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Instructions to Authors
Scopes

Study areas include cell biology, genomics, microbiology, immunology, molecular biology,
biochemistry, embryology, immunogenetics, cell and tissue culture, molecular ecology, genetic
engineering and biological engineering, bioremediation and biodegradation, bioinformatics,
biotechnology regulations, gene therapy, organismal biology, microbial and environmental
biotechnology, marine sciences. The JIBS welcomes the submission of manuscript that meets the
general criteria of significance and academic excellence. All articles published in JIBS are peer-
reviewed. Papers will be published approximately one to two months after acceptance.

Type of Papers

The journal publishes high-quality original scientific papers, short communications, correspondence
and case studies. Review articles are usually by invitation only. However, Review articles of current
interest and high standard will be considered.

Submission of Manuscript

Manuscript, or the essence of their content, must be previously unpublished and should not be under
simultaneous consideration by another journal. The authors should also declare if any similar work has
been submitted to or published by another journal. They should also declare that it has not been
submitted/ published elsewhere in the same form, in English or in any other language, without the
written consent of the Publisher. The authors should also declare that the paper is the original work of
the author(s) and not copied (in whole or in part) from any other work. All papers will be automatically
checked for duplicate publication and plagiarism. If detected, appropriate action will be taken in
accordance with International Ethical Guideline. By virtue of the submitted manuscript, the
corresponding author acknowledges that all the co-authors have seen and approved the final version of
the manuscript. The corresponding author should provide all co-authors with information regarding the
manuscript, and obtain their approval before submitting any revisions. Electronic submission of
manuscripts is strongly recommended, provided that the text, tables and figures are included in a single
Microsoft Word file. Submit manuscript as e-mail attachment to the Editorial Office at:
JIBS@hu.edu.jo. After submission, a manuscript number will be communicated to the corresponding
author within 48 hours.

Peer-review Process

It is requested to submit, with the manuscript, the names, addresses and e-mail addresses of at least 4
potential reviewers. It is the sole right of the editor to decide whether or not the suggested reviewers to
be used. The reviewers’ comments will be sent to authors within 6-8 weeks after submission.
Manuscripts and figures for review will not be returned to authors whether the editorial decision is to
accept, revise, or reject. All Case Reports and Short Communication must include at least one table
and/ or one figure.

Preparation of Manuscript

The manuscript should be written in English with simple lay out. The text should be prepared in single
column format. Bold face, italics, subscripts, superscripts etc. can be used. Pages should be numbered
consecutively, beginning with the title page and continuing through the last page of typewritten
material.

The text can be divided into numbered sections with brief headings. Starting from introduction with
section 1. Subsections should be numbered (for example 2.1 (then 2.1.1, 2.1.2, 2.2, etc.), up to three
levels. Manuscripts in general should be organized in the following manner:

Title Page

The title page should contain a brief title, correct first name, middle initial and family name of each
author and name and address of the department(s) and institution(s) from where the research was
carried out for each author. The title should be without any abbreviations and it should enlighten the
contents of the paper. All affiliations should be provided with a lower-case superscript number just
after the author's name and in front of the appropriate address.

The name of the corresponding author should be indicated along with telephone and fax numbers (with
country and area code) along with full postal address and e-mail address.



Abstract

The abstract should be concise and informative. It should not exceed 350 words in length for full
manuscript and Review article and 150 words in case of Case Report and/ or Short Communication. It
should briefly describe the purpose of the work, techniques and methods used, major findings with
important data and conclusions. No references should be cited in this part. Generally non-standard
abbreviations should not be used, if necessary they should be clearly defined in the abstract, at first use.

Keywords

Immediately after the abstract, about 4-8 keywords should be given. Use of abbreviations should be
avoided, only standard abbreviations, well known in the established area may be used, if appropriate.
These keywords will be used for indexing.

Abbreviations

Non-standard abbreviations should be listed and full form of each abbreviation should be given in
parentheses at first use in the text.

Introduction

Provide a factual background, clearly defined problem, proposed solution, a brief literature survey and
the scope and justification of the work done.

Materials and Methods

Give adequate information to allow the experiment to be reproduced. Already published methods
should be mentioned with references. Significant modifications of published methods and new methods
should be described in detail. Capitalize trade names and include the manufacturer’s name and address.
Subheading should be used.

Results

Results should be clearly described in a concise manner. Results for different parameters should be
described under subheadings or in separate paragraph. Results should be explained, but largely without
referring to the literature. Table or figure numbers should be mentioned in parentheses for better
understanding.

Discussion

The discussion should not repeat the results, but provide detailed interpretation of data. This should
interpret the significance of the findings of the work. Citations should be given in support of the
findings. The results and discussion part can also be described as separate, if appropriate. The Results
and Discussion sections can include subheadings, and when appropriate, both sections can be combined

Conclusions
This should briefly state the major findings of the study.
Acknowledgment

A brief acknowledgment section may be given after the conclusion section just before the references.
The acknowledgment of people who provided assistance in manuscript preparation, funding for
research, etc. should be listed in this section.

Tables and Figures

Tables and figures should be presented as per their appearance in the text. It is suggested that the
discussion about the tables and figures should appear in the text before the appearance of the respective
tables and figures. No tables or figures should be given without discussion or reference inside the text.

Tables should be explanatory enough to be understandable without any text reference. Double spacing
should be maintained throughout the table, including table headings and footnotes. Table headings
should be placed above the table. Footnotes should be placed below the table with superscript
lowercase letters. Each table should be on a separate page, numbered consecutively in Arabic numerals.

Each figure should have a caption. The caption should be concise and typed separately, not on the
figure area. Figures should be self-explanatory. Information presented in the figure should not be
repeated in the table. All symbols and abbreviations used in the illustrations should be defined clearly.
Figure legends should be given below the figures.
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References should be listed alphabetically at the end of the manuscript. Every reference referred in the
text must be also present in the reference list and vice versa. In the text, a reference identified by means
of an author’s name should be followed by the year of publication in parentheses ( e.g.( Brown,2009)).
For two authors, both authors’ names followed by the year of publication (e.g.( Nelson and Brown,
2007)). When there are more than two authors, only the first author's name followed by "et al." and the
year of publication ( e.g. ( Abu-Elteen et al., 2010)). When two or more works of an author has been
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Hilly, (2002a, 2002b); Hilly, and Nelson, (2004). Articles in preparation or submitted for publication,
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communication). Journal titles should be abbreviated according to the system adopted in Biological
Abstract and Index Medicus, if not included in Biological Abstract or Index Medicus journal title
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and for their correct textual citation. Failure to do so may result in the paper being withdraw from the
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Nomenclature and Units
Internationally accepted rules and the international system of units (SI) should be used. If other units
are mentioned, please give their equivalent in SI.

For biological nomenclature, the conventions of the International Code of Botanical Nomenclature, the
International Code of Nomenclature of Bacteria, and the International Code of Zoological
Nomenclature should be followed.

Scientific names of all biological creatures (crops, plants, insects, birds, mammals, etc.) should be
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Chemical nomenclature, as laid down in the International Union of Pure and Applied Chemistry and
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Math formulae

All equations referred to in the text should be numbered serially at the right-hand side in parentheses.
Meaning of all symbols should be given immediately after the equation at first use. Instead of root
signs fractional powers should be used. Subscripts and superscripts should be presented clearly.
Variables should be presented in italics. Greek letters and non-Roman symbols should be described in
the margin at their first use.

To avoid any misunderstanding zero (0) and the letter O, and one (1) and the letter 1 should be clearly
differentiated. For simple fractions use of the solidus (/) instead gf a horizontal line is recommended.

Levels of statistical significance such as: P <0.05, P <0.01 and =~ P <0.001 do not require any further
explanation.

Copyright

Submission of a manuscript clearly indicates that: the study has not been published before or is not
under consideration for publication elsewhere (except as an abstract or as part of a published lecture or
academic thesis); its publication is permitted by all authors and after accepted for publication it will not
be submitted for publication anywhere else, in English or in any other language, without the written
approval of the copyright-holder. The journal may consider manuscripts that are translations of articles
originally published in another language. In this case, the consent of the journal in which the article
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no material submitted as part of a manuscript infringes existing copyrights, or the rights of a third
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Ethical Consent

All manuscripts reporting the results of experimental investigation involving human subjects should
include a statement confirming that each subject or subject's guardian obtains an informed consent,
after the approval of the experimental protocol by alocal human ethics committee or IRB. When
reporting experiments on animals, authors should indicate whether the institutional and national guide
for the care and use of laboratory animals was followed.

Plagiarism
The JIBS hold no responsibility for plagiarism. If a published paper is found later to be extensively

plagiarized and is found to be a duplicate or redundant publication, a note of retraction will be
published, and copies of the correspondence will be sent to the authors’ head of institute.

Galley Proofs

The Editorial Office will send proofs of the manuscript to the corresponding author as an e-mail
attachment for final proof reading and it will be the responsibility of the corresponding author to return
the galley proof materials appropriately corrected within the stipulated time. Authors will be asked to
check any typographical or minor clerical errors in the manuscript at this stage. No other major
alteration in the manuscript is allowed. After publication authors can freely access the full text of the
article as well as can download and print the PDF file.

Publication Charges

There are no page charges for publication in Jordan Journal of Biological Sciences, except for color
illustrations,
Reprints

Ten (10) reprints are provided to corresponding author free of charge within two weeks after the
printed journal date. For orders of more reprints, a reprint order form and prices will be sent with
article proofs, which should be returned directly to the Editor for processing.

Disclaimer

Articles, communication, or editorials published by JIBS represent the sole opinions of the authors.
The publisher shoulders no responsibility or liability what so ever for the use or misuse of the
information published by JJBS.
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Editorial Preface

Jordan Journal of Biological Sciences (JJBS) is a refereed, quarterly international
journal financed by the Scientific Research and Innovation Support Fund, Ministry of
Higher Education and Scientific Research in cooperation with the Hashemite
University, Jordan. JJBS celebrated its 12" commencement this past January, 2020.
JJBS was founded in 2008 to create a peer-reviewed journal that publishes high-
quality research articles, reviews and short communications on novel and innovative
aspects of a wide variety of biological sciences such as cell biology, developmental
biology, structural biology, microbiology, entomology, molecular biology,
biochemistry, medical biotechnology, biodiversity, ecology, marine biology, plant and
animal biology, plant and animal physiology, genomics and bioinformatics.

We have watched the growth and success of JJBS over the years. JJBS has published
14 volumes, 60 issues and 800 articles. JJBS has been indexed by SCOPUS, CABI’s
Full-Text Repository, EBSCO, Clarivate Analytics- Zoological Record and recently
has been included in the UGC India approved journals. JJBS Cite Score has improved
from 0.7 in 2019 to 1.4 in 2021 (Last updated on 6 March, 2022) and with Scimago
Institution Ranking ( SJR) 0.22 (Q3) in 2021.

A group of highly valuable scholars have agreed to serve on the editorial board and
this places JJBS in a position of most authoritative on biological sciences. | am
honored to have six eminent associate editors from various countries. | am also
delighted with our group of international advisory board members coming from 15
countries worldwide for their continuous support of JJBS. With our editorial board's
cumulative experience in various fields of biological sciences, this journal brings a
substantial representation of biological sciences in different disciplines. Without the
service and dedication of our editorial; associate editorial and international advisory
board members, JJBS would have never existed.

In the coming year, we hope that JJBS will be indexed in Clarivate Analytics and
MEDLINE (the U.S. National Library of Medicine database) and others. As you read
throughout this volume of JJBS, | would like to remind you that the success of our
journal depends on the number of quality articles submitted for review. Accordingly, |
would like to request your participation and colleagues by submitting quality
manuscripts for review. One of the great benefits we can provide to our prospective
authors, regardless of acceptance of their manuscripts or not, is the feedback of our
review process. JJBS provides authors with high quality, helpful reviews to improve
their manuscripts.

Finally, JJBS would not have succeeded without the collaboration of authors and
referees. Their work is greatly appreciated. Furthermore, my thanks are also extended
to The Hashemite University and the Scientific Research and Innovation Support
Fund, Ministry of Higher Education and Scientific Research for their continuous
financial and administrative support to JJBS.

Professor Wedyan ,Mohammed A.
March, 2024
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Abstract

AUTS2 haploinsufficiency causes a neurodevelopmental disorder known as AUTS2, which is characterized by global
developmental delay, intellectual disability, autistic features, congenital brain anomalies, and other malformations. In this
study, we report a case of AUST2 syndrome and describe the clinical manifestations and genetic etiology as well as provide
a review of the literature. A 5-year-old girl presented with neurodevelopmental manifestations, skeletal features and
dysmorphic features. Whole exome sequencing was carried out for the proband. A novel, heterozygous variant (c.1606C>T)
in AUTS2 gene was identified. Sanger sequencing confirmed the presence of this variant in the affected girl; however, it was
not detected in all family members. The identified variant is predicted to cause premature termination of the corresponding
AUTS2 protein (p.GIn536*), which will likely lack the C-terminal domain of the protein. This study revealed a novel de
novo loss-of-function variant in the AUTS2 gene and further expanded the phenotypic and genetic spectra of the AUTS2
syndrome. Moreover, this result might be helpful in genetic counseling for families with clinical phenotypes related to this

syndrome. Further functional experiments are required to validate the impact of the identified variant.

Keywords: AUTS2, variant, Neurodevelopmental disorders, intellectual disability

1. Introduction

Neurodevelopmental  disorders (NDD) are a
heterogeneous group of disorders that affect the
development and functions of the brain (Parenti et al.,
2020). NDD features, but is not limited to, developmental
delay (DD), autism spectrum disorder (ASD), intellectual
disability (ID), epilepsy, and other features (Pang et al.,
2021). Among these, NDD is the AUTS2 syndrome.

AUTS2 syndrome (OMIM #615834) is a combination
of intellectual disability and developmental delay (reported
in 80~100% of patients) in addition to autism (reported in
40% of patients) (Sultana et al., 2002; Beunders et al.,
2013; Jolley et al., 2013; Amarillo et al., 2014; Liu et al.,
2015; Pang et al, 2021). Nevertheless, other
manifestations have also been reported such as low birth
weight, short stature, craniofacial features microcephaly,
epilepsy, and feeding difficulties, in addition to other
variable neurological, brain, and skeletal abnormalities
(Kalscheuer et al., 2007; Beunders et al., 2013, 2016;
Jolley et al., 2013).

AUTS2 syndrome is an autosomal dominant disorder
resulting from disruption in AUTS2 gene (OMIM 607270).
By 2023, more than 60 AUTS2 patients have been
reported, most of them carrying exonic deletions
(Beunders et al., 2013, 2015, 2016; Jolley et al., 2013; Liu
et al., 2015; Fan et al., 2016; Martinez-Granero et al.,
2021; Sanchez-Jimeno et al., 2021), five patients with

“ Corresponding author. e-mail: maalshboul@just.edu.jo.

exonic or intragenic duplications (Ben-David et al., 2011;
Nagamani et al., 2013; Martinez-Granero et al., 2021), and
three patients with balanced translocation that disrupt the
AUTS2 gene (Kalscheuer et al., 2007), while a small
number of sequencing variants such as missense,
nonsense, and indels have been less frequently reported in
the literature (Beunders et al., 2015, 2016; Aldinger et al.,
2019; Saeki et al., 2019; Stojanovic et al., 2020; Zech et
al., 2020; Ziats et al., 2020; Gieldon et al., 2021;
Martinez-Delgado et al., 2021; Palumbo et al., 2021;
Sanchez-Jimeno et al., 2021; Anikiej-Wiczenbach et al.,
2022; Fair et al., 2023).

Activator of transcription and developmental regulator
gene (AUTS2) previously named autism susceptibility
candidate 2 was first reported as a candidate for autism in
a monozygotic twin with ASD, epilepsy, and
developmental delay because it was disrupted by a
breakpoint of the t(7;20) (q11.2; p11.2) translocation in
these patients (Sultana et al., 2002).

The AUTS2 gene is mapped to the long arm of
chromosome 7 (7q11.22), spanning approximately 1.2 Mb
of genomic DNA and comprising 19 coding exons that
code for a 1,259 amino acid protein. These 19 exons are
divided into 2 parts: Exons (1-6) at the 5” end have large
introns, whereas exons (7-19) at the 3’ end are separated
by short introns. AUTS2 encodes the full-length (long)
(1259 aa) isoform and two C-terminal (short) isoforms
(produced by alternative transcription start sites in exons 8,
and 9) that are differentially expressed during development


https://doi.org/10.54319/jjbs/170201

218 © 2024 Jordan Journal of Biological Sciences. All rights reserved - Volume 17, Number 2

(Beunders et al., 2013; Hori et al., 2014). In humans,
AUTS2 mRNA is expressed in different tissues and cells
with the highest expression reported in the brain, kidney,
and skeletal muscle (Biel et al., 2022; Lepagnol-Bestel et
al., 2022).

The molecular function of AUTS2 is not fully
understood; however, its neurodevelopmental functions
have been well-studied in various model systems. Loss-of-
function experiments in zebrafish and mouse models have
displayed neurological developmental phenotypes and
highlighted a crucial role for AUTS2 in RNA metabolism,
activation of transcription, central nervous system
cytoskeleton regulation, and neuronal differentiation and
migration (Oksenberg et al., 2013; Yamashiro et al., 2020;
Hori et al., 2020; Monderer-Rothkoff et al., 2021; Biel et
al., 2022).

In this study, we evaluated a patient with AUST2
syndrome who carries a de novo heterozygous nonsense
variant in AUTS2, which was novel and classified as likely
pathogenic according to the guidelines of the American
College of Medical Genetics (ACMG) (Richards et al.,
2015). We also presented detailed clinical and genetic
descriptions of AUTS2. To the best of our knowledge, this
is the first AUTS2 case in our region with an AUTS2
variant.

2. Materials and Methods

2.1. Samples and DNA extraction

This study was approved by the institutional review
board /ethical committee of National Center for Diabetes,
Endocrinology and Genetics (Protocol number IRB-
1/2022). A signed informed consent was obtained from the
family. The family pedigree is illustrated in Figure 1A.
Genomic DNA (gDNA) was extracted from venous blood
samples collected from the proband (11.2), parents (1.1 and
1.2), and her healthy sisters (1.1 and 11.3) following
manufacturer’s instructions (BioRobot EZ1; Qiagen,
Solna, Sweden). The purity and concentration of DNA
were evaluated using a spectrophotometer (Nanodrop 2000
C; Thermo Fisher Scientific, Waltham, MA, USA) and 1%
agarose gel electrophoreses.

2.2. Whole exome sequencing (WES) and variant
detection

Agilent’s SureSelect Human All Exon V6 kit was used
for exome capture following the manufacturer’s protocol.
The generated library was sequenced on an Illumina
platform. Around 25,000 genes were sequenced, and
~97.75% of these genes were covered at least >10x.
GRCh37/hg19 genome assembly was used for reads
alignment. All pathogenic variants reported in ClinVar, in
HGMD, and all variants with minor allele frequency
(MAF) <1% in the gnomAD database were considered.
We focused on nonsense and nonsynonymous, splice site
variants (+/-10 intronic bases) as well as insertions and
deletions (indels). Several in-silico prediction tools such as
SIFT (https://sift.bii.a-star.edu.sg/), Polyphen2
(http://genetics.bwh.harvard.edu/pph2/), Mutation Taster
(http://www.mutationtaster.org/),CADD
(https://cadd.gs.washington.edu/), DANN

(https://cbcl.ics.uci.edu/public_data/DANNY/),
(http://compgen.cshl.edu/phast/),FATHMM
(http://fathmm.biocompute.org.uk/index.html), and others
were also used to predict the functional impact of
identified variants. The classification of variants was based
on ACMG guidelines. Partial AUTS2 amino acids
sequences alignment was obtained from
http://www.ncbi.nlm.nih.gov/protein/ website.

2.3. Confirmation of the identified variant

PhyloP

Sanger sequencing was carried out to validate the
variant in AUST2 (c.1606C>T). Genomic DNA samples
were amplified using specific primers for Exon 9
(Forword-5’ggcagtccgatgtccttttc’3 and Rreverse-
5’tccccattcgatctctggtg’3. The PCR  condition was as
follows: initial denaturation for 3 min at 95 °C, followed
by 30 cycles of denaturation for 15 sec at 95 °C, annealing
for 60 sec at 55 °C, extension for 60 sec at 72 °C and final
extension for 5 min at 72°C. PCR products were then
purified and bi-directionally sequenced on a genetic
analyzer (3500x; Applied Biosystems, Thermo Fisher
Scientific) using BigDye Terminator Cycle Sequencing Kit
v3.1 following the manufacturer protocol.

3. Results

3.1. Clinical Description

The 5-year-old female patient (11.1) is the second child
of a non-consanguineous Syrian family (Figure 1). Family
history was unremarkable for ID/NDD or congenital
anomalies.

The affected girl was born at full term by vaginal
delivery without complications. Her birth weight was
(2700 g; 5th-10th percentile), height (50 cm; 25th-50th
percentile), and occipitofrontal head circumference (35
cm; 50th-75th percentile). In the first year, she complained
of feeding problems and poor weight gain with mild
developmental delay. At the age of 2 years, she started
walking with a tendency to walk on her toes. Speech,
social and motor development remained delayed. At the
age of 3 years, she showed generalized hypotonia with
high muscle tone, frequent seizures (3-5 times per day
lasting for 1 min), and stereotypic movements. Brain MRI
and electroencephalogram were normal.

Her latest examination was done at the age of 5 years.
Her weight was (13,700 g; between the 10th and 15th
percentiles), height (102 cm; between the 25th and 50th
percentiles), and occipitofrontal head circumference (46
cm; between 0.1 and 1st percentile). She displayed minor
facial anomalies including an open mouth, anteverted
nares, highly arched eyebrows, upward slanting palpebral
fissures, ptosis, hypertelorism, strabismus, and squint
(Figure 1B). She had stereotypic actions with hyperactive
behavior patterns, sensitivity to sounds, and sleeping
difficulty. She had frequent salivation, ataxia, and
involuntary movement as well as tip-toe walking. Her
social and motor development remain delayed, 1Q was not
formally tested, but her intellectual disability can be
described as severe. Scoliosis was also prominent.
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Figure 1. Family pedigree and patient characteristics. A. Pedigree of the family: Circle and square denote female and male, respectively.
The filled circle represents the proband and unfilled symbols represent unaffected individuals, respectively. B. Clinical features of the
affected patient (11.2) (Photos at the age of 3 (picture 1) and 5 years (picture 2)) showing dysmorphic features such as high-arched eyebrows,

broad nasal bridge, and microcephaly.

3.2. Genetic findings

In this patient, around 25,000 genes have been
sequenced, and ~97.75% of these genes are covered at
least >10x. Out of 164,177 variants, 26,760 variants were
detected across protein-coding exons (23,232 variants),
and splice sites (3,528 variants). After filtration, we
narrowed down the list of variants to 4 heterozygous
variants. According to the clinical pictures and the
pedigree, which indicates a dominant mode of inheritance,
the nonsense variant in AUTS2 gene c¢.1606C>T
(p.GIn536*) was on the top of these variants and fits with
diseases phenotype.

Segregation analysis revealed the absence of this
variant in both parents and healthy siblings, implying a de

A. B.
HANT HCHG
Father (1.1) —  N/N
Mother (1.2) N/N

novo AUTS2 variant in the proband (Figure 2A). This
variant lies in a conserved C-terminal domain of AUTS2
protein (Figure 2B). The identified variant is predicted to
cause premature termination of the corresponding protein
(p.GIn536%). This truncated protein will likely lack the C-
terminal domain resulting in loss-of-function. The AUTS2
(p.GIn536*) variant was predicted as ‘Disease Causing’ as
well as deleterious by various prediction tools (Table 1).
The identified variant was absent from Genome

Aggregation Database (gnomAD
(https://gnomad.broadinstitute.org/),ClinVar
(https:/iwww.ncbi.nlm.nih.gov/clinvar/, and  HGMD

(https:/iwww.hgmd.cf.ac.uk/ac/index.php) databases. The
identified variant was classified as likely pathogenic
according to ACMG guidelines.

T

Unaffected (11.1) N/N

Ll

Proband (1.2) N/c.1606C>T Patient
Human JE0eN:I O 00): b (o) ;bR O H TF TPFPHATIPPTAIMP TPAPP
AM WNWVW\M Chimpanzee J(0):IOL(0): iR (0):k8:| O H TF TPFPHATIPP TAIMP TPAPP
Cattle J20e¥zI 000y bz (o) : kO H TF TPFPHALPPTATMP TPAPP
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Dl o
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Figure 2. Segregation analysis and partial AUTS2 alignment. A. Sanger sequencing validated the AUTS2 (c.1606C>T) variant in the
affected girl and healthy parents and sisters (N: wild-type allele). B. Schematic illustrating the position of the variant in exon 9 and in the
HR1 domain (PR: proline-rich domain; PY: PY domain; HR: histidine-rich domains). C. Partial amnio acid sequence alignment of AUTS2
illustrates the C-terminus region that is missing from the p.GIn536 amino acid residue in the patient, the position of the truncated variant is
located in the HR1 domain (Arrow). The sequence of amino acids was obtained from http://www.ncbi.nlm.nih.gov/protein/ website: Homo
sapiens (Human; NP_056385.1), Pan troglodytes (Chimpanzee; XP_009441212.2), Bos taurus (Cattle; XP_024841016.1), Mus musculus
(Mouse; NP_001350409.1), Rattus norvegicus (Rat; UniProt# F1M388), Gallus gallus (Chicken; XP_015151429.1), and Xenopus tropicalis
(Frog; XP_031752079.1). Alignment was carried out using http://multalin.toulouse.inra.fr/multalin/.
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Table 1. Characteristics of the identified AUTS2 variant.

Chromosome chr7

Start 70231237

End 70231237

Gene AUTS2 (NM_015570)
Coding Exon 9

7:70231237 C>T
Variant c.1606C>T
p.Q536*

Read depth 140

In-silico tool Score Interpretation
LRT 0.412  Deleterious
Mutation Taster 1 Disease causing
CADD 42 Deleterious
DANN 0.998  Deleterious
FATHMM 0.936  Deleterious
PredictSNP2 0.658  Deleterious
FunSeq2 4 Deleterious
BayesDel 0.625  Deleterious
GERP++ 5.77 Highly conserved residue
phyloP 7.495  Highly conserved residue
4. Discussion

Pathogenic variants disrupting the AUTS2 gene have
been identified in more than 60 cases with AUTS2
syndrome, an autosomal dominant disorder characterized
by developmental delay (DD), intellectual (ID) and mental
dysfunction, and various neurodevelopmental
manifestations (Sanchez-Jimeno et al., 2021).

In the current study, we described a Syrian family with
one affected 5-year-old female who harbors a
heterozygous de novo nonsense variant (c.1606C>T;
p.GIn536%*), as it was absent in her parents and the two
healthy siblings. According to ACMG guidelines, this
variant is classified as a likely pathogenic (Richards et al.,
2015) and is predicted to cause a premature termination at
(p.GIn536) of the AUTS2 protein. The resultant protein
will likely lack the C-terminal domain, suggesting a loss-
of-function effect of this variant. Moreover, the altered
MRNA transcript could be subjected to nonsense-mediated
MRNA decay (NMD) (Maquat, 2004).

The p.GIn536 is located within the histidine-rich region
(HX) that contains alternating Histidine-Glutamine (HQ)
and Histidine-Threonine (HT) residues (aa 525-542), a
highly conserved region in the C-terminal domain, which
has a crucial role in neuronal differentiation (Liu et al.,
2021).

Most AUTS2 patients carry de novo intragenic
deletions, whereas missense, nonsense variants, and indels
have been reported in a small number of cases (Sanchez-
Jimeno et al., 2021; Fair et al., 2023). In the ClinVar
database, around 129 AUTS2 variants have been classified
as likely pathogenic or pathogenic (accessed on 10 March
2023), of which only 19 are single nucleotide nonsense
variants lying upstream or downstream of the identified
variant; however, no clinical descriptions were provided.
Only two nonsense pathogenic variants have been reported

in the literature so far, one of these variants (c.976C>T;
p.GIn326*) was reported twice in patients with DD, ID
and ASD (Fitzgerald et al., 2015; Kosmicki et al., 2017).
The second variant (c.317C>T; p.GIn107*), however,
shares some clinical features of our patient (Beunders et
al., 2016). The patient in the current study displays typical
clinical manifestations of AUTS2 including intellectual
developmental disability, microcephaly, substantial motor
and language delay, hyperactive behavior, and mild
dysmorphic facial features similar to the previously
reported case. Additional features such as recurrent
seizures, strabismus, scoliosis, frequent salivation, and
tight heel cords were only observed in our patient.

In 2013, Beunders et al. suggested the AUTS2
syndrome severity score (ASSS) that measures the
phenotype's severity and specificity and is categorized into
four grades: 0-7, 8-12, 13-18, and 19-31 (Beunders et al.,
2013). The ASSS score focuses on around 32 clinical
features reported in more than 10% of AUTS2 cases that
affect growth parameters, feeding problems, dysmorphic
features, skeletal disorders, neurodevelopmental features,
as well as congenital anomalies (Hori et al., 2022). The
genotype-phenotype correlation (as measured by ASSS
means) and the variant site in the AUTS2 gene have been
well established. The ASSS in our case was 14, which is
considered high. This value is mostly associated with
neurodevelopmental and growth defects. In comparison to
previous cases, the median ASSS was 8.5 and 15 for
mutations lie in the 5” end (exons 1-8) and 3’ end (exons
9-19), respectively.

Our patient carries a truncated mutation in the C-
terminal region of AUTS2 protein, which causes severe
phenotypes, such as feeding difficulty. Other features were
also observed such as squint, ataxia, and frequent
salivation, in addition to other manifestations that are
rarely seen in AUTS2 patients such as seizures, eczema,
and sleeping difficulties. Previous studies have shown that
the 3’ end of AUTS2 comprises significant functional
domains and cases harboring pathogenic variants affecting
the C-terminal region of the AUTS2, particularly the HX
repeat are significantly associated with more severe
manifestations such as microcephaly, feeding difficulty,
intellectual disability, and mental retardation (Beunders et
al., 2013; Saeki et al., 2019; Martinez-Delgado et al.,
2021; Brunet et al., 2021; Fair et al., 2023).

5. Conclusions

In conclusion, this study reports a novel de novo loss-
of-function variant in a patient with typical features of
AUTS2 syndrome. Since this is the third nonsense variant
that will be reported in the literature, our findings will
expand the mutation spectrum in AUTS2 gene and its
clinical manifestations. However, additional functional
experiments are needed to confirm the impact of the
identified variant. These results will be helpful in genetic
counseling as well as future prenatal testing and
preimplantation genetic diagnosis for families with clinical
phenotypes related to AUTS2.
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Abstract

The Pasur-Sibsa and Baleshwari River Estuary (PSBE) is the longest estuary located in the southwest part of Bangladesh on
the Ganges-Brahmaputra delta which flows into the Bay of Bengal. The study was conducted to investigate the diversity and
abundance of the zooplankton from three gateways (S1 station: Pasur river gateway; S2 station: Sibsa river gateway and S3
station: Baleshwari river gateway) in the PSBE from July 2022 to December 2022. Water samples were collected from these
gateways using plankton net (55 pum mesh size) and preserved for analyzing in the laboratory. A total of 34 species of
zooplankton belonging to 9 orders and 17 families were documented. The dominant orders were Calanoida and
Dendrobranchiata, covering 59.52% and 18.20%, respectively. Acartia bilobata was the dominant species, while Sagitta sp.
was the inferior species throughout the gateways. The Pasur river estuary gateway showed the highest percentage of
abundance, accounting for 36.39% of the total individuals. The study calculated the Shannon-Wiener Diversity Index,
Simpson's Dominance Index, Simpson's Index of Diversity, Margalef's Richness Index, and Evenness ranged from 1.33 to
1.43, 0.24 t0 0.30, 0.70-0.76, 1.11 to 1.21, and 0.74-0.80, respectively. The results showed that the zooplankton composition
was rich in the S1 station, which serves as a good indicator of marine productivity like zooplankton. The density of
zooplankton in a body of water is indicative of the fish stocking rate.

Keywords: Estuary, Zooplankton diversity, Diversity index, Abundance.

1. Introduction

Zooplankton is an assortment of different microscopic
or non-microscopic, unseen aquatic organisms that rely on
water flowing for movement (Islam, 1999). They migrate
hundreds of meters regularly during the day and night
despite having very weak swimming abilities. They are
known as living machines because they prefer to feed at
night on the water's surface, effectively grazing
phytoplankton. They frequently serve as a crucial bridge
connecting the microbial part and the bigger grazers
(Laval-Peuto et al., 1986; Pierce and Turner, 1994). All
aquatic ecosystems' food chains and food webs are built on
zooplankton. Heinbokel (1978) and Fenchel (1987)
suggest that zooplankton serve as indicators in aquatic
ecosystems due to their wide distribution, small size, rapid
metabolism, and diverse species range (Gajbhiye, 2002;
Al-Najjar and EI-Sherbiny, 2008).

Zooplankton the minute organisms that float around on
the ocean's surface and feed either on one another or the
microscopic  plants that make wup phytoplankton.
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Zooplankton plays crucial roles in food webs because they
control phytoplankton populations by eating them (Wetzel,
2001). The presence of some planktonic groups can also be
used to anticipate and determine the health of enclosed,
open, and marine water bodies (Ismail and Adnan, 2016;
Parmar et al., 2016). Therefore, variations in zooplankton
density have an impact on phytoplankton dynamics
(Carpenter et al., 1987). They also have a significant
impact on the recycling of nutrients and energy in their
particular ecosystems. Fish production depends on the
qualitative and quantitative criteria of plankton and its
relationship to environmental conditions. The species most
suited for culture in different habitats depends on water
quality (Dhawan, 2002). The primary factors of fish
growth rates and development are the physicochemical
characteristics of a water body (Jhingran, 1991). The main
productivity of a water body, which serves as the
foundation of the aquatic food chains, can be used to
quickly determine the water body's overall productivity
(Ahmed et al., 2004). The primary producers, which are
phytoplankton and zooplankton, and the secondary
producers make up the plankton community (Battish,
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1992; Ali, 2010). Zooplankton is the most preferable food
for fish in the estuarine water body. According to a survey
report by the UN's Food and Agriculture Organization
(1985), zooplankton is relatively abundant in Bangladesh's
tidal zones. Few studies have been done on the abundance
of zooplankton and its ecology in the coastal and estuarine
environment of Bangladesh. A study on zooplankton of the
Bangladeshi coast's southeastern region, Islam and Aziz
(1975) discovered a total of 18 genera and 18 species. In
their observation of the macro-zooplankton in the Bay of
Bengal's continental shelf, Bhuiyan et al. (1982) noted the
presence and distribution of 18 calanoid copepods. In the
coastal estuarine water in the southeast of Bangladesh, Ali
et al. (1985) observed a periodic change in zooplankton
diversity.

At the mouth of the Bay of Bengal, Bangladesh is
situated. Bangladesh is a riverine country with numerous
rivers, canals, floodplains, ponds, beels, haors, reservoirs,
artificial lakes, and a long coastline with estuaries
(Majumdar et al., 2020; Paul et al., 2021; Hemal et al.,
2017). In Bangladeshi diets, fish alone provides over 63%
of animal protein and many of the important vitamins and
minerals (Majumdar et al., 2016; Majumdar and Rashid,
2017; Shovon et al., 2017). One of the top nations in the
world for fish production is a country named Bangladesh
(Sheikh et al., 2018). About 260 freshwater species and
474 marine water fish species are available in Bangladesh
(Rahman, 1989; Majumdar, 2017). Both type species are
highly preferred zooplankton as food in their diet. In
addition to having a large nutrient yield, the near-shore
upwelling zone serves as an estuary and is a significant
primary producer of phytoplankton and associated
zooplankton zones (Al-Nasrawi and Hughes, 2012). As a
continuation of the Rupsa river, the Pasur river is
significant water body in the Sundarbans region. The
Bhairab or Rupsa river flows further south from Khulna,
changes its name to Pasur river near Chalna, and then
empties into the Bay of Bengal to the right of the islands of
Trikona and Dubla. Sibsa river which is densely populated,
and located in the region of Khulna in the south part of the
country, with 222 inhabitants per square kilometer. The
eastern and western borders of Bagerhat District and
Barguna District, respectively, are shared by the
Baleshwari River. The Haringhata River, which empties
into the Bay of Bengal, is where the Baleshwari River
empties into Pasur-Sibsa and Baleshwari river estuary
(PSBE) are very important wetlands for Bangladesh. This
estuary has been polluted day by day due to climate
change like global warming; deforestation; industry,
agriculture, and livestock farming; rubbish and faecal
water dumping; maritime traffic and fuel spillages etc. For
these reasons, the biodiversity of fish species is declined
for inadequate zooplanktons which serve as food for the
fish species. But data and research about primary and
secondary production in this area are very inadequate.
Therefore, this study aimed to identify the composition of
zooplankton and its abundance in the Pasur-Sibsa and
Baleshwari river estuary in Bangladesh.

2. Materials and Methods

2.1. Study area

The goal of the current inquiry was to learn about the
zooplankton population status in Pasur-Sibsa and
Baleshwari River Estuary (PSBE) of Bangladesh. The
study region was separated into three sampling stations:
Pasur river gateway (S1), Sibsa river gateway (S2), and
Baleshwari river gateway (S3) the estuary to gather the
data on species populations. Locations ranged from 21°41'
to 21°48' North latitude to 89°30' to 89°41' East longitude
in the Khulna district (Figure 1).

A

Figure 1: Map depicting the study zone of the Pasur-Sibsa and
Baleshwari river estuary, indicating three sampling stations, S1
(Pasur river gateway; 21°47.209'N & 89°30.199'E), S2 (Sibsa
river gateway; 21°41.316'N & 89°31.412'E) and S3 (Baleshwari
river gateway; 21°48.46'N & 89°41.312'E).

Data were gathered from selected stations between the
times of July 2022 to December 2022, which was the high
tidal period. This area was expected highly productive
because it receives a huge amount of nutrients from
upstream.

2.2. Zooplankton sampling and analysis

A net with a cod end to keep the organisms and a mesh
size of 55 pum was used to catch zooplankton, which was
then dragged horizontally. The net was tilted at each
station three times for 45 minutes each as the boat moved
(around 20 km/hr) slowly. A sample was taken from the
subsurface layer of the water column, specifically between
2 and 5 meters deep. The volume of flow water displaced
through the plankton net was used to compute the
abundance of organisms, which was then expressed as the
number of individuals per cubic meter (Khan et al. 2015).
The samples were kept in 5% formalin (45%
formaldehyde) and labeled in 250 ml dark, sterile plastic
bottles as soon as they were collected. Then the samples
were taken to the laboratory of the Department of
Oceanography under the Faculty of Fisheries and Ocean
Sciences, Khulna Agricultural University (KAU) for
quantitative and qualitative analysis. A phase contrast light
microscope (Model No. XSZ21-05DN) with bright field
and phase contrast illumination at magnifications of 16x40
and 16x10 was used to identify the zooplankton species
according to the taxonomic references (ldris, 1983;
Pennak, 1978; Shiel, 1995) in the laboratory of the
Department of Oceanography. Zooplankton quantitative
analysis was carried out in a Sedgewick-Rafter counting
chamber (S-R cell). Each sample's 1 mL sub-sample was
transferred to a Sedgewick-Rafter counter for analysis, and
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cells within 10 randomly selected squares of the cells were
counted. Using Stirling's (1985) predicted zooplankton
density, the cell counts were utilized to calculate the cell
density using the formula. The following formula was used
to determine the zooplankton abundance; the total number
of zooplankton specimens equals the sum of the specimen
counts divided by the volume of filtered water and total
counts divided by the volume of filtered water equals the
total number of specimens of a specific zooplankton taxon.

The Shannon-Wiener Diversity Index (H) of diversity,
which was determined by the significant species, was an
insensitive indicator of the direction of the S:N (Proportion
of entire pattern represented by means of species and
complete amount of all individuals of species) connection.
Indicator of Shannon-Wiener Diversity Index, H = — X
[(Pi) In (Pi)]; in which Pi = (S)/N, S stands for the entire
pattern as represented by species and N is the total number
of individuals in the species (Shannon and Wiener, 1963).

For Evenness (E), the following equation was used to
estimate, which was a percentage of the total abundance of
the many species that make up a region's richness (Pielou,
1966): E =e"/sS.

The Simpson's Dominance Index (D) was frequently
used to assess the biodiversity of living spaces, which
takes into account the quantity of species, just as the
plenitude of every species and Simpson's Index of
Diversity (1-D) was a proportion of diversity, taking into
account the quantity of species present, and the overall
abundance of every species, and was calculated using the
following equation:

D =Y ni(ni-1)/N(N-1) and [1-D] = [1-3 ni(ni-1)/N(N-1)]
Where, ni was the total number of members of a certain species
and N was the total number of individuals across all species.

By using the following formula, Margalef's Richness
Index (d) was used to calculate the species richness
(Margalef, 1968): d = (S-1)/In(N), where S was the
number of species and N was the sample size.

2.3. Statistical Analysis

One-way ANOVA was used to statistically analyze the
zooplankton parameter data using Statgraphics Version 7's
statistical package, while Microsoft Excel 2010 was used
to plot graphs for results dissemination. The population
data was then presented in text, tabular, and Shannon-
Wiener Diversity Index (H), Evenness (E), Simpson's
Dominance Index (D), Simpson's Index of Diversity (1-D),
and Margalef's Richness Index (d) were presented in
graphical format for easier comprehension.

3. Results

The order, families and scientific name of zooplankton
that are regularly found in the Pasur-Sibsa and Baleshwari
river estuary of Bangladesh were presented in Table 1. The
current investigation on zooplankton composition in the
Pasur-Sibsa and Baleshwari river estuary estimated about
34 species belonging to 09 orders and 17 families. In Table
1, among the identified families, only 01 family belongs to
Aphragmophora, 05 to Calanoida, 01 to Cyclopoida, 01 to
Cydippida, 03 to Dendrobranchiata, 02 to Harpacticoida,
01 to Lobata, 01 to Onychopoda and 02 to
Poecilostomatoida. In our study, the highest number of
species was found under the order Calanoida and the
lowest under the order Aphragmophora, Cyclopoida,
Cydippida, Lobata and Onychopoda. Acartia bilobata was
the dominant species throughout the investigated area,
donated 1644 individuals/m® covering 16.10% and Sagitta
sp. was the inferior species, donated 35 individuals/m®
covering 0.34% (Table 1).

About 34 species were found in the investigated area
which was divided into three stations following S1, S2,
and S3 station. According to their availability state, the
percentage of abundance was given that 36.39% of total
individuals were found in large at S1 as well as 29.11% in
small quantities at S3 in the Pasur-Sibsa and Baleshwari
river estuary (Figure 2).
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Table 1. List of identified main species of zooplankton together with their numbers and percentage at the Pusur-Sibsa and Baleshwari river

estuary.
Order Family Species Total Percent (%) within group  Overall (%)
Aphragmophora Sagittidae Sagitta sp. 35 100 0.34
Calanoida Calanidae Calanus finmarchicus 173 2.85 1.69
Metridinidae Metridia lucens 220 3.62 2.15
Calanidae Calanus pacificus 244 4.02 2.39
Acartiidae Acartia bilobata 1644  27.06 16.10
Diaptomidae Leptodiaptomus minutus 836 13.76 8.19
Diaptomidae Skistodiaptomus mississippiensis 312 5.13 3.06
Acartiidae Acartia negligens 313 5.15 3.07
Acartiidae Acartia bifilosa 384 6.32 3.76
Acartiidae Acartia clause 258 4.25 2.53
Acartiidae Acartia tranteri 328 5.40 321
Acartiidae Acartia hudsonica 318 5.23 3.11
Pontellidae Calanopia sp. 143 2.35 1.40
Calanidae Calanus sp. 364 5.99 3.57
Diaptomidae Leptodiaptomus sicilis 201 331 1.97
Metridinidae Metridia pacifica 338 5.56 3.31
Cyclopoida Oithonidae Oithona sp. 247 100 242
Cydippida Pleurobrachiidae Pleurobrachia sp. 150 100 1.47
Dendrobranchiata Sergestidae Acetes erythraeus 314 16.90 3.08
Sergestidae Acetes indicus 115 6.19 1.13
Sergestidae Acetes japonicus 209 11.25 2.05
Luciferidae Lucifer sp. 112 6.03 1.10
Penaeidae Metapenaeus brevicornis 202 10.87 1.98
Penaeidae Metapenaeus monoceros 209 11.25 2.05
Penaeidae Penaeus indicus 164 8.83 1.61
Penaeidae Penaeus merguiensis 199 10.71 1.95
Penaeidae Penaeus monodon 58 312 0.57
Sergestidae Sergestes similis 276 14.85 2.70
Harpacticoida Euterpinidae Euterpina acutifrons 399 75.28 3.91
Ectinosomatidae Microsetella sp. 131 24.72 1.28
Lobata Bolinopsidae Bolinopsis vitrea 161 100 1.58
Onychopoda Podonidae Evadue sp. 239 100 2.34
Poecilostomatoida Ergasilidae Ergasilus sp. 671 73.49 6.57
Oncaeidae Oncaea sp. 242 26.51 2.37
clause, Calanus pacificus, Leptodiaptomus sicilis,

During the investigation period, around 15 species of

the Calanoida orders were seen i.e. Calanus finmarchicus,
Metridia lucens, Calanus pacificus, Acartia bilobata,
Leptodiaptomus minutu, Skistodiaptomus mississippiensis,
Acartia negligens, Acartia bifilosa, Acartia clause, Acartia
tranteri, Acartia hudsonica, Calanopia sp., Calanus sp.,
Leptodiaptomussicilis, and Metridia pacifica etc. Out of
these 15 different species, Acartia bilobata was more
prevalent than the others. The present study found about
34 species from the three sampling stations in the study
area, demonstrating the abundance of zooplankton fauna
that exists in the Pasur-Sibsa Baleshwari river estuary.
Table 2 showed that the dominance of identified species
among the three sampling stations in accordance with
species. At station S1 (Pasur river gateway) most dominant
species were Acartia bilobata, Leptodiaptomus minutus,
Skistodiaptomus mississippiensis, Acartia bifilosa, Acartia

Metridia pacifica, and Microsetella sp. showed in Figure
3.

53

Stations
w2
-

S1

0 5 10 15 20 25 30 35 40 45 50 55 60

Abundance (%)

Figure 2: Abundance status of zooplankton population found in
the Pusur-Sibsa and Baleshwari river estuary.
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Table2: Dominance list of identified zooplankton species at Pusur-Sibsa and Baleshwari river estuary on the basis of sampling stations.

Order Family Species Study area (Stations)
S1 S2 S3
Aphragmophora Sagittidae Sagitta sp. v
Calanoida Calanidae Calanus finmarchicus v
Metridinidae Metridia lucens v
Calanidae Calanus pacificus v
Acartiidae Acartia bilobata v
Diaptomidae Leptodiaptomus minutus v
Diaptomidae Skistodiaptomus mississippiensis 4
Acartiidae Acartia negligens v
Acartiidae Acartia bifilosa v
Acartiidae Acartia clause v
Acartiidae Acartia tranteri v
Acartiidae Acartia hudsonica v
Pontellidae Calanopia sp. v
Calanidae Calanus sp. v
Diaptomidae Leptodiaptomus sicilis v
Metridinidae Metridia pacifica v
Cyclopoida Oithonidae Oithona sp. v
Cydippida Pleurobrachiidae Pleurobrachia sp. v
Dendrobranchiata Sergestidae Acetes erythraeus 4
Sergestidae Acetes indicus v
Sergestidae Acetes japonicus v
Luciferidae Lucifer sp. v
Penaeidae Metapenaeus brevicornis 4
Penaeidae Metapenaeus monoceros 4
Penaeidae Penaeus indicus v
Penaeidae Penaeus merguiensis v
Penaeidae Penaeus monodon v
Sergestidae Sergestes similis 4
Harpacticoida Euterpinidae Euterpina acutifrons v
Ectinosomatidae Microsetella sp. v
Lobata Bolinopsidae Bolinopsis vitrea v
Onychopoda Podonidae Evadue sp. v
Poecilostomatoida Ergasilidae Ergasilus sp. 4
Oncaeidae Oncaea sp. v

In Figure 4, Acartia bilobata, Calanus finmarchicus,
Acartia negligens, Acartia tranteri, Euterpina acutifrons,
and Acartia hudsonica were the dominant species, found at
Sibsa river gateway (S2). Similarly, Acartia bilobata,
Ergasilus sp., Metridia lucens, Acartia bifilosa, Euterpina
acutifrons, and Microsetella sp. were found at Baleshwari

river gateway (S3) which was showed dominance among
the others (Figure 5). Figure 6 illustrates the percentage of
zooplankton in  different orders. In particular,
Dendrobranchiata  (18.20%) showed  considerable
dominance among the orders, but Calanoida (59.52%)
being the most dominant order.
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Figure 3. Photographic view of dominant major species of
zooplankton (A) Acartia bilobata, (B) Leptodiaptomus minutus,
(C) Skistodiaptomus mississippiensis, (D) Acartia bifilosa, (E)
Acartia clause, (F) Calanus pacificus, (G) Leptodiaptomus sicilis,
(H) Metridia pacifica and (I) Microsetella sp. found at Pasur river

gateway (S1).

e —t |
Figure 4. Photographic view of dominant major species of
zooplankton (A) Acartia bilobata, (B) Calanus finmarchicus, (C)
Acartia negligens, (D) Acartia tranteri, (E) Euterpina acutifrons
and (F) Acartia hudsonica found at Sibsa river gateway (S2).

Figure 5. Photographic view of dominant major species of
zooplankton (A) Acartia bilobata, (B) Ergasilus sp., (C) Metridia
lucens, (D) Acartia bifilosa, (E) Euterpina acutifrons and (F)

Microsetella sp. found at Baleshwari river gateway (S3).

On the contrary, Poecilostomatoida, Harpacticoida,
Cyclopoida, Onychopoda, Lobata, Cydippida and
Aphragmophora showed the least dominance established
8.94%, 5.19%, 2.42%, 2.34%, 1.58%, 1.47% and 0.34%
contribution to the community, respectively (Figure 6).
Additionally, throughout the study period, the family
Acartiidae of the order Calanoida demonstrated dominance
over the zooplankton fauna network of the research area
(Figure 6). The families that contributed the fewest species
to the network were the Sagittidae, Oithonidae,
Pleurobrachiidae, Bolinopsidae, and Podonidae families
throughout the study period.

Figure 7 showed the station-wise values for the
Simpson's Index of Diversity (1-D), Margalef's Richness
Index (d), Shannon-Wiener Diversity Index (H), Simpson's
Dominance Index (D), and Evenness (E). Among these
sampling stations, the S1 station had the greatest Shannon-
Wiener Diversity Index value (1.43) designating the
zooplankton-rich area, while the S2 station had few
prosperities of zooplankton with the lowest value (1.33).
Simpson's Dominance Index (D) was calculated to have
the highest value in the S2 station (0.30), followed by S3
station (0.28) and S1 station (0.24), respectively. The
highest Simpson's Index of Diversity value (0.76) found in
S1 station, and the S2 station showed the lowest value
(0.70). The greatest value for Margalef's Richness Index
was 1.21 at the S1 station, while the lowest value was 1.11
at the S3 station. The S1 station recorded the maximum
Evenness value was 0.80 and the minimum Evenness
value was 0.74 at the S3 station (Figure 7). In contrast, the
S1 station expressed a rich zooplankton profile because of
its high value at Simpson's Index of Diversity, Margalef's
Richness Index, and Evenness. Margalef's Richness Index
ranged from 1.11 to 1.21in the current study. This value
serves as a marker to distinguish between sampling
stations while also indicating a species-based variance
(Vyas et al., 2012). The highest Margalef Richness Index
value, however, represents the most population in the
study area. Consequently, the sampling S1 station has a
Margalef's Richness Index higher than other study stations,
indicating the presence of noticeably more individuals
(Figure 7).

Calanoida
-5

Dendrobranchiata

Lobata

Onychopoda

Figure 6: Zooplankton percentage based on the order in the
Pusur-Sibsa and Baleshwari river estuary.
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Figure 7: Distinct species diversity index of sampling stations of
Pusur-Sibsa and Baleshwari river estuary.

4. Discussion

Researchers had identified 33 salt marsh estuary
species (Abu-Hena et al., 2016) and 88 mangrove
demersal zooplankton species (Melo et al., 2010). Around
48 species of zooplankton were discovered by Matias-
Peralta and Yusoff (2015) in the Merambong Seagrass
Meadow while 129 species were discovered in the Tinggi
and Sibu Islands, all in Malaysia (Metillo et al., 2019).

According to Deepika et al. (2019), the density of
zooplankton found in Indian seagrass meadows (89,300 to
935,300 individuals/m®) was much higher than that found
in the current study. Compared to the current study, Melo
et al. (2010) discovered significantly lower zooplankton
abundance (4,759 to 7,113 individuals/m3) in the south-
western Atlantic, and Azmi et al. (2016) found
zooplankton abundance (3,030+855.6 individuals/m®) at
Merambong Shoal Seagrass Area, which is also lower than
densities recorded in the present study. Zooplankton
density measurements from certain river estuaries in the
Sarawak Region of Malaysia ranged from 447 to 27,812
individuals/m® (Aiman et al., 2020). Overall, past findings
supported the current results (Bhavan et al.,, 2015;
Dhanasekaran et al., 2017; Manickam, 2015; Manickam et
al., 2012; Manickam et al., 2014; Manickam et al., 2015).
Within the orders, the highest number of species was
Acartia bilobata (27.06%) and the lowest was Calanopia
sp. (2.35%) in the order of Calanoida. Similarly, the
highest and the lowest amount species were Acetes
erythraeus (16.90%), Euterpina acutifrons (75.28%),
Ergasilus sp. (73.49%) and Penaeus monodon (3.12%),
Microsetella sp. (24.72%), Oncaea sp. (26.51%) in the
order of Dendrobranchiata, Harpacticoida, and
Poecilostomatoida, respectively. On the other hand,
Sagitta sp., Oithona sp., Pleurobrachia sp.,
Bolinopsisvitrea, and Evadue sp. were the only species
found under the order of Aphragmophora, Cyclopoida,
Cydippida, Lobata, and Onychopoda, respectively. The
richness of nutrients, accessibility of rich phytoplankton,
and ocean circulation may have contributed to the diverse
species and groups of zooplankton that were discovered.
The results, however, are consistent with the research from
Aiman et al. (2020), Azmi et al. (2016), Deepika et al.
(2019), Melo et al. (2010), Matias-Peralta and Yusoff
(2015).

Abdul et al. (2016) conducted a study in an estuary and
found a relative abundance that was higher than any
zooplankton species. According to Melo et al. (2010),
copepods always had a higher relative abundance than any
other zooplankton group. According to Tonapi (1980), the
distribution of different species was influenced by
physico-chemical factors such as water's conductivity, pH,
chloride, and free CO, level as well as temperature.

Calanoida was found to be prominent in all groups in
the current study among all orders of zooplanktons due to
its distribution and similarity to results previously noted by
several studies, including Abdullahi et al. (2007), Adeyemi
et al. (2009), APHA (1989), Benarjee et al. (2008),
Balamurugan et al. (1999). Similar findings have also been
made by Boxshall and Evstigneeva (1994), Davies et al.
(2009), Devika et al. (2006), Gayathri et al. (2014),
Goswami and Mankodi (2012), Jalilzadeh et al. (2007),
MVSSS (2000), Raghunathan and Kumar (2002).

The bulk of the copepod species from the genera
Paracalanus, Oithona, and Acartia are found in abundance
on near shore and in estuaries in Malaysian seas (Chew
and Chong, 2011). The identified groups Appendicularia
(2.46%), Chaetognatha (2.45%), Cladocera (2.31%),
Copepoda (26.05%), Ctenophora (5.86%), Crustacean
zooplankton (21.64%), Ichthyoplankton (17.77%) and
Meroplankton (21.45%) were found at Sitakunda coast of
Chittagong, Bangladesh (Khan et al. 2015). In the coastal
seas of Malaysia, the copepod species P. crassirostris, P.
parvus and Bestiolina similis were established dominating
species (Johan et al., 2013; Matias-Peralta and Yusoff,
2015; Rezai et al., 2004). According to reports, Oithona
simplex predominates in inshore and shallow seas, is
suited to low salinity water, and is common in mangrove
estuaries (Johan et al., 2013). The major dominant species
were characterized by visual inspection using a light
microscope according to the basis of stations (Figures 3, 4
& 5). The distribution patterns and species composition of
plankton are significantly influenced by the physico-
chemical characteristics and nutrient content of lake water
(Horne and Goldman, 1994; Mahar et al., 2000; Omoregie,
2017).

Rajashekhar et al. (2010) further supported our findings
by confirming a higher number of zooplankton genera and
discovered 24 species, of which 10 species are Rotifera, 6
species are Cladocera, 5 species are Copepoda, and 3
species are Ostracoda. Their study's results on a group
level are consistent with ours. However, Hossain et al.
(2006), Rahman and Hussain (2008), Roy et al. (2010),
Das et al. (2011) had all found fewer zooplankton genera
than the current study. However, earlier works had also
observed similar outcomes (Bhavan et al., 2015; Dede and
Deshmukh, 2015; Dhanasekaran et al., 2017; Ezhili et al.,
2013; Manickam et al., 2012, Manickam et al., 2014,
Manickam et al., 2015; Patel et al., 2013; Thirupathaiah et
al., 2011; Watkar and Barbate, 2013).

A lower Simpson's Dominance Index value indicates a
higher zooplankton population (Majumdar et al., 2020).
The plankton diversity index, according to Magurran
(1988), refers to the quantification of variety in a sample
or community as a single number. Due to the fact that all
fish species will produce an equally plentiful population,
which will consider the diversity. In order to compare the
estimated values in three specifically chosen locations of
the Pasur-Sibsa and Baleshwari river estuary, multiple
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diversity index assessments were carried out for the
analysis of zooplankton diversity. But the Shannon-Wiener
Diversity Index (H) varied from 1.33 to 1.43 at various
sites in the area under investigation (Figure 7). The
average value of species diversity in the current study
served to show the health of the chosen ecosystem. Higher
Shannon-Wiener  Diversity Index (H) values and
zooplankton populations were noted by Das (1996) and
Manickam et al. (2012) during their research period.
Lower zooplankton species diversity in the area denotes
significant pollution, which is harmful to the aquatic
ecology (Manickam et al., 2015; Ismail and ELawad,
2015). In stressed and contaminated ecosystems, there
appears to be less variety of zooplankton species (Bass and
Harrel, 1981). The most often used biodiversity measure
for assessing species variety is Margalef's Richness Index
(d).

The Evenness (E) value, which ranged from 1 to O,
counts the number of members of a species. When
compared to other periods, the tidal period had very high
species equitability (Evenness), which suggests that the
diversity of the plankton was declining (Adesalu and
Nwankwo, 2008). Studies by Abu-Hena et al. (2016),
Aiman et al. (2020), Deepika et al. (2019), Ismail and
Zaidin (2015) were found to have similar findings to the
present study. Additionally, Simpson's Dominance Index
(D), a measure of diversity, takes both the total number of
species present and the relative abundance of each species
into account. Generally, the Simpson's Dominance Index
(D) value spans from 0 to 1, and the greater the range of
values, the less biodiversity is often represented. As a
result, while considering the Simpson's Dominance Index
(D) value into account, it was discovered that the S1
location was the most enriched with species variety and
the S2 site was the least enriched. The Simpson's Index of
Diversity (1-D), on the other hand, is dependent upon the
Simpson's Dominance Index (D), where S1 and S2 were
found to have the highest and lowest Simpson's Index of
Diversity (1-D), respectively. Thus, the S1 area has a wide
variety of species. The temporal fluctuation in dominant
status among the three sampling locations may be the
cause of this slight discrepancy. Finally, this investigation
demonstrated the variety and abundance of zooplankton in
various regions of the Pasur-Sibsa and Baleshwari river
estuaries. Based on different biodiversity index outcomes,
we can declare that sampling station S1 (Pasur river
gateway) is comparatively rich in  zooplankton
biodiversity.

5. Conclusion

Zooplankton diversity strongly impacts estuary health,
serving as a key indicator of marine productivity and
environmental well-being. About 34 species from the
diversity of zooplankton's nine orders and seventeen
families were counted in the current study. This study
established that sampling station S1 (Pasur river gateway)
was rich in zooplankton profile. The biodiversity is
currently in threat owing to global warming; deforestation;
industry, agriculture and livestock farming; rubbish and
waste water dumping; maritime traffic, fuel spillages and
others human activity. Maintaining updated knowledge of
the aquatic species diversity like fish biodiversity is
necessary for the conservation of biodiversity. Future

research can be done to improve fish production and
protect the diversity of zooplankton in the Pasur-Sibsa and
Baleshwari river estuary in Khulna, Bangladesh. Based on
the estuary's current condition, this study may be useful for
the growth of fisheries production in the future.
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Abstract

3-hydroxy-3-methylglutaryl coenzyme-A reductase (HMGR) enzyme plays an important role in the biosynthesis of diterpene
lactones such as andrographolide, a specialized metabolite that is widely used as a therapeutic agent. This study aimed to
enhance the content of andrographolide through the overexpression of 3-hydroxy-3-methylglutaryl coenzyme-A reductase-1
(HMGR1) in A. paniculata. HMGR1 was constructed into the pBI1121 expression vector controlled by the cauliflower mosaic
virus (CaMV 35S) promoter. The pBI121-HMGRL1 construct was transformed to A. paniculata through Agrobacterium-
mediated transformation followed by plant regeneration to obtain transgenic plants. Polymerase chain reaction (PCR)
analysis was conducted to validate the transgenic plants, quantitative reverse transcription PCR (RT-qPCR) was used for the
HMGR1 expression analysis, and high-performance liquid chromatography was employed to quantify the andrographolide
content of the transgenic plants. PCR analysis on the transgenic plantlets indicated the presence of a 2,262 bp fragment that
corresponded to HMGR1, thus confirming the integration of HMGRL1 into the A. paniculata genome. The RT-gPCR results
showed a 52.5-fold greater HMGR1 expression in the transgenic plant under the CaMV 35S promoter compared to the
normal plant. As the expression level of HMGR1 increased, the amount of andrographolide was enhanced by up to 2.6 times
in the transgenic plant compared to the control plant. This study demonstrates that the overexpression of HMGRL1 driven by

CaMV 35S can enhance the production of andrographolide in A. paniculata.

Keywords: Andrographolide, overexpression, transgenic, HMGR, CaMV 35S .

1. Introduction

Andrographis paniculata has long been recognized as a
traditional medicinal plant in various tropical and
subtropical countries, including Thailand, Indonesia,
Malaysia, Sri Lanka, and India (Akbar, 2011; Benoy et al.,
2012; Kabir et al., 2014). Extract from the plant has shown
a broad spectrum of pharmacological activities, i.e.
immunostimulatory (Kumar et al., 2004), antiviral/anti-
HIV (Churiyahi et al., 2015), antibacterial (Jarukamjorn
and Nemoto, 2008), anticancer (Harjotaruno et al., 2008),
antidiabetic, antimalarial, hepatoprotective (Jarukamjorn
and Nemoto, 2008), and anti-inflammatory
(Chandrasekaran et al., 2012) activities. Currently, the
dried extract of A. paniculata in capsule or dried leaf form
is available commercially and is wused as an
immunostimulant.

Based on the identification of its chemical constituents,
A. paniculata contains various bioactive compounds in the
form of diterpenoids, flavonoids, and polyphenols (Chao
and Lin, 2010). Among the diterpenoid group in A.
paniculata, andrographolide has previously been identified
as the main bioactive compound (Rao et al., 2004).

“ Corresponding author. e-mail: erly@itb.ac.id.

Andrographolide is a bitter crystalline compound,
colorless, with various biological activities, namely anti-
HIV, as shown by its inhibition of the HIV-induced cell
cycle dysregulation (Calabrese et al. 2000), antiviral, as
demonstrated by its viricidal activity against the herpes
simplex virus (Wiart et al., 2005), as well as antipyretic,
immunostimulant, analgesic, anticancer (Suebsana et al.,
2009), and anti-inflammatory activities (Levita et al.,
2010). Recently, A. paniculata extract and
andrographolide compounds have been reported to
potentially show anti-SARS-CoV-2 activity (Shi et al.,
2020), Additionally, based on the results of in silico
studies, it has been hypothesized that andrographolide may
show anti-SARS-CoV-2 activity (Lakshmi et al., 2021;
Enmozhi et al., 2020; Laksmiani et al., 2020). However,
andrographolide has only been detected in the leaves of A.
paniculata at a concentration of 2.2% (Royani et al.,
2014). As the market need for andrographolide grows, so
does the need to develop a technique for improving the
andrographolide levels in A. paniculata. Metabolic
engineering is one of the promising techniques used to
enhance secondary metabolite accumulation.

Metabolic  engineering to increase  secondary
metabolites can be performed in different ways. These
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include the overexpression of certain genes to regulate
metabolic pathways (Alvarez and Marconi, 2011).
Similarly, Lu et al. (2016) stated that overexpressing genes
in the terpenoid biosynthetic pathway in homologous and
ectopic plants provided a reliable method for increasing
terpenoids. In addition, overexpression of the PGSQS1
gene in the ginsenosides biosynthesis pathway may
enhance the expression of B-amyrin synthase (f-AS) and
cycloartenol synthase (CAS), resulting in increases in
phytosterols and ginsenosides of up to 2.0 and 1.6 times,
respectively, in root cultures of transgenic ginseng (Shim
et al., 2010). Moreover, Han et al. (2013) reported an
increase in oleanane-type ginsenoside in P. ginseng plants
following overexpression of the CYP716A52V2 gene.
Similar results have shown that overexpression of the 3-
hydroxy-3-methylglutaryl coenzyme-A reductase (HMGR)
gene produced a 1.5- to 2-fold rise in the ginsenosides
content of adventitious ginseng root cultures resulting
from genetic transformation (Kim et al., 2014).

Recently, overexpression of the HMGR gene in
transgenic roots and stems of Ligularia fischeri has been
shown to increase the shionone content by up to 16.67%
and 12.25%, respectively, when compared to controls
(Juan Du et al., 2020). When seeking to overexpress a
gene to enhance enzyme activity, the proper promoters
should be selected. The cauliflower mosaic virus (CaMV
35S) promoter is frequently used as a standard promoter
for transgene expression in plants (Somssich, 2019;
Amack and Antunes, 2020). It is known as a strong,
constitutive promoter and is frequently used in expression
in transgenic plants (Somssich, 2019).

Song et al. (2012) reported how the use of the CaMV
35S promoter for overexpression of the endogenous
HMGR gene enhanced the accumulation of f-
sesquiphellandrene by 1.25-1.60 fold. Similarly, Dong et
al. (2013) reported that overexpression of one of the
isoprenoid pathway enzymes, i.e. HMGR, in Parthenium
argentatum increased carbon flux to the isoprenoid
pathway; for example, for the synthesis of plant growth
substances. Moreover, Putter et al. (2017) indicated that
overexpression of the three main enzymes in the
mevalonate cascade, which include HMGR, in Taraxacum
brevicorniculatum can increase enzyme activity and result
in an increase in high squalene concentrations in dandelion
roots. Another report indicated that 3-hydroxy-3-
methylglutaryl-CoA reductase-1 (HMGR1) showed a
correlation with andrographolide biosynthesis in A.
paniculata (Jha et al., 2011).

Our interest in this study was to employ metabolic
engineering in a bid to enhance the amount of
andrographolide through overexpression of the HMGR1
gene involved in the mevalonate pathway, a biosynthetic
pathway that produces various secondary metabolites
including diterpenoids such as andrographolide. To date,
however, no overexpression of the HMGRL1 gene driven by
CaMV 35S in A. paniculata to enhance the accumulation
of andrographolide has been reported. Therefore, the
present research aimed to overexpress the HMGR1 gene in
A. paniculata under the control of a strong promoter,
namely CaMV 35S. This was expected to lead to an
increase in the accumulation of andrographolide. This
paper reports the construction of the HMGR1 gene into
pBI121 plasmid, the transformation of A. tumefaciens with
this recombinant plasmid, the development of an A.

paniculata  transgenic  line using  Agrobacterium
transformation  method, plant regeneration, gene
expression, and andrographolide analysis of the A.
paniculata transgenic plant.

2. Materials and Methods

2.1. Plant Material

A. paniculata seeds and mature plants were obtained
from the Research Institute for Medicinal Plants and
Spices (Balitro), Bogor, West Java. The plant material
used for the isolation of RNA comprised three-month-old
leaves from the A. paniculata plant after Sharma et al.
(2013) reported that the leaves of A. paniculata contain
higher levels of andrographolide (2-3%) compared to
other parts of the plant. Meanwhile, the explants used for
genetic transformation were cotyledons of three-week-old
A. paniculata seedlings.

2.2. Bacterial Strain and Plasmid

pGEM-T Easy from Promega was employed as the
cloning vector to amplify the HMGR1 gene. Escherichia
coli strain DH5a was used in the cloning of pGEM-T
Easy-HMGR1, while pB1121 was used as the binary vector
for construction. Agrobacterium tumefaciens strain
GV3101 was used for plant transformation, which was
provided by Dr. Sony Suhandono from the Molecular
Genetics laboratory, School of Life Sciences and
Technology, Institut Teknologi Bandung.

2.3. Medium and Reagents

The medium for plant regeneration was prepared
according to the protocol from Marwani et al. (2013).
GoTag® Green Master Mix was the reagent used for
Polymerase Chain Reaction (PCR), which was obtained
from Promega™. Agarose (Top Vision Agarose), and 1
Kb ladder were used for gel electrophoresis and were
obtained from Fermentas™. The purification kit for gel
electrophoresis was obtained from Geneaid™. The primers
were sourced from Macrogen Inc.

2.4. Amplification of HMGR1 cDNA

The HMGR1 cDNA was first isolated from A.
paniculata leaf by Menra (2013). The HMGR1 cDNA was
amplified using touchdown PCR (Applied Biosystems
2720 thermal cycler) with specific primers for HMGR1,
forward primer 5’AGA ATG GCC GCC CTC CG3' and
reverse primer 5ATC GAC TCT CTC TGT CTC CAA
TCT CAA GT3', to give a DNA length of around 1,800 bp.
The PCR reaction comprised 25 pl GoTaq® Green Master
Mix, 2.5 pl HMGR1 forward primer, 2.5 pl HMGR1
reverse primer, 1 pul cDNA template, and 19 ul nuclease-
free water. The process began with initial denaturation for
3 minutes at 95°C followed by 10 cycles of amplification.
Annealing and extension were performed at 50-60°C for
30 seconds and 72°C for 2.5 minutes, respectively. The
PCR products were subjected to electrophoresis, followed
by visualization using ethidium bromide staining, and
observed under UV light irradiation for later
documentation. The HMGR1 fragment was then purified
using a gel purification kit from Geneaid in line with the
procedure provided by the kit manufacturer. Next, the
fragments from the purification results were ligated into
the pGEM-T Easy vector from Promega. The ligated
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pGEM-T-Easy-HMGR1 was subsequently used to
transform competent E. coli DHS5a cells using heat shock
transformation following the method used by Chang et al.
(2017). The transformants were spread onto LB agar
containing ampicillin (100 mg/l), IPTG (0.1 M), and X-gal
(100 mg/l), and subsequently incubated at 37°C for 16
hours to select the recombinant clones. White colonies
indicated the presence of pGEM-T-Easy with the HMGR1
gene inserted.

A single colony of transformants was selected and
suspended in a 5 ml LB medium containing 100 ppm of
ampicillin and stored in the shaker at 37°C, 200 rpm
overnight. The plasmids were isolated according to the
alkaline lysis method employed by Amara (2018), with
modification. The isolated plasmid of HMGR1 gene-
pGEM-T-Easy was sequenced at Macrogen Inc. (Seoul
Korea) to test for the presence of the HMGR1 gene using
primers T7 and SP6. The sequencing results were then
analyzed by bioinformatics using BLAST software at the
NCBI website (http://ncbi.nlm.nih.gov/blast).

2.5. Construction of pBl121-HMGR1 Plasmid Vector

pBI121 was used as the backbone in constructing the
expression vector carrying the HMGR1 gene. The HMGR1

,,,,, 2 A )
! o> Ligation with Xbai

BsrGi

HGMR gene
Figure 1. Diagram of the construction of HMGR1 in binary vector pB1121

Applying the heat shock transformation method of
Chang et al. (2017), the pBI121-HMGR1 construct was
transformed into competent cells of E. coli DHS5a.
Afterward, the E. coli DH5o containing the pBI121-
HMGR1 construct was cultured in LB medium
supplemented with 50 mg/l kanamycin at 37°C. The
plasmid was subsequently isolated using the alkaline lysis
method according to Amara’s (2018) standard protocol
with modification. To confirm the success of the plasmid
ligation, the isolated pBI121-HMGR1 fragment was
digested with Xbal and BsrGl restriction enzymes and
observed by 1% agarose gel electrophoresis. The
restriction digest resulted in two fragments with sizes of
1,822 bp and 13,182 bp. The final step was sequencing the
HMGRL1 gene in pBI121-HMGR1 recombinant plasmid at
Macrogen Inc., Seoul, Korea. Bioinformatics analysis was
performed on the sequencing results using the BLAST
nucleotide program from NCBI (www.ncbi.nIm.nih.gov).
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gene would be expressed under the CaMV35S promoter.
The multiple cloning sites at the pBI1121 plasmid contained
Xbal, BamHI, Smal, Xmal, and BsrGl restriction sites
between the CaMV 35S promoter and GUS gene. Of the
five restriction enzyme recognition sites, Xbal and BsrGl
do not cleave the HMGR1 gene. Therefore, a pair of
primers was designed with Xbal (5-TCT AGA AGA ATG
GCC GCC CTC CGC CGC CGA) and BsrGl (TGT ACA
AAT CGA CTC TCT CTG TCT CTC AAT) recognition
sequences added to the forward and reverse primers,
respectively. These were then used to amplify the HMGR1
gene in the recombinant pGEM-T Easy. Next, the
amplicon was ligated into the pB1121 fragment digested
with Xbal and BsrGl, with a volume ratio of 3:1 using T4
DNA ligase. The ligation reaction comprised 3 pul DNA
insert, 1 pl DNA backbone, 1 ul Xbal enzyme, 1 ul T4
DNA ligase, 1 pul T4 DNA Ligase buffer, and 13 pl
deionized water. The reaction was performed at 4°C for
16-18 hours. Ligation produced a recombinant pBl121-
HMGRL1 construct with a length of 15,004 bp (Figure 1).

—

2.6. Transformation of A. tumefaciens GV3101 with
Recombinant Plasmid pBI121-HMGR1

Agrobacterium  tumefaciens strain  GV3101 was
transformed with the constructed pBI121-HMGR1 plasmid
using heat shock based on the procedure of Chang et al.
(2017) with a slight adjustment. A total of 2-5 pl pBI121-
HMGR1 plasmid was placed in 50 pl competent A.
tumefaciens cells in microtubes. Afterward, the tubes were
inverted repeatedly and then incubated in ice for 10
minutes or immersed in liquid nitrogen for 5 minutes.
Next, the microtubes were incubated in a water bath at
37°C for 25 minutes and 1 ml of liquid YEP (10 g/l yeast
extract, 10 g/l peptone, 5 g/l NaCl, 15% bacto agar, pH 7)
medium consisting of 50 mg/l kanamycin and 50 mg/I
rifampicin was added and grown at 25°C, 200 rpm in the
dark for 3 hours and then centrifuged at 14,000 rpm for 1
minute. The supernatant was removed, and the pellet was
suspended and plated on a solid YEP medium consisting
of 50 mg/I rifampicin and 50 mg/l kanamycin and stored in
an incubator at 25°C for 2 days. A selected colony was
suspended in 25 pl deionized water, and 3 pl of the
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suspension was applied to the PCR assay to test for the
presence of the HMGR1 gene.

The PCR mixture comprised 5 pl GoTaq® Green
Master Mix, 1 ul forward primer, 1 pl reverse primer, 1 pl
DNA template, and deionized water to a total volume of
10 pl. PCR was performed using specific primers for the
HMGRL1 gene (forward 5’-TCT AGA AGA ATG GCC
GCC CTC CGC CGC CGA-3’ and reverse 5’-TGT ACA
AAT CGA CTC TCT CTG TCT CTC AAT-3’), giving an
expected DNA length of around 1,822 bp. Amplification
was set as follows: initial denaturation at 95°C for 3.5
minutes followed by 30 cycles of denaturation at 95°C for
30 seconds, annealing at 60°C for 30 seconds, elongation
at 72°C for 2 minutes, and final elongation at 72°C for 7
minutes. The PCR product was analyzed on 1% agarose
gel electrophoresis (Top vision agarose) and 1 Kb DNA
Ladder #331 (Fermentas). A DNA band of 1,822 bp
indicated the presence of the HMGR1 gene.

2.7. Transformation and Regeneration of Andrographis
paniculata

2.7.1. Preparation of A. tumefaciens

A colony of A. tumefaciens GV 3101 containing
recombinant plasmid pBI121-HMGR1 was suspended in
25 ml yeast extract peptone medium enriched by 50 mg/I
kanamycin and 25 mg/l rifampicin and incubated
overnight at 28°C, 200 rpm in the dark. The
Agrobacterium cells were collected after centrifugation at
4000 rpm for 20 minutes. The pellet of Agrobacterium
cells was re-suspended in liquid half-strength Murashige
and Skoog (MS) medium to reach a concentration of 10°
cells/ml or ODgyonm = 0.8. Finally, 100 uM acetosyringone
and Silwet L-77 with a ratio of 1:3 was added into the A.
tumefaciens suspension.

2.7.2. Agrobacterium-mediated Genetic Transformation,
Co-cultivation, and Regeneration

For the purpose of plant transformation, the A.
tumefaciens GV3101 harboring pB1121-HMGR1 was used
to infect A. paniculata by agroinfiltration. First, the
cotyledons of A. paniculata were immersed for 60 minutes
in the A. tumefaciens suspension. Subsequently the
cotyledons were drained on sterile filter paper and co-
cultivated for 3 days on agar-solidified (0.8% w/v) MS
medium enriched with 2 mg/l 6-benzylaminopurine
(BAP), 1 mg/l indole-3-acetic acid (IAA), 1% Silwet L-77,
100 uM acetosyringone, and 50 mg/l kanamycin at 28°C in
the dark. The tissue was then rinsed using sterilized
distilled water 3 times for 5 minutes and immersed for 15
minutes in cefotaxime 400 mg/l or augmentin 300 mg/l to
eliminate bacteria. The cotyledons were then transferred to
an MS medium containing 2 mg/l BAP, 1 mg/l 1AA, 250
mg/l augmentin, and 350 mg/l cefotaxime for 6 days
according to the method of Konagaya et al. (2020). The
surviving tissues were transferred to a selection medium
(solid MS medium consisting of 2 mg/l BAP, 1 mg/l I1AA,
kanamycin 20 mg/l) at 25°C for 2 weeks under a 36-watt
Tungsten lamp (TL) with a light intensity of 1000 lux and
12-hour photoperiod. To induce shoot formation, the
transformed cotyledon tissues were moved to a shoot
regeneration medium (solid MS medium consisting of 2
mg/l BAP, 1 mg/l IAA with the addition of 20 mg/l
kanamycin) and incubated at 25°C for 2 to 3 weeks under
a 12-hour photoperiod. To induce root formation, the

regenerated shoots were implanted on a solid MS medium
with the addition of 1 mg/I indole butyric acid (IBA) and
incubated at 25°C for 3 to 4 weeks until the primary
plantlets were formed.

Transformed plantlets (transgenic progeny) that
measured 7-10 cm in length and were vigorous were
carefully removed from the culture bottle, cleaned under
running tap water to remove adhered agar, and
subsequently planted in a plastic pot containing a mixture
of sterilized husks and sandy soil with a 1:1 ratio and
maintained in a greenhouse at 27°C under a 12-hour
photoperiod. To prevent excessive evaporation, the plastic
pots were covered with transparent plastic for the first
month, which was subsequently removed when the plants
showed more vigor. The transgenic plants were cultivated
in the pots for 3 months, after which the leaves, stem, and
roots were harvested to determine the andrographolide
concentration.

2.8. PCR of Transgenic Plant

PCR was performed to test the integration of the
HMGRL1 gene into the transformed A. paniculata genomic
DNA following the method of Han et al. (2017) with a
slight modification. The genomic DNA of three biological
replicates (marked as TA1l, TA2, and TA3) of the TO
generation transformed plantlets were isolated using the
Plant Genomic DNA Kit from Tiagen. Up to 1 pl of the
isolated DNA was mixed with 5 pl GoTag® Green Master
Mix, 1 pl forward primer, 1 pl reverse primer, and 1 pl
deionized water. PCR analysis was performed using
specific primers of pBl1121 (forward 5’-TTC GTC AAC
ATG GTG GAG CA and HMGRL reverse 5’-TGT ACA
AAT CGA CTC TCT CTG TCT CTC AAT-3’), resulting
in a DNA length of around 2,262 bp. The PCR cycle was
programmed as follows: initial denaturation at 95°C for 3
minutes, followed by 25 cycles of 95°C for 30 seconds,
60°C for 30 seconds, 72°C for 2 minutes, and finally,
elongation at 72°C for 7 minutes. The PCR product was
applied to 1% agarose gel electrophoresis and observed
under a UV transilluminator.

2.9. RNA Isolation and Quantitative Real-Time
Expression Analysis of HMGR1 Gene in Transformed A.
paniculata

Using the TRIzol (Thermo Fisher Scientific, United
States) procedure, transformed A. paniculata RNA was
isolated from three transformed plant tissues, labeled TA1,
TA2, and TAS3, as well as from the control plant tissue.
Trizol was used in this work because, compared to other
techniques, it has a better reputation for isolating RNA
from plant tissues (Mohammed et al., 2019). The quality
of the RNA was assessed based on concentration and
electrophoretic bands. RNA with an Aygo/Azgy > 1.8 was
selected due to its high purity, as stated by Sukumaran
(2011). The total RNA was converted into cDNA using a
Sensi FAST cDNA Synthesis Kit from Bioline. The cDNA
reaction (20 pl total volume) consisted of 8 pl total RNA
(100 ng), 4 pl TransAmp Buffer, 1 ul Reverse
Transcriptase, and 7 pl nuclease-free water. The following
program was established in a thermal cycler: 25°C for 10
min (primer annealing); 42°C for 15 min (reverse
transcription); 85°C for 5 min (inactivation), and 4°C hold
(or chill on ice). In the RT-gPCR assays, each reaction (20
ul total volume) consisted of 2 pl diluted cDNA, 10 pL
gPCR Promega master mix, 1 pl each forward and reverse
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primers, and 6 ul RNAse-free water. To ensure reliability
and validity, three technical replicates were performed per
sample. The RT-q PCR cycle was programmed as follows:
95°C for 5 min, followed by 40 cycles of 95°C for 10 s,
and 56°C for 30 s. The specific primers were determined
using Primer 3 software (Table 1). The relative expression
levels of the genes were normalized against the actin
housekeeping gene and were later expressed as a function
of the non-transgenic (control) plant values, whose
HMGRL1 transcript levels were defined as one (1) in line
with the method of Livak and Schmittgen (2001). The
relative gene expression levels were determined using the
2-% method (Livak and Schmittgen, 2001), where ACt=
Ct target -Ct reference and AACt= ACt transgenic plant -
ACt control (non-transgenic plant). An average of three
biological replicates (three transformed tissues) were used
to calculate the expression levels.

Table 1. List of primers for relative expression analysis

Primers Sequences Product
size

Actin-F 5’GAGGTGCTCTTTCAGCCATC’3

Actin-R 5 TTGATCTTCATGGTGCTTGG’3 250bp

HMGR-F  5’GCATCGGTTTTGTCCAGTCT’3

HMGR-R  5’GAAGAGGCGATTTTGCAGTC’3 250bp

2.10. Determination of Andrographolide Content

Analysis of the andrographolide content in transgenic
and non-transgenic A. paniculata was conducted using
high-performance  liquid  chromatography  (HPLC)
Shimadzu CR-and A Plus according to the method of
Majee et al. (2011) with modification. Leaf, stem, and root
samples from the transformed and non-transformed
(control) A. paniculata were harvested from the age of 3
months. Triplicate samples of leaf, stem, and root were
used for the HPLC analysis of andrographolide. The
samples were freeze-dried for 24 hours followed by
extraction with methanol (sample: methanol ratio of 1:10)
for 48 hours. The crude extracts were filtered using a
polytetrafluoroethylene (PTFE) membrane, after which the
solvent was evaporated using a vacuum evaporator. The
dried extracts were dissolved in 1 ml HPLC
grade methanol. The extracts were then loaded into an
HPLC system equipped with a UV detector, Bondapak Cg
column (@ 4.6 mm x 250 mm), using methanol: H,0O (6:4)
as the mobile phase at a flow rate of 1 ml/min, and
monitored at A 254 nm. The reference solution was the

g Mgt
L Mbal-BsrG1 Xbal-BsrG1

andrographolide compound purchased from Sigma-
Aldrich. To produce the calibration curve for
andrographolide, a standard andrographolide solution was
prepared in a separate flask using an appropriate dilution
of 0.5 mg/ml stock solution with the same volume of
solvent (HPLC grade methanol) to final concentrations of
0.25, 0.125, 0.0625, and 0.0312 mg/ml. Each standard
solution was injected into HPLC, and each peak area value
was plotted to the corresponding concentration to obtain
the linear calibration curve. A linear equation was obtained
from the linear curve, and the concentration of the injected
samples was determined.

2.11. Statistical analysis

Statistical analysis was conducted to assess the
significance of the difference in the data variation for the
andrographolide concentrations and the number of shoot
regenerations in the normal and transformed tissues. The
analysis was performed using SPSS Statistics software
version 29, employing a one-way ANOVA (analysis of
variance) test. A p-value of less than 0.05 was considered
to indicate statistical significance. The ANOVA test was
followed by a post-hoc Tukey test to observe the variations
in andrographolide concentration between the transformed
and normal tissues. The andrographolide concentration
data were presented as the mean + SD (standard deviation)
of triplicate biological samples.

3. Results

3.1. Construction of pB1121-HMGR1 Plasmid Vector

The cDNA fragment (around 1,800 bp) isolated from A.
paniculata was verified as HMGR1 by DNA sequencing
(GenBank accession nos. AY429658.1). The insertion of
the Xbal and BsrG1 restriction enzyme site to the HMGR1
fragment produced a fragment measuring between 1,500
bp and 2,000 bp in length (Figure 2A), which
corresponded to the expected Xbal-HMGR1- BsrGlgene
(1,822 bp). The digestion of pBI121 with Xbal and BsrGl
restriction enzymes at specific nucleotide sequences
eliminated the GUS gene and produced the pBI121
backbone with a length of 13,182 bp (Figure 2B), whereas
digesting the pGEM-TEasy HMGR1 with the same
restriction enzymes produced a DNA fragment between
1,500 bp and 2,000 bp in length, which corresponded to
the HMGR1 gene (Figure 2C).

2000 bp
1500 bp -

F Y EE—— — — Laddor
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PBIlZ1  cun Xpal- cun Xbal-
unout BerGl 1 BarGl 2

Figure 2. (A) HMGR1 gene fragment containing Xbal and BsrG1 restriction sites with a length of 1,500 bp—2,000 bp, corresponding to the
size of HMGR1 (1,822 bp). (B) Gel electrophoresis of pB1121 digested with Xbal and BsrGl restriction enzymes, which produced the
pBI121 backbone with a length of 13,182 bp, indicated by the red box. (C) Gel electrophoresis of pGEM-T Easy-HMGR1 digested with
Xbal and BsrGl restriction enzymes, which produced a fragment with a length of 1,500 bp—2,000 bp, corresponding to the size of HMGR1

(1,822 bp), indicated by the red box.



240 © 2024 Jordan Journal of Biological Sciences. All rights reserved - Volume 17, Number 2

In general, restriction enzymes digest DNA at specific
nucleotide sequences by hydrolyzing phosphodiester
bonds on both DNA strands, producing a phosphate group
at the 5’ end and an OH group at the 3’ end of the DNA
strands (Allison, 2007), resulting in either cohesive or
blunt ends (Koerniati and Widhianata, 2012). After
purification by agarose gel electrophoresis, the pBI121
backbone and HMGRL1 insert were ligated using T4 DNA
ligase, which produced a recombinant plasmid named

< 15004 bp

pBI121-HMGR1 with a length of 15,004 bp (Figure 3A).
To test for the presence of HMGRL1 insert in the pBl121
plasmid, the recombinant pBI121-HMGR1 plasmid was
digested with restriction enzymes Xbal and BsrGl. This
produced two fragments, a 13,182 bp fragment
corresponding to the pBI121 backbone and a fragment
with a length between 1500 and 2000 bp (1,822 bp), which
correspond to the HMGR1 insert (Figure 3B).

Figure 3. (A) The pBI121-HMGR1 recombinant with a length of 15,004 bp. (B) Gel electrophoresis of pBI121-HMGR1 plasmid digested

with Xbal and BsrGl restriction enzymes resulting in two bands.

As previously mentioned, the pBlI121 backbone and
HMGRL insert were successfully ligated using T4 DNA
ligase; this produced the recombinant plasmid pBI121-
HMGR1 with a length of 15,004 bp. To confirm this
finding, the pBI121-HMGR1 recombinant plasmid using
HMGRL1 forward and reverse primers was sequenced and

analyzed using the BLAST program at NCBI followed by
alignment using BioEdit Sequence Alignment Editor
version 7.2.5. High homology was exhibited between the
pBI121-HMGR1 sequence and HMGR1 A. paniculata
from the NCBI database. The results indicated 99%
identity and an expectation (E) value of 0.0 (Figure 4).

. Max Total Query E .
Descrintion " Ident ~ Accession
score score cover walue
Bndrooraghis panicusta 3-hydroc-3methvidulard-coenzyme A reductase (hmor! ) gene, complete cis 1670 1670 89% 00 9% Av428R581
Endronanis panicusta 3-hiroy-3-metviduard-coenzyme A reductase (HWGR1 ) nRNA completecds 1670 1670 99% 00 93% AF3Rse7s:

Figure 4. BLAST analysis of pGEM-T Easy HMGR1

3.2. Transformation of A. tumefaciens with pB1121-
HMGR1 Plasmid

The successful transformation of A. tumefaciens with
recombinant plasmid pB121-HMGR1 was demonstrated
by the ability of A. tumefaciens colonies to grow on the
selection medium, i.e. medium with the addition of 50
mg/l kanamycin (Figure 5A). The non-transformed A.
tumefaciens, in contrast, was unable to grow on that
medium. This was caused by the kanamycin antibiotic’s
method of action, which prevents translation by disrupting
ribosome functionality (Allison, 2007).

Moreover, a single band between 1,500 bp and 2,000
bp in length was detected via PCR amplification of A.
tumefaciens cultured on a YEP medium containing
kanamycin using a pair of specialized HMGR1 primers
(Figure 5B). This result aligned with the HMGR1 DNA
fragment length of around 1,822 bp. This result
demonstrated that the A. tumefaciens colony was
successfully transformed and thus contained the pBI121-
HMGR1 construct.

2000 bp

(L 1500 bp

Figure 5. (A) Colonies of A. tumefaciens harboring recombinant
plasmid pB121-HMGR1 on YEP solid medium consisting of 50
mg/l kanamycin and 50 mg/I rifampicin. (B) Electropherogram of
A. tumefaciens colony PCR product using a pair of HMGR1
primers (T. Ag: the colony of A. tumefaciens, C+: recombinant
pBI121-HMGRYL, L: Ladder 1 Kb, C-: negative control).

3.3. Transformation and Plant Regeneration

After transformation, some of the transformed
cotyledonary tissues survived on the selection medium ,
MS medium consisting of 2 mg/l BAP, 1 mg/l IAA, and 20
mg/l kanamycin, (Figure 6A). However, the untransformed
tissues did not grow on that medium and eventually died
(Figure 6B). In the MS medium comprising 2 mg/l BAP
and 1 mg/l IAA without kanamycin (control medium), the
cotyledonary tissues grew well (Figure 6C). On days 28—
30 following initiation, multiple new shoots (1-3
transgenic shoots for each explant) appeared directly from
the transformed tissue when they were cultivated in the
shoot regeneration medium, i.e. MS medium consisting of
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2 mg/l BAP and 1 mg/l IAA, with the addition of 20 mg/I
kanamycin (Figure 6D). Multiple shoots (7-9 shoots for
each explant) only appeared from the non-transformed
cotyledonary tissues when these tissues were cultivated in
a medium with no kanamycin added (Figure 6E). In this
medium, the non-transformed cotyledonary tissues
produced multiple shoots more rapidly, i.e. 14-16 days
after initiation. Thus, among the cotyledon explants, an
average of 1.3 shoots per explant regenerated from the
transformed tissue on the media with the addition of
kanamycin. Meanwhile, an average of 8.0 shoots per
explant regenerated from the non-transformed tissue on the
control medium. The number of regenerated shoots from
normal tissue was significantly higher (P<0.05) compared
to the transformed tissue.

Roots were successfully formed in the transformed
shoots (Figure 6F) on MS medium supplemented with 1
mg/l IBA and 20 mg/l kanamycin. Root formation also
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occurred in the non-transformed shoots on the same
medium with no addition of kanamycin (Figure 6G). In
this report, plant regeneration from transformed tissues
was induced by direct organogenesis through direct shoot
formation from the cotyledon explants followed by root
formation to produce transgenic plantlets. Three of the
transgenic plantlets were then transferred to a mixture of
husk and soil (1:1) for acclimatization and maintained for
further growth. The plantlets grew well in the plastic pots,
and thus the three transgenic plantlets (TAl, TA2, and
TA3) were further analyzed by PCR. Within 12 weeks of
observation, the normal plants had grown higher than the
transgenic plants. The non-transgenic (normal) plants
reached 25 cm in height whereas the transgenic plants
reached only 18 cm in height. However, no morphological
differences were found between the transgenic and non-
transgenic plants (Figure 6H).

& :
§gw

Figure 6. In vitro regeneration and acclimatization of plantlets from transformed cotyledon tissues of A. paniculata mediated by A.
tumefaciens harboring recombinant plasmid pB1121-HMGR1. (A) Transformed cotyledonary tissues and (B) Non-transformed cotyledonary
tissues on medium with the addition of kanamycin, (C) Cotyledonary tissues on medium without kanamycin, (D) Shoot regeneration of
transformed tissue on medium with the addition of kanamycin, (E) Shoot regeneration of non-transformed tissue on medium without
kanamycin, (F) Root induction of transformed shoot, (G) Root induction of non-transformed shoot, (H) The acclimatization of transformed
(left) and non-transformed (right) plantlets on soil media in plastic pots (bar = 1cm).

3.4. PCR Detection of Transgenic Plant

The results of the PCR analysis of genomic DNA using
specific primers of pBI121 forward and HMGR1 reverse in
three transformed plantlets marked TA1, TA2, and TA3
from generation 0 (TO) A. paniculata revealed the presence
of the HMGRL1 gene, as indicated by the production of a
DNA fragment of around 2,262 bp in length (Figure 7A).
This corresponded to the length of the HMGR1 gene in the
pBI12-HMGR1 plasmid (positive control PCR), at 2,262
bp, whereas the negative control contained no HMGR1
band. The use of pBI121 forward and HMGR1 reverse was
intended to avoid false positives because the HMGR1 gene
was isolated from A. paniculata tissue; therefore, if the

integration assays of the HMGR1 gene used the specific
HMGR1 gene, then the non-transformant plants would also
produce DNA bands of the HMGR1 gene. In brief, these
results demonstrated the successful transformation of A.
paniculata with pBI12-HMGR1 by agroinfiltration. As
such, the integration of pBI121-HMGR1 into the genome
of regenerated transgenic plants (TO) was confirmed.
However, to prove the stability of a genetic transformation,
it is necessary to confirm the presence of inserts in the
first, second, and up to third offspring (Chaudhury et al.,
2019). Due to resource constraints, we were unable in this
present study to verify the stable integration of pBI1121-
HMGRL1 on subsequent offspring, either T1, T2, or T3.
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Figure 7. (A) PCR product detection of HMGR1 gene from
transgenic A. paniculata.;1Kb: ladder, non-transformant (NT),
Positive control (control (+)): specific primers of pBI121 forward
and HMGR1 reverse, transformant repetition 1 (TA1l),
transformant repetition 2 (TA2), transformant repetition 3 (TA3);
(B) Relative transcription level of HMGR1 gene in control (non-
transgenic) and transgenic plant; each transcript level was
normalized with respect to the transcript level of the actin gene.
Error bars represent the + SD (standard deviation) of three
biological replicates.

3.5. Expression of HMGR1 Gene

The results showed that the relative transcript level of
the HMGR1 gene in the transgenic plant was significantly
higher compared to the non-transgenic plant, specifically
52.5-fold higher (Figure 7B). This indicated that the
expression of the HMGR1 gene under the CaMV 35S
promoter was up-regulated. Up-regulation of the HMGR1
gene was expected to enhance the activity of the HMGR
enzyme.

3.6. Up-regulation of HMGR1 Gene Increased the
Andrographolide Content

Separate  ANOVA tests in this study revealed
significantly higher andrographolide levels in transgenic
leaf tissue compared to normal leaf tissue, specifically 34.1
mg/g and 11.0 mg/g, respectively. Similarly, the average
andrographolide levels in the transformed stems were
significantly greater (P<0.05) than in normal stems,
measuring 6.2 mg/g compared to 2.1 mg/g. Consequently,
the transformed plants had a markedly elevated total
andrographolide content (P<0.05) compared to the normal
plants, namely 45.3 mg/g versus 17.6 mg/g. Notably, the
andrographolide level in the transformed roots (5.0 mg/g)
showed no significant difference from that in the normal
roots (4.5 mg/g).

However, a post-hoc Tukey test applied across all
tissues indicated no significant differences in the
andrographolide levels between the transformed stem
tissues, transformed roots, normal leaves, normal stems,
and normal roots. Only the transformed leaves showed a
noteworthy difference when compared to the transformed
stems, transformed roots, normal leaves, normal stems,
and normal roots (Table 2).

Table 2. Concentration of andrographolide in leaf, stem, root, and
whole plant of the control and transgenic A. paniculata

Average andrographolide

Sample concentration* + SD (mg/g) Increment
control plant transgenic plant (fold)

leaf 11.0°+4.1 3417455 3.1

stem 2.1%40.3 6.2°+2.5 29

root 4.5°+0.3 5.0°+3.3 11

;(’;r‘;’t')(wm'e 17,67 +1.6 453138 256

*The concentration of andrographolide in leaf, stem, and root was
obtained from control plants and transgenic plants. The data
represent an average of three biological replications + SD
(standard deviation). The different superscript letters against the
andrographolide concentration numbers for the control and
transgenic tissues indicate a significant difference (P < 0.05).

4. Discussion

4.1. Construction of pBI121-HMGR1 Plasmid Vector

The pBI121 backbone and HMGR1 insert were
successfully ligated using T4 DNA ligase, producing a
recombinant plasmid named pBI121-HMGR1 with a
length of 15,004 bp. By using HMGR1 forward and
reverse primers, the recombinant plasmid was sequenced
and analyzed using the BLAST program at NCBI followed
by alignment using BioEdit Sequence Alignment Editor
version 7.2.5. This demonstrated a high homology between
the pBI121-HMGR1 sequence and HMGR1 A. paniculata
from the NCBI database, which indicated 99% identity and
an expectation (E) value of 0.0. The E value was equal to
zero in the BLAST results, indicating a high level of
confidence in the analysis results and the presence of a
homological relationship between the query sequences and
NCBI database sequences (Xiong, 2006). Another study
showed that the HMGR gene was successfully constructed
into the pBS plasmid, resulting in a pBS-HMGR
recombinant that was used as a plant expression vector in
Ligularia fischeri (Du, et al., 2020).

4.2. Transformation and Plant Regeneration

The transformed cotyledonary tissues of A. paniculata
survived on the selection medium, i.e. medium containing
the antibiotic kanamycin (20 mg/l), whereas non-
transformed tissues on the same medium did not develop
and eventually died. These results indicate that the
surviving tissues were successfully transformed by DNA
containing the kanamycin resistance gene that was present
in the pBI121-HMGR1 construct, while the non-
transformed tissue was sensitive to kanamycin as these
normal tissues did not possess the resistance gene. The
integration of the kanamycin resistance gene into the A.
paniculata genome meant that other genes located in the
T-DNA region of the pB1121-HMGR1 construct, including
the HMGR1 gene and the CaMV35S promoter, also
integrated into the A. paniculata genome. These results
confirmed that the HMGR1 gene had been inserted into A.
paniculata tissue. This result is similar to that previously
reported in the transformation of Trachyspermum ammi
mediated by A. tumefaciens. The researchers in that study
used kanamycin as the antibiotic for tissue selection and
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PCR analysis to test for the gene of interest (Nomani and
Tohidfar, 2021).

Multiple shoots from the transformed tissue appeared
on days 28-30 after initiation in the shoot regeneration
medium (MS medium consisting of 2 mg/l BAP and 1mg/I
IAA) with the addition of 20 mg/l kanamycin (Figure 6D),
while the non-transformed tissue generated multiple shoots
faster in a shoot regeneration medium with no added
kanamycin, i.e., within 14-16 days after initiation (Figure
6E). It seemed that the addition of kanamycin in the
selection medium may have resulted in stress to the
transformed tissues, extending the shoot formation time
compared to that of the non-transformed tissue. These
findings are similar to those reported by Vidal et al.
(2010).

The average number of regenerated shoots from
transformed tissue in the medium with kanamycin added
was significantly lower (P<0.05) than the number
regenerated from non-transformed tissue in the medium
with no added kanamycin, i.e. 1.3 compared to 8.0. These
results demonstrate that the addition of kanamycin to the
medium reduced the number of shoot regenerations.
Similar results were reported in the regeneration of
transgenic Citrus aurantifolia on a medium containing
kanamycin as a selective agent, resulting in a low
regeneration rate, i.e., 1.3 shoots per explant (Molphe-
Balch and Alejo, 1998). Similarly, the number of
regenerated shoots from transformed tissue of Vitis
vinifera cv. Thompson in a medium with the addition of
kanamycin was much lower than the number of
regenerated shoots from non-transformed tissue in a
medium with no added kanamycin, i.e. 4.7 compared to 28
(Sabbadini, et al., 2019). These findings demonstrate that
sensitivity to the presence of antibiotic-selective agents in
a medium strongly influences the number of shoot
regenerations. In this context, antibiotics used as selecting
agents can lead to necrosis and tissue browning due to the
production of reactive oxygen species, which can impact
regeneration capacity (Zhou, et al., 2014).

In this study, the regeneration of transformed plant
tissues was enabled by direct organogenesis through direct
shoot formation from the cotyledon explants followed by
root formation to produce transgenic plantlets. Root
formation in the transformed and non-transformed shoots
(Figure 6F and 6G) was successfully achieved on MS
medium with the addition of IBA (1.0 mg/l). These results
were in line with Tangapo et al. (2012) and Barpete et al.
(2014) for the promotion of adventitious roots in
transgenic shoots whereby an auxin such as IBA was
required. Similarly, rooting in Artemisia sp. microshoots
was successfully achieved in MS medium with the
addition of 0.5 mg/l IBA (Shibli, et al., 2018). The
application of IBA growth hormone effectively induced
root formation, since IBA has been widely used in various
plants to promote root formation.

4.3. Expression of HMGR1 Gene

The relative expression of the HMGR1 gene under the
CaMV 35S promoter in transgenic A. paniculata was 52.5-
fold higher compared to in the non-transgenic plant. This
is similar to previously reported results that specific
promoters can induce structural gene expression (Fu et al.,
2018). In addition, the promoter CaMV 35S is a strong

constitutive promoter used in transgenic expression in
plants (Somssich, 2019).

Up-regulating the HMGR1 gene was expected to
enhance the activity of the HMGR enzyme. As reported,
the HMGR activity showed a positive correlation with
andrographolide biosynthesis in A. paniculata (Jha et al.,
2011); as such, the increase in HMGR enzyme activity
would enhance andrographolide content. Moreover, Jha et
al. (2011) reported that the application of GA3 and
Jasmonic acid enhanced andrographolide by 0.31 fold and
0.56 fold, respectively.

4.4. Up-regulation of HMGR1 Gene Increased the
Andrographolide Content

Using a separate ANOVA test, significant differences
were observed between the transformed leaf and normal
leaf tissues, the transformed stem and normal stem tissues,
and the transformed plant and normal plant tissues.
Meanwhile, the ANOVA test revealed no significant
difference between the transformed and the normal root
tissue. However, when advanced tests were conducted to
examine differences between groups of samples
simultaneously, namely through Tukey’s post-hoc test,
different results emerged. These revealed no significant
differences between the levels of andrographolide in the
transformed stem tissues, transformed roots, normal
leaves, normal stems, and normal roots. Only the
transformed leaves exhibited a notable difference when
compared to the transformed stems, transformed roots,
normal leaves, normal stems, and normal roots.

It was obvious that the results of this ANOVA test
revealed only the presence of differences in the levels of
andrographolide in the samples in the normal leaf, normal
stem, normal root, transformed leaf, transformed stem, and
transformed root tissue, while Tukey’s post-hoc test
identified the actual groups that differed significantly. This
study revealed that the levels of andrographolide in
transgenic leaf tissue differed significantly from those in
normal leaves, normal stems, normal roots, transformed
stems, and transformed roots.

Furthermore, the study  demonstrated that
andrographolide levels in the transgenic leaves, stems, and
roots increased by 3.1, 2.9, and 1.1 times, respectively.
Consequently, the average total andrographolide content in
the entire transgenic plant was 2.6 times higher than in the
normal plant (Table 2). The increased andrographolide
levels were primarily driven by a significant increase in
the level within the leaf tissue as opposed to in the stem
and root tissues. This finding aligns with Royani et al.
(2014), whose study reported higher andrographolide
content in the leaves of A. paniculata compared to the
stem or root.

The increase in andrographolide levels in the transgenic
plant was most likely related to overexpression of the
HMGR1 gene, which has been reported to be 52.5 times
higher than in the controls. This aligned with a previous
finding that andrographolide biosynthesis was enhanced by
0.31- to 0.6-fold as the expression level of HMGR genes
increased (Jha et al., 2011). Another study reported that
the production of B-sesquiphellandrene increased by 1.25-
1.60 fold when the endogenous HMGR gene in the
eukaryotic mevalonate pathway was overexpressed (Song
etal., 2012).
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Nevertheless, in this study, it appears that the increase
in andrographolide concentration was not as high as the
increase in HMGR1 gene expression. This probably
reflected how the working position of HMGR was at an
early stage in the andrographolide biosynthesis pathway
via the mevalonate pathway, while andrographolide
synthesis occurs further downstream of the pathway, with
several steps still required before reaching the
andrographolide  synthesis stage (Figure 8). In
andrographolide biosynthesis via the mevalonate cascade,
several intermediate compounds are involved, including
mevalonate, FPP (farnesyl diphosphate), and GGPP
(Geranyl-geranyl diphosphate), as described by Jha et al.
(2011). These intermediate compounds are used as the
precursors of many compounds; for example, FPP is used
as a precursor for the synthesis of sesquiterpenes and
triterpenes, GGPP is used not only for the synthesis of
andrographolide (diterpene lactone) but also for the
biosynthesis of other diterpenes such as ent-kaurene and
Gibberellins and for the synthesis of polyterpenes (Taiz
and Zeiger, 2002). Consequently, the substrate for the
synthesis of andrographolide was reduced. This potentially
explains why the increase in andrographolide content was
not as high as the increase in HMGR1 gene expression in

A. paniculata.
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Figure 8. Biosynthetic pathway of andrographolide (Jha et al.,
2011)

5. Conclusions

Andrographis paniculata tissue was successfully
transformed by recombinant plasmid pBI121-HMGR1
using the Agrobacterium tumefaciens GV3101-mediated
transformation procedure. The overexpression of HMGR1
under the CaMV 35S promoter in the whole plant
enhanced the andrographolide content by up to 2.6 times
compared to the control plant. This demonstrates that the
amount of andrographolide was associated with the
expression level of the HMGR1 gene in the
andrographolide biosynthetic pathway. This study is the
first to report that overexpression of the HMGR1 gene
under the CaMV 35S promoter in the A. paniculata
medicinal plant can enhance the principal active
constituent andrographolide. This finding is, therefore,
beneficial for biotechnological research in medicinal
plants.

Acknowledgement

This research was funded by the Research, Community
Services, and Innovation Program of Institut Teknologi
Bandung, grant number 2019/11.C02.2/KU/2019.

References

Akbar S. 2011. Andrographis paniculata: A review of
pharmacological activities and clinical effects. Altern Med Rev.,
6(1):66-77.
https://www.researchgate.net/publication/50865161_Andrographi
s_paniculata_A_Review_of_Pharmacological_Activities_and_Cli
nical_Effects

Allison LA. 2007. Fundamental Molecular Biology 1% edition.
Blackwell Publishing, Oxford.
https://molbiomadeeasy.files.wordpress.com/2013/09/fundamental
_molecular_biology.pdf

Alvarez MA, Marconi PL. 2011. Genetic transformation for
metabolic engineering of tropane Alkaloids in Genetic
Transformation E-book. https://doi.org/10.5772/34216

Amack SC, Antunes MS. 2020. CaMV35S promoter-A plant
biology and biotechnology workhorse in the era of synthetic
biology. Curr. Plant Biol., 24: 100179.
https://doi.org/10.1016/j.cpb.2020.100179

Amara AA. 2018. Fast plasmid slot lysis and gram-negative
bacteria ghost preparation protocol. Austin J. proteom bioinfo &
genom., 5(1):1025.
https://www.researchgate.net/publication/328841226

Barpete S, Khawar KM, Ozcan S. 2014. Differential competence
for in vitro adventitious rooting of grass pea (Lathyrus sativus L.).
PCTOC., 119(1):39-50. https://doi.org/10.1007/s11240-014-
0512-6

Benoy GK, Animesh DK, Aninda M, Priyanka DK, Sandip H.
2012. An overview on Andrographis paniculata (Burm.F.) Nees.
Int J Res in Ayurveda and Pharm., 3(6):752-760.
https://doi.org/10.7897/2277-4343.03610

Calabrese C, Berman SH, Babish JG. 2000. A phase | trial of
andrographolide in HIV positive patients and normal volunteers.
Phytotherapy Res., 14(5):333-338. https://doi.org/10.1002/1099-
1573(200008)14:5<333::aid-ptr584>3.0.co;2-d.

Chandrasekaran C, Murali B, Deepak M, Agarwal A. 2012. In
vitro comparative evaluation of non-leaves and leaves extracts of
Andrographis paniculata on modulation of inflammatory
mediators. Anti-Inflam & Anti-Allerg Agents in med Chem.,
11(2):191-197.

https://doi.org/10.2174/187152312803305731.

Chang AY, Chau VWY, Landas JA, Pang Y. 2017. Preparation of
calcium competent  Escherichia coli and heat-shock
transformation. JEMI-methods., 1: 22-25.
https://ujemi.microbiology.ubc.ca/sites/default/files/Chang%20et
%20al%20JEM I-methods%20V0l%201%20pg%2022-25.pdf

Chao WW, Lin BF. 2010. Isolation and identification of bioactive
compounds in Andrographis paniculata (Chuanxinlian). Chin
Med., 5(17): 1-15. https://doi.org/10.1186/1749-8546-5-17

Chaudhury A, Dalal AD, Sheoran NT. 2019. Isolation, cloning
and expression of CCAL gene in transgenic progeny plants of
Japonica rice exhibiting altered morphological traits. PLOS ONE.,
14(8). https://doi.org/10.1371/journal.pone.0220140.

Churiyahi, Pongtulurani OB, Rofaani E, Tawardi. 2015. Antiviral
and Immunostimulant Activities of Andrographis
paniculata. HAYATI J Biosci., 22(2): 67-72.
https://doi.org/10.4308/hjb.22.2.67



© 2024 Jordan Journal of Biological Sciences. All rights reserved - Volume 17, Number 2 245

Dong N, Ponciano G, McMahan CM, Coffelt TA, Johnson L,
Creelman R, Whalen MC, Cornish K. 2013. Overexpression of 3-
hydroxy-3-methylglutaryl coenzyme A reductase in Parthenium
argentatum. Ind Crops Prod., 46:15-24.
https://doi.org/10.1016/j.indcrop.2012.12.044

Du J, Wenzhong Hu W, Yang D, Meng F, , Li Y, 2020. Cloning
and functional analysis of HMGR gene in Ligularia fischeri. 10P
Conf. Ser.: Earth Environ. Sci., 615:012112.
https://doi.org/10.1088/1755-1315/615/1/012112

Enmozhi SK, Raja K, Sebastine |1, Joseph J. 2020.
Andrographolide as a potential inhibitor of SARS-CoV-2 main
protease: An in silico approach. J Biomol Struct Dyn.,
39(9):3092-3098.
https://doi.org/10.1080/07391102.2020.1760136.

Fu R, Martin C, Zhang Y. 2018. Next-Generation Plant Metabolic
Engineering Inspired by an Ancient Chinese lIrrigation System.
Mol. Plant 11(1): 47-57.
https://doi.org/10.1016/j.molp.2017.09.002

Han JY, Kim MJ, Ban YW, Hwang HS, Choi YE. 2013. The
involvement of b-Amyrin 28-oxidase (CYP716A52v2) in
oleanane-type ginsenoside biosynthesis in Panax ginseng. Plant
Cell Physiol., 54(12): 2034-2046.
https://doi.org/10.1093/pcp/pctl4l

Han L, Li J, Guo J, Ma Y, Guo X. 2017. Expression vector
construction and genetic transformation of Paeonia lactiflora
gibberellin 20-oxidase gene. Am. J. Plant Sci., 8(7): 1525-1533.
https://doi.org/10.4236/ajps.2017.87105

Harjotaruno S, Widyawaruyantil A, Zaini NC. 2008. Apoptosis
inducing effect of andrographolide on TD-47 human breast cancer
cell line. AJTCAM., 4(3):345-351.
https://doi.org/10.4314/ajtcam.v4i3.31228

Jarukamjorn K, Nemoto N. 2008. Pharmacological aspects of
Andrographis paniculata on health and its major diterpenoid
constituent andrographolide. J. Health Sci., 54(4):370-381.
https://doi.org/10.1248/jhs.54.370

Jha Z, Sharam SH, Sharma DK. 2011. Differential expression of
3-hydroxy-3-methylglutaryl-coenzyme A reductase of
Andrographis paniculata in andrographolide accumulation. J.
Chem. Pharm. Res., 3(3):499-504.
https://www.jocpr.com/articles/differential-expression-of-
3hydroxy3methylglutarylcoenzyme-a-reductase-of-andrographis-
paniculata-in-andrographolide-acc.pdf

Kabir MH, Hasan N, Rahman MM. 2014. A survey of medicinal
plants used by the Deb barma clan of the Tripura tribe of
Moulvibazar district, Bangladesh. J. Ethnobiol. Ethnomed.,
10(19):1-28.

https://doi.org/10.1186/1746-4269-10-19.

Kim YJ, Lee OR, Oh JY, Jang MG, Yang DC. 2014. Functional
analysis of 3-hydroxy-3-methylglutaryl coenzyme-a reductase
encoding genes in triterpene saponin producing ginseng. Plant
Physiol., 165(1):373-387. https://doi.org/10.1104/pp.113.222596

Koerniati S, Widhianata H. 2012. Construction and transformation
of HVAL gene expression vector into Indoensian elite rice
varietis. J. AgroBiogen., 8(2):54-6.
https://doi.org/10.21082/jbio.v8n2.2012.p54-61

Konagaya KIl, Nanasato Y, Taniguchi T. 2020. A protocol for
Agrobacterium-mediated transformation of Japanese cedar, Sugi
(Cryptomeria japonica D. Don) using embryogenic tissue
explants. Plant Biotech., 37(2):147-156.
https://doi.org/10.5511/plantbiotechnology.20.0131a

Kumar RA, Sridevi K, Vijaya KN, Nanduri S, Rajagopal S. 2004.
Anticancer and  immunostimulatory ~ compounds  from
Andrographis paniculata. J. Ethnopharmacol., 92(2-3):291-295.
https://doi.org/ 10.1016/j.jep.2004.03.004.

Laksmiani NPL, Larasanty LPF, Santika AAGJ, Prayoga PAA,
Dewi AAIK, Dewi NPAK. 2020. Active Compounds Activity
from the Medicinal Plants Against SARS-CoV-2 using in Silico
Assay. Biomed. Pharmacol. J, 13(2):73-881.
https://dx.doi.org/10.13005/bpj/1953

Lakshmi SA, Shafreen RMB, Priya A, Shunmugiah KP. 2021.
Ethnomedicines of Indian origin for combating COVID-19
infection by hampering the viral replication: using structure-based
drug discovery approach. J. Biomol. Struct. Dyn., 39(13):4594-
4609.

https://doi.org/ 10.1080/07391102.2020.1778537.

Levita J, Nawawi A, Mutholib A, Ibrahim S. 2010.
Andrographolide: a review of its anti-inflammatory activity via
inhibition of NF-kappap activation from computational chemistry
aspects. Int J. Pharmacol., 6(5):569-76.
https://doi.org/10.3923/ijp.2010.569.576

Livak KJ, Schmittgen TD. 2001. Analysis of relative gene
expression data using real time quantitative PCR and the 2-AACT
method. Methods., 5(4):402-408.
https://doi.org/10.1006/meth.2001.1262

Lu X, Tang K, Li P. 2016. Plant metabolic engineering strategies
for the production of pharmaceutical terpenoids. Front. Plant Sci.,
7:1647. https://doi.org/10.3389/fpls.2016.01647

Majee C, Gupta BK, Mazumder R, Chakraborthy GS. 2011.
HPLC method Development and Characterization of Bio-Active
Molecule Isolated from Andrographis paniculata. Int. J.
Pharmtech Res., 3(3): 1586-1592.

Marwani E, Tangapo A, Dwivany FM. 2013. Agrobacterium-
mediated stable transformation of medicinal plant Andrographis
paniculata callus expressing R-glucuronidase (GUS) gene. UB.,
18 (2): 92-100. https://doi.org/10.22146/ijbiotech.7873.

Menra JP. 2013. Isolation and construction of 3-hydroxy-3-
methylglutaryl-coenzyme A reductase 1 gene (HMGR1) from
Andrographis paniculata (Burm.f.) Wallich. ex Nees
[Unpublished master’s thesis]. Institut Teknologi Bandung.

Mohammed S, Samad AA, Rahmat Z. 2019. Isolation, Cloning,
and Sequence Analysis of the Full-Length RFT1 Gene from
Malaysian Upland Rice (Oryza sativa, subsp. Indica, Cultivar
Wai). JJBS., 12(3): 259-265.
https://jjbs.hu.edu.joffiles/vol12/n3/Paper%20number%202.pdf

Molphe-Balch EP, Ochoa-Alejo N. 1988. Regeneration of
transgenic plants of Mexican lime from Agrobacterium
rhizogenes-transformed tissues. Plant Cell Rep., 17: 591-596.
doi: 10.1007/s002990050448

Nomani M, Tohidfar M. 2021. Plant regeneration and
transformation of Trachyspermum ammi using Agrobacterium
tumefaciens and zygotic embryos. JGEB., 19(1): 1-10.
https://doi.org/10.1186/s43141-021-00173-8

Putter KM, Deenan NV, Unland K, Prufer D, Gronover CS. 2017.
Isoprenoid biosynthesis in dandelion latex is enhanced by the
overexpression of three key enzymes involved in the mevalonate
pathway. BMC Plant Biol., 17(88):1-13.
https://doi.org/10.1186/s12870-017-1036-0

Rao KY, Vimalamma G, Rao CV, Tzeng YM. 2004. Flavonoids
and andrographolides from Andrographis paniculata. Phytochem.,
65(16):2317-2321.
https://doi.org/10.1016/j.phytochem.2004.05.008

Royani JI, Hardianto D, Wahyuni S. 2014. Analisis kandungan
andrographolide pada tanaman sambiloto  (Andrographis
paniculata) dari 12 lokasi di Pulau Jawa. JBBI., 1(1):15-20.

https://doi.org/10.29122/jbbi.v1i1.547

Sabbadini S, Capriotti L, Molesini B, Pandolfini T, Navacchi O,
Limera C, Ricci A, Mezzetti B. 2019. Comparison of
regeneration  capacity and  Agrobacterium-mediated cell


https://doi.org/10.1104/pp.113.222596

246 © 2024 Jordan Journal of Biological Sciences. All rights reserved - Volume 17, Number 2

transformation efficiency of different cultivars and rootstocks of
Vitis spp. via organogenesis. Sci Rep., 9: 582.

doi: 10.1038/s41598-018-37335-7

Sharma SN, Jha Z, Sinha RK. 2013. Establishment of in vitro
adventitious root cultures and analysis of andrographolide in
Andrographis paniculata, Nat Prod Cummon., 8(8):1045-7. :
https://www.researchgate.net/publication/256196934

Shibli RA, Sharaf SA, Kasrawi MA, Al-Qudah T. 2018. In Vitro
Multiplication of the White Wormwood, Artemisia. JIBS., 11(3):
265-271.
https://jjbs.hu.edu.joffiles/v11n3/Paper%20Number%205.pdf

Shi TH, Huang YL, Chen CC, Pi WC, Hsu YL, Lo LC, Chen WY,
Fu SL, Lin CH. 2020. Andrographolide and its fluorescent
derivative inhibit the main proteases 2019-nCoV and SARS-CoV
through covalent linkage. BBRC., 533(3):467-473.
https://doi.org/10.1016/j.bbrc.2020.08.086

Shim JS, Lee OR, Kim YJ, Lee JH, Kim JH, Jung DY. 2010.
Overexpression of PgSQS1 increases ginsenoside production and
negatively affects ginseng growth rate in Panax ginseng. JGR.,
34(2):98-103. https://doi.org/10.5142/jgr.2010.34.2.098

Somssich, M. 2019. A short history of the CaMV 35S promoter.
Peer] Prepr., 7 €27096v3.
https://doi.org/10.7287/peerj.preprints.27096v3

Song AAL, Abdullah JO, Abdullah MP, Shafee N, Othman R,
Tan EF, Noor NM, Raha AR. 2012. Overexpressing 3-Hydroxy-3-
Methylglutaryl coenzyme A reductase (HMGR) in the
Lactococcal mevalonate pathway for heterologous plant
sesquiterpene  production. PLos  One., 7:  e52444.
https://doi.org/10.1371/journal.pone.0052444

Suebsana S, Pongnaratorn P, Sattayasai J, Arkaravichien T,
Tiamkao S, Aromdee C.2009. Analgesic, antipyretic, anti-
inflammatory, and toxic effect of andrographolide derivates in
experimental animal. Arch Pharm Res., 32(9):1191-1200.
https://doi.org/10.1007/s12272-009-1902-X.

Sukumaran S. 2011. Concentration determination of nucleic acids
and proteins using the micro-volume bio-spec nano
spectrophotometer. JOVE., 48: 1-5. https://doi.org/10.3791/2699.

Tangapo AM, Marwani E, Dwivany FM. 2012. Transformasi dan
ekspresi transien gen pelapor gus pada Andrographis paniculata
(Burm.F.) Wallich Ex Ness or transformation and expression of
reporter gene Gus on Andrographis paniculata (Burm.F.) Wallich
Ex Ness. JBL., 2(1): 1-10.
https://doi.org/10.35799/jbl.2.1.2012.375

Taiz L and Zeiger E. 2002. Plant Physiology, 5th Edition.
Sinauer Associates Inc., Sunderland.
https://www.academia.edu/27225799/Plant_Physiology_Taiz_and
_Zeiger_

Vidal N, Mallon R, Valladares S, Meijomin AM. 2010.
Regeneration of transgenic plants by Agrobacterium-mediated
transformation of somatic embryos of juvenile and mature
Quercus  robur  Abbreviations AS  Acetosyringone BA
Benzyladenine Kan Kanamycin MS Murashige and Skoog NAA
a-Naphthaleneacetic acid X-Gluc 5-Bromo-4-chloro-3-indolyl-b-
D-glucuronide.  Plant  Cell Rep., 29(12): 1411-1422.
https://doi.org/10.1007/s00299-010-0931-8

Wiart C, Kumar K, Yusop MY, Hamimah H, Fauzi ZM, Sulaiman
M. 2005. Antiviral properties of Ent-labdene  diterpenes  of
Andrographis paniculata Nees, inhibitors of herpes simplex virus
type 1. Phytother Res., 19(12):1069-1070.
https://doi.org/10.1002/ptr.1765

Xiong J. 2006. Essential Bioinformatics. Cambridge:
Cambridge University Press.
https://books.google.co.id/books?id=92K1QgAACAAI&hI=id

Zhou Q, Dai L, Cheng S, He J. 2014. A circulatory system useful
both for long-term somatic embryogenesis  and
genetic transformation in Vitis vinifera L. cv. Thompson Seedless.
PCTOC., 118(1):157-168. doi: 10.1007/s11240-014-0471-y.



Volume 17, Number 2,June 2024
ISSN 1995-6673

Pages 247 — 257
https://doi.org/10.54319/jjbs/170204

JJIBS

Jordan Journal of Biological Sciences

The Role of Artocarpin In Inhibiting Wnt/B-Catenin Signalling
Pathway Through Its Binding to Tcf-4/B-Catenin Complex in
H460-Derived Lung Cancer Stem Cells.

Nik Nurul Najihah Nik Mat Daud*, Noor Azlina Abu Bakar®", Abdi Wira Septama’,
Badrul Hisham Yahaya®, Norashikin Zakaria®, Noor Zafirah Ismail°, and Hasni Arsad®

! Department of Biomedical Science,Faculty of Applied Science, Lincoln University College Main Campus,No.2, Jalan Stadium, $57/15,
Kelana Jaya, 47301, Petaling Jaya, Selangor; 2 Faculty of Medicine, Universiti Sultan Zainal Abidin, Jalan Sultan Mahmud 20400, Kuala
Terengganu, Terengganu,Malaysia; ® Research Center for Pharmaceutical Ingredients and Traditional Medicine, National Research and

Innovation Agency (BRIN), Cibinong Science Center (CSC), Bogor, West Java 16911, Indonesia; * Regenerative Medicine Cluster,
Advanced Medical and Dental Institute (AMDI), Universiti Sains Malaysia, Bertam, 13200 Kepala Batas, Pulau Pinang, Malaysia; ®
Laboratory of Biocrystallography and Structural Bioinformatics, Advanced Medical and Dental Institute (AMDI), Universiti Sains
Malaysia, Bertam, 13200 Kepala Batas, Pulau Pinang, Malaysia

Received: May 30, 2023; Revised: August 29, 2023; Accepted: September 27, 2023

Abstract

The presence of cancer stem cells (CSCs) in lung cancer could contribute to cancer development and unsuccessful treatment.
B-Catenin protein has been found to play a crucial role in cell survival. As artocarpin has been postulated to exert important
antitumor properties, this research was conducted to elucidate the effect of artocarpin in the suppression of CSCs through
modulating the B-Catenin signalling pathway. Using isolated CSCs from lung adenocarcinoma cell lines (H460), the
potential of artocarpin in suppressing CSC was assessed using MTT assay. The stemness gene expression was analysed
using real-time quantitative polymerase chain reaction; meanwhile, the assessment of artocarpin binding affinity against the
B-Catenin active site was performed using docking analysis and validated with RT-gPCR. A 62.5% of lung CD166"CD44"
CSCs cells and 37.5% of lung CD166°CD44™ non-CSCs cells were identified in the H460 cell line. The results revealed that
artocarpin exerted the highest cytotoxic value against lung CD166°CD44" CSCs with an ICx, value of 5.07 pg/mL compared
to CD166'CD44™ non-CSCs and H460 cells which were 8.67 pg/mL and 9.07 pg/mL, respectively. Additionally, the
expression of stemness genes such as KLF4, SOX2, and NANOG was found to be significantly reduced (P< 0.05) in the
treated lung CSCs with fold change (FC) values of 0.025, 0.104, 0.074, respectively in 10 uM artocarpin. The molecular
docking analysis showed that artocarpin possessed the best-docked complexes with B-Catenin and WNT protein with high
binding energy values (-7.04 kcal/mol and -14.91 kcal/mol), respectively compared to other WNT/B-Catenin inhibitors
including isorhamnetin, fisetin, genistein, silibinin, catechin, luteolin, coumestrol and B-naphthoflavone. These findings
support the inhibitory activity of artocarpin on lung CSCs with low WNT and B-Catenin gene expression levels and FC
values (0.155, P<0.01 and 0.129, P<0.05) in 10 uM artocarpin compared to untreated cells, respectively. Therefore, based on
this study, it is suggested that artocarpin has the potential to be developed as a therapeutic agent to inhibit stem cell
regeneration in lung cancer via the WNT/B-Catenin signalling pathway through inhibition of TCF-4/B-Catenin complex
formation.

Keywords: artocarpin, cancer stem cells, differentiation assay, molecular docking and stemness gene.

recurrence varies depending on the type of cancer, the
stage at diagnosis, and the type of treatment received.
Nowadays, there are many major treatments for cancer

1. Introduction

Cancer recurrence or relapse is one of the major
concerns in cancer therapy. It is estimated that around one-
third of all cancer patients will experience a recurrence at
some point after their initial treatment. The risk of

“ Corresponding author. e-mail: noorazlina@unisza.edu.my.

management including surgery, cytotoxic chemotherapy,
targeted therapy, radiation therapy, endocrine therapy, and
immunotherapy. Despite the achievements made in
treating cancers during the past decades, resistance to

** Abbreviations : ADHL Alcohol Dehydrogenase-like; CD166 Cluster of differentiation 166; CD133 Cluster of differentiation 133;
CDA44 Cluster of differentiation 44; cDNA complementary DNA; CSCs Cancer Stem Cells; DACT3 Dishevelled Binding Antagonist of
B-Catenin 3; EpCAM Epithelial Cell Adhesion Molecule; FACS Fluorescence-activated Cell Sorting; 1C50 Half maximal inhibitory
concentration; KLF4 Kruppel-like factor 4; NANOG NANOG homeobox protein; OCT3/4 Octamer-binding transcription factor 3/4; RT-
gPCR reverse transcription-quantitative polymerase chain reaction; SOX2 SRY-box transcription factor 2; WNT Wingless-related

integration site family
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classical chemotherapeutic agents and novel targeted drugs
continues to be a challenge. With decades of research on
cancer recurrent, it was found due to the presence of a
small subsets of cells resides within the tumour, which can
self-renew and maintain the tumorigenic characteristics.
These cells are known as cancer stem cells (CSCs). CSCs
are cancer cells that can self-renew and give rise to
heterogeneous cancer cell lineages that comprise an entire
tumour (Khatami et al., 2020; Almajali et al., 2021).
According to Jahanafrooz et al. (2020), various studies
have consistently found that the signalling pathway of
CSCs is a critical factor and plays a crucial role in disease
progression. Although the presence of CSCs has been
studied in detail in many solid tumours (Huang et al.,
2020), insufficient attention has been paid to lung cancer
cells, especially H460 cell lines. In addition, it is still
unclear if CSCs are present in all or only specific cancer
cells. This is due to the resilience of CSC markers and the
underestimation of tumorigenic cell frequencies detected
by the current available techniques. Thus, the present study
sought to isolate CSCs from H460 cells and investigate the
effect of artocarpin in suppressing the proliferation of
CSCs in H460 cells as a model cell line for non-small cell
lung cancer cells (NSCLC), as well as to investigate the
mechanism of action that triggers the suppression through
the WNT/B-Catenin degradation pathway.

Several CSCs regulators have been determined, and the
findings provide understanding of how CSCs drive tumour
homeostasis. In many cancer types, aberrant gene
expression is highly related to tumour development,
progression, and treatment resistance (Huang et al., 2020).
The process that governs the pluripotency maintenance
and plasticity of CSCs involves the regulation of multiple
transcription factors such as octamer-binding transcription
factor 3/4 (OCT3/4), Sry-related HMG box 2 (SOX2),
Kruppel-like factor 4 (KLF4), NANOG, and c-MYC (Van
Schaijik et al., 2018). Although these transcription factors
play essential roles in controlling the activity of specific
genes in embryonic stem cells (ESCs), particularly those
associated with stem cell pluripotency, cell differentiation,
and cellular reprogramming, regulations of its expressions
lead to cancerous growth (Pouremamali et al. (2022).
While the precise source of CSCs remains a topic of
ongoing research, multiple studies have put forth several
hypotheses regarding their origin. These hypotheses
include the fusion of a normal stem cell with a transformed
cell, the horizontal transfer of an oncogene from an
apoptotic cell to a normal stem cell resulting in its
transformation into a CSC, and the potential for stem cells
residing in a tissue for repair purposes to transform into
CSCs in response to an inflammatory microenvironment,
triggered by the release of cytokines during infection and
inflammation (Nimmakayala et al., 2019).

In addition, other intracellular activities, such as the
WNT/B-Catenin signalling pathway, also regulate CSC
phenotypes (Yang et al., 2020). Fundamentally, this
cascade is responsible for embryonic development.
However, dysregulation of this signalling and its
interaction with other critical regulatory components, such
as the TCF4/B-Catenin complex, leads to self-renewal,
tumorigenesis or malignancies, and metastasis of CSCs
(Zhan et al., 2017). Marked overexpression of f3-Catenin
and TCF-4 protein was recorded in the CSCs population
compared to non-CSCs, while its inhibition was reported

to attenuate CSCs metastasis in various cancer types
(Makena et al., 2020). TCF-4 is an E-protein (E-box)
involved in various developmental aspects (Forrest et al.,
2014). For example, the TCF-4 protein plays a role in the
maturation of cells to carry out specific functions,
including regulating a variety of neural genes involved in
early development, differentiation, intrinsic excitability,
synapses, and survival (Chen et al., 2021). According to
Hwang et al. (2020), TCF-4’s involvement in cell survival,
and induction of anti-apoptosis mechanisms suggested that
TCF-4 may be a molecular target for CSC regeneration.

Among many potentially natural-derived anticancer
agents, artocarpin is on the list. This compound's
anticancer activity against lung cancer cells has been
studied extensively (Mat Daud et al., 2021); however, the
mechanism of how this compound inhibits tumour
progression and stemness characteristic of CSCs remains
unexplored. The advancement of molecular docking
technology can provide insight into the interaction of this
compound with the specifically targeted component (B-
Catenin and WNT protein) of the signalling pathway.
What are the possible consequences of the binding energy
between artocarpin with both proteins B-Catenin and WNT
obtained to the level of the oncogene expression? This
study sets out to address this research gap, contribute to
the knowledge of isolating CSCs from the parental H460
cell lines, and explain the possible regulatory mechanisms
exerted by this compound on isolated cells, thereby
elucidating its anticancer mechanisms.

2. Materials and methods

2.1. Cell lines

The human lung adenocarcinoma (H460) cell line was
purchased from the American Type Culture Collection
(ATCC, Manassas, VA, USA). The cells were routinely
cultured and incubated at 37°C with 5% CO,. The cells
were grown in 75 cm? tissue culture flasks and collected
with 0.25% trypsin-EDTA once they reached 80%
confluence.

2.2. Chemicals and reagents

All cancer cell lines were cultured in RPMI-1640
medium containing 10% foetal bovine serum (FBS) and
1% penicillin/streptomycin (Gibco, Life Technologies,
Foster City, CA, USA). The DMSO was purchased from
Sigma-Aldrich in Munich, Germany. The antibodies used
includes CD44-FITC (Clone: L178; Isotype: Mouse 1gG1,
k), CD166-PE (Clone: 3A4; Isotype: Mouse IgG1, k) (BD
Biosciences, San Jose, CA, USA), and EpCAM-FITC
(Clone: 158206; Isotype: Mouse 1gG2B; Isotype: Mouse
IgG1, k) (R&D System, Minneapolis, MN, USA).

2.3. Preparation of artocarpin compound

The pure compound of artocarpin was generously
provided by Septama and Panichayupakaranant who
isolated the sample as mentioned in Septama and
Panichayupakaranant, 2015. In this study, artocarpin
compound was prepared as a stock solution by dissolving
500 pg into 1 mL of absolute DMSO. Then, 1000 pL of
artocarpin compound was mixed with 1 uL of absolute
DMSO and 999 pL of culture media to produce 2000 pL
of test solution for each tube containing 0.1% DMSO.
Prior to cell treatment, five concentrations (31.25, 15.63,
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7.81, 3.91, 1.95 pg/mL) for each compound were prepared
for cytotoxicity test meanwhile two concentrations of
artocarpin (10uM and 100uM) were prepared for CSCs
characterization assays and gene expression. The prepared
concentrations were determined based on dose-response
curves obtained from MTT assay in a preliminary study
for artocarpin on the H460 cell line. For conducting the
experiments, stock solutions of artocarpin were prepared
by dissolving 500 ug of the compound in 1 mL DMSO and
stored at -20°C. The final DMSO concentration in each
well was kept between 0.1% and 0.11% for the treatment
of cells throughout the experiments.

2.4. Isolation of CSCs phenotype

CSCs were isolated based on their specific surface
markers using corresponding specific antibodies (Satar et
al. (2018). In detail, the confluent (80%) lung cancer cells
were detached using trypsin and washed with 2% FBS
mixed with phosphate buffer solution (PBS). The
antibodies which include CD44-FITC (Clone: L178;
Isotype: Mouse IgGl, k), CD166-PE (Clone: 3A4; Isotype:
Mouse IgG1, k) (BD Biosciences, San Jose, CA, USA),
and EpCAM-FITC (Clone: 158206; Isotype: Mouse
IgG2B; Isotype: Mouse IgGl, k) (R&D System,
Minneapolis, MN, USA) were then used to label all of the
cell suspensions. Following that, cells were mixed in 90
uL of 2% FBS PBS, to which 10 pL of each antibody was
added, and incubated for 30 minutes in the dark. The
unbound antibodies were then washed with PBS. Each cell
pellet received 500 puL of 2% FBS PBS, and the mixture
was filtered through a 40 pm cell filter to ensure the
formation of a single-cell suspension. Using a
fluorescence-activated cell sorter (FACS Aria Ill, BD
Biosciences), cancer stem cell markers CD166, CD44, and
EpCAM expressions were examined and sorted (Masciale
et al., 2019).

2.5. Co-Expression of CSCs Surface Markers in Lung
Cancer Cells

Briefly, the H460 cells were detached by incubating
with trypsin at 0.25% concentration (80% confluency) for
5 minutes, followed by washing with phosphate buffer
solution (PBS) containing 2% of Foetal bovine serum
(FBS). Then, the cells were labelled with only two
antibody types: CD44-FITC and CD166-PE excluded
EpCAM-FITC as they were not detected in the
identification process. A 10 pL of each of the respective
antibodies were added into cell suspension containing 90
puL of PBS and 2% of FBS. They were incubated for 30
minutes in the dark condition. The cell suspension was
centrifuged to obtain the cells bound with antibody, while
the remaining unbound antibody in the supernatant was
discarded. Afterward, 500 puL of PBS containing 2% of
FBS was added into each cell pellet and re-suspended
before the filtration process using 40 pum cell filters to
ensure that a single cell suspension was obtained.

2.6. The cytotoxic assay of artocarpin compound

A cultured H460, lung CSC and non-CSC in RPMI-
1640 media with 10% v/iv FBS, 1% v/v penicillin-
streptomycin  in 25 com® T-flask (GIBCO, USA),
humidified with 5% CO2 at 37°C were plated in a 96-well
plate (5x10° cells/well) and incubated for 24 hours. Each
well was then filled with the prepared artocarpin
compound and a medium containing 0.1% DMSO.

Following 48 hours of incubation, 20 uL. of MTT reagent
(5 mg/mL) was added and incubated for another four
hours. Following observation through a microplate reader
(Spectra 340, Tecan Magellan PRO, Molecular Device,
Sunnyvale, CA) at 570 nm, the aspirated medium was
replaced with 150 pL of absolute DMSO. The number of
viable cells was determined by measuring the absorbance
value. The inhibitory percentage was obtained by dividing
the absorbance of the sample by the absorbance of the
control. The untreated cell served as a negative control
meanwhile, cisplatin-treated cells served as a positive
control.

2.7. CSCs transcription factors expression

To investigate the expression of CSCs transcription
factors, two-step quantitative reverse transcription
polymerase chain reaction (RT-qPCR) analyses were
employed. Briefly, using a RNeasy Plus Mini Kit
(Qiagen), the total amount of RNA was extracted from the
isolated cells. cDNA was synthesized from 250 ng/pL of
total RNA by using the GoScript Reverse Transcription
System (Promega, Woods Hollow Road Madison, USA)
focusing on random primer and oligo (dT)15 primer.
Assays-on-Demand  primer/probe sets, and TagMan
Universal PCR Master Mix (Applied Biosystems) were
utilized for the RT-gPCR reactions. Assays included the
stem cell-related genes SOX2, KLF4, NANOG, OCT 3/4,
DACT3 (B-Catenin), and the reference gene; GAPDH
genes (Applied Biosystems) were used. The RT-qPCR
reaction was conducted using the ABI StepOnePlusTM
PCR System (Applied Biosystems, Foster City, USA) with
the following thermal cycling conditions: 10 minutes at
95°C (holding stage), followed by 40 cycles of
denaturation for 15 seconds at 95°C and annealing and
extension steps for 1 minute at 60°C using a
StepOnePlusTM Real-Time PCR System Thermal Cycling
Block (Applied Biosystems).  The comparative CT
(AACT) method was utilized for quantification. In this
study, untreated cells served as the control sample, while
the GAPDH gene served as the endogenous control
(Zakaria et al., 2015).

2.8. Data extraction

The PB-Catenin protein 3D structural file (PDB ID:
1JDH) was extracted from the protein data bank (PDB)
(www.rcsb.org/pdb), while artocarpin structures molecules
were analysed and depicted using ChemDraw Ultra V6.0.
PyMOL viewer 154 was used for the interactive
visualization and analysis of protein-ligand. ADME-T
properties of artocarpin were predicted in-silico using the
organic  chemistry portal at http://www.organic-
chemistry.org/prog. Molecular docking was conducted
using AutoDock v4.24 on Windows 10 platform (64-bit)
with Lenovo 120S-111AP machine (Intel® Celeron® CPU
N3350 @ 1.10 GHz, 4 GB memory) (Hassan et al., 2021).

2.9. Inhibition analysis by docking

Docking analysis was done using AutoDock v4.24 by
comparing the docking results with other known inhibitors
of WNT/B-Catenin pathway (isorhamnetin, fisetin,
genistein, silibinin, catechin, luteolin, coumestrol, and B-
naphthoflavone) exhibited -6.50 to -5.22 kcal/mol (Iftikhar
and Rashid, 2014), whereby polar hydrogen atoms have
been added to the B-Catenin receptor protein. Rotatable
ligand torsions permit flexible ligand docking, including
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arbitrary flexible orientations and torsions for ligands. A
40 x 40 x 40 A3 grid with 0.375 between each point was
constructed around the protein receptor to ensure all
residues were accessible in any zone for ligand binding.
The number of docking runs has been set at 100, with a
population of 150 starting out, 2.5 x 10° energy
assessments, a total of 27,000 iterations, a mutation rate of
0.02, and a crossover rate of 0.80. AutoDock performed
cluster analysis on initially docked conformations with a
root mean square tolerance of 1.0 A to obtain final docking
data (Hassan et al., 2021; Abd Wahab and Ibrahim, 2022).

2.10. p-Catenin and WNT knockdown analysis

In mammalian cells, a scalable approach for detecting
changes in gene expression following RNA was developed
(Fleige et al., 2006). This technique describes how to
transfect cells, collect total RNA, synthesize cDNA, run
gPCR reactions with multiplexed TagMan dual hydrolysis
probes and interpret qPCR findings using relative
quantification (Muraro et al., 2012). The relative
knockdown of a set of p-Catenin and WNT genes against a
target can be measured using this method. The protocol for
doing RT-gPCR was outlined in the previous section on
CSC transcription factors expression.

2.11. Statistical analysis

All data were expressed as the mean + Standard Error
Mean (SEM) of three independent experiments. MTT
assay was statistically analysed using Graph Pad Prism®
v6.01. Meanwhile, the expression of selected genes was

analysed using an ABI StepOnePlus™ v2.3 Real-Time
PCR machine (Applied Biosystems, Foster City, CA,
USA). The RT-qPCR reaction was prepared using a
Tagman® gene expression assay (Applied Biosystems).
The comparison between artocarpin treatment group with
the untreated group was performed using an unpaired t-
test. P values of <0.05 were considered statistically
significant for each test's n=3 sample size.

3. Results

3.1. Expression of cancer stem cell (CSCs) markers

Since the small population subtype of CSCs in lung
cancer cell lines ranged across cell lines, specific markers,
including CD166, CD44, and EpCAM, as CSCs markers
in human lung cancer cell lines are required for the
identification and isolation processes. In the identification
process, the H460 cell exhibited 52.6% of CD166
expression and 13.8% of CD44 expression; meanwhile,
0% of EpCAM expression was observed. In this study,
both surface markers of CD166 and CD44 excluding
EpCAM, have been expressed with varying levels of
expression in all H460 cell lines (Figure 1A). As depicted
in Figure 1B, two markers' (CD166 and CD44) co-
expression was examined in which 62.5% of the H460
cells were CD166°CD44" mwanwhile CD166'CD44" with
the percentage of expression as 37.5% cells were identified
as a non-CSC population.
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Figure 1. Flow cytometry analysis. (A) ldentification of CD166, CD44, and EpCAM cells in H460 cancer cell line and (B) identification of
co-expression of CD166/CD44 in H460 cancer cell lines. The cells were stained with anti-CD166 PE and anti-CD44 FITC.

3.2. Artocarpin cytotoxic assay on cancer cells line

The cytotoxic effect of artocarpin on cancer cells and
cancer stem cells was demonstrated by the reduction in the
number of living cells observed in the MTT assay.
Artocarpin demonstrated an inhibitory impact on all cancer
cell lines, as shown in Table 1. A significant difference

was seen in each concentration (P<0.05) compared to
control drug cisplatin. According to the result, a significant
cytotoxic effect of artocarpin was observed against lung
CSCs CD166°CD44" followed by lung CSCs CD166
CD44" (non-CSC) and H460 with ICs, values of
5.07+0.12, 8.67+0.10, and 9.07+0.24 pg/mL, respectively.
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Table 1. Inhibitory concentration (1Cs,) of artocarpin and
cisplatin against parental H460 and lung CSCs

Cells Types Artocarpin Cisplatin
ICs0 (pg/mL) + ICso (ug/mL) +
SEM SEM
Lung CSC 5.07+0.12" 9.16 £ 0.05
CD166*/CD44*
Lung Non-CSC 8.67 £0.10° 10.29 +0.05
CD166-/CD44
H460 9.07 +0.24" 14.16 £ 0.19

Each data in the column represents the mean + Standard Error
Mean (SEM) with n=3. Unpaired t-test was used and the asterisk
(*) indicates the significant difference of the compounds
compared to cisplatin in each cell with P < 0.05.
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3.3. Attenuation of stemness genes expression upon
artocarpin treatment

All cell lines demonstrated detectable levels of the stem
cell-related genes expression (Figure 2) except OCT 3/4.
The KLF4, SOX2, and NANOG genes observed to be
down-regulated with fold change (FC) values of 0.383
(P<0.001), 0.550 (P<0.001), and 0.338 (P<0.001),
respectively in 10 pM of artocarpin treatment compared to
their expression in the untreated cells. Further down-
regulation was shown when using a higher dose of
artocarpin (100 uM) with FC values of 0.055 (P<0.0001),
0.006 (P<0.0001), 0.040 (P<0.001) respectively.

Type of treatment
O Unireated (controly
Aracarpin 10 phd
m  Artocarpin 100 pM
H = N |

[l

| k i L i
H480 H460 COMEE*CO44*  H4AG0 COIBGCO44
Ha50 H460 CO166'CO44*  H4A60 CO166CD44-

Figure 2. Analyses of the expression of stem cell-related genes in various H460 cell lines. Detectable levels of gene expression (A) SOX2,
(B) NANOG and (C) KLF4 were found in all putative CSCs except (D) OCT 3/4. All detectectable mRNA levels in cell lines are expressed
as fold change. The negative control was a PCR reaction without a template. Data from three independent cell passages is given as mean +
Standard Error Mean (n=3). One Way ANOVA was used to compare between respective control group. * P <0.05, **P <0.01, *** P <0.001,

***% P <0.0001.

3.4. Docking analysis with -Catenin

The interaction specificities of the artocarpin with -
Catenin were thoroughly examined during the docking
study. According to the results obtained, artocarpin formed
the best-docked complexes (-7.04 kcal/mol) when
compared to the binding energies displayed by known
inhibitors such as isorhamnetin, fisetin, genistein, and
silibinin (-5.68 to -4.98 kcal/mol), followed by other
inhibitors such as catechin, luteolin, coumestrol, and (-
naphthoflavone (-6.50 to -5.22 kcal/mol) (Iftikhar and
Rashid, 2014). Throughout the test, artocarpin was found
to inhibit the binding of B-Catenin. Hydrophobic and
hydrogen bonding interactions of docked molecules were
compared using the LigPlot program. In any case, Lys345,
Val346, and Asn387 residues of [p-Catenin were
discovered to interact with hydrogen binding. Artocarpin
interacted with B-Catenin to form H-bonds in the TCF-
interactive region involving residues Glu24, GIn27, Glu29,
and Gly25 at distances 2.76893 A, 2.86867 A, 2.64498 A,

and 3.74859 A, respectively. Trp383 formed npi-pi
interactions with artocarpin at 4.34458 A, 4.27395 A,
5.03811 A, and 5.02537 A, respectively. Arg386 formed
pi-cation interaction with artocarpin at 3.94659 A.
Meanwhile, artocarpin formed pi-cation interaction with
Trp383 at 4.43971 A, 4.87218 A, 3.94334 A, 4.94015 A,
4.98735 A, and 4.54912 A, respectively. Arg386 formed
pi-donor H-bond with artocarpin at 3.94659 A, and Lys345
formed pi-donor H-bond with B-Catenin at 4.0286 A,
respectively.

B-Catenin residues Trp383 and Cys419 were found to
be involved with hydrophobic interactions (Figure 3). The
interaction of artocarpin with p-Catenin and TCF-4
involved a H-bond acceptor, a H-bond donor, and an
aromatic ring. The inhibitory effect of artocarpin that
targeting B-Catenin in the Wnt signaling pathway
correlates with known inhibitors as they tend to occupy the
same binding cavity (Figure 4).
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Figure 3. (A) The interacting residues of p-Catenin with the potential inhibitor artocarpin using LigPlot+ (B) Analysis of ligand with B-
Catenin active site residue interactions using Discovery Studio Visualizer 4.1 Client.

Figure 4. Multiple Ligand Simultaneous Docking (MLSD)
Analysis and Molecular Interaction of Artocarpin (shown in
yellow) at the Binding Site of f-Catenin. The -
Catenin/Artocarpin complex structure were generated in PyMOL
version 2.1.1 (https://pymol.org)

3.5. Docking analysis with WNT

The interaction between artocarpin with WNT protein
resulted in the highest binding energy values (-14.91
kcal/mol) compared to other WNT/B-Catenin inhibitors.
This result supports the inhibitory activity of artocarpin on
lung CSCs with low WNT and B-Catenin gene expression
levels. In contrast to the results obtained in this study,
Ser120: OG residue of WNT1 was the only one that
interacted with hydrogen binding at a distance of 3.76146
A compared to B-Catenin. Nevertheless, artocarpin and
WNT1 formed a hydrophobic interaction that involved

many residues, including Pro130, Cys77, Cys122, Prol132,
and Leuld4, at distance 4.15022 A (C4); 3.45597 A;
454061 A, 5.21859 A for Pro130, 5.11105 A (C60) for
Cys77, 4.05568 A (C60) and 3.70246 A (C5) for Cys122,
3.5248 A (C30) and 3.45622 A (C31) for Pro132, 4.06423
A (C26) and 4.71292 A (C25) for Leul4d4, respectively.
Artocarpin was also interacted with itself to form
hydrophobic interaction at a distance 3.40135 A (C59) and
3.15232 A (C31). Meanwhile, WNT1 residue (Thr143:
CG2) interacted with artocarpin to form hydrophobic
interaction at a distance of 3.75129 A. Other types of
interaction were between Cys122: SG residue of WNT1
with artocarpin at a distance of 5.86659 A and 3.42835 A
(Figure 5).

Ser120: OG formed pi-donor with artocarpin, whereby
H-Donor of Serl20: OG interacted with pi-orbitals of
artocarpin through this molecular inhibition study. Thr143:
CG2 and artocarpin itself (C59 and C31) formed pi-sigma
with artocarpin, whereby C-H of Thr143: CG2 and two
residues of artocarpin have the interaction with pi-orbitals
of artocarpin. WNT1 residue (Cys 122: SG) formed two
pi-sulfur interactions with artocarpin, whereby a sulfur
group of two residues of Cys122: SG have the interaction
with pi-orbitals of artocarpin. Three types of artocarpin
residues formed pi-alkyl interaction with Pro130, whereby
pi-orbitals of artocarpin have the interaction with the alkyl
group of Pro130. Artocarpin residues formed alkyl have
the interaction with Pro130 at C4, Cys77 at C60, Cys122
at C60 and C5, Pro132 at C30 and C31, Leul44 at C26
and C25 (Figure 5). The models or figures were evaluated
using the PyMOL program (Figure 6).
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Figure 5. (A) The interacting residues of WNT with the potential inhibitor artocarpin using LigPlot+ (B) Analysis of ligand with WNT

active site residue interactions using Discovery Studio Visualizer 4.1 Client.

Artocarpin

Figure 6. Multiple Ligand Simultaneous Docking (MLSD)
Analysis and Molecular Interaction of Artocarpin (shown in
yellow) at the Binding Site of WNT. The WNT-Artocarpin
complex structure were generated in PyMOL version 2.1.1
(https://pymol.org)

3.6. p-Catenin and WNT expression knockdown

As depicted in Figure 7, artocarpin treatment
significantly reduced the expression of both targeted
genes; B-Catenin (DACT3) and WNT in all examined cell
lines as compared to their respective untreated cell lines. In
the artocarpin treated (10 pM and 100 pM) H460 cell
lines, the expression of B-Catenin gene was significantly
down-regulated with FC value of 0.400, (P<0.01) and
0.1920, (P<0.001) respective to the untreated cells. Similar
pattern of inhibition was observed in artocarpin treated
lung CSCs CD166°CD44" cells (FC values of 0.400,
(P<0.001) and 0.192, (P<0.001) and non-CSCs CD166
CD44 cells (FC value of 0.419, (P<0.01) and 0.339,
(P<0.001) respectively for 10 uM and 100 UM artocarpin
concentration (Figure 7). Compared to the other two types
of cell lines, prominent inhibition was observed in lung
CSCs CD166°CD44" cells.

In the expression of WNT gene, similar result was
observed in which artocarpin treatment at the dose of 10
UM and 100 uM significantly inhibited its expression in all
three examined cell lines compared to their respective
untreated groups. The fold change expression for 10 pM
and 100 pM artocarpin-treated H460 cells were 0.449 (P
<0.01) and 0.387 (P <0.001), meanwhile in lung CSCs
CD166*CD44", the result were 0.155 (P<0.05) and 0.078
(P <0.001) and in non-CSCs CD166°'CD44", the value were
0.275 (P <0.01) and 0.251(P <0.001), respectively. Based
on the readings, artocarpin exerted obvious inhibition in
lung CSCs CD166°CD44" compared to the other cell lines
similar to B-Catenin (DACT3) gene expression.
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Figure 7. Analysis of targeted genes expression in different cell
lines; A) B-catenin (DACT3) and B) WNT. The negative control
was the PCR reaction without template. The B-catenin (DACT3)
and WNT mRNA levels in cell lines were expressed as mean +
Standard Error Mean (n=3) of fold change from three independent
cell passages. Significant P value was calculated using the
ANOVA test by comparing the treatment groups with the
respective untreated group. * P <0.05, **P <0.01, *** P <0.001.

4. Discussion

CSCs, by nature, are the subpopulation of tumour cells
responsible for tumour initiation and relapse. Research
revealed several regulatory pathways involved in
maintaining their self-renewal and differentiation
capabilities. Knowing that they own specific biomarkers,
targeting this subpopulation and their regulatory signalling
has become a promising cancer therapeutic strategy.

Up to the present, neither the scientific data on the
isolation of CD166°CD44" CSCs from H460 cell lines nor
the effect of artocarpin on these isolated cells has been
reported. As a result, this research adds to the pool of data
available. In line with the aim of specific targeting,
isolation of the CSCs according to their biomarkers in
conventional cancer cell lines is one of the fundamental
research steps. Several techniques were documented.
According to a previous report, several CSC markers were
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identified in the lung, such as CD166, CD133, CD44,
CD24, ABCG2, ALDH1AL, and EpCAM
(Phiboonchaiyanan et al., 2016; Muraro et al., 2012).
Therefore, this study was conducted to determine the
specific surface biomarkers expressed in isolated CSCs
from the H460 lineage using the FACS technique. The
results of the flow cytometry analysis in this study
supported the hypothesis that the CSCs comprise a
heterogeneous population by demonstrating the presence
of several phenotypes (CD166°CD44", CD166CD44).
This finding was aligned with those reported previously in
which CD44 and CD166 were detected in parental H460
cancer cell lines (Eun et al., 2017). In this study, the
obtained double-positive cells (CD166°CD44") were
regarded as lung CSCs, meanwhile double-negative cells
(CD166°CD44") were regarded as non-CSCs. The
detection of CD166 and CD44 in this H460 cell line
showed that their expressions were the most prominent
compared to other CSCs markers. Even though elevated
levels of EpCAM expression in many types of cancer
demonstrated tumour advancement and malignancy, its
levels of expression can be up or downregulated in a
certain condition (Mohtar et al., 2020). EpCAM exert
potential biphasic influence on the regulation of Epithelial-
Mesenchymal Transition (EMT). This multifaceted
phenomenon suggests that EpCAM can either augment or
mitigate the EMT process in which EpCAM expression is
downregulated when cancer cells are in the midst of an
EMT event. Within breast and lung cancer cells, there is
observable evidence of a transient diminishment in
EpCAM expression concurrent with the cells' engagement
in EMT during the metastatic progression (Hyun et al.,
2016). As has been shown by the result obtained in this
study, it is stipulated that the absent of the EpCAM
expression in this CSCs population is due to the origin of
the cells which is from the pleural effusion which indicates
the metastatic characteristic and represent the loss of
adhesive properties as it is shed from the primary origin. It
is also reported that EpCAM expression is often reduced in
certain types of NSCLC (Gastl et al., 2000).

Two markers' co-expression was examined to establish
a more robust phenotype for the potential CSC population.
The previous investigation with a single marker expression
revealed that CD166 and CD44 were dominant markers in
H460 cell lines, so we investigated CD166 co-expression
with CD44 for further sorting in H460 cell lines. The H460
cell line was chosen to be investigated further in this study
because the cells express easily detectable p53 mRNA at
levels compared to other cells. Figure 1B shows that
62.5% of the H460 cells were CD166°CD44" in this
isolation process. The H460 cell line's CD166°CD44" cells
have been sorted and designated as the population of lung
CSCs. To confirm the stemness characteristics of the lung
CSCs, the CD166'CD44 was also isolated where these
cells were identified as a non-CSC population with the
percentage of expression as 37.5% cells.

As the antiproliferative activity of a compound towards
cellular growth is suggestive of its anticancer properties, a
toxicity study of artocarpin on parental H460 cell line was
performed, and the result positively reflected our
hypothesis. In determining the capability of artocarpin in
targeting the isolated subpopulation of CSCs in the H460
cell line, the MTT assay was carried out. The reduction in
the number of living cells of H460 CSCs observed upon

artocarpin treatment indicates that artocarpin acts as an
effective H460 CSCs cytotoxic compound, incidating that
this compound inhibits lung CSCs. A strong cytotoxic
activity against this subpopulation proposed the specific
supression of this compound on the CSCs, thus postulating
the possible targeted inhibition of artocarpin to cancer
progression. This data further supports the previous
evidence that artocarpin has anticancer effects due to its
chemical structure, which includes C-3 prenylated
flavones that contribute to the compound's cytotoxic
effects thus suggesting it as a potential anticancer agent
(Satar et al., 2018).

In the context of pluripotency, certain transcription
factors play a pivotal role in maintaining tumour
heterogeneity. To further evaluate the anti-cancer
mechanism exerted by artocarpin towards the CSCs, the
study on the pluripotency-associated markers such as
NANOG, SOX2, KLF4 and OCT3/4 was conducted in all
H460 cell lineages. The result revealed that artocarpin
attenuated the expression of examined genes except
OCT3/4. NANOG is correlatively expressed in many
CSCs, especially in CD133" and CD44" cancer cells. The
involvement of NANOG in embryonic development and
cellular  reprogramming validates their significant
contribution to disease prognosis (Mahalaxmi et al., 2019).

Further evidence supports that dysregulation of SOX2
induces resistance toward cell death and chemotherapy as
this gene initiates the cell cycle (Hser et al., 2018). Along
with the role of SOX2, NANOG, and c-MYC in
generating an induced pluripotent cell, KLF4 helps
reprogram the somatic cell into its pluripotent state and
maintenance. In addition, KLF4 was found to be
associated with Epithelial-Mesenchymal Transition (EMT)
that implicated cancer metastasis (Zhou et al., 2022). The
OCT3/4, also known as POUSF1, is a transcription factor
essential for developing pluripotent stem cells. It is
expressed in embryonic stem cells, germ cells, and some
cancer cells (Torres-Padilla & Chambers, 2014). The
unexpressed level of OCT3/4 in our studied lung CSC was
supported by previous findings in which this gene was
undetected in H460 cell lineage using variety of detection
techniques, including as immunohistochemistry, Western
blotting, and RT-PCR. Another possible explanation for
this finding includes the state of the cell itself in which
H460 cells are more differentiated than the embryonic
stem and germ cells, and yet they undergo changes in gene
expression profile. Besides, there was possible mutation or
alteration in the gene's regulatory regions and complex
machinery that led to its downregulation, expression, or
silencing (Yang et al., 2011). The lack of detection of the
OCT 3/4 gene in this study is consistent with previous data
on the presence or absence of OCT 3/4 genes in a variety
of cell lines, including distal oesophageal adenocarcinoma
(ESO51), cervical cancer cell line (HeLa), lung
adenocarcinoma (H460), and colorectal adenocarcinoma
(H716B) (Rijlaarsdam et al., 2011). As this compound
significantly attenuates the expression level of the
dominant oncogene, it brings hope to a novel therapeutic
target for CSC elimination.

As artocarpin can inhibit the activity of CSCs
development (Nonpanya et al., 2021); it is worthwhile to
identify the mechanistic action of this potential anticancer
agent. In order to investigate the effect of artocarpin
against the WNT/B-Catenin pathway, the preliminary
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investigation was done through the molecular docking
process of both WNT and pB-Catenin protein with
artocarpin and validated with gene expression assay of
WNT and B-Catenin mRNA levels of the treated isolated
CSCs. These methods provided useful preliminary
evidence to support the selection of a suitable target for
treating lung CSCs via the WNT/B-Catenin pathway.

Up to current research, many flavonoids, a family of
naturally occurring compounds, have been found to
mediate their regulatory activity towards a variety of
cellular targets using a WNT/B-Catenin pathway. WNT/B-
Catenin inhibitors, including  fisetin,  apigenin,
isorhamnetin, silibinin, genistein, catechin, luteolin,
coumestrol, and B-napthoflavone are well-known to
suppress WNT/B-Catenin complex activation (Sferrazza et
al., 2020). As artocarpin is a member of the flavonoid and
capable of attenuating the CSC activities, the possible
interaction of this compound with WNT and B-Catenin
was further studied. The molecular docking of this
compound against the WNT/B-Catenin complex was
performed to screen the binding site details. Molecular
docking is a computational method that is used to predict
the interactions between two molecules. In the context of
the WNT/B-Catenin signaling pathway, molecular docking
can be used to predict the interactions between artocarpin
with the WNT and B-Catenin proteins. Compared to the
other flavonoids, artocarpin was shown to form a best-
dock complex with both proteins.

In this study, artocarpin molecule binds to its respective
targets (B-Catenin and WNT protein) with a high affinity.
Docking studies of prenyl flavone artocarpin at the
bioactive sites of B-Catenin and WNT indicated that 3D
structural folding at the protein-ligand groove is a
distinguishing feature for molecular recognition of targeted
chemicals and predicting their biological function.
Artocarpin interacted with TCF-4/B-Catenin through an H-
bond acceptor, an H-bond donor, and an aromatic ring.
This means that artocarpin is likely to bind to the complex
binding site. A similar interaction trend in terms of binding
energy and region on targeted WNT/B-Catenin complex
makes artocarpin comparable to other known inhibitors.
The findings also showed that hydrogen bonding and
hydrophobic interactions maintained the ligands at the
target site, influencing binding affinity and therapeutic
efficacy. In this molecular docking study, it is postulated
that artocarpin binds to the WNT and p-Catenin proteins,
thus inhibiting the interaction of the protein with the other
complex molecules.

Behind the expression of stemness, angiogenesis, and
cell cycle regulator’s gene in cancer homeostasis,
transcription factors act as drivers in this signalling, which
includes TCF/LEF (Moon et al., 2008), FOX (Ito & van
den Heuvel, 2011) and SOX family (Zhang & Wang,
2014). In lung CSCs, the WNT/B-Catenin pathway is often
dysregulated, thus leading to the overexpression of
transcription factors such as TCF7L2 that promote CSC
growth and survival (Zhang et al., 2015). T-cell factor 4
(TCF-4), the family of TCF/LEF, is the master player of
the canonical WNT signalling pathway. In response to the
activation of the pathway by binding of the WNT ligand to
its receptor, accumulated B-Catenin will interact with TCF-
4, forming B-Catenin/TCF-4 complex. The binding of this
complex molecule had switched the role of TCF-4 from
repressor to the activator of gene expression. The DNA-

binding domain on this molecule allows the complex to
bind to the specific DNA target, known as WNT response
elements (WREs), and subsequently undergoes gene
transcription (Wang et al., 2018).

Regarding the knowledge of this signalling,
inhibition of any component in the signalling, especially
the B-Catenin and TCF-4, may inhibit progressive cell
proliferation and thus inhibit the proliferation of cancer
cells (Lu et al., 2014). Previous structural and biochemical
studies showed that the central portion of the TCF/B-
Catenin binding domain is required for TCF to be
anchored to B-Catenin via two conserved lysines in -
Catenin (Anthony et al. 2020). Liu and his team stated that
TCF proteins act as a transcriptional enhancer by binding
with an enzyme known as histone methyltransferase
(HMT) (Liu et al., 2015). As the core of TCF-4 binding
residues in the B-Catenin active site pocket was pre-loaded
with an inhibitor, transcription of the target genes would
be prevented. The interaction of artocarpin with TCF-4/B-
Catenin complex with crystal structure showed that this
compound occupied a similar inhibitory mechanism. From
molecular docking analysis, it is stipulated that artocarpin
attenuates the stemness gene expression by intercepting
the interaction of [-Catenin to this molecule, thus
preventing the TCF-4/B-Catenin complex formation and
subsequent gene expression.

This result further supports the previous
findings on the anticancer activity of this compound on
various cancer cell lines, including human leukaemia HL-
60 (CCL-240) cells, colorectal adenocarcinoma HT-29
(HTB38) cells, breast adenocarcinoma cancer MCF-7
(HTB-22) cell, and non-small lung cancer H460 (HTB-
177) cell lines (Daud et al., 2019; Mat Daud et al., 2021).
Furthermore, in H460, artocarpin displayed
antiproliferation, antidifferentiation, antimigration, and
anti-invasion capabilities (Daud et al., 2020). Though
molecular docking analysis is useful in predicting the
interaction between molecules and identifying potential
therapeutic agents, confirmatory analysis is a must. The
expression of DACT3, a member of the DACT
(Drp/Frodo) gene family WNT/B-Catenin genes upon
treatment with this compound, was further evaluated to
determine the reliability of the docking simulation. The
ability of artocarpin to reduce the DACT3 gene expression
determines the direct inhibition of this compound on this
signalling pathway. Reduction in nuclear [B-Catenin
prevents the direct formation of the TCF-4/p-Catenin
complex, thus down-regulating the subsequent mechanism
(He et al., 2014). Unlike other WNT signalling inhibitors,
which suppressed DNA methylation, DACT3 repression
was linked to bivalent histone modification. Both histone
methylation and deacetylation strongly inhibit Dishevelled
(Dvl)-mediated WNT/B-Catenin signalling, resulting in
cancer cell death (Trejo-Solis et al., 2021). The result
clarifies the specific mechanism artocarpin exerts in
suppressing the growth and stemness characteristic of lung
CSCs. All these shreds of evidence and the current
findings supported the involvement of intracellular
signalling cascade by artocarpin to ameliorate several
detrimental occasions in the onset of cancer relapses.
Participation of this compound by binding to the respective
proteins down to the modulation of oncogene expression
makes artocarpin on par with the other anticancer
candidates. Resolution of the WNT/B-Catenin degradation
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pathway by artocarpin greatly enhanced the current
understanding of the biological roles of artocarpin and the
diverse functions of transcription factors as such WNT
signalling intermediates or target genes in the normal and
disease state.

These data provide valuable insights of
artocarpin and its anticancer activity. However, it is
important to acknowledge the limitations inherent in this
research. Despite the most expressed and studied surface
marker detected in H460 cell lines, another possible
marker could be evaluated, such as ALDH1, which is
believed to be expressed at a low level in certain cancer
stem cells as being recently published (Wei et al., 2022).
As ALDHL is responsible for producing an enzyme that is
crucial for cellular processes, and its overexpression was
observed in certain types of cancer, it is worthwhile to
investigate the presence of this molecule in H460 cell lines
and thus evaluate the interaction of artocarpin on this
molecule in the future study.

These overall findings provide a conceptual framework
for the protective effect of artocarpin on these cell lines
against metastasis and cancer resistance. These molecular
mechanisms may be harnessed to develop drugs that help
prevent and treat the impairment of abnormal cell division.
The study has shed light on developing an envisaged
therapeutic strategy using the active compounds from
plant-based natural products against cancer resistance in
lung cancer. Overall, it is believed that a better
understanding of the mechanisms underlying the
anticancer properties of artocarpin and its attributive roles
would facilitate the development of promising lung cancer
therapeutics using herbal medicine.

5. Conclusion

As CSCs are at the core of cancer treatment failure,
targeting this subpopulation has been shown to be a
promising treatment strategy. This study established the
possibility of isolating the CSCs from the lung's H460 cell
line and proved the artocarpin capability to inhibit the
stemness characteristic of this subpopulation. With the aid
of molecular docking, screening this compound's binding
activity towards the specific component of the cancer
signalling pathway helps understand its anticancer
activities. However, further research is required into the
suggested inhibitor, particularly its binding and inhibitory
potential in vivo. This data has yet to generate a
pharmacophore model with common pharmacophoric
features. It can be used to screen more compounds, which
will aid in discovering novel inhibitors of B-Catenin and,
hence, the WNT signalling activation pathway in lung
cancer.
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Abstract

Medicinal plants are characterized by their high content of secondary metabolites. They are known to possess
pharmaceutical properties. Based on this, the present study describes the ability of laboratory-synthesized copper
nanoparticles (Cu NPs) to influence the biomass properties, secondary metabolism, and biological activity of cell suspension
culture (CSC) induced from the hypocotyl extirpated from sterilized seedlings of Momordica charantia L. CSC were grown
in various cultures, including Linsmaier and Skoog (LS), Murashige and Skoog (MS), and Woody Plant Medium (WPM),
supplemented with different concentrations of Cu NPs 0, 40, 80, 120, 160, and 200 pg ml™ respectively. The highest
biomass accumulation for calli cultures was induced from the hypocotyl. CSC obtained from two-month-old calli cultures
were subjected to Cu NPs treatments in different cultures for 21 days, which increased the biomass of the CSC. The
increasing concentrations of Cu NPs caused a decreasing trend in biomass and cell vitality and an increase in the
accumulation of Cu, hydrogen peroxide (H,0O,), and malondialdehyde (MDA). The lowest values appeared for CSC grown
in a WPM at a concentration of 200 pg mI™ Cu NPs. CSC grown in a WPM treated by 200 pg mI™ Cu NPs provided the
highest total flavonoids production (TFP) and the most increased activity of phenylalanine ammonia-lyase (PAL),
polyphenol oxidase (PPO), 3-(4,5-dimethylthiazole-2-yl)-2,5-diphenyltetrazolium bromide (MTT), and diphenyl-
picrylhydrazyl (DPPH). On the other hand, exogenous 200 pug ml? Cu NPs in MS medium improved total phenolic
production (TPP). In conclusion, these results indicate the promising role of plant tissue culture technology in achieving
sustainable biomass production and thus improving the production of secondary metabolites through the hypocotyl growth of
M. charantia L. in specific cultures using Cu NPs as an effective elicitor.

Keywords: Momordica charantia L.; Cell Suspension Culture; Culture Media Elicitation; Phenolic compounds; Flavonoids compound.

Cell suspension culture (CSC) technology has provided

1. Introduction

Momordica charantia L. is a medicinal plant that
belongs to the cucurbit family. It has therapeutic properties
because it contains many secondary metabolites, including
phenols, alkaloids, saponins, triterpene glycosides, vicaine,
momordin, charantin, triterpenes, momorcharin, and
oleanolic acids (Grover and Yadav, 2004). In addition, it
contains brevifolincarboxylic acid, margarolic acid,
ascorbic acid, goyaglycoside G, 3-malonylmomordicin I,
quercetin 3-O-glycoside, kuguacin H, and cucurbitacin E
(Perumal et al., 2021). Several previous reports on the
biological activities of phenolic compounds and available
secondary compounds have been previously reported as
antioxidant, antimicrobial (Deshaware et al., 2017),
antidiabetic, anti-inflammatory, anticancer (Svobodova et
al., 2017), anti-ulcer, antibacterial, antiviral, antitumor,
antifertility, antilipid, antimutagenic, immunomodulatory,
anthelmintic, and hepatoprotective activities (Jia et al.,
2017).

“ Corresponding author. e-mail: ds.dr.shamil@uoanbar.edu.iq.

alternative possibilities for enhancing in vitro production
of secondary metabolites from natural plant sources
(Sarkate et al., 2017; Setiowati et al., 2022). It contributes
to the sustainable production of these compounds in a
short period through the positive effects of different
combinations of chemicals added to the culture medium.
Moreover, CSC avoids the problems that the plant may be
exposed to in the field like diseases, weeds, insects, and
changes in climatic conditions. It also provides essential
compounds in the pharmaceutical industry without being
restricted by the growing season. CSC technology has
succeeded in supplying the pharmaceutical industry with
several secondary compounds, including vincristine,
vinblastine, camptothecin, and Taxol (Wilson and Roberts,
2012). Added to this is the ability of CSC to produce
compounds that are difficult to synthesize chemically
(Kolewe et al., 2008; Siahsar et al., 2011; Chung et al.,
2018).

Nanomaterials are materials as small as 1-100 nm in
size with unique physicochemical properties (Veisi et al.,
2018). These characteristics can qualify them to activate
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many important biological processes of the plant cell,
including eliciting the biological pathways responsible for
synthesizing secondary metabolites (Sharafi et al., 2013;
Ghorbanpour and Hadian, 2015; Hatami et al., 2016;
Chung et al., 2018; Bsoul et al., 2023). Moreover,
nanomaterials are believed to have a role in protecting the
plant cell from the negative effect of oxidative stress
(Thiruvengadam et al., 2015).

Copper is a trace element important of plant growth. It
has many positive effects in improving the physiological
characteristics of plant cell growth. In addition, it plays a
role in plant biochemistry by increasing the activity of
several enzymes. It is a catalyst for the synthesis of many
proteins. Moreover, it is a structural component of
regulatory proteins and is involved in many important
physiological processes, including the electron transport
chain, hormone signalling, and cell wall metabolism
(Parida and Das, 2005). Previous literature has concluded
that copper oxide nanoparticles (CuO NPs) are vital in
promoting plant tissue growth and reducing oxidative
stress (Anwaar et al., 2016).

This study investigated the potential effects of
laboratory-synthesized Cu NPs on biomass accumulation
and production of phenolic compounds and their impact on
improving the biological activities of CSC grown in
different cultures of M. charantia L.

2. Materials and Methods

2.1. Chemicals

Plant tissue culture media were purchased from
Caisson labs company, USA. Sucrose and agar were
purchased from Merck KGaA company. All other
chemicals were purchased from Sigma Aldridge company
Ltd.

2.2. Plant material

This experiment was carried out in plant tissue
culture laboratory, Center of Desert Studies, University of
Anbar (33° 24’ 11" N, 43° 15’ 43" E). M. charantia L.
seeds were surface-sterilized with 70% ethanol for 30 sec.
Then, they were sterilized using sodium hypochlorite
(NaOCl) 1.0% for 5 min. After that, they were rinsed five
times with sterile distilled water. Sterilized seeds were
grown in flasks under aseptic conditions in B5 media
(Gamborg et al., 1968). Moreover, the components and
media, including 30 g I sucrose and 7.0 g I agar, were
added to the B5 media. The pH of the medium was
adjusted to 5.6. The cultures were incubated in a growth
chamber at 25 +1°C under an illumination intensity of 1000
lux for 8/16 h light/dark, respectively.

2.3. Calli cultures induction

Media cultures were used to induce calli cultures
such as LS (Linsmair and Skoog, 1965), MS (Murashige
and Skoog, 1962), and WPM (Lloyd and McCown, 1980).
They were supplemented with specific combinations of
growth regulators naphthaleneacetic acid (NAA) at 0.1,
0.25, and 0.5 mg I'* and benzyladenine (BA) at 0.25, 0.5,
and 1.0 mg IY. The media components included 30 g I
sucrose and 7.0 g I agar. pH was adjusted to 5.6. The
hypocotyl of 1 cm sterile seedlings was excised to be
cultured in the media. The best combination for obtaining
biomass was determined based on the fresh weight (FW)

of calli cultures after growing for 28 days. Callus tissue
was propagated based on the combination producing the
highest biomass of explant.

2.4. Preparation of Cu NPs

The colloidal material of Cu NPs was prepared
according to the method described (Fernandez-Ariasa et
al., 2020). It was based on the liquid phase laser ablation
technique covering the metal material at room temperature.
Copper foil with a purity of 99.99% was used. It was
immersed in methyl alcohol up to 2 mm. The laser source
was a picosecond infrared (IR) at 1064 nm with an energy
of 0.03 mJ and a pulse duration of 800 ps. The flask was
covered with foil to protect it from light.

2.5. Characterization of Cu NPs

The prepared Cu NPs were characterized using a UV-
Vis spectrophotometer. The topographical properties were
determined using a transmission electron microscope
(Figure 1). The Cu content in the colloidal solution was
estimated by atomic absorption.

<10 <20 <30 <40 <350 <60 <70
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Figure 1. TEM image of Cu NPs with particle size distribution.

2.6. Establishment and treatment of CSC

Calli cultures grown in media containing the optimum
combination were used to obtain biomass. The suspensions
were obtained from two-month-old calli cultures. CSC
were cultured from 5.0 g of FW calli cultures after filtering
by a sieve with a 300 pm hole in a 250 ml Erlenmeyer
flask containing 50 ml medium consisting of LS, MS, and
WPM cultures with 30 g I* sucrose supplemented with 0,
40, 80, 120, 160, and 200 ug ml™* Cu NPs. The cultures
were grown in a shaking incubator at 120 rpm at 25°C and
24 h illumination. CSC were harvested at 28 days of age
for the quantification of the following parameters.

2.6.1. Biomass accumulation, cell viability, and Cu content
of CSC

CSC growing in the cultures of the different treatments
were harvested to determine biomass accumulation
through FW determination. Moreover, the validity was
determined based on previously described reports
(Sahraroo et al., 2016).
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CSC samples were dried in a hot air oven at 60°C for
weight stability. 250 mg of the dried sample was pre-
dissolved in HCI and HNO; (1:3 v/v). The mixture was
heated at 100°C for 3 h on a hot plate stirrer. The filtrate
was adjusted to 25 ml with deionized distilled water. The
copper ion content of the samples was estimated by ICP-
OES (Arteaga et al., 2018).

2.6.2. Hydrogen peroxide (H,0,) and malondialdehyde
(MDA) content

The H,0, content was estimated using the
spectrophotometric method described by Alexieva et al.
(2001). Briefly, 500 mg of fresh samples of CSC was
homogenized in 5.0 ml of 0.1% (w/v) trichloroacetic acid.
Then, the centrifugation was carried out at 15000 rpm for
15 min. Then, 0.5 ml of the supernatant was supplemented
into 0.5 ml potassium phosphate buffer (10 mM, pH 7.0)
with 1.0 ml potassium iodide (1.0 M). The absorbance was
recorded at 390 nm.

MDA content was determined in CSC by the method
described by Heath and Packer (1968). Briefly, a mixture
of 300 mg of a homogenized fresh sample of suspended
cells was mixed in 1.5 mL of 1% (w/v) trichloroacetic
acid. Then, centrifugation was performed at 10000 rpm at
4°C for 5 min. 1.0 ml of the supernatant was supplemented
with 4 ml of 0.5% thiobarbituric in 20% trichloroacetic
acid (TCA). The reaction mixture was heated at 95°C for
30 min. The absorbance of the supernatant was recorded at
532 and 600 nm by spectrophotometer (UV-Vis). The
MDA value was determined from the absorbance
difference using the 155 mM™ cm™ extinction coefficient.

2.6.3. Antioxidant enzymatic activity

Antioxidant enzymes were extracted according to the
method described by Gapinska et al. (2008). Briefly, 500
mg of homogeneous fresh CSC was weighed. 5 ml of
potassium phosphate buffer (pH = 7.0, 50 mM) was added,
containing 1.0 mM of ethylenediamine tetraacetic acid
(EDTA) and 1% polyvinylpyrrolidone (PVP). The sample
was centrifuged at 10000 rpm for 15 min at 4C. The
activity of polyphenol oxidase (PPO) and lipoxygenase
(LPO) enzymes was estimated using the supernatant.

PPO activity was quantified by the protocol of Soliva et
al. (2000). Briefly, 100 uL of the enzyme extract was
mixed with 1900 pl of 0.1 M potassium phosphate (pH, M
0.1=7.0) containing 0.1 M catechol as a substrate. The
absorbance was recorded at 410 nm. Phenylalanine
ammonia-lyase (PAL) activity was estimated based on
cinnamic acid production by the protocol of D'Cunha et al.
(1996). Briefly, 100 pL of enzyme extract was added to
1000 pl of buffer extract, 500 pl of L-phenylalanine (10
mM), and 400 pl of deionized water. The mixture was
incubated at 37'C for 1 h. Then, 500 pl of hydrochloric
acid (6.0 M) was added. The absorbance was recorded at
290 nm.

2.6.4. Secondary metabolites

Phenolic compounds and flavonoids were extracted
from homogenized samples of CSC according to the
method described by Velioglu et al. (1998).

100 mg of powdered samples was dried in an oven at
50°C for 48 h in 20 ml aqueous methanol (80%) and added
to room temperature for 20 min. Samples were centrifuged
at 15000 rpm for 20 min. A vacuum evaporator dried the
supernatant. 1 ml of methanol was re-added. The

supernatant was carefully isolated and stored for
quantification.

Total phenol production (TPP) was estimated using
Folin-Ciocalteu (FC) and gallic acid. It is expressed by mg
gallic acid/g dry weight (Ainsworth and Gillespie, 2007).
Total flavonoid production (TFP) was estimated as rutin
equivalents described in mg rutin g* DW (Miliauskas et
al., 2004).

2.6.5. Antioxidant activity

Antioxidant activity was evaluated by diphenyl-
picrylhydrazyl (DPPH) and 3(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT). Free radical
scavenging activity was estimated based on the DPPH
assay. Briefly, 100 mg of homogenized CSC had 0.02 mi
of ethanol. Then, it was centrifuged at 10000 rpm for 20
min. The supernatant was isolated and added to 2.0 ml of
DPPH (0.1 mM) in 95% ethanol. The reaction mixture was
mixed and incubated at 25'C for 60 min. The absorbance
was measured at 517 nm (Zhu et al., 2006).

The MTT assay was determined according to the
modified method described by Neamah (2016). Briefly,
2.0 ml of dimethyl sulfoxide (DMSO) was added to the
supernatant of a 500 mg sample extracted by
centrifugation at 10000 rpm for 20 min using 5.0 ml of
methanol aqueous (80%). The sample was mixed by the
vortex. It was dried by a vacuum evaporator. 10 pl of the
reaction was added to the 190 pl MTT solution. Then, it
was incubated at 37°C for 24 h. DMSO solution was
added. Then, 200 pl was isolated and placed in a 96-well
CSC. The absorbance was recorded using a universal
microplate reader at a wavelength of 570 nm.

2.7. Experimental design and statistical analysis

A factorial experiment was conducted using a
completely randomized design. It included 18 treatments
with three replicates in each treatment. Standard deviation
values were calculated for all mean values. Data were
statistically subjected to two-way ANOVA using the
GenStat package version 12 significant values were
determined using L.S.D at p <0.01.

3. Results

3.1. Biomass accumulation of calli cultures

The best biomass accumulation was determined for M.
charantia L. calli cultures grown in diverse cultures,
including LS, MS, and WPM containing different NAA
and BA treatments. The aim was to obtain the most
appropriate chemical components of the medium through
which calli cultures can be grown for CSC. Media cultures
did not show a significant difference in biomass
accumulation. In contrast, it increased significantly (p <
0.01) by treatment with NAA and BA at concentrations
0.25+1.0 mg I, respectively. It recorded the highest
significant biomass accumulation for media cultures,
which amounted to 2.04, 2.24, and 2.14 g, respectively
(Figure 2).
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Figure 2. Assessment of biomass of calli cultures in M. charantia
L. induced by different concentrations of NAA and BA. Vertical
bars represent the mean + standard deviation of three replicates.
Different letter treatments indicate significant differences at p <
0.01 based on LSD test.

3.2. Biomass accumulation, cell viability, and Cu content
of CSC

Some morphological parameters of CSC derived from
calli cultures were evaluated (Figure 3). Treatment with

Cu NPs significantly increased the biomass accumulation
of CSC (p <0.01). The highest biomass accumulation was
5.27 g for MS medium treated with 120 pg ml™ of Cu NPs.
In contrast, treatment with high concentrations caused a
decrease in biomass to its lowest level at a concentration of
200 pg ml™ for culture media (Figure 4A).

Cell vitality also increased significantly as a result of
treatment with Cu NPs, as treatment with a concentration
of 80 pg ml™? increased the vitality of cells growing in LS
medium by 93.92%, while treatment with a concentration
of 200 pg ml™ led to recording the lowest vitality of cells
growing in WPM amounting to 66.11% (Figure 4B).

The accumulation of Cu increased significantly with
high concentrations of Cu NPs, and the increase in
treatment caused an increase in the accumulation of Cu.
The highest accumulation occurred for CSC of WPM,
which reached 0.129 mg g DW in 200 pg ml™, while the
accumulation was lower for lower concentrations of Cu
NPs (Figure 4C)

Figure 3. The stages of study on the hypocotyl derived from M. charantia L. under in vitro conditions on WPM with 0.25 mg I'* NAA+1.0
mg I BA. The hypocotyl extirpated from sterilized seedlings (A). Callus induction start (B). Callus formation complete (C). CSC (D).
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. . -1

3.3. H202 and MDA content of CSC growing in WPM, equal to 361.67 umol g _FW. The
increase was 3.2-fold compared to the control (Figure 5A).
- : . . The results showed a significant change in MDA
determine the effect of treatments on stimulating the vital content. The highest level of suspensions treated with a
pathways responsible for the synthesis of secondary high concentration of Cu NPs appeared when added to the
metabolites in the plant cell (Guo et al., 2018; Sarmadi et WPM by 6.4 pmol gt FW. The control treatment of the

al., 2018). o MS medium recorded the lowest, equal to 0.67 umol g*
The treatments significantly (p < 0.01) affected the FW (Figure 5B).

H,0, content of CSC. The treatment with 200 pg ml™ of
Cu NPs recorded the highest content of H,0, for CSC

H,O0, and MDA are fundamental indicators to
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indicate significant differences at p < 0.01 based on L.S.D test.
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3.4. Antioxidant enzymatic activity of CSC

PAL and PPO are essential enzymes in protecting
cellular components from the effects of oxidative stress.
Thus, they have a major role in sustaining the production
of secondary metabolites in the cell (Sarmadi et al., 2018).
The different treatments caused a significant improvement
(p <0.01) in the enzyme activity.

The results showed an upward trend in PAL activity
due to the change of cultures and treatment with Cu NPs.
The concentration was 200 pg ml™ of Cu NPs with a mean
WPM of 7.38 U mg? protein on all treatments. MS
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medium untreated with Cu NPs showed the lowest enzyme
activity of 1.10 U mg™ protein (Figure 6A).

As for PPO enzyme activity, the results showed the
importance of treatments in improving its activity, and the
cultures medium enriched with Cu NPs recorded a
significant increase in activity, which reached a
concentration of 200 pg ml? with WPM 5.47 U mg™
protein. However, it was not significantly different with an
MS medium of the same concentration. In contrast, we
found the lowest activity of PPO when the control
treatments of cells were cultured in an MS medium (Figure
6B)
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Figure 6. Assessment of antioxidant enzymatic activity parameters such as PPO (A) and LPO (B) of CSC in M. charantia L. elicited by
different culture media and Cu NPs concentrations. Vertical bars represent the mean + standard deviation of three replicates. Different letter
treatments indicate significant differences at p <0.01 based on L.S.D test.

3.5. Secondary metabolites of CSC

Phenols and flavonoids are secondary metabolites
available in M. charantia L., known for their therapeutic
properties (Chung et al., 2018). The different treatments
caused a significant improvement (p < 0.01) in the
production of CSC from secondary metabolites.

The TPP increased due to different media cultures and
Cu NPs treatment concentrations. The treatment of CSC
with MS+200 pg ml™ recorded the highest yield of 8.23
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mg g* DW, which did not differ significantly from the
production of a WPM of the same concentration. The
control group showed the lowest production for all cultures
(Figure 7A).

The change of cultures and the concentration of Cu
NPs significantly affected the TFP. The treatment of 200
pg ml™ of Cu NPs with WPM recorded the highest yield
with an increase of 4.4-fold over the control treatment of
the same medium (Figure 7B).
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Figure 7. Assessment of secondary metabolites parameters such as TPP (A) and TFP (B) of CSC in M. charantia L. elicited by different
culture media and Cu NPs concentrations. Vertical bars represent the mean + standard deviation of three replicates. Different letter
treatments indicate significant differences at p < 0.01 based on L.S.D test.
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3.6. Antioxidant activity of CSC

Antioxidant activities are the final result of evaluating
the ability of different treatments to stimulate the
production of secondary metabolites (Neamah and
Almehemdi, 2017). MTT and DPPH assays are essential in
evaluating  antioxidant activity. The treatments
significantly (p < 0.01) affected the antioxidant activities
of CSC.

To assess antioxidant efficacy based on the MTT assay,
the media under varying concentrations of Cu NPs differed
significantly. CSC grown in the MS medium showed the
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highest activity under 160 pg ml™* of Cu NPs, which was
0.89. The level of difference was not significant with the
MTT radical scavenging activity of CSC grown in WPM
and MS medium under 200 pg ml™ concentration of Cu
NPs (Figure 8A).

In the DPPH assay, WPM containing a high
concentration of Cu NPs recorded the highest antioxidant
activity with a significant increase of 9.0% and 13.67%
over MS and LS cultures under the same concentration,
respectively. In comparison, the control group showed the
lowest mean values of antioxidant activity (Figure 8B).
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Figure 8. Assessment of antioxidant activity parameters such as MTT (A) and DPPH (B) of CSC in M. charantia L. elicited by different
culture media and Cu NPs concentrations. Vertical bars represent the mean + standard deviation of three replicates. Different letter
treatments indicate significant differences at p <0.01 based on L.S.D test.

4. Discussion

There was a variance in the results of media cultures
for the mor-physiological parameters. It may be due to the
different components of the chemical cultures thus
reflected on the characteristics of CSC. Copper
nanoparticles may have the ability to penetrate cell walls
and have high reactivity by increasing their surface area.
Biomass accumulation and cell viability were enhanced by
treatment with Cu NPs (Figures 4A and 4B). This may be
due to the role of copper in synthesizing some essential
enzymes in the vital activities of the plant. In contrast,
over-treatment contributed to stress on the culture medium
of CSC. This inhibited the growth of CSC biomass under
high concentrations because of the toxicity generated by
over-treatment. This led to copper accumulation in plant
cells (Figure 4C). These results are similar to previous
reports showing the role of treatment with CuO NPs in
enhancing the induction of calli cultures in Oryza sativa L.
(Anwaar et al., 2016). The concentrations of Cu NPs
enhanced the biomass of Balanites aegyptiaca L. (Ebad et
al., 2019). Hayat et al. (2021) reported that there was a
significant difference in the biomass accumulation of
Artemisia absinthium calli cultures treated with Cu NPs.

In general, the accumulation of metals in the plant cell
is one of the leading causes of nutritional disorders
(Neamah and Hamad, 2020). In our study, the oxidative
stress indicators appeared due to the increased treatment of
Cu NPs and the different media cultures. The
accumulation of H,O, increased (Figure 5A), contributing
to cell membrane degradation in CSC. Hence, MDA
content increased (Figure 5B).

On the other hand, the excessive increase in ROS and
the rapid deterioration of cell membranes are controlled by
defense systems. The plant cell has a defense mechanism
that enables it to confront dangers resulting from various
stresses, including metal stress. It is believed that H,O,
acts as a mediating signal that stimulates the synthesis of
defense systems (Sanjari et al., 2019).

PAL and PPO are two types of antioxidant enzymes
(Figure 6). The PAL enzyme enhances the biosynthetic
pathways  responsible  for  synthesizing  phenolic
compounds (Asghari and Zahedipour, 2016; Manquian-
Cerda et al.,, 2016). In comparison, the PPO enzyme
contributes to the oxidation of phenolic compounds under
tensile conditions. Cu NPs played an essential role in
membrane protection of vitals from damage, thus
protecting the phenols stored in the cellular vacuoles from
oxidative stress.

Phenolic compounds are classified as potent non-
enzymatic antioxidants and an essential secondary
metabolite (El Jabboury et al., 2022). They mitigate ROS's
toxic effects and can chelate minerals (Mierziak et al.,
2014).

There was a positive effect of the Cu NPs treatment
(Figure 7). The effect of CSC by stress may have led to the
elicitation of phenolic compounds.

MTT and DPPH assays assess antioxidant activity
(Neamah, 2016; Chung et al., 2018) based on their ability
to accept an electron or hydrogen (Sharma and Ramawat,
2014). The results showed that the antioxidant activity
could be increased by treatment with Cu NPs, as well as
the different chemical components of CSC media cultures
(Figure 8). Increased TPP or TFP can lead to enhanced
antioxidant activity (Figure 7). These results are similar to
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the report by Choudhary et al. (2011) on Raphanus sativus
under Cu stress. This is consistent with the announcement
by Hayat et al. (2021) of Artemisia absinthium L. callus
cultures treated with Cu NPs.

5. Conclusion

The effect of media cultures and Cu NPs treatments on
the CSC of M. charantia L. was reported for the first time.
MS medium was more consistent in improving biomass
accumulation compared to LS or WPM. In general, the
exogenous Cu NPs at lower concentrations improved
biomass  accumulation, whereas the increasing
concentrations of Cu NPs caused an increase in the
accumulation of H,0, and MDA. Thus, this enhanced the
activity of non-enzymatic defense systems that contributed
to the inhibition of phenolic oxidation and the elicitation of
secondary metabolites by Cu NPs. These results can be
exploited in the commercial production of secondary
metabolites.
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Abstract

Peres fish (Osteochilus kappenii) is a native freshwater fish in Central Aceh, Indonesia. This study aimed to determine the
morphology and histology development of the digestive tract of Peres larvae. Understanding the developmental stages is
essential to support the success of larval rearing during ontogeny. The parameters observed include the total length (TL) of
larvae, daily growth rate, larval morphology, and histology of the digestive tract. Furthermore, the total length of the larvae
was measured from 1 to 25 day after hatching (DAH). The larvae sampling was conducted at 1, 2, 3, 4, 8, 10, 15, 20, and 25
DAH. Morphological and histological observations were carried out microscopically, and data were analyzed descriptively.
The results showed that the TL of larvae growth at the beginning (1 DAH) and termination (25 DAH) of the study was 4.58
+ 0.24 mm and 9.62 + 0.79 mm, respectively. Based on the structural development of the body and food sources, the
development of percussion larvae was divided into four phases, namely the yolk sac (0-4 DAH), pre-flexion (5-15 DAH),
flexion (16-20 DAH), and post-flexion (21- 25 DAH). The yolk was completely absorbed 4 DAH, marking the end of the
yolk sac phase, as the Peres fish larvae began to use external feed. At 25 DAH, the larval morphology was fully formed and
pigmentation spread throughout the body. The digestive organs and glands are well-developed with differentiation of the
midgut and hindgut, increased goblet cells in the intestine, and increased lipid vacuoles in the liver and zymogen in the

pancreas to utilize feed optimally.

Keywords: Fish, development, endogenous, exogeneous.

1. Introduction

Peres fish (Osteochilus kappenii) is a native freshwater
fish in Central Aceh that is spawned and cultivated. This
fish is essential for nutritional needs, specifically protein
for the people of Central Aceh, situated in the highlands at
+ 1000 Meter Above Sea Level and relatively far from the
sea (£ 100 km to the coastal area of Bireuen Regency)
(BPS Aceh Tengah, 2021). The marine fish supply is
determined by distributors from coastal areas, although
there has been a decline in quality due to poor handling
and relatively long distances. Therefore, increasing the
production of freshwater fish commodities is necessary,
specifically O. kappenii, to meet the needs of the residents
in Central Aceh District.

O. kappenii experiences several problems at the
cultivation stage, specifically high larval mortality. This is
due to the lack of information about the functional
developmental stages of the larval digestive system,
particularly the critical transition from the yolk sac to
exogenous feeding during the rearing period. The larval
stage is vital to the success of fish farming because it is
prone to mortality, specifically during the transition period

“ Corresponding author. e-mail: dfputra@usk.ac.id.

(Staaterman et al., 2012; McCasker et al., 2014).
Furthermore, survival in the larval stage is influenced by
food and environmental factors (Muchlisin et al., 2003).
The fish undergo morphological changes, and digestive
system differentiation becomes more complex during the
larval to juvenile stages. In general, each teleost has
similar digestive system development, although there were
variations in the differentiation period and the functional
development during ontogeny (Trevino et al., 2011).

There are several studies on the morphology and
histology development of the digestive tract of fish larvae.
Putra et al. (2012) studied the development of morphology
and digestive tract of tomato clownfish (Amphiprion
frenatus) in a controlled environment. Other studies
include Croaker croceine fish, Pseudosciaena crocea (Mai
et al., 2005), humpback grouper, Cromileptes altiveles
(Abol-Munafi et al., 2011), catfish, Mystus nemurus (El
Hag et al., 2012), striped murrel, Channa striata (Paray et
al., 2015), ontogeny and morphological development of
tilapia (Oreochromis niloticus) in Aceh Province,
Indonesia (Ismarica et al., 2022), yellowtail tetra fish
Astyanax lacustris (Characiformes: Characidae) (dos
Santos et al., 2020), Schizothorax waltoni Regan and
Percocypris retrodorslis (Xu et al, 2023), orchid
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dottyback fish, Pseudochromis fridmani (Chen et al,,
2022), yellowfin tuna, Thunnus albacares larvae (Kwan et
al., 2019), red sea bream, Pagrus major (Khoa et al.,
2019), Black Amur bream, Megalobrama terminalis (Liu
et al., 2020), Culter alburnus (Huang et al., 2021), Shi
drum, Umbrina cirrosa (Karacaoglan et al., 2023),
Yellowfin seabream, Acanthopagrus latus, Houttuyn 1782
(Morshedi et al., 2021), and Arctic fish, Leptoclinus
maculatus (Pekkoeva et al., 2023).

Currently, there are no studies on the development of
morphology and histology of the digestive tract of O.
kappenii larvae. This study on the digestive system
development is important to determine the activity of
digestive enzymes (Babaei et al., 2011), the period of
endogenous (occurs during the early developmental stages
of fish, primarily in the embryonic and larval stages) and
exogenous (begins when fish larvae have absorbed the
nutrients from their yolk sac and need to start feeding on
external sources for further growth) feeding (Faulk et al.,
2007), the period of functional changes in the digestive
organs (Infante and Cahu, 2001), the process of absorption
of food nutrients (Lallés, 2020), and digestive capacity
(Gawlicka et al., 1995). Therefore, this paper aims to
investigate the morphology and histology development of
the digestive tract to support the success of rearing O.
kappenii larvae in the future.

2. Materials and Methods

2.1. O. kappenii peres larvae cultivation

The broodstock of male and female Peres fish was
obtained from the Regional Technical Implementation
Unit (UPTD) of the Lukup Badak Fish Seed Center (BBI),
Pegasing District, Central Aceh, and Indonesia.
Furthermore, brood spawning was conducted in a 70 x 45
X 45 cm aquarium, with a male-to-female brooders ratio of
2:1. A semi-artificial spawning technique was employed,
and, on completion, the parent was separated from the
eggs. The hatched larvae were transferred to a larval
rearing tank with aeration until their yolk runs out. In the
early phase, plankton was given 3 times a day after the
yolk thinned, which was obtained from green water.
Furthermore, the larvae were given thawed pellet powder 7
days after hatching.

2.2. Observation of digestive organs and histology

The larvae were sampled on 1, 2, 3, 4, 8, 10, 15, 20,
and 25 for morphological and histological analysis. A total
of 15 samples were collected from rearing container, and
preserved in a sample bottle using a 10% neutral buffer
formalin (NBF) solution. For morphological observations,
5 samples of the preserved larvae were randomly selected,
then examined using a stereo microscope (Olympus
SZX16) and photographs were taken. Meanwhile, 15
samples aged 1 to 7 DAH were used for histological
analysis (Putra et al. 2012), as well as 5 random samples
aged 8 to 25 DAH. The histological preparation process
followed methods outlined by Drury and Wallington
(1967) Kiernan (1990) and Abdullah-Al Mamun et al.
(2022). This involved tissue fixation with 10% NBF
fixative solution, tissue dehydration with graded alcohol,
tissue clarification using xylene, infiltrating the tissue with

paraffin, immersing the preparations with paraffin wax,
cutting the tissue using a microtome with a thickness of 5
pum, and staining with Haematoxylin and Eosin (H&E).
The results were observed under a microscope (Olympus
CX21) with digital photos integrated with a computer.

2.3. Data analysis

The total length of the larvae was measured from 1 to
25 DAH with a digital caliper (mm) with an accuracy of +
0.2 mm. Five samples were collected daily to measure the
total body length, then the average was calculated using
standard deviation (SD). The length growth pattern of
Peres fish larvae was analyzed using Excel software.
Measurement of the daily growth rate (DGR) was
calculated based on Hopkins (1992): DGR = Lt-Loft,
where DGR represented the Daily Growth Rate (mm/day),
Lt and Lo represented the average total length at the end
and the start of the study (mm), respectively. The data
obtained were analyzed descriptively.

3. Results

3.1. Growth of Peres Fish Larvae (O. kappenii)

Length growth pattern of the larvae showed an
exponential pattern during rearing (Figure 1). The daily
length growth rate from 1 - 25 DAH was 0.201 mm/day.
Also, the average total length at 1 DAH was 4.58 + 0.24
mm TL and reached 9.62 + 0.79 mm TL at 25 DAH. The
total length of the pre-flexion phase from 5-15 DAH was
496 = 0.28 mm TL — 5.84 + 0.32 mm TL. Growth was
rapid at the 16-20 DAH flexion phase, ranging from 5.86 +
0.53 mm TL — 8.34 £ 0.69 mm TL. The final stage was the
post-flexion phase at 21-25 DAH, comprising 8.42 + 0.60
mm TL-9.62 +£0.79 mm TL.
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Figure 1. Length growth pattern of Peres (O. kappenii) larvae
from 1 DAH to 25 DAH.

3.2. Morphology Development of Peres Larvae (O.
kappenii)

The stages of morphological development of the Peres
fish larvae are divided into 4 based on the structural
development of the body and food sources, namely the
yolk sac phase, pre-flexion, flexion, and post-flexion
(Table 1). Morphological development in the pre-flexion
phase occurs 11 days after passing through the yolk sac
phase (4 DAH), while the flexion and post-flexion phases
have equal durations of 5 days each.
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Table 1. Stages of morphological development of Peres fish (O. kappenii) larvae

No. Phase Characteristics of Morphological Observation DAH Food Source
The mouth is still closed, the eyes are not pigmented, and the 0-1 Endogenous feeding
body is still transparent.
1. Yolk sac . . o
The mouth is starting to open, the eyes are getting pigmented, Endogenous-exogenous
- 2-4 -
and the body is still transparent. feeding
The yolk has run out, the body still looks transparent, the fins
el are starting to form but are still simple, the eye organs are ) .
2 Pre-flexion starting to enlarge, and the tail bones of the larvae are starting to 515 Exogenous feeding
bend.
3. flexion The fins begin to develop and separgte, pigmentation begins to 16-20 Exogenous feeding
appear on the head, abdomen, and fins.
The dorsal fins, pelvic fins, pectoral fins, anal fins, and caudal
4. Post-flexion fins are fully formed, and pigmentation has spread all over the 21-25 Exogenous feeding

body.

The results of the morphological development analysis
showed fin folds after hatching, located along the body
including the dorsal, caudal, anal, and ventral fin folds (2a,
b, c, d, e, f, g). However, underdeveloped fins hinder the
larvae from swimming actively. The fins are completed at
15-20 DAH and the rays are perfectly formed, specifically
on the dorsal and caudal fins (Figures 2 g-h). At 25 DAH,

the fish resemble an adult morphologically due to the
development of cranial structures including premaxilla,
maxilla, dentary, preopercle, and opercle. In addition, the
development of the fins is complete at 25 DAH, with the
caudal fin structure having urostyle, hypural, parhypural,
uroneural, and epural bones (Figure 2i).

Figure 2. Morphological development of Peres fish (O. kappenii) larvae. (a) 1 DAH (4.58 + 0.24 mm TL) A, eye; B, egg yolk (yolk sac);
C, dorsal fin folds; D, notochord; E, anal fin folds; F, caudal fin fold; (b) 2 DAH (4.82 £ 0.30 mm TL) A, eye; B, swim bladder; C, egg yolk
(yolk sac ); D, dorsal fin folds; E, notochord; F, anal fin folds; G, caudal fin fold; (c) 3 DAH (4.88 £ 0.21 mm TL). A, swim bladder; B, egg
yolk (yolk sac); (d) 4 DAH (4.94 £ 0.31 mm TL). A, swim bladder; B, egg yolk (yolk sac); (e) 8 DAH (5.1 + 0.12 mm TL). A, eyes; B,
head; C, pectoral fins; D, abdomen; E, notochord; (f) 10 DAH (5.4 £ 0.29 mm TL). A, caudal fin; (g) 15 DAH (5.84 £ 0.32 mm TL). A,
eyes; B, pectoral fins; C, pelvic fins; D, dorsal fin; E, anal fin; F, inclined coccyx; (h) 20 DAH (8.34 £ 0.69 mm TL). A, eyes; B, pectoral
fins; C, developed pelvic fins; D, developed dorsal fin; E, developing anal fin; F, developed caudal fin; (i) at 25 DAH (9.62 + 0.79 mm TL).
A, eyes; B, pectoral fins; C, pelvic fins; D, dorsal fin; E, anal fin; F, caudal fin.
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3.3. Development of Digestive Tract Histology of Peres
Larvae (O. kappenii)

A day after hatching, the digestive tract appeared as a
small straight undifferentiated tube covered by a system of
simple columnar epithelium, attached dorsally to the yolk.
The yolk, acting as a food reserve, appears large and is
surrounded by simple squamous epithelium (Figure 3), and
the food source is endogenous feeding. Gastrointestinal
tract differentiation occurs at 4 DAH during the transition
phase to exogenous feeding where the esophagus,
stomach, and intestines differentiate and the mouth,
pharynx, and anus have completely opened (Figure 4a).
The intestinal lumen volume (intestine) expands at 4 DAH
as well as the opening of the mouth, indicating that they
are prepared to receive food from outside.

The organs, digestive glands, liver (food secretion), and
pancreas (enzyme secretion) start differentiating in 2-3
DAH, though they are unwell developed. At 4 DAH, the
liver and pancreas are visibly growing, indicating that
digestion is commencing. The exogenous feeding has been
started at 4 DAH based on the development of digestive
organs and glands.

Figure 4b showed that the intestine separated into 2
parts, the midgut and hindgut, at 15 DAH. The length
increases with development and intestinal folds become
more complex. Additionally, goblet cells are observed in
the folds 15 DAH.

Figure 3. Cross sections of Peres fish (O. kappenii) larvae at 1
DAH (HE, x 4). YS, yolk sac; DT, digestive tract; SB, swim
bladder; No, notochord; E, eye.

The intestinal volume increases at 20 DAH,
accompanied by an increased villi length in the midgut and
hindgut. In addition, the liver was enlarged, followed by a
rapid increase in vacuolar lipid granules and hepatocytes
(Figure 4c). The liver lobes were enlarged and elongated,
with increased hepatocytes and lipid vacuoles, which were
clearly visible. At 24 DAH, the midgut and hindgut were
fully differentiated, with a complex villi complex, and
increased goblet cells. In the liver, enlargement continues,
and it appears to be filled with vacuolated lipid granules.
The amount of zymogen in the pancreas increased greatly
(Figure 4d). Figure 2f showed that the tail fin develops at
10 DAH. The caudal fin separates from the dorsal fin
(Figure 2g) at the end of the pre-flexion phase.

Figure 4. Cross-sectional micrograph of the digestive tract of
Peres (O. kappenii) larvae. (a) 4 DAH (HE, x 10) YS, yolk sac; I,
intestines; L, liver; MF, muscular fiber; P, pancreas; (b) 15 DAH
(HE, x 10). MG, midgut; HG, hindgut; I, intestines; SG, goblet
cells; (c) 20 DAH (HE, x 10). MG, midgut; HG, hindgut; L, liver;
DLF, digested live feed; (d) 25 DAH (HE, x 4).

4. Discussion

The results showed that the average total length of the
larvae in the early phase of the yolk sac was quite lower,
ranging from 4.58 + 0.24 mm — 4.94 £ 0.31 mm TL. This
is because the larvae utilize the yolk for the ontogeny
development of the body, specifically the cranial and
appendicular  structures (Woltering et al., 2018).
According to Sari et al. (2015), the slow growth is due to
the energy intake from endogenous feeding to perfect the
immature organs, whereas excess energy is used for
growth in length and weight at the end of the larval phase.

Figures 2a, b, ¢, and d illustrated that the yolk sac phase
showed incomplete morphology. The larvae rely on
endogenous feeding, obtaining nutrients from the egg yolk
at 1-3 DAH. However, there is a transition from
endogenous to exogenous feeding (food from outside) at
the end of this phase (4-5 DAH). The food in the pre-
flexion to post-flexion phases originates from exogenous
feeding. At 4 DAH, the larvae have functioning eyes and
mouth, enabling exogenous feeding activities. The yolk
was still visible; hence, the larvae were not fully dependent
on external feed. There are differences regarding the yolk
expiration in other species, including Snakehead, Channa
striata (Paray et al., 2014), and Spotted murrel, Channa
punctatus (Haniffa, 2003), where the yolk was completely
absorbed in 3 DAH. In Caspian cutus, Rutilus frisii cutum
(Jafari et al., 2009), the yolk sac was completely absorbed
20 DAH and the mouth opens 3 DAH allowing external
feeding.

The pre-flexion stage begins when the yolk is depleted
(4-5 DAH) and continues until the development of larval
urostyle bones in the caudal fin (15 DAH). This urostyle
bone supports the epural, uroneural, hypural, parhypural,
and fin bones (Senevirathne et al., 2020). The bending of
the tailbone (notochord) and the maturation of the caudal
fin of the tomato clownfish, Amphiprion frenatus, was
found at 4 DAH indicating a transitional phase from pre-
flexion to post-flexion (Putra et al., 2012; Boglione et al.,
2013). However, the development of the urostyel bone
structure in the Rainbow kurumoi fish, Melanotaenia
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parva, occurs at the age of 16-20 DAH (Kadarini et al.,
2013).

At 8 DAH, O. kappenii larvae showed more signs of
development. Although they remained simple and their
bodies retained its transparency, the larvae progressed into
developing bigger eyes and pigmented cranium and
abdomen (Figure 2e). Similar results on the Striped
snakehead, Channa striatus, were reported by Marimuthu
and Haniffa (2007).

The flexion stage started from 16-20 DAH, where
pigmentation began to appear on the cranium, abdomen,
and fins. Furthermore, the fins began to develop fully and
the dorsal, caudal, anal, and ventral fins were separated to
enable the larvae to swim at 20 DAH (Figure 2h). The
post-flexion stage began at 21-25 DAH, showing the
formation of the dorsal, ventral, pectoral, anal, and caudal
fins to resemble adult fish and the pigmentation spread
throughout the body (Figure 2i). After 25 DAH, no
significant morphological development was observed. The
changes that occurred involved an increase in body length
and weight, indicating the end of this phase. Furthermore,
the larvae enter the final stage, the juvenile phase.
Previous studies on fish from the same family
(Cyprinidae), such as Chalcaburnus tarichi, revealed that
the larval period ended at 35 DAH (Unal et al., 2001),
while that of in Schizothorax zarudnyi Nikolskii, 1987
(Actinopterigii: Cyprinidae) ended at 21 DAH (Moghadam
etal., 2014).

The histological analysis showed that O. kappenii
larvae at 1 DAH exhibited an undifferentiated, small
straight tube-shaped digestive tract, located at the top and
connected to the yolk (Figure 3). Furthermore, the
digestive tract is lined by a network of simple columnar
epithelium and the food sources are endogenous. This
result was similar in the Hamun mahi, Schizothorax
zarudnyi (Moghadam et al., 2014); Malaysian river catfish,
Mystus nemurus (ElI Hag et al., 2012), Stripped murrel,
Channa striatus (Paray et al., 2015), and Large yellow
croaker, Pseudoscianea crocea (Mai et al., 2005).

Gastrointestinal tract differentiation of O. kappenii
commenced at 4 DAH during the transition phase to
exogenous feeding, where the esophagus, stomach, and
intestine begin to differentiate and the mouth, pharynx, and
anus have completely opened (Figure 4a). The volume of
the intestinal lumen (intestine) increases at 4 DAH as well
as the opening of the mouth, indicating the readiness to
consume external food. Although the early phase (yolk
sac) of the larval exhibit intestinal functionality, it is
structurally and functionally less complex than the late
larval phase (post-flexion) (El Hag et al., 2012). In other
species of the Cyprinidae family, namely Chalcaburnus
tarichi, the digestive tract differentiate at 5 DAH and
exogenous feeding begins at 6 DAH (Unal et al., 2001),
while Schizothorax zarudnyi at 3-8 DAH (Moghadam et
al., 2014).

The digestive gland organs of O. kappenii, such as the
liver start differentiating at 2-3 DAH and are unwell
developed (Figure 4). Andriyanto and Marzugi (2012)
reported similar results on Cromileptes altivelis fish, Mai
et al. (2005) on Pseudosciaena crocea fish, and Paray et
al. (2015) on Channa striata fish. The liver and pancreas
grow and become clearly visible at 4 DAH, indicating the
initiation of the food digestion process. Based on the

development of digestive organs and glands, the larvae
utilize external feed 4 DAH.

The histological results showed that the intestine was
clearly separated into 2 parts, the midgut (middle intestine)
and hindgut at 15 DAH (Fig. 4b). However, previous
studies reported that they were separated at 2 DAH in
Amphiprion frenatus (Putra et al., 2012) and 6-7 DAH in
Cromileptes altiveles fish (Abol-Munafi et al., 2011,
Andriyanto and Muzaki, 2013). The histological results
also showed an increase in intestinal length and the
complexity of intestinal folds as development progressed.
Elongated and complex intestinal folds facilitate food
absorption in the intestine (Andriyanto and Muzaki, 2013).
At 15 DAH, the microvilli network in the intestine
developed, expanding the surface to enable efficient
absorption (Merrifield et al., 2009; Firdus et al., 2020g;
Firdus et al., 2020b). The intestinal volume increased at 20
DAH and the villi lengthened in the midgut and hindgut.
Furthermore, the liver was enlarged at 20 DAH,
accompanied by a rapid increase in vacuolar lipid granules
and hepatocytes (Figure 4c).

The midgut and hindgut were differentiated and
formed at 25 DAH. Furthermore, the villi were complex
and the goblet cells increased. The liver became larger and
was filled with vacuolated lipid granules, while the
zymogen in the pancreas increased (Figure 4d). The
pancreas developed around the intestines, corresponding to
the complexity and quantity of digested food (Andriyanto
and Muzaki, 2013). The development of digestive tract
organs and glands at 25 DAH indicated the final larval
phase. The well-developed functional digestion at this
stage enables the larvae to utilize feed optimally.

5. Conclusions

The end of the yolk sac phase in Peres fish is
characterized by the complete absorption of the yolk at 4
DAH, which marks the transition from the endogenous to
the exogenous feeding phase. Furthermore, the
development of digestive organs and glands showed that
the larvae were able to feed externally at 4 DAH. At 25
DAH, the developed larvae resemble adult fish and the
pigmentation spread throughout their bodies, signaling the
final phase of the larvae. The development of the well-
developed digestive tract and glands at 25 DAH allowed
the larvae to efficiently utilize feed. Future studies on
enzymatic activity within the digestive system is suggested
to obtain more comprehensive information regarding to the
larvae developmental of Peres fish.
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Abstract

Incidents of parasitic infections of coastal (0-40m deep) fish species were investigated to assess ecosystem health and
stability along Jordan’s Gulf of Agaba (GoA). The aim was to compare sites of probable anthropogenic impacts using the
extent of infections and species richness indices. A total of 828 fish belonging to 60 species were collected and examined
from 7 sites. Fish were brought to laboratory and examined for skin and gill lesions and/or parasites. Fish necropsy was
undertaken to assess organ-specific parasitic infections. The infection prevalence (IV) of 8 disease agents pooled from all
sites was Psuedodactylogyrus sp., Dactylogyrus sp., Copepod (Gnathia sp.), Ergasilus sp., Maxillopoda, Nematodes
(Anisakis sp), Isopods and Platy helminthes. The highest 1V was reported in fish gills by Flukes (helminthes), and Isopods
and monogeneans were recorded in 88% of the examined fish. However, the highest % of infection was the copepods,
Ergasilus sp. and Psuedodactylogyrus sp., while the lowest % was the helminthes (fish flukes). The gut parasites
pseudodactylogyrus sp. and dactelogyrus sp. prevailed highest in fish collected at northern sits of GoA. These together with
one nematode dominated sites of increasing urban activities. By comparing species richness indices of heteroxenous vs.
monoxenous parasites in some fish, results suggest increased incidents of monoxenous parasite in fish collected at areas
likely impacted by human activities along the coast.

Keywords: Anthropogenic, Coastal quality, Fish parasites, Gulf of Agaba, Heteroxenous, Infection prevalence, Monoxenous, Red Sea

1. Introduction

The Gulf of Agaba is fringed by a rich and well
developed yet very diverse coral reef. Consequently, it
supports a broad variety of bio-fauna. Existence of this
highly diverse and complex ecosystem depends
exclusively on the stability of the prevailing natural
conditions represented here by the oligotrophic nature of
this body (Rasheed et al. 2012; Badran and Foster 1998).
The coastal ecosystem of the northern Gulf of Agaba (Red
Sea) has been under constant anthropogenic environmental
impacts for the last 3 decades due to the profound effects
of rapid growth and development at Jordan’s major urban
city of Agaba. This process, along with global
environmental changes, is attributed to a list of varieties of
human borne causes (Wahsha et al. 2017). These include
crowded maritime activity, airborne phosphate dust due to
export, incidental sewage effluents together with coastal
siltation and land runoff, large scale tourism as well as
extensive scuba diving activity (Lacerda et al. 2018;
Rasheed et al. 2012; Badran and Foster 1998; Abelson et
al. 1999). In view of the fact that the Gulf was a nearly
pristine body of water as recently as the mid 70’s, the rate
of habitat degradation in recent years could be considered
quite alarming.

Fish populations are an integral part of the coastal
ecosystem of GoA. Since extensive parts of the original
shallow coastal habitats around this area have been
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modified, some to the extent of near destruction, it is
hardly surprising that fish abundance and diversity have
changed and are on a noticeable decline (Al-Ma’ayta 2015;
Al-Zibdah and Odat 2007; Golani and Diamant 1999).
Hence, detailed studies on the condition of reef fish
communities in GoA are crucial for the management and
conservation of regional coral reef ecosystems (Khalaf
2004; Khalaf and Kochzius 2002). Coastal localities that
previously supported sizeable fish communities seem to
have been largely abandoned by many species. Although
there is a rarity of coral reef fish studies in the region,
historic evidence suggests that mature individuals
belonging to larger reef species (e.g., Serranidae, Labridae,
Scaridae, Lethrinidae) are in continuous decline (Al-
Zibdah 2013; Khalaf 2004).

In recent years, there have been reports of sharp
increase in the global prevalence of diseases in the marine
environment, a situation which has been linked with
climate changes and numerous anthropogenic factors (Al-
Hasawi 2019; Harvell et al. 1999; McVicar 1997). The fact
that increased incidence of diseases and mortalities of fish
populations often associated with pollution is not new
(Lacerda et al. 2018; Overstreet 1997). However, the
increase in sporadic mortality events associated with
infective agents recently encountered in the marine
environment at such a magnitude is definitely of concern.

The present study was carried out to investigate fish
diseases and parasites along the coast of GoA during
December 2017 to October 2018. Aim is to find out



278 © 2024 Jordan Journal of Biological Sciences. All rights reserved - Volume 17, Number 2

potential infectious parasites in selected fish species
collected from different coastal locations at depth range 0-
40m. The phenomenon of declining fish populations from
shallow coastal waters is evident along the entire coastline
of Jordan’s GoA (Al-Ma’ayta 2015; Al-Zibdah et al.
2018). GoA coastline most likely is one of the more
extensively impacted shorelines probably due to
occasional and sporadic spills, tourism, fishing and water-
sports. Deterioration of environmental quality is known to
affect the natural immunity of fish as well as stressful
conditions are known to facilitate dispersal and
transmission of infective stages of parasites and diseases
(Al-Hasawi 2019; Diamant et al. 2010, 2001; Lafferty and
Kuris 1999). In this study, we conducted a monitoring
program for examining different fish species fished at
various sites along the coast of GoA. Purpose is to
understand the extent of stress-related infectious diseases
occur in indigenous fish populations of GoA. Investigation
was focused on parasitic infections in fish captured from
0-40m depth coastal areas. In addition, rabbit fish, Siganus
rivulatus, was selected as an indicator fish for evaluating
the ecosystem health and stability.

2. Materials and methods

During 10 months of sampling period, specimens
belonging to 60 species were collected and identified from
the seven sampling sites that represented different urban
activities along the coast of GoA (Figure 1, Table 1).

29.56

Table 1. Description of sites selected for the fish sampling.

Name of site  Latitudes Longitude Description of existing
activities
Ayla Oasis 29.539678° 34.979913° Inlet outlet of artificial

lagoons at north of
Agaba Gulf

Yacht club 29.529096° 34.997922° Harbour of yachts at
northern Gulf of Agaba
Phosphate 29.498126° Old Harbour to export

Loading Berth crude phosphate

Marine science 29.458590° 34.975976° Scientific marine
station (MSS) environment studies

Tourist camp Beach for public use
(sea sports and

camping)

Tala bay 29.405711° 34.975182° Gated tourist resort
J. Fert. Indust. Fertilizers Industry
(JFD

Ayla Oasis

Yacht club

29.51

Phosphate port

29.46 Marine Science Station

Latitude (N)

Camping area

GULF OF AQABA Tala Bay
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[
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34.78 34.83 34.88 34.93 34.98 35.03
Longitude (E)
Figure 1. Sites selected for the collection of different fish species
during a 10 months’ period (Dec 2017-October 2018)

The sampling stations were chosen to represent a range
of anthropogenic-impacted and reference habitats on
various coastal locations along GoA. The following 7 sites
were selected (clockwise): Ayla Oasis sea front, Yacht
Club beach, Phosphate Loading Berth (PLB), Marine
Science Station (MSS), Tourist Camp, Tala Bay and
Jordan Fertilizer Industry (JFI) area.

The sampling period was between December 2017 and
October 2018. A total of 828 fish individuals belong to 60
species were collected and examined from all sites of GoA
coastal areas. Fish were mostly obtained from fishermen
operating baited mesh traps. Other fish were collected by
MSS staff using a similar trap technique and gill nets.
Baits used were selective in order to catch as many
varieties as possible on a monthly basis. Fish samples were
sorted to species level following Khalaf and Disi, 1997.
Similarly, fish parasite taxonomy and identification was in
accordance to various sources including Atlas of Fish
Histology, 2009; world register of marine species WoRMS
and FishBase. This is in addition to some publications on
fish parasites that were utilized for the current study.

Fish samples were kept frozen wuntil further
examination for parasitological/pathological inspections.
In laboratory, fish samples of the different species were
thawed and examined to search for ecto and indo parasites.
Specimens were initially examined externally for skin and
gill lesions and/or parasites, followed by a complete
necropsy in which the alimentary tract, and suspect organs
were examined for lesions or the presence of parasitic
infections. An incision was made from the dorsal spine to
caudal fin to visually inspect and count the parasites, if
present. The organs inspected were skin, internal tissue,
gills, hepato pancreas, spleen, and gut. Any visible white
pseudo cysts encountered in the tissue were counted
(Codex guidelines for sensory evaluation of fish and
shellfish in laboratories, CAC-GL 31-1999). In most cases,
gills, liver, spleen, kidney and intestine were fixed in 4%
buffered neutral formalin (BNF) for further processing of
paraffin histology. Freshly prepared skin, gill, spleen,
intestinal mucosa and digestive tract imprints were studied
microscopically and in some cases, smears were air dried,
fixed and stained with Giemsa or Z-N. Further, in the
second part of work (unpublished) organs and suspected
tissues were fixed with buffered neutral formalin to be
processed with paraffin histology.

Moreover, the approach of Gelnar et al. (1997) and
D’Amelio and Gerasi (1997) considering using an
asymptotic curve to estimate species richness of a given
population of parasites in a selective indicator fish species
and here the rabbit fish (Siganus sp.) was taken into
account. The fish were collected from three different sites
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in 2021 and proved suitable fish as far as heteroxenous
species are concerned since they accumulate but cannot
proliferate on the host. Results on parasitological models
were backed by data analyses employing species diversity
and richness indices (Soberon and Llorente, 1993; Walther
et al., 1995) using one way ANOVA statistics.

3. Results and discussion

All fish species examined during this study period were
sorted by family and categorized according to the trophic
level, namely C: carnivore, H: herbivore, O: omnivore, and
P: planktivore (Table 2).

Fish samples were somewhat biased towards Agaba's
southern coast, with 828 specimen fish examined. Fish are
obviously more abundant toward the south of Jordanian
GoOA shoreline. This is certainly true as these areas are
dominated by coral reef (Al-Zibdah et al. 2008; Al-Horani
et al. 2006; Khalaf 2004). Fish populations were found in
all sites with coral reef along the coast of GoA (Al-Zibdah
and Odat 2007; Khalaf 2004). However, the majority of
fish species as well as the number of individuals examined
were collected from sites located in southern GoA (Figures
2 and 3).

35 No. of fish species
o 28
Q
[}
g 21
w
bS]
S 14 -
2
7
0
2 ) A
F & L ¥ ¢ f
é(” o‘g \0% /\’°\®
L Q N
<&@ Site

Figure 2. Number of fish species collected and examined from
each sampling site (fish were found belong to 58 species and 21
families).
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Figure 3. Number of individual fish inspected for pathological
and parasitological infections from all sites along the coast of
GoA

The infectious agents or parasites recovered from each
species are given in the right-hand column in Table 2.
Natural infections with Monogenea, Copepods, Isopoda,
Nematode, and Helminthes were recorded, and some were
identified to species level. For further histological

examinations, specimens were fixed and preserved whole
for paraffin sections of tissue and/or parasites from the
examined fish. The infection prevalence of 8 disease
agents that were pooled from all sampling sites is shown in
Figure 4. These disease agents were Psuedodactylogyrus
sp., Dactylogyrus sp., Copepod (Gnathia sp.), Ergasilus
sp., Maxillopoda, Nematodes (Anisakis sp.), Isopods and
Helminthes (Jerdnimo et al. 2022; Hoai 2020; Diamant et
al. 2001). The highest prevalence of infection observed
was with the gill racks, which were Flukes (helminthes),
Isopods and monogeneans and were recorded in nearly
88% of the examined fish. However, the highest in
infection % was for the two copepod species, Ergasilus sp.
and Psuedodactylogyrus sp., while the lowest % of
infection was for the helminthes (fish flukes). The
infection prevalence details according to each sampling
site are also shown in Figure 5.

Prevalence of infection of pooled samples at all sites

% of infection

OoOFRPrNWRUOIO N

Figure 4. Prevalence of infection by different parasites of fish
samples pooled from all sites

Prevalence of infection by site

Figure 5. Prevalence of infectious parasites observed in examined
fish species from the investigated sites along the coast of GoA
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Table 2. Collected and examined fish species showing incidents of parasitic infections, fish trophic level and number of individual fishes in

the present study.

Fish family Species Trophic level No. fish Parasitological findings
examined
Acanthuridae Acanthurus nigrofuscus (H) Herbevore 7
Ctenochaetus striatus H 12 pseudodactylogyrus, Helminths
Zebrasoma xanthurum H 14 pseudodactylogyrus, Gnathiids
Apogonidae Cheilodipterus macrodon (P) Plankitivore 1
Baslistidae Balistapus undulates (C) Carnivore 7
Sufflamen albicaudatus (O) Ominvore 3
Bothidae Bothus pantherinus C 1 Ganthiids
Chaetodontidae Chaetodon Auriga (0] 1 Ergasilus sp
Chaetodon austriacus o 3 Dactylogyrus
Chaetodon fasciatus (0] 4 Ergasilus sp
Chaetodon paucifasciatus (0] 22 Trichodina sp., Ergasilus sp
Heninochus diphreutes P 76 Ergasilus sp, Helminths, Isopodes
Echeneidae Remora remora C 1
Fistulariidae Fistularia petimba C 1
Holocentridae Myripristis chryseres C 8 Ergasilus sp, Ganthiids
Myripristis murdjan C 42 pseudodactylogyrus, Ergasilus sp,
Dactylogyrus, Isopodes
labridae Bodianus anthoides Cc 1
Cheilinus mentalis C 4
Cheilinus abudjubbe C 1
Cheilio inermis Cc 1
Coris caudimacula Cc 20
Lethrinidae Lethrinus borbonicus C 5 Isopods, Ergasilus sp
Lethrinus variegatus Cc 37 Monogenenean
Monacanthidae Amanses scopas Cc 2
Cantherhines pardalis (0] 11
Mullidae Parupeneus forsskali C 2
Parupeneus rubescens C 1
Pempherisvanicolensis C 40 Ganthiidae
Ostraciidae Ostracioncubicus 0] 1 1
Pomacanthidae Apolemichthysxanthotis H 5
Genicanthuscaudovittatus P 7
Abudefduf vaigiensis P 2
Chromis pembae P 5
Dascyllustrimaculatus P 17 Trichodina sp., pseudodactylogyrus
Pomacentrustrichourus P 23 Isopods
Amblyglyphidodonleucogaster P 5
Scaridae Calatomusviridescens H 7
Scarus fuscopurpureus H 9 Ganthiida, Dactylogyrussp, Isopods,
pseudodactylogyrus, Ergasilus sp
Scarus ghobban 3 Dactylogyrussp
Scarus niger 97 pseudodactylogyrus, Ganthiids, Dactylogyrus,
Isopods, monogenenean
Scarus sordidus H 2
Scarus ferrugineus H 10 monogenenean, Ganthiids
Scarus genazonatus H 1
Scombridae Scomber japonicas C 1
Rastrelligerkanagurta C 1
Scorpionidae Dendrochirusbrachypterus C 1
Petrois miles C 14 Trichodina sp., pseudodactylogyrussp
Petrois radiate C 5
Scorpaenopsis barbatus C 1
Serranidae Epinephelus fasciatus C 9 Trichodina sp., monogenenean
Cephalopholishemistiktos C 1
Variola louti C 2
Siganidae Siganus argenteus H 16
Siganusluridus H 1
Siganusrivulatus H 114 Nematods, monogenenean
Sparidae Acanthopagrus bifasciatus C 2
Diplodus noct H 136 Monogenenean
Synodontidae Synodus variegatus 2
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At some sites, the prevalence of certain infections was
considerably higher than the mean. Moreover, the two
parasites, pseudodactylogyrus sp. and dactelogyrus sp.
were mostly noticed in different fish species that were
caught at sites from north to south. This could explain the
natural existence of these parasites in fish gills known to
have multiple hosts. This might indicate abundance of
several hosts in habitats that reveal forms of anthropogenic
interventions along the coastline GoA (Hoai 2020; Ojwala
et al. 2018). The prevalence of infection per site showed
also dominance of the above two parasites and another
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parasite, nematodes, with a high % prevalence. These
parasites actually were detected at sites of increased urban
activities which might suggest its diverse abundance in
different fish species. Nevertheless, this study considers
selective fish species as potential indicators for the quality
of the different coastal habitats. The generated data have
shown that the fish S. rivulatus (Diamant et al. 2001, 1999)
could be a good example species to express the ecological
status and quality of different habitats along the coast of
GoA (Figure 6).
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Figure 6. Prevalence of infection to each infectious agent by host species in the examined fish.

The GoA was a near-pristine area before 2-3 decades
ago. However, there is now increasing evidence that
coastal ecosystem in this area is experiencing
environmental modifications (Ashmawy et al. 2018;
Schumacher et al. 1995). Incidences of pollution from
different sources were reported to result in forms of
eutrophication most probably due to rapid urban
development (Jerdnimo et al. 2022; Silverman et al. 2004;
Abelson et al. 1999). Such shifts from the pristine
condition may lead to phytoplankton elevation above
normal, which will result in an increase in zooplankton
and/or benthic fauna of different taxa (copepods,
polychaetes etc.), and these might represent potential hosts
of fish parasites. In this study, we attempted to quantify
some evidence on the above predictions. Indeed, the study
showed some changes which were significant at certain
points, shown here by the decline in the heteroxenous vs.
monoxenous parasite species ratios. We noticed an
increase in abundance of monoxenous parasites at certain
sampling stations, while heteroxenous species remained
plentiful, primarily at sites located away from those that
showed sorts of anthropogenic impacts. This pattern was
illustrated by a model that describes what is named "true"

species richness of the habitat based on the sample size of
a particular parasite population (Dzikowski et al. 2003;
Walther et al. 1995) in selected indicator species, and here
is the S. rivulatus. This fish is abundant in several habitats
along the coast and easily caught at nearly all sites. Our
main objective by this study was to provide some evidence
that, in an environment of susceptible impacts,
heteroxenous parasites refrain to complete their life cycles
due to the depletion of their intermediate hosts in natural
environment compared to monoxenous parasites that can
proliferate with single host (Paperna 1997; Dzikowski et
al. 2003; Al-Hasawi 2019). This relationship is particularly
relevant as far as heteroxenous species are concerned
(Digeneans, Acanthocephalan and many species of
nematodes) since they accumulate but cannot thrive on the
host. Hence, the generated data and results of this study
were analyzed by employing species diversity and richness
indices specifically for parasitological models (Al-Hasawi
2019; Dzikowski et al. 2003; Soberon and Llorente 1993;
Walther et al. 1995). Such analysis was helpful to
demonstrate distinct values of heteroxenous (H) vs.
monoxenous (M) parasites between the different study
sites in the indicator fish species (Figure 7).
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Figure 7. Cumulative number of encountered fish parasites in the different location and the prevalence (%) between heteroxenous vs.
monoxenous. Monogenean (Mo), Nematodes (Ne), Ergasillus sp. (Er), pseudodactylogyrus sp. (Ps), flukes (FI), fish lice (Li), Gnathiids

(Gn), dactylogyrus (Da), digenean sp.

This study also used the cumulative species plot that
extrapolates species abundance of a given habitat as a
function of increasing sample size. The heteroxenous and
monoxenous species were discretely considered for each
site, and comparison of plots yielded comparable results
when pooled samples were used. This method aided in
approximating the abundance and diversity of parasite
species within a particular habitat, allowing for the
characterization of communities in potentially affected
coastal marine ecosystems. However, findings suggest that
there were variations in parasite abundance of the different
sites along the coast. Despite the presence of various urban
activities at these sites, the distribution of parasite
communities did not show any clear pattern, except for
what was observed at the Tourist camp site. A notable
increase in visitor numbers was observed at this site, which
might have anthropogenic implications, yet the ratio of
heteroxenous to  monoxenous  parasites  remains
approximately 1:1.

Many case reports illustrate the negative effects of
pollution on parasite communities, which are often
reflected by a decline in species abundance and diversity,
especially in those with multiple hosts during their life
cycles (Lafferty and Kuris 2009; Dzikowski et al. 2003;
MacKenzie et al. 1995). The -current study was
implemented to use such an approach as a practical tool for
distinguishing between habitats subjected to differing
degrees of adverse anthropogenic impact on Jordan's GoA
coast.

As mentioned above, the higher ratio of heteroxenous
vs. monoxenous parasites will explain greater stability in
pristine habitats than in other sites that witness some forms
of anthropogenic intrusions along the coast. Nevertheless,
the results indicate that additional Red Sea and hence Gulf
of Agaba species are sensitive to several pathogens, and
that an infection reservoir is now firmly established in the
local feral fish communities. Consequently, any form of
stress and/or pollution (e.g., ports and public beaches) may
show increase prevalence of monoxenous parasites. Some
host species were found to be particularly susceptible to

some parasite agents. For example, the lion fish (Pterios
miles) could be a potential indicator for the quality of
habitats. The fish was collected from three different sites
(Hotels area and Al-Ghandor beach at the northern most
portion of Jordan’s Gulf of Agaba and old power station
located just to the south of the Phosphate port) in 2021.
Indeed, this fish and also the damselfish Dascyllus
trimaculatus often carried heavy loads of Trichodina sp.
on their gills. These findings warrant some explanation.
Pterois miles samples were sufficiently large to allow a
fairly detailed population study, and over 63.7% of the
individuals examined supported gill infections with
Trichodina sp. Infact, Trichodina ciliates have been shown
to be an excellent bioindicator for sewage eutrophication
in freshwater habitats (Yeomans et al. 1997; Lacerda et al.
2018). Almost all lionfish individuals examined in this
study were from the north beaches and PLB area, the two
sites  which might be liable to the impacts of
eutrophication. Trichodina sp. infections were also found
on the gills in some other coral reef fishes (i.e. Chaetodon
paucifasciatus, Dascyllus trimaculatus and Epinephelus
fasciatus). However, it has yet to be determined whether
these infections were with the same species known from
impacted sites. In any case, trichodinids are often
considered as ecto-commensal and probably have limited
significance as pathogens (Diamant et al. 2001).

As stated earlier, the composition of natural fish
parasite communities reflects the stability and evolutionary
stage reached by the ecosystem in which the fish live
because heteroxenous parasites (with complex, multiple-
host life cycles) can persist only in habitats that include all
host species, both intermediate and definite hosts required
for completion of the natural parasite life cycles (Shehata
et al. 2018). In environmentally susceptible environments,
communities will display a reduced biodiversity, and here
we expect mainly monoxenous (single-host) parasites to
persist. Here, we compared the ecological indices of the
parasite assemblages at each of the three distinctive sites,
and employed the relation Sh/Sm, which is the ratio of
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heteroxenous vs. monoxenous parasites richness indices
(Dzikowski et al. 2003; Walther et al. 1995).

A sufficient sample volume of the herbivore rabbit fish
S. rivulatus was collected and employed because S.
rivulatus was reported to support a rich parasite fauna of
both heteroxenous and monoxenous species. Some of it is
found to infect the gut helminthes (heteroxenous species)
and gill monogeneans (monoxenous sp.) which are readily
quantifiable. Table 3 shows a list of fish samples examined
with some parasite species found in S. rivulatus that were
utilized for the parasite richness and diversity analyses.

We employed 345 individual fish of S. rivulatus
utilizing the approach of monoxenous-heteroxenous
parasite analyses, some of which were collected during
two interconnected seasons. The S. rivulatus parasite
analysis was based on fish collected from three sites,
namely Ayla Oasis, Yacht club and Marine Science
Station (see Table 1).

Table 3. Number of rabbit fish (S. rivulatus) as indicator species,
collected from two urban sites at north of GoA and in south
(MSS) representing a marine conservatory.

Species richness and other diversity indices of S.
rivulatus parasite assemblages during the present study
period of host capture are shown in Table 5. Moreover, the
parameters on species richness indices are presented in
Figure 8.

Table 5. Diversity parameters employed on the S. rivulatus fish
in this study.

Ayla Oasis  Yacht club MSS
N 92 47 62
Parasite species 13(7) 15 (8) 17 (5)
Fish weight (g) 180.3£7.7°  87+7.9° 170.646.7%*
Fish length (cm) 22.7+0.3° 17.8+0.3 20.5+0.3°
Condition factor 14.8+0.4° 14.7+0.4° 17.1+0.3°
(W/L"3)
Diversity indices:
S (heteroxenous) 6.3+1.25 7.1+0.81° 12.1+3.09*
S (monoxenous) 7.3+2.21° 8.1+1.53° 5.1+1.51°

Sh/Sm 0.86 0.88 24

Collection season Ayla Oasis  Yachtclub  MSS  Total
Summer-Fall 92 47 62 201
Winter-Spring 41 63 55 159
Total 133 95 117 345

In all fish of S. rivulatus samples, counts were
conducted for parasitic metazoans (e.g. helminthes)
belonging to heteroxenous (gut digeneans, nematodes and
acanthocephalans) and monoxenous (gill monogeneans) as
shown in Table 4.

Table 4. Major taxonomic groups of fish parasites reported in
literature of both monoxenous (M) and heteroxenous (H)
development at different target organs of the S. rivulatus.

Taxonomic Parasite Species Development* Target
group organ
Monogenea Pseudohaliotrematoides M Gills
polymorphuseilaticus
Pseudohaliotrematoides M Gills
polymorphussuezicus
Pseudohaliotrematoides M Gills
polymorphus indicus
Pseudohaliotrematoides M Gills
polymorphus ““nagatyi”
Pseudohaliotrema M Gills
plectocirra
Polylabris sigani M Gills
Digenean Hexangium sigani H Gut
Gyliauchen volubilis ~ H Posterior
gut
Opisthogonoporoides  H Gut
hanumanthai
Opisthogonoporoides  H Gut
spp.
Nematode Cucullanussigani H Posterior
gut
Procamallanus H Anterior
elatensis gut
Acanthocephalan Sclerocolum rubrimaris H Anterior
gut

*Diamant et. al. (1999)

Numbers that bear different superscript letters are
significantly different P<0.05 (one way ANOVA);
numbers in brackets is for heteroxenous parasite species.
S: species richness, Y=a(1-e-bx)/b (Walter et al 1995).

Heteroxenous-Monoxenous Parasite Species Richness Indices

16 %

DAyla Qasis
BYacht club
oMss

Sh Sm Shism

Figure 8. Species richness indices of the heteroxenous vs.
monoxenous parasites as encountered in the indicator fish
represented here by the S. rivulatus

Implementing the concept of Sh/Sm as a tool for
evaluating the state of an ecosystem has been documented
in several reports (D’Amelio and Gerasi 1997; Diamant et
al. 1999, 2001). At some sites of increased urban activities
along the coast, our results showed a noticeable increase in
monoxenous species abundance associated with a decline
in heteroxenous species, although still insignificant (Khan
and Thulin 1991; Gelnar et al. 1997). In fact, the decline in
heteroxenous species was found to be associated with
habitats that witness some sorts of impacts along the coast.
This was mainly noticed with the abundance of
monogeneans being a monoxenous species. The impacts of
pollution at the bottom sediment were reported also to
develop monoxenous ciliate infections, mainly the
trichodinids (Yeomans et al. 1997; Lacerda et al. 2018).
The validation of such approaches as an indirect effect
either physiological or immunosuppressive (Shehata et al.
2018) on the hosts under such conditions was a matter of
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additional investigation, and the data are still under
processing (Al-Zibdah et. al., unpublished data). Fish
examined from Agaba’s urban areas (public beach and
phosphate port, both environmentally perturbed sites)
show an increased incidence of elevated levels of certain
infections, suggesting that resident fish populations could
have been affected by anthropogenic stress which might be
linked to habitat degradation. Moreover, the S. rivulatus,
and based on previous reports, is an ideal species for the
application of biochemical and histo-chemical biomarker
tests (Diamant 2001, 2010; Martens and Moens 1995).
These parameters were also part of the current study, but
results are still under evaluation. Our results demonstrate
that S. rivulatus in addition to other territorial fishes caught
at different sites were observed to carry parasite
communities that differ in their composition (heteroxenous
or monoxenous development), all of which could be used
as a measure for the degree of habitat integrity and
stability along the coastline of GoA..
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Abstract

Algae are photosynthetic organisms which can be cultivated and produced in photo-bioreactors; therefore, choosing the
design parameters and conditions are critical in order to achieve high efficiency and maximum productivity. Algae are of
interest to biochemical industries because of their diverse species. This project seeks to build a photo-bioreactor tank to
maximize Ulva lactuca non-seasonal survival to produce biodiesel from its biomass. The chosen design was because of the
ease of monitoring, and the tank design effectively kept Ulva lactuca alive and fresh. Biodiesel was accomplished using an
alkaline esterification for 50 g of dry mass of Ulva lactuca giving a relatively limited yield of approximate 13% of Ulva
lactuca oil (4 ml) that was converted to (0.5 ml) biodiesel, compared with other oils such as soybean (42%), corn oil (60%)
and cooked corn oil (40%). The yield of Ulva lactuca oil was statistically significantly lower than the other three types of oil
(p-value = 0.0032). However, this project still aids in the economics of Jordan, as Ulva lactuca is grown locally in the Gulf
of Agaba. Ulva lactuca investment is worth considering because of its natural exposure, high yield, low cost, reduced algae

contamination risk, and space requirements.

Keywords: Agaba; Biodiesel; Bioreactor; Energy Sustainability; Ulva lactuca.

1. Introduction

A Photo-Bioreactor (PBR) is commonly used to culture
phototrophic  organisms (Richmond, 2004). Photo-
Bioreactors are used to cultivate microalgae because of
many characteristics such as sterility, efficiency, and
convenience. These characteristics vary based on the type
of photo-bioreactor if it laboratory or industrial scale
reactors (Spier et al., 2011). The body of a PBR is
described as a closed tank, which is subjected to automatic
or manually controlled conditions (Singh & Sharma,
2012). Photo-bioreactors come in different sizes and
shapes and can operate in batch, fed-batch, or continuous
modes to convert raw material into products. Using PBRs
for the cultivation of algae means fewer contaminants
entering the system because of the closed system structure.
Maintaining the levels of CO, and H,O during the
operation with minimum losses is also easier. Controlling
the system is more accurate by using the features related to
the PBR such as pH, light, and temperature meters (Spier
et al., 2011). High productivity is important, but low
operation and maintenance costs are crucial when
choosing a photo-bioreactor. Therefore, choosing the
design of the PBR depends on the species, location, costs,
the final product, and profit. PBRs come in numerous
designs, such as a stirred tank, a bubble column, an airlift,

“ Corresponding author. e-mail: walid.alzyoud@gju.edu.jo.

a membrane, a tube, a flat plate, a helix, and a pyramid.
These designs reach a high surface-to-volume ratio, which
improves the photosynthetic efficiency (Carvalho et al.,
2006). Many limitations and problems are faced when
processing in a photo-bioreactor; therefore, a study in 2013
included simple solutions for commonly occurring
problems, such as biofouling which can be avoided by
providing perfect mixing, and ensuring a light-dark cycle,
while loss of algae density is prevented when the algae is
continuously filtered and harvested (Borowitzka, 2013).
All  parameters should be controlled to prevent
complications from happening during the operation;
therefore, sensors for CO,, pH, and temperature should be
installed and monitored regularly. In addition, O, build up
can be avoided if high mass-transfer capacity is provided.
This work focuses on making biofuel from a type of green
seaweed called Ulva lactuca (Guiry & Guiry, 2013). Ulva
lactuca reproduces asexually through accidental
fragmentation, where fragments become mature clones.
This type of reproduction explains the rapid growth rate of
the species. Ulva lactuca is ideal for biodiesel because of
its rapid growth and high lipid content. The attraction to
biodiesel is because of the high availability of the different
biomasses needed to produce it, the non-toxicity of the fuel
emissions as well as the biodegradability of the fuel. It has
also been reported that the consumption of biodiesel
resulted in a 78% reduction of CO, emission compared to
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conventional diesel fuel, thus further increasing the fuel's
demand (El Maghraby & Fakhry, 2015). Biodiesel is made
from a mixture of different sources like vegetable oils,
animal fats, and other living things such as algae and
bacteria. The most commonly used oils to produce
biodiesel are soybean, sunflower, palm and rapeseed.
Waste vegetable oils and non-edible vegetable oils are
cheaper than edible, fresh vegetable oil. This is because of
the differences in their natural properties. In regards to
animal fats, they are highly viscous and solid (Singh &
Singh, 2010). Vegetable oils can be used as diesel fuels in
traditional diesel engines, but depending on the kind and
grade of oil, some drawbacks may arise. Vegetable oil in
diesel engines has unique qualities in atomization and
combustion compared to regular diesel. Poorly combined
oil and air leads to incomplete combustion, causing smoke
and lower volatility (Barnwal & Sharma, 2005). Biodiesel
can be produced through the transesterification of a variety
of oils. In transesterification, an ester is transformed into a
different one by exchanging the alkoxy group.
Transesterification is an equilibrium process; therefore,
mixing the two components will cause a reaction.
However, in order to accelerate the process, acid or base
catalysts are usually utilized (Otera, 1993).

2. Methods

2.1. The design of bubble-tank photo-bioreactor

The Ulva lactuca species was kept alive in artificial
seawater using a bubble-tank photo-bioreactor. The photo-
bioreactor was built locally with the assistance of Ja'afar
Aquatics, a company based in Amman, Jordan (Figure 1).
The photo-bioreactor tank was built using Plexiglas® with
specifications as shown in Table 1. The water, along with
the added sea salt, was changed weekly because the
bioreactor was treated as a fish aquarium which needs a
water change every week. Ja'afar Aquatics experts
recommended the weekly water change and adding a CO,
pump to maintain the level of CO, for algae survival,
which was one bubble per second. Sea salt was used to
maintain alkalinity and the water's salinity. Another
important parameter that was considered was the light
intensity; a light-dark cycle was provided by using a light-
emitting diode (LED) lamp operating at 8 hours of light
and 16 hours of darkness to mimic nature.

Light Cycle ;} A Temperature Control

Figure 1. The designed tank photo-bioreactor.
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Table 1. Dimensions of the designed photo-bioreactor tank.

Dimensions

Length(cm) 60
Width(cm) 60
Height(cm) 55
Volume (L) 198
Water Level (cm3) 24
Water Volume(L) 86.4

2.2. Providing the algae species

Fresh and pure Ulva lactuca were verified and
handpicked by the scientists of the Marine Science Station
(MMS) from the beach near the Station in Agaba, Jordan
(GPS: 29.458344881113, 34.97665168083726) (Figure 2).
The fresh algae (Figure 3) with seawater were transferred
by car to Amman using water gallons and portable aeration
pumps. The algae were later transferred into the photo-
bioreactor tank along with the seawater (Figure 4).
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Figure 2. The map location of Ulva lactuca collection site on the
beach of Agaba (MSS).

Figure 3. Ulva Lactuca found near the beach of Agaba.
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Figure 4. The designed photo-bioreactor

2.3. Optimal conditions for Ulva lactuca

For optimal growth and survival of algae, the pH level
should be between 6.5 and 7.5, and the temperature should
be between 23°C and 27°C (Kusumaraga et al., 2021). A
certain amount of CO, is needed for the algae to grow, and
the recommended amount is between 500 and 1400 patm
(Bockmon et al., 2013). The photo-bioreactor was set to
these parameters: pH 7.5, 1500 watts of light, 500 patm of
CO,, temperature of 24.5 °C, and salinity around 30 ppt to
get the best conditions. Algae were incubated for 7 weeks.
Two sensors for CO, and pH were inserted in the water to
make sure that the values of CO, and pH are properly
controlled.

2.4. Oil extraction for biodiesel production

Oil extraction from the Ulva lactuca is necessary since
the fundamental ingredient for the production of biodiesel
is the oil. The oil extraction process was conducted
through the use of a Soxhlet extractor (Luque de Castro &
Priego-Capote, 2010). 50 g of the algae collected from the
aquarium was placed into the thimble and fitted into the
Soxhlet extractor. 200 ml of the solvent extractor n-hexane
was added into the round bottom flask and placed onto the
heating mantle (Suganya et al., 2013). Tubes were
connected to the inlet and outlet of the condenser. The heat
was adjusted so that the boiling point of the hexane is
reached since leaching occurs at the boiling point of the
solvent, which is 69°C. The oil could leach continuously
from the algae for several days until complete extraction
was achieved. Extraction was executed inside a fume hood
to allow for proper ventilation and to prevent harmful
fumes from escaping to the surroundings. Prior to the
transesterification of the oil, oil purification was required
to remove any impurities.

2.5. Purification using a rotary evaporator

The rotary evaporator, also known as the rotarvap, was
used to separate the hexane from the extracted oil
(Suganya & Renganathan, 2012). To separate the n-hexane
from the extracted oil, the following steps were conducted:
First, water was added to the water bath, whose
temperature was set to 40°C. Then the vacuum pump was
turned on with the pressure reaching around 370 mbar.
Finally, the flask was lowered into the water bath with a
rotation of 45 rpm. The hexane could evaporate for around
20 min to ensure full separation. The oil was collected,
measured, and processed after removing it from the
rotating flask. To purify the oil, a syringe filter with a 0.2
um disc filter was used after removing the hexane solvent
with rotarvap.

2.6. Transesterification of oils

Following the extraction and purification of the oil, the
transesterification reaction was performed. A solution of
potassium methoxide with KOH and methanol was
prepared before commencing the procedure. The
potassium methoxide solution was prepared through the
following steps: 4 g of KOH was added to 50 ml of
methanol and stirred a stir plate; 4 ml of extracted algae oil
was placed into a 100 ml glass beaker and onto the hot
plate, and a thermometer was used to ensure that the oil
temperature remained around 55°C. 1.25 ml of the
potassium methoxide solution was added to the heated
algae oil. An additional three types of ready oils (soya
bean oil, cooked corn oil, and corn oil) were
transesterificated for comparison. The beaker covered
with aluminum foil was placed onto the stir plate for 30
min. The mixture was removed from the stir plate and
placed into a burette because of its very small volume and
left for 24 hr to allow the layers to settle. The lower
glycerol layer was slowly removed from the biodiesel top
layer, and the biodiesel was collected and measured. The
transesterification reaction is shown in Equation (1) (Mata
et al., 2010):

Triglycerides + Methanol — Biodiesel + Glycerol Equation 1

3. Results

3.1. Photo-bioreactor tank

The first aim of this project was achieved, as shown in
Figure 1 and Table 1, from the first stage of building a
photo-bioreactor, applying some modifications on the
system to meet the requirements needed, until the last step
of producing biodiesel. The photo bioreactor was
constructed for simulating artificial seawater that was
needed for the survival of algae. Many modifications were
made to the system for an appropriate algae environment.
Cultivating the algae was insignificant in terms of the
growth of the biomass. However, the non-seasonal
survival was achieved, and oil extraction could still be
performed. From 2500 g inoculum, the algae retrieved for
oil extraction was around 50 g in wet mass and included
sludge and excess material from the tank that was too
difficult to remove from the algae to avoid further
damaging the organisms.
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3.2. Oil extraction for biodiesel production

As previously mentioned, the oil extraction was
conducted using the Soxhlet extractor. The oil was
separated from hexane using the rotarvap after extraction.
Considering the discolored and somewhat stable size of the
algae used, even a tiny volume of extracted oil was
considered a success (Table 2) since it was predicted
beforehand that the algae would yield no oil. In addition,
from the difference in volume of the hexane before and
after extraction, about 50 ml of hexane is lost in each
extraction cycle.

Table 2. Extraction and separation results

Material Volume
Inoculum 2500 g
Wet mass utilized for oil extraction 509
Extracted Algal Oil 4 ml
Recycled hexane 150 ml
Algal biodiesel yield 13%

3.3. Transesterification of oils

Table 3 shows the results of the transesterification of
the different oils used. From the results, it can be deduced
that the larger the volume of oil used in the
transesterification reaction, the better the biodiesel yield.
Larger volumes were used because they were easier to
manage during the experiment and the procedure was not
suitable for small-scale production. Using a general
formula in the Equation 2, the % yield can be calculated,
where Vf is the final biodiesel volume and Vi is the initial
oil volume. The statistical analysis was calculated by using
t-distribution table.

% Yield = (Vf/Vi)* 100% Equation 2

Table 3. Oil transesterification results

Oil Type Qil Biodiesel Yield p-
Volume Volume value

Soya Bean oil 10ml 4.2ml 42%

Cooked cornoil ~ 5ml 2ml 40% 0.0032

Corn oil 5ml 3ml 60%

Ulva lactuca 4 ml 0.5ml ~13%*

algae oil

* Ulva lactuca algae oil was with the lowest yield compared with
other oils.

4. Discussion

This study investigated the potential of Ulva lactuca, a
readily available algae species in Jordan, as a sustainable
feedstock for biodiesel production. We aimed to establish
a non-seasonal survival system within a designed bubble-
tank photo-bioreactor, while simultaneously highlighting
the economic probability of biodiesel production, even
with potentially low oil yields. Despite the careful design
of the photo-bioreactor to mimic Ulva lactuca's natural
habitat, successful cultivation proved challenging. This
highlights the crucial role of in-depth understanding and
consideration of the native environment for effective
cultivation of any biomass resource. Despite the relatively

low oil yield, Ulva lactuca-derived biodiesel could be a
cost-effective fuel source compared to corn oil-based
biodiesel because of that fact that corn production includes
expensive activities linked with its agriculture. This paves
the way for further optimization and scaling up of the
process for large-scale biodiesel production in Jordan. Our
findings align with prior research regarding Ulva lactuca's
suitability for biodiesel production in Egypt (Abomohra et
al., 2018). However, deeper investigation of the fatty acid
methyl ester (FAME) profile and optimization of growth
conditions are crucial for yield improvement. This study
shows the potential of Ulva lactuca as a sustainable
biodiesel source in Jordan. Future research should address
challenges related to yield optimization, biomass
availability, and energy balance, while exploring avenues
for by-product valorization. These efforts will be key to
maximizing the economic and environmental benefits of
this renewable fuel resource. This might be the first of its
kind study in Jordan; however, a larger scale study, similar
to the one by (Bruhn et al., 2011) at Seden Beach (Odense
Fjord) in Denmark is needed to determine the realistic
economic feasibly of biodiesel production in Jordan and
even in the countries that have beaches on the Red Sea
such as Yemen, Egypt and Saudi Arabia. The above-
mentioned study of Denmark suggested the adoption of
bio-refinery concept and revealed that Ulva lactuca has a
relatively high biomass production potential of 45 T (TS)
ha y* where (TS) is the total solid; however, the study
does not address the scalability and feasibility of large-
scale cultivation and harvesting of Ulva lactuca for bio-
energy production.

5. Conclusion

This study well designed and implemented a non-
seasonal bubble-tank photo-bioreactor, demonstrating its
potential as a closed-system approach. This system offers
the advantage of maintaining algal viability during storage,
facilitating further research and potential
commercialization. However, further optimization is
crucial for large-scale biodiesel production. The study
identified two key limitations; Low oil yield: Ulva lactuca
exhibited a relatively low oil yield in this study. Future
research should focus on optimizing cultivation parameters
and exploring alternative extraction methods to enhance
oil production. Small sample size: The limited sample size
employed in this study restricts the generalizability of our
findings. Future studies should utilize larger sample sizes
to validate the observed trends and refine the economic
feasibility analysis. Despite these limitations, this research
provides a valuable foundation for future studies
investigating Ulva lactuca as a sustainable biodiesel
feedstock in Jordan. Further research addressing yield
optimization, biomass scalability, and economic viability
assessment will be crucial for maximizing the potential of
this renewable fuel source.
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Abstract

Exploring the natural product as a potential alpha-amylase inhibitor with no adverse side effects is still being concerned in
developing diabetes mellitus drugs. This study aims to identify the phytochemical components of porang tuber extract. We
also investigated bioactivity and predicted the biological function of the porang tubers bioactive in inhibiting human
pancreatic alpha-amylase. The phytochemical components were analyzed by Liquid Chromatography Mass
Spectrophotometry (LCMS). We investigated the biological activity of compounds as anti-diabetic agents by the PASS
server. The 3D structure of the active compound that was showing anti-diabetic activity was prepared using PyRx software.
Docking simulations were analyzed using Hex 8.0 software, while for visualization Discovery Studio Client 4.1 software
was used. Our study found the presence of 67 phytochemical constituents in porang tuber extract. The five largest
compounds with anti-diabetic activity are glucomannan, mannan, and flavonoids (quercetin, orientin, and hyperoside). PASS
analysis showed that glucomannan and mannan had the most potential as anti-diabetic. It was determined by the Pa value of
0.77. The active sites  of alpha-amylase (ASP197, GLU233, and ASP300 residues) were bound by glucomannan, mannan,
orientin, and hyperoside, which plays an essential role in catalytic activity. Glucomannan showed the strongest interaction
with the pancreatic alpha-amylase domain (lowest binding energy -394.1 kcal/mol). This result indicates that porang tubers
are very potential as an alpha-amylase inhibitor. Further research is needed to validate this finding.

Keywords: anti-diabetic, alpha-amylase inhibitor, functional food, natural remedies.

postharvest porang tubers (Gusmalawati et al., 2021). In
addition, several secondary metabolite including
flavonoids, alkaloids, saponins, coumarins, tannins,

1. Introduction

Currently, natural bioactive compounds from plants are
studied since their therapeutic properties can be
commercialized (Aldayel et al, 2020). Porang
(Amorphophallus muelleri Blume) is an herbaceous plant-
producing tuber with nutraceuticals that promise to treat
health  problems, such as hyperglycemia and
hyperlipidemia (Chen et al., 2019; Harijati et al., 2012).
Porang tubers are rich in macronutrients, including
carbohydrates (80.16%), starch (54.23%), fiber (4.96%),
protein (5.77%), fat (4.96%), and glucomannan (Wulan et
al., 2019).

Glucomannan is the main carbohydrate component in
porang tuber with 99,436.85 ug/g concentration shown by
LCMS analysis (Gusmalawati et al., 2019). Besides
glucomannan, other carbohydrate compounds such as
mannan, trehalose, mannose, galactose, glucose,
rhamnose, arabinose, and xylose were detected in

“ Corresponding author. e-mail: dwi.gusmalawati@fmipa.untan.ac.id.

steroids, and quinones were also detected in porang tuber.
Traditionally, Amorphophallus species tubers were
beneficial to treat hemorrhoids, stomach pain, tumors,
asthma, and rheumatism. Furthermore, the extract
of Amorphophallus sp. tuber was also reported to have
anti-diabetic, antioxidant, anti-cholesterol, and anti-
bacterial properties (Firdouse and Alam, 2011; Shete et al.,
2015; Van et al., 2020).

Foods rich in phytochemicals such as polysaccharides
and polyphenols are suitable for medicinal and dietary
supplements. Several plant polysaccharides have been
confirmed to have secure anti-diabetic activity through
various mechanisms. One potential mechanism is by
inhibiting alpha-amylase activity (Chen et al., 2019).
Diabetes mellitus is a chronic metabolic disease with high
blood glucose levels due to insufficient insulin secretion or
insulin tolerance, or a combination of both. Hyperglycemia
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conditions can trigger health complications such as
cardiovascular disease, ischemic heart disease, and other
diabetes complications (Quek et al., 2020).

One of the therapeutic approaches to overcome
metabolic disorders is drugs that inhibit the digestion and
absorption of carbohydrates. Pancreatic alpha-amylase is
the main enzyme that plays a role in breaking down starch
into simple sugars (glucose, maltose, maltotriose, and
dextrin) through hydrolytic activity. High intake of simple
carbohydrates in the human body can lead to weight gain
and escalated postprandial glycemia. Reduction of
postprandial hyperglycemia can be achieved by inhibition
of alpha-amylase (Quek et al., 2020; Xie et al., 2020).
Acarbose is a synthetic drug to treat diabetes mellitus,
which inhibits the enzyme alpha-amylase. However, the
use of acarbose causes some side effects, such as
gastrointestinal  disorders (Algahtani et al., 2019).
Therefore, alpha-amylase inhibitors that did not generate
adverse side effects from natural sources are needed.

This study aims to determine the phytochemical
content of porang tubers by LCMS analysis. An in-silico
study of biological function was carried out to predict the
potential role of porang tuber bioactive compounds as
inhibitors of human pancreatic alpha-amylase.

2. Materials And Methods

2.1. Extraction of Porang Tubers

The specimens used in this study were fresh porang
tubers for the third growing period obtained from East
Java. The mashed porang tubers were extracted using 95%
methanol as solvent by the maceration. Briefly, maceration
was carried out for 24 hours at room temperature. The
homogenate was filtered with the Erlenmeyer  vacuum.
A rotary evaporator at a temperature of 40°C was used for
generating concentrated filtrate. The concentrated extract
was centrifuged for 20 minutes at 5000 rpm. The
supernatant obtained was then stored at 4°C for further
analysis (Gusmalawati et al., 2019; Babu & Radhamany,
2021).

2.2. LCMS Analysis of Methanol Extract of Porang
Tubers

A Shim Pack FC-ODS column (2 mm x 150 mm, 3 m)
with a column temperature of 35°C was used for liquid
chromatography separation (Zhao et al., 2015). The eluent
used was 95% methanol with 0.8 mL/minute flow rate and
a maximum pump pressure of 15 kgficm? The
wavelengths used are 254 nm and 190 nm with polarity (+)
and AUX range (2AU/V). Furthermore, liquid
chromatography runs for 80 minutes followed by mass
spectrophotometry analysis with the following parameters:
probe temperature= 250°C, CDL temperature= 250°C,
nebulizer gas flow= 15 mL/minute, and block
temperature= 400°C. The experiment was set up as
follows: acquisition mode= scan +, interval= 0.5 sec,
detector gain= 1.5 kV, start m/z= 50, stop m/z= 500, scan
speed= 1000, probe voltage= +4 .5 kV, and CDL voltage=
25 V. Chromatograms were displayed using the LCMS
PostRun program.

2.3. Ligand and Receptor Preparation

The 3D chemical structures of glucomannan (CID:
24892726), mannan (CID: 25147451), quercetin (CID:
5280343), orientin (CID: 5281675), and hyperoside (CID:
5281643) were obtained from  NCBI PubChem database
(https:/iwww. ncbi.nlm.nih.gov/) in sdf format. RSCB
PDB (https://www.rcsb.org/) was used as a database to
derive the 3D structure of pancreatic alpha-amylase (PDB
ID: 4W93). Ligands (glucomannan, mannan, quercetin,
orientin, and hyperoside) were prepared using PyRx
software. Receptor preparation (pancreatic a-amylase) was
via eliminating water molecules or ligands bound to
receptors using Discovery studio software. Then, the
receptor was saved in .pdb format using open babel
(Agustin et al., 2020).

2.4. Biological Activity Prediction

Bioactivity analysis was carried out to identify
compounds from porang tubers that have the potential as
anti-diabetic. This study employs a PASS server
(http://www.pharmaexpert.ru/passonline/). PASS is a
database containing compound activity data (Krieger et al.,
2015).

2.5. Molecular Docking and Visualizations

Molecular docking between the receptor and the ligand
was performed using Hex 8.0 software. Further, the
docking was set in Shape+Electro+DARS mode. Then,
docking results are saved with the .pdb extension. Analysis
and visualization of binding interactions were established
using the Discovery studio 2016 software (Agustin et al.,
2022).

2.6. Molecular Dynamics Simulations

Our study used YASARA structural software for
molecular dynamics simulation with a run time of 20,000
ps and autosaved every 25 ps. The following cell
physiology conditions are performed when running the
software: temperature 37°C, pH 7.4, salt content 0.9%, and
pressure 1 atm. The simulation is conducted utilizing the
macro program md_runfas. Furthermore, root-mean-square
deviation (RMSD) protein backbone was performed using
the md_analyze macro, and root-mean-square (RMSF)
fluctuation  analysis was performed using the
md_analyzeres macro (Krieger et al., 2015).

3. Results

3.1. LCMS Analysis of Porang Tubers

Identification of phytochemical components of fresh
porang tubers using LCMS analysis showed 67
compounds (Figure 1). Interestingly, our study found the
main compounds identified included glucomannan (RT =
54,184), mannan (RT = 46,166), quercetin (RT = 11,427),
orientin (RT = 22,172), and hyperoside (RT = 24,02)
(Table 1). Glucomannan has the chemical formula
C3oHs5,05 defined by m/z 828; mannan with chemical
formula C,,H4,0,; has an m/z value of 66; the chemical
formula for quercetin is C15H10; with m/z 302. Orientin
and hyperoside have the chemical formulas Cy H»04;
and C, HyO1, with m/z 448 and 464, respectively.
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Figure 1. Chromatogram of porang tuber extract by LC-MS analysis. 25. Quercetin, 47. Orientin, 55. Hyperoside 66. Mannan, 67.

Glucomannan.

Evaluation of biological activity based on PASS server
showed that glucomannan, mannan, quercetin, orientin,
and hyperoside from porang tubers were bioactive
compounds that have the potential as anti-diabetic. It was
indicated by the Pa value of >0.2 in quercetin; besides,
glucomannan, mannan, and hyperoside have a Pa value
(>0.6) (Table 1). The PASS server was a structural
approach by comparing the inputted compounds with fixed
compounds to have certain activities. The assessment is
based on the Probability to be active (Pa) value of the
bioactive compound. The current study showed that
glucomannan and mannan occupied the highest Pa value of
0.77. 1t was indicated as the most potent active compound
as anti-diabetic.

Table 1. Results of LC-MS analysis of methanol extract from
porang tubers and predictions of their biological activity represent
an anti-diabetic role.

Peak Compound Chemical RT mz Composition pavalue
number formula  (min) (%)
67  Glucomanan C3Hs;02 54,184 828 14,24644 0,777
66 Mannan CxH4 021 46,166 66  11,25441 0,777
25 Quercetin - C1sH1007 11,427 302  3,03861 0,273
47 Orientin  C21H201; 22,172 448  3,01088 0,774
55 Hyperoside C21H2001, 24,02 464  3,15940 0,661

3.2. Molecular Docking Analysis of Pancreatic Alpha-
amylase with Glucomannan, Mannan, Quercetin,
Orientin, and Hyperoside

The receptor-ligand interactions were indicated by the
binding site of the amino acid residue, chemical bond
types, and the binding affinity (Table 2). The molecular
mechanism of inhibition of pancreatic alpha-amylase
through the interaction of bioactive compounds has been

established. Five bioactive compounds of porang tuber
can hind to the active site of pancreatic alpha-amylase in
several residues.

Six amino acid residues of domain A of pancreatic
alpha-amylase interact with glucomannan, including
GIn63, Argl95, Trp59, His299, Asn53, and Aspl97.
Mannan compounds can bind amino acid residues GIn63,
Thrl63, Argl195, Glu233, Tyr62. The Asp 197 amino
acid residue acts as a nucleophile in the alpha-amylase
catalytic mechanism, whereas Glu 233 plays as an acid-
base catalyst during the starch hydrolysis reaction. Asp
300 was crucial in optimizing substrate orientation at the
S1 subsite through multiple hydrogen bonds. Our study
showed that glucomannan and mannan could bind amino
acid residues (Asp197 and Glu233), critical in catalytic
activity through hydrogen interactions.

The interaction of quercetin with the binding site of the
pancreatic alpha-amylase complex involves residues
Thr264, Gly308, Ala260, Leu237, Lys257, and Lys261.
Hydrogen and hydrophobic binding stabilized these
interactions (Thr264, Gly308, Ala260, Leu237, Lys257,
and Lys261) (Figure 2). Molecular docking results showed
that eight amino acid residues in domains A and B of
pancreatic alpha-amylase were able to bind to orientin,
including GIn63, His299, Glu233, Aspl97, Asp300,
Leul65, His305, and Trp59 residues. This binding site is
stabilized by hydrogen bonding, hydrophobic, and
electrostatic interactions. The interaction of pancreatic
alpha-amylase complex and hyperoside occurs in domain
A. Acarbose is a commercial alpha-amylase inhibitor used
to treat type 2 diabetes mellitus. In silico studies of
acarbose-pancreatic o-amylase complexes show only one
Trp59 residue bound to acarbose via hydrogen
interactions.
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Figure 2. Interaction of pancreatic alpha-amylase with glucomannan, mannan, quercetin, orientin, and hyperoside.

Hyperoside can bind ten amino acid residues, including
Glu233, His299, Asp300, His305, Asp197, 11e235, Tyr62,
His201, Alal98, and Lys200 through hydrophobic
interactions and hydrogen bonds. Interestingly, orientin
and hyperoside could inhibit all three catalytic residues of
pancreatic alpha-amylase (Glu233, Asp197, and Asp300).
Thus, orientin and hyperoside from porang tubers were
indicated to have a potential anti-diabetic role through

inhibition of the active site of pancreatic alpha-amylase
(Figure 2).

Glucomannan showed the maximum interaction with a
binding energy of -394.1 kcal/mol lowest among five main
compounds docked. The binding energy of mannan,
quercetin, orientin, and hyperoside was -338.0 kcal/mol, -
267.6 kcal/mol, -298.4 kcal/mol, and -304.2 kcal/mol,
respectively (Table 2).
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Table 2. Molecular docking results of the interaction between pancreatic alpha-amylase with glucomannan, mannan, quercetin, orientin, and

hyperoside.
Compounds Point interaction Chemistry bond Type (Bkig;i/:?o?; ergy
A:GLN63:HE21 - :LIG1:0 Hydrogen Bond Conventional Hydrogen Bond
A:ARG195:HH11 - :LIG1:0 Hydrogen Bond Conventional Hydrogen Bond
A:ARG195:HH21 - :LIG1:0 Hydrogen Bond Conventional Hydrogen Bond
:LIG1:H - A:TRP59:0 Hydrogen Bond Conventional Hydrogen Bond
Glucomannan :LIGL:H - :LIG1:0 Hydrogen Bond Conventional Hydrogen Bond -394.1
:LIG1:H - A:HIS299:NE2 Hydrogen Bond Conventional Hydrogen Bond
:LIG1:H - A:ASN53:0 Hydrogen Bond Conventional Hydrogen Bond
:LIG1:H - A:ASP197:0D1 Hydrogen Bond Carbon Hydrogen Bond
:LIG1:H - A:ASN53:0 Hydrogen Bond Carbon Hydrogen Bond
A:GLN63:HE21 - :LIG1:0 Hydrogen Bond Conventional Hydrogen Bond
A:THR163:HGL1 - :LIG1:0 Hydrogen Bond Conventional Hydrogen Bond
A:ARG195:HH21 - :LIG1:0 Hydrogen Bond Conventional Hydrogen Bond
:LIGL:H - :LIG1:0 Hydrogen Bond Conventional Hydrogen Bond
:LIG1:H - A:THR163:0 Hydrogen Bond Carbon Hydrogen Bond
Mannan :LIGL:H - :LIG1:0 Hydrogen Bond Carbon Hydrogen Bond -338.0
:LIG1:H - A:ASP197:0D1 Hydrogen Bond Carbon Hydrogen Bond
:LIG1:H - A:GLU233:0E2 Hydrogen Bond Carbon Hydrogen Bond
:LIG1:H - :LIG1:0 Hydrogen Bond Carbon Hydrogen Bond
:LIG1:H - :LIG1:0 Hydrogen Bond Carbon Hydrogen Bond
:LIG1:H - ATYR62 Hydrogen Bond Pi-Donor Hydrogen Bond
A:THR264:HGL1 - :LIG1:0 Hydrogen Bond Conventional Hydrogen Bond
A:THR264:HG1 - :LIG1:0 Hydrogen Bond Conventional Hydrogen Bond
:LIG1:H - :LIG1:0 Hydrogen Bond Conventional Hydrogen Bond
A:GLY308:C,0;GLY309:N - :LIG1 Hydrophobic Amide-Pi Stacked
Quercetin :LIG1 - A:ALA260 Hydrophobic Pi-Alkyl -267.6
:LIG1 - A:LEU237 Hydrophobic Pi-Alkyl
:LIG1 - AiLYS257 Hydrophobic Pi-Alkyl
:LIG1 - A:ALA260 Hydrophobic Pi-Alkyl
:LIG1 - AiLYS261 Hydrophobic Pi-Alkyl
A:GLN63:HE21 - :LIG1:0 Hydrogen Bond Conventional Hydrogen Bond
:LIG1:H - A:HIS299:NE2 Hydrogen Bond Conventional Hydrogen Bond
:LIG1:H - A:GLU233:0E2 Hydrogen Bond Conventional Hydrogen Bond
:LIG1:H - A:ASP197:0D2 Hydrogen Bond Conventional Hydrogen Bond
:LIGL:H - :LIG1:0 Hydrogen Bond Conventional Hydrogen Bond
Orientin :LIG1:H - :LIG1:0 Hydrogen Bond Carbon Hydrogen Bond -298.4

:LIG1:H - A:GLU233:0E2
A:ASP300:0D1 - :LIG1
A:LEU165:CD1 - :LIG1
:LIG1:0 - AHIS305
A:TRP59 - :LIG1

Hydrogen Bond
Electrostatic
Hydrophobic
Other
Hydrophobic

Carbon Hydrogen Bond
Pi-Anion

Pi-Sigma

Pi-Lone Pair

Pi-Pi Stacked

*Bold letter indicates donor residue

Analysis of the structural stability and fluctuation of
pancreatic alpha-amylase residues bound to glucomannan,
mannan, quercetin, and orientin was carried out. Molecular
dynamics simulation results show the interaction of the
pancreatic alpha-amylase protein with the four compounds

(glucomannan, mannan, quercetin, and orientin) as stable
as indicated by an RMSD value of less than 2.5 from
beginning to end (Figure 3a). Ligand movement and ligand
configuration from beginning to end showed RMSD
values of about 2 — 10 and 0.5 — 2, respectively (Figure 3b-
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¢). Molecular dynamics analysis showed the RMSF value
of less than three from the beginning to the end, which
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indicated the stable particle position (Figure 3d).

A Proteinligand Stability B Ligand Movement C  Ligand Configuration

13 12 2.5

1 Pl b Mt Lt b 10 | - 2 | |
= T A S AN, ot Al 3y |' iy 2 Il b
215 | R R AR 8 i e 218 JJ,ah‘awM AW
g @ }' fa W Lol a2 '}h R A -..{.'.::a'.-.‘-..&%
2 = ’ 4 oy ¥ Wi = 1 Ll b TV
=, t Syt i) "l . I L !

0% 3 ;Tﬁ,ﬂtk‘?\w.-:‘)f_*-*‘.‘?i..j__-,-.,',,-‘.,-‘;,\\.;,;;I..;»-A....'. b 0% | J

0 [ ]

] 10 0 30 40 50 0 10 0 30 40 50 0 10 20 30 40
Time (nano seconds) Time (nano seconds) Time (nano seconds)

D s

4
23
4
z
]

Amino acid residues

—glucomannan ——mannan ——orientin

quercetin

Figure 3. The molecular dynamics of the complex structure between pancreatic alpha-amylase with glucomannan, mannan, quercetin, and
orientin interactions during simulation. A. The stability of protein-ligand complex can be seen from the RMSD value. B. Ligand movement.
C. Ligand configuration. D. RMSF value represents the stability of amino acid residues.

4. Discussion

This study found the chemical components to be
similar to the previous study, which reported 67
compounds contained in porang tuber extract, both from
the second and third growing periods (Gusmalawati et al.,
2019). Exploration of natural bioactive compounds within
plant is critical to predicting the pharmacological activity
of plants. Glucomannan and mannan are polysaccharides
with nutraceutical roles, such as relieving constipation and
reducing weight and cholesterol. In addition, quercetin,
orientin, and hyperoside are flavonoids known to have
antioxidant, anti-inflammatory, antiapoptotic, and anti-
diabetic activities (Harijati et al., 2012; Shi et al., 2019).
Previous studies reported that Moringa oleifera was
effective as an anti-diabetic through the inhibition of TNF-
a (tumor necrosis factor) and IFN-y (interferon-gamma) in
male BALB/c mice (Lestari et al., 2022). This
effectiveness is likely due to bioactive phenolic
compounds, flavonoids, tannins, terpenoids, and alkaloids,
which have anti-diabetic activity. The assessment based on
the Probability to be active (Pa) value of the bioactive
compound. The Pa value reflects the ability of an active
compound in particular biological processes. The higher
the value of Pa means the more potential (Syamsul et al.,
2019; Setiawan et al., 2018). The current study showed
that glucomannan and mannan occupied the highest Pa
value of 0.77. In conclusion, bioactive in porang tuber
extract was indicated as the most potent active compound
as anti-diabetic.

The result in this study ensures that the compounds
contained in porang tuber extract have many health
benefits as herbal medicine. The main compounds
(glucomannan,  mannan,  quercetin, orientin, and
hyperoside) identified in porang tubers were targeted for
molecular docking to investigate their potential role as
anti-diabetic. Three amino acid residues, Asp197, Glu233,
and Asp300 of domain A, revealed in this study were

identified as active sites of pancreatic alpha-amylase
(Kikiowo et al., 2020). Here, the presence of hydrogen
bonding plays a vital role in stabilizing the structure of
biomolecules and catalyzing enzymes (Algahtani et al.,
2019; Kikiowo et al., 2020). The binding of glucomannan
and mannan to Asp197 and Glu233 amino acid residues
were critical in catalytic activity through hydrogen
interactions. As a result, alpha-amylase activity can be
inhibited and then slows down the digestion of
carbohydrates, so glucose absorption into the bloodstream
will be reduced (Quek et al., 2020).

A previous study correlated the compound structure
with its activity. It showed that the interaction of
flavonoids and pancreatic alpha-amylase inhibit the
activation of one of the enzyme conformations by shifting
the equilibrium to the most stable conformation. As a
result, enzymatic activity will be decreased (Martinez-
Gonzalez et al., 2019). The type of interaction in the
binding of the ligand-receptor complex is affected by the
binding energy. The lower binding energy indicated the
docked compound is easier binding to the receptor-binding
domain (RBD) (Matthew et al., 2021).

5. Conclusion

The present study is a novel discovery investigating
phytochemical components, and in silico approach
revealed the pancreatic alpha-amylase inhibitory of porang
tubers grown in East Java, Indonesia. LCMS analysis
showed 67 compounds, and it was dominated by
glucomannan, mannan, and flavonoids. The main
flavonoid components in porang tubers were represented
by quercetin, orientin, and hyperoside. Our finding reveals
that porang tuber extract can be employed as a natural
medicine for diabetes mellitus by inhibiting the pancreatic
alpha-amylase enzyme. Further study regarding the
function of primary and secondary metabolite of porang as
alpha-amylase inhibitor both in vitro and in vivo is
required to confirm this result.
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Abstract

Acinetobacter baumannii (A.baumannii) is an opportunistic microorganism able to survive in harsh environments and
develop resistance to antibiotics often used in hospitals, which makes it one of the most common and pervasive causes of
infections in healthcare facilities.The currentstudy was conducted to investigate the existence ofA.baumannii and their
antimicrobialresistantpattern, dispersion of Quorum Sensing(QS), and virulent related genes.In this investigation, the
identification and susceptibility of 65non-repetitive A. baumannii isolates to antimicrobial drugs were evaluated. The QS
encoding genes,and virulence-related genes were detected,and biofilm development was examined.In a total, 65 isolates of
A. baumannii, 62 (95.38%) formed biofilm, with the vast majority being strong biofilm produces24(36.92%). The isolates
showed a remarkable resistance to the antibiotics commonly used to treat A. baumanniias amikacin, which had a resistance
rate of 100% among isolatesd.Results from virulence gene studies were as followscsgA (30.76%), iutA (24.61%), cnfl
(16.92%), and cvaC (6.15%). The two QS genes were abal (90.76%) and abaR (87.69%).Our findings confirm that the QS-
related genes (abal/abaR) were broadly dispersed across A. baumannii clinical isolates and were strongly associated with

antibiotic resistance,andcsgA was apredominant virulence gene followed by ituA.

Keywords: Antibiotic resistance, Acinetobacter baumannii,Biofilm, Virulence-related gene, Quorum sensing

1. Introduction

The opportunistic Acinetobacter baumannii causes a
wide variety of clinical infections. Recently, it has come to
light on a global scale, and it frequently leads to rise in
antimicrobialineffectiveness and encoding of virulent-
related genes(Zhang et al., 2022). Colicin V production
(cvaC), curli fibers (csgA), siderophores like aerobactin
(iutA), and cytotoxic necrotizing factor (cnfl) are
amongthe extremely important virulence-associated genes
inA. baumannii isolates (Darvishi, 2016). Determination
ofconcealed virulent-associated genes in clinical samples
of A. baumannii has significant epidemiological
repercussions that aid in controlling the spread of illnesses
induced by this pathogen(Erag et al., 2014, Eijkelkamp et
al., 2014). A. baumanniicapacity to acquire several
virulence characteristics, particularly resistance
determinants including efflux pumps, and iron
acquirement pathways and motility, enables it to persist in
hostile environments and promotes the occurrence of
infections. This pathogen has been measured as a top
member of nosocomial infections outstanding to its
capacity to thrive in hospital conditions(Martinez et al.,
2021).QS is a mechanism that bacteria use to accomplisha
group of activities through sensing their population size,
and constant production of small diffusible compounds

“ Corresponding author. e-mail: aryan.ganjo@hmu.edu.krd.

known as autoinducers, such as N-acyl-homoserine
lactones (AHLs) in some gram-negative
pathogens(Gajdacs and  Spengler, 2019).The QS
mechanism is widespread in bacteria and is associated with
numerous biological mechanisms, such as locomotion,
conjugation,  biofilm  development, synthesis  of
virulentfactors. The QS mechanism of A. baumannii
consists of abal/abaR, a two-component structure abaR
gene encodes the receptor protein that adheres to AHLs
and functions as a transcriptional regulator. The 3-
hydroxy-C12-homoserine lactones tend to be the most
common AHLs generated by the pathogen(Erdénmez et
al., 2017).Main aims of this study include determining
Acinetobacter baumannii from clinical samples and their
antibiotic resistance profile, and detecting QS, virulence-
associated genes.

2. Materials and Methods

2.1. Specimens collection

Between the 1% of October 2021 and the 30" of March
2022, 65 samples were collected from different sources,
including sputum, wounds, and blood. Samples were
collected from patients with impaired immunity at Erbil
city, Kurdistan region-Iraq hospitals.
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2.2. ldentification and antibiotic sensitivity testing

Identification of the isolates was accomplished using
conventional microbiological techniques. The VITEK 2
GN card (BioMérieux, France) verified A. baumannii
isolates. Antibacterial sensitivity testing on isolated
bacteria was also accomplished using the compact
automated system VITEK 2 to Pioracillin (PIP),
Piperacillin/tazobactam (TzP), cefoperazone (CFP),
ceftazidime (CAZ), Imipinim (IMP). Merobenem (MEM),
Amikacin(AK), Gentamicin (GN),Netilmicin (NET),
Tobramycin (TOB), Ciprofloxacin (CIP),
Levofloxacin(LEV), Tagycycline (TGC),
trimethoprim/sulfamethoxazole (SXT), colistin (CST).

2.3. A Carb NP protocol (CarbAcineto NP test)

CarbAcineto NP test was assessed asstated byDortet et
al. (2014). A.baumannii clinical specimens were overnight
cultivated in TSA. Two tubes were used (Tube A and B).
One loop of the tested bacteria was resuspended by
vortexing it for 15 seconds at maximum agitation in 100
uL of lysis buffer containing a 5.0 M NaCl solution. 100
uL of the phenol red-containing revealing solution was
introduced to tube A; simultaneously, 100 uL of the same
solution was introduced to tube B, including 6 mg/mL of
imipenem. Both tubes were incubated at 37°C for two
hour. Visual examination of the color shift in both tubes
was recorded.

2.4. Motility characteristics

Swarming and twitching motility was evaluated using
LB broth with 0.4% or 0.8% agar. Positive swarming
motility was defined as a zone larger than 10mm
surrounding the inoculation siteafter plates incubated at
37°C for 48 hours, For twitching motility, bacteria were
dyed with a 0.2% crystal violet solution. Positive twitchers
had zone diameters of 5mm or more. Each isolate was
examined 3 times(Clemmer et al., 2011).

2.5. Biofilm detection by microtiter plate

Biofilm development capability was tested with crystal
violet.After overnight incubation, bacteria were diluted to
an optical density of 600 (ODgy) = 0.1. Then, 180 pL of
Luria-Bertani (LB) broth and 20 pL of bacterial
suspensions were put on 96-well polystyrene microtiter
plates. The plates were incubated at 37°C for 24 hours and
then washed three times with phosphate-buffered saline
(PBS) and stained with 200 pL of 0.1% crystal violet
(Oxoid, UK). Consequently, the plates were rinsed three
times with PBS. The plates were dissolved in 200 pL of
95% ethanol by gently stirring at room temperature for 20
minutes. At 570nm, the absorbance was determined. Three
standard deviations (SD) above the average OD of the
negative control (LB broth only) were defined as the cut-
off OD (ODc). The classification rules were as follows:
OD<ODC indicates non-biofilm  producers  (-);
ODC<OD<2x0ODC indicates weak biofilm producers (+);
2x0DC<0D<4x0DC shows moderate biofilm producers
(++), and OD>4x0ODC suggests strong biofilm producers
(+++)(Li et al., 2021).

2.6. Genomic extraction fromA. baumannii isolates

Genomic DNA was isolated from a bacterial colony
using a Fermentas Germany kit accordingtothe
manufacturer's guidelines.Nanodrop was used to assess

DNA concentration by spectrophotometer at 260 nm, then
stored at —20°C until use(Darvishi, 2016).

2.7. Molecular detection of QS and virulence-related
genes

Employing standard polymerase chain reaction (PCR),
the existence of the QS and virulence-associated gene in
all isolates was determined. The experiment was
conducted in a 25 pL reaction mixture including 12.5 pL
of 2x master mix (AMPLIQON, Denmark), 1.0 pL of each
primer (10 pmol), and 1.5 pL of genome template. The
amount reached 25 pL using PCR water. The following
was cyclingconditions: First 1 cycle at 95°C for 4 min;
thirty cycles at 95°C for 50 sec, 58°C for 60 sec, and 72°C
for 45 sec; one cycle at 72°C for 8 min (Al-Kadmy et al.,
2018a). The program for QS genes was as follows: 30
cycles of denaturation at 94 °C for 1 min, annealing at 52
°C for 30 s, and extension at 72 °C for 1.5 min, with a final
elongation step at 72 °C for 5 min.occurrence of the QS
and virulence-related genes were identified by applying
the primer sequences ofabal 435bp andabaR 310bp (Tang
et al., 2020). cnfl 498bp, csgA 200bp, and iutA 300bp (Al-
Kadmy et al., 2018b) as shown in (Table.1).

Table 1. Primer sequences and size of PCR products for QS and
virulence-associated genes.

Target Oligonucleotide primers P_roduct
size
enes -3
g Sequences (5°-3%) (bp)

Forward:AAAGTTACCGCTACAGGG
abal 435bp
Reverse: CACGATGGGCACGAAA

Forward:TCCTCGGGT CCCAATA
abaR 310 bp
Reverse: TAAATCTACCGCATCAA

fl Forward: AAGATGGAGTTCCCTATGCAGGAG 498 b
cn
Reverse:CATTCAGAGTCTTGCCCTCATTATT P

Forward: ACTCTGACTTGACTATTACC

CSgA 200 bp
Reverse: AGATGCAGTCTGGTCAAC
Forward: CACACACAAACGGGAGCTGTT

cvaC 680 bp
Reverse: CTTCCCGCAGCATAGTTCCAT
Forward:GGCTGGACATCATGGGAACTGG

Reverse: CGTCGGGAACGGGTAGAATCG

iutA

2.8. Statistical analyses

GraphPad Prism 9.01 was used for all statistical
analysis. Data were evaluated using the X? test¥2 test,
or Fisher's exact test and Kruskal — Wallis test. The p-
value < 0.05 was used to identify the differences as

statistically significant.

3. Results

3.1. QS and virulence-associated gene distribution
among A. baumannii isolates

In this invistigation, sixty-five (65) isolates ofA.
baumannii  were diagnoseddepending on colonial
morphology on cultural media and various biochemical
characteristicsthen confirmed by VITEK 2 system. The
gender distribution of the isolates was as follows: 24
(36.92 % ) for females and 41 for males (63.07%). Out of
the 65 isolates, 59 (90.76 %) had the abal QS gene, while
abaR found in 57 (87.69 %),andthe virulence genes were
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distributed as follows: csgA = 20 (30.76%), iutA = 16
(24.61%), cnfl = 11 (16.92%), and cvaC = 4 (6.15%)
(Table.2).

Table 2. Distribution of QS genes and virulence-related genes
amongA. baumannii isolates.

Prevalence

Gene Gene function -
type n. %
abal . 59 90.76

Quorum sensing genes
abaR 57 87.69
CsgA Curli fiber adhesive virulence 20 30.76
iutA Sidrophore like aerobactin 15 24.61
cnfl Cytotoxic necrotizing factor 11 16.92
cvaC Colicin V production 4 6.15

3.2. Resistance to antimicrobial agents

All isolates demonstrated complete resistance to
amikacin. Followed by ciprofloxacin 95.38%, each of
pipracillin  tazobactum, ceftazidime, imipenem, and
levofloxacin exhibited 93.85%. Colistin had the most
significant efficiency towards A. baumannii, as all the
isolates were sensitive to colistin(figure.1).
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Figure 1. Antimicrobial resistance patterns in A. baumannii

3.3. CarbAcineto NP assay

The ability of carbapenemase production was assessed
for 65 isolates using a CarbAcineto NP test. Forty (61.53
%) of the isolates tested showed positive results in the
carbAcineto NP test. as shown in figure.2.

Tubte '?‘ Tube B (orange
contro color)

l

Figure 2. Craba NP test colour change in tube B to (orange
colour) indicate positive result.

3.4. Motility characteristics and source of specimens

All of the isolated bacteria were tested for their
motility. Surface-associated motility (swarming) was
detected in 17 (26.15%), and twitching motility was
observed in 26 (40%) of the A. baumannii isolates.As
depicted in (Figure. 3), sputum isolates had superior
twitching motility over wound and blood samples. 21/45
(46.6%) sputum isolates exhibited twitching movements.
Similarly, the swarming motility among all isolates of A.
baumannii recorded the highest frequency in sputum
sources.Our findings revealed that the high prevalence of
the swarming motility was in sputum 15/45 (33.33%),
while the lowest incident of swarming motility was in the
blood and wound specimens (n =1).
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Figure 3. Prevalence of phenotypic swarming and twitching
phenomenon among the source of specimens.

3.5. Biofilm formation, QS, and virulence-related

In terms of biofilm production, the results indicated that
62 (95.38%) isolates were able to form biofilms, of
which 24 (36.92%) were strong biofilm producers, 18
(27.69%) and 20 (30.77%) were moderate and weak
producers, respectively.

On the other hand, 3.6% of the isolates do not have the
ability to develop biofilm. We diligently investigated the
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association between biofilm development and genes
associated with QS signaling molecules and virulence
factors in A. baumannii isolates. A highly developed
ability to form biofilms is demonstrated by isolates that
possess the genes for QS signaling molecules (abal and
abaR genes), Additionally, a notable disparity was noted in
comparison to the isolates lacking the QS-related genes
(Figure. 4). Conversely, there was no
significant correlationbetween the isolates that have the
virulence-related genes to produce the biofilm and the
isolates that do not bear the virulence-related gene.

3.6. Association between virulence genes with antibiotic-
resistant

Isolates that are resistant to antibiotics have higher
number of QS and virulence genes compared to isolates
that are susceptible. The prevalence of cnfl in isolates
resistant to aminoglycosides (tobramycin and amikacin),
imipenem, and meropenem was significantly higher than
in comparable sensitive isolates. Among the great majority
of antibiotic-resistant isolates, the proportion of csgA was
much higher than susceptible isolates. The ratio of cvaC
across all antibiotic-resistant isolates was substantially

1209 om0 002 o5 0076 0127 0112 Non-biofilm greater than comparable susceptible isolates. The
. 100- L L Weak proportion of iutA in isolates resistant to ciprofloxacin,
£ B Moderate gentamicin, tobramycin, amikacin, imipenem, and
< 80 Strong meropenem was significantly greater than isolates
g o I I susceptible to  comparable antibiotics (Table.3).
=
N In III
g
20
e e B e B B RS A m e
%5}* %@\*@g ??é&' N é\\\'@qv* @Q;F'éqgf é&', &\‘rx F
Distribution of QS and virulence-related genes
Figure4.Quorum sensing and virulence gene distribution across
biofilm formation states
Table 3.Existence of virulence-associated genes with antibiotic-resistant amongA.baumannii.
Antibiotics
Genes PIP TZP CFP CAZ IMP MEM AK CN NET TOB CIP LEV TGC SXT
QS gene
abal (59) 915 93.2 915 93.2 93.2 915 100.0 91.5 76.3 78.0 93.2 18.6 71.2 71.2
abaR (56) 929 946 929 94.6 94.6 92.9 100.0 929 786 78.6 96.4 94.6 17.9 73.2
Virulence-Related Genes
cnfl (11) 46.7 53.3 46.7 53.3 53.3 46.7 73.3 46.7 26.7 26.7 53.3 53.3 6.7 46.7
csgA (20) 905 905 905 85.7 90.5 90.5 95.2 905 857 85.7 952 905 14.3 81.0
cvaC (4) 333 500 333 50.0 33.3 333 66.7 333 167 16.7 33.3 50.0 0.0 33.3
iutA (16) 80.0 850 80.0 85.0 80.0 50.0 100.0 80.0 60.0 70.0 85.0 85.0 20.0 70.0
3.7. Association of QS with antibiotic resistance
The frequency of antibiotic susceptibility pattern abaR - ,Iw u ;e'l?iﬁ“ strain
inisolates containing QS genes (abal and abaR) is depicted eststant stran
in (Figure.5).54 of isolates expressing the abal gene were
resistant to antibiotics, while only 5 of isolates lacking the abaR +7 '
abal gene were resistant to antimicrobials. Only 9 of the
resistant isolates were found to be deficient in the abaR abal - EIG
gene, while 51 of the isolates expressing the gene were
antibiotic-resistant bacteria. Antibiotic resistance was
found to be significantly associated with the presence of abal +7 "l59
the abal and abaR genes in the isolates (p-value = 0.002).
0 5 10 15 20 25 30 35 40 45 50 55 60 65

Number of isolates

Figure 5.Association between antibiotic resistance and carrier
position of QS genes.



© 2024 Jordan Journal of Biological Sciences. All rights reserved - Volume 17, Number 2 305

4. Discussion

Acinetobacter baumanniiis an opportunistic bacterium
that can spread in healthcare facilities, potentially resulting
in the emergence of nosocomial illnesses(Jahangiri et al.,
2019, Nowak et al., 2014). Because of its adhesive
properties, it poses a significant risk of colonization and
transmission among hospitalized patients(Choi et al.,
2010). This pathogen is able to withstand a wide range of
modern antibiotics due to the acquisition of resistance
determinants and the upregulation of intrinsic resistance
pathways(Zeighami et al., 2019). Multidrug-resistanceA.
baumanniiproduces severe illness and significant
mortality, particularly in immune-compromised
individuals(Howard et al., 2012, Poirel et al., 2011).In the
current study, several widely used antibiotics had no effect
on the A. baumannii isolates.All were resistant to amikacin
and sensitive to colistin, which is consistent with findings
from other Iranian studies (Vahdani et al., 2011, Saffari et
al., 2017). Even though all isolates were susceptible to
colistin, colistin remains the most effective antimicrobial
agent (Amin et al., 2019). In our study,90.76%and 87.69%
of isolates were positive for eachabal and
abaRrespectively; we also found an association between
antibiotic susceptibility and QS genes andrevealed that a
greater number of resistance isolates carried both QS
genes. This demonstrates that abal and abaR genes were
substantially linked with multidrug-resistant pathogenes,
signifying that isolates having QS genes were more likely
to be drug-resistant, although the pathogenicity and
virulence factors of A. baumannii are not completely
known. In terms of the incidence of virulence genes, csgA
20(30.76%) was the predominant once, and cvaC 4(6.15%)
had the lowest frequency.No correlation was found
between virulence genes and biofilm production, but
antibiotic susceptibilityisolates carried a greater number of
virulence genes than antibiotic insusceptible isolates.The
results of this study are consistent with those of an Iraqi
investigation showing a maximum frequency of 66.7% for
csgA and a lowest frequency of cvaC (9.5 %), Al-Kadmy
et al. (2018a).Comparatively, another study indicated that
cvaC had lowest frequency only 10% and csgA was
55%among tested isolates, Momtaz et al. (2015).
Nevertheless, the findings of the current study contrasted
withthose of two other studies, Darvishi (2016)and Nazari
et al. (2021), whosehighest frequency was cnf1(35.53%),
and the Ilowest occurence wascsgA (12.39%).A.
baumannii ability to form biofilms isalso largely depend
on virulence factors(Rosales-Reyes et al., 2017, Sanchez-
Larrayoz et al., 2017). The potential of A. baumannii to
inhabit and formbiofilm on different surfaces is a crucial
element in chronic and persistent infections(Thummeepak
et al., 2016). According to our findings, 62(95.38%) A.
baumannii isolates generated biofilm. Other studies found
that greater than 75% of A. baumannii isolates develop
biofilms, which agrees with our results (Thummeepak et
al., 2016, Sung, 2018, Al-Shamiri et al., 2021). Our
isolates exhibit a twitching form of motility more than a
swarming form, and the majority of both formsof
movement were from sputum source, which disagrees
with (Loraine et al., 2020, Skerniskyté et al., 2019) who
found both forms of motility from other source like blood.
According to our finding carbaNP test was able to detect

61.53% of carbapenem producer.Similar findings were
detected by other the studies(Khuntayaporn et al., 2021,
Nguyen and Joshi, 2021). The use of carbapenems is the
very last resort in the fight against illness induced by
gram-negative multi-drug resistant pathogens; nonetheless,
carbapenem insusceptiblity is becoming more prevalent in
A. baumannii. Consequently, crucial and precise diagnosis
of carbapenemase-producing A.baumannii is essential for
the treatment effectiveness of these illness.

5. Conclusion

The propensity of Acinetobacter baumannii to form
biofilms and its resistance to several drugs have made it
challenging for healthcare providers to manage and reduce
the spread of this pathogen. The vast majority of isolates
displayed their ability to form biofilms and carbapenemase
production. However, isolates showed a high frequency of
the QS genes (abal/abaR), and virulence genes CsgA and
ItuA were more abundant than the others.
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Abstract

Dirinaria picta is a lichen species known for its tolerance to air pollution and its ability to accumulate pollutants in its
thallus, making it a suitable bioindicator in urban areas. This study aims to assess the response of lichens to air pollution by
examining their morphological characteristics, analyzing the presence of magnetic grains, and identifying the origin of
elements in their tissues. Samples were collected from three locations in Bandung area which represent polluted areas,
namely Juanda Street (JD) and Kebon Kawung (KK), and Padalarang Street (PD) and one location which represent as a
control area with low pollution levels, namely Curug Cimahi (CC). Lichen microstructure scanning was performed using a
Scanning Electron Microscope (SEM), and the presence of elements was detected through Energy Dispersive X-ray
Spectroscopy (EDS). The SEM analysis revealed that samples from areas with higher air pollution levels exhibited obvious
damage to their thallus, characterized by a more porous structure and the presence of cuboidal particles. Conversely,
samples from control area showed a more compact structure. The EDS observations identified 14 elements present in the
lichen tissues, ranked in descending order of abundance: C>Ca>O>Pb>Cu>Mn>Zn>Fe>Cr>Al>CI>Se>Cd>K. The
composition and quantity of these elements in lichen tissues were influenced by the level of air pollution generated by the
number of vehicles passing through the area. The more vehicles, the higher the level of air pollution, resulting in greater

stress for the D. picta population.

Keywords: Bioindicator, lichen, Dirinaria picta, elements, microstructure, Bandung

1. Introduction

Lichens are often used as bioindicators organisms due
to their sensitivity to air pollution. They are composite
organisms consisting of a symbiotic association between
fungi and algae or cyanobacteria. Lichens have sensitivity
due to the changes in the environment such as water,
temperature, and nutrient (Weber et al., 2016). When
exposed to air pollution, lichens can exhibit visible
changes in their growth, color, or morphology. By
studying these changes, the level and types of pollutants
present in the environment can be assessed. Lichen
biomonitoring programs involve collecting lichen samples
from different locations and analyzing them to determine
the extent of air pollution (Sett and Kundu, 2016).

Using lichen as bioindicator and biomonitor has several
advantages. Lichens are widespread and can be found in
various habitats, including urban, rural, and remote areas.
The ability of lichen to accumulate pollutants over time
makes it able to provide a historical record of pollution
levels in the area. Additionally, using lichens as
bioindicator or biomonitor is cost-effective and non-
destructive survey, making them suitable for long-term
monitoring studies (Giordani, 2007; Sett and Kundu 2016;
Kondo et al., 2017; and Benitez et al., 2018).

“ Corresponding author. e-mail: taufik@itb.ac.id.

Air quality can have a significant impact on plant
diversity in an ecosystem, particularly in areas near
industrial zones or heavily urbanized regions. Air
pollution, especially from industrial activities and vehicle
emissions, introduces various harmful substances into the
atmosphere (Omar and AlKhalil, 2019, Aldgini et al.,
2019). Studies conducted in cities across Indonesia,
including Jakarta, Semarang, Pekan Baru, Kendari, and
Medan, have provided valuable insights into the
relationship between lichens and air pollution (Kondo et
al., 2017).

The production of chemical elements, including heavy
metals, is often associated with the burning of fossil fuels,
primarily from vehicles and industrial activities (Nobel et
al., 2003). The combustion of fossil fuels releases
pollutants into the atmosphere, which can then be
deposited onto lichens and other surfaces. Lichens, due to
their ability to absorb and accumulate substances from the
environment, can serve as indicators of the presence and
levels of these harmful elements in the surrounding area
(Kim et al., 2007; Aslan et al., 2010; Pirintsos et al., 2011,
Polienik et al., 2008). By analyzing the elemental
composition of lichens and identifying heavy metal
elements like Cd, Cu, Pb, the extent of pollution and the
potential risks they pose to both the environment and
human health can be predicted (Bold et al., 1987; Al-
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Weher, 2008; Omar and AlKhalil, 2019; Alsholaili and
Bani-Hasan, 2018). This information can be valuable for
monitoring and mitigating the impacts of anthropogenic
activities on ecosystems. Analyzing the presence and
distribution of these non-metallic elements, including
carbon, oxygen, and selenium, can provide insights into
the sources and transport mechanisms of pollutants in the
environment (Al-Weher, 2008; Omar and AlKhalil, 2019).

Dirinaria picta has been known as lichen species that
can tolerate pollution areas of the city (Lawal et al., 2023).
D. picta is a species that may develop and grow rapidly in
urban areas; therefore, D. picta can be regarded as
inhabitant of urban areas (Abas et al., 2022). A previous
study in Greater Bandung showed that D. picta species
could live in all observed locations based on the value of
atmospheric purity, both in the highest and the lowest air
polluted areas (Rahmatia, 2003; Saragih, 2022).

Based on The Central Board of the Central Bureau of
Statistics for the City of Bandung for the 2020 period,
Greater Bandung area is one of the 5™ most populous areas
in Indonesia with the number of vehicles in 2018 reaching
1,811,498 with an average increase of vehicles 5% per
year. The ratio of the number of vehicles to the population
is 3:4 with 72% of all registered vehicles being motorbikes
(The Central Bureau of Statistics for the City of Bandung,
2020).

The emissions from vehicles can include various
pollutants such as particulate matter (specifically PM10,
referring to particles with a diameter of 10 micrometers or
less), lead, carbon monoxide (CO), hydrocarbons (HC),
and nitrogen oxides (NOx) (Kim et al., 2007). Monitoring
the health and presence of lichens can provide insights into
the extent and impacts of heavy metal pollution in
ecosystems and help assess the overall health of the
environment ecosystems  (Urpreti et al..,2015; WHO,
2016; Vannini et al., 2021).

This study aims to assess the response of lichens to air
pollution by examining their morphological characteristics,
analyzing the presence of magnetic grains, and identifying
the origin of elements in their tissues. This research is
focused on identifying mineral types, microstructure, and
mineral content of D. picta samples found in Greater
Bandung area.

In the investigation of lichens as bioindicators for
assessing air pollution, beyond furnishing detail on the
diversity and abundance of lichens in regions with
differing pollution levels, it is imperative to include
supplementary information pertaining to the anatomical
status of lichen resulting from exposure to diverse
pollutant. This additional data is crucial because alterations
in anatomical structure have the potential to lead to the
mortality of lichens. Studying the microstructure
conditions of lichens, including their mineral and metal
contents, is a valuable tool for monitoring and managing
environmental pollution. It provides crucial information
for understanding the impact of human activities on
ecosystems and guides efforts to protect and restore the
environment.

2. Material and Methods

Sampling was carried out at three locations in Bandung
area heavy traffic sites, namely Juanda street (JD)

(6°52°227S;107°36°59"E), Kebon Kawung street (KK)
(6°54°457S;107°36°05”E), and Padalarang street (PD)
(6°50°387S;107°29°117E), and one site with low traffic
activity, i.e. Curug Cimahi as a control area (CC)
(6°47°55”S;107°34°32”E ) (Figure 1). The amount of
sample taken was 10 g for each area.

Research sTudy Ares
(Greater Bandung Area

Figure 1. Research Study Area in Bandung City

The four locations show differences in terms of vehicle
emissions caused by differences in traffic volume and air
environmental conditions. According to the categorization
of air quality levels based on IAP values (Kommision
Reinhaltung der Luft im VDI und DIN, 1995), the
observation station with the highest to the lowest level of
air pollution is KK, PD, JD, while CC showed the lowest.
IAP was calculated on the preliminary study in four
locations (JD, PD, KK, and CC). The results are presented
in Table 1.

Table 1. IAP (Index of Atmospheric Purity) measurement results

Pollution

Location IAP Information
Levels

Juanda Street (JD) 24.85 Level B Highly polluted

Kebon Kawung Street  10.21 Level A Very highly

(KK) polluted
Raya Padalarang (PD) 17.70 Level B Highly polluted

Curug Cimahi (CC) 46.65 Level E  Very low polluted

Characterization test of lichen samples from each study
location using Scanning Electron Microscopy (SEM)
accompanied by Electron Dispersive Spectroscopy (EDS)
was carried out to observe how the shape of the
topographic structure or lichen surface, structural defects,
shape, and size of material granules, as well as an
elemental composition and impurities in the lichen sample.
The analysis of the structure and composition of the lichen
was carried out in the laboratory of the Geological Survey
Center Laboratory, Bandung. The sample was fixed using
formalin then dehydrated and embedded in paraffin. The
sample was then sliced using a microtome with a final
sample thickness of 3um, then the incision was placed on
an object glass. Furthermore, the incision was
deparaffinized by washing it with xylene at 37°C for 2
hours. After that, the samples were washed using 100%
ethanol at room temperature for 1 hour. The samples were
then left overnight at room temperature to dry (Saragih,
2022).
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Before being observed by SEM, the sample was glued
to carbon tape that had been placed in a cuvette and then
coated with a conductive layer, namely aluminum using an
ion sputtering machine for 1 minute. The cuvettes were
then placed in the specimen holder and inserted into the
scan tool. Observations to scan the topography and
morphology of the sample were carried out with an
accelerating voltage of 20 kV with a magnification of
2000x (determination of the elemental composition of
individual particles), 1000x and 5000x magnification
(lichen surface), and 1000x magnification (lichen cross-
section) (Conti et al., 2001).

3. Results and Discussion

3.1. Micrograph Cross-Sectional

A comparison of the results of cross-sectional
micrograph analysis of the D. picta samples that were
obtained from KK (very highly polluted) and CC (very
low polluted) are shown in figure 2 (A and B). Sample of
D. picta that was collected from KK location had cubes
resembling particles with uneven and irregular sizes, while
sample of D. picta that was collected from CC location
showed less number of those particles. Lichen that live on
high levels of pollution absorb more particles than lichen
that live on low level of pollution, and this particle was
shown uneven and irregular sizes, which could disrupt
metabolic processes in lichen tissue and lead to the death
of the tissue (Taufikurahman et al., 2010).

B

(B)

Figure 2. Micrograph cross-sectional SEM images of D. picta (1000x magnification) from: (A) KK location (very high polluted area); (B)

CC location (very low polluted area).

The tissue in figure 2A (on area with high pollution)
appears more sparse compared to figure 2B (area with low
pollution). The presence of pollutants causes gaps in the
algal tissue and medulla. The damage, porous structure,
and accumulation of particles seen in lichens from polluted
areas are a consequence of the pollutants emitted by
vehicles, industries/factories, and other human activities,
while lichens from unpolluted areas maintain a healthier
and more intact surface structure (Kim et al., 2007
Wintermans et al., 1965).

3.2. Optical Micrography

Optical micrography results of an examination of the
surface microstructure of the D. picta thallus at 1000x
magnification with a resolution of 10um and a voltage of
20 kV can be seen in Figure 3 (A-D). It can be observed
that lichens from areas with higher levels of air pollution
exhibit visible damage to their thallus. Air pollutants can
lead to a porous structure in the lichen and an
accumulation of particles that form cubes on the surface of
the thallus. In contrast, lichen samples from very low
polluted area typically have a more compact and denser
structure due to the lower levels of air pollution, and there
is no significant accumulation of particles observed on the
surface of the lichen's thallus (Taufikurahman et al., 2010).
The accumulation of pollutants, especially heavy metals,
in the lichen thallus can lead to a range of physiological
and structural changes in these organisms (Tripp et al.,
2016). This disparity in surface structure between lichens
from polluted and unpolluted areas serves as a notable
indicator of the impact of air pollution on lichens.

© (D)
Figure 3. SEM image micrograph surface of the D. picta sample
(1000x magnification). Sample were obtained from: (B) JD
(Highly polluted area); (A) KK (highest polluted area); (C) PD
(Highly polluted area); (D) CC (lowest polluted area)

3.3. Topographical Structure

The differences in the topographical structure and
defects in the surface structure of the lichen samples from
each study location can be seen in SEM-EDS with a
magnification of 5000x with a resolution of 5um and a
voltage of 20 kV (Figure 4). The results of surface and
elemental composition observations showed that lichens in
highly polluted areas appear to have many cube-shaped
particles which is magnetic grains, whereas at lower
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pollution levels, the number of cube-shaped particles is
less. Meanwhile, in areas with very low pollution, no cubic
particles were seen.

©) (D)
Figure 4. SEM image micrograph of the surface and elemental
composition of the talus of the D. picta sample (5000x
magnification) from: (A) JD (Highly polluted area); (B) KK (Very
highly polluted area); (C) PD (Highly polluted area); (D) CC
(Very low polluted area)

Magnetic grains in the sample which have been
suggested to come from two different sources, namely
pedogenic and anthropogenic. In the samples obtained
from KK (very highly polluted) and PD (highly polluted
area), there are a few magnetic grains that have an
octahedral or angular shape. These grains show signs of
damage at the corners, indicating that they might originate
from pedogenic sources, such as natural magnetic minerals
found in the environment (Olomukoro and Azubuike,
2009). On the other hand, the dominant spherical grains
are believed to come from anthropogenic sources from
polluted area. These grains are typically associated with
ash or dust found on the sides of roads, as well as
pollutants emitted from the burning of fossil fuels by
vehicles (Ribeiro et al., 2016; Richardson, 1993).

3.4. Elemental Composition

The results of the analysis of elemental composition in
the lichen samples indicated the presence of several
elements present in the thallus. Several metallic and non-
metallic elements were detected in all samples including
C, Ca, O, Pb, Cu, Mn, Zn, Fe, Cr, Al, ClI, Se, Cd, and K
(Table 2). The average EDS spectrum of D. picta shows
the percentage by weight of elements (%) found in the
lichen thallus from highest to lowest to be
C>Ca>0>Pb>Cu>Mn>Zn>Fe>Cr> AI>CI>Se>Cd>K
(Figure 5).

The number of elements found in highly polluted areas
(KK) was 12 elements, while in less polluted areas (PD
and JD) 11 elements. In contrast, area with very low
pollution (CC), only 8 elements were found. C levels at all
locations were the highest in lichen tissue compared to
other elements (more than ten times), with the lowest C
value (54.57%) found in highly polluted areas and the
highest C value (63.82%) in areas with lower pollution.
Compared to polluted area, percentage of Pb levels in low
polluted area was very low (2.07%), while oxygen
(13.26%) and Ca levels (12.56%) showed the highest
level. In polluted areas, the accumulation of polluting

elements causes oxygen and Ca levels in lichen tissue to
decrease.

Carbon and oxygen are non-metallic elements that can
be found in both solid and gaseous forms. In the air,
oxygen constitutes approximately 20.95% of the
composition of dry air. Carbon can be present in the form
of aerosols or small solid objects that are suspended in the
air. Carbon aerosols can originate from various sources,
including combustion processes, industrial emissions,
vehicle exhaust, and natural sources such as wildfires.
These aerosols can contain carbonaceous particles, which
contribute to air pollution and can be deposited on surfaces
such as lichen thalli (WHO 2016).

Table 2. Elemental composition in D. picta samples obtain from
EDS analysis

Mass (%)
Element KK (Very  PD (Highly ID (Highly CC (Very
highly polluted low polluted
polluted area) area) polluted area) area)
C 54.57 59.29 63.82 61.43
0 3.85 7.23 4.48 13.26
Al 1.52 0.57 3.02 0.42
Cl 1.92 - 0.41 -
K 1.05 - 121 -
Ca 8.05 7.47 6.93 12.56
Cr 7.02 - - -
Mn 417 5.14 4.36 -
Fe 2.38 2.19 1.3 341
Cu 6.16 5.97 6.18 3.61
Zn 2.09 4.05 2.77 3.24
Pb 8.27 75 6.73 2.07
Se - 0.35 - -
Cd - 0.24 - -
Total 100 100 100 100

The analysis of elemental composition in lichens could
provide information on sources and types of contamination
in the research area. The elemental composition and mass
percentages found in lichens are influenced by both
biological processes carried out by the lichens themselves
and anthropogenic inputs from human activities (WHO,
2016). Road traffic activity, in particular, can contribute to
the contamination of lichens by increasing the emission of
soil particles that are absorbed into the lichen thallus.
These particles can contain various elements, including
heavy metals such as Cd, Cu, and Pb (Cite). These heavy
metal elements are known to be harmful to human health
(Urpeti et al., 2015; Kim et al., 2007; Ezemonye and
Tongo, 2009).

In addition, the non-metallic element found in the
samples is selenium (Se). Se element can be naturally
present in soil and rocks, and it can become airborne
through processes such as wind erosion or human activities
like mining and agricultural practices (Omar and AlKhalil,
2019; Ezemonye and Tongo, 2009). The presence of Se in
lichen samples suggests that it may have originated from
the deposition of soil particles onto the lichen thallus
(Aslan et al., 2010; Vannini et al., 2021).
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Figure 5. Element composition and the average elemental mass in
samples of lichen D.picta;Bar showed standar deviation

The accumulation of particles in the algal layer and
medulla of D. picta is influenced by pollution from
vehicles and daily weather conditions. When the lichen is
hydrated, it can absorb nutrients and contaminants directly
from the air through its surface (Varela et al., 2018; Tripp
et al., 2016; Urpeti et al., 2015). These substances are then
concentrated and transformed into a slow-release form
within the lichen's structure. This process allows the lichen
to efficiently extract and store nutrients while also
retaining  pollutants present in the surrounding
environment (Pirintsos et al., 2011; Vannini et al., 2021).

The particles that accumulate in the algal layer will
interfere with the photosynthesis process in the lichen
because the chlorophyll in the algal layer cannot function
optimally to absorb sunlight in the form of electrons, so
the photosynthesis process will be disrupted due to being
covered by ever-increasing particles (Aslan et al., 2010;
Kim et al., 2007).

The specific types of contaminants and their sources
may vary depending on the location and environmental
conditions (Aldgini et al., 2019; Al-Weher, 2008; Kim et
al., 2007). Vehicle emissions, which often contain
pollutants such as particulate matter, nitrogen oxides, and
sulfur compounds, can contribute to the accumulation of
particles in lichens. Additionally, weather conditions, such
as wind patterns or atmospheric deposition, can also
influence the level of particle deposition on lichens (Kim
et al., 2007; Tripp et al., 2016).

The presence of Zn is often associated with urban and
industrial areas. Industrial processes, emissions from
factories, and urban pollution, including vehicle exhaust,
can release zinc-containing particles into the air (Omar and
AlKhalil, 2019). Element Mn on the other hand, is
generally linked to agricultural activities. Agricultural
practices, such as the use of fertilizers or the application of
pesticides, can introduce manganese into the environment
(Ezemonye and Tongo, 2009). It can then be transported
through air or water and subsequently deposited onto
lichen thallus.

Element Fe in lichen thallus are often associated with
the contribution of small soil and airborne particles,
including dust, smoke, and vapor, with a diameter of fewer
than 100 micrometers. These particles can be derived from
various sources, including natural processes (e.g., wind
erosion, volcanic emissions) and human activities (e.g.,
combustion of fossil fuels, industrial emissions) (Nobel et
al., 2003; Omar and AlKhalil, 2019). The deposition of
these particles onto lichen surfaces can lead to the

accumulation of Fe in lichen thalli (Aslan et al., 2010;
Vannini et al., 2021). The accumulation of heavy metal
elements such as Pb, Cu, Cd, Al, Zn, and Cr in lichens can
have detrimental effects on their health and survival.

When lichens are exposed to high levels of these heavy
metals, they can exhibit various symptoms of damage and
stress such as chlorosis and necrosis. This discoloration
occurs due to the disruption of chlorophyll production and
photosynthetic processes (Cevik et al., 2008; Kondo et al.,
2017). The accumulation of heavy metals can disrupt
cellular functions and lead to the death of lichen tissues,
resulting in the browning or blackening of affected areas
(Benitez et al., 2018; Kaffer et al., 2011). The toxic effects
of heavy metals can impair the lichen's metabolic
processes (Muthu et al., 2020), including nutrient
absorption, respiration, and reproduction, leading to their
decline and eventual death.

Heavy metal elements such as Pb, Cu, and Cd are
harmful to human health (Giordani 2007; Rundel 1978;
Robiansyah 2006). The amount of these elements in the air
is affected by the volume or density of traffic, distance
from highways and industrial areas, and wind direction.
Other elements such as Ca and K (alkaline earth metals)
are thought to accumulate in lichen due to particles in the
form of dust carried by the wind, while Cl elements
(halogen gases) are elements with a low pH and are acidic
(Aslan et al., 2010; Vannini et al., 2021). The presence of
Cl in a lichen is thought to occur due to the accumulation
of rainwater flow and the absorption mechanism of lichen
from its substrate.

The biodiversity of organisms like lichen, fungi, and
those attached to plant parts like fruits and leaves refers to
the physiochemical properties of the environment such as
PH of the soil, temperature, and humidity (Alsohaili and
Bani-Hasan, 2018). Different environmental conditions
create distinct habitats, which, in turn, affect the types of
organisms that can thrive in those environments (Sett &
Kundu 2016).

4. Conclusion

Lichens from areas with higher levels of air pollution
showed obvious damage to the thallus, resulting in a more
porous structure and the accumulation of cube-like
particles on the surface. Lichens exposed to high levels of
pollution absorbed more particles than those in areas with
low pollution levels. These particles were uneven and
irregular in size, which could disrupt metabolic processes
in lichen tissue and potentially lead to tissue death.
Meanwhile, lichen samples from very low polluted areas
had a smoother and compact surface structure and showed
no piles of particles. The number of elements found in
highly polluted areas was higher than in less polluted
areas.
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Abstract

In this study, we have successfully synthesized four symmetrical Schiff base ligands (L1, L2, L3 and L4), through the
condensation reaction of 2,2’-diamino-4,4’-dimethyl-1,1’-biphenyl with 2-hydroxy-3-methoxy-5-nitrobenzaldehyde, 3-
bromo-5-chloro-2-hydroxybenzaldehyde, 2-hydroxy-5-methoxy-3-nitrobenzaldehyde and 3-bromo-2-hydroxy-5-
nitrobenzaldehyde, respectively. Characterization of the ligands was accomplished using elemental analysis, and infrared
spectroscopy. To elucidate their potential biological activity, the binding affinities of the synthesized compounds towards
alpha-glucosidase inhibition were assessed employing induced-fit molecular docking calculations. The docking analysis
revealed diverse interactions, such as salt-bridge, hydrogen bonding, n-stacking, and hydrophobic interactions, facilitating a
proper fit of these compounds into the binding pocket of a-glucosidase. Additionally, the prepared ligands' anti-cancer
potential was evaluated against various cell lines. In the initial investigation, the 1Cs, of the synthesized compounds against
three cancer cell lines (MDA-MB-231, MCF-7, and A549) and a normal fibroblast cell line (HDF) as a control was
determined using the MTT assay. The results demonstrated a decreasing selective cytotoxic effect of compounds L1, L3, and
L2 against the MDA-MB-231 breast cancer cell line. Additionally, compound L1 exhibited the lowest ICx, value against the
A549 lung cancer cell line. Subsequently, the cytotoxic impact of the bis-biphenyl salicylaldehyde Schiff base derivatives
were further explored on the MDA-MB-231 breast cancer cell line using the MTT assay. The results revealed that the
derivatives demonstrated noteworthy cytotoxic activity against the cancer cell line, with compound (L3) exhibiting the
highest toxic effect at a concentration of 25 pg/ml, resulting in a reduction of cell viability by 34.23% compared to the
control group. These findings highlight the promising anti-cancer properties of the synthesized ligands and warrant further
exploration of their potential applications.

Keywords: Schiff bases, molecular docking, a-glucosidase, anti-cancer

1. Introduction

Diamine Schiff bases are a type of organic compound
consisting of a Schiff base linkage (-N=CH-) formed from
the reaction of a diamine and an aldehyde or ketone. The
diamine portion of the molecule consists of two amino
groups (-NH,) attached to a biphenyl or naphthalene core,
while the aldehyde or ketone component is usually an
aromatic or heteroaromatic  derivative such as
salicylaldehyde or pyridine-2-carboxaldehyde (Dalia et al.,
2018). Schiff bases have received significant attention in
recent years due to their wide array of pharmacological
properties including but not confined to antimicrobial
(Chambhare et al., 2003), antifungal (Chohan et al., 2010),

“ Corresponding author. e-mail: tababneh@yu.edu.jo.

anticancer (Guptaet al., 2023), and anti-inflammatory
(Przybylski et al., 2009) activities.

Recently, we have reported the synthesis, catalytic
applications and antiproliferative effects of Schiff base
derivatives of 2,2’-diamino-1,1’-biphenyl-salicylaldehyde
(Ababneh et al., 2021; Jazzazi, et al., 2019; Al-Shboul et
al., 2018). Herein, we present the preparation and
characterization of four novel symmetrical Schiff base
ligands (L1, L2, L3 and L4) via the condensation reaction
of 2,2'-diamino-4,4'-dimethyl-1,1"-biphenyl with
salicylaldehyde derivatives, as demonstrated in Scheme 1.

The analysis of bis-biphenyl salicylaldehyde Schiff
base derivatives as possible inhibitors of alpha-glucosidase
by the incorporation of molecular dynamics (MD)
simulations, represents a significant step in the search for
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effective anti-diabetic medications. These Schiff base
compounds have demonstrated significant promise for
inhibiting alpha-glucosidase, a key enzyme in the
breakdown of carbohydrates (Daoud, et al., 2021). In this
work, we have performed a molecular docking analysis on

oH
R, O
g + HaN
NH;
Rz O

the human a-glucosidase enzyme to gain insights into the
interactions between the ligands and the enzyme and to
attain an understanding of the stability and conformational
dynamics exhibited by ligand-enzyme complexes.

OH o R
R, Sy
N
= R,
R; CH

Scheme 1. Synthesis of L1 (R;=OCHj3, R,=NO,), L2 (R;=Br, R,=Cl), L3 (R1= NO,, R,= OCH3) and L4 (R1=Br, R,=NO;) Schiff base
ligands via the reaction of 2,2’-diamino-4,4’-dimethyl-1,1’-biphenyl with 2-hydroxy-3-methoxy-5-nitrobenzaldehyde,3-bromo-5-chloro-2-
hydroxybenzaldehyde, 2-hydroxy-5-methoxy-3-nitrobenzaldehyde and 3-bromo-2-hydroxy-5-nitrobenzaldehyde in a 1:2 molar ratio,

respectively.

Building upon our analysis of the interaction dynamics
between Schiff base compounds and alpha-glucosidase
through molecular docking, our investigation extends to
evaluate the cytotoxic impact of the newly synthesized bis-
biphenyl-salicylaldehyde Schiff base derivatives (L1, L2,
L3, and L4) against three cancer cell lines (MDA-MB-231,
MCEF-7, and A549) along with a normal fibroblast cell line
(HDF) serving as a control. Triple-negative breast cancer
(TNBC) has a greater morbidity than other breast cancer
(BC) types because of its high molecular heterogeneity,
propensity for metastatic spread, and poor prognosis.
Because TNBC lacks the ER, PR, and HER2 receptors for
estrogen, progesterone, and human epidermal growth
factor, there are currently no viable treatments for TNBC
(Chang-Qinget al., 2020). TNBC is not susceptible to
endocrine treatment or molecular targeted therapy because
of its unique molecular profile. As a result, chemotherapy
is the primary systemic treatment, although postoperative
adjuvant chemoradiotherapy is ineffective. Tumor
recurrence will eventually result from the remaining
metastatic lesions. In certain nations, bevacizumab has
been wused in conjunction with chemotherapeutic
medications to treat TNBC; however, this has not
appreciably increased patient survival time (Yin et al.,
2020; Shawish et al., 2023). Therefore, the creation of
novel treatment plans and objectives is essential.

2. Materials and Methods

2.1. Synthesis and Characterization of Schiff Bases
The elemental analyses (C, H and N) were carried out
on a Perkin Elmer 240 elemental analyzer. H-NMR

spectra were recorded on a Bruker AC 400 spectrometer in
CDClj3. Infrared spectra were recorded using KBr on
Bruker FT-IR-4100 spectrometer over the range 4000-400
cm™. All commercially available substrates were used
without further purification. The target amine reactant,
2,2'-diamino-4,4'-dimethyl-1,1"-biphenyl, was synthesized
as a yellow solid with a yield of 89% following a
procedure described in a previously published work (Al-
Shboul et al., 2018).

The synthetic protocol for Schiff bases (L1, L2, L3 and
L4) involved the combination of 0.471 mmol of 2,2’-
diamino-4,4’-dimethyl-1,1’-biphenyl with 0.942 mmol of a
salicylaldehyde derivative in 20 ml of absolute methanol.
The resulting mixture was refluxed overnight, during
which time the corresponding Schiff base precipitated as a
colored solid. The solid was subsequently collected
through filtration, washed with cold methanol, and dried to
yield the desired product, as depicted in Scheme 1.

Infrared spectra of the prepared ligands exhibit a
characteristic peak at (1620-1637) cm™ attributed to the
imine (C=N) moiety, where the broad bands observed at
(3048-3070) cm™ are due to the presence of OH groups.

The results of the elemental analysis, which align with
the calculated values and physical properties of the
obtained ligands (L1, L2, L3 and L4) are reported in Table
1.

Table 1. Elemental analysis results and other physical properties of the isolated ligands

Elemental Analyses

Ligand Formula F.Wt Color Yield Calculated (Found) (%)
(g/mol) (%)
C H N
L1 C3H2N4Og 570.55 Red 49.2 63.15, 4.59, 9.82 (63.08), (4.45), (9.81)
L2 CasH20Br;CI;N,0, 647.18 yellow 54.32 51.96, 3.12, 4.33 (51.89), (3.10), (4.31)
L3 C3H2N4Og 570.55 Red 60.58 63.15, 4.59, 9.82 (63.12), (4.52), (9.79)
L4 CasH20BraN4Osg 668.29 orange 53.06 50.32, 3.02, 8.38 (50.29), (2.99), (8.35)
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The spectral data obtained from the *H NMR analysis
of the isolated Schiff bases have been selectively presented
in Table 2.

Table 2. Selected *H-NMR parameters of the Schiff bases

L1 L2 L3 L4
"HNMR

3(OH) 14.08 13.29 1352 15.06
3(N=CH) 8.38 8.15 8.36 8.46
(CHa) 2.41 2.39 2.39 2.43
3(OCHs) 3.88 - 37 -

2.2. Alpha-glucosidase docking study methodology

The initial coordinates of the human lysosomal acid a-
glucosidase protein were retrieved from the RCSB [PDB
entry 5NN8] determined at 2.45 A resolution (Roig-
Zamboniet al., 2017). We prepared the protein using the
Protein Preparation Wizard (Sastry et al., 2013) of
Schrodinger software to resolve clashes and missing
atoms. This procedure addresses steric hindrance and
unfavorable interactions among atoms, enhancing the
accuracy of the protein structure by optimizing side-chain
conformations and resolving clashes resulting from
overlapping atoms. Protonation states of titratable residues
were assigned using PROPKA (Bas et al., 2008). To
conduct the molecular docking, we removed the co-
crystalized ligand (acarbose) and waters from the binding
pocket. The grid cell is located at the active site of the
protein and centroid to the co-crystallized ligand. LigPrep
tool of Schrodinger software (Schrédinger, LLC, New
York, NY, 2021) was used to generate and minimize
conformations (i.e., ring conformations and stereoisomers)
of the compounds. Epik software (Shelley et al., 2007) was
used for proper treatment of compound protonation states
at a pH of 7.4 (£1). Finally, the prepared compounds were
docked into the binding pocket of the preprocessed protein
pocket by utilizing the induced fit docking (IFD) protocol
(Sherman et al., 2006). IFD accounts for both ligand and
protein flexibility, which results in an optimal protein-
ligand binding mode. The glide extra precision (XP)
docking score was chosen as the measure of the binding
affinity of the compounds with the best-docked poses. To
validate our docking experiment, we compared the docked
poses generated by the induced-fit docking with the
crystallographic pose of acarbose complexed within the a-
glucosidase enzyme. The RMSD value of 1.48 A (Figure
1) indicated that the docking method successfully
reproduced the crystallographic pose of acarbose
compound.
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Figure 1. The 2D interaction map of acarbose with the binding
site residues of the a-glucosidase enzyme. Only protein residues
that are within 3 A of the bound compound are shown. The
docking method successfully reproduced the crystallographic pose
of acarbose compound with an RMSD value of 1.48 A.

2.3. Preliminary research
2.3.1. Cell culture

The MCF7, A549, and MDA-231 were obtained from
(ATCC), and the human dermal fibroblast cell line (HDF)
was isolated in the (Cell Therapy Center/University of
Jordan/Amman-Jordan). MCF7 and A549 were cultured in
RPMI 1640 Medium, while MDA-MB-231 and HDF were
cultured in EMEM (Eagle's Minimum Essential Medium)
and DMEM (Dulbecco's Modified Eagle Medium),
respectively. A 5% penicillin-streptomycin (100 1U/mL—-
100 g/mL) and a 10% fetal bovine serum were added to all
media, along with 1% L-glutamine for RPMI and EMEM
and 2% L-glutamine for DMEM. We incubated all cell
lines at 37 °C with 5% CO,. Cells were subcultured every
3-5 days with 0.05% trypsin-EDTA, depending on their
confluency.

2.3.2. Cell viability (MTT)

For calculating the 1Cs, of our compounds, MCF7,
A549, MDA-231, and HDF were cultured in 96 well plates
with 9000 cells/well, except for A549, we seeded 6500
cells/well, for 24 hours to allow attachment of the cells.
Then, cells were treated with different concentrations of
L1, L2, L3 and L4 (0 to 500 uM) dissolved in DMSO for
72 hours. 15 ul of MTT salt (3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide) was added per well with
100 pl of new media, for 3 hours. To stop the reaction and
dissolve the formazan, 50 pl of DMSO was added to each
well. The Glomax microplate reader (Promega, Madison,
WI, USA) was used to measure absorbance at 560 nm.

2.4. 2.4 Main research process optimization

For experiment optimization, normal fibroblast cell
lines were used to evaluate the safety profile, while triple
negative breast cancer cell line (MDA-MB-231) was used
for anticancer activity. In this study, different
concentrations of the chemical compounds (50, 25, 12.5
pg/ml) were used for safety profile evaluation. However,
only the concentration of 25 pg/ml was chosen to evaluate
cytotoxic effect against cancer cell lines due to its high
safety compared to 50 pg/ml concentration and its high
anticancer activity compared to 12.5 pug/ml concentration.
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2.4.1. MTT assay

An MTT colorimetric test (3-[4, 5-dimethylthiazol-2-
yl]-2,5 diphenyl tetrazolium bromide assay) was used to
assess cell viability in both normal and cancer cell lines
following the described procedure (Juengel et al., 2019).
In brief, cells (50 pL, 1X 10° cells/mL) were planted onto
96-well plates. After 24, 48, and 72 hours, MTT reagent
was added for 4 hours. The plates were incubated
overnight at 37 °C and 5% CO,. Each well's absorbance at
550 nm was measured with a microplate enzyme-linked
immunosorbent assay (ELISA) reader. The data were
presented as mean cell numbers after eliminating
background absorbance.

3. Results and Discussion

3.1. Alpha-glucosidase docking study

The outcomes of the induced fit docking computations
are presented below. While the co-crystallized ligand
produced a docking score of -14.9, the proposed
compounds exhibited moderate docking scores of -5.7, -
5.8, -6.2, and -7.6 for L1, L2, L3, and L4, respectively.
This difference in the docking score is due to the fact that
the anchoring mechanism of acrabose compound relies
heavily on interactions involving hydrogen bonds. In
contrast, the synthesized compounds consist of aromatic
rings and hydrophobic substituents, which are primarily
involved in hydrophobic interactions (Figure 2). These
compounds tend to have a lower dehydration enthalpic
cost (desolvation effects) than hydrophilic molecules such
as acarbose (Bodnarchuk, 2016). Therefore, although these
compounds have lower docking scores compared to
acarbose, their total binding affinities could potentially be
increased due to their low dehydration enthalpic costs and
low conformational entropies, since they have a small
number of rotatable bonds (Klebe, 2015). Furthermore. the
synthesized compounds may have their binding affinities
increased by carefully adding certain functional groups,
especially OH- groups, which are known to improve
hydrogen bond interactions. This strategy offers
encouraging directions for future study in this area.
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Figure 2. The 2D interaction map of the compounds (L1,
L2, L3 and L4, respectively) with the binding site residues
of the a-glucosidase enzyme. Only protein residues that
are within 3 A of the bound compounds are shown.
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3.2. Preliminary research

The tested compounds showed cytotoxic activity
against MDA-MB-231, MVF-7, and A549 cancer cell
lines with variable 1Csy. Compounds L4 and L1 showed
the lowest ICs, against the MDA-MB-231 breast cancer
cell line, 20.7 uM, and 37.9 UM, respectively. In addition,
L1 showed the lowest ICsy against the A549 lung cancer
cell line (36.4 pM). Generally, all tested compounds
showed a selective cytotoxic effect against the MDA-MB-
231 cancer cell line compared to the other cell lines;
however, L4 showed low ICs, against all cell line types
including the normal fibroblasts (Table 3). In summary,
the results suggest that the tested compounds (L1, L2, and
L3) are selective against MDA-MB-231 compared to other
cancer cell lines and normal fibroblasts. However, the L4
compound showed the lowest ICs, against all tested cell
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lines, especially the MDA-MB-231 breast cancer cell line
(Figure 3).

Table 3. Cytotoxic activity results against MDA-MB-231, MVF-
7, and A549 cancer cell lines with variable 1Cs,

Figure 3. Graphical views of the Cytotoxic activity results against MDA-MB-231, MVF-7, and A549 cancer cell lines

3.3. Main research process optimization
3.3.1. Safety Profile

The Results revealed that (25 pg/ml) concentration of
bis-biphenyl salicylaldehyde Schiff base derivatives
against the normal cell lines showed (83.06, 80.4, 71.22,
72.85 % cells survival) for (L1, L2, L3, L4), respectively,
as shown in Figure 4. These findings suggest that these
compounds are considered relatively safe, given their cell
survival rates exceeding 50% against normal cells.
Moreover, the stability of these compounds was evaluated
by measuring the survival rate unit within 72 hr and the
results revealed that the survival rate remained constant
with 72.04 % survival rate compared to their control.

1Cs £SD (HM)
Compound  \pA- .
MB-231 MCF-7 A549 Fibroblast
L1 37.9+1.8 123.1+84 36.4+2.8 65.4+12.1
L2 66.3+4.9 146.8+22.7 1355+7.8 102.3+10.5
L3 54.5+4.8 64.7+13.9 91.6+4.9 64.9+8.8
L4 20.746.3  34.445.0 41.6+45  34.8+7.8
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Figure 4. Survival rate of fibroblast normal cells at 25 pg/ml of
bis-biphenyl salicylaldehyde Schiff base derivatives
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3.3.2. Cytotoxic activity

Bis-biphenyl salicylaldehyde Schiff base derivatives
showed selective cancer cell line cytotoxicity against
(MDA-MB-231) breast cancer cell line, with inhibition
rates of (25.97, 24.43, 34.23, 33.08 %) for (L1, L2, L3,
L4), respectively compared to their controls at 25 pg/ml
concentration as shown in Figure 5. Even though we
choose this concentration as the ideal concentration for
cancer inhibition after weighing the safety and activity of
each concentration, our results revealed the stable effect of
these derivative upon time intervals and their dose
dependent relation as shown in Figures 5 and 6.

Our results revealed that the effect of these derivatives
is stable with time, which means that the cells showed
mild growth after the application of these chemicals
particularly in L1 and L4 and showed no growth within 48
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hr and mild elevation in growth in sample L2 after 72 hr;
however, the most inhibition stability was revealed by L3
sample as illustrate in Figure 5. As detailed in a research
report, certain 1,3,4-thiadiazole derivatives bearing Schiff
base moiety demonstrated antitumor activity against the
MCEF-7 breast cancer cell line, showcasing I1Csy values of
456 mM and 4.25 mM. which were associated with the
presence of functional groups R=4-OCH; and R=4-NO,
(Zhang et al., 2014). In another study, the highest
inhibitory activity against cancer cells was detected for a
Schiff base derived from 1,3,4-thiadiazole compound
bearing three O-CH; groups (Gur et al., 2020). These
outcomes can be ascribed to the presence of distinct
functional groups, specifically for L3 (Ry= NO,, R,=
OCH;) underscoring the significance of the structure-
activity relationship.
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Figure 5. Cytotoxic activity of bis-biphenyl salicylaldehyde Schiff base derivatives against (MDA-MB-231) breast cancer cell line.

Our results demonstrated that there is a direct
relationship between dose and activity, as Figure 6
illustrates; however, when applying these chemicals in
vivo or in proceeding clinical trials, the safety for each
dose should be weighted with its activity before its usage.
Hence, these findings provide groundwork for enhancing
both the effectiveness and the specificity of this series of

compounds. In summary, the tested bis-biphenyl
salicylaldehyde  Schiff base derivatives displayed
significant cytotoxicity against the MDA-MB-231 breast
cancer cell line, with ligand L3 exhibiting the highest
toxicity at 25 pg/ml, reducing cell viability by 34.23%
compared to the control group.



© 2024 Jordan Journal of Biological Sciences.

L1- dose-effect [24h]

MDA-231
20
0 7% 7 Z
7z 77
. .
_ ) //
F 20 . o
~ 77
g . /,/; 1
—_ i
40 - .
ik
L
-60
= = =
)] I L
S o o
= = o
=
L3- dose-effect [24h]
MDA-231
20
0 ) 7
¢ A Z
//l ///
= v | Y
& -20 A v | T
8 v
. | //
V7
-40 4 37/
-60

Ifog-¢1
Ii5z-¢7 A
Iig'zi-e1

All rights reserved - Volume 17, Number 2 321

L2- dose-effect [24h]
MDA-231

20

-20

[100 %]

-40

-60

ilog-z1
Ifsz-z1
ng'zi-z1

L4- dose-effect [24h]

MDA-231
20
0 VT
. B
® -20 //: /"":
b . ‘
g . 1
40 |
|
-60

Ifos-v1
Irsg-41
IMg'zL-v7 -

Figure 6. The relationship between dose and cytotoxicity of bis-biphenyl salicylaldehyde Schiff base derivatives against (MDA-MB-231)

breast cancer cell line.

4. Conclusion

Four new symmetrical Schiff base ligands have been
prepared and characterized by different spectroscopic
techniques and elemental analysis. The induced-fit
docking computations showed that the proposed
compounds had moderate docking scores compared to the
co-crystallized ligand acarbose, while the docking scores
suggest that the proposed compounds may not be as
effective as acarbose in binding to the target site; their
unique physiochemical properties (i.e., hydrophobicity and
rigidity) could still make them viable candidates for further
study and optimization. Compounds L4, L1, and L3
showed selective anticancer activity against the MDA-
MB-231 breast cancer cell line and L1 showed a potential
selectivity against the A549 lung cancer cell line, while L4
showed a pan-cytotoxic effect against all types of cells.
The viability percentages of the normal fibroblast cell-line
were calculated at (83.06, 80.4, 71.22, 72.85 %) for (L1,
L2, L3, L4), respectively, at the concentration 25.0 pg/ml.
Results revealed that normal fiber cell lines are not
affected by the derivatives, indicating their potential
selectivity towards cancer cells. These findings suggest
that the derivatives have promising anti-cancer properties
and warrant further investigation to determine the
mechanism of action and in vivo efficacy of these
compounds.
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Abstract

The community structure of the fish family Scorpaenidae was investigated at nine sites along the Jordanian coast, examining
various sites, depths, and habitats. The study employed a visual census technique with SCUBA diving for data collection. To
present the findings, GIS maps were generated using ArcMap 10.8.1, showcasing the projected benthic cover, frequency of
appearance, and relative abundance of the species. The community indices were computed using PRIMER-5 software
(Primer-E 2000). The survey recorded a total of 417 scorpionfish individuals, representing seven different species, across 87
belt transects located at nine coastal sites. The average number of scorpionfish individuals per transect was approximately
4.8. Notably, three out of the seven species accounted for a significant 79.8% of all observed individuals. These dominant
species were Pterois miles, which exhibited the highest relative abundance at 37.9%, followed by Synanceia verrucosa at
21.3%, and Pterois radiata at 5.4%. Further analysis of the data revealed that P. miles was most prevalent in both coral reef
habitats (RA=55.6%) and sandy habitats (RA=47.0%). On the other hand, S. verrucosa showed the highest abundance in the
seagrass habitat with a relative abundance of 53.4%. Additionally, P. miles was the most abundant fish species at a depth of
9 m, accounting for 46.9% of the population, while both S. verrucosa and Scorpaenopsis diabolus shared the highest relative
abundance at reef flats with 44.4% each. Moreover, P. miles was the most commonly observed species across all sites, with a
frequency of appearance (FA) of 70.1%. In the seagrass habitat, S. verrucosa dominated, with an FA of 88.9%. Furthermore,
P. miles was frequently encountered at the sandy bottom and coral reef habitats, with FAs of 82.5% and 58.3% respectively.
Reef flats showed an equal prevalence of both S. verrucosa and P. miles, each accounting for 50.0% of the observed
scorpionfish. Cluster analysis revealed the presence of two main groups: the northern natural sites GH, HA, and PLB formed
the first group, while the remaining sites constituted the second group. The species richness was found to be highest at a
depth of 6 m, whereas the lowest richness was observed at reef flats. The sandy habitat exhibited the highest diversity index,
while the coral reef habitats displayed the lowest diversity. This comprehensive survey provides valuable insights for
decision-makers and managers, aiding them in making informed decisions to ensure the safety of beach users and visitors to
Agaba. Additionally, it contributes to public awareness regarding the potential risks posed by these fishes, thereby reducing
the likelihood of injuries caused by encounters with them.

Keywords: Scorpionfish; Gulf of Agaba; Fish mapping; Scorpaenidae

research on the community structure, biogeography, and
assemblage composition of fish species, as well as their
roles as indicators of benthic habitats (Khalaf and

1. Introduction

The Red Sea, renowned for its unique ecological and
biological characteristics, stands as a hub of marine
biodiversity, harbouring a remarkable diversity of over
1,200 fish species (Golani and Bogorodsky 2010). From
diminutive reef fish to sizable predatory species, these fish
showcase a stunning array of colours and behaviours.
Notably, Khalaf (2004) meticulously documented 507 fish
species inhabiting the Jordanian coast of the Gulf of
Agaba, including 18 species from the Chondrichthyes
group and 489 species from the Ostichthyes group.
Numerous studies have been conducted to explore
different facets of this marine biodiversity, including

“ Corresponding author. e-mail: m.khalaf@ju.edu.jo.

Kochzius 2002a, 2002b; Khalaf and Crosby 2005).
Furthermore, Brokovich et al. (2006) examined the
influence of various substrate variables, particularly
physical complexity and live coral cover, on the richness
and abundance of coral reef fish communities. The
research highlighted that substrate attributes play a direct
role in shaping fish community parameters, such as the
species composition and food availability. Consequently,
these factors significantly impact community intricacy,
diversity, and richness (Roberts and Ormond 1987).
Notably, about two-thirds of venomous vertebrates in
the world are venomous marine fish, including stingrays,
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scorpion, zebra, and stone fishes, as well as certain types
of sharks, catfish, and blennies (Church and Hodgson
2002; Sivan 2009). Among them, the Reef Stonefish
(Synanceia verrucosa) is frequently encountered by
humans and poses a venomous threat. While the Gulf of
Agaba is home to various harmful marine organisms that
can be fatal or cause severe injuries (Wahsha et al. 2021),
the severity of injury typically depends on factors such as
the amount of venom, individual responses, and the nature
and location of the injury (Smith et al. 2016). Despite the
lack of previous research on the distribution patterns of
hazardous fish along the Jordanian coast, national reports
indicate that numerous people visit Agaba beaches during
the summer holidays. Notably, 72% of injuries were
incurred by visitors rather than locals (Mutair et al. 2006).
The primary objective of this research is to delve into
the community structure and spatial distribution of
scorpion fishes across various locations, depths, and
habitats along the Jordanian coast of the Gulf of Agaba.

2. Materials and Methods

2.1. Study Area:

The Gulf of Agaba, measuring 180 km in length and up
to 20 km in width, is a semi-enclosed sea distinguished by
its numerous distinctive natural and  physical
characteristics. This geographic isolation is primarily
attributed to the narrow Straits of Tiran, which have a
considerable depth of approximately 260 m. While a
substantial portion of the Gulf boasts significant depths
exceeding 1800 m, the northern sector features a relatively
shallow shelf that runs alongside major human population
centers. The Jordanian coast, extending for 27 km, is
bordered by a series of reefs along approximately 13 km of
its shoreline. These reefs are separated by sandy bottoms,
frequently adorned with lush seagrass meadows
(UNEP/IUCN 1988). The Gulf's waters are renowned for
their tranquil nature and exceptional clarity, allowing for
high visibility. The tides in the region display minimal
fluctuations, with semidiurnal and diurnal variations
measuring less than one meter (Manasrah 2002).

2.2. Stud sites

The underwater habitats in various areas of Agaba can
be described as follows: The Hotel Area (HA) features a
bottom with a seagrass habitat. The Al-Gandoor Area
(GH) is primarily characterized by seagrass habitat. The
Phosphate Loading Berth (PLB) is distinguished by a
combination of seagrass and sandy habitat. The Marine
Science Station (MSS) is characterized by hard coral.
Barracuda Beach (BB) has a sandy bottom with corals.
The Marine Park (MB) features a sandy bottom, while
Sodasyat (SOD), Tala Bay Radisson (TBR), and Tala Bay
Movenpick (TBM) are all characterized by a sandy
bottom.

To gain deeper insights into the coastal areas, an
investigation was conducted between April 2018 and May
2019. The study covered nine distinct sites along the
Jordanian coast (Figure 1), each denoted by an
abbreviation and the number of transects surveyed in
parentheses: Hotel Area (HA: 9); Ghandoor Beach (HB:
9); Phosphate Loading Berth (PLB: 9); Marine Science
Station (MSS: 12); Marine Park (MP: 9); Barracuda Beach

(BB: 12); Sodasyat (SOD: 9); Tala Bay Radisson (TBR:
9); Tala Bay Movenpick (TBM: 9).
29.56—

[}
A\ c I
n \ = JA
28 ;i 7 \ E GH:
& N m
295 \/‘;‘ e A «PLB
E \‘fh“ ’°j : /
2 2947 'Y s
3 i Ph JMSS
3 a2 EBe
% 2944 T E R 0?' -
5 2.
| . A 00 R
e «TBR Q
20.41 u? o TBM.) %
5 S
29.38 S y
- 0 km 5 A
29.35 e —

3479 3482 3485 3488 3491 3494 3497 35 35.03
Longitude (E)

Figure 1. Locations of the study sites, which include the Hotel
Area (HA), Ghandor (GH), Phosphate Loading Berth (PLB),
Marine Science Station (MSS), Marine Park (MP), Barracuda
Beach (BB), Sodasyat (SOD), Tala Bay Radisson (TBR), and Tala
Bay Movenpick (TBM).

2.3. Visual census

Scorpion fish surveys were conducted using the visual
census technique with SCUBA diving, following the
protocol outlined by English et al. (1994). The survey
includes three sets of replicated transects, each spanning a
distance of 50 meters. These replicates were established at
each of the three specific shallow depths: 3, 6, and 9 m™.
The replicate transects were carefully placed in sequence,
with a distance of 10-20 m between each one. In addition
to the aforementioned transects, another set of three fish
transects was carried out on the reef flat, at depths of less
than 2 m, focusing on sites with coral reef habitats (i.e. the
MSS). During the surveys, a waiting period of
approximately 10 minutes was observed to allow the fish
to return to their normal behavior before counting
commenced. Once the waiting period was over, the
observer swam along the transects and meticulously
recorded all Scorpion fish sightings within a 1.5-m radius
on each side of the line and 3 m above the transect. Each
transect took about 20-25 minutes to complete. To assess
the benthic community, the point intercept method, as
modified after the work of English et al. (1994), was
employed. This method involved recording the percentage
of live hard and soft coral cover, seagrass, dead coral/rock,
and sediment (sand). To ensure the identification of
dangerous marine organisms, the guidelines established by
Randall (2010), Myers (1991), and Khalaf and Disi (1997)
were adhered to. By employing these rigorous
methodologies and adhering to established protocols and
guidelines, the scorpion fish populations and benthic
communities were thoroughly and accurately studied,
contributing valuable insights to marine research.

2.4. Statistical analysis and diversity calculations

The statistical analysis employed in this study follows
the methods outlined by Sokal and Rohlf (1981), which
were implemented using the StatView computer software.
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Additionally, community indices such as the number of
species (S), fish abundance (N), species richness (d), and
species diversity (H") were computed using the PRIMER-5
software developed by Primer-E (2000).

The abundance of fish species was described by two
metrics: relative abundance (RA) and frequency of
appearance (FA). The calculations for these metrics are as
follows:

]

FA = = 100

a
where Xi represents the pooled average abundance of species i
from each depth and site, and Ya represents the pooled average
abundance of all species from each depth and site.

=100
Nt
where Ni denotes the number of transects in which species | was
present, and Nt represents the total number of all transects.

F4 =

Species diversity was evaluated using the Shannon-
Weaver Diversity Index (Ludwig and Reynolds 1988):

H' =-3 (pilnpi)
where pi is the proportion of all individuals counted that belonged
to species i.

Species richness (d) was determined using the
following formula:
d=S/N
where S is the total number of species observed, and N is the total
number of individuals counted.

Cluster analysis and ANOSIM (analysis of
similarities), were conducted using the PRIMER-5
software (Primer-E 2000). To examine the significant
differences (p<0.05) between (sites, depth, and habitat)
concerning the number of species, species richness, and

Shannon-Wiener diversity index, the group variations were
measured using a One-Way Analysis of Variance
(ANOVA). For presenting GIS maps related to the
projected benthic cover, frequency of appearance, and
relative abundance, ArcMap 10.8.1 software was utilized.

3. Results

3.1. Benthic coverage

The distribution of benthic coverage in the study area
was thoroughly examined and presented in Figure 2.
Among the surveyed sites, the MSS exhibited the highest
proportion of live hard coral cover, accounting for an
impressive 48.3%. In comparison, TBR came in second
with a cover of 12.0%, while GH had the least hard coral
cover, with a mere 0.4%. Hence, the MSS site stands out
as a remarkable coral reef habitat. As for soft coral cover,
GH led with 12.7%, closely followed by TBR with 9.8%.
In terms of seagrass cover, HA, PLB, and GH were the
highest, with percentages of 61.8%, 54.0%, and 45.6%,
respectively. These three sites were identified as
significant seagrass habitats, contributing substantially to
the overall ecosystem. The sandy habitats were
prominently represented in five sites, with BB having the
highest sand cover at 72.7%, followed by TBR (54.9%),
MP (54.5%), TBM (45.1%), and SOD (43.1%). Notably,
the sand cover percentages varied across different depths,
with 46.5% at 3 m depth, 45.3% at 6 m, and 44.2% at 9 m.
Additionally, the distribution of hard coral cover was
found to be predominantly concentrated in the reef flat,
accounting for 44.7% of the coverage, followed by rocky
habitats at 30.7%.
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3.2. Scorpion fish assemblages

A total of 417 scorpion fishes from 7 distinct species
were meticulously recorded. The investigation involved
the examination of 87 belt transects, which were
strategically positioned at 9 diverse coastal sites spanning
from the northern to the southern borders of the region.
The findings revealed an average of approximately 4.8
scorpion fish individuals per transect.

study. Pterois miles ranked first with a relative abundance
of 37.9%, followed by Synaneia verrucosa at 21.3%, and
Pterois radiata at 20.6%, collectively representing 79.8%
of the total counted individuals. Among the nine sites
studied, P. miles dominated at seven locations, with its RA
varying from 8.6% at PLB to 60.7% at MP. S. verrucosa
had the highest abundance at two sites, with RA ranging
from 5.0% at SOD to 71.4% at PLB. Interestingly, S.
verrucosa was not observed at the TBR and TBM sites

3.3. Dominant Scorpion fish species at various sites (Figure 3).
Based on the relative abundance (RA) calculations,
three species were found to be the most abundant in this
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Figure 3. Projected relative abundance of seven species currently under investigation at the nine sites along Jordanian Gulf of Agaba

3.4. Frequency of Appearance (FA)

The scorpionfish species observed on the Jordanian
coast of the Gulf of Agaba were well-documented in a
study (Figure 4). Among the prevalent species, P. miles
had the highest occurrence with a frequency of 70.1%,
followed by P. radiate at 54.0%, and S. verrucosa at
41.4%. The distribution of these species varied across

different locations, as indicated in Figure 3. At GH, five
fish species were found to be most frequent, while three
fish species were most commonly observed at HA.
Additionally, two fish species were predominant at TBR,
and one particular species stood out as the most common
at TBM sites.
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Figure 4. Projected Frequency of Appearance for the seven species under investigation at the nine sites along Jordanian Gulf of Agaba.

3.5. Diversity Parameters

The data presented in Figure 5 displays the average
values for various biodiversity measures across each site.
The median number of species (S) ranged from 1.33 at the
MSS site to 4.56 at the GH site. Similarly, the median
number of individuals (N) varied from 1.78 at the MSS

site to 10.44 at the GH site. Median species richness (d)
showed a range from 0.36 at the MSS site to 1.53 at the
GH site. Lastly, the Shannon-Wiener diversity index (H')
exhibited a range from 0.22 at the MSS site to 1.38 at the
GH site.
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Figure 5. Average number of species (S), average number of individuals (N), average species richness (d), and average Shannon-Wiener
Diversity Index (H") per 250 m? at different study sites situated along the Jordanian coastal waters. The study sites are identified as follows:
Hotel Area (HA), Ghandor (GH), Phosphate loading berth (PLB), Marine Science Station (MSS), Marine Park (MP), Barracuda Beach
(BB), Sodasyat (SOD), Tala Bay Radisson (TBR), and Tala Bay Movenpick (TBM).

3.6. Dominant Scorpionfish species by habitat

Table 1 presents the dominant scorpionfish species
observed in different habitats. The data indicates that P.
miles exhibited the highest abundance in both coral reef
habitats (RA of 55.6%) and sandy habitats (RA=47.0%).
On the other hand, S. verrucosa was found to be the most
abundant scorpionfish species in seagrass habitats, with a
relative abundance of 53.4%.

Table 1. Relative fish abundance (RA) data for three distinct
habitat types along the Jordanian coast: seagrass (SG), coral reef,
and sandy (SD) habitat. The calculation was performed per 250
m? transect. The number of individuals (N) in each habitat type
was taken into consideration during the analysis.

habitats was P. miles (82.5%), while P. radiata followed
closely at 64.9% for each species. Moreover, in coral reef
environments, the dominant fish species was P. miles,
accounting for 58.3% of the occurrences, while P. radiata
accounted for 25.0% (Table 2)

Table 2. Frequency of appearance (FA) calculated for Seagrass
(SG), Coral reef (CR) and Sandy (SD) habitats along the
Jordanian coast.

Fish Species SG CR Sand
D. brachypterus 13.6 0.0 78
I. filamentosus 1.9 0.0 1.7
P. miles 8.7 55.6 47.0
P. radiate 11.7 22.2 23.6
S. barbata 8.7 5.6 5.4
S. diabolus 1.9 5.6 3.7
S. verrucosa 53.4 111 10.8

Fish species SG CR SD

D. brachypterus 33.3 0.0 26.3
1. filamentosus 11.1 0.0 8.8

P. miles 38.9 58.3 82.5
P. radiata 38.9 25.0 64.9
S. barbata 333 8.3 22.8
S. diabolus 111 8.3 175
S. verrucosa 88.9 16.7 31.6

3.7. Frequency of Appearance (FA)

The most common dangerous fish species found in
seagrass habitats was S. verrucosa, constituting 88.9% of
the occurrences, with P. miles and P. radiata following at
38.9% each. In contrast, the prevalent fish species in sandy

3.8. Diversity Parameters

The seagrass habitat exhibited the highest average
number of species (S=2.7), with sandy bottoms following
closely behind (S=2.5), and the coral reef had the lowest
number of species (S=1.2). Regarding the number of
individuals, seagrass hosted the most significant
population (N=5.7), while the coral reef had the lowest
number of individuals (N=1.5). The species richness was
at its highest in the seagrass habitat (d=1.1) and reached its
lowest in the coral reef (d=0.7). Analyzing the Shannon
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Diversity Index, both sandy and seagrass habitats showed

the highest value (H'=0.7 each) (Figure 6).
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Figure 6. Average number of species (S), average number of individuals (N), average species richness (d), and average Shannon-Wiener
Diversity Index (H') per 250 m? across different habitats along the Jordanian coast in the Gulf of Agaba.

3.9. Dominant Scorpionfish species by depth

Table 3 displays the predominant fish species found at
different depths. The distribution patterns of the fish
species varied depending on the depth. Among these, S.
verrucosa and Scorpaenopsis diabolus were the most
abundant scorpionfish at RF, with each species accounting
for 44.4% of the relative abundance (RA). On the other
hand, P. miles dominated at 3 m, 6 m, and 9 m depths,
with RAs of 36.1%, 34%, and 46.9% respectively.

Table 3. Relative fish abundance (RA) calculated at different
depths along the Jordanian coast. The data incorporates the reef
flat (RF), as well as depths of 3m, 6m, and 9m, which were
combined in 250 m? transects.

the observed occurrences. Notably, P. miles emerged as
the dominant fish species at depths of 3 and 9 m, with a
frequency of occurrence (FA) value of 74.1%. At a depth
of 6 m, its FA increased further to 77.8% (Table 4).

Table 4. Frequency of appearance (FA) values computed for
different depths on the reef flat (RF) of the Jordanian coast. The
depths considered are 3m, 6m, and 9m.

Fish species RF depth 3m 6m 9m
D. brachypterus ¢ 12.3 8.3 6.9
. filamentosus 0.0 0.0 3.2 15
P. miles 0.0 36.1 340 469
P. radiate 0.0 221 17.9 23.8
S. barbata 44.4 5.7 58 4.6
S. diabolus 111 25 3.8 3.1
S. verrucosa 44.4 21.3 26.9 13.1

Fish species RF depth 3m 6m 9m
D. brachypterus 0.0 29.6 259 22.2
I. filamentosus 0.0 0.0 18.5 74

P. miles 0.0 74.1 77.8 74.1
P. radiata 0.0 51.9 55.6 66.7
S. barbata 50.0 22.2 22.2 18.5
S. diabolus 16.7 111 22.2 111
S. verrucosa 50.0 48.1 48.1 25.9

3.10. Frequency of Appearance (FA)

Among the various scorpionfish species found at the
reef flat, S. Verrucosa and Scorpaenopsis diabolus were
the two most prevalent ones, each accounting for 50.0% of

3.11. Diversity parameters

When analyzing depth-related factors, it becomes
evident that the fish species distribution varies
significantly across different transects (Figure 7). Among
the transects studied, those at a depth of 6 m stand out with
the highest number of fish species per transect (5=2.70).
Following this, the 3-m deep transects also exhibit
considerable species richness (S=2.37), while the 9-m deep
transects have a slightly lower number of species (S=2.26).
On the other hand, the reef flat (RF) transects show the
lowest species count (S=1.16).
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Regarding the abundance of individuals, the 6-m deep
transects again come out on top, hosting the highest
number of fish per transect (N=5.78). The 9-m deep
transects show a substantial presence of fish (N=4.81), and
the 3-m deep transects have a somewhat lower number of
individuals (N=4.52). In contrast, the reef flat (RF)
transects exhibit the lowest number of individuals
(N=1.50).

To assess species richness, we calculated the
dominance index (d) for each transect. The 6-m deep
transects demonstrate the highest species richness
(d=1.10), followed closely by the 3-m deep transects
(d=1.04). Comparatively, the reef flat depth records the
lowest species richness (d=0.91).

The Shannon-Diversity Index provides insight into the
overall diversity within each transect. The 6-m deep
transects display the highest diversity (H'=0.8), indicating
a more balanced distribution of species. In comparison, the
3-m deep transects show slightly lower diversity (H'=0.7).
The reef flat (H'=0.2), however, exhibits the lowest
diversity, suggesting a less even distribution of species in
this area.

Table 5 presents the statistical significance analysis for
the variables S, N, d, and H™ with respect to sites, depths,
and habitat. The findings indicated a notable distinction
between sites and habitat (p<0.05). However, no
significant differences were observed among various
depths for the variables S, N, d, and H.

Table 5. One-way ANOVA comparison test for mean number of
species (S), mean fish abundance (N), species richness (d) and
Shannon-Wiener Index (H") at sites (7 sites), depths (RF, 3 m, 6
m, and 9m), and habitat (coral reef, sandy and seagrass) along the
Jordanian coast.

Significance S N D H
Betweensites  <0.0001 <0.0001 <0.0001 <0.0001
Between 0.4274 0.3853 0.2543 0.4090
depths

Between 0.0019 0.0009 0.0019 0.0004
habitat

3.12. Site similarities

The analysis of the clusters has unveiled distinct
patterns across the various sites, as depicted in Figure 8.
Group A includes sites such as the Marine Science Station
(MSS), Marine Park (MP), Barracuda Beach (BB),
Sodasyat (SOD), Tala Bay Radisson (TBR), and Tala Bay
Movenpick (TBM). These sites collectively represent the
middle and southern regions of the Jordanian coastline
along the Gulf of Agaba. Conversely, Group B comprises
the northern locations, including the Hotel Area (HA),
Ghandor (GH), and Phosphate Loading Berth (PLB).
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Figure 8. Dendrogram plot illustrating the comparative similarity among various sites including Hotel Area (HA), Ghandor (GH),
Phosphate Loading Berth (PLB), Marine Science Station (MSS), Marine Park (MP), Barracuda Beach (BB), Sodasyat (SOD), Tala Bay
Radisson (TBR), and Tala Bay Movenpick (TBM). The labels 'A' and 'B' denote distinct group clusters.

4. Discussion

Historically, research along the Jordanian coastline has
predominantly been dedicated to commercial and coral
reef fish, focusing on biological, ecological, and
taxonomical aspects (Wahbeh and Ajiad 1987; Wahbeh
1992; Khalaf and Disi 1997; Al-Rousan et al. 2005; Khalaf
and Croshby 2005; Khalaf and Krupp 2008; Krupp et
al.,2009). However, there is a conspicuous absence of
studies on hazardous marine creatures in this region. As
beach traffic escalates due to local and international
tourism, it is vital to gather precise information about these
potentially dangerous animals. Moreover, the Jordanian
coastline is grappling with considerable strain from rapid
development and excessive exploitation of marine
resources. Scorpion fishes, although not innately
aggressive toward humans, can inflict harm due to human
ignorance (Khalaf and Disi 1997). Thus, enhancing
awareness and exercising caution in shallow waters are
recommended preventative steps. Touching underwater
objects while swimming or diving is strongly discouraged.
The information, maps, and data derived from this research
can assist policymakers in making informed decisions
about beach safety and raise public awareness about the
potential risks associated with dangerous Scorpion fishes.
This knowledge can guide actions to lower injury risks and
increase overall safety for beachgoers.

Of the globally recognized 219 scorpion fish species
(Eschmeyer and Fong 2013), 19 are found in the Red Sea
(Golani and Bogorodskey 2010), and 26 in the Arabian
Sea. The Jordanian side of the Gulf of Agaba hosts 14
identified species (Khalaf and Kochzius 2002a). This study
adds seven species found at shallow depths across nine
coastal sites to the existing knowledge of scorpion fish
distribution, providing a basis for future research and
conservation endeavors. The fish community distribution
and abundance are largely dictated by depth and benthic
habitat. The studies of Khalaf and Kochzius (2002a) have
demonstrated that fish species richness is associated with
substrate cover, habitat diversity, and live hard coral cover.

The statistical analysis showed distinctive differences
among the sites for certain species, such as Dendrohairus
brachypterus, Pterois miles, P. radiata, S. barbatus, and S.
verrucosa, with P. miles being particularly abundant along

the Jordanian coast, followed by S. verrucosa. This pattern
may be attributed to the high prevalence of P. miles at
seven sites and S. verrucosa at two sites. The habitats
preferred by P. miles are coral reefs and sandy areas with
sporadic corals, with their abundance possibly being
influenced by food availability. Small fish species like
Neopomacentrus  miryae,  Chromis viridis, and
Pseudanthias squamipinnis inhabit patchy coral heads in
the region. Conversely, species such as Diplodus noct,
Gerris oyena, and Scalopsis ghonam, known to reside in
sandy bottoms, may serve as a food source for S.
verrucosa, which is mainly abundant at the PLB and HA
sites. These sites feature sandy bottoms where S. verrucosa
can bury itself, as noted by Khalaf and Disi (1997).

There were considerable differences in fish community
structure and spatial distribution among coral reefs and
seagrass beds. Coral reefs and seagrass beds surrounding
Marsa Abu Dabab had fish communities typical of other
inshore areas of the northern Red Sea. While some species
were confined to either seagrass or coral reefs, others were
widely distributed along the gradient. The settlement of
larval and juvenile fish is also pivotal in determining the
structure and stability of reef fish communities, with
substrate type selection playing a role (Williams and Sale
1981). Many reef fish species prefer settling on live corals
(Booth and Beretta 2002).

The GH site exhibited the greatest number of species,
fish abundance, species richness, and species diversity,
closely followed by the Hotel Area (HA). These sites were
remarkably similar, sharing adjacent positions and similar
habitat characteristics. Both contained small coral patches
and rocks, creating ideal conditions for the species studied,
as they use these features for camouflage and prey capture
(Khalaf and Disi 1997). Habitat complexity accounted for
71% of the variation in species richness and 22% of total
fish abundance variation, according to Gratwicke and
Speight (2005).

Based on standardized and square root analysis, this
study detected significant variations in the distribution
patterns of scorpionfishes across different sites along the
Jordanian coast of the Gulf of Agaba. The dendrogram
suggests the existence of two main clusters. The structure
of dangerous marine organisms in GH and HA showed
notable differences from other sites. The habitat in the
northern part of the coast seemed to affect the presence of
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scorpionfishes. Brokovich et al. (2006) reported a strong
correlation between fish assemblages and different habitat
types at the northern tip of the Gulf of Agaba, a finding
echoed by Khalaf and Kochzius (2002a). While Brokovich
et al. (2006) stressed the importance of depth as a critical
factor impacting fish community distribution and
abundance, the results from this study contradicted their
findings from the western side of the Gulf of Agaba. This
discrepancy might be attributed to the lower depths
surveyed in this study, ranging from the reef flat to only 9
m deep.

This study found that the highest fish abundance
occurred at 3 m deep transects, whereas the lowest number
of fish species and individuals were observed in the reef
flat area. This could be due to the unique conditions of this
habitat. The reef's flat area is exposed to various physical
factors, such as wind, waves, and sunlight, which result in
a complex environment. In addition to rocks, sand, or mud,
these physical factors pose different challenges to the
organisms inhabiting this area. Species living in such
environments need to be capable of tolerating significant
fluctuations in salinity and moisture and withstand the
potential impact of powerful waves to survive. P. miles
was the most abundant fish species at 3, 6, and 9 m deep
transects. This fish typically inhabits coral reef areas
hosting schools of small fish, which are their primary food
source. However, this species is considered one of the
most common fish species in the Pterois genus (Khalaf
and Disi 1997; Khalaf and Kochzius 2002a). Significant
differences were observed in fish abundance, species
richness, and diversity between sites and habitats.
Statistical significance for fish assemblage showed a
significant difference between habitats and sites. Fishes
were most abundant in the GH and HA sites, which are
dominated by seagrass, with some sandy and small coral
patches. On the other hand, seagrass habitats had the
highest diversity of fishes, whereas sand and coral reefs
had lower diversity and fish abundance. These findings
were also reported by Aguilar-Perera and Appeldoorn
(2008), who observed that fish assemblages in seagrass
beds were more diverse than in sandy and coral reef
habitats. Aguilar-Perera and Appeldoorn (2008) concluded
that seagrass beds are an important habitat for a number of
fish species due to the diversity of food resources and
availability of hiding places.

5. Conclusions

In conclusion, this study has elucidated the community
structure and distribution patterns of scorpion fishes along
the Jordanian shoreline of the Gulf of Agaba. The
investigation pinpointed seven unique species of scorpion
fish inhabiting various coastal locations and depths, with
Pterois miles and Synaneia verrucosa standing out as the
most  prevalent species. Moreover, the research
underscores the significant impact of specific locations and
habitats on the abundance, species richness, and diversity
of these fishes. Coral reef habitats were characterized by
the greatest fish abundance and diversity, while seagrass
habitats demonstrated superior species richness. The study
has also revealed striking disparities in the community
structure and spatial distribution of fish across northern
locales compared to middle and southern areas. These
findings offer invaluable insights for policymakers and

beachgoers alike, promoting enhanced safety measures and
fostering awareness regarding the potential hazards posed
by these dangerous marine creatures. On the whole, this
research augments the existing body of knowledge
regarding scorpion fish distribution and could act as a
cornerstone for future conservation endeavors in the
region.
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Abstract

This study explores the metabolic diversity of thermophilic Bacillus species isolated from Jordanian hot springs. Sixteen
strains from Ma’en thermal springs, exhibiting robust growth at elevated temperatures (45-55°C), were investigated for their
potential in producing valuable bioactive compounds. Crude extracts, obtained through organic solvent extraction,
underwent HPLC-MS analysis to reveal secondary metabolite spectra under various growth conditions. Strains M5a, M13a,
and M1c displayed potential in producing biologically active metabolites. The purification process of the Mb5a strain extracts
involved sequential techniques including silica gel, Sephadex LH-20, RP18 column chromatography, and preparative TLC.
This process resulted in the isolation of diverse compounds, including indole derivatives (1-acetyl-p-carboline, indole-3-
carboxylic acid, tryptophol), adenosine, tyrosol, p-hydroxy-benzaldehyde, ferulic acid, uracil, 3-methyl uracil, and the
identification of four diketopiperazine derivatives (cyclo (Phe, Pro), cyclo (Pro, lle), cyclo (Leu, Pro), and cyclo (Pro, Tyr)).
Structural validation of these compounds was achieved through AntiBase, utilizing 1H NMR and MS data and literature
comparisons. Despite similar metabolic profiles, strains exhibited varying activities, including antimicrobial potential. This
study marks the first report on purified biochemical compounds from thermophilic bacteria, emphasizing untapped microbial
diversity in thermal springs. Intriguing activities and distinct UV-absorbing bands on TLC suggest promising prospects for
isolating novel, active metabolites. This research enhances our understanding of the biotechnological potential of
thermophilic Bacillus strains, emphasizing the importance of exploring their chemodiversity for industrial applications and
functional genomics.

Keywords: LC-MS/MS, Thermophilic bacteria, Metabolites diversity, Bacillus, hot springs

spectrum for thermophilic microorganisms categorizes

1. Introduction:

Extremophiles, a fascinating group of microorganisms,
thrive and reproduce under extreme environmental
conditions, such as high temperatures, extreme pH levels,
elevated ion concentrations, and radioactivity. This unique
adaptation involves the evolution of specialized biological
components and metabolic pathways that enable survival
and growth in challenging environments (Krishnaraj and
Sani, 2017; Singh et al., 2019). In recent years, the
significant interest in extremophiles has been driven by
their ability to catalyze chemical reactions under severe
conditions, offering potential applications across various
industries (Dumorne and Cordova, 2017; Geng et al.,
2018; van den Burg, 2003).

Among extremophiles, thermophilic microorganisms,
flourishing in warm environments, play a pivotal role in
the synthesis of fuels and chemicals. Their proficiency in
operating under high-temperature conditions enhances
product yields and mitigates contamination risks, making
them particularly attractive for industrial applications.
Additionally, thermophiles serve as rich sources of
thermostable enzymes crucial for industrial processes
(Bohme et al., 2020; Rigoldi et al., 2018). The temperature

them into moderate thermophiles thriving at 50-60 °C,
extreme thermophiles at 60-80 °C, and hyperthermophiles
at 80-110 °C (Baker et al., 2001). Extreme thermophiles,
with their exceptional thermal stability and ability to grow
at temperatures exceeding 80°C, present promising
candidates for applications such as high-temperature
fermentation, waste treatment, and mineral leaching
(Brock, 1986; Kelly and Brown, 1993; Kelly et al., 1994).
Researchers find significant value in thermophiles due to
their unique characteristics and potential applications in
biotechnology.

In this context, the study of gene function on a genome-
wide scale, known as functional genomics, has been
instrumental in unraveling the molecular mechanisms
underpinning the adaptation of thermophiles to extreme
conditions. A significant outcome of functional genomics
research on thermophilic microorganisms is the
identification of heat shock proteins (HSPs) (Hartl et al.,
2011; Lindquist and Craig, 1988; Morimoto, 1998; Parsell
and Lindquist 1993). These proteins play a critical role in
preventing protein denaturation and aggregation, thereby
shielding cells from the adverse effects of high
temperatures (Kuczynska-Wisnik et al., 2002).
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Delving into the realm of cellular stress responses in
Escherichia coli (E. coli), Kuczynska-Wisnik et al. (2002)
explored the protective function of the diminutive heat-
shock proteins 1bpA and IbpB, shedding light on how
these proteins prevent the aggregation of endogenous
proteins denatured in vivo during severe heat shock. This
work significantly contributes to understanding the cellular
response to extreme heat shock in E. coli, underscoring the
crucial role of IbpA and IbpB as guardians against protein
aggregation. In response to heat stress, additional genes
implicated in protein folding, modification, and
degradation have been found to be upregulated, marking
another avenue of interest in functional genomics research
on thermophiles. A crucial aspect of this research involves
the exploration of the metabolic pathways enabling
thermophilic microorganisms to thrive in high-temperature
environments. The identification of genes involved in the
production of compatible solutes, such as trehalose and
proline, has provided insights into how thermophiles
maintain cellular integrity and prevent protein denaturation
under extreme conditions.

Continued progress in understanding the molecular
mechanisms behind the adaptation of thermophilic
microorganisms to high-temperature environments is
facilitated by functional genomics. This ongoing
exploration offers valuable insights into the potential
applications of these unique organisms across disciplines
like biotechnology and environmental science by
identifying key genes and pathways involved in these
processes.

Noteworthy among the rich sources of thermophilic
bacteria are Jordan's hot springs, recognized for their
capacity to produce thermostable enzymes and bioactive
substances (Al-Daghistani et al., 2021; Obeidat and Al-
Shomali, 2023), which constitute a valuable reservoir of
thermophilic bacteria. This study is dedicated to
addressing the existing knowledge gaps concerning
aerobic thermophilic bacteria derived from Jordan's hot
springs. Despite their diverse metabolic processes, these
bacteria remain relatively unexplored. Our investigation
aims to elucidate the production of biochemical
compounds by these bacteria when cultured using various
media as the exclusive source of carbon. Through a
comprehensive exploration of their metabolic capabilities,
our study seeks to unveil the untapped biotechnological
potential of thermophilic Bacillus strains and contribute to
a broader comprehension of the roles of extremophiles in
natural product discovery. Significantly, this work marks
the inaugural report on the purified biochemical
compounds  profiled from thermophilic  bacteria,
emphasizing its novelty and potential impact on
biotechnology.

2. Materials and Methods

2.1. Sampling of Thermal Springs Water:

Water samples were carefully gathered from diverse
points within Ma'en's primary thermal springs in Jordan,
utilizing sterile thermal glass tubes (50 ml). The collection
points were strategically selected away from the
peripheries, and samples were obtained from a depth of 15
cm below the spring's surface. Subsequently, the samples
were promptly transported to the laboratory for immediate

culturing. The collected thermal water exhibited
temperatures ranging from 45°C to 60°C and a pH
between 7.2 to 7.8. This approach was implemented to
ensure a representative sample of thermophilic aerobic
bacteria.

2.2. Isolation and cultivation of thermal bacterial strains

The culturing of water samples from each tube was
carried out in a nutrient broth (NB) medium. Specifically,
5 ml from each sample was introduced into 50 ml of
nutrient broth containing 1.5% peptone, 0.5% NacCl, 0.5%
meat extract, 0.03% K,HPO,, and adjusted to a pH of 7.2.
The mixture was then incubated at 50°C for 48 hours with
agitation at 180 rpm in a laboratory shaker. Subsequently,
a loopful from each culture was streaked onto nutrient agar
plate and subjected to the same incubation conditions. Pure
cultures were established through successive transfers on
new nutrient agar plates, resulting in sixteen isolates
designated as M1a, M2a, M3a, M4a, Mb5a, M1bl, M13a,
Mlc, M2c, M3c, M3cl, M4d22a, M4c, M5a2, M5b1, and
M5b2.

2.3. Cultivation and crude extract preparation for pre-
screening

The sixteen selected isolates were cultured as
subcultures on agar plates for 24 hours at 50°C. This was
achieved using 1.5% nutrient agar, composed of beef
extract (3 g/l), peptone (5 g/l), NaCl (8 g/l), and agar (15
g/l). Subsequently, the resulting subcultures were utilized
to inoculate Erlenmeyer flasks (1000 mL) with a half loop
of growth obtained from the colonies on agar plates. Each
flask contained 250 mL of NB medium, with the pH
adjusted to 7.8 prior to sterilization. These flasks were then
incubated at 50°C on a linear shaker set to 180 rpm for 24
hours.

For the large-scale preparation of crude extracts for
each strain, cultivation was carried out using 5 ml of
culture obtained from the previous step. This culture was
inoculated into four separate 250 mL Erlenmeyer flasks (a
total volume of 1L) containing NB medium. Additionally,
L-Valine and L-Lucine amino acids were added to the
culture medium at concentrations of 0.3% and 0.01%,
respectively. The incubation continued for 2 days on a
linear shaker under the same aforementioned conditions.
Following the harvesting of the dark brown culture, the
broth underwent filtration over a celite bed using vacuum
filtration with a Buchner funnel to separate the biomass
from the liquid phase. After filtration, the biomass scraped
from the top of the filter underwent ethyl acetate extraction
three times (3 x). Each extraction cycle occurred under
ultrasonic irradiation (Ultraturrax: Janke & Munkel KG)
for 10 min per cycle. Simultaneously, the liquid phase was
extracted twice with ethyl acetate. Subsequently, the
organic phases from all these extractions were combined
and then concentrated by evaporation using a rotary
evaporator (Rotavapor R152) to obtain the crude extracts.
For quantification, the crude extract was suspended in 10%
CH,Cl,, dried with air, and stored in a refrigerator at 4°C.
These extracts underwent a comprehensive analysis,
including chemical and biological screening, as well as
HPLC-MS analysis.

2.4. Media optimization and production

Five distinct media, which were modified in Laatsch's
laboratory, were employed to determine the most efficient
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medium for the large-scale cultivation of thermophiles.
These five different media, labeled as A, B, C, D, and E,
consisted of the following component: A: yeast extract 4 g,
malt extract 10 g, , and glucose 4 g in 1 L of dH,0, B:
mannitol 20 g, soya been fat 20 g, and in 1 L of dH,O, C:
peptone 2 g, glucose anhydrous 10 g, , yeast extract 1 g,
and meat extract 1 g in 1 L of dH,0, D: yeast extract 40 g,
CaCl, 45 g, glucose 5 g, and in 1 L of dH,0, E: yeast
extract 5 g, trypton 10 g, , NaCl 10 g, and glucose 5gin 1
L of dH,0,). The pH of each medium was adjusted to 7.8
before undergoing autoclaving at 121°C for 15 minutes.
Before autoclaving at 121°C for 15 minutes, the pH of
each medium was adjusted to 7.8. The bacterium was then
cultivated in an incubator shaker at 55°C, with agitation at
180 rpm, for a period of 3-5 days.

2.5. Chemical screening

For the chemical screening process, a combination of
TLC with spraying reagents and HPLC-MS methods was
employed.

2.5.1. Thin layer chromatography (TLC)

The crude extracts obtained from the selected strains
underwent Thin-Layer Chromatography (TLC) analysis to
examine the nature of secondary metabolites produced by
them. In this procedure, a small sample drop was
accurately deposited onto the TLC plate using a capillary
and allowed to dry. Each extract was applied to two TLC
plates. To ensure an appropriate sample quantity (ranging
from 2 to 5 micrograms) on the plate, this spotting process
was repeated by overlaying additional drops onto the
initial spot. Subsequently, the TLC plates were developed
using a solvent system comprising CH,Cl, and 5%
MeOH. After development, the zones on the plates were
observed under ultraviolet (UV) light at both 254 nm and
366 nm wavelengths. Components exhibiting UV
absorption or fluorescence were identified and marked
accordingly. Following UV visualization, one plate
underwent staining with an anisaldehyde/H,SO, spraying
reagent (anisaldehyde, methanol, H,SO,4, acetic acid),
while the second plate was sprayed with Ehrlich’s reagent
(HCI 37%, 4-dimethylamino benzaldehyde, MeOH) to
detect different colored bands of compounds in the
extracts, specifically designed for the detection of indoles.
This treatment served to further pinpoint areas of interest.
The resulting colored bands, resembling a metabolic
fingerprint, resulted from reactions between the spray
reagent and the metabolites. These bands were carefully
marked and systematically documented through scanning
procedures.

2.5.2. 2.5.2 High-Performance Liquid Chromatography-
Mass Spectrometry (HPLC-MS)

The preparation of samples holds paramount
importance when employing a High-Performance Liquid
Chromatography-Mass Spectrometry (HPLC-MS) method
for the analysis of biological samples. It necessitates the
establishment of fundamental principles encompassing
robustness and uniformity, which are prerequisites for any
analytical assay. Typically, a concentration range spanning
from 1 to 5,000 ng/ml is requisite for this purpose.
Methanol/water was chosen as the solvent for this
procedure, with methanol (LiChrosolv hypergrade for
liquid chromatography) procured from Merck.

2.6. Extraction and purification of the active compounds

Selected strains were expanded through fermentation
on a scale of 15-30 liters, and crude extracts were
processed through chromatography and preparative thin-
layer chromatography (PTLC) for additional purification
steps.

2.6.1. Large-Scale Fermentation and crude extraction

A 30-liter fermentation of thermophilic Bacillus strain
Ma5 was conducted by employing two sets of 60
Erlenmeyer flasks (1 L each), with each flask containing
250 mL of medium D. This fermentation was carried out at
pH 7.8, using a linear incubator shaker set at 180 rpm and
55°C for a duration of 5 days. After harvesting the culture,
the broth was filtered over celite using a filter press
(Schenk Niro 212 B40) to separate the biomass from the
liquid phase. The water phase was extracted by adsorption
on Amberlite XAD-16 resin (obtained from Rohm and
Haas, Frankfurt, Germany) in a large-size glass column
(1.2 m x 10 cm). After washing with distilled water (2 L)
to remove salts and sugars, the column was eluted with
methanol. The methanol extract was concentrated in vacuo
at 40°C to the aqueous residue. The remainder was re-
extracted by ethyl acetate (3-4 times). Meanwhile, biomass
was extracted using ethyl acetate (3 x) followed by
acetone (2 x) under ultrasonic irradiation and mixed for 15
min each time. The acetone extract was concentrated in
vacuo and the obtained aqueous residue was again
extracted with ethyl acetate (2 x). The ethyl acetate
extracts obtained from both the filtrate and biomass, which
contained bioactive metabolites, were combined and dried
using a rotary evaporator (Rotavapor R152). This process
yielded 6.94 grams of crude extracts in the form of dark
brown residues.

2.6.2. Purification of the active compounds and structural
elucidation

The crude extract (6.94 g) underwent fractionation
through flash chromatography on silica gel column (1.5 x
50 cm) packed with 30 g of silica gel (Kieselgel 60, 230 ~
400 mesh, Merck, Germany). Fractionation occurred by
elution with a CH,Cl,: MeOH solvent mixture using a
gradient of concentrations (1, 3, 5, 10, 20, 40, and 50%,
vol/vol). The resulting fractions were monitored by TLC
(CH,Cl,/MeOH 19:1, spraying with an
anisaldehyde/H,S0O, acid reagent and warming). Fractions
with similar profiles in analytical high-performance liquid
chromatography (HPLC) and TLC were combined,
yielding four primary fractions labeled as I, I1, 111, and IV.
The first fraction | underwent re-fractionated on silica gel
column chromatography (1.2 x 30 cm, packed with 15 g of
silica gel, CH,Cl,—MeCOH), followed by purification on
Sephadex LH-20 (column 5 x 40 cm, CH,Cl, -40%
MeOH). Fraction 11l underwent further purification
through silica gel column chromatography, Sephadex LH-
20 in a column (86 x 2.0 cm) eluted with CH,Cl,: 40%
MeOH, and Preparative TLC (PTLC). The section of the
PTLC plate containing a fraction was scraped, dissolved in
methanol. The mixture was then centrifuged to separate
from silica, and the obtained supernatant was further
subjected to filtration. Following filtration, the solvent
evaporated. The resulting precipitate was dried and then
washed with a mixture of cyclohexane /CH,Cl,.
Subsequently, it was dissolved in CH,CIl, with 10%
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MeOH to obtain the purified fraction. Fraction Il was re-
chromatographed on a Sephadex LH-20 column (5 x 40
cm) using H,O-MeOH mixtures for elution, resulting in
three major sub-fractions. Sub-Fraction 1 was identified as
fat using TLC and spraying reagents. Major Sub-fraction 2
(1 g) underwent re-chromatography on a Sephadex LH-20
column (2 x 20 c¢cm), eluted with H,O-MeOH mixtures,
and further purified on an RP-18 column (2 x 20 cm) with
elution using 10 to 50% MeOH, resulting in a white
precipitate. Fraction 1V was also purified on Sephadex
LH-20 (MeOH), followed by RP-18 silica gel
(MeOH/H,0O gradient 10 to 50% MeOH). The isolated
pure compounds derived from distinct chromatographic
fractions of the filtrate extract were characterized by PTLC
and size exclusion chromatography. Their structures were
elucidated through the analysis of 1 and 2D high field
NMR spectroscopy (up to 600 MHz), MS, UV, and IR
data, and were further validated by comparing them with
information from the AntiBase database (Laatsch, 2009).

3. Results and Discussion

3.1. TLC Analysis and Optimization of Growth Medium

The investigation focused on analyzing extracts derived
from the crude extract of three thermophilic Bacillus
strains, meticulously chosen from a pool of sixteen isolates
obtained from Jordan hot springs. These strains, cultivated
under diverse growth conditions, revealed substantial
differences in the profiles of biochemical compounds, as
indicated by TLC plates. The TLC chromatogram profiles
exhibited notable variations in metabolite production
among the selected strains (Fig. 1 and Fig. 2). Remarkably,
CaCl, medium (D) emerged as the most favorable for
metabolite production, demonstrating superior results
compared to the other four growth media tested (Fig. 1).
The observed variations in TLC profiles suggest a
dependency of metabolite production on the growth
conditions and media composition. CaCl, medium (D)

was identified as a superior medium for metabolite
production, aligning with the findings from the TLC
results. Significantly, three out of the sixteen screened
strains, namely Mba, M13a, and Mlc, demonstrated
substantial potential for production biologically active
metabolites (Fig. 2). Notably, these three strains exhibited
noteworthy antimicrobial activity, particularly against
gram-positive bacteria, aligning with previous findings
highlighting the heightened antagonistic activity of
Bacillus species against this bacterial group (Gomez-
Escribano and Bibb, 2011). This specificity against gram-
positive bacteria is consistent with reports indicating
superior antagonistic activity of Bacillus sp. against this
bacterial group (Jia et al., 2020; Yilmaz et al., 2006).
While Bacillus species are widely recognized as rich
sources of antimicrobial compounds, with numerous
reports documenting their antimicrobial potential (Nagai et
al., 2003), this study underscores that thermophilic
Bacillus strains, especially those obtained from Jordan hot
springs, remain relatively unexplored for the discovery of
novel and stable antimicrobial compounds (Gebhardt et
al., 2002). The untapped potential was further highlighted
as recent studies continue to unveil the isolation of novel
antimicrobial agents from the Bacillus genus (Davies,
2013; Nielsen et al., 2017). Nevertheless, our investigation
positions thermophilic Bacillus strains, particularly those
obtained from Jordan hot springs, as promising resources
for the discovery of novel and stable antimicrobial
compounds, showcasing their potential for diverse
biotechnological applications (Xiao et al., 2021).
Consequently, these strains were scaled up and subjected
to further characterization and purification of the
biologically active compounds, paving the way for future
exploration and potential applications in various fields.
The intriguing activities and clearly identifiable UV-
absorbing bands on TLC indicate promising avenues for
future efforts in isolating novel and active metabolites
from these strains.
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Figure 1. TLC chromatogram profile depicting the production of metabolites from the thermophilic bacillus strain (M5a) in various growth
media (A, B, C, D and E). The control samples for each corresponding medium are indicated as A/c, B/c, C/c, D/c, and E/c.
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Figure 2. A comparison of the TLC chromatogram profiles illustrating the production of metabolites from various thermophilic Bacillus
strains (M5a, M13a, M1c, and M2c). The strains and their corresponding media are provided, along with controls (D/c for CaCl2 medium

and N/c for nutrient broth).

3.2. LC-MS/MS Analysis: Revealing the Complexity and
Diversity of Metabolites in Thermophilic Bacillus Strains

Expanding upon the insights garnered from TLC
analysis and the optimization of growth media, LC-
MS/MS analysis was employed to provide a more
comprehensive exploration of the metabolites produced by
thermophilic Bacillus strains. This in-depth analysis
included the fermentation extracts of selected strains (M>5a,
M13a, and M1c) as well as additional strains that exhibited
variation in metabolite production. This advanced
analytical approach provided a deeper understanding of the
metabolites produced under varying growth conditions,
revealing a rich tapestry of secondary metabolites with
distinct profiles (Fig. 3). The LC-MS/MS analysis
unveiled diverse profiles of secondary metabolites across
the selected strains, shedding light on the intricacies of
their metabolic pathways under varying growth conditions
(Fig. 3). The results unveiled a diverse array of secondary
metabolite profiles influenced by varying growth
conditions. Notably, CaCl, medium (D) emerged as the
most favorable for metabolite production, showcasing the
highest yields when compared to the other four tested
growth media. This is exemplified by the distinct profile
spectrum of the selected strain M5a under different growth
conditions (Fig. 4). The LC-MS/MS analysis played a
pivotal role in this exploration, providing a deeper
understanding of the metabolites (Xiao et. al., 2012). The
meticulous sample preparation, utilizing methanol/water as
the solvent, ensured robust and uniform results. The
chosen concentration range of 1 to 5,000 ng/ml optimized
sensitivity and allowed for the detection of a broad range
of metabolites (Chhonker et al., 2023). The utilization of
HPLC-MS unraveled a plethora of metabolites,
accentuating the complexity and diversity of secondary
metabolite production within thermophilic bacteria. The
observed diversity in LC-MS/MS profiles among the
selected strains further underscores the vast potential of
thermophilic bacteria to produce a wide array of
biologically active secondary metabolites. These variations
in metabolite profiles serve as a testament to the
significance of optimizing growth conditions for the
enhanced production of specific metabolites, adding a
layer of intricacy to the metabolic capabilities of
thermophilic strains. Such endeavors will unravel the
potential  applications of these compounds in
pharmaceuticals and other industries. The comprehensive

analytical foundation laid by TLC and LC-MS/MS serves
as a cornerstone for understanding the metabolic
intricacies of these thermophilic strains, propelling us
forward into further exploration within the realm of
bioactive compound discovery.
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Figure 3. LC-MS/MS screening profile of metabolite production
by different strains of thermophilic bacteria under growth media
D, as derived from crude extracts. Strains are labeled with the
number, and D/C refers to the control group.
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Figure 4. LC-MS/MS screening profile of metabolite production
by the thermophilic Bacillus strain M5a under various growth
media conditions (A, B, C, and E). The strain is denoted along
with the respective media, and controls (C) are also specified with
their corresponding media.

3.3. Purification and structure elucidation of the active
compounds

Bulk fermentation, crucial for large-scale production,
was conducted utilizing CaCl, medium (D), previously
identified as the optimal medium for metabolite
production. Following the fermentation process, cell
separation and extraction were meticulously carried out
using three distinct solvents: methanol, ethyl acetate, and
acetone as illustrated in Fig. 5. The distinct TLC
chromatogram profiles facilitated a clear differentiation of
metabolites extracted using these solvents, revealing their
efficiency in extracting diverse components from the M5a
strain (Fig. 5). The amalgamation of these extracts yielded
a total of 6.94 g of crude extract obtained from both the
cell mass and the liquid phase. Subsequently, the
components of the crude extract underwent purification
through Flash chromatography on a silica gel column.
TLC profiles were instrumental in guiding the purification
process, leading to the isolation of four primary fractions
(Fig. 6). Each of the distinct fractions (Fraction I, Fraction
I, Fraction Ill, and Fraction IV) encompassed unique
components with potential bioactive properties. The
subsequent TLC chromatogram, generated from the four
primary fractions obtained through flash chromatography
on a silica gel column (Fig. 6), unequivocally illustrated
the efficacy of the purification process. Each fraction
underwent meticulous collection and further analysis.
Fraction Il underwent re-chromatography on a Sephadex
LH-20 column, resulting in the generation of three major

sub-fractions. These sub-fractions were subsequently
subjected to further purification on an RP-18 column,
leading to the isolation and identification of various indole
and indole derivative compounds, including 1-acetyl-B-
carboline (1), indole-3-carboxylic acid (2) tryptophol (3),
adenosine (4), and tyrosol (5). Fraction IV underwent
purification on Sephadex LH-20, followed by RP-18 silica
gel, yielding p-hydroxy-benzaldehyde (6) and ferulic acid
(7) (refer to Table 1). The subsequent purification steps for
Fraction | involved re-fractionation and purification on
Sephadex LH-20, employing additional chromatographic
techniques. Fractions underwent re-fractionation on a
silica gel column, preparative TLC, and purification on a
Sephadex LH-20 column, resulting in the isolation of
uracil (8) and 3-methyl uracil (9) (refer to Table 1).
Fraction 11l underwent a rigorous purification process,
including silica gel column chromatography, Sephadex
LH-20, and preparative TLC. This comprehensive
methodology highlights the meticulous approach utilized
in the isolation and purification of active compounds,
resulting in the identification of four diketopiperazine
derivatives: cyclo (Phe, Pro) (10), cyclo (Leu, Pro) (11),
cyclo (Pro, lle) (12), and cyclo (Pro, Tyr) (13). The
chemical structures of the isolated compounds were
rigorously validated through comparisons with the
AntiBase database (Laatsch, 2009), confirming their
identities. The determination of these structures involved
comprehensive spectroscopic analyses, including 1H
NMR, HR-ESI-MS, and mass spectrometry, aligning with
literature data (Table 1). The isolation of various bioactive
compounds from thermophilic Bacillus strains, particularly
those from Jordanian thermal springs, signifies a
significant discovery. These compounds, encompassing
indoles, their derivatives, and diketopiperazines, present
diverse biological activities with potential applications
(Table 1). The identification of indole and indole
derivative compounds, such as 1-acetyl-B-carboline,
tryptophol, and indole-3-carboxylic acid, is noteworthy.
Indole derivatives have garnered significant attention due
to their wide-ranging biological activities and anticancer
(Kaushik et al., 2013; Kumar & Ritika, 2020; Salerno et
al., 2023). For instance, 1-acetyl-B-carboline (compound
1) has been reported to exhibit antitumor activity
antioxidant, and neuroprotective properties (Ayipo et al.,
2021; Moura et al., 2007; Venkataramana et al., 2018),
suggesting potential implications for cancer research and
therapy. Additionally, the isolation of indole-3-carboxylic
acid (2) and tryptophol (3) highlights the potential
involvement of these strains in neurotransmission, sleep
regulation, and plant growth regulation, as indole
derivatives are known to play critical roles in these
processes (Chen et al., 2020; Fernstrom, 2013). Moreover,
adenosine (4) is of interest due to its involvement in
various physiological processes, such as neurotransmission
and vasodilation, with pharmaceutical applications in
cardiovascular medicine (Fredholm et al., 2001). Tyrosol
(5) with  antioxidant, anti-inflammatory,  and
cardioprotective properties, may contribute to the health
benefits associated with the Mediterranean diet (Visioli et
al., 2002). Other indole derivatives like p-hydroxy-
benzaldehyde (6) have exhibited antibacterial and
antifungal properties (Cushnie and lamb, 2011; Erdogan et
al., 2000; Santes-etal;-2018; Valentina et al., 2009). This
suggests that these thermophilic Bacillus strains may
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produce compounds with potential antimicrobial
applications, which is highly relevant in the context of
antibiotic resistance. Compound 7, ferulic acid exhibits
antioxidant, anti-inflammatory properties and is known for
its strong cholesterol-lowering effects (Bumrungpert et al.,
2018; Srinivasan et al., 2007; Thapliyal et al., 2021),
aligning with the interest in natural compounds for
managing hypercholesterolemia and related health
concerns (Ghaisas et al., 2014; Luo et al., 2022; Kwon et
al., 2009). The identification of uracil, and 3-methyl uracil
further enriches the repertoire of isolated compounds,
plying fundamental roles in genetics DNA replication, and
their analogs offering potential applications in
chemotherapy and antiviral drugs (Jordheim et al., 2013;
Ladner 2001; Seley-Radtke and Yates 2018). Moreover,
the isolation of diketopiperazine derivatives, including
cyclo (Phe, Pro), cyclo (Pro, lle), cyclo (Leu, Pro), and
cyclo (Pro, Tyr), highlights the structural diversity of these
thermophilic Bacillus strains. The antibacterial, antiviral,
and antifungal properties of diketopiperazine derivatives
have been well-documented (Kumar et al., 2012; Ren et
al., 2022; and Song et al., 2021). Our study is consistent
with these reports, as the bacterial strains that produced
these compounds demonstrated promising antimicrobial
activity, particularly against gram-positive bacteria. This is
in line with previous findings that suggest Bacillus species,
including thermophilic strains, often exhibit strong
antagonistic  activity against gram-positive bacteria
(Nishanth et al, 2012). Certain diketopiperazine
derivatives have been investigated for their cytotoxic
effects on cancer cells, indicating potential antitumor
activity. While our study did not directly assess the
antitumor properties of these compounds, it is noteworthy
that cyclo (Pro, Tyr) (13) was among the derivatives we
isolated. This compound has been previously studied for
its antitumor potential (Ding et al., 2020; Karanam and
Arumugam, 2020). Additionally, the antioxidative
properties of diketopiperazines align with our findings, as
these compounds may help protect cells from oxidative
damage. Oxidative stress is implicated in various diseases,
and the antioxidant activity of diketopiperazine derivatives
could have potential health benefits. Our research adds to
the expanding body of evidence supporting the biological
activities of diketopiperazine derivatives. While further
research and specific assays are needed to fully harness
their therapeutic potential, our findings underscore the
biotechnological and pharmaceutical promise  of
thermophilic Bacillus strains as sources of diverse and
bioactive metabolites. This study highlights the rich
potential of thermophilic Bacillus strains as sources of
diverse biologically active compounds. The identification
of known bioactive compounds, coupled with the
discovery of structurally unique molecules, opens avenues
for further research and development in biotechnology and
pharmaceuticals. Future explorations could strategically
focus on delving deeper into the specific applications of
these compounds, optimizing growth conditions for
enhanced metabolite production, and exploring potential

synergies among different compounds. Consequently, our
study positions thermophilic Bacillus strains as invaluable
resources for ongoing investigations in the realm of natural
product discovery. The untapped potential of thermophilic
Bacillus strains emphasizes the importance of further
exploration to harness novel compounds for various
industrial and medical purposes, contributing to our
growing understanding of extremophiles roles in
producing bioactive molecules with diverse functions in
different ecosystems and industries.

Figure 5. TLC chromatogram of metabolites from the M5a strain
extracted using different solvents (K: control, M: methanol, E:
ethyl acetate, A: acetone)

A B cipo

Figure 6: TLC chromatogram of the four primary fractions
derived from the M5a strain through flash chromatography on a
silica gel column (A: Fraction I, B: Fraction Il, C: Fraction I, D:
Fraction IV).
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Table 1: Chemical structures composition of various metabolic

Metabolite Compound Chemical structure

Biological activity

1-acetyl-p-carboline (1) —

Exhibited antitumor & antioxidant
activity,

Indole Indole-3-carboxylic acid HO

@

Z;\ _ﬁ\\\(
(@]

Plant growth regulation

o
I

Tryptophol (3)

3

Play critical roles in
neurotransmission and mood
regulation
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2\72

Adenosine (4)
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Associated with antibacterial and
antifungal activities

Tyrosol (5)

Possess antibacterial and
antifungal activities

p-hydroxy-benzaldehyde
(6)

Qf%

T
o

Boost antioxidant activity and
wound healing

possess strong cholesterol-
lowering effects

Indole derivatives Ferulic acid (7)

5
/
o

\
o

o
T

Strong agent in prevention of
Hypercholesterolemia

exhibits antioxidant, anti-
inflammatory, and potential
anticancer properties

Uracil (8)

o

Uracil analogs are used in
chemotherapy

T
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o) IZ\_)ZO

3-methyl uracil (Thymine)
(9)

>_Z/

o
Iz

Thymine analogs are used in
chemotherapy and antiviral drugs

compounds extracted from the Thermophilic Bacillus species of
Mba strain.
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Cyclo (Phe, Pro) (10)

Diketopiperazine derivatives

Cyclo (Leu, Pro) (11)

antimicrobial activity antibacterial
and antifungal activity

Cyclo (Pro, lle) (12)

Cyclo (Pro, Tyr) (13)

] antitumor activity

4, Conclusions

This study delved into the bioactive potential of
thermophilic Bacillus strains isolated from Jordanian hot
springs, employing a holistic approach to metabolite
analysis. TLC analysis and optimization of growth media
revealed substantial variations in biochemical profiles,
with CaCl, medium (D) identified as optimal for
metabolite production. LC-MS/MS analysis provided a
comprehensive exploration of secondary metabolites,
showcasing the complexity and diversity influenced by
varying growth conditions. The subsequent purification
process yielded bioactive compounds with diverse
properties, including antitumor, antioxidant, antimicrobial,
and cholesterol-lowering effects. This research emphasizes
the untapped potential of thermophilic Bacillus strains as
prolific sources of diverse and bioactive metabolites. The
identification of known compounds, coupled with the
discovery of unique molecules, adds depth to our
understanding of these strains' capabilities. Future research
directions may focus on exploring specific applications,
optimizing growth conditions, and investigating potential
synergies between different compounds. In summary, this
study positions thermophilic Bacillus strains as valuable
resources for continued exploration in the realm of natural
product discovery, contributing to our understanding of
their untapped biotechnological and pharmaceutical
potential.
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Abstract

The Gulf of Agaba exhibits a nearly closed marine ecosystem, characterized by oligotrophic conditions, which give it the
potential for phytoplankton to flourish. Coccolithophore samples were taken from two different sediment cores that were
collected from the northern Gulf of Agaba during the OceanX expedition. This study aims to construct the sea surface
temperature over the past few hundred years by counting fossil coccolithophore communities in the northern Gulf of Agaba
through time.

The forty-eight smear slides were prepared for coccolithophore identification and paleo-ecological investigation, and then
studied under a polarized microscope with 1500x magnification. Taxonomic identification of coccolithophores is based on
the outer scale found in the slides. A total of 300 specimens were counted in each slide. To assess the temperature, diversity
and the relationship between species abundances, statistical indices were applied on the counted specimens. Coccolithophore
assemblages are extremely abundant in well-preserved conditions, allowing for clear identification and an exact assessment
of climatic change based on paleo-ecological studies. The Gephyrocapsa group, Emiliana group, Helicosphaera spp,
Reticulofenestra spp, Coccolithus spp, Pontosphaera spp, Braarudosphaera spp and Umbilicosphaera spp were found in
high numbers throughout all the cores. The Emiliana Group was the most abundant genus throughout all the cores,
indicating long-term warming. Throughout core 3, the results showed a strong relation between Gephyrocapsa spp and the
other coccolithophores, such as Coccolithus spp, Helicosphaera spp, and Braarudosphaera spp, as all of these species prefer
cold water. The fluctuations in the numbers of the cold-preference (Gephyrocapsa) group versus warm-preference
coccolithophores (Emiliana Group) led to tracking periodic changes in climate. The significant increase in numbers of
Gephyrocapsa oceanica, Gephyrocapsa muellerae, Gephyrocapsa ericsonii, and Calcidiscus leptoporus in some samples,
relative to the Emiliana Group, reveals that a cold environmental period dominated the Gulf during the Holocene.

Keywords: Coccolithophores, Gulf of Agaba, Paleoclimate, warm-preference coccolithophores, cold-preference coccolithophores

Sea surface temperature can be estimated based on the
relative abundance of Gephyrocapsa because it has
morphotypes, including a mean bridge angle of less than

1. Introduction

The Gulf of Agaba represents the northern extension of
the Red Sea. The restriction of the Red Sea Basin imposes
harsh and extreme conditions. It is characterized with low
productivity, low oxygen content, and negligible drainage
system (Winter et al. 1979; Winter 1982; Legge et al.
2006). The nannoplankton community in the Red Sea and
Gulf of Agaba displays a fragile pattern due to climate
change. Coccolithophores, in particular, are tiny organisms
that live in the photic zone and thrive in oligotrophic
conditions. Nannoplankton species, therefore, can be used
as paleoclimatic proxies in such environments. As an
example, Gephyrocapsa oceanica is a cosmopolitan
bloom-forming coccolithophore species (Bendif and
Young 2014), but it dominated the neritic environment
(Okada and Honjo 1975). Emiliania huxleyi is usually
common in open oceans, but it is scarce in various neritic
environments (Okada and Honjo 1975).

“ Corresponding author. e-mail: mohammad.alqudah@yu.edu.jo.

27° and a length longer than 2.4 um (Bollmann 1997,
Bollmann et al. 2002). Moreover, good correspondence
has been found between Gephyrocapsa and alkenone, in
defining paleotemperature (Henderiks and Bollmann
2004). It has also been found that G. oceanica and H.
carteri are valuable nutrient-indicator species in the Red
Sea, while U. sibogae, R. claviger and F. profunda are
oligotrophic indicators (Aljahdali 2021).

The present study investigates the coccolithophore
community and its diversity in the northern Gulf of Agaba.
The investigation of changes in the abundance of
calcareous nannofossil associations is fundamental for
palaeoclimatic and palaeo-oceanographic reconstructions
(Buccianti and Esposito 2004). This study aims to
construct the sea surface temperature over the past few
hundred years. It describes the seasonal dynamics of
different species and assesses their relationship with
different climatic conditions. This research interprets the
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distribution patterns and infers the paleoecology of fossil
coccolithophore communities in the northern Gulf of
Aqaba.

2. Materials and Methods

Two sediment cores (Sites 1 and 3), among seven
different cores were collected from the northern Gulf of
Agaba during the OceanX expedition in July 2022 (Figure
1). A total of 48 samples were examined: eight samples
from site 1 and 40 samples from site 3. Smear slides were
prepared from each sample, following the standard
procedure of Roth (1984). Table 1 shows the longitude,
latitude and depth for each core.

Table 1. Coordinates and depth information of the studied cores.

Core Longitude Latitude Altitude  Thickness
number (m) (cm)

Core 1l 29.494706  34.982516  -350 8
Core 3 29.417155  34.944383  -698 40
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Figure 1. Map of the northern Gulf of Agaba showing the
locations of the collected sediment cores. A) Location of the eight
sites within the Agaba Economic Zone; B) Depth image illustrates
the position of the eight drilled cores. Bathymetric data obtained
from the OceanX expedition.

Taxonomic identifications of the coccolithophores are
based on their calcitic plate (calcareous nannofossils). This
was performed using a transmitted light microscope, a
Nikon Type with a magnification of 1500x, located at the

Department of Earth and Environmental Sciences in
Yarmouk University. Due to the high abundance of the
calcareous nannofossil specimens in the studied samples,
relative abundances of species were measured from
counting 300 calcareous nannofossil specimens per 30
fields of view in each smear slide. The Temperature Index,
which is an estimation of sea surface temperature, was
then calculated, in order to provide information on the
paleo-environment of the Gulf. In this study,
Gephyrocapsa, Calcidiscus, and Coccolithus were
considered to be cold water species, based on the
description by Bollmann (1997) and supported by
Buccianti and Esposito (2004).

The diversity of the coccolithophores is expressed by
two indices: the Heterogeneity Index (or Shannon Index)
(H) and Dominance (D). High values of the Shannon index
indicate highly diverse assemblages (Linnert et al. 2011).
The Shannon Index equation used in this study was
applied following Giraldo Gomez et al. (2018).

Furthermore, in order to assess the relationship between
the abundance of the different species, a linear Pearson
correlation and de-trended correspondence analysis (DCA)
were performed. The Shannon Diversity (H), Dominance
(D), and Detrended Correspondence Analysis (DCA) were
performed based on the counts using the PAST software
(Hammer et al. 2001).

3. Results and Discussion

3.1. Coccolithophore assemblages

Coccolithophores were abundant in both sediment
cores and Gephyrocapsa oceanica (Figures 2a and b) and
Emiliania huxleyi (Figures 2c and d) were the most
common species in the samples. However, the numbers of
these species fluctuated throughout the samples. Figures 3
and 4 represent numbers of the coccolithophores species
counted in the sediment cores from sites 1 and 3,
respectively. Numbers of Emiliania huxleyi species, on the
one hand, exceeds 300 specimens in samples 6, 25-28, and
39 cm (site 3) and at the top 5 samples in site 1. The count
of Emiliania huxleyi declines at the bottom of site 1 and in
samples 10-17 from site 3, where 2-72 specimens were
counted in those samples (Figures 3 and 4).

The number of Gephyrocapsa oceanica was relatively
high at the base of the core samples of site 1 and site 3 and
fluctuated throughout site 3. Almost 300 specimens of
Gephyrocapsa were counted at base of site 3 (Figures 3).
However, numbers of individuals dropped down to 36
specimens in sample 26. High numbers of Gephyrocapsa
oceanica were observed to be associated with an increase
in the numbers of Helicosphaera spp (Figures 2f and 2g),
Coccolithus spp (Figure 2h) and Calcidiscus spp (Figure 2
k). Less common species, such as Umbilicosphaera spp
(Figure 2i), Scyphosphaera spp (Figure 2j) and
Braarudosphaera (Figure 2I), were also observed in the
samples.
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Gephyrocapsa oceanica, Emiliania huxleyi, Emiliania huxleyi,
Site 1, Core 1, 5.2 Site 3, Core 1, S.20

10 Microns
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Gephyrocapsa oceanica,
Site 1, Core 1, 5.3

Site 3, Core 1, 5.3

Coccolithus pelagicus
Site 3, Core 1, S.18

Braarudosphaera bigelowii
Site 3, Core 1, 5.31

Reticulofenestra sp Helicosphaera carleri,
Site 1, Core 1, 8.2 Site 1, Core 1, 8.7

Helicosphaera carteri,
Site 3, Core 1, 5.3

Umililicosphaera anulus Scyphosphaera apsteinii Calcidiscus leptoporus,
Site 1, Core 1, 5.2 Site 1, Core 1, S.6 Site 3, Core 1, 5.12

Figure 2. Nannofossil species found in sediment cores from sites 1 and 3.
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Figure 3. Relative abundances of the most common coccolithophore species from site 3, core 1. Depths in cm.
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Figure 4. Relative abundances of the most common coccolithophores species from site 1, core 1.
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3.2. Relative abundance

At site 3, the percentage of Gephyrocapsa spp ranged
between 10-79%, reaching its maximum in sample 13 and
its minimum in sample 26 (Figure 5). Emilliana spp was
dominant in the samples as well, ranging between 1% in
sample 16 and reaching its maximum of 84% in sample
26. There was a clear negative trend, as shown in figure 5,
in Emilliana relative abundance, particularly in samples

Shannon Index NTI Dominance Gephyrocapsa
Dept RA%
in (em)0 1 2 10 60 0.2 0.7 o 50 100
0
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10-17, compared to a relatively increase in Gephyrocapsa
relative abundance values. Reticulofenestra spp had a
maximum of 8% at the surface, and its percentage
decreased downwards, through the core. Coccolithus spp
reached its maximum of 15% in sample 9, Helicosphaera
spp was 11% in sample 12, and the percentage of other

species was negligible.
Emilliana Reticulofe tra  Coccolith Calcidiscus Helicosphaera
RA% RA% RA% RA% RA%
50 100 s0 10 0 50 100 O 0 10 o 50 100

|

Figure 5. Diversity indices, NTI, and relative abundance of counted calcareous nannofossils from site 3.

Three groups were recognized in sample 1 (site 3,
surface of sediments): Gephyrocapsa, Emilliana, and
Reticulofenestra. The rest of the species were almost
absent. The surface sample displayed a high percentage of
Gephyrocapsa spp relative to Emilliana. In fact, the
percentage of both Gephyrocapsa spp and Emilliana spp
fluctuated in the site (Figure 5). Samples 2-9 showed a
high percentage of Emilliana spp and a low percentage of
Gephyrocapsa spp. This trend changed, as Gephyrocapsa
spp appeared in high percentages in samples 10 to 17, in
association with Coccolithus spp and Helicosphaera spp.
Then, the trend was steady, with a high percentage of
Emilliana spp, and this continued to the bottom of the
core.

3.3. Diversity Indices

Two main indices were determined from the samples:
the Heterogeneity Index (H) and Dominance (D). Based on
the Heterogeneity Index, a diverse system was observed in
four different areas, in terms of an increasing
Heterogeneity Index (Figure 5); samples 2 and 4 (close to
the surface), samples 9, 10, 11, and 12, a few lower
samples (15 and 17), and sample 28 in the middle of the
core. Three areas of Heterogeneity Index, showing a lower
Shannon Index value, were observed throughout the core.
The surface represents the first area and includes samples
3,5, 6, 7 and 8. Samples 13, 14 and 16 represent another
period of low diversity, and samples from 19 to 40 also
showed a low diversity pattern.

The Dominance Index showed a fixed value of around
0.3 in most of the samples from site 3 (Figure 5).
However, there was an observed relation between
increasing Dominance Index associated with low Shannon

Index values. This was clearly observed in samples 13, 16,
25, 26, and 27. The coccolithophore assemblages in these
samples were dominated by one species. In another way,
samples showed a drop in the Dominance Index value,
which also matched an increase in the Shannon Index
values, such as in samples 12, 14, 25 and 27. In these
samples, coccolithophore assemblages were diverse, and
many species flourished.

3.4. Nannofossil Temperature Index

Based on the Nannofossil Temperature Index (NTI)
curve (Figure 5), three periods of distinctive variation in
NTI values were recognised at site 3. Low values of the
NTI in samples 1-8 of core 1 suggest that the sea surface
temperature was high in the top 8 cm of the sediments.
NTI values increased significantly and were associated
with a dramatic decrease in the numbers of upper photic
zone species, suggesting a lower sea surface temperature
in sediment samples from 9-16 cm. The NTI values were
at a minimum in the samples from 18 cm to the bottom.
Coccolithophores can be divided into two groups, based on
their climatic preferences: upper photic zone species, like
Emiliania huxleyi, and lower photic zone species, such as
Gephyrocapsa spp, Helicosphaera spp, and Coccolithus
spp. The latter group showed fluctuations in their
abundance. Therefore, three climatic periods can be
interpreted. The first period, at the top, is characterised by
a decline in cold water taxa (lower photic zone species),
and is correlated with the first eight samples from the
surface. The second period, where the NTI is higher than
the periods above and below, is considered to be colder. In
this period, cold water taxa were higher in numbers. The
last period, which extends to the bottom of the core, is
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characterised by the dominance of warm water taxa (upper
photic zone species). This implies that two warm periods
were interrupted by short cooling periods in the last few
hundred years (the ages and sedimentation rate have been
estimated from *C dating conducted on deep sediments in
the Gulf of Agaba, by Al-Rousan et al. (2004)).

3.5. Correlations

The results of a Detrended Correspondence Analysis
(DCA) and Pearson Linear Correlation applied to samples
from site 3 are shown in Figures 6 and 7. Coccolithophore
species were grouped differently along axis 1 and 2 in
Figure 6. Two groups can be distinguished, and both are

351

circled in Figure 6. Emiliania, Calcidiscus spp.,
Umbilicosphaera spp, and Scyphoshaera spp. are
correlated in samples 3, 5, 19, 22, 23, 24, 30, 35, 37, and
38. All of these samples showed a low NTI, which
correlates the abundance of these species with the warm
water taxa. On the other hand, Gephyrocapsa spp,
Helicosphaera spp, and coccolithus spp are associated
with each other and with samples 2, 4, 7, 8, 18, 20, and 39,
whilst samples 9, 10, 11, 12, 13, 14, 15, 16, and 17 showed
extreme values where cold-water taxa were dominant, and
there was a decline in warm water taxa.
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Figure 6. Detrended Correspondence Analysis (DCA) representing the abundance of certain coccolithophore species in the samples. Low

NTI species grouped together within the two circles.
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Figure 7. Linear correlation between different coccolithophore species. Black color represents the positive, and gray is for the negative

correlation.

The relationship observed when Linear Correlation
was applied to the results is shown in Figure 7. Black
represents a positive relationship, while grey represents a
negative correlation. The results showed a strong relation
between Gephyrocapsa spp and other coccolithophores
spp. such as Coccolithus spp, Helicosphaera spp, and
Braarudosphaera spp, as all of these species are of cold-

water preference. However, Gephyrocapsa spp was
correlated negatively with Emiliania spp, which has a
clearly negative correlation with Helicosphaera spp,
Sphenolithus spp, and Coccolithus spp, and a weak
positive correlation with Calcidiscus spp. Therefore, two
groups can be subdivided, based on the Linear Correlation:
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the Gephyrocapsa group and its associations, and the
Emiliania group and its associations.

3.6. Coccolithophores in response to climatic events

The Red Sea is characterised by an elongated basin that
was formed by extensional forces in the Miocene
(Sharland et al. 2001). It has an arid environment with
insignificant precipitation (22 mm/year) and runoff (Al-
Rousan et al. 2006). Nutrients are brought into the basin
through flash floods, that transfer terrestrial material into
the Gulf (Manasrah et al. 2004), and in the Gulf there is a
seasonal current flowing along the west coast, mixing up
the terrestrial material into all parts of the Gulf (Genin and
Paldor 1998; Berman et al. 2000; Manasrah et al. 2004,
2006). However, the absence of rivers or major streams
flowing into the Gulf of Agaba leads to a poor supply of
nutrients, such as nitrogen or phosphorus compounds, to
the water, keeping the planktonic primary production very
low (Al-Rousan et al. 2006).

Calcareous nannofossils were abundant in such
environment. However, diversity and abundances of
nannoplanktons were dependent mostly on climate, and

Shannon Index
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|8 Warm Periods

Site 3

this decreased several times during the warming periods
(Winter, 1994; Guerreiro et al., 2023) (Figure 8).
Guerreiro et al., 2023 reported the relationship between
diversity and abundances of coccolithophores community
and stratified oligotrophic and warm conditions. However,
extreme warming conditions were reflected by a
significant reduction in coccolithophore numbers and,
therefore, the establishment of a mono-species pattern.
Species that were not adapted to cooling in the water
column were reflected in fluctuations in the Heterogeneity
Index (H). More specifically, despite the reduction in
species numbers during extreme conditions at the sea
surface, the Gephyrocapsa group, Coccolithus spp, and
Helicosphaera spp continued, and even dispersed during
the cooling of the sea surface. Guerreiro et al., 2013
related the abundances of Gephyrocapsa in temperate to
cooling in water column. The Emiliania group and
Calciduscus spp thrived in the mild or warm conditions
correlated with different cases in Atlantic and
Miditerranian Sea (Dimiza et al., 2008; Guerreiro et al.,
2023).

NTI{26)

| Cold Periods

Figure 8. The three climatic periods detected throughout the sediment core based on the calcareous nannofossil study.

During the cold period, the depth of the Strait of Bab el
Mandeb was reduced to 17 m, leading to an increase in
salinity due to the high evaporation rate. The hypersaline
conditions reached the tolerance limit for various
planktonic organisms (Winter 1982; Winter et al. 1994),
causing an absence of planktonic foraminifera and
calcareous nannofossils, and the occurrence of mono-
species patterns in the north of the Red Sea (Winter 1982;
Winter et al. 1994). Legge et al. (2006) confirmed that
extreme conditions with enhanced salinities during the
cold period are characterised by high values of
Gephyrocapsa spp. Based on the correlation analysis and
the NTI values, coccolithophores can be divided into two
groups, in response to climate: upper photic zone species,
such as Emiliania huxleyi, and lower photic zone species,
such as Gephyrocapsa spp, Helicosphaera spp, and
coccolithus spp. Each group was dominant and flourished
in their preferred environment.

4. Conclusion

Highly abundant and diverse nannoplankton were
found in both shallow and deep sediment cores from the

northern Gulf of Agaba. Emilliana spp and Gephyrocapsa
spp are the dominant species in the sediments, with low
abundances of Helicosphaera spp, Reticulofenestra spp,
coccolithus spp and Calcidiscus spp. Coccolithophore
groups, like  Gephyrocapsa, Helicosphaera and
coccolithus, showed fluctuation in their abundance,
reflecting changes in their preferred climatic conditions.
By applying NTI on the studied samples, three climatic
periods were recognized. Two warm periods were
interrupted by short cooling periods over the last few
hundred years. Biodiversity varied through time, where
coccolithophores were not tolerant to both extreme cooling
and warming conditions. Although the top intervals of
both sediment cores represent stressed environments, the
primary production system is functioning well.

5. Taxonomic list

Braarudosphaera Deflandre (1947)

B. bigelowii (Gran and Braarud, 1935) Deflandre (1947)
Calcidiscus Kamptner (1950)

C. leptoporus (Murray and Blackman, 1898)
Coccolithus Shwarz (1894)
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C. pelagicus (Wallich, 1877) Schiller (1930)
Emilliana Hay and Mohler in Hey et al. (1967)

E. huxleyi (Lohmann, 1902) Hay and Mohler in Hey et al.

(1967)
Florisphaera Okada and Honjo (1973)

F. profunda Okada and Honjo (1973)
Gephyrocapsa Kamptner (1943)

G. oceanica Kamptner (1943)
Helicosphaera Kamptner (1954)

H. carteri (Wallich, 1877) Kamptner (1954)
Pontosphaera Lohmann, 1902
Rhabdosphaera Haeckel (1894)

R. claviger Murray and Blackman, 1898
Reticulofenestra Hay, Mohler and Wade (1966)
Scyphosphaera Lohmann, 1902

S. apsteinii Lohmann, 1902
Sphenolithus Deflandre in Grasse (1952)
Umbilicosphaera Lohmann, 1902

U. anulus Young et al., (2003)

U. sibogae (Weber-van Bosse, 1901) Gaarder (1970)
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Abstract

Acinetobacter baumannii is an opportunistic Gram-negative bacterium that has recently emerged as a clinically important
pathogen. It is the most common Acinetobacter species associated with hospital-acquired infections worldwide. This study
aimed to investigate the resistance characteristics of clinical carbapenem-resistant A. baumannii isolates from Jordanian
hospitals. Between May 2018 and May 2019, a total of 190 isolates of Acinetobacter were collected from patients diagnosed
with upper respiratory tract infection (47.5%), sepsis (15.4%), skin infection (14.2%), bronchitis (8.6%), urinary tract
infection (4.3%), meningitis (3.7%), diabetes (2.5%), necrotizing fasciitis (1.9%), and cancer, peritonitis, and pneumonia
(0.6% each) from seven Jordanian hospitals. Vitek GN ID Cards were employed to identify them, and the identification was
validated by the detection of Acinetobacter spp. recA gene (100%), A. baumannii intergenic spacer region (85.3%), and the
A. baumannii rpoB gene (85.3%). The Vitek AST-N222 and AST-XNO5 cards were utilized to determine the minimum
inhibitor concentration for a variety of antibiotics including Gentamicin, Tobramycin, Piperacillin-tazobactam, Ticarcillin-
clavulanic acid, Ticarcillin, Imipenem, Meropenem, Cefepime, Ceftazidime, Ceftriaxone, Ciprofloxacin, Levofloxacin,
Trimethoprim-sulfamethoxazole, Piperacillin, Minocycline, and Tetracycline. The E-test was performed to evaluate the
effectiveness of Colistin against all A. baumannii isolates. According to the resistance profiles, the isolates had a multidrug
resistance profile, with the largest resistance percentage being 98.8% for Tetracycline and the lowest being 23.5% for
Minocycline. The Carbapenem-resistant isolates exhibited rates of 98.1% and 87.7% resistance to Meropenem and
Imipenem, respectively. On the contrary, the isolates were 98.7% sensitive to Colistin. The most prevalent carbapenem
resistance genes among the Jordanian A. baumannii isolates were blaoxa-23-iike, Blaoxa-s1-iike; Plaoxa-60, @Nd 1sapa1, Which were
detected in all A. baumannii isolates (100%) in this study. Despite the high prevalence of multidrug resistance in the
Jordanian isolates, Colistin may be a viable treatment for A. baumannii infection.

Keywords: Acinetobacter baumannii, Carbapenemase, Colistin, blaoxa-2z-tike, Plaoxa-si-tike, Plaoxa-69, ISAga1, Jordan

Imipenem, a Carbapenem, is the medication of choice for

1. Introduction

Acinetobacter baumannii is an opportunistic Gram-
negative bacterium that has recently emerged as a
clinically important pathogen due to its association with
hospital-acquired infections worldwide. Examples on these
infections include wide range of nosocomial infections
such as, bloodstream infections, urinary tract infections,
wound infections, pneumonia and meningitis, primarily
those acquired in the community or from war and natural
disasters (Ababneh et al., 2021; El-Khatib et al., 2021; Al-
Tamimi et al., 2022). This bacterium lives in the human
body and is usually detected in moist environments and on
contaminated tools and materials used by patients in
hospitals (Shatnawi et al., 2021). Consequently, A.
baumannii  frequently colonize hospitalized patients,
resulting in invasive sporadic infection and hospital
outbreaks, particularly among critically sick patients and
intensive care unit (ICU) patients (Ghaith et al., 2017).
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severe infections caused by A. baumannii. In recent years,
this pathogene has become a major source of concern due
to the extensive use of Carbapenems. The emergence of
Carbapenem-resistant A.  baumannii has drastically
reduced the number of antibiotics available to individuals
infected with multidrug-resistant (MDR) A. baumannii
(Nguyen and Joshi, 2021). Colistin is another medication
that is often used as a first-line therapy for A. baumannii
infections in Jordan (Samrah et al., 2016). In Jordan, as in
many other countries, MDR A. baumannii poses a major
threat to patients and places an economic burden on
healthcare systems from increased healthcare costs,
prolonged hospitalization, ICU admissions, higher
mortality rates, resource utilization for infection control,
challenges in antibiotic development, and the broader
impact on public health. Efforts to address antimicrobial
resistance and enhance infection control practices are
crucial to mitigating these economic challenges.



356 © 2024 Jordan Journal of Biological Sciences. All rights reserved - Volume 17, Number 2

Carbapenem resistance in A. baumannii is often
associated with the production of carbapenemases,
enzymes that hydrolyze carbapenem antibiotics. The
carbapenemases found in A. baumannii belong to different
classes. Here are some of the carbapenemases commonly
associated with carbapenem-resistant A. baumannii: The
oxacillinase group, OXA-type carbapenemases, which
belong to Class D B-lactamases, such as OXA-23, OXA-
24, OXA-58 that are encoded by blaoxa-23-iike, Blaoxa-24-ike.
and blaoxasg.iike genes respectively; OXA-23 is one of the
most prevalent carbapenemases in A. baumannii and is
associated with resistance to carbapenems (Mentasti et al.,
2020). Metallo-B-lactamases (MBLs), which belong to
Class B B-lactamases, are zinc-dependent enzymes that
hydrolyze carbapenems and are resistant to B-lactamase
inhibitors such as IMP, and VIM. While MBLs are more
commonly associated with other Gram-negative bacteria,
they have been found in A. baumannii isolates as well
(Tooke et al., 2019). New Delhi metallo-p-lactamase
(NDM) is a type of MBLs that has been reported in A.
baumannii strains. The New Delhi metallo-p-lactamase 1
gene (NDM-1) carbapenemase has been described in A.
baumannii worldwide, the highest prevalence was reported
in the Indian subcontinent, Middle East, Algeria, Brazil,
Pakistan, Balkans, and the United Kingdom (Wu et al.,
2019). Klebsiella pneumoniae carbapenemase (KPC) has
been reported in some A. baumannii isolates such as KPC-
3 (Caneiras et al.,, 2018). Furthermore, resistance to
carbapenems in A. baumannii has been associated with the
presence of the ISAbal gene, which acts as a promoter for
the  blapgxasiiike and, most likely,
carbapenemase genes (Vahhabi et al., 2021).

The current study aimed to identify the carbapenem-
resistant genes in Jordanian clinical A. baumannii isolates,
with a focus on genes encoding carbapenemases class D,
oxacillinase OXAs, and class B, NDM-1.

blaoxa-2-like

2. Materials and Methods

2.1. Collection of A. baumannii isolates

From May 2018 to May 2019, a total of 190 bacterial
isolates were randomly collected from seven Jordanian

hospitals: Al Basheer Hospital, Al Khalidi Medical Center,
Islamic Hospital, Jordan University Hospital, Prince
Hamza Hospital, Royal Medical Services, and The
Specialty Hospital. Information about the patients,
including nationality, age, gender, and sample source such
as abdominal and pleural fluids, blood culture,
bronchoalveolar lavage, cancer tissue, cerebrospinal fluid,
pus, specimen collection trap, sputum, swabs, and urine,
was collected for each isolate. The isolates were sub-
cultured on MacConkey agar (Mast Group, UK) and
incubated for 20-24h at 35°C + 2°C. The pure culture of
each isolate was stored at -80°C in 20% glycerol
(Cryobank, Mast Group, UK) for further use (Al-Karablieh
etal., 2017).

2.2. Identification of the collected isolates

Fresh pure culture of the collected isolates, 1mm in
diameter, and the transparent colonies on MacConkey agar
were tested for oxidase. The isolates exhibiting negative
results in the oxidase test were chosen for further
identification by an automated Vitek®2 compact system
using GN ID Cards (BioMérieux, Marcy-I’Etoile, France).
Furthermore, the genomic DNA was extracted with the
Quick-DNA miniprep plus kit (Zymo Research, USA)
following the recommendations of the manufacturer. The
purity and concentration of DNA were quantified using a
NanoDrop™ spectrophotometer (Thermo Fisher Scientific,
USA). The concentration of the extracted DNA was
adjusted to 100ng/ul. Duplex polymerase chain reaction
(PCR) was conducted with a programmable thermocycler
(S1000 thermal cycler Bio-Rad, USA) targeting the recA
gene of Acinetobacter spp., and an internal 208bp region
on the ITS region in A. baumannii (Chen et al., 2007). For
further validation of the identification, conventional PCR
was employed to detect the DNA-directed RNA
polymerase subunit beta encoding gene, rpoB, in A.
baumannii (Schleicher et al., 2013). Table 1 lists the all
primers used in the present study.
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Table 1. List of all primers used in the current study for identification of the collected isolates and detection of carbapenemase-encoding

genes.
Primer Target gene Sequence (5” - 3%) Size (bp) Reference
Identification

P-Ab-ITSF ITS AGAGCACTGTGCACTTAAG 208 (Chen et al., 2007)
P-Ab-ITSR CATTATCACGGTAATTAGTG

P-rAl-F recA CCTGAATCTTCTGGTAAAAC 425 (Chen et al., 2007)
P-rA2-R GTTTCTGGGCTGCCAAACATTAC

Ac696F rpoB TAYCGYAAAGAYTTGAAAGAAG 350 (Schleicher et al., 2013)
Ac1093R CMACACCYTTGTTMCCRTGA

Carbapenemase-encoding genes

ISAbal ISAbal CATTGGCATTAAACTGAGGAGAAA 451 (Ruiz et al., 2007)
ISAba2 TTGGAAATGGGGAAAACGAA

NDM-F blaNDM-1 GGTGCATGCCCGGTGAAATC 660 (Bonnin et al., 2012)
NDM-R ATGCTGGCCTTGGGGAACG

OXA23-F1 blaoxa-23-like TGCTCTAAGCCGCGCAAATA 130 (Mesli et al., 2013)
OXA23-R1 TGACCTTTTCTCGCCCTTCC

OXA24-F blaoxa-24-like CAAATGAGATTTTCAAATGGGATGG 123 (Mesli et al., 2013)
OXA24-R TCCGTCTTGCAAGCTCTTGAT

OXAb51like-F blaoxa-s1-like AACATTAAAGCACTCTTACTTATAAC 171 (Adams-Haduch et al.,
OXAG51like-R TTGTTGGATAACTAAAACACCCGT 2011)

OXAS58-F blaoxa-ss-like CGCAGAGGGGAGAATCGTCT 102 (Mesli et al., 2013)
OXA58-R TTGCCCATCTGCCTTTTCAA

OXA-69A blaoxa-s9 CTAATAATTGATCTACTCAAG 975 (Hamouda et al., 2010)
OXA-69B CCAGTGGATGGATGGATAGATTATC

2.3. Antimicrobial susceptibility test of A. baumannii
isolates

The minimal inhibition concentration %MIC) was
checked for different antibiotics by the Vitek 2 compact
instrument, using AST-N222 and AST-XNO5 cards to
target specific antibiotics (BioMérieux, Marcy-I’Etoile,
France) according to the Clinical Laboratory Standards
Institute (CLSI, 2019), following the guidelines for
antibiotics breakpoints. Twelve antibiotics from eight
antibiotics group and three antibiotic combinations were
evaluated against the 162 A. baumannii isolates, namely,
Aminoglycosides (Gentamicin [4-16 pg mL"], and
Tobramycin [4-16 pug mL™]), B-lactam combination agents
(Piperacillin-tazobactam  [16/4-128/4 pg  mL™],
Ticarcillin-clavulanic acid [16/2-128/2 pg mL™], and
Ticarcillin [16-128 pg mL™]), Carbapenem (Imipenem [2-
8 pg mLY], and Meropenem [2-8 pg mL™]), Cephems
(Cefepime [8-32 pg mL™], Ceftazidime [8-32 pg mL™],
and Ceftriaxone [8-64 pg mL?]), Fluoroguinolones
(Ciprofloxacin [1-4 pg mL™], and Levofloxacin [2-8 pg
mL?]), Folate pathway antagonists (Trimethoprim-
sulfamethoxazole [2/38-4/76 g mL™]), Penicillins
(Piperacillin  [16-128 pg mL™]), Tetracyclines
(Minocycline [4-16 pg mL-1], and Tetracycline [4-16 pg
mL?]). Furthermore, the E-test (BioMérieux, Marcy-
I’Etoile, France) was conducted to assess the efficacy of
Colistin against all A. baumannii isolates.

2.4. Molecular detection of carbapenemase-encoding
genes

Conventional PCRs were conducted for the detection of
intrinsic carbapenemases genes encoding blagya-2s.iikes
blaoxa-24-like: Blaoxa-si-iike: Dlaoxass-iike: Dlaoxa-s9, Blanom-1,
and ISAp.;.  The PCR cycles and conditions were
performed following the protocol described by the authors
of the primers. A. baumannii NCTC 13301 was utilized as

a positive control for oxa carbapenemases genes and
Klebsiella pneumonia NCTC 13443 as a positive control
for Metallo-B-lactamase (blanpw. 1)-

2.5. Statistical Analysis

Statistical analysis was performed using SPSS
software, version 21, and analysis of variance (ANOVA)
was conducted to determine mean separation at the 0.05
probability level based on the least significant difference.

3. Results

3.1. Identification of the collected isolates

The Vitek® GN ID Cards and the detection of the
recA gene of Acinetobacter spp. revealed the presence of
Acinetobacter spp. in 182 bacterial isolates. The detection
of the ITS region of A. baumannii, and rpoB in 162
bacterial isolates revealed the presence of Acinetobacter
baumannii. These, 162 isolates, were chosen for further
testing as representatives for clinical Jordanian isolates of
A. baumannii. It is noteworthy that more than half of the A.
baumannii isolates (51.8%) in this study were collected
from military hospitals, in particular Prince Hamza
Hospital and Royal Medical Services, followed by public
hospitals (29%), particularly Al Basheer Hospital and
Jordan University Hospital, and the lowest percentage
(19.1%) were collected from private hospitals, particularly
Al Khalidi Medical Center, Islamic Hospital, and The
Specialty Hospital. (Table 2).
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Table 2. The distribution of A. baumannii isolates depends on
sampling hospitals.

Hospital No. of samples %
AL Basheer Hospital 20 12.3
Al Khalidi Medical Center 12 7.4
Islamic Hospital 14 8.6
Jordan University Hospital 27 16.7
Prince Hamza Hospital 24 14.8
Royal Medical Services 60 37
Specialty Hospital 5 3.1
Total 162 100

3.2. The infections associated with A. baumannii

The distribution of A. baumannii isolates was varied
according to the origin of the place of the collection, with
sputum being the major source of the pathogen (in 47.5%
of the samples), followed by blood culture (15.4%), pus
(14.2%), specimen collection trap (7.4%), urine (4.3%),
swabs (4.3%), cerebrospinal fluid (3.7%), bronchoalveolar
lavage (1.2%), abdominal and pleural fluids (0.6%), and
cancer (0.6%). The samples were mainly collected from
patients diagnosed with upper respiratory tract infection
(47.5%), followed by those diagnosed with sepsis (15.4%);
skin infection (14.2%); bronchitis (8.6%); urinary tract
infection (4.3%); meningitis (3.7%); diabetes (2.5%);
necrotizing fasciitis (1.9%); and cancer, peritonitis, and
pneumonia (0.6% each) (Table 3).

Table 3. The distribution of A. baumannii isolates depends on the
infection type.

Infection type No. of samples %

Bronchitis 14 8.6
Cancer 1 0.6
Diabetes 4 25
Meningitis 6 3.7
Necrotizing fasciitis 3 1.9
Peritonitis 1 0.6
Pneumonia 1 0.6
Sepsis 25 15.4
Skin infection 23 14.2
Upper respiratory tract infection 77 475
Urinary tract infection 7 43
Total 162 100

A variation was found in the infection with A.
baumannii isolates according to patient ages, which ranged
from 3 to 80 years old. The majority of the infected
patients were males (68%). Nearly all patients had
Jordanian nationality (97.5%), with few having Iraqi
(1.3%) and Libyan (1.2%) nationalities.

3.3. Antimicrobial susceptibility of A. baumannii isolates

The results of the antimicrobial susceptibility test by
Vitek AST cards revealed that 98.8% of A. baumannii
isolates were resistant to Tetracycline; 98.1% were
resistant to Ceftazidime, Ceftriaxone, Ciprofloxacin,
Meropenem, Piperacillin, Piperacillin-tazobactam,
Ticarcillin, and Ticarcillin-clavulanic acid; 97.5% to
Cefepime; 95% to Levofloxacin; 87.7% to Imipenem;
73.5% to Gentamicin; 68.5% to Tobramycin; 67.9% to
Trimethoprim-sulfamethoxazole; and 23.5% to
Minocycline according to (CLSI, 2019) (Table 3).

The results of the E-test of Colistin against A.
baumannii isolates indicated that 98.7% of A. baumannii

isolates were sensitive to Colistin (MIC < 0.5), and only
1.3% (two isolates) were resistant to Colistin (Fig. 1).

Figure 1. Antimicrobial susceptibility of A. baumannii isolates to
Colistin by E-test.

All the tested A. baumannii isolates (162) resulted in
expected amplicon size of the following genes: blaoxa.2s.
like s bIaOXA_51_|ike, blaOXA_sg, and ISAbal. While 95% of the
A. baumannii isolates formed the expected amplicon size
of the blagxaosiike 0ene, 80% formed the expected
amplicon size of the blaNDM-1 gene, and 40% of the
isolates formed the expected amplicon size of the blagya.
58-like JENE.
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Figure 2. Examples of agarose gel electrophoresis of PCR
products: A, ISAbal/ISAba2 primers for 1SAbal, B, NDM-F/
NDM-R primers for blaNDM-1, C, OXA23-F1/ OXA23-R1
primers for blaoxa-oziike, D, OXA24-F/ OXA24-R primers for
blaoxa-2a-ike, E, OXA51like-F/OXA51like-R primers for blaoxa-si-
like, F, OXAB8-F/ OXA58-R primers for blaoxassiike, G, and
OXA-69A/ OXA-69B primers for blaoxa-ss. The DNA ladder was
1000 bp (M), deionized sterile water was used as negative control
(-ve), gDNA of A. baumannii NCTC 13301 was used as a positive
control for oxa carbapenemases genes and gDNA Klebsiella
pneumonia NCTC 13443 as a positive control for Metallo-B-
lactamase (blanom-1) (+ve). Lane 1-17: representative samples of
gDNA of Jordanian A. baumannii isolates.

4. Discussion

As carbapenems are usually the most practical therapy
for many multi-resistant bacterial strains, the emergence of
carbapenem-resistant A. baumannii has become a global
concern (Ababneh et al., 2021; Al-Tamimi et al., 2022).
The most common resistance mechanism in A. baumannii
is the expression of Class D B-lactamases, such as OXA-
23, OXA-24, OXA-58 enzymes. These enzymes were
initially distinguished by their ability to efficiently
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hydrolyze isoxazolyl-type B-lactams such as oxacillin. Due
to this substrate preference, these enzymes are also known
as oxacillinases or (OXAs) (June et al., 2014).
Furthermore, MBLs, which are Class B f-lactamases, can
be particularly harmful if found in A. baumannii-infected
individuals due to their broad spectrum of powerful
carbapenemase activity and resistance to p-lactamase
inhibitors (Vahhabi et al., 2021). Mobile genetic elements,
integrons, and plasmids can help disseminate MBLs across
A. baumannii (Partridge et al., 2018).

Recent Middle Eastern wars, which have resulted in a
significant number of immigrants and refugees, as well as
a lack of access to competent medical treatment, are likely
contributing factors to multi-drug-resistant organisms,
increased resistance patterns, and expanding incidence
rates (Nawfal Dagher et al., 2020; Helou et al., 2022).
Hence, ongoing monitoring and surveillance are essential
for forecasting and mandating suitable steps when
necessary (Bessong and Guerrant, 2017). Therefore,
Jordanian hospitals must further the invention and
adoption of rapid and accurate diagnostic procedures.
Collaboration with academic institutions, research centers,
and private companies to support innovative projects
focused on rapid and accurate diagnostics. Training
programs should be provided for healthcare professionals
to ensure they are proficient in using new diagnostic
technologies. Other strategies include implementing
financial incentives for hospitals to adopt and integrate
rapid and accurate diagnostic procedures, conducting pilot
programs to assess the feasibility and effectiveness of new
diagnostic procedures in real-world hospital settings,
collaboration with international organizations, research
institutions, and healthcare providers to share knowledge
and experiences related to the adoption of advanced
diagnostics, and educating the public about the benefits of
rapid and accurate diagnostics in improving healthcare
outcomes. By implementing these strategies, Jordanian
hospitals can contribute to the advancement and adoption
of rapid and accurate diagnostic procedures, ultimately
improving patient care and outcomes.

Using data from the Vitek 2 compact system, 162
Acinetobacter isolates were reported with a 99% high
accuracy rate in this investigation. Several investigations
have indicated that the automated Vitek 2 system is useful,
accurate, and rapid in bacterial identification (Al-Karablieh
et al., 2022). However, as previously reported, the
identification was furthered using the molecular detection
of recA Acinetobacter spp. at the genus level by 425 bp
amplicon detection, and detection of A. baumannii ITS and
ropB genes at the species level by 208 bp and 350 bp
amplicons detection, respectively (Chen et al., 2007;
Schleicher et al., 2013).

The sensitivity of the A. baumannii isolates to
Imipenem and Meropenem in the disc diffusion test was
lower than that in the test using Vitek AST cards,
revealing the accuracy of the Vitek AST cards due to
determination of the MIC values. However, the findings
regarding the resistance of A. baumannii isolates to
Imipenem and Meropenem measured by Vitek AST cards
were similar to that observed in a previous Jordanian
study, 94%, and 88% for Imipenem and Meropenem,
respectively (El-Khatib et al., 2021). Moreover, the
percentage of MDR A. baumannii isolates in this study,

98.8%, was higher than the percentage reported in a
previous Jordanian study, 76.8% (Al-Tamimi et al., 2022).

The majority of the isolates in this study were sensitive
to Colistin and Minocycline, which is consistent with a
previous Jordanian study that found Colistin and
Tigecycline to have the lowest resistance rate (Al-Tamimi
et al., 2022). A study from the Holy Cities of Makkah and
Al-Madinah of Saudi Arabia revealed that all A.
baumannii isolates were susceptible to Colistin, while 95%
of isolates were susceptible to Tigecycline (Al-Sultan,
2021). Another study from Riyadh, Saudi Arabia revealed
that 30% of A. baumannii isolates were resistant to
Colistin, and 56% were resistant to Tigecycline (Al-
Agamy et al., 2017).

The tolerance to these antibiotics is crucial due to the
global tendency of utilizing Colistin in dealing with of
MDR A. baumannii infections (Chen et al., 2015). Colistin
resistance in A. baumannii has previously been reported in
Spain (Khoshbakht et al., 2023) and Kingdom of Bahrain
(Al-Rashed et al., 2023), and a study from China reported
a lower resistance rate to minocycline and tigecycline (Zhu
et al., 2022). However, in this study, two Colistin-resistant
A. baumannii isolates were identified and considered pan-
drug resistant bacteria.

According to the findings of this study, Jordan has a
higher percentage of carbapenem-resistant A. baumannii
than surrounding countries, including Lebanon (60%)
(Rafei et al., 2015), Turkey (79%) (Kulah et al., 2010),
Egypt (70%) (Al-Agamy et al., 2014), Saudi Arabia
(85.7%) (Elabd et al., 2015), and Iraq (85%) (Hussein et
al., 2013), and this percentage is extremely close to Italy’s
reported percentage of 90.8% (Mezzatesta et al., 2012).
The prevalence of carbapenem-resistant A. baumannii is
growing in Jordan, with the proportion of carbapenem-
resistant A. baumannii estimated to be 60% in 2014
(Obeidat et al., 2014). In the current study, carbapenem-
resistant A. baumannii was found in 98.1% of the tested
isolates, which is similar to the previously reported
prevalence rates of carbapenem-resistant A. baumannii in
Jordan of 90.6% and 99.2% (Ababneh et al., 2021; Al-
Tamimi et al., 2022), respectively. The reasons for the
high prevalence of carbapenem resistance A. baumannii
might be the result of antibiotic abuse and misuse in
healthcare settings, insufficient infection control measures
in healthcare facilities, and the movement of individuals
across borders, which can contribute to the worldwide
spread of antibiotic-resistant strains.

The majority of the carbapenem-resistant A. baumannii
came from Military hospitals followed by public hospitals,
which might be related to challenges facing these hospitals
in maintaining optimal hygiene and infection control
practices due to the high numbers of patients in these
hospitals, which contribute to the persistence of the A.
baumannii in the environment. The majority of the
carbapenem-resistant A. baumannii came from Jordanian
men, consistent with previous Jordanian studies that found
an elevated frequency of A. baumannii infections in
Jordanian adult males (Ababneh et al., 2021; El-Khatib et
al., 2021; Al-Tamimi et al., 2022). Military personnel may
sustain injuries during combat, leading to open wounds
and increased susceptibility to infections. A. baumannii,
known for its ability to cause wound infections, can thrive
in the environment and infect individuals with
compromised immune systems. In conflict zones like
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Jordan, injured soldiers may be rapidly evacuated to
military hospitals for treatment. The transfer of individuals
with infections, including A. baumannii, from different
locations can contribute to the spread of the bacterium
within military healthcare facilities. The use of broad-
spectrum antibiotics is common in military settings to treat
infections. Prolonged and widespread use of antibiotics
can contribute to the development of multidrug-resistant
strains of bacteria, including A. baumannii.

Similar to a previous Jordanian study (El-Khatib et al.,
2021), over half of the carbapenem-resistant A. baumannii
isolates tested in this study were collected from sputum;
however, another Jordanian investigation found that the
majority of A. baumannii isolates were obtained from
wounds (Al-Tamimi et al., 2022).

In dedpth genetic analysis of the studied samples can
help in elucidation of many mechanisms that result in A.
baumannii being both highly infectious and extremely
resistant. This study found that the dominant resistant
genes among carbapenem-resistant  Jordanian A.
baumannii isolates are blagxa-23-iikes Plaoxa-s1-likes Pl2oxa-69,
ISAya1, which were found in all tested, 100%, carbapenem-
resistant Jordanian A. baumannii isolates, followed by
95% for blagya-24.iike,» 80% for of blaNDM-1 and 40% for
blagyassike- The most prevalent encoding genes of MBLs
and OXAs in Mediterranean Arab countries are blayp,
blakec, blanpm-1, Blaoxa-2siike: Dlaoxa-2aike: Dlaoxasiiike:
blagxa-ss-ike; and blagyase and blayy (Salih and Shafeek,
2019; Shayea and Ali, 2022). The current study is the first
in Jordan to show an elevated prevalence of blaypy.; of
80% among carbapenem-resistant A. baumannii isolates
compared to the 10.4% previously reported (Ababneh et
al., 2021), indicating the fast expansion of blaypy.: in
Jordan. Recent investigations from the Arab area have yet
to discover blaypy or blaypy: genes in carbapenem-
resistant A. baumannii. However, blaypy was discovered
in a few carbapenem-resistant A. baumannii isolates
collected from Syrian hospitalized patients in Lebanon
(Rafei et al., 2014).

5. Conclusion

This study found that A. baumannii is widespread in
Jordan and can cause major hospital infections. A high
frequency of carbapenem resistance was reported among
Jordanian A. baumannii isolates. The major resistance
genes among Jordanian A. baumannii isolates were blagya.
23-likes Blaoxa-siiikes Plaoxa-se, and ISApa:. This significant
resistance will impair the effectiveness of valuable
medications that treat A. baumannii invasive infections.
Despite the high prevalence of multidrug resistance in
Jordanian A. baumannii isolates, Colistin and Tigecycline
may be viable treatment for A. baumannii infection.
Combining different classes of antibiotics can enhance
effectiveness and reduce the risk of resistance
development.

Therefore, further studies are warranted to determine
the efficiency of combining Colistin and Tigecycline with
Jordanian medicinal plants to control A. baumannii
infection.
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Abstract

The thermophilic fungus Gymnascella thermotolerans GTE-21 produces a significant amount of both volatile and non-
volatile compounds with potent antifungal and anticancer properties. Gas chromatography-mass spectrometry (GC-MS) was
utilized to identify 14 volatile organic compounds (VOCs) released by G. thermotolerans. The most predominant compound
identified was diisooctyl phthalate, constituting 71.99% of the total VOCs, followed by phenol, 2-methoxy-4-(2-propenyl) at
7.12%. The GTE-21’s VOCs demonstrated significant antifungal growth inhibition activity of 42.5% against Fusarium
solani and 39.03% against Alternaria alternata. Additionally, GTE-21’s crude extract exhibited substantial antibacterial
effects, evidenced by inhibition zones of 1.5 cm against S. epidermidis, 1.4 cm against C. ciferrii, and 1.3 cm against S.
aureus. The CH,Cl,:MeOH (1:1) fraction was more effective against human pathogens, producing the largest zones of
inhibition of 1.1 and 1.03 cm against S. epidermidis and C. ciferrii, respectively. The evaluation of GTE-21's antifungal
activity using the Evans blue assay showed that fungal spores treated with GTE-21's crude extract exhibited 96.2% inhibition
at a concentration of 25 mg/ml. Similarly, the fractions CH2CI2:MeOH (1:1) and CH2CI2:MeOH (9:1) demonstrated spore
inhibition rates of 96.3% and 94.3%, respectively. The EtOAc crude extract demonstrated pronounced cytotoxic effects
against the SKOV-3 and MDA-MB-231 cancer cell lines. For SKOV-3, cell viability decreased to 3.40% and 0.47% at
concentrations of 50 and 100 L, respectively. In the case of MDA-MB-231, cell viability was reduced to 0.19% at both 50
and 100 uL concentrations.

Keywords: Antimicrobial Activity, Anticancer, Gymnascella thermotolerans, Volatile Organic Compounds

such as cytotoxic, anticancer, antimicrobial, antidiabetic,
antioxidant and antiproliferative activities (Fernandes et
al., 2015).

Endophytic fungi can generate complex combinations
of volatile organic compounds (VOCs), which may protect

1. Introduction

Euphorbia geniculata, a member of the Euphorbiaceae
family, is characterized by its production of a white milky

latex. This latex has traditionally been used as a purgative
and lactogenic agent and for treating gonorrhea, migraines,
and warts. Additionally, it is used in the manufacturing of
fish poison, pesticides and toxins (Kumar et al., 2010).
Endophytes, a beneficial class of microorganisms, are
known for colonizing various plants while maintaining a
symbiotic relationship that does not harm their hosts
(Rodriguez et al., 2009). Endophytes are considered
invaluable in the realm of drug discovery due to their
production of volatile and non-volatile bioactive
metabolites with crucial biological functions (Priti et al.,
2009). These compounds are leveraged in biofuel
production and exhibit a range of biological properties,

“ Corresponding author. e-mail: fatma.fakhry@aswu.edu.eg.

their host plants from phytopathogens either directly or
indirectly by enhancing plant resistance (Tahir et al.,
2017). These VOCs span various chemical classes,
including esters, alkynes, alkenes, alkanes, alcohols,
terpenoids, aldehydes, ketones, and sulfur-containing
compounds (Mitchell et al., 2010). Notably, compounds
such as 2-undecanone, nonanal, dimethyl trisulfide, n-
decanal cyclohexanol, and benzothiazole have shown
biocontrol activity (Xie et al., 2018).

Currently, cancer ranks as the leading cause of death
worldwide, with the World Health Organization (WHO)
identifying it as a primary cause of morbidity and
mortality. It has been determined that endophytic fungi
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provide a consistent and abundant source of anticancer
agents. Early investigations have revealed that the
bioactive compounds naturally produced by endophytes
may offer a new foundation for the development of
innovative anticancer medications (Xie and Zhou, 2017).

Thermophilic fungi are extremophiles that are able to
reproduce and develop within a temperature range of 45
°C and 61 °C (De Oliveira et al., 2015). Therefore,
temperature is considered as the key factor influencing the
structural and functional properties of endophytic
biomolecules, as well as maintaining the integrity of their
cellular components. These unique biomolecules have
garnered the interest of chemists and biotechnologists
working in the field of natural products, and numerous
applications of thermophiles-derived compounds have
been seen in current biotechnology (Atalla, et al., 2019,
2020 ®; Elsehemy, et al., 2020).

The increasing problem of drug-resistant bacteria
necessitates the urgent need for the development of more
effective and powerful antimicrobial drugs. Recent
theoretical developments have shown that numerous
endophytic fungi have the potential to produce
antimicrobial compounds, facilitating the creation of novel
pharmaceutical medications. Fungi also produce a wide
range of antioxidants, including flavonoids, alkaloids,
steroids and phenols, and these compounds can scavenge
the excess reactive oxygen species (ROS) that accumulate
in our body (Hamed, et al., 2015, Gauchan et al., 2020).

In our study, we focused on thermotolerant endophytes
that can produce bioactive secondary metabolites with
cytotoxic, antibacterial and antioxidant effects. This study
aims to demonstrate that endophytic fungi are valuable
natural sources for the discovery of novel drugs, offering
potential benefits to the food, pharmaceutical, and
agricultural industries.

2. Materials and methods

2.1. Isolation and Identification of fungi

Euphorbia geniculata plant samples were collected
from the field station at Aswan University, Egypt. The
surface of the whole plant was sterilized using 70%
ethanol for one minute followed by five minutes in a 5%
sodium hypochlorite solution. Following sterilization, the
plant was rinsed twice in sterile distilled water. The plant
leaves, stems and roots were sliced longitudinally into
small segments of 0.5-1.0 cm and placed on sterile Petri
dishes containing Potato Dextrose Agar (PDA) medium
(Sigma-aldrich, India). Three replicates of the Petri plates
were incubated at a temperature of 45°C for two weeks.
The emerging fungi were then transferred to fresh PDA
plates for purification and stored on PDA agar slants at
4°C for further use. The morphological characteristics of
the isolated fungus were utilized for its identification,
primarily through an assessment of its colony visual
appearance, mycelium color, structure and ascomata
according to Zhou et al. (2016). Subsequently, we
validated the identification through molecular means by
sequencing the rDNA gene, using outsource service at
Solgent Company located in Daejeon, South Korea. Fresh
fungal cultures were incubated on PDA medium at 28° C
for 7 days. Fungal DNA was extracted by CTAB method
(Suarez et al., 2005, Gontia-Mishra et al., 2014). Prior to

sequencing, amplification of the ribosomal rRNA gene
(rDNA) was conducted by employing the polymerase
chain reaction (PCR) technique. Two Universal primers,
internal transcript scarcer 1 and 2 (ITS1 and 1TS4, forward
and reverse, respectively) were used in the reaction
mixture. ITS1 (5' - TCC GTA GGT GAA CCT GCG G -
3", and ITS4 (5'- TCC TCC GCT TAT TGA TAT GC -
33’) primers were obtained from Sigma Korea. Finally, the
specified PCR amplicon underwent verification using 1%
electrophoresis agarose gel. To identify the sequence
homology, the BLAST tool available on the NCBI website
was utilized. Furthermore, the MEGA6 program was
employed to construct the phylogenetic tree according to
Tamura et al. (2013).

2.2. Extraction and fractionation

Fresh mycelium of G. thermotolerans grown on PDA
medium for 6 days was inoculated into potato dextrose
broth (PDB) medium and placed on a shaker at 180 rpm
for 20 days at 45°C. The fungal culture was treated with
200 mL of ethyl acetate (EtOAc) (Sigma-aldrich, India)
and allowed to stand overnight. Subsequently, the mixture
underwent ultrasonication for 10 minutes and was filtered
using a Buchner funnel under vacuum. Medium (water
phase) and the filtrate containing EtOAc phase were
collected for further work up, and the isolated mycelia
(cell debris) were discarded. The water phase (medium)
and EtOAc phase were then separated using a separator
funnel. A rotary evaporator was then employed to
concentrate and evaporate the EtOAc phase under vacuum
conditions (Xu, 2010).

2.3. Flash Chromatography

Before loading the EtOAc fungal crude extract, the
column was packed with dried Silica Gel and saturated
with mobile solvents. The mobile phase was pumped
through the column using air pressure. The solvents used
in sequential order for the mobile phase were: Hexane,
Methylene chloride (CH,Cl,), CH,Cl,: MeOH (1:1),
CH,Cl,: MeOH (9:1) and MeOH. The fractions collected
from each solvent system were then dried, following the
method outlined by Gatto et al. (2013), with some
modifications.

The GC-MS analyses were carried out by Nawah
Scientific Inc., using a Thermo Scientific TRACE GC
Ultra integrated with a Thermo Scientific 1SQ quadrupole
MS (Thermo Scientific, USA). The AMDIS software
served as the de-convolution tool for the identification of
compounds, by matching the obtained MS with those in
the Wiley and NSIT library databases. Next, the relative
abundance of each compound was determined by
calculating its percentage of the total peak area in the
chromatogram (Gomathi et al., 2015).

2.4. Screening of Bioactive properties of G.
thermotolerans-GTE-21 metabolites

2.4.1. Antimicrobial assay of fungal endophyte-GTE-21

The antimicrobial activity of crude extracts derived
from fungal endophyte GTE-21 and its fractions was
assessed using multiple methods, including the disc
diffusion method, antifungal activity of VOCs, the agar
plate diffusion assay, and Evans blue method, as described
by Balouiri et al. (2016).
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2.4.2. Test organisms

Human pathogens, including Escherichia coli Ec31,
Klebsiella pneumoniae Kpl1, Staphylococcus aureus Sa9,
Staphylococcus epidermidis Se 23, Candida ciferrii Cc
501 and Candida albicans Ca 20, along with plant
pathogens such as A. alternata, C. specifier CSN-20 and F.
solani FSN-20 were obtained from the Mycology
Laboratory, Botany Department, Aswan University.

2.4.3. Disc diffusion method of crude extracts and
fractions of GTE-21

The experiment involved inoculating Petri dishes filled
with nutrient agar medium (Signa-Aldrich, India) with the
test organisms, including human pathogens. Sterilized
paper disks soaked in fungal crude extracts and fractions
dissolved in a CH2CI2 and MeOH (1:1) solution were then
placed on a bacterial lawn spread on the agar medium
surface.

The negative control consisted of a disk without any
endophytic fungal extracts. We evaluated the presence or
absence of an inhibition zone surrounding the discs by
incubating the plate overnight at 37°C, as described by
Schulz et al. (1995).

2.4.4. Antifungal activity of VOCs of GTE-21

Following the method established by Strobel et al.
(2001), the antifungal activity of GTE-21’s VOCs was
assessed against plant pathogenic fungi A. alternata, C.
specifier, and F. solani. For each assay, two 6.0 cm
diameter Petri dishes were placed inside larger 12 cm
diameter Petri dishes. In the first plate, GTE-21 was
inoculated at the center of the PDA media and allowed to
grow for four days at 28°C to enhance VOC production.
Subsequently, the targeted fungal species was inoculated
onto the second Petri dish. Both plates were securely
sealed using Parafilm and subjected to an additional three-
day incubation period. After incubation, the extent of
fungal growth was measured, enabling the calculation of
the inhibition percentage as shown in the following
formula:

Dc — Ds
—X
Dc

% Inhibition = 100
Where: Dc = average diameter of colony growth in the control

group and, Ds = average diameter of mycelial growth in treatment
group (Singh and Tripathi, 1999).

2.4.5. Agar plate diffusion assay

Fungal EtOAc crude extracts and fractions, as
previously mentioned, were added to PDA media at a
concentration of 2.0 mg/mL and thoroughly mixed. The
antifungal effect against microorganisms was evaluated
using the poisoned food method. A mycelial disc of the
pathogen (A. alternata, C. specifier, and F. solani) was
placed at the center of a 6.0 cm plate (Balouiri et al.,
2016). After 7 days of incubation at 28°C, the diameters of
fungal growth on both control and treatment plates were
measured. The percentage of growth inhibition was then
calculated following the method described by Singh and
Tripathi, (1999).

2.4.6. Evans blue method

Antifungal activity was also assessed by Evans blue
staining method on F. solani, which exhibited clear results
compared to A. alternata and C. specifier. Briefly, F.

solani spores were cultured in Potato Dextrose Broth
(PDB) at 2842°C for five days. Next, the mycelia were
separated through filtration, and the conidial cells were
isolated using centrifugation at 5000 rpm for 10 min. The
EtOAc crude extracts and fractions at concentrations of 10
and 25 mg/mL were added to the tubes containing the
spores. Additionally, a control set containing only the
inoculum was prepared. All the tubes were incubated at
28+2°C for intervals of 1h, 3h, and 24h. After each period,
the tubes were centrifuged and 0.05% Evans blue was
applied to 10 pl of the residual culture. Excess dye was
then washed from the hyphae using sterile distilled water.
The difference between dead and live cells was observed
under a light microscope (Semighini and Harris, 2010).

2.5. 2.6. Cytotoxic activity

2.5.1. Cell culture

The breast and ovarian cancer cell lines were obtained
from Nawah Scientific Inc, Egypt. Breast and ovarian cell
lines were cultured in Dulbecco's Modified Eagle Medium
(DMEM) and Roswell Park Memorial Institute Medium
(RPMI), respectively, both supplemented with 100
units/mL  of penicillin, streptomycin and 10% heat-
inactivated fetal bovine serum. The cancer cell lines were
maintained at 37 °C in a humidified environment with 5%
CO, (Allam et al., 2018).

2.5.2. In vitro Cytotoxicity assay

The cytotoxic effect of endophytic fungal extracts
(GTE-21) was evaluated using Sulforhodamine B (SRB)
assay against human breast and ovarian cell lines at
different concentrations of 0.01, 0.1, 1, 10, 50 and 100
ug/mL. The surviving fraction and cell viability were
determined (Allam et al., 2018).

2.6. Antioxidant activity assays:

To evaluate the antioxidant activity of endophytic
fungal crude extracts and fractions, analytical assays were
performed on all tested fractions using two different
experimental techniques.

2.6.1. DPPH free radical scavenging activity method

To evaluate the antioxidant activity in the investigated
samples, changes in the absorbance of DPPH radicals were
determined. The endophytic fungal extracts and fractions
at a final concentration of 1 mg/mL were prepared. A 0.5
mmol/L DPPH solution was prepared in 95% MeOH.
Then, 0.1 mL of fungal extract/fraction was diluted with
95% MeOH, followed by the addition of 2 mL of the
DPPH solution. The mixture was incubated at room
temperature under dark conditions for 30 minutes.
Following the incubation period, the absorbance was
measured at 517 nm, as described by Brand-Williams et al.
(1995).

2.6.2. Total antioxidant capacity method

The assay was conducted following the method
outlined by Prieto et al. (1999). A 50 pl of each extract
was combined with 1 mL of the reaction solution,
consisting of 4 mM ammonium molybdate (NH4),Mo0O,
0.6 M H,So, and 28 mM Na,PO,. The capped tubes were
then incubated in a thermal block at 95°C for 90 minutes.
After cooling, the absorbance was measured at 695 nm for
each sample, using a blank as a reference. The blank
solution comprised 1 ml of the reagent solution and an
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appropriate volume of the same solvent utilized for the
sample, and it was incubated under the same conditions as
the remaining samples. The antioxidant capacity was
expressed in terms of ascorbic acid equivalent.

2.7. Statistical analysis

Data were collected and subjected to one-way analysis
of variance (ANOVA). The significant difference at P <
0.05 between the treatment groups and the control was
determined using Minitab's Student's t-test. Values
represent mean + standard errors (SEs) of four biological
replicates. Correlation analysis was conducted using the
Corrplot package in R v4.3.2.

3. Result

3.1. Morphological and Molecular identification

The colony of G. thermotolerans exhibits a white color
on the obverse and a yellow color on the reverse, with a
flat edge. Colonies are flat to low convex, with an irregular
or regular and nearly transparent border. The hypha
appears hyaline and light yellowish in color, with
ascomata become visible at maturity after 15 days of
cultivation. Subsequent molecular analysis confirmed that
our G. thermotolerans-GTE-21 (Basionym: Gymnoascus
thermotolerans), exhibited 99% similarity to the NCBI
accession number MW590717 (Fig. 1).
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Figure 1. Phylogenetic analysis of the isolated G. thermotolerans
endophyte and other closely related fungi obtained from the NCBI
database. The phylogenetic relationships were determined based
on the homology of their nuclear ribosomal internal transcribed
spacer sequences. The scale bar represents the tree evolutionary
distance.

3.2. GC-MS analysis of EtOAc crude

GC-MS analysis was conducted to determine the
chemical compositions of the EtOAc extract of dried GTE-
21 (Table 1). A total of 14 volatile organic compounds
(VOCs) were identified, indicating the presence of various
bioactive substances at different retention times (RT).The
mass spectra were used to determine the peaks of each
component (Fig. 2). These compounds were recognized by
their chemical formulae, RT, molecular weight and
percentage of peak area (Table 1). Among the identified
VOCs, diisooctyl phthalate (71.99%), phenol, 2-methoxy-
4-(2-propenyl) (7.12%), and 1,6-octadien-3-ol, 3,7-
dimethyl emerged as the predominant compounds, based
on their RT and peak area percentages.

RT: 000- 29408M: 15B 54
[l

Ll

Relative Abundance
W -

=

B2

" ‘ /
1

1y
N 6980ﬂ o 18w ESANUS wp |

uHuHuH_THuHuH\ \HHHHHUHUHU TTTTT T TTTTT
0 4 b 8 L} 2 4 1§ B 2 M pid

Tie (in)
Figure 2: Chromatogram of GC-MS spectra of GTE-21 ethyl
acetate crude extract.
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Table (1): Volatile organic compounds of G. thermotolerans (GTE-21)

367

Chemical Compounds Structure Formula RT MW Area . .
(min) % Pharmacological actions
3,7-Dimethyl-1,6- OH Anti-inflammatory,
Octadien-3-OI (Linalool) _ CwHiO 443 154 499 :gggﬁggfgti;ntlcancer and
Monoterpenoid —
( penoid) Cherbal et al., 2023
1,5-Dimethyl-1-vinyl-4- AN
hexenyl-2- aminobenzoate o — CrHzNO 4 5 975 59 Antioxidant and antibacterial
(Linalyl aminobenzoate) or 2 ' " Quedrhiri et al., 2015
Linalyl ester Hy
OH
Phenol,2- methoxy-4- (2- Antioxidant and anticancer
propenyl)- (Aromatic CiwoH120, 897 164  7.12 Satohetal., 1998
Compound) = ?
el Antioxidant, anticancer and
f-Caryophyllene (Bicyclic CisHa 999 204 101 antimicrobial
Sesquiterpene)
(Dahham et al., 2015)
1-Cyclohexyl-N-methyl-
propan-2-amine (Aliphatic H  CcoHuN 1130155 08p Heartblock treatment
Secondary Amine) (Day and Viar, 1951)
oH Antioxidant
anti-Inflammatory
2,4-Di-tert-butylphenol cytotoxicity
(Aromatic Corr)ml pound) CuH20 11.64 206  0.91 insecticidal and nematocidal
P antimicrobial
and antiviral activity
(Zhao et al., 2020)
4-Allyl-2-methoxy Antioxidant
phenylacetate o CiH10, 1182206 118 Antioxidan
(Aromatic Compound) o ? Hidalgo etal., 2009
3,7,11-Trimethyl-1,6,10- HO
Dodecatrien-3-Ol X X imicrobi
i AN CisH0 1245222 0,67 Antimicrobial
(Sesquiterpene Alcohol) W 1T Madhumathi et al., 2014
7,9-Di-tert-butyl-1- o ] Lo
; Antioxidant
oxaspiro (4,5)deca-6,9- -
e g o o CiH0s 1800276 160  Singhetal, 2018
compound)
o]
Phahalilc acid,(t::uht)ﬂ y P Antioxidant and
undecyl ester (Phthalic % antimicrobial
acid Ester) O CaHuOs 1859376 245\ ofor et al., 2023
1-Nonadecene (Aliphatic D Ve U U VU VA UaN Antibac_terial, antidiabetic
vcocarnony (P CiHsx 1898266 141 and antitumor
Amudha et al., 2018
HO
Anti-inflammatory,
Oleic Acid (Unsaturated antioxidant, anticancer and
. CisH30, 20.24 282 0.76 y
Fatty Acid) e antimicrobial
Cherbal et al. 2023
Trans-13-Octadecenoic 0 iinl
acid (Unsaturated Fatty - CisHx0, 21.64 282 074 Anti-inflammatory
Acid) Khan et al., 2022
Diisooctyl phthalate Anti-inflammatory,
(Phthalic acid Ester) CaHsO. 2593 390 71,99 antioxidant, anticancer, and
antimicrobial

O o
5)\0

Saeed et al., 2020
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3.3. Disc diffusion method of crude and fractions of
GTE-21

Antimicrobial compounds from fungi represent a
highly promising source for the development of new
antibiotics with novel mechanisms of action, aimed at
overcoming bacterial drug resistance (Bhatnagar and Kim,
2010). Our results showed that the crude extract of GTE-
21 exhibited the highest antimicrobial activity with
inhibition diameter of 1.5, 1.4 and 1.3 cm against S.
epidermidis, C. ciferrii and S. aureus respectively. The
CH2CI2:MeOH (1:1) fraction showed superior efficacy
against human pathogens, producing the largest inhibition
zones of 1.1 cm against S. epidermidis and 1.03 cm against
C. ciferrii. In comparison, the MeOH fraction resulted in a
1.2 cm inhibition zone against S. epidermidis, but showed
no activity against C. ciferrii and S. aureus (Fig. 3).

Our results indicate that the crude extract successfully
inhibited C. ciferrii, producing an inhibition zone of 1.4
cm. Furthermore, the CH,Cl,:MeOH (1:1) fraction and
hexane were more effective against C. ciferrii pathogen,
yielding inhibition zones of 0.9 and 1.03 cm, respectively.
In contrast, the CH,Cl,:MeOH (9:1) and MeOH fractions
did not exhibit any inhibitory effect on C. ciferrii. The
pathogen S. aureus was susceptible to the crude extract
and the CH,ClI, fraction, with inhibition zones of 1.3 cm
and 0.6 cm, respectively, whereas the MeOH fraction
showed no inhibitory activity. Additionally, the crude
extract and the CH,Cl,:MeOH (1:1) and MeOH fractions
inhibited S. epidermidis, resulting in inhibition zones of
1.5, 1.1 and 1.2 cm, respectively. In contrast, C. albicans,
E. coli and K. pneumonia exhibited resistance against all
tested fractions and the crude extract.
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Figure 3: Effects of crude extracts and fractions on human
pathogens, including C. ciferrii (A), S. aureus (B) and S.
epidermidis (C) using in vitro agar disc diffusion assay. Box plot
diagram showing inhibition zones. Different alphabetical letters
show significant differences at P < 0.05 using Tukey's HSD test.

3.4. Antifungal activity of VOCs of GTE-21

The antifungal activity of GTE-21's VOCs was
evaluated against phytopathogenic fungi, including A.
alternata, C. specifier, and F. solani. Among all tested
pathogens, F. solani exhibited the highest inhibition at
42.5%, followed by A. alternata with 39.03%, while C.
specifier showed no inhibition (Fig. 4).
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Figure 4. Antifungal efficacy of GTE-21’s volatile organic
compounds (VOCs) against different phytopathogens, illustrated
through (A) Petri plate assay and (B) inhibition percentages.
Different alphabetical letters indicate significant differences at p <
0.05 using Tukey's HSD test.

3.5. Agar diffusion method

The diameter of the inhibition zones can be used to
calculate the percentage of growth inhibition of the chosen
phytopathogenic fungus (A. alternata, F. solani, and C.
specifier) at a concentration of 2.0 mg/ml of GTE-21
crude, and fractions were calculated (Balouiri et al., 2016).

Our research revealed that the crude extract of GTE-21,
as well as the CH2CI2:MeOH (1:1) and CH2CI2:MeOH
(9:1) fractions, demonstrated the highest inhibition rates
against A. alternata, with percentages of 72.2%, 71.2%,
and 70.3%, respectively, compared to the control.
Conversely, the hexane, CH2CI2, and MeOH fractions
exhibited the lowest inhibition rates at 23.1%, 25.9%, and
12.03%, respectively.

"In addition, the crude extract inhibited fungal mycelial
growth of C. specifier with a high inhibition percentage of
93.05%. The CH2CI2:MeOH (1:1) fraction inhibited it by
68.05%, the CH2CI2:MeOH (9:1) fraction reduced the
growth by 58.3%, and both the CH2CI2 and Hexane
fractions reduced the pathogen growth by 30.5% and 25%
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respectively.” By contrast, the MeOH fraction inhibited the
pathogen with low percentage 5.5%.

Also, the CH2CI2: MeOH (9:1) and CH2CI2: MeOH
(2:1) fractions inhibited the growth of F. solani by 54.7%,
43.5%, and 38.4% respectively. CH2CI2, Hexane, and
MeOH inhibited by 33.3%, 28.2%, and 27.3%. (Fig. 5).
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Figure 5. Effect of EtOAc crude extracts and fractions on
phytopathogenic fungi using agar diffusion method. Radar plot
indicate percentage of inhibition against (A) A. alternata, (B) C.
specifier and (C) F. solani. Different alphabetical letters on rader
plot indicate significant differences at p < 0.05 using Tukey's
HSD test.

3.6. Evans blue method

Antifungal activity of the extract and crude was
assessed by Evans Blue Staining method on F. solani. The
fungal spores treated with crude, CH,Cl,: MeOH (1:1)
and CH,Cl, at concentration 10 mg/ml were more affected
than Hexane, CH,Cl,: MeOH (9:1) and MeOH. Whereas
the fungal spores treated with a concentration of 25 mg/ml
were strongly affected by the crude, CH2CI2: MeOH (1:1),
CH2CI2: MeOH (9:1), and MeOH, the spores showed little
effect when treated with Hexane and MeOH. A relatively
high suppression of spore germination (<80%) was
detected at 25pg/ml. The untreated control conidia
maintained their natural coloration. The crude extract
showed 41.07% effect at a concentration of 10 mg/ml,
while the CH2CI2: MeOH (1:1) fraction showed 32.7%
effect. Conidia treated with the crude extract showed
96.2% effect at a concentration of 25 mg/ml. The CH2CI2:
MeOH (1:1) and CH2CI2: MeOH (9:1) fractions were
affected by 96.3% and 94.3% respectively. But the spores
of Fusarium were little affected by Evan's blue when
treated with CH,Cl, fraction at concentration 10 and 25
mg/ml (Fig. 6).
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Figure 6. Effect of the crude and fractions on the viability of F.
solani conidia by Evan blue method. Letters (a, b, ¢ and d)
indicate significant differences (p < 0.05) (ANOVA after Tukeys
test analysis).

3.7. Screening of cytotoxic activity

Our findings on crude and fractions of GTE-21 showed
highly cytotoxicity effects on the two cell lines (SKOV-3
and MDA-MB-231) with variable extent causing
damaging (Figs. 7, 8, 9).

The EtOAc Crude displayed the highest significant
cytotoxicity against SKOV-3 and MDA-MB-231 cell line
with viability 3.4 and 0.47 % for concentration 50 and 100
ul respectively for SKOV-3 and 0.193 and 0.194% for
concentration 50 and 100 ul respectively on MDA-MB-
231

The viability of SKOV-3 and MDA-MB-231 cells was
strongly affected by the fraction CH2CI2: MeOH (9:1) at
50 and 100 pl, resulting in viability values of 70.3% and
24.3% for SKOV-3 and 41.83% and 6.56% for MDA-MB-
231, respectively (Fig. 8).

The concentration of 100 pl of the fractions MeOH,
CH,Cl,: MeOH (1:1) and CH,CI, exhibited strong
viability percentage 38.16, 37.02 and 26.75% respectively
on breast cancer; on ovarian cancer they exhibited
4456667, 49.45333 and 84.01667% respectively, yet, the
Hexane fraction exhibited the least cytotoxicity on SKOV-
3 and MDA-MB-231, with viabilities of 93.9933% and
68.9144% respectively (Fig. 9).



w
X
po

S50ug/ml  100ug/ml SOugme 100 ug/ml
o -
™
-
=
0
[* ]
=
0
(a]

("
T
=
|
("

9:1

I.
o
[
2

Figure 7. Crude and fractions effect on the cancer cells (A)
MDA-MB-231 and (B) SKOV-3 at concentration 50 and 100
pg/ml.
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Figure 8. Dot plot illustrating viability percentage in SKOV-3
cells at various concentrations using a cytotoxicity Assay.
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Figure 9. Dot plot illustrating viability percentage in MDA-MB-
231 cells at various concentrations using a cytotoxicity Assay.

3.8. Antioxidant activity assays

3.8.1. DPPH free radical scavenging activity

The crude extract of EtOAc and the CH2CI2: MeOH
(1:1) fraction showed high scavenging activities of 63.1%
and 58.06%, respectively. The methanolic fraction,
CH2CI2: MeOH (9:1), and the CH2CI2 extract showed
scavenging activities of 47.12%, 54.6%, and 52.56%,
respectively. In contrast, the hexane fraction exhibited the
least antioxidant activity at 11.4% (Fig. 10).

3.8.2. Determination of total antioxidant capacity (TAC)

Crude and CH,Cl,: MeOH (1:1) fraction showed high
TAC (0.32+£0.012 and 0.38+0.014) mg/ml followed by
CH,CIl,: MeOH (9:1) and CH,CI, (0.29+0.01 and
0.24+0.03) mg/ml respectively. Hexane and MeOH
fractions showed the lowest TAC (0.16+0.009 and
0.11+0.02 mg/ml respectively) (Fig. 10).
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Figure 10. Antioxidant activity of the crude extracts and fractions
of G. thermotolerans.

The correlation between all activities of G.
thermotolerans crude and fractions extractions was
clarified in figure 11. We did this correlation by
metaboanalyst
(https://genap.metaboanalyst.ca/ModuleView.xhtml)
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Figure 11. Principal component analysis (PCA), correlation heatmap, and variable importance in projection (V1P) scores for all examined

parameters using crude extracts and fractions of G. thermotoleran.

4. Discussion

Several endophytic fungal strains have been
discovered, and it has been claimed that they produce
novel bioactive compounds in anticancer tests (Stierle and
Stierle, 2015). Our results showed that the endophyte fungi
G. thermotolerans produced VOCs and non-VOCs with
antimicrobial, antioxidant and anticancer activities.
Diisooctyl phthalate, Phthalic acid, 7, 9-Di-tert-butyl-1-
oxaspiro (4, 5) deca-6, 9-diene-2, 8-dione and 1-
Nonadecene were the most active VOCs. These
compounds are active due to their action in disrupting the
membrane properties of pathogenic fungi and bacteria
(Casillas et al., 2021). Moreover, as highlighted by Li et
al., (2021), certain active constituents such as fengycin
induce alterations in the mycelial morphology of the cell
membrane and cell wall in rice blast fungus. This process
concurrently reduces the mitochondrial membrane
potential, leading to the accumulation of reactive oxygen
species (ROS) and consequent cytotoxic effects.

The anticancer medications derived from plants, such
as taxol, etoposide, vincristine and irinotecan are currently
used in clinical settings to treat a variety of human cancers
(Balunas and Kinghorn, 2005). This work explores how
some of these compounds were extracted from endophytes
and reports on their cytotoxic effects on different cell lines.
Endophytic fungi isolated from some medicinal plant like
Litsea cubeba (Deka and Jha, 2018), Pelargonium
graveolens (Yasser et al., 2020) and Solenostemma arghel
(Abdel-Motaal et al., 2021) showed promising
antimicrobial activity against selected pathogenic
microbes.

Our result demonstrated that the Chemical composition
of GTE-21 crude by GC-MS analyses was 14 VOCs
compounds, and the predominant compounds were
diisooctyl phthalate (71.99 %). This agrees with Weikl et
al. (2016) who proved that fungi emitted more VOCs like
Alternaria that produced VOCs like 3-octanone. Also,
Plaszk6 et al. (2020), reported Macrophomina,
Penicillium, Aspergillus and Fusarium emitted numerous
VOCs such as styrene and benzaldehyde.

In line with our observations, the crude extract of GTE-
21 demonstrated the most significant antimicrobial
activity, exhibiting inhibition diameters of 1.5 cm, 1.4 cm,
and 1.3 cm against S. epidermidis, C. ciferrii, and S.
aureus, respectively. This enhanced antimicrobial effect
can be attributed to the presence of active compounds,
including VOCs such as diisooctyl phthalate, oleic acid,
butyl undecyl ester, and B-Caryophyllene, as well as non-
VOCs like diisooctyl phthalate and dibutyl phthalate
(unpublished data). Previous studies have indicated that
these compounds possess antimicrobial properties (Stierle
and Stierle, 2015). Despite the lack of a clear
understanding regarding the mechanisms responsible for
the antimicrobial activity of these VOCs and non-VOCs,
several hypotheses propose that their action may involve
disrupting membrane properties and inducing reactive
oxygen species within the bacterial cells, potentially
contributing to the observed biological effects activity
(Casillas et al., 2021).

Handayani and Aminah, (2017) proved that the agar
diffusion method was used to test the bioactivity of
symbiotic fungi's EtOAc extract against four bacterial
pathogens Basillus subtilis 1.4 cm, Staphylococcus
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epidermidis 1.15 cm, Salmonella typosa 1.025 c¢cm and
Escherichia coli 1.47 cm.

The marine sponge-associated fungus
Acanthostrongylophora ingens exhibits considerable
promise as a prospective reservoir of bioactive compounds
with potential applications in the pharmaceutical and
medical domains, particularly in the context of generating
antibacterial and anticancer agents (Handayani and
Aminah, 2017). VOCs from GTE-21 were investigated for
their antifungal properties against plant pathogenic fungus.
The inhibition percentage was highly against F. solani at
425 %, and A. alternata at 39.03 %. This result is
attributed to the presence of a phthalate compound with
large percentage in EtOAc extract which, according to
Habib and Karim (2009), possess antifungal and anticancer
activities. Similarly, VOCs produced by T. spirale
indicated numerous compounds with antifungal action,
especially ethanol and phenyl ethyl alcohol. VOCs of T.
asperellum increased resistance to leaf spot pathogens on
lettuce (Baiyee et al., 2019, Wonglom et al., 2020).

The antifungal activity of GTE-21 was assessed using
the Evans blue method. The results showed that spores
treated with Crude were affected by 96.2% at a
concentration of 25 mg/ml. Additionally, the fractions
CH2CI2: MeOH (1:1) and CH2CI2: MeOH (9:1) were
affected by 96.3% and 94.3% respectively. In a study by
Dissanayake et al. (2015), it was reported that compounds
from Acorus calamus had an effect on the F. oxysporum
pathogen, resulting in dead cells that were stained by Evan
blue stain.

The results of our study on crude and fractions of GTE-
21 showed highly cytotoxic effects on two cell lines
(SKOV-3 and MDA-MB-231). These findings are
consistent with those of Uzma et al. (2018), who reported
that 2,14-dihydrox-7-drimen-12,11-olide isolated from A.
glaucus from Ipomoea batatas leaves has anticancer
properties.

The production of novel chemicals by a number of
endophytic fungal strains that are helpful in anticancer
assays has been discovered (Stierle and Stierle, 2015).
Mclaughlin et al. (1998) informed that the drug's cytotoxic
effect has the potential to influence and disrupt the
fundamental processes involved in cell division, growth,
and differentiation. One of these pathways may be
responsible for this extract's cytotoxic action.

5. Conclusion

The endophytic thermophilic fungus G. thermotolerans
GTE-21 has been found to harbor bioactive secondary
metabolites, comprising both volatile (such as Diisooctyl
phthalate, Phthalic acid, 7,9-Di-tert-butyl-1-
oxaspiro(4,5)deca-6,9-diene-2,8-dione, 1-Nonadecene,
oleic acid, butyl undecyl ester, and p-Caryophyllene) and
non-VOCs (specifically diisooctyl phthalate and dibutyl
phthalate). These secondary metabolites have shown
potential in inhibiting the growth of key plant pathogenic
fungi and human pathogenic bacteria, alongside exhibiting
anticancer and antioxidant properties. The VOCs from
GTE-21 notably inhibited F. solani by 42.5% and A.
alternata by 39.03%. On the other hand, non-VOCs within
GTE-21’s crude extract showed remarkable inhibitory
action against A. alternata at 72.2% and were
exceptionally effective against C. specifier with an

inhibition rate of 93.05%. Thus, the thermophilic
endophytic fungus G. thermotolerans GTE-21 is a
promising source of bioactive compounds, with ongoing
research in our laboratory aimed at isolating and
identifying the most potent bioactive pure compounds.
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Abstract

Marine ecosystems play a vital role in supporting human well-being and coastal communities, offering essential ecosystem
services (ES). This study focuses on the Gulf of Agaba in Jordan, aiming to assess and map marine ecosystem services by
leveraging stakeholder perceptions. To achieve this objective, a comprehensive survey was conducted with 64 participants
representing diverse demographics. The survey, coupled with Participatory Geographic Information System (PGIS)
exercises, gathered data on the awareness and valuation of ecosystem services. The integration of PGIS, a participatory
mapping methodology, facilitated stakeholder involvement in spatial mapping exercises. This approach not only captured
local knowledge but also enhanced the mapping process, providing a more nuanced and comprehensive understanding of
stakeholder perspectives on marine ecosystem services in the Gulf of Agaba. The results contribute to evidence-based
decision-making, sustainable resource management, and the implementation of international agreements and policies for

marine conservation and development in this ecologically important region.

Keywords: Marine Ecosystem Services, Mapping, PGIS, Agaba

1. Introduction

Marine ecosystems are integral to global well-being,
offering essential ecosystem services (ES) vital for human
welfare and coastal communities (Ma et al., 2023;
Costanza et al., 2014; Barbier et al., 2011). Recognized for
provisioning, regulating, cultural, and supporting services,
these ecosystems play a multifaceted role in sustaining life
(Asante et al., 2023; Burkhard et al., 2012, 2014; Van de
Pol et al., 2023). The ecosystem-based approach (EBA)
has emerged as a key framework for incorporating ES into
decision-making, providing a holistic perspective crucial
for long-term societal sustainability (Ruskule et al., 2023;
Costanza et al., 2014).

This study focuses on the Gulf of Agaba in Jordan,
employing EBA to map and understand marine ES for
effective decision-making, resource management, and
alignment ~ with  international  conservation  and
development policies (Cordero-Penin et al., 2023; Béné et
al., 2016). Drawing inspiration from relevant studies,
particularly those employing Participatory Geographic
Information Systems (PGIS) methodologies, this research
adopts a stakeholder perception approach (Brown et al.,
2014). Notably, Brown et al. (2014) demonstrate the
efficacy of PGIS in assessing social and cultural values
associated with public lands, revealing significant
associations between values, land types, and potential
management conflicts. In their studies conducted in 2015

“ Corresponding author. e-mail: w.hayek@ju.edu.jo.

and 2016, Brown and colleagues, as well as the work by
Munro and colleagues in 2017, redirect attention towards
marine ecosystems. They emphasize the significance of
stakeholder engagement and participatory approaches,
delving into a nuanced examination of stakeholder
perspectives and their impact on mapping outcomes.

Expanding beyond specific regions, Burdon et al.
(2019) emphasize a stakeholder-driven approach to
understanding marine natural capital and societal benefits,
showcasing its global significance. Hermes et al. (2018)
provide an editorial overview, stressing the diverse
methods for assessing recreational ecosystem services
(RES) and the necessity of integrating RES information
into decision-making. Karimi et al. (2015) contribute
insights into social-ecological hotspots, demonstrating the
need for integrating social and ecological data. Wangai et
al. (2016) extend the scope to Africa, advocating for
localized assessments and addressing trade-offs and
synergies. This collective body of literature establishes a
foundation for understanding and mapping marine
ecosystem services, with a focus on stakeholder
engagement, participatory GIS methodologies, and the
integration of diverse perspectives as crucial elements for
comprehensive marine management.
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2. Materials and Methods

2.1. Study Area

Aqgaba, a coastal city located in the southern part of
Jordan along the northeastern coast of the Red Sea, was
chosen as the study site. Positioned strategically at the
northern tip of the Gulf of Agaba, which is an extension of
the Red Sea, Agaba offers a remarkable environment for
the investigation. The region is renowned for its rich
marine biodiversity and unique coral reef ecosystems,
making it a significant hotspot for marine ecosystem
services. With geographical coordinates ranging from
approximately 29°27'N to 29°36'N latitude and 34°57'E to
35°03'E longitude, Agaba boasts a coastline stretching
over 27 kilometres, encompassing diverse marine habitats

P ==

Table 1, which presents the demographic information
of the participants, shows a diverse range of ages,
occupations, and educational backgrounds. This diversity
is crucial for understanding the varied perspectives on
ecosystem services. The table highlights a significant
representation of young adults, which aligns with the
emerging environmental consciousness observed in the
survey responses.

Gulf of Aqaba - Jordan

such as coral reefs, seagrass meadows, and rocky shores,
each providing distinct ecosystem services (Al-Najjar et al.
2019). The Gulf of Agaba, a semi-enclosed water body,
represents the northernmost extension of the Red Sea and
is connected to its main body via the Strait of Tiran (Al-
Najjar et al. 2019). Stretching approximately 180 km in
length, with a width of 14-24 km, and reaching a
maximum depth of 1825 m, the study area is bordered by
arid deserts (Khalaf et al. 2019). The Jordanian coastline
extends for 27 km, and the width of the Gulf bordered by
Jordan ranges from 5 km at the northern border to 17 km at
the southern border (Al-Najjar et al. 2018) (Figure 1).
Along most of the coastline throughout the Gulf, fringing
reefs can be found, adding to the region's ecological
significance.

The World

Jordanian Gulf of Agaba
ASEZA Roundaries

e O TS 75 15 Kilomeaters

k + + + t + + + i

Figure 1. Study area - Agaba coastline — Jordan.

Figure 2, depicting the GIS map of ecosystem
service  distribution, illustrates significant  spatial
variations. The coastal regions near urban centers show a
higher dependence on ecosystem services, as indicated by
the denser color gradients. This pattern underscores the
intricate relationship between urban development and
marine ecosystems.
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Figure 2. Corals-seagrass interaction areas as a result of the snorkeling and GIS analysis.

2.2. Data Collection

The flow of data collection is depicted in Figure 3
Snorkeling surveys were conducted along the 27 km
shoreline of the Gulf of Agaba, resulting in a total of 8,278
data points collected from 45 sites. For each point, the
prevalent habitat (corals, seagrass, rocks, and sand) was
recorded. After that, a GIS map reflecting the 10 most
dominant corals—seagrass interaction sites along the entire
coastline was prepared. To assess marine ecosystem
services along the 10 sites, we used a stakeholder
perception approach, incorporating the perspectives of
coastal users through a questionnaire survey (Appendix 1).

Particioatory
Approach

= EE % [

Iﬁliml

\mumg e |

u.ppan, Marine
Ecosystem Sarvices
AN 4

Figure 3. Adopted methodology for data collection and analysis.

The questionnaire  captured  information  on
stakeholders' awareness, utilization, preferences, and
perceived importance of marine ecosystem services. It
included sets of questions to gather demographic
information, assess awareness of ecosystem services,
evaluate the importance of services, and identify their
locations on a map. Respondents were given the flexibility
to specify additional services and provide qualitative

insights on sustainable management and conservation
actions in Agaba.

To incorporate spatial local knowledge about the
locations of marine ecosystem services, we employed the
Participatory Geographic Information Systems (PGIS)
approach within the identified corals-seagrass interaction
areas in the questionnaire. Utilizing GIS, the acquired
spatial data were used to develop maps representing the
distribution of ecosystem services based on marine
resource users' perceptions.

2.3. Data analysis

The collected data from the questionnaire survey
underwent statistical analysis to determine the relative
importance of each identified marine ecosystem service.
Descriptive statistics, including means and percentages,
were calculated to summarize the rankings provided by the
respondents, offering an initial indication of the perceived
importance of different services and enabling comparisons
among them. A higher ranking assigned to a service
indicated a greater perceived value or importance.

To map the corals-seagrass interaction areas and
marine ecosystem services, GIS technology was employed
to enable spatial representation and visualization across the
study area. The process involved several key steps:

1. Data Preparation: The initial step involved integrating
the percentages of responses from the participants who
identified marine ecosystem services along the 10 sites
into the attribute table of the GIS data layer
representing these locations. This data integration
ensured that it was ready for further spatial analysis.

2. Spatial Interpolation: Spatial analysis was conducted
using the Inverse Distance Weighting (IDW)
interpolation method. This process aimed to estimate
values for the remaining points that lacked responses,
creating a continuous surface representing the
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distribution of marine ecosystem services across the
entire study area. The interpolation provided valuable
insights into the spatial distribution of identified
ecosystem services, enabling a comprehensive
visualization of the phenomena.

3. Define Study Area: To focus the representation within
the borders of the Gulf of Agaba, the raster data
resulting from the spatial interpolation was clipped.
This step ensured that the visualization was limited to
the specific area of interest, making the map's context
clear and relevant to the study's objectives.
Visualization: The final step involved visually

representing the results using a gradient colour scheme.

Distinct colours were assigned to different values or ranges

of percentages of marine ecosystem services identified.

For instance, areas with lower percentages of marine

ecosystem services were depicted using green, while areas

with higher percentages were represented using red. The
gradient between green and red effectively showcased the
varying levels of presence and absence of marine

(a)

6% " Male

= Femal

5%
= Coastal community member
= Tourist or visitor
= Inral husiness mwner ar employes
= Environmental or conservation professional
» Government official or palicymaker

ecosystem services across the study area, providing an
easily interpretable map for the stakeholders and decision-
makers.

2.4. Demographics of Study Participants

Figure 4 details the demographics of our 64 study
participants. The gender breakdown shows 61% male and
39% female participants. Age distribution was varied, with
16% under 18 years, 19% between 18 and 24, 25%
between 25 and 34, 16% between 35 and 44, and 24% over
45 years old. Occupationally, participants included 9%
coastal community members, 45% tourists or visitors, and
41% local business owners or employees. No participants
were from environmental, governmental, or policy sectors,
with 5% categorizing their occupation as "Other."
Educationally, 28% completed primary or secondary
education, 36% held bachelor's degrees, 27% had master's
degrees, and 9% possessed Ph.Ds or equivalent, with no
"Other" educational backgrounds reported.

(b)

= Primary or secondary education

= Bachelor's degree

= Master's dea-ee = Ph.D. or higher

= Other [please specify)

Figure 4. Demographic information about the study participants: (a) Gender, (b) Age, (C) Occupation, (d) Education Level.

2.5. Awareness of Ecosystem Services

Survey findings (Figure 5a) show varied understanding
of marine ecosystem services among participants. Sixteen
percent were very familiar, 41% moderately familiar, 28%
slightly familiar, and 16% unfamiliar. This underscores the
need for enhanced public education on marine ecosystems'
ecological importance in Agaba.

Regarding threats to these services (Figure 5b), 22%
were very aware, 44% moderately aware, and 34% slightly
aware, with no participants completely unaware. This
highlights the success of existing public awareness
campaigns and the importance of their continuation for
marine ecosystem conservation in Agaba.
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(b)

Figure 5. Results of the questionnaire: (a) familiarity with the concept of marine ecosystem services, (b) awareness of potential threats

facing marine ecosystem services in Agaba.

2.6. Prioritization of Marine Ecosystem Services

Participants' ranking of marine ecosystem services
(Figure 6) reveals diverse valuations. Provisioning services
were ranked first by 22% and second by 28%, showing
appreciation for tangible benefits. Regulating services
were top priority for 47% and second for 28%, indicating
an understanding of ecological balance importance.
Cultural services ranked third by 39%, reflecting a balance
of priorities. Supporting services were first for 13% but
third for 39%, showing varied significance.

|‘I ||‘ |I| ‘l II[

WProvioring serves Reguliting wnices W0l seivicns @ SUpporting seniues

ntage of Farticipants

Figure 6. ldentifying and valuing marine ecosystem services.

In Figure 7, all participants acknowledged awareness of
threats to these services. Provisioning services ranked as
top priority for 3%, second for 30%, but third for 48%.
Regulating services were top for 3%, third for 31%, but
fifth for 25%. Cultural services were most important for
6%, but fifth for 31%. Supporting services ranked first by
20%, second by 19%, but fifth by 14%.

| ..II |.}| ||| I‘rl .II

Figure 7. Awareness of potential threats to marine ecosystem
services in Agaba.

2.7. Locations of Marine Ecosystem Services

PGIS findings (Figure 8) indicate participant
perceptions of marine ecosystem services across ten Agaba
coastline sites. Agaba Marine Park was highlighted by
39% for significant ecological benefits. Tala Bay followed
with 31%. Lower perceived ecosystem services were noted
in Ghandoor, Old Phosphate Port, and Phosphate Port (9%
each). The Hotels Area and Agaba Containers Port were
recognized by 22% and 9%, respectively. The Corniche
and Oil Port each received 9% acknowledgments for their
ecological contributions.

1 Jordanian Gulf of Agaba
ASEZA Boundaries

Site Name
Ayt
Hotels Area

1

1

i

4 Cld Phosphate Port

5 Corniche

B Agaba Containers Port
7

8

9

Agaba Marine Park
Taka Bay

Cil Port

10 Phosphate Port

N
Wt E
16 Kiiameters ¢
1 5

Figure 8. Level of agreement on the locations of marine
ecosystem services as a result of the PGIS.

3. Discussion

The collection of demographic data from participants in
our study was crucial for understanding the varied
perspectives that influence the identification of ecosystem
services in the Gulf of Agaba, Jordan. We engaged a
demographically diverse group, including individuals from
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different generations, with equal representation of genders
and a wide age range. This diversity enriched our
assessment of ecosystem service preferences and
highlighted the importance of including varying
viewpoints in such studies (Milfont & Sibley, 2012). We
focused on stakeholders like coastal community members,
tourists, and local business affiliates, emphasizing their
critical role in ecosystem services management (Christie et
al.,, 2017). However, the exclusion of environmental
experts and government officials from our study
participants indicates an area for improvement in future
research, emphasizing the need to incorporate their
specialized knowledge into ecosystem services mapping
(Daw et al., 2011).

Our findings also showed that educational backgrounds
significantly influence perceptions of ecosystem services.
We observed a wide range of educational levels among
participants, from those with primary or secondary
education to a smaller cohort with doctoral or higher
qualifications (Chan et al., 2016; Liquete et al., 2013). The
presence of a substantial number of participants with
bachelor's and master's degrees suggests a heightened level
of environmental awareness, beneficial for informed
decision-making in ecosystem services management. This
robust demographic data collection aids in understanding
how sociodemographic factors impact ecosystem service
preferences, reinforcing the importance of involving a
diverse range of stakeholders in the development of
sustainable ecosystem management policies (Plieninger et
al., 2013).

Awareness of marine ecosystem services is vital for
stakeholder engagement and fostering environmental
consciousness in the region (Tamire et al., 2023; Gifford,
2011). Our study revealed varied levels of familiarity with
marine ecosystem services among participants, with a
considerable number only moderately knowledgeable. This
finding points to the need for targeted initiatives to
enhance understanding of the role of marine ecosystems in
providing essential services in Agaba.

Our survey also indicated a promising level of
awareness among participants about potential threats to
marine ecosystem services in Agaba. Most participants
exhibited at least a moderate awareness, with many highly
informed about these threats. This awareness is a valuable
asset for conservation efforts and informed decision-
making aimed at protecting the region's marine
biodiversity —and  ecosystem  services. = However,
maintaining  this  awareness  requires  continuous
educational and communication initiatives to keep
stakeholders engaged and proactive in addressing
challenges to marine ecosystem services in Agaba.

The valuation of marine ecosystem services was
revealed as a complex process, reflecting varied priorities
among participants (Saarikoski et al., 2022; Chan et al.,
2016). Provisioning services, like fishery resources, were
highly valued for their direct benefits. However, the
limited focus on other provisioning benefits like raw
materials or medicinal resources suggests a gap in
understanding their broader ecological contributions.

Participants also expressed diverse views on regulating
services, crucial for maintaining environmental balance.
This diversity in perspectives necessitates tailored
communication strategies to convey the importance of

regulating services and their interconnectivity with other
ecosystem functions.

Cultural services, offering non-material benefits, were
valued differently by participants, underlining the need to
accommodate diverse cultural perspectives in ecosystem
management strategies.

The study also highlighted the importance of
supporting services, foundational for other ecosystem
services. These services were viewed as significant by
participants, even if not always ranked as the top priority.

Our study highlights the critical need for an inclusive
approach to ecosystem management in the Gulf of Agaba.
Recognizing and valuing the diverse perspectives and
priorities of various stakeholders is key to fostering
sustainable practices and preserving the marine ecosystems
in the region (Diaz-Siefer et al., 2023).

The study's results show a positive trend in participants'
awareness of potential threats to marine ecosystem
services in Agaba, indicating that environmental education
efforts have had a certain impact. However, to maintain
and enhance this level of awareness, ongoing educational
initiatives are vital to ensure the community remains
actively informed and engaged in conservation efforts.

Furthermore, the analysis of ecosystem services
rankings reflects the different levels of importance
assigned by participants, underscoring the necessity for
tailored communication  strategies and  inclusive
approaches in ecosystem management. The application of
Participatory Geographic Information Systems (PGIS) in
our research provided critical insights into local
community perceptions of marine ecosystem services
along the Agaba coastline. This approach highlighted the
ecological significance of specific areas and pinpointed
locations where increased awareness and education could
be beneficial (Carriea et al., 2022).

Collectively, the integration of demographic data,
awareness levels, and PGIS findings offers a
comprehensive framework for decision-makers,
policymakers, and environmental managers. This
integrated approach supports the development of informed,
inclusive, and participatory strategies for effective marine
ecosystem management in the Gulf of Agaba.

4. Conclusions

This study emphasizes the critical role of incorporating
stakeholder perceptions and values in the identification
and mapping of marine ecosystem services in Agaba,
Jordan. It underscores the vital importance of stakeholder
engagement and the integration of diverse perspectives in
marine ecosystem management. Key highlights of this
study include:

o The essential role of stakeholder engagement in
providing valuable insights for effective conservation
and management strategies, ensuring a comprehensive
understanding of marine ecosystem services.

e The importance of inclusive decision-making processes
that integrate diverse perspectives, leading to more
informed and holistic approaches to marine ecosystem
management. This integration prioritizes the well-being
of both human communities and nature.

e The necessity of ongoing educational campaigns to
maintain and enhance stakeholders' awareness of
potential threats to marine ecosystem services.
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e The use of Participatory Geographic Information
Systems (PGIS) as a community-centered approach,
which incorporates local knowledge and makes
conservation efforts more meaningful and relevant.

e The empowerment of decision-makers through the GIS
map to effectively prioritize conservation actions and
sustainable development efforts.

e The contribution of understanding marine ecosystem
services to the development of evidence-based policies
and practices that promote human well-being and
ecological preservation.

e The development of holistic conservation strategies by
incorporating stakeholder perspectives, leading to more
inclusive and effective strategies for safeguarding the
marine environment's health and resilience.

e The emphasis on continuous efforts to engage
stakeholders and integrate diverse perspectives for the
long-term sustainability of marine ecosystem services
in the Gulf of Agaba.

In essence, the findings of this study offer a valuable
resource for coastal management and marine conservation
efforts. By acknowledging and integrating the values and
perceptions of local communities, the study fosters a
balanced relationship between human activities and the
marine environment. This approach supports the well-
being of both coastal communities and nature in the Gulf
of Agaba, highlighting the synergy between human
development and environmental stewardship.

5. Recommendations

Based on our findings, we urge the adoption of an
inclusive approach to marine ecosystem management in
Agaba, emphasizing the need for robust stakeholder
engagement and participatory decision-making processes.
Key actions include launching targeted educational
campaigns to raise public awareness about marine
ecosystems' value and threats, and expanding the use of
Participatory Geographic Information Systems (PGIS) to
incorporate local knowledge in conservation strategies. We
recommend fostering collaborations among government
agencies, environmental groups, and the community to
develop policies that balance ecological preservation with
human needs. Additionally, continuous research and
adaptive management practices are essential to address
emerging challenges and ensure the sustainability of
marine biodiversity and ecosystem services in the region.
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Appendix 1

Perception of Marine Ecosystem Services in Agaba: Stakeholder Questionnaire

Introduction:

Thank you for participating in this survey on marine ecosystem services in Agaba. The purpose of this questionnaire is to
gather your perceptions and insights regarding the various ecosystem services provided by the marine environment in Agaba.
Your valuable input will contribute to a better understanding and appreciation of these services, ultimately aiding in their
sustainable management and conservation. Please answer the following questions to the best of your knowledge and
experiences.

Section One: Demographic Questions:

1. Gender
a) Male b) Female e—
2. Age
a) Under 18 b) 18-24 c) 25-34
d) 35-44 e) 45-54 f) 55 and above
3. Occupation
a) Coastal community b) Tourist or visitor c) Local business owner or
member employee
d) Environmental or e) Government official or f)  Other (please specify)
conservation professional policymaker

4. Educational Background:

a) Primary or secondary b) Bachelor's degree ¢) Master's degree
education
d) Ph.D. or higher e) Other (please specify)

Section Two: Awareness about Ecosystem Services
5. How familiar are you with the concept of marine ecosystem services?
a) Very familiar
b) Moderately familiar
¢) Slightly familiar
d) Not familiar

How aware are you of the potential threats facing marine ecosystem services in Agaba?
a) Veryaware

b) Moderately aware
¢) Slightly aware
d) Notaware

Section Three: Identifying and Valuing Ecosystem Services
Please rank the following marine ecosystem services in terms of their importance to you personally (1 being the most
important and 5 being the least important):

a) Provisioning services (e.g., seafood, medicinal plants)

b) Regulating services (e.g., climate regulation, water purification)

¢) Cultural services (e.g., recreation, spiritual significance)

d) Supporting services (e.g., nutrient cycling, habitat formation)

e) Other (please specify)

How would you evaluate the importance of the identified marine ecosystem services in Agaba? (Rate each service on a
scale of 1-5, with 1 being very low importance and 5 being very high importance)

a) Provisioning services (e.g., seafood, medicinal plants)

b) Regulating services (e.g., climate regulation, water purification)

¢) Cultural services (e.g., recreation, spiritual significance)

d) Supporting services (e.g., nutrient cycling, habitat formation)
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e) Other (please specify)

Section ¢: Identifying Locations of Ecosystem Services

6. Which specific coastal areas in Agaba (From the attached Map) have you observed or experienced the following
marine ecosystem services? (Select all that apply)

7. Please indicate the relative abundance or occurrence of the following ecosystem services in each of the selected
coastal areas (Use a scale of 1-5, with 1 being very low and 5 being very high)

Coastal Area (1): [Insert Selected Coastal Area]
a) Provisioning services (e.g., seafood, medicinal plants)

b) Regulating services (e.g., climate regulation, water purification)
¢) Cultural services (e.g., recreation, spiritual significance)

d) Supporting services (e.g., nutrient cycling, habitat formation)

e) Other (please specify)

Coastal Area (2): [Insert Selected Coastal Area]
a) Provisioning services (e.g., seafood, medicinal plants)
b) Regulating services (e.g., climate regulation, water purification)
¢) Cultural services (e.g., recreation, spiritual significance)
d) Supporting services (e.g., nutrient cycling, habitat formation)
e) Other (please specify)

Coastal Area (3): [Insert Selected Coastal Area]
a) Provisioning services (e.g., seafood, medicinal plants)
b) Regulating services (e.g., climate regulation, water purification)
¢) Cultural services (e.g., recreation, spiritual significance)
d) Supporting services (e.g., nutrient cycling, habitat formation)
e) Other (please specify)

Coastal Area (4): [Insert Selected Coastal Area]
a) Provisioning services (e.g., seafood, medicinal plants)
b) Regulating services (e.g., climate regulation, water purification)
¢) Cultural services (e.g., recreation, spiritual significance)
d) Supporting services (e.g., nutrient cycling, habitat formation)
e) Other (please specify)

Coastal Area (5): [Insert Selected Coastal Area]
a) Provisioning services (e.g., seafood, medicinal plants)
b) Regulating services (e.g., climate regulation, water purification)
¢) Cultural services (e.g., recreation, spiritual significance)
d) Supporting services (e.g., nutrient cycling, habitat formation)
e) Other (please specify)

Coastal Area (6): [Insert Selected Coastal Area]
a) Provisioning services (e.g., seafood, medicinal plants)
b) Regulating services (e.g., climate regulation, water purification)
¢) Cultural services (e.g., recreation, spiritual significance)
d) Supporting services (e.g., nutrient cycling, habitat formation)
e) Other (please specify)

Coastal Area (7): [Insert Selected Coastal Area]
a) Provisioning services (e.g., seafood, medicinal plants)
b) Regulating services (e.g., climate regulation, water purification)
¢) Cultural services (e.g., recreation, spiritual significance)
d) Supporting services (e.g., nutrient cycling, habitat formation)
e) Other (please specify)

Coastal Area (8): [Insert Selected Coastal Area]
a) Provisioning services (e.g., seafood, medicinal plants)
b) Regulating services (e.g., climate regulation, water purification)
¢) Cultural services (e.g., recreation, spiritual significance)
d) Supporting services (e.g., nutrient cycling, habitat formation)
e) Other (please specify)

Coastal Area (9): [Insert Selected Coastal Area]
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a) Provisioning services (e.g., seafood, medicinal plants)

b) Regulating services (e.g., climate regulation, water purification)
¢) Cultural services (e.g., recreation, spiritual significance)

d) Supporting services (e.g., nutrient cycling, habitat formation)

e) Other (please specify)

Coastal Area (10): [Insert Selected Coastal Area]
a) Provisioning services (e.g., seafood, medicinal plants)
b) Regulating services (e.g., climate regulation, water purification)
¢) Cultural services (e.g., recreation, spiritual significance)
d) Supporting services (e.g., nutrient cycling, habitat formation)
e) Other (please specify)

Section 4: Conclusion
8. Inyour opinion, what are the key actions that should be taken to ensure the sustainable management and
conservation of marine ecosystem services in Agaba? (Open-ended question)

Thank you for your participation in this survey! Your input is greatly appreciated and will contribute to our
understanding of marine ecosystem services in Agaba.
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