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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Manuscript, or the essence of their content, must be previously unpublished and should not be under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.



References

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
published during the same year, the reference should be identified by the letters "a", "b", "c", etc.,
placed after the year of publication. This should be followed both in the text and reference list. e.g.,
Hilly, (2002a, 2002b); Hilly, and Nelson, (2004). Articles in preparation or submitted for publication,
unpublished observations, personal communications, etc. should not be included in the reference list
but should only be mentioned in the article text ( e.g., Shtyawy,A., University of Jordan, personal
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
should be given in full. The author is responsible for the sccuracy and completeness of the references
and for their correct textual citation. Failure to do so may result in the paper being withdraw from the
evaluation process. Example of correct reference form is given as follows:-

Reference to a journal publication:

Bloch BK. 2002. Econazole nitrate in the treatment of Candida vaginitis. S Afr Med J. ,58:314-323.
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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
mentioned in parentheses at first use of their English term.

Chemical nomenclature, as laid down in the International Union of Pure and Applied Chemistry and
the official recommendations of the [UPAC-IUB Combined Commission on Biochemical Nomenclature
should be followed. All biocides and other organic compounds must be identified by their Geneva
names when first used in the text. Active ingredients of all formulations should be likewise identified.



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
was originally published must be obtained and the fact that the article has already been published must
be made clear on submission and stated in the abstract. It is compulsory for the authors to ensure that
no material submitted as part of a manuscript infringes existing copyrights, or the rights of a third
party.

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

The heavy metal content of Pb, Zn, and Ni in soil, nettle plants (rhizomes, stems, and leaves), and snail shells was
investigated in this study. Samples were collected during the summer-autumn period of 2020 from the vicinity of the TC
Kosova A power plant in Obiliq (Prishtina), Kosovo, and compared to samples from the control site, Brezne-Opoja. Soil
samples were dried at 105°C for 48 hours and treated with a mixture of 69% HNO3 and HClcc in a 1:3 ratio. Similarly, biota
samples were dried at 105°C for 48 hours and treated with a mixture of 69% HNO3 and H202cc in a 1:3 ratio. All sample
types were digested in the microwave at 200°C for 45 m inutes and analyzed using a flame type absorber (Analyticyena
Contra AAA).

The results indicate significantly higher concentrations of Pb, Ni, and Zn in the Obiliq area compared to Opoja, in both soil
and biota (nettle and snail shells), suggesting potential environmental impact from the nearby coal-burning plant, heavy
traffic, or other urban services. The average values generally fell below the limits specified by the UK (1989) or Germany
(1992) standards (Directive 2008/50/EC). However, the Zn content in all soil samples exceeded the German standard. Pb and
Zn were found to be extensively absorbed by nettle plants (U. dioica) and garden snails (H. pomatia), whereas Ni showed no
significant bioaccumulation in either species, despite its high concentration in the soil. Nettle plants exhibited heavy
bioaccumulation of Pb, reaching levels up to 105.6 mg/kg dw, surpassing the German standard limit. Nettle plants show
promise in the phytoremediation and soil amendment processes for heavy metal pollution, particularly for Pb and Zn, but not
for Ni. Garden snails can serve as bioindicators for assessing heavy metal pollution and its impact on transfer processes
within the food chain, as well as the resulting effects on biochemical and physiological processes in living organisms,
specifically in relation to oxidative stress. The contamination of soil and biota with heavy metals in the Obiliq area should be
regarded as a significant concern. Therefore, regular monitoring of heavy metal content in agricultural, garden, livestock,
and poultry activities is necessary to mitigate the associated health risks to humans.

Keywords: TC Kosova A, heavy metals, stinging nettle, snail, bioaccumulation

the contamination of soil and air with particulate matter,

1. Introduction

The electricity sector in Kosovo heavily relies on coal-
fired power plants, particularly Kosova A and Kosova B,
which have been operational since 1983. Located in
Kastriot (Obili¢), just 13 km away from Prishtina, the
capital of K osovo, these power plants are known to be
major sources of pollution in Europe, emitting significant
amounts of pa rticulate matter and sulphur dioxide. The
nearby lignite mines in Bardh and Mirash villages supply
the fuel for these plants. As the harmful effects of heavy
metals (HM) as environmental pollutants become more
apparent and present a growing concern for their presence
in soil and their potential to penetrate the food c hain,
leading to bioaccumulation in plants, animals and
ultimately to humans. Various human activities, including
mining, traffic, and intensive agriculture, can contribute to

" Corresponding author. e-mail: kemajl.bislimi@uni-pr.edu

especially during dry and windy weather conditions. The
concentrations of heavy metals in the soil are influenced
by factors such as the chemical properties of the soil and
the distance from the contamination source. The amount of
heavy metals absorbed by biota depends on the type and
concentration of the metals, as well as the specific plant
and animal species involved.

Nettle plants (Urtica dioica L.) and land snails (Helix
pomatia L.) are examples of organisms that naturally
accumulate heavy metals, particularly Pb, Zn, and Ni. In
industrial areas and along urban settlements and roads,
these metals tend to accumulate in snail shells and tissues.
Nettle plants, characterized by their erect green stems and
stinging hairs, are herbaceous perennials that grow up to 2
meters tall during the summer and die off in winter. They
are commonly found in Kosovo, particularly in moist and
nutrient-rich soils near human settlements. The young
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shoots of ne ttle plants are traditionally valued for t heir
medicinal properties and as a food source.

The Roman or garden snail, onthe other hand, is a
large land gastropod mollusk that prefers habitats with
calcareous substrate, high humidity, lower temperatures,
and soft soil fore gg-laying and hibernation. Feeding
primarily on fresh green plant parts, garden snails can live
up to 8 years in controlled environments but have a shorter
lifespan in the wild. Both nettle plants and garden snails
are considered Least Concern species on the IUCN Red
List, although habitat disturbance and unsustainable
harvesting pose threats to their populations.

The Obiliq area, where the TC Kosova A power plant
is located, has long been exposed to industrial operations,
making it susceptible to heavy metal pollution. The
landscape has been significantly altered due to open-cast
mining activities, resulting in large dumps of o verburden
and solid wastes such as ash and sludge. These industrial
activities contribute to high levels of dust, sulphur dioxide,
and nitrogen oxides, with lead, cadmium, mercury, and
arsenic being prevalent contaminants in the area.

In this study, we aim to investigate the impact and
distribution of heavy metals (Pb, Zn, Ni) in soil, nettle
plant parts (rhizomes, stems, and leaves), and snail shells
collected around the TC Kosova A power plant in Obiliq,
Kosovo. A comparison will be made with samples
collected from Brezne-Opoja, serving as a control site. The
goal is to provide an updated assessment of the
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environmental conditions in the vicinity of TC Kosova A,
specifically focusing on heavy metal concentrations in the

soil and their potential mobility to different parts of nettle
plants and snail shells.

2. Materials and methods

Soil samples, as well as samples of common nettle (U.
dioica) and Roman or garden snail (H. pomatia) (Fig. 3),
were collected for the purpose of analyzing heavy metal
concentrations, specifically Pb, Zn, and Ni. The sampling
took place during the summer-autumn period of 2020 in
two locations: around the TC Kosova A power plant in
Obiliq, Kosovo, and in Brezne-Opoja, a mountainous plain
in the south of Kosovo situated at an elevation of 1380 m
above sea level, which is considered an unpolluted control
site (Fig. 1).

The area surrounding TC Kosova A was divided into
four geographical regions: northwest, northeast, southeast,
and southwest, each encompassing imaginary circles at 1
km, 2 km, and 5 km radii. A total of 12 sampling stations
were selected, with three stations in each region (Fig. 2
above). At each sampling site, 10 material samples were
collected, including soil, nettle plants, and snails, resulting
in a total of 120 samples. Additionally, in the control site
of Brezne-Opoja, which was also divided into four
geographical regions mirroring those in Obiliq (Fig. 2
below), 10 samples of soil, nettle plants, and snails were
collected separately, amounting to 30 samples in total.

o

426796473, 210957610

FRY. -

42673005, 21.094527
K J
_, &
42.670428, 21 090308 ~

ke e

(™
{7

= 42668714, 21 084666

Figure 1.Kosovo map where the two sampling places are shown: TC Kosova A in Obiliq and Brezne-Opoja (control site) (elaborated in

Google Earth 2015).
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Figure 2. Schematic representation of the sample collection at locality TC Kosova A, Obiliq (above) and at the unpolluted locality Brezne-

Opoja (below).

Figure 3. Photo of common nettle (U. dioica) from Obiliq:
vegetative shoots and an individual of garden snail (H. pomatia)
(white arrow) in it (© M. Bici).

Soil samples were collected manually using a hand
probe at a depth of 15¢ m from undisturbed areas,
following the methods described by Kluge and Wessolek
(2012) and ISO11466 (1995). The collected soil samples
were then ground using a soil mill and placed in glass
cups, after which they were dried in a thermostat at 105°C
for 48 hours to eliminate moisture. A 0.3 g portion of the
dried soil sample (based on dry weight) was subjected to
treatment with a mixture of 69% HNO3 and HClcc (Merck
Millipore) in a 2:6 ratio, using Teflon columns. The
samples were digested in a microwave instrument
(Analyticyena TOPwave) at 200°C for 45 m inutes. After
filtration, the contents were transferred to 50 ml glass
containers using distilled water. Analysis of metals Pb, Zn,
and Ni was conducted using a flame type absorber
(Analyticyena Contra AAA) with the application of Merck
Millipore ICP multi-element standard solution 111355.

Samples of nettle plants and snails (4-6 years old) were
collected from the same habitats. The vegetative parts of
the nettle plants (rhizomes, stalks, and leaves) were
separated and washed with distilled water. They were then
dried at 105°C for 24-48 hours and ground using a Philips

kitchen mixer. A 0.5 g portion of the sample was treated
with ultra-pure nitric acid (HNO3) of 69% p urity and
Lachner hydrogen peroxide (H202) of 30% purity in a 1:3
ratio. The samples were digested in a microwave
instrument at 200°C for 45 m inutes. After filtration, the
contents were transferred to 50 ml glass containers and
normalized with distilled water. Analysis of metals Pb, Zn,
and Ni in the samples was performed using a flame
absorber (Analyticyena Contra AAA).

Bioaccumulation factor (BCF) and transfer factor (TF)
calculations were carried out to assess the movement of
heavy metals from the soil to different plant parts
(rhizomes, stems, and leaves), as well as from leaves to
snail shells in the Obiliq area at distances of 1 km, 2 km,
and 5km. The BCF was determined using the formula:
BCF = Cbiota / Csoil, where Cbiota represents the
concentration of the metal in plant or animal tissues (dry
weight) and Csoil represents the concentration of the metal
in the soil (mg/kg dry weight). The TF within plant parts,
such as from rhizomes to stems or leaves, and from leaves
to snail shells, was calculated using the formulas: TF =
Cshoot/leave / Crhizome and Cshells / Cleaves,
respectively. Here, Cshoot, Cleave, Crhizome, and Cshells
represent the concentrations of heavy metals in the plant
shoot, leaves, rhizomes, and snail shells, respectively
(Galal and Shehata, 2015).

The statistical analysis of t he results was performed
using Minitab® 19 software, including the Tukey-Kramer
Test and ANOVA software for Excel.

3. Results

Table 2 presents the average concentrations of heavy
metals (Pb in mg/kg, Ni in pg/kg, and Zn in mg/kg)
reported as dry weight values fora 1l sample types,
including soil, nettle parts (rthizomes, stems, and leaves),
the overall nettle plant, and snail shells collected from
Obiliq and Opoja. The data is also visually represented in
Figures 4 and 5. Due to the low levels of nickel observed
in the vegetative organs, the concentration is reported in
pg/kg for both nettle and shell samples in all cases.
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Additionally, Table 2 provi des information ont he
concentrations, bioaccumulation factors (BCFs), and
transfer factors (TFs) of he avy metals from the soil to

rhizomes, from rhizomes to stems and leaves, and from
leaves to shells in the Obiliq area at distances of 1 km, 2
km, and 5 km.

Table 1. Average data of heavy metals (Pb, mg/kg, Ni, pg/kg, Zn, mg/kg), reported as dry weight values, in all sample types: soil, nettle
parts (rhizomes, stems and leaves), overall nettle plant, and snail shells from Obiliq and Opoja.

HMs / Sample Soil SD Rhizome SD Stem SD Leave SD Nettle Snail SD
Obiliq 1 km

Pb, mg/kg 32.6 0.4 225 1.9 16.8 2.72 15.4 23 18.23 11.6 1.4
Ni, ng/kg 186.7 5.1 0.06 5.1 0.093 52 0.015 1.2 0.06 2.8 24
Zn, mg/kg 161.5 33 44.7 10.9 13.9 6.27 11.4 1.3 23.33 445 5.6
Obiliq 2 km

Pb, mg/kg 77.3 1.3 17.7 6.65 10.8 2.48 12.7 2.2 13.73 11.1 1.38
Ni, pg/kg 2149 04 0.065 0.95 0.084 4.1 0.017 1.3 0.06 1.58 2.5
Zn, mg/kg 230.8 132 253 12.3 16.1 9.15 6.6 1.1 16.00 40.7 43
Obiliq 5 km

Pb, mg/kg 90.4 1.4 56.1 0.46 99.3 5.25 105.6 54 87.00 10.3 1.29
Ni, ng/kg 2522 0.5 0.06 3.05 0.014 23 0.032 25 0.04 23 2.1
Zn, mg/kg 2909 9.6 33.5 3.05 19.8 9.71 23.5 1.4 25.60 40.9 6.34
Obiliq area, overall average

Pb, mg/kg 66.77 1.03  32.10 3.00 4230 348 4457  3.30 39.66 11.00 136
Ni, pg/kg 217.93 2.00 0.06 3.03 0.06 3.87 0.02 1.67 0.05 2.23 2.33
Zn, mg/kg 227.73 870  34.50 8.75 16.60  8.38 13.83 1.27 21.64 42.03 541
Opoja

Pb, mg/kg 9.23 0.9 0.16 0.12 0.078  0.035 0.012  0.09 0.08 0.09 0.02
Ni, pg/kg 25.1 1.3 0.021 0.019 0.034  0.013 0.054  0.026 0.04 0.011  0.05
Zn, mg/kg 46.2 0.62  0.042 0.021 0.026  0.018 0.045  0.017 0.04 0.025  0.09

Table 2. Concentration, bioaccumulation factor (BCF), transfer factor (TF) of heavy metals from soil to rhizomes, from rhizomes to stems
and leaves, and from leaves to shells in Obiliq (1 km, 2 km and 5 km).

Sample C BCF TF C BCF TF C BCF TF
Obiliq 1 km Obiliq 2 km Obiliq 5 km

Pb (mg/kg)

Soil 32.6 90.3 77.4

Rhizome 22.5 0.69 17.7 0.2 56.06 0.72

Stem 16.8 0.52 0.75 10.8 0.12 0.61 99.25 1.28 1.77
Leaf 15.3 0.47 0.68 12.7 0.14 0.71 105.6 1.36 1.88
Shell 11.7 0.36 0.76 11.1 0.12 0.87 10.33 0.13 0.1
Zn (mg/kg)

Soil 162 231 290.9

Rhizome 44.7 0.28 253 0.82 33.51 0.12

Stalk 14 0.08 0.31 16.1 0.07 0.64 19.84 0.07 0.59
Leaf 11.4 0.07 0.25 6.62 0.03 0.26 23.47 0.08 0.7
Shell 44.5 0.28 3.89 40.7 0.18 6.15 40.92 0.14 1.74
Ni (ug/kg)

Soil 187 215 2522

Rhizome 0.08 0.04 0.06 0.03 0.05 0.02

Stalk 0.09 0.05 0.01 0.08 0.04 0.01 0.014 0.05 0.03
Leaf 0.02 0.08 0.02 0.02 0.08 0.03 0.032 0.01 0.06
Shell 8.17 0.04 0.06 1.58 0.07 0.94 2.3 0.09 7.2

Significant differences were observed between the
samples collected from Opoja (Op) and those from Obiliq
(p<0.001; n=10) as depicted in Figures 4 and 5. Table 1
and Figures 3a, c, and e demonstrate that the heavy metal
(HM) content in the soil was generally higher compared to
the biota. Nettle plants showed a greater affinity for
absorbing Pb compared to Ni or Zn. On the other hand, the
garden snail exhibited a higher bioaccumulation of Ni and
Zn in its shell than Pb (Figures 4b, d, and f). Notably,
higher HM values were recorded at a distance of 5 km,

followed by lower values at 2 km, and the lowest values at
1 km in the Obiliq area. While the HM content in the soil
increased with the distance from TC Kosova A, this trend
was not consistently observed in plant and shell samples.
For instance, Ni content in plant vegetative organs and
shell did not show a similar increase with distance (Figure
5).

Overall, the concentrations of HMs in both soil and
biota were generally below the limits set by the UK (1989)
and Germany (1992) standards (Directive 2008/50/EC).
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However, the average Zn content in the soil samples from
Obiliq at 2km, 5km, and Obiliq itself exceeded the
German standard (highlighted in red in Table 1). Lead,
which is bioaccumulated in nettle plants up to 105.6 mg/kg
dry weight, surpassed the limit set by the German
standard. Furthermore, when compared to the control site
in Opoja, both soil and biota samples consistently
exhibited higher HM content (Table 1), indicating
pollution in the area, possibly resulting from the coal-
burning plant, heavy traffic, or other urban activities.

The relatively high content of Pb absorbed by nettles
raises concerns for animal health, particularly for grazing

Pb, mg/kg dw

animals and human consumption. The young shoots of
nettle plants are traditionally harvested and used in various
food preparations, such as 'burek,' 'lakror,' or' pispilit.’
Additionally, nettle leaves are commonly traded as
medicinal plants. Similar considerations apply to garden
snails, as their preferential bioaccumulation of Ni and Zn
can have detrimental effects on other biota higher up in the
food chain (e.g., birds and mammals) as well as on human
health. Garden snails are often harvested and consumed as
food, and they are also traded in the pharmaceutical and
cosmetic industries.
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Figure 4. Average content of heavy metals considering the distance from TC Kosova A (1 km, 2 km dhe 5 km) and Opoja, in all sample
types (soil, thizomes, stems, leaves, snail shells) (a, c, e), and in soil, whole plant (nettle) and snail shells (b), and only nettle and snail (d, f).
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Figure 5. Average content of heavy metals in Obiliq and Opoja; for Pb in soil, whole plant (nettle) and snail shells; and for Ni and Zn in

nettle plant and snail shells.

4, Discussion

The overall contamination of heavy metals (HMs) in
Obiliq poses a serious threat not only to the indicated
species but also to other biota, plants, animals, and human
life itself. Similar to the nettle and snail, other plants and
animals living in the area, including cultivated vegetables,
crops, fruit orchards, and livestock and their products, may

be affected. Bislimi et al. (2013) reported data on
hemocyanin (Hc) and transaminase activity (AST and
ALT) in garden snails (H. pomatia) from the Obiliq Power
Plant area. Bislimi et al. (2021) provided data on heavy
metal concentrations (Pb, Ni, Cd, Cu, Fe) in soils and
plants (U. dioica) around the Kishnica mineral deposit.
Additionally, Carkaj et al. (2022) reported data on heavy
metals (Pb, Zn, Cu, Cd) in garden snails collected around
the Trepga smelter and Vernica village (control area) in
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Mitrovica. Demaku et al. (2022) presented data on heavy
metals (Pb, Fe, Cd, Zn, Ni, Al, Cu, Mn, Cr) in water,
sediment, and soil around the Sitnica River, which flows
through the Kosovo A landfill, during April, July, and
October of 2018. According to their findings, the order of
HMs in almost all soil samples was Pb > Fe > Ni > Cd >
Mn > Al > Cu > Zn and > Cr, which is consistent with our
results from soil samples in Obilig: Pb 0.7 mg/kg > Ni
0.17 mg/kg > Zn 0.25 mg/kg.

The relatively high nickel content in Obilig,
particularly at a distance of 5 km in the southern area,
indicates the polluted state of the zone. The source of
nickel, lead, and zinc is likely the power plants, resulting
from the combustion of lignite and substandard oil during
turbine ignition for e nergy production, as well as from
industrial and municipal waste. Factors such as ash dumps,
wind rosettes, and heavy coal-carrying vehicles likely
contribute to their distribution in the southwest part of the
area. The Pb content in soil samples at 1 km was 38.5
mg/kg in the southern part and 26.8 mg/kg in the northern
part. The Ni content was 162.2 pg/kg in the northern part
and 211.2 pg/kg in the southern part, while the Zn content
was 151 mg/kg in the northern part and 179.9 mg/kg in the
southern part. At a distance of 2 km, the soil content was:
Pb 35.4 mg/kg in the northern samples and 52.9 mg/kg in
the southern part; Ni was 213.5 ug/kg in the north and
216.3 pg/kg in the south; Zn was 162.3 mg/kg in the north
and 188.1 mg/kg in the southern samples. At a distance of
5 km, the respective average values were: Pb 58.6 mg/kg,
Ni 215 pg/kg, Zn 218.3 mg/kg in the north soil samples,
whereas Pb 96.3 mg/kg, Ni 288.7 pg/kg, Zn 280.1 mg/kg
in the south soil samples in the polluted area (Table 1).

These findings align with the fact that nickel is a
widely dispersed transition element present in the
environment, including air, water, and soil. It can originate
from both anthropogenic activities and natural sources
(Genchi et al., 2020). Altikulag et al. (2022) confirmed that
the concentrations of Ti, V, Cr, Mn, Fe, Cu, Zn, As, Sr,
Hg, and Pb in fly ash are higher compared to those in slag.
Furthermore, highly toxic heavy metals such as As and Hg
are significantly enriched in coal compared to the average
Earth's crust. Some heavy metals may leach from ash and
slag heaps, contaminating agricultural areas, soil, surface
water, and groundwater.

Table 2 displays the bioaccumulation values of heavy
metals from soil to plants or animals. In some cases, such
as different parts of t he nettle plant (rhizomes, stems,
leaves) and shells, the bioconcentration factor (BCF) for
Pb and Zn is <I, indicating biomagnification along the
food chain. These results are consistent with those of other
studies (Nica et al.,, 2012; Salih et al., 2021). In ot her
cases, BCF is close to 1, while very low translocation
values were recorded for Ni.

The concentration of he avy metals in soil and plant
species is influenced by various factors such as
bioavailability, cation exchange capacity, pH, vegetation
season, climatic conditions, age, and nutrition of animals
like snails, mammals, and humans (Gardiner et al., 1995).
Our data challenges the claim by Bislimi et al. (2013) that
snails (H. pomatia) are super bioindicators of
environmental degradation due to their sensitivity to heavy
metals and other pollutants. Carkaj et al. (2022) also
emphasizes that garden snails can accumulate relatively
high concentrations of heavy metals and survive, making

them a good model for biomonitoring heavy metals in the
environment.

The mining industry, including soil, groundwater, and
air pollution, is often responsible fore cological and
environmental problems (Zhang et al., 2019). Heavy metal
contamination has become a significant environmental
issue in mining regions, affecting the quality of
agricultural goods and ultimately impacting human health.
Therefore, soil and water-related environmental challenges
play a crucial role in agriculture (Linhua and Songbao,
2019). HMs, such as Cd, Pb, Ni, and Cr, may have long-
term effects on human health through the consumption of
apple fruit and other plants, with the possibility of these
elements entering the food chain (Imeri et al., 2019). Pb
and Zn frequently exceed the maximum permissible limits
set by various countries and are responsible for most of the
potential ecological impact in the studied sites (98.64%)
(Yahya et al., 2021).

Pb, Cd, and Ni are examples of non-essential elements
that tend to accumulate in vegetative parts and biomagnify
from roots to stems and leaves with translocation factor
values >1 (Bislimi et al., 2021). Furthermore, their
potential bioavailability in products near contaminated
soils is found to be extremely high (Zogaj et al., 2014).
The nettle plant (U. dioica) has been shown to
bioaccumulate and translocate heavy metals, making it a
potential candidate for ph ytoremediation and soil
amendment processes, particularly for Pb (Bislimi et al.,
2021). Heavy metals, particularly Pb, Zn, and Ni,
bioaccumulate in the shells and tissues of snails, and this
bioaccumulation is more common in industrial areas and
along urban highways (Salih et al, 2021). To fully
understand the human risks associated with heavy metal
pollution, further research is needed on other plant species
(cereals, fruits, vegetables), different locations, and routes
of metal exposure, such as the consumption of a nimal
foods (meat, milk, eggs), drinking water, or air contact
(Filimon et al., 2021).

Our results demonstrate that the heavy metal content
(Pb, Ni, and Zn) in the Obiliq area is significantly higher
compared to Opoja, both in soil and biota (nettle and snail
shells), indicating the environmental impact likely from
coal-burning plants, heavy traffic, or other urban services.
While the average values generally fall below the limits set
by standards like those ofthe UK (1989) or Germany
(1992) (Directive 2008/50/EC), Zn content in all soil
samples exceeds the German standard, and Pb is heavily
absorbed by nettle from the soil, with concentrations as
high as 105.6 mg/kg dw in its leaves, surpassing the limit
of the German standard.

5. Conclusions

The observed soil pollution by heavy metals (HMs) in
Obiliq is likely attributed to the emissions from the
chimneys of the Kosovo A power plant, as well as the
dispersion of ash and its widespread distribution across the
area. The presence of wind rosettes contributes to a higher
dispersion in the southern part compared to the northern
part.

Pb and Zn show a higher affinity for uptake by both the
nettle plant (U. dioica) and the garden snail (H. pomatia),
whereas Ni does not exhibit significant bioaccumulation in
either species despite its high concentration in the soil. The
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nettle plant shows potential for effective phytoremediation
and soil amendment processes to address heavy metal
pollution, particularly for Pb and Zn, but not for Ni. The
garden snail can serve as a valuable bioindicator for
assessing heavy metal pollution and its impact on transfer
processes within the food chain, as well as its effects on
the biochemical and physiological processes of living
organisms.

The contamination of soil and biota with HMs in the
Obiliq area is a matter of serious concern. It is crucial to
regularly monitor the HM content in agricultural, garden,
livestock, and poultry products from this region to prevent
potential risks to human health.
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Abstract

Citrus is an essentially important fruit that grows in diverse parts of the world. India is one of the chief producers of Citrus
species. The most important varieties cultivated in West Bengal, India are: Paati, Gondhoraaj, Kaghchi, Batapi, Rangpur,
Kamala and Musambi. This research aimed at profiling the volatile organic compositions of the essential oils (EOs) of a few
popularly cultivated Citrus sps, isolated, in their fresh and dehydrated conditions, both from leaves as well as from fruit
rinds. GC-MS (Gas Chromatography - Mass Spectrometry) analyzed a total of 78 metabolites belonging to different classes.
This study has established a comprehensive volatile profile of Citrus species. The essential oils (EOs) isolated using hydro-
distillation method from the discarded rinds and leaves can be used as a potential source of aroma and flavour compounds
for the emerging nutritional market. The PLS-DA (Partial Least Squares — Discriminant Analysis) and HCA (Hierarchical

Cluster Analysis) showed distinct clusters for dehydrated and fresh rind and leaf samples of all the studied species.

Keywords: volatile organic compounds, fruit rind, GC-MS, PLS-DA, HCA

1. Introduction

Among the different horticultural fruit crops, Lemon
(Citrus sp.) is one of the chief fruit crops cultivated around
the globe, with universal agricultural produce exceeding
80 million tons / year (Marin et al., 2007), and is the
largest genus belonging to the family Rutaceae with
approximately 70 species (Mahato et al., 2020). The Citrus
sps and varieties are a prospective source of essential oils
worldwide, utilised in flavour industries of alcoholic and
non-alcoholic beverages, confectionaries, cookies, desserts
and also in perfumery, cosmeceutical and nutraceutical
industries. Int he pharmaceutical industry, the volatile
essential components play a major role in masking the
disagreeable bitter tastes of medicines (Steuer et al., 2001;
Nguyen et al. 2009). EOs may improve the olfactory
properties viz., flavour, odour and colour when added to
food substances (Maroid, 2016). The rinds (flavedo) of the
fruits contain oil glands that contain essential oil fractions
composed of s everal important volatile and semi-volatile
compounds (Dugo and Mondello, 2011; Tranchida et al.,
2012; Sarrou et al., 2013). The Citrus essential oils are
mostly obtained from the flavedo or fruit rinds, but flowers
and foliages are also exploited. The most studied Citrus
EO compositions from rinds, leaves and flowers of Citrus
sp. comprise C. x sinensis (L.) Osb. (Sweet orange), C.
reticulata Bl. (Mandarin), C. paradise Macfad.
(Grapefruit), C. grandis (L.) Osb. (C. maxima Burm.
pummelo), C. limon (L.) Burm.f. (Lemon), C. medica L.
(Citron), C. x aurantifolia (Christm.) Swingle (Lime), C.
aurantium (Bitter orange), C. bergamia Rissoet Poit.

" Corresponding author. e-mail: susouravipar@gmail.com.

(Bergamot orange) and C. junos Sieb. ex. Tanaka (yuzu)
(Gonzalez-Mas et al., 2019).

The different species of Citrus fruits are cheaply
available throughout India and they are very popular fruits
because of the economical source of nutritive juices, rich
in vitamins and minerals. After consumption of the edible
parts of Citrus fruits, the fruit rinds are discarded as waste.
The discarded rinds could be a source of e ssential oils
needed for various industrial purposes. Massive amounts
of Citrus waste, especially rinds, are generated
internationally, and these are an ecological menace in
several areas of the globe. Moreover, essential oils present
in the rinds of oranges are fatal to yeasts (Murdock and
Allen, 1960) and deter the progress of yeasts, molds and
bacterial growth (Subba et al., 1967). Various studies have
shown that incorporating Citrus rinds as powder or as EOs
into food products may enhance the food’s quality without
negatively affecting the sensory attributes when added at
the right amount (Ademosun, 2022). So, it is noteworthy to
use Citrus wastes scientifically in food-nutrients industries
and other areas (Tripodo et al., 2004; De Gregorio et al.,
2002; Lo Curto et al., 1992).

The EOs present in oil glands are foundat diverse
layers in the rinds and cuticles of Citrus fruits and leaves.
The EOs are released when oil glands are squashed,
smashed or broke n. These essential oils are used for
flavouring ingredients in drinks, ice creams and other food
products, also used in the preparation of toilet soaps,
perfumes, cosmetics and other home and health care
products (Raeissi et al., 2008).

Some plants’ essential oils (EOs) are ranked among the
most bioactive EOs in the world (Gherairia et al., 2022)
and Citrus EOs are very common around the world. The
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isolation of EOs from Citrus vegetal materials (rinds and
leaves) is based onh ydro-distillation principally in
Clevenger-type hydro-distillation (Asikin et al., 2015;
Fancello et al., 2016, Ben Hsouna et al., 2017). So for this
purpose, fresh lemon rinds are used to obtain essential oils
which possess the characteristic aroma and flavour
(Fierascu et al., 2019). Many researchers have deciphered
the volatile profile of essential oil from the lemon rinds,
but information on the comparison of fresh and dehydrated
rinds as well as their leaves of the studied Citrus samples
is not yet reported.

Recently, the idea of valorization of agro-industrial bio-
wastes following the recently developed extraction
processes has been increasingly applied as an emerging
tool to manage and recover value-added products (Zema,
Calabro et al., 2018) including Citrus rinds and pulps
(Zema, Folino et al., 2018; Forney and Song, 2017; Zhang
et al., 2019). Citrus rinds and leaves are under-exploited
owing to the availability of scant information fori ts
recycling and valorization. These products deserve to be
reconnoitred as a promising and valuable source of aroma
and flavour compounds significant fort he flavour and
fragrance, nutraceutical, cosmeceutical and functional food
industries. So, the focus of this study was to detect and
quantify the volatile profiles of a few popularly cultivated
species of Citrus from the essential oils (EOs) of't heir
rinds and leaves using the hydro-distillation method under
fresh and dehydrated conditions in order to compare the
yield and their essential oil compositions. From this study,
enough information could be assimilated about the
chemical variability of the rinds and leaves of these Citrus
species of West Bengal, India.

2. 2. Materials and Methods

2.1. Collection of samples and preparation

Healthy fully mature ripened fruits of2. 5 to 3
kilograms each of the seven different species of Citrus
(Fig.1) were used in the current study: Citrus x
aurantifolia (Christm.) Swingle (Paati), Citrus medica L.
(Bir-jara / Kaghchi), Citrus x sinensis (L.) Osbeck cv.

Mosambi [Godhadi type (thick skinned)], Citrus reticulata
Blanco (Darjeeling Mandarin), Citrus limon (L.) Osbeck
(Gondhoraj), Citrus x limonia Osbeck (Rangpur/Gora),
Citrus maxima Merr. (Batapi pomelo). Citrus reticulata
Blanco and Citrus x sinensis (L.) Osbeck were collected
from the local market in East Kolkata, West Bengal, India.
The collected samples of Citrus reticulata (Darjeeling
Mandarin) and Citrus x sinensis cv. mosambi were
harvested from fruit farms in Darjeeling and West
Medinipur district, West Bengal respectively, as confirmed
by the vendor. All the other species viz., Citrus x
aurantifolia (Paati), Citrus medica (Kaghchi), Citrus limon
(Gondhoraaj), Citrus maxima (Batapi pomelo) were
collected from the garden of Lady Brabourne College,
South Kolkata, and Citrus x limonia (Gora) was collected
from alocal garden in Salt Lake, East Kolkata, West
Bengal. The collection of the fruits was done under the
same climatic conditions. The climatic condition at the
time of ¢ ollection was mild winter, with temperatures
ranging between 20 and 25° C. in the months of February
and March. The Citrus fruit species were identified by
Prof. Pinaki Acharya, Professor in the Department of
Agriculture, University of Calcutta. After collection, the
Citrus fruit species were washed thoroughly under tap
water to remove the suspended particulate matters (SPMs)
and dirt. The fruits were then peeled off manually, but very
carefully. 100g of the lemon rinds were kept for drying at
room temperature for 2 - 3 days and 50g of the rinds were
kept fresh. Both dried and freshly scraped out rinds were
recycled for the isolation of EOs. The fresh rinds of C. x
aurantifolia could not produce isolatable essential oil (but
the oil droplets were founds uspended in the hydro-
distilled water) and the dried rinds of C. medica, C. x
sinensis, C. limon and C. x limonia could not be preserved
for EO isolation. The fresh leaves of Citrus x limonia and
Citrus limon were also collected, cleaned and torn into
pieces before the extraction of essential oils. Some of the
fresh leaves were left at room temperature for 2-3 days to
dehydrate. The leaves of ot her species could not be
collected in appreciable amounts for E O isolation.

Citrus medica

Citrus x aurantifolio

Citrus limon Citrus maxima

Citrus T;fr.iens:l:'s
| '0000
A

Fresh leaves of Citrus x limonia Fresh leaves of Citrus limon

Citrus x imonia

Citrus reticulata

T -

Figure 1. Fruits and leaves of the experimental samples
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2.2. Isolation of essential oils

For the isolation of essential oils, 50g of fresh rinds and
25g of dry rinds of each Citrus fruit were taken separately
in a 500 mL flask with 100 mL and 60 mL of double -
distilled water respectively. Similarly, 60g of fresh leaves
and 40g of dry leaves were taken separately with 200 mL
and 150m L ofdi stilled water, respectively. The
optimization of isolation as well as yield of volatile oils
was done by several factors, including EO extraction time,
temperature, water to plant material (rind / leaf) ratio and
also the sample size. As per literature (Bardakei et al.,
2019), the essential oils were isolated by the hydro-
distillation method using a Clevenger-type apparatus for 3
hrs at 100° C. The time of EO isolation was determined by
counting from the moment when the plant materials in the
flask started to boil and the first drop was distilled. The
hydro-distillation system was heated by a heating mantle,
placed under the flask containing the plant material and
distilled water. The condenser oft he Clevenger was
attached to a running tap water (Bardakei et al., 2019).
Once the mixture started boiling, the steam-volatile
components oft he samples were condensed, and the
insoluble, lighter than water, volatile oil was separated and
collected on the surface of the water. The essential oils
isolated were collected in 2 m1 Eppendorff (EP) tubes,
dehydrated over anhydrous sodium sulphate (Na,SO,).
Thereafter, the essential oils were taken in fresh EP tubes
and preserved in a -20° C. freezer (Bardakei et al., 2019)
with proper sealing until GC/MS analyses were conducted.
The EO extraction yields [average yields in mL/g, absolute
yields in g and % yield (v/w)] were recorded. The
percentage yield of EOs was computed using the below-
mentioned equation:

y=x/z *100 (i)

Where y is the EO yield (mL/g), x is volume of the isolated EO
(mL) and z is the mass of plant sample (g).

2.3. ldentification of volatile compounds

For the detection of volatile components, the EOs were
analyzed and identified using GC/MS. From each isolated
anhydrous EO of fresh and dried lemon rinds and leaves,
only 5 uL were diluted with 500 pL of n-hexane of HPLC
grade. To it 1uL of 0. 66% methyl myristate (methyl
tetradecanoate) mixed in n-hexane was used as an internal
standard and injected into GC via split-less mode. The
separation of EO components was done using a DB-5-MS
capillary column (Agilent ] & W; GC columns, USA) of
30 m length, 0.25 mm diameter and 0.25 mm narrow-bore
film of an Agilent 7890A GC equipped with a 5795C inert
MSD with Triple Axis Detector. The analysis was done
under the temperature programme: the oven temperature
ramp was set at 60° C (5 -minute hold time) to 220° C at
the rate of 4° C / minute and held for 10 minutes, pressure
8.232 psi, purge flow 24 mL /minute, 55 minutes of run
time. The injection temperature was set at 230° C, the MS
transfer line at 280° Ca nd the ion source at 250° C.
Helium was used as the carrier gas at a constant flow rate
of 1 mL /minute (carrier linear velocity of 36.623 cm/sec).
Samples (1 p L) were injected with a standard septum
purge flow mode, maintaining 3 minutes of solvent delay
to prevent sample overload. MS detector was operated on
the Electron Ionization (EI) method at 70eV (Karak et al.,
2016).

The constituents of EOs were detected by aligning the
fragmentation configuration of the mass spectral data of
samples with those of the G1033A NIST 2011 (N ational
Institute of Standards and Technology, USA: Agilent PMB
Search format) mass spectral library entries. Only the
compound hit that showed the highest matching factor
(MF) and reverse MF (RMF) (= 650) was considered
(Wahyuni et al., 2013). Confirmation of identification was
also done based ont he minimum deviation from the
Retention Index (RI) value entries in the NIST database.
Once the retention times of the alkane standards were
properly determined, the RI ofe ach compound was
calculated.

Metabolites were further confirmed by computing the
Arithmetic Index (Al) value by comparing the Al relative
to alkane standards (C;; to C,g) with reported literature
(Adams, 2009). When temperature programming is done,
an Arithmetic Index (AI) would be more appropriate than
a logarithm-based index. The Arithmetic Index (AI) was
computed exploiting the formula:

Al (unknown) = 100 Pz + 100 [RT (ynknown) - RT (P,)] /
(RT (Pz11) - RT(P,)]

(ii)

Where, P, = the no. of carbon atoms in the smaller alkane,
RT unknown = the retention time of the unknown compound,
RT (P,) = the retention time of the smaller alkane, RT
(P,+1) = the retention time of the larger alkane. An RI
deviation of < 50 units and Al deviation of < 20 units were
considered as reliable for the identification of components.
The quantitation ofi ndividual identified volatile
components was determined as a percentage of peak area
relative to the total peak area from the GC/MS study of the
samples.

2.4. Hierarchical Cluster Analysis

In this study, the results reported are the average values
of three biological replicates. The chemical compositions
of the Citrus EOs obtained from fresh and dry rinds as
well as leaves of different species were subjected to cluster
analysis. The EO compositions could be used as
operational taxonomic units (OTUs), and the relative
responses of the components detected were used to define
the chemical fingerprints between the volatile organic
compounds (VOCs) of the EOs of different Citrus species
using Hierarchical Cluster Analysis (HCA) using
Metaboanalyst 5.0 version. Dissimilarities were measured
using Euclidean distance and cluster analysis was done
using Ward’s method. PCA and PLS-DA were
accomplished using the same software.

Multivariate analysis (MVA) approaches for example
PCA and PLS are used to decipher the importance in
metabolomics raw datasets, where spectral characters
participating mostly for d istinction or di scrimination are
acknowledged for additional analysis (Worley & Powers,
2015).

3. Results and Discussion

3.1. Variability in the EOs’ yield

In this study, different species of Citrus, popularly
cultivated and available in plentiful amounts in West
Bengal, India were picked for evaluating the variability of
yield and characterisation in their essential oils. The total
volume (mL), absolute yield (g) and percentage yield
(w/v) of 50g of fresh fruit rinds of C. reticulata, C. x
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sinensis, C. limon, C. x limonia, C. medica, and C. and C. x limonia and 40g of dry leaves of C. limon were
maxima, 25g of dehydrated rinds of C. x aurantifoila, C. compared correspondingly (Table 1).
reticulata and C. maxima, 60g of fresh leaves of C. limon

Table 1. Variability of EOs’ yield in various Citrus species

Plant materials (fresh/dry) Weight Total Absolute Percentage 3.2. Variability in VOCs
of sample volume yield (g) yield (v/w) . .
() (mL) %) In this study, the variability of V OCs from the

EOs obtained from the studied Citrus species was
investigated by GC/MS study. A total number of 78

Fresh rinds C. reticulata 50 5.48 4.658 9.316 VOCs were recognised from the EOs of di fferent
Citrus species studied. The normalized data of the
C.x sinensis 50 3.174 3.332 6.664 relative responses of i ndividual compounds was
C. limon 50 1.03 0.999 1.998 deposited in Metaboanalyst 5.0. PCA (Fig. 2) and
C.x limoni . . 4l PLS-DA (Fig. 3) was performed and the metabolites
xlimonia 50 66 709 3418 responsible for their differentiation were determined
C.medica 50 0.625 0.613 1.225 based on V IP scores. Normalised values were also
C. maxima 50 0.3 0.261 0.522 subjected to ANOVA and Tukey’s HSD Post-hoc
test, designated 74 significant metabolites (p < 0.05)
Dehydrated C.x 25 0.945 0.926 3.704 . .
. . out of the 78 identified compounds. A Dendrogram
rinds aurantifoila . ;
was produced based ong eneralized logarithm
C. reticulata 25 3.67 3.927 15.708 transformed dataset.
C.maxima 25 0.1 0.085 0.34 The volatile metabolites identified were 11
Fresh leaves Citrus limon 60 063 0611 1108 monoterpenes, 12 sesquiterpenes, 10 aldehydes, 25
) alcohols, 8 ethers, 4 esters, 3 ke tones, 2
Citrus x 60 0.49 0.505 0.841 hydrocarbons and 3 unknown compounds presented
limonia in Table 2.
Dry leaves  C. limon 40 0.879 0.835 2.087
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Figure 2. Principal Component Analysis (PCA) of the Citrus species studied; C. x aurantifolia dry peel (CADP); C. limon dry leaf
(CLiDL); C. limon fresh leaf (CLiFL); C. x limonia fresh peel (CLiFP); C. x limonia fresh leaf (CLimFL); C. maxima dry peel (CMaDP); C.
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Table 2. List of volatile organic compounds identified in the seven Citrus species studied; RT =r etention time, Al calculated

experimental arithmetic index; Adam’s Al = literature Adam’s index, nd = not detected

Area percentage

Orange Orange Musambi Kaghchi Paati Batapi pomelo
Citrus reticulata Citrus Citrus x Citrus x Citrus Citrus maxima
reticulata sinensis aurantifolia medica
dry peel fresh peel fresh peel dry peel fresh peel  dry peel
Chemical Metabolites RT Al Adam's CRDP CRFP CSFP CADP CMFP CMaDP
classes calculated Al
Monoterpene  a-Pinene 10.919 933 932 nd 031+0.01 0.54+0.01 0.21 £0.002 0.002 + 0.23+0.01
0.01
Bicyclic Sabinene 12.55 974 969 nd nd nd 0.17 +£0.001 nd nd
monoterpene
Monoterpene  B-Pinene 13.102 988 974 1.196 +0.01 0.53+0.02 1.09+0.01 0.39+0.00 0.09+0.01 1.14+0.001
Bicyclic delta-3-Carene ~ 13.865 1007 1008  nd nd nd 0.40 +0.01 nd nd
monoterpene
Cyclic D-Limonene 15.041 1036 1024 84.48+0.001  88.40+0.002 92.18 +£0.001 97.30 +0.01 90.25 + 89.89 +0.003
monoterpene 0.00
Monoterpene  trans-p-Ocimene 15.468 1047 1044  nd nd nd nd nd nd
Monoterpene  a-Ocimene 16.292 1067 nd nd nd nd nd nd
Aldehyde Bergamal 16.379 1069 1051 nd nd nd nd nd nd
Ether a-Pinene oxide  16.824 1080 1099 nd nd nd nd nd nd
Monoterpene y-Terpinene 17.093 1086 1054 nd 7.18+0.003 3.09+0.01 nd nd 0.20 +0.02
Hydrocarbon  p-Mentha-1,4(8)- 17.286 1091 1080  8.05+0.02 nd nd nd nd 0.05 +0.002
diene
Ketone Chrysanthenone 17.433 1096 1124 nd nd nd nd nd nd
Hydrocarbon  a-Terpinolene 17.618 1099 1086 nd 0.18+0.001 0.12+0.00 0.04+0.01 nd nd
Aldehyde n-Nonanal 18.007 1109 1100 nd nd nd nd nd nd
Ether Rose oxide 18.027 1110 1106 nd nd nd nd nd nd
Alcohol B-Linalool 17.831 1105 1095  3.00+0.01 1.13£0.01 1.23+0.02 0.74+0.01 3.68+0.01 0.89+0.01
Monoterpene  p-Mentha-1,3,8- 18.541 1123 1108 nd nd 0.02+0.001 nd nd nd
triene
Monoterpene  Allo-Ocimene 18.818 1130 1128 nd nd nd nd nd nd
Monoterpene  Neo-allo-ocimene 18.844 1130 1140 nd nd nd nd nd 0.03 +0.001
Ethers cis-Limonene 19.088 1137 1132 nd nd nd nd nd nd

oxide
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Ethers trans- Limonene 19.339 1144 1137 nd 0.02+0.001 nd nd nd nd
oxide
Alcohol trans-3(10)- 19.434 1146 nd nd nd nd nd 0.07 £0.01
Caren-2-ol
Aldehydes B-Citronellal / 19.757 1155 1148 nd 0.052+0.001 0.11+0.01  0.05+0.01 0.13+0.001  0.23 +0.001
R)-(+)-
Citronellal
Cyclic L-isopulegol 19.882 1158 1145 0.16 £ 0.001 nd nd nd nd nd
nonaromatic
alcohol
Alcohol cis-Verbenol 20.14 1165 1137 nd nd nd nd nd 0.17 +£0.01
Ether Limonene oxide, 20.916 1185 1132 nd nd nd nd nd 0.52 +0.002
cis-
Alcohol L-terpinen-4-ol ~ 21.002 1187 1174  0.72+0.001 0.13+0.001 0.39+0.01 0.26+0.02 1.08+0.001 nd
Aldehyde 1,3,4-Trimethyl- 21.127 1190 nd nd nd nd nd nd
3-cyclohexenyl-
1-carboxaldehyde
Alcohol cis-p-mentha- 21.272 1194 1227 nd nd nd nd nd nd
1(7),8-dien-2-o0l
Alcohol L-a-Terpineol ~ 21.509 1200 1186  0.68 +0.002 0.16+0.01 0.34+0.001 0.11+0.001 2.42+0.001 0.12+0.02
Aldehyde n-Decanal 21.79 1208 1201 0.34+0.001 0.16+0.01 0.17+0.01 0.10+£0.02 nd 0.16 £0.03
Ketone D-Verbenone 22.075 1215 1204 nd nd nd 0.08 +0.002 nd nd
Alcohol cis-Carveol 22.447 1226 1226  0.41+0.001 nd 023+0.01 nd nd nd
Alcohol Citronellol 22.522 1228 1223 nd 0.09 £ 0.001 nd nd nd nd
Aldehyde cis-Neral/ cis- ~ 22.946 1240 1235 0.10+0.01 0.02+£0.001 0.07+0.001 0.06+0.001 0.95+0.002 2.20+0.002
Citral
Ketone (-)-Carvone 23.229 1248 1239  nd 0.02+0.002 nd nd 0.33+0.002 nd
Area
percentage
Batapi Goralebu Goralebu Gondhoraj Gondhoraj Gondhoraj
pomelo
Citrus Citrusx  Citrusx  Citruslimon  Citrus limon  Citrus limon
maxima limonia limonia
fresh peel  fresh peel leaf fresh  dry leaf fresh leaf peel fresh
Chemical classes Metabolites RT Al calculated Adam's Al CMaFP CLiFP CLimLF CLiDL CLiFL CLiFP
Monoterpene a-Pinene 10919 933 932 nd nd nd 0.27 £0.002 nd nd
Bicyclic Sabinene 12.55 974 969 nd nd 6.77 +£0.04 nd nd nd
monoterpene
Monoterpene B-Pinene 13.102 988 974 0.35+0.01 0.16 + nd 0.64 +0.02 0.21+ 0.004 0.28 £ 0.002
0.001
Bicyclic delta-3-Carene 13.865 1007 1008 nd nd nd nd nd nd
monoterpene
Cyclic D-Limonene 15.041 1036 1024 9575+ 9.49 + 26.39 74.98 +0.04 1741+ 0.01 61.59+ 0.003
monoterpene 0.002 0.001 +0.004
Monoterpene trans-p-Ocimene 15468 1047 1044 nd 0.20+0.04 0.29+0.01 nd nd nd
Monoterpene a-Ocimene 16292 1067 nd nd nd nd nd 0.03 + 0.02
Aldehyde Bergamal 16.379 1069 1051 nd nd nd nd nd 0.01+ 0.01
Ether a-Pinene oxide 16.824 1080 1099 nd nd nd nd nd 0.03 + 0.002
Monoterpene y-Terpinene 17.093 1086 1054 nd nd nd nd nd nd
Hydrocarbon p-Mentha-1,4(8)- 17.286 1091 1080 0.04 +£0.02 nd nd nd nd nd
diene
Ketone Chrysanthenone 17.433 1096 1124 nd nd nd nd nd 0.02 = 0.002
Hydrocarbon a-Terpinolene 17.618 1099 1086 nd nd nd nd nd nd
Aldehyde n-Nonanal 18.007 1109 1100 nd nd nd 0.41 +£0.02 nd nd
Ether Rose oxide 18.027 1110 1106 nd 0.05 + nd nd nd nd
0.002
Alcohol B-Linalool 17.831 1105 1095 2.97+0.01 nd 6.09 + nd nd 0.14 + 0.002
0.002
Monoterpene p-Mentha-1,3,8- 18.541 1123 1108 nd nd nd nd nd nd
triene
Monoterpene Allo-Ocimene 18.818 1130 1128 nd nd nd 0.12+0.02 nd nd
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Monoterpene Neo-allo-ocimene 18.844 1130 1140
Ethers cis-Limonene oxide 19.088 1137 1132
Ethers trans- Limonene oxide 19.339 1144 1137
Alcohol trans-3(10)-Caren-2-ol  19.434 1146
Aldehydes B-Citronellal / 19.757 1155 1148
(R)-(+)-Citronellal
Cyclic L-isopulegol 19.882 1158 1145
nonaromatic
alcohol
Alcohol cis-Verbenol 20.14 1165 1137
Ether Limonene oxide, cis- 20.916 1185 1132
Alcohol L-terpinen-4-ol 21.002 1187 1174
Aldehyde 1,3,4-Trimethyl-3- 21.127 1190
cyclohexenyl-1-
carboxaldehyde
Alcohol cis-p-mentha-1(7),8- 21.272 1194 1227
dien-2-ol
Alcohol L-a-Terpineol 21.509 1200 1186
Aldehyde n-Decanal 21.79 1208 1201
Ketone D-Verbenone 22.075 1215 1204
Alcohol cis-Carveol 22.447 1226 1226
Alcohol Citronellol 22.522 1228 1223
Aldehyde cis-Neral/ cis-Citral 22.946 1240 1235
Ketone (-)-Carvone 23.229 1248 1239

nd nd nd nd nd 0.07 + 0.01

nd nd nd 0.09+0.01 nd 0.20 + 0.001

nd nd nd nd nd nd

nd nd nd nd nd nd

0.08 +0.03 81.53+ 55.51+0.03 19.73+£0.001 72.76 + 0.003 14.48 + 0.02
0.04

nd nd nd nd nd 0.003 = 0.00

nd nd nd 0.05+0.02 nd nd

nd nd nd nd nd nd

0.12+0.03 nd 1.06 +0.002 0.07 +0.02 nd nd

nd nd nd nd nd 0.42+ 0.02

nd nd nd nd nd 0.08 + 0.002

0.28 + nd 0.12 +£0.002 nd nd 0.12 + 0.002

0.003

nd 0.25+ nd 0.28+£0.001 0.41+ 0.002 0.30+ 0.01
0.001

nd 0.08 +£0.02 nd nd nd nd

nd nd nd nd nd nd

0.15+ 143 + 3.03+0.002 1.30+£0.001 2.63+ 0.01 13.93+ 0.003

0.001 0.001

0.08 + nd 0.32+0.02 0.31+0.03 nd nd

0.001

nd nd nd nd nd nd

To better understand the relationships among the VOCs
present in the different Citrus samples (fresh as well as
dehydrated rinds and leaves), PCA (Fig. 2) and PLS-DA
(Fig. 3) were applied to the experimental results. It was
very easy to understand that there was substantial
variability in the chemical components of V OCs in the
studied samples.

The HCA was performed ont he VOCs of Citrus
species and the dendrogram showed two main clusters
(Fig. 4). Cluster II was constituted of six samples
including C. x sinensis fresh rind, C. x aurantifolia dry
rind, C. x limonia fresh leaf, C. maxima fresh rind, C.
reticulata dry rind, and C. maxima dry peel. Cluster I was
composed of six Citrus samples including C. limon fresh
leaf, C. limon dry leaf, C. x limonia fresh rind, C. maxima
fresh rind, C. reticulata fresh rind, and C. limon fresh rind.
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Figure 4. Dendogram obtained by hierarchical cluster analysis of VOCs of the Citrus species under study based on Ward’s method using
the Euclidean distances. C. x aurantofolia dry peel (CADP); C. limon dry leaf (CLiDL), C. limon fresh leaf (CLiFL), C. x limonia fresh peel
(CLiFP), C. x limonia fresh leaf (CLimFL); C. maxima dry peel (CMaDP); C. maxima fresh peel (CMaFP); C. medica fresh peel (CMFP);
C. reticulata dry peel (CRDP); C. reticulata fresh peel (CRFP); C. x sinensis fresh peel (CSFP); 1 - 4 depicted 4 biological replicates of

same sample.
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Based on Fig. 5, we could be able to identify the top 15
VOCs for which the different Citrus species and samples
under study were different from each other. The top most
15 metabolites based on V IP (Variable importance of
projection) scores of P LS-DA were: o-humulene, L-
perillaldehyde, B-citronellal, o-bisabolol, caryophyllene,
cedr-8-en-13-ol, isolongifolol, 5-elemene, n-dodecanol, o-
terpinolene, cis-neral, a-bisabolene, (-)-carvone, cis-
limonene-oxide, and trans-limonene oxide.

Based on this study, we find that a-humulene is present
in the highest concentration in C. limon dry leaf, and then
in C. limon fresh leaf and next in C. limon fresh peel. L-
perillaldehyde is present in the highest relative
concentration in C. reticulata fresh peel, followed by C.
reticulata dry peel. B — citronellal was present in its
highest concentration in C. reticulata fresh peel and next
in C. maxima fresh peel. a-bisabolol, caryophyllene, cedr-
8-en-13-ol, isolongifolol and a-bisabolene were present in
the highest concentration in C. limon fresh leaf. 5-elemene
was found its highest concentration in C. limon dry leaf. n-
dodecanal was found in maximum amounts both in C.
medica fresh peel and C. reticulata fresh peel. a-
terpinolene was foundt o be present in the highest
concentration in C. x sinensis fresh peel. Cis-neral, (-) -
carvone and trans-limonene oxide were found in the
highest amounts in C. reticulata fresh peel.

Based upon percentage peak area calculated, the cyclic
monoterpene, D-limonene was estimated as the chief

volatile component in the EOs extracted, ranging from
97.302 £ 0.01% in dry peel of C. x aurantifolia > 95.747 +
0.002% in C. maxima fresh peel > 90.251+ 0.00% in C.
medica fresh peel > 89.89 + 0.003% in C. medica dry peel
> 88.392 + 0.002% in C. reticulata fresh peel > 88.392 +
0.002% in C. reticulata fresh peel > 84.48 + 0.001% in C.
reticulata dry peel > 74.981 + 0.04% in C. limon dry leaf >
61.489 + 0.003% in C. limon fresh peel > 26.389 + 0.004%
C. x limonia fresh leaf > 17.412 + 0.01% in C. limon fresh
leaf > 9.494 + 0.001% in C. x limonia fresh peel. It was
the only compound found in all the studied samples, both
in fresh and dehydrated conditions. The monoterpene, 3 -
pinene was detected in all the experimental samples except
in the EO of C. x limonia fresh leaf. The alcohol, B-
linalool was found in all except in C. limon dehydrated as
well as fresh leaf samples. The highest percentage of peak
area of B-linalool was calculated in C. x limonia fresh leaf
(6.092 + 0.002%). C. medica fresh rind and C. maxima
fresh rind also contained B-linalool in 3.675 + 0.01% and
2.974 £ 0.01% respectively. C. reticulata dry and fresh
peel contained 3.001 + 0.01% and 1.131 + 0.01 % of -
linalool. C. x sinensis contained 1.233 + 0.02% of B-
linalool in its EO. The aldehyde B-citronellal was present
in a high percentage peak area in C. x limonia fresh rind
(81.533 + 0.004%) > in C. limon fresh leaf (72.757 +
0.003%) > C. x limonia fresh leaf (55.51 + 0.03%) > C.
limon dry leaf (19.733 £ 0.001 %) > C. limon fresh rind
(14.479 £ 0.02%).
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Figure 5. VIP scores of PLS-DA showing top 15 metabolites. The coloured boxes on the right indicate the relative concentrations of the
corresponding metabolites in Citrus species under study. C. x aurantifolia dry peel (CADP), C. limon dry leaf (CLiDL), C. limon fresh leaf
(CLiFL); C. x limonia fresh peel (CLiFP); C. x limonia fresh leaf (CLimFL); C. maxima dry peel (CMaDP); C. maxima fresh peel
(CMaFP); C. medica fresh peel (CMFP); C. reticulata dry peel (CRDP); C. reticulata fresh peel (CRFP); C. x sinensis fresh peel (CSFP)

Previously EOs from the rinds of Malta (C. limetta, a
cultivar of C. limon), Mousambi (C. x sinensis), Grapefruit
(C. paradisi) and Eureka lemon (C. limon) were isolated
employing the cold press method, and the chemical
composition of the EOs of the species was investigated by
GC/FID on a Carbowax 20 M packed glass column. It was
reported that composition of the EOs varied significantly

among the species, which may be due to their variation in
genetic makeup (Ahmad et al., 2006). The volatile aroma
and flavour metabolies of fl ower, leaf, rind and "Page"
mandarin juice were scrutinised and the compounds were
separated by ultrasound water bath apparatus, water
distillation method, by utilizing poly dimethyl siloxane
membranes (PDMS) and cold press technique,
respectively, and then eluted by n-pentane: diethylether
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(1:2), n-hexane, pentane: dichloromethane (2:1) and n-
hexane respectively and were analyzed by GC-FID and
GC/MS, and it was reported that the percentage of flavour
molecules was significantly different from organ to organ
(Darjazi, 2011). The EO components from the leaf and
fruit rinds of C. reticulata Blanco cv. Santra (Santra
mandarin) cultivated in Egypt were assessed qualitatively
and quantitatively using GLC and GLC/MS and 131
components were identified and quantified. The Egyptian
Santra mandarin chemotype was discriminated fort he
presence of limonene in rind oil and sabinene and linalool
in leaf oil (Hamdan et al., 2016). The difference in yield,
chemical characteristics and detections in solvent-assisted
oils extracted from the dehydrated rinds and seeds of the
two different Citrus samples from Isinbode-Ekiti, Ekiti-
State, Nigeria —C. sinensis var. Shamuti and C. paradisi
var. Marsh planted in a cocoa farm was investigated, and it
was found that the raw rinds and seeds have a lower yield
and a higher percentage of metabolites that serve as
compound detection for t he Citrus family, whereas the
dehydrated rinds and seeds have alcohol components like
spathulenol, linalool, nerol, o-terpeniol and farnesol,
which are not present in the fresh samples (Adebisi, 2014).

In a review report by Gonzales Mas et. al., 2019, based
upon quantitative insight, the greatest copious metabolites
in EO of C. reticulata were foundm onoterpene
hydrocarbons. Among these, the chief pertinent is
limonene, usually indicating about 95% of't he total EO,
but sometimes down to 60% in some analysis (Fanciullino
et al., 2006; Tao et al., 2014). The following compounds in
large quantity are y-terpinene, sometimes accomplished
above 15% (Mondello et al., 2003; Petretto et al., 2016), -
myrcene (7.43-0.1%) (Fanciullino et al., 2006; Tao et al.,
2014), a-pinene (3.93-0.1%) (Fanciullino et al., 2006; Tao
et al., 2014) or B-pinene (4% - traces) (Fanciullino et al.,
2006). Linalool and B-citronellal were reported to contain
up to 2.9% and 0.6%, respectively (Tao et al., 2014).
Amongst minor metabolites with great quantities
approximately between 0.7 and 0.1%, sesquiterpene o-
sinensal, the non-terpene aliphatic compounds octanal and
decanal, and the aromatic compound methyl N-
methylanthranilate were reported (Gonzales Mas et. al.,
2019).

As per Gonzales Mas et al., 2019; the VOCs of C. x
sinensis peel EO is the most analyzed Citrus species along
with those of C. reticulata and C. limon. This species
seems to be higher in the diversity of s esquiterpene
hydrocarbons such as aromadendrene (Njoroge et al.,
2005; Hosni et al., 2010) and sesquiphellandrene (Ruberto
and Rapisarda, 2002; Sawamura et al., 2005) than other
species as C. reticulata or C. limon. The major VOCs in C.
sinensis are very identical to that of C. reticulata, with
analogous proportions. Limonene is generally affirmed
between 90 and 97%in C. x sinensis, although this
percentage decreased down to 64% in some analyses
(Chen et al., 2014).

The most plentifully present compound in C. medica is
limonene, but its % can drop down to 51% (Verzera et al.,
2005), while other monoterpene compounds such as y-
terpinene, f-pinene or camphene are present at greater
concentration, in comparison with species of C. reticulata
cluster where these compounds are usually described in
percentages below 1%. Thus, in C. medica oil, y-terpinene,
B-pinene or camphene can reach upto 31%, 9.7%, and
10%, respectively (Aliberti et al., 2016; Petretto et al.,

2016). Also C. medica represents higher amounts of some
sesquiterpenes, as is the case of (E )-a-bergamotene
(Aliberti et al., 2016) or g ermacrene D (Petretto et al.,
2016), although their copiousness is usually lower than
0.5%.

Many mono- and sesquiterpene hydrocarbons and
oxygenated monoterpenes have been reported in C.
aurantifolia rind. The % of 1 imonene may decrease to
39.9% in the oil of C. aurantifolia (Lota et al., 2002), and
the prevalence of other terpene compounds is improved,
such as f-pinene, neryl acetate, geranyl acetate, [-
bisabolene, (E)- a-bergamotene, germacrene D and f-
caryophyllene (Lota et al., 2002; Minh Tu et al., 2002a).

Quantitatively, the chief compound of C. limon EO is
limonene, at levels usually ranging between 70 and 48%.
Geranial and neral are some of the more richly present
compounds reported so far (Lota et al., 2002; Loizzo et al.,
2016).

Our results substantiate the earlier studies on some
species of the Citrus EOs, and still we report several other
VOCs much more elaborately and also some marker
metabolites for each of the studied species for the first time
with the help of multivariate analytical approaches.

4, Conclusions

In conclusion, based on this study, it can be said that an
increasing amount of frui t rinds and other agricultural
wastes can be useful as a source of bioactive substances.
This idea of utilizing agricultural wastes may increase the
financial strength of farmers and decrease the problem of
agricultural waste management. Moreover, in India, the
organic wastes generated from food processing industries
are highly hazardous to the environment and can be a
potential source for extraction of bioactive compounds.

Citrus fruits have a very high-water content, making
them difficult to dry through common conventional
methods or industrial drying devices. Before disposing of
the peel waste in and around landfills, extraction of EOs
from peels is very important, because EOs adversely
influence fermentation and bacterial degradation.
Expulsion of waste into waterbodies may cause pollution
and devastation of aquatic life. Wastes released into urban
garbage ors ewage structure can contaminate aquatic
resources below the surface, cause impairment to pumps
and piping, choke gravel beds, and produce froth in
primary settling reservoirs. Thus, direct disposal of Citrus
waste without proper processing causes environmental
hazard.

In this study, we also find a clear understanding of the
VOCs of Citrus rind and leaf wastes (both in fresh and
dehydrated conditions), many ofw hich are bioactive
VOCs and may have medicinal benefits against various
diseases. Inthis research we have determined different
classes of VOCs, namely monoterpene (Cyclic, bicyclic),
aldehyde, ketone, ether, alcohols, cyclic nonaromatic
alcohols, hydrocarbons and their variation in content in the
studied Citrus species. The present study also focused on
the simple hydro-distillation extraction method of various
beneficial value-added metabolites obtained from their
EOs from these wastes, which are extremely costly and
time-consuming to produce using typical chemical
approaches. The EOs and their isolated components may
be exploited in therapeutic implementation and as plant-
based value-additives for functional foods.
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This work also represents the identification of VOCs
which are species specific biomarkers based on which the
species could be useful for food, flavor, aroma and
therapeutic industries. This research provides significant
facts and figures in the selection of Citrus species for
volatile chemicals for ph armaceutical, food, beverages,
flavor, fragrances, cosmeceuticals and nutraceticals etc.
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Abstract

Rhizoctonia stem canker and black scurf are among the most important diseases associated with potato (Solanum tuberosum
L.) cultivation worldwide. Pathogenicity test of 19 isolates of Rhizoctonia solani Kiihn obtained from four governorates in
Syria revealed that isolates varied in their ability to cause disease with the isolate Rh15 being the most virulent in the
development of the disease on potato plant under artificial infection. The relative susceptibility of seven commercial and
local potato cultivars against R. solani was tested. The evaluation was based on black scurf severity and the negative impact
of the disease on plant growth and expected effect on yield. The tested cultivars showed variable degrees of black scurf
severity and consequent plant growth, but no completely immune cultivars were observed. Based on disease index (DI),
potato varieties 'Agria’, 'Ultra' and 'Labella’ were highly susceptible to the disease; 'Spunta’ was moderately resistant whereas
'Everest' was the most tolerant. Infection of the most susceptible cultivar "Afamia" resulted in the death of a large number of
seedlings, large and deep canker on stems, with no formation of new tubers. Although 'Synergy' was moderately susceptible,
and the black scurf incidence was higher than that of 'Everest' and 'Spunta’, the loss of tubers weight was not significant
compared to the previous two cultivars. The results suggested that use of tolerant and moderately resistant cultivars in Syria
may help in reducing the development of black scurf on potatoes.

Keywords: Black scurf; cultivars; potato; Rhizoctonia solani; Solanum tuberosum; stem canker; susceptibility.

1. Introduction

Potato Solanum tuberosum L. is the third most
important food crop in the world. In developing countries,
potato production has greatly increased in the past two
decades, and has now overtaken that in the developed
world, indicating the increasing importance of potato as a
main food c rop to respond to the needs of increasing
human populations (Birch et al., 2012). Potato cultivated
area in the world reached more than 18 million hectares
with a production of about 376.1 million tons (FAO,
2021). InS yria, potato production was estimated at
507,384 tons with a cultivated area of 22,369 hectares in
2016 (Annual Agricultural Statistical Group, 2016).

Stem canker and black scurf caused by Rhizoctonia
solani Kiihn. (telemorph Thanatephorus cucumeris (A.B.
Frank) Donk is a serious disease of potato grown in cooler
regions of the world (Yanar et al., 2005). R. solani causes
appreciable yield losses each year, and losses caused by
this pathogen have varied from 5% to 34% in different
potato growing regions in the world (Carling and Leiner,
1990; Banville et al., 1996; Das et al., 2014). According to
Keiser (2008), yield losses caused by black scurf disease
reached 50%, resulting in important economic losses for
potato growers. Abdo et al. (2012) confirmed the presence
of the disease in most potato cultivation areas in Syria,
where the infection rate of the disease was higher in the

spring season than in autumn season with average
incidence of 64.19% and 60.46% respectively.

Potato infection by Rhizoctonia diseases can occur at
two different stages: infection of grow ing plants
(Rhizoctonia stem canker) and infection of new tubers by
sclerotia (black scurf). Either or both infection stages may
be observed in potato crops (Banville et al., 1996; Ogoshi,
1987).

R. solani isolates can be classified into different
anastomosis groups (AG), based on hyphal anastomosis in
paired isolates grown in culture. Isolates belonging to the
same AG are generally compatible and show a successful
hyphal fusion, while isolates belonging to different AGs
are usually incompatible and show unsuccessful
anastomosis (Anderson, 1982; Carling, 1996; Carling et
al., 2002; Kankam et al., 2021). Presently, 13 AGs are
reported, several of w hich are divided into subgroups
(Carling et al. 2002; Lees et al., 2002; Harikrishnan and
Yang, 2004; Guleria et al., 2007; Woodhall et al., 2007;
Yang et al., 2015). Several studies confirm AG-3 as the
main cause of both stem canker and black scurf of potato
(Carling and Leiner, 1990; Moussa et al., 2014). However,
other AGs (AG-1, AG-2,1, AG-4, AG-5, AG-7, AGS8, AG-
9) have also been implicated in causing disease in potatoes
(Okubara et al., 2008; Woodhall et al., 2007; Yanar et al.,
2005; Campion et al., 2003; Lees et al., 2002; Sneh et al.,
1996; Balali et al., 1995; Kankam et al., 2021). In Syria,
two anastomosis groups (AGs) were identified: 47 isolates

" Corresponding author. e-mail: walid1851966@yahoo.com or ray-dya@scs-net.org.
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(85.45%) belonged to AG3, only one isolate (1.81%)
belonged to AGI, and 71 solates (12.72%) remained
unidentified (Abdo et al., 2012). A molecular study, using
specific primers, showed that 78.95% of R. solani isolates
belonged to the sub-group AG3- PT (Abo Akel et al.,
2022).

Diseases caused by R. solani are traditionally
controlled by the use of fungicides (Grosch et al., 2005;
Lahlali and Hijri, 2010). However, they have minor impact
and may cause environmental pollution (Jiang et al., 2005;
Kurzawinska and Mazur, 2008). Consequently, a
combination of crop rotation and resistant varieties offers
the most practical and effective measure to control the
disease (Scholten et al., 2001). Accordingly, the selection
and cultivation of resistant potato cultivars has become one
of the most economical and effective way to control tuber
black scurf (Naz et al., 2008).

The purpose of this study was to evaluate the
susceptibility of some potato cultivars grown in Syria to R.
solani under artificial infection.

2. Materials and Methods

2.1. Sample collection and pathogen isolation

Potato tubers showing typical symptoms of black scurf
were collected from four di fferent governorates (Homs,
Aleppo, Daraa, Damascus countryside) in Syria. Samples
were washed carefully under running tap water to remove
the adjacent soil particles, surface sterilized with 1%
sodium hypochlorite for 2 min, rinsed three times with
sterile water and then were dried between two sterilized
filter papers. Infected parts were cut using sterilized
scalpel into small pieces (3-5 mm), transferred to plates of
PDA supplemented with streptomycin sulfate (120 mg 1")
to suppress bacterial growth, then incubated at 25 + 1°C
for 7 days. Plates were daily observed for mycelial growth.
Hyphal tips of m ycelium emerging from the infected
pieces were transferred to fresh plates of P DA (Sinclair
and Dhingra, 2019; Naffaa et al., 2021). Pure cultures of
R. solani isolates were identified microscopically on the
basis described by Ogoshi (1996). The identified isolates
were subcultured on PDA slants and kept at 4°C for further
studies.

2.2. Preliminary pathogenicity test

Nineteen isolates of R. solani, identified in another
study as AG3 (Abo Akel et al., 2022), were used for
pathogenicity tests. Potato tubers (cv. 'Spunta'), relatively
similar in size with 6-7 buds, were surface sterilized by
soaking in sodium hypochlorite (1%) for 3 min, then in
ethanol 70% for one minute. After that, they were washed
several times with sterilized water. Experimental layout
Soil (clay, sand and peat 1: 1: 2 v) was sterilized twice in
autoclave at 121°C for 30 min. One tuber was planted at a
depth of a pproximately 5 cm in a 50-cm plastic pot
containing 6 kg of sterilized soil mixture. Each tuber was
inoculated by adding 700 go f sterilized sand with 5
mycelial discs (5 mm) which were taken at the periphery
of 7-day-old fungal colonies, then 500 ml of distilled water
were added, and covered with the soil mixture (Simons
and Gilligan, 1997). The same amount of autoclaved sand
without mycelial discs was added to control. Three pots
were used as replications for each isolate as well as for the
control. The plants were grown in winter season at ambient

temperature. The plants were harvested 5 weeks after
planting. The average plant length was calculated. Since
most plants did not form tubers, and some seedlings were
killed (damping-off), a preliminary assessment oft he
pathogenicity was based on the percent of plant showing
stem canker symptoms according to the following formula:

Disease incidence % = [(plant number in control —
plant number in treatment) / plant number in control] x
100.

2.3. Susceptibility of potato cultivars to R. solani (Rh15)

Susceptibility of 7 c¢ ommercial and local potato
cultivars ['Spunta’, 'Afamia’, 'Benella', 'Everest', 'Ultra’,
'Synergy', 'Agria’, and 'Labella'] against the most virulent
isolate R. solani (Rh15) was tested under greenhouse
conditions. The isolate Rh15 was chosen based ont he
results of the preliminary pathogenicity test. Planting and
inoculation methods were the same as described above for
the pathogenicity test. Nine plots were used as replications
for each cultivar as well as for the control. The plants were
fertilized with a balanced NPK (2-3g/ liter of water), and
watered when needed.

Average of plant lengths at the beginning of flowering
stage, stem canker incidence (%), number and weight of
tubers and the ratio of infected progeny tubers were noted
120 days after planting (Woodhall et al., 2008). The
tuber surface area covered with sclerotia
was used as a general method to evaluate potato black
scurf severity based on the following rating scale: 0: no
sclerotia present, 1: (< 1%), 2: (2-10%), 3: (11-20%), 4:
(21-50%), 5: (= 51%) of tuber area covered. Disease index
(DI) and relative resistance index (RRI) were calculated by
the following formulas (Zhang et al., 2014).

_ Mm0x0)+(nlx1)+(n2x2)+(n3x3)+(ndx4)+((1n5x5)
y x5

DI

Where nx = number of tubers in severity class X,y = total number
of tubers

PRI =1 2«
DI

max

DIy = disease index of the observed tuber, Dl . = the maximum
disease index of all cultivars.

Black scurf resistance was measured with the relative
resistance index (RRI) as follows: 0.00-0.39 = highly
susceptible (HS), 0.40-0.59 = moderately susceptible
(MS), 0.60—-0.79 = moderately resistant (MR), 0.80—0.99 =
highly resistant (HR), 1 = immune (I) (Zhang et al., 2014).

2.4, Statistical analysis:

One — way analysis of variance was carried out using
SPSS15 statistical program at P < 0.05 (Gomez and
Gomez, 1984).

3. Results and Discussion

3.1. Pathogen isolates

Nineteen fungal isolates were obtained from sclerotia
of R. solani on potato tubers and identified based on their
morphological characteristics (Table 1).
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Table 1: Rhizoctonia solani isolates and their isolation sources

Isolates sources

R. solani isolates
Season Area

Rh1, Rh2, Rh3, Rh4,
Rh6, Rh7, Rh9, Rh11, Spring (February,

Rh12, Rh13,Rh15,  March, April) Homs
Rh17,Rh18
Spring (February,
Rh5, Rh19 March, April) Aleppo
Summer (August, Damascus
Rh10, Rh16 September) countryside (Saasa)
RhS, Rh14 Summer (August, Daraa

September)

3.2. Preliminary pathogenicity test

Nineteen R. solani isolates were tested for their
pathogenicity to potato cultivar 'Spunta’ in pots under
artificial infection during winter season at ambient
temperature. Isolates' pathogenicity was evaluated based
on the percent of plants showing stem canker symptoms. It
was not possible to assess the disease severity based on
tuber surface area covered by sclerotia because a large
number of plants did not form any new tubers, and this

may be due to the prevailing environmental conditions
during the experiment period, and also to the experiment
duration. So, a preliminary evaluation oft he isolates
pathogenicity was based on their ability to cause stem
cankers. Isolates showed significant differences of potato
stem canker incidence (% plants showing stem canker).
Isolates Rh4, Rh8, and Rh17 seemed to be non-pathogenic,
whereas infection percentage varied between 2.26% for the
isolates Rh14 and 38.64% for the isolates Rh2, Rh9 and
Rh15 (Table 2).

The artificial infection with some R. solani isolates
resulted in a significant reduction in plant height. The
average plant hEIghts ranged between 24.43 cm for the
isolate Rh15 and 35.53 cm for the isolate Rh14 compared
to the control (34 cm). In ge neral, no c orrelation was
observed between stem canker incidence and plant height.
The disease did not negatively affect the plant growth for
some isolates, whereas other isolates significantly reduced
the plant growth. However, Rh15 isolated from Homs
province, which led to the highest percentage of pl ants
showing stem canker (38.64%) with significant reduction
in plant growth (28.15%) compared to the control, was
chosen for susceptibility test of some potato cultivars to R.
solani infection.

Table 2: Pathogenicity of Rhizoctonia solani isolates on 'Spunta' potato cultivar under artificial infection

Isolates Infectior(l)/p“e)rcentage Aver.age of plant Isolates Infectior‘l) (O] Aver.age of plant
o heights (cm) percentage % heights (cm)

Rh1 31.82 ef 34.7 jk Rh1l 22.73 cd 27.5 bed
Rh2 38.64 ¢ 29.11cde Rh12 13.64 b 25.92 ab
Rh3 22.73 cd 34.47 jk Rh13 34.09 fg 30.67 efg
Rh4 Oa 27.51 bed Rh14 2.26a 35.53k
Rh5 34.09 fg 31.25 efghi Rh15 38.64 g 2443 a
Rh6 36.37 fg 26.33 abc Rh16 27.28 de 32.67 ghijk
Rh7 18.18 be 25.83 ab Rh17 Oa 32.09 fghij
Rh8 Oa 34.11jk Rh18 27.28 de 31.13 efgh
Rh9 38.64 ¢ 31.44 efghi Rh19 27.28 de 29.63 def
Rh10 20.46 ¢ 26.33 abc Control - 34 hijk

LSD5% 6.72 2.9 LSD% 6.72 2.9

Values followed by the same letter do not differ significantly according to (LSD) least significant difference (P < 0.05).

These results are in according with other previous studies
(Balkan and Wenham, 1973; Abdo et al., 2012).
Pathogenicity test of 12 isolates showed significant
differences between isolates where RS7 was the most
virulent isolate in the development of the stem canker and
black scurf disease on potato cv. 'Spunta' in Egypt (Abdel-
Sattar et al., 2017). R. solani isolates, even under similar
conditions, showed significant differences in infection
severity and induced symptoms, suggesting the
involvement of genetic factors in virulence differences
(Rubio et al., 1996). Variance of isolates in pathogenicity
was also attributed to difference between (AGs) where R.
solani AGs, other than AG3, usually have low virulence
against potato (Balkana and Wenham, 1973; Yanar et al.,
2005; Khandaker et al., 2011; Abdel-Sattar et al., 2017).
Jaradat et al. (2023) showed that R. solani AG-3PT was
the primary pathogen associated with potato stem canker

and black scurf diseases in Jordan. Carling and Leiner
(1990) showed that virulence of R. solani isolates on
potato may be affected by the source of isolates, where
isolates recovered from lesions were more virulent than
those obtained from sclerotia. Truter and Wehner (2004)
found that isolates obtained from stem lesions or from
sclerotia ont ubers were more virulent than isolates
obtained from asymptomatic tubers and soil.

3.3. Susceptibility of potato cultivars to Rhizoctonia
solani infection

Based on the preliminary pathogenicity test results, the
most virulent isolate (Rh15) was used for cultivar
susceptibility test. Seven commercial and local potato
cultivars were tested under artificial infection in pots.
Tested cultivars showed variable degrees of bl ack scurf
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severity and subsequent plant growth and yield, but no
completely immune cultivars were found.

Table 3 showed that 'Everest' cultivar had significantly
lower black scurf incidence (31.15%), and lower percent
of stem canker (11.1%) than the other six cultivars.
Number and weight of tubers and plant length were also
less affected by the infection. 'Spunta’ showed black scurf
incidence of 38.26%. Although the significant decrease in
the number of tubers compared to the previous cultivar, no
significant differences were observed between them in
tuber weight loss and plant length reduction. This can be
explained by the formation of few and relatively large
tubers. A previous study reported that 'Spunta’ was the
most susceptible cultivar to this pathogen. However,
'Spunta’ produced the highest progeny tuber weight but
with a noticeable incidence of black scurf (Daami-Remadi
et al., 2008). In contrast, according to Djébali and
Belhassen (2010) investigation, 'Spunta' showed the least

percentage of infection of progeny tubers by R. solani
sclerotia at harvest.

Although the infected tubers incidence in 'Synergy'
cultivar was relatively high (55.4%), this did not
significantly affect the number and weight of the tubers, as
the reduction in both was not significant compared to the
less affected 'Everest' cultivar, and the stem canker
incidence did not exceed 22.2%. Cultivars 'Labella’, 'Agria’
and 'Ultra’ had a high rate ofinfected tubers and stem
canker (76.67 and 67.8%, respectively in 'Agria’). The
infection resulted in a significant yield loss.

Infection of the local variety 'Afamia' resulted in the
death of a large number of s eedlings, stem canker of all
remaining plants, a relatively weak vegetative growth, and
no formation of new tubers. Therefore, it was not possible
to assess the effect of infection on plant growth and yield.
This cultivar was ranked as highly susceptible to infection
by R. solani.

Figure 1: Different degrees of covered area from the surface of potato tubers by Rhizoctonia solani sclerotia under artificial infection.

Table 3: Susceptibility of seven potato cultivars to the black scurf disease caused by Rhizoctonia solani Kiihn (Rh15) under artificial

infection
Percentage of Relatnfe . Average Relatnfe . Average  Relative
. Percentage of Number of reduction in . reduction in ..
Cultivar progeny tubers o weight of length of  reduction in
infection (%) stem canker % - tubers tubers tubers (g) tubers plants (cm) plant length
Number % weight % o
0

, . Infected  55.4c¢ 22.2b 9.56 2247 a 425.36 2334 a 46.9 13.47 ab
Synergy

Control - - 12.33 - 567.92 - 54.2 -

Infected  61.6¢ 56.7d 5.67 52.75¢ 212 48.14b 27.67 17.25 be
'Labella’

Control - - 12 - 408.83 - 33.44 -

Infected  38.26b 333¢ 9.83 37.27b 358.55 2536 a 28.99 16.36 abc
'Spunta’

Control - - 15.67 - 480.35 - 34.66 -

Infected  76.67 d 678 ¢ 3.67 63.3d 179.3 56.93 ¢ 38.39 17.64 ¢
'Agria’

Control - - 10 - 416.33 - 46.61 -

Infected 60 c 56.7d 52 5273 ¢ 274.83 44.12b 36.16 1299 a
'Ultra'

Control - - 11 - 491.78 - 41.56 -

Infected  31.15a 11.1a 13 27.78 a 412.7 19.8 a 30.31 1242 a
'Everest'

Control - - 18 - 514.56 - 34.61 -

Infected - 100 f - - - - 22.9 40.22d
'Afamia’

Control - - 16.67 - 245.11 - 38.31 -
LSD at 5% 6.73 10.12 7.99 7.07 4.1

Values followed by the same letter in the same column do not differ significantly according to LSD test (at P < 0.05).
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Table 4 s hows the evaluation of't uber black scurf
resistance of the 7 tested potato cultivars. All cultivars
were obviously infected, and black scurf severity induced
by Rh15 varied significantly among cultivars tested. These
results showed also that there were no immune cultivars,
but that most were susceptible. 'Everest’ was highly
resistant (HR) with fewer and smaller sclerotia on tubers,
and small superficial lesions scattered ons tems. Only
'Spunta’ showed moderate resistance. However, 'Agria’,
'Ultra' and 'Labella’ were highly susceptible to the disease,
with disease index more than 34. The most susceptible
cultivar 'Afamia' exhibited post-emergence stem death,
large and deep canker on stems, without formation of new
tubers. Although 'Synergy' was moderately susceptible
(MS), and the black scurf incidence was higher than that of
'Everest' and 'Spunta’, the loss of tubers weight was not
significant compared to the previous two cultivars.

These results agree with other research. In fact, Bains
et al. (2002) reported that potato cultivars showed
variation in susceptibility to R. solani, but no cultivars
were totally resistant to the black scurf disease. Yanar et
al. (2005) showed that some of tested potato cultivars were
highly susceptible to black scurf disease, but some
cultivars had higher levels of resistance than the local
susceptible cv. 'Batum' in Turkey. Potato cultivars showed
different degrees ofre sistance to R. solani, but no
completely resistant cultivars have been observed (Daami-
Remadi et al., 2008; Djébali and Belhassen, 2010;
Khandaker et al., 2011; Thangavel et al., 2014). In
contrast, Singh et al. (2021) showed that out of eighteen
potato varieties, three expressed immune response to stem
canker and black scurf in India.

Otrysko and Banville (1992) s uggested that range of
susceptibilities may not indicate varying levels of
resistance to R. solani, but may be due to the different
levels of m aturity of't he cultivars. Bains et al. (2002)
reported that cultivars with late maturity showed
comparatively low levels of the disease, whereas, early and
mid-maturing cultivars showed comparatively high levels
of the disease, with some exceptions. The differences in
cultivar susceptibility may be due to both inheritance and
maturity levels of the cultivars. But these conclusions do
not seem to be fully applicable to the cultivars tested in
this study. The early-season cultivar 'Everest' showed a
high level of resistance, while the early-season local
cultivar 'Afamia’ was in contrast highly susceptible. The
other cultivars showed a range of susceptibility reactions
to R. solani, and almost all of them are semi-early, except
the early season cultivar 'Synergy'. This may indicate that
the genotype of the variety is the most important factor in
the resistance process.

Zhang et al. (2014) reported that the susceptibility was
relatively stable across years, but some moderately
resistant and susceptible cultivars may be changed from
moderate resistance to moderate susceptibility or from
moderate susceptibility to moderate resistance.

Some researchers have confirmed that the difference in
susceptibility to infection is due to the nature of resistance
in potato varieties (Zhang et al., 2016). Moreover, other
factors, such as environment conditions, plant vigor,
cuticular stricture, tuber maturity, genetic factors, and
pathogenicity that affect the expression ofpot ato
resistance may also be the causes that affect potato
resistance evaluation (Bains et al., 2002; Djébali and

Belhassen, 2010; Leach and Webb, 1993; Otrysko et al.,
1992).

Table 4: Assessment of susceptibility of seven potato cultivars to
Rhizoctonia solani (Rh15) under artificial infection.

. Disease Index Relgtlve Resistance
Cultivars Resistance p
(DD evaluation
Index (RRI)
'Synergy'  26.81 0.41 MS
'Labella’ 45.43 0 HS
'Spunta’  16.36 0.64 MR
'Agria'  35.85 0.21 HS
'Ultra'  34.02 0.25 HS
'Everest'  9.19 0.8 HR
'Afamia’ - - HS

4, Conclusion

The relative susceptibility test of seven commercial and
local potato cultivars grown in Syria showed a range of
susceptibility to the black scurf disease caused by R.
solani, and no totally immune cultivars were found. Most
of the tested cultivars were highly susceptible to the
disease. 'Everest' was the most resistant cultivar whereas
'Spunta’ was moderately resistant, and the local cultivar
'Afamia’ was the most susceptible.

To our knowledge, this is the first study demonstrating
the relative susceptibility of some potato cultivars grown
in Syria to R. solani. Infa ct, it is very important to
estimate the susceptibility degree to potato cultivars based
on the density of the sclerotia formed on the tubers, which
(in addition to the soil-borne inoculum) are considered
important sources for the initiation of Rhizoctonia disease
in potato plant. Further studies are needed to evaluate the
susceptibility of other potato cultivars cultivated in Syria
to stem canker and black scurf disease.
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Abstract.

Background. Colorectal cancer (CRC)re mains a major cause of cancer-related morbidity and mortality worldwide.
Recently, the pathogenesis of CRC a mong other cancer types has been linked to lipid metabolism. Fatty acid-binding
proteins (FABPs) are a protein-family expressed in multiple tissues and play a crucial role in lipid metabolism. A few recent
studies have examined FABPs role in CRC. Our aims are to explore the immunohistochemical expression of fatty acid
binding proteins (FABP) 4 and 7 in colorectal cancer, and correlate their expression levels with clinical, histopathological
features, and survival.

Methods. A retrospective review of colorectal cancer biopsies over a 5-year period was conducted in our institute. Clinical
and histological data were collected. Immunohistochemical staining for FABP 4 and 7 was performed using microarray and
their expression was evaluated using the Histologic score (HS). The correlations between the expression of FABP 4 and 7
and clinicopathological parameters were determined by Fisher’s exact test. The impact of the expression on the overall
survival was determined using Kaplan—Meier survival analysis.

Results. 125 CRC tissue biopsy blocks were included. Median follow-up time was 35 months. High FABP4 expression was
observed in 107 (85.60%). For FABP7, only 8.8% of cases (11/125) showed high expression. Co-expression of FABP4 and
FABP7 occurred in 11 cases (8.8%). FABP7 expression correlated with age (p = 0.001). The median overall survival of
patients with high expression of F ABP4 was 43.00 + 3.01 months, whereas patients showing |ow/negative expression
reported a survival of 24. 00 £ 6.24 months(p =0.041). No statistically significant association between FABP7 high
expression and the overall survival was detected (Log-Rank test, p = 0.086).

Conclusion. FABP4 expression in CRC is higher than that of FABP7. FABP7 expression levels negatively correlate with the
age of CRC patients. FABP4 expression is associated with a better survival in CRC. No significant association between
FABP4 and 7 with tumor grade, stage, or other clinicopathological criteria has been found in this study.

Keywords: colorectal carcinoma,; fatty acid-binding proteins; FABP4; FABP7; survival.

storage, uptake, and synthesis(Furuhashi M 2010)(Jung,
Kim, and Koo 2015)(Amiri et al. 2018)(Kagawa et al.
2019). The effect of lipids on promoting tumor growth is
mediated by inflammatory reactions and changes in the

1. Introduction

CRC remains a major type of cancer in adults; and

despite being studied for decades, it continues to be one of
the leading causes of cancer mortality worldwide
(Favoriti et al. 2016). In addition, about a third of CRC
patients are diagnosed at an advanced stage, during which
many cases are resistant to chemotherapy(Amiri et al.
2018)(Jaganathan et al. 2014)(Gupta et al. 2019). This
dictates the need for novel treatments to manage CRC.
Understanding the molecular mechanisms involved in
cancer development can aid in finding new treatment
modalities. Some studies have founda relationship
between the pathogenesis of certain cancers and lipid

" Corresponding author. e-mail: n.abushahin@ju.edu.jo .

microenvironment, as well as by circulating inflammatory
and metabolic mediators(H. Zhao et al. 2022). On the other
hand, inhibition oflipid synthesis can suppress cancer
development, as the inhibition ofl ipid storage may
decrease the protection against reactive oxygen species
toxicity, reduce cell survival exposed to hypoxia-
reoxygenation in vitro, and hence may inhibit
tumorigenesis in vivo (Bensaad et al. 2014)(McKillop,
Girardi, and Thompson 2019).

Fatty acid-binding proteins (FABPs) belong to a
protein family that exists in multiple tissues and plays a

“Abbreviations: FABP: fatty acid binding, proteinCRC: colorectal cancer, TMA: Tissue microarray
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crucial role in lipid metabolism (Coe and Bernlohr 1998).
FABP4 (adipocyte FABP (A-FABP) or aP2)(Furuhashi M
2010) is a gene located on chromosome 8q21a nd
expressed in adipose tissues and other tissues (Amiri et al.
2018; Jung, Kim, and Koo 2015; McKillop, Girardi, and
Thompson 2019). FABP7 (Brain typed FABP; Brain Lipid
Binding Protein),(Furuhashi M 2010) is mainly identified
in brain neural tissues.(Liu et al. 2010)(Alshareeda et al.
2012)(Jung, Kim, and Koo 2015).

FABPs act as intracellular lipid chaperones that play a
role in the intake, transference, signal transduction, and
packing of long-chain fatty acids (Coe and Bernlohr 1998).
Several studies investigated the link of F ABPs and lipid
metabolism with neoplasia (Bensaad et al. 2014)

FABP 4 and 7 are expressed in several types of human
malignancies, such as gliomas, renal cell carcinomas,
breast cancers, and others (Mukherjee et al. 2020; Zeng,
Sauter, and Li 2020; Sun and Zhao 2022)(Kagawa et al.
2019). The link between CRC and FABP4 and 7
expressions has not been adequately investigated. Few
recent studies have shown that FABP4 and FABP7 may
promote invasion and metastasis of CRC. The mechanism
of promoting invasiveness maybe, in part, through
improvingepithelial-mesenchymal transformation (EMT)of
CRC cells, as documented by Tian et al withFABP4
overexpression leading to upregulation of S nail, matrix
metalloproteinase  ~ (MMP-2 and MMP-9), and
downregulation of E-cadherin. Moreover, Ma et al. have
demonstrated that FABP7-overexpression activates CRC
cell proliferation, and inhibits apoptosis, which are vital
processes in cancer aggression and metastasis. On the
contrary, FABP7 knockdown may negatively impact CRC
cell proliferation and survival (Ma et al. 2018; Tian et al.
2020). FABP4 expression was found to be a risk factor for
CRC progression , and it could be a biomarker for CRC
diagnosis (Y. Zhang et al. 2019). Due to their role in tumor
development, FABPs may become potential targets in
cancer treatment (Sun and Zhao 2022).

The aims oft his work are to define the rate of
immunohistochemical expression of FABP4 and FABP7 in
CRC, and to inspect the link with the clinical and
histopathological features of CRC as well as with survival.
The current study is the first of its kind in our population,
and its significance is to explore the relationship of FABP
4 & 7, if any, with patient’s survival, clinical, and
histological parameters like CRC tumordifferentiation,
stage, and lymph node invasion.

2. Materials and methods

This study is retrospective and cross sectional covering
the period from 1/7/2016 until 31/12/ 2021. It includes 125
tissue samples obtained from colorectal carcinoma cases.
The Institutional Review Board (IRB) approves the study
in its decision no. (55-2022).

2.1. Patients and tissues.

One hundred and twenty-five cases diagnosed with
CRC  are retrospectively  selected  from  the
electronic database oft he Department of P athology.
Inclusion criteria are: (i) adults above 18 years old; (ii)
confirmed pri mary colorectal adenocarcinoma (iii)
Paraffin blocks from CRC tissue biopsies ors urgical
resection specimens are available in our archives.

Exclusion criteria are: (i) colon cancer other than
adenocarcinoma (for e xample gastrointestinal stromal
tumors and lymphomas), (ii) history of n eoadjuvant or
adjuvant therapy and (iii) paraffin tissue blocks that are not
available or insufficient.

2.2. Tissue microarray construction (TMA).

Eight TMA blocks are constructed from the 125
archival paraffin blocks wusing a manual tissue
microarrayer (Array mold Kit A, Catalogue # IW-110,
IHC World/ USA). Representative tumor area is
recognized on Hematoxylin and Eosin-stained slides and
discerned on the paraffin blocks by two pathologists (N.A.
and H.A.). Following instructions that are previously used
in literature(Fowler et al. 2011), two cylindrical cores of 2-
mm diameter each are removed from the blocks using a
dermal biopsy punch and transferred to the TMA recipient
blocks. Then 4-micrometers (um) sections are cut from
each TMA block using an automatic rotary microtome
(Microm HM355 S, Thermo Fisher Scientific Inc., USA)
and are stained using immunohistochemistry.

2.3. Immunohistochemistry (IHC).

A standardized IHC protocol is performed in
accordance to literature(Walker 2006; Taylor and
Levenson 2006) and manufacturer’s instructions. 4-pm-
thick paraffin-embedded tissue sections (PETS) are de-
waxed with xylene (twice for 5 minutes) then rehydrated
by descending alcohol series  (100%, 95%, and70%
alcohol, 5 minutes each). Antigen unmasking is performed
using a water bath for 15 m inutes at 95°C in Coplin jars
containing sodium citrate buffer for FABP7 (pH=6.0) and
Tris/ethylene diamine tetra-acetate buffer for FABP4
(pH=9.0). Next, PETS are rinsed with phosphate-buffered
saline (PBS;pH=7.2) and with 3% hy drogen peroxide
(H202) for 10 m inutes at room temperature to ablate
endogenous peroxidase. Next, PETS are incubated with
serum blocking reagent G (CTS005; R&D Systems,
Minneapolis, MN) in PBS for 60 m inutes to prevent non-
specific binding. The sections are incubated with rabbit
polyclonal anti-FABP4  (1:750, NBP1-89218, Novus
biological/ USA) and rabbit polyclonal anti-FABP7
(1:600, NBP1-88648, Novus biological/ USA) for 90
minutes at room temperature. After rinsing with PBS
buffer, sections are then incubated for 30 m inutes with
anti-rabbit HRP secondary antibody (ab236466, Abcam,
Cambridge, UK). The chromogenic reaction is performed
with  3-diaminobenzidine solution (CTS005; R&D
Systems, Minneapolis, MN/USA) at room temperature in
darkness for 7 min. After rinsing with PBS buffer, the
sections are counterstained with Mayer's Hematoxylin
solution, for4 min at room temperature. Finally, the
sections are dehydrated with ascending alcohol (70%,
95%, and 100%) and mounted with dibutyl phthalate in
xylene mounting media (BCBX0183, Sigma/ Germany)
and cover-slipped.

Thyroid cancer and nevus tissue samples are used as
positive controls for FABP4 and FABP7, respectively(Coe
and Bernlohr 1998)(Hewitt et al. 2014). PBS is utilized as
a negative control.

2.4. IHC scoring.
Two pathologists using an Olympus CX41 upright light

microscope (Olympus / Tokyo / Japan) evaluated the IHC
results. Expression of F ABP4 and FABP7 is scored
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according to cytoplasmic staining intensity (0 points = no
staining, 1 = weak, 2 = moderate, and 3 = strong
staining) and percentage of positive cells (0 points (0-
25%), 1 point (26-50%), 2 points (51-75%), and 3 points
(76-100%)). The total Histological Score (HS) is
calculated by multiplying the staining intensity score and
percentage score. Using comparable methodology to the
previous studies, (Chen et al. 2021; Zang et al. 2021; C.
Zhang et al. 2020) we considered HS scores of 3 or less
as low expression, while HS that is equal to or greater
than 4 as high expression.

2.5. Statistical analysis.

The relationship of FABP4/ FABP7 expression and the
clinicopathological features is determined using Fisher's
exact test (two-sided). Overall survival time is calculated
from the date of surgical resection of CRC to the date of
death from any cause orlast follow-up date. Survival
probabilities of patients based on theexpression status of
FABP4 and FABP7 are estimated using the Kaplan-Meier
approach and compared with the log-rank test. Two-tailed
P values <0.05 are considered statistically significant.
Analyses are made using Statistical Package for Social
Sciences (SPSS) version 26 software (SPSS Inc.,
Chicago, Illinois, United States).

3. Results

3.1. Demographical and clinicopathological
characteristics of the study patients.

One hundred and twenty five CRC't issue samples
belonging to 125 patients are included in this study. The
median patients’ age is 55.14 years (range: 18-85). 71
(56.8%) patients are males with a male-to-female ratio of
1.3:1. Pathological evaluation shows that 105 (84%)
tumors are colorectal adenocarcinoma, and 20 (16%)
tumors are mucinous colorectal adenocarcinoma. Both
Demographical and clinicopathological characteristics are
summarized in Table 1.

Table 1. Demographic and clinicopathological characteristics of
study population.

Feature Number Percentage
Age (Years) <50 52 41.6
>50 73 58.4
Gender Female 54 43.2
male 71 56.4
Histological type ~ Adenocarcinoma 105 84.0
Mucinous 20 16.0
carcinoma
Grade Well 10 8.0
(differentiation)
moderate 104 83.2
poor 11 8.8
Tumor T Stage T1 1 0.8
T2 17 13.6
T3 75 60.0
T4 32 25.6
Lymph node Present 74 59.2
metastasis
Absent 51 40.8
Lymphovascular ~ Present 46 36.8
invasion
Absent 79 63.2
Perineural invasion Present 19 15.2
Absent 106 84.8

3.2. Expression of FABP4 and FABP7 in CRC.

Overall, high FABP4 immuno-expression in tumor
cells is observed in 107/125 (85.60%) (Figure 1A).
Low/negative FABP4 immuno-expression in tumor cells is
observed in 18/125 (14.4%) (Figure 1B). On the other
hand, only 8.8% of cases (11/125) show high expression of
FABP7 (Figure 1C). Low/negative FABP7 expression in
tumor cells is observed in 114/125 (91.2%) (Figure 1D).
Co-expression of FABP4 and FABP7 proteins is
ascertained in 11 cases (8.8%). Figure 2 demonstrates [HC
staining intensity for FABP 4 and 7.
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HIGH EXPRESSION LOW EXPRESSION

i . .
FABP.’ . .

Figure 1. Representative images of immunohistochemistry for
FABP4 and FABP7 protein expression in colorectal cancer tissue
samples. Light microscopy; original magnification upper panel
200X, and lower panel 400X.

Table 2. Clinicopathological variables and the expression of
FABP4 and FABP7 in corresponding colorectal carcinoma tissue
samples.

FABP4 FABP7
Variables Low/no  High Low/no High

expression expression expression expression

n (%) n (%) P n (%) n (%) p

Value Value

Age (years)
=50 8(15.4) 44 (84.6) 42(80.8) 10(19.2) 0.001"
>50 10 (13.7) 63 (86.3) 72(98.6) 1(1.4)
Gender
Female 5(9.3)  49(90.7) 50 (92.6) 4(74)  0.756
Male 13 (18.3) 58(81.7) : 64 (90.1) 7(9.9)
Histologic type

Adenocarcinoma 15 (14.3) 90 (85.7) 96 (91.4) 9(8.6) 0.689
000

Mucinous 3(15.0)  17(85.0) 18 (90.0) 2 (10.0)

Degree of differentiation
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Well 3(30.0) 7(70.0) 9(90.0) 1(10.0) 1.000
Moderate 13 (12.5) 91 (87.5) 0.22195(91.3) 9(8.7)
Poor 2(182) 9(81.8) 10(90.9) 1(9.1)

Tumor T-Stage

FABP4 stalning intensity FABPT staining intensity

Figure 2. Staining intensity results for FABP4 and FABP7 protein
in colorectal cancer cells.

3.3. Correlation between FABP4 and FABP7 expression
with clinicopathological characteristics.

Table 2 details the correlation between FABP4 and
FABP7 expression and the clinico-pathological features.

There is a significant difference of FABP7 expression
in patients below 50 years of age (19.2% high expression
rate) and those aged fifty and above (1.4% high expression
rate), (p=0.001). However, there is no statistical
significance of FABP7 expression with respect to gender,
tumor grade, T stage, and lymph node metastasis or
perineural or lymphovascular invasion.

There is no s ignificant correlation between FABP4
expression and any of the clinico-pathological variables.

Tl 0(0.0) 1(100.0) 1(100.0) 0(0.0)  0.345
T2 2(11.8) 15(88.2) 16 (94.1) 1(5.9)

T3 13(17.3) 62(82.7) 70 (93.3) 5(6.7)

T4 3(94)  29(90.6) 27(844) 5(15.6)
Lymph node metastasis

Absent 7(13.7) 44 (86.3) 47(922) 4(7.8)  1.000
Present 11(14.9) 63 (85.1) % 67(90.5) 7(9.5)
Lymphovascular invasion

Absent 12 (152) 67 (84.8) 72(91.1) 7(8.9)  1.000
Present 6(13.0) 40(87.0) 42 (91.3) 4(8.7)
Perineural invasion

Absent 14 (13.2) 92(86.8) 97 (91.5) 9(85)  0.674
Present 4(21.1) 15(78.9) > 17 (89.5) 2(10.5)

3.4. Survival analysis.

The impact of FABP4/ FABP7 protein expression on
overall survival is investigated using Kaplan—-Meier
survival analysis. The Median follow-up time
after surgical resection is 35 months, and 16 deaths
(12.8%) are documented. The median overall survival of
patients with high expression of F ABP4 is 43.00 + 3.01
months, which is significantly better than that of patients
with low/negative expression of FABP4 (24.00 + 6.24
months, p =0.041). On another hand, Kaplan—Meier
analysis exposes no s ignificant association between
FABP7 expression and overall survival (Log-Rank test, p
=0.086) (Figure 3).



© 2023 Jordan Journal of Biological Sciences. All rights reserved - Volume 16, Number 1 33

Univariate and multivariate Cox proportional hazards
regression are calculated to detect impact of FABP4 and 7

expression along with other variables on overall survival
of CRC patients (Tables 3 and 4).
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Figure 3. Kaplan-Meier survival analysis for patients with colorectal cancer according to FABP4 status (A) and FABP7 status (B).

Table 3. Univariate Cox proportional hazards regression to
detect the influences FABP4 and FABP7 expression and other
variables on overall survival of CRC patients.

Univariate Cox proportional hazards regression

95% C.I
Variable Odd —]

Table 4. Multivariate Cox proportional hazards regression to

Multivariate Cox proportional hazards regression

odd 95.0% CI
Variables . ———————— P
ratio | ower Upper

FABP4

ratio [ gwer Upper

FABP4 expression High vs Low 3.622 1.221 10.745 0.020
FABP7 expression High vs Low 0.694 0.156 3.076 0.630
Age <50 vs>50 1.141 0.412 3.158 0.799
Gender Female vs Male 0.624 0.226 1.721 0.362
Lymphovaseular ot vs Absent ~ 0.807 0287 2268 0.684
mvasion
Perineural invasion Present vs Absent 0.445 0.141 1.401 0.166
Lymph nod

Ymph 1oce Presentvs Absent  1.176 0.426 3249 0.754
metastasis
D f Well vs Moderat

egree oF ¢ VS MOCErAe 1392 0414 4683 0.593
differentiation vs Poor
Tumor T-Stage T1vs T2 vsT3 vsT4 2.589 1.092 6.137 0.031

. High vs Low 0.176 0.053 0.586 0.005
expression
FABP

7. High vs Low 1.880 0.318 11.105 0.486
expression
Age <50 vs>50 1.994 0.684 5.818 0.206
Gender Female vs Male 1.016 0.317 3.257 0.979
Lymphovascular
. . Present vs Absent  1.328 0.428 4.121 0.623
mvasion
Perincural Present vs Absent  1.665 0.505 5.495 0.402
mvasion
Lymphnode o tvs Absent 0451 0.141 1443 0.180
metastasis
Degree of Well vs Moderate 29 0284 3.735 0.965
differentiation vs Poor
Tumor T-Stage  T1 vs T2 vsT3 vsT4 3.373 1.190 9.560 0.022

detect influences of FABP4, FABP7 protein expression and other
variables on overall survival of colorectal cancer patients.

4, Discussion

The current work has utilized TMA(Camp, Neumeister,
and Rimm 2008)(Hutchins and Grabsch 2018)as the
method for tissue processing; and IHC for studying FABP
4/ 7 e xpression. This technique has been in use for2
decades in oncology research. TMA proves to be a cost-
effective and rapid scheme to examine large sample
numbers. TMA has been utilized in colorectal cancer
diagnostic and prognostic studies (Knosel et al. 2005).

This study proposes that 58.6% of CRC ¢ ases show
high FABP4 expression but only a minority (8.8%) exhibit
high expression of F ABP7. It also demonstrates that
expression of FABP7 correlates with younger patient’s age
(p = 0.001). Interestingly, the overall survival is
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statistically longer with high expression compared to low
expression of F ABP4 (p =0.041). We observe no
association between FABP4 or FABP7 expression and
other clinicopathological characteristics. No significant
association is detected between FABP7 expression and
overall survival (Log-Rank test p = 0.086).

Our results are compatible with those of Prayugo et al
(Prayugo et al. 2021) who studied F ABPs' Gene
expression analysis in CRC. They showed that, a mong
other genes, FABP 4 gene has a higher expression levels in
CRC tissues as matched to normal colon (Prayugo et al.
2021).Meanwhile, their results do not show statistical
significance of FABP7 expression in CRC tissues
compared to normal colon. Nevertheless, our re sults are
the opposite of theirs regarding the relationship of FABP4
expression and overall survival. We have found the
median overall survival to be statistically longer with high
expression contrasted to low/negative expression of
FABP4.0n the other hand, our results contradict with other
papers such as the one by Ma et al(Ma et al. 2018), since
we observe negative/low expression of F ABP7 in the
majority of our cases.(Ma et al. 2018; Tian et al. 2020)

It has been previously postulated that FABP4 has a role
in the early development of CRC, as it activates the Wnt/-
catenin pathway, which plays a chief role in CRC
evolution. (H. Zhao et al. 2022; Oliveira, Predes, and
Borges 2022; Prayugo et al. 2021) Moreover, a high blood
level of F ABP4 has been detected in CRC patients (Y.
Zhang et al. 2019). A recent study proposes that FABP4
overexpression can enhance invasiveness of CRC through
activating lipid metabolism. (Ma et al. 2018; Tian et al.
2020)

FABP 4 is a gene that is located on chromosome 8q21
and it is expressed in adipose tissues and other tissues.
EndogenousFABP4 acts as a tumor suppressor and
exogenous FABP4 enhances cancer development. Fatty
acids regulate FABP4 expression as its levels are higher in
obese than in non-overweight patients (Hancke et al.
2010). FABP4 is found to be involved in lipid metabolism
and pathogenesis in some cancers (McKillop, Girardi, and
Thompson 2019).

Previous studies show that FABP4 expression plays an
vital role in some cancers including breast cancer; where
higher FABP4 serum levels indicate a worse prognosis
(Xie et al. 2020). Moreover, FABP4 is increased in fatty
tissue and is continually released in blood ofobe se
persons. Thus, inhibition of FABP4 activity may provide a
new treatment strategy for obesity-associated breast cancer
(Zeng, Sauter, and Li 2020).

FABP4 is documented to play a role in prostate cancer,
(Huang et al. 2017; Amiri et al. 2018) bladder cancer, and
lung cancer . FABP4 expression in lung cancer is found to
be related to advanced lymph node metastasis (Tang et al.
2016).

FABP7 is identified mainly in evolving and mature
neural tissues (brain astrocytes, cerebellar glial cells, and
retinal cone photoreceptor cells)(Kagawa et al. 2019). It is
also identified in liver Kupffer cells, reticular cells in
lymph nodes and melanocytes. FABP7 seems to be
expressed in several malignant tumors, such as gliomas,
renal cell carcinomas, breast cancers, and others (Shi et al.
1997).

The role of FABP7 expression in carcinogenesis is the
subject of several studies that show controversial results.

For instance, De Rosa et al propose that FABP7 expression
has a negative impact on prognosis in gliomas (De Rosa et
al. 2012). Similarly, FABP7 expression correlates with
unfavorable prognosis in Renal cell carcinoma.(Tan et al.
2014). However, contradictory results are found in breast
cancer with better survival in cases with higher expression
levels. A possible explanation of w orsened prognosis
maybe because FABP7 overexpression leads to activated
cell proliferation and migration of tumor cells (Kagawa et
al. 2019). Some studies demonstrate that FABP7 shortage
decreases cultured astrocytes proliferation (Sharifi et al.
2011).

Prayugo et al results do not show significant
discrepancy of FABP7 gene expression between normal
colon and CRC tissues (Prayugo et al. 2021). Moreover,
the expression does not correlate with prognosis in CRC
patients. The current study demonstrates similar findings
on the protein expression level using IHC testing.

Adding to the controversy, Ma et al. (Ma et al. 2018)
have found FABP7 expression to be stronger in CRC
tissues in comparison to normal colon tissues, suggesting
possible involvement in CRC carcinogenesis. Furthermore,
their investigations display that FABP7 overexpression
stimulates neoplastic proliferation and inhibits apoptosis.
Moreover, FABP7 knockdown has a negative effect on
cell proliferation (Ma et al. 2018).

Due to their role in tumor development, FABPs may
become potential targets in cancer treatment (Sun and
Zhao 2022). FABP4 has been embattled using several
methods, such as small molecules like Polyphenols that are
derivatives of natural plant sources and act as therapeutic
substitutes for cancer therapy(Oliveira, Predes, and Borges
2022). These small molecules are synthesized by plants
and are found in multiple sources such as seeds, leaves,
and roots. Small molecule inhibitors (siRNAs) and short
hairpin RNAs are also recently examined as potential
cancer therapy agents (Mukherjee et al. 2020). Int heir
animal experiment, Mukherjee et al. utilizea small-
molecule inhibitor (BMS309403), an antagonist of FABP4
that interacts with its lipid-binding pocket. Interestingly,
they document substantial reduction in the number and
size of m etastatic lesions in ovarian cancer with
BMS309403 treatment. Similar trials have been performed
in animal models of CRC. For example, it is proposed that
miR-211 may reduce cell migration, invasiveness, and
EMT via targeting FABP4 (D. Zhao et al. 2019).

Presently, however, no pub lished research on human
subjects or clinical trials to evaluate the usefulness of
FABP4 inhibition is so far available. Future studies and
clinical trials are needed to prove that FABPs may become
promising targets of cancer therapy.

5. Conclusions

This study shows high expression of FABP4 in CRC,
and that it may have an influence on survival. On the other
hand, FABP7 is expressed in a minority of cases and high
expression is not predictive of outcome.

The current work has several limitations including a
relatively ~ small ~ sample  size, and  utilizing
immunohistochemistry as a sole method to investigate
FABP4 and FABP7 expression without molecular or
genetic studies. Further studies and clinical trials are
required to ascertain the relationship of FABP and CRC.
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The emphasis of such studies should be placed onthe
impact of F ABPs on pa tient’s outcome, along with the
potential role of FABP inhibitors in targeted therapy for
CRC patients, expanding the opportunities of t herapeutic
approaches in the clinical practice.
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Abstract

Water shortage has been one of the major problems that limit the production yield of banana. The molecular mechanisms by
which banana plants thrive in drought are not completely understood. This study aimed to reveal the major bioprocesses
affected by water shortage in banana plantlet using a transcriptomic analysis approach. In vitro shoot cultures of banana
(Musa acuminata) cv Barangan Merah were established on water stress treatments with the addition of polyethylene glycol
(PEG) in the culture medium. Banana plantlets generated from water stressed shoots from the control (BK), low 2.5% PEG),
medium (7.5% PEG) and high (10% PEG) levels were utilized as the resource for total RNA samples. Four cDNA libraries
were constructed and sequenced using the Illumina MiSeq™ 2000 platform. Transcriptome data analysis was conducted.
From a pool of four transcriptome libraries, each consisting of about 3,500,000 paired-end raw reads, 147,811 contigs were
assembled, from which 129,701 contigs were annotated with SwissProt reference and Musa acuminata gene model. A total
of 101,406 high quality and non-redundant contigs were obtained for differential expressed genes (DEG) analyses. Gene
ontology was performed using DAVID, followed by pathway prediction using KEGG. Statistical analysis identified 1,744
genes as DEGs under PEG treatment in which 1,046 genes (67%) of them were mapped to the reference genomes. These
DEGs were distributed in 26 functional clusters. There were eight major biological processes that were highly affected by
the drought stress in banana, including photosynthesis, cellular redox balance, cellular components stability, cellular energy
preservation, metal ion homeostasis, hormonal-activated signaling pathways, organ development, and production of
transcription factors (TFs). There 47 genes encoded for TFs were identified including five families that are typical for stress-
responsive genes families (MYB, WRKY, bZIP, ABF, DRE), also auxin- and ethylene-activated TFs and WUSCHEL-
related homeobox. Fifteen DEGs were selected for qRT-PCR validation and their expression results were confirmed.

Keywords: Drought stress, Musa acuminata, shoot cultures, transcriptome profile.

cause a big loss of produc tion yield ofba nana fruits

1. Introduction

Bananas (Musa spp.) are famously known as a
commercial crop in tropical and subtropical countries,
including Indonesia. For optimal growth, banana plants
require a warm and humid climate. The existing
commercial cultivars of banana are mostly parthenocarpy
and generated from hybridization between one or two of
the major diploid ancestors, Musa acuminata (A-genome)
and Musa balbisiana (B-genome) that produce the three
triploid hybrids, either with AAA, AAB, or ABB genome
constitution (Nayar, 2010a nd Davey et al., 2013).
Naturally, banana plants are exposed to suboptimal field
conditions throughout its life cycle. Drought is one of
major abiotic stresses that is affecting banana production
worldwide (Santos et al., 2018) because insufficiency of
water supply will reduce the growth of banana plants and

" Corresponding author. e-mail: srinanan@jtb.ac.id.

(Nansamba et al., 2020).

Drought refers to the condition of water deficit when
water levels drop below a certain threshold. The water
deficit condition occurs either when the water supply
becomes limited or when the transpiration rate becomes
intense. The effects of plant water stress vary between the
plant species. The most common early symptom of plant
water stress is when the leaves wither and dry.
Recognition of w ater-stress symptoms can be critical to
maintaining the growth of a crop (Bhattacharjee and Saha,
2014). When the plant encounters water stress, the osmotic
pressure inside leaf cells decreases and causes the leaves to
wilt. To get through with the drought, tolerant plants
initiate defense strategies against water deficit that can be
expressed at the phenotypic levels and the molecular levels
(Tlyas et al, 2021). Inre sponse to water stress, changes
occurred in the cellular level, including changes in
metabolic pathway directions, changes in the nutrient and
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ion uptakes, synthesis of new proteins and modulation of
free radical generation (Omprakash et al., 2017).

Drought has been known to cause morphological,
physiological, biochemical, and molecular changes in
banana. Water stress evidently changed morphological and
physiological activity, that affected the growth and
productivity of plants. Morphological characteristics of
banana plants, such as the numbers of 1 eaves, shape and
color appearance of leaves, reduction of the greenness of
leaves, and plant heights were significantly changed under
drought conditions (Uwimana et al, 2021). It was found
that the lack of sufficient water also affected the relative
water content (RWC), soluble protein content, total
chlorophyll, and photosynthetic pigment contents of
various banana genotypes. Water deficiency also gave an
impact on increasing the biosynthesis of epicuticular wax,
proline, and free amino acid in banana plants (Surendar et
al., 2013). Nevertheless, studies showed that drought
tolerance in banana plants was genotype-dependent. It was
indicated that different cultivars of banana are varied in
their tolerance levels to drought conditions. Among the
three-triploid banana hybrids, i.e. the AAA, AAB, or ABB
genomes, the cultivars with ABB genome constitution are
known to be more tolerant to drought (Wang et al., 2020).

Understanding the molecular basis of how banana
plants respond to water stress is the main key to
developing drought tolerant banana plants in the future.
Molecular studies showed that banana plants are capable
of super-expressing genes related to resistance and defense
response to abiotic stresses, including drought and salinity
stresses (Hu et al.,, 2017). The molecular regulation
mechanisms of ba nana in response to various abiotic
stresses have been extensively studied using the next
generation sequencing (NGS) technology. The NGS
technology is known to be very useful in generating large
amounts of expressed sequence tags (EST) which is
adequate to cover the transcriptome of bananas (Lowe et
al., 2017). A draft genome ofthe wild M. balbisiana
diploid variety, the ‘Pisang Klutuk Wulung’ (‘PKW’, B-
genome) was successfully sequenced and assembled
(Davey et al., 2013). The draft genome was used in
comparative transcriptomics and genomics studies of
interspecific triploid and tetraploid banana hybrids. The
computational prediction, identification, and expression
profiling of microRNAs had been used to identify drought-
responsive miRNAs in the EST library of drought-stressed
banana. The miRNAs are post-transcriptional gene
regulators and implied to regulate gene expression during
drought response (Muthusamy et al., 2014).

Based on N GS-technology, Backiyarani et al. (2015)
accomplished the transcriptome analysis of banana (Musa
balbisiana). The transcriptome sequencing was performed
using the Ton Torrent platform and generated about 4.5
million paired-end reads. The RNA sequencing results
provided transcriptomic information on the Musa sp. ‘B’
genome and led to the development of't rait-specific
markers and also the discovery of new genes and
regulatory sequences that are involved in resistance
mechanisms. Likewise, transcriptome analysis had been
employed to identify and compare drought stress-
responsive long non-coding RNAs (IncRNAs) from
drought-tolerant and -susceptible banana (Musa spp)
cultivars. The LncRNAs are known to be responsive to
biotic and abiotic stresses and regulate genes to respond

(Muthusamy et al., 2015). Muthusamy et al. (2016) also
discovered the transcriptomic changes of't olerant and
sensitive banana cultivars exposed to drought stress. The
differences in profiles were determined between drought-
tolerant cv Saba (ABB genome) and the drought-
susceptible cv. ‘Grand Naine’ (AAA genome) in tolerance
mechanism to water deficiency. It was verified that
comparative physiological and transcriptomic analyses
were applicable to reveal the integrated insight into abiotic
stress tolerance mechanisms in banana. Based on
phenotypic and physiological analyses, it was confirmed
that the ABB genotype banana had the strongest tolerance
to abiotic stresses compare to the AAA and AAB
genotypes (Wang et al., 2020).

Studies showed comparative transcriptomic analyses
had confidently improved our understanding oft he
molecular mechanisms of de fense occurred in Musa spp.
when plants under drought stress. Transcriptome
sequencing technologies successfully generate and provide
a framework dataset that is needed to be further analyzed
for transcriptome mapping, determining metabolic
pathways, clarifying gene expression patterns, and
identifying new genes (Rani and Sharm, 2017). Basically,
the information contents of transcriptome data are
recorded as a snapshot at the moment taken, hence the
information contents will be very specific and will not be
the same in different tissues or conditions, or at different
times. Nevertheless, transcriptome data give us
information on how genes are regulated and reveal details
of biological processes occurring in cells, tissues, or organ
parts of an organism at a certain time and in a specific
condition; therefore, drought responsive gene expression
profiles of banana remain unexplored thoroughly (Hu et
al., 2017). Accordingly, it was emphasized that there is a
need for more studies using the transcriptome sequencing
technology to discover the molecular mechanisms of
banana in response to water stress. A comprehensive
transcriptome data will further enhance our understanding
of the mechanisms regulating drought tolerance in banana
and determine the play roles of expressed genes in stress
regulation and  post-translational m  echanisms
(Mattos-Moreira et al., 2018). This study aimed to unravel
the mechanism of banana plantlets in response to water
stress condition through morphological observation and
transcriptional analysis. A reference transcriptome dataset
was generated from cDNA libraries of b anana plantlets,
Musa acuminata, Colla cv Barangan Merah (AAA
genome), which is known as a drought-susceptible cultivar
(Sebayang et al., 2018). Int his study, transcriptomic
changes of the water stressed plantlets of Barangan Merah
banana cultivar were analyzed to discover the gene
expression profiles related to the major biological
processes.

2. Materials and Methods

2.1. Plant Materials and Treatments

In vitro shoot cultures of b anana (M. acuminata) cv
Barangan Merah used in this study were obtained from
SEAMEO BIOTROP, Bogor, Indonesia. Banana shoots
were cultured on MS (Murashige and Skoog, 1962) basal
medium (PhytoTech Lab. USA) supplemented 3 % (w/v)
sucrose and 0.8 % (w/v) agar (Swallow Globe, Indonesia)
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to solidify. Emerged axillary shoots were sub-cultured
every four weeks and used as explants for w ater stress
treatments. Polyethylene glycol (HiMedia Laboratories,
India) was added to the culture medium to induce water
deficiency. Three different PEG concentration levels used
in experiments were 2.5% (coded as BP2), 7.5% (coded as
BP7), and 10 % (c oded as BP10), and those were
equivalent to osmotic potential (OP) at -0.19, - 0.93, and -
1.48 bars (Michel and Kaufmann, 1973). Shoots grown on
culture medium without the addition of PEG were used as
the control treatment (coded as BK). After a four-week
period of ¢ ulturing, shoots were rooted and regenerated
into plantlets on MS medium supplemented with 5 uM 6-
Benzyl-aminopurine (Sigma-Aldrich, Singapore). All
banana in vitro cultures were maintained in a culture room
at 22 + 2°C under continuously-lighting at 2,000- 3,000
lux (Bharati et al., 2018). Six replicates were made for
each treatment. Three replicates of each sample were
prepared for R NA extractions and three other replicates
were used fors ubculturing and further experimental
analyzing.

2.2. Morphological Observations

Morphological observations were carried out to
evaluate the effects of w ater stress onthe growth and
morphological changes of banana plantlets. The physical
appearances of the four groups of banana plantlets (BK,
BP2, BP7, and BP10) were compared. The shoot lengths
of plantlets (height in mm), number of leaves, and shoot
multiplication rates were used as the growth parameters
and measured after a four-week period of PEG exposures.
Changes in the appearance of leaves, reduction of t he
greenness of f oliage, and the evidence of necrotic,
chlorosis, orb rowning tissues of pl antlets were also
monitored. For morphological observation, six replicates
were made for each treatment, and the statistical analysis
was determined by One-way ANOVA and Tukey test
using the SPSS software version 23.0.

2.3. RNA Extraction

For transcriptome sequencing, tissue samples of't he
four groups of banana cv Barangan Merah plantlets (BK,
BP2, BP7, and BP10) were collected and prepared for the
RNA isolation. The total RNA of each group of treatment
was extracted separately using the CTAB-LiCl protocol
(Song et al., 2011). Frozen tissues of banana plantlets were
ground into fine power in liquid nitrogen using a pre-
cooled mortar. The fine powder samples were then
submerged into 0.1% (v/v) cethyl trimethyl ammonium
bromide buffer (CTAB Merck, Singapore), and followed
by two times extractions with chloroform. The RNAs were
precipitated using lithium chloride (Merck, Singapore),
and then extracted using chloroform again. The least
RNAs were precipitated with ethanol, and the pellets were
resuspended in 20-100 pL diethyl pyrocarbonate (DEPC)
treated water (ThermoFisher Scientific, USA). The
integrity of RN As was assessed with the Agilent 6000
RNA Nano Chip Kit on21 00 Bioanalyzer (Agilent
Technologies), following the procedure described by
Diningrat et al. (2015).

2.4. cDNA Library Construction and Transcriptome
Sequencing

Two-paired-end cDNA libraries were developed
according to the protocol of Two-Paired-End Sample

Preparation Kit (Illumina Inc., USA). The four cDNA
libraries were constructed and sequenced using the
Illumina MiSeq™ 2000 platform (Diningrat et al., 2015).
Only one transcriptome dataset was presented for e ach
treatment group. Transcriptome raw data were generated
from four cDNA libraries of banana plantlets, and coded as
BP2, BP7, BP10, and BK as the control.

2.5. Transcriptome Data Analysis

Banana transcriptome data analysis was conducted
through several steps as illustrated in the bioinformatics
analysis flow chart (Figure 1). Quality assessment of all
raw FASTQ reads was conducted using FastQC version
0.11.8 prior to de novo transcriptome assembly. De novo
transcriptome assembly was performed using Trinity
assembler package version 2.8.4 (commission no.
4539805) with a k-mer size of 25 and both sequencing
adapter and bases with low quality scores were removed
with Trimmomatic version 0.36 (Haas et al., 2013).
Transrate version 1.0.3 was used to assess the quality and
filter the assembled contigs, retaining only contigs that
have Transrate contig quality scores greater than or equal
to 0.04776 (Smith-Unna et al., 2016).

Contigs that passed the filtering step by Transrate were
used as input for TransDecoder (version 5.5.0) forthe
detection of the putative open reading frame (ORF).
Contigs were then annotated using Trinotate version 3.1.1
with all the contigs passing Transrate filtering step and
ORFs predicted by TransDecoder as inputs. Contigs were
annotated against Swiss-Prot database (The Uniprot
Consortium, 2019), Pfam 32.0 (El-Gebali et al., 2019) and
Musa acuminata genome assembly and annotation-version
(Martin et al. 2016). Contigs expression level for each
treatment  group  was  determined using  the
align_and_estimate_abundance.pl script as part oft he
Trinity package. Quality trimmed reads from each
treatment were mapped using Bowtie2 version 2.3.5.1
(Langmead and Salzberg, 2012) read counts were
estimated using RSEM version 1.3.2 (Li and Dewey,
2011).

Differential expression analysis was done in RStudio
version 1.2.1335 (RStudio Team, 2018) us ing DESeq2
package (Love et al., 2014). To reduce the probability of
false positive error, we removed any contigs with an
expression level less than the expression level at the 85
percentile across all contigs. For gene expression analysis,
the number ofe xpressed tags was calculated and
normalized to the number of transcripts per million (TPM)
tags. Each unigene was grouped based on the ratio of TPM
to that of the control data. Unigenes were analyzed with a
cut-off ratio of logl10 > 2 to obtain a list of unigenes with
multiples of more than 100 times compared to those of the
control group (p-value < 0.001). The differentially
expressed tags were used for further mapping and
annotation. To visually represent the similarities and
differences of functional gene expressions among the three
groups of't reatments (BP2, BP7 and BP10), the Venn
diagrams were made up and generated using a web-based
tool by PSB Ugent
(http://bioinformatics.psb.ugent.be/webtools/Venn/).
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Figure 1. Bioinformatics analysis flow chart for transcriptome
profiling of banana plantlets under drought stress.

2.6. Gene Ontology (GO) Enrichment Analysis

Further analysis of GO enrichment was accomplished
only for the high concentration treatment, the 10% PEG
(BP10 plantlet) as a representative of other treatments. The
GO enrichment analysis of the differentially expressed
genes was completed using the Database for A nnotation,
Visualization, and Integrated Discover (DAVID) at
http://david.abce.nciferf. gov/. The pathway analysis was
performed based on Arabidopsis thaliana (TAIR)
annotation and the Kyoto Encyclopedia of Genes by and
Genomes (KEGG) http://www.genome.jp/kegg/.

2.7. Validation of Selected Gene Expressions by qRT-
PCR Assay

To confirm the expressions of selected annotated
DEGs, an independent experiment was carried out to
replicate a similar experiment with previous experiments,
except that for validation of gene expressions, the total
RNA samples were extracted from banana cv Barangan
Merah plantlets of the BK (control treatment without PEG)
and the BP10 (with 10% PEG treatment) only. The total
RNA samples were isolated from plantlets of the BK and
the BP10 after four weeks of the PEG treatment. The RNA
extractions were done using CTAB-LiCl method as
described previously (Song et al., 2011). Three biological
replicates were used for t he validation. The quality and
quantity of RN A were measured using Nanodrop™ Lite
Spectrophotometer (Thermo  Scientific, USA) and
electrophoresis was confirmed in 1.5 % agarose (Kusdianti
et al., 2016). The cDNA constructions were carried out
with the GoScript™ Reverse Transcription System
according to manufacture manual (Promega, USA). The
cDNA synthesis reaction was done by incubation for 5
minutes at 25 °C, followed by incubation for 1 h at 42 °C
and deactivated of reverse transcriptase for 15 minutes at
70 °C. The quantity of total RNA measured using

nanodrops showed an average of 273.3 ng/ul (Amalia et
al., 2016). Construction of cDNA with reverse
transcriptase enzyme generated banana cDNA that can be
used for qRT-PCR analysis.

Fifteen genes selected from annotated DEGs
(Supplementary Table S.1) were subjected to quantitative
real-time PCR (qRT-PCR) assay. Primer pairs were
designed using the Primer3Plus package following the
procedure described at https://www.bioinformatics.nl/cgi-
bin/primer3plus/primer3plus.cgi. All designed primers
were checked with the Primer Blaster (https://banana-
genome-hub.southgeen.fr/primer blaster) and compared to
the banana genome available at CIRAD to ensure the
primers would hit with the M. acuminata (AAA genome).
The primers had a specification of 18 -25 bases length
(Macrogen, Singapore), 40-60% GC percent, the
temperature of m elting (Tm) between 55-65°C, and no
self-complementary or di mer. Analysis with Primer
Blaster software also showed the same amount of
amplification with Primer3Plus software, thus the primers
could amplify the target genes and used for ge ne
expression analysis.

Quantitative Real-Time PCR (qRT-PCR) analyses were
performed using QuantStudio 1 (Termo Scientific, USA).
The gRT-PCR was performed using GoTaq® gPCR
Master Mix according to the manufacturer manual
(Promega, USA). The PCR reaction procedure (Amalia et
al., 2016) was started with pre-denaturation at 95 °C for 15
minutes, followed by 40 cycles of polymerization (15 s at
95 °C, 30 s at 60 °C and 30s at 72 °C). Three technical
replicates were applied in the qRT-PCR assay. Relative
fold expression values were normalized using MaACT
(actin) and MaBT (betatubulin) as the housekeeping genes
and calculated using the 2" method (Livak and
Schmittgen, 2001). Statistical analyses are used to estimate
the significance of statistical program and presented
graphically (Hu et al., 2017).

3. Results

3.1. Morphological Evaluations

Visible morphological changes occurred in plantlets
after four w eeks of P EG exposure. Morphologically,
plantlets of the BP2, BP7 and BP10 were very different in
their appearance compared to plantlets of the control group
(BK). Remarkable signs were noticed as the reduction in
the greenness of foliage, changes in shoot colors, reduced
size of leaves, and fewer leaves turgidity in plantlets
(Figure 2.A-D). Some leaves of plantlets turned yellowish
after four w eeks cultured on a water shortage condition,
particularly on medium with 10% P EG. Morphological
changes might be related to the expression of specific
genes related to the major biological process that occurred
in plantlets as a response to water shortage. The lack of
water may further reduce most downstream processes that
require water, primarily photosynthesis but also increase
the effectiveness of energy formation and uses- the details
will be discussed later. It seemed to be corresponding to
the changes in transcriptome profiles.
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BP10

© (D)

Figure 2. (A) Banana plantlets of the control (BK), (B) treatments with PEG 2.5% (BP2), (C) PEG 7.5% (BP7), and (D) PEG 10% (BP10)
after four weeks of PEG treatments which were used as the sources of RNA samples for generating the transcriptome data.

The evaluation showed changes in shoot lengths,
numbers of leaves and shoot multiplication rates of banana
plantlets after four weeks of exposure to PEG in MS
treatments (Figure 3 A-C). Compared to those oft he
control treatment (BK), plantlets of the BP2, BP7 and
BP10 obviously decreased their growth. The averages of
heights (shoot length in mm) of the BP2, BP7 and BP10
plantlets were 38 mm, 26 mm and 19 mm which were very
much lower compared to those of the control ones (65
mm). The water deficiency also greatly reduced the leaf
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numbers of plantlets. Drought stressed plantlets had lower
numbers of leaves on averages of 3.8 (BP2), 2.5 (BP7) and
2.3 (BP10) whereas the control plantlets evenly had higher
numbers of enlarged leaves (6.3 per plantlet). Other than
that, the lack of sufficient water seemed to suppress the
growth ability ofa xillary buds causing shoot
multiplication rates were excessively declined, especially
at 10% PEG (BP10).
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Figure 3. (A) Average of shoot lengths (mm), (B) average of leaf numbers, and (C) average of shoot multiplication rates of banana
plantlets: BK, BP2, BP7 and BP10 four weeks after exposure to PEG in MS treatments. The number at top of each bar represents the
mean value with error bars at p = 0.05. Values followed by the same letters are not significantly different at 0.05 level as determined by

One-way ANOVA and Tukey test.

3.2. Transcriptomic Analyses

A transcriptome dataset was generated from four
cDNA libraries of ba nana plantlet groups that were
exposed to water stress by the addition of PEG (BP2; BP7,
BP10) and the control treatment (BK). All RNA-seq data
had been submitted and registered with the BioProject
database NCBI (BioProject ID PRINA970186). In these
four transcriptome libraries, each one consisting of
~3,500,000 paired-end raw reads, a total of 147,811
contigs were assembled, from which 129,701 contigs were
annotated with SwissProt reference and Musa acuminata
gene model. After the redundant and low quality contigs
were filtered out, a total of 101.406 high quality and non-
redundant contigs were obtained for further analyses.
Contigs length ranged from 200 to 1800 bp with N50 value
of 998. Transcriptome assembly statistics are listed in
Table 1.

Table 1. Transcriptome statistics of the assembled contigs of
banana plantlets of the low quality- and redundant- contigs were
omitted with the TransRate tool.

Parameters Values
Numbers of bases 104,118,407
Numbers of contigs 147,811
Smallest contig size (in bases) 199

Largest contig size (in bases) 7,393
Percentage of fragments mapped (%) 91.8
Percentage of good mapping (%) 77.3
Percentage of contigs uncovered (%) 17.5

3.3. Differentially expressed genes (DEGs) Analysis

Genes with very low expression levels were excluded
from the 101,406 high-quality contigs and resulting in
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60,637 genes being used as input in the Differential
Expressed Gene (DEG) analysis. Further filtered-out with
the threshold of the adjusted p-value of 0.05 resulted from
a total of 8,444 contigs were obtained and used in pairwise
analysis. All DEGs were divided into three groups based
on its PEG treatments. The total numbers of 1,564 genes,
1,556 genes, and 1,744 genes were finally identified as
differentially expressed (DEGs) following the treatments
of 2.5% PEG (BP2), 7.5% PEG (BP7), and 10% PEG
(BP10), respectively. In Venn diagrams (Figure 4), gene
numbers in a circle showed the relationships of genes
among groups. The numbers in overlapped circles

PEG2_UP _PEG10_UP

PEG7_UP
A

exhibited similar expressions, while numbers in separate
circles indicated the number of genes which did not take a
part in the same trait. The three groups were BP2, BP7 and
BP10 groups and showed a similar ratio of two-thirds (2/3)
of up-regulated and down-regulated genes. In BP2 group
there were 631 genes (40.3%) up-regulated, and 933 genes
(59.7%) were down-regulated. In BP7 group, 658 genes
(42.2%) were up-regulated, and 898 genes (57.8%) were
down regulated, while in BP10 group, 762 genes (43.7%)
were up-regulated, and 982 g enes (56.3%) were down
regulated (Figure 4, Table 3).

PEG2_DOWN PEG10 DOWN

PEG7_DOWN
B

Figure 4. The Venn diagrams of the total gene counts of DEGs: (A) Upregulated genes and (B) Downregulated genes, in 2.5% PEG,

7.5%PEG, and 10% PEG.

A total of25 annotated genes were consistently
upregulated in all PEG exposed plantlets (BP2, BP7, and
BP10) which consisted of ge nes responsible fort he
processes of de fense to abiotic and biotic stresses, the
metabolic process of the antioxidant glutathione, abscisic
acid-activated signaling pathway, cell redox homeostasis,
photorespiration, DNA repair and protein modifications
(Table 2). The results of the DEG analysis also indicated
genes that were exclusively expressed in each exposure to
PEG treatment, with the biggest portion of the genes
occurring in the highest PEG concentration (10% PEG).
Using homology comparison with two genome references,
the previously published Musa acuminata cv Pahang
genome model and Arabidopsis thaliana, we were able to
assign the functions ofa t least two-third of the up-
regulated and down-regulated genes in each treatment
group.

On the other hand, 233 ge nes (94 oft hem were
annotated) were consistently down regulated in all tested
concentrations of PEG (Figure 4) with the majority
involved in the formation of photosynthetic machinery
such as chloroplast membrane components, photosystem I
and II, that play role in light harvesting during
photosynthesis. In addition to that, genes related to the
process ofc ellular ion homeostasis, amino acid

transmembrane transport, ethylene- and auxin- activated
pathways, fatty acid biosynthesis, cell wall biogenesis,
plant organ morphogenesis, oxidoreductase activity,
phenylpropanoid metabolic process, and response to
abiotic and biotic stimulus- were also appeared to be
consistently ~ down-regulated in  all  treatments
(Supplementary Table S.2).

Out of 762 up-regulated genes, 100 genes were selected
as genes with the highest expression levels enhanced by at
least a thousand times. Among the genes are early nodule-
like protein, L-ascorbate peroxidase, acidic endochitinase,
protein disulfide isomerase-like, superoxide dismutase,
prolyl 4-hydroxylase, nucleolin 2, gibberellin-regulated
protein, tubulin  alpha-1 chain, flavonoid 3’-
monooxygenase, small nuclear ribonucleoprotein G, and
stearoyl-[acyl-carrier-protein] 9-desaturase
(Supplementary Table S.3). Interestingly, the top 100 up-
regulated genes represented quite a large variety in
function. Based on their functions, these genes can be
classified into eight major roles i.e., (1) photosynthesis, (2)
cellular redox balance; (3) cellular components stability;
(4) cellular energy preservation; (5) metal ion homeostasis;
(6) hormonal-activated signaling pathways; (7) production
of transcription factors; and (8) organ development.

Table 2. A total of 25 annotated genes were consistently upregulated in all PEG exposed plantlets (BP2, BP7, and BP10).

Contigs ID Biological process

Cellular components Molecular function

MaB_DN812 _cl_gl
MaB_DN9%4 _c0_g2

DNA repair; response to salt stress

Protein sumoylation

MaB DN1392 cl gl Protein refolding root development

MaB_DN75017 c0_gl Polar nudeus fusion; rRNA pseudo

cytosolic small ribosomal subunit ~ damaged DNA binding

cytoplasm; nucleus protein tag ubiquitin-like

protein

chloroplast; endoplasmic
reticulum

box H/ACA snoRNP complex;
box H/ACA telomerase RNP

peptidyl-prolyl cis-trans
isomerase

box H/ACA snoRNA
binding telomerase RNA



MaB_DN180 c0_g3
MaB_DNS2396 co gl
MaB_DN6130 _cl_g4

MaB _DN16107 c0 gl
MaB _DN999 cl gl

MaB DNI10 ¢l gl
MaB_DN8775_c3_gl

MaB_DN767 ¢l g2

MaB_DN31726 _c0_gl

MaB_DN3960 c1_gl

MaB DN3032 cl_gl

MaB_DN39392 cl gl

MaB_DN17680 ¢c0_gl

MaB_DN3027 c0 gl

MaB DN6388 _c0 gl

MaB_DN2680 c0_ g2

MaB DN16624 c0_gl

MaB DN138 c0 g2

MaB DN7483 c0 gl

MaB DN20701_c0_gl

MaB_DN47361_c0_g2

uridine synthesis

Spliceosomal snRNP assembly

Defense response to bacterium

Cytokinin metabolic process
extracellular space

Glutathione metabolic
process,GO:0009407 toxin catabolic
cytoplasm,GO:0005829

Hydrogen peroxide catabolic

Intracellular protein transport;
Chromatin-mediated maintenance

Cell cycle arrest; cellular response to
DNA damage stimulus

GO0:0005412_translation
Abscisic acid-activated signaling
Defense response

Glutathione metabolic process;
Cell redox homeostasis

Photorespiration
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comp.
U12-type spliceosomal complex
endoplasmic reticulum membrane

endosome; plasma membrane;

plasma membrane

eukaryotic translation initiation

cytoplasm, nudeus

plasma membrane

nucleosome; nucleus

extracellular space

cytoplasm,GO:0005829 cytosol

cell wall; plasmodesma; vacuole
cytoplasm

cytoplasm

chloroplast, clathrin coat of trans-

transcription elongation factor

cytoplasmic ribonucleoprotein
granule; ubiquitin ligase complex

cell wall; cytosolic small

ribosomal

cytosol; nucleus

cell wall; extracellular region
chloroplast: cytoplasm; cytosol
endoplasmic reticulum lumen

mitochondrial respiratory chain

43
binding
mRNA binding

peptidyl-prolyl cis-trans
isomerase

mRNA binding; ribosome
binding;

magnesium-dependent
protein

protein heterodimerization
activity

cytokinin dehydrogenase
activity;

Glutathione transferase
activity

heme binding; metal ion
binding;

metal ion binding;
superoxide

clathrin light chain
binding; structural

metal ion binding; RNA
polymerase

kinase binding; metal ion
binding; protein
heterodimerization activity
structural constituent of
ribosome

magnesium-dependent
protein serine/threonine
phosphatase

Glutathione binding;
glutathione

protein disulfide isomerase
activity

NADH dehydrogenase
(ubiquinone)

Table 3. Summary of the contig annotation and differentially expressed genes (DEGs) analysis. Numbers presented in each column are total
gene counts resulting from each step described in the column title.

Sample Assembled contigs ~ Total annotated =~ Numbers of DEGs Upregulated Downregulated

BK (Control) - - -

BP2 (2.5% PEG) 1,564 631 (40.3%) 933 (59.7%)
147,811 129,701

BP7 (7.5% PEG) 1,556 658 (42.2%) 898 (57.8%)

BP10 (10% PEG) 1,744 762 (43.7%) 982 (56.3%)

genes), and cell redox homeostasis (449 g enes). Other
functional groups that were also overrepresented by the
DEGs are those related to cellular respiration, RNA
processing and translation, protein interactions, cell wall
re-organization, cellular components and organelles,
lipids- and amino acids- biosynthesis and transports,
secondary  metabolite  biosynthesis, and DNA
modifications and repairs (Figure 5).

3.4. Functional Cluster Analysis of DEGs

Using A. thaliana genome model as a reference, all
differentially expressed genes were clustered in 26
functional groups with the largest being constituted by
genes playing roles in transmembrane-transports (1,307
genes), photosynthesis (1,303 genes), transcription factor
(TFs) production (1,013 genes), protein phosphorylation
(747 genes), cellular secretions and detoxifications (468
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Figure 5. Gene functional cluster analysis of DEGs using DAVID bioinformatics tools.

Further GO enrichment analysis was achieved in detail
for the 10% PEG treatment only. Based on DAVID, GO
enrichment results of the BP10 plantlets indicated systemic
changes that occur upon stress in banana involving large
numbers of biological processes, i.e. the cellular process,
metabolic process, response to stimulus, developmental
process, and multicellular organismal process. The most
significantly enriched biological processes are the cellular
metabolic process, primary and secondary metabolic
process, cellular catabolic process, carbohydrate metabolic
process, alcohol catabolic process, the stress response to
abiotic stimulus, response to chemical stimulus, cellular
process, anatomical structure development, multicellular
organismal development, post-embryonic development,
and pollen development (Table 4). Through statistical
analysis, a total of 1 ,744 genes were identified as
differentially expressed genes (DEGs) under PEG
treatment, and 1,046 genes (67%) of them were mapped to
the reference genomes (Figure 5). It is important to note
that the gene members can be overlapped between clusters,

which means a gene can contribute to more than one
functional cluster. A big portion of genes were represented
in the clusters of transmembrane transport, photosynthesis,
transcription factors, and protein phosphorylation. A great
majority of genes responsible for photosynthetic apparatus,
such as chloroplast thylakoid membrane and plastid
envelope, were remarkably downregulated upon the
drought stress. The suppression effect appeared to be
highly exclusive in chloroplast, but not as much in other
cellular structures. Downregulation effects on the
macromolecular complex, especially the protein-complex
composing the light harvesting complex, photosystem I-
and photosystem II- reaction center, were strongly
suggested in our study. Unlike other cell components,
genes responsible for mitochondria structure were majorly
upregulated during water stress. The GO enrichment
analysis results showed the 100 highest upregulated and
100 lowest down-regulated genes under 10% PEG
treatment (Supplementary Table S.3 and S.4).
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Table 4. Highly-enriched GO terms in the transcriptome of the three PEG treatments. The colors represent a level of upregulation and
downregulation (see the legend).

Stress level

PEG PEG
PEG25 75 10

u D U D U D

Enriched GO term_ general Enriched GO term_ specified

Photosynhesis

Responses to stimulus

Secondary metabolic
process

Carbohydrate metabolism

Cellular process

Developmental process

Multicellular organismal
development

Establishment of
localization

Post-translational protein
modification

Cell surface receptor-linked
signaling pathway

Cellular respiration

Lipid localizaton

Chemical homeostasis

Regulation

Light reaction

Electron transport chain

Light harvesting

Response to stress

Response to abiotic stimulus
Response to radiation
Response to temperature
Response to light stimulus
Response to chemical stimulus

Response to hypoxia
Phenylpropanoid biosynthesis

Toxin metabolic process
Carbohydrate metabolic process
Carbohydrate catabolic process
Cellular metabolic process
Cellular biosynthesis process

Cell growth

Anatomical structure development
Cell differentiation

Organ (fruits, seeds) development
Pollen develoment
Post-embryonic development
Transport

Intracellular transport

Cellular protein metabolic process
Cellular macromolecule metabolic

process

Transmembrane receptor tyrosine
kinase signaling

Respiratoty chain
Glycolysis
Electron transport chain

Electron carrier activity

Cellular cation homeostasis
Cellular metal ion homeostasis
Regulation of cellular structures
Regulation of primary metabolic

Regulation cellular biosynthetis

Legend:

highly up-regulated (U)

up-regulated
NORMAL

down-regulated

highly down-regulated (D)
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3.5. Enriched Transcription Factors Following the
exposure with PEG Treatment

The increase of transcription factors (TFs) is the event
that leads to the up-regulation of various stress responsive
genes. From the list of dow n-regulated genes of BP 10
plantlet sample (with 10% P EG treatment) a total of 47
genes encoding for transcription factor (TF) that belong to
at least 26 TF families were identified, including five
families that are typical for stress-responsive genes
families such as MYB, WRKY, bZIP, ABF, DRE, auxin-
and ethylene-activated TFs and WUSCHEL-related
homeobox (WOX). In a ddition to the major responses,
there were other interesting biological processes. The high
activation of 13 ge nes in phenyl-propanoid biosynthesis

pathway and 5 genes in the flavonoid biosynthesis
pathway, which identity and roles require further studies.
Analysis results revealed there were 47 genes in ‘PBM’
banana plantlets that were likely encoded for Transcription
Factors (TFs) which were all down-regulated following the
drought treatment (Table 5). At least 26 TF families were
identified in this study- with the majority are the members
of zinc-finger super family protein (10 genes) followed by
the Ethylene Response Factor (ERF) (4 genes), MYB and
MYB-like TF family protein (3 genes), homeobox-leucine
zipper family protein (bZIP) (3 genes), and WRKY- DNA
binding protein (3 genes). Other TF families are listed in
Table 5.

Table 5. Enriched transcription factors of banana plantlets after a four-week exposure to the 10% PEG treatment.

M. acuminata cv
Barangan ID

Transcription factors (TFs)

MaB_DN44306_c0_gl
MaB_DN74488 c0 gl
MaB_DN98776_c0_gl
MaB_DN4733_c0_gl
MaB_DN10455_c0_gl
MaB_DN41764_c0_gl
MaB_DN41811 c0_gl
MaB_DN76283_c0_gl
MaB_DN19921 cl gl
MaB_DN72367_c0_gl
MaB_DN48622_c0_gl
MaB_DN73622 c0_gl
MaB_DN17935_c0_gl
MaB_DN1504 c0 g2
MaB_DN11588 c0_gl
MaB_DN65671_c0_gl
MaB_DN11415_c0_gl
MaB_DN16139 c0_gl
MaB_DN81329 c0 gl
MaB_DN64112 c0_gl
MaB_DN76923 c0 gl
MaB_DN18967 c0_gl
MaB_DN1857_c3_gl
MaB_DN7159 _¢c0_gl
MaB_DN83106_c0_gl
MaB_DN2764 cl g8
MaB_DN91310 c0_gl
MaB_DN40655_c0_gl
MaB DN313 c0 g2
MaB_DN97433_c0_gl
MaB_DNI1150 c0 g3
MaB _DN1416_cl g3
MaB_DN2208 c0 gl

GATA type zinc finger transcription factor family protein (GNC)
Myb domain protein 4 (MYB4)

Basic helix-loop-helix DNA-binding superfamily protein (BIM1)
B-box type zinc finger protein with CCT domain-containing protein
Myb domain protein 16 (MYB16)

Homeobox-leucine zipper family protein/lipid-binding START domain-containing protein (ANL2)
Indole-3-acetic acid 7(1AA7)

Transducin/WD40 repeat-like superfamily protein (SAP)

WRKY DNA-binding protein 34(WRKY34)

GRAS family transcription factor (HAM1)

Basic helix-loop-helix DNA-binding superfamily protein (AT2G41130)
Sigma factor E(SIGE)

GOLDEN2-like 2 (GLK2)

Myb-like transcription factor family protein (AT3G25790)

C2H2 and C2HC zinc fingers superfamily protein (AT3G49930)
B-box type zinc finger family protein (BBX28)

Dehydration response element BIA(DREB1A)

Zinc finger (CCCH-type) family protein (AT5G58620)

Ethylene response factor 1(ERF1)

WUSCHEL related homeobox 4(WOX4)

Abscisic acid responsive elements-binding factor 3(ABF3)

Indeterminate (ID)-domain 5(IDD5)

Squamosa promoter-binding protein-like (SBP domain) transcription factor family protein (AT1G76580)

WRKY DNA-binding protein 15(WRKY15)

Homeobox protein ATHI(ATHI)

Homeobox-leucine zipper protein 4 (HB-4) / HD-ZIP protein (HAT2)
B-box type zinc finger family protein (BBX31)

Homeodomain-like superfamily protein (MYR2)

High mobility group B2(HMGB2)

NAC domain containing protein 73(NACO073)

Integrase-type DNA-binding superfamily protein (AT5G51190)
Integrase-type DNA-binding superfamily protein (AT5G51190)

Subgroup of HMGB (high mobility group B) proteins that have a distinctive DNA-binding motif, the HMG-box

domain.
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MaB_DN23742 c0_gl Salt-inducible zinc finger 1;(source: Araportl1)

MaB_DN17080 c0_g2 C2H2 zinc finger transcription factor that coordinately activates phytochelatin-synthesis related gene expression

MaB_DN45281 c0_gl Early auxin-induced (IAA16)

MaB_DN65589 c0_gl Pathogen-induced transcription factor. Forms protein complexes with itself and with WRK'Y40.

MaB_DN3939 c0 g4 Homeobox protein similar to GL2

MaB_DN60885 c0 gl Nuclear factor Y, subunit C13;(source: Araportl 1)
MaB_DNS58665 c0_gl Member of the RAV family of DNA binding proteins. Contains B3 domain. Recognizes 5'-CACCTG-'3 motif.

MaB_DN38283 _c0_gl TCP family transcription factor. Regulated by miR319. Involved in heterchronic regulation of leaf differentiation.

MaB DN1713 c0 g2 Basic leucine zipper transcription factor involved in the activation of SA-responsive genes.

MaB _DN11711 _cl_g2 Member of the GATA factor family of zinc finger transcription factors.

MaB_DN99807_c0_gl C2H2-like zinc finger protein

MaB_DN10167 _c0_g2 Member of the ERF (ethylene response factor) subfamily B-1 of ERF/AP2 transcription factor family (ATERF-9)

MaB_DN64256_c0_gl Member of the ERF (ethylene response factor) subfamily B-1 of ERF/AP2 transcription factor family (ATERF-9).

MaB_DN17076_c0_gl Member of the ERF (ethylene response factor) subfamily B-1 of ERF/AP2 transcription factor family (ATERF-9).

3.6. Validation of the DEG genes by gRT-PCR

The gRT-PCR for randomly selected 15 D EGs was
tested to check their expression profiles. This independent
experimental validation using qRT-PCR was carried out
with ¢cDNA synthesized from shoot parts of the BP10
(10% PEG) plantlets, and the BK was used as the control
treatment. The qRT-PCR results showed expressions of
selected genes (Figure 6). Ins everal points, the results
showed similar trends between qRT-PCR data and RNA-
seq data. The discrepancy might be due to the different
RNA sources, for validation, the RNA samples for qRT-
PCR were collected from shoot parts while for RNA-seq
(transcriptome) the RNA samples originated from the
whole part of plantlets (shoots and roots).
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Figure 6. The expression analysis results of fifteen selected DEGs
by qRT-PCR and using the MaACT and MaBT as housekeeping
genes.

4., Discussion

Water stress has become a critical factor for the growth
of banana plants, and caused substantial changes in their
growth, morphological features, and biochemistry
reactions (Surendar et al., 2013). Chlorosis in shoots or
leaves are indicated with the loss of their green color and
turned into pale (Ahmed and El-Sayed, 2021). In banana
plantlets the chlorosis in leaves seemed to have occurred

as a result of the deterioration of ¢ hlorophyll and other
photosynthetic pigments (Vergeiner et al., 2013). It was
reported that lack of sufficient water supply decreased the
total chlorophyll content and declined yield of banana
production in the field (Ramos et al., 2019, and Uwimana
et al, 2021). The transcriptomic analysis would be able to
discover the reason (Bashir et al., 2021).

The results of't ranscriptomic profiling showed that
78% (101,962 genes) oft he assembled contigs were
mapped to the gene model of the banana genome reference
available in CIRAD library. It was indicated that the
transcriptome profile was quite unique between different
cultivars of banana. There are about 22% (45, 849 genes)
of the M. acuminata cv Barangan Merah that did not
match any gene in the previously published M. acuminata
cv ‘DH Pahang’ at CIRAD. The difference, however,
could also be contributed by the different sample types
where the RNA was resourced (Wang et al., 2020). The
quite large functional variety of the top 100 up regulated
genes indicated that once challenged with water deficit
conditions, the banana plantlets simultaneously activated
many ‘strategies’ to maintain all the cellular basic
functions by protecting cellular components from damage
while minimizing further water loss and detoxifying the
cells from the free radicals (Muthusamy et al., 2016).

The 10% PEG treatment evidently enhanced expression
of genes related with biosynthesis of amino acids including
proline, glutamine, glutathione, and anthocyanin. The
result indicated that one of the primary responses of the
drought-stressed Barangan Merah banana cells was to
actively produce those amino acids to maintain cellular
osmotic balance as well as to chelate the reactive oxygen
species (ROS) and other free radicals (Mahdid et al.,
2020). The increase of amino acid production and protein
formation is known to be related with the biosynthesis of
signaling proteins, which play significant roles in response
to abiotic stresses, including drought (Bashir et al., 2021).
Furthermore, signaling proteins are involved in various
biological functions of growth and development of plants
cells of bananas (Mattos-Moreira et al., 2018). Similar
results were also reported (Xu et al., 2019). The PEG-
induced water stress also affected the contents of soluble
proteins and gave an impact on increasing the biosynthesis
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of proline, and free amino acid in banana plantlets (Amnan
etal., 2021).

Our data showed a drastic turndown in the expression
of genes responsible fort he biosynthesis of bot h the
photosynthesis apparatus and the enzymes that catalyzed
the process. When water, as one of the primary
components in photosynthesis, was diminished, the plant
adjusted by down-regulating the relevant genes for
photosynthesis, preserving energy forot her primary
functions. Similarly, previous studies reported a large
turndown of phot osynthetic genes in tangor (Xiao et al.,
2017), bermudagrass (Yuan et al, 2021), and several okra
varieties (Ahmed and El-Sayed., 2021) when the plants are
under drought stress. It was also reported in rice plants
that a major reduction in photosynthesis rates was related
to the decrease in photosynthesis enzyme activities and
oxidative damage to the chloroplast (Wada et al. 2019). A
reduction in photosynthesis rate as a response to drought
stress was reportedly occurred through the stomatal- and
non-stomatal-routes in potato (Chen et al., 2020). Inthe
lower level of drought, the stomatal conductance was
lowered down upon the sensing of water deficit, resulting
in stomatal closure, and causing the decrease of
photosynthesis rate (Yuan et al., 2021). In a higher drought
stress, the free radicals accumulate to a level that exceeds
the capacity of cellular antioxidants to neutralize. This
signals the cell to repress the production of a core protein
of photosystem II, causing further reduction in
photosynthesis (Wang et al., 2020).

In the present study, it w as indicated that the plant
perceives the 10% PEG treatment as severe water stress
due to at least two reasons: first, the massive
downregulation of ¢ hloroplast structural genes following
drought exposure; second, the high expression oft he
stress-marker genes, such as superoxide dismutase (SOD)
and ascorbate peroxidase (APX), as well as the antioxidant
genes. In addition to photosynthesis reduction, a large
amount of s tress responding genes was highly increased
upon drought treatment. Interestingly, the genes that were
activated upon drought stress were the genes that are also
responsive to other kinds of abiotic stimuli, such as light,
radiation, temperature (Yang et al., 2015), chemicals (Xu
et al., 2019) and hypoxia (Ilyas et al., 2021). These stress-
responsive gene families produce two types of products.
The first types are proteins that are involved in the
protection of the cells and in the regulation of signal
transduction of stress-related-pathways, such as heat shock
proteins (HSP), chaperons, late-embryogenesis abundant
(LEA) proteins (Oguz et al., 2022). Second products are
proteins that involve in further regulation ofs ignal
transduction and stress-responsive gene expression
(Kimotho et al., 2019), such as Transcription Factors
(TFs) and dehydration responsive elements (DRE). Our
DEG results also identified 1 heat shock proteins (HSP)
genes, 5 chaperon genes, 4 reactive oxygen species (ROS)-
responsive genes, and 47 t ranscription factors. In fa ct,
water shortage signals the cells, through activation of
abscisic acid (ABA)-dependent and ABA-independent
regulatory systems, to activate the expressions of various
drought related genes. Similar results were reported in
various plants when the plants were exposed to a water
stress condition (Seleiman et al., 2021).

The reduction in photosynthesis rate consequently
reduced the production of c ellular energy resources. In

addition, water-deficit stress causes large energy
consumption. Many studies showed that plants compensate
for this energy-demanding condition by increasing their
cellular respiration (Yuan et al., 2021). It demonstrated
upregulation of genes encodes form itochondrial
components as well as the genes playing a role in
glycolysis, electron transport chain, and electron carrier
activity. Eight genes related to ‘mitochondrial structures’,
four genes were assigned to ‘mitochondrial respiratory
chain complex’, three genes of ‘c ytochrome c, and nine
genes related to ‘glycolytic activity’ were identified in this
study, which demonstrated a substantial raise in oxidative
respiration process following water-deficit stress. In
addition to oxidative respiration, plant under drought stress
also reportedly exhibited alternative respiration through
fermentation in order to survive the harsh condition (Hu et
al., 2017). In line with this, four pyruvate kinase genes and
eight alcohol dehydrogenase genes were identified, both
are important enzymes in the anaerobic respiration
pathway. This may imply that the stressed-banana employs
the anaerobic respiration, in addition to the aerobic
respiration, to cope with the water scarcity (Mahdid et al.,
2020). Our data showed that there are so many changes in
other processes in banana plant that consistently occurred
in all PEG treatment groups, such as polysaccharide
metabolic and catabolic  processes, multicellular
organismal development, intracellular and transmembrane
transports, post-translational protein modification, cell
surface receptor-linked signaling pathway, and regulation
of cellular chemical homeostasis (Ahmed and El-Sayed,
2021).

Plants are known to produce a wide array of secondary
metabolites as a defense mechanism against environmental
stresses. Drought is also able to influence the biosynthesis
of secondary metabolites, that are positively correlated
with the increments of a ntioxidants (Al-Gabbiesh et al.,
2015). Phenylpropanoid biosynthesis pathway, in
particular, has been reported to be highly activated,
following harsh abiotic stresses including heavy metal,
salinity, heat, cold, UV radiations, and drought, leading to
the accumulation of pol yphenolic compounds including
flavonoids (Samec et al., 2021). Anthocyanin, carotenoid,
flavonoid, and phenolic compounds are known as the
antioxidants, which are important in protecting water-
stressed cells from the damage caused by the ROS (Ahad
et al., 2018). A mong others, flavonoids have been
suggested to contribute in protecting plants from abiotic
disturbances, such as drought, root zone salinity, UV-
radiation, and scavenging the harmful ROS (Xu et al.,
2020). Biochemical and molecular mechanisms of
flavonoid and phenyl-propanoid accumulation in response
to abiotic stress have been well reviewed in various plants
(Bashir et al., 2021).

The DEG result identified 47 transcription factors
which were affected by the 10% PEG-induced water
stress. The central role of't ranscription factors (TF) in
regulating the transcription of stress-responsive genes
following environmental stresses has been widely reported
and reviewed (Joshi et al., 2016). The identification of
those TF families in our studies indicated that, like many
other plants, Musa acuminata also uses both ABA-
dependent and ABA-dependent routes to activate the
expression of stress-responsive genes (Hrmova and
Hussain 2021). Involvement of TF families, such as
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WRKY, MYB, bZIP, ABF, ABRE, and DRE, in response to
abiotic stresses had been reported in bananas. Garcia-
Laynes et al. (2022) identified the MaWRKY family genes
from the wild banana Musa acuminata ssp. malaccensis,
which is known as a progenitor of most banana cultivars,
and resistant to several diseases and environmental
disturbances. Their study discovered that those MaWRKY
genes showed distinctive expressions in banana plants in
response to environmental stresses. The WRKY
transcription factors (TFs) has been known to encode
functional transcription factors (Chen et al., 2015), and
play a part in plant defense responses through
phytohormone the signaling pathways (Yang et al., 2015).
Moreover, there had been many identified TF families
from Musa acuminata that were highly affected by the
drought conditions. Interestingly, hormone-activated TFs,
such as ethylene response factor (ERF, 4 genes) and auxin-
induced TFs (2 ge nes), were among the TF families
induced by water-deficit. The result implied that banana
plantlets also used auxin and ethylene, in addition to
abscisic acid, to signal the activation of stress responses
genes (Hu et al., 2015). Our GO analysis results also
showed enriched numbers of genes that take parts in post-
embryonic- and plant organ development. Another finding
that we found intriguing was the identification of a gene
encodes for WUSCHEL-related homeobox (WOX), a TF
family that is known to play important roles in determining
cell fates during embryogenesis, and all other stages of
plant development even under water stress. In this study, it
was discovered that, like other plants, banana plantlets
responded to water stress through a complex metabolic and
signaling networks (Oguz et al., 2022).

As shown in Figure 6, in general, the confirmation of
gene expressions of 15 s elected annotated DEGs showed
similar trends of expressions between qRT-PCR data and
RNA-seq data. These 15 DEGs were selected for their
potentially key roles in some important bioprocesses,
which were affected by water stress. Those genes are
identified and known to be involved in photosynthesis
(MaFEDA, MaPSAL, and MaPNDOQO), biosynthesis of
flavonoid and antioxidants (MaTT4 and MaHCT),
glycolysis (MaFBAG6 and MaPDCB), respond to osmotic
stress (MaDUF, MaPHI1, MaAPX1, and MaGolS4), organ
development (MaSOB3, MaPAT1land MaPIN6), and as a
transcription factor (MaARF10). Gene functions of the 15
selected DEG are listed in Supplementary Data Table S.1.
In several points, there were some dissimilarities between
expression results based on the transcriptome analysis and
the qRT-PCR assay, for instance the MaGolS4, MaSOB3,
and MaPATL1 genes. A similar research result was reported
in banana transcriptomic analysis by Hu et al. (2017).
They suggested that there were some possible reasons for
discrepancies. The first possibility might be due to the fact
that genes have different alternative forms, where the
RNA-seq might be able to capture the expression of all
alternative forms fora gene, while the qRT-PCR assay
might capture the expression of only one alternative form.
Secondly, the RNA-seq and qRT-PCR seemed to exhibit
consistent results for ge nes with high significance
expressions and might not be persistent for genes with low
expressions (Hu et al., 2017). Taken together, because of
the important functions of these genes in banana defense
mechanism, further studies are still needed.

5. Conclusion

Morphological changes occurred in plantlets after four
weeks of PEG exposure. The addition of PEG caused a
lack of sufficient water and seemed to be corresponding to
the changes in transcriptome profiles. A transcriptome
library of 129,701 annotated genes, and the expression
profile, of banana (Musa acuminata cv ‘Barangan Merah”)
has been established. Transcriptomic analysis revealed
eight major biological processes were highly affected by
the drought stress in banana plantlets, those are: 1)
photosynthesis, 2)c ellular redox balance; 3) cellular
components stability; 4) c ellular energy preservation; 5)
metal ion homeostasis; 6) hor monal-activated signaling
pathways; 7) pr oduction of transcription factors; and 8)
organ development. This study foundt hat exposure to
water stress highly influenced primary and secondary
metabolism in banana plantlets. Ina relatively smaller
extent, other processes that seemed to be affected are cell
wall  re-organization, plant hormone production,
transmembrane signaling pathways and secondary
metabolite biosynthesis. The high induced
phenylpropanoid biosynthesis and flavonoid pathways
suggest that banana produce flavonoid compounds in
response to water stress, which evident and identities need
to be further investigated. A total of 47 ge nes encode for
transcription factor (TF) were identified. They belong to at
least 26 TF families, including five families that are typical
for stress-responsive genes families (MYB, WRKY, bZIP,
ABF, DRE), auxin- and ethylene-activated TFs and
WUSCHEL-related homeobox (WOX). Further
transcriptomic analyses are still needed to reveal the effect
of water stress on major bioprocesses in detail.
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SUPPLEMENTARY TABLES

Table S.1. List of 17 selected gene primers used for validation using qRT-PCR assay including housekeeping genes.

Gene Symbol Function

Primer Sequence (Forward)

Primer Sequence (Reverse)

Product Size (bp)

MaACT

MaBT

MaTT4

MaHCT

MaFEDA

MaPSAL

MaPNDO

MaFBA6

MaPDCB

MaDUF

MaPHI1

MaAPX1

MaGolS4

MaSOB3

MaPAT1
MaPIN6
MaARF10

Actin histone-lysine N-
methyltransferase setd3

Beta tubulin (housekeeping)

Chalcone and stilbene synthase

Hydroxycinnamoyl-CoA shikimate

transferase

2-Fe-28 ferredoxin

Photosystem I subunit 1

Pyridine nucleotide-disulfide
oxidoreductase

Aldolase superfamily protein 6

Thiamine pyrophosphate dependent
pyruvate decarboxylase family
protein B

2-Aminoethanethiol dioxygenase,
putative

Phosphate-responsive 1 family
protein

Ascorbate peroxidase 1
Galactinol synthase 4

Putative AT-hook DNA-binding
family protein

GRAS family transcription factor
Auxin efflux carrier family protein

Auxin response factor 10

CTGACTGGCAGCAGGACATA

AGTCCGGAGCTTCAACCTTT

CTCCCAACCTCTACGAGCAG

ATGGTGGAAGTGGTGGAATC

TTGCCATCTCTCCCTGTCTT

GCATCTCACGAACACCATTG

GCTTTCTCCAGCATCAAAGG

CTCAGGAGGGCAGAGTGAAG

TGTGCTTCATCGAGGTCATC

TCCAGGCATGACGGTATTCAC

TAACACGAACCCAAGAAGCG

ACGATGTGGTGTCAAAGACG
TCGAAGAAGGTAAGCAGGTCTC

TCGCAGCCACATTCTTGAAC

ATCGTCAATCCCTGTGATCCG
GGATCTCACAGTTTCCTTCGTTG

AATGTGAACCGTGTGAACCC

CCAAATCGTGCCTTTGAACT

ACGCTGACGATGGAGAAGAC

GGGTCCATGTAGGAGCACAT

TTGAGCAGCTGTACGGAGAA

GGCATTCGATCACCTTCTCT

GATGGGCTGAATCACTTGGT

CCCATTCCTCCTTCGACATA

CTCGCCTTCTCGACATTCTC

AGTCTCGGACGCAAGAACAT

TGAGGCACATTGACCCAGTC

CCCACCACCATATTCTGCTAAG

GTATGTCAAGATGGGGAACTGC
CACTGGAAAGGAAGCTAACATGG

GCAATCCTTCTGTGACCAATCG

TGACTTCCAGATTGCTCAAGGG
ACATCACGGTGTAGAAGTCCTC

AGAAGGGAGCAAGATGGATAGC

162

221

267

167

214
196

216

162

215

78

95

140
140

96

103
71

73
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Table S.2. List of the 94 annotated genes, out of 233 genes, that were consistently downregulated in all levels of PEG treatments (PEG 2.5,

PEG7, and PEG10).

Contig ID
M.acuminata
'Barangan'

GO annotation

Biological process

Cellular components

Molecular function

MaB_DN55073_c0_gl

regulation of endosperm
development; regulation of starch
biosynthetic process

chloroplast

amylopectin binding; maltoheptaose
binding; starch binding

MaB_DN54882 c0_gl

actin filament-based movement; cell
division; fruit development; Golgi
localization; gynoecium
development; mitochondrion
localization; post-embryonic
development; root hair elongation;
trichome morphogenesis

myosin complex; plasmodesma; root
hair tip; transport vesicle

actin binding; ATP binding;
calmodulin binding; motor activity

MaB_DN84725 _¢c0_gl

leaf-, floral-, fruit- morphogenesis;
microtubule cytoskeleton
organization; oxidation-reduction
process; regulation of cell shape;
regulation of epidermal cell division
and differentiation; regulation of
trichome morphogenesis; response to
osmotic stress; response to salt stress

cytoplasmic stress granule; cytosol;
microtubule; trans-Golgi network

identical protein binding; NAD
binding; protein homodimerization
activity

MaB_DN71017 _c0_gl

cation transport; cellular metal ion
homeostasis; cellular response to
phosphate starvation; meristem
maintenance; pollen germination;
pollen maturation; stem cell fate
determination

endoplasmic reticulum membrane;
integral component of membrane;
plasma membrane

ATP binding; ATPase activity; metal
ion binding

MaB_DN8953_c0_g2

defense response to bacterium;
negative regulation of translation;
nuclear-transcribed mRNA poly(A)
tail shortening

CCR4-NOT core complex; nucleus;
P-body

3'-5' exonuclease activity; metal ion
binding; poly(A)-specific
ribonuclease activity; RNA binding

MaB_DN36213 c0_gl

lysyl-tRNA aminoacylation

cytosol

ATP binding; lysine-tRNA ligase
activity; tRNA binding

MaB_DN27607 c0_g4

carbon utilization

chloroplast stroma

carbonate dehydratase activity; zinc
ion binding

MaB_DN6111_c0_g2

photosynthesis

chloroplast thylakoid membrane;
integral component of membrane;
photosystem I reaction center

MaB_DN31557 c0_gl

signal transduction

ATP binding; protein serine/threonine
kinase activity

MaB_DN75200 c0_gl

endocytosis; lipid transport; viral
process

endoplasmic reticulum; endosome
membrane; integral component of
membrane; plasma membrane

lipid binding; metal ion binding

MaB_DN3084 _c0_gl

protein ubiquitination; response to
cadmium ion; response to chitin

metal ion binding; ubiquitin-protein
transferase activity

MaB_DN5666_c0_gl

photosynthesis, light harvesting in
photosystem I; protein-chromophore
linkage; response to light stimulus

chloroplast envelope; chloroplast
thylakoid membrane; photosystem I;
photosystem II

chlorophyll binding; metal ion
binding

MaB_DN62333 c0_gl

phosphatidylinositol phosphorylation;
phosphatidylinositol-mediated
signaling

chloroplast; cytoplasm; membrane;
plasma membrane

1-phosphatidylinositol 4-kinase
activity

MaB_DN344 _c0_g4

photosynthesis, light harvesting;
protein-chromophore linkage

chloroplast thylakoid membrane;
integral component of membrane;
photosystem I; photosystem 11

chlorophyll binding; metal ion
binding
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MaB_DN7600 c0 gl

amino acid transmembrane transport;
amino acid transport

integral component of membrane;
plasma membrane

amino acid transmembrane
transporter activity; primary active
transmembrane transporter activity;
symporter activity

MaB_DN345_c0_g2

ATP binding; ubiquitin conjugating
enzyme activity

MaB_DN16594 cl gl

cellular copper ion homeostasis;
response to light intensity; zinc ion
homeostasis

chloroplast; chloroplast envelope;
chloroplast inner membrane

ATP binding; ATPase activity;
cadmium transmembrane transporter
activity, phosphorylative mechanism;
metal ion binding; ATPase-coupled
zinc transmembrane transporter
activity

MaB_DN17080 c0_g2

nucleus

DNA binding; metal ion binding

MaB_DN6425 c0_gl

transport of virus in host, cell to cell;
viral entry into host cell; viral
penetration into host nucleus

host cell

aspartic-type endopeptidase activity;
nucleic acid binding; RNA-directed
DNA polymerase activity; RNA-
DNA hybrid ribonuclease activity;
zinc ion binding

MaB_DN82953_¢c0_gl

histone H3-K4 methylation

histone methyltransferase complex

histone binding

MaB_DN26630 c0_gl

intracellular signal transduction;
protein phosphorylation

cytoplasm; nucleus

ATP binding; protein serine/threonine
kinase activity

MaB_DN904 c0 gl

chloroplast stroma

ATP binding

MaB_DN68858 _c0_gl

iron ion homeostasis

integral component of membrane

cadmium ion transmembrane
transporter activity; manganese ion
transmembrane transporter activity

MaB_DN95436_c0_gl

long-day photoperiodism; flowering;
regulation of timing of transition
from vegetative to reproductive phase

cytoplasm; nucleus; perinuclear
region of cytoplasm; plasma
membrane

transcription factor binding

MaB_DN72306_c0_gl

unsaturated fatty acid biosynthetic
process

integral component of membrane

oxidoreductase activity, acting on
paired donors, with oxidation of a
pair of donors resulting in the
reduction of molecular oxygen to two
molecules of water

MaB_DN81905_c0_gl .

integral component of membrane;
plasma membrane

ATP binding; protein serine/threonine
kinase activity

MaB_DN78426_c0_gl

peptidyl-L-cysteine S-palmitoylation;
protein targeting to membrane

endoplasmic reticulum; Golgi
apparatus; integral component of
membrane; plasma membrane

protein-cysteine S-
palmitoyltransferase activity

MaB_DN7935 c0_gl

photosynthesis, light harvesting;
protein-chromophore linkage

chloroplast thylakoid membrane;
integral component of membrane;
photosystem I; photosystem II

chlorophyll binding; metal ion
binding

MaB_DN58280 c0_gl .

integral component of membrane;
plasma membrane

ATP binding; protein serine/threonine
kinase activity

MaB_DN904 c0 g2

chloroplast stroma

ATP binding

MaB_DN8360_c0_gl

ATP binding; helicase activity; RNA
binding

MaB_DN14270 ¢c0_gl

polar nucleus fusion; rRNA
pseudouridine synthesis; SnRNA
pseudouridine synthesis

box H/ACA snoRNP complex; box
H/ACA telomerase RNP complex;
Cajal body; nucleolus

box H/ACA snoRNA binding;
telomerase RNA binding

MaB_DN10259 c0 g2 .

nucleus

AT DNA binding; DNA-binding
transcription factor activity

MaB_DN78376_c0_gl

defense response to Gram-negative
bacterium; floral organ abscission;
lateral root morphogenesis; leaf
abscission; pectin catabolic process;
protein autophosphorylation;
regulation of gene expression

integral component of membrane;
plasma membrane

ATP binding; protein serine/threonine
kinase activity; transmembrane
receptor protein tyrosine kinase
activity
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MaB_DN65589 c0 gl

defense response to bacterium,
fungus; regulation of defense
response; response to salicylic acid

nucleus

DNA-binding transcription factor
activity; sequence-specific DNA
binding

MaB_DN7935 cl gl

photosynthesis, light harvesting in
photosystem I; protein-chromophore
linkage; response to light stimulus

chloroplast envelope; chloroplast
thylakoid membrane; integral
component of membrane;
photosystem I; photosystem II;
plastoglobule

chlorophyll binding; metal ion
binding

MaB_DN43104 c0 gl

amino acid transmembrane transport;
gamma-aminobutyric acid transport

integral component of membrane;
plasma membrane

amino acid transmembrane
transporter activity; gamma-
aminobutyric acid transmembrane
transporter activity

MaB_DN67987 c0_gl

trichome branching

calcium ion binding

MaB_DN12891 c0 gl .

chloroplast stroma

ATP binding

MaB_DN7159 c0 gl

response to chitin

nucleus

calmodulin binding; DNA-binding
transcription factor activity;
transcription regulatory region DNA
binding

MaB_DN78578 c0_gl

peptidyl-pyroglutamic acid
biosynthetic process, using
glutaminyl-peptide cyclotransferase

endoplasmic reticulum membrane;
integral component of membrane;
plasma membrane

glutaminyl-peptide cyclotransferase
activity

MaB_DN1568 c0 g2

chlorophyll biosynthetic process;
photosynthesis

chloroplast

protochlorophyllide reductase activity

MaB_DNS58553 ¢0_gl .

transferase activity, transferring
hexosyl groups

MaB_DN7935 ¢2 gl

photosynthesis, light harvesting in
photosystem I; protein-chromophore
linkage; response to light stimulus

chloroplast envelope; chloroplast
thylakoid membrane; integral
component of membrane;
photosystem; photosystem II;
plastoglobule

chlorophyll binding; metal ion
binding

MaB_DN89859 c0 gl

cell cycle; multicellular organism
development; response to abscisic
acid

cytoplasm

MaB_DN99671_¢c0_gl

cellular response to phosphate
starvation; phosphate ion transport

Golgi apparatus; integral component
of membrane; plasma membrane;
trans-Golgi network

inositol hexakisphosphate binding;
phosphate ion transmembrane
transporter activity

MaB_DN62890 c0 gl

cytokinin-activated signaling
pathway; phosphorelay signal
transduction system; phosphorylation

cytoplasm; nucleus

histidine phosphotransfer kinase
activity; protein histidine kinase
binding

MaB_DN47361_¢c0_gl

photorespiration

integral component of membrane;
mitochondrial membrane;
mitochondrial respiratory chain
complex [; respiratory chain complex
1

NADH dehydrogenase (ubiquinone)
activity

MaB_DN12562 c0 g2 .

serine-type carboxypeptidase activity

MaB_DN36962 c0 gl

photosynthesis, light harvesting in
photosystem I; protein-chromophore
linkage; response to light stimulus

chloroplast thylakoid membrane;
integral component of membrane;
photosystem I; photosystem II;
plastoglobule

chlorophyll binding; metal ion
binding

MaB_DN66931_c0_gl .

integral component of membrane;
plasma membrane

transmembrane transporter activity

MaB_DN75006_c0_gl

clathrin coat assembly; clathrin-
dependent endocytosis; pollen tube
growth; protein localization to plasma
membrane; vesicle budding from
membrane

clathrin-coated pit; clathrin-coated
vesicle; Golgi apparatus; plasma
membrane; pollen tube

1-phosphatidylinositol binding;
clathrin heavy chain binding;
phosphatidylinositol-4,5-
bisphosphate binding; SNARE
binding

MaB_DN1777_cl_gl

translation

cytosolic large ribosomal subunit;
plasma membrane

mRNA binding; structural constituent
of ribosome
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MaB_DN63 cl gl

calcium ion binding

MaB_DN10464_c0_g3

autophagosome assembly; protein
autophosphorylation; protein
transport; regulation of autophagy

autophagosome; cytoplasmic vesicle;
cytosol; membrane; phagophore
assembly site

ATP binding; protein serine/threonine
kinase activity

MaB_DN12135 c0_gl

defense response signaling pathway;
detection of bacterium; immune
response-regulating signaling
pathway; plant-type hypersensitive
response; regulation of anion channel
activity

endomembrane system; integral
component of membrane; plasma
membrane

ATP binding; protein serine/threonine
kinase activity; transmembrane
receptor protein kinase activity

MaB_DN39798 c0 gl

transmembrane transport

integral component of membrane;
plasma membrane

ATP binding; ATPase-coupled
transmembrane transporter activity

MaB_DN7546 c0 g2

pollen tube growth

carboxylic ester hydrolase activity;
methyl indole-3-acetate esterase
activity

MaB_DN11415_c0_gl

abscisic acid-activated signaling
pathway; glucosinolate metabolic
process

nucleus

DNA-binding transcription factor
activity; sequence-specific DNA
binding

MaB_DN6765_c0_g3

photosynthesis; light harvesting in
photosystem I, photosystem II;
protein-chromophore linkage;
regulation of stomatal movement;
response to abscisic acid; response to
high light stimulus

chloroplast envelope; chloroplast
thylakoid membrane; integral
component of membrane;
photosystem I; photosystem II;
plastoglobule; thylakoid membrane

chlorophyll binding; metal ion
binding; protein domain specific
binding

MaB_DN344 c0 g3

photosynthesis, light harvesting in
photosystem; protein-chromophore
linkage; response to light stimulus

chloroplast envelope; chloroplast
thylakoid membrane; integral
component of membrane;
photosystem I; photosystem II;
plastoglobule

chlorophyll binding; metal ion
binding

MaB_DN27607_c0_gl

carbon utilization

chloroplast stroma

carbonate dehydratase activity; zinc
ion binding

MaB_DN8953 ¢c0_gl

defense response to bacterium;
negative regulation of translation;
nuclear-transcribed mRNA poly(A)
tail shortening

CCR4-NOT core complex; nucleus;
P-body

3'-5' exonuclease activity; metal ion
binding; poly(A)-specific
ribonuclease activity; RNA binding

MaB_DN36120 _¢c0_gl

pentose-phosphate shunt; reductive
pentose-phosphate cycle

chloroplast thylakoid membrane;
cytosol

calcium ion binding; cobalt ion
binding; manganese ion binding;
transketolase activity

MaB_DN59498 c0_gl .

anchored component of membrane;
anchored component of plasma
membrane

electron transfer activity; metal ion
binding

MaB_DN13736_c0_gl .

integral component of membrane

carbon-sulfur lyase activity;
transaminase activity

MaB_DN2207_c0_g3

photosynthetic electron transport in
photosystem I; photosynthetic
NADP+ reduction; photosystem I
stabilization

chloroplast envelope; chloroplast
membrane; photosystem I;

chloroplast thylakoid membrane;
integral component of membrane

MaB_DN76923 c0 gl

abscisic acid-activated signaling
pathway; response to abscisic acid;
response to salt stress; response to
water deprivation

nucleus

DNA-binding transcription factor
activity; transcription regulatory
region sequence-specific DNA
binding

MaB_DN45814 c0_gl .

cell wall; extracellular region

MaB_DN59396_c0_gl .

extracellular space

copper ion binding; oxidoreductase
activity

MaB_DN13250 c0 gl .

chloroplast thylakoid membrane;
integral component of membrane

MaB DN2764 cl g8

auxin-activated signaling pathway,
negative regulation of transcription

nucleus

DNA-binding transcription factor
activity; sequence-specific DNA
binding
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MaB_DN80742 c0_gl .

membrane

heme binding; iron ion binding;
oxidoreductase activity, acting on
paired donors, with incorporation or
reduction of molecular oxygen,
NAD(P)H as one donor, and
incorporation of one atom of oxygen

MaB_DN64755_c0_gl

hydrogen peroxide catabolic process;
response to oxidative stress

extracellular region

heme binding; metal ion binding;
peroxidase activity

MaB_DN34665_c0_gl

photosynthesis; pyruvate metabolic
process

chloroplast

ATP binding; kinase activity; metal
ion binding; pyruvate, phosphate
dikinase activity

MaB_DN67584 c0_gl

amyloplast organization; cell
division; embryo development ending
in seed dormancy; embryonic axis
specification; late endosome to
vacuole transport, receptor-mediated
endocytosis

endoplasmic reticulum; endosome
membrane; Golgi apparatus;
intracellular membrane-bounded
organelle; late endosome membrane;
trans-Golgi network; vacuolar
membrane

MaB_DN7510 c0 gl

cytoplasm

S'-nucleotidase activity; metal ion
binding; nucleotide binding

MaB_DN82130 c0_gl

defense response; response to biotic
stimulus

extracellular region; vacuole

MaB_DN7968 _c0_g2

ribosomal large subunit assembly

preribosome, large subunit precursor

MaB_DN22837 ¢c0_gl

cell wall biogenesis; cell wall
organization; xyloglucan metabolic
process

apoplast, cell wall

hydrolase activity, hydrolyzing O-
glycosyl compounds; xyloglucan:
xyloglucosyl transferase activity

MaB_DN16139 c0 gl

regulation of transcription

DNA-binding transcription factor
activity; metal ion binding

MaB_DN31 c2 gl

defense response to fungus; induced
systemic resistance; response to
abscisic acid; response to cold;

chloroplast outer membrane;
endoplasmic reticulum; extracellular
region; plant-type cell wall;

response to salt stress plasmodesma
MaB_DN77256 _c0_gl defense response to fungus; response mitochondrion
to abscisic acid; response to glucose;
response to salt stress
MaB _DN64112 c0_gl cell division; phloem or xylem nucleus DNA binding

histogenesis; procambium
histogenesis

MaB_DN7987 c0_gl

phenylpropanoid metabolic process

4-coumarate-CoA ligase activity;
ATP binding

MaB_DN45737 c0_gl

RNA modification

zinc ion binding

MaB_DN36169 c0 gl .

electron transfer activity; metal ion
binding

MaB_DN90833 c0_gl

copper ion transmembrane transport;
photosynthetic electron transport
chain

chloroplast envelope; chloroplast
membrane; chloroplast stroma;
integral component of membrane;
plastid

ATP binding; copper chaperone
activity; copper transmembrane
transporter activity, phosphorylative
mechanism

MaB_DN36962_c0_g2

photosynthesis, light harvesting in
photosystem I; protein-chromophore
linkage

chloroplast thylakoid membrane;
integral component of membrane;
photosystem I-1I; plastoglobule

chlorophyll binding; metal ion
binding

MaB_DN7935 ¢3 gl

photosynthesis; light harvesting;
protein-chromophore linkage

chloroplast thylakoid membrane;
integral component of membrane;
photosystem I-1I

chlorophyll binding; metal ion
binding

MaB_DN7935 c4 gl

photosynthesis; light harvesting;
protein-chromophore linkage

chloroplast thylakoid membrane;
integral component of membrane;
photosystem I-1T

chlorophyll binding; metal ion
binding

MaB_DN22217 cl_g2

photosynthesis

chloroplast photosystem I

protein domain specific binding

MaB_DN17076_c0_gl defense response; ethylene-activated nucleus DNA binding; DNA-binding
signaling pathway transcription factor activity
MaB DN95147 c0_gl poly(A)+ mRNA export from nucleus cell DNA binding; metal ion and mRNA
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Table S.3. List of the 100 genes with the highest upregulation following the 10% PEG treatment.

Contig ID M.acuminata
'Barangan'

ID M acuminata
'Pahang’

GO annotation

Cellular component

Molecular function

Biological process

MaB_DNA477 c0 gl

Ma06_p06180.1

integral component of membrane

nodulation

MaB_DN553_c0 gl

Ma06_p06180.1

integral component of membrane

nodulation

MaB_DN2532 c0_g2

Ma05_p07040.1

cytoplasm

L-ascorbate peroxidase activity

hydrogen peroxide catabolic
process; response to oxidative
stress

MaB_DN1283_cl_gl

Ma09 _p30640.1

MaB_DN32 c0_g2

Ma08_p33280.1

chitinase activity

chitin catabolic process;
polysaccharide catabolic process

MaB_DN37218 c0 gl

Ma09_p11800.1

MaB_DN2428_c0 g2

NA

MaB_DN955_c0_gl

Ma08_p23240.1

MaB_DN3418_c0_gl

Ma06_p06040.1

endoplasmic reticulum membrane

Iron ion binding; L-ascorbic acid
binding; procollagen-proline 4-
dioxygenase activity

peptidyl-proline hydroxylation to
4-hydroxy-L-proline

MaB_DN9130 c0 gl

Ma09_p30690.1

MaB_DN39392 c0 gl

Ma02_p04310.2

cytoplasm

metal ion binding; superoxide
dismutase activity

MaB_DNI176_cl gl

Ma08_p30760.1

plasma membrane; vacuolar
membrane

proton-transporting ATPase
activity

MaB_DN1937 c0 g2

Ma04_p29690.1

MaB_DN4829 c0 gl

Ma05_p31910.1

MaB_DN20701_c0_gl

Ma01_p10230.1

endoplasmic reticulum lumen

protein disulfide isomerase activity

cell redox homeostasis

MaB_DN1912_c0_g2

Ma02_p03250.1

nucleolus; ribonucleoprotein
complex

nucleosome binding; RNA binding

rRNA processing

MaB_DN138_c0_g2

Ma06_p03940.1

cell wall; extracellular region

defense response

MaB_DN402_c0 gl

Ma08_p20020.1

cytoplasm; microtubule; plasma
membrane

GTP binding; structural constituent
of cytoskeleton

microtubule cytoskeleton
organization; mitotic cell cycle

MaB_DNB8443 c0 gl

Ma03_p12340.1

cytoplasm; nucleus

kinase binding; metal ion binding;
phosphatase binding

response to glucose; response to
mannose; response to sucrose

MaB_DN2818_c0_g4

Mall_p14250.1

endoplasmic reticulum

monooxygenase activity;
oxidoreductase activity

anthocyanin-containing compound
biosynthetic process

MaB_DN180 _c0 g3

Ma05_p25540.1

Ul12-type spliceosomal complex;
US snRNP

mRNA binding

spliceosomal snRNP assembly

MaB_DN12172_c0_gl

Ma07_p03130.1

chloroplast stroma; membrane

acyl-[acyl-carrier-protein]
desaturase activity; metal ion
binding; stearoyl-[acp] desaturase

fatty acid biosynthetic process

activity
MaB_DN10862 c0_gl Ma09 p24220.1 cytoplasm pyruvate kinase activity cellular response to insulin
stimulus; glycolytic process
MaB_DN43140_c0_g1 Ma05_p26790.2
MaB_DN89 c0_g3 Ma08 p29910.1 cytoplasm alcohol dehydrogenase (NAD)

activity; zinc ion binding

MaB_DN277 c0_g2

Ma06_p11050.1

chloroplast stroma; chloroplast
thylakoid

fructose-bisphosphate aldolase
activity

fructose 1,6-bisphosphate
metabolic process;
gluconeogenesis; glycolytic
process
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MaB_DN7961_c0_g2

Ma09 p27320.1

MaB_DN21625_c0_gl

Ma08_p27150.1

MaB_DN9175 _c0 g2

Ma07_p03130.1

chloroplast stroma; membrane

acyl-[acyl-carrier-protein]
desaturase activity; metal ion

binding; stearoyl-[acp] desaturase

activity

fatty acid biosynthetic process

MaB_DN7723 _c0_gl

Ma03_p05380.1

heme binding; iron ion binding;
monooxygenase activity;
oxidoreductase activity

MaB_DN767 cl_g2

Ma04_p40090.1

nucleosome; nucleus

DNA binding; protein
heterodimerization activity

MaB_DN3032_cl_gl

Mal0_p15940.1

cell wall; extracellular region;
vacuole

heme binding; metal ion binding;

peroxidase activity

hydrogen peroxide catabolic
process; response to oxidative
stress

MaB_DN17547 c0 gl

Ma02_p09950.1

cytoplasm

alcohol dehydrogenase (NAD)
activity; metal ion binding

MaB_DN999 cl gl

Ma06_p07440.1

eukaryotic translation initiation
factor 2B complex

mRNA binding; ribosome binding; .

translation initiation factor activity

MaB_DN1937_c0_gl

Ma04_p29690.1

MaB_DN2366_c0 g2

Ma08_p24610.1

cytosolic large ribosomal subunit

protein-containing complex

binding; structural constituent of

ribosome

response to anoxia; translational
elongation

MaB_DN4517_c0_gl

Ma05_p31910.1

MaB_DN4934 c0_g2

Ma02_p00070.1

nucleus

DNA-binding transcription factor

activity

ethylene-activated signaling
pathway; regulation of root

development; response to anoxia

MaB_DN4894 c0_gl

NA

MaB_DN3972 c0 g2

Ma06_p13180.1

cytoplasm; nucleus

metal ion binding

response to glucose; response to
mannose; response to sucrose

MaB_DN75017 c0 gl

Ma01_p13850.2

box H/ACA snoRNP complex; box
H/ACA telomerase RNP complex

box H/ACA snoRNA binding;
telomerase RNA binding

polar nucleus fusion; IRNA

pseudouridine synthesis; sSnRNA

pseudouridine synthesis

MaB_DN9175_c0_gl

Ma07_p03130.1

chloroplast stroma; membrane

acyl-[acyl-carrier-protein]
desaturase activity; metal ion

binding; stearoyl-[acp] desaturase

activity

fatty acid biosynthetic process

MaB_DN11566_c0_g2

Mal0_p21060.1

cytosol; nucleus

cysteine dioxygenase activity;
metal ion binding

detection of hypoxia; peptidyl-
cysteine oxidation; response to

hypoxia
MaB_DN194_c0_g2 NA
MaB_DN8753_c0_gl NA
MaB_DN27124 c0_gl NA

MaB_DN436_c0_g3

Ma05_p28820.1

plasma membrane

FMN binding; NAD(P)H

dehydrogenase (quinone) activity

cellular response to auxin stimulus;

oxidation-reduction process

MaB_DN46343_c0_gl

NA

MaB_DN16664 c0 gl

NA

MaB_DN3310_c0_gl

Ma06_p21540.1

chloroplast

phosphopantetheine binding

fatty acid biosynthetic process

MaB_DN38_c0_g4

Ma05_p14530.1

cytoplasm; nucleus

protein tag

cellular protein modification
process; mRNA splicing, via
spliceosome

MaB_DN52337_c0_gl

NA

MaB_DN6388_c0 gl

Ma04_p23090.1

BRCA1-BARDI complex;
cytoplasmic ribonucleoprotein

granule; ubiquitin ligase complex

kinase binding; metal ion binding;
protein homodimerization activity;

RNA binding; ubiquitin-protein
transferase activity

cell cycle arrest; DNA repair;
negative reg of mRNA 3'-end

processing; negative reg of protein

export from nucleus; positive reg

of apoptosis; positive reg of
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protein catabolic process; protein
ubiquitination

MaB_DN8337_c2_gl

Ma02_p07900.1

actin cortical patch; Arp2/3 protein actin binding; ATP binding

complex-mediated actin

complex nucleation; multicellular organism
development
MaB_DN9186 c0 gl Ma02 p22480.1 carbohydrate binding
MaB_DN5380_c2_gl NA
MaB_DN95883_c0_gl NA

MaB_DN3027_c0_gl

Mal0_p27760.1

transcription elongation factor
complex

metal ion binding; RNA
polymerase II complex binding

chromatin-mediated maintenance
of transcription; transcription
elongation from RNA polymerase
II promoter

MaB_DN4811_c0 g2

Ma05_p20020.1

Golgi apparatus; integral
component of plasma membrane;
vacuolar membrane

myo-inositol:proton symporter
activity

carbohydrate transport

MaB_DNI10_cl1_gl

Ma03_p24340.1

cytoplasm; nucleus

MaB_DN2929 c0_g2

Ma06_p29340.1

cytosol; eukaryotic translation
initiation factor 3 complex

metallopeptidase activity;
translation initiation factor activity

abscisic acid-activated signaling
pathway; positive regulation of
translational initiation; response to
auxin; response to glucose,
maltose, sucrose

MaB_DN39009_c0_gl

Ma02_p22100.1

cytoplasm; cytosol

ATP binding; kinase activity;
magnesium ion binding; potassium
ion binding; pyruvate kinase
activity

cellular response to insulin
stimulus; glycolytic process

MaB_DN15150_c0 gl

Ma08_p11550.1

MaB_DN3508_c0_gl

Ma09_p30630.1

MaB_DN3960_cl_gl

Ma01_p16820.1

cytoplasm; cytosol

glutathione transferase activity

glutathione metabolic process;
toxin catabolic process

MaB_DN60512_c0 gl NA
MaB_DN10999 c0 g2 NA
MaB_DN13031_c0 gl NA
MaB_DN1352_c0_gl NA

MaB_DN73222 c0_gl

Ma03_p19090.1

MaB_DN15289 c0 gl

Ma02_p18370.1

nucleus

DNA binding; metal ion binding

jasmonic acid mediated signaling
pathway; leaf senescence

MaB_DN2680_c0 g2

Ma04_p37480.1

cell wall; cytosolic small
ribosomal subunit

structural constituent of ribosome

translation

MaB_DN4901_c1_g2 Mall_p05230.1 nucleus DNA binding; DNA-binding ethylene-activated signaling
transcription factor activity pathway; regulation of root
development; response to anoxia
MaB_DN6967 c0_g5 NA
MaB_DN13691 c0_gl Ma02_p05260.1 chloroplast 6-phosphogluconolactonase carbohydrate metabolic process;
activity pentose-phosphate shunt
MaB_DN5380_cl_gl NA
MaB_DN578 c0_gl Ma01_p07620.1
MaB_DN123 c0_gl Ma02_p03590.1 ribosome rRNA binding; structural translation
constituent of ribosome
MaB_DN53893 c0_gl Ma01_p05190.1 mitochondrion metal ion binding; NADH
dehydrogenase (ubiquinone)
activity; quinone binding
MaB_DN55569 c0 gl Ma02 p18200.1 nucleus DNA-binding transcription factor flower development;

activity; protein self-association

photomorphogenesis; vegetative to
reproductive phase transition of
meristem
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MaB_DN25760_c0_gl

Ma09 p20790.1

MaB_DN8892 c0_g2 Ma09_p19760.1 nucleus DNA-binding transcription factor  circadian rhythm; flower
activity development; negative regulation
of gene expression; phosphorelay
signal
MaB_DN19846_c0_gl NA
MaB_DN43068_c0_gl NA
MaB_DN44820_c0_gl Ma08_p29910.1 cytoplasm alcohol dehydrogenase (NAD)

activity; zinc ion binding

MaB_DN12210_c0_gl

NA

MaB_DN43870 c0 gl

Ma08_p06620.2

MaB_DN46215_c0 gl

Ma02_p02500.1

integral component of membrane

metal ion binding

oxidation-reduction process

MaB_DN92475 c0_gl

Ma04_p27850.1

MaB_DN3655 _c0_g2 Ma02_p19680.1 nucleus NAD+ ADP-ribosyltransferase multicellular organism
activity development
MaB_DN423 c0_g2 mipo3_t00160.1 mitochondrion
MaB_DN46664_c0_gl Mal0_p03280.2
MaB_DN6373 c0_gl Ma05_p27790.1 cytoplasm fructose-bisphosphate aldolase fructose 1,6-bisphosphate
activity metabolic process;
gluconeogenesis; glycolytic
process
MaB_DN6458 c0_gl Ma06_p12350.2 sucrose synthase activity sucrose metabolic process
MaB_DN6560 c0 gl Ma08 p17730.1 nucleus sequence-specific DNA binding ~ negative regulation of

transcription, DNA-templated

MaB_DN81145 c0 gl

Ma01_p11690.2

chromatin organization; regulation
of gene expression; epigenetic

MaB_DN98221 c0_gl

NA

MaB_DNI1361 c0 g2

Ma05_p09360.1

1-aminocyclopropane-1-
carboxylate oxidase activity;
dioxygenase activity; L-ascorbic
acid binding; metal ion binding

cellular response to fatty acid;
cellular response to iron ion;
defense response; ethylene
biosynthetic process

MaB_DN17680_c0_gl Ma04_p17320.2 chloroplast; clathrin coat of trans-  clathrin light chain binding; intracellular protein transport;
Golgi network vesicle; plasma structural molecule activity receptor-mediated endocytosis
membrane

MaB_DN25228 c0_gl NA

Table S.4. List of the 100 genes with the most downregulation following the 10% PEG treatment.

Contig ID M.acuminata
'Barangan'

ID M acuminata
'Pahang’

GO annotation

Cellular component

Molecular function

Biological process

MaB_DN766 _c0 gl

Ma05_p08930.1

chloroplast envelope; chloroplast
thylakoid membrane; photosystem
I; photosystem II; plastoglobule

chlorophyll binding; metal

photosynthesis, light harvesting in

ion binding

photosystem I; protein-chromophore
linkage; response to light stimulus

MaB_DN1015_c0 g2

Ma03_p12880.1

apoplast, cell wall; chloroplast
outer membrane; endoplasmic
reticulum; plasmodesma

protein self-association

cellular response to cold; cold
acclimation; defense response to fungus;
induced systemic resistance; plant-type
hypersensitive response; systemic
acquired resistance

MaB_DN1426_c0 gl

Ma06_p05860.1

plasma membrane

calcium ion binding

innate immune response; long-day
photoperiodism; regulation of flower
development; regulation of nitric oxide
metabolic process; response to abscisic
acid; response to absence of light;
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response to auxin; response to calcium
ion; response to cold; response to heat;
response to hydrogen peroxide; response
to mechanical stimulus; response to
metal ion

MaB_DN733_c0_g2

Ma08_p20080.1

MaB_DN1721_c0 gl

Ma01_p08390.1

chloroplast thylakoid membrane

copper ion binding; electron
transfer activity

MaB_DN321 c0 gl

Ma07_p20600.1

chloroplast envelope; chloroplast
thylakoid membrane; integral
component of membrane;
photosystem II; plastoglobule

chlorophyll binding photosynthesis, light harvesting in
photosystem I; protein-chromophore

linkage; response to light stimulus

MaB DN766 cl gl

Mal0_p15370.1

chloroplast envelope; chloroplast
thylakoid membrane; integral
component of membrane;
photosystem I; photosystem II;
plastoglobule

chlorophyll binding; metal ~ photosynthesis, light harvesting in

ion binding photosystem I; protein-chromophore

linkage; response to light stimulus

MaB_DN8953_c0_g2

Ma09 _p30300.1

CCR4-NOT core complex;
nucleus; P-body

3'-5' exonuclease activity; defense response to bacterium;

metal ion binding; poly(A)- exonucleolytic catabolism of
specific ribonuclease

activity; RNA binding

deadenylated mRNA; negative regulation
of translation; nuclear-transcribed
mRNA poly(A) tail shortening

MaB_DN2736_c0_gl

Ma06_p26850.1

cytoplasm

metal ion binding; oxylipin biosynthetic process
oxidoreductase activity

acting on single donors with

incorporation of molecular

oxygen; incorporation of two

atoms of oxygen

MaB DN1077_c0 gl

Ma06_p08680.2

chloroplast; chloroplast thylakoid
membrane; integral component of
membrane; photosystem I;
thylakoid

photosynthesis; light harvesting in
photosystem I; photosynthetic electron
transport chain

MaB_DN344 c0 gl

Ma04_p39550.1

chloroplast thylakoid membrane;
integral component of membrane;
photosystem I; photosystem II

chlorophyll binding; metal
ion binding

photosynthesis, light harvesting; protein-
chromophore linkage

MaB_DN7546_c0_g2

Ma09 p07910.1

carboxylic ester hydrolase  pollen tube growth
activity; methyl indole-3-

acetate esterase activity

MaB DN57 c0 gl

Ma05_p10690.1

MaB_DNB8953 c0 gl

Ma06_p20750.1

CCR4-NOT core complex;
nucleus; P-body

3'-5' exonuclease activity; defense response to bacterium;

metal ion binding; poly(A)- exonucleolytic catabolism of
specific ribonuclease

activity; RNA binding

deadenylated mRNA; negative regulation
of translation; nuclear-transcribed
mRNA poly(A) tail shortening

MaB_DN18653 c0 g2

NA

MaB_DNG6653_c0_g2

Ma07_p08010.1

chloroplast thylakoid membrane;
extrinsic component of membrane;
photosystem II oxygen evolving
complex

calcium ion binding photosynthesis

MaB _DN489 c0 g2

Ma06_p16670.1

extracellular region

mannose binding

MaB_DN973 cl gl

Ma03_p24340.1

cytoplasm; nucleus

MaB_DN8204 cl g2

Ma04_p30440.1

apoplast, chloroplast stroma;
chloroplast thylakoid membrane;
photosystem II oxygen evolving
complex; thylakoid lumen

calcium ion binding; electron photosynthetic electron transport chain
transporter, transferring

electrons within the cyclic

electron transport pathway of

photosynthesis activity

MaB_DN1096_c0_gl

Ma04_p39550.1

chloroplast thylakoid membrane;
integral component of membrane;
photosystem I; photosystem II

chlorophyll binding; metal ~ photosynthesis; light harvesting; protein-

ion binding chromophore linkage

MaB_DN668 c0_gl

Ma08_p03860.1

chloroplast thylakoid membrane;
photosystem II oxygen evolving

oxygen evolving activity photosystem II assembly; photosystem II

stabilization
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complex

MaB_DN3084 c0 gl

Ma05_p16120.1

metal ion binding; ubiquitin- protein ubiquitination; response to

protein transferase activity

cadmium ion; response to chitin

MaB_DN64878_c0 gl

Ma09_p24580.1

chloroplast thylakoid membrane

copper ion binding; electron

transfer activity

MaB_DN475 c0 g3

Mall_p01810.1

chloroplast

protochlorophyllide
reductase activity

chlorophyll biosynthetic process;
photosynthesis

MaB_DN3605_c0 g2

Ma09_p01450.2

chloroplast envelope; chloroplast
thylakoid membrane; integral
component of membrane;
photosystem I; photosystem II;
plastoglobule

chlorophyll binding; metal

ion binding

light harvesting in photosystem I;
protein-chromophore linkage; response
to light stimulus

MaB_DN984 c0 g2

Ma04_p27610.1

chloroplast thylakoid membrane;
integral component of membrane;
photosystem II

photosynthesis; photosystem 1T
stabilization

MaB_DN2188_c0 gl

Mal0_p12550.1

apoplast, chloroplast

glyceraldehyde-3-phosphate
dehydrogenase (NAD+)
(phosphorylating) activity;
glyceraldehyde-3-phosphate
dehydrogenase (NADP+)
(phosphorylating) activity;

NAD binding; NADP
binding

glucose metabolic process; reductive
pentose-phosphate cycle; response to
light stimulus

MaB_DN1185 c0 gl

Ma06_p14120.2

chloroplast; chloroplast thylakoid
membrane; integral component of
membrane; photosystem I;
photosystem II antenna complex;
plastoglobule; PSII associated
light-harvesting complex II;
thylakoid membrane

chlorophyll binding; metal
ion binding; protein domain

specific binding

nonphotochemical quenching;
photosynthesis, light harvesting in
photosystem I; photosystem II assembly;
protein-chromophore linkage; response
to blue light; response to far red light;
response to light stimulus

MaB_DN984 c0 gl

Ma04_p27610.1

MaB_DN2931 c0 gl

NA

MaB_DN11395 _c0 gl

Ma09_p09670.1

chloroplast; chloroplast envelope;
chloroplast thylakoid; thylakoid
membrane; integral component of
membrane; photosystem I reaction
center; plastoglobule

protein domain specific
binding

photosynthesis

MaB_DN489 c0 gl

Ma06_p16670.1

extracellular region

mannose binding

MaB_DN531_c0 gl

Ma07_p10230.1

nuclear chromatin; nucleosome

DNA binding; protein

heterodimerization activity

chromatin organization

MaB_DN317 cl gl

Ma08_p15280.1

MaB_DN785_c0_g2

Ma08_p03640.1

chloroplast envelope; chloroplast
thylakoid; thylakoid membrane;
integral component of membrane;
photosystem I; photosystem II;
plastoglobule

chlorophyll binding; metal

ion binding

photosynthesis, light harvesting in
photosystem I; protein-chromophore
linkage; response to blue light; response
to cytokinin; response to far red light;
response to light stimulus

MaB_DN730_c0_gl

Ma04_p32230.1

MaB_DN7850_c0_gl

Ma05_p03450.1

chloroplast

ATP binding;

phosphoribulokinase activity

reductive pentose-phosphate cycle

MaB_DN11003_c0_gl

Ma08_p12270.1

MaB_DN6975_c0_g4

Ma09_p22990.1

MaB_DN344 c0 g2

Mal0_p15370.1

chloroplast thylakoid membrane;
integral component of membrane;
photosystem I; photosystem II

chlorophyll binding; metal

ion binding

photosynthesis, light harvesting; protein-
chromophore linkage

MaB_DN7316_cl gl

Ma08_p17130.1

MaB_DN16544 c0_g2

Ma06_p06320.3

MaB_DN8805_c0_gl

Ma08_p30830.1

nucleus; protein-containing
complex

protein homodimerization
activity; zinc ion binding

response to water deprivation
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MaB_DN13574 c0 gl

Ma02_p01750.1

nucleus

calmodulin binding

regulation of salicylic acid metabolic
process; response to salt stress; response
to water deprivation

MaB_DN1150_c0 g3

Ma07_p06960.1

nucleus

DNA binding; DNA-binding
transcription factor activity

defense response; ethylene-activated
signaling pathway

MaB_DNG6653_c0_gl

Ma07_p08010.1

chloroplast thylakoid membrane;
extrinsic component of membrane;

photosystem II oxygen evolving

calcium ion binding

photosynthesis

complex
MaB_DN3888 c0_gl Ma05_p11320.1
MaB_DN936 cl gl Ma08 p33260.1 amyloplast calcium ion binding; chitin catabolic process; polysaccharide
chitinase activity catabolic process; seed germination;
seedling development
MaB_DN1416_cl_g3 Ma04_p21170.1 nucleus DNA-binding transcription ~ defense response; ethylene-activated
factor activity signaling pathway
MaB_DN1061_c0_g2 Ma09_p09900.1 chloroplast thylakoid membrane; photosynthesis

integral component of membrane;
photosystem I

MaB_DN16455 _c0_gl

Ma07_p09650.1

MaB_DN32471_c0_gl

Ma05_p26840.1

MaB_DN9613 c0 gl

Ma09_p22170.1

MaB_DN344 cl gl

Ma02_p11170.1

chloroplast thylakoid membrane;
integral component of membrane;
photosystem I; photosystem II

chlorophyll binding; metal
ion binding

photosynthesis; light harvesting; protein-
chromophore linkage

MaB_DN770_cl_gl

NA

MaB_DN7091 c0_gl

Mall_p20650.1

chloroplast

glyceraldehyde-3-phosphate
dehydrogenase (NADP+)
(phosphorylating) activity;
NAD binding; NADP
binding

glucose metabolic process; reductive
pentose-phosphate cycle

MaB_DN9475_c0_gl

Ma02_p16400.1

lipid binding

lipid transport

MaB_DN6765_c0_g2

Ma02_p11170.1

chloroplast envelope; chloroplast
thylakoid membrane; integral
component of membrane;
photosystem I; photosystem II;
plastoglobule

chlorophyll binding; metal
ion binding

photosynthesis, light harvesting in
photosystem I; protein-chromophore
linkage; response to light stimulus

MaB_DN5894 c0_g2

Ma09 _p21570.1

chloroplast; chloroplast envelope;
chloroplast thylakoid membrane;
integral component of membrane;
photosystem I; photosystem II;
plastoglobule

chlorophyll binding; metal
ion binding; protein domain
specific binding; structural
molecule activity

photosynthesis, light harvesting in
photosystem I; light harvesting in
photosystem II; protein-chromophore
linkage; regulation of stomatal
movement; response to abscisic acid;
response to herbicide; response to high
light intensity: response to light stimulus

MaB_DN1419_c0 g2

Ma04_p17650.1

chloroplast thylakoid membrane;
photosystem I reaction center

photosynthesis

MaB_DN23730_cl gl

Ma03_p03390.1

heme binding; metal ion
binding; peroxidase activity

hydrogen peroxide catabolic process;
response to oxidative stress

MaB_DN92726_c0 gl

Ma04_p31600.1

integral component of membrane;
plasma membrane

ATP binding; protein
serine/threonine kinase

activity

MaB_DN344 c0_g4

Ma04 p39550.1

chloroplast thylakoid membrane;
integral component of membrane;
photosystem I; photosystem II

chlorophyll binding; metal
ion binding

photosynthesis; light harvesting; protein-
chromophore linkage

MaB_DN17080_c0_g2

Ma09 _p27170.1

nucleus

DNA binding; metal ion
binding

MaB_DN33262 c0_gl

NA

MaB_DN5666_c0_g2

Ma06_p22130.1

chloroplast envelope; chloroplast
thylakoid membrane; integral
component of membrane;

chlorophyll binding; metal
ion binding

photosynthesis, light harvesting in
photosystem I; protein-chromophore
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photosystem I; photosystem II;
plastoglobule

linkage; response to light stimulus

MaB_DNI167 c0 g3

Ma04_p17220.1

lipid binding

lipid transport

MaB_DN344 c0_g5

Mal0_p15370.1

chloroplast thylakoid membrane;
integral component of membrane;
photosystem I; photosystem II

chlorophyll binding; metal
ion binding

photosynthesis, light harvesting; protein-
chromophore linkage

MaB_DN11415_c0_gl Ma07_p06000.1 nucleus DNA-binding transcription  abscisic acid-activated signaling
factor activity; sequence- pathway; glucosinolate metabolic
specific DNA binding process

MaB_DN18785 c0_gl Ma05_p26790.2

MaB_DN1776_c0_gl NA

MaB_DN3328 c0_gl Ma03_p07810.1

MaB_DN8109 c0_g3 Ma07_p28730.1 mitochondrion glycine hydroxy methyl- glycine biosynthetic process from serine;

transferase activity;
pyridoxal phosphate binding

tetrahydrofolate interconversion

MaB_DN1217_c0_gl

Ma06_p08680.2

chloroplast; chloroplast thylakoid
membrane; integral component of
membrane; photosystem I;
thylakoid

photosynthesis; light harvesting in
photosystem I; photosynthetic electron
transport chain

MaB_DN5274 c0 gl

Ma00_p03960.1

magnesium ion binding;
terpene synthase activity

MaB_DN129 c0_g2

Ma08_p33270.1

vacuole

chitinase activity; lysozyme
activity

chitin catabolic process; polysaccharide
catabolic process

MaB_DN9720 c0 gl

Ma01_p20450.1

MaB_DN1419_c0 gl

Ma05_p14680.1

chloroplast thylakoid membrane;
photosystem I reaction center

photosynthesis

MaB_DN2315 cl_g2

Ma06_p26850.1

cytoplasm

metal ion binding;
oxidoreductase activity,
acting on single donors with
incorporation of molecular
oxygen, incorporation of two
atoms of oxygen

oxylipin biosynthetic process

MaB_DN4486_c0_g2

Ma06_p30010.1

chloroplast thylakoid membrane;
integral component of membrane;
photosystem IT

manganese ion binding

photosynthesis

MaB_DN2915_c0_gl

NA

MaB_DNI1671 c0 gl

Ma00_p03960.1

magnesium ion binding;
terpene synthase activity

MaB_DN595 c0 gl

Mal0_p05350.1

cytosol; plant-type cell wall;
plasmodesma

heme binding; metal ion
binding; peroxidase activity

defense response to fungus; hydrogen
peroxide catabolic process; response to
oxidative stress; rhythmic process

MaB_DN4968_c0_gl

Ma04_p32230.1

cell wall; extracellular region

plant-type cell wall organization

MaB_DNI1274_cl_gl

Ma06_p38350.1

integral component of membrane;
vacuolar membrane

pyrophosphate hydrolysis-
driven proton
transmembrane transporter
activity; inorganic
diphosphatase activity; metal
ion binding

proton transmembrane transport

MaB_DN16140_c0_gl

Ma04_p14940.1

chloroplast thylakoid membrane;
integral component of membrane;
photosystem I; photosystem IT

chlorophyll binding; metal
ion binding

photosynthesis, light harvesting; protein-
chromophore linkage

MaB_DNG668 0 g3

Ma08_p03860.1

chloroplast thylakoid membrane;

oxygen evolving activity

photosystem II assembly; photosystem IT

photosystem II oxygen evolving stabilization
complex
MaB_DN4486 cl_gl Ma08_p29270.1 chloroplast thylakoid membrane;  manganese ion binding photosynthesis

integral component of membrane;
photosystem 11

MaB_DN2687_cl_gl

Ma05_p17280.1

extracellular region

hydrolase activity; acting on

cuticle development; lipid catabolic
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ester bonds

process

MaB_DN15560_c0_g3

Ma09_p06640.1

chloroplast envelope; chloroplast
thylakoid membrane; integral
component of membrane;
photosystem I; photosystem II;
plastoglobule

chlorophyll binding; metal
ion binding

photosynthesis; light harvesting in
photosystem I; protein-chromophore
linkage; response to light stimulus

MaB_DN10592_c0_g5

NA

MaB_DN9417_c0_gl

Ma03_p08980.1

chloroplast

ATP binding; glutamate-
ammonia ligase activity

glutamine biosynthetic process

MaB_DN67987_c0_gl

Ma04_p23780.1

calcium ion binding

trichome branching

MaB_DN79356_c0_gl

Ma06_p18330.1

MaB_DN8358 c2 gl

Ma09_p07130.1

cytoplasm; cytosol; nuclear
envelope; nucleus

Ran GTPase binding

miRNA loading onto RISC involved in
gene silencing by miRNA; protein
import into nucleus

MaB_DN11059 c0 gl

NA

MaB_DN17024 c0 gl

Ma02_p11170.1

chloroplast thylakoid membrane;
integral component of membrane;
photosystem I; photosystem II

chlorophyll binding; metal
ion binding

photosynthesis; light harvesting; protein-
chromophore linkage

MaB_DN16139 c0_gl

Ma05_p30610.1

DNA-binding transcription
factor activity; metal ion
binding

regulation of transcription, DNA-
templated

MaB_DN4631_c0_g2

Ma01_p10240.1

chloroplast; chloroplast thylakoid;
thylakoid membrane; integral
component of membrane;
photosystem II, PSII associated
light-harvesting complex IT

chlorophyll binding; protein
domain specific binding;
xanthophyll binding

nonphotochemical quenching;
photosynthesis; response to karrikin;
thylakoid membrane organization

MaB_DN5430_c0_gl

Ma02_p11040.1

chloroplast thylakoid membrane;
integral component of membrane;
photosystem I reaction center

photosynthesis
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Abstract

The present study focuses on investigating the interaction between radiation and biological systems, specifically examining
the detrimental effects of radiation. This approach has proven to be effective in determining the optimal tolerance range of
radiation on plants, which can lead to the development of beneficial characteristics and help improve the narrow genetic
base. The study was conducted on Salvia hispanica L., a medicinally important plant. Inbred seeds of Salvia hispanica L.
were subjected to five different doses of gamma rays (50, 100, 150, 200, 250 Gy) using a Co-60 source with a gamma
irradiator of 7.247 k rate. The seeds were sown in triplicate, along with a control set. Various characteristics were assessed,
including germination percentage, survival percentage, presence of ¢ hlorophyll mutants, and plant height. The results
indicate that lower doses of ga mma irradiation (<LDS50) positively influence plant growth, including plant height,
inflorescence size, and productivity. However, higher doses of gamma radiation (>LD50) have detrimental effects on several
plant attributes, such as seed germination, survivability, inflorescence size, and pollen fertility. Chromosomal abnormalities
were also observed, with an increase in their occurrence corresponding to higher doses of gamma radiation. Germination
percentage and survivability were found to decrease as the dose of gamma radiation increased. The dose of 50 Gy resulted in
the highest level of genetic variability. Additionally, compared to the control group, a significant percentage of chromosomal
abnormalities, particularly stickiness and scattering, was observed at a dose of 250 Gy. Lower doses of gamma radiation
(specifically 50 and 100 Gy) showed statistically significant (p>0.5) positive responses in Salvia plants, including plant
height, leaf area, leaf mutants, inflorescence axis, and seed size. On the other hand, higher doses of radiation proved to be
fatal for the plants.

In summary, this study provides valuable insights into the effects of gamma radiation on Salvia hispanica L., highlighting the
optimal dose range for inducing beneficial changes in plant characteristics while also emphasizing the harmful consequences
associated with higher doses of radiation.

Keywords- Salvia hispanica L., Gamma rays, chromosomal aberrations, Genetic Variations, LDs.

68% oft heir composition. Additionally, according to
Jimenez et al. (2013), polyunsaturated fatty acids like
omega-3 and omega-6 are considered crucial for hum an

1. Introduction

Salvia hispanica L. most preferably referred to as
“chia” is a medicinally important plant of the Lamiaceae
family. It is native to central and southern Mexico and
Guatemala and distributed over several countries of South
America. Chia seeds are high in oil contents, rich in
polysaccharides and fatty acids mainly omega-3 fatty acids
and omega-6 fatty acids. In ancient times, "chia" was used
highly by Mayan and Aztec populations as a plant of
medicine.

China is merging it as a new “superfood” that offers a
great source of antioxidants, dietary fiber, and omega-3
fatty acids. Seeds of plants were used as food since 3500
B.C. and functional as a commercial crop in central
Mexico between 500 and 900 B.C. (De Falco et al., 2017).

"Chia" also helps to enhance the satiety index and
prevent nervous system disorders, inflammation,
cardiovascular disease, and diabetes. Gutierrez et al.
(2014) highlight that chia seeds contain a significant
amount of alpha-linolenic acid, comprising approximately

" Corresponding author. e-mail: satyap.sp90@gmail.com .

health since they cannot be synthesized within the human
body.

Black chia, a crop that has been known since pri-
Cortesian times and is considered a pseudocereal, is
utilized as both food and medicine due to its high content
of alpha-linoleic and omega-3 acids, which hold great
importance to conduct genetic improvement work on the
species to enhance certain agronomic attributes (Lopez,
e.d.2020).

In the study conducted on Salvia hispanica L. plants, it
was observed that the irradiation dose had an impact on the
composition of chia seed oil. Specifically, there was a
decrease in the levels of oleic acid (18:1) and linoleic acid
(18:2), while an increase in the levels of pa Imitic acid
(16:0) and stearic acid (18:0) was observed. This shift in
fatty acid composition was directly proportional to the
increase in the irradiation dose. Furthermore, a reduction
in the overall content of monounsaturated and
polyunsaturated fatty acids was also noted (Akyol et al.,
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2022). These findings indicate that gamma irradiation
treatment influences the fatty acid profile of chia seed oil,
potentially impacting its nutritional properties and
applications.

Mutation breeding serves as an effective tool for plant
breeders to introduce variability in crop plants without
altering the original genetic makeup ofthe cultivar. It
offers the potential to obtain desirable characteristics that
may not exist in nature or have been lost during the course
of evolution (Novak and Brunner, 1992). Artificial
mutations can be induced using specific mutagens,
including physical agents such as gamma rays, X-rays, fast
and slow neutrons, and chemical substances such as ethyl
methane sulphonate (EMS), methyl methane sulphonate
(MMS), sodium azide, base analogs, and acridine dye.
These mutagens facilitate the induction of mutations in the
plant's genetic material.

Mutation induction has become a well-established and
widely accepted approach in plant breeding programs. It
allows fort he integration of novel traits into existing
germplasm and the improvement of cultivars with desired
characteristics (Kiani et al., 2022). By harnessing the
power of mutation breeding, plant breeders can enhance
the genetic diversity of ¢ rops and develop improved
varieties that exhibit specific qualities.

A lot has been accomplished in crop improvement
through the development and official release of thousands
of crop varieties with the help of m utation breeding
programs. Variation in living organisms on Earth planet
was ultimately sourced from mutations. Gamma rays are
the most used physical mutagens and breeders have
adhered to them for c rop improvement programs (Celik
and Atak, 2017). The interaction between gamma rays and
atoms or molecules of the biological material can be direct
or indirect. In direct action, DNA was hit by the rays,
thereby disrupting the molecular/genome structure while in
indirect action the rays hit the water and cause radiolysis
of water that eventually results in the generation of free
radicles (Limoli et al.,2001;Desouky et al., 2015).

The use of mutagenesis has been widely employed to
enhance variability for crop improvement (Acharya et al.,
2007). The stimulatory attributes of gamma rays at lower
concentrations/doses have been vigorously used by
breeders for e nhancing the vigorous of nu merous crop
varieties which were either dealing with problems of or
bearing poor q ualitative, polygenic, and other stress-
tolerant traits (Dwivedi et al.,2021). Gamma radiation was
the foundation for gamma spectrometry, a key technique
used for analyzing radioactive materials qualitatively and
quantitatively in various ambient environments. Gamma
rays are the most energetic form ofe lectromagnetic
radiation and they possess an energy level from 10 ke V
(Kilo Electron volt) to several hundred KeV. They are
considered the most penetrating radiation source compared
with other sources such as alpha and beta rays. It falls into
the category of ionizing radiation and interacts with atoms
or molecules to produce free radicles in cells.

Here in the experimental setup, we have installed an
experimental design of triplicates and sowed the seeds of
gamma treatments with a control set. We have tried to get
a remarkable change in the treated sets to enhance their
genotypic diversity. As in previous studies, it was
observed that Gamma irradiation had a stimulatory effect
on primary branches, including the number of pods/plants,

number of fl owers per plant, seed index, etc. Gamma-
irradiation treatment regulates proteins of crop plants by
altering their conformation, oxidation of amino acids of
the particular protein, rupture, and breakage of covalent
bonds, and by the generation of protein-free radicles that
can be beneficial for a pplication in breeding programs.
The use of gamma irradiation was found to be an effective
method for inducing cross-linking and improving both the
barrier and mechanical properties of the edible films and
coatings based on proteins (Mastro et al., 2016).

A significant response in plants was reported to be
caused by gamma irradiation compared to the control. It
was found that phenolic and tocopherol levels decreased,
and free fatty acid and peroxide count increased with the
increase of'i rradiation dose, and these changes were
statistically significant (p<0.01). The ratio of palmitic acid
and steric acid increased, while the ratio of oleic acid and
linoleic acid decreased with increasing irradiation dose
(Akyol, 2019).

The purpose of this study was to find out and determine
the harmful effects ofra diation and to establish the
radiation quality and dose range in which benefits, in terms
of more productive orin general more suitable plant
systems, would be obtained.

2. Materials and Methods

2.1. Procurement of materials

First ofall, we have purchased the inbred seeds of
Salvia hispanica L. from NutriPlanet Private Limited,
Bengaluru-520068, Karnataka, India. The rest needs and
requirements were fulfilled by Naithani Plant Genetics
Laboratory, Department of Botany, University of
Allahabad-211002, UP, India.

2.1.1. Treatment of seeds through different Doses of
gamma rays

First of all, the seeds of Salvia hispanica L. were filled
in small plastic packets and sent to NBRI, Lucknow for
gamma irradiation. The doses given to the seeds were 50,
100, 50, and 200&250 Gy respectively. The irradiation
process was carried out in a Cobalt-60 at a rate of 7.247k
gamma irradiator.

2.1.2. Weather conditions and optimum temperature for
seed sowing

After the treatment of the seeds, they were sown in
earthen pots in triplicates along with control sets.
Replicates were planted in a completely randomized block
design (CRBD) at a temperature of 25°C+2°C and relative
humidity 76% in outdoor conditions.

2.1.3. Morphological study

For the morphological study the germination
percentage was calculated after seven days of sowing,
survival was noted after thirty days, and plant height trend
was noted after 45 days of sowing. Inflorescence size was
also measured after 7 days of its emergence.

2.1.4. Meiotic study

For the meiotic analysis young floral buds of c ontrol
and variant plants of Salvia hispanica L. with appropriate
size were fixed in Carnoy’s fixative (Alcohol 3: Glacial
Acetic Acid 1) for 24 hrs and then transferred in 90%
alcohol to preserve the buds. Anthers were teased and
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stained in 2%
preparation.
Further, the process of's quash and the slides were
observed under a Nikon phase-contrast microscope
(Eclipse iE200, Japan). The observation was made to
calculate the total abnormality percentage (TAB %) of
treated sets and control as.
Total number of actively dividing cells

acetocarmine, followed by squash

Total Abnormality (%)= x100

Total number of aberrant cells
2.1.5. Pollen fertility

For this study, mature flowers were taken and dusted
over glass slides to remove the mature pollen grains of
anthers from them. After this, the pollens were stained
with acetocarmine and mounted with glycerin to observe
under the microscope. The pollen fertility of each treated
set was calculated by staining them with acetocarmine.
The darkly stained pollens are considered viable while
those unstained are considered non-viable. A common
method for assessing pollen viability was by staining and
direct counting, as described by Heslop-Harrison in 1992.

Number of fertile pollen grains

Pollen fertility (%)= x100 -
Total number of pollen grains

2.2. Biochemical Study

Fresh leaves of Salvia have been taken to extract
Chlorophyll a, b, and carotenoids from it with 80%
acetone and the amount and estimation of it were
determined according to the Lichtenthaler method (1987).
12.25(Ag63 ) - 2.79(Ag46 ) * volume

weight of leaf tissue(mg)

[1000(A470 ) - 1.82(Chla) - 85.02(Chlb)]/198 x volume(ml)
weight of leaf tissue(mg)

21.5(As46 )-5.1(s63 ) volume
weight of leaf tissue(mg)

chlorophyll a:

Carotenoids :

chlorophyll b :

2.3. Statistical analysis

Statistical analysis was performed using the SPSS 16.0
software. A one-way analysis of variance (ANOVA) and
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Duncan’s Multiple Range Test (DMRT, p < 0.05) was
conducted for mean separation and the graph was plotted
by using sigma plot 10.0 software. The actual mean and
standard error were calculated and the data were subjected
to analysis of variance.

3. Results

3.1. Morphological Results

3.1.1. Germination and Survival

In the current study, the germination of the seeds of
Salvia hispanica L. reduced with increasing doses of
gamma rays while at low doses of treatment viz. 50 Gy
there was an increase in germination compared to the
control plant. Figure 1(A) depicts that initial doses of
gamma (50 and 100 Gy) are causing significant effects
compared to higher doses of gamma irradiation, i.e 150,
200, and 250 Gy. The germination percentage of't he
control seeds was 94.66+1.33and at 50 G y recorded
96+2.30 the highest among all the treated sets, while the
higher doses showed a continuous decline in the
germination percentage. The control set showed the
highest survivability i.e. 92.34+1.29, while the highest
gamma dose (250 Gy) showed the lowest survivability
percentage (i.e. 58.45+1.94) among all the treated sets.

3.1.2. Plant Height

The plant height trend of all the treated sets was taken
accordingly, and after the observation it was found that the
initial doses of gamma (i.e. 50 and 100 Gy) have shown a
positive effect on plant height that helps enhance the vigor
and production of the plants. Figure 1(B) and Figure 2 (A)
depict that the plants treated with lower doses of gamma
have better height and vigor in comparison to control
plants and the plants treated with higher doses of gamma
(i.e. 150, 200, and 250 Gy).
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Figure 1: Graphs showing morphological parameters i.e. Germination and Survival % (A) and Inflorescence and plant height trend (B)
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Figure 2 (A) and (B): Images showing plant height trend and inflorescence size respectively in treated sets

3.1.3. Inflorescence size

In the experimentation, variability in the inflorescence
has also been observed. It was found that at initial doses of
gamma, the inflorescence was larger and more vigorous in
comparison to the control set, while higher doses proved
disastrous to them as they are causing hindrances in the
growth and development of the inflorescence. The most
vigorous inflorescence was observed at 50 Gy treatments,
and the frailest one was observed at a 250 Gy dose of
gamma. Figure 1 (B)a nd 2 (B)c learly shows that the
inflorescence of the 50 Gy treated set was larger and
stronger than to all other sets including control plants.

3.2. Leaf variants

During the experimentation with gamma irradiation
treatment, several leaf variants were observed. The treated
sets exhibited abnormalities in terms of leaf color, shape,
and patterns. Color variants included Xantha and Albina,
representing abnormal colors compared to the control
group. Shape variants comprised leaf bifurcation, rolling,
and the development of1 eathery leaves. Additionally,
pattern variants were observed in the study such as;
presence of three leaves at a single node or bunches of
leaves clustered at a node. Figure 3 illustrates the different
types of leaf variants identified in the experimental setup,
contrasting them with the control group

Figure 3: Leaf variants observed during the study: A. Control;
B. Bifurcated leaf; C. Leathery leaf; D. Deformed leaf; E.
Bifurcation of leaf axis; F. fleshy leaf; G. Tricotyledonous leaf;
H. Differential development of leaf at same axis; |. Semi-xantha;
J. Xantha; K. Semi-albina; L. Albina.
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3.3. Cytological Results

3.3.1. Cellular abnormalities

In Salvia hispanica L. the haploid chromosomal set
n=6 (2n=12 in the control set, normal divisions were
observed, while abnormalities were recorded in the
treatment. In the cytological preparation, it was observed
under the microscope that the percentage of abnormal
division was increasing simultaneously with the increasing
dose ofga mma. Inot her words, the abnormality
percentage was directly proportional to doses of gamma.
As the dose of gamma radiation increased, there was a
corresponding elevation in the total abnormality
percentage (TAB%). This trend was evident from the data
presented in Table 1 and illustrated in Figure 5.
Specifically, the lowest TAB% (6.20+0.28) was recorded
at the lowest administered dose of 50 G y, whereas the
highest TAB% (12.74+1.00) was observed at the highest
dose of gamma radiation, namely 250 Gy.

Cellular abnormalities were recorded during the
experiment, observed at both metaphase and anaphase
stages. These abnormalities encompassed a range of
irregularities,  including  stickiness, = unorientation,
scattering, forward movement, asymmetric division, and
disturbed polarity. Stickiness, metaphasic scattering,

precocious movement at metaphase, and stickiness at
anaphase were the most frequently observed abnormalities
among the recorded instances.

It was quite articulate by the contemplation of
cytological preparations oft he treatment that gamma
irradiation treatment was injurious for the health of cellular
development and it was potentially inhibiting systematic
cell proliferation of the pollen mother cells (PMCs) and
readily causing numerous chromosomal abnormalities
mentioned in the above paragraph.

3.3.2. Pollen fertility

In the above-mentioned experimental setup, pollen
fertility was also taken into account and it was observed
that the fertility of pol len grains was decreased as the
doses of gamma are increased. Based on the data obtained
in the experiment, the pollen fertility was found to be
inversely proportional to the doses of gamma (Figure 5).
The rate of pollen fertility was highest (97.65%) the in
control set the lowest fertility of the pollen (67.46%) was
observed at the highest dose of gamma i.e.250 Gy.

According to the observation, it was pretty sure that
gamma irradiation was hazardous fort he health and
development of potent pollen grains which fertilize the egg
and play its foreknown role in the plant’s life cycle.

Figure 4: Cytological Observation: A. Diplotene; B. Normal Metaphase; C. Normal Anaphase; D. Stickiness at Metaphase I; E.
Multivalent formation; F.Stickiness at Anaphase 1.; G. Normal Metaphase II; H. Scattering at Metaphase IL;; |. One laggard and one forward
movement of chromosome at Anaphase 1I; J. Telophase; K. Fertile with (nucleus) and L. Sterile pollen (without nucleus). (Scale bar = Spm)

3.4. Biochemical Results

3.4.1. Chlorophyll a

The impact of ga mma irradiation treatment ont he
main photosynthetic pigment, chlorophyll a, was
investigated in the experimental plants. The results

demonstrated that gamma irradiation had a detrimental
effect on the development of this crucial photosynthetic
pigment. It was evident that the amount of c hlorophyll a
decreased progressively with increasing doses of gamma
irradiation, in comparison to the control group (Figure 6).
The observation clearly establishes an inverse relationship
between the amount of ¢ hlorophyll a and the doses of
gamma irradiation
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3.4.2. Chlorophyll b

Similar to Chlorophyll a, the content of chlorophyll b
also exhibited a declining trend in response to increasing
treatment doses, ranging from 50G y to 250 Gy, as
depicted in Figure (6).

3.4.3. Carotenoid

Carotenoids, which are photosensory pigments found in
plants, were also important considerations, similar to
treatments. In comparison to the control group, all the
treated groups exhibited a declining trend (Figure 6). As
the doses of gamma irradiation increased, the carotenoid
content decreased in a similar manner to that observed for
chlorophyll a and b.

—&— Chlorophyll a
—O— Chlorophyll b
—w— Carotenoids

Photosynthetic pigments (g mg-1
N
N

Control 50 100 150 200 250

Doses of Gamma (Gy)

Figure 6: Graph representing photosynthetic pigments content in
control as well as treated sets of Gamma
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Figure 5: Graph representing pollen fertility and TAB percentage
with increasing doses of irradiation.

Table 1: Gamma irradiation-inducedcytological abnormalities and their percentage in Salvia hispanica L.

o Metaphasic abnormality (%) Anaphasic abnormality (%) X
o 2
5 £
o =
_ é: (Mean+SE) (Mean+SE) Oth Tab E
: 5
g b= g
& b
S Sc Pm St Un Asy St Un Fr Sc Dp
97.65+0.50°
Control 276 - - - - - - - - - -
50Gy 263 0.5120.12* 0.2540.13* 1.14+0.21°  0.51+0.26" 0.25£0.25" 1.52+0.21° 0.51+0.26* 0.50£0.33* 050+0.25" 0.38£0.22° 1.13+0.13* 6.20£0.28 92.34+0.88"
100 Gy 253 0.26£0.26" 1.1940.25% 1.45+0.14° 0.66+0.34" 0.120.12% 1.58+0.22° 0.40+0.24° 0.80£0.24* 0.26+0.26" 0.39+0.23* 0.26£0.13* 7.26+0.54 85.64=0.89°
50Gy 248 0.53£0.26° 05240.34 1.7120.13"  0.66+0.36" 0.40£0.23" 1.45£0.29° 0.26+0.13" 0.54£0.36" 0.66+0.13" 0.65£0.45* 0.39+0.23° 7.78+£0.24 78.57+0.88
200Gy 239 067035 0.83£0.25 2.08£0.29" 0.42£0.25° 0.54£0.12° 1.67+0.28° 0.55:0.37° 1.09£0.24° 0.69+0.14° 0.42+0.24* 0.54x0.12° 9.50+0.22 74.631.05°
250 Gy 220 0.31£0.15* 0.60+0.30° 2.73+0.28% 1.07+0.55" 0.91x0.25° 2.72+0.51" 1.36:0.25° 0.76+0.15 1.67+0.33° 0.46+0.26" 0.15+0.15" 12.74x1.00 67.46:+1.08"

Where,PMC’s- Pollen mother cells, SE- Standard error,Sc- Scattering of chromosomes, Pm- Precocious movement of chromosomes, St-
Stickiness of chromosomes, Un- Unorientation in chromosomal sets, ASy-Asynchronisation, Fr- forward movement in chromosomes, Dp-
Disturbed polarity; Oth- Others, Tab- Total abnormality percentage (p= <0.5)

4. Discussion

Germination was the most important phenomenon of
the life cycle of any plant to maintain the genotype in
existence in the system. In the present experiment, it has
been found that the germination displayed a decreasing
trend as the doses of gamma increased compared to the
control. A group of s cientists (Raina et al. 2016) has also
reported the delay in the initiation of metabolism following
germination, resulting in a uniform delay in mitotic
activity and hence seedling growth. This phenomenon may
be due to the detrimental effect of high energy beams of
gamma and the chromosomal aberrations, disturbance in
DNA and auxin synthesis, and to impaired cell metabolism

(Kirtane and Dhumal, 2004). The same results were also
found in Bhringraj by Kumar and Mishra (2019). They
also found a decreasing pattern of the rate of germination
with increasing doses of'irradiation. Rifnas et al. (2019)
also reported a progressive reduction in the germination of
Calotropis gigantea seeds with increasing doses of
gamma. The same pattern of the rate of germination Zea
mays was reported by Yadav et al. (2015).

Survivability was the second important thing for the
growth and development of the plants, which showed the
same pattern as of rate of germination. The survivability of
the plants also decreased with increasing doses of gamma
irradiation. Reduced survival rate at higher mutagenic
levels has been attributed to various factors, such as
chromosomal damage leading to meiotic arrest (Khursheed
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et al., 2008). Kumar and Singh, 2020, also reported that at
metabolic levels, higher doses of gamma rays may disrupt
chloroplast membrane and metabolism, due to which
photosynthesis was affected which ultimately reduces
survivability and causes the death of the plants.

The trend observed in plant height indicated that lower
doses of irradiation were beneficial and resulted in more
favorable responses. Similar findings have been reported
by Kumar and Mishra (2020) in Bhringraj and Kumar &
Singh (2020) in Artemisia annua. Ali et al. (2016) have
proposed that lower doses of gamma rays can stimulate
plant growth by enhancing the antioxidative capacity of
cells orby modulating hormonal signalling. Wi et al.
(2007) put forward a hypothesis suggesting that lower
doses of ga mma irradiation can induce growth by
influencing hormonal activities in plant cells or by
bolstering antioxidant defences, enabling plants to better
cope with daily stress factors such as temperature
fluctuations and light intensities.

In contrast, higher doses of irradiation were found to
have inhibitory effects onpl ant growth, potentially
attributed to disturbances in hormonal balance, leaf gas
exchange, water exchange, and enzyme activity (Kiong et
al., 2008). These factors may lead to a reduction in
internodal length due to insufficient water and mineral
supply to the plants. Additionally, as the radiation dose
increases, the rate of DNA mutations also increases, which
can disrupt budde velopment and interrupt cell
differentiation, ultimately inhibiting plant growth (Ali et
al.,, 2016). The increase in inflorescence size could
potentially be attributed to the same underlying
consequences described by Wi et al. (2007) and Ali et al.
(2016).

Chlorophyll mutants reported (Fig-3) viz., semi-xantha,
Xantha, semi-Albina, and Albina were observed in the
gamma treatment. Fig-3 (I) Xantha wasstraw-coloured
yellow leaves(Arul Balachandran and Mullainathan,
2009). Chlorophyll mutant, Albina (Fig. 3D) was pale dull
white color and its lifespan (10-20 days) was
comparatively shorter than usual leaf (Kumar et al. 2022).
Several authors have reported the occurrence of different
types of ¢ hlorophyll mutations such as Xantha, Albina,
Viridis, Chlorine, etc. (Kolar et al., 2011; Arisha et al.,
2015; Verma et al., 2018). The reason behind these
chlorophyll mutants and the genes and proteins involved in
it was still a matter of research (Ahumada-Flores et al.,
2021).

In the case of cytological observations, the major
abnormalities recorded were stickiness, scattering,
precocious movement, unorientation, asynchronisation,
etc. These chromosomal abnormalities in the PMCs are
attributed to the change in their organization, imbalance in
their protein signaling, and disturbance in microtubule
formation and functioning. The inhibitory effect on the cell
cycle of gamma irradiation at higher doses has also been
reported earlier in Hordeum vulgare by Eroglu et al.
(2007), Allium cepa by Ahirwar, (2015), and Triticum
aestivum by Borzouei et al. (2010).

The abnormalities observed in the experimentation may
be attributed to numerous problems related to spindle
fibers, microtubules, histone proteins, and a few other
chromosomal proteins. The major chromosomal anomalies
viz. Stickiness (Fig. 4 D, F, H) in the chromosomes arise
due to an imbalance of spindle fibres caused by mutagenic

treatment (Jabee et al., 2008). Gaulden (1987) predicted
that the stickiness in chromosomes has been seen due to
the malfunctioning of one or two types of s pecific non-
histone proteins which are responsible for the proper
organization and compaction of chromosomes. In one

more study, the sticky chromosomes resulting in the cells
may be due to the increased chromosomal contraction and
condensation [Ahmed and Grant (1972)]. In a study,
Kuras et al. (2006) observed that this abnormality of
chromosomes was the outcome of an imbalance in histones
or other proteins which can control the proper structure of
nuclear chromatin.

Precocious movement (Fig. 4 )i n chromosomes at
metaphase was observed because oft he migration of
chromosomes to the poles, which may be attributed to
early chiasma terminalization in diakinesis or metaphase [
(Srivastava and Kapoor, 2008) or due to disruption of
spindle formation (Kumar and Dwivedi, 2015). Precocious
movement noted in the cells of experimental plants may be
due to early terminalization of the chromosome or due to
the chemical breaking oft he protein moiety of the
nucleoprotein backbone. (Kumar and Pandey, 2017)

Levan (1938) studied that the scattering of
chromosomes (Figure 4G) was a result of the problematic
function of spindle fibers and was generated in the process
due to the loss of microtubules, disruption of the spindle
fibers, etc.in Allium cepa L.

Unorientation in the cells may be due to the disturbed
microtubule orientation or disturbed polarity of the cells.
Disturbed polarity (Fig. 1K) or tri polarity might be due to
spindle disfunctioning (Kumar and Dwivedi, 2012).

Declinement in pollen fertility was because of the
formation of's terile pollen due to the side effects of
mutagens on m ale reproductive organs. Pollen viability
was considered to be an important parameter of pollen
quality (Dafni and Firmage, 2000). Pollen sterility was
also a major finding reported in the study. Here it was
found that the rate of pollen sterility was increasing with
increasing doses of irradiation which ultimately leads to
non-viable pollen formation and creates a danger over the
survival of't he genotypes of't he plants in the system.
Muthusamy &Jayabalan (2002) also reported the same in
the Gossypium plant. They reported that the rate was
directly proportional to the irradiation dose. Kumar and
Singh (2020) also reported the same pattern in Artemisia
annua. Jagtap & More (2014) have analyzed the same
output on Lablab purpureus and concluded that sterility in
the plants enhances vigorously as the dose of physical or
chemical mutagen increases.

Biochemical studies revealed the same pattern of
decline meant as germination, survival, and pollen fertility.
Here, major photosynthetic pigments including Chla &
Chlb have shown a narrowing from the control plant's
mean value of photosynthetic pigment. A sharp
deterioration in the amount of both the photosynthetic
pigments (Chl a &Chl b) was observed. Carotenoids, the
accessory photosynthetic pigment have also shown the
same phenomenon of decline, such as main photosynthetic
pigments. These findings may be attributed to the
hazardous nature ofhi gh-energy gamma rays. Gamma
radiation alters photosynthetic apparatus by damaging the
photosystem complexes, but at lower doses of gamma rays
these complexes allow photosynthesis by capturing light
energy, protect photo-oxidative damage of ¢ hlorophyll
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from ROS, and release excess energy as heat (Kovacs and
Keresztes, 2002; Kim et al., 2004). Jing et al. (2008) also
found that photosynthetic pigments decreased in gamma-
treated sets compared to the control set. Kumar and Singh
(2020) also proposed that gamma irradiation was
detrimental to the photosynthetic pigments of Bhri ngraj
and the effect was strengthened with increasing doses of
gamma irradiation.

5. Conclusion

In terms of c ytology, the study revealed a clear
association between increasing doses of irradiation and the
occurrence of numerous cytological aberrations. It was
noteworthy that the percentage oft otal abnormalities
increased with higher doses of gamma radiation. However,
alongside the adverse effects, lower doses ofirradiation
also provided an opportunity to generate new mutant
varieties of the plant with enhanced genetic variability and
improved vigor compared to the parent plant. This offers
the potential to broaden the narrowed genetic base of the
plant caused by continuous inbreeding depression.

Overall, these findings highlight the complex effects of
gamma-ray irradiation on pl ant traits, with lower doses
showing potential for be neficial changes in morphology
and genetic variability, while higher doses induce
detrimental effects across multiple aspects ofpl ant
development and productivity.
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Abstract

This study was conducted around Lake Poso, which is home to several indigenous communities with unique local
knowledge about nature. This region encompasses several conservation areas, including Bancea Nature Park, Pamona Nature
Reserve, and Wera Nature Park. The community residing in this region include the traditional Pamona community, who are
one oft he ethnic groups in Central Sulawesi Province, Indonesia. Therefore, this study aimed to determine the
ethnomycology and local knowledge of Pamona indigenous people in relation to utilization of wild macrofungi species for
food and medicine around Lake Poso, Central Sulawesi Province, Indonesia. The results showed that 21 s pecies of
macrofungi were used by the indigenous Pamona community, which served various purposes such as a source of food,
medicine, hair growth agent, animal feed mixture, and a lighting tool at night. These species include Schizophyllum
commune, Auricularia auricula-judae, Auricularia nigricans, Volvariella volvaceae, Trichaleurina javanica, Termitomyces
spp, Tremella sp, Physarum polycephalum, Mycena sp., Pycnoporus sanguineus, Pleurotus ostreatus, Dictyophora
indusiata, and Russula sp. Macrofungi species with the highest Relative Frequency of Citation (RFC) value were
Schizophyllum commune, Auricularia auricula-judae (Bull.) Quel, Termitomyces eurrhizus (Berk.) Pegler, and
Trichaleurina javanica, all of which had a value of 1. Meanwhile, Tremella sp. had the lowest RFC with a value of 0.14. The
highest Informant Consensus Factor (ICF) value of 0.97 was found in the use of macrofungi as food. These results confirm
the wealth of knowledge and practices within the Pamona comunnity, enabling them to effectively utilize macrofungi species
for both food and medicine. These practices help to combat malnutrition and prevent and treat certain diseases in Pamona
comunnity around Lake Poso, Central Sulawesi, Indonesia.

Keywords: Conservation, Edible Macrofungi, Indigenous Knowledge, Utilization

macrofungi is sourced from local communities worldwide

1. Introduction

There are an estimated 2.2 to 3.8 million species of
fungi in the world (Hawksworth & Liicking, 2017).
Among these, more than 14,000 species of fungi have been
identified and about 10% of t hem were macrofungi (El-
Ramady et al., 2022). Based on available information, it
was estimated that as many as 2189 species of macrofungi
are safe for c onsumption and have been used worldwide
(Rai et al., 2005, Li et al., 2021). Additionally, there are
about 700 species of edible macrofungi that are beneficial
to human health (Li et al,, 2021; Lima et al., 2012).
Despite the high levels of biodiversity in the tropics, the
documentation of macrofungi in this region is still lacking
and unclear (Hawksworth, 2001). Gandjar et al. (2006)
noted that Indonesia alone may host around 200,000
species of m acrofungi, but there is limited data ont he
number ofi dentified species and their utilization.
Generally, information ont he use ofe dible wild

" Corresponding author. e-mail: yyusranyusran610@gmail.com.

through ethnomycology. It is important to note that new
macrofungi species will continue to be identified in the
tropics (Douanla-Meli et al., 2007).

Ethnomycology is a branch of ethnobiology and a
relatively new field of study. It is focused on the study of
traditional knowledge about the use of macrofungi and the
influence of the environment, culture, and its relationship
with humans through space and time (Reyes-Lopez et al.,
2020). Fungi are integral to ecosystems and have
historically as well as globally been recognized for the use
of macrofungi in food a nd medicine (Zivkovié et al.,
2021). Wild edible macrofungi are known to have a long-
standing and close relationship with humans, providing
significant  biological, economic, and nutritional
contributions. They are also extensively consumed by
individuals worldwide (Osarenkhoe et al., 2014; Kim &
Song., 2014; Semwal et al., 2014; Alvarez-Farias et al.,
2016; Kinge et al., 2011; 2017). However, in the field of
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ethnomycology, this knowledge is still limited when
compared to knowledge about animals and plants.
According to Manzi et al. (1999), edible macrofungi
have been traditionally used by people in Asia as food and
medicine since ancient times, with a growing trend of their
increased use in various parts of the world (Lu et al., 2020;
Wasser, 2011). Every local community possesses unique
wisdom and knowledge regarding the use of these
macrofungi, influenced by culture, beliefs, perceptions,
environmental conditions, and local habits. Traditional
knowledge about the use of macrofungi is passed down
orally from generation to generation (Albuquerque, 2006;
Garibay-Orije et al., 2007; Molares et al., 2019).
Macrofungi have macroscopically filamentous fruiting
bodies that can be seen with the naked eye. All macrofungi
are fungi, but not all fungi are macrofungi (Mgbekem et
al., 2019), and they hold significant potential as a source of
food and medicine. They thrive naturally and abundantly
in nature and can easily be cultivated intensively, although
this is limited to only a few saprotrophic species. Edible
macrofungi, depending on their species, chemical
composition, and growth substrate, are considered a
healthy and sustainable foods ource for hum ans (EI-
Ramady et al., 2022). The indigenous peoples in Indonesia
have valuable local wisdom regarding utilization of
macrofungi natural resources as a source of fooda nd
medicine. However, there is limited knowledge about the
diversity, distribution, utilization, and cultivation
techniques of potential food and medicinal macrofungi
species in Indonesia. Ethnomycological studies are also
still lacking, although some studies have reported the
existence of several macrofungi used as food and medicine
by the local community around Lore Lindu National Park,
Central Sulawesi (Yusran et al., 2021; 2022a.b) and by the

Baduy community in Banten, Indonesia (Khastini et al.,
2018; 2019; Dewi et al., 2022).

This study aimed to determine the ethnomycology and
local knowledge of the indigenous Pamona community in
terms of utilization of wild macrofungi species for food
and medicine around Lake Poso, Central Sulawesi
Province, Indonesia

2. Materials & Methods

2.1. Study Location, Ethnography, and Climate

Ethnomycological studies on the wuse ofw ild
macrofungi by the indigenous Pamona community were
carried out around Lake Poso, encompassing several
conservation areas such as Pamona Nature Reserve,
Bancea Nature Park, and Wera Saluopa Nature Park,
Central Sulawesi, Indonesia. Lake Poso is situated in the
central part of Sulawesi Island, precisely in Poso Regency,
Central Sulawesi Province, Indonesia (Figure 1). The
population in this area was 86,366 individuals, spread
across several sub-districts surrounding Lake Poso, namely
Pamona Puselemba, North, West, East, Southeast, and
South Pamona. The inhabitants oft his area were
dominated by Pamona ethnic group, who were the natives.
The average temperature in this area was 27.25°C, with an
average humidity of 84 .56% and rainfall of 2807.8
mm/year (Badan Pusat Statistik/Central Bureau of
Statistics, Poso Regency, 2020). The study was conducted
within an altitude range of 38 1-572 m above sea level.
Interviews were conducted in several villages spread over
the six sub-districts, namely Sangira, Sulewana, Saojo,
Lena, Panjoka, Wera, Owini, Taipa, Bancea, Panjo,
Tampemadoro, Poleganyara, Panjoka and Tindoli. The
population in these villages was predominantly Pamona
individuals.
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Figure 1. Study sites around Lake Poso, Central Sulawesi, Indonesia
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2.2. Sampling Methods and Data Collection

In-depth interviews were conducted with resource
people to obtain comprehensive information regarding
ethnomycology. Sources were determined using the
snowball technique. The selection of re source persons
from the community involved two stages: (1) Identifying
key resource persons such as traditional leaders, village
heads, elders, and macrofungi sellers who were considered
relevant and knowledgeable about the study; (2) selecting
follow-up sources based on recommendations from
previous sources to broaden the range of information and
track variations in existing information.

The interviews with the community commenced by
meeting with the Village Head as the initial point of
contact. The Village Head was asked to provide
information about individuals within the community who
possessed knowledge and experience in identifying,
collecting, and exploiting wild macrofungi. This included
village healers, traditional community leaders, and
macrofungi sellers in traditional markets who were
familiar with food and medicinal macrofungi in several
villages surrounding conservation areas. Questionnaires
were distributed in each of these villages to selected
respondents who were prepared in advance, followed by
discussions between the study team and respondents. The
total number of respondents in this study was 300.
Questions asked included name, age, sex, occupation,
education, land ownership, and number offa mily
members. Additionally, respondents were asked about
macrofungi, including local name, description, time of
appearance, place of growth, method of use, part of fungi
used, and the disease treated. During the interviews,
photos of food and medicinal macrofungi collected from
previous studies were shown to respondents for
comparison. In addition to interviews, a Focus Group
Discussion (FGD) was conducted to explore the
commonly used species of food and medicinal macrofungi
within the community and the technology for its use
through pictorial percentages. The interviews were
conducted in Indonesian and the local language of the
local Pamona community, known as Bere'e. The interview
took place at each respondent's house and in the field, and
questions primarily referred to information about the
species of m acrofungi and their use by the local
community. The collected data were then summarized and
transcribed into a quantitative descriptive analysis.

The collection of samples of wild edible macrofungi
was carried out over eight months within various
ecosystems around the visited villages. These included
primary Forest, secondary forest, agroforestry, gardens,
monoculture plantations, and yards. Collection of
macrofungi fruiting bodies also took place in traditional
markets. Each collected fruiting body was placed in paper
bags and labeled according to species, and its morphology
was recorded using a digital camera. Information regarding
their benefits and habitats was also recorded. The collected
macrofungi samples were then brought to the laboratory
for microscopic examination using a standard microscope
(Andrew et al., 2013). Identification of the microfungi was
based on references by Hemmes and Desjardin (2002),
Desjardin et al. (2000), Desjardin et al. (2004), and online
resources such as  http://www.indexfungorum.org/,

http://mushroomexpert.com/. Collections ofd ried fruit
bodies were also deposited at the Laboratory of Forestry
Sciences, Forestry Faculty, Tadulako University,
Indonesia.

2.3. Data Analysis

The data was analyzed wusing qualitative and
quantitative methods. Qualitative data obtained from the
interviews  was  presented  through  descriptive
morphological analysis. The analysis of m acrofungi
species was organized in a table containing information on
local names and morphology. Quantitative data was
obtained from the utilization value, which was analyzed by
calculating the Relative Frequency of Ci tation (RFC)
botanical index. RFC index was obtained by dividing the
number of re spondents who mentioned certain species of
macrofungi (FC) by the number ofre spondents who
participated in the survey (N). The value of RFC index
varied from zero to one according to the informant's
reference. A value of 0 indicates that noi nformants
mentioned the species as useful macrofungi, while a value
of 1 indicates unanimous agreement among all informants
regarding the usefulness of the species. RFC index was
calculated by using the formula proposed by Qwarse et al.
(2021):

FC
RFC = —
N

where FC=Number of respondents who mentioned a particular
species of macrofungi, and N is the total number of respondents
interviewed

FL is the ratio of informants who mentioned the use of
a particular species in the area surveyed. FL was
determined using the formula
Np
FL=—
N

where Np is the number of informants who claim to use a
particular species for a specific purpose and N is the total number
of informants citing the species for any use.

ICF determines the homogeneity of the information
provided by the respondents. It was determined by:
Nur— Nt

(Nur— 1)

where Nur is the number of're ports onthe use of
informants for a particular category of macrofungi uses,
and Nt represents the number of taxa or species categories
of wild macrofungi species.

IFC

3. Results

3.1. Important Macrofungi Species in Ethnomycology

The results revealed that the indigenous Pamona
community around Lake Poso, Central Sulawesi used 21
species of m acrofungi. Macrofungi used were classified
into 15 genera and 14 families. The Lyophyllaceae family
had the highest number of s pecies (4 s pecies, 19.04%),
followed by the Auriculariaceae family (3 species,
14.28%), the Pleurotaceae and Polyporaceae families (2
species, 9.52%), while the remaining 10 fa milies were
represented by one species (Table 1). Examples of
macrofungi species used by the indigenous Pamona
community can be seen in Figure 2.
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Table 1. Species of macrofungi used by the indigenous Pamona community around Lake Poso, Central Sulawesi

No. Vernacular name  Species Family Substrate  Utilization and Processing Methods RFC FL
1. Tangkidi/Tangkojo Schizophyllum Schizophyllaceae Deadwood The fruit bodies are used as a vegetable by 1 1
commune Fr. 1815 mixing with coconut milk or sautéing them
with other vegetables
2. Tanggorugoru Auricularia Auriculariaceac  Deadwood ~ Fresh fruit bodies are immediately made into 1 1
auricula-judae soup, stir-fried with vegetables, or dried, and
(Bull.) Quel 1886 then stored, which can be processed again at
any time
3. Tanggorugoru Auricularia Auriculariaceae  Deadwood  Fresh fruit bodies are immediately made into  0.56  0.83
. nigricans (Sw.) soup, stir-fried with vegetables, or dried and
Talinga mbalesu ; . .
Birkebak, Looney then stored, which can be processed again at
& Sanchez-Garcia any time
4. Tanggorugoru Auricularia sp. Auriculariaceae  Deadwood  Fresh fruit bodies are immediately made into  0.61 0.92
soup, stir-fried with vegetables, or dried and
then stored, which can be processed again at
any time
5. Tambata Mapeni Amaurodermasp Ganodermataceae Deadwood The fruit bodies and stalks are made into 0.65 0.69
souvenirs such as masks and wall paintings
by carving and varnishing/painting
6. Tambata Lentinus sp. Polyporaceae Deadwood The fruit bodies are used like a vegetable by ~ 0.88 0.73
Buya/Toyumanu sautéing them with other vegetables
7. Tambata Tremella sp. Tremellaceae Deadwood The fruit body is used as medicine by 0.14 0.82
tampopila grinding it and then applying it directly to the
wound
8. Tambata mbega  Phillipsia sp. Sarcoscyphaceae Deadwood The fruit body is fried or roasted and then 024 0.73
mixed with other drinks like coffee before
drinking, causing an intoxicating effect
9. Tanouu ntana 1 Termitomyces Lyophyllaceae  Soil The fruit body is made into soup, mixed with 1 1
eurrhizus (Berk.) vegetables, sautéed/fried mixed with shallots,
R. Heim 1942 chili, and seasonings.
10. Tanouu ntana 2 Termitomyces Lyophyllaceae  Soil The fruit body is made into soup, mixed with  0.91 0.92
striatus (Beeli) R. vegetables, and sautéed/fried with shallots,
Heim 1942 chili, and seasonings.
11. Tanouu ntana 3 Termitomyces Lyophyllaceae  Soil The fruit body is made into soup. mixed with  0.82 0.87
clypeatus R. Heim vegetables, and sautéed/fried with shallots,
chili, and seasonings.
12. Tanouu ntana 4 Termitomyces sp.  Lyophyllaceae  Soil The fruit body is made into soup, mixed with  0.80 0.82
vegetables, and sautéed/fried with shallots,
chili, and seasonings.
13. Tanouu Physarum Physaraceae Corncob The fruit body is made into a soup mixed 0.56 0.81
polycephalum with other vegetables
Schwein. 1822
14. Toyu ntana Trichaleurina Pyronemataceae Soil The liquid squeezed out of the fruit body is 1 1
javanica (Rehm) used as a hair tonic and the dregs of the fruit
M.Carbone, body are finely chopped and used as a
Agnello & P. mixture for pig feed.
Alvarado 2013
15. Tare’e Volvariella Pluteaceae Soil The fruit body is made into a soup mixed 0.22 0.82
volvaceae (BuLL.) with other vegetables
Singer 1822
16. Tambata columbia Pycnoporus Polyporaceae Deadwood  The fruit bodies are sautéed or boiled 0.34 0.78
sanguineus (L.)
Murrill.
17. Tambata karyada Mycena sp Mycenaceae Deadwood  The fruit bodies, which light up at night and 1 1
are still attached to weathered wood, are used
as a light source when walking in the
garden/forest
18. Tanouu Pleurotus sp. Pleurotaceae Deadwood  The fruit bodies are sautéed or dipped and 0.80 0.87
ngkaju/ntua mixed with other spices and vegetables
19. Tamporu Russula sp. Russulaceae Soil The fruit bodies are sautéed or dipped and 0.49 0.63

mixed with other spices and vegetables
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Dictyophora Phallaceae Soil
indusiata (Vent.)

Desy, 1822

20. Keje angga

21. Arindi Pleurotus ostreatus Pleurotaceae
(Jacq.) P. Kumm.

1871

Deadwood

The stalk and the cap are used as medicine 092 1
for goiter and swelling of the body by finely

grinding the fruit body and then mixing it

with coconut oil, then smeared on the surface

of the goiter of the neck or any part of the

body that is swollen or has lumps.

The fruit body is made into a soup mixed 046 0.83

with other vegetables

Note: RFC= Relative Frequency of Citation, FL= ratio of informants.

Table 2. Informant consensus factor (ICF)

User category Nur N¢ ICF
Food 655 18 0.97
Medicine 67 7 0.91
Souvenir & Lighting 45 3 0.95
Animal Feed 33 5 0.88

Nyr is the number of use reports and Ny is the number of taxa

10

11

Figure 2. Examples of species of macrofungi used by the indigenous Pamona community: 1) Trichaleurina javanica, 2) Auricularia
auricula-judae, 3) Schizophyllum commune, 4) Dictyophora indusiata, 5) Auricularia nigricans., 6) Tremella sp., 7) Termitomyces
eurrhizus, 8) Amauroderma sp., 9) Lentinus sp., 10) Termitomyces sp., 11) Mycena sp., 12) Pycnoporus sanguineus

3.2. Preference Rating for Edible Macrofungi

Species of m acrofungi with low RFC values have a
greater risk of e xtinction than other species due to their
limited recognition and utilization by the public.
Increasing the awareness and introduction oft hese
macrofungi to younger generations can help enhance their
recognition value.

Table 1s hows that Schizophyllum commune,
Auricularia auricular-judae (Bull.) Quel, Termitomyces
eurrhizus (Berk.) Pegler and Trichaleurina javanica had

the highest RFC values of 1, while Tremella sp had the
lowest RFC value of 0. 14. Macrofungi species with low
RFC values require domestication to ensure their
sustainable use. The highest FL value of 1 was found in S.
commune, A. auricula-judae (Bull.) Quel, T. eurrhizus
(Berk.) Pegler, Trichaleurina javanica, Mycena sp., and
Dictyophora indusiata, while the other species were below
zero. Furthermore, the highest ICF value of 0. 97 was
found in the use of macrofungi as food.
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3.3. Collection, Transfer of Knowledge, Market
Opportunities, Utilization, and Phenology of Macrofungi

Knowledge of mycology, including species
identification, naming, habitat, phenology, and preparation
methods for using macrofungi as food and medicine, has
been passed on by word of m outh across generations.
There was also no written documentation found regarding
these aspects. Furthermore, schools oro ther formal
educational institutions, social and religious institutions,
government institutions, and agricultural experts do not
play a significant role in the transfer of local knowledge in
this study area.

The majority of the local Pamona community trades
macrofungi,  particularly ~ Schizophyllum  commune
(tanggidi) and Auricularia auricula-judae (Tambata
talinga valesu). This mainly occurs during the rainy season
when these macrofungi grow easily. Due to the abundance
of these two macrofungi, they are harvested in large
quantities. Some are sun-dried and then stored in jars, and
at any time when required, the dried fruit bodies are
soaked in water fora few minutes to rehydrate before
being cooked.

Table 3. Percentage of macrofungi respondent groups involved in the food macrofungi collection

Parameters Informant groups Involvement in macrofungi How often do you collect macrofungi?
collection
Yes No Never Sometimes Always
Sex Female 104 (34.7%) 13 (4.3%) 13 (4.3%) 17 (5.7%) 87 (29.0%)
Male 162 (54.0%) 21 (7.0%) 21 (7.0%) 27 (9.0%) 135 (45.0%)
Age Young (15-30 Years) 76 (25.3%) 7 (23%) 7 (2.3%) 27 (9.0%) 49 (16.3%)
Senior (>30 Years) 202 (67.4%) 15 (5.0%) 15 (5.0%) 8 (2.7%) 194 (64.7%)
Literacy level Illiterate 50 (16.7%) 6 (2.0%) 6 (2.0%) 17 (5.7%) 33 (11.0%)
literate 230 (76.7%) 14 (4.6%) 14 (4.6%) 47 (15.7%) 183(61.0 %)
Informant category Key 117 (39.0%) 17 (5.7%) 17 (5.7%) 32 (10.7%) 85 (28.6%)
General 137 (45.7%) 29 (9.6%) 29 (9.6%) 51 (17.0%) 86 (51.8%)
Family income Low (3.000.000 IDR) 218 (72.7%) 5 (1.6%) 5 (1.6%) 19 (6.3%) 199 (66.3%)
High (>3.000.000 IDR) 68 (22.7%) 9(3.0) 9 (3.0%) 36 (12.0%) 32 (10.6%)
Distance from forest <5 km 162 (54.0%) 16 (5.3%) 16 (5.3%) 7(2.3%) 155 (51.7%)
>5km 113 (37.7%) 9 (3.0%) 9 (3.0%) 42 (14.0%) 71 (23.6%)

IDR = Indonesian currency

The group of informants described in Table 3 exhibits
differences in their involvement in the collection of
macrofungi. Among the 183 m ale and 117 female
informants, 162 men (54.0%) and 104 w omen (34.7%)
were involved, while 21 m en (7.0%) and 31 w omen
(4.3%) were not involved in the collection of macrofungi.
In terms of age, 76 youths (25.3%) of 15-30 years were
involved in the collection of macrofungi, while 7 (2.3%)
were not involved. Among the seniors (> 30 years), 202
individuals (67.4%) were involved in the collection of
macrofungi, while the remaining 15 i ndividuals (5.0%)
were not involved. Based on their level of education,
educated informants were more active in collecting
macrofungi than the uneducated. Informants from
households with low income were more active in
collecting macrofungi than those with high income. The
distance from the house to the forest where macrofungi are
collected also had an effect, with informants residing
closer to the forest collecting more macrofungi.

Table 3 also shows the frequency of informants in
collecting macrofungi. Pamona community frequently
collect macrofungi, as evidenced by percentages above

50% across all parameters except for informant income.
Individuals with higher income rarely collect macrofungi,
as they have the means to fulfill their family’s needs and
prefer to purchase them at local traditional markets.

Respondents showed understanding of t he seasonal
emergence of macrofungi by acknowledging the
significant influence of the rainy season on the appearance
of fruit bodies (Table 4). Although most species of edible
macrofungi appeared during the rainy season, certain
species exclusively appeared during the rainy season, such
as Termitomyces spp. which was associated with rainy
weather accompanied by lightning. There were also
macrofungi species emerged during the dry season, such as
Amauroderma sp., Lentinus sp., and Picnoporus
sanguineus. Trichaleurina javanica was found in forests,
gardens or recently cleared fields due to their preference
for fertile soil. These microfungi were particularly
abundant in the rainy season during months like
September, October, November, and December. However,
S. commune macrofungi were found a nd used by the
Pamona community all year round due to their widespread
growth.
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Table 4. Phenology of the species of macrofungi based on the perceptions of the respondents

No. Species Months

1. Schizophyllum commune Fr. 1815 January-December

2. Auricularia auricular-judae (Bull.) Quel 1886 April — November

3. Auricularia nigricans (Sw.) Birkebak, Looney & Sanchez-Garcia January — August

4. Auricularia sp. July — December

5. Amauroderma sp. April — July

6. Lentinus sp. March — June

7. Tremella sp. January — May

8. Phillipsia sp. May — November

9. Termitomyces eurrhizus (Berk.) R. Heim 1942 September — October

10. Termitomyces striatus (Beeli) R. Heim 1942 September — October

11. Termitomyces clypeatus R. Heim August — September

12. Termitomyces sp. August — October

13. Physarum polycephalum Schwein. 1822 June — September

14. Trichaleurina javanica (Rehm) M.Carbone, Agnello & P. Alvarado 2013 January — December

15. Volvariella volvaceae (BuLL.) Singer 1822 April — June

16. Pycnoporus sanguineus (L.) Murrill. May — August

17. Mycena sp. January — December

18. Pleurotus sp. June — September

19. Russula sp. September — November

20. Dictyophora indusiata (Vent.) Desy, 1822 September — December

21. Pleurotus ostreatus (Jacq.) P. Kumm. 1871 October — December
Another species of macrofungi that is believed to cure

4. Discussion goiter by the indigenous Pamona community is

The Pamona community categorizes macrofungi into
two major groups based on where they grow. These
include "Tambata" for macrofungi that grow on weathered
wood or living trees (saprophytes) and "Tanouu" for those
that grow on the ground. The name Tambata is also the
same as that given by the Kaili community, who live in the
valley of P alu and Sigi Regency, Central Sulawesi,
Indonesia (Yusran et al., 2021; 2022a).

The ethnomycology study showed that all respondents
had extensive knowledge of s everal macrofungi as being
the best quality food for the Pamona community. These
microfungi include Schizophyllum commune, Auricularia
auricula-judae (Bull.) Quel, Auricularia nigricans,
Auricularia sp., Termitomyces eurrhizus (Berk.) Pegler,
Termitomyces striatus Var. annulatus R. Helm Pegler,
Termitomyces clypeatus R. Heim, and Termitomyces sp.
The identification and folk taxonomy of these macrofungi
was easily understood by the public, as they were
frequently collected for consumption and sale.

Macrofungi ~ Trichaleurina  javanica is called
"Toyuntana" when it is young and underground and
“Tanouu” when it blooms. Among the 21 macrofungi
species found, macrofungi Schizophyllum commune
(Tanggidi) was the most commonly known among the
indigenous Pamona community in Poso District, Central
Sulawesi. The name "Tanggidi" was also used by the Kaili
community in Sigi Regency, Central Sulawesi (Yusran et
al., 2022b). This species is commonly consumed due to its
excellent taste and easy availability, especially during the
rainy season. It is well known with different names across
several provinces in Indonesia, such as Kulat Kritip in
Central Kalimantan (Nion et al., 2012), Supa in Banten
(Khastini et al., 2018), Tirau in Sumatera Island (Kusrinah
and Kasiamdari, 2015), and Jaggery in West Papua
(Nurlita et al., 2021).

Dictyophora indusiata. The method of using it involved
taking the stem (stipe) of m acrofungi, growing it until
smooth, mixing it with coconut oil, and then applying it to
the surface of the goiter lump on the neck. Tremella sp.
(Tambata Tampopila) is a species that is believed by the
Pamona community to heal wounds on the surface of the
body. The method of use involved crushing the fruit body
until smooth and then sticking it directly on the wound.
According to Panda and Tayung (2015), it is very
common for people in newly developing countries to use
macrofungi to maintain health and prolong life.
Macrofungi have high nutritional value because they are
rich in protein, essential amino acids, vitamins, and fiber
but low in fat and antioxidants (Rahman et al., 2021;
Agrahar-Murugkar and Subbulakshmi, 2005; Balan et al.,
2018; Cardwell et al., 2018; Taskin et al., 2021). Various
studies have reported on the medicinal effects of D.
indusiata fruit bodies, including anti-obesity (Wang et al.,
2019), neuroprotective effects for A lzheimer's disease
(Talebi et al., 2021), and wound treatment (Nazir et al.,
2021). Similarly, the microfungi Tremella fuciformis
Berk., known for its snow-like appearance, has been used
for thousands of years in China due to its traditional
therapeutic effects, particularly in skin care, immune
repair, and disease prevention (Ma et al., 2021). In this
study, it was found that there were 21 macrofungi used by
the indigenous Pamona community around Lake Poso.
This number is higher compared to a study by Sharma et
al. (2022) which identified 14 species of edible macrofungi
in the Jammu district, India. However, the results were
lower than several previous studies, as reported by
Kamalebo et al. (2018), who discovered 68 s pecies of
macrofungi used as fooda nd medicine in Thsopo
Province, the Democratic Republic of Congo. It was also
lower than the 46 species in San Mateo Huexoyucan,
Tlaxcala, Mexico (Alonso-Aguilar et al., 2014), 47 species
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of edible macrofungi by five communities in Ocoyoacac,
Mexico (Romero et al., 2015), 25s pecies in Sabah,
Malaysia (Fui et al., 2018), and 91 species of food and
medicinal macrofungi found through a market survey in
Southwest Yunnan, China (Wang et al., 2022).

The Pamona community primarily obtain macrofungi
for household consumption and rarely for sale in the local
market, resulting in minimal impact on their income levels.
The most commonly found macrofungi was Termitomyces,
which was consistent with the results of previous studies
(Sharma et al., 2022; Teke et al., 2018; Sitotaw et al.,
2020; Tibuhwa et al., 2012). Among macrofungi species,
Schizophyllum commune is the most frequently consumed
due to its delicious taste and easy availability. Based on
previous reports, it has been used traditionally in Southeast
Asian countries and India (Singh, 2017; Waktola and
Temesgen, 2018; Valverde et al., 2015; Sanchez, 2017,
Sande et al., 2019; Srikram and Supapvanich, 2016).

According to Dapar et al. (2020), a high FL value
validates the traditional potential of m acrofungi for
specific uses, while a low FL value indicates a wide range
of uses with disagreement over the specific uses of certain
species. An FL value of 1 for a particular macrofungi
species suggests that all usage reports mention the same
macrofungi for specific uses in the study area (Khastini et
al., 2018).

Preferences for m acrofungi species vary among
communities in different parts of the world. In this study,
the most preferred was the Schizophyllum commune
species, which aligned with the preferences of the local
people in Tshopo Province, the Democratic Republic of
the Congo (K amalebo et al., 2018), and the Gaddang
community in Nueva Vizcaya, Philippines (Lazo et al.,
2015). However, in the Selous-Niassa Corridor in the
Ruvuma Region, Tanzania, the most preferred macrofungi
species was Agaricus (Qwarse et al., 2021). Different
countries also have their preferences, such as the genus
Termitomyces in the Meng district, Asossa Zone,
Benshangul Gumuz Region, Ethiopia, (Sitotaw et al.,
2020), Cantharelus in ethnicities in India, Cameroon,
Burundi, and Congo (Kamalebo and Kesel., 2020), and the
genus Lactarius in India (Kumar et al., 2017). These
species are well known and liked by the public because
they taste good and have high nutritional content. In
addition, Schizophylllum commune, Auricularia sp., and
Termitomyces sp. had sufficient nutritional content before
and after cooking (Yusran et al., 2022a).

These results are consistent with a previous study
conducted by Sharma et al. (2022) in a community in
Jammu district, India, where macrofungi were primarily
used as food. Similarly, the local community in The
Selous-Niassa Corridor, Ruvuma Region, Tanzania,
obtained the highest ICF values for macrofungi used as
food (Qwarse et al., 2021). According to Uddin and
Hassan (2014), ICF value for macrofungi species was used
to determine agreement among informants residing around
Lake Poso regarding customary knowledge about edible
and inedible wild macrofungi or ot her uses such as
medicine. ICF score reflects the homogeneity, reliability,
and level of knowledge among informants on the use of
macrofungi species for food, medicine, and those
considered inedible in the community.

Pamona community collected macrofungi mainly for
food and medicine, and this was also practiced by local

people in the Selous-Niassa Corridor, Ruvuma Region,
Tanzania (Qwarse et al., 2021), and several communities
in Tanzania (Hadkonen et al., 2003). It was prepared by
boiling, frying/stir-frying, or c ooking with coconut milk
(curry) mixed with fish or other species of vegetables. The
same method was also practiced by the Khasi people in
India (De Leon et al., 2012) and the Gaddang people in
Nueva Vizcaya, Philippines (Lazo et al., 2015). A similar
phenomenon was also observed among the local
community in Meng district, Asossa zone, Benshangul
Gumuz Region, Ethiopia (Sitotaw et al., 2020) and also a
community in Jammu district, J&K (UT), India (Sharma et
al. 2022). This differs from local people in the Meng
district, Asossa Zone, Benshangul Gumuz Region,
Ethiopia (Sitotaw et al. 2020), where family income does
not affect the frequency of macrofungi collection.

5. Conclusions

In conclusion, the consumption of m acrofungi was
based onknow ledge oft he informants. Pamona
community was rich in traditional knowledge and practices
in utilizing various macrofungi species for both food and
medicine and could distinguish between edible and
poisonous macrofungi. Therefore, the results of this study
provide valuable information about edible macrofungi,
which can improve nutritional status, reduce malnutrition
and prevent and treat certain diseases within the Pamona
community residing around Lake Poso, Central Sulawesi,
Indonesia. The results also showed that a total of 21
macrofungi species were used by Pamona indigenous
people as food, medicine, souvenirs, lighting in the dark,
hair growth agents, and a mixture for m aking livestock
rations. Among these, Schizophyllum  commune,
Auricularia auricula-judae (Bull.) Quel, Termitomyces
eurrhizus (Berk.) Pegler, and Trichaleurina javanica had
the highest RFC of 1, while Tremella sp had the lowest
RFC of 0.14. The highest ICF value of 0.97 was associated
with the use of macrofungi as food. It is worth
emphasizing that saprotrophic macrofungi species that
have low RFC values require domestication to ensure their
availability and promote sustainability. These macrofungi
have the potential for furt her development in the
domestication stage through cultivation and future analysis
of nutrients and bioactive compounds.
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Abstract

A new series of thiazolidinedione linked 1,3,40xadiazole hybrid analogs (T1-25) were designed by In-silico approach for
their AXL inhibitor activity against breast cancer. Molecular docking studies were performed with binding pocket of
AXLinhibitor (PDB ID: 5TD2) by using Schrodinger suit 2020- to elucidate the binding interactions of the newly designed
targets. The docking studies were performed for all the designed molecules by Prime-MMGBSA module to determine free
energy, In-silico ADMET screening by QikProp and Glide module. Based on the Glide score, the binding affinity of all the
designed molecules towards AXL was chosen. AXL was inhibited by the designed molecules that have good hydrogen
bonding interactions. The molecules (T1-25) have significant Glide scores in the range of -3.847 to -9.181 when compared
with the standard Cyclophosphamide (-3.847) and 5-fluorouracil (-6.233). The In-silico molecular docking, ADMET
properties were found within the suggested values. The MM-GBSA binding free energy results displayed very promising
activity with the selected AXL inhibitor. The compounds T15, T19, T21 and T22 with highest Glide scores were found to

be significant for anti-breast cancer activity.

Keywords: 2,4-thiazolidinone, 1,3,4-oxadiazoles, In-silico analysis, MM-GBSA, AXL inhibitor, Breast cancer.

1. Introduction

In the United States, breast cancer is the second most
common cancer among women and the second largest
cause of cancer death (Musetti et al.,2021; Savitri et al.,
2023). Malignancies are including lung, breast, prostate,
gastric, ovarian, and thyroid, have high levels of
AXLkinase (Ito et al.,1999). Hepatocellular leukemia and
acute myeloid leukemia have also been shown to be over
expressed (Heet al., 2021). In 2020, 2,79,100 new cases
are expected to be diagnosed in the United States, with
over 42,000 deaths due to this kind of cancer (Siegel et
al.,2016). Cancer molecular targeted therapy has become a
research priority in recent years. Tyrosine kinase
inhibitors (TKIs) that are targeting the platelet-derived
growth factor receptor (PDGFR), vascular endothelial
growth factor (VEGF), and epidermal growth factor
receptor (EGFR),(Jénne et al.,2015)have shown promise in
clinical studies, prompting researchers to investigate for
additional diagnostic and prognostic markers (Subbiah et
al.,2017;Gay et al.,2017).

In chronic myeloid leukemia (CML) sufferers, the AXL
gene on chromosome 19q13.2 was found (Feneyrolles et
al, 2014). The Greek term "anexelekto" means
"uncontrollable." The AXL gene produces the protein
AXL (UFO, ARK, Tyro7, or JTK11). Compared to normal
tissues, the level of AXL expression in cancer tissues is

higher (Narukawa et al.,2020). By activating AXL kinase,
several signaling pathways involved in cell proliferation,
metastasis (Paccez et al., 2015), and apoptosis inhibition
(Gjerdrum et al 2010; Nazreen et al.,2014) are activated.
Due to its strong correlation with tumour growth,
metastasis, inadequate survival, and drug resistance, AXL
has become a desirable target for cancer therapy. AXL
signalling supports the immunosuppressive and pro-
tumorigenic phenotypes in the tumour microenvironment
where it is expressed in cellular components. Preclinical
investigations have shown that a range of AXL inhibitors
are effective.

Insulin  sensitizers known as thiazolidinediones
(glitazones) are used to treat type 2 diabetes. They are
having high-affinity towards Peroxisome proliferator-
activated receptor (PPARc) ligands that reduce insulin
resistance and effectively lower plasma glucose levels
(Chen et al., 2015; Hu et al 2020). Thiazolidinedione
derivatives have also been found to be anti-inflammatory,
antibacterial, and anticancer drugs (Shankar et al.,2020;
Tokala et al.,2018). Compounds that activate PPAR-c have
been suggested to induce cancer cell differentiation
(Trotsko et al.,2018). For example, the TZD analogue
efatutazone (CS-7017) is a strong PPAR-c agonist and
cancer differentiation inducer (Shimazaki et al., 2008). By
inhibiting the insulin growth factor 1 (IG F1) pathway's
constituent parts and changing the activity of the AMP-
activated protein kinase (AMPK) pathway, PPAR-c
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agonists have been proven to reduce cancer risk
(Smallridge et al.,2013; Belfiore et al.,2009).
Thiazolidinedione derivatives have anticancer effects
through various mechanisms, including Blockade of't he
PI3K/Aktand Raf/MEK/ERK signaling pathways by
inhibiting PI3K-a (Lee et al.,2008).

The wide range of a pplications for 1, 3,4-oxadiazoles,
on the other hand, renders them an interesting potential in
medicinal chemistry. The pharmacophore 1,3,4-oxadiazole
derivative has a potential antineoplastic impact in the
treatment of several malignancies (Knight et al.,2010; Liu
et al.,2012). Recently, new 1,3,4-oxadiazole containing
thiazolidinedione derivatives have been identified as

possible AXLinhibitors(Shen et al.,2019).Combining
substantial bioactive pharmacophores into a complex
measure is critical in medicinal chemistry for producing
physiologically  active  molecules  with  distinct
properties(Xu et al.,2020). To our knowledge, no studies
on the anticancer effects of thiazolidinedione derivatives
as AXL inhibitors have been reported. To discover
possible AXL inhibitors, we tried to combine
thiazolidinedione and 1,3,4- oxadiazole under one design.
In silico analysis of AXL inhibitory actions were described
in this paper. All the designed molecules were subjected to
docking investigations in order to better understand the
molecular mechanisms interactions (Alzhrani et al.,2020).
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Figure 1. Design of Thiazolidinedione linked 1,3,4-oxadiazole molecules (T1-T25)
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2. Materials and Methods

2.1. Molecular Docking

In-silico computer simulations were used to better
understand the binding manner of the designed molecules
with the target. The binding properties of the molecules
were carried out with the Maestro 11.4 of S chrodinger
suite 2020-3version (Batra et.al., 2021).

2.2. Ligand Preparation

A new series of designed thiazolidinedione linked
1,3,4 oxadiazole molecules(T1-T25) were constructed by
using chemdraw software (figure-1). The chemical library
was converted from 2D to 3D formats; geometry
optimisation, bond order selection, and ligand ionisation
state creation (through Epik) were done using the Ligprep
module of t he Schrodinger suite-2020-3. The OPLS-3E
forcefield was utilized to reduce the energy of the ligands'
3D structures. Optimized ligands were further taken for
docking studies. The docking structures should be a good
representation of actual ligand structures as they appear in
a protein-ligand complex to get better docking scores.
Because the docking tools will only change the ligand's
torsional coordinates, the reset of the geometric patterns
should be optimized first, implying that the structures
placed into the docking system should match all required
standard conditions. The ligands that had been optimized
to fit all the criteria were then used for docking
experiments.

2.3. Protein Preparation

The protein data bank was used to obtain crystal
structures with precise PDB IDs. Protein Preparation
Wizard was used to optimize the chain. Assigning bond
order, adding hydrogens, and handling disulfide are all part
of the protein's preprocessing. Water molecules that were 5
A distant from the hetero groups were eliminated
entirely. The remaining water molecules' orientation was
corrected, and hydrogen bonding was allocated. A and B
chains were found in the crystal structure of STD2 with a
resolution of 2.68A. Chain A was favored because it was
complete, with no missing residues.

Chain A was taken up for further studies to achieve a
better binding approach. The preferred chains oft he
crystal structures were pre-processed using Schrodinger
2020-3 module. Generation of Het states was done using
Epik at pH 7. Refinement of the protein was carried out by
optimization by using PROPK, including sample water
orientation. Waters with less than 3 H-bonds to non-waters
were removed. OPLS-3E reduced the protein's size.
Finally, the energy of the protein structure was decreased
to energy Root Mean Square Deviation (RMSD) 0.30
A utilizing the OPLS-3E force field. This is important to
avoid steric conflicts by reorienting the hydroxyl groups in
the side chains. The docking of the ligand against the
protein was done in the first pocket oft he protein
molecule. The Figure 2 showed phi and phi scattering of
amino acid residues, which were visualized by plotting the
protein using the Ramachandran method.

2.4. Receptor grid generation

The 5TD2 crystal structures have been picked.
The default parameters of the Receptor grid generation

tool were utilized for grid generation by the Schrodinger
2020-3 suite. The ligand was contained within the box that
encloses the centroid. The grid created could help the
ligands in the same manner as the conventional
derivatives.

2.5. Docking

Generation of conformers and orientation in the
binding pocket take place in the presence of grid potentials
(Al-Khayyat et. al., 2021). To exclude the ligand poses
which donot correspond to a well-docked result,
Hierarchical filters are used. The extra precision (XP)
model was used to conduct a flexible ligand docking study
of the designed compounds by the OPLS-3E force field.
The ligands were prepared, and a specific grid was used
for the analysis. Confirmations fore very ligand were
generated automatically by the docking process.
Hierarchical filters are applied to the obtained ligand poses
to estimate the ligand-receptor interaction. A penalty for
the state of Epik was added to the docking score. Docking
was used to expose ligands. To soften the potential of non-
polar parts of the ligand, the partial charge cut-off was
kept at 0.15 and the Van der Waal radii of the ligand atoms
were scaled to 0.8. For all dockings, the default settings of
the Glide module were kept. The co-crystallized ligand
was first removed from the generated protein and redocked
at the binding site to check the RMSD and other properties
of the docking programme. To compare the docked and
reference conformations, the RMSD value is employed.
RMSD value will be less (Ideally less than 1 A) when
redocking or cross-docking is performed. RMSD is
primarily used to verify the method used for docking
studies. In molecular docking, RMSD was calculated to
compare the docked conformation of the reference ligand
with the original conformation of the reference ligand and
validate the protein-bound ligand, which is docked in the
same pocket check the deviation. The RMSD values were
0.1293A for 5STD2. These were the most negligible RMSD
value and are selected for further studies. At the ligand-
binding site, all of the proposed ligands were docked with
the protein. The dock score results from XP docking were
summarized and studied.

2.6. MM-GBSA Assay

It is a post-docking experiment for de termining the
relative binding affinity of1 igands that stands for
Molecular mechanics with generalized Born and surface
area solvation. A lower number indicates a stronger
binding because the MM-GBSA binding energies are near
to binding free energies. Prime MM-GBSA refines binding
energy calculations using the VSGB solvation model,
which uses the variable dielectric generalized Born model,
water as a solvent, and the OPLS-3E force field. The
docked molecules were selected, and Prime MM-GBSA
binding free energy calculations were performed with
respect to the desired minimized protein. After XP
docking, the protein complexes and the designed ligands
were further taken for energy calculations. The minimized
protein was included, the desired ligands with better
docking scores were selected, and the MM-GBSA job was
run using the Prime MM-GBSA tool. This module aims to
facilitate calculations of ligand binding energies and ligand
strain energies, using prime technology.
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2.7. ADMET studies

All the designed molecules were subjected for ADMET
descriptors approach by using Schrodinger's Suite and
Qikprop toxicity prediction procedure, and the
ADMETSAR dataset (freely available at
http://www.admetexp.org) was employed.

3. Results and Discussion

3.1. Molecular docking studies

Molecular Docking oft he designed molecules (T1-
T25) was performed in the groove of the target binding
site, which played an essential role as a signal transducer
in breast cancer and targeted to AXL receptor (Dey et
al.,2021). In terms of G score, the binding affinity of all
the derivatives is shown in Table-1. It is found that the
binding free energy of all these derivatives ranged from -
9.181 to -3.847 kcal/mol. Compounds T22, T21, and T19
are having the most refined binding energies with a
binding score of -9.181, -8.503, and -7.556, respectively
(Fig-2, 3, and 4). Compound T22 showed the highest
binding affinity towards a target with binding free energies
of -9.181. In compound T22, hydrogen bonding
interactions of h ydroxyl and carbonyl group s ubstitution
on the thiazolidinedione and phenyl ring were observed
with Leu593 and Glu595, respectively. The interaction is

observed in Figure-2. The other interactions with the
amino acids are G ly594, Gly596, Val601, Ala617,
Lys619, Met650, Leu671, Pro672, Phe673, Met674,
Lys675, Gly677, Asp678, Asp728, Met730, Ala740, and
Asp741 were observed. In compound T21, carbonyl and
hydroxyl groups have hydrogen bond interaction and are
observed with Leu593 and Glu595, respectively (Figure -
3). Val601, Ala617, Met650, Leu671, Pro672, Phe673,
Met674, Lys675, Gly677, Asp678, Asp728, Met730,
Ala740, and Asp741 interaction were observed. In
compound T19, hydrogen bonding interactions of carbonyl
group substitution ont he Thiazolidinedione ring were
observed with Glu595. Gly594, Gly596, Val601, Ala617,
Lys619, Met650, Leu671, Pro672, Phe673, Met674,
Lys675, Gly677, Asp678, Asp728, Met730, Ala740, and
Asp741.

In standard compound Methotrexate, hydrogen bonding
interactions of nitro group in the ring structure are
observed with amino acid Met674, the salt bridge was
observed with carboxyl group with Lys591. (Figure-5).
The other interactions with the amino acids are Lys591,
Leu593, Gly594, Val601, Glu603, Asn605, Lys615,
Ala617, Met650, Pro672, Phe673, Met674, Lys675,
Tyr676, Gly677 and Met730 were observed. Based on the
docking scores, the selected candidates were found to be
suitable for AXL receptor activity.
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Table 1: Docking studies for compounds (T1-T25) with AXL inhibitor (5TD2)

Compounds Glide score Glide EvdW XPHBond  Glide emodel G Rotab bonds Glide ecoul
Tl -5.448 -42.524 0 -62.614 5 -4.192
T2 -6.945 -44.396 -1.032 -73.108 5 -6.354
T3 -6.29 -43.454 -0.172 -68.057 5 -6.681
T4 -5.505 -44.702 -0.198 -62.813 5 -8.932
TS5 -6.942 -43.732 -1.084 -73.359 6 -9.132
T6 -6.621 -45.067 -0.742 -77.338 5 -3.284
T7 -5.61 -45.486 -0.199 -69.048 6 -7.367
T8 -6.115 -46.142 -0.399 -71.168 6 -5.988
T9 -6.2 -43.071 -0.51 -65.386 6 -6.023
T10 -6.727 -46.7 -0.938 -76.418 5 -7.493
T11 -6.057 -43.882 -0.203 -67.537 7 -5.96
T12 -6.267 -47.765 -0.302 -67.522 8 -5.044
T13 -6.028 -43.699 -0.358 -68.888 5 -6.211
T14 -6.187 -41.55 -0.199 -66.333 5 -6.804
T15 -7.004* -43.728 -1.038 -74.21 6 -6.113
T16 -6.996 -45.167 -1.033 -77.154 5 -5.696
T17 -5.702 -42.606 -0.424 -65.653 6 -6.884
T18 -6.117 -42.077 -0.47 -66.217 6 -6.121
T19 -7.556* -45.815 -1.512 -76.106 7 -6.372
T20 -6.054 -40.812 -0.208 -63.784 5 -6.616
T21 -8.503* -43.252 -2.002 -76.886 7 -13.021
T22 -9.181* -40.463 -2.076 -81.517 8 -18.769
T23 -6.528 -45.972 -0.625 -76.683 6 -5.918
T24 -6.025 -42.294 -0.41 -66.144 6 -6.593
T25 -6.729 -46.827 -0.35 -81.337 5 -6.661
Methotrexate (Std) -8.485 -43.149 -1.212 -60.083 10 -4.359
5-fluorouracil (Std) -6.233 -14.544 -1.086 =273 0 -2.36
Cyclophosphamid (Std) -3.847 -21.907 0 -29.144 5 -5.692

Glide score: glide score; Glide EvdW: glide van der Waals energy; XP H Bond: extra precision hydrogen bonding;Glideemodel: glide model
energy; G Rotatable bonds: Glide Rotatable bonds; Glide Ecoul: glide Coulomb energy

Table 2: Binding free energy calculation using Prime/MM-GBSA approach of compounds (T1-T25)

Comp AG bind AG bind AG bind AG bind AG bind H AG bind Lipophilic
(Kcal/ mol) Coulomb covalent Vander Bond

Tl -79.88 -0.24 -0.83 -43.58 -0.71 -36.4
T2 -81.59 -0.05 -2.23 -39.81 -0.9 -42.54
T3 -79.32 -1.39 -2.87 -35.97 -0.94 -41.22
T4 -92.44 -21.33 -3.02 -45.23 -0.72 -41.57
TS -92.46 -23.07 -2.27 -46.09 -0.93 -40.3
T6 -90.94 -21.97 -0.9 -46.82 -1.05 -39.41
T7 -90.72 -20.61 -0.73 -47.77 -0.9 -42.54
T8 -83.83 3.7 -0.64 -47.37 -0.72 -40.76
T9 -81.77 1.69 -2.12 -40.95 -0.71 -40.49
T10 -81.04 1.16 -2.94 -36.88 -0.71 -44.44
T11 -80.7 -1.02 3.09 -45.77 -0.72 -43.65
T12 -82.66 5.17 0.86 -44.91 -1.34 -40.25
T13 -79.43 0.25 0.69 -45.82 -1.13 -41.2

T14 -75.62 -1.6 -3.02 -36.5 -0.71 -39.69
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TIS -79.8 -0.26 0.72 -40.69 0.79 -41.47
T16 -82.16 0.23 2.17 -40.23 0.72 -41.16
T17 91.43 21.7 5.77 -45.97 0.92 -38.14
T18 -81.25 777 2.05 -42.42 -0.95 -40.62
T19 -79.07 -1.28 1.98 -44.19 0.72 -42.71
T20 -78.46 0.89 2.48 -39.83 0.72 -39.72
T21 92,51 31.59 0.77 -43.85 -1.18 -39.36
T22 -75.14 9.58 2.61 -45.2 342 -30.23
T23 -68.45 -4.02 38 -33.71 -0.93 -38.94
T24 -81.73 237 -6.73 -44.25 -0.93 -39.57
T25 -81.48 -0.36 -2.39 -41.68 -0.93 -37.6
Methotrexate (Std) -55.04 7851 7.07 -51.06 -4.23 -30.59
5-fluorouracil (Std) 21.78 -1.7 0.12 -17.34 -0.48 -7.36
Cyclophosphamid (Std) -49.32 -8.82 631 23.6 0.8 -37

A G bind:free energy of binding; AG bind Coulomb:Coulomb energy; AG bind covalent: covalent energy (internal energy); AG bind
Vander:van der Waals energy; AG bind H Bond:hydrogen bonding energy; AG bindLipophilic:hydrophobic energy (non-polar contribution
estimated by solvent accessible surface area).

Table 3: Compliance of active thiazolidinedione linked 1,3,40xadiazole derivatives (T1-T25) to electronic parameters of drug likeness and
toxicity

ADME descriptors and their probabilities

Compounds BBB+ HIA+ Caco, CYP CYPIP HERGI I:;ll;s Ic\;?zinogens f;i?city i?ﬁﬁﬁ?tsy g;crg;bihty aRci:te‘

toxicity (LogS) toxicity
T1 0.8186 1.000 0.6024 0.5430 0.5606 0.9778 0.5114 0.8268 08312 -3.3285  0.9878 2.3033
T 0.8248 1.000 0.5893 0.5787 0.9203 0.9687 0.5687 0.7510 0.7756 -4.0323  1.0609 23299
T3 0.8248 1.000 0.5893 0.5787 0.9203 0.9687 0.5687 0.7510 07756  -4.0323  1.0609 2.3299
T4 0.8219 1.000 0.5939 0.6216 0.9395 09799 0.5660 0.7846 0.8299 -3.9035  1.0333 23730
TS 0.6151 1.000 0.5762 0.8638 0.8850 0.9744 0.5029 0.8491 0.8383 -3.1650  1.0702 2.3473
T6 0.5844 0.9965 0.6664 0.7039 0.6055 0.9850 0.5520 0.8143 09753  -3.1369  0.6442 2.2804
T7 0.6151 1.0000 0.5762 0.8638 0.8850 0.9744 0.9092 0.8491 0.8383 -3.1675  1.7072 2.3473
T8 0.6951 0.9947 0.5898 0.6649 0.9603 09277 0.7566 0.7588 10979 -3.6576  1.9017 24672
T9 0.6151 1.0000 0.5762 0.8638 0.8850 0.9744 0.5092 0.8491 08383 -3.1675  1.0702 23473
T10 0.8248 1.0000 0.5893 0.8665 0.9203 0.9687 0.5687 0.7510 0.7756 -4.0323  1.0609 23299
Tl 0.5427 1.0000 0.5733 0.8466 0.8522 0.9809 0.5284  0.8300 0.8048 -3.2153  1.1021 23750
T12 0.5117 1.0000 0.5660 0.8456 0.8391 09793 0.5424 08116 0.7938 -3.3533  1.1938 2.3696
T13 07288 1.0000 0.6358 0.7590 0.7620 0.9857 0.5076 0.8072 0.9515 -3.3204  0.9443 2.2810
T14 0.7184 1.0000 0.5896 0.8756 0.9121 09746 0.5066 0.8122 0.8115 -3.3648  1.0635 22860
TIS 0.5844 0.9956 0.6664 0.7039 0.6055 0.9850 0.5520 0.8143 09753 -3.1369  0.6442 2.2804
T16 0.8219 1.0000 0.5939 0.8475 0.9395 09799 0.5660 0.7876 0.8299 -3.9035  1.0333 2.3730
T17 0.7967 1.0000 0.5910 0.8240 0.9397 09787 0.5164 0.7846 0.8070 -3.5368  1.0638 2.4108
TI8 0.5844 0.9956 0.6664 0.8589 0.6055 09850 0.5520 0.8143 0.9753 -3.1369  0.6442 2.2804
T19 0.8212 0.9953 0.6474 0.7533 0.6224 09827 0.5487 0.8411 0.9853  -3.0050  0.7298 2.3198
T20 0.7184 1.0000 0.5896 0.8756 09121 09746 0.5066 0.8122 0.8151 -3.3548  1.0635 2.2860
T21 0.7060 0.9891 0.6730 0.6340 0.5167 0.9840 0.5717 0.8260 0.9874 -3.0264  0.4770 2.3065
T22 0.7615 0.9774 0.6764 0.5969 0.5381 09845 0.5799 0.8394 1.0347 29691  0.3577 23214
T23 0.5190 1.0000 0.5799 0.7389 0.8588 0.9935 0.5966 0.7418 0.6703 -3.8643  1.2083 24377
T24 0.5989 1.0000 0.5480 0.6371 0.6053 0.9696 0.5557 0.7435 0.7998 -33714  1.1102 2.4220

T25 0.8150 1.0000 0.6007 0.8328 0.8918 0.9741 0.5088 0.8402 0.7561 -3.7114  0.9726 2.3191




96 © 2023 Jordan Journal of Biological Sciences. All rights reserved - Volume 16, Number 1

Table 5: Calculation of electronic parameters of drug likeness or oral bioavailability of the thiazolidinedione linked 1,3,40xadiazole

derivatives (T1-T25) by using Qikprop

Compounds ﬁ(\);/ ?(5101‘ Ia{clzeptor QPPCaco  QPlogBB QPPMDCK Zgzzz&gﬁman oral PSA E:/lie of
<25 Poor >80%is high
Acceptable ranges  130-750 <5 <10 20-200 -3.0-1.2 7.0-200.00 Max 4
>500 greater <25% is poor

T1 379.389 1 6.25 235.872 -1.387 187.022 87.582 116.128 0
T2 413834 1 6.25 238.955 -1.221 451.031 90.728 115.726 0
T3 413834 1 6.25 259.568 -1.162 419.28 90.731 116.137 0
T4 458285 1 6.25 242.132 -1.206 491.13 91.293 115.733 0
T5 409.416 1 7 235.991 -1.473 182.53 88.5 124.443 0
T6 395389 2 7 99.451 -1.869 72.939 77.363 135.726 0
T7 409.416 1 7 259.162 -1.429 205.782 89.274 121.51 0
T8 424387 1 7.25 28.812 -2.517 19.132 67.155 160.963 0
T9 409.416 1 7 233.696 -1.515 183.758 88.222 124.193 0
T10 448.28 1 6.25 258.525 -1.048 858.024 93.149 115.619 0
T11 439.442 1 7.75 411.558 -1.08 290.245 96.37 125.374 0
T12 469.468 1 8.5 418.27 -1.166 294.288 92.571 136.57 0
T13 394404 2.5 7.25 95.51 -1.869 70.566 75.749 139.144 0
T14 393.416 1 6.25 298.236 -1.282 238.972 91.296 114.986 0
T15 393.416 1 6.25 70.854 -2.015 49.277 74.36 138.703 0
T16 458285 1 6.25 236.362 -1.229 487.908 90.958 115.735 0
T17 472312 1 6.25 245.378 -1.326 503.338 93.49 116.134 0
T18 395389 2 7 70.743 -2.066 50.528 74.288 138.608 0
T19 425415 2 7.75 81.8 -2.073 59.684 75.865 143.728 0
T20 393416 1 6.25 235.279 -1.426 182.574 89.694 116.192 0
T21 411388 3 7.75 26.236 -2.59 17.277 62.513 160.138 0
T22 427388 4 8.5 9.392 -3.172 5.692 50.181 181.667 0
T23 435497 1 6.25 232.7 -1.576 182.837 94.804 116.130 0
T24 422458 1 7.25 235375 -1.498 175.099 90.525 119.538 0
T25 429.449 1 6.25 234.157 -1.493 184.087 93.253 115.986 0
Methotrexate (Std)  454.444  6.25 11.75 0.06 -4.671 0.022 0 233.239 2
5-fluorouracil (Std) 130.078 2 35 187.736 -0.673 142.642 65.585 87.585 0
(Cszzl)"phos"hamide 261.087 1 8.5 3262.693 0319 10000 94.796 40.602 0

3.2. MM-GBSA Assay

The target protein and the relevant protein were made
in accordance with the structure as shown in Fig-1. All of
these suggested analogues had strong free binding energies
and will match the AXL receptor well. The binding free
energies of the Compound T21 have the highest AG
binding energy to STD2 with a value of -92.51 kcal/mol
compared to the known standard drug, and
Cyclophosphamide having AG binding energy of -49.32
kcal/mol.

3.3. ADMET studies

Many drugs fail mostly during the drugdi scovery
process owing to toxicity, blood-brain permeation failure,
and low efficacy. Because most anticancer medicines have
poor pharmacokinetic qualities, were designed molecules
and their properties were studied. Int herapeutic
development, the properties of a bsorption, distribution,

metabolism, excretion, and toxicity (ADMET) are critical.
Failures in drug discovery are mainly related to lack of
efficacy and severe toxicity. The ability of medications to
traverse membranes and cytosol to reach their target is
dependent on their lipophilic properties. ADMET-related
parameters such as water solubility, CYP450, human
intestine absorption, plasma protein binding, oral
bioavailability, volume of distribution, blood-brain barrier
penetration, transporter, and safety are used to refine drug
similarity features (Life and software package, version 3.5
2008). The ADMET characteristics oft he linked
1,3,4oxadiazolederivatives were anticipated in this study
using the ADMETSAR dataset, which is an open source.
Several ADMET related factors, such as oral
bioavailability, water solubility, human intestine
absorption, blood-brain barrier penetration renal, organic
cation transporter, CYP450 substrates, P-glycoprotein
substrate and inhibitor, inhibition (CYP1A2, 2C9, 2C19,
2D6, and 3A4), the volume of distribution, plasma protein
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binding, human Ether-ago-go-Related gene (hERG)
inhibition, rat acute toxicity, drug-induced liver injury skin
sensitivity, carcinogens, AMES mutagenicity, the
Tetrahymenapyriformis toxicity, and fish toxicity have
been predicted. The probabilities of thiazolidinedione
linked 1,3,4 oxadiazole being blood-brain barrier
penetration, CYP450 substrates and inhibition, human
intestinal absorption, AMES mutagenicity, and human
Ether-a-go-goRelated gene (hERG) inhibition, fish
toxicity, carcinogenicity, Caco-2 Permeability, aqueous
solubility (LogS), and rat acute toxicity range from
0.5190-0.8248. The comprehensive anticipated properties
of other investigated compounds in relation to
thiazolidinedione analogs are shown in (Table- 4).

Blood-brain barrier penetration probabilities of
compounds T1, T2, T3, T4, T10, T16, T19, and T25 are
higher than the standard. Probabilities of human intestinal
absorption range from 0.9774 to 1.0000. Proposed
compounds have stronger ADME characteristics and so
have a higher likelihood of becoming lead compounds. In
addition, pharmaceutically important features of
thiazolidinedione analogs were examined using QikProp
software (Table-5) and distinguished to reference
medications Methotrexate, 5-fluorouracil, and
Cyclophosphamide. The QikProp results revealed the
discovery of ¢ ompounds (T1-T25) with good ADME
properties. Molecular weight (mol MW) (150-500),
aqueous solubility (QPlogS) (-6.5 to 0.5), apparent MDCK
cell permeability (QPPMDCK) (500 great), percent human
oral absorption and brain/blood partition coefficient
(QPlogBB) (-3.0 to 1.2) are the primary descriptors
presented in QikProp (Schrodinger) software (C80 percent
is high, B25 percent is deficient). All substances examined
have an oral absorption rate of 80-100% in humans
(Table-5). The first three properties, molecular weight
(mol MW) less than 650, solubility (QPlogS) greater than -
7, and partition coefficient between octanol and water
(logPo/w) between -2 and 6.5, are based on the Lipinski
rule offi ve. The brain/blood partition coefficient
(QPlogBB) measure determines a drug's capacity to pass
the blood-brain barrier, which is important in ADME
druggability studies. A drug-likeness test is performed
using Lipinski's rule of fi ve pharmacokinetics filter.
According to this criterion, orally administered
medications must have a molecular weight (MW) of 500
or less, ten or fewer hydrogen bond acceptor sites (N and
O atoms), a logP of five or less, and five or few hydrogen
bonds donor sites. All compounds in this study have H
donor sites of less than five and H acceptor sites of less
than ten. T1-T25 is estimated to have a molecular weight
of less than 500. In addition, topological polar surface area
analysis was used to determine the bioavailability of all the
designed analogs. Using topological PSA, the polar
surface area (PSA) was estimated. This descriptor has been
connected to drug bioavailability and has been correlated
well with passive molecular transport through membranes.
As an outcome, it can be used to predict drug transport
qualities. Any molecule having a PSA value of less than
100 A° 21is thought to be capable of s ound absorption.
Oral Dbioavailability is anticipated to be limited for
passively absorbed compounds with a PSA 140 A° 2. All
of the developed molecules have a PSA value that is
within the limit (Table-5)

4., Conclusion

Thiazolidinedione has gained medicinal importance
due to its various pharmacological and biological profiles,
making it a unique molecule form ultiple studies.
Likewise, 1,3,4-oxadiazoles are well-known substances in
the realm of orga nic chemistry. In-silico investigations
were used to examine the hybrids of t hese moieties for
potential anticancerous action. According to the
investigation,  the 1,3,4-oxadiazole  moiety-linked
thiazolidinedione exhibited outstanding binding energy
and G score. The choice of the AXL receptor has shown
that these hybrid compounds have a promising level of
activity. To validate its enhanced SAR, the work still
needs more in vitro and in vivo investigations. The
developed compounds have impressively displayed
anticancer activities in the in-silico investigations. The
compounds T22, T21, T19, and T15 have shown strong
anti-breast cancer action, and these analogues are
recognized as promising molecules and still need to
undergo structural modifications by the wet lab procedure
in order to produce the lead molecules.
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