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Abstract. Rhazya stricta, Senna italica, and Zygophyllum simplex are important desert plants of Saudi
Arabia with great economic and medicinal value. However, their tolerance and survival mechanisms
under combined abiotic stresses such as high temperature, high salinity, and drought are not well
understood. In order to investigate the potential molecule mechanism of abiotic stress tolerance in these
plants, we used de novo transcriptome assembly and their comparative analysis. This study used leaf
tissues to construct three cDNA libraries of these plants and then generated RNA-seq data by the Illumina
HiSeq2000 platform. Sequencing reads were de novo assembled to generate: (a) 71,116 unigenes in R.
stricta; (b) 59,274 unigenes in S. italica; (c) 70,300 unigenes in Z. simplex. Furthermore, the unigenes
from these plants were annotated and analyzed with different databases. A comparative analysis of KEGG
pathways identified several common pathways induced in these plants, including “Plant-pathogen
interaction”, “Plant hormone signal transduction”, “Spliceosome”, “RNA transport”, and ‘“Protein
processing in endoplasmic reticulum”, which may play an important role in combined abiotic drought,
heat, and salinity stress. Finally, a comparative analysis of transcriptional regulators identified C2H2,
C3H, CCHC(zn), MYB-HB-like, PHD, WD40-like, and bHLH as common Transcription Factors
responsible for abiotic stress tolerance in these plants. Our study revealed key factors involved in abiotic
stress tolerance, which could be applied to develop high-yield transgenic crops capable of growing under
combined abiotic stresses in the field.

Keywords: plant transcriptome, GO, KEGG, simple sequence repeats, heat stress, drought stress, salinity
stress, transcription factors

Introduction

Abiotic (non-biological) stresses, including drought, hot climate, salinity, and
nutrient are the leading limiting factors in agricultural productivity in the desert (Fahad
et al., 2017). These factors negatively impact plant growth and development, cause a
significant decrease in biomass, crop yield, and quality resulting in extensive losses of
agriculture production. The combined stress of drought and heat are the most important
abiotic stress widely encountered by crops in the field of Saudi Arabia. The Kingdom of
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Saudi Arabia covers a land area of approximately 2,150,000 square kilometers
(http://www.mofa.gov.sa/), with an estimated population of 32.55 million by 2017
(https://www.stats.gov.sa/). However, due to continuous drought, heat, and salinity
stresses in the field, a big land of Saudi Arabia is deserted and not suitable for
agriculture farming. Therefore, Saudi Arabia is unable to use its vast land for agriculture
to meet domestic food demands and depends on importing them. For example: In 2013,
660,145 tons of wheat has been locally produced under 102,613 hectares cultivation,
while 2,117,052 tons of wheat were imported (Fiaz et al., 2016). In the same year,
11,267 tons of barley has been locally produced in 1502 hectares of land, while
10,446,332 tons of barley were imported (Fiaz et al., 2016).

Researchers showed that a variety of plants have evolved their strategy to respond to
different abiotic stresses, including drought and heat encounter in their extreme natural
environment. These plants adapted effectively by activating the expression of various
stress-responsive genes producing different metabolites, inducing signaling and
biochemical pathways to mitigate stress-induced damages (An et al., 2013). These stress
induced gene expression consequences on the: (a) morphological modifications in
plants, including stomatal conductance, size of leaf and roots; (b) physiological and
molecular modifications, such as the production of antioxidant compounds and cellular
osmotic adjustment to develop abiotic stress tolerance. Studies found that each stress’s
molecular response, such as drought or heat, is unique (Rizhsky et al., 2002).
Furthermore, combinations of various stresses show different molecular responses and
cannot be extrapolated from their individual response (Rizhsky et al., 2002). This is the
reason why transgenic plants developed for drought stress under experimental
conditions failed tolerance when tested in the field under a naturally occurring
environmental condition such as a combination of drought and heat stresses. During
drought stress, stomata are close to avoiding water loss, while during heat stress, the
stomata are open to reducing leaf temperature. In this way, drought and heat stresses
have opposing physiological changes (Rizhsky et al., 2004). However, during combined
drought and heat stresses, stomata are close (Rizhsky et al., 2002; Prasch and
Sonnewald, 2013). In response to drought stress, proline synthesis and its degradation
pathways are activated and repressed, respectively (Krasensky and Jonak, 2012). This
results accumulation of proline in the leaf to protect plants against osmotic stress due to
drought (An et al., 2013). Heat stress results in the accumulation of unfolded protein in
the cytoplasm, which induces the expression of heat shock proteins (HSPs). HSPs bind
and stabilize misfolded proteins and inhibit protein aggregation (Al-Whaibi, 2011).
Thus, HSPs act as molecular chaperones. Interestingly, HSPs expression is controlled
by various heat shock factors (HSFs). Overexpression of HSFA2 in transgenic
Arabidopsis thaliana shows greater tolerance of combined heat and high light stress
than control (Nishizawa et al., 2006). Expression of Ethylene Response Factorl (ERF1)
(AT3G23240) in A. thaliana is greatly induced by salt and drought stress, and its
overexpression enhanced the drought, heat, and salt tolerance in A. thaliana (Cheng et
al., 2013). In response to various abiotic stress, ERF1 up-regulates a different set of
stress-related genes by binding to GCC box and DRE/CRT elements in their promoter
region (Cheng et al., 2013). Transcription of the wheat ERF1 (TaERF1) gene was also
induced by different biotic and abiotic stresses (Xu et al., 2007). The study found that
the BT2 acts as a central stress regulator in A. thaliana and mediate different biotic and
abiotic stress the responses. Furthermore, diverse microbial communities were
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identified in the soils, which help abiotic stress tolerance in plants through association
with plants’ roots (Baeshen et al., 2020).

Interestingly, several wild plants remarkably adapted to grow in the desert area
under combined stress of heat, drought and high salt. However, the molecular
mechanism, and pathways underlying stress response and tolerance has not been well
understood in these plants. The advancement in next generation sequencing (NGS)
technology gives ample opportunities to analyze the transcriptomic and genomics data
to understand the abiotic stress tolerance in non-model plants without a reference
genome (Grabherr et al., 2011; Li et al., 2017; Park et al., 2014; Sabir et al., 2016).
For instance: de novo genome assembly of Thellungiella parvula that adapted the
saline and resource poor environment (Dassanayake et al., 2011); Transcriptome
analysis of R. stricta that grows in arid zone (Yates et al., 2014); transcriptomes
analysis of desiccation-tolerant Craterostigma plantagineum (Rodriguez et al., 2010);
and abiotic stress tolerance Rhizophora mangle and Heritiera littoralis (Dassanayake
et al., 2009).

In order to investigate the molecule mechanism to adapt combined abiotic stress
tolerance, this study used de novo transcriptome sequencing and assembly of three
different plants Rhazya stricta, Senna italica, and Zygophyllum simplex. These plants
grow in their natural environment, having combined abiotic stresses of high
temperature, drought, and high salt conditions in Saudi Arabia. The assembled unigenes
were annotated with NR, SwissProt, NT GO, KEGG, and GOC databases to elucidate
the expressed genes and pathways involved in the abiotic stress tolerance. Finally, the
comparative analysis of unigenes among three plants identified the common genes and
TFs involved in abiotic stress tolerance. The finding of this study would be applied to
develop high-yield transgenic crops with improved abiotic stress resistance. The present
study would also provide transcriptome resources for further study of the molecular
mechanism of abiotic stress tolerance in plants.

Materials and methods
Plant sample collection

The leaf shows significant physiological and biochemical changes than root in
drought-tolerant wheat, which supports that the leaf is a more abiotic stress-sensitive
part of the plant (Kang et al., 2019). Therefore, in our study, we consider leaves from
three different plants. The plants’ leaves were collected during the morning as the
temperature was 38 °C from a public site at Hadda, Mecca-Jeddah Road, Saudi Arabia
(N21° 45" 04.03”, E39° 53’ 88.92”) (Table 1). The leaf samples of three plants R.
stricta, S. italica, and Z. simplex were taken in plastic bags and stored at -80 °C for
RNA extraction.

Table 1. Location of plant samples with their GPS coordinates

GPS coordinates
Plants Family Photosynthesis Sample
codes N E
Rhazya stricta Apocynaceae C3 1A 21°45'04.03” | 39° 53" 88.92”
Senna italica Fabaceae C4 4A 21°45'04.03” | 39°53'88.92”
Zygophyllum simplex | Zygophyllaceae C4 5A 21°45'04.03” | 39°53'88.92”
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RNA extraction, cDNA library construction and Illumina sequencing

The total RNA was extracted from 100 mg of leaf tissue by using TRIzol reagent
(Life Technologies, Grand Island, NY, USA) according to manufacturer’s instructions.
Briefly, mRNAs were isolated using magnetic beads with Oligo (dT) then sliced into
short fragments by mixing them in fragmentation buffer. The mRNA fragments were
used as templates to synthesized cDNA using random hexamer primers. Short
fragments were purified and resolved with EB buffer for end reparation and single
nucleotide A (adenine) addition, followed by connecting them with adapters. The
suitable fragments size was selected for the PCR amplification as templates. Agilent
2100 Bioanalyzer and ABI StepOnePlus Real-Time PCR System were used to quantify
and qualify the sample library. Finally, three libraries were prepared from three plants
R. stricta, S. italica, and Z. simplex, each library coming from a single plant.
Subsequently, these libraries were sequenced using Illumina HiSeq™ 2000 platform.
The sequencing machine gives the raw sequence image data, which was transformed by
base calling into sequence data and stored in the FASTQ format. The paired-end raw
reads contain adapters and low-quality bases (Q-value < =20) were removed to get a
clean read (Mbandi et al., 2014).

De novo transcriptome assembly

The high-quality reads were used for de novo transcriptome assembly using Trinity
sequence assembler, which consists of three independent software modules: Inchworm,
Chrysalis, and Butterfly (Grabherr et al., 2011). Clean sequence reads were assembled
into larger contigs by Inchworm; Contigs were clustered to create a de Bruijn graph for
each locus (component) by Chrysalis; the Butterfly then processes each de Bruijn graph
and reports unique transcripts (unigenes).

Gene annotation

In order to identify the potential function of unigenes, sequence alignment was
performed against a series of protein databases: NR, SwissProt, KEGG (Kyoto
Encyclopedia of Genes and Genomes), and COG (Clusters of Orthologous Groups of
proteins) with BLASTx (E-value < 10°). In addition, sequence alignment of unigenes
was performed against nucleotide databases NT with BLASTn (E-value < 10°°). With
NR annotation, the Blast2GO program (v 2.5.0) was used to get GO (Gene Ontology)
annotation of unigenes (Conesa et al., 2005). Finally, GO functional annotation were
classified and plotted using WEGO software (Ye et al., 2006). The Venn diagrams were
plotted using (http://bioinformatics.psb.ugent.be/webtools/\VVenn/)

SSR and SNP analysis

SSR (simple sequence repeat) detection is carried out with software MicroSAtellite
(MISA) using unigenes as reference (Beier et al., 2017), while SNP (single nucleotide
polymorphism) analysis was carried out with SOAPsnp (Li et al., 2009).

Protein-coding region prediction (CDS)

Unigenes was firstly aligned by the BLASTx (E-value < 10°) to protein databases in
the priority order of NR, Swiss-Prot, KEGG, and COG. Unigenes aligned to a higher
priority database will not be aligned to a lower priority database. The alignments end

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 19(3):1753-1782.
http://www.aloki.hu e ISSN 1589 1623 (Print) ¢ ISSN 1785 0037 (Online)
DOI: http://dx.doi.org/10.15666/aeer/1903_17531782
© 2021, ALOKI Kft., Budapest, Hungary



Baeshen et al.: A comparative analysis of de novo transcriptome assembly to understand the abiotic stress adaptation of desert plants
in Saudi Arabia
- 1757 -

when all alignments are finished. Proteins with the highest ranks in blast results are
taken to decide the coding region sequences of Unigenes. Then the coding region
sequences are translated into amino sequences with the standard codon table. So, both
the nucleotide sequences (5’->3’) and amino sequences of the Unigene coding region
are acquired. Unigenes that could not align with any of the above-mentioned databases
are scanned by ESTScan, producing nucleotide sequence (5’->3) direction and then
translated into the amino acid sequence of the predicted coding region.

Unigene expression analysis

To identify genes associated with abiotic stresses, the clean reads were mapped to
Unigenes using Bowtie2, and then the gene expression levels were measured with the
number of Fragments Per Kilobase of a given transcript per million mapped reads
(FPKM) according to the given formula (Eq. 1). FPKM normalized the reads counts
based upon library sizes and the length of the transcripts.

105 ¢

FPEM = 225 €D

where C is the number of reads uniquely aligned to a unigene; N is the total number of
reads that are uniquely aligned to all unigenes; L is the base number in the CDS of one
unigene.

Unigene transcription factor and transcriptional regulator prediction

In order to predict the transcription factor and transcriptional regulator, Unigenes of
R. stricta (1A), S. italica (4A), and Z. simplex (5A) were analyzed with online tool
PlantTFcat (http://plantgrn.noble.org/PlantTFcat/) (Dai et al., 2013). Then the output
results were analyzed and the most abundant TF were selected using an in-house
program.

Results and discussions
RNA sequencing

In order to understand the comprehensive transcriptome of R. stricta (1A), S. italica
(4A), and Z. simplex (5A), RNAs were extracted from leaf samples, and three cDNA
libraries were constructed. Paired-end sequencing of these libraries was performed on an
Illumina HiSeq 2000 platform, which generated a total of 56,965,920; 54,266,528; and
54,062,860 raw reads from R. stricta (1A); S. italica (4A); and Z. simplex (5A),
respectively. After pre-processing of reads (trimming of the adaptor and filtering for the
low-quality region), 54,201,896; 51,152,532; and 51,449,822 high-quality reads were
obtained from R. stricta (1A); S. italica (4A); and Z. simplex (5A), respectively (Table 2).

De novo transcriptome assembly

In absence of whole genome sequencing data, de novo transcriptome assembly is
employed to study the gene expression profiling, to identify novel transcripts and genetic
markers, and to understand the signaling pathways in different physiological conditions
(Deng et al., 2019). The clean reads from each library were used for de novo assembly
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with Trinity programs that generated: (a) 98,278 contigs and 71,116 unigenes for R.
stricta (1A); 107,175 contigs and 59,274 unigenes for S. italica (4A), and 116,444 contigs
and 70,300 unigenes for Z. simplex (5A). The assembly statistics, the length distribution
of contigs and unigenes of each plant are provided in Table 3 and Figure 1. The sequence
file of contigs and unigenes are provided into the supplementary dataset [Tables S1 and
S2 for R. stricta (1LA); Tables S3 and S4 for S. italica (4A); and Tables S5 and S6 for Z.
simplex (5A)]. A previous study used the leaves transcriptome of R. stricta and, using de
novo assembly generated only 28018 unique transcript sequences (mean length = 1643
bp; N50 = 2199 bp) (Yates et al., 2014).

Table 2. Statistical description of sequencing data from R. stricta (1A), S. italica (4A), and Z.
simplex (5A)

Samples R. stricta (1A) S. italica (4A) Z. simplex (5A)
Total raw reads 56,965,920 54,266,528 54,062,860
Total clean reads 54,201,896 51,152,532 51,449,822
Total clean nucleotides (nt) 4,878,170,640 4,603,727,880 4,630,483,980
Q20 percentage 97.36% 97.42% 98.01%
N percentage 0.12% 0.09% 0.00%
GC percentage 43.94% 44.67% 43.01%

Q20 percentage is proportion of nucleotides with quality value larger than 20; N percentage is
proportion of unknown nucleotides in clean reads; GC percentage is proportion of guanidine and
cytosine nucleotides among total nucleotides

Table 3. Statistical of assembly quality of high-quality reads from R. stricta (1A), S. italica
(4A), and Z. simplex (5A)

Samples R. stricta (1A) S. italica (4A) Z. simplex (5A)
Contig Unigene Contig Unigene Contig Unigene
Total number 98,278 71,116 107,175 59,274 116,444 70,300
Total length (nt) 47,232,016 101,448,447 45,217,296 60,317,437 49,262,775 81,584,604
Mean length (nt) 481 1427 422 1018 423 1161
N50 1175 2276 903 1671 945 1830
Total consensus sequences 71,116 59,274 - 70,300
Distinct clusters 34,830 23,405 - 33,142
Distinct singletons 36,286 35,869 - 37,158

Total consensus sequences represents all assembled unigenes; distinct clusters represents the cluster
unigenes. The same cluster contains some high similar (more than 70%) unigenes, and these unigenes
may come from same gene or homologous gene; distinct singletons represents this unigene come from a
single gene

Function annotation and classification of unigenes

Functional annotation and classification of all expressed unigenes were carried out to
understand their protein functions (Kerr et al., 2019). Initially, unigenes were searched
against protein databases including NR, SwissProt, GO, KEGG, and COG by BLASTX,
and then retrieved proteins with the highest sequence similarity (E-value < 10®) with
unigenes. In addition, the expressed unigenes were searched against the NT nucleotide
database by BLASTn and retrieved the highest sequence similarity (E-value < 10°). The
number of unigenes annotated with each database is provided in Table 4.
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Figure 1. Distribution of contig and unigene length of Trinity transcriptome assembly. (A) R.
stricta (1A); (B) S. italica (4A); and (C) Z. simplex (5A)

Table 4. Summary of unigenes annotation of R. stricta (1A), S. italica (4A), and Z. simplex
(5A)

Samples R. stricta (1A) S. italica (4A) Z. simplex (5A)
NR 47,940 40,957 51,456
NT 43,789 40,313 45,272
Swiss-Prot 32,126 27,431 35,073
GO 33,559 29,698 36,911
KEGG 29,503 23,739 30,619
COG 20,847 15,261 20,931
All 49,208 43,007 52,588
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NR annotation (similarity analysis)

The unigenes annotation of NR database of R. stricta (LA) showed: (a) The E-value
distribution analysis found that 63.44% of sequences showed strong homology (E-
value < 1e—45), while 36.56% of sequences showed homology between 1e—5 and 1e—45
(Fig. 2A); (b) The similarity distribution analysis showed that 69.54% of the unigenes
have similarity higher than 60%, while 23.21% unigenes have similarity between 40%
to 60% (Fig. 2B); (c) The species distribution revealed that 21.66% of unigenes were
matched with sequences of Solanum tuberosum followed by Vitis vinifera (19.46%),
Solanum lycopersicum (11.97%), and Erythranthe guttata (9.25%) (Fig. 2C).

The unigenes annotation of NR database of S. italica (4A) showed: (a) The E-value
distribution analysis found that 63.13% of sequences showed strong homology (E-
value < 1e—45), while 36.87% of sequences showed homology between 1e—5 and 1e—45
(Fig. 3A); (b) The similarity distribution analysis showed that 81.82% of the unigenes
have similarity higher than 60%, while 13.63% unigenes have similarity between 40%
to 60% (Fig. 3B); (c) The species distribution revealed that 39.83% of unigenes were
matched with sequences of Glycine max followed by Phaseolus vulgaris (13.44%), and
Cicer arietinum (12.93%) (Fig. 3C).

(A) E-value Distribution (B) Similarity Distribution

20.5% 23.2%

7.2%

9%

9.8% 13.0%
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0~1e-100 = 1e-30~1e-15 " 40%~60% " 95%~100%
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(C) Species Distribution

® Solanum tuberosum
Vitis vinifera
Solanum lycopersicum

12.0% 7 o = Erythranthe guttata
| Theobroma cacao
- ® Populus trichocarpa

® Prunus persica
= other

19.5%

9.3%

68%  34% 3.3%

Figure 2. Annotation results of homology search of R. stricta (1A) unigenes against NR
database. (A) The E-value distribution of the result of NR annotation. (B) The similarity
distribution of the result of NR annotation. (C) The species distribution of the result of NR
annotation
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Figure 3. Annotation results of homology search of S. italica (4A) unigenes against NR
database. (A) The E-value distribution of the result of NR annotation. (B) The similarity
distribution of the result of NR annotation. (C) The species distribution of the result of NR
annotation

The unigenes annotation of NR database of Z. simplex (5A) showed: (a) The E-value
distribution analysis found that 62.11% of sequences showed strong homology (E-
value < 1e—45), while 37.89% of sequences showed homology between 1e—5 and 1e—45
(Fig. 4A); (b) The similarity distribution analysis showed that 66.67% of the unigenes
have similarity higher than 60%, while 25.85% unigenes have similarity between 40%
to 60% (Fig. 4B); (c) The species distribution revealed that 17.05% of unigenes were
matched with sequences of Theobroma cacao followed by Vitis vinifera (13.97%), and
Prunus persica (8.53%) (Fig. 4C).

GO annotation

With NR annotation, the Blast2GO program was used to get GO annotation,
including molecular function (MF), biological process (BP), and cellular component
(CC) of unigenes of each plant. After getting GO annotation, WEGO software was used
for functional classification for all unigenes to understand gene functions distribution.
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(@) In R. stricta (1LA), there were 33,559 unigenes assigned with at least one GO term in
BP, CC, or MF (Fig. 5A). The BP was further classified as 22 functional groups, among
them “metabolic process” is the highest number of unigenes (21,297) followed by “cellular
process” (18,918 unigenes), and “single-organism process” (16,448 unigenes), “response to
stimulus” (7,487 unigenes) and “biological regulation” (5,719 unigenes). The CC were
further classified as 17 functional groups, among them “cell”, and “cell part” are the highest
number of unigenes (18,711) followed by “organelle” (14,733 unigenes), and “membrane”
(9,081 unigenes), “organelle part” (6,036 unigenes) and “membrane part” (4,431 unigenes).
The MF was further classified as 17 functional groups, among them “catalytic activity” is
the highest number of unigenes (18,293) followed by “binding” (14,695 unigenes), and
“transporter activity” (2,715 unigenes), “structural molecule activity” (504 unigenes) and
“molecular transducer activity” (476 unigenes).

(A) E-value Distribution (B) Similarity Distribution
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(C) Species Distribution
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Figure 4. Annotation results of homology search of Z. simplex (5A) unigenes against NR
database. (A) The E-value distribution of the result of NR annotation. (B) The similarity
distribution of the result of NR annotation. (C) The species distribution of the result of NR
annotation

(b) In S. italica (4A), there were 29,698 unigenes assigned with at least one GO term
in BP, CC, or MF (Fig. 5B). The BP was further classified as 23 functional groups,
among them “metabolic process” is the highest number of unigenes (19,400) followed
by “cellular process” (17,471 unigenes), and “single-organism process” (14,105
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unigenes), “response to stimulus” (7,242 unigenes) and “biological regulation” (5,820
unigenes). The CC was further classified as 17 functional groups, among them “cell”,
and “cell part” are the highest number of unigenes (16,559) followed by organelle
(12,572 unigenes), and “membrane” (7,933 unigenes), “organelle part” (5,237 unigenes)
and “membrane part” (3,812 unigenes). The MF was further classified as 17 functional
groups, among them “catalytic activity” is the highest number of unigenes (15,515
unigenes) followed by “binding” (14,781 unigenes), and “transporter activity” (2,004
unigenes), “structural molecule activity” (580 unigenes) and “nucleic acid binding
transcription factor activity” (565 unigenes).

(c) In Z. simplex (5A), there were 36,911 unigenes assigned with at least one GO
term in BP, CC, or MF (Fig. 5C). The BP was further classified as 23 functional groups,
among them “metabolic process” is the highest number of unigenes (24134) followed
by “cellular process” (22,005 unigenes), “single-organism process” (18,983 unigenes),
“response to stimulus” (9,433 unigenes) and “biological regulation” (7,841 unigenes).
The CC was further classified as 17 functional groups, among them “cell”, and “cell
part” are the highest number of unigenes (22,496) followed by “organelle” (17,197
unigenes), “membrane” (10,107 unigenes), “organelle part” (6,766 unigenes) and
“membrane part” (4,527 unigenes). The MF was further classified as 17 functional
groups, among them “catalytic activity” is the highest number of unigenes (19,140)
followed by “binding” (17,208 unigenes), “transporter activity” (2,553 unigenes),
“structural molecule activity” (758 unigenes) and “nucleic acid binding transcription
factor activity” (642 unigenes). The analysis of GO annotation indicated that a large
number of unigenes were associated with overlapping biological functions among R.
stricta (1A), S. italica (4A), and Z. simplex (5A).

In response to the abiotic stress, the plant adjusts the metabolic process to repair the
cell damage and restore cell homeostasis. We observed that a majority of unigenes from
R. stricta (1A), S. italica (4A), and Z. simplex (5A) are annotated as “metabolic
process”. Previous studies showed a strong association of metabolic process in abiotic
stress resistance in plants; thus, our study supports the previous findings (Pan et al.,
2016; Puranik et al., 2011).

COG annotation

The unigenes were further annotated against COG database for functional prediction
and classification. COG is used to annotate the newly sequenced genome into 25
functional categories.

(@) R. stricta (1A): 20,847 unigenes were categorized into 25 groups with the largest
category was “General function prediction only” (6,669 unigenes) followed by
“Replication, recombination and repair” (3,368 unigenes), “Transcription” (3,099
unigenes), “Posttranslational modification, protein turnover, chaperones” (2,523 unigenes),
“Signal transduction mechanisms” (2,449 unigenes). However, only 9 and 2 unigenes are
assigned to “Extracellular structures” and “Nuclear structure”, respectively (Fig. 6A).

(b) S. italica (4A): 15,261 unigenes were categorized into 25 groups with the largest
category was “General function prediction only” (5,318 unigenes) followed by
“Transcription” (2,612 unigenes), “Replication, recombination and repair” (2,525
unigenes), “Signal transduction mechanisms” (2,311 unigenes), “Posttranslational
modification, protein turnover, chaperones” (1951 unigenes). However, only 6 and 2
unigenes are assigned to “Extracellular structures” and “Nuclear structure”, respectively
(Fig. 6B).

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 19(3):1753-1782.
http://www.aloki.hu e ISSN 1589 1623 (Print) ¢ ISSN 1785 0037 (Online)
DOI: http://dx.doi.org/10.15666/aeer/1903_17531782
© 2021, ALOKI Kft., Budapest, Hungary



Baeshen et al.: A comparative analysis of de novo transcriptome assembly to understand the abiotic stress adaptation of desert plants

in Saudi Arabia

-1764 -

1A-Unigene GO Classification

sauabiun Jo saquinN

33559
3355

0
-
-

e

100

sauabiun Jo 1udId4

(A)

function

molecular.

component

cellular.

biological_process

igene GO Classification

4A-Un

29698

sauabiun jo 1dquinN

100

(B)

E

sauabiun Jo uAdIdg

molecular_function

cellular_component

biological_process

5A-Unigene GO Classification

36911

sauabiun Jo saquinN
g

100

(C)

sauabiun Jo 1uddId4

_function

molecular.

_component

cellular

biological_process

talica

biological process (BP), cellular component

(CC), and molecular function (MF)

(B) S

Figure 5. Histogram of GO annotation of assembled unigenes. (A) R. stricta (1A)

I€S are:

lex (5A). GO categori

. simp

and (C) Z

(4A)

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 19(3):1753-1782.

http://www.aloki.hu e ISSN 1589 1623 (Print) ¢ ISSN 1785 0037 (Online)

DOI: http://dx.doi.org/10.15666/aeer/1903_17531782

© 2021, ALOKI Kft., Budapest, Hungary



Baeshen et al.: A comparative analysis of de novo transcriptome assembly to understand the abiotic stress adaptation of desert plants
in Saudi Arabia
- 1765 -

COG Function Classification of 1A-Unigene.fa Sequence

A: RNA processing and modification

B: Chromatin structure and dynamics
7000

C: Energy production and conversion

D: Cell cycle control, cell division, chromosome partitioning
E: Amino acid transport and metabolism

F: Nucleotide transport and metabolism

G: Carbohydrate transport and metabolism

H: Coenzyme transport and metabolism

I: Lipid transport and metabolism

J: Translation, ribosomal structure and biogenesis
K: Transcription

L: Replication, recombination and repair

M: Cell wall/membrane/envelope biogenesis

N: Cell motilty

Number of Unigenes

o: protein tumover, ch

P: Inorganic ion transport and metabolism
Q: Secondary metabolites biosynthesis, transport and catabolism
R: General function prediction only

S: Function unknown

T: Signal transduction mechanisms

U: Intraceliular trafficking, secretion, and vesicular transport

V: Defense mechanisms

W: Extraceliular structures

Y: Nuclear structure
ABCDEFGHI JKLMNOPQRSTUVWYZ
Z: Cytoskeleton

Function Class

COG Function Classification of 4A-Unigene.fa Sequence

A: RNA processing and modification

(B) B: Chromatin structure and dynamics

C: Energy production and conversion

D: Cell cycle control, cell division, chromosome partitioning
E: Amino acid transport and metabolism

F: Nucleotide transport and metabolism

G: Carbohydrate transport and metabolism

H: Coenzyme transport and metabolism

I: Lipid transport and metabolism

J: Translation, ribosomal structure and biogenesis
K: Transcription

L: Replication, recombination and repair

M: Cell wall/membrane/envelope biogenesis

N: Cell motilty

Number of Unigenes

o protein turnover, ch

2000 | P: Inorganic lon transport and metabolism
Q: Secondary metabolites biosynthesis, transport and catabolism
R: General function prediction only

S: Function unknown

1000 — T: Signal transduction mechanisms

U: Intraceliular trafficking, secretion, and vesicular transport

V: Defense mechanisms

W: Extraceliular structures

¥: Nuclear structure
ABCDEFGHI JKLMNOPQRSTUVWYZ
Z: Cytoskeleton

Function Class

COG Function Classification of 5A-Unigene.fa Sequence

A: RNA processing and modification

(€) e i e

C: Energy production and conversion

D: Cell cycle control, cell division, chromosome partitioning
E: Amino acid transport and metabolism

F: Nucleotide transport and metabolism

G: Carbohydrate transport and metabolism

H: Coenzyme transport and metabolism

: Lipid transport and metabolism

J: Translation, ribosomal structure and biogenesis
K: Transcription

L: Replication, recombination and repair

M: Cell wallimembrane/envelope biogenesis

N: Cell motilty

Number of Unigenes

0: Postiransiational modification, protein turnover, chaperones
P: Inorganic ion transport and metabolism

Q: Secondary metabolites biosynthesis, transport and catabolism
R: General function prediction only

S: Function unknown

T: Signal transduction mechanisms

U: Intraceliular trafficking, secretion, and vesicular transport

V: Defense mechanisms

W: Extraceliular structures

¥: Nuclear structure
Z: Cytoskeleton

ABCDEFGHI JKLMNOPQRSTUVWY?Z

Function Class

Figure 6. Histogram of COG annotation of assembled unigenes. (A) R. stricta (1A); (B) S.
italica (4A); and (C) Z. simplex (5A)

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 19(3):1753-1782.
http://www.aloki.hu e ISSN 1589 1623 (Print) ¢ ISSN 1785 0037 (Online)
DOI: http://dx.doi.org/10.15666/aeer/1903_17531782
© 2021, ALOKI Kft., Budapest, Hungary



Baeshen et al.: A comparative analysis of de novo transcriptome assembly to understand the abiotic stress adaptation of desert plants
in Saudi Arabia
- 1766 -

(c) Z. simplex (5A): 20,931 unigenes were categorized into 25 groups with the largest
category was “General function prediction only” (7,136 unigenes) followed by
“Transcription” (3,611 unigenes), “Replication, recombination and repair” (3,498
unigenes), “Signal transduction mechanisms” (2,870 unigenes), ‘Posttranslational
modification, protein turnover, chaperones” (2629 unigenes). However, only 10 and 3
unigenes are assigned to “Extracellular structures” and “Nuclear structure”, respectively
(Fig. 6C).

In our study, a large number of unigenes from R. stricta (1A), S. italica (4A), and Z.
simplex (5A) were assigned to “Transcription”, “Replication, recombination and repair”,
“Signal transduction mechanisms”, and “Posttranslational modification, protein turnover,
chaperones”. Activation of these processes is essential in modulating the gene expression
and signal transduction, to repair the damage of DNA and proteins, and modification of
proteins to preventing the cellular damage due to abiotic stresses and thus support
previous findings (Arisha et al., 2020; Wang et al., 2004; Sarwar et al., 2019).

Functional classification by KEGG

In order to understand the biological functions, unigenes were searched against the
KEGG database.

(@ R. stricta (1A): We found 29503 unigenes were associated with 128 KEGG
pathways (Table S7). Among them, top 10 enriched pathways were “Metabolic
pathways” (ko01100) with 6077 (20.6%) unigenes, “Biosynthesis of secondary
metabolites” (ko01110) with 2970 (10.07%) unigenes, “Plant-pathogen interaction”
(ko04626) with 1316 (4.46%) unigenes, “Plant hormone signal transduction” (ko04075)
with 1112 (3.77%) unigenes, Spliceosome (ko03040) with 1095 (3.71%) unigenes, “RNA
transport” (ko03013) with 849 (2.88%) unigenes, “Protein processing in endoplasmic
reticulum” (ko04141) with 780 (2.64%) unigenes, “RNA degradation” (ko03018) with
595 (2.02%) unigenes, “Purine metabolism” (ko00230) with 560 (1.9%) unigenes,
“Starch and sucrose metabolism” (ko00500) with 551 (1.87%) unigenes (Fig. 7).

(b) S. italica (4A): We found 23,739 unigenes were associated with 128 KEGG
pathways (Table S7). Among them, top 10 enriched pathways were “Metabolic pathways”
(ko01100) with 4,976 (20.96%) unigenes, “Biosynthesis of secondary metabolites”
(ko01110) with 2,399 (10.11%) unigenes, “Plant hormone signal transduction” (ko04075)
with 1,305 (5.5%) unigenes, “Plant-pathogen interaction” (ko04626) with 1,296 (5.46%)
unigenes, Spliceosome (ko03040) with 972 (4.09%) unigenes, “RNA transport” (ko03013)
with 872 (3.67%) unigenes, “mRNA surveillance pathways” (ko03015) with 618 (2.6%)
unigenes, “Protein processing in endoplasmic reticulum” (ko04141) with 608 (2.56%)
unigenes, “Purine metabolism” (ko00230) with 559 (2.35%) unigenes, “Starch and sucrose
metabolism” (ko00500) with 541 (2.28%) unigenes (Fig. 8).

(c) Z. simplex (5A): We found 30,619 unigenes were associated with 128 KEGG
pathways (Table S7). Among them, top 10 enriched pathways were “Metabolic pathways”
(ko01100) with 6,657 (21.74%) unigenes, “Biosynthesis of secondary metabolites”
(ko01110) with 2,940 (9.6%) unigenes, “Plant hormone signal transduction” (ko04075)
with 1,619 (5.29%) unigenes, “Plant-pathogen interaction” (ko04626) with 1,342 (4.38%)
unigenes, “Spliceosome” (ko03040) with 1079 (3.52%) unigenes, “RNA transport”
(ko03013) with 1,003 (3.28%) unigenes, “Glycerophospholipid metabolism” (ko00564)
with 831 (2.71%) unigenes, “Endocytosis” (ko04144) with 823 (2.69%) unigenes, “Protein
processing in endoplasmic reticulum” (ko04141) with 799 (2.61%) unigenes, “Starch and
sucrose metabolism” (ko00500) with 747 (2.44%) unigenes (Fig. 9).
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Comparison of KEGG pathways

KEGG is a bioinformatics resource for biological interpretation of gene sequence and
linking genomic information in terms of molecular networks (Kanehisa et al., 2012).
Based upon sequence similarity, unigenes sequences were annotated in terms of KO
(KEGG Orthology). Furthermore, the set of KOs used to construct KEGG pathways and
modules for interpreting the functions (Kanehisa et al., 2012). In order to identify the
most common pathways and functions activated during the abiotic stress, the
distribution of unigenes and KOs assigned to 128 KEGG pathways among R. stricta, S.
italica, and Z. simplex were analyzed. We found that the top six common pathways
annotated with large number of unigenes are “Metabolic pathways” (ko01100),
“Biosynthesis of secondary metabolites” (ko01110), “Plant-pathogen interaction”
(ko04626), “Plant hormone signal transduction” (ko04075), “Spliceosome” (ko03040),
and “RNA transport” (ko03013) (Tables 5 and S7). In addition, we observed that the top
six common pathways annotated with a large number of KOs are “Metabolic pathways”
(ko01100), “Biosynthesis of secondary metabolites” (ko01110), “Ribosome”
(ko03010), “Spliceosome” (ko03040), and “RNA transport” (ko03013) and “Purine
metabolism” (ko00230) (Tables 5 and S7). In order to identify the common KOs present
in the KEGG pathways of three plants, we analyzed the KOs data and observed that
most of the KOs are common among R. stricta, S. italica and Z. simplex (Fig. 10).

Table 5. Comparative analysis of number of unigenes and KOs present in different pathways

Unigenes count KOs count
#iPathway paﬁﬁvﬁ? ID R . S_' . Z. R . S.' . Z.
stricta | italica | simplex | stricta | italica | simplex

Metabolic pathways k001100 6077 4976 6657 795 796 797
Biosynthesis of secondary metabolites ko01110 2970 2399 2940 365 365 368
Plant-pathogen interaction k004626 1316 1296 1342 37 37 37
Plant hormone signal transduction k004075 1112 1305 1619 41 41 41
Spliceosome k003040 1095 972 1079 101 101 101

RNA transport ko03013 849 872 1003 97 97 97

Protein pmcfzfi'é‘l?ll:’r‘ne”d‘)p'asm'c ko04141 | 780 | 608 799 76 76 76
RNA degradation ko03018 595 492 692 50 49 49

Purine metabolism ko00230 560 559 595 87 88 88
Ribosome ko03010 405 471 539 127 124 124

A previous study used ChlP-Seq and RNA-Seq techniques and examined the histone
methylation and gene expression pattern under the drought condition in rice (Zong et
al., 2013). The study identified the top ten pathways up-regulated in rice under drought
stress conditions (Zong et al., 2013). We compared the top ten pathways activated in R.
stricta, S. italica and Z. simplex (annotated with a large number of unigenes) with the
previous study. We found that the “Metabolic pathways” (ko01100), “Biosynthesis of
secondary metabolites” (ko01110), “Plant-pathogen interaction” (ko04626), and “Plant
hormone signal transduction” (ko04075) are commonly activated pathways during the
abiotic stress condition (Table 5) (Zong et al., 2013). Another study revealed that in
response to drought stress in grapevine, differentially expressed genes are associated
with “Metabolic pathways” (ko01100), “Biosynthesis of secondary metabolites”
(ko01110), and “Plant-pathogen interaction” (ko04626) (Haider et al., 2017).
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Figure 10. Venn diagrams showing common KOs annotated in different KEGG pathways

Furthermore, our finding also supports the previous study, which showed that under
salinity stress, top ten KEGG pathways: “Metabolic pathways” (ko01100),
“Biosynthesis of secondary metabolites” (ko01110), “Plant-pathogen interaction”
(ko04626), “Plant hormone signal transduction” (ko04075), “Spliceosome” (ko03040),
and “RNA transport” (ko03013), “Ribosome” ko03010, “Protein processing in
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endoplasmic reticulum” (ko04141), “Endocytosis” ko04144, and “Purine metabolism”
(ko00230) are activated in Chrysanthemum crassum (Guan et al., 2017).

Our findings are aligned with previous studies and observed that simultaneously
abiotic stress of drought, heat, and salinity significantly induce several common
pathways in R. stricta (1A), S. italica (4A), and Z. simplex (5A). Thus, suggesting that
these pathways play an essential role in maintaining the cellular homeostasis, plants’
growth, and development under harsh stressed conditions (Figs. 7, 8, 9, 10; Table S7).

SSR discovery

SSRs are the most important molecular markers to study the evolutionary, genetics,
and breeding in plants (da Costa et al., 2017). SSR markers has been widely used for the
genetic linkage mapping (Hong et al., 2010), to understand the genetic diversity (Ren et
al., 2014; Feng et al., 2016), and to identify of species (Shirasawa et al., 2013).
Furthermore, a gene contains several functional cis-elements which influence the
transcription and translation of mRNA and regulations of gene expression (Ahmed et
al., 2011). Therefore, SSRs motifs and their variations can affect gene expression,
translation, mRNA splicing, and mRNA export to the cytoplasm. A strong selective
pressure would have been forced to select the SSRs on the coding region compared to
the rest of the genomic region.

The unigenes were investigated for the SSR profiles and found the following results:
(@) R. stricta (1A): There were 10,706 SSRs detected in 9,506 unigenes out of 71,116
examined unigenes (Fig. 11A). (b) S. italica (4A): There was 10,277 SSRs detected in
8,465 unigenes out of 59,274 examined unigenes (Fig. 11B); (c) Z. simplex (5A): There
was 12,374 SSRs detected in 10422 unigenes out of 70,300 examined unigenes
(Fig. 11C).

SNP discovery

In plants, SNP is the most usual type of DNA variation. SNPs could alter the
structure and stability of proteins in both plants and animals (Milenkovic et al., 2018;
Alzahrani et al., 2020; Bhardwaj et al., 2016). Detection of SNPs helps to understand
plant species’ genetic diversity, identify the complex traits including biotic and abiotic
stress tolerance, and improve crop yields (Rafalski, 2002; Villordo-Pineda et al., 2015;
Parida et al., 2012). Our analysis of SNPs profile found the following results:

(@) R. stricta (1A): There are 37,754 high-quality SNPs were detected from the
unigenes including 22,845 transitions and 14,909 transversions (Fig. 12A). (b) S. italica
(4A): There are 16,530 high-quality SNPs were detected from the unigenes including
10,406 transitions and 6,124 transversions (Fig. 12B). (c) Z. simplex (5A): There are
64,996 high-quality SNPs were detected from the unigenes including 39,014 transitions
and 25,982 transversions. (Fig. 12C).

There are different classes of small non-coding RNAs, including miRNAs, siRNA,
and tasiRNAs, are produced in plants for regulating gene expression at transcriptional or
post-transcriptional levels (Khraiwesh et al., 2012). Under the normal physiology,
abiotic, and biotic stress condition, plants produced various small non-coding RNA to
modulate the gene expression for plant adaptation (Khraiwesh et al., 2012; Ahmed et
al., 2014). Therefore, siRNA could be a design and expressed against specific genes or
SNPs for gene silencing for better abiotic-stress tolerant plants (Ahmed et al., 2015;
Ahmed and Raghava, 2011; Ahmed et al., 2020).
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Figure 11. SSR distribution of unigenes. (A) R. stricta (1A); (B) S. italica (4A); and (C) Z.
simplex (5A)

Protein-coding sequence prediction (CDS) and expression level analysis of Unigenes

For the analyses of CDS and predicted proteins. The length-frequency distributions of
these Unigene CDSs by BLASTx and ESTscan were provided in Figure 13 for R. stricta;
Figure 14 for S. italica; and Figure 15 for Z. simplex. The complete list of CDS predicted
sequence are provided in Supplementary data: (a) For R. stricta: Tables S8, S9, S10, and
S11; (b) For S. italica: Tables S12, S13, S14, and S15; For Z. simplex: Tables S16, S17,
S18, and S19. The expression level of Unigene from R. stricta, S. italica and Z. simplex is
provided in supplementary data Tables S20, S21, and S22, respectively.
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Detailed annotation of unigenes and their statistics of R. stricta (1A), S. italica (4A),
and Z. simplex (5A) are provided in the “Annotation_Folder” in supplementary data.
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Figure 12. SNP distribution of unigenes. (A) R. stricta (1A); (B) S. italica (4A); and (C) Z.
simplex (5A)

Transcription factors responding to combined abiotic stresses

Transcription factors (TFs) are important regulators of gene expression through
binding to cis-acting elements of target genes. Alteration in the expression of TFs is one
of the important regulatory mechanisms in plants to tolerate different abiotic stresses
(REF). We analyzed all Unigenes sequences of R. stricta (1A), S. italica (4A), and Z.
simplex (5A) for TFs prediction using PlantTFcat and found that 4426, 3895, and 5887
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Unigene sequences from R. stricta (Table S23), S. italica (Table S24) and Z. simplex
(Table S25) were predicted as TFs, respectively. A comparative analysis of the TFs-
family expressed in these three plants was given in Table S26. Furthermore, we
identified the most abundant TF-families in unigenes across these plants. For this, we
searched the TF-families associated with more than 100 unigenes across these plants
and identified seven TFs: C2H2, C3H, CCHC(Zn), MYB-HB-like, PHD, WD40-like,
and bHLH (Table 6).
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Figure 13. Protein coding sequence (CDS) region prediction of R. stricta: (A) The length
distribution of CDS nucleotide produced by searching unigenes sequences against various
protein databases using BLASTX. (B) The length distribution of proteins predicted from CDS
sequence using BLASTX. (C) The length distribution of CDS using ESTscan. (D) The length
distribution of protein using ESTscan. The horizontal coordinates are CDS length, and the
vertical coordinates are numbers of CDS

Several studies found that the zin finger TFs families, including C2H2, C3H, and
CCHC(Zn), are playing a very important role in plant growth, development, and abiotic
stress such as high salt, drought, and high-temperature responses (Kielbowicz-Matuk,
2012; Han et al., 2020; Jiang et al., 2014; Lee and Kang, 2016). In addition, PHD family
proteins act as epigenome readers and recruit various chromatin regulators and
transcription factors that control gene expression which responds to environmental
stresses (Sun et al., 2017; Sanchez and Zhou, 2011). Previous studies showed that
overexpression of HoMYB1 TF in tobacco leads to enhanced resistance to UV-B stress
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and suppresses stress induces cell death (Li et al., 2015; Peng et al., 2011). A study
found in wheat that WD40-like TFs are involved in abiotic stress response (Kong et al.,
2015). bHLH TF family response to plant abiotic stresses such as drought, salt, and cold
stress (Sun et al., 2018).
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Figure 14. Protein coding sequence (CDS) region prediction of S. italica: (A) The length
distribution of CDS nucleotide produced by searching unigenes sequences against various
protein databases using BLASTx. (B) The length distribution of proteins predicted from CDS
sequence using BLASTX. (C) The length distribution of CDS using ESTscan. (D) The length
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Table 6. Comparative analysis of number of unigenes belongs to different TFs

. . Unigenes count
TFs-family Family_type - — -
R. stricta | S.italica | Z. simplex

C2H2 Transcription factor 759 685 923
C3H Transcription factor 156 152 201
CCHC(zn) Transcription factor interactor and regulator 213 264 353
MYB-HB-like Transcription factor 248 225 358
PHD Chromatin regulator 213 166 378
WD40-like Transcription factor 868 654 890
bHLH Transcription factor 129 131 177
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Figure 15. Protein coding sequence (CDS) region prediction of Z. simplex: (A) The length
distribution of CDS nucleotide produced by searching unigenes sequences against various
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Abiotic stress triggers the osmotic and oxidative stresses signaling in a cell cause
damage to the structure of proteins and cell membrane. However, stress tolerance plants
induce the signaling which activates the transcription factors that express the stress-
responsive genes to repair the damaged proteins and maintain cellular homeostasis
(Wang et al., 2003). Our study could be used to understand gene regulatory networks
during different stresses and their response mechanisms. Furthermore, finding TFs
might be used to develop stress-tolerant crops that could increase the crop yield in the
desert climate.

Conclusions

This study reported the first-time de novo transcriptome sequencing of leaf tissues of
three abiotic stress plants: (a) R. stricta, (b) S. italica, and (c) Z. simplex. The illumine
platform generated sequencing data assembled into 71,116; 59,274; 70,300 unigenes for
R. strict; S. italica; and Z. simplex, respectively. Annotation and analysis of unigenes
identified several candidate genes involved in abiotic stress, growth, development, and
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signal transduction pathways. Furthermore, our study identified the SSRs and SNPs in
the datasets. Comparative analysis of Unigenes among all three plants identified seven
transcription factor and transcriptional regulator responses to plants’ abiotic stresses.

Abiotic stress triggers the osmotic and oxidative stresses signaling in a cell cause
damage to the structure of proteins and cell membrane. However, stress tolerance plants
induce the signaling which activates the transcription factors that express the stress-
responsive genes to repair the damaged proteins and maintain cellular homeostasis
(Wang et al., 2003). Our study could be used to understand how gene regulatory
networks behave during different stresses and how networks induce the response
mechanisms. Therefore, this study and datasets would be very useful for understanding
the mechanism of abiotic stress management in plant studies in the future, and will also
help improve crop productions in stressed geographical locations.
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