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Abstract
Rice (Oryza sativa L. ssp. indica) has experienced three distinct phases of consid-
erable yield increases: Green Revolution, utilization of heterosis, and the com-
bination of ideotype and inter-subspecific hybrid breeding. Crop breeding and
selection for high yield have increased radiation use efficiency in modern indica
rice varieties. However, the underlying leaf morphological and physiological
changes have not been established. Field and pot experiments were conducted in
2016 and 2017. We investigated the relationships between the anatomical maxi-
mum stomatal conductance (gmax), operational stomatal conductance (gop), and
the anatomy of the stomata and vein in relation to leaf-level transpiration and
photosynthesis across historical indica rice varieties. The results showed that
flag leaf temperature of new varieties was reduced relative to the temperature
of older varieties due to increased gop and leaf transpirational cooling. Both high
stomatal density and larger veins were increased in new varieties with improved
yield potential, while no change was observed in stomatal length and vein den-
sity. There was a significant correlation between stomatal density and gop as well
as between gop and the light-saturated photosynthetic rate. The present study
reveals that historical selection for high yield is accompanied by leaf morpholog-
ical changes that contribute to enhanced gop, leaf cooling, and photosynthesis of
irrigated rice inhabiting hot, high light environments.

1 INTRODUCTION

Rice (Oryza sativa L.) plays a significant role in global food
security (Khush, 2001; Ramankutty et al., 2018). Climate
warming is expected to negatively affect future rice yield

Abbreviations: A, light-saturated photosynthetic rate; gmax, the
anatomical maximum stomatal conductance; gop, the operational
stomatal conductance; iWUE, intrinsic water use efficiency; Kleaf, leaf
hydraulic conductance; RUE, radiation use efficiency; SLA, specific leaf
area; SLN, specific leaf nitrogen content
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(Challinor et al., 2014; Zhao et al., 2016). Climate warming
may be problematic, as climate projections indicate that
27% of the global rice production area will be exposed to
at least 5 d of temperatures above the critical temperature
threshold during the reproductive period ranging between
34 and 39 ◦C by 2050 (Gourdji, Sibley, & Lobell, 2013). High
temperatures for 1–4 days at the gametogenesis stage could
cause a dramatic reduction in spikelet fertility (Endo et al.,
2009). A near 2 ◦C increase in daily temperature decreased
the grain yield of indica rice by 16.3–21.3% (Shah et al.,
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2014). Despite the potentially adverse effects of ongoing
climate change, successful breeding has facilitated signif-
icant yield increases over the past century. In general, rice
has experienced three distinct phases of considerable yield
increases: the Green Revolution, utilization of heterosis,
and the combination of ideotype and inter-subspecific
hybrid breeding (Cassman, 1999; Yuan, 1997). However,
the eco-physiological and anatomical traits of historical
rice varieties that contributed to the increase in yield
potential remain underexplored.
A clue towards identifying the traits underlying the

improvements in rice yield may be found in how radiation
use efficiency (RUE) increased over the last 80 years (Zhu
et al., 2016). Radiation use efficiency measures the ratio of
absorbed radiation relative to the biomass produced, and
it fundamentally depends on photosynthetic efficiency
and the subsequent conversion of carbohydrates into
plant biomass. Interestingly, photosynthetic efficiency has
improved little in crops and falls far short of its biological
limit (Long, Marshallcolon, & Zhu, 2015), whereas RUE
has increased considerably. Shorter, thicker, and erect
leaves are selected in rice breeding to increase RUE (Yuan,
1997). The modification of leaf morphology optimizes
canopy structure to allow a more uniform light distri-
bution within the canopy (Long et al., 2015). This led to
higher light penetration into the canopy (a lower K, light
extinction coefficient) and more synergetic distribution of
light and N within the canopy (Huang, Yang, Li, Peng, &
Wang, 2019). A study on soybeans (Glycine max; Koester,
Nohl, Diers, & Ainsworth, 2016) highlights that daily car-
bon gain was greater in more recently released varieties,
despite observing little improvement in the maximum
photosynthetic capacity of this crop. The improvements in
daily carbon gain were especially notable in well-watered
conditions that enabled high stomatal conductance in soy-
beans. Indeed, stomatal conductance and productivity are
positively correlated across rice genotypes (Roche, 2015).
The apparent close anatomical and physiological coor-

dination of water supply via leaf veins and water loss
via stomata plays a crucial role in plant evolution and
the ability of plants to adapt to specific environments
(Brodribb & Jordan, 2011; Brodribb, Jordan, & Carpenter,
2013; Brodribb, McAdam, & Carins Murphy, 2017; Zhang,
Murphy, Cardoso, Jordan, & Brodribb, 2018). As tran-
spiration and CO2 uptake for photosynthesis are tightly
coupled, leaves capable of higher rates of photosynthesis
require large numbers of small stomatal pores and a high
density of veins (Beerling & Franks, 2010). Crucially, the
combination of high stomatal density and small stomatal
size is needed to achieve the highest anatomical maximal
stomatal conductance (gmax; de Boer et al., 2016; Franks
& Beerling, 2009). The gmax positively correlates with
the operational stomatal conductance (gop, a measure of

Core Ideas∙ Genetic improvement in rice yield increased
stomatal density and vein area.∙ New varieties had higher stomatal conductance
and lower leaf temperature.∙ Photosynthetic rate is significantly correlated
with stomatal conductance.

stomatal opening dominated by the stomatal density and
apertures of stomata) under typical growth conditions
(Farquhar & Sharkey, 1982; Franks, Leitch, Elizabeth,
Hetherington, & Beerling, 2012; McElwain, Yiotis, &
Lawson, 2016). Moreover, smaller stomata are generally
found to exhibit faster opening and closing responses in
closely related species of the same genus (Drake, Froend,
& Franks, 2013; Hetherington &Woodward, 2003; Lawson
& Vialet-Chabrand, 2019). McAusland et al. (2016) further
demonstrated that smaller stomata facilitate the synchro-
nization of stomatal and photosynthetic responses to light.
Improvements in leaf water transport and transpi-

ration may improve photosynthetic efficiency through
enhancing transpirational cooling. The thermal response
curve of light-saturated photosynthetic rate (A) usually
peaks between 25 and 30 ◦C in C3 photosynthetic species
(Xiong, Ling, Huang, & Peng, 2017; Yamori, Hikosaka,
& Way, 2014). Leaf temperature is determined by the
energy balance between the leaf interior and the ambient
environment (Campbell & Norman, 1998) and may be reg-
ulated by leaf physical traits and transpiration (Defraeye,
Verboven, Ho, & Nicolai, 2013). In cotton (Gossypium L.)
and wheat (Triticum aestivum), yields are positively cor-
related with gmax but not with photosynthesis (Lu, Percy,
Qualset, & Zeiger, 1998). This is because high stomatal
conductance leads to significant transpirational cooling
of irrigated crops to temperatures below the threshold for
yield reduction (Hetherington &Woodward, 2003).
We hypothesized that the observed improvements in

RUE in rice are related to the adjustments in leaf morphol-
ogy and anatomy affecting stomatal conductance and tran-
spirational cooling. We explored our hypothesis by deter-
mining the anatomy of stomata and veins for the historical
rice varieties and evaluated the effects of the anatomical
variations on the operational stomatal conductance, leaf
temperature, and photosynthetic capacity. The Yangtze
River Valley is one of the most important rice-producing
regions in China but is prone to rice yield loss due to high
temperatures (Shah et al., 2014). For our experiments, we
selected 20 historical indica rice varieties from the Yangtze
River Valley. The 20 varieties were grown in field trials in
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2016 and 2017. A subset of eight varieties were grown in a
pot experiment in 2017.We also greweighteen japonica rice
(Oryza sativa L. ssp. japonica) varieties that were planted
in a temperate climate. This combination of field and pot
experiments allows us to explore the eco-physiological
and anatomical traits that contributed to the increase in
RUE and grain yield in historical indica rice varieties.

2 MATERIALS ANDMETHODS

2.1 Plant material and growth
conditions

The field trials and experiments were conducted at the
experimental farm of Huazhong Agricultural University
(114◦37′E, 30◦48′N), Wuhan, Hubei, China, during the
rice-growing season from May to October in 2016 and
2017. Soil from the experimental field had a texture of
clay loam with pH 6.17, organic matter 11.23 g kg−1, total
N 0.9 g kg−1, available P 10.42 mg kg−1, and available K
133.85 mg kg−1.
Twenty historical indica rice varieties released from

1936 to 2015 were grown in 2016 and 2017. The vari-
eties were selected to represent four distinct historical
groups (see Supplemental Table S1), representing the
historical developments in crop breeding. Varieties from
the 1930s–1950s (growth duration of 106–117 d) were all
inbred varieties with tall stature, while varieties from the
1960s–1970s (growth duration of 117–146 d) were all inbred
varieties with semi-dwarf stature. The other two groups,
namely, the 1980s–1990s (growth duration of 117–133
d) and 2000s (growth duration of 129–133 d), included
both inbred and hybrid varieties. In 1996, the Ministry of
Agriculture (MOA) in China launched a national project
to breed Super Hybrid Rice through the combination
of intersubspecific heterosis and ideotype (Yuan, 1997).
The LYPJ, YLY900, YLY6, and SLY5814 varieties from the
2000s were all super hybrid rice varieties designated by
the MOA. The HHZ (Huang-Hua-Zhan) variety was the
inbred rice variety with the largest planting area in the
last decade in South China. Overall, the 20 varieties were
all cultivated as middle-season rice in a large-scale area
during their respective period in the Middle Reaches of
the Yangtze River of China (Supplemental Table S1).
In 2016, 12 historical japonica rice varieties released

from the 1950s to the 2000s were also used in the field
experiment. Those varieties were all inbred varieties
separated into six groups based on their release decade
(Supplemental Table S1).
All rice varieties were arranged in a complete random-

ized design with three replications. The plot size was 3 by
4 m in 2016 and 4 by 5 m in 2017. Pre-germinated seeds

were sown in the seedbeds. Seedlings (25 d old) were
transplanted on 11 June 2016, and 27-d-old seedlings were
transplanted on 6 June 2017. The planting density was 25
hills m−2 at a hill spacing of 20.0 by 20.0 cm with two
seedlings per hill.
Fertilizers including urea for N, single superphosphate

for P, and potassium chloride for K were applied at rates
of 100 kg N ha−1, 40 kg P ha−1, and 100 kg K ha−1. N
fertilizers were applied at splits of 4:3:3 at basal (1 d
before transplanting), tillering (7 d after transplanting),
and panicle initiation. All P fertilizers were applied as
basal fertilizer. K fertilizer was applied at splits of 1:1 at
basal (1 d before transplanting) and panicle initiation. The
experimental field was flooded from transplanting until
7 d before maturity. Pests and weeds were intensively
controlled using chemicals to avoid yield loss.
An additional pot experiment was conducted to inves-

tigate the gas exchange of indica rice varieties released in
different decades. Eight varieties were chosen from the
20 rice varieties to carry out the pot experiment, with two
varieties from each group. After germination on moist
filter paper on 9 May 2017, the seeds were transferred to
nursery plates (55 cm3 for each hole) filled with soil. When
the seedlings had developed an average of 2.5 leaves,
they were transplanted into 10.0-L pots (23-cm diameter;
27-cm height) with a density of three hills per pot and
two seedlings per hill (six seedlings per pot and four pots
for each variety). Each pot was filled with 10.0 kg of soil;
compound fertilizer was applied as basal fertilizers with
1.56 g (0.23 g N, 0.23 g K2O, and 0.23 g P2O5) per pot by
incorporation into the soil. After transplanting, the rice
plants were placed outdoors. During the entire growth
season, rice plants were well watered, and a minimum
2-cm water layer was maintained to avoid drought stress.

2.2 Operational stomatal conductance
and leaf temperature

The gop was measured on the indica rice varieties in
the field trials from 8:00 a.m. to 2:00 p.m. during the
heading stage as well as 64 and 70 d after sowing (DAS64
and DAS70, respectively) using a leaf porometer (SC-1,
Decagon, Pullman, WA). Three topmost fully expanded
leaves were selected for the measurement in each plot.
Additional measurements of leaf and air temperature were
performed atDAS64 andDAS69 at 12:00 p.m. and atDAS70
from 8:00 a.m. to 2:00 p.m. in 2017 using a thermocouple
device (AZ Instrument, TaiChung, Taiwan) by attaching
one thermo sensor to the middle part of the newest fully
expanded leaves. The air temperature was recorded at the
same time by putting the other thermo sensor in the air
(Huang, Zhang, Wei, Peng, & Li, 2017; Koike et al., 2015).
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2.3 Measurement of leaf gas exchange

Plants grown outdoors in pot experiment were transferred
into an environmental controlled room (air temperature
of 27.8 ± 2.1 ◦C, the photosynthetic photon flux density
(PPFD) at leaf surface of 1200 ± 47 µmol m−2 s−1, and
relative humidity of 77.4 ± 5.3%) at booting stage (about 7
d before heading). Plants were adapted to the environment
for 1 d before gas exchange measurement. Gas exchange
measurements were performed between 09:00 a.m. and
3:30 p.m. using an LI-6400XT portable photosynthesis
system (Li-Cor, Lincoln, NE), One flag leaf per hill (three
hills per pot and four pots for each variety) was selected
to measure the light-saturated photosynthetic rate (A)
and stomatal conductance (gop). The PPFD during these
measurements was set at 1,500 µmol photons m−2 s−1
using a red-blue light-emitting diode artificial light source.
The leaf-air vapor pressure deficit (vpd) was controlled at
approximately 2.0 kpa, and the CO2 concentration in the
leaf chamber was adjusted to 400 µmol mol−1 with a CO2
mixture.

2.4 Leaf morphological and functional
traits

From the field trials, the seventh and flag leaves were sam-
pled in 2016, and only the flag leaf was sampled in 2017. For
each plot, the representative topmost fully expanded leaf
was sampled from nine hills. Leaves used for measuring
gas exchange in the pot experiment were harvested to
determine their morphological traits on the consecutive
day. The leaf area was measured with a Li-Cor area meter
(Li-Cor Model 3100, Li-Cor, Lincoln, NE). Leaves were
subsequently oven-dried at 80 ◦C to achieve a constant
weight and were ground with a mixer mill homogenizer
(MM400, Retsch, Haan, Germany). Thereafter, approxi-
mately 3.8 mg of dry leaf material was used to measure
N concentration using an NC analyzer (IsoPrime100
IRMS, Elementar, Langenselbold, Germany). Specific
leaf area (SLA) was calculated from the leaf area and dry
weight:

SLA = leaf arealeaf dry weight (1)

2.5 Stomatal morphology

Leaves sampled from the field trials similar to that used for
leaf morphological traits were used for stomatal analyses.
The improved scratching method was used to determine
leaf stomatal density which was expressed as the num-

ber of stomata per unit leaf area (Radoglou & Jarvis,
1990). The leaf samples were fixed in formalin acetic
acid-alcohol (FAA) solution (500 ml absolute ethanol,
270 ml formaldehyde, 50 ml acetic acid, 180 ml water).
The adaxial surface of the leaf was removed by gentle
scratching, and the stomatal density of the abaxial surface
was observed using a light microscope (Nikon, ECLIPSE
Ti, Tokyo, Japan). The number of stomata were counted
under 200-fold magnification (10 × 20), and guard cell
length was determined by measuring guard cell length
under (10 × 40) 400-fold magnification. Guard cell length
was measured between the junctions of the guard cells
at each end of the stomata. Both traits were measured
with ImageJ software (the National Institutes of Health,
Bethesda, MD; https://imagej.nih.gov/ij/).
Theoretical maximum stomatal conductance (gmax) was

calculated using the guard cell length and stomatal density
of the closed stomata following the equation (Franks et al.,
2014):

𝑔max = 𝑑𝑣𝐷𝑎max∕ (𝑙 + π2
√𝑎max𝜋 ) (2)

where d is the diffusivity of CO2 in air at 25 ◦C (0.0000249
m2 s−1), v is themolar volume of air (0.0224m3 mol−1), and
D is stomatal density, 𝑎max = β(π𝑝2∕4), which is defined
as a fraction β accounting for the shape of the stomatal
pore at maximum aperture. A value of β = 1.0 represents
a circular pore with pore length equal to diameter, while
the long narrow stomata of our rice varieties are best rep-
resented with the factor β = .4 (Franks et al., 2014). In the
field experiment of 2017, guard cell width of l and stomatal
pore length (p) of 25 closed stomata were measured
from the 400-fold magnified images to calculate gmax
(Supplemental Figure S1). Guard cell width was measured
here instead of depth because the depth of the stomatal
pore is hard to measure and approximately equals to the
width of the inflated guard cell (refer to Supplemental
Figure S2 in the supplementary text_01 of Franks et al.,
2014).

2.6 Leaf vascular traits

Rice veins appear as white parallel bands on a green
background on the leaf surface. Veins were imaged using
a bright field microscope (Nikon, ECLIPSE Ti, Tokyo,
Japan). Vein number per mm was counted using ImageJ
software (the National Institutes of Health, Bethesda, MD;
https://imagej.nih.gov/ij/).
To determine the traits of bundle sheath cells, samples

of flag leaves were fixed in FAA for at least 12 h. The
samples were cross sectioned by hand using a razor blade.

https://imagej.nih.gov/ij/
https://imagej.nih.gov/ij/
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Leaf sections were placed in 85% (v/v) ethanol for 24 h,
after which the ethanol was removed and rinsed off with
water. A fresh application of 85% (v/v) ethanol was then
applied for 24 h. The ethanol was removed and rinsed off
with water after this period and replaced by 1% aniline
blue in 2016. In 2017, the leaf sections were stained using
safranin-fast green. Photos from these samples were taken
at 200× magnification using a light microscope (Nikon,
ECLIPSE Ti, Tokyo, Japan).
At 200× magnification, the bundle sheath cells could

be viewed. Measurements of leaf large vein height and
width, small vein height and width, and the number
of bundle sheath cells were performed for flag leaves
(Supplemental Figure S1). The average width and height
of the small vein were 47.5 and 46.9 µm, respectively
for the 20 varieties, and they were 120.8 and 133.7 µm,
respectively for the large veins. Therefore, the vein area
of the large vein and small vein was calculated following
Equation 2, assuming that the veins have a circular cross
section.

Vein area = π(vein height)(vein width)4 (3)

2.7 Measurement of carbon isotope
discrimination

The leaves for morphological and functional traits were
dried in an oven at 80 ◦C and 1.1- to 1.3-mg leaf sam-
ples were used for analysis by Isoprime100 (Elementar,
Langenselbold, Germany). The ratio of 13C to 12C (δ)
is reported relative to the Pee Dee Belemnite standard.
Based on the equation from Farquhar, Ehleringer, and
Hubick (1989), the carbon isotope composition (δp) was
calculated as:

δ𝑝 = 𝑅𝑃 − 𝑅𝑆𝑅𝑆 = 𝑅𝑃𝑅𝑆 − 1 (4)

where RS is the molar abundance ratio (13C/12C) of the
PDB standard (carbon isotopic ratio in CO2 generated
from a fossil belemnite from the Pee Dee Formation),
and RP is the molar abundance ratio (13C/12C) of a
plant sample. Carbon isotope discrimination (∆, ‰) was
calculated as:

Δ = 𝑅𝑎𝑅𝑝 − 1 = δ𝑎 − δ𝑝1 + δ𝑝 (5)

where Ra is molar abundance ratio (13C/12C) in air, and
δa is the ratio of 12C/13C of free atmospheric CO2 on the
PDB scale and is approximately −8‰ according to the
Earth System Research Laboratory (National Oceanic

and Atmospheric Administration, U.S. Department of
Commerce, 325 Broadway Boulder, Colorado).

2.8 Statistical analysis

One-way analysis of variance (ANOVA) was used to
test the differences in measured traits using Statistix
8.0. Means of the four groups of release decades were
compared based on the least significant difference (LSD)
test at the .05 probability level. Graphs were created
using Sigmaplot 12.5 (Systat Software, San Jose, CA). The
correlations were analyzed using SigmaPlot 12.5, and the
regressions that are best fit for the data are shown in the
figures.

3 RESULTS

3.1 Growth duration

The heading date and total growth duration of the indica
rice varieties were recorded in 2016. The heading time was
78 ± 3.9 d for the varieties released in the 1930s–1950s,
88 ± 12.6 for that in the 1960s–1970s, 90 ± 2.2 for that in
1980s–1990s, and 91 ± 2.5 for that in 2000s. Accordingly,
the total growth duration was 111 ± 5.5 d, 126 ± 13.2, 127 ±
6.1, and 132 ± 1.8 for the four variety groups, respectively.
For japonica rice varieties, the heading time was 89–92 d
except for varieties released in 1970s (81 d), whereas the
total growth duration was 146–147 d except for varieties
released in 1950s (125 d) and 1970s (131 d).

3.2 Leaf morphology

Genetic improvement in indica rice has changed leaf mor-
phology. Newer varieties tended to have shorter, thicker
leaves than older varieties, as shown by their smaller
SLA and higher specific leaf N content (SLN; Figure 1).
No difference was observed in leaf width (Supplemental
Table S2).

3.3 The operational stomatal
conductance and leaf temperature

In order to identify traits that have changed as a result
of breeding for high yield in rice, gop and the difference
between leaf temperature and air temperature (ΔTl-a) were
measured at different growth stages (Figure 2). The gop
increased with the release decades (Figure 2a), whereas
ΔTl-a decreased during the period of genetic improvement
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F IGURE 1 The specific leaf area (SLA; a) and specific leaf nitro-
gen (SLN; b) of flag leaf for indica rice varieties released in different
decades in 2017. Letters indicate significant differences among group
means (LSD p < .05). The error bars represent standard deviations.
Data was obtained from the 20 varieties cultivated in the field

(Figure 2b). A negative correlation was observed between
gop and ΔTl-a measured on the same day (r = .76, p < .001,
Figure 2c). The average carbon isotope discrimination
(Δ13C) among varieties released in different decades
was similar; however, the new varieties showed smaller
genotypic variation than the old varieties (Figure 3).

3.4 Theoretical maximum stomatal
conductance and vein density

To explain the trend in gop among varieties released in
different decades, the theoretical maximum stomatal

conductance (gmax) also increased with breeding progress
(Figure 4a). There was a quadratic relationship between
the gop of the flag leaf at the heading stage and the
corresponding gmax (r2 = .46, p < .01, Figure 4b). This
suggests that increases in gop saturate at higher levels
of gmax, and gop is not necessarily constrained by gmax
in varieties with high stomatal density, but possibly by
stomatal opening. The ratio of gop/gmax remained rel-
atively stable at approximately 0.4 for different variety
groups (Figure 4c). Vein density was measured as it affects
the stomatal conductance (Boyce, Brodribb, Field, &
Zwieniecki, 2009) and photosynthetic rate (Brodribb &
Jordan, 2007), whereas no differences in vein density
were found among variety groups from different decades
(Figure 4d).

3.5 Covariation of stomata and leaf
venation traits

Increases in stomatal density of the flag leaf were observed
among the indica varieties along with the breeding
progress (Figure. 5a). Similar results were found in the
seventh leaf (Supplemental Figure S2a). No significant
difference in stomatal length was observed among dif-
ferent variety groups in 2016 and 2017 (Figure 5b). The
leaf vein area of both the large and small veins increased
along with the release decades in both 2016 and 2017
(Figure 5c and 5d). A significant correlation was observed
between stomatal density and vein area, especially for
small veins (r = .62, p < .01 in 2016; r = .50, p < .05 in 2017;
Figure 6).

3.6 Physiological traits related to
photosynthesis

We further tested whether the physiological traits related
to photosynthesis also changed in a similar way with leaf
anatomy as breeding progressed. Two varieties in each
group were selected randomly for the determination of
A, stomatal conductance (gop), SLN, and intrinsic water
use efficiency (iWUE, defined as A/gop) at the heading
stage in 2017 (Table 1). The variation in stomatal density,
SLA, and SLN along with the breeding process in the
pot experiment was similar to that found in the field
experiments (Table 1; Figures 1 and 5a). There were
differences in A, gop, and iWUE among the eight varieties
(Table 1). The variation in gop was correlated with the
change in stomatal density in a quadratic manner (r = .82,
p < .05; Figure 7a). A significantly and linearly correlated
with gop (r = .89, p < .01; Figure 7b) but not SLN (r = .35;
Figure 7c).
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F IGURE 2 The operational stomatal conductance (gop; a) and the difference between leaf and air temperature (ΔTl-a; b) of the indica
rice varieties released in different decades measured between 8:00 a.m. and 2:00 p.m. at different growth stages in 2017, and the relationship
between gop and ΔTl-a measured simultaneously between 8:00 a.m. and 2:00 p.m. at 70 d after sowing (c). Different letters indicate significant
differences among group means (LSD p < .05). The outer box edges represent the 25th and 75th percentiles, the error bars are the 5th and 95th
percentiles, and the blue lines represent the mean values. r2 is the regression coefficient. *** represents significance at p < .001. ΔTl-a = Tleaf −
Tair. Data was obtained from the 20 varieties cultivated in the field

TABLE 1 Stomatal density, specific leaf area (SLA), specific leaf nitrogen (SLN), light saturated photosynthetic rate (A), stomatal
conductance (gs), and intrinsic water use efficiency (iWUE) of the flag leaves in pot experiment 2017

Release decades Variety Stomatal density SLA SLN A gs iWUE
mm−2 g cm−2 g m−2 µmol m−2 s−1 mol m−2 s−1 µmol mol−1

1930s–1950s WLX 452da 218.0c 1.12bcd 16.1c 0.23c 72.9a
SLX 495bcd 302.9a 0.90d 20.0a 0.36b 55.6b

1960s–1970s EZ2 564abc 297.0ab 1.08bcd 21.4a 0.48a 45.4cd
NJ11 490cd 266.2b 0.99cd 16.7bc 0.31b 54.5b

1980s–1990s SY63 618a 193.9c 1.41a 20.5a 0.54a 39.0d
YD6 631a 225.5c 1.17abc 21.5a 0.48a 45.2cd

2000s YLY6 575ab 205.7c 1.31ab 21.7a 0.52a 41.4d
HHZ 610a 224.1c 1.27ab 19.2ab 0.37b 51.8bc

aWithin a column in a leaf, means followed by different letters are significantly different from each other based on LSD (.05). n = 9, 11, 6, 6, 3, 4, 3, and 6 for WLX,
SLX, EZ2, NJ11, SY63, YD6, YLY6 and HHZ, respectively, for the measurement of A and gs. Tleaf was around 35 ◦C.

Δ

F IGURE 3 The 13C discrimination of the flag leaf in the vari-
eties released at different decades in the field experiment of 2016. The
outer box edges represent the 25th and 75th percentiles, the error bars
are the 5th and 95th percentiles, and the blue lines represent themean
values. Data was obtained from the 20 varieties cultivated in the field

4 DISCUSSION

4.1 Coordination of the stomata and
vein during genetic improvement in rice

The optimization of gas exchange in environments that
suffer water deficits may select for species with high
densities of small stomata (de Boer, Eppinga, Wassen,
& Dekker, 2012; Franks & Beerling, 2010); however, the
requirement for leaf cooling in hot climates with high
light intensities may select for species with moderate
densities of midsized stomata (McElwain et al., 2016). A
significant negative correlation has been widely observed
in different species between stomatal density and size,
both of which determine the gmax (de Boer et al., 2016;
Franks & Beerling, 2009). In present study, the stomatal
density of indica rice varieties increased with the 80-yr
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F IGURE 4 The theoretical maximum stomatal conductance (gmax; a), the relationship between operational stomatal conductance (gop)
and gmax (b), the ratio of gop and gmax (gop/gmax; c), and vein density (d) for indica rice varieties released in different decades in 2017. In a, c, and
d, the error bars represent standard deviations. In panel a, c, and d, different letters indicate significant differences among group means (LSD
p < .05). r2 is the regression coefficient, and ** represents significance at p < .01. Data was obtained from the twenty varieties cultivated in the
field

high-yield breeding process (Figure 5a). However, no
significant change was observed in stomatal length along
with the breeding process (Figure 5b).
Stomatal density and length showed no clear trend

during the breeding process of japonica rice varieties
(Supplemental Table S2), which are more adapted to
temperate environments (Liu et al., 2018; Ma et al., 2015).
It is noteworthy that the old indica and japonica varieties
have comparable stomatal density; however, the stomatal
density of the new indica varieties is substantially higher

than that of the corresponding japonica varieties. Hence,
our study supports the hypothesis that a high density of
stomata confers better adaptation of irrigated indica rice to
a habitat with high temperature and radiation (McElwain
et al., 2016).
The design and function of leaf venation are important

for plant adaptation across environments (Sack& Scoffani,
2013). The diameters of whole veins can reflect differences
in transport capacity when they contain greater sizes and
numbers of xylem and phloem cells (Coomes, Heathcote,
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F IGURE 5 Stomatal density (a), stomatal length (b), large vein area (c), and small vein area (d) of flag leaf for indica rice varieties released
in different decades in 2016 and 2017. The error bars represent standard deviations. Different letters indicate significant differences among group
means in each year (LSD p < .05). Data was obtained from the 20 varieties cultivated in the field

Godfrey, Shepherd, & Sack, 2008; Taneda & Terashima,
2012). In the present study, significant enlargement in
the vein dimensions of both large and small veins was
observed alongwith the release decades (Figure 5c and 5d),
but there was no change in vein density (Figure 4d). Stom-
atal density significantly correlated with the size of both
large and small veins (Figure 6; Supplemental Figure S3).
The coordination of vein and stomatal densities in various
species has been found in evolution and across environ-
ments, reflecting an optimization of the trade-off between
transpirational costs to plants and CO2 assimilation (Bro-
dribb et al., 2017). However, separate mechanisms defining

vein and stomata development were also found in Pisum
sativum (McAdam et al., 2017) and Rheum rhabarbarum
(Cardoso, Randall, Jordan, & McAdam, 2018).

4.2 Potential effects of gop on
transpirational cooling and RUE

Genetic improvement in yield potential was accompanied
by an increase in RUE in soybean and rice (Koester,
Skoneczka, Cary, Diers, & Ainsworth, 2014; Zhu et al.,
2016), which was possibly ascribed to high gop in new
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F IGURE 6 The relationship between stomatal density and vein
area of the large vein (a) and small vein (b) of the flag leaf for indica
rice varieties released in different decades in 2016 (pink triangles)
and 2017 (blue circles). r2 is the regression coefficient. *, **, and
ns represent significance at p < .05, p < .01, and nonsignificant,
respectively. Data was obtained from the 20 varieties cultivated in
the field

varieties (Roche, 2015). Here, it was found that gop mea-
sured in the field conditions was significantly increased
in more recently released indica varieties than that in
older varieties. A positive correlation between gmax and
gop was observed, whereas a negative correlation between
gop and ΔTl-a was observed (Figures 2c and 4b). These
associations highlight the selection for varieties with traits
that contribute to high transpirational cooling under non-
limited water conditions. Tholen, Boom, and Zhu (2012)
summarized that erect leaves can become too hot under
direct sunlight without high transpiration rates. High tem-

perature could inhibit Rubisco activity (Crafts-Brandner
& Salvucci, 2000), increase photorespiration (Gandin,
Koteyeva, Voznesenskaya, Edwards, & Cousins, 2014),
decrease the electron transport rate (Sage &Kubien, 2007),
accelerate photoinhibition under high light conditions
(Takahashi & Murata, 2008), and slow the response of A
and gop to dynamic light (Huang et al., 2017) Therefore,
leaf transpirational cooling in more recently released
indica rice varieties possibly alleviated the adverse effects
of high temperature on CO2 assimilation and facilitate
the increase in daily carbon accumulation as found in
soybean (Koester et al., 2016).
The mathematical model from Farquhar et al. (1989)

predicts a strong relationship between Δ13C and water use
efficiency. In C3 plants, differences in carbon isotope com-
position are principally associated with discrimination by
Rubisco and diffusion of CO2 from the atmosphere to the
chloroplast (Farquhar et al., 1989). Here, the comparable
values in Δ13C for varieties released in different decades
indicated that the increase in transpiration was accom-
panied by an increase in carbon accumulation. This was
consistent with the trend of iWUE in the pot experiment
(Table 1).

4.3 Effects of the higher stomatal
density and enlarged vein dimensions on
CO2 assimilation

In the present study, significant correlations between
stomatal density and gop, as well as between gop and A
were observed among the eight varieties released in dif-
ferent decades (Figure 7). The correlation between A and
gop has been widely acknowledged for some time (Wong,
Cowan, & Farquhar, 1979). By investigating the most pro-
ductive rice variety in Japan (an indica variety Takanari),
it was found that the high A of Takanari was related to its
high gop (Taylaran, Adachi, Ookawa, Usuda, & Hirasawa,
2011). Elevated gop in a rice mutant deficient in SLAC1 (a
guard cell anion channel protein) also results in increased
photosynthesis (Kusumi, Hirotsuka, Kumamaru, & Iba,
2012). In Arabidopsis, the increase in stomatal density
by overexpressing STOMAGEN results in a significant
increase in gop and a 30% increase in A compared to
wild-type plants (Tanaka, Sugano, Shimada, & Hara-
Nishimura, 2013). High gop could also speed the response
of A to fluctuating light in Arabidopsis (Kaiser et al., 2016).
The concomitant increase in vein size may contribute

to the increase in gs possibly through the effects of veins
on leaf hydraulic conductance (Kleaf; Figures 5 and 6;
Brodribb & Jordan, 2007). The relationship between
Kleaf and gop as well as between Kleaf and A has been
observed in different species, including rice (Brodribb
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F IGURE 7 The relationship between stomatal density and gop, gop, and A, specific leaf N content (SLN) and A in flag leaf at head-
ing stage for indica rice varieties released in different decades in pot experiment of 2017. r2 is the regression coefficient. *, **, and
ns represent significance at p < .05, p < .01, and nonsignificant, respectively. Data was obtained from the eight varieties cultivated in
the pots

& Jordan, 2007; Hubbard, Ryan, Stiller, & Sperry, 2001;
Xiong et al., 2015). In addition to the effect of vein density
on Kleaf, gop and A, other vein traits, such as xylem conduit
numbers and diameters, free-ending veins, bundle sheath
anatomical traits, and the total area of mesophyll cells per
leaf area, also influence Kleaf (Caringella, Bongers, & Sack,
2015).
Here, we also observed a significant increase in SLN and

a decrease in SLA along with the breeding process, which
together with the change in leaf anatomy led to higher
A (Table 1). Recent evidence points towards coordinated
developmental processes in the epidermis and mesophyll
tissues of leaves: anatomical gmax has been correlated
with leaf N content and the maximum rate of Rubisco
carboxylation (Vcmax) in evolution, across environments,
and during artificial breeding (Franks & Beerling, 2010;
Koester et al., 2016). In rice, Kleaf is significantly correlated
with leaf matter per area and SLA across four rice culti-
vated cultivars and seven wild cultivars in the genusOryza
(Xiong et al., 2015). Moreover, for the most productive rice
variety in Japan, high SLN also contributes to the high A
in addition to gop (Taylaran et al., 2011). In present study,
both SLN and gop contributed to the increase in A for the
new released varieties, but gop made a larger contribution
than SLN (Figure 7b and 7c). This was possibly due to the
larger range in gop variation compared with SLN among
the eight varieties.

5 CONCLUSIONS

Our study shows how coordinately optimized stomata
and vein structures potentially facilitate the achievement
of high RUE in rice under a continuously warming
climate by increasing leaf transpirational cooling and

the photosynthetic rate. Our study also demonstrates
the frequently observed covariation between stomata
and vein traits across species in the artificial breeding
process of one species. Genetic mechanisms control-
ling this coordinated development of stomata and vein,
epidermal and mesophyll cells warrant systematic
investigation.
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