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Abstract
The rice, like other plants, undergoes photoprotection mode by increasing nonphotochemical quenching (NPQ) 
in high light intensity (> 1200 µmol m− 2s− 1 PPFD), which attenuates photosystem II yield (φPSII) drastically. 
The plant remains in photoprotection mode even after light intensity becomes not stressful for an extended 
period. While there are significant differences in the time it takes for photoprotection to recover among different 
genotypes, its use is limited in plant breeding because measuring the chlorophyll fluorescence parameters in 
progressive actinic light after dark adaptation takes more than forty-five minutes per genotype. The study finds 
that instantly measured A400/A1800 ratio by five minutes in flag leaves of 25 diverse genotypes strongly associated 
with the φPSII400 differences between theoretical and actual, qPd400 and NPQ400 with R2 values 0.74, 0.65 and 0.60, 
respectively. In two consecutive years, GWAS of A400/A1800 ratio identified the regions with genes reported earlier 
for plant photoprotection recovery. Additionally, QTL analysis in a RIL population also identified the regions carrying 
known genes related to photoprotection. Thus, the A400/A1800 ratio can quickly phenotype many plants for easier 
introgression of the traits in popular cultivars. The identified genotypes, genes, and QTLs can be used to improve 
yield potential and allele mining.
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Introduction
Rice is a primary source of carbohydrates with low fat, 
essential amino acids, vitamins, and minerals. It accounts 
for 20% of the global calorie consumption and 35–60% 
of calorie intake in Asia (Abdullah et al. 2006). For the 
food security of this ever-increasing global population 
with limited agricultural land and multiple environmen-
tal stresses, there is an urgent need for a quantum yield 
jump in rice production and productivity. Over the past 
half-century, the potential yield of rice has been primar-
ily increased through improvements in the harvest index, 
stress tolerance and enhanced responses to additional 
nitrogen fertilizers (Long et al. 2006). However, the har-
vest index has a theoretical maximum limited by the 
source and sink relationship (Smith et al. 2018). Recent 
research indicates that a balance between the source 
and sink factors is crucial for plant growth (Jonik et al. 
2012; Rossi et al. 2015). To overcome the yield barrier in 
rice production, the key components are strengthening 
‘source production’ and ‘sink utilisation’ (Sonnewald and 
Fernie 2018). In this context, the role of photosynthesis in 
improving yield potential is gaining renewed importance 
(Foyer et al. 2017). Despite a weak correlation between 
photosynthesis and yield in optimal conditions, enhanc-
ing photosynthetic efficiency in various abiotic stress sit-
uations can directly improve yield (Fischer and Edmeades 
2010; Reynolds et al. 2009; Ambavaram et al. 2014; 
Kromdijk et al. 2016; Muhammad et al. 2021; Makino 
2021; Amin et al. 2022).

Photosynthesis is a light-dependent process where light 
energy is captured and converted to chemical energy. 
This process converts around 5–30% of the absorbed 
light energy into chemical energy. However, rapidly 
changing light conditions caused by cloudy weather, sea-
sonal variation, geographic location, mutual shading of 
leaves, and the angle of the sun throughout the day can 
reduce photosynthetic efficiency and carbon gain. This 
can result in field crops losing up to 20% of their potential 
yield (Kromdijk et al. 2016). To optimise photosynthesis, 
plants have evolved a plethora of adaptive, photo acclam-
atory and photoprotective mechanisms to deal with such 
dynamic field conditions as fluctuating light intensity 
ranges 400 µmol m− 2 s− 1 to 1800 µmol m− 2 s− 1 (Ganguly 
et al. 2020). In field conditions when plants receive higher 
light intensities, to protect themselves from photodam-
age and photoinhibition, it dissipates the excess light 
energy absorbed by light-harvesting complexes (LHC) 
as heat from photosystem II (PS II) and trimeric LHC II 
subunit by a mechanism known as non-photochemical 
quenching (NPQ) (Ruban 2016; Muller et al. 2001). How-
ever, this process is slower to recover than it is to activate; 
as a result, the PSII antennae recover from the quenched 
to the unquenched state at a slower pace, leading to a 
temporary suppression of the photosynthetic quantum 

yield of CO2 fixation upon transitioning from high to low 
light intensity. Simulation models have estimated losses 
of CO2 fixation ranging between 7.5% and 30% for crop 
canopies over a diurnal course (Kromdijk et al. 2016). 
To combat this, researchers have suggested plants with 
a quicker recovery rate from NPQ to improve crop pho-
tosynthetic efficiency and increase yields (Kromdijk et al. 
2016; De Souza et al. 2022).

Based on relaxation kinetics in darkness follow-
ing a period of illumination, NPQ is divided into sev-
eral components (qE, qZ, qI, qT, qH, qM) (Bassi et al., 
2021; Kromdijk et al. 2016; Giovagnetti et al., 2015; 
Matuszyńska et al. 2016; Ruban 2016; Tietz et al. 2017). 
Among these six components, qE is the strongest, quick-
est and most effective component in terms of rapid for-
mation in high light (0.5–2  min) and rapidly reversible 
in low light (Kromdijk et al. 2016; Bassi et al., 2021). qZ 
component takes 10–15 min for relaxation and is linked 
to the kinetics of the zeaxanthin pool (Giovagnetti et al., 
2015; Matuszyńska et al. 2016). Another component of 
NPQ that results from photo-inhibitory damage to PSII 
reaction centres is qI (Takahashi et al., 2011). It takes 
longer (more than hours) for recovery through an as-yet 
unidentified mechanism (Takahashi et al., 2011). The pri-
mary function of the fourth component, qT, is balancing 
light absorption between the two photosystems in condi-
tions of low light (Rochaix et al., 2007). qH is a sustained 
Chl fluorescence quenching component, i.e., it relaxes 
very slowly (decay time > 30 min) independent from PSII 
RC damage and qM is a decline in Chl fluorescence yield 
(decay time∼20–30  min), which arises from the light-
induced chloroplasts photo relocation within the cell 
(Bassi et al., 2021).

NPQ is a quantitative trait controlled by many genes 
and QTLs like OsPsbS1 (Os01g0869800), OsPsbS2 
(Os04g0690800), OsVDE (Os04g0379700), OsZEP 
(Os04g0448900), OsPGR5 (Os08g0566600), OsPGRL1A 
(Os08g0526300), OsPGRL1B (Os03g0857400), OsLUT1A 
(Os10g0546600), OsLUT1B (Os02g0817900), OsLUT1C 
(Os02g0173100), OsLUT2 (Os01g0581300), HQE1 (high 
qE 1, for high energy-dependent quenching 1) and HQE2 
(Kasajima et al. 2011; Wang et al. 2017). Among those, 
PsbS1 is a major gene with VDE and ZEP, which control 
NPQ variation through the Xanthophyll Cycle (Kromdijk 
et al. 2016; Fu et al. 2021; Moya Clark 2023).

Chlorophyll fluorescence measurement is the most 
popular technique for getting information about PSII 
activity to understand photosynthetic mechanisms in 
different biotic and abiotic stresses and plants’ response 
to environmental changes. Though from chlorophyll 
fluorescence, a large number of parameters like non-
photochemical quenching (NPQ), the maximum quan-
tum efficiency of photosystem II (Fv/Fm), the quantum 
yield of PSII (ΦPSII), photoinhibition measurement as 
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a decline in the quantum coefficient of photochemical 
quenching (qP) in the dark, measured immediately after 
illumination (qPd). For all these measurements, a basic 
requirement is a dark adaptation of the leaf for a mini-
mum of 25–30 min, which can also vary according to the 
plant species (Murchie et al., 2013). In field conditions, 
adopting leaves in the dark for a period of 25–30 min and 
then measuring data in replications for many samples is 
time-consuming and laborious. Thus, screening a large, 
segregating population to select the desired line is almost 
impossible. As a result, despite the good association 
between yield and the quick photoprotection recovery 
ability, its use in yield, biomass enhancement and allele 
mining is not so useful. Thus, an alternate, easy-to-use 
methodology is needed to improve the rice plant’s source 
strength. In this study, instantly measuring A400 and A1800 
ratios showed a good correlation with several quick pho-
toprotection recovery traits, and mapping by GWAS and 
QTL analysis identified the chromosomal regions which 
carry previously reported genes for the photoprotection 
in plants.

Materials and Methods
Growing Plants and Measuring Biomass and Yield
A panel of 96 diverse rice genotypes/accessions com-
prising landraces, aus, aromatic, and released cultivars 
were used along with 130 RILs from a cross between 
Swarnaprabha (SP) and IR64 (Supplementary Tables 2 
and Supplementary Table 5). The naturally diverse popu-
lation and subpopulation were considered to ensure that 
the association between SNP-based allelic diversity and 
the A400/A1800 ratio is true. However, a RIL popula-
tion developed from two parents with contrasting A400/
A1800 ratios was used to identify the QTLs controlling 
the ratio. The purpose is to confirm that the loci iden-
tified in association analysis from the natural popula-
tion are similar also in RILs. As the RIL population was 
chosen after the selfing of nine generations, there was 
sufficient scope for recombination between all loci that 
the two parents differed. Thus, even after nine genera-
tions of recombination, the chances of false discovery are 
negligible if the trait (here A400/A1800) links with the 
polymorphic SNPs. Most of the photosynthetic metrics 
between the two parents differ significantly other than a 
few, which are taken at 1800 µmol m− 2s− 1 PPFD.

The experiment was conducted at the University 
Instructional Farm (22.97°N and 88.43°E), situated in the 
New Gangetic alluvial zone of Nadia District, West Ben-
gal, India. Twenty-five diverse genotypes were initially 
grown in an earthen pot with a 28 cm diameter and 10 
lt capacity in RBD with three replications. The diverse 
set of 96 genotypes and RIL population were planted in 
three rows of 10 m long with 20 × 15 cm spacing in ran-
domized block design in wet seasons 2018, 2019 and 

2023, respectively. The RIL population was developed 
by the single seed descent method from the F2 popula-
tion of SP X IR64 and advanced to F7 before phenotyp-
ing and genotyping. Recommended doses of NPK that is 
@100:60:40 kg/ha were used, and 25 days seedlings were 
transplanted. Ten randomly selected plants from three 
rows of each line of the RIL population of each replica-
tion were used for biomass and yield estimation. After 
harvesting, threshing and oven drying at 32℃ (to mois-
ture content 14%) per plant grain yield was recorded as 
g/plant. The plant samples without panicles (straw part) 
were oven-dried at 70℃ and weighed, then summed up 
with grain yield and recorded as total biomass g/plant. 
An average of 10 plants were considered as a single 
replication.

Gas Exchange and Chlorophyll Fluorescent Measurement
Photosynthetic parameters and chlorophyll fluorescence 
measurements were done simultaneously/together by 
using the LiCor portable gas exchange system (LI-6800, 
Li-Cor, Lincoln, NE, USA) with chlorophyll fluorescent 
measuring attachment. 8–10 days old flag leaves were 
considered for photosynthetic parameters and chloro-
phyll fluorescence measurements. The widest part of the 
flag leaves was considered for recording observations. 
Data were taken between 9.00 and 13.00  h when exter-
nal light intensity varied between 1000 and 1300 µmol 
m− 2s− 1 PPFD. LI-6800 cuvette allows air temperature of 
28℃, CO2 concentration of 400 ppm, and relative humid-
ity of 65%. In the pot experiment, three flag leaves of each 
plant were taken for observation recording in each rep-
lication. Plants were dark-adopted for 30  min in a dark 
chamber. Then dark adopted leaves were placed inside 
the LI-6800 cuvette without giving any actinic light 
(AL), and a measuring light (MB) was applied to mea-
sure minimum fluorescence (Fo), then a saturating flash 
of light also called saturating pulse (SP) was applied to 
measure maximum fluorescence at dark (Fm), and the 
difference between them (Fm – Fo) gives variable fluo-
rescence (Fv) as well as Fv/Fm confer maximum quantum 
efficiency of photosystem II. After dark adopted mea-
surements, the actinic light illumination procedure was 
chosen as follows: a leaf was illuminated with 11 phases 
of progressively increasing and decreasing light intensi-
ties of 200, 400, 600, 1000, 1500, 1800, 1500, 1000, 600, 
400, 200 µmol m− 2s− 1 for 5 min (interval time) for each 
PPFD. This light exposure is more natural for the plant 
than abrupt exposure to a single light intensity, especially 
at nearly saturating levels. The measurements for NPQ, 
PSII yield and qPd have been performed in the dark for 
3 s after switching the actinic light at the end of each illu-
mination phase using 2–3 consecutive saturated pulses. 
Each pulse was followed by a ~ 7-second period of far red 
light illumination in the dark (Ruban and Murchie 2012). 
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The programmed illumination procedure was: (SP)–(AL 
on)–(5  min)–(SP)–(AL off/FR on)–(10  s)–(SP)–(5  s)–
(AL on/FR off)–repeat, where AL, SP and FR represent 
actinic light, saturating pulse and far red light respec-
tively All these operations were programmed before plac-
ing the leaves inside the cuvette in automatic LI-6800. 
Except qPd all the photosynthetic parameters and chlo-
rophyll fluorescence measurements were retrieved from 
the machine. qPd is a measure of photoinhibition. qPd 
value 1 denotes the absence of photoinhibition, and qPd 
values < 1 imply the presence of photoinhibition, indicat-
ing divergence of theoretical and actual yield of PSII. qPd 
is calculated according to the following equation (Ruban 
and Murchie 2012)

 
qPd =

Fm′ − Fo′ act.
Fm′ − Fo′ cal.

 (1)

For calculating Fo’calc. we have used the formula given by 
Oxborough and Baker (1997).

Fo’ calc. 

 
=

1

( 1
F0 − 1

Fm + 1
Fm′ )

 (2)

A1800 was measured in the flag leaves of field-grown 
plants with actinic light illumination of 1800 µmol 
m− 2s− 1 for 3  min, followed by low light illumination of 
400 µmol m− 2s− 1 for 2 min. The mean of five plants was 
considered for one replication. The ratio was calculated 
simply by dividing A400/A1800.

Genome Wide Association Analysis
7  K SNP chip was utilised to genotype the 96 diverse 
genotypes and 130 RILs (Thomson et al., 2017, Morales 
et al., 2020). For GWAS, out of 7098 SNPs, SNPs with 
minor allele frequency (MAF) of less than 10% and more 
than 10% missing data were removed. Finally, 1840 SNPs 
were imputed using the LD-kNNi method (Money et al. 
2015) in Tassel 5 using 30 nearest neighbors (Supple-
mentary Table 6). All 1840 SNPs were used to build up 
a phylogenetic tree using UPGMA (Unweighted Pair 
Group Method with Arithmetic Mean). PCA analysis 
was done using R software (version 4.2.0) and the GAPIT 
(Genomic Association and Prediction Integrated Tool) 
package. All 1840 SNPs were used for estimation of pop-
ulation structure with STRUCTURE software (Pritchard 
et al. 2000), which use a Bayesian clustering method. A 
structure harvester was used to determine the optimum 
value of K, which calculates the Evanno delta K value by 
plotting the LnP(D) value vs. K (Earl & vonHoldt 2012). 
Linkage disequilibrium (LD) among the genome-wide 
polymorphic markers was created with a sliding window 
size of 50 markers. The obtained r2 values were graphed 

against physical distances, and a LOESS curve was 
applied to visualize the decay of linkage disequilibrium 
(LD). The LD decay distance was estimated using the 
approach developed by Hill and Weir (1988) and evalu-
ated at the commonly accepted r2 threshold of 0.2 (Vos 
et al., 2017). Further, GWAS (Genome Wide Association 
Studies) was performed using ‘FarmCPU’ (Fixed and ran-
dom model Circulating Probability Unification, Liu et al. 
2016) and ‘BLINK’ (Bayesian information and Linkage-
disequilibrium Iteratively Nested Keyway, Huang et al. 
2019) methods. The SNP-trait associations were consid-
ered significant when P-value < 0.001 and PVE was calcu-
lated only for the loci with significant p-value less than 
10− 5.

QTL Analysis
Out of the total 7098 SNPs, 2268 SNPs exhibited good 
genotyping data for RILs. Among these, 927 unbiased 
polymorphic SNPs were considered for mapping pur-
poses. The QTL IciMapping software (Meng et al. 2015) 
was employed to construct a linkage map using poly-
morphic 927 SNPs (Supplementary Table 7). This linkage 
map was then aligned with the physical map and nucleo-
tide positions in the rice genome database, allowing for 
precise identification of SNP locations regarding nucleo-
tide numbers. To map the traits and derived traits in the 
mapping population, composite interval mapping (CIM) 
was utilised, using the mean values of each trait. A LOD 
(logarithm of odds) score value of 3.0 was considered sig-
nificant for QTL detection, and QTLs with > 10% PVE 
were classified as major QTLs.

Results
For 25 genotypes, the nonphotochemical quenching 
(NPQ), the theoretical and actual quantum yield of PSII 
(φPSII), and photoinhibition (qPd) were measured in 
1800, 1500, 1000, 600, 400, 200 µmol m− 2 s− 1 photoac-
tive radiation (PAR) in five minutes after dark adaptation 
(Fig. 1).

The NPQ and other parameters differ significantly 
among the twenty-five genotypes in 1800 or 400 PAR 
(Supplementary Table 1). The theoretical quantum yield 
of PSII was simulated for each of the six points. Thus, 
the difference between theoretical and actual φPSII400 
indicates the photoprotection recovery ability of the 
genotypes after twenty minutes. The minimum differ-
ence (0.02) between the theoretical and actual quantum 
yield of PSII, φPSII400 (T-A), after twenty minutes, is 
recorded for genotypes such as Gopalbhog, Shatabdi, and 
Swarnaprabha, and the maximum difference (0.10–0.12) 
is observed for Neeroja, Humbla, and Sashi (Fig. 2).

In the steady state, comparing A100-A400 in twenty-
five genotypes confirmed the no variation in A100 and 
a small variation in A200-A300, where the maximum 
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Fig. 1 Graph representing the genotypic specific mean theoretical and actual photosystem II quantum yield/efficiency, φPSII; the nonphotochemical 
quenching, NPQ; and photoinhibition, qPd; for twenty-five rice genotypes, both in ascending and descending 200, 400, 600, 1000, 1500, and 1800 µmol 
m− 2 s− 1 PPFD, as indicated by six points in each genotype
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variation was at A400 (Supplementary Fig.  1). It was 
already shown that at A200, there was no gap between 
theoretical and actual φPSII400 in most genotypes 
(Fig. 1). As most of the genotypes exceed the light satu-
ration point at 1800 PPFD (Supplementary Fig.  2), the 
ratios of A1800 and A400 were estimated in the twenty-
five genotypes in 5-minute intervals. The ratio differs sig-
nificantly among the genotypes. A strong association was 
observed between φPSII400 (T-A) and qPd400, as well as 
between NPQ400, with R2 values of 0.74, 0.60, and 0.65, 
respectively (Fig. 3).

As the earlier result with twenty-five genotypes indi-
cated a good association between the instantly mea-
sured A400/A1800 ratio and φPSII400 (T-A) and NPQ400, 
ΦPSII400, and qPd400, a panel of ninety-six genotypes 
was considered for the association analysis. 7k SNP-
based genotypic data confirmed two substructures within 
the ninety-six genotypes considered in this analysis 
(Supplementary Fig.  3). Genotypic variations explained 
almost 68% of total variations. Year-wise variation and 
interaction are small, 0.1% and 2%, respectively (Supple-
mentary Table 3). In this study, we observed a correlation 
coefficient (r) between two years, which is 0.87.

Based on the reliability of SNP-based genotyping (7k 
chip), 1840 SNPs were finally considered for linkage dis-
equilibrium study, and it was sufficiently high to cover 
the 12 chromosomes. Two years’ data and their mean 
were analysed separately. GWAS identified five genomic 

locations on four chromosomes, explaining PVE > 5% 
with a p-value < 10− 5 in either of the methods (Fig.  4). 
Among these, two QTNs on chromosome 4 and one on 
chromosome 9 explained > 10% phenotypic variations 
(Table  1). In a 100  kb window flanking the locus, four 
known genes associated with photoprotection were iden-
tified when putative genes were searched in RAB-DB. The 
known genes related to photoprotection recovery, like 
Lycopene epsilon cyclase (LYCE/LUT2, Os01g0581300), 
located on chr 01: 22535013.22538645 is very close to the 
associated SNP, 756842 located on 22601215nt. Similarly, 
Violaxanthine de-epoxidase (VDE) and Zeaxanthine 
epoxidase (ZEP) are located on chromosome 4, and Phos-
phoglycolate phosphatase 2 (PGLP2 (Os09g0261300) is 
located near the associated marker on chromosome 9 
(Supplementary Table 4). The box plot showed the influ-
ences of allelic pairs on the traits in all four chromosomal 
locations (Fig. 5).

QTL Mapping of A400/A1800 Ratio
Two parental differences in photosynthesis and pho-
toprotection-related parameters are given separately 
(Table  2). However, the A400, A1800, and their A400/
A1800 ratio were estimated in five minutes. As described 
in the methodology section, all other parameters are con-
sidered from the data set of 11 phases of progressively 
increasing and decreasing light intensities at the five-
minute interval of each point. Non-significant differences 

Fig. 3 Simple linear regression curve with equation and R2 value between A400/A1800 with φPSII400 (T-A), NPQ400 and qPd400. The number surrounding 
the regression line represents the genotype number

 

Fig. 2 Bar diagram showing the difference between theoretical and actual PSII yield at 400 µmol m− 2s− 1 PAR [φPSII 400 (T-A)], NPQ400 and qPd400 of 
25 genotypes
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between Swarnaprabha and IR 64 were observed for the 
parameters mostly recorded in saturated light intensity, 
like A1800, NPQ1800, and theoretical PSII yield at 1800 
and 400 PPFD. The wide variation of the A400/A1800 ratio 
was observed among 130 RILs (Supplementary Table 5).

The QTL analysis led to the identification of five QTLs 
for the A400/A1800 ratio. These five QTLs were distrib-
uted in four chromosomes, two on chromosome 1 and 
one each on Chr 4,8,9, contributing to phenotypic varia-
tion ranging from 3.86 to 25.28% with LOD values rang-
ing from 3.2 to 16.3 (Supplementary Fig. 4). Three major 
QTLs explain that more than 10% of PVE are located 
on chromosomes 1, 4, and 9 (Table 3). A major QTL1.2 
between 37.83 Mbp to 38.84 Mbp with LOD 16.32 con-
trolling 25.28% of the phenotypic variation of A400/A1800 
ratio. One well-known photoprotection-related gene, 
PsbS1 (Os01g0869800), is inside the QTL1.2. The QTL 
on chromosome 4 between 15.94 Mbp to 18.70 Mbp 
with LOD 8.50 explained 12.56% phenotypic variation 
and exactly where a previously identified photoprotec-
tion recovery gene, Violaxanthine de epoxidase (VDE, 
Os04g0379700) is located. Another two QTLs in chro-
mosomes 8 and 9, explaining 3.9 and 13.95% of the total 
phenotypic variation and the related known genes, OsP-
GRLIA (Os08g0526300) and OsbZIP72 (Os09g0456200), 
are located. Thus, the A400/A1800 ratio mapping identified 

a few QTLs where the known photoprotection recovery 
genes were reported earlier. Thus, the GWAS and QTL-
mapping of the instantly measured A400/A1800 ratio in 
five minutes identified the loci with photoprotection 
recovery genes, like OsPsbS1, OsVDE, OsZEP, OsLUT2, 
OsPGRL1A, OsbZIP72. A400/A1800 was associated with 
biomass with an R2 value of 0.17 (P = < 0.0001) in the RIL 
population (Supplementary Fig.  5). On the other hand, 
A400/A1800 ratio and yield showed a positive association 
with an R2 value of 0.11 (P = < 0.0001). However, biomass 
and yield showed a positive association as expected.

Discussion
Once plants enter photoprotection (PP) mode to save the 
photosystem II-related proteins in high light intensity, 
they continue for an extended period even though the 
light intensity is not stressful for photosynthesis. Thus, 
during fluctuating light environments, until PP recov-
ers, it limits CO2 assimilation. Plants with quick photo-
protection recovery (QPR) ability can improve biomass 
and yield significantly (Kromdijk et al. 2016; De Souza et 
al. 2022). The major challenge is PP-phenotyping, which 
takes almost forty-five minutes and requires complete 
dark adaptation, making it very difficult for standing 
crops in the field. However, a new method was proposed 
without the dark adaptation stage (Tietz et al. 2017), 

Fig. 4 Using two years of mean data, the Manhattan plots (left) and Q-Q plots (right) for the genome-wide association study of A400/A1800 in the ninety-
six panel. For Manhattan plots, -log10 P-values from a genome-wide scan are plotted against the position of the SNPs on each of the 12 chromosomes. For 
quantile-quantile plots, the horizontal axis shows the -log10-transformed expected P-values, and the vertical axis indicates -log10-transformed observed 
P-values
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which still involved considerable time and customised 
equipment.

Preliminarily, twenty-five genotypes were considered 
to understand the association between photoprotec-
tion recovery-related traits (PSII yield, NPQ, qPd) with 
the instantly measured (5  min) A400/A1800 ratio. Rice 
genotypes were so chosen that aus, aromatic, low-land, 
high-yielding indica and landraces were present. The 
study considered all the probable ratios, A200 to A600 by 
A1800, but the most varied among the 25 genotypes was 
A400/A1800. The ratio targets measuring the alternate and 
easier way to estimate any rice genotypes’ quick photo-
protection recovery ability. The photoprotection ability 
at 200 or 300 PPFD is negligible, as indicated by almost 
zero φPSII200 (T-A); thus, due to lack of variation, it is 
not possible for the association analysis considering a 
more extensive data set. At 1800 µmol m-2s−1 PPFD, all 
genotypes undergo photoprotection almost at the maxi-
mum level, as observed from low φPSII and qPd with 
higher NPQ, whereas, at 400 µmol m− 2s− 1, their pho-
toinhibition reaches a minimum but maintained high 
variations among the genotypes. Contrarily, at 200 and 
300 µmolm− 2s− 1, the net photosynthesis rate is almost 
similar and lacks variations. So, measuring the A400/A1800 
ratio is justified compared to considering less than 400 
PPFD. In tobacco at the steady state, no NPQ differences 
were observed at below 400PPFD (Kromdijk et al. 2016). 
They also observed no photoinhibition and a very small 
amount of photoprotection in plants below 400 PPFD.

In our experiment, it was observed that almost all the 
25 genotypes had reached their saturation level at 1500 
PPFD, and from 1500 to 1800PPFD, no further signifi-
cant improvement in the rate of photosynthesis except 
GB3, N22 and Shatabdi, which showed saturation at 
1800 PPFD. Earlier reports also justify our consideration 
of 1800PPFD as the maximum light intensity (Acevedo-
Siaca et al., 2020; et al. 2021). They considered 1700 PPFD 
to be the maximum highlight intensity of rice. Several 
genotypes showed a small gap between actual and theo-
retical PSII yield at 400 µmolm-2s-1 PPFD, indicating their 
quicker photoprotection recovery abilities. Their efficient 
photoprotection recovery ability was also confirmed 
by almost qPd-value one at the same point. The multi-
plicative variable was not considered because the linear 
relationship between the A400/A1800 ratio and the pho-
tosynthesis matrices has a high R2 value. Also, the data 
set used in the regression analysis of twenty-five geno-
types is not skewed, and to keep the methodology simple, 
only the ratio was considered, successfully identifying the 
chromosomal loci with known photoprotection recov-
ery-related genes. Here, the genotypes with quick pho-
toprotection recovery, like, Swarnaprabha, Gopalbhog, 
Shatabdi, GB1 and Bidhan Suruchi, gave a higher A400/
A1800 ratio, measured instantly (in 5 min). A400/A1800 may Ta
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be a good indicator of the PP recovery trait as supported 
by its positive association with the difference between 
theoretical and actual φPSII400, NPQ400, and qPd400. 
Thus, an instant (5-minute interval) estimated A400/A1800 
ratio indicates the genotype’s quick protection recovery 
abilities. Here, 8-10-day-old flag leaves were considered 
for the optimum photosynthesis ability at this stage (Saha 

et al. 2023). So, before considering the A400/A1800 ratio 
as an indicator of QPR in rice, the ratio was further used 
for GWAS in a panel of 96 diverse genotypes and QTL 
analysis using a RIL population developed from a cross 
between Swarnaprabha and IR64. The A400/A1800 ratio 
in a flag leaf is highly reproducible if the flag leaf is 5–10 
days old, as indicated by year-wise variation, which is 
small and has a high correlation between the years. It is 
also worth mentioning that non-significant differences 
in photosynthetic parameters at saturated light between 
two parents make their RIL population suitable for map-
ping their quick photoprotection relaxation abilities.

In addition to the indica landraces and released culti-
vars, another small subpopulation comprised aus and 
aromatic genotypes, confirming the accurate genotyp-
ing and analysis. GWAS was performed following two 
models (BLINK, FarmCPU) to reduce false discovery. 
Only five loci were common between two years of data 
and their means in both models. Of the four genes near 
the associated markers, three were related to the Xan-
thophyll cycle and another critical gene, phosphoglyco-
late phosphatase (PGLP2), degrades 2-phosphoglycolate 
(2PG). One 2PG is the final toxic product of RuBP-oxi-
dation, along with one molecule of one 3PGA. Until 2PG 
degrades, it inhibits photosynthesis by blocking the 

Table 2 Difference between Swarnaprabha and IR64 in 
photosynthesis and photoprotection parameters with SD in 
bracket. Their significance level indicated by *, ** for p < 0.05, 
p < 0.01 respectively
Trait Swarnaprabha IR64 P
A400 14.3 (± 0.8) 10.62 (± 0.9) **
A1800 20.35 (± 1.6) 20.56 (± 2.5) ns
A400/A1800 0.70 (± 0.07) 0.52 (± 0.05) **
NPQ400 0.65 (± 0.07) 0.87 (± 0.14) *
NPQ1800 1.96 (± 0.19) 1.87 (± 0.2) ns
NPQ400/NPQ1800 0.33 (± 0.06) 0.47 (± 0.19) ns
ΦPSII400 actual 0.75 (± 0.02) 0.69 (± 0.02) **
ΦPSII400 theoretical 0.77 (± 0.01) 0.73 (± 0.04) ns
ΦPSII400 (theoretical – actual) 0.02 (± 0.002) 0.05 (± 0.02) *
ΦPSII1800 actual 0.42 (± 0.01) 0.39 (± 0.02) *
ΦPSII1800 theoretical 0.56 (± 0.03) 0.55 (± 0.03) ns
qPd400 1 (± 0.01) 0.97 (± 0.01) *
qPd1800 0.90 (± 0.02) 0.81 (± 0.03) **

Fig. 5 Box plot showing the allelic effect of the associated SNPs; each line in the box represents mean, R represent heterozygotes (A, G), M represents 
heterozygote (A, C); the name of the SNPs its chromosomal location and exact nucleotide position are given under each box plot
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RuBP active site, preventing starch biosynthesis (Levey 
et al. 2019). It has already been reported that photores-
piration in C3 plants protects from photooxidation, but 
lower expression of PGLP may reduce the 40% reduction 
of photosynthesis (Kozaki & Takeba, 1996; Levey et al., 
2019). Thus, limiting the photorespiration of RuBP helps 
the relaxation of NPQ indirectly. So, PGLP2 also has 
some role in improving the carboxylation efficiency of 
RuBP; the event finally helps in photoprotection recovery 
quickly.

The gene LUT2/LYCE, Lycopene epsilon cyclase, 
Os01g0581300, is an essential enzyme responsible for 
producing the most abundant Xanthophyll species, 
lutein. It is the most abundant xanthophyll in plants and 
helps quench overexcited chlorophyll, preventing reac-
tive oxygen species (1O2). Its role in ROS scavenging is 
well known. OsLUT1A and OsLUT2 were also reported 
as the genes near the NPQ-associated marker locus in 
rice (Wang et al. 2017). Violaxanthin, another carotenoid, 
also scavenges toxic singlet oxygen 1O2, which protects 
thylakoidal proteins, and in excess light, violaxanthin is 
de-epoxidised by the gene VDE to produce zeaxanthin. 
Contrarily, when light intensity becomes normal, i.e., less 
than 1000 µmol/m2/s PPDF, quicker epoxidation of zea-
xanthin leads to violaxanthin conversion, i.e., relaxation 
of NPQ which finally helps photoprotection recovery 
(Kromdijk et al. 2016; Vaz and Sharma, 2009). Although 
the conversion of zeaxanthin to violaxanthin requires 
a relatively long period of 5–10 min (Bassi et al., 2021), 
the association of both VDE and ZEP with the A400/A1800 
ratio measure in five-minute intervals confirms their 
role in quick photoprotection recovery in other ways. 
When plants receive more than optimum light intensity, 
excitation pressure in the antenna rises, the photosyn-
thetic chain saturates, and thylakoid lumen pH decreases 
(through an increase in proton pumping). Acidifying the 
thylakoid lumen triggers protonation of PsbS protein and 
de-epoxidation of violaxanthin to antheraxanthin and 
zeaxanthin via the xanthophyll cycle. This protonated 
PsbS1, which causes a conformational change in PSII-
LHCII super complex (PSII-LHCII sc) and accumulation 
of xanthophylls (zeaxanthin and lutein) induce feedback 
deexcitation, qE and qZ components (Kromdijk et al. 
2016; Fu et al. 2021; Moya Clark 2023; Bassi et al., 2021). 
In this study, a heat shock protein is associated with an 

A400/A1800 ratio with other PP-related genes, which needs 
further study regarding its role in PP. A critical com-
ponent of photoprotection is heat emission from the 
chlorophyll overexcitation that helps it regain its photo-
harvesting state. Whether the identified heat shock 
protein on chromosome 6 at the position of 15,578,047–
15,582,320 nt has any role needs to be deciphered by 
developing the near-isogenic line and site-directed muta-
genesis study.

The PsbS1 is a well-known protein responsible for a 
wide range of nonphotochemical quenching (NPQ) and 
quick photoprotection recovery, which was not identi-
fied in GWAS. In an earlier study, no association was 
observed with a particular subpopulation, like, indica, 
japonica and aus (Wang et al. 2017). It is due to the lack 
of polymorphism in PsbS1 and its surrounding sequence 
within a subpopulation. In the studied panel, no japonica 
subtypes are included in genotypes, which may be one 
reason for the non-association of the PsbS1 locus. How-
ever, in QTL analysis, a major QTL carrying the PsbS1 
gene (Os01g0869800), identified in this study, explained 
almost 25% of the total variation. The other QTL on 
chromosome 4 carries the OsVDE (Os04g0379700) gene, 
also identified in GWAS. Like earlier studies reported the 
role of xanthophyll cycle genes in photoprotection recov-
ery, our study confirmed the same locus in GWAS and 
QTL analysis.

The mapping of the instantly measured A400/A1800 ratio 
identified the loci with known candidate genes of pho-
toprotection recovery or NPQ like OsPsbS1, OsVDE, 
OsZEP, OsLUT2, OsPGRL1A, OsPGLP2. The qE com-
ponent accounts for 80% of NPQ and can recover, pri-
marily within a short period; exploiting this component 
for faster restoration of the maximum efficiency of 
CO2 assimilation might be the main cause of the strong 
association between A400/A1800 and quick photopro-
tection recovery. Like quick photoprotection recov-
ery, the A400/A1800 ratio is significantly associated with 
biomass and yield in a RIL population. The PsbS1 allele 
of Swarnaprabha can be targeted to enhance the yield 
potentiality of rice, particularly in regions where low and 
fluctuating light is a problem, like Eastern India.

Table 3 List of QTLs, left and right markers, their location, LOD score, phenotypic variation (PVE) and additivity for A400/A180

SL. No. QTLs Chr Marker Position LOD PVE
(%)

σ2
A PP genes present within QTLs

Left Right Left Right
1 qA400/A1800 1.1 1 1,163,456 SNP-1.37415410. 35,825,579 37,416,454 5.10 5.32 -0.0296
2 qA400/A18001.2 1 SNP-1.37834974. 1,243,398 37,836,018 38,847,770 16.32 25.28 -0.0656 PsbS1 (Os01g0869800)
3 qA400/A1800 4.1 4 4,230,805 ud4001319 15,944,977 18,706,317 8.50 12.56 -0.0456 VDE(Os04g0379700)
4 qA400/A1800 8.1 8 8,983,572 SNP-8.26378199. 25,757,847 26,380,914 3.21 3.86 -0.0258 OsPGRLIA (Os08g0526300)
5 qA400/A1800 9.1 9 9,711,583 SNP-9.18053834. 16,505,404 18,054,836 9.91 13.94 -0.051 OsbZIP72 (Os09g0456200)
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Conclusion
The instantly measured A400/A1800 ratio in 8–10 days rice 
flag leaf can be an alternative to the time-consuming and 
cumbersome phenotyping of photoprotection recovery 
in rice, particularly for screening a large number of geno-
types or segregants.
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