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Improvement of leaf photosynthesis is an important strategy for greater crop productivity. Here we show
that the quantitative trait locus GPS (GREEN FOR PHOTOSYNTHESIS) in rice (Oryza sativa L.) controls
photosynthesis rate by regulating carboxylation efficiency. Map-based cloning revealed that GPS is identical
to NAL1 (NARROW LEAF1), a gene previously reported to control lateral leaf growth. The
high-photosynthesis allele of GPS was found to be a partial loss-of-function allele of NAL1. This allele
increased mesophyll cell number between vascular bundles, which led to thickened leaves, and it
pleiotropically enhanced photosynthesis rate without the detrimental side effects observed in previously
identified nal1 mutants, such as dwarf plant stature. Furthermore, pedigree analysis suggested that rice
breeders have repeatedly selected the high-photosynthesis allele in high-yield breeding programs. The
identification and utilization of NAL1 (GPS) can enhance future high-yield breeding and provides a new
strategy for increasing rice productivity.

R
ice (Oryza sativa L.) is a staple food that feeds nearly half of the world’s population. Over the past half
century, rice production has more than doubled owing to the advent of high-yielding semi-dwarf cultivars,
including IR8, sometimes called ‘‘miracle rice’’. IR8 has a short-stature phenotype, caused by the sd1 (semi-

dwarf1) gene, which enables the plant to resist lodging and thus allows treatment with higher levels of fertilizer,
resulting in high yields. This surprising success contributed to the ‘‘Green Revolution’’1,2. However, the current
world population of over 7 billion and the predicted growth to 9 billion by 2050 will require a 60% to 70% further
increase in rice production without a corresponding increase in the amount of agricultural land3,4.

Rice yield is determined by the balance of a number of factors, including sink size, source strength, and
carbohydrate translocation. Several genes underlying quantitative trait loci (QTLs) associated with sink size have
been identified, including several for grain number regulation (GN1a5, APO16, and WFP7) and grain size regu-
lation (GW28, GS39, qSW510, and GS511). However, near-isogenic lines (NILs) having favourable GN1a and APO1
alleles have not markedly improved yield in the japonica genetic background, illustrating the importance of the
balance among sink size, source strength, and carbohydrate translocation for attaining high yield12.

Leaf photosynthesis is one of the main aspects of source strength, and rice simulation models indicate that leaf
photosynthesis, particularly in flag leaves, plays an important role in determining crop yield13,14. Wide natural
variation in light-saturated photosynthesis rate under ambient CO2 concentration has been observed among rice
cultivars15,16. The photosynthesis rate is generally determined by both CO2 supply to chloroplasts and demand for
CO2 in the chloroplasts17,18. The CO2 supply is governed by diffusion of CO2 from the atmosphere through
stomata to the sites of carboxylation in the chloroplasts. One of the factors involved in the CO2 supply is stomatal
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conductance, an indication of stomatal aperture17. The demand for
CO2 is governed by the rate of CO2 processing in the chloroplast. One
of the factors involved in the demand for CO2 is the amount of
active ribulose 1,5-bisphosphate carboxylase/oxygenase (Rubisco)18.
Because large amounts of nitrogen (N) are invested in Rubisco, leaf
N content is also recognized as an important factor for photosyn-
thesis19,20. The natural variation in photosynthesis rate is well
explained by variation in both stomatal conductance and leaf N
content21,22. While these eco-physiological characteristics of rice pho-
tosynthesis have been elucidated, genes associated with the variation
in photosynthesis rate are yet to be identified, owing to the complex-
ity of this trait23,24.

In this study, QTL analysis combined with map-based cloning
using Takanari, a high-yielding, high-photosynthesis rice cultivar,
led to the identification and isolation of a major QTL controlling
the photosynthesis rate in flag leaves of rice. An NIL carrying the
favourable allele for this QTL had an enhanced photosynthesis rate
caused by an increase in carboxylation efficiency, which originated
from pleiotropic effects of leaf anatomical modifications. A sub-
sequent pedigree analysis revealed that rice breeders have repeatedly
selected this allele in high-yield breeding programs. These results
suggest that the identification and utilization of photosynthesis-
related QTLs can enhance future high-yield breeding and provide
a new strategy for achieving increased rice productivity.

Results
QTL analysis. To identify genes controlling photosynthesis rate, we
chose a high-yielding indica rice cultivar, Takanari, and a leading
japonica cultivar, Koshihikari, both grown in Japan. Takanari has

one of the highest photosynthesis rates among cultivars in global rice
core collections21, and the greatest difference in photosynthesis rate
between Koshihikari and Takanari at any time during the growth
period was in flag leaves at the full heading stage25. Takanari, which is
descended from high-yielding cultivars including IR8 (Fig. 1a),
possesses the sd1 gene26 and has shorter plant stature but darker
green and wider flag leaves than Koshihikari (Fig. 1b, c). As
expected, the photosynthesis rate of flag leaves at the full heading
stage was higher in Takanari than in Koshihikari (Fig. 1d). Leaf N
content and stomatal conductance were also higher in Takanari than
in Koshihikari (Fig. 1e, f).

We developed primary mapping populations of reciprocal back-
cross inbred lines (BILs) derived from a cross between Koshihikari
and Takanari. Both sets of BILs, consisting of 82 lines in the
Koshihikari genetic background and 86 in the Takanari background,
were used to make detection and mapping of QTLs more precise. We
measured the leaf photosynthesis rate in flag leaves of the reciprocal
BILs at the full heading stage with a portable photosynthesis system
(LI-6400; Li-Cor) under an optimal and constant leaf chamber con-
ditions in the morning on clear days. Photosynthesis rate showed
continuous variation in both mapping populations (Supplementary
Fig. S1). QTL analysis with 140 molecular markers detected two
QTLs in the Koshihikari background and four in the Takanari back-
ground (Supplementary Fig. S1, Supplementary Table S1). Among
them, a QTL on the long arm of chromosome 4 was commonly
detected in both mapping populations, with the allele from
Takanari contributing to an increase in photosynthesis rate. Our
earlier studies also found QTLs associated with photosynthesis-
related traits such as chlorophyll content on the long arm of

Figure 1 | Characteristics of high-yielding rice cultivar Takanari. (a) Pedigree of Takanari. Cultivars marked with the same colour box have the same

GPS haplotype. (b, c) Plant morphology (b) and flag leaves (c) of field-grown Koshihikari and Takanari. (d–f) Comparisons of photosynthesis rate (d), N

content (e), and stomatal conductance (f) of flag leaves at full heading stage between Koshihikari and Takanari. Each column represents mean 6 s.d.

(n 5 18); ***P , 0.001 versus Koshihikari (Student’s t-test).
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chromosome 427,28. Thus, we selected this QTL, here named GREEN
FOR PHOTOSYNTHESIS (GPS), for further analysis.

Physiological characterization of GPS. For map-based cloning and
characterization of QTLs, we developed reciprocal NILs-GPS, each
carrying the GPS region from either Koshihikari or Takanari in the
genetic background of the other (Fig. 2a). Koshihikari NIL-GPS (i.e.,
Koshihikari background containing GPS from Takanari) had darker

green leaves than Koshihikari, and Takanari NIL-GPS had lighter
green leaves than Takanari (Fig. 2a). Comparison of flag leaf
photosynthesis rates confirmed the effect of GPS: Koshihikari NIL-
GPS had a higher photosynthesis rate per unit leaf area than
Koshihikari, and Takanari NIL-GPS had a lower photosynthesis
rate than Takanari (Fig. 2b). These differences in photosynthesis
rate were observed even when expressed per unit dry weight
(Fig. 2c). Higher photosynthesis rates were associated with

Figure 2 | Physiological characterization of GPS alleles. (a) Plant morphology and graphical genotypes of Koshihikari, Koshihikari NIL-GPS, Takanari,

and Takanari NIL-GPS. Yellow-green bars, chromosome regions from Koshihikari; dark green, Takanari. (b–i) Comparisons of photosynthesis rate (b, c),

leaf N content (d, e), Rubisco content (f, g), and chlorophyll (Chl) content (h, i) of flag leaves at full heading stage. Each column represents mean 6 s.d.

(n 5 9). Different letters indicate significant difference at the 5% level (Tukey–Kramer HSD test).
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enhanced leaf N, Rubisco, and chlorophyll contents per unit leaf area,
and in some cases per unit fresh or dry weight (Fig. 2d–i).
Koshihikari NIL-GPS also exhibited greater responses to light and
CO2 than did Koshihikari, most notably a higher initial slope of the
CO2 response curve, reflecting higher carboxylation efficiency
(Fig. 3a, b). According to a biochemical model of C3 photo-
synthesis (the ‘‘Farquhar model’’), photosynthesis rate is limited
either by ribulose-1,5-bisphosphate (RuBP) carboxylation by
Rubisco (carboxylation efficiency) or by RuBP regeneration in
response to CO2 concentration29. To examine which step limited
the photosynthesis rate in the parental cultivars and the reciprocal
NILs-GPS under our experimental conditions (light saturation and
ambient CO2), we fitted the model to the CO2 response data. Analysis
revealed that the photosynthesis rate in all cultivars and NILs-GPS
was limited by RuBP carboxylation by Rubisco (Supplementary Fig.
S2). These results indicate that the primary role of GPS is related
to carboxylation efficiency during photosynthesis. We further
examined the relationship between Rubisco content and Vc,max, the
maximum rate of RuBP carboxylation by Rubisco, obtained from the
model-fitting analysis. Vc,max was closely related to Rubisco content
(Supplementary Fig. S3). These results suggest that the increase in
Rubisco content seen in lines containing the Takanari allele of GPS
led to an increase in Vc,max, in turn increasing carboxylation effi-
ciency and consequently photosynthesis rate. On the other hand, no
significant difference was observed in stomatal conductance between
each parental cultivar and the corresponding NIL-GPS (Supple-
mentary Fig. S4). Neither stomatal density nor stomatal length
differed between each parental cultivar and the corresponding
NIL-GPS (Supplementary Fig. S4).

Cloning of GPS. For map-based cloning of GPS, we first used 142 F2

plants derived from Koshihikari 3 Koshihikari NIL-GPS and 143
from Takanari 3 Takanari NIL-GPS. GPS was coarsely mapped near
the simple sequence repeat (SSR) molecular marker RM3534 in both
populations (Fig. 4a, b). For further high-resolution mapping,
another 8308 and 2784 F2 plants were used to select plants with
recombination near RM3534 through marker-assisted selection in
the Koshihikari and Takanari genetic backgrounds, respectively.
From this selection, we obtained 26 and 24 plants, respectively.
Analysis of recombinant homozygous F3 lines narrowed the
candidate region down to the 23.5-kb region between the markers
InDel_4_135 and InDel_4_105 in both genetic backgrounds (Fig. 4a,
b). The photosynthesis rates in lines carrying the Takanari allele in
this region were higher than in those carrying the Koshihikari allele
(Fig. 4a, b). The Rice Annotation Project Database (RAP-DB)30

predicts three genes in this region. A bacterial artificial chromo-
some (BAC) clone containing the candidate genomic region
(Taka03G22; Fig. 4b) was obtained by screening a genomic library
of Takanari. We determined the sequence of the candidate region in
Takanari by using this BAC clone and compared it with the corre-
sponding sequence in Koshihikari, for which the whole genome
sequence is now available31. Among the three genes annotated in
RAP-DB, we found polymorphisms in the coding region for only
one gene, at Os04g0615000. This gene was previously reported as
NARROW LEAF1 (NAL1), encoding a plant-specific protein which
may be involved in polar auxin transport32. There were ten single-
nucleotide polymorphisms (SNPs), three of which encoded amino
acid substitutions, in NAL1 between Koshihikari and Takanari
(Fig. 4c). A 5895-bp retrotransposon insertion was also found in
the second exon of NAL1 in the Koshihikari genome (Fig. 4c).

The previously identified nal1 mutation affected plant height as
well as lateral leaf growth32. However, the relationship between NAL1
and leaf photosynthesis was not examined in that study. To clarify
the effect of NAL1 on leaf photosynthesis, we analysed a nal1 mutant
in the Taichung 65 genetic background (T65-nal1), which has the
same deletion of 30-bp in the fourth exon as previously reported32

(Fig. 4c). T65-nal1 showed severe dwarf plant stature and remark-
ably smaller and narrower flag leaves than T65 (Fig. 5a, b,
Supplementary Fig. S5a–c). However, T65-nal1 had higher flag leaf
N content both per unit leaf area and per unit dry weight at full
heading than T65 (Fig. 5c, d) and a higher photosynthesis rate than
T65 (Fig. 5e). These results suggest that reduction or loss-of-function
of NAL1 increased photosynthesis rate.

To confirm that NAL1 controls photosynthesis rate, we generated
RNA interference (RNAi) transgenic plants to decrease the express-
ion level of NAL1 in the Koshihikari genetic background (RNAi-
NAL1). The RNAi-NAL1 plants (T0) showed dwarf plant stature
and smaller and narrower flag leaves than Koshihikari (Fig. 5f,
Supplementary Fig. S5e–g), and the reduced levels of NAL1 express-
ion induced a higher photosynthesis rate in the flag leaves of the
RNAi-NAL1 plants at full heading (Fig. 5g). The enhanced pho-
tosynthesis rate was associated with higher flag leaf N content
(Fig. 5h, i). Thus, we conclude that NAL1 pleiotropically controls
both plant stature and photosynthesis rate and corresponds to GPS.

When we compared the flag leaf shapes and culm lengths of
Koshihikari, Takanari, the reciprocal NILs-GPS, T65-nal1, and
RNAi-NAL1, flag leaf width and length in Koshihikari NIL-GPS were
decreased compared with Koshihikari (Fig. 6a, Supplementary Fig.
S5i, j), but the reduction was less severe than in T65-nal1 and RNAi-
NAL1 (Supplementary Fig. S5a, b, e, f, i, j). No difference was

Figure 3 | Responses of GPS to light and CO2. (a) Effect of light intensity on photosynthesis in flag leaves at full heading stage in Koshihikari, Koshihikari

NIL-GPS, Takanari, and Takanari NIL-GPS (n 5 3). PPFD, photosynthetic photon flux density. (b) Effect of intercellular CO2 concentration on

photosynthesis in flag leaves at full heading stage in the four genotypes (n 5 3).

www.nature.com/scientificreports
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observed in culm length between each parental cultivar and the
corresponding NIL-GPS (Supplementary Fig. S5k). On the basis
of these results, we considered that the Takanari GPS allele might
be functional but weaker than the Koshihikari allele. On the other
hand, the presence of a retrotransposon insertion in the coding
region of Koshihikari (Fig. 4c) might reduce the function relative
to the Takanari allele. Therefore, we compared the expression level of
NAL1 in the flag leaves of Koshihikari and Takanari at several devel-
opmental stages. Quantitative real-time PCR (qRT-PCR) detected
the expression of NAL1 in both Koshihikari and Takanari, with no
significant difference at any flag leaf developmental stage (Fig. 6b).
Further investigation of NAL1 transcripts found that about 20% of
the Koshihikari transcripts sequenced contained no retrotransposon
insertion, whereas many other transcripts sequenced contained
insertion of the full, or partial retrotransposon (Supplementary
Fig. S6). Takanari also had many splice variants in NAL1 transcripts
(Supplementary Fig. S7). Although a recent study reported several
kinds of splice variants for NAL1 transcripts only in an indica cul-
tivar33, our results revealed many splice variants for NAL1 transcripts
in both a japonica cultivar, Koshihikari, and an indica cultivar,
Takanari. These results indicate that NAL1 expression mechanism
is too complicated to explain the cause of the two alleles of GPS by the
expression or transcription level of NAL1.

Then, we next examined the level of NAL1 protein in the flag
leaves of Koshihikari and Takanari. Western blot analysis detected
a 64-kDa protein band corresponding to NAL1 in both Koshihikari
and Takanari, but the signal was less abundant in Takanari (Fig. 6c).
These results suggest that the three amino acid substitutions or the
different levels of NAL1 protein might have been the cause of the
difference in NAL1 function in the two cultivars, detected in this
study as the two alleles of GPS, although the detailed mechanisms
underlying the differences between these alleles are still unknown.

Mechanisms underlying control of photosynthesis rate by NAL1.
The finding that GPS and NAL1 are the same gene suggests that leaf
morphological changes affect the photosynthesis rate. Previous
studies have shown that leaf anatomical changes can affect leaf
photosynthesis34,35. We examined specific leaf area (SLA), which is
inversely related to leaf thickness36, of flag leaves in Koshihikari,
Takanari, and the reciprocal NILs-GPS, and found that the
Takanari allele of GPS decreased SLA (Fig. 7a). Both T65-nal1
mutant plants and RNAi-NAL1 transgenic plants also showed
lower SLA than either wild-type cultivar (Supplementary Fig. S5d,
h). We next observed cross-sections of the central parts of flag leaves
in Koshihikari, Takanari, and the reciprocal NILs-GPS, and
confirmed that the Takanari allele increased leaf thickness at both

Figure 4 | Molecular cloning of GPS. (a, b) High-resolution linkage map of GPS region produced with 8308 F2 plants in the Koshihikari background (a)

and 2784 F2 plants in the Takanari background (b). Populations were produced by crossing each cultivar with the corresponding NIL-GPS. The number

of recombinants between molecular markers is indicated below the second line in each figure part. Yellow-green shading, regions homozygous for

alleles from Koshihikari; dark green, Takanari. Each purple bar in the photosynthesis rate graphs represents the mean 6 s.d. (n 5 6) of the adjacent

genotype. ***P , 0.001; **P , 0.01; n.s., not significant within pairs of recombinant lines (Student’s t-test). (c) Gene structure and mutation sites of

NAL1 in Koshihikari, Takanari, and nal1 mutant line in Taichung 65 genetic background (T65-nal1). Light blue bars represent exons; white bars represent

59 and 39 untranslated regions.
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Figure 5 | Plant morphology and photosynthesis rate in mutant and transgenic plants with differing expression of NAL1. (a, b) Plant morphology (a)

and flag leaves (b) of Taichung 65 (T65) and nal1 mutant line in T65 genetic background (T65-nal1). (c–e) Comparison of N content per unit leaf area (c),

N content per unit dry mass (d), and photosynthesis rate (e) of flag leaves at full heading stage between T65 and T65-nal1. Each column represents

mean 6 s.d. (n 5 10); ***P , 0.001 versus T65 (Student’s t-test). (f) Plant morphology of Koshihikari and transgenic plants with RNAi-induced

suppression of NAL1 in the Koshihikari genetic background (RNAi-NAL1). (g) Relationship between expression level of NAL1 and photosynthesis rate of

flag leaves at full heading stage in Koshihikari and RNAi-NAL1 T0 plants. Each circle represents an individual Koshihikari or T0 plant. (h, i) Comparison of

N content per unit leaf area (h) and per unit dry mass (i) between Koshihikari and RNAi-NAL1. Each column represents mean 6 s.d. (n 5 25 for

RNAi-NAL1, n 5 5 for Koshihikari); ***P , 0.001 versus Koshihikari (Student’s t-test).

Figure 6 | Expression and protein differences between GPS alleles in Koshihikari and Takanari. (a) Flag leaves in Koshihikari, Koshihikari

NIL-GPS, Takanari, and Takanari NIL-GPS. (b) Expression analysis by quantitative real-time PCR of NAL1 in flag leaves at three developmental stages.

DBH, days before heading. Each symbol represents mean 6 s.d. (n 5 4); n.s., not significant between Koshihikari and Takanari (Student’s t-test).

(c) Western blot analysis of NAL1 protein extracted from flag leaves. Molecular weight marker and samples were run on the same gel and were electro-

transferred onto the same membranes. Each column in the graph represents mean 6 s.d. (n 5 3). *P , 0.05 versus Koshihikari (Student’s t-test).
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large and small vascular bundles (LVB and SVB, respectively;
Fig. 7b–f). Because the majority of rice leaf tissue consists of
mesophyll cells, we examined mesophyll cell number and size in
cross-sections of flag leaves. Although mean mesophyll cell size did
not differ between each parental cultivar and the corresponding NIL-
GPS, the Takanari allele increased mesophyll cell number between
the vascular bundles (Fig. 7g, h), and consequently enlarged the total
mesophyll area between the vascular bundles in the cross-sections
(Fig. 7i). The Takanari allele did not increase the distance between

vascular bundles and in some cases decreased it slightly (Fig. 7j).
Taken together, these results suggest that increased mesophyll cell
number produced thicker flag leaves and ultimately led to higher
photosynthesis rate per unit leaf area in plants with the Takanari
allele.

Selection of GPS in rice breeding history. Takanari is descended
from high-yielding rice cultivars, including IR8, IR24, and the
Korean high-yielding cultivar Tongil37 (Fig. 1a). To examine

Figure 7 | Leaf anatomical characteristics controlled by GPS. (a, b) Comparison of specific leaf area (SLA) (a) and thickness (b) of flag leaves in

Koshihikari, Koshihikari NIL-GPS, Takanari, and Takanari NIL-GPS. LVB, large vascular bundle, SVB, small vascular bundle. (c–f) Cross-sections of flag

leaves stained with toluidine blue in Koshihikari (c), Koshihikari NIL-GPS (d), Takanari (e), and Takanari NIL-GPS (f). (g–j) Comparisons of mesophyll

cell number (g), mean mesophyll cell size (h), total mesophyll area of cross-section (i), and interveinal distance (j) between LVB and SVB and between

SVBs in the four genotypes. Each column represents mean 6 s.d. (n 5 9). Different letters indicate significant difference at the 5% level (Tukey-Kramer

HSD test).
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whether the Takanari allele of GPS was selected in high-yield
breeding programs, we analysed the nucleotide sequences of NAL1
from 14 cultivars in the pedigree of Takanari for which seeds were
available. The sequences could be classified into five haplotypes, and
high-yielding cultivars such as IR8, IR24, and Tongil were
categorized into the same haplotype as Takanari (Supplementary
Table S2). Although there is no direct evidence that the Takanari
allele originated from IR8, we discovered that IR8 inherited the allele
from Peta and that Tongil inherited the allele from IR8 (Fig. 1a).
These results suggest that rice breeders have repeatedly selected this
favourable allele for photosynthesis in breeding programs for high
yield.

Effects of GPS on productivity. To examine whether GPS affects rice
productivity, we conducted yield trials with Koshihikari, Takanari,
and the reciprocal NILs-GPS. In this experiment, Takanari and
Takanari NIL-GPS were compared under high-N conditions,
because higher yield can be achieved in Takanari and related
materials under high N inputs. On the other hand, Koshihikari
and Koshihikari NIL-GPS were compared under standard-N
conditions because of their tendency to lodge. Takanari had higher
grain yield than Takanari NIL-GPS owing to higher ripening
percentage and 1000-grain weight (Table 1). These results indicate
the importance of the Takanari allele of GPS for the performance of
Takanari. However, grain yield was similar between Koshihikari and
Koshihikari NIL-GPS (Table 1). The result suggests that other factors
in addition to the Takanari allele of GPS are necessary to enhance
grain yield in the Koshihikari genetic background.

Discussion
Until now, genetic factors underlying natural variation in photosyn-
thesis rate have not been identified, because photosynthesis is rapidly
affected by environmental changes and is hard to measure precisely
for a large number of lines in a single experiment. We measured leaf
photosynthesis only in the morning on clear days, because leaf pho-
tosynthesis did not reach its maximum levels on cloudy days or in the
afternoon38,39. The reciprocal materials also facilitated precise map-
ping of QTLs for photosynthesis rate, because the use of two popula-
tions enabled us to compare the positions of QTLs and the effects of
QTL alleles between the two populations. By these methods, we
identified GPS, a QTL that regulates photosynthesis rate in rice.

We revealed that GPS did not affect stomatal conductance
(Supplementary Fig. S4a) but did change carboxylation efficiency
by regulating Rubisco content under our experimental conditions
(Fig. 2f, g, Fig 3b). Because Rubisco is a key enzyme in CO2 fixation
during photosynthesis, many research groups are attempting to
improve Rubisco activity by using transgenic technology40–42.
Although GPS might not be involved in the activity of Rubisco, it
is involved in controlling the amount of Rubisco (Fig. 2f, g).
Therefore, our results show that manipulation of Rubisco content
by using GPS is an effective strategy to enhance carboxylation effi-
ciency and consequently photosynthesis rate.

High-resolution mapping and subsequent mutant and transgenic
experiments revealed that GPS was identical to NAL1, which encodes
a plant-specific protein involved in controlling lateral leaf growth32.
Although the relationship between NAL1 and photosynthesis was
not tested at all in the previous study32, the discovery that GPS and
NAL1 are the same locus led us to hypothesize that the leaf morpho-
logical modifications produced by NAL1 affect leaf photosynthesis
properties. Our subsequent investigation of flag leaf anatomy
revealed that NAL1 (GPS) controlled not only lateral leaf growth,
but also vertical leaf growth, namely leaf thickness, by modulating
mesophyll cell divisions between vascular bundles (Fig. 7). Because
leaf mesophyll cells are the major site of photosynthesis18 and make
up the majority of rice leaf tissue (Fig. 7c–f), an increase in the
number of mesophyll cells without size reduction or lateral extension
can expand the vertical mesophyll tissue volume. Our results dem-
onstrate the importance of NAL1 (GPS) in the development of flag
leaves, where it led to modulation of leaf N, Rubisco, and chlorophyll
contents per unit leaf area and thereby contributed to carboxylation
efficiency and leaf photosynthesis. Moreover, NAL1 (GPS) also regu-
lated leaf N, Rubisco, and chlorophyll contents per unit fresh or dry
mass (Fig. 2e, g, i, Fig. 5d, i), which was reflected in photosynthesis
rate per unit dry mass (Fig. 2c). Because these trait values expressed
per unit fresh or dry mass reflect concentration, NAL1 (GPS) may
also regulate the amount of photosynthesis machinery per mesophyll
cell, which may also contribute to carboxylation efficiency and leaf
photosynthesis.

The importance of thicker leaves in relation to photosynthesis has
been evident for a long time from observations that sun leaves are
thicker, have more photosynthesis machinery per cell, and show
higher photosynthesis rate than shade leaves34,43. However, little is
known about genes controlling leaf thickness and photosynthesis
rate, although these two traits show a close relationship in diverse
plant species and show varietal differences35,44. In this study, we
revealed that NAL1 had pleiotropic effects on leaf anatomy and
photosynthesis. Interestingly, a similar function has been reported
for the Arabidopsis ERECTA gene45, which encodes a putative leu-
cine-rich-repeat receptor protein kinase46. The functional allele of
ERECTA led to a greater number of mesophyll cells, tighter packing
of mesophyll cells, and higher carboxylation efficiency than loss-of-
function alleles45. However, unlike NAL1, ERECTA was also assoc-
iated with epidermal morphology. The functional allele of ERECTA
reduced stomatal density and thereby lowered stomatal conductance
relative to loss-of-function alleles; for this reason, ERECTA is
regarded as a transpiration efficiency gene. Recently, rice mutants
generated by artificial mutagens were screened for mesophyll cell
architecture with the goal of improving photosynthetic capacity47.
Several mutant lines showed favourable alterations such as increased
mesophyll cell size. However, none of them had an enhanced pho-
tosynthesis rate relative to wild-type plants48. Because artificial muta-
tions often cause detrimental side effects, these effects may have
cancelled out the effects of the favourable mesophyll alterations
necessary for improved photosynthesis rate. In this context, natural

Table 1 | Yield and yield components in Koshihikari, Koshihikari NIL-GPS, Takanari, and Takanari NIL-GPS

Cultivar or NIL Yield (g m22) Spikelets (no. m22) Ripening (%) 1000-grain wt. (g)

Koshihikari 560 29,968 84.2 21.7
Koshihikari NIL-GPS 559 28,029 86.1 22.8
(n 5 3) n.s. n.s. n.s. **
Takanari 1,051 59,217 83.1 21.0
Takanari NIL-GPS 1,002 60,797 78.4 20.5
(n 5 5) * n.s. * **

N fertilization was 6 g N m22 for Koshihikari and its NIL-GPS and 18 g N m22 for Takanari and its NIL-GPS.
**P , 0.01;
*P , 0.05; n.s., not significant (Student’s t-test).
Comparisons were made between each cultivar and the corresponding NIL-GPS.
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variations of NAL1 (GPS) and ERECTA are valuable for obtaining
enhanced photosynthesis capacity through leaf anatomical modifi-
cations.

With regard to detrimental side effects, T65-nal1 and RNAi-NAL1
plants showed severe dwarf plant stature not seen in Koshihikari
NIL-GPS (Fig 2a, Fig. 5a, f), although all three of these materials
displayed an increase in photosynthesis rate. The differences in
phenotype might be attributable to the level of NAL1 function. The
30-bp deletion in the fourth exon in T65-nal1 and the reduction of
NAL1 expression induced by RNAi seem to have caused severe loss-
of-function of NAL1. On the other hand, the reduced NAL1 protein
level in Takanari compared with Koshihikari and the presence of
three amino acid substitutions between the two cultivars suggest
partial loss-of-function of the NAL1 encoded by the Takanari allele.
Other cases have been reported in which a moderate level of gene
function produces a preferable plant phenotype49. For example,
APO1, which controls panicle structure, increased spikelet number
per panicle with no decline in panicle number when expressed to a
level twice that of the wild type, but caused a remarkable decline in
panicle number when overexpressed to levels much higher than that
of the wild type50,51. The partial loss-of-function allele of GN1a also
increased spikelet number per panicle, with only a slight decrease in
panicle number, compared with the gain-of-function allele5. On the
basis of these results, we suggest that a weak NAL1 allele such as the
Takanari allele of GPS increases the photosynthesis rate without
detrimental side effects and is suitable for breeding. This is supported
by the fact that the Takanari allele appears to have been repeatedly
selected in high-yield breeding programs (Fig. 1a). While it is well
known that the semi-dwarf gene sd1 was selected from Dee-geo-
woo-gen when IR8 was developed52, IR8 also contains the Takanari
allele of GPS that was inherited from Peta (Fig. 1a). Likewise, the GPS
allele from IR8 is present in Tongil, the first high-yielding cultivar in
Korea (Fig. 1a). After several more generations of breeding and
selection, Takanari inherited this allele, although we could not deter-
mine the original cultivar that contributed the allele to Takanari
because it is found in several ancestors of Takanari. These facts
provide strong evidence that breeders regarded the phenotype con-
ferred by the Takanari allele of GPS as an important factor when
developing high-yielding cultivars. The contribution of Dee-geo-
woo-gen as the source of sd1 has frequently been highlighted in
discussions of the ‘‘Green Revolution’’ in rice. Our results reveal
the importance of another gene that the traditional cultivar Peta
provided to IR8 and subsequent high-yielding cultivars. But how
did breeders select an allele for higher photosynthesis without
directly observing photosynthesis? One possibility is that breeders
might have used leaf colour as a selection criterion, because the
Takanari allele of GPS produces dark green leaves (Fig. 2a,
Fig. 6a). Thick, dark green leaves were also targeted in new-plant-
type (NPT) breeding in the 1990s53. Because high photosynthesis
rates and dark green leaves are common to Takanari, IR8, and
Tongil26, the Takanari allele of GPS is likely to have been selected
through leaf colour.

The ultimate goal of our studies of GPS is to increase rice yield
potential. Thus, we examined grain yield of Koshihikari, Takanari,
and the reciprocal NILs-GPS, and discovered that the Takanari allele
of GPS was indispensable for Takanari to achieve its normal yield
level (Table 1). On the other hand, the Takanari allele did not
increase grain yield in Koshihikari (Table 1). When yield compo-
nents were compared between Koshihikari and Koshihikari NIL-
GPS, we found no significant difference in spikelet number per m2,
but found a slight increase in ripening percentage and a significant
increase in 1000-grain weight for Koshihikari NIL-GPS (Table 1).
The comparison indicates that combination of GPS with sink size
QTLs such as GN1a and APO1 may be necessary to increase grain
yield in the Koshihikari background. An alternative is that GPS may
require high N inputs to have maximum effect on yield.

We found that GPS, a newly identified QTL regulating photosyn-
thesis rate, is identical to NAL1, a gene previously identified for its
effects on plant morphology. To our knowledge, NAL1 is the first
gene shown to account for natural variation in rice photosynthesis
rate, although its molecular function is still unknown. Nevertheless,
this finding opens up possibilities for further identification of other
photosynthesis-related QTLs and further understanding of the gen-
etic mechanisms underlying natural variation in photosynthesis rate.
Combining photosynthesis QTLs with sink size QTLs will enhance
future high-yield breeding and provide a new and efficient strategy
for increased rice productivity.

Methods
Plant growth conditions. Field experiments were conducted in a paddy field at the
NARO Institute of Crop Science, Ibaraki, Japan, and at the University Farm, Tokyo
University of Agriculture and Technology, Tokyo, Japan. Seeds were sown in nursery
boxes, and 21-day-old seedlings were transplanted at a density of one seedling per hill,
at a spacing of 15 cm between hills and 30 cm between rows. For the QTL mapping
experiments and for yield trials in standard-N plots, basal fertilizer was applied at
60 kg N, 52 kg P, and 75 kg K ha21. For yield trials in high-N plots, N was applied at
180 kg ha21 (120 kg as basal fertilizer and 60 kg as topdressing at the panicle
initiation stage), with 70 kg P and 100 kg K ha21 as basal fertilizer. Experimental plots
for yield trials were arranged in a randomized complete block design with three or five
replications.

Plant materials and QTL mapping. For QTL analysis of leaf photosynthesis,
reciprocal BILs (BC1F6) were developed between a high-yielding indica rice cultivar,
Takanari, and a leading japonica cultivar, Koshihikari, both grown in Japan. The
reciprocal BILs consisted of 87 lines each in the Koshihikari and Takanari genetic
backgrounds, but some lines were excluded because of hybrid weakness or extremely
late heading; thus, 82 and 86 lines, respectively, were used for QTL analysis. The
genome-wide genotype of each line was determined by using 140 PCR-based DNA
markers, and linkage maps were constructed with MAPMAKER/EXP 3.0 software54.
The chromosomal positions and effects of putative QTLs were determined by
composite interval mapping with QTL Cartographer 2.0 software55. The threshold of
QTL detection was based on 1000 permutation tests at the 5% level of significance.
The reciprocal NILs-GPS were developed through four generations of backcrossing
and marker-assisted selection. For map-based cloning, we used F2 progeny derived
from crosses of each NIL-GPS to the corresponding recurrent parent cultivar.
Consequently, 26 and 24 plants with recombination near the QTL were identified
from 8308 and 2784 F2 plants in the Koshihikari and Takanari genetic backgrounds,
respectively. The primer sets for the InDel markers used in map-based cloning are
listed in Supplementary Table S3.

Leaf photosynthesis measurement. Leaf photosynthesis was measured in flag leaves
at the full heading stage with a portable photosynthesis system (LI-6400; Li-Cor).
Measurement was conducted on clear days between 0900 and 1300 h under a
constant saturated light level of 2000 mmol m22 s21 provided by red/blue light-
emitting diodes. The leaf chamber temperature was maintained at 30uC, the reference
CO2 concentration was 390 mmol mol21, and the mean leaf-to-air vapour pressure
difference was 1.1 kPa. Gas-exchange parameters were recorded once the topmost
expanded leaf was enclosed in the chamber and the photosynthesis rate reached
steady state. Leaf photosynthesis was also measured at different light levels between 0
and 2000 mmol m22 s21 and different reference CO2 concentrations between 0 and
1500 mmol mol21. To fit the biochemical Farquhar model of C3 photosynthesis to
CO2 response data29, we used the Rubisco kinetic parameters determined by the
temperature response functions56. Leaf N, Rubisco, and chlorophyll contents were
investigated using the same flag leaves for which leaf photosynthesis was measured in
the field. Leaf N was quantified with an NC analyser (Sumigraph NCH-22F; Sumik
Chemical Analysis Service). Rubisco was quantified by the single radial
immunodiffusion method with rabbit polyclonal antibodies raised against purified
Rubisco from rice28. Chlorophyll content was determined by extraction with N,N9-
dimethylformamide (DMF)57.

Observation of the cross-section of flag leaves. After leaf photosynthesis was
measured, central sections of flag leaf blades were sampled, fixed in 4%
paraformaldehyde/0.25% glutaraldehyde fixative solution, and embedded in paraffin
wax. Transverse sections of leaves 7 mm thick were cut on a rotary microtome
(HM335E; Microm) and stained with 0.05% toluidine blue. Leaf mesophyll anatomy
at the second large vascular bundles from the midrib was observed under a
fluorescence microscope (BX51N-34-FL; Olympus) at 3200 magnification and
analysed with digital image processing software (Win-ROOF v. 6.1; Mitani). To
measure the distance between vascular bundles, stomatal density, and stomatal
length, we observed the abaxial epidermis of fixed flag leaves under a scanning
electron microscope (SEM) (VE-9800; Keyence) and analysed the measurements
with Win-ROOF.

Transformation of rice with RNAi construct. To produce a construct for
knockdown of NAL1, we amplified a gene-specific DNA fragment of 308 bp
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including the fifth exon and 39 UTR of NAL1 by PCR using specific primers
(Supplementary Table S3). The fragments were cloned in head-to-head orientation
into the RNA interference vector pZH2Bik (a generous gift from M. Kuroda)58. This
plasmid was introduced into callus derived from Koshihikari by a high-efficiency
Agrobacterium-mediated transformation system for rice callus59.

RNA isolation and expression and transcript analysis. Total RNA was extracted
from flag leaf tissues at each developmental stage by using an RNeasy Mini Kit
(Qiagen). First-strand cDNA was synthesized by using SuperScript III reverse
transcriptase (Invitrogen). Quantitative real-time PCR (qRT-PCR) was performed by
using SYBR Green Realtime PCR Master Mix (Toyobo) and specific primers
(Supplementary Table S3) on an ABI7300 system (Applied Biosystems). The results
were confirmed by analysing four biological replicates, with three technical repeats
for each biological replicate. The UBQ2 gene from rice was used as an internal
standard (Supplementary Table S3). For transcript analysis, cDNA was amplified by
specific primers of 59-UTR and 39-UTR (Supplementary Table S3). The PCR
products were cloned by using Zero Blunt TOPO PCR Cloning Kit (Invitrogen) and
sequenced with a BigDye Terminator v. 3.1 Cycle Sequencing Kit (Applied
Biosystems) on an automated fluorescent laser sequencer (3130xl; Applied
Biosystems).

Western blot analysis. Antiserum to NAL1 was generated by injection of rabbits with
the synthetic oligopeptide SPVRDDQDAPRSITN, corresponding to the C-terminal
region of NAL1. Total protein was extracted from flag leaf tissues at the full heading
stage and quantified by the Bradford method60. The protein (14 mg) was subjected to
SDS-PAGE in 10% polyacrylamide gel for separation and electro-transferred onto
polyvinylidene difluoride (PVDF) membranes (Bio-Rad Laboratories), which were
then incubated with rabbit antiserum to NAL1. The NAL1 oligopeptide antibodies
were used at a 151000 dilution. Immunodetection was performed with an ECL Plus
western blotting kit (GE Healthcare) on a luminescent image analyser (LAS-3000;
Fujifilm).

Sequence analysis. For comparison of NAL1 sequences among cultivars in the
pedigree of Takanari, the NAL1 genomic regions were amplified by PCR with seven
primer sets (Supplementary Table S3). The PCR products were sequenced with a
BigDye Terminator v. 3.1 Cycle Sequencing Kit (Applied Biosystems) on an
automated fluorescent laser sequencer (3130xl; Applied Biosystems).

Statistical analysis. All statistical analyses were done with JMP v. 8.0 software (SAS
Institute).
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