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Populations of widespread species are usually geographically distributed through contrasting stresses, but
underlying genetic mechanisms controlling this adaptation remain largely unknown. Here, we show that in
Arabidopsis thaliana, allelic changes in the cis-regulatory elements, WT box and W box, in the promoter of a key
transcription factor associated with oxygen sensing, RELATED TO AP 2.12 (RAP2.12), are responsible for differentially
regulating tolerance to drought and flooding. These two cis-elements are regulated by different transcription
factors that downstream of RAP2.12 results in differential accumulation of hypoxia-responsive transcripts. The
evolution from one cis-element haplotype to the other is associated with the colonization of humid environments
from arid habitats. This gene thus promotes both drought and flooding adaptation via an adaptive mechanism

that diversifies its regulation through noncoding alleles.

INTRODUCTION

Diverse environmental factors may pose different stresses on widely
distributed species. Worldwide, water patterns are suffering from
increasing and violent fluctuations due to accelerating global
climate change (I). Over the past decades, the frequency of global
drought and flood threats induced by climate change has increased
markedly, and the trend is becoming serious (2, 3). For plants that
have adapted to previous water patterns, this disturbance has
severely affected their survival and distribution, and it is urgent
to find underlying key genes and mechanisms that control the re-
sponses to such contrasted extremes related to water. Drought and
flooding are typically contrasting stresses for plants. Morphological
and physiological responses, signaling pathways, and regulatory
mechanisms of plants to these two stresses are very different. To
adapt to water scarcity, plants develop morphological architecture
to maximize water uptake, physically close stomata to reduce water
loss, and transmit water availability signals and photoassimilates
between shoots and roots to improve plant health (4). However, to
facilitate survival of submergence, including flooding and waterlogging
(both of which result in reduced oxygen availability, hypoxia), plant
energy metabolism switches from aerobic to anaerobic, and plants
can form aerenchyma and undergo rapid shoot elongation by coor-
dinating protein kinases, transcription factors, and plant hormones
to escape from submergence (5). Oxygen sensing associated with
hypoxia is controlled by the PLANT CYSTEINE OXIDASE (PCO)
branch of the PROTEOLYSIS 6 (PRT6) N-degron pathway acting on
Group VII ETHYLENE RESPONSE FACTOR (ERFVII) transcrip-
tion factors (6, 7). Arabidopsis thaliana contains five ERFVIIs that
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are stabilized under low oxygen when PCO activity is inhibited (8),
and stabilized ERFVIIs activate expression of a set of hypoxia-
associated genes, including those encoding enzymes of anaerobic
metabolism (9, 10). This pathway (that also senses nitric oxide, NO)
has also been shown to influence tolerance to drought and salinity
(11, 12).1In A. thaliana accession Col-0, RELATED TO AP 2.12
(RAP2.12) was shown to be the predominant ERFVII in respons-
es to hypoxia (10, 13). In Oryza sativa, several ERFVIIs, including
SUBMERGENCE 1A (SUB 1A) and SNORKEL 1 (SK1) and SK2, were
originally identified in different landraces, and positively enhance
tolerance to flooding, although through opposite mechanisms of
quiescence or escape growth strategies, and SUB1A was also shown
to enhance drought tolerance (14, 15).

To explore the genetic and molecular mechanisms relevant to
ecological shifts associated with water availability in plants, we
analyzed two accessions of A. thaliana with contrasting humidity
conditions, one from the Sichuan Basin, which is well known as
the West China Rain Belt (annual precipitation, 1092.936; aridity
index, 1.029), and the other from Tibet with a contrasting arid
climate (annual precipitation, 395.084; aridity index, 0.339; fig. S1).
We constructed a recombinant inbred line (RIL) population using
the two accessions that are adapted to these contrasting extreme
environments. Using this approach, we identified a key ERFVII
gene, RAP2.12, which plays a role in adaptation and transformation
from drought to flood tolerance. We have shown that the level of
constitutive expression of RAP2.12 is highly correlated with adapta-
tion to native environmental humidity in accessions collected globally.
This adaptive change was shown to be caused by an evolutionary
shift of two core cis-elements, “WT” and “W” boxes, in the pro-
moter of RAP2.12, which may have transformed its widespread
geographical colonization from environments typified by drought
with narrow relict distribution, to humid habitats. Our results high-
light plant genetic adaptation to environmental patterns of water
availability through noncoding DNA mutations of cis-elements of
the same core gene with important roles in the contrasting habitats.
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RESULTS

Tibet and Sichuan accessions are highly diverged in drought
and flood tolerance

We compared the tolerances of the two accessions Sichuan and
Tibet to drought and flooding extremes under controlled environ-
mental conditions. Consistent with their native climatic adaption,
Sichuan accession had higher survival, higher relative rosette dry
weight (RRDW; survival rosette dry weight/control), and healthier
physiological properties than the accession Tibet both at the sub-
mergence and recovery (reoxygenation) stages (Fig. 1A and fig. S2,
A to C). In contrast, following cessation of watering, Tibet accession
showed greater survival, higher relative water content, more sensi-
tive stomatal regulation, and slower response to raised reactive
oxygen species (ROS) (Fig. 1B and fig. S2, D to F). Therefore, Tibet
and Sichuan accessions are highly diverged in tolerance to drought
and flood both in overall phenotype and underlying physiology.

Fine mapping of a submergence response QTL (quantitative
trait locus) in the Sichuan accession

To identify genetic factors controlling the contrasting stress re-
sponses, we carried out a genome-wide association study (GWAS)
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Fig. 1. Adaptive divergence to flood and drought in A. thaliana accessions
Sichuan and Tibet. (A and B) Representative seedlings and survival of Sichuan and
Tibet accessions after 64 hours of dark/submergence and 5-day recovery (A), or without
watering for 21 days, followed by 5-day rewatering (B), showing contrasting opposite
tolerance to flooding and drought between Sichuan and Tibet accession. Data are
means + SE (n =5 repeats). **P < 0.01 (Student’s t test). Scale bars, 2cm.
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with a population of 623 RILs constructed by crossing Sichuan and
Tibet accessions. We selected as the representative traits average
survival and RRDW measured 1-week recovery after submergence
for 48, 60, and 72 hours at the 14-day stage (fig. S3). The GWAS for
both survival and RRDW revealed the same highly associated peak on
chromosome 1 (fig. S4, A and B). Single-nucleotide polymorphisms
(SNPs) in a ~20-kb window around the top peak were used for
haplotype analysis, and the RILs in this region were divided into
three groups, Sichuan, Tibet, and heterozygous (fig. S$4C). Sichuan
haplotype showed a significantly higher survival and RRDW (fig.
S4, D and E) than Tibet haplotype in this region. To narrow the
candidate gene region, we generated the mapping population using
the Tibet accession as a recurrent parent, and each generation was
screened by flooding stress (fig. S5, A to D). With the overlap in
results between the genome sequence of this population and haplo-
type analysis, the candidate region was finally narrowed in a ~7-kilobase
pair (kbp) interval containing two genes, RAP2.12 (AT1G53910)
and GLIP5 (AT1G53920) (fig. S4F). RAP2.12 was expressed at a
significantly higher constitutive level in untreated plants of Sichuan
compared to Tibet and also displayed a significantly increased
expression pattern in Sichuan during flooding, while expression did
not respond to flooding in the Tibet accession (fig. S4, G and H).
Thus, RAP2.12 represented the most likely causal gene that under-
lies the variation in tolerance of the two accessions to flooding stress.

RAP2.12 directly activates expression of multiple hypoxia-
responsive genes (e.g., LBD41, PCO1, HUP09, HUP43, PDCI,
PGBI, SUSI, SUS4, and ADH]1) that contain the consensus cis-
element sequence 5'-AAACCA(G/C)(G/C)(G/C)GC-3’ [hypoxia-
responsive promoter element (HRPE)] (10, 13, 16, 17). A total of
136 SNPs within the first 2 kbp upstream of the RAP2.12 ATG, 8
SNPs within two exons, and 9 SNPs within the intron were identi-
fied among Col-0, Sichuan, and Tibet accessions, which result in
62 substitutions and 19 indels in the promoter and 5 amino acid
substitutions in the coding sequences (CDSs) (none of them in the
DNA binding AP2 domain) (figs. S6, A and B, and S7).

Constitutive expression of RAP2.12 corresponds
significantly to native climatic humidity
We constructed a reporter plasmid containing 471 bp of the hypoxia-
responsive PGBI promoter fused to luciferase (HRPE located
at —172 to —183 bp from ATG) to test whether the RAP2.12 amino acid
variation of Tibet affected the activation ability of hypoxic response
genes. We found that three forms (Col-0, Sichuan, and Tibet) of
RAP2.12 activated PGBI promoter equally well (fig. S8A), and Tibet
and Sichuan RAP2.12 complemented a pentuple mutant that removes
the activity of all five A. thaliana ERFVIIs [rap2.12, rap2.2, rap2.3,
hrel, and hre2, hereafter erfVII (18)] (fig. S8, B and C), indicating
that the amino acid substitutions among these three accessions do
not cause differentiation in flooding-induced hypoxia tolerance.
However, mRNA abundance of RAP2.12 in Col-0 and Sichuan
was significantly higher under normal growth conditions and
significantly more up-regulated after submergence treatments in
18-day-old rosettes than in Tibet, where expression was significantly
lower and did not respond to flooding (figs. S4G and S9A). Because
the other four ERFVII family members are also involved in hypoxia
responsiveness (10, 13), we also tested their expression in response to
submergence and found that none of them showed difference in consti-
tutive expression, whereas RAP2.2, RAP2.3, and HRE?2 in all three
accessions were significantly up-regulated during submergence-induced
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hypoxia stress (fig. S9, B to D). Among them, we also found that
HRE] in Tibet, like RAP2.12, could not be up-regulated in re-
sponse to submergence (fig. SOE).

We hypothesized that the constitutive expression level of ERFVIIs
may be associated with native climatic humidity in different acces-
sions collected from different geographical locations. We therefore
analyzed correlations between ERFVII constitutive RNA expression
levels in 32 accessions using data available on the eFP Browser
(fig. SI0A and table S1) (19), in relation to local precipitation and
aridity index. For RAP2.12, a significant positive correlation with
native humidity was observed (R = 0.393 and P = 0.026; fig. S10C),
which was not shown for other ERFVIIs (P > 0.113; fig. S10, D to K,
and table S1). These results highlight the significant association
between the expression of RAP2.12 and climatic humidity adaption.

Two allelic cis-elements, the WT and W boxes, are involved

in RAP2.12 differential expression

With protein-B-glucuronidase (GUS) fusion lines containing ~1.6 kb
of DNA upstream of the initiating ATG [promoter (p)] and complete
coding region (pERFVII:ERFVII-GUS), in the Col-0 background we
could show that in response to hypoxia, transgenes with promoter-
Sichuan (pSic)-RAP2.12:RAP2.12-GUS accumulated RAP2.12-GUS
protein (as would be expected because of stabilization of this PCO
N-degron pathway substrate in the absence of oxygen, as previously
also shown for pCol-0-RAP2.12:RAP2.12-GUS) (20, 21). However,
promoter-Tibet (pTib)-RAP2.12:RAP2.12-GUS could not promote
RAP2.12-GUS accumulation in response to hypoxia, and RAP2.12-GUS
protein almost completely disappeared after 48 hours of treatment
with 5% oxygen (Fig. 2A). To confirm which SNP sites result in the
divergence of RAP2.12 accumulation, we segmentally substituted
the pSic promoter of pSicRAP2.12:RAP2.12-GUS with pTib-RAP2.12.
Compared with normoxia, the accumulation of Sichuan RAP2.12-
GUS protein under hypoxia was highly reduced when the region
between —250 and —125 bp from ATG was substituted with pTib-
DNA (Fig. 2B). A total of nine substitutions and three deletions
were distributed in seven areas in this region (Fig. 2C and fig. S6A),
among which we found two previously described core cis-element
sequences, the WT box (GACTTTT) and W box (TGAC). These
were dislocated in the two forms of the promoter, Sichuan containing
the WT box and Tibet the W box (Fig. 2C and fig. S6A). The W box
(present in some ERFVII promoters) has been shown to be bound
by many plant WRKY transcription factors (22-26), whereas only
WRKY?70 binds to the WT box (27, 28), which is only found in the
RAP2.12 promoter.

WRKY70 acts to bind the RAP2.12 promoter hap-WT box

To investigate whether WRKY?70 is involved in the divergence of
transcript levels of RAP2.12 in Tibet and Sichuan accessions, we
conducted electrophoretic mobility shift assays (EMSAs) using core
cis-element sequences with their flanking sequence. Although there
is one-amino acid substitution in WRKY70 between Tibet and
Sichuan (fig. S11A), both WRKY?70-Sic and WRKY70-Tib bound to
the WT box (Fig. 2C). WRKY70 bound specifically to the WT box
but much less strongly and nonspecifically to the W box cis-element
(Fig. 2C). In addition, luciferase transactivation assays suggested
that the three forms of WRKY70 (Col-0, Sichuan, and Tibet)
enhanced expression from the Sic-RAP2.12 promoter but they all
reduced expression from the Tib-RAP2.12 promoter (Fig. 2, D and E,
and fig. S11B). When the W box core cis-element of Tib-RAP2.12
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promoter was mutated to the Sichuan form, WRKY70 repression
was removed (Fig. 2D). Similarly, when we mutated the WT box
core cis-element of Sic-RAP2.12 promoter to the Tibet form, trans-
activation was lost (Fig. 2E). Substituting the mutated Sic-RAP2.12
promoter W box to the Tibet form resulted in reduced luciferase
(LUC) activity (Fig. 2E). Because WRKY?70 could not competitively
bind to the W box cis-element (Fig. 2C), we believe that WRKY70
indirectly inhibited Tib-RAP2.12 expression. The proximity of the
W box to the transcription start site may also interfere with tran-
scription initiation under submergence.

The mRNA levels of WRKY70 increased with submergence time
in all three accessions (Sichuan, Tibet, and Col-0) (fig. S11C). In the
Col-0 background (RAP2.12 haplotype containing the WT box but
not the W box; fig. S6A), wrky70 transferred DNA (T-DNA) inser-
tion mutant was more sensitive, and WRKY70-overexpressing line
(35S:WRKY70) was more tolerant, to submergence (fig. S12, A to C)
and hypoxic conditions (fig. S12, D and E). Physiological measure-
ments of malondialdehyde (MDA) and ionic leakage during sub-
mergence and reoxygenation also revealed that the wrky70-mutant
plant rosettes were more susceptible to submergence, while
35S:WRKY70 was less damaged during submergence and reoxygenation
(fig. S13, A and B). Furthermore, uncoupling expression of RAP2.12
from WRKY70 (35S:RAP2.12) in the wrky70-mutant or analyzing
near-isogenic lines (NILs) (replacing Tibet hap-W box RAP2.12
promoter with Sichuan hap-WT) both increased hypoxia tolerance
(Fig. 3B and fig. S12, F and G), suggesting that WRKY?70 activates
transcription of RAP2.12 through the WT box. During dark sub-
mergence, hypoxia response marker genes were expressed lower in
the wrky70 mutant than in Col-0, further indicating that WRKY70
acts through RAP2.12 (fig. S14, A to D). Of all the ERFVIIs, only
constitutive expression of RAP2.12 was significantly reduced in
wrky70 under normal conditions compared to Col-0, and submer-
gence treatment could not induce its expression, similar to the
behavior of RAP2.12 in the Tibet accession (Fig. 3A and fig. S15A).
The normoxic expression of the other ERFVIIs was not affected in
wrky70, and they were all similarly up-regulated after submergence
treatment (fig. S15, B to E), indicating that WRKY70 in the Col-0
accession specifically functions to enhance expression of RAP2.12.

The role of the RAP2.12 promoter in conferring

tolerance to drought

The fact that RAP2.12 is expressed in the Tibet accession even in the
absence of a functional WT box suggests that other promoter
elements must control expression. The expression of RAP2.12 tran-
scripts in both in Col-0 and Sichuan accessions, which both contain
the WT box (fig. S6A), showed a significant decrease under drought
stress in roots and shoots (Fig. 3C and fig. S16, A to C), while on
the contrary, in the Tibet accession, RAP2.12 transcripts showed a
significant up-regulation (Fig. 3C). In addition, our drought treat-
ments and previously reported results (12) showed that there was
no significant difference in drought resistance among Col, rap2.12,
erfVII, and pSic-RAP2.12:RAP2.12-GUS in Col-0 (Fig. 3D and fig.
S17). However, pTib-RAP2.12:RAP2.12-GUS and 35S:RAP2.12
(derived from Col-0) in Col-0 background exhibited increased drought
resistance (Fig. 3D and fig. S17), which is consistent with results of
heterologous expression of ERFVIIs from sweet potato (IbRAP2.12) and
wheat (TaERF1I) in Col-0 (29, 30). By spraying abscisic acid (ABA) onto
the Col-0 transgenic lines of pSic-RAP2.12:GUS, pTib-RAP2.12:GUS,
and piecewise substitution of promoter transgenic lines, we found
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Fig. 2. Dislocation of WT and W box cis-elements in 250-bp promoter of RAP2.12 and interaction with WRKY70. (A and B) Representative shoot images of RAP2.12-GUS
reporter protein fusion lines in pSic-RAP2.12:RAP2.12-GUS and pTib-RAP2.12:RAP2.12-GUS Col-0 transgenics (A) and RAP2.12-GUS reporter lines in pSic-RAP2.12:GUS (blue),
pTib-RAP2.12:GUS (orange), and piecewise substitutions of RAP2.12 promoter from Sichuan to Tibet accession (B), in 4-day-old seedlings after treatment with air (untreated)
or 5% (v/v) oxygen for the indicated time. Differences of the promoters are shown in fig. S7. Scale bars, 1 mm. (C) EMSA to test for interaction of WT box and W box, with
WRKY70-Sic and WRKY70-Tib. Gene structure and 30-bp-length sequences used for biotin labeling and unlabeled competitive binding are shown on the top. Core cis-element
sequences of WT box and W box are in blue and orange, respectively. Residue difference between GST-WRKY70-Sic and GST-WRKY70-Tib protein is shown in fig. ST1A.
(D and E) Repression by WRKY70 on the promoter of pTib-RAP2.12 depends on the W box cis-element. pTib-RAP2.12(Wp,), W box cis-element mutant to Sichuan accession
form (D). Transactivation of pSic-RAP2.12 by WRKY70 depends on the WT box cis-element. pSic-RAP2.12(WTy), WT box cis-element mutant to Tibet accession form;
pSic-RAP2.12(WTy+ w), adding pSic-RAP2.12(WTy) promoter to the W box cis-element corresponding to the Tibet accession (E). Data are means + SE (n = 3 repeats).
**p < 0.01; NS, not significant (Student’s t test).
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that the expression of pSic-RAP2.12 was reduced relative to control ~ with dispersed distributions in Southwest Europe, Africa, and Asia
but when the Tibet-derived W box was present in the same promoter,  share the hap-W box, while the other 660 accessions have the hap-WT
expression was induced by ABA (Fig. 4A). box (Fig. 4, B and C, and table S2). Whereas most accessions with

To analyze the distribution of haplotypes in A. thaliana acces- the hap-WT box are distributed in humid regions, the 12 hap-W
sions, we downloaded the 1- to 250-bp promoter sequences of 672  box accessions were all sparsely and narrowly distributed in drier
global distributed Arabidopsis accessions (table S2 and data S1),and  regions (Fig. 4, B and C). Four of these accessions, Tanz-1, IP-Cat-0,
they were perfectly divided into the hap-WT box and hap-W box in this  IP-Cem-0, and IP-Her-12, were found to be highly sensitive to flooding
region by haplotype network analysis (Fig. 4B). Only 12 accessions  in the past comparisons (31, 32).
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Fig. 3. Differential expression of RAP2.12 driven by pSic-RAP2.12 or pTib-RAP2.12 results in contrasting opposite tolerance to flooding and drought. (A) The
relative expression level of RAP2.12 in shoots after air or submergence treatments (20 hours) in Sichuan and Tibet accessions. (B) Phenotypic and survival comparison
between Tibet and a Tibet NIL containing introgressed RAP2.12 (Sichuan), NILF4P2125i¢_phenotypes after 48 hours of dark/submergence and 7 days recovery. Scale bar,
2 cm. (C) The differential relative expression level of RAP2.12 in shoots between Sichuan and Tibet accessions in response to drought. (D) Comparison of drought tolerance
in Col-0, pSic-RAP2.12:RAP2.12-GUS, and pTib-RAP2.12:RAP2.12-GUS (all in Col-0 background). Phenotypes after 14 days without watering, followed by 2-day rewatering.
Scale bar, 2 cm. Data are means + SE (n = 3 repeats). Different letters denote significant differences according to Tukey’s post hoc test (P < 0.05). **P < 0.01 (Student’s t test).

WT and W box cis-elements have undergone a shift

in evolutionary history

The dislocated distribution of two allelic variations, WT and W box,
cis-elements of RAP2.12 in arid and humid climates indicates that
drought and hypoxic stresses caused by precipitation or environmental
water have been a strong selection force. To better understand the
effect of this selection, we analyzed whether different accessions of
A. thaliana around the world are involved in this evolutionary shift
by using the global nonrepetitive sites of 1475 natural inbred lines
of A. thaliana (table S3), with the native precipitation, aridity index,
and oxygen availability to roots data. We found that native sites
with less precipitation were more prone to experience drought
stress (fig. 518, A to C), and sites with heavy precipitation or high
humidity were more limited in oxygen availability (fig. S18, C to F).
The ecological selection attests to the significance of divergent
climate adaptation of these two cis-element alleles.

To examine the origins of the two cis-element alleles, about
250 bp from ATG in RAP2.12 orthologous genes of 11 Brassicaceae
species was used to construct a phylogenetic tree by the neighbor-
joining method (fig. S19, A and B). Combined with the topology of
the tree and the existence of two cis-elements in the sequences used,
we found that the hap-WT box of RAP2.12 originated after A. thaliana
had been established through diverging from closely related species
(Fig. 4D and fig. S19B), and this allelic haplotype extensively

Lou et al., Sci. Adv. 8, eabn8281 (2022) 4 May 2022

expanded into humid climate areas around the world (Fig. 4C). In
contrast, the hap-W box of RAP2.12 was found to be ancestral
because it was present in all closely related species and genera. It
first appeared even before divergences among four closely related
genera, Arabidopsis, Lepidium, Capsella, and Camelina (Fig. 4D and
fig. S19B). Haplotype analyses (Fig. 4B) also indicated that Tibet
and the other 11 accessions of A. thaliana with the hap-W box comprise
a clear clade, distinct from others with worldwide distributions.
These populations may have survived as sparse relicts in Southwest
Europe, Asia, and Africa before the worldwide colonization of this
species after the Quaternary climatic oscillations (33). In addition,
these results suggest that A. thaliana originated in dry and arid
regions similar to most Brassicaceae groups and the later adaptation
to flooding stress promoted its multiple colonization of high precipi-
tation or humidity regions of Eurasia and Africa.

DISCUSSION

Because high precipitation and humidity lead to hypoxic stress (fig.
S18, Cto F), increased constitutive RAP2.12 expression may enhance
the survival of local populations. WRKY70 enhances constitutive ex-
pression of RAP2.12, which is stabilized under hypoxic conditions that
inhibit PCO activity, thus promoting submergence tolerance (Fig. 5).
However, during drought stress, in the other extreme of climatic
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Fig. 4. Occurrence of W box and WT box in the proximal promoter of RAP2.12 in the Brassicaceae and differential association with drought and aridity index.
(A) Representative leaf images of RAP2.12-GUS reporter lines in pSic-RAP2.12:GUS, pTib-RAP2.12:GUS, and piecewise substitutions of RAP2.12 promoter from Sichuan to
Tibet accession (see also Fig. 2B) in 14-day-old seedlings after spraying with 30 uM ABA for 6 hours. Scale bars, 1 mm. (B) Haplotype network of the RAP2.12 promoter in
A. thaliana over the world. Each haplotype is represented by a circle. The accessions with WT box and W box are divided into Hap-WT box and Hap-W box clades. The black
dots indicate missing haplotype, and circle sizes represent relative frequency. (C) Geographic distribution of Hap-WT box and Hap-W box RAP2.12 on aridity index in
haplotype network testing (data S1). (D) Phylogenetic analysis of RAP2.12 promoter in Brassicaceae species by the neighbor-joining method. The gene names or numbers
and species names are given in the phylogenetic tree. The distributions of WT box and W box on the RAP2.12 orthologous gene promoter are displayed on the right, and
the details of the sequence are shown in fig. S19.
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Fig. 5. A genetic model for allelic evolution of expression of RAP2.12 from drought to flooding. In Hap-W box populations of dry areas, the expression of RAP2.12 is
enhanced by other WRKY 12/33 or other unknown genes(s) through the W box cis-element to promote survival under drought stress. In Hap-WT box populations, the
shift of the RAP2.12 regulatory cis-element from W to WT box allows WRKY70 to enhance its expression through WT box and promote the worldwide humid colonization

in A. thaliana.

humidity, WRKY70 and its paralogs (WRKY46/54) are phosphorylated
by BIN2 kinase, which leads to their destabilization and promotes
expression of drought-inducible genes (4, 34). Despite the fact that
RAP2.12 protein has been shown to promote drought tolerance by
controlling the stomatal ABA response and ROS in several species (e.g.,
A. thaliana, rice, wheat, barley, and sweet potato) (12, 14, 30, 35),
expression of RAP2.12 in the WT box haplotype does not respond
to drought. However, for the alternative hap-W box populations
(including Tibet), RAP2.12 can be up-regulated by other WRKY or
unknown genes(s) through the W box cis-element (Figs. 4A and 5),
as it was recently shown that the promoter of RAP2.2 (that also con-
tains the W box) binds WRKY 33 and 12 (26). Therefore, a shift
from W to WT box cis-element in RAP2.12 promoter is critical for
humid adaptation of A. thaliana from ancestral more arid habitats.
Therefore, this evolutionary trajectory reveals an unreported genetic
shift for ecological adaptation between contrasting abiotic stresses
(Fig. 5). Similar shifts may also exist for other key genes involved in
adaptations to contrasted stresses in plants. This mechanism
diversifies the upstream regulatory network of the gene in different
populations, allowing adaptation to different environments with
contrasting water availability. Such an evolutionary shift also
suggests that crop improvement could be conducted by manipula-
tion of cis-regulatory element combinations, to create new crop
types that stabilize yield in the face of multiple abiotic stresses.

MATERIALS AND METHODS

Plant materials

The seeds of Sichuan accession [Arabidopsis Biological Resource
Center (ABRC) stock no.: CS79063] were collected from Yilong County,
Nanchong City, Sichuan Province, and those of Tibet accession

Lou et al., Sci. Adv. 8, eabn8281 (2022) 4 May 2022

(ABRC stock no.: CS79062) were collected from Chengguan District,
Lhasa City, Tibet Autonomous Region. RILs were constructed by
crossing the Sichuan with Tibet accessions and self-pollination for
seven generations. All A. thaliana mutants used are in the Colum-
bia (Col-0) accession. The pentuple mutant erfVII (rap2.12 rap2.2
rap2.3 hrel hre2) was described previously (18). T-DNA insertion
lines, wrky70 (SALK_025198) (34) and rap2.12 (SAIL_1215_H10) (21),
were obtained from the Arabidopsis Biological Resource Center.

Growth conditions

Surface-sterilized (10% NaClO for 10 min) and sterile water-washed
seeds were sown on half Murashige & Skoog (MS) media and chilled at
4°C for 72 hours and then germinated and vertically cultivated under
a 16-hour light (137 x 100 lux, Philips F17T8/TL841 17 W)/8-hour dark
(23°C) photoperiod. The seedlings cultivated on the plate and in the
soil were both grown in a 23°C constant temperature growth chamber.

Stress treatments

Submergence treatment

All pots with different genotypes were staggered in the same flat,
and their placement positions are exchanged once a day. Eighteen-
day-old plants were completely dark submerged in a tank (W:L:H,
37 x 50 x 25) with leaves 10 cm below the water surface. After the
treatment times indicated, the water in the tank was removed, and
plants were returned to normal photoperiodic conditions (16/8 hours,
light/dark). Flooding tolerance was assayed at least three times by
using 10 to 16 plants per genotype each time. After 7 days of recovery,
the rosette leaf dry weights of the surviving plants and controls
were weighed to calculate RRDWs in all submergence treatments.
Plant cultivation and submergence procedures were described
previously (36).
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Hypoxia treatment

Hypoxic equipment used in this study was described previously
(37), and the hypoxic conditions were conducted by flushing the
humidified 99.99% N, gas under dark conditions. The hypoxia
treatment process was as follows: Eighteen-day-old seedlings were
pretreated with 5% oxygen for 24 hours and then treated with
oxygen levels below 0.1% for 16 hours. After hypoxic treatment, the
seedlings were returned to normoxic conditions with normal
photoperiodic conditions (16/8 hours, light/dark).

Drought stress treatment

Seven-day-old plants were transferred into 200 g of soil with 65%
water content in each pot. The genotypes were staggered in the
same flat, and their placement positions are exchanged once a day.
During drought stress, the flats were rotated frequently to minimize
the effect of their growth environment (34). Survival analysis in
Fig. 1B was calculated after 3 weeks of no watering and 5 days of
rewatering from five biological replicates carried out at different
times. Each genotype had 12 plants in three pots for each biological
repeat. In addition, survival analyses in Fig. 3D and fig. S17 were
carried out after 2 weeks of no watering and 2 days of rewatering for
three replicates containing 10 to 16 individuals in each genotype.

GWAS and mapping

A total of 623 2-week-old RILs were submerged for 48, 60, and
72 hours, respectively, five individuals per RIL in each treatment. After
7 days of recovery under normal light conditions, the survival of each
line was calculated, and the dry weights of the surviving individuals were
weighed to measure the RRDW. Three-week-old rosette dry weights
were used as control, and the RRDW was calculated by the following
formula: average survival weight/average control weight. Subsequently,
the survival and the RRDW were used for GWAS.

For SNP identification, paired-end resequencing reads of the
623 RILs in this study were mapped to the parent Sichuan accession
HiFi reference genome with the Burrows-Wheeler Alignment tool
(BWA version 0.7.17) (37). Next, the markdup function of Sambamba
(version 0.7.1) (38) was used to mark reads that were duplicated in
library preparation or sequencing. Last, SNP and indel calling were
performed with the Genome Analysis Toolkit (GATK version 4.1.1.7)
(39). Extra filtration steps were applied to the raw SNPs and indels
using Vcftools (version 0.1.15) (40).

For GWAS, we used a total of 1,192,378 high-quality SNPs with
minor allele frequencies greater than 3% and missingness rates no
greater than 20%, and we included phenotypes (average survival
and RRDW) from each line. The analysis was performed using
GEMMA software by the univariate mixed linear model method,
and the population structure was controlled using the relatedness
matrix to control spurious associations (41). The GWAS signifi-
cance threshold was determined by Bonferroni correction with
adjusted P values = 0.05/n (n = 279,812 SNPs from the GEMMA
output). The genome-wide significance level was set as 1.8 x 10”” in
both phenotypes. SNPs in a region of 20 kb around the top peak
were used for haplotype analysis by hierarchical clustering method
in pheatmap in R, and average survival and RRDW in each line were
used to distinguish the resistance of haplotypes to flooding stress.

For mapping, as shown in fig. S5, the hybrid F; generation of
Sichuan and Tibet accessions was used for recurrent backcrossing
with Tibet accession for five rounds, and then BC5F1 lines were
self-bred for three generations; each generation is screened with
48 hours of submergence stress to select the most resistant lines.

Lou et al., Sci. Adv. 8, eabn8281 (2022) 4 May 2022

The submergence-resistant lines in this population were sequenced
and then overlapped with the results of RILs haplotype analysis (fig.
S4). The candidate region was lastly narrowed in a ~7-kb interval
with two genes, RAP2.12 (AT1G53910) and GLIP5 (AT1G53920).

Plasmid construction

In the dual-luciferase assay, a 471-bp fragment upstream of the PGB1
ATG from the Col-0 or 1.6-kb fragment upstream of the RAP2.12
ATG from Sichuan or Tibet was cloned into the pGreen-0800-LUC
vector as a reporter. Promoters with the replacement in the WT box
and W box motif were generated by overlapping polymerase chain
reaction (PCR). The constructs of p35S:RAP2.12-Col, p35S:RAP2.12-
Sic, p35S:RAP2.12-Tib, p35S:WRKY70-Col, p35S:WRKY70-sic,
and p35S:WRKY70-Tib were generated by inserting the coding
regions of RAP2.12 or WRKY70 from three accessions into
pCAMBIA1300 vector.

To construct pSic-RAP2.12:RAP2.12-GUS and pTib-RAP2.12:RAP2.12-
GUS C-terminal GUS reporter protein fusion lines, 1.6-kb sequence
upstream from the ATG and RAP2.12 CDSs with the stop codon
removed by primers (table S4) were amplified and cloned into
the pCXGUS-P vector (36) through the Xcm I enzyme sites. The
pSic-RAP2.12:GUS, pTib-RAP2.12:GUS, and piecewise substitutions
of promoter constructs were generated by overlapping PCR. The
primers for plasmid construction were listed in table S4.

Production of transgenic Arabidopsis

To generate 355:WRKY70 or 355:RAP2.12 overexpressing transgenic
plants, the Col-type WRKY70 or RAP2.12 CDSs were cloned into the
pCAMBIA1300 by Xba I and Kpn I sites, and the wild-type plants of
Col-0 were transformed with Agrobacterium tumefaciens (GV3101)
carrying the constructed pCAMBIA1300. The 35S:RAP2.12-Sic/
erfVII and 358:RAP2.12-Tib/erfVII lines were generated in the erfVII
background via the floral dip method (42) and identified by hygro-
mycin screening, and transgenic lines with similar expressing levels
were used in our experiments. The 35S:RAP2.12/wrky70 combina-
tion was generated in wrky70 T-DNA insertion line background via
the floral dip method.

MDA measurement

MDA levels were measured according to Yuan et al. (43). Rosettes
were weighed and pulverized in 1 ml of trichloroacetic acid buffer
[0.1% (w/v)]. After centrifuging at 10,000¢ for 10 min at 4°C, 0.2 ml
of supernatant was taken out to mix with 0.8 ml of concentrated
trichloroacetic acid [20% (w/v)] containing 0.5% thiobarbituric acid.
The mixture was boiled for 15 min and cooled quickly with ice. After
centrifuging at 10,000¢ for 5 min at 4°C, the absorbance of the mixture
was detected at 532 and 600 nm using a spectrophotometer plate
reader, and the MDA contents were calculated accordingly (44).

lon leakage assay

Ion leakage was measured as previously described (36). Rosettes of
18-day-old plants after submergence or 24-hour submergence and
reoxygenation treatments were placed in 10 ml of deionized water.
After vacuuming for 10 min and shaking for 1 hour, initial conduc-
tivity (S1) was measured with a conductance meter and then the
rosettes were boiled for 10 min. After cooling them to room
temperature with water, samples were shaken for another 10 min to
measure the final conductivity (S2). Ion leakage was calculated as
S1/52 x 100%.

8of 11

2202 ‘2T Re N uo BI0"30uUs 105 MMM/:SANY WO | PaPE0 JUMOC



SCIENCE ADVANCES | RESEARCH ARTICLE

Relative water content measurement

Relative water content was measured and calculated with the
following formula: (FW — DW)/(RW — DW) x 100%, according to
Linster et al. (45). The fresh weights (FW) of 7 to 12 individual
rosettes were measured and followed by 12-hour rehydration in
4°C cold water to determine the rehydrated weight (RW) of each
sample. Then, the dry weights (DW) of rosettes were weighed after
drying at 80°C for 24 hours.

Stomatal aperture measurement

Abaxial leaf epidermises were imaged by a confocal fluorescence
microscope (Leica TCS SP5 II system, Leica, Wetzlar, Germany),
and the Image] software was used to measure the stomatal aperture.
Ten stomata were measured on the largest leaf of each individual.

Visualization of ROS

ROS accumulation was visualized by 3,3’-diaminobenzydine (DAB)
staining (46). The rosettes were soaked in DAB solution (1 mg ml™
in water, pH 3.8) for 8 hours and cleared in 95% boiling alcohol for
10 min and then photographed.

GUS staining

Seedlings or leaves were incubated in staining buffer [50 mM tris-Cl
(pH 7.5), 0.2% Triton X-100, and 1 mM 5-bromo-4chloro-3-indolyl
b-p-glucuronic acid (X-gluc)] at 37°C for 2 hours and then trans-
ferred into 100% alcohol to remove chlorophyll.

Luciferase activity assay

Luciferase activity assays were performed in young Nicotiana
benthamiana leaves (47). The reporter constructs together with the
different effector constructs were coinjected into N. benthamiana,
and the Renilla luciferase (REN) gene was used as internal transfec-
tion control. The injected tobacco was incubated in dark conditions
for 2 days and cultivated under normal conditions for 1 day, and
then Dual-luciferase Reporter Assay System [Dual-Luciferase(R)
Reporter Assay System, Promega, catalog no. E1960] was used to
detect the luciferase and Renilla luciferase activities.

RNA isolation and quantitative real-time PCR

Real-time PCR was performed as previously described (36). Total
RNA was isolated from rosettes using TRIzol reagent (Invitrogen
Life Technologies, Shanghai, China) following the manufacturer’s
instructions. Two micrograms of RNA was reverse-transcribed
using PrimeScript RT reagent Kit with gDNA Eraser (Takara, cata-
log no. RR047A) to obtain first-strand complementary DNA synthesis.
Quantitative PCR was performed with SYBR Green PCR Master
Mix (TaKaRa) on a Bio-Rad CFX96 Real-Time System. ACTIN2
(At3g18780) was used as the internal control. Primers for quantita-
tive PCR are listed in table S4.

Electrophoretic mobility shift assay

Light Shift Chemiluminescent EMSA Kit (Thermo Fisher Scientific,
catalog no. 20148) was used in all the EMSA experiments. The GST-
WRKY70-Sic and GST-WRKY70-Tib proteins were expressed through
1 mM isopropyl B-p-1-thiogalactopyranoside induction in Escherichia
coli strain BL21 (DE3) and then purified using Glutathione-Sepharose
4B beads (GE Healthcare). The biotin-labeled DNA was labeled at
5" end of cis-element and synthesized by Sangon Biotech (Shanghai,
China). The probe sequences are listed in table S4.

Lou et al., Sci. Adv. 8, eabn8281 (2022) 4 May 2022

Haplotype network construction

A 253-bp promoter from ATG of RAP2.12 containing 24 SNPs
in 127 accessions was used for generating the statistical parsimony
network. The haplotype network was implemented by Network
10 software (www.fluxus-engineering.com) (48). Detailed sequences
are available in data S1.

Phylogenetic analyses

The genomic locations and the source of each RAP2.12 orthologous
sequence from 11 Brassicaceae species used in this study are listed in
fig. S19. The phylogenetic tree was built using the neighbor-joining
method with 500 bootstrap replicates by MEGA?7 (49). Multiple se-
quence alignments were performed using the Muscle algorithm (50).

Statistical analysis

All statistical tests were performed using SPSS 17.0, and significance
is defined by P value and marked as the following code: * < 0.05 and
** < 0.01. Statistical significance was assessed using either Student’s
t test between groups or one-way analysis of variance (ANOVA)
among multigroups. Quantitative data were shown as means + SE.

Data availability

The raw sequencing dataset of RAP2.12 is available on National Center
for Biotechnology Information BioProject (https://ncbi.nlm.nih.gov/
bioproject) by the accession numbers PRINA374784, PRINA273563,
and PRJEB19780 and on the 1001 Genomes (https://1001genomes.
org/). The source of each sequence is listed in table S2. Annual pre-
cipitation data are downloaded from WorldClim (www.worldclim.
org/) (51); the aridity index is available from the CGIAR-CSI
GeoPortal (https://cgiarcsi.community/data/global-aridity-and-
pet-database/) (52); oxygen availability to roots data are available from
the Food and Agriculture Organization of the United Nations Soils
portal (www.fao.org/soils-portal/en/) (53); and the resolution of all
data is 30 arc sec (~1 km?). Absolute expression levels of ERFVII
were from eFP browser (http://bar.utoronto.ca/efp/cgi-bin/efpWeb.cgi)
(19, 54, 55), and we did not use the expression levels of Fr-2 and
Old-2 because their information is from botanic gardens without
the wild collection sites. The global nonrepetitive sites of natural
inbred lines of A. thaliana used in this research are listed in table S3.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abn8281

View/request a protocol for this paper from Bio-protocol.
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