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Abstract Rice grain yield is drastically reduced under
low light especially in kharif (wet) season due to cloudy
weather during most part of crop growth. Therefore,
50-60% of yield penalty was observed. To overcome
this problem, identification of low light tolerant rice
genotypes with a high buffering capacity trait such as
photosynthetic rate has to be developed. Sedoheptulose-
1,7 bisphosphatase, a light-regulated enzyme, plays piv-
otal role in the Calvin cycle by regenerating the substrate
(RuBP) for RuBisCo and therefore, indirectly regulates
the influx of CO, for this crucial process. We found a
potential role of SBPase expression and activity in low
light tolerant and susceptible rice genotypes by analyzing
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its influence on net photosynthetic rate and biomass. We
observed a significant relationship of yield with photo-
synthesis, SBPase expression and activity especially
under low light conditions. Two tolerant and two sus-
ceptible rice genotypes were used for the present study.
Tolerant genotypes exhibited significant but least reduc-
tion compared to susceptible genotypes in the expression
and activity of SBPase, which was also manifested in its
photosynthetic rate and finally in the grain yield under
low light. However, susceptible genotypes showed sig-
nificant reduction in SBPase activity along with photo-
synthesis and grain yield suggesting that tracking the
expression and activity of SBPase could form a simple
and reliable method to identify the low light tolerant rice
cultivars. The data were analyzed using the Indostat 7.5,
Tukey—Kramer method through Microsoft Excel 2019
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and PAST4.0 software. The significant association of
SBPase activity with the grain yield, net assimilation
rate, electron transfer rate, biomass and grain weight
were observed under low light stress. These traits should
be considered while selecting and breeding for low light
tolerant cultivars. Thus, SBPase plays a major role in the
low light tolerance mechanism in rice.

Keywords Low light stress - Photosynthesis - Rice -
Sedoheptulose-1,7-bisphosphatase - Yield

Introduction

Rice, a major wet season (July—October) crop is cultivated
over an area of 156.1 m ha with a production of 476 mil-
lion tonnes (International Grains Council, IGC 2013-14).
However, the grain yield is significantly reduced during
this season averaging around 1.2 t ha~' in India due to the
overcast skies that cause a low light (LL) stress (Praba
et al. 2004; Panda et al. 2019). Additionally, in recent
times, as a consequence of shrinkage in the cultivated
areas, increasing planting density has been a potential
practice of enhancing crop yields per unit land area (Du-
vick 1997). Additionally, plants are grown in a close
planting system experiencing a low red to far-red light ratio
(R/FR), known as LL stress, which inevitably results in a
decrement of the leaf CO, assimilation rate (Marchiori
et al. 2014). Consequently, this triggers an array of phys-
iological changes collectively called shade-avoidance
syndrome (SAS) that results in the phenotypic readjust-
ments of the plants while neglecting the harvestable organs,
which would negatively influence the economic yield
(Franklin et al. 2005). The grain yield and biomass accu-
mulation are reduced by 50% whereas spikelet sterility is
increased by 1.5 times (Singh 1988). This could be pri-
marily attributed to a reduction in CO, assimilating
potency of plants that acts as a fundamental process behind
regulating the yield capacity and chiefly depends on light
(Kumar et al. 2019). Low light affects both the light and
dark reactions of photosynthesis, which is highly sensitive
to any type of environmental alterations. Photo system II
and other Calvin cycle-related enzymes behave differently
under normal light (NL) and LL conditions (Mathur et al.
2018). Therefore, identification of rice cultivars having
better LL use efficiency through a minimum reduction in
photosynthesis and grain yield during the kharif season has
been a great challenge for the rice physiologists and
breeders.

The CO, fixation phase of photosynthesis comprises
11 different enzymes that catalyze 13 biochemical reac-
tions, utilizing the products (ATP and NADPH) of the
light reaction. In this cycle, triose phosphates are key
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intermediates which have two primary regeneration
functions of the RuBP, the substrate for ribulose-1,5-
bisphosphate carboxylase/oxygenase (RuBisCo), and
biosynthesis of starch or sucrose (Marcus et al. 2011).
Consequently, it is essential to maintain a balance
between their participation in the process of carbohydrate
biosynthesis and RuBP generation. To achieve this, the
catalytic activity of certain enzymes such as seudohep-
tulose-1,7-bisphosphatase (SBPase, E.C. 3.1.3.37) needs
to be strictly regulated. This is achieved by the redox
potential generated through the ferredoxin/thioredoxin
system, which modulates the activity of SBPase in
response to light or dark conditions (Buchanan 1991).
The C; pathway of CO, fixation in the stroma of
chloroplasts is regulated by light dependant redox reac-
tions that target specific enzymes including SBPase
(Desiree et al. 2016). Light-driven reactions lead to
electron transfer from water to ferredoxin, ultimately
reducing the latter which regulates certain cardinal
enzymes of the Calvin cycle. One key protein in these
regulatory processes is thioredoxin. In chloroplasts, oxi-
dized thioredoxin is reduced by ferredoxin in a reaction
catalysed by ferredoxin-thioredoxin reductase. Reduced
thioredoxin activates certain Calvin cycle enzymes
including SBPase, by clearing regulatory disulphide
bonds. Like several other chloroplast enzymes, such as
RuBisCo, fructose 1,6-bisphosphatase, glyceraldehyde -3-
phosphate dehydrogenase and phosphoribulo kinase, the
SBPase are also light regulated (Buchanan 1980), espe-
cially by the light-dependent change in stromal pH and
Mg”'concentration (Woodrow et al. 1984). Therefore, it
is expected that SBPase activity would decrease under
LL stress, negatively influencing the rate of photosyn-
thesis and the economic yield in comparison to NL
condition. Alteration in SBPase activity influences the
photosynthetic capacity, growth and yield in several
crops such as tomato (Ding et al. 2016) and tobacco
(Lefebvre et al. 2005). At the same time, overexpression
of SBPase in tobacco was found to improve photosyn-
thetic carbon gain and yield under fully open-air CO,
fumigation (FACE) (Rosenthal et al. 2011). Recent
reports have revealed that a decrease in SBPase activity
leads to dramatic reduction in carbon assimilation,
growth rates and plant yield. At the same time, an
overproduction of SBPase was reported to significantly
increase CO, assimilation (Driever et al. 2017). SBPase
is encoded by nuclear DNA and synthesized as a pre-
cursor protein with a transit peptide, which helps it to
enter chloroplast. The functional form of SBPase is a
homodimer comprising two identical subunits of about
35 kDa each (Cadet and Meunier 1988). Due to
the enormous significance of photosynthesis, SBPase is a
potential target for photosynthesis research.
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So far, the activity and expression of SBPase to track LL
tolerance propensity of rice are not employed. At the same
time, available literature lacks reports that could explain
the direct role of SBPase on photosynthetic efficiency,
growth, biomass and yield in rice plants under LL stress.
We, therefore, studied SBPase expression and activity in
LL tolerant and susceptible rice genotypes, with emphasis
on its effect on the net photosynthetic rate, biomass and
yield under LL and NL conditions.

Materials and methods
Plant materials and experimental design

Field experiments were conducted in the experimental
plots of ICAR-National Rice Research Institute (NRRI),
Cuttack, Odisha, India (20.4625° N, 85.8830° E) during the
kharif and rabi seasons of 2017 and 2018 (Supplementary
Fig. 1). Two tolerant genotypes, i.e., Purnendu and Swar-
naprabha, one moderately susceptible genotype, Sasarang
and one susceptible genotype, IR8 were used for study of
expression and activity of SBPase, and its overall impact
on the net photosynthetic rate during kharif and rabi sea-
sons of 2017 and 2018. 25 days seedlings were trans-
planted to the main field. Low light stress was imposed
after 15 days of transplantation up to maturity (active til-
lering stage to maturity) by using agro shade nets matted on
wooden frame (50% and 25% interception of photosyn-
thetically active photon flux density during rabi and kharif
seasons, respectively), while no agro shade net was used
for normal light condition. The spacing of plants was kept
line to line 20 cm and plant to plant 15 cm. Readings were
taken after 45 days of shade treatment from the flag leaves
during the 50% flowering stage.

Measurement of photosynthetic active radiation
(PAR)

Photosynthetic active radiation (PAR) above the canopy of
plants under LL and NL conditions were recorded using a
radiometer (LI-1500 LICOR, USA) at different times of the
day (9.00 am, 12.00 pm and 4.00 pm of Indian Standard
Time (IST), UTC + 05:30). Six replicas under each con-
dition were maintained for accurate PAR measurement.

Physiological traits measurement

The net photosynthetic rate (NAR), stomatal conductance
(SC), rate of transpiration (TR) and internal carbon dioxide
to assimilated carbon dioxide ratio (C;/C,) were estimated
from the five flag leaves of each genotype during 50%
flowering stage using an open gas exchange system (Li-Cor

6400; Li-Cor Inc., Lincoln, NE, USA). CO, concentration
was maintained at 385 pmol mol~' for NL-grown plants
and LL-grown plants. We have measured 5 flag leaves per
hill and for 6 hills per genotype, and then an average was
made. The PAR was set at 1200 mol m s~ for NL and
900 mol m2s~! for LL (LL) conditions which were
measured by a 6400-2B LED light source. Chlorophyll a
fluorescence from the ventral side of the flag leaves of
different plants were measured with an open gas exchange
system (Li-Cor 6400; Li-Cor Inc., Lincoln, NE, USA) and
an integrated fluorescence chamber head (Li-Cor 6400-40;
Li-Cor Inc., Lincoln, NE, USA) at LL and NL conditions
as described by Dutta et al. (2009). Before each measure-
ment, the leaf samples were dark-adapted for 20 min
(Demmig et al. 1987). Variable fluorescence by maximum
fluorescence ratio (Fv/Fm), electron transfer rate (ETR),
photochemical quenching (qP) and nonphotochemical
quenching (NPQ) was calculated as described by Schreiber
(2004).

Total soluble protein estimation

Protein quantification was done as per Lowry et al. (1951)
method. Leaf samples (1 g) were ground in 10 ml of Na-
phosphate buffer in a mortar with a pestle and allowed to
centrifuge for 15 min at 10,000 rpm. The supernatant was
used for protein estimation after colour development and
the absorbance was measured at 660 nm. The amount of
protein was estimated from the standard curve made with
bovine serum albumin and expressed in mg/g fresh weight.

Total soluble sugar estimation

Total soluble sugar content was determined as per Yemm
and Willis (1954) method. Fresh three flag leaf samples
were collected from individual plant/hill and for six plants/
hills, and for each genotype at 3 days before and 3 days
after flowering. Individual leaf sample (100 mg) was
ground in liquid nitrogen using mortar and pestle and
extracted with 10 ml of boiling 80% ethanol (v/v) in a
15 ml polypropylene tube for 30 min. The extract was
centrifuged at 10,000 x g for 15 min to get clear super-
natant. The above step was repeated twice. The collected
supernatants from three flag leaves of same plant/hill were
pooled together in a conical flask and dried in a boiling
water bath at 100 °C. The contents of the flask were dis-
solved in 50 ml distilled water. An aliquot of 0.5 ml was
used to determine total sugar content using the anthrone
method (Yemm and Willis 1954) and expressed in pg
glucose equivalent/g fresh weight. The estimation was
carried out for six different plants/hills separately; data
were pooled together, and mean of data was used for
analysis.
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Grain starch estimation

Grain starch content was estimated using o-amylase,
amyloglucosidase, glucose oxidase plus peroxidase
(GOPOD) and 4-aminoantipyrine reagents obtained from
Megazyme (Total starch assay kit K-TSTA-100A, Mega-
zyme International, Ireland Limited, Bray Business Park,
Bray, Co. Wicklow, Ireland) as per Kumar et al. (2018).
The grain amylose and amylopectin content were also
determined as described by Kumar et al. (2018).

Antioxidant enzyme analysis

The activities of superoxide dismutase (SOD), catalase and
peroxidase enzymes were determined spectrophotometri-
cally as described by Dhindsa et al. (1981) and Aebi
(1984), respectively. For these assays, 100 mg of leaf
sample (flag leaf) was ground with 4 ml of extraction
buffer (0.1 M phosphate buffer, pH 7.5, containing 0.5 mM
EDTA) and filtered through 4 layers of cheesecloth. The
filtrate was transferred to centrifuge tubes and centrifuged
at 15,000 rcf for 20 min. The supernatant was used as the
enzyme extract and 100 pl of this extract was used for each
enzyme activity assay. Briefly, SOD activity was deter-
mined by measuring the decrease in the absorbance of blue
coloured formazone and O3 at 560 nm. For determining
catalase activity, the reaction was started by adding H,O,
(12.5 mM) to the enzyme extract and decrease in the
absorbance was measured at 240 nm for 1 min. Peroxidase
activity was determined by an increase in the optical
density due to oxidation of guaiacol to tetra-guaiacol in the
reaction mixture for 2 min, measured at 470 nm.

SBPase enzyme assay

Three flag leaves (1 g) were collected at 50% flowering
stage per individual plant/hill for six hills and for each
genotype. Leaves were ground to a fine powder using lig-
uid nitrogen. 2 ml of extraction buffer containing 50 mM
Tris-HCI, pH 7.5, 15% (v/v) glycerol, and 1 mM [B-mer-
captoethanol was added to the ground material. After
vigorous vortexing, the extracts were clarified by cen-
trifugation (10,000 rpm for 30 min). The supernatant was
collected and incubated at 37 °C (Incubator, model: CI-
10S, make: Remi instruments, India). The activity of
SBPase was determined using the coupled assay method
(Seuter et al. 2002; Chen et al. 2004) by adding 50 pl crude
extract to assay mixture (50 mM Tris-HCI pH 8.3, 15 mM
Mgcl,, 0.5 mM NADP™", glucose-6-Phosphate dehydroge-
nase-1U, phosphoglucose isomerase-2U, 0.5 mM EGTA
and 1 mM FBP) and made volume up to 1 ml. Absorbance
was measured at 340 nm with UV-vis spectrophotometer
(Model Specord 210 Plus, Analytik Jena AG, Germany).
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SBPase expression analysis

Total RNA was extracted from the flag leaves at 50%
flowering stage using RNEasy Plant Mini Kit (Qiagen,
USA) following the manufacturer’s protocol. First-strand
cDNA synthesis was conducted using 5 mg of total DNase-
treated RNA using primer script 1st strand cDNA synthesis
kit (Takara Clontech, Japan). In order to estimate SBPase
transcript levels in flag leaves, a real-time polymerization
chain reaction was performed in QuantStudio®5 Real-Time
PCR instrument (Applied Biosystems, Thermo Fisher
Scientific, USA) using SYBR Green master mix (Takara
Clontech) to monitor double-stranded DNA synthesis. The
gRT-PCR reaction was performed by using gene-specific
primer pair (FP: 50 AGTAGTGCGAGGGCCATAGA30)
and (RP:50 TCTTGCAGGTGGTTTCAGTG 30), which
were designed using PrimerQuest tool (IDT). The f-tubu-
lin gene primer pair (FP: 50 ATGCGTGAGATTCTTCAC
ATCC 30) and (RP:50 TGGGTACTCTTC ACGGATCT
TAG 30) was used for its amplification and was treated as
an internal control. Thermal cycling condition was as fol-
lows: initial denaturation at 94 °C for 4 min followed by
40 cycles of denaturation at 94 °C for 30 s; annealing at
60 °C for 30 s and extension at 72 °C for 1 min. The
calculation was done in relation to the respective control
samples as calibrator using equation 27AAC The relative
differences in expression for each sample were determined
by normalizing the cycle threshold (ct) value of target gene
against the ct value of the f-tubulin gene. Data analysis
was done using the instrument’s software (QuantStudioTM
Design & Analysis Software v1.4.3) followed by the
manufacturer’s protocol. Dissociation curve analysis was
also performed at the end of the assay to check for any non-
specific amplification and/or contamination.

Grain yield and related traits

Four genotypes under study were evaluated for grain yield
and related traits under LL stress in kharif and rabi seasons
of 2017 and 2018 following randomized complete block
design (RCBD) with three replications of each in a plot size
of 4 x 4 m* (spacing 15 cm x 20 cm). At maximum til-
lering stage, one set of each cultivar was subjected to LL
regime (75% of natural available light, i.e., 900 p mol
quant m~2 s~ ') using Agroshade nets matted on a wooden
frame, while the other set was grown under open condition
(under 100% natural light intensity, 1200 p mol quant m™>
sfl). The recommended dose of nitrogen, P,Os and K,O
(80:40:40) fertilizers were applied. Recommended agro-
nomic practices and plant protection measures were fol-
lowed. Panicle emergence rate (%) was calculated from the
first day to the fifth day as described by Panigrahy et al.
(2019). The expression and activity of SBPase were studied
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on these genotypes and its overall impact on the net pho-
tosynthetic rate that ultimately influences the agronomic
performance of rice under LL stress. Five hills were ran-
domly selected from the middle of each plot and data for 6
traits, tiller/plant, panicle/plant, spikelet fertility %,
1000-grain weight, biomass/plant and grain yield/plant
traits were recorded.

Statistical analysis

The experiments were carried out in three biological as
well as three technical replicates. The statistical analysis on
the mean values of five randomly selected plants from each
of the three replications for four rice cultivars (both under
NL and LL conditions) for the years 2017 and 2018 (kharif
and rabi) was carried out on individual traits. The data of
mean value for all the traits were analyzed for their vari-
ance following simple factorial RBD. Analysis of variance
was done using the Indostat 7.5, along with the Tukey—
Kramer method through Microsoft Excel 2019. In the Tu-
key—Kramer method, the minimum significant difference
(MSD) is calculated for each pair of means. It depends on
the sample size in each group, the average variation within
the groups, and the total number of groups. It can be used
to find means that are significantly different from each
other. The significance was tested by referring to the
table given by Fisher (1936). Range, phenotypic coefficient
of variation (PCV), genotypic coefficient of variation
(GCV), heritability (h2) and genetic advance (GA) were
calculated comparing mean values of cultivar using the
Indostat 7.5. The phenotypic correlations and principal
component analysis (PCA) were estimated using PAST4.0
software (Hammer et al. 2001). The PCV, GCV, h? and GA
interpretation were based on Arp and Johnson (1955) and
followed by Sanghamitra et al. (2018) for rice grain quality
traits.

Results
Photosynthetic active radiation

Under the agro shade mediated LL treatment, PAR reduced
approximately to 50% and 25% in rabi and kharif seasons,
respectively (Fig. 1 and Supplementary Table 1) than NL
treatment, confirming the generation of LL stress for the
grown set of plants.

Photosynthetic rate and internal carbon content
Gas exchange measurements were made to investigate the

carbon assimilation rates in the tested cultivars under field
conditions. Under LL, the net CO, assimilation rate

(NAR), stomatal conductance (SC) and transpiration rate
(TR) were significantly (P < 0.05) decreased, whereas the
ratio of internal CO, to ambient CO, (Ci/Ca) was signifi-
cantly (P < 0.05) increased in all the genotypes during
both rabi and kharif seasons of 2017 and 2018 (Supple-
mentary Table 2). However, the decrease of NAR, SC, TR
and increase in Ci/Ca during kharif was more than the rabi
for all the genotypes under LL stress. Further, across the
seasons, tolerant genotypes (Purnendu and Swarnaprabha)
showed lesser reduction in NAR, SC and TR, while lesser
increase in Ci/Ca ratio compared to susceptible cultivars
(Sasarang and IR8) under LL stress (Supplementary
Table 2). The reduction of PN (P < 0.05) under LL in
comparison to NL was found to be 15.7% (Purnendu),
18.31% (Swarnaprabha), 24.28% (Sasarang) and 52.94%
(IR8) in kharif seasons of 2017 and 2018, while 15.25%
(Purnendu), 16.53% (Swarnaprabha), 19.79% (Sasarang)
and 40.47% (IR8) in rabi seasons of 2017 and 2018
(Fig. 2a). Similarly, reduction in SC (P < 0.05) under LL
in comparison to NL was found to be 14.72%, 23.02%,
22.63% and 39.51% in kharif seasons of 2017 and 2018,
while 19.35%, 19.35%, 25% and 24.24% in rabi seasons of
2017 and 2018, respectively in Purnendu, Swarnaprabha,
Sasarang and IR8. The reduction in GS was manifested in
significantly reduced TR (mol H,O m~2 s in all rice
genotypes (P < 0.05) under LL stress (Fig. 2b). Reduction
in TR was found to be 26.49%, 24.03%, 39.46% and
52.80% in kharif seasons of 2017 and 2018, while 24.33%),
26.89%, 44.07% and 58.64% in rabi seasons of 2017 and
2018, respectively in Purnendu, Swarnaprabha, Sasarang
and IR8 under LL compared to NL (Fig. 2c). The Ci/Ca
ratio was significantly increased (P < 0.05) in all the tested
rice cultivars under LL stress resulting in decrease in the
photosynthetic rate (Fig. 2d). The increment (P < 0.05) in
Ci/Ca ratio under LL compared to NL was found to be
12.9%, 17.28%, 38.09% and 40.42% in kharif seasons of
2017 and 2018, while 10%, 15.18%, 30% and 37.77% in
rabi seasons of 2017 and 2018, respectively in Purnendu,
Swarnaprabha, Sasarang and IR8 (Fig. 2 and Supplemen-
tary Table 2).

Chlorophyll a fluorescence

Chlorophyll a fluorescence measurement is used as a non-
destructive and non-invasive signature of photosynthesis.
Fv/Fm, ETR, qP were decreased, whereas NPQ was
increased during kharif compared to rabi seasons for all the
cultivars under LL stress (Fig. 3a—d). The maximum pri-
mary photochemical efficiency of PSII, which was mea-
sured as Fv/Fm, where Fv = Fm-F0, was significantly
higher for all cultivars under LL in all the sea-
sons (Fig. 3d). The significant increment (P < 0.05) in Fv/
Fm ratio under LL in comparison to NL was found to be

@ Springer
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Fig. 1 Spatiotemporal 1800.00
distribution of photosynthetic
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Fig. 2 Net assimilation rate (a), stomatal conductance (b), transpi-
ration rate (c), and Ci/Ca (d) in tolerant (Purnendu and Swarnaprabha)
and susceptible (Sasarang and IR8) genotypes, monitored by infrared
gas analyzer (IRGA (Licor 6400-XT portable photosynthetic system)

5.43%, 7.211%, 3.63% and 0.922% in kharif seasons of
2017 and 2018, while 5.40%, 2.66%, 2.70% and 1.47% in
rabi seasons of 2017 and 2018, respectively in Purnendu,
Swarnaprabha, Sasarang and IR8 (Fig. 3d). Chlorophyll a
fluorescence measurement revealed that the electron
transport rate (ETR) (umole electrons m~? s_l) of PSII
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under normal light (NL) and low light (LL) conditions in ambient
CO,; during rabi and kharif seasons of 2017 and 2018. Each data
point is the average of six replicates and the error bars represent
standard error (SE)

was decreased in response to LL significantly (P < 0.05) in
all genotypes for all growing seasons (Fig. 3a). However,
the decrease was greater in the susceptible genotypes than
the tolerant ones. The decrease (P < 0.05) in ETR under
LL in comparison to NL were observed as 34.67%,
36.98%, 48.34% and 56.70% in kharif seasons of 2017 and
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2018, while 32.97%, 33.88%, 48.68% and 54.65% in rabi
seasons of 2017 and 2018, respectively in Purnendu,
Swarnaprabha, Sasarang and IR8 (Fig. 3a). The photo-
chemical quenching (qP) was significantly lower for all the
genotypes under LL in all the seasons. However, the
decrease was greater in the susceptible genotypes than the
tolerant ones. The decrement (P < 0.05) in qP under LL
compared NL was found to be 36.20%, 29.25%, 32.21%
and 52.92% in kharif 2017-2018, while 23.27%, 28.89%,
26.56% and 51.44% in rabi seasons of 2017 and 2018,
respectively in Purnendu, Swarnaprabha, Sasarang and IR8
(Fig. 3b and Supplementary Table 3). Non-photochemical
quenching (NPQ) increased in response to LL significantly
(P < 0.05) in all genotypes for all grow seasons (Fig. 3c).
However, the increase was greater in the susceptible
genotypes than the tolerant ones. The increment (P < 0.05)
in NPQ under LL in comparison to NL was found to be
47.01%, 38.72%, 56.17% and 65.73% in kharif seasons of
2017 and 2018, while 46.37%, 40%, 54.34% and 61.81% in
rabi seasons of 2017 and 2018, respectively in Purnendu,

a

200
~180
n
~, 160
g
g 140 '
< 120 = Pumendu
&
= 10 ® Swarnaprabha
2 80
= ' W Sasarang
2 60 |
= 4 IRS
= 40 {
M o20

0 |
NL LL NL LL
2017-2018 Rabi 2017-2018 Khanif
0.12

S
0.06 I

= Pumendu

® Swarnaprabha

|
|4
L[ = Sasarang
i IRS8
NL LL NL LL

2017-2018 Rabi

NPQ

0.04
0.02

2017-2018 Kharif

Fig. 3 Chlorophyll-fluorescence measurements. Electron transfer
rate (ETR) (a), photochemical quenching (qP) (b), non-photochem-
ical quenching (NPQ) (c¢), Fv/Fm ratio (d) in tolerant (Purnendu and
Swarnaprabha) and susceptible (Sasarang and IRS8) genotypes,
monitored by infrared gas analyzer (IRGA (Licor 6400-XT

Swarnaprabha, Sasarang and IR8 (Fig. 3c and Supple-
mentary Table 3).

Soluble protein content in flag leaf

The soluble protein content of the flag leaf was estimated
to find the possible relationship between photosynthetic
rate and protein content. Flag leaf soluble protein
decreased during kharif than rabi seasons in all genotypes.
Under LL stress, there was a significant reduction
(P < 0.05) in protein content of all the four genotypes.
Tolerant genotypes Purnendu and Swarnaprabha showed
lower reduction as compared to moderately susceptible
genotype Sasarang and susceptible genotype, IR8 under LL
stress as compared to NL condition for all the growth
seasons. Reduction in protein content was observed as
16.08%,13.63%, 23.82% and 22.79% in kharif seasons of
2017 and 2018, while 15%, 16.67%, 27.62% and 29.96%
in rabi seasons of 2017 and 2018, respectively in Purnendu,
Swarnaprabha, Sasarang and IR8 (Fig. 4a and Supple-
mentary Table 4a).
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portable photosynthetic system) under normal light (NL) and low
light (LL) conditions during rabi and kharif seasons of 2017 and

2018. Each data point is the average of six replicates and the error
bars represent standard error (SE)
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Total soluble sugar content in the flag leaf

The total soluble sugar content was estimated to compare
the photosynthetic efficiency of the tested cultivars. Flag
leaf total soluble sugar decreased during kharif than rabi
seasons in all cultivars. LL stress caused reduction in the
amount of TSS (P < 0.05) in the flag leaf irrespective of
the cultivars for all the growth seasons. Reduction in pro-
tein content was found to be 7.02%, 21.05%, 22.4% and
43.79% in kharif seasons of 2017 and 2018, while 8.53%,
21.08%, 24.12% and 45.98% in rabi seasons of 2017 and
2018, respectively in Purnendu, Swarnaprabha, Sasarang
and IR8 (Fig. 4b and Supplementary Table 4b).

Grain starch content

Grain starch content was estimated after the harvesting.
Grain starch content was decreased during kharif compared
to rabi seasons in all the genotypes. LL stress caused
reduction in the amount of grain starch (P < 0.05) irre-
spective of the cultivars for all the growth seasons.
Reduction in grain starch was pronounced in the Sasarang
and IR8 than other tolerant genotypes. The reduction in
starch content was found to be 13.33%, 11.14%, 23.30%

A 9 »

m
—

®Pumendu
LI ¥ Swarnaprabha

W sasarang

PC (mg/g FW)
W

(8]

IR-8

=

o

NL LL NL LL
2017-2018 Rabi 2017-2018 Kharif

80.00

GS (%)

2017-2018 Rabi
Fig. 4 Total protein content (a), total soluble sugar of flag leaves

(b) and grain starch (%) (c) in tolerant (Purnendu and Swarnaprabha)
and susceptible (Sasarang and IR8)) genotypes. Plants were grown
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and 22.25% in kharif seasons of 2017 and 2018, while
7.96%, 9.10%, 17.54% and 22.34% in rabi seasons of 2017
and 2018, respectively in Purnendu, Swarnaprabha,
Sasarang and IRS8, respectively (Fig. 4c, Supplementary
Table 4c).

Antioxidant enzymes

To understand the enzyme activity for detoxification of the
reactive oxygen species (ROS) generated under LL stress,
assays of superoxide dismutase (SOD), catalase (CAT) and
peroxidase (POX) were performed. CAT activity showed
negligible increase under LL in Purnendu and Swar-
naprabha, whereas a sharp increase was observed in
Sasarang and IRS8. Increment in CAT was found to be
24.7%, 27%, 70.29% and 71.12% in kharif seasons of 2017
and 2018, while 21.27%, 32.83%, 70.60% and 72.29% in
rabi seasons of 2017 and 2018, respectively in Purnendu,
Swarnaprabha, Sasarang and IR8 (Fig. 5a and Supple-
mentary Table 5). POX activity was decreased in all the
genotypes tested under LL stress, however, the percent
decrease was significant in Purnendu and Swarnaprabha
than Sasarang and IRS8. The decrease in POX was found to
be 28.40%, 28.86%, 24.59% and 26.12% in kharif seasons

4
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under normal light (NL) and low light (LL) conditions during rabi
and kharif seasons of 2017 and 2018. Each data point is the average of
six replicates and the error bars represent standard error (SE)
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of 2017 and 2018, while 30.46%, 27.99%, 26.42% and
25.16% in rabi seasons of 2017 and 2018, respectively in
Purnendu, Swarnaprabha, Sasarang and IR8 (Fig. 5b and
Supplementary Table 5). The SOD activity in Purnendu
and Swarnaprabha under NL and LL conditions were sig-
nificantly less than Sasarang and IR8. Increment in SOD
was found to be 24.78%, 38.83%, 83.94% and 72.04% in
kharif seasons of 2017 and 2018, while 21.02%, 35.64%,
79.94% and 61.80% in rabi seasons of 2017 and 2018,
respectively in Purnendu, Swarnaprabha, Sasarang and IR8
(Fig. 5c and Supplementary Table 5).

SBPase activity in rice flag leaf

As SBPase is the principal enzyme for RuBP regeneration
during the Calvin cycle, we measured its activity in flag
leaves of LL tolerant genotypes, Purnendu and Swar-
naprahbha, moderately susceptible genotype, Sasrang and
susceptible genotype, IR8 under NL and LL stress condi-
tions during rabi and kharif seasons of 2017 and 2018. The
SBPase activity was reduced in all the four genotypes at the
flowering stage under LL stress as compared to NL in all
seasons (Fig. 6 and Supplementary Table 6). In tolerant
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Fig. 5 Antioxidant enzyme activities. Catalase activity (a), peroxi-
dase activity (b), superoxide dismutase activity (c) estimated from the
flag leaf of tolerant (Purnendu and Swarnaprabha) and susceptible
(Sasarang and IR8)) genotypes during 50% flowering stage from NL

i
i

NL

genotypes (Purnendu and Swarnaprabha), SBPase activity
was constantly increased up to the 6th hour of incubation
and then non-significantly decreases irrespective of light
condition. But, in case of susceptible genotypes (Sasarang
and IRS), the SBPS activity was increased up to 4th hours
of incubation and then significantly decreased (P < 0.05).
The SBPase activity was maximum under NL than LL
condition in all the genotypes. The SBPase activity was
significantly reduced under LL compared to NL at Oth
(5.45%), 2nd (22.36%), 4th (15.21%), 6th (11.24%) and
8th (19.13%) hour of incubations in in kharif 2017-2018
and similarly at Oth (8.45%), 2nd (24.01%), 4th (18.37%),
6th (24.58%) and 8th (27.63%) hour of incubations in rabi
2017-2018 in Purnendu (Fig. 6). In Swarnaprabha, under
LL stress, the reduction was observed at Oth (7.22%), 2nd
(21.59%), 4th (13.8%), 6th (15.67%) and 8th (16.84%)
hour of incubations in kharif seasons of 2017 and 2018, and
similarly at Oth (10.86%), 2nd (16.39%), 4th (13.61%), 6th
(16.43%) and 8th (22.75%) hour of incubations during rabi
seasons of 2017 and 2018 (Fig. 6). In Sasarang, under LL
stress, the reduction was found to be at Oth (47.83%), 2nd
(63.23%), 4th (45.5%), 6th (33.33%) and 8th (48.49%)
hour of incubations in kharif seasons of 2017 and 2018, and
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and LL conditions during rabi and kharif seasons of 2017 and 2018.
Each data point is the average of six replicates and the error bars
represent standard error (SE)
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Fig. 6 Sedoheptulose 1,7 bisphosphatase(SBPase) activity under NL
and LL conditions. Purnendu (a), Swarnaprabha (b), Sasarang (c),
IR8 (d). The assay of SBPase activity was carried out at 0, 4, 2, 6, and
8 h from the flag leaf collected from NL and LL conditions during the

similarly at Oth (22.5%), 2nd (33.23%), 4th (25.96%), 6th
(21.86%) and 8th (24.49%) hour of incubations in rabi
seasons of 2017 and 2018 (Fig. 6). In IRS8, under LL stress,
the reduction was found to be at Oth (11.94%), 2nd
(68.02%), 4th (52.67%), 6th (24.58%) and 8th (37.88%)
hour of incubations in kharif seasons of 2017 and 2018, and
similarly at Oth (11.84%), 2nd (63.43%), 4th (48.70%), 6th
(24.69%) and 8th (34.10%) hour of incubations in rabi
seasons of 2017 and 2018 (Fig. 6).The critical observation
was considered at 4th and 6th hour, where the difference in
SBPase activity was highest. The SBPase activity in tol-
erant and susceptible genotypes at 4th and 6th hour was
statistically tested (T-test). We observed significant dif-
ferences in both types of genotypes for SBPase activity,
especially under the LL. In case of tolerant genotypes, the
SBPase activity at the 4th hour was reduced up to 15.21%
in kharif and 18.37% in rabi, whereas the reduction was up
to 52.67% in kharif and 48.70% in rabi under LL condition
for susceptible genotypes. There was an increase in enzyme
activity both under NL and LL conditions after 4th hour of
incubation in tolerant genotypes (Purnendu and Swar-
naprabha). In contrast, the enzyme activity was drastically
reduced after the 4th hour, both under NL and LL condi-
tions in susceptible genotypes (Sasarang and IR8). Even at
the 6th hour, SBPase activity in tolerant genotypes (Pur-
nendu and Swarnaprabha) was effectively maintained
under NL and LL conditions, whereas it was significantly
reduced in susceptible genotypes (Sasarang and IRS)
(Supplementary Table 6).
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flowering stage in rabi and kharif seasons of 2017 and 2018. Each
data point is the average of six replicates and the error bars represent
standard error (SE)

Real time expression of SBPase gene in rice flag leaf

To further check if SBPase activity is influenced by LL
stress, we investigated the expression pattern of SBPase
transcript in rice plants through quantitative real-time PCR
analysis. The data suggested that the primary process of
biosynthesis of SBPase protein was optimum during 50%
flowering, when net photosynthetic rate is expected to be
high. The LL stress reduced the expression of the SBPase
in all genotypes as compared to NL (Fig. 7). Tolerant
genotypes, Purnendu (0.55 time; 44.8%) and Swarnaprabha
(0.40 time; 52.61%) showed comparatively lower down
regulation in SBPase expression as compared to susceptible
genotypes, Sasarang (P < 0.05) (0.36 time; 63.33%) and
IR-8 (0.35 time; 64.33%) under LL stress.

Grain Yield and related traits

Grain yield and yield components for the growth seasons of
rabi and kharif seasons of 2017 and 2018 under NL and LL
are shown in Supplementary Table 7 (a—f). Reduction in
grain yield was significant (P < 0.05) between two tolerant
(Purnendu, Swarnaprabha) and two susceptible (Sasarang,
IR8) genotypes under LL stress in kharif and rabi seasons,
however, the percent reduction was pronounced in Sasar-
ang and IR8. Decrement in grain yield was observed as
13.02%, 17.86%, 42.17% and 53.09% in kharif seasons of
2017 and 2018, while 10.44%,14%, 37.90% and 45.92% in
rabi seasons of 2017 and 2018, respectively in Purnendu,
Swarnaprabha, Sasarang and IR8 (Supplementary
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Fig. 7 Expression pattern of SBPase gene at flowering stage in
tolerant (Purnendu and Swarnaprabha) and susceptible (Sasarang and
IR8)) genotypes under normal light (NL) as compared to low light
(LL) condition. The expression level was determined by gqRTPCR. -
tubulin was used as the internal standard and leaf SBPase was used
for expression value normalization at the flowering stage. Each value
represents the mean standard error (SE) (%)

Table 7a). The significant reduction (P < 0.05) was found
in panicle/plant (Supplementary Table 7f), tiller/plant
(Supplementary Table 7e), total biomass/plant (Supple-
mentary Table 7b), spikelet fertility percent (Supplemen-
tary Table 7d) and 1000-grain weight (Supplementary
Table 7c) under LL stress. Reduction in total biomass/plant
(P < 0.05) was observed as 7.85%, 16.98%, 39.64% and
51.74% in kharif seasons of 2017 and 2018, while
7.5%, 14%, 37.99% and 46.02% in rabi seasons of 2017
and 2018, respectively in Purnendu, Swarnaprabha,
Sasarang and IRS8. Rate of panicle emergence (RPE) was
higher in rabi than kharif seasons. In all the growth sea-
sons, RPE was significantly reduced in all the cultivars
under low light but was pronounced in Sasarang and IRS8
(Supplementary Table 8).

Analysis of variances (ANOVA)

Analysis of variance (ANOVA) refers to the observable
differences for a particular trait. ANOVA was performed
using Tukey-Kramer method. To study the ANOVA, total
seven treatments were prepared by taking three factors into
consideration, i.e., season, light and genotypes. Average
season data was taken as treatment one irrespective of light
and genotypes. For treatment two, average light conditions
data was taken. Similarly, season x light data as taken as
treatment three, average genotype data was taken as
treatment four, season x variety and light x variety data
were taken as treatment five and six, respectively. Season x
light x variety data were taken as treatment seven. To know
the extent of variations of observed characters, all the
seven treatments were taken for analysis, and analysis of
variance was performed. The results of ANOVA revealed
highly significant mean sum of squares for all the 22 traits,

suggesting the presence of sufficient variations among
genotypes for these traits. Analysis of variance for treat-
ment one indicated significant variation for 20 out of 22
traits except for non-photochemical quenching and total
soluble sugar. Except for Ci/Ca, all the 21 traits showed
significant variation for treatment two. For treatment three,
a total of 13 traits showed significant variation (Net
assimilation rate, transpiration rate, Ci/Ca, Electron trans-
fer rate, non-photochemical quenching, SBPase at 4th hr,
SBPase at 6th hr, catalase, peroxidase, grain starch (%),
1000-grain weight, spikelet fertility percentage and tiller
number). For treatment four, a total of 20 traits revealed
significant variation except for stomatal conductance and
Fv/Fm. Except for stomatal conductance, Ci/Ca and Fv/
Fm, rest of 19 traits showed significant variation for
treatment six. A total of eleven traits, i.e., net assimilation
rate, electron transfer rate, photochemical quenching,
SBPase at 4th hr, SBPase at 6th hr, catalase, peroxidase,
grain starch, 1000-grain weight, spikelet fertility percent-
age and panicle number revealed significant variation for
treatment seven (Table 1).

Trait association and genetic variability

The association analysis was estimated to establish a
relationship between grain yield and SBPS activity under
different light situations. In the case of tolerant genotypes,
the grain yield exhibited significantly positive association
with SBPase activity at both 4th hour and 6th hour under
LL, but it was non-significant for susceptible genotypes.
Under NL, the tolerant genotypes showed non-significant
association with SBPase activity at both hours, whereas
SBPase activity at 4th hour and 6th hour showed a sig-
nificant correlation with grain yield in susceptible geno-
types (Table 2).

Besides, under LL, SBPase activity, both at 4th hour and
6th hour has significant positive correlation with net
assimilation rate, stomatal conductance, transpiration rate,
ETR, gP, protein content, peroxidase, SOD, total soluble
sugar, grain starch, total biomass, TGW, TN and PN in
tolerant and susceptible genotypes under both the condi-
tions. Grain yield showed significant positive correlation
with net assimilation rate, transpiration rate, Ci/Ca, P,
protein content, catalase, peroxidase, total soluble sugar,
grain starch, biomass, TGW and panicle number under LL
condition in tolerant genotypes (Table 2). Along with
standard statistical measures, heritable and non-herita-
ble components of variance in the form of genotypic
coefficient of variation (GCV), phenotypic coefficient of
variation (PCV), heritability (broad sense, h?) and genetic
advance as a percentage of mean (GA at 5%) was esti-
mated. The highest estimate of GCV (89.05, 88.06) and
PCV (89.08, 88.27) in kharif seasons, while GCV (137.13,
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Table 1 Analysis of variance (ANOVA) for physiological, biochemical and yield-related traits in tolerant and susceptible rice genotypes grown
under normal light and low light conditions during rabi and kharif seasons of 2017 and 2018

DF NAR SC TR Ci/Ca ETR qP NPQ FV/FM SBP4hr SBP6hr PC
Season Treatment 1.000 0.000 0.008 0.046 0.001  0.052 0.000 0.155 0.010 0.000 0.000 0.000
Light *Treatment 1.000 0.000 0.000  0.000 0.542  0.000 0.000 0.000 0.000 0.000 0.000 0.000
Season * Light 1.000 0.004 0946 0.041 0.000 0.011 0.509 0.049 0.543 0.011 0.000 0.265
Variety *Treatment 3.000 0.000 0.801  0.000 0.000  0.000 0.000 0.000 0.431 0.000 0.000 0.000
Season * Variety 3.000 0.000 0.225 0.422 0.148  0.001 0.000 0.019 0.856 0.000 0.000 0.531
Light * Variety 3.000 0.000 0.567  0.000 0.979  0.000 0.001  0.000 0.232 0.000 0.000 0.026
Season * Light * Variety ~ 3.000 0.001 0.754  0.186 0.265 0.048 0.007 0378 0.436 0.000 0.000 0.812
SE 32.000 0.271 0.007  0.287 0.003  2.106 0.001  0.000 0.000 0.000 0.000 0.048
Total 47.000 17.036 0.013 11.736  0.036  1208.67 0.066 0.000  0.001 0.009 0.020 1.089
Catalase ~ Peroxidase = SOD TSS GS GYLD BIOM TGW  SFP TN PN
Season Treatment 0.000 0.000 0.000  0.102  0.000 0.000 0.000 0.023  0.000 0.000  0.000
Light *Treatment 0.000 0.000 0.000  0.000  0.000 0.000 0.000 0.000  0.000 0.000  0.000
Season * Light 0.021 0.000 0216  0.508  0.001 0.816 0.431 0.001  0.001 0.042  0.352
Variety *Treatment 0.000 0.000 0.000  0.000  0.000 0.000 0.000 0.000  0.000 0.000  0.000
Season * Variety 0.000 0.000 0.838  0.000 0.460 0.000 0.000 0.012  0.000 0.006  0.279
Light * Variety 0.000 0.000 0.000  0.000  0.000 0.000 0.000 0.000  0.000 0.000  0.000
Season * Light * Variety  0.000 0.000 0.054 0.554 0.033 0.377 0.452 0.000  0.042 0.081  0.000
SE 0.000 0.000 0.000  0.023  0.992 0.164 0.589 0.014  0.206 0.058  0.023
Total 0.026 0.001 0.089 0.545 47.665 13.668 53.593 8321 178.352 2874 3.344

-2 sfl), SC stomatal conductance (umol H,O m™2 s, TR
2

DF degree of freedom, SE standard error, NAR net assimilation rate (umol CO, m
transpiration rate (umol H,O m~2s™"), Ci/Ca ratio of internal to atmospheric CO, concentration, ETR electron transfer rate (umol electrons m™
s, gP photochemical quenching, NPQ non-photochemical quenching, FV/FM variance fluorescence/maximal fluorescence, SBP4hr SBPase
activity at 4th hour (U mgfl), SBP6hr SBPase activity at 6th hour (U mgfl), PC protein content (mg/gFW), SOD superoxide dismutase (mg/
FW/min), TSS total soluble sugar(mg/gFW), GS grain starch (%), GYLD grain yield/plant (g), BIOM biomass/plant (g), SFP spikelet fertility

percentage, TN tiller number/plant, PN panicle number/plant

T test: *Significant at 0.05 level, ** Significant at 0.01 level, *** Significant at 0.001 level

93.20) and PCV (137.19, 93.19) in rabi seasons were
observed for catalase under NL and LL, respectively.
Similarly, the lowest estimate of GCV (1.31, 1.40) in kharif
seasons, while GCV (1.01, 1.80) in rabi seasons were
observed for FV/FM under NL and LL conditions,
respectively. For PCV, FV/FM also showed the lowest
value (1.34, 1.55) in kharif seasons, while 0.67 and 1.24) in
rabi seasons under NL and LL, respectively. The reliability
of the phenotypic values depend on the estimates of heri-
tability for a particular character. Therefore, high heri-
tability helps in the effective selection of a particular
character. The highest broad-sense heritability for TGW
was observed (0.99, 0.99) under NL and LL in kharif
seasons, while TGW, ETR showed highest value (i.e. 0.99,
0.99) under NL and LL, respectively in rabi seasons. The
lowest heritability was -observed for stomatal conductance
(0.14, 0.22) both under NL and LL in kharif seasons. In
rabi seasons, the lowest heritability was observed for Fv/
FM (-2.25, -2.24) under NL and LL, respectivelly. In kharif
seasons, the highest estimate of GA (5%) was observed for

@ Springer

peroxidase (183.39,180.99) under NL and LL. Similarly, in
rabi seasons, while the highest estimate of GA(5%) was
observed for catalase, i.e., 282.37, 191.81 under NL and LL
conditions, respectively. The lowest GA (5%) was
observed for FV/FM under NL and LL in both the seasons
(Table 3). The SBPase activity inheritability (hz) and
genetic advance is the major criteria for trait selection. In
the present experiment, we observed h” coupled with GA
(5%) > 0.30 for most of the traits including SBPase
activity at 4th and 6th hours. This implies an indication for
the tolerance activity in genotypes in relation to SBPase
activity. High h? and GA with SBPase activity, enables us
for the easy selection of traits while breeding LL tolerance
in rice through recombination breeding.

Principal component analysis
The principal component analysis was used to establish the

patterns and interrelationships existing between the four
genotypes with all the 22 traits (Table 4). In PCA biplot,
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NAR net assimilation rate (umol CO, m~2 s7!), SC stomatal conductance (umol H,O m2s7, TR transpiration rate (umol H,O m~2 s7Y), Ci/Ca ratio of internal to atmospheric CO,
SBP4hr SBPase activity at 4th hour (U mg™"), SBP6hr SBPase activity at 6th hour (U mg™"), PC protein content (mg/gFW), SOD superoxide dismutase (mg/FW/min), TSS total soluble sugar

(mg/gFW), GS grain starch (%), GYLD grain yield/plant (g), BIOM biomass/plant (g), SFP spikelet fertility percentage, TN tiller number/plant, PN Panicle number/plant

T test: * Significant at 0.05 level,** Significant at 0.01 level, *** Significant at 0.001 level

concentration, ETR electron transfer rate (iumol electrons m

TSS
GS
GYLD
BIOM
TGW
SPF
N
PN

twenty-two parameters were distributed in the four quad-
rants for tolerant and susceptible genotypes (Fig. 8). In first
biplot, traits distributed in 3rd and 4th quadrant were
associated with all the tolerant genotypes, but traits on 1st
and 4th quadrant failed to associate with any genotype.
Among all the traits, net assimilation rate, 1000-grain
weight, biomass, grain starch (%) and spikelet fertility
percentage were positively associated with tolerant geno-
types under LL condition, whereas they were negatively
associated with tolerant genotypes under NL condition.
Only electron transfer rate was positively associated with
tolerant genotypes under NL. Similarly, the second biplot
is for susceptible genotypes, distributed only in 2nd and 3rd
quadrant. Here, both the susceptible genotypes under LL
came under 2nd quadrant, while under NL in 3rd quadrant.
Traits like net assimilation rate, 1000-grain weight, grain
starch(%) and spikelet fertility percentage were positively
associated with tolerant genotypes under LL condition,
whereas, they were negatively associated with tolerant
genotypes under NL condition. Here, biomass and ETR
were positively associated with genotypes under NL con-
dition. Similarly, for tolerant genotypes, the first three
principal components explained a total of 99.99% vari-
ability in all traits. For PC1, NAR, ETR, GS, biomass,
TGW and SFP showed a positive association with tolerant
genotypes, while for PC2, NAR, GS, GYLD, biomass,
TGW, SFP, TN and PN displayed a positive association
with tolerant genotypes. For susceptible genotypes, first
three PC explained a total of 99.93% variability in all the
traits. For PC1, NAR, ETR, GS, biomass, TGW and SFP
showed a positive association with susceptible genotypes,
while in PC2, NAR, GS, TGW, SFP and PN displayed
positive association. Overall both tolerant and susceptible
genotypes displayed a positive association with NAR,
ETR, GS, TGW and SFP. The analysis of eigenvectors
gave the information of qualitative traits for a percentage
of variation to the first three principal components, which
were 98.84%, 0.86%, and 0.28%, respectively for tolerant
genotypes, while 97.82%, 1.53%, and 0.57% for suscepti-
ble genotypes (Table 4).

Discussion

The agronomic performance of crops is negatively influ-
enced by a reduction in R/FR ratio of the incident light (LL
stress), which is the characteristic of canopy. Under LL
stress, rice plants are subjected to SAS along with a
depleted photosynthetic performance, which consequently
results in the various phenotypic readjustments in the
plants while neglecting the harvestable organs. In this
study, we have tracked the expression and activity patterns
of the light-sensitive Calvin cycle enzyme, SBPase, along
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Table 3 Genetic variability parameters for physiological, biochemical and yield-related traits in tolerant and susceptible rice genotypes grown
under normal light and low light conditions during kharif and rabi seasons of 2017 and 2018

NAR SC TR Ci/Ca ETR qP NPQ FV/IEM SBP4h SBP6h PC
Genetic parameters (summary)
Rabi
GCV
NL 5719  2.837 18504 29.116 10.999 23936 31.386 1316 14.926 31.081 3.088
LL 22642  5.162 34.181 22.612 28.516 35.632 27735 1.4 20.917 48.809 9.575
PCV
NL 5.839  7.547 18.756 30.036 11.008 23.95 31.396  1.348 15.382 31.214 3.161
LL 22791 11.058 34.528 23.541 28.543 35.636 27.747 1.553  21.174 48.902 9.611
h? (broad sense)
NL 0.96 0.141 0.973 0.94 0.998 0999 0999 0.952 0.942 0.992 0.954
LL 0987 0.218 098 0.923 0.998 1 0.999 0.812 0.976 0.996 0.993
GA (5%)
NL 11.541 2.197 37.606 58.144 22.638 49.278 64.637 2.645  29.837 63.754 6.214
LL 46.339 4964 69.706 44.74  58.686 73.396 57.111 2599  42.567 100.355  19.652
Genetic parameters (summary)
Kharif
GCV
NL 1.097 7.056 18.968 25.863 8.83 28.553 29387 1.01 10.143 27.851 15.533
LL 16.44 3.565 36.118 34.08 26.979 39.044 30.08 1.868 2.618 8.87 23.351
PCV
NL 1416  7.215 18974 25.903 8.831 28.829 29979 0.673 10.251 27914  15.555
LL 16.48 3922 36.126 34279 26981 39.073 30.38 1.247 2.805 11.292  23.385
h? (broad sense)
NL 0.599 0956 0999  0.997 1 0.981 0.961 -2.25 0.979 0.995 0.997
LL 0.995 0.826 1 0.988 1 0.999 098 -2.242 0.871 0.617 0.997
GA (5%)
NL 1.749 14216 39.06  53.195 18.187 58257 59.342 -3.121  20.673 57.242 31952
LL 33.785 6.676 74387 69.798 55.574 80371 61.352 -5.763 5.031 14.353  48.034
Catalase Peroxidase SOD TSS GS GYLD Biomass TGW  SFP TN PN
Genetic parameters (summary)
Rabi
GCV
NL 0 89.055 63.752 10.356 45399 13.441 22435 17.998 11.19 7.992 16.955
LL 62.297  88.069 73.296 20.158 62.59 32463 35246 33281 13.448 29.729 33.889
PCV
NL 6.491 89.087 63.808 10.451 45.485 13.471 22.459 17.999 11.194 7.995 16.982
LL 62.354  88.279 73.328 20.278 62.612 32.487 35254 33284 13.458 29.73  33.901
h? (broad sense)
NL 0 0.999 0.998  0.982 0.996 0.995 0.998 1 0.999 0.999 0.997
LL 0.998 0.995 0.999  0.988 0999 0999 1 1 0.999 1 0.999
GA (5%)
NL 0 183.388 131.215 21.141 93.346 27.625 46.166  37.072 23.041 1646 34.87
LL 128.213  180.993 150.922 41.278 128.893 66.825 72.589  68.552 27.683 61.242 69.789
Genetic parameters (summary)
Kharif
GCV
NL 137.131 20.126 59.889 17.468 2451 12.519 12518 10.666  7.378 7.678 21.183
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Table 3 continued

Catalase Peroxidase SOD TSS GS GYLD Biomass TGW  SFP TN PN
LL 93.206  18.738 73.209 29.051 9.678 23.66  23.768 14.697 25.742 24959 28.514
PCV
NL 137.19 20.333 59.908 17.473 2.552 12.65 12.649 10.667 7.391 7.883 21.234
LL 93.299  18.887 73.214  29.148 9.775 23.853 23.956 14.698 25.747 25.166 28.543
h? (broad sense)
NL 0.999 0.98 0.999  0.999 0923 0979 0.979 1 0.996  0.949  0.995
LL 0.998 0.984 1 0.993 0.98 0.984 0.984 1 1 0.984  0.998
GA (5%)
NL 282.367  41.037 123.333 35.975 4.85 25522 25.52 21971 15.171 15.405 43.534
LL 191.812  38.295 150.801 59.644  19.74 48344 48.579  30.274 53.021 50.992 58.68

NAR net assimilation rate (umol CO, m~2 s~ 1), SC stomatal conductance (pmol H,O m2 sfl), TR transpiration rate (umol H,O m~2 sfl), Ci/Ca

ratio of internal to atmospheric CO, concentration, ETR electron transfer rate (umol electrons m

~2 57", ¢P photochemical quenching, NPQ non-

photochemical quenching, FV/FM variance fluorescence/maximal fluorescence, SBP4hr SBPase activity at 4th hour (U mg"), SBP6hr SBPase
activity at 6th hour (U mg™"), PC protein content (mg/gFW), SOD superoxide dismutase (mg/FW/min), TSS total soluble sugar (mg/gFW), GS
grain starch (%), GYLD grain yield/plant (g), BIOM biomass/plant (g), SFP spikelet fertility percentage, TN tiller number/plant, PN panicle
number/plant, GCV genotypic coefficient of variation, PCV phenotypic coefficient of variation, h” (broad sense) heritability, GA genetic advance

as a percentage of mean

with various associated physiological, biochemical and
agronomic traits under simulated LL stress conditions to
understand the role of SBPase in modulating yield per-
formance in rice under light depleted environment. Facto-
rial ANOVA for all the 22 traits including seasonal and
light variations was captured. This seasonal variation was
significant for 19 traits (including SBPase activity and
grain yield) indicating both the seasons had different total
light availability which influenced the expression of traits.
The variations raised due to light were significant indicat-
ing that LL imposed during the experimentation was sig-
nificantly different compared to NL condition. This
difference in the light significantly influenced the 21 traits
including SBPase activity and grain yield. Further, the
interaction between the season x light and season x geno-
type was significant for most of the traits, which suggested
a greater relationship between the performance of geno-
types and light availability in different seasons. Such sig-
nificant interaction effects under stress situation and
seasonal variations for different traits in rice and other
cereals are also reported by Subudhi et al. (2020).

The rate of photosynthesis is comparatively higher at the
flowering stage in the flag leaf compared to the second leaf
at the active tillering stage of rice (He et al. 2014).
Therefore, we assessed the CO, fixation efficiency of rice
grown under LL stress at this stage. Our data suggested a
significant reduction in NAR, GS and TR under LL stress
than NL condition, which was significantly higher in the
susceptible (Sasarang and IR8) than tolerant genotypes
(Swarnaprabha and Purnendu). A similar pattern in the
reduction of net assimilation rate under LL was previously

@ Springer

reported by Dai et al. (2009). The use of chlorophyll flu-
orescence and photosynthesis measurement systems has
provided a non-destructive means for assessing the shade
tolerance of plants (Zhang et al. 2010). We found a sig-
nificant (p < 0.001) positive correlation between NAR and
ETR irrespective of the type of genotype (susceptible and
tolerant), which suggested that CO, fixation process is
dependent on photon availability that regulates the effi-
ciency of light reaction in photosynthesis. In a similar
study by Kumagai et al. (2009), the sustainability of pho-
tosynthesis in the flag leaves was reported to be dependent
upon PSII photochemistry and electron transport. Addi-
tionally, in our previous work (Sudhanshu et al. 2019), we
reported down regulation of the expression of the oxygen-
evolving complex genes, OEEP1 and OEEP2, along with
various other proteins of PSII such as PSIIPSB27-H1 and
PSII 10kd proteins that play an essential role in the electron
transport chain of the light reaction; thus further impairs
the electron transfer rate (ETR). Therefore, a decrease in
the ETR under LL stress might be attributed to the deple-
tion inefficiency of excitation capture in all the tested
genotypes, which was more in susceptible compared to
tolerant cultivars.

Additionally, in this study, the maximum efficiency of
PSII photochemistry under dark adaption (Fv/Fm) signifi-
cantly increased in tolerant genotypes under NL, however
in case of LL, this association was positive but up to the
significant level. Such kind of positive association of Fv/
Fm with net assimilation rate was observed by Mauro et al.
(2011). The above relation may have significant changes if
the genotype would be chosen from a different genetic
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Fig. 8 PCA Biplot (two-dimensional diagram) analysis for 22 traits under two light conditions (a) for low light tolerant genotypes (Purnendu
and Swarnaprabha) (b) for low light susceptible genotypes (IR8 and Sasarang) resulting from principal component analysis (PCA)

background. Our data suggested that Swarnaprabha and
Purnendu enhanced their light adaptive capacity under LL
stress by optimizing the light-harvesting potential, remod-
eling photosynthetic characteristics, and chlorophyll fluo-
rescence traits (such as arising Fv/Fm, ETR, gqP but
reducing NPQ) to maintain a sustainable light-use effi-
ciency and limit the dissipation of light energy. In our
study, we found Ci/Ca ratio to be negatively correlated

with NAR in all the genotypes. This suggested that inef-
ficiency in the CO, utilization potency by the plants under
LL stress might be contributing to a hampered NAR output.
A similar observation was previously reported by Tooula-
kou et al. (2016).

As SBPase plays a significant role in CO, fixation
process, we further tracked its expression and activity in
tolerant and susceptible genotypes under LL stress. We

@ Springer
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Table 4 Principal component analysis (PCA) among the tolerant and susceptible rice genotypes for all the considered traits under the normal
and low light conditions during kharif and rabi seasons of 2017 and 2018

Tolerant Susceptible

PC 1 PC2 PC3 PC 1 PC 2 PC3
NAR 0.38772 0.051786 — 0.056502 0.66435 0.051273 — 0.16558
SC — 1.5889 — 0.075919 — 0.045206 — 1.6018 — 0.056033 — 0.0056285
TR — 0.52147 — 0.059236 0.090385 — 0.71035 — 0.11776 0.10645
Ci/Ca — 1.5641 — 0.06596 — 0.036343 — 1.6005 — 0.046106 0.0017683
ETR 9.4127 — 0.77689 — 0.015718 8.6317 — 1.0413 0.16704
qP — 1.5582 — 0.079419 — 0.042142 — 1.6025 — 0.062955 — 0.018679
NPQ — 1.6331 — 7.66E—02 — 0.04693 — 1.6546 — 0.058681 — 0.0062294
FV/EM — 1.5693 — 6.64E—02 — 4.67E-02 — 1.5751 — 0.037714 0.00023915
SBp— 4h — 1.598 — 0.076059 — 0.045562 — 1.6137 — 0.063213 — 0.005336
SBP 6h — 1.6001 — 0.080767 — 0.046426 — 1.6378 — 0.062126 — 0.0058663
PC — 1.1246 — 0.040708 — 0.004171 — 1.1725 — 0.008559 — 0.012654
Catalase — 1.622 — 0.074326 — 0.057099 — 1.6478 — 0.051958 — 0.0057213
Peroxidase — 1.6326 — 0.079098 — 0.050158 — 1.6591 — 0.062671 — 0.0076727
SOD — 1.6211 — 0.073977 — 0.04756 — 1.5749 — 0.017511 0.0013418
TSS — 1.3872 — 0.053324 0.0014164 — 14516 — 0.052218 — 0.0022526
GS 4.3577 0.52804 0.20269 5.3469 1.0558 0.39428
GYLD — 0.25758 0.048947 0.19099 — 0.27816 — 0.083992 0.072351
BIOM 1.1817 0.1953 0.439 1.159 — 0.087551 0.15735
TGW 0.55654 0.18187 0.10174 0.73183 0.38427 0.29239
SFP 5.1021 0.65458 — 0.39507 5.1807 0.40683 — 0.77601
TN — 0.84522 0.010242 — 0.058798 — 0.91992 — 0.005776 — 0.072849
PN — 0.87523 0.007921 — 0.031882 — 1.0142 0.018009 — 0.10873
Eigenvalue 7.90719 0.0691232 0.0226003 7.82584 0.122638 0.0456028
% variance 98.84 0.86404 0.2825 97.823 1.533 0.57003
Cumulitive Variance 98.84 99.704 99.99 97.823 99.36 99.93

NAR net assimilation rate (umol CO, m~2 s_l), SC stomatal conductance (pmol H,O m~? s_l), TR transpiration rate (pmol H,O m~? s_l), Ci/Ca
ratio of internal to atmospheric CO, concentration, ETR electron transfer rate (umol electrons m~> s~ '), gP photochemical quenching, NPQ non-
photochemical quenching, FV/FM variance fluorescence/maximal fluorescence, SBP4hr SBPase activity at 4th hour (U mg"), SBP6hr SBPase
activity at 6th hour (U mg™"), PC protein content (mg/gFW), SOD superoxide dismutase (mg/FW/min), TSS total soluble sugar (mg/gFW), GS
grain starch (%), GYLD grain yield/plant (g), BIOM biomass/plant (g), SFP spikelet fertility percentage, TN tiller number/plant, PN panicle

number/plant

observed a significant down regulation of SBPase transcript
under LL stress as compared to NL condition in all the
genotypes under study, which was pronounced in suscep-
tible genotypes compared to tolerant genotypes under low
light. Bilgin et al. (2010) reported light-regulated GATA
motifs in the upstream sequence of SBPase gene in Ara-
bidopsis thaliana. Additionally, WF1, a transcription reg-
ulatory protein in wheat nuclei was reported to interact
with various Calvin cycle genes, including SBPase (Gutle
et al. 2016). Recently, the binding site for WF1 is found to
be localized at ACGT motifs within the promoter of
SBPase gene which is a core sequence for the binding of
bZIP class of transcription factors whose activity is light-
regulated (Driever et al. 2017; Hao et al. 2019). These
studies along with our observation of the behavior of
SBPase expression under LL suggest their dependence on

@ Springer

light signal for optimal regulation, which has a direct
influence on CO, fixation efficiency and finally on eco-
nomic yield. Among all the four genotypes tested, tolerant
genotypes, Purnendu and Swarnaprabha showed a lower
reduction, whereas moderately susceptible (Sasarang) and
susceptible (IR8) genotypes demonstrated a higher reduc-
tion in SBPase expression under stress. It is evident from
mean % reduction, correlation and PCA. In general, while
selecting a trait, we consider a single statistics, ignoring
other sources of variation, which may lead to the false
positive section of the trait. Thus, in the present experi-
ment, we used multiple statistical selection criteria (cor-
relation, heritability. genetic advance and PCA) for
efficient selection of the traits which are net assimilation,
ETR, biomass and 1000-grain weight. These traits are
highly related to the SBPase activity and grain yield under
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LL stress, and thus could be attributed to LL tolerance
mechanism in rice. This pattern of differences in the
expression efficiency of all four rice genotypes could
possibly be attributed to their intrinsic genetic capacity,
which greatly contributes to the entire process of the
involvement of various classes of transcription factors, for
example, bZIP class of transcription factors, that regulates
the expression level of SBPase transcript. Previous studies
have established a correlation between SBPase expression,
accumulation of total biomass and net assimilation rate
(Driever et al. 2017), which is also mirrored in our work.

In the present study, SBPase activity significantly
declined in all genotypes under LL stress. We have
observed a correlation between the SBPase activity and
photosynthetic rate under LL conditions that is ultimately
reflected in the total soluble sugar and starch accumulation
in the rice flag leaf and grains, respectively. Recent studies
have demonstrated that low SBPase activity is associated
with reduced net photosynthetic rate and carbohydrate
level in the leaf (Harrison et al. 1998; Ding et al. 2016).
Overall (4th and 6th hour), we observed that tolerant
genotypes Purnendu (15.21%, 11.24% in kharif, 18.37%,
24.58% in rabi) and Swarnaprabha (13.8%, 15.67% in
kharif; 13.61%, 16.44% in rabi) had 3.81 times lesser
reduction in SBPase activity than the susceptible genotypes
(Sasarang (45.5%, 33.33% in kharif; 25.96%, 21.87% in
rabi and IR8 (52.67%, 24.58% in Kharif, 48.70%, 24.69%
in rabi). SBPase is activated via ferredoxin-thioredoxin
pathway (FTP) that derives electrons through the electron
transfer chain of the light reaction (Buchanan 2016).
Therefore, a possible reduction in ETR might further dis-
courage electron supply to the FTP ultimately reducing the
activation of SBPase activity under LL stress. Additionally,
SBPase activity is also dependent on the RuBisCo (Parry
et al. 2013). We observed a significant down regulation of
soluble protein content in the flag leaf in all the tested rice
genotypes under LL stress. As RuBisCo is the most
abundant protein of the rice flag leaf (Evans 1989) and its
expression is light-regulated (Panda et al. 2014), reduction
in its amount under LL stress would in all likelihood affect
the activity of SBPase and ultimately the net assimilation
rate.

Among antioxidant enzymes, CAT and SOD increased,
whereas POX decreased under LL stress. In a previous
study by Moradi and Abdelbagi Ismail (2007), up-regula-
tion of the anti-oxidant system was found to play a regu-
latory role in stress tolerance of rice, which helped the
plants to maintain a supportable photosynthetic function
during vegetative and reproductive stages. In our work, we
found a lesser increase in SOD activity under LL (T-test
value 0.055) in Swarnaprabha and Purnendu compared to
NL (T-test value 0.059) treatment, which might play a role
in meeting the expected photosynthetic requirements of

these particular genotypes, imparting them shade tolerance
over Sasarang and IR8. Our data suggested that only SOD
activity is correlated with high yield under NL and LL
conditions. A similar result was previously reported by
Panigrahy et al. (2019). We hypothesize that tolerant
genotypes might have maintained an optimal gradation of
their enzyme activity associated with CO, fixation under
LL stress through a systematic regulation of antioxidant
enzymes that possibly contributed to their final photosyn-
thetic output.

One of the major challenges for eastern India is to
sustain grain yield in the prevailing LL stress conditions.
To address such an issue, 22 traits were measured to find
out the relationship with the grain yield. In our case, grain
yield was significantly and positively correlated with
SBPase activity under LL but not under NL condition.
Further, tolerant genotypes had a strong and positive cor-
relation with SBPase activity compared to the susceptible
genotypes under LL (Table 2). The above findings justify
that the SBPase activity is a significant and important
parameter to be considered for improving the grain yield in
the genotypes while breeding for LL tolerance. Such type
of evidential information was also reported by Suzuki et al.
(2019) where there was no correlation between SBPase
activity and photosynthetic rate under NL condition. In
contrast to this, our data suggested that depletion in the
light quality under LL reduces SBPase activity that could
possibly be generating a photosynthetic loophole ulti-
mately hampering rice yield. This is also evidenced by the
trait association performed in the current experiment sep-
arately for NL and LL conditions (Table 2). Similarly,
grain yield has a significant positive correlation with
transpiration rate, Ci/Ca, protein content, total soluble
sugar, tiller number, panicle number, biomass and thou-
sand-grain weight-under both conditions. Similar results
were obtained by Oetting et al. (2003) and Akinwale et al.
(2011). Purnendu and Swarnaprabha exhibited less down
regulation of SBPase transcript under LL stress as evident
from only less reduction in total biomass and yield. Con-
versely, an apparent reduction in the SBPase expression of
Sasarang and IR8 under LL stress was manifested in a
dramatic reduction in total biomass-accumulation and grain
yield. Moreover, the significant down regulation of soluble
protein content in the flag leaf in all the four rice genotypes
suggested that the protein synthesis is reduced, in general,
under LL condition. This finally resulted in a lesser
reduced spikelet filling and a comparative trifle reduction
in economic yield. This observation is bolstered by the
findings of Wang et al. (2015) who observed LL tolerance
in rice to be associated with a better light-harvesting effi-
ciency during the grain-filling period. Additionally, our
results suggested a positive correlation between the soluble
sugar in leaves with the grain starch content in all the
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genotypes, which is also evidenced from the report of Luo
and Qiufeng (2011). This could be attributed to the ham-
pering of the source-sink communication under LL stress
which could be resulted as a result of the inadequacy of
photosynthesis in the source organs accompanied by a
retarded starch biosynthesis rate in the sinks (Panda et al.
2020). Any kind of stress leads to loss and gain in the
phenotypic changes in plants which are mostly related to
the biochemical mechanism involved in the tolerance or
susceptibility of the genotype. These changes decide the
quantity of yield penalty in a genotype through an increase
or decrease in the buffering capacity of the individual trait
under selection. Thus, a significant relation was established
in LL stress-tolerant genotypes in relation to SBPase
activity and grain yield.

Conclusion

The present work has critically analyzed the impact of low
light stress on the expression and activity of SBPase
enzyme, and its possible influences on the photosynthetic
performance and grain yield under photon depleted con-
dition in low light tolerant and susceptible rice genotypes.
It provided a comprehensive insight into the involvement
of this particular enzyme, differentially, in LL tolerant and
susceptible rice genotypes. The study indicated that by
tracking the expression and activity of SBPase, we can
screen for the LL tolerant rice genotypes. It, therefore,
could be used as a marker enzyme for the screening pro-
cess. However, it is not clear how exactly the expression
and activity of SBPase are maintained under LL tolerant
genotypes, and what is the exact physiological basis for the
regulation of SBPase. Since photosynthesis is highly sen-
sitive to the available light intensity, we proposed that
SBPase could enhance LL tolerance in rice plants by pre-
cisely maintaining a delicate balance between its expres-
sion and activity by efficiently utilizing the available
photons. The enhanced tolerance to LL stress could be due
to overexpression of SBPase in vivo. A further study on
other light-regulated Calvin cycle genes and their interac-
tion with SBPase could provide information about the role
of other enzymes for a better understanding of this complex
process.
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