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Abstract

Photosynthesis can be probed through Chlorophyll a fluorescence induction (FI), which provides detailed insight into
the electron transfer process in Photosystem II, and beyond. Here, we have systematically studied the natural variation of
the fast phase of the FI, i.e. the OJIP phase, in rice. The OJIP phase of the Chl a fluorescence induction curve is referred
to as “fast transient” lasting for less than a second; it is obtained after a dark-adapted sample is exposed to saturating
light. In the OJIP curve, “O” stands for “origin” (minimal fluorescence), “P” for “peak” (maximum fluorescence), and J
and I for inflection points between the O and P levels. Further, F is the fluorescence intensity at the “O” level, whereas
F, is the intensity at the P level, and F, (= F,, — F,) is the variable fluorescence. We surveyed a set of quantitative
parameters derived from the FI curves of 199 rice accessions, grown under both field condition (FC) and growth room
condition (GC). Our results show a significant variation between Japonica (JAP) and Indica (IND) subgroups, under
both the growth conditions, in almost all the parameters derived from the OJIP curves. The ratio of the variable to the
maximum (F/F,) and of the variable to the minimum (F,/F,) fluorescence, the performance index (PL,), as well as
the amplitude of the I-P phase (A;_p) show higher values in JAP compared to that in the IND subpopulation. In contrast,
the amplitude of the O-J phase (Ag_j) and the normalized area above the OJIP curve (S,,) show an opposite trend. The
performed genetic analysis shows that plants grown under GC appear much more affected by environmental factors than
those grown in the field. We further conducted a genome-wide association study (GWAS) using 11 parameters derived
from plants grown in the field. In total, 596 non-unique significant loci based on these parameters were identified by
GWAS. Several photosynthesis-related proteins were identified to be associated with different OJIP parameters. We
found that traits with high correlation are usually associated with similar genomic regions. Specifically, the thermal
phase of FI, which includes the amplitudes of the J-I and I-P subphases (A;_; and A p) of the OJIP curve, is, in turn,
associated with certain common genomic regions. Our study is the first one dealing with the natural variations in rice,
with the aim to characterize potential candidate genes controlling the magnitude and half-time of each of the phases in
the OJIP FI curve.

Keywords Amplitude and kinetics of OJIP curves - Chlorophyll a fluorescence - GWAS - JIP test - Natural variation -
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Chl Chlorophyll
Since 2019 Govindjee uses Govindjee Govindjee as his legal FI (Chlorophyll a) fluorescence induction
name. F, Basal (initial, minimal) level of chloro-

Electronic supplementary material The online version of this phyll a fluorescence

article (https:/doi.org/10.1007/s11120-020-00794-z) contains F Maximal level of chlorophyll a
supplementary material, which is available to authorized users. fluorescence
F Variable chlorophyll a fluorescence, cal-

X Xin-Guang Zhu v

zhuxg @sippe.ac.cn culated as F, =F —F

FC Field condition
Extended author information available on the last page of the article

Published online: 07 November 2020 @ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11120-020-00794-z&domain=pdf
https://doi.org/10.1007/s11120-020-00794-z

Photosynthesis Research

GC Growth room condition

GWAS Genome-wide association study

LED Light emitting diode

OJIP transient  Fast phase of chlorophyll a fluorescence

induction, where O is for F, P is for peak
(equivalent to F, in saturating light), J
and I are for inflections between O and P

RMCP Rice minicore panel

Qa The first quinone electron acceptor of
Photosystem II (it is a one-electron
acceptor)

Qp The second quinone electron acceptor
of Photosystem II (it is a two-electron
acceptor)

PQ (Mobile) plastoquinone

PS Photosystem

SNP Single-nucleotide polymorphism

Introduction

Chlorophyll (Chl) a fluorescence induction has been used
widely to probe photosynthetic processes since its discovery
by Kautsky and Hirsch (1931). Upon illumination by high
intensity continuous light, leaves of plants, algae and cyano-
bacteria show a characteristic polyphasic Chl a fluorescence
induction curve, termed as the OJIPSMT transient (Strasser
and Govindjee 1992; Papageorgiou and Govindjee 2004), dur-
ing which the fluorescence emitted by photosystem I (PSII)
is predominant and variable, while the contribution of PSI
fluorescence is minor and practically constant (see e.g., Genty
et al. 1990; Govindjee 1995; Pfiindel 1998). Although the fast
OJIP phase of the transient takes less than one second and
represents a minor fraction of the energy absorbed by leaves,
it contains rich information about photosynthesis (Goedheer
1972; Schreiber and Vidaver 1976; Govindjee et al. 1986).
Its physical basis has been studied extensively, using the so-
called JIP test, which includes a set of parameters describing
characteristics of both photosystems I and II, but, especially of
PSII (Strasser et al. 2000, 2004; Stirbet and Govindjee 2011).
The commonly used OJIP parameters include the maximum
quantum yield of PSII (inferred from the ratio of variable
to maximal fluorescence, F,/F,), the apparent light energy
absorbed per active PSII reaction center (ABS/RC), and the
performance index (Pl,); these have been widely used to
investigate the function of photosynthetic systems under dif-
ferent environmental conditions, or between different species
(e.g., Guo and Tan 2015; Oukarroum et al. 2016; Kalaji et al.
2014, 2017; Goltsev et al. 2016; Stirbet et al. 2018).

Chl a fluorescence induction (FI) is extremely sensitive
to variations in electron transfer reactions on either or both
(donor and acceptor) sides of PSII (Neubauer and Schreiber
1987; Schreiber and Neubauer 1987; Strasser et al. 1995;
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Bukhov et al. 2004). Initially, when light first excites dark-
adapted photosynthetic samples, the primary quinone elec-
tron acceptor (Q,) is usually in the oxidized state in all the
PSII reaction centers, FI has its initial value F at the step O,
which is light emitted from the antenna, when all the PSII
reaction centers are “open” (i.e., with oxidized Q,; Butler
1978). When the light intensity is high enough to completely
reduce all the electron carriers in the linear electron transport
chain, Chl a fluorescence, during FI, subsequently rises to its
maximal level (F,)) at the peak P, where all the PSII reaction
centers are closed. When FI is plotted on a logarithmic scale,
three distinct phases are observed, which include two interme-
diate steps, J and 1. All the three (i) O-J; (ii) J-I; and (iii) I-P
phases are affected by the sequential progressive reduction of
electron transfer intermediates in PSII, cytochrome (Cyt) by/f
complex, and in PSI, up to ferredoxin (Fd), since the ferre-
doxin-NADP*-reductase (FNR) in plants is inactive 1-2 s
after the onset of illumination (see e.g., Schansker et al. 2005).
The O-J phase is controlled by photochemical charge separa-
tion that leads to Q, reduction (see Neubauer and Schreiber
1987; Strasser et al. 1995), but the fluorescence yield at and
around the J-step may also be affected by the electron donor
side of PSII, “the water oxidation clock™, i.e., the “oxygen
evolving cycle” (involving the transitions of the so-called
S states: SO to S4). The accumulation of S2 and S3 states
has been suggested to lead to the quenching of Chl a fluores-
cence near the J-step (Delosme and Joliot 2002; Lazéar 2003;
Schansker et al. 2011). Indeed, under very high illumination,
a transient increase in the concentration of P680™ population
(the oxidized primary donor of PSII) is possible during the
S2-t0-S3 and S3-to-S4-to-SO transitions, due to a transient
limitation on the PSII donor side, and P680* is a well-known
Chl fluorescence quencher (see e.g., Butler 1972; Shinkarev
and Govindjee 1993). The O-J phase is the photochemical
phase; however, the J-I and I-P phases are parts of the ther-
mal phase of FI, since they involve temperature-dependent
steps (see a review by Stirbet and Govindjee 2012). The J-I
and I-P phases have been associated with the reduction of all
the electron carriers in the electron transport chain between
the two photosystems (Schreiber 1986). However, besides the
PQ pool reduction, this process also includes the reduction of
plastocyanin (PC) via the Cyt b/f: this occurs at the end of
the J-I phase and at the beginning of the I-P phase, while the
(electron) acceptor side of PSI (up to Fd) is reduced at the end
of the I-P phase; this is due to a transient bottleneck starting at
the FNR level (see e.g., Munday and Govindjee 1969; Satoh
1981; Schansker et al. 2003, 2006). At sub-zero temperatures
(<—35 °C), the JIP thermal phase indeed disappears (Neu-
bauer and Schreiber 1987).

In addition to the JIP test (Strasser et al. 2000), Pospisil
and Dau (2000) have developed a method to quantitatively
analyze the OJIP curves in terms of the amplitudes of each
phase and their kinetics by deconvoluting the FI curve into
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a sum of three first-order kinetic equations corresponding
to the O-J, J-I, and I-P phases of the OJIP curve. This
approach was possible since the rate limitations that define
these three steps are significant. Although there is still no
consensus on the detailed mechanistic bases of the different
phases of the OJIP transient, yet the OJIP phase has been
successfully used to predict photosynthesis parameters (e.g.,
Mehta et al. 2010; Ziveak et al. 2014; Zhang et al. 2015;
Kalaji et al. 2014, 2017; Cicek et al. 2018; Mishra et al.
2020; for caveats, see Stirbet et al. 2018).

In addition to the above-mentioned biophysical and bio-
chemical studies on FI, another method that can be poten-
tially used to study the mechanistic basis of the OJIP FI
curve is to mine the genetic basis underlying the FI curve.
Previously, quantitative trait loci (QTL) have been system-
atically mined to establish association between a phenotypic
variation and the associated genetic markers (Doerge 2002).
Recent advances in genomic sequencing technology offer a
much more efficient approach, i.e., genome-wide association
studies (GWAS) to mine genomic variations associated with
a particular trait. The GWAS method has been much more
efficient than the QTL approach, since the former usually
includes many more genetic markers, which incorporate a
larger number of recombination events than the traditional
QTL approach (Brachi et al. 2011). Thus far, GWAS has been
used to identify “casual” gene(s) associated with particular
traits in agriculture (Yan et al. 2009; Huang et al. 2010, 2012;
Brachi et al. 2011; Kump et al. 2011; Tian et al. 2011; Zhao
et al. 2011; Schlidppi et al. 2017). The objective of our cur-
rent study is to mine natural variations of the fast phase of
the Chl a fluorescence induction curve, i.e., the OJIP curve,
in a diverse rice germplasm. This analysis is expected to help
identify potential traits influencing photosynthesis efficiency.
Earlier, natural variations of different JIP test parameters have
been studied in several systems (Hao et al. 2012; Herritt et al.
2018; Oyiga et al. 2019; Rapacz et al. 2019; Quero et al.
2020); however, such a quantitative analysis has not been
done systematically in rice, as presented here. More impor-
tantly, our current work represents the first systematic study
in rice on the natural variation and in finding the potential
candidate genes controlling the magnitude and half-time for
each of the phases of the OJIP curve. We have used here the
quantitative analysis method of PospiSil and Dau (2000); in
addition, we also selected five key JIP test parameters follow-
ing what Kalaji et al. (2014, 2017) and Goltsev et al. (2016)
have suggested. Our present study has provided important
information for the understanding of natural variations in
different OJIP parameters and in the identification of poten-
tial traits influencing photosynthesis efficiency. The results
of this study not only show differences in the patterns of
natural variations between the two subgroups of rice, i.e.,
Japonica and Indica, but they also provide a set of potential
candidate genes that might be behind the natural variations

of the OJIP phases (as shown later, in Table 3, in this paper).
Identifying genes associated with natural variation of OJIP
phases is expected to facilitate studying the mechanistic basis
of the OJIP phases. Considering that some OJIP-related
fluorescence parameters are related to crop photosynthetic
performance, e.g., F\/F,, representing the maximum quan-
tum yield of PSII (see e.g., Strasser et al. 2000; Govindjee
2004), identifying genes associated with different parameters
derived from the OJIP curves may provide new candidate
genes which can be used to improve photosynthesis for better
performance in the field.

Materials and methods
Plant material

In this study, we used 199 rice (Oryza sativa) accessions,
obtained from the Rice MiniCore Panel (RMCP), developed
by the United States Department of Agriculture (USDA),
which include accessions from 76 countries covering more
than 10 geographic regions (Agrama et al. 2010). The RMCP
used here was a subset of 1704 of the core collection of the
USDA global Gene Bank. The RMCP is only ~ 12% of the
global rice core, yet, it includes almost 98% of all genetic vari-
ation (Agrama et al. 2010; Li et al. 2010; Wang et al. 2016; Qu
et al. 2017). The 199 rice accessions, used here, include six
different rice subgroups, with 34 temperate Japonica (TEJ),
36 tropical Japonica (TRJ), 6 Aromatic (ARO), 36 Australica
(AUS), 68 Indica (IND) and 19 admixture (Admix). Further,
ARO, TEJ and TRJ are classified as Japonica (JAP) subspe-
cies, while IND and AUS as Indica (IND) subspecies (Li
et al. 2010). Detailed information on accession names, IDs
of genetic stock of Oryza sativa (GSOR), as given by USDA,
geographic origin (along with latitude, longitude and coun-
try), and varietal groups (subpopulations) are available in the
Additional file #1 under Supplementary file 2).

Growth conditions

Rice accessions were transplanted under two different
growth environments: field condition (FC) and growth
room condition (GC). For the FC, seeds were transplanted
in “soil beds” in 2013 in Beijing, China; after 30 days, plants
were transferred into 12 L pots that contained commercial
peat soil (Pindstrup Substrate 4; Pindstrup Horticulture)
and grown out-doors. Experiments were conducted during
the last week of July, 2013 (for details, see; Hamdani et al.
2019). In contrast, all the RMCP samples were grown, dur-
ing 2016, under controlled environmental growth condition,
i.e., growth room condition (GC). Seeds were first germi-
nated on wet filter paper in petri-dishes at 28 °C for 5 days.
After the emergence of the radical, seeds were transferred
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to plastic pots having the same soil as used for FC plants.
In the growth room, the temperature was 27 °C during the
day cycle of 14 h, and 25 °C during the night cycle of 10 h.
The relative humidity was kept at 75% throughout the day
and night. Light provided by tungsten lamps was 600 pmol
photons m~2 s~! at the top of the plants. For each accession,
we grew two pots with three plants per pot; to avoid nutrient
limitations, water and nutrients were added routinely for the
growth of both FC and GC plants.

Measurement of the fast phase of Chl a fluorescence
induction: the OJIP transient

Measurement of the fast phase of Chl a fluorescence induc-
tion (FI) was made using a Multi-functional Plant Efficiency
Analyzer (M-PEA; Hansatech, King Lynn, Norfolk, UK).
Before measurements, plants were kept in darkness over-
night; subsequently fully expanded detached leaves, with
the petioles dipped in water, were kept in darkness for addi-
tional 10 min in the leaf clip of the instrument. After this
dark adaptation period, the upper adaxial surface of the
detached leaf was exposed to saturating (5000 umol pho-
tons m~> s™!) orange-red (652 nm) actinic light for 0.5 s; this
light was from the light emitting diodes (LEDs), provided by
the instrument (for further information, see Hamdani et al.
2019).

To minimize the potential compounding effect, caused
by differences in the developmental stages, we performed
batch-wise measurements; for the 1st as well as the 3rd
batch, we did sequential measurements from accession 1
to 199, while for the 2nd and the 4th batch, we measured
the FI in the reverse order (i.e., from accession 199 to 1), as
described by Hamdani et al. (2019).

Estimation of single-nucleotide polymorphism
(SNP) heritability: A2

To estimate SNP-based heritability (%2) of FI traits, we used
the Genome-wide Complex Trait Analysis (GCTA) software
(version 1.25.2; Yang et al. 2011). The 2.3 million filtered
SNPs of the minicore population were used as the genetic
information for RMCP (Wang et al. 2016). The method used
in GCTA includes two steps: generation of a “high-dimen-
sional” genetic kinship matrix for each of the individuals,
and then estimating the variance explained by all SNPs by
a restricted maximum likelihood analysis of the phenotypes
with the genetic relatedness matrix (Yang et al. 2011). The
significance of /2 was evaluated by a likelihood ratio test,
which was the ratio of the likelihood under the alternative
hypothesis (H1, 72 SNP_0) to that under the null hypothesis
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(HO, 72SNP =0). The output file provided the likelihood
ratio and its corresponding p values (Qu et al.2017).

Derivation of parameters related to Fl and its basic
analysis

Parameters characterizing the 0-J, J-I, and I-P phases

The experimental FI curves were fitted with the sum of three
first-order kinetic curves by non-linear regression, using
Sigma Plot (SSI, Richmond, CA). See: Boisvert et al. (2006)
and Pospisil and Dau (2000) for further information.

F(t) = F, +A0_,[1 — exp (—ko—ﬂ)]

+ A, |1 —exp (—k;_t)|+A;_p[1 — exp (—k;_pt)]
6]
where F(¢) is for fluorescence at time ¢, Fo is fluorescence
at time zero, Aq_y, Aj_ and Ap_p are amplitudes, and kg_j,
ky_; and k;_p are the rate constants for the O-J, J-I and I-P
phases. Then, the half-time (t,,,) constant for each phase was
calculated as 7, = 1/k where k is the rate constant.

Parameters characterizing the 0-J, J-I, and I-P phases

To obtain quantitative values for the parameters from Chl
a fluorescence induction, we used (1) the entire OJIP curve
characterizing separately the O-J, J-1, and I-P phases; (2)
specific fluorescence values at certain times in the transient
to calculate a set of parameters (called the JIP parameters) for
each sample. We note that these JIP parameters are proxies
for different characteristics of PSII and of the photosynthetic
electron transport, calculated using several fluorescence val-
ues from the OJIP curve (see e.g., Strasser et al. 2000, 2004;
Stirbet and Govindjee 2011); these are the minimum fluo-
rescence (Fg), the fluorescence at r=0.3 ms of the transient
(Fy3 ms)s the fluorescence at two intermediate levels (Fj at
2 ms and F at 30 ms), and the maximum fluorescence (F ).
Here, besides the normalized complementary area above the
OJIP curve (S,,) and the ratio F./F = (F,, — F )/F,, we used
the following JIP parameters: the maximum quantum yield of
PSII photochemistry, F,/F,,=@p,, the apparent antenna size
of an active PSII reaction center, ABS/RC, and the Perfor-
mance Index, P .. The symbols, definitions and meaning of

al
these JIP parameters are described in Table 1.

Calculation of population genetic variation (PGV)
To quantify the genetic variation in the global rice minicore

panel, we calculated population genetic variation (PGV), using
the formula, given below, as described by Gu et al. (2014):
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Table 1 Definition of the JIP fluorescence parameters studied in this work (Strasser et al. 2004; Stirbet and Govindjee 2011)

Technical fluorescence parameters

Definitions

F0=FO.05ms
Fm
FJ:FZmS
Fv=Fm_F0
V,=(F,; - F,)IF,

My=(AVIAD ~ 4 ms™ #(F 5 1 = Fo o5 me)/Fo

Minimum (initial) fluorescence

Maximum fluorescence

The fluorescence at r=2 ms

Maximum variable fluorescence

The relative variable fluorescence at t=2 ms

Initial slope of the O-J fluorescence rise

S,=ArealF, Normalized area between the OJIP curve and the line F'=Fm, which is proportional
with the number of components of the electron transport chain
Energy fluxes
ABS The photon flux absorbed by all PSIIs
TR The part of ABS trapped by the active PSIIs that leads to Q, reduction
ET The energy flux associated to the electron transport from Q,~ to the PQ pool

JIP parameters studied in this work

TRy/ABS =@p,= F,/F,,

ABS/RC=(My/V)Ipp,

PL, .= (RC/ABS)*[@p,/(1 — @p) ¥ [Wg/(1 — wg,)],where:
Veo=1-V,=ETy/TR,

Maximum quantum yield of PSII photochemistry

Apparent antenna size of an active PSII

Performance index on absorption basis

Probability that a trapped exciton moves an electron into the electron transportchain
beyond Q,

These parameters are used to analyze the OJIP phase of Chl a fluorescence induction, where O is for origin (the minimum fluorescence F), J
and I are for two intermediate levels at 2 ms and 30 ms (F; and FY), and P is for peak (Fp, or F,,, when the fluorescence is maximal). Note that
PSIL, RC, and Q, are for photosystem II, the total number of active PSII reaction centers in the measured area, and the first plastoquinone elec-

tron acceptor of PSII, respectively

PGV = ( (Xmax - Xmin) /Xmean) 100 (2)
where X . is the maximum value, X ; is the minimum
value and X ., is the mean value in the population.

The R statistical package (https://www.r-project.org) was
used to evaluate Pearson Correlation Coefficient between
different traits derived from the FI curve (Corrplot; Version
3.2.1).

Genome-wide association studies

For association mapping, 2.3 M bi-allelic SNPs were used
having minor allele frequency (MAF) > 5%. Initially, phe-
notypic data were normalized with qq (quantile—quantile)
plot norm function by using the following information
from the web site: <https://stat.ethz.ch/R-manual/R-
devel/library/stats/html/ggnorm.html>. Furthermore,
Genome-Wide Association Studies were conducted using
the GEMMA software (see <https://www.xzlab.org/softw
are.html>) through Linear Mixed Model (LMM) approach,
as implemented in GEMMA. LMM accounts for both the
population structure and the kinship (Hoffman 2013). To
minimize false positive association rate, the population
structure was corrected by the first four components of
the principle component analysis, as described by Wang
et al. (2009). Permutation strategy was adopted to deter-
mine genome-wide significance values; thus, each targeted

phenotype was permuted for 200 repetitions and GWAS
analysis was performed for each permuted phenotype and
a threshold p value of less than 1 x 107> was chosen as a
significant threshold. Package qgqman was used to gener-
ate both the Manhattan and the qq plots (Turner 2018).
Further details are described in Hamdani et al. (2019).
SNPs with p values < 1 x 107> for each parameter are
ranked as significant loci (i.e., a putative marker signifi-
cantly associated with the trait). We detected 596 signifi-
cant loci (SL) for 11 parameters (see Additional file #2,
under Supplementary file 3). Since many significant loci
(SL) were found to be associated with a particular trait,
we clustered multiple SLs that were within 100 kb region
to obtain the number of independent association signals
for each parameter; within each cluster, the SNP having
the lowest p value was selected as an independent GWAS
signal and called lead SNP (see Table S1, in the Supple-
mentary file 1, which shows the list of lead SNP for each
trait). The linkage disequilibrium (LD) block analysis was
performed using Halploview software for the lead SNPs
that are common in at least two traits.

Candidate gene list
We compiled a complete list of genes that are in the LD
block region harboring the lead SNPs and shared by at

least two traits. Moreover, we also listed potential genes
that might affect photosynthesis based on gene annotation
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analysis, using four different rice databanks, i.e., rice gene
annotation project (rice.plantbiology.msu.edu), pubmed
(https://www.ncbi.nlm.nih.gov/pubmed), rapdb (https://
rapdb.dna.affrc.go.jp), and phytozome (https://phytozome.
jgi.doe.gov).

Results

The fast phase of chlorophyll a fluorescence
induction, the OJIP transient

Figure 1 shows typical FI curves under FC (left) as well as
GC (right). Comparing the average FI curves of all the 199
accessions grown under these conditions, we found that F/
under FC showed a higher F,, by ~8% compared to that
under GC (cf. the “P” level in Fig. 1a with that in Fig. 1b).
Even at the subgroup varietal level, we found higher F,,
(the P level) by ~6.4% for dmix to 11% for AUS under
FC as compared to GC (cf. Fig. lc, d). The IND and JAP
varieties show similar OJIP patterns under the two growth
conditions, used here, as shown by data on the average
minicore population, i.e., JAP had 7.2% higher F,, while
IND had 9% higher F,, under FC compared to GC condi-
tion (cf. Fig. le, f). Further, JAP varieties showed higher
F,, compared to IND varieties (by 4.5% under FC and by
6% under GC); further, JAP had a faster rate of I-P rise as
compared to IND varieties under both the growth condi-
tions (cf. Fig. le, f).

Correlation between different Chl a fluorescence
parameters measured for plants grown under field
and growth room conditions

Figure 2 shows the Pearson Correlation Coefficient, calcu-
lated to evaluate the relationship between different param-
eters derived from the FI curves. The parameters obtained
from plants grown under the two growth conditions were
weakly correlated; for instance, the correlation coefficient
for F,/F, under these two conditions was 0.167 with a p
value of 0.02, while the correlation coefficient for F,/F, was
0.183 with a p value of 0.012. However, the other signifi-
cant correlations between the parameters, measured under
the two environments (FC & GC), were for Ag 5, A; 1, App,
Sm and ABS/RC, which ranged from 0.2 to 0.3 with p
values <0.05.

We further evaluated the correlation between different
parameters measured under field and growth room condi-
tions. We found relatively weak but significant correlation
between the parameters for plants grown under these two
conditions. For instance, the normalized area (Sm) above the
FI curve in FC was weakly positively correlated with ¢/, ;
(half-time of the O-J phase) (r=0.239, p value <0.001;
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Fig. 2) for plants grown under GC; further, under FC,
Aq_y was positively correlated with ABS/RC (r=0.249,
p value <0.01; Fig. 2) for plants grown under GC. When
we evaluated correlations between specific parameters
under the same growth condition, we found that F /F,,
and F /F, were highly positively correlated in both FC
(r=0.98, p value < 0.001; Fig. 2) and GC plants (r=0.97, p
value < 0.001; Fig. 2). In contrast, Ay ; and A; p were highly
negatively correlated, with r= —0.85 for FC and r= —0.70
for GC with p values <0.001 (see Fig. 2). On the other hand,
ABS/RC was highly positively correlated with A _; (r=0.83
for FC, r=0.85 for GC, p values <0.001; Fig. 2), but nega-
tively correlated with the performance index (P, ) (—0.86
for FC, and — 0.88 for GC, with p values <0.001; Fig. 2).
Although, under the two conditions (FC & GC), the absolute
values of the parameters were different, yet the correlations
between different parameters under the same growth condi-
tion were maintained.

Variation among individual parameters as obtained
from the OJIP curves

There were large variations among different parameters
derived from the Chl a fluorescence induction, measured
under field and growth room conditions (Table 2). Look-
ing at the Population Genetic Variation (PGV) values
(see Material & Methods for details), which describe the
extent of natural variation for different individual traits
(Gu et al. 2014; Qu et al. 2017), we found that for differ-
ent parameters of the OJIP curve, measured in FC plants,
they ranged from 3.3 to 235.4, while for GC plants, they
ranged from 5.5 to 176.9. Interestingly, Fv/Fm had a
minimum PGV value of 3.3 for FC and 5.5 for GC. The
PGV value for each individual trait for GC plants was
higher than for FC plants, except for two parameters: the
amplitude and half-time of I-P phase (A_p and 1 p).
The amplitude and half-time of I-P was higher for FC
compared to GC (104.12 and 235.35 for FC; 99.07 and
148.74 for GC, respectively, see Table 2). All the above
results, taken together, suggest that most of the param-
eters, related to FI curve, have higher phenotypic vari-
ations in the GC over the FC plants (c.f. Table 2). In
addition to PGV, SNP-based heritability test provided
additional new information since it characterized the level
of genetic control over the parameters studied here. Only
three traits displayed significant A2 in GC plants; they
were: t,,, for the O-J phase, normalized area above FI
curve (Sm), and Ay_;. The A2 for these three parameters
were 0.205 with a p value of <0.001, and 0.09327, and
0.101 with p values of <0.01. For FC plants, out of the
eleven FI parameters measured, six showed significant
h2 values: Fv/F,, F /F and S, had the highest 42 values
of 0.322, 0.323 and 0.227, respectively, all with p values
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Fig.1 Natural variation of Chl a fluorescence induction curves for
rice minicore panel under two different growth conditions. The left
three panels a, ¢ and e show the average OJIP curves of 199 rice
accession, average OJIP curves of six different subgroup populations
and average OJIP curve of subpopulations (IND and JAP), respec-

of <0.001; the other three traits (Ag_j, t;, .p and PI
see Table 2) showed somewhat lower, but still significant
(p value <0.001) 72 values. Furthermore, when two-way

tively, measured under FC. Similarly, the right three panels b, d and
f show the average OJIP curves of 199 rice accessions, average OJIP
curves of six different subgroup populations and average OJIP curve
two subpopulations (IND and JAP), respectively, measured under GC

ANOVA was employed to assess genotype X environment
interaction with respect to FI parameters in FC and GC
plants, we observed that only two parameters (S, and
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Fig.2 Matrix of Pearson’s Correlation Coefficients (r) (Left Tri-
angle) and p values (Right Triangle) of fast transient Chl a fluores-
cence parameters under field and growth room conditions. F\/F, is
the maximum quantum yield, Sm is the normalized area above Chl a
fluorescence curve, i.e., proportional to the amount of electron accep-

tors available to PSII, and ABS/RC is the apparent antenna size of an
active PSIIL. Further, the amplitude of each phase (Ag_j, Aj_yand A p)
in Chl a fluorescence curve and half-time (¢,/, o_j, #;,5y_y and t;, _p) to
reach each phase in Chl a fluorescence are also shown

Table 2 Percent genetic
variation (PGV) and SNP-
based heritability (/2) of fast
Chl a fluorescence transient
traits in the global minicore
grown under Field Condition
(FC) and Growth Room
Condition (GC), along with
two-way ANOVA (F ratio and
significance determining effect
of environment, genotype

and environment X genotype
interaction for selected Chl a
fluorescence parameters), are
shown below

Traits PGV (FC) H? (FC) PGV (GC) # (GC) Genotype (G) Environment (E) GxE
F/F, 3.2891 0.32187#** 5.4767 0.01194ns  0.901ns 56.437%%* 1.027ns
S 55.0074 0.2275%%%103.4144  0.0927**  4.398%%*%* 0.029ns 0.457ns
ABS/RC  86.0037 <0.0001™ 95.0019 <0.0001ns 2.889ns 121.482%* 3.412ns
Ag 73.0302 0.0578** 76.2835 0.0282ns 1.478ns 1.773ns 1.031ns
oo 33.0875 0.0092 ns 45.9229 0.2050***  0.479ns 5.253ns 0.439ns
Ay 131.3640 0.0109 ns 175.8854  0.1009**  0.652ns 0.842ns 0.473ns
Lyl 129.3435 0.0147 ns 176.8645  0.0295ns 0.195ns 0.953ns 0.143ns
Arp 104.1214 0.0047ns 99.0711 0.0285ns 186.02%** 46,541.3%%* 11.33*
tipLp 235.3574 0.0865** 148.7358  0.0094ns 142.0ns 42,085.52™* 49.94ns
F/F, 19.3556 0.3226*** N.D N.D 1.2 ns 11.276* 1.159 ns
PL 135.5528 0.0576** N.D N.D ND ND ND

ND means parameter not determined. Single, double and triple asterisks, after the numbers, represent dif-
ferent p-values: < 0.05 (*); p-value < 0.01 (¥*) and p-value < 0.001 (***), while ns means non-significant

A|_p) out of 9 were significantly influenced by the geno-
type, while 4 parameters (i.e., F,/F,,, ABS/RC, A p and
F,/F,.) were significantly affected by the environment.

@ Springer

Moreover, there was only one parameter, A;_p which was
significantly affected by the environment and genotype
interaction (Table 2).
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Comparison of the parameters obtained
from the OJIP curves measured on plants grown
under field and growth chamber conditions

When we compared the average amplitude of the O-J phase
(Ag_y) in GC and FC plants, we found a slightly lower (3.1%)
value in the latter. Further, the average A;_; in the FC plants
was higher (9%) than in the GC plants, for the entire mini-
core population. On the other hand, the average A; p was
6% lower in the FC than in the GC plants. However, the
sum of these two amplitudes under both these conditions
was approximately equal (Fig. 3e, i; also see Fig. Sle and
S1i, under Supplementary file 1). This implies that the ratio
between the amplitude of the photochemical (i.e., Ag_;) and
the thermal phase (i.e., Aj_;+A_p) is more or less constant
in these plants.

Comparing the kinetics of the different phases of FI, we
observed that in FC compared to GC plants, the average
half-time of the O-J (¢, o_;) and the J-I (#,, ;_;) phases
were 13.9% and 19% higher for the entire minicore panel,
respectively, whereas the average half-time for the I-P
(t,/, 1.p) phase was lower (9.6%) (Fig. 3m, q and j; also see
Fig. S1m, S1q and Slu in the supplementary file 1). The
lower ¢,,, of the I-P phase under FC indicates that the reduc-
tion by PSII of the fraction of the oxidized PQ pool left
after the J-I phase is faster in FC than in GC plants, most
probably due to a slower simultaneous PQ pool re-oxidation
by PSI via Cyt by/f; this also explains the lower A; p in FC
than in GC plants (see above). This may also be a result
of a lower PSI/PSII ratio in FC, or a lower participation
of PSI in the linear electron transport, due to an increased
cyclic electron transport. More quantitative measurements
are needed to determine the contribution of these different
potential mechanisms to the observed difference in ¢, of I-P
phase and A_p under different growth conditions.

Furthermore, in FC plants, we observed that the difference
in the amplitudes of either A, ; or A|_p phases between all
the subgroups and the subpopulations were quite different,
as shown in Fig. 3b, c, j and k. The Ay_; was significantly
higher (by ~4.5%) in all the IND than in the JAP accessions
(Fig. 3c); however, the reverse was observed for A; p (~6.6%
higher in JAP than in IND) (Fig. 3k). On the other hand, there
was no significant difference in the values of Ay ; between
JAP and IND subpopulations. Furthermore, in GC plants,
Ag_yand Ap_p values were ~5% lower in JAP, over IND sub-
population, while the A ; values were 18% higher in JAP
over IND (Supplementary Fig. S1 under supplementary file
1). The value of ¢, for each phase was significantly higher
in IND than in JAP under both FC and GC conditions; this
may be due to the electron transfer rate beyond PSII being
slower in IND than in JAP plants in the entire rice minicore
panel (see Fig. 3 and Fig. S1 under supplementary file 1).

Variation of parameters related to the OJIP curves
of plants grown under field condition

To gain further insight into the natural variation and,
consequentially, the genetic basis of the key parameters
directly related to the OJIP transient (i.e., F\/F,, Sm,
ABS/RC, F /F  and PI ), we further analyzed these
parameters (see Fig. 4), particularly in FC plants, since we
had observed here a higher SNP heritability (cf. Table 2).

F,/F,,, variable to maximum fluorescence, a proxy
for the maximum quantum yield of PSII

The average F,/F, for 199 rice accessions determined
under FC was slightly but significantly higher (by 1.09%,
with a p value <0.001 using student #-test) than that under
GC (Fig. 4a and Fig. S2a under supplementary file 1). In
FC, the F\/F, values of JAP subpopulation (ARO, TEJ and
TRIJ) were slightly higher (~ 1% with a p value <0.001)
than in IND subpopulation (AUS and IND), while Admix
accessions had intermediate F,/F,, values (Fig. 4b, c). A
similar trend for these two groups was observed in the case
of GC plants (F,/F,, was slightly but significantly ~0.7%
higher with a p value of 0.029 in JAP, compared to IND,
cf. Supplementary Fig. S2¢ in supplementary file 1). These
variations in F,/F,, between different subpopulations are in
agreement with those observed earlier by Kasajima et al.
(2011).

The normalized area above the OJIP curve:
S..=Area/F,

The normalized area above the fast phase of Chl a fluo-
rescence induction (i.e., S, = Area/F,), from the “O” (F)
to the “P” (F,) level, is proportional to the number of
Q, turnovers during the OJIP transient, and thus, to the
number of electron acceptors of the photosynthetic linear
electron transport chain (PETC) (e.g., Strasser et al. 2000;
Bennoun 2001). We did not find any significant differences
between the normalized area for the plants grown under
FC and GC. Furthermore, Fig. 4f shows that all mem-
bers of RMCP, i.e., Admix, ARO, TEJ, TRJ and AUS had
smaller Sm (~8%) compared to IND subpopulation. The
IND subgroup had the largest Sm, implying that this sub-
group has higher number of electron acceptors in PETC;
it was 10% higher in IND than in the JAP group, with a
p value < 0.001. Just as for the FC plants, summarized
above, the same trend was observed also for the GC plants:
The Sm for the IND plants was 10.5% higher than in the

@ Springer
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Fig.3 Phenotypic variations in the kinetic parameters of the OJIP
curves. Here are shown phenotypic variations observed for the ampli-
tudes and the half-times of O-J, J-I, and I-P in a diverse germplasm,
measured under field condition (for germplasm details, see “Material
and Methods”). The first three rows are for the amplitudes and the
last three rows are the half-times of O-J, J-I and I-P phases. Col-
umns from Left to Right show: average value of the amplitude and
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half-time of each of the O-J, J-I and I-P phases, for the whole mini-
core panel; variation among average values of each parameter for the
six subgroup populations; variation between average values of each
parameter for the two main subpopulations (IND and JAP); and dis-
tribution of each parameter among the whole rice minicore panel.
Results are means of 4 replications (n=4); Different lower-case let-
ters indicate significant difference at p value <0.05
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Fig.4 Phenotypic variation observed for five different JIP parameters
in a diverse germplasm measured under field conditions. a-d F,/F,;
e-h S ; i-1 ABS/RC; m—p F/F; and q—t PL; . Left to right panels
are: for the whole germplasm (dark yellow); for six subgroup popu-
lations (color coded, as defined in panel q); for the two main sub-

JAP plants (Fig. 4g and Fig. S2g under supplementary
file 1).

Apparent antenna size of an active PSIl: ABS/RC
ABS/RC is the ratio of the energy flux absorbed (i.e.,

ABS) by all PSIIs to the number of active PSII reaction
centers (i.e., RC), which is a measure of the apparent

populations (IND and JAP, red and black, respectively); and for the
distribution of all the parameters (top to bottom) in the 6 subgroup
populations. Results are the mean of 4 replications (n=4), Different
lower-case letters indicate significant difference at p value <0.05

antenna size of an active PSII. The average value of ABS/
RC for all 199 rice accessions was 0.8849 +0.1008 for FC
(Fig. 4i) and 1.1141 +0.0203 for GC plants (Fig. S2i, sup-
plementary file 1). The relatively larger PSII antenna size
for plants grown under GC might be due to the lower light
condition for the GC compared to the FC plants (Yang
et al. 2007; Tsai et al. 2019). We, however, note that there
was no significant difference between the antenna size of
JAP and IND populations (c.f. Fig. 2k).
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Fig.5 Heat Map for selected fluorescence transient parameters
measured under field condition with global minicore natural habitat
climate conditions. The climate parameters included are: longitude,
latitude, elevation, mean photosynthetic active radiation (PAR),
maximum day length (MDL), mean temperature, mean dew point
(DEWP), mean visibility (VISIB), mean wind speed (WDSP), maxi-

F /F,, reflecting kp/ky

The ratio F/F is equal to the ratio kp/ky (see e.g., Tsimilli-
Michael 2020); here, kp is the photochemical de-excitation
rate constant, and ky is the non-photochemical de-excita-
tion rate constant of PSII (mainly heat dissipation, which is
essentially constant during the OJIP transient). Thus, since
F/F, =kpl(ky+kp) (see e.g., Strasser et al. 2000), this
explains the strong correlation between these two param-
eters observed in this study. On the other hand, F,/F, was
5.9% higher in the FC than in the GC plants (cf. Fig. 4n, o;
also see Figs. S2n and S2o0 under supplementary file 1 for
FC and GC, respectively). The JAP group showed higher
(by 4.5% for FC and 2% for GC) F,/F, values compared
to the IND group. Figure 4p (also see Fig, S2p under sup-
plementary file 1) shows the distribution of F/F, values for
all the six subgroup populations (see Fig. 4 for the names)
under FC and GC.

Performance index: Pl
PI,, is a consolidated parameter, which includes three
individual JIP parameters (see Stirbet et al. 2018): (i) the

apparent antenna size of an active PSII (ABS/RC); (ii) the
likelihood that an absorbed photon can be trapped by PSII

@ Springer

Mean-DEWP
Mean-VISIB
Mean-WDSP
Max-WDSP
Max-PRP

PRCP

o
o
©

e

10

-0.20

mum wind speed (WDSP), rain fall or precipitation rate (PRP), and
maximum precipitation rate (PRP,, ). For the y-axis parameters, see
the top of the figure (cf. Fig. 2). The colors in cells ranging from red
to blue represent the correlation coefficient from negative to positive,
while the single asterisk (“*”) depicts a p value of <0.05, and the
double (“**) asterisks of 0.01

RCs (F/F,,=@p,); and (iii) the efficiency with which elec-
trons are transferred beyond Q, in the electron transport
chain (yp,) (see Eq. 3), and Table 1 (under “Material and
Methods”).

P, = RC/ABS x (¢p,/(1

- (PPo) * (‘l/Po/(l - WPo) 3)

The average PI,, value for the entire minicore panel
under FC was 3.14 +0.52. There was a substantial variation
in PL; . between different subgroups; members of the JAP
group (ARO, TEJ and TRJ) had significantly higher PI,
values (by ~ 11%) than the IND group (IND and AUS) (see
Fig. 4r, s). Figure 4u shows the distribution of PI values
among all the subpopulations used here; we note that the
values of PL;  for the members of the IND subgroup have
the greatest spread among all the rice accessions used in
this work.

Correlation of Chl a fluorescence parameters
with natural habitat and climate conditions
where the plants were grown

Figure 5 shows a heatmap of the correlation (blue for nega-
tive; red for positive) between the parameters derived from
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Chl a FI curves measured for the entire RMCP, under FC
with the climatic conditions of their origin.

We note that the amplitude of the J-I phase (A;_;) and
that of the I-P phase (A_p) are significantly correlated with
their natural habitat climate conditions, especially for light
and temperature. On the other hand, A, is negatively cor-
related with the Photosynthetically Active Radiation (PAR)
and with the mean temperature, whereas it is positively
correlated with the latitude. However, A, p shows a reverse
correlation with PAR and temperature (Fig. 5). For plants
growing under GC, the same correlation between A; ; with
PAR and of Ay ; with mean temperature is found; however,
instead of A|_p, Ag_j is seen to be significantly correlated
with their original PAR, and the mean temperature (see Fig.
S3, under supplementary file 1). In addition to the above,
the maximum quantum yield of PSII (inferred from Fv/Fm)
shows a negative correlation with the mean temperature and
PAR in the natural habitats of the plants; F/F, also shows a
positive correlation with their mean visibility (VISIB) in FC
plants. As expected, we note that the PAR and temperature
are two major environmental factors that show strong cor-
relation with the parameters derived from Chl a FI.

Genome-wide association analysis
of the parameters derived from the OJIP curve

Table 2 shows that most of the FI parameters measured on
plants, grown under GC, have no statistically significant #2
except for Sm, A, ; and #,,, of the O-J phase, with values
of 0.0927**, 0.1009** and 0.2050%**%*, respectively. On the
other hand, 6 out of 11 parameters from FI, measured on
plants under FC, showed statistically significant #2 values
in the range of 0.05%* to 0.32*** (see Table 2).

We now present results from GWAS on the parameters
related to FI, measured on FC plants, using the GEMMA
software (see details under “Material and Methods”). Here,
we have used 2.3 million SNPs with a minor allele frequency
(MAF) > 0.05 for association analysis; further, a permuta-
tion analysis was conducted to set the suggested threshold.
Note that we set a threshold value of —1og10 (p value) > 5 to
identify putative markers associated with specific traits; fur-
ther, SNPs exceeding the threshold value were considered as
a significant loci (SL) showing association with a trait. We
detected a total of 596 SLs for all the eleven Chl a FI param-
eters (see additional file #2, in the Supplementary file 3). We
found that many SLs are shared between multiple traits, e.g.,
F/F, and F /F  shared 39 common SLs (r-value =0.98);
similarly, ABS/RC and P shared 53 common SLs, and
ABS/RC and Sm shared 4 common SLs. Finally, the A, ; and
A_p shared 7 SLs, and, one common SL was found between
Ay, Appand ¢, of I-P.

Following Wang et al. (2015), we shortlisted the SLs
by clustering multiple SLs for each 100 kb region and the

Table 3 List of the most significant signals for each parameter along
with the SNP location, with their corresponding p value

Traits Most significant Chromosome Most significant
p value SNP position
FF, 9.53E—08 Chrl Chr1-40840545
ABS/RC 1.88E-07 Chr9 Chr9-7043571
S 1.49E-09 Chrl Chr1-24940581
FJF, 1.20E-07 Chrl Chr1-40840545
PL, 2.12E-08 Chr9 Chr9-7048280
Aoy 7.66E—06 Chr6 Chr6-4756147
e 9.81E—08 Chr7 Chr7-25428218
Ay 8.44E-07 Chrl Chr1-4048849
tp 1.80E-07 Chr8 Chr8-27232545
App 1.06E-06 Chrl Chr1-4048102
tipLp 2.17E-06 Chr8 Chr8-3232408

putative marker; the lowest p value in the cluster was chosen
as the lead SNP. Following this method, we obtained 58 lead
SNPs from 342 SLs of the JIP test parameters. Moreover, 41
lead SNPs were decoded from 254 SLs of quantitative traits.
Finally, a total of 99 lead SNPs were obtained for the eleven
OJIP traits from our GWAS study (for details, see Table S1
under supplementary file 1, for lead SNPs).

Table 3 shows the most significant putative marker for
all the 11 traits. It is obvious from Fig. 6 and Table 3, that
GWAS has identified similar genomic regions for highly
correlated parameters. In this study, the most significant
SNPs for F/F, and F /F traits have been found to be iden-
tical, i.e., Chr1-40840545, with p values of 9.53x 107%
and 1.20x 107, respectively (Fig. 6a, b). Similarly, ABS/
RC and PL;, having most significant SNPs, lying within
chromosome 9, seems to appear within 5 kb region as Chr9-
7043571 and Chr9-7048280, with p values of 1.88 x 107"
and 2.11x 107, respectively (see Fig. 6c, d).

Furthermore, the most significant GWAS signals for
Aj ; and Ay traits were identified within chromosome 1
(Chr1-4048849, having a p value of 8.44x 1077, and Chrl-
4048102, having a p value of 1.06x 107%) (see Fig. 6e, f).
The most significant GWAS signal in all of the eleven traits
was obtained for Sm (the normalized area above the OJIP
curve) (see Table 3), in chromosome Chr1-24940581, with a
p value of 1.49x 107%. See also Fig. S4 under supplementary
file 1 containing Manhattan plots for all the remaining 5 Chl a
fluorescence parameters (for a background, see Gibson 2010).

The genes known to be related to photosynthesis in the
same linkage disequilibrium (LD) block, which harbors
a lead SNP, and is considered common for two traits, are
listed in Table 4. The identified genes were annotated
based on the information from the following four different
databases: rice gene annotation project (rice.plantbiology.
msu.edu), pubmed (https://www.ncbi.nlm.nih.gov/pubme
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Fig.6 Manhattan plot of Chl a fluorescence parameters having com-
mon lead SNPs for at least two traits under field environment. Each
point signifies one SNP over 12 rice chromosomes, with their chro-

d), rapdb (https://rapdb.dna.affrc.go.jp), and phytozome
(https://phytozome.jgi.doe.gov). The selection of these
genes is based on gene ontology and GO analysis; out of
9 candidate genes, two genes are associated with PSII, one
gene is a subunit of PSI reaction center (PsaK), and one
gene is a subunit of NDH subcomplex. Moreover, one of
the genes is directly related to a part of the light harvest-
ing complex, while another gene is annotated as being
involved with electron transport chain, and two remain-
ing genes are involved in gibberellic acid (GA) signaling
pathway, and finally one gene is involved in auxin-respon-
sive pathway. In addition to all this, we also provide here
a complete list of the genes appearing in the LD block
region of the shared lead SNP (see Table S2 under sup-
plementary file 1).
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Discussion

Chl a fluorescence induction (FI) curves have been used
widely to study photosynthetic energy and electron transfer
processes among the two photosystems (see e.g., Govindjee
1995; Stirbet and Govindjee 2011, 2012). The FI includes
both a fast OJIP induction phase and a slow PSMT phase
(Govindjee 1995; Papageorgiou and Govindjee 2011; Stir-
bet and Govindjee 2016). Variations of the FI curve reflect
changes in the energy and electron transfer processes among
the photosystems. Thus far, the variation of FI under differ-
ent treatments, either external environmental stress, or inter-
nal genetic manipulation has been extensively studied (see
e.g., Dai et al. 2009; Sun et al. 2009; Kalaji et al. 2012, 2014;
Zhu et al. 2005; Goltsev et al. 2016; Driever et al. 2017;
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Table 4 (continued)

(5

Stirbet et al. 2018; Jimenez-Francisco et al. 2019; Wungram-
pha et al. 2019). Furthermore, variations of FI curves, under
different stresses, and that too among different cultivars, for
instance of maize, barely and rice, have been reported (see
e.g., Yang et al. 2007; Kalaji et al. 2014; Ziveak et al. 2015;
Goltsev et al. 2016; Tsai et al. 2019). These data show that
there are also large genetic variations of FI curve within the
same species. All this information clearly implies the exist-
ence of a largely unexplored resource to tap into to gain new
insights into the mechanisms of photosynthetic energy and
electron transfer. Our current study clearly demonstrates that
(1) there are large genetic variations in the fast phase of the
FI induction curves, including those in their related quantita-
tive parameters; (2) many of these parameters are influenced
not only by total incident PAR, but also by temperature; (3)
many of the measured (or calculated) parameters are under
strong genetic control and hence are amenable for genome-
wide association study. Finally, with the genomic sequence
information available, we have conducted an initial analysis
and have identified candidate linkage disequilibrium blocks
for each independent signal appearing in more than one
parameter, which, indeed, can be used later for the purpose
of gene identification. Here, we briefly discuss the major
findings of this current study.

(GO:0055114), Molecular Func-
tion: oxidoreductase activity,
acting on paired donors, with
incorporation or reduction of
molecular oxygen, 2-oxoglutar-
ate as one donor, and incorpora-
tion of one atom each of oxygen
into both donors (GO:0016706)

GO-description

Molecular Function: protein
binding (GO:0005515)
tion—reduction process

NA

ption

TIAAl-like

Gibberellin 3-beta-dioxygenase Biological Process: oxida-
2-3

ption NCBI_descri
NA
Auxin-responsive protein

Natural variation of Fl-related parameters

and brassinosteroid signaling
pathways, Plant morpho-

family, Cross-talk of auxin
genesis

A member of rice Aux/IAA
metabolism

RAPDB_descri
NA

To study the natural variation in FI-related parameters under
different environmental conditions, we have measured FI
curves under two different growth environments (field, and
growth room), using a rice minicore diversity panel, which
is a representative subset of 1704 global rice core collection
(Agrama et al. 2010; Li et al. 2010). First, we found that
the trends in different parameters among different subgroups
were similar between the two growth conditions used here
(Fig. 2). In this study, our aim was to quantify the varia-
tion in the values of Fl-related parameters under non-stress
conditions. Indeed, in our measured FI curves, the F /F
values were higher than 0.8, implying that we have used
healthy, unstressed plants (Bjorkman and Demmig 1987);
furthermore, we did not observe any apparent K phase in
the FI induction curve, again suggesting that there was no
stress (especially heat) in our plants during our experiments
(Strasser et al. 2000; Kalaji et al. 2014; Ripoll et al. 2016)
(cf. Fig. 1). Therefore, the data from this study can be used
to evaluate the natural variation of Fl-related parameters
under non-stress conditions.

Based on the measured FI curves, we obtained several
quantitative parameters describing FI by using a first-order
kinetic equation developed by e.g., PospiSil and Dau (2000),
Boisvert et al. (2006), and Joly and Carpentier (2007). This
analysis has provided us a quantitative evaluation of the
amplitude and half-time of the O-J, J-I and I-P phases, the

homologue, similar to G. max
isohydroxyurate hydrolase,
expressed

2-2, putative, expressed

Aux/IAA gene family mem-

ber, expressed
Gibberellin 3-beta-dioxygenase GA 3 beta-hydroxylase2, GA

Osl1bglu5—beta-glucosidase
OsIAA1—Auxin-responsive

Annotation

Arp
Arp

Trait
F IF,

70520 F/F,
208320 A,
208220 A,

MSU ID

LOC_Os01
LOC_Os01
LOC_Os01

Classification

Other
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difference of which is usually not easily visually detectable
(Boisvert et al. 2006). As an example, by visually inspect-
ing the OJIP FI curves in field grown plants, we could not
identify a clear difference between O-J phases for the JAP
and IND subpopulations; however, quantitative analysis
showed us a clear increase in Ag_; of the IND as compared
to the JAP subpopulation (Fig. 3c). At the same time, the
t,, of the O-J and J-I phases were also larger in IND com-
pared to that in JAP population (Fig. 30, s). These results
imply that the PQ pool size is not the same in IND and
JAP subpopulations, or that there are differences in the PQ
pool redox state in darkness, since both affect the occupancy
state of the Qpsite. A partial reduction of the PQ pool in
darkness results in an increased A _j, since a fraction of the
Qg sites will be occupied with PQH, instead of PQ at the
beginning of the transient (Stirbet et al. 2014) and a reduced
PQ can decrease the rate of Q,~ re-oxidation (de Wijn and
van Gorkom 2001). Further, a larger PQ pool will increase
the duration of the thermal JIP phase. In addition, results
obtained with the JIP test analysis (Strasser et al. 2000),
showed that the normalized area above the OJIP curve (S,,),
which is proportional to the number of electron acceptors in
electron transfer chain (e.g., Strasser et al. 2000; Bennoun
2001), was considerably larger in IND as compared to JAP
population (Fig. 4g), implying a larger PQ pool size in the
IND population, which may explain the slower rate of com-
plete reduction of PQ pool in this subpopulation. However,
there might be other additional possibilities (e.g., see Joliot
and Joliot 2002; Schansker et al. 2005; Toth et al. 2007).
Moreover, the maximum quantum yield of PSII photochem-
istry (F,/F,,) in IND was clearly lower than in JAP, while
the apparent antenna size of an active PSII (ABS/RC) was
similar in both IND and JAP. As a result, the performance
index PL; ., which depends on ABS/RC, F/F, = ¢p,, and the
efficiency with which a PSII trapped electron is transferred
from Q,~ to Oy (i.e., yg,; see Table 1), was also clearly
lower in IND than in JAP (Fig. 4c¢).

In essence, there is a general agreement on the meaning
of the I-P phase, which has been suggested to be related
to the reduction of electron transport carriers on the (elec-
tron) acceptor side of PSI, as well as to a transient block
of electron transfer on the (electron) acceptor side of PSI
(Munday and Govindjee1969; Satoh 1981; Schansker et al.
2003, 2006; Hamdani et al. 2015). Also, it has been shown
that, under certain conditions, A p can be correlated with
the amount of PSI (Ceppi et al. 2012), and that, theoreti-
cally, variable PSI fluorescence may contribute in a small
proportion to this phase (Lazar 2006). Here, we find that
there is a higher A p in JAP than IND accessions (Fig. 3k);
although this could have multiple causes, one possibility is
that PSI/PSII ratio is higher in JAP than in IND plants (see
e.g., Ceppi et al. 2012). Further research is needed to under-
stand this difference (also see below). In addition, Soda et al.

(2018) have shown that over-expression of OsIF (rice inter-
mediate filament) increased A;_p together with an increased
biomass production. The mechanistic basis underlying this
correlation is still unknown.

Relationship between Fl-related parameters
in rice accessions and environmental parameters
for the origin of these accessions

The impact of short- or long-term environmental treat-
ment on Fl-related parameters have been studied by several
researchers (see e.g., Kalaji et al. 2014; Jedmowski et al.
2015; Ziveak et al. 2015; Wungrampha et al. 2019). These,
and many other studies, have improved our understanding of
the responses or acclimation of photosynthetic systems, in
particular components of the photosynthetic light reactions,
to environmental factors. Most of these studies have used
a limited number of plant species or crop cultivars; hence
the conclusions drawn might be species specific or cultivar
specific. With the climatic parameters for the origin of each
rice cultivar available, the collected FI curves, shown in this
paper, and also the derived parameters for all these cultivars
make it possible to evaluate the potential generic impact of
long-term environmental treatment on photosynthetic sys-
tems. Here we show that the PAR and mean temperatures are
two dominant environmental factors greatly influencing the
FI derived parameters, especially the F/F,,, the J-I phase
and the I-P phase of the OJIP transient (Fig. 5). The F/F,
is related to the function of the PSII reaction centers, which
has been shown to be negatively correlated with PAR, but
positively to the mean temperature (Fig. 5). Since F/F,,
decreases at high light intensities, and there is a positive cor-
relation of F,/F, with temperature (in certain temperature
range), this observation might be related to photoinhibition,
since both light and temperature are major factors control-
ling photodamage (Szymarska et al. 2017). However, in
addition, light and temperature are also known to modify the
composition, function, and structure of the thylakoid mem-
branes (Anderson 1986; Mohanty et al. 2007; Allakhverdiev
et al. 2008), and thus the effects are complex.

Among different phases of the OJIP FI curve, the ampli-
tude of the J-I phase is negatively related to PAR, and posi-
tively correlated with temperature (Fig. 5). A mechanism
underlying such correlation is unknown. Furthermore, we
have found here a positive correlation between the ampli-
tude of the I-P phase and PAR, and a negative correlation
between the amplitude of the I-P phase with mean tempera-
ture (Fig. 5).

@ Springer
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Genetic architecture underlies Chl a fluorescence
parameters

FI curve contains information related to the whole elec-
tron transfer chain, which includes the sequential pro-
gressive reduction of electron transfer intermediates in
PSII cytochrome (Cyt) by/f complex, and in PSI, up to
ferredoxin (Fd), since the ferredoxin—-NADP + -reductase
(FNR) in plants is inactive up to 1-2 s (s) after the onset
of illumination (see e.g., Schansker et al. 2005; Govindjee
et al. 2017). There are large variations in FI curves and in
the derived quantitative parameters under non-stress con-
ditions (Table 2; Fig. 2). Furthermore, there are substan-
tial phenotypic variations within subpopulations of rice,
strongly implying that the rice minicore diversity panel
can be potentially used to study the genetic basis underly-
ing the variations of OJIP in FI curves. To further confirm
that this minicore diversity panel can be used to study the
genetic basis of the OJIP FI curve, we have conducted,
in this research, SNP heritability analysis (see Table 2).
We have indeed found that although the %2 values were
very small for most traits, they were statistically signifi-
cant, especially for the parameters derived from the data
collected in field grown rice (Table 2). The highest 42
obtained in this study is for F/F,, and F /F, (i.e., 0.32),
which is consistent with earlier reports (Herritt et al. 2018;
Lin et al. 2018). These significant /2 values, observed for
different Chl a fluorescence parameters, imply that the
genes controlling these parameters can indeed be deter-
mined (Ackerly et al. 2000).

With the above information in hand, we have conducted a
genome-wide association study (GWAS) for several param-
eters associated with FI. We note that in the past few years,
GWAS has been used to study the genetic architecture under-
lying FI parameters for different species, including soybean,
barley, rice, and Arabidopsis (van Rooijen et al. 2015; Wang
et al. 2017; Herritt et al. 2018; Oyiga et al. 2019; Rapacz
et al. 2019; Tsai et al. 2019; Quero et al. 2020). In our cur-
rent paper, we have not only identified the significant loci
for each of the studied parameters, but we have further used
linkage disequilibrium (LD) analysis to identify all the
potential genes associated with lead SNP, which appeared
common in at least two parameters within the same LD
block (Table 4 and Table S2 under supplementary file 1).
It was not the purpose of this study to pinpoint the genes
controlling individual parameters; however, here, we have
made a beginning. Specifically, we have identified common
lead SNPs, which are associated with highly correlated
parameters, summarized in Table S1 under supplementary
file 1. Earlier studies have shown that parameters highly cor-
related with each other (positive or negative) might be under
similar genetic control (Yang et al. 2007; Yin et al. 2010).
Our analysis here has shown that a similar genetic region

@ Springer

is associated with F,/F,, and F/F, which has given us the
highest correlation (»=0.98). Similar genomic regions were
also found to be associated with the following pairs: ABS/
RC & PI,,; and A, | & A, p, which were negatively corre-
lated with each other (Table 3; Figs. 2, 6).

We have further identified potential genes within the
shared lead SNPs. There are a number of known photosyn-
thesis genes within the LD block harboring the shared lead
SNPs (Table 4). Further studies are needed to establish the
genetic relationship between these genes and the associated
Fl-related parameters. We emphasize that our GWAS analy-
sis has already identified a number of genes that are shown
to be related to photosystem structure and function. For
example, psb28, a protein involved in the biogenesis of the
PSII inner antenna CP47 in cyanobacterium Synechocystis
sp. PCC 6803 (Dobakova et al. 2009), is shown to be related
to F,/F,, (Table 4). Similarly, LOC_Os09g12540, which is a
light harvesting complex-related gene in rice, was found to
be associated with ABS/RC (Table 4; Umate 2010); which
is logical since changes in the structure and function of light
harvesting complex in principle should change the antenna
size, as indicated by ABS/RC. The OsPsbR1, which is a
gene potentially involved in the assembly of OEC protein
PsbP, and plays a role in cold stress signal transduction (Li
et al. 2016), was shown here to be related to F,/F,, (Table 4).
We emphasize that these three proteins, i.e., psb28, protein
coded by LOC_0Os09g12540, and OsPsbR 1, were identified
here solely based on the genome-wide association with their
corresponding Fl-related signals, i.e., these proteins should
directly influence the electron transfer process in PSII. More
detailed mechanistic studies are needed to reveal how these
genes, and also the other newly identified genes influence
electron transfer in PSII and even in PSI.

Recently, Hamdani et al. (2019) have found that p-glu5
gene (LOC_0Os01g70520), which is involved in the gib-
berellic acid (GA) pathway, is a major factor controlling
variations in F /F . Here, we find another gene LOC_
0s01g08220, which was implicated in GA pathway (Itoh
et al. 2001), to be associated with the Aj_; and A of the
OJIP curve. These together support the notion that the GA
metabolism can influence photosynthetic light reactions. In
agreement with this, Li et al (2018) showed that GRF4, a
transcription factor, can physically interact with DELLA, a
protein in the GA signaling pathway, to regulate expression
of photosynthesis light reaction-related proteins.

In summary, under defined conditions, our current study
provides a comprehensive survey of the natural varia-
tions in the Chl a fluorescence induction curve in a rice
minicore diversity panel. However, further investigation is
needed under different sets of environmental conditions in
order to determine the sensitivity of the studied phenotype
to establish precise identification of expression of genetic
variation influenced by the environment. We have, indeed,
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found significant variations in FI parameters among differ-
ent subpopulations of rice. We have found that F\/F, Ay,
and Ap_p show strong correlation with climatic parameters,
in particular, the photosynthetic active radiation and mean
temperature of the region where the cultivar was bred or
grown. Parameters measured in plants under field condition
(FC) are under strong genetic control compared to the same
parameters measured on plants grown in growth chambers
(GC). Using GWAS, i.e., genome-wide association analysis,
we have identified significant genomic loci related to differ-
ent Fl-related parameters. Many loci shared by multiple FI-
related parameters have been identified as well in our study.
The significant GWAS signal identified here can be used
to identify new genes controlling different phases of the FI
curve, and thus identify novel genes controlling energy and
electron transfer processes in photosynthetic light reactions.
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