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Breeding rice with high water use efficiency (WUE) can ameliorate water shortage through water-saving irrigation. However,
WUE is a complex quantitative trait and very few studies have been conducted to measure WUE directly. In this study, a recom-
bined inbred line population derived from a cross between an indica lowland rice and upland japonica rice was used to dissect the
genetic control of WUE by fine-monitored water supply experiments. Quantitative trait loci (QTL) were scanned for 10 traits
including heading date (HD), water-consumption per day (water/d), shoot weight gain per day (shootw/d), root weight gain per
day (rootw/d), kernel weight gain per day (kernelw/d), average WUE at whole plant level (WUEwhole/d), average WUE for
up-ground biomass (WUEup/d), average WUE for grain yield (WUEyield/d), average economic index (econindex/d), and average
root/shoot ratio per day (ratio/d). The results show that most of the traits were significantly correlated to each other. Twenty-four
QTL (LOD = 2.0) were detected for econindex, econindex/d, WUEyield, WUEyield/d, WUEup, WUEup/d, WUEwhole, WUE-
whole/d, kernelw, kernelw/d, rootw, and water/d by composite interval mapping. These QTLs are located on chromosomes 1, 2, 4,
6,7, 8, and 12. Individual QTLs accounted for 4.97%-10.78% of the phenotypic variation explained. Some of these QTLs over-
lapped with previously reported drought resistance QTLs detected in this population. These results provide useful information for

further dissection of the genetic basis and marker-assisted selection of WUE in rice.
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Drought or water deficit is one of the major abiotic stresses
limiting crop yield. Water shortage has become a global crisis
and drought is also a serious threat to agriculture worldwide
[1-3]. Besides the huge amount of fresh water consumed by
agriculture, the water crisis will be increasingly severe con-
sidering the human population expansion and development of
urbanization along with the fast-growing economies of many
developing countries, which might further restrict the in-
crease of food production [4]. Technologies for improving
water use efficiency (WUE) of crops are therefore desper-
ately required and it is also a major challenge to global agri-
culture [4-6]. Rice is the most important crop in Asian coun-
tries and shortage of water is the main factor restricting
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improvement in its yield. Rice consumes a lot of water with
rather low WUE. Therefore, breeding rice with high WUE
can ameliorate water shortage through water-saving irriga-
tion, which has very important significance for food safety as
well as environmental protection [7-9].

WUE is also an important criterion for evaluating yield-
potential of a given crop. Given the limited water resource,
a crop with a higher WUE can produce superior biomass
and/or economic yield [7]. The level of WUE varies in dif-
ferent crops such as rice, peanut, cowpea, cotton, sorghum,
barley, wheat and soybean [4,7,10-12]. The WUE is com-
monly evaluated at 3 levels: single leaf (the ratio of net CO,
assimilation to transpiration of a single leaf) [7], plant [13]
and population [4]. At the single leaf level, WUE can be
also defined as the ratio of instantaneous carbon dioxide

csb.scichina.com  www.springer.com/scp



1482 Zhou G S, et al.

assimilation over transpiration [14], or as photosynthesis
rate/transpiration rate that can be indirectly evaluated by
discriminating the stable isotope of carbon (13C) [7,15]. In
peanuts, WUE is positively related to specific leaf area de-
termined by soil plant analysis development (SPAD) chlo-
rophyll meter reading (SCMR) [16]. However, some re-
searchers argue that these physiological indicators cannot
directly reflect the WUE of leaves or breeding traits, espe-
cially that of economic output [1,10,14,17]. Previous studies
suggest that improvement of leaf WUE may not necessarily
result in higher crop WUE or yield [18], and carbon isotope
measurement is expensive [16]. At the population level,
WUE is usually defined as the ratio of the final crop yield
over the total transpiration water in the field [14], and is
frequently influenced by field management including ferti-
lizer application, time of planting, soil water conditions,
disease and pest control, and planting density. Nevertheless,
water consumption is not easy to measure accurately, which
is a big challenge for evaluating WUE in a large population
and in breeding materials, in particular [4,15]. Direct meas-
urement of WUE at the plant level has the merits of directly
recording water consumption over the whole growth cycle
and relevant indicators such as biomass (even including
roots if necessary) and yield, and it is therefore considered
the most accurate and trustworthy method for evaluating
WUE of different varieties [7,8,10,19].

WUE is a complex quantitative trait. Yoichiro et al. [13]
conducted quantitative trait locus (QTL) mapping of WUE
using 106 backcross inbred lines (BILs) derived from a
cross between Akihikari (lowland rice) and IRAT109 (up-
land rice) at the seedling stage (30 d from germination) un-
der non-stressed and PEG 6000-stressed conditions. How-
ever, no QTL was identified under either condition. Xu et al.
[8] detected seven QTLs for leaf WUE in a population of 98
BILs derived from a cross between temperate japonica and
aus rice at the seedling stage (3—4 weeks from germination)
with carbon isotope discrimination as the criterion. The
QTL with the largest additive effect was from aus rice and
was colocalized with QTLs for leaf length, tiller number,
and nitrogen content [8]. Mian et al. [20] conducted QTL
mapping on the WUE of beans with 120 F, lines from the
cross Young x PI416937 and detected four QTLs account-
ing for 38% of phenotypic variation.

This experiment was designed to investigate the genetic con-
trol of WUE at the plant/line level in rice using a recombined
inbred line (RIL) population over the entire life cycle. Eleven
QTLs were detected for five parameters related to WUE with
5.95%-10.78% of the phenotypic variation explained. The re-
sults in this study provide useful information for further dissec-
tion of the genetic basis of water use efficiency in rice.

1 Materials and methods

1.1 Materials

A RIL population derived from a cross between Zhenshan
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97 (lowland indica rice) and IRAT109 (upland japonica
rice) [21,22] was preserved by our lab.

1.2 Experimental design

The parents and RIL population were evaluated for WUE.
The experiments were laid out in a randomized com-
plete-block design with four replications. For phenotyping,
the plants were grown in plastic pots (32 cm in diameter and
36 cm in depth) filled with 15 kg of sieved, sterilized sandy
(paddy soileey sand=2:1), 0.5 g urea, and 4 g 15-15-15
(N-P-K) fertilizer. The experiment was conducted at the
drought testing experimental station at Huazhong Agricul-
tural University in 2007.

The RILs were direct-seeded in pots on June 5, 2007. In
total, 728 pots (4 pots for each line of the 180 RILs and 2
parents) were placed under a rain-out shelter with movable
roofs. Rain was excluded by closing the roof during periods
of rain. At the 5-leaf stage, only one plant exhibiting vigor-
ous growth was retained for each pot and the extra plants
were removed. Each pot was then covered with a plastic
film with a hole in the middle to allow normal plant growth,
thus reducing the evaporation of water from the soil surface.
Plants were irrigated to maintain a shallow water layer
through the hole and the amount of water added was re-
corded every day during the entire life cycle.

1.3 Trait evaluation

All the plants were harvested when they were completely
matured. The following traits were measured: heading date
(HD), yield per plant, kernel weight gain per day (ker-
nelw/d), total water consumption during the entire life cy-
cle, average water consumption per day (water/d), dry root
weight (rootw), root weight gain per day (rootw/d), dry shoot
weight (shootw), shoot weight gain per day (shootw/d), dry
weight of up-ground biomass, average root/shoot ratio per
day (ratio/d), economic index, and average economic index
per day (econindex/d). The samples were weighed after
drying to a constant weight in a dry-case at 80°C. The WUE
was calculated with the following formulas:

Yield WUE (WUE}yield) = kernel weight (g)/whole water
consumption (kg);

Up-ground biomass WUE (WUEup) = dry weight of
up-ground biomass (g)/whole water consumption (kg);

Whole WUE (WUEwhole) = dry weight of up-ground
biomass and root (g)/whole water consumption (kg).

With consideration of the variation in heading date
among the RILs, each WUE trait value was divided by
heading date for further analysis.

1.4 Statistical analysis and QTL detection

The distribution frequency, correlation coefficient, and var-
iant analysis for each trait were analyzed with SAS 8.01
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(SAS Institute, Inc., Cary, North Carolina, USA). The
heritability (h*) was calculated as: hzzagz/(qg2+o;2/r), where
ng is the genetic variance, o.2 is the error variance and r is
the number of replications. The Shapiro-Wilk test was ap-
plied to test for normality among the traits.

Based on the linkage map constructed by Yue [21], com-
posite interval QTL mapping was conducted to detect QTLs
for WUE-related traits using WinQtl Cartographer 2.0 (sta-
tistical model 6) [23]. The threshold of 2.0 (LOD> 2.0) was
chosen for claiming putative QTLs. The additive effect,
dominance effect and phenotypic variation explained by
individual QTLs were also obtained according to the soft-
ware analysis.

2 Results

2.1 Analysis of phenotypic data

The average values of all the traits for the two parents and
RILs are listed in Table 1. The average trait values of
Zhenshan97 (P)) are larger than those of IRAT109 (P,) for
all the traits except heading date, water/d and shootw/d,
which suggests that, in general, Zhenshan97 may have a
higher WUE than IRAT109. The difference in rootw/d and
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ratio/d between the 2 parents was significant. The RILs ex-
hibited a wide range of variation for the traits investigated.
All the traits showed transgressive and continuous distribu-
tions, suggesting polygenic inheritance of the traits. Trans-
gressive segregation in both directions was observed for
most traits, indicating that both parents may have favorable
alleles for the traits.

As shown in Table 1, the highest heritability (4%) of the
traits was 0.97 for WUEwhole/d and WUEup/d. The other
traits also displayed high heritability except for econindex/d
and ratio/d, which indicates that the WUE-related traits in
rice have rather high heritability and might have a signifi-
cant effect when used for selection in breeding rice with
high WUE. Compared with WUEwhole/d and WUEup/d,
econindex/d and ratio/d had rather low heritability.

Correlation analysis was performed for all of the meas-
ured traits in the RIL population (Table 2). The results show
that strong correlations existed between all per-day traits
(i.e. trait value/d) and heading date (HD), suggesting that
the per-day traits are suitable to evaluate WUE. The major-
ity of the other traits showed significant correlation to each
other, among which WUEup/d and WUEwhole/d showed
the highest correlation. The WUEyield/d was highly (r =
0.94) correlated to econindex/d.

Table 1 Summary statistics of all water use efficiency (WUE)-related traits for both parents (Zhenshan97 and IRAT109) and the recombined inbred line

(RIL) population

Trait Zhenshan97 (P;)  IRATI109 (P,) P, vs-P,” RIL (mean)® RIL (range) "

Heading date (HD) 94 100 ns 101.45 *11.05 83 -132 -
Water/d (mL d") 262.84 266.33 ns 251.48 +40.97 8748  -355.51 0.87
Shootw/d (g d™") 0.39 0.42 ns 0.50 +0.12 0.15 -0.96 0.8
Rootw/d (g d™) 0.11 0.08 o 0.10 +0.04 0.01 -0.21 0.79
Kernelw/d (g d™") 0.36 0.35 ns 0.27 +0.08 0.09 -0.44 0.74
WUEwhole/d (10°g kg™ d™") 35.35 31.63 ns 34.18 +3.88 24.08 -48.33 0.97
WUEup/d (107g kg™ d™) 30.67 28.6 ns 30.43 +3.69 21.29 —43.69 0.97
WUEyield/d (10°g kg™ d™") 14.79 12.97 ns 10.84 +3.24 3.75 -17.53 0.88
Econindex/d (107 d™") 5.13 4.54 ns 3.59 *1.11 1.16 -5.93 0.24
Ratio/d (107 d™") 1.61 1.06 o 1.33 +0.41 0.38 —4.55 0.27

a) Statistical test for difference between the two parents at P < 0.05 (¥) and P < 0.01 (**) levels. ns, not significant; b) Data represent mean and standard

error.

Table 2 Correlation analysis between the water use efficiency (WUE)-related traits in the RIL population®”

Trait HD Water/d Shootw/d  Rootw/d  Kernelw/d WUEwhole/d WUEup/d WUEyield/d Econindex/d
Water/d -0.27"
Shootw/d 0.30" 0.54"
Rootw/d 0.46" 0.46" 0.76"
Kernelw/d -0.51" 0.61" -0.08 -0.01
WUEwhole/d -0.49™ 0.09 0.26" 0.1 0.35"
WUEup/d -0.60" 0.04 0.13 -0.12 0.40” 0.97"
WUEyield/d -0.69" 0.13 -0.48" -0.40" 0.82" 047" 0.57"
Econindex/d -0.76" 0.19" -0.59” -0.48™ 0.78" 0.24" 0.36" 0.94"
Ratio/d 0.35" 0.21" 0.42" 0.72" -0.16" -0.04 0217 -0.36" -0.36"

a) * and ** mean significance level at P<0.05 and P<0.01, respectively.
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2.2 QTL analysis of WUE-related traits

The entire genome was scanned for QTLs conferring a sig-
nificant effect on the WUE-related traits by composite in-
terval mapping in the RIL population. The putative QTLs
detected are presented in Table 3. A graphical presentation
of QTL locations on the linkage map is shown in Figure 1.
Twenty-four QTLs were detected with 12 traits involved.
Individual QTLs accounted for 4.97%—-10.78% of the phe-
notypic variation explained. The LOD values of these 24
QTLs ranged from 2.0 to 4.4, while their additive effect
ranged from —16.282 to 11.362, and their dominance effect
ranged from 0.0552 to 19.4486.

One QTL for econindex was detected on Chrl (RMS5—
RM237), which explained 5.12% of phenotypic variation.
The allele for increasing trait value was from Zhenshan97.

One QTL located on Chr4 and 3 adjacent QTLs located
on Chr6 were identified for econindex/d. The QTL located
on Chr4 accounted for 8.20% of the trait variation, and the 3
QTLs located on Chr6 accounted for 10.78%, 8.94% and
8.71% of the trait variation, respectively. All the alleles of
these QTLs from IRAT109 had a positive effect on increas-
ing trait value.

Two QTLs located on Chrd (RM119-RM273) and Chr2
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(RM324-RM301) were detected for WUEyield and accounted
for 5.75% and 5.99% of the trait variation, respectively.

Two QTLs controlling WUEup were identified on Chrl
(RM5-RM237) and Chr2 (RM573-RM318) and accounted
for 6.79% and 5.42% of the phenotypic variation, respec-
tively. One QTL of WUEup/d was detected in the same
region of the QTL for WUEup (RM573-RM318) on Chr2,
explaining 7.33% of phenotypic variation. All alleles of
these QTLs for increasing trait values were from Zhen-
shan97.

Two QTLs were detected for WUEwhole. They were lo-
cated on Chrl (RM5-RM237) and Chr2 (RM573-RM318)
and explained 7.18% and 8.97% of the trait variation, re-
spectively. The alleles for increasing trait values were both
from Zhenshan97.

Three QTLs controlling kernelw were identified on Chr4
(RM119-RM273), Chr7 (RM418-RM432) and Chr8 (RM-
350-RM284). The first and the third QTL had higher LOD
values (3.5 and 3.9) and accounted for higher phenotypic
variation (8.46% and 9.20%) than the second QTL.

Five QTLs were identified for kernelw/d, in total ac-
counting for 39.33% of the phenotypic variation. Three of
them overlapped with the regions of the 3 kernelw QTLs,
while the other 2 QTLs were tandem located on Chr6.

Table 3 Map position and main characteristics of QTLs with a LOD score >2.0 for WUE-related traits

Trait Chr Position (cM) Interval LOD Additive? Dominance Var%"

Econindex 1 144.07 RMS5 —RM237 2.1 -0.0577 2.3167 5.12
4 3891 RM4142 -RM119 2.3 0.0003 0.4409 8.20
Feonindex/d 6 106.36 RM454 -MRG4371 2.8 0.0004 1.0137 10.78
6 117.58 MRG4371 —RM528 2.8 0.0003 0.8064 8.94

6 123.1 RM528 -RM30 2.7 0.0003 0.7225 8.71

WUEyield 4 45.04 RM119 —-RM273 2.2 0.0667 0.5828 5.75
WUEyield/d 2 71.67 RM324 -RM301 2.3 -0.0011 1.8709 5.99
WUEup 1 146.07 RMS5 -RM237 2.3 -0.0824 0.1725 6.79

2 153.58 RM573 -RM318 2.3 -0.0745 0.0738 5.42

WUEup/d 2 153.58 RM573 -RM318 3.0 -0.0010 0.0552 7.33
WUEwhole 1 146.07 RMS5 —RM237 2.4 -0.1000 1.9874 7.18
WUEwhole/d 2 153.58 RMS573 -RM318 3.5 -0.0012 0.9638 8.97
4 45.22 RM119 —RM273 3.5 2.2268 1.9475 8.46

Kernelw 7 80.26 RM418 —RM432 2.2 1.7424 1.8904 4.97

8 74.95 RM350 -RM284 3.9 -2.5886 1.8931 9.20

4 47.22 RM119 —RM273 3.4 0.0253 1.2607 9.08

6 108.36 RM454 —MRG4371 2.8 0.0265 1.7921 9.12

Kernelw/d 6 117.58 MRG4371 —RM528 3.0 0.0253 0.9281 8.48
7 82.26 RM418 —RM432 2.7 0.0225 1.2274 6.70

8 74.95 RM350 —RM284 2.7 -0.0210 1.1633 5.95

Rootw 12 87.10 MRG4479 —RM235 2.4 1.9177 10.2959 5.58

7 85.07 RM432 -RM182 2.8 11.3620 19.4486 7.35

Water/d 8 53.07 RM404 —-RM339 2.0 10.6510 18.4231 5.03

8 72.11 RM350 —-RM284 4.4 -16.2816 18.3111 10.54

a) Additive effects, the positive values indicate alleles from IRAT109 have the effect of increasing the trait value. b) Phenotypic variation explained by the

QTL.
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Figure 1 Quantitative trait loci (QTLs) detected in the recombinant inbred line population. The QTLs detected in this study are shown on the right of the
chromosomes, and the drought resistance-related QTLs detected by Yue [21] and Yue et al. [21,22] are marked on the left. Italicized QTLs indicate that the

alleles for increasing trait values were from Zhenshan 97.
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Except for the QTL on Chr8, all alleles positively contri-
buting to the trait value were from IRAT109.

One QTL was detected for rootw on Chr12 (MRG4479—
RM235), explaining 5.58% of phenotypic variation with the
allele for increasing trait value from IRAT109.

Three QTLs controlling water/d were detected on Chr7
(RM432-RM182), Chr8 (RM404-RM339), and Chr8 (RM-
350-RM284). The QTL on Chr8 (RM350-RM284) had the
highest LOD value (4.4) and accounted for a higher propor-
tion of phenotypic variation (10.51%).

We noted a number of obvious QTL clusters in this
study. QTLs controlling WUEwhole, WUEup and econin-
dex were identified in the region RM237-RM403 on Chrl.
QTLs controlling WUEup, WUEup/d and WUEwhole/d
were identified in the region RM573-RM318 on Chr2.
QTLs controlling kernelw, kernelw/d and WUEyield were
identified in the region RM119-RM273 on Chr4. QTLs
controlling econindex/d and kernelw/d were both identified
in the region M454-MRG4371 on Chr6. QTLs controlling
econindex/d and kernelw/d, both identified in the region
MRG4371-RM528, were also located in adjacent regions
on Chr6. QTLs detected in the region RM350-RM284 of
Chr8 controlled kernelw, kernelw/d and water/d. Distribu-
tion characteristics displayed by these QTL were in accor-
dance with correlations among these traits (Table 2).

3 Discussion

In this study, QTL mapping of rice WUE-related traits was
conducted using a RIL population. To accurately monitor
the water consumption, the water supply of each plant of the
parents and RILs were recorded daily and the pots were
covered with thin plastic film to reduce variation in the
evaporation of water from the soil surface. Actual water
consumption per plant per day is recorded and the average
or per-day WUE was calculated. Therefore, the results from
this study directly and accurately reflect WUE for the traits
investigated, although the entire process is time-consuming.

Greater WUE represents a strategy by which plants can
increase the production of biomass when growing in wa-
ter-limiting conditions [10]. However, crop WUE is a com-
plex characterisitc. The WUE at leaf level, net photosyn-
thetic rate (Pn), and leaf transpiration efficiency are closely
connected. The WUE at biomass and yield level is not only
closely related to genetic variation in water uptake, but also
to genetic variation in photoassimilation and distribution of
photosynthesis products [24]. In this experiment, a QTL for
WUEYyield/d was detected in the region (RM324-RM301)
on Chr2, the same region in which the QTL controlling
RSN (relative spikelets number per panicle) was detected
[21]; QTLs for WUEup/d and WUEwhole/d were detected
in the region (RM573-RM318) on Chr2, the same region as
the QTL controlling DRI (drought d traits; two QTLs for
econindex/d and another two QTLs for kernelw/d are posi-
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tioned in 2 neighboring intervals (RM454-MRG4371 and
MRG4371-RM528) on Chr6, among which the former is the
same QTL interval for DFT (delayed flowering time under
drought stress) and the root trait RGDD (root growth under
drought stress) detected by Yue [21], suggesting that genes
with multiple function might also exist in this region.

Two QTLs each controlling kernelw/d and water/d, re-
spectively, were detected in the interval RM350-RM284 on
Chr8; the QTL for water/d had the highest LOD among all
QTLs detected in this study. This region is adjacent to
RM339-RM342, where DRI and CT (canopy tempera-
ture)-related QTLs [20] and RGDD-related QTL are posi-
tioned [21]. One QTL controlling kernelw/d was located on
Chr4 and this region neighbors the region (RM142-RM119)
where one QTL controlling kernelw is positioned. Two
QTLs on Chr7 each controlling kernelw/d (RM418—
RM432) and water/d (RM432-RM182), respectively, were
adjacent to each other. However, no drought resistance-
related QTLs were detected in these regions [21].

Drought resistance mechanisms of crops are rather com-
plicated and most drought-adaptive traits are under poly-
genic control [24], which is the main reason that effective
and feasible drought evaluation methods are as yet unavail-
able for breeding practice [17]. WUE is an important trait
associated with drought resistance of crop plants [19], and
crop yield under drought is related to water uptake, WUE,
and harvest index. Genetic improvement of WUE could
enhance the drought resistance of crops [17]. Mian et al.
[19] reported that WUE is one of the physiological traits
associated with drought tolerance in soybean. Hufstetler
et al [11]. noted that WUE was significantly and negatively
correlated with leaf epidermal conductance during vegeta-
tive growth in a study of 12 bean varieties. Impa et al. pro-
posed that WUE has the most intimate relationship with
drought tolerance in rice. In this study, the positions of most
QTLs related to WUE overlap with QTLs related to drought
resistance. These results suggest that WUE and drought
resistance could be simultaneously improved by selecting
the overlapping QTLs.

In conclusion, this study conducted initial mapping of
QTLs for traits related to WUE of rice. The results provide
a useful reference for further dissecting the genetic and
physiological basis of WUE in rice.

This work was supported by the National Natural Science Foundation of
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