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Nonphotochemical quenching (NPQ) regulates energy conversion
in photosystem Il and protects plants from photoinhibition. Here
we analyze NPQ capacity in a number of rice cultivars. NPQ was
strongly induced under medium and high light intensities in rice
leaves. Japonica cultivars generally showed higher NPQ capacities
than Indica cultivars when we measured a rice core collection. We
mapped NPQ regulator and identified a locus (QNPQ7-2) that
seems to be responsible for the difference in NPQ capacity be-
tween Indica and Japonica. One of the two rice PsbS homologues
(OsPsbS1) was found within the gNPQ17-2 region. PsbS protein
was not accumulated in the leaf blade of the mutant harboring
transferred DNA insertion in OsPsbS1. NPQ capacity increased as
OsPsbS1 expression increased in a series of transgenic lines ectop-
ically expressing OsPsbS1 in an Indica cultivar. Indica cultivars lack
a 2.7-kb region at the point 0.4 kb upstream of the OsPsbS1 gene,
suggesting evolutionary discrimination of this gene.

chlorophyll fluorescence | pulse amplitude modulation | quantitative trait
loci analysis | rice subclass

lants have the potential to transform absorbed light energy

to chemical energy at relatively high efficiency. However, the
actual efficiency is dependent on the inherent capacities of pho-
tochemistry and carbon assimilation, and environmental factors
including light intensity. The sites at which light energy is absorbed
are photosystem I and II (PSI and PSII), which drive photo-
chemistry and production of chemical energy (ATP and NADPH).
For PSII, energy transformation processes of chlorophyll excita-
tion energy can be measured by the pulse amplitude modulation
technique of chlorophyll fluorescence measurement (1-3).

Chlorophyll deexcitation processes are divided into three groups:
photochemistry (photosynthetic electron transport), basal dissipa-
tion/ non-light induced quenching (NO), and thermal dissipation,
which results in nonphotochemical quenching (NPQ) of chloro-
phyll fluorescence. Basal dissipation consists of chlorophyll
fluorescence, internal conversion, and intersystem crossing. With
increasing light intensity, there is a decrease in efficiency of use of
excitons in photochemistry and an increase in NPQ. More than half
of absorbed energy can be lost through NPQ under high illumina-
tion (4, 5). NPQ consists of several components. These can be dis-
tinguished by the rate of induction of NPQ in the light and by the
rate of its relaxation in the dark (6). The NPQ component that is
rapidly induced by illumination and relaxes rapidly in the dark is
called gE. gE is the energy-dependent quenching linked to the
proton motive force.

Photoinhibition indicates light stress and, under high illumi-
nation, excessive energy results in photodamage with inactivation
of the PSII machinery. This leads to a decrease in the photo-
chemical rate constant and thermal loss of energy caused by
photoinhibition. Photoinhibition results in inactivation of a part
of the PSII reaction centers. The degree of photoinhibition and
the intrinsic loss of PSII yield can be measured from chlorophyll
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fluorescence analysis (ratio of variable to maximum fluorescence;
Fv/Fm) on dark-adapted leaves. qE safely dissipates excess ex-
citation energy and protects against photoinhibition (7, 8).

We reported that NAD kinase (NADK) is involved in the dis-
sipation of heat by qE through efficient proton delivery in the
xanthophyll cycle (9). Furthermore, overexpression of the same
gene in rice showed increased photosynthesis by activated photo-
chemistry (10). In this report, we investigate the genetic regulation
of qE capacity in rice. Rice is one of the major crops worldwide.
More than half the world’s population consumes rice as a staple
food (11). Rice is generally cultivated under high illumination,
reaching a photosynthetic photon flux density (PPFD) greater than
2,000 pmol m™ ™" at noon on sunny days. Even recognizing that
rice leaves reduce light intensity per unit area by maintaining rel-
atively vertical leaf angles, qE would always be strongly induced
in many parts of the leaf in daytime. There is loss of efficiency of
energy use in photochemistry with increasing light, and photo-
synthesis in rice is saturated well below full sunlight (10, 12). Thus,
the ability of qE to safely dissipate excess energy in rice will con-
tinue to be important for sustainable growth.

In this study, we identify differences in qE capacity between
several rice (Oryza sativa) cultivars, and generally between two rice
subclasses, Indica and Japonica. Two loci were identified in QTL
analysis between an Indica and a Japonica cultivar. The results
suggest one of these loci regulates qE between these subclasses.
A PsbS homologue was found within this locus. This PsbS homo-
logue was confirmed to regulate qE in rice, after analyzing a mu-
tant and transformants ectopically expressing this homologue. In
some transformants, qE capacity was even increased over the
original level. Deletion was found upstream of this gene in Indica
cultivars. PsbS accumulation was higher in a Japonica cultivar than
in an Indica cultivar, suggesting that PsbS regulates qE difference
between rice cultivars.

Results

Measurement of NPQ in Different Rice Cultivars. We compared
chlorophyll fluorescence parameters between various rice culti-
vars and found significant differences. First we report differences
in NPQ between the cultivars Habataki (an Indica cultivar) and
Sasanishiki (a Japonica cultivar).

Fig. 14 shows a 2D image of NPQ in the leaf blades of Habataki
and Sasanishiki after NPQ induction by high light at a PPFD of
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1,500 pmol m~2 s™! for 5 min. NPQ is higher along the whole leaf
blade in Sasanishiki than in Habataki. When we measured NPQ
under a range of light intensities, NPQ was consistently higher in
Sasanishiki than in Habataki under light intensities higher than
a PPFD of 250 pmol m~2 s~! (Fig. 1B). We also measured the
induction of NPQ by high light at 1,500 pmol m~2 s~ and fol-
lowing relaxation in the dark (Fig. 1C), and found that the mag-
nitude of qE is higher in Sasanishiki than in Habataki.

Asian cultivated rice (O. sativa) comprises two subclasses:
Indica and Japonica. The low-NPQ cultivar Habataki belongs
to the Indica subclass and the high-NPQ cultivar Sasanishiki
belongs to the Japonica subclass. It is reasonable to question
whether the difference in NPQ value observed between Habataki
and Sasanishiki can also be observed between other Indica and
Japonica cultivars. First we compared three Indica and four Ja-
ponica cultivars, including Habataki and Sasanishiki, with re-
spect to the parameters Fv/Fm and NPQ, and found that Fv/Fm
values tended to be higher in the Japonica cultivars (Fig. S14).
As with Habataki and Sasanishiki, NPQ was significantly higher
in the Japonica cultivars under both light intensities of a PPFD
of 400 pmol m™2 s™" and 1,500 umol m~> s™" (Fig. S1B).

Analysis of the NPQ values at 1,500 pmol m~2 s was ex-
tended to other genotypes from the World Rice Core Collection
(WRO), including 52 Indica cultivars and 10 Japonica cultivars
(Fig. 2). Although the pattern of NPQ size was somewhat dif-
ferent between third and fourth leaves, Indica and Japonica
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Fig. 1. Comparison between Habataki and Sasanishiki. (4) Fully expanded
third leaves of the rice cultivars Habataki and Sasanishiki were measured.
Image of NPQ values under high illumination (PPFD, 1,500 umol m=2s~") for
5 min is shown. (B) NPQ values under various light intensities. (C) NPQ in-
duction by high light (HL) at a PPFD of 1,500 umol m™2 s~' for 5 min and
relaxation in the dark for 10 min. Data represent means and SDs. Asterisks
indicate significant differences by Student t test (*P < 0.05, **P < 0.01); n=6.
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cultivars nevertheless clustered differently when we compared
NPQ values in third and fourth leaves (Fig. 2). Based on this
measurement, cultivars can be assigned to the high- or low-NPQ
classes by using a threshold NPQ value of 1.65, as shown by the
dashed line in Fig. 2. It can be concluded that NPQ is generally
higher in the Japonica cultivars than in the Indica ones. The
Indica subclass includes the aus and indica groups, whereas the
Japonica subclass includes the temperate japonica and tropical
Jjaponica groups (13). In contrast to the highly significant dif-
ference in NPQ between Indica and Japonica, no significant
differences in NPQ were observed between the aus and indica
groups or between the temperate japonica and tropical japonica
groups (Fig. S1C).

Chromosomal Mapping of NPQ Regulator. Using backcrossed inbred
lines (BILs) between an Indica cultivar (Habataki) and a Ja-
ponica cultivar (Sasanishiki), we analyzed genetic loci that reg-
ulate the magnitude of NPQ between Indica and Japonica. The
frequency distribution of NPQ values measured in 57 BILs is
shown in Fig. 34. Many BILs showed NPQ values similar to
Sasanishiki because these BILs were generated by backcrossing
to Sasanishiki. Several BILs showed hypersegregation of NPQ
values that were even higher than in Sasanishiki.

By quantitative trait loci (QTL) analysis of these data, we
identified two loci on chromosome 1 (Fig. 3B). Fig. 3C shows
magnification of LOD scores and additive effect (AE) values along
chromosome 1. The two loci identified on chromosome 1 were
denoted gNPQI-1 and gNPQI-2. The locus gNPQI-1 showed
a LOD score peak at approximately 9.0 to 11.5 Mb, and gNPQ1-2
showed a peak at approximately 37.0 to 42.0 Mb. The values of AE
were —0.18 for gNPQI-1 and 0.23 for gNPQI-2. This means that
the Indica allele of gNPQI-1 increased NPQ by 0.18 (0.36 in the
homozygote), whereas the Japonica allele of gNPQI-2 increased
NPQ by 0.23 (0.46 in the homozygote). Thus, gNPQI-2 seems to
increase NPQ in the Japonica cultivars. The Indica allele of
gNPQI-1 seems to increase NPQ only in the presence of the Ja-
ponica allele of gNPQI-2, judging from the NPQ values in the BIL
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Fig. 2. NPQ values of WRC collection. Fully expanded third leaves from
3-wk-old plants and fully expanded fourth leaves from 4-wk-old plants were
measured. NPQ was measured under high illumination (PPFD, 1,500 pmol
m~2 s7") for 5 min. Cultivars were grouped into high- and low-NPQ classes
by using an arbitrary NPQ threshold value of 1.65.

Kasajima et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1104809108/-/DCSupplemental/pnas.201104809SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1104809108/-/DCSupplemental/pnas.201104809SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1104809108/-/DCSupplemental/pnas.201104809SI.pdf?targetid=nameddest=SF1
www.pnas.org/cgi/doi/10.1073/pnas.1104809108

L T

/

D\

A " B = ¥
I asanishiki (J 5.
N e s
e L O 6.
£ 2
5 10 Qe ﬁ
o 8t o
[5] =l
€ 6 Habataki (I |£ ‘ : f!l
2 4r ¥ o S e
2 1 2 3 4 56 7 8 91011 12
0 o
fyVeNRao-NNTneNe S 00 ' | I
e rr e e T ONNNNNNNNN N Y |
0. e AL, L L.t .
NPQ <00 ’\/J% ! —f“\luvvl—w
0.2 i LI B
3.50
0.0 qNPQ1-1 gNPQ1-2 v &0
LOD =6.3 LOD =97 2.8 R=081 @
8.01 R2=0.22 R?=0.39 d
F4 V AE=-0.18 AE=0.23 s 3.004
§ﬁ ms.o-n.swlb 37.0-42.0Mb 2.4
Ol 224
S g 2.0 2,50
2.
\_/ o w/ 181 g
0. 2 5 " 164 z
0 * 5 11 16 21 I 37 a3 * dﬂ‘ .53 (M) G 2.00
1.4
1.2
0.2
w; q“\ 1.0- 150{ @ © +PsbS1
‘(E_wi v gNPQ1-17:Hab Hab Sas Sas O Control
02 Chromosome 1
1.00

gNPQ1-2 Hab Sas Hab Sas

BlLs

0125 025 05 10 20 40 80 16.0
Relative mRNA of OsPsbS1

Habataki (
Sasanishiki (J)

Fig. 3. QTL analysis of NPQ regulator. (A) Frequency distribution of NPQ values of BILs. (B) Distribution of LOD scores and AE values along chromosomes.
Positive AE values indicate positive effects of the Sasanishiki allele. (C) Magnification of chromosome 1. Maximum LOD scores, explained variances (R?), AE
values, and approximate positions are shown for gNPQ1-1 and gNPQ1-2. (D) NPQ values of four BIL groups classified by genotypes of gNPQ1-1 and gNPQ1-2.
Genotypes at gNPQT1-1 and gNPQT1-2 are represented by the genotypes of the markers R210 and C86. Habataki genotypes are indicated as “Hab” and
Sasanishiki genotypes as “Sas.” Several lines heterozygous for either of the two loci were excluded from the calculation. Data represent means and SDs (n =3
for each line). (E) Relationship between OsPsbS1 expression and NPQ value. Control (cultivar Kasalath) and transgenic lines harboring the OsPsbS1 gene driven
by Ubi1 promoter (+PsbS1) were analyzed. Relative mRNA accumulations of OsPsbS7 and NPQ value under illumination at a PPFD of 1,500 pmol m~2s~" for 10
min were measured and plotted. Measurements were made on fully expanded leaves of first transgenic progenies. The solid line represents semilogarithmic

regression and correlation coefficient (R).

groups, which were classified according to genotypes at gNPQI-1
and gNPQ1-2 loci (Fig. 3D). The hypersegregation of NPQ over
Sasanishiki observed in Fig. 34 is caused by the combination of the
Indica allele of gNPQI-1 and the Japonica allele of gNPQI-2.

Mapping of Possible NPQ Regulators on Rice Chromosome. Genetic
studies on NPQ regulation have been made in Arabidopsis thaliana
(14-19). There is a good possibility that the gNPQI-1 and gNPQI-
2 genes are rice homologues to the NPQ regulators identified in
A. thaliana. Rice homologues to A. thaliana NPQ regulators were
listed by a homology search in the Rice Annotation Project Da-
tabase and mapped on the rice genome (Fig. S24). No homologue
was mapped within the gNPQI-1 region, so the gNPQI-1 gene
apparently regulates NPQ by some unknown molecular mecha-
nism. On the contrary, the OsPsbS1 gene lies near the center of the
gNPQI-2 region. We found two PsbS homologues in the rice ge-
nome (Fig. S2B). These genes (Os01g0869800/LOC_Os01g64960
and Os04g0690800/LOC_Os04g59440) are called OsPsbSI and
OsPsbS2 in the present study. Both these homologues may regu-
late NPQ if expressed in rice leaves.

Functional Analysis of the OsPsbS71 Gene. Zulfugarov et al. (20)
analyzed a rice mutant harboring transferred DNA insertion in
OsPsbS1. mRNA accumulation of OsPsbS1 was not detected in
this mutant. This mutant (here denoted psbSI) largely lacks NPQ
and is more susceptible to photoinhibition and is shown to set less
seeds than controls (21).

Kasajima et al.

We extracted total protein from the leaf blades of control and
psbS1 and performed Western blotting analysis by using anti-
PsbS antibody. PsbS protein was detected in the control plant but
not at all in psbSI (Fig. S3B). PsbS protein was also detected in
CBB staining of control protein, but this band was lost in psbS1.
Thus, PsbS accumulates at a relatively high level in rice leaves.

NPQ was measured in psbS1. NPQ was highly induced under
PPFDs greater than 500 umol m~2 s™" in controls, whereas it was
only slightly induced even at a PPFD of 1,500 pmol m~2 s~! in
psbS1 (Fig. S4B). NPQ was lower in psbS!I along the whole leaf
blade (Fig. S44). As described previously (21), qE was also lost
in psbS1 under our experimental conditions (Fig. S4C).

We also compared the relationship between OsPsbS1 expres-
sion levels and NPQ values by using transgenic lines to further
confirm the role of OsPsbS1 in NPQ regulation. For this purpose,
OsPsbS1 was ectopically expressed under the control of maize
Ubil promoter in the Indica cultivar Kasalath, which was suit-
able for transformation experiments. The transformants showed
different levels of OsPsbS1 expression. The relationship between
OsPsbS1 mRNA accumulation and NPQ was analyzed (Fig. 3E),
and NPQ increased logarithmically with OsPsbS1 expression.

Comparison of OsPsbS1 Between Indica and Japonica. The DNA
sequence corresponding to the coding sequence of OsPsbSI was
nearly the same in Kasalath (Indica), Habataki (Indica), Nip-
ponbare (Japonica), and Sasanishiki (Japonica). Kasalath had
one nucleotide substitution, but this mutation did not affect the
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predicted amino acid sequence. Thus, predicted amino acid se-
quences are exactly the same in these four cultivars.

We also compared the genomic DNA sequence around
OsPsbS1 between standard Indica cultivars (93-11 and Kasalath)
and a standard Japonica cultivar (Nipponbare), whose genomic
sequences are available (Fig. 44). A 2.7-kb region was lost in the
Indica cultivars compared with the Japonica one, approximately
400 bp upstream of the translation initiation site of OsPsbS1.
Existence of this deletion was also analyzed by PCR in several
Japonica and Indica cultivars (Fig. 4B). We found that many Ja-
ponica cultivars do not have this 2.7-kb deletion, whereas many
Indica cultivars do. Existence of the deletion was correlated with
low NPQ values, rather than classification to the Indica subclass.
There were a few exceptional cultivars. For example, the Japonica
cultivar Rexmont showed low NPQ values and possessed the 2.7-
kb deletion. Similarly, an Indica cultivar Local Basmati showed
high NPQ values and did not possess the 2.7-kb deletion. Calotoc
had a unique pattern. This Indica cultivar showed low NPQ val-
ues, although it did not have the 2.7-kb deletion.

The 2.7-kb deletion near the OsPsbS1 translation initiation site
in Indica cultivars may affect OsPsbS1 expression. To test this
possibility, we extracted total protein from leaf blades of an
Indica cultivar (Habataki) and a Japonica cultivar (Sasanishiki),
and compared PsbS protein accumulation by Western blotting.
As expected, PsbS accumulation was higher in Sasanishiki than
in Habataki (Fig. 4 C and D).

Discussion

In this study, we found differences in NPQ values between many
rice cultivars. We first compared NPQ between an Indica cultivar
(Habataki) and a Japonica cultivar (Sasanishiki). NPQ was higher

in Sasanishiki under moderate and high illuminations. We also
compared NPQ and Fv/Fm values in seven cultivars that have
undergone much study in Japan. NPQ values were clearly higher
in the Japonica cultivars than in the Indica ones. Quantum yields
of photochemistry, NPQ, and basal dissipation were also mea-
sured by parameters @y, Pnpo, and o in these seven cultivars
under moderate and high illumination (Fig. S5). @y values tend to
be lower in Japonica cultivars, which may partly explain the higher
NPQ yield of Japonica under moderate illumination. Under high
light, ®y; yields were low in both Indica and Japonica cultivars,
and NPQ yields were lower in Indica than Japonica cultivars. The
results show that the Indica cultivars, compared with the Japonica
cultivars, dissipate less energy by NPQ, and more energy by basal
processes (NO). This is consistent with a deficiency of PsbS pro-
tein in the Indica cultivars, which is required for NPQ (i.e., qE).
The Japonica cultivars tended to show slightly higher Fv/Fm
values than Indica. The reason for this tendency is not clear at the
moment. For example, photoinhibition may be less severe in the
Japonica cultivar because of high NPQ under ordinary culture
conditions, or otherwise photosynthesis capacity may be slightly
higher in Japonica cultivar under low light.

The results of NPQ measurement in numerous rice core col-
lection cultivars confirmed that NPQ capacity is generally higher
in Japonica than in Indica. On the contrary, there was no dif-
ference between groups within Indica (aus and indica) or within
Japonica (temperate japonica and tropical japonica). Cultivated
Asian rice (O. sativa) is derived from two different groups within
a species of wild rice (Oryza rufipogon), which are known as
Indica and Japonica today (22). Indica and Japonica last shared
a common ancestor approximately 0.44 Mya (23). The mutation
regulating the difference in NPQ between Indica and Japonica
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Fig. 4. Comparison of PsbS between Indica and Japonica. (A) Genomic sequences of Indica cultivars (93-11 and Kasalath) and a Japonica cultivar (Nipponbare)
were compared by using a dot-plot analysis (http://www.vivo.colostate.edu/molkit/dnadot) with a 9-base frame. Squares with broken lines represent genetic
regions of Os01g0869600 and OsPsbS1 (from start codon to stop codon). Rectangle with solid lines in the box (Right) represents the target region of PCR in B. (B)
PCR amplification of genomic sequence around the 2.7-kb deletion. M, molecular weight marker. NPQ groups of the cultivars analyzed are indicated below the
gelimage (L, low-NPQ group; H, high-NPQ group). (C) Total protein was extracted from expanded leaves of Habataki and Sasanishiki. PsbS protein accumulation
was compared by Western blotting analysis. Total protein was also stained with CBB. RbcL, large subunit of RuBisCO. (D) Quantification of PsbS band intensity
relative to RbcL band intensity. Data represent means and SDs. Values were significantly different by Student t test (P < 0.01); n = 3.
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will have been inserted relatively soon after the ancestors of
Indica and Japonica separated from their common ancestor.

When we performed QTL analysis of NPQ regulators between
Indica (cultivar Habataki) and Japonica (cultivar Sasanishiki),
two loci were identified. Of these two loci, gNPQI-2 seems to
regulate NPQ between Indica and Japonica, whereas gNPQI-1
seems to function only in the presence of the positive allele of
gNPQI-2. OsPsbS1 is within the gNPQI-2 region. We then an-
alyzed the function of the OsPsbS1 gene.

We first characterized the rice psbSI mutant. We found that
PsbS protein was not accumulated in psbS1. This result is consis-
tent with the complete loss of NPQ caused by qE, the energy-
dependent quenching in psbSI. PsbS has four transmembrane
regions. In addition, two glutamate residues positioned on the
lumen side of the PsbS protein are necessary for PsbS function
(24). Because these transmembrane regions and glutamate resi-
dues are conserved in both of the two rice PsbS homologues,
OsPsbS2 is also expected to have the ability to regulate NPQ. NPQ
capacity in plants is regulated by environmental conditions (25).
OsPsbS2 expression may be induced under special conditions to
support growth of mature plants and to improve tolerance to en-
vironmental stresses such as heat (26). OsPsbS2 is expressed at
least under some conditions because two cDNA are cloned,
according to the Knowledge-based Oryza Molecular biological
Encyclopedia (accession nos. J023101115 and D84392).

To obtain further insight into the functional differentiation
of PsbS within the plant kingdom, we obtained protein sequences
of PsbS from the National Center for Biotechnology Information
for various plant species and compared their sequences. Sur-
prisingly, only rice has two obviously distinct PsbS proteins, and
a single PsbS sequence was found in other plant species. Two
quite similar sequences were found for a few species (maize,
soybean, Nicotiana benthamiana, and Selaginella moellendorffii).
These sequences may derive from different cultivars. Judging
from a phylogenetic tree, the two rice PsbS genes have had dif-
ferent roles since Poaceae separated from the other plant species.

To discover the function of OsPsbS1, we also transgenically
introduced the OsPsbS1 gene into an Indica cultivar and obtained
independent transformants, which showed different expression
levels of OsPsbS1. NPQ capacity increased logarithmically with
expression levels of OsPsbSI1. This result, together with the ob-
servation of psbS1 mutant, confirms that OsPsbS1 expression level
is a determinant of NPQ capacity in rice. It is also important that
this result shows that NPQ capacity can be increased by transgenic
introduction of the PsbS gene not only in dicots but also in
monocots, which includes a number of very major crops such as
rice, wheat, and maize. Because expression levels of the OsPsbS1
gene are naturally high, many transgenic lines should be gener-
ated to allow selection of those showing high levels of OsPsbS1
expression and significantly higher capacity of NPQ. This char-
acter was bred through to the next generation, confirming genetic
stability of inserted gene expression.

The molecular mechanism and regulatory machinery of NPQ
has been a target of genetics in the model dicot A. thaliana. In-
volvement of the xanthophyll cycle has been deduced from its
physiological characteristics (12, 27). Genetics in A. thaliana
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further identified enzymes regulating the xanthophyll cycle, and
NPQ has been largely lost in the mutant of Violaxanthin De-
Epoxidase (VDE) gene (15). NPQ is completely lost when a mu-
tation in lutein synthesis is introduced in this mutant, which
is indicative of loss of qE (18).

Improvement of “fitness” estimated by the number of seeds set
and the aboveground growth estimated by rosette diameter in
high-NPQ genotypes is reported in A. thaliana. Such improve-
ments are observed only under growth conditions in which plants
are highly illuminated at least for some time within each day (7,
28). This observation has led to the idea that NPQ is a tolerance
mechanism against sunflecks. A. thaliana is often grown for
experimental purposes under low illumination, e.g., approxi-
mately 10% of full sunlight (7). NPQ is only slightly induced
under such low illumination, and it is a natural consequence that
differences in NPQ capacity would not cause differences in
growth under low light conditions. Rice is normally cultivated
under high natural illumination, and NPQ is a physiological
mechanism that always regulates the conversion of light energy in
rice during the day. NPQ was significantly induced under medium
and high light intensities in the rice cultivars as demonstrated by
our work, thus confirming this idea. Although further studies
would be needed, inferior growth and seed set in the psbSI mu-
tant (Fig. S34) (21) suggests that NPQ capacity affects rice
growth and grain yield significantly.

A 2.7-kb deletion in genomic DNA was found in Indica culti-
vars, which was upstream of the OsPsbSI gene. This deletion is
highly correlated with NPQ capacity, namely, cultivars without
deletion have high NPQ values whereas cultivars with this de-
letion have low ones. The deletion may decrease the expression of
the OsPsbS1 gene in Indica cultivars, which in turn leads to de-
creased NPQ capacity. In fact, accumulation of the PsbS protein
is lower in Habataki compared with Sasanishiki. We speculate
that higher OsPsbSI expression levels result in the higher NPQ
capacity of Japonica compared with Indica. Identification of the
adaptation mechanisms to high light levels in rice plants over-
expressing OsPsbS1 will be the subject of further study.

Materials and Methods

Plant materials, chlorophyll fluorescence, QTL analysis, plasmid preparation,
rice callus transformation, mRNA accumulation, genomic DNA and ¢cDNA
sequencing, genomic DNA PCR amplification, and Western blot analysis of
PsbS are described in detail in S/ Materials and Methods. In the text, seq-
uential descriptions of the materials and methods corresponding to each
result are reported. For respective methods, references of original sources
are added.
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