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Maize-specific pyruvate orthophosphate dikinase (PPDK) was overexpressed in rice
independently or in combination with the maize C4-specific phosphoenolpyruvate
carboxylase (PCK). The wild-type (WT) cultivar Kitaake and transgenic plants were
evaluated in independent field and tank experiments. Three soil moisture treatments,
well-watered (WW), moderate drought (MD) and severe drought (SD), were imposed from 9
d post-anthesis till maturity. Leaf physiological and biochemical traits, root activities,
biomass, grain yield, and yield components in the untransformed WT and two transgenic
rice lines (PPDK and PCK) were systematically studied. Compared with the WT, both
transgenic rice lines showed increased leaf photosynthetic rate: by 20%–40% under WW, by
45%–60% under MD, and by 80%–120% under SD. The transgenic plants produced 16.1%,
20.2% and 20.0% higher grain yields than WT under the WW, MD and SD treatments,
respectively. Under the same soil moisture treatments, activities of phosphoenolpyruvate
carboxylase (PEPC) and carbonic anhydrase (CA) in transgenic plants were 3–5-fold higher
than those in WT plants. Compared with ribulose-1,5-bisphosphate carboxylase, activities
of PEPC and CA were less reduced under both MD and SD treatments. The transgenic plants
also showed higher leaf water content, stomatal conductance, transpiration efficiency, and
root oxidation activity and a stronger active oxygen scavenging system than the WT under
all soil moisture treatments, especially MD and SD. The results suggest that drought
tolerance is greatly enhanced in transgenic rice plants overexpressing C4 photosynthesis
enzymes. This study was performed under natural conditions and normal planting density
to evaluate yield advantages on a field basis. It may open a new avenue to drought-
tolerance breeding via overexpression of C4 enzymes in rice.
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1. Introduction

Many important crops including rice (Oryza sativa L.), wheat
(Triticum aestivum L.), soybean (Glycine max L.), and potato
Yang).
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(Solanum tuberosum L.) are classified as C3 plants, in which the
first product of the Calvin cycle is 3-phosphoglycerate (3-PGA),
whose production is catalyzed by ribulose 1,5-bisphosphate
carboxylase/oxygenase (Rubisco). However, competition of O2
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with CO2 at the catalytic site of Rubisco results in a loss of up
to 50% of carbon fixation via photorespiration [1]. Compared
with C3 plants, C4 crops such as maize (Zea mays L.) and
sorghum [Sorghum bicolor (L.) Moench] have evolved a C4-
metabolism system that concentrates CO2 in the vicinity of
Rubisco and thereby substantially increases the ratio of RuBP
carboxylation to oxygenation. This strategy suppresses pho-
torespiration by more than 80% [2] and is accompanied by
higher photosynthetic rates, yields, and increased water- and
nitrogen-use efficiency, especially under lowCO2 concentration,
high temperature, high light intensity, drought, and other
stresses [3–6]. Since the discovery of C4 photosynthesis and its
agronomic advantages, the genetic transformation of C3 photo-
synthesis pathway into aC4 systemhasbecomehighlydesirable.

The C4 pathway in a C4 crop such as maize (NADP malic
enzyme (NADP-ME) C4 cycle [7]) consists of three key steps:
(i) initial fixation of CO2 by phosphoenolpyruvate carboxylase
(PEPC) to form a C4 acid; (ii) decarboxylation of C4 acid to
release CO2 near the site of the Calvin cycle in bundle sheath
cells by NADP-ME; and (iii) regeneration of the primary CO2

acceptor phosphoenolpyruvate (PEP) by pyruvate orthophos-
phate dikinase (PPDK) [8]. The transfer of C4 key enzymes from
C4 plants to C3 plants could contribute to introducing a C4

system into C3 plants, improving the rates of photosynthesis
(Pn) and increasing crop yields [4,9]. By use of an Agrobacterium-
based transformation system, genes that encode key C4

enzymes such as PEPC, PPDK and NADP-ME have been
successfully introduced and expressed in rice plants [9–14].
The transgenic rice plants have shown higher photosynthesis
rates and often higher grain yield [4,10,15], although opposite
results have also been reported [9,12,16,17]. In addition,
enzymes involved in C4 photosynthesis play important roles
in plant defense responses to biotic and abiotic stresses
[4,15,18–20]. However, the photosynthetic characteristics and
grain yield of transgenic rice, especially under drought environ-
ments, have not been systematically examined. Few studies
have been conducted under natural field conditions andnormal
planting densities to determine whether overexpressing C4

photosynthesis in rice can result in a real improvement yield in
terms of grain yield on a field basis [21].

Here we describe the photosynthetic characteristics and
drought tolerance of transgenic rice overexpressing the maize
C4 PPDK enzyme independently or in combination with maize
PEPC enzymes (PEPC + PPDK, PCK). By applying different
levels of water stress during grain filling, we aimed to provide
experimental evidence leading to an understanding of the
mechanismunderlying the enhancedphotosynthesis and grain
yield in these transgenic plants under drought environments.
2. Materials and methods

2.1. Plant materials and cultivation

Two independent experiments (field and cement tank experi-
ments) were conducted at a research farm of Yangzhou
University, Jiangsu Province, China (32°30′ N, 119°30′ E). The
soil used in the experiments was a sandy loam (Typic
Fluvaquent, Etisol) with 24.5 g kg−1 organic matter, 106 mg kg−1

alkali-hydrolyzable N, 33.8 mg kg−1 Olsen-P, and 66.4 mg kg−1
exchangeable K. An untransformed wild type (WT, Oryza sativa
L. ssp. japonica cv. Kitaake) and two transgenic rice genotypes,
homozygous transgenic rice overexpressing the maize PPDK,
PEPC + PPDK (PCK and provided by Prof. MSB Ku, School of
Biological Sciences,WashingtonStateUniversity),were included
in the study. Seedlings were raised in a seedbed and 20-day-old
seedlings were then transplanted into both paddy field and
cement tanks.

2.2. Soil moisture treatments

Both field and tank experiments were conducted. The field
experiment was a three by three (three rice genotypes and
three levels of soil moisture) factorial design with nine
treatments, each with three replicates. Plot size was 4 × 3 m
and plots were separated by an alley of 40 cm wide with
plastic film inserted into the soil to a depth of 50 cm to form a
barrier. Seedlings were transplanted at a hill spacing of
0.20 × 0.15 m with two seedlings per hill. N (60 kg ha−1 as
urea), P (30 kg ha−1 as single superphosphate), andK (40 kg ha−1

as KCl) were applied and incorporated just before transplanting.
N as urea was also applied at mid-tillering (40 kg ha−1) and at
panicle initiation (25 kg ha−1). All the genotypes headed on
13–15 July (50% of plants) and were harvested on 25 August.
The water level in the field was kept at 1–2 cm until 9 days
post-anthesis (DPA), when water stress treatments were
initiated. From9DPAuntilmaturity, three treatments including
well-watered (WW), moderate drought (MD), and severe
drought (SD) were applied. The WW regime was flooded with
1–2 cm water depth. Soil water potential was maintained at
−25 ± 5 kilopascals (kPa) for the MD treatment and at −50 ±
5 kPa for the SD treatment. In each plot, four tensiometers
(Institute of Soil Science, Chinese Academy of Sciences,
Nanjing, China) consisting of a sensor of 5 cm length were
installed to monitor soil water potential at 15–20 cm depth.
Tensiometer readings were recorded every 4 h from 6:00 to
18:00. When the readings reached the desired values, tap water
was added to the plot to maintain the values.

In the cement tank experiment, plants were grown in nine
cement tanks in open-field conditions. Each tank (0.3 m
height, 1.5 m wide, and 9 m length) was filled with sandy
loam soil with the same nutrient contents as in the field
experiment. Twenty-day-old seedlings raised in the field were
transplanted into the tanks at a hill spacing of 0.15 × 0.20 m
with two seedling per hill. N (8 g m−2 as urea), P (4 g m−2 as
single superphosphate), and K (5 g m−2 as KCl) were applied
and incorporated before transplanting. N as urea was also
applied at mid-tillering (5 g m−2) and at panicle initiation
(3 g m−2). The three treatments of WW, MD and SD were
imposed from 9 DPA till maturity. The treatment details were
the same as in the field experiment. Plot size was 3.0 × 1.5 m
and each treatment had three replicates. A rain shelter
consisting of a steel frame covered with plastic sheeting was
used to minimize the effect of rainfall precipitation on the
treatments, and was removed after rain.

2.3. Sampling and measurements

Six flag leaves from each treatment were sampled at 14 and 28
DPA for measurement of leaf water content. Leaf water
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content as a percentage of fresh mass was calculated
according to the following equation: leaf water content (%) =
100 × (FM − DM)/FM, where DM and FM denote respectively
dry matter and fresh matter of the flag leaves.

Photosynthesis, chlorophyll and nitrogen content, and
activities of PEPC, Rubisco and carbonic anhydrase (CA) in
flag leaves were measured at 14 DPA and 21 DPA. Photosyn-
thesis was determined under the conditions of 28 °C, ambient
CO2 concentration, and 65%–70% relative humidity using a
LI-6400 portable photosynthesis system (LI-COR, Lincoln,
Nebraska, USA). The photosynthetic photon flux density (PPFD)
was controlled by a LED light source built into the portable
photosynthesis system and was set to 1500 μmol m−2 s−1. Six
leaves were measured for each treatment on each measure-
ment date. Chlorophyll was extracted by shaking in methanol
overnight and measured as described by Holden [22]. Leaf
nitrogen content was determined by micro Kjeldahl digestion,
distillation, and titration [23]. Activities of PEPC, Rubisco and CA
were assayed according to the methods of Gonzalez et al. [24],
Wei et al. [25] andGuo et al. [26], respectively. At 10, 17, 24 and 31
DPA, superoxide dismutase (SOD) activity andmalondialdehyde
(MDA) content of the flag leaves were determined according to
the methods described by Giannopolitis and Ries [27] and by
Zhao et al. [28], respectively.

Root exudates and root oxidation activity (ROA) were
determined at 14 and 28 DPA. Six hills of plants from each
treatment were used for collection of root exudates. Each
plant was cut at an internode about 12 cm above the soil
surface at 18:00 h. An absorbent cotton ball was placed on the
top of each decapitated stem and covered with a polyethylene
sheet. The cotton ball with exudates was collected after 6 h.
The volume of exudates was estimated from the increase in
cotton weight with the assumption that the specific gravity of
the exudation sapwas 1.0. For ROAmeasurement, a cube of soil
(20 × 20 × 20 cm) around each individual hill was removed
using a soil sampling corer. Plants of three hills from each plot
formed a sample at each measurement. The roots of each hill
were carefully rinsed with a hydropneumatic elutriation device
(Gillison's Variety Fabrications, Benzonia, MI, USA). The equip-
ment employs a high-kinetic-energy first stage in which water
jets erode the soil from the roots followed by a second
low-kinetic-energy flotation stage that deposits the roots on a
submerged sieve [29]. All the roots were detached manually
from their nodal bases. A portion (10 g) of each root samplewas
used for measurement of ROA. The remaining roots were dried
in an oven at 70 °C for 72 h and weighed. The method for
measurement of ROA was according to Yang et al. [30]. Root
activitywas expressed as μg α-alpha-naphthylamine (α-NA) per
gram dry weight (DW) per hour (μg α-NA g−1 DW h−1).

Shoot biomasses were determined at 9 DPA and maturity.
Plants from five hills were sampled from each plot at each
measurement time. Measurement of grain yield and yield
components at maturity followed Yoshida et al. [31]. Plants in
the two rows on each side of the plot were discarded to avoid
border effects. In each plot, grain yield was determined from a
harvest area of 5.0 m2 in the field experiment and 2.0 m2 in
the tank experiment and adjusted to 14% moisture. Yield
components (number of panicles per squaremeter, number of
spikelets per panicle, percentage of filled grains, and grain
weight) were determined from plants of 10 hills (excluding
border plants) sampled randomly from each plot. The
percentage of filled grains was defined as the number of filled
grains (of specific gravity ≥ 1.06 g cm−3) as a percentage of the
total number of spikelets.

2.4. Statistical analysis

Analysis of variance was performed using the SAS/STAT
statistical analysis package (version 6.12, SAS Institute, Cary,
NC, USA). Data from each sampling date were analyzed
separately. Means were tested by least significant difference
at P = 0.05 (LSD0.05).

In this experiment, transgenic rice plants overexpressing
maize PEPC, the rice NADP-ME, were also studied, and results
from these plants were very similar to those of PPDK and
PEPC + PPDK (PCK). For brevity only the results of WT and
transgenic plants PPDK and PCK are reported here.
3. Results

3.1. Leaf physiological and biochemical characteristics

Fig. 1 illustrates the progression of leaf water content after the
water treatments. Average leaf water content fell from 76.0%
at 14 DPA to 68.2% at 28 DPA. Transgenic plants (PPDK and
PCK) consistently showed higher leaf water content than WT
under different soil moisture treatments at DPA of 14 and 28.
As water stress increased, transgenic plants showed greater
ability to preserve higher leaf water content than WT plants,
especially at 14 DPA. Average leaf water contents of trans-
genic plants at 14 DPA under the WW, MD and SD treatments
were respectively 3.4%, 3.5% and 4.7% higher than those ofWT
plants (Fig. 1).

Daily changes in photosynthetic rate were evaluated in the
tank experiment (Table 1). All the genotypes showed the same
pattern of circadian rhythm of photosynthesis. Transgenic
plants (PPDK and PCK) consistently showed higher Pn than the
WT during the day (P < 0.05) under all three treatments, and
no significant difference (P > 0.05) was observed between the
two transgenic lines (Table 1). On average, Pn levels under the
MD and SD treatments decreased by respectively 41.9% and
59.3% in WT plants, 14.8% and 33.5% in PPDK, and 18.5% and
35.1% in PCK, relative to Pn under the WW treatment,
indicating that the transgenic plants had greater drought
tolerance than WT plants in photosynthesis.

During the soil moisture treatments, photosynthesis was
also measured at 14 DPA and 21 DPA in the field experiment
(Table 2). The transgenic plants (PPDK and PCK) had higher Pn,
gs and TE than the WT plants. When drought became severe,
Pn and stomatal conductance (gs) of all the genotypes
decreased, but transpiration efficiency (TE) increased, with
greater increases in the transgenic than in the WT plants.
Compared with WW treatments, for example, Pn decreased
under the MD and SD treatments by respectively 25.8% and
56.4% forWT plants, but by only 13.1% and 35.7% for PPDK and
by 13.8% and 34.9% for PCK.

Similar to leaf photosynthesis, chlorophyll and nitrogen
contents in leaves and activities of Rubisco, PEPC and CA
decreased under the soil-drying treatments, with greater



Fig. 1 – Leaf water content in wild-type (WT, cv. Kitaake) and two transgenic rice plants overexpressing pyruvate
orthophosphate dikinase (PPDK); phosphoenolpyruvate carboxylase (PEPC), and PPDK (PCK), at different water treatments
(well-watered, WW; moderate drought, MD; severe drought, SD), at (A) 14 days post-anthesis (DPA) and (B) 28 DPA in a tank
experiment. Data are means of six plants per treatment ± standard error. Letters a–c above bars indicate significant differences
at P = 0.05 among the three rice genotypes within the same soil moisture treatment.
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reduction in WT plants than in transgenic plants (Table 3).
Under the same soil moisture levels, activities of PEPC and CA
in transgenic plants were 3–5-fold higher than those in WT
plants. Compared with the activity of Rubisco, activities of
PEPC and CA were less reduced under both MD and SD,
especially under MD (Table 3), suggesting that the enzymes
involved in C4 photosynthesis are more resistant to drought
than that involved in C3 photosynthesis.

The effect of drought on the antioxidative system in the
form of MDA content and SOD activity was investigated
(Fig. 2). MDA content increased with increasing drought level
and leaf age (Fig. 2A–C), suggesting the production of excessive
reactive oxygen species (ROS) caused by drought and leaf aging.
Compared with WT rice, transgenic rice showed a significant
lower content of MDA under all the soil moisture treatments
(P < 0.05), suggesting an improved tolerance of ROS damage
especially under drought environments. In contrast to MDA
content, SOD activities were higher for transgenic plants,
especially for PPDK, than for WT plants under the MD and SD
treatments (P < 0.05, Fig. 2D–F).
Table 1 – Daily patterns of photosynthetic rate (Pn) of wild-typ
PEPC + PPDK transgenic rice (PCK) in a tank experiment at 15 d

Genotype Treatment 9: 00–10:30 h

Pn (μmol m−2 s−1) %

WT WW 21.52 aB 100.0
MD 15.31 bB 71.1
SD 11.64 cB 54.1

PPDK WW 25.32 aA 100.0
MD 22.48 aA 88.8
SD 18.32 bA 72.4

PCK WW 27.17 aA 100.0
MD 24.24 aA 89.2
SD 19.35 bA 71.2

WW, MD and SD represent well watered, moderate drought, and severe d
a–c, significant difference at P = 0.05 among different treatments within
A–B, significant differences at P = 0.05 among different genotypes at the
3.2. Root exudates and root oxidation activity

Under the same soil moisture and on the same measurement
dates, the volumes of root exudates of transgenic plants were
much greater than those of WT plants (Fig. 3). For the same
genotype, the volume of root exudates decreased with
increased soil drought, with a greater reduction for WT than
for transgenic plants. In comparison with the WW treatment,
under the MD and SD treatments the volumes of root
exudates at 14 DPA decreased by respectively 27.0% and
66.1% for the WT, by 21.5% and 56.9% for PPDK, and by 6.3%
and 50.7% for PCK and the volume of root exudates at 28 DPA
decreased by respectively 42.1% and 71.4% for the WT, by
33.7% and 66.3% for PPDK, and by 20.7% and 63.6% for PCK.

The transgenic plants also showed higher root oxidation
activity (ROA) than WT plants, especially under the drought
treatments (Fig. 4). For example, the ROA under the MD and
SD treatments decreased by respectively 16% and 75% for WT
plants, by 9.5% and 62.0% for PPDK plants, and by 12% and 65%
for PCK plants, compared with that under the WW treatment.
e rice (WT, cv. Kitaake), PPDK transgenic rice (PPDK), and
post anthesis.

12: 00–13:30 h 15: 00–16:30 h

Pn (μmol m−2 s−1) % Pn (μmol m−2 s−1) %

10.48 aB 100.0 16.78 aB 100.0
5.35 bB 51.0 8.77 bB 52.3
3.16 cB 30.2 6.34 cB 37.9
19.35 aA 100.0 22.13 aA 100.0
16.12 bA 83.3 18.48 bA 83.5
11.28 cA 58.3 15.26 cA 68.9
21.96 aA 100.0 22.76 aA 100.0
16.35 bA 74.5 18.43 bA 80.9
12.13 cA 55.3 15.49 cA 68.1

rought, respectively.
the same genotype.
same soil moisture treatment.



Table 2 – Photosynthetic rate (Pn, μmol CO2 m−2 s−1), stomatal conductance (gs, mol CO2 m−2 s−1), and transpiration
efficiency (TE, μmol CO2/mmol H2O) at 14 and 21 days post-anthesis (DPA) in the field experiment.

Genotype Treatment
(kPa)

14 DPA 21 DPA

Pn gs TE Pn gs TE

WT WW 19.46 a 0.214 a 5.71 b 17.35 a 0.185 a 5.63 b
MD 15.31 b 0.139 b 6.44 a 12.87 b 0.099 b 6.37 a
SD 11.32 c 0.092 c 6.58 a 7.56 c 0.055 c 6.57 a

PPDK WW 26.33 a 0.210 a 7.93 b 24.36 a 0.189 a 7.81b
MD 24.98 a 0.177 a 8.38 a 21.18 a 0.148 b 8.05 b
SD 19.48 b 0.123 b 9.06 a 15.67 b 0.076 c 9.06 a

PCK WW 28.06 a 0.215 a 8.13 b 25.32 a 0.183 a 8.3 a
MD 25.54 a 0.187 b 8.35 ab 21.83 b 0.144 b 8.49 a
SD 20.45 b 0.138 c 8.66 a 16.49 b 0.088 c 8.77 a

WW, MD and SD represent well watered, moderate drought and severe drought, respectively.
Letters a–c indicate significant differences at P = 0.05 among the soil moisture treatments within the same genotype.
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3.3. Biomass and grain yield

Although water stress significantly reduced biomass produc-
tion for all the genotypes, transgenic genotypes consistently
showed higher biomass at maturity than WT under all the
soil moisture treatments (Table 4). For example, in the field
experiment the transgenic plants had respectively 19.0%,
24.5% and 23.5% more biomass than WT under the WW, MD
and SD treatments.

The transgenic plants showed higher grain yields than WT
plants in both field and tank experiments and under the soil
moisture treatments (Fig. 5). On average in the field experi-
ment, transgenic plants had 15.5%, 22.4% and 21.0% higher
grain yields than WT under WW, MD and SD treatments,
respectively. In the tank experiment, transgenic plants had
16.7%, 18.0% and 19.0% higher grain yields thanWT underWW,
MD and SD treatments, respectively, indicating an enhanced
tolerance to drought in transgenic rice plants.

Because the soil drought treatments were imposed begin-
ning at 9 DPA, panicle number per area and spikelet number
per panicle were not affected by the treatments (Table 5). In
comparison with the WW treatments, the percentages of
filled grains and grain weight decreased under both MD and SD
Table 3 – Chlorophyll content (Chl, mg g−1 DW), nitrogen co
phosphoenolpyruvate carboxylase (PEPC), ribulose-1,5-bisphos
the flag leaf at 14 and 21 days post-anthesis (DPA) in the field e

Genotype Treatment
(kPa)

14 DPA

Chl N PEPC Rubisco

WT WW 3.2 a 2.6 a 6.5 a 22.4 a
MD 2.7 b 2.1 b 5.7 a 17.3 b
SD 2.1 c 1.7 c 4.2 b 11.6 c

PPDK WW 3.1 a 2.7 a 36.9 a 22.7 a
MD 2.9 a 2.5 a 33.6 a 19.3 b
SD 2.5 b 2.2 b 29.3 b 14.2 c

PCK WW 3.3 a 2.8 a 35.7 a 22.3 a
MD 3.1 a 2.6 a 32.5 a 19.8 b
SD 2.6 b 2.3 b 28.1 b 13.6 c

WW, MD and SD represent well watered, moderate drought and severe d
Letters a–c indicate significant differences at P = 0.05 among the soil moi
treatments, with greater decreases under the SD than under the
MD treatment. Under the same soil moisture, especially under
theMDand SD treatments, both PPDK and PCK plants showed a
greater percentage of filled grains thanWTplants. Grain weight
and harvest index varied with genotype and soil moisture
treatment. Generally, the PCK plants exhibited higher grain
weight and harvest index than WT plants under both MD and
SD treatments (Table 5).
4. Discussion

Photosynthesis is fundamental to biomass production, but
sensitive to drought. Improving photosynthesis-related phys-
iological traits is thought to be a useful approach to increase
yield and drought tolerance [10,32–34]. Researchers worldwide
have attempted to improve photosynthesis and crop yield by
introducing C4 cycle in plants by transgenic approaches
[4,11,12,15,35,36]. But there is a longstanding controversy as
to whether an increase in leaf-level photosynthesis would
increase yield [37–41]. In the present study, transgenic plants
overexpressing key C4 enzymes not only had higher photo-
synthetic rates, but produced higher grain yields than WT
ntent (N, %), and activities (μmol mg−1 protein min−1) of
phate carboxylase (Rubisco), and carbonic anhydrase (CA) in
xperiment.

21 DPA

CA Chl N PEPC Rubisco CA

3.8 a 2.4 a 2.0 a 4.2 a 15.6 2.1 a
3.1 a 1.8 b 1.4 b 3.5 a 9.7 1.7 a
1.8 b 1.3 c 0.8 c 2.6 b 5.4 0.8 b
15.6 a 2.5 a 2.1 a 27.5 a 15.5 a 12.2 a
13.4 a 2.3 a 1.9 a 24.9 a 12.2 b 11.3 a
10.5 b 1.9 b 1.3 b 19.8 b 8.8 c 8.2 b
15.2 a 2.4 a 2.2 a 26.8 a 14.9 a 12.7 a
13.7 a 2.2 a 1.8 b 24.6 a 12.5 b 11.2 a
10.2 b 1.8 b 1.4 c 19.7 b 9.2 c 8.4 b

rought, respectively.
sture treatments within the same genotype.



Fig. 2 –Malondialdehyde (MDA) content (A–C) and superoxide dismutase (SOD) activity (D–F) of wild-type (WT, cv. Kitaake) and
two transgenic rice plants overexpressing pyruvate orthophosphate dikinase (PPDK); phosphoenolpyruvate carboxylase
(PEPC), and PPDK (PCK), under well-watered (WW, solid lines), moderate drought (MD, dotted lines) and severe drought (SD,
dashed lines) treatments in the tank experiment. The data represent means of five measurements from independent samples.
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plants. Given that the WT cv. Kitaake and the two transgenic
plants (PPDK and PCK) have the same genetic background and
the only difference is in the expression level of several C4 key
enzymes, our results provided direct evidence that increasing
photosynthesis could result in a yield increase.

The present results agree well with previous reports that
transgenic rice plants show improved Pn and yield [4,10].
Transgenic plants showed Pn superior to the WT throughout
Fig. 3 – Volume of root exudates of wild-type (WT, cv. Kitaake) a
orthophosphate dikinase (PPDK); phosphoenolpyruvate carboxy
treatments (well-watered, WW; moderate drought, MD; severe d
in the tank experiment. Data represent means of five plants per
significant differences at P = 0.05 among different genotypes und
the day and across the different grain filling stages (e.g. at 14
and 21 DPA). Ku et al. [4] observed that improved Pn was
caused by increased stomatal conductance and increased
internal CO2 concentration. In our study, higher leaf water
content was observed for transgenic plants than for WT
plants. The high leaf water content would contribute to
increased stomatal conductance [42]. Increased stomatal
conductance may also be accounted for by the direct
nd two transgenic rice plants overexpressing pyruvate
lase (PEPC), and PPDK (PCK), under different soil moisture
rought, SD), at (A) 14 days post-anthesis (DPA) and (B) 28 DPA
treatment ± standard error. Letters a–c above bars indicate
er the same soil moisture treatment.

image of Fig.�2
image of Fig.�3


Fig. 4 – Root oxidation activity of wild-type (WT, cv. Kitaake) and two transgenic rice plants overexpressing pyruvate
orthophosphate dikinase (PPDK); phosphoenolpyruvate carboxylase (PEPC), and PPDK (PCK), under different soil moisture
treatments (well-watered, WW; moderate drought, MD; severe drought, SD), at (A) 14 days post-anthesis (DPA) and (B) 28 DPA
in a tank experiment. Data represent means of five plants per treatment ± standard error. Letters a–b above bars indicate
significant differences at P = 0.05 among different genotypes under the same soil moisture treatment.
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regulation by C4 enzymes such as PEPC of organic acid
metabolism in guard cell to influence stomatal conductance
[43,44].

Activities of PEPC and CA in transgenic plants were
3–5-fold higher than those in WT plants and decreased
much less than did Rubisco activities under both MD and SD
treatments. We speculate that the enzymes involved in C4

photosynthesis are more tolerant to drought than those
involved in C3 photosynthesis.

Interestingly, we observed that the transgenic plants
exhibited higher root activities than the wild type, as reflected
by larger volumes of root exudates and higher root oxidation
activity. High root activity would accelerate the absorption of
water and nutrients from soil and exert feed-forward effects
on leaf-level traits, resulting in higher leaf water content and
Table 4 – Biomass of wild type rice (WT) and two
transgenic rice (PPDK and PCK) at 9 days post-anthesis
(DPA) and maturity under different soil moisture
treatments.

Genotype Treatment
(kPa)

Field
experiment

(g m−2)

Tank experiment
(g m−2)

9 DPA Maturity 9 DPA Maturity

WT WW 343.8 a 587.4 a 404.5 a 902.7 a
MD 344.7 a 519.1 b 405.5 a 754.2 b
SD 345.0 a 454.1 c 405.9 a 653.9 c

PPDK WW 369.1 a 686.2 a 434.3 a 1014.6 a
MD 372.5 a 643.3 b 438.7 a 857.9 b
SD 375.2 a 551.7 c 441.4 a 759.3 c

PCK WW 391.8 a 711.5 a 460.9 a 1084.7 a
MD 394.3 a 648.8 b 463.9 a 860.2 b
SD 392.3 a 569.7 c 461.5 a 699.1 c

WW, MD and SD represent well watered, moderate drought and
severe drought, respectively.
Letters a–c indicate significant differences at P = 0.05 among soil
moisture treatments within the same genotype.
photosynthetic rate and more active oxygen-scavenging
systems in leaves of transgenic plants. Previous reports have
also suggested the importance of root activity for maintaining
higher source capacity and sink activity [45,46]. The results
suggest that improved root–shoot interaction in transgenic
plants is one of the factors contributing to the increase in
grain yield. Although the PCK transgenic plant showed higher
root activities than PPDK (Figs. 3 and 4), the expected advan-
tages of PCK over PPDK in photosynthesis and yield were not
observed, indicating a need for further investigation.

Enzymes involved in C4 photosynthesis are known to
increase in leaves of both C3 and C4 plants under abiotic stress
[47–51]. These enzymes play important roles in plant response
to drought [4,15,45]. For example, these enzymes can effectively
reduce reactive oxygen species and membrane lipid peroxida-
tion [15,18,19,51] an activity confirmed in our experiments
(Fig. 2, Table 3). This activity could account for the enhanced
tolerance to drought shown by transgenic plants overexpress-
ing these C4 photosynthesis enzymes.

Usually drought reduces transpiration and simultaneously
photosynthesis. We observed, however, that the extent to
which the photosynthetic rate was reduced by the drought
was much lower in transgenic than in WT plants and that the
reduction of photosynthetic rate was lower than that of
transpiration under drought, leading to increased transpiration
efficiency (TE) for the transgenic plants (Table 2). This finding
may have great significance for improving both grain yield and
water use efficiency by transgenic approaches.

It is noteworthy that the WT cultivar Kitaake used in our
study had a very low yield (2.15 t ha−1 under the well-watered
field condition); further studies should be conducted with
high-yielding modern rice cultivars. However, transgenic
plants showed a greater percentage of filled grains than WT
plants, especially under the soil drought treatments (Table 5). It
has been reported that themain limitation on yield potential for
modern high-yielding cultivars, especially for the new “super
rice” cultivars, is poor grain filling [51]. It may be that
overexpressing C4 enzymes in these cultivars will increase
source activity, thereby improving grain filling.

image of Fig.�4


Fig. 5 – Yield of wild-type (WT, cv. Kitaake) and two transgenic rice plants overexpressing pyruvate orthophosphate dikinase
(PPDK); phosphoenolpyruvate carboxylase (PEPC), and PPDK (PCK) under different soil moisture treatments (well-watered,
WW; moderate drought, MD; severe drought, SD) in a field experiment (A) and a cement tank experiment (B). Grain yield was
determined from a harvest area of 5.0 m2 in the field experiment and 2.0 m2 in the tank experiment. Data are means of three
replicates per treatment ± standard error. Letters a–c above bars indicate significant differences at P = 0.05 among different
genotypes under the same soil moisture treatment.
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It should also be noted that the C4 photosynthetic pathway
is a set of complex physiological and biochemical processes.
Some researchers argue that the presence of Kranz leaf
anatomy is essential for C4 photosynthesis function. Enzymes
involved in the C4 pathway are compartmentalized between
themesophyll and bundle sheath cells [52]. But a single-cell C4

pathway has also been found [53], and the presence of a
C4-mini cycle in C3 plants has been reported [54,55]. Overex-
pression of C4 photosynthesis enzymes could strengthen the
C4-mini cycle and contribute to improving C3 photosynthesis
[56]. But the exact mechanism of carbon assimilation at the
molecular and biochemical level awaits elucidation.
Table 5 – Effect of soil drought on yield components and harvest

Experiment Genotype Treatment Number of
panicles
(m−2) (

Field WT WW 242 a
MD 241 a
SD 239 a

PPDK WW 248 a
MD 246 a
SD 250 a

PCK WW 269 a
MD 266 a
SD 267 a

Tank WT WW 369 a
MD 365 a
SD 362 a

PPDK WW 371 a
MD 373 a
SD 367 a

PCK WW 398 a
MD 401 a
SD 394 a

WW, MD and SD indicate well-watered, moderate drought, and severe dr
Letters a–c indicate significant differences at P = 0.05 level among soil m
5. Conclusions

Transgenic rice plants overexpressing C4 photosynthesis
enzymes (PPDK and PCK) exhibited higher grain yields than
WTplants, especially under soil drought conditions. Better yield
performance and higher drought tolerance of the transgenic
rice were associated with greater photosynthetic rate in leaves,
higher leaf water content, chlorophyll and nitrogen content,
transpiration efficiency, PEPC and CA activities in leaves, higher
root oxidation activity, and a stronger active oxygen scavenging
system. These results provide experimental evidence that
index of wild type (WT) and transgenic (PPDK and PCK) rice.

Number of
spikelets

per panicle)

Filled grains
(%)

Grain weight
(mg grain−1)

Harvest
index

43.51 a 80.32 a 25.54 a 0.367 a
44.26 a 72.26 b 24.78 b 0.368 a
43.83 a 66.15 c 24.53 b 0.374 a
45.14 a 83.17 a 24.38 a 0.330 b
46.20 a 80.63 ab 23.79 b 0.338 b
43.67 a 76.29 b 23.05 b 0.348 a
49.11 a 80.45 a 25.69 a 0.382 a
48.54 a 76.44 ab 25.33 ab 0.384 a
47.19 a 69.68 b 25.06 b 0.385 a
55.42 a 70.69 a 25.25 a 0.404 a
54.69 a 61.81 b 24.72 b 0.405 a
53.97 a 56.22 c 24.31 b 0.408 a
54.35 a 78.45 a 25.98 a 0.405 b
52.24 a 74.65 a 25.23 b 0.428 a
56.16 a 63.44 b 25.01 b 0.430 a
52.65 a 82.53 a 25.44 a 0.406 b
49.84 a 70.37 ab 25.17 a 0.411 b
50.76 a 62.53 b 24.63 b 0.441 a

ought, respectively, from 9 days post-anthesis to maturity.
oisture treatments within the same genotype.
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transgenic rice plants overexpressing C4 photosynthesis
enzymes may show improved grain yield, especially under
drought environments—a finding that may open a new avenue
to physiological breeding under drought by means of overex-
pressing C4 enzymes in C3 crops such as rice.
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