the plant journal

The Plant Journal (2021) 105, 1374-1389 doi: 10.1111/tpj.15119

Wheat 2-Cys peroxiredoxin plays a dual role in chlorophyll
biosynthesis and adaptation to high temperature

Divya Mishra (©), Shubhendu Shekhar, Subhra Chakraborty and Niranjan Chakraborty”
National Institute of Plant Genome Research, Jawaharlal Nehru University Campus, Aruna Asaf Ali Marg, New Delhi 110067,
India

Received 8 September 2020; revised 28 November 2020; accepted 30 November 2020; published online 7 December 2020.
*For correspondence (e-mail nchakraborty@nipgr.ac.in).

SUMMARY

The molecular mechanism of high-temperature stress (HTS) response, in plants, has so far been investigated
using transcriptomics, while the dynamics of HTS-responsive proteome remain unexplored. We examined
the adaptive responses of the resilient wheat cultivar ‘Unnat Halna’ and dissected the HTS-responsive pro-
teome landscape. This led to the identification of 55 HTS-responsive proteins (HRPs), which are predomi-
nantly involved in metabolism and defense pathways. Interestingly, HRPs included a 2-cysteine peroxiredoxin
(2CP), designated Ta2CP, presumably involved in stress perception and adaptation. Complementation of
Ta2CP in yeast and heterologous expression in Arabidopsis demonstrated its role in thermotolerance. Both
Ta2CP silencing and overexpression inferred the involvement of Ta2CP in plant growth and chlorophyll
biosynthesis. We demonstrated that Ta2CP interacts with protochlorophyllide reductase b, TaPORB. Reduced
TaPORB expression was found in Ta2cp-silenced plants, while upregulation was observed in Ta2CP-overex-
pressed plants. Furthermore, the downregulation of Ta2CP in Taporb-silenced plants and reduction of pro-
tochlorophyllide in Ta2cp-silenced plants suggested the key role of Ta2CP in chlorophyll metabolism.
Additionally, the transcript levels of AGPase1 and starch were increased in Ta2cp-silenced plants. More signif-
icantly, HTS-treated Ta2cp-silenced plants showed adaptive responses despite increased reactive oxygen spe-
cies and peroxide concentrations, which might help in rapid induction of high-temperature acclimation.

Keywords: antioxidant defense, bread wheat, cell death suppressors, cytoplasmic proteome, high-tempera-
ture stress, stress-adaptive responses, thermotolerance.

INTRODUCTION

High-temperature stress (HTS) is a major threat to plant
survival and cause of crop losses worldwide, posing major
challenges to global food security. Recently, the Paris
Agreement on global warming concluded a 1°C increase
above the pre-industrial level has already been reached,
and an additional increase of 0.5°C is expected by 2050.
Notably, the temperature of several regions of India has
already been increased by 1.2°C above the pre-industrial
level as against 1°C in other countries, which is a major
concern. Given the trend of rising temperatures, many
parts of the world, including India, are likely to have
adverse impacts caused by global warming, which will ulti-
mately lead to food scarcity (IPCC, 2018). Bread wheat is a
winter-seasoned crop that is highly vulnerable to changes
in temperature (Chauhan et al., 2011). It is the dominant
crop across geographic regions, and is used for human
food and livestock feed. The increase of 1°C in temperature
can hamper wheat production by 6% (Asseng et al., 2014).

The success of wheat production largely depends on stress
adaptability, especially against HTS, and the potential to
have yield improved.

Plants, as sessile organisms, have evolved strategies
and high plasticity to endure and adapt to non-ambient
temperatures. These adaptive strategies impact on all cel-
lular functions and play critical roles in metabolic regula-
tion through an array of signaling cascades at the
organellar level. Until recently, transcriptome-based analy-
sis has been the mainstream tool to understand the molec-
ular mechanism of HTS responses and cellular adaptation
(Shi et al., 2017; Liu et al., 2020). However, dissection of
the proteome dynamics of HTS-induced responses is
imperative to determine thermotolerance. The cytoplasm
of the plant cell serves as the intracellular matrix that har-
bors most subcellular organelles, except the nucleus (Stre-
ward, 1942). More significantly, mMRNA abundance and rate
of protein synthesis suggest that the regulation of gene
expression mainly occurs in the cytoplasm, not in the
nucleus (Schwanhausser et al., 2011). Therefore, it is
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important to examine the cytoplasmic proteome
landscape, which would help on efficiently identifying the
key factors associated with thermotolerance acquisition in
plants.

The present study was designed as a comparative pro-
teomics of the cytoplasm of a thermotolerant wheat cul-
tivar, U. Halna. The proteomic analysis led to the
identification of a number of HTS-responsive proteins
(HRPs), presumably involved in acclimation to high tem-
peratures. Screening of cytoplasmic signature proteins
led us to a 2-cysteine peroxiredoxin, hereafter desig-
nated Ta2CP, which was chosen for detailed characteri-
zation to evaluate its role in stress tolerance. The 2CPs
belong to the peroxiredoxin (Prx) family of proteins
involved in the detoxification of alkyl and hydrogen per-
oxide (Horling et al., 2002; Konig et al., 2002; Broin and
Rey, 2003; Awad et al.,, 2015). The Prxs have been a
major focus of plant stress adaptation studies, especially
in the past few decades. The 2CPs have been suggested
to be integrated into chloroplasts from cyanobacteria
during the process of evolution (Weber and Osteryoung,
2010). Previous studies clearly established that 2CPs play
a key role in the maintenance of reactive oxygen species
(ROS) homeostasis and regulate the chloroplast metabo-
lism (Konig et al., 2002; Pulido et al., 2010; Vaseghi
et al., 2018). The plastid-localized 2CP interacts with
thylakoid APx to protect the photosynthetic apparatus
through maintenance of the water—water cycle (Awad
et al., 2015). Additionally, 2CP maintains the electron
pool of the photosystem by accepting reducing equiva-
lents from ferredoxin-ferredoxin/thioredoxin reductase-
thioredoxin (Fd-FTR-Trx) and NADP-thioredoxin reductase
C (NTRC; Kirchsteiger et al., 2009; Pulido et al., 2010;
Awad et al., 2015; Cheng et al., 2016). In plants, 2CP has
the ability to change structural conformation and func-
tions as a chaperone (Jang et al., 2004; Kim et al., 2008;
Cerveau et al, 2019). However, it is not clearly under-
stood how 2CP participates in chlorophyll metabolism,
thereby affecting photosynthesis and sugar—starch
homeostasis. Although 2CP has been linked to abiotic
stress responses (Vidigal et al., 2014), the role of 2CP in
thermotolerance is largely unknown.

To reveal the physiological functions of Ta2CP, we
investigated how Ta2CP affects the photosynthetic machin-
ery, with specific emphasis on chlorophyll synthesis and
peroxidase status, and how it influences sugar—starch
homeostasis. The results indicate that silencing of Ta2CP
leads to HTS-induced higher accumulation of ROS, orches-
trating cell apoptosis. However, tight regulation of Ta2CP
induces the activation of cell defense pathway, tandemly
working with autophagy machinery, and acts as a safe-
guard against HTS-induced cell death. Together, these
results suggest that Ta2CP is a HTS-sensitive antioxidant
that plays an important role in thermotolerance.
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RESULTS
HTS-mediated morphophysiological alterations in wheat

The degree of thermotolerance and adaptive physiological
responses of U. Halna were evaluated. Seedlings showed
leaf-rolling and yellowing at advanced stages (d-3 and d-4)
of the HTS (Figure S1a,b). Furthermore, we examined H,0,
abundance, and cell viability against H,0, toxicity. An
increase in H,0, levels and cell death was observed in later
stages d-3 and d-4, respectively (Figure S1c—f). A consider-
able decrease was found in antioxidant enzyme activity in
the later stages. A decrease in the activity of ascorbate per-
oxidase, glutathione reductase and superoxide dismutase
was observed in d-4, while peroxidase activity was
decreased in d-3 (Figure S1g-j). We observed the accumu-
lation of soluble sugars during HTS, which functions as
osmoprotectant (Figure S1k). Furthermore, ultrastructural
analysis revealed deformation in the cell shape (Fig-
ure S1-, 1), along with unstacking of chloroplast grana
and mitochondrial cristae in d-4 when compared with
unstressed control (Figure S1I-1l1-VI).

Proteometabolomic response of wheat exposed to HTS

The cytoplasm is the intracellular matrix, which intercon-
nects metabolic networks, and we sought to investigate
the effects of HTS on the cytoplasmic proteome. The cyto-
plasmic proteins were isolated, and its enrichment was
checked by the presence of organelle-specific markers (Fig-
ure S2a-d). The abundance of cytochrome c oxidase,
RuBisCO L subunit, fructose-1,6-biphosphate aldolase and
the absence of both xyloglucan endo-transglycosylase and
anti-plasma membrane intrinsic protein 2 in the fraction
indicated the enrichment of cytoplasmic proteins (Fig-
ure S2b). The enriched fraction exhibited the activity of
alcohol dehydrogenase, further confirming the abundance
of cytoplasmic proteins (Figure S2c). The HTS-responsive
cytoplasmic proteome was investigated by 2-DE and statis-
tically analyzed by PDQuest software (Figures S3 and S4),
and the proteins were identified by LC-MS/MS analysis. In
all, 55 differentially expressed proteins were identified,
referred to as HRPs, of which 10 proteins were upregulated
and 29 were downregulated, while 16 proteins showed
mixed expression patterns (Figures 1a and S5; Tables S1
and S2). The interaction network revealed that HRPs asso-
ciated with carbohydrate metabolic pathways interact with
proteins of redox homeostasis, chaperone machinery and
photosynthetic pathways (Figure 1b; Table S3). Principal
component analysis (PCA) revealed that few HRPs associ-
ated with photosynthesis and redox homeostasis were sig-
nificantly altered during HTS (Figure 1c). Furthermore, to
better understand the HTS-modulated metabolic changes,
the metabolite profiles were compared in d-4 with the
unstressed control. Differential abundance was observed
in 33 non-redundant metabolites, albeit some of the
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Figure 1. High-temperature stress (HTS)-induced proteometabolomic shift in thermotolerant wheat.

(a) Venn diagram showing the number of HTS-induced upregulated and downregulated proteins along with those exhibiting mixed pattern of expression.

(b) Interaction network of HTS-responsive proteins (HRPs) and HRPs belonging to different pathways are encircled by dotted lines in different colors.

(c) Principal component analysis (PCA) on protein fold change value showing HRPs associated with photosynthesis and redox homeostasis were significantly
affected. Colors of different triangles on PCA plot represent the functional classes, and circles represent the protein clusters.

(d,e) Bar graphs depicting log2 fold change values of differentially accumulated metabolites in d-4 relative to UC. The experiments were performed in three replicates
with two internal standard controls: (d) 2-methyl-3-heptanone and (e) p-ribitol. Metabolites marked with ***P < 0.001, **P < 0.01 and *P < 0.05 were significantly
different (Student’s t-test). The metabolites were categorized in different functional classes, as indicated.

metabolites were exclusively accumulated in either accumulation, indicating a major shift in sugar metabolism
unstressed control or d-4 (Figure 1d,e; Table S4). Interest- under HTS, which substantiated previous observations of
ingly, sugars and their derivatives showed an increased HTS-induced accumulation of soluble sugars during the
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advanced stage (Figure S1e). A shift toward sugar metabo-
lism and accumulation of different amino acids under HTS
also suggests an intimate association of carbohydrate and
amino acid metabolic pathways for the alleviation of HTS
and, based on these findings, a HTS-responsive network in
wheat has been postulated (Figure S6).

Proteomic identification of HTS-responsive Ta2CP

Screening for potential target/s in HTS-responsive pro-
teome led to the identification of a Ta2CP that showed
increased expression, particularly at d-4 (Figure 2a,b). The
increase in Ta2CP transcript was also seen in d-3 of HTS,
which further declined at d-4 (Figure 2c). Arabidopsis
homologs of five HRPs reported as the interactor of At2CP
(Muthuramalingam et al., 2009; Cerveau et al., 2016) fur-
ther indicated that Ta2CP possibly interacts with these
HRPs and plays a crucial role in HTS-responsive metabolic
pathways (Figure S7a; Table S5). Previous findings have
shown more than one isoform of 2CP in Arabidopsis and
rice (Dietz, 2011). As 2CP belongs to the Prx family, we
investigated the distribution of Prx along with 2CP in major
evolutionary lineages of the plant kingdom. The members
of the Prx family appeared to be the highest in wheat pos-
sibly due to the hexaploid genome, albeit only one type of
2CP was found (Figure S7b,c; Table S6).

or the experimental validation of the subcellular localiza-
tion, we isolated the chloroplast fraction and examined the
presence of Ta2CP along with chloroplast-specific markers,
light harvesting complex, RuBisCO L subunit, and mito-
chondrial-specific marker cytochrome c¢ oxidase. When
compared with the whole-cell extract, abundance of Ta2CP
was found to be in the chloroplast-enriched fraction, fur-
ther corroborating its localization in chloroplast (Fig-
ure 2d).

Heterologous complementation of Ta2CP in yeast mutants
and overexpression of Ta2CP in Arabidopsis

Thiol-specific antioxidant proteins (TSA1 and TSA2) are
plant 2CP homologs in yeast and are involved in redox
homeostasis (Liebthal et al., 2018). Disruption of TSA1/
TSA2, independently or simultaneously, has been shown
to cause growth defects in yeast (Wong et al., 2004). To
ascertain the functional role of Ta2CP, we complemented
the single mutants Atsal and Atsa2, and double mutant
AtsalAtsa? in yeast with pYES-DEST52:Ta2CP. The
AtsalAtsa2 double mutant showed a severe growth defect
followed by Atsal compared with Atsa2. Importantly, the
complemented lines (A4tsal:Ta2CP, Atsa2:Ta2CP and
AtsalAtsa2:Ta2CP) exhibited better phenotype compared
with their mutants under unstressed conditions (Fig-
ure 2e). Functional complementation and rescue of growth
defects in AtsalAtsa2:Ta2CP were observed under high
and low temperature, hypersalinity, osmotic and oxidative
stress (Figure 2f-j). In summary, the results confirm the
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ability of Ta2CP to complement the function of yeast TSA
and provide multi-stress tolerance (Figure 2e-j).

Further investigations of Ta2CP-overexpressed Ara-
bidopsis plants displayed green and healthy phenotypes in
unstressed (Figure 2k) and HTS conditions (Figure 2I),
suggesting a role of Ta2CP in thermotolerance in the over-
expression lines when compared with wild-type ecotype
Col-0. Altogether, these results suggest a cross-kingdom
adaptive response of Ta2CP.

Role of Ta2CP in plant development and thermotolerance

To define the role of Ta2CP, tobacco rattle virus (TRV)-
based virus-induced gene silencing (VIGS) was employed
to knockdown Ta2CP in wheat (Figure S8a). The expres-
sion of Ta2CP was significantly reduced in Ta2cp-silenced
plants (Figure S8b), which resulted in a photobleaching-
like phenotype, impaired leaf morphology and reduced
plant height (Figures 3a, upper panel, and S8a-d). Ta2CP
knockdown plants exhibited compromised defense when
exposed to HTS conditions (Figure 3a, lower panel). To
express Ta2CP in wheat, the vacuum-assisted Agrobac-
terium transformation method was used to produce the
Ta2CP-overexpressed plants using pEarleyGate101, along
with pBI121 harboring GUS reporter gene as a positive
control (Figure S9a,b). In contrast to silenced plants,
Ta2CP-overexpressed plants exhibited much better growth
and development with increased Ta2CP expression (Fig-
ures 3b, upper panel, and S9c,d). To decipher the role of
Ta2CP in thermotolerance, Ta2cp-silenced and Ta2CP-
overexpressed plants were exposed to HTS conditions.
While Ta2cp-silenced plants exhibited extensive leaf cur-
ling and wilting, the Ta2CP-overexpressed plants were
better adapted in HTS conditions (Figure 3a,b, lower
panel). Further analysis of the role of Ta2CP in chlorophyll
metabolism revealed a significant reduction in chlorophyll
in Ta2cp-silenced plants, especially chlorophyll a under
high-temperature conditions, which was in agreement
with the photobleaching-like phenotype (Figure 3c,d). Sig-
nificantly, Ta2CP-overexpressed plants showed higher
chlorophyll a and b content than the vector-transformed
plants. Notably, HTS-induced increase was observed only
in chlorophyll a, while no significant effect was observed
on chlorophyll b in Ta2CP-overexpressed plants (Fig-
ure 3e,f).

Ta2CP interacts with TaPORB and participates in
chlorophyll biosynthesis

The difference in chlorophyll content between Ta2cp-si-
lenced and overexpressed plants necessitated to dissect
the role of Ta2CP in chlorophyll biosynthesis and to
acknowledge the interacting partners falling together in
the pathway. Previous co-immunoprecipitation study in
Arabidopsis has dissected putative interactors of At2CP,
including chlorophyll biosynthetic pathway (Cerveau et al.,
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Figure 2. Proteomic identification and functional
annotation of high-temperature stress (HTS)-re-
sponsive candidate, Ta2CP.

(a) Magnified image of 2-DE gels (gel images
shown in Figure S3a) displaying HTS-induced dif-
ferential expression of Ta2CP.

(b,c) Bar graphs represent HTS-induced changes in

expression values (b) at protein level (computed
through the raw 2-DE gels images) and (c) tran-
script abundance. Values represent means + SE,
and bars with different letters are significantly dif-

Ta2CP(23kD)  ferent [P < 0.05, Fisher's least significant difference
(LSD)I.

_Rb(tusskm (d) Immunoblots showing relative abundance of
" Ta2CP, RbCL, LHC and COX in chloroplast fraction
_ s and whole cell extract. M, marker; CP, chloroplast;
b ) TP, total protein; 2CP, 2-cysteine peroxiredoxin;
RbCL, RuBisCO L subunit; LHC, light harvesting
_ COX(33 kD) complex; COX, cytochrome c oxidase.
UC d-1 d-2 d-3 d-4

(e-j) Growth phenotypes of BY4741, BY4741-VC,
AtsalAtsa2, Atsa2, Atsal, Atsa1:Ta2CP, Atsa2:Ta2CP
and AtsalAtsa2:Ta2CP yeast strains (e) unstressed,
(f) high-temperature and (g) low-temperature
stress, (h) hypersalinity), (i) osmotic stress and (j)
oxidative stress.

(k,l) Phenotypes of wild-type Arabidopsis Col-0,
double mutant (AtZcpacpb) and Ta2CP-overex-
pressed (OE-1 and OE-2) Arabidopsis plants under
unstressed and HTS conditions. The experiments
were carried out in triplicate (n = 3).
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2016). To gain more insight into the effect of Ta2CP on
chlorophyll biosynthesis, we examined its putative interac-
tion partners, particularly glutamate-1-semialdehyde-2,1-
aminomutase (GSA), protochlorophyllide reductase B
(PORB) and coproporphyrinogen-lll oxidase (CPO). As a
first step in recognizing the relationship between the puta-
tive partners and Ta2CP, the relative abundance of their
transcripts was quantified in Ta2cp-silenced and Ta2CP-
overexpressed plants. The transcript reduction of PORB in

OE-2

Ta2cp-silenced plants but enhancement in Ta2CP-overex-
pressed plants demonstrated a proof-of-concept for the
photobleaching-like phenotype of Ta2cp-silenced plants
(Figure 4a,b). Additionally, TaCPO showed increased
expression in Ta2CP-overexpressed plants, while no effect
was seen in Ta2cp-silenced plants (Figure S10a,b). Further-
more, the transcript abundance of GSA in Ta2cp-silenced
or Ta2CP-overexpressed plants showed no correlation (Fig-
ure S10c,d).
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(a) The images showing phenotypic changes in silenced Ta2cp (TRV:Ta2cp) compared with the vector control (VC; TRV:00) plants under unstressed (upper

panel) and high-temperature stress (HTS) conditions (lower panel).

(b) Transient expression of Ta2CP in wheat along with their VC under unstressed (upper panel) and HTS-treated conditions (lower panel).
(c-f) Bar graphs showing alterations in chlorophyll a and chlorophyll b content in (c, d) Ta2cp-silenced and (e,f) Ta2CP-overexpressed plants with their respec-

tive controls TRV:00 and VC, under unstressed and HTS conditions, respectively.

Data shown are the means + SE of three experiments. Single asterisk denotes statistical significance relative to their corresponding TRV:00/VC (Student’s t-test),
while double asterisks denote significant differences between TRV:00/VC and silenced/overexpressed plants (two-way anova) challenged with HTS (P < 0.05).

Next, we sought to determine whether Ta2CP interacts
with the candidate partners TaGSA, TaPORB and TaCPO
using the yeast-2-hybrid (Y2H) assay. The results indicate
that Ta2CP physically interacts with TaPORB (Figure 4c).
The interaction was further confirmed by in planta bimolec-
ular fluorescence complementation (BiFC) analysis with
Ta2CP fused at the N-terminal and TaPORB at the C-termi-
nal of the YFP-BiFC vector as detailed later in the Experi-
mental Procedures section. Co-expression of TaPORB-YFPc
and Ta2CP-YFPn resulted in bright YFP fluorescence in the
chloroplast, indicating an interaction between Ta2CP and
TaPORB (Figure 4d). However, no fluorescence was
observed when leaves were co-transformed with TaPORB-
YFPc and YFPn or with Ta2CP-YFPn and YFPc.

To further explore the role of Ta2CP in photosynthesis
and the relationship between Ta2CP and TaPORB, TaPORB
was silenced in wheat. The Taporb-silenced plants showed
stunted growth and a pale-green phenotype with signifi-
cantly reduced TaPORB expression compared with the

vector control (TRV:00; Figure 4e,f). Interestingly, silencing
TaPORB resulted in reduced levels of Ta2CP transcripts,
showing correlation with the observed downregulation of
PORB in Ta2cp-silenced plants (Figure 4a,f). These findings
prompted us to determine the protochlorophyllide content,
which revealed a reduction in both Taporb- and Ta2cp-si-
lenced plants as compared with TRV:00 plants (Figure 4g).
This substantiates earlier results that led to the conclusion
that downregulation of PORB/fgl causes lower accumula-
tion of protochlorophyllide (Sakuraba et al., 2013). These
results suggest that Ta2CP functions synergistically with
TaPORB in the conversion of protochlorophyllide to chloro-
phyll a, and plays a crucial role in chlorophyll biosynthesis.

Ta2CP-mediated effect on starch biosynthesis

Plants accumulate starch as both transient and long-term
carbohydrate reserves, which maintains carbon supply in
response to multiple physiological demands, including
stress responses. Starch accumulation in plants is critically
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Figure 4. Coordinated role of Ta2CP and TaPORB.

(a,b) Relative abundance of TaPORB transcripts in Ta2cp-silenced and Ta2CP-overexpressed plants. Single asterisk denotes statistical significance relative to
their corresponding TRV:00/vector control (VC; Student’s t-test), while double asterisks denote significant differences between TRV:00/VC and silenced/overex-
pressed plants (two-way ANovA) upon exposure to high-temperature stress (HTS; ** P < 0.05). Data shown are means + SE of three replicates.

(c) Pair-wise yeast-two-hybrid (Y2H) interactions of Ta2CP with TaPORB, TaCPO and TaGSA on DDO and QDO plates. Yeast cultures for positive (pGBKT7-p53
with pGADT7-T) and negative (pGBKT7-Lam with pGADT7-T) controls were also plated on QDO media. Double dropout, DDO; Quadruple dropout, QDO.

(d) In planta interactions of Ta2CP with TaPORB by co-transforming Ta2CP-YFPn and TaPORB-YFPc into Nicotiana benthamiana leaves. The plasmids YFPn with
TaPORB-YFPc and Ta2CP-YFPn with YFPc were used as negative control. Scale bar: 10 um.

(e) Representative images showing morphological phenotypes of Taporb-silenced plants and VC (TRV:00).

(f) Bar graphs showing relative abundance of TaPORB and Ta2CP transcripts in Taporb-silenced plants with reference to TRV:00.

(g) Accumulation of protochlorophyllide in TRV:00, Ta2cp-silenced plants and Taporb-silenced plants. The protochlorophyllide is expressed as mg per mg fresh
weight, Pchlide, protochlorophyllide. The experiments were performed in triplicate and statistical significance relative to TRV:00 (Student’s t-test, ***P < 0.001
and *P < 0.05).

regulated by redox-dependent ADP-glucose pyrophospho- expression was seen only in plants under HTS (Figure 5c,
rylase (AGPase) activation (Hou et al., 2019). Hence, we d). Furthermore, the reduced expression of AGPase? and
sought to understand the role of Ta2CP in controlling AGPase2 was found in Ta2CP-overexpressed lines (Fig-
starch accumulation. Interestingly, Ta2cp-silenced and - ure 5e,f).

overexpressed plants showed high and low starch content,
respectively (Figure 5a,b). To find a possible explanation,
we quantified the transcript abundance of the key regulator

Ta2CP stimulates antioxidative pathways and reduces
oxidative stress

of starch biosynthesis, AGPase. The increase in AGPase1 Because Prxs play a role in detoxifying H,0, and lipid per-
expression was observed in Ta2cp-silenced plants under oxides, and they are known to act with other peroxide-re-
unstressed and HTS conditions, while increased AGPase2 moving enzymes (Dietz, 2016), we therefore checked the
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Figure 5. The role of Ta2CP on starch metabolism.

(a,b) Bar graphs indicate the starch content in Ta2cp-silenced and Ta2CP-
overexpressed plants compared with TRV:00 and vector control (VC),
respectively, under unstressed (UC) and high-temperature stress (HTS) con-
ditions.

(c—f) Transcript abundance of TaAGPasel and TaAGPase2 in (c,d) Ta2cp-si-
lenced lines and (e,f) Ta2CP-overexpressed plants under UC and HTS condi-
tions.

Single asterisk denotes significant differences relative to TRV:00/VC (Stu-
dent’s t-test), while double asterisks denote significant differences between
TRV:00/VC and silenced/overexpressed plants upon exposure to HTS
(P < 0.05; two-way AnovA). Mean values + SE are shown for three indepen-
dent experiments. TRV:00, VC of TRV-mediated silencing; VC, vector control
used for transient expression in wheat; UC, unstressed.

impact of silencing and overexpressing 2CP on the status
of other peroxidases in Ta2cp-silenced/Ta2CP-overex-
pressed plants under unstressed and HTS conditions. An
increased (~67%) peroxidase activity was detected in
Ta2cp-silenced plants compared with that in the vector
control (Figure S11a). Interestingly, the change in peroxi-
dase activity in Ta2CP-overexpressed plants was negligible
(~8%) under unstressed conditions, while the activity was

Function of Ta2CP in HTS-adaptive response 1381

increased (~23%) under HTS conditions (Figure S11b). In
general, peroxidase activity is attributed to APx and glu-
tathione peroxidase (GPx) besides Prxs. Thus, to correlate
the effect of silencing and overexpression of a Prx, Ta2CP
on the transcript abundance of other peroxidases and Prxs,
we analyzed the transcript abundance of peroxidases and
Prxs in Ta2cp-silenced and overexpressed plants under
unstressed and HTS conditions. Transcripts of peroxidases
such as PrxlIB, PrxlIF, APx7 and GPx (cytosol) were either
upregulated or maintained at a steady state under
unstressed conditions (Figure S11c). Also, there was
increased expression of TaPER1T (nucleus), GPx (cytosol),
TaPrxQ (chloroplast) and TaAPx2 (chloroplast) in HTS-trea-
ted Ta2cp-silenced plants (Figure S11c). Furthermore, the
transcript abundance of PrxlIB, PrxIIE, PER1, PrxlIF, PrxQ,
APx7 and cytosolic GPx positively correlated with the
increased peroxidase activity of HTS-treated Ta2CP-overex-
pressed plants (Figure S11d).

To dissect the role of Ta2CP in the maintenance of H,0,
abundance, we examined the redox status of Ta2cp-si-
lenced and Ta2CP-overexpressed plants. The Ta2cp-si-
lenced plants displayed higher abundance of H,0, under
HTS compared with Ta2CP-overexpressed plants, which
was consistent with the increased abundance of ROS, par-
ticularly superoxide anions (Figure 6a). Contrastingly,
Ta2CP-overexpressed plants had low concentrations of
H,0, and ROS compared with their vector control, suggest-
ing a crucial role of 2CP in ROS homeostasis (Figure 6b).
Notably, lipid peroxidation level was slightly increased in
Ta2cp-silenced plants, but decreased in Ta2CP-overex-
pressed plants when challenged with HTS (Figure 6c,d).
More significantly, despite HTS-induced higher abundance
of ROS, the Ta2cp-silenced plants showed no significant
increase in lipid peroxidation and cell death (Figures 6¢ and
S12a), indicating other factors influencing cellular home-
ostasis. Next, we assessed the expression of apoptosis- (cell
death suppressors and initiator) and autophagy-related
genes to determine whether HTS conditions induce apopto-
sis or autophagic cell death. The expression of ACD1, ACD2
and LrgB (cell death suppressors) was increased, while the
expression of EX7 (programmed cell death initiator) was
reduced in HTS-treated Ta2cp-silenced plants. The tran-
scripts of autophagy-related genes such as ATG8h, ATG6F
and ATG8A, and cochaperone CIpC1 were also upregulated
under HTS (Figure 6e). In contrast, the Ta2CP-overex-
pressed plants showed reduced expression of both apopto-
sis- (except ACD1) and autophagy-related genes and no cell
death under HTS (Figures 6f and S12b).

DISCUSSION

Crop plants adopt various strategies to combat HTS condi-
tions at physicochemical and molecular levels. Therefore,
we analyzed HTS-triggered alterations of morphophysio-
logical traits coupled with intracellular changes in tolerant
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Figure 6. Role of Ta2CP in cell defense pathway.

(a,b) 3-Diaminobenzidine (DAB)-stained leaves showing H,0, abundance (upper panel) and nitroblue tetrazolium (NBT)-stained leaves showing the abundance
of superoxide anion (lower panel) in (a) Ta2cp-silenced and TRV:00, and (b) Ta2CP-overexpressed plants and vector control (VC) under unstressed (UC) and
high-temperature stress (HTS) conditions.

(c,d) The quantitative determination of membrane damage in Ta2cp-silenced and Ta2CP-overexpressed plants under UC and HTS conditions. Membrane dam-
age expressed as MDA equivalent (mm per mg protein) on the y-axis. ns, non-significant.

(e,f) Relative transcript abundance of autophagic- and apoptosis-related genes in (e) Ta2cp-silenced and (f) Ta2CP-overexpressed plants under unstressed and
HTS conditions. Single asterisks denote significant differences relative to their corresponding TRV:00/VC (P < 0.05; Student’s t-test), while doubled asterisks
denote significant differences between TRV:00/VC and silenced/overexpressed plants in response to HTS (P < 0.05; two-way anovA). The experiments were con-
ducted in triplicate and values are expressed as the means + SE. TRV:00, VC of TRV-mediated silencing; VC, vector control used for transient expression in
wheat.; UC, unstressed.
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wheat U. Halna. Significant changes in physicochemical
parameters were observed in advanced stages of HTS (Fig-
ure S1), which agrees with previous reports on stress-in-
duced alterations in various crop species (Ma et al., 2016).
HTS-induced accumulation of soluble sugars and mainte-
nance of antioxidant enzyme activity in early stages of HTS
indicated that U. Halna is equipped with potential tolerance
(Figures S1 and S6). To correlate the HTS-induced morpho-
physicochemical traits with the proteome profile, we devel-
oped HTS-responsive cytoplasmic proteome, which
revealed HRPs associated with Hsp-cochaperone, redox
homeostasis, carbohydrate metabolism and photosynthe-
sis as the key regulators of adaptive responses (Figures 1
and S2-S6; Tables S1 and S2). Previous studies have
shown modulation of primary and secondary metabolites
under stress, particularly HTS (Keunen et al., 2013; Gayen
et al., 2019; Pareek et al., 2019). Notably, higher accumula-
tion of glutamic acid and alanine during HTS indicated the
activation of GABA shunt, which has previously been
shown to be activated by dehydration and salinity stress
(Che-Othman et al., 2019; Gayen et al., 2019). As it is regu-
lated via feedback control, the activity of GABA could be
modulated with respect to the redox and energy status.
This reconfiguration of energy metabolism (Figures 1d,e
and S6; Table S4) provides a mechanistic insight into the
adapted metabolic fingerprint of thermotolerance.
Complementation of Ta2CP in yeast and heterologous
expression in Arabidopsis demonstrated its conserved
stress-induced adaptive response across biological sys-
tems (Figure 2e-l). In planta characterization of Ta2CP indi-
cated its role in growth and development. The Ta2cp-
silenced plants showed a photobleaching-like phenotype
coupled with altered leaf morphology and reduced plant
height (Figures 3a and S8a-d). This agrees with previous
studies reporting chlorosis in plants caused by mutations
in 2CP (Vidigal et al., 2014; Awad et al., 2015; Cheng et al.,
2016), implying a key role in growth and development.
Intriguingly, we also observed a photobleaching-like phe-
notype in few (<25%) of the vector control plants, which
might be due to the longer cocultivation period or high
inoculum density of Agrobacterium, or both (Zhang et al.,
2017). The Ta2cp-silenced plants showed leaf wilting, cur-
ling and chlorosis when exposed to HTS, while Ta2CP-
overexpressed plants remained unaffected (Figure 3a,b).
Transcript analysis of PORB indicated that Ta2CP might
function in the conversion of protochlorophyllide into
chlorophyllide a, explaining why chlorophyll a was more
vulnerable than chlorophyll b under HTS conditions in
Ta2cp-silenced/Ta2CP-overexpressed plants (Figures 3c-f
and 4a,b). We further demonstrated a physical interaction
of Ta2CP with TaPORB, suggesting that this complex might
be involved in the conversion of protochlorophyllide into
chlorophyllide a (Figures 4c,d and 7a). Reciprocal down-
regulation of Ta2CP in Taporb-silenced and TaPORB in
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Figure 7. Predictive model of Ta2CP function in wheat. The phenotypic
changes and its associated alterations at molecular level due to downregu-
lation of Ta2CP.

(a) The penultimate reaction of chlorophyll biosynthesis is catalyzed by
PORB. Interaction of TaPORB with Ta2CP plays an important role in conver-
sion of protochlorophyllide to chlorophyllide a. Modulation in Ta2CP level
affects the interaction and hence chlorophyll biosynthetic pathway.

(b) Downregulation of 2CP might enhance the interaction efficacy of NTRC
with AGPase and stimulate starch biosynthesis.

(c) Ta2CP fine-tunes the autophagic and apoptotic pathways to maintain the
cellular homeostatic system under extreme high-temperature stress (HTS)
conditions. Red bold arrows indicate the effect of downregulation of Ta2CP
under unstressed condition, while yellow bold arrows indicate the effect
under HTS conditions. Glu, glutamic acid; Pchlide, protochlorophyllide;
chllide, chlorophyllide, Chl a, chlorophyll a; Chl b, chlorophyll b; PS, photo-
system; NTRC, NADPH-dependent Trx reductase C; AGPase, ADP-glucose
pyrophosphorylase; ROS, reactive oxygen species (the figure was created
with the help of BioRender.com).

Ta2cp-silenced plants indicate the importance of their col-
lective role in maintaining the chlorophyll biosynthetic
pathway (Figure 4a,f).

The increased starch accumulation in Ta2cp-silenced
plants indicates the probable existence of an alternate regu-
latory mechanism for starch biosynthesis. AGPase is a key
enzyme in the starch biosynthetic pathway that is regulated
by NTRC (Michalska et al., 2009). Interestingly, NTRC can
efficiently reduce both 2CP and AGPase. Notably, the inter-
action between NTRC and AGPase has previously been
reported to be relatively weaker than that between NTRC
and 2CP (Lepisto et al., 2013). Therefore, the interaction effi-
ciency of AGPase with NTRC would be enhanced by silenc-
ing Ta2CP and thereby promoting activation of AGPase
(Figures 5 and 7b). NTRC was primarily designated as the
major modulator for the reduction of 2CP (Alkhalfioui et al.,
2006; Moon et al., 2006; Pérez-Ruiz et al., 2017). However,
NTRC has been recognized as one of the regulators of pho-
tosynthesis, particularly under variable light conditions,
and for the redox-regulation of enzymes associated in
starch metabolism (Richter et al., 2018). Also, the role of the
NTRC/2CP system in the biosynthesis of protochlorophyl-
lide has been established, as well as their role in H,0, scav-
enging (Stenbaek et al, 2008). We observed the
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involvement of 2CP in the next step of conversion of pro-
tochlorophyllide to chlorophyllide a via its interaction with
PORB, indicating that 2CP has a key role in regulation of the
chlorophyll biosynthesis. Additionally, it has been evident
that 2CP instigates the expression of different antioxidants
during the development of early seedlings, and the reduced
expression of 2CP induces photosynthetic inhibition (Baier
and Dietz, 1999; Pena-Ahumada et al., 2006).

The presence of various peroxidases within a single cell,
or even in a single subcellular compartment, indicates that
these peroxidases work in a concerted manner to alleviate
the impact of H,0, Nevertheless, they differ on their elec-
tron donors and are associated with their unambiguous
redox networks (Awad et al., 2015; Dietz, 2016). Different
degrees of upregulation in Prxs and peroxidases in Ta2cp-
silenced plants with or without HTS could possibly be the
reason for increased peroxidase activity (Figure S11a,c).
However, most peroxidases and Prx were found to be
upregulated in HTS-treated Ta2CP-overexpressed plants
(Figure S11d). These results suggest that the alteration in
the abundance level of Ta2CP might alter the expression of
other cellular peroxidases and Prx.

Ta2cp-silenced and -overexpressed plants displayed
increased and decreased accumulation of H,0, and ROS,
respectively, when compared with their respective vector
controls (Figure 6a,b). A previous report demonstrated that
heat-stressed chloroplasts release ROS and induce apop-
totic-like PCD (AL-PCD) (Doyle et al., 2010). It is, thus, likely
that the knockdown of chloroplastic Ta2CP might induce
the production of H,0,, leading to cellular damage under
HTS. However, no significant difference in cellular damage
was observed in HTS-treated Ta2cp-silenced plants when
compared with HTS-treated vector control (Figures 6¢ and
S12a), indicating that HTS-triggered increased ROS pro-
duction in Ta2cp-silenced plants did not translate into acti-
vation of the apoptotic pathway. The increased expression
of cell death suppressors in HTS-treated Ta2cp-silenced
plants indicates that other factors might play a crucial role
in maintaining cell viability. Notably, ACD1 and ACD2 stim-
ulate the chlorophyll degradation pathway and help to reg-
ulate AL-PCD (Yao and Greenberg, 2006). Additionally,
LrgB has previously been implicated in the inhibition of
cell death and promotes chloroplast development. Interest-
ingly, apart from the cell death suppressors, the plastid-lo-
calized cell death initiator EX17 (Lee et al., 2007) was found
to be downregulated. The reduction of EX7 transcripts in
HTS-treated Ta2cp-silenced plants reconfirmed the down-
regulation of AL-PCD (Figure 6e). These findings suggest
that there must be an alternate mechanism that might con-
trol AL-PCD and maintain the Ta2cp-silenced plants under
less severe HTS conditions (Figure 7c). As apoptosis is
tightly regulated by autophagy (Yonekawa and Thorburn,
2013), the HTS-treated Ta2cp-silenced plants showed
increased expression of autophagy-related genes

(Figures 6e and 7c). Previous investigations indicated that
2CP could function as chaperone machinery under stress
conditions (Jang et al., 2004; Kim et al., 2009). HTS-induced
accumulation of CIpC1 indicates that the maintenance of
chaperone machinery was overtaken by ClpC1 in Ta2cp-si-
lenced plants (Figure 6e). Additionally, the downregulation
of chloroplast component EX1, molecular chaperone ClpC1
and autophagy-related genes, as well as reduced cell death
in Ta2CP-overexpressed plants suggest their concerted
role in ROS mitigation. Additionally, the role of other con-
trol loops might also be postulated. These findings suggest
that Ta2CP might initiate an adaptative process and pro-
vide protection against the consequences of severe stress.
In summary, HTS-responsive cytoplasmic proteome led
to the identification of a Ta2CP with increased expression
in due course of HTS, presumably involved in stress per-
ception and adaptation. Furthermore, complementation of
Ta2CP in yeast and heterologous expression in Arabidop-
sis demonstrated its role in thermotolerance. Both down-
regulation and overexpression of Ta2CP in wheat showed
distinct developmental phenotypes, suggesting a role in
plant growth and development. Silencing and overexpres-
sion of Ta2CP inferred involvement of 2CP in chlorophyll
metabolism possibly via interaction with TaPORB.

EXPERIMENTAL PROCEDURES
Plant growth, maintenance and HTS-treatment

Seedlings of bread wheat (Triticum aestivum L. ‘U. Halna’') were
grown in pots containing a mixture of soil and peat (3:1) in an
environmentally controlled growth chamber at 23°C/18°C day/
night temperature, 16 h photoperiod (350 pmol m=2 sec™" light
intensity) and 60 + 5% relative humidity. Four-week-old seedlings
were subjected to HTS conditions as previously described (Mishra
et al., 2017). The aerial parts of unstressed control and those of
HTS-treated seedlings were harvested, frozen in liquid nitrogen
and stored at —80°C unless otherwise described.

Analysis of physicochemical indices

The accumulation of H,0, and superoxide anion was detected
using 3-diaminobenzidine (DAB) and nitroblue tetrazolium (NBT)
staining, respectively, as previously described (Barua et al., 2018),
and H,0, concentrations were quantified as described earlier (Ser-
giev et al., 1997). Leaf tissues (300 mg) were homogenized in 0.1%
(w/v) TCA, and the reaction was set by adding 10 mm KH,PO,4 buf-
fer (pH 7.0) and 1 m KI. The absorbance was read spectrophoto-
metrically at 390 nm and expressed as pmol g~ fresh weight.

Cell viability was determined by dipping the leaves in 0.25% (w/
v) Evans blue and then vacuum infiltrated for 8 h. To quantify the
staining, the leaves were homogenized in 1% (w/v) SDS at 50°C
for 30 min, and absorbance was read spectrophotometrically at
600 nm.

Assessment of antioxidants, lipid peroxidation and soluble
sugars

Leaf tissues (100 mg) were homogenized in 1 m phosphate buffer
(pH 7.0), and the supernatant was used to analyze the
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antioxidants. The spectrometric determination of APx, GR, POD
and SOD activity was performed as described previously (Cakmak
and Marschner,1992). Lipid peroxidation was estimated in terms
of malondialdehyde (MDA) production as described earlier (Pareek
et al., 2019). Soluble sugars and starch were estimated using the
standard anthrone method (Marshall, 1986).

Transmission electron microscopy visualization of
intracellular changes

The leaves were incubated in Karnovsky's fixative solution [2% (v/
v) paraformaldehyde and 2.5% (v/v) glutaraldehyde]. Samples
were washed with 0.1 m phosphate buffer and treated with OsO,.
The leaves were dehydrated sequentially in acetone, placed in
epoxy resin and thin sections were stained with uranyl acetate
and lead citrate.

Isolation, enrichment and development of cytoplasmic
proteome

Cytoplasmic proteins were isolated as previously described (Lim
et al., 2012) with few modifications. The aerial parts of seedlings
were ground in liquid nitrogen with 0.3% (w/v) polyvinyl propy-
lene (PVPP). The tissue powder was mixed in MOPS-KOH buffer
(pH 7.5) and the slurry was centrifuged at 1500 g for 15 min at
4°C. The resulting supernatant was centrifuged at 16 500 g for
10 min at 4°C. The supernatant cytoplasmic fraction was precipi-
tated with 10% (v/v) TCA overnight, and the pellet was washed
with 80% (v/v) methanol, followed by 0.1 M ammonium acetate in
methanol and 80% (v/v) acetone to remove the residual TCA. The
pellet was resuspended in sucrose buffer [30% (w/v) sucrose,
0.1 m Tris-Cl pH 8.0, 5% (w/v) B-ME and 2% (w/v) SDS] and Tris-
saturated phenol (v/v; 1:1 ratio) incubated at 25°C for 10 min, and
centrifuged for 15 min at 16 500 g. The phenol phase was care-
fully retrieved in a microfuge tube, mixed with four volumes of
0.1 m ammonium acetate in methanol and incubated overnight at
4°C. The sample was then centrifuged, and the pellet obtained
was resuspended in rehydration buffer [7 m urea, 2 m thiourea,
20 mm DTT and 4% (w/v) CHAPS] (Figure S2a). Protein concentra-
tion in the sample was quantified using a 2-DE Quant Kit (GE
Healthcare, Piscataway, NJ, USA).

The validation of enriched cytoplasmic proteins was carried out
using different organelle markers, such as anti-COX, anti-RbCL,
anti-FBA, anti-XET and anti-PIP2_ Densitometric analyses of immu-
noblots were performed using the Quantity One software (v. 4.1).
The activity of alcohol dehydrogenase was determined spec-
trophotometrically. The reaction mixture contained 50 mm phos-
phate buffer, 3% (v/v) ethanol, 15 mm NAD and an optimized
amount of cytoplasmic supernatant. The increase in absorbance
was observed at 340 nm for 3 min, and the activity was calculated
using the molar extinction coefficient 6.2 mm cm™" (Figure S2b,c).
The development of proteome, statistical analysis and identifica-
tion of proteomic data were performed as described previously
(Jaiswal et al., 2013). The log2 fold values of proteins were used
to construct the heat map in MeV software (http:/www.tm4.org/
mev.html).

Functional annotation of HTS-responsive proteome

The HRP sequences were used as a query against wheat protein
sequence data available in the STRING database (v. 11.0; https:/
stringdb.org/n). The corresponding hits of HRPs and their interac-
tion data were downloaded in MS-excel format. The blast hits
were replaced by their corresponding wheat HRPs, and the inter-
action data were used as input in CytoScape (v. 3.4.0) (Table S3)

Function of Ta2CP in HTS-adaptive response 1385

to construct the interaction network. The PCA using the fold
values of HRPs was performed using XLSTAT (2014).

Comparative analysis of HTS-responsive metabolites

The metabolites of unstressed control and HTS-treated seedlings
were extracted and subjected to gas chromatography-mass spec-
trometry (GC-MS) as described previously (Shekhar et al., 2016b).
A sample volume of 1 ul was injected in splitless mode into the
GC-MS (Shimadzu GCMS-QP2010) equipped with an AOC-20i
auto-sampler. The GC oven conditions were set as follows:
isothermal heating at 70°C for 3 min to 250°C for 5 min, and final
heating at 310°C for 1 min. Helium was used as the carrier gas at
a flow rate of 1 ml min~", injection volume of 0.5 pl (split ratio of
10:1), and injector temperature at 250°C. The analysis was per-
formed using an Elite-1 fused silica capillary column
(30 mm x 0.25 mm ID x 1 uMdf) operating in electron impact
mode at 70 eV. The mass spectra were taken at 70 eV and a scan
interval of 0.5 sec with a scanning range of 40-600 m/z. Metabo-
lites were analyzed and identified by comparing their mass spec-
tra with that from the NIST and/or Wiley library. The abundance of
individual metabolites was normalized against internal standards,
ribitol (2 mg ml~") and 2-methyl-3-heptanone (1.424 pg pl™"), as
previously described (Shekhar et al., 2016a).

Molecular cloning and characterization of Ta2CP

Full-length cDNA of Ta2CP (TraesCS2A02G297500) was amplified
using gene-specific primers (Table S7) and cloned into the entry
vector (pENTR-D-TOPO). The cDNA was subcloned into the desti-
nation vector (pEarleyGate101) and yeast expression vector
(pYES-DEST52). The chloroplast fraction was isolated as described
earlier (Lande et al., 2017), and electrophoresed along with whole-
cell extract, and probed with anti-RbCL, anti-COX, anti-LHC and
anti-Ta2CP. Phylogenetic analysis of the Prx family and distribu-
tion of 2CPs in major lineages of land plants were performed as
described previously (Mishra et al., 2018). The phylogram was
constructed using the MEGAG software and visualized using Inter-
active Tree of Life (iTOL; v. 3).

Expression of Ta2CP in heterologous systems

Yeast mutants (Atsal, Atsa2 and AtsalAtsa2) were transformed
with empty pYES-DEST52 vectors and complemented by pYES-
DEST52 harboring Ta2CP using the EZ-Yeast Transformation Kit
(MP Biomedicals, Maharashtra, India). The starting optical density
of overnight grown cultures of wild-type yeast strain BY4741,
pYES-DEST52-transformed BY4741 (vector control), single
mutants (Atsal and Atsa2), double mutant (4tsal4tsa2) and com-

plemented strains (Atsal:Ta2CP, Atsa2:Ta2CP and AtsalAtsa2:

Ta2CP) was set to 1 and diluted ranging from 10° to 107*. A drop
(5 ul) of each culture was applied on YPD plates and incubated at
30°C (unstressed), 37°C (HTS) and 15°C (low-temperature stress;
Mishra et al., 2018). In a separate set of experiments, the cultures
were grown on YPD plates independently supplemented with
0.5 m NaCl (hypersalinity; Piao et al., 1999) and 1.2 m sorbitol (os-
motic stress; Zhi et al., 2013), and incubated at 30°C for 36 h. For
oxidative stress, overnight-grown YPD culture was supplemented
with 4 mm H,0, for 30 min, and similar parameters were followed
for spotting on YPD plates (Tran and Green, 2019).

To overexpress Ta2CP in Arabidopsis, expression vector (pEar-
leyGate101) harboring Ta2CP was introduced in Arabidopsis using
the floral dip method (Zhang et al., 2006). The transformants were
selected through BASTA spraying. To analyze HTS response, 4-
week-old seedlings were subjected to 42°C for 2 h.
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VIGS of Ta2CP in wheat

The VIGS protocol was followed using the TRV system as
described earlier (Zhang et al., 2017; Verma et al., 2020) with few
modifications. A target 300-bp unique sequence of Ta2CP and
200-bp unique sequence of TaPORB were cloned into pTRV2. Phy-
toene desaturase (PDS) of wheat and tomato was used as a posi-
tive control to check the efficiency of VIGS experiment
(Figure S8a,b).

Wheat seeds were kept on wet germination paper for 48 h in
the dark at room temperature. The sprouted seeds were injured
with a needle and then dropped in YEP media with an equimolar
ratio of pTRV1:pTRV2-Ta2CP (1:1) supplemented with 3.3 mm cys-
teine, 100 um acetosyringone and 2.5% (v/v) Tween-20. Injured
seeds were Agrobacterium-infiltrated under vacuum for 30 sec
and incubated at 28°C for 8-10 h. The seeds were washed with
water at least 10-12 times to remove excessive Agrobacterium,
and sown in a 10-cm diameter pot. An equimolar mixture of
Agrobacterium strain harboring pTRV1 and pTRV2 vector (TRV:00)
was used as a vector control. The transcript abundance was deter-
mined as described earlier (Shekhar et al., 2015) using SYBR
Green PCR kit (Applied Biosystems, Foster City, CA, USA). To ana-
lyze the HTS response, 12-day-old seedlings were subjected to
38°C for 5 h.

Vacuum-assisted Agrobacterium-mediated Ta2CP delivery
in wheat

The transgene integration and expression in wheat was standard-
ized using pBI121 harboring GUS as a reporter (Figure S9a,b) fol-
lowing a protocol described previously (Wu et al., 2014). A single
colony from a freshly streaked plate was used to inoculate in 5 ml
LB media supplemented with kanamycin (50 mg 1-") and rifampi-
cin (25 mg I”"). The primary culture was used to inoculate 500 ml
LB media with 200 um acetosyringone and grown at 28°C for 16 h.
The culture was pelleted and resuspended in AB-MS-MES media
to OD500 of 1.

Two-day-old wheat germinated seeds were injured with a nee-
dle and subjected to vacuum infiltration with Agrobacterium sus-
pension in AB-MS-MES media at 80 kPa for 1 h. Agrobacterium
cells containing pBI121 vector were used as positive control, and
those harboring pEarleyGate101 vectors were used as vector con-
trol (VC). The Ta2CP expression vector, pEarleyGate101:Ta2CP,
was used to generate Ta2CP-overexpressed plants. Germinating
seedlings were washed multiple times and placed in Hoagland
solution. GUS expression was determined after 4 days with GUS
staining at 37°C for 48 h. To analyze HTS response, 12-day-old
seedlings were subjected to 38°C for 5 h.

Y2H, BiFC assay and confocal microscopy

The entry vector (pENTR-D-TOPO) harboring Ta2CP was sub-
cloned into gateway compatible vector pGBKT7. Next, full-length
ORF of TaPORB, TaGSA and TaCPO without stop codon was
cloned into pENTR-D-TOPO, and subcloned into pGADT7. The
constructs were co-transformed with Ta2CP into Saccharomyces
cerevisiae strain AH109. The interaction was assessed by drop
assay on SD/-Ade/-His/-Leu/-Trp plates. The controls for the posi-
tive (pGBKT7-53 and pGADT7-T) and negative interactions
(pGBKT7-Lam and pGADT7-T) were also assayed on quadruple
dropout (SD/-Ade/-His/-Leu/-Trp) plates. The plates were incubated
at 30°C for 72 h.

In a separate set of experiments, the entry vector pENTR-D-
TOPO harboring Ta2CP and TaPORB was subcloned into

gateway-based BiFC vectors; pSITE-nEYFP-N, designated as pSITE-
nEYFP-N:Ta2CP, and pSITE-nEYFP-C, designated as pSITE-nEYFP-
C:TaPORB, respectively. Next, pSITE-nEYFP-N:Ta2CP, pSITE-nEYFP-
C:TaPORB and gene silencing suppressor p19 were co-infiltrated
into leaves of 6-week-old Nicotiana benthamiana plants. For control
setup of BiFC assay, leaves were infiltrated with pSITE-nEYFP-N:
Ta2CP::pSITE-nEYFP-C and pSITE-nEYFP-N::pSITE-nEYFP-C:TaPORB.
The fluorescence signal intensities in BiFC were visualized by a
confocal laser-scanning microscope (Leica TCS SP5).

Estimation of protochlorophyllide and chlorophyll

Total chlorophyll content was extracted from 100 mg fresh leaves
in 80% acetone, and chlorophyll a and chlorophyll b contents were
determined as described earlier (Mishra et al., 2017). Protochloro-
phyllide was extracted in 80% acetone containing 0.1 N ammo-
nium hydroxide at 4°C, and protochlorophyllide content was
determined spectrometrically as described previously (Kwon
et al., 2017).

Statistical analysis

Statistical significance of HTS responses in U. Halna was analyzed
by one-way aAnova keeping P < 0.05, and data were expressed as
mean + SE. Furthermore, the post hoc treatment was performed
in which pair-wise comparisons were made using Fisher-least sig-
nificant difference (LSD) at P < 0.05. The Student’s t-test was per-
formed to observe significant difference in silenced/overexpressed
plants relative to TRV:00/VC. Two-way ANovA was used to find the
significant differences between TRV:00/VC and silenced/overex-
pressed plants challenged with HTS (P < 0.05).
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Figure S1. HTS-induced changes in morphophysiological and
ultrastructural traits of wheat. (a,b) Phenotypic changes in 4-week-
old seedlings and leaves. (c,d) Qualitative and quantitative assess-
ment of H,0, abundance and (e,f) cell death. (g-k) Bar graphs
showing accumulation of (g) APx, (h) GR, (i) POX, (j) SOD and (k)
soluble sugars in 4-week-old seedlings when challenged with HTS
conditions. APx, ascorbate peroxidase; GR, glutathione reductase;
POX, peroxidase; SOD, superoxide dismutase. The experiments
were carried out in triplicate and values are expressed as the
means + SE. Different letters indicate the level of statistical signif-
icance at P < 0.05 (Fisher's LSD); the same letters are not signifi-
cantly different with each other. UC represents unstressed control,
and d-1, d-2, d-3 and d-4 represent HTS treatment durations. ()
TEM images showing cell architecture (1, I, scale bar: 2 um); cell
organelles, chloroplast (lll, IV, scale bar: 100 nm) and mitochon-
dria (V, VI, scale bar: 100 nm) at UC and d-4. Mc, mitochondrial
cristae and Th, thylakoid membrane is shown by arrowheads.
Figure S2. Isolation and enrichment of cytoplasmic proteins. (a)
The outline of the protocol for tissue fractionation and isolation of
cytoplasmic protein (as detailed in Experimental Procedures sec-
tion). (b) Enrichment of cytoplasmic proteins validated using dif-
ferent organelle-specific markers (COX, cytochrome c oxidase;
FBA, fructose-1,6-bisphosphate aldolase; RbCL, RuBisCO L sub-
unit; XET, xyloglucan endo-transglycosylase; PIP2, plasma mem-
brane intrinsic protein 2) Bar graphs on the right represent
corresponding band intensity. Bars marked with ***P < 0.001 and
**P < 0.01 were significantly different. (c) Bar graphs showing
activity of alcohol dehydrogenase in cytoplasmic fraction and pel-
let. (d) Representative 1-dimensional electrophoresis (1-DE) and 2-
dimensional gel electrophoresis (2-DE) images showing cytoplas-
mic proteome profile. Reference molecular masses (Mw) are indi-
cated in kDa on the left.

Figure S3. HTS-induced cytoplasmic proteome map. The cytoplas-
mic proteins were isolated from the seedlings from unstressed
control and HTS-treated period. (a) An equal amount of protein
from each time point was resolved by 2-DE. (b) Technical replicate
gels (n = 3) for each stage were computationally integrated using
PDQuest software to generate the primary matchsets. (c) The
higher level matchset was created from the integration of primary
matchsets for each time point. UC represents unstressed control,
and d-1, d-2, d-3 and d-4 represent HTS treatment durations.
Figure S4. Correlation analysis of technical replicates of 2DE gels.
Scatter plots depicting the correlation between technical replicates
of 2-DE gels from unstressed control (UC) and HTS treatments (d-
1 to d-4). The plots showed high correlation coefficient values
(~0.8).

Figure S5. HTS-responsive comparative cytoplasmic proteome.
Heat map represents the log2 transformed expression values of
HRPs. The HRPs were annotated by IWGSC RefSeq v1.0 reference
sequence (detailed information is provided in Tables S1 and S2).
UC represents unstressed control, and d-1, d-2, d-3 and d-4 repre-
sent durations of HTS treatment.

Figure S6. Schematic of the HTS-response network in wheat.
Overview of major pathways (glycolytic, redox homeostasis, chap-
erone and photosynthetic, among others) associated with the HTS
responses. Yellow text represents wide-ranging physiological
effects, while blue text represents change in metabolite and red
text in proteome profiles. Ala, alanine; Val, valine; Ser, serine;
Asp, aspartic acid; Glu, glutamine; Gly, glycine; Thr, threonine.
Figure S7. Predictive interaction network of Ta2CP and phyloge-
netic analysis of Prxs. (a) Predictive interaction network of Ta2CP
with wheat HRPs based on the previously reported experiment in
Arabidopsis (Muthuramalingam et al., 2009; Cerveau et al., 2016).

Function of Ta2CP in HTS-adaptive response 1387

(b) A cladogram depicting the number of Prxs and 2CP found in
representative members of evolutionary lineage. The numerals in
parentheses represent the number of Prx, and 2CP (Prx, 2CP). (c)
The phylogenetic relationship of Prxs among the representative
members of lower to higher plant species. Phylogram was con-
structed by the neighbor-joining method by keeping the bootstrap
value 1000. The network was visualized by iTOL.

Figure S8. VIGS of Ta2cp in wheat and growth phenotype of
silenced plants. (a) The representative images showing wild-type
(WT), vector control (TRV:00) and Tapds (positive control; TRV:
Tapds) under unstressed conditions. (b) Bar graph indicating the
transcript abundance of Ta2CP in Ta2cp-silenced plants when
compared with that in TRV:00. Values represent the means + SE
of five biological replicates with statistically significant differences
(***P < 0.001). P1 and P2 are two regions from where primer pairs
were constructed. (c) The representative photograph showing the
height of TRV:00 and Ta2cp-silenced plants. (d) Bar graph show-
ing differences in plant height of TRV:00 and Ta2cp-silenced
plants. Values represent the means + SE and asterisks indicate
statistically significant differences (***P < 0.001). Different bars
indicate the different values.

Figure S9. Transformation of wheat and phenotypic profiling of
the transformants. (a) The representative images of GUS-stained
pBI121 vector transformed plants. (b) Bar graphs showing tran-
script abundance of Ta2CP in Ta2CP-overexpressed wheat plants
compared with VC. Values represent the means + SE of three bio-
logical replicates. (c) Differences in plant height between VC and
Ta2CP-overexpressed plants. (d) Bar graph showing plant height
of Ta2CP-overexpressed plants with VC. Values represent the
means + SE of three independent experiments. Asterisks indicate
statistically significant differences (*P < 0.05, ***P < 0.001). Differ-
ent bars indicate the different values.

Figure $10. Relative transcript abundance of photosynthesis asso-
ciated genes. Bar graphs showing changes in transcript abun-
dance of (a,b) TaCPO and (c,d) TaGSA in Ta2cp-silenced and
Ta2CP-overexpressed plants under UC and HTS-treated condi-
tions. The values represent the means + SE of three independent
experiments. Single asterisk denotes significant differences rela-
tive to TRV:00/VC (Student’s t-test), while double asterisks denote
significant differences (P < 0.05) between TRV:00/VC and silenced/
overexpressed plants in response to HTS (two-way ANovA).

Figure S11. Effect of Ta2CP on cellular peroxidation. (a,b) Bar
graphs showing peroxidase activity in (a) Ta2cp-silenced and (b)
Ta2CP-overexpressed plants along with TRV:00 and VC, respec-
tively, under UC and HTS conditions. (c,d) Relative transcript
abundance of Prxs and peroxidase in (c) Ta2cp-silenced and (d)
Ta2CP-overexpressed plants under UC and HTS conditions. Single
asterisk denotes significant differences relative to TRV:00/VC (Stu-
dent’s t-test), while double asterisks denote significant differences
between TRV:00/VC and silenced/overexpressed plants in
response to HTS (P < 0.05; two-way AnovA). The values represent
means + SE of three independent experiments. TRV:00, VC of
TRV-mediated silencing; VC, vector control used for transient
expression in wheat; UC, unstressed.

Figure S12. Cell death in Ta2cp-silenced and Ta2CP-overexpressed
plants during HTS. (a,b) Evans blue staining of leaves indicates
relative cell death in (a) Ta2cp-silenced and (b) Ta2CP-overex-
pressed plants with TRV:00 and VC, respectively, under UC and
HTS condition. TRV:00, VC of TRV-mediated silencing; VC, vector
control used for transient expression in wheat; UC, unstressed.
Table S1. Identification of HRPs

Table S2. The description of peptide information of identified
HRPs through LC-MS/MS analysis
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Table S3. Detailed list of interacting partners of HRPs in HTS-
responsive proteome
Table S4. Non-redundant list of metabolites

Table S5. A description of a putative interactive partner of Ta2CP
from HTS-responsive proteome

Table S6. Genome-wide analysis of Prx members in different plant
species

Table S7. Detailed list of primers used in this study
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