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ABSTRACT Many stress responsive genes have been reported with an effect on improving stress resistance in model
plants under greenhouse conditions. Towards identification of genes for drought resistance breeding, seven well docu-
mented genes (CBF3, SOS2, NCED2, NPK1, LOS5, ZAT10, and NHXT) in stress resistance were selected in this study and
transformed into rice cultivar Zhonghua 11 under the control of constitutive promoter Actin1 and stress-inducible pro-
moter of a rice HVA22 homolog, and transgenic rice were tested for drought resistance under field conditions. A total
of 1598 independent transgenic T, plants were generated. The percentages of single copy and expression of the trans-
genes were 36.7% and 57.6%, respectively. For each gene construct, 30 T, families with expression of transgene were
selected for drought resistance testing at the reproductive stage in field, and 10 of them were tested in PVC pipes with
a defined stress protocol at the same stage. Relative yield and relative spikelet fertility were used as two major criteria to
evaluate drought resistance performance because significantly decreased yield was observed in the T, generation. Trans-
genic families of eight constructs (HVA22P:CBF3, HVA22P:NPK1, Actin1:LOS5, HVA22P:LOS5, Actin1:ZAT10, HVA22P:ZAT10,
Actin1:NHX1, and HVA22P:NHX 1) showed significantly higher RY than wild-type (WT) under both drought stress field and
PVC tube conditions. Transgenic families of 9 constructs (HVA22P:SOS2 and CBF3, LOS5, ZAT10, and NHX1 by both pro-
moters) showed significantly higher relative spikelet fertility than WT in the field or PVC pipes. In the field drought re-
sistance testing of T, families derived from the T, families with relatively lower yield decrease, transgenic families of seven
constructs (HVA22P:CBF3, Actin1:NPK1, HVA22P:NPK1, Actin1:LOS5, HVA22P:LOS5, Actin1:ZAT10, and HVA22P:ZAT10)
showed significantly higher yield per plant than WT, and families of nine constructs (Actin1:CBF3, HVA22P:CBF3, HVA22P:-
5052, HVA22P:NPK1, Actin1:LOS5, HVA22P:LOS5, Actin1:ZAT10, HVA22P:ZAT10, and Actin1:NHXT1) had higher spikelet fer-
tility than WT. In general, LOS5 and ZAT170 showed relatively better effect than the other five genes in improving drought
resistance of transgenic rice under field conditions. The results and experience obtained from this study could be a useful
reference for drought resistance engineering in rice.
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INTRODUCTION

duction has now been generally recognized as an essential

Water deficit, more commonly referred to as ‘drought’, causes
major economic losses in crop production throughout the
world. For example, global losses of the two major cereal
crops, rice and maize, to drought are estimated to be more
than $5 billion annually (Data from Food Security, the Rockef-
eller Foundation). Drought has been, and continues to be, the
single most devastating factor that is menacing food produc-
tion and food security, especially in areas with inadequate
agricultural water resources. Consequently, with the global
shortage of water, reducing water consumption in crop pro-

strategy for sustainable agriculture. In China, for example,
the estimated annual loss of national economy from water
shortage alone reaches more than $25 billion (Deng, 1999).
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It has been estimated that rice production consumes about
half of the total water consumption of the country. However,
drought stress is still the single most important constraint in
rice production (Lin and Shen, 1996), mostly due to variation
in the rainfall patterns from one year to another, and also
uneven distribution of rainfall in the rice growing season.
This is especially true in the marginal mountain areas that
are far away from river basins. Thus, there is an urgent need
for reducing water consumption especially in rice produc-
tion, by increasing the tolerance of this crop to reduced water
supply.

In recent years, the idea of developing drought-tolerant
crops has been well recognized as the most promising and ef-
fective strategy for food security against drought and water
shortage. However, drought tolerance is a complex trait that
involves numerous aspects of developmental, physiological,
biochemical, and molecular adjustments. These include, for ex-
ample, changes in root growth, guard cell regulation, osmotic
adjustment, alterations in photosynthesis, and synthesis of
protective proteins and antioxidants. The regulatory pathways
leading to these adjustments are poorly understood and re-
main a focal point of research (Zhu, 2002). Nevertheless, a num-
ber of genes have been demonstrated to be important for
drought tolerance, and genetic engineering using some of
these genes has shown promise in improving plant drought
tolerance in laboratory tests.

Under drought stress, plants accumulate ABA, which is crit-
ical for stomatal closure leading to reduced transpirational
water loss, and induces the expression of many genes with
presumed protective roles (Zhu, 2002). Recently, all the genes
encoding enzymes required for ABA biosynthesis have been
cloned in Arabidopsis. Overexpression of two of these
enzymes, NCED2 (luchi et al., 2001; Qin and Zeevaart, 2002;
Thompson et al.,, 2000) and LOS5 (Xiong et al., 2001), led
to increased ABA production, and reduced leaf transpiration
under drought conditions, and consequently increased
drought tolerance of the transgenic plants. Many reports
have documented that engineered production of compatible
osmolytes, such as trehalose and fructan, confers improved
drought tolerance in plants (Holmstrom et al., 1996; Pilon-
Smits et al., 1999). Like many other abiotic stresses, drought
leads to the accumulation of reactive oxygen species, which
causes damage to cellular structures, particularly membranes.
Transgenic plants overexpressing enzymes that are involved
in the detoxification of reactive oxygen species have im-
proved tolerance to drought stress (McKersie et al., 1996).
In addition, overexpression of certain individual stress pro-
tein or transcription factor regulating multiple stress proteins
was shown to confer increased tolerance to drought as well
as to salt and freezing stresses (Jaglo-Ottosen et al., 1998;
Kasuga et al., 1999; Xu et al., 1996). Drought and salt stress
tolerance share many common mechanisms. However, unique
to salt stress is the excess of toxic ions such as Na* and CI".
Overexpression of NHX1, a vacuolar Na*/H* antiporter, has
been reported to increase the capacity of plant cells to store

Na* in the vacuole, and to improve salt tolerance in trans-
genic plants (Apse et al., 1999). A regulatory pathway that
coordinately controls the transport of Na* across cellular
membranes has been established (Zhu, 2002).

In rice, efforts have also been made in testing genes for
drought tolerance. Expression of a fused bacteria gene
TPS-TPP in rice significantly increased the level of trehalose,
resulting in enhanced drought tolerance (Garg et al., 2002;
Jang et al., 2003). Overexpression of a rice MAPK can signif-
icantly increase the tolerance of rice to drought, salinity, and
cold (Xiong and Yang, 2003). Recently, transcription factor
gene CBF3/DREB1 (Oh et al., 2005) and the rice DREBT homo-
logue (Ito et al., 2006) have been reported for their effective-
ness on improving stress tolerance in transgenic rice.
Although these results were from greenhouse tests, it sug-
gests that genetic engineering is a promising strategy to ex-
plore a wide range of genes that are potential for drought
tolerance improvement in economically important crops.
Hu et al. (2006) reported that overexpression of a stress-
responsive transcription factor in rice resulted in significantly
improved drought resistance under the field conditions, fur-
ther supporting the possibility of developing drought resis-
tance rice by transgenic approach.

Even though many stress resistance genes have been iden-
tified in non-crop species such as Arabidopsis, comparison of
the effect of these genes on improving stress resistance in
a given crop has seldom been reported. Toward a long-term
goal of developing drought-resistant irrigated rice with good
adaptation to drought-prone areas, we tested several func-
tionally characterized genes in this study for their effects on
improving drought tolerance in rice by developing transgenic
rice lines overexpressing these genes and testing for drought
resistance under field conditions.

RESULTS

Rice Transformation and Identification of
Transgenic Plants

To harbor target genes, two backbone vectors containing
a constitutive promoter (from rice Actin1 gene) and an induc-
ible promoter (from a rice homologous gene of HVAZ22),
respectively, were constructed (Figure 1). Then, seven genes
(CBF3, SOS2, NCED2, NPK1, LOS5, ZAT10, and NHXT) reported
to confer stress tolerance in model plants were constructed in-
to these two vectors and the resultant gene constructs were
introduced into Agrobacterium strain EHA105 by electropora-
tion and used for transforming rice Zhonghua 11 (Oryza sativa
L. ssp. japonica). A total of 1598 independent T, transformants
were generated for the 14 constructs and seeds were available
for 1130 T, families (Table 1).

Transgenic plants were identified by PCR using primers spe-
cific to the Bar gene. Among more than 900 independent
plants randomly selected from transformants of 14 constructs,
more than 95% of them are PCR-positive. Southern blotting
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Figure 1. The Sketch Structure of pCB2006 and pCB2009 Vectors Used for Rice Transformation.
Vectors pCB2006 and pCB2009 contained the constitutive Actin1 promoter and the stress-inducible HVA22P promoter from rice, respec-

tively.

Table

1. Rice Transformation and Molecular Identification of Candidate Genes.

Transgenic copy

Gene Promoter Total Ty plants I\;itf;:zgs: available? Single copy (%) 2-3 copies (%)° Overexpression (%)°
CBF3 Actin1 130 87 34.5 46.4 62.3
HVA22P 142 112 33.6 44.2 55.5
50S2 Actin1 78 72 32.2 43.6 68.5
HVA22P 82 81 34.6 41.3 51.4
NCED2 Actin1 96 84 36.8 47.4 66.1
HVA22pP 78 74 34.1 45.6 49.8
NPK1 Actin1 100 63 41.2 48.2 59.3
HVA22P 95 60 384 45.7 43.2
LOS5 Actin1 181 11 36.3 46.5 68.2
HVA22P 102 88 34.8 47.5 55.4
ZAT10 Actin1 92 63 36.6 44.4 62.6
HVA22P 196 66 41.2 48.6 50.8
NHX1 Actin1 127 94 40.5 48.1 69.6
HVA22P 99 75 39.5 45.2 43.4
Total 1598 1130 Avg. 36.7 45.9 57.6

a Seeds were harvested only from the T, plants without obvious morphological change compared to the wild-type plants.
b More than 50 independent T, plants for each construct were used for detection of copy number and expression level.

was performed to detect the copy number of transgene by
using the Bar gene fragment (amplified by the Bar-specific
primers) as a probe. The percentage of single copy transgene
(more than 700 PCR-positive independent plants have been
tested) was 36.7%, and the percentage of two to three copies
was 45.9% (Table 1 and Supplemental Figure 1). The expres-
sion level of the transgenes in the mixed leaf tissues from each

T, family derived from the T, transgenic plants was checked by
RNA gel blot analysis using the sequences of transgenes as
probes (Supplemental Figure 1). Among more than 700 inde-
pendent families tested, the percentage of overexpression
was about 57.6%. The percentage of overexpression from con-
stitutive expression vector pCB2006 was much higher than that
from vector pCB2009 for each of the transgenes (Table 1).


Supplemental Figure 1
Supplemental Figure 1
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Pre-Screening of Drought Resistance in
Drought-Prone Field

Considering the huge number of transgenic plants generated
and the limited space of drought testing shelter, drought
resistance pre-screening was performed in drought-prone
field for T, families from the T, plants with available seeds.
A total of 1130 T, families for 14 constructs were used for
pre-screening in the drought-prone field (Table 2).

Among the 1130 families tested, 127 families showed visible
morphological segregation, such as changes of plant height,
flowering, leaf color or shape, panicle shape, etc. (data not
shown), and these families were excluded from drought resis-
tance scoring because these phenotypic changes were not
likely a result of the transgenes, since most of the families with
the expression of transgenes confirmed by Northern blotting
showed normal phenotypes.

The drought stress in one replication developed unexpected
slowly, probably because of the paddy soil and relatively low
position of the field, and no significant stress was developed
at the time of flowering. The evaluation was therefore based
on another replication. The performance of drought resistance
was evaluated mainly based on the degree of leaf drying score
(LDS) at the end of flowering. Relative fertility was not used be-
cause an unexpected low temperature hit the flowering stage
and the fertility was generally low (less than 50%) for all plants.
In the pre-screening test, 62 families from expression constructs
of five candidate genes (CBF3, SOS2, NCED2, LOS5, and ZAT10)
exhibited very high resistance (LDS < 1) to drought stress com-
pared to the wild-type (WT) plants (LDS = 4); 551 families (1 <
LDS =< 3) from all the stress responsive genes showed fewer
drying leaves than WT control (Table 2).

The percentage of relatively resistant families and the degree
of resistance showed difference between genes and/or pro-
moters. Generally, the transgenic plants of CBF3 and LOS5
had better drought resistance performance than other genes
in the pre-screening. The effects of constitutive promoter
and inducible promoter in improving drought resistance were
not always consistent among these candidate genes. For exam-
ple, the constitutive promoter had relatively better effect for
CBF3, but the inducible promoter had relatively better effect
for NCED2 and NHX1 (Table 2). The relatively resistant families
from the pre-screening were selected for drought resistance in
the field under the rain-off shelter and in PVC tubes for more
accurate evaluation of drought resistance.

Drought Resistance Testing under Managed
Drought-Stressed Conditions

Thirty transgenic families with expression of the transgene,
one to three copies of T-DNA, and relative resistance with
LDS from 0 (high resistance) to 3 (moderate resistance) ob-
tained from the pre-screening were selected from each of
the 14 gene constructs (seven candidate genes by two types
of promoters) and tested for drought resistance under the
managed drought-stressed conditions. Considering the segre-
gation of transgenes in T; or T, generation, herbicide was ap-

Table 2. Sensitivity of Ty Transgenic Families to Drought Stress
Evaluated by Leaf Drying Score.

Families Families % of relatively
T, families with with LDS resistant
Gene Promoter screened LDS <1 at1-3 families
CBF3 Actin1 87 8 55 724
HVA22P 112 13 62 67.0
S0S2  Actini 72 6 27 45.8
HVA22P 81 4 34 46.9
NCED2 Actini 84 2 28 35.7
HVA22P 74 3 34 50.0
NPK1  Actinil 63 0 33 52.4
HVA22P 60 0 31 51.7
LOS5 Actin1 111 7 64 64.0
HVA22P 88 6 52 65.9
ZAT10  Actini 63 7 31 60.3
HVA22P 66 6 33 59.1
NHXT  Actinil 94 0 32 34.0
HVA22P 75 0 35 46.7
Total 1130 62 551

LDS: Leaf drying score based on visual evaluation of the dried area of
top leaves at 1 week after flowering. 0: no dried leaves; 1: fewer than
5%; 2: 5-10%; 3: 10-15%; 4: 15-20%; 5: >20%. Scoring was performed
at noon when the LDS of neighboring control plants was more than 4.
The score for each family is the average performance of the 16 plants in
the middle of each plot.

plied at seedling stage to select positive transgenic plants for
transplanting, since the constructs contain the Bar gene.
Drought testing was conducted in two environments: refined
field equipped with a movable rain-off shelter and PVC tubes
placed in plastic tents.

In the field, yield-related traits (panicle number, grain
number, spikelet fertility, 1000-grain-weight) and leaf drying
score were measured after maturity. Leaf drying score was
significantly negatively correlated with yield and yield-
related traits, whereas yield and yield-related traits are
positively correlated with each other (Table 3). Under the
normal growth conditions, most of the transgenic families
showed significantly lower yield per plant and spikelet fer-
tility than the WT—a phenomenon referred to as yield de-
crease (Tables 4 and 5), which might be due to the
negative effect of tissue culture, since the testing was con-
ducted in early generation (T4). In fact, yield decrease seems
to be very frequent in transgenic rice produced by tissue cul-
ture. For example, only 3-5% of Bt gene transgenic plants
generated in our laboratory showed no yield decrease in
early generations (Y. Lin, unpublished data). Therefore,
droughtresistance in this experiment was evaluated by using
relative yield and relative spikelet fertility as major parame-
ters, which were considered as the most indicative criteria for
drought resistance (Yue et al., 2006).

Transgenic families from nine constructs (involving all the
other six genes, excluding NCED2) showed significantly higher



Xiao et al. e Evaluation of Seven Function-Known Candidate Genes for their Effects on Improving Drought Resistance of Transgenic Rice 77

Table 3. Correlation Coefficient between Yield and Yield-Related Traits in Drought Testing in the Field.

Grain yield per Leaf drying Panicle

Grain Spikelet 1000-grain-weight

plant (GY) score (LDS) number (PN) number (GN) fertility (SF) (KGW)
GY 1.000
LDS -0.307* 1.000
PN 0.7786* —0.265* 1.000
GN 0.989* —0.309* 0.773* 1.000
SF 0.511* —0.215* 0.139* 0.518* 1.000
KGW 0.453* —0.197* 0.267* 0.347* 0.225** 1.000

* Significant at P < 0.01 level.

Table 4. Grain Yield of T; Transgenic Families from Each Construct under Normal Growth and Two Drought Stress Conditions.

i i a
Construct Grain yield (g per plant)

Relative yield®

(promoter:gene)

Normal growth

Drought stress in field

Drought stress in PVC

Drought stress field

Drought stress PVC

Wild-type (ZH11) 32.55 = 1.98 7.64 £ 0.23
Actin1:CBF3 17.65 = 0.89** 3.74 = 0.30*
HVA22P:CBF3 14.59 = 0.67** 4.80 = 0.25*
Actin1:5052 17.70 = 0.89** 4.36 = 0.33*
HVA22P:5052 15.91 = 0.81** 7.30 = 0.31
Actin1:NCED2 22.87 = 0.79* 4.89 = 0.28*
HVA22P:NCED2 22.20 = 2.29* 3.98 + 0.28*
Actin1:NPK1 18.50 = 1.07** 2.78 = 0.19**
HVA22P:NPK1 17.42 = 1.10** 5.15 = 0.27
Actin1:LOS5 16.79 = 0.66** 7.81 = 0.39
HVA22P:LOS5 14.14 = 1.32** 4.83 £ 0.34*
Actin1:ZAT10 15.99 = 0.79** 6.62 = 0.39
HVA22P:ZAT10 15.76 = 0.85** 6.08 = 0.25
Actin1:NHX1 17.76 = 0.90** 6.75 = 0.28
HVA22P:NHX1 13.05 = 1.01** 3.56 + 0.25*

21.11 = 0.92 0.23 0.65
13.76 = 0.62** 0.21 0.78**
12.42 = 0.52** 0.33** 0.85**
12.32 = 0.61** 0.25 0.69
9.96 + 0.55** 0.46** 0.59
13.14 = 0.59** 0.21 0.57
13.96 + 0.73** 0.18 0.63
14.73 = 0.60** 0.15* 0.81**
14.36 + 0.69** 0.30* 0.83**
13.23 = 0.61** 0.47** 0.79**
11.10 = 0.66** 0.34** 0.79**
11.92 = 0.54** 0.41** 0.75*
12.77 = 0.51** 0.39** 0.81**
12.57 = 0.56** 0.38** 0.71*
9.97 + 0.49** 0.27* 0.76*

a Thevalueis mean = SE (n = 30 and 10 families for treatments in the field and PVC, respectively), and 16 (in the field) or 10 (in PVC) plants

for each family measured.

b The values are the ratios of measurement under stress to that under normal growth.
** and * indicate significant difference (by LSD test) between transgenic families from each construct and the wild-type at the probability level of
P =0.01 and P = 0.05, respectively. Significantly higher values in transgenic rice are highlighted in bold.

relative yield than WT in the drought testing in the field,
whereas transgenic plants for 10 constructs (involving all the
other five genes, excluding NCED2 and SOS2) showed signifi-
cantly higher relative yield than WT under the drought stress
inthe PVC pipes (Table 4). Transgenic families of eight constructs
(HVA22P:CBF3, HVA22P:NPK1, Actin1:LOS5, HVA22P:LOS5, Ac-
tin1:ZAT10, HVA22P:ZAT10, Actin1:NHX1, and HVA22P:NHXT)
involving five genes (CBF3, NPK1, LOS5, ZAT10, and NHXT)
showed significantly higher relative yield than WT under both
drought stress field and PVC tube conditions. Among seven
stress responsive genes used in this study, transgenic families
of three genes (LOS5, ZAT10, and NHXT) under the control of
both stress-inducible promoter (Actin1) and constitutive pro-
moter (HVA22P) showed significantly higher relative yield than
WT in two drought-stressed conditions.

When relative spikelet fertility was used as an evaluation
parameter of drought resistance (Table 5), only the trans-
genic families of two gene constructs (HVA22P.SOS2 and
Actin1:ZAT10) showed significantly higher relative spikelet
fertility than WT in the drought testing under field conditions.
However, transgenic plants of four genes (CBF3, LOS5, ZAT10,
and NHXT) under the control of both promoters showed sig-
nificantly higher relative spikelet fertility than WT in PVC pipes.

Drought Resistance Re-Testing of T, Transgenic Families

The above drought resistance testing of T; families was com-
pared on the basis of construct-wise. Considering the relative
high frequency of yield decrease in transgenic rice, especially
in T, generation (Table 4), T, seeds were harvested from the
T, families without obvious yield decrease in the previous
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experiment and selected for further drought resistance testing.  structs; the selected families from each gene construct for
Generally, more families without yield decrease were identified  drought resistance re-testing are listed in Table 6. Obviously,
from the inducible constructs than from the constitutive con- T, transgenic families from each construct had no significant

Table 5. Spikelet Fertility of T, Transgenic Families from Each Construct under Normal Growth and Two Drought Stress Conditions.

Spikelet fertility (%) Relative spikelet fertility
Construct Normal growth Drought stress in field Drought stress in PVC Drought stress field Drought stress PVC
Wild-type (ZH11) 76.7 = 1.1 34.4 + 1.0 58.7 + 3.7 0.45 0.77
Actin1:CBF3 62.5 + 2.8 21.2 + 1.0* 53.6 = 3.3 0.34 0.86*
HVA22P:CBF3 61.5 + 3.0° 15.7 = 1.2%* 43.8 + 3.0" 0.26* 0.89%*
Actin1:5052 62.0 = 1.4 30.1 + 1.4 50.6 + 3.3 0.49 0.82
HVA22P:5052 623 = 1.17 48.4 + 1.2%* 46.3 + 3.2" 0.78** 0.74
Actin1:NCED2 61.7 = 1.3" 13.5 + 1.1 455 + 40" 0.22* 0.73
HVA22P:NCED2 60.0 = 1.6%* 21.2 = 1.0* 476 + 3.1" 0.35 0.79
Actin1:NPK1 64.4 + 2.4 13.6 + 0.7 59.7 + 3.2 0.21* 0.82
HVA22P:NPK1 64.7 = 1.1* 26.4 = 1.2 55.7 + 3.8 0.41 0.72
Actin1:LOS5 643 = 1.5 26.1 = 1.0 53.6 = 3.5 0.41 0.83*
HVA22P:LOS5 68.3 + 1.9* 263+ 15 56.1 + 4.3 0.39 0.83*
Actin1:ZAT10 70.4 + 2.7 40.8 + 1.6" 60.4 + 3.2 0.58* 0.86*
HVA22P:ZAT10 61.9 + 2.8 27.0 = 1.1 60.2 = 3.7 0.44 0.97**
Actin1:NHX1 68.7 = 1.8* 23.0 = 0.9" 57.3 + 29 0.33 0.93*
HVA22P:NHX1 69.5 = 1.7 19.9 + 1.2 50.2 + 3.9 0.29* 0.86*

The value is mean = SE (n = 30 and 10 families for treatments in field and PVC, respectively). For each family, 16 and 10 plants were measured for
treatments in the field and PVC, respectively.

** and * indicate significant difference (by LSD test) between transgenic families from each construct and the wild-type at the probability level of
P =0.01 and P = 0.05, respectively. Significantly higher values in transgenic rice are highlighted in bold.

Table 6. Yield and Spikelet Fertility of T, Transgenic Families from Each Construct under Normal Growth and Stress Conditions in the
Drought Resistance Re-Testing.

Yield per plant (g)® Spikelet fertility (%)

Construct No. of tested families® Normal growth Drought stress Normal growth Drought stress
Wild-type (ZH11) 20 29.5 35 53 + 0.5 724 =56 102 = 1.2
Actin1:CBF3 8 27.2 = 0.5 5.5 * 0.6 70.8 = 8.5 12.3 £ 2.2*
HVA22P:CBF3 8 27.3 = 2.7 5.9 * 0.6* 72,6 + 3.4 14.5 = 2.4**
Actin1:5052 4 27.1 = 2.1 4.8 = 0.7 70.4 = 3.9 10.1 £ 2.0
HVA22P:5052 6 27.3 * 3.6 52 +04 68.6 = 7.3 12.3 £ 2.4*
Actin1:NCED2 4 27.7 + 3.2 54 05 68.2 = 6.1 10.5 £ 2.6
HVA22P:NCED2 8 27.8 + 43 48 = 0.8 68.4 + 8.3 113 = 3.6
Actin1:NPK1 10 29.3 = 1.8 5.9 * 1.1* 66.5 = 6.2 10.3 = 2.3
HVA22P:NPK1 1 284 = 3.1 6.8 = 0.8** 69.0 = 7.3 12,5 = 2.3*
Actin1:LOS5 7 285 + 2.1 6.4 = 0.7** 74.2 + 3.4 15.6 = 2.5**
HVA22P:LOS5 8 27.3 = 2.3 6.7 = 1.2** 67.7 = 7.9 15.3 = 2.1**
Actin1:ZAT10 8 27.8 = 3.4 6.2 = 0.8** 73.2 = 1.8 14.4 = 2.1**
HVA22P:ZAT10 10 284 =15 7.2 = 1.2** 66.9 = 6.5 16.6 = 3.2**
ActinT:NHX1 5 28.5 = 3.1 5.6 £ 0.5 71.2 £ 25 12.1 £ 2.2*
HVA22P:NHX1 5 284 + 2.3 54 * 0.6 69.4 = 6.7 11.3 £2.8

a Families were selected from 30 families for each construct and had no significant difference with the wild-type for grain yield per plant
under unstressed field conditions (P = 0.05).

b The value is the mean of tested families without yield decrease for each gene construct in terms of yield per plant and spikelet fertility.
The value of the wild-type is the mean of 20 plots distributed evenly in the field.

** and * indicate significant difference (by LSD test) between transgenic families from each construct and the wild-type at the probability level of
P =0.01 and P = 0.05, respectively. Significantly higher values in transgenic rice are highlighted in bold.
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difference in yield/spikelet fertility with the WT under normal
irrigation growth conditions, suggesting that the yield decrease
of selected transgenic families was very low in T, generation
and could be neglected in this experiment. Therefore, absolute
value of yield per plant or spikelet fertility was used for assess-
ing drought resistance of each construct and the WT. Under
the severe drought stress field conditions, seven constructs
(HVA22P:CBF3, Actin1:NPK1, HVA22P:NPK1, Actin1:LOS5,
HVA22P:LOS5, Actin1:ZAT10, and HVA22P:ZAT10) showed sig-
nificantly enhanced drought resistance compared to the WT
measured by yield per plant, and nine constructs (Actin1:CBF3,
HVA22P:CBF3, HVA22P:50S2, HVA22P:NPK1, Actin1:LOS5,
HVA22P:LOS5, Actin1:ZAT10, HVA22P:ZAT10, and Actin1:NHXT)
measured by spikelet fertility (Table 6). Overall, transgenic fam-
ilies from constructs HVA22P:CBF3, HVA22P:NPK1, Actin1:LOS5,
HVA22P:LOS5, Actin1:ZAT10, and HVA22P:ZAT10 exhibited sig-
nificantly higher yield per plant and spikelet fertility than the
WT, while transgenic families from four constructs (Actin1:50S52,
Actin1:NCED2, HVA22P:NCED2, and HVA22P:NHX1) showed no
effect on drought resistance using both yield per plant and
spikelet fertility as criteria, and four constructs (Actin1:CBF3,
HVA22P:50S2, Actin1:NPK1, and Actin1:NHX1) exhibited
drought resistance only at the level of either yield per plant
or spikelet fertility.

In summary, transgenic families from candidate genes LOS5,
ZAT10, CBF3, and NPK1 exhibited significantly enhanced
drought resistance measured by yield per plant and/or spikelet
fertility under the control of the constitutive (Actin1) and
stress-inducible (HVA22P) promoters. Transgenic families of
S0S5 and NHX1 showed significantly improved spikelet fertil-
ity only under the control of Actin1 or HVA22P promoter.
Strangely, no drought resistance phenotype was detected
for NCED2 gene controlled by either promoters measured
by either yield or spikelet fertility (Table 6). Though the num-
ber of families without yield decrease was rather limited for
each construct in this experiment, families with significantly
improved drought resistance can still be identified in drought
stress field conditions, suggesting that overexpression of these
genes can improve drought resistance of rice.

DISCUSSION

Improving the Drought Resistance of Rice by Means
of the Genetic Manipulation of Stress Responsive Genes
in Field Conditions

To date, there have been many reports of the development of
transgenic plants with improved drought resistance by manip-
ulation of the expression of stress-related genes in laboratory
or greenhouse conditions (Dubouzet et al., 2003; Garg et al.,
2002; Holmstrom et al., 1996; Park et al., 2005; Shen et al., 1997;
Xiong and Yang, 2003; Xu et al., 1996). However, there are very
few studies in which drought resistance of transgenic plants
has been tested in the field (Hu et al., 2006; Wang et al.,
2005). The results obtained under laboratory or greenhouse
conditions may be partially consistent with those obtained

in the field, but must be further confirmed in drought-stressed
field environments (Shao et al., 2005).

In this study, T, transgenic families were firstly pre-screened
for drought resistance in terms of leaf drying score (LDS), and
some morphological traits were also investigated in the field
(Table 2). Visual phenotypes of drought resistance and mor-
phologic traits from the drought resistance pre-screening were
beneficial for excluding the families with abnormal morphol-
ogy and reducing the workload of field screening. These trans-
genic families with rather low LDS were selected for drought
resistance testing in the field and PVC tubes conditions. Rela-
tive yield and relative spikelet fertility were used as two major
criteria to evaluate drought resistance performance consider-
ing the severe yield decrease in T, generation. The results
(Tables 4 and 5) showed that constitutive and/or inducible
overexpression of stress responsive genes (CBF3, LOS5, NCED2,
NHX1, SOS2, ZAT10, and NPK1) conferred a different extent of
drought resistance, reflected by the relative yield and relative
spikelet fertility. For major crops (e.g. rice, wheat, and maize),
yield is the ultimate goal for crop production and yield perfor-
mance in the drought-stressed field is the most important cri-
terion for assessing drought resistance (Turner, 1997). Thus,
T, families derived from the T, families without obvious yield
decrease in the above experiment were selected for further
drought resistance retesting in field conditions using yield
per plant and spikelet fertility as criteria. The results from
drought resistance re-testing showed that constitutive and/
or inducible overexpression of all the candidate genes except
NCED2 can contribute to the improvement of drought resis-
tance at the level of yield per plant and/or spikelet fertility.
The number of transgenic families used in drought resistance
experiments was perhaps limited for NCED2 (four families for
Actin1:NCED2, eight families for HVA22P:NCED2 construct),
which might be the reason why the promising transgenic fam-
ilies with significant drought resistance have not been identi-
fied from this gene. Although the overexpression of a single
stress-responsive gene can contribute to the improvement
of drought resistance to some extent, the level of drought re-
sistance had a big gap towards practical agriculture produc-
tion. Gene stacking by overexpressing a series of stress-
responsive genes was undoubtedly a promising strategy for
comprehensively improving the resistance of drought and
other abiotic stresses (Chen et al., 2005). Different stress re-
sponsive genes may be clustered by means of crossing some
transgenic families with promising drought resistance con-
ferred by different candidate genes in this study.

Yield Decrease Associated with Agrobacterium-Mediated
Transformation in Rice

Although the T, families selected from drought pre-screening
exhibited the same phenotypes as WT for the majority of mor-
phological traits (e.g. plant height, plant structure, number of
tillers, and flowering time), most of these transgenic families
had significantly lower grain yield than WT under normal irri-
gation conditions (Tables 4 and 5). This yield decrease may be
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due to several effects associated with the Agrobacterium-
mediated transformation of rice. First, the transgenic plants
were derived from tissue culture that may have potential det-
rimental effects, particularly in the early generation, on growth
and productivity (Chen et al., 2005; Kasuga et al., 1999; Liu
et al., 1998; Stam et al., 1997). Second, since Agrobacterium-
mediated transformation generates random insertions of
T-DAN into the recipient genome (Hiei et al., 1994; Wu
et al., 2003) and yield is associated with many genes (Yoon
etal., 2006), it is possible that some genes related to yield were
disrupted. Third, introduction of the transgene may lead to ge-
netic or physiological incompatibility (Holmberg and Bulow,
1998; Meyer, 2000; Romero et al., 1997; Stempak et al., 2005).
In this study, a large number of transgenic families were pre-
screened for drought resistance. About 100 transgenic families
with improved drought resistance were selected from more
than 1500 independent transformants in the re-testing of
drought resistance. In order to obtain transgenic families with
better drought resistance, more transgenic families should be
screened through many cycles of drought stress testing. We be-
lieve that such a bipartite (stress and non-stress) in-field screen-
ing protocol, with minor modification, can be successfully
applied to the field testing of other transgenic crops.

Conclusions

Taking all the results together, most of the exogenous candi-
date genes showed certain effects in improving drought resis-
tance of rice at the level of yield per plant and/or spikelet.
These transgenic families with significantly improved drought
resistance, normal phenotype, single copy and stable overex-
pression of transgene may be selected with priority for produc-
ing rice cultivars for drought resistance in the next phase. We
have also learned that, for the purpose of producing drought-
resistant rice, it is very important to screen a relatively large
population of independent transgenic families for yield under
both normal and stressed conditions.

METHODS

Construction of Expression Binary Vectors

To facilitate the construction of a fairly large number of candi-
date genes in a short time, we designed and constructed a ver-
satile base vector pCB2003 featuring efficient replacement of
promoters and high-throughput insertion of candidate genes.
The base vector pCB2003 was derived from pCAMBIA3301,
which was based on the pZP200 binary vector featuring a plas-
mid high yield due to the high copy number replication origin
of pBR322, relatively small size and capability of triparental
mating. In pCAMBIA3301, a CaMV 35S promoter-driving Bar cas-
sette is placed next to the left -DNA border within the T-DNA,
while a GUS reporter cassette is placed next to the T-DNA right
border. To create the base vector pCB2003, a multiple cloning
site composed of Sacl-Dralll (a)-Ascl-Avrl-Swal-Dralll (b)
(GGG in Dralll (a) and TTT in Dralll (b)) was first inserted up-
stream of the 35S promoter, then the whole GUS reporter cas-

sette was replaced by a Gateway Conversion fragment that
contains the chloramphenicol-resistance gene for counter selec-
tion and the ccdB gene for negative selection. This base vector
pCB2003 is 9983 bp in size and features the glufosinate ammo-
nium herbicide selection in both monocot and dicot plants,
a versatile multiple cloning site for directional insertion of pro-
moters, and the high throughput insertion of candidate genes
using Gateway Technology.

Based on the vector pCB2003, several expression binary vec-
tors were derived, including pCB2006 and pCB2009 for consti-
tutive and stress-inducible expression of candidate genes,
respectively (Lei et al., 2007). The rice Actin1 promoter was am-
plified by PCR based on the published sequence of the Actin1
promoter (McElroy et al., 1990) inserted into pCB2003 be-
tween two Dralll sites, which resulted in expression vector
pCB2006 (Figure 1). To construct a drought-inducible vector,
we first isolated from rice a drought-inducible promoter of
the HVA22 homologous gene (LOC_0s08g36440) that encodes
a late embryogenesis protein and shows above 80% similarity
of amino acid sequence to the barley HVA22 gene (Shen et al.,
2001). This promoter, named HVA22P, was then inserted into
pCB2003 using Dralll sites, resulting in an expression construct
pCB2009 for driving candidate genes (Figure 1).

The ¢DNA templates of candidate genes (CBF3, SOS2,
NCED2, NPK1, LOS5, ZAT10, and NHXT) were provided by
the original inventors. PCR products of candidate genes were
obtained by amplification of the full-length ¢cDNAs of the
genes with BP-reaction-adapted primers and cloned into Do-
nor vector pDNOR207. Then, the candidate genes were intro-
duced into expression vectors pCB2006 and pCB2009 by LR
recombination reaction following the standard protocol of
Gateway recombination cloning Technology.

Rice Transformation

All expression vectors were introduced into japonica rice
Zhonghua 11 (drought-sensitive) by Agrobacterium-mediated
transformation (Hiei et al., 1994; Lin and Zhang, 2005). The em-
bryonic calli from Zhonghua 11 seeds were cultured for 3 d at
28°C with the Agrobacterium strain EHA105 that carried the
cDNA constructs and then transferred to the selection medium
containing 200 pg mL~" PPT (phosphinothricin) and 200 ug
mL~" carbenicillin. After two to three cycles (2 weeks per cy-
cle) of selection, resistant calli were transferred to the pre-
regeneration medium containing 100 pg mL~' PPT. After
7 d, the resistant calli were transferred to the regeneration
medium without PPT to regenerate plantlets.

PCR, Southern, and RNA Gel Blot Analysis

Genomic DNA was extracted by using the CTAB method (Zhang
et al., 1992). The Bar gene-specific primers (5'-AACCCACGT-
CATGCCAGTT-3" and 5'-TCGTCAACCACTACATCGAGA-3’')
were used to identify positive transgenic plants. PCR reaction
was conducted in a volume of 20 plL containing 100 ng geno-
mic DNA, 2 mM MgCl,, 0.2 mM of each dNTP, 1 PCR buffer,
0.2 uM of each primer, and 1 unit rTag Polymerase (TaKaRa,
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Dalian, China). The PCR reaction was performed at 94°C for 5
min, then with 30 cycles of 94°Cfor 1 min, 55°Cfor 1 min, 72°C
for 1 min, and finally at 72°C for 5 min.

Copy number of transgene was determined by Southern
blot analysis using the Bar gene fragment as a probe (amplified
by the two Bar-specific primers). Three micrograms of genomic
DNA from each sample was digested with EcoRlI, fractionated
on 0.7% agarose gel, and blotted onto nylon membranes that
were hybridized with a 32P-dCTP-labeled Bar-specific probe
using standard protocols (Sambrook et al., 1989).

Total RNA samples analyzed in this study were isolated from
leaf tissues using TRIzol reagent (Life Technologies, Rockville,
MD). Mixed leaf tissues from normal growing (for constitutive
pCB2006 constructs) or drought-stressed (leaf rolled, for
pCB2009 construct) transgenic T, families were used for the ex-
pression identification of seven stress-responsive genes. Fif-
teen micrograms of total RNA from each sample were
separated on 1.2% agarose gel containing formaldehyde
and then transferred onto a nylon membrane, and hybridized
with the respective 3?P-labeled candidate gene-specific frag-
ment. Hybridization and washing conditions were based on
standard protocols (Sambrook et al., 1989).

Drought Resistance Testing of Transgenic Rice

Drought stress experiments were made up of the pre-
screening, testing, and re-testing of drought resistance. The
drought stress pre-screening was performed in Hainan in
the winter season of 2005. Twenty plants for each family were
grown in two rows with planting density similar to real agri-
cultural fields. Two replications were placed in two separate
fields. Considering the potential variation of soil at different
locations of the field, WT control (Zhonghua 11) plants were
inserted after every 10 transgenic families for comparison. The
irrigation was stripped 1 month after transplanting, corre-
sponding to the initiation of panicle development.

The drought resistance testing was performed in the sum-
mer of 2005. Thirty T, families with one to three copies of
T-DNA (checked at T, generation), expression of the trans-
gene and relatively resistant to drought stress obtained from
pre-screening were selected from each of the 14 gene con-
structs (seven candidate genes by two types of promoters)
and tested for drought resistance. Herbicide was applied at
the seedling stage to select positive transgenic plants for
transplanting. Drought testing was conducted in two differ-
entenvironments: the isolated field equipped with a movable
rain-off shelter and PVC tubes (1 m in length and 0.2 m in
diameter) placed under plastic tents (length X width X
height: 26 X 6 X 3.6 m) with foldable roofs. In the field con-
ditions, 20 plants of each family were planted in a plot and
a plot of the WT rice was inserted every 10 transgenic plots.
Drought stress was applied by stripping watering at booting
stage (~2 weeks before flowering) in the field and the stress
was ceased when the WT plants became completely leaf-
rolled (the rolled leaf could not re-expand after irrigation).
Such severe drought stress corresponded to a water content

of 15-18% (vol./vol.) in the soil determined by Time Domain
Reflectometry meters placed in the field. The same set of
materials were planted in the paddy field without drought
treatment. The other drought testing was conducted in
PVCtubes. Twenty transgenic plants of each transgenic family
were planted in PVC tubes (one plant per tube). Only 10 fam-
ilies of the 30 selected families used in the field for each con-
struct were tested in PVC tubes because of the limited
capacity of the facility. For each family, 20 plants were divided
into two groups for drought stress and normal growth treat-
ments, respectively. The WT plants were inserted after every
10 transgenic plants for comparison. Drought stress was ini-
tiated at the panicle development stage (~2 weeks before
flowering) by discharging water through a hole near the bot-
tom of the pipes. Each plant was stressed to the same degree
at which leaves of main tillers were completely rolled (ob-
served at 6:00 PM), then irrigated thoroughly overnight
and immediately subjected to another round of stress until
complete leaf-rolling. After two rounds of drought stress,
plants were irrigated to allow recovery at the flowering
and seed maturation stages. The details of drought treat-
ment and trait measurement followed our previous study
(Xiao et al., 2007; Yue et al., 2006).

In the drought resistance re-testing experiment of 2006,
T, families derived from T; families without obvious yield
decrease in the above experiment were selected for further
drought resistance re-testing in the field. Experiment design
and drought stress treatment were the same as the above field
experiment of drought stress, except that the planting density
of the WT was different from the above experiment: a plot of
WT plants were inserted every five transgenic plots.

Data Collection and Statistical Analysis

In the drought pre-screening experiment, leaf drying score was
used as the major criterion to evaluate the drought resistance
performance of T, transgenic families; the score for each fam-
ily is the average performance of the 16 plants in the middle of
each plot. In the drought resistance testing, relative yield (the
ratio of yield per plant in stress treatment to that in normal
growth) and relative spikelet fertility (the ratio of spikelet fer-
tility in stress treatment to that in normal growth) were used as
the major criteria to evaluate the drought resistance perfor-
mance of transgenic plants, and some yield-related traits (leaf
drying score, panicle number, grain number, 1000-grain-weight)
were also measured. In the drought resistance re-testing ex-
periment, yield per plant and spikelet fertility were directly
used as the major criteria to evaluate the drought resistance
of transgenic families. For each T; or T, family in the field,
yield per plant, spikelet fertility, and yield-related traits of
16 plants from each plot (excluding four plants, two on each
side of the plot) were measured, and the mean value of the
16 plants in each plot was used for statistical analysis. For
drought resistance testing in the PVC pipes, yield and spikelet
fertility of all the plants were individually measured, and the
yield and spikelet fertility values of each plant under drought
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and normal growth conditions were used for statistical
analysis.

The data on grain yield per plant, spikelet fertility, relative
yield, and relative spikelet fertility were analyzed by one-way
analysis of variance (ANOVA). The subsequent multiple com-
parisons among the means of transgenic families or lines
and WT were examined based on the least significant differ-
ence (LSD) test. Correlation coefficient between yield and
yield-related traits (leaf drying score, panicle number, grain
number, spikelet fertility, 1000-grain-weight) in the drought
field was analyzed by a linear correlation model. All statistical
analysis was performed using the SPSS package (Version 12.0).

SUPPLEMENTARY DATA

Supplementary Data are available at Molecular Plant Online.
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