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Editorial

A new era for TUJNS: quality, transparency, and visibility through
professional publishing

® Kadri Kiran!2

ITrakya University, Faculty of Sciences, Department of Biology, Edirne, Tiirkiye

2Editor-in-Chief, Trakya University Journal of Natural Sciences
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In June 2025, the Trakya University Journal of Natural Sciences
(TUINS) reached an important milestone: by partnering with
Galenos Publishing House, the journal entered a new phase of
professional publishing and began restructuring its editorial and
production processes within a more systematic framework. The
rationale for this decision was clear. As TUINS expanded in
thematic range and methodological depth, aligning the journal
with a publishing environment that is more standardized, more
traceable, more ethically transparent, and more discoverable
became essential. Galenos is an independent academic publisher
founded in 1997 that strongly emphasizes editorial ethics, scientific
integrity, digital infrastructure, and international visibility.

In this new period, we strengthened our workflows so that readers
can access high-quality science more rapidly and clearly, while
authors can benefit from a more predictable editorial experience.
At the same time, the journal’s website was updated and given the
domain name www.tujns.org. The journal’s scope, policies, author
and reviewer guidance, and archive access were reorganized in a
more integrated and accessible manner. The redesigned website
aims to improve the visibility of TUINS through clearer archive
navigation, more consistent article metadata, and more transparent
policy pages. As a result, archive browsing and topic-based
discovery have become more practical for readers, while key
publishing components, including the journal’s scope, ethical
principles, data availability policy, peer review procedures, and
appeal and complaint mechanisms, are now more clearly presented
for authors.

E-mail: kadrikiran@trakya.edu.tr
ORCID iDs of the author(s): KK. 0000-0001-7983-0194

Epub: 1 April 2026, Published: 24 April 2026

One of the most visible outcomes of the professional publishing
model launched with Galenos is the standardization of article
layout and page design. The journal’s typography and page
hierarchy now follow a more consistent template, and the resulting
uniformity in headings, section flow, figure and table placement,
and reference presentation has significantly improved both the
readability and the traceability of scientific content, as can already
be seen in recent articles published under the new model (Kumru
et al., 2025). The active use of the Manuscript Manager online
system for submissions and peer review has helped support a more
orderly, traceable, and transparent interaction among authors,
editors, and reviewers. Therefore, TUINS has moved toward a
structure that not only preserves content quality but also makes its
publishing processes more institutionalized and measurable.

As shown in Table 1, although the transition to a professional
publisher, the renewed web infrastructure, and the Manuscript
Manager submission system took effect only in the second half of
2025, their impact began to be felt almost immediately. Compared
with 2024, the total number of submissions increased in 2025;
the number of submitting countries increased from 9 to 17; and
submissions from outside Tiirkiye strengthened markedly in both
absolute number and proportional share. Notably, the number of
submissions from Tiirkiye remained broadly stable, while its share
of total submissions decreased substantially. At the same time,
manuscripts began to arrive from a much wider range of countries.
Together, these patterns indicate that TUINS has already begun to
gain broader international visibility and appeal. We believe that

Copyright® 2026 The Author(s). Published by Galenos Publishing House on behalf of Trakya University.
[ Licensed under a Creative Commons Attribution (CC BY) 4.0 International License.
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Table 1. Geographic diversification of manuscript submissions to TUINS (2024 vs. 2025).

Year Total submissions Tiirkiye (n) Tiirkiye (%) Other countries (n) Other countries (%) Submitting countries
2024 62 44 71.0% 18 29.0% 9
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Abstract

Background: Horses (Equus caballus) have been selectively bred
for numerous purposes since their domestication, leading to various
breeds and increased genetic diversity within the species.

Aims: This study focused on the mitogenome characterization and
phylogenetic relationships of Turkish feral (yilki) and domestic horse
breeds.

Methods: In this study, the whole mitogenomes of Turkish feral
(yilk1) and domestic horse breeds were first amplified using long-
range polymerase chain reaction, sequenced with ~4000x coverage
on the [llumina MiSeq platform, and their phylogenetic relationships
were subsequently analyzed.

Results: The mitogenomes of Turkish horses were 16657 base
pairs in length, encompassing 13 protein-coding genes (PCGs), 22
transfer RNA (tRNA) genes, two ribosomal RNA (rRNA) genes,
one origin of replication (O,), and one non-coding control region
(displacement-loop). In the mitogenomes, the ND6 gene and eight
tRNAs (tRNAS", tRNAAR tRNAA" tRNA®S, tRNA™, tRNASUEN),
tRNAC" and tRNAP®) were encoded on the light strand (L), while
the origin of replication (O,), 12 PCGs, 14 tRNAs, and two rRNA
genes were encoded on the heavy strand (H). A total of 45 gaps and
68 overlaps were identified in the intergenic regions of the assembled
mitogenomes. In the Maximum Likelihood phylogenetic tree, the feral
(yilki) horse clustered within haplogroup A together with breeds from
North America, the Middle East, Southern Europe, and Central Asia,
while the domestic horse was clustered in haplogroup B together with
breeds from Southern Europe and Central Europe.

(")zet

Dayanak: Atlar (Equus caballus), evcillestirmenin bir sonucu olarak
birgok farkli gorev icin yetistirilmis ve bununla birlikte cesitli irklar
elde edilerek tiir igi genetik cesitlilik artmustir.

Amaclar: Bu calisma, Tiirk yilki1 ve evcil at irklarinin mitogenom
karakterizasyonu ve filogenetik iligkilerine odaklanmustir.

Yontemler: Bu calismada Tiirkiye yilki ve yerli at wklarmin tiim
mitogenomu ilk kez uzun parcali polimeraz zincir reaksiyonu
ile cogaltilmig, Illumina MiSeq platformu ile ~4000x kapsamla
dizilenerek karakterize edilmis ve filogenetik iligkileri incelenmistir.

Bulgular: Tiirk atlarina ait mitogenomlar 16.657 baz ¢ifti uzunlugunda
olup 13 protein kodlayan gen (PCG), 22 transfer RNA (tRNA) geni, iki
ribozomal RNA (rRNA) geni, bir replikasyon baglangi¢ bolgesi (O,)
ve bir kodlamayan kontrol bolgesi (displacement-loop) icermektedir.
Mitogenomlarda ND6 geni ile sekiz tRNA (tRNAS" (RNA”«
tRNAA™ (RNAS, (RNA™, tRNASUN (RNA ve tRNAP®) hafif
iplik (L) tizerinde kodlanirken; replikasyon baslangi¢ bolgesi (O, ), 12
PCG, 14 tRNA ve iki rRNA geni agir iplik (H) iizerinde kodlanmustir.
Dizilenmis mitogenomlarin intergenik bolgelerinde toplam 45 bosluk
(gap) ve 68 bindirme (overlap) belirlenmistir. Maksimum Olabilirlik
filogenetik agacinda yilki ati; Kuzey Amerika, Orta Dogu, Giiney
Avrupa ve Orta Asya’dan irklarla birlikte A haplogrubunda, evcil at ise
Giiney Avrupa ve Orta Avrupa’dan irklarla birlikte B haplogrubunda
kiimelenmistir.

Sonu¢: Bu calisma, Tiirk atlart i¢in ilk kapsamli mitogenom
verilerini sunarak evrimsel biyoloji, genetik cesitlilik ve koruma
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Conclusion: This study significantly contributes to evolutionary
biology, genetic diversity, and conservation by providing the first
comprehensive mitogenome data for Turkish horses, establishing
a foundational resource for future comparative and evolutionary
genomic research.

calismalarina 6nemli katki saglamaktadir. Ayrica gelecekte yapilacak
karsilastirmali ve evrimsel genomik arastirmalar i¢in temel bir kaynak
olusturmaktadir.

Keywords: Equus caballus, horse, mitogenome, next-generation sequencing, Tiirkiye

Introduction

Horses, belonging to the genus Equus (Mammalia: Perissodactyla:
Equidae), were domesticated later than many other mammals.
Although not definitive, archaeological and genetic evidence
suggests that domestication occurred on the Eurasian steppes
approximately 5,000-6,000 years ago (Lippold et al., 2011; Outram
et al., 2009). Throughout history, horses have been primarily
utilized for agriculture, transportation, sports, and military
purposes, thereby enhancing mobility and trade, influencing
warfare, and profoundly transforming human civilization (Levine,
2005; Outram et al., 2009). Selective breeding for traits such as
strength, size, appearance, temperament, and endurance has driven
intraspecific genetic differentiation and increased phenotypic
variation among modern breeds (Lippold et al., 2011).

Due to its unique geographical position, Anatolia has served as
a critical center for species domestication, animal migration, and
transportation routes (MacHugh & Bradley, 2001; Naderi et al.,
2008; Rezaei et al., 2010; Zeder, 2008). In Tiirkiye, the principal
horse breeds include Arabian, Anatolian Native, Ayvacik Pony,
Canik, Camardi Kula, Cirit, Cukurova, Eastern Anatolian, Hins,
Karacabey, Karakacan, Malakan, Thrace (Rumelia), Rahvan,
Turkish-Arab, Turkish Nonius, and Uzunyayla (Bayram, 2005;
Ozbeyaz & Akcapinar, 2010). In addition to these, there are also
horses known as “yilks,” which have been released into the wild,
with their use declining due to increased mechanization in Anatolia
(Hacan et al., 2018). Despite the rich diversity of native horse
populations, the genetic variability of Anatolian horses remains
insufficiently explored, and comprehensive studies are needed to
uncover their evolutionary and historical contributions to global
horse diversity.

Although numerous studies have analyzed complete mitochondrial
DNA (mitogenomes) to investigate genetic diversity and population
history in horses (Achilli et al., 2012; Ahlawat et al., 2025; Lippold
et al., 2011; Sheikh et al., 2019; 2023), complete mitogenome
data for horses in Tiirkiye are still lacking. Previous research on
Turkish horses has mainly focused on morphological traits (Celik
et al., 2015; Yilmaz, 2013), partial mtDNA regions (particularly
the D-loop) (Koban et al., 2012; Kdseman et al., 2019), and SSR-
based analyses (Aksu et al., 2010; Koban et al., 2012; Koseman
et al., 2020). Within the scope of the TURKHAYGEN-1 project,
designated to genotype Anatolian domestic animals in Tiirkiye, 21
SSR markers and mtDNA D-loop sequences were analyzed across
four horse breeds. This study revealed high allelic diversity and
significant sequence variation (Koban et al., 2012). Similarly, a
partial mtDNA (D-loop) study of 28 Turkish horses identified 42

polymorphic sites and 10 haplogroups (Koéseman et al., 2019).
The presence of repeat sequences in the mitochondrial D-loop
region can affect the topology of phylogenetic trees; therefore,
whole mitogenome sequencing provides a more reliable and
comprehensive approach for assessing genetic diversity and
elucidating phylogenetic relationships (Achilli et al., 2012).
Sixteen mitogenome haplogroups (A-R) have been identified
among 83 horse individuals distributed across Asia, Europe, the
Middle East, and the Americas (Achilli et al., 2012).

The advent of next-generation sequencing technologies has enabled
rapid and accurate characterization of mitochondrial genomes,
which, being smaller and less complex than nuclear genomes,
serves as highly effective molecular markers (Brankovics et al.,
2017; Yong et al., 2015). The mitochondrial genome is widely
employed in studies involving evolutionary analysis, genetic
diversity, phylogeny, population structure, and taxonomy (Carpi
et al., 2016; Delsuc et al., 2003; Hassanin et al., 2013; Olivieri et
al., 2017; Ramos et al., 2018). Moreover, mitochondrial genomes
provide critical insights for comparative and evolutionary genomic
research (Carpi et al., 2016; Du et al., 2025; Olivieri et al., 2017,
Ramos et al., 2018). In mammals, mitochondrial DNA typically
ranges from 15 to 18 kilobases in length (Galtier et al., 2009; Jenuth
et al., 1996; Saccone et al., 1999) and contains 37 genes, including
22 tRNAs, 2 rRNAs, and 13 protein-coding genes (PCGs), and 1
non-coding control region (Galtier et al., 2009; Iborra et al., 2004).

Accordingly, the objectives of this study were to i) characterize
the mitogenomes of Turkish domestic and feral (yilki) horses,
ii) establish a reference mitogenome database for Turkish horse
populations, and iii) elucidate phylogenetic relationships among
Turkish horses.

Materials and Methods
Sample Collection and Genomic DNA (gDNA) Isolation

Hair samples from one female feral (yilk1) and one domestic horse
from Kayseri, Tiirkiye, were collected and preserved in absolute
alcohol at —20 °C until genomic DNA extraction. gDNA was
isolated using the DNeasy Blood and Tissue Kit (Cat. No: 69504,
QIAGEN) following the manufacturer’s protocol. The concentration
of extracted gDNA was quantified using the dSDNA Quantification
Broad Range kit (Cat. No: Q32850, Thermo Fisher Scientific).
DNA purity and integrity were assessed by electrophoresis on a
1% agarose gel and spectrophotometric absorbance measurements.
The extracted gDNA samples were subsequently used to amplify
the entire mitochondrial genome in two overlapping fragments via
long-range polymerase chain reaction (PCR).
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PCR, Library Preparation, and Sequencing

The complete mitochondrial genome was amplified in two
overlapping fragments using the long-range PCR method with
NEB LongAmp® Taq 2X Master Mix (Cat. No: M0287S, NEB).
Primer pairs AL1_2024L-BHI1_13002H (~11,000 base pairs
[bp]) and LuLu_12690L—-LuLu_2503H (~6,500 bp) were used, as
described by Ibis (2019). PCR reactions and cycling conditions
were performed according to Ibis (2019). The concentration of
the resulting amplicons was determined using the QuBit dsDNA
HS Kit (Cat. No: Q32851, Thermo Fisher Scientific) and diluted
to 0.2 ng/uL for sequencing library preparation. Sequencing
libraries were prepared using the Illumina Nextera XT DNA
Library Preparation Kit (Cat. No: FC-131-1096) and the Nextera
XT Index Kit (Cat. No: FC-131-1002) (Illumina), according to the
manufacturer’s instructions. Library normalization was performed
using a bead-based approach, and sequencing was conducted
on the Illumina MiSeq platform (Genom and Stem Cell Center,
GENKOK, Erciyes University, Kayseri, Tiirkiye) with the MiSeq
Reagent Kit v2.

Bioinformatics Analyses

The raw sequencing reads were imported into Geneious Prime
(https://www.geneious.com) for quality assessment, filtering, and
subsequent analyses. Adapter sequences were removed from the
raw reads, and both low-quality reads (quality score <25) and short
reads (<50 bp) were discarded using the BBDuk trimming tool
within Geneious Prime. The remaining high-quality reads were
mapped against the reference mitochondrial genome (GenBank
accession number NC_001640) using the Geneious Mapper
algorithm, configured with highest sensitivity/medium parameters
and fine-tuning for up to 25 iterations. Annotation information was
transferred from the reference mitogenome and applied through

Geneious Prime. To further validate the data, the raw reads were
also subjected to de novo assembly using GetOrganelle software
(Jin et al., 2020). Annotation boundaries were manually inspected
and confirmed with MITOS2 (Donath et al., 2019) and tRNAscan-
SE 2.0 Web Server (Lowe & Chan, 2016). Visualization of tRNA
secondary structures was performed using the VARNA Java
program (Darty et al., 2009), and circular representations of the
mitogenome were generated with CG View web software (Grant
& Stothard, 2008). The base composition of the mitogenomes
was analyzed using Geneious Prime. Strand asymmetries were
determined according to the following formulas: AT skew = [A-
T)/[A + T] and GC skew = [G-C)/[G + C].

Phylogenetic Analyses

In addition to the newly obtained mitogenomes, a comparative
dataset was assembled, comprising 31 horse mitogenomes and
two outgroup mitogenomes from the genus Equus, all obtained
from the GenBank database (National Center for Biotechnology
Information) (Table 1). Sequence alignments were generated
using the MAFFT algorithm (Katoh et al., 2002) implemented in
Geneious Prime with default settings. Following alignment, the
D-loop region characterized by a high mutation rate, repetitive
motifs, and alignment ambiguities in mammals, was excluded
from subsequent phylogenetic reconstruction. Ambiguous regions
that introduced uncertainty into the dataset were further removed
using the GBlocks v.0.91b program (Castresana, 2000) with
default parameters. The optimal base substitution model was
identified using jModelTest 2.1.10 (Darriba et al., 2012) based on
the AIC criterion. Phylogenetic inference was performed using the
Maximum Likelihood (ML) method in MEGA11 (Tamura et al.,
2021) with 10,000 bootstrap replicates to assess node support.

Table 1. List of horse mitogenomes used in phylogenetic analyses, including two outgroups.

Name Species Accession number Haplogroup Reference

Feral- TR E. caballus PQ573015 A In this study
JIN398377_Efc-m_A E. caballus IN398377 A Achilli et al. (2012)
JN398378_Efc-m_A E. caballus JN398378 A Achilli et al. (2012)
JN398382_Efc-m_A E. caballus JN398382 A Achilli et al. (2012)
JN398384_Efc-m_A E. caballus JN398384 A Achilli et al. (2012)
JN398380_Efc-m_A E. caballus JN398380 A Achilli et al. (2012)
JN398385_Efc-m_A E. caballus JN398385 A Achilli et al. (2012)
JN398381_Efc-m_A E. caballus JN398381 A Achilli et al. (2012)
JN398383_Efc-m_A E. caballus JN398383 A Achilli et al. (2012)
IN398379_Efc-m_A E. caballus JN398379 A Achilli et al. (2012)
Domestic-TR E. caballus PQ573014 B In this study
JN398391_Efc-m_B E. caballus JN398391 B Achilli et al. (2012)
JN398390_Efc-m_B E. caballus JN398390 B Achilli et al. (2012)
JN398386_Efc-m_B E. caballus JN398386 B Achilli et al. (2012)
JN398388_Efc-m_B E. caballus JN398388 B Achilli et al. (2012)
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Table 1. Continued.

Name Species Accession number | Haplogroup Reference
JN398387_Efc-m_B E. caballus JN398387 B Achilli et al. (2012)
JN398389_Efc-m_B E. caballus JN398389 B Achilli et al. (2012)
JN398398_Efc-m_D E. caballus JN398398 D Achilli et al. (2012)
JN398392_Efc-m_C E. caballus JN398392 C Achilli et al. (2012)
JN398414_Efc-m_I E. caballus JN398414 1 Achilli et al. (2012)
JIN398413_Efc-m_H E. caballus JIN398413 H Achilli et al. (2012)
JN398421_Efc-m_L E. caballus JIN398421 L Achilli et al. (2012)
JN398404_Efc-m_G E. caballus JIN398404 G Achilli et al. (2012)
JN398401_Efc-m_E E. caballus JN398401 E Achilli et al. (2012)
IN398402_Efp-m_F E. przewalskii JIN398402 F Achilli et al. (2012)
JN398419_Efc-m_J E. caballus JN398419 J Achilli et al. (2012)
IN398420_Efc-m_K E. caballus JN398420 K Achilli et al. (2012)
JN398449_Efc-m_Q E. caballus JN398449 Q Achilli et al. (2012)
JN398446_Efc-m_P E. caballus JN398446 P Achilli et al. (2012)
JN398445_Efc-m_O E. caballus JN398445 ¢} Achilli et al. (2012)
JN398439_Efc-m_M E. caballus JN398439 M Achilli et al. (2012)
JN398440_Efc-m_N E. caballus JN398440 N Achilli et al. (2012)
JN398456_Efc-m_R E. caballus JIN398456 R Achilli et al. (2012)
MKO982180_Ea_Tr E. asinus MK982180 Ibis (2019)
NC_001788_Eaa-m E. asinus NC_001788 Xu et al. (1996)

Results

Characterization of Mitochondrial Genomes

Complete mitochondrial genomes (mitogenomes) of Turkish
horses, each with a total length of 16,657 bp, were obtained at
approximately 4000x coverage (Table 2) and deposited in the
GenBank database under accession numbers PQ573014 and
PQ573015 (Figure 1, Table 2). The mitogenomes obtained for both
Turkish horses were identical in overall structure, including the
lengths of regions and tRNA sequences, with variations restricted
limited to mutations within gene regions. No insertion or deletion
(InDel) sites were detected between the two mitogenomes. In
the mitogenomes of Turkish horses, the ND6 and eight tRNAs
(tRNAC™" tRNAY (RNA*", tRNA®s, tRNA®", tRNAS VN
tRNA" and tRNA’") were encoded on the light strand (L), while
the O, origin, 12 PCGs, 14 tRNAs, and two TRNA genes were
located on the heavy strand (H) (Figure 1, Table 3). The nucleotide
composition results revealed that the mitogenomes of the feral
(y1lk1) and domestic horses were highly similar. In the feral (yilki)
horse, the nucleotide composition comprised 32.20% adenine (A),
25.90% thymine (T), 13.40% guanine (G), and 28.60% cytosine
(C), while in the domestic horse, it consisted of 32.20% adenine
(A), 25.80% thymine (T), 13.40% guanine (G), and 28.60%
cytosine (C). Both mitogenomes exhibited identical A + T (58%)
and G + C (42%) ratios (Table 4).

A total of 45 gaps and 68 overlaps were identified within the
intergenic regions of the domestic and feral horse mitogenomes.
The longest overlap, spanning 43 bp, was located between ATPS
and ATP6, whereas the longest gap, 8 bp in length, occurred
between tRNAS" and tRNA** (Table 3).

mcos

I tRNA
1rRNA

1 rep_origin

M O-loop

B GC Skew+

W GC Skew-

1 GC Content

Figure 1. Circular map of the mitochondrial genome obtained from a
Turkish horse.

Trakya University Journal of Natural Sciences, 27(1), 3—-13, 2026

www.tujns.org



Saffet Teber. Mitogenomes of Turkish horses 7

Table 2. Sequencing read statistics for Turkish horse mitogenomes.

Raw sequences Filtered sequences
. Average Coverage Mitogenome
Isolate Location
Read count sequence Read count ﬁ:;ertalllg(ebse)quence X) length (bp)
length (bp) g P
EqCabTR1 )
Kayseri 495458 224.5 357324 195.9 4183.4 16657
(PQ573014)
EqCabTR2 )
Kayseri 487640 2194 357336 191.4 4019.1 16657
(PO573015)

Table 3. Annotation of genomic regions in the mitogenomes of Turkish horses.

Region Start-stop Length | Direction Intergenic region | Start codon Stop codon Anti-codon
tRNAP 1 70 70 H 0 GAA
s-rRNA 71 1046 | 976 H 0

tRNAY! 1047 | 1113 | 67 H 0 TAC
I-rRNA 1114 | 2693 | 1580 H 0

tRNALe 2694 | 2768 |75 H 2 TAA
NDI 2771 | 3727 | 957 H -1 ATG TAG

tRNA! 3727 | 3795 |69 H -3 GAT
tRNAS" 3793 | 3865 |73 L 2 TTG
tRNAMe 3868 | 3936 |69 H 0 CAT
ND2 3937 | 4977 | 1041 H -2 ATA TAG

tRNAT? 4976 | 5045 |70 H 5 TCA
tRINAAR 5051 | 5119 |69 L 1 TGC
tRNAAS 5121 | 5193 |73 L 0 GTT
rep origin 5195 | 5227 33 H -2

tRNA®s 5226 | 5291 |66 L 0 GCA
tRNA®" 5292 | 5358 |67 L 1 GTA
COX1 5360 | 6904 | 1545 H -3 ATG TAA

tRNASe 6902 | 6970 |69 L 8 TGA
tRNA*P 6979 | 7045 | 67 H 0 GTC
cox2 7046 | 7729 | 684 H 3 ATG TAA

tRNAW 7733 | 7800 | 68 H 1 TTT
ATPS 7802 | 8005 | 204 H —43 ATG TAG

ATP6 7963 | 8643 | 681 H -1 ATG TAA

COoXx3 8643 | 9426 | 784 H 0 ATG T--

tRINACY 9427 19495 |69 H 0 TCC
ND3 9496 | 9842 | 347 H 0 ATA TA-

tRNAA® 9843 | 9911 |69 H 1 TCG
ND4L 9913 | 10209 | 297 H -7 ATG TAA

ND4 10203 | 11580 | 1378 H 0 ATG T--
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Table 3. Continued.

Region Start-stop Length | Direction Intergenic region | Start codon Stop codon Anti-codon
tRINAHIS 11581 | 11649 | 69 H 0 GTG
tRINASer 11650 | 11709 | 60 H 1 GCT
tRNALe 11711 | 11780 | 70 H 6 TAG
ND5 11787 | 13601 | 1815 H -17 ATG TAA
ND6 13585 | 14112 | 528 L 0 ATG TAA
tRNASH 14113 | 14181 | 69 L 4 TTC
CYTB 14186 | 15325 | 1140 H 0 ATG AGA
tRNA™ 15326 | 15398 | 73 H 1 TGT
tRNAPr 15400 | 15465 | 66 L 0 TGG
D-loop 15466 | 16657 | 1192 H 0
Table 4. Nucleotide compositions of the mitogenomes of Turkish horses.
Feral Length | % A% | TY% G% | % A+T% | G+C% |ATskew | GC skew
(domestic)
25.90

Total length | 16657 100 32.20 (25.80) 13.40 | 28.60 58 42 0.10 -0.36

31.30
PCGs 11401 68.42 (31.40) 26.10 12.10 30.40 57.50 42.50 0.09 -0.43

23.80 22.60 60.50 39.50

rRNAs 2556 15.34 36.70 27.70) 16.90 (22.70) (60.40) (39.60) 0.21 -0.14
tRNAs 1517 9.10 34.70 27.20 15.60 | 2250 62 38 0.12 -0.18

27.10 26.30 1570 | 30.90
D-loop 1192 7.15 2730) | 2620) | (15.50) | (31.00) 53.40 46.60 0.01 -0.32

PCG = protein-coding gene.

The combined length of the 13 PCG in the Turkish horses
mitogenomes was 11401 bp, representing 68.42% of the total
mitogenome length. These genes encoded 3,799 amino acids.
Among the encoded amino acids, 4.3% were acidic, 6.9% basic,
11.2% charged, 29.3% polar uncharged, and 61.9% hydrophobic. Of
the PCGs, 11 genes initiated with the “ATG” codon, whereas ND2
and ND3 began with ‘ATA’. The stop codon “TAA” was present
in six genes, while “TAG” appeared in NDI, ND2, and ATPS, and
“AGA” was found in CYTB. Incomplete stop codons were detected
as “T—" in COX3 and ND4, and “TA-" n ND3 (Table 3). Codon
usage frequencies in the Turkish horse mitogenomes are provided
in Table 5. The most frequently used codons were “CUA” (285),
“AUC” (208), “AUA” (186), and “UUC” (160), while the least
frequent codon was “CGG” (3).

The total length of rRNA genes was 2556 bp comprising the
12S-rRNA (s-TRNA) was 976 bp and the 16S-rRNA (I-rRNA)
was 1580 bp, located between tRNA®* and tRNA*“(UUR), and
separated by tRNAY". The tRNA genes ranged in length from 60
to 75 bp. All tRNAs exhibited the typical cloverleaf secondary
structure, except for tRNAS"(AGY), which lacked a dihydrouridine
(DHU) arm (Figure 2). The replication origin, 32 bp in length,
was situated within the WANCY tRNA cluster. The control region

(D-loop) measured 1,192 bp, making it the longest non-coding
sequence in the mitogenome.

Phylogenetic Analyses

The mitogenomes of Turkish horses, together with those
representing other horse haplogroups available in the GenBank
database, were analyzed using the GTR + I substitution model
under the ML method with 10,000 bootstrap replications (Table 1,
Figure 3). In the resulting phylogenetic tree, the Turkish feral horse
(yilki) clustered with strong bootstrap support within Haplogroup
A, grouping with other A haplogroup horses from various
geographic regions, including North America (Chincoteague Pony,
IN398377), the Middle East (Caspian Pony, Arab, and unidentified
Syrian and Iranian breeds, JN398378, IN398384, JN398380, and
JN398383), Southern Europe (Maremmano breed, JN398379,
JN398381, and JN398382), and Central Asia (Akhal-Teke breed,
JN398385). In contrast, the domestic Turkish horse was positioned
with high bootstrap support within Haplogroup B, together with
undefined Syrian breeds from the Middle East (JN398391 and
JN398389), Maremmano and undefined Italian breeds from
Southern Europe (JN398390, JN398387, and JN398388), and the
Westphalian breed from Central Europe (JN398386).
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Table 5. Codon usage in the mitogenomes of Turkish horses.

Domestic horse Feral horse
Amino acid Codon Count Fraction Count Fraction
Ala GCG 5.00 0.02 5.00 0.02
GCA 76.00 0.32 76.00 0.32
GCT 51.00 0.22 51.00 0.22
GCC 103.00 0.44 103.00 0.44
Cys TGT 5.00 0.22 5.00 0.22
TGC 18.00 0.78 18.00 0.78
Asp GAT 26.00 0.40 26.00 0.39
GAC 39.00 0.60 40.00 0.61
Glu GAG 19.00 0.20 20.00 0.21
GAA 78.00 0.80 77.00 0.79
Phe TTT 78.00 0.33 77.00 0.32
TTC 160.00 0.67 161.00 0.68
Gly GGG 30.00 0.14 30.00 0.14
GGA 99.00 0.46 99.00 0.46
GGT 21.00 0.10 22.00 0.10
GGC 64.00 0.30 63.00 0.29
His CAT 22.00 0.21 22.00 0.21
CAC 81.00 0.79 81.00 0.79
Ile ATT 131.00 0.39 132.00 0.39
ATC 208.00 0.61 207.00 0.61
Lys AAG 10.00 0.10 10.00 0.10
AAA 87.00 0.90 87.00 0.90
Leu TTG 21.00 0.03 21.00 0.03
TTA 61.00 0.10 61.00 0.10
CTG 38.00 0.06 38.00 0.06
CTA 285.00 0.46 285.00 0.46
CTT 68.00 0.11 68.00 0.11
CTC 140.00 0.23 140.00 0.23
Met ATG 45.00 0.19 45.00 0.20
ATA 186.00 0.81 185.00 0.80
Asn AAT 40.00 0.27 40.00 0.27
AAC 110.00 0.73 109.00 0.73
Pro CCG 7.00 0.04 7.00 0.04
CCA 76.00 0.40 76.00 0.40
CCT 36.00 0.19 36.00 0.19
CCC 72.00 0.38 72.00 0.38
Gln CAG 8.00 0.09 8.00 0.09
CAA 83.00 0.91 83.00 0.91
Arg CGG 3.00 0.05 3.00 0.05
CGA 37.00 0.58 37.00 0.58
CGT 8.00 0.13 7.00 0.11
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Table 5. Continued.
Domestic horse Feral horse
Amino acid Codon Count Fraction Count Fraction
CGC 16.00 0.25 17.00 0.27
Ser AGT 12.00 0.04 12.00 0.04
AGC 53.00 0.17 53.00 0.17
TCG 9.00 0.03 9.00 0.03
TCA 121.00 0.40 121.00 0.40
TCT 36.00 0.12 36.00 0.12
TCC 73.00 0.24 73.00 0.24
Thr ACG 11.00 0.03 11.00 0.03
ACA 144.00 0.46 144.00 0.46
ACT 57.00 0.18 57.00 0.18
ACC 103.00 0.33 103.00 0.33
Val GTG 25.00 0.13 25.00 0.13
GTA 78.00 0.42 79.00 0.42
GTT 31.00 0.17 31.00 0.16
GTC 53.00 0.28 53.00 0.28
Trp TGG 8.00 0.08 8.00 0.08
TGA 96.00 0.92 96.00 0.92
Tyr TAT 47.00 0.37 47.00 0.37
TAC 81.00 0.63 81.00 0.63
IN398378 Efe-m A |
JN398385 Efc-m A | <
Mo JN398380 Efc-mA | &
) JN398377 Efc-mA | ©
'y ’ JN398383 Efc-mA L 0
- JN398381 Efc-mA | &
JN398384 Efc-mA | @
=
3o Lowiet JN398379 Efc-m A
3 JN398382 Efc-m A J
el JIN398386 Efe-mB | D
) JN398387 Efc-mB |
JN398388 Efc-mB | 2
JN398390 Efc-mB | &
JN398391 Efc-mB | ©.
JN398389 Efe-m B | £
PomesticTr] |
JN398392 Efc-m C
JN398398 Efc-m D
JN398401 Efc-m E
. JN398402 Efp-mF | oc
e 11 er 33" ome JN398404 Efe-m G |
) £ 3 JN398413 Efe-mH | o
- '.'-'f:} ,::-“{’ o '{'} ot Sl JN398414 Efc-m| | 3
& :) taadilht .-} e, A JN398421 Efe-mL | o
3 -5 i3 JN398419 Efc-mJ | ©
- & {3 JN398420 Efc-mK | &
el - prmm—— JN398439 Efe-mM | T
LBy e JN398440 Efc-m N
ol B i JN398445 Efc-m O
- Ve ) o JN398446 Efc-m P
& (F JN398449 Efc-m Q
e JN398456 Efc-m R J
[ Mkes2180EaTr | o o T

Figure 2. Predicted secondary structures of the 22 tRNAs identified in the
mitochondrial genome of Turkish horses.

100 — NC 001788 Eaa-m

Figure 3. Phylogenetic tree constructed using the ML method, showing
Turkish horses and reference samples from GenBank. ML = maximum
likelihood.
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Discussion

The two horse mitogenomes obtained in the present study
exhibited structural features similar to previously reported horse
mitogenomes (Achilli et al., 2012; Lippold et al., 2011; Luo et
al., 2011; Sarkissian et al., 2015; Vilstrup et al., 2013), consisting
of a circular molecule containing 37 gene regions (Figure 1,
Table 2). According to the GenBank database, a total of 535
complete mitogenomes are currently available under the name
Equus caballus, representing horse breeds from various regions
worldwide, with lengths ranging from 16,403 to 16,681 bp (https://
www.ncbi. nlm.nih.gov/nuccore (txid9796[Organism:noexp]):
Access date: 02.11.2024). The reference horse mitogenome (E.
caballus) (NC_001640/X79547) has a total length of 16,660 bp
(Xiufeng & Arnason, 1994), which closely corresponds to that of
the Turkish horse breeds (16,657 bp). The variation in sequence
length observed among existing horse mitogenomes is primarily
attributed to differences in the length of the control region
sequence. Although both modern and ancient horse mitogenomes
have been reported, the mitogenomes of Turkish horses were
previously unavailable and are presented here for the first time.

The general structural characteristics of the Turkish horse
mitogenomes were consistent with those of other vertebrates. The
nucleotide composition displayed a distinct bias toward Adenine
and Thymine (58% A + T), a common feature in vertebrate
mitogenomes. Similarly, the presence of numerous intergenic gaps
(45 bp) and overlaps (68 bp) reflects the compact organization
typical for horse and other vertebrate mitogenomes (Guo et al.,
2016; Ibis, 2019; Krause et al., 2008; Rohland et al., 2007; Wada
et al., 2010). The occurence of incomplete stop codons (“T--"" in
COX3 and ND4, and “TA-" in ND3) aligns with the reference
horse mitogenome and other vertebrates (Ibis, 2019; Xiufeng
& Arnason, 1994) where these codons function equivalently to
complete stop codons (Ojala et al., 1981).

The codon usage pattern in Turkish horses, with “CUA,” “AUC,”
and “AUA” being the most frequently used codons, was highly
similar to that of the donkey mitogenome from Tiirkiye, suggesting
a conserved codon usage pattern within the Equus genus (Ibis,
2019). The structural features of the tRNA genes in Turkish horses
were also consistent with those typically observed in mammalian
mitogenomes. The 22 identified tRNAs ranged from 60 to 75 bp in
length, and all but one displayed the canonical cloverleaf secondary
structure. The single exception, tRNAS"(AGY), lacked the DHU
arm, a variation that is known to be functionally acceptable
(Steinberg & Cedergren, 1994). Furthermore, the lengths of
the ribosomal RNA genes (976 bp for s-rRNA and 1,580 bp for
1-rRNA) and the D-loop region (1,192 bp), were nearly identical
to those reported in the reference horse mitogenome (975 bp,
1,581 bp and 1,192 bp, respectively), indicating a high degree of
structural conservation (Xiufeng & Arnason, 1994). The observed
length differences among horse mitogenomes are mainly attributed
to variations in the repeat regions within the D-loop, and it has
been noted that variation in the number of repeat motifs within the

D-loops, a regon known for its heteroplasmic nature (Xiufeng &
Arnason, 1994).

In the ML phylogenetic tree reconstructed in this study, the
Turkish horses mitogenomes clustered in accordance with the
haplogroups defined by Achilli et al. (2012). The mitogenome of
the Turkish feral horse grouped within Haplogroup A, whereas
the domestic Turkish horse clustered within Haplogroup B. The
findings indicate that the Turkish feral horse shares a common
maternal lineage with other horses in Haplogroup A, which
is widely distributed across global horse populations and may
represent an ancient or broadly dispersed lineage. In contrast, the
domestic Turkish horse’s placement in Haplogroup B suggests a
distinct maternal lineage, likely reflecting differences in breeding
history or geographical origin. Consistent with previous research,
a previous study reported that the Przewalski horse in Eurasia
possesses only the F and J-K lineages, with the greatest haplogroup
diversity observed on the Asian continent (Achilli et al., 2012).
The broad distribution of Haplogroup A across North America,
the Middle East, and Central Asia supports the hypothesis of a
shared evolutionary history among geographically distinct horse
populations. Similarly, the inclusion of the Turkish domestic horse
in Haplogroup B indicates connections with Central and Southern
European populations. The identification of Haplogroup B in both
Italy and East Asia (Achilli et al., 2012; Cardinali et al., 2016)
further highlights its historical dissemination and emphasizes
the pivotal role of Anatolia in horse domestication history. The
domestication process, which originated in the Eurasian steppes
and subsequently spread across various regions (Lippold et al.,
2011; Outram et al., 2009), underscores Tiirkiye’s position as an
integral part of this evolutionary and cultural pathway.

Conclusion

In conclusion, the complete mitochondrial genomes of Turkish
horses, presented here for the first time, provide a valuable
foundation for future genetic studies, including assessments of
genetic diversity and conservation efforts within Tiirkiye. Further
investigation of mitogenomic and genomic data from additional
Turkish horse breeds, combined with comparative analyses across
global datasets, will enhance understanding of horse evolutionary
history and contribute to conservation strategies.
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Abstract

Background: The Fabl enzyme, crucial for fatty acid synthesis,
represents a promising target for antimalarial drug development,
particularly in Plasmodium falciparum.

Aims: To comprehensively characterize the P. falciparum Fabl
enzyme by elucidating its evolutionary relationships, physicochemical
properties, and detailed structural features using advanced in silico
methodologies.

Methods: An extensive computational analysis was performed on 25
Fabl protein sequences, encompassing those from P. falciparum as
well as diverse protozoan and bacterial species.

Results: The predicted physicochemical properties indicated that
P. falciparum Fabl is comparatively larger, more hydrophilic, and
exhibits a higher isoelectric point than its bacterial homologs.
Sequence alignment and phylogenetic reconstruction revealed a
clear evolutionary divergence of P. falciparum Fabl from bacterial
orthologs, supporting its origin through an ancient horizontal gene
transfer event and its localization to the apicoplast. Further sequence
analysis identified two conserved motifs mapped to a central
NAD(P) binding Rossmann-fold domain, which is essential for the
enzyme’s catalytic function. The predicted three-dimensional (3D)
structure of P. falciparum Fabl exhibited a characteristic o/p-fold
architecture forming a dimeric complex. A persistent challenge was
noted in the N-terminal region, predicted to be a flexible, cleavable
signal/transit peptide, accounting for its lower structural confidence.
PDBsum analysis delineated its structural organization, consisting
of 19 a-helices and 9 p-strands, with a notable absence of disulfide
bridges. Additionally, proteolytic digestion produced multiple
cleavage patterns. CASTp 3.0 analysis revealed a complex active site
comprising several sub-pockets and key functional residues, along
with buried cavities.

Ozet

Dayanak: Yag asidi sentezi i¢in ¢ok ©nemli olan Fabl enzimi,
ozellikle Plasmodium falciparum’da sitma ilact gelistirme i¢in umut
verici bir hedef olugturmaktadir.

Amaclar: Calisma, gelismis in silico metodolojileri kullanarak
evrimsel iligkilerini, fizikokimyasal 6zelliklerini ve ayrintili yapisal
ozelliklerini aydinlatarak P. falciparum Fabl enzimini kapsamli bir
sekilde karakterize etmeyi amaglamistir.

Yontemler: Plasmodium falciparum’dan ve cesitli protozoa ve
bakteri tiirlerinden alinan 25 Fabl protein dizisi tizerinde kapsamli bir
hesaplamali analiz gerceklestirilmistir.

Bulgular: Tahmin edilen fizikokimyasal ozellikler, P. falciparum
FabI’nin bakteriyel homologlarina kiyasla daha biiyiik, daha hidrofilik
ve daha yiiksek izoelektrik noktaya sahip oldugunu gostermistir.
Sekans hizalama ve filogenetik rekonstriiksiyon, P. falciparum
FabI’nin bakteriyel ortologlarindan acik bir evrimsel farklilik
gosterdigini ortaya koymus ve bunun eski bir yatay gen transferi olay1
yoluyla kokenini ve apikoplastta lokalizasyonunu desteklemistir.
Daha ileri sekans analizi, enzimin katalitik fonksiyonu i¢in gerekli
olan merkezi NAD(P) baglayict Rossmann-fold alanina eslenen iki
korunmusg motif tanimladi. P. falciparum FabI’nin tahmin edilen ii¢
boyutlu (3D) yapisi, dimerik bir kompleks olugturan karakteristik bir
o/p-fold mimarisi sergiledi. N-terminal bolgesinde, esnek, boliinebilir
bir sinyal/gecis peptidi oldugu tahmin edilen ve yapisal giivenilirliginin
diisiik olmasina neden olan kalic1 bir zorluk tespit edildi. PDBsum
analizi, distilfiir kopriilerinin belirgin bir sekilde yokluguyla, 19
o-heliks ve 9 f-iplik¢ikten olusan yapisal organizasyonunu ortaya
koydu. Ek olarak, proteolitik sindirim g¢oklu boliinme modelleri
tiretti. CASTp 3.0 analizi, gomiilii bosluklarla birlikte birkac alt cep
ve onemli fonksiyonel kalintilardan olugan karmasik bir aktif bolge
ortaya ¢ikardi.
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Conclusion: These comprehensive structural and functional insights
into the unique features of P. falciparum Fabl provide a strong
foundation for the rational design of novel antimalarial drugs.

Sonuc: Plasmodium falciparum Fabl’nin benzersiz 6zelliklerine
iliskin bu kapsamli yapisal ve fonksiyonel bilgiler, yeni sitma
ilaclarinin rasyonel tasarimi i¢in giiclii bir temel saglar.

Keywords: Plasmodium falciparum, Fabl enzyme, phylogenetic analysis, conserved motifs, protein structure prediction

Introduction

Malaria, a febrile disease, is caused by Plasmodium parasites
transmitted to humans through the bites of infected female
Anopheles mosquitoes (A. Pandey et al., 2022). The growing
resistance of malaria parasites to first-line therapies highlights the
urgent need to develop new classes of antimalarial agents (Kane et
al., 2022). Consequently, the systematic identification and detailed
characterization of unique parasite biochemical pathways have
become essential, as these pathways provide promising targets
for both novel drug discovery and the optimization of existing or
emerging therapeutic strategies (A. K. Pandey et al., 2019).

These intracellular parasites depend on lipids for their growth,
proliferation, and developmental progression. They utilize a
prokaryotic-like Type II fatty acid synthesis (FAS-II) system
housed within the apicoplast, an organelle crucial for the parasite’s
blood-stage replication and overall pathogenicity (A. Pandey
et al., 2022). Thus, the parasite’s fatty acid biosynthesis (FAS-
II) pathway has emerged as a compelling therapeutic target due
to its essential role in parasite viability (Kane et al., 2022). The
distinct organization of the FAS-II pathway, when compared to the
mammalian FAS-I complex, highlights its unique potential as a
selective drug target.

Fabl, the principal enoyl-ACP reductase within the FAS II system,
is among the most extensively studied enzyme of this pathway.
It is widely conserved across multiple microorganisms, including
Staphylococcus aureus, Escherichia coli, Bacillus subtilis,
Francisella tularensis, Burkholderia pseudomallei, Bacillus
anthracis, Pseudomonas aeruginosa, as well as the protozoan
parasites Toxoplasma gondii (Hopf et al., 2022), and Plasmodium
falciparum (Kane et al., 2022). Given its pivotal role across a
broad spectrum of pathogens, an in-depth understanding of FabI’s
molecular and structural characteristics is of critical importance
for guiding drug discovery efforts.

In recent years, in silico methodologies have become integral to
modern drug discovery, offering powerful means to characterize
molecular targets and facilitate rational inhibitor design. These
computational approaches allow precise delineation of a protein’s
molecular properties, encompassing sequence architecture,
physicochemical behavior, and evolutionary lineage, while
identifying key functional elements such as conserved motifs,
catalytic residues, and signal peptides. Such insights can be
obtained prior to experimental validation or large-scale screening.

This study aimed to comprehensively characterize the P.
falciparum Fabl enzyme by elucidating its evolutionary
relationships, physicochemical features, and intricate structural

organization using advanced in silico techniques. The resulting
findings establish a strong foundation for the rational design of
selective Fabl inhibitors, thereby contributing to the development
of next-generation antimalarial therapeutics.

Materials and Methods

Sequence Retrieval and Alignment

Twenty-five enoyl-ACP reductase (Fabl) sequences, representing
both bacterial and eukaryotic (protozoan) origins, were retrieved
from the UniProt (https://www.uniprot.org) (The UniProt
Consortium, 2024). Sequence selection emphasized phylogenetic
diversity and clinical relevance to human pathogenicity. Accession
numbers for all sequences are listed in Supplementary Material
(Table S1). Multiple sequence alignments were generated using
the Clustal Omega algorithm (https://www.ebi.ac.uk/Tools/msa/
clustalo/) (Madeira et al., 2024). The resulting alignments were
visually examined and verified through manual inspection with
the UniProt Alignment Viewer to ensure accurate alignment of
conserved residues and the logical placement of gap regions.

Determination of Physicochemical Parameters

The physicochemical characteristics of Fabl enzymes were
computed from their amino acid sequences using the ExPASy
ProtParam tool (http://web.expasy.org/protparam) (Gasteiger et
al., 2005). The calculated parameters included molecular weight,
isoelectric point (pI), extinction coefficient (EC), instability index
(II), aliphatic index (AI), and grand average of hydropathicity
(GRAVY).

Phylogenetic Tree Construction

A phylogenetic tree was constructed using the aligned amino
acid sequences with the Simple Phylogeny tool available through
EMBL-EBI (https://www.ebi.ac.uk/jdispatcher/phylogeny/
simple_phylogeny) (Madeira et al., 2024). Evolutionary
relationships among the taxa were inferred using the Neighbor-
Joining algorithm, which operates on a pairwise distance matrix
derived from the multiple sequence alignment.

Primary Structure Analysis

Primary structure analysis was conducted using the ExPASy
ProtParam tool, specifically to determine the amino acid
composition. Conserved protein motifs were identified with the
MEME suite (http://meme.sdsc.edu/meme/meme.html) (Bailey &
Elkan, 1994). Protein domains were examined using InterProScan
(http://www.ebi.ac.uk/interpro/search/sequence/) (Blum et al.,
2024).
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Secondary Structure Analysis

The secondary structural content of the Fabl sequences, including
alpha helices, beta turns, extended strands, and random coils,
was predicted using the SOPMA method available through the
Network Protein Sequence Analysis (NPS@) server (https://npsa-
prabi.ibcp.fr/cgibin/npsa_automat.pl?page=npsa_sopma.html)
(Geourjon & Deléage, 1995).

Tertiary structure prediction for P. falciparum Fabl was generated
using ColabFold, an optimized AlphaFold2 implementation
created for accelerated protein structure prediction. ColabFold was
assessed through the COSMIC platform (https://cosmic-cryoem.
org/tools/colabfold/) (Mirdita et al., 2021), and the resulting three-
dimensional (3D) structural model was subsequently visualized
using PyMOL.

The predicted 3D structure was further interpreted through the
PDBsum tool (https://www.ebi.ac.uk/thornton-srv/databases/
cgibin/pdbsum/GetPage.pl?pdbcode=index.html), which provided
a secondary motif map and topology diagram. Predicted disulfide
bridge patterns were evaluated using the CYS-REC tool (http://
softberry.com/berry.phtml), allowing the identification of probable
disulfide bonding between available Cysteine (Cys) residues.

Tertiary Structure Validation

The P. falciparum Fabl model underwent extensive validation
using multiple computational approaches. QMEAN (https://
swissmodel.expasy.org/qmean) was employed to assess both
global and local model quality (Benkert et al., 2010; Studer et al.,
2014, 2019). Additional validation was performed through the
SAVES server (https://servicesn.mbi.ucla.edu/SAVES) (Colovos
& Yeates, 1993; Laskowski et al., 1996), which produced a
Ramachandran plot using PROCHECK, and evaluated structural
error rates using ERRAT. The Ramachandran plot served as the
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primary stereochemical quality indicator, while ERRAT confirmed
crystallographic model accuracy. Predicted salt bridges were also
analyzed using dedicated protein analysis tools.

Functional Analysis

Proteolytic cleavage sites, including those produced by chemical
reagents, were predicted using PeptideCutter (http://web.expasy.
org/peptide_cutter/) (Gasteiger et al., 2005). Signal peptide regions
were prediction with SignalP 6.0 (https://services.healthtech.dtu.
dk/services/SignalP-6.0/) (Teufel et al., 2022), which detects all
five known signal peptide types (Sec/SPI, Sec/SPII, Tat/SPI, Tat/
SPII, Sec/SPII). The Computed Atlas of Surface Topography of
proteins (CASTp 3.0) server (http:/sts.bioe.uic.edu/) was used
to identify active binding site pockets and to analyze the protein
surface topography (Tian et al., 2018).

Results

Sequence Retrieval and Alignment

The protein sequences of Fabl enzymes from a range of bacterial
strains and protozoa were retrieved from UniProt, with FASTA
format sequences selected and prioritized based on pathogens
relevant to human health, as indicated in UniProt (Table S1).

Homology searching followed by multiple sequence alignment of
the 25 Fabl enzyme sequences revealed several regions of high
conservation. The alignment displayed two particularly well
conserved motifs, AKAALES (326-332), and RVNAISAGPIRT
(348-359) (Figure 1). In addition to these conserved stretches, a
set of 16 amino acid positions demonstrated 100% conservation
across all sequences examined. These residues included
Glycine (Gly) 128, Aspartic acid (Asp) 206, Histidine (His)
252, Serine (Ser) 282, Ser 285, Tyrosine (Tyr) 309, Tyr319,
Methionine 323, Alanine (Ala) 338, Gly434, Leucine (Leu) 440,

DDDDDAAAAAA A A A A~~~ |~

Figure 1. Close-up of multiple sequence alignment showing conserved motifs (cyan boxes).
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Ser 442, Gly450, Valine 455, Asp456, and Gly458. Collectively,
these fully conserved residues represented a braod spectrum of
amino acid classes, including: nonpolar (Ala, Leu, Gly, Methionine,
Valine), polar (Ser), aromatic (Tyr), acidic (Asp), and basic (His).

Phylogenetic Analysis of Fabl Enzyme Sequences

The unrooted phylogenetic tree (Figure 2), constructed from Fabl
enzyme protein sequences, depicts the evolutionary relationships
among the sampled bacterial and protozoan taxa. Plasmodium
(evolutionary distance: 0.31445) is positioned within a distinct
and well-supported clade of Apicomplexa parasites, clustering
with Neospora (0.05476), Toxoplasma (0.06203), Cyclospora
(0.10345), and Eimeria (0.11790). These taxa form a compact
clade with short internal branch lengths, suggesting a recent
common evolutionary origin among these protozoan parasites.
The entire Plasmodium-containing clade remains clearly separated
from all bacterial taxa represented in the tree, indicating substantial
evolutionary divergence.

Physicochemical Properties of Fabl Enzymes

Analysis of physicochemical properties demonstrated both
shared features and distinct differences across Fabl enzymes from
protozoa and bacteria (Table 1). Fabl enzymes from protozoan

0.10 0.20 0.30

parasites were generally longer (393432 amino acids), and
possessed higher molecular weights (approximately 40—49 kDa),
whereas bacterial Fabl proteins were typically shorter (250-275
amino acids) with lower molecular weights (26-30 kDa).

Isoelectric point (pI) values also displayed a clear taxonomic
distinction: protozoan Fabl enzymes displayed higher pls (6.01-
9.11), with P. falciparum displaying the highest pI at 9.11, while
most bacterial Fabl enzymes had lower pl values (5.15-5.77).
Notably, Helicobacter pylori (pl 7.1) and Rickettsia conorii (pl
7.71) were exceptions to this trend.

The AI indicated that a tendency toward greater aliphatic
content among bacterial Fabl proteins (85.92—105.72) compared
to protozoan Fabl (77.92-91.46), with Enterococcus faecalis
demonstrating the highest value. GRAVY values similarly
highlighted these differences: protozoan Fabl enzymes displayed
more hydrophilic properties (negative GRAVY values from 0.046
to —0.683), with P. falciparum being the most hydrophilic, whereas
bacterial Fabl enzymes were slightly hydrophobic (positive
GRAVY values from 0.012 to 0.191). Instability indices for most
Fabl proteins were below 40, indicating overall structural stability,
although P. falciparum showed a slightly higher instability value
(45.92).
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Figure 2. Unrooted phylogenetic tree of Fabl enzyme sequences.
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Protozoan Fabl enzymes also contained larger numbers of
both acidic (R- values from 35-47) and basic (R+ values from
35-57) residues compared to their bacterial Fabl sequences,
which typically contained fewer acidic (25-33) and basic (21—
28) residues. In accordance with this trend, ECs were higher
for protozoan enzymes (27390—48360) than for bacterial ones
(13075-21680), aside from H. pylori and R. conorii, which again
showed higher values than typical bacterial species.

Primary Sequence Analysis

The primary structure analysis, represented by the amino acid
composition chart (Figure 3), highlights the relative abundance of
amino acids within the Fabl enzyme. Ala, is the most prevalent
amino acid, comprising 16% of the total sequence, followed by
Leu at 13.1%, Asparagine at 12.7%, Gly at 12.1%, and Ser at
10.6 (Figure 3). In contrast, several amino acids occur at very
low frequencies. Tryptophan is the least abundant, accounting

Table 1. Physicochemical properties of Fabl enzymes.

for only 1.2%, followed by Cys at 1.9% and His at 2.9%. The low
proportion of Cys is particularly notable and suggests a minimal
role in disulfide bond formation or catalytic stabilization within the
overall protein structure.

A motif analysis of 25 Fabl protein sequences (Figure 4)
revealed that Motif 2 (FRKMLAHCEAVTPJRRTVTI-
EDVGNSAAFLCSDLSAGISGEVLHVDGGFS) and Motif
3 (FLTGKRILVTGVASKLSIAYGIAQAMHREGAELAF
TYQNEK) were present across all 25 sequences. By contrast,
Motif 1 (YLGAERAIPNYNVMGLAKASLEANVRYMANAM
GPEGVRVNAISAGPIRTL) was found exclusively in bacterial
sequences, with complete absence in the five parasitic Fabl
sequences. Additionally, although motif architecture in bacterial
sequences showed highly consistent spatial arrangement and
spacing, parasitic sequences demonstrated variability in motif
positioning.

Organism Length xe‘;zlg‘;ft‘“ar pI Al I GRAVY |EC R- R+
Bacillus cereus 256 27740.46 545 | 97.54 34.38 0.048 | 13075 33 26
B. subtilis 258 27873.74 567 9721 37.09 0.017 14565 31 25
Cedecea neteri 263 28001.1 532 19395 20.68 0.162 16180 31 24
C. cayetanensis 393 40696.96 6.01 | 84.07 35.55 -0.083 | 30495 39 35
fcéec’éfﬁ”;n parasite) 410 42856.81 6.86 | 91.46 38.31 0.046 27390 38 38
E. faecalis 250 26766.7 529 | 105.72 13.22 0.124 19035 29 24
E. coli 262 27863.94 558 | 92.44 21.14 0.163 16180 29 24
Haemophilus influenzae 262 28119.1 5.35 92.18 23.65 0.07 17545 31 26
H. pylori 275 29981.45 7.1 100.04 275 0012 | 28880 27 27
Klebsiella oxytoca 262 27909.01 559 193.97 27.39 0.151 21680 29 24
Lonsdalea populi 262 27862.81 515 | 9431 23.56 0.184 14690 29 22
N. caninum 411 43022.49 711 | 81.34 35.78 0.094 | 48360 39 39
P. falciparum 432 49755.30 9.11 | 77.92 45.92 0.683 | 45395 47 57
Z‘;Z}‘;’Z}‘;’;’f‘v‘h’;?j[ﬁi’;ﬁ’) 263 27805.71 539 | 92.17 28.07 0.169 | 17670 28 22
f Eflferfo Obvciifer gergovias) 262 28014.15 577 | 9435 21.11 0.145 20190 29 25
Proteus vulgaris 262 28234.34 548 1 89.85 22.04 0.023 19035 31 26
Pseudocitrobacter 262 28015.13 5.6 94.69 24.84 0.148 17670 29 24
P. aeruginosa 265 28005.82 564 | 85.92 24.03 0.028 | 20065 30 26
fgl‘;”}‘ffiff;’fe’r’r’f;;‘; ) 262 27928.05 56 94.103 25.08 0.174 16180 29 24
R. conorii 260 28211.34 771 |91.23 24.55 0.059 | 31525 25 26
S. typhimurium 262 27760.82 557 | 92.44 20.58 0.191 16180 28 23
S. praecaptivus 262 27916.86 5.37 92.48 26.1 0.175 17670 27 21
S. aureus 256 27991.87 564 998 33.91 0.143 | 13410 33 28
T, gondii 417 43658.17 854 8525 34.87 -0.086 | 41370 37 39
Yersinia ruckeri 262 27889.98 559 9248 24.77 0.159 16180 28 23
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InterPro analysis of Motif 1, Motif 2, and Motif 3 further confirmed
that all three motifs map to a single conserved functional domain,
corresponding to the NAD(P) binding Rossmann-fold domain.

Secondary Structure Composition of Fabl Enzymes

Analysis of predicted secondary structure composition for Fabl
enzymes across bacterial and protozoan taxa revealed conserved
structural features along with notable taxonomic differences
(Table 2). Alpha helices represented the predominant secondary
structural element in all Fabl enzymes, consistently accounting for
more than 42% of the sequences, with P. falciparum displaying the
highest value at 49.77%.

16

B9

9,5 ¢

2788

||7

Amino acids present in numbers

3,1
12,1
| |106
| 10

Ala Leu Asn Gly Ser Val Lys Glu lle Thr Arg
Amino aci

Figure 3. Amino acid composition of Fabl enzymes.

In contrast, protozoan Fabl enzymes exhibited lower proportions of
extended strands (9.92%—14.39%) and beta turns (5.12%—6.94%)
compared with bacterial sequences, which typically contained
extended strands ranging from 15.65% to 19.38%, and beta turns
between 7.31% and 9.16%. Correspondingly, Fabl proteins from
Cyclospora cayetanensis, Eimeria tenella, Neospora caninum, and
T. gondii contained notably higher proportions of random coils
(35.49%-38.42%) than most bacterial Fabl enzymes (25%-31%),
with P. falciparum serving as an exception among protozoa at
30.56%.

Significantly, the prediction for disulfide bridges was “none’ across
all Fabl sequences analyzed, indicating a consistent absence of
disulphide-bond stabilization within the predicted structures.

18
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Table 2. Predicted secondary structure composition of Fabl enzymes from various organisms.

Organism Entry Alpha helix | Extended strand | Beta turn | Random coil | Disulfide bridges prediction
B. cereus Q81GI3 45.70% 18.36% 7.42% 28.52% None
B. subtilis P54616 43.02% 19.38% 8.91% 28.68% None
C. neteri AO0A291DXE3 44.11% 18.25% 8.37% 29.28% None
C. cayetanensis AOA6P6RXR9 45.55% 9.92% 6.11% 38.42% None
fcéec’éfgzn parasite) QOVIP6 46.83% 12.20% 5.12% 35.85% None
E. faecalis Q820V5 46.40% 18.80% 8.00% 26.80% None
E. coli POAEK4 45.80% 17.94% 8.02% 28.24% None
H. influenzae P44432 43.89% 17.56% 8.02% 30.53% None
f’cﬁfy’;o bacter pylori) 024990 45.09% 16.73% 8.00% 30.18% None
K. oxytoca AOA181Y691 43.13% 18.70% 9.16% 29.01% None
L. populi AOA3NOUVW2 | 45.04% 15.65% 8.40% 30.92% None
N. caninum AOAOF7URG4 45.26% 12.17% 5.84% 36.74% None
P. falciparum Q965D5 49.77% 12.73% 6.94% 30.56% None
‘;l I,Z‘e"lg;f.fe’f)“ (Aeromonas | \0A3790CMF8 | 44.87% 16.35% 8.37% 30.42% None
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Table 2. Continued.

Organism Entry Alpha helix | Extended strand | Beta turn | Random coil | Disulfide bridges prediction
I(D é’:; Zi;’zaa‘zfe’rggeeré Oovvil.“clee )| AOAOSOPP3L | 45.80% 17.18% 8.40% 28.63% None
P. vulgaris AOA6G6SGP5 | 47.71% 16.79% 8.40% 27.10% None
Pseudocitrobacter AOA5BOK471 47.71% 17.18% 8.40% 26.72% None
P. aeruginosa QY9ZFE4 44.53% 16.98% 8.30% 30.19% None
fl'(ltzgifl’;“mmgena ) AOA485BDY1 | 46.56% 18.32% 8.40% 26.72% None
R. conorii Q92IC6 4231% 19.23% 7.31% 31.15% None
Salmonella typhimurium P16657 44.66% 18.32% 8.02% 29.01% None
Sodalis praecaptivus WOHT04 45.04% 16.79% 7.63% 30.53% None
S. aureus Q6GI75 42.19% 18.36% 8.98% 30.47% None
T. gondii Q6UCI9 43.88% 14.39% 6.24% 35.49% None
Y. ruckeri AOAO85U7S9 | 48.47% 17.18% 8.78% 25.57% None
Name p-value  Motif Locations

tr|AOA085U7S9|A0A085U7S9_YERRU 445e-151 I T
t|AOAO89PP31]A0A089PP31_PLUGE 9.56e-151 1 I T
tr/AOAOF7URG4JAOAOFTURG4_NEOCL 2.96e-55 [B— L1
tr/AOA181Y691|A0A181Y691_KLEOX 1.19e-149 I
tr|A0A291DXE3|A0A291DXE3_9ENTR 1.03e-153 1 I T
tr]AOA379CMF8|AOA379CMF8_PLESH 527e-144 1 I
trAOASNOUVW2|AOA3NOUVW2_9GAMM  1.62e-142 [ |l
tr|AOA485BDY1|A0A485BDY1_RAOTE 1.15e-150 I T
trJAOA5BOK471|A0OASBOK471_9ENTR 435e-151 71 L N
trAOA6G6SGP5|A0ABGBSGPS5_PROVU 9.27e-144 [ I T
tr|AOAG6PERXRI|AOAGPERXRI_OEIME 5.89e-53 [ [
sp|O24990|FABI_HELPY 437e.95 1 I

sp|POAEK4|FABI_ECOLI 6.85e-153 1 I T

splP16657|FABI_SALTY 6.85e-153 1 I T

sp|P44432|FABI_HAEIN 2.08e-121 1 I T
sp|P54616|FABI_BACSU 2.95e-106 [ I
tr/QOVIP6|QOVIP6_EIMTE 3.48e-51 == |
splQ6GI75|FABI_STAAR 6.28e-101 1 I
tr|Q6UCJ9IQBUCII_TOXGO 7.58¢-54 - B | E—
splQ81GI3|FABI_BACCR 1.60e-110 1 I
sp|Q820V5|FABI_ENTFA 6.66e-95 [ I T

sp|QY2IC6|FABI_RICCN 7.21e-99 1 I T
t/Q965D5|Q965D5_PLAFA 1.50e-42 (— |
sp|Q9ZFE4|FABI_PSEAE 4230120 I T
tr|WOHTO4|WOHTO04_9GAMM 3.70e-148 1 LIS

Motif Symbol Motif Consensus
1

I
:1 EFRKMLAHCEAVIPJRRIVIL
3 ] FLTGKRILVIGVASKLSIAYGIAQAMHREGAELAFTYQONE

YLGAERAIPNYNVMGLAKASLEANVRYMANAMGPEGVRVNAISAGPIRTL
EDVGNSAAFLCSDLSAGI SGEV’ HVDGGES

Figure 4. Conserved motifs identified in Fabl enzyme sequences.
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Further structural interpretation via PDBsum, generated using the
predicted P. falciparum Fabl structure as a reference model (Figure
5), revealed a mixed alpha/beta fold typical of metabolic enzymes.

The Fabl structure is predominantly helical, comprising 19 alpha
helices (H1-H19) (Figure 6), distributed throughout the polypeptide
chain, along with 9 beta-strands forming multiple beta sheets that

structure elements are interconnected via loops and turns, forming
the characteristic topological arrangement depicted in the PDBsum
analysis.

Tertiary Structure Analysis

The stereochemical quality of the predicted Fabl enzyme

structure was assessed using a Ramachandran plot generated
by PROCHECK (Figure 7). The results demonstrated that the
majority of amino acid residues occupy energetically favorable
conformational regions. Specifically, 71.5% (1144 residues) were
located in the most favored regions, while 21.8% (349 residues) fell
within additionally allowed regions. A further 6.4% (103 residues)
were present in generously allowed regions. Only 4 residues (0.2%)
appeared in disallowed regions. Given that 1600 non-Gly and non-
Proline (Pro) residues were evaluated (with Gly and Pro excluded
due to their atypical conformational flexibility), this extremely low
percentage of disallowed residues indicates high stereochemical
quality and provides strong confidence in the predicted Fabl model.

contribute to the protein’s core stability. These regular secondary

~ AW '

ERRAT analysis was subsequently performed to evaluate overall
and local model quality (Figure 8). The predicted structure
achieved an Overall Quality Factor of 78.71%. The ERRAT output
highlights several regions with elevated error values, indicated by
prominent red peaks. These occur primarily within the residue
ranges 20—40 and 120-130, where error values approach the 95%
rejection limit.

Figure 5. Predicted 3D structure of P. falciparum Fabl enzyme.
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Figure 6. PDBsum analysis showing the predicted structural features of the Fabl enzyme.
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Local model reliability was further assessed through the Local
Quality Estimate plot (Figure 9), which provides confidence values
on a per-residue basis. For most of the structure (approximately
residue 75 onward), the predicted confidence remains consistently
above 0.7, indicating high accuracy in these regions.

In contrast, the N-terminal segment (residues 0-75) displays
substantially lower confidence, with scores frequently dropping
below 0.5 and, in several positions, approaching 0.1. Additionally
but comparatively minor dips in confidence occur near residue 330
and toward the C-terminus region beyond residue 380.

Functional Analysis
Signal Peptide Prediction

The N-terminal sequence of the Fabl enzyme was examined
using SignalP 6.0 to determine the presence and likely location
of a signal peptide (Figure 10). The prediction profile displays
a prominent n-region (Sec/SPI n, solid red line) at the extreme
N-terminus, corresponding to a positively charged stretch.
This is followed by a strong hydrophobic h-region (Sec/SPI
h, orange line), which extends from approximately residue 3 to
residue 15, and peaks near residue 10.

PROCHECK
Ramachandran Plot
Saves
; R
A..\'._lnfh ~b
° .
A
_
n
]
0]
=
en
[}
e
.\: -
7]
ey
-135-4
-b
1 X
90 135 180
Phi (degrees)
Plot statistics
Residues in most favoured regions [A,B,L] 1144 71.5%
Rexidues in adkitional allowod regions [a,b,l,p] 349 21-80%
Residues in gencrously allowed regions |-a,-b,-1,-p] 103 6.8%
. Lo . 4 0.2%
Residues in disallowed regions e o
Number of non-glycine and non-proline residues 1600 100.0%
Number of end-residucs (exel, Gly and Pro) 8
Number of glycine residues (shown as triangles) 84
Number of proline residues 36
Total number of residues 1728

Bascl on an analysis of 118 structures of resolution of at least 2.0 Angstroms
and R-factor no greater than 20%, a good quality model would be expected
to have over 90% in the most favoured regions.

Figure 7. Ramachandran plot for the predicted P. falciparum Fabl structure, generated by PROCHECK.
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Subsequently, the c-region (Sec/SPI c, yellow line) reaches its
maximum probability around residue 24, indicating the most
likely cleavage site. After residue 25, the probability for “OTHER”
(non-signal peptide regions, dashed red line) increases sharply,
marking the transition into the mature protein. Collectively, these
predicted profiles indicate a canonical Sec/SPI signal peptide at
the N-terminal region, with the cleavage site estimated between
residues 22 and 25.

In Silico Proteolytic Digestion

An in silico proteolytic digestion analysis was carried out to
predict potential cleavage sites and fragment numbers across the
Fabl enzyme using multiple proteases and chemical reagents
(Table 3). The number of predicted cleavage events varied widely,
ranging from a single cut to as many as 194, depending on protease
specificity.

Program: ERRAT2

File: target_fabi.pdb

Chain#:A

Overall quality factor**: 78.714

Proteinase K showed the highest cleavage frequency, with 194
predicted sites, followed by Thermolysin (120 cleavage sites),
Pepsin at pH > 2 (98 cleavage sites), and Chymotrypsin (low-
specificity) (94 cleavage sites), all of which would generate
numerous small peptide fragments.

In contrast, enzymes with narrow specificity, such as Caspasel
and Pro endopeptidase, produced only a single predicted cleavage
event. Similarly, BNPS-Skatole and Iodosobenzoic acid each
generated two cuts, while Hydroxylamine and NTCB produced
three cuts. Enzymes with moderate specificity, such as Trypsin
(54 cleavages) and high specificity-Chymotrypsin (40 cleavages),
yielded intermediate fragmentation patterns.

©
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Figure 8. ERRAT plot for the predicted P. falciparum Fabl enzyme structure.
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Figure 9. Local quality estimate of the predicted P. falciparum Fabl structure, showing per-residue confidence scores.
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Characterization of Active Site and Other Pockets via
CASTp 3.0

The CASTp 3.0 server was used to perform a detailed topological
analysis of the P. falciparum Fabl protein, with particular emphasis
on the characterization of active site pockets. The most prominent
active site was represented by four discrete pocket instances,

exhibiting solvent-accessible surface areas of 8.368 A{ 8.360 1082,
8.375 10\2, and 8.147 AZ, with corresponding volumes of 43.996 A3,
43763 A3, 43.429 A3, and 43.133 A3, respectively. Functionally
important residues identified within these pockets included
Tyr267, His268, Ser311, Ala312, Gly313, and Pro314, Ala372,
Tyr375, and Asp414.

SignalP 6.0 prediction: Sequence

1.01 SRR 2 o e o e ot I e ~-- OTHER
=l —— Sec/SPIn
Sec/SPI h
0.8 / Sec/SPI ¢
//
/
0.6 17
TN [ SR O R S ——mmmm
3
2
2 0.4
&
0.0 A
0000000000000000000000000000000000000000000000000000000000000000000000
MNKISQRLLFLFLHFYTTVCFIQNNTQKTFHNVLQOQNEQIRGKEKAFYRKEKRENIFIGNKMKHVHNMNNT
0 10 20 30 40 50 60 70

Protein sequence

Figure 10. SignalP 6.0 prediction of the P. falciparum Fabl N-terminal sequence, illustrating probabilities for n-region (Sec/SPI n), h-region (Sec/SPI h),
c-region (Sec/SPI c¢), and non-signal peptide (OTHER).

Table 3. Predicted proteolytic cleavage sites for P. falciparum Fabl enzyme.

Name of enzyme Number of Positions of cleavage sites
cleavages
Arg-C proteinase 16 740 48 52 122 186 231 293 301 306 318 340 383 401 404 428
AoN endopentid ’ 8297 106 147 149 153 155 162 167 171 175 177 196 224 235 290 343 369 389
Sp- encopepticase 413 423 424
3642 49 5277 79 80 82 91 92 96 97 106 117 147 149 153 155 162 167 171 175
Asp-N endopeptidase + N-terminal Glu 47 177 178 179 195 196 220 224 235 288 290 330 343 353 355 356 369 373 376
389 401 413 423 424 429 431
BNPS-Skatole 2 113 131
Caspasel 1 390
Chvmotryosinhieh soecificit 101215 16 21 30 46 47 56 76 101 111 113 128 135 138 142 147 167 171 187
ymotrypsin-mugh speciiicity 40 206 234 243 251 252 267 277 297 303 330 366 368 371 375 379 397 412 421
(C-term to [FYW], not before P) 427
18910111213 1415 1621 30 31 34 46 47 56 61 63 65 67 71 75 76 77 101
Chvmotryosin.l it 111 113 119 128 135 138 139 142 147 151 159 162 164 167 171 187 189 190
(cyt r?n gp[spé\;‘l’z/lsﬂ’]ecn fbyf o P) 94 201 203 206 211 212 214 216 226 227 234 235 238 243 245 248 251 252 256
-lerm to » ot betore 265 267 268 277 281 288 295 297 298 299 303 315 326 330 346 349 366 368
371 375 379 382 386 387 397 398 399 412 417 420 421 427
Clostripain 16 740 48 52 122 186 231 293 301 306 318 340 383 401 404 428
CNBr 14 1616777139 151 159 164 189 211 256 281 349 420
Formic acid - 8398 107 148 150 154 156 163 168 172 176 178 197 225 236 291 344 370 390
414 424 425
Glutamv] endonentidase ’s 3743 50 53 78 80 81 92 93 97 118 179 180 196 221 289 331 354 356 357 374
Y peptidas 377 402 430 432
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Table 3. Continued.

Name of enzyme

Number of
cleavages

Positions of cleavage sites

Hydroxylamine

3

109 144 415

Todosobenzoic acid

2

113 131

LysC

41

328424449 51606279899195117 121 125 140 143 146 155 157 158 182
185 205 208 220 224 232 240 250 257 272 285 316 325 338 355 358 359 378
385

LysN

41

2274143485059 6178889094 116 120 124 139 142 145 154 156 157 181
184 204 207 219 223 231 239 249 256 271 284 315 324 337 354 357 358 377
384

NTCB (2-nitro-5-thiocyanobenzoic acid)

19 99 248

Pepsin (pH > 2)

98

810111213141520212934454755567576100101 110111 112113
118 128 135 137 138 141 146 147 161 162 165 166 170 171 189 190 193 200
201206 211 212 215 225 227 235 237 238 243 244 245 247 248 250 251 264
265 266 267 277 288 294 296 297 298 299 302 314 325 326 329 330 365 366
367 368 370 371 374 375 378 381 386 396 397 398 399 411 412 416 417 420
422 426 427

Pepsin (pH1.3)

66

81011121314 15202129 34455556100 101 118 128 137 138 146 147
161 162 165 166 170 171 189 190 200 201 211 212 215 225 227 235 237 238
244 245 247 248 251 264 265 288 294 298 299 314 325 326 367 368 381 386
396 397 398 399 416 417 420 422

Pro endopeptidase [*]

258

Proteinase K

194

48910111213151617 181921222629 3033 34 37 3943 45 46 47 50 53
555657647076 78 80 81 84 87 90 92 93 97 99 101 102 103 105 108 111 113
115116 118 119 124 126 127 128 130 131 134 135 137 138 142 147 152 153
161 162 165 167 169 171 173 174 177 179 180 181 187 190 193 195 196 198
199 201 202 206 209 212 213 216 217 219 221 222 226 227 229 234 235 237
238 243 245 246 248 251 252 253 255 262 263 265 266 267 269 273 274 277
284 286 287 288 289 292 294 295 296 297 299 303 305 307 309 310 312 315
319320 321 322 323 326 329 330 331 334 345 348 354 356 357 362 366 367
368 369 371 372 373 374 375 377 379 380 382 386 387 389 391 394 395 397
398 399 402 405 406 407 410 411 412 413 417 419 421 422 426 427 430 432

Staphylococcal peptidase I

21

3743 505378809297 118 179 196 221 289 331 354 356 374 377 402 430
432

Thermolysin

120

378910111214 18202129 32333844 45 54 55 56 60 63 66 76 86 89 100
101 102 104 114 115 123 125 126 127 129 133 136 137 138 146 151 152 158
160 161 166 170 173 188 189 194 198 200 201 208 210 211 212 215 216 218
226 234 237 244 245 247 251 252 254 255 261 262 264 268 272 280 283 285
286 287 293 294 295 298 304 306 309 311 314 318 319 321 322 325 347 348
361367 368 371 372 381 385 386 393 394 396 397 398 404 405 410 412 416
418 419 420

Trypsin

54

37284042444849 51526006279 899195117 121 122 125 140 143 146
157 158 182 185 186 205 208 220 224 231 232 240 272 285 293 301 306 316
318 325 338 340 355 358 359 378 383 385 401 404 428

Total

943

In addition to these active site pockets, CASTp analysis revealed
another large and centrally located pocket with a substantially
greater surface area (951.472 AZ) and volume (851.864 A3). Key
residues lining this central cavity included His268, Ser270, and
Glutamine 271 (GIn271), together with Threonine 292 (Thr292),

Arginine 293 (Arg293), Tyr412, and Isoleucine 419 (Ile419).
The 3D representation of these identified pockets is shown in
(Figure 11), where the four active site-associated pockets are
highlighted in pink and the centrally located pocket is depicted
in black.
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Discussion

Two highly conserved regions, AKAALES and RVNAISAGPIRT,
were identified within Fabl enzyme sequences, underscoring
their likely functional importance. Although conservation is
broadly maintained, several amino acid positions exhibit specific
substitutions. Some substitutions retain similar physicochemical
properties (conservative), while others introduce marked changes
(non-conservative).

In the AKAALES region, Ala329 occasionally undergoes a
non-conservative substitution to Ser, thereby introducing a polar
hydroxyl group in place of the nonpolar methyl group typically
resides there. Conversely, Glutamic Acid 331 shows a highly
conservative change to Asp since both are acidic, negatively
charged amino acids, which ensures that the electrostatic role
of the site is preserved. At the position 332, a notable degree of
variation is observed, directly influencing the local polarity. The
substitution from Ser to Ala is non-conservative because it shifts
the residue’s characteristic from polar to nonpolar. Furthermore, in
one instance, Thr (T) is present at this site. When considering this
change, a substitution from Ser to Thr is conservative, as both are
polar amino acids possessing similar hydroxyl groups; however, if
Ala were replaced by Thr, it would constitute a non-conservative
change.

Within the longer RVNAISAGPIRT region, variations at position
349 (Valine to Ile), and at position 352 (Ile to Valine or Leu)
are conservative, since all involved amino acids are nonpolar,

branched-chain hydrophobics and collectively maintain the
local hydrophobic environment. Similarly, the alternations at
positions 357 (Leu/Ile), 358 (Lysine/Arg), 359 (Ser/Thr), are
also conservative. However, at position 351 (typically Ala) in
RVNAISAGPIRT there are diverse non-conservative substitutions
to Gly, Ser, Thr, or Cys. These changes can either alter local
flexibility (Gly) or significantly modify the polarity (Ser, Thr, Cys).
The Cys substitution is particularly notable because its reactive thiol
group could introduce new chemical functionalities. Lastly, the
change from Pro to Ala at position 356 is non-conservative, as this
substitution, observed in only one instance, fundamentally alters
the local structural rigidity. Altogether, these patterns highlight
a strategic balance, in which conservative substitutions maintain
core function through preservation of essential physicochemical
properties, while non-conservative changes may reflect specific
evolutionary adaptations that influence enzyme characteristics and
could impact activity, substrate specificity, or stability in different
host environments.

The phylogenetic analysis of Fabl enzyme sequences yields crucial
insights into their evolutionary origins and relationships across
diverse taxa. A key finding is the clear and substantial evolutionary
distance  observed between the Plasmodium-containing
Apicomplexa clade and all bacterial lineages represented in
the tree. This distinct separation, in which Plasmodium’s Fabl
clusters tightly with other apicomplexan orthologs yet remains
phylogenetically distant from all bacterial Fabl sequences, is highly
significant because Fabl is fundamentally a prokaryotic (bacterial)
FAS enzyme. The presence of such a typically bacterial enzyme

Figure 11. 3D representation of P. falciparum Fabl enzyme, highlighting predicted CASTp 3.0 pockets. The four active site-related pockets are shown in

pink, and another significant central pocket is depicted in black.
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within a eukaryotic parasite like Plasmodium, as evidenced by
its unique branching pattern in the tree, strongly supports its
acquisition through an ancient horizontal gene transfer (HGT)
event. This transferred gene likely originated from a bacterial
ancestor that became endosymbiotic and ultimately gave rise to
the apicoplast-a non-photosynthetic plastid within Apicomplexa
that houses the bacterial-derived FAS-II pathway. This profound
evolutionary divergence of apicomplexan Fabl from extant
bacterial enzymes together with its distinctness from human FAS
pathways, positions it as a highly promising target for anti-parasitic
drug development.

The observed distinct physicochemical profiles between protozoan
and bacterial Fabl enzymes offer valuable insights into their
functional adaptations and evolutionary trajectories. The larger
size and higher molecular weight of Fabl from protozoan parasites,
together with their generally higher isoelectric points (pI) and
greater hydrophilicity (negative GRAVY values), stand in sharp
contrast to the smaller, more hydrophobic, and typically lower
p! bacterial Fabl. This comparison suggests that protozoan Fabl
enzymes, such as those in Plasmodium with its notably high pl
and hydrophilicity, may be specifically adapted for different
intracellular environments or protein interaction partners than their
bacterial counterparts. For instance, increased hydrophilicity could
indicate greater surface exposure or more extensive interactions
with the aqueous lumen of the apicoplast, where these enzymes
function.

Furthermore, the higher count of charged residues (acidic and
basic) in protozoan Fabl contributes to their distinct pl values and
to potentially more complex electrostatic interactions. While most
bacterial Fabl display consistent characteristics, the exceptions,
such as the higher pl observed in H. pylori and R. conorii, might
reflect adaptations to unique intracellular or extracellular niches
and corroborate the distinct branching patterns observed in the
phylogenetic analysis.

A motif analysis was performed on 25 Fabl protein sequences.
Notably, despite the overall conservation of Motif 2 and Motif
3, several parasitic Fabl sequences showed shifts in the relative
positions of these motifs compared to their bacterial counterparts.
Such positional shifts may reflect structural adaptations or domain
rearrangements specific to the parasite’s cellular environment or
evolutionary history. The absence of Motif 1 in protozoan Fabl
sequences, despite its broad and consistent presence in bacteria,
further suggests a significant evolutionary divergence. This
indicates that protozoan Fabl either performs its function using
a different molecular mechanism that does not require Motif 2, or
that this region was lost or became highly divergent following the
initial HGT event from a bacterial ancestor.

The precise mapping of all three identified conserved motifs to a
specific domain within P. falciparum Fabl provides critical insights
into its functional architecture, and this domain’s identification as a
NAD(P) binding Rossmann-fold domain is highly significant.

The Rossmann fold is a well-established supersecondary structural
motif that is essential for binding nucleotides, particularly

NAD(P)H, which serves as a vital cofactor for a vast array of
oxidoreductases. Given that Fabl (enoyl-ACP reductase) is an
oxidoreductase that absolutely requires NAD(P)H for its catalytic
activity, locating these three conserved motifs precisely within
this NAD(P) binding Rossmann-fold domain directly confirms the
structural basis for cofactor recognition and enzymatic function.
Their presence within this specialized domain also strongly
suggests direct involvement in substrate binding, catalysis, or
cofactor interaction.

The predicted secondary structure profiles additionally highlight
lineage-specific adaptations of Fabl enzymes. The predominance
of alpha-helical content across all analyzed Fabl sequences
points to a shared compact globular architecture that is essential
for enzymatic function. However, compared to their bacterial
counterparts, protozoan Fabl enzymes generally contain lower
proportions of extended strands and beta turns while exhibiting
higher random coil content, indicating a potentially greater
inherent flexibility. Notably, P. falciparum is distinct among
protozoa, with a random coil percentage more closely aligned
with bacterial Fabl, suggesting a particular structural adaptation
possibly tied to unique functional requirements or its intracellular
environment. Most significantly, the universal absence of predicted
disulfide bridges across all Fabl enzymes strongly indicates that
these proteins operate in reducing cellular environments, such as
the bacterial cytoplasm or the apicoplast lumen, where stabilizing
bonds are not typically formed.

The ERRAT analysis provided a important assessment of the
predicted Fabl enzyme structure. Although the overall quality
factor suggests a plausible structural model, the most prominent
areas of concern are highly localized within the N-terminal region,
particularly around residues 20—40. This clustering of high error
values (red spikes) is strongly suggestive of a cleavable N-terminal
signal or transit peptide. Because P. falciparum Fabl is known to be
targeted to the apicoplast, such targeting sequences are inherently
flexible or unstructured in the mature protein and are normally
cleaved off following import into the organelle. As a result,
computational modeling tools frequently struggle to accurately
predict the conformation of these dynamic or absent regions,
leading to their erroneous classification by quality assessment
programs like ERRAT. For this reason, the localized discrepancy
does not invalidate the accuracy of the predicted 3D structure of
the mature, functional Fabl enzyme.

The Local Quality Estimate plot provides a crucial residue-level
assessment of the predicted Fabl enzyme structure and offers
insights into the reliability of different regions. Across the majority
of the protein, the confidence scores remain generally high (typically
above 0.7 from residue ~75 onwards), which is encouraging and
suggest that the previously described core structural elements and
overall fold are well-predicted and represent a reliable model for
the mature, functional enzyme.

In contrast, the N-terminal segment (residues 0 to ~75) displays a
prominent and consistent region of significantly low confidence,
and this pattern constitues a key observationthat warrants specific
discussion. The same region has been highlighted in the ERRAT
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plot through high error values, and the agreement between between
both analyses strongly supports the interpretation that this segment
reprsents an intrinsically disordered or highly flexible N-terminal
signal/transit peptide.

This conclusion is further supported by SignalP 6.0, which predicts
a cleavable signal peptide with a likley cleavage site near residues
22-25, consistent withprevious indicators that the N-terminus
remains unstructured before processing.

The in silico proteolytic digestion analysis also provides a useful
guidance for future biochemical characterization of P. falciparum
Fabl. The wide range in predicted cleavage events, from a single
cut to almost 200, reflects the diverse specificities of the proteases
and chemical reagents tested.

Broad specificity enzymes such as Proteinase K, Thermolysin,
Pepsin, and low-specificity Chymotrypsin are effective for extensive
digestion, which may be useful for amino acid composition analysis
or generating small peptides for mass spectrometry identification.

Conversely, proteases like Caspasel and Pro-endopeptidase,
which each yield only one cleavage site, are highly selective and
therefore valuable for isolating large, well-defined fragments for
structural studies or targeted protein engineering. Limited cleavage
by chemical reagents such as BNPS-Skatole and Hydroxylamine
similarly confirms their utility for generating a few large peptides
by acting on less common amino acid residues. Together, this
cleavage map forma an important foundation for experimental
design, including peptide fingerprinting, structural domain
isolation, and verifying recombinant protein integrity.

The CASTp 3.0 analysis further contributes by characterizing the
surface features and internal topography of the Fabl enzyme.

The prominent active site appears as four relatively small pocket
instances (each with areas of 8 A2 and volumes of 43 A3),
suggesting a more complex architecture than a single cavity.
These multiple sub-pockets may accommodate different substrate
regions or catalytic intermediates involved in multi-step FAS. The
central cavity could also function as an allosteric binding site, a
channel for substrate/product passage, or a location involved in
conformational shifts. Altogether, these detailed topographical
insights are invaluable for understanding catalytic mechanism,
predicting ligand binding, and guiding inhibitor design.

Conclusion

This comprehensive computational structural and functional study
has meticulously characterized the P. falciparum Fabl enzyme,
which serves as a critical antimalarial target. The work provides a
robust foundation for researchers to gain a detailed understanding
of its protein structure, thereby facilitating the rational design of
novel compounds with desirable characteristics for exploiting
them as potential drug targets against malaria. However, further
experimental (in vitro and in vivo) studies are essential to validate
these computational predictions.
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Abstract

Background: Streptozotocin (STZ) is an agent with selective toxicity
targeting pancreatic f-cells and is commonly used to establish models
of pancreatic damage. Royal jelly (RJ) is a natural product rich in
biologically active compounds and has been shown in various studies
to exert antioxidative and cytoprotective effects.

Aims: This study aimed to evaluate the potential protective effects of
RJ against STZ-induced pancreatic damage and to investigate these
effects in terms of oxidative stress (OS) and telomere biology.

Methods: Twenty-four female Wistar albino rats were randomly
divided into four groups: control, RJ (350 mg/kg), STZ, and STZ +
RJ (350 mg/kg). Telomere length in pancreatic tissue and serum levels
of 8-hydroxy-2’-deoxyguanosine (8-OHdG), paraoxonase-1 (PON1),
and telomerase were analyzed using commercial enzyme-linked
immunosorbent assay Kkits.

Results: STZ administration significantly increased oxidative DNA
damage (8-OHdG) and decreased PONI1 levels, indicating elevated
OS. RJ treatment effectively reversed these changes, bringing 8-OHdG
and PONI1 levels closer to those of the control group. Moreover, RJ
administration significantly increased the reduced pancreatic telomere
length and serum telomerase levels in the STZ group.

Conclusion: These findings suggest that RJ may mitigate STZ-
induced oxidative stress and telomere shortening. Further studies are
needed to elucidate the therapeutic mechanisms of RJ in OS-related
pancreatic disorders.

Ozet

Dayanak: Streptozotosin (STZ), ozellikle pankreasin f-hiicrelerini
hedef alan secici toksisiteye sahip bir ajandir ve pankreatik hasar
modellerinin olusturulmasinda siklikla kullanilmaktadir. Art siiti
(RJ) ise biyolojik olarak aktif bilesiklerce zengin dogal bir iiriin
olup oksidatif stres (OS) karsitt ve hiicre koruyucu etkileri ¢esitli
caligmalarda gosterilmistir.

Amaclar: Bu calisma, RJ’nin STZ ile indiiklenen pankreas hasarina
kars1 potansiyel koruyucu etkilerini degerlendirmeyi ve bu etkileri
oksidatif stres ile telomer biyolojisi acisindan incelemeyi amaglamistir.

Yontemler: Yirmi dort disi Wistar albino sican rastgele dort gruba
ayrilmistir: Kontrol, RJ (350 mg/kg), STZ ve STZ + RJ (350 mg/kg).
Pankreas doku orneklerinden telomer uzunlugu; kan serumundan da
8-hidroksi-2’-deoksiguanozin (8- OHdG), paraoksonaz-1 (PON1) ve
telomeraz diizeyleri enzim baglantili immiinosorbent analizi kitleri
kullanilarak analiz edilmistir.

Bulgular: STZ uygulamasi, oksidatif DNA hasarm (8-OHdG)
anlamli derecede artirmig ve PON1 diizeylerini azaltarak artmig OS’yi
ortaya koymustur. RJ tedavisi bu degisiklikleri etkili bir sekilde tersine
cevirerek 8-OHdG ve PONI diizeylerini kontrol grubu degerlerine
yaklastirmigtir.  Ayrica, RJ uygulamasinin STZ grubunda azalan
pankreas telomer uzunlugunu ve serum telomeraz diizeyini anlaml
bicimde artirdig1 belirlenmistir.

Sonug: Bu bulgular, RI’nin STZ kaynakl oksidatif stresi ve telomer
kisalmasini azaltabilecegini gostermektedir. OS ile iligkili pankreatik
bozukluklarda RJ’nin terapotik mekanizmasini en iyi sekilde ortaya
koymak igin ileri caligmalara ihtiya¢ vardir.
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Introduction

Royal jelly (RJ) is a nutrient-rich compound secreted by the
hypopharyngeal glands of worker honey bees. It is a complex
mixture of lipids, glucose, proteins, vitamins, and minerals.
The longevity and fertility of queen bees have been attributed to
their exclusive feeding on RJ (Ozkok et al., 2021). RJ is widely
utilized commercially in the medical and cosmetic fields. Animal
studies have demonstrated that RJ possesses multiple bioactivities,
including antioxidant (Ghanbari et al., 2016), anti-inflammatory
(Fujiwara et al., 1990), antihypertensive (Tokunaga et al., 2004),
and immunomodulatory (Vucevic et al., 2007) effects. One of
its most remarkable properties is its ability to stimulate cell
proliferation and influence antidiabetes therapeutic processes
(Ghanbari et al., 2015).

Streptozotocin (STZ), is a monofunctional nitrosourea derivative
isolated from Streptomyces achromogenes, which exhibits broad-
spectrum antibiotic activity and antineoplastic properties. STZ
is widely employed in experimental models to induce selective
pancreatic f-cell damage due to its potent DNA-alkylating properties,
resulting in random DNA synthesis, strand breaks, adducts, alkali-
labile sites, micronuclei formation, sister chromatid exchanges,
chromosomal aberrations, and cell death. These impacts render
STZ a powerful mutagen in bacterial and mammalian cells (Tural
Cifci & Tuzcu, 2025; Paviolo et al., 2015). The selective uptake
of STZ by pancreatic B-cells is mediated via the GLUT2 glucose
transporter, leading to DNA alkylation and the subsequent activation
of poly(ADP-ribose) polymerase, NAD* depletion, reduced ATP
levels, and the inhibition of insulin production. Moreover, STZ
generates reactive oxygen species, contributing further to DNA
damage and cytotoxicity (Tural Cifci & Tuzcu, 2025; Saha et al.,
2025). STZ is administered to obtain experimental models, as
either a single high dose or multiple low doses, to reliably induce
diabetes, providing a reproducible platform for assessing pancreatic
tissue responses to pharmacological agents independent of systemic
glucose levels (Lenzen, 2008; Like & Rossini, 1976).

Telomeres are specialized nucleoprotein complexes located at the
ends of linear chromosomes, playing a crucial role in preserving
genomic stability and cell replicative capacity (Blackburn, 1991).
Telomere shortening, which occurs naturally with each cell
division, may be further accelerated by external factors such as
oxidative stress (OS) and DNA damage, leading to cell senescence
or apoptosis (Epel et al., 2004). In this context, telomere length is
not only a biomarker of cell aging but also a critical determinant
of cell proliferative potential (Blackburn, 2001). Since pancreatic
p-cell regeneration is limited and sensitive to OS, monitoring
telomere integrity provides valuable insights into tissue
homeostasis under pathological conditions (Zhang et al., 2019).
Furthermore, OS-induced telomere attrition has been implicated
in the dysfunction of several tissues, including pancreatic islets,
making telomere dynamics a relevant parameter for metabolic and
degenerative diseases (Epel et al., 2004; Zhang et al., 2019).

This study primarily aimed to evaluate the potential of RJ, a natural
bioactive compound, to mitigate STZ-induced p-cell damage.

Specifically, considering the antioxidant, antiapoptotic, and
cytoprotective properties of RJ, this study investigated its impacts
on STZ-induced DNA damage, OS, and telomere dysfunction.
Overall, it elucidates the alleviative potential of RJ against STZ-
induced pancreatic injury and the contribution of natural bioactive
agents in maintaining pancreatic homeostasis under metabolic and
genotoxic stress.

Materials and Methods

This study was carried out with the approval of Canakkale Onsekiz
Mart University Animal Experiments Local Ethics Committee
(approval number: 2021/01-01, dated: 12.02.2021).

Experimental Plan

The RJ used is commercially available and is produced by the BeeO
R&D Laboratory, Istanbul Technical University, Istanbul, Tiirkiye.
The RJ dose administered was determined based on the effective
doses reported for similar animal models (Cakir, 2023). For the
experiments, 24 Wistar albino female rats weighing 200-250 g were
divided into four groups, with six rats in each group. They were
named as control, RJ (350 mg/kg RJ), STZ, and STZ + RJ (350
mg/kg RJ) groups (Figure 1). The environmental conditions were
maintained at 21 °C + 2 °C and 50% + 5% humidity, under a 12/12
h light/dark cycle. The STZ group animals were intraperitoneally
(i.p.) administered with 50 mg/kg STZ in citrate buffer. RJ was
administered by the gavage method. At the end of the 4-week
experiment, the rats were kept on a fast for 10 h and anesthetized
with 70 mg/kg ketamine and 7 mg/kg xylazine (i.p.). Blood was
collected from their hearts after puncture and transferred to tubes
without an anticoagulant for serum. After the tubes were spun in
an NF 1200 centrifuge (Niive, TX, USA) at 1,400 g and 4 °C for 10
min, the serum was separated and stored in labeled tubes at -80 °C.

Serum Analysis

In the study, commercially available enzyme-linked immunosorbent
assay (ELISA) kits were used to measure telomerase level
(E-EL-R0947;  Elabscience, TX, USA), 8'-hydroxy-2’'-
deoxyguanosine (8-OHdG, MBS701076; MyBiosource, CA,
USA) levels, and PON1 (MBS453155; MyBiosource) contents.
An ELx800 ELISA device (BioTek Instruments, Inc., VT, USA)
and an ELx50 washer (BioTek) were used.

Tissue Homogenization

A clinic/cell SV mini tissue extraction kit (108-101; GeneAll
Biotechnology Co., Ltd., Seoul, Korea), 0.2 mm stainless steel
beads, and a Digital Disruptor Cell Disruptor (#3591456; Bio-
Rad Laboratories, CA, USA) were employed to homogenize the
pancreatic tissues.

Telomere Lengths

In this study, the average telomere length of the pancreatic tissue
cells was determined using the Telomere Length Quantification
gPCR Test Kit (R8918; ScienCell Research Laboratories, CA,
USA) and the Absolute Rat Telomere Length Kit (R8918;
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8-OHdG = 8-hydroxy-2’-deoxyguanosine; PON1 = paraoxonase-1; STZ = streptozotocin; RJ = royal jelly.

ScienCell Research Laboratories). A single-copy reference (SCR)
primer, which amplifies a 100-bp region of chromosome 17, was
employed for data normalization. Genomic DNA with a known
telomere length served as a reference for calculating the telomere
lengths of the study samples.

ACq (TEL) = Cq (TEL, target sample)- Cq (TEL, reference
sample)
ACq (SCR) = Cq (SCR, target sample)- Cq (SCR, reference
sample)

AACq = ACq (TEL)- ACq (SCR)
sample X 2—A4Cq

= Telomere length of reference

The average telomere length in the target genomic DNA was 5.05
+ 0.18 Mb. Rat diploid cells have 84 telomeres; the average length
of each telomere is = 5.05 + 0.18 Mb/84 = 60.1 + 2.1 kb per
diploid cell or chromosome end (Cakir, 2023; O’Callaghan &
Fenech, 2011).

Statistical Analysis

All data are expressed as mean =+ standard deviation (SD).
Normality and homogeneity of variances were assessed using
the Shapiro—Wilk and Levene tests, respectively. Variables with
homogenous variances were analyzed using one-way analysis
of variance (ANOVA), followed by Tukey’s post-hoc test, while
variables with unequal variances were analyzed using Welch
ANOVA, followed by Games—Howell post-hoc comparisons.
Statistical significance was set at p < 0.05, and post-hoc
differences are indicated in the tables as *p < 0.05, **p < 0.01, and
***p < 0.001. All analyses were performed using GraphPad
Prism 9 (GraphPad Software, CA, USA).

Results

The serum 8-OHAG levels varied markedly among the groups
(Table 1). They declined and elevated significantly in the RJ and

STZ groups, respectively, compared to the control (p < 0.001). Co-
treatment with RJ and STZ significantly reduced 8-OHdG levels
compared to STZ alone (p < 0.001), although the contents of both
groups remained slightly higher than that of the control group (p
< 0.05).

Table 1. Serum 8-OHdG levels (ng/mL).

Group Mean + SD Post-hoc
Control 1.445 + 0.011 *

RJ 1.253 +£0.034 *%

STZ 1.718 + 0.021 ook
STZ + RJ 1.465 + 0.046 *

8-OHdG: Group means + SD. Normality was confirmed (p > 0.05), but
homogeneity of variances was not confirmed according to Levene’s test.
Therefore, group differences were analyzed using Welch ANOVA,
followed by Games—Howell post-hoc test for pairwise comparisons, and
significance levels are indicated in the table as *p < 0.05, **p < 0.01, and
##%p < 0.001. 8-OHAG = 8-hydroxy-2’-deoxyguanosine; RJ = royal jelly;
SD = standard deviation; STZ = streptozotocin.

PONI activity differed remarkably between the groups (Table
2). It significantly increased and decreased in the RJ and STZ
groups, respectively, compared to the control group (p < 0.001).
STZ and RJ cotreatment increased PON1 activity compared to
STZ alone, restoring it closer to the control group levels (p <
0.05).

The pancreatic tissue telomere lengths varied significantly among
the groups (Table 3). The telomere length decreased markedly in
the STZ group but increased significantly in the STZ + RJ group
compared to the STZ group (p < 0.01), although it was not fully
restored to the same length as the control group.

The serum telomerase levels also differed among the groups
(Table 4). They declined markedly in the STZ group, but did not
differ significantly in the RJ and STZ + RJ groups, compared
to the control group (p > 0.05). these findings indicate that RJ
administration partially mitigated such STZ-induced decrease.
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Table 2. Serum PON1 activity (U/mL).

Group Mean + SD Post-hoc
Control 2187 +4.4 *

RJ 2297+ 7.4 K

STZ 187.0 + 2.6 ek

STZ + RJ 212.0+5.0 &

PONI1: Values are presented as mean + SD. Normality and homogeneity
of variances were confirmed, and group differences were analyzed using
one-way ANOVA, followed by Tukey’s post-hoc test. Significance levels
are indicated as *p < 0.05, **p < 0.01, and ***p < 0.001.

PON1 = paraoxonase-1; RJ = royal jelly; SD = standard deviation;

STZ = streptozotocin.

Table 3. Pancreatic telomerase length (kb).

Group Mean + SD Post-hoc
RJ 96.64 +3.10 *
Control 100.94 + 1.84 *

STZ 7.31 +0.29 ook
STZ + RJ 44.82 +0.32 ok

Telomere length: Values are presented as mean + SD. Normality and
homogeneity of variances were confirmed, and group differences were
analyzed using one-way ANOVA, followed by Tukey’s post-hoc test.
Significance levels are indicated as *p < 0.05, **p<0.01, and

*##%p < 0.001. RJ = royal jelly; SD = standard deviation;

STZ = streptozotocin.

Table 4. Serum telomerase levels (ng/mL).

Group Mean + SD Post-hoc
Control 0.398 + 0.036 &

RJ 0.348 + 0.037 &

STZ 0.281 + 0.064 ok

STZ + RJ 0.348 + 0.046 *

Telomerase levels: Values are presented as mean + SD. Normality and
homogeneity of variances were confirmed, and group differences were
analyzed using one-way ANOVA, followed by Tukey’s post-hoc test.
Significance levels are indicated as *p < 0.05, **p < 0.01. RJ = royal jelly;
SD = standard deviation; STZ = streptozotocin.

Discussion

STZ is widely employed to construct experimental diabetes
models due to its selective cytotoxicity toward pancreatic p-cells
within the islets of Langerhans. Structurally similar to glucose,
STZ enters P-cells via the GLUT2 transporter and induces cell
damage through mechanisms including DNA alkylation, nitric
oxide production, and free radical generation. This process not
only suppresses insulin biosynthesis but also promotes profound
OS and inflammation in pancreatic tissues (Fu et al., 2010;
Lenzen, 2008). In the present study, a single intraperitoneal
dose of 50 mg/kg STZ was administered to initiate tissue-level
pancreatic injury. This dosage has been identified as optimal,
since lower doses (30—40 mg/kg) failed to elicit a consistent
diabetic response, and higher doses (>70 mg/kg) were associated

with severe systemic toxicity and increased mortality (Ar’Rajab
& Ahrén, 1993).

Beyond its use in diabetes modeling, STZ induces persistent
genomic instability. Studies in rat-derived ADIPO-P2 cells
demonstrated that STZ exposure triggers long-term telomeric
dysfunction, characterized by a loss in telomere FISH signals
and duplications, independent of telomerase level or telomere
length (Paviolo et al., 2015). Similarly, in vivo studies reveal
that STZ damages the DNA of the proximal tubular epithelial
cells and activates p53-based signaling pathways, leading to
site-specific cytotoxicity, which, in certain contexts, could
be mitigated pharmacologically (Nakai et al., 2023). In
neuronal models, differentiated SH-SYS5Y cells displayed
altered sensitivity to STZ-induced cytotoxicity and insulin
resistance, highlighting the role of cell maturity in the STZ
response (Bagaméry et al., 2021). Additionally, STZ induces
retinal progenitor cell damage in neonatal rats independent of
hyperglycemia, suggesting direct cytotoxic effects in developing
tissues (Lin et al., 2024).

The health-benefiting influence of RJ stems from its rich
composition of bioactives. RJ contains flavonoids and phenolics
known for their potent antioxidant activity, enabling it to counteract
OS implicated in the pathogenesis of various diseases (Kocot et
al., 2018). Furthermore, major RJ proteins (MRIPs) and peptides
derived from RJ demonstrate metal-chelating as well as antioxidant
capabilities involving mechanisms such as hydrogen peroxide,
superoxide, and hydroxyl radical scavenging. The proteolysis of
RJ proteins produces peptides that exhibit a robust antioxidant
potential (Guo et al., 2021).

Given the increasing interest in natural bioactive compounds,
this study aimed to evaluate the potential protective effects of RJ
against STZ-induced pancreatic injury, with particular attention
to telomere length as a molecular indicator of cell viability. In
addition, oxidative state alterations were assessed using specific
biomarkers, 8-OHdG for DNA oxidative damage and PON1 for
enzymatic antioxidant status, to elucidate the redox-modulatory
role of RJ within the pancreatic microenvironment (Aviram &
Rosenblat, 2004; Kasai, 1997; Mackness et al., 2004; Valavanidis
et al., 2009).

In addition to telomere length, serum telomerase level was also
evaluated to gain insights into the status of telomere maintenance
mechanisms following STZ-induced pancreatic damage and to
assess the modulatory effects of RJ on this process. Although
serum telomerase levels may not fully reflect tissue-level enzyme
activity, they can provide complementary information regarding
systemic telomere dynamics (Kim & Wu, 1997).

The toxic effects of STZ are not limited to the selective damage
of pancreatic p-cells but also to an increased systemic OS burden
(Lenzen, 2008; Szkudelski, 2001). However, RJ administration
increased PONI1 activity and significantly reduced 8-OHdAG
concentrations. These results suggest that RJ exerts protective
effects not only by alleviating oxidative DNA damage but also by
reducing lipid peroxidation.
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These results of previous studies support these findings. For
instance, Cakir (2023) demonstrated that RJ markedly enhanced
PONT activity and suppressed 8-OHdG concentrations during
liver toxicity induced in rats. Similarly, Cakir (2022) reported that
different doses of RJ exerted beneficial effects on OS, as indicated
by biomarker levels and telomerase level in rats exposed to
cadmium. Prior investigations have emphasized the effectiveness
of RJ in alleviating diabetes-associated biochemical disturbances
and OS from various perspectives. Moreover, RJ promotes
healing by stimulating cell division and tissue regeneration
(El-Seedi et al., 2024; Orsoli¢ & Jazvins¢ak Jembrek, 2024).
PONI1 exerts beneficial effects in various diseases, including
diabetes, by modulating the signaling pathways associated with
inflammation and OS (Marsillach et al., 2009). The decrease in
PONT activity following cisplatin administration was extensively
preserved in rats treated with RJ (Yildirim et al., 2012). Similarly,
in the present study, STZ administration suppressed the PON1
activity, which were restored to near-control values following RJ
treatment.

8-OHdG is a well-established biomarker used to detect base
modifications induced by mutagenic damage to DNA and RNA
(Alper et al., 2005; Wong et al., 2006). Experimental diabetes
models have also demonstrated elevated OS marker and 8-OHdG
levels, highlighting the oxidative nature of diabetic damage and
the role of 8-OHdG as a molecular indicator of this process (Alper
et al., 2005; Mis et al., 2018). In this study, plasma 8-OHdG
concentrations were consistently and remarkably enhanced in
STZ-treated rats compared to controls. The notable reduction in
8-OHdG levels following RJ administration is attributed to the
potent antioxidant properties of RJ.

The findings of the present study are consistent with those
reported in the literature, indicating that telomere integrity and
telomerase level are closely associated with tissue damage,
OS, and inflammation. Processes such as genome instability,
heterochromatin loss, and telomere attrition accelerate cell
senescence and aging, particularly under conditions of tissue
injury and inflammatory stress (Wu et al., 2024). Comprehensive
meta-analyses investigating the relationship between telomere
dynamics and OS have provided substantial evidence that,
although complex, OS accelerates in vivo telomere attrition,
especially in studies employing structural telomere measurements
such as TRF (Armstrong & Boonekamp, 2023). Similarly, Tilekli
et al. (2024) reported that OS and proinflammatory responses
directly affect telomere length, and that diets low in saturated fats
or high in unsaturated fats, along with regular physical activity,
help maintain telomere integrity.

Conversely, several studies have demonstrated that telomerase
can be activated to a limited but critical level during regenerative
processes. Notably, TERT expression-based interventions using
adeno-associated viral vectors improved tissue function, reduced
the levels of molecular aging markers, and remarkably extended
lifespan even in adult and aged models (Bernardes de Jesus et
al., 2012). These findings suggest that telomerase level may play

a decisive role in tissue regeneration and post-injury recovery
processes.

In this study, telomerase levels reached statistical significance
following RJ administration. Telomere attrition accelerates under
conditions of increased metabolic activity and inflammatory
burden, and this effect may vary between species, methods, and
tissues (Simoroz et al., 2025). Therefore, the marked reduction in
telomerase levels observed in the STZ group and the increase seen
in the RJ group reflect a pattern consistent with the literature.

The telomere length in the RJ group increased significantly, but
did not fully reach the control levels, which can be attributed to
persistent telomeric damage induced by STZ. As a potent DNA-
methylating agent, STZ causes persistent structural alterations at
the telomeric regions, which manifest as telomere dysfunction,
instability, and associated chromosomal aberrations at the
cytogenetic level (Paviolo et al., 2015). Under such persistent
damage, even if regenerative mechanisms are activated, complete
restoration of telomere integrity may not be achievable. Thus, the
substantial improvement in telomere structure induced by RJ, yet
not achieving control levels, can be considered a consequence of
STZ-induced long-lasting telomeric injury.

Although telomeres naturally shorten with each cell division,
certain factors, particularly tissue injury, can accelerate this
process (Cakir, 2023; Epel et al., 2004). Telomerase activity
can be readily monitored in continuously dividing cells such
as cancer cells; however, its detection in somatic tissues is
considerably more challenging (Blackburn, 1991). Telomerase
activity can be observed during tissue regeneration processes
(Cherif et al., 2003; Cakir, 2022, 2023; Shay & Bacchetti, 1997).
In a study monitoring the regenerative status of rat pancreatic
tissues, telomerase was found to be actively regulated (Oh et al.,
2002).

A study investigating the applicability of telomere length as a
biomarker of cell aging and tissue damage reported a remarkable
shortening of the telomere in type 2 diabetes (Tarry-Adkins
et al., 2021). Jiang et al. (2018) demonstrated that MRIPs
exert anti-aging effects in human fibroblast cell lines and also
enhance the number of cells with longer telomeres under in
vivo conditions. Additionally, MRJPs elevate DNA and protein
synthesis by modulating four age-related genes: MTOR, SODI,
CTNNBI, and TP53 (Jiang et al., 2018). A cell viability assay
highlighted the stimulatory effects of RJ on stem cell growth
(Ozkok et al., 2021). Similarly, Cakir (2023) reported that RJ
improved telomere length, antioxidant parameters, and serum
biochemical markers in rats with CCl,-induced liver injury. RJ
promotes cell survival, proliferation, and antioxidant responses
while protecting telomeres during cell crises (Jenkhetkan et al.,
2017). Furthermore, RJ protects human cells from genotoxicity,
potentially through its antiapoptotic, antioxidative, and
antiaging properties (Jenkhetkan et al., 2018). In this study, STZ
administration markedly reduced telomere length in pancreatic
cells, whereas RJ supplementation at the dose applied remarkably
improved telomere integrity.
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Conclusion

The findings of the present study indicate that RJ protects against
STZ-induced pancreatic damage primarily by attenuating OS
and supporting telomere integrity. STZ significantly increased
oxidative DNA damage (8-OHdAG levels) and reduced PONI
activity, confirming elevated OS levels. RJ effectively reversed these
changes, restoring 8-OHdG and PONT1 levels similar to those of the
control group. Additionally, RJ partially improved telomerase level
and telomere length, but not to levels occurring in the control group.
This partial reversal of STZ-induced telomere shortening can be
attributed to persistent DNA methylation and telomere dysfunction
caused by STZ, which have been shown to result in lasting telomere
instability. Further detailed investigations are warranted to better
elucidate the bioactive components and therapeutic potential of RJ.
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Abstract

Background: Traditional rice-based fermented foods, prevalent
across Asia particularly India, constitute an unexplored reservoir
of probiotic microorganisms with high commercial potential for
functional foods and synbiotics.

Aims: This study investigates the probiotic properties and therapeutic
efficacy of a fermented matrix derived from Oryza sativa (Poongar
rice) against antibiotic-induced gut dysbiosis.

Methods: Fermented Poongar rice water underwent microbial
isolation, biochemical characterization, and 16S rRNA sequencing,
which confirmed the presence of Lactococcus lactis with 96.7%
homology. The isolated strain was assessed for its tolerance to acidic
pH, bile salts, and salinity. Gas chromatography—mass spectrometry
analysis was employed to characterize its bioactive metabolite profile,
including short-chain fatty acids (SCFAs). Nutritional composition
analysis and exopolysaccharides (EPS) quantification were also
performed. Zebrafish (Danio rerio) were utilized to evaluate acute
toxicity (LC,, = ~2,138 ppm) and to examine gut recovery following
erythromycin-induced dysbiosis.

Results: The isolated strain exhibited high survivability under
simulated gastrointestinal conditions and demonstrated the production
of SCFAs and EPS, both of which contribute to gut health. Zebrafish
administered the probiotic matrix after antibiotic exposure displayed
restored swimming behavior and significant improvement in intestinal
histoarchitecture, characterized by reduced goblet cell hyperplasia
and diminished villi damage.

(")zet

Dayanak: Ozellikle Hindistan olmak iizere Asyada yaygin olan
geleneksel piring bazli fermente gidalar, fonksiyonel gidalar ve
sinbiyotikler i¢in yiiksek ticari potansiyele sahip, kesfedilmemis bir
probiyotik mikroorganizma rezervuari olugturmaktadir.

Amaclar: Bu calisma, Oryza sativa (Poongar pirinci) kaynakl
fermente matrisin antibiyotik kaynakli bagirsak disbiyozuna karsi
probiyotik 6zelliklerini ve terapotik etkinligini aragtirmaktadir.

Yontemler: Fermente Poongar piring suyu, mikrobiyal izolasyon,
biyokimyasal karakterizasyon ve 16S rRNA dizileme islemlerinden
gecirilmis ve %96,7 homoloji ile Lactococcus lactis varligi
dogrulanmstir. izole edilen sus, asidik pH, safra tuzlari ve tuzluluga
kars1 toleranst agisindan degerlendirilmistir. Gaz kromatografisi-
kiitle spektrometrisi analizi, kisa zincirli yag asitleri (SCFAs) dahil
olmak tizere biyoaktif metabolit profilini karakterize etmek icin
kullanilmigtir. Besin bilesimi analizi ve ekzopolisakkarit (EPS)
miktarinin belirlenmesi de gerceklestirildi. Zebra balig1 (Danio rerio)
akut toksisiteyi (LC, = ~2.138 ppm) degerlendirmek ve eritromisin
kaynakl1 disbiyozis sonrast bagirsaklarin iyilesmesini incelemek igin
kullanildi.

Bulgular: izole edilen sus, simiile edilmis gastrointestinal kosullar
altinda yiiksek hayatta kalma oranmi sergilemis ve bagirsak sagligina
katkida bulunan SCFAs ve EPS iiretimi gostermistir. Antibiyotik
maruziyetinden sonra probiyotik matris uygulanan zebra baliklari,
yiizme davraniglarinin diizeldigini ve bagirsak histoarkitektiiriinde,
goblet hiicre hiperplazisinin azalmasi ve villus hasarinin azalmasi ile
karakterize edilen 6nemli bir iyilesme gostermistir.
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Conclusion: Fermented Poongar rice contains a functionally robust
strain of L. lactis capable of restoring gut integrity in vivo. The
findings supports its potential development as a culturally rooted,
cost-effective probiotic candidate for gut health applications.

Sonug: Fermente Poongar pirinci, in vivo bagirsak biitiinliigiinti geri
kazanabilen, islevsel olarak giiclii bir L. lactis susu icerir. Bulgular,
bagirsak sagligir uygulamalar igin kiiltiirel kokenli, uygun maliyetli
bir probiyotik aday1 olarak potansiyel gelisimini desteklemektedir.

Keywords: Short-chain fatty acids, intestinal microbiota modulation, host-microbe interaction, functional fermented foods, aquatic toxicology
model, gut-brain axis signaling

Introduction

The human gastrointestinal tract harbors trillions of microorganisms
that collectively form a dynamic and highly complex ecosystem
referred to as the gut microbiota. This microbial community
plays a crucial role in digestion, immune modulation, nutrient
metabolism, and the maintenance of intestinal barrier integrity
(Hills et al., 2019). Disruptions in this delicate balance, known
as gut dysbiosis, have been associated with a wide range of health
disorders, including metabolic dysfunctions, gastrointestinal
inflammation, and neuropsychiatric diseases (Ogunrinola et al.,
2020). Probiotics, defined as live microorganisms that confer health
benefits when administered in adequate amounts have gained
considerable attention as therapeutic agents capable of restoring
microbial homeostasis (Nagpal et al., 2012). Commonly employed
probiotic genera, including Lactobacillus, Bifidobacterium, and
Lactococcus, have demonstrated significant efficacy in improving
gut health, reducing pathogen load, and modulating immune
responses (Kechagia et al., 2013). However, the effectiveness of
probiotics is highly strain-specific and largely dependent on their
capacity to withstand gastrointestinal stressors such as acidic pH,
bile salts, and digestive enzymes (Binda et al., 2020). Traditional
fermented foods represent a natural and rich reservoir of beneficial
microorganisms. In this context, indigenous rice varieties such as
Poongar rice present promising potential for probiotic development.
Poongar rice is a red-husked, unpolished grain cultivated in
Tamil Nadu’s Cauvery Delta and is known for its high content of
micronutrients, antioxidants, and dietary fiber. Historically utilized
in Ayurvedic medicine, it is reputed for its benefits in supporting
reproductive health, regulating blood glucose levels, and improving
skin and digestive health (Radha et al., 2022; Rathna Priya
et al., 2019). Despite these traditional claims, scientific validation
of the microbiota-enhancing properties of Poongar rice remains
limited, with few studies like fermented rice water screening
(Leuconostoc lactis, Weissella cibaria; >80% gastric survival) and
general synbiotic effects of fermented rice beverages (Pediococcus
pentosaceus isolation) providing preliminary evidence but lacking
Poongar-specific microbiota modulation data (Chavan et al., 2022).
The present study investigates the probiotic potential of a fermented
Poongar rice matrix through the isolation and characterization of
native microbial strains. The study further evaluates the ability of
these strains to endure simulated gastrointestinal conditions and
identifies key functional metabolites, including short-chain fatty
acids (SCFAs) and exopolysaccharides (EPS). To validate the in
vivo efficacy and safety of the fermented matrix, a Zebrafish (Danio
rerio) gut dysbiosis model is employed, leveraging its genetic

homology with humans and its transparent gut morphology, which
facilitates microbiome assessment (Lu et al., 2021).

This research integrates traditional food knowledge with
contemporary microbial science to advance the development of
culturally rooted probiotic interventions aimed at restoring gut
microbial balance.

Materials and Methods

Sample Collection and Fermentation of Poongar Rice

Traditional Poongar rice grains were procured from Rengachipatti,
Thalinji village in Tamil Nadu. The rice (100 g) was thoroughly
washed and boiled for one hour. The resulting cooking water
was allowed to cool to room temperature, transferred into
sterile glass containers, and loosely sealed to permit limited air
exchange. Fermentation was carried out at ambient temperature
(approximately 28 + 2 °C) for three days under semi-aerobic
conditions. To minimize microbial contamination, all vessels
and utensils were sterilized prior to use, and the entire setup was
maintained under clean environmental conditions. The fermented
rice water thus obtained was used as the base medium for probiotic
screening, following the method of Fuloria et al. (2022).

Isolation and Morphological Analysis of Probiotic Strain

To isolate potential probiotic candidates, the fermented rice water
was subjected to serial dilution and spread onto de Man, Rogosa,
and Sharpe (MRS) agar plates. The plates were incubated at 30
°C for 24 hours. Morphologically distinct colonies were selected
and subcultured repeatedly to obtain pure isolates. Microscopic
examination, including Gram staining and the hanging drop
technique, were performed to determine cellular morphology and
motility.

Biochemical Profiling

The purified isolate was subjected to comprehensive biochemical
characterization using standard assays. These included the
IMVIC tests and enzymatic activity assays. The tests evaluated
indole production, methyl red, Voges-Proskauer reaction, citrate
utilization, catalase and oxidase activities, triple sugar iron
utilization, and starch hydrolysis.

Molecular Confirmation Using 16S rRNA Gene Sequencing

Genomic DNA was extracted using the HiPurA® purification Kkit.
The 16S rRNA gene was amplified by polymerase chain reaction
using universal primers 27f and 1492r. The amplified products
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were confirmed by agarose gel electrophoresis. The obtained
sequences were analyzed using the BLAST tool, and phylogenetic
relationships were inferred using MEGA11 software to support
taxonomic identification.

Evaluation of Probiotic Survivability Under Stress
Conditions

The robustness of the isolate was assessed by evaluating its
tolerance to acidic pH, bile salts, and elevated sodium chloride
concentrations. Acid tolerance was tested at pH 3.0. Salt tolerance
was examined using nutrient broth supplemented with varying
NaCl concentrations, while bile salt resistance was evaluated using
agar infused containing bile salts.

Gas Chromatography—-Mass Spectrometry (GC-MS)-
Based Metabolite Profiling

An aqueous extract of the fermented Poongar rice matrix was
prepared and analyzed using GC-MS to identify the major
metabolic compounds produced during fermentation.

Quantification of EPS Production

EPS was quantified using the Anthrone reagent method.
Polysaccharide concentration was determined by comparing
absorbance values against a glucose standard calibration curve,
enabling estimation of EPS content in the fermented matrix.

Nutritional Composition Analysis

The fermented substrate was analyzed for its macronutrient
composition. Total carbohydrate content was estimated using the
Anthrone assay. Lipids were quantified using the Bligh and Dyer
extraction method, and protein concentration was determined by
the Bradford assay.

Zebrafish Toxicity Assay and Maintenance Protocol

Ethical approval for zebrafish maintenance and handling was
obtained from the Saveetha Dental College & Hospital Institutional
Human Ethical Committee (SDC-IHEC) (reference number: 24/
BIOCHEM/049, dated: 28.05.2024). Adult Danio rerio were
randomly allocated into six groups comprising one control and
five treatment groups, with 10 fish per group and a total of 60
individuals. The fish were maintained in aquaria under controlled
laboratory conditions at 28.5 °C with a 14-hour light and 10-hour
dark photoperiod. Freeze-dried probiotic matrix was administered
at concentrations of 0, 400, 800, 1600, 3200, and 6,400 ppm.
These concentrations were selected to cover the complete dose—
response spectrum, enabling the assessment of both sub-lethal and
lethal effects for accurate LC, | determination. Each concentration
was tested in triplicate to perform acute toxicity evaluation, and
the median LC, | was calculated using probit regression analysis.

Induction of Gut Dysbiosis and Probiotic Remediation
Strategy

Gut Dysbiosis was experimentally induced by exposing zebrafish
to erythromycin at a concentration of 0.6 mg/mL for a duration of
96 hours. Following antibiotic exposure, a subset of fish received

the probiotic formulation. Behavioral parameters were monitored
after treatment to assess recovery and physiological normalization.

Histological Examination of Intestinal Tissue

After treatment, zebrafish intestinal tissues were excised and
fixed in 4% formalin. Standard paraffin embedding procedures
were followed, and tissue sections were prepared. The sections
were stained with hematoxylin and eosin (H&E) and examined
microscopically for histopathological changes related to mucosal
and structural integrity.

Statistical Analysis

All experimental assays were performed in triplicate. The fish were
exposed to the fermented Poongar matrix for 96 hours under static
conditions. Mortality was confirmed when no visible movement,
including opercular motion, was observed and when stimulation
of the caudal peduncle elicited no response. Mortalities and
visible abnormalities in appearance and behavior were recorded.
The concentrations required to cause 50% mortality (LC,) was
determined (Singleman & Holtzman, 2014). Acute toxicity over
96 h was calculated as LC, and subjected to probit analyses using
Finney’s method (Finney, 1971). Results with p < 0.05 were
considered statistically significant. The LC,; value was obtained
both arithmetically using regression equations and graphically
by plotting logarithmic concentration values against probit
mortality. Differences among treatment groups were analyzed
using regression analysis and one-way analysis of variance
(ANOVA) with a 95% confidence interval. Toxicological data
were further modeled using residual and probability output metrics
to assess goodness of fit and predictive accuracy. All statistical
analyses were performed using Microsoft (MS) Excel 2007 with
the Analysis Toolpak enabled for data validation and advanced
statistical computation (Praskova et al., 2011).

Results

Fermentation of Poongar rice led to the emergence of distinct
microbial colonies after 72 hours. Following serial dilution and
plating on MRS agar, the colonies exhibited a cocci morphology
upon microscopic observation and were identified as Gram-
positive. Hanging drop analysis further confirmed that the isolates
were non-motile. These morphological characteristics are typical
of lactic acid bacteria, which are commonly associated with
probiotic properties.

The isolated strain was subsequently subjected to a series of
biochemical assays for further characterization. The strain tested
positive for methyl red and triple sugar fermentation, while it
was negative for indole production, Voges-Proskauer reaction,
citrate utilization, catalase activity, oxidase activity, and motility.
Additionally, the presence of a clear zone in the starch hydrolysis
assay confirmed the organism’s ability to produce extracellular
amylase. These biochemical features are consistent with the
established metabolic profile of Lactococcus spp., which are
known for efficient carbohydrate fermentation and growth under
acidic conditions.

www.tujns.org

Trakya University Journal of Natural Sciences, 27(1), 37-46, 2026



40 Preyenga et al. Intervention of zebrafish gut dysbiosis using poongar rice fermentation

Genomic DNA extracted from the isolate was of high quality, as
confirmed by agarose gel electrophoresis (Figure 1). Amplification
of the 16S rRNA gene using universal primers produced a distinct
and specific band. Sequence analysis using BLAST revealed a
96.7% identity with Lactococcus lactis.

Phylogenetic tree analysis further validated the molecular
identification by clustering the isolate within the Lactococcus
genus, a taxonomic group widely recognized for its probiotic
applications in food systems (Figure 2).

Acid tolerance studies demonstrated the robust survival of the
isolate at pH 3.0, thereby simulating gastric conditions. Likewise,
the strain tolerated NaCl concentrations of up to 8%, confirming
its ability to persist in high salt environments such as the human
gastrointestinal tract or preserved food matrices. Bile salt tolerance
was further confirmed by visible colony growth on bile agar plates
after 24 hours of incubation. Collectively these traits highlight
the isolate’s potential to survive in gastrointestinal conditions - an
essential requirement for probiotics intended for oral administration
(Figure 3).

GC-MS Analysis of SCFAs

The aqueous extract of the fermented Poongar rice matrix was
analyzed using GC-MS, which revealed the presence of various
SCFAs and other bioactive compounds (Figure 4 and Table
1). Among the detected metabolites, beta-D-glucopyranoside
tetraacetate and 2-ketobutyric acid were identified as the
predominant components. These compounds are known to be
associated with enhanced intestinal barrier function and anti-
inflammatory activity. Their detection in the fermented matrix
contributes to the functional significance of the rice-based
probiotic formulation.

Figure 1. Agarose gel electrophoresis showing the genomic DNA of the
isolated strain.

HQ647114.1 Lactococcus lactis

° MTS38778.1:15-1176 Lacltococcus laclis

MTS544997.1:23-1178 Lactococcus lactis

27 MTS44886.1:21-1176 Lactococcus laclis

OM049311.1:10-116S Lactococcus lacls

61

OK326486.1:33-1188 Lactococcus laclis

MT473532.1:18-1179 Lactococcus lactis

MZS540313.1:5-1160 Laclococcus laclis

MTS855398.1:24-1179 Lacltococcus laclis

24B101 299 PBH 27F.ab1

Figure 2. Phylogenetic tree showing the highest percentage of sequence
similarity, constructed using MEGA11 software.

The Anthrone assay revealed that the EPS content of the fermented
matrix was 0.506 g per 100 g of rice powder. EPS s are known
to enhance microbial adhesion, modulate immune responses, and
contribute to the prebiotic potential of probiotic formulations
(Table 2). The relatively high EPS concentration further confirms
the isolate’s ability to support gut health through both effective
colonization and metabolic activity. Biochemical profiling also
indicated that the fermented rice matrix is nutritionally rich,
with the lipid content estimated at 40% using the Bligh and Dyer
method. The carbohydrate and protein contents were calculated as
0.089 g and 0.055 g per 100 g of rice powder, respectively. These
macronutrients may serve as essential energy sources that support
the viability and metabolic performance of probiotic strains during
gastrointestinal transit and subsequent colonization in the gut.

To evaluate safety, zebrafish were exposed to a concentration
range of 400-3,600 ppm of the lyophilized rice-probiotic matrix.
This range was selected to encompass sub-therapeutic to elevated
doses, thereby capturing a comprehensive toxicity profile. This
chosen concentrations included levels both below and above the
anticipated LC,, allowing for robust determination of toxicity
thresholds and ensuring the detection of adverse effects at higher
doses. Statistical analyses using ANOVA and regression revealed
a significant treatment effect on zebrafish toxicity (f = 12.58, p <
0.039), with the regression model indicating that toxicity increased
by approximately 4.62 units per unit increase in concentration (p
< 0.04). The LC, value of 2,138 ppm, derived using MS Excel
2007 Probit analysis, reflects moderate toxicity. The LC, value
determined using non-linear regression analysis in GraphPad
Prism was 1,828 ppm, while the 95% confidence interval ranged
from 1,294 to 2,487 ppm, which closely aligns with the value
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Figure 4. GC-MS spectrum of fermented Poongar rice.

obtained from the MS Excel regression-based data validation.
Probit modeling further confirmed that concentrations below this
threshold did not induce significant mortality or adverse effects,
thereby supporting the safety of the formulations at therapeutically
relevant doses. Zebrafish exposed to sub-lethal concentrations
maintained normal shoaling, swimming, and exploratory
behaviors, without no observable stress-related responses.
Imaging and visual assessments also revealed no developmental
abnormalities, organ damage, or morphological alterations below
the LC,, level (Figures 5 and 6; Tables 3-5).

300

Antibiotic-induced gut dysbiosis was established by treating
zebrafish with erythromycin (0.6 mg/mL) for a period of 96
hours. The treated fish exhibited reduced motility, loss of
appetite, and increased mortality. In contrast, fish that received
the probiotic matrix following antibiotic exposure demonstrated
marked recovery in swimming behavior and body weight. These
observations suggest that the formulation supported effective gut
recolonization and promoted systemic physiological recovery.
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Table 1. GC-MS-identified compounds of fermented Poongar rice.

Number Name Retention Peak area %
1 2-Keto-butyric-acid** 4.767 0.80
2 (%,Alpha,,3.alpha.,4a.beta.,5.beta.,8a.alpha.)—(+—)—3,4,4a,5,6,7,8,8a—0ctahydra— 4a,7,7- 6391 153
trimethyl-5-[[(1,1- dimethyl)dimethy
3 2-(2-oxo-2-phenyl-ethyl)-1,3-dioxolane 6.745 1.29
4 Dodecane,1,1-difluro- 6.823 2.72
5 Dodecane, 1,1-difluro- 9.142 1.99
6 Cyclopentasiloxane, decamethyl- 9.949 20.79
7 Cyclohexasiloxane, dodecamethyl- 13.869 35.54
8 Cyclohexasiloxane, tetradecamethyl- 17.48 15.23
9 Benzoic acid,2,4-bis(trimethylsiloxy0-,trimethyl ester** 20.714 8.45
10 Phosphonous dibromide,[2,2,2-(trifluoromethyl)- 1-[(trimethylsilyl)oxy]ethyl]- 23.511 3.59
11 1,3-diphenyl-1-((trimethylsily)oxy)-1(z) heptane 25.998 1.12
12 Tri-o-trimethylsilyl,n-pentafluoropropionyl derivative of terbutaline 28.267 0.72
13 Beta.-d-glucopyranoside,ethyl,tetra acetate** 36.316 0.92
14 n-(t-butyl)-2-benzoylbenzamide 38.021 0.33
15 n-(t-butyl)-2-benzoylbenzamide 38.155 0.67
16 n-(t-butyl)-2-benzoylbenzamide 38.193 0.73
17 2-fluro-5-trifluromethylbenzoic acid,pentyl ester 38.286 0.65
18 Trans-6-(hydroxmethyl)-5- (trimethylsilyl) bicycol[4.4.0]-ene 39.145 1.06
19 Ethanone,1-[4([1,1- dimethylethoxy)methyl]phenyl]- 39.687 0.88
20 Cesium trimethylfluro)aluminate 40.292 0.95
*#*The SCFAs and benzoic acid derivatives essential for gut health.
Table 2. Nutritional and EPS profile of the fermented rice matrix.
Component Content (g/100 g of rice powder) Method used
EPS 0.506 Anthrone assay
Lipid 40 Bligh and dyer
Carbohydrate 0.089 Anthrone assay
Protein 0.055 Bradford assay

Histological examination of zebrafish intestinal tissue provided
further confirmation of the therapeutic efficacy of the Poongar
rice matrix (Figure 7). Fish exposed to erythromycin showed
pronounced mucosal erosion, villus destruction, and goblet
cell hyperplasia—classic indicators of intestinal tissue damage.
Conversely, probiotic-treated fish exhibited restoration of villus
architecture, reduced inflammatory infiltration, and normalization
of mucosal integrity. These histological improvements reinforce
the role of the formulation in modulating gut health and restoring
epithelial function.

Discussion

Lactococcus lactis was isolated from fermented Poongar rice,
underscoring the potential of traditional rice-based diets to function
as reservoirs of beneficial microorganisms (Radha et al., 2022). The
demonstrated tolerance to acidic pH (as low as 3.0), bile salts, and

elevated salt concentrations reflects the physiological resilience
required for survival and functionality within the gastrointestinal
tract. Recent studies have further emphasized the probiotic
potential of L. lactis strains, documenting their capacity to endure
gastrointestinal stresses while exhibiting antibacterial activity
(Paul et al., 2025). The L. lactis strain isolated from fermented
Poongar rice exhibits notable probiotic potential through the
activation of immune signaling pathways such as the mitogen-
activated protein kinase cascade, involving phosphorylation of
c-Jun N-terminal kinase and extracellular signal-regulated kinase.
These molecular events regulate cytokine production and immune
responses, thereby supporting gut homeostasis. Additionally, the
strain produces antimicrobial substances that inhibit pathogenic
bacteria and promote a balanced gut microbiota. The secretion
of bioactive molecules such as a-mannosidase further influences
immune signaling and contributes to the protection of gut epithelial
cells.
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Figure 5. Experimental grouping of zebrafish treatment sets.

(a) . Probit graph (b)  Normal Probability plot
7
T -
6 e g
.o
= 5 o " g
2 4 o - g4
& 3 5 a3
2 " y=4.6246x - 10.675 2
1 R*=0.9075 1
0 ° 0
2 2.5 3 3.5 4 0 20 40 60 80 100
Log Concentration (ppm) Percentage Mortality
(C) Regression analysis in Graphpad prism
100
80
=
2 60-
®
S 40
E
20+ LC50=1828 ppm
0 b T T T
0 1000 2000 3000 4000
Concentration (ppm)

Figure 6. Probit plot generated using MS Excel 2007-Analysis Toolpak (a); normal probabi
analysis performed using GraphPad Prism (c).

lity plot of regression analysis (MS Excel 2007) (b); regression

www.tujns.org

Trakya University Journal of Natural Sciences, 27(1), 37-46, 2026



44 Preyenga et al. Intervention of zebrafish gut dysbiosis using poongar rice fermentation

Table 3. Probit analysis of zebrafish mortality using Finney’s method.

Conc. (ppm) log,, (Conc.) Zebrafish (n = 10) | Number of death after 96 h exposure | Percentage mortality | Probit value
400 2.602 10 0 0 0

800 2.903 10 2 20 4.16

1,600 3.204 10 4 40 4.75

3,200 3.505 10 7 70 5.52

6,400 3.806 10 9 90 6.28

Conc. = concentration.

Table 4. ANOVA and regression analysis performed using MS Excel 2007.

Source df SS MS f Significance f

Regression 1 19.37664 19.37664 12.58376 | 0.038163

Residual 4.61944 1.539813

Total 4 23.99608 t stat

Term Coefficients SE -2.53347 p-value Lower 95% ESP‘;: er ;50 \(r)v%r I9Jsp ([));r
Intercept -10.6752 4.213661 3.547359 0.085165 | -24.0849 2.734579 | -24.0849 | 2.734579
X variable 1 4.624585 1.30367 0.038163 | 0.475726 8.773443 | 0.475726 | 8.773443

Df = degrees of freedom; SS = sum of squares; SE = standard error; MS = mean square.

Table 5. Non-linear regression analysis performed using GraphPad
Prism.

[Inhibitor] vs. normalized response—variable slope

Best-fit values

IC,, 1.828
HillSlope 2.140

log,., 3.262

95% confidence interval (profile likelihood)

IC,, 1.294-2.487
HillSlope 1.159-4.251
log,, 3.112-3.396
Goodness of fit

Degrees of Freedom 3

R squared 0.9663

Sum of Squares 179.3
p-value <0.05

GC-MS analysis of the fermented Poongar rice matrix identified key
SCFAs and related bioactive metabolites, including 2-ketobutyric
acid, benzoic acid derivatives, and beta-D-glucopyranoside ethyl
tetra acetate at notable concentrations. These compounds are
closely associated with the probiotic activity of L. lactis. SCFAs
such as 2-ketobutyric acid play essential roles in reinforcing gut
barrier integrity by stimulating tight junction protein expression
and enhancing mucus production, thereby preventing pathogenic

invasion. Benzoic acid and its derivatives are shown to support
gut health by modulating microbiota composition, exerting mild
antimicrobial effects, and influencing immune cell responses
(Bui et al., 2025). Beta-D-glucopyranoside compounds provide
prebiotic-like support by promoting the growth and colonization
of beneficial microbes. Collectively, these molecular signatures
identified through GC-MS correlate directly with L. lactis-
mediated immune regulation, stimulation of T-regulatory cells,
modulation of cytokine production, and maintenance of gut
homeostasis. The presence of these metabolites also implies
potential influences on neurotransmitter synthesis, indicating
a possible gut-brain axis effect and aligning biochemical output
with the observed physiological benefits of probiotic fermentation
(Falcinelli et al., 2015).

The EPS content measured in this study (0.506 g per 100 g of
fermented matrix) aligns with previous reports demonstrating
that Lactococcus-derived EPS contributes significantly to colonic
health and mucosal immunity. EPS synthesized by lactic acid
bacteria has been shown to exert immunomodulatory effects,
enhance adherence to the intestinal mucosa, and resist enzymatic
degradation, thereby improving digestive persistence (Salazar
et al., 2016). Moreover, EPS can function as prebiotic substrate,
selectively promoting the growth and metabolic activity of
beneficial gut microbiota and therefore improving overall intestinal
health (Monteagudo-Mera et al., 2019).

The in vivo zebrafish model proved to be an effective platform
for evaluating both probiotic safety and therapeutic efficacy.
Zebrafish (Danio rerio) have emerged as an powerful model for
investigating gut microbiota in relation to human diseases such
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Figure 7. Histological analysis of zebrafish intestinal tissue under different treatment conditions using H&E staining. Normal control with no antibiotic
exposure, showing intact villi structure with goblet cells indicated by arrows (a); negative control treated with antibiotic only, showing goblet cell proliferation
and disrupted villi morphology (arrows) (b); positive control treated with both antibiotics and fermented rice matrix, showing blood cell accumulation at the

villus margins, suggesting the initiation of tissue repair (arrows) (c).

as hypertension and cardiovascular disorders (Brugman, 2016).
In the present study, zebrafish exposed to erythromycin exhibited
marked behavioral disturbances and histological gastrointestinal
damage. However, administration of the fermented Poongar matrix
facilitated restoration of intestinal villi architecture, reduction of
goblet cell hyperplasia, and normalization of behavior, closely
mirroring patterns reported in earlier probiotic rescue studies
(Falcinelli et al., 2015).

The safety of the formulation is supported by its low toxicity,
with an LC, value as high as 2,138 ppm. Comparable outcomes
from oral toxicity studies of conventional lactic acid bacteria
validate their Generally Recognized As Safe status and suitability
for functional food applications (Sanders et al., 2010). The rice-
probiotic formulation maintained gut integrity and did not induce
immune stress markers, consistent with literature demonstrating
that cereal-based prebiotics and probiotics generally support
vertebrate health and physiological tolerance. Statistical analyses
comprehensively tested the research hypothesis and revealed
significant differences among treatment groups through regression
and probit modeling, indicating strong dose-dependent toxicity
and robust model fitting (Chakraborty et al., 2022; Preskova et al.,
2011). These findings are consistent with prior zebrafish toxicity
studies in which probit analysis is recognized for reliable LC,
determination and regression analysis confirms exposure-response
relationships (Khan et al., 2025). The application of MS Excel
2007 with the Analysis Toolpak enabled systematic data validation
and reproducible statistical workflows, aligning with best practices
in experimental aquatic toxicology (Ahmed et al., 2015).

Collectively, the findings demonstrate that fermented Poongar rice
represents a feasible probiotic formulation, offering a low-cost,
culturally relevant alternative to commercial probiotic products.
Future integration of advanced omics approaches, including
metabolomics and transcriptomics, could substantially enhance

mechanistic understanding while facilitating scale-up for clinical
translation and nutritional interventions.

Conclusion

The present study highlights the strong probiotic potential of a
fermented matrix derived from Poongar rice, an indigenous variety
native to the Cauvery Delta region. L. lactis was successfully
isolated and identified from the fermented rice matrix, and its
remarkable tolerance to acidic pH, bile salts, and high salt tolerance
supports its suitability as a robust probiotic candidate. In addition
to its nutritional value, the matrix was found to produce substantial
quantities of bioactive scompounds, including SCFAs and EPSs.
Importantly, in vivo validation using a zebrafish model confirmed
that the formulation is both non-toxic and effective in restoring gut
integrity following antibiotic-induced dysbiosis. The histological
recovery of the gastrointestinal lining, along with the normalization
of behavioral patterns, clearly demonstrates its therapeutic efficacy.
Collectively, these findings establish the fermented Poongar rice
matrix as a culturally relevant, safe, and functional platform for
gut health interventions. Future studies should focus on optimizing
the delivery format, conducting comprehensive omics-level
investigations, and extending validation to mammalian models
and human clinical trials in order to fully realize its potential in
the development of customized probiotic or functional food-based
therapeutics.
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Abstract

Background: Triple-negative breast cancer (TNBC) is an aggressive
cancer type associated with poor prognosis and limited therapeutic
options. Due to the absence of targetable receptors, conventional
chemotherapy remains the primary treatment approach. ERCCI
is a critical component of the nucleotide excision repair system,
responsible for repairing DNA damaged by platinum-based agents
like carboplatin. Heat shock response (HSR) is a fundamental, stress-
induced defense mechanism that supports cancer cell survival.

Aims: This study aims to investigate the effects of HSR inhibition by
KNK437 on ERCCI gene expression and carboplatin sensitivity in the
TNBC cell line MDA-MB-231.

Methods: The IC,, values of carboplatin and KNK437 were
determined using WST-8 cytotoxicity assay. ERCCI gene expression
levels were quantified by real-time quantitative polymerase chain
reaction. Apoptotic and necrotic cell death induced by carboplatin
and KNK437 was assessed by flow cytometry using FITC-Annexin
V assay.

Results: The IC values of carboplatin and KNK437 were 247.5 uM
and 89.74 M, respectively. Carboplatin or KNK437 monotherapy
significantly decreased ERCCI expression by 42.8% and 49.5%,
respectively, while their combined application caused a 54.9%
reduction. Furthermore, co-treatment markedly increased total cell
death by 34.1% compared to carboplatin alone. Interestingly, necrosis
induced by carboplatin shifted toward apoptosis upon co-treatment
with KNK437, as confirmed by light microscopy and flow cytometry.

Ozet

Dayanak: Uclii negatif meme kanseri (TNBC), kitii prognoz ve sinirlt
tedavi secenekleri ile iligkili agresif bir kanser tiiriidiir. Hedeflenebilir
reseptorlerin bulunmamasi nedeniyle, geleneksel kemoterapi birincil
tedavi yaklagimi olmaya devam etmektedir. ERCC1, karboplatin gibi
platin bazli ajanlar tarafindan hasar géren DNA’y1 onarmaktan sorumlu
olan niikleotid eksizyon onarim sisteminin kritik bir bilesenidir. Is1
soku yanit1 (HSR), kanser hiicrelerinin hayatta kalmasini destekleyen,
stres ile indiiklenen temel bir savunma mekanizmasidir.

Amaclar: Bu ¢alisma, KNK437 aracili HSR inhibisyonunun TNBC
hiicre hattt MDA-MB-231’de ERCCI gen ekspresyonu ve karboplatin
duyarlilig1 tizerindeki etkilerini arastirmay1 amaglamaktadir.

Yontemler: Karboplatin ve KNK437’nin IC,, deZerleri WST-8
sitotoksisite testiyle belirlenmistir. ERCCI gen ekspresyon diizeyleri
gercek zamanl kantitatif polimeraz zincir reaksiyonu ile dl¢iilmiistiir.
Karboplatin ve KNK437 tarafindan indiiklenen apoptotik ve nekrotik
hiicre oliimii, FITC-Annexin V testi kullanilarak akis sitometrisi ile
saptanmuistir.

Bulgular: Karboplatin ve KNK437 nin IC, | degerleri sirasiyla 247,5
uM ve 89,74 uM olarak hesaplanmistir. Karboplatin veya KNK437
monoterapisi ERCCI ekspresyonunu sirasiyla %42,8 ve %49,5
oraninda azaltirken, bunlarin kombine uygulamasi %54,9 oraninda bir
azalmaya neden olmustur. Ayrica, kombine uygulama karboplatinin
tek bagina kullanimina kiyasla toplam hiicre 6liimiinii %34,1 oraninda
belirgin sekilde artirmustir. Ilging olarak, karboplatin tarafindan
indiiklenen nekroz, KNK437 ile kombine uygulamada apoptoza
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Conclusion: HSR inhibition by KNK437 enhances carboplatin
sensitivity in TNBC cells and downregulates ERCC1 gene expression.
Given the aggressive nature of TNBC and its limited treatment
options, our results suggest that KNK437 may offer therapeutic
advantages when combined with carboplatin, particularly in contexts
where carboplatin-induced necrosis contributes to inflammation-
related complications.

dogru bir kayma gostermistir, ve bu durum 1s1k mikroskobu ve akig
sitometrisi ile dogrulanmustir.

Sonug: Bulgularimiz, KNK437 aracili HSR inhibisyonunun TNBC
hiicrelerinde karboplatin duyarliligii artirdigimi ve  ERCCI gen
ekspresyonunu asag1 regiile ettigini gostermektedir. TNBC’nin
agresif dogasi ve sinirh tedavi secenekleri géz Oniine alindiginda,
sonuglarimiz KNK437’nin karboplatin ile kombine edildiginde,
ozellikle karboplatin kaynakli nekrozun inflamasyonla iligkili
komplikasyonlara katkida bulundugu durumlarda, terapotik avantajlar
sunabilecegini gostermektedir.

Keywords: KNK437, carboplatin, ERCC1, heat shock response, triple-negative breast cancer

Introduction

Triple-negative breast cancer (TNBC) is a distinct breast cancer
subtype characterized by the lack of estrogen receptor, progesterone
receptor, and human epidermal growth factor receptor 2 (HER2)
proteins (Bou Zerdan et al., 2022). TNBC represents a heterogeneous
group of clinically challenging tumors, distinguished by early
recurrence, poor overall survival, and development of resistance
to chemotherapy. Compared to other subtypes, the therapeutic
options for TNBC are limited as it does not respond well to
hormone-based therapies or HER2-targeting drugs. Additionally,
only a small fraction of TNBC patients respond effectively to novel
targeted treatment methods and immunotherapeutic approaches.
Therefore, platinum-based chemotherapy, either individually or
in combination with these novel agents, continues to serve as the
mainstay of TNBC treatment (Lee, 2023). However, there is an
urgent need to identify new prognostic and predictive biomarkers
for TNBC that can help improve treatment outcomes and guide
more effective and individualized therapeutic strategies.

Platinum-based agents are compounds that exert cell apoptosis or
necrosis by inducing the formation of adducts and crosslinks within
the DNA helix, ultimately disrupting replication and transcription
(Brabec & Kasparkova, 2005; de Sousa, 2014). A meta-analysis
incorporating 12 clinical studies covering 4,580 patients reported
that platinum-based chemotherapy significantly improves
pathological complete response rates and prognosis in TNBC
patients, with greater efficacy compared to non-platinum regimens
(Lin et al., 2022). Carboplatin is a second-generation platinum-
based chemotherapeutic agent that exhibits a more favorable
toxicity profile compared to its predecessor, cisplatin, with notably
suppressed nephrotoxicity, neurotoxicity, and gastrointestinal side
effects. Several meta-analyses have demonstrated that the inclusion
of carboplatin in neoadjuvant/adjuvant chemotherapy markedly
improved disease-free and overall survival in TNBC (Bian et al.,
2021; Pathak et al., 2022).

The nucleotide excision repair (NER) pathway is a critical DNA
repair mechanism that removes a wide range of helix-distorting
lesions, such as intrastrand crosslinks and bulky adducts induced
by ultraviolet (UV) radiation, chemical mutagens, and certain
chemotherapeutic agents. Excision repair cross-complementation
group 1 (ERCC1I) is a key component protein of the NER pathway;

it forms a heterodimeric complex with Xeroderma Pigmentosum
group F (XPF), an endonuclease, which catalyzes an excision
step close to the site of DNA damage, crucial for the restoration
of genomic integrity (Marteijn et al., 2014). Therefore, ERCCI
expression levels may be useful in predicting the responses of
TNBC patients to platinum-based chemotherapy, with high or
low ERCCI levels associated with a poor or favorable response,
respectively (Hashmi et al., 2025; Ma & El Kashef, 2017; Sidoni
et al., 2008).

Heat shock response (HSR) is a highly conserved cell defense
mechanism induced by various forms of stress, functioning to
maintain protein homeostasis (proteostasis) under unfavorable
conditions. Heat shock factorl (HSF1) is the principal
transcriptional regulator of the HSR and the expression of heat
shock proteins (HSPs)/chaperones. Beyond its classical role
in proteostasis, HSF1 promotes oncogenic transformation by
coordinating a broad transcriptional network that encompasses
pathways involved in protein synthesis, cell proliferation, survival,
adhesion, and energy metabolism (Dai et al., 2007; Mendillo et
al., 2012; Yun et al., 2019). KNK437 is a synthetic benzylidene
lactam that inhibits the HSR by suppressing HSF1 transcriptional
activity, and thus the expression of various HSPs, thereby
exerting antitumor effects against various cancer types (Powers &
Workman, 2007; Yun et al., 2019).

A recent study investigating the stability dynamics of the ERCCI—
XPF complex proposed that the complex maintains its stability
and cellular levels with the help of DCAF7, the proper folding of
which is mediated by the molecular chaperone TRiC (Kawara et
al., 2019). Based on this finding as well as evidence from previous
research, we hypothesized that KNK437 may alter ERCCI
expression in TNBC cells, thereby modulating the cytotoxicity
induced by carboplatin. Therefore, the present study aims to
elucidate the impacts of the HSR inhibitor KNK437 on ERCCI
gene expression and carboplatin sensitivity in TNBC cells.

Materials and Methods

Human TNBC Cancer Cell Culture

The human TNBC cell line MDA-MB-231, obtained from the
American Type Culture Collection (VA, USA), was used as a
study model. The cells were cultured in GlutaMAX™ Dulbecco’s
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Modified Eagle Medium (Thermo Fisher Scientific, MA, USA)
supplemented with 10% fetal bovine serum, 100 U/mL penicillin,
and 100 pug/mL streptomycin. Cells were cultured at 37 °C in a
Heracell 240i™ incubator and humidified atmosphere containing
5% CO, (Thermo Fisher Scientific) and subcultured every 2-3
days upon reaching a confluency of approximately 85%—90%. For
passaging, the cells were detached using 0.05% trypsin—-EDTA
at 37 °C. Viable cells were counted with a hemocytometer after
Trypan blue staining and reseeded at appropriate densities into
new plates. All cell culture reagents used were purchased from
Gibco (Thermo Fisher Scientific).

Cytotoxicity Analysis and IC, Determination

To determine the IC,  values of carboplatin (C2538; Sigma-
Aldrich Chemicals, MO, USA) and KNK437 (HY-100110;
MedChemExpress, NJ, USA), cells were seeded into 96-
well plates at a density of 1 x 10* cells/well, 24 h before drug
treatments. A wide range of concentrations, each at 2-fold serial
dilution, was employed to accurately determine the IC, . The cells
were treated with carboplatin or KNK437 at final concentrations
of 2000, 1000, 500, 250, 125, 62.5, 31.25, 15.62, 7.81 uM; and
500, 250, 125, 62.5, 31.25, 15.62, 7.81 uM, respectively, for 48 h.
Then, cell viability was assessed using the WST-8 assay (Abcam,
Cambridge, UK), according to the manufacturer’s instructions. In
brief, 10 pL of the WST-8 reagent was added to each well, and
the plates were incubated at 37 °C for 2 h. The OD,,, was then
measured using a Syn4 spectrophotometer (Biotek Instruments,
Inc., VT, USA), in duplicate. The mean absorbance values were
corrected by subtracting the absorbance of blank wells containing
only culture medium. Dose-response curves were generated by
setting the viability of untreated control cells to 100%, and IC,
values were calculated using the software GraphPad Prism version
10.0 (https://www.graphpad.com/).

Total RNA Isolation

Cells were seeded into 6-well plates at a density of 2.5 x 10° cells/
well. The next day, they were treated with various concentrations
of dimethyl sulfoxide (DMSO) (vehicle control for KNK437),
carboplatin, KNK437, or carboplatin + KNK437 for 48 h.
Following treatments, the culture medium was removed, and the
cells were gently washed with 1X PBS. Then, TRIzol reagent
(Invitrogen, Thermo Fisher Scientific) was added, the lysates were
collected into a microcentrifuge tube by scraping, and incubated at
room temperature for 10 min to allow complete homogenization.
Chloroform was added to the lysates at a ratio of 1:5 (v/v),
followed by vigorous shaking and incubation at room temperature
for 5 min. For phase separation, solutions were cold-centrifuged
using a 3K30 refrigerated benchtop centrifuge (Sigma Aldrich) at
11,500xg for 15 min. The clear upper aqueous phase containing
the total RNA was carefully transferred to a fresh tube. An equal
volume of 70% RNase-free ethanol was added slowly and gently
mixed by pipetting. The mixture was then loaded onto a silica-
based spin column provided with the FavorPrep™ RNA isolation
kit (Favorgen Biotech Corp., Ping Tung, Taiwan), and then the
manufacturer’s instructions were followed. Total RNA was finally

eluted in 50 uL of RNase-free water and stored at -80 °C until
further use. RNA concentration was measured, and purity was
assessed with a Jenway Genova Nano spectrophotometer (Bibby
Scientific, Staffordshire, UK).

cDNA Synthesis and Quantitative Real-Time Polymerase
Chain Reaction (qPCR)

For cDNA synthesis, 500 ng of the total RNA from each sample
was reverse transcribed in a 20 pL reaction volume containing
random hexamer primers, oligo(dT), and MMLV reverse
transcriptase, provided with the iScript™ cDNA synthesis kit
(Bio-Rad Laboratories, CA, USA), following the manufacturer’s
protocol. The thermal cycle profile used was as follows: 5 min
at 25 °C (primer annealing), 30 min at 46 °C (cDNA synthesis),
and 1 min at 95 °C (enzyme inactivation); GeneAmp 9700 PCR
System (Applied Biosystems, Thermo Fisher Scientific). Freshly
prepared cDNA was processed immediately for gPCR. The qPCR
reaction mix with a total volume of 20 uL contained 1 uL of cDNA
and 250 nM each of the forward and reverse primers specific to
ERCCI and the reference GAPDH. An SsoAdvanced™ Universal
SYBR® Green Supermix kit (Bio-Rad) was used, and the protocol
provided was applied. The primer sequences were designed in-
house using the PrimerBLAST tool (https://www.ncbi.nlm.nih.
gov/tools/primer-blast/), set up with the universal primer design
criteria. The 5’-3’ sequences of the forward (F) and reverse (R)
primers were F, GAPDH: CCATCTTCCAGGAGCGAGATC;
R, GAPDH: GGCAGAGATGATGACCCTTTTG; and F,
ERCCI:  TTTGGCGACGTAATTCCCGA; R, ERCCI:
CCTGCTGGGGATCTTTCACA. The thermal cycle profile
employed was 30 sec at 98 °C (initial denaturation), followed by
40 cycles each of 10 sec at 98 °C (denaturation) and 30 sec at 60
°C (annealing/extension), and a CFX Connect™ Real-Time PCR
Detection System (Bio-Rad) was employed. Melting curves were
analyzed at the end of each run to confirm amplicon specificity.
All reactions were performed in duplicate. Relative fold changes
in ERCCI expression levels between the different drug treatment
groups were calculated based on mean C, values and utilizing the
2-25C method, and analyzed with REST 2009 software (QIAGEN,
Venlo, Netherlands).

Agarose Gel Electrophoresis

To verify the specificity and expected sizes of the qPCR amplicons
(146 and 175 bp for GAPDH and ERCCI, respectively), agarose
gel electrophoresis was performed. Briefly, 2% agarose (HS-8000,
Prona, Biomax) gel was prepared in 1X TAE buffer and added with
a SafeView™ Classic Nucleic Acid Gel stain (Applied Biological
Materials, BC, Canada). After the qPCR run was completed, 10 pL.
of the amplicons from two randomly selected wells per target gene
(GAPDH and ERCCI) was mixed with 2 L of 6X DNA loading
dye (TriTrack, Thermo Fisher Scientific), and loaded into the gel
wells along with a DNA ladder (GeneRuler 50 bp, Thermo Fisher
Scientific). Electrophoresis was carried out at 100 V for 45 min
using a Sub-Cell GT Horizontal Electrophoresis System (Bio-Rad),
and the gel was subsequently imaged under UV transillumination
on a ChemiDoc Go Imaging System (Bio-Rad).
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Apoptosis/Necrosis Analysis by Annexin V Assay

To examine the effects of KNK437 on carboplatin-induced
cytotoxicity in MDA-MB-231 cells, apoptosis and necrosis were
assessed using an FITC-Annexin V apoptosis detection kit (BD
Biosciences, NJ, USA), following the manufacturer’s instructions.
Cells were seeded into 6-well plates at a density of 2.5 x 10° cells/
well. The next day, cells were treated with various concentrations
of DMSO (vehicle control for KNK437), carboplatin, or KNK437,
or combinations of carboplatin and KNK437 for 48 h. Next, the
culture medium of each well containing the floating, dead cells
was taken into a fresh tube; later, the media were pooled along with
the corresponding adherent cells collected by trypsinization. The
cells were gently washed with cold 1X PBS, and approximately 1
X 10° cells were resuspended in 100 uL of 1X Annexin V binding
buffer. For staining, 2.5 uL of FITC-Annexin V and 2.5 uL of
7-AAD were added to each sample, gently mixed, and incubated
at room temperature for 20 min in the dark. Finally, 400 uL of 1X
Annexin V binding buffer was added to each tube, and cells were
immediately analyzed using a BD FACS Calibur™ flow cytometer
(BD Biosciences). Fluorescence signals in the FL1 (530/30)
channel for FITC-Annexin V and the FL3 (670 LP) channel for
7-AAD were detected. A total of 20,000 gated events were acquired
per sample, and quadrant lines were set employing the appropriate
single- and double-stained controls. Data were analyzed using
the BD CellQuest Pro™ software (BD Biosciences), and the
proportions of necrotic (7-AAD* only), late apoptotic/necrotic (7-
AAD* and FITC-Annexin V*), and total dead (the sum of these
two populations) cells were determined (in %) based on quadrant
statistics.

Statistical Analysis

Statistical analyses and IC, value calculations were performed
using GraphPad Prism software version 10.0 (GraphPad Inc., CA,
USA). Data are presented as the mean + standard deviation (SD).
Statistical evaluation of the relative fold changes in gene expression
was conducted using the REST 2009 software (Qiagen). Student’s
t-test was applied for pairwise comparisons in the Annexin cell
death assay. The p-values were considered statistically significant
at *p < 0.05, **p < 0.01, and **¥p < 0.001.

Results

Determination of IC,, Values for Carboplatin and KNK437
in MDA-MB-231 Cells

To determine the IC, values of carboplatin and KNK437, MDA-
MB-231 cells were seeded in 96-well plates and treated with 2-fold
serially increasing concentrations of carboplatin (7.81 pM to 2
mM) or KNK437 (7.81 uM to 500 uM) for 48 h. Cell viability
was measured by the WST-8 assay, and dose-response curves were
generated utilizing GraphPad Prism. The IC, values obtained were
247.5 uM for carboplatin (Figure 1A) and 89.74 uM for KNK437
(Figure 1B), comparable to those of previous reports (Barrio et al.,
2013; Wang et al., 2010).

Effects of Carboplatin and KNK437 on ERCCI Gene
Expression as Single or Combined Treatments

To investigate the effects of carboplatin and KNK437,
administered either alone or in combination, on ERCCI expression
in MDA-MB-231 cells, a series of real-time gPCR experiments
was conducted. Before proceeding with the main investigations,
the lengths of the qPCR amplicons were verified by agarose
gel electrophoresis. As shown in Figure 2A, amplicon bands
corresponding to the expected sizes of the target genes—146 bp
for GAPDH and 175 bp for ERCCI—were detected. The sharpness
and positions of the bands, without any non-specific products,
confirmed both the accuracy and specificity of the primer pairs
designed for the target genes.

To assess the effect of carboplatin on ERCCI gene expression,
the IC, of the compound was used as the median dose, based on
which the treatment concentrations were determined in a series of
2-fold dilutions. Accordingly, cells were treated with increasing
concentrations of carboplatin (dissolved in water) ranging from
62.5 uM to 1 mM for 48 h. qPCR analysis revealed that ERCCI
expression decreased significantly by 30%-40% across the
concentrations tested compared to the untreated control (Figure
2B). Notably, carboplatin did not exhibit any dose-dependent
suppression, as expression was reduced to similar levels, regardless
of concentration.

To evaluate the effects of KNK437 on ERCCI expression, the
cells were treated with increasing concentrations of KNK437
(dissolved in DMSO) ranging from 31.25 uM to 500 uM for 48 h.
This concentration range was estimated based on the relative fold
difference between the IC,; values of carboplatin and KNK437.
To determine whether DMSO influenced ERCCI expression, the
cells were also treated with only 2.5% (v/v) DMSO, the same
concentration to which the cells were exposed when treated with
the highest dose of KNK437 at 500 uM. As shown in Figure 2C,
gPCR analysis revealed that ERCCI expression was remarkably
reduced by 40%—60% across all concentrations tested, compared
to the untreated control. However, treatment with DMSO alone
also suppressed ERCCI expression by 60%, a level that was
similar to that observed with 500 pM KNK437, indicating
that the downregulation observed at 500 uM may not be due to
KNK437, but rather DMSO (Figure 2C). Therefore, we decided
to perform an additional set of qPCR experiments using DMSO
alone to determine a DMSO concentration that did not interfere
significantly with ERCC1 expression.

The cells were exposed for 48 h to DMSO alone at 0.078%,
0.156%, 0.312%, and 0.625% (v/v), corresponding to the DMSO
contents of the 15.62 pM, 31.25 uM, 62.5 uM, and 125 pM
KNK437 treatments, respectively. Compared to the untreated
control, ERCCI expression levels did not show any statistically
significant alterations at any concentration tested (p > 0.05)
(Figure 2D). However, as a slight decline was observed at 0.625%
DMSO, a onefold lower concentration—0.312%—was selected for
the subsequent combination treatment experiments. A comparative
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analysis of Figures 2C and 2D clearly indicated that 62.5 uM a phenotypic shift toward an elongated, spindle-like morphology.
KNK437 reduced ERCC1 expression by approximately 50%, an Similar morphological changes were observed in the cells treated
effect which was also independent of any interference by DMSO. with 250 and 500 uM KNK437, suggesting that these effects
were largely induced by DMSO. In contrast, the cells treated with
only 1 mM carboplatin displayed morphological features, such as
membrane disruption, cell disintegration, and swelling, which are
characteristic of necrosis (white arrows, Figure 3A). Remarkably,
a combination of carboplatin and KNK437 dramatically shifted
the morphology, to a one characterized by rounded cells with
intact membranes and evident shrinkage, indicative of apoptosis
(black arrows, Figure 3A). The cell morphologies observed were
consistent with the criteria well-established in the literature for
distinguishing apoptosis and necrosis (Balvan et al., 2015).

Considering the proportional difference between the IC, values of
the two agents, 125 uM carboplatin was used in combination with
62.5 uM KNK437. To assess the synergistic effect of carboplatin
and KNK437 on ERCCI expression, the cells were treated with
only 125 uM carboplatin, only 62.5 uM KNK437, or a combination
of the two for 48 h. Compared to the untreated control, carboplatin
or KNK437 alone suppressed gene expression by 42.8% and
49.5%, respectively, whereas their combined application induced
a 54.9% reduction (Figure 2E). Such results with single-agent
treatments were consistent with our findings obtained previously

at the two respective doses (Figure 2B for 125 uM carboplatin and Following the morphological analyses, to evaluate the cytotoxic
Figure 2C for 62.5 uM KNK437). When the reduction ratios with impacts of carboplatin and KNK437, FITC-Annexin V assays
single and combined treatments were compared, it was observed were performed, followed by flow cytometry. MDA-MB-231 cells
that KNK437 exerted a more robust influence than carboplatin in were treated for 48 h with carboplatin and KNK437, either alone
suppressing ERCC1 gene expression (Figure 2E, carboplatin alone or in combination, at the concentrations mentioned before, and the
vs. combination: 21%, KNK437 alone vs. combination: 10%). proportions of necrotic (7-AAD* only), late apoptotic/necrotic (7-

AAD* and FITC-Annexin V*), and total number of dead cells were
quantified (%) by applying quadrant statistics (Figures 3B and
3C). Thus, our results indicate that KNK437 alone did not induce

Effects of Carboplatin and KNK437 on Cell Death in MDA-
MB-231 Cells as Single or Combined Treatments

To investigate the cytotoxic effects of carboplatin and KNK437, any remarkable cytotoxicity. At a lower dose of 250 uM, the total
administered either alone or in combination, on MDA-MB-231 cell death rate remained comparable to that of the untreated and
cells, a series of flow cytometry-based Annexin V assays was DMSO controls (~10%), while the 500 uM dose induced only a
conducted. Based on previous experience from our studies modest enhancement of 21%. In contrast, | mM carboplatin alone
investigating the impacts of carboplatin on the same cell line, a 1 resulted in a total cell death of 42% (Figure 3C), with a majority
mM dose was selected, as it consistently induced total cell death of the dead cells located within the necrotic (lower right) quadrant
at ~40%. It was regarded as the baseline appropriate for the drug (Figure 3B), consistent with their morphology, typical of necrotic
combination experiments, considering the potential of the second cells, previously observed under light microscopy (Figure 3A).
drug to either enhance or suppress this cytotoxicity ratio. Based Remarkably, co-treatment with 250 uM KNK437 did not induce
on the proportional differences between the IC, values of the two any substantial change compared to carboplatin alone (both 42%—
agents, doses of 250 and 500 uM KNK437 were selected. 44%, Figure 3C). However, a distinct shift from necrosis to late

apoptosis was observed, reflected by a redistribution of the cell
population from the lower right to the upper right quadrants (Figure
3B). Such an effect was more pronounced with a combination of
carboplatin with 500 uM KNK437, at which the total cell death
enhanced to 56.3%, representing a significant increase of 34.1%
compared to carboplatin alone (Figure 3C). Such a trend was

Cells were treated with 2.5% DMSO alone (v/v; corresponding
to the DMSO content at 500 pM KNK437), 1 mM carboplatin,
250 uM or 500 uM KNK437, and varying combinations of both
drugs, for 48 h. The cells were subsequently visualized under an
inverted phase-contrast light microscope (Figure 3A). Compared
to the untreated cells (control), DMSO-only-treated cells exhibited
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Figure 1. Dose-response curves and determination of IC, values for carboplatin and KNK437 in MDA-MB-231 cells. Cells were seeded at a density of
10,000 cells/well in 96-well plates and treated for 48 h with 2-fold increasing concentrations of (a) carboplatin (7.81 uM-2 mM), or (b) KNK437 (7.81-500
uM). Cell viability was assessed using the WST-8 assay. Absorbance values for all drug concentrations were measured in duplicate. The dose-response
curves were generated by considering the viability of the untreated control cells as 100%, and IC, values were calculated using GraphPad Prism software.
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again largely due to the shift from necrosis (carboplatin alone) to
apoptosis (combination with KNK437) (Figure 3B), consistent
with their respective morphologies previously observed using
light microscopy (Figure 3A). Collectively, our light microscopy
and flow cytometry findings demonstrate that necrosis induced
by carboplatin is replaced by apoptosis upon co-treatment with
KNK437.

Discussion

Platinum-based chemotherapy, either as a monotherapy or
combined with other cancer therapeutics, remains the cornerstone
of current TNBC treatments. However, a critical need to discover
reliable prognostic and predictive biomarkers and thereby enhance
clinical outcomes, guide personalized treatment approaches, and
elucidate the mechanisms underlying therapeutic resistance and
recurrence still arises (Lee, 2023). The present study investigated
the effects of single and combined applications of carboplatin and
the HSR inhibitor KNK437 on apoptosis or necrosis-induction and
ERCCI gene expression in the TNBC cell line MDA-MB-231.

The NER pathway is a mechanism critical to the repair of DNA
damage caused by platinum-based chemotherapeutic agents.
Upregulation of the genes involved in the NER enables cancer
cells to effectively repair such damage, ultimately contributing to
the development of resistance (de Sousa, 2014).
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Elevated ERCCI mRNA and protein levels in cisplatin-resistant
human ovarian cancer cells have been reported (Li et al., 2000).
Similarly, ERCCI mRNAs were markedly higher in tumor
biopsies of cisplatin-resistant gastric cancer patients (Metzger et
al., 1998). In contrast, XPA, XPF, and ERCCI expression was
low in cisplatin-sensitive testicular cancer cell lines, indicating
their limited capacity to mitigate cisplatin-induced DNA damage
(Welsh et al., 2004). Similarly, in our study, since MDA-MB-231
cells are not resistant to carboplatin, their primal response to
carboplatin-induced DNA damage was to suppress ERCCI
expression (Figure 2B), and commit to cell death rather than to
DNA repair and survive (Figure 3C). Moreover, a combination
of carboplatin and KNK437 further decreased ERCC1 expression
(Figure 2E), thereby enhancing the sensitivity of MDA-MB-231
cells to carboplatin and ultimately increasing cell death levels
compared to that induced by carboplatin alone (Figure 3C). This
finding of ours where HSF1 was chemically inhibited by KNK437,
is consistent with a previous report in which the shRNA-mediated
knockdown of HSFI also rendered MDA-MB-231 cells more
sensitive to carboplatin (Desai et al., 2013).

DMSO s apolar, amphipathic, aprotic organic molecule thatis ideal
for dissolving poorly soluble polar and non-polar compounds, due
to which it is widely used in toxicology and pharmacology studies,
and also for the cryopreservation of cells. Although conventionally
DMSO is considered non-toxic at concentrations < 10% (v/v),
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Figure 2. Carboplatin and KNK437 decreases ERCCI gene expression individually, with further suppression when used in combination. (a) Verification of
the specificity of amplified gPCR products for GAPDH and ERCCI by agarose gel electrophoresis. Following gPCR, 10 pL of each amplicon was loaded
onto a 2% agarose gel, electrophoresed, and visualized under UV light. Expected amplicon sizes were 146 bp for GAPDH and 175 bp for ERCCI. (b—d) The
relative ERCCI expression levels in MDA-MB-231 cells treated for 48 h with increasing concentrations of carboplatin (b), KNK437 (c), or DMSO (d). (e)
The relative ERCCI gene expression levels in cells treated for 48 h with carboplatin, KNK437, or their combination. For all experiments, 500 ng of total
RNA isolated from each sample was converted to cDNA, and real-time gPCR was performed using 1 pL of the cDNA with gene-specific primers and SYBR
Green master mix. Fold changes in gene expression and their statistical significance were analyzed using the REST 2009 software, and pairwise comparisons
were made relative to the untreated control (¥*p < 0.05, **p < 0.01, ***p < 0.001).
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exposure of 3D cardiac and hepatic microtissues to DMSO at
levels as low as 0.1% (v/v) markedly altered the functioning of
cellular processes, including significant changes in transcription
and translation as well as the epigenetic landscape, as revealed by
comprehensive transcriptomic, proteomic, and DNA methylation
profiling (Verheijen et al., 2019). To further elucidate the cytotoxic
effects of DMSO at the concentration ranges (0.1%—1.5% [v/v])
typically used in cell-based studies, epithelial colon cancer cells
were treated with DMSO; and it has been reported that DMSO
alters both DNA and protein topologies, in addition to significantly
suppressing the expression of certain proteins at concentrations
> 0.5% (v/v) (Tuncer et al., 2018). Similarly, we observed that
DMSO, used as a solvent for KNK437, reduced ERCC1 expression
at concentrations > 0.625% (v/v) (Figures 2C and 2D). Therefore,
additional qPCR assays using increasing concentrations of only
DMSO were conducted to determine a concentration that did not
impact ERCC1 transcription. Consequently, we identified 0.312%
(v/v) as the maximum level that did not induce any detectable
background suppression of ERCC1 expression, and thus, 62.5 pM
was the highest KNK437 concentration that could be used free of
any interference by DMSO (Figure 2D). The subsequent qPCR
experiments involving combined drug treatments employed this
level as the reference (Figure 2E).

The Annexin V cell death assays conducted later demonstrated that
even 2.5% (v/v) DMSO, corresponding to 500 uM KNK437, did not
remarkably enhance cell death compared to the untreated control
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(Figure 3C), but induced distinct changes in cell morphology,
including elongation and the production of spindle-like extensions
(Figure 3A). In line with the findings of the two studies mentioned
earlier, our results highlight the need for considerable caution
when using DMSO as a solvent, as its toxic effects can manifest at
the level of gene expression without being reflected by cell death
rate. Although DMSO is widely regarded as a “universal solvent”
with a diverse range of biological applications, its potential adverse
effects should not be overlooked, and the working concentration
should be minimized to the extent possible.

The effects of DMSO on TNBC cell morphology observed in our
study are consistent with several previous reports. For instance,
polyclonal human ovarian cancer cells exposed to 1% DMSO for
several days displayed a similar spindle-like morphology and a
monolayer growth pattern characterized by contact inhibition
(Grunt et al., 1991), as was also reported in several human
lymphoblastoid and HeLa cell lines exposed to 2% DMSO
suggesting that such a morphological response was independent
of tissue origin (Aranda-Anzaldo et al., 2024). Our observations
agreed with these studies, as exposure to 2.5% (v/v) DMSO caused
the MDA-MB-231 cells to adopt a spindle-like morphology
(Figure 3A). Similar morphological changes were also detected in
cells treated with 250 and 500 uM KNK437 (Figure 3A), which
were most likely due to the background effect of DMSO.

KNK437 inhibits the HSR by blocking the transcriptional activity
of HSF1 (Powers & Workman, 2007). Our observation that

C
80

D
o
1

*

\
G‘\“ \5°,° q\‘l\? A ‘(\“\ ?50 \;“ ‘.&0 \;“\ 150 \)\k 50“ \;“
50 \?“ g \\*&31 “‘(\&'51 ‘\‘(\6‘31 “*6‘31 3 Late Apoptotic / Necrotic
0“ © ‘(‘ O *, e 3 Necrotic
B Total Dead

o"\‘“c"m

Figure 3. KNK437 co-treatment enhances the cytotoxic effects of carboplatin and shifts carboplatin-induced necrosis toward apoptosis. (a) Representative
light microscopy images showing cell morphologies following 48 h of treatment with the indicated concentrations of DMSO, carboplatin, KNK437, or
their combinations (100X magnification). White and black arrows indicate the necrotic and apoptotic cells, respectively. (b) Representative flow cytometry
plots displaying the cell population distribution assessed by the FITC-Annexin V/7-AAD cell death assay. Following 48 h of treatment with the indicated
agents at the concentrations specified, cells were collected by trypsinization, stained, and analyzed by flow cytometry using FL.1 (y-axis) and FL3 (x-axis)
channels to detect the FITC-Annexin V and 7-AAD-associated fluorescence signals, respectively. (c) Quantification of the proportions of cells in the upper
right (late apoptotic/necrotic) and lower right (necrotic) quadrants from (b), and their sum (total dead). Data represent the mean + SD of two independent
experiments (*p < 0.05, Student’s t-test, pairwise comparisons relative to 1 mM carboplatin alone).
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ERCCI gene expression decreased significantly even at low doses
of KNK437 (31.25 uM, Figure 2C) suggested that ERCCI might
indeed be a genuine transcriptional target of HSF1. To explore
this possibility, we comprehensively reviewed the literature and
examined the supplementary data of high-throughput genome-wide
transcriptomic and chromatin immunoprecipitation microarray
studies conducted on HSF1. In two such reports, ERCCI was
listed among the genes that are transcriptionally upregulated by
HSF1 (Kovécs et al., 2019; Page et al., 2006). These microarray-
based findings provide a possible explanation for the reduction in
ERCC1 expression induced by KNK437, and further support the
notion that ERCCI might be a bona fide HSF1 target gene. Future
studies employing chromatin immunoprecipitation to assess
HSF]1 binding at the ERCCI promoter, combined with functional
luciferase reporter assays, are warranted to provide direct evidence
of such transcriptional regulation.

Carboplatin acts by binding to DNA and inducing the formation of
adducts and crosslinks, which disrupt replication and transcription,
thereby activating signaling pathways that ultimately lead to
apoptosis or necrosis (Brabec & Kasparkova, 2005; de Sousa,
2014). In our study, morphological aberrations such as membrane
disruption, disintegration, and swelling observed in cells treated
with 1 mM carboplatin were indicative of necrosis (white arrows,
Figure 3A). This finding was also supported by our flow cytometry-
based apoptosis/necrosis analysis, which revealed necrosis as the
predominant mode of death in MDA-MB-231 cells exposed to
only carboplatin (Figure 3B). In conjunction, these results indicate
that carboplatin primarily induces necrosis rather than apoptosis
in MDA-MB-231 cells. Such an association between carboplatin
and necrosis is also supported by the literature, as evidenced by
reports of a scleroderma patient with lung cancer who developed
digital necrosis following chemotherapy (Clowse & Wigley, 2003)
and of a lymphocytic leukemia patient who died due to acute liver
necrosis following carboplatin therapy (Hruban et al., 1991).

When cells were treated with a combination of carboplatin and
KNK437, marked changes in cell morphology were observed
compared to those treated with only carboplatin, such as rounded,
shrunken cells with a largely preserved membrane integrity, which
are characteristic features of apoptosis (black arrows, Figure 3A).
These results were supported by our further flow cytometry-
based apoptosis/necrosis analysis, where a redistribution of the
cell population from the lower right to the upper right quadrants
indicated apoptosis as the predominant mode of cell death in
response to combined carboplatin and KNK437 exposure (Figure
3B). Notably, the cell morphologies observed were fully consistent
with the well-established characteristics for apoptosis and necrosis
reported in the literature (Balvan et al., 2015). In summary, these
results indicate that in MDA-MB-231 cells, necrosis induced
by carboplatin alone is replaced by apoptosis when combined
with KNK437. The pro-apoptotic influence of KNK437 is
corroborated by a previous study where the inhibition of HSR
by KNK437 significantly enhanced the apoptosis induced by the
proteasome inhibitor bortezomib in multiple myeloma cells and

mouse embryonic fibroblasts, as evidenced by increased Annexin
V staining and DNA fragmentation (Voorhees et al., 2007).
Altogether, our study demonstrates that KNK437 co-treatment
promotes apoptosis at low (250 uM) and high (500 uM) doses, and
enhances carboplatin-induced cytotoxicity by 34.1% at the higher
dose (Figure 3C). These findings underline the promising potential
of KNK437 to improve the efficacy of carboplatin chemotherapy
against TNBC.

Study Limitations

There were several limitations to our study. First, the drug
concentrations used to assess ERCCI gene expression could not be
directly employed in the Annexin V cell death assays, as these doses
were too low to produce any differential cytotoxic response in this
assay. However, as the higher KNK437 doses (250 and 500 uM)
applied could have interfered with ERCCI gene expression due to
their high DMSO content, the effects observed in cell death might
result from other biological actions of KNK437. Second, only a
single TNBC cell line was used throughout the study, which may
limit the generalizability of our findings to other TNBC models.
Third, ERCC1 expression was assessed only at the mRNA level;
therefore, potential post-transcriptional regulations or functional
effects at the protein level could not be evaluated. Future studies
involving additional TNBC cell lines and functional analyses
of ERCCI protein would help provide a more comprehensive
understanding of the underlying mechanisms.

Conclusion

In conclusion, our findings reveal that the chemical inhibition
of the HSR by KNK437 downregulated ERCCI expression and
increased carboplatin sensitivity in TNBC cells. Interestingly,
necrosis triggered by carboplatin was replaced by apoptosis when
it was administered in combination with KNK437. Excessive
inflammation evoked by chemotherapy-induced necrosis at the
tumor microenvironment is well known to contribute to adverse
clinical outcomes such as therapy resistance, tumor progression,
angiogenesis, and metastasis (Akkiz et al., 2025; Vyas et al.,
2014). In such cases, as suggested by the present study, redirecting
tumor cells from necrosis to apoptosis and thereby evading
inflammation through KNK437 co-administration may offer
significant therapeutic advantages for the treatment of TNBC—an
aspect that requires further investigation by more comprehensive
studies in the future.
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Abstract

Background: Amylases are enzymes that break down starch and help
clarify fruit juices.

Aims: This study focused on screening amylolytic Streptomyces spp.
isolated from soil samples for their potential for amylase production
and fruit juice clarification.

Methods: Select organisms produced amylase, which was assayed by
measuring the reducing sugar content of the fermentation medium.
The effects of pH, carbon and nitrogen source, as well as agitation
and incubation periods, were evaluated to optimize amylase synthesis.

Results: A total of 22 species were isolated, with five—FE4, ELI1,
FL2, MS2, and MS5—demonstrating high amylase production
ability, which occurred at a pH ranging from slightly acidic to slightly
alkaline. Cassava peels supported optimal amylase production in
Streptomyces spp. A4 (0.834), ELI1 (0.910), and FE4 (0.814 U/mL).
The maximum yield of 0.930 U/mL was observed with ELI1 when
urea was used as the nitrogen source, at an agitation speed of 100-150
rpm, and peaking on the fourth day of fermentation. It was identified
as S. griseoflavus ELI 1 using 16S rRNA gene sequencing and
submitted to the GenBank with accession number 0Q930232. The
amylase produced by it was partially purified, markedly increasing its
specific activity from 1.50 to 4.56 U/mL. Its ability to clarify orange
juice was tested; the turbidity reduced significantly by 16.8% after
amylase treatment (p <0.05).

Ozet

Dayanak: Amilazlar, nisastay1 parcalayan ve meyve sularinin
aritilmasina yardimei olan enzimlerdir.

Amaclar: Bu calisma, toprak orneklerinden izole edilen amilolitik
Streptomyces tiirlerinin amilaz iiretimi ve meyve suyu berraklagtirma
potansiyelinin taranmasina odaklanmigstir. Secilen organizmalar,
hiicrelerin indirgen seker igerigi ol¢iilerek test edilen amilaz tiretmistir.

Yontemler: Amilaz sentezini optimize etmek igin pH, karbon
ve azot kayna8i ile calkalama ve inkiibasyon siirelerinin etkileri
degerlendirilmistir.

Bulgular: Toplam 22 tiir izole edildi ve bunlardan beg tanesi (FE4,
ELI1, FL2, MS2 ve MS5) hafif asidik ila hafif alkali pH araliginda
yiiksek amilaz iiretim kabiliyeti gosterdi. Manyok kabuklari,
Streptomyces spp. A4 (0,834), ELIl (0,910) ve FE4 (0,814
U/mL) tiirlerinde optimal amilaz iiretimini destekledi. Ure azot
kaynag1 olarak kullanildiginda, 100-150 rpm ¢alkalama hizinda ve
fermantasyonun dordiincii giiniinde zirveye ulastiginda, ELII ile
0,930 U/mL’lik maksimum verim gozlemlenmigtir. 16S rRNA gen
dizilemesi kullanilarak S. griseoflavus ELI 1 olarak tanimlanmig
ve GenBank’a 0Q930232 erisim numarasiyla kaydedilmistir. Bu
sus tarafindan iretilen amilaz kismen saflastirilmis ve spesifik
aktivitesi 1,50’den 4,56 U/mL’ye 6nemli 6l¢iide artmigtir. Portakal
suyunu berraklagtirma kabiliyeti test edilmis ve amilaz tedavisi
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Conclusion: Amylolytic Streptomyces spp. were isolated from soil
samples, and their amylase yield was optimized. The Amylase of S.
griseoflavus ELI_1 could optimally clarify orange juice.

Keywords: Streptomyces species, amylolytic bacteria,

Introduction

Enzymes are essential biocatalysts and find diverse industrial
applications (Fasiku et al., 2023). Their enhanced synthesis by
easily cultivable and genetically manipulated microorganisms
enabled higher yields and bulk production for application to
commercial purposes, making them more preferable catalysts over
plant- and animal-sourced counterparts (Adrio & Demain, 2014;
Liu et al., 2013; Mokrani & Nabti, 2024; Patel et al., 2023), in
addition to being more stable and cheaper to produce on a large
scale. Different microorganisms produce isozymes with varying
properties. Microbial enzymes are non-toxic and biodegradable
and can substitute conventional toxic chemical catalysts (Illanes et
al., 2012; Khan, 2025; Saravanan et al., 2021). Enzyme-catalyzed
processes are more environmentally friendly, economical, and time
and energy-efficient than those mediated by traditional methods
(Saravanan et al., 2021; Thulasisingh et al., 2024).

Amylolytic enzymes catalyze the hydrolytic cleavage of a-1,4-
glycosidic bonds in starch molecules to produce low molecular
weight sugars, like maltose, dextrin, and glucose, which have many
applications, including for detergent production, brewing, baking,
and the paper and textile industries (Fasiku et al., 2020; Gémez-
Villegas et al., 2021; Li et al., 2012). The ability of microbes to
produce amylases has been widely documented (Fasiku et al., 2020;
Oyenado & Omoruyi, 2024; Vojnovic et al., 2024), including that
of Streptomyces spp. (Al-Dhabi et al., 2020; El-Sayed et al., 2024;
Rathore & Singh, 2021). Optimizing key physiological parameters
and culture conditions, such as inoculum size, pH, agitation,
and temperature, is crucial for maximizing amylase productivity
(Arifeen et al., 2024; Oussadi & Kitouni, 2015).

The benefits provided by fruit juices have led to a continuous
increase in their consumption among health-conscious individuals
(Kahraman et al., 2017). However, undesirable turbidity, haze
formation, and sedimentation in fruit juice-based food products
can deter their purchase. One of the many factors influencing the
turbidity of fruit juices is the starch content. Although an initial
centrifugation step can eliminate starch to a significant extent,
typically, ~5% remains. Enzymes play a crucial technological role
in clarifying juices, with amylase being a key enzyme involved
in starch breakdown, which enhances filterability, post-extraction
yield, and clarity of the juice (Bamigboye et al., 2022; Casas et al.,
2025; Oliveira et al., 2018).

Amylases derived from Streptomyces spp. are highly valued for their
properties of extracellular secretion, broad substrate specificity,
and stability and activity across a broad temperature and pH range,

sonrasinda bulaniklik %16 oraninda 6nemli Olclide azalmustir
(p <0,05).

Sonuc¢: Boylece, toprak orneginden izole edilen amilolitik tiir
S. griseoflavus ELI_1, portakal suyunu en iyi sekilde berraklastirabildi.

fruit juice clarification, partial purification, urea

which are critical for industrial applicability (Barman & Dkhar,
2024). Additionally, alkaliphilicity and resistance to metal ions
and detergents, which facilitate elevated amylase production and
yield under cost-effective fermentation conditions, are desirable
properties (Ali et al., 2023; Suthar et al., 2024). The yield can be
enhanced significantly under optimal production parameters such
as carbon and nitrogen sources, incubation period, aeration, etc.
(Fahmy, 2022). The ability of amylase to effectively hydrolyze
starch and related polysaccharides responsible for turbidity
and viscosity of fruit juices makes them desirable biocatalysts
(Bamigboye et al., 2022).

Given the rising demand for industrial-use enzymes with greater
efficiency, there remains a need to explore novel Streptomyces
species for amylase production. This study aimed to clarify fruit
juice using amylase produced by Streptomyces species isolated
from soil.

Materials and Methods

Soil from five locations in Ibadan, Nigeria, was sampled. They
include the botanical garden (7.4558° N, 3.8965° E), dump site
(7.3776° N, 3.8738° E), mechanical site (7.4408° N, 3.9080°
E), palm oil production facility (7.3740° N, 3.8398° E), and the
Department of Microbiology, University of Ibadan (7.3776° N,
3.9471° E). The samples were collected from depths of 2—-10 cm
from the soil surface with a spatula, placed in sterile zip-lock bags,
and immediately transported to the laboratory. The samples were
then mixed to obtain a composite, passed through a sieve, and air-
dried overnight at room temperature.

Isolation of Streptomyces spp.

Streptomyces species were isolated from soil samples on inorganic
salt starch agar using the pour plate method. The samples were first
serially diluted. The culture medium employed was International
Streptomyces Project (ISP) Medium No. 4. It was composed of
10g/L starch, 1g/L. K.HPO,, 1g/L. MgSO,, 1g/L. NaCl, 2g/L
(NH),SO,, 2g/L CaCO,, 0.001g/L FeSO,, 0.001g/L MnCl,
0.001g/L. ZnSO,, and 20g/L agar-agar. The components were
mixed in required amounts, the pH was adjusted to 7.2, and the
prepared medium was steam-sterilized. It was then supplemented
with 50 pg/mL nystatin and 30 ug/mL rifampicin, cooled down,
and poured into plates containing 1 mL aliquots of each serial
dilution. The agar was allowed to solidify, and the plates were
incubated at 28 °C for 5 days (Kharel et al., 2010).
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Identification of Streptomyces Isolates

Subculturing involved repeated streaking to obtain pure isolates,
which were then characterized by Gram staining, spore formation
ability, biochemical tests (oxidase, citrate, catalase, and starch
hydrolysis), and macroscopic examinations of colony color and
pigment formation.

Screening for Amylolytic Activity

Streptomyces spp. were screened for amylase production based
on starch hydrolysis. The microorganisms were inoculated into
ISP4 medium and incubated at 28 °C for 72 h. The plates were
then flooded with Gram’s iodine solution. Dark blue coloration is
observed when iodine reacts with starch. Amylolytic organisms
formed a clear hydrolysis zone, unlike non-amylolytic ones (Abd-
Elhalem et al., 2015).

Inoculum Preparation

First, 50 mL of ISP4 broth was dispensed into a 250 mL Erlenmeyer
flask, sterilized, and allowed to cool. The broth was inoculated
with a loopful of the microbial culture and incubated at 37 °C in a
rotary shaker for 24 h.

Amylase Assay

For this, 1 mL of each inoculum was aseptically transferred into
individual 250 mL Erlenmeyer flasks containing 50 mL of ISP-
4 broth (fermentation medium; pH 7.0), and the microbes were
grown aerobically at 28 °C for 96 h with agitation at 120 rpm.
Subsequently, the medium and its contents were centrifuged at
5,000 rpm for 20 min. The supernatant was collected and used
as crude amylase. Amylase activity was quantitatively assessed,
employing the 3,5-dinitrosalicylic (DNS) method (Gusakov et al.,
2011) with slight modifications. A 0.2 mL aliquot of the crude
amylase was added to 0.5 mL of 0.1 M sodium phosphate (pH 7.0)
containing 1% starch solution. The reaction mix was then incubated
at 35 °C for 30 min, and then, the reaction was terminated by
adding 1.0 mL of the DNS reagent. The reaction mix was placed
in a boiling water bath for 10 min. The OD,,, was measured with
a UV-Vis spectrophotometer (Gusakov et al., 2011). Amylase
production was ascertained by extrapolating the absorbance values
to a standard graph, and the best amylase producers were selected
for further studies.

Effect of Culture Parameters on Amylase Production

The effects of diverse cultivation conditions on amylase
productivity were assessed using 50 mL media (Krishna et al.,
2015). Buffers of various pH values—S5.0, 6.0, 7.0, 8.0, and 9.0—
were used to prepare ISP4 media and assess the influence of pH on
amylase production. The impacts of different carbon (C) (soluble
starch, mannitol, cassava peels, wheat bran, and sucrose at 10 g/L)
and nitrogen (N) (urea, potassium nitrate, yeast extract, peptone,
and ammonium sulfate at 10 g/L) sources on amylase production
were examined. Each medium was inoculated with selected
Streptomyces spp. and incubated at 28 °C for 96 h at 120 rpm in
a rotary shaker. The effect of agitation on bacterial growth and
amylase yield was estimated by culturing select Streptomyces spp.

in ISP4 media at 28 °C on a rotary shaker set to different rpm: 100,
150, and 200 rpm for 96 h. To study the impacts of incubation
time, the isolates were inoculated into ISP4 media and cultured on
a rotary shaker for 2, 4, 6, and 8 days. Amylase productivity under
each fermentation condition was determined via amylase assay.

Partial Purification and Specific Activity Determination

The stock inoculum of the highest amylase-producing isolate
was added to the best production medium and cultured under
optimal conditions. The enzyme produced was recovered after
incubation: 100 mL of the cell-free crude extract was brought to
40% saturation with ammonium sulfate for 30 min and constantly
stirred until the salt was completely dissolved. The solution was
incubated at 4 °C for 24 h and then centrifuged at 5,000 rpm for
20 min. The precipitated pellet was resuspended in 0.1 M sodium
phosphate buffer (pH 7.0), poured into a dialysis tube, and sealed.
The tube was filled with four times the volume of the suspension
contained and dialyzed for 18 h. The partially purified amylase
was quantified by applying Lowry’s method (Lowry et al., 1951),
and the OD, was measured against a blank solution on a UV-
Vis spectrophotometer. The specific activity of the enzyme was
determined using the formula-

Specific activity = Enzyme activity (U/mL)/Protein concentration (mg/mL)

Fruit Juice Clarification Ability

Sweet orange (Citrus sinensis) fruits were purchased from Ajibode,
Ibadan, and washed thoroughly under running water. Their juice
was extracted aseptically, and 10 mL aliquots were dispensed into
sterile test tubes, sealed with sterile non-absorbent cotton wool, and
pasteurized by heating at 85 °C for 3 min (Kareem & Adebowale,
2007). Then, 1 mL of amylase was aseptically dispensed into each
test tube, while the one added with distilled water served as a blank.
The contents were aliquoted at onset (0 h) and then at 30 min.
They analyzed for clarity by spectrophotometrically measuring the
transmittance (%) at 660 nm.

Percentage clarity was calculated as follows:

-Tc

K
% Clarity = »

X 100%

T, = Transmittance of the test solution.
T = Transmittance of the control solution.
Molecular Species-Level Identification of the Isolate

DNA was extracted per the procedure described by Haque
et al. (2022). The 16S rRNA gene was PCR-amplified using
a GeneAmp 9700 PCR System Thermal cycler (Applied
Biosystems Inc., USA). The reaction mixture contained 1 pL. of
10 mM dNTPs mix, 3 pL of 25 mM MgCl,, 10 uL of 5x GoTaq
colorless reaction mix (Promega, WI, USA), 1 puL of each primer
(10 pmol), 0.3 U of Taq DNA polymerase (Promega), 8 uL of
DNA template, and 42 pL of sterile distilled water. The primers
used were 1525R: 5°’- AAGGAGGTGATCCAGCC-3’ and 27F:
5’- AGAGTTTGATCMTGGCTC AG-3’. The amplicons were
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sequenced on a 31310xI Genetic Analyzer (Applied Biosystems,
MA, USA), utilizing a BigDye Terminator V3.1 Cycle Sequencing
Kit (Applied Biosystems). All gene data were analyzed using
MEGA 11 (Kumar et al., 2018; Tamura & Nei, 1993).

Statistical Analysis

All experiments in this work were carried out in duplicate. The
mean and standard error of the mean of amylase activities were
graphically represented. One-way analysis of variance (ANOVA)
followed by Tukey’s post-hoc test was used to determine the
statistical significance of the differences in mean values at p <
0.05.

Results

Isolation, Quantitative Screening for Amylase, and
Presumptive Identification of Streptomyces spp.

In total, 45 pure isolates were obtained from the soil samples.
Preliminary identification indicated only 22 isolates as presumptive
amylolytic Streptomyces spp. The enzyme yields of these isolates
were quantified, based on which, five Streptomyces spp. with
maximum amylase production were selected. These included:
MS2, Al, FE4, A4, and ELI1, demonstrating activities of 0.654,
0.767, 0.787, 0.806, and 0.878 U/mL, respectively. All of them
were citrate-positive, but catalase- and oxidase-negative. They
could ferment glucose, fructose, and sucrose, as well as hydrolyze
starch (Table 1).

Effects of Culture- and Nutrition-Associated Parameters on
the Levels of Amylase Produced by the Five Isolates

The ANOVA test was conducted, and the means of amylases were
plotted. The effect of pH on the five Streptomyces spp. to produce
amylase is presented in Figure 1. A pH of 6.0 supported amylase
production in ELII at 0.89 U/mL, which varied significantly (p <
0.05) from the yields of the other species. At a pH of 7.0, amylase
production by FE4, MS2, A1, and A4 was 0.80, 0.658, 0.808, and
0.816 U/mL, respectively.

Adding cassava peels to the culture medium as a carbon source
supported amylase production in A4, ELI1, and FE4 at 0.834, 0.91,
and 0.814 U/mL. The amylase yield of ELII differed significantly
(p < 0.05) when compared with the other four. However, starch as
a carbon source supported amylase production to the maximum
extent by Al at 0.84 U/mL and MS2 at 0.750 U/mL (Figure 2).
As N sources, peptone supported maximum amylase production
by FE4 (0.818 U/mL); urea by ELI1 (0.930 U/mL) and A4 (0.884
U/mL); and KNO, by Al (0.864 U/mL) and MS2 (0.802 U/
mL). The highest yield detected was by ELI1, which did not vary
significantly (p > 0.05) from that of A4 with urea (Figure 3).

The effects of different agitation speeds—100, 150, and 200
rpm—on amylase production are presented in Figure 4. At
an agitation speed of 100 rpm, amylase production by Al, A4,
and MS2 was 0.864, 0.880, and 0.840 U/mL; at 150 rpm, it
was 0.980 and 0.920 U/mL by ELI1 and FE4, respectively.

Table 1. Cultivation and biochemical characteristics of five selected Streptomyces spp. isolated from soil samples.
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The yield of ELI1 differed significantly (p < 0.05) from those
of the other four species at all three agitation speeds. During the
8-day incubation period, amylase production started on day 2 and
gradually rose till day 4 before declining (Figure 5). Maximum and
minimum Yyields recorded on days 4 and 8 were 0.890 and 0.680
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o
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> 0.6
£
<
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9.0

U/mL for A4, 0.866 and 0.640 U/mL for A1, and 0.910 and 0.780
U/mL for MS2, respectively. The highest yield recorded was with
ELI1 at all fermentation periods and varied significantly (p < 0.05)
when compared with the other four Streptomyces species.

Streptomyces sp. FE4
Streptomyces sp. ELI1
Streptomyces sp. MS2
Streptomyces sp. A1
I Streptomyces sp. A4

Error bar: Standard error of the

mean
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* Indicates significant difference
in amylase yield when

compared with Streptomyces
sp. ELI1 at the same pH at
p<0.05

Figure 1. Effect of pH on amylase production by the five selected Streptomyces species.
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Error bar: Standard error of
the mean

* Indicates significant
difference in amylase yield
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Streptomyces sp. ELI1 using
same carbon source at
p<0.05

Figure 2. Effect of carbon source on amylase production by the five selected Streptomyces species.
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Figure 3. Effect of nitrogen source on amylase production by the five selected Streptomyces species.
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Figure 4. Effect of agitation on amylase production by the five selected Streptomyces species.
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Figure 5. Effect of fermentation day on amylase production by the five selected Streptomyces species.

Partial Purification of Amylase

Streptomyces sp. ELI1 was selected due to its consistently high
amylase production, and the enzyme synthesized by it was partially
purified. Table 2 summarizes the purification steps. Ammonium
sulfate precipitation increased the specific activity from 1.500 to
2.930 U/mL, and further to 4.560 U/mL by dialysis. However, the
protein content of the crude declined from 0.653 mg/mL to 0.434
mg/mL after ammonium sulfate precipitation and further to 0.317
mg/mL post-dialysis.

Clarification of Orange Juice Using Amylase

The fruit juice clarifying potential was determined based on the
increased transmittance of juice, which was 16.8% within 30 min
of incubation with the amylase produced by ELIl. The value
differed significantly from the initial one (p < 0.05); the amylolytic
activity was 3.234 U/mL. This result confirmed the breakdown of
starch, one of the factors responsible for turbidity.

Molecular Identification of the ELI1 Isolate

The best amylase producer among the five selected Streptomyces
sp., ELI1, was identified at the molecular level as S. griseoflavus
ELI_1. The sequence of the gene encoding amylase was submitted
to the National Center for Biotechnology Information GenBank

(Accession number: 0Q930232). It was closely related to that of
S. griseoflavus LMG 19344 with accession number: NR042291
(Figure 6).

Discussion

Different amylolytic species of Streptomyces were isolated from
the soil samples collected in Ibadan, Nigeria. They were identified
based on biochemical and morphological characteristics. Their
amylolytic ability was determined based on the size of the zones
of hydrolysis observed around the colonies growing on starch agar.
The isolation of amylase-producing Streptomyces spp. from soil
samples has been reported (Ali et al., 2023; Saadoun et al., 2023;
Shu et al., 2025), confirming that soil is a repository of amylase-
producing microbes.

The production and stability of enzymes are sensitive to pH
(Kizhakedathil & Subathra, 2021). Among the different pH levels
studied, S. griseoflavus ELI_1 produced the highest quantity of
amylase at pH 6. This result is similar to that reported by Saad
et al. (2021), using Bacillus licheniformis WF67. However,
Olakusehin and Oyedeji (2021) reported that the maximum yield
with Aspergillus flavus S2-OY was at pH 5.

Trakya University Journal of Natural Sciences, 27(1), 57-66, 2026

www.tujns.org



Odjoji et al. Optimization of amylase yield 63
Table 2. Step-wise purification of amylase produced by Streptomyces sp. ELI1.
Activity | Volume Protein Total Total Specific activity | Recovery Purification
¥ (mg/mL) | protein activity (U/mL) (%) fold

Crude 0.980¢ 100 0.653* 65.3* 98.00° 1.500¢ 100.00° 1.00¢
Ammonium sulfate 1272 |50 0.434° 21.7° 63.60° 2.9300 64.89" 1.95°
precipitation (40%)

Dialysis 1.447¢ 10 0.317¢ 3.17¢ 14.47¢ 4.560¢ 14.76¢ 3.042

Mean values with various alphabetical superscripts along the column indicate statistically significant differences at p < 0.05.
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NR 025615.1 Streptomyces albus DSM 40313

Figure 6. Phylogenetic tree indicating S. griseoflavus ELI_1 and other closely related microorganisms.

The type of C source is critical for media formulation, as it
determines the growth rate of microorganisms and affects the
production of metabolites such as amylase, etc. (Kizhakedathil &
Subathra, 2021). In this study, the type of C source used in the
fermentation medium markedly affected amylase production. The
highest amylase production was recorded when agro-waste (cassava
peels) was employed. Similarly, Tram et al. (2020) reported that
the best yield of amylase was observed when grape fruit peels,

as an agro-waste, were used. Adebare et al. (2021) utilized cassava
peels for the production of amylase by Aspergillus niger. Varying
types of agro-wastes have been used for amylase production (Abd-
Elhalem et al., 2015; Iram et al., 2020; Olakusehin & Oyedeji,
2021; Sahu et al., 2024), as they are rich in carbon, with a few also
containing a small proportion of N. The use of agrowastes as a C
source can help reduce amylase production costs.
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Nitrogen affects the synthesis of amino acids and thus,
microbial growth. N can serve as a secondary energy source
and influences enzyme production (Kizhakedathil & Subathra,
2021). The absence of many types of amino acids and other N
sources in the production medium has been linked to remarkable
effects on amylase biosynthesis (Singh et al., 2016). Peptone
supported amylase production by Streptomyces FE4. Kavitha and
Vijayalakshmi (2010) reported enhanced amylase production by
Streptomyces tendea TK-VL-33 when peptone was utilized. Fahmy
(2022) also reported better yield with peptone compared to yeast
extract, ammonium sulfate, potassium nitrate, and urea.

Another critical parameter affecting microbial enzyme production
is agitation, which influences O, distribution. Oxidative reactions
utilize O, as a terminal electron acceptor to provide energy for
various cellular activities. Agitation speed also affects morphology
and subsequent biosynthetic activity (Ibrahim et al., 2015). In this
study, a speed of 100 rpm optimized amylase production by Al,
A4, MS2, and FE4, while 150 rpm was the best for ELI1. However,
a further increase in speed reduced amylase yield, most likely due
to the adverse effects, such as mechanical and oxidative stress, that
were induced in cells (Prabakaran & Pugalvendhan, 2009). The
maximum amylase production was by ELI1 at 150 rpm, aligning
with the findings of Ahmed et al. (2015) and Niyomukiza et al.
(2023) in Penicillium notatum and Bacillus subtilis W3SFRS,
respectively.

Metabolite production, growth rate, and culture characteristics of
microbes are influenced by the incubation period (Chowdary et
al., 2018; Fasiku & Wakil, 2022). Earlier reports indicated better
amylase production by Streptomyces spp. on day 4 (Singh et al.,
2020), which is consistent with the results of this study. Further
prolongation suppressed amylase production, which could be
due to cells predominantly being in the decline phase of growth,
leading to nutrient depletion and the accumulation of toxins in the
culture medium, ultimately reducing growth and consequently
enzyme production (Baysal et al., 2003).

Suspended colloidal or insoluble compounds such as starch,
pectin, hemicellulose, cellulose, proteins, and other cell-wall
fragments released during fruit processing cause fruit juices to
become turbid (Sharma et al., 2017; Wang et al., 2022). Turbidity
may be desirable in naturally cloudy juices or undesirable in
juices intended to be clear, i.e., depending on the product (Sharma
et al., 2017). In this work, the turbidity of fruit juice decreased
after treatment with the amylase produced by S. griseoflavus
ELI_1. Fruit juice clarity is one of the properties that determines
consumer interest (Bamigboye et al., 2022), which led to a search
for cost-effective and efficient clarification processes. In this work,
the clarity of orange juice was enhanced by the amylase produced
by ELI1. Starch is one of the compounds that contribute to fruit
juice turbidity and post-concentration haze formation, as it can
induce gel formation and membrane fouling, thereby decreasing
the filtration rate (Hossain et al., 2024). Amylase helps reduce
turbidity by breaking down the starch, clearing haziness, turbidity,

and cloudiness, thereby improving the quality and shelf life of
the juice (Hossain et al., 2024). Clarification of grape (Sondhi et
al., 2021), orange (Bamigboye et al., 2022; Sondhi et al., 2021),
apple (Hossain et al., 2024, Roheen et al., 2024), pear (Liviu et al.,
2022), and banana (Shwe & Win, 2019) juice has been reported.

Study Limitations

This study was limited to soil samples collected from a single
geographic region, which may not represent the full diversity of
amylolytic Streptomyces spp. present in other environments. The
enzyme was only partially purified, and characterization was
restricted to basic assays without detailed kinetic or structural
analysis. The juice of only one fruit type, orange, was used for
testing clarification ability, which limits generalization to other
fruit juices with different physicochemical properties. The degree
of clarification was assessed via turbidity reduction, without
any accompanying comprehensive sensory or nutrient retention
analyses. Moreover, this study did not evaluate enzyme reusability
or stability under conditions relevant to industrial processing.
Future research should focus on large-scale optimization,
purification, kinetic analysis, and broader application to enhance
industrial relevance.

Conclusion

A total of 22 amylase-producing Streptomyces spp. were isolated
from soil samples. Acidity or alkalinity, C and N source,
agitation, and fermentation period affected amylase production. S.
griseoflavus ELI_1 was the best amylase producer under optimized
conditions; purification of the enzyme produced increased its
activity. The turbidity of orange juice was reduced by 16.8% upon
treating with the amylase produced by ELI 1, as it effectively
hydrolyzed starch, thereby enhancing juice clarity. Thus, this
enzyme has potential for juice clarification and can be used on an
industrial scale.
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Abstract

Background: Microalgae offer significant advantages for third-
generation bioethanol production due to their rapid growth rates,
high photosynthetic efficiency, and ability to accumulate substantial
amounts of carbohydrates. Unlike agricultural food crops, microalgae
can be cultivated on non-arable land using saline or wastewater
resources, thereby avoiding competition with food crops. Moreover,
their low lignin contained cell wall structure enables milder
pretreatment requirements and more efficient enzymatic hydrolysis,
which ultimately leads to improved sugar production and higher
ethanol yields. In addition, microalgae-based bioethanol production
contributes to carbon dioxide mitigation through CO, fixation,
enhancing the overall environmental sustainability of the process.
For the mentioned reasons Chlorella vulgaris biomass was used as
a feedstock for third-generation bioethanol production in the present
study.

Aims: The aim of this study is to develop a sustainable and
integrated process for third generation bioethanol production by
utilizing domestic food waste. Specifically, the research focuses on:
investigating the effects of ZnO nanoparticles on the fermentation
process; evaluating the performance of C. boidinii yeast in the presence
of nanoparticle catalysts; optimizing cultivation conditions to achieve
efficient microalgal growth and enhanced bioethanol production by
C. boidinii; and examining the influence of key parameters, such as
pretreatment methods (1% H,SO, and 1% NaOH), biomass loading
(50, 100, 200 g/L), and media composition, on the ethanol yield.

Methods: In this study, C. vulgaris was used as a feedstock for
bioethanol several key parameters were optimized, including microalgal
cultivation conditions (photoautotrophic, photoheterotrophic with
glucose, and photoheterotrophic with carrot pomace), pretreatment

Ozet

Dayanak: Mikroalgler; hizli biiylime oranlari, yiliksek fotosentetik
verimlilikleri ve 6nemli miktarda karbonhidrat biriktirme yetenekleri
nedeniyle iiclincii nesil biyoetanol {iretimi i¢in Onemli avantajlar
sunmaktadir. Tarimsal gida iiriinlerinin aksine, mikroalgler tarima
elverigli olmayan arazilerde, tuzlu su veya attk su kaynaklari
kullanilarak yetistirilebilir; bu sayede gida {iriinleriyle rekabetten
kacinilir. Ayrica, diisiik lignin igerigine sahip hiicre duvari yapilari,
daha 1limlh 6n islem kosullarina ve daha verimli bir enzimatik
hidrolize olanak tanir, bu da sonug olarak seker iiretiminin artmasina
ve daha yiiksek etanol verimine yol acar. Ek olarak, mikroalg tabanl
biyoetanol iiretimi, CO, fiksasyonu yoluyla karbondioksit azaltimina
katkida bulunarak siirecin genel ¢evresel siirdiiriilebilirligini artirir.
Bahsedilen bu nedenlerden dolayi, mevcut caligmada {igiincii
nesil biyoetanol iiretimi i¢in hammadde olarak Chlorella vulgaris
biyokiitlesi kullanilmigtir.

Amaclar: Bu ¢aligmanin amaci, evsel gida atiklarindan yararlanarak
iiciincii nesil biyoetanol iiretimi i¢in siirdiiriilebilir ve entegre bir siire¢
gelistirmektir. Aragtirma spesifik olarak su konulara odaklanmaktadir:
ZnO (Cinko Oksit) nanopartikiillerinin fermantasyon siireci tizerindeki
etkilerinin arastirilmasi; nanopartikiil katalizorlerin ~ varliginda
C. boidinii mayasinin performansinin degerlendirilmesi; C. boidinii
ile verimli mikroalgal biiyiime ve artirilmig biyoetanol iiretimi
saglamak i¢in kiiltivasyon kosullarinin optimize edilmesi, 6n islem
yontemleri (%1 H,SO, ve %1 NaOH), biyokiitle yiiklemesi (50, 100,
200 g/L) ve besiyeri bilesimi gibi temel parametrelerin etanol verimi
iizerindeki etkisinin incelenmesi.

Yontemler: Bu calismada, C. vulgaris biyoetanol icin hammadde
olarak kullanilmig ve mikroalg yetistirme kosullari (fotoototrofik,
glikozlu fotoheterotrofik ve havuc posasi ile fotoheterotrofik), 6n
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type (1% H,SO, and 1% NaOH), biomass loading (50, 100, and 200
g/L), and nutrient supplementation (Medium 1 and Medium 2).

Results: Candida boidinii exhibited the highest bioethanol
production and productivity at 3.29 + 0.14 g/L and 0.26 + 0.01g/L.h,
respectively. When Medium 1 was applied, bioethanol concentration
and productivity further increased to 4.54 + 0.18 g/L and 0.38 + 0.01
g/L.h, respectively.

Conclusion: These findings demonstrate that fermentable sugars
derived from C. vulgaris can be effectively converted into third-
generation bioethanol by C. boidinii.

islem tiirii (1% H,SO, ve 1% NaOH), biyokiitle yiiklemesi (50, 100
ve 200 g/L) ve besin takviyesi (Ortam 1 ve Ortam 2) gibi onemli
parametreler optimize edilmistir.

Bulgular: Candida boidinii, sirastyla 3,29 + 0,14 g/L ve 0,26 + 0,01
g/L.h ile en yiiksek biyoetanol iiretimi ve verimliligini sergilemistir.
Orta 1 uygulandiginda, biyoetanol konsantrasyonu ve verimliligi
sirastyla 4,54 + 0,18 g/L ve 0,38 + 0,01 g/L.h’ye yiikseldi.

Sonuc: Bu bulgular, C. vulgaris’ten elde edilen fermente edilebilir
sekerlerin C. boidinii tarafindan iiglincii nesil biyoetanola etkili bir
sekilde doniistiiriilebilecegini gostermektedir.

Keywords: Microalgae, fermentation, supplement, bioethanol, carrot pomace

Introduction

In recent decades, the energy crisis and global warming have
emerged as some of the most critical global concerns. These
challenges are closely associated with population growth and
the excessive consumption of fossil fuels. Consequently, the
exploration of renewable energy sources has become a key
factor in achieving sustainability (Medipally et al., 2015). Solar,
wind, biomass, and geothermal energy are commonly referred
to as alternative renewable sources, and they possess significant
potential to reduce both environmental pollutants and greenhouse
gas emissions (Panwar et al., 2011).

Biomass-based energy sources offer several advantages, including
renewability, wide availability, and cost-effectiveness. Among
these, bioethanol is the most extensively studied biofuel and
can be produced from various raw materials such as corn, rice,
lignocellulosic biomass, photosynthetic organisms, and genetically
modified microorganisms (Dutta et al., 2014; Srilatha et al., 2019).

Edible raw materials used in the food industry, including sugar beet,
rice, corn, and cassava, are classified as first-generation bioethanol
sources. In contrast, non-edible lignocellulosic feedstocks are
utilized for second-generation bioethanol production (Kiran
et al.,2014; Lavanya et al., 2020). Photosynthetic organisms,
particularly microalgae, serve as feedstocks for third-generation
bioethanol production. Microalgae utilize sunlight and CO, as
carbon sources for growth, which offers a distinct advantage by
potentially lowering production costs (Sarkar & Shimizu, 2015).
They are easy to cultivate and possess high lipid, protein, and
carbon contents. Moreover, the low lignin content of microalgae
allows for the release of fermentable sugars without requiring
harsh pretreatment conditions (Jambo et al., 2016). In addition
to their lipid content, microalgae contain significant amounts
of carbohydrates, such as glucose and xylose. Several genera,
including Chlorella, Dunaliella, Chlamydomonas, Scenedesmus,
and Spirulina, have been reported to accumulate carbohydrates
comprising up to approximately 50% of their dry biomass, making
them strong candidates for bioethanol production (John et al.,
2011).

Numerous studies on bioethanol production have demonstrated
that Chlorella vulgaris contains carbohydrates accounting for

37%-55% of its dry biomass. These carbohydrates include glucose,
xylose, galactose, arabinose, mannose, fucose, and rhamnose
(Agwa et al., 2017; Caetano et al., 2022).

Phototrophic, heterotrophic, photoheterotrophic, and mixotrophic
conditions represent the primary cultivation strategies for
microalgae, each supporting growth under different carbon and
energy sources (Tandon & Jin, 2017). In phototrophic systems,
microalgae rely exclusively on light and CO, for metabolic activity.
In contrast, heterotrophic cultivation enables growth through
the utilization of organic carbon sources, in the absence of light.
Photoheterotrophic cultivation combines illumination with organic
substrates to support cellular growth (Abreu et al., 2012). Although
photoheterotrophic cultivation has received comparatively limited
attention in bioethanol-focused studies, existing reports suggest
its potential to enhance biomass accumulation and increase lipid
content (Selvakumar & Umadevi, 2014).

Agricultural and industrial food wastes are rich in fermentable
sugars and growth-promoting factors such as proteins and
minerals (Roy et al., 2023). Carrot pomace represents an
important raw material, as it contains fermentable sugars
including xylose, glucose, and galactose along with mineral
salts (Mg, Ca, K, P, Na), carotenoids, and vitamins (Barzee
et al., 2019). For these reasons, carrot pomace was employed
as an organic carbon source to support microbial growth and
fermentable sugar accumulation during the photoheterotrophic
cultivation of C. vulgaris.

Candida boidinii is a methylotrophic yeast characterized
by considerable intraspecies variability and significant
biotechnological relevance. It can be isolated from diverse natural
habitats as well as environments influenced by human activities.
The organism is capable of growth across a broad temperature
range (15 °C-37 °C) and is widely distributed across various
geographic regions (Camiolo et al., 2017; da Silva Almeida et
al., 2024). Importantly, its metabolic capacity extends beyond
hexose sugars, as it can also efficiently utilize pentose sugars.
This metabolic versatility positions C. boidinii as a promising
alternative ethanologenic yeast to Saccharomyces cerevisiae
(Fehér et al., 2021).

Additives such as nitrogen sources and mineral salts play a
crucial role in supporting microbial growth and ethanol tolerance.
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For example, mineral salts act as cofactors in various metabolic
reactions during fermentation (Rees & Stewart, 1997). Conversely,
nitrogen sources, including amino acids, improve cell viability and
increase ethanol tolerance (Yamaoka et al., 2014).

In the first phase of this study, the effects of different cultivation
conditions were investigated to achieve more efficient microalgal
growth and enhanced bioethanol production by C. boidinii.
Subsequently, the influence of key parameters, including
pretreatment methods (1% H,SO, and 1% NaOH), biomass
loading (50, 100, 200 g/L), and media composition, on bioethanol
production by C. boidinii was examined. This study represents the
first report on microalgal-based bioethanol production using C.
boidinii.

Materials and Methods

Microalgae and Cultivation Conditions

Chlorella vulgaris was obtained from the culture collection
of Ankara University, Department of Biology, Biotechnology
Research Laboratory Culture Collection. To initiate cultivation,
10 mL of pre-cultured microalgae was inoculated into 250 mL
flasks containing 100 mL of BG-11 medium. The composition of
BG-11 medium was as follows (per liter): 1.5 g¢ NaNO,, 75 mg
MgSO,.7H,0, 40 mg K, HPO,, 36 mg CaCl,.2H,0, 6 mg ferric
ammonium citrate, 6 mg citric acid H,O, 1 mg Na EDTA.2H,O,
2.86 mg H.BO,, 20 mg Na,CO,, 1.81 mg MnCl,.4H,0, 0.39 mg
Na,Mo0,.2H,0,0.22mg ZnSO,.7H,0, 0.0494 mg Co(NO,),.6H,0,
and 0.079 mg CuSO,.5H,0 (Park et al., 2014; Rippka, 1988). The
working volume was maintained at 100 mL in 250 mL Erlenmeyer
flasks. The cultures were incubated at 30 °C under cool-white
fluorescent light with an intensity of 12.5 W m2 (2400 1x). During
photoautotrophic cultivation, no external sugar source was added
to the BG-11 medium. Under photoheterotrophic conditions,
microalgal cultures were grown in BG-11 supplemented with
either 0.5 g/L glucose or 0.5 g/L carrot pomace (CP)-derived sugars
under continous illumination. To assess the effect of CP, cultures
supplemented with 0.5 g/LL CP-derived sugars were incubated for
12 days under photoheterotrophic conditions at 30 °C and 2400 Ix.

Microalgal biomass was harvested after 12 days by centrifugation
at 5,000 rpm for 10 min using a Hettich Rotofix 32A centrifuge.
The harvested cells were dried overnight at 70 °C. The resulting
dried microalgal biomass was then used in fermentation assays
(Acebu et al., 2022; Agwa et al., 2017; Wistara et al., 2016).

Pretreatment of CP

CP was supplied by BELSO/Tiirkiye and dried overnight in an
oven at 80 °C. Dried CP (100 g/L) was pretreated with 1% H,SO,
at 121 °C for 15 min. Following pretreatment, the liquid fraction
was separated by filteration using Whatman No. 1 filter paper.

Fermentation Conditions

Candida boidinii was obtained from the culture collection of Ankara
University, Department of Biology, Biotdechnology Research
Laboratory Culture Collection. For pre-incubation, C. boidinii was

cultivated for 24 hours in PGY medium, containing 10 g/L peptone,
20 g/L glucose, and 3 g/L yeast extract. Prior to fermentation,
the microalgal biomass was subjected to a pretreatment process.
Initially, the biomass was homogenized using an IKA T18 Ultra-
Turrax at 13,000 rpm for 1 min. The homogenized biomass was
then treated with 1% H,SO, and sterilized by autoclaving at 121
°C for 15 min using an ALP/CL-40 M autoclave (ALP/CL-40 M,
Germany). The inoculation ratio was adjusted to 10% (v/v). All
fermentation experiments were conducted in 100 mL Erlenmeyer
flasks with a working volume of 40 mL. Fermentations were
carried out at 30 °C and 100 rpm in a shaking incubator (Gerhardt/
Thermoshake THO 500/1/Germany). The fermentation pH was
mainatined at 5. Initial sugar and ethanol concentrations were
measured after 6, 12, and 24 hours of fermentation.

Effect of Pretreatment on Bioethanol Production

Two different pretreatment methods were applied to C. vulgaris
biomass. The microalgal biomass was treated with either 1%
H,SO, or 1% NaOH and autoclaved at 121 °C for 15 min using
an autoclave (ALP/CL-40 M/Germany). After pretreatment, the
samples were centrifuged at 5,000 rpm for 10 min. The solid pellet
was discarded, and the resulting liquid fractions were used for
subsequent fermentation experiments.

Effects of Initial Biomass Loading on Bioethanol Production

To determine the effect of initial biomass loading on bioethanol
production, three different microalgal biomass concentrations (50,
100, 200 g/L) were examined. C. vulgaris biomass was pretreated
with 1% H,SO, at 121 °C for 15 min in an autoclave. This pretreated
microalgal biomass was subsequently used as the carbon source
for fermentation.

Effect of Different Supplements on Bioethanol Production

To assess the effect of nutient supplementation on bioethanol
production, two different fermentation media containing C.
vulgaris biomass were evaluated. Medium 1 consisted of 5 g/L.
peptone, 3 g/L yeast extract, 0.5 g/ MgSO,.7H,0, 1 ¢/ KH,PO,,
0.1 g/L CaCl,, and 0.05 ZnSO, prior to fermentation (Demiray
et al., 2020). Medium 2 contained 1 g/L yeast extract, 0.4 g/L
KH,PO,, and 0.2 g/L. NH,Cl as mineral and nitrogen sources (Yu
et al., 2020).

Analytical Methods

Ethanol concentration was determined by gas chromatography
using a Shimadzu GC-2010 system. For sample preparation, 1.5
mL of fermentation broth was centrifuged at 10,000 rpm and 4 °C
for 10 min using a Hettich centrifuge. The resulting supernatant
was filtered through a 0.22 pm membrane filter and subjected to
gas chromatography analysis. Ethanol was quantified using a flame
ionization detector equipped with an RTX-Wax capillary column
(60 m length, 0.25 mm internal diameter). A sample volume of 1
pL was injected into the injection port. The injection and detector
temperatures were maintained at 140 °C and 160 °C, respectively.
The initial column temperature was set at 50 °C and increased to
150 °C over 19 min. The column flow rate was 1.86 mL/min, with
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a total carrier gas flow of 190.4 mL/min; nitrogen was used as the
carrier gas (Wistara et al., 2016).

Total reducing sugar concentrations were determined using the
DNS method (Miller, 1959). Reducing sugars reacted with the DNS
reagent to produce an orange-brown colored compound. Sodium
potassium tartrate was used to stabilize the color and prevent
precipitation. Absorbance was measured spectrophotometrically
at 540 nm, with a color intensity directly proportional to the
reducing sugar concentration. Yeast growth was monitored
spectrophotometrically at 600 nm.

Theoretical ethanol yield was calculated using Equation (1) (Kim
& Lee, 2007).

. . ethanol (g/L)
Theoretical ethanol yield (%) = x100 ( 1 )

(initial sugar (g/L) x 0.511)

Volumetric ethanol productivity (Q) was calculated using
Equation (2) (Roca & Olsson, 2003).

. . ethanol (g/L)
Volumetric ethanol productivity (g/Lh) = (2)
h

‘max

Ethanol yield based on substrate consumption (Y, ) was calculated

using Equation (3) (Yiicel & Aksu, 2015).

P/S

(maximum ethanol (g/L)
Ethanol yields (g/g) = (3)
consumed sugar (g/L)

Statistical Analysis

Initially, the dataset was evaluated for compliance with the
assumptions of normality and homogeneity of variances using the
Shapiro—Wilk and Levene’s test, respectively. As the data met the
requirements for parametric analysis, statistical comparisons were
performed using one-way analysis of variance. When significant
differences were detected (p < 0.05), Tukey’s honestly significant
difference test was applied for post hoc pairwise comparisons.
Results are reported as mean + standard deviation. Groups within
the same column sharing the same superscript letter was not
significantly different among treatments. All statistical analyses
were conducted using R software (version 4.5.2).

Results

Effect of Different Cultivation Strategies on Microalgal
Growth

Cultivation strategy has a direct influence on microbial growth
(Aziz et al., 2020). For this reason, C. vulgaris was cultivated
under both photoautotrophic and photoheterotrophic conditions.
Photoheterotrophic cultivation was further evaluated using two
different carbon sources: glucose and CP. CP is an inexpensive
and abundant by-product of the food industry and contains a

considerable amount of reducing sugars (Yoon et al., 2005;
Yu et al., 2013). Therefore, CP was selected as an alternative
carbon source for the photoheterotrophic growth of C. vulgaris.
A synthetic medium containing only glucose was used as a
control.

The growth of C. vulgaris under different cultivation strategies
is presented in Figure 1. According to the results, all cultivation
conditions supported microalgal growth. The highest growth was
observed under photoheterotrophic conditions with CP as the
carbon source. Under this condition, the biomass concentration
of C. vulgaris reached 0.46 g/L after 12 days. In comparison,
growth reached 0.33 g/l under photoheterotrophic conditions
with glucose, while the lowest biomass concentration of 0.21 g/L
was observed under photoautotrophic cultivation. Interestingly,
the initial microbial growth values under photoautotrophic
cultivation, glucose containing photoheterotrophic, and CP-
containing photoheterotrophic cultivations were 0.02, 0.03 and
0.07 g/L, respectively. The results indicate that photoheterotrophic
cultivation with CP, resulted in significantly higher initial growth
compared to other strategies. A plausible explanation for this
observation is the differences inn pre-adaptation media, as
cultivation under distinct conditions for 12 days may have led to
variations in growth rates. In all experimental groups, microbial
growth accelerated after 8 days and approached its maximum level
by day 12. No significant increase in biomass was observed beyond
this time point. Consequently, C. vulgaris growth experiments
were terminated after 12 days.

Effect of Pretreatment on Reducing Sugar and Bioethanol
Production

Pretreatment is a critical step for the release of fermentable sugars
from microalgal biomass. The reducing sugar concentrations
and bioethanol production obtained from C. vulgaris biomass
subjected to different pretreatment methods (1% H,SO, and
1% NaOH) are presented in Figure 2. According to the results,
acid pretreatment yielded higher reducing sugar concentrations
than alkali pretreatment. The highest initial reducing sugar

0.5

—a— Photoauthotrophic
—&— Photoheterotrophic (Glucose)
0.4 { —H—Photoheterotrophic (Carrot Pomace)

0.3

Microbial growth (g/L)

0.1 4

0+ T T T T T T
0 2 4 6 8 10 12
Time (days)

Figure 1. Effects of different carbon sources and cultivation conditions
on microalgal growth (BG-11 medium; 0.5 g/L glucose; 0.5 g/L carrot
pomace sugar; 2400 Ix; 30 °C; pH:7; incubation time, 12 days).
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concentration was achieved with 1% H,SO, (9.98 g/L), whereas
the lowest concentration was observed following 1% NaOH
pretreatment (6.86 g/L).

In parallel with reducing sugar concentrations, the highest
bioethanol production was obtained from biomass pretreated with
1% H,SO,, reaching 3.29 g/L at 12 h of fermentation. In contrast,
bioethanol production decreased to 2.93 g/ when 1% NaOH
pretreatment was applied. The kinetic parameters calculated for the
different pretreatment methods are shown in Table 1. The highest
theoretical bioethanol yield (72.95%) was observed for biomass
pretreated with 1% NaOH, which can be attributed to the lower
initial reducing sugar concentration compared to acid-pretreated
biomass. Conversely, the lowest theoretical yield (65.10%) was
obtained following 1% H,SO, pretreatment. However, biomass
pretreated with 1% H,SO, exhibited higher volumetric ethanol
productivity (Qp) and ethanol yield (Yp/s) than biomass treated
with 1% NaOH. The maximum Qp and Yp/s values for 1% H,SO,
were 0.26 g/L-h and 0.49 g/g, respectively, whereas these values
decreased to 0.24 g/L-h and 0.45 g/g, respectively, for 1% NaOH
pretreatment.

Effects of Initial Biomass Loading on Sugar Concentrations
and Ethanol Production

Initial biomass loading is a critical parameter influencing
fermentation performance. In this study, the effects of three
different initial biomass loadings (50, 100, and 200 g/L) on
bioethanol production by C. boidinii were evaluated. Prior to
fermentation, C. vulgaris biomass was pretreated with 1% H,SO,
at 121 °C for 15 min.

O 1% H,SO, (Reducing Sugar) - 1% NaOH (Reducing Sugar)

—&— 1% H,S0; (Bioethanol)

—— 1% NaOH (Bioethanol)

Reducing sugar (/L)
~
Bioethanol (/L)

Time (h)

Figure 2. Effects of different pretreatment methods from C. vulgaris
biomass (initial biomass loading: 50 g/L, pretreatments: 1% H,SO, and 1%
NaOH, 121 °C, 15 min, pH: 5, T: 30 °C).

The reducing sugar concentrations obtained from increasing
C. vulgaris biomass loadings are presented in Table 2. The results
indicate that higher biomass loadings led to increased reducing
sugar concentrations. The maximum reducing sugar concentration
was observed at a biomass loading of 200 g/L biomass (16.23 g/L),
whereas the lowest concentration was detected at 50 g/L (9.98
g/L). An intermediate reducing sugar concentration of 13.03 g/L
was obtained ata biomass loading of 100 g/L.

In parallel with reducing sugar concentrations, the highest
bioethanol concentration was achieved at a biomass loading
of 200 g/L biomass (3.89 g/L), while the lowest concentration
was obtained at 50 g/L (3.29 g/L) after 12 hours of fermentation
(Figure 3). At an initial biomass loading of 100 g/L, C. boidinii
produced 3.32 g/L. bioethanol. The results demonstrate that
both reducing sugar and ethanol concentrations increased
proportionally with increasing biomass loading. Moreover, high
biomass loading (200 g/L) did not inhibit microbial growth or
bioethanol production, as the reducing sugar concentrations
remained below the tolerance limit of C. boidinii (Velazquez-
Lucio et al., 2018).

Kinetic parameters associated with the different biomass loadings
are summarized in Table 2. Although bioethanol concentrations
increased with increasing biomass loading, the maximum
theoretical bioethanol yield decreased from 65.10% to 47.39%
as the biomass loading increased from 50 g/L to 200 g/L. From
the highest biomass loading (200 g/L), the maximum volumetric
ethanol productivity (Qp) and bioethanol yield (Yp/s) were (.32
g/L-h and 0.35 g/g, respectively.

Effects of Different Supplements on Sugar Consumption
and Bioethanol Production

Mineral salts and nitrogen sources are key factors influencing
microbial growth and bioethanol production. In this study, two
different fermentation media were evaluated for their effect on
C. boidinii fermentation. Medium 1 contained 5 g/L. peptone, 3
g/L yeast extract, 0.5 g/LL. MgSO,7H,O, 1 g/ KH,PO,, 0.1 g/L
CaCl,2H,0, and 0.05 g/l ZnSO,-7H,O as nitrogen and mineral
sources. Medium 2 contained 1 g/L yeast extract, 0.4 g/ KH,PO,,
and 0.2 g/ NH,CI as organic and inorganic nitrogen and mineral
sources.

Both media positively influenced the fermentation performance
of C. boidinii. However, Medium 1 resulted in 1.06 fold higher
bioethanol concentrations compared to Medium 2. The maximum
bioethanol concentration achieved in this study was 4.54 g/L in
Medium 1, whereas a concentration of 4.29 g/L. was obtained in
Medium 2 (Figure 4).

Table 1. Kinetic parameters of C. boidinii fermentation under different pretreatment conditions (initial C. vulgaris biomass: 50 g/L;
pretreatments: 1% H,SO, and 1% NaOH, 121 °C for 15 min; pH 5; incubation temperature: 30 °C).

Pretreatment Maximum bioethanol (g/L),, | Theoretical yield (%),,, Q,(g/L.h) Y, (€8,
1% H,SO, 329+ 0.14 65.10°+ 2.80 0.26*+ 0.01 0.49*+ 0.01
1% NaOH 2.93*+0.09 72.95°+ 2.29 0.24*+ 0.01 0.45°+ 0.02

*Different superscript letters within the same column indicates statistically significant difference (p < 0.05).

www.tujns.org

Trakya University Journal of Natural Sciences, 27(1), 67-75, 2026




72

Kut Yilmaz et al. Process optimization for bioethanol from Chlorella vulgaris

Theoretical ethanol yields were higher for both supplemted media
compared to the unsupplemented 200 g/L. biomass condition
(47.39%), reaching 54.74% and 51.73% for Medium 1 and
Medium 2, respectively (Table 3). A similar trend was observed
for reducing sugar consumption. In the unsupplemented 200 g/L
biomass, the reducing sugar concentration was 5.04 g/L after 12
hours of fermentation, whereas concentrations decreased to 4.26
g/L. and 4.24 g/L in the presence of Medium 1 and Medium 2,
respectively.

Discussion

Experiments were conducted under different cultivation conditions,
including photoautotrophic  cultivation, photoheterotrophic
cultivation with 0.5 g/L glucose, and photoheterotrophic cultivation
with 0.5 g/LL CP. The growth performance of C. vulgaris varied
significantly among these conditions, with the highest biomass

..... O~ 50 g/L (Reducing Sugar)
= 200 g/L (Reducing Sugar)
—— 100 g/L (Bioethanol)

..... & 100 g/L (Reducing Sugar)
—@— 50 g/L (Bioethanol)
—&— 200 g/L (Bioethanol)

Bioethanol (g/L)

Reducing sugar (g/L)
NS

0 6 12 18 24
Time (h)

Figure 3. Effects of different C. vulgaris biomass loadings on bioethanol
production and reducing sugar consumption by C. boidinii (pretreatment:
1% H,SO, at 121 °C for 15 min).

accumulation observed under photoheterotrophic cultivation
supplemented with CP-derived sugars.

Previous studies have reported that the presence of organic carbon
sources in growth media can increase microalgae growth (Abreu
et al., 2012; Park et al., 2014). In the present study, microalgal
growth under photoheterotrophic conditions was approximately
2.2-fold higher than that under photoautotrophic conditions after
12 days of incubation. Similarly, Grama et al. (2016) reported that
Dactylococcus sp. cultivated under photoheterotrophic conditions
exhibited 43% higher growth under photoautotrophic conditions.
Although both CP- and glucose-supplemented photoheterotrophic
media contained the same initial reducing sugar concentrations (0.5
g/L), higher microbial growth was observed in the CP-containing
medium. This difference may be attributed to additional growth-
promoting components present in CP, such as minerals and vitamins,
which may stimulate C. vulgaris growth. Based on these findings,
CP was selected as a cost-effective raw material for further studies.

»»»»» & Medium-1 (Reducing Sugar) @ Medium-2 (Reducing Sugar)

—#&— Medium-1 (Bioethanol)

—&— Medium-2 (Bioetanol)

IS

w

Bioethanol (g/L)

N

Reducing sugar (g/L)

Time (h)

Figure 4. Bioethanol production and reducing sugar consumption by
C. boidinii in the presence of different supplement media using 200 g/L
initial C. vulgaris biomass (pretreatment: 1% H,SO,, 121 °C, 15 min, pH:
5, Medium 1: 5 g/L peptone, 3 g/L yeast extract, 0.5 g/LL MgSO,.7H,0, 1
g/LKH,PO,, 0.1 g/L. CaCl,.2H,0, and 0.05 g/L. ZnSO,. 7H,0, Medium 2;
1 g/L yeast extract, 0.4 g/L. KH,PO,, and 0.2 g/L. NH Cl, T: 30 °C).

Table 2. Bioethanol production by C. boidinii at three different initial C. vulgaris biomass loadings (pretreatment: 1% H,SO, at 121 °C for 15

min).

Biomass loading Reducing sugar (g/L), | Maximum bioethanol (g/L),,, | Theoretical yield (%),,, | Q,(g/L.h),,, Y, (€8,
50 g/LL 9.98*+ 0.12 3.29*+0.14 65.10*+ 2.80 0.26*+ 0.01 0.49*+ 0.01
100 g/LL 13.03°+ 0.70 3.32*+0.01 50.31°+ 0.42 0.28°+ 0.002 | 0.35°+ 0.005
200 g/L 16.23+ 0.10 3.89°+ 0.05 4739+ 0.34 0.32°+0.002 | 0.35°+0.01

*Different superscript letters within the same column indicates statistically significant differences.

Table 3. Effect of different media compositions on bioethanol production by C. boidinii (initial biomass loading: 200 g/L C. vulgaris,
pretreatment: 1% H,SO,, 121 °C, 15 min, pH: 5, Medium 1: 5 g/L peptone, 3 g/L yeast extract, 0.5 g/L. MgSO,.7H,0, 1 g/L KH PO,,
CaCl,.2H,0, and 0.05 g/L ZnSO,.7H,0. Medium 2: 1 g/L yeast extract, 0.4 g/L. KH,PO, and 0.2 g/L NH,Cl, T: 30 °C).

Reducing sugar (g/L) | Maximum bioethanol (g/L),, | Theoretical yield (%),,, |Q,(g/L.h) Y, (&8,
Medium 1 16.23*+ 0.10 4.54*+0.18 54.74*+2.13 0.38*+ 0.01 0.38*+ 0.01
Medium 2 16.23*+ 0.10 4.29°+ 0.35 51.73*+ 4.26 0.36+ 0.02 0.36*+ 0.03

*Different superscript letters within the same column indicate statistically significant differences.
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Different pretreatment methods (1% H,SO, and 1% NaOH) were
evaluated for their effectiveness in releasing fermentable sugars
from C. vulgaris biomass cultivated on CP. The results indicated
that pretreatment method significantly influenced fermentable sugar
release and subsequent bioethanol production. Acid pretreatment
more effectively disrupted the microalgal cell wall more by
hydrolyzing hemicellulose and cellulose and degrading starch
into smaller molecules. In contrast, alkali pretreatment primarily
reduced polymer size without comparable sugar release (Kusmiyati
et al., 2022; Purewal et al., 2023). The superior performance of
acid pretreatment observed in this study is consistent with previous
reports. Ngamsirisomsakul et al. (2019) reported a reducing sugar
concentration of 6.50 g/L from acid-pretreated C. vulgaris biomass,
while El-Souod et al. (2021) achieved 24.77 g per 100 g of dried
biomass. In the present study, acid pretreatment (1% H,SO,) resulted
in higher reducing sugar concentrations and bioethanol productivity
than 1% NaOH, despite yielding a slightly lower theoretical ethanol
yield. These findings suggest that acid pretreatment is more effective
for maximizing sugar release and ethanol production. Therefore, C.
vulgaris biomass pretreated with 1% H,SO, at 121 °C for 15 minutes
was selected for further experiments.

The results also demonstrate that increasing the initial
biomass loading enhanced both sugar release and bioethanol
production. Higher biomass loadings provided a greater amount
of fermentable substrate, leading to elevated ethanol titers.
Although the theoretical ethanol yield decreased at higher
biomass loadings, the highest overall bioethanol concentration
was achieved at 200 g/L. biomass. This suggests that the sugar
concentrations generated remained within the tolerance limits of
C. boidinii, allowing efficient fermentation (Osawa et al., 2009;
Velazquez-Lucioetal., 2018). Previous studies have confirmed the
suitability of C. vulgaris as a feedstock for bioethanol production.
Ngamsirisomsakul et al. (2019) reported that S. cerevisiae TISTR
5339 produced 5.62 g/L. bioethanol from acid-pretreated C.
vulgaris biomass containing 18 g/L. sugar. Similarly, de Farias
Silva and Bertucco (2017) achieved 4.97 g/L bioethanol from 100
g/L. C. vulgaris biomass. Collectively, these findings indicate that
an initial biomass loading of 200 g/L provides the highest ethanol
concentration without inhibiting microbial activity, making it
optimal for subsequent experiments.

Nitrogen sources and mineral salts were found to positively
influence fermentation performance and accelerate sugar
consumption. Although both fermentation media contained
identical initial sugar concentrations, Medium 1 resulted in
slightly higher bioethanol production. This enhancement can be
attributed to additional supplements such as peptone, magnesium,
calcium, and zinc. Minerals, especially magnesium, function as
essential cofactors in key metabolic pathways such as glycolysis
(Somda et al.,, 2011; Stehlik-Tomas et al., 2004). Similar
beneficial effects of minerals and nitrogen supplementation on
microbial growth and fermentation efficacy have been reported
in previous studies (de Souza et al., 2016; Rees & Stewart,
1997). These findings confirm that appropriate supplementation
with nitrogen and mineral salts improves ethanol production

and accelerates fermentable sugar utilzation during C. boidinii
fermentation.

Conclusion

In the present study, the effects of different cultivation conditions on
C.vulgaris growth were optimized, and the influences of pretreatment
method, initial biomass loading, and medium composition
on bioethanol production by C. boidinii were investigated.
Photoheterotrophic cultivation wuisng CP promoted superior
microalgal growth, while acid pretreatment resulted in higher
fermentable sugar concentrations compared to alkali pretreatment.
Increaing the highest ethanol titer achieved at 200 g/L biomass.
Moreover, optimization of the fermentation medium increased
bioethanol production by C. boidinii to 4.54 g/L. Under these
conditions, the bioethanol yield and volumetric productivity reached
0.38 g/g and 0.38 g/L.h, respectively, after 12 h of fermentation.
The current work demonstrates that photoheterotrophic cultivation
with CP supports microalgal growth. Moreover, C. vulgaris is a
suitable feedstock for third-generation bioethanol production, and
C. boidinii was shown to effectively convert microalgal-derived
fermentable sugars for ethanol fermentation.
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Abstract

Background: Seasonal heavy metal pollution of river waters poses a
significant risk to environmental and human health; yet its biological
effects are often insufficiently characterized.

Aims: The aim of this study was to investigate the seasonal
variations in river water pollution and to evaluate the associated
cytotoxic, oxidative, and genotoxic effects of these waters on human
keratinocytes using an integrated in vitro approach.

Methods: This study collected river water samples during the four
seasons and evaluated their cytotoxic and genotoxic impacts in human
keratinocytes using an integrated in vitro approach. The cells were
exposed to the samples for 24 and 48 h. Cytotoxicity was assessed
via the 3-(4,5-dimethylthiazol-2-yl)-2,5 diphenyl tetrazolium bromide
assay, elemental accumulation by inductively coupled plasma—mass
spectrometry, and oxidative and genotoxic responses by assessing
reactive oxygen species (ROS) and 8-hydroxy-2’-deoxyguanosine (8-
OHJAG) levels.

Results: All samples induced time- and season-dependent cytotoxicity,
whereas control cells were unaffected. Autumn-collected samples
exhibited the maximal cytotoxicity, with cell mortality ranging from
38.94% to 80.09% at 24 h and increasing to 56.97%-81.03% at 48
h. Spring-collected samples induced the second-highest lethality,
with cell death reaching <90.03% at 48 h. Enhanced cytotoxicity
was associated with elevated cellular levels of Fe, Al, Cr, Ni, Ca,
and Sr at 24 h and Ti, Mn, Zn, Cu, and P at 48 h, indicating rapid
uptake and delayed accumulation patterns. River water exposure also
significantly increased ROS generation (p < 0.005) and 8-OHdG

Ozet

Dayanak: Nehir sularmim mevsimsel agir metal kirliligi, ¢cevre ve
insan saghg: i¢in 6nemli bir risk olusturmaktadir ancak biyolojik
etkileri genellikle yeterince tanimlanmamustir.

Amaclar: Bu calismanin amaci, nehir suyu kirliligindeki mevsimsel
degisimleri arastirmak ve bu sularin insan keratinositleri tizerindeki
iligkili sitotoksik, oksidatif ve genotoksik etkilerini biitiinlesik bir in
vitro yaklasim kullanarak degerlendirmektir.

Yontemler: Bu calismada, dort mevsim boyunca nehir suyu
ornekleri toplanmig ve entegre bir in vitro yaklasim kullanilarak insan
keratinositlerinde sitotoksik ve genotoksik etkileri degerlendirilmistir.
Hiicreler, 24 ve 48 saat boyunca Orneklerle temas ettirilmistir.
Sitotoksisite, 3-(4,5-dimetiltiazol-2-il)-2,5-difeniltetrazolyum bromiir
testi ile, element birikimi indiiktif eslesmis plazma—kiitle spektrometrisi
ile ve oksidatif ve genotoksik tepkiler reaktif oksijen tiirleri (ROS) ve
8-hidroksi-2'-deoksiguanozin (8-OHdG) diizeyleri degerlendirilerek
oOl¢lilmiigtiir.

Bulgular: Tiim numuneler zamana ve mevsime bagl sitotoksisiteye
neden olurken, kontrol hiicreleri etkilenmemistir. Sonbaharda toplanan
numuneler maksimum sitotoksisite gostermis, hiicre 6liim orani 24
saatte %38,94 ile %80,09 arasinda degismis ve 48 saatte %56,97 ile
%81,03’e yiikselmistir. Ilkbaharda toplanan drnekler, 48 saatte hiicre
Olimiiniin <%90,03’e ulagmasiyla ikinci en yiiksek Oliim oranini
indiikledi. Artan sitotoksisite, 24 saatte Fe, Al, Cr, Ni, Ca ve Sr ve
48 saatte Ti, Mn, Zn, Cu ve P hiicre seviyelerindeki artisla iliskiliydi,
bu da hizli alim ve gecikmig birikim modellerini gosteriyordu. Nehir
suyuna maruz kalma, ozellikle sonbahar ve ilkbahar 6rneklerinde,
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levels, particularly by autumn and spring samples, demonstrating
cumulative oxidative DNA damage.

Conclusion: These findings indicate that seasonal river water
pollution induces oxidative stress mediated cytotoxicity and
genotoxicity in human keratinocytes. The study underscores the
necessity of incorporating biological endpoints into routine water
quality monitoring to better assess health risks associated with
contaminated freshwater systems.

ROS olusumunu (p < 0,005) ve 8-OHdG seviyelerini énemli dlciide
artirarak, kiimiilatif oksidatif DNA hasarin1 ortaya koydu.

Sonuc: Bu bulgular, nehir suyunun mevsimsel agir metal kirliliginin,
insan keratinositlerinde oksidatif stres aracili sitotoksisite ve
genotoksisiteye neden oldugunu gostermektedir. Bu ¢aligsma, kirlenmis
tatli su sistemleriyle iligkili saglik risklerini daha iyi degerlendirmek
icin rutin su kalitesi izleme protokollerine biyolojik son noktalarin
dahil edilmesinin gerekliligini vurgulamaktadir.

Keywords: River water quality, human keratinocyte cells, reactive oxygen species, oxidative DNA damage, seasonal variation

Introduction

Water pollution is a major environmental challenge driven by
industrialization, agriculture, environmental factors, insufficient
freshwater resources, and inadequate sewage treatment systems.
Industrial activities constitute a dominant source of aquatic
contamination, particularly effluents released from textile, food
processing, pulp and paper, iron, and steel factories; distilleries
and tanneries; and nuclear power plants (Chowdhary et al., 2019).
These industries discharge wastewater containing volatile organic
compounds, toxic chemicals, inorganic pollutants, and hazardous
solvents, often without sufficient treatment. They also contaminate
surface waters with heavy metals (HMs), the most prevalent being
chromium, cadmium, and arsenic (Chen et al., 2019). For example,
anthropogenic activities have resulted in extensive hexavalent
chromium pollution in the central regions of the Loess Plateau,
China (Ge et al., 2020). With accelerating urbanization, the volume
and complexity of industrial wastewater discharges continue to
increase (Wu et al., 2020).

Agricultural activities represent another significant contributor
to water pollution, primarily through runoff containing organic
waste, nitrogen-based fertilizers, and pesticides. Cropping systems
release pesticides, soil sediments, nitrates, phosphates, salts, and
pathogens into aquatic environments, degrading the ecosystem
and posing potential risks to human health (Parris, 2011). Such
pollution severely affects freshwater ecosystems (Moss, 2008)
and poses additional concerns related to food safety and HM
accumulation (Lu et al., 2015). In parallel, environmental factors
can also influence water quality; elevated levels of trace elements,
sodium, and salinity are associated with poor river water quality
in regions such as the Loess Plateau (Xiao et al., 2019). In many
developing countries, inadequate sewage treatment infrastructure
and insufficient investment in water supply systems further
exacerbate contamination-associated problems, enhancing the
exposure to industrial chemicals, HMs, and algal toxins (Wu et
al., 1999).

The impacts of contaminated water on human health are
well documented, with polluted drinking and surface waters
contributing to gastrointestinal, infectious, and chronic diseases
worldwide. The use of water filtration systems or desalinated
water in households markedly reduces the incidence of diarrheal
diseases compared to untreated municipal water (Yassin et al.,
2006). In contrast, the consumption of tap water is associated

with an increase in gastrointestinal disorders (Payment et al.,
1997). Beyond systemic health effects, recent research emphasizes
that water pollution levels exhibit pronounced seasonal and
spatial variability, which directly influences the concentrations
of contaminants and associated risks. Hammoumi et al. (2024)
reported significant seasonal quality fluctuations in the surface
water of the Nador Canal;, water quality was lower during the
summer due to combined natural and anthropogenic factors,
including agricultural runoff and industrial discharges. Similarly,
in Anambra State, Nigeria, Amaechi et al. (2025) observed
elevated levels of Cd, Pb, Zn, and Cu in river water during the
dry season, primarily driven by industrial effluents, with a partial
dilution of these contaminants occurring during the wet season.
At the cell level, exposure to HM-contaminated water induces
oxidative stress and inflammatory responses, leading to tissue
damage and increasing susceptibility to chronic diseases. Kolawole
et al. (2025) demonstrated that cadmium, lead, and arsenic
induce a remarkable elevation in oxidative stress biomarkers and
inflammatory mediators, underscoring a mechanistic link between
environmental contamination and adverse biological outcomes.
Water pollution is also associated with dermatological disorders,
including melanosis, keratosis, hair loss, scabies, and skin cancer,
particularly in populations using contaminated surface waters for
drinking purposes. Chronic exposure to arsenic-contaminated
water causes severe skin-related health effects (Kazi et al., 2009),
while polluted rivers and industrial waters increase the incidence
of scabies and skin cancer (Arif et al., 2020; Hanif et al., 2020).
Meta-analyses further support the association between polluted
aquatic environments and skin conditions such as erythema and
pruritus (Fleisher & Kay, 2006; Yau et al., 2009).

Despite this extensive body of epidemiological and chemical
evidence, experimental findings directly assessing the effects of
river water samples on healthy human skin cells remain limited.
A small number of in vitro studies have evaluated the biological
toxicity of surface or river waters using aquatic organisms or
non-human models. For instance, Amaechi et al. (2025)
demonstrated season-dependent cytotoxic effects of river water
samples on fish-derived cell lines, attributing toxicity to elevated
HM loads, while genotoxic endpoints were not examined.
Similarly, Hammoumi et al. (2024) assessed seasonal variations
in surface water quality and reported reduced biological quality
during summer months; however, their evaluation was restricted to
physicochemical parameters without cell-based toxicity or DNA
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damage analyses. Overall, existing in vitro investigations have
predominantly focused on non-human models, have been limited to
single locations or seasons, and have largely assessed cytotoxicity
alone, leaving genotoxic outcomes and human-relevant dermal
exposure risks insufficiently characterized. To address this gap,
the present study focuses on the Meric—Ergene River Basin, a
region extensively impacted by industrial discharges, agricultural
runoff, and urbanization. Water samples were collected from nine
strategically selected stations along the Merig, Ergene, and Tunca
rivers to capture spatial variability, hydrological characteristics,
and pollution gradients. Using a healthy human keratinocyte line,
we evaluated the cytotoxic effects (on cell viability) and genotoxic
potential of the collected samples. By integrating spatially
distributed environmental sampling with human-relevant in vitro
assays, this study provides biomonitoring-based evidence that
directly links surface water pollution to potential dermal health
risks, extending beyond conventional ecological or chemical
assessments.

Materials and Methods

Sampling Stations and Transport of Samples

Water samples were collected from three major rivers the Meric
(Maritsa), Ergene, and Tunca rivers located in northwestern
Tiirkiye. The Meri¢c River forms part of the border between
Tiirkiye and Greece and flows southward into the Aegean Sea,
while the Ergene and Tunca rivers are important tributaries
draining agricultural and industrial regions before discharging
into the Meri¢ River. At each station, water from underneath the
surface was collected, against the flow, and stored in 2 L brown
glass bottles. Samples were transported to the laboratory under
cold-chain conditions. The sampling station locations are detailed
in Table 1. In situ measurements of the routine physicochemical
parameters of the water at each sampling station, including
temperature (°C), pH, and electrical conductivity (uS/cm), were
performed at the time of collection with a portable multi-parameter
water quality meter calibrated according to the manufacturer’s
instructions. These parameters were recorded to characterize
the prevalent environmental conditions at the time of sampling
and support an interpretation of the findings of the subsequent
biological and toxicological analyses.

Table 1. Sampling station details.

Rivers Stations Locations
Station 1 (M1) | 41°39°44”N, 26°33’06”E
Meric River Station 2 (M2) | 41°37°32”N, 26°34’48”E

41°29°12”N, 26°36’08”E
41°18°15”N, 27°26°40”E
41°20°06”N, 26°55’19”E
41°14°45”°N, 26°37°04”E
41°45°34”N, 26°33°32"E
41°41°08”N, 26°33’15"E
41°40°02”N, 26°33’14”E

Station 3 (M3)
Station 1 (E1)
Station 2 (E2)
Station 3 (E3)
Station 1 (T1)
Station 2 (T2)
Station 3 (T3)

Ergene River

Tunca River

Cell Culture

Human keratinocyte cell line (HaCaT) was cultured in Dulbecco’s
Modified Eagle Medium: Ham’s F-12 medium supplemented
with 1% L-glutamine, 5% fetal bovine serum, and 1% penicillin/
streptomycin. The cells were placed in a cell culture incubator and
cultivated at 37 °C under 5% CO, and 95% humidity. They were
subcultured upon reaching an 80%—90% confluency.

Cytotoxicity Determination via 3-(4,5-dimethylthiazol-2-
yl)-2,5 diphenyl tetrazolium bromide (MTT) Assay

The cytotoxic impacts of river water on HaCaT cells were
evaluated using the MTT assay. Cells were seeded in a 96-well
plate at a density of 2 x 10 cells/well in 180 uL of medium. After
incubation for 24 h, the cells were exposed to river water applied
at nine concentrations: 100%, 50%, 25%, 12.5%, 6.25%, 3%, 1.5%,
0.75%, and 0.39%, for 24 and 48 h. Then, 20 pL of 5 mg/mL MTT
solution (in phosphate-buffered saline) was added to each well. All
experiments were conducted in four replicates (n = 4). The plates
were incubated for another 2 h, and the formazan crystals formed
were dissolved in 100-200 uL of dimethyl sulfoxide. The OD,,
was measured, and cell viability and mortality were calculated by
applying the formulae-formulas:

Viability (%) = (Experimental absorbance/Control absorbance) X
100

Mortality (%) = 100 — Viability (%)

Determination of Cell Elemental Concentrations Employing
Inductively Coupled Plasma-Mass Spectrometry (ICP-MS)

HaCaT cells were seeded into 24-well culture plates at a density of
1 X 10° cells/well and incubated at 37 °C for 24 h in a humidified
atmosphere containing 5% CO,. Following cell attachment, the
culture medium was replaced with river water samples, to which
the cells were exposed for 24 and 48 h. These durations were
selected based on the cytotoxicity thresholds determined via the
MTT assay to avoid excessive cell death. After exposure, the cells
were harvested and acid digested for elemental analyses with 65%
ultrapure HNO, (trace metal grade), using a controlled combustion/
digestion procedure until complete mineralization. Subsequently,
the digested samples were diluted to appropriate volumes with
ultrapure water before analysis. Cell elemental concentrations were
quantified using a 7700 series ICP-MS (Agilent Technologies, Inc.,
CA, USA). Calibration curves were plotted using certified multi-
element standard reference (high-purity) solutions in the range of
0-1000 ppb prepared by serial dilution. Calibration standards were
used at five concentrations, covering the samples’ expected range.
Curve linearity was evaluated, and correlation coefficients (R?)
were verified to ensure acceptable performance levels. Quality
control samples were employed to verify calibration validity and
signal consistency before proceeding with sample measurements.
Calibration standards were measured periodically to ensure
analytical accuracy and instrument stability. Data obtained only
under stabilized and calibrated conditions were included in
the final analysis. Instrument operating parameters, including
plasma conditions, nebulizer settings, and acquisition modes,
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are detailed in Table 2. All samples were analyzed in triplicate
(n = 3), and elemental levels were expressed as mean values.
Statistical analyses were employed to identify elements with
significant variations between experimental groups. Subsequently,
principal component analysis (PCA) was applied to such elements
to evaluate the patterns in elemental concentration variations and
potential exposure duration-related clustering.

Table 2. ICP-MS parameters.

Instrument parameter Operating conditions

Plasma gas Argon, ultrahigh purity, 99.999%
Carrier gas Helium, ultrahigh purity, 99.999%
Plasma gas pressure 500-700 kPa

Carrier gas pressure 90-130 kPa

Chiller temperature 18 °C

Carrier gas flow rate 1.05 L/min

Radio frequency power 1550 Watt

Radio frequency matching 1.80V

Cones Ni sampling cone for the X-lens
Nebulizer pump 0.1 rps

ICP-MS = inductively coupled plasma—mass spectrometry.

Assessment of Reactive Oxygen Species (ROS) Levels

HaCaT cells were seeded in 24-well plates at a density of 1 x 10°
cells per well and incubated for 24 hours at 37 °C and under 5%
CO,. Water samples at toxic dosages (ascertained utilizing the
MTT assay) were applied to the cells, and incubated for 2448 h.
Experiments were performed in three replicates (n = 3). The ROS
levels of these cells were measured spectrophotometrically with
a commercial ROS detection kit (Shanghai Sunred Biological
Technology Co., Ltd., Shanghai, China); the assay procedure is
outlined in Table 3. Statistical significance (Sig.) was evaluated
using analysis of variance (ANOVA), followed by Student’s t-test
for pairwise comparisons. Differences between the mean ROS assay
expression values obtained were assessed employing Student’s t-test.

Table 3. Protocol for ROS detection using an ELISA Kkit.

Assessment of Oxidative DNA Damage using 8-Hydroxy-2'-
Deoxyguanosine (8-OHdG) as a Biomarker

HaCaT cells were seeded in 24-well plates at a density of 1 X
10° cells per well and incubated for 24 h at 37 °C under 5% CO,.
DNA was extracted from the cells after exposure to toxic doses
of contaminated river water for 24 and 48 h. Oxidative DNA
damage was assessed utilizing reactions catalyzed by Nuclease P
and phosphatase. Oxidative stress-related markers were quantified
using liquid chromatography-tandem mass spectrometry (LC-MS/
MS) on a Jet Stream 6460 Triple Quadrupole instrument (Agilent
Technologies). The analysis parameters are provided in Table 4.

Table 4. Parameters of LC-MS/MS-based oxidative DNA damage
analysis.

A: Ultrapure water containing
Mobile phase B Methanol cotaining 5.
mM ammonium formate
Column Poroshell EC-C18 (3.0 x 150
mm, 3.5 Micron)
Column temperature 35°C
Injection volume SuL
Flow rate 0.6 mL/min
Time (min) | A (%) | B (%)
0.00 95.0 |5.0
0.70 95.0 |5.0
Gradient program 1.70 5.0 95.0
4.50 5.0 95.0
5.00 95.0 |5.0
10.00 95.0 |5.0

Operation steps Temperature/time

Standard preparation and reagents -

20 min, centrifuge the

Sample preparation samples at 2000-3000

rpm
Washing process 5 % 100 L.

Adding the chromogenic reagents 10 min, 37 °C
Adding the stop solution 15 min, 50 uL

Measuring optical density values and | Within 10 minutes, 450

calculations nm was detected.

ELISA = Enzyme-Linked Immunosorbent Assay; ROS = reactive oxygen
species.

LC-MS/MS = liquid chromatography-tandem mass spectrometry.

Statistical Analysis

Probit analysis was applied to the MTT assay results to determine
the 50% lethal dose (LD,)), in accordance with the Turkish
Standards Institute (TSE) and ISO 10993-5 guidelines. Prior to
parametric analyses, the assumption of homogeneity of variances
was assessed using Levene’s test. When variance homogeneity was
satisfied (p > 0.05), parametric tests were applied. Comparisons
involving more than two groups (e.g., seasonal or station-
based differences in cytotoxicity, ROS production, elemental
accumulation, and 8-OHdG levels) were evaluated using one-way
ANOVA. When significant differences were detected, Tukey’s
post hoc test was applied to identify pairwise group differences.
In cases where the assumption of homogeneity of variances
was violated, Welch’s ANOVA followed by the Games—Howell
post hoc test was used. Comparisons between two groups were
performed using Student’s t-test or Welch'’s t-test, as appropriate.
PCA was used to explore patterns in ICP-MS-derived elemental
profiles. Correlations between 8-OHdG levels were assessed using
Pearson’s or Spearman’s correlation analyses, depending on data
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distribution. Statistical analyses were performed using XLSTAT,
GraphPad Prism, and SPSS v25.0. A p < 0.05 was considered
statistically significant.

Results

Physicochemical Characteristics of the River Water
Samples

The physicochemical properties of the river water samples,
including temperature, pH, and electrical conductivity, measured
at the time of sampling, are summarized in Table 5. Pronounced
seasonal variations were observed in these parameters across
sampling stations, with temperature being minimum during winter
(8.0-12.0 °C) and maximum during the summer (27.0-31.0 °C).
The pH values remained slightly alkaline, ranging from 7.36 to
8.33, throughout the study period, and exhibited only minor
seasonal fluctuations. In contrast, electrical conductivity exhibited
pronounced spatial variability, with substantially elevated
values recorded at station E (22004300 uS/cm) and the least at
stations M and T (339-923 uS/cm), likely reflecting differences
in hydrological conditions and local anthropogenic influences
among the three rivers. Overall, electrical conductivity values
were higher during autumn and winter than in spring and summer.
These baseline physicochemical characteristics provide essential
contextual information for the interpretation of subsequent cell and
toxicological findings.

Analysis of Cytotoxicity Results

The cytotoxicities of various river water samples were evaluated,
and the findings are presented in Figure 1. The results demonstrated
an obvious time-dependent increase in mortality rates among
most treatment groups compared to the control (non-exposed)
group, which exhibited 0% mortality. The asterisk (*) above the
bars indicates statistically significant variations between the two
groups. The TSE ISO 10993-5 standard considers a test material
to be cytotoxic if it causes >30% cell mortality (<70% viability).
A majority of the samples were classified as toxic, based on this

guideline. Such cytotoxicity was most pronounced after 48 h of
exposure and was particularly severe in the samples collected
during Autumn (e.g., T1-T3, M1-M3, and E1-E3), with mortality
rates consistently >50%. These findings confirm the marked
presence of cytotoxic agents in river water, with the maximum
toxicity induced by the Autumn samples at the 48 h time point
(Figure 1 and Table 6).

Results of the Intracellular Element Levels Determination

This study provides evidence with robust statistical Sig. that the
concentrations of trace elements within cells exposed to river water
are highly sensitive to sampling location and exposure duration.
PCA demonstrated that, at 24 h and 48 h of exposure, a majority
of the total variance was explained by the first PC1, indicating that
dataset variability was primarily driven by differences in element
accumulation levels among exposure groups. PCA further revealed
robust positive correlations among Fe, Al, Ca, Cr, and Ni at 24
h and among Ti, Mn, and P at 48 h. These observations suggest
that such elements either originate from a common environmental
source or are taken up by cells through shared or closely related
biochemical pathways. Moreover, a clear and statistically
significant separation of the E group from all others (prominent
main effect, p < 0.001) confirms that source-specific differences in
river water composition are the primary determinants of variations
in intracellular element accumulation levels. Extension of exposure
duration from 24 to 48 h identified two distinct accumulation
dynamics. The absence of statistically significant variations in Fe,
Al, Cr, and Ni contents at 24 and 48 h indicates rapid intracellular
saturation or cell-regulatory mechanisms achieving equilibrium
within the initial 24 h of exposure. In contrast, the Ti, Mn, Zn,
Cu, and P contents elevated significantly at 48 h, suggesting that
these elements may require prolonged periods of exposure for
accumulation or follow slower uptake kinetics. A particularly
crucial finding was the pronounced time—season interaction
observed with Ca and Sr. Their concentrations increased markedly
from 24 to 48 h, with those of Ca and Sr elevating by 1.7-2.58-fold
and 1.17-2.10-fold, respectively. Such variability depended on the
season, indicating that Ca and Sr accumulation was remarkably

Table 5. Seasonal changes in the physicochemical parameters of river water samples.

Autumn Winter Spring Summer
(T°eCn)1p‘ pH ﬁl(;/cm) ;I;%n)lp- pH ﬁlCS/cm) ;I;%n;p' pH ﬁg/cm) ’(I‘;%n)lp‘ pH ﬁlCS/cm)
El 18.0 7.83 3910 10.0 7.81 2410 21.0 7.82 2200 31.0 8.01 2270
E2 18.0 7.90 4300 12.0 7.81 2760 23.0 7.74 2260 30.0 7.99 2330
E3 19.0 7.84 3910 10.0 7.59 2430 21.0 7.68 2250 30.0 8.00 2290
M1 14.0 8.04 526 9.0 8.33 339 23.0 8.23 388 27.5 8.04 493
M2 | 15.0 8.01 411 8.0 8.27 344 24.0 8.13 382 28.0 8.07 499
M3 | 17.0 7.79 574 10.0 7.36 536 25.0 7.45 438 27.5 8.06 504
T1 12.0 8.06 900 8.0 8.16 827 22.0 7.78 714 27.0 7.80 834
T2 14.0 7.93 923 8.5 8.13 807 22.0 7.77 712 29.0 7.39 887
T3 14.0 7.65 913 8.0 8.18 822 23.0 7.72 724 28.0 7.87 892

EC = electrical conductivity; Temp. = temperature.
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Table 6. Percentage mortality rates after 24 and 48 hours of exposure to river water (n = 4, % mean + SD).

Autumn Winter Spring Summer
Ecosystem
24 h 48 h 24 h 48 h 24 h 48 h 24 h 48 h
Tl 5718 +£0.35 | 68.34 +0.28 | 0.52+042 | 3428 +0.47 |38.69 +0.45 |19.79 +045 |25.16+0.24 16.17 +0.24
T2 60.56 +£0.45 | 56.97 = 0.74 |25.62 £ 0.65 | 39.38 £ 0.66 | 44.07 +0.52 | 9.26 + 0.52 26.20 +0.36 19.07 + 0.36
T3 50.01 £0.96 | 64.06 +0.96 | 13.22 +0.24 | 37.15+0.25 |46.65 +0.68 |28.95+0.68 | 11.33 +0.74 37.86 +0.74
M1 52.51+045 | 81.03+0.15 | 2531 +£0.74 | 4.01 +0.74 61.73 +£0.14 | 2.55+0.14 28.11 +0.53 4.89 +0.52
M2 3894 +0.75 [ 70.09 +£0.52 [9.03+0.62 |529+0.63 |43.47+0.74 |29.01 £0.74 |25.76 +£0.45 5.01 +0.45
M3 50.79 £ 0.68 | 71.43 +0.58 | 29.77 +0.52 | 10.93 +0.52 | 51.50 +0.63 | 37.12 +0.63 | 25.31 +0.38 19.16 + 0.38
El 64.06 = 0.35 | 77.2 £ 0.65 2895 +054 | 1.15+0.54 | 66.14 +0.85 | 90.03 + 0.85 | 34.09 + 0.65 7.99 + 0.65
E2 80.09 +0.54 | 71.78 +0.24 | 6.47 +£0.62 | 20.94 +0.62 | 6526 +0.25 | 77.74 = 0.25 | 19.61 +0.75 522 +0.75
E3 5730+ 0.65 | 77.87 +0.45 | 28.27 +0.34 | 2591 +£0.34 | 8431 +0.78 | 7.26 + 0.78 35.36 +0.98 18.32 +0.98
SD = standard deviation.
a MTT-24h
El Autumn
* B3 Winter
% B3 Spring
@ B3 Summer
£
£
2
Control  TI T2 AR} M1 M2 M3 El E2 E3
Ecosystems
b MTT-48h
N Autumn
3 B2 Winter
% B3 Spring
[+ 4 =3 Summer
£
£
o
=
Control  T1 T2 n M1 M2 M3 El E2 E3
Ecosystems

Figure 1. Assessment of river water-induced cytotoxicity in HaCaT cells across ecosystems and seasons: MTT assay results. (a) MTT-24 h results (top
panel). The top panel illustrates the viability rates (%) in HaCaT cells after 24 h of exposure to water samples. Exposure to the waters of most river
ecosystems—T1-T3, M1-M3, and E1-E3— markedly reduced cell viability compared to the control, with mortality rates clustering between 25% and
75%. (b) MTT-48 h results (Bottom Panel). The bottom panel presents the cell viability after 48 h of exposure. It indicates a time-dependent increase in
cytotoxicity, with generally elevated mortality rates observed across ecosystems compared to 24 h. The asterisk symbol (*) indicates that the viability rates

between the corresponding groups and seasons differed with statistical Sig. (p < 0.05) from the control group.

Key findings: The graph confirms a significant ecosystem—collection time—season interaction, as the E group samples consistently induced the maximum mortality
rates, particularly during Autumn and Winter, indicating that the source of water (E) and the season of collection are major determinants of toxicity.

HaCaT = human keratinocyte cell line; MTT = 3-(4,5-dimethylthiazol-2-yl)-2,5 diphenyl tetrazolium bromide; Sig. = significance.

influenced by exposure duration and environmental conditions, heterogeneous regarding trace element composition and that cell
positioning these elements as plausible, high-sensitivity biological responses differed prominently depending on the water source.
indicators of seasonal and environmental dynamics. In conclusion,
the findings of the combined PCA and variance analyses

demonstrate that the river water environments investigated were

These findings underscore the critical nature of including exposure
duration and seasonal variability in environmental pollution risk
assessments and toxicological evaluations (Figure 2).
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ROS-Mediated Oxidative Stress and DNA Damage Assessed
by Measuring 8-OHdG Levels

The differences in ROS levels within the HaCaT cells exposed or
not exposed to river water for 24 and 48 h were evaluated using
the independent samples t-test, preceded by Levene’s test for equal
variances. As most groups showed two-tailed Sig. values >0.05,
the assumption of equal variances was generally met. The t-test
results, specifically the Sig. values, revealed that ROS levels of
most treated group cells differed with high Sig.compared to the
control group ones (Sig. 0.005). The variations among most
samples from the E, M, and T ecosystems across seasons were
statistically significant (*). ROS levels induced by only three spring
samples, E2-Spring (Sig. = 0.695), M1-Spring (Sig. = 0.251), and
T3-Spring (Sig. = 0.070) did not differ with statistical Sig. from
the contents of control group cells at the tested time points. These

a

%

trends suggest that spring-collected samples induced a negligible
oxidative stress response in HaCaT cells (Figure 3, Table 7).

As expected, control group cells demonstrated the lowest 8-OHdG
levels at both 24 and 48 h of treatment, indicating minimal DNA
damage under normal cell culture conditions. In contrast, cells
of all groups exposed to river water exhibited markedly elevated
8-OHdG levels compared to the control group cells. Such an
increase confirms that pollutants present in river water induced
oxidative stress and consequent DNA damage in the HaCaT cells.

The overall trend indicated an increase in DNA damage with
prolonged pollutant exposure. As illustrated, cell 8-OHdG levels
were higher at 48 h compared to 24 h upon treatment with water
collected from several locations, e.g., E1-Winter, E2-Winter,
MI1-Winter, M2-Spring, and T2-Winter. However, DNA damage
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Figure 2. PCA of the intracellular accumulation of elements at 24 and 48 h of exposure to river water. (a) 24 h Exposure: Identification of the Core
Accumulation Group and Significant Group Separation: The 24 h PCA biplot demonstrates that Fe, Al, Ca, Cr, and Ni exhibit strong correlations (the Core
Accumulation Group) and load heavily onto the PC1 axis. This trend proves that source-derived differences are the dominant factors determining element
accumulation. The clear separation of group scores along the PC1 axis confirms that river water exposure resulted in statistically significant variations
in element uptake across groups. (b) 48 h Exposure: Impact of Time on Sensitive Element Dynamics: The 48 h PCA biplot indicates an expansion in the
element group to include Ti, Mn, and P, which were markedly elevated at 48 h. This observation, combined with the finding that Fe, Al, Cr, and Ni contents
did not show statistically significant differences at 24 and 48 h, highlights varying kinetic uptake rates. Critically, the PCA supports Ca and Sr displaying
the maximum sensitivity, demonstrating statistically significant and season-dependent fold-changes between their levels at 24 and 48 h, marking them as
the biological indicators most reactive to prolonged exposure.

PCA = principal component analysis.
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Figure 3. ROS production in HaCaT cells following exposure to river water: Time- and ecosystem-dependent stress.

(a) ROS Production at 24 h (top panel). The top panel presents the ROS contents after 24 h of exposure. It indicates a significant ecosystem—time—season interaction,

with particularly severe oxidative stress observed in the E groups (E1, E2, and E3) during all seasons relative to the control as well as the T and M groups. This

observation suggests that the water from the E ecosystem induced an immediate and robust oxidative response. (b) ROS Production at 48 h (bottom panel). The bottom

panel shows the ROS values after 48 h of exposure to river water. It indicates a temporal moderation of the oxidative response, where the initially high ROS levels

observed in the E groups at 24 h either normalized or slightly decreased, but slightly increased in certain M and T groups. The maintenance of moderate ROS levels

within most groups at 48 h suggests cell adaptation or establishment of a novel oxidative equilibrium under continuous environmental stress.

HaCaT = human keratinocyte cell line; ROS = reactive oxygen species.

induced by water collected from a few locations declined at 48
h relative to 24 h (e.g., E1-Autumn). This observation suggests
activation of DNA repair mechanisms or extensive cell death
at 48 h, which reduced the number of viable cells or DNA
available for measurement. The T2-Spring group cells exhibited
the maximal 8-OHdG levels at 48 h (~18), indicating the most
severe DNA damage and suggesting that the pollutants at this
location, as well as the collection season exerted the strongest
genotoxicity. Conversely, the E1-Autumn group cells showed the
highest 8-OHdG contents at 24 h (~13.5), implying a rapid and
potent induction of oxidative stress by river water during autumn.
In winter group cells, particularly the M2-Winter and T2-Winter
group ones, a pronounced elevation in 8-OHdG levels was detected
at 48 h (Figure 4). Overall, the severity and duration of oxidative
stress—induced DNA damage may vary remarkably depending on
exposure time generally increasing at 48 h as well as on the river
ecosystem type and seasonal conditions.

Discussion

The present study evaluated the toxicological effects of river water
with seasonal variations in HM pollution levels. Cytotoxicity
was assessed in the HaCaT human keratinocyte model to assess
potential relevance to human health. The pronounced exposure
time- and sampling season-dependent impacts observed indicate
that river water-induced toxicity is highly dynamic and robustly
influenced by seasonal variations in environmental conditions.
Similar to previous reports demonstrating region-specific HM
accumulation patterns in aquatic ecosystems (Praveen et al., 2016;
Shetaia et al., 2023), the findings of the present study suggest
that seasonal fluctuations in contaminant inputs critically shape
responses in biological systems.

The elevated cytotoxicity induced by autumn- and spring-collected
samples is likely linked to elevations in the pollutant loads of river
systems caused by surface runoff and leaching. During these
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periods, fertilizers, pesticides, and industrial residues are well-
recognized contributors to freshwater contamination, and their
biological relevance is reflected in the substantial accumulation of
multiple elements within cells detected by ICP-MS. Rapid uptake
of Fe, Al, Cr, Ni, Ca, and Sr within the first 24 h suggests an early
cell response to environmental exposure. In contrast, the delayed
accumulation of Ti, Mn, Zn, Cu, and P at 48 h underscores the
amplification in toxic effects induced by prolonged exposure.

Among the elements analyzed, Ca and Sr displayed a particularly
pronounced time-season interaction. Given the central role of
Ca in cell signaling, mitochondrial regulation, and membrane
stability, a dysregulation in intracellular Ca accumulation may
intensify cytotoxicity-associated pathways. The parallel increase
in Sr, which is chemically similar to Ca, may further interfere
with Ca-dependent cellular processes. These observations support
the notion that Ca and Sr may function as sensitive cell-level
indicators of the influence of seasonal environmental variability
and pollutant pressure.

The biological relevance of HM accumulation was further
substantiated by oxidative stress and genotoxicity endpoints.
Significantly elevated ROS levels in most exposed cell groups
indicate that oxidative stress represents a key mechanism
underlying the observed cytotoxicity. Only a limited number
of spring samples failed to induce a marked elevation in ROS
production, consistent with their comparatively lower toxic profiles.
Increased ROS generation was accompanied by an elevation in
8-OHdG levels, reflecting oxidative DNA damage and cumulative
genotoxic impacts with prolonged exposure. These findings align
with established evidence indicating that HMs exert genotoxicity
through ROS-mediated mechanisms and the disruption of DNA
repair pathways (Jadoon & Malik, 2017).

Exposure to HMs such as cadmium, lead, and arsenic results in
oxidative stress, mitochondrial dysfunction, and apoptosis in
human cells, including keratinocytes (Davodpour et al., 2019;
Habibi et al.,, 2022; Li et al.,, 2022; Mohamed et al., 2024;
Sobhanardakani, 2017, 2019).

Moreover, elevated contents of oxidative DNA damage markers,
including 8-OHdG, have been detected in individuals exposed to
contaminated water or HMs (Mohod & Dhote, 2013; Szymariska-
Chabowska et al., 2009). The results of the present study are
therefore consistent with existing toxicological evidence linking
exposure to metal-contaminated environments and adverse human
health outcomes.

The genotoxic potential of HMs observed in this study is further
supported by similar findings made in plant and aquatic organism
models, where exposure to HM-contaminated waters has been
associated with chromosomal aberrations, micronuclei formation,

and DNA fragmentation (Cavusoglu et al., 2010; Chatterjee &
Chatterjee, 2000; Dogan et al., 2022; Scalon et al., 2010). Such
cross-species consistency reinforces the ecological and biological
relevance of the oxidative and genotoxic responses detected in
HaCaT cells.

Although cadmium has been recognized as the predominant
ecological threat in certain aquatic environments (Shetaia et al.,
2023), the present study identified a region-specific contamination
profile dominated by Fe, Al, Cr, and Ni. Such a discrepancy
highlights that toxicity induced by polluted freshwater cannot be
generalized across regions and underscores the necessity of site-
specific assessments that consider local anthropogenic activities
and environmental conditions.

Overall, the present findings demonstrate that seasonal variations
in river water pollution exert significant cytotoxic and genotoxic
impacts through oxidative stress-mediated mechanisms. Rather
than reiterating contamination levels, these results emphasize
the broader implications of sustained and seasonally-modulated
pollutant exposure for human health and ecosystem integrity.
Consistent with previous calls for comprehensive monitoring of
metal-contaminated aquatic systems (Shetaia et al., 2023), this
study underscores the importance of continuous, region-specific
monitoring strategies and targeted mitigation policies addressing
both agricultural and industrial sources of pollution.

Conclusion

This study comprehensively investigates the toxicity levels of
river waters sampled at various locations, focusing on their
impacts on human skin cells at the physiological and molecular
levels. The findings offer valuable insights into the harmful effects
of water pollution on human health, specifically highlighting
the toxicological risks posed by HM-contaminated water. Our
research demonstrates that exposure to HM-polluted river water
induces significant levels of oxidative stress, DNA damage, and
genotoxicity in human skin cells. Moreover, these effects varied
in extent across seasons and exposure durations, underscoring the
dynamic nature of water contamination and its impact on biological
systems. Among the HMs analyzed, Al, Fe, and Cr were identified
as key inducers of DNA damage, suggesting that these metals
may serve as potential biomarkers for assessing toxicity in human
skin cells. The study emphasizes the need for continuous water
quality monitoring, especially in regions affected by industrial and
agricultural pollutants, and advocates for further research into the
mechanisms underlying HM-induced toxicity. These findings are
crucial for developing effective strategies to mitigate the health
risks associated with contaminated water and for advancing the
protection of public health in the face of growing environmental
challenges.
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Table 7. Summary of t-test results applied to the ROS levels detected at 24 & 48 h of treatment vs. control. The table summarizes the results of
the independent samples t-test comparing the ROS levels in HaCaT cells treated for 24 and 48 h with those of the untreated cells. The groups
marked with an asterisk (¥) indicate highly statistically significant differences in ROS levels, based on the threshold of p < 0.005. Only the E2-
Spring, M1-Spring, and T3-Spring samples failed to induce ROS synthesis with statistically significant variations at this threshold.

Levene’s test for equality of variances t-test for equal means
F Sig. t df Sig. (2-tailed)

El-Autumn* 2.408 0.196 -15.724 4 0.000
E1-Winter* 2.616 0.181 15.810 4 0.000
E1-Spring* 0.304 0.610 -17.746 4 0.000
E1-Summer* 0.390 0.566 4.367 4 0.012
E2-Autumn* 1.570 0.278 20.052 4 0.000
E2-Winter* 0.633 0.455 10.046 4 0.001
E2-Spring 0.079 0.792 -0.422 4 0.695
E2-Summer* 2.441 0.193 -10.482 4 0.000
E3-Autumn* 2.176 0.214 10.177 4 0.001
E3-Winter* 1.354 0.309 3.294 4 0.030
E3-Spring* 1.409 0.301 8.280 4 0.001
E3-Summer* 0.412 0.556 -3.029 4 0.039
MI1-Autumn* 1.009 0.372 16.756 4 0.000
MI1-Winter* 0.324 0.600 19.103 4 0.000
M1-Spring 0.152 0.717 -1.340 4 0.251
M1-Summer* 1.371 0.307 16.610 4 0.000
M2-Autumn* 2.423 0.195 -9.515 4 0.001
M2-Winter* 0.331 0.596 18.793 4 0.000
M2-Spring* 1.411 0.301 5.458 4 0.005
M2-Summer* 0.348 0.587 -4.185 4 0.014
M3-Autumn* 3.385 0.140 -10.082 4 0.001
M3-Winter* 2.833 0.168 -13.119 4 0.000
M3-Spring* 1.111 0.351 -4.856 4 0.008
M3-Summer* 3.908 0.119 -71.920 4 0.000
T1-Autumn* 0.148 0.720 4.113 4 0.015
T1-Winter* 1.888 0.241 17.811 4 0.000
T1-Spring* 0.614 0.477 -4.061 4 0.015
T1-Summer* 1.313 0.316 3.640 4 0.022
T2-Autumn* 0.248 0.645 4.187 4 0.014
T2-Winter* 3.301 0.143 -13.406 4 0.000
T2-Spring* 0.245 0.647 5.010 4 0.007
T2-Summer* 3.800 0.123 -23.763 4 0.000
T3-Autumn* 3.312 0.143 -18.117 4 0.000
T3-Winter* 2.299 0.204 -14.474 4 0.000
T3-Spring 0.635 0.470 2.458 4 0.070
T3-Summer* 0.068 0.807 -15.962 4 0.000

HaCaT = human keratinocyte cell line; ROS = reactive oxygen species; Sig. = significance.
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Figure 4. Oxidative DNA damage levels (8-OHdG) in HaCaT cells following river water exposure.

Levels of the oxidative DNA damage marker 8-OHdG in HaCaT cells after 24 h (black circles) and 48 h (grey squares) of exposure to river water samples categorized
by ecosystem and season. The values represent arbitrary units, such as ng DNA.

8-OHdG = 8-hydroxy-2’-deoxyguanosine; HaCaT = human keratinocyte cell line.
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Abstract

Background: Biofilm formation represents a major challenge for food
safety, contributing to persistent contamination, compromised process
hygiene, and increased antimicrobial resistance. Because quorum
sensing (QS) regulates biofilm development, interference with QS
signaling (quorum quenching [QQ]) has emerged as a promising
strategy for biofilm control.

Aims: This study aimed to evaluate the biofilm-forming capacity and
QS (N-acyl homoserine lactones [AHL] and autoinducer-2 [AI-2])
activity of foodborne bacterial isolates and to assess the antimicrobial
and QQ potential of selected natural products under in vitro conditions.

Methods: A total of 109 bacterial isolates from dairy processing lines
were assessed for biofilm formation using a 96-well microtiter assay.
QS activity was detected using indicator microorganisms for AHL and
AI-2 signaling. Selected natural products (1 mg/mL) were screened
for antimicrobial and QQ activity, with QS inhibition evaluated
independently of growth suppression.

Results: A total of 89% of the isolates were classified as strong biofilm
producers, with Bacillus and Pseudomonas species predominating.
Plant-derived extracts and natural products, including Calendula
officinalis, propolis, nisin, and Hypericum perforatum, exhibited
measurable antimicrobial and antibiofilm activity. Propolis and C.
officinalis reduced QS-associated biofilm responses independently of
growth inhibition, indicating potential QQ activity.

Conclusion: These findings highlight the potential of natural
extracts as eco-friendly alternatives to chemical disinfectants in food
processing environments.

Ozet

Dayanak: Biyofilm olusumu, gida giivenligi agisindan kalict
kontaminasyona, proses hijyeninin bozulmasmna ve artan
antimikrobiyal dirence yol agan ©nemli bir sorundur. Biyofilm
gelisimini diizenleyen quorum sensing (QS) sisteminin engellenmesi
(quorum quenching [QQ)]), biyofilm kontrolii i¢in umut vadeden bir
yaklagimdir.

Amaclar: Bu ¢alismada, siit iiriinleri proses hatlarindan izole edilen
bakteri izolatlarinin biyofilm olusturma kapasiteleri ile QS’e bagh
(N-asil homoserin laktonu [AHL] ve otoindiikleyici-2 [AI-2]) sinyal
aktivitelerinin degerlendirilmesi ve secilmis dogal iiriinlerin in vitro
kosullarda antimikrobiyal ve QQ potansiyellerinin belirlenmesi
amaglanmustir.

Yontemler: Toplam 109 izolatin biyofilm olusumu 96 kuyucuklu
mikroplak yontemi ile belirlenmis, QS aktivitesi indikator
mikroorganizmalar kullanilarak saptanmigtir. Dogal tirtinler (1 mg/
mL) antimikrobiyal ve QQ aktiviteleri agisindan tarama diizeyinde
incelenmis, QS inhibisyonu biiytime baskilanmasindan bagimsiz
olarak degerlendirilmistir.

Bulgular: izolatlarin %89°u giiclii biyofilm iireticisi olup, Bacillus
ve Pseudomonas tiirleri baskin bulunmustur. Calendula officinalis,
propolis, nisin ve Hypericum perforatum belirgin antimikrobiyal
ve antibiyofilm etki gostermistir. Propolis ve C. officinalis, QS ile
iligkili biyofilm yanitlarin1 biiytime inhibisyonundan bagimsiz olarak
azaltmigtir.

Sonu¢: Dogal ekstraktlar, gida isleme ortamlarinda kimyasal
dezenfektanlara cevre dostu alternatifler sunma potansiyeline sahiptir.
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Introduction

Biofilm is a critical contributor to cross-contamination,
antimicrobial resistance, biological pollution, energy inefficiency,
and economic loss in various environments. Microorganisms use
quorum sensing (QS) as a communication mechanism to assess
their environment, regulate gene expression, and coordinate
phenotypes such as antibiotic production, virulence, motility,
sporulation, and biofilm formation. Disruption of QS systems
often results in looser, less structured biofilms (Si & Quan, 2017;
Suntharalingam & Cvitkovitch, 2005).

Biofilms form on both living and non-living surfaces and are
commonly found in hospitals, food processing facilities, and
wastewater treatment plants. A range of bacteria—Staphylococcus,
Enterococcus, Pseudomonas, Aeromonas, Bacillus, Klebsiella,
Streptococcus,  Listeria,  Enterobacter, — Ochrobacterium,
Geobacillus, and Shigella—have been implicated in biofilm
formation, and many retain active QS systems that enhance their
resilience (Lade et al., 2014; Ipek, 2017). Analytical profiling of
QS signals in biofilm-producing isolates has revealed the presence
of both long-chain N-acyl homoserine lactones (AHLs) and
autoinducer-2 (AI-2) signaling molecules, indicating that these
molecules are actively produced by strong biofilm formers and
are therefore relevant to understanding chemical communication
within complex microbial communities (Ipek, 2023). Such
persistent biofilm communities pose a serious threat to food safety
and public health. Conventional sanitation in the food industry
relies on harsh chemicals—caustic soda, nitric and hydrochloric
acids, and chlorine. While effective, these agents carry significant
drawbacks: they can cause respiratory and dermatological issues,
generate toxic by-products such as trihalomethanes and haloacetic
acids, and contaminate soil, water, and air (Hegstad et al., 2010;
Huang et al., 2012). Thus, there is growing interest in safer, eco-
friendly alternatives for ensuring hygiene in food processing.

Natural compounds, particularly plant-derived extracts, have
shown promise both as antimicrobials and QS agents. For instance,
essential oils from cassia, tea tree, and red thyme were found to be
more effective against Pseudomonas and S. aureus biofilms than
antibiotics like colistin and gentamicin (Kavanaugh & Ribbeck,
2012). Likewise, Camellia sinensis extract was shown to inhibit
QS signals of P. aeruginosa by mimicking autoinducer molecules
and binding to their receptors (Mihalik et al., 2008).

Furthermore, pathogenic bacteria embedded in biofilms
frequently develop resistance to disinfectants used in food process
environments. Resistant strains have been isolated from dairy
plants, potable water, wastewater systems, and environmental
sediments, highlighting the need for dual-function natural agents
that combine antimicrobial and antibiofilm capabilities (Castillo-
Juarez et al., 2015; Jeong et al., 2018).

Recent studies continue to support the efficacy of phytochemicals—
including flavonoids and phenolic acids—as QS inhibitors and

biofilm disruptors (Fydrych et al., 2025; Shariati et al., 2024).

Despite growing evidence on the antimicrobial and anti-
quorum-sensing properties of plant-derived compounds, biofilm
persistence in dairy processing environments remains a major
hygienic challenge. Conventional sanitation strategies mainly
target planktonic cells and often neglect QS mechanisms that
stabilize biofilms. Moreover, comparative evaluation of AHL- and
Al-2-mediated signaling inhibition in foodborne isolates is still
limited. In this study, we characterized the biofilm-forming and
QS profiles of 109 dairy-associated isolates and evaluated the
antimicrobial and quorum quenching (QQ) activities of selected
natural products under standardized in vitro conditions. This
integrated approach provides evidence for natural compounds as
potential dual-function agents targeting both bacterial growth and
QS-regulated biofilm persistence.

Materials and Methods

Bacterial Strains and Culture Conditions

A total of 109 bacterial isolates previously obtained from dairy
process lines (Ipek & Zorba, 2018) were used in this study.
Reference strains Escherichia coli ATCC 25922, P. aeruginosa
ATCC 27853, S. aureus ATCC 6538P, and Micrococcus luteus
ATCC 4698 were included as controls. Isolates were maintained
on tryptic soy agar (TSA, Merck, Germany) at —18 °C and cultured
in tryptic soy broth (TSB) at 30 °C prior to assays.

For QS assays, the biosensor strains Chromobacterium violaceum
CV026, Agrobacterium tumefaciens A136, and Vibrio harveyi
BB170 were used. The biosensor cultures were grown in Luria—
Bertani broth supplemented with the appropriate antibiotics and
incubated at 30 °C for 24 h under standard conditions. For AI-2
assays, V. harveyi BB170 was cultivated in Marine Broth (2216;
BD Difco, USA) for 24 h, and a 1:5000 dilution was prepared
using autoinducer bioassay medium prior to inoculation (Ipek,
2017; Lade et al., 2014; Park et al., 2014).

Natural Compounds

The tested agents comprised plant-derived ethanolic extracts
(Calendula officinalis L., Hypericum perforatum, C. sinensis,
Panax ginseng, Ganoderma lucidum, Prunella vulgaris,
Sambucus nigra, Cichorium intybus, and Thymus vulgaris), bee-
derived propolis extract, and commercially available natural-
origin compounds (nisin, resveratrol, vanillin, curcumin, and apple
vinegar). All extracts were prepared at a concentration of 1 mg/mL,
with plant materials extracted in 70% ethanol, agitated at 180 rpm
for 6 h, and sterilized using 0.2 pm membrane filtration, and then
stored at 4 °C until use (Lin et al., 2017).

Biofilm Formation Assay

Biofilm production was evaluated using the 96-well microtiter
plate method (Christensen et al., 1985). Overnight cultures
adjusted to 10® colony-forming unit (CFU)/mL were inoculated
into TSB, incubated at 30 °C for 24 h, washed, and stained with
1% crystal violet. The bound dye was solubilized in 96% ethanol,
and absorbance was measured at 600 nm (optical density [OD,]).
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Isolates were classified as weak, moderate, or strong biofilm
producers according to established cut off values (ipek, 2017).

QS Signal Detection

AHL production was determined using C. violaceum CV026
(short-chain AHLs) and A. tumefaciens A136 (long-chain AHLs
with X-gal indicator). Autoinducer-2 (AI-2) activity in Gram-
positive isolates was detected by luminescence induction in V.
harveyi BB170 as described by Sun et al. (2014). Biosensor strains
were cultivated under standard conditions prior to assays. AHL
production was determined based on pigment or color development
in the CV026 and A136 indicator systems. For AI-2 detection, V.
harveyi BB170 luminescence was measured following incubation
with test samples, and signal intensity was quantified using a
microplate reader by recording optical density at 600 nm (OD )
together with luminescence values, as previously described (Lade
et al., 2014; Park et al., 2014).

Antimicrobial Activity of Natural Compounds

The antimicrobial activity of natural compounds was assessed
by the disc diffusion method following European Committee on
Antimicrobial Susceptibility Testing (EUCAST, 2014) guidelines.
Briefly, bacterial suspensions (10* CFU/mL) were inoculated onto
Mueller-Hinton agar plates, and sterile discs loaded with 15 pL
of extract were applied. Plates were incubated at 30 °C for 24 h,
and inhibition zones were measured. No antibiotic was used as
a positive control in this study; 70% ethanol was included as the
control to evaluate any solvent-related effects on bacterial growth.
Sterile water was used as the negative control (<6 mm).

QQ Assays

QQactivity of natural compounds was evaluated using disc diffusion
assays for AHL-mediated signaling and microtiter plate—based
luminescence assays for Al-2—dependent signaling, as previously
described (Truchado et al., 2015; Zhu et al., 2016). For AHL
inhibition, sterile discs impregnated with test compounds were
placed onto indicator strain—inoculated agar plates and incubated
under standard conditions. For AI-2 inhibition, luminescence
produced by V. harveyi BB170 in the presence of test samples
was measured using a microplate reader. Zones showing loss of
pigment formation or a significant reduction in luminescence
relative to untreated controls were considered indicative of QQ
activity. Sterile distilled water was used as the negative control,
while 70% ethanol (used as the extraction solvent) was included as
the solvent control where applicable.

Minimum Inhibitory Concentration (MIC), Minimum
Bactericidal Concentrations (MBC), and Inhibition Ratios

MICs were determined by the broth microdilution method in 96-
well microplates using serial two-fold dilutions of the extracts, in
accordance with EUCAST guidelines (EUCAST, 2014). Wells
were inoculated with standardized bacterial suspensions, and MIC
was defined as the lowest concentration showing no visible growth,
confirmed by OD,, measurements and 2,3,5-triphenyltetrazolium
chloride colorimetric assessment. MBCs were determined by

subculturing aliquots from non-turbid wells onto agar plates and
identifying the lowest concentration yielding no colony growth.
Solvent control wells containing 70% ethanol (at the same final
concentration used for extract preparation) were included as
controls. Sterile water was used as the negative control.

Inhibition ratios (%) were calculated based on optical density
values using the following formula:

Inhibition (%) = [(OD<sub>control</sub> — OD<sub>treated</
sub>) / OD<sub>control</sub>] x 100

Statistical Analysis

Statistical analysis was performed using Microsoft Excel 2016
(Microsoft, Redmond, WA, USA). All experiments were conducted
in triplicate (n = 3) unless otherwise stated. Results are expressed
as mean =+ standard deviation. Differences between groups were
evaluated using one-way analysis of variance, followed by Tukey’s
post hoc test for multiple comparisons. A p-value of <0.05 was
considered statistically significant.

Results

Biofilm Formation by Isolates

Among the 109 bacterial isolates obtained from dairy process lines,
89% (n = 94) were classified as strong biofilm producers, whereas
only 9 and 2 isolates showed moderate and weak adherence,
respectively. Genera such as Bacillus and Pseudomonas were
dominant among strong producers. L. innocua, B. subtilis, B.
megaterium, and P. fluorescens displayed moderate adherence,
whereas K. oxytoca and B. pumilus were weak producers. None of
the isolates were biofilm-negative. The biofilm-forming capacities
of bacterial isolates obtained from dairy industry surfaces, as
determined by the 96-well microtiter plate assay, are presented in
Table S1. These findings confirm the high prevalence of biofilm-
forming bacteria in dairy environments (Figure 1).

QS Signals

Screening with biosensor strains revealed that none of the Gram-
negative isolates produced short-chain AHLs detectable by C.
violaceum CV026. However, most produced medium- or long-
chain AHLs, as indicated by pigment formation in A. tumefaciens
A136 assays; notably, 12 Gram-negative biofilm-forming isolates
(22.2%) were identified as medium- and long-chain AHL producers.
For Gram-positive isolates, all tested strains induced luminescence
in V. harveyi BB170, indicating the presence of AI-2 signaling
molecules (Figure 2). The presence of AI-2 signaling in Gram-
positive bacterial isolates, as detected using V. harveyi BB170 as a
biosensor strain, is presented in Table S2.

Antimicrobial Activity of Natural Compounds

The antimicrobial activity of natural compounds was tested
against selected strong biofilm-forming isolates and reference
strains. C. officinalis, propolis, nisin, and H. perforatum exhibited
inhibition zones ranging between 7 and 10 mm, demonstrating
moderate antimicrobial activity. In contrast, no inhibition zones
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were observed for C. sinensis, P. ginseng, vanillin, curcumin, G.
lucidum, P. vulgaris, or S. nigra extracts (Table 1).

QQ Activity

Several natural compounds exhibited QQ potential. Camellia
sinensis extract produced the largest inhibition zone against
AHL-mediated signaling, while propolis and apple vinegar also
demonstrated inhibitory effects. Interestingly, nisin showed strong
inhibition against long-chain AHLs, with a mean zone of 26.5 mm.
AI-2 inhibitory activity varied, with propolis and apple vinegar
showing inhibition ratios comparable to 70% ethanol, whereas S.
nigra extract was the least effective (Table 2; Figure 3).

MIC, MBC and Growth Inhibition Profiles of Natural
Compounds

MIC and MBC assays confirmed the antimicrobial efficacy of
selected natural compounds. C. officinalis showed the highest
inhibition against E. coli ATCC 25922 (72.4%), while propolis
demonstrated strong inhibition against S. lactis (97.2%). In
contrast, H. perforatum was generally less effective. Overall,

m Strong adherent
25 ~

20 A

No. of bacterial isolates

o w1 1 I.“!!-,

B Moderate adherent

propolis and C. officinalis possess both antimicrobial and QQ
properties, supporting their potential use in food processing
environments (Table 3).

Discussion

The high prevalence of strong biofilm formation among dairy-
associated isolates confirms that structured microbial communities
remain a persistent risk in food processing environments
(Carrascosa et al., 2021; 1pek & Zorba, 2018). The predominance
of Bacillus and Pseudomonas species aligns with previous reports
describing these genera as recurrent and resilient contaminants in
dairy systems (Ipek & Zorba, 2018). However, beyond structural
persistence, the detection of QS signals emphasizes the regulatory
role of microbial communication in maintaining biofilm stability
(Suntharalingam & Cvitkovitch, 2005).

The observed differences between AHL- and Al-2-mediated
signaling indicate distinct regulatory mechanisms. AHL systems,
typically associated with Gram-negative bacteria, are closely
linked to biofilm maturation and virulence-related traits (Castillo-
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Figure 1. The number of bacterial isolates from different genera capable of forming biofilms.
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Figure 2. AI-2 signal detection using Vibrio harveyi BB170 for Gram-positive bacterial isolates (selected samples).

AI-2 = autoinducer-2; OD = optical density.
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Table 1. Antimicrobial effects: inhibition zone values (mm) of natural compounds’ extracts (n = 4).

Strains %ﬁ;‘f’lgg* Propolis* | Resveratrol* | Nisin* Ilfe); I}z:;c;;nl N lej:g ’Z’lf; . S;;’Z‘:ZZ’" fll:l I; :ar .
Listeria innocua (1) 9.0 (0.0) |9.0(x0.0) | 10.0(x0.0) |9.5(£0.5) | 8.5(x0.5) 7.0 (£0.0) | <6.0 7.5 (£0.5)
Enterobacter cloacae (6) 8.0 (x0.0) |8.0(£0.0) |7.5(x0.5) 7.0 (20.0) | 7.0 (x0.0) 8.5 (£0.5) | <6.0 <6.0
Pseudomonas stutzeri (18) 9.0 (+0.0) |9.0(x0.0) | <6.0 7.0 (£0.0) | 8.0 (x0.0) <6.0 <6.0 7.0 (+0.0)
Streptococcus lactis (27) 7.0 (x0.0) | 9.0 (x0.0) | 7.5(x0.5) | 10.0(+0.0) | 9.0 (£0.0) |85 (0.5) | <6.0 <6.0
Bacillus coagulans (32) 8.0 (£0.0) |8.0(x0.0) | <6.0 75(x0.5) |8.0(x1.0) |7.0(x0.0) |<6.0 <6.0
ﬁsT"C”gOZ”;‘;gs aeruginosa 10.0 (+0.0) | 7.5 (+0.5) | <6.0 7.0 (£0.0) | 7.5(x0.5) |7.0(x0.0) |7.0(+0.0) | <6.0
Staphylococcus aureus 9.0(£0.0) | 100(x0.0)| 90(x0.0) | 90(x10) | 100(z0.0) | 20 8.0(x0.0) | <6.0
ATCC 6538P (£0.0)

ﬂccr‘écjgg’gs luteus 9.0(£0.0) |80(x00) |80(x0.0) |80(x0.0) |7.0(x00) |7.0(x0.0) | <6.0 8.0 (0.0)
Escherichia coli 9.0 (0.0) | 8.5 (0.5 | <6.0 7.0 (0.0) | 7.0 (x0.0) | <6.0 8.0 (+0.0) | <6.0
ATCC 25922

*Mean (+ standard deviation).

Table 2. AHL QQ Effects: Inhibition zone values (mm) of natural

compounds’ extracts.

Small-chain AHL* Middl.e/long-chain
Natural compounds | (Chromobacterium AHL~ ,
violaceum CV026) (Agrobaf'tertum
tumefaciens A136)
Vanillin 11.5 (£0.5) 9.0 (x1.0)
Panax ginseng 11.0 (x1.0) 8.5 (+0.5)
Curcumin 9.0 (+0.0) 8.5 (+0.5)
Camellia sinensis 17.5 (£0.5) 10.0 (20.0)
Propolis 8.0 (x1.0) 9.0 (x1.0)
Apple vinegar 13.0 (+0.5) 12.0 (+0.5)
Calendula officinalis | 7.5 (+0.0) 13.5 (+0.5)
Thymus vulgaris 7.5 (£0.0) 9.5 (+£0.5)
I’jeygz:’;zz 7.0 (x0.0) 8.0 (x0.5)
Resveratrol 8.5 (x£1.0) 10.5 (x0.5)
Nisin 6.5 (+0.0) 26.5 (x0.5)
Blank <6.0 <6.0

*Mean (+ standard deviation); Values are expressed as mean + standard

deviation. Chromobacterium violaceum CV026 and Agrobacterium

tumefaciens A136 were used as indicator microorganisms for the detection
of short-chain and medium-/long-chain AHLs, respectively.
Inhibition zones of Cichorium intybus, Ganoderma lucidum, Prunella
vulgaris, and Sambucus nigra were <6 mm in both indicator systems.

AHL = N-acyl homoserine lactone.

Juarez et al., 2015; Si & Quan, 2017). In contrast, AI-2 signaling
functions as a broader interspecies communication pathway
and is frequently detected in Gram-positive bacteria via LuxS-
dependent mechanisms (Sun et al., 2014). The coexistence of both
systems in dairy environments may enhance multispecies biofilm
coordination and resilience.

The inhibitory profiles of the tested agents differed between
signaling systems. C. officinalis and propolis reduced both bacterial
growth and QS-associated responses, suggesting interference with
signal perception or receptor interaction, as previously described
for plant-derived phytochemicals (Bouyahya et al., 2022; Shariati
et al., 2024; Truchado et al., 2015). In some cases, AHL inhibition
occurred without proportional antimicrobial activity, supporting a
QQ effect independent of direct bactericidal action.

A notable finding was the pronounced inhibition of long-chain
AHL signaling by nisin. Although nisin is primarily recognized
for its bactericidal activity against Gram-positive bacteria through
membrane pore formation, membrane destabilization may
indirectly affect signal diffusion or receptor function, thereby
influencing QS responses. While this interaction has not been
fully elucidated, it is consistent with reports describing indirect
QS modulation via membrane-active compounds (Hegstad et al.,
2010).

The differences observed between Gram-negative and Gram-
positive isolates likely reflect structural divergence in QS
architectures. Gram-negative bacteria mainly rely on LuxI/LuxR-
type AHL circuits, whereas Gram-positive species and mixed
communities utilize Al-2-mediated communication (Castillo-
Juarez et al., 2015; Sun et al., 2014). These regulatory differences
may partly explain the strain-dependent variability observed in
inhibition responses.

Given the environmental and health-related concerns associated
with conventional disinfectants (Hegstad et al., 2010; Huang et al.,
2012), natural extracts capable of targeting both microbial growth
and communication pathways represent a promising alternative
strategy for sustainable biofilm control in dairy processing systems.

This study is limited by its in vitro design and single-concentration
screening approach, which does not permit dose-response analysis
or detailed mechanistic clarification. Future studies should focus
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% Inhibition of Al-2

Figure 3. Al-2 signal inhibitory activity of natural compound extracts against the high AI-2—producing isolate Streptococcus bovis.

Al-2 = autoinducer-2.

Table 3. MIC, MBC, and inhibition ratio of natural compounds.

Strains f;‘;;]g x;cca“d Inhb.% fl‘l’l‘l’c‘lﬂ x;cca“d Inhb.% (():lfll:ig ﬁ;cca“d Inhb.%
Listeria innocua (1) 1 500 pg/mL | 21.2% |3 500 pg/mL | 7.14% |5 500 pg/mL | 18.9%
Enterobacter cloacae (6) 1 500 pg/mL | 49.4% |3 500 pg/mL | 7.5% 5 500 pg/mL | 53.04%
Pseudomonas stutzeri (18) 1 500 pg/mL | 38.8% |3 500 yg/mL | 7.6% 5 500 pg/mL | 43.4%
Streptococcus lactis (27) 1 500 pg/mL | 33.6% |3 500 pg/mL | 6.5% 5 500 pg/mL | 48%
Bacillus coagulans (32) 1 500 pg/mL | 21.7% | 3 500 pg/mL | 8.4% 5 500 pg/mL | 26.2%
Staphylococcus aureus ATCC 6538 P 1 500 pug/mL | 47.7% | 3 500 pg/mL | 7.6% 5 500 pg/mL | 12.5%
Pseudomonas aeruginosa ATCC 27853 1 500 pg/mL | 22.6% | 3 500 yg/mL | 11.7% |5 500 pg/mL | 39.2%
Micrococcus luteus ATCC 4698 1 500 pg/mL | 24% 3 500 ug/mL | 8.9% 5 500 pg/mL | 47.5%
Escherichia coli ATCC 25922 1 500 pg/mL | 72.4% |3 500 pg/mL | 6.5% 5 500 pg/mL | 37.2%
L. innocua (1) 2 500 pg/mL | 87.7% | 4 500 pug/mL | 21.6% |6 500 pg/mL | 11.8%
E. cloacae (6) 2 500 pg/mL | 44.2% | 4 500 ug/mL | 12.4% | 6 500 pg/mL | 17.01%
P. stutzeri (18) 2 500 pg/mL | 53.6% | 4 500 pg/mL | 18.8% |6 500 pg/mL | 16.5%
S. lactis (27) 2 500 pg/mL | 97.2% | 4 500 pg/mL | 102% |6 500 pg/mL | 8.5%
B. coagulans (32) 2 500 pg/mL | 24.3% | 4 500 pg/mL | 15.1% |6 500 pg/mL | 11.3%
S. aureus ATCC 6538 P 2 500 ug/mL | 66.7% | 4 500 ug/mL | 8.7% 6 500 pg/mL | 16.5%
P. aeruginosa ATCC 27853 2 500 pg/mL | 28.6% | 4 500 pg/mL | 182% |6 500 pg/mL | 10.5%
M. luteus ATCC 4698 2 500 pg/mL | 27.5% | 4 500 ug/mL | 14.1% |6 500 pg/mL | 34%

E. coli ATCC 25922 2 500 pg/mL | 14.8% | 4 500 pg/mL | 16.5% |6 500 pg/mL | 8.8%

*(1) Calendula officinalis L.; (2) Propolis; (3) Resveratrol; (4) Thymus vulgaris L.; (5) Nisin; and (6) Hypericum perforatum L.
Inhb. = inhibition; MBC = minimum bactericidal concentration; MIC = minimum inhibitory concentration.

on identifying active constituents and validating their efficacy
under industrial conditions.

Overall, the results support the potential of selected plant-derived
extracts and natural-origin compounds as dual-function agents
capable of disrupting both bacterial viability and QS-regulated
biofilm persistence in dairy environments.

Conclusion

This study revealed that biofilm formation is widespread among
bacterial isolates from dairy process lines, with Bacillus and
Pseudomonas species being the most dominant. Selected plant-
derived extracts and natural-origin compounds, particularly C.
officinalis and propolis, showed strong antimicrobial and QQ
activities by inhibiting both AHL- and AI-2-mediated signaling
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pathways. These findings highlight the potential of natural
products as eco-friendly alternatives to chemical disinfectants for
maintaining hygiene and controlling biofilm-associated risks in the
food industry.

Future research should focus on identifying the specific active
constituents responsible for QQ activity and evaluating their
effectiveness under real industrial conditions. Integration of natural
products into sanitation protocols could provide sustainable and
consumer-acceptable strategies to improve food safety and reduce
environmental impact.
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Abstract

Background: Desiccation is a critical factor influencing seed
viability and storage potential. Among the physiological changes
accompanying seed drying are alterations in carbohydrate reserves
and the activities of carbohydrate metabolizing enzymes.

Aims: This study investigated changes in reducing sugar and starch
content, as well as the activities of a-amylase, f-amylase, and total
amylases, in the seeds of two tropical timber species, Afzelia africana
Sm. and Gambeya albida (G. Don) Aubrév. & Pellegr., during
progressive desiccation.

Methods: Mature seeds were harvested directly from parent trees and
desiccated under ambient conditions for 0, 3, 7, 10, 13, 15, 22, and
35 days. Germination capacity, carbohydrate levels, and amylolytic
activities were assessed at each desiccation interval.

Results: Germination in A. africana increased gradually with
desiccation, whereas seeds of G. albida exhibited high initial
germination that declined significantly (p < 0.05) following moisture
loss. Reducing sugar levels were consistently higher in G. albida
than in A. africana, while starch content increased in A. africana but
declined in G. albida during later stages of desiccation. Activities
of a-amylase, B-amylase and total amylases increased during early
desiccation (07 days) in both species, followed by a significant (p <
0.05) decline, with A. africana exhibiting higher overall amylolytic
activity. These results indicate contrasting carbohydrate metabolic
responses to desiccation, consistent with orthodoxlike behavior in A.
africana and recalcitrant behavior in G. albida.

(")zet

Dayanak: Kurutma, tohumlarin canliligin1 ve depolama potansiyelini
etkileyen kritik bir faktordiir. Tohum kurutulmasiyla birlikte meydana
gelen fizyolojik degisiklikler arasinda karbonhidrat rezervlerinde ve
karbonhidrat metabolize eden enzimlerin aktivitelerinde meydana
gelen degisiklikler bulunmaktadir.

Amaclar: Bu ¢alismada, iki tropikal agag tiirii olan Afzelia africana
Sm. ve Gambeya albida (G. Don) Aubrév. & Pellegr. tiirlerinin
tohumlarinda, asamali kurutma sirasinda indirgen seker ve nisasta
icerigindeki degisiklikler ile a-amilaz, f-amilaz ve toplam amilazlarin
aktiviteleri incelenmistir.

Yontemler: Olgun tohumlar dogrudan ana agaglardan hasat edilmis
ve ortam kosullarinda 0, 3, 7, 10, 13, 15, 22 ve 35 giin boyunca
kurutulmugtur. Her kurutma araliginda c¢imlenme kapasitesi,
karbonhidrat seviyeleri ve amilolitik aktiviteler degerlendirilmistir.

Bulgular: A. africana’da ¢imlenme kuruma ile birlikte kademeli
olarak artarken, G. albida tohumlar1 yiiksek bir baslangic cimlenme
orant sergilemis, ancak nem kaybinin ardindan 6nemli 6lciide (p <
0,05) azalmstir. Azaltic1 seker seviyeleri G. albida’da A. africana’ya
gore siirekli olarak daha yiiksekken, nisasta igerigi A. africana’da
artmig, ancak G. albida’da kurumanin ilerleyen asamalarinda
azalmigtir. o-amilaz, p-amilaz ve toplam amilaz aktiviteleri her
iki tirde de erken kurutma asamasinda (0—7 giin) artti, ardindan
onemli (p < 0,05) bir diisiis gerceklesti, A. africana ise daha yiiksek
toplam amilolitik aktivite gosterdi. Bu sonuclar, kurutmaya karst zit
karbonhidrat metabolik tepkileri oldugunu gostermektedir ve bu,
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Conclusion: The findings provide physiological insight relevant to
seed storage and reforestation strategies for tropical forest species.

A. africana’nin ortodoks benzeri davramisiyla ve G. albida’nin
direngli davranisiyla tutarhidir.

Sonuc¢: Bulgular, tropikal orman tiirleri igin tohum depolama
ve yeniden aZaclandirma stratejileri ile ilgili fizyolojik bilgiler
saglamaktadir.

Keywords: Seed desiccation tolerance, carbohydrate metabolism, germination response, seed storage behavior

Introduction

Afzelia africana Sm. and Gambeya albida (G. Don) Aubrév. &
Pellegr. are tropical rainforest timber species. A. africana, commonly
referred to as African mahogany, is a large deciduous woody species
threatened by overexploitation and poor natural regeneration in its
native habitats (Padonou et al., 2013). It is a leguminous tree of the
family Fabaceae and subfamily Caesalpiniaceae, occurring in both
humid and dry forest ecosystems (Umedum et al., 2014). Every part
of the plant is valuable. The species produces high quality timber,
which is termite resistant but somewhat difficult to work; the seeds
contain approximately 31% fat and have potential as a source of
oil for both domestic and industrial applications. The seeds are
also ground into flour for various culinary uses. The leaves serve
as forage and food, while decoctions made from the flowers and
roots are traditionally used to treat various ailments. Despite its
usefulness, this plant is under threat due to overexploitation, urban
expansion, and the degradation of natural forests. It is classified
as Vulnerable by the International Union for Conservation of
Nature (2004). G. albida, commonly known as white star apple, is
a forest fruit tree belonging to the family Sapotaceae. It possesses
significant economic value, particularly due to findings that jams
made from its pulp could rival commercial raspberry jams and
jellies. Additionally, the seed oil has various applications (Amusa
et al., 2003). The fruit is also a rich source of natural antioxidants,
contributing to health by combating oxidative stress related
diseases (Burits & Bucar, 2000). The timber of G. albida is very
dense, moderately strong and fairly durable (Etukudo, 2003). The
seeds are edible and used locally in soup thickening. The leaves are
an excellent fodder and fruit pods are good fuel wood.

Seeds are essential components of plant production systems,
serving both direct planting needs and, seedling production and
propagation. While certain seeds can be stored without losing
viability, others are highly desiccation sensitive and have limited
storage potential, restricting their usage in production systems
(Hay & Probert, 2013). In the case of A. africana and G. albida,
that both inhabit tropical forests and produces fruits shortly before
the onset of the dry season, responses to seed desiccation is
important because natural seedling regeneration depends on the
moisture content (MC) of the forest floor.

Although some studies have reported that seeds of A. africana
exhibit desiccation sensitivity under specific conditions (Adelani
et al.,, 2017), available evidence on its seed storage behavior
remains inconclusive. Consequently, the present study adopts
a physiological perspective, examining MC and germination
relationships alongside metabolic responses during progressive
drying, rather than assuming a predefined storage classification.

In contrast, seeds of G. albida have consistently been described
as desiccation sensitive, with marked declines in germination
observed as seed MC decreases (Adelani et al., 2017). While the
general processes regulating responses to desiccation in tropical
forest species have been described, the mechanisms governing
seed desiccation responses in tropical forest species have not
been well documented (Daws et al., 2011). Current studies on
other recalcitrant taxa show that desiccation interferes with
energy metabolism, osmotic balance, leading to a breakdown of
regulatory proteins (Berjak & Pammenter, 2013), while orthodox
seeds accumulate protective soluble sugars and carbohydrates to
maintain cellular structure (Farrant & Moore, 2011). These varying
responses reveal the specific biochemical responses to desiccation
and the need for a direct physiological assessment rather than
generalizing unrelated taxa (Berjak & Pammenter, 2013).

Although there are suggestions that both A. africana and G. albida
are sensitive to desiccation, there is no published study that has
examined how carbohydrate metabolizing enzymes, in particular
amylase and reserve carbohydrates (sugar and starch), change
during drying in these species. This is a critical gap in knowledge
because carbohydrate metabolism plays a major role in the
acquisition or loss of desiccation tolerance (Berjak & Pammenter,
2013). Also, without species specific biochemical data, the
physiological basis of desiccation sensitivity in these economically
and ecologically important species remains unclear. Therefore,
this study addresses this gap by investigating amylase activity and
carbohydrate accumulation during progressive desiccation of seeds
of both species. The research objectives are to quantify changes in
MC during specific desiccation intervals; determine the amylase
activity in response to desiccation; assess the changes in reducing
sugar and starch accumulation during desiccation; and relate these
changes to potential desiccation tolerance or sensitivity in both
species.

Materials and Methods
Study Area/Experimental Site

The study was conducted in Calabar, the capital city of Cross River
State, Nigeria. Laboratory analyses were performed at the Graduate
Research Laboratory, Department of Plant and Ecological Studies,
Faculty of Biological Sciences, University of Calabar.

Seed Preparation/Desiccation

Mature fruits of A. africana and G. albida, were harvested directly
from the tree stands within Calabar metropolis. The fruits were
de-pulped to obtain their seeds. The seeds were desiccated under
ambient conditions on a laboratory bench for 0, 3, 7, 10, 13, 15, 22,
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and 35 days; with average daytime temperatures of approximately
28 to 32 °C, relative humidity ranging between 60 to 75%, and
natural sunlight exposure filtered through the screen house. On
each of these sampling dates, twenty seeds of each species were
randomly picked and weighed to obtain their fresh weight. Seeds
were oven dried at 103 + 2 °C until constant weight, following
standard seed moisture determination protocols (Association of
Official Analytical Chemists [AOAC], 2006). The fresh and dry
weights obtained were used to calculate the percentage MC of the
seed lot. MC was calculated adopting Somrug et al. (2024) as

MC (%) = fresh weight — dry weight x 100
fresh weight

Desiccation and Germination Tests

Forty seeds were sown in germination trays at each desiccation
level to investigate their germination potentials. The seeds were
steeped in water for 12 h before sowing. An equal mixture of
smooth sea sand and sawdust was used as the growth medium;
2 kg of the planting medium was weighed into germination trays
and laid out in a complete randomized design, replicated three
times. The germination of the planted seeds was observed daily,
and germination counts were recorded daily. The emergence of
radicle through the seed coat was the criterion for germination.
The germination records were used in computing the percentage
maximum germination (G _ ) after Ngele et al. (2024) as follows:

max

G, (%) = number of germinated seeds X 100

total number of sown seeds
Determination of Reducing Sugars and Starch

The seeds employed for sugar and starch extraction were dried
at 60 °C for 24 hours. Sugar and starch concentration in seeds
on collection and following desiccation was assayed using the
dinitrosalicylic acid (DNS) method (AOAC, 2006) with 1%
glucose solution as standard.

Calibration Curve for Sugar

Serial dilutions of the 1% glucose solution were prepared to obtain
glucose concentrations of 0, 2, 4, and 6 mg/mL in labeled test
tubes. To each of the test tubes were added 1 mL DNS reagent
and 2 mL of 1.5% NaOH, and brought to boil for five minutes.
The resultant solutions were allowed to cool and the absorbance
readings determined spectrophotometrically at 540 nm wavelength.
The absorbance readings obtained were plotted against sugar
concentration to obtain a calibration curve.

Determination of Reducing Sugars

Reducing sugars were extracted using 80% ethanol. Precisely 0.2
g of dried cotyledonary tissue (dried at 60 °C) from seeds of each
species was ground in 5 mL of 80% ethanol. The homogenate was
centrifuged at 4000 rpm for 5 minutes. In a test, 0.5 mL of the
resulting sugar extract was mixed with 1 mL of DNS reagent and
2 mL of 1.5% NaOH. The mixture was then heated in a water bath

for 5 minutes. Reducing sugar content (umol g' dry weight) was
estimated spectrophotometrically at 540 nm, and concentrations
were determined using a standard calibration curve prepared from
1% glucose solution.

Starch Determination

Starch present in the insoluble residue following sugar extraction
was solubilized with 1 M NaOH and subsequently neutralized with
1 M acetic acid. The starch content (umol g! dry weight) was then
determined by acid hydrolysis using 0.5 mL of 1 M HCl, followed
by the colorimetric estimation of the resulting reducing sugars.

Determination of Alpha, Beta and Total Amylolytic
Activities in Seeds

Enzyme Extraction

The extraction buffer was composed of 50 mM mixed phosphate
buffer (prepared from monobasic potassium phosphate [KH,PO,],
and dibasic potassium phosphate [K,HPO,] salts), containing 1%
(w/v) polyvinyl polypyrrolidone (PVPP), a phenolic binding agent.
The pH was adjusted to 7.0 at 30 °C (Ngele et al., 2024). To prepare
the extraction buffer, 2.613 g of K,HPO, was dissolved in 300 mL
of distilled water, and 2.042 g of KH,PO, was dissolved in another
300 mL of distilled water. The two solutions were then combined
and 6 g of PVPP was added. The buffer was stored refrigerated
until used. For enzyme extraction, 0.5 g of cotyledonary seed
tissue from each species at specified desiccation intervals was
homogenized in 5 mL of cold extraction buffer. The homogenate
was first for 5 minutes, and the resulting filtrate was centrifuged
again under the same conditions. The final supernatant was kept
on ice and served as the crude enzyme extract.

Enzyme Assay

Amylase activity was assessed by measuring the amount of
reducing sugars released from soluble starch and expressed as
umol of glucose equivalents g dry weight produced in 10 minutes
at 25 °C, using 600 uL of crude enzyme extract, following the
procedure described by Nkang (2002).

To determine a-amylase activity, P-amylase was selectively
inactivated by heating the crude enzyme extract at 70 °C for 30
minutes, a temperature previously reported to preferentially
inactivate f-amylase while retaining o-amylase activity in plant
tissues (Nkang, 2002). A reaction mixture containing 0.1 mL of
1% (w/v) soluble starch and 600 pL of the heat-treated enzyme
extract was incubated at 25 °C for 10 minutes. The reaction was
terminated by adding 1 mL of DNS reagent followed by 2 mL of
1.5% sodium hydroxide, and the mixture was boiled for 2 minutes.
Absorbance was measured at 540 nm, and a-amylase activity was
quantified using a glucose standard curve and expressed on a dry
weight basis (umol reducing sugar released g dry weight min™).

For p-amylase activity, o-amylase was selectively inhibited
by incubating the crude enzyme extract with 25 mM
ethylenediaminetetraacetic acid (EDTA) at 25 °C for 30 min, as
EDTA chelates divalent cations required for a-amylase activity,
thereby allowing preferential estimation of P-amylase (Nkang,
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2002). A reaction mixture comprising 0.1 mL of 1% soluble starch
and 600 pL of the treated enzyme preparation was incubated
at 25°C for 10 min. The reaction was stopped by adding 1 mL
of DNS reagent and 2 mL of 1.5% sodium hydroxide, followed
by boiling for 2 min. The absorbance was read at 540 nm, and
B-amylase activity was expressed as umol reducing sugar released
g dry weight min™.

Total amylase activity was assayed using untreated enzyme
extract. A reaction mixture containing 2 mL of assay buffer,
600 pL of enzyme extract, and 0.1 mL of 1% soluble starch was
incubated at 25 °C for 10 minutes. The reaction was terminated as
described above, and absorbance was recorded at 540 nm. Total
amylase activity was calculated from the glucose standard curve
and expressed on a dry weight basis (umol reducing sugar released
¢! dry weight min™).

All enzyme assays were conducted in triplicate. While no separate
inhibition controls were included, the use of heat treatment and
EDTA for selective estimation of o- and f-amylase followed
previously validated protocols, and the approach provides
comparative rather than absolute measures of enzyme activity
during desiccation.

Statistical Analysis

All experiments were conducted using a completely randomized
design. Data obtained from MC, germination percentage,
carbohydrate concentrations, and amylase activities were based on
three independent replicates and are presented as mean =+ standard
error of the mean. Statistical analyses were performed using the
Statistical Package for Social Sciences for Windows, version 20.1.

Differences among desiccation intervals and between species were
evaluated using one way analysis of variance (ANOVA). When
ANOVA indicated significant treatment effects, mean separation
was performed using Duncan’s Multiple Range Test (DMRT) at a
significance level of p < 0.05. DMRT was selected because of its
sensitivity in detecting treatment wise differences across multiple
desiccation intervals, allowing effective discrimination of gradual

physiological changes associated with progressive drying. This
approach is commonly applied in plant physiological and seed
biology studies where treatments represent ordered stress gradients
rather than independent categorical factors.

Results

MC and Germinability of A. africana and G. albida Seeds
After Desiccation

The MC levels in seeds of A. africana and G. albida on collection
and following desiccation are presented in Table 1. Seeds of
G. albida had relatively higher MC on collection (40.04%)
compared to A. africana (13.81%). MC declined significantly
(»p < 0.05) throughout the desiccation period in seeds of G.
albida. In A. africana, MC showed a gradual decline but remained
relatively stable during the later desiccation stages (days 15-35).
Germination capacity gradually improved with desiccation,
reaching its maximum at 15 days (90.00%) when MC was 4.86%.

However, a significant decline in G (p < 0.05) was observed at
22 and 35 days of desiccation, coinciding with a further reduction
in MC to approximately 4%. In G. albida G_,_was significantly
higher (p < 0.05) on collection (76.67%) but declined gradually
with desiccation. No germination occurred after 13 days at MC
below 26.7%.

Reducing Sugar Content in Seeds of A. africana and G.
albida During Desiccation

The reducing sugar content in seeds of A. africana was lower
than that of G. albida across the desiccation period (Figure 1). A
significant increase (p < 0.05) in reducing sugars was observed
in A. africana, peaking at 7 days (3.69 umol g' dry weight), after
which sugar levels declined.

Overall, G. albida seeds maintained consistently higher reducing
sugar levels, indicating species specific differences in carbohydrate
behavior. Reducing sugar content increased significantly (p < 0.05)
from O to 3 days in G. albida, with the highest levels at 3 days.
Although sugar levels declined afterward, there was a secondary

Table 1. MC and G _of A. africana and G. albida seeds during desiccation.

Desiccation period (days) A. africana G. albida
MC (%) G,.. (%) MC (%) G,.. (%)
0 13.81*+ 0.62 66.28"¢+ 0.23 40.04*+ 0.34 76.67°+ 3.33
8.36°+ 0.24 71674+ 4.41 37.23°+0.18 56.67°+ 3.33
7 6.76° + 0.08 79.67* + 5.78 34.77¢ £ 0.12 15.00°+ 2.89
10 6.36°+ 0.13 77.67" + 8.88 32.114+0.19 11.67°+ 3.33
13 534+ 0.15 85.00" + 2.89 27.63¢+0.14 0.00¢ + 0.00
15 4.86% + 0.06 90.00*+ 5.77 25.56"+ 0.30 0.00¢ + 0.00
22 4.23°+ 0.05 55.00¢+ 8.66 10.312+ 0.30 0.00¢ + 0.00
35 4.03°+ 0.37 60.004 + 5.77 9.02"+ 0.07 0.00¢ & 0.00

Values represent the mean =+ standard error of the mean of three replicates. Means within each column for a given species followed by different superscript

letters are significantly different at p < 0.05 according to DMRT. Means sharing at least one common letter are not significantly different.

A. africana = Afzelia africana; DMRT = Duncan’s Multiple Range Test; G. albida = Gambeya albida; G = maximum germination; MC = moisture content.
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significant increase (p < 0.05) at 35 days (3.16 umol g-! dry weight)
suggesting a possible delayed metabolic adjustment to prolonged
desiccation.

Starch Content in Seeds of A. africana and G. albida During
Desiccation

Starch content in A. africana increased markedly (p < 0.05)
during early desiccation, with maximum concentration at 3 days
(5.37 umol g' dry weight), followed by a significant decrease
(» < 0.05) between days 7-13 (Figure 2). Starch content then
increased steadily (p < 0.05) from days 15-35. In G. albida,
starch content increased slightly up to 3 days but not significantly,
followed by a significant decline (p < 0.05) after that. This suggests
distinct starch metabolism patterns between both species during
desiccation.

Influence of Desiccation on Activities of Amylases in Seeds
of A. africana and G. albida

Alpha-amylase activity in A. africana increased significantly
(p £0.05) from O to 3 days of desiccation (Figure 3). Activity then
declined significantly (p < 0.05) between days 7—13, followed by a

=G, albida

A, africana

Reducing sugar content (umol g™ dry weight)

=3
g

6 7 8

Desiccation period (days)
Figure 1. Content of reducing sugar (umol g-! dry weight) in seeds of A.
africana and G. albida during desiccation under ambient conditions; error

bars indicate variability at p < 0.05.
A. africana = Afzelia africana; G. albida = Gambeya albida.

3.97

=A.africana

«==G. albida
1.92

Starch content (umol g™' dry weight)
w

o 3 7 10 1B 15 2 3
Desiccation period (days)
Figure 2. Starch content (umol g-! dry weight) in seeds of A. africana and

G. albida following desiccation; error bars indicate variability at p < 0.05.
A. africana = Afzelia africana; G. albida = Gambeya albida.

subsequent increase. In G. albida, alpha amylase activity increased
significantly during the initial desiccation phase, peaking at 7 days,
and subsequently declined. The delayed peak in G. albida (7 days)
compared with A. africana (3 days) shows differences in the timing
of enzyme responses in the two species.

Beta amylase activity in seeds of A. africana during desiccation
followed a similar trend as that of alpha amylase, with significantly
(p < 0.05) higher activity on the 3" day of desiccation (Figure
4). Similarly, seeds of G. albida also demonstrated a significant
(p < .05) increase in beta amylase activity with a peak at the 7" day
of desiccation, thereafter activity declined.

Total amylase activity in A. africana increased significantly
(p < 0.05), with the highest activity observed at 3 days (21.39
umol reducing sugar released g' dry weight min™) (Figure 5).
Activity decreased thereafter but showed slight significant increases
(p <£0.05) between days 15-35. In G. albida, total amylase activity
increased significantly at 0, 3, and 7 days having values of (2.40 pmol
reducing sugar released g dry weight min', 9.47 pmol reducing
sugar released g! dry weight min™! and 12.72 pmol reducing sugar
released g! dry weight min™! respectively), followed by a significant
decline. Generally, A. africana exhibited an earlier enzymatic peak,
whereas G. albida showed delayed and brief increases (Table 2).

A, africana
w=G. albida

Alpha amylase activity (umol reducing sugar released g™
dry weight min™)

[ 3 7 10 13 15 22 35
Desiccation period (days)

Figure 3. Alpha amylase activity (umol reducing sugar released g-! dry
weight min-!) in seeds of A. africana and G. albida following desiccation;
error bars indicate variability at p < 0.05.

A. africana = Afzelia africana; G. albida = Gambeya albida.

released g dry weight

min”)

——A ofricana

——G. olbida

Desiccation period (days)

Figure 4. Beta amylase activity (umol reducing sugar released g! dry
weight min?) in seeds of A. africana and G. albida following desiccation;
error bars indicate variability at p < 0.05.

A. africana = Afzelia africana; G. albida = Gambeya albida
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Discussion

A. africana seeds exhibited significantly lower MC at collection
(13.81%) compared with G. albida seeds (40.04%), indicating
clear differences in seed water status at maturity. Such contrasts
are commonly associated with differences in seed storage behavior.
Orthodox seeds typically undergo maturation drying during late
development, acquiring tolerance to substantial moisture loss,
whereas recalcitrant seeds retain high MC and are sensitive to
desiccation (Berjak & Pammenter, 2013; Maia et al., 2011). In
the present study, the ability of A. africana seeds to retain high
germination capacity at low moisture levels supports an orthodox-
like response under the conditions tested, whereas the rapid loss of
viability in G. albida during drying is consistent with recalcitrant
behavior.

Reducing sugar content in A. africana seeds was relatively low
both at collection and following desiccation, whereas G. albida
maintained consistently higher levels. Previous studies have
associated high concentrations of reducing sugars, particularly
monosaccharides, with increased desiccation sensitivity, whereas
oligosaccharides are more often linked to cellular stabilization
during dehydration (Prajith et al., 2014; Whittaker et al., 2004).
However, since only reducing sugars were quantified in this study,
interpretations are restricted to observed changes in reducing sugar
pools rather than specific protective sugars. The higher reducing

min")

——A ofricana
——G. albida

Total amylase activity (umol reducing sugar released g™ dry weight

0 3 7 10 13 15 2 35
Desiccation period (days)

Figure 5. Total amylase activity (umol reducing sugar released g dry
weight min) in seeds of A. africana and G. albida following desiccation;
error bars indicate variability at p < 0.05.

A. africana = Afzelia africana; G. albida = Gambeya albida.

sugar levels in G. albida may therefore reflect limited metabolic
regulation during drying rather than an adaptive protective
response. Although oligosaccharides such as raffinose have
been implicated in desiccation tolerance in other species, these
compounds were not directly measured in the present study and
are therefore not considered further here.

The starch metabolism also differed markedly between the two
species. Starch content increased during desiccation in A. africana
but declined in G. albida, indicating contrasting patterns of
carbohydrate reserve regulation. The accumulation of starch in A.
africana during drying may reflect a capacity to maintain reserve
stability under reduced water availability, whereas starch depletion
in G. albida coincided with declining germination capacity.
Activities of a-, B-, and total amylases increased during early
desiccation (0-7 days) in both species, followed by a decline with
prolonged drying. A. africana exhibited higher and more sustained
amylolytic activity, suggesting greater metabolic resilience during
dehydration. Similar temporal modulation of amylase activity in
orthodox seeds has been reported under varying intensities of
desiccation (Lee & Tan, 2020). In contrast, the sharp reduction
in amylase activity observed in G. albida during the later stages
of desiccation may indicate the loss of metabolic integrity,
a feature commonly reported in recalcitrant tropical seeds
(Nguyen et al., 2023). Although reducing sugars interact with
oxidative metabolism in plants, we did not assess reactive oxygen
species levels, antioxidant enzymes, or related redox pathways.
Consequently, no conclusions are drawn regarding the regulation
of oxidative stress during seed desiccation. Such interactions
remain important avenues for future investigation.

Overall, this study distinguishes contrasting carbohydrate reserve
dynamics and amylolytic responses associated with desiccation
tolerance and sensitivity in two tropical tree species. The results
provide physiological evidence supporting the suitability of
A. africana seeds for conventional drying and storage, while
highlighting the vulnerability of G. albida seeds to moisture loss.
These findings are relevant for seed conservation and restoration
programs that require speciesspecific handling protocols (Food
and Agriculture Organization, 2021).

Although this study offers useful insights, it is limited by the
absence of molecular or biochemical markers beyond carbohydrate

Table 2. Summary of key physiological responses during desiccation in A. africana and G. albida.

Parameter A. africana G. albida

MC trend Gradual decline; stabilizes after day 15 Rapid decline; no germination after day 13
Peak germination 15 days (90%) Day 0 (76.7%), then declines to 0%

Peak reducing sugars Day 7 Day 3; secondary rise at day 35

Peak starch content Day 3 No significant early rise; declines after day 3
Peak a-amylase Day 3 Day 7

Peak pB-amylase Day 3 Day 7

Peak total amylase Day 3 Days 0-7

A. africana = Afzelia africana; G. albida = Gambeya albida; MC = moisture content.
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metabolism and the restricted number of species examined. Future
studies integrating analyses of specific sugar profiles, enzyme
regulation at the molecular level, and controlled environmental
conditions would further refine the understanding of desiccation
responses in tropical forest seeds.

Conclusion

Based on the findings, it is suggested that A. africana seeds may
be suitable for conventional drying and storage under conditions
similar to those tested in this study, indicating potential for ex situ
conservation. In contrast, G. albida seeds exhibited characteristics
consistent with desiccation sensitivity and may therefore require
alternative management approaches, such as short term hydrated
storage, rapid propagation, or further evaluation for specialized
preservation techniques. Future research should incorporate longer
term storage trials under controlled environmental conditions to
validate storage performance, as well as molecular or ecological
investigations to better understand the mechanisms underlying the
observed physiological responses.
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Abstract

Background: Mesenchymal stem cells (MSCs), including adipose-
derived MSCs (ADMSCs) and bone marrow-derived MSCs
(BMMSCs), are multipotent cells essential for tissue repair, with
strong self-renewal and differentiation abilities. Bmall is a core
component of the circadian cycle and plays a regulatory role in stem
cell specialization; PPARy links adipogenesis to the circadian rhythm
by epigenetically regulating Bmall. Ultraviolet B (UVB) radiation
influences circadian processes by modulating the expression of
growth factors and cytokines in MSCs.

Aims: This study investigated how UVB affects adipogenesis
and circadian-system-related gene transcription in ADMSCs and
BMMSCs.

Methods: MSC viability post-exposure was assessed using
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide analysis.
Cells were cultured in adipogenesis medium and stained with Oil Red
O at multiple time points. UVB-treated MSCs were maintained under
differentiation-inducing conditions for 28 days, and gene expression
was evaluated by quantitative real-time polymerase chain reaction
(qRT-PCR).

Results: Viability assays identified 25 mlJ/cm? as the optimal
UVB dose. Flow cytometry confirmed the enhanced expression
of MSC markers (CD54, CD90, and CD29) and low expression of
hematopoietic markers (CD45, CD106, and MHC class II). Oil Red O
staining revealed gradual lipid accumulation, beginning on day 14 and
forming mature droplets by day 28. qRT-PCR indicated a significant
increase in PPARy expression in adipogenic differentiation groups and
Bmall expression post-UVB exposure.

Ozet

Dayanak: Yag dokusundan elde edilen mezenkimal kok hiicreler
(ADMKH) ve kemik iliginden elde edilen mezenkimal kok hiicreler
(KIMKH) dahil olmak iizere mezenkimal kok hiicreler (MKH), giiclii
0z yenilenme ve farklilasma kapasiteleri sayesinde doku onariminda
onemli rol oynayan multipotent hiicrelerdir. Bmall proteini, giinliik
hiicresel biyolojik siirecleri diizenleyen sirkadiyen dongiiniin
temel bilesenlerinden biridir ve baskilanmasinin kok hiicrelerin
farklilasma kapasitesini degistirdigi bilinmektedir. PPARy ise
adipojenik farklilagma ile sirkadiyen ritim arasinda baglanti kurarak
Bmall’in epigenetik diizenlenmesinde rol oynamaktadir. Ultraviyole
B (UVB) radyasyonunun, MKH’lerde biiyiime faktorleri ve sitokin
ekspresyonunu etkileyerek sirkadiyen ritim tiizerinde etkili oldugu
bilinmektedir.

Amaclar: Bu cahismada, ADMKH ve KIMKH’lerde UVB
1s18inin hiicre farklilasmast ve sirkadiyen ritim iizerindeki etkileri
arastirilmistir.

Yontemler: UV 1s18ina maruz birakilan MKH’lerin canlilik
potansiyelleri MTT analizi ile degerlendirilmistir. Hiicreler adipojenik
farklilasma ortaminda kiiltiirlenmis ve farkli giinlerde Oil Red O
boyamasi yapilmistir. UVB’ye maruz kalan MKH’ler, farklilasma
ortaminda 28 giin boyunca takip edilmis ve gen ekspresyonundaki
degisiklikler kantitatif ger¢cek zamanli polimeraz zincir reaksiyonu
(qRT-PCR) yontemiyle analiz edilmistir.

Bulgular: Sonug olarak, hiicre canliligi analizleri optimal UVB
dozunun 25 mJ/cm? oldugunu gostermistir. Akis sitometrisi sonuglari,
MKH fenotipine 6zgii belirteglerin (CD54, CD90, CD29) yiiksek
diizeyde, hematopoietik belirteclerin (CD45, CD106, MHC sinif 1I)
ise diisiik diizeyde eksprese edildigini ortaya koymustur. Oil Red O
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Conclusion: Overall, these findings suggest that UVB stimulation
at optimal doses enhances the adipogenic differentiation capacity
of MSCs while modulating circadian rhythm-associated genes.
Moreover, adipogenic differentiation itself appears to contribute to
the regulation of the circadian rhythm.

boyamasi ile 14. giinden itibaren lipit birikimi gozlenmis, 28. giinde
ise olgun yag damlaciklar tespit edilmistir. qRT-PCR sonuglarina
gore, adipojenik farklilagsma gruplarinda PPARy ekspresyonu anlamli
diizeyde artarken, Bmall ekspresyonunun da UVB uygulamasi
sonrasinda artt1g1 belirlenmigtir.

Sonuc: Elde edilen bulgular, optimal UVB dozunun MKH’lerin
adipojenik farklilasmasin1  destekledigini ve sirkadiyen ritmi
diizenledigini gostermektedir. Ayrica, bu calisma adipojenik
farklilasmanin sirkadiyen ritim iizerinde diizenleyici bir etkisi
oldugunu da ortaya koymaktadir.

Keywords: Mesenchymal stem cell, Bmall, PPARy, ultraviolet light, qRT-PCR

Introduction

Mesenchymal stem cells (MSCs) are multipotent progenitor
cells capable of self-renewal and differentiation into multiple
mesodermal lineages, including adipocytes, osteoblasts, and
chondrocytes (Cesnik and §vajger, 2024). In addition, MSCs
secrete a wide variety of growth factors and cytokines that
contribute to tissue repair and regeneration, making them a
commonly used experimental model in regenerative medicine and
developmental biology (Pittenger et al., 2019; Vilar et al., 2023).
The differentiation fate of MSCs is tightly regulated by mechanisms
such as signaling pathways, cell-cycle regulators, microRNAs,
transcription factors, and epigenetic modifications (Mens and
Ghanbari, 2018). MSCs can be isolated from several tissues, most
commonly bone marrow and adipose tissue. Bone marrow-derived
MSCs (BMMSCs) exhibit low immunogenicity, multilineage
differentiation potential, and robust migratory capacity. Adipose-
derived MSCs (ADMSCs) are abundant, easily accessible, and
relatively unaffected by donor age. Although MSCs from different
tissues share core stem cell characteristics, subtle variations in
marker expression and differentiation tendencies render tissue
origin a crucial factor in stem cell biology studies (Lotfy et al.,
2019; Sachs et al., 2025). For these reasons, MSCs represent an
appropriate and physiologically relevant model for investigating
molecular mechanisms regulating differentiation and cell-level
responses to environmental stimuli.

Circadian rhythm and cell-cycle regulation constitute two
fundamental interconnected regulatory systems in eukaryotes,
operating from an organismal to the molecular level. Circadian
rhythms follow a near-24-hour oscillation pattern of alternating
active and inactive phases governed by a core molecular clock
comprising transcription—translation feedback loops (Putthanbut et
al., 2025; Zeng et al., 2024). Key clock genes include Bmall, Clock,
Period (Per), Cryptochrome (Cry), RORa/f/y, and Rev-erba/
(Goncii & Orztiirk, 2019). Of these, Brain and Muscle ARNT-
Like 1 (Bmall) functions as a central indispensable regulator of
the circadian clock. Bmall heterodimerizes with Clock, driving
rhythmic transcription of downstream clock-controlled genes.
Crucially, evidence indicates that Bmall is essential for maintaining
diurnal rhythmicity and plays a critical role in fate determination
and differentiation of stem cells. Suppressed or disrupted Bmall
expression in stem cells impairs lineage-specific gene activation,

alters the metabolic program, and compromises differentiation
efficiency (Gao et al., 2022). Therefore, in this study, Bmall was
selected as a key molecular link between circadian regulation, cell
metabolism, and differentiation.

Adipogenesis was specifically investigated as it is one of the most
well-characterized and metabolically sensitive MSC-differentiation
pathways. This process is tightly controlled by both circadian
clock-associated genes and metabolism-related transcription
factors, making it an ideal model for exploring clock—metabolism
interactions. Peroxisome proliferator-activated receptor gamma
(PPARYy) is the master regulator of adipocyte differentiation and
governs lipid storage, insulin sensitivity, and glucose metabolism.
PPARy activity is influenced by environmental and circadian
cues and is modulated through post-translational and epigenetic
mechanisms (Montaigne et al., 2021).

Crucially, PPARy represses Bmall transcription in adipocytes,
altering cell metabolism, reducing histone acetylation and
methylation, and disrupting circadian rhythmicity. PPARy integrates
adipogenesis with diurnal clock regulation via this mechanism,
establishing a feedback loop between metabolic state, epigenetic
modifications, and circadian disruption (Wang et al., 2022).
Consequently, adipogenic differentiation provides a biologically
relevant context to examine the Bmall-PPARy interaction under
external stimuli. Collectively, these findings suggest the occurrence
of such a tightly regulated and bidirectional interconnectivity
during adipogenic differentiation (Wang et al., 2022). While Bmall
influences metabolic timing and differentiation competence in
MSCs (Gao et al., 2022), PPARy is not only a downstream effector
of adipogenesis but also an upstream modulator of circadian gene
expression through the transcriptional and epigenetic repression
of Bmall (Wang et al., 2022). Such a reciprocal regulatory axis
positions the Bmall-PPARy network as a central integrator of
circadian rhythm, metabolic state, and cell-differentiation fate (Li
et al., 2023a; Montaigne et al., 2021; Takahashi, 2017).

However, the mechanisms by which external stimuli, such as
ultraviolet (UV) light modulate this regulatory interplay remain
insufficiently understood (Ezati et al., 2023; Liao et al., 2023).
UV is a major environmental factor influencing circadian
rhythms. Exposure to UV and visible light has been implicated
in modulating cell-level metabolism, clock gene expression, and
regenerative responses. UVA, ultraviolet B (UVB), and UVC
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differ in wavelength: 315-400, 280-315, and 100-280 nm, and
bioimpacts (Ezati et al., 2023; Goodenow et al., 2022; Li et al.,
2023b; Sani et al., 2024). Controlled UV exposure enhances
secretory activity and regenerative potential in MSCs, suggesting a
link between UV-induced stress responses and circadian regulation
(Liao et al., 2023; Ra et al., 2023).

Therefore, this study aims to investigate how adipogenic
differentiation modulates circadian rhythm regulation through a
reciprocal interaction between Bmall and PPARy in UV-treated
MSCs derived from various tissue sources.

Materials and Methods

Materials

Phosphate-buffered saline (PBS), 0.25% Trypsin-EDTA,
3-(4,5-dimethylthiazol-2-yl)  2,5-diphenyltetrazolium bromide
(MTT), 3-isobutyl-1-methylxanthine (IBMX), insulin, and
penicillin/streptomycin (P/S) were purchased from Sigma-Aldrich
(Merck KGaA, Darmstadt, Germany). Fetal bovine serum (FBS)
and Dulbecco’s modified Eagle medium/Nutrient Mixture F12
(DMEM/F12) were purchased from Biowest (St. Louis, MO,
France). Oil-red O staining solution, RevertAid First Strand cDNA
Synthesis Kit, Power SYBR™ Green Master Mix, and culture
dishes were obtained from Thermo Fisher Scientific (Waltham,
MA, USA). Dexamethasone and indomethacin were purchased
from Merck Millipore (St. Louis, MO, France). Xylazine
(Rompun®) was bought from Abdi Ibrahim fla¢ Pazarlama A.S.
(Istanbul, Tiirkiye). Ketamine (Ketalar® 50 mg/mL) was obtained
from Eczacibasi Ilag Pazarlama A.S. (Liileburgaz, Tiirkiye).
All antibodies were purchased from Santa Cruz Biotechnology
(Dallas, TX, USA).

MSC:s Isolation

MSCs were isolated from three randomly selected 24-week-old
male Wistar albino rats raised as a single colony. The laboratory
was pre-sterilized with UV light for 1 h, and all surgical materials
were autoclaved. The animals used were obtained post-approval
from the Hacettepe University Animal Ethics Committee (number
2021/05-05; dated June 22, 2021). The rats were anesthetized with
xylazine (10 mg/kg) and ketamine (50 mg/kg); lateral and gonadal
adipose tissue, femoral, and tibial bones were removed under sterile
conditions in a laminar flow cabinet. Adipose tissues were placed
in a transport medium containing antibiotics—antimycotics—
DMEM/F12 containing 20% FBS and 2% P/S—in a laminar flow
cabinet. Tissues were dissected into 4-5 mm-sized pieces and
placed in 12-well culture dishes. Then a drop of primary medium
was added and incubated for 15 min. Then, after adding enough
primary medium to cover the tissue pieces without floating, the
incubation was continued (Cetin et al., 2023; Niyaz et al., 2012).

The metaphyzes of the femur and tibia were cut out. The bone
marrow was collected using an injector needle, washed with
transport medium, and dissected with a scalpel. The tissues were
transferred to a medium-containing Falcon tube and centrifuged
at 800 rpm for 5 min. The supernatant was removed, and a 1/9

solution of PBS/RBC was added. The tube was kept on ice for 10
min and recentrifuged. The supernatant was collected, suspended
three times with 5 mL of medium, and washed by centrifugation.
The pellet was suspended with medium in a 6-well culture dish and
seeded with 2 mL of medium per well (Sevim et al., 2018).

An equal amount of medium was renewed every day for one
week to neutralize the MSC differentiation effect of cytokines.
After incubation for a week, changes in cell morphology were
examined under an IX70 inverted microscope (Olympus
Corporation, Tokyo, Japan). Passaging was performed after the
MSCs covered the entire culture dish surface. Based on primary
culture and early in vitro expansion, 1-5 X 10° ADMSCs and
0.5-2 x 10° BMMSCs were obtained between passages 2 and 4,
consistent with previous reports (Niyaz et al., 2012), which were
used for the experiments.

Characterization and Differentiation Potential of MSCs

MSCs were characterized using flow cytometry. After
trypsinization, the MSCs were centrifuged, and fluorescein
isothiocyanate-conjugated antibodies were added to the pelleted
cells suspended in a wash buffer. The MSCs were then incubated at
room temperature for 45 min. For this purpose, antibodies specific
to positive and negative markers CD29, CD90, CD54, CD45,
CD106, and MHC class II antigens, and isotype controls were used
to immunophenotype MSCs.A CytoFLEX LX flow cytometer
(Beckman Coulter, IN, USA), and approximately 3 x 103 cells
per sample were analyzed. To ensure accurate data interpretation,
negative controls, including unstained cells, were employed to
define the boundaries of positive signals during the gating process.

For assessing their adipogenic potential, MSCs were seeded
at 2 x 10* cells/well in 96-well culture dishes using DMEM/
F12 medium supplemented with 10% FBS and 1% (P/S). The
cells reached ~80% confluency within 1 day, after which the
adipogenic differentiation medium was added. Adipogenesis was
induced in the cells of all experimental groups at the same seeding
density and at comparable confluency levels; they were cultured
for 28 days. Adipogenic medium was prepared by adding 1077
M dexamethasone, 5 pg/mL insulin, 60 pM indomethacin, and
500 pM IBMX to DMEM medium. The medium was changed
every two days, and differentiation was examined by Oil Red
O staining. Briefly, the medium was removed, and the dish
was washed with PBS. Then, 100 uL 10% formalin was added,
incubated for 5 min, and washed with distilled water, followed
with 60% isopropanol. Oil Red O was added to cover the
surface and left aside for 15 min. It was then washed with 60%
isopropanol alcohol until the color lightened. Hematoxylin was
added to cover the surface and left aside for 10 s. It was washed
now with distilled water until the color diminished. The stained
wells were covered with PBS and visualized with an Olympus
IX70 inverted microscope at X20 magnification. The software
Imagel], version 1.54p (NIH, USA), was used to quantitatively
analyze the intensity and distribution of red color in selected
images. In brief, three areas from representative sections of
each sample were randomly selected. Then, the surface area of
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the stained portion was compared to the total matrix area and
expressed as a ratio (Zhu et al., 2022).

UV Application and Cell Viability Assay

The ADMSCs and BMMSCs were seeded for 24 h in 96-well
culture dishes, the medium was then collected, and then the cells
were covered with sterile PBS. UVB at doses of 25, 50, and 100
mlJ/cm? were applied for 17, 34, and 68 s, respectively. UV was
provided with a Philips PL-S 9W\01 ampoule. PBS was replaced,
MTT was added, and incubated at 0, 24, and 48 h to analyze cell
viability. The optimum UVB dose was defined as the highest
one that preserved cell viability without inducing significant
cytotoxicity and was used in all experiments.

For the MTT assay, the culture medium was replaced with a
medium-containing MTT/DMEM (serum-free) solution at 1:10
and incubated for 2—4 h under standard conditions. The formazan
crystals formed were dissolved by replacing the medium with
isopropyl alcohol. OD,,; nm was measured with an EZ Read 400
ELISA microplate reader (Biochrom Ltd., Cambridge, UK). The
viability of the treated groups was calculated as a percentage of

the control group.

Quantitative Real-Time Polymerase Chain Reaction (qQRT-
PCR) Analysis

ADMSCs and BMMSCs were seeded into culture dishes for 24
h. After UVB treatment, adipogenic differentiation medium was
added to culture dishes, and the medium was renewed every two
days for 28 days. At the end of this period, the expression of Bmall
and PPARy genes was quantified by gqRT-PCR. First, RNA was
isolated from the MSCs using Trizol and converted into cDNA
using the RevertAid First Strand cDNA synthesis kit (Thermo
Fisher Scientific) and a BIO-RAD T100 Thermal Cycler. Bmall
and PPARy expression was quantified using Power SYBR Green
PCR Master Mix (Thermo Fisher Scientific) with the 7500 Fast &
7500 RT-PCR Systems (Thermo Fisher Scientific), f-actin served
as a reference gene. AACt values were calculated, and data were
statistically analyzed. The sequences of all primers used are given

in Table 1.

Table 1. Sequences of gene-specific primers.

Primer name Sequence (5°-3’)

TGCCACTGACTACCAAGAAAGT

Bmall forward

Bmall reverse AACTTCCGGGACATCGCATT
PPARy forward CTGCGTCCCCGCCTTAT

PPARYy reverse TTCAATCGGATGGTTCTTCG
B-actin forward GGGTTACGCGCTCCCTCATG

CCACGCTCGGTCAGGATCTTC

p-actin reverse

Statistical Analysis

Statistical analysis was performed using GraphPad Prism 8.02
(GraphPad Software Inc., San Diego, CA, USA). Inter-group

differences were analyzed by one-way analysis of variance
followed by Dunnett’s post hoc test for multiple comparisons. Data
are presented as the mean + standard deviation, and a p-value of
<0.05 was considered statistically significant.

Results
MSC:s Isolation Results

Rat flank and gonadal adipose, and the femur and tibia marrow
tissues were extracted under sterile conditions, and incubated in
culture dishes under an appropriate environment. The confluent
state of the cells was observed under a microscope on pre-selected
days. MSCs had started to adhere to the culture dish within 24 h of
addition. On the 6" day, they took the shape and form of colonies
(Figure la and 1b).

Characterization and Differentiation Potential of MSCs

Flow cytometry was used to characterize the MSCs in the P2-P4
stages. The phenotype positive antigens (>95%): CD54, CD90, and
CD29; and phenotype negative antigens (<7%): CD45, CD106,
and MHC class II on the MSC surface were analyzed (Figure 2).

The potential of ADMSCs and BMMSCs to differentiate into
adipogenic cells was demonstrated based on the accumulation
of lipid vacuoles via Oil Red O staining performed on days 14,
21, and 28. From the 14" day onward, lipid droplets started to
appear. Adipogenesis was most intense on the 28" day, at which
the cytoplasm was filled with lipid droplets, and the nucleus
was rendered peripheral (Figure 1c and 1d). The lipid contents
determined support the qualitative observations. Compared to
their respective controls, on days 14, 21, and 28, adipogenesis in
ADMSCs and BMMSCs occurred at statistically significant levels
in each treatment group (p < 0.0001) (Figure 3).

UV Application and Cell Viability Assay

An optimization protocol was employed to determine the
appropriate UVB dose in MSCs. Cells were treated with 25, 50,
and 100 mJ/cm? doses for 17, 34, and 68 s, and viability was
measured by assaying mitochondrial activity (Figure 4). MTT
assay was performed at 0, 24, and 48 h. Cell viability was the
highest at 25 mJ/cm2. With ADMSCs, viability losses of 40%,
55%, and 40% were observed at 25, 50, and 100 mJ/cm? doses
at 0 h. At the 24™ hour, viability loss was 15% at 100 mJ/cm2. At
the 48" hour, it is observed that the 100 mJ/cm? dose proliferates
rapidly in response to stress. At 50 mJ/cm?, viability was 20% less.
BMMSCs showed 25% higher viability at O h with 25 mJ/cm?2. At
the 24 hour, viability was enhanced by 100%, 150%, and 140% at
25, 50, and 100 mJ/cm?2. At the 48™ hour, cell viability was 50%
less than that at 100 mJ/cm?. Viability for each hour was compared
to the control group.

Gene Expression Analysis

The relative expression levels of genes were analyzed by using qRT-
PCR, and f-actin as a reference gene (Figure 5). Each treatment
group was compared with the control group (C-DMEM). PPARy
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Figure 1. (a) Day 6: Primary isolation of ADMSC; (b) Day 6: Primary isolation of BMMSC; (c) Oil Red O staining of ADMSCs; and (d) BMMSCs were

cultured in adipogenic differentiation medium for 28 days.

ADMSC = adipose-derived mesenchymal stem cell; BMMSC = bone marrow mesenchymal stem cell.

expression increased significantly in both adipogenic differentiation
control (C-AD DIFF) and UV (UV-AD DIFF) groups (**p < 0.01
and **¥p < 0.001, respectively) compared to the control group
ADMSC:s (Figure 5a). A similar trend was seen with BMMSCs for
both C-AD DIFF and UV-AD DIFF groups, at p < 0.0001 (Figure
5b). Additionally, PPARy expression declined in the UV-DMEM
group (p < 0.0001) compared to the control group (Figure 5b). For
Bmall, expression level reduced insignificantly in the C-AD DIFF
and UV-AD DIFF groups of ADMSCs (Figure 5c), but showed a
statistically significant enhancement in BMMSCs of both C-AD
DIFF and UV-AD DIFF, at p < 0.05 and p < 0.01, respectively
(Figure 5d). In addition, Bmall transcription elevated significantly
in the ADMSC UV-DMEM group compared to the control (p <
0.05) (Figure 5c).

Discussion

This study investigated the relationship between adipogenic
differentiation and circadian rhythm in UVB-treated MSCs.
For this purpose, the cells were first confirmed to be MSCs via
characterization and adipogenic differentiation. Then, UVB was
applied at three doses to determine the optimum concentration,
followed by identifying the day with maximum adipogenic
maturity. Then, cell viability, adipogenic differentiation, and the
expression of circadian clock-associated genes were analyzed at
the molecular level.

Under in vitro conditions, the proliferation rate was greater in
ADMSCs than in BMMSCs, and ADMSCs more stably maintained
stem cell properties, such as self-renewal, proliferation, and
differentiation potential after repeated passaging (Christoffers et
al., 2024; Zhu et al., 2008). However, BMMSCs demonstrated a

markedly higher chondrogenic differentiation capacity (Mohamed-
Ahmed et al., 2018), whereas ADMSCs exhibited remarkably
greater in vitro adipogenic, endothelial differentiation, and
angiogenic capacities than BMMSCs in preclinical ischemic
injury models (El-Badawy et al., 2016; Yin et al., 2023). Adipose
and BMMSCs were chosen for ease of access and adipogenic
potential. They are crucial cell sources for regenerative medicine
and treating various chronic diseases (Guillamat-Prats, 2021; Lotfy
et al., 2023). Differentiation in MSCs starts from the second week,
subject to adipogenic differentiation, and completes in the 3™ to
4™ week (Mohamed-Ahmed et al., 2018; Ninomiya et al., 2010).
In our study, Oil Red O staining performed on day 28 indicated a
transformation of MSCs into mature adipocytes.

An appropriate UV dose causes an increase in biomolecules such
as growth factors and cytokines in MSCs (Angelina et al., 2025;
Yan et al., 2023). Perez et al. (2019) showed that 25 mJ/cm? UVB
enhanced interleukin -8 release by human MSCs, and that MSCs
were more resistant than dermal fibroblasts to UV light. This study
identified 25 mJ/cm? UVB as the optimum dose at which MSCs
could survive. In addition, an earlier study by our group reported
the important role of UVA light at 100 mJ/cm? in wound healing;
it enhances cytokine and growth factor release (Cetin et al., 2023).
Another study reported that low-dose UV light did not affect gene
expression in human MSCs, but secretory factors and collagen
production increased; i.e., the wavelength of UV light and its
compatibility with living cells were directly proportional (Wong
et al., 2015). Further supporting this correlation, the viability of
MSCs treated with 100 mJ/cm? UVB declined markedly within
the first 24 h, followed by an abnormal increase at the 48" hour. In
line with this trend, UV-treated stem cells are effective in wound
healing and cell regeneration. UVB light induces a phase shift
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Figure 2. Representative flow cytometry histograms showing expression of MSC surface markers isolated from the P2—P4 population. Most cells (>95%)
were positive for CD54, CD90, and CD29. MSCs were negative for the hematopoietic and immunogenic markers CD45, CD106, and MHC class II, with

<7% of them expressing these antigens.

CD = cluster of differenti; MHC = major histocompatibility complex; MSC = mesenchymal stem cell.

in the transcription of circadian clock-associated genes such as
Bmall and Per2, and these changes are associated with sunburn
apoptosis, inflammatory responses, and erythema (Lamnis et al.,
2024). In this research, UVB was preferred because of its potential
to support regenerative processes by enhancing the release of
cytokines and growth factors by MSCs. Furthermore, the time
point of UV exposure during a 24-hour cycle affects DNA damage
and repair through a temporal regulation of the tumor suppressor
gene p53 (Carvalho et al., 2024; Zou et al., 2022). Low levels of
DNA repair, especially in the evening when DNA replication is at
its peak, render the skin more vulnerable to the harmful effects of
UV radiation (Andersen et al., 2023; Su et al., 2024). This process
interacts with carcinogenic pathways through receptors directly

linked to the circadian rhythm. In contrast, UVB is required for the
synthesis of vitamin D3, a compound that affects circadian clock-
related genes. Unlike UVB one form of vitamin D3 suppressed
Per2 expression (Lamnis et al., 2024).

Clock gene knock-out reduces cell proliferation and increases
apoptosis, whereas Bmall is essential for lineage differentiation
(Kaneko et al., 2023; Zhang et al., 2024). Enhanced Bmall
expression inhibits adipogenesis, whereas a high Bmall expression
pattern was found in mature adipocytes (Lamnis et al., 2024;
Xiong et al., 2023). Therefore, the Bmall gene, which plays a
central role in stem cell differentiation, was examined in this study.
Moreover, PPARy showed circadian expression and was found to
be an important peripheral clock activator of the cardiovascular
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Figure 3. Oil Red O staining indicates the percentage lipid content. It was calculated based on the ratio of the surface area containing oil droplets to the total
surface area. (a) % lipid values at days 14, 21, and 28 in ADMSCs and (b) BMMSCs.
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Figure 4. MTT-based cell viability test. Viability at 0, 24, and 48 h in (a) ADMSCs and (b) BMMSCs, graphically presented as MTT results with reference
to the control group. UVB was applied at doses of 25, 50, and 100 mJ/cm?; p < 0.05; p < 0.01; p < 0.001; p <0.0001.
ADMSCs = adipose-derived mesenchymal stem cells; BMMSCs = bone marrow mesenchymal stem cells; MTT = methyl thiazolyl tetrazolium; UVB =

ultraviolet B.

system and metabolism (Ansarin et al., 2023; Li et al., 2025). It
has been reported that disruption of Clock and Per2 genes causes
a significant decrease in adipogenic differentiation, whereas
inhibition of Clock or Per2 leads to an increase in PPARy levels
by altering osteocalcin expression (Boucher et al., 2016; Tian et
al., 2024). The Perl and Per2 genes have antagonistic effects on
PPARy activity, with Perl enhancing activity and Per2 inhibiting
recruitment of PPARy to the target promoter (Grimaldi et al., 2010;
Zhang et al., 2023). However, the role of Per2 in adipogenesis
depends on a complex regulatory network that interacts with other
clock genes, such as Bmall and REV-ERBa (Civelek et al., 2023;
Gao et al., 2022). Erickson et al. (2024) revealed a relationship
between Per2 expression and the PPARy gene, while Wang et al.
(2022) showed that the PPARy gene integrates the obesity and
adipocyte clock in a Bmall-dependent manner. In our study, gene
expression analysis of PPARy and Bmall statistically showed

different expression levels in ADMSCs and BMMSCs. As it is
known, circadian clock genes are not found at the same expression
level at all times of the day. While Bmall expression increases in
the first hours of the day, it is suppressed by the expression of PER-
CRY genes in the later hours of the day (Li et al., 2023; Mattis et
al., 2016). Analyzing MSCs at different times of the day resulted
in different Bmall levels. However, our data showed a significant
increase between the UV-treated and non-UV-treated groups. The
fact that PPARy gene expression was higher in UV-treated groups
could mean that UV increased PPARy expression. This could show
that UV treatment induced Bmall expression in MSCs.

In vivo, UV exposure may influence circadian rhythm regulation
through direct cellular effects and indirect systemic mechanisms
involving neuroendocrine signaling, immune responses, and
central clock synchronization. Therefore, whole-animal models
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Figure 5. Expression levels of PPARy and Bmall. (a) PPARy expression in ADMSCs; (b) in BMMSCs; (c) Bmall expression in ADMSCs; and (d) in

BMMSCs (p < 0.05; p < 0.01; p < 0.001; p < 0.0001).

AD DIFF = adipogenic differentiation; ADMSCs = adipose-derived mesenchymal stem cells; BMMSCs = bone marrow mesenchymal stem cells; C =

control.

could provide valuable insight into tissue-specific and systemic
circadian responses to UV exposure. Although the overall direction
of UV-induced modulation of circadian clock genes is expected to
be consistent with in vitro findings, the magnitude and temporal
dynamics of these effects may differ in vivo due to hormonal
regulation, metabolic status, and inter-organ communication. In
this context, the in vitro MSCs model used in the present study
allows precise control of UV dose and exposure timing, enabling
the investigation of direct molecular mechanisms underlying
UVB-induced regulation of adipogenic differentiation and
circadian clock genes. The present findings, therefore, establish
a mechanistic foundation that may inform future in vivo studies
aimed at evaluating the physiological relevance of UV-induced
circadian modulation.

Originality of this study lies in its simultaneous evaluation of
Bmall and PPARy expression in MSCs obtained from different
tissue sources under UV exposure. While previous studies have
demonstrated the independent roles of clock genes in determining
stem cell fate and adipogenic differentiation, research integrating
environmental cues, such as UV irradiation, with circadian-
adipogenic gene interactions is limited. In particular, the literature
has not sufficiently explored comparative analyses of ADMSCs and
BMMSCs in terms of circadian gene sensitivity and adipogenic
potential. This study offers a new perspective by demonstrating
that UV exposure is associated with coordinated changes in Bmall
and PPARy expression patterns in MSC types. These findings
suggest a potential regulatory role of light-related environmental
stimuli in the circadian mechanism and lineage determination
processes of stem cells. Additionally, observing tissue-specific
expression differences between ADMSCs and BMMSCs helps
us understand the intrinsic heterogeneity in the -circadian
regulation and adipogenic potential of MSCs. Collectively, these
findings expand current knowledge on circadian—metabolic gene
interactions in stem cells and suggest that UV-mediated circadian
modulation represents a potential regulatory layer influencing the
dynamics of adipogenic differentiation.

This study has several strengths that enhance the reliability and
interpretability of its findings. First, the simultaneous investigation

of circadian clock regulation and adipogenic differentiation
provides a comprehensive perspective on stem cell biology,
allowing the evaluation of metabolic-temporal interactions within
a unified experimental framework. Second, the inclusion of MSCs
(ADMSCs and BMMSCs) derived from different tissue sources
allows the comparative assessment of tissue-specific variability,
contributing to the understanding of intrinsic heterogeneity of the
MSCs. Third, the inclusion of UV exposure as an environmental
stimulus provides a physiologically relevant modulatory factor,
facilitating the investigation of how external cues interact with
circadian and differentiation-related molecular pathways. However,
several limitations should be considered when interpreting the
results. The study was conducted under in vitro conditions, which
may not fully reflect the complex systemic and microenvironmental
effects present in vivo. The assessment of circadian genes at
specific time points rather than longitudinal rhythmic profiling
limits the findings regarding oscillation dynamics. Future studies
incorporating time series analysis, functional clock measurements,
and in vivo validation models will help further elucidate the
biological significance of the observed findings.

Conclusion

Within the scope of this study, adipogenic differentiation and
expression of circadian rhythm-associated genes were investigated
at UVB doses optimal for maintaining the viability of MSCs of
two different origins. Studies indicate the relationships between
circadian rhythm and UV light, or adipogenic differentiation and
circadian rhythm. However, none have addressed the latter in
UVB-treated MSCs. In summary, this study demonstrated that the
optimum UVB dose induces adipogenesis in MSCs and regulates
the circadian rhythm.

The role of Bmall in stabilizing PPARy transcriptional activity
and the feedback effect of PPARy on the circadian rhythm are
fundamental mechanisms determining the cell’s differentiation
fate. In this context, the patterns observed reinforce the concept
of a coordinated circadian—metabolic regulatory axis in which
adipogenic programming and clock gene activity, including
Bmall, are dynamically integrated.
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These findings provide a mechanistic basis for future studies
aiming to evaluate how similar responses would unfold under
physiological conditions (in vivo) by elucidating how the Bmall—
PPARYy interaction is reprogrammed by UVB.

These findings provide a mechanistic basis for future in vivo studies
aimed at evaluating whether similar UV-induced circadian and
differentiation responses occur under physiological conditions.
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Abstract

Background: Investigating viral diversity in non-cultivated fungi is
essential for achieving a comprehensive understanding of mycoviral
evolution and ecology, as current knowledge is largely derived from
studies on phytopathogenic and commercially important species.

Aims: This study aimed to identify and characterize mycoviruses
associated with wild-collected fungi and to expand existing knowledge
on mitovirus diversity in underexplored fungal hosts.

Methods: A specimen assigned to Morchella sp. was screened for
mycoviruses using molecular detection and genome sequencing. The
complete viral genome was sequenced and annotated; bioinformatic
techniques were employed to determine organization, nucleotide
composition, and coding regions. Sequences were compared using
BLASTp, and phylogenetic relationships were inferred based on
RNA-dependent RNA polymerase (RdRp) sequences.

Results: A novel mitovirus, designated Morchella mitovirus 1
(MMV1), was identified. MMV1 possesses a linear RNA genome
consisting of 3,167 nucleotides with a G + C content of 41.00% and
contains a single open reading frame encoding an RdRp. BLASTp
revealed that the MMV1 RdRp shares the highest amino acid
sequence identity (40.29%) with Tuber mitovirus 3, a member of the
Triamitovirus genus of the Mitoviridae family. Phylogenetic analysis
confirmed the placement of MMV 1 within Triamitovirus.

Conclusion: This study reports the first mitovirus identified from
Morchella and expands the known genetic diversity and evolutionary

(")zet

Dayanak: Kiiltiire almmmamis mantarlardaki viral gesitliligin
arastirilmasi, mikoviriis evrimi ve ekolojisinin kapsamli bi¢cimde
anlagilmasi agisindan gereklidir; ¢iinkii mevcut bilgiler biyiik
ol¢iide fitopatojenik ve ticari agidan 6nemli tiirler iizerinde yapilan
caligmalardan elde edilmistir.

Amaclar: Bu calisma, dogadan toplanmis mantarlarla iligkili
mikovirtisleri tanimlamay1 ve karakterize etmeyi, ayrica yeterince
aragtirllmamis mantar konaklarda mitoviriis cesitliligine iliskin
mevcut bilgiyi genigletmeyi amaglamustir.

Yontemler: Morchella sp. olarak tamimlanan bir 6rnek, molekiiler
tespit ve genom dizileme yoOntemleri kullanilarak mikoviriisler
acisindan taranmistir. Viral genomun tamamu dizilenmis ve anotasyon
yapilmis; organizasyon, niikleotid bilesimi ve kodlama bolgelerini
belirlemek igin biyoinformatik teknikler uygulanmigtir. Diziler
BLASTYp kullanilarak karsilastirilmig ve filogenetik iliskiler RNA’ya
bagimli RNA polimeraz (RdRp) dizilerine dayanarak ¢ikarilmistir.

Bulgular: Morchella mitovirus 1 (MMV1) olarak adlandirilan yeni
bir mitoviriis tantmlanmistir. MMV 1, 3.167 niikleotitten olusan lineer
bir RNA genomuna sahiptir, G + C igerigi %41,00’dir ve RdRp
kodlayan tek bir agik okuma ¢gergevesi igerir. BLASTp analizine gore
MMV I’in RdRp’si, Mitoviridae familyasinin Triamitovirus cinsine ait
Tuber mitovirus 3 ile en yiiksek amino asit dizi benzerligini (%40,29)
gostermektedir. Filogenetik analiz, MMV 1’in Triamitovirus i¢inde
konumlandigint dogrulamustir.
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landscape of mitoviruses, emphasizing the importance of investigating
mycoviruses in non-cultivated fungal hosts.

Sonug: Bu ¢alisma, Morchella cinsinden tanimlanan ilk mitovirtisii
rapor etmekte ve mitoviriislerin bilinen genetik cesitliligini ve
evrimsel dagilimini genisletmektedir; ayrica kiiltiire alinmamis mantar
konaklarda mikoviriislerin arastirilmasinin énemini vurgulamaktadir.

Keywords: Mycovirus, mitovirus, Triamitovirus, Morchella, RNA-dependent RNA polymerase

Introduction

Growing interest in mycovirome research is exemplified by
numerous recent investigations exploring virus populations across
diverse fungal taxa (Akata et al., 2023; Bora et al., 2024; Ferilli et
al., 2024; Li et al., 2023; Raco et al., 2023; Rueda-Maillo et al.,
2025; Sahin et al., 2024). This expanding focus is largely driven
by improved accessibility and capability of high-throughput
sequencing (HTS) platforms. HTS-based approaches have revealed
an extensive array of mycoviruses inhabiting phylogenetically
varied fungal hosts—spanning early-diverging lineages to more
recently evolved clades—each exhibiting distinct ecological
adaptations (Hough et al., 2023). Furthermore, HTS screening can
detect many unknown viral species, including unclassified groups
and novel representatives of established families within the fungal
kingdom (Ayllon & Vainio, 2023).

Members of the family Mitoviridae are non-encapsidated viruses
with uncapped, positive-sense, single-stranded RNA (ribonucleic
acid) genomes ranging from 2.1 to 4.9 kb in length (Hillman & Cai,
2013; Koonin et al., 2020). They features a single open reading
frame (ORF) that is translated via mitochondrial codon usage and
encodes an RNA-dependent RNA polymerase (RdRp) harboring
six characteristic conserved motifs (A—F). Mitoviridae has been
recently expanded to include four new genera: Kvaramitovirus,
Triamitovirus, Duamitovirus, and Unuamitovirus (International
Committee on Taxonomy of Viruses [ICTV], 2024). Although first
described in fungi, mitoviruses have since been identified in plants
and insects (Bruenn et al., 2015; Nibert et al., 2018; Fonseca et al.,
2020). Notably, no mitoviruses have been reported in the fungus
Morchella. This study isolated and molecularly characterized
a novel mitovirus from Morchella sp., designated “Morchella
mitovirus 1”7 (MMV1).

Based on previous literature, viruses documented within the true
morel genus Morchella are three endornaviruses, one fusarivirus,
one unclassified RNA virus isolated from M. importuna, one
endornavirus from M. sextelata, and two fusariviruses from
M. esculenta (Gilbert et al., 2019; Lyu et al., 2025; Sahin et
al., 2021). Given the ecological and economic importance of
Morchella and the limited knowledge of its associated virome,
further investigation of viruses infecting this genus is warranted.
We hypothesized that underexplored Morchella-related viromes
may include undescribed mitoviruses. Thus, this study aimed to
identify and characterize a novel mitovirus from Morchella sp. and
to determine its genomic and phylogenetic relationships within
Mitoviridae.

Materials and Methods

Sampling and Molecular Characterization of Fungal
Specimens

Fungal specimens were collected during field surveys in
northwestern Tiirkiye. On April 21, 2023, an ascocarp of a
Morchella specimen (Figure la) was collected from the edge of
a dirt road in Kaynaklar village, Buca district, Izmir province.
The specimen was deposited in the Ankara University Herbarium
(ANK) with the accession code ANK Akata & Saif 012, for future
reference. Total genomic DNA was isolated from a small piece of
the specimen ANK Akata & Saif 012 employing CTAB (Rogers
& Bendich, 1994). The nuclear ribosomal internal transcribed
spacer (ITS) regions were subsequently amplified by polymerase
chain reaction (PCR) using the primers ITS1/ITS4 (Martin &
Rygiewicz, 2005). The amplicon was visualized via agarose gel
electrophoresis, purified with the GeneJET PCR Purification Kit
(Thermo Fisher Scientific, MA, USA), and Sanger sequenced
utilizing the BigDye™ Direct Cycle Sequencing Kit (Thermo
Fisher Scientific, MA, USA). Sequences were resolved on an
ABI Prism 3130 Genetic Analyzer (Applied Biosystems, Thermo
Fisher Scientific, MA, USA) and compared against the National
Center for Biotechnology Information (NCBI) GenBank reference
database (https://www.ncbi.nlm.nih.gov/) using BLASTn. The ITS
sequence showed 100% query coverages and identities to multiple
Morchella spp., including M. esculenta, M. elata, M. importuna,
M. conica, M. costata, M. vulgaris, and M. hortensis. Given the
overlap among sequences and the known taxonomic complexity of
this genus, the specimen was conservatively retained as Morchella

sp.
Sample Preparation for HTS

For surface sterilization, the fungal samples were sequentially
immersed in 2% NaOCI (2 min) and 70% ethanol (10 s). Following
disinfection, all residual chemicals were removed through
extensive rinsing with sterile distilled water. The material was then
lyophilized and pulverized into a fine, homogeneous powder with
a mechanical grinder to facilitate downstream molecular analysis.

Viral dsRNA was isolated from powdered fungal fruiting
bodies via cellulose-based affinity chromatography, following
previously described solid-phase extraction techniques (Darissa
et al., 2010; Morris & Dodds, 1979). The protocol was adapted
by substituting cellulose CF-11 with Type 101 (Merck, Sigma-
Aldrich, Darmstadt, Germany) for column packing. Purified
dsRNA extracts were then treated with DNase I (New England
Biolabs, MA, USA) and S1 nuclease (Thermo Fisher Scientific,
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MA, USA) to degrade any co-extracted DNA. The resulting
dsRNA was reverse-transcribed into cDNA using a dN6 primer,
5’-CCTGAATTCGGATCCTCCNNNNNN-3’, and the RevertAid
First-Strand cDNA Synthesis Kit (Thermo Fisher Scientific, MA,
USA) after initial cleanup with a GeneJet™ PCR purification Kit
(Thermo Fisher Scientific, MA, USA). cDNA was amplified by
random PCR (rPCR), as described by Darissa et al. (2010). The
amplicons were sequenced on an [llumina NovaSeq 6000 system
(Novogene, UK).

Bioinformatic Analyses of HTS Data

Bioinformatic processing of quality-filtered reads involved de novo
assembly in CLC Genomics Workbench 20.0.2 using standard
parameters; it generated 106 contigs >1.5 kb in length. All contigs
were analyzed utilizing BLASTx against the NCBI non-redundant
protein database to screen for viral sequences. It identified a
contig 13 of notable length—3,089 nt—assembled from 1,664
reads, exhibiting marked homology to established mitoviruses.
BLASTX revealed that it shared 40.29% amino acid identity with
Tuber mitovirus 3. Such substantial sequence alignment indicates
the detection of a novel mitovirus, which we have named MMV 1,
thereby expanding the diversity of the Mitoviridae.

RNA-Ligase-Mediated Rapid Amplification of cDNA Ends

To determine the terminal sequences of the MMVI1 genomic
RNA, we employed RNA-ligase-mediated rapid amplification of
c¢DNA ends (RLM-RACE). The 3’ termini of the purified viral
dsRNA were first ligated to a synthetic adapter oligonucleotide—
RLO: 5'p-CATGGTGGCGACCGGTAG-NH2 3’'—catalyzed
by T4 RNA Ligase 1 (New England Biolabs, MA, USA), via a
6-h incubation at 37°C, followed by a 12-h extension at 12°C to
maximize efficiency. Ligated RNAs were subsequently purified
with a GeneJET PCR Purification Kit (Thermo Fisher Scientific,
MA, USA) prior to downstream amplification.

First-strand c¢cDNA was synthesized using purified RNA,
the RevertAid First-Strand cDNA Synthesis Kit (Thermo
Fisher Scientific, MA, USA) with the universal RTP primer
(5'-CTACCGGTCGCCACCATG-3’), designed to bind an RLO
adapter. Following reverse transcription, the 5" and 3" termini were
PCR-amplified independently employing gene-specific primers
in conjunction with RTP. The 5" end was targeted with a reverse
primer: 5'-CCGAAGACTTTGTTTTGTTAACG-3’, and the 3" end
with a forward primer: 5-TTGGTCGTCTGGATCGTGTAG-3'.
Following PCR amplification, the products were cloned into a
pGEM-T Easy Vector system (Promega, WI, USA) and Sanger
sequenced. The final genome was assembled using Geneious
Prime 2020.2.5 (Dotmatics, Bishop’s Stortford, UK). Such a
comprehensive strategy enabled precise characterization of the
terminal regions of the viral genome, yielding essential information
about its architecture in a novel mitovirus.

Phylogenetic Analyses of Complete Viral Genome Sequences

A potential ORF within the MMV1 genome was predicted using
the ExPASy Translate tool (https://web.expasy.org/translate/),
applying the mold mitochondrial genetic code for nucleotide-to-

amino acid translation. The resulting putative protein sequences
were aligned against reference mitovirus proteins using Clustal
Omega to ensure a robust and accurate comparison. Evolutionary
relationships were inferred through maximum likelihood
phylogeny in MEGA 11, implementing the WAG + G + I + F
substitution model (Tamura et al., 2021; Whelan & Goldman,
2001). The phylogenetic framework obtained was statistically
validated using 1000 bootstrap replicates to assess node support
and ensure confidence in topological conclusions.

Results

The dsRNA segment, which serves as a genome replication
intermediate for MMV 1, was effectively isolated from the specimen
labeled ANK Akata & Saif 012, as represented in Figure 1b. The
genomic composition of MMV1 encompassed 3,167 nucleotides
and demonstrated a G + C content of 41.00%. The complete
sequence of the MMV 1 genome has been deposited in GenBank
under the accession number PX516901.1. By employing the fungal
mitochondrial genetic code, in which “UGA” encodes tryptophan,
the MMV 1 genome was found to have a single ORF (Figure 1c).
The amino acid sequence predicted from this ORF consisted of
802 residues and a calculated molecular weight of 87.59 kDa,
as determined by the Protein Molecular Weight calculator tool
(bioinformatics.org). The 5° and the 3’ UTRs (untranslated
regions) were 627 and 131 nucleotides long, respectively, depicted
in Figure 1d. These UTRs were structurally characterized via
the RNA Folding Form V2.3 interface of the RNA mfold web
server (https://www.unafold.org/mfold/applications/rna-folding-
form-v2.php), which demonstrated that both UTRs adopted stem-
loop secondary structures exhibiting initial Gibbs free energy
(AG) values of —9.20 and —7.80 kcal/mol for the 5" and 3" UTRs,
respectively (Figure 1d).

Analysis using the NCBI Conserved Domains Database (https://
www.ncbi.nlm.nih.gov/Structure/cdd/cdd.shtml) indicated that the
MMV 1-encoded polypeptide included an RdRp domain, which
spanned amino acid residues 203-538 (Figure 1d). Subsequent
evaluation within the Conserved Domains Database (CDD)
framework confirmed this domain to belong to the mitovirus
RdRp family (Accession: cl05469; E-value: 6.04e-78). Moreover,
comparisons employing the protein Basic Local Alignment
Search Tool (BLASTp) demonstrated that the MMV1 RdRp had
the highest sequence identity (41.00%) with the corresponding
polymerase from Tuber mitovirus 3.

To elucidate the evolutionary position of MMV1 among other
mitoviruses, phylogeny was reconstructed based on a comparison
of RdRp sequences. The resulting tree demonstrated that MMV 1
formed a well-supported clade with recognized members of the
genus Triamitovirus, including Tuber mitovirus 3 and Geopora
sumneriana mitovirus 1 (Figure 2a). Furthermore, multiple
sequence alignment of RdRp domains from ten mitoviruses
confirmed the presence of six conserved motifs—F, A, B, C, D,
and E—arranged sequentially from the N- to C-termini of the
MMV1 polymerase. Notably, this suite includes the catalytically
essential A, B, and C motifs situated within the palm subdomain
(Figure 2b).
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Figure 1. (a) Fruiting body (ascocarp) of Morchella specimen ANK
Akata & Saif 012. (b) Electrophoretic profile of the double-stranded
RNA (dsRNA) segment corresponding to the MMV viral genome. (c)
Genomic organization of MMV 1. The single ORF is represented by a
rectangle flanked by UTRs (solid black lines). The region encoding the
predicted RNA-dependent RNA polymerase domain is highlighted in
purple. (d) Predicted secondary structures for the 5" and 3’ termini of the
MMV1 genome.

MMV1 = Morchella mitovirus 1; ORF = open reading frame; UTRs =
untranslated regions.

Discussion

Although morphological characteristics have long served as the
primary method for species identification, such an approach has
proven inadequate for Morchella, as its external features can vary
substantially depending on environmental conditions. Thus, species
differentiation based solely on morphology often yields unreliable
results. The introduction of molecular methods has marked a
crucial turning point in Morchella taxonomy; however, these alone
are also insufficient to fully resolve species boundaries. Although
the combined evaluation of morphological and molecular data
enhances taxonomic resolution within the Morchella group, the
ITS region alone is insufficient for accurate species delimitation.
This region has been recognized as the universal barcode for
fungi since 2012 (Schoch et al., 2012). Nevertheless, pronounced
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Figure 2. (a) Maximum likelihood phylogenetic tree illustrating the
evolutionary relationships between the RNA-dependent RNA polymerase
(RdRp) from MMVI1 and homologs from other mitoviruses. It was
constructed in MEGA 11 with 1000 bootstrap replicates; support values
are indicated at branch nodes. The scale bar corresponds to a genetic
distance of 0.5. GenBank accession numbers are provided in parentheses.
(b) Multiple sequence alignment of the conserved RdRp motifs—F, A,
B, C, D, and E, from the N-terminus of the MMV 1 genome and those of
phylogenetically related mitoviruses. Identical residues are highlighted in
magenta, and those with similar biochemical properties are shaded in blue
and yellow.

MMV1 = Morchella mitovirus 1.

ITS polymorphism among Morchella spp. indicates that relying
solely on this region may result in misidentifications. Therefore,
concatenated analyses that combine multiple gene regions provide
more robust and reliable species-level results (Loizides et al.,
2022). Indeed, in a study encompassing 45 Morchella specimens,
a combination of EF1-a, RPB1, RPB2, and ITS regions yielded
the greatest resolution in species delimitation, whereas analyses
involving only two or three regions produced lower taxonomic
accuracy (Sa et al., 2022).

To evaluate the taxonomic position of the current specimen, only
the ITS region was sequenced. BLASTn analysis of the obtained
sequence showed similarity to those of several Morchella spp.
Considering the variability and sequence overlap known among
species within this genus, as well as the morphological ambiguity
observed in the specimen, assigning a specific epithet was not
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deemed reliable. Therefore, to avoid potential misidentifications
within such a taxonomically complex group, the specimen was
conservatively designated as Morchella sp.

GenBank contains >4,000 complete, near-complete, and partial
mitovirus genomes. A phylogenetic analysis of 2,000 randomly
selected mitovirus RdRp sequences revealed distinct lineages that
cluster, either branching at the base or apex of the four established
mitovirus genera (data not shown). This pattern suggests that
these lineages represent novel, yet-to-be-classified genera within
Mitoviridae and may be evaluated by the ICTV study groups.

The UTRs of mitoviruses display substantial heterogeneity
in length and nucleotide sequence, a feature observed even
among intra-species isolates. While these genomic segments are
hypothesized to serve as binding sites for the translation initiation
machinery, specific host-derived molecules—including proteins or
non-coding RNAs—that potentially associate with them remain
largely uncharacterized. Furthermore, the functional roles of these
UTRs and their possible regulation through RNA modifications
(epitranscriptomics) that could alter host cellular functions
have not been directly experimentally validated. A prevalent
hypothesis suggests that their terminal segments function as cis-
acting regulatory elements that facilitate recognition and binding
by viral RdRp during genomic replication. The application of
sophisticated computational approaches, such as deep learning-
based comparative genomics, offers a promising avenue for
elucidating the properties of these regulatory regions.

The evolutionary dynamics shaping virus—host associations are
complex and can originate from multiple distinct processes. Key
among these are: 1) codivergence, characterized by topological
congruence between the phylogenetic trees of viruses and their
hosts; 2) host switching, involving cross-species transmission of a
virus to a phylogenetically distant host; and 3) duplication, a process
wherein a parasite lineage diversifies within a single host species,
resulting in multiple lineages that occupy an identical host range
(Goker et al., 2011). In this context, as evolutionary virologists
continue to elucidate the sequence diversity of mitoviruses across
diverse fungal hosts, they can be better positioned to estimate
the evolutionary forces that predominantly govern mitovirus
evolution. Following the established species demarcation criteria
for Mitoviridae (ICTV, 2021), MMV constitutes a new species,
as its RdRp shares <70% sequence similarity with all known
mitoviruses.

MMV1 shared the typical genomic features of Mitoviridae,
including a linear RNA genome, a single ORF encoding the RdRp,
and protein translation based on the fungal mitochondrial genetic
code. In addition, the predicted terminal stem-loop structures were
consistent with characteristics reported for other mitoviruses.
A comparative analysis showed that MMV1 was most closely
related to Tuber mitovirus 3; however, the relatively low RdRp
amino acid identity indicated that it represented a distinct virus.
Its phylogenetic placement within Triamitovirus further supported
such an interpretation. Although the biological impacts of MMV 1

on Morchella remain unknown, its detection expands the diversity
of mitoviruses known to infect wild fungi and underlines the
importance of further studies on host—virus interactions and
mitovirus evolution in morels.

Conclusion

In conclusion, the genomic features, RdRp sequence similarity,
and phylogenetic placement of MMV 1 support its assignment to
the genus Triamitovirus within the family Mitoviridae. To our
knowledge, this study is the first to report a complete mitovirus
genome from a fungal host assigned to Morchella sp. Although the
findings expand the current dataset on mitoviruses associated with
non-cultivated fungi, they should be interpreted with caution as
the study is based on a single specimen, and the host could not be
identified with confidence at the species level.
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