyst from SCL and evaluate its efficiency for isosorbide production.

Methodology:

1) Chemicals and Materials

SCL were collected from Phetchabun Province, Thailand. Prior to use, the SCL was oven-
dried at 105 °C for 24 h and ground to a powder with particle sizes ranging from 150 —
600 um. Sorbitol was purchased from Tokyo Chemical Industry Co., Ltd., while isosorbide
(>98%) was obtained from Sigma-Aldrich Co., Ltd. Concentrated sulfuric acid (H2SO4, 98%)
and ethanol (CH3CH2OH) were supplied by Qrec Co., Ltd. (New Zealand). All chemicals and
reagents were used without further purification or pretreatment.

2) Preparation of acid catalyst

Initially, 3 g of SCL was carbonized at 500 °C for 1h under a CO; flow of 100 mL/min.
Then, 1 g of the resulting biochar (CSCL) was sulfonated in 20 mL of concentrated sulfuric
acid at 200 °C for 6 h. The solid product was separated by vacuum filtration and washed
repeatedly with deionized water until the filtrate reached a neutral pH. The final solid was
dried at 105 °C for 24 h to yield the acid catalyst (S-CSCL), which was stored in an amber
glass bottle for further use.

3) Characterization

Untreated SCL was characterized by its lignocellulosic, proximate, and ultimate composition.
The catalyst characterization was performed via several parameters, including acidic density
was measured via an acid-base back-titration, ultimate composition, thermal decomposition
properties, nitrogen sorption properties, and surface morphology. The lignocellulosic, ash,
moisture, and volatile matter (VM) compositions of the SCL were measured via the method
of NREL/ TP-510-42618 (10). The fixed carbon (FC) content was determined by subtracting
the sum of ash and VM contents from 100 %. The ultimate compositions of carbon (C),
hydrogen (H), nitrogen (N), and sulfur (S) contents were measured with an elemental
analyzer. (LECO CHNS 628, LECO, USA). The oxygen (O) content was determined based
on the existing mass fraction without ash content. Thermal decomposition properties were
investigated using a thermogravimetric analyzer (TGA/DTG, NETZSCH STA 449 F5
Jupiter, Germany). Nitrogen sorption isotherms were determined by Belsorp Maxx
(Quantachrome, USA). The specific surface area (SSA) and pore characteristics of the
samples were determined via the Brunauer-Emmett-Teller (BET) equation and the Barrett-
Joyner-Halenda (BJH) model, respectively. Surface chemical functional groups were
identified by Fourier transform infrared spectroscopy (FTIR Thermo Scientific Nicolet 6700,
Thermo Scientific, USA) through KBr method. Elemental chemical states were identified
using X-ray photoelectron spectroscopy (XPS, Kratos Axis Ultra, Kratos, UK).
Morphological features were observed via scanning electron microscopy equipped with
energy dispersive X-ray spectroscopy (SEM-EDS, FEI-Versa 3D) and transmission electron
microscopy (TEM, JEM-1400Flash Electron Microscope, JEOL, USA).

4) Isosorbide production

Isosorbide production was conducted in a 100 mL high-pressure stainless-steel batch reactor.
In a typical batch, experiment, 1 g of sorbitol, 0.25 g of S-CSCL, and 20 mL of ultrapure
water were loaded into the reactor. Reactions were performed at 200 - 240 °C for 6 - 27 h
under 600 rpm continuous stirring, with catalyst loadings ranging from 0 - 35 wt.%. After
reaction completion, the reactor was rapidly cooled to room temperature. The reaction
mixture was filtered, and the solid was washed with ultrapure water and ethanol, then dried at
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105 °C for 24 h for further analysis. Each experiment was conducted in duplicate, with a third
replicate performed if the coefficient of variation (CV) exceeded 10%.

Liquid-phase products were analyzed using HPLC (Shimadzu, Japan). Sorbitol
conversion, isosorbide yield, and isosorbide selectivity were calculated using Egs. (1)-(3) (6),
with isosorbide yield serving as the primary metric for optimizing reaction conditions.

One-way ANOVA (SPSS Statistics v30, IBM, USA) was used to assess the effects of
temperature, reaction time, and catalyst loading on isosorbide yield. LSD post hoc tests were
applied at a significance level of p <0.05 to determine statistically significant differences and
identify optimal conditions.

in Action

Isosorbide yield (mol.%) = (((Isosorbide mass (mol))/(Initial substrate mass (mol))) x 100%

1)
Isosorbide selectivity (mol.%) = (((Isosorbide yield (mol.%))/(Feedstock conversion
(mol.%))) x 100% @)

Sorbitol conversion (mol.%) = (((Initial substrate mass (mol))-(existed substrate mass (mol))/
(Initial substrate mass (mol))) x 100% 3)

Results and Discussion:
1) SCL properties

Table 1.
The SCL composition.
SCL composition Amount
Proximate composition (wt.%) Moisture 9.78
Ash 9.71
VM 65.20
FC 17.50
Ultimate composition (wt.%) C 43.13
H 5.84
N 1.32
S 1.40
o? 38.60
Lignocellulosic composition (wt.%) Cellulose 32.02
Hemicellulose 30.54
Lignin 17.37

& Calculated by subtracting the combined contents of C, H, N, S, and ash from 100%.

The compositions of the raw material in Table 1 reveal that SCL is rich in carbon and
oxygen, suggesting favorable thermal reactivity and a carbon-rich nature. These
characteristics support the formation of a porous structure during carbonization (11), which is
beneficial for catalytic applications. Additionally, the high cellulose and hemicellulose
contents, known to thermally decompose within the 200 — 350 °C range, facilitate the
development of micro- and mesoporous structures, thereby enhancing the material’s
suitability as a support for heterogeneous acid catalysts (2).
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2) Catalyst characteristics

Table 2.
Elemental compositions, acid density, and textural properties of CSCL, S-CSCL,
and 5" S-CSCL

Elemental compositions Total sulfonic Surface

(wt.%) " o properties
Sample name C H N S @) Ash acidity — acidity SSA Pore
(mmol/g  (mmol/g 2

) ) (m“/g) volume

(cm®/g)

CSCL 58.36 294 168 0.05 802 2861 0.60 0.00 6 0.015
S-CSCL 48.72 196 145 144 2449 2185 4.18 2.31 154  0.087
5™ spent S- 67.13 3.07 120 0.88 2194 5 53 2.96 1.20 27 0.034

CSCL

As presented in Table 2, the elemental compositions, total acidity, sulfonic acidity, and
textural properties of CSCL, S-CSCL, and the 5" spent S-CSCL show that carbon was the
dominant element in CSCL. The oxygen and hydrogen contents were significantly reduced
compared to raw SCL due to their volatilization during carbonization, highlighting the
effectiveness of the process in enhancing SCL's potential as a catalyst support. Furthermore,
the nitrogen adsorption—desorption isotherms in Figure 1(a) reveal that S-CSCL exhibits a
Type 1V isotherm with a hysteresis loop, indicative of mesoporous materials (12). The pore
size distribution in Figure 1(b) confirms that most pores fall within the mesoporous range (2—
50 nm). Upon sulfonation, the specific surface area, sulfur content, and sulfonic acidity of
CSCL significantly increased from 6-154m?/g, 0.05-1.44 %, and 0.00-2.31 mmol/g,
respectively (Table 2), confirming the successful introduction of sulfonic acid groups (13).
However, after five catalytic cycles, the spent S-CSCL exhibited reduced surface area
(27 m?/g), sulfur content (0.88 %), and sulfonic acidity (1.20 mmol/g), which may be
attributed to pore blockage by residual organics and acid site leaching during the sorbitol
dehydration process (14).

60+ (a) s+ (b)

2 .

%D 50+ m,muu"'wﬂtnooo:::.:::"’::. A0.4 . .
o oo sosoee? g ;

5 404 oo & | & S-CSCL
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S . g ; —a— CSCL

2 - CSCL 2 " th
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Figure 1.

(a) N2 adsorption desorption isotherm, (b) pore size distribution of CSCL and S-CSCL.
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The thermal stability profiles of SCL, CSCL, and S-CSCL are illustrated in Figure 2.
The SCL shows three primary stages of weight loss. The initial stage, occurring between 50 —
120 °C, corresponds to the evaporation of moisture. The second stage, from 200 — 315 °C, is
associated with the thermal decomposition of cellulose and hemicellulose. The final stage,
observed above 400 °C, reflects the degradation of lignin (15). After carbonization, the CSCL
sample exhibited enhanced thermal stability, as evidenced by reduced weight loss throughout
the entire temperature range. In contrast, the S-CSCL sample demonstrated increased
degradation within the 100 - 400 °C range, with a pronounced DTG peak between 150 -
250 °C. This behavior is attributed to the decomposition of sulfonic acid groups and oxygen-
containing functional groups introduced during the sulfonation process (13).

100
90 - e = wm -t 0
80 - 2
70 I
1 =
2 40 ] F 5 86
] =
30 - = 6 A
20 1 E 7
10 1 - 8
50 250 450 650 850

Temperature (°C)

==TGA-SCL  ==TGA-CSCL TGA-S-CSCL
= DTG-SCL = DTG-CSCL DTG-S-CSCL

Figure 2.
TG and DTG curves of SCL, CSCL and S-CSCL.

The scanning electron microscopy (SEM) images reveal that the surface of S-CSCL
(Figure 3b) became significantly rougher and more fragmented compared to CSCL (Figure
3a) after sulfonation, with clearly visible pore formation. This transformation is attributed to
the corrosive action of concentrated sulfuric acid, which induces microcracks and promotes
the development of fine porosity, consistent with the textural data in Table 2 (16, 17).
Transmission electron microscopy (TEM) of CSCL (Figure 3d) shows a dense, compact
morphology typical of untreated carbon. In contrast, S-CSCL (Figure 3e) exhibits a more
transparent structure, likely due to the introduction of -SOsH groups that modify the carbon
matrix. After five catalytic cycles (Figure 3f), the spent S-CSCL displays increased opacity,
indicating the accumulation of humin, amorphous, carbonaceous byproducts known to clog
catalyst pores. Furthermore, TEM-EDS elemental mapping (Figures 3h-i) confirms the
homogeneous distribution of sulfur across the S-CSCL surface, verifying the successful
incorporation of sulfonic acid groups. Post-reaction analysis of the 5" spent catalyst also
reveals partial pore collapse and aggregation, likely resulting from humin deposition and
acidic leaching during repeated use (18).
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Figure 3.
SEM images of (a) CSCL, (b) S-CSCL, (c) 5" spent S-CSCL; TEM images and sulfur
mapping of (d, h) CSCL, (e, i ) S-CSCL, and (f, j) 5" spent S-CSCL.
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Figure 4.

() FTIR spectra of SCL, CSCL, and S-CSCL and (b) XPS spectra of S-CSCL

Figure 4(a) demonstrates that carbonization effectively removes most oxygenated and
aliphatic functional groups, such as O-H, C-H, and C=0, while enhancing the intensity of
aromatic C=C bands. This shift indicates increased aromatic condensation and improved
structural stability (19), making CSCL a chemically robust support for catalysis. Subsequent
sulfonation introduces strong absorption bands near 1180 and 1040 cm™, corresponding to
S=0 and —SOzH stretching vibrations, respectively, along with a partial recovery of O—H
groups (20, 21). These modifications combine a stable aromatic carbon matrix with high
surface acidity, rendering S-CSCL an efficient solid acid catalyst for biomass conversion.
The XPS spectrum in Figure 4(b) confirms successful sulfonation, as evidenced by an S2p
peak in the range of ~166—170 eV, characteristic of S®* in —SOsH groups (22, 23).
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3) Catalytic performance of S-CSCL in isosorbide production

Isosorbide production from sorbitol was investigated at 200-240 °C for 6-27 h using catalyst
loadings ranging from 0-35 wt.%. As shown in Figure 5(a), increasing the temperature from
200-220 °C significantly enhanced the isosorbide yield and selectivity from 20.80-54.23
mol.% and 44.64-60.96 %, respectively. However, further increasing the temperature to
240 °C slightly reduced the yield and selectivity to 53.08 mol% and 55.74%. Similarly, the
isosorbide yield and selectivity also varied with reaction time. Rising the time from 6-21 h
elevated the yield and selectivity from 7.76-54.23 mol.% and 27.73-60.96 %, but a longer
duration of 27 h led to decreases to 41.94 mol.% and 43.32 % (Figure 5(b)). Catalyst loading
showed a comparable trend, with the yield and selectivity increasing from 0.02-54.23 mol%
and 0.13-60.96% as loading rose from 0-25 wt.%, before declining slightly to 53.12 mol.%
and 59.52 % at 35wt.% (Figure 5(c)). Statistical analysis confirmed that temperature
(F=1721.20), time (F=243.02), and catalyst loading (F=3573.55) significantly affected
isosorbide yield (p <0.001). Post hoc tests indicated no significant differences between 220
and 240 °C or among 15, 25, and 35 wt.% loadings, suggesting a plateau effect. Thus, 220 °C,
21 h, and 25 wt.% were identified as optimal.

The enhanced yield and selectivity are attributed to the double dehydration of sorbitol
via a sorbitan intermediate, promoted by the -SOzH groups on the S-CSCL catalyst. Optimal
conditions (220 °C, 21 h, 25 wt.%) ensured efficient conversion due to increased acid site
density and surface area. Conversely, harsher conditions led to isosorbide degradation and
humin formation, which reduced yield and selectivity (2). Additionally, side reactions under
these conditions produced unwanted byproducts like levulinic acid and polyols, further
decreasing efficiency (24).

Compared to previous studies, this work achieved a comparable yield (54.2 mol%) to
a Ce(IV) sulfate catalyst (55.7 mol% at 180 °C, 6 h, 2 MPa Ny) (25), though lower than the
82.7% vyield reported for a calcium citrate catalyst at 160 °C for 1.5 h (26), attributed to its
superior porosity and acidity. However, from a sustainability standpoint, the S-CSCL
catalyst, derived from agricultural waste, offers environmental benefits such as a potentially
negative carbon footprint. In contrast, calcium citrate is synthetically produced and
contributes more to carbon emissions. While S-CSCL’s performance is slightly lower, its
eco-friendly nature makes it a promising green alternative. Future improvements could target
enhancing its surface area, porosity, and acidity to further boost efficiency.
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Figure 5.
Sorbitol conversion to isosorbide at different (a) reaction temperature (21 h reaction time, S-
CSCL 25wt.%); (b) reaction time (220°C reaction temperature, S-CSCL 25wt.%); ()
Catalyst loading (21 h reaction time, 220°C reaction temperature). The different letters
indicate a significant difference at a = 0.05

4) Recycling test

In this study, the reusability of S-CSCL catalyst was evaluated under optimal reaction
condition (220 °C, 21 h, 25 wt.% catalyst). After each cycle, the spent catalyst was washed
with ethanol and dried prior to reusing. As shown in Figure 6, the catalytic reaction was
repeated over five consecutive cycles. The isosorbide yield remained relatively stable during
the first three runs, declining slightly from 50.56-48.05 mol%, indicating less than a 10% loss
in catalytic performance. However, a significant drop was observed in the fourth cycle, with
the yield decreasing to 28.60 mol%. This decline in activity may be attributed to the
accumulation of humin and polymeric by-products on the catalyst surface, which block active
sites, as well as the gradual loss of —SOsH functional groups essential for the dehydration
reaction (27). Nonetheless, the ability of the S-CSCL catalyst to be reused for three
consecutive cycles while maintaining high catalytic performance highlights its potential as a
sustainable, biomass-derived solid acid catalyst for green chemical processes.
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Figure 6.
Yield and selectivity of isosorbide, and sorbitol conversion after five running. Reaction
condition: 220°C, 21h and 25wt.% catalyst loading.

Conclusion:

Agricultural waste in the form of SCL was utilized as a support material for a heterogeneous
acid catalyst, which was applied to the hydrothermal conversion of sorbitol into isosorbide.
The resulting S-CSCL catalyst achieved a maximum isosorbide yield of 54.23 mol% and a
selectivity of 60.96 mol% at 220°C for 21h with a catalyst loading of 25 wt.%.
Characterization results confirmed that the high density of sulfonic acid groups and the well-
developed porous structure of the biochar support played critical roles in enhancing catalytic
performance. Furthermore, the catalyst demonstrated good reusability, maintaining
significant activity over three consecutive cycles. These findings underscore the potential of
S-CSCL as a low-cost, renewable, and environmentally friendly catalyst for sustainable
isosorbide production.
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Abstract:

Chitin is a crystalline polysaccharide polymer and difficult to decompose. The seafood
industry produces large amounts of chitin waste, which rapidly accumulates in the
environment. Accumulation of the chitin wastes leads to a range of pollutant effects on soil,
water, and air. Chitinases play an important role in industry, agriculture, and the environment.
These hydrolytic enzymes catalyze and degrade chitin materials to produce monomer and
oligomer units. The chitinolytic bacterial isolate Mc_EO5 used in this study was obtained
from the exoskeleton of the termite Microcerotermes sp. and the 16S rRNA gene sequence
analysis revealed that it was closely related to Stenotrophomonas maltophilia. The present
study aimed to improve the chitinase production of the potential isolate using mutagenesis.
The genetic improvement using ultraviolet (UV) irradiation and ethyl methane sulfonate
(EMS) treatment enhanced the chitinolytic ability of bacteria. Based on the 10% survival rate
of bacteria, almost thousand colonies were detected for their chitinase production using point
inoculation on the nutrient agar (NA) supplemented with 1% colloidal chitin. Bacterial
mutants with increased chitinase activity were collected and used for subsequent experiments.
The selected mutants were determined the enzymatic activity using the 3,5-dinitrosalicylic
acid (DNS) method. The mutant E05-UV2 exhibited the maximum chitinolytic activity of
142,30 = 7.31 mU/mL (approximately 170% increased from wild-type) after 96 h of
incubation, while the mutant EO5-EMS2 exhibited the maximum chitinolytic activity of 85.45
+ 2.44 mU/mL (approximately 62% increased from wild-type) after 72 h of incubation. The
result indicated that UV mutagenesis was effective for increasing the chitinase activity of S.
maltophilia. Moreover, all treatments with UV irradiation showed significantly higher
efficiency than those of EMS mutagenesis. The present study successfully improved the
chitinolytic activity of the isolated termite gut bacterium, S. maltophilia, through
mutagenesis. The resulting mutants and their chitinases provide valuable potential for
applications in biotechnology and environmental bioremediation.

Introduction:

The increasing volume of industrial waste is generated annually in overall country in the
world, comprising food scraps, chemicals, and various organic and inorganic substances.
When there are large accumulations of waste, they lead to a range of pollutant effects on soil,
water, and air. The presence of persistent organic pollutants can render the land infertile and
unsafe for growing crops. Furthermore, it leads to water pollution, which is harmful to
aquatic animals and plants, and it also produces foul odors. The decomposition of waste
releases fine dust and particulate matter, which are harmful to breathe and spread of fungal
spores. All these factors have a serious impact on both the environment and human health.
Currently, the seafood industry produces shellfish waste, including crab and shrimp shells,
which is approximately 75% of its total weight and chitin contains 20 —[158% of dry weight.
2 Chitin is a polymer of N-acetyl-glucosamine (NAG) with crystalline structure, strength, and
not flexibility.® Therefore, it is difficult to decompose and highly accumulated in the
environment. Physical, chemical, and biological methods can be employed for the treatment
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and disposal of waste. However, biological methods using microbial agents are more suitable
because they are environmentally friendly, leave no chemical residues, and have the least
impact on living organisms in the environment.

Chitinase is a catalytic enzyme that hydrolyzes chitin to simple sugar by cleavage of
B-(1,4) glycosidic linkage and is found in many organisms (bacteria, fungi, plants, and
animals), which play an important role in biological processes such as degradation of chitin-
containing waste and control of pathogenic fungi.* ° Chitinase-producing bacteria were
isolated from various habitats such as shellfish waste, compost, and hot springs. These
chitinolytic bacteria, including the genera Streptomyces, Aeromonas, Bacillus, Serratia,
Pseudomonas, and Stenotrophomonas have the ability to produce chitinase.®

A common biological method is the use of microorganisms and their enzymes to
degrade chitin. The previous study reported that 10 isolates of chitin-degrading bacteria were
isolated from dead termites, and the most efficient chitin-degrading bacteria in the study was
classified as bacterial strain in the genus Stenotrophomonas.’ In the present study, we aimed
to achieve genetic improvement of the chitinolytic S. maltophilia Mc_EOQ5 obtained from the
exoskeleton of termites to enhance the chitinase production. This mutagenic strain holds
potential for future applications in the efficient biodegradation and disposal of chitin-
containing wastes.

Methodology:

Bacterial strain and growth condition

The chitinolytic bacterium Stenotrophomonas maltophilia Mc_E05 (accession number:
0Q293905.1) was isolated in a previous study by Chanworawit, Wangsoonthorn and
Deevong [® from the exoskeleton of the wood-feeding termite Microcerotermes sp. This
bacterial strain was cultured and maintained on nutrient agar (NA) at pH 7, and the
temperature for culture incubation was 37°C.

Ultraviolet-radiation mutagenesis

UV-radiation mutagenesis was performed using the modified method described previously by
Winston Pl For the UV mutagenesis, S. maltophilia Mc_E05 was cultured in 100 mL of
nutrient broth (NB) and further incubated at 37°C for 24 h. The bacterial culture was adjusted
to the cell turbidity of McFarland No. 0.5 (cell concentration of approximately 1.5 x 102
cells/mL). Then, the cell suspension was serially diluted to an appropriate cell number (30 —
300 colony-forming units (CFU) per plate) and spread on NA plates. The culture plates were
exposed to UV light at 254 nm (30W, Germicidal lamp, SANKYO DENKI) for variable
periods of 10, 30, 60, 90, 120, and 150 sec. After the UV exposure, the plates were incubated
at 37°C for 48 h in darkness to prevent photoreactivation. Then, colony-forming units (CFU)
were counted and quantified for the survival rate. The treated sample that demonstrated a
10% survival rate was selected for collecting bacterial colonies. In previous studies, this
survival level showed a high probability of DNA repair with mutagenic effect.'® 1

Chemical mutagenesis

Chemical mutagenesis using ethyl methane sulfonate (EMS) was performed using the
modified method described previously by Biswas and Paul [*?, For the EMS mutagenesis, S.
maltophilia Mc_EO5 was cultured as described above. After serial dilution, cell suspension
was added with 100 pg/mL of EMS and then shaken at 200 rpm at 37°C. The treated samples
were collected at variable times of 10, 20, 30, 40, 50, and 60 min. After the mutagenesis, the
reaction of EMS was stopped by adding with 20% (w/v) sodium thiosulfate. Then, the cell
suspension was centrifuged at 10,000 rpm at 4°C and washed three times with sterile normal
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saline (0.85% NaCl). Bacterial cell pellets were resuspended with 1 mL of normal saline and
plated on NA plates. After incubation at 37°C for 48 h in darkness, colony-forming units
(CFU) were counted and quantified for the survival rate. Then, the treated sample showing a
10% survival rate was selected for collecting bacterial colonies.

Screening of chitinase production from mutagenic strains

All bacterial colonies were pointed on the NA plate supplemented with 1% colloidal chitin
and then incubated at 37°C for 120 h. The chitin hydrolysis zones of both the wild type and
mutant strains were observed, and mutants that exhibited higher chitinase production than the
wild type were selected and purified using the streak method on NA plate and used for
subsequent experiments.

Chitinase activity assay
The strain S. maltophilia Mc_E05 was cultured in NB at 37°C for 24 h. After that, the
bacterial culture was adjusted to the ODego value of 1.0, and 1% of the inoculum was
inoculated into 100 mL NB supplemented with 1% colloidal chitin and then shaken at 200
rpm at 37°C for 7 days. Then, culture supernatant was collected by centrifugation at 10,000
rpm at 4°C for 10 min every day. The crude enzyme was determined for chitinase activity.
The chitinase activity was measured using the 3,5-dinitrosalicylic acid (DNS) method.
13 To prepare the reaction mixture, 1 mL of colloidal chitin as a substrate was mixed with 1
mL of crude enzyme and then incubated at 37°C for 30 minutes. The reaction was stopped
with 3 mL of DNS reagent and boiled in boiling water at 100°C for 5 min. The mixture was
centrifuged at 10,000 rpm for 5 min, and the supernatant was measured at 540 nm using a
spectrophotometer. Absorbance was compared with the NAG standard curve for calculated
chitinase activity. One unit of chitinase activity was defined as the amount of enzyme that
liberates 1 umol of reducing sugar (NAG) per min under the conditions.

Statistical analysis

All experiments were performed in triplicate. The results are expressed as the mean *
standard deviation (S.D.). The data were analyzed using one-way ANOVA, followed by the
Duncan Post Hoc test, in JASP version 0.19.3. Statistical significance level was set at P <
0.05 for all analyses.

Results and Discussion:

Mutagenesis and screening of mutagenic strains

After the mutagenesis of S. maltophilia Mc_E05 by UV irradiation and EMS treatment,
bacterial survival was determined at different periods. The results showed that a 10% survival
rate of bacteria was observed at 25 sec and 55 min, respectively. A total of 850 colonies were
obtained from UV irradiation, and 1,150 colonies were derived from EMS treatment. After
screening bacterial chitinase production on NA medium supplemented with 1% colloidal
chitin, six mutagenic strains comprising E05-UV1, E05-UV2, E05-UV3, E05-EMS1, EO05-
EMS2, and E05-EMS3 exhibited the highest chitinase production and were selected for
chitinase activity assay. The results showed that the survival rate of S. maltophilia Mc_EQ5
decreases exponentially with increasing exposure time to UV irradiation and EMS, with
complete cell death occurring at 60 sec of UV irradiation and approximately 60 min of EMS
treatment (Figure 1). The results were supported by previous reports involving bacterial
chitinase production. For example, Bacillus pumilus SG2 was completely killed after 600 sec
of UV irradiation'*, while Streptomyces halstedii retained approximately 10% survival after
15 min of UV irradiation and 60 min of EMS treatment.®®
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The results of mutant screening shown in Figure 2 indicated a variation in chitinase
production among both UV- and EMS-induced mutants. Some mutants exhibited reduced
chitinase production, while others showed an increased production compared with the wild-
type strain. Several previous studies have reported the use of mutagenesis to improve enzyme
production, including chitinase, protease, xylanase, and lipase.®*® These findings suggested
that the mutagenesis, whether induced by UV irradiation or the chemical mutagen EMS, can
either enhance or reduce chitinase production in S. maltophilia Mc_EO05.

(A) 1001 (B) 100
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2 60 2 60
£ 50 = 501
£ 407 2 401
E 301 5 30
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10 101 .
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Incubation time (seconds) Incubation time (minutes)
Figure 1.

Mutagenesis results of Stenotrophomonas maltophilia Mc_EO5. Survival rates of bacteria
after (A) UV treatment and (B) EMS treatment are presented.
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’:
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Figure 2.
The mutants produced chitinase with a larger clear zone compared with the wild-type strain.
The results of (A) UV treatment and (B) EMS treatment are presented.

Chitinase activity of the promising mutants

The chitinase activity of mutant and wild-type strains is shown in Figure 3. The results
indicated that the wild-type S. maltophilia Mc_EO5 exhibited maximum chitinase activity of
52.72 £ 2.43 mU/mL at 96 h of incubation. All six selected mutants displayed significantly
higher chitinase activity than that of the wild type. The highest chitinase activity was
observed in mutant E05-UV2, with 142.30 £ 7.31 mU/mL (269.92%, or 1.7 folds higher than
the wild type), followed by E05-UV3 and E05-UV1, which showed activities of 138.86 *
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4.88 mU/mL (263.39%, or 2.63 folds) and 113.01 + 4.87 mU/mL (214.36%, or 2.14 folds),
respectively. Meanwhile, the mutants E05-EMS2, E05-EMS1, and E05-EMS3 exhibited
chitinase activities of 85.45 + 2.44 mU/mL (162.08% or 1.62 folds), 82.00 + 4.87 mU/mL
(155.54% or 1.55 folds) and 75.84 £ 5.90 mU/mL (142.85% or 1.42 folds), respectively.
Previous reports have also demonstrated improvements in chitinase production through
mutagenesis. For example, Bacillus pumilus CHT11 had been enhanced its enzyme
production by UV-mutagenesis, and its mutant strain BM33 exhibited up to a 5-fold increase
in chitinase activity compared with the wild type.?® Moreover, mutants of Paenibacillus
macerans kh-B1 (strains kh-UVB-4 and kh-ESB-20) generated by UV and EMS mutagenesis
could show higher chitinase activity than the wild type, with 41.6 U/mL (3.06 times) and 54.8
U/mL (4.02 times), respectively.?! Another study found that, Streptomyces halstedii MA-St-1
treated with UV and EMS could produce chitinase activity of 10.8 and 11.8 U/mL,
respectively, while the wild-type produced 5.70 U/mL.%® Table 1 summarizes the chitinase
activities of chitinolytic bacteria and their mutants from this study and previous reports. The
mutagenesis of chitinolytic bacteria demonstrated an increase in chitinase production in both
UV- and EMS-induced mutants. In the present study, the UV-induced mutant strains
exhibited a significantly greater increase in chitinase activity than the EMS-induced mutant
strain, whereas the previous studies reported that the EMS-induced mutants showed higher
enzyme activity than the UV-induced mutants. The results showed that the application of
both UV- and EMS-mutagenesis resulted in different outcomes due to various influencing
factors. These factors may include the type of microorganism, exposure duration, incubation
period, and environmental conditions. Nevertheless, the findings of the present study
demonstrated that both UV- and EMS-mutagenesis were effective in enhancing the chitinase
activity of the chitinolytic S. maltophilia Mc_EO05. Moreover, UV irradiation consistently
showed higher efficiency than EMS treatment.

150+

) —— Mc_E05 (WT)
g -= E05-UV1
E 1001 -= E05-UV2
z -= FE05-UV3
% « E05-EMS1
A —— E05-EMS2
2 501
g —— E05-EMS3
E
o

0 '

0 24 48 72 96 120

Incubation time (hours)

Figure 3.
Chitinase activity of Stenotrophomonas maltophilia Mc_E05 and their mutants at different
incubation periods
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Table 1.
Maximum chitinase activity of chitinolytic bacteria and their mutants

Isolates Treatme _Maximur_n _ Fold % Referenc
nt chitinase activity e
S. maltophilia Mc_EQ5
Wild-type - 52.72 £2.43?2 1.00 100.00
mU/mL
E05-UV1 uv 113.01 + 4.87° 2.14 214.36
mU/mL
E05-UV2 uv 142.30 + 7.31¢ 2.70 269.92
mU/mL This
E05-UV3 uv 138.86 + 4.88¢ 2.63 263.39
study
muU/mL
E05-EMS1 EMS 82.00 + 4.87° 1.55 155.54
mU/mL
E05-EMS2 EMS 85.45 + 2.44P 1.62 162.08
mU/mL
E05-EMS3 EMS 75.84 + 5.90P 1.43 142.85
mU/mL
Paenibacillus macerans
kh-B1 - 13.6 U/mL 1.00 100.00
Wild-type 2
Kh-UVB-4 uv 41.6 U/mL 3.06 305.88
Kh-ESB-20 EMS 54.8 U/mL 4,02 40294
Streptomyces halstedii
MA-St-1 - 5.70 U/mL 1.00 100.00
Wild-type n
UV/15-15 uv 10.8 U/mL 1.89 189.47
E/60-12 EMS 11.8 U/mL 2.07 207.02

Statistical significances were determined using one-way ANOVA in JASP version 0.19.3 The
different superscripts indicate significant difference (P < 0.05).

Conclusion:

The UV-induced mutants (E05-UV1, E05-UV2, and E05-UV3) exhibited maximum chitinase
activity at 96 h, whereas EMS-induced mutants reached their maximum activity at 72 h. The
mutagenesis using UV irradiation and EMS has a good ability to enhance the chitinase
production of S. maltophilia Mc_EO05, with increasing chitinase activity by ~170% and ~62%
compared to the wild-type, respectively. This study indicated that the chemical mutagen EMS
could induce higher chitinase production within a shorter period. However, the UV-induced
mutants displayed significantly higher maximum chitinase activity than the EMS-induced
mutants. Among six selected mutants, the E05-UV2 mutant showed the highest chitinase
activity of 142.30 + 7.31 mU/mL at 96 h, which is ~1.7 fold higher than the wild-type strain.
These results demonstrate that the UV mutagenesis was effective in increasing the chitinase
production of Mc_EO05, and all treatments with UV irradiation were more efficient than those
of EMS. This study highlights the potential of enhancing chitinase production in S.
maltophilia Mc_EO05 using both UV irradiation and the chemical agent EMS, offering
promising applications in biotechnology, agriculture, and industry, particularly for
environmental bioremediation.
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Abstract:

Significant amounts of waste are generated by the coffee industry, among them, coffee
silverskin (CS) and over-roasted coffee beans (OCB) are the most abundantly generated
during the beans roasting. In this study, this material was proximately analyzed and
subsequently submitted to an acid hydrolysis aiming to extract reducing sugar. Reactions
were performed to verify the effects of the variables H.SO4 concentration, temperature, and
reaction time, on the efficiency of hydrolysis. After acid treatment, the hydrolysate was
adjusted to the appropriate pH using sodium hydroxide solution. The conditions that gave a
significant highest amount of reducing sugar were 90°C, 5% H2SOs, and 3 hours, which
yielded 14.57+0.23 g sugar/L for OCB and 8.37+£0.20 g sugar/L for CS. Treatment the
material at 70°C for either 1 hour or 3 hours gave no significantly different amount of
reducing sugar obtained for both CS and OCB, especially at 1% to 3% H>SO4. The
hydrolysate from acid treatment of OCB and CS can be used as substrate for lactic acid and
bioethanol production.

Introduction:

Coffee is one of the most popular consumed food commodities and is the second-largest
traded commodity after petroleum [1]. Coffee beans are the seeds of coffee berry and
popularly used for the preparation of beverage. The global coffee consumption was
approximately 10.38 million tons in year 2022-2023. From this consumption, the roasting
processes produced 0.20 million tonnes of coffee silverskin [2]. The coffee silverskin (CS) is
an integument of coffee bean obtained as a by-product of the roasting process. It contains
17.8% cellulose, 13.1% hemicellulose and 20% protein [2]. Pretreatment of CS biomass with
Choline chloride/glycerol can be efficient in terms of both sugars yield and low formation of
fermentation inhibitors. A glucose yield of 0.24 g glucose/g biomass was reached after Deep
eutectic solvents pretreatment at 150 °C with a biomass to solvent ratio of 1/32 [3]. Kim et al.
[4] had treated coffee residue after roasting with acid-chlorite three times after organic
solvent extraction (OSE-3). The sugar yield obtained was 0.568 g sugar/g OSE-3.

Coffee roasting is the process of transforming a raw, green coffee bean into a dark
brown bean, changing their form and developing the character. As heat is applied, a series of
complex chemical reactions occur within the bean. Sugars caramelize, creating sweetness and
depth of flavor. Acids break down, contributing to a smoother taste. Qils rise to the surface,
adding richness. However, pushing the roast level too far can lead to over-extraction, burning
the coffee and producing undesirable bitterness. These over-roasted coffee beans (OCB) can
be another waste of the roasting process. By transforming this biomass into valuable
products, the coffee sector can significantly reduce its environmental impact and create a
more sustainable, resilient global coffee circle.

Even though the treatment temperatures of most research were higher than 100°C
using low acid concentration, this work aimed to use the lower temperature to reduce the
energy used and using high concentration of sulfuric acid to investigated the amount of sugar
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obtained. Reducing sugar, as a biomass precursor, can be further transformed to fuel alcohol
or lactic acid in a fermentation process by means of yeast or lactic acid bacteria, respectively.

Methodology:

Coffee samples.

The coffee silverskins (CS) and over-roasted coffee beans (OCB) were obtained from the
mixtures of Arabica and Robusta coffee (unknown ratio) from a coffee shop in Bangkok,
Thailand. The OCB was dried since it was taken from the coffee shop. The CS was dried at
42°C for 1 day. All were ground by means of a domestic mill (Braun), passed through a 16-
mesh sieve (Tyler series) and kept at 4°C for further use.

Proximate composition.

The proximate composition of CS and OCB was analyzed by the method of AOAC [5]. The
moisture content was determined by oven-drying at 105°C for 3 h. The crude protein content
was measured by Kjeldahl method. The crude fat content was analyzed using the Soxhlet
apparatus and petroleum ether as the extraction solvent. The ash content was analyzed by
ignition at 550°C for 1 h in an electric furnace. Proximate compositions are expressed as a
percentage of the sample weight. The content of carbohydrates was calculated by subtracting
the moisture content, crude protein content, crude fat content, and ash content from 100.

Hydrolysate preparation.

The reaction conditions used for CS and OCB hydrolysis composed of 10 g of CS or OCB in
a 100 ml of sulfuric acid solution with variables concentration (1%, 2%, 3%, 5% and 10%
(v/Vv)). The reactions were performed in 500-ml Duran bottle, immersed in a water-bath of
70°C or 90°C for 1 h or 3 h. At the end of the reaction, the bottles were immediately cooled
by running tap water. The hydrolysates were then separated from the solid residue by
filtration through cheese cloth. To be used as fermentation medium, the pH of hydrolysates
was adjusted to 5.5 by the addition of 2 M NaOH solution. The content of reducing sugar
(RS) in the hydrolysate was determined by using dinitrosalicylic acid reagent [6]. All
experiments and assays were performed at least twice. All results are expressed as the mean *
standard deviation. The effect of the pretreatment factor on the amount of released reducing
sugar was statistically analyzed by ANOVA using the Prism 10.5 program.

Results and Discussion:

Proximate composition of CS and OCB

Table 1 reports the proximate composition of CS and OCB compared to another report. The
moisture content of CS and OCB in this work was about 9%. As mentioned by Laukalcja et
al. [7] and Kim et al. [8], the moisture content of dark roasted and very dark roasted coffee
beans (VDCB) was 2.0+ 0.0% and 0.89 % 0.04%, respectively. The moisture content of CS
that has been reported was 2.78 + 0.30% [9] and 4.76 £ 0.10 % [10]. The higher moisture
content of CS and OCB in our report may be due to the long storage at room temperature.
However, the protein content of CS in our results are close to data from Costa et al. [10] and
Martuscelli et al. [9] which was 19% and 18.15+2.17%, respectively. The proximate
composition (g/100 g) of very dark roasted coffee beans (VDCB) reported by Kim et al. [8]
was shown in Table 1. The protein content of OCB in our report was higher than that reported
by Kim et al. [8], while the carbohydrate content was lower. The content of ash and crude fat
was nearly the same. This may be due to the use of different types of coffee beans in each
study. The concentration of total saturated fatty acid, total monounsaturated fatty acid, and
total polyunsaturated fatty acid in dark-roasted coffee was 5.9%, 1.3% and 6.1% (w/w),
respectively [7].
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Table 1.
Proximate composition of coffee silver-skins and over-roasted coffee beans

Properties (g/100 g) CS CS [9] OCB VDCB [8]
Moisture 9.91+£0.02 2.78 £0.30 8.58 £ 0.30 0.89 £0.04

Ash 5.58 £ 0.04 6.79+£0.78 4.25+0.02 4.61+0.02
Crude fat 1.68 +0.34 2.31+0.50 11.71+£0.10 12.99 + 1.07
Crude protein 18.83 £ 0.03 18.15+ 2.17 17.88 £ 0.26 12.91+1.23
Carbohydrate 64.00 £ 0.10 69.97* 57.58 £ 0.18 68.59 + 0.83

*This value is obtained by subtracting the moisture content, crude protein content, crude fat
content, and ash content from 100.

Reducing sugar in the hydrolysates

The contents of RS in the hydrolysates of CS and OCB treated with varied concentration of
sulfuric acid, temperature and reaction time are presented in Figure 1. The conditions that
gave a significant highest amount of reducing sugar were 90°C, 5% H2SO4, and 3 hours,
which yielded 14.57+0.23 g sugar/L for OCB and 8.37%0.20 g sugar/L for CS. Treatment the
material at 70°C for either 1 hour or 3 hours gave no significantly different amount of
reducing sugar obtained for both CS and OCB, especially at 1% to 3% H>SO4. The
hydrolysate of CS and OCB that treated with 10% sulfuric acid had lower concentrations of
RS than that treated with 5% sulfuric acid; even though the higher the acid concentration, the
more the yield of RS should be obtained. To improve the RS yield of CS, the autoclave
conditions have been carried out. It appeared that the maximum RS yield of 12.60 + 0.11 g/L
was obtained at 5% (v/v) H2SO4 concentration hydrolyzed in an autoclave at 121°C for 15
min.

Coffee silverskins Over-roasted coffee beans

—

= SR - SR -
g/L

m70C,1h

612
m70C. 1h 10 )
m70C3h & : m70C, 3h
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, nill all ol
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Sul ﬁu ic acid concentration ( wi x)

Reducing sugar (g/L)

Reducing sugar (

Sulfuric acid concentration (% w/v)

Figure 1.
Reducing sugar in the hydrolysate of coffee silver skins (left) and over-roasted coffee beans
(right) after acid treatment at various conditions

Ghazali et al. [11] found that the highest sugar yield was obtained from durian seeds
pre-treated using 0.6% H>SO. and 5% substrate concentration, heated in an autoclave at
130°C for a retention time of 30 minutes. The obtained yield was 23.5 g/L. Further increase
in acid concentration gave no meaningful increase in sugar yield. Pachuau et al. [12] had
treated Mirabilis jalapa seed kernels with dilute HSO4 concentrations (1 — 5%, v/v) at 121°C
and reaction time of 15 to 45 mins. They found that with biomass loading of 10%, the
maximum reducing sugar yield (1.90 + 0.04 mg/g) was obtained at 2% (v/v) H2SOa
concentration hydrolyzed for 15 mins. Further increase in acid concentration (> 2.0%, v/v)
and pretreatment time resulted in decrease in sugar yield. This decrease in sugar yield could
be due to the increase in production of interferences with increasing acid concentration and
reaction time. Prolongation of reaction duration and high acid concentration frequently
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resulted in the conversion of monomeric sugars to inhibitory compounds such as furfural and
5-hydroxyl methyl furfural (5-HMF) from pentose and hexose sugars respectively [12]. The
treatment of defatted soybean meal at 135 °C, 2.0% H>SOs, and 45 min produced the highest
content of fermentable sugars, 32.2 g per 100 g of initial SBM, such treatment generated
relatively low 5-HMF and furfural levels (0.0018 g/L and 0.32 g/L, respectively), and 0.87
g/L of acetic acid [13]. NAVIA P. et al. [14] had subjected the juice from mucilage and
coffee pulp to an acid hydrolysis treatment, which consisted in heating it with 37% purity
hydrochloric acid at 95°C for 900 seconds, at a rate of 6.0 x 10 m? of acid per 1.0 x 10
meof juice. The obtained reducing sugar was 64.4 kg/m3. Constantino et al. [15] had carried
out experiments to extract soluble sugar from green coffee beans using orbital shaker and
microwave. The varying factors studied were the sample amount (300, 400, and 500 mg),
time (30, 60, and 90 min), and temperature (30, 45, and 60 °C). They found that the optimum
conditions were using 500 mg ground green coffee, 90 min, and 60 °C. The concentration of
sugar obtained (per liter) was 2.16 g sucrose, 0.1 g glucose and 0.2 g fructose.

Conclusion:

Based on the obtained results, it was observed that the optimum conditions for acid
pretreatment of the materials were: 5% (v/v) H2SO4 and hydrolysis time of 3 h at 90°C.
Autoclave condition can give better yield of RS than 90°C and 3 h reaction time. Although,
the pretreatment improved the production of reducing sugar, it may produce inhibitors,
including acetic acid, furfural and 5-HMF that could obstruct the fermentation process.
Further studies should be done on pretreatment processes to monitor and reduce the inhibitor
effect on fermentation. The results of this study have shown that with the application of
proper pretreatment, the potential for production of reducing sugar from coffee silver-skins
and over-roasted coffee beans is possible. This gives the idea to utilize the waste biomass to
produce the value-added product.
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Abstract

Isobutanol has been of interest as a second-generation biofuel because it possesses higher
energy density, lower vapor pressure, and potential as a platform chemical to produce
materials with additional value, including isobutylene and biojet fuels, which are better than
traditional ethanol. However, one of the main obstacles to reaching high fermentation titer is
its acute toxicity to microorganisms, with concentrations above 8-10 g/L often reported as
inhibitory to yeasts. To date, reports on the isobutanol tolerance of Kluyveromyces marxianus
remain scarce. In this study, the wild-type strain K. marxianus G3-10(2) was mutated with
ultraviolet (UV) irradiation and screened in culture media containing a high concentration of
isobutanol. The obtained mutant 2(3) was evaluated for isobutanol tolerance in YPD medium
with the addition of 10-14 g/L isobutanol. The mutant exhibited consistently stronger growth
than the wild type, showing 1.2-fold, 1.1-fold, and 1.3-fold higher ODeoo values at 72 h under
10, 12, and 14 g/L isobutanol stresses, respectively. Microscopic and colony morphology
observations showed that both the mutant and wild-type strains exhibited oval budding cells
and creamy, circular colonies. A spot assay at pH 4 and 7, with cultures grown at 30°C and
37°C, also confirmed the greater tolerance of the mutant, particularly at neutral pH at 30°C.
In addition, a xylose utilization test revealed that both strains were able to metabolize xylose
as the sole carbon source, with the mutant strain showing better cell growth compared to the
wild-type strain. These observations show that UV mutagenesis can effectively improve K.
marxianus mutants having high isobutanol tolerance and enhanced pentose utilization.
Although the strains have not been tested for isobutanol production, the mutant represents a
promising host platform for future metabolic engineering toward efficient isobutanol
biosynthesis.

Keywords: Kluyveromyces marxianus, isobutanol tolerance, ethanol tolerance, pentose
utilization, UV mutagenesis

Introduction

As global energy demands continue to rise and fossil fuel reserves decline, the urgency to
develop renewable energy solutions is an important situation to focus on. Biofuels have long
been recognized as sustainable alternatives that can reduce dependence on fossil carbon and
mitigate the environmental consequences of climate change. Isobutanol has become a very
promising option among the many different types of biofuels being studied. Compared with
ethanol, isobutanol offers several superior properties, including a higher energy density,
lower vapor pressure, and a higher-octane number, all of which make it more compatible with
existing gasoline infrastructure. Significantly, isobutanol functions as a multifaceted
platform chemical its dehydration to isobutylene yields a crucial intermediary for biojet fuels
and several industrial products.? These characteristics have placed isobutanol at the forefront
of next-generation biofuels. Despite this potential, large-scale biological production of
isobutanol remains a challenge. The most widely studied yeast, Saccharomyces cerevisiae,
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produces isobutanol only in trace amounts through valine catabolism and the Ehrlich
pathway. Even with intensive metabolic engineering, product yields remain far below
theoretical maximums due to redox imbalance, flux competition with ethanol, and sensitivity
to alcohol toxicity.>* This situation underscores the need for alternative microbial platforms
that combine robust growth with tolerance to industrial stresses.

Kluyveromyces marxianus has drawn increasing attention. As a non-conventional
yeast, K. marxianus grows rapidly, tolerates high temperatures, and can utilize a wide variety
of carbon sources, including pentoses and disaccharides that are abundant in lignocellulosic
hydrolysates.® These traits make it particularly attractive for second-generation biofuel
processes, where cost-effective use of complex feedstocks and resistance to harsh process
conditions are critical. Moreover, its weak glucose repression provides greater metabolic
flexibility than S. cerevisiae.®’ Taken together, K. marxianus represents a strong candidate
for expanding the biofuel portfolio beyond ethanol to include higher alcohols such as
isobutanol. However, K. marxianus has been extensively studied for its ethanol tolerance and
thermotolerance, reports specifically addressing its tolerance to isobutanol are scarce. There,
no previous studies have systematically characterized isobutanol tolerance in K. marxianus.
In this study, which focuses on the development and characterization of UV-mutated K.
marxianus strains with enhanced tolerance to isobutanol, one of the main bottlenecks remains
its sensitivity to isobutanol toxicity. High concentrations of isobutanol can compromise
membrane integrity, destabilize proteins, and impose oxidative stress, ultimately lowering
cell viability and product yield.2®° In comparison, concentration is often reported as toxic
above 8-10 g/L in yeasts.® Overcoming this limitation is therefore a crucial step in making K.
marxianus an industrially viable producer of advanced biofuels. Several strategies have been
proposed to improve microbial tolerance to alcohol, ranging from metabolic engineering and
adaptive evolution to classical mutagenesis. While metabolic rewiring has been extensively
explored in S. cerevisiae, the development of diverse mutant libraries through UV
mutagenesis remains an accessible, cost-effective, and powerful approach for K.
marxianus.'%! UV mutagenesis induces random DNA damage, generating a broad spectrum
of genetic variation that can be rapidly screened for traits such as solvent tolerance or
enhanced alcohol production.’® When combined with selective screening, this strategy offers
a pragmatic route to identify promising strains without the requirement for complex genetic
tools.

Methodology

Culture media and starter culture preparation

Prepare YPD agar (yeast extract 10 g/L, peptone 20 g/L, glucose 20 g/L, agar 20 g/L) or
YNB (yeast nitrogen base 6.7 g/L, peptone 20 g/L, glucose 20 g/L, agar 20 g/L) and YPD
broth (yeast extract 10 g/L, peptone 20 g/L, glucose 20 g/L) were prepared to grow K.
marxianus. The wild-type yeast strain in this research, K. marxianus (isolated G3-10(2)), was
originally isolated from sugarcane juice at Thai Sugar Industry Co., Ltd., Kanchanaburi,
Thailand!? and mutant strain 2(3) was preserved in 80% glycerol tubes and stored at -80°C.

Screening mutants by using conventional methods

Single colonies of yeast strains grown on YPD agar at 30°C for 48 h were pre-cultured in 15
ml tubes containing 10 ml YPD medium under shaking condition at 200 rpm and incubated at
30°C for 24 h. The cells were collected by centrifugation at 5,000 rpm at room temperature
for 3 min. Subsequently, the cell suspension was washed and diluted with sterile distilled
water 10%-10° times. 1 ml of the suspension was spread on a plastic cover plate. The cells
were exposed to ultraviolet (UV) radiation at a wavelength of 254 nm, approximately 25 cm
from the cover plate, for 4 min. The UV-irradiated yeast was then spread on a YPD agar plate
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and incubated at 30°C until colonies appeared. To screen for isobutanol tolerant mutants,
colonies obtained after UV treatment were inoculated into YPD broth supplemented with 10
g/L isobutanol and incubated at 30°C with shaking at 200 rpm. Cultures that showed visible
growth were subsequently spread onto YPD agar plates. From these plates, a single colony
that exhibited robust growth was isolated and designated as mutant strain 2(3).

Cell and colony morphology determination

The colony morphology of K. marxianus was examined on YPD agar plates incubated at
30°C for 48 h. Single colonies were directly picked from the agar surface and suspended in
sterile distilled water. Cell morphology was observed under a light microscope at 100x
magnification.

Isobutanol tolerance

To evaluate isobutanol tolerance, a single colony was inoculated into a 15 mL test tube
containing 3 mL of YPD medium and incubated at 30°C with shaking at 200 rpm for 24
hours. Subsequently, 500 pL of pre-culture was inoculated into a 50 mL test tube containing
10 mL of YPD medium supplemented with 10, 12, and 14 g/L of isobutanol. The optical
density of the samples was measured at 600 nm every 24 h for 3 days to monitor cell growth.

Spot assay under different pH and temperature conditions

To evaluate the growth performance of yeast strains under acidic and neutral environments, a
single colony of the yeast strain was inoculated into a 15 mL test tube containing 3 mL of
YPD medium and incubated at 30°C with shaking at 200 rpm for 24 h and then adjusted to an
ODesoo of 1.0. The cell suspension was collected by centrifugation at 12,000 rpm at 4°C for 1
min, then diluted 10%-10° times, and 2 pl of the suspension was spotted on YPD plates at pH
4 and 7. The plates were incubated at 30°C and 37°C for 24-48 h, and growth was assessed
by comparing colony formation across conditions.

Xylose utilization test

To evaluate the ability of K. marxianus strains to utilize xylose as an alternative carbon
source to glucose, a single colony of the yeast strain was inoculated into a 15 mL test tube
containing 3 mL of YNB medium and incubated for 24 h. The pre-culture was inoculated
with an initial inoculum adjusted to an optical density at 600 nm (ODsoo) of 0.1 per mL into a
50 mL test tube containing 10 mL of YNB medium supplemented with 20 g/L xylose as the
sole carbon source (YNX) and incubated at 30°C with shaking at 200 rpm. Cell growth was
monitored by measuring ODsoo at 24 and 48 h to investigate the growth of the yeast.

Results and Discussion

1. Isobutanol tolerance

After UV mutagenesis was performed, a mutant colony designated as 2(3) was obtained.
Therefore, both the wild-type strain G3-10(2) and the mutant 2(3) were evaluated for their
growth in YPD medium supplemented with 10-14 g/L isobutanol to determine their tolerance
to isobutanol toxicity.
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Figure 1.
Growth performance of K. marxianus strains under different isobutanol concentrations as
indicated by ODsoo differences compared with initial values. (A) isobutanol 10 g/L, (B)
isobutanol 12 g/L, and (C) isobutanol 14 g/L.
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Figure 1 shows the growth performance of wild-type strain G3-10(2) and UV-derived
mutant 2(3) of K. marxianus, which were tested for their resistance against isobutanol stress
in YPD medium containing 10-14 g/L of isobutanol. At 10 g/L (Figure 3A), both strains
were able to grow, and the mutant consistently exhibited 1.2-fold higher ODsoo values at 72 h
than the wild-type G3-10(2), showing higher tolerance and better adaptation to isobutanol
stress. At 12 g/L of isobutanol (Figure 3B), the cell growth was generally reduced for two
strains, but the mutant still maintained 1.1-fold higher ODsoo than the wild-type. At the
highest concentration of 14 g/L isobutanol (Figure 3C), the cell growth for both strains was
repressed, but the mutant still retained a measurable increase in ODeoo that was 1.3-fold
higher than the wild-type at 72 h, which suggested a stronger inhibitory effect of isobutanol
on the wild-type strain. These results indicate that UV mutagenesis was able to develop a
mutant strain of K. marxianus with improved performance in isobutanol tolerance up to 14
g/L.

2. Cell morphology and microscopy
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Figure 2.
Colony and cell morphology of K. marxianus. (D) Microscopic image of mutant strain 2(3) at
100x magnification; (E) Microscopic image of wild-type strain G3-10(2) at 100x
magnification; (F) Mutant strain 2(3) colonies; (G) Wild-type strain G3-10(2) colonies.
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Microscopic and cell morphology observations were carried out to compare the mutant with
the wild-type strain G3-10(2). Both the mutant strain (Figure 2A) and the wild-type strain
(Figure 2B) consisted of unicellular, oval to round cells with distinct budding sites. On YPD
agar plates, the mutant (Figure 2C) and wild-type colonies (Figure 2D) showed a creamy
white, circular appearance. Both colonies appeared large, dense, and regularly shaped. These
phenotypic traits are consistent with the reported morphology of K. marxianus®*=>. The
observed similarities in cell size, shape, budding pattern, and colony characteristics indicate
that the UV-derived mutant and the wild type share common morphological features typical
of K. marxianus.

3. Effect of pH and temperature on growth

H

WT G3-10(2)
WT G3-10(2)
Mutant 2(3)

Mutant 2(3)

WT G3-10(2)
WT G3-10(2)

Mutant 2(3)
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10° 101 102 103 10+ 109 101 102 103 104

Figure 3.
Spot assay of K. marxianus strains under different pH and temperature conditions: (H) pH 4
and (I) pH 7, each tested at 30 °C and 37 °C. Serial dilutions (10°-~10*) of wild-type strain
G3-10(2) and mutant strain 2(3) were spotted onto YPD agar plates and incubated for 48 h.

K. marxianus was known to have a thermotolerant phenotype, and in biofuel production the
initial pH is normally around 4.5-5.0 to optimize yeast performance and fermentation
efficiency.’!® To investigate the effects of pH and temperature on yeast growth, spot assays
were performed for both wild-type G3-10(2) and mutant 2(3) strains under different
environmental conditions (Figure 3). At acidic pH 4.0 (Figure 3H) and neutral pH 7.0 (Figure
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31), both strains showed visible growth across serial dilutions up to 10™*. Colony size
appeared comparable between the wild-type and mutant, indicating similar tolerance under
these pH conditions. Temperature also influenced growth potential. At 37°C, both strains can
maintain growth comparable to that at 30°C, demonstrating the intrinsic thermotolerant
phenotype of K. marxianus. This observation is consistent with previous reports that K.
marxianus can grow well within the temperature range of 30-40°C.'31° Both strains can
sustain growth at higher dilutions under acidic and elevated temperature conditions,
suggesting a robust tolerance to environmental stresses relevant for industrial bioethanol
fermentation.

4. Xylose utilization test

A xylose utilization test was conducted to assess the capability of K. marxianus strains, wild-
type strain G3-10(2) and mutant 2(3), to use xylose as an alternative carbon source to
glucose. Notably, xylose is abundant in hemicellulose structure of lignocellulosic biomass.
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Figure 4.
Growth performance of K. marxianus strains under xylose as the sole carbon source as
indicated by ODeoo differences compared with initial values.

Figure 4 shows the xylose utilization ability of the wild-type strain G3-10(2) and the
mutant strain 2(3). Both strains were able to grow on xylose as the sole carbon source. But
wild-type G3-10(2) was showed a moderate increase in ODsoo, reaching about 2.4 at 24 h and
2.8 at 48 h, while mutant 2(3), exhibited higher growth, with ODeoo values of 2.7 at 24 h and
3.3 at 48 h. When compared to the wild-type, the mutant displayed approximately a 1.1-fold
higher ODeoo at 24 h and a 1.2-fold higher ODsoo at 48 h. These results showed that mutant
strain utilized xylose more efficiently than wild-type strain, which suggested that random
mutagenesis by UV-irradiation able to be conferred improved metabolic adaptation toward
pentose sugars which needs further investigation. This enhanced capacity to metabolize
xylose, a major component of lignocellulosic hydrolysates, indicates that the mutant strain
could serve as a valuable platform for future research aimed at producing second-generation
biofuel.

Conclusion

In this study UV mutagenesis was used to an effective approach to improve isobutanol
tolerance in K. marxianus. The mutant strain 2(3) exhibited higher growth capacity than the
wild-type G3-10(2) under isobutanol stress, particularly at 10-12 g/L and showed robustness
across different pH and temperature conditions. The potential of strain improvement
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strategies to tolerate the toxicity of isobutanol can expand the applicability of K. marxianus in
advanced biofuel production. Microscopy and colony morphology observations confirmed
that the mutant retained the typical characteristics of K. marxianus. Importantly, both strains
were able to utilize xylose as a sole source of carbon, but mutant strain 2(3) exhibited much
higher utilization, showing higher ability to metabolize xylose sugars that are relevant to
lignocellulosic hydrolysates. In future work, we aim to integrate targeted metabolic
engineering with mutagenesis to establish K. marxianus as a robust host platform that not
only tolerates higher levels of isobutanol but can also be engineered for efficient production
of isobutanol. Meanwhile, the mechanism of isobutanol toxicity tolerance and xylose
utilization of this K. marxianus mutant will be investigated.
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Abstract:

Trehalose is a non-reducing disaccharide comprising two glucose units that are linked by an
o,a-1,1-glycosidic linkage, exhibits remarkable versatility across various industries
applications. The most unique characteristic of trehalose is that its function as an osmolyte
compound that protects against numerous environmental stresses in a wide range of
microorganism and plants. Conventional industrial trehalose production employs a sequential
enzymatic process utilizing maltooligosyltrehalose synthase (EC 5.4.99.15) followed by
maltooligosyltrehalose trehalohydrolase (EC 3.2.1.141), with starch serving as the primary
substrate. Nevertheless, recent advances in sustainable biotechnology have stimulated the
development of microbial trehalose biosynthesis pathways, thereby diversifying production
methodologies. This study aims to design the fermentation process of trehalose production
using Saccharomyces cerevisiae, leveraging its inherent capacity for trehalose synthesis
under stress conditions. Based on the concept that trehalose could protect the yeast cells
against environmental stresses, osmotic stress and high temperature control were examined.
Additionally, the influence of yeast cell age on trehalose synthesis was determined to identify
the optimal growth phase of yeast cells. A two-phase fermentation approach was applied for
trehalose production by S. cerevisiae in shaken flask scale. S. cerevisiae was initially grown
in cell production medium, containing 100 g/L glucose to produce high cell density and
ethanol. The late-log phase cells were transferred into trehalose induction medium containing
100 g/L glucose and various ethanol concentrations, which were cultivated under at 45 °C.
The experimental results demonstrated that supplementation with 25 g/L ethanol during the
production phase significantly enhanced both extracellular and intracellular trehalose
accumulation compared to alternative conditions. The extracellular trehalose production was
0.330 £ 0.010 g/L with a yield of 0.003 + 0.000 g/g and a productivity of 0.055 + 0.002
g/L-h, while the intracellular trehalose production was 0.180 + 0.002 g¢/L, which
corresponding to 0.429+ 0.003 g trehalose/g cell. These findings indicate that stress
conditions, particularly osmotic and thermal stress, can effectively improve trehalose
production in S. cerevisiae.

Introduction:

Trehalose (Ci2H22011) is a non-reducing disaccharide formed by a glycosidic bond. Naturally,
trehalose is synthesized by microorganisms, plants, and animals [1,2]. It functions as a
protectant molecule, stabilizing proteins and cell membranes under various environmental
stresses such as nutrient deprivation, oxidative stress, freezing, high temperature, and osmotic
pressure [3]. Trehalose is known for its stability, safety, and lack of color, odor, and reducing
properties. It is approved as a safe food additive by both the European Union and the U.S.
Food and Drug Administration (FDA). Due to its properties, trehalose is widely used in food,
pharmaceutical, and cosmetic industries [4,5]. Trehalose can be synthesized through chemical
or biological means. Chemical synthesis involves reactions between specific glucose

© The 37" Annual Meeting of the Thai Society for Biotechnology and International Conference (TSB2025)

IE-P-048

183


mailto:Nuttha.T@chula.ac.th

// .

TSB 2025

n Action

derivatives but is limited by low yield and high cost [6]. In contrast, industrial-scale
biological production utilizes enzymatic conversion of starch using maltooligosyltrehalose
synthase (EC 5.4.99.15) and maltooligosyltrehalose trehalohydrolase (EC 3.2.1.141) [7].
Microorganisms, especially Saccharomyces spp., are capable of naturally synthesizing and
accumulating trehalose under stress conditions. These yeasts are recognized as GRAS
(Generally Recognized as Safe) by the U.S. FDA and are widely used in fermentation
industries, including beer, wine, ethanol, and baked goods [8]. Notably, Saccharomyces spp.
can tolerate ethanol concentrations up to 18% (w/v) [9] and adapt well to environmental
stress. Trehalose biosynthesis in Saccharomyces sp. involves the conversion of glucose-1-
phosphate to UDP-glucose by UDP-glucose-dependent trehalose synthase (TPS), followed by
trehalose-6-phosphate (T6P) production via TPS1 and finally conversion into trehalose by
TPS2 [10]. Increased attention has been given to trehalose synthesis in yeast due to its link
with improved stress resistance and ethanol production. This study aims to develop a
trehalose production process in S. cerevisiae by examining key factors that enhance cell
growth and trehalose biosynthesis under flask-scale fermentation.

Methodology:

1. Yeast cultivation and inoculum preparation

S. cerevisiae preserved in 25% (v/v) glycerol at —80 °C was activated in seed culture 1 at
30°C and 200 rpm for 18 hours. The seed culture 1 was Yeast-Peptone-Dextrose (YPD)
media, containing 20 g/L glucose, 10 g/L yeast extract, and 20 g/L peptone. Subsequently,
seed culture 1 was transferred into fresh YPD medium to prepare seed culture 2, which
served as the inoculum for cell production with the inoculum size of 3% (v/v). Seed culture 2
was then incubated at 30 °C and 200 rpm for 6 hours. After incubation, the seed culture 2 was
collected for further use in the fermentation step and for monitoring yeast growth.

2. Two-phase fermentation of trehalose production in shake flask scale

Seed culture 2 was transferred into cell production media containing 100 g/L glucose, 10 g/L
yeast extract, 0.3 g/LL KH2POa, and 0.25 g/ MgSO4-7H-O with the inoculum size at 10%
(v/v) to promote cell growth and ethanol production. The culture was incubated at 30 °C and
200 rpm for a duration sufficient to allow the yeast cells to reach the exponential (late-log)
phase. Fermentation broth was collected every 4 h to determine yeast growth, glucose
consumption, ethanol, and byproducts using spectrophotometry and high-performance liquid
chromatography (HPLC) techniques.

After that yeast cells were harvested using centrifugation technique under 4 °C at
12,000 rpm for 5 minutes. The cell pellets were washed twice with sterile deionized (DI)
water, followed by centrifugation under the same conditions to remove the wash solution.
Subsequently, the cell pellets were resuspended in trehalose induction media, containing 100
g/L glucose, 10 g/L yeast extract, 0.3 g/L KH2P04,0.25 g/L MgSO4-7H20 and supplementing
ethanol with various concentrations (0, 25, and 50 g/L). The culture was incubated at 45 °C
and 200 rpm for 6 hours. The fermentation broth was collected every 30 minutes to determine
yeast growth, glucose consumption, and trehalose concentration.

3. Sample analysis

3.1 Cell growth of S. cerevisiae and fermentation kinetics

Fermentation samples were collected for the determination of yeast growth, glucose
consumption, and trehalose production. The fermentation broth was centrifuged at 10,000
rpom for 5 min to separate yeast cells from the fermentation broth. The cell pellet was
resuspended in deionized water to measure the optical density at a wavelength of 600 nm,
while the supernatant was collected to determine the glucose consumption, trehalose
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concentration and byproducts. The concentration of glucose concentration, trehalose
concentration, and byproducts was analyzed using HPLC. For analyses of the remaining
glucose, trehalose, and byproducts, supernatant was automatically injected (SIL 20A HPLC
autosampler (Shimadzu Corp., Kyoto, Japan) into an organic acid analysis column (Aminex
HPX-87H ion exclusion organic acid column; Biorad) and maintained at 65 °C in a column
oven. Sulfuric acid at 0.005 M was used as eluent at a flow rate of 0.6 mL/min. A reflective
index detector was used to detect target compounds. To determine sample concentration,
external standards containing 0 — 2 g/L of glucose, glycerol, acetic acid, ethanol and trehalose
were injected as the references.

3.2 Trehalose production

3.2.1 Yeast cell extraction preparation

The fermentation broth samples were centrifuged at 4 °C, 12,000 rpm for 5 minutes. The
supernatant and pellet were separated. The cell pellets were washed twice with 0.85% NacCl,
and the salt solution was removed by centrifugation under the same conditions. Subsequently,
1 mL of 0.05 M potassium phosphate buffer (pH 7.2) and 0.5 g of unwashed glass beads
(425-600 um) were added to 0.5 g of wet cell pellet. Cell disruption was then performed
using an ultrasonic disruptor for 5 minutes (45 s sonication interval with 60 s break) under
cooling conditions. After cell disruption, the mixture was centrifuged again at 4 °C, 12,000
rpm for 5 minutes, and the supernatant was collected and stored at refrigerator temperature
for subsequent trehalose quantification by HPLC.

3.2.2 Trehalose quantification

Trehalose concentration was analyzed from both the fermentation broth and the supernatant
obtained from cell extraction. Both sample types were filtered through a 0.22 pm
Polytetrafluoroethylene (PTFE) filter before injection. The filtered samples were analyzed
using HPLC equipped with an Aminex® HPX-87H column (300 mm x 7.8 mm, Biorad). The
mobile phase consisted of 0.005 M H2SOa, with a flow rate of 0.6 mL/min, and the column
temperature was maintained at 65 °C. Detection was performed using a refractive index (RI)
detector. To determine sample concentration, external standards containing 0 — 2 g/L of
glucose, glycerol, acetic acid, ethanol and trehalose were injected as the references.

Results and Discussion:

A two-phase fermentation approach was applied for trehalose production by S. cerevisiae.
Yeast cells were initially cultivated to promote growth and ethanol accumulation, thereby
priming the metabolic pathways of S. cerevisiae to activate trehalose synthesis as a cellular
stress response mechanism. During the cell production phase, glucose was completely
consumed within 12 h, resulting in high cell density with an ODsoo of 55.13 + 0.551. The
growth profile of yeast cells demonstrated that the log phase occurred during 0-8 h, followed
by entry into stationary phase from 12 h onward until the end of the 24-hour fermentation
time. Additionally, ethanol, glycerol, and trehalose were identified as major metabolites
produced during the cell induction phase, with concentrations of 46.200 + 1.848 g/L, 2.200 £
0.066 g/L, and 0.690 + 0.014 g/L, respectively (Fig. 1a). Furthermore, intracellular metabolite
analysis during the cell production phase revealed the accumulation of glucose, ethanol,
glycerol, acetic acid, and trehalose within yeast cells, demonstrating dynamic temporal
changes throughout the fermentation process (Fig. 1b). These metabolite concentration
fluctuations reflect the cellular physiological state and indicate metabolic flux redistribution
within central carbon metabolism pathways [11,12]. The observed intracellular metabolite
dynamics may be associated with the establishment of metabolic balance within yeast cells
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under osmotic stress conditions [12,13], where trehalose accumulation serves as a key
osmolyte for maintaining cellular homeostasis during environmental perturbations [14,15].
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Figure 1.
Fermentation profiles of S. cerevisiae cultivated in cell production medium. (a) Time course
of cell growth, glucose consumption, and extracellular metabolites formation. (b)
Intracellular metabolites accumulation during the cultivation period.

After finishing the cell production step, yeast cells at the age of 8 h were transferred
to trehalose production medium and incubated at higher temperature (45°C) to induce
trehalose formation. During this stage, ethanol supplementation was investigated at
concentrations of 25 g/L and 50 g/L to evaluate its effect on trehalose synthesis inS.
cerevisiae, compared to the control trehalose production medium without ethanol addition.

The results revealed that thermal conditions and ethanol supplementation significantly
influenced the fermentation performance of yeast cells (Fig. 2). In the case of trehalose
production medium without ethanol addition, yeast cells exhibited limited growth with ODsoo
values ranging from 2.967 + 0.089 to 5.807 + 0.232. Although glucose was poorly utilized,
the yeast cells demonstrated adaptive responses through the formation of ethanol, trehalose,
and glycerol as protective metabolites, as shown in Fig. 2a. Furthermore, examination of
intracellular metabolites revealed that yeast cells cultivated at higher temperature above their
optimal growth range resulted in a reduced cellular uptake of glucose, consequently leading
to substantial glucose accumulation remaining in the culture system. Additionally, the
production of various metabolites was observed, particularly ethanol and glycerol, which
indicated the activation of cellular protective mechanisms in yeast cells under thermal stress
conditions (Fig 2b). At 25 g/L ethanol, yeast cells maintained viable growth with ODsoo
values of 2.213 + 0.155 to 3.507 + 0.245 while showing enhanced production of protective
metabolites, including trehalose (0.260 + 0.013 to 0.420 + 0.013 g/L) and glycerol (0.150 +
0.005 to 0.430 + 0.017 g/L) (Fig. 2b-2c; Table 1). These results indicate successful activation
of stress response pathways and establishment of cellular protective mechanisms. However,
at 50 g/L ethanol, yeast cells showed severely reduced growth (ODsoo values of 2.527 + 0.025
to 3.227 + 0.097) and were unable to utilize glucose or produce any metabolites (Fig. 2e-2f;
Table 1). This concentration appears to exceed the threshold for cellular adaptation, resulting
in metabolic dysfunction and compromised cell viability rather than protective responses.
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Figure 2.

Fermentation profile of S. cerevisiae in trehalose production medium cultivated at 45 °C for 6
h. (@) Extracellular metabolites profile presented in medium without ethanol. (b) Intracellular
metabolites profile during cell cultivated in medium without ethanol. (c) Extracellular
metabolites profile presented in medium supplemented with 25 g/L ethanol. (d) Intracellular
metabolites profile during cell cultivated in medium supplemented with 25 g/L ethanol. (e)
Extracellular metabolites profile presented in medium supplemented with 50 g/L ethanol. (f)
Intracellular metabolites profile during cell cultivated in medium supplemented with 50 g/L
ethanol.
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Table 1.
Fermentation kinetics of S. cerevisiae at the end of 6 h fermentation time under different
trehalose fermentation media

Fermentation Kinetics Fermentation media
Initial glucose 100 Initial glucose 100 Initial glucose 100
g/L without ethanol g/L with initial g/L with initial
concentration ethanol ethanol
concentration 25 concentration 50
g/L g/L
Growth (ODeoo) 5.807 £ 0.233 2.547 £ 0.026 ® 2.600 £ 0.104 ®
Trehalose (g/L) 0.310 £0.012°® 0.330 £0.010 0.300 £ 0.012°®
Productivity (g/L-h) 0.052 + 0.002 a» 0.055 + 0.002 = 0.050 + 0.002 ®
Yield (g trehalose/g 0.003 £0.0002 0.003 £ 0.000 = 0.003 £ 0.000 =
glucose)
Yield (g trehalose/g cell 0.160 £ 0.000 © 0.389 + 0.008 » 0.347 £0.028 ®
biomass)

Values are presented as Mean + S.D. (n=3). In the same row, means with different letters (3, ®,
©) are significantly different (p < 0.05)

Conclusion:

This study demonstrated the effectiveness of two-phase fermentation for trehalose production
by S. cerevisiae under controlled stress conditions. The combination of thermal stress (45°C)
and moderate ethanol supplementation (25 g/L) significantly enhanced trehalose synthesis,
with yeast cells producing trehalose (0.260 + 0.013 to 0.420 + 0.013 g/L) and glycerol (0.150
+ 0.005 to 0.430 + 0.017 g/L) while maintaining viable growth. However, excessive ethanol
concentration (50 g/L) resulted in severe growth inhibition and metabolic dysfunction. The
results indicate that moderate dual-stress conditions effectively activate cellular protective
mechanisms and redirect metabolic flux toward trehalose biosynthesis, while excessive stress
overwhelms cellular adaptive capacity. This approach provides valuable insights for
optimizing trehalose production in yeast fermentation systems.
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NITRATE REDUCING BACTERIA FROM OIL SLUDGE AND THEIR POTENTIAL
ROLES ON METAL CORROSION INHIBITION
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Abstract:

Microbiologically influenced corrosion (MIC) is a chronic problem that leads to economical
loss in oil and gas industries. Although sulfate-reducing bacteria (SRB) are a major MIC
promoter, roles of other bacterial groups on corroded surface such as nitrate-reducing bacteria
(NRB) are equally important. Using six assorted media, eight potential NRB isolates
(Citrobacter cronae SJ1, Pseudomonas aeroginosa SJ5, Stutzerimonas balearica SJ26,
Halomonas johnsoniae SJ33, Pseudomonas kurunegalensis SJ21P, Brucella cytisi SJ21T,
Stutzerimonas stuzeri SJ29 and Pseudomonas khazarica SJ37) were enriched from oil sludge.
An aerobic metal corrosion experiment was then conducted in simulated produced water
containing selected bacterial strains and L80-1 carbon steel coupons. After 30-day, the abiotic
control decreased the metal weight by 17.9 mg/coupon, whereas strain SJ26, SJ33 and SJ37
decreased the metal weight by 4.8, 5.2 and 4.2 mg/coupon, respectively. The low metal
weight loss was corresponded with the formation of biofilm, which suggested that these
bacteria protected the metal surface from abiotic oxidation. H. johnsoniae SJ33 also produced
significant ammonia indicating the reduction of nitrate, which was probably due to the anoxic
condition in the bacterium biofilm. In conclusion, the NRB under aerobic condition were
non-corrosive and inhibited metal corrosion. Further study will investigate the interactions
between NRB and SRB on MIC.

Introduction:

Microbiologically influenced corrosion or MIC is a term referring to a phenomenon in which
the activities of microorganisms in the system directly or indirectly deteriorate materials,
particularly metals. To prevent and repair the damage caused by MIC, many industries,
especially oil and gas, have to face an enormous economic burden; an estimated 2.7 trillion
dollars is spent annually as a result of biocorrosion'?. Despite a century of research and
studies, scientists still struggle to fully comprehend the scope and mechanistic details of the
system which is due largely to its complexity, dynamic behaviors and interdisciplinarity>#.
From a microbiological point of view, several types of microorganisms take part in the MIC,
with bacteria figuring in as a chief contributor®. Corrosion-influencing bacteria can, in turn,
be classified into various categories including sulfate-reducing bacteria (SRB), acid-
producing bacteria (APB), nitrate-reducing bacteria (NRB), sulfur-oxidizing bacteria (SOB),
iron-oxidizing bacteria (I10B), iron-reducing bacteria (IRB) and slime-forming bacteria®®®.
Theoretically, some bacteria are capable of corroding metallic structures solitarily, yet they
are naturally found to work in cooperation, mostly in a form of biofilm’. Indeed, it is the
process by which these bacteria affect each other that controls and determines the cohesion as
well as the practical applications of the bacterial consortia®. Furthermore, the intricacies of
the system can be intensified by the surrounding environmental factors making every cluster
of bacteria unique in its composition and properties”?.

Of all the key bacterial groups, SRB which is recognized as the pre-eminent corrosive
bacteria have attracted the most attention from scientists in the related fields and a great deal
of research has been undertaken to investigate mechanisms and activities of this organisms>®.
However, the corrosive impact of SRB alone is no match for the full extent of corrosion that a
natural biofilm in the real-world environment can achievel’. Accordingly, activities of the
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remaining bacteria in the system are not to be overlooked and studies of other corrosive
species are necessary. This research study, therefore, focuses on enrichment and isolation of
bacteria other than SRB from oil sludge collected from a metal corrosion site. The bacteria
were identified from 16S rDNA sequences and later determined their activities in a metal
corrosion experiment under aerobic condition, an initial state in MIC. These bacteria were
considered as representatives of minor bacterial populations relevant to MIC. The expected
outcome is to provide new insights into the roles of relatively obscured microorganisms in an
oilfield, a major corrosion-affected area.

Methodology:

Bacterial enrichment

An oil sludge sample was collected by a pigging technique where a sponge-like device was
sent running through corroded petroleum pipelines to sweep any deposits on their surface.
The produced water inside the pipeline has neutral pH with an average salinity of 2.6-2.8 %.
Six different minimal culture media were selected from literatures with the aim of enriching
aerobic bacteria relevant to metal metabolism, which feature in the early stages of metal
corrosion (Table 1). These media share some nutrients and energy sources, but, together,
cover a wide range of pH from extremely acidic to mildly alkaline, thereby rendering a
decent prospect for the cultivation of broad yet specific groups of bacteria. After adding 20%
(w/v) of oil sludge, the media were incubated at room temperature with a shaking speed of
150 rpm. This condition was used in accordance with the previous studies. Every 7-12 days,
10% (v/v) of culture broth was transferred to a new medium with the total of 6 times to
ensure the growth of dominant targeted bacteria.

Table 1.
The list of enrichment media
Medium Main component(s) pH range

Medium 1° FeS04-7H20, (NH4)2S04 ~2
Medium 2% FeSO4-7H-0 ~2
Medium 3% Bacto-peptone, Ferric ammonium citrate, ~7

NazS203
Medium 4% Na2S203, NH4Cl, KNO3, CH3COONa 7-9
Medium 5 Na2S203, (NH4)2SO04 4.4-4.7
Medium 6 NazS203 4-5

Bacterial isolation and sequencing

After the final transferring, the enriched bacteria were isolated by spread plate and streak
plate techniques. Diluted culture broth was spreaded on agar plates of their respective media
and any distinct colonies were streaked on new plates. A Gram-staining method was then
employed to each isolate. The bacterial isolates were grouped based on Gram stain result and
colony’s form and color. Subsequently, one bacterium from each group was designated to be
identified by a 16S rDNA sequencing technique.

Metal corrosion experiment

Following the bacterial sequencing, information of each species was gathered and evaluated,
and three most engaging microbes were selected for a metal corrosion test. A month-long
experiment was set up, with modified simulated produced water'® replacing the enriched
media as a liquid agent. Metal coupons were prepared from a carbon steel, L80 type 1 pipe
(L80-1). L80-1 was cut into a-cubic-centrimeter-sized coupons with each coupon having an
average weight around 4.2 — 4.6 g. There were four experimental sets including (i) a control
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group in which one cleaned and sterile metal coupon alone was immersed into the medium;
(i) a replica of group i, plus 10% (v/v) inoculum of the first bacterium; (iii) a replica of group
I, plus 10% (v/v) inoculum of the second bacterium; and (iv) a replica of group i, plus 10%
(v/v) inoculum of the third bacterium. The experiment was conducted under a static aerobic
setting, at room temperature. Each set was performed in triplicate. At the end of the test, the
coupon was retrieved for a measurment of the weight loss as well as the biofilm attached on
the metal surface for which a drop plate technique was used. The solution was collected for a
quantification of pH and concentrations of sulfate and ammonia using a pH meter and a
multiparameter photometer, respectively. Finally, ANOVA and Tukey Post-Hoc Test were
conducted using jamovi (Version 2.3).

Results and Discussion:

Bacterial enrichment, isolation and sequencing

MIC in the oil field is a direct consequence of elaborate bacterial activities, yet the
deterioation of structures is generally attributed to SRB while contributions of other microbes
is often underrated?®. In seeking to shed light on the roles and manner of these peripheral
bacteria in biocorrosion, six minimal media of varying pH ranges (Table 1) were first used
for the promotion of them. Prior to the second subculturing, two media with highly acidic pH
(i.e. Media 1 & 2) were terminated as they had not been able to accommodate any culturable
bacteria. This, nevertheless, corroborates the fact that the oil field from which the oil sludge
was sampled has neutral pH. Though these two media contain no carbon source, the apparent
absent of organisms in the media coupled with the nature of the oil field suggests that some
corrosive acidophilic chemolithoautotrophs are unlikely to exert solid influence on MIC of
the relatively neutral oil fields. Eventually, the other four media did succeed in culturing
bacteria (Figure 1). Next, a comparative analysis of colony and cell morphology was carried
out to arrange the obtained pure cultures into groups where their identities were later
confirmed by a 16S rDNA sequencing method. Intriguingly, all the isolates are found to be
rod-shaped Gram-negative bacteria under the microscopic observation (Table 2). Taking into
account that the pipelines are constantly flooded with biocides, Gram-negative bacteria with
their double-layer efflux system, are probably more tolerant to toxic substances than Gram-
positive bacterial’.

Medium 3 Medium 4
- & @ :

Control Transfer 6 Control Transfer 6

Medium 5 Medium 6

Control Transfer 6 Control Transfer 6

Figure 1.
Bacterial enrichment of Medium 3-6

:

- — ~

Subsequent to the identification, eight distinct bacteria were obtained, each of which
displayed a similarity to its related species beyond 98.8% (Table 2). Still, the phylogenetic
analysis of some bacteria proved insufficient to specify the bacterial species, hence the
morphological features were drawn on to reinforce the classification. Ultimately, strain codes
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were given to the isolated bacteria as follows: Citrobacter cronae SJ1, Pseudomonas
aeroginosa SJ5, Stutzerimonas balearica SJ26, Halomonas johnsoniae SJ33, Pseudomonas
kurunegalensis SJ21P, Brucella cytisi SJ21T, Stutzerimonas stuzeri SJ29 and Pseudomonas
khazarica SJ37. Among them, only P. aeroginosa and S. balearica were present in more than
one type of enrichment media demonstrating their ability to thrive in a wide range of pH and
atmosphere. The isolation of Halomonas johnsoniae was corresponded with the salinity of
the produced water.

Table 2.
16S rDNA sequencing and gram-stain

Code Closely related species % Similarity Gram- Enrichmen

stain t medium
. 99.52
st %}{%%ngf;f::ﬁ i’ (MN548424/ Medium 31
NAEW01000064)
Medium
Pseudomonas aeroginosa / 100.00 - 3t
SJ5 Pseudomonas (BAMAO01000316/ Medium
paraeroginosa ON359917) 513,
Medium 6
99.79 Medium
SJ26  Stutzerimonas balearica ' 412
(CP007511) T
Medium 6
. . 100.00 ; 12
SJ33 Halomonas johnsoniae (AM941399) Medium 4
Pseudomonas 99.93 . 13
SJ21P kurunegalensis (AM911650) Medium 5
.. 100.00
SI21T Bruce"aa‘;]{ﬂi')/ iBruce"a (AY776289/ Medium 5%
P CP000758)
SJ29 Stutzerimonas stuzeri (CPgogdggm) Medium 412
Pseudomonas hydrolytica / (Mf()gﬁ;lm /
SJ37  Pseudomonas guguanensis Medium 4*2
. FNJJ01000024/
/ Pseudomonas khazarica KX712072)

Potential functions of the isolated bacteria

With eight identified bacteria, relevant literature was reviewed to identify their potential
functions relevant to MIC in the oil field. Moreover, potential bacterial categories were
assigned to each strain based on the reviewed information (Table 3). Some of the assigned
categories, however, contradicted the enrichment results. For instance, H. johnsoniae, a
potential IRB, was not found in Medium 3 which has ferric ammonium citrate as a main
component. This is probably due to bacterial competitions during enrichment, the deprivation
of vital nutrients in some media, or the specific culture condition used in this study. Further
studies are required in order to explain the absence of certain bacteria in some media and to
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confirm the metabolic ability of each bacterium. As thiosulfate (S,03%) constitutes the only
main energy source contained in all four media, it is quite perplexing that SOB was not the
most abundant bacterial group enriched; APB were also low in number but were more likely
given the non-acidic characteristic of the corrosion site. Instead, it turned out that all the
cultivated bacteria appeared to possess an ability to reduce nitrate, a typical of NRB, what’s
more, seven of these bacteria even tend towards capacity for ferric reduction making them
IRB as well. Both NRB and IRB are versatile bacteria which favor neutral pH'®*° and can
utilize some hydrocarbons like toluene as carbon source®, thus they are predominant in
petroleum pipeline. It is probable that MIC in the oil field is greatly affected by the metabolic
functions of NRB and IRB. Currently, the roles of NRB in the biocorrosion are rather
ambiguous. On the one hand, NRB are regarded as a biological tool for the mitigation of MIC
since the proliferation of nitrate reducers can effectively combat the growth of SRB, thus
limiting the production H2S*®. On the other hand, numerous studies preferred to label NRB as
a vigorous corrosive species. The fact that the combined iron oxidation and nitrate reduction
yields higher redox potential than the reaction between iron oxidation and sulfate reduction
meant that NRB are, in some context, perceived to be no less detrimental than SRB®. In
addition, starved NRB can activate a special energy pathway known as extracellular electron
transfer (EET) which allows them to extract electrons from the elemental iron (Fe®) itself?.
Likewise, the involvement of IRB is also a paradoxical one. Whilst IRB can shield metal
surface through oxygen absorption and protective film formation, they can also indirectly
corrode metals through the dissolution of ‘iron oxide deposits’ leaving the surface
unprotected, not to mention the recycling of 10B-generated ferric ions by IRB which
resupplies 10B with ferrous ions*®?!, This vagueness concerning the role of NRB and IRB is
due partly to the subtly differences between species which further stresses the need to
investigate every bacteria individually?.

In this research, Stutzerimonas balearica, Halomonas johnsoniae and Pseudomonas
khazarica were chosen from seven bacteria presumed to be both NRB and IRB for further
study. P. aeroginosa and S. stuzeri are multi-functional bacteria with proven corrosive traits,
but since their notoriety are, to a certain extent, securely established, they were not consonant
with the objective of this project.

Stutzerimonas balearica, formerly known as Pseudomonas balearica, is a facultative
denitrifying bacteria cheifly spotted in oil-contaminated areas?®?%, Several S. balearica strains
were isolated from petroleum-based sources including one from an oil-storage floating vessel
suffered from a corrosion?24, Crucially, the usage of produced water and injected water in oil
recovery processes has permanently introduced S. balearica into the oil and gas
infrastructures®. Through its tenacity towards biocides, S. balearica was evidently found to
dominate the microbial population in produced water and injected water of some oil
industries, an alarming sign suggesting that the bacteria might become problematic in the
future?®2°,

Halomonas johnsoniae is also a nitrate reducing bacteria where its existence is first
realized in 2010%°. Though little is known about H. johnsoniae, the bacterium is believed to
have shared a common evolutionary ancestor and many ‘clade-specific signature genes’ with
a certain prominent corrosive bacterium, Halomonas titanicae?’; H. titanicae is a facultative
nitrate-Fe** reducing bacteria which restrains oxygen corrosion in an aerobic state but turns
corrosive itself in an anaerobic environment?. Regarding the close link between H.
johnsoniae and H. titanicae, there is a good chance that some qualities of H. johnsoniae
might parallel that of H. titanicae.

Pseudomonas khazarica is probably the most recent species discovered of all three.
Isolated in 2020, P. khazarica is found to be gifted with a catabolic pathway of degrading
polycyclic aromatic hydrocarbons and an ability to use nitrate as an electron acceptor?®,
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Despite the scarce information, its very genus (i.e. Pseudomonas) coupled with its oil-related
functions are enough for P. khazarica to be suspected of playing a part in the oil field MIC.

Table 3.
Classification of the isolated bacteria
gggtee?i; Major functions Reference genus/species Isolated bacteria
Sulfate- - Reduce SO4> to S*
reducing - Generate hy3drogen Citrobacter sp.? C. cronae SJ1
bacteria sulfide
(SRB) - Perform EET?
P. aeruginosa®!, S. .
- Reduce NOs™into  stuzeri®2, B. anthropi®3, Pbegsﬁ'Clogﬁzsé]sl’_lS'
Nitrate- NO,, NH,for N,  B. cytisi®*, P. khazarica?, johnsoniae 133 P
reducing - Induce iron Pseudomonas sp.%, : L
(NRB) thermodynamically® H. titanicae®, y Khazaric:
) 20,30 S. balearica? C SJ29, P. khazarica SJ37, C.
Perform EET . balearica*, C.
freundii®” cronae SJ1
Sulfur- Avidioa Q2- ). . o9 S. balearica SJ26, P.
oxidizing OX'i(::tzoegO/EZO:‘ stuzsér?glesgélcﬁjo;n%nas kurunegalensis SJ21P, S.
bacteria N " 38 stuzeri SJ29, P. khazarica
- Produce H* ions sp
(SOB) ' SJ37
- Oxidize Fe*? to
Iron- Fe*3 Pseudomonas sp.® S. balearica SJ26, P.
oxidizing - Create an oxygen- Brucella sp 40 pé ' kurunegalensis SJ21P, B.
bacteria free environment balearica®! Cpl-‘re’un' i cytisi SJ21T, P. khazarica
(10B) providing a habitat T SJ37, C. cronae SJ1
for SRB®
i 3 P. aeruginosa SJ5, S.
Iron- ReducFeelfze Into P. aeruginosa*?, S. balearica SJ26, H.
reducing T ective stuzeri®, Citrobacter johnsoniae SJ33, P.
bacteria films re>(/:ip itated b sp.*, Pseudomonas sp.?, kurunegalensis SJ21P, S.
(IRB) prectp Y H. titanicag? stuzeri SJ29, P. khazarica
other microbes SJ37, C. cronae SJ1
Acid- - Gene;?:ti% é)rganlc
producing | o i der P. aeruginosa®?, S. P. aeruginosa SJ5, B. cytisi
bacteria develop)r/nent ofa stuzeri®, B. anthropi® SJ21T, S. stuzeri SJ29
(APB) protective film®
- Secrete C. cronae SJ1, P.
extracellular P. aeruginosa®, S. aeruginosa SJ5, S.
Slime- olvmeric stuzeri®, Citrobacter balearica SJ26, H.
forming sl?ubztances sp.*4, Pseudomonas sp.®, johnsoniae SJ33, P.
bacteria S obic S. balearica?, H. kurunegalensis SJ21P, S.
ichet titanicae*® stuzeri SJ29, P. khazarica

SJ37
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Effect of the selected bacterial strains on metal coupons

Oil field MIC is symbolized by anaerobic corrosions, yet it has never been a solely anaerobic
affair and oxygen occasionally took part in the biocorrosion®’. In this experiment, MIC was
studied by immersing metal coupon in the produced water containing 1.6% salinity under
aerobic condition (Figure 2). On day 3, a noticeable growth of all bacteria was observed, and
the biotic samples remained turbid till the end of the study. The results indicated that S.
balearica, H. johnsoniae and P. khazarica grew well in saline solution. Additionally, biofilm
of each strain gradually formed on the coupon surfaces as well as at the bottom of the vials.
Throughout the study, brownish deposits were apparently developed in the abiotic control set
suggesting abiotic oxidation of metal. The metal coupons and solutions were separately
collected and analyzed at day 30 (Table 4). Without supplementary nutrients, all three
bacteria did manage to survive in large numbers, roughly 107 CFU/cm?, in a form of biofilm
attached to the metal coupon. After corrosion products on the metal samples were discarded,
weight loss of each coupon was calculated. The control set lost an average of 17.9 mg/coupon
of its weight whereas the strain SJ26, SJ33 and SJ37 sets lost only 4.8, 5.2 and 4.2
mg/coupon, respectively. In the environment where oxygen is accessible, it appeared that the
bacteria not only posed no harm to the carbon steel but also minimized corrosion caused by
abiotic factors. It is very likely that these bacteria covered the outer layer of metals with
biofilm which, in turn, prevented oxygen from reaching it. Similarly, H. titanicae — a fellow
NRB and IRB — depreciated the DO concentration through oxygen metabolism undermining
a spontaneous cathodic reaction to keep a curb on metal corrosion?’. Considering the
potential advantages of the biofilm, a further quantitative analysis on the biofilm thickness
will be conducted. As for the recovered liquid phase, pH in the experimental group was found
to be just slightly lower than the control group which can be inferred that there were no
highly acidic compounds produced. Yet, the difference between abiotic and biotic sets was
obvious in the detected sulphate concentrations. Even though none of the genera is famed for
having sulfate reduction features, it seemed that sulfate was metabolized by these bacteria
which led to a marked drop in its contents. Lastly, a sign of nitrate reduction could be
witnessed in solution harboring H. johnsoniae SJ33 biofilm where the ammonium ions made
a steep rise to 1.1 mg/L, more than twice as high as the other groups. The reduction of nitrate
was probably due to the anoxic condition in the bacterium biofilm. S. balearica SJ26 and P.
khazarica SJ37 were able to produce ammonia but at lower amounts of 0.3-0.4 mg/L. The
results indicate that these selected bacteria should be classified as NRB.
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Control

H. johnsoniae SJ33

Day 1

S. balearica SJ26

P. hydrolytica SJ37

Day 3

Day 30

Figure 2.

Metal corrosion experiments showing the changes of metal coupons overtime with and
without selected bacterial strains. Arrows indicate the rust formation on coupons.

Table 4
pH, lons, biofilm and metal weight loss measured at day 30 of the experiment

Parameters Control S. balearica H. johnsoniae P. hydrolytica
SJ26 SJ33 SJ37

pH 9.44+0.0* 8.8+0.2 8.9+0.1 8.9+0.1

Sulfate (SO4*) | 720.0+10.0 670.0+£10.0 676.7+£5.8 683.3£11.5

(mg/L) *

Ammonia 0.0 0.4+0.0 1.1+40.3* 0.3£0.1

(NH4") (mg/L)

Biofilm - 6.4x107+4.7x107 | 3.8x107+2.6x10" | 8.3x107+2.9x10’

(CFU/cm?)

Metal weight 17.9+0.1* 4.842.2 5.2+0.6 4.2+0.9

loss

(mg/coupon)

* Indicates that the value is significantly different from other conditions (p < 0.05).

Conclusion:

Oil fields are full of bacterial species that relevant to MIC, many of which are yet to be
revealed and scrutinized. In this research, eight Gram-negative bacteria which appeared to be
NRB were successfully isolated from an oil sludge sample. Most of them have never been
described as corrosion-related microorganisms. The effects of three selected strains namely S.
balearica SJ26, H. johnsoniae SJ33 and P. khazarica SJ37 on carbon steel coupon were then
studied under aerobic condition. As it turned out, all bacteria largely safeguarded the metal
surface with their colonized biofilm. Further study will investigate the interactions between
NRB and SRB on MIC. In addition, the behaviors of isolated NRB when deprived of oxygen
require further investigation. The acquired information will contribute towards the
elucidation of MIC that will lead to an invention of effective inhibiting means to nullify the

bacterial corrosive activities.
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EFFECT OF POTENTIALLY PATHOGENIC AND PLASTIC-DEGRADING
BACTERIAL CO-CULTURE ON POLYLACTIC ACID MICROPLASTICS
Nutthamon Boonlum?, Chonchanok Muangnapoh?, and Ekawan Luepromchai®-?*
!Department of Microbiology, Faculty of Science, Chulalongkorn University, Thailand
2Center of Excellence in Microbial Technology for Marine Pollution Treatment (MiTMaPT),
Chulalongkorn University, Thailand

*e-mail: ekawan.l@chula.ac.th

Abstract:

Compostable plastics such as polylactic acid (PLA) can generate microplastics (MPs) due to
their incomplete degradation and deterioration. PLA MPs can persist in the environment and
create new ecological niches for microorganisms. Previous studies have shown that
pathogenic bacteria are often among the pioneer colonizers on microplastic surfaces due to
their biofilm-forming ability. Biofilm formation also alters the physicochemical properties of
microplastics, thereby promoting the subsequent colonization and activity of other microbial
groups. This study therefore investigated the synergistic effects of potentially pathogenic and
plastic-degrading bacteria on PLA MPs when cultured as monocultures and co-cultures. The
PLA MPs used in this study were prepared from PLA cup waste and cut into fragments of
approximately 3 x 3 mm (< 5 mm in diameter). Initially, growth, colonization, and biofilm
formation of four bacterial strains (Stenotrophomonas pavanii EA33, Bacillus pumilus
STUV10, Vibrio parahaemolyticus PA7_5, and Staphylococcus saprophyticus PF11_E1) on
PLA MPs were compared. PLA MPs in liquid medium enhanced growth and biofilm
formation of all bacteria compared with the control without PLA MPs. The co-culture of S.
pavanii EA33 (PLA-degrading bacterium) and V. parahaemolyticus PA7_5 (potentially
pathogenic bacterium) showed synergistic enhancement of PLA MP degradation. The weight
loss of PLA MP in co-culture was 39% at day 20, while only 14% was degraded in the
monoculture. Morphological observations confirmed progressive erosion, cracking, and
fragmentation of PLA MPs. In addition, V. parahaemolyticus PA7_5 showed better growth in
co-culture (~8 log CFU/mL) than that of monoculture (~7 log CFU/mL). Overall, this study
indicated the dual roles of PLA MPs as degradable substrates and carrier for pathogens. The
findings will be used to determine the fate of PLA microplastics and pathogens in natural
ecosystems.

Introduction:

Polylactic acid (PLA) is a compostable plastic made from renewable natural resources such
as corn, starch, and sugarcane. It has good biodegradability and mechanical properties, which
are widely used as packaging and account for approximately 45% of the global biodegradable
plastic market.X 2 PLA can be rapidly degraded under very specific conditions (high
temperature, moisture, presence of microorganisms and enzymes), however its degradation
rate in the natural ecosystems is often not feasible, and complete mineralization is difficult to
achieve.® Similar to petroleum-based plastics, bio-based plastics also produce microplastics
(<5 mm in diameter) throughout their life cycle and can even produce more particles than
petroleum-based plastics.* Recent studies showed that bio-based microplastics pose certain
ecological and environmental risks.?

Due to their small size, high specific surface area, and hydrophobicity, microplastics
readily attract microorganisms to form biofilms on their surfaces, making them good carriers
for microbial colonization and translocation.® Biofilm primarily consists of microbial cells
and extracellular polymeric substances (EPS). Compared to the surrounding environment, the
surface biofilm of microplastics has been shown to have a distinct microbial community
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structure.® Additionally, microplastics can easily migrate through hydrodynamic processes,
making them carriers of spreading harmful microorganisms.’

Potential opportunistic pathogens have been identified as pioneer colonizer on the
surface of microplastics.2 For example, Vibrio, Enterobacteriaceae, and Tenacibaculum have
been recognized on various types of microplastics, including polyethylene (PE), polylactic
acid (PLA), and polystyrene (PS), in the marine environment due to biofilm formation
ability.1% Several studies have demonstrated that microbial colonization on microplastic
surfaces is divided into different successional stages: firstly, pioneer microorganisms that can
effectively adhere to microplastics randomly through biofilm, secondly, microorganisms with
the ability to degrade polymers are enriched, and finally, plastic-degrading microorganisms
are replaced by other organisms and exit the core role.!t 12 Various bacteria capable of
degrading microplastics from microplastic-associated biofilm including Bacillus,
Pseudomonas, Alcanivorax, Stenotrophomonas, Alteromonas, etc. have shown a promising
ability to degrade various microplastic.'*1®

Currently, most studies focus on isolating microbial strains capable of degrading
plastics from contaminated environments, as well as describing the stages of biofilm
formation and providing taxonomic insights into bacteria colonizing microplastics.’
However, there remains a significant knowledge gap regarding how potentially pathogenic
and plastic-degrading bacteria interact on compostable plastics such as PLA, and how these
interactions affect both biofilm development and microplastic degradation.

Thus, this study aims to investigate the interactions between potentially pathogenic
and plastic-degrading bacteria on PLA MPs. We hypothesized that co-culture of both
bacterial groups will result in altered biofilm formation and PLA MPs degradation compared
with monocultures. The obtained knowledge enables understanding of bacterial communities
affecting MPs degradation and potential public health risk mediated by microplastic
contamination.

Methodology:

Materials and strain maintenance

PLA microplastics (PLA MPs) were prepared from plastic cup waste collected from a local
coffee shop, following a modified methodology of Mistry et al. (2022). The PLA cups were
cut into 3x3 millimeters (mm) pieces using sterilized scissors. The microplastics were
pretreated with UV-C irradiation by placing them in an ultraviolet chamber (15 W and 50 Hz)
for 24 hours (h) to simulate long-term exposure of sunlight. Subsequently, the PLA was
sterilized by soaking in absolute ethanol and rinsing with sterile distilled water, drying in a
laminar airflow cabinet, and 10 minutes (min) of UV irradiation.

Two plastic-degrading bacteria Stenotrophomonas pavanii EA33 and Bacillus
pumilus STUV10, along with two potentially pathogenic bacteria Vibrio parahaemolyticus
PA7_5 and Staphylococcus saprophyticus PF11_E1, were obtained from the MSCU culture
collection of the Department of Microbiology, Faculty of Science, Chulalongkorn University,
Thailand. These bacterial strains were previously isolated and identified from plastic-
contaminated environments. The bacteria were separately cultivated in 0.25x Tryptone Soya
Broth (0.25xTSB), except for V. parahaemolyticus PA7_5 that was cultivated in 0.25xTSB
supplemented with 3% NaCl. The flasks were incubated at room temperature (30°C) with 150
rpm for 16 h (the late logarithmic phase). The inoculum (OD600 = 0.5, 108 CFU/mL) was
suspended in a 0.85% (w/v) NaCl solution before use.

Monoculture and co-culture experiment
A total of 5 mL of the bacterial inoculum was inoculated into 45 mL of Zobell Marine Broth
(ZMB) supplemented with 5 mg/mL of PLA MPs. The flasks were incubated at room
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temperature (30°C) with shaking at 150 rpm for 30 days. The abiotic control contained PLA
MPs without bacterial inoculum, while the biotic control contained bacterial inoculum
without PLA MPs. Three replicate flasks were collected at days 0, 10, 20, and 30 for analysis
of bacterial growth in ZMB, bacterial attachment on microplastic surface, and biofilm
formation.

A potentially pathogenic and a PLA-degrading bacteria were selected for the co-
culture system. Prior to co-culture preparation, the selected bacteria were tested for
antagonistic effects using the cross-streak method, and only compatible isolates were used.
The co-culture was prepared at a 1:1 (v/v) ratio and the co-culture experiment was conducted
under the same conditions as the monoculture experiment. Bacterial growth in ZMB,
bacterial attachment on microplastic surface, biofilm formation, and PLA microplastic
degradation (weight loss measurement) were determined.

Analysis of bacterial growth and biofilm formation

Bacterial growth in ZMB

The bacteria growth in ZMB was analyzed by plate count technique. Firstly, the culture broth
was diluted with a ten-fold dilution technique. Diluted cultures were spread on Tryptone Soya
Agar (TSA), while TSA with 3% NaCl was used for V. parahaemolyticus PA7_5. The plates
were incubated at room temperature (30°C) for 2 days. In the co-culture experiment, the
number of bacterial colonies was enumerated separately based on the distinct colony color
and morphology observed on TSA.

Bacterial attachment on microplastic surface

PLA MPs were removed from culture broth using strainer. The attachment of bacterial cells
in biofilm over PLA MP surface were monitored, following a modified methodology of
Maheswaran et al. (2023). Microplastics were washed with distilled water to remove loosely
attached bacteria and liquid medium, then vortexed and sonicated in 1 mL of 0.85% (w/v)
saline solution to remove the bacterial biofilm. An aliquot was serially diluted and plated on
TSA, while TSA with 3% NaCl was used for V. parahaemolyticus PA7_5. The plates were
incubated at room temperature (30°C) for 2 days. In the co-culture experiment, the number of
bacterial colonies was enumerated separately based on the distinct colony color and
morphology observed on TSA.

Biofilm formation

PLA MPs were gently washed with sterile distilled water (DW) to remove loosely attached
bacterial cells. The washed PLA microplastics were then immersed in 5 mL of 3% (w/v)
crystal violet solution for 15 min. Following staining, the PLA microplastics were rinsed with
DW to remove excess dye. The biofilm-stained PLA microplastics were extracted by
immersing them in 3 mL of 95% (v/v) ethanol. The optical density (OD) of the extracted
stain in ethanol was measured at 590 nm using a spectrophotometer to quantify biofilm
formation.?

PLA MPs degradation

Weight loss measurement

Weight loss analysis was conducted by washing PLA MPs multiple times with 2% (w/v)
sodium dodecyl sulfate (SDS), followed by washing with water and a final wash with 70%
(v/v) ethanol. Finally, the samples were dried overnight at 60°C before weighing. The
degradation efficiency was calculated using the equation (1):

Degradation efficiency of PLA MPs (%) = (Wo — W1) / Wo x 100% (1)
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Where Wy was the weight of the PLA MPs before degradation and W1 was the weight after
degradation.

Results and Discussion:

Growth of bacterial monoculture in ZMB medium with and without PLA microplastics
Figure 1 shows the growth of four bacterial monocultures, including the plastic-degrading
bacteria S. pavanii EA33 and B. pumilus STUV10, along with the potentially pathogenic
bacteria V. parahaemolyticus PA7_5 and S. saprophyticus PF11 E1, in ZMB medium with
and without PLA MPs. In ZMB with PLA MPs (Fig. 1a), all strains exhibited a rapid increase
in cell numbers during the first 10 days. S. pavanii EA33 and B. pumilus STUV10 reached
the highest densities (~9 log CFU/mL) and remained stable until day 30, whereas V.
parahaemolyticus PA7_5 and S. saprophyticus PF11 E1 also increased during the early
phase but showed slightly lower maximum values (~8 log CFU/mL). In contrast, in ZMB
without PLA MPs (Fig. 1b), all strains showed limited growth and their cell numbers
gradually declined after day 6. The calculated specific growth rates (1) supported these
observations. In the presence of PLA MPs, all strains displayed positive p values (0.016—
0.019 d1), while those without MPs showed negative or near-zero p values (—0.015 to 0.005
d™m.

The results indicate that PLA MPs enhance bacterial growth and survival compared to
controls without MPs. The stable cell densities observed in PLA-containing cultures suggest
that microplastics acted as potential carbon source through slow degradation. Moreover, the
presence of microplastics in the environment may also increase the risk of proliferation of
pathogenic bacteria. These findings are consistent with previous studies reporting that
compostable plastics such as PLA can sustain microbial colonization and contribute to long-
term bacterial persistence.?!
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Figure 1
Bacterial growth of monoculture in ZMB medium with (a) and without PLA MPs (b).

Growth and biofilm formation of bacterial monoculture on PLA microplastic surfaces
Figure 2 shows the growth and biofilm formation of four bacterial strains on the surface of
PLA MPs during 30 days of incubation. On the MP surface (Fig. 2a), all strains maintained
high viable counts (6-8 log CFU/cm?) throughout 30 days. S. pavanii EA33 consistently
showed the highest densities, followed by B. pumilus STUV10, V. parahaemolyticus PA7_5,
and S. saprophyticus PF11_E1. This trend was consistent with their growth in ZMB medium
with MPs. Although slight fluctuations were observed, no significant decline occurred,
indicating stable colonization on MPs.
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Numbers of attached bacteria (a) and biofilm formation (b) of monoculture on PLA MP
surface. Different letters indicate significant difference between bacterial strains at the same
sampling time (p < 0.05).

Biofilm quantification by four bacterial monocultures over PLA MP surface was
evaluated by crystal violet assay (Fig. 2b). Among them, the highest biofilm formation was
observed by V. parahaemolyticus PA7_5 and S. pavanii EA33 after 30 days of incubation,
while B. pumilus STUV10 and S. saprophyticus PF11_E1 produced slightly lower biofilm.
These results demonstrated that MP surfaces can be colonized by various microorganisms
over time. Previous studies have reported that bacterial biofilm on microplastics can alter
their physicochemical properties, such as crystallinity, functional groups, hydrophilicity, and
surface morphology, providing suitable niches for microbial colonization.?? Moreover, these
aggregates formed by microplastics and microbial biofilms play a crucial role in vertical
transport and sedimentation, potentially affecting long-term microplastic fate and diagenetic
processes.?®

Based on these results, S. pavanii EA33 was selected as the representative plastic-
degrading bacteria due to its higher attachment ability and biofilm formation on PLA MP
surface than B. pumilus STUV10. For the potentially pathogenic bacteria, V.
parahaemolyticus PA7_5 was selected because it exhibited higher biofilm formation than S.
saprophyticus PF11 E1. These selected bacteria were used to prepare the co-culture in the
following experiment.

Growth and biofilm formation of plastic-degrading and pathogenic bacterial co-culture
on PLA microplastics
Figure 3 shows the interaction between S. pavanii EA33, a plastic-degrading bacteria, and V.
parahaemolyticus PA7_5, a potentially pathogenic bacteria, through antagonistic assay,
bacterial growth in ZMB medium with PLA MPs, bacterial attachment on PLA MP surfaces,
and biofilm formation.
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Figure 3

The interaction between co-culture of a plastic-degrading bacteria and a potentially
pathogenic bacteria, i.e., antagonistic assay (a), bacterial growth in ZMB with PLA MPs (b),
bacterial attachment on PLA MP surfaces (c), and biofilm formation (d). Different letters
indicate significant difference between bacterial strains at the same sampling time (p < 0.05).

Both strains (V. parahaemolyticus PA7_5 and S. pavanii EA33) showed no
antagonism (Fig. 3a) and grew rapidly in ZMB medium, reaching approximately 9 log
CFU/mL by day 10 and remaining stable until day 30 (Fig. 3b). On PLA MP surfaces, both
strains successfully colonized and maintained viable populations between 7 and 8 log
CFU/cm? throughout 30 days (Fig. 3c). S. pavanii EA33 displayed slightly higher viability
compared to V. parahaemolyticus PA7_5, but both showed strong persistence, demonstrating
that PLA MPs provided suitable niches for sustained attachment and growth.

Moreover, when comparing bacterial numbers between co-culture (Fig. 3b) and
monoculture in ZMB (Fig. 1a), V. parahaemolyticus PA7_5 showed better growth in co-
culture (~8 log CFU/mL) than in monoculture (~7 log CFU/mL). This may be because of the
incomplete degradation of PLA by S. pavanii EA33 that generated PLA oligomers or other
breakdown products for V. parahaemolyticus PA7_5 to use as an additional carbon source.
Such cross-feeding interactions are common in microbial consortia and may explain the
enhanced persistence of pathogens in the presence of plastic degraders.

The co-culture had the highest amount of biofilm on day 10, 20, and 30 at an
absorbance value of around 4 as showed in Figure 3c. The biofilm formation by co-culture
suggested synergistic interactions between the two species in colonizing the microplastic
surface. Biofilm formation over plastic is an essential criteria for plastic biodegradation,
where plastic-degrading bacteria localizes extracellular degradative enzymes on the PLA MP
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surface, leading to enhanced degradation efficiency and protected the bacterial cells from
severe hostile environmental condition.’® Meanwhile, biofilm formation by pathogenic
bacteria enhanced the accumulation and provide higher possibilities for transportation of
pathogenic bacteria to new habitats.’

PLA MP degradation by plastic-degrading and pathogenic bacterial co-culture

Figure 4 shows the degradation of PLA MPs in the co-culture system using weight loss
analysis over 30 days of incubation. The co-culture of S. pavanii EA33 and V.
parahaemolyticus PA7_5, degraded 39% PLA MPs in the first 20 days, which was higher
than that of S. pavanii EA33 alone (Fig. 4a). In addition, PLA MPs showed signs of physical
disintegration during incubation (Fig. 4b). The biodegraded PLA MPs showed clear signs of
surface erosion, cracking, and fragmentation over time. On day 30, PLA MPs degraded to
65% by the co-culture and showed fragmentation into smaller pieces. In contrast, PLA MPs
in the abiotic control retained their original morphology throughout the experiment, with no
visible changes.

The weight loss and morphological analyses provide clear evidence that PLA MPs are
susceptible to microbial degradation and that the co-culture enhanced this process,
particularly during the early stages of incubation. The co-culture of S. pavanii EA33 and V.
parahaemolyticus PA7_5 achieved significantly higher degradation efficiency than the
monoculture of S. pavanii EA33, suggesting that their interactions facilitated effective
colonization and breakdown of the polymer.

These results emphasize the importance of bacterial interactions on the fate of
compostable plastics in the environment. Importantly, the findings may help predict the
environmental fate of microplastics such as PLA MPs when they are colonized by both
potentially pathogenic and plastic-degrading bacteria.
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Figure 4
Degradation of PLA MPs by co-culture of S. pavanii EA33 and V. parahaemolyticus PA7_5
(a). Morphological changes of PLA MPs after 10, 20, and 30-d incubation with co-culture
compared with abiotic control (b). Different letters indicate significant difference between
bacterial strains at the same sampling time (p < 0.05)

Conclusion:

This study demonstrates that PLA MPs enhance growth, colonization, and biofilm formation
of both plastic-degrading and potentially pathogenic bacteria. The co-culture of S. pavanii
EA33 and V. parahaemolyticus PA7_5 showed synergistic enhancement, which significantly
increased bacterial growth and early-stage degradation at a higher extent than that of
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monoculture. The PLA MPs degradation of 39% was achieved from the co-culture within the
first 20 days. This study verified the effects of PLA MPs on plastic-degrading and pathogenic
bacteria, as well as their interactions on PLA surfaces. These findings can be used for
understanding the fate of PLA microplastics and bacterial pathogens in natural ecosystems.
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Abstract:

Excess reactive oxygen species (ROS) can cause oxidative stress, damaging macromolecules
and organelles like mitochondria, and contributing to chronic diseases such as cancer,
cardiovascular, and neurodegenerative disorders. Exogenous antioxidant supplementation
helps neutralize ROS, preventing cellular damage. Saccharomyces cerevisiae is an excellent
eukaryotic model for studying oxidative stress due to its highly conserved redox-regulatory
pathways with higher eukaryotes. Curcuma comosa Roxb. is an abundant source of many
bioactive compounds. This study aimed to screen and evaluate the antioxidant activity of pure
compounds derived from C. comosa. Using DPPH and ABTS assays to screen compounds
with in vitro antioxidant activity, ASCY181 showed the highest antioxidant activity among
thirteen compounds tested with 70.13% and 81.9% in the DPPH and ABTS assays,
respectively. To further investigate the in vivo antioxidant capability, intracellular ROS levels
and cell viability in wild-type and Asod2 mutant yeast were measured. ASCY181
significantly protected the wild-type strain from H20.-induced oxidative stress by markedly
reducing intracellular ROS levels. However, its efficacy was diminished in the Asod2 mutant
strain, where only a slight reduction in ROS levels was observed. Taken together, our
findings indicate that SOD2 is crucial for the protective role of ASCY181 against oxidative
stress. Nonetheless, whether ASCY181 engages additional mechanisms contributing to its
antioxidant activity remains to be investigated.

Introduction:
Reactive oxygen species (ROS) are small molecules produced by the incomplete one-electron
reduction of oxygen, are typically extremely reactive, and unstable. ROS encompass
superoxide, peroxide, hydroxyl radicals, and singlet oxygen, which are generated during the
metabolic process in cells.> Furthermore, several environmental factors, such as pollution,
tobacco smoke, industrial chemicals, and ultraviolet (UV) radiation, possess the potential to
induce the production of ROS.? Excess abundances of ROS can provoke oxidative stress,
leading to damage to macromolecules such as nucleic acids, proteins, lipids, membranes, and
organelles such as mitochondria.>* Oxidative stress results from an imbalance between free
radicals and the ability of antioxidant defense systems and cellular repair mechanisms. It is
linked to wvarious chronic diseases, including cardiovascular diseases, cancer,
neurodegenerative disorders, and other age-related conditions.® Numerous antioxidant
defense mechanisms have been reported to mitigate the impact of free radicals, hence
alleviating oxidative-mediated cellular damage.® Exogenous antioxidant supplementation is
crucial for neutralizing free radical reactions, thereby averting cellular damage.’” Bioactive
compounds obtained from plant extracts function as common antioxidant agents. Quercetin is
an antioxidant flavonoid that is naturally present in various fruits and vegetables. In
numerous model species, it can safeguard cells from oxidative stress by decreasing apoptotic
and oxidative stress.®

The budding yeast Saccharomyces cerevisiae serves as an impressive eukaryotic
model organism for investigating oxidative stress.® It is a simple, accessible, and genetically

© The 37" Annual Meeting of the Thai Society for Biotechnology and International Conference (TSB2025)

BN-0O-018

207



// .

TSB 2025

n Action

manipulable organism, with roughly 30% of human disease-related genes having yeast
orthologues.® S. cerevisiae possesses comparable antioxidant defense mechanisms that
closely mirror those of mammals. Numerous fundamental cellular pathways, especially those
related to oxidative stress response, are remarkably well conserved between yeast and
humans, making S. cerevisiae an invaluable model for elucidating the molecular basis of
oxidative stress and related physiological processes.’ Yeast enzymatic antioxidant systems,
including superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase (GPX),
serve as essential defenses for the scavenging of ROS.!! SODs convert superoxide into
hydrogen peroxide (H202), which is then transformed into water and oxygen by CAT or
GPX. Eukaryotic cells typically possess two evolutionarily distinct types of superoxide
dismutases (SODs) that function to neutralize superoxide. A copper/zinc-dependent
superoxide dismutase (SOD1) largely localized in the cytoplasm and a manganese-dependent
superoxide dismutase (SOD2) found in the mitochondrial matrix. SOD2 is located inside the
superoxide-generating mitochondrial respiratory chain, and its deficiency leads to substantial
consequences, including increased oxidative damage, shortened lifespan, and decreased
resistance to various environmental stressors.*?> Any genetic alteration, such as deletion or
mutation in the yeast model, contributes to locating specific gene targets for potential
therapeutic molecules within oxidative stress response pathways.®

Curcuma comosa Roxb, also known as Waan-Chak-Motluk, a member of the
Zingiberaceae family, is a native Asian plant that is often seen in Malaysia, Indonesia, and
Thailand.® It has been extensively employed in Thai traditional medicine to alleviate
postpartum uterine hemorrhage. Its estrogenic activity has been well-characterized in both in
vitro and in vivo models.}* The most specific biological activities have been investigated for
their influence, such as anti-inflammatory and antioxidant.*>*’

Therefore, this study focuses on screening and evaluating the antioxidant activity of
the compounds derived from C. comosa using the DPPH and ABTS assays. A compound
with the highest antioxidant activity was assessed cellular toxicity and protective effect
against oxidative stress generated by H2O: in S. cerevisiae.

Methodology:

1. Screening of the compounds from C. comosa for in vitro antioxidant activity using DPPH
assay

Thirteen compounds kindly gifted by Professor Dr. Apichart Suksamrarn, Department of
Chemistry, Faculty of Science, Ramkhamhaeng University, Bangkok, Thailand, were
screened. All test compounds were dissolved in dimethyl sulfoxide (DMSO) to obtain a
concentration of 10 mg/ml as a stock solution.

The antioxidant properties of test compounds were assessed by the DPPH radical scavenging
assay as described by Blois (1958).28 The compound at a concentration of 0.1 mg/ml was
incubated with the DPPH (Sigma-Aldrich, USA) solution (0.06 mM in methanol) for 30
minutes. The reaction was measured at 515 nm using a microplate reader (Perkin Elmer,
USA). The antioxidant activity was determined using the following equation 1.

DPPH scavenging activity (%) = [(A-B) + A] x 100 (1)
where ‘A’ and ‘B’ are absorbances of the DPPH without and with the compound,

respectively. In this study, the antioxidant activity of ascorbic acid was used as the positive
control. All samples undergo tested in triplicate.
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2. Screening of the compounds from C. comosa exhibiting in vitro antioxidant activity using
ABTS assay

The ABTS assay was conducted following the method described by Re et al. (1999) with
some modifications by mixing 7 mM ABTS (AK Scientific, Inc., USA) with 2.45 mM
potassium persulfate in equal volumes.'® The mixture solution was incubated in the dark at
room temperature for 16 hours and subsequently diluted to an absorbance of 0.7 + 0.02 at 734
nm with distilled water. The test compounds (0.1 mg/ml) were incubated with the diluted
ABTS"" solution for 10 minutes. The absorbance was measured using a microplate reader
(Perkin Elmer, USA). The antioxidant activity was calculated as described in the DPPH
assay. Ascorbic acid was used as a positive control. All samples undergo tested in triplicate.

3. Cytotoxicity test of the selected compound in yeast

S. cerevisiae wild-type strain BY4741 (MATa his3A1 leu2A0 met15A0 ura3A0) was used in
this experiment. Yeast cells were cultured in yeast peptone dextrose (YPD) liquid medium
(2% peptone, 2% glucose, and 1% yeast extract). Overnight cultures were adjusted to an OD
660 nm = 0.2, transferred to a 96-well plate in synthetic defined (SD) liquid medium with and
without the candidate compound at various concentrations in ranging from 0.25 to 100 pg/mi,
and incubated at 30°C for 48 hours to reach the stationary phase. The effect of the selected
compound on cytotoxicity was monitored by determining the viable cells with the methylene
blue staining method. The numbers of viable (seen as bright cells) and dead cells (stained
blue) were counted with a microscope. A total of 200-300 cells were counted in order to
increase the accuracy of the cell count. The percentage of viable cells (% viability) was
calculated using the following equation 2.2° Then, cell viability of the treated cells was
normalized and represented as a percentage with respect to the untreated control. The
appropriate concentration of the selected compound was used in further experiments.

The percentage of viable cells (% viability) = [A + (A+B)] x 100 (2)
where ‘A’ and ‘B’ are the number of viable cells and the number of dead cells, respectively.

4. Measurement of the intracellular ROS

2',7'-dichlorodihydrofluorescein-diacetate (DCFH2-DA) (Sigma-Aldrich, USA), was the most
widely used fluorogenic probe for the detection of oxidative stress, used as described in van
der Laan et al. (2020).2 Firstly, the S. cerevisiae BY4741 wild-type and the isogenic Asod2
mutant strain were inoculated in YPD medium with and without the candidate compound at
an appropriate concentration. For the untreated control, cells were inoculated in YPD medium
with 1% DMSO at final concentration. Following incubation at 30°C overnight, the cells
were undergoing treatment with an appropriate concentration of H.O; for 1 hour. Thereafter,
the yeast cell suspension was incubated with DCFH>-DA at 30°C for 30 minutes in the dark.
The cell pellet was collected and then resuspended in 100 pl of 0.1 M phosphate buffer (pH
7.4). The ROS level was measured using a microplate reader (Perkin Elmer, USA) using
fluorescence excitation and emission at 504 nm and 525 nm. The positive control for this
experimental analysis was 8 pg/ml of quercetin.

5. Determining the yeast cell survival against H>O.-induced oxidative stress

S. cerevisiae BY4741 wild-type or isogenic Asod2 strain was inoculated in YPD medium,
with and without treatment of the candidate compound with an appropriate concentration at
30°C, 200 rpm. For the untreated control, cells were inoculated in YPD medium with 1%
DMSO at final concentration. After overnight incubation, cell suspension was aliquoted and
treated with an appropriate concentration of H202 for 1 hour. Thereafter, the cell pellet was
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collected and then resuspended in 0.1 M phosphate buffer (pH 7.4). Then, cell suspension
was diluted by 10-fold serial dilution with 0.1 M phosphate buffer (pH 7.4). The qualitative
analysis of cell viability was conducted via spot assay. The yeast cell suspension (5 pl) of
each dilution was spotted on YPD agar plate, and after incubation for 2 days at 30°C, the
yeast colonies on the plate were visualized.?? Quercetin at a concentration of 8 pg/ml was
used as a positive control. All the experiments were independently performed in triplicate.

6. Statistical analysis

All experiments were conducted in triplicate. The results were reported as means + standard
errors. Statistical analyses were performed with GraphPad Prism version 10.6.0 (GraphPad
Inc., USA). One-way analysis of variance (ANOVA) was applied to test for significant
differences.

Results and Discussion:

1. The ASCY181 compound exhibiting potent antioxidant activity in vitro

This study utilized two widely used antioxidant assays, 2,2-diphenyl-1-picrylhydrazyl
(DPPH) and 2,2’-azino-bis-3-ethylbenzthiazoline-6-sulphonic acid (ABTS), to assess the
radical scavenging properties of the test compounds. Ascorbic acid, known as an antioxidant
compound, was utilized as a positive control.?® Thirteen bioactive compounds-derived from
C. comosa, were screened using the DPPH and ABTS assays. The results showed that a
tested compound ASCY181 had the strongest antioxidant property, with 70.13% and 81.9%
in the DPPH and ABTS assays, respectively (Figure 2). It effectively neutralizes free radicals
within hydrophilic and lipophilic systems, as demonstrated in the hydrophilic system of
ABTS assay, as well as in hydrophobic system in the DPPH experiment.? Hence, ASCY181
was selected for further investigation of its potential in this work.
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Figure 1.

In vitro free radical scavenging activity of compounds derived from C. comosa.
Test compounds were determined in both DPPH (a) and ABTS (b) assays. Each compound
was tested at 0.1 mg/ml. Ascorbic acid (0.03 mg/ml) was used as a positive control. All the
experiments were conducted in triplicates.

2. Effect of ASCY181 on the cell viability of S. cerevisiae

To determine the optimal concentration of ASCY181 with no detectable cytotoxicity, S.
cerevisiae BY4741 wild-type strain was cultivated in the absence and presence of the
ASCY181 compound at various concentrations ranging from 0.25 to 100 pg/ml for overnight.
The cell viability was determined using the methylene blue staining method. As shown in
Figure 2, there was no significant difference in cell viability was observed at concentrations
of 0.25, 0.5, and 1 pg/ml of ASCY181 compared with the untreated control. Although
treatment with ASCY181 at 4 and 20 pg/ml resulted in a slight decrease in cell viability, the
reduction was not statistically significant. However, at a concentration of 100 pg/ml,
treatment with ASCY181 resulted in a significant decrease in cell viability compared with the
untreated control. Therefore, a concentration of 1 pg/ml of ASCY181 was chosen for
subsequent experiments.

© The 37" Annual Meeting of the Thai Society for Biotechnology and International Conference (TSB2025)
211



y :%ilfmiié %,
TSB:2035

in Action

-

N

o
]

-

o

=]
1

*okkk

0
o
1

Cell viabillity (% of Control)
£ »
o (=]
1 1

N
o
1

0 | | 1 1 1 T T
Control 100 20 4 1 0.5 025

ASCY181 (ug/ml)

Figure 2.

The effect of the ASCY181 on cell viability of S. cerevisiae BY4741 wild-type strain.
Viability of yeast cells was determined using the methylene blue staining method. The
experiment was performed in triplicates. The analysis was performed by using GraphPad
Prism, one-way analysis of variance (ANOVA), and Dunnett’s multiple comparison test. All
treatments were compared with untreated control. ****p < 0.0001.

3. The protective effect of the ASCY181 compound against H-O»-induced oxidative stress in
S. cerevisiae

From the screening of the antioxidant activity of compounds derived from C. comosa using
the in vitro DPPH and ABTS assays, the results showed that ASCY181 had the strongest
antioxidant property in both the DPPH and ABTS assays. Therefore, the protective effect of
the ASCY 181 against H-O»-induced oxidative stress in yeast cells was assessed. S. cerevisiae
wild-type BY4741 and its isogenic mutant lacking the gene coding for manganese superoxide
dismutase (MnSOD) (Asod2 strain) were investigated. SOD2 was chosen for investigation
due to its crucial role as an antioxidant enzyme that is essential for neutralizing ROS. A
working concentration of H.O. was determined by performing a dose-response experiment.
Figure 3a and 3b showed that the concentration of H.0. at 6-8 mM significantly elevated
intracellular ROS levels in both strains as compared to their respective control (0 mM H20Ox).
Therefore, the concentration of H.O- at 6 mM was chosen for use in further experiments.
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Figure 3.
The effect of H.Oz on intracellular ROS level in S. cerevisiae.

S. cerevisiae BY4741 wild-type (a) and Asod?2 strains (b) were treated with H>O at various
concentrations. The intracellular ROS level was measured by DCFH2-DA. The experiment
was performed in triplicates. The analysis was performed by using GraphPad Prism, one-way
analysis of variance (ANOVA), and Dunnett’s multiple comparison test was applied to test
for significant differences. All treatments have been compared with 0 mM of H2O> treatment.
*p < 0.05, **p < 0.01, and ****p < 0.0001.

To determine the protective effect of ASCY181 against H.O2-induced oxidative
stress, DCFH2DA assay and a spot assay using an agar plate were performed. H20.-induced
oxidative stress resulted in a significant elevation of intracellular ROS levels in both wild-
type and the Asod2 mutant strains relative to their respective non-stressed controls (Figure 4a
and 4c). However, treatment with ASCY 181 at 1 pug/ml markedly reduced ROS accumulation
in the wild-type strain (p < 0.0001) compared with the untreated stressed control (Figure 4a),
whereas only a slight but significant reduction (p < 0.01) was observed in the mutant strain
(Figure 4b).

These results indicate that the ASCY181 compound can efficiently counter H.O»-
induced oxidative stress and SOD2 is important for the ability of the ASCY 181 compound to
resist H>Oz-induced oxidative stress. Consistently, spot assay revealed that ASCY181
improved cell viability under H2O2-induced oxidative stress in the wild-type strain (Figure
4c), while only a subtle improvement was observed in the Asod2 strain (Figure 4d). The
results demonstrated that SOD2 may represent a direct or indirect molecular target of
ASCY181. Notably, treatment of the Asod2 mutant strain with ASCY181 under oxidative
stress led to a slight but significant decrease in intracellular ROS levels relative to the
untreated stressed control. This suggests that ASCY181 may exert its protective effects not
only through SOD2 but also via additional mechanisms including modulation of cellular
signaling pathways, regulation of transcription factors, regulation of mitochondrial ROS
production, energy metabolism, and proteostasis.?®

Together, these results support the role of ASCY181 in alleviating oxidative stress.
Thus, further investigation is required to elucidate the protective effect of ASCY 181 against
H20.-induced oxidative stress in other mutant strains. For instance, the investigation on yeast
mutants that lack enzymes involved in the antioxidant pathway, such as catalase (CAT) and
glutathione peroxidase (GPX), which are located downstream of SOD2.
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Figure 4.

In vivo investigation of the protective effects of the ASCY 181 on H20,-induced oxidative
stress. Relative intracellular ROS level in S. cerevisiae BY4741 wild-type (a) and Asod2
strain (b). The cell survival of yeast wild-type (c) and Asod?2 strain (d) against H-O2-induced
oxidative stress. The yeast wild type and Asod2 strain were pre-treated with ASCY 181 at the
concentrations of 1 pg/ml and then incubated with 6 mM of H20.. Quercetin at 8 pug/ml was
used as the positive control. Independent replicates were performed to validate the results.
The analysis was performed by using GraphPad Prism, one-way analysis of variance
(ANOVA), and Dunnett’s multiple comparison test. All treatments have been compared with
untreated control, treated with H>O>. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p <
0.0001.

Conclusion:

This study identified the compound displaying in vitro antioxidant activity. From screening,
the ASCY 181 showed the greatest antioxidant activity with 70.13% and 81.9% measured by
DPPH and ABTS assays, respectively. ASCY 181 exhibited a potent protective effect against
oxidative stress induced by H2O: in the wild-type strain, as observed by elevating
intracellular ROS levels and alleviating growth defect. As the yeast Asod2 mutant, the
efficacy of the ASCY181 compound to combat H2O:-induced oxidative stress was
diminished compared to those in wild-type strain. These findings indicate that SOD2 plays an
important role for the ability of ASCY181 compound to resist H2O2-induced oxidative stress
and could potentially act as a direct or indirect molecular target of the ASCY 181 compound.
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However, the additional mechanisms of the ASCY181 compound on antioxidant activity
required further investigated.
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Cratoxylum formosum EXTRACT ATTENUATES INFLAMMATION IN LPS-
ACTIVATED MACROPHAGES BY REDUCING IL-6 EXPRESSION

Tuangtong Vongpipatana,” Talayboon Pooyoi,* Kotchakorn Srikhong!

!Department of Biochemistry, Faculty of Science, Kasetsart University, 50 Ngamwongwan
Rd, Lat Yao, Chatuchak, Bangkok 10900, Thailand

*e-mail: fscittv@ku.ac.th

Abstract:

Inflammation is the defensive process against harmful stimuli. Although inflammation is
beneficial for body protection, long-lasting inflammation is the cause of various diseases.
Therefore, inflammation must be controlled for an appropriate period of time. It is well
known that plants are an important source of bioactive compounds, which have many
activities, including antioxidant activity, antimicrobial activity, and anti-inflammatory
activity. Cratoxylum formosum is a native plant in Southeast Asia, and it has been reported
that the ethanolic extract has bioactive compounds for reducing free radicals. In this study,
we aim to reveal the effects of aqueous extract from fresh C. formosum leaves on anti-
inflammation using lipopolysaccharide (LPS)-activated Macrophages as a model for
inflammation. We found that crude C. formosum extract at 15.63, 62.50, and 250.0 pg/ml
significantly decreased nitric oxide production in LPS-activated macrophages in a dose-
dependent manner. Quantitative RT-PCR analysis was performed to determine the expression
level of pro-inflammatory cytokines. The expression of IL-6 mMRNA was inhibited in LPS-
activated macrophages treated with 250.0 pg/ml of C. formosum crude extract. These results
indicate that the aqueous extract from fresh C. formosum leaves is able to reduce
inflammation and provide information for an alternative way to treat inflammation-associated
diseases in the future.

Introduction:

Inflammation is an immunological process for defending the body against pathogens, injury,
and other harmful stimuli. Acute inflammation is the inflammation that immediately responds
to the injurious causes and ends with resolution. Suppose the acute inflammation prolongs
and fails to resolve. In that case, it is a transition from acute to chronic inflammation, leading
to tissue damage, fibrosis, and loss of organ function as seen in many diseases such as
atherosclerosis, heart failure, and asthma [1-3].

During acute inflammation, inflammatory cells, especially macrophages, are
activated, producing nitric oxide from inducible nitric oxide synthase (iNOS). Moreover, it
has been reported that iINOS expression is found in chronic inflammatory diseases [10],
suggesting that nitric oxide is involved in the pathogenesis of chronic inflammation.

In addition to nitric oxide production, activated macrophages produce inflammatory
mediators including interleukin 6 (IL-6), interleukin 13 (IL-1B), and tumor necrosis factor o
(TNFa). IL-6, an inflammatory cytokine, plays an important role in the inflammatory
response in many aspects. For example, IL-6 induces fever, activates acute-phase protein
production, and induces the maturation of B cells into plasma cells [4]. Because of the several
functions of IL-6, IL-6 production is tightly controlled, and aberrant expression of IL-6 is a
cause of various diseases such as chronic inflammatory diseases, autoimmune diseases, and
cancer [4-6]. For instance, it has been reported that the increase in IL-6 levels was found in
serum and synovial fluid of rheumatoid arthritis (RA) patients [5, 7], and the IL-6 levels
correlate with the increased activity of RA disease [8-9]. Therefore, regulation of IL-6
expression is a key target for the treatment of inflammation and inflammation-associated
diseases.
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Since ancient times, plants have been the primary source of bioactive compounds that
have been used in traditional medicine. Many plant compounds have anti-inflammatory
activity. For instance, quercetin is a flavonoid found in fruits and vegetables such as apples,
berries, grapes, onions, and Ginkgo biloba [11-13], which contains anti-inflammatory ability
by decreasing the expression of IL-6, IL-1B, and TNFa. [14].

Cratoxylum formosum is a plant grown in Southeast Asia and used by locals as a side
dish. It has been revealed that the ethanolic extract of C. formosum, containing chlorogenic
acid, has gastroprotective activity due to its antioxidant activity [15]. Furthermore, it has been
reported that the methanolic extract partitioning with dichloromethane of stem bark from C.
formosum reduced the expression of IL-1p and TNFa in macrophages derived from U397
cells [16]. However, the anti-inflammatory effects of aqueous extract from fresh leaves on
IL-6 expression are still unknown. In this study, we aim to investigate the inhibitory effects
of C. formosum aqueous extract on IL-6 mRNA expression in lipopolysaccharide (LPS)-
activated macrophages, RAW 264.7 cells, to gain insights into its anti-inflammatory
mechanisms.

Methodology:

Plant extraction preparation

The aqueous extract was prepared from fresh C. formosum leaves, harvested from a local
field in Rayong Province, Thailand. The 500 g of leaves were cleaned with water, chopped,
and boiled with 2 L of water for 30 min. After filtration, the crude extract was lyophilized
and stored at -20°C until used.

Cell culture

Mouse macrophage, Raw 264.7 cells, were cultured in complete media containing DMEM
(Gibco) with 10% fetal bovine serum (Gibco) and 1% antibiotic penicillin—streptomycin
(Gibco) at 37°C with 5% CO2 and were maintained until 70-80% confluence before being
used.

Nitric oxide measurement

RAW 264.7 cells were seeded in a 96-well plate for 24 hours. After incubation with crude C.
formosum extract at a final concentration of 15.63, 62.50, and 250.0 pg/ml for 2 hours, cells
were treated with 2 pg/ml of lipopolysaccharide (LPS) overnight. Griess Reagent was used to
examine nitric oxide produced by LPS-activated cells.

Quantitative RT-PCR (gRT-PCR) analysis

Total RNA was isolated from RAW 264.7 cells by TRIzol reagent (Thermo Fisher Scientific
and subsequently converted to cDNA using an iScript™ Reverse Transcription Supermix for
RT-gPCR kit (BIO-RAD) according to the manufacturer’s protocol. The mRNA expression of
IL-6 was quantified with SYBR green-based qRT-PCR using iTaq™ Universal SYBR®
Green Supermix (Bio-Rad) on a CFX Connect Real-Time PCR Detection System (Bio-Rad)
and was calculated by the AACt method. The mRNA level was normalized to that of B-actin.
The sequences of the specific primers were as follows: IL-6 Forward 5’-
ACCGCTATGAAGTTCCTCTCTGCA-3’, IL-6 Reverse 5>-AAGCCTCCGACTTGTGAAG
TGGT-3’; p-actin Forward 5’-GTGCTATGTTGCTCTAGACTTCG-3’and f-actin Reverse
5’-ATGCCACAGGATTCCATACC-3".

Statistical analyses
Statistical analyses were performed using GraphPad Prism 10 software. Results were
displayed as the mean + standard error of three independent experiments' mean (SEM).
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Results and Discussion:

In this study, LPS, found on the outer membrane of Gram-negative bacteria, was used to
activate an inflammatory response in macrophages [17]. Given that nitric oxide, a crucial
inflammatory mediator, is highly expressed in activated macrophages [18], we examined the
inhibition of nitric oxide production in LPS-activated RAW 264.7 cells treated with crude C.
formosum extract at 15.63, 62.50, and 250.0 pg/ml. The results revealed that treatment of
crude C. formosum extract significantly inhibited nitric oxide production in a dose-dependent
manner (Figure 1). These findings indicated that crude C. formosum extract contained anti-
inflammatory ability. Consistent with previous reports, the extracts from dried C. formosum
leaves, collected from Vietnam, contained flavonoids including quercetin, isoquercitrin,
hyperin, and quercitrin that were able to decrease nitric oxide production in LPS-activated
RAW 264.7 cells by suppressing the expression of iINOS [19]. The inhibition of INOS
expression has also been reported in the C. formosum spp. pruniforum root extract [20].
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Figure 1
Inhibition of nitric oxide production in macrophages treated with various fresh
C. formosum crude extract concentrations. Bars represent the percentage + SEM of three
independent experiments (one-way ANOVA with Dunnett’s multiple comparisons test,
**p <0.0021, ***p < 0.0002, and ****p < 0.0001 versus the control group).

To test whether fresh C. formosum crude extract inhibited pro-inflammatory cytokine
expression in activated macrophages, we measured the expression of IL-6 MRNA. As shown
in Figure 2, LPS activation significantly increased IL-6 mRNA level, and C. formosum crude
extract treatment at concentration 250.0 pg/ml decreased IL-6 mRNA expression compared
to LPS-activated cells.
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Figure 2
The relative expression of IL-6 mMRNA in macrophages treated with various fresh
C. formosum crude extract concentrations. Bars represent the percentage + SEM of three
independent experiments (one-way ANOVA with Dunnett’s multiple comparisons test,
**p < 0.05 and ****p < 0.0001).

In response to LPS or other pathogen-associated molecular patterns (PAMPS),
macrophages increase the expression of pro-inflammatory cytokine genes such as IL-1p, IL-
6, and TNF-a through the activation of the NF-kB signaling pathway [21]. Our results show
that IL-6 mRNA was reduced in LPS-activated macrophages treated with fresh C. formosum
crude extract. It has been reported that aqueous extract from fresh C. formosum leaves
decreased the phosphorylation of NF-kB in human cholangiocarcinoma (CCA) KKU-M156
cells [22]. Furthermore, the stem extract from the plant in the same genus, Cratoxylum
cochinchinense, has been revealed to block the NF-kB signaling pathway in HT-29 human
colon cancer cells [23]. The results obtained from this study suggest the possible role of fresh
C. formosum crude extract in the regulation of IL-6 mMRNA expression via the NF-xB
signaling pathway.

In the present study, we revealed only the effect of fresh C. formosum crude extract
on the nitric oxide production and IL-6 mMRNA expression. These results suggest the anti-
inflammatory effects of fresh C. formosum crude extract. However, the protein level of IL-6
needs to be examined by ELISA or Western blotting in further studies to check the IL-6
protein levels, as the protein levels sometimes do not correlate with their transcriptional
products due to the complex layers of biological control, such as post-transcriptional
regulation, translational regulatory mechanisms, and many post-translational modifications,
that affect the mRNA and protein levels. The effects of fresh C. formosum crude extract on
the mRNA and protein levels of other pro-inflammatory cytokines, including IL-1p and TNF-
a, must also be determined to broaden understanding of the anti-inflammatory activities of
fresh C. formosum crude extract. Moreover, further investigation is required to confirm the
inhibitory mechanism of fresh C. formosum crude extract on the NF-«xB signaling pathway to
ameliorate inflammation in LPS-activated RAW 264.7 cells.
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Conclusion:

The anti-inflammatory action of fresh C. formosum crude extract is associated with the
reduction of nitric oxide production and IL-6 mRNA expression, which may come from the
activity of fresh C. formosum crude extract to control the NF-kB signaling pathway.
However, the relationship between its activity and its inhibition of the NF-kB signaling
pathway needs to be further investigated.
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CHITINASE PRODUCTION BY Aeromonas caviae EW02 NEWLY ISOLATED
FROM GIANT MUD CRAB POND AND POTENTIAL TO DEGRADE
CHIRONOMID EGG MASSES (Chironomus plumosus)
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Abstract:

Chitin is a naturally occurring polymer that is a fundamental structural component of
crustacean shells and insect exoskeletons. This slow-decomposing polymer accumulates in
the environment, contributing to pollution. In addition to bioremediation, the structural
polymer of chitin has been broken down by chitinolytic bacteria and chitinase enzymes as a
green alternative agent for biocontrol. Chironomids or non-biting midges (Chironomidae) are
associated with several problems, including allergic reactions in humans, contamination of
food and water supplies, impacts on health, nuisance, and economic damage. Chironomid
eggs are embedded in a gelatinous matrix composed of glycoproteins and chitin. In the
present study, chitinolytic bacterial isolates were obtained from a water sample in a giant mud
crab pond using a microbial enrichment method. A semi-quantitative assay of chitinase
production performed using the drop assay revealed that bacterial isolate EWO02 exhibited the
highest chitinase production value of 1.61 + 0.09 in Luria—Bertani (LB) agar supplemented
with 0.5% colloidal chitin. Based on 16S rRNA gene sequence analysis, the isolate EW02
was closely related to Aeromonas caviae (99.93% identity). In the chitinase activity assay, the
chitinolytic EWO02 exhibited the highest chitinase activity of 1.49 £ 0.04 U/ml at 48 h of
incubation. After partial purification by ammonium sulfate precipitation and dialysis, the
specific activity of chitinase was increased to 3.64 U/mg protein with a 4.17-fold purification.
Moreover, both the bacterial cell suspension and the dialyzed chitinase from EWO02
significantly inhibited chironomid egg hatching, with inhibition rates of 86.67 + 5.78% and
26.67 £ 5.78%, respectively. The findings suggest that chitinolytic A. caviae EW02 newly
isolated from crab pond has potential as a green biocontrol agent for the control of
chironomids collected from natural water environments.

Keywords: chironomids, Chironomus plumosus, Aeromonas caviae, chitinase, chitinolytic
bacteria, giant mud crab

Introduction:

Chitin is a long-chain polymer of N-acetyl-D-glucosamine (GIcNAG) linked by B-1,4
glycosidic bonds, and it is an insoluble structural component of arthropod exoskeletons and
fungal cell walls. Chitinase is an enzyme that hydrolyzes chitin through the cleavage of -1,4
glycosidic linkages, producing diacetyl chitobiose, chitotriose, and chitotetraose as the main
products.! This enzyme is found in a variety of microorganisms, including actinobacteria,
fungi, and bacteria.>* Chitinases are classified into two main groups: (1) Endochitinases (EC
3.2.1.14), which randomly cleave internal [B-1,4-glycosidic linkages of chitin chains,
generating soluble chito-oligosaccharides of varying lengths, and (2) Exochitinases (EC
3.2.1.200), which hydrolyze B-1,4-glycosidic linkages from the non-reducing ends of the
polymer, releasing mainly GICNAG. In some cases, exochitinases are further classified into
chitobioses, which release chitobiose units, and N-acetyl-D-glucosaminidases, which release
monomeric GIctNAG.®
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Chironomids, also known as non-biting midges, are mosquito-like insects that, unlike
mosquitoes, do not feed on blood and thus do not directly bite humans. These insects are
often used as indicators of ecological conditions in inland waters. They are highly tolerant of
a wide range of environmental conditions and commonly found in polluted or organically
enriched water bodies. Although they are not hematophagous, chironomids can still cause
significant nuisance and health concerns. Their hemoglobin-containing larvae, as well as
adults, are known to trigger allergic reactions in sensitive individuals, leading to respiratory
and dermatological symptoms.® The control of chironomid populations remains a challenge in
areas where they proliferate rapidly. The most effective strategy involves integrated
approaches, such as raising community awareness regarding the importance of maintaining
clean and unpolluted water sources to prevent excessive breeding. In addition, chemical
methods such as the application of insecticides or mosquito control agents have been
employed, although their long-term environmental impact remains a concern.” ® Recently,
biological control approaches, including the use of chitinolytic bacteria or chitinase enzymes
that interfere with chironomid egg development, have gained attention as sustainable and
environmentally friendly alternatives. In previous studies, Aeromonas dhkanesis 3K1C15
exhibited the ability to inhibit chironomid egg hatching.® In the present study, chitinolytic
bacteria were isolated from a giant mud crab pond using an enrichment method. After
screening for chitin hydrolysis ability, the promising isolate was selected for chitinase
activity assay, partial purification, and evaluation of its ability to inhibit chironomid egg
hatching. The study provided knowledge of chitinolytic bacteria from crab ponds and
promising bacteria for sustainable biocontrol of chironomids.

Methodology:

Sample collection and bacterial isolation

The water sample in the giant mud crab (Scylla serrata) farming pond was collected from a
soft-shell crab farm in Chanthaburi province, Thailand (12°35'11.0"N 101°54'44.4"E). The
water sample was microbially enriched in colloidal chitin broth (CCB) supplemented with
1% colloidal chitin and then incubated with shaking at 150 rpm for 7 days at 30°C.1% After
enrichment, the sample was diluted in 0.85% NaCl and spread on colloidal chitin agar
(CCA). After incubation for 7 days at 37°C, the morphologically different colonies with clear
zones of chitin hydrolysis were collected and purified using streak-plate method on CCA.
The chitinolytic isolates were characterized based on macroscopic and microscopic
approaches.

Semi-quantitative assay of chitinase production

A semi-quantitative assay of chitinase production was according to the method of Salas-
Ovilla, Galvez-Lépez [11] with minor modification. Chitinolytic bacterial isolates were
cultured in Luria—Bertani (LB) broth supplemented with 0.1% colloidal chitin and then
incubated with shaking at 200 rpm for 18 h at 37 °C. The bacterial culture was adjusted to the
ODesoo value of 0.2 and the suspension (2 pL) was dropped on LB agar supplemented with
0.5% colloidal chitin. After incubation at 37°C for 7 days, the chitin hydrolysis zone was
observed and calculated for the rate of chitinase production using the formula: Rate of
chitinase production = bacterial colony diameter (mm) / chitin hydrolysis zone diameter
(mm).

Bacterial identification

Bacterial genomic DNA was extracted using TIANamp Bacteria DNA Kit (TIANGEN
BIOTECH, BENING, China) according to the manufacturer’s instruction. Amplification of
16S rRNA gene was performed using the universal primer pair: forward 616V (5> AGA GTT
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TGA TYM TGG CTC 3’) and reverse 1492R (5 GGY TAC CTT GTT ACG ACT T 3°). The
PCR condition was according to the method of Loy, Schulz [12]. DNA sequencing was
conducted by Macrogen, Inc. (Seoul, Republic of Korea). The raw sequence data was error-
corrected and sequence assembly was done using BioEdit version. The nucleotide sequence
of the 16S rRNA gene was compared with nucleotide sequences in the EzBioCloud 16S
database (https://www.ezbiocloud.net/) and constructed for the phylogenetic tree by MEGA
version X software after multiple sequence alignment using Clustal W.

Crude enzyme preparation

To prepare bacterial crude enzyme, bacterial isolate was cultured in LB broth containing 1%
colloidal chitin with shaking at 200 rpm for 7 days at 37°C. The bacterial culture was
collected every day, and the cell-free supernatant (CFS) was collected by centrifugation at
12,000 rpm at 4°C for 10 min and used as a crude enzyme.

Chitinase activity assay and determination of protein concentration

Chitinase activity of the bacterial isolate was determined by the releasing of N-acetyl-D-
glucosamine (GIcNAG) from chitin degradation using Schales’ method.™® In preparation of
the reaction mixture, 0.1 mL of crude enzyme was mixed with 0.1 mL of 1% colloidal chitin
in 50 mM phosphate buffer (pH 7.0). After incubation at 37°C for 30 min, 1 mL of Schales’
reagent was added into the mixture and boiled in boiling water at 100°C for 10 min. An
absorbance was measured at 420 nm using a spectrophotometer. One unit (U) of chitinase
activity is defined as the amount of enzyme that is required to release 1 umol of GICNAG per
minute. The protein concentration was determined using Lowry-Folin procedure.'*

Partial purification of chitinase

The crude enzyme was precipitated with solid ammonium sulfate at 75% saturation and
subsequently dialyzed using a dialysis bag with a molecular weight cutoff of 12 — 14 kDa.
The dialyzed enzyme was then stored at —20 °C and used in the next step.

Test of chironomid egg hatching inhibition

Chironomid eggs of Chironomus plumosus were collected from Bangkok, Thailand. Healthy
eggs were selected under a stereomicroscope and washed three times with sterilized distilled
water. The eggs (n = 10) were placed in sterile petri dishes and treated with 1 mL of either a
chitinolytic bacterial cell suspension (1.5 x 10® cells/mL) or dialyzed chitinase. After
incubation at 30°C for 24 h in darkness, egg hatching was quantified and calculated using the
following formula: Inhibition of egg hatching (%) = (hatching eggs / total eggs) x 100.
Damage of chironomid eggs caused by chitinolytic bacteria and their dialyzed chitinase was
observed by 500x and 4,000x magnification in a FElI Quanta 450 scanning electron
microscope (SEM) of the Scientific Equipment Center, Faculty of Science, Kasetsart
University.

Animal use protocol

The animal use protocol in the current research was approved by the Kasetsart University
Institutional Animal Care and Use Committee, Bangkok, Thailand (Approval ID. ACKUG68-
SCI-011) and was in accordance with the Guidelines of Animal Care and Use under the
Ethical Review Board of the Office of National Research Council of Thailand for conducting
scientific research.
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Statistical analysis

All tests were performed at least in triplicate. The results are expressed as the mean *
standard deviation (S.D.). The data were analyzed using one-way ANOVA, followed by the
Duncan post hoc test, in SPSS v. 25.0. Significance was set at p < 0.05.

Results and discussion:

Isolation of chitinolytic bacteria and screening of chitinase production

A water sample from a giant mud crab pond was collected and microbially enriched in CCB
medium for isolation of chitinolytic bacteria. In the isolation step, several morphologically
different isolates were selected and used for a semi-quantitative assay on LB agar
supplemented with 0.5% colloidal chitin. The results showed that the isolate EW02 exhibited
the highest chitinase production rate with 1.61 £ 0.09 and this bacterial isolate had potential
for use in subsequent experiments. Chitinolytic bacteria have previously been isolated from
various sources, including riverbank soils at Ambo, Western Ethiopia; European sea bass gut;
the gut of Indian tropical insectivorous black-bearded tomb bat; and the water of a sand dune
lake, Sakata, in Niigata, Japan.41/

Bacterial identification

The bacterial isolate was identified based on molecular identification. The 16S rRNA gene
sequence (approximately 1.5 kb) of the isolate EWO02 shared 99.93% identity with
Aeromonas caviae CTCE 838 and the phylogenetic tree based on the 16S rRNA sequence is
shown in Figure 1. In previous study, potential chitinolytic bacteria isolated from
zooplankton was identified as A. caviae. Aquaculture environments are found as microbial
habitat of chitinolytic bacteria, such as Pseudoalteromonas piscicida from marine
environments and Pseudoalteromonas lipolytica from deep-sea sediments. Moreover, chitin-
degrading bacteria have been isolated from terrestrial animals and ecosystems, for example
Bacillus thuringiensis from termite Microcerotermes; Stenotrophomonas maltophila and
Bacillus paramycoides from Duttaphrynus melanostictus; Pseudomonas spp. from dune soil;
Streptomyces rimosus from agricultural soil in the center of Poland; Lysinibacillus fusiformis
from the roots of an apple plant; and Paenibacillus tyrfis from the soil 182
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Figure 1.

Phylogenetic relationship based on 16S rRNA gene sequences of the isolate EWO02 and their
relative species belonging to the genus Aeromonas. The phylogenetic tree was constructed
using MEGA X. Numbers at the nodes indicate the value of bootstrap (%) based on
Neighbor-Joining (NJ) method with 1,000 resampled datasets. The bacterial strain
Escherichia coli ATCC 11775 was used as an outgroup.

Chitinase activity assay and partial purification of chitinase
Bacterial growth and chitinase activity at different incubation times of A. caviae EW02 are
shown in Figure 2. The highest chitinase activity of EW02 was expressed at the incubation
period of 48 h with 1.49 + 0.04 U/mL, and slightly decreased after 48 h of incubation.
Comparable to previous reports, A. caviae CHZ306 exhibited chitinase activity of
approximately 30.1 U/L, while Stenotrophomonas maltophilia showed 0.0513 U/mL.*% 26

In the present study, the crude enzyme from A. caviae EW02 was partially purified by
80% saturated ammonium sulfate precipitation followed by dialysis. The specific chitinase
activity of the dialyzed enzyme increased from 0.87 U/mg to 3.64 U/mg with a 4.17-fold
purification compared with the crude enzyme. The results indicated that ammonium sulfate
precipitation could enhance the enzyme purity by removing non-chitinolytic proteins. Table
1 represented the partial purification profile of chitinase from A. caviae EW02.
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Figure 2.
Time course of chitinase activity (U/mL) and bacterial growth (ODsoo) of the chitinolytic
Aeromonas caviae EW02

Table 1.
Partial purification steps of chitinase from Aeromonas caviae EW02
. Total -
Protein  Total - Enzyme . SPECfic oy pyriicatio
Step (mg/mL  protein  activity activity %) n (fold)
) (mg) (UmL) )y (Umg) 7
Crude enzyme 1.006 84.504 0876  73.584 0.871 100 1

Dialyzed
enzyme 0.214 1.391 0.779 5.064 3.640 6.881 4.17

Test of chironomid egg hatching inhibition

Inhibition of chironomid egg hatching after treatment with cell suspension and dialyzed
enzyme from A. caviae EWO02 is shown in Figure 3. The treatments with bacterial cell
suspension and dialyzed enzyme demonstrated a significant inhibition of egg hatching with
86.67 + 5.77% and 26.67 £ 5.77% compared with the control, respectively. Interestingly,
these results indicated that bacterial cell suspension was more effective for inhibiting egg
hatching than the dialyzed enzyme likely due to additional metabolites acting on eggs
composed of multiple components, including glycoproteins.® In contrast, chitinase
contributed to egg hatching inhibition, but its activity was limited to hydrolyzing chitin in the
eggs. Therefore, the use of A. caviae cell suspension to inhibit egg hatching is of considerable
interest for sustainable and eco-friendly applications as a biocontrol agent. The
morphological change of chironomid eggs was observed using SEM after treatment with cell
suspension and dialyzed chitinase, and the results suggested that the untreated eggs (control)
displayed a smooth surface. In contrast, eggs treated with the dialyzed chitinase or bacterial
cells showed obvious surface changes, including extensive delamination, and numerous
cracks were observed across the surface. These results supported the hypothesis of Laviad,
Golan [27] that chitin is a key structural component of chironomid eggs.

© The 37" Annual Meeting of the Thai Society for Biotechnology and International Conference (TSB2025)

BN-P-016

226



BN-P-016

M o
TSB:ozt

ogy in Action

(A) (B) Control Cell suspension Dialyzed chitinase

100+ c
i
80

60

500x%

Inhibition of egg hatching (%)

40+ b
ole
20— a
.| L]
0 T T T é
S . @ =
& o"\c .'\&Q Q.
[ & S
K & <
N > 8
2 ()
& &
0\’0

Figure 3.

Inhibition percentage of chironomid egg hatching after treatment with cell suspension and
dialyzed chitinase from Aeromonas caviae EW02 (A); and damage of chironomid eggs under
500x and 4,000x magnification in a FEI Quanta 450 scanning electron microscope (SEM)
(B). Each value represents the mean + S.D. (n = 3). Different superscripts indicate significant
difference (p < 0.05).

Conclusion:

The present study obtained chitinolytic bacterial isolates from a giant mud crab pond. The
isolate EWO02 exhibited the highest value in the semi-quantitative assay of chitinase
production, and this isolate was closely related to A. caviae based on the analysis of the 16S
rRNA gene sequence. At 48 h of incubation, A. caviae EW02 exhibited the highest chitinase
activity. After partial purification by ammonium sulfate precipitation and dialysis, both
specific activity and purification fold were higher compared to the crude extract. Moreover,
both the cell suspension and dialyzed chitinase from EWO2 significantly inhibited
chironomid egg hatching. This study provided knowledge of potential chitinolytic bacteria
from crab pond environments. Our results suggested that the chitinolytic A. caviae EW02
obtained from the study was a promising candidate as a microbial agent for the biological
control of chironomids.
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Abstract:

Endophytic fungi are recognized as prolific sources of novel bioactive metabolites. This
study aimed to isolate endophytic fungi from Ocimum sanctum, Ocimum basilicum, and
Mentha cordifolia (Lamiaceae) and to evaluate their antimicrobial potential. A total of 25
fungal isolates, designated MSSU01-MSSUO025, were obtained. Antibacterial screening
against Bacillus subtilis, Staphylococcus aureus, Escherichia coli, and Pseudomonas
aeruginosa revealed that 44% of the isolates exhibited inhibitory activity, with isolate
MSSUO017 showing the strongest and broad-spectrum effects. Ethyl acetate extraction of
MSSUO017 culture filtrate yielded 0.93 + 5.1 mg/mL of a dark green to blackish-viscid crude
extract, with a maximum solubility of 3.5 mg/mL in 10% DMSO. Broth microdilution assays
demonstrated minimum inhibitory concentrations (MICs) of 437.5-875.0 pg/mL, with
bactericidal activity against Gram-positive strains but no detectable MBC values for Gram-
negative bacteria. Phytochemical screening indicated the presence of terpenoids, consistent
with previous reports of terpenoid-type metabolites in endophytic fungi. Morphological and
molecular identification confirmed MSSUQ17 as Phyllosticta capitalensis, representing the
first report of this species isolated as an endophyte from O. sanctum. These findings highlight
the potential of P. capitalensis MSSUO17 as a source of bioactive compounds for future
pharmaceutical and biotechnological applications.

Introduction:
Fungi are eukaryotic organisms that obtain nutrients from organic matter. They occur as
either unicellular or multicellular forms, and their cells typically grow as filamentous hyphae
with chitin as the major component of the cell wall. Reproduction occurs via both sexual and
asexual spores. Endophytic fungi are a unique group of fungi that inhabit the internal tissues
of plants—such as leaves, stems, roots, flowers, fruits, and seeds—without causing disease
symptoms. These fungi may reside within plant cells or in intercellular spaces, usually
establishing mutualistic or commensal relationships with their host plants.t

Endophytic fungi play important roles in ecosystems. Previous studies have
demonstrated that they can enhance host plant tolerance to unfavorable environmental
conditions. For instance, Neotyphodium spp. promote host survival under drought stress and
improve growth compared to non-colonized plants. Plants harboring these endophytes often
develop denser root systems with elongated root hairs, which may enhance water and nutrient
uptake. In addition, endophytes produce secondary metabolites such as phenolic compounds
with strong antioxidant properties, protecting plant cells from oxidative stress during
drought.> Moreover, endophytic fungi are recognized as prolific producers of diverse
bioactive compounds. For example, Taxomyces andreanae, isolated from Taxus brevifolia,
synthesizes paclitaxel (Taxol), a potent anticancer agent.®> Talaromyces radicus from
Catharanthus roseus produces vincristine-like alkaloids with cytotoxic activity.* Penicillium
sp. and Talaromyces sp. isolated from Artemisia annua generates emodin and physcion with
antimalarial activity.® Chaetomium globosum from Ginkgo biloba produces chaetoglobosin
A, a metabolite showing phytotoxic and cytotoxic activity.® Similarly, Paecilomyces sp. from
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Schnella splendens yields phomoxanthone A, which exhibits antimicrobial and antiparasitic
properties.’

Although research on endophytic fungi in Thailand has expanded in recent years, it
remains limited compared to studies in other countries. Thailand, located in the tropical
region and recognized as a biodiversity hotspot, possesses a wide variety of medicinal and
economically important plants that may serve as reservoirs for novel endophytic fungi and
their bioactive metabolites. The present study aimed to isolate endophytic fungi from
members of the family Lamiaceae and to evaluate the antibacterial activity of their extracts.
These findings are expected to contribute to applications in medicine, agriculture, and
biotechnological industries in Thailand.

Methodology:

Isolation of endophytic fungi

Healthy plant samples were surface-sterilized following a standard protocol with minor
modifications.® Briefly, samples thoroughly washed with tap water and cut into pieces of
approximately 1 x 1 x 1 cm using a sterile scalpel. Surface sterilization was performed by
sequential immersion of the samples in 70% ethanol for 1 min, followed by 10% commercial
bleach solution (Haiter) containing 0.05% Tween 20 (equivalent to 0.6% sodium
hypochlorite) for 5 min, then 70% ethanol for 30 s, and finally rinsing in sterile distilled
water for 1 min. The sterilized plant fragments were placed onto half-strength Sabouraud
Dextrose Agar (HS-SDA) medium (20 g/L dextrose, 5 g/L peptone, and 15 g/L agar, pH 5.6)
and incubated at 30 °C for 3-7 days. Emerging fungal hyphae were transferred onto fresh
HS-SDA plates and incubated at 30 °C for 3 days. Pure cultures were maintained at 4 °C as
stock cultures.

Cross-streak assay for antibacterial activity

Antibacterial activity was assessed by the cross-streak method.® Endophytic fungi were
cultured on HS-SDA at 30 °C for 3 days. Using a sterile inoculating loop, fungal mycelium
was streaked as a straight line approximately one-quarter of the plate’s diameter from the
edge and incubated at 30 °C for 3 days.

Test bacteria included Bacillus subtilis TISTR 008, Escherichia coli TISTR 887,
Pseudomonas aeruginosa TISTR 1287, and Staphylococcus aureus TISTR 885, all obtained
from the Thailand Institute of Scientific and Technological Research. Each bacterial strain
(1-3 colonies) was suspended in 1 mL of 0.85% NaCl and adjusted to 0.5 McFarland
standard (~1.5 x 108 CFU/mL). Sterile cotton swabs were dipped into each suspension and
streaked perpendicularly across the fungal growth line, with one bacterial species per line.
The plates were incubated at 37 °C for 24 h, and the distance of the clear zone (in mm)
between fungal and bacterial growth was measured.

Extraction of bioactive metabolites

Endophytic fungi were cultured on HS-SDA at 30 °C for 3 days. Five mycelial plugs (0.5 cm
in diameter) were inoculated into 1 L of HS-SDB in a 3 L Erlenmeyer flask and incubated at
30 °C for 15 days under shaking at 80 rpm. The culture broth was filtered through sterile
gauze and Whatman No. 4 filter paper to separate the mycelia. The filtrate was extracted with
ethyl acetate in a 1:2 (v/v) ratio using a separatory funnel. The organic phase was collected
and evaporated under reduced pressure using a rotary evaporator. The crude extract was
weighed, and the extraction yield was calculated as: Extraction yield = amount of crude
extract (mg) / volume of culture filtrate (mL). The extract was dissolved in 10% dimethyl
sulfoxide (DMSO) to obtain a stock concentration of 3.5 mg/mL (the maximum solubility
concentration).
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Determination of minimum inhibitory concentration (MIC) and minimum bactericidal
concentration (MBC)

The MIC and MBC values of fungal extracts were determined by broth microdilution in 96-
well microplates.® Bacterial cultures were prepared by incubating the test strains on Nutrient
Agar (NA) medium (peptone 5 g/L, beef extract 3 g/L, sodium chloride 5 g/L and agar 15
g/L, pH 7.4) at 37 °C for 24 h. One to three colonies were suspended in 0.85% NaCl and
adjusted to 0.5 McFarland standard (1.5 x 108 CFU/mL), followed by a 1:100 dilution in
0.85% NaCl and further dilution (1:20) in NB to obtain ~7.5 x 10* CFU/mL.

Each well received 50 uL of NB medium. Serial two-fold dilutions of extracts were
prepared by adding 50 pL of extract (3.5 mg/mL) into the first well, then transferring 50 puL
sequentially through wells 2-8. Controls included medium alone, 10% DMSO, and
Tetracycline (0.2-25.0 pg/mL). Finally, 50 uL of the bacterial suspension was added to each
well. The final test concentrations ranged from 6.8 to 875.0 pg/mL. Plates were sealed and
incubated at 37 °C for 24 h.

To determine MBC, bacterial growth from each well was streaked onto NA plates and
incubated at 37 °C for 24 h. MIC values were determined using resazurin dye (0.02%, 30 uL
per well) after incubation for 1 h. Wells with no bacterial growth remained blue (-), while
metabolically active cells reduced resazurin to pink resorufin (+). MIC was defined as the
lowest concentration with no visible growth, and MBC as the lowest concentration that Killed
bacteria, confirmed by three independent replicates. All assays were performed in triplicate.

Phytochemical screening

Qualitative phytochemical analysis of crude extracts was performed in triplicate as follows:*!
Alkaloids: 1 mL of extract was treated with three drops of Mayer’s reagent (1.36 g mercuric
chloride and 5 g potassium iodide in 100 mL distilled water). A cream-colored precipitate
indicated alkaloids. Caffeine and 10% DMSO were used as positive and negative controls,
respectively.

Phenolics: 5 mL of extract was mixed with five drops of 10% neutral ferric chloride
solution. A green, blue, purple, or black coloration indicated phenolic compounds. Tea
infusion and 10% DMSO were used as positive and negative controls, respectively.

Saponins: 5 mg of extract was boiled in 3 mL distilled water for 5 min, then shaken
for 1 min. Persistent froth for 30 min indicated saponins. Soybean extract and 10% DMSO
were used as positive and negative controls, respectively.

Terpenoids: 5 mL of extract was mixed with 2 mL chloroform and 3 mL concentrated
sulfuric acid. A red interface indicated terpenoids. Eucalyptus oil and 10% DMSO were used
as positive and negative controls, respectively.

Morphological characterization and identification of endophytic fungi

Fungal isolates were cultured on HS-SDA at 30 °C for 7 days. Colony characteristics,
including surface and reverse pigmentation, were recorded. Microscopic morphology of
vegetative and reproductive structures was examined. Molecular identification was carried
out using ITS1 and ITS4 primers in a standard PCR protocol.!? The amplified PCR amplicon
was sequenced, and the resulting sequence was compared to those available in the GenBank
database through BLASTnN analysis at the National Center for Biotechnology Information
(NCBI).

Results and Discussion:
A total of 25 endophytic fungal isolates (designated MSSU01-MSSUO025) were successfully
obtained from three Lamiaceae species, namely Mentha cordifolia Opiz ex Fresen, Ocimum
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basilicum L.f. var. citratum Back., and Ocimum sanctum L. Antibacterial screening of all
isolates against B. subtilis, S. aureus, E. coli, and P. aeruginosa revealed that 7 isolates (28%)
inhibited B. subtilis, 9 isolates (36%) inhibited S. aureus, 2 isolates (8%) inhibited E. coli,
and 5 isolates (20%) inhibited P. aeruginosa, whereas 14 isolates (56%) exhibited no
antibacterial activity (Table 1).

Table 1.
Endophytic fungi isolated from Lamiaceae and their antibacterial activity.

Clear zone (mm.)

Host Egg gtgl Gram-positive bacteria Gram-negative bacteria
B. subtilis S. aureus E. coli P. aeruginosa

M. cordifolia (Leaf) MSSU01 3 3 - 1
M. cordifolia (Leaf) MSSU02 11 8 - -
M. cordifolia (Stem) MSSUO03 2 2 - 1
O. basilicum (Flower) MSSU04 - - - -
O. basilicum (Leaf) MSSUO05 - 3 - -
O. basilicum (Leaf) MSSU06 - - - -
O. basilicum (Leaf) MSSUQ07 10 10 5 -
O. basilicum (Leaf) MSSU08 - - - -
O. basilicum (Root) MSSUQ9 - - - 1
O. basilicum (Root) MSSU10 - - - -
O. basilicum (Root) MSSU11 - - - -
O. basilicum (Stem) MSSU12 - - - -
O. basilicum (Stem) MSSU13 - - - -
0. sanctum (Leaf) MSSU14 - - - -
0. sanctum (Leaf) MSSU15 - - - -
0. sanctum (Leaf) MSSU16 - - -

0. sanctum (Leaf) MSSU17 20.5 25 9 5
0. sanctum (Leaf) MSSU18 - - - -
0. sanctum (Leaf) MSSU19 - - - -
0. sanctum (Leaf) MSSU20 9 8 - -
0. sanctum (Leaf) MSSU21 - - - -
0. sanctum (Leaf) MSSU22 - - - -
0. sanctum (Leaf) MSSU23 - - - -
O. sanctum (Stem) MSSU24 - 2 -

0. sanctum (Stem) MSSU25 3 2 - 5

“ - ” indicates there was no clear zone detected.

When considered by host plant, all endophytes (100%) isolated from M. cordifolia
(66.6% from leaves and 33.3% from stems) displayed antibacterial activity. In contrast, only
30% of isolates from O. basilicum (20% from leaves and 10% from roots) and 33.3% of
isolates from O. sanctum (16.6% from leaves and 16.6% from stems) exhibited inhibitory
effects. These results are consistent with previous reports by Mamangkey et al.,** who
demonstrated that Lamiaceae species harbor diverse endophytic fungi with antimicrobial
potential.

Overall, 36% of the isolates inhibited Gram-positive bacteria with inhibition zones
ranging from 2-25 mm, while 24% inhibited Gram-negative bacteria with smaller inhibition
zones of 1-5 mm. These findings suggest that endophytic fungi in this study were more
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effective against Gram-positive bacteria, likely due to differences in cell wall architecture.
Among the isolates, MSSUQ17 demonstrated the strongest and broad-spectrum antibacterial
activity, producing inhibition zones greater than 20 mm against both B. subtilis and S. aureus
(Table 1, Figure 1). This broad-spectrum activity led to the selection of MSSUQ17 for
further investigation.

Figure 1.
Antibacterial activity of endophytic fungi isolate MSSU17 on tested bacteria.
(PA = P. aeruginosa, BS= B. subtilis, SA = S. aureus, and EC = E. coli)

Cultivation of isolate MSSU017 in HS-SDB medium for 15 days, followed by ethyl
acetate extraction of the culture filtrate, yielded a dark green to blackish-viscid extract (yield:
0.93 + 5.1 mg/mL from three independent experiments). The physical appearance suggested
the possible presence of melanin, polyketides, or phenolic-type metabolites, which are
commonly produced by endophytic fungi with antimicrobial potential.** The maximum
solubility of the extract in 10% DMSO was determined to be 3.5 mg/mL.

MIC and MBC values of the ethyl acetate extract were determined by the broth
microdilution method (Table 2). The extract exhibited MIC values ranging from 437.5 to
875.0 pg/mL against the tested bacteria. MBC values were not detected for Gram-negative
bacteria, indicating resistance. These results corroborated the cross-streak assay, further
indicating that bioactive metabolites from MSSUO017 likely interfere with peptidoglycan
biosynthesis or integrity, consistent with stronger inhibition of Gram-positive bacteria.

Phytochemical screening revealed that the ethyl acetate extract of MSSUQ17 belongs
to the terpenoid class of metabolites, rather than alkaloids, phenolics, or saponins. This
finding aligns with previous work by Trepa et al.,* who reported that fungal terpenes and
terpenoids possess antibacterial, antioxidant, anti-inflammatory, anti-cancer, and anti-
tyrosinase properties, supporting their potential applications in pharmaceutical and
dermatological products. Further structural elucidation of MSSUO017 metabolites using GC-
MS, LC-MS, and NMR is warranted.
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Table 2.
Determination of minimum inhibition concentration (MIC) and minimum bactericidal
concentration (MBC) of ethyl acetate extract of endophytic fungus isolate MSSU17 against
tested bacteria.

BN-P-023

Test Bacteria Extract Tetracycline
(Hg/ml) (Mg/ml)
B. subtilis 875 £ 0.0 6.3+0.0
MIC S. aurgus 437.5+0.0 04+0.0
E. coli 4375+0.0 0.8x0.0
P. aeruginosa 729.2 £ 252.6 25+-0.0
B. subtilis 875 £ 0.0 3.1+0.0
S. aureus nd 04x0.0
MBC E. coli nd nd
P. aeruginosa nd 25+0.0

“nd” (not detected) indicates undeterminable of MIC or MBC value at the maximum tested
concentration.

Morphological characterization of MSSUOQ17 revealed colonies with irregular shape,
dark green to black pigmentation, and flat texture. Microscopic examination showed septate
hyphae approximately 7.5 pum in width with pigmented cell walls; however, no sporulation
was observed. Molecular identification based on ITS sequencing demonstrated 100% identity
(631nt/631nt) with Phyllosticta capitalensis (accession numbers MT649668.1, MF495391.1,
and MF993436.1) in the NCBI database.

The genus Phyllosticta is known to include both plant pathogens and endophytes. In
our study, no sporulation was observed in the isolate. This is likely because P. capitalensis
produces conidia within pycnidia only when growing on its host plant. Consequently, the
absence of sporulation under standard culture conditions was expected. Wikee et al.'®
recommended the use of pine needle agar (PNA) or synthetic nutrient-poor agar (SNA),
combined with incubation under near-UV light, to induce sporulation in this genus.

Several studies have highlighted ability of Phyllosticta spp. to produce antibacterial
compounds. Chukeatirote et al.!” reported Phyllosticta extracts active against B. cereus, S.
aureus, M. luteus, B. subtilis, E. coli, P. aeruginosa, and S. typhimurium, which agrees with
our observations. Wikee et al.*® further demonstrated that different Phyllosticta species
exhibit varying antibacterial profiles, with P. capitalensis displaying the broadest spectrum of
activity. Our findings therefore confirm the identity of isolate MSSUQ17 as P. capitalensis
and support its strong antibacterial potential.

Additional reports have shown that P. capitalensis produces a diversity of
metabolites. Talukdar et al.!” identified 1-octacosanol and other functional groups in GC-MS
analyses of P. capitalensis extracts, while Chingath et al.'® described meroterpenoids such as
Guignardone A and cyclic dipeptides from this species, highlighting the importance of
terpenoid-type metabolites. Together, these findings support our phytochemical data and
reinforce the potential of P. capitalensis as a prolific source of bioactive compounds.

P. capitalensis is a cosmopolitan endophyte and saprobe that has been isolated from
diverse plant hosts. Given that O. sanctum is widely cultivated, the co-occurrence of P.
capitalensis in this plant is plausible. To our knowledge, this is the first report of an
endophytic P. capitalensis isolated from O. sanctum. Considering the broad spectrum of
antibacterial activities and the range of bioactive metabolites documented for this species, P.
capitalensis MSSUQL17 represents a promising candidate for further biotechnological
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exploration. Toxicity assessments will, however, be essential prior to considering
applications in food or pharmaceutical contexts

Conclusion:

This study successfully isolated 25 endophytic fungi from members of the family Lamiaceae
in Thailand, of which 44% exhibited antibacterial activity. Among them, isolate MSSUQ17,
identified as Phyllosticta capitalensis, demonstrated broad-spectrum antibacterial potential,
particularly against Gram-positive bacteria. Phytochemical screening suggested the presence
of terpenoids, supporting its bioactive nature. To our knowledge, this is the first report of P.
capitalensis isolated from Ocimum sanctum. The findings underline the significance of
endophytic fungi from medicinal plants as promising reservoirs of antibacterial metabolites.
Future work should focus on purification, structural elucidation, mechanism of action, and
toxicity assessment to evaluate their potential applications in pharmaceutical and
biotechnological fields.
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SCREENING OF POTENT FLAVOR COMPOUNDS PRODUCED BY
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Abstract:

Saccharomyces cerevisiae is widely applied in beverage fermentation for its strong
fermentation ability and stress tolerance, but its limited aroma profile can generate
undesirable flavors. Non-Saccharomyces yeasts provide flavor diversity but often show lower
ethanol productivity. This study aimed to identify a non-Saccharomyces strain with improved
aroma potential. A total of 19 yeast isolates were obtained from 5 isolated from potato peels,
5 isolated from pineapple, and 9 from sugar factory samples, of which four non-
Saccharomyces strains were identified by colony morphology and biochemical profiling
using the API 32C system. Among them, strain JK319, isolated from a sugar factory, was
identified as Kluyveromyces marxianus and selected for further evaluation. Growth curves in
Synthetic Dextrose medium demonstrated its rapid exponential growth compared to the
control S. cerevisiae strain Lalvin EC-1118. A sensory panel consisting of one certified
evaluator and three trained panelists compared the aroma profiles of both yeasts.
Fermentation assays in Yeast Nitrogen base medium showed similar CO: production, and
both yeasts tolerated pH 2-10. Notably, K. marxianus tolerated up to 16% ethanol, a
concentration inhibitory to S. cerevisiae strain Lalvin EC-1118. Sensory evaluation described
S. cerevisiae strain Lalvin EC-1118 as producing astringent alcohol and musty notes, whereas
K. marxianus generated citrus and lime peel aromas. These findings highlight K. marxianus
JK319 as a promising alternative yeast for industrial fermentation under stressful conditions.
Future studies will quantify ethanol and volatile compounds by HPLC and GC-MS and apply
transcriptomic analysis to elucidate genes involved in aroma biosynthesis and stress
tolerance.

Introduction:

Alcoholic beverages are globally popular products. According to Market Data Forecast
(2024), the global alcoholic beverage market was valued at USD 585.16 billion in 2024 and
expected to increase to USD 1,091.14 billion by 2032. In the commercial alcoholic beverage
industry, yeast plays a crucial role in determining alcohol quality as well as the sensory and
flavor characteristics of the final product. Key odor groups in alcoholic beverages include
esters, aldehydes, ketones, and higher alcohols, such as ethyl octanoate, decanal, limonene,
and 2-phenylethanol, which impart fruity, floral, roasted, and green aromas, respectively (1).
Saccharomyces cerevisiae is the most widely used species due to its high ethanol productivity
and strong tolerance to industrial stress conditions (2). However, S. cerevisiae has a relatively
limited ability to produce complex aroma and flavor compounds, which can sometimes result
in less distinctive sensory profiles in alcoholic beverages (3).

Non-Saccharomyces yeasts are therefore being explored as alternative options for
alcoholic beverage production. Previous studies have shown that Non-Saccharomyces species
such as Torulospora delbrueckii, Wickerhamomyces anomalus, Metschnikowia pulcherrima,
and Lachancea thermotolerans produce metabolites associated with floral, fruity, citrus, and
honey-like sensory attributes (4). Comparative studies between S. cerevisiae and Non-
Saccharomyces species, including Hanseniaspora uvarum, Hanseniaspora guilliermondii,
and Pichia kluyveri, found that S. cerevisiae produces lower amounts of key aroma
compounds such as fatty acids, higher alcohols, and esters than the Non-Saccharomyces
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strains. (5). However, many Non-Saccharomyces species exhibit lower ethanol yields, slower
fermentation rates, and reduced tolerance to stress conditions such as high sugar
concentrations and ethanol levels, which limits their independent use in large-scale
fermentation (5, 6).

Herein, this study aims to screen and isolate Non-Saccharomyces yeasts capable of
producing high concentrations of VOCs (Volatile compounds) for potential application in the
alcoholic fermentation industry. Strains were isolated from multiple sources and identified
using the biochemical test kit APl 32C and morphological characterization. Preliminary
screening included fermentation trials and sensory evaluation by special panelist, evaluated
against a commercial wine yeast strain S. cerevisiae strain Lalvin EC-1118. Promising
isolates were subsequently evaluated for growth phenotypes and for alcohol and acid-base
tolerance, in comparison with the commercial wine yeast. The identified strains may serve as
potential starters for enhancing the aromatic profile of alcoholic beverages in industrial-scale
production.

Methodology:
1. Screening of isolated yeast
1.1  Preparation of medium for the screening of yeast strains
Prepare YPD solid medium (yeast extract 10 g/L, peptone 20 g/L, glucose 20 g/L, agar 20
g/L) or solid YNB (yeast nitrogen base 6.7 g/L, peptone 20 g/L, glucose 20 g/L, agar 20 g/L)
and liquid YPD medium (yeast extract 10 g/L, peptone20 g/L, glucose 20 g/L) or YNB liquid
medium (yeast nitrogen base 6.7 g/L, peptone 20 g/L, glucose 20 g/L) for separating yeast
from potato peels, pineapple and sugar factory.

Prepare SD liquid medium (yeast nitrogen base without amino acids and ammonium
sulphate 1.7 g/L, glucose 20 g/L, ammonium sulphate 2.5 g/L) for study growth
characteristics and tolerance to various stresses on yeast.

1.2 Screening and identification yeast by biochemical test

Yeasts were isolated from three sources: potato peels, pineapple, and sugar factory samples.
All isolates were streaked onto YPD agar and incubated at 30 °C for 24-48 h. The obtained
colonies were examined for colony and cellular morphology under a light microscope.
Preliminary identification was performed using the biochemical APl 32C kit (bioMérieux).
Yeast strains were further characterized based on their ability to assimilate different sugars,
and the resulting profiles were analyzed and interpreted using the APIWEB™ database. Non-
Saccharomyces isolates were distinguished from Saccharomyces cerevisiae primarily by their
cell morphology (shape and budding pattern) and by differences in biochemical assimilation
profiles obtained from the API 32C test. These criteria enabled reliable differentiation of non-
Saccharomyces strains for subsequent experiments.

1.3 Fermentation test and measurement CO loss accumulation

Single yeast culture was suspended in 5 mL of Yeast Nitrogen Base (YNB) liquid medium in
a shaking incubator at 200 rpm 30 °C for 24 h. Cells were harvested by centrifugation at 7000
rpm at room temperature for 3 minutes. Cells were resuspended in sterile distilled water and
transferred to the YNB broth containing 250 g/L glucose (YNB+25% glucose) with a volume
of 1220 mL, an initial inoculum of 0.1 absorbance at 600 nm (ODeoo = 0.1), in the dark at
room temperature, without aeration. Fermentation capacity was measured for 14 days by
comparing the initial weight and calculating the fermentation capacity based on the amount
of gas lost from the sugar of net carbon dioxide loss (accumulative CO- loss)
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2. Assessment volatile compounds generated during fermentation using primary sensory
evaluation

Volatile compounds generated during fermentation were assessed by a sensory panel
consisting of one certified evaluator with formal training in sensory evaluation and three
additional panelists who had received basic training in aroma sniffing. The panel evaluated
the aroma characteristics of the isolates in comparison with a commercial wine yeast strain.

3. Growth phenotype determination of isolated yeasts

A single yeast colony was cultured in 50 mL of SD broth in a flask at 30 °C for 36-48 h. The
inoculum was transferred to fresh medium at ODsoo = 0.1 and incubated with shaking at 200
rpm at 30 °C. Growth was monitored by measuring ODsoo every 4 h for 36 h to study the
growth characteristics of the yeast strains at different time points.

4. Examination of alcohol and acid-base tolerance in isolated yeasts

A single yeast colony was suspended in Synthetic Dextrose (SD) broth at 30 °C for 3648 h.
Subsequently, 5% (v/v) inoculum was transferred to SD broth containing ethanol
concentrations of 0,8, 10, 12, 14, and 16% (v/v) and different pH levels (2, 4, 6, 8, and 10).
Growth was measured by ODsoo at 0-48 h.

Result and Discussion:

A total of 19 yeast isolates were obtained: 5 isolated from potato peels, 5 isolated from
pineapple, and 9 isolated from sugar factory samples, which were designated JK301-JK319.
Based on colony morphology and the API 32C test, 4 isolates (JK301, JK302, JK304, and
JK319) were selected as Non-Saccharomyces strains and confirmed to be non-pathogenic.
Colony morphology, isolation source, and biochemical identification by the API 32C test are
summarized in Table 1.

Table 1.
Characterization, isolation source, and biochemical identification of the isolated yeast strains
Yeast Colony morphology Isolation sources APl 32C
JK301 Circular,rough,undulate, pearly  Pineapple Cryptococcus humicola
JK302 Circular,smooth,entire, pearly Pineapple Candida colliculosa
JK304 Circular,rough,undulate, pearly  Potato peels Cryptococcus humicola
JK319 Circular,smooth, entire, pearly Sugar factory Kluyveromyces marxianus

Fermentation performance, based on CO: loss accumulation, was compared between non-
Saccharomyces yeasts and the commercial S. cerevisiae strain Lalvin EC-1118, as shown in
Figure 1
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Figure 1.

The sugar assimilation capacity tests for yeast isolates JK301, JK302, JK304, and JK319
derived from potato peels, pineapple, and sugar factory, in comparison to the commercial
control yeast, Saccharomyces cerevisiae Lalvin yeast EC-1118

From Day 1 to Day 7, S. cerevisiae EC1118 exhibited a markedly higher CO: loss
accumulation, reaching 0.947 + 0.614 g on Day 7. Within the non-Saccharomyces group,

K. marxianus JK319 recorded the highest CO. loss 0.843 £+ 0.562 g on Day 7
compared with the other non-Saccharomyces strains. By Day 9, CO: loss in S. cerevisiae
strain Lalvin EC-1118 1.037 = 0.662 g and K. marxianus JK319 0.987 + 0.584 g became
comparable. Notably, on Day 14, K. marxianus JK319 reached the highest CO: loss among
all strains tested (1.273 + 0.732 g), which was comparable to the commercial wine yeast S.
cerevisiae strain Lalvin EC-1118 (1.140 + 0.697 g). In contrast, other non-Saccharomyces
strains showed lower CO: loss values, including C. humicola JK304 0.977 + 0.146 g, C.
colliculosa JK302 0.820 + 0.026 g, and C. humicola JK301 0.557 + 0.120 g. The comparable
CO: loss observed in K. marxianus JK319 and S.cerevisiae strain Lalvin EC-1118 suggests
that this non-Saccharomyces strain could be a promising candidate for industrial alcoholic
fermentation, providing acceptable fermentation efficiency. As expected, S. cerevisiae strain
Lalvin EC-1118 exhibited strong fermentative performance throughout the process.
Interestingly, K. marxianus JK319 reached CO: loss values not only comparable to
S.cerevisiae strain Lalvin EC-1118 by Day 9 but even surpassed it by Day 14. This indicates
that K. marxianus JK319 possesses considerable fermentative capacity.
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Table 2.
Characterisation of the flavor profiles derived from the assessment of each yeast strain's
fermentation

Yeast isolated Sensory descriptions

Control Astringent alcohol, smooth, mushrooms,
vegetables, slightly musty

JK301 Sour odour, absence of alcoholic scent,
mushroom, soy sauce, shiitake mushroom,
oyster sauce, putrid odour, traditional
Chinese medicine

JK302 Clean, earthy tones, slightly fragrant, similar
to red wine, with floral notes at the end

JK304 Whale oil, carbon dioxide, citrus fruits

JK319 Citrus fruits, mushrooms and lemon peel

The flavor profiles resulting from yeast fermentation are presented in Table 2. Based
on sensory evaluation, the panelists recommended yeast isolate K. marxianus JK319 for its
desirable scents, including citrus fruits, mushrooms, and lemon peel. These scents were
consistent with ester, terpene and aldehyde groups (1). Nevertheless, the aroma profile should
be further confirmed using analytical techniques such as gas chromatography-mass
spectrometry (GC-MS). Based on the combined results of fermentation efficiency and
sensory evaluation K. marxianus JK319 can be suitable candidate for further investigation.

104 %k

-e—- Control
-+ JK319

0 T 1T T T T T 7T 1
0 4 8 12 16 20 24 28 32 36

Time (hours)

Figure 2.
Growth curves of the control strain S. cerevisiae strain Lalvin EC-1118 and K. marxianus
JK319 at different time points (0—36 hours), measured by optical density at 600 nm (ODsoo).
Statistically verified by student’s t-test, p < 0.05

The growth phenotypes of the control strain S. cerevisiae strain Lalvin EC-1118 and
K. marxianus JK319 were monitored over a 36-h period by measuring optical density at 600
nm (ODsoo). Growth curves Figure 2 showed that both strains exhibited a typical sigmoidal
pattern. K. marxianus JK319 demonstrated a rapid exponential phase within the first 16 h,
reaching a maximum ODsoo of 7.167 + 0.759. In comparison, S. cerevisiae strain Lalvin EC-
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1118 grew more slowly, reaching a maximum ODsoo of 4.407 £+ 0.297 at 12 h. At 20-24 h, the
ODeoo values of both strains decreased (5.100 £ 0.595 for K. marxianus JK319 and 1.525 +
0.565 for S. cerevisiae strain Lalvin EC-1118), which may be attributed to glucose depletion
in the medium, resulting in a temporary decline in growth. At the later stage (28-36 h), ODsoo
values increased again, likely due to the utilization of ethanol and other secondary
metabolites as alternative carbon sources. At the final time point (36 h), the ODsoo values
were 5.917 £ 0.588 for K. marxianus JK319 and 3.060 + 0.183 for S. cerevisiae strain Lalvin
EC-1118. These growth characteristics are consistent with previous reports. In S. cerevisiae,
rapid sugar consumption under high-glucose conditions often leads to ethanol accumulation
(Crabtree effect) and reduced biomass yield, with cells later shifting to ethanol utilization
once glucose is exhausted (7). In K. marxianus, adaptive responses during the transition from
glucose to ethanol metabolism have been reported under oxygen-limited and nutrient-
depleted conditions, reflecting the strain’s metabolic flexibility and stress tolerance (8).
Therefore, K. marxianus JK319 was selected as the representative non-Saccharomyces strain
for further characterization, due to its superior growth performance and metabolic
adaptability compared to S. cerevisiae strain Lalvin EC-1118.

Table 3.
Evaluation of alcohol tolerance in the different yeast strains tested in this study
Yeasts Alcohol concentrations
Alc 0% Alc 8% Alc10% Alc12% Alc14% Alc 16%
Control ++ ++ + n _ _
JK319 ++ + ++ ++ ++ ++

Note:

'-' means cannot grow/grows slightly
'+' means grows well

'++' means grows very well

-" indicates an ODgoo value less than 0.00 per mL
'+" indicates an ODgoo value between 0.00 and 1.00 per mL
'++' indicates an ODsoo value greater than 1.00 per mL

The alcohol tolerance of the yeast strains is summarized in Table 3. Under the control
condition 0% ethanol, both S. cerevisiae strain Lalvin EC-1118 and K. marxianus JK319
exhibited normal growth. At 8% ethanol, both strains were able to grow, with S. cerevisiae
showing moderate growth. K. marxianus JK319 demonstrated superior tolerance, maintaining
robust growth at 10-12% ethanol. Remarkably, at 14% and 16% ethanol, K. marxianus
JK319 continued to grow vigorously, whereas S. cerevisiae Lalvin EC-1118 was unable to
grow under these conditions. These findings indicate that K. marxianus JK319 possesses
higher alcohol tolerance than the commercial wine yeast, highlighting its potential for
industrial fermentation applications.
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Table 4.
Evaluation of pH levels in the different yeast strains tested in this study
Yeasts pH levels
pH?2 pH4 pH6 pHS8 pH10
Control + ++ ++ ++ ++
JK319 + ++ ++ ++ ++
Note:

-' means cannot grow/grows slightly
'+' means grows well
'++' means grows very well

-" indicates an ODeoo Value less than 0.00 per mL
+" indicates an ODeoo value between 0.00 and 1.00 per mL
'++' indicates an OD600 value greater than 1.00 per mL

The acid-base tolerance of the yeast strains was summarized in Table 4. Both strains
exhibited similar growth across a pH range of 2 to 10. The ability of both strains to grow
across a broad pH range 2 to 10 indicates their robustness under varying acidic and alkaline
conditions commonly encountered during industrial fermentation. Notably, K. marxianus
JK319 maintained growth comparable to the commercial wine yeast S. cerevisiae strain
Lalvin EC-1118, suggesting its suitability as a potential starter culture for alcoholic
fermentation processes that may involve fluctuating pH conditions.

Conclusion:

In this study, Non-Saccharomyces yeast strains were isolated from pineapple, potato peels,
and sugar factory samples and characterized for their colony morphology, biochemical
profile, fermentation performance, aroma production, and stress tolerance. Among the strains
tested, K. marxianus JK319, isolated from the sugar factory, exhibited superior fermentative
capacity, as evidenced by CO: loss comparable to the commercial wine yeast S. cerevisiae
strain Lalvin EC-1118, robust growth under various conditions, high alcohol tolerance, and
the production of desirable aroma compounds, including citrus and lemon peel notes. These
combined traits highlight K. marxianus JK319 as a promising candidate for industrial
alcoholic fermentation. Future studies should focus on analytical confirmation of volatile
compounds via GC-MS and on investigating the mechanisms underlying volatile compound
synthesis and stress tolerance.
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Abstract:

Corn agro-residues (CARs) productions or cultivations (e.g. tassels, leaves, and stalks) have
higher amounts and low value. The most of these CARs are either as natural fertilizer or
burnt. Agricultural burning is one of the causes of the particulate matter (PM2.5) that reached
a hazardous point of human health and environment. Thus, this study aimed to utilize corn
agro-residues (CARs) as bioactive in cosmetic application. CARs (tassels-CRT, leaves-CRL,
and stalks-CRS) were extracted with two solvents (ethyl acetate-EA and ethanol-ET) using
shaking extraction 24 hours. Bioactive compounds (total phenolic; TPC, and total flavonoid,;
TFC contents) and antibacterial activity against Cutibacterium acnes [using agar well
diffusion method (AWD), minimum inhibitory concentration (MIC) and minimum
bactericidal concentration (MBC)] as well as the cytotoxicity of these CARs extracts were
investigated. The results showed that ethanolic CARs extract tended to exert greater TPC
than ethyl acetate extract at the same CARs part. The highest TPC was found in the CRT-ET
extract (773.7 £ 17.2 mg GAE/g extract, p<0.05). However, the highest TFC was found in the
CRT-EA extract (876.3 £ 2.5 mg QE/g extract, p<0.05). The results of antimicrobial activity
against C. acnes showed that the inhibition zone was mostly found at high concentration of
CARs extracts (> 5 mg/mL). In terms of MIC, corn leaves extracted with ethyl acetate (CRS-
EA) showed the lowest MIC value (3.12 mg/mL). The MBC of CARs extracts, all three parts
extracted with ethyl acetate (CRS-EA, CRL-EA and CRT-EA) showed highest effectiveness
of MBC (1250 mg/mL). The ethanolic extracts of CARs showed no toxicity at
concentrations of 0.5 and 1 mg/mL ([J 85% cell viability). Thus, CARs extracts can be value-
added by being used as a natural active ingredient in cosmetic applications and other related
products.

Keywords: Agro-residues; Antibacterial; Bioactive compounds; Corn; Cutibacterium acnes;
Cytotoxicity; Utilization

Introduction:
In Northern Thailand, the most significant economic activity is agriculture. Corn (Zea mays)
is one of the major farming areas, especially in Chiang Rai province, accounting for 67.24%.
Chiang Rai has approximately 0.3 million rai of corn farming area, which is the second
largest in the northern region of Thailand®. After harvesting, all of the agro-residues (tassels,
leaves, and stalks) became fertilizer or were taken to a landfill. Moreover, agricultural
burning was performed to dispose of residues and clear the land in preparation for the next
crop cycle. This is the major cause of the smoke haze situation and particulate matter
(PM2.5)?, resulting in a negative impact on human health in the nearby area and environment,
such as skin diseases, eye diseases, lung cancer, depression, cardiovascular diseases, and
respiratory diseases.

Cutibacterium acnes is the most abundant source of microbiota on normal human
skin. C. acnes is a gram-positive anaerobic facultative bacterium that helps to preserve and
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support the natural microbial balance of the skin. However, under certain conditions, it can
also substantially alter its local environment and cause disease®. C. acnes was first isolated
from a patient with chronic acne wvulgaris (AV), chronic inflammatory disease of the
pilosebaceous unit, in the 1900s*. Inflammatory lesions can lead to scar formation, which is
the result of inflammation of the acne dermis, and these processes tend to occur on the face,
neck, chest, and back of AV patients®. However, there can be an overgrowth that can occur
when factors like excess sebum production, hormonal changes, or inflammation create
conditions favorable for bacterial proliferation®.

Previous studies showed that the ethanolic extract from corn silk had higher phenolic
and flavonoid contents that had the potential as a bioactive source to inhibit the growth of
acne-related bacteria, Propionibacterium acne or Cutibacterium acne, Staphylococcus
epidermidis, and Staphylococcus aureus”®. Furthermore, a part of corn agro-residues; tassels,
leaves, and stalks are presented with phenolic and flavonoid contents. Moreover, DPPH
radical scavenging activity showed statistically significant antioxidant and anti-tyrosinase
activity of corn residues®. Antibacterial activity of crudes from corn agro-residues extracts
described by Odelola et al., (2023)'° showed the highest inhibitory effects on Pseudomonas
aeruginosa, Klebsiella pneumoniae, Staphylococcus aureus, Escherichia coli, and Coagulase-
Negative Staphylococci. However, the study of their activity on Cutibacterium acnes
inhibition of corn residues (tassels, leaves, and stalks) as agro-residuals has been little
investigated. Previous studies showed that ethanol and ethyl acetate solvent extraction could
exert both phenolic compounds and flavonoids in corn silk, stems, and tassels; therefore,
these solvents were chosen in this study!!. Furthermore, their agro-residues might have
antibacterial activity against C. acnes due to these plants composed of phenolic and flavonoid
contents and can be developed as a natural active ingredient for cosmetic formulations or
natural products to increase value, utilization, and reduce negative impact on human nearby
communities and the environment. Therefore, this study aimed to investigate antibacterial
activity of extracts from agro-residues of corn (tassels, leaves, and stalks) production against
Cutibacterium acnes (C. acnes) and to evaluate cytotoxicity of corn agro-residues extracts
that might be used as a natural active ingredient in cosmetic applications for maximum
utilization.

Methodology:

Chemicals and reagents

All chemicals and solvents were of analytical grade. aluminum chloride (AICI3), dimethyl
sulfoxide (DMSO), ethanol, ethyl acetate, gallic acid, quercetin, were purchased from Sigma
Chemical (St.Louis, MO, USA). Folin-Ciocalteu reagent, ferric chloride, potassium acetate
(CH3COOK), and sodium carbonate (Na>COs) were purchased from Merck (Darmstadt,
Germany).

Plant preparation and extraction

Corn (Zea mays) agro-residues (CARs) were procured from a local farmer in Chiang Rai
province, Thailand. The samples were separated into tassels, leaves, and stalks, and then were
cleaned and dried in a hot air oven at 45°C until a constant sample weight. The dried sample
was milled into powder and stored in a desiccator until use.

CARs were extracted by two different solvents: ethyl acetate (EA) and ethanol (ET),
using shaking extraction at a ratio of sample: solvent (1:10 w/v) with an incubator shaker at
200 rpm at room temperature for 24 hours. All extracts were filtered by Whatman filter paper
No.1. Organic solvents were removed by rotary evaporator at 50°C. CARs extracts were
freeze-dried and kept at -20°C until used.
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Determination of bioactive compounds
Total phenolic content (TPC) was measured with slight modification®. Briefly, 20 uL of
CARs extracts were reacted with 100 uL of 0.2 M Folin-Ciocalteu reagent and 80 pL of 7.5%
Na>,COs. The mixture was left to stand in the dark for 30 minutes at room temperature. The
absorbance was measured at 765 nm using a microplate reader. Gallic acid was used as a
reference standard. The results were expressed as mg gallic acid equivalents (GAE)/g extract.
Total flavonoid content (TFC) was measured with slight modification®. Briefly, 25 pL
of CARs extracts were mixed with 75 pL of ethanol, 140 pL of DI water, 5 pL of 10% (w/v)
AICI3, and 5 pL of 1M CHs COOK, respectively. The mixture was incubated in the dark for
30 minutes at room temperature. The absorbance was measured at 415 nm. Quercetin was
used as a reference standard, and the results were expressed as mg quercetin equivalents
(QE)/g extract.

Anti-microbial activity against Cutibacterium acnes

Agar well diffusion (AWD)

Agar well diffusion (AWD) was used only for screening of antimicrobial activity from CARs
(tassels, leaves, and stalks) extracts. Gram-positive C. acnes DMST 14916 strain was used in
this study. Bacteria were first grown in brain heart infusion (BHI) and incubated at
anaerobic condition with 37°C for 4 days. After incubation, the bacteria were adjusted to
0.5 on the McFarland scale, corresponding to 1.5 x 108 colony-forming units (CFU) mL™* by
suspending the bacteria in 0.85% normal saline. To modify the work of Domingos et al.,
(2021)*2, the suspension was spread on BHI by cotton stick, 4 mm deep wells have been cut
into the agar surface and then filled with 30 puL for each extract at concentrations 1, 5, 25
and 50 mg/mL in Dimethyl sulfoxide (DMSO) and incubated at 37°C for 4 days.
Ampicillin (as an antibiotic) and phenoxyethanol (as a cosmetic preservative) were used as a
positive control.

Minimum Inhibitory Concentration (MIC)

The minimal inhibitory concentration (MIC) is the lowest concentration of an antibacterial
agent, completely preventing visible growth of the test strain of an organism®. MICs were
assessed in 96-well plates using three replications of each microdilution assay being
conducted. To modify the work of Domingos et al., (2021)*2, the CARs extracts were diluted
by a serial dilution of 50 mg/mL — 0.097 mg/mL in brain heart infusion broth (BHI broth).
Ampicillin and Phenoxyethanol are also diluted concentrations of 25 ug/mL — 0.048 pg/mL.
After dilution, each bacterial strain suspension was adjusted to 0.5 on the McFarland scale,
added in 96-well plates for 100 uL. Finally, the plates were incubated at 37°C for 4 days.
After incubation, 30 pL of resazurin 0.015% (w/v) was added to all wells and further
incubated for 2 hours to observe the color change!*. MIC value was defined as the extreme
lowest concentration of plant extract which inhibited the growth of bacteria®®

Minimum Bactericidal Concentration (MBC)

The minimum bactericidal concentration (MBC) is determined by directly plating the
contents of wells with concentrations greater than the MIC value'®. According to Elshikh’s
work®3, subcultures were made of four wells that did not show bacterial growth (two wells
with higher MICs value and one wells which a lower MIC value). The bacteria were grown in
BHI and incubated at 37°C for 4 days. The MBC was determined as the minimum
concentration of the tested samples that had no bacterial population in the BHI plates®®.
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Cytotoxicity of CARs extracts

Ethanolic CARs extracts were tested for cell toxicity on a Human immortalised non-
tumorigenic keratinocyte cell line (HaCaT) (CLS Cell Lines Service, Eppelheim, Germany)
using the MTT assay. HaCAT were cultured in Dulbecco’s modified Eagle’s culture medium
(DMEM) supplemented with 10% heat-inactivated fetal bovine serum, 50 IU/mL of
penicillin, and 50 pg/mL of streptomycin. Cells (1x10* cells/mL) were cultured in 24 well
plate at 37°C in 5% CO. at 95% humidity. Samples were cytotoxically tested at
concentrations of 0.5 and 1 mg/mL. A 1% Triton X was used as a standard reference. Results
were expressed as relative cell viability (%).

Statistical analysis

The obtained data were expressed in Mean £ SD. An analysis of variance (ANOVA) test
using Duncan's multiple range test for parametric analysis and Kruskal-Wallis for non-
parametric analysis was used to statistically analyze the differences in each parameter
between the groups (IBM SPSS version 21.0). The significance level was at p<0.05.

Results and Discussion:

The extract yield was calculated on a dry basis (%yield). Table 1 showed the extraction yields
of each part of corn with different solvents. Among solvent extractions, the ethanol extraction
tended to have a higher yield than ethyl acetate. The highest yield was found in CRL-ET
(13.25 % yield). The lowest yield was found in the CRS-EA (0.40 %yield).

Bioactive compound contents

The results showed a significant difference bioactive compounds (TPC and TFC) among
CARs extracts (p<0.05) as shown in Table 1. The ethanol solvent extraction tended to exert
greater TPC than ethyl acetate extraction. The CRT-ET had the highest TPC (773.7 + 17.2
mg GAE/g extract) and the lowest TPC was found in CRL-EA extract (267.5 + 33.3 mg
GAE/ g extract; p<0.05).

In contrast to TPC, the ethyl acetate extracts tended to have higher TFC than the
ethanol extracts. The highest TFC was found in the CRT-EA (876.3 + 2.5 mg QE/g extract,
p<0.05) as shown in Table 1. However, the lowest TFC occurred in the CRL-ET, CRL-EA,
and CRST-ET (455.3 = 11.5, 520.4 + 11.5, and 479.0 £ 4.3 mg QE/g extract, respectively
p<0.05).

Similar to previous study, this study showed that the CRT-ET had higher total
phenolic content than other solvents'’. This study also showed that each part of CARs tended
to have higher TFC than TPC. Flavonoids, commonly found in plants, are an indispensable
part of the human diet, were found in corn silk and corn husks!81°,
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Table 1.
Extractable yield and bioactive compounds [total phenolic (TPC) and flavonoid (TFC)
contents] of CARs extracts, including tassels, leaves, and stalks, with two different solvent
extractions (ethanol: ET and ethyl acetate: EA)

in Action

BN-P-027

Yield of Bioactive compound
CARs Solvents extracts TPC TFC
Extracts (% dry (mg GAE/g (mg QE/g

basis) extract) extract)

Tassels Ethanol (CRT-ET) 7.63 773.7+17.22 570.8+3.8°
(CRT) Ethyl Acetate (CRT-EA) 4.60 401.4+8.6° 876.3+252
Leaves Ethanol (CRL-ET) 13.25 551.6 +5.5° 455.3+11.5¢
(CRL) Ethyl Acetate (CRL-EA) 3.84 267.5+33.3¢ 520.4 +11.5 ¢
Stalks Ethanol (CRS-ET) 6.98 602.4 +95° 479.0 +4.31
(CRS) Ethyl Acetate (CRS-EA) 0.40 4548 +£10.4° 655.0+1.4°

Note: Values are given as mean = S.D. (n=3). Different superscribe letters (a-d) in the same
column indicated significant differences in values (p<0.05, ANOVA, Duncan’s test).

Agar well diffusion (AWD)

The antibacterial activity of each part of CARs extracts (tassels leaves and stalks) at various
concentrations 1, 5, 25 and 50 mg/mL was determined by the agar well-diffusion assay. The
results showed that the inhibition zone mostly occurred in all CARs extracts at concentration
> 5 mg/mL, except CRS-ET extract (Table 2; Figure 1). Moreover, the CRT-ET and CRT-EA
extracts showed the inhibition zone for C.acnes at concentrations 5, 25 and 50 mg/mL that
ranged 18.95 — 22.29 and 13.97 — 19.03 mm, respectively. The inhibition zone of CRL-ET
and CRL-EA extracts at concentrations > 5 mg/mL ranged from 9.25 — 18.25 mm and 13.02
— 19.84 mm, respectively. The CRS-ET showed the inhibition zone at only one concentration
(50 mg/ml) (10.80 £ 0.64 mm). While, the CRS-EA extracts exhibited the inhibition zone at
all concentration (1-50 mg/mL) that ranged from 8.63 — 14.14 mm (Table 2; Figure 1).

Table 2.
Inhibition zone of corn agro-residues (tassels, leaves, and stalks) extracts by agar well
diffusion (AWD)

Groups Samples Solvents  Concentratio Units  Inhibition zone
n of
C. acnes (mm)
Positive Ampicillin 10 ng/mL  9.08+0.76"
control (AMP) 25 ug/mL 36.40 + 3.052
Negative DMSO - - ND
control DI water - - ND
CARs Tassels Ethanol 1 mg/m ND
extract (CRT) (CRT-ET) 5 L 20.54 + 0.94Pcd
25 mg/m 2229 +1.33P
50 L 18.95 + 1.77¢4¢
mg/m
L
mg/m
L
Ethyl 1 mg/m ND
acetate 5 L 13.97 +1.24%9
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Groups Samples Solvents  Concentratio Units  Inhibition zone
n of
C. acnes (mm)
(CRT-EA) 25 mg/m 18.65 + 4.08%¢
50 L 19.03 + 1.57¢4¢
mg/m
L
mg/m
L
Leaves Ethanol 1 mg/m ND
(CRL) (CRL-ET) 5 L 9.25+1.12"
25 mg/m 16.15 + 3.27%f
50 L 18.25 + 1.07%¢
mg/m
L
mg/m
L
Ethyl 1 mg/m ND
acetate 5 L 13.02 + 0.38f9
(CRL-EA) 25 mg/m 19.84 + 3.69°¢d
50 L 17.74 + 2.47%¢
mg/m
L
mg/m
L
Stalks Ethanol 1 mg/m ND
(CRS) (CRS-ET) 5 L ND
25 mg/m ND
50 L 10.80 + 0.649"
mg/m
L
mg/m
L
Ethyl 1 mg/m 11.25 +1.039"
acetate 5 L 8.63 +0.82"
(CRS-EA) 25 mg/m 14.14 + 2.40%9
50 L 13.50 + 1.9179
mg/m
L
mg/m
L

Note: Values are given as mean + S.D. (n =5). Different superscript letters (a-h) in the same
column indicated significant differences values (ANOVA, Duncan’s, p < 0.05). ND indicated

No Detected.
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Note: A-F indicated inhibition zone of 1 mg/mL; G-L indicated inhibition zone of 5 mg/mL;
M-R indicated inhibition zone of 25 mg/mL, and S-X indicated inhibition zone of 50 mg/mL
of CRT, CRL, and CRS extracts, respectively. Positive control: Ampicillin (AMP) and
phenoxyethanol (PE). Negative control: DI water (DI) and Dimethyl sulfoxide (DMSO).

Figure 1.
Inhibition zone size of corn tassels (CRT), leaves (CRL), and stalks (CRS), extracted with
different solvents (ethyl acetate: EA and ethanol: ET) by agar well diffusion (AWD) at
concentrations of 1, 5, 25, and 50 mg/mL against C. acnes.
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Minimum inhibitory concentration (MIC)

Minimum Inhibitory Concentration (MIC) of CARs extracts was shown in table 3. The CRL-
EA showed the lowest MIC value at a concentration of 3.12 mg/mL. Moreover, positive
control was strongly effective for antimicrobial properties, that MIC values were 0.39 ug/mL
of ampicillin and 4.00 mg/mL of phenoxyethanol (Table 3).

Minimum bactericidal concentration (MBC)

Results of MBC values from CARs extracts showed that all samples extracted with ethyl
acetate (CRS-EA, CRL-EA, and CRT-EA) demonstrated the highest effectiveness at a
concentration of 12.50 mg/mL. In the control group, ampicillin showed MBC values of 0.39
ug/mL and phenoxyethanol showed MBC values of 4.00 mg/mL (Table 3; Figure 2).

Table 3
Minimum Inhibitory Concentration (MIC) and Minimum Bactericidal Concentration (MBC)
of tested samples.

Groups Samples Solvents Units C. acnes
MIC MBC
Positive  Ampicillin - ug/mL 0.39+ 0.39
control (AMP) - mg/mL 0.00 0.00
Phenoxyethanol 4.00 £ 4.00 £
(PE) 0.00 0.00
CARs Tassels (CRT) ethanol (CRT-ET) mg/mL 1250+ 25.00
extract 0.00 0.00
Ethyl acetate (CRT- mg/mL 625+ 1250+
EA) 0.00 0.00
Leaves (CRL) ethanol (CRL-ET) mg/mL 1250+  25.00 =
0.00 0.00
Ethyl acetate (CRL- mg/mL 3.12+ 1250+
EA) 0.00 0.00
Stalks (CRS) ethanol (CRS-ET) mg/mL 1250+ 25.00
0.00 0.00
Ethyl acetate (CRS- mg/mL 6.25 + 12.50 =
EA) 0.00 0.00

Note: Values are given as mean £ S.D. (n = 2).

Antibacterial activity of CARs extracts is corroborated by Odelola et al. (2023)%°, The
phytochemical analysis of the methanol and aqueous extracts of corn husks and silks revealed
the presence of saponins, tannins, flavonoids, steroids, terpenoids, and cardiac glycosides.
The aqueous extract of corn husk showed the highest inhibitory effects on P. aeruginosa, K.
pneumoniae, S. aureus, E. coli, and Coagulase-Negative Staphylococci with zones of
inhibition ranging from 14.80 £ 1.89 mm to 24.40 £ 2.51 mm at 200 mg/mL. Findings from
this study revealed the antibacterial potential of corn silks and husk extracts at varying
concentrations.

The results of this study showed antibacterial activity of Zea mays against C. acnes.
According to previous studies, CARs extract contains saponin, tannins, flavonoids, and
terpenoids that have antibacterial activity by destruction of cell membranes®®. Therefore,
stalks, leaves, and tassels of corn extract might be associated with their potent antibacterial
activity.
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Cytotoxicity of CARs extracts

This study showed that the ethanolic extracts of CARs contained a high amount of TPC and
exhibited antimicrobial activity. Although the antibacterial activity of these ethanolic extracts
were lower than that of the ethyl acetate extract, the ethanol extraction uses as a green solvent
that is environmentally and consumer-friendly. Therefore, this study conducted a preliminary
toxicity test on the ethanolic extract to provide information for future application. Thus, these
ethanolic extracts of CARs were tested with the human keratinocyte (HaCAT) cell line at
concentrations of 0.5 and 1 mg/mL for 48 hours. The percentage of cell viability more than
85% was classified to be no toxic for the cell. The results showed that cell viability of all
ethanolic extracts in each part of CARs (at 0.5 and 1 mg/mL) was higher than 85% (table 4).
The highest cell viability was found in the ethanol of stalks extract at 0.5 mg/mL (140.8 +
18.4%; p<0.05; table 4). Triton X-100 as negative control showed low cell viability (10.8 £
0.6%; table 4). Thus, the ethanolic extracts of CARs might be safe for use as an active
ingredient in cosmetic products or other related products.

Figure 2.
Minimum Bactericidal Concentration (MBC) of the CARs (tassels, leaves, and stalks) extracts
against C. acnes (g-o0) with two different solvents (ethanol: ET and ethyl acetate: EA)
and Asterisks (*) indicate the highest concentration to the lower concentration (#).
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Table 4
Cytotoxicity of the ethanolic extracts of CARs, including tassels, leaves, and stalks at a
concentration 0.5 and 1 mg/ml.

Group Sample concentration % Cell viability
Control No treated - 100.0+0.0°
Triton X-100 0.01 mg/mL 108+0.6°
CARs Tassels-Ethanol 0.5 mg/mL 128.1+£19.9%
extract (CRT-ET) 1 mg/mL 90.1+5.3°
Leaves-Ethanol 0.5 mg/mL 139.4+5.2
(CRL-ET) 1 mg/mL 93.1+3.3°
Stalks-Ethanol 0.5 mg/mL 140.8+18.4°%
(CRS-ET) 1 mg/mL 91.0+6.1°

Note: Values are given as mean + S.D. (n=3), Different superscript letters (a-b) in the same
column indicate significant differences in values (p<0.05, ANOVA, Duncan’s test).

Conclusion:

Corn aro-residues from corn cultivation (tassels, leaves, and stalks) have these bioactive
compounds; TPC and TFC. The highest TPC was found in the ethanolic of corn tassels
extract. While, the highest TFC was found in the ethyl acetate of corn tassels extract. For
antibacterial activity was determined by the agar well-diffusion assay, the highest inhibition
zone of was found on the ethanolic of corn tassels extract (CRT-ET). While the ethyl acetate
of corn leaves extract (CRL-EA) showed the lowest minimum inhibitory concentration.
Furthermore, the minimum bactericidal concentration was found on the ethyl acetate in all
parts of corn. Moreover, the ethanolic of CARs showed no toxicity in HaCAT cells.
Otherwise, corn agro-residues can be valuable-added and utilized for use as alternative source
for natural active ingredients to formulation developed against acne vulgaris purposes in
cosmetics or others related field.
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Abstract:

Pectin is a polysaccharide widely used in the food, pharmaceutical, and cosmetic industries as
a gelling, stabilizing, emulsifying agent, prebiotic, and an attractive moisturizing agent
ingredient in skin care, resulting in a continuously growing global demand. Cyclea
barbata Miers is a traditional local plant widely distributed in Southeast Asia, including
Thailand. It grows rapidly and is abundant in rural areas. Its leaves are rich in pectin,
making them a sustainable raw material compared with conventional fruit peels. However, no
study has yet optimized the extraction process from this plant. This work employed central
composite design (CCD) to determine the optimal conditions for pectin extraction, especially
examining the effects of temperature (70-90 °C), extraction time (30-60 min), and solution
pH (1.5-3.5). The finding indicated that the quadratic model provided a superior fit (p<0.001)
with a non-significant lack of fit (p>0.6418). Both individual factors and the interaction of
temperature with pH and extraction time significantly influenced the obtained pectin yield.
The optimal condition to give the experimental pectin (14.23 £ 0.17%) was established at
81.80 °C, pH 2.08, and 59.50 min under a sample-to-solution ratio of 1:20 (w/v) in an
ultrasonic bath. The obtained pectin yield at this condition deviated by less than 5% from the
predicted value, confirming the reliability of the quadratic model.

Keywords: Cyclea barbata Miers; Cosmetics; Optimization; Pectin; RSM

Introduction:

Pectin is a structurally complex polysaccharide, composed mainly of esterified D-
galacturonic acid residues linked in linear chains.! It has gained considerable attention as a
natural gelling agent, stabilizer, and emulsifier in both the food, pharmacy, and cosmetic
industries.? In addtition, pectin also exerts beneficial effects on human health, including
lowering cholesterol levels and regulating serum glucose.® Traditionally, commercial pectin
has been extracted primarily from citrus peels and apple pomace.* However, the growing
demand for sustainable and diversified raw materials has driven the search for alternative
botanical sources.

Among the potential candidates, Cyclea barbata Miers, commonly known as green
jelly and belonging to the family Menispermaceae, has recently attracted attention as a novel
and underutilized source of pectin.® The leaves of this plant are rich in polysaccharides that
may serve as valuable substrates for pectin extraction with promising functional applications.
In addition to its nutritional value, green jelly leaves have been traditionally used in herbal
medicine to alleviate digestive disorders and reduce fever, suggesting a broader spectrum of
bioactivity.®

The efficiency of pectin extraction is strongly influenced by critical parameters such
as pH, temperature, and extraction time.” Conventional optimization approaches, which
typically focus on one factor at a time, are labor-intensive and often overlook the interactions
among multiple variables.® Response Surface Methodology (RSM), a well-established
statistical and mathematical approach, has emerged as a powerful tool to optimize
multivariable processes while minimizing the number of experimental trials.® By applying
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RSM, researchers can not only enhance pectin yield but also gain insights into the synergistic
effects of extraction conditions.

Despite the promising potential of green jelly leaves as a source of pectin, systematic
studies addressing extraction efficiency and process optimization remain scarce. Therefore,
the aim of this study was to determine the optimal extraction parameters for pectin yield of
Cyclea barbata Miers leaves using RSM. Effect of temperature, pH, and extraction time on
pctin yield were evaluated employing a central composite design (CCD) to develop predictive
models and validate process performance.

Methodology:

Chemicals

Ethanol, hydrochloric acid, sodium hydroxide, and other analytical grade chemicals were
purchased from Sigma Chemical (St. Louis, MO, USA).

®)

Figure 1.
Appearance of Cyclea barbata Miers fresh leaves (a) and dried leaf powder (b).

Plant material

Cyclea barbata Miers leaves were collected from Witayapan garden located in Chiang Rali,
Thailand during April 2024. The fresh leaves were rinsed and subsequently dried at 50°C
until a consistent weight was achieved. The dried leaves were ground to obtain a fine powder,
which was then put in a sealed bag and kept at 4°C for the extraction process.

Extraction of pectin

Pectin is tightly crosslinked with the plant cell wall.2 Many studies reported that pH,
temperature, extraction time, and the solid-to-liquid ratio could facilitate pectin solubilization
during extraction.'® Previous studies indicated that pH value of 1-3 is the most effective to
break pectin out from the plant cell wall, allowing pectin to dissolve more easily into the
solvent.!* Other factors such as temperature, extraction temperature, and sample-to-solvent
ratio have been frequently used in conventional acid extraction in the range of 50-95 °C, 30-
120 minutes, and 1:10 and 1:50 (w/v), respectively, to obtain the highest pectin yield and
quality of the extracted pectin.*''?> However, the optimized condition depends on the physical
characteristics of the raw material and the desired concentration of pectin in the extract.
Therefore in this study, condition of pectin extraction firstly designed using a Central
Composite Design (CCD) with three-level of extraction parameters: pH (1.5-3.5),
temperature (70-90 °C), and extraction time (30-60 min) while maintaining a sample-to-
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solution ratio of 1:20 (w/v) established to balance efficient solubilization with manageable
solvent consumption, as insufficient solvent volumes limit diffusion while excessive volumes
increase operational cost and wastewater generationin ultrasonic bath. A total of 20 extraction
conditions designed are presented in Table 1. Pectin from dried powder of Cyclea
barbata Miers leaves was extracted with each designed condition. Briefly, five grams of the
dried powder were slurried in each pH solutions in an Erlenmeyer flasks and extracted under
the specified conditions. After extraction, the slurries were cooled to room temperature and
centrifuged at 8000 rpm for 15 min. The obtained supernatant was then mixed with four
volumes of absolute ethanol at 4 °C for 24 h, and then centrifuged at 8000 rpm for 20 min.
The obtained precipitated pectin was washed twice with ethanol, re-dissolved in distilled
water, and freeze-dried. The pectin yield (YP) was calculated using the following equation.

in Action

%Yield pectin = (Dried weight of pectin/ Dried weight of the dried powder) x 100

Table 1.
Experimental condition for pectin extraction of Cyclea barbata Miers leaves designed with
Central composite design (CCD).

Run Independent parameter Pectin Yield (Yow/w)
Temperature pH Time Experimental Predicted
(°C) (min)

1 70 1.5 30 9.22 9.12

2 90 3.5 60 9.61 9.68

3 80 2.5 60 14.89 14.67
4 80 25 45 13.87 13.88
5 80 25 45 13.72 13.88
6 80 25 45 13.56 13.88
7 80 25 45 13.91 13.88
8 90 15 60 12.96 13.07
9 80 15 45 13.34 13.46
10 80 2.5 30 12.35 12.68
11 90 35 30 7.82 7.82

12 80 35 45 10.61 10.60
13 90 2.5 45 12.77 12.68
14 70 15 60 11.25 11.22
15 90 15 30 12.06 11.96
16 70 25 45 11.03 11.23
17 70 3.5 60 9.57 9.64

18 80 25 45 14.40 13.88
19 80 2.5 45 14.04 13.88
20 70 3.5 30 6.91 6.77
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Results and Discussion:

Model fitting and Statistical analysis

Experimental parameters, namely pH, temperature, and extraction time, were used to run the
RSM program in order to implement the optimal model. The summary fit of each model for
pectin yield was summarized in Table 2. The finding indicated that a quadratic model was the
most appropriate for describing the experimental data, confirmed from p<0.0001, non-
significant Lack-of-Fit (p = 0.6418), Adjusted R? (0.9865), and Predicted R? (0.9715),
respectively. In contrast, the linear and 2FI models showed poor fit (p>0.05), low Adjusted
R2 values, and negative Predicted R2 values, indicating poor prediction ability. The cubic
model, although it presented a relatively high Adjusted Rz (0.9859) but was aliased, making it
unsuitable for interpretation.

BN-P-030

Table 2.

Fit summary of different model of pectin extracted from each designed condition.

Source Sequential Lack of Fit  Adjusted R? Predicted R> Remarks
p-value p-value

Linear 0.0652 <0.0001 0.2340 -0.1527
2FI 0.9162 <0.0001 0.0924 -3.4649
Quadratic <0.0001 0.6418 0.9865 0.9715 Suggested
Cubic 0.5226 0.5732 0.9859 0.6235 Aliased

Table 3 provides the variance analysis of a quadratic model. The Model having an F-value of
155.01, and the P value (<0.0001) indicated that noise was only responsible for 0.01% of the
model. The study also found that individual factors (temperature, pH, and extraction time),
including some interactions (temperature with pH and extraction time, respectively) exerting
promoted the pectin produced. The non-significant Lack of Fit (p value >0.6418) indicated
that the quadratic model effectively predicted pectin yield. The coefficient of determination
(R? was 0.9929, which is nearly 1. This means that the independent variables indicate
99.29% of the variance in pectin production. This also implies that about 0.71% of the
differences are ignored by the model. The adjusted R? (0.9865) and predicted R? (0.9715)
values are close enough to the model's R? value to be useful. An adequate precision greater
than 4 showed that the signal was sufficiently powerful. A higher CV value typically means
that an experiment is less accurate. It's notable to notice that the CV value of this study (2.24)
emphasized that the experimental runs were more reliable. The equation of developed
quadratic model for predicting the pectin yield extracted from Cyclea barbata Miers leaves is
provided below:

Pectin yield (%w/w) = 13.88 + 0.72A - 1.43B + 0.99C — 0.45AB — 0.25AC + 0.19BC —
1.92A2 - 1.85B%— 0.20C?2

Effects of extraction parameters on pectin yield

Figure 2 explores that pectin yield was affected by parameters used: temperature, pH, and
extraction time. The yield of pectin increased as the pH increased, but the yield declined
when the pH rose over 2.0. This phenomenon can be defined as acidic conditions facilitating
the hydrolysis of pectin that interacts with the plant cell wall, transforming the insoluble parts
of pectin into soluble forms, thereby improving the efficiency of pectin extraction.” However,
when the pH is low, the molecular weight of pectin declines due to its partial dissolution from
plant tissues without breaking down the structure. These conditions cause pectin to
precipitate, which lowers the yield of the extraction. Temperature also affected to pectin yield
due to increasing diffusivity and solubility of pectin and other pectineous compounds in the
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extraction solution.® Additionally, extraction time is critical to the breakdown of pectin since
thermal accumulation from heat energy absorption accelerates its solubilization into the
extraction solution. The amount of pectin that is produced can be increased by prolonging the
extraction time, but performing this over a longer duration of time diminishes the pectin's
quality and limits its application in food and cosmetic formulations.’® Extended extraction
times may cause the pectin molecular chains to degrade, which could immediately.’

BN-P-030

Table 3.
Analysis variance (ANOVA) for pectin yield of Cyclea barbata Miers leaves
Source Sum of df  Coefficnt F-value p-value Remarks
Squares estimate
Model 99.47 9 13.88 155.01 <0.0001 Significant
a
A-Temperature 5.24 1 0.7240 73.51 <0.0001
B-pH 20.48 1 -1.43 287.19 <0.0001
C-Time 9.84 1 0.9920 138.01 <0.0001
AB 1.62 1 -0.4500 22.72 0.0008
AC 0.5000 1 -0.2500 7.01 0.0244
BC 0.2888 1 0.1900 4.05 0.0719
A? 10.15 1 -1.92 142.31 <0.0001
B2 9.37 1 -1,85 131.41 <0.0001
c? 0.1110 1 -0.2009 1.56 0.2406
Residual 0.7130 10 0.0713
Lack of Fit 0.2961 5 0.0592 0.7102 0.6418  not
significant
Pure Error 0.4169 5 0.0834
Cor Total 100.19 19
R? 0.9929
Adjusted R? 0.9865
Predicted R? 0.9715
Adequate Precisions 41.8174
CV.% 2.24

Remarks: Significant at 95% confidence level.

© The 37" Annual Meeting of the Thai Society for Biotechnology and International Conference (TSB2025)

259



TSB:203:

nology in Action

(@)

2220452959
A

/75%, 5%
' s

Pectin yield (% wiw)

y
f/f/’}'{'ll,:'llo’
/‘}'o,‘o,o

(b)

Pectin yield (% w/w)

C: Time (min)

(©)

Pectin yield (% wiw)

C: Time (min)

Figure 2.
Response surface plot of process paramitors (pH, temperature, and extraction time) affecting
to pectin yield extracted from Cyclea barbata Miers leaves.

Validation of quadratic model for pectin yield

The optimal condition at 81.80 °C, pH 2.08, and 59.50 min (Figure 3), which provides a
desirability value of 1.000, was further validated. Under this condition, the actual pectin
yielded 14.23 £ 0.17%, showing less than 5% deviation from the predicted value calculated
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from the fit quadratic model ( 14.91%). This close agreement indicated that the developed
model was accurate and reliable for predicting pectin yield. When compared with other plant
sources, pectin yield can vary substantially depending on the raw material and extraction
method.>'* Commercial pectin typically yielded 13.4-37.5% from citrus peel and 4.2—19.8%
from apple pomace, while non-traditional sources such as passion fruit peel (10-12.7%) and
banana peel (5.2-12.2%) exhibited moderate yields influenced by pH, temperature, and
extraction time.1*1® Therefore, pectin yield obtained from the Cyclea barbata leaves in this
study fell within the typical range for non-peel plant materials. The appearance of the
extracted pectin under the optimized condition is shown in Figure 4. The precipitated pectin
(Figure 4a) exhibited a translucent yellow-brown, gel-like texture, indicating successful
coagulation of the polysaccharide network after ethanol precipitation. After freeze-drying,
The pectin became darker and brittle with a film-like structure (Figure 4b). The final ground
pectin (Figure 4c) appeared as a coarse brown powder.

@ O
70 90 1.5 35
ATemperature = 81.7974 B:pH = 2.08184
30 60 6.91 14.89
C:Time = 59.4966 Pectin yield = 14.9067

Desirability = 1.000
Solution 1 out of 100

Figure 3.
Optimal condition for extraction of pectin yield from Cyclea barbata Miers leaves.
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igl-ere 4
Appearance of precipitated (a), dried (b), and ground (c) pectin obtained from Cyclea
barbata Miers leaves under the optimal extraction condition.

Conclusion:

The quadratic model had a good fit for the prediction of pectin yield of Cyclea barbata Miers
leaves. Parameters used: temperature, pH, and extraction time had a significant influence on
pectin yield. The condition at 81.80 °C, pH 2.08, and 59.50 min gave the highest pectin yield
(14.23 £ 0.17%), which value in close to the predicted value, having an error deviation of less
than 5%. In further, structural characteristics and rheological behavior of the extracted pectin
should be evaluated for application in the cosmetic field.
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Abstract:

Microchirita involucrata is a plant from the Gesneriaceae family that produces secondary
metabolites with antioxidant and antimicrobial properties. This study aimed to optimize auxin
hormone treatments for enhancing root biomass and to evaluate the biological activity of
culture medium extract under elicitor conditions. Roots were cultured with Indole-3-acetic
acid (IAA), 1-Naphthaleneacetic acid (NAA) and Indole-3-butyric acid (IBA) at varying
concentrations of 0.5, 1.0, 2.0 and 4.0 mg/L, while methyl jasmonate (MeJA) and
cyclodextrin (CD) served as the elicitor. TLC and HPLC were used for metabolite profiling,
and antioxidant activity was measured via the ABTS assay. Roots were treated with 4 mg/L
IBA produced the highest biomass (6.11 £+ 0.75 g). Elicitation led to medium color changes
and intensified TLC bands. HPLC revealed major peaks at 15-25 mins retention time,
indicating enhanced metabolite accumulation. The ABTS assay showed significant increase
of antioxidant activity in IBA-treated roots under elicitor treatment (TEAC 2.44 £+ 0.36 pumol
Trolox equivalents/g extract) compared to the unelicited control (TEAC 0.74 + 0.08 pmol
Trolox equivalents/g extract). This study demonstrates that optimized hormone application
can effectively promote root biomass and bioactive compounds production in M. involucrata,
supporting potential industrial applications.

Introduction:
Microchirita involucrata var. capitis (Craib) C. Puglisi belongs to the Gesneriaceae family.
Originally, this plant was classified under the genus Chirita and it was reclassified under
Didymocarpus sect. Microchirita. ! Over 166 compounds, including terpenoids, flavonoids,
and phenolics, have been identified in Didymocarpus, exhibiting antimicrobial, anticancer,
antidiabetic,* and antioxidant>® activities. M. involucrata grows more rapidly than most
Gesneriaceae species, enabling efficient and consistent biomass production for metabolite
extraction. In addition, M. involucrata possesses a distinct metabolite profile and a well-
documented ethnomedicinal background, further supporting its consideration as a species of
significant pharmaceutical interest. Plants synthesize secondary metabolites in various
tissues, including leaves, flowers, and roots, as a defense against environmental stressors such
as pathogens, chemicals, and drought.’:8:%10

Root-promoting hormones, including Indole-3-acetic acid (IAA), 1-Naphthaleneacetic
acid (NAA), and Indole-3-butyric acid (IBA), have been widely studied for root proliferation
in various plants. NAA has been reported to enhance root development in Camellia sinensis
by upregulating genes involved in root initiation,** while IBA effectively induces root
formation in Dracocephalum kotschyi.!? Increasing root biomass through hormone
application is essential for mass production, providing a larger biomass source for metabolite
extraction and enhancing bioactive compound scalability for pharmaceutical and industrial
use. However, the optimal conditions for hormone application in M. involucrata remain
unexplored. Elicitors like methyl jasmonate (MeJA) and cyclodextrin (CD) enhance
secondary metabolite production by activating plant defense mechanisms. Preliminary TLC
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and HPLC analyses indicate that both MeJA and CD influence the metabolite profiles in the
root of M. involucrata that were not treated with hormone (unpublished data). Thus,
combining root-promoting hormones with elicitors may be a promising approach to boosting
root biomass and secondary metabolite production for pharmaceutical and medical
applications, as well as serving as a valuable database for future studies.

Methodology:

1. Optimization of hormone concentration and exposure duration

Root tissue segments of approximately 1.0 cm in length were cultured on semi-solid MS*?
medium supplemented with different types and concentrations of auxins, including 1AA,
NAA, and IBA at 0, 0.5, 1.0, 2.0, and 4.0 mg/L. The root tissues were incubated in a
controlled environment at 25 + 2°C. The experiment was conducted in triplicate, each
replicate consisted of 10 root segments. Root fresh weight was recorded over a period of four
weeks.

2. Elicitation of M. involucrata using elicitors

Root tissue cultures were maintained in liquid medium. The root cultures were then induced
using 50 uM MeJA and 4 mM CD. The culture flasks were incubated in the dark on a shaker
for 72 hours.

3. Extraction of culture medium of M. involucrata

After elicitor treatment, the culture medium was separated from the root tissues. The culture
medium was mixed with ethyl acetate in a 1:1 ratio in a separating funnel. The upper organic
phase was collected, and the extraction process was repeated three times. The combined ethyl
acetate extracts were evaporated using a rotary evaporator, and the obtained crude extract was
used for subsequent bioactivity testing.

4. Component analysis using Thin Layer Chromatography (TLC)

TLC plates coated with silica gel were prepared as the stationary phase and the mobile phrase
consist of hexane and ethyl acetate at a ratio of 2.1:0.9 mL. The result was observed under
UV of 254 nm and 365 nm. To further classify the compounds, the plates were treated with
anisaldehyde reagent, and the resulting color bands were observed after heating with a hot air
blower. Additionally, the antioxidant activity of the separated compounds was tested using
the DPPH assay.

5. Examination of the components using High Performance Liquid Chromatography
(HPLC)

The components present in the extract were separated and analyzed using HPLC system
(Shimadzu LC-10 ADVP), equipped with a Luna 5 pm C18 column (250x4.6 mm,
Phenomenex Inc.). The extract was prepared at a concentration of 5 mg/mL and filtered prior
to analysis. The mobile phase used for the separation consisted of acetonitrile and 2% formic
acid in distilled water (18.2 mQ), mixed in a 30:70 ratio with gradient elution. The signals
were detected using a UV-Vis detector (Shimadzu SPD-10 AVP) at wavelengths of 280 nm.

6. ABTS antioxidant assay

Antioxidant activity was determined using the ABTS assay. For the assay, 20 pL of extract
was mixed with 180 pL. ABTSe<" solution, and absorbance was measured at 734 nm after 6
min. Each sample was evaluated using three independent biological replicates (n = 3), with
each replicate further analyzed in triplicate as technical replicates (n = 3). Results were
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expressed as Trolox Equivalent Antioxidant Capacity (TEAC, umol Trolox equivalents/g
extract).

7. Statistical analysis

The data were statistically analyzed using SPSS (version 23) software, and mean differences
among treatment groups were assessed using Duncan’s New Multiple Range Test (DMRT) to
determine statistical significance

Results:

1. Optimization of auxin hormone concentration and exposure duration

Root tissue segments were cultured on semi-solid MS medium supplemented with various
types and concentrations of auxins, including IAA, NAA, and IBA at 0, 0.5, 1.0, 2.0, and 4.0
mg/L. After three days of culture, root tissues in all treatments remained white, with
browning was observed on the cut surfaces, and no significant morphological development
was noted. By the first week, root branching became evident in all treatments, particularly at
higher auxin concentrations, as detailed in Table 1. After two weeks, root development
became more apparent. Media supplemented with IAA promoted increased branching with
elongated roots and the emergence of fine lateral roots. In contrast, NAA-treated roots
appeared dense and compact without elongation and exhibited light brown coloration. Roots
cultured in IBA-supplemented medium were long, highly branched with large fluffy
structures, and light brown in color, as shown in Table 2. After four weeks of culture, all
treatments exhibited extensive root branching and full development, occupying the entire
culture vessel. In the IAA-supplemented medium, the roots were slender, elongated, and light
brown. NAA-treated roots remained dense and short, with dark brown coloration. The IBA
treatment resulted in the longest and most highly branched roots, with dark brown coloration,
as shown in Table 3.

Fresh weight analysis indicated an increase in root biomass across all treatments, with
the highest fresh weight observed in the 4 mg/L of IBA treatment (6.11 +0.75 g), which was
significantly greater than all other treatments. The second highest fresh weight was recorded
in the 4 mg/L NAA treatment with 4.8310.63 g, while the lowest root weight was observed in
the 0.5 mg/L IAA treatment, with a weight of 0.92+0.32 g, as shown in Table 4.
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Table 1.
Growth of the M. involucrata root towards auxin after 1 week.

Effects of auxin hormones on root tissue segments of M. involucrata after 1 week (Scale =1 cm)

Control 0.5 mg/L 1.Omg/L 20mg/L 4.0mg/L

IAA

NAA

) r— iy

Table 2.
Root tissue development and growth of M. involucrata roots after 2 weeks in response to
various auxin concentrations

Effects of auxin hormones on root tissue segments of M. involucrata after 2 weeks (Scale = 1 cm)

Control 0.5 mg/L 1.0mg/L 2.0 mg/L 4.0 mg/L

IAA

NAA

IBA
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Table 3.
Root tissue development and growth of M. involucrata roots after 4 weeks in response to
various auxin concentrations

Effects of auxin hormones on root tissue segments of M. involucrata after 4 weeks (Scale = 1
cm)

Control 0.5 mg/L 1.0 mg/L 2.0 mg/L 4.0 mg/L

IAA

NAA

IBA

Table 4.
Fresh weight of root tissue segments of M. involucrata after 4 weeks in response to various
auxin concentrations

Treatments (mg/L)

Root weight (g)
Control 0.63+£0.29 e*
IAA 0.5 0.92+0.32¢
1.0 1.61+0.19¢
2.0 1.21 £0.08 e
4.0 1.39+0.20e
NAA 0.5 3.89 +0.12 bed
1.0 4.30 +0.20 bc
2.0 4.67 +0.13 bc
4.0 4.83+0.63b
IBA 0.5 3.08+0.08d
1.0 3.67+0.27 cd
2.0 4.23+0.15bc
4.0 6.11+0.75a

* Values are means + SE of 3 replications (10 roots per replication). Different letters within
the same column show significant differences analyzed by Duncan’s New Multiple Range
testsat p <0.05
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To identify the most effective auxin for inducing root growth and maximizing the
potential of roots to produce valuable compounds, further studies were conducted using root
tissues induced by each auxin treatment. The roots were elicited with MeJA and CD for three
days, followed by extraction of compounds. The profiles of valuable compounds produced
after elicitation were analyzed. Based on these results, the most suitable auxin for subsequent
experiments was determined.

2 Effect of combined MeJA and CD elicitation on auxin-induced root cultures of M.
involucrata

Root tissues 5 grams previously cultured with each auxin treatment were transferred into 50
mL of liquid %2 MS medium supplemented with 50 uM MeJA and 4 mM CD. A non-elicited
group was used as a control (CT). The cultures were incubated in the dark and shaken on a
rotary shaker for three days. Observations were recorded on changes in the color of both the
root tissues and culture medium before and after elicitation. Prior to elicitation, roots pre-
treated with 4 mg/L IAA appeared yellow-brown, and the culture medium remained clear.
Following elicitation with MeJA and CD, the roots turned dark brown to black, and the
culture medium became turbid yellow. In comparison to the non-elicited control, no obvious
differences were observed. Similarly, roots pre-treated with 4 mg/L NAA exhibited a yellow-
brown coloration and a clear medium before elicitation. After elicitation, the roots turned
dark brown, and the medium shifted to a light-yellow color. For roots pre-treated with 4 mg/L
IBA, the roots were yellow brown with a clear medium before elicitation. After treatment, the
roots turned dark brown, and the medium became a deeper yellow compared to the control.
The results are shown in Table 5.
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Table 5.
Root tissues and culture medium of M. involucrata cultured with different types of auxins
and elicited with 50 uM MeJA and 4 mM CD, observed at 0 and 3 days of treatment.

Root and medium Root and medium

Types of hormones Medium color

appearance (Day 0)  appearance (Day 3)

Control

Non

hormone 50 UM

MeJA +
4 mM
CD

Control

IAA
50 uM
MelJA +
4 mM
CD

Control

NAA

Control

IBA
50 uM
MelJA +
4 mM
CD
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3 TLC analysis of culture medium extracts elicited with MeJA and CD

Preliminary phytochemical analysis of the extracts was performed using TLC. The TLC
plates were visualized under UV light at 254 nm and 365 nm, followed by staining with
anisaldehyde reagent to detect characteristic color bands of various compounds. Antioxidant
activity of the separated bands was assessed by staining the TLC plate with DPPH solution,
and monitoring the color change from purple to yellow, indicating free radical scavenging
activity as demonstrated in Table 6.

Table 6.
TLC profiles of root culture medium extracts of M. involucrata elicited with MeJA and CD.
CT: control group; MC: elicited group treated with MeJA and CD.

Auxin type 254 nm 365 nm Anisaldehyde DPPH

Non hormone

CTR1 CTR2 MC R1 MC R2 CTR1 CTR2 MC R1 MC R2 CTR1 CTR2 MC R1 MC R2 CTR1 CTR2 MC R1 MC R2

CTR3 MC R1 MC R2 MC R3 CTR3 MC R1 MC R2 MC R3 CTR3 MC R1 MC R2 MC R3

NAA

CTR3 MC R1 MC R2 MCR3 CTR3 MC R1 MC R2 MC R3

IBA

CTR3 MC R1 MC R2 MC R3 CTR3 MC R1 MC R2 MC R3 CTR3 MC R1 MC R2 MC R3 CTR3 MC R1 MC R2 MC R3

Under UV light at 254 nm, several dark bands were observed, indicating the presence
of compounds containing conjugated double bonds or aromatic structures, such as phenolic
compounds or other aromatic metabolites. Clear dark bands (bands 1 and 2) were detected on
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the TLC plates of the non-hormone group with elicitors, the NAA-treated group with
elicitors, and the IBA-treated group with elicitors. In contrast, the IAA-treated group
exhibited only very faint bands that could not be clearly identified.

Under UV light at 365 nm, fluorescent bands were observed, indicating the presence
of compounds with extended conjugated systems or polycyclic aromatic structures capable of
fluorescing under higher UV wavelengths. Blue fluorescent bands (band 1) were observed in
all groups, along with additional blue bands (band 2). An orange fluorescent band (band 3)
observed in the non-hormone group under both elicited and non-elicited conditions. In the
IAA-treated group, a faint orange fluorescent band (band 3) was detected in the non-elicited
condition, with the band becoming more intense following elicitor treatment. The NAA-
treated group exhibited two orange fluorescent bands (bands 3 and 4) after elicitation, with
greater intensity compared to the non-elicited condition. Similarly, the IBA-treated group
showed two intense orange fluorescent bands (band 3 and 4) upon elicitation, whereas only
weaker bands were present under non-elicited condition.

Following staining with anisaldehyde, band color changes were observed. A reddish-
brown band (band 3) appeared in the elicited samples of non-hormone, NAA-treated and
IBA-treated groups. In contrast, no colored bands were detected in the 1AA-treated group,
regardless of elicitor treatment. Staining with DPPH, used to identify antioxidant compounds
based on the color shift from purple to yellow (reduced form), revealed yellow bands (band
1) in all groups, indicating antioxidant activity. The intensity of the yellow bands was greater
in elicitor-treated samples compared to the non-treated control, as shown in Table 6.

4 HPLC analysis of culture medium extracts elicited with MeJA and CD

The results of the HPLC analysis of crude extracts from the culture medium of M.
involucrata treated with combined MeJA and CD are presented in Table 7. Analysis at a
wavelength of 280 nm revealed distinct chromatographic patterns between the non-hormone
group and the hormone-treated groups. The extract from the IBA-treated group exhibited
several distinct, unidentified peaks at various retention times, suggesting the presence of
multiple constituents compared to other auxin-treated groups. In contrast, extracts from
groups treated with other auxins, particularly NAA and IAA, displayed prominent peaks in
more polar retention time regions.

Table 7.
HPLC chromatogram of extract components from the culture medium treated with combined
MeJA and CD compared to control (CT) group.

Auxin

type HPLC chromatogram detected with 280 nm

cT b MelA+CD

Non hormone

w aay
cT | MelA+CD
| e

IAA X o
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=

MelJA+CD |

NAA

MeJA+CD

IBA

5 Antioxidant activity by ABTS assay

Based on the distinct metabolite profile observed in the IBA-treated root extract compared to
other auxin-treated groups, IBA-treated roots subjected to MeJA+CD elicitation were
selected for subsequent antioxidant evaluation against the unelicited control. The results
demonstrated that IBA-treated roots elicited with MeJA+CD exhibited a significantly higher
antioxidant capacity (TEAC 2.44 + 0.36 umol Trolox equivalents/g extract) compared with
the unelicited control (TEAC 0.74 + 0.08 umol Trolox equivalents/g extract). Collectively,
these findings indicate that IBA treatment in combination with MeJA+CD elicitation
markedly enhances the antioxidant potential of root cultures.

Discussion:

The present study demonstrated that treatment with IBA at a concentration of 4 mg/mL
significantly enhanced root growth, giving an average root biomass of 6.11 +0.75 grams.
This was higher than those observed in cultures treated with 1AA and NAA, indicating a
superior efficacy of IBA in promoting root development. The greater effectiveness of IBA
may be explained by its higher stability, together with its ability to interact with endogenous
auxin pools. Evidence from Arabidopsis indicated that exogenous IBA, in combination with
residual endogenous IAA, efficiently induced adventitious root formation, whereas IAA
alone was less effective. 1* These results are consistent with the findings of Anukul et al.,?
who reported that IBA at 2,000 ppm significantly increased root number (17.51 roots per
cutting), fresh weight (0.78 g), and dry weight (0.06 g) in Jatropha curcas L. stem cuttings
compared to NAA at 1,000 ppm.

In addition, the application of MeJA and CD induced a noticeable yellow coloration
in the culture medium of M. involucrata within 3 days, which may indicate early-stage
accumulation and secretion of secondary metabolites. This observation is consistent with
previous report in peanut hairy roots, where MeJA and CD significantly enhanced the
production of phenolic and stilbene compounds®®. Therefore, the visible color change may
serve as a preliminary indicator of elicitor-induced metabolic responses.

TLC analysis further supported these findings, which revealed intensified bands in the
IBA-treated roots following under elicitor treatment, indicating an elevated accumulation of
specific secondary metabolites compared to the untreated control. HPLC profiles revealed a
prominent peak within the retention time range of 15-20 min. As the phytochemical profile
of M. involucrata remains uncharacterized, terpenoids and flavonoids are considered
potential major metabolites, consistent with reports from Didymocarpus and other
Gesneriaceae species. 1’ This assumption is further supported by the prominent peaks
observed in the HPLC chromatograms of the NAA- and IBA-treated groups under MeJA and
CD elicitation compared to unelicited control. This profile is consistent with the report by
Pilaisangsuree et al.,' ®which showed distinct chromatographic patterns in hairy root cultures
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treated with CD alone and co-treated with MeJA and CD, corresponding to enhanced
phenolic compound secretion into the culture medium.

Conclusion:

The present study demonstrates that the combination of IBA with MeJA and CD effectively
promotes both root biomass and secondary metabolite accumulation in M. involucrata root
cultures. The observed yellowing of the culture medium, along with supporting evidence
from TLC and HPLC profiles, confirms the elicitor-induced production and secretion of
specific bioactive compounds. These findings highlight the potential of using optimized
hormone and elicitor combinations as a practical strategy for large-scale production of root-
derived phytochemicals with promising pharmaceutical and industrial applications.
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Abstract:

Durian (Durio zibethinus) production is increasingly threatened by fungal pathogens,
including Fusarium spp., that was recently discovered to be implicated in die-back disease.
Sustainable alternatives to synthetic fungicides are urgently required. This study investigated
the antifungal potential of crude metabolites produced by Priestia aryabhattai strain PTKU-
123. The bacterial isolate, maintained on nutrient agar, was fermented in Luria-Bertani broth,
and metabolites were recovered through acid precipitation and ethanol extraction. Crude
extracts were profiled using thin-layer chromatography (TLC), which revealed bands with Rf
values consistent with lipopeptide fractions, as confirmed by ninhydrin and iodine staining.
Antimicrobial efficacy was assessed using the poison food technique against Fusarium spp., a
pathogen isolated from diseased durian tissue and validated by morphological and I1TS-based
identification. The crude extract significantly inhibited fungal growth in a concentration-
dependent manner, with complete inhibition achieved at 5 mg/mL. These findings highlight
P. aryabhattai PTKU-123 as a promising biocontrol candidate for durian disease
management and provide a foundation for further purification and characterization of its
antifungal metabolites.

Introduction:

Durian (Durio zibethinus) is one of Southeast Asia’s most economically important fruit
crops, with Thailand standing as the world’s leading producer and exporter.® However, durian
production is increasingly threatened by destructive fungal diseases that reduce both yield
and fruit quality, leading to significant economic losses for growers.? Among these, black
die-back disease has emerged as a particularly concerning problem. The disease is
characterized by leaf yellowing, branch wilting, die-back of shoots, and in severe cases, death
of the entire tree, posing a major challenge to orchard long-term sustainability.®

Recent investigations have identified Fusarium species as key pathogens associated
with durian die-back. Morphological and molecular studies have confirmed the presence of
Fusarium incarnatum and related species in diseased tissues, highlighting their role as
emerging threats to durian health.* This finding emphasizes the need for more precise
management strategies, as conventional control methods in addressing Fusarium-induced
infections.

Biological control using beneficial microorganisms offers a promising alternative to
chemically synthesized fungicides, especially in perennial crops like durian where long-term
soil health is vital. Priestia aryabhattai, a soil-dwelling bacterium, has gained attention for its
ability to produce bioactive secondary metabolites, including lipopeptides, which are known
for strong antifungal and biosurfactant activities.> These natural compounds have been
reported to disrupt fungal cell membranes and suppress the growth of phytopathogens such as
Fusarium.®®

In this study, we evaluated the antifungal efficacy of crude extracts from P.
aryabhattai PTKU-123 against Fusarium spp. isolated from diseased durian tissues. The
objective was to screen for possible bioactive metabolites with potential use in managing
durian die-back disease, thereby contributing to alternative disease control strategies.
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Methodology:

Microorganisms:

Priestia aryabhattai strain PTKU-123, isolated from agricultural soil and previously
identified at the Omics Sciences & Bioinformatics Center (Chulalongkorn University,
Thailand). The isolate was maintained on nutrient agar (NA) plates and stored at -20°C for
short-term preservation. To ensure culture viability and purity, working stocks were routinely
sub-cultured on fresh NA plates and incubated at 37°C prior to experimental use. This
approach provided a consistent and reliable bacterial inoculum for downstream metabolite
extraction and analytical studies.

The target fungal pathogen, Fusarium spp., was obtained from naturally infected
durian tissues exhibiting die-back symptoms. The isolate was maintained on potato dextrose
agar (PDA) under standard laboratory conditions and served as the test organism in
antifungal bioassays. Identification of the fungal strain was carried out using a combination
of morphological and molecular approaches. Microscopic examination revealed characteristic
Fusarium conidia with distinctively curved or bent spores, a diagnostic feature of the genus.
Molecular confirmation was performed through amplification and sequencing of the internal
transcribed spacer (ITS) region, conducted by the Thailand Bioresource Research Center
(TBRC, Thailand).

Fermentation and crude extract formation:

For the cultivation of bacteria, a loopful of P. aryabhattai PTKU-123 colonies grown on NA
plates was inoculated into seed cultures containing Luria-Bertani (LB) broth and incubated at
37°C with agitation at 250 rpm for 24 h. These seed cultures were subsequently transferred
into larger Erlenmeyer flasks containing fresh LB broth for fermentation. Cultures were
maintained under identical shaking conditions (250 rpm, 37°C) for approximately 72 h,
reaching the late exponential to early stationary phase, a period associated with optimal
secondary metabolite synthesis.

Following incubation, the fermentation broth was harvested by centrifugation at
11,000 rpm and 4°C to obtain a cell-free supernatant. Crude metabolite extracts were
obtained as following the previous research work protocol.® The extracts were prepared using
an acid precipitation method: the supernatant was adjusted to pH 2.0 with HCI and stored at
4°C for at least 24 h to facilitate precipitation. The precipitate was then collected by
centrifugation, re-suspended in 80% ethanol, and centrifuged again to remove residual debris.
The ethanol extract was concentrated under vacuum evaporation at 60°C, separating the
dissolved metabolites from the solvent.® The dried residue was subsequently re-dissolved in
ethanol, yielding the crude extract preparation used for further analysis.

Screening for metabolites using thin layer chromatography:

Crude extract obtained from the fermentation broth was subjected to thin-layer
chromatography (TLC) to provide preliminary evidence for the presence and diversity of
secondary metabolites. TLC was selected as a rapid and cost-effective technique to separate
complex mixtures, allowing detection of both hydrophilic and hydrophobic compounds
within the crude extract.

Silica gel F254 TLC plates (60 um, Merck, Darmstadt, Germany) were employed as
the stationary phase, while a chloroform-methanol-water solvent system (65:25:4, v/v) served
as the mobile phase, following previous research works.'''? After sample application, plates
were developed in a saturated and equilibrated TLC chamber and subsequently air-dried.

For metabolite screening, multiple detection methods were used. TLC plates were first
observed under UV light at 254 nm to detect fluorescent compounds, which may indicate
aromatic or conjugated structures. lodine vapor staining was then employed to reveal
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hydrophobic compounds, which form reversible brown complexes with iodine. Finally,
ninhydrin (0.2%) dissolved in water-saturated butanol was applied to identify amino
acid/peptide-containing metabolites, producing purple coloration upon reaction. The
combination of these visualization techniques enabled detection of both peptide- and lipid-
associated compounds. After processing the TLC plates, the retention factor (Rf) values of
visible bands will be calculated using the formula:

Distance traveled by compound

Distance traveled by solvent front

Antimicrobial bioassay of Priestia’s crude extract.

The antifungal potential of P. aryabhattai PTKU-123 crude extract was assessed against
Fusarium spp. using the poison food technique.'® Potato dextrose agar (PDA) plates were
amended with defined concentrations of the crude extract, while solvent-treated and untreated
PDA plates served as negative controls. Mycelial plugs (0.5 cm diameter) of actively growing
Fusarium cultures were placed at the center of each plate and incubated at 25 °C for 5 days.
Radial mycelial growth was recorded, and the percentage inhibition of fungal growth relative
to controls was calculated according to the previous research work.* All treatments were
performed in triplicate to ensure reproducibility and statistical accuracy.

Results and Discussion:

Identification of fungal isolate by ITS sequencing and microscopy:

Microscopic characterization of the isolate from symptomatic durian tissues revealed slender,
elongated macroconidia that were slightly sickle-shaped with a distinct apical bend. These
conidia possessed 3-5 septa and measured approximately 10-15 pum in length by 3-5 um in
width (Figure 1). Such traits are consistent with classical taxonomic descriptions of the genus
Fusarium, which produce bent, multi-septate macroconidia of similar dimensions.
Comparable findings have been documented in durian-related studies, where bent conidial
morphology has been highlighted as a reliable diagnostic feature.3*

Molecular identification further supported this classification. ITS sequencing revealed
100% identity with several Fusarium reference strains, including F. pernambucanum
(ON054310.1), F. equiseti (OM326826.1), and F. incarnatum (MH290471.1) (Table 1).
While this confirms placement at the genus level, the close similarity among ITS sequences
prevented precise species-level resolution, a common limitation in Fusarium taxonomy that
often necessitates additional loci (e.g., TEF1-0, RPB2) for higher resolution.

Together, the morphological and molecular data firmly establish the isolate as
Fusarium sp. associated with durian die-back disease. This is consistent with recent reports
highlighting Fusarium as a major pathogen affecting durian trees in Thailand. The presence
of bent, septate macroconidia along with molecular identity strengthens the conclusion that
Fusarium plays a significant role in durian decline.®#
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Table 1.
Comparison of the fungal isolate’s quantified ITS rDNA region with the reference strains
using BLAST engine.

Rank Scientific name Max Total Query Identity Accension
score score (%) (%)
1 Fusarium pernambucanum 1009 1009 100 100 ONO054310.1
strain KUMCC-21-0688
2 Fusarium equiseti strain 1007 1007 100 100 OM326826.1
MCC7
3 Fusarium incarnatum 1005 1005 100 100 MH290471.1
strain GSS210
4 Fusarium sulawesiense 1005 1005 100 100 PP336544.1
strain NRRL 66472
5 Fusarium equiseti strain 1005 1005 100 100 MH879250.1
FUS-34-2

Figure 4.
Morphological characteristics of Fusarium spp. (a) Fusarium isolate grown on PDA; (b)
Fusarium spores (circled in red) visualized under the microscope with 400x magnification;
the measurement range presents 0-100 pm.

TLC profiling of the crude extract:
The TLC analysis of the crude extract from P. aryabhattai PTKU-123 revealed both
prominent and minor metabolite fractions that are consistent with lipopeptide production.
Under UV and iodine visualization, a single dominant band was consistently observed at Rf
0.63, indicative of a major hydrophobic compound (Figure 2a-b). This Rf closely aligns with
the range reported for surfactin derivatives (Rf 0.65-0.75) in earlier studies'>*®, suggesting
that the primary metabolite in the extract may be surfactin-like in nature.

In contrast, derivatization with ninhydrin exposed a more complex metabolic profile,
with five distinct peptide-containing bands at Rf values of 0.76, 0.69, 0.54, 0.29, and 0.16
(Figure 2c). These findings are parallel to previous reports where ninhydrin staining
enhanced detection of lipopeptide fractions'>®1’. Specifically, the bands at Rf 0.76, 0.69 and
0.54 correspond well to the surfactin range (0.55-0.75), confirming the presence of surfactin
isoforms. The band at Rf 0.54 lies intermediate between surfactin and iturin ranges,
suggesting possible co-production of these structurally related lipopeptides. Meanwhile, the
band at Rf 0.29 overlaps with reported bacillomycin fractions (Rf ~0.3)%°, and the band at Rf
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0.16 is consistent with fengycin (Rf ~0.1-0.11)'>1%. The appearance of multiple peptide-
reactive fractions suggests that P. aryabhattai PTKU-123 synthesizes not just surfactin-like
compounds, but also several lipopeptides as presented in (Table 2).

When viewed alongside prior studies, these results reinforce the importance of TLC
as a screening tool for differentiating between lipopeptide families. For example, the previous
report studies demonstrated that crude extracts often contain overlapping surfactin, iturin, and
fengycin families, each with distinct antifungal targets.!>!® The TLC profile of P.
aryabhattai PTKU-123 mirrors this pattern, with detectable fractions corresponding to all
three major lipopeptide classes. This metabolite diversity is of particular significance for
biocontrol, as the combined presence of surfactin-, iturin-, bacillomycin-, and fengycin-like
compounds can act synergistically, thereby broadening the antifungal spectrum and
enhancing efficacy against Fusarium spp.

Table 2.
Potential secondary metabolites separated through thin-layer chromatography (TLC) system,
by applying chloroform-methanol-water (65:25:4 v/v) as the mobile phase.

Rf value Secondary metabolites References

0.75, 0.65, 0.55 Surfactin [15], [16], [17]

0.4,0.32 Iturin [15], [16]

0.3 Bacillomycin [15]
0.1,0.11 Fengycin [15], [16]
UV 254nm Iodine vapor Ninhydrin (0.2%) in BuOH
b. —a B x4
Rf: 0.76
BE D6 Rf: 0.69
Rf: 0.54
Rf: 0.29
Rf: 0.16
Bl B2 B3 B4 Bl B2 B3 B4
Figure 5.

Thin-layer chromatography profile of crude extract.
Visualization was performed under (a) UV (254 nm); (b) iodine vapor, and (c) ninhydrin
staining (0.2% in water-saturated butanol).

Antifungal activity of Priestia’s crude extract against Fusarium spp.:

The antifungal activity of the Priestia aryabhattai PTKU-123 crude extract was evaluated
against Fusarium spp. using the poison food technique, with growth inhibition compared to
the chemical fungicide metalaxyl and the biocontrol agent Trichoderma (Figure 3). A starting
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concentration of 2 mg/mL was selected, as previous report indicates that metalaxyl achieves
complete inhibition (100%) at 2-4 mg/mL against Phytophthora.'® Likewise, Trichoderma-
based preparations are often evaluated in the same range, providing a comparative baseline.

At 2 mg/mL, the crude extract reduced mycelial growth to 11.3 + 0.653 cm,
corresponding to 44.55% inhibition (Table 3). Increasing the concentration to 3 mg/mL
drastically enhanced activity, with inhibition rising to 97.78%. At 4 mg/mL, inhibition was
nearly complete (99.91%), and at 5 mg/mL, full suppression of mycelial growth was achieved
(100% inhibition). In contrast, the biological control agent Trichoderma (2 mg/mL)
suppressed mycelial growth by 63.18%, while metalaxyl at the same concentration was
notably less effective (14.72% inhibition). This highlights two key findings: (i) Fusarium
isolates from durian exhibit reduced susceptibility to metalaxyl, a chemical fungicide
commonly used in durian orchards, and (ii) the PTKU-123 crude extract demonstrates
superior antifungal efficacy over the chemically synthesized fungicide, achieving complete
inhibition at higher concentrations.

Table 3.
Mycelial growth and inhibition percentage of different test materials against Fusarium spp.
using poison food bioassay.

Test material Concentration  Mycelial growth Inhibition percentage
(mg/ml) (cm) (%)
Ethanol (control) 0 17.7 +1.491° -

Crude extract 2 11.3 £ 0.653° 44.55
Crude extract 3 2.8 +0.602° 97.78
Crude extract 4 1.0 £ 0.000% 99.91
Crude extract 5 0.0 £ 0.000? 100.00
Trichoderma (control) 2 11.6 + 2.462° 63.18
Metalaxyl (control) 2 18.8 +1.710° 14.72

The data of mycelial growth are presented as Mean + SD.
The values sharing a common superscripted letter are not significantly different from each
other at p < 0.05 value according to Turkey’s HSD test.

Figure 6.

Growth of Fusarium spp. on poison food bioassay with different concentrations of test
material (a) 5 mg/ml of crude extract; (b) 4 mg/ml of crude extract; (c) 3 mg/ml of crude
extract; (d) 2 mg/ml of crude extract; (e) control sample; (f) 2 mg/ml of Trichoderma as

commercial control; (g) 2 mg/ml of metalaxyl as commercial control.
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Implications for die-back disease management in durians:

The antifungal bioassay demonstrated that the crude extract of P. aryabhattai PTKU-123
effectively suppressed the radial growth of Fusarium sp., a pathogen implicated in durian die-
back disease. At lower concentrations, partial inhibition was observed, while complete
inhibition of fungal growth was achieved at 5 mg/mL. This level of efficacy is comparable to
synthetic fungicides such as metalaxyl, which are typically effective at concentrations of 2-4
mg/mL, and to established biocontrol agents like Trichoderma spp. The ability of the
bacterial crude extract to achieve full inhibition suggests strong antifungal potential, with the
possibility that further purification could lower the effective dose required.

TLC profiling of the crude extract revealed the presence of multiple bioactive
metabolites. A dominant band was consistently detected at an Rf value of 0.63 under iodine
vapor visualization, suggesting a major compound with potential antifungal activity.
Additional bands at Rf values of 0.76, 0.69, 0.54, 0.29, and 0.16 were observed after
ninhydrin staining, indicating the presence of peptide-like metabolites. The diversity of these
bands suggests that the crude extract consists of multiple secondary metabolites, which may
act synergistically to enhance antifungal activity. This metabolite complexity is advantageous
for field application, as mixtures of bioactive compounds are less likely to lead to rapid
resistance development compared to single-compound fungicides.

The findings hold important implications for durian disease management. The
suppression of Fusarium sp. by PTKU-123 extract demonstrates its potential as a natural and
environmentally friendly alternative to chemically synthesized fungicides. Incorporating
microbial-based antifungal agents into durian production systems could reduce chemical
inputs, mitigate fungicide resistance, and improve orchard sustainability. Furthermore, the
ability of P. aryabhattai PTKU-123 to produce diverse lipopeptide-like metabolites positions
it as a promising candidate for the development of a biological control product tailored for
durian die-back management.

Conclusion:

This study demonstrated that the crude extract of P. aryabhattai strain PTKU-123 possesses
strong antifungal activity against Fusarium sp., a pathogen discovered to be associated with
durian die-back disease. Complete inhibition of mycelial growth was achieved at a
concentration of 5 mg/mL, indicating that the extract is highly effective, with comparable
efficacy to certain chemical fungicides and biological control agents. Such potent inhibition
suggests that further purification of the extract could reduce the effective inhibitory
concentration, enhancing its practical application as a biocontrol agent. TLC profiling of the
crude extract revealed the presence of multiple metabolite fractions, with a dominant band at
Rf 0.63 observed under UV and iodine staining, and additional peptide-containing bands
detected with ninhydrin. These findings indicate that P. aryabhattai produces a mix of
lipopeptide-like compounds, among which the major fraction is likely responsible for the
observed antifungal effect. Together, the results highlight the potential of P. aryabhattai
PTKU-123 as a promising microbial source of antifungal metabolites for sustainable
management of durian pathogens. Future work focusing on purification, structural
characterization, and in-plant efficacy testing will be essential to validate its role as a
biocontrol alternative to conventional fungicides.
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Abstract:

Longan peel is a significant by-product generated in large quantities during the processing of
longans. It has been found to contain lignin, an essential component with biological
properties. The purpose of this study was to extract and apply lignin as a cosmetic ingredient.
Lignin was extracted from the longan peel using an alkaline extraction method under
autoclave conditions. A dark brown alkaline lignin powder was obtained, with a yield of
approximately 2.7% and a purity of 82.21%. The lignin particle size distribution ranged from
340 to 460 nm and had a granular shape. FTIR analysis confirmed the typical polyphenolic
structure of lignin with guaiacyl enrichment and the presence of carbonyl groups. The
antioxidant properties of alkaline lignin were investigated using DPPH and ABTS assays.
The results showed that the lignin extract exhibited good antioxidant activity, with 1C50
values of 14.84 + 0.15 and 7.31 = 0.23 pg/mL, respectively. Moreover, alkaline lignin
exhibited tyrosinase inhibitory activity of approximately 50% at a concentration of 1.52
pg/mL, corresponding to 2.46 £ 0.56 mg KAE/g extract in kojic acid equivalents. The cell
cytotoxicity of lignin was investigated using the MTT method using the L929 fibroblast cell.
The results demonstrated that cell viability significantly decreased, with an IC50 of 19.41
pag/ml. This research indicated that alkaline lignin extract from longan peel possesses potent
antioxidant activity and remarkable tyrosinase inhibition, suggesting its potential as a
cosmetic ingredient in skincare formulations. However, it remains necessary to assess
cytotoxicity at higher concentrations further.

Introduction:

Longan peel, which is the exocarp part of the seeds and a by-product of longan processing,
poses challenges in biomass management. In Thailand, approximately two million tons of
longan peel waste are generated annually, with over 80% originating from the northern
region. Improper disposal of this waste can lead to decomposition, air pollution, and
microbial contamination. Longan peel consists of the major lignocellulosic components,
including cellulose, hemicellulose, and lignin. It is crucial to enhance or optimize its potential
benefits, particularly those of lignin. Lignin is a naturally abundant biopolymer with a
complex and heterogeneous structure that is synthesized from derivatives of three different
alcohols, including p-coumaryl (H-unit), coniferyl (G-unit), and sinapyl (S-unit). Aromatic
rings, methoxy groups, carbonyl groups, and aliphatic hydroxyl (-OH) are the main
functional groups of lignin structure.! These characteristics are regarded as critical structures
of lignin, as both its quantitative and qualitative properties are determined by its functional
groups. For the industry, lignin is used as a reinforcing material because lignin is strong,
durable, water-insoluble, and inelastic. When combined with other materials such as
polymers or resins, it increases impact resistance, reduces the weight of the material, and is
resistant to harsh environments.? Moreover, lignin is a biomedically active ingredient carrier
for medication delivery systems. It has been studied for its potential to increase sensitivity to
chemotherapy.® In the cosmetics industry, lignin has attracted interest due to its biological
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properties. It functions as an antioxidant, acting as a scavenger in biological systems. The
antioxidant activity of lignin is mainly caused by the ortho-methoxyl substitution in aromatic
rings and the existence of free phenolic hydroxyl groups.* Lignin can also inhibit tyrosinase,
the enzyme responsible for melanin synthesis, resulting in dark spots on the skin.
Additionally, lignin exhibits anti-UV activity due to its unsaturated functional groups, which
are capable of absorbing UV radiation.® Therefore, the application of lignin in cosmetics is
highly advantageous, as it possesses good biological properties and can be extracted naturally
from agricultural waste products.

This work aimed to extract lignin from longan peel using alkaline extraction under
autoclave conditions and to investigate the characteristics and biological properties of the
extracted alkaline lignin. The antioxidant activity was examined using DPPH and ABTS
radical scavenging assays. Tyrosinase inhibitory activity was evaluated in vitro using L-
DOPA as a substrate. Cytotoxicity was determined using the MTT assay on L929 fibroblast
cells to assess cell viability. The findings on the biological activities of alkaline lignin suggest
promising opportunities for its utilization in lignin-based formulations designed for cosmetic
and biomedical products. In particular, studies on longan peel-derived lignin could provide
critical insights to advance its innovative applications in these fields.

Methodology:

Lignin extraction.

Longan peel was collected from the longan processing plant in Ban Hong district (Lamphun
province, Thailand). It was treated with 40% sodium hydroxide solution with a solid-to-liquid
ratio of 1:20 (w/v). The mixture was reacted under autoclave conditions (121°C,15 psi) for 15
min and then filtered with nylon cloth using a vacuum pump to separate the solid residue.
The obtained black liquor was acidified for lignin precipitation with concentrated sulfuric
acid. The precipitate was separated by centrifuging at 1,000 rpm for 15 min and washed with
0.1 M hydrochloric acid until a colorless solution. The pH was adjusted to neutral by washing
with distilled water. The extracted compound, termed alkaline lignin, was obtained and then
dried at 65°C overnight and allowed to cool in a desiccator. The yield of alkaline lignin was
evaluated by weighing.

Determination of alkaline lignin purity.

The purity of alkaline lignin was determined using Klason lignin extraction.® Briefly, alkaline
lignin was treated with 72% sulfuric acid and stirred at 20-30 °C for 2 h. The mixture was
then diluted to 3% sulfuric acid, autoclaved at 121 °C for 1 h, and subsequently filtered. The
resulting precipitate was oven-dried at 105 °C for 1 h and cooled in a desiccator to a constant
weight. The insoluble lignin content was quantified after removal of residual inorganic
material. To determine the ash content, the solid residue was ashed at 525 °C for 4 h. The
insoluble lignin fraction was then calculated by subtracting the ash weight from the dried
residue.

In addition, the soluble lignin content was determined according to TAPPI UM 250
(TAPPI Standards, 1985). The supernatant fraction was analyzed by measuring absorbance at
280 nm using a UV spectrophotometer. The soluble lignin concentration was calculated using
the following equation:

Dilution

Soluble Lignin = m mxloo

Where 110 is the absorptivity of soluble lignin expressed in Lg*cm™ and A is the absorbance
at 280 nm.
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Characterization of alkaline lignin.

The particle size distribution of lignin suspension (1%) was analyzed using Dynamic Light
Scattering (DLS) using Zetasizer (Malvern Instruments, UK). The lignin morphology was
determined using a scanning electron microscope (SEM) analysis. The lignin powder on the
stub was coated with carbon tape and then coated with a thin layer of gold particles. The
morphology of lignin was observed at various magnifications using a high-vacuum scanning
electron microscope (SEM, Hitachi SU3800, Japan) with an acceleration voltage of 15 kV.
The functional groups in the alkaline lignin structure were analyzed using Fourier transform
infrared spectrophotometry (FTIR) (Bruker, InvenioS) in the ATR (Attenuated Total
Reflectance) mode. The infrared spectra in the 400-4,000 cm™! frequency range were used to
measure the wavenumber.

Biological properties determination

Antioxidant activity assay.

The alkaline lignin suspension was prepared for evaluation of its antioxidant activity using
DPPH and ABTS assays. For the DPPH assay, the lignin suspension was mixed with a DPPH
reagent. The mixture solutions were vortexed and kept in the dark for 1 hour at ambient
temperature. Then, the absorbance was measured at 515 nm by a spectrophotometric
microplate reader. In the ABTS assay, the mixture of ABTS reagent and alkaline lignin
solution was incubated in the dark at room temperature for 30 min and measured at 734 nm.

Tyrosinase inhibition.

The inhibitory activity of tyrosinase of alkaline lignin was tested using the dopachrome
method and compared with a kojic acid standard. Tyrosinase (EC 1.14.18.1, SRL™, India)
solution (100 units/mL) and L-3,4-dihydroxyphenylalanine (L-DOPA, 1 mg/mL) were
prepared. A two-fold serial dilution was prepared for the alkaline lignin solution. 40 pL of
each lignin sample, kojic acid, and tyrosinase enzyme were pipetted into a 96-well plate and
incubated in the dark at 37 °C for 5 min. After that, L-DOPA was added and incubated in the
dark at 37 °C for 20 min. The absorbance at 475 nm was measured.

Cell toxicity.

The L929 fibroblast cells (L929 mouse fibroblast, ATCC® CCL-1™) were cultured to obtain
approximately 85-95% cell density. The cell cultures were prepared to achieve a density of
5.0 x 10”3 cells per well in a 96-well plate using 100 pL of RPMI 1640 complete media. The
cells were cultured at 37 °C in a CO; incubator for 24 hr. The various concentrations of
alkaline lignin solution (0-150 pg/mL) and the cell culture medium were added, and the
mixture was incubated for 24 hr. After that, the cell culture medium was removed, and 100
pL of MTT solution (5 mg/mL) was added. The cells were then incubated for 4 h to induce
formazan crystal formation. Then, 100 pL of DMSO was added to dissolve the crystals, to
obtain a purple solution. The absorbances were measured at 550 nm. The intensity of the
color produced is related to the number of living cells. The cell viability and the 1Cso value
were calculated.

Statistical analysis.

The statistical analysis of the experimental data was performed using IBM SPSS Statistics 26
software. The significant difference for statistical comparison at the 95% level was
considered. The experiment was carried out in triplicate.
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Results and Discussion:

The alkaline extraction process using a sodium hydroxide solution is commonly employed for
lignin extraction. The process solubilizes and extracts lignin from the biomass by penetrating
and affecting the lignocellulosic structure. In this work, lignin was extracted from longan
peels using alkaline extraction assisted with autoclave conditions. The alkaline lignin powder
was obtained and was found to be 2.7% (w/w). These results correspond to those of Jiang et
al. (2009)’, who reported that the lignin content ranged from 3.1 to 3.5 % (w/w) when
extracted from longan peel by soaking in an alkaline solution for 2 h. The extracted lignin
yield was markedly lower than the inherent lignin content in longan peel (about 20% w/w).
The purity of alkaline lignin was determined to be 82.19%, comprising 4.61% acid-soluble
lignin and 77.58% acid-insoluble (Klason) lignin. These results are consistent with previous
reports, which typically indicate purities in the range of 75-80%, depending on the raw
material and processing conditions.®Moreover, lignin extraction from lignocellulosic
materials is challenging, as lignin is covalently bound to both hemicellulose and cellulose.
Under optimized or modified extraction strategies, higher purities of lignin have been
reported. For example, a two-step alkaline fractionation applied to hardwood biomass yielded
lignin with purities ranging from 80-90% ,° while Dhara et al. (2023) achieved a maximum
purity of 93.7% from Saccharum ravannae using KOH-based hydrothermal pretreatment
optimized via response surface methodology (RSM).!® Moreover, the visual appearance of
alkaline lignin from longan peel was a fine, dark brown, hard powder, as shown in Figure 1.
The dark brown color resulted from the polymerization of lignin, which is made up of
phenylpropyl and phenylethyl units joined by ether linkages and carbon-carbon bonds formed
through oxidative polymerization reactions.

) - (B8)

Figure 1.
The characteristics of ground longan peel (A) and alkaline lignin powder (B)

The physicochemical characteristics, such as particle size distribution and morphology,
of alkaline lignin were analyzed. The particle size distribution was measured using DLS
analysis and exhibited particle sizes in the range of 340-460nm, with an average particle size
of 396 nm, as shown in Figure 2A. The alkaline lignin particles had a zeta potential value of -
24.9 mV with a polydispersity index (PDI) value of 0.844. The results demonstrated that
alkaline lignin exhibited moderately negative zeta potential values, indicating the presence of
negatively charged functional groups on the particle surface and sufficient stability to remain
dispersed in solution for a temporary period. The morphology of alkaline lignin was observed
using SEM analysis and presented a granular shape, as shown in Figure 2B. Compared with
corncob alkaline lignin, which exhibited relatively small particle sizes of 100-300 nm with a
PDI below 1.7 11, Lignin nanoparticles derived from rice husk were spherical in shape, with a
PDI of 0.257 + 0.02, an average size of 260 + 10 nm, and a zeta potential of -35.2 + 4.1.12
The infrared spectra of alkaline lignin are presented in Figure 2C. The FTIR spectrum
exhibited a broad O-H stretching band at ~3400 cm™, aliphatic C-H stretching at 2930-2850
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cm™', and a distinct carbonyl absorption near 1700 cm™. Strong aromatic skeletal vibrations
at ~1600 and 1510 cm™ confirmed the polyaromatic backbone, while the prominent band at
~1270 cm™ was assigned to guaiacyl C-H bending. This feature indicates guaiacyl
enrichment, consistent with the preferential degradation of syringyl units during alkaline
pretreatment.® Additional bands observed at 1220-1030 cm™ (C-O stretching in aryl-ether
linkages and methoxy groups) and at 830-870 cm™ (aromatic C-H out-of-plane bending)
further corroborated the typical lignin functionalities. These results are consistent with
previous FTIR reports on bamboo lignin,** indicating that alkaline lignin preserves the

polyphenolic backbone while acquiring greater guaiacyl character and additional carbonyl
groups.
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Figure 2.
The physicochemical characteristics of alkaline lignin from longan peel (A) the particle size
distribution, (B) the SEM image of alkaline lignin (5000x), and (C) the FTIR spectra of
alkaline lignin

The antioxidant activities of the alkaline lignin from longan peel were measured by
the radical scavenging activities of the DPPH and ABTS radicals, and the results are
demonstrated in Figure 3. The DPPH scavenging capacity of alkali lignin exhibited strong
antioxidant activity, with an 1C50 value of 14.84 + 0.15 pg/mL. Comparison with vitamin E,
a positive control commonly used as an ingredient in cosmetics, whose structure contains
phenolic hydroxy groups, revealed that the antioxidant activity was not significantly
different. Moreover, the alkali lignin extract was investigated for its antioxidant activity using
the ABTS radical scavenging assay. The alkaline lignin extract exhibited an excellent
antioxidant activity with an 1Csg value of 7.31+0.23 ug/mL. It showed a significant difference
when compared to the trolox standard, a modified vitamin E derivative, as shown in Table 1.
According to industrial kraft and organosolv lignins, ICso values were significantly ranging
from 3.47 to 5.16 ng/mL in the ABTS assay, whereas those from the DPPH method ranged
from 12.85 to 22.75 pg/mL.*™ Comparison to corncob lignin showed ICso values of 170-260
pg/mL in DPPH assay and 16-28 pug/mL in ABTS assay.'® The results in this work revealed
that the ICso value from the ABTS assay was lower than that from the DPPH assay, indicating
a stronger scavenging capacity with both lipophilic and hydrophilic structures. This may be
attributed to the higher reactivity of free radicals with the phenolic hydroxyl groups of lignin,
as well as the nanoscale particle size (~396 nm), which provides a larger surface area and
enhances the accessibility of reactive sites. These findings suggest that this lignin exhibits
superior antioxidant potential, making it particularly suitable for applications in water-based
cosmetic formulations, such as gels, toners, and serums, as well as cleansing oils, facial oils,
or balms.

However, different lignin extraction processes result in variations in the properties of
lignin. In previous studies, lignin extracted using deep eutectic solvents (DES) has been
reported to exhibit even lower ICso values in both DPPH and ABTS assays, specifically 50
pg/mL and 10 pg/mL, respectively. The DES preserves a higher content of phenolic hydroxyl
groups and reduces condensation reactions that typically occur in harsh alkaline processes.
Moreover, DES systems often facilitate partial depolymerization of lignin, generating smaller
fragments with higher solubility and greater accessibility of active sites for radical
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scavenging. Consequently, DES-derived lignin shows improved reactivity toward both polar
and non-polar radicals.t” This suggests that integrating alkaline extraction with DES
pretreatment could further enhance its potential for application in high-performance
antioxidant formulations for cosmetics and pharmaceuticals.

Table 1.
Antioxidant activity and tyrosinase inhibition activity of alkaline lignin from logan peel
I1Cso values (ug/mL)
Samples Antioxidant activity Tyrosinase
DPPH ABTS inhibition activity

Alkaline lignin 14.84 + 0.15% 7.31+0.23° 1.52+0.21°
Vitamin E 1421 +1.23% - -
Trolox - 6. 64+ (0.42° -

Kaojic acid - - 1.32+0.35°

The inhibition of tyrosinase activity of alkaline lignin from longan peel was
demonstrated in the ICso value of 1.524+21 pg/mL, which indicates no significant difference
from kojic acid (1.32+35 pg/mL) (Table 1). Furthermore, kojic acid equivalent analysis
indicated that alkaline lignin exhibited an activity corresponding to 2.46 + 0.56 mg of kojic
acid/g lignin sample. Compared with lignin extracted from corn stalks by the alkaline
extraction method, which showed an ICso value of approximately 0.276 mg/mL.'® Thus,
lignin from longan peel was found to display strong tyrosinase inhibitory activity.

The L929 fibroblast cells were treated with alkaline lignin at various concentrations
(1.563-150 pg/mL). As shown in Figure 3A, cell viability was significantly reduced (p <
0.05), with an ICso value of 19.41 pg/mL. Furthermore, the morphology and distribution of
L929 fibroblast cells (control and treated) observed under an inverted microscope at 20x
magnification are presented in Figure 3B. The control cells displayed an elongated, slender
morphology and were densely packed (Figure 3B(a)). In contrast, cells treated with 100
pg/mL alkaline lignin exhibited a shrunken morphology, with loosely distributed
arrangements and the presence of formazan crystals (Figure 3B(b)). The results indicated that
the extracted lignin exhibited cytotoxic effects at high concentrations, suggesting the need for
caution in its applications. Nevertheless, the alkaline lignin demonstrated notable antioxidant
activity and tyrosinase inhibitory effects, highlighting its potential as a functional ingredient
in cosmetics.
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Figure 3.

The cell cytotoxicity of alkaline lignin on L929 fibroblast cells (A) cell viability after
treatment with various concentrations of alkaline lignin solution after incubation for 24 h. (B)
morphology and cell distribution under an inverted microscope: (a) control cells and (b)
treated cells with 100.0 pg/mL alkaline lignin solution

The alkaline lignin extract from longan peel demonstrated pronounced biological
activities, particularly in terms of antioxidant and tyrosinase inhibitory properties.
Antioxidant capacity was confirmed by different assay systems, supporting the role of lignin
as a phenolic-rich compound with radical scavenging and reducing abilities. Additionally, its
ability to inhibit tyrosinase activity highlights its potential application as a natural skin-
whitening or anti-pigmentation agent in cosmetic formulations. Nevertheless, cytotoxicity
testing in fibroblast cells indicated a reduction in cell viability, suggesting that, despite its
beneficial bioactivities, concerns remain regarding its safety at higher concentrations. These
results indicated the dual nature of alkaline lignin as both a promising functional ingredient
and a compound requiring further optimization, such as purification or testing in more
relevant human skin cell models, to ensure its suitability for safe cosmetic applications.

Conclusion:

In this study, alkaline lignin was obtained from longan peel using an alkaline extraction
assisted by an autoclave. The obtained alkaline lignin powder had a relatively low yield, was
dark brown in color, and exhibited 82% purity. The size distribution of lignin particles was
small in the nano-sized range. Its surface is negative with low dispersion stability. FTIR
analysis confirmed the polyphenolic structure of lignin, with strong aromatic skeletal
vibrations, guaiacyl signals, and new carbonyl groups formed during alkaline pretreatment.
Alkaline lignin from longan peel exhibited potent antioxidant and tyrosinase inhibitory
activities, supporting its potential as a natural bioactive ingredient for cosmetic applications.
However, its cytotoxicity at higher concentrations raises safety concerns, indicating that
further optimization is required. Future studies focusing on purification, structural
modification, and evaluation in more relevant human skin cell models will be essential to
ensure the safe and effective utilization of this material as a sustainable functional ingredient
in cosmetics.
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Abstract:

The aim of this study was to evaluate the effectiveness of SSR markers in selecting drought-
tolerant S1 maize genotypes, with the goal of reducing the number of genotypes advanced to
the S2 generation for further breeding. Climate change has intensified drought condition, lead
to reduced vyields of field maize (Zea mays L.) and negatively affecting the domestic
livestock feed production chain. Drought tolerance in maize is a complex quantitative trait
influenced by both genetic and environmental factors. Although conventional breeding is
effective, it is often time-consuming and resource-intensive. In this study, a total of one
hundred and fifty S1 genotypes derived from a cross between a drought-tolerant parent
(Takfa 7) and a drought-susceptible parent (Ki 48) were genotyped using six SSR markers
previously associated with drought-adaptive traits. These included umc1069 (glutathione-S-
transferase 1), umc1139 (small kernel 501), umc1239 (trihelix transcription factor 43),
umc1962 (pollen specific leucine rich repeat extensin 3) bnlg1079 (QTLs for vanillin and
syrigaldehyde) and bnlg1526 (QTL for phophorus utilization under deficit condition). Cluster
analysis grouped the S1 genotypes into distinct subpopulations, with two groups showing
high frequencies of favorable drought-tolerance alleles. Based on cumulative marker profiles,
seventy-three S1 genotypes were selected as candidates for drought tolerance. The use of
SSR-based marker-trait associations enabled the efficient identification of genotypes carrying
favorable alleles, thereby reducing the number of genotypes advanced to the next generation.
While this molecular approach shows promise, future studies incorporating phenotypic
validation under drought condition will be essential to confirm the effectiveness of the
selected genotypes. This combined strategy offers a robust pathway to accelerate the
development of drought-resilient maize through marker-assisted selection.

Introduction:

Climate change has emerged as a major factor affecting feed maize production, particularly
through reduced rainfall and increasing frequency of flash drought, which complicate drought
prediction and management (Yuan et al., 2023)*. Drought condition reduced soil moisture
and cause rapid soil desiccation (Overperk and Udall, 2020)2.

Drought stress critically maize development by disrupting male flower induction and
reducing pollen viability. When drought persists during the development of female flowers,
seed set is severely impaired (Herrero and Johnson, 198)3. These reproductive disruptions are
major contributors to yield loss under water-deficit conditions.

Lunduka et al. (2017)* defined drought-tolerant maize as varieties capable of retaining
at least 30% of their yield potential during flowering and grain-filling stages under water-
deficit conditions, availability. Globally, drought is estimated to reduce maize yields by
approximately 15-20% annually, and this figure is expected to rise with ongoing climate
change and more frequent drought episodes. The deployment of drought-tolerance hybrids
remains a key strategy for mitigating these impacts. However, drought tolerance is a complex
quantitative trait controlled by multiples genes and influenced by both shoot and root
morphology (Polania et al., 2016)°. The expression of drought tolerance also varies with plant
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development stage, genetic background and agroecological condition (Toscano et al., 2019)8,
complicating accurate phenotypic selection. Conventional breeding, while effective, is often
labour-intensive and time-consuming.

A fundamental understanding of the genetic basis of drought tolerance has been
advanced through quantitative trait loci (QTL) mapping in bi-parental populations (Cattivelli
et al., 2008)’. Linkage mapping has identified numerous QTLs associated with morphological
traits such as flowering time and tassel size, as well as physiological traits such as abscisic
acid metabolism and kernel starch content (Tuberosa et al., 2002; Almeida et al., 2013)°.

Subsequent to linkage mapping, marker-trait association analysis based on linkage
disequilibrium (LD) has been developed to enable the evaluation of multiple alleles within
genetically diverse populations. Markers identified through association mapping are generally
more transferable across genetic backgrounds and more suitable for marker-assisted selection
(MAS), particularly for complex traits such as drought tolerance (Buckler and Thornsberry,
2002; Yu and Buckler, 2006; Sa et al., 2022)1%1:12 MAS relies on markers that are tightly
linked to target traits and have sufficiently high allele frequencies in breeding populations to
ensure effective selection (Yu et al., 2005)*3,

Simple sequence repeat (SSR) markers are highly polymorphic, co-dominant,
genome-wide distributed, and reproducible, making them ideal for genetic diversity analysis
and marker-trait association studies (Park et al., 2009)!*. SSR-based association analysis has
been extensively applied in various crops; however, limited studies have focused on
identifying drought-tolerant genotypes in Thai maize germplasm, particularly using S:
populations. Bridging this gap may facilitate the early-stage selection of promising genotypes
and support the development of drought-resilient varieties. To our knowledge, this study
represents the first attempt to apply SSR-based marker-trait association analysis in S1
genotypes of Thai maize for drought tolerance. By identifying genotypes carrying drought-
associated marker at the S; generation, this approach allows for the early elimination of
genotypes lacking the desired alleles. When combined with phenotypic evaluation of key
agronomic traits such as ear and kernel development, this method enables a significant
reduction in the number of S: genotypes advanced to the S, generation. As a result, it
enhances selection efficiency and reduces the resource requirement typically associated with
traditional breeding pipelines.

llyas et al. (2023)*° reported significant associations between thirty-one SSR markers
and seven physiochemical traits in maize under drought stress conditions using a mixed linear
model (MLM) approach. For instance, specific markers such as umc1363 were associated
with caffeic acid content, while bnlg1350 and bnlg1484 were linked to chlorogenic acid
content. Other markers showed associated with gallic acid content, ferulic acid content,
antioxidant activity (DPPH), leaf relative moisture content and total phenolic content. These
findings highlight the potential of SSR markers to detect functional variation in metabolic
traits under drought conditions and reinforce the importance of selecting markers with high
allele frequencies for successful application in breeding programs.

The plant breeding using SSR markers often employs an additive inheritance model.
In which genotypes are coded numerical based on their contribution to the desired phenotypic
trait. These genotypes scores can then be summed across all maker loci and individuals with
total scores exceeding 75% of the maximum possible score considered to carry a high
proportion of favorable alleles (Chu et al., 2021)*®. This scoring approach can be effectively
applied during early-generation selection to reduce the number of genotypes advanced in
breeding programs. Furthermore, the numerical coding od genotypes forms the basis for
genomic selection model, which estimate the breeding values of individuals based on their
DNA marker profiles (Medina et al., 2021)*
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The objective of this study was to identify and select S1 maize genotypes associated
with drought tolerant using SSR markers. This approach aimed to reduce the number of S;
genotypes advanced for selfing into S, generation, thereby enhancing the efficiency of
subsequent breeding programs.

Methodology:

Plant materials and DNA extraction

A total of one hundred and fifty selfed S genotypes of maize were developed from a cross
between the female parent Takfa 7 (drought-tolerant) and the male parent Ki 48 (drought-
susceptible). Leaf tissues were sampled from the uppermost fully expanded leaves of each
genotype and immediately placed into screw-cap microcentrifuge tubes containing DNA
extraction buffer.

The samples were ground using a bead mill homogenizer (Revvity, USA), followed
by centrifugation to remove cellular debris. Genomic DNA was extracted using the
DNAsecure Plant Kit (TIANGEN, China), following the manufacturer’s instructions. The
quantity and purity of the extracted DNA were assessed using a Nano DOT
microspectrophotometer (Hercuvan, UK). DNA samples were then diluted to a final
concentration of 10 ng/pL.

PCR amplification

Polymerase chain reaction amplification (PCR) was performed in a total reaction
volume of 10 puL using the AllTaq Master Mix and PCR Core Kits (QIAGEN, Germany).
Each PCR mixture consisted of 4x AllTaq Master Mix, 0.5 uM of each primer, 1x Master
Mix Trace and 15 ng of genomic DNA. The amplification program included an initial
activation at 95°C for 2 minutes, followed by 35 cycles of denaturation at 95°C for 10
seconds, annealing at a temperature corresponding the melting temperature (Tm) of each
primer pair from Table 1 for 30 seconds, and extension at 72°C for 20 seconds. A final
extension was performed at 72°C for 10 minutes. PCR products were separated using the
QIAxcel Advanced Electrophoresis System (QIAGEN, Germany) and fragment sizes were
estimated performed using the association QIAxcel ScreenGel software.
Statistical analyzes

AB-P-003

Table 1.
SSR markers used in this study.

Primer  Forward Reverse Tm References
names (°C)
umcl069 ATAAGTGGGGGAGGCG AGAGAATCCCCAAGCA 56 Dubey et al.,

AGCTA AACAAAC 200918
umcll39 TTTGTAATATGGCGCTC GAAGACGCCTCCAAGA 58

GAAAACT TGGATAC
umcl962 ATAAGTGGGGGAGGCG GAGAACCAACCACCAA 60

AGCTA AGAAGTCC
bnlgl079 CGTACGTCGTTGCTGT  CAGTACGTGCAGTCCC 58 llyas et al.,

CTGT TCCT 20231
bnlgl526 ACGAGCGAGTGGAGAA AGCCCAGTACGTGGGG 60

TAGG TC
umcl239 ATCAACACACCTTTCGA CGGTGATTAGTCGATG 56

TTTCTGG AAGAGTGA
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Single Marker analysis (SMA)

A chi-square test (x2) was used to evaluate segregation distortion of marker genotypes in
biparental S1 population. The test assessed whether the observed genotype frequencies
significantly deviated from the expected Mendelian ratio of 1:2:1 for codominant markers,
and whether segregation skewed toward either the female and male parent genotype.

Linkage Disequilibrium (LD)

Pairwise linkage disequilibrium (LD) between SSR markers was estimated using the
squared correlation coefficient (r?). All possible marker pairs were analyzed and the LD
matrix was generated using the R programming language. A heatmap of pairwise LD values
was visualized using the basic heatmap () function in R.

Genotypic analysis

Genotype data from SSR markers were scored in codominant form. Each genotype
was numerically coded as AA = 3, AB =1 and BB = 0 to reflect allele dosage and enhance
score resolution for clustering purposes, as an alternative to the conventional 2 — 1 — 0 coding
scheme. These numerical scores were used to assess genetic relationships among the one
thousand and fifty Si genotypes using hierarchical cluster analysis. A dendrogram was
constructed based on six SSR markers using Ward’s method with squared Euclidean distance
as the similarity measure.

For selection purposes, S1 genotypes were considered potentially drought-tolerant if
they met the following criteria: having AA genotypes at > 2 loci, AB genotypes at > 3 loci,
BB genotypes at < 2 loci and a total marker score of > 9. These criteria were established to
ensure the presence of favorable homozygous alleles while maintaining genetic diversity
through heterozygous loci and minimizing susceptibility-associated alleles.

Phenotypic validation under drought stress condition was not conducted in the present
study, as the primary objective was to identify Si genotypes carrying favorable alleles
associated with drought tolerance using SSR-based marker-trait association analysis.
However, the selected genotypes will be advanced to the S> generation and evaluated under
controlled drought stress conditions in field trials. This follow-up evaluation will allow for
the validation of molecular selection results and confirm the drought tolerance performance
of the identified genotypes in practical settings.

Results and Discussion:

Genotypic Segregation Analysis

Molecular markers are generally expected to segregate according to Mendelian inheritance,
either as dominant or codominant markers. In this study, six SSR markers; umc1069,
umc1139, umc1962, bnlg1079, bnlg1526 and umc1239 were analyzed in an S1 derived maize
population comprising one hundred and fifty genotypes. Single marker analysis (SMA) using
a chi-square (x°) test revealed that five markers (umc1069, umc1962, bnlg1079, bnlg1526 and
umc1239) conformed to the expected 1:2:1 Mendelian segregation ratio (P > 0.05), indicating
a good fit from Table 2. These markers were subsequently used in linkage disequilibrium
(LD) analyses to evaluate the genetic linkage among loci.

In contrast, the marker umc1139 exhibited a significant deviation from Mendelian
expectations, with observed genotype frequencies of 37 AA : 62 AB : 51 BB (x* = 6.43, P <
0.05). Notably, the heterozygous AB genotype was underrepresented, while the BB genotype
was overrepresented. This significant segregation distortion (SD) suggests the occurrence of
selection pressure within this specific genetic background. Several biological mechanisms
may account for distortion including meiotic drive, gametophytic selection through processes
such as pollen competition, pollen lethality and preferential fertilization (Taylor and Muona,
2003)*° and zygotic selection (Xu et al., 2013)%°. These findings underscore the evolutionary
significance of SD and its potential implications for breeding outcomes.
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Table 2.
Genotypic segregation of six SSR markers in S maize population derived from a cross
between Takfa 7 (drought-tolerant) and Ki 48 (drought-susceptible).

AB-P-003

umc umc umc bnlg bnlg umc

Genotypes 1069 1139 1962 1079 1526 1239
Ext! Obs? Obs. Obs. Obs. Obs. Obs.
Homozygous (tolerant): AA 375 44 37 35 37 40 39
Heterozygous: AB 70 63 62 77 79 78 75
Homozygous (susceptible): BB 37.5 43 51 38 34 32 36
df 2 2 2 2 2 2
Chi-square value 4.56 752 022 054 088 0.12
P-value 010 002 089 076 064 094

'Ext. = expect, 2Obs = obsearve

According to the MaizeGDB, umc1139 is located on chromosome 8 (bin. 8.01).
within the small kernel 501 (smk501). Gene annotation indicates that this region encodes a
RUBYlation activation enzyme E1 subunit ZmECR1 (E1 C-TERMINAL RELATED 1),
which plays a critical role in regulating kernel development. Furthermore, gene ontology
(GO) analysis associated with nutrient reservoir activity (GO:0045735) and starch metabolic
process (GO:0005982) identified 22 and 13 genes, respectively. Many of these genes
including key starch biosynthetic enzymes such as Shrunkenl (Sh1), Shrunken2 (Sh2), starch
synthase | (SSI) and Starch synthase Ila (SSIla) were found to be downregulated in smk501
mutant kernels, consistent with the reduced starch accumulation observed compared with the
wild type (Chen et al., 2021)%.

Linkage Disequilibrium (LD) Analysis

Linkage disequilibrium refers to the non-random association of alleles at different loci and is
commonly measured using the squared correlation coefficient (r?). An r? value close to 1
indicates strong linkage between markers, suggesting they are likely inherited together,
whereas a value near 0 indicates linkage equilibrium (LE) or independent assortment. This
parameter is widely used in molecular marker studies and in MAS to identify tightly linked
markers and potential candidate genes (Zaykin et al., 2008)%.

LD analysis among the six SSR markers revealed varying degrees of association
(Figure 1). The highest LD value (r2 = 0.72) was observed between umc1962 and bnlg1079,
indicating a strong linkage and suggesting that alleles at these loci are frequently co-inherited.
Moderate to high LD was observed between bnlg1526 and bnlg1079 (r2 = 0.60), while
umcl239 and bnlgl526 showed a moderate LD (r2 = 0.50). In contrast, umc1069 and
umc1139 displayed very low LD values (r2 = 0.00 - 0.01) with other markers, indicating
complete LE and independent segregation from the other loci.

The marker umc1962, located on chromosome 10 (bin 10.03), is positioned in close
proximity to several candidate genes, including abp4, ppol and nacl, which encode auxin-
binding protein homolog 4 or condensing-2 complex subunit D3, polyphenol oxidase 1 and
NaCl stress protein 1 or early drought-induced protein, respectively. These genes are
involved in various stress-responsive pathway, such as auxin signaling, osmolyte
biosynthesis, reactive oxygen species (ROS) detoxification and early abiotic stress response
mechanisms that are essential for plant adaptation during developmental and stress-prone
stages (Dubey et al., 2009)*8. Previous studies have shown that markers associated with these
functional genes influence key phenotypic traits under drought condition, including anthesis-
silking interval (ASI), root system architecture, stay-green phenotype and grain vyield
(Khavkin and Coe, 1997)%. The functional relevance of umc1962 is further supported by its
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close positional relationship with pollen extension-like 3 (pex3), as reported in the
MaizeGDB database. The pex3 protein contains a highly conserved leucine-rich repeat (LRR)
domain, which mediates ligand-specific interactions critical for pollen tube growth, a process
tightly regulated during reproductive development (Stratford et al., 2001)%*. Given its
proximity to multiple functional gene and its potential to exhibit strong LD with neighboring
loci, umc1962 may serve as a central or hub marker for simultaneously tracking multiple
drought-related traits.

LD Heatmap (r? values between marker pairs)
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Figure 1.

Heatmap of pairwise linkage disequilibrium (LD) among six SSR markers based on r?
values. Color intensity reflects the strength of LD, ranging from weak (light red) to strong
(dark red). Values close to 1 indicate strong linkage, whereas values near 0 indicate linkage
equilibrium.

Likewise, bnlg1079, also located on chromosome 10 (bin 10.03), has been associated
with quantitative traits such as vanillin and syringaldehyde content, both of which are
degradation products of lignin. Under drought conditions, enhanced lignin degradation in
drought-susceptible genotypes can lead to compromised leaf structure integrity and increased
water loss, ultimately resulting in reduced anthesis ASI performance and lower grain yield
(Hu et al., 2021)%.

The marker bnlg1526, located on chromosome 10 (bin 10.4), has been linked to
quantitative trait loci (QTLs) for whole phosphorus use efficiency (WPUE) under
phosphorus-deficient conditions. Since drought frequently disrupts soil phosphorus
availability and nutrient dynamics, markers associated with WPUE under drought conditions
are of particular interest for breeding programs (Chen et al., 2009)%.

On the other hand, umc1239, located on 10 (bin 10.03) showed moderate LD with
bnlgl526 and was significantly associated with leaf relative moisture content (LRMC),
suggesting the presence of putative gene affecting plant water status in this genomic region.
According to MaizeGDB, umc1239 is situated in close proximity to Trihelix- transcription
factor 43 (thx43) (llyas et al., 2023%), which may play a regulatory role in leaf moisture
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retention. LRMC is widely recognized as a reliable physiological indicator of plant water
status, as it reflects the balance between water absorption into leaf tissues and water loss
through transpiration (Zhang et al., 2012; Jin et al., 2017; Arshad et al., 2018)27282,
Therefore, the identification of a marker closely linked to LRMC is of particular relevance
for improving drought adaptation in maize. Several Trihelix proteins have been reported to
reduce stomatal conductance and leaf transpiration, thereby improving water use efficiency
and contributing to enhanced drought tolerance (Weng et al., 2012)*. Given these finding, it
is plausible that the significant association of umc1239 with LRMC observed in this study
may be mediated through a regulatory mechanism involving nearby Trihelix TFs, particularly
Thx43. This supports the potential use of umcl239 as a putative molecular marker in
breeding programs targeting improved drought tolerance and water-use traits in maize.

In contrast, umc1069, located on chromosome 8 (bin 8.08), is positioned near the glutathione-
S-transferase 1 (GST1). GST1 are key components in ROS-scavenging pathways and play an
important role in detoxify ROS that accumulate under drought stress (Jha et al., 2011; Rong
et al., 2014; Qi et al., 2018)313%33, However, the r2 value indicated no LD between umc1069
and other markers, which is consistent with its physical separation on a different
chromosome.

Collectively, the strong LD observed among umc1239, umc1962, bnlg1079 and
bnlg1526, all located within bin 10.03-10.04 on chromosome 10, indicates the presence of a
genomic region potentially harboring multiple functional genes associated with drought-
adaptive traits. Notably, bin 10.03 and 10.04 are separated by only ~ 1 cM (centrimorgan),
which is approximately equivalent to 1 Mb (megabase) in physical (Collins and Morton,
1998; Ulgen and Li, 2005). The tight genetic linkage among these markers, supported by LD
values as high as r2 = 0.72 suggest co-inheritance and underscores the feasibility of using one
or more representative markers to simultaneously track favorable alleles for multiple traits.
These findings highlight the potential of bin 10.03-10.4 as a breeding-relevant hotspot for
MAS targeting complex drought-related traits such as ASlI, stay-green phenotype, root system
architecture and gain yield. The used of LD-informed marker from this region may
significantly enhance selection efficiency and genetic gain in drought-resilient maize
breeding programs. Conversely, umc1069 and umc1139, located on chromosome 8 exhibited
complete LE with the other markers, consistent with Mendelian independent assortment due
to their physical distance from the chromosome 10 region.

Previous studies have demonstrated that LD analysis using SSR and SNP markers is
an effectively approach for identifying genomic regions associated with drought tolerance
(Muthukumar et al., 2015). The detection of LD between molecular markers and target genes
at a distance of approximately 10-15 cM, with an r2 value of 0.2, suggests that these markers
are located near genes regulating responses to drought stress. This underscores their potential
for application in MAS, thereby enhancing the precision and efficiency of breeding programs
(Jia et al., 2014)**. In the study phenotypic evaluation revealed highly significant difference
among genotypes for traits assessed (P<0.0001), with most traits exhibiting moderate to high
phenotypic and genotypic coefficient of variation. LD analysis further revealed that 32.92%
of locus pairs had significant LD (r2 >0.2), indicating the present of potential useful marker-
trait association for MAS. Notably, seven SSR markers were localized to chromosome
regions previously report to be associated with drought tolerance traits. These markers
represent promising candidates for use in drought-resilient development through MAS (Endre
and Bantte, 2017)%,

Cluster analysis of genotypes
The allelic status, AA, AB and BB, were numerically coded as AA =2, AB=1and BB =0
according to an additive genetic model (Freda et al., 2024). In this study, the scoring system

© The 37" Annual Meeting of the Thai Society for Biotechnology and International Conference (TSB2025)

AB-P-003

298



TSB2025

in Action

was modified to AA = 3, AB = 1, BB = 0 on order to enhance marker score resolution and
increase the range of total score (0-18) across six SSR markers. In this context, The AA
genotype represented the drought-tolerant allele inherited from the paternal line (Takfa 7),
while the BB genotype indicated the presence of drought-susceptible alleles. This scoring
scheme enabled the quantification of drought-related alleles and facilitated the assessment of
genetic variability among the genotypes.

Four genotype clusters were identified based on hierarchical clustering (Figure 2)

Group 1
3.0

—:x_‘ Group2
2.5

2.0

Group 3

Group 4
1.5

1.0

0.5

0.0

15332925323229%8

Figure 1.
Dendrogram of the one hundred and fifty S1 genotypes based on six drought-related
molecular markers using Ward’s method with squared Euclidean distance. The analysis
classified the genotypes into four group; Group 1 (drought sensitive, including the susceptible
parent Ki 48), Group 2 (drought tolerance, including the tolerant parent Takfa 7), Group 3
(intermediated drought tolerance) Group 4 (mixed genotypic profile). Candidate genotypes
for future selection were primarily found in Groups 2 and 3.

Group 1 consisted of thirty-eight genotypes, most of which had 1-2 loci with the AA
genotype, 1-2 loci with AB, and 2-6 loci with BB, resulting in total marker scores ranging
from 0-8. This group included the drought-susceptible parent Ki 48, suggesting a genetic
background associated with drought susceptible.

Group 2 consisted of twelve genotypes, characterized by 3-6 loci with AA, 1-2 loci
with AB, and only 1 locus with BB, resulting in total scores of 13-18. This group contained
the drought-tolerant parent Takfa 7, indicating genetic similarity to the drought-tolerant
background.

Group 3 consisted of sixty-one genotypes, with 2-3 loci of AA, 1-6 loci of AB and 1-2
loci of BB, resulting in total scores ranging from 9-10, This group likely represents genotype
with intermediate drought tolerance.

Group 4 consisted of thirty-nine genotypes, with 1 locus of AA, 4-6 loci of AB and 1-
2 loci of BB, resulting in total scores of 4-7, This group displayed a mixed genotype
composition with no clear indication of strong drought tolerance.

For section purpose, genotypes were considered potentially drought-tolerant if they
met the following criteria: AA > 2 loci, AB > 3 loci and BB < 2 loci and total marker scores >
9. Based on this classification, seventy-three candidate genotypes from group 2 and 3 were
identified for self-pollination in the next generation (S2), representing a 48.6% reduction in
the total number of genotypes. In addition to molecular selection, candidate genotypes must
also meet key agronomic performance criteria, which will further refine and reduce the
number of genotypes advanced to the S, generation for the development of drought-tolerant
maize.
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Given the increasing vulnerability of tropical agriculture to drought events, the
identification of drought-tolerant genotype through putative marker-assisted selection holds
particular relevance for regions. The findings of this study contribute directly to breeding
strategies aimed at developing maize genotypes adapted to tropical and semi-arid
environments. The selected SSR markers and associated genotypes may also serve as a
valuable resource for other drought-prone regions with similar agroecological conditions.

Conclusion:

To obtain S; maize genotypes with improved drought tolerance, SSR markers previously
associated with drought-adaptive traits were employed for selection. Chi-square test
confirmed Mendelian segregation in five markers (umc1069, umc1962, bnlg1079, bnlg1526
and umc1239), while umc1139 exhibited segregation distortion. Linkage disequilibrium
analysis revealed moderate to moderate to high r? values among umcl1962, bnlg1079,
bnlg1526 and umcl1239 on chromosome 10, indicating tight genetic linkage, whereas
umc1069 and umc1139 on chromosome 8 exhibited independent segregation, consistent with
linkage equilibrium. Cluster analysis grouped the genotypes based on marker profiles and
identified seventy-three genotypes from group 2 and 3 were identified as candidates with
favorable drought-tolerant profiles. These selected genotypes will be advanced for selfing
into the Sy for further drought-tolerant maize breeding.
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ENCAPSULATED FREEZE-DRIED LACTIC ACID BACTERIA MODULATE GUT
MICROBIOTA, HEALTH, AND GROWTH OF Penaeus monodon
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Thorasin?
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University of Technology Srivijaya, Thung Yai District, Nakhon Si Thammarat 80240,
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Abstract:

Black tiger shrimp (Penaeus monodon) is a high-value aquaculture species, yet its production
is limited by recurrent disease outbreaks and growth constraints. This study evaluated dietary
supplementation with freeze-dried encapsulated lactic acid bacteria (FEL) on growth,
immunity, survival, and gut microbiota of P. monodon under hatchery and pond conditions.
In the hatchery trial, shrimp fed 0.2-0.6% FEL showed significantly higher specific growth
rate and enhanced immune responses, including total hemocyte count, phenoloxidase activity,
and bacterial clearance, compared with the control. Survival after Vibrio parahaemolyticus
(non-AHPND) challenge reached 100% in all FEL groups, versus 82.2 + 8.0% in the control.
In the pond validation trial, shrimp receiving 0.2% FEL attained significantly greater body
weight after 40 days than the control. High-throughput 16S rRNA sequencing further
revealed that FEL reduced the relative abundance of pathogenic Photobacterium damselae
while enriching beneficial Roseobacter-group taxa such as Phaeobacter inhibens and
Ruegeria lacuscaerulensis. Overall, FEL acted as both an immunostimulant and microbiota
modulator, highlighting its potential as a functional feed additive for sustainable and
biosecure P. monodon aquaculture.

Keywords: Penaeus monodon, lactic acid bacteria, microencapsulation, immunity, growth
performance, gut microbiota

Introduction:

Aquaculture of P. monodon is a major sector in Asian aquaculture, contributing substantially
to both the economy and food security. However, disease outbreaks, poor survival rates, and
limited growth performance remain critical challenges for the sustainable production of this
species [1,2]. In recent years, the application of probiotics, particularly lactic acid bacteria
(LAB), has emerged as a promising strategy to enhance shrimp immunity, maintain gut
microbiota balance, and improve growth performance [3-5]. Probiotics stimulate non-
specific immune responses in shrimp by enhancing phagocytic activity, phenoloxidase (PO)
activity, respiratory burst, and bacterial clearance, all of which contribute to disease
resistance [6-9].

Dietary LAB supplementation has also been shown to improve intestinal microbial
stability and nutrient utilization, thereby supporting higher survival and growth under both
laboratory and field conditions [10-13]. Nevertheless, the efficacy of probiotics in
aquaculture is strongly influenced by environmental stressors and feed processing. A major
limitation of conventional probiotics is the low stability of live bacterial cells during feed
manufacturing, storage, and passage through the gastrointestinal tract [14,15].

To overcome these limitations, encapsulation technology has been employed to
protect viable bacterial cells and ensure controlled release and colonization in the shrimp gut
[16-18]. Encapsulation with sodium alginate and calcium chloride is a widely used, simple,
and non-toxic method for immobilizing LAB, producing microcapsules with high bacterial
viability [16-19]. Freeze-drying (lyophilization) further improves stability, ensuring greater
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survival and longer shelf life compared with non-encapsulated forms [16-20]. Encapsulated
freeze-dried LAB have been shown to enhance growth and immunity in aquaculture species
such as tilapia, carp, and Pacific white shrimp (Litopenaeus vannamei) [16-20]. However,
their application in P. monodon, particularly under field conditions, remains limited.

Therefore, this study aimed to: (i) evaluate the effects of encapsulated FEL on growth,
immune responses, and survival of P. monodon under hatchery conditions; (ii) characterize
intestinal microbiota changes using NGS-based 16S rRNA profiling; and (iii) validate the
practical application of FEL supplementation for improving shrimp growth and health in
pond culture.

Methodology:

2.1 Shrimp husbandry and feeding protocol

Two independent cohorts of Penaeus monodon were used in this study: one cohort for the
hatchery feeding and challenge trial (Phase 1), and a second cohort for the earthen-pond
validation trial (Phase 2 ). Post-larvae (PL-5 ) were obtained from a certified specific
pathogen-free hatchery in Ranod District, Songkhla Province, Thailand. Upon arrival, the
shrimp were acclimatized and reared in nursery tanks at the Aquaculture Research Facility,
Faculty of Science and Fisheries Technology, Trang Campus, Rajamangala University of
Technology Srivijaya (RMUTSV), Thailand.

Rearing conditions were maintained under standard aquaculture practices, including
continuous aeration and daily monitoring of water quality parameters. During the nursery
phase (PL-5 to PL-3 0), shrimp were fed a commercial starter diet formulated for early
juvenile shrimp (Phoca Starter P5 —P3 0 ; Phoca Feed Co., Ltd., Thailand), containing
approximately 40—42% crude protein, 4% crude lipid, 3% crude fiber, 13% ash, and 10%
moisture. Feeding was provided to apparent satiation to support optimal growth prior to
experimental trials.

2.2 Preparation of FEL

Encapsulated freeze-dried lactic acid bacteria (FEL) were prepared following Liu et al. [16]
with modifications. Four strains Lactobacillus acidophilus TISTR 236, L. plantarum TISTR
542, L. casei TISTR 389, and L. bulgaricus TISTR 451 were separately produced by batch
fermentation in MRS broth (37 °C, 50 rpm, 48 h). Cells from each strain were harvested
(5,000 x g, 10 min, 4 °C), washed twice with sterile PBS (pH 7.2), and standardized to ~1 x
10° CFU mL™" based on ODesoo calibration and plate counts. Equal volumes of each
suspension were pooled to form a multi-strain inoculum, blended with sodium alginate, and
extruded into 0.1 M 0.1 M calcium chloride under stirring (150 rpm) to form alginate cell
beads. Beads were cross-linked for 30 min, rinsed with sterile water, and freeze-dried
(CHRIST Delta 2-24 LSC, Germany). Encapsulation efficiency exceeded 89%, and mean
bead diameter was 2.41 + 0.07 mm (n = 10). FEL preparations were then incorporated into
the experimental diets.

2.3 Experimental design

Phase 1 (hatchery screening): Juveniles (5.33 £ 0.03 g) were assigned to six FEL levels (0,
0.2, 0.4, 0.6, 0.8, 1.0% w/w). Each treatment had three replicate 100-L glass aquaria
(hereafter referred to as tanks), with 15 shrimp per tank. Shrimp were fed five times daily
(06:00-22:00) at 5-6% body weight for 50 days. The tank was considered the experimental
unit (N = 3 per treatment).

Phase 2 (pond validation): The optimal FEL level (0.2%) was evaluated in two earthen
ponds (1,600 m2, 1.8 m depth), one per treatment (control vs FEL). Each pond was
subdivided into three net cages (~200 shrimp per cage). At day 60 (initial weight 4.7 £ 0.2 g),
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shrimp were reared for 40 days. At day 100, 10 shrimp per cage were sampled for growth and
microbiota.

2.4 Challenge trials (Phase 1)

After 50 days of feeding, shrimp were acclimated for 10 days under hatchery conditions
before challenge with Vibrio parahaemolyticus. The pathogen was cultured in TSB (1.5%
NaCl, 30 °C, 18 h), washed, and adjusted to 2 x 10”7 CFU mL™'. Shrimp were injected
intramuscularly with 0.1 mL at the third abdominal segment, while controls received saline.
Mortality was monitored twice daily for 15 days; however, no further deaths occurred beyond
Day 9. Therefore, survival data are reported at the 9-day endpoint, and Kaplan—Meier
survival curves were constructed following established protocols [3].

2.5 Immune response assays (Phase 1)

On day 9 post-challenge, hemolymph (~100 uL per shrimp) was sampled from three shrimp
per 100-L glass aquarium (tank) (n = 3 shrimp; N = 3 tanks per treatment). Unchallenged
controls were sampled in parallel at the same time. For statistical analysis, values were
averaged within each tank, and the tank mean was treated as one replicate. The immune
parameters analyzed included total hemocyte count (THC), clearance ability (CA), and PO
activity.

THC was determined by withdrawing hemolymph and mixing it 1:1 with
anticoagulant solution (10 mM sodium citrate, 450 mM NaCl, pH 7.3). Hemocytes were
counted in triplicate using a hemocytometer under a light microscope and expressed as cells
mL™[3,19].

CA was assessed by injecting shrimp intramuscularly with 100 pL of V.
parahaemolyticus (~1 x 10° CFU mL™ in sterile saline). Hemolymph was collected at 0 h
(baseline, Ni) and 3 h post-injection (N), serially diluted, and plated on TCBS agar. Colonies
were enumerated after 24 h at 37 °C. CA was defined as the percentage reduction in viable
bacterial counts relative to baseline and calculated as described by Liu et al. [11]:

(Ni — Nt}
CA (%) = —— X 100 1)
where: N;j is the initial bacterial load (CFU/mL), and N is the bacterial load after time
(CFU/mL™Y)

PO activity was measured by centrifuging hemolymph at 3,000 x g for 10 min at 4 °C
to obtain plasma. The assay was performed using 10 mM L-DOPA as substrate, and
absorbance was recorded at 490 nm every minute for 10 min at 28 °C. Both basal and total
(trypsin-activated) PO activities were determined following standard shrimp immune assay
protocols [4,19]. Results were expressed as AAaso min' for basal activity or AAso min™' mg
protein™! for total activity, and data were reported as mean + SE of tank means.

2.6 Growth performance (Phase 1)

Shrimp were fed the experimental diets for 50 days prior to the challenge test. Growth
performance was evaluated based on tank-level mean weights (N = 3 per treatment). Specific
growth rate (SGR) was calculated during the 9-day post-challenge period using the following
equation:

_ in Wit—In W0)
r

SGR, % day™) x 100 )
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where Wo is the initial mean weight (g), Wt is the final mean weight (g), and t is the rearing
period (days).

In Phase 2, shrimp were reared in earthen ponds for 40 days (days 60—100 of the
culture period). Growth parameters were measured at the cage level (10 shrimp per cage, 3
cages per pond). With one pond per treatment, Phase 2 results are descriptive only.

2.7 Field trial methods (Phase 2)

In Phase 2, shrimp were reared in earthen ponds for 40 days (days 60-100 of the culture
period). Fifty-day-old shrimp (initial mean weight = 4.7 + 0.2 g, mean * SD) were transferred
to two earthen ponds (1,600 m2, 1.8 m depth) at the Faculty of Science and Fisheries
Technology, RMUTSV, Trang Province, Thailand, and acclimated for 10 days. At day 60,
one pond per treatment was used: a control pond receiving a standard diet and a treatment
pond receiving the diet supplemented with 0.2% FEL. Each pond was subdivided into three
net cages (4 x 4 m; ~200 shrimp per cage), and growth parameters were measured at the cage
level (10 shrimp per cage, 3 cages per pond). With one pond per treatment, Phase 2 results
are presented descriptively only.

2.8 Analysis of microbial community composition
For pond-reared shrimp, the intestinal microbial community was profiled using 16S rRNA
gene amplicon sequencing. Shrimp were reared in three replicate cages per dietary treatment
(=200 individuals per cage). For each treatment, intestines from five shrimp per cage were
pooled to obtain ~100 mg wet tissue, yielding three biological replicates per treatment
(control and 0.2% FEL). All dissections were performed aseptically on ice. Composite
intestinal samples were immediately placed in 2 mL screw-cap tubes containing
zirconia/silica beads, snap-frozen in liquid nitrogen, and stored at —80 °C until DNA
extraction.

DNA was extracted using the QlAamp Fast DNA Stool Mini Kit (Qiagen, Germany).
The V3-V4 regions of the 16S rRNA gene were amplified by PCR with Illumina overhang
adapter primers under the following conditions: 