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Ferredoxin-NADP+-oxidoreductase (FNR) mediates electron transfer between ferredoxin (Fd) and NADP+; therefore, it is a key
enzyme that provides the reducing power used in the Calvin cycle. Other than FNR, nitrite reductase, sulfite reductase,
glutamate synthase, and Fd-thioredoxin reductase also accept electrons from Fd, an electron carrier protein in the stroma.
Therefore, the regulation of electron partitioning in the chloroplast is important for photosynthesis and other metabolic
pathways. The regulatory mechanism of electron partitioning, however, remains to be elucidated. We found, by taking
advantage of a gain-of-function approach, that expression of two rice (Oryza sativa) full-length cDNAs of leaf-type FNRs
(OsLFNR1 and OsLFNR2) led to altered chlorophyll fluorescence and growth in Arabidopsis (Arabidopsis thaliana) and rice. We
revealed that overexpression of the OsLFNR1 and OsLFNR2 full-length cDNAs resulted in distinct phenotypes despite the high
sequence similarity between them. Expression of OsLFNR1 affected the nitrogen assimilation pathway without inhibition of
photosynthesis under normal conditions. On the other hand, OsLFNR2 expression led to the impairment of photosynthetic
linear electron transport as well as Fd-dependent cyclic electron flow around photosystem I. The endogenous protein level of
OsLFNR was found to be suppressed in both OsLFNR1- and OsLFNR2-overexpressing rice plants, leading to changes in the
stoichiometry of the two LFNR isoforms within the thylakoid and soluble fractions. Thus, we propose that the stoichiometry of
two LFNR isoforms plays an important role in electron partitioning between carbon fixation and nitrogen assimilation.

During photosynthesis, light energy is converted to
chemical energy (in the form of ATP) through electron
transport, and NADPH, a reducing agent, is also pro-
duced. In the final step of the linear electron transport
of photosynthesis, ferredoxin-NADP+-oxidoreductase
(FNR) catalyzes the reduction of NADP+ by ferredoxin
(Fd) and provides the reducing power for CO2 fixation
in the Calvin cycle (Arakaki et al., 1997; Carrillo and

Ceccarelli, 2003). FNR is supposed to be one of the
limiting factors in photosynthetic electron transport.
Through the analysis of FNR antisense tobacco (Nicoti-
ana tabacum) plants, the amount of FNR has been shown
to correlate with photosynthetic activity (Hajirezaei
et al., 2002).

FNR exists in a leaf form (LFNR) and a root form
(Hanke et al., 2004). There are two LFNR proteins
(LFNR1 and LFNR2) in the Arabidopsis (Arabidopsis
thaliana) and rice (Oryza sativa) genomes. Both LFNR
isoforms have been found in the thylakoid membranes
and in the stroma in Arabidopsis (Hanke et al., 2005). It
is suggested that Arabidopsis LFNR1 (AtLFNR1) is
required for membrane attachment of AtLFNR2, and
the formation of an AtLFNR1-AtLFNR2 heterodimer
mediates this attachment (Lintala et al., 2007). Arabi-
dopsis lfnr1 showed comparable photosynthetic pheno-
types to the LFNR2 Arabidopsis RNA interference
plants under normal growth conditions (Lintala et al.,
2009), suggesting that LFNR1 and LFNR2 have similar
functions in chloroplasts. The two LFNR isoforms,
however, have some distinct properties. It is reported
that LFNR1 and LFNR2 vary in their pI and affinity for
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Fd (Hanke et al., 2005). Moreover, only the Atlfnr2
mutant shows resistance to oxidative stress (Lintala
et al., 2009). Considering these observations, there re-
mains the possibility that the two LFNR isoforms have
distinct functions depending on the growth conditions.
Fd, an electron donor to FNR, also donates an

electron to several enzymes: nitrite reductase, Glu
synthase, sulfite reductase, and Fd-thioredoxin reduc-
tase (Schurmann and Buchanan, 2008). Among them,
nitrite reductase and Glu synthase are involved in
nitrogen assimilation. Nitrogen is assimilated from
nitrate and ammonium, and the nitrate is reduced
to nitrite in the cytosol by nitrate reductase (NR). The
nitrite is then imported into the chloroplast and re-
duced by Fd-dependent nitrite reductase to ammo-
nium, which is in turn fixed by Fd-dependent Glu
synthase. Thus, the reducing power required in nitro-
gen assimilation is supplied as a form of reduced Fd.
There are several observations that LFNR is also
involved in the nitrogen assimilation pathway. The
Arabidopsis lfnr1 plants showed greater biomass un-
der low-nitrate conditions than the wild type (Hanke
et al., 2008a). In loss-of-function Arabidopsis mutants
of LFNR1 and LFNR2, NR genes were up-regulated
and nitrate was accumulated compared with the wild
type (Lintala et al., 2009). In addition to mutant anal-
ysis, LFNR2 mRNA was reported to be increased
under high-nitrate conditions, while LFNR1 transcript
levels were low (Hanke et al., 2005). FNR activity,
therefore, might represent a critical point in electron
channeling to determine the form in which the reduc-
tant is made available to various chloroplast enzymes,
especially those involved in nitrogen assimilation.
How two LFNR isoforms are involved in electron
partitioning between linear flows to CO2 or nitrogen
assimilation in the chloroplast, however, remains
poorly understood.
An overexpression approach offers a useful tool for

analyzing gene families, especially those with redun-
dant function. Recently, we applied the FOX (for full-
length cDNA overexpressor) gene-hunting approach
to identify useful genes (Ichikawa et al., 2006). The
FOX hunting system is a gain-of-function system that
randomly overexpresses a full-length (fl)-cDNA li-
brary under the control of the cauliflower mosaic
virus (CaMV) 35S promoter. As this system only uses
fl-cDNAs to analyze the functions of genes, it can be
used with heterologous hosts (i.e. the host plant and
the plant supplying the fl-cDNAs can be different
species). As an initial model of its use as a heterolo-
gous system, more than 33,000 independent Arabi-
dopsis transgenic lines that expressed rice fl-cDNAs
(rice FOX Arabidopsis lines) were generated in order
to conduct high-throughput screening of rice genes
(Kondou et al., 2009). Several useful rice genes have
been identified using rice FOX Arabidopsis lines
(Yokotani et al., 2008, 2009a, 2009b, 2011; Albinsky
et al., 2010; Dubouzet et al., 2011).
One of the most important crops is rice, and it has

been utilized as a monocot model plant. However, rice

is still not suited for large-scale screening. Many mu-
tants involved in photosynthesis have been isolated by
monitoring the chlorophyll fluorescence in cyanobacte-
ria, green algae, and Arabidopsis from loss-of-function
populations (Meurer et al., 1996; Niyogi et al., 1997,
1998; Shikanai et al., 1999; Varotto et al., 2000; Ozaki
et al., 2007; Higuchi et al., 2009). An approach by
chlorophyll fluorescence has not been utilized for the
identification of rice genes. Additionally, chlorophyll
fluorescence-based mutant screening has not, to our
knowledge, been applied using a gain-of-function ap-
proach. In this study, we have screened rice FOX Arab-
idopsis lines using chlorophyll fluorescence to isolate
photosynthesis-related mutants. Here, we have isolated
two rice FOX Arabidopsis mutants (K15006 and K17234)
with altered chlorophyll fluorescence kinetics. The
phenotypes of K15006 and K17234 were apparently
caused by expression of the rice LFNR1 and LFNR2
genes, respectively. Rice plants overexpressingOsLFNR1
did not show any defects in photosynthesis under
normal growth conditions but exhibited growth defects
that could be suppressed under nutrient-rich conditions.
On the other hand, OsLFNR2 rice overexpression plants
were impaired in photosynthetic linear electron trans-
port as well as in Fd-dependent cyclic electron flow
around PSI. Thus, we demonstrate that changes in the
stoichiometry of the two LFNR isoforms in chloroplasts
lead to a disturbance of electron flow either to nitrogen
assimilation or to NADP+.

RESULTS

Screening of Rice FOX Arabidopsis Mutants Using

Chlorophyll Fluorescence Imaging

We generated a rice fl-cDNA expression library
carrying approximately 13,000 rice fl-cDNAs and gen-
erated more than 33,000 independent Arabidopsis
transgenic plants expressing rice fl-cDNAs under the
control of the CaMV 35S promoter (rice FOX Arabi-
dopsis lines; Kondou et al., 2009). About 10,000 rice
FOX Arabidopsis lines were screened by monitoring
the changes in chlorophyll fluorescence intensities. A
total of 10,000 lines correspond to approximately 7,000
fl-cDNAs according to the equation of Clarke and
Carbon (1976). Images of chlorophyll fluorescence
were captured during illumination at 350 mmol m22

s21 for 120 s with a 0.8-s saturating light pulse using a
fluorescence imaging system. Since rice FOX Arabi-
dopsis lines are gain-of-function-type transgenic
plants, we isolated mutants that showed a dominant
phenotype in the T2 generation. Twenty-six candi-
dates showed altered chlorophyll fluorescence kinet-
ics, suggesting that expression of rice fl-cDNAs could
affect the photosynthetic metabolism in Arabidopsis
plants. To confirm that the observed phenotypes were
caused by the expression of the introduced fl-cDNAs,
we recovered 17 of them from the rice FOX Arabidop-
sis lines and generated Arabidopsis plants expressing
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the respective rice fl-cDNAs. The observed pheno-
types were reproduced in 11 transgenic plants. The
rice fl-cDNAs recovered are listed in Table I.

Chlorophyll fluorescence was also measured by
pulse amplitude modulation to analyze the photo-
synthetic characteristics of the isolated candidates
(Supplemental Table S2). In the six retransformed
Arabidopsis plants, the chlorophyll fluorescence was
indistinguishable from that of the parent line. The
phenotypes of these rice FOX Arabidopsis lines might
be caused by the insertion of multiple fl-cDNAs
and/or by a secondary mutation caused by the T-DNA
insertion.We carried out reverse transcription (RT)-PCR
analysis using RNA prepared from the retransformed
plants to confirm expression of the rice transgenes in
Arabidopsis (Supplemental Fig. S1). Expression of the
rice fl-cDNAs could be detected in all the retrans-
formed Arabidopsis plants, whereas they could not be
found in vector control plants.

Heterologous Expression of Rice LFNR Leads to Altered

Chlorophyll Fluorescence Kinetics in Arabidopsis

We previously reported that K17234, one of the
isolated rice FOX Arabidopsis lines in this study,
showed a pale green phenotype and that this pheno-
type was caused by the expression of OsLFNR2
(AK065063; Kondou et al., 2009). We also found that
one of the rice FOX Arabidopsis lines, K15006, in
which the OsLFNR1 fl-cDNA (AK065309) was intro-
duced, showed altered chlorophyll fluorescence. Fig-
ure 1A shows the seedling plants and false-color
images of nonphotochemical quenching (NPQ) in
K15006 and K17234. The false colors show the mini-
mum NPQ in blue and the maximum in red. The
NPQs of K15006 and K17234 were lower than in the
wild type. K15006 and K17234 exhibited pale green
leaves at the seedling stage. As shown in Figure 1B,
K15006 and K17234 also exhibited growth defects and
had paler green leaves in adult plants compared with
the wild type. Chlorophyll content (mg chlorophyll
mg21 fresh weight) was lower in K15006 (1.32 6 0.32)
and K17234 (0.97 6 0.17) than in the wild type (1.73 6
0.15). Concomitantly, a higher chlorophyll a/b ratio was

observed in K15006 (3.51 6 0.16) and K17234 (3.39 6
0.17) than in the wild type (3.13 6 0.06).

Expression of Rice fl-cDNAs of OsLFNR1 and OsLFNR2
Resulted in the Down-Regulation of Endogenous
AtLFNR Genes in Arabidopsis

An alignment of LFNR1 and LFNR2 in rice and
Arabidopsis is shown in Figure 2A. Both in rice and
Arabidopsis, LFNR1 and LFNR2 show high sequence
identity at the amino acid level (80% identity between
AtLFNR1 and AtLFNR2, 80% identity between
OsLFNR1 and OsLFNR2) except for the N-terminal
amino acids, corresponding to the chloroplast transit
peptide signal sequences. The identity between rice
and Arabidopsis is also high in LFNR1 and LFNR2
(80% identity between AtLFNR1 and OsLFNR1, 82%
identity between AtLFNR2 and OsLFNR2). Several
isoform-specific amino acids were seen as shown in
the gray boxes.

In K15006 and K17234, endogenous expression of
AtLFNR1 and AtLFNR2 might be affected by heterol-
ogous expression of the OsLFNR genes. As can be seen
in Figure 2B, the levels of AtLFNR1 and AtLFNR2
in K15006 decreased to 70% and 80% of those of the
wild type, respectively. In K17234, the suppression of
AtLFNR1 and AtLFNR2 expression was more severe
(i.e. only 10% and 30% of the wild type, respectively).
These results indicate that heterologous expression
of OsLFNR fl-cDNAs results in a decreased level of
AtLFNR mRNA in Arabidopsis.

Overexpression of OsLFNR1 and OsLFNR2 Genes in Rice
Affected the Endogenous Transcript and Protein Levels

We cloned the fl-cDNAs of OsLFNR1 and OsLFNR2
into pRiceFOX (Nakamura et al., 2007), a monocot
expression vector, and they were expressed under the
control of the maize (Zea mays) ubiquitin promoter
to generate rice plants overexpressing fl-cDNAs of
OsLFNR1 andOsLFNR2. We observed 13 T0 transgenic
plants of OsLFNR1 (OsLFNR1OE) and found that three
of them died and one plant was sterile, all of which
showed a severe pale green phenotype. Two of 13 T0

Table I. Candidate mutants and their corresponding rice fl-cDNAs in rice FOX Arabidopsis lines

Line Name
DNA Data Bank of

Japan Accession No.
cDNA Annotation

K02013 AK067378 Lectin protein kinase domain-containing protein
K02143 AK070779 Chloroplast 50S ribosomal protein
K04425 AK098990 Chloroplast 50S ribosomal protein L1
K12734 AK070198 U2 snRNP auxiliary factor, small subunit 35b
K15006 AK065309 Fd NADP+ oxidoreductase 1
K17234 AK065063 Fd NADP+ oxidoreductase 2
K19435 AK101537 Putative Rubisco chaperonin 60b precursor
K20333 AK067715 33-kD oxygen-evolving protein of PSII (PsbO)
K20443 AK072692 GDA1/CD39 family protein
K23449 AK068585 Hypothetical protein
K28020 AK065868 Similar to mitochondrial transcription termination factor
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rice overexpression plants of OsLFNR2 (OsLFNR2OE)
were sterile, and six plants showed a pale green
phenotype. Both rice T1 plants of OsLFNR1OE and
OsLFNR2OE showed growth defects (Fig. 3A) when
they were grown in soil. Chlorophyll content (mg
chlorophyll mg21 fresh weight), when compared
with that of the wild type (4.54 6 0.62), was low in
OsLFNR2OE (2.25 6 0.47) but similar in OsLFNR1OE
(4.34 6 0.39). The ratio of chlorophyll a/b was slightly
higher in OsLFNR2OE (3.83 6 0.18) than in the wild
type (3.52 6 0.12) or in OsLFNR1OE (3.61 6 0.10).
Expression levels of OsLFNR1 and OsLFNR2 in two

independent overexpression rice plants were analyzed
by quantitative real-time RT-PCR (Fig. 3, B and C).
Since fl-cDNAs were used for overexpression, we
could not distinguish between the expression of the
transgenes and the endogenous genes. Expression of
OsLFNR1 was increased 4- to 5-fold in OsLFNR1OE,
while an approximate 2-fold increase in OsLFNR2
was found in OsLFNR2OE. We also checked the expres-
sion levels of other isoforms in both types of rice
overexpression plants. Expression of the OsLFNR2
gene decreased to less than 50% of the wild type
in OsLFNR1OE. The OsLFNR1 gene was markedly
down-regulated to about 40% of that of the wild type
in OsLFNR2OE. These results suggest that overexpres-
sion of OsLFNR genes causes the down-regulation of
another isoform of the endogenous OsLFNR gene in
rice as observed in the rice FOX Arabidopsis lines
(K15006 and K17234).
Proteins levels of OsLFNR1 and OsLFNR2 were

determined by western blotting using the FNR anti-
body (Fig. 3D). OsLFNR1 and OsLFNR2 can be dis-
tinguished by native PAGE (Hanke et al., 2008a). Since

the predicted pI of OsLFNR1 (pI = 5.65) was more
acidic than that of OsLFNR2 (pI = 7.69), as in Arabi-
dopsis and wheat (Triticum aestivum; Hanke et al., 2005;
Gummadova et al., 2007), migration of OsLFNR1 was
faster than OsLFNR2 at around pH 8.0. Subchloroplast

Figure 2. Amino acid sequence alignment of LFNR proteins in rice and
Arabidopsis. A, The amino acid sequences of two LFNR proteins in rice
and Arabidopsis were compared with each other. AK065309 and
AK065063 encode LFNR1 (OsLFNR1) and LFNR2 (OsLFNR2) in rice,
respectively. AT5G66190 and AT1G20020 encode LFNR1 (AtLFNR1)
and LFNR2 (AtLFNR2) in Arabidopsis, respectively. Black shading
indicates conserved amino acids between all proteins, and gray shad-
ing indicates conserved amino acids specific to each LFNR isoform. B,
Relative expression levels of endogenous FNR genes (AtLFNR1 and
AtLFNR2) in K15006 expressing OsLFNR1 and in K172384 expressing
OsLFNR2. Expression levels of the LFNR genes were normalized with
ACT2 gene expression. Expression levels of each mutant are shown as
relative values of the wild type (WT). Real-time PCR experiments were
carried out at least four times.

Figure 1. Isolation of rice FOX Arabidopsis lines with altered chloro-
phyll fluorescence. A, The left panel shows Arabidopsis wild-type (WT)
and T2 seedlings of K15006 and K17234. The right panel shows a
pseudocolor image of the NPQ. B, Plants of the wild type and the T2
generation of K15006 and K17234 in the adult stage.
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distribution of the OsLFNR isoforms was also ana-
lyzed by separating the thylakoid membrane fractions
and the soluble fractions. In the wild type, the protein
levels of OsLFNR1 and OsLFNR2 were comparable in
the thylakoid fractions. OsLFNR1 was the major iso-
form in the soluble fraction and OsLFNR2 was nearly
undetectable. OsLFNR1OE contained a higher level of
OsLFNR1 both in the thylakoid and soluble fractions
compared with the wild type. On the other hand,
the level of OsLFNR2 was decreased especially in
the thylakoid fraction. Although a slight increase of
OsLFNR2 was seen in the stromal fraction, the total
amount of OsLFNR2 was decreased, which is consis-
tent with the reduced transcript level ofOsLFNR2 (Fig.
3B). In OsLFNR2OE, OsLFNR2 was the major isoform
both in the thylakoid and the soluble fractions.
OsLFNR1 was decreased in the thylakoid fraction,

although it was slightly increased in the stromal
fraction compared with the wild type. Total OsLFNR1
was lower, which is also compatible with a decrease
in OsLFNR1 mRNA. The degree of increase of
OsLFNR2 seemed to be greater than that of the tran-
script level and less in OsLFNR1. The difference
between transcript and protein abundance might be
a consequence of posttranscriptional regulation. Ap-
parently, OsLFNR1OE accumulates more OsLFNR1
and less OsLFNR2, while OsLFNR2OE accumulates
more OsLFNR2 and less OsLFNR1 compared with the
wild type.

Gene Expression Profiles of OsLFNR1- and
OsLFNR2-Overexpressing Rice Plants

The gene expression profiles of OsLFNR1OE and
OsLFNR2OE were investigated by microarray analysis
(Supplemental Table S3); the results are listed in Table
II. Many genes encoding nucleus-encoded PSI sub-
units were down-regulated, and the expression of
genes encoding PSII subunits also decreased both in
OsLFNR1OE and OsLFNR2OE. Genes other than those
encoding the subunits of the photosystems were
also down-regulated in both types of overexpression
plants, such as genes encoding light-harvesting pro-
teins, chlorophyll biosynthesis-related genes, the
Rubisco small subunit, and thylakoid ascorbate per-
oxidase. Some of these observations are opposite to
the results obtained by Lintala et al. (2009), who
found that the light-harvesting genes and Rubisco
small subunit gene are up-regulated in Arabidopsis
lfnr1 and lfnr2 mutants.

Several genes showed specific expression patterns
only in one type of transgenic plant. The gene encod-
ing PsbR, which is one of the PSII extrinsic subunits
(Allahverdiyeva et al., 2007), was up-regulated only in
OsLFNR1OE. The two genes encoding Psb28, which is
reported to function in the assembly of PSII (Sakurai
et al., 2007; Dobakova et al., 2009), and PsbS, which is
involved in energy dissipation (Li et al., 2000; Zulfugarov
et al., 2007), were up-regulated only in OsLFNR2OE.
Early light-inducible proteins and Rubisco activase
were up-regulated only in OsLFNR2OE.

OsLFNR1-Overexpressing Arabidopsis and Rice Plants
Did Not Alter Photosynthetic Activity under

Normal Conditions

Table III shows the steady-state chlorophyll fluo-
rescence parameters of Arabidopsis (K15006) and rice
(OsLFNR1OE) expressing OsLFNR1 fl-cDNA. K15006
did not show any obvious phenotype in relation to
these parameters. This indicates that linear electron
transport was not impaired. Similar to K15006, the
chlorophyll fluorescence parameters of OsLFNR1OE
were also indistinguishable from those of the wild
type. However, when its leaves were exposed to
higher photon flux densities (1,000 mmol m22 s21),
photosynthetic electron transport (FII), NPQ, and

Figure 3. Characterization of rice overexpression plants of OsLFNR1
and OsLFNR2. A, Growth of wild-type (WT) and T1 plants over-
expressing OsLFNR1 and OsLFNR2. B, Relative expression levels of
LFNR genes in rice plants overexpressing OsLFNR1. Two independent
overexpression plants were analyzed by quantitative RT-PCR. C, Rel-
ative expression levels of LFNR genes in rice plants overexpressing
OsLFNR2. Two independent overexpression plants were analyzed by
quantitative RT-PCR. Expression levels of the LFNR genes were nor-
malized with ubiquitin gene expression. Expression levels of each
mutant line relative to those of the wild type are shown. Real-time PCR
experiments were carried out at least four times. D, Protein levels of
OsLFNR1 and OsLFNR2 in soluble (S) and thylakoid (T) fractions. A
total of 10 mg of protein was loaded in each lane.

Higuchi-Takeuchi et al.

100 Plant Physiol. Vol. 157, 2011



photochemical quenching (qP) showed lower values
than those in the wild type, indicating that photosyn-
thetic electron transport was impaired under high-
light conditions. The P700 oxidation ratio did not
change in OsLFNR1OE, suggesting that Fd-dependent
PSI cyclic electron flow was not affected. The defect
in NADPH dehydrogenase (NDH)-dependent cyclic
electron flow around PSI was reported to result
in the absence of a transient increase in chlorophyll
fluorescence at the light-to-dark transition (Shikanai
et al., 1998). This transient increase was detected in
OsLFNR1OE (data not shown), indicating that NDH-
mediated PSI cyclic electron flow was intact. These
results suggest that an alternative pathway other than
cyclic electron flow around PSI might be modified in
OsLFNR1OE.

OsLFNR2-Expressing Arabidopsis and Rice Were
Impaired in Linear Electron Transport and Fd-Dependent
Cyclic Electron Flow around PSI

The rice FOX Arabidopsis line K17234 expressing
OsLFNR2 showed low FII and NPQ compared with
the wild type, especially in high-light illumination
(Fig. 4, A and B). These results indicate that linear
electron transport is impaired in K17234 and that
insufficient generation of DpH due to the decreased
electron transport leads to low NPQ. In addition toFII
and NPQ, qP was low in K17234 (Fig. 4C), whereas the
maximum quantum yield of PSII (Fv/Fm) of K17234
was almost the same as in the wild type (wild type,
0.827 6 0.004; K17234, 0.820 6 0.007). These results
suggest that the pathway downstream of the plasto-
quinone pool is impaired in K17234. We also measured

Table II. Expression levels of photosynthesis-related genes in OsLFNR1OE and OsLFNR2OE

Microarray analysis was performed from total RNA isolated from leaf blades of wild-type and rice overexpression plants. Results are shown as
averages from two independent experiments.

Gene Gene Identifier OsLFNR1OE/Wild Type OsLFNR2OE/Wild Type

Genes encoding PSI subunits
PsaD Os08g0560900 0.3413 0.3031
PsaE Os07g0435300 0.3718 0.2141
PsaF Os03g0778100 0.2528 0.2284
PsaG Os09g0481200 0.4093 0.3678
PsaH Os05g0560000 0.3287 0.1116
PsaK Os07g0148900 0.2799 0.2754
PsaL Os12g0420400 0.4006 0.2102
PsaN Os05g0242400 0.4884 0.5232

Genes encoding PSII subunits
PsbO Os01g0501800 0.3637 0.2387
PsbP Os07g0141400 0.3232 0.2273
PsbR Os07g0147500 5.884 0.2961
PsbS Os04g0690800 0.7054 7.665
PsbX Os03g0343900 0.3267 0.1496
PsbY Os08g0119800 0.4404 0.2650
PsbW Os01g0773700 0.3717 0.3506
Psb28 Os01g0938100 0.4246 2.358

Genes encoding light-harvesting proteins
CP24 Os04g0457000 0.1349 0.05311
CP29 Os07g0558400 0.2828 0.1130
ASCAB9-A Os11g0242800 0.3066 0.2285
LHCII type I CAB-2 Os01g0600900 0.1133 0.03197
LHCII type I CAB Os09g0346500 0.4289 0.1685
PSI type II chlorophyll a/b-binding protein Os07g0577600 0.3058 0.2764
PSI type III chlorophyll a/b-binding protein Os02g0197600 0.5065 0.01973
Type I chlorophyll a/b-binding protein Os01g0720500 0.01268 0.01973
Type III chlorophyll a/b-binding protein Os07g0562700 0.3778 0.1854

Photosynthesis-related genes
Magnesium-chelatase subunit chlI Os03g0563300 0.1668 0.1362
Protochlorophyllide reductase Os04g0678700 0.1161 0.01238
Magnesium-chelatase subunit H family protein Os07g0656500 0.2705 0.2815
Rubisco small subunit Os12g0274700 0.1114 0.2942
Thylakoid-bound ascorbate peroxidase Os02g0553200 0.2028 0.216
Early light-inducible protein Os07g0178700 1.847 47.68
Early light-inducible protein Os07g0178800 1.271 8.231
Rubisco activase Os11g0707000 1.036 3.493
Nitrate reductase (NR) Os08g0468100 0.5821 3.663
Nitrate reductase (NR) Os08g0468700 0.7400 3.106
Ferredoxin I (Fd1) Os08g0104600 0.2843 1.216
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the P700 oxidation ratio with different photon flux
densities to monitor the redox state of PSI (Fig. 4D).
K17234 showed more reduced P700 with increasing
illumination compared with the wild type, indicating
that the acceptor side of PSI was overreduced in
K17234.

Similar to K17234, rice overexpressing fl-cDNA of
OsLFNR2 (OsLFNR2OE) showed lower qP, NPQ, and
FII and more reduced P700 than the wild type even at
low photon flux densities, suggesting that the PSI
acceptor side is overreduced. To analyze alternative
electron flow in OsLFNR2OE, chlorophyll fluorescence
was measured in CO2-free air, under which conditions
the photosynthetic alternative electron pathway is en-
hanced. OsLFNR2OE could not induce NPQ, in con-
trast to the wild type (Fig. 4E). These results indicate
that OsLFNR2OE is impaired in the alternative electron
pathway, probably in the Fd-dependent cyclic electron
flow around PSI (for details, see “Discussion”). Thus,
overexpression ofOsLFNR2 leads to the impairment of
both the linear electron transport and the Fd-dependent
cyclic electron flow around PSI in Arabidopsis and
rice.

The Nitrate Reduction Pathway Was Affected in
OSLFNR1 Overexpression Rice Plants

Rice OsLFNR1OE plants showed defects in growth
when they were grown in soil, as shown in Figure 3A.
Surprisingly, when grown in hydroponic culture in
nitrogen-rich medium, OsLFNR1OE did not show any
growth defects (Fig. 5A). Chlorophyll fluorescence
parameters and CO2 fixation of OsLFNR1OE and the
wild type also did not show much difference even
under high light at 1,000 mmol m22 s21 (Supplemental
Table S4). These results suggest that the growth and

photosynthetic defects observed in soil-grown rice
plants could be due to some kind of nutrient defi-
ciency. On the other hand, the growth defects seen in
OsLFNR2OE did not recover in nutrient-rich culture
(data not shown).

When plants are grown in nitrogen-limited condi-
tions, root elongation is known to be enhanced. We
examined the increase in root length of wild-type rice
and OsLFNR1OE in nitrogen-rich (1 mM NH4NO3) and
nitrogen-limited (0.01 mM NH4NO3) cultures (Fig. 5, B
and C). The root length of the wild type continued to
increase for 20 to 30 d only under nitrogen-limited
conditions. The root length of OsLFNR1OE was almost
the same as that of the wild type when grown in
nitrogen-rich conditions both at 20 and 30 d. However,
OsLFNR1OE showed longer roots compared with the
wild type at 20 d as well as at 30 d in nitrogen-limited
culture (Fig. 5, B and C). This observation supports the
hypothesis that the nitrogen assimilation pathway is
affected in OsLFNR1OE. Microarray analysis revealed
that transcript levels of nitrate assimilation-related
genes such as NR and Gln synthetase did not change
in OsLFNR1OE. Moreover, nitrite reduction activity in
OsLFNR1OE was almost the same as that in the wild
type (data not shown). These results suggest that
channeling of electrons by Fd to nitrite reductase and
FNR might be the step that is impaired in OsLFNR1OE.

DISCUSSION

Gain-of-Function Screen Is a New Approach for the
Identification of Genes Involved in Photosynthesis

In this study, 11 putative mutants with altered
chlorophyll fluorescence were isolated from rice FOX

Table III. Photosynthetic characteristics of rice FOX Arabidopsis plants (K15006) and rice OsLFNR1 overexpression plants

Chlorophyll fluorescence parameters were measured at the indicated intensities of illumination. Rosette leaves and leaf blades were used for measurement.
Data are expressed as means of at least three individual leaves. Prior to measurement, leaves were dark adapted for at least 30 min. n.d., Not determined.

Plant Fv/Fm qP NPQ Fv#/Fm# FII
P700 Oxidation

Ratio

Rice FOX Arabidopsis line (K15006)
Low light (100 mmol m22 s21)
Wild type 0.827 6 0.004 0.906 6 0.020 0.120 6 0.035 0.806 6 0.005 0.730 6 0.015
K15006 0.819 6 0.002 0.925 6 0.004 0.137 6 0.026 0.795 6 0.007 0.735 6 0.003

High light (500 mmol m22 s21)
Wild type 0.452 6 0.078 1.476 6 0.077 0.574 6 0.016 0.259 6 0.043
K15006 0.449 6 0.002 1.434 6 0.032 0.567 6 0.003 0.255 6 0.001

Rice OsLFNR1 overexpression plants
Low light (100 mmol m22 s21)
Wild type 0.804 6 0.007 0.906 6 0.023 0.140 6 0.028 0.777 6 0.008 0.704 6 0.015 0.222 6 0.084
OsLFNR1OE 0.803 6 0.008 0.935 6 0.022 0.137 6 0.057 0.776 6 0.004 0.726 6 0.020 0.203 6 0.033

Medium light (500 mmol m22 s21)
Wild type 0.653 6 0.052 0.898 6 0.139 0.640 6 0.028 0.417 6 0.018 0.418 6 0.028
OsLFNR1OE 0.632 6 0.042 0.931 6 0.308 0.633 6 0.055 0.400 6 0.034 0.364 6 0.097

High light (1,000 mmol m22 s21)
Wild type 0.317 6 0.036 1.661 6 0.208 0.507 6 0.063 0.167 6 0.068 n.d.
OsLFNR1OE 0.160 6 0.022 1.288 6 0.064 0.557 6 0.043 0.089 6 0.006 n.d.
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Arabidopsis lines (Table I). Apparently, rice fl-cDNAs
can affect photosynthetic activity in Arabidopsis at a
significant frequency. We revealed that introduction of
the rice fl-cDNAs of OsLFNR1 and OsLFNR2 into
Arabidopsis and rice leads to similar phenotypes,
indicating that OsLFNR1 and OsLFNR2 can serve
the same function in both rice and Arabidopsis. These
results also indicate that the function of heterologous
genes can be analyzed using the FOX hunting system.
We applied this system to high-throughput analysis of
rice gene function as the first model case of heterolo-
gous expression in Arabidopsis. This study thus ex-
pands the possibility that the FOX hunting system can
be applied to other plant species.
We revealed that one OsLFNR isoform was sup-

pressed when the other was overexpressed in rice (Fig.
3). This result raises two possibilities: (1) the observed
phenotype in OsLFNR overexpression plants is caused
by the suppression of one LFNR isoform; or (2) the
phenotype arises from the combination of overex-
pression and suppression. The latter interpretation is
favored by our observations. Phenotypes of Arabidop-
sis and rice expressing fl-cDNAs of OsLFNR1 and
OsLFNR2 were clearly distinct from AtLFNR1 and
AtLFNR2 loss-of-function Arabidopsis mutants. The
Arabidopsis Atlfnr1 mutant does not have overre-
duced acceptors at PSI and has a slightly more oxi-

dized plastoquinone pool than the wild type (Hanke
et al., 2008a). Arabidopsis RNA interference plants of
AtLFNR2 exhibited defects in CO2 fixation and dis-
turbed PSI cyclic electron flow under normal growth
conditions (Lintala et al., 2007, 2009). In this study,
OsLFNR1OE rice was affected in nitrogen assimilation
and had normal photosynthetic characteristics except
under conditions of very high photon flux densities
(Table III). OsLFNR2OE rice was altered in linear elec-
tron transport and had reduced P700 (Fig. 4). More-
over, Arabidopsis with loss of function of Atfnr1 and
Atfnr2 showed up-regulation of theNR gene as well as
enhanced NR activity under standard growth condi-
tions (Lintala et al., 2009), whereas up-regulation of the
NR gene was only found in OsLFNR2OE. We cannot
rule out the possibility that rice LFNR isoforms have
different functions from the Arabidopsis ones. How-
ever, this is unlikely, because the same phenotypes
were observed in Arabidopsis and rice expressing
OsLFNR fl-cDNAs. Taking these observations into
consideration, we suggest that the phenotype of
OsLFNR1OE and OsLFNR2OE rice is a consequence of
the combination of overexpression and suppression
and not of the suppression of another LFNR isoform.
Thus, we demonstrate that novel gene function can be
characterized using a gain-of-function approach in
this study.

Figure 4. Photosynthetic characterization of K17234 (rice FOX Arabidopsis line) andOsLFNR2 overexpression rice plants. A to
D, Photon flux density dependence ofFII (A), NPQ (B), qP (C), and P700 oxidation ratio (D). E, Time course of NPQ induction in
CO2-free air during illumination at 100 mmol m22 s21. White circles, Arabidopsis wild type; black circles, K17234; white
triangles, rice wild type; black triangles, OsLFNR2-overexpressing rice plants. The measurements were carried out for at least
three individual leaves. Prior to measurement, leaves were dark adapted for at least 30 min.
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Electron Partitioning to CO2 Fixation and Nitrogen
Assimilation Pathways Was Impaired in OsLFNR1OE and
OsLFNR2OE Rice Plants

FNR is an enzyme that catalyzes electron transfer
between NADP+ and Fd. Reduced Fd is also the source
of electrons for nitrite reductase and Glu synthase in
the nitrogen assimilation pathway, which is indispens-
able for plant growth. The concerted regulation of
electron partitioning between photosynthetic electron
transport and nitrogen assimilation is required to opti-
mize the efficiency of electron flow in the chloroplast.

Our observations demonstrate that overexpression
of OsLFNR1 and OsLFNR2 fl-cDNAs in rice results in
the modification of photosynthesis and nitrogen as-

similation. OsLFNR1OE has some alteration in the
nitrogen assimilation pathway (Fig. 5), with less effect
on photosynthetic activity (Table III). The growth de-
fects observed inOsLFNR1OEwere recovered in nutrient-
rich culture (Figs. 3 and 5), suggesting that nitrogen
deficiency due to inefficient electron transfer to the
nitrogen assimilation pathway might lead to the growth
defects seen in the soil-grown plants. Contrary to our
observations, tobacco plants expressing a pea (Pisum
sativum) LFNR1 did not show any growth defects
(Rodriguez et al., 2007). These tobacco plants were grown
in soil and nutrient medium was supplied twice a week,
whereas the OsLFNR1OE plants were grown in soil
without nutrient addition. This suggests that the nutrient
supply might be enough for optimal growth in tobacco
LFNR1-expressing plants, as observed in the healthy
growth of OsLFNR1OE rice in hydroponic culture.

On the other hand, OsLFNR2 overexpression led to
the impairment of photosynthetic linear electron trans-
port (Fig. 4). Alteration of linear electron transport and
growth defects in OsLFNR2OE might be caused by
insufficient electron donation to NADP+.

Thus, we conclude that electron partitioning to nitro-
gen assimilation or NADP+ is disturbed in OsLFNR1OE
and OsLFNR2OE. Rice and Arabidopsis overexpressing
OsLFNR1 and OsLFNR2 showed severe growth defects
under standard growth conditions, indicating that elec-
tron partitioning either to NADP+ or nitrogen assimi-
lation is significant for optimal growth in plants.

Involvement of LFNR Isoforms in Cyclic Electron Flow

around PSI

OsLFNR2OE was modified in linear electron trans-
port as well as in alternative electron flow (Fig. 4). PSI
cyclic electron transport (Shikanai, 2007), photorespi-
ration (Wingler et al., 2000), and the water-water cycle
(Asada, 2000) are proposed as photosynthetic alterna-
tive electron pathways. A role for LFNR has also been
proposed in cyclic electron flow around PSI based on
its associationwith the cytochrome b6/f complex (Zhang
and Cramer, 2004), the NDH complex (Guedeney et al.,
1996), and pgr5-like photosynthetic phenotype 1 (PGRL1;
DalCorso et al., 2008). In this context, it should be noted
that OsLFNR2OE showed a decreasing P700 oxidation
ratio with increasing photon flux densities. This pheno-
type is also found in Arabidopsis pgr5 and pgrl1mutants,
which are reported to have defects in Fd-dependent
PSI cyclic electron flow (Munekage et al., 2002; DalCorso
et al., 2008). These results suggest that Fd-mediated cyclic
electron flow around PSI is impaired in OsLFNR2OE in
addition to linear electron transport.

Decreased electron channeling into cyclic electron
flow around PSI in OsLFNR2OE may result from in-
sufficient NADP+ reduction. OsLFNR1OE did not show
changes in the redox state of P700 (Table III) and
NPQ induction in CO2-free air (data not shown). Intact
PSI cyclic electron transport in OsLFNR1OE may be
a consequence of a normal rate of NADP+ reduc-
tion. The redox poise of the chloroplast stroma was

Figure 5. Characterization of OsLFNR1 overexpression rice plants. A,
Growth of wild-type (WT) and T1 OsLFNR1 overexpression plants.
Plants were grown in nutrient-rich hydroponic culture. B, Seedlings of
wild-type and T1 OsLFNR1 overexpression plants grown for 20 d in
nitrogen-limited (0.01 mM NH4NO3) hydroponic culture. C, Root
length of wild-type and OsLFNR1 overexpression plants. Plants were
grown in nitrogen-rich (1 mM NH4NO3) or nitrogen-limited (0.01 mM

NH4NO3) hydroponic culture. Root lengths of at least three indepen-
dent plants were measured after 20 and 30 d.
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supposed to play an important role in the regulation of
the rate of PSI cyclic electron flow (Joet et al., 2002;
Breyton et al., 2006). Moreover, the activity of PGR5-
dependent PSI cyclic electron transport is suggested to
be regulated by the redox state of the NADPH pool
(Okegawa et al., 2008). Change in the redox state of
stroma may result in impairment of the electron flow
to PSI cyclic electron flow in OsLFNR2OE.

Changes in the Stoichiometry of OsLFNR1 and OsLFNR2
in Thylakoid and/or Soluble Fractions in Rice Affect

Electron Partitioning in Chloroplasts

LFNR1 and LFNR2 are proposed to form a hetero-
dimer complex and regulate electron partitioning in
chloroplasts (Lintala et al., 2007). We found that another
isoformwas suppressed in riceOsLFNR overexpression
plants (Fig. 3D), suggesting that the stoichiometry of
the LFNR heterodimer greatly changed in the chloro-
plasts. As described earlier, the phenotype ofOsLFNR-
overexpressing rice was caused by a combination
of overexpression and suppression, suggesting that
changes in the stoichiometry of the two OsLFNR
isoforms led to the observed phenotypes. From our
results here, we propose that the stoichiometry of the
OsLFNR isoforms determines electron flow to NADP+

or nitrogen assimilation. Electrons might be transferred
preferentially from Fd to the nitrogen assimilation
pathway when OsLFNR2 accounts for a larger portion
of the total LFNR. Up-regulation of the NR genes only
in OsLFNR2OE rice (Table II) might be explained by
preferential electron transfer to nitrogen assimilation.
We speculate that electrons are selectively transported
to NADP+ when OsLFNR1 is predominant in the
chloroplasts. Transgenic tobacco plants expressing pea
FNR1 have been shown to have high NADP+ photore-
duction activity when the PSI electron donor was
provided (Rodriguez et al., 2007). LFNR stoichiometry
might change in response to environmental cues to
regulate the distribution of electrons between the pho-
tosynthetic linear electron transfer pathways and nitro-
gen assimilation.
In OsLFNR1OE, a gene coding an isoform of Fd, Fd1,

was down-regulated (Table II). Higher plants possess
leaf-type Fd and root-type Fd similar to FNR (Hanke
et al., 2004). Fd2 is reported to be a major isoform that
is involved in linear electron transport to NADP+ in
Arabidopsis (Hanke et al., 2004). Fd1 is a minor
isoform, and knockdown plants of the Fd1 gene do
not show severe photosynthetic defects, unlike Fd2
knockdown plants (Hanke and Hase, 2008b). It is
reported that relative expression of the Fd isoforms
is determined by nitrogen status (Hanke et al., 2005).
Fd2 mRNA is low under high-nitrate concentrations,
although Fd1 is expressed at the same levels under any
nitrogen conditions. Fd1 is more abundant than Fd2 in
high nitrate, similar to LFNR2. Fd1 and Fd2 are also
proposed to have a role in electron portioning (Hanke
and Hase, 2008b). In addition to LFNR isoforms, the
relative amounts of Fd isoforms might change coop-

eratively in response to nitrogen status to regulate
electron transfer into nitrogen assimilation.

Although LFNR is a soluble protein, it was also
found in thylakoid membranes. Early in vitro exper-
iments showed that NADP+ photoreduction activity is
higher in thylakoid-bound LFNR than in the soluble
one, suggesting that the pool of FNR in the thylakoid is
involved in photosynthetic electron transport. There
is, however, controversy about the function of the
LFNR pool in the thylakoid and stroma in chloro-
plasts. Tic62 (Benz et al., 2009) and TROL (Juric et al.,
2009) have been identified in Arabidopsis as the thy-
lakoid membrane attachments of LFNR. In the tic62
Arabidopsis mutant, photosynthetic activity is not
impaired under normal growth conditions. Moreover,
LFNR is shown to accumulate in the thylakoid at night
and then relocate to the stroma fraction upon illumi-
nation (Alte et al., 2010). From these observations,
Benz et al. (2010) proposed that the stromal pool of
LFNR is active in photosynthetic electron transport
rather than in the thylakoid-bound form, and the amount
of stromal LFNR might determine Fd-dependent elec-
tron partitioning.

As shown in Figure 3D, we found that the soluble
LFNR pool was increased both in OsLFNR1OE and
OsLFNR2OE (soluble FNR:thylakoid-bound LFNR ra-
tio: wild type, 0.026; OsLFNR1OE, 1.15; OsLFNR2OE,
1.33). On the other hand, the total thylakoid LFNR
level was not affected, although the stoichiometry of
the two isoforms changed compared with the wild
type. An increase in the amount of stromal LFNR
might lead to the impairment of electron distribution
in OsLFNR-overexpressing rice plants. Furthermore,
wild-type rice plants have only a tiny amount of
soluble LFNR2, as shown in Figure 3D. This is differ-
ent from the pattern in Arabidopsis, where LFNR2
was at about the same level as LFNR1 in soluble
fractions (Hanke et al., 2008a; Lintala et al., 2009). Rice
plants prefer ammonium to nitrate as a major nitrogen
source. The difference in stoichiometry between rice and
Arabidopsis soluble LFNR isoforms might be explained
by the difference in nitrogen responsiveness. It remains
unclear even from this study which LFNR pool is active,
since the stromal LFNR and thylakoid LFNR ratio
changed in both overexpression plants. Further investi-
gation will be needed to clarify this question.

MATERIALS AND METHODS

Plant Material and Growth Conditions

Details of the method for generating the FOX lines are described by

Ichikawa et al. (2006). In short, we used a mixture of approximately 13,000 rice

(Oryza sativa) full-length cDNAs and made an Agrobacterium tumefaciens fl-

cDNA expression library. This Agrobacterium library was used to transform

wild-type Arabidopsis (Arabidopsis thaliana; ecotype Columbia) to generate

rice FOX Arabidopsis lines. Independent rice fl-cDNAs were expressed under

the control of the CaMV 35S promoter. Arabidopsis plants were grown at 22�C
under long-day conditions (16 h of light and 8 h of dark). Arabidopsis was

transformed using the Agrobacterium in planta transformation method (Clough

and Bent, 1998). Rice was transformed as described previously (Toki et al., 2006).
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Wild-type rice plants (cv Nipponbare) and transgenic plants were grown in

a temperature-controlled growth room at 30�C.

Cloning of fl-cDNAs from Rice FOX Arabidopsis Lines

As we described previously (Ichikawa et al., 2006), fl-cDNA fragments were

amplified by PCR using TaKaRa PrimeSTAR HS DNA polymerase with GC

buffer (Takara Bio). The following primers were used to amplify the fl-cDNAs:

GS17K (5#-GTACGTATTTTTACAACAATTACCAACAAC-3#) and GS18K

(5#-GGATTCAATCTTAAGAAACTTTATTGCCAA-3#). Amplified fragments

were cloned into the SfiI sites of pBIG2113SF (Ichikawa et al., 2006) and

pRiceFOX to retransform into Arabidopsis and rice, respectively. The sequences

were analyzed in the Rice Annotation Project database (http://rapdb.dna.affrc.

go.jp/) to obtain information about the cDNAs and their annotation.

Chlorophyll Fluorescence Measurements

For screening of photosynthetic mutants, rice FOX Arabidopsis lines

were grown on Murashige and Skoog plates for 8 to 10 d. The induction

kinetics of chlorophyll fluorescence was measured during illumination

(350 mmol m22 s21, 120 s) using a chlorophyll fluorescence monitoring system

(FluorCam; Photon Systems Instruments). Chlorophyll fluorescence parame-

ters were determined using a pulse-modulated fluorometer (PAM 101/103;

Walz) as described by Schreiber et al. (1988). The level of minimum fluores-

cence (Fo) was recorded after dark adaptation for at least 30 min. The level of

maximum fluorescence (Fm) was obtained by applying a 0.8-s saturating light

pulse (2,000 mmol m22 s21) from a light source (KL 2500; Schott). The variable

fluorescence (Fv) was calculated as Fm 2 Fo. Actinic light was supplied by a

KL1500 lamp. The Fv/Fm was calculated as (Fm 2 Fo)/Fm. The level of

maximum fluorescence during illumination (Fm#) was obtained with a satu-

rating pulse during actinic illumination. The level of minimum fluorescence

during illumination (Fo#) was obtained after turning off the actinic light. The Fs

was the level of fluorescence yield during illumination. Variable fluorescence

during illumination (Fv#) was calculated as Fm#2 Fo#. Quantum yield of open

PSII in the steady state (Fv#/Fm#) was calculated as (Fm# 2 Fo#)/Fm#. Effective
quantum yield ofFII was calculated as (Fm#2 Fs)/Fm#. NPQwas calculated as

(Fm 2 Fm#)/Fm#. qP was calculated as (Fs 2 Fo#)/(Fm# 2 Fo#). The partial

pressures of CO2 were controlled with an infrared gas analyzer system (Li-

6400; Licor).

Measurement of the P700 Oxidation Ratio

The P700 oxidation ratio was monitored as absorbance changes at 820 nm

using a pulse-modulated system (PAM 101/102; Walz). P700 was oxidized by

far-red light from a photodiode (FR-102; Walz). The maximum contents of

P700+ (DAmax) were estimated by applying far-red light (Schreiber et al., 1988).

P700+ absorbance changes (DA) were determined at indicated photon flux

densities. The redox state of P700 was calculated as DA/DAmax.

Chlorophyll Measurement

Total chlorophyll content and the chlorophyll a/b ratio were determined

after extraction with dimethylformamide according to Porra et al. (1989). The

relative chlorophyll content per unit of leaf area was estimated using a two-

wavelength-type chlorophyll meter (SPAD-502; Minolta).

RT-PCR Analysis

Total RNA was prepared using a NucleoSpin RNA Plant Kit (Macherey-

Nagel). cDNA was synthesized using the SuperScript first-strand synthesis

system for RT-PCR (Invitrogen Japan) according to the manufacturer’s in-

structions. PCR was performed with rTaq polymerase (TOYOBO) using the

following program: 2 min at 94�C; 30 cycles of 1 min at 95�C, 1 min at 50�C,
and 3 min at 72�C; then 10 min at 72�C. The primer sets used in this study are

shown in Supplemental Table S1.

Quantitative Real-Time PCR Analysis

Total RNA was isolated from fully expanded leaves as described above.

Real-time PCR was performed according to the protocol of the Mx3000P

(Agilent Technology). PCR was performed using SYBR Green Real-Time PCR

Master Mix (TOYOBO), and the product was analyzed by the Mx3000P

multiplex quantitative PCR system. The primer sets used are shown in Supple-

mental Table S1.

Microarray Analysis

Details of the microarray method were described previously (Kondou et al.,

2008). Complementary RNA amplification and fluorescence labeling were per-

formed using the Agilent Low RNA Input Linear Amplification Kit (Agilent

Technology). Hybridization was performed using the In Situ Hybridization

Kit Plus. We used the Agilent Rice Oligo Microarray for 44K Microarray

Analysis (Agilent Technology). Microarrays were scanned using an Agilent

G2505 B Microarray Scanner. Microarray images were analyzed and data

extracted using the Feature Extraction 9.1 software (Agilent Technology).

RNA samples were isolated from aerial parts of rice wild-type and transgenic

plants.

Western-Blot Analysis

Thylakoids and the soluble protein fraction were extracted as described by

Lintala et al. (2007). Rice leaf blades were homogenized in shock buffer (10 mM

HEPES-KOH [pH 7.6], 5 mM Suc, and 5 mM MgCl2). The suspension was

filtered through nylon mesh and centrifuged at 2,500g for 4 min at 4�C. After

centrifugation, the supernatant was used as the soluble fraction and the pellet

was used as the thylakoid fraction. A total of 10 mg of proteins from the

thylakoid and soluble fractions were separated in their native form using

nondenaturing PAGE. Thylakoid proteins were solubilized in buffer contain-

ing 138 mM Tris-HCl (pH 8.0), 22% glycerol, and 1% n-dodecyl-b-D-maltoside

and were subjected to native gel electrophoresis (12% acrylamide, 375 mM

Tris-HCl, pH 8.8, and 7.6% glycerol). After electrophoresis, proteins were

electroblotted to a polyvinylidene difluoride membrane, and immunodetec-

tion was performed using the enhanced chemiluminescence western-blotting

system. FNR antibodies were purchased from AntiProt.

Sequence data from this article can be found in the GenBank/EMBL data

libraries under accession numbers NP_001045608 (OsFNR1), NP_001056570

(OsFNR2), AED98174 (AtFNR1), and AEE29923 (AtFNR2).

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. Expression analysis of rice fl-cDNAs in rice FOX

Arabidopsis lines.

Supplemental Table S1. Primer sets used in RT-PCR analysis.

Supplemental Table S2. Steady-state photosynthetic parameters of re-

transformed Arabidopsis T1 plants.

Supplemental Table S3. The results of microarray analysis for the inves-

tigation of gene expression profiles in leaf blades between the wild type

and OsLFNR1OE and OsLFNR2OE.

Supplemental Table S4. Steady-state photosynthetic parameters in hy-

droponically grown plants.
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