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Abstract: Drought resistance is required in rice breedingddress the challenge of frequent
droughts. However, the evolution of rice droughsiseance is not fully understood. We
investigated the genetic differentiation betweetang and lowland rice domesticated in
agro-ecosystems of contrasting water-soil conditioy high-throughput SNPs. We estimated
their morphological differences in drought resismrand productivity through common
garden experiments. Upland rice possessed betiaghir resistance but poorer productivity.
Negative correlations between traits of droughtstasce and productivity were observed.
These negative correlations are attributed to getreideoffs between drought resistance and
productivity by tight linkages (e.dCA1 and OsCesAY or pleiotropic effects (e.d-AX1).
The genetic tradeoff is common and greatly shapesewolution of drought resistance in
upland rice. Signs of balancing selection deteatedpland rice while signs of directional
selection detected in lowland rice, on genomicoegiassociated with both productivity and
drought resistance, lead to their adaptive diffeation. Signs of balancing selection in
upland rice resulted from bi-directional selectiduring its domestication in drought-prone
upland agro-ecosystem. Bi-directional selectiomplied in breeding water-saving and drought
resistance rice (WDR), breaks tight linkages byuaudating recombination events. Using
genome-wide association analysis, we identifiedesdvvaluable QTLs associated with

drought resistance, in which highly differentiatgghes should be candidates.

Key words: drought resistance, upland rice, ecological admptatecotype, tradeoff,

domestication
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Introduction

Drought is one of the most disastrous stressorgdercultivation. It causes serious yield loss
to annual rice production (Farooq et al., 2009;,12@10). Thus, it is necessary to identify and
utilize genetic resources of drought resistanagcie breeding (Luo, 2010). However, drought
resistance is a complicated trait composed of sévaechanisms (e.g. drought-avoidance,
drought-tolerance, and drought-recovery) (Bernieale 2010; Fang and Xiong, 2015) and
hundreds of genes with minor effects (Fang and &i@®15). Interactions with environments

substantially affect drought resistance as welrdfq et al., 2009; Hu and Xiong, 2014).

Therefore, the molecular mechanism of rice drougsistance and its evolutionary process in
rice remain unknown.

Given its complicated nature, drought resistancepissidered an integrated trait that is
associated with other agronomic traits (Farood.e2809; Bernier et al., 2010; Fletcher et al.,
2015). It is typically assumed that a balance sxisetween drought resistance and
productivity (Fletcher et al., 2015; Vikram et &015). At the gene scale, a yield penalty
detected along with a drought resistance genetisan® (e.gSNAC20sIAAG OsABF1 etc.)
(Hu et al., 2008; Jung et al., 2015; Zhang et2016). At the physiological scale, a plant
always inhibits its photosynthetic capacity and ynather life activities during drought to
ensure better survival. However, these acclimatissponses may delay the growth and
decrease the productivity of a plant (YordanovletZ2900; Harb et al., 2010; Pandey et al.,
2015). At the individual scale, elite irrigatedeicarieties bred for high productivity and good
quality are very sensitive to drought (Luo, 2010kr&m et al., 2015). These observations
indicate a potential tradeoff between drought taeise and productivity. If the tradeoff exists,
it will substantially shape the adaptive evolutmindrought resistance in rice and should be
overcome in breeding for drought resistant cul8vdWikram et al., 2015). However,
knowledge is still limited about the genomic traffilend its influences on the evolution of
drought resistance in rice.

Fortunately, there are two rice ecotypes domesiicain agro-ecosystems with
contrasting soil-water conditions, which allowsrtht be differentiated in drought resistance.
Upland rice is domesticated in rain-fed unbundettl§. It has been reported to accumulate
genetic variance during its adaptation to drougbtip mountain areas, resulting in improved
drought resistance (Gupta and O'Toole, 1986; Berstieal., 2010). However, upland rice
exhibits generally poor productivity (Bafios, 19%pta and O'Toole, 1986; Xia et al., 2014;
Lyu et al., 2014). In contrast, lowland rice is c¢oonly grown in fields with
water-maintenance and even irrigation facilitieeawland rice encounters relatively less
drought risk during its domestication (Bernier & 8010). Consequently, lowland rice is
more productive and of better quality than uplaing (Bafios, 1975; Gupta and O'Toole,
1986). These two ecotypes provide us with a goopodpnity to study the adaptive
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differentiation of the two rice ecotypes in drougigistance under human selection.

In this study, we investigated performances of dgland and 103 lowland rice landraces
in regularly managed paddy fields, drip-irrigatéelds, and naturally dried fields for their
productivity and drought resistance. These ricéldaces, as well as some common wild rice
accessions, were further genotyped by high-throughiechnologies (SNP array and
resequencing) to study the genomic differentiati@tween upland and lowland ecotypes,
particularly for drought resistance. We aimed tdrads the following questions: (1) Is upland
rice differentiated from lowland rice for drouglgsistance? (2) If it is, how are upland and
lowland rice adaptively differentiated for droughsistance? The knowledge gained from this
study can deepen our understandings of drougldta@sie and provide informative cues for

breeding drought resistant cultivars.

Results
Morphological differences in drought resistance andproductivity between upland and
lowland rice ecotypes
Based on the field performance evaluated undergtitoconditions, upland rice demonstrated
significantly higher drought resistance than lowdance did through several key drought
resistant traits. For example, it possessed a higltie of deep-rooting (RDR), a lower rate of
water loss (RWL) in excised leaves, higher relativater content (RWC) under drought,
higher relative fecundity (RF), and higher relatgrain weight (RGW) (Table 1). In contrast,
lowland rice exhibited better performance in grawdevelopment, and productivity (GDP,
the abbreviation for growth, development, and potigity) under well-watered (W) and
drip-irrigated (CK) conditions, which was represegtas ed through more panicles, greater
biomass, and higher grain yield. Negative correfegibetween the traits of drought resistance
and GDP were frequently detected in our experim@figure 1). For example, RDR, RWC,
and RGW were negatively correlated with the numbketillers (NT) (Figure 1). These
negative correlations reflected certain tradeodfsMeen drought resistance and productivity.
A comparison of @ to the neutral & was conducted to detect the potential adaptive
evolution for drought resistant or agronomic traits this study, the neutral genomigF
(calculated using intergenic SNPs) was 0.097+0.6@tween upland and lowland rice
ecotypes. Surprisingly, none of estimated droughistant traits had significantly higheg:Q
than the neutral genomicFbetween the typical upland and lowland rice ecety{Figure
S1).

Genomic differentiation, linkage disequilibrium, and genetic diversity between upland
and lowland rice
Based on >30,000 informative SNPs from the rice aN&y, theGeng(japonicg upland and
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lowland rice could be generally separatgd cluster analysis. This indicated there was a
considerable level of genetic differentiation (mdap=0.171+0.002) between the two rice
ecotypes (Figure 2b). Patterns of linkage disedguilm (LD) across the genome were
generally similar between the two ecotypes and \gatguickly within 200K bp. However,
the upland ecotype represented a slightly quickedecay than the lowland rice (Figure 2c).
Across the genome, we detected 184 highly difféagsd windows (E+>0.379, beyond
the 95% confidence interval) out of total 3,684imde windows, and 21.7% of the windows
contained at least one gene relevant to drougittaese (Figure 3a). As expected, windows
containing genes relevant to drought resistancéogat significantly higher meansfvalues
than other regions (Figure 3d), whereas windowdainimg GDP genes had the equivalent
mean krto the genomic average (Table S1). This outcomeanes that upland and lowland
rice are genetically differentiated in regions velet to drought resistance. Highly
differentiated regions (HDR) thus could be potdiytiassociated with drought resistance.
Estimated by[[upiand] lowianses Upland rice possesses higher relative genetiersity
(mean[ [ypiand [ Towians=1.158) in general (Figure 3b). Surprisingly, wimdopossessing higher
[Tupland[ Tlowiana ratios were generally highly differentiated (Figu8e). This indicates that
genetic regions relevant to drought resistancegsaskigher genetic diversity in upland rice.
At the gene scale, highly differentiated genes (H[Hs:>0.455, beyond the 95% confidence
interval) of []upiand] lilowiana ratio>2.0 were relevant to plant responses to uaristressors
(Figure S2). This result also confirmed that gepesentially associated with drought
resistance had higher genetic diversity in uplaod. rHigher genetic diversity detected in
drought resistant genes indicated there was nagtioectional selection imposed on upland
rice for drought resistance. It was also noteworttmat upland rice shared great

ecotype-private alleles with common wild rice (Fig$3).

Balancing selection in upland rice and directionakelection in lowland rice detected by
Tajima’s D test and selective sweep detection

As mentioned above, highly differentiated regiorkevant to drought resistance were not
under directional selection in upland rice; thusré must be other causes for promoting
differentiation between upland and lowland rice doought resistance. To uncover potential
explanations, we performed Tajima3 test (Figure 4a) and analysis of selective sweep
(Figure 4b, c) in the two rice ecotypes. We detkdi8 regions with balancing selection in
upland rice and two regions with balancing selectio lowland rice (Figure 4a, Table S2).
Those regions detected in upland rice possessédrgigralues between upland and lowland
rice, as well as highef upand] [owana ratios (Table S2). The results obtained from SweeD
suggested that highly differentiated regions regmeesd signs of selective sweep only in

lowland rice (Figure 4b, c; Table S3). Hence, ggnating all these results, we speculated
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that these highly differentiated regions were dmti\by directional selection occurred in
lowland rice while balancing selection occurreduipland rice. Noticeably, most of these
highly differentiated regions contain genes/QTLsoth drought resistance and GDP (Table
S2).

Genomic tradeoffs between drought resistance and pductivity by tandem linkage and
pleiotropy

Based on the Ricedata (up to"3@eptember), 285 and 356 genes, were relevarrbtayhit
resistance and GDP, respectively (Table S4). Thesewdistributed in 918 (517 for drought
resistance and 613 for GDP) 200 kb-windows (slidmd00 Kb steps) across the genome.
Among these windows, 212 (5.67% of total windowehtained genes relevant to both
drought resistance and GDP (Figure 3a), which wgsfantly beyond the ratio by chance
(2.27% of total windowsp<0.001 byy® test). Thus, tight linkages between genes of drbug
resistance and productivity are very common. Weheir calculated the frequencies of
recombinant genotypes within windows containingegeaf both drought resistance and GDP
in cultivated rice genotypes and wild rice accessifTable S5). Interestingly, upland rice
possessed more windows containing ecotype-sp€8ifizs. 10) and ecotype-preferential (11
vs. 4) recombinant genotypes than lowland rice(Bigure S4, Table S5). Meanwhile, typical
upland and lowland rice could be separated by réguation within windows containing
genes of both drought resistance and GDP (Figude Sdme rare, but ecotype-specific,
recombinant genotypes could only be detected iangplice. This could partially explain the
slightly slower LD decay detected in upland ricel anggest a role for recombination in the
adaptation of upland rice to a drought-prone emvitent. Meanwhile, 148 genes of drought
resistance have been functionally studied. Amoregeahfunction-studied drought resistant
genes, 28 genes were reported to have unwantentrpl@c effects (Table S6). This result
indicates the unwanted pleiotropic effect of a dtduresistant gene on GDP is another

potential cause for the genetic tradeoff betweengint resistance and productivity.

Genome-wide associations for drought resistance arajronomic traits
We detected 53 QTLs for 27 measured traits amopgrarents by GWAS (Figure 5). Many
known genes, includingdsGS3for 100GW-CK/D, OsCOW1 for FLW-D, OsPUP7 for
GW-CK, OsGl, YL1andOsHIGDfor PH-W, Ghd7for HI-D, DCA1for RWC, OsGL1-10for
RB, andOsSIK1for RF, were located within these QTLs (Figureab)l were considered to be
corresponding candidates. These results indicated @NVAS had good efficiency for
identifying candidate genes of drought resistance.

Among all the detected QTLs, the QTLs for RWC aht(Ehr10:16600000—-16800000)

were noteworthy (Figure 5). Signals of balancinig&®n in upland rice and selective sweep
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in lowland rice were detected at this region (Tabk Table S3). A known drought resistant
gene PCAL LOC 0s10g3185Q which enhances rice drought resistance by chinigo
stomatal aperture, was located within its regidncduld generally separate upland and
lowland ecotypes based on its sequence (FigureHiayever,DCAL is reported to have no
obvious impact on productivity and only a minoreeff on plant height (Figure S5).
Interestingly, we foundEhdl (controlling heading date and panicle developmeanyl
OsCesA7having significant impacts on the number of t8leplant height, and productivity)
were also located nearby (distance of ~500kb). thlwegenes are tightly linked withCA1,
which was revealed by high correlation coefficiefsamongSNPs inDCA1, Ehd1,and
OsCesA7(Figure 6b). Meanwhile, they possess high Falues and[Jupiand] [iowiand ratios
(Figure 6b). This region provides a good examplehef genetic tradeoffs caused by tight
linkages. Additionally, we detected several recorabon events betwee®CAl and
OsCesAthat occurred only in upland rice (Figure S6).

Another notable QTL of RWL located at the regiorCbir1:35500000—-35700000 (Figure
5). A well-known GDP gend,AX1 (LOC_0s01g6148@3 found within this region. It had the
highest kt value (Figure S7a) between upland and lowlandet#ypes and could generally
separate the two ecotypes in the cluster analfgisife 6¢). Interestingly, its transgenic lines
of VP64-TF fusion type (activated form) representied typical morphological features of
upland rice compared to lowland rice, such asrtdlidght, fewer tillers, wider flag leaves,
and poorer productivity (Figure S7c-h). Once it reay impacts on drought resistance,
tolerant genotypes should contain the advantagatiake for drought-resistance, whereas
susceptible genotypes should contain the disadgaates allele. As expected, it possesses the
higher kst between the drought-tolerant and drought-susdepgloups (Figure S7b), and
LAX1 should have pleiotropic effects on drought-resiséa This assumption was supported
by lower RWL (Figure 6d) and better RWC observedvir64-TF transgenic lines at the
seedling stage under osmotic stress (Figure l6®X1 thus provided an ideal example of a
drought-resistant gene having unwanted pleiotragdfects on GDP that was adaptively
differentiated between rice ecotypes.

For potential drought-resistant candidates, the @TLRDR (peak signal at Chr08:
8640319) should be paid to particular attentiongyuife 5). It is located at regions
representing signs of selective sweep in uplanel. he OsWOX12A(LOC_0s08g14400
was considered to be the candidate gene as it wghdy Idifferentiated between ecotypes
(Fs=0.576) (Figure S8a) and reported to be relatel mibt primordia initiation. Meanwhile,
the QTL for RGW (peak signal at Chrll: 24507478yaeveetected repeatedly in 2016 and
2017 (Figure 5). As RGW exhibited significant difaces between upland and lowland
ecotypes, three highly differentiated;£#0.25) drought-responsive gené©C_0s11g41410,
LOC 0s11g41600, LOC_0Osllg4lyHnd the drought-responsive geh®C 0s11g4161)0
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containing the SNP of peak signal were good camekdfr further validation (Figure S8b).

Discussion

The upland and lowland rice are morphologically andgenetically differentiated on both
drought resistance and productivity

Investigated by International Rice Research Ingtjtumany typical upland rice
varieties/landraces exhibit good drought resistaarat have some morphological differences
compared to lowland/irrigate rice such as widewvdsa increased height, fewer tillers, and
deeper roots (Gupta and O'Toole 1986; Bafios197gr Axamining hundreds of upland and
lowland rice landraces covering most areas in Ghiugafound that upland rice confers better
drought-avoidance (e.g. higher RDR and lower RWhjl arought-tolerance (e.g. RWC,
relative fecundity, and relative grain weight measuin the field with shallow soil-layers).
However, upland rice generally presents poor parémces compared to lowland rice in both
regularly managed paddy fields and drip-irrigatettds. The significant differences detected
in this study indicate upland and lowland rice smenewhat differentiated in terms of drought
resistance and productivity.

In addition to morphological differences, we alstetted a considerable level of genetic
differentiation between upland and lowland rice.isThesult is consistent with previous
studies using genomic SSR (Zhang et al.,, 2009),-&EH (Xia et al., 2014), and
resequencing (Lyu et al., 2014) data. We furthenébthat k values for regions relevant to
drought resistance went beyond the genomic averahjieh provided solid evidence that
upland and lowland rice are adaptively differemtiafor drought resistance. However, we did
not detect significant differences in therfvalues between GDP-relevant regions and the
genomic average, although many agronomic traits @dpresent morphological differences.
This outcome indicates that selection for agronotrags in upland and lowland rice are
generally similar.

The comparison of quantitative genetic divergen€®y)( to the neutral genetic
divergence (Ey) can be used to detect adaptive evolution. If@eis significantly higher
than the neutral dt, it means that the directional selection drivesritypic divergence and
results in ecological adaptation (Miller et al. 080 Leinonen et al., 2013). Surprisingly, no
drought resistant traits have significantly higer values than the neutral genomig.FThis
result indicates that directional selection on diguesistance may not be the primary force
leading to the adaptive differentiation betweeranpland lowland rice ecotypes for drought

resistance.

Genomic tradeoffs between drought resistance and pductivity

The tradeoff between drought resistance and GDFbbas previously discussed for many
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plant species (Harb et al., 2010; Koziol et al120-letcher et al., 2015; Vikram et al., 2015;
Denison, 2015). It is considered to be caused bytimtradiction between the biological and
agricultural requirements of drought resistancer Bowild species, a plant activates
acclimation responses, such as inhibiting normatabwic processes, slowing growth and
development, and reducing productivity, to ensugtieln survival under drought conditions
(Yordanov et al., 2000; Harb et al., 2010; Pandegl.¢ 2015). In contrast, humans require a
stable yield for a crop under a drought, in whichnmer drought resistance is defined for the
crop. Evidently, many genes that can enhance tin@val rate of rice seedlings under
simulated drought stress have been reported to pewalties on GDP (Hu et al., 2008; Jung
et al., 2015; Zhang et al., 2016). In this studygative correlations were observed between
many drought resistant traits and GDP traits. Tinding reflects certain tradeoffs between
drought resistance and productivity during rice detitation. Two genetic mechanisms are
the causes of the observed tradeoff: (1) tightdgds between genes of drought resistance and
productivity (Vikram et al., 2015), and (2) unwadhteleiotropic effects of drought resistant
genes on GDP (Hu et al., 2008; Jung et al., 20h&ng et al., 2016). Genomic tradeoffs
between drought resistance and productivity magtsuiially block the utilization of genetic
resources for drought resistance in breeding (Viked al., 2015).

Tight linkages between genes of drought resistamckeproductivity are very common,
indicated at a frequency of 23.1% across the riggoge in this study. We provide an
example of the tight linkage betweBXCAlandOsCesA7DCAlis a gene that enhances rice
drought resistance by controlling the stomatal @per(Cui et al., 2015). It is tightly linked
with OsCesA7, whicbontrols many important agronomic traits (e.g.nplaeight, number of
tillers, and fecundity) (Huang et al., 2015; Wangle, 2016). The tight linkage between the
two genes may be the cause of negative correlabetseen the RWC and plant height
observed in our experiments, because QTLs for baits were identified within the same
region by GWAS. If we want to obtain the maximurmé fromDCAL in breeding, its tight
linkage withOsCesA&hould be broken.

Meanwhile, a proportion of drought resistant ge(l£:9%) have negative pleiotropic
effects on productivity, which results in yield pdéres. In this study, we foundAX1
(LOC_0s01g61480 which controls plant height, number of tillers, agdain weight
(Komatsu et al., 2003), also has opposite impantslrought resistance. The selection on
LAX1 alleles for drought resistance may result in tgpmorphological features (wider leaves,
taller, and less tillers) in upland rice. Thesaulissmean we could not obtain both advantages
on drought resistance and productivity from majdeles of LAX1L To overcome the
unwanted pleiotropic effect of a drought resistgane, utilizing ideal alleles in natural
variants is an effective way (Kumar et al., 2018p &t al., 2011). Upland rice shares great

ecotype-specific alleles with common wild rice amdiains higher genetic diversity due to
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balancing selection during its domestication inamgl environments. It is thus a good genetic
resource for drought resistance and could be useddllecting rare but ideal alleles for

drought resistance (Lyu et al., 2013).

Bi-directional selection in upland rice promotes adptive differentiation between upland
and lowland rice ecotypes

The primary hypothesis, which is accepted by masgarchers, is that drought resistance is
under directional selection in upland rice, whidffiedentiated upland rice from lowland rice
(Lyu et al., 2013, 2014; Xia et al., 2014). Howevapst of the molecular evidence from the
present study does not support this hypothesisu®ieths of genetic diversity and signs of
selective sweep are always caused by directiontettgmn (Clark, et al., 2004; Wright and
Gaut, 2005; Doebley et al., 2006). In this stugyanod rice confers higher genetic diversity
on highly differentiated regions and drought-regpom genes than lowland rice does.
Meanwhile, it is very surprising that balancinges#ion is always detected in upland rice
while selective sweep was uniquely detected in dolrice for their highly differentiated
regions. By integrating these results, we generatechodel for adaptive differentiation
between upland and lowland rice during domestioat{a) Genetic tradeoffs exist between
drought resistance and GDP. (b) Domesticating lodlaice in paddy fields focused on
improving its productivity, which results in dir@aal selection on GDP. (c) Domesticating
upland rice in drought-prone upland environmentk tmto account both yield potential in
ideal environments (productivity) and yield staliliunder drought conditions (drought
resistance) (Bafos, 1975; Bernier et al.,, 2010; dtd Xiong, 2014). This required a
bi-directional selection on GDP during rain-suffict years and on drought resistance during
drought years. This pattern of selection resultssigns of balancing selection for some
genomic regions in upland rice. (d) Divergent pateof human selection (bi-directional
selection between drought resistance and GDP iandptice while directional selection for
GDP in lowland rice) led to adaptively differengdt ecotypes, particularly for drought
resistance. This model is feasible and supportealbyesults.

Furthermore, other patterns, such as the posgibilita gene of drought resistance being
directionally selected in upland rice (Lyu et @013; 2014), may also exist. Many genetic
regions in upland rice also receives directionéc®mn, which is represented through low
relative genetic diversity and signs of selectiveeep. For example, we detected a selective
sweep at a highly differentiated region of Chr7@D@00 in upland rice. It contains two
potential drought resistant genes, includiARAG1 (LOC_0s07g01070 and OsGL1-8
(LOC_0s07g01150 which may be directionally selected in uplanceriMeanwhile, a QTL
of drought-avoidance (position of associated SNARIDR, Chr08:8640319) is also located at

the genomic regions which receives directional ciigle in upland rice. The highly
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differentiated gene@QsWOX12Ashould be the candidate gene according to itstiwm for

root primordia initiation (Cheng et al., 2014; HodaXu, 2016). These results mean some
highly differentiated regions relevant to drouglesistance are resulted from directional
selection on drought resistant genes in upland fibés pattern of selection and its roles in

rice adaptive differentiation during domesticatgtrould be further investigated.

Implications from evolution of drought resistance n upland rice for breeding

Bi-directional selection and its subsequent evohary results provide informative cues for
overcoming the tradeoff arising from the tight Bigle between genes of drought resistance
and productivity. For example, recombinant genaypetween drought resistant and GDP
genes (e.goCAlandOsCesAYcould be accumulated in upland rice landraceglithahally,
some upland rice possesses rare ecotype-spectomi@nant genotypes. A recombinant
event may break the tradeoff caused by the tigikatye and is meaningful for breeding.
Recombinant genotypes may confer both good drowgistance and high productivity
(Vikram et al., 2015). In fact, the strategy of diiectional selection between drought
resistance and productivity season by season heas dplied in rice breeding. Many WDR
varieties (derived from upland rice x lowland rieg)h both advantages in drought resistance
and productivity have been developed by rotatingcsien on yields and drought resistance

season by season (Luo, 2010).

Methods

Plant materials and genotyping

China is the origin and domestication center foraA<ultivated rice (particularly foGeng
(japonicg subspecies) and has a long history of rice califovach et al., 2011; Wang et al.,
2018). Studying adaptive differentiation betweemang and lowland rice from China can
build the general model of rice ecotypes adaptabatifferent agro-ecosystems under human
selection. Two hundred and fifteen rice genotypesiuding 113 upland and 102 lowland
landraces, were involved in this study (Figure Pable S7). These upland and lowland
landraces were aleng (japonicg subspecies. It is because ecotypesseng (japonicg
subspecies exhibit considerable level of diffeiidin revealed by previous studies (Xia et al.,
2014; Lyu et al., 2014). These rice landraces westkected from seven provinces (Hebei,
Henan, Jiangsu, Hunan, Guangxi, Guizhou, and Yynima@hina (Figure 1), in which most
landraces are of the subgroup of East Asian tertwévdang et al., 2018). These provinces
cultivate 79.7% of the totabeng (japonicg upland rice in China, according to Agrodata

(http://crop.agridata.cn/A010110.asp). We seleetpavalent numbers of upland and lowland
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landraces within each province to make them balamggography. Thus, upland landraces
from Shandong and Guangdong Provinces were natdedl in this study as there was no
Geng (japonicg lowland rice grown in these two provinces. Thisnpling strategy could
avoid statistical bias from isolation by distankanwhile, these landraces were preselected
to ensure their complete life histories in Shang8aity-five accessions of common wild rice
(Oryza rufipogoi were also used in this study as the referendal€Ta7).

The 215 rice landraces and 20 accessions of conwitidmice were genotyped using the
60K rice SNP array after the extraction of entinigh-quality DNA from green leaves using a
routine protocol. To study the genetic differentiatbetween ecotypes at the gene scale, 112
(52 upland and 60 lowland) typical landraces andid&essions of common wild rice were
sent for resequencing by lllumina X Ten at ShanhaorbioBiopharm Technology Co. Ltd.
(Shanghai, China). A total of 921.6 Gb pair-endusege data were generated, which covered

an average depth of ~15x for each sample (Table S8)

Measurements of important agronomic and drought reistant traits

Eight important agronomic traits (Table 1) were mead for two growing seasons (2014.11—
2015.4 and 2015.11-2016.4) in regularly managedypéidlds at the Lingshui Experimental
Station, Hainan Province. Rice seedlings were plansed into fields 25 days after
germination. Each landrace was planted in a plat mfws x 7 hills with 18 cm intervals. Six
traits of drought-avoidance, including the ratiodeep-rooting (RDR), number of deep roots
(NDR), number of shallow roots (NSR), total numbéroots (NTR), number of roots per
panicle (NRP), and the rate of water loss (RWL)ektised leaves after two hours were
measured for one season (2014.11-2015.4) at thygshuin Experimental Station in Hainan.
The measurements of root traits were from fourdgimal replicates for each landrace grown
in the paddy field using the ‘basket’ method (Ug@12) with minor modifications (Lou et al.,
2015). The RWL was measured from three biologiegilicates containing two mature
flag-leaves two hours after the leaf was samplethfthe paddy field and naturally dried at
room temperature. Measurements of drought-tolerameee conducted in the drought
resistance screening facility for two seasons (Z»4216.10 and 2017.5-2017.10) at Baihe
Experimental Station in Shanghai. The canopy offéledity was normally opened and could
be closed on rainy days to enable continuous drocmyditions. The depth of the soil-layer
in the experimental field was limited to 30cm, whicenabled the separation of
drought-tolerance from drought-avoidance (Ma et24116). With the shallow soil-layer, root
development was restricted and equalized amongtgee®m Therefore, the differences in
drought-avoidance by roots could be largely miggatThe design of sallow soil-layers also
permitted homogenous levels of soil-water contendss the drought-treated field (~5% C.V.)

(Ma et al. 2016) As crop drought-tolerance was empirically quantifiby its relative
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performances under drought to well-watered conutiaice plants of each genotype were
planted in two nearby fields: one that was treatét mid to late (from the tillering stage to
the heading stage) drought conditions (D) and theraemained drip-irrigated as the control
(CK). Rice seedlings were transplanted into ploith 8 rows x 8 hills with 18 cm intervals
30 days after germination. Both D and CK fields eveormally irrigated as paddy fields
during the first 20 days after transplanting. Aftee seedlings began tillering, water was
pumped out of the D field, and it was allowed tyg daturally. Meanwhile, the CK field was
drip irrigated to make the soil-oxygen conditionieser to those of the D field. After
approximately 40 days of drought treatment, whenlaidraces had flowered and the
soil-water content at a depth of 30cm dropped sdy€r12.6% in 2016 and ~8.4% in 2017),
the drought treatment was stopped and both fiekte weirrigated. Nine important agronomic
traits were measured under D and CK fields (Table=ive drought-tolerance related traits,
including relative content under drought on 30 dafter drought-treated (RWC), relative
100-grain weight, relative fecundity, relative biass, and relative grain weight, were also
measured or calculated (Table 1). RWC was measiosd three individuals while other
drought-tolerant traits were measured from sixviatlials. The comparison of each measured
trait between upland and lowland rice ecotypes w@sducted by independeitest by
SPSS15.0.

Data analysis

SNP genotyping by SNP array and re-sequencing

In total, 235 plant materials were genotyped by ribe SNP array “Rice60K” (Patent no.
CN201380056318.5), which was developed by ChindoNat Seed Group Co., Ltd. and
contains ~60,000 SNPs based on MSU6.1 genome alysdbatailed information on this
array and the genotyping procedure are describetktiail in a previous study (Chen et al.,
2014). The original genotype data was providedupp@mentary Dataset 1.

For the resequencing, the raw paired-end reads fivetdiltered into clean data using
Fastp v0.6.0 (Chen et al., 2018) (https://githuim&dpenGene/fastp). Clean reads of each
accession were mapped to thg@ponica rice reference genome MSU v6.1
(ftp://ftp.plantbiology.msu.edu/pub/data/Eukaryotftojects/o_sativa/annotation_dbs/pseudo
molecules/version_6.1/all.dir/) using BWA v0.7.16 ittw default  settings
(http://bio-bwa.sourceforge.net) (Li and Durbin,02). GATK v3.8.0was applied for variant
detection (McKenna et al., 2010). Raw variants wetéed based on the realigned bam file.
Using the called variants as known sites, ‘BasealR@@tor’ and ‘Print Reads’ in the GATK
were applied for base-pair scores recalibratiore ploceeded BAM files for each sample
were used for the multi-sample variant genotypitignified Genotyper’ in GATK was

applied to generate the raw variant calls with peters ‘-stand_call_conf 30,
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-stand_emit_conf 10’. To reduce the variants diecpwate, the SNP calls were filtered
according to the following threshold: QUAL<30, DR<GD<2, MQ<20, FS>60, Haplotype

Score>13, and Read Pos Rank Sum<-8.

Population structure inference
Based on the total SNPs from 235 plant materiat®typed by the SNP array, a phylogenetic
tree was constructed using Fasttree2.1 (Price,e2@10) with 1,000 replicates for bootstrap

confidence analysis. MEGA v5.1 was applied to dilagvconstructed tree.

Estimation of population parameters

A sliding-window approach (200 Kb windows sliding 100 Kb steps) was applied to
estimate genetic diversity), genetic differentiation @), and selection statistics (Tajiln®)
between upland and lowland rice ecotypes basedNih data gained from the SNP array.
[Tuptand] Tiowiana Was calculated to estimate the relative diversftghe upland ecotype to the
lowland ecotype. Meanwhilex and kr were also estimated for each window using
resequencing data between selected upland andndvdadraces by VCFtools (Danecek et
al., 2011). MAF>0.05 were used to filter uninforimat SNPs before calculating above
parameters. Thesk andn estimated by the data from the SNP array and #ta tfom
re-sequencing were significantly correlated (Fig®®), indicating that the selected plant
materials for resequencing were typical. Meanwhilee outcome also indicated that our
results obtained from the high-density SNP arrayeve®nvincing. Finally, the relativeratio

(I Tuptand T Towiand @nd Fsrfor each gene (upstream 2000bp + genebody + downs2eabp)
between upland and lowland ecotypes were calculzaedd on the re-sequencing data of 112

genotypes.

LD analysis

To evaluate LD decay across the genome, the squareelation (°) between any two loci
was calculated using VCFtools based on data fr@rSINP array. The averagevalue was
calculated for pairwise SNPs in a 500 Kb region aneraged across the whole genome. To
investigate the linkage status DAL with other genes in the region of Chr10: 15400000—
17600000, the squared correlatiof) between any two SNPs (one SNPOMEAL and one
SNP in the other gene) was calculated. The linkstgus between a gene ab@Al was
determined by their highegt calculated from any two SNPs (one SNDEAL and one SNP

in the other gene). This analysis was based omueseing data.

Analysis of the ecotype-private allele

The ecotype-private allele was defined as a SNfkealletected uniquely in upland or lowland
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rice ecotypes. If an ecotype-private allele coudd detected in common wild rice, it was
considered to have been inherited from the wildeatar. In contrary, if an ecotype-private
allele could not be detected in common wild ritenay have been newly mutated during rice

domestication.

Detection of potential recombinant genotypes withingenomic regions conferring both
drought resistant and GDP genes

We detected recombinant genotypes within 126 gemosgions (200K windows, listed in
Table S5) conferring both drought resistant and @Bies in upland, lowland, and common
wild rice. First, we determined the major genotyfrequency>0.50) by SNPs within the
analyzed window and scored it as “0”. Any other @gpes containing the successive five
different SNP alleles were determined as recombig@motypes and scored as “1". If a
genotype was uniquely or majorly (frequency >0.d@jected in one ecotype, it was defined

as an ecotype-specific or ecotype-preferentialmdsnant genotype.

Detection of genomic differentiation

The comparison of quantitative genetic diverger@g)(and neutral genetic divergences{F
was applied to detect adaptive evolution (Milleragt 2008). The & of each trait was
calculated as: Q = Vpod(Vpopt2Ving), Where fgowas the variance among populations and
Vina Was the variance within a population. The neufilwas calculated from SNPs from
intergenic regions. Any significant differencesvbegén the QST and FST at the p <0.05 level
was determined when §@Fsi| > 2SQRT (SBs +SExs?).

Based on the Ricedata (http://www.ricedata.cn/gegehes belong to trait ontology (TO)
of plant height (TO:0000207), no. of panicles (T@0432), seed-setting rate (TO:0000448),
seed production (TO:0000396 and TO:0002759), bier(ie®:0000327), and  1,000-seed
weight (TO:0000592) were categorized as GDP (grpwi#wvelopment, and productivity)
relevant genes (Table S4). Genes belong to traglayy (TO) and gene ontology (GO) of
drought-tolerance (T0O:0000277), water channel #gti¢GO:0015250), and response to
osmotic stress (GO:0006970) were categorized asgdtoresistance (DR) relevant genes
(Table S4). If a 200Kb window contained at lease dADP or DR gene, it was then
determined as a GDP- or DR-related window. Megp Values of GDP- and DR-related
windows were compared with the genomic averagatgpendenttestvia SPSS15.0. There
were 517 DR-related 517/3738=13.8% of total windoywsand 613 GDP-related
(613/3738=16.4% of total windowsvindows, respectivelyit is therefore, the random
ratio for a window to became a window of both drsugesistance and GDP is about
2.27% (=16.4%*13.8%).We conductedy2 testto test whether the actual ratio
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(5.67%=212/3738) for a window related to both dittugsistance and GDP was beyond the
ratio by chanceia SPSS15.0..

For the detection of genomic regions receiving pid balancing selection during
upland-lowland differentiation, the genomic windowsth the top 5% Tajima D were
selected in upland or lowland ecotypes. Some coatia windows were further combined, to
form larger genomic regions. Meanwhile, the regiavith an average Tajima’s D>1 or
containing windows of high Tajima’s D values (>2) corresponding lowland or upland
ecotypes were filtered further, as suggested byeQal. (2017)

In addition, we also applied SweeD to detectedss@frselective sweeps in the genomes
of upland and lowland rice ecotypes. This methasBLR statistics and identified signals of
selective sweep by detecting significant deviatibosn the neutral site frequency spectrum
(Pavlidis et al. 2013). In this study, ecotype-urgidwith the top 1% CLR values uniquely in
one ecotype) and shared regions (with the top 1R @lues in both ecotypes) with signs of

selective sweep were defined.

Enrichment of Gene Ontology (GO) for different catgories of highly different genes
Based on SNPs generated from resequencing, ghieefween ecotypes ant ypiand I Tiowiand
ratios were calculated for each annotated genehenrdference genome (ver. MSU 6.1).
Genes with high &values beyond the 95% confidence intervah¥B.455) were determined
as highly differentiated genes (HDGs). We defirteag¢ categories of HDGs by their relative
n ratio: (1) ITupiand [Tiowiana < 0.5, (2) 0.55 Ilupiand [liowiana = 2.0 and (3) ITypiand I1
lowland >2.0. We conducted analyses of GO enrichmenthi@ittiree categories of HDGs using
the software GOatools (https://github.com/tanghaiB®atools). Top 15 (by value) GO

terms of biological processes were listed and coetpamong different categories of HDGs.

Genome-wide association analysis (GWAS) for GDP- drDR-related traits

The GWAS was conducteda the efficient mixed-model association (EMMA) methasing
the R package of Genomic Association and Predidtitegrated Tool (GAPIT) (Lipka et al.,
2012). The kinship (K) matrix was calculated ama@egotypes with default settings before
applying GWAS. Meanwhile, all landraces in thisdstiare ofGene(Japonicd subspecies
from China, the mixed model without inferred popigla structure as cofactor was applied.
The observed -lag” fit the expected-log® well in the QQ-plot for our traits by this model.
A total of ~24,656 available SNP markers (MAF>5%)rev used in GWAS. The
genome-wide threshold was set at 1/n (n=total nurob&NPs), which was widely used in
plant GWAS (Wen et al., 2015; Wang et al., 2018)tipularly for rice drought resistance (Ma
et al., 2016). The original phenotype data for GVW#& provided in Table S9.
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Function validation of the candidate drought resisant genes DCAl and LAX1)
identified by GWAS

Transgenic mutants of two candidate genes assdaoidth RWL (LAX1) and RWC DAC))
were used to ascertain their functions in droughistance and/or GDBPAX1transgenic lines
of the activated (coded as XE16 and XE18) and ivestetd (coded as XE19 and XE20) forms
were kindly provided by Dr. Lin Chentao. Detailedarmation for the transgenic lines has
been described in Zhao et al. (2015). The RWL wassured from matured leaves of the
mutants and the wild-type plant. The RWC was meskfnom 20-day-old seedlings after 48
hours of treatment with osmotic stress stimulatgd20% PEG6000. Three replicates were
designed. Their morphological appearances (e.gqt glaight, number of tillers, flag leaf
width, 1,000-seed weight, and grain weight) wereasneed from eight individuals in the
regularly managed paddy field at the Baihe ExpemiadeStation in 2017DCAl was located
within the QTL associated with RWC and plant heighis the effect of DCAlon
drought-tolerance has been elaborated by a prestody (Cui et al. 2015), only its effect on
the plant height was estimated using its functassl (lcal) and over-expression
(35S::DCA1-T mutants. These two transgenic lines and theit tyibes were kindly provided
by Dr. Lin Hongxuan and detailed information canfbend in Cuiet al (2015). The plant
height was measured from eight individual plantswgr 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 8iNesfom each genotype) bAX1and
DCAL (-2000 to 2000 bp) were extracted from 112 re-saqed genotypes using in house
Perl. MEGA v5.1 was used for the phylogenetic asialyand to draw the constructed

phylogenetic tree.

SNP validation by Sanger sequencing

For genotyping validation, approximately a 1,00@ioption of one gene (LOC_0s01g61480,
LAX1) was selected to be Sanger sequenced in all Hi@atyre-sequenced rice landraces.
Five SNPs called from re-sequencing data withis tARCR-amplified segment were well

validated by the Sanger method (Table S10). Thegms for PCR-amplification are listed in

Table S11.

Data availability
The SNP data from SNP array is provided as a somitary dataset and the re-sequence
data included in this study would been depositéaltime NCBI Sequence Read Archive (SRA)
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under the accession number PRINA260762.
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Figure legends

Figure 1. Matrix of Pearson’s correlation coefficimts () (left triangle) and p-values
(right triangle) among drought-resistant and agronamic traits. Abbreviations: NT, no. of
tillers; PH, plant height; FLL, flag leaf lengthiLW, flag leaf width; RWC, relative water
content; RWL, ratio of water loss; 100GW, 100-graigight; GW, grain weight; HI, harvest
index; RF, relative fecundity; R100GW, relative 1§@in weight; RB, relative biomass;
RGW, relative grain weight; RDR, ratio of deep-iogt NDR, no. of deep root; NSR, no. of

shallow root; NTR, no. of total root; NRP no. obtger tiller.

Figure 2. Upland and lowland rice collected from Cina, their phylogenetic relationships,
and the decay of linkage disequilibrium (LD) acrossthe genome.(a) Geographic
distributions of upland rice in China. Numbers edrindicate provinces where equivalent
numbers of upland and lowland rice landraces welleated. 1 Hebei, 2 Henan, 3 Jiangsu, 4
Hunan, 5 Guangxi, 6 Guizhou, 7 Yunnah) A phylogenetic tree of upland, lowland, and

common wild rice.€) LD decay across the genome in upland and lowtied

Figure 3. Genomic differentiation and selection detcted between rice ecotypes. (@he
genome-wide manhattan plot of:Festimated in a 200Kb sliding window with 100Kb
step-size. Bars under the manhattan plot descriissibutions of genes relevant to
drought-resistance and GDP (growth, developmerd, gnoductivity). Blue bars indicate
windows containing genes of drought-resistance.efrears indicate windows containing
genes of GDP. Red bars indicate windows contaigemes of both drought- resistance and
GDP.(b) The genome-wide manhattan plot of L8 oV estimated in a 200Kb sliding
window with 100Kb step-sizé€c) The genome-wide manhattan plot of number of SNRisa
200Kb sliding window with 100Kb step-siz@l) Mean kr of DR, GDP relevant, and neutral
windows. The bar indicates SE. “***” indicates sificance ap<0.001 by independentest

in comparison with neutral windowge) Mean kst of windows with different gradients of
[Tupland] Tiowiana ratios. The bar indicates SE. “***” indicates sifitance atp<0.001 by

independent-test in comparison with the genomic average.

Figure 4. Signs of selection detected in upland arldwland rice. (ajTajima’sD estimated
in upland (blue) and lowland rice (orange). A regreceiving balancing selection in upland
or lowland ecotype is labeled in the green or teatle.(b) Composite likelihood ratio (CLR)
estimated by SweeD in upland ricg) Composite likelihood ratio (CLR) estimated by

SweeD in lowland rice.

Figure 5. QTLs identified by genome-wide associatioanalysis (GWAS).Symbols right
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by the QTLs indicate known function genes as caatdiel Four drought-resistance associated

QTLs (annotated by red arrows) are particularlgused in the manuscript.

Figure 6. A drought-resistant gene DCAL1) in tight linkage with other agronomic genes
and a drought-resistant genel{AX1) possessing pleiotropic effects. (&) phylogenetic tree
of upland, lowland, and common wild rice based ba DCA1 sequence(b) Fsr (max
value=0.734, outside circle)]Jupland[Jlowland ratio (max value=30.1, middle circle), aid
of each gene tdCAL1 within the region of Chr10: 15400000-17600000is the max
coefficient of correlation for SNPs within each gemith SNPs oDCAL (c) A phylogenetic
tree of upland, lowland, and common wild rice basedheDCAlsequence(d) Rate of water
loss (RWL) at two hours in matured leaves of tramgg lines and the wild type (WT{e)
Relative water content (RWC) measured in osmotessed seedlings. XE16 and XE18 are
transgenic lines of activated form &fAX1 XE19 and XE20 are transgenic lines of
inactivated forms oLAX1 Bars indicate SE. *, **, and findicate significas at p<0.05,

p<0.01, and p<0.1 by independémest in comparisons between transgenic lines and W

Table 1.Agronomic and drought-resistant traits measuresdh-watered paddy, drought-stressed
(D), and control (CK) fieldst, *, **, and *** indicate significance at levelsf @<0.1, P<0.05,
p<0.01, and p<0.001 by independénést between upland and lowland rice ecotypes. NS
indicates no significance detected. RWL is the ebilation for ratio of water loss in

excised-leaves.



811 Table 1. Agronomic and drought-resistant traits measuredvéti-watered paddy, drought-stressed (D), and obr{£K) fields. T, *, **, and *** indicate

812  significance at levels of p<0.1, P<0.05, p<0.01d ar0.001 by independetitest between upland and lowland rice ecotypesindigates no significance

813 detected. RWL is the abbreviation for ratio of watss inexcised-leaves. N indicates number of samples.
2014-2015 (Hainan)

_ 2015-2016 (Hainan)
Category Trait

N upland N lowland sig N upland N lowland Sig.
Agronomic Plant height (cm) 112125.3+2.3 101 120.2+2.4 NS Not evaluated
traits in No. of panicle 112 7.73+0.33 101 12.31+0.51 *** 109 7.67+0.24 95 9.68+0.30 i
paddy field Biomass (Q) 112 31.83+1.00 101 39.41+1.23 *** 99 28.45+0.68 92 31.66+0.82 o
Grain weight (g) 112 15.08+0.48 101 18.64+0.67 *¥* 98 10.45+0.34 92 11.63+0.46 *
100-grain weight (g) 1122.91+0.03 101 2.77+0.03 o Not evaluated
Harvest index 112 0.469+0.009 101 0.468+0.010 NS  990.350+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 27.9+0.5 97 25.6+0.5 *
Width of flag leaf (cm) 112 1.61+0.02 101 1.43+0.03 ** 108 1.56+0.03 97 1.31+0.03 ok

101 0.372+0.009 *
101 0.277+0.010 rE
101 46.6+2.31 ol

112 0.346+0.008
1120.346+0.012
11258.4+2.39

Traits of RWL at 2 hours
drought Ratio of deep rooting

avoidance No. of deep root
Not evaluated

No. of sallow root 112 118.945.9 101 126.34#5.1 NS
No. of total root 112 177.3£7.0 101 172.946.6 NS
No. of root per panicle 1129.66+0.29 101 7.71+0.30 Fhx
2016 (Shanghai) 2017 (Shanghai)
Agronomic Plant height-CK (cm) 104 136.3+2.57 89 128.8+2.94 t 106 126.2+1.6 98 120.7+1.9 *
traits in No. of panicle-CK 102 4.51+0.11 91 5.38+0.15 *¥** 106 5.81+0.21 98 7.64+0.24 ok



814

control
field

Agronomic
traits in
drought
stressed
field

Traits of
drought

tolerance

Biomass-CK (g)

Grain weight-CK (g)
Fecundity -CK
100-grain weight-CK (g)
Harvest index-CK

Length of flag leaf-CK (cm)

Width of flag leaf-CK (cm)
Plant height-D (cm)

No. of panicle-D
Biomass-D (g)

Grain weight-D (g)
Fecundity-D

100-grain weight-D (g)
Harvest index-D

Length of flag leaf-D (cm)
Width of flag leaf-D (cm)
Relative water content
Relative fecundity
Relative 100-grain weight
Relative biomass

Relative grain weight

102 21.58+1.25
102 6.83+0.40
102 0.621+0.019
102 2.68+0.04
102 0.336+0.013
104 31.4+0.65
104 1.41+0.03
103119.2+2.58
102 3.86+0.10
104 14.4+0.63
104 4.22+0.21
102 0.457+0.018
102 2.35+0.04
102 0.231+0.009
10326.1+0.60
102 1.40+0.03
910.789+0.010
102 0.800+0.043
1020.884+0.012
1020.758+0.036
1020.628+0.055

91 22.61+0.99
91 8.94+0.45
91 0.704+0.016
91 2.61+0.04
91 0.401+0.010
89 30.8+0.64
89 1.21+0.03
90 109.0+2.95
91 5.03+0.16
89 15.0+0.60
89 4.18+0.22
90 0.379+0.022
90 2.18+0.04
89 0.196+0.012
90 23.0+0.59
91 1.16+0.03
83 0.713+0.010
89 0.533+0.044
90 0.837+0.013
89 0.730+0.031
90 0.398+0.044

NS

*kk

NS

*kk
NS
*kk
*%*

*k%

NS
NS

*%

*%

*k%k
*k%k
*kk
*k%k
*

NS

*%

100 23.36+1.07
94 3.94+0.23
94 0.385+0.017
94 2.26+0.04
94 0.176+0.009

106 105.3+1.1

106 4.11+0.12

101 11.73+0.44
100 0.92+0.09
100 0.262+0.022
95 1.96+0.05
100 0.085+0.007

101 0.762+0.006

90 0.709+0.075
85 0.860+0.017
95 0.558+0.028
90 0.280+0.037

96 27.05+1.11
97 5.28+0.32
97 0.456+0.186
97 2.21+0.03
97 0.194+0.009

Not evaluated

98 101.3+1.8
98 5.20+0.17
96 12.45+0.35
96 0.73+0.08
96 0.192+0.019
84 1.87+0.04
96 0.055+0.005

Not evaluated

90 0.745+0.005
95 0.480+0.068
83 0.843+0.017
96 0.524+0.021
95 0.199+0.029

*%*

*%*

NS
NS

NS
*k%
NS
NS

NS

*%*

NS
NS




815  Supplemental Information

816  Supplemental Dataset 1. Original dataset from SNPreay for genotyped rice materials.

817

818  Supplementary Figures and Tables

819  Figure S1. Q7 values of measured drought-resistant and agronomitraits and their

820 comparisons to the neutral genomic &. (a) Agronomic traits measured in well-watered
821  paddy fields at Hainan in season 2014-2(b%.Agronomic traits measured in well-watered
822  paddy fields at Hainan in 2015-201@8) Traits of drought-avoidance measured at Hainan in
823  season 2014-2015d) Agronomic traits measured in control (drip-irrigd} fields at
824  Shanghai in season 2016) Agronomic traits measured in drought-treated §edtl Shanghai
825 in season 201Qf) Drought-tolerance estimated at Shanghai in sea8a6.(g) Agronomic

826  traits measured in control (drip-irrigated) fields Shanghai in season 201@) Agronomic

827  traits measured in drought-treated fields at Shanghseason 2017i) Drought-tolerance
828 estimated at Shanghai in season 2017. “*", “**" dd**” indicate differences in means at
829  significances of p<0.05, p<0.01, and p<0.001 between upland and lowland rice by
830 independent test. The column in black indicates ther@ significantly higher than the
831 neutral genomic &. NA is the abbreviation for “not available”.

832

833  Figure S2. Gene Ontology (GO) terms of biological rpcess (BP) enriched by highly
834 differentiated genes of different gradients off [P/ "2
835  enriched GOBPs by highly differentiated genes &edént gradients of """ ratios.
836 (b) Top fifteen (by p values) GOBPs enriched by highly differentiatednage of
837  []"@"Y[1°"=" >2.0.(c) Top fifteen GOBPs (by values) enriched by highly differentiated
838  genes of 0.5 ]""2"[1°*"*™ < 2.0.(d) Top fifteen (byp values) GOBPs enriched by highly
839 differentiated genes of 0.5 §*"2"[[°""" < 0.5. “***" “x* and “*" indicate Bonferroni

840  correctedp values <0.001, <0.01, and <0.05. GOBPs in redcatdi responses to various

ratios. (a) Venn diagram of

841  stimuli. GOBPs in green indicate various transpsrte

842

843  Figure S3. Venn diagram ofprivate alleles detected in upland rice, lowland e, and
844  common wild rice.

845

846  Figure S4. Recombinant genotypes detected in uplantbwland, and common wild rice
847 in regions containing both genes of drought-resistece and productivity. Red (1) and
848  brown (0) in the heatmap indicate recombinant aagbrrgenotypesThe red arrow indicates
849  some rare upland-specific recombination. Access{oight) in red, green, and blue are of
850 upland, lowland, and wild rice, respectively. Region red, orange, green, and blue indicate

851  upland-preferential, upland-specific, lowland-prefgial and lowland-specific recombination
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genotypes. The genomic position and correspondifayrnation for each region are listed in
Table S5.

Figure S5. A minor pleiotropy effect on the plant ight detected in transgenic lines of
DCAL. 35S:DCA1-7 is an over-expression line at genetic backgrafrthonghualldcalis
a DCA1 knockdown mutant byfos17 fragment insertion. Bar indicates SE. “*” and “1”

indicate significances @0.05 andx<0.1 by independenttest in comparison with WT.

Figure S6.Genotypes 0DCA1, Ehdl, andOsCesA7n resequenced landraces and common
wild rice. Blue indicates the allele of referengpd. Yellow indicates the allele of alternated

type. Red indicates SNP in hybrid status.

Figure S7. Genetic differentiation ofLAX1 and its impacts on agronomic traits. (a)Fst
values ofLAX1 and genes nearby between upland and lowland ezntfly) Fsrvalues of
LAX1 and genes nearby between tolerant and susceptiblgs. (c-h) Impacts dfAX1 on
some agronomic traits evaluated by transgeniclines. XE16 and XE18 are transgenic lines
of activated form oL AX1 XE19 and XE20 are transgenic lines of inactivdtach of LAX1

ek ekr and “*” indicate significances at p<0.001,p<0.01, anc<0.05.

Figure S8. Rt of each gene within the QTL region (-200Kb to 200K from the peak
signal) and potential candidate genes. (a)he QTL for ratio of deep-rootingb) The QTL
for relative grain weight. The green arrow indicagene of peak signal. The red arrow
indicates potential candidates. The yellow columgidates a drought-responsive gene from

our unpublished transcriptomic data.

Figure S9.Correlations of Er(a) and][upiand] [owianaratios (b) calculated by data from SNP

array and re-sequencing.

Table S1.Fsr and[]upiand] [lowanaratios (mean + SE) of windows containing genesvegieto
growth, development, and productivity (GDP). “*'dicates significant differences between
GDP and neutral windows at the level of p<0.05r@ependent test. The description of trait
ontology and genes involved in could be find at tlidatabase of Ricedata

(http://www.ricedata.cn/gene/)

Table S2.Genomic regions receiving balancing selectionggland (U) or lowland rice (L)

determined by Tajima’s D test, theikFvalues, and relative diversityl I{ piand I Liowiand)-
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Genes/QTLs relevant to drought-resistance (DR) aied growth, development, and
productivity (GDP) within this region were listethe information of the QTL could be found

in Gramene (http://www.gramene.org/).

Table S3.Genomic regions detecting signs of selective swéprpupland/lowland rice and

their mean FST values and relative diversltiuplandITlowland).

Table S4. Genes relevant to GDP (growth, development, anddymtivity) and
drought-resistance based on database of Ricedtfa//{tnww.ricedata.cn/gene/) and their
FST and relative Pi ratio (upland/lowland).

Table S5.Information of windows included in the analysisseEombinant genotypes.

Table S6.Function-proven drought-resistant genes, their #¥&8llies and relative diversities,
and type of pleiotropy effects. "0" indicates noeiptropy effect on GDP (growth,
development, and productivity) has been reportéd.itidicates it has positive impacts on
GDP. "2" indicates opposite impacts of this gen®&and GDP.

Table S7.Plant materials involved in this study and theisib information.

Table S8.Basic information of resequenced rice landracelsvéld rice accessions.

Table S9.Phenotype data of for each rice genotype.

Table S10.FourSNPs at AX1validated by the Sanger method.

Table S11.Information of PCR primers used for Sanger sequenc
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Figure 1. Matrix of Pearson’s correlation coefficients () (left triangle) and p-values (right
triangle) among drought-resistant and agronomic traits. Abbreviations: NT, no. 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, no. of deep root; NSR, no. of shallow root;

NTR, no. of total root; NRP no. of root per tiller.
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Figure 2. Upland and lowland rice collected from China, their phylogenetic relationships,
and the decay of linkage disequilibrium (LD) 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. (¢) LD decay across the genome in upland and lowland rice.
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Figure 3. Genomic differentiation and selection detected between rice ecotypes. (a) The
genome-wide manhattan plot of Fsr estimated in a 200Kb sliding window with 100Kb step-
size. Bars under the manhattan plot describes distributions of genes relevant to drought-
resistance and GDP (growth, development, and productivity). Blue bars indicate windows
containing genes of drought-resistance. Green bars indicate windows containing genes of GDP.
Red bars indicate windows containing genes of both drought- resistance and GDP. (b) The
genome-wide manhattan plot of Logy(ITwplandllowland) egtimated in a 200Kb sliding window with
100Kb step-size. (¢) The genome-wide manhattan plot of number of SNPs in the 200Kb sliding
window with 100Kb step-size. (d) Mean Fsr of DR, GDP relevant, and neutral windows. The
bar indicates SE. “***” indicates significance at p<0.001 by independent #-test in comparison
with neutral windows. (e) Mean Fsr of windows with different gradients of | Juptand/] Jiowand Tatios.
The bar indicates SE. “***” indicates significance at p<0.001 by independent #-test in

comparison with the genomic average.
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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 in the green or red shade. (b) Composite likelihood ratio (CLR)
estimated by SweeD in upland rice. (¢) Composite likelihood ratio (CLR) estimated by SweeD

in lowland rice.



RGW -
RB -

RF
RWC -~
NDR -
NSR
RDR
RWL -
100GW-D
HI-D -
GW-D
FLW-D -
NT-D -~
PH-D -~
100GW-CK-+
HI-CK
GW-CK
Biomass-CK-
FLW-CK
PH-CK
GW-W
Biomass-W
FLW-W
FLL-W
NT-W
PH-W -

.OsGI

LAX1

YL1

-Log10(p value)

@7
® ®6
@OsGL1-10 o 5

OsSIK1 DCA 1.

°
® 0.41
([ ]

OsWOX12A Ft

OsGS3 0.00
(

Ghd7

.OSCOW1

.OSGS3

OsPUP7

OsHIGD
| _

I
chr1

I
chr2

I
chr3 chrd chr5 <chr6 chr7 chr8 c¢hr9 chr10 chr11 chr12



Figure 5. QTLs identified by genome-wide association analysis (GWAS). Symbols right by
the QTLs indicate known function genes as candidates. Four drought-resistance associated

QTLs (annotated by red arrows) are particularly discussed in the manuscript.
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Figure 6. A drought-resistant gene (DCAI) in tight linkage with other agronomic genes
and a drought-resistant gene (LAXI) possessing pleiotropic effects. (a) A phylogenetic tree
of upland, lowland, and common wild rice based on the DCAI sequence. (b) Fst (max
value=0.734, outside circle), [Jupland/[Jlowland ratio (max value=30.1, middle circle), and 72
of each gene to DCAI within the region of Chr10: 15400000-17600000. 72 is the max
coefficient of correlation for SNPs within each gene with SNPs of DCA!. (¢) A phylogenetic
tree of upland, lowland, and common wild rice based on the DCA Isequence. (d) Rate of water
loss (RWL) at two hours in matured leaves of transgenic lines and the wild type (WT). (e)
Relative water content (RWC) measured in osmotic-stressed seedlings. XE16 and XE18 are
transgenic lines of activated form of LAXI. XE19 and XE20 are transgenic lines of inactivated
forms of LAXI. Bars indicate SE. *, ** and tindicate significances at p<0.05, p<0.01, and

p<0.1 by independent ¢-test in comparisons between transgenic lines and WT.



