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Abstract

Abiotic stresses such as heat, drought and submergence are major threats to global
food security. Despite simultaneous or sequential occurrence of these stresses being
recurrent under field conditions, crop response to such stress combinations is poorly
understood. Rice is a staple food crop for the majority of human beings. Exploitation
of existing genetic diversity in rice for combined and/or sequential stress is a useful
approach for developing climate-resilient cultivars. We phenotyped ~400 rice
accessions under high temperature, drought, or submergence and their combinations.
A cumulative performance index revealed Lomello as the best performer across stress
and stress combinations at the seedling stage. Lomello showed a remarkable ability to
maintain a higher quantum yield of photosystem (PS) Il photochemistry. Moreover,
the structural integrity of the photosystems, electron flow through both PSI and PSII
and the ability to protect photosystems against photoinhibition were identified as
the key traits of Lomello across the stress environments. A higher membrane stability
and an increased amount of leaf chlorophyll under stress may be due to an efficient
management of reactive oxygen species (ROS) at the cellular level. Further, an
efficient electron flow through the photosystems and, thus, a higher photosynthetic
rate in Lomello is expected to act as a sink for ROS by reducing the rate of electron
transport to the high amount of molecular oxygen present in the chloroplast.
However, further studies are needed to identify the molecular mechanism(s) involved
in the stability of photosynthetic machinery and stress management in Lomello during
stress conditions.

the productivity of rice and wheat has already reached a plateau

(Grassini et al., 2013). On the other hand, limiting resources of fresh

The global human population is expected to reach 9.7 billion by
2050, which requires that the production of major cereal crops be
increased by 70-100% to help meet the global food demand
(Tilman et al., 2011). A significant improvement in wheat and rice
production has been achieved during and after the green revolution
through the development of high-yielding semi-dwarf varieties,
chemical inputs, and technological advancement in crop cultivation
practices (Eliazer-Nelson et al., 2019). However, the rate of gain in

productivity has slowed down substantially in recent decades, and

water and land, and increased frequency and severity of extreme
weather events due to climate change are posing a serious threat to
global food security. Recent evidence has shown that the impact of
heat spikes, drought spells and floods at the regional scale has
resulted in heavy yield penalties leading to complete crop failures
at sensitive growth stages (Schauberger et al, 2017; Yeung
et al., 2018). Therefore, development of climate-resilient crops is a
major goal to sustain higher productivity in the current and future

environment.
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The majority of crop improvement studies in the past have focused
on understanding the response of crops to selected individual
stresses, providing insights into crop responses under single stress
(Kadam et al., 2017; Joshi et al., 2018, 2020; Bahuguna et al., 2022).
However, crop plants seldom face single stress, particularly under
natural field conditions, where multiple stresses occur simultaneously or
sequentially during the crop cycle (Suzuki et al, 2014; Anwar
et al., 2021). Interestingly, a combination of two or more stresses is not
merely the sum of individual stresses but is considered a new state of
stress (Coolen et al, 2016; Yadav et al., 2022). Therefore, plant
response to stress combinations is unique and warrants systematic
investigation to understand the mechanistic basis of plant adaptation
under abiotic stress combinations. Despite the substantial advances made
thus far towards the understanding of the impact of individual stresses,
plant responses to the combination of stresses, occurring dynamically at
temporal and spatial scales in the environment, are largely unknown.

Photosynthesis is a fundamental physiological process in plants
(Ort et al., 2022). Therefore, a better understanding of how
plants modulate light harvesting and use it to enhance photosynthe-
sis efficiency is necessary to maintain crop yield under both opti-
mum and suboptimal environments (Kromdijk et al., 2016). It is
already known that the occurrence of different abiotic stresses,
such as heat, drought, salinity, and submergence, during different
crop growth phases negatively affect the rate of crop growth and
productivity mainly by changing the photosynthesis process by
(1) reducing the rate of electron transport (Foyer et al., 2012),
(2) increasing photooxidative stress in different organs (Munoz &
Munné-Bosch, 2017), (3) inactivating the key enzymes Rubisco
and Rubisco activase (Yamori and von-Caemmerer, 2009), (4) decreas-
ing the photosynthesis pigment-protein complexes (Rantala
et al., 2020), and (5) enhancing the production of the reactive oxy-
gen species (ROS) (Choudhury et al., 2017). We emphasize that PSlI
is one of the most susceptible components of the photosynthesis
machinery, and its performance, measured through chlorophyll (Chl)
a fluorescence, is highly sensitive to environmental stresses (Stirbet
et al.,, 2018). Moreover, the increased intracellular concentration of ROS
hampers the repair mechanism of PSIl, making it more sensitive to
photodamage (Nishiyama & Murata, 2014). Therefore, Chl
a fluorescence is considered the most powerful tool to quantify the
impact of stress on the photosynthesis process. Further, different
parameters related to Chl a fluorescence have been established to
detect PSII photochemical efficiency and to estimate the impact of dif-
ferent stresses on photosynthesis machinery. Crop plants show wide
genetic variability for photosynthesis (Bahuguna et al., 2022). Interest-
ingly, the ability of a genotype to maintain photosynthesis, particularly
under any stressful environment, depends upon multiple factors such as
robust antioxidative defence machinery, higher accumulation of photo-
synthesis pigments, better photosystem stability, and altered composi-
tion of thylakoid membranes (Kobayashi et al., 2016). Hence, stable
photosynthesis machinery under a sub-optimal environment is a crucial
marker for stress tolerance (Bahuguna et al., 2022).

Rice is the most important cereal crop and staple food for the majority

of the world population living in Asia and Africa. The sensitivity of rice to

major abiotic stress such as heat (Jagadish et al, 2010), drought
(Kadam et al, 2017), and flooding (Bailey-Serres et al., 2012) is well
documented. However, under natural conditions, heat and drought are
considered the most obvious stress combinations which occur simulta-
neously, mostly in semi-arid or drought-stricken areas, affecting the
physiology and metabolism of rice and resulting in a substantial reduction
in the yield as well as in grain quality. On the other hand, low-land rain-fed
rice is extremely wvulnerable to partial or complete submergence
(Bailey-Serres et al., 2010). Restricted gas diffusion underwater, coupled
with the often-reduced light availability in flood waters, can lead to tissue
hypoxia. Once the floodwaters recede, re-exposure to high light and high
oxygen conditions can lead to oxidative stress, dehydration and rapid dete-
rioration of plant growth (Yeung et al., 2018). Thus, flooding is generally
considered a sequential stress where the post-submergence period
exposes plants to a second set of stressors. Genetic improvement in elite
rice cultivars for individual stress is often ineffective under stress combina-
tions due to distinct defence mechanisms functional under each stress
condition (Suzuki et al., 2014; Yadav et al.,, 2022). Considering that exposure
to multiple stresses is inevitable in field crops, particularly in the current and
more so in the future environment, it is a prerequisite to understand how
plants regulate and prioritize their adaptive response(s) when exposed to
different stresses individually, sequentially or simultaneously.

Natural genetic variation among species provides an inherent
capacity for ecological adaptation and acclimation (Loudet &
Hasegawa, 2017). Rice has substantial genetic diversity due to its
adaptation under extremely variable environments (De Kort
et al., 2021). Nevertheless, only a fraction of this information has been
utilized in identifying the potential donor genotypes, novel quantita-
tive trait loci (QTLs), and novel genes (Patra et al., 2016). Indeed,
exploring genetic diversity is expected to help in understanding the
phenotypic plasticity and mechanistic basis of rice acclimation and
adaptation under complex stress environments (Zhang et al., 2017,
Bahuguna et al., 2022). Hence, we phenotyped ~400 globally col-
lected rice accessions to characterize their responses to heat and
drought as co-occurring combinations and post-submergence drought
as sequential abiotic stress. The major objectives were to (1) identify
the potential donor genotype for individual, combined and sequential
abiotic stress tolerance and (2) characterize a contrasting set of rice
genotypes to delineate the impact of individual and combination
stresses on photosynthesis and Chl a fluorescence kinetics. This study
demonstrated that photosystem stability, electron transfer, and effi-
ciency of alternate electron acceptors, along with robust defence from
oxidative stress, could allow Lomello to maintain an equilibrium of
photosynthetic electron transport and the efficiency of photosystems

across stress conditions.

2 | MATERIALS AND METHODS
21 | Choosing rice accessions

A diverse panel of 394 rice (Oryza sativa) accessions (Anwar

et al., 2022) was used for this study, consisting of 75 indica, 53 aus,
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16 aromatic, 100 temperate japonica, 86 tropical japonica, and
64 admixed genotypes (Table S1). This panel was originally assembled
at the International Rice Research Institute, Philippines (https://www.
irri.org/international-rice-genebank). The study was conducted under
controlled plant growth chambers with the inner dimensions of
1200 x 600 x 1200 cm (Labtech India Pvt. Ltd.). Two independent
experiments were conducted during 2018 and 2019. In Experiment |,
394 rice genotypes were phenotyped under individual (heat, drought,
submergence), combined (heat + drought) and sequential (submer-
gence followed by drought) stress to identify a contrasting set
(the best and least performing) of genotypes at the early vegetative
stage. In Experiment Il, a more detailed characterization of the
selected contrasting set of genotypes was carried out on the basis of
their Chl a fluorescence kinetics under similar stress combinations
used in Experiment |. These detailed investigations were carried out at
four stages, i.e., mild, moderate and severe stages of stress, followed

by the recovery phase.

2.2 | Phenotyping of the rice genotypes
(Experiment )

In 2018, seeds of 394 rice genotypes were surface sterilized
and allowed to germinate in the dark at 28/23°C (day/night) and at
65-70% relative humidity for 2-3days (Lakra et al, 2018).
Germinated seeds were then sown into thermocol (polystyrene) pots
of 8 cm diameter and 12 cm height containing 2 mm sieved soil mixed
with 320 mg Kg~! ammonium sulphate (nitrogen source), 170 mg
Kg~! single super phosphate (phosphorous source) and 170 mg Kg~*
muriate of potash (potassium source) with a final weight of each pot
maintained at 180 g before sowing. Four healthy seedlings were
maintained in each pot, and 30 pots per genotype were used for the
study, thus making a total of 11820 pots. Adequate moisture level
was maintained in pots to keep the soil at fully saturated condition.
All the pots were kept under 12/12 h light/ dark period at 28/ 23°C
+ (SD 2°C) day/ night temperature. Blue-red LED light panels were
used in the chambers as a light source to provide ~800 umol photons
m~2 57! photosynthetically active radiation (PAR) measured by PAR
sensors (Apogee Instruments) placed within each growth chamber.
Optimum growth conditions were maintained across all the growth
chambers until 14 days after sowing. After 14 days, individual sets of
1970 pots containing five pots for each genotype were subjected to
the following individual treatments: (1) control, by maintaining pots at
fully saturated condition, and chamber temperature at 28/23°C (day/-
night), (2) heat stress (HT), by raising day/night temperature on the
15th day to 35/29°C (day/night) in the dedicated growth chamber for
subsequent 7 days, (3) drought (D), by withholding water until the soil
water content (SWC) reached ~30-40% of the initial soil water con-
tent (~100%), and the pots were maintained at 28/23°C (day/night)
temperature, (4) submergence (S), by completely submerging the seed-
lings for subsequent 7 days in an acrylic tank, (5) combined high tem-
perature and drought stress, by withholding watering until the soil
water content reached ~30-40% of the initial soil water content, and
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the temperature was maintained at 35/29°C (day/night), (6) post sub-
mergence drought stress (PSD), by initially submerging the pots for
7 days followed by withholding watering until soil water content
reached ~30-40%; the temperature of the chamber was maintained
at 28/23°C (day/night). In all cases, the light conditions and relative
humidity were maintained at ~800 umol photons m~2? s~ PAR and
65-70%, respectively, across the treatments except during submer-
gence, when the light intensity of 160 umol photons m™2s~! was
used (Figure S1). Drought stress was monitored by following the
gravimetric method as described in detail by Kadam et al. (2015,
2017). Additionally, soil water content was also recorded at different
time points during the drought stress period using a soil moisture sen-
sor (Water Scout SM 100, Spectrum Technologies, Inc., Aurora, IL
60504).

2.3 | Measurements of various growth-related
parameters

Shoot length, root length, total fresh weight, total dry weight, and root
biomass were measured manually using a metric scale and an analyti-
cal weighing balance (Sartorius). (For the sampling time and the obser-
vation timeline, see Figure S1). Dry weight was measured for
seedlings that were oven-dried at 65°C for 72 h. A non-destructive
measurement of the greenness index indirectly indicating chlorophyll/
nitrogen content of the topmost fully expanded leaf was measured
using a SPAD (Soil Plant Analysis Development) 502 chlorophyll meter
(Konica Minolta Inc.). Destructive harvesting for measuring electrolyte
leakage was done in liquid nitrogen, and the topmost fully expanded
leaf samples were kept at —80°C for further analysis. Electrolyte leak-
age was measured and calculated to assess the extent of membrane
damage, as described by Joshi et al. (2018).

24 | Clustering and performance ranking analysis

The most and the least tolerant genotypes across all the stress treat-
ments were identified by doing clustering and performance ranking
analysis. Performance ranking was based on (1) phenotypic plasticity
(relative performance of a genotype in the treatment with respect to
the control) and (2) absolute performance of a genotype within the
treatment. Data obtained for different traits was normalized since dif-
ferent traits were measured in different scales and units. The normali-
zation step considered the mean and the variance of the trait within
the population, such that the units are deleted, and all traits were

measured on an equivalent scale:

n_ Xid—Hxd
A=
Oxd

where, i’ is a genotype, ‘n’ normalized value of trait, uy 4 and ox 4 are
the mean and standard deviation of the trait X under treatment d for

the entire population.
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The sum of the normalized traits for each genotype was used for
determining the performance of the genotype i under the treatment d,

which was calculated as:
Pig= FW{’d + DW?d + SPAD;,'d + RL;?d + SLfd + RB:-?d — EL,ffd,

where, the normalized traits are total plant fresh weight (FW,ffd), total
plant dry weight (DWfd) SPAD value (SPAD,ffd), root length (RLfd), shoot
length (SL{,),
Higher electrolyte leakage indicates lower performance, hence, given

root biomass (RB]), and electrolyte leakage (EL[,).

a negative value in the above formula.

2.5 | Detailed characterization of the selected
contrasting set of genotypes (Experiment Il)

In 2019, a contrasting pair of genotypes, Lomello (tolerant) and
C57-5043 (sensitive), selected based on the screening in Experiment |,
were taken for comparison and for further characterization along with
known tolerant check N22 (for heat, drought), and elite cultivar IR64.
Pots, soil, nutrients, temperature, humidity, and light conditions
were kept similar to those described under Experiment I. A detailed
characterization of these genotypes was done on the basis of
Chl a fluorescence kinetics. The stress exposure period was divided
into three parts (mild, moderate, and severe) based on stress level and
in order to understand the acclimation

duration responses

(i.e., adaptation) under combined and sequential stresses. A period of

three hours was used for sampling in the recovery phase after the end
of stress exposure (Figure 1). Non-destructive phenotyping, such as
SPAD, and gas exchange traits were measured from the fully devel-
oped top leaf. To minimize the influence of circadian rhythm on the
observations, all the data were collected at the same time (11:00 h)
throughout the stress period (McClung, 2006).

Sampling and observations were taken at four-time points,
i.e., under mild stress, moderate stress, severe stress, and recovery.
For the high temperature (35/29°C) condition, sampling was done on
the 3rd day (mild), the 5th day (moderate), and the 7th day (severe) of
stress. For the drought stress observations, samplings were done
when soil water content (SWC) reached ~80% (mild), ~60% (moder-
ate), and ~ 40% (severe). For the samples under submergence stress,
observations were made on the 4th day (mild), the 7th day (moderate),
and the 10th day (severe) using an acrylic tank kept at 28/23°C (day/-
night) temperature and 160 umol photons m~2 s~ of light. For the
combined high temperature + drought stress, the sampling and the
observations were made when SWC reached ~80% (mild), 60% (mod-
erate), and 40% (severe) while the temperature of the chamber was
kept constant at 35/29°C (day/night). For the sequential stress (post
submergence drought), pots were completely submerged for 7 days in
acrylic tanks, kept at 28/23°C (day/night) temperature, under a light
intensity of 160 umol photons m~2s~%, followed by withholding
watering until SWC reached 80% (mild), 60% (moderate), and 40%
(severe). Observations and sampling were also done in the recovery
phase, which was 3 h after the termination of each stress exposure,

across the treatments. Corresponding observations and samplings

Number of Days 0-14 15 | 16

17

18 19 20 21 22 23 24 25 26 27 28

Control (C)

High temperature (HT)

Drought (D)

<= K=

Submergence (S)

I I R

High temperature + Drought (HT+D) _

IR - I

USRI - i

Post Submergence Drought (PSD) _
L I

)

T
No stress

- Control

Mild stress

FIGURE 1

T
Stress x Days / Recovery phase

Moderate stress - Severe stress - Recovery phase

Experimental design for assessing the performance of rice genotypes under individual, combined, and sequential stress. The

control/well-watered (C) plants were grown at 28/23°C (day/night) with 65-70% relative humidity and without any stress treatment.
Observations and sampling were done across the treatments at three time points indicated by white downward arrows. Corresponding samples
for the control were taken at 14, 21, and 28 days, respectively. Three different levels of stress are depicted as mild, moderate, and severe stress,
and for 3 hours of recovery (R). (1) High temperature [HT; 35/29°C (day/night) for 3 (mild), 5 (moderate), and 7 (severe) days]; (2) Drought

[D; withheld watering till soil water content (SWC) reached 80% (mild), 60% (moderate), and 40% (severe) at 28/23°C (day/night) temperature];
(3) Submergence [S; completely submerged for 4 (mild), 7 (moderate), and 10 (severe) days in an acrylic tank at 28/23°C (day/night) temperature,
under light intensity of 160 pmol photons m~2 s~1; (4) Combined high temperature + drought stress [HT -+ D; 35/29°C (day/night) temperature,
till soil water content (SWC) reached 80% (mild), 60% (moderate), and 40% (severe)]; and (5) Sequential stress; post submergence drought

[PSD; completely submerged for 7 days in an acrylic tank at 28/23°C (day/night) temperature under light intensity of 160 umol photons m™*s™+,
and then watering was withheld till the soil water content (SWC) reached 80% (mild), 60% (moderate), and 40% (severe) at 28/23°C (day/night)

temperature].

2 -1
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were taken from the pots kept under control conditions for both

genotypes (Figure 1).

2.6 | Measurements of various growth traits

Shoot length, root length, total fresh weight, and total dry weight
were measured manually using a metric scale and analytical weighing
balance (Sartorius, Argentina). Dry weight was measured after oven
drying the samples at 65°C for 72 h.

2.7 | Gas exchange measurements

All the gas exchange measurements, including net photosynthesis
rate, stomatal conductance, transpiration rate, and the concentration
of internal carbon dioxide, were obtained from the top-most fully
expanded leaf, using a portable photosynthesis instrument LI-6400XT
(LI-COR Inc.) between 0830 to 1130 h. Before measurements, the
CO, concentration of the plant sample chamber was adjusted to
400 pumol mol~! using a [CO,] mixer provided by the LI-COR CO,

! and a near-

injection system. A flow rate of 400 umol CO, s~
saturating photosynthetic photon flux density (PPFD) of 1200 pumol
photons m2s~! from an inbuilt LI-6400XT LED light source was
maintained throughout the measurements. Humidity in the sample
chamber was kept at ~65%; readings were taken only after the

system had reached stability (Bahuguna et al., 2022).

2.8 | Chlorophyll a fluorescence measurement

Chl a fluorescence transients were measured using the Plant
Efficiency Analyzer Handy PEA (Hansatech Instruments), using the
middle part of the top-most fully expanded leaves (Stirbet
et al., 2018). Further, the original readings, obtained from the Handy
PEA, were normalized both at the “0” level, i.e., at minimum fluores-
cence (Fo) (measured at 0.05 ms, after the sample was dark-adapted
for 20 min) and at the “P” level, i.e. maximum fluorescence (Fm), by
using the PEA Plus software (version 1.12), and then the data were
analysed using a set of parameters obtained from the fluorescence
values on the OJIP curve, these being the proxies of the different
characteristics of PSIl, and of the photosynthesis electron transport
(Strasser & Strasser, 1995) (see Table 1).

2.9 | Statistical analysis

Data were statistically treated, following the analysis of a variance
method (ANOVA), using SigmaPlot 12.0 software (Systat Software
Inc., San Jose, CA, USA) and GenStat 15th Ed. Rothmstad, Germany.
SigmaPlot 12.0 software was used for the graphical presentation of
the OJIP Chl a fluorescence transient curves, whereas the differences

between the control and the stress treatments were separated
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according to Tukey's Honest Significant Difference (HSD) post-hoc
test at 5% level of significance. Genotype selection via clustering and
performance ranking was performed using the R statistical software
(version 3.6.0).

3 | RESULTS

3.1 | Phenotyping diverse rice germplasm under
individual, combined, and sequential stresses
(Experiment 1)

A significant genotype x treatment (P < 0.05 to 0.001) effect was
noted for shoot length (P < 0.05), root length (P < 0.001), fresh weight
(P < 0.001) and dry weight (P < 0.001). Shoot length showed minor
reductions under stress, except that a substantial reduction in shoot
length was noted under submergence and post-submergence drought
(Figure 2A). Conversely, the root length was reduced significantly
across stresses. However, the effect of high temperature on root
length was maximum, with a 43 to 59% decline as compared to the
control across the genotypes. On the contrary, drought stress showed
minimum impact on root length (Figure 2B). Root biomass showed a
drastic decline under submergence and post-submergence drought,
with 50 to 66% and 33 to 50% reduction, respectively, as compared
to the controls (Figure 2C). A significant (P < 0.001) decline (8 to 68%)
in shoot fresh weight was observed across the stress treatments as
compared to the control condition, with high temperature showing
the lowest impact (Figure 2D). Moreover, dry weight was significantly
(P < 0.001) reduced across all the stresses, with a maximum decline
observed under submergence stress (75 to 89%), followed by post-sub-
mergence drought (33 to 83%) and drought (25 to 84%), as compared
to their respective controls (Figure 2E). Genetic variation for electrolyte
leakage ranged from 12 to 97% across the stress treatments. However,
the effect of submergence on electrolyte leakage was highest (up to

98%) followed by post-submergence drought (Figure 2F).

3.2 | Cumulative performance index

A heat map was developed for the relative performance index of
394 genotypes across the stress treatments, which showed a k-means
(via Loyd's algorithm) cluster of the relative performance index of the
genotypes across the stress treatments (Figures S2, S3). A list of
the ten best and the ten least performing genotypes (based on the
heat map analysis) is shown in Figure S2. Further, on the basis of
cumulative performance index, Lomello with a score of 0.52 (under
control condition), 1.68 (under high temperature), 0.18 (under
drought), 0.86 (under submergence), 0.27 (under high temperature
+ drought) and 0.88 (under post submergence drought) was picked as
the best-performing genotype across all the stress treatments,
whereas C57-5043 with a score of —0.54 (under control), —0.87
(under high temperature), —0.87 (under drought), 0.2 (under sub-
mergence), —0.89 (under high temperature + drought) and — 0.54
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TABLE 1 Definition of technical fluorescence parameters, energy fluxes, and JIP parameters used in this study to analyze O-J-I-P, the
chlorophyll a fluorescence transient (Strasser et al., 2004; Stirbet and Govindjee, 2011; Tsimilli-Michael, 2019). Abbreviations: PSI, PSII, RC, and
Qa are for photosystem |, photosystem I, total number of active PSII reaction centers in the measured area, and the first plastoquinone electron

acceptor of PSII, respectively.

Fluorescence parameters

tem

Fo = Fo.o5ms

Fm
F; = Foms; Fi = F3oms
Fv=Fm - Fo

V, = (F, - Fo)/Fv; VI = (F, - Fo)/Fv

Mo = (AV/At)y ~ 4 ms™*(Fg 3ms - Fo.0sms)/FV
Sm = Area/Fv

N = Sm*(Mo/V,)

Energy fluxes

ABS

TR

DI

ET

RE

Definitions

Time to reach the maximum fluorescence, Fm

Minimum (initial) fluorescence

Maximum fluorescence

Fluorescence at the J-step (t = 2 ms); and at the I-step (at t = 30 ms)
Maximum variable (v) fluorescence

Relative variable fluorescence at the J-step and at the I-step

Initial slope of the O-J fluorescence rise

Normalized area between the OJIP curve and the horizontal line at F = Fm

Number of Qa turnovers (i.e., Qa reduction events from time O to that at Fm, tg,,,)

Photon flux absorbed by all PSII antenna pigments (absorption flux)
Part of ABS trapped by active PSlls leading to Qa reduction
Part of ABS dissipated, as heat, in PSIl antenna in processes other than trapping

Energy flux associated with electron transport from the reduced Qa (Qa )to the
plastoquinone (PQ) pool

Energy flux associated with electron transport from QA to PSI acceptor side

Specific energy fluxes per Qa-reducing PSll reaction center (i.e., active PSII)

ABS/RC = (Mo/V,)/(Fv/Fm)
TRo/RC = Mo/V,

Dlo/RC = ABS/RC - TRo/RC
ETo/RC = (Mo/V))*(1 - V))
REo/RC = (Mo/V))*(1 - V)
Quantum yields and efficiencies/probabilities
TRo/ABS = @p, = Fv/Fm
ETo/ABS = g, = (Fv/Fm)*(1 - V)
RE0/ABS = @, = (FV/Fm)*(1 - V))
ETo/TRo =Yg, =1-V,

REo/TRo = Yo =1-V,

RE0/ETo = &g = (1 - V))/(1 - V))

Performance indexes
Plabs = (RC/ABS)*[®po/(1 - @po)l*[Weo/(1 - Weo)]
Pltotal = Plabs*[6go/(1 - 8ro)]

Absorption flux per active PSII (apparent PSIl antenna size)

Maximum trapped exciton flux per active PSII

Energy flux dissipated per active PSIl antenna in processes other than trapping
Electron transport flux from Qa to the PQ pool per active PSII

Electron transport flux from Q™ to the PSI end acceptors per active PSII

Maximum quantum yield of PSII photochemistry

Quantum yield of the electron flux from Q™ to the PQ pool

Quantum yield of the electron flux from Qa~ to PSI acceptor side

Efficiency of a trapped exciton to move an electron from Q™ to the PQ pool
Efficiency of a trapped exciton to move an electron from Q~to PSI acceptor side

Efficiency to move an electron from a PQ reduced by Qa~ at the Qg-site to the PSI
acceptor side

Performance index on absorption basis

Total performance index on absorption basis

(under post submergence drought) was picked as the least
performing genotype (Figure S2). This contrasting pair of geno-

types was used for further detailed characterization.

3.3 | Characterization of contrasting genotypes
under stress and stress combinations (Experiment Il)

Growth parameters, such as shoot length, root length, fresh weight,
and dry weight, were higher in Lomello than in C57-5043 across all the
treatments (Figure 3A-T). Although the effect of combined heat

+drought and post-submergence drought was higher on all the
growth traits measured for Lomello and C57-5043, Lomello maintained
better growth across the treatments (Figure 3A-T; Figure S4). A
comparative analysis of Lomello and C57-5043 with known heat and
drought tolerant check N22 and high-yielding elite cultivar IR64
further confirmed the superior performance of Lomello with higher
values of growth traits (root-shoot length, fresh-dry weight), SPAD
value and lower electrolyte leakage (Table S2; Figure S5). Electrolyte
leakage was significantly higher in IR64 (14.2 to 97.3%) and N22
(12.3 to 88.6%) in comparison to Lomello (13.4 to 82.2%) across all the

stress treatments.
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80 1.0 transpiration rate, as compared to C57-5043 across all the stress
A G XTipcoos™ (D) G XTip.05™ treatments (Figure 4P-Y), with relatively higher reduction noted under
g 604 ° C) 0871 ° ° combined and sequential stress as compared to the individual stress
-é’ : ° - % 06 4 : : (Figure 4P-Y).
o 40~ g =
g -:‘:3 %47 [ 8 °
@20+ 02 ? 3 3.4 | Chlorophyll fluorescence characteristics
° g I éé under individual stress and stress combinations
0 — T T 0.0 — T T T
. = OGXT‘P‘Q“’*** 0.15 = & XTeao™ The time course of Chl a fluorescence transient, the OJIP curve,
g 301 g 0.12 showed contrasting patterns for tolerant and sensitive genotypes
ﬁ,, H - across all the treatments, which also changed with the duration of the
% ) stress treatments (Figures 5 and Sé). Lomello showed lower minimal
§ ; 0.06 fluorescence (Fo) but higher maximal fluorescence (Fm) values than
0.03 4 C57-5043 across all the stress treatments except HT + D. In Lomello,
0.00 high temperature decreased Fm (maximal) and Fv (variable) levels with
increasing duration of stress without affecting Fo. On the other
0.24 - 120 - hand, in C57-5043, Fo decreased by ~33%, whereas Fm and Fv
c 048 - 90 4 increased by ~50% under high temperature as compared to that in
ﬁ the controls (Figures 5 and S6). Lomello, as compared to C57-5043,
.S 0.12 60 showed a higher Fm/Fo ratio (reflecting higher PSII efficiency) under
g individual and combination of high temperature and drought stress
& 0.06 1 301 conditions. Similarly, Lomello maintained a higher Fm/Fo ratio as

o
o
)
o

FIGURE 2 Phenotypic variations in the physiological traits of rice
seedlings under individual, combined, and sequential stress. The box
plots show variations in shoot length (A), root length (B), fresh root
biomass (C), whole plant fresh weight (D), whole plant dry weight

(E) and electrolyte leakage (F) of 394 rice genotypes exposed to
individual, combined, and sequential stress during the year 2018.
Within the box plots, solid and dotted lines represent the median and
mean of the population, respectively. Box edges represent upper and
lower quantiles, and the whiskers are for 1.5x the quantile of the
data. Outliers are shown as grey open circles. Levels of significance
for genotype (G) and treatment (T) effects from ANOVA are given
with Fisher's LSD value (P < 0.05). Significance: ***P < 0.001; Control
[C], high temperature [HT], drought [D], combined high temperature
and drought [HT + D], submergence [S], post submergence

drought [PSD].

A significant reduction (P < 0.001) was observed in the leaf SPAD
value (greenness index) in both Lomello and C57-5043 under mild to
severe exposure to different stress treatments (Figure 4 A-E). On the
other hand, the quantum vyield of PSIl, as inferred from Chl
a fluorescence (Fv/Fm), was significantly reduced (3.5 to 72.2%)
across all the stress treatments. However, Lomello maintained a higher
Fv/Fm ratio across the treatments, except post submergence drought
(Figure 4F-J). Moreover, Lomello maintained a higher (3 to 57%) net
photosynthetic rate (A), across the treatments. However, the
magnitude of the difference was reduced under heat + drought
and post-submergence drought stress (Figure 4K-O). Conversely,

Lomello consistently maintained higher stomatal conductance and

compared to C57-5043 under submergence and post-submergence
drought stress conditions, particularly under severe stress condi-
tions (Figures 5 and Sé).

3.5 | Electron transport characteristics, based on
chlorophyll a fluorescence measurement

The number of electron carriers in the linear electron transfer chain
(from Qa to ferredoxin, Fd) is reflected by Sm (the normalized area
between the OJIP curve and the horizontal line at F = Fm) and N (the
number of Qa turnovers, i.e., Qa reduction events from the time zero
to that at Fmt) (Ferroni et al, 2022). A contrasting response was
observed for Sm and N across the tolerant and sensitive genotypes
under high temperature and drought stress treatments. Lomello
showed a decrease, but C57-5043 showed an increase in Sm and N,
particularly under severe stress conditions (Figures S7 and S8). More-
over, the size of the PQ pool per PSIl reaction centre (ETo/RC) was
smaller in Lomello as compared to that in C57-5043; however, it
increased with the severity of stress across the genotypes
(Figures S7 and S8). Additionally, Lomello showed a shorter tg,, value
(i.e., the time to reach Fm) under high temperature and drought
stress as compared to C57-5043. On the other hand, Sm and N were
substantially higher under high temperature + drought across the
genotypes. However, Lomello maintained lower Sm, N and shorter
trm as compared to C57-5043 (Figure 6A). Effect of submergence on
Sm and N were relatively similar in both Lomello and C57-5043 at
the onset of stress exposure, but it increased significantly during the
first four days of stress (mild stress), and then decreased over

the next three days. Interestingly, under severe stress, i.e., when
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FIGURE 3 Effects of individual, combined and sequential stress on growth traits, i.e., shoot length [A-E], root length [F-J], whole plant fresh

weight [K-O] and whole plant dry weight [P-T] of a contrasting set of rice genotypes Lom (Lomello) and C57 (C57-5043). Data are means

(+SEM), n = 3 (where n = number of biological replicates). Dots in each column represent the mean of observations taken at mild, moderate, and
severe levels of stress. Corresponding measurements were taken from the respective controls against each stress. Significant differences for each
genotype, compared with control conditions, were determined using Student's t-test: (P < 0.05); Control [C], high temperature [HT], drought [D],

combined high temperature and drought [HT 4+ D], submergence [S], post submergence drought [PSD].

submergence stress was extended up to 10 days, Lomello showed
higher Sm and N values than C57-5043 (Figure S9). On the other
hand, Sm and N increased in both the genotypes under post submer-
gence drought stress, with higher values noted for Lomello (36, 35,
respectively) as compared to C57-5043 (14, 19, respectively)
(Figure 6B).

3.6 | Changes in the photosynthesis parameters
related to PSII

Photosystem Il antenna size is indicated by ABS/RC value, which was
lower in Lomello as compared to C57-5043, when exposed to high

temperature and drought stress. On the contrary, ABS/RC value, in
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Effects of individual, combined and sequential stress on leaf chlorophyll index (SPAD calue) [A-E], chlorophyll a fluorescence (Fv/Fm ratio)

[F-J], net photosynthesis rate (A) [K-O], stomatal conductance (gs) [P-T] and transpiration rate (E) [U-Y] in a contrasting set of rice genotypes Lom (Lomello)
and C57 (C57-5043). Data are means (+SEM), n = 3 (where n = number of biological replicates consisting of one plant). Dots in each column represent the
mean of observations taken at mild, moderate, and severe levels of stress. Corresponding observations were taken from the respective controls against
each stress. Significant differences for each genotype compared with control conditions were determined using Student's t-test: (P < 0.05); Control [C],
high temperature [HT], drought [D], combined high temperature and drought [HT + D], submergence [S], post submergence drought [PSD].
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FIGURE 5 Chlorophyll a fluorescence transient rise (the OJIP curve) for the best (Lomello) and least performing rice genotypes showing

changes under combined and sequential stress. Data for the most tolerant (Lomello, green color) and the most sensitive (C57-5043, red color) rice
genotype-kept under individual, combined, or sequential stress conditions. Abbreviations: HT - high temperature; D - drought; S - submergence;
HT + D - high temperature and drought and PSD - post submergence drought. C - control, Sev- severe stress, R - recovery.

C57-5043, is highest at the onset of stress, but gradually declines with
increased duration of stress (Figures S7 and S8). Under combined high
temperature + drought stress, ABS/RC gradually increased with stress
severity across both the genotypes (Figure 6A). ABS/RC also increased
gradually with the severity of stress under submergence for both geno-
types (Figure S9). Conversely, ABS/RC remained low under the post
submergence drought stress across all the genotypes, in contrast to
the high values observed under submergence stress (Figure 6B).
TRo/RC (= Mo/V,) is a measure of the maximum trapped exciton flux
per active PSII leading to Qa reduction (Table 1). We observed that
C57-5043 showed higher responses for TRo/RC values under high tem-
perature and drought stress (Figures S7 and S8). Conversely, the
TRo/RC value in Lomello increased under high temperature + drought
stress with the progression of stress but abruptly decreased under severe
stress conditions. On the contrary, the TRo/RC value in C57-5043 did
not change substantially under high temperature + drought stress period
and remained at moderate levels (Figure 6A). Under submergence stress,
TRo/RC values increased gradually with the duration of stress across the
genotypes, with lower values noted for Lomello (Figure S9). On the other

hand, during the post-submergence drought stress, TRo/RC values

decreased with the duration of stress in Lomello, but C57-5043 did not
show any substantial change in TRo/RC (Figure 6B).

Dlo/RC represents the specific dissipated energy flux (Table 1).
Lomello maintained low Dlo/RC values under high temperature and
drought as compared to C57-5043 at the onset of mild stress
(Figures S7 and S8). However, C57-5043 showed lower Dlo/RC
values as compared to Lomello under combined high temperature
+ drought stress, which had a very high Dlo/RC value in the middle of
stress exposure and declined abruptly thereafter. Under submergence
and post-submergence drought conditions, Dlo/RC was also generally
lower in Lomello compared to C57-5043; while it increased signifi-
cantly under severe submergence stress (particularly in C57-5043), it
remained relatively constant during the mild, moderate, and severe

post submergence drought conditions (Figure 6B).

3.7 | Changes in the linear electron transport

Considering that ETo/RC, ETo/ABS, and ETo/TRo values are directly
proportional to (1 - V,) (Table 1), V, was observed to be lower in
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ETo/TRo 19 | 32 | 51 86 (21| 0 |28| 8|10 4| 6 ETo/TRo 49 | 34 | 27 | 25|17 |20 [ 19|17 | 0 |24 | 11| 25
REo/TRo 52237 751892986 ]6]0 REo/TRo 26 (19| 7 (3|5 |8 |18 [0|17]4]28
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Combined Stress
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FIGURE 6 Handy Pea parameters for the best (Lomello) and the least (C57-5043) performing rice genotypes showing changes under
combined and sequential stress. Heat map representing Chl a fluorescence parameters of the most tolerant Lomello (Lo) and most sensitive
C57-5043 (C57) rice genotypes, calculated from the OJIP fluorescence induction transients of samples, which were exposed to combined high
temperature and drought (HT + D) and post submergence drought (PSD) i.e., submergence stress followed by drought stress. The fluorescence
parameters were calculated for the following samples: C14, C21, and C28 - Control samples grown 14, 21, and 28 days under 28/23°C day/night,
and 65-70% relative humidity (see Material and Methods); (A): For combined stress; Mi, M, and S - 14 days samples exposed to 35/29°C
day/night and to withheld watering until 80% soil water content SWC (Mild stress), 60% SWC (Moderate stress), 40% SWC (Severe stress). (B):
For sequential stress; 14 days old seedlings were completely submerged in a water tank for 7 days and after that subjected to drought conditions
by withholding water until 80% soil water content SWC (Mild stress), 60% SWC (Moderate stress), 40% SWC (Severe stress), and after three

hours Recovery following the Severe stress (R).

Lomello as compared to that in C57-5043 across all the stress condi-
tions (Figure 6A, B; Supplementary Figures S7-S8). Based on this,
Lomello must have had a higher flux of electrons from the reduced Qa
to the PQ pool (Strasser et al., 1995) across all the stress conditions.
On the contrary, C57-5043 had lower values of the parameters
related to the energy flux ETo, and were interpreted to have a higher
fraction of Qg-nonreducing PSII centres with higher Mo and V, across
all the stress conditions (Figure 6; Supplementary Figures S7 and S8).
Parameters such as REo/RC, REo/ABS, and REo/TRo were differen-
tially affected across stress treatments (Figures 6; Figures S7 and S8).
Under high-temperature stress, these parameters had lower values in
Lomello as compared to C57-5043, which is associated with higher V,
(relative variable fluorescence at the I-step) levels observed in both
genotypes, indicating inhibition of the (electron) acceptor side of PSlI
and relative change in the proportion of Qg-non-reducing PSIl RCs
(Figure S7; Setlik et al., 1990). Moreover, values of these parameters
were very high in Lomello, as compared to C57-5043 under high tem-
perature and drought conditions, indicating greater photoinactivation
of PSII (Figures S7 and S8). On the contrary, during the combined high
temperature + drought stress, submergence and post-submergence

drought conditions, the parameters related to the energy flux REo
were higher in Lomello as compared to C57-5043 (Figures 6B and S9).
The observed increase of REo/RC, REo/ABS, and REo/TRo with the
severity of stress particularly observed under high temperature and
drought conditions (Figures S7 and S8) suggests a preferential inacti-
vation of PSII centers compared to PSI centers due to photoinactiva-
tion (Setlik et al., 1990).

3.8 | Changes in the performance index

Lomello had substantially higher values of performance index on
absorption basis (Plabs) and total performance index on absorption
basis (Pliota)) as compared to C57-5043 under individual high tempera-
ture and drought stress (Supplementary Table S3; Supplementary
Figures S7 and S8). However, Plabs and Pli, were considerably
lower across the genotypes under high temperature + drought stress
(Figure 6A). Further, variable response was noted for Plabs and Pl
under submergence stress across the genotypes (Supplementary

Figure S9). However, Lomello showed higher Plabs and Pl values
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under post submergence drought as compared to C57-5043
(Figure 6B).

4 | DISCUSSION

Considering that there are no multiple abiotic stress-tolerant donors
reported in rice and other cereal crops, a major objective of this study
was to phenotype and screen potential genotype(s) that show toler-
ance to multiple abiotic stresses. Moreover, understanding the basis
of resilience to more than one stress is crucial for further characteriza-
tion of genotypes to delineate the mechanistic basis of multiple stress
tolerance. The effect of stress on different phenotypic traits may vary
greatly based on the escape, avoidance and cellular level tolerance in
the plants (Bahuguna et al., 2015; Yadav et al., 2022). Therefore, it is
necessary to understand how plants deal with individual stress and
respond when the stressor changes (Jangale et al., 2019; Joshi
et al., 2020; Yadav et al., 2022). We observed key traits, particularly
at the early growth (seedling) stage, that are responsive to mild,
moderate and severe stress (of different types) along with a recov-
ery window. Interestingly, adaptive plasticity in some traits, such as
root length, transpiration, and stomatal conductance, could help in
avoiding heat or drought stress but may not work under stress com-
binations (Suzuki et al., 2014; Yadav et al., 2022). Considering that
the ability of a genotype to maintain photosynthesis and growth at
the early developmental phase is pivotal, we measured different
fluorescence parameters to assess the integrity of photosynthetic
machinery and its efficiency across the stressors. Following a
screening of 394 diverse rice genotypes at the seedling stage, the
two most contrasting Japonica genotypes were selected for studying
photosynthetic characteristics. The major findings of the study are
as follows.

4.1 | Genetic response to individual and stress
combination

Growth traits such as fresh weight, dry weight, root length, shoot
length and root biomass of 394 rice genotypes showed variable
responses to each stressor (Figure 2). Moreover, tissue damage mea-
sured as electrolyte leakage showed substantial variations across the
stresses (Figure 2). In general, the effect of stress combinations on
growth traits and electrolyte leakage was significantly higher across
the genotypes as compared to individual stresses (Figure 2). It has
been reported previously that stress combinations are generally more
detrimental to growth and yield (Mittler, 2006; Suzuki et al., 2014;
Yadav et al., 2022). Previous studies demonstrated that the ability to
avoid stress, such as HT by transpirational cooling and water deficit
by stomatal closure, may not be effective under stress combination
(e.g. H + D) (Yadav et al., 2022). Moreover, Mittler (2006) and Anwar
et al., (2022) have emphasized that a differential pattern at the tran-
scriptome, metabolome and proteome levels indicates a characteristic

pattern under stress combinations that involves a distinct set of

genes, proteins and metabolites. Nevertheless, the mechanistic basis
of genetic response to stress combination is not yet well understood.
A performance index, calculated on the basis of growth and
electrolyte leakage, revealed Lomello as the best-performing and
C57-5043 as the least-performing genotype across the individual
and combination stresses (Supplementary Figure S2, S3). The effect of
stressors on the growth traits of Lomello and CS57-5043 showed that
Lomello consistently performed better across all the stress treatments
(Figure 3; Supplementary Figure S4; Supplementary Table S2). A com-
parative analysis of Lomello and CS57-5043 with N22 (heat and
drought tolerant check) and elite rice cultivar IR64 further confirmed
Lomello to be the best-performing genotype (Supplementary
Figure S5) across the stress treatments. In order to understand the
resilience of Lomello across the stress conditions at the early vegeta-
tive stage, we studied photosynthesis and associated traits since the
ability to maintain high photosynthesis is a potential marker for deter-
mining the overall health of the genotypes (Kromdijk et al., 2016; Ort
et al., 2022). A decline in chlorophyll (SPAD value), chlorophyll a fluo-
rescence (Fv/Fm) and gas exchange traits were consistent across the
stress treatments, with significantly higher reductions observed for
C57-5043 across the stresses (Figure 4). Inhibition of photosynthesis
may result from stomatal as well as non-stomatal limitations
(Farquhar & Sharkey, 1982). While stomatal limitation could be domi-
nant under mild stress, drastic reduction in photosynthesis under
stress combinations could be due to both stomatal and non-stomatal
limitation (damage to chlorophyll and components of photosynthesis
machinery) (Oneto et al, 2016; Wungrampha et al., 2019; Liu
et al., 2019). Besides, net photosynthetic rate, stomatal conductance
and transpiration have been suggested to be important traits for heat
and drought avoidance (Bahuguna et al., 2015; Kadam et al., 2017).
Moreover, a faster response of stomatal conductance can be an effec-
tive adaptive trait for rice under transition from mild to severe
drought conditions (Qu et al., 2016). Reduced stomatal conductance
and transpiration rates make plants vulnerable due to rise in tissue
temperature under stress combinations such as high temperature
+ drought in the absence of evaporative cooling of the leaf surface
(Kadam et al., 2015; Yadav et al., 2022). Thus, temperature-induced
damage could be significantly higher under combined high
temperature + drought stress. Although these traits showed higher
reductions under stress combinations, Lomello was able to maintain a
lower reduction in gas exchange traits and chlorophyll a fluorescence
across the stress conditions (Figure 4), which could be plausibly due
to a robust antioxidant defence system (resulting in low electrolyte
leakage) and photosystem stability. This eventually must have allowed
Lomello to maintain higher photosynthesis as the stomatal closure
under drought or heat+drought could reduce the availability of CO,
(Oneto et al., 2016; Ibrahim et al., 2019). Indeed, the selection of
genotypes having robust photosynthesis machinery and the ability to
fix more carbon per unit area and time could compensate for carbon
losses under stress and maintain higher yield under optimum condi-
tions (Driever et al., 2014; Long et al., 2015; Bahuguna et al., 2022).
However, further research is warranted to confirm the tissue-level

resilience of Lomello at the reproductive and grain-filling stage.
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4.2 | Robust photosynthetic machinery in Lomello
helps it survive under multiple stresses

The maximum quantum yield of PSII photochemistry (measured as
Fv/Fm) is a parameter providing information on the capacity of the
plant to use the light energy absorbed by the PSIl antenna in the pho-
tochemical processes in dark-adapted samples (Shu et al., 2016).
Lomello consistently showed a significantly higher Fv/Fm ratio as com-
pared to C57-5043 across all the treatments and severity levels of
stress (Figures 5 and Sé). Further, our results show that the combined
high temperature + drought stress led to a drastic reduction in photo-
synthesis in sensitive genotype C57-5043, as evidenced by a signifi-
cant decrease in Fv/Fm (Figures 4 and 5). This reduction in Fv/Fm
was accompanied by an increase in F,, the minimal fluorescence
(Figure 6; Figures S7-9). These observations in C57-504 suggest an
inactivation of a large fraction of PSlls under the combined stress, as
well as a blockage in electron transfer in PSIl from the primary (elec-
tron) acceptor plastoquinone (Q,) to the secondary (electron) accep-
tor plastoquinone (Qg) (Mehta et al., 2010). On the other hand, a
substantial impact of submergence and post-submergence drought
stress has been observed on gas exchange traits and photosynthesis
machinery in this genotype (Figure 4). Morales et al. (2022) have shown
that drastic reduction in light intensity, stomatal conductance, and pho-
tosynthesis resulted in severe energy and carbon imbalance in Arabi-
dopsis under submergence stress and post-submergence drought
stress. Yeung et al. (2018) further demonstrated how the post-
submergence phase is associated with new stressors. In this phase,
plant tissues acclimated to submergence-associated low light and hyp-
oxia often experience physiological drought stress due to impaired root
hydraulics and/or leaf water loss. Moreover, following de-submergence,
a rapid and greater accumulation of reactive oxygen species has been
shown in a sensitive Arabidopsis accession. In our study, this is in line
with the severe photoinhibition observed in both genotypes, particu-
larly in C57-5043 during the post-submergence recovery phase
(Figures 4, 6; S7-59). Photosynthetic assimilation and electron transport
are the key factors known to influence the growth as well as the yield
of plants (Demirel et al., 2020). The higher Fv/Fm ratio and associated
chlorophyll fluorescence parameters in Lomello, observed in our work
(Figures 6; S7-S9), are in line with the ability to maintain higher photo-
synthesis under heat, drought, and submergence, suggesting that main-
taining the functionality of photosynthesis machinery is essential for
stress tolerance, in addition to a tight regulation of reactive oxygen spe-
cies production, and reactive oxygen species induced damage in the cell
(Foyer and Shigeoka 2011). Indeed, Lomello acclimated to different
stress exposures by its ability to reduce the light-harvesting capacity,
therefore minimizing the potential for cellular damage resulting from
the production of excessive reactive oxygen species during the photo-
synthetic electron transport (Figures 6; S7-S9). This adaptation strategy
could be useful for avoiding irreversible photodamage during oxidative
bursts under abiotic stress conditions as well (Kromdijk et al., 2016;
Soda et al., 2018; Wungrampha et al., 2019).

Our data on chlorophyll fluorescence parameters indicate that

PSIl inactivation, under stress across the genotypes, leads to a

substantially  higher fraction of Qa-nonreducing centres,
Qg-nonreducing PSII centres, and a larger PQ pool size in sensitive
genotype C57-5043 (Figures 6; S7-S9). Conversely, the observed
ABS/RC values indicate a smaller PSIl antenna size in Lomello com-
pared to that in C57-5043 under both control and stress conditions
(Figures 6; S7-59). This could give Lomello an advantage in reducing
oxidative damage and maintaining higher photosynthesis due to less
prone photosynthesis machinery (Sayre et al., 2020). Further, parame-
ters characterizing the energy flux related to the electron transport
from the reduced Qa (Qa~) to the PQ pool (i.e., ETo/RC, ETo/ABS,
and ETo/TRo) were substantially higher in Lomello across all the stress
treatments. On the other hand, the JIP parameters, characterizing the
electron transport from Qa~ to the acceptor side of PSI (i.e., REo/RC,
REo/ABS, and REo/TRo), revealed a lower sensitivity of PSI, com-
pared to that of PSII, to the stress conditions. Moreover, a striking
suppression of the JIP phase in OJIP transients was observed under
stress conditions, which is plausibly due to the maintenance of the
redox poise of the PQ pool or hindrance in the electron flow (Gautam
et al., 2014). A higher performance index, Plabs and Pliy,, observed
in Lomello, is in line with a higher Fv/Fm ratio (Figures 6; S7-S9;
Table S3), and an increase in Dlo/RC in Lomello further confirms the
dissipation of excess absorbed light through reaction centers as well
as antenna under severe stress leading to a decrease in photochemical
reactions. Our study explains the ability of Lomello to maintain Chl a
fluorescence parameter that ensures better functionality of PSII cen-
ters and non-linear electron transport, which keeps reactive oxygen
species (ROS) accumulation under check in its chloroplasts (Bacarin
et al. 2016). In Lomello, a higher membrane stability and an increased
amount of leaf chlorophyll may be due to a better management of
ROS during all the stress conditions. Further, the cumulative effect
of higher photosystem stability, increased rate of electron transfer,
and greater efficiency of alternate electron acceptors provide a major
sink for ROS by reducing the possibility of electron transfer to molec-
ular oxygen in the chloroplast (see, e.g., Foyer and Noctor 2003, Silva
et al. 2010; Bahuguna et al., 2015). Moreover, this higher rate of pho-
tosynthesis under stress is expected to reduce the possibility of H,O»
production through the photorespiratory pathway (see, e.g., Apel and
Hirt, 2004), contributing to the lowering of ROS-induced damage in
Lomello under stress conditions. On the other hand, the stress
response in plants is always accompanied by reprogramming of the
metabolism from the photo-assimilatory to the survival pathway
(Chojak-Kozniewska et al., 2017). Although previous studies have
shown detrimental effects of combined stress combinations in crops
such as rice (Kadam et al, 2015; Morlaes et al, 2022; Yadav
et al.,, 2022), yet the response of rice to sequential post-submergence
drought stress is unique. For example, submergence regulator SUB1A
cross-talk across submergence and drought stress in rice where
SUB1A has been shown to augment ABA responsiveness and ROS
scavenging enzymes, hence working efficiently across submergence
and drought stress at the vegetative stage (Fukao et al., 2011). There-
fore, the superior performance of Lomello under stress combinations
such as post-submergence drought could provide opportunities to

identify novel molecular mechanisms that protect plants from cellular-

85U0 |7 SUOWWD 3A a1 8|qeot|dde ays Aq peuseAob a1e S9jple YO ‘88N JO S9N 10} A%eiq)8uljuO 8|1 UO (SUOTPUOD-pUe-SWIBIW0D™A8 1M Afe.q el |uo//Sdny) SUORIPUOD pue Swid 1 8ys 89S *[17202/20/ST] uo Ariqiauliuo A8|im v sioul||l O A1seAIUN AQ 602K T [d/TTTT 0T/I0p/ w00 A3 1M AReiq1jut|uoy/Sdny woly pepeojumoq ‘T ‘vZ0Z ‘YSOE66ET



ia Plantarum.

ANWAR ET AL.

14of16 | @l

level damage. Nevertheless, a relatively higher impact of combination
and sequential stress on growth traits and photosynthetic machinery
across the genotypes suggests further systematic investigation of
other stress tolerance mechanisms across different (sensitive) growth
stages. Phenotyping key photosynthetic traits in a diverse and large
set of genotypes could help in the identification of novel QTLs and
genes by association mapping. However, the lack of phenotyping
facilities for screening and characterization of a large number of geno-
types across different stress environments is a major bottleneck.
Recent advancements in high-throughput phenotyping platforms inte-
grated with artificial intelligence could allow the phenotyping of a
large set of genotypes across growth stages, such as reproductive and
grain filling, which will expedite crop improvement through integrating
complex photosynthetic traits in the breeding programs.

The present study is a first attempt to analyze detailed
photosynthesis-related parameters and to examine Chl a fluorescence
profile associated with the complex adaptive processes in rice under
individual, combined and sequential stresses. Results obtained in this
study support our hypothesis that the photosynthesis activity is dif-
ferentially regulated under individual, combined and sequential abiotic
stresses and also with respect to the genotype and the severity of the
stress. The response of contrasting genotypes to individual, combined
and sequential abiotic stresses highlights the plasticity of the rice
genome and its ability to modulate its response to complex environ-
mental conditions. This study has revealed that regulating the equilib-
rium between the photosynthetic electron transport chain and gas
exchange during fluctuating climatic conditions may help in acclimat-
ing under stressful environments. Further studies on genetic regula-
tion of cellular and metabolic processes across individual and
combination stresses are expected to achieve the breakthroughs
required for the development of climate-resilient crops.
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