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	 The aim of this study was todetect the expression profiles of salt-related genes in the 
leaf transcriptome of Jojoba (Simmondsia chinensis) to decipher the molecular mechanisms 
underlying salt stress tolerance in this plant species. The analyzed RNA-Seq data identified 
numerous differentially expressed genesthat were mostly upregulated under salt (NaCl) stress 
conditions. The genes varied in their ability to limit cellular damage under stress conditions 
by regulatingthe production of reactive oxygen species (ROS). Some genes demonstrated the 
use of methylation/demethylation followed by intergenerational transmission of a “stress 
memory”. Other genes are known for their potential to produce proteins with superoxide 
dismutase (SOD) activity, the ability to detoxify metal ions and to produce molecular chaperones. 
Additional activities include regulating signal transductionandthe ion transport processes, 
the reprogramming of selective gene expression andthe maintenance of balanced sucrose 
content, ethylene signaling and homeostasis, the regulating of plasmodesmal permeability, 
ubiquitination,and selective protein degradation. Moreover, genes were also identified to be 
associated with cell wall remodeling, alleviating chlorophyll content, and accumulatinglower 
levels of sodium (Na+) and chloride (Cl-), as well as increased levels of lignin that function to 
support a plant’s integrity under salt stress. Overall, these data provide new insights into the 
molecular mechanisms at play during conditions of salt stress. These mechanisms ensure a 
plant’s survival and help to maintain its natural chemical compounds. These findings may be 
beneficial in furthering the use of this economically important plant.
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	 Molecular analysis of a plant’s response 
to extreme salt stress conditions paved the way 
for the improvement of agricultural productivity 
worldwide (Wang et al., 2009; Sailaja et al., 2014; 
Cao et al., 2018). Next-generation sequencing 

(NGS) technology using RNA-Seq promotes 
the study of organism transcriptomes, including 
transcriptomes of Jojoba(Simmondsia chinensis) 
(link) Schneider, an organism for which genome 
sequencing data is scarce (Martin and Wang, 
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2011; Garber, 2011; Jain, 2012; Nejat et al., 2018). 
Understanding thephysiological, biochemical, 
and molecular dynamics of salinity tolerance can 
help in the development of new genotypes with 
enhanced salinity tolerance via molecular breeding 
and plant genetic transformation (Bafeelet al., 
2016). Salt stress is one of the abiotic stresses 
challenging or burdening cultivated plants (Liang 
et al., 2018).
	 Jojoba is a candidate plant for biodiesel 
production and is also identified as a potential 
candidate for several other applications, including 
medicinal projects, cosmetics, and personal care 
formulations (Passerini and Lombardo, 2000; 
Al-Obaidi et al., 2017). Unfortunately, there is a 
paucity of reports investigating the mechanisms 
by which this important plant species tolerates 
abiotic stresses. Such mechanisms and responses 
to salt stress were previously studied via RNA-
Seq in other plant species, including Rhazya 
stricta (Hajrah et al., 2017), Arabidopsis (Kawa 
and Testerink, 2017), barley, and rice (Ueda et al., 
2006).
	 Abiotic stresses, including salinity, 
drought, and heavy metals, are major barriers that 
adversely impact plant growth, development, and 
productivity (Mittler, 2006;Assahaet al., 2016; 
Wangsawanget al., 2018). Under such conditions, 
reactive oxygen species (ROS) accumulate, thereby 
resulting in the manifestation of a secondary 
stress termed oxidative stress (Assahaet al., 
2017a,b;Abdelaziz et al., 2018; Yassin et al., 2019). 
Recent reports indicate that the overproduction of 
ROS is extremely toxic, leading to the oxidation 
of biomolecules with different chemical structures, 
such as lipids, proteins, and nucleic acids. 
Oxidative stress results in peroxidation of lipids, 
membrane injury, and inactivation of enzymes. 
The consequence of these reactions impacts 
various processes, such as membrane transport 
mechanisms and metabolic pathways (Zhang et 
al., 2007). Major defensive mechanisms to mitigate 
the deleterious effects of ROS in plants include the 
production of ROS-detoxifying enzymes, such as 
superoxide dismutase (SOD), and the production 
of antioxidants with a low molecular mass, such 
as metallothioneins (MTs) (Mittler, 2002; Jinet al., 
2010; 2017).
	 The present study seeks to investigate the 
expression patterns of salt-related genes in the leaf 

transcriptome of jojoba to enhance understanding 
of the molecular mechanisms underlying salt stress 
tolerance in this plant species.

Materials and Methods

Salt stress experiment
	 A salt stress experiment was conducted 
at the laboratories of the Department of Biological 
Sciences, King Abdulaziz University, Jeddah, 
Saudi Arabia. jojoba seeds were grown in pots (9 
cm, 3 seeds/pot) filled with a soil mix (1 soil: 1 
vermiculite) and watered with deionized double 
distilled water under standard growth conditions. 
Specifically, they were grown at 21 ± 2°C (day/
night), with a light intensity of approximately175 
µmoles m-2sec-1, and a 16 h-light/8 h-dark cycle. 
The description of the experiment is detailed in 
Figure 1. Generated seedlings were watered with 
distilled water until day 19, then plantlets were 
morphologically screened for homozygosity and 
the number of plantlets per pot was narrowed from 
three to one as previously described (Bahieldin et 
al., 2015). The pots were divided into two groups. 
The first group continued to be irrigated every 
five days with deionized double distilled water 
(control), while the second group was exposed to 
salt stress. The plantlets were irrigated three times 
at intervals of five days. Salt stressed plantlets 
were first irrigated with 50 mM NaCl (on day 
24), followed by 50mM NaCl (on day 29), and 
100 mM NaCl (on day 34).Incremental increases 
in salt stress were applied as recommended by 
Munns (2002). Leaf samples from the control and 
salt-stressed plantlets were harvested on the second 
day of salt treatments. For example, on days 25, 
30 and 35, respectively, where salt concentrations 
reached 50, 100, and 200 mM NaCl, respectively. 
RNA-Seq analysis
	 Total RNA was extracted from three 
similar-sized (10 mm2) flash-frozen plantlets. 
Subsequently, the leaf material (approximately 50 
mg tissue) was crushed using Trizol (Invitrogen) 
and then treated with RNase-free DNase (Promega 
Inc.) to remove contaminating DNA. The yield 
and quality of RNA were determined using a 
Nanodrop-8000 spectrophotometer (Thermo 
Scientific, Wilmington, DE, USA). 30 µg (400 ng/
µl) of the extracted RNA was then shipped to the 
Beijing Genome Institute (BGI), China, for deep 
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sequencing using an Illumina MiSeq. The raw read 
data on thejojobaleaves were provided in FASTQ 
format. The reads were submitted to the National 
Center for Biotechnology Information (NCBI) for 
reviewing and allocating accession numbers. 
	 Next, the raw transcriptomic data was 
filtered and trimmed to remove the adaptor 
and primer sequences. Reads of less than 40 
bp were removed using Trimmomatic v0.30 
(Bolger et al., 2014), and sequencing data with 
a Phred quality score ofQe”20 was used in the 
assembly. Generated read counts were used to 
detect differential expression via EdgeR (version 
3.0.0, R version 2.1.5). Approximately 5 million 
reads per sample were recovered using RNA-Seq, 
and de novo assembly was performed using the 
Trinity RNA-Seq Assembly package (r2013-
02-25) with optimized parameters and a K-mer 
size set to 25 (Zhang et al., 2015). Validation 
of assembled transcript contigs was performed 
using the CLC Genomics workbench (CLC Bio, 
Boston, MA 02108 USA). All high-quality reads 
were subsequently mapped back to the assembled 
transcript contigs. Coding DNA sequences (CDSs) 
from the assembled transcript contigs were 
identified using the online tool ORF-Predictor 
(Min et al. 2005) (http://proteomics.ysu.edu/tools/
OrfPredictor.html) using the default parameters. 
Blastx was then performed (with an E-value cut off 
of 1e-5) and the fold change values of differentially 
expressed transcripts were measured via EdgeR 
(version 3.0.0, R version 2.1.5) and by usingactin 
as the housekeeping gene. Significant Pearson 
correlation was determined during permutation 
analysis. 

	 Assembled transcripts in different 
clusters were annotated, and gene ontology (GO) 
terms were detected using Blast2GO (http://www.
blast2go.org/). Next, the CDSs were categorized 
by WEGO analysis, which involved sketching a 
WEGO plot based on the GO hits. To retrieve GO 
terms for the annotated CDS, the GO mapping 
used the following parameters: (i) Blastx result 
accession IDs to retrieve gene names or symbols, 
(ii) UniProt IDs, and (iii) a direct search of the 
dbxref table of the GO database. UniProt IDs were 
retrieved using the Protein Information Resource 
(PIR). PIR includes the protein sequence database 
(PSD), UniProt, SwissProt, TrEMBL, RefSeq, 
GenPept, and PDB databases. Accordingly, all 
predicted CDSs were annotated against the protein 
database to help assign the putative function of the 
unmapped transcriptome following its translation 
into protein. 
Validation of RNA-Seq data
	 RNA-Seq datasets of jojoba were 
validated usingqRT-PCR of four randomly selected 
genes that were highly upregulated (e”5-fold 
change or FC)at the three time points (days 25, 
30, and 35). Expression levels of the transcripts 
were detected by real-time PCR using the Agilent 
Mx3000P qPCR Systems (Agilent Technology, 
USA). The MaximaTM SYBR Green/ROX qPCR 
procedure was performed as detailed in Bahieldin 
et al. (2015). First-strand cDNA was synthesized 
using reverse primers of each gene, and all 
synthesized cDNA was amplified using the forward 
and reverse primers of different genes listed in 
Table S1. Data were collected and amplification 
plots of DRn versus the cycle number were 

Fig. 1. Schematic description of the salt stress experiment of Jojoba (Simmondsiachinensis)conducted starting 
day 24 at three salt concentrations increased incrementally with five-day intervals(50, 100, and 200 mMNaCl) in 
Jojoba plant. Application of salt was done at days 24, 29 and 34, while leaf samples were harvested the second 

day of applying salt treatment (days 25, 30 and 35, respectively) and total RNAs were isolated and samples 
shipped to Beijing Genome Institute (BGI),China for RNA-Seq analysis
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Table 1. Number of differentially expressed genes of Jojoba (Simmondsiachinensis)
across the three GO categories due to salt stress

Expression		  Upregulated	 Downregulated	 Total

Annotated genes		  37	 42	 79
GO Terms	 Biological process	 10	 20	 30
	 Cellular component	 8	 18	 26
	 Molecular function	 9	 20	 29
	 Total	 69	 95	 164

Table 2. List of regulated salt-related gene-encoded proteinsof Jojoba 
(Simmondsiachinensis)and gene codes

Cluster	 Protein encoded	 Gene code

Cluster 4	 Miraculin	 G1
	 Protein ROS1A	 G2
	 Germin-like protein subfamily 3 member 3	 G3
Cluster 5	 Metallothionein-like protein type 3 isoform1	 G4
	 Metallothionein-like protein type 3 isoform 7	 G5
	 Ankyrin repeat domain-containing protein 2B	 G6
	 Metallothionein-like protein type 3 isoform 21	 G7
Cluster 12	 Gibberellin-regulated protein 2	 G8
	 Sucrose-phosphate synthase	 G9
	 1-aminocyclopropane-1-carboxylate oxidase homolog 1	 G10
	 Callose synthase 3	 G11
Cluster 15	 Cysteine proteinase inhibitor 12	 G12
	 ubiquitin-conjugating enzyme E2 24	 G13
Cluster 16	 xyloglucan endotransglucosylase/hydrolase protein 7	 G14
Cluster 21	 BURP domain protein RD22	 G15

generated for analysis. The actin gene (Table S1) 
was used as the housekeeping gene. The data for 
the housekeeping gene was used in the established 
calculationsto detect the expression level of each 
gene.

Results
	
Data statistics and quality
	 The results of the jojobaRNA-Seq data 
indicate that over 500 transcripts were detected, 
of which the number of differentially expressed 
(DE) transcripts were 164 (Table 1). However, 
the number of highly DE (e”5 FC) transcripts 
was 156 (Table S2). Hierarchical cluster analysis 
of gene expression of jojobausing the Pearson 
correlation as the distance metric based on the log 
ratio RPKM data and a multi-dimensional scaling 
plot showed a close relationship for transcriptomes 
at day 25 regardless of salt stress (50 mM NaCl) 

(Figure 2). This indicates that this concentration 
induced a few salt-related genes. The heat map 
also indicated no significant DE transcripts 
between days 30 and 35 under salt stress (100 and 
200 mM NaCl, respectively), on the one hand, or 
alternatively, between the same two days under 
control conditions. Accordingly, these findings 
indicate that neither prolonged exposure to salt 
stress beyond six days (day 30) nor use of salt 
concentrations higher than 100 mM NaCl can result 
in more DE transcripts. The RNA-Seq datasets 
were validated by performingqRT-PCR on two 
randomly selected highly (e”5 FC) upregulated 
transcripts (cluster 12) and two downregulated 
(cluster 19) transcripts under salt stress conditions. 
Theoutcomes of this analysis perfectly aligned with 
those of the RNA-Seq data for the transcripts used 
in the validation (Figure S2).
GO classification 
	 Some of the annotated jojobatranscripts 
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Fig. 2. Heat map describing the differences among genes between control and salt-treated samples in Jojoba 
(Simmondsiachinensis). C25 = watered (control)plant at day 24 with distilled water and leaf sample harvested at 
day 25, C30 = watered (control) plant at day 29 with distilled water and leaf sample harvested at day 30, C35 = 
watered (control) plant at day 34 with distilled water and leaf sample harvested at day 35, T25_50mM = treated 
plant at day 24 with 50mM salt and leaf sample harvested at day 25, T30_100mM = treated plant at day 29 with 
100mM salt and leaf sample harvested at day 30, T35_200mM = treated day 34 watered with 200mM salt and 

leaf sample harvested at day 35

were not assigned to any of the three main 
categories of gene expression,of which 37 were 
upregulated and 42 were downregulated genes 
(Table 1). However, the numbers of upregulated 
genes assigned to the three main categories, 
namely, “biological process”, “cellular component” 
and “molecular function”, were as little as 10, 8, 

and 9, respectively (Table 1). The numbers of 
downregulated genes assigned to the three main 
categories were 20, 18, and 20, respectively (Table 
1). In the three categories, highly expressed genes 
under salt stress were found in the subcategories of 
“cell part”, “cell”, “organelle part”, and “organelle” 
for the “cellular component” category, and the 
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Fig. 3. GO classification of upregulated genes across salt stress treatments in the transcriptome of Jojoba 
(Simmondsiachinensis)

subcategories “binding” and “catalytic activity” 
for the “molecular function” category. The 
subcategories of “cellular process”, “metabolic 
process” and “response to stimulus” were 
established for the “biological process” category 
(Figure 3). In contrast, highly suppressed genes 
under salt stress were found in the subcategories 
of “cell part”, “cell”, “organelle part”, “organelle” 
and “membrane” for the “cellular component” 
category, and the subcategories of “binding”, and 
“catalytic activity” for the “molecular function” 
category.While the “cellular process”, “metabolic 
process” and “response to stimulus” subcategories 
were noted for the “biological process” category 
(Figure 4). 
Cluster analysis
	 Cluster analysis indicated the occurrence 
of 26 clusters, of which only two clusters refer to 
downregulation with nine (cluster 3), six (cluster 

19) and one (cluster 20) transcripts (Figure S1 and 
Table S2). The results of cluster analysis barely 
indicate a significant increase in the expression 
levels of transcripts at 200 mM NaCl compared 
with those at 100 mM NaCl. As little as three out 
of the 26 clusters were downregulated, and most 
of the other clusters showed upregulation in one 
or more time points (days 25, 30, and 35) of salt 
stress. The three clusters with downregulated genes 
include numbers of 10 (cluster 6), two (cluster 8), 
and two (cluster 13) transcripts, of which either 
one of the two transcripts in cluster 8 or cluster 
13 refers to the transcripts of the same gene. For 
example, glutathione S-transferase (for cluster 8) 
and GDSL esterase/lipase (for cluster 13). These 
results support our previous claim that prolonged 
exposure to salt stress does not necessarily result 
in higher expression levels of salt-related genes. 
These results confirm that this plant species 
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Fig. 4. GO classification of downpregulated genes across salt stress treatments in the transcriptome of Jojoba 
(Simmondsiachinensis)

moderately tolerates salt stress.Thus, it harbors a 
high number of genes expressed under moderate 
levels of salt stress and a low number of genes 
expressed specifically under high levels of salt 
stress (for example 200 mM NaCl). 
	 As previously indicated, 26 clusters 
harboring 156 transcripts were detected following 
analysis of the read data (Table S2). Among this 
set, six clusters (nos. 4, 5, 12, 15, 16, and 21) were 
selected for further analysis (Table 2). Criteria for 
selecting clusters were based on the annotation 
data and the feasibility of gene expression 
patterns. Clusters 4 and 16 indicate upregulation 
of transcripts under 100 and 200 mM NaCl at days 
30 and 35, respectively.Clusters 5 and 15 indicate 
upregulation under 100 mM NaCl at day 30, and 
clusters 12 and 21 indicate upregulation under 50, 
100 and 200 mM NaCl at each of the three time 
points (days 25, 30 and 35), respectively(Figure 
S1). Accordingly, the genes in clusters 5 and 
15 seemed necessary for a short time under salt 
stress, while those in the other four clusters were 
indicated as necessary for a longer period or until 

the stress conditions had ended. The total number 
of transcripts selected in the six clusters (nos. 4, 
5, 12, 15, 16, and 21) was 15 (Table 2). These 
transcripts refer to 13 genes, as three transcripts 
were detected in cluster 5 for only one gene 
encoding metallothionein-like protein type 3. The 
number of transcripts studied in these clusters were 
three, four, four, two, one, and one, respectively. 
A description of these transcripts is detailed in 
Tables 2 and S2, while the expression patterns of 
these transcripts are illustrated in Figures 5-10, 
respectively. 

Discussion

	 Differentially expressed genes in 
jojobaunder salt stress were upregulated in six 
clusters. The roles of a set of these genes in 
conferring salt stress tolerance are discussed below:
Miraculin and cysteine proteinase inhibitor 12
	 The miracul in-encoding gene is 
upregulated in the present study under 100 and 
200 mM NaCl on days 30 and 35, while the 
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Fig. 5. Expression pattern of selected genes in cluster 4 in leaves of non-salinized (C) and salinized (T) Jojoba 
(Simmondsiachinensis) plants at three NaCl concentrations (50, 100 and 200 mM) increased incrementally with 

five-day intervals and harvested at the second day (days 25, 30 and 35, respectively).G1 = Miraculin, G2 = 
Protein ROS1A, G3 = Germin-like protein subfamily 3 member 3

Fig. 6. Expression pattern of selected genes in cluster 5 in leaves of non-salinized (C) and salinized (T) Jojoba 
(Simmondsiachinensis) plants at three NaCl concentrations (50, 100 and 200 mM) increased incrementally with 
five-day intervals and harvested at the second day (days 25, 30 and 35, respectively).G4 = Metallothionein-like 

protein type 3 isoform 1, G5 = Metallothionein-like protein type 3 isoform 7, G6 = Ankyrin repeat domain-
containing protein 2B, G7 = Metallothionein-like protein type 3 isoform 21

cysteine proteinase inhibitor 12-encoding gene 
is upregulated under 100 mM NaCl only on day 
30 (Figures 5 and 8, respectively). Miraculin was 
discovered in the red berries of the miracle fruit 
(Richadelladulcifica) as a taste modifier that can 
change sour tastes to sweet (Masuda et al., 1995). 
Under salt stress, the gene encoding this protein was 
highly expressed in tomatoes and, essentially, this 
was a consequence of fruit miniaturization (Hirai 

et al., 2011). Moreover, this increase resulted in 
anelevationin the level of the encoded protein and 
the content of all other soluble proteins. Although 
the functions of miraculin proteins under salt stress 
remains unclear, this protein was proposed to play 
a defensive role against biotic and abiotic stresses 
by limiting cell damage (Tsukudaet al., 2006). The 
latter process might be explained by this protein’s 
high degree of amino acid sequence homology 
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Fig. 7. Expression pattern of selected genes in cluster 12 in leaves of non-salinized (C) and salinized (T) Jojoba 
(Simmondsiachinensis) plants at three NaCl concentrations (50, 100 and 200 mM) increased incrementally with 
five-day intervals and harvested at the second day (days 25, 30 and 35, respectively).G8 = Gibberellin-regulated 

protein 2, G9 = Sucrose-phosphate synthase, G10 = 1-aminocyclopropane-1-carboxylate oxidase homolog 1, G11 
= Callose synthase 3

Fig. 8. Expression pattern of selected genes in cluster 15 in leaves of non-salinized (C) and salinized (T) Jojoba 
(Simmondsiachinensis) plants at three NaCl concentrations (50, 100 and 200 mM) increased incrementally with 
five-day intervals and harvested at the second day (days 25, 30 and 35, respectively).G12 = Cysteine proteinase 

inhibitor 12, G13 = ubiquitin-conjugating enzyme E2 24.

and that of the Kunitz family of proteinase 
inhibitors. Studies have reported that proteinase 
inhibitors, such as cysteine proteinase inhibitor 
12, are generally involved in hypersensitive cell 
death execution in tobacco leaves (Montilletet 
al., 2005; Xu et al., 2012). The latter action leads 
to the regulation of ROS production, thereby 
leading to the production of a strong antioxidant 
defense system (Grant and Loake, 2000; Zhang 
et al., 2010). Dombrowski (2003) indicated that 

salt stress-induced accumulation of proteinase 
inhibitors in tomato plants was jasmonic acid-
dependent. Interestingly, the higher the expression 
of the gene encoding miraculin in citrus, the higher 
the level of tolerance to salt stress (Mouhayaet al., 
2010).
Protein ROS1A
	 The gene encoding the REPRESSOR 
OF SILENCING protein (ROS1A) was shown to 
be upregulated in jojobaleaves under salt stress 
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Fig. 9. Expression pattern of selected genes incluster 16in leaves of non-salinized (C) and salinized (T) Jojoba 
(Simmondsiachinensis) plants at three NaCl concentrations (50, 100 and 200 mM) increased incrementally 

with five-day intervals and harvested at the second day (days 25, 30 and 35, respectively). G14= xyloglucan 
endotransglucosylase/hydrolase protein 7.

Fig. 10. Expression pattern of selected genes in cluster 21 in leaves of non-salinized (C) and salinized (T) Jojoba 
(Simmondsiachinensis) plants at three NaCl concentrations (50, 100 and 200 mM) increased incrementally with 

five-day intervals and harvested at the second day (days 25, 30 and 35, respectively). G15 = BURP domain 
protein RD22.2.

(100 and 200 mM NaCl) (Figure 5). ROS1A 
was reported to participate in the demethylation 
of vegetative cells in plants, rice (Ono et al., 
2012; Lanciano and Mirouze 2017; Kim et al., 
2019b; Parrilla-Doblaset al., 2019).The plant 
methylation/demethylation process is involved 
in many physiological processes, including seed 
development and germination, fruit ripening 
and plant responses to biotic and abiotic stresses 
(Parrilla-Doblaset al., 2019).

	 Environmental stresses are known to 
impact genome stability and epigenetic mechanisms. 
Moreover, DNA methylation was reported to 
be involved in both adaptation and agronomic 
performances (Kim et al., 2019b). In rice, active 
DNA demethylation has been proven to assist in salt 
tolerance and responses to salt stress. Salt-tolerant 
rice showed decreased DNA methylation levels 
following exposure to salt stress. Accordingly, 
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reduced levels of DNA methylationareconsidered 
to be an adaptive mechanism to salt stress. 
Furthermore, a recent study also proposed that 
DNA demethylation during environmental stresses 
is involved in the intergenerational transmission of 
a “stress memory”. It is believed that the process 
of intergenerational transmission facilitates 
rapid adaptation to short-term environmental 
fluctuations, a phenomenon known as ‘priming’ 
(Serrano et al., 2019). Thus, this memory is 
remembered upon subsequent exposure to the same 
stress. 
	 Stress memory is thought to resemble the 
“memory cell” in our immune system that allows 
our bodies to remember the pathogen, thereby 
enabling the launching of a more rapid response. 
Through studies on Arabidopsis, researchers 
established that stress memory in plants exposed 
to salt stress is associated with changes in DNA 
methylation and that this memory was transmitted 
to subsequent generations (Wibowo et al., 2016). 
Interestingly, salt stress tolerance and changes 
in DNA methylation levels are preferentially 
transmitted through the female germline. Active 
DNA demethylation is also involved in the plant 
response to abscisic acid (ABA). The latter 
phytohormone accumulates as a result of biotic and 
abiotic stresses. ABA is known to play a crucial 
role in coordinating cascades of signal transduction 
during abiotic stresses (Parrilla-Doblaset al., 2019). 
Thus, ArabidopsisROS1 mutants are hypersensitive 
to ABA during early seedling development (Kim 
et al., 2019a). Moreover, ROS1 is required to 
demethylate and activate a subset of ABA-inducible 
genes (Kim et al., 2019a).Generally speaking, a 
better understanding of epigenetic regulations in 
plants is required to enhance understanding of 
how demethylation governed by genes encoding 
ROS1 contributes to improving plant adaptation 
to a changing environment.
Germin-like protein subfamily 3 member 3
	 The gene encoding germin-like protein 
subfamily 3 member 3(GLP3) was shown to 
be upregulated in jojobaleaves under salt stress 
(100 and 200 mM NaCl) (Figure 5). Members 
of the germin-like proteins (GLPs)contribute to 
the defense mechanisms launched following a 
pathogenic attack. Moreover, they can produce 
proteins with superoxide dismutase (SOD) activity 

in cereals and soybeans, among others (Schweizer 
et al. 1999; Christensen et al. 2004; Godfrey et 
al. 2007; Davidson et al. 2009, Lu et al., 2010a). 
Under normal conditions, plants express the natural 
formation/removal process of O2. Under stress 
conditions, the defense system is accompanied 
by increased ROS formation and is eventually 
overwhelmed. Nevertheless, SOD is considered to 
be the first line of defense against ROS (Davidson 
et al., 2010). In the sunflower (Helianthus annuus), 
GLPs were reported to prevent oxidative damage 
due to salt stress in plantsthrough the pathways 
of protein oxidation and lipid peroxidation 
(Davenport et al., 2003). 
Metallothionein-like protein type 3
	 Metallothioneins (MTs) are proteins that 
contribute to metal chelation in plants. In the metal-
thiolate cluster, MTs bind to metal ions and detoxify 
them, thus resulting in the buffering of the cytosolic 
metal concentration (Mekawyet al., 2020). Several 
studies have reported the positive effects of MTs on 
plants subjected to various abiotic stresses (Lee et 
al., 2004; Jinet al., 2017; Patankaret al., 2019). The 
MT family of proteins is a low molecular weight 
(7–10 kDa), cysteine- (Cys)-rich metal-chelating 
protein. The family comprises four types: MT1, 
MT2, MT3, and MT4 (Cobbett and Goldsbrough, 
2002). The four types differ by the arrangement 
of their preserved cysteine residue. Moreover, 
their tissue-specific expression demonstrates the 
differences in their functions (Freisinger, 2011; 
Leszczyszyn et al., 2013). In the present study, 
the upregulation of three MT transcripts under 
salt stress (50, 100, and 200 mM NaCl) proves 
that three typesof MTsare expressed in the leaves 
of jojobaand that they likely promote the plant’s 
ability to tolerate salt stress (Figure 6). A recent 
study indicated that the overproduction of MTs 
resulted in an increased activity of antioxidant 
enzymes, such as catalase and ascorbate peroxidase 
(Mekawyet al., 2020). Thus, MTs act as potential 
antioxidants that reduce cellular injury due to ROS 
overproduction (Chiaverini and De Ley, 2010). 
Specifically, the thio group (–SH) of the MT’s 
cysteine residues acts to eliminate the overproduced 
ROS, thereby reducing the cellular level of ROS 
to the required level and maintainingthecell’s 
equilibrium (Hassinen, et al., 2011). Earlier reports 
indicate that MTs can promote homeostasis,the 
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tolerance of metal ions (Cobbett and Goldsbrough, 
2002; Zimeriet al., 2005), and oxidative stress 
mitigation (Akashi et al. 2004). 
Ankyrin repeat domain-containing protein 2B
	 Gene encoding ankyrin (ANK) repeat 
domain-containing protein 2B was shown to be 
upregulated in jojobaleaves under salt stress (50, 
100, and 200 mM NaCl) (Figure 6). ANK is a repeat 
domainand is one of the most commonly conserved 
protein domains in all organisms (Sedgwick and 
Smerdon, 1999; Lopez-Ortiz et al., 2020). Study 
findings have reported ANKrepeats as mediators 
of protein–protein interactions (Michaely and 
Bennett, 1992; Li et al., 2006). Furthermore, 
they highlighted their function as molecular 
chaperones that work to maintain other protein 
structures under abiotic stresses (Chen et al., 2002).
ANK domain-containing proteins are frequently 
found participating in crucial physiological and 
developmental processes such as signaling (Yuan et 
al., 2013), chloroplast biogenesis (Bae et al., 2008), 
and leaf morphogenesis (Ha et al., 2004). These 
studies supported earlier reports that indicated 
how ANK repeat-containing proteins are involved 
in diverse cellular functions, including cell cycle 
regulation, signal transduction, and ion transport 
(Sedgwick and Smerdon, 1999; Yan et al., 2002).
Additionally, the ANK repeat-containing proteins 
play important roles in the cell’s response to both 
biotic and abiotic stresses (Zhanget al., 2016). 
Other reports indicated the role of these proteins 
indrought tolerance (Sakamoto et al., 2013) and 
ABA-mediated regulation of ROS levels under 
saltstress (Sakamoto et al., 2008).Nodzonet al. 
(2004) proved that the expression of certain ANK 
genes in plants is induced by auxin (IAA), abscisic 
acid (ABA), and jasmonic acid (SA), which 
mediate the responses to biotic and abiotic stresses. 
Other reports indicate that the promoter elements 
of ANK genes are also induced by gibberellic 
acid (GA) (Batlang, 2008) and ethylene (Seonget 
al., 2007). The proteins interacting with the ANK 
domain were predicted to exist in the membrane 
and in chloroplasts at the intracellular level. 
Gibberellin-regulated protein 2
	 The gene encoding gibberellin-regulated 
protein 2 was shown to be upregulated in jojobaleaves 
under the three salt stress concentrations (50, 
100, and 200 mM NaCl) (Figure 7). Gibberellin-
regulated protein 2 is among the gibberellic acid-

stimulated Arabidopsis protein family (GASAs). 
They areidentified as a class of cysteine-rich 
small peptides or CRPs (cysteine-rich peptides) 
(Silverstein et al., 2007). Numerous GASA genes 
have been isolated and identified from several 
plant species (Wigodaet al., 2006; Sun et al., 2013; 
Zhang and Wang, 2017). GASA proteins play an 
important role in the regulation of plant growth 
and development, including participation in the 
biotic and abiotic stress responses and in hormonal 
signal transduction (Wigodaet al., 2006; Zhang 
and Wang, 2008; Sun et al., 2013). One study 
reported the interaction of GASA proteins with 
other proteins in their regulation of plant hormone 
signal transduction (Zhang and Wang, 2017). For 
example, GASA5 in Arabidopsis participates 
in the heat stress response by regulating SA 
signaling toward the accumulation of heat shock 
protein (Zhang and Wang, 2008). Additionally, 
GASA4 over-expression was proven to inhibit 
ROS accumulation, thereby contributing to the 
antioxidant process and promoting tolerance to 
high salt stress (Zhang and Wang, 2017). The latter 
conclusion was supported by the loss-of-function 
mutant gasa14,which resulted in sensitivity to high 
salt stress in Arabidopsis. 
Sucrose-phosphate synthase
	 Gene encoding sucrose-phosphate 
synthase (SPS) was shown to be upregulated 
in jojobaleaves under the three salt stress 
concentrations (50, 100, and 200 mM NaCl) (Figure 
7). The functions of sucrose-metabolizing enzymes 
provide an alternative avenue to the plant’s salt 
stress response (Lu et al., 2010b). Examples of 
these enzymes include sucrose synthase (SS), 
sucrose-phosphate synthase (SPS),and invertase 
(INV). SS plays a vital role in regulating the 
phloem loading process, while SPS catalyzes the 
synthesis of sucrose phosphate during the last step 
of CO2 fixation in plants (Azevedo-Neto et al., 
2004). 
	 Methyl jasmonate (MeJA) is identified 
as an important phytohormone that participates 
in diverse processes, including plant response to 
salinity and water stresses (Kang et al., 2005). MeJA 
triggers the reprogramming of gene expression to 
help plant cells adapt to environmental stresses 
such as drought, low temperature, and salinity 
(Wolucka and Goossens, 2005).Moreover, MeJA 
participates in alleviating the damage caused by salt 
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stress through sucrose synthesis regulation and its 
metabolism, which contribute toward maintaining 
normal growth under such harsh conditions (Yu et 
al., 2019).One study reported that this hormone 
promoted thegene expression of the APS protein 
and that this appeared to constitute the rate-
limiting step in sucrose synthesis, thus providing 
the greatest effect on the sucrose accumulation 
rate (Daiet al., 2020). Interestingly, the activation 
of SPS appears to concurrently result in the 
elimination of the sucrose-degrading enzyme 
INV’s activity. Collectively, these responses result 
in a high rate of sucrose accumulation. Such effects 
are specific responses to salt stress and constitute a 
strategy for maintaining balanced sucrose content 
under stress conditions (Yu et al., 2019).
	 Additionally, under conditions of salt 
stress, the osmotic balance between the cell’s 
interior and its exterior is achieved by the 
regulation of the accumulation rate of compatible 
solutes. Such regulation promotes the reduction 
of intracellular inorganic ions, and this decreased 
intracellular ion pool is responsible for the 
reduced levels of sucrose accumulation as a 
result of lowered SPS activity and increased INV 
activity(Kirsch et al., 2018).
1-aminocyclopropane-1-carboxylate oxidase
	 The  gene  encoding the  enzyme 
1-aminocyclopropane-1-carboxylate (ACC) 
oxidase was shown to be upregulated in jojobaleaves 
under the three salt stress concentrations (50, 100, 
and 200 mM NaCl) (Figure 7). ACC oxidase is 
an ethylene-forming enzyme that mediates the 
second step of the two-step reaction of ethylene 
biosynthesis,while ACC synthase mediates the 
first step (Kende, 1993; Steffens, 2014). A plant’s 
adaptation to abiotic and biotic stresses is regulated 
by small endogenous signaling molecules, of which 
the gaseous phytohormone ethylene and ROS play 
important roles in mediating responses to numerous 
aspects of growth or cell death (Kende, 1993; Li et 
al., 2014; Trinh et al., 2014). 
	 Upregulation of the ACC oxidase 
transcripts has been found under high salt stress in 
Saccharum arundinaceumand Oryza brachyantha. 
Conversely, they have been reported to be down 
regulated in the homolog of Arabidopsis thaliana. 
One study explained these conflicting results by 
potentially attributing them to the differential 
perception of emitted ethylene under salt stress 

(Steffens, 2014). Downstream signaling cascades 
due to ethylene perception include the ion 
transporter EIN2 (Ethylene-insensitive protein 
2), the transcription factor EIN3, and members 
of the APETALA2/Ethylene Response Factor 
(AP2/ERF) multi gene family (Chen et al., 2002). 
Generally, ethylene represents an internal signal 
that promotes the plants’ ability to coordinate 
other downstream signals and that acts as an 
adaptive survival response to salt stress (Wang et 
al., 2002). Ethylene signaling is also necessary 
for ROS accumulation inconditions of salt stress 
(Li et al., 2014). In addition to ethylene signaling, 
ethylene homeostasis is required for conferring 
salinity tolerance upon plants (Dong et al., 2011). 
Occasionally, a plant may die as a result of abiotic 
stresses, but such death may be prevented by the 
triggering of processes by ethylene and ROS (Dong 
et al., 2011). 
Callose synthase 3
	 The gene encoding callose synthase (CalS) 
was found to be upregulated in jojobaleaves under 
the three salt stress concentrations (50, 100, and 200 
mM NaCl) (Figure 7). Callose synthase (CalS) is an 
enzyme that regulates the accumulation of callose 
at theplasmodesmal channels and their subsequent 
disposition in the plasmodesmata (Cui and Lee, 
2016). The processing of callose in this manner is 
commonly used to alter plasmodesmal permeability 
under biotic and abiotic stresses. Several callose 
synthase genes have been proven to be involved 
in this process in Arabidopsis. There are numerous 
cell communication strategies. However, molecular 
trafficking between adjacent cells through plasma 
membrane channels represents a potentially 
universal signaling mechanism (Abounit and 
Zurzolo, 2012; Gerdes et al., 2013; Lee, 2014). 
Plasmodesmata-mediated trafficking of nutrients 
among adjacent cells is critical for normal plant 
growth and development and for plant tolerance 
to abiotic stresses (Lucas et al., 2009; Benitez-
Alfonso et al., 2011; Burch-Smith and Zambryski, 
2012; Sevilemet al., 2013; Sager and Lee, 2014). 
The modulation of plasmodesmal permeability 
under stress occurs by hyper- or hypo-accumulation 
of a â-1,3 glucan termed callose, with the changes 
in callose levels often correlating negatively with 
the plasmodesmal permeability (Zavalievet al., 
2011; De Storme and Geelen, 2014). The latter 
process is dependent on the callose synthase 
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expression level or of the â-1,3-glucanase genes 
that are presumed to be implicated in plasmodesmal 
permeability (Vaténet al., 2011; Benitez-Alfonso 
et al., 2013). During this process, cellular signals 
are transduced to the molecular machinery that 
regulates plasmodesmal callose deposition, thus 
impacting the plasmodesmal permeability (Cui 
and Lee, 2016). Moreover, the accumulation of 
callose at the plasmodesmata by CalS is a key 
mechanism in regulating the molecular movement 
taking place between adjacent cells through the 
plasmodesmata. Recent reports connect specific 
abiotic and biotic signals to callose-dependent 
plasmodesmal regulation (De Storme and Geelen, 
2014; Sager and Lee, 2014; Cui and Lee, 2016).
Ubiquitin-conjugating enzyme E2 24
	 The gene encoding ubiquitin-conjugating 
enzyme E2 24 was shown to be upregulated in 
jojobaleaves under a salt stress concentration 
of 100 mM NaCl (Figure 8). The ubiquitin-
conjugating enzyme E2 is found in the second 
step of ubiquitination. The first step involves the 
ubiquitin-activating enzyme E1, which catalyzes 
the activation of ubiquitin. In the second step, 
ubiquitin is transferred to the ubiquitin-conjugating 
enzyme (UBC) E2. The final ubiquitination step 
involves the ligation of ubiquitin to the protein 
substrate by the direct transfer of ubiquitin from E2 
or from the protein ligase E3 (Chung et al., 2013). 
The ubiquitin/proteasome system represents the 
original pathway for selective protein degradation 
in plants (Kornitzer and Ciechanover, 2000). Protein 
degradationcontributes to the signal transduction 
pathways during plant responses to abiotic stresses 
(Hellmann and Estelle, 2002). Ubiquitination 
has important functions in numerous biological 
processes in plants, including light signaling, 
embryogenesis, leaf senescence, and plant stress 
tolerance (Chung et al., 2013). 
	 All forms of theubiquitin-conjugating 
enzyme E2 contain a conserved protein domain 
of approximately 16 kDa with a 150-amino-acid 
catalytic core termed theubiquitin-conjugating 
enzyme (UBC) domain (Sung et al., 1990). 
Upregulation of the gene encoding UBC E2 results 
in high expression levels of stress-responsive 
genes such as P5CS,which encodes the proline 
biosynthetic key enzyme (Zhou et al., 2010), 
and the genes encoding brassinosteroid-mediated 
signaling (Cui et al., 2012), the ion antiporter 

(NHX1 and CLCa), and the copper chaperone 
(superoxide dismutase gene) (Zhou et al., 2010). 
The activity of UBCE2 also results in a higher 
sensitivity to ABA and to the upstream ABA-
responsive bZIP transcription factors (Chung et 
al., 2013). 
Xyloglucan endotransglucosylase/hydrolase 
protein 7
	 The  gene  encod ing  xy log lucan 
endotransglucosylase/hydrolase (XTH) protein 7 
was also found to be upregulated in jojobaleaves 
under two salt stress concentrations (100 and 200 
mM NaCl) (Figure 9). Xyloglucan (XyG) is a 
hemicellulose polymer involved in the formation 
of the primary cell wall of plants (Yan et al., 
2019). XyGbinds to cellulose microfibrils by 
hydrogen bonding during cell elongation, thus 
causing the loosening of the cell wall (Hayashi 
and Kaida, 2011; Park and Cosgrove, 2015; Pauly 
and Keegstra, 2016). Simultaneously, the gene 
encoding XTH acts to modulate the production of 
tracheary elements in leaves (Matsui et al., 2005) 
andcellulose deposition inplant roots (Liu et al., 
2007). The gene is involved in plant salt tolerance 
and in a subset of physiological responses to 
counteract dehydration (Cho et al., 2006; Choi et 
al., 2011). Furthermore, XTH also participates in 
cell wall loosening to increase the walls’ flexibility 
and to enable its rapid remodeling when cells are 
subjected to abiotic stresses (Yan et al., 2019). 
It also strengthens the cell wall layers, thereby 
enhancing the protection of the mesophyll cells 
from salt stress. Overall, XTH governs the primary 
cell wall architecture by cleaving and rejoining the 
XyG chains to alter the size and shape of XyG, 
thereby acting as an adaptive response to salt and 
dehydration stresses (Park and Cosgrove, 2015). 
BURP domain protein RD22
	 The gene encoding the BURP domain 
protein RD22 was shown to be upregulated 
in jojobaleaves under the three salt stress 
concentrations (50, 100, and 200 mM NaCl) 
(Figure 10). The RD22 protein belongs to the 
BURP domain protein family (Hattori et al., 1998). 
The BURP domain consists of approximately 230 
amino acids and is named for the first four identified 
members of the group, namely, BNM2, USP, RD22, 
and PG1beta. Under conditions of salt stress, the 
overexpression of the gene encoding RD22 results 
in enhanced growth and a higher chlorophyll 
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content (Jamoussiet al., 2014). Simultaneously, 
the plant was able to accumulate lower levels of 
sodium (Na+) in leaves and chloride (Cl-) in all 
organs due to the action of theRD22 gene. Ion 
analysis of plants overexpressing the RD22 gene 
demonstrated the occurrence of osmotic adjustment 
due to the overproduction of total soluble sugars 
(Jamoussiet al., 2014). Other reports also showed 
that expression of the RD22 gene is induced by 
water deficit, salinity stress, and abscisic acid 
application (Shunwuet al., 2004). The RD22 gene 
helps in the production of lignin in plant leaves, 
which acts as another protective mechanism (Wang 
et al., 2012). Expression of the RD22 gene is 
induced by the two stress-responsive transcription 
factors MYC and MYB, acting as cis-elements in 
the RD22 promoter (Abe et al., 2003). The latter 
action reduces the adverse effects of stress on 
overall plant growth (Roxaset al., 2000). 
	 In conclusion, the jojoba plant initiates 
numerous physiological and molecular mechanisms 
to combat salt stress. These include mechanisms that 
limit cellular damage by regulating ROS production, 
methylation/demethylation mechanisms followed 
by an intergenerational transmission of a “stress 
memory,” and the production of proteins with 
superoxide dismutase (SOD) activity. Additional 
mechanisms include detoxification of metal ions 
and the production of molecular chaperones, the 
regulation of signal transductionand ion transport 
processes, the reprogramming of selective gene 
expression,andthe maintenance ofa balanced 
sucrose content. Furthermore, ethylene signaling 
and homeostasis, the regulation of plasmodesmal 
permeability, ubiquitination,and selective protein 
degradation are all mechanisms that also work 
toward reducing the impact of salt stress. The 
jojoba plant also employs cell wall remodeling, 
alleviating the chlorophyll content, reducing 
the levels of sodium (Na+) and chloride (Cl-) 
accumulation and lignin production as means of 
combatting salt stress. These findings will aid the 
utilization of jojoba in various ways, including 
its use in breeding programs and/or its mass 
production. Knowledge of these mechanisms will 
secure the quality and yield of its economically 
important chemical compounds.
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