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ABSTRACT

Drought resistance is required in rice breeding to address the challenge of frequent droughts. However, the

evolutionary mechanism of rice drought resistance is not fully understood. We investigated the genetic

differentiation between upland and lowland rice domesticated in agro-ecosystems with contrasting

water–soil conditions using genome-wide SNPs. We estimated morphological differences among upland

and lowland rice in drought resistance and productivity through common garden experiments. Upland

rice had better drought resistance but poorer productivity. The negative correlations between traits of

drought resistance and productivity are attributed to the underlying genetic trade-offs through tight link-

ages (e.g., DCA1 and OsCesA7) or pleiotropic effects (e.g., LAX1). The genetic trade-offs are common

and greatly shape the evolution of drought resistance in upland rice. In genomic regions associated with

both productivity and drought resistance, signs of balancing selection were detected in upland rice, while

signs of directional selection were detected in lowland rice, potentially contributing to their adaptive differ-

entiation. Signs of balancing selection in upland rice resulted from bi-directional selection during its

domestication in drought-prone upland agro-ecosystems. Using genome-wide association analysis, we

identified several valuable quantitative trait loci associated with drought resistance, for which highly

differentiated genes should be considered candidates. Bi-directional selection breaking tight linkages

by accumulating recombination events would be applicable in breeding water-saving and drought-

resistance rice.
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INTRODUCTION

Drought is one of the most disastrous stressors for rice cultiva-

tion. It causes serious yield losses in annual rice production

(Farooq et al., 2009; Luo, 2010). Thus, it is necessary to identify

and utilize genetic resources of drought resistance in rice

breeding (Luo, 2010). However, drought resistance is a

complicated trait composed of several mechanisms (e.g.,

drought avoidance, drought tolerance, and drought recovery)

(Bernier et al., 2008; Fang and Xiong, 2015) and hundreds of

genes with minor effects (Fang and Xiong, 2015). Interactions
with environments substantially affect drought resistance as

well (Farooq et al., 2009; Hu and Xiong, 2014). Therefore, the

molecular mechanism of rice drought resistance and its

evolutionary process in rice remain unknown.

Drought resistance is complex and is thus considered an inte-

grated trait that is associated with other agronomic traits
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(Farooq et al., 2009; Bernier et al., 2008; Fletcher et al., 2015). It is

typically assumed that a balance exists between drought

resistance and productivity (Fletcher et al., 2015; Vikram et al.,

2015). At the gene scale, a yield penalty detected along with a

drought resistance gene is not rare (e.g., SNAC2, OsIAA6,

OsABF1, etc.) (Hu et al., 2008; Jung et al., 2015; Zhang et al.,

2016). At the physiological scale, a plant always inhibits its

photosynthetic capacity and many other activities during

drought to ensure better survival. However, these acclimation

responses may delay growth and decrease the productivity of a

plant (Yordanov et al., 2003; Harb et al., 2010; Pandey and

Shukla, 2015). At the individual scale, elite irrigated rice

varieties bred for high productivity and good quality are very

sensitive to drought (Luo, 2010; Vikram et al., 2015). These

observations indicate a potential trade-off between drought

resistance and productivity. If the trade-off exists, it will

substantially shape the adaptive evolution of drought resistance

in rice and should be overcome in breeding for drought-

resistant cultivars (Vikram et al., 2015). However, knowledge is

still limited about this genomic trade-off and its influences on

the evolution of drought resistance in rice.

Fortunately, there are two rice ecotypes domesticated in agro-

ecosystems with contrasting soil–water conditions, which allows

them to be differentiated in drought resistance. Upland rice is

domesticated in rain-fed unbounded fields and accumulated

genetic variance during its adaptation to drought-prone moun-

tainous areas, resulting in improved drought resistance (Gupta

and O’Toole, 1986; Bernier et al., 2008). However, upland rice

generally exhibits poor productivity (IRRI, 1975; Gupta and

O’Toole, 1986; Xia et al., 2014; Lyu et al., 2014). In contrast,

lowland rice is commonly grown in fields with water-

maintenance and even irrigation facilities. Lowland rice encoun-

ters relatively lower drought risk during its domestication

compared to upland rice (Bernier et al., 2008). Consequently,

lowland rice is more productive and of better quality than

upland rice (IRRI, 1975; Gupta and O’Toole, 1986). These two

ecotypes therefore provide us with a good opportunity to study

the adaptive differentiation of the two rice ecotypes in drought

resistance under human selection.

China is the origin and domestication center for Asian culti-

vated rice (particularly for Geng (japonica) subspecies) and

has a long history of rice cultivation (Kovach et al., 2011;

Wang et al., 2018). In this study, we investigated the

performance of 112 upland and 103 lowland rice landraces in

regularly managed paddy fields, drip-irrigated fields, and natu-

rally dried fields for their productivity and drought resistance.

These landraces are all in Geng (japonica) background and

were collected from China as local representatives of seven

provinces, because the ecotypes of Geng (japonica) subspe-

cies exhibit considerable levels of differentiation (Xia et al.,

2014; Lyu et al., 2014). These rice landraces, as well as

some common wild rice accessions, were further genotyped

by high-throughput technologies (SNP array and re-

sequencing) to study the genomic differentiation between

upland and lowland ecotypes, particularly for drought resis-

tance. We aimed to address the following questions: (1) Is

upland rice differentiated from lowland rice for drought resis-

tance? (2) If it is, how are upland and lowland rice adaptively

differentiated for drought resistance?
2 Molecular Plant --, 1–15, -- 2019 ª The Author 2019.
RESULTS

Morphological Differences in Drought Resistance and
Productivity between Upland and Lowland Rice
Ecotypes

Based on the field performance evaluated under drought condi-

tions, upland rice demonstrated significantly higher drought

resistance than lowland rice based on several key drought resis-

tance traits. For example, it possessed a higher ratio of deep root-

ing (RDR), lower rate of water loss (RWL) in excised leaves, higher

relative water content (RWC) under drought, higher relative

fecundity (RF), and higher relative grain weight (RGW) (Table 1).

In contrast, lowland rice exhibited better performance in

growth, development, and productivity (GDP) under well-

watered and drip-irrigated (CK) conditions, which was repre-

sented through more panicles, greater biomass, and higher grain

yield. Negative correlations between the traits of drought resis-

tance and GDP were frequently detected in our experiments

(Figure 1). For example, RDR, RWC, and RGW were negatively

correlated with the number of tillers (Figure 1). These negative

correlations reflected certain trade-offs between drought

resistance and productivity.

Quantitative genetic divergence (QST) and neutral genetic diver-

gence (FST) were compared to detect potential adaptive evolution

of drought-resistant or agronomic traits. In this study, the neutral

genomic FST (calculated using intergenic SNPs) was 0.097 ±

0.001 between upland and lowland rice ecotypes. None of the

estimated drought-resistant traits had significantly higher QST

than the neutral genomic FST between the typical upland and

lowland rice ecotypes (Supplemental Figure 1).
Genomic Differentiation, Linkage Disequilibrium, and
Genetic Diversity between Upland and Lowland Rice

Based on >30 000 informative SNPs from the rice SNP array, the

Geng (japonica) upland and lowland rice could be generally sepa-

rated via cluster analysis. This indicated that there was a consid-

erable level of genetic differentiation (mean FST = 0.171 ± 0.002)

between the two rice ecotypes (Figure 2B). Patterns of linkage

disequilibrium (LD) across the genome were generally similar

between the two ecotypes and decayed quickly within 200 kbp.

However, the upland ecotype had a slightly quicker LD decay

than the lowland rice (Figure 2C).

Across the genome, we detected 184 highly differentiated win-

dows (FST > 0.379, beyond the 95% CI) out of 3684 available

windows; 21.7% of the windows contained at least one gene

relevant to drought resistance (Figure 3A). As expected,

windows containing genes relevant to drought resistance

exhibited significantly higher mean FST values than other regions

(Figure 3D), whereas windows containing GDP genes had a

mean FST equivalent to the genomic average (Supplemental

Table 1). This outcome indicates that upland and lowland rice

are genetically differentiated in regions relevant to drought

resistance. Highly differentiated regions thus could potentially

be associated with drought resistance.

Estimated by
Q

upland/
Q

lowland, upland rice possesses higher rela-

tive genetic diversity (mean
Q

upland/
Q

lowland = 1.158) in general

(Figure 3B). Windows possessing higher
Q

upland/
Q

lowland ratios



Category Trait

2014–2015 (Hainan) 2015–20 ainan)

N Upland N Lowland p N U nd N Lowland p

Agronomic traits in paddy field Plant height (cm) 112 125.3 ± 2.3 101 120.2 ± 2.4 NS Not eval

No. of panicles 112 7.73 ± 0.33 101 12.31 ± 0.51 *** 109 ± 0.24 95 9.68 ± 0.30 ***

Biomass (g) 112 31.83 ± 1.00 101 39.41 ± 1.23 *** 99 2 ± 0.68 92 31.66 ± 0.82 **

Grain weight (g) 112 15.08 ± 0.48 101 18.64 ± 0.67 *** 98 1 ± 0.34 92 11.63 ± 0.46 *

100-grain weight (g) 112 2.91 ± 0.03 101 2.77 ± 0.03 ** Not eval

Harvest index 112 0.469 ± 0.009 101 0.468 ± 0.010 NS 99 0 ± 0.008 92 0.359 ± 0.008 NS

Length of flag leaf (cm) 112 27.4 ± 0.66 101 27.8 ± 0.66 NS 108 ± 0.5 97 25.6 ± 0.5 *

Width of flag leaf (cm) 112 1.61 ± 0.02 101 1.43 ± 0.03 *** 108 ± 0.03 97 1.31 ± 0.03 ***

Traits of drought avoidance RWL at 2 h 112 0.346 ± 0.008 101 0.372 ± 0.009 * Not eval

Ratio of deep rooting 112 0.346 ± 0.012 101 0.277 ± 0.010 ***

No. of deep roots 112 58.4 ± 2.39 101 46.6 ± 2.31 ***

No. of sallow roots 112 118.9 ± 5.9 101 126.3 ± 5.1 NS

No. of total roots 112 177.3 ± 7.0 101 172.9 ± 6.6 NS

No. of roots per panicle 112 9.66 ± 0.29 101 7.71 ± 0.30 ***

2016 (Shanghai) 2017 (Sh ai)

Agronomic traits in control field Plant height-CK (cm) 104 136.3 ± 2.57 89 128.8 ± 2.94 y 106 1 ± 1.6 98 120.7 ± 1.9 *

No. of panicles-CK 102 4.51 ± 0.11 91 5.38 ± 0.15 *** 106 ± 0.21 98 7.64 ± 0.24 ***

Biomass-CK (g) 102 21.58 ± 1.25 91 22.61 ± 0.99 NS 100 2 ± 1.07 96 27.05 ± 1.11 *

Grain weight-CK (g) 102 6.83 ± 0.40 91 8.94 ± 0.45 *** 94 ± 0.23 97 5.28 ± 0.32 **

Fecundity-CK 102 0.621 ± 0.019 91 0.704 ± 0.016 ** 94 0 ± 0.017 97 0.456 ± 0.186 **

100-grain weight-CK (g) 102 2.68 ± 0.04 91 2.61 ± 0.04 NS 94 ± 0.04 97 2.21 ± 0.03 NS

Harvest index-CK 102 0.336 ± 0.013 91 0.401 ± 0.010 *** 94 0 ± 0.009 97 0.194 ± 0.009 NS

Length of flag leaf-CK (cm) 104 31.4 ± 0.65 89 30.8 ± 0.64 NS Not eval

Width of flag leaf-CK (cm) 104 1.41 ± 0.03 89 1.21 ± 0.03 ***

Table 1. Agronomic and Drought-Resistant Traits Measured in Well-Watered Paddy, Drought-Stressed, and Control Fields.
(Continued on next page)
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Category Trait

2014–2015 (Hainan) 2015–2016 (Hainan)

N Upland N Lowland p N Upland N Lowland p

Agronomic traits in drought-

stressed field

Plant height-D (cm) 103 119.2 ± 2.58 90 109.0 ± 2.95 ** 106 105.3 ± 1.1 98 101.3 ± 1.8 NS

No. of panicles-D 102 3.86 ± 0.10 91 5.03 ± 0.16 *** 106 4.11 ± 0.12 98 5.20 ± 0.17 ***

Biomass-D (g) 104 14.4 ± 0.63 89 15.0 ± 0.60 NS 101 11.73 ± 0.44 96 12.45 ± 0.35 NS

Grain weight-D (g) 104 4.22 ± 0.21 89 4.18 ± 0.22 NS 100 0.92 ± 0.09 96 0.73 ± 0.08 NS

Fecundity-D 102 0.457 ± 0.018 90 0.379 ± 0.022 ** 100 0.262 ± 0.022 96 0.192 ± 0.019 *

100-grain weight-D (g) 102 2.35 ± 0.04 90 2.18 ± 0.04 ** 95 1.96 ± 0.05 84 1.87 ± 0.04 NS

Harvest index-D 102 0.231 ± 0.009 89 0.196 ± 0.012 * 100 0.085 ± 0.007 96 0.055 ± 0.005 **

Length of flag leaf-D (cm) 103 26.1 ± 0.60 90 23.0 ± 0.59 *** Not evaluated

Width of flag leaf-D (cm) 102 1.40 ± 0.03 91 1.16 ± 0.03 ***

Traits of drought tolerance Relative water content 91 0.789 ± 0.010 83 0.713 ± 0.010 *** 101 0.762 ± 0.006 90 0.745 ± 0.005 *

Relative fecundity 102 0.800 ± 0.043 89 0.533 ± 0.044 *** 90 0.709 ± 0.075 95 0.480 ± 0.068 *

Relative 100-grain weight 102 0.884 ± 0.012 90 0.837 ± 0.013 * 85 0.860 ± 0.017 83 0.843 ± 0.017 NS

Relative biomass 102 0.758 ± 0.036 89 0.730 ± 0.031 NS 95 0.558 ± 0.028 96 0.524 ± 0.021 NS

Relative grain weight 102 0.628 ± 0.055 90 0.398 ± 0.044 ** 90 0.280 ± 0.037 95 0.199 ± 0.029 y

Table 1. Continued
yp < 0.1, *p < 0.05, **p < 0.01, and ***p < 0.001 indicate significance levels by independent t-tests between upland and lowland rice ecotypes. NS, no significance detected; RWL, ratio of water loss in

excised leaves; N, number of samples; D, drought stressed; CK, control.
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Figure 1. Matrix of Pearson’s Correlation Coefficients (r) (Left Triangle) and p Values (Right Triangle) among Drought-Resistant and
Agronomic Traits.
NT, number of tillers; PH, plant height; FLL, flag leaf length; FLW, flag leaf width; RWC, relative water content; RWL, ratio of water loss; 100GW, 100-grain

weight; GW, grain weight; HI, harvest index; RF, relative fecundity; R100GW, relative 100-grain weight; RB, relative biomass; RGW, relative grain weight;

RDR, ratio of deep rooting; NDR, number of deep roots; NSR, number of shallow roots; NTR, number of total roots; NRP, number of roots per tiller.
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were generally highly differentiated (Figure 3E). This indicates that

genetic regions relevant to drought resistance possess higher

genetic diversity in upland rice. At the gene scale, highly

differentiated genes (HDGs) (FST > 0.455, beyond the 95% CI)

with an
Q

upland/
Q

lowland ratio > 2.0 were relevant to plant

responses to various stressors (Supplemental Figure 2). This

result also confirmed that genes potentially associated with

drought resistance had higher genetic diversity in upland rice.

Higher genetic diversity detected in drought resistance genes

indicated there was no strong directional selection imposed on

upland rice for drought resistance. It was also noteworthy that
upland rice shared ecotype-private alleles with common wild

rice (Supplemental Figure 3).
Balancing Selection in Upland Rice and Directional
Selection in Lowland Rice Detected by Tajima’s D Test
and Selective Sweep Detection

As mentioned above, highly differentiated regions relevant to

drought resistance were not under directional selection in upland

rice; thus, theremust beother causes promoting differentiation be-

tween upland and lowland rice for drought resistance. To uncover
Molecular Plant --, 1–15, -- 2019 ª The Author 2019. 5
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Figure 2. Upland and Lowland Rice Collected from China, Their Phylogenetic Relationships, and the Decay of Linkage
Disequilibrium across the Genome.
(A) Geographic distributions of upland rice in China. Numbers in red indicate provinces where equivalent numbers of upland and lowland rice landraces

were collected. 1, Hebei; 2, Henan; 3, Jiangsu; 4, Hunan; 5, Guangxi; 6, Guizhou; 7, Yunnan.

(B) A phylogenetic tree of upland, lowland, and common wild rice landraces.

(C) LD decay across the genome in upland and lowland rice.
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potential explanations, we performed Tajima’s D test (Figure 4A)

and analysis of selective sweeps (Figure 4B and 4C) in the two

rice ecotypes. We detected 18 regions with balancing selection in

upland rice and two regions with balancing selection in lowland

rice (Figure 4A, Supplemental Table 2). Those regions detected in

upland rice possessed high FST values between upland and

lowland rice, as well as higher
Q

upland/
Q

lowland ratios

(Supplemental Table 2). The results obtained from SweeD
6 Molecular Plant --, 1–15, -- 2019 ª The Author 2019.
suggested that highly differentiated regions represented signs of

a selective sweep only in lowland rice (Figure 4B and 4C;

Supplemental Table 3). Hence, by integrating these results, we

speculated that these highly differentiated regions were derived

by directional selection occurring in lowland rice, while balancing

selection occurred in upland rice. Noticeably, most of these

highly differentiated regions contain genes or quantitative trait loci

(QTLs)ofbothdrought resistanceandGDP (Supplemental Table 2).
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Figure 3. Genomic Differentiation and Selection Detected between Rice Ecotypes.
(A) The genome-wide Manhattan plot of FST estimated in a 200 kb sliding window with 100 kb step size. Bars under the Manhattan plot

describe distributions of genes relevant to drought resistance and GDP (growth, development, and productivity). Blue bars indicate windows containing

drought resistance genes. Green bars indicate windows containing GDP genes. Red bars indicate windows containing both drought resistance and GDP

genes.

(B) The genome-wide Manhattan plot of log2
(
Q
upland/

Q
lowland) estimated in a 200 kb sliding window with 100 kb step size.

(C) The genome-wide Manhattan plot of number of SNPs in a 200 kb sliding window with 100 kb step size.

(D) Mean FST of drought resistance (DR)- and GDP-relevant and neutral windows. The bar indicates SE. *** indicates significance at p < 0.001 by in-

dependent t-test in comparison with neutral windows.

(E)Mean FST of windowswith different gradients of
Q

upland/
Q

lowland ratios. The bar indicates SE. ***p < 0.001 indicates significance by independent t-tests

in comparison with the genomic average.
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Genomic Trade-Offs between Drought Resistance and
Productivity by Tandem Linkage and Pleiotropy

Based on the Ricedata database (up to September 30, 2018), 285

and 356 genes were relevant to drought resistance and GDP,

respectively (Supplemental Table 4). They were distributed in

918 (517 for drought resistance and 613 for GDP) 200 kb

windows (sliding in 100 kb steps) across the genome. Among

these windows, 212 (5.67% of total windows) contained genes

relevant to both drought resistance and GDP (Figure 3A), which

was significantly higher than the ratio by chance (2.27% of total

windows, p < 0.001 by c2 test). Thus, tight linkages between

genes of drought resistance and productivity are very common.

We further calculated the frequencies of recombinant

genotypes within windows containing genes of both drought

resistance and GDP in cultivated rice genotypes and wild rice

accessions (Supplemental Table 5). Interestingly, upland

rice possessed more windows containing ecotype-specific

(37 versus 10) and ecotype-preferential (11 versus 4) recombinant

genotypes than lowland rice (Supplemental Figure 4,

Supplemental Table 5). Meanwhile, typical upland and lowland

rice could be separated by recombination within windows

containing genes of both drought resistance and GDP

(Supplemental Figure 4). Some rare, but ecotype-specific, re-
combinant genotypes could be detected only in upland rice.

This could partially explain the slightly slower LD decay detected

in upland rice and suggest a role for recombination in the adapta-

tion of upland rice to a drought-prone environment. Meanwhile,

148 genes of drought resistance were functionally studied.

Among these drought resistance genes, 28 were reported to

have unwanted pleiotropic effects (Supplemental Table 6). This

result indicates that the unwanted pleiotropic effect of a

drought resistance gene on GDP is another potential cause for

the genetic trade-off between drought resistance and

productivity.

Genome-Wide Associations for Drought Resistance and
Agronomic Traits

We detected 53 QTLs for 27 measured traits among experiments

using agenome-wide association study (GWAS) (Figure 5). Many

known genes, including OsGS3 for 100GW-CK/D; OsCOW1 for

FLW-D; OsPUP7 for GW-CK; OsGI, YL1, and OsHIGD for

PH-W; Ghd7 for HI-D; DCA1 for RWC; OsGL1-10 for RB; and

OsSIK1 for RF, were located within these QTLs (Figure 5) and

were considered to be corresponding candidates. These results

indicated that our GWAS had good efficiency for identifying

candidate genes of drought resistance.
Molecular Plant --, 1–15, -- 2019 ª The Author 2019. 7



A

B

C

Figure 4. Signs of Selection Detected in Upland and Lowland Rice.
(A) Tajima’s D estimated in upland (blue) and lowland rice (orange). A region receiving balancing selection in upland or lowland ecotype is labeled with

green or red shading.

(B) Composite likelihood ratio (CLR) estimated by SweeD in upland rice.

(C) CLR estimated by SweeD in lowland rice.
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Figure 5. QTLs Identified by Genome-Wide Association Analysis.
Symbols right by the QTLs indicate candidate genes with known functions. Four drought-resistance-associated QTLs (annotated by red arrows) are

specifically discussed in the article.
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Among all detected QTLs, the QTLs for RWC and PH (plant

height) (chr10: 16600000–16800000) were noteworthy

(Figure 5). Signals for balancing selection in upland rice and

selective sweep in lowland rice were detected in this region

(Supplemental Tables 2 and 3). A known drought resistance

gene (DCA1, LOC_Os10g31850), which enhances rice drought

resistance by controlling stomatal aperture, was located within

this region. DCA1 sequence could generally be used to

separate upland and lowland ecotypes (Figure 6A). However,

DCA1 is reported to have no obvious impact on productivity

and only a minor effect on plant height (Supplemental Figure 5).

We also found Ehd1 (controlling heading date and panicle

development) and OsCesA7 (having significant impacts on the

number of tillers, plant height, and productivity) located nearby

(distance of �500 kb). The two genes are tightly linked with

DCA1, which was revealed by high correlation coefficients (r)

among SNPs in DCA1, Ehd1, and OsCesA7 (Figure 6B). In

addition, both genes possess high FST values and
Q

upland/Q
lowland ratios (Figure 6B). This region provides a good example

of the genetic trade-offs caused by tight linkages. In addition,
we detected several recombination events between DCA1 and

OsCesA7 that occurred only in upland rice (Supplemental

Figure 6).

Another notable QTL of RWL was located in the following region

of chr1: 35500000–35700000 (Figure 5). A well-known GDP gene,

LAX1 (LOC_Os01g61480), was found within this region. It had the

highest FST value (Supplemental Figure 7A) between upland and

lowland rice ecotypes and could generally separate the two

ecotypes in the cluster analysis (Figure 6C). Transgenic lines of

VP64-TF fusion type (activated form) represented the typical

morphological features of upland rice compared with lowland

rice, such as taller height, fewer tillers, wider flag leaves, and

poorer productivity (Supplemental Figure 7C–7H). Tolerant

genotypes that influence drought resistance should contain the

advantageous allele for drought resistance, whereas

susceptible genotypes should contain the disadvantageous

allele. As expected, LAX1 had higher FST between the drought-

tolerant and drought-susceptible groups (Supplemental

Figure 7B); LAX1 should have pleiotropic effects on drought
Molecular Plant --, 1–15, -- 2019 ª The Author 2019. 9
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Figure 6. A Drought Resistance Gene (DCA1)
in Tight Linkage with Other Agronomic
Genes and a Drought Resistance Gene
(LAX1) Possessing Pleiotropic Effects.
(A) A phylogenetic tree of upland, lowland, and

common wild rice based on DCA1 sequences.

(B) FST (maximum value 0.734, outside circle),
Q

upland/
Q

lowland ratio (maximum value 30.1, middle

circle), and r2 of each gene to DCA1 within the re-

gion of chr10: 15400000–17600000. r2 is the

maximum coefficient of correlation for SNPs within

each gene with SNPs of DCA1.

(C) A phylogenetic tree of upland, lowland, and

common wild rice based on the LAX1 sequences.

(D) Rate of water loss (RWL) at 2 h in matured

leaves of transgenic lines and the wild-type (WT).

(E) Relative water content (RWC) measured in

osmotically-stressed seedlings. XE16 and XE18

are transgenic lines of the activated form of LAX1.

XE19 and XE20 are transgenic lines of inactivated

forms of LAX1.

Bars indicate SE. *p < 0.05, **p < 0.01, and yp < 0.1

indicate significance differences by independent

t-tests in comparisons between transgenic lines

and WT.
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resistance. This assumption was supported by lower RWL

(Figure 6D) and better RWC observed in VP64-TF transgenic lines

at the seedling stage under osmotic stress (Figure 6E). LAX1 thus

provided an ideal example of a drought resistance gene having

unwanted pleiotropic effects on GDP that was adaptively

differentiated between rice ecotypes.

For potential drought-resistant candidates, the QTL of RDR (peak

signal at chr08: 8640319) should be considered (Figure 5). It is

located at regions representing signs of a selective sweep in

upland rice. OsWOX12A (LOC_Os08g14400) was considered to

be the candidate gene as it was highly differentiated between

ecotypes (FST = 0.576) (Supplemental Figure 8A) and reported

to be related to root primordia initiation. Meanwhile, the QTL for

RGW (peak signal at chr11: 24507478) was detected repeatedly

in 2016 and 2017 (Figure 5). As RGW exhibited significant

differences between upland and lowland ecotypes, three

highly differentiated (FST > 0.25) drought-responsive genes

(LOC_Os11g41410, LOC_Os11g41600, LOC_Os11g41710) and

the drought-responsive gene (LOC_Os11g41610) containing the

SNP of peak signal were good candidates for further validation

(Supplemental Figure 8B).

DISCUSSION

Upland and Lowland Rice Are Morphologically and
Genetically Differentiated in Both Drought Resistance
and Productivity

Many typical upland rice varieties/landraces investigated by the

International Rice Research Institute exhibit good drought resis-

tance and have some morphological differences compared with

lowland or irrigated rice, such as wider leaves, increased height,

fewer tillers, and deeper roots (Gupta and O’Toole, 1986; IRRI,

1975). After examining hundreds of upland and lowland rice

landraces covering most areas in China, we found that upland
10 Molecular Plant --, 1–15, -- 2019 ª The Author 2019.
rice has better drought avoidance (e.g., higher RDR and lower

RWL) and drought tolerance (e.g., RWC, RF, and RGW

measured in the field with shallow soil layers). However, upland

rice generally has poor performance compared with lowland

rice in both regularly managed paddy fields and drip-irrigated

fields. The significant differences detected in this study indicate

that upland and lowland rice are somewhat differentiated in terms

of drought resistance and productivity.

In addition to morphological differences, we also detected a

considerable level of genetic differentiation between upland

and lowland rice. This result is consistent with previous studies

using genomic SSRs (Zhang et al., 2009), EST-SSRs (Xia et al.,

2014), and re-sequencing (Lyu et al., 2014) data. We further

found that FST values for regions relevant to drought

resistance went beyond the genomic average, which

provided solid evidence that upland and lowland rice are

adaptively differentiated for drought resistance. However, we

did not detect significant differences in the FST values

between GDP-relevant regions and the genomic average,

although many agronomic traits also represent morphological

differences. This outcome indicates that mechanisms for se-

lection of agronomic traits in upland and lowland rice are

generally similar.

The comparison of QST to the neutral FST can be used to detect

adaptive evolution. If the QST is significantly higher than the

neutral FST, it means that directional selection drives phenotypic

divergence and results in ecological adaptation (Miller et al.,

2008; Leinonen et al., 2013). No drought-resistant traits in this

study had significantly higher QST values compared with the

neutral genomic FST. This result indicates that directional

selection on drought resistance may not be the primary force

leading to the adaptive differentiation between upland and

lowland rice ecotypes for drought resistance.
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Genomic Trade-Offs between Drought Resistance and
Productivity

The trade-off between drought resistance and GDP has been pre-

viously discussed for many plant species (Harb et al., 2010; Koziol

et al., 2012; Denison, 2015; Fletcher et al., 2015; Vikram et al.,

2015). It is considered to be caused by the contradiction

between the biological and agricultural requirements of drought

resistance. For a wild species, a plant activates acclimation

responses, such as inhibiting normal metabolic processes,

slowing growth and development, and reducing productivity, to

ensure better survival under drought conditions (Yordanov et al.,

2003; Harb et al., 2010; Pandey and Shukla, 2015). In contrast,

humans require a stable yield for a crop under a drought, which

is how drought resistance is defined for the crop. Many genes

that can enhance the survival rate of rice seedlings under

simulated drought stress have been reported to have penalties

on GDP (Hu et al., 2008; Jung et al., 2015; Zhang et al., 2016). In

this study, negative correlations were observed between many

drought-resistant traits and GDP traits. This finding reflects

certain trade-offs between drought resistance and productivity

during rice domestication. Two genetic mechanisms are the

causes of the observed trade-off: (1) tight linkages between

genes of drought resistance and productivity (Vikram et al.,

2015) and (2) unwanted pleiotropic effects of drought resistance

genes on GDP (Hu et al., 2008; Jung et al., 2015; Zhang et al.,

2016). Genomic trade-offs between drought resistance and

productivity may substantially block the utilization of genetic

resources for drought resistance in breeding (Vikram et al., 2015).

Tight linkages between genes of drought resistance and produc-

tivity are very common, indicated at a frequency of 23.1% across

the rice genome in this study. We provide an example of the tight

linkage between DCA1 and OsCesA7. DCA1 enhances rice

drought resistance by controlling the stomatal aperture (Cui

et al., 2015). It is tightly linked with OsCesA7, which controls

many important agronomic traits (e.g., plant height, number of

tillers, and fecundity) (Huang et al., 2015; Wang et al., 2016).

The tight linkage between the two genes may be the cause of

negative correlations between the RWC and the plant height

observed in our experiments, because QTLs for both traits

were identified within the same region by GWAS. If we want to

obtain the maximum benefit from DCA1 in breeding, its tight

linkage with OsCesA7 should be broken.

Meanwhile, a proportion of drought resistance genes (18.9%)

have negative pleiotropic effects on productivity, which results

in yield penalties. In this study, we found that LAX1

(LOC_Os01g61480), which controls plant height, number of til-

lers, and grain weight (Komatsu et al., 2003), also has opposite

impacts on drought resistance. The selection on LAX1 alleles

for drought resistance may result in typical morphological

features (wider leaves, taller plants, and fewer tillers) in upland

rice. These results mean we could not obtain advantages in

both drought resistance and productivity from major alleles of

LAX1. To overcome the unwanted pleiotropic effect of a

drought resistance gene, utilizing ideal alleles in natural variants

is effective (Kumar et al., 2010; Tao et al., 2011). Upland rice

shares ecotype-specific alleles with common wild rice and

retains higher genetic diversity due to balancing selection

during its domestication in upland environments. It is thus a
good genetic resource for drought resistance and could be

used for collecting rare but ideal alleles for drought resistance

(Lyu et al., 2013).

Bi-directional Selection in Upland Rice Promotes
Adaptive Differentiation between Upland and Lowland
Rice Ecotypes

The primary hypothesis, accepted by many researchers, is that

drought resistance is under directional selection in upland rice,

which differentiates upland rice from lowland rice (Lyu et al.,

2013, 2014; Xia et al., 2014). However, most of the molecular

evidence from the present study does not support this

hypothesis. Reductions in genetic diversity and signs of a

selective sweep are always caused by directional selection

(Clark et al., 2004; Wright et al., 2005; Doebley et al., 2006). In

this study, upland rice showed higher genetic diversity in

highly differentiated regions and drought-responsive genes

than lowland rice. In addition, it is very surprising that balancing

selection was always detected in upland rice, while selective

sweep was uniquely detected in lowland rice landraces for their

highly differentiated regions. By integrating these results, we

generated a model for adaptive differentiation between upland

and lowland rice during domestication: (a) Genetic trade-offs

exist between drought resistance and GDP. (b) Domesticating

lowland rice in paddy fields is focused on improving its produc-

tivity, which results in directional selection on GDP. (c) Domesti-

cating upland rice in drought-prone upland environments took

into account both yield potential in ideal environments (produc-

tivity) and yield stability under drought conditions (drought resis-

tance) (IRRI, 1975; Bernier et al., 2008; Hu and Xiong, 2014). This

required a bi-directional selection on GDP during rain-sufficient

years and on drought resistance during drought years. This

pattern of selection results in signs of balancing selection for

some genomic regions in upland rice. (d) Divergent patterns of

human selection (bi-directional selection between drought

resistance and GDP in upland rice but directional selection for

GDP in lowland rice) led to adaptively differentiated ecotypes,

particularly for drought resistance. This model is feasible and

supported by our results.

Furthermore, other patterns, such as the possibility of a gene of

drought resistance being directionally selected in upland rice

(Lyu et al., 2013, 2014), may also exist. Many genetic regions in

upland rice also undergo directional selection, which is

represented through low relative genetic diversity and signs of

a selective sweep. For example, we detected a selective sweep

at a highly differentiated region of chr7: 1–600000 in upland

rice. It contains two potential drought resistance genes, ARAG1

(LOC_Os07g01070) and OsGL1-8 (LOC_Os07g01150), which

may be directionally selected in upland rice. Meanwhile, a QTL

of drought avoidance (position of associated SNP for RDR,

chr8: 8640319) is also located at the genomic region that

receives directional selection in upland rice. The HDG

OsWOX12A should be the candidate gene according to its

function for root primordia initiation (Cheng et al., 2014; Hu and

Xu, 2016). These results mean that some highly differentiated

regions relevant to drought resistance are due to directional

selection on drought resistance genes in upland rice. This

pattern of selection and its roles in rice adaptive differentiation

during domestication should be further investigated.
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Implications from the Evolution of Drought Resistance
in Upland Rice for Breeding

Bi-directional selection and its subsequent evolutionary out-

comes provide informative cues for overcoming the trade-off

arising from the tight linkage between genes of drought resis-

tance and productivity. For example, recombinant genotypes

between drought resistance and GDP genes (e.g., DCA1 and

OsCesA7) could be accumulated in upland rice landraces. In

addition, some upland rice landraces possess rare ecotype-

specific recombinant genotypes. A recombinant event may break

the trade-off caused by the tight linkage and is meaningful for

breeding. Recombinant genotypes may confer both good

drought resistance and high productivity (Vikram et al., 2015). In

fact, the strategy of bi-directional selection between drought

resistance and productivity season by season has been applied

in rice breeding. Many water-saving and drought-resistant rice

varieties (derived from upland rice 3 lowland rice) with advan-

tages in both drought resistance and productivity have been

developed by rotating selection on yields and drought resistance

season by season (Luo, 2010).

METHODS

Plant Materials and Genotyping

A total of 215 rice genotypes, including 113 upland and 102 lowland land-

races, were collected from China and used this study (Figure 2A,

Supplemental Table 7). These upland and lowland landraces are all in

Geng (japonica) background and were collected from seven provinces

(Hebei, Henan, Jiangsu, Hunan, Guangxi, Guizhou, and Yunnan) in

China (Figure 1), in which most landraces are of the subgroup of East

Asian temperate (Wang et al., 2018). These provinces cultivate 79.7% of

the total Geng (japonica) upland rice in China, according to Agridata

(http://crop.agridata.cn/A010110.asp). We selected equivalent numbers

of upland and lowland landraces within each province to have a

geographically balanced. Thus, upland landraces from Shandong and

Guangdong provinces were not included in this study as there was no

Geng (japonica) lowland rice grown in these two provinces. This

sampling strategy could avoid statistical bias from isolation by distance.

These landraces were preselected to ensure their complete life histories

in Shanghai. Sixty-five accessions of common wild rice (Oryza rufipogon)

were also used in this study as a reference (Supplemental Table 7).

The 215 rice landraces and 20 accessions of common wild rice were gen-

otyped using the 60K rice SNP array after the extraction of complete,

high-quality DNA from green leaves using a routine protocol. To study

the genetic differentiation between ecotypes at the gene scale, 112 (52

upland and 60 lowland) typical landraces and 45 accessions of common

wild rice were sent for re-sequencing by Illumina X Ten at Shanghai Major-

bioBiopharm Technology (Shanghai, China). A total of 921.6 Gb of

paired-end sequence data were generated, which covered an average

depth of �153 for each sample (Supplemental Table 8).

Measurements of Important Agronomic and Drought-Resistant
Traits

Eight important agronomic traits (Table 1) were measured for two growing

seasons (November 2014–April 2015 and November 2015–April 2016) in

regularly managed paddy fields at the Lingshui Experimental Station,

Hainan Province. Rice seedlings were transplanted into fields 25 days

after germination. Each landrace was planted in a plot of seven rows 3

seven hills with 18 cm intervals. Six traits of drought avoidance,

including RDR, number of deep roots, number of shallow roots, total

number of roots, number of roots per panicle, and RWL in excised

leaves after 2 h, were measured for one season (November 2014–

April 2015) at the Lingshui Experimental Station in Hainan. The
12 Molecular Plant --, 1–15, -- 2019 ª The Author 2019.
measurements of root traits were from four biological replicates for each

landrace grown in the paddy field using the ‘‘basket’’ method (Uga,

2012) with minor modifications (Lou et al., 2015). The RWL was

measured from three biological replicates containing two mature flag

leaves 2 h after the leaf was sampled from the paddy field and naturally

dried at room temperature. Measurements of drought tolerance were

conducted in the drought-resistance screening facility for two seasons

(May 2016–October 2016 and May 2017–October 2017) at the Baihe

Experimental Station in Shanghai. The canopy of the facility was

normally opened and could be closed on rainy days to enable

continuous drought conditions. The depth of the soil layer in the

experimental field was limited to 30 cm, which enabled the separation

of drought tolerance from drought avoidance (Ma et al., 2016b). With

the shallow soil layer, root development was restricted and equalized

among genotypes. Therefore, the differences in drought avoidance by

roots could be largely mitigated. The design of shallow soil layers also

permitted homogeneous levels of soil–water content across the

drought-treated field (�5% CV) (Ma et al., 2016a, 2016b). As crop

drought tolerance was empirically quantified by its relative

performance under drought to well-watered conditions, rice plants of

each genotype were planted in two nearby fields: one was treated with

middle to late (from the tillering stage to the heading stage) drought con-

ditions (D) and the other remained drip-irrigated as the control (CK). Rice

seedlings were transplanted into plots with eight rows 3 eight hills with

18 cm intervals 30 days after germination. Both D and CK fields were nor-

mally irrigated as paddy fields during the first 20 days after transplanting.

After the seedlings began tillering, water was pumped out of the D field,

and it was allowed to dry naturally. Meanwhile, the CK field was drip irri-

gated to make the soil–oxygen conditions closer to those of the D field.

After approximately 40 days of drought treatment, when all landraces

had flowered and the soil–water content at a depth of 30 cm dropped

severely (�12.6% in 2016 and �8.4% in 2017), the drought treatment

was stopped and both fields were re-irrigated. Nine important

agronomic traits were measured under D and CK fields (Table 1). Five

drought-tolerance-related traits, including relative water content under

drought at 30 days after drought treatment (RWC), relative 100-grain

weight, RF, relative biomass, and RGW, were alsomeasured or calculated

(Table 1). RWCwasmeasured from three individuals, while other drought-

tolerant traits were measured from six individuals. The comparison of

each measured trait between upland and lowland rice ecotypes was con-

ducted by independent t-test in SPSS 15.0.
Data Analysis

SNP Genotyping by SNP Array and Re-sequencing

In total, 235 plant materials were genotyped by the rice SNP array ‘‘Ri-

ce60K’’ (patent no. CN201380056318.5), which was developed by the

China National Seed Group and contains �60 000 SNPs based on

MSU6.1 genome assembly. Detailed information on this array and the

genotyping procedure is given in a previous study (Chen et al., 2014).

The original genotype data are provided as Supplemental Data 1.

For the re-sequencing, the raw paired-end reads were first filtered into

clean data using Fastp v.0.6.0 (Chen et al., 2018) (https://github.com/

OpenGene/fastp). Clean reads of each accession were mapped to the

japonica rice reference genome MSU v.6.1 (ftp://ftp.plantbiology.msu.

edu/pub/data/Eukaryotic_Projects/o_sativa/annotation_dbs/

pseudomolecules/version_6.1/all.dir/) using BWA v.0.7.16 with default

settings (http://bio-bwa.sourceforge.net) (Li and Durbin, 2009). GATK

v.3.8.0 was applied for variant detection (McKenna et al., 2010). Raw

variants were called based on the realigned BAM file. Using the called

variants as known sites, ‘‘Base Recalibrator’’ and ‘‘Print Reads’’ in

GATK were applied for base-pair scores recalibration. The BAM files for

each sample were used for the multi-sample variant genotyping. ‘‘Unified

Genotyper’’ in GATK was applied to generate the raw variant calls with

parameters ‘‘-stand_call_conf 30, -stand_emit_conf 10.’’ To reduce the

variant discovery rate, the SNP calls were filtered according to the

http://crop.agridata.cn/A010110.asp
https://github.com/OpenGene/fastp
https://github.com/OpenGene/fastp
ftp://ftp.plantbiology.msu.edu/pub/data/Eukaryotic_Projects/o_sativa/annotation_dbs/pseudomolecules/version_6.1/all.dir/
ftp://ftp.plantbiology.msu.edu/pub/data/Eukaryotic_Projects/o_sativa/annotation_dbs/pseudomolecules/version_6.1/all.dir/
ftp://ftp.plantbiology.msu.edu/pub/data/Eukaryotic_Projects/o_sativa/annotation_dbs/pseudomolecules/version_6.1/all.dir/
http://bio-bwa.sourceforge.net
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following threshold: QUAL < 30, DP < 5, QD < 2, MQ < 20, FS > 60, haplo-

type score > 13, and read pos rank sum < -8.

Population Structure Inference

Based on the total SNPs from 235 plant materials genotyped by the SNP

array, a phylogenetic tree was constructed using Fasttree2.1 (Price et al.,

2010) with 1000 replicates for bootstrap confidence analysis. MEGA v.5.1

was applied to draw the constructed tree.

Estimation of Population Parameters

A sliding window approach (200 kb windows sliding in 100 kb steps) was

applied to estimate genetic diversity (p), genetic differentiation (FST), and

selection statistics (Tajima’s D) between upland and lowland rice eco-

types based on SNP data gained from the SNP array.
Q

upland/
Q

lowland

was calculated to estimate the relative diversity of the upland ecotype

to the lowland ecotype. Meanwhile, p and FST were also estimated for

each window using re-sequencing data between selected upland and

lowland landraces by VCFtools (Danecek et al., 2011). MAFs > 0.05

were used to filter uninformative SNPs before calculating the above

parameters. The FST and p estimated by the data from the SNP array

and the data from re-sequencing were significantly correlated

(Supplemental Figure 9), indicating that the plant materials selected for

re-sequencing were typical. Meanwhile, the outcome also indicated that

our results obtained from the high-density SNP array were convincing.

Finally, the relative p ratio (
Q

upland/
Q

lowland) and FST for each gene (up-

stream 2000 bp + gene body + downstream 200 bp) between upland

and lowland ecotypes were calculated based on the re-sequencing data

of 112 genotypes.

LD Analysis

To evaluate LD decay across the genome, the squared correlation (r2) be-

tween any two loci was calculated using VCFtools based on data from the

SNP array. The average r2 value was calculated for pairwise SNPs in a 500

kb region and averaged across the whole genome. To investigate the link-

age status of DCA1 with other genes in the region of chr10: 15400000–

17600000, the squared correlation (r2) between any two SNPs (one SNP

of DCA1 and one SNP in the other gene) was calculated. The linkage sta-

tus between a gene and DCA1 was determined by their highest r2 calcu-

lated from any two SNPs (one SNP of DCA1 and one SNP in the other

gene). This analysis was based on re-sequencing data.

Analysis of the Ecotype-Private Alleles

Ecotype-private alleles were was defined as a SNP allele detected

uniquely in upland or lowland rice ecotypes. If an ecotype-private allele

could be detected in common wild rice, it was considered to have been

inherited from the wild ancestor. In contrast, if an ecotype-private allele

could not be detected in common wild rice, it may have been newly

mutated during rice domestication.

Detection of Potential Recombinant Genotypes within Genomic

Regions Conferring Both Drought Resistance and GDP Genes

We detected recombinant genotypes within 126 genomic regions (200 kb

windows, listed in Supplemental Table 5) conferring both drought

resistance and GDP genes in upland, lowland, and common wild rice.

First, we determined the major genotype (frequency > 0.50) by SNPs

within the analyzed window and scored it as ‘‘0’’. Any other genotypes

containing the five different, successive SNP alleles were determined as

recombinant genotypes and scored as ‘‘1’’. If a genotype was uniquely

or highly (frequency > 0.70) detected in one ecotype, it was defined as

an ecotype-specific or ecotype-preferential recombinant genotype.

Detection of Genomic Differentiation

The comparison of QST and neutral FST was applied to detect adaptive

evolution (Miller et al., 2008). The QST of each trait was calculated as

QST = Vpop/(Vpop + 2Vind), where Vpop was the variance among

populations and Vind was the variance within a population. The neutral

FST was calculated using SNPs from intergenic regions. Any significant

differences between the QST and the FST at the p < 0.05 level were

determined when jQST – FSTj > 2SQRT (SEQst
2 + SEFst

2).

Based on the Ricedata database (http://www.ricedata.cn/gene/), genes

belonging to trait ontology (TO) of plant height (TO: 0000207), number of
panicles (TO: 0000432), seed-setting rate (TO: 0000448), seed production

(TO: 0000396 and TO: 0002759), biomass (TO: 0000327), and 1000-seed

weight (TO: 0000592), were categorized as GDP-relevant genes

(Supplemental Table 4). Genes belonging to TO and gene ontology (GO)

of drought tolerance (TO: 0000277), water channel activity (GO:

0015250), and response to osmotic stress (GO: 0006970) were

categorized as drought resistance (DR)-relevant genes (Supplemental

Table 4). If a 200 kb window contained at least one GDP or DR gene, it

was then determined as a GDP- or DR-related window. Mean FST values

of GDP- and DR-related windows were compared with the genomic

average by independent t-tests using SPSS 15.0. There were 517 DR-

related (517/3738 = 13.8% of total windows) and 613 GDP-related (613/

3738 = 16.4% of total windows) windows. Therefore, the random ratio

for a window to be related to both DR and GDP is about 2.27%

(=16.4%3 13.8%). We conducted c2 tests to test whether the actual ratio

(5.67%= 212/3738) for a window related to both DR andGDPwas beyond

the ratio by chance via SPSS 15.0.

For the detection of genomic regions receiving potential balancing selec-

tion during upland–lowland differentiation, the genomic windows with the

top 5% Tajima’s D were selected in upland or lowland ecotypes. Some

continuous windows were further combined, to form larger genomic re-

gions.Meanwhile, the regionswith an average Tajima’sD > 1 or containing

windows of high Tajima’s D values (>2) in corresponding lowland or up-

land ecotypes were filtered further, as suggested by Qiu et al. (2017).

In addition, we also applied SweeD to detect signs of selective sweeps in

the genomes of upland and lowland rice ecotypes. This method uses CLR

statistics and identifies signals of selective sweeps by detecting signifi-

cant deviations from the neutral site frequency spectrum (Pavlidis et al.,

2013). In this study, ecotype-unique (with the top 1%CLR values uniquely

in one ecotype) and shared regions (with the top 1% CLR values in both

ecotypes) with signs of a selective sweep were defined.

Enrichment of Gene Ontology for Different Categories of Highly

Different Genes

Based on SNPs generated from re-sequencing, the FST between ecotypes

and
Q

upland/
Q

lowland ratios were calculated for each annotated gene on

the reference genome (v.MSU 6.1). Genes with high FST values beyond

the 95%CI (FST > 0.455) were determined as HDGs.We defined three cat-

egories of HDGs by their relative p ratio: (1)
Q

upland/
Q

lowland < 0.5, (2) 0.5

%
Q

upland/
Q

lowland % 2.0, and (3)
Q

upland/
Q

lowland > 2.0. We conducted

analyses of GO enrichment for the three categories of HDGs using the

software GOatools (https://github.com/tanghaibao/GOatools). The top

15 (by p value) GO terms of biological processes were listed and

compared among different categories of HDGs.

Genome-Wide Association Analysis for GDP- and DR-Related

Traits

The GWAS was conducted via the efficient mixed-model association

method using the R package Genome Association and Prediction Inte-

grated Tool (Lipka et al., 2012). The kinship (K) matrix was calculated

among genotypes with default settings before GWAS. Meanwhile, as all

landraces in this study were Geng (japonica) subspecies from China, the

mixed model without inferred population structure as a cofactor was

applied. The observed-log10
(p) fit the expected-log10

(p) well in the QQ

plot for our traits by this model. A total of �24 656 available SNP

markers (MAF > 5%) were used in GWAS. The genome-wide threshold

was set at 1/n (n = total number of SNPs), which is widely used in plant

GWASs (Wen et al., 2014; Wang et al., 2015), particularly for rice

drought resistance (Ma et al., 2016a). The original phenotype data for

GWAS are provided in Supplemental Table 9.

Functional Validation of the Candidate Drought Resistance Genes

(DCA1 and LAX1) Identified by GWAS

Transgenic mutants of two candidate genes associated with RWL (LAX1)

and RWC (DAC1) were used to ascertain their functions in DR and/or GDP.

LAX1 transgenic lines of the activated (coded as XE16 and XE18) and in-

activated (coded as XE19 and XE20) forms were provided by Dr. Lin
Molecular Plant --, 1–15, -- 2019 ª The Author 2019. 13
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Chentao. Detailed information for the transgenic lines has been described

in Zhao et al. (2015). The RWL was measured from mature leaves of the

mutants and the wild-type plant. The RWC was measured from 20-day-

old seedlings after 48 h of treatment with osmotic stress stimulated by

20% PEG6000. Three replicates were designed. Their morphological

appearance (e.g., plant height, number of tillers, flag leaf width, 1000-

seed weight, and grain weight) was measured from eight individuals in

the regularly managed paddy field at the Baihe Experimental Station in

2017. DCA1 was located within the QTL associated with RWC and plant

height. As the effect of DCA1 on drought tolerance has been described

in a previous study (Cui et al., 2015), only its effect on the plant height

was estimated using its function-loss (dca1) and overexpression

(35S::DCA1-7) mutants. These two transgenic lines and their wild-types

were provided by Dr. Lin Hongxuan and detailed information can be found

in Cui et al. (2015). The plant height was measured from eight individual

plants grown in the regularly managed paddy fields at the Baihe

Experimental Station in 2017.

Evolutionary Analysis of LAX1 and DCA1 between Upland and

Lowland Rice Ecotypes

Consensus sequences (reference sequence with SNPs called from each

genotype) of LAX1 and DCA1 (�2000 to 2000 bp) were extracted from

112 re-sequenced genotypes using an in-house Perl script. MEGA v.5.1

was used for the phylogenetic analysis and to draw the inferred phyloge-

netic tree.

SNP Validation by Sanger Sequencing

For genotyping validation, an approximately 1000 bp portion of one gene

(LOC_Os01g61480, LAX1) was selected to be Sanger sequenced in all

112 typical re-sequenced rice landraces. Five SNPs called from re-

sequencing data within this PCR-amplified segment were validated by

the Sanger method (Supplemental Table 10). The primers for PCR

amplification are listed in Supplemental Table 11.

ACCESSION NUMBERS
The SNP data from the SNP array are provided as a supplementary data-

set and the re-sequencing data included in this study are deposited in the

NCBI Sequence Read Archive under accession number PRJNA260762.

SUPPLEMENTAL INFORMATION
Supplemental Information is available at Molecular Plant Online.

FUNDING
This work is supported by the National Key R&D Programe of China (grant

no. 2017YFD0300100), Shanghai Agriculture Applied Technology Devel-

opment Program, China (grant no. G2016060107), Shanghai Natural Sci-

ence Foundation (17ZR1425500), National High-Tech Research and

Development Program of China (863 Plan) (grant no. 2014AA10A603),

Shanghai Agriculture Applied Technology Development Program, China

(grant no. 2017-02-08-00-08-F00071), National Natural Science Founda-

tion of China (grant no. 31501270), and Shared Platform of Crop Germ-

plasm Resources in Shanghai (18DZ2293700).

AUTHOR CONTRIBUTIONS
H.X., L.C., and L.J.L. designed the experiments. H.X., Z.L., J.X., and

X.S.M. conducted most of the field and molecular experiments. Q.J.L.

and L.C. evaluated root-related traits. H.X., Z.L., X.S.M., J.Q., and L.J.F.

analyzed the data. H.Y. and G.L.L. collected plant materials in this study.

H.X., L.J.F., and L.J.L. wrote the manuscript.

ACKNOWLEDGMENTS
We thank Dr. Chentao Lin (Department of Molecular, Cell, and Develop-

mental Biology, University of California, Berkeley) and Dr. Hongxuan Lin

(Shanghai Institutes for Biological Sciences, Chinese Academy of Sci-

ences). They provided the transgenic rice lines of LAX1 and DCA1,

respectively. We also thank Mr. Liang Zeng for his help with data analysis

and manuscript modification during revision. The authors declare no

competing financial interests.
14 Molecular Plant --, 1–15, -- 2019 ª The Author 2019.
Received: October 7, 2018

Revised: December 13, 2018

Accepted: December 16, 2018

Published: December 21, 2018
REFERENCES
Bernier, J., Atlin, G.N., Serraj, R., Kumar, A., and Spaner, D. (2008).

Breeding upland rice for drought resistance. J. Sci. Food. Agr.

88:927–939.

Chen, H., Xie, W., He, H., Yu, H., Chen,W., Li, J., Yu, R., Yao, Y., Zhang,

W., He, Y., et al. (2014). A high-density SNP genotyping array for rice

biology and molecular breeding. Mol. Plant 7:541–553.

Chen, S., Zhou, Y., Chen, Y., and Gu, J. (2018). fastp: an ultra-fast all-in-

one FASTQ preprocessor. bioRxiv, 274100. https://doi.org/10.1101/

274100.

Cheng, S., Huang, Y., Zhu, N., and Zhao, Y. (2014). The rice WUSCHEL-

related homeobox genes are involved in reproductive organ

development, hormone signaling and abiotic stress response. Gene

549:266–274.

Clark, R.M., Linton, E., Messing, J., and Doebley, J.F. (2004). Pattern of

diversity in the genomic region near the maize domestication gene tb1.

Proc. Natl. Acad. Sci. U S A 101:700–707.

Cui, L.G., Shan, J.X., Shi, M., Gao, J.P., and Lin, H.X. (2015). DCA1 acts

as a transcriptional co-activator of DST and contributes to drought and

salt tolerance in rice. PLoS Genet. 11:e1005617.

Danecek, P., Auton, A., Abecasis, G., Albers, C.A., Banks, E.,

DePristo, M.A., Handsaker, R.E., Lunter, G., Marth, G.T., Sherry,

S.T., et al. (2011). The variant call format and VCFtools.

Bioinformatics 27:2156–2158.

Denison, R.F. (2015). Evolutionary tradeoffs as opportunities to improve

yield potential. Field Crop Res. 182:3–8.

Doebley, J.F., Gaut, B.S., and Smith, B. (2006). The molecular genetics

of crop domestication. Cell 127:1309–1321.

Fang, Y., and Xiong, L. (2015). General mechanisms of drought response

and their application in drought resistance improvement in plants. Cell

Mol. Life Sci. 72:673–689.

Farooq, M., Wahid, A., Lee, D.J., Ito, O., and Siddique, K.H.M. (2009).

Advances in drought resistance of rice. Crit. Rev. Plant Sci.

28:199–217.

Fletcher, R.S., Mullen, J.L., Heiliger, A., and Mckay, J.K. (2015). QTL

analysis of root morphology, flowering time, and yield reveals trade-

offs in response to drought in Brassica napus. J. Exp. Bot. 66:245–256.

Gupta, P.C., andO’Toole, J.C. (1986). Upland Rice: AGlobal Perspective

(Los Baños, Philippines: International Rice Research Institute).

Harb, A., Krishnan, A., Ambavaram, M.M.R., and Pereira, A. (2010).

Molecular and physiological analysis of drought stress in Arabidopsis

reveals early responses leading to acclimation in plant growth. Plant

Physiol. 154:1254–1271.

Hu, H., and Xiong, L. (2014). Genetic engineering and breeding of

drought-resistant crops. Annu. Rev. Plant Biol. 65:715–741.

Hu, X.M., and Xu, L. (2016). Transcription factors WOX11/12 directly

activate WOX5/7 to promote root primordia initiation and

organogenesis. Plant Physiol. 172:2363.

Hu, H., You, J., Fang, Y., Zhu, X., Qi, Z., and Xiong, L. (2008).

Characterization of transcription factor gene SNAC2 conferring cold

and salt tolerance in rice. Plant Mol. Biol. 67:169–181.

Huang, D., Wang, S., Zhang, B., Shang-Guan, K., Shi, Y., Zhang, D.,

Liu, X., Wu, K., Xu, Z., Fu, X., et al. (2015). A Gibberellin-mediated

DELLA-NAC signaling cascade regulates cellulose synthesis in rice.

Plant Cell 27:1681–1696.

http://refhub.elsevier.com/S1674-2052(18)30378-2/sref52
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref52
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref52
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref1
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref1
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref1
https://doi.org/10.1101/274100
https://doi.org/10.1101/274100
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref3
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref3
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref3
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref3
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref4
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref4
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref4
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref5
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref5
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref5
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref6
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref6
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref6
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref6
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref7
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref7
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref8
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref8
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref9
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref9
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref9
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref10
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref10
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref10
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref11
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref11
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref11
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref12
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref12
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref14
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref14
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref14
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref14
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref15
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref15
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref16
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref16
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref16
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref17
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref17
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref17
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref18
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref18
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref18
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref18


Evolution of Drought Resistance in Rice Molecular Plant

Please cite this article in press as: Xia et al., Bi-directional Selection in Upland Rice Leads to Its Adaptive Differentiation from Lowland Rice in Drought
Resistance and Productivity, Molecular Plant (2019), https://doi.org/10.1016/j.molp.2018.12.011
International Rice Research Institute (IRRI). (1975). Major Research in

Upland Rice (Los Baños, Philippines: International Rice Research

Institute).

Jung, H., Lee, D.K., Choi, Y.D., and Kim, J.K. (2015).OsIAA6, a member

of the rice Aux/IAA gene family, is involved in drought tolerance and

tiller outgrowth. Plant Sci. 236:304–312.

Komatsu, K., Maekawa,M., Ujiie, S., Satake, Y., Furutani, I., Okamoto,

H., Shimamoto, K., and Kyozuka, J. (2003). LAX and SPA: major

regulators of shoot branching in rice. Proc. Natl. Acad. Sci. U S A

100:11765–11770.

Kovach, M.J., Sweeney, M.T., and McCouch, S.R. (2011). New insights

into the history of rice domestication. TRENDS Genet. 23:578–587.

Koziol, L., Rieseberg, L.H., Kane, N., and Bever, J.D. (2012). Reduced

drought tolerance during domestication and the evolution of

weediness results from tolerance–growth trade-offs. Evolution

66:3803–3814.

Kumar, G.R., Sakthivel, K., Sundaram, R.M., Neeraja, C.N.,

Balachandran, S.M., Rani, N.S., Viraktamath, B.C., and Madhav,

M.S. (2010). Allele mining in crops: Prospects and potentials.

Biotechnol. Adv. 28:451–461.

Leinonen, T., McCairns, R.J.S., O’Hara, R.B., and Meril€a, J. (2013).

QST–FST comparisons: evolutionary and ecological insights from

genomic heterogeneity. Nat. Rev. Genet. 14:179–190.

Li, H., and Durbin, R. (2009). Fast and accurate short read alignment with

Burrows–Wheeler transform. Bioinformatics 25:1754–1760.

Lipka, A.E., Tian, F., Wang, Q., Peiffer, J., Li, M., Bradbury, P.J., Gore,

M.A., Buckler, E.S., and Zhang, Z. (2012). GAPIT: genome

association and prediction integrated tool. Bioinformatics 28:2397–

2399.

Lou, Q., Chen, L., Mei, H.,Wei, H., Feng, F.,Wang, P., Xia, H., Li, T., and

Luo, L. (2015). Quantitative trait locus mapping of deep rooting by

linkage and association analysis in rice. J. Exp. Bot. 66:4749–4757.

Luo, L.J. (2010). Breeding for water-saving and drought-resistance rice

(WDR) in China. J. Exp. Bot. 61:3509–3517.

Lyu, J., Zhang, S., Dong, Y., He, W., Zhang, J., Deng, X., Zhang, Y., Li,

X., Li, B., Huang, W., et al. (2013). Analysis of elite variety tag SNPs

reveals an important allele in upland rice. Nat. Commun. 4:1–9.

Lyu, J., Li, B., He, W., Zhang, S., Gou, Z., Zhang, J., Meng, L., Li, X.,

Tao, D., Huang, W., et al. (2014). A genomic perspective on the

important genetic mechanisms of upland adaptation of rice. BMC

Plant Biol. 14:160.

Ma, X.S., Feng, F.J., Wei, H.B., Mei, H.W., Xu, K., Chen, S.J., Li, T.M.,

Liang, X.H., Liu, H.Y., and Luo, L.J. (2016a). Genome-wide

association study for plant height and grain yield in rice under

contrasting moisture regimes. Front. Plant Sci. 7:1801.

Ma, X., Xia, H., Liu, Y., Wei, H., Zheng, X., Song, C., Chen, L., Liu, H.,

and Luo, L. (2016b). Transcriptomic and metabolomic studies

disclose key metabolism pathways contributing to well-maintained

photosynthesis under the drought and the consequent drought-

tolerance in rice. Front. Plant Sci. 7:1–18.

McKenna, A., Hanna, M., Banks, E., Sivachenko, A., Cibulskis, K.,

Kernytsky, A., Garimella, K., Altshuler, D., Gabriel, S., Daly, M.,

et al. (2010). The Genome Analysis Toolkit: a MapReduce framework

for analyzing next-generation DNA sequencing data. Genome Res.

20:1297–1303.

Miller, J.R., Wood, B.P., and Hamilton, M.B. (2008). FST and QST under

neutrality. Genetics 180:1023–1037.

Pandey, V., and Shukla, A. (2015). Acclimation and tolerance strategies

of rice under drought stress. Rice Sci. 22:147–161.
Pavlidis, P., �Zivkovi�c, D., Stamatakis, A., and Alachiotis, N. (2013).

SweeD: likelihood-based detection of selective sweeps in thousands

of genomes. Mol. Biol. Evol. 30:2224.

Price, M.N., Dehal, P.S., and Arkin, A.P. (2010). FastTree 2 –

approximately maximum-likelihood trees for large alignments. PLoS

One 5:e9490.

Qiu, J., Zhou, Y., Mao, L., Ye, C., Wang, W., Zhang, J., Yu, Y., Fu, F.,

Wang, Y., Qian, F., et al. (2017). Genomic variation associated with

local adaptation of weedy rice during de-domestication. Nat.

Commun. 8:15323.

Tao, Z., Kou, Y., Liu, H., Li, X., Xiao, J., andWang, S. (2011).OsWRKY45

alleles play different roles in abscisic acid signalling and salt stress

tolerance but similar roles in drought and cold tolerance in rice.

J. Exp. Bot. 62:4863–4874.

Uga, Y. (2012). Quantitative measurement of root growth angle by using

the basket method. In Methodologies for Root Drought Studies in

Rice, H.E. Shashidhar, A. Henry, and B. Hardy, eds. (The Philippines:

International Rice Research Institute), pp. 22–26.

Vikram, P., Swamy, B.P.M., Dixit, S., Singh, R., Singh, B.P., Miro, B.,

Kohli, A., Henry, A., Singh, N.K., and Kumar, A. (2015). Drought

susceptibility of modern rice varieties: an effect of linkage of drought

tolerance with undesirable traits. Sci. Rep. 5:1–18.

Wang, Q., Xie, W., Xing, H., Yan, J., Meng, X., Li, X., Fu, X., Xu, J., Lian,

X., Yu, S., et al. (2015). Genetic architecture of natural variation in rice

chlorophyll content revealed by a genome-wide association study.

Mol. Plant 8:946–957.

Wang, D., Qin, Y., Fang, J., Yuan, S., Peng, L., Zhao, J., and Li, X.

(2016). A missense mutation in the zinc finger domain of OsCESA7

deleteriously affects cellulose biosynthesis and plant growth in rice.

PLoS One 11:1–16.

Wang, W., Mauleon, R., Hu, Z., Chebotarov, D., Tai, S., Wu, Z., Li, M.,

Zheng, T., Fuentes, R.R., Zhang, F., et al. (2018). Genomic variation in

3,010 diverse accessions of Asian cultivated rice. Nature 557:43–49.

Wen, W., Li, D., Li, X., Gao, Y., Li, W., Li, H., Liu, J., Liu, H., Chen, W.,

Luo, J., et al. (2014). Metabolome-based genome-wide association

study of maize kernel leads to novel biochemical insights. Nat.

Commun. 5:1–10.

Wright, S.I., Bi, I.V., Schroeder, S.G., Yamasaki, M., Doebley, J.F.,

McMullen, M.D., and Gaut, B.S. (2005). The effects of artificial

selection on the maize genome. Science 308:1310–1314.

Xia, H., Zheng, X., Chen, L., Gao, H., Yang, H., Long, P., Rong, J., Lu,

B., Li, J., and Luo, L. (2014). Genetic differentiation revealed by

selective loci of drought-responding EST-SSRs between upland and

lowland rice in China. PLoS One 9:e106352.

Yordanov, I., Velikova, V., and Tsonev, T. (2003). Plant responses to

drought and stress tolerance. Photosynthetica 38:187–206.

Zhang, D., Zhang, H., Wang, M., Sun, J., Qi, Y., Wang, F., Wei, X., Han,

L., Wang, X., and Li, Z. (2009). Genetic structure and differentiation of

Oryza sativa L. in China revealed bymicrosatellites. Theor. Appl. Genet.

119:1105–1117.

Zhang, C., Liu, J., Zhao, T., Gomez, A., Li, C., Yu, C., Li, H., Lin, J.,

Yang, Y., Liu, B., et al. (2016). A drought-inducible transcription

factor delays reproductive timing in rice. Plant Physiol. 171:334–343.

Zhao, T., Liu, J., Li, H.Y., Lin, J.-Z., Bian, M.D., Zhang, C.Y., Zhang,

Y.X., Peng, Y.C., Liu, B., and Lin, C.T. (2015). Using hybrid

transcription factors to study gene function in rice. Sci. China Life

Sci. 58:1160–1162.
Molecular Plant --, 1–15, -- 2019 ª The Author 2019. 15

http://refhub.elsevier.com/S1674-2052(18)30378-2/sref19
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref19
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref19
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref21
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref21
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref21
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref22
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref22
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref22
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref22
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref53
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref53
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref23
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref23
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref23
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref23
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref24
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref24
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref24
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref24
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref25
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref25
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref25
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref25
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref26
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref26
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref27
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref27
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref27
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref27
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref28
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref28
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref28
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref54
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref54
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref29
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref29
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref29
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref30
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref30
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref30
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref30
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref31
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref31
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref31
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref32
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref32
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref32
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref32
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref32
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref33
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref33
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref33
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref33
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref33
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref34
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref34
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref35
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref35
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref36
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref36
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref36
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref36
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref36
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref37
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref37
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref37
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref38
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref38
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref38
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref38
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref39
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref39
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref39
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref39
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref40
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref40
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref40
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref40
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref41
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref41
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref41
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref41
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref42
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref42
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref42
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref42
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref43
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref43
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref43
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref43
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref44
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref44
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref44
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref45
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref45
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref45
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref45
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref46
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref46
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref46
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref47
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref47
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref47
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref47
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref48
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref48
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref49
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref49
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref49
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref49
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref50
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref50
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref50
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref51
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref51
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref51
http://refhub.elsevier.com/S1674-2052(18)30378-2/sref51

	Bi-directional Selection in Upland Rice Leads to Its Adaptive Differentiation from Lowland Rice in Drought Resistance and P ...
	Introduction
	Results
	Morphological Differences in Drought Resistance and Productivity between Upland and Lowland Rice Ecotypes
	Genomic Differentiation, Linkage Disequilibrium, and Genetic Diversity between Upland and Lowland Rice
	Balancing Selection in Upland Rice and Directional Selection in Lowland Rice Detected by Tajima's D Test and Selective Swee ...
	Genomic Trade-Offs between Drought Resistance and Productivity by Tandem Linkage and Pleiotropy
	Genome-Wide Associations for Drought Resistance and Agronomic Traits

	Discussion
	Upland and Lowland Rice Are Morphologically and Genetically Differentiated in Both Drought Resistance and Productivity
	Genomic Trade-Offs between Drought Resistance and Productivity
	Bi-directional Selection in Upland Rice Promotes Adaptive Differentiation between Upland and Lowland Rice Ecotypes
	Implications from the Evolution of Drought Resistance in Upland Rice for Breeding

	Methods
	Plant Materials and Genotyping
	Measurements of Important Agronomic and Drought-Resistant Traits
	Data Analysis
	SNP Genotyping by SNP Array and Re-sequencing
	Population Structure Inference
	Estimation of Population Parameters
	LD Analysis
	Analysis of the Ecotype-Private Alleles
	Detection of Potential Recombinant Genotypes within Genomic Regions Conferring Both Drought Resistance and GDP Genes
	Detection of Genomic Differentiation
	Enrichment of Gene Ontology for Different Categories of Highly Different Genes
	Genome-Wide Association Analysis for GDP- and DR-Related Traits
	Functional Validation of the Candidate Drought Resistance Genes (DCA1 and LAX1) Identified by GWAS
	Evolutionary Analysis of LAX1 and DCA1 between Upland and Lowland Rice Ecotypes
	SNP Validation by Sanger Sequencing


	Accession Numbers
	Supplemental Information
	Acknowledgments
	References


