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Abstract

Hydrogen peroxide (H,0,) is known to accumulate in plants during abiotic stress conditions and also acts as a signalling
molecule. In this study, Arabidopsis thaliana transgenics overexpressing cytosolic CuZn-superoxide dismutase (PaSOD)
from poly-extremophile high-altitude Himalayan plant Potentilla atrosanguinea, cytosolic ascorbate peroxidase (RaAPX)
from Rheum australe and dual transgenics overexpressing both the genes were developed and analyzed under salt stress. In
comparison to wild-type (WT) or single transgenics, the performance of dual transgenics under salt stress was better with
higher biomass accumulation and cellulose content. We identified genes involved in cell wall biosynthesis, including nine
cellulose synthases (CesA), seven cellulose synthase-like proteins together with other wall-related genes. RNA-seq analysis
and qPCR revealed differential regulation of genes (CesA 4, 7 and 8) and transcription factors (MYB46 and 83) involved in
secondary cell wall cellulose biosynthesis, amongst which most of the cellulose biosynthesis gene showed upregulation in
single (PaSOD line) and dual transgenics at 100 mM salt stress. A positive correlation between cellulose content and H,O,
accumulation was observed in these transgenic lines. Further, cellulose content was 1.6-2 folds significantly higher in PaSOD
and dual transgenic lines, 1.4 fold higher in RaAPX lines as compared to WT plants under stress conditions. Additionally,
transgenics overexpressing PaSOD and RaAPX also displayed higher amounts of phenolics as compared to WT. The novelty
of present study is that H,O, apart from its role in signalling, it also provides mechanical strength to plants and aid in plant
biomass production during salt stress by transcriptional activation of cellulose biosynthesis pathway. This modulation of
the cellulose biosynthetic machinery in plants has the potential to provide insight into plant growth, morphogenesis and to
create plants with enhanced cellulose content for biofuel use.
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Introduction

Salinity stress is one of the major environmental factors
that severely affect plant growth and productivity [1].
Abiotic stresses lead to excessive production of reactive
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oxygen species (ROS) such as, free radicals, hydrogen per-
oxide (H,0,) and singlet oxygen ('0,). At high concentra-
tion, these ROS molecules cause damage to cells by lipid
peroxidation, oxidation of proteins and damage to nucleic
acids, while at low concentration these molecules act as
signalling molecules, thereby regulating plant response to
stress [2, 3]. As a signal, ROS molecules regulate a large
network of genes, which play important role in acclima-
tion against abiotic stress [4]. Among enzymes, involved
in ROS production and scavenging, superoxide dismutase
(SOD) plays a crucial role, as its enzymatic action results
in the formation of H,0, which is then detoxified into
water and oxygen by ascorbate peroxidase (APX) [5].
H,0, is considered to be more stable and freely diffusible
molecule within the cell compartments than other ROS
molecules [6].

During abiotic stress, ultrastructural properties of plant
cell wall give protection and act as the first line of defence
against any kind of detrimental effects on plants [7]. In plant
cell wall, cellulose constitutes the major component of both,
primary and secondary cell walls and represents a major sink
for photosynthesis products [8]. Cellulose synthases (CesA)
is the major enzyme involved in cellulose synthesis and there
are about 10 CESA genes in the Arabidopsis genome [9].
Among different CESAs, CESA1, CESA3, and CESA6
are involved in primary cell wall and CESA4, CESA7, and
CESAS for secondary cell wall depositions [10]. Cellulose
microfibrils not only determine cell shape and patterns of
development, but are also involved in stress response [11].
Salinity for a prolonged period in barley roots can regulate
various genes involved in cellulose biosynthesis [12]. A
similar effect has been reported in the cell wall of petioles
of an aspen hybrid, where the increased rigidity acts as a
barrier for salt permeation [13]. To survive under abiotic
stress, improvement of secondary cell wall thickening by
increased deposition of hemicellulose, cellulose [13] and
through enhanced lignin content [14—-16] in the cell wall
have been reported previously. In Arabidopsis, several CesA
genes showed implication in salt stress response [17], but the
detailed experimental investigation is still lacking.

In addition to the role of H,0, as a signalling molecule,
its involvement in other crucial functions has been reported,
as well. Role of H,0, signalling in cellulose synthase subu-
nit dimerization and secondary cell wall cellulose biosynthe-
sis was first observed in cotton fibers [18]. Further, Kim and
Barbara [19] reported that H,O, generated by extracellular
SOD and peroxidases in developing cotton fibers is involved
in the biogenesis of primary and secondary cell wall. Role of
H,0, in increasing cell expansion and root diameter in rice
by enhanced accumulation of pectin was shown recently by
Xiong et al. [20]. We have also depicted the role of H,0O,
in enhancing secondary cell wall thickening by enhanced
lignification to mitigate salt stress [15, 21].
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To understand the changes in the metabolic pool in
response to salinity stress, an extensive study of cell wall-
related genes is obligatory. Transgenic plants that over-
express genes involved in scavenging ROS have become
valuable tools in determining the physiological functions
of these genes. Based on our previous work [14, 15],
where we have reported that the simultaneous expression
of PaSOD and RaAPX induced downstream transcrip-
tion factors and genes which are specifically involved in
lignin deposition under salt stress. Since, secondary cell
wall includes cellulose, hemicellulose, and lignin, we
tried to find out the effect of PaSOD and RaAPX over-
expression on cellulose biosynthesis. Thus, the aim of
the present study was to provide a detailed analysis of
secondary cell wall cellulose-related gene expression in
response to salt stress in WT and transgenic lines. Using
RNA-seq approach, we analysed expression of nine cel-
lulose synthases, along with the genes involved in cell
wall biogenesis (namely sucrose synthase, SS; cellulose
synthase interactive protein, CSI; cellulose micro-fibril
organisation protein, COBRA; cellulose synthase-like
gene, CSLA; cellulose biosynthesis gene, KOB; f-1,4-
glucanase, KORIGAN) and the specific transcription fac-
tors (WRKY, MYB, NAC), which are directly or indirectly
involved in cellulose biosynthesis in secondary cell wall.
The present work stands out from the previous work in
terms of major focus on cellulose biosynthesis pathway
genes and transcription factors. We present a mechanism
in which the production of H,0O, promotes cellulose bio-
synthesis by increased CesA activity to promote biomass
production under salt stress.

Materials and methods
Development of transgenic plants

Full-length ¢cDNAs of PaSOD, (GenBank acces-
sion EU532614.1) and RaAPX, (GenBank accession
DQO078123.2) from Potentilla atrosanguinea and Rheum
australe, respectively were overexpressed in Arabidopsis
thaliana (Ecotype Columbia 0) as described earlier by
Gill et al. [22]. The seeds were collected and screened
on Murashige and Skoog [23] medium supplemented
with 20 pug ml~! hygromycin. Homozygous (T3 genera-
tion) transgenic PaCuZn-SOD and RaAPX plants were
crossed to obtain dual transgenics. Putative transgenics
were screened by PCR using gene-specific primers (Sup-
plementary Table S1). Single copy gene insertion of each
of Cu/Zn-SOD and APX, in transgenics, was determined in
the T, Generation. The results were statistically analyzed
by x2 Test [14].
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Gene-specific semi-quantitative RT-PCR

Total RNA was isolated from transgenics and WT plants
using RIS solution [24]. One microgram of total RNA was
used for oligo (dT) primed first-strand cDNA synthesis in
20 pl reaction using Superscript III reverse transcriptase
(Invitrogen). This cDNA was used in 27 cycle PCR using
gene-specific primers for PaSOD and RaAPX genes. All the
experiments were conducted in three biological replicates.

Plant growth and salt stress treatment

Seeds of transgenic lines (T3) over-expressing PaSOD (526,
S15), RaAPX (APX20, APX2), both genes (180, 19¢) and
WT were grown in Murashige and Skoog (MS) medium for
10 days and transplanted thereafter to the soil mixture of
vermiculite: peat moss: perlite (1:1:1) with MS medium and
in the greenhouse under a 16 h light and 8 h dark cycle at
20+ 1 °C and light intensity of 60~70 umol PPFD m~2s~ 1.
For stress treatment, 21d old seedlings of WT, and trans-
genics were supplemented with the desired concentration of
NacCl (0, 50, 100 and 150 mM). Three biological replicates
were collected from each sample at respective time points
after salt stress.

Assays of antioxidant enzymes

Total enzyme activity of SOD and APX was estimated after
1 h and 24 h of salt stress. Total SOD activity was estimated
as the intensity of NBT reduction using spectrophotometer
as described earlier [25]. All the experiments were con-
ducted in three biological replicates.

Determination of H,0, content

The level of H,0, was measured following Sonja et al. [26]
method with some modifications [14].

Estimation of cellulose, proline and total soluble
sugars content

The sample was cut into small segments and resuspended
in 500 pl of an acetic acid/nitric acid/water solution (8: 1: 2,
v: v: v), as described by Updegraff [27]. The samples were
boiled in a water bath for 2 h. The acid insoluble material
was recovered by centrifugation at 6700 g for 10 min. The
pellets were washed with water and acetone and dried at
30 °C overnight. The dried samples were resuspended in
67% (v: v) of sulfuric acid. Cellulose was quantified col-
orimetrically using the phenol-sulfuric acid method [28].
Cellulose content was calculated as pg glucose in cellulose
per mg of dry weight. Total Soluble sugar (TSS) content was
determined by the anthrone method. Free proline content

was estimated using the acid ninhydrin method [29]. All the
experiments were conducted in three biological replicates.

In-situ ROS and H,0, detection in plants

In situ ROS detection was based on the principle of NBT
(nitroblue tetrazolium) reduction to blue formazan by O,".
and H,0O, was visually detected in the leaves of plants by
using 3,3-diaminobenzidine (DAB) as substrate as described
by Orozco-Cardenas and Ryan [30] with some modifications.

Transcriptome sequencing, assembly,
and annotation

RNA-Seq libraries were made from 2 pg RNA from each of
these samples using TruSeq RNA sample prep kit (Illumina)
as per manufacturer’s instruction. All the experiments were
conducted in three biological replicates and two-time points
were taken (1 h and 24 h) after stress treatment. Rest of the
method was done as per Shafi et al. [14].

Quantitative real-time PCR analysis (qRT-PCR)

Total RNA was pretreated with RNase-free DNase I (Invit-
rogen, USA) followed by first strand cDNA synthesis with
2 pg of total RNA using superscript III (Invitrogen, USA)
according to the manufacturer’s instructions. Gene-specific
primers (Supplementary Table S1) were designed using
Primer 3 software [31] and a p-actin gene (AT3G18780)
was used as the endogenous control. Gene expression was
performed on a Stratagene Mx3000P system (Agilent Tech-
nologies, Germany) using 2X Brilliant IIl SYBR@ Green
qPCR Master Mix (Agilent Technologies, Germany). All
qPCRs assays were run with biological triplicates with a
no-template control to check for contamination.

Accession numbers

Sequence data from this article can be found in the Arabi-
dopsis Genome Initiative or GenBank. Transcriptomic
data were deposited into the Sequence Read Archive
Handbook (http://www.ncbi.nlm.nih.gov/books/NBK47
529/#SRA_Quick_Sub_BK.BioProject) under SRA Acces-
sion SRP029598 and Bio-project Id: PRINA217812.

Cell wall regeneration studies from protoplasts

Protoplasts were isolated from Arabidopsis cotyledons
excised from 1 to 2 week-old plants [32]. Aliquots of proto-
plast medium were taken at various time points (0, 3, 6, 12,
18, 24, 36, 48, and 72 h) and observed using fluorescence
microscopy with staining of the cellulose by 0.001% Cal-
cofluor White M2R (Sigma, St Louis, MO, USA) at 25 °C
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for 5 min [33]. Both ordinary light images and fluorescent
images for individual specimens were observed under a
fluorescence microscope (Zeiss AX10, fluorescent Imager.
M1, Germany) equipped with a UV fluorescence filter set
(excitation filter, 350 nm; barrier filter, 430 nm). The images
were then photographed with a digital camera (Axio Cam
Hc Zeiss, Germany).

Microscopy analysis

For light microscopy, developed stems were used to prepare
sections by microtome and it was stained with safranin-fast
green, then observed and photographed under a light micro-
scope. For scanning electron microscopy (SEM), segments
from the apical 1 cm of WT and transgenic lines at 0, 50,
100 and 150 mM NaCl and at 1 h and 24 h of salt stress stem
cross-sections were fixed in two steps: first with a mixture of
2% paraformaldehyde and 2.5% glutaraldehyde in 0.1 mol/l
cacodylate buffer, pH 7.4 for 1 h and then with 1% OsO, in
0.1 mol/l cacodylate buffer, pH 7.4 for 30 min. After critical
point drying, the samples were sputter-coated with gold, and
the coated samples were viewed with a Hitachi S-3400N
field emission SEM using an accelerating voltage of 30 kV.

Metabolite profiling

Metabolite profiling was performed using LC-MS. All the
solvents used were of HPLC grade and procured from J.T.
Baker (USA). The reference standard, kaempferol 3,7-di-
rhamnoside (kaempferitrin) (ChomaDex™, USA). A stock
solution of kaempferitrin standard (2.0 mg/10 ml) was pre-
pared in acetonitrile: water (1:1, v/v) in a volumetric flask
and different amounts of standard (3.125-100 pg/ml) were
injected for UPLC analysis. The stems and leaves (100 mg)
of both WT and transgenic lines were extracted three times
with 20 ml of methanol: water (8:2, v/v) at 40 °C for 15 min/
cycle under ultrasonication. The extracts were filtered and
dried in a rotary evaporator (45 °C). The extract was re-
dissolved in 2 ml of acetonitrile: water (1:1, v/v) and filtered
through a membrane filter (0.20 pm) for UPLC analysis.
All the experiments were conducted in three biological
replicates.

Statistical analysis

All experiments were conducted with at least three inde-
pendent repetitions in triplicates (biological triplicates). All
values are shown as the mean + the standard deviation. The
statistical analysis was performed using Statistica software
(v.7). The statistical significance of the mean values was
assessed by analysis of variance (ANOVA) applying Dun-
can’s Multiple Range Test (DMRT). A probability level of
P <0.05 was considered significant.
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Results

Molecular analysis of transgenic Arabidopsis
overexpressing PaSOD and RaAPX

To confirm the expression of transgenes in the transgenic
Arabidopsis, semi-quantitative PCR reactions were carried
out with PaSOD and RaAPX gene-specific primers, indi-
vidually (Fig. 1a, b). Dual transgenic plants (180) were
generated by crossing homozygous transgenic lines S26
(for PaSOD) and APX20 (for RaAPX) and were selected
for subsequent investigation. Double transgenic plants
were also confirmed for expression of both the genes using
reverse transcriptase PCR, respectively (Fig. 1¢). Further
to confirm gene expression observation at transcriptional
levels, the expression of PaSOD and RaAPX were analyzed
by qPCR assay (Fig. 1d, e). PaSOD expression level was
significantly higher in PaSOD and dual transgenic lines
(Fig. 1d) and RaAPX expression level were significantly
higher in PaSOD and dual transgenic lines compared to
WT (Fig. 1e) under salinity stress.

Physiological, biochemical and molecular response
of PaSOD and RaAPX transgenic plants to salinity
stress

To elucidate the molecular and physiological mechanism
underlying the enhanced stress tolerance, enzymatic activity
assays of antioxidant system in transgenic and WT plants
were performed under salt stress. As predicted, higher SOD
and APX activities were observed transgenic lines than WT
plants. However, SOD and APX activities in transgenic
lines were further increased with increase in the magnitude
of salt stress (Fig. 2). The SOD activity change was obvi-
ously little different between WT and transgenic lines, as
shown in Fig. 1, prior to salt treatment. After stress, enzyme
activities changed and twofold higher SOD activity was in
PaSOD lines and nearly threefold in dual transgenic lines as
compared to WT, at 100 mM NaCl treatment, while SOD
activity in the WT plants showed an only slight increase
(Fig. 2a). The APX activity showed a similar increasing
pattern in transgenic lines with the stress; however, the
APX activity in WT plants reduced slightly compared to
what observed before treatment. APX activity was 3-5 fold
higher in RaAPX lines and twofold in dual transgenic lines as
compared to WT (Fig. 2b). Before salt stress, mRNA levels
of PaSOD and RaAPX showed no significant difference in
transgenic lines and WT (Fig. 1d, e). After salt treatment, the
mRNA abundance of the transgenic lines demonstrated the
higher transcription level of PaSOD and RaAPX, whereas
their transcriptions showed no change in WT plants.
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Fig.1 (a) PCR confirmation of PaSOD and RaAPX in transgenic
lines of Arabidopsis. PCR amplification of cDNA with Cu/Zn-SOD
specific primer of single copy inserts lines, Lane 1—100 bp DNA
ladder, Lane 2-5 amplification of 459 bp PaSOD transgenic lines
(815,526,57,S31), Lane 7—water (non-template control), Lane 8—
plasmid as positive control (b), PCR amplification of cDNA with
APX reverse primer of single copy inserts lines, Lane 1—100 bp

Effect of PaSOD and RaAPX overexpression
on biomass and osmoprotectant accumulation
in transgenic lines and WT under salt stress

In order to investigate the effects of salinity stress on
growth and biomass parameters of WT and transgenic
plants at the whole-plant scale were evaluated. Under
control conditions, the growth of the PaSOD, RaAPX
and dual transgenic lines were comparable to that of WT,
with no major indication of transgene effect on biomass
and yield parameters (Fig. 3). Under saline conditions,
improved performance in several biomass factors such as
shoot and root biomass along with yields such as the num-
ber of siliques/plant, number of seeds/silique, seed weight
and total seeds were higher in transgenic lines than WT

N0 mM NacCl
E100 mM NaCl

E150 mM NaCl
[E150 mM NacCl

E) w <))
L L L

SOD Relative mRNA level
w

APX Relative mRNA level

APX2 | APX20 ‘

WT Lines

PaSOD Lines

RaAPX Lines

Dual Lines ‘

DNA ladder, Lane 2-5 amplification of 858 bp APX single copy
insert transgenic lines (APX2, APX10, APX18 and APX?20), lane 6
is the WT control and lane 7 is a positive control (c¢), PCR amplifica-
tion of PaSOD (459 bp, lower band) and RaAPX (858 bp, upper band)
in double transgenic lines Lane 1—100 bp ladder, Lane 2—6—double
transgenic lines 180 and 19C (d), (e) Transcript level of SOD and
APX genes in WT and transgenic lines

(Fig. 3). The transgenic lines showed an increase in the
shoot biomass only at 100 mM NacCl (Fig. 3a) in compari-
son to WT, with highest in dual transgenic lines (nearly
9-10%), PaSOD lines (nearly 8-9%) and RaAPX lines
(nearly 7-8%), with further increase in the NaCl stress,
the shoot biomass declined at 150 mM (Fig. 3a). Biomass
accumulation for WT was observed to be less than that of
the transgenics at all levels of salt stress. Thereafter, the
difference in performance of the transgenics over the WT
showed a significant (p <0.05) increase with the increase
in the NaCl stress level (Fig. 3a). Root biomass was also
studied at all levels of NaCl (0, 50, 100 and 150 mM)
and in all the transgenic lines along with wild-type
(Fig. 3b). Nevertheless, the difference in the root biomass
between the transgenic lines and the WT was observed
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Fig.2 Biochemical parameters (a) SOD enzyme activity. (b) APX
enzyme activity. (¢) TSS. (d) Proline content. (e) Cellulose. (f) Gly-
coside content in WT and transgenic lines (SOD lines: S15, S26,

after imposition of NaCl stress at various concentrations
(Fig. 3b). A marked decrease in root biomass accumulation
was observed in all the transgenic lines with the increase
in salt stress, but at100 mM reduction was less com-
pared to 50 and 150 mM NacCl stress conditions. Among
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APX lines: APX2 and APX20, Dual lines: 180 and 19¢) at 0, 50, 100
and 150 mM salt stress. Data is Mean=+ S.E of three biological repli-
cates

transgenic lines, double transgenic, 180, and 19¢ showed
higher biomass, followed by SOD (S26, S15) and APX
(APX2, APX20) lines, although the root biomass con-
tent was higher than that of the WT at all levels of NaCl
stress. Similarly, yield parameters (seed weight, number
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Fig.3 Effect of salt stress on Growth and yield-attributing traits.
Shoot (a) and root (b) biomass accumulation, (c) seed weight (mg),
(d) number of siliqua/plant, (e) number of seeds/siliqua and (f) total
seed yield in WT and transgenic lines (SOD lines: S15, S26, APX

of siliqua, number of seeds, total seed weight) showed a
similar trend in transgenic lines with a higher yield than
WT under salt stress conditions (Fig. 3 c—f).

Effect of salt stress on ROS accumulation and H,0,
content

To test whether overexpression of antioxidant enzyme
transgene (PaSOD and RaAPX) and how the salt stress
affected the ROS and H,0, accumulation in transgenic
and WT, NBT staining and ROS estimation were done.
Blue colouration intensity indicates the production of ROS

lines: APX2 and APX?20, Dual lines: 180 and 19c¢) at 0, 50, 100 and
150 mM salt stress. Data is Mean + S.E of three biological replicates.
(Color figure online)

inside the tissue. Before salt stress treatment ROS accu-
mulation was insignificant in all the lines as less blue col-
ouration was observed (Fig. 4a), however, following stress
treatment, the accumulation of ROS was strongly induced
but was notably lower in transgenic lines and evident in
WT, where blue intensity increased with the stress levels
(Fig. 4a, b). Further, to study the possible relationships
between the overexpression of antioxidant genes and H,O,
accumulation, we assessed the H,0, levels both quanti-
tatively and qualitatively in transgenics and WT under
salinity stress (Fig. 4c, d). The intensity and presence of
brown colour indicate H,O, accumulation. Under 0 mM
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Fig.4 In situ ROS assay (a), superoxide content (b) DAB assay
(¢) and H,O, content (d) in WT and transgenic lines (S15, S26,
APX2, APX?20, 180 and 19C) under control and salt stress. The assay
was performed after four weeks of growth on respective NaCl con-

conditions, significant change between control and trans-
genic plants were not observed (Fig. 4c, d). However, sig-
nificantly lower H,O, content was detected in transgenic
lines in response to salt stress except in S26 line which
showed increased H,O, production (Fig. 4d). Thus, H,0,
accumulation corresponded to the time of salinity stress
treatment in transgenics (S26 and 180) and declined after-
wards. The action of the introduced RaAPX in addition to
the native APX is also evident from the higher scavenging
of H,0, as shown by a less H,0, accumulation in trans-
genic lines APX20 and 180 as compared to the control
plants (WT) (Fig. 4d).
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Induction pattern of secondary cell wall cellulose
genes and transcription factors in transgenic lines
upon salt stress

Based on the previous finding that PaSOD and RaAPX
are able to affect the lignin deposition in transgenic lines
under salt stress [14, 15] and preliminary experiments
done on cellulosic changes (data unpublished) prompted
us to explore entire secondary wall biosynthetic pro-
gram in transgenic Arabidopsis, particularly cellulose
biosynthesis. In silico analysis of salt stress data led to
the identification of some changes in expression pattern
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in transcripts of genes involved in cell wall biosynthesis
(Table S2), where the majority of genes related to cellulose
syntheses such as cellulose synthase, glycosyl hydrolase,
3-ketoacyl-CoA synthase, UDP-D-glucose/UDP-D-galac-
tose 4-epimerasel, pectin methylesterase, xyloglucan endo
trans-glucosylase/hydrolase, Glycosyl hydrolase 9A2, and
starch synthase etc. (data unpublished) were upregulated
in S26 and 180 lines after 24 h salinity stress (Fig. 5).
Variation in the expression pattern in response to expres-
sion pattern can be observed among the different cell wall-
related genes. These genes related to secondary cell wall
cellulose biosynthesis exhibit significant upregulation in
180 and S26 line followed by APX line after 24 h of salt
stress in comparison with WT (Table S2). Whereas in the
case of WT, expression of most of the genes was found to
be either unchanged or downregulated (Table S2). On the
basis of gene IDs and associated FPKM values, 46 genes
belonging to cellulose (primary and secondary wall) bio-
synthesis pathway were recognized and their expression
level was also validated using a qRT-PCR assay (Fig. 5).
From the Heat Map visualisation, it is possible to dis-
cern the degree of up-regulation of genes particularly
those which are involved in secondary cellulose deposi-
tion (CESA4, CESA7, CESAS8, KOBI, KOR1, COBRA4

WT,50 mM,24hr
$26,50 mM,23hr
APX20,150 mM,1hr
APX20,100 mM,1hr
WT,150 mM,23hr
APX20,150 mM,23hr
WT,100 mM,1hr
WT,100 mM,23hr
WT,50 mM,1hr
WT,150 mM,1hr
APX20,50 mM,1hr
$26,50 mM,1hr
APX20,100 mM,23hr ]
APX20,50 mM,24hr
180,50 mM,1hr

Fig.5 Heat map showing differential expression of cellulose bio-
synthesis genes involved in cell wall biosynthesis under control and
salt stress. Heat map represents the relative expression ratio of each
gene under control and salt stress treatment with respect to WT of

180,100 mM,24 hr

and COBRAGO6) by salt stress were much higher in trans-
genic (S26 and 180) than those that in the WT plants at
least at one time point (24 h of stress) than 1 h time point
(Fig. 5). In this study, most of the exclusive genes linked
to secondary cell wall cellulose synthesis showed note-
worthy induction; these were: cellulose synthase CESA’s
(2-6 fold-up), which catalyzes the synthesis of cellulose,
cellulose micro-fibril organisation protein, COBRA (2-5
fold-up); cellulose biosynthesis gene, KOB1 (1.7-2 fold-
up); p-1,4-glucanase, KORIGAN (3-5 fold-up). Upregu-
lation of various MYB related transcription factors occur
during abiotic stress, thus the transcription factors which
are actively involved in secondary cell wall cellulose bio-
synthesis (SND2, SND3, MYB&83, MYB85, MYB 103
and MYB46) under abiotic stress were also validated by
qPCR. A similar trend in expression pattern was observed
(Fig. 6), where most of the transcription factors showed
differential expression pattern under 100 and 150 mM salt
stress, higher levels (2-3 fold) were observed in transgenic
lines (S26, APX20 and 180) in compared to WT under
similar conditions. No significant change in expression
levels of cellulose biosynthesis genes and transcription
factors were observed in WT (Figs. 5, 6), even after 24 h
salinity stress at any of the given stress concentrations.
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180,150 mM,24 hr
180,100 mM,1hr
180,150 mM,1hr
$26,150 mM,23hr
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$26,100 mM,1hr
$26,150 mM,1hr

three biological replicates. The bar indicates the relative expression
ratio whereby blue, white and red colours represent upregulation, no
change and downregulation, respectively. (Color figure online)
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SND3

T

180,100 mM,24hr
$26,100 mM,23hr
$26,150 mM,23hr
180,150 mM,24hr
180,50 mM,23hr
WT,150 mM,1hr
180,150 mM,1hr
$26,100 mM,1hr
180,100 mM,1hr
$26,150 mM,1hr
WT,150 mM,24hr
180,50 mM,1hr
APX20,50 mM,1hr

Fig.6 Heat map showing differential expression of transcription fac-
tors involved in cell wall biosynthesis under control and salt stress.
Heat map represents the relative expression ratio of each gene under
control and salt stress treatment with respect to WT of three biologi-

Cellulose content, anatomic and ultra-structural
changes of transgenic lines

To examine transgenic lines (S26, APX20 and 180) and
WT under the stressed and non-stressed condition, some
biochemical and anatomical aspects was done. Since,
cellulose is an important component of the cell wall that
is associated with mechanical strength. Thus, we meas-
ured the levels of cellulose in WT and transgenic lines
under control and stressed conditions. Cellulose content
was significantly enhanced in all transgenic lines with
the salinity stress as compared to WT, indicating over-
expression of PaSOD and RaAPX not only changed the
cellulose transcriptome level but also leads to increased
secondary cell wall cellulose deposition (Fig. 2e). The
cellulose content was nearly threefold higher in S26 line
and 2.5 fold higher in 180 followed by 1.5 fold higher in
APX line than in the WT under 100 mM NacCl (Fig. 2e).
A positive correlation was observed between cellulose
content and H,0, accumulation (correlation coefficient
‘r’ =0.45). Further, we tried to document the difference
of tissue structure between the transgenic lines and the
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cal replicates. The bar indicates the relative expression ratio whereby
blue, white and red colours represent upregulation, no change and
downregulation, respectively. (Color figure online)

WT by light microscopy (Fig. 7). Morphology of vascular
system in all lines and WT changed with the stress condi-
tions. However, compared with the transgenic lines, the
xylem deformations were evident in WT (Fig. 7). Mean-
while, all cells of the vascular system of the WT exhibited
severe deformations of xylem cell morphology at 100 and
150 mM salt stress, which resulted in irregular or col-
lapsed xylem phenotype but the transgenic lines showed
normal anatomy with enlarged xylary cells (Fig. 8). We
tried to validate the results of light microscopy with SEM,
some significant differences were also observed between
the scanning electron micrographs of WT and transgenic
lines, where anatomical modifications in the inflorescence
of transgenic lines under salinity stress were documented
(Fig. 8). Cell wall measurements were also done with SEM
for all the transgenic lines along with WT under differ-
ent salt stress conditions. The results obtained from SEM
were in accordance with the light micrographs, wherein
electron micrographs showed that cell walls of vascular
bundles in transgenic lines particularly in 180 and S26
transgenic lines were denser and enlarged compared to
WT (Fig. 8). A significant difference in cell wall thickness
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100 mM

150 mM

Fig. 7 Light microscopy micrographs of the stem of WT and trans-
genic line (PaSOD; S26, RaAPX; APX?20, dual line: 180) under con-
trol and salt stress of three biological replicates. Note the gradient in

could be observed (Fig. 8), where S26 and 180 showed 3
times cell wall thickness compared to WT under 100 mM
stress conditions.

Comparison of cell wall formation in WT and 180
transgenic line

To further evaluate the effect on antioxidants genes on cel-
lulose accumulation and based on the above findings, we
used protoplast technology to evaluate the dynamics of cell

the degree of secondary wall thickness from developing to mature
secondary xylem. (Color figure online)

wall formation in WT and 180. Protoplasts isolated from
cotyledons of WT and 180 were transferred to protoplast
culture media. Aliquots were taken at various points and
studied using light and fluorescence microscopy with and
without staining by Calcofluor White, which preferentially
stains cellulose (Fig. 9). Development of new cell wall
by the protoplasts did not occur in at the same time; sev-
eral discrete phases could be recognized. Representative
microscopic images of protoplasts at eight different time
points were shown in the present study (Fig. 9). At initial
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Fig.8 Scanning electron micrographs of the stem of WT and trans-
genic lines (PaSOD; S26, RaAPX; APX20, dual line: 19c) under
control and salt stress of three biological replicates, red arrows show

stages of culture, fresh protoplasts remained unstained
(Fig. 9a, b, j, k), indicating degraded cell wall. In the pri-
mary stages of culture, Calcofluor White staining was not
observed in protoplasts and cell wall formation appeared
after 18 h of protoplast culture (Fig. 9e, n), when the cell
wall formation was observed in bulk of the cells, but in
case of 180, cell wall regeneration was relatively faster,
within 12 h of culture as compared to WT (Fig. 9m). After
18-24 h of cultivation over 50% of 180 transgenic pro-
toplasts reconstructed their cell walls. These protoplasts
continued to grow and first cell division appeared after a
few hours of culturing.
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APX20

wall thickening. Note the gradient in the degree of secondary wall
thickness from developing to mature secondary xylem. (Color figure
online)

Overexpression of antioxidant genes affects
the accumulation of soluble phenolic compounds
in transgenic Arabidopsis

Plants contain large amounts of soluble phenolic sub-
stances that function in protection against abiotic and biotic
stresses. During the RNAseq analysis, we have observed
some changes in flavonoid pathway genes, where upregula-
tion was seen in transgenic lines under stress conditions (Fig.
S2). To confirm the results of enrichment analysis (Fig. S1),
we performed UPLC analysis on extracts obtained from WT
and transgenic lines grown under control and salinity stress.
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SOD+APX)

180

Fig.9 Time course changes in the cell surface during cell wall regen-
eration from the protoplasts of Arabidopsis of three biological rep-
licates. Protoplasts were stained with calcofluor white and subse-
quently studied with (A—R) normal light and (a-r) UV light. Samples
were taken at different time points after transfer to the protoplast cul-

Comparison of UPLC-PDA profiles (Fig. S2) demonstrated
the accumulation of several flavonols in WT and transgenic
plants. Several components were recognized by the charac-
teristic UV absorbance spectra of their aglycones, and from
the mass spectra data, glycosides nature was inferred (Fig.
S2). In the tissue extracts of all the lines, the major peak
was detected at 270 nm, which matches to kaempferitrin.
Apart from this peak, numerous peaks equivalent to glyco-
sides of kaempferol and quercetin were identified. Based on
chromatographic and spectral properties which were then
equated with a known standard of kaempferitrin, the amount
of this metabolite was similar in all the lines at control con-
dition, but under 100 mM salt stress the amount of principal
compound that is kaempferitrin (phenolic glycoside) was
found to be twofold higher in 180 line as compared to WT
(Fig. 2f).

Discussion
Salinity stress and plant response to the stress situations have

been intensively studied but it has not reflected in the devel-
opment of abiotic stress tolerant crops. A cascade of genes

ture medium: O h (A, a,J, j),3h (B, b, K, k), 6 h (C,c,L, 1), 12 h
(D, d, M, m), 18 h (E, e, N, n), 24 h (F, f, O, 0), 36 h (G, g, P, p),
42h (H, h, Q, q) and 48 h (I, i, R, r). Red arrows showing cell wall
formation which appeared earlier in 180 (i, m) as compared to WT
(e). Bar =15 um. (Color figure online)

involved in ROS scavenging, osmotic adjustments and some
transcription factors has been utilized to generate salinity
stress tolerant crops [34-36]. However, the rate of produc-
tion of these tolerant crops is very low, which can be due to
inadequate knowledge about the detailed processes involved
salt stress tolerance by plants. Therefore, the major goal for
plant biologists is to reduce the influence of abiotic stress on
crop yield by maintaining growth, overall architecture, and
metabolism. Majority of studies involved in the manipula-
tion of single genes in the improvement of salt tolerance
was reported. Though, salt tolerance is associated with
the interactions of many genes and thus co-overexpression
strategy of multi-genes is a promising way to improve salt
tolerance. Taken together, our results allowed us to propose
that the co-expression of the PaSOD and RaAPX genes in
transgenic lines was closely associated with changes at a
metabolic level such as increasing cellulose biosynthesis
and other factors which probably led to the better adap-
tation of these plants under salinity stress. In the present
work, all the stress conditions were used to validate/cross-
check whether other stress conditions (50 and 150 mM) had
any effect on the cellulose biosynthesis in transgenic. This
study proved that not only lignin, but cellulose biosynthesis
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pathway got differentially regulated at 100 mM salt stress
conditions. Further, under salt stress, PaSOD and RaAPX-
overexpression plants grew better and were characterized
with significantly increased seed yield, root biomass and
length, better tolerance to salt stress, and improved cellulose
content, as compared to WT, in agreement with our previous
studies [14—16, 21]. The constant production of low levels of
H,0, stimulated the onset of secondary cell wall cellulose
synthesis signal transduction pathway (perhaps by inducing
expression of secondary cellulose biosynthesis genes and
transcription factors).

Enhanced accumulation of ROS molecules due to salin-
ity results in the serious damage to plants and to evade this
damage plants are well fortified with strong antioxidant sys-
tems that can scavenge these ROS and protect plants from
oxidative damage [15, 21]. It has been well documented
that overexpression of antioxidant genes, such as super-
oxide dismutase (SOD), and ascorbate peroxidase (APX)
enhance ROS scavenging activity and improve salt stress
tolerance [15, 21, 37], which was reflected in our trans-
genic lines under salinity stress (Fig. 2a, b). Therefore the
enhanced activities of SOD and APX were considered to be
closely related to plant tolerance to abiotic stress. Similarly,
we found that the transgenic plants overexpressing PaSOD
and RaAPX genes have SOD and APX activities elevated by
about 2-3 fold under stress conditions, compared with the
WT plants. Among transgenic, dual line (180) accumulated
substantially more SOD and APX levels under stress than
other transgenic lines and WT plants. Further, to support this
observation the endogenous levels of ROS in PaSOD and
RaAPX plants was lower compared with the WT, suggesting
that the WT plants were impaired extremely by salinity. As
SOD and APX combo act as a major defence against ROS
damage their activities and the transcription in transgenic
lines increased more than that of WT plants after salt treat-
ment, indicating that PaSOD and RaAPX overexpression
amplified the ROS scavenging ability. These observations
indicated that the transgenic line with higher antioxidant
scavenging capacity is attributed to their higher antioxidant
enzymes activities. Plants grown under control condition
(0 mM) showed low accumulation of superoxide free radi-
cals in a localization study (Fig. 4). Dark brown and blue-
colour accumulation appeared after DAB and NBT staining,
which is an indication of free radicals accumulation and was
higher in WT compared to transgenic lines under salinity
stress (Fig. 4).

In order to retain osmotic homeostasis across cell mem-
brane during stress conditions, cell synthesizes osmopro-
tectants such as proline and total soluble sugars, which are
considered as biochemical markers involved in osmotic
adjustment [38, 39]. In our study, transgenic lines over-
expressing PaSOD and RaAPX gene accumulated signifi-
cantly higher levels of proline and reducing sugar, total

@ Springer

sugar (Fig. 2¢, d). This accumulation of proline and soluble
sugars can stabilize the macromolecules, membranes and
has a central role in energy provision. This augmentation in
soluble sugar and proline levels along with enhanced cellu-
lose in transgenics confirmed that the cell not only changes
its cell wall structure but also maintains the internal balance
of osmoprotectants.

At the phenotypic level, exposure to high salinity results
in morphological traits, growth parameters, and seed pro-
ductivity variations. As described previously [35], photo-
synthetic rates and chlorophyll fluorescence have efficiently
enhanced in tobacco plants overexpressing SOD and APX
genes. Similar results can be inferred from our observa-
tions where improved yield and biomass parameters were
recorded in transgenic lines under different salt stress condi-
tions compared to WT plants (Fig. 3), which reveals that the
combination of antioxidant genes (SOD + APX) can ease the
detrimental effects of salinity stress. This advance in growth
appears to depend on improved cellulose accumulation dur-
ing stress in these transgenic lines, as CesA’s Arabidopsis
mutants showed a reduction in cellulose content and bio-
mass accumulation [40, 41]. Treatment with 150 mM NaCl
resulted in a drastic decrease in biomass and yield param-
eters probably due to maximum tolerance level with which
plant can withstand stress conditions.

A group of researchers [42, 43] have shown that mor-
phological changes in plants are found to be linked with
increased cell dimensions and its architecture. Histochemi-
cal staining and quantitative analysis of transgenic and
WT plants under stress conditions showed morphological
changes in the vascular bundle architecture, width and its
cell size (Fig. 7). Xylem vascular bundles cell size examina-
tion showed that PaSOD and RaAPX overexpression induced
the cell expansion (Fig. 8). A similar observation has been
reported by Yokoyama and Nishitani [44], xylem secondary
cell wall formation was enhanced by a group of peroxidases.
As we have expected, the cell size and cell wall width of
vascular bundles in PaSOD and RaAPX overexpressors were
enlarged than WT (Fig. 8).

Cellulose, hemicelluloses, and lignin constitute sec-
ondary cell wall components, their biosynthesis occurs by
coordinated expression of various genes and transcription
factors (SND1, NSTs, and VNDs) [45-49]. High salinity
usually induces the expression of secondary cell wall genes
and transcription factors which regulate their expression,
among which MYB and NAC transcription factors [14-16],
are recognized to be involved in various tolerance and adap-
tation. Based on these reports and some preliminary experi-
ments (un-published data), we documented that PaSOD and
RaAPX overexpression have resulted in increased expres-
sion of secondary cell wall cellulose synthesis genes in
transgenic lines under salinity stress. However, at 100 mM
salt stress and after 24 h time point more pronounced effect
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was observed in dual transgenic line (180) followed by
PaSOD and RaAPX lines, indicating that this difference in
expression of cellulose genes biosynthesis between WT and
within the transgenic lines might be due to the presence of
extra copy PaSOD and RaAPX genes. We have observed
that the essential CesA4, CesA7, and CesAS8 genes which
are required for synthesizing secondary cell wall cellu-
lose [50] were upregulated in PaSOD and dual transgenic
lines at 100 mM NaCl stress condition (Fig. 5). Zhong
et al. [49] have reported impaired secondary wall forma-
tion in the fibers of Arabidopsis dual mutants (SND1 and
NST1), which included a lack of cellulose. Among MYB
family of transcription factors, MYB46 and MYBS83 act as
downstream targets of NAC regulators [S1, 52] and their
overexpression enhanced secondary CESA genes (CesA4,
CesA7, and CesAS8) expression and induced secondary cel-
lulose deposition [53]. Similarly, we observed a shift in the
expression pattern of MYB46 and MYB83 in dual trans-
genic line and PaSOD plants under salt stress conditions,
which was lacking in WT and RaAPX plants. Higher levels
of MYB46 and MYBS83 transcription factors might have
influenced the expression of secondary CESA genes (CesA4,
CesA7, and CesA8) and which in turn induced secondary
cell wall cellulose deposition. Transcription factors SND2,
SND3, MYB46 and MYBS83 act as leading transcriptional
switches to activate their common targets and consequently
the secondary wall cellulose biosynthetic cascade and these
transcription factors showed 2—6 fold upregulation in dual
and PaSOD line (Fig. 6). Thus in the present study most of
the abiotic stress responsive genes involved in secondary
cellulose biosynthesis were found upregulated. Based on the
previous observation of Shafi et al. [14], 24 h stress time
point provided better results as compared to 1 h of salt stress
treatment, which could be due to stress induction occurs
after 24 h of salinity stress. The increased thickness of the
cell wall in transgenic lines could be correlated with the
increased cellulose content. However, in WT, the decreased
cellulose level under salt stress may result in thinner cell
walls, as well as the shorter height. Collectively, the data
suggest that overexpression of PaSOD and RaAPX has stim-
ulated the minimal levels of H,O, (required for signalling),
which further increased the level of secondary cell wall cel-
lulose synthesis and thus biomass accumulation.

Role of SOD and APX genes in cell wall metabolism
has been reported [54]. Several investigations on cell wall
synthesis have used protoplasts undergoing cell wall regen-
eration [55]. The choice of this system in the present study
was based on the expectation that strongly enhanced cell
wall regeneration would derive from amplified anti-oxidant
scavenging gene expression levels (SOD and APX). More
than 90% of protoplasts regenerated a new cell wall within
12 h of culture in 180 line, which is an indication that apart
from the alterations in the lignin depositions other cell wall

components are also being affected in 180 line (Fig. 9).
Most of the protoplasts regenerated cell wall within 12 h of
culture in 180 line, indicating that cell wall components are
affected in 180 line in comparison with WT (Fig. 9). Our
results propose that cellulose synthesis and its deposition is
a significant influencing factor in adaptations of plants to
salinity stress.

During abiotic stress, ROS molecules such as H,0, at
low levels act as signalling molecules [56] and its presence
near cell wall was also observed [57] with its significant role
in cell wall development. This study primarily focused on
measurement of H,O, in all the lines under control and stress
conditions, where H,0, levels were elevated in S26 line fol-
lowed by 180 and APX20 (Fig. 1g, h). Under stress condi-
tions, a strong but transient increase in H,O, accumulation
was observed in S26 and 180 lines. We also detected a trend
in cellulose deposition under stress condition in transgenic
lines (Fig. 2e), which was similar to H,O, accumulation
(Fig. 4d). A positive correlation between cellulose content
and H,0, accumulation in transgenic lines is an indication
of a possible link of H,0, signalling in cellulose deposi-
tion under salinity stress. Karpinska et al. [58] localized a
novel isoform of CuZn-SOD in the secondary cell wall of
the xylem cells of Scot pine and was involved in the H,0O,
production. Such a continually elevated concentration of
H,0, within the cell is likely to produce an accumulation
of damage to vital cellular components and therefore may
result in the activation of programmed cell death. However,
H,0, produced by SOD is regulated by APX to optimal
levels, which then acts as a signalling molecule inducing
a series of downstream molecules which then upregulate
secondary cell wall cellulose biosynthesis genes. Enrich-
ment analysis at 100 mM salt stress condition in 180 trans-
genic line also confirmed that metabolic and biosynthetic
processes involved in the H,0, production were extremely
enhanced (Fig. S1). These observations provide a molecular
link between oxidative stress, redox homeostasis, and sec-
ondary cell wall cellulose biosynthesis during salinity stress.
These results further support the notion that H,0O, generation
in plants is developmentally regulated.

Flavonoid biosynthesis is tightly regulated by various
developmental and ecological factors [59]. These flavo-
noid compounds are localized in different cell compart-
ments, indicating their multiple physiological roles [60].
Arabidopsis phenolic pool consists of flavonol glycosides
(Kaempferol and quercetin derivatives). The major soluble
phenolic compound recovered from the samples was Kaemp-
ferol glycoside (Kaempferitrin) (Fig. S2). Besides this, other
soluble phenolics were quercetin glycoside and rhamnetin
glycoside. Since Kaempferitrin was found to be marker
phenolics, it was used as a standard to observe changes in
phenolic content in all the lines under control and salt stress
conditions. It was also interesting to note that compared to
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control group, 180 transgenic line had increased levels of
Kaempferitrin under salt stress (Fig. 2f), which indicates
that apart from perturbations in the cellulose biosynthetic
pathway, there must be some metabolic flux towards other
branches of phenylpropanoid pathway as well. Enrichment
analysis also revealed that there was positive regulation of
flavonoid biosynthetic process in 180 line at 100 mM stress
(Fig. S1).

Conclusion

The present work constitutes that the SOD and APX genes
from Himalayan plants Potentilla atrosanguinea and Rheum
austral respectively were isolated and ectopic expression
in Arabidopsis up-regulated downstream genes involved
in antioxidant protection and secondary cell wall cellulose
biosynthesis, resulting in improved salt tolerance. The pre-
sent study provided the information about changes occur-
ring precisely at cellulose biosynthesis genes and its tran-
scription factors. Taken together, our results demonstrated
that PaSOD and RaAPX overexpression enhanced the salt
stress tolerance of transgenic plants, possibly due to ultras-
tructural changes at cell wall level with improved cell wall
integrity and higher cellulose, reduced accumulation of
ROS, increased activities of antioxidant enzymes, enhanced
biomass, yield, and flavonoid accumulation. SOD and APX
act as an important gene for salinity stress tolerance and for
the development of value-added cultivars.
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