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Abstract
Recent progress in genomics has promoted understanding of genetic mechanisms controlling complex 
crop production traits.  In rice, yield is one of the most complex traits and generally determined by 
relationship between sink and source ability.  While several quantitative trait locus (QTL) genes have 
been identified for sink-size traits, there has been little progress in genetic analysis for source ability.  
One of the reasons is that the source ability such as photosynthesis is a dynamic trait, hampering 
efforts to make precise measurements due to the technical difficulty involved in handling so many 
plants simultaneously.  To facilitate genetic studies for source ability, we developed rapid and precise 
methods to evaluate leaf photosynthesis, one of the important factors for source ability in rice.  QTL 
analysis using such methods successfully detected several promising QTLs and verified the potential 
utility of the evaluation methods.  Our work reflects the importance of steady observation of rice 
plants in paddy fields and includes the application of the latest technology used in various areas of sci-
ence to develop improved criteria for each trait toward advanced genetic studies. 
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Introduction

The global population exceeded 7 billion in 2011, and 
is still rising at the rate of 80 million per year59.  Asian peo-
ple, who comprise 60% of the world population, eat rice as 
a staple.  In the 1960s, Asia had concerns during a food cri-
sis because most of the prime agriculture land had been cul-
tivated and/or arable land was diminishing due to 
urbanization and industrialization27.  The average rice yields 
in most Asian countries excluding Japan were only between 
1.5 and 2.0 t ha-1 in those days.  To cope with the stagnant 
yield potential, the International Rice Research Institute 
(IRRI) was established in 1960 by the Rockefeller and Ford 
Foundations at Los Baños in the Philippines.  Subsequently, 
the development of IR8, known as the first high-yield “mir-
acle rice”, with an intensive cultivation system, made it pos-
sible to virtually double Asia’s rice production in the two 

decades from the mid-1960s to the mid-1980s and helped 
avert food shortages in Asia26.  This success is well-known 
as the “Green Revolution” in rice6.  Nevertheless, the 
demand for rice production is still rising due to the continu-
ous population increase.  According to the simulation model, 
the predicted population growth to 9 billion by 2050 will 
require a 60-70% increase in rice production without assum-
ing no net expansion of the cultivated area11,58.  To meet this 
requirement, rice production must be promoted by increas-
ing the rice yield per unit land area.

Rice yield is expressed as total biomass × harvest index 
(HI, the ratio of grain weight to total aboveground weight).  
In the 1960s, IR8 attained a yield potential of 10 t ha-1 with 
a semi-dwarf plant type, which conferred lodging resistance 
at high N inputs, abundant tillers, erect leaves, and high 
HI67.  However, targeted yield gain by further increasing HI 
in semi-dwarf rice varieties is not promising, because the HI 
of high-yield varieties released since IR8 is already consid-
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ered to have virtually peaked18,34.  Therefore, further 
improvement in the yield potential in rice using a different 
strategy is required to boost biomass production42,65. 

Canopy photosynthesis, expressed as a function of the 
leaf area index (LAI), canopy architecture, and leaf photo-
synthesis33, has been determined to account for most of the 
variation in biomass production and yield3,41.  Improvement 
in any of the contributors to canopy photosynthesis there-
fore represents a potential increase in yield and biomass 
production.  However, recent studies have suggested that 
the LAI potential has already peaked for most crops18, and 
recent high-yield cultivars already possess optimal canopy 
architecture in maize, rice, and wheat41,45.  Accordingly, leaf 
photosynthesis is the factor helping boost the yield of these 
crop species although there are controversies in a number of 
crop species over whether raising the photosynthesis rate 
can help improve the yield3.  To reveal the causal associa-
tion of photosynthesis with final yield, the best way is to 
identify genetic factors controlling photosynthesis and com-
pare yield potential between recurrent varieties and near-

isogenic lines (NILs) that differ only in terms of 
photosynthesis rate20,32,68.

Over the last two decades, advances in molecular 
genetics technology with the entire rice genome sequence 
have facilitated quantitative trait locus (QTL) analysis for 
complex traits of agronomic importance22,56,63.  To date, 
more than 1,000 QTLs have been detected for 21 trait cate-
gories in rice according to the Q-TARO database66.  On rice 
yield, genetic analysis has advanced for sink-size traits; 
some genes of QTLs have been identified and cloned, 
including the grain number per panicle of GN1a, APO1, 
DEP1 and WFP2,19,35,57 and the grain size of GW2, GS3, 
qSW5 and GS57,30,46,47.  Identification of these QTLs revealed 
the potential to enhance sink capacity in rice plants by pyra-
miding the QTLs62.  However, recent yield trials using NILs 
pyramiding GN1 and APO1 showed only that enlarging sink 
size did not elicit any remarkable increase in yield potential, 
thus suggesting that enhancing source ability, such as pho-
tosynthesis, together with large sink size, would help boost 
the yield potential (Fig. 1)38.  Natural variations in photo-
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Fig. 1.   Yield comparison among Sasanishiki and its sink size near-isogenic lines (NILs)
Graphical genotypes of each NIL with sink capacity and actual yield are shown on the left.  Numbers in parentheses 
show percentages relative to Sasanishiki.  Red and blue arrows indicate small actual yield gain and yield gain to achieve 
in combination with source ability, respectively.
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synthesis rate have been reported in previous rice stud-
ies20,24,37, meaning improvement of photosynthesis is surely 
recognized as an important target and expected to be possi-
ble, although the genetic analysis for photosynthesis lags 
behind sink size, the cause of which is discussed later.

In this review, we will start by briefly reviewing the 
photosynthesis process from the perspective of endogenous 
plant factors that cause variations in the rate of leaf photo-
synthesis.  Second, we will introduce rapid and precise 
methods we have developed to evaluate endogenous factors 
toward genetic analysis of photosynthesis in rice.  
Subsequently, the progress of our genetic analysis will be 
described and finally, we will discuss the future perspective 
of physio-genetic studies on photosynthesis and its associa-
tion with rice yield potential.

Photosynthesis process

The basic theory of photosynthesis can be traced back 
to great work by Prof. Graham Farquhar. Farquhar et al.8 
proposed a biochemical model of photosynthesis, which 
successfully integrated ribulose-1,5-bisphosphate carboxyl-
ase/oxygenase (Rubisco) kinetics and chain electron trans-
port to the gas exchange of whole leaves.  Their theoretical 
model effectively matched actual measurements of photo-
synthesis and gas exchange parameters under various envi-

ronmental conditions60, hence its widespread use and 
application in numerous subsequent photosynthetic studies.

The photosynthesis rate is determined by a balance 
between demand and supply functions for CO2

9,29.  The 
demand function can be described by measuring the rela-
tionship between the photosynthesis rate (A) and intercellu-
lar CO2 concentration (Ci), namely the A-Ci curve (Fig. 2).  
At low CO2, the photosynthesis rate linearly increases with 
increasing CO2 concentration.  In this region, CO2 limits the 
Rubisco activity but ribulose-1, 5-bisphosphate (RuBP) in 
the Calvin cycle exists in saturating quantities, meaning this 
region is called a RuBP-saturated or CO2-limited region.  
Because the slope of this linear region is sharper depending 
on the amount of active Rubisco, the initial slope reflects 
carboxylation efficiency.  Generally, C3 plants grown under 
natural ambient conditions demonstrate intercellular CO2 
concentration within this region.  At high CO2, the photo-
synthesis rate rises gently with increasing CO2 concentra-
tion.  In this region, CO2 saturates the activity of Rubisco 
but the amount of RuBP in the Calvin cycle restricts the 
activity of Rubisco, which ultimately originates from lim-
ited electron transport in light reactions.

The supply function represents the diffusion of CO2 
from the atmosphere through stomata to the carboxylation 
sites in chloroplasts.  Considering the diffusion of CO2 into 
the leaf, the photosynthesis rate for the supply function can 

CO2 

Chloroplast 
(CO2 fixation) 

SPAD value 
Leaf N content 

Stomatal 
conductance 
(CO2 supply) 

Canopy Temp. 

Carbon isotope 
discrimination 

(�13C) 

Intercellular CO2 concentration 

Le
af

 p
ho

to
sy

nt
he

tic
 r

at
e 

Ca Ci 

Supply 
function 

Demand 
function 

RuBP 
Electron transport 

limited RuBP saturated 
CO2 limited 

Fig. 2.  Strategies to evaluate leaf photosynthesis 
The left side shows the relationship between leaf photosynthesis rate and intercellular CO2 concentration (Ci).  Ca is the 
atmospheric CO2 concentration.  The right side shows our methods used to evaluate leaf photosynthesis.  RuBP: Riburose-
1, 5- bisphosphate.
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be described by Fick’s law as follows: 

Photosynthesis rate = gs(Ca – Ci) (1)

where gs is the stomatal conductance and Ca the CO2 con-
centration at the leaf surface.  In Fig. 2, the dotted linear line 
shows Equation 1 and gs is the slope of the line.  The inter-
section of the supply and demand functions leads to the 
actual rate of photosynthesis and Ci when the photosynthe-
sis rate is measured at Ca.  The theory of photosynthesis 
suggests three strategies to improve photosynthesis in C3 
species, namely to increase carboxylation efficiency for the 
demand function, gs for the supply function or both. 

The photosynthesis rate is generally measured by a 
portable gas exchange system, which enables precise real-
time measurements in the field31.  Presumably therefore, 
direct measurements by portable monitors should be appro-
priate way when performing genetic analysis for photosyn-
thesis.  However, such genetic analysis requires evaluation 
of multiple genetic plants or lines.  Because direct measure-
ments of photosynthesis are time-consuming and laborious, 
it may be inappropriate for numerous plants evaluations.  
Besides, during real-time measurements, environmental 
conditions always vary, making it hard to precisely measure 
photosynthesis under constant conditions.  These demerits 
may explain why genetic analysis for source ability or pho-
tosynthesis is behind that for sink size.

Development of evaluation methods

To advance genetic analysis for photosynthesis, the 
authors utilized the theory of photosynthesis described 
above, namely CO2 demand and supply functions.  As 
demand function, we initially tried to evaluate carboxylation 
efficiency via the Soil and Plant Analyzer Development 
(SPAD) value (Fig. 2).  The SPAD value can be measured 
with a digital chlorophyll meter, which provides a non-
destructive method for estimating leaf chlorophyll content 
by measuring the light absorption of specific spectral bands 
in living leaves4,61.  Because chlorophyll is a component of 
chloroplast, higher chlorophyll content or a higher SPAD 
value can reflect a large number or volume of chloroplasts, 
namely large carboxylation sites.  The methods used to mea-
sure SPAD values are simple and quick, and indeed close 
correlations between SPAD values and the photosynthesis 
rate have been observed in rice25,28.  Accordingly, the SPAD 
measurement can be used as an appropriate method for 
genetic analysis for photosynthesis54.  However, it should be 
noted that the SPAD meter was affected by temperature55.  
We noticed that the SPAD value varied between clear and 
cloudy days under field conditions and found that it 
decreased when the SPAD meter was heated by sunlight. To 
avoid such environmental effects, leaves were harvested and 

SPAD values were measured in the laboratory at constant 
temperature. 

Infrared thermometers can be used to detect plant leaf 
or canopy temperatures rapidly and non-destructively (Fig. 
2).  Although leaf temperatures vary constantly, they are 
theoretically considered to reflect gs as a supply function of 
CO2, hence we tried to establish the precise method to eval-
uate gs using the infrared thermometer as follows. 

Energy balance models demonstrate how the leaf tem-
perature varies when the heat of vaporization is extracted 
from leaves in the transpiration process.  Because wide sto-
matal apertures cause higher transpiration, changes in leaf 
temperature reflect those in gs if all other conditions, includ-
ing aerodynamic resistance, are constant14,23,36.  These facts 
support the theory that leaf temperature measured with the 
infrared thermometer may be a promising criterion for gs as 
supply function of CO2.  However, handling leaf tempera-
ture directly is problematic, since it is prone to vary when 
exposed to changes in microclimates such as radiation, wind 
speed, air temperature and vapor pressure deficit (VPD).  
This issue can be solved if all multiple genetic lines (>100) 
could be measured simultaneously.  Infrared thermometers, 
however, have limited resolution and field of vision, making 
such simultaneous measurements impractical.  Therefore, 
the direct use of leaf temperature is unsuitable for genetic 
analysis1. 

To cope, Horie et al.17 proposed a new remote-sensing 
technique to estimate canopy diffusive conductance, a 
reflection of gs, through an energy balance model, which 
considered all principal microclimate factors except wind 
speed.  The new method responded positively to microcli-
mate factors as well as canopy temperature and successfully 
detected varietal differences in canopy diffusive conduc-
tance.  Accordingly, it can be an effective tool to evaluate gs 
under field conditions.  Nevertheless, the method still has 
some downsides.  First, the diffusive conductance can be 
evaluated not for line plots but canopy plots, which requires 
a large field area when we investigate multiple genetic lines.  
Second, it takes 2 to 3 min. to finish each measurement, 
which may still make it time-consuming to cover multiple 
genetic lines.  Based on these, we established an alternative 
method of estimating rice varietal differences in gs via infra-
red thermography53.  Our method arranged rice varieties 
with one row per variety and one rice variety set as a refer-
ence control every three varieties.  Thermal images of four 
varieties, including the control, were simultaneously 
recorded in each image.  The control variety provided a ref-
erence temperature for calculating the leaf temperature dif-
ference (CTd), which represents the temperature difference 
between the control and other varieties.  Other microclimate 
data were recorded, not used to calculate CTd but used as 
background information.  Each measurement required only 
20 to 30 seconds and the calculated CTd was closely related 
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to gs53.  Therefore, we concluded that our method had over-
come the demerits of that proposed by Horie et al. and that 
CTd could be an effective criterion of gs as a supply func-
tion of CO2 and applicable to genetic analysis.

We also focused on stable carbon isotope discrimina-
tion (Δ13C) for genetic analysis (Fig. 2).  During photosyn-
thesis, plants discriminate against the stable isotope of 
carbon (13C) present in ambient CO2.  Farquhar et al.10 
defined the extent of this discrimination as Δ13C and pro-
posed that Δ13C could reflect the mean ratio of intercellular 
to ambient CO2 concentration (Ci/Ca);

∆13C = a + (b – a)Ci /Ca (2)

where a is the discrimination that occurs during diffusion of 
CO2 into the intercellular airspaces (4.4 ‰), and b is the dis-
crimination associated with carboxylation by Rubisco (~29 
‰).  Because Ci is determined by the balance between the 
CO2 demand and supply functions as described above, Δ13C 
can also represent the results of the balance, which indicates 
that variation in Δ13C should reflect that in carboxylation 
efficiency or gs.  In rice, natural variations in Δ13C have 
been observed in previous studies16,24,40.  The major advan-

tage of using Δ13C is the fact that samples can be stored and 
used in automated measurements5.  These characteristics of 
Δ13C are suitable for evaluating multiple genetic lines, 
hence we decided to use Δ13C in genetic analysis for photo-
synthesis.

In summary, we utilized the SPAD value as a criterion 
of carboxyl efficiency, CTd as that of stomatal aperture, and 
Δ13C as that of both carboxyl efficiency and stomatal aper-
ture during the photosynthesis process.

Genetic analysis

Based on the evaluation methods we developed, we 
conducted genetic analysis for leaf photosynthesis-related 
traits.  For genetic analysis for SPAD value, we used back-
cross inbred lines (BILs) derived from a cross between a 
japonica variety, Sasanishiki and an indica high-yield vari-
ety, Habataki and detected a QTL on the long arm of the 
chromosome (chr.) 454 (Fig. 3).  The QTL exhibited a signif-
icant effect (R2 = 31.3%) and the Habataki allele increased 
the SPAD value.  The effect of the QTL was confirmed by a 
chromosome segment substituted line (CSSL) and a higher 
photosynthesis rate was observed in the CSSL than 
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Fig. 3.  Summary of promising QTLs for photosynthesis-related traits we detected using some mapping populations
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Sasanishiki.  These results indicated the potential utility of 
the SPAD value in genetic analysis for photosynthesis.  To 
date, we have narrowed down the QTL region to 1798-kb 
intervals and are currently in the process of map-based clon-
ing of the QTL.

On genetic analysis for CTd, we used BILs derived 
from a cross between a japonica variety, Koshihikari and an 
indica high-yield variety, Takanari and detected a QTL on 
the short arm of chr. 1121.  The Takanari allele helped 
enhance CTd, namely decrease the canopy temperature 
compared with Koshihikari.  The effect of the QTL is under 
confirmation using a CSSL with the corresponding segment 
from Takanari.

On genetic analysis for Δ13C, we detected two promis-
ing QTLs.  We used CSSLs derived from a cross between 
Koshihikari and a traditional indica variety, Kasalath and 
detected a QTL increasing Δ13C with the Kasalath allele on 
the long arm of chr. 352.  The QTL was confirmed by subse-
quent genetic analysis with F2 progenies derived from a 
cross between the CSSL and Koshihikari.  The association 
between Δ13C and gs was also revealed by comparing the 
CSSL with Koshihikari.  These results also represented suc-
cessful genetic analysis for photosynthesis using Δ13C.  

Conversely, the study found negative effects based on a 
variation in heading date to Δ13C and photosynthesis.  
Because agronomical traits are dynamic and vary as plants 
grow up, variation in heading date often masks indigenous 
variations in other traits15,44.  To avoid effects caused by 
variation in heading date, we recommend analysis at the 
same sampling time or using genetic materials without seg-
regation for heading date.  Another QTL for Δ13C was 
detected on the short arm of chr. 11 with recombinant inbred 
lines (RILs) derived from a cross between a high-yield 
indica  variety, Milyang23 and a japonica  variety, 
Akihikari50.  The Milyang23 allele increased Δ13C.  
Interestingly, the QTL was co-located with that for CTd 
above described.  The allele-decreasing canopy temperature 
was associated with that increasing Δ13C and although the 
two QTLs were detected in different populations, the direc-
tion of the allele effects suggests that there may be a QTL 
gene controlling gs in this genomic region and that the 
QTLs may have resulted from pleiotropy of the gene.  Fine 
mapping will reveal whether or not our hypothesis can 
apply.

As described above, we have successfully detected 
promising QTLs for each photosynthesis-related trait.  One 

Chr  1 Chr  2 Chr  3 Chr  4 Chr  5 Chr  6 Chr  7 Chr  8 Chr  9 Chr  10 Chr  11 Chr  12

Sink size - NIL Photosynthesis - NIL

Pyramiding - NIL

Genetic materials

Basic studies Applied studies

Cloning genes
Functional analysis

Fig. 4.  Utility of genetic materials for future research
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of the key points for subsequent studies is to confirm 
whether a combination of these QTLs would lead to 
enhancement of the demand and/or supply function, and 
result in a further increase in leaf photosynthesis.  For 
example, we have an interest in combining the QTL for the 
SPAD value on the long arm of chr. 4 (demand function) 
with the QTL for Ctd or Δ13C on the short arm of chr. 11 
(supply function) in the same genetic background.  These 
studies are important to genetically understand leaf photo-
synthesis, which is why we are currently conducting them.

Future perspectives

Recent advances in genomics enriched infrastructure 
such as genetic materials and DNA markers for genetic 
analysis.  In particular, several CSSLs, which are useful 
plant materials for the detection and fine mapping of QTLs 
for target traits, have been successfully developed in 
rice13,43,51.  The CSSLs also have the advantage of further 
basic studies such as map-based cloning of a QTL gene and 
its functional analysis (Fig. 4).  Currently, we are develop-
ing reciprocal CSSLs derived from a cross between 
Koshihikari and Takanari.  Takanari is one of the highest-
yielding varieties in Japan and achieves nearly 10 t ha-1 of 
grain yield due to its large sink size and higher source abil-
ity49.  Therefore, thorough investigation of the reciprocal 
Koshihikari/Takanari CSSLs, the evaluation methods intro-
duced in this review could reveal genetic mechanisms 
underlying the leaf photosynthesis.  However, the rice yield 
is a factor not only of the sink and source relationship but 
also depends on the translocation of assimilates between 
source and sink.  Unfortunately, the translocation has not 
been eco-physiologically understood well, meaning infor-
mation on the genetic mechanism is limited48.  Further 
understanding of the translocation mechanism of assimilates 
is inevitable to improve yield potential.  Besides, lodging 
resistance should be also considered to achieve high yield 
potential.  Genetic analysis of lodging resistance is steadily 
advancing and recently a QTL associated with lodging resis-
tance was successfully identified and cloned in rice39.  As 
described in this review, the key point to promote genetic 
analysis is the precise evaluation of target traits for multiple 
genetic lines12,64.  It is important for crop physiologists to 
create new precise scales for target traits.  Steady and per-
sistent observation of rice plants in paddy fields and the 
application of the latest technology used in various scientific 
fields would shed light on the development of improved cri-
teria for each trait. 

Finally, it should be noted that understanding the 
genetic mechanism of each yield component, such as sink 
size and photosynthesis, is not the ultimate goal of our stud-
ies.  It will be necessary to determine the effects of modifi-
cation of such component on the yield and ultimately find 

an appropriate combination of such component to increase 
the yield potential.  Such applied studies are necessary to 
feedback information to breeding program and cultivation 
systems.  Accordingly, we are conducting yield trials using 
a pyramiding line of sink size and photosynthesis QTLs 
(Fig. 4).  To advance both basic and applied studies effec-
tively, combining the phenotyping method with genetic 
materials would be important.
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