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Abstract. The study aims to characterize the leaves of Jojoba (Simmondsia chinensis) under salt stress (50,
100, and 200 mM NaCl) at physiological and molecular levels. Physiological analysis included photosynthetic
pigments of chlorophylls-a, and -b as well as carotenoids. H-O. content as well as two antioxidant enzymes,
namely catalase and ascorbate peroxidase, were also analyzed. Overall results of physiological parameters
indicated their differential response due to the stress. Molecular analysis, done via RNA-Seq and mapping
highly expressed transcripts to KEGG pathways, resulted in a large number of regulated genes under salt stress,
of which, 13 genes in six pathways were further studied referring to the studied physiological parameters.
These genes included ALDO and TKT that promote both Calvin-Benson cycle and the production of erythrose-
4-phosphate that acts upstream nine genes towards better growth under stress conditions. Other genes included
HAOQ that mediates crosstalking of “carbon fixation in photosynthetic organisms” pathway and APX that
participates in “Ascorbate and aldarate metabolism” pathway. Overall, the six pathways were proven to
crosstalk under salt stress in Jojoba to provide salt stress tolerance. This information can help using this plant as
a source of biodiesel in salinized soil or areas of water scarce.

Keywords: Chl, carotenoids, H.O,, CAT, APX, ALDO, TKT, HAO, RNA-Seq, carbon fixation, tryptophan
metabolism

Introduction

Salt stress imposes a challenge in agriculture sector worldwide (Liang et al., 2018). It
results in the alteration of some metabolic pathways in plants underlying many
physiological and biochemical processes (Bafeel et al., 2016). Next-generation
sequencing (NGS) technologies coupled with computational tools allowed the study of
transcriptomes of model and non-model organisms, especially those with no available
genome sequencing data like Simmondsia chinensis (Link) Schneider (Martin and
Wang, 2011; Garber et al., 2011; Jain, 2012; Nejat et al., 2018). The high-throughput
RNA-Seq technology allows the study of the whole plant transcriptomes, the dynamics
of gene expression and regulation towards the adaptability to soil salinity (Wang et al.,
2009; Sailaja et al., 2014; Cao et al., 2018; Nejat et al., 2018). Understanding the
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physiological and molecular dynamics of salt stress responses will allow the
development of genotypes with enhanced salt tolerance. Studying the plant response to
such adverse conditions at the molecular and physiological levels will provide a new
avenue towards the improvement of the agricultural productivity.

Jojoba (Simmondsia chinensis) is known for its important applications in biodiesel
industry. It has several other applications due to medicinal properties including
cosmetics and personal care formulations (Passerini and Lombardo, 2000; Al-Obaidi
et al., 2017). However, due to the scarce of information of transcriptome of Jojoba, it
Is a challenge to detect genes and transcription factors that might confer salt stress
tolerance. Transcriptomic analysis of plant responses to salt stress based on RNA-Seq
has been performed in various species including Rhazya stricta (Hajrah et al., 2017),
Arabidopsis (Kawa and Testerink, 2017), barley and rice (Ueda et al., 2006). As a
result of abiotic and biotic stresses, production and accumulation of toxic reactive
oxygen species (ROS) have been recorded by many researchers. These conditions
result in oxidative stress and cause membrane leakage through increased lipid
peroxidation (Bowler and Fluhr, 2000; Shah et al., 2001; Mittler, 2002; Panda and
Khan, 2004; Wu et al., 2014). ROS also affects other important macromolecules
including proteins, nucleic acids, photosynthetic pigments and lipids (Mittler, 2002;
Wu et al., 2014; Hend et al., 2015). Antioxidants include both enzymatic (Superoxide
dismutase (SOD), Catalase (CAT), Ascorbate peroxidase (APX), etc.) and non-
enzymatic components that can reduce the chance of facing oxidative stress conditions
by mediate scavenging of ROS (Mittler, 2002; Wu et al., 2014; Hend et al., 2015;
Abd-Allah et al., 2015).

The present study aims at detecting transcriptome of Jojoba (Simmondsia chinensis
(Link) Schneider) under salt stress in order to get better insights into some physiological
mechanisms by which this plant species tolerates the stress. We will also try to get a
better understanding of molecular processes complying to physiological data.

Materials and methods
Plant material sampling and watering regime

Experiment was conducted at the laboratories of the Department of Biological
Sciences, King Abdulaziz University, Jeddah, Saudi Arabia. Jojoba seeds were grown in
10 pots in a growth chamber (9 cm, 3 seeds/pot) filled with soil mix (1 soil: 1
vermiculite) and watered with deionized double distilled water under the following
growth conditions; e.g., 21 + 2 °C (day/night) under light intensity of ~175 umoles m
st and a 16 h-light/8 h-dark cycle. Experiment was designed as shown in Figure 1.
Emerged plantlets were allowed first to grow for 19 days, then, they were
morphologically screened for homozygosity and accordingly number of plantlets per
pot was narrowed to one (Bahieldin et al., 2015). Then, pots were divided into two
groups. The first group (five pots) was continued to be irrigated every five days with
deionized double distilled water (control), while the other group was salt stressed
(treatment). It was important to use distilled water to avoid impurities and indigenous
microbes that can pose additional stress (biotic) to the plant. The plantlets were irrigated
three times with intervals of five days. Salt stressed plantlets were first irrigated with
50 mM NaCl, followed by 50 and 100 mM NaCl incremental increases, respectively, of
salt stress as recommended by Munns (2002). The samples of the salt stressed plantlets
were harvested after plantlets were exposed to 50, 100 and 200 mM NaCl, respectively.
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Then, leaf samples of stressed and non-stressed plantlets were harvested the second day
of irrigation at days 25, 30 and 35, respectively. Then, replicates of each group were
divided for molecular and physiological analysis.
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Figure 1. Schematic representation of the salt stress experiment conducted starting day 24 at
three NaCl concentrations increased incrementally with five-day intervals (50, 100, and
200 mM) in Jojoba plant. Leaf samples were harvested the second day of applying salt
treatments (days 25, 30 and 35, respectively) for RNA-Seq analysis

Physiological experiments
Determination of photosynthetic pigments

Chlorophylls and carotenoids were measured using UV-VIS Spectroscopy according
to Hiscox and Israelstam (1979) with some modifications (Su et al., 2010). 0.1 g of each
fresh green leaf sample (three replicates) was placed in a test tube. Then, 5 ml of
ethanol (95%) was added to each tube at 60 °C. then (green solution) was homogenized
with extraction and placed in a cuvette. The absorbance readings were determined
spectrophotometry by Lambda 25 UV-Vis spectrometer at wavelengths 663, 644, and
452 nm. Two ml of ethanol (95%) was used as a blank. Chlorophylls and carotenoids
concentrations were calculated using Equations 1, 2 and 3, respectively, according to
Sumanta et al. (2014) as follows:

Chlorophyll-a (Chls) = (13.36, A664) - (5.19, A649) = pug/ml (Eq.1)
Chlorophyll-b (Chly) = (27.43, A649) - (8.12, A664) = pug/ml (Eq.2)
Carotenoid (car) = [1000, A470 — (2.13 Chla— 97.63 Chly)] / 209 = pg/ml (Eq.3)

Determination of hydrogen peroxide (H20) content

H>O> content was measured according to Mukherjee and Choudhuri (1983) with
some modification. H2O, was extracted from homogenized leaf tissue (0.5 g) eluted in
5 mL of cold acetone. The extract was centrifuged at 6000 g for 25 min, then, 5 ml of
sulfuric acid was added to 0.5 g of titanium dioxide, and solution was heated gently
until fumes of sulfuric acid are evolved. After cooling, water was gradually added to
reach 100 ml. Then, 3 ml of supernatant was mixed with 1 ml of titanium sulfate in
H>SO4 and the mixture was centrifuged at 6000 g for 15 min. The intensity of the
yellow color of the supernatant was measured at 410 nm and H.O> level was calculated
using the extinction coefficient of 0.28 umol™* cm™.
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Antioxidant enzymes activity
Antioxidant enzymes extraction

The enzymes were extracted according to Cakmak and Marschner (1992) with some
modifications. Leaves tissue (0.5 g) was grounded in liquid N> to fine powder. Then, it
was homogenized in 5 ml of 100 mM potassium phosphate buffer (pH 7.8) with 0.1 mM
ethylenediamine tetraacetic acid (EDTA) and 0.1 g polyvinyl pyrrolidone (PVP). The
samples were then centrifuged at 18,000 rpm for 10 min at 4 °C, and the supernatants
were collected to be used for enzymes activity assays.

Enzyme activities
(1) Catalase (CAT) (EC 1.11.1.6)

Determination of CAT activity was assayed according to the spectrophotometric
modified method of Aebi (1984). The reaction medium contained 2600 ml of 50 mM
potassium phosphate buffer (pH 7), and 100 pl of the enzyme. The reaction initiated by
adding 300 pul of 10 mM H2O». Three readings were scored, each after 3 min. The
absorbance was measured in spectrophotometer at 240 nm. The catalase activity was
calculated using the molar extinction coefficient 39.4 mmol/cm. Enzyme activity was
then calculated using Equation 4:

A CAT = extraction volume

Enzyme activity = » extinction coefficient
: : Fwt. x analysis volume of enzyme extract (Eq'4)

(2) Ascorbate peroxidase (APX) (EC 1.11.1.11)

Determination of Ascorbate peroxidase activity was assayed according to the
spectrophotometric method of Nakano and Asada (1981). The activity was determined
by the decreased absorption at 290 nm at 3 min-intervals due to ascorbate oxidation.
Then, 200 pl of enzyme extract was added in a cuvette and 2.5 ml of 50 mM potassium
phosphate buffer (pH 7) was added. Then, 100 pl of 5 mM H202 and 50 pl of 0.1 mM
Nax-EDTA were added. Finally, 100 pl of 0.5 mM ascorbic acid was added to start the
reaction. The absorbance was measured in spectrophotometer at 290 nm. The ascorbate
peroxidase activity was calculated using the molar extinction coefficient 2.8/mmol x
cm. Enzyme activity was then calculated using Equation 5:

A APX A x extraction volume

Enzyme activity =  extinction coefficient (E(.5)

Fwt. x analysis volume of enzyme extract

Statistical analysis

Paired comparison of T-test was made between the control and treatment samples
across each concentration. Threshold of p-value <.05 was considered statistically
significant.

Molecular analysis

Flash-frozen leaf materials from individual Jojoba plant samples were crushed into a
fine powder in a microcentrifuge tube using a sterilized metal rod. Total RNA was
extracted from three similar-sized (10 mm?) leaf discs per plant (approximately 50 mg
tissue) using Trizol (Invitrogen) and treated with RNase-free DNase (Promega Inc.).
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The vyield and quality of RNA were determined using a Nanodrop-8000
spectrophotometer (Thermo Scientific, Wilmington, DE, USA). After RNAs were
quantified, 30 ug (400 ng/ul) was used for RNA-Seq. To test for the presence of DNA
contamination in RNA samples, the actin gene was amplified by PCR of the original
RNA samples. RNA samples were then shipped to Beijing Genome Institute (BGI),
Beijing, China for deep sequencing. Next-generation sequencing using illumina Miseq
generated raw data in FASTQ format. Raw transcriptomic data of Jojoba were
submitted to the NCBI for reviewing and receiving accession numbers.

Raw data was filtered and trimmed for low-quality score reads, then, adaptor and primer
sequences were removed and reads less than 40 bp were removed using Trimmomatic
v0.30 (Bolger et al., 2014). Sequencing data with Phred quality score Q >20 was further
used in assembly. Expected read counts were used as input to differential expression
analysis by EdgeR package (version 3.0.0, Robinson et al., 2010). Analysis of the RNA-Seq
datasets indicated the recovery of >5 million reads per sample. De novo assembly was done
for the different samples using the Trinity RNA-Seq Assembly package (r2013-02-25) with
optimized parameters and K-mer size set to 25. CLC Genomics workbench (CLC Bio,
Boston, MA 02108 USA) was used to validate the assembled transcript contigs by mapping
high-quality reads back to the assembled transcript contigs. To identify the coding DNA
sequences (CDS) from assembled transcript contigs, an online tool ORF-Predictor (Min et
al., 2005) (http://proteomics.ysu.edu/tools/OrfPredictor.html) with the default parameters
was used. Then, differential expression and cluster analysis were done by EdgeR (version
3.0.0). Blastx was performed (with an E-value cut off of 1e®) and fold change values of
differentially expressed transcripts were measured against the actin used as the house-
keeping gene.

Significant Pearson correlation was determined during permutation analysis. The
generated  clusters were analyzed for GO terms wusing Blast2GO
(http://www.blast2go.org/). GO terms for all the BLASTX functionally annotated CDS
was retrieved using GO mapping. CDS were categorized by WEGO analysis which
involved sketching a WEGO plot based on GO hits. To retrieve GO terms for annotated
CDS, the GO mapping used defined criteria. This included use of (i) BLASTX result
accession IDs to retrieve gene names or symbols, (ii) UniProt IDs, and (iii) direct search
in the dbxref table of the GO database. Gene names or symbols thus identified were
then searched against the species-specific entries of the gene-product tables in GO
database. To retrieve UniProt IDs, Protein Information Resource (PIR) was used. PIR
includes protein sequence database (PSD), UniProt, SwissProt, TrEMBL, RefSeq,
GenPept, and PDB databases. Using GO analysis, all the annotated nodes comprising
GO functional groups were specified.

All predicted CDS were annotated against protein database in order to assign
putative function of the transcriptome after translation into protein. The regulated genes
under salt stress (200 mM NaCl) were mapped across its corresponding control to
reference canonical pathways in the Kyoto Encyclopedia of Genes and Genomes
(KEGG) (http://www.genome.ad.jp/kegg/).

Results

Leaf samples were harvested 1, 6 and 11 days after plantlets initially exposed to salt
stress. Due to the incremental increase of salt stress pressure, the concentrations of salt
stress at the latter time points were 50, 100 and 200 mM NaCl. This took place when
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plantlets were 25-, 30- and 35-days old, respectively, after seeds were put for
germination. The reason for the incremental increase of salt stress is to allow plants to
gradually adapt to salt stress.

Physiological parameters related to salt stress
Plant pigments

According to the results in Figure 2a, chlorophyll-a (Chl,) slightly inhibited in salt
(50 and 100 mM NaCl) treated plants compared to their respective control plants at days
25 and 30, respectively, while slightly increased in salt treated plants compared to its
respective control plant at day 35 with salt concentration of 200 mM NacCl. Table Al
(see Appendix) indicates that the mean Chla contents in control and salt (50 mM NaCl)
treated plants at day 25 were 2.56 and 2.42 mg/g FW, respectively, while Chl, contents
in control and salt (100 mM NacCl) treated plants at day 30 were 1.95 and 1.70 mg/g
FW, respectively, and decreased to 1.36 mg/g FW at day 35 in control plants, while not
changed (e.g., 1.71 mg/g FW) in salt (200 mM NaCl) treated plants.

None of the three time points showed significant differences between means of control
and respective salt treated plants (Table Al). Figure 2b illustrates slight increase of
chlorophyll-b (Chlp) content in salt (100 mM NacCl) treated plants at day 30 compared to
their respective control plants, while significant decrease at day 35 in salt (200 mM NacCl)
treated plants compared to its respective control plants. Table Al indicates that the mean
Chlp contents at day 25 in control and salt (50 mM NaCl) treated plants were 3.14 and
3.04 mg/g FW, respectively, while Chly contents at day 30 in control and salt (100 mM
NaCl) treated plants increased to 5.05 and 5.85 mg/g FW, respectively, and slightly
changed to 5.48 and 4.76 mg/g FW, respectively, at day 35 in control and salt (200 mM
NaCl) treated plants. Figure 2c showed no significant difference in the carotenoid content
at day 25 between salt (50 mM NaCl) treated plants compared to its respective control
plant, while significant increase in the carotenoid content in salt (100 mM NacCl) treated
plants at day 30 compared to the control plants, and a significant decrease in salt (200 mM
NaCl) treated plants at day 35 compared to the control plants. Table Al indicates that the
mean carotenoid contents in control and salt (50 mM NacCl) treated plants at day 25 were
8.67 and 7.96 mg/g FW, respectively, while carotenoid contents were increased to 12.92
and 14.78 mg/g FW at day 30 in control and salt (100 mM NaCl) treated plants,
respectively, and almost not changed (e.g., 13.57 mg/g FW) at day 35 in control plants,
while reduced to 10.18 in salt (200 MM NaCl) treated plants. Overall, there are no
significant differences between control and salt treated plants at 50 mM NaCl in terms of
the three types of pigments (Fig. 2 and Table Al).

Hydrogen peroxide (H20,)

The results in Figure 3 indicates that H202 concentration (umol™ cm™) significantly
decreased at 50 and 100 mM NaCl, while significantly increased at the salt
concentration of 200 mM NaCl. Table A2 indicates that the mean H2O, contents in
control and salt (50 mM NacCl) treated plants at day 25 were 13.12 and 9.32 umol™* cm-
! respectively, while contents were 11.71 and 8.99 umol™® cm™, respectively, at day 30
in control and salt (100 mM NaCl) treated plants and became 12.34 and 15.22 pmol™
cm?, respectively, at day 35 in control and salt (200 mM NacCl) treated plants. The
overall results indicate that H>O; is highly sensitive to salt stress as its concentration
significantly changed at different levels of salt stress.

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 19(3):1953-1982.
http://www.aloki.hu e ISSN 1589 1623 (Print) ¢ ISSN 1785 0037 (Online)
DOI: http://dx.doi.org/10.15666/aeer/1903_19531982
© 2021, ALOKI Kft., Budapest, Hungary



Alghamdi et al.: Physiological and molecular mechanisms underlying salt stress tolerance in jojoba (Simmondsia chinensis)
- 1959 -

=
[V
7]
o
£ 2.00
®
=
L
Q.
e
S
L
()
1.00
I
% Y%
salt stress cross time
a
8.00
=
[V
7]
' 4.00
ER
-
=
S 2.00
(=]
S
S
L
o
1.00
2
%
Salt stress across time
b
- 16.00
=
[T
%0 8.00
&
£
& 4.00
S
£
£
S 2.00
©
(8]
1.00
Q’J‘ )‘"J‘ Q’O %90 Q’,\S‘ )‘%‘
Salt stress across time
C

Figure 2. Means of chlorophyll-a (a), chlorophyll-b (b) and carotenoids (c) (mg/g FW) in
leaves of non-salinized (control) and salinized (treatment) Jojoba 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). Means were calculated for three
replicates. Vertical bars indicate # SE. Statistical analysis was done with P value of < 0.05.

* = significant
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Figure 3. Means of hydrogen peroxide (H20z) concentration (umol*cm™) in leaves of non-
salinized (control) and salinized (treatment) Jojoba 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). Means were calculated for three replicates. Vertical
bars indicate # SE. Statistical analysis was done with P value of < 0.05. ** = very significant,
*** = highly significant

Enzyme activities

The results in Figure 4 for catalase (CAT) activity (U/g FW) in plant leaves indicated
significant increase at 50 and 100 mM NaCl, while non-significantly increased at
200 MM NaCl. Table A2 indicates that the mean CAT activities in control and salt
(50 mM NacCl) treated plants at day 25 were 13.11 and 27.16 U/g FW, respectively, while
CAT activities were 41.88 and 168.53 U/g FW, respectively, at day 30 in control and salt
(100 mM NacCl) treated plants and reduced to 35.35 and 45.93 U/g FW, respectively, at
day 35 in control and salt (200 mM NaCl) treated plants. Aascorbate peroxidase (APX)
activity (U/g FW), shown in Figure 5, in plant leaves significantly increased at 100 mM
NaCl, while non-significantly increased at 50 and 200 mM NaCl. Table A2 indicates that
the mean APX activities in control and salt (50 mM NaCl) treated plants at day 25 were
4.58 and 5.98 U/g FW, respectively, while APX activities were 7.06 and 11.23 U/g FW,
respectively, at day 30 in control and salt (100 mM NacCl) treated plants and became
14.84 and 15.63 U/g FW, respectively, at day 35 in control and salt (200 mM NaCl)
treated plants. The overall results indicate that showed the same pattern of activity under
salt stress as its level significantly increased at 100 mM NaCl salt stress, while no
significant increases were observed at 50 and 200 mM NaCl. These results indicate that
these two enzymes have no prolonged effect under salt stress.

Molecular genetic parameters related to salt stress

Assembly of transcripts resulted in a large number of genes regulated under the
pressure of incremental increases of salt stress (Table A3). These genes were mapped
to reference canonical pathways in the Kyoto Encyclopedia of Genes and Genomes
(KEGG) (http://www.genome.ad.jp/kegg/). We have used the term enrichment
referring to the increase of gene-encoded enzymes or metabolites in salt-stressed (200
mM NacCl) plants compared to the non-stressed. Enriched metabolite indicates that
encoding gene is highly expressed under salt stress. The primary gene selection
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criterion was based on the high level (>5 FC) of expression. In the present study, we
focused on highly expressed genes in order to detect some molecular mechanisms
used by Jojoba to respond positively to salt stress and probably confer tolerance. The
secondary selection criterion involved genes complementing the detected
physiological responses to salt stress. Expression levels of three of these genes
(ALDO, TKT and HAO) were validated via gPCR and results complemented those of
RNA-Seq (data provided upon request).
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Figure 4. Means of catalase (CAT) activity (U/g FW) in leaves of non-salinized (control) and
salinized (treatment) Jojoba 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). Means were calculated for three replicates. Vertical bars indicate #SE.
Statistical analysis was done with P value of < 0.05. *** = highly significant

KEGG analysis

Referring to the physiological parameters involved in the differential response to salt
stress in Jojoba plant leaves, a number of 13 enzyme-coding genes in addition to five
protein-coding genes were studied (Table 1). Among these pathways, “carbon fixation
in photosynthetic organisms”, “ascorbate and aldarate metabolism” and “glyoxylate and
dicarboxylate” are major players (Figs. A1-A3, respectively). The “carbon fixation in
photosynthetic organisms” pathway is the gate towards the opening of other
downstream cross-talking pathways (Figs. A4-A6). The latter pathways are
“phenylalanine, tyrosine and tryptophan biosynthesis” (Fig. A4), “tryptophan
metabolism” (Fig. A5) and “plant hormone signal transduction” (Fig. A6). These
pathways act in promoting plant’s ability to stand harsh environmental conditions.

Carbon fixation in photosynthetic organisms

Physiological analysis in the present study indicated the involvement of the two
chlorophyll (Chla and Chly) pigments as well as carotenoid pigment in the plant
response to salt stress. These pigments are the main contributors to the process of
carbon fixation during photosynthesis. Molecular analysis indicated the participation of
two important upregulated genes in the “carbon fixation in photosynthetic organisms”
pathway (Fig. Al). These two genes are ALDO that encodes fructose-bisphosphate
aldolase (EC: 4.1.2.13) and the other gene is TKT that encodes transketolase (EC:
2.2.1.1) (Table 1). The two gene, e.g., ALDO and TKT, was upregulated under salt stress
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(50, 100 and 200 mM NaCl) (Fig. 6). ALDO gene participates in 11 pathways, while
TKT gene participates in eight pathways (Table 1). In the “carbon fixation in
photosynthetic organisms” pathway, fructose-bisphosphate aldolase is enriched under
salt stress in Jojoba to participate in the conversion of glyceraldehyde-3-phosphate via
two routes of the pathway (Fig. Al). The first route refers to the conversion of
glyceraldehyde-3-phosphate to fructose-1,6-biphosphate, while the second route is a
bypass through triosephosphate isomerase for the conversion of glyceraldehyde-3-
phosphate to sedoheptulose-1,7-biphosphate. These two routes promote the occurrence
of Calvin-Benson cycle, hence carbon fixation, which are important processes in
providing energy required under salt stress.

Enrichment of the other enzyme transketolase makes the cell favors the first route in
which glyceraldehyde-3-phosphate is converted via the three enzymes fructose-
bisphosphate aldolase, fructose-1,6-bisphosphatase | and transketolase to erythrose-4-
phosphate. This first route also indicates that glyceraldehyde-3-phosphate can directly
be converted by transketolase to erythrose-4-phosphate as a bypass.
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Figure 5. Means of ascorbate peroxidase (APX) activity (U/g FW) in leaves of non-salinized
(control) and salinized (treatment) Jojoba 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). Means were calculated for three replicates. Vertical bars indicate
+SE. Statistical analysis was done with P value of < 0.05. * = significant

Table 1. Enriched enzymes and pathways under salt stress in leaves of Jojoba plants

Accession no. Enzyme Pathway

Biosynthesis of amino acids
Biosynthesis of secondary metabolites
Carbon fixation in photosynthetic
organisms
Carbon metabolism
Fructose and mannose metabolism
Glycolysis/Gluconeogenesis
HIF-1 signaling
Metabolic pathways
Methane Metabolism
Microbial metabolism in diverse environments
Pentose phosphate

EC:4.1.2.13 Fructose-bisphosphate aldolase
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EC: 2211

Transketolase

Biosynthesis of amino acids
Biosynthesis of ansamycins
Biosynthesis of secondary metabolites
Carbon fixation in photosynthetic
organisms
Carbon metabolism
Metabolic pathways
Microbial metabolism in diverse environments
Pentose phosphate

EC: E2.5.1.54

3-deoxy-7-phosphoheptulonate
synthase

Phenylalanine, tyrosine and tryptophan
biosynthesis
Metabolic pathways
Biosynthesis of secondary metabolites
Biosynthesis of amino acids
Quorum sensing

EC:4.2.1.10
EC:2.4.2.18
EC:4.1.1.48

3-dehydroquinate dehydratase |
Anthranilate phosphoribosyl
transferase
Indole-3-glycerol phosphate synthase

Phenylalanine, tyrosine and tryptophan
biosynthesis
Metabolic pathways
Biosynthesis of secondary metabolites

EC: 4.1.3.27

Anthranilate synthase

Phenylalanine, tyrosine and tryptophan
biosynthesis
Phenazine biosynthesis
Metabolic pathways
Biosynthesis of secondary metabolites

EC:4.2.1.20

Tryptophan synthase

Glycine, serine and threonine metabolism
Phenylalanine, tyrosine and tryptophan
biosynthesis
Metabolic pathways
Biosynthesis of secondary metabolites

EC:2.6.1.99
EC: 1.14.13.168

Tryptophan pyruvate aminotransferase
Indole-3-pyruvate monooxygenase

Tryptophan metabolism
Metabolic pathways

EC:35.14

Amidase

Arginine and proline metabolism
Phenylalanine metabolism
Tryptophan metabolism

Aminobenzoate degradation
Styrene degradation
Metabolic pathways
Microbial metabolism in diverse environments

EC:1.1.3.15

(S)-2-hydroxy-acid oxidase

Biosynthesis of secondary metabolites
Glyoxylate and dicarboxylate metabolism
Metabolic pathways
Microbial metabolism in diverse environments

EC:1.11.1.11

L-ascorbate peroxidase

Ascorbate and aldarate metabolism
Glutathione Metabolism
Metabolic pathways

Pathways discussed are shown in bold letters

Downstream crosstalking pathways

Erythrose-4-phosphate is an important metabolite in the occurrence of carbon fixation
via fructose-bisphosphate aldolase and transketolase as previously indicated. In the
present study, erythrose-4-phosphate acted as a rate limiting metabolite that wired another
important cross-talking pathway namely “phenylalanine, tyrosine and tryptophan
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biosynthesis” towards the production of tryptophan (Fig. A4). This has taken place via the
upregulation under salt stress of as much as six genes encoding 3-deoxy-7-
phosphoheptulonate synthase (EC: E2.5.1.54), 3-dehydroquinate dehydratase | (EC:
4.2.1.10), anthranilate synthase (EC: 4.1.3.27), anthranilate phosphoribosyl transferase
(EC: 2.4.2.18), indole-3-glycerol phosphate synthase (EC: 4.1.1.48) and tryptophan
synthase (EC: 4.2.1.20) (Fig.7). Of which, the first enzyme (e.g., 3-deoxy-7-
phosphoheptulonate synthase) acts as the rate-limiting step of the pathway. Then,
tryptophan is converted to the important auxin namely indole acetic acid (IAA) via two
routes, each containing two steps in “tryptophan metabolism” pathway (Fig. A5). The first
two-step route involves the upregulation of genes encoding tryptophan pyruvate
aminotransferase (EC: 2.6.1.99) and indole-3-pyruvate monooxygenase (EC:
1.14.13.168). The second route involves the upregulation in the second step involving
amidase (EC:3.5.1.4) (Fig.8). IAA is known as a rate limiting metabolite in “plant
hormone signal transduction” pathway towards the production of many other metabolites
(e.g., AUX, TIR, ARF, GH3, SAUR, etc.) that promote cell enlargement and overall high
plant growth, thus, confers stress tolerance. Several of the genes encoding these important
metabolites were upregulated under salt stress (Figs. 9 and AG).

Carbon Fixation in Photosynthetic Organisms
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Figure 6. The performance of fructose-bisphosphate aldolase (ALDO) (G1) and transketolase
(TKT) (G2) genes of “Carbon fixation in photosynthetic organisms” pathway in leaves of non-
salinized (C) and salinized (T) Jojoba 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)

Glyoxylate and dicarboxylate metabolism

Physiological analysis indicated the involvement of hydrogen peroxide (H203) in the
plant response to salt stress (Fig. 3). This molecule contributes to the cycle of mutual
biosynthesis of (S)-2-hydroxy-acid oxidase//catalase of “glyoxylate and dicarboxylate
metabolism” pathway (Fig. A2). The present study indicated the participation of one
gene in this cycle namely HAO that encodes (S)-2-hydroxy-acid oxidase (EC: 1.1.3.15)
(Table 1). This gene was upregulated at 50, 100 and 200 mM NaCl (Fig. 10). The
encoded enzyme participates in four pathways (Table 1), but we focused on one
pathway that complement the studied physiological parameter of H>Oo. In this pathway,
(S)-2-hydroxy-acid oxidase participates in the production of H2O, thus, we expect that
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overproduction of the enzyme under salt stress likely results in the increased level of
H2O2. The latter molecule represents an avenue towards the production of catalase
enzyme. Physiological analysis indicated that the level of H>O> significantly reduced
under 50 and 100 mM NaCl (Fig. 3), while the level of catalase activity significantly
increased under these two salt concentrations (Fig. 4). These contrary results indicate
that H20> level is diminished towards the production of catalase enzyme (EC: 1.11.1.6)
as shown in the pathway (Fig. A2).

Phenylalanine, Tyrosine and Tryptophan Biosynthesis
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Figure 7. The performance of genes encoding metabolites in the “Phenylalanine, tyrosine and
tryptophan biosynthesis ” pathway in leaves of non-salinized (C) and salinized (T) Jojoba 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 = 3-deoxy-7-
phosphoheptulonate synthase, G2 = 3-dehydroquinate dehydratase 1, G3 = anthranilate
synthase, G4 = anthranilate phosphoribosyl transferase, G5 = indole-3-glycerol phosphate
synthase, G6 = tryptophan synthase

Tryptophan Metabolism

a4
3
2
[<J1]
S 1
4
e -2
3
-4
-5
(e 0 (o] = | -
N w w N w w
[%,] o v wv o [V,

Salt stress across time

—0—Gl G2 —0—-G3
Figure 8. The performance of genes encoding metabolites in the “Tryptophan metabolism”
pathway in leaves of non-salinized (C) and salinized (T) Jojoba 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 = pyruvate
aminotransferase, G2 = indole-3-pyruvate monooxygenase, G3 = amidase
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Plant Hormone Signal Transduction
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Figure 9. The performance of genes encoding metabolites in the “Plant hormone signal
transduction ” pathway in leaves of non-salinized (C) and salinized (T) Jojoba 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 = Auxin-responsive protein
IAAL, G2 = Auxin response factor 1 (ARF1), G3 = transport inhibitor response 1 (TIR1),
G4 = auxin responsive GH3.3, G5 = SAUR-like auxin-responsive SAUR2

Glyoxylate and Dicarboxylate Metabolism
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Figure 10. The performance of (S)-2-hydroxy-acid oxidase gene (HAO) in “Glyoxylate and
dicarboxylate metabolism ” pathway leaves of non-salinized (C) and salinized (T) Jojoba 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)

The (S)-2-hydroxy-acid oxidase enzyme participates in two cycles within the
“glyoxylate and dicarboxylate metabolism” pathway (Fig. A2). As indicated earlier,
the first cycle involves mutual production of (S)-2-hydroxy-acid oxidase//catalase.
The second cycle involves the mutual production of glycolate//(S)-2-hydroxy-acid
oxidase//glyoxylate. It is well-known that glycolate oxidation is catalyzed either by
glycolate dehydrogenase or a glycolate oxidase (EC: 1.1.99.14), while glyoxylate
reduction is catalyzed by glyoxylate reductase (NADP+) (EC: 1.1.1.26) (Fig. A7).
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Glycolate oxidase catalyzes the chemical reaction (shown in Fig. A7) by oxidizing
glycolate to glyoxylate as in the following equation: [(S)-2-hydroxy acid + O2 = 2-
oxo acid + H20] (Kern et al., 2020). Interestingly, the two cycles that are connected
to (S)-2-hydroxy-acid oxidase in the “glyoxylate and dicarboxylate metabolism”
pathway crosstalk with “carbon fixation in photosynthetic organisms” pathway via the
enzyme’s substrate, e.g., glycolate. Crosstalking is mainly mediated by the action of
transketolase (EC: 2.2.1.1), and the two downstream enzymes namely ribose-5-
phosphate isomerase (EC: 5.3.1.6) and phosphoribulokinase (EC: 2.7.1.19) of “carbon
fixation in photosynthetic organisms” pathway with ribulose-1,5-biphosphate exists as
the intermediate metabolite (Fig. A7). The latter is converted by ribulose-bisphosphate
carboxylase (EC: 4.1.1.39), then, by phosphoglycolate phosphatase (EC: 3.1.3.18) of
“glyoxylate and dicarboxylate metabolism” pathway towards the production of
glycolate, e.g., substrate of (S)-2-hydroxy-acid oxidase (EC: 1.1.3.15). Another route
for the connection of the two pathways is mediated by the action of the two enzymes
phosphoglycerate  kinase (EC: 2.7.2.3) and glyceraldehyde-3-phosphate
dehydrogenase (EC: 1.2.1.12) of “carbon fixation in photosynthetic organisms”
pathway with glycerate-3-phosphate as an intermediate metabolite towards the
production of glyceraldehyde-3-phosphate, e.g., substrate of fructose-bisphosphate
aldolase (EC: 4.1.2.13). This indicates that expression of HAO gene under salt stress
might promote entrance to “carbon fixation in photosynthetic organisms” pathway,
while expression of ALDO and TKT genes promote entrance to the downstream
pathways of “phenylalanine, tyrosine and tryptophan biosynthesis”, “tryptophan
metabolism” and “plant hormone signal transduction” to confer salt stress tolerance in
plants.

Ascorbate and aldarate metabolism

Physiological analysis indicated the significant increase of ascorbate peroxidase
(APX) (EC: 1.11.1.11) activity at 100 mM NaCl (Fig. 5), while molecular analysis
indicated the upregulation of the gene encoding APX at 100 and 200 mM NaCl
(Fig. 11). The gene encoding APX participates in three pathways in which only one
pathway was considered for further analysis (Table 1). APX converts ascorbate to
monodehydro ascorbate (Fig. A3). Interestingly, “glyoxylate and dicarboxylate
metabolism” pathway crosstalks with “ascorbate and aldarate metabolism™ pathway
with tartronate semialdehyde as the connecting intermediate metabolite (Figs. A2 and
A3). This latter metabolite further interconnects with monodehydro ascorbate via APX
and six preceding steps in the “ascorbate and aldarate metabolism™ pathway (Fig. A3),
while interconnects directly with glyoxylate via the action of tartronate-semialdehyde
synthase (EC: 4.1.1.47) in the “glyoxylate and dicarboxylate metabolism” pathway
(Fig. A2). Tartronate-semialdehyde is also a connecting metabolite between “glyoxylate
and dicarboxylate metabolism” and “carbon fixation in photosynthetic organisms”
pathways via the action of two enzymes namely 2-hydroxy-3-oxopropionate reductase
(EC: 1.1.1.60) and glycerate-3-kinase (EC: 2.7.1.31).

Overall, the six pathways “carbon fixation in photosynthetic organisms”,
“phenylalanine, tyrosine and tryptophan biosynthesis” (Fig. A4), “tryptophan
metabolism” (Fig. A5) and “plant hormone signal transduction”, “ascorbate and aldarate
metabolism” and “glyoxylate and dicarboxylate” were proven to crosstalk under salt
stress in Jojoba to provide a mechanism by which this plant tolerates salt stress as
schematically represented in Figure 12.
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Figure 11. The performance of ascorbate peroxidase (APX) gene in the “Ascorbate and
aldarate metabolism” pathway in leaves of non-salinized (C) and salinized (T) Jojoba 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)
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Figure 12. A schematic representation of genetic regulatory network referring to the
crosstalking pathways under salt stress in Jojoba plants. Enzymes in red refer to the enriched
enzymes of six pathways under salt stress based on physiological (catalase and ascorbate
peroxidase) and molecular (fructose-bisphosphate aldolase, transketolase and ascorbate
peroxidase) analyses. Trp = tryptophan, IAA = indole acetic acid, IP = indole pyruvate

Discussion

Chlorophyll is essential for photosynthesis as it allows plants to absorb energy from
light (Carter, 1996; He et al., 2020). Such solar energy has a balancing network that can
adapt over long time scale to provide certain metabolic demands due to the change in
environmental conditions (Walker et al., 2020). There are many emerging research in
plant photosynthesis indicating that stoichiometry of interaction of light reactions with
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carbon metabolism is mandatory in regulating photosynthetic rate under adverse
conditions (Sharkey, 2020). Recent work of Zhou et al. (2020) successfully engineered
the transition between photosystem | (PSI) and PSII as a smart and promising way to
improve efficiency of natural photosynthetic process. There are two types of
chlorophyll in the photosystems of green plants namely chlorophyll-a and chlorophyll-b
(Carter, 1996; Speer, 1997). Of which, chlorophyll-b was proven to act solely in light
harvesting (Kume et al., 2018). Chlorophyll absorbs light mostly in the blue portion of
the electromagnetic spectrum as well as in the red portion (Muneer et al., 2014). These
molecules are embedded in the thylakoid membranes of chloroplasts to induce
photosystems (Carter, 1996). Photosynthesis converts light energy into chemical energy
that can be used as a fuel for organisms’ activities. This chemical energy is stored in
carbohydrate molecules, e.g., sugars, which are synthesized from carbon dioxide and
water (Green and Durnford, 1996). Carbon dioxide is converted into sugars in a process
called carbon fixation (Whitmarsh and Govindjee, 1999).

Carbon fixation is the process by which carbon dioxide is converted to organic
compounds in photosynthetic organisms. The organic compounds are then used to store
energy and considered as building blocks for other important biomolecules (Geider et
al., 2001). The results in Figure 2a indicate that amount of chlorophyll-a slightly
reduced at 100 mM NaCl salt stress, while increased at 200 mM NaCl. On the other
hands, the results for chlorophyll-b and carotenoids indicated increases at 100 mM NacCl
salt stress, while significant decreases at 200 mM NaCl (Fig. 2b, c). These results
indicate that salt-related genes for the production of chlorophyll-a required longer time
(day 30) to respond to salt stress than the time required for genes controlling the
production of either chlorophyll-b or carotenoids (day 25). No significant differences
were found for the production of the three pigments when plantlets exposed to 50 mM
NaCl for one day. This indicates that one-day exposure to salt stress is not enough time
to induce salt-related genes for the production of the three pigments. Such a stepwise
response of the genes for the production of the three pigments can be a mechanism of
salt-stress tolerance in Jojoba.

Overall, salt-induced water stress results in the reduction of chloroplast stroma
volume, thus, generation of reactive oxygen species (ROS) and inhibition of
photosynthetic rate (Price and Hendry, 1991; Allen, 1995; Cha-Um and Kirdmanee,
2009). Pigment levels in Jojoba plant leaves reduced significantly at 50 and 100 mM
NaCl in Chls, while Chly and charotinoids significantly reduced at the high salt
concentration (200 mM NacCl). This indicates that stroma volume and photosynthetic
rate were not affected at the low and intermediate levels of salt stress in Jojoba leaves.
These results indicate that Jojoba tolerates moderate levels of salt stress.

Decrease in total chlorophyll content may also be observed under salinity stress due
to ion accumulation and functional disorders observed during stoma opening and
closure (Seemann and Critchley, 1985; Romero-Aranda, and Syvertsen, 1996; Molazem
et al., 2010; Nawaz et al., 2010). Another reason for the decreased chlorophyll content
under salt conditions is stated to be the result of rapid leaf maturing (Yeo et al., 1991).
Decrease in chlorophyll content under salinity stress is observed more clearly in salt
sensitive genotypes in comparison to cultivars with intermediate level of tolerance (such
as Jojoba) (Krinsky, 1978; Seeman and Critchley, 1985; Sharkey et al., 1985;
Maibangsa et al., 1999; Nafie and El-Khallal, 2000; Hayat et al., 2001; Sivakumar et al.,
2002; Durai, 2006; Khan et al., 2009; Tiwari et al., 2010; Akg¢a and Samsunlu, 2012; Ali
et al., 2013; Sharkey et al., 2020).
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The results of the present study indicated that the two enzymes fructose-bisphosphate
aldolase and transketolase were upregulated under salt stress referring to enhanced level
of photosynthesis. The enzyme fructose-bisphosphate aldolase is among a subgroup of
the larger lyase group. The aldolases can be divided into two classes depending on the
type of enzyme catalysis. Type | enzymes is principally found in eukaryotes, while type
Il is found predominantly in bacteria and archaea (Dalby et al., 1999; Ziveri et al.,
2017). Figure 6 shows an increase in the enzyme at the three salt concentrations
compared to the control. In plants, “carbon fixation in photosynthetic organisms”
pathway plays a crucial role in initiating complex responses to stress conditions. Dixit et
al. (2001) indicated that salt-tolerant plants have enhanced energy accumulation at high
salt concentrations via enhanced photosynthesis. Overall, photosynthesis adds to the
ability of the plant to resist reactive oxygen species (ROS) as functional activity of
chlorophyll responds negatively to ROS content.

The enzyme transketolase participates in the Calvin cycle of photosynthesis (Sax et
al., 2000). Transketolase is found in animal, plant and microorganisms, whereas in
plants it contains one major isoform located in the chloroplast (Henderson and Toone,
1999; Henkes et al., 2001). Henkes et al. (2001) investigated the consequences of
decreased transketolase activity for primary and secondary metabolism in tobacco by
transferring a construct containing an antisense sequence via genetic transformation.
The results showed a local loss of chlorophyll and carotenoids in the midrib when
enzyme activity inhibited by >50%, spreading onto minor veins and lamina in
severely affected transformants. Consequently, decreased expression of transketolase
led to a preferential decrease of sugars, whereas starch remained high until
photosynthesis strongly inhibited. The decrease of chlorophyll is an indirect
consequence of low transketolase activity, because it did not occur until expression
strongly inhibited and many aspects of metabolism were altered. Our results showed
increases in chlorophyll-b and carotenoids at 100 mM NacCl, while at 200 mM NacCl
for chlorophyll-a. This is because production of transketolase increases in Jojoba plant
under salt stress (Fig. 7) as a mechanism to maintain the level of chlorophyll-(a,b) and
carotenoids in plant leaves.

During the conversion of glycolate to glyoxylate, H2O; is supposed to be intensively
produced due to the action of (S)-2-hydroxy-acid oxidase that is upregulated in Jojoba
under salt stress (Fig. 8). The fact is that H20> level significantly reduced in Jojoba
(Fig. 3) as it is converted to O2 during the production of CAT. Accordingly, the latter
significantly increased in favor of H2O> reduction under salt stress in Jojoba (Fig. 4).
APX significantly increased in both physiological and molecular analysis (Figs. 5 and
12, respectively). High expression of APX in Jojoba complements crosstalking of
“ascorbate and aldarate metabolism” and “glyoxylate and dicarboxylate metabolism”
pathways with tartronate semialdehyde stands as an intermediate step between the two
pathways (Fig. 12).

H.0> is the most important stable non-radical ROS (Slesak et al., 2007; Sofo et al.,
2015), without a net charge (Halliwell, 2006; Sofo et al., 2015). The amount of
cellular H20O, together with other ROS, is a good marker of the extent of oxidative
stress. As a consequence, the balance of ascorbate peroxidase (APX), and catalase
(CAT) activities, representing the main enzymatic H>O> scavenging mechanism in
plants, is crucial for the suppression of toxic H2O> levels in a cell (Apel and Hirt,
2004; Slesak et al., 2007; Kovalchuk, 2010; Sofo et al., 2015). CAT has the ability to
scavenge ROS, which can lead to oxidative damage and damage transfer resulted from
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salt stress. If ROS accumulate in plants, light-harvesting efficiency will be affected,
protein synthesis as well as signal transduction processes will slow down due to
changes in osmotic pressure. Ascorbate peroxidase (APX), as well as other
peroxidases, such as CAT and SOD, has the ability to scavenge ROS (Sofo et al.,
2015). Activity of APX enzyme increased in Jojoba at 100 and 200 mM NaCl
compared to the control (Fig. 6), which is supported by molecular analysis of the gene
encoding the enzyme that showed an increase at the three salt concentrations
(Fig. 12). APX is generated by tartronate semialdehyde in the “ascorbate and aldarate
metabolis” pathway (Fig. 12).

H>0O> can also act as signal molecule in regulating plant growth, morphogenesis and
development (Slesak et al., 2007; Sofo et al., 2015), such as in auxin signaling and
gravitropism of maize roots (Joo et al.,, 2001; Sofo et al., 2015), and in somatic
embryogenesis stimulation of Lycium barbarum (Cui et al., 1999; Sofo et al., 2015).
H>0> has considered as an essential molecule of signal transduction in both abiotic and
biotic stresses. Matsuda et al. (1994) demonstrated that application of H>O. at low
concentrations induces stress tolerance in plants due to the induction of the synthesis of
certain substances similar to other normally synthesized during chilling stress (Sofo et
al., 2015). The effects of NaCl on the balance of H2O> level and CAT activity were
previously studied in diverse groups of plants, such as unicellular alga, e.g., Chlorella
sp., aquatic macrophyte, e.g., Najas graminea, and mangrove plant, e.g., Suaeda
maritime. All of these organisms showed high tolerance to NaCl as CAT activity
increased significantly in response to high NaCl treatment (Mallik et al., 2011; Sofo et
al., 2015). Results of the latter studies, in addition of the present study, support the
influence of H20> at low concentrations in inducing stress tolerance.

Pathways ‘“phenylalanine, tyrosine and tryptophan biosynthesis” and “tryptophan
metabolism” likely crosstalk towards production of tryptophan, then, production of the
auxin indole acetic acid (or 1AA). “tryptophan metabolism” pathway crosstalk with
“plant hormone signal transduction” pathway in which tryptophan produced from
“phenylalanine, tyrosine and tryptophan biosynthesis” pathway is metabolized towards
production of IAA via two-step avenue (Fig.12). Then, auxin provokes other
downstream pathway namely “plant hormone signal transduction” to strengthen plant’s
ability to survive and maintain proper growth rates under stress conditions (Fig. 12).
Towards the route downstream auxin production, a battery of metabolites are produced
under stress condition, e.g., auxin/indole acetic acid (or AUX/IAA), auxin response
factors (or ARFs), E3 ubiquitin ligase SCF™™®! (or TIR1), Gretchen Hagen 3 (or GH3),
AUX/LAX (or LAX) and small auxin-up RNA (or SAUR). Actions of these auxin-
responsive metabolites combine to enlarge cells and improve plant growth under salt
stress. 1AA signaling is controlled by complex ARFs and interacting repressors of
AUX/IAA proteins (Gray et al., 2001). ARFs binds promoter elements of auxin-
responsive genes LAX and SAUR, while AUX/IAA proteins bind ARFs to block their
action (Ulmasov et al., 1997a, b). TIR1 enzyme is the main contributor to AUX/IAA
protein degradation as it activates ARFs and derepresses downstream auxin responsive
pathways, thus promotes plant growth and development (Gray et al., 2001). GH3 is a
class of auxin-induced conjugating enzymes that secures homeostasis and regulation of
active form of auxin in the cell as well as blocks action of excessively available auxin
(Paponov et al., 2008). Activated forms of ARFs stimulate SAUR that acts as a
regulator of cell elongation (Knauss et al., 2003) and a stimulator of shoot elongation
(Paponov et al., 2008).
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Conclusion

In conclusion, we assume we have widened our knowledge of the physiological and
molecular mechanisms underlying salt stress tolerance in Jojoba. This information can
help using this plant as a source of biodiesel in salinized soil or areas of scarce water
supply. The recovered information can also help in the development of new
economically important crop plants with improved salt tolerance via metabolic
engineering. The information can promote the possible cultivation of this plant as a
source of biodiesel in moderately salinized soil or areas of water scarce.
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APPENDIX

CARBON FIXATION IN PHOTOSYNTHETIC ORGAMNIZMS
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Figure Al. Enriched metabolites in the “Carbon fixation in photosynthetic organisms”’
pathway due to salt stress (200 mM NacCl) in leaves of Jojoba plant. Colored boxes refer to
enriched enzyme(s) under the stress
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Figure A2. Enriched metabolites in the “Glyoxylate and dicarboxylate metabolism” pathway
due to salt stress (200 mM NacCl) in leaves of Jojoba plant. Colored boxes refer to enriched
enzyme(s) under the stress
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Figure A3. Enriched metabolites in the “Ascorbate and aldarate metabolism” pathway due to
salt stress (200 mM NaCl) in leaves of Jojoba plant. Colored boxes refer to enriched enzyme(s)
under the stress
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Figure A4. Enriched metabolites in the “Phenylalanine, tyrosine and tryptophan biosynthesis”
pathway due to salt stress (200 mM NacCl) in leaves of Jojoba plant. Colored boxes refer to
enriched enzyme(s) under the stress
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Figure A5. Metabolites in the “Tryptophan metabolism” pathway that can be enriched due to
salt stress (200 mM NacCl) in leaves of Jojoba plant. Colored boxes refer to enriched enzyme(s)
under the stress
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Figure A6. Metabolites in the “Plant hormone signal transduction” pathway that can be
enriched due to salt stress (200 mM NaCl) in leaves of Jojoba plant. Colored boxes refer to
enriched enzyme(s) under the stress
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glycolate dehydrogenase

7] > H.O»
glycolate ¢ » glyoxylate
NADP" < NADPH

glycolate oxidase

Figure A7. Glycolate oxidation can be catalyzed either by a glycolate dehydrogenase (top) or a
glycolate oxidase (bottom) (Kern et al., 2020)

Table Al. Mean values of chlorophyll-a, chlorophyll-b and carotenoids (mg/g FW) in leaves
of non-salinized (C) and salinized (T) Jojoba plants at three NaCl concentrations (50, 100,
and 200 mM) increased incrementally with five-day intervals (days 25, 30 and 35,
respectively). Means were calculated for three replicates. Statistical analysis was done with
P value of < 0.05. NS = non-significant, Sig. = significant

Sample N Mean SD t P-value | Sig.
C25 3 2.56 0.17
1.123 0.324 NS
T25 3 2.42 0.12
C30 3 1.95 0.21
Chlorophyll-a 1.092 0.336 NS
T30 3 1.70 0.35
C35 3 1.36 0.26
0.873 0.432 NS
T35 3 1.71 0.64
C25 3 3.14 0.31
0.412 0.701 NS
T25 3 3.04 0.05
C30 3 5.05 0.68
Chlorophyll-b -1.800 0.146 NS
T30 3 5.85 0.35
C35 3 5.48 0.21 .
2.814 0.048 Sig.
T35 3 4.76 0.39
C25 3 8.67 0.82
0.658 0.546 NS
T25 3 7.96 0.48
Carotenoid €30 3 12.92 0.49 4211 0.014 Si
Arotenolas T30 3 | 1478 | 059 ' | .
C35 3 13.57 1.67 .
3.410 0.027 Sig.
T35 3 10.18 0.39
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Table A2. Mean values of hydrogen peroxide (umol™ cm™), catalase (CAT) activity (U/g
FW) and ascorbate peroxidase (APX) activity (U/g FW) in leaves of non-salinized (C) and
salinized (T) Jojoba plants at three NaCl concentrations (50, 100, and 200 mM) increased
incrementally with five-day intervals (days 25, 30 and 35, respectively). Means were
calculated for three replicates. Statistical analysis was done with P value of < 0.05.
NS = non-significant, Sig. = significant

Sample/Concentration| N Mean SD t P-value | Sig.
C25 3 13.12 0.56
.84 .001 ig.
T25 3 | 932 049 | 284 | 0001 | Sig
C30 3 11.71 0.35
H . 42 . ig.
202 Conc T30 3 8.99 0.30 5.426 0.006 Sig
C35 3 12.34 0.31
-6.280 0.003 Sig.
T35 3 | 1522 | 073 9
C25 3 13.11 2.78 8.580 0.001 Si
T25 3 | 2716 | 056 ' | v
CAT Enzyme C30 3 41.88 1.46 .
- -23.538 0.000 Sig.
activity T30 3 168.53 9.20 0
. .34
€35 3 35.35 63 -2.340 0.079 NS
T35 3 45.93 4.59
2 4, .
€25 3 58 0.95 -0.247 0.817 NS
T25 3 5.98 9.80
APX Enzyme C30 3 7.06 1.81 .
. -3.622 .022 .
activity T30 3 | 1123 | oss | °° 00 Sig
C35 3 14.84 2.34
-0.507 0.639 NS
T200 3 15.63 141

ELECTRONIC APPENDIX

This paper has an electronic appendix.
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