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RuBisCo activase (Rca) is a catalytic chaperone involved in modulating the activity

of RuBisCo (key enzyme of photosynthetic pathway). Here, we identified eight

novel transcripts from wheat through data mining predicted to be Rca and cloned

a transcript of 1.4 kb from cv. HD2985, named as TaRca1 (GenBank acc. no.

KC776912). Single copy number of TaRca1 was observed in wheat genome.

Expression analysis in diverse wheat genotypes (HD2985, Halna, PBW621, and

HD2329) showed very high relative expression of TaRca1 in Halna under control and

HS-treated, as compared to other cultivars at different stages of growth. TaRca1 protein

was predicted to be chloroplast-localized with numerous potential phosphorylation

sites. Northern blot analysis showed maximum accumulation of TaRca1 transcript

in thermotolerant cv. during mealy-ripe stage, as compared to thermosusceptible.

Decrease in the photosynthetic parameters was observed in all the cultivars, except

PBW621 in response to HS. We observed significant increase in the Rca activity

in all the cultivars under HS at different stages of growth. HS causes decrease in

the RuBisCo activity; maximum reduction was observed during pollination stage in

thermosusceptible cvs. as validated through immunoblotting. We observed uniform

carbon distribution in different tissues of thermotolerant cvs., as compared to

thermosusceptible. Similarly, tolerance level of leaf was observed maximum in Halna

having high Rca activity under HS. A positive correlation was observed between

the transcript and activity of TaRca1 in HS-treated Halna. Similarly, TaRca1 enzyme
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showed positive correlation with the activity of RuBisCo. There is, however, need to

manipulate the thermal stability of TaRca1 enzyme through protein engineering for

sustaining the photosynthetic rate under HS—a novel approach toward development

of “climate-smart” crop.

Keywords: RuBisCo activase, RuBisCo, photosynthesis, heat stress, wheat, IRGA, qRT-PCR, carbon partitioning

INTRODUCTION

Abiotic stresses, such as heat, drought, salinity, radiation, etc.
are posing serious threat to agriculturally important crops and
food security (Wang D. et al., 2010). Plants employ diverse
defense mechanisms to overcome the deleterious effects of
the stress and maintain growth and development (Zhu, 2001;
Kumar et al., 2013). Heat stress (HS) is one of the major
problems affecting the crop productivity (Bita and Gerats,
2013). Heat stress-mediated impairment of photosynthesis is
one of the causes for reduction in yield of wheat. It causes an
array of morphological, physiological, and biochemical changes
such as reduction in the photosynthetic rate, disintegration
of photosystem-II, membrane fluidization, denaturation of
metabolic and defense related enzymes, drying of stigmatic
surface, sterility of pollen, improper fertilization and seed-setting,
shriveling of the grains, etc. (Kumar and Rai, 2014). Heat
stress induces the expression of stress-associated genes (SAGs)
coding for signaling proteins (CDPK, MAPK, etc.), heat shock
proteins (low- and high-molecular weight), and antioxidant
enzymes (SOD, CAT, POX, etc.) involved in imparting the
thermotolerance of the crops (Kotak et al., 2007; Kumar et al.,
2012).

Photosynthesis is highly heat-sensitive resulting in the
considerable loss of productivity under HS (Wahid et al.,
2007). Heat stress inactivates Ribulose-1, 5-bisphosphate
carboxylase/oxygenase (RuBisCo), the primary rate limiting
enzyme of the carbon assimilatory process (Salvucci and
Crafts-Brandner, 2004a).

RuBisCo constitute about 25% of the leaf nitrogen and
as much as 50% of soluble leaf protein (Parry et al., 2003).
It is the key enzyme of carbon assimilatory pathway and
exhibits maximum activity when all its active sites are in
proper conformation. RuBisCo enzyme has L8S8 structure
comprising eight large (52 kDa) and eight small (14–15 kDa)
subunits (Andersson and Backlund, 2008). L8S8 structure of
RuBisCo provides greater specificity for RuBP carboxylation
than for its oxygenation activity (Jordan and Ogren, 1981). It
binds to RuBP-derived enediol acceptor, before binding to the
gaseous CO2 substrate (Cleland et al., 1998); besides, it has
active-site with high affinity for transition-state intermediate,
in which the incoming CO2 resembles a carboxylate group
(Tcherkez et al., 2006). The stability of the RuBisCo enzyme–
intermediate complex is very high and it also causes strict binding
of phosphate analogs (2-carboxy-D-arabinitol 1-phosphate,
xylulose-1, 5-bisphosphate and D-glycero-2, 3-pentodiulose-1,
5-bisphosphate) causing low catalytic turnover of the RuBisCo
(Kim and Portis, 2004). The binding of phosphate analogs and
RuBP to the active site of RuBisCo is tight enough to inactivate

the enzyme by locking the active site in a closed conformation
(Salvucci and Crafts-Brandner, 2004b). The rate of deactivation
of RuBisCo has been observed to increase with the increase in
the temperature (Salvucci and Crafts-Brandner, 2004b). Several
studies on cotton, tobacco, Arabidopsis, pea, and wheat have
demonstrated that decreased photosynthetic rate during the leaf
stress is due to the inactivation of RuBisCo (Law et al., 2001;
Salvucci and Crafts-Brandner, 2004c). The closed conformation
of the active site of RuBisCo, due to unproductive binding
of sugar phosphates, requires conformational remodeling by
the RuBisCo activase (Portis, 2003). RuBisCo activase (Rca)
is ATPases Associated with diverse cellular Activities (AAA+),
which utilizes the energy from ATP to remodel the conformation
by releasing the tightly-bound sugar phosphate, and restore
its activity. Rca is a nuclear-encoded chloroplastic enzyme
discovered by Salvucci et al. (1985) in higher plants. Rca is
relatively abundant constituting about 5% of the soluble leaf
protein (He et al., 1997). Under the optimal conditions, it
removes the inhibiting sugar phosphates that block RuBisCo
active sites, and restores RuBisCo to its fully functional state
(Portis, 2003). Rca is highly heat-labile (Salvucci et al., 2001).
RuBisCo deactivation occurs at temperatures above 30–32◦C, in
most plants and at higher temperature (>40◦C), heat-induced
loss of RuBisCo activity becomes irreversible (Kim and Portis,
2004). Some of the researchers reported that Rca under the
favorable condition maintains the RuBisCo in its fully activated
state, but it does not compensate for the high rate of RuBisCo
deactivation during HS (Salvucci and Crafts-Brandner, 2004a),
and as a result, the photosynthetic rate decreases, constraining
the carbon assimilatory process.

Wheat, being heat-sensitive, is severely affected by HS,
especially during flowering and grain-filling stages; HS drastically
reduces the growth and yield, by disturbing the source-to-sink
ratio and tolerance of the plant (Kumar et al., 2015). Very
limited information is, however, available on Rca, its interaction
with RuBisCo, and correlation with photosynthetic rate and
tolerance level in wheat (Triticum aestivum) under HS. The
present study aimed at identification of RuBisCo activase gene(s)
and elucidation of their role in the carbon assimilatory process of
wheat under HS.

MATERIALS AND METHODS

Plant Material and Stress Treatment
Seeds of thermotolerant (HD2985 and Halna) and
thermosusceptible (PBW621 and HD2329) wheat cvs. were
procured from Division of Genetics, Indian Agricultural
Research Institute (IARI), New Delhi. Seeds pre-treated with
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FIGURE 6 | RuBisCo activase (Rca) activity assay in contrasting wheat cultivars at different stages of growth and development under control (C) and

heat stress (HS) conditions. (A) HD2985 (C and HS), (B) HD2329 (C and HS), (C) Halna (C and HS), (D) PBW621 (C and HS); samples collected from pollination,

milky-ripe and mealy-ripe stages were used for the activity assay; C −22 ± 3◦, heat stress −42◦C for 2 h; NaH14CO3 (20mM, specific activity 50 mCi mmol−1,

BARC, Mumbai) was used for the labeling; different letters above each bar indicate a significant difference (p < 0.05) between the treatments (one-way ANOVA);

vertical bars indicate SE (n = 3).

in the non-reducing sugar accumulation were observed in
PBW621 under control and HS-treated conditions. Halna
showed maximum accumulation of non-reducing sugar in
leaves during milky-ripe, both under control and HS-treated
conditions, which reduces subsequently during mealy-ripe stage.
Similar pattern of non-reducing sugar accumulation in leaves of
HD2985 was observed under control and HS-treated conditions
(Figure 10). Non-reducing sugar in leaves of HD2985 decreased
significantly under the control and HS-treated conditions during
the grain-filling; decrease was more during the milky-ripe
stage.

Variation in the Total Antioxidant Capacity
(TAC) under HS
TAC is a measure of the antioxidant potential of the tissues,
and is one of the important biochemical parameters used
for assessing the thermotolerance of crops. We observed
significant decrease in the TAC in HD2985 during mealy-ripe,

as compared to pollination and milky-ripe stages (Figure 11).
An increase in the TAC was observed in response to HS
at different stages of development. Similar pattern of TAC
was observed in HD2329 (thermosensitive cv.) under the
control and HS-treated conditions, but TAC was significantly
lower than those in HD2985 at all the stages and under
different conditions. Significant increase in the TAC, both
under control and HS-treated conditions, at different stages
of growth were observed in Halna; highest, being during
mealy-ripe. We observed significant increase in the TAC in
response to HS during pollination, milky-ripe, and mealy-ripe
stages of Halna; highest at the mealy-ripe sub-stage. Similar
pattern was observed in PBW621; increase in TAC due to
HS was quite significant. During the pre-anthesis and milky-
ripe stages, highest TAC were observed in HS-treated HD2985
(26.7 and 23mM/g FW), whereas HS-treated Halna showed
highest TAC (27.8mM/g FW) during the mealy-ripe stage.
Maximum increase in the TAC in response to HS was observed
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FIGURE 7 | Variations in the RuBisCo activity in contrasting wheat cultivars under control (C) and heat stress (HS) conditions at different stages of

growth. (A) HD2985 (C and HS), (B) HD2329 (C and HS), (C) Halna (C and HS), (D) PBW621 (C and HS); samples collected from pollination, milky-ripe and

mealy-ripe stages were used for the activity assay; C −22 ± 3◦, heat stress −42◦C for 2 h; NaH14CO3 (20mM, specific activity 50 mCi mmol−1, BARC, Mumbai)

was used for the labeling; different letters above each bar indicate a significant difference (p < 0.05) between the treatments (one-way ANOVA); vertical bars indicate

SE (n = 3).

in HD2985 during the pollination (25.8%) and milky-ripe
(22.3%) and in Halna (27.2%) during the mealy-ripe stage
(Figure 11).

Correlation between the Expression and
Activities of Rca and RuBisCo under HS
To correlate the transcript level and protein activity of TaRca1 in
Halna, PBW621, HD2985, and HD2329, cluster map analysis was
carried out under HS-treated condition. A positive correlation
was observed between the relative expression of TaRca1 and its
activity in HS-treated Halna (R2 = 0.97) and PBW621 (R2 =

0.98); HS-treated HD2985 and HD2329 showed correlation
coefficients of 0.93 and 0.94, respectively (Figures 12A,B).

The Rca activity was also found correlated with the RuBisCo
activity in wheat under HS; positive correlation was established in
Halna (HS-treated) with R2 = 0.85 and negative correlation was
observed in Halna (control) with R2 = −0.86. The correlation
was further analyzed and confirmed in the thermotolerant wheat
cv. PBW621—positive correlation in control (0.98) and HS-
treated (0.97) was observed (Figures 12C,D).

Correlation between Rca/RuBisCo
Activities and Photosynthetic Rate under
HS
To establish the relationship of Rca and RuBisCo activities
with overall photosynthetic rate of wheat under HS, scatter-plot
analysis was carried out and we observed positive correlation
between the RuBisCo activity and photosynthetic rate in wheat
cvs. HD2985 (0.98) and HD2329 (0.92); however Rca showed
negative correlation with the photosynthetic rate in both
the cultivars with R2-values of –0.97 and –0.95, respectively
(Figures 13A,B).

DISCUSSION

Wheat is highly-sensitive to HS which results in drastic reduction
in photosynthetic rate and translocation of photosynthates from
leaves (source) to the endospermic tissues (sink), culminating
into significant reduction in the yield. Even slight fluctuation in
the temperature during the critical stages such as pollination and
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FIGURE 8 | Accumulation pattern of RuBisCo in wheat at different

stages of growth and under heat stress. (A) RuBisCo accumulation in

HD2329 under control and HS, (B) RuBisCo accumulation in HD2985 under

control and HS, (C) RuBisCo accumulation in HD2985 at different stages of

growth, (D) RuBisCo accumulation in HD2329 at different stages of growth; C

−22 ± 3◦, heat stress −42◦C for 2 h; Polyclonal antibody (anti-RuBisCo) was

used along with HRP-conjugated secondary antibody; different letters above

each bar indicate a significant difference (p < 0.05) between the treatments

(one-way ANOVA); vertical bars indicate SE (n = 3).

grain-filling has been reported to significantly reduce the yield of
wheat.

We identified eight transcripts of Rca by mining the RNA-seq
data and cloned a full-length putative Rca transcript of 1402 nt
with an open reading frame of 332 aa. Law and Crafts-Brandner
(1999) have reported two isoforms of Rca—α-isoform (46 kDa)
and β-isoform (42 kDa)—in leaves of wheat. Using the genome
database for the Chinese spring wheat (IWGSC, 2014), two Rca
sequences were identified in wheat with different isoforms—
TaRca-1 and TaRca2; the genes were cloned and submitted to
EMBL (http://www.ebi.ac.uk/ena/) under the accession numbers
LM992844 (TaRca1-β), LM992845 (TaRca2-β), and LM992846
(TaRca2-α). Genome-wide survey revealed the presence of α-
and β-form Rca in the maize genome (ZmRCAα and ZmRCAβ ;
Yin et al., 2014). Southern blot analysis showed the presence
of single copy of the cloned TaRca1 gene in wheat which is in
conformity with the observation of Law and Crafts-Brandner
(1999), who reported the presence of single copy number of Rca

gene in wheat; similar findings were reported by To et al. (1999)
in Oryza sativa.

We observed significant increase in the expression of Rca in
different wheat cvs. under HS. Transcriptional analyses showed
specific diurnal pattern of expression of ZmRCAα and ZmRCAβ ;
abundance was observed higher in leaves and grains (Yin et al.,
2014). Feng et al. (2007) observed increase in the accumulation of
Rca in the transgenic rice in response to HS, as compared to the
wild plants. Diurnal changes in the expression of three isoforms
of Rcawere observed in cotton under HS (DeRidder and Salvucci,
2007). Very high accumulation of RcaL isoform, as compared
with that of RcaS, was observed in the leaves and green stems
of Brachypodium distachyon, under the salt and drought stress,
respectively (Bayramov and Guliyev, 2014). Alternative splicing
has been reported to play a role in the post-transcriptional
regulation of Rca, in response to different growth and stress
conditions (DeRidder et al., 2012). A significant, positive, and
linear correlation has been reported between the expression of
wheat 45–46 kDa Rca and plant productivity, under the heat-
stress condition in wheat (Ristic et al., 2009). Here, we observed
that heat stress significantly induces the expression and activity
of Rca, which is in conformity with the report of Wang D. et al.
(2010) in rice.

We observed increase in the activity of Rca in response
to HS in the contrasting wheat cvs.; highest activity was
observed in the thermotolerant cultivars (Halna and HD2985)
during the mealy-ripe stage. Rokka et al. (2001) have reported
temperature-dependent dual role of Rca—removing inhibitory
sugar phosphates under the normal ambient temperatures, and
acting as chaperone along with thylakoid-bound ribosomes,
under the sudden outburst of temperature (HS). Salvucci et al.
(2001) studied thermal stability of Rca in vivo and in vitro, and
reported that the activase exhibits a temperature optimum of
44◦C for ATP hydrolysis as compared to≥60◦C for carboxylation
by RuBisCo. Salvucci and Crafts-Brandner (2004a) reported
decreased ability of Rca to activate RuBisCo in vitro under HS.
The transcript abundance and protein expression levels of Rca
genes were found to be positively correlated with grain yield in
128 maize inbred lines (Yin et al., 2014). We observed increase in
the RuBisCo proteins in response to HS in all the cvs. The finding
is in conformity with the observation of Demirevska-Kepova
et al. (2005) in wheat under differential HS.

We observed decrease in the activity of RuBisCo under
HS; the decrease may be due to less availability of the
activated enzyme under HS (Galmes et al., 2013). The rate of
deactivation of RuBisCo was observed to increase with increase
in the temperature (Salvucci and Crafts-Brandner, 2004c). The
activation state of RuBisCo was reported to decrease, along with
the inhibition of Rca, in HS-treated cotton and extent of RuBisCo
deactivation was correlated with the metabolic limitation to
photosynthesis (Carmo-Silva et al., 2012). Salvucci and Crafts-
Brandner (2004c) showed that RuBisCo was inactivated within
7 s of imposing a heat stress in cotton and tobacco due to decrease
in the activase activity.

Under the present investigation, we observed increase in the
accumulation of RuBisCo protein at different stages of growth
under the control; however, decrease in RuBisCo accumulation
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FIGURE 9 | Variations in the reducing sugar content in stem and leaves of contrasting wheat cvs. under control and heat stress conditions. HD2329,

PBW621, Halna, and HD2985 were used for the reducing sugar pattern profiling; C −22 ± 3◦, heat stress −42◦C for 2 h; Milky-ripe and mealy-ripe sub-stages of

grain-filling were used for the analysis; different letters above each bar indicate a significant difference (p < 0.05) between the treatments (one-way ANOVA); vertical

bars indicate SE (n = 3).
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FIGURE 10 | Changes in the non-reducing sugar accumulation in stem and leaves of wheat cvs. under control and heat stress conditions. (A,B)

Non-reducing sugar content in stem and leaf of HD2329, (C,D) Non-reducing sugar accumulation in stem and leaf of PBW621, (E,F) Non-reducing sugar content in

stem and leaf of Halna, (G,H) Non-reducing sugar accumulation in stem and leaf of HD2985. Thermosusceptible (HD2329 and PBW621) and thermotolerant (Halna

and HD2985) were used for the non-reducing sugar accumulation pattern analysis; C −22 ± 3◦, heat stress –42◦C for 2 h; Milky-ripe and mealy-ripe sub-stages of

grain-filling were used for the analysis; different letters above each bar indicate a significant difference (p < 0.05) between the treatments (one-way ANOVA); vertical

bars indicate SE (n = 3).

was observed in response to HS (38◦C, 2 h). The finding is in
conformity with the observation of Demirevska-Kepova et al.
(2005) who reported decrease in the RuBisCo protein under HS
in wheat. Similar observations have been reported in response to

different stresses in plants (Wang D. et al., 2010; Galmes et al.,
2013) observed through immunoblot analysis that the ratio of
RCAL to RuBisCo increased significantly in heat-acclimated rice
leaves.
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FIGURE 11 | Total Antioxidant Capacity (TAC) profiling of contrasting wheat cultivars at different stages of development and under the heat stress. (A)

TAC in HD2985, (B) TAC in HD2329, (C) TAC in Halna, (D) TAC in PBW621; Samples collected from the pollination, milky-ripe and mealy-ripe stages were used for

the TAC estimation; C −22 ± 3◦, heat stress −42◦C for 2 h; vertical bars indicate SE (n = 3).

An alteration in RuBisCo and Rca activities under HS causes
change in the carbon assimilatory processes, which is evident
from the increased level of non-reducing sugar in the leaves and
stem. Stem-reserves have been recognized as an important source
of carbon for grain-filling, when photosynthesis is inhibited by
the abiotic stresses such as heat and drought (Blum, 1998).
Accumulation of sugars in stem has been predicted to be an
adaptive strategy against different stresses, as found in different
genotypes of sorghum under the drought stress (Quazi et al.,
2014). Asthir and Bhatia (2014) have reported that HS causes
built-up of total free sugars and decreases the starch content of
grains in wheat. Similar finding were reported by Kumar and
Rai (2014). Liu and Huang (2000) have also observed decrease
in the total non-structural carbohydrates (TNC), fructans, starch,
glucose, and sucrose in shoots (leaves and stems) and roots in
response to HS in the bentgrass cultivars. Increase in the TAC
under HS with greater increase in thermotolerant is in agreement
with the findings of Chakrabortty and Pradhan (2011) that the
activities of the antioxidant enzymes involved in thermotolerance
goes up under HS; similar observations were reported by us also
Kumar et al. (2013) and Kumar and Rai (2014).

Photosynthetic rate decreased under HS in all the cultivars,
except in PBW621 where increase in the Pn was observed. Farooq

et al. (2011) reported reduction in the photosynthetic capacity of
the plant under HS, mainly due to the oxidative damage to the
chloroplasts, causing reductions in the dry matter accumulation
and grain yield. Similarly, Wang G.P. et al. (2010) observed
increase in the transpiration rate (Tr), stomatal conductance
(Gs), and intercellular CO2 concentration (Ci), and decrease in
the photosynthetic rate in wheat under heat stress.

Yamori et al. (2012) reported that HS of 40◦C caused decrease
in the accumulation of Rca, which in turn reduced the RuBisCo
activation state and steady-state photosynthesis, is concordant
with the findings of this study. Higher RuBisCo activation and
CO2 assimilation were observed in rice, with over-expressed Rca
(Fukayama et al., 2012). Here, we observed negative correlation
between the Rca and photosynthetic rate of wheat under HS.
Sage et al. (2008) reported that Rca, being highly heat-labile,
shown to limit the photosynthesis under the slightest fluctuation
in temperature. Similar finding was reported by Salvucci and
Crafts-Brandner (2004b) in wheat under HS. Similarly, positive
correlation of Pn with the RuBisCo activity and negative with
Rca activity under the HS, as observed in present investigation is
contrary to the findings of Wang G. P. et al. (2010) who reported
positive correlation between the Rca protein content, RuBisCo
initial activity and net photosynthetic rate (Pn) under normal
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FIGURE 12 | Cluster-map for analyzing the correlation between expression and activity of RuBisCo activase (Rca) and RuBisCo under control and

heat stress conditions. (A) Correlation between the expression and activity of Rca in Halna and PBW621 (C and HS), (B) Correlation between the expression and

activity of Rca in HD2985 and HD2329 (C and HS), (C) Correlation between the activity of Rca and RuBisCo in Halna (C and HS), (D) Correlation between the

expression and activity of Rca and RuBisCo in PBW621 (C and HS); C—22 ± 3◦, heat stress—42◦C for 2 h.

FIGURE 13 | Correlating the activity of RuBisCo activase (Rca) and RuBisCo with photosynthetic rate in wheat under the heat stress. (A) Cluster-map

analysis of RuBisCo activity with photosynthetic rate in HD2985 and HD2329 under HS, (B) Cluster-map analysis of Rca activity with photosynthetic rate in HD2985

and HD2329 under HS.
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and HS conditions; dual role of Rca under the ambient and HS
conditionsmay be one of the reason (Rokka et al., 2001). Negative
correlation between RuBisCo and Rca observed in Halna could
not be explained.

CONCLUSION

We identified eight putative transcripts of Rca by mining NGS
data and cloned a novel TaRca1 gene of 1402 bp from wheat
cv. HD2985. Single copy of the cloned TaRca1 was observed in
wheat genome. Expression and activity of TaRCa1 was observed
maximum in Halna during pollination and grain-filling under
control and HS, as compared to HD2985, HD2329, and PBW621.
An increase in the RuBisCo activity was observed in Halna
during grain-filling under HS. We observed negative correlation
between the RuBisCo activity and protein accumulation, as
validated through Immunoblot analysis under control and HS
conditions. A positive correlation was established between the
expression and activity of RuBisCo and TaRca1 under HS; proper
distributions of reducing and non-reducing sugars were observed
in cultivars having high activity of RuBisCo and Rca. TAC
was observed higher in cv. with maximum RuBisCo and Rca
activities. TaRca1 has the potential to modulate the activity of
RuBisCo under HS and provides the most probable solution for
mitigating the HS problem in wheat.
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