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Abstract

Drought stress limits woody species productivity and influences tree distribution. However, dissecting the molecular mechan-
isms that underpin drought responses in forest trees can be challenging due to trait complexity. Here, using a panel of 300
Chinese white poplar (Populus tomentosa) accessions collected from different geographical climatic regions in China, we per-
formed a genome-wide association study (GWAS) on seven drought-related traits and identified PtoWRKY68 as a candidate
gene involved in the response to drought stress. A 12-bp insertion and/or deletion and three nonsynonymous variants in the
PtoWRKY68 coding sequence categorized natural populations of P. tomentosa into two haplotype groups, PtoWRKY68"*P" and
PtoWRKY68"*P%. The allelic variation in these two PtoWRKY68 haplotypes conferred differential transcriptional regulatory
activities and binding to the promoters of downstream abscisic acid (ABA) efflux and signaling genes. Overexpression of
PtoWRKY68"*P" and PtoWRKY68"*P? in Arabidopsis (Arabidopsis thaliana) ameliorated the drought tolerance of two transgenic
lines and increased ABA content by 42.7% and 14.3% compared to wild-type plants, respectively. Notably, PtoWRKY68"P’
(associated with drought tolerance) is ubiquitous in accessions in water-deficient environments, whereas the drought-sensitive
allele PtoWRKY68"P? is widely distributed in well-watered regions, consistent with the trends in local precipitation, suggesting
that these alleles correspond to geographical adaptation in Populus. Moreover, quantitative trait loci analysis and an electro-
phoretic mobility shift assay showed that SHORT VEGETATIVE PHASE (PtoSVP.3) positively regulates the expression of
PtoWRKY68 under drought stress. We propose a drought tolerance regulatory module in which PtoWRKY68 modulates
ABA signaling and accumulation, providing insight into the genetic basis of drought tolerance in trees. Our findings will facili-
tate molecular breeding to improve the drought tolerance of forest trees.
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PtoWRKY68 contributes to drought tolerance

Introduction

Drought stress is one of the most common abiotic stress fac-
tors affecting forest tree growth and productivity (Ragauskas
et al. 2006). Plant stem hydraulic conductance and above-
ground biomass production decrease substantially under
drought stress, resulting in up to 45% reduction in radial
growth of many forest trees (Barber et al. 2000). To reduce
the adverse effects of drought stress on plant growth and de-
velopment, plants have evolved multifaceted strategies in-
volving morphological, physiological, and biochemical
adaptations (Shinozaki et al. 2003; Bohnert et al. 2006;
Mukarram et al. 2021; Zhang et al. 2022). These strategies
aim to alleviate or mitigate dehydration stress by increasing
water uptake or reducing water loss, to protect plant cells
from damage when water becomes scarce and tissue dehy-
dration occurs (Verslues et al. 2006; Yu et al. 2013). Forest
trees, in general, are often challenged by mild or moderate
drought stress, which requires trees to respond physiologic-
ally by reducing the rates of transpiration and photosynthesis
to abrogate the acute desiccation that leads to death. Hence,
investigation of the mechanisms underpinning the physio-
logical and photosynthetic changes in trees under drought
stress could enhance drought tolerance in trees and maintain
their growth and productivity (McDowell 2011).

The plant hormone abscisic acid (ABA) is a key factor regu-
lating the plant response to drought or water insufficiency,
which mediates stomatal closure and maintains water status
(Raghavendra et al. 2010; Wang et al. 2021; Yu et al. 2021).
The de novo biosynthesis of ABA is induced by drought
stress, and genes involved in this process have been identified.
For instance, 9-CIS-EPOXYCAROTENOID DIOXYGENASE 3
(AtNCED3) contributes to drought tolerance by increasing
ABA accumulation in Arabidopsis (Arabidopsis thaliana)
(Tan et al. 2003). In addition to ABA biosynthesis, catabolism
and transport also modulate the accumulation of ABA (Chen
et al. 2020). For example, the flowering repressor SVP, a central
regulator of ABA catabolism, increases the cellular level of ac-
tive ABA to respond to drought stress via decreased ABA hy-
droxylation via repression of CYP707A1/3 and increased
ABA-GE hydrolyzation via activation of AtBGT expression in
leaves (Wang et al. 2018). A DTX/MULTIDRUG AND TOXIC
COMPOUND  EXTRUSION  (MATE) family member,
AtDTX50, negatively regulates drought tolerance by modulat-
ing ABA efflux, and a dtx50 mutant showed increased ABA ac-
cumulation and accelerated ABA-induced stomatal closure
(Zhang et al. 2014). ABA-dependent transcription networks
are important in the response to drought stress. In the ABA
signaling pathway, PYRABACTIN RESISTANCE1 (PYR1)/
PYR1-LIKE (PYL)/REGULATORY COMPONENTS OF ABA
RECEPTORS (RCAR) proteins as ABA receptors can interact
with PROTEIN PHOSPHATASE 2C (PP2C) family members
and repress PP2C activity (Ma et al. 2009). The result is
an accumulation of active SUCROSE NONFERMENTING
1-RELATED PROTEIN KINASE 2 (SnRK2), which mediates
the direct phosphorylation of the ABA INSENSITIVE5 (ABI5)
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and ABA-RESPONSE ELEMENT BINDING FACTOR (ABF) tran-
scription factors (TFs) (Wasilewska et al. 2008).

As plant-specific TFs, the WRKY family contains the con-
served sequence motif WRKYGQK, which binds to the
W-box [(T)TGACC/T] in target gene promoters (Eulgem
and Somssich 2007). WRKY TFs play a crucial role in the
ABA signaling cascade that underlies the plant response to
stress (Rushton et al. 2012; Jiang et al. 2021; Lim et al.
2022). In Arabidopsis, AtWRKY46/54/70 negatively modulates
drought tolerance by globally repressing drought-inducible
gene expression (Chen et al. 2017; Chen and Yin 2017).
Jiang et al. (2021) found that PalWRKY77 acts as a repressor
of ABA signaling to negatively regulate the salt stress response
in poplar (Populus alba var. pyramidalis) by directly binding to
the W-boxes in the promoters of NO APICAL MERISTEM,
ARABIDOPSIS TRANSCRIPTION ACTIVATION FACTOR
AND CUP-SHAPED COTYLEDON 2 (PalNAC002), and
RESPONSIVE TO DESICCATION 26 (PalRD26) to inhibit their
expression. However, the ABA-dependent drought-responsive
pathway in perennial woody plants is complex and unclear.
Understanding the mechanisms that underpin trees to cope
with drought stress is needed to enhance ecologic and eco-
nomic value in the context of climate change.

Genetic variation in traits of interest under natural selec-
tion, which exist in wild relatives or progenitor species of
crop plants, provides vital resources in plant breeding for de-
sirable and complex traits (Han et al. 2018). A genome-wide
association study (GWAS) identified several quantitative
trait loci (QTLs) and genomic regions harboring single nu-
cleotide polymorphisms/insertion-deletions (SNPs/indels)
associated with complex traits. For example, a natural variant
of ZmNAC111 was identified in significant association with
drought tolerance in maize (Zea mays) seedlings by using
GWAS, which governs water-use efficiency under drought
stress (Mao et al. 2015). The regulatory hierarchy of complex
traits often involves clusters of a few related genes. Although
GWAS can provide statistical links from genotypes to pheno-
types, it typically cannot uncover functional pathways that
encompass multiple related genes (Wang et al. 2010).
Omics analyses (e.g. transcriptomics) can bridge the gap be-
tween gene and function through genetic regulatory net-
works which enhances the effectiveness of the GWAS
approach (Tang et al. 2021). For example, co-expression
networks can be used to infer the functions of genes based
on their associations with their network neighbors and inte-
grate transcriptome data to analyze genes that regulate
complex traits. Transcriptome analysis, coupled with co-
expression network and expression quantitative trait loci
(eQTL) mapping, facilitates the integration of potential regu-
latory networks of complex traits (Langfelder et al. 2011;
Majewski and Pastinen 2011; Cubillos et al. 2012; Krouk
et al. 2013). The application of these methods singly or in
combination provides insight into the underlying genetic
regulatory networks for desirable traits in plants (Civelek
and Lusis 2014). For instance, the genetic architecture of
leaf shape variation and candidate genes associated with
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leaf development was characterized by GWAS, then co-
expression network analysis has been used to prioritize the
centrality of GWAS-identified genes, and integrated eQTL
enabled the functional characterization of a set of candidate
genes in poplar (P. tremula) (Mahler et al. 2020). Tong et al
(2022) revealed the transcriptional regulation network of
salt-inducible gene PtoRD26 in response to salt stress using
co-expression analysis in Chinese white poplar (P. tomentosa
Carr. clone 741). Therefore, systematic integration of GWAS,
co-expression, and eQTL approaches may facilitate the dis-
section and rewiring of the gene regulatory hierarchy of com-
plex traits. In this regard, exploiting the causative alleles of
complex traits by systems genetics in natural populations
provide a rich source of a target for breeding beneficial traits.

Here, we compared drought-related traits of a natural
population of P. tomentosa under well-watered and drought
conditions and performed a GWAS of the changes in these
drought-related traits during drought to mining the candi-
date genes that were associated with drought tolerance.
The most significant locus contains a gene annotated for
PtoWRKY68, which featured a 12 bp indel and three nonsy-
nonymous variants in the coding region. These affected its
transcriptional regulatory activity and binding to the promo-
ters of the downstream genes PtoABF2.1, PtoRD26.1, and
PtoDTX49.1, thereby affecting drought tolerance. Moreover,
eQTL mapping identified the MADS-box transcription factor
PtoSVP.3 as an upstream regulator of PtoWRKY68 in response
to drought stress. Herein we report the identification of a
PtoSVP.3-PtoWRKY68-PtoABF2.1/PtoRD26.1/PtoDTX49.1
module that regulates ABA signaling and accumulation to
cope with drought stress in Populus.

Results

GWAS for drought tolerance in Populus tomentosa
To dissect the genetic architecture of phenotypic variation in
drought tolerance, we phenotyped four photosynthetic and
three physiological traits in a natural population of P. tomen-
tosa comprising 300 accessions of 1-yr-old trees. Compared
to those under well-watered conditions, plants under
drought conditions exhibited significantly increased (P <
0.001, t-test) water-use efficiency (WUE; 32.90%), ABA levels
(28.41%), and proline level (PRO; 28.46%), and decreased sto-
matal conductance (Gs; 36.41%), intercellular CO, concen-
tration (Ci; 27.39%), transpiration rate (Tr; 62.21%), and
chlorophyll content (Chl; 13.49%) (Fig. 1). Significant pheno-
typic variation was identified in these drought-related traits
among three climate regions (Supplemental Fig. S1).
Accessions from the northwestern (NW) or northeastern
(NE) climate regions of China had higher rates of change in
these drought-related traits relative to those from the south-
ern (S) region following drought stress (Supplemental Figs. S1
and S2). Based on their high repeatability (h>>0.75) and
variability among Populus individuals, the percentage reduc-
tion or increase in these seven traits during drought was used
as drought tolerance indexes.

Fang et al.

Using 3,002,432 SNPs from genome resequencing of a natural
population of P. tomentosa, we performed GWAS to identify
the genetic loci underlying drought tolerance. At the whole-
genome scale, based on the population structure (Q) and kin-
ship (K) of the population, a total number of 22 SNPs were
significantly associated with the seven drought-related traits
(P<3.3><10_7; 1/n, Bonferroni test; Fig. 1H; Supplemental
Fig. S3). These SNPs were annotated into 16 candidate genes
distributed on chromosomes 3, 4, and 15, and they were inde-
pendent of each other based on linkage disequilibrium (LD)
analysis (Supplemental Table S1). The most significant SNP,
Chr4_10634808 (C/T) (P =5.7 x 10~ '°), located 8.0 kb down-
stream of the termination codon of Ptom.004G.01095 and
1.9 kb upstream of the start codon of Ptom.004G.01096, was sig-
nificantly associated with Gs (Fig. TH). Ptom.004G.01095, which
harbors the Pfam domain DUF3598 (PtoDUF3598) is a homolog
of an Arabidopsis gene annotated as “Biogenesis Factor
Required for ATP Synthase 1” based on phylogenetic analysis
(Supplemental Fig. S4A) (Zhang et al. 2018). Ptom.004G.01096
encodes a Group | WRKY protein that has two WRKY
domains and a CCHC (represent amino acid sequence, where
C is cysteine, H is histidine) zinc finger motif, which homolog
in P. trichocarpa had been designated as PtrWRKY®68, thus we
named it PtoWRKY68 (Jiang et al. 2014). Phylogenetic analysis
of Group | WRKY members indicated that Ptom.004G.01096 is
a homolog of AtWRKY3, which is involved in the regulation of
defense response to pathogen and salt stress (Supplemental
Fig. S4B) (Lai et al. 2008; Li et al. 2021). PtoWRKY68 expression
was significantly increased in leaves, in contrast to the unaffected
PtoDUF3598, upon drought stress (Fig. 1, | and J). Therefore,
PtoWRKY68 might involve in drought responses in P. tomentosa.

PtoWRKY68 is a positive regulator of drought
tolerance

To assess the involvement of PtoWRKY68 in drought toler-
ance, we ectopically overexpressed PtoWRKY68 in
Arabidopsis, and two independently generated homozygous
transgenic lines, OE-1 and OE-3, were selected and subjected
to drought stress (Fig. 1K). The transgenic lines were signifi-
cantly more tolerant to drought stress than Columbia-0 wild-
type (WT) plants. Compared to WT, phenotyping showed that
the rosette leaves of the two OE transgenic plants had alle-
viated wilting or the chlorosis phenotype upon exposure to
drought stress for 10 d (Fig. 1L). In addition, photosynthetic
parameters Gs (43.87%) and Tr (15.16%) were significantly de-
creased in OE lines compared to WT plants, the Ci (5.41%) and
Chl content (10.90%) were also slightly reduced but not obvi-
ously in transgenic lines (Supplemental Fig. S5, A to D).
However, WUE (26.62%), ABA (42.7%), and PRO (18.33%) in
the OE plant leaves were elevated relative to the WT following
drought treatment for 10 d (Supplemental Fig. S5, E to G).
Therefore, PtoWRKY68 may enhance the drought tolerance
of Arabidopsis transgenic plants. Further, the detached leaves
of OE lines showed a significantly lower rate of water loss than
the WT at multiple time points (Fig. 1M), consistent with the
reduction in Gs and the improvements in the phenotypic
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Figure 1. GWAS for drought tolerance in a Populus natural population. A to G) Seven drought-related traits under well-watered (W) and drought
D) conditions. Transpiration rate (A, Tr), chlorophyll (B, Chl), stomatal conductance (C, Gs), intercellular CO, concentration (D, Ci), water-use ef-
ficiency (E, WUE), F (ABA), and proline (G, PRO) under the two conditions. Each trait was measured in 300 P. tomentosa accessions. Error bars are +
SD; significant differences were determined using a t-test, ***P < 0.001. H) Manhattan plot for GWAS with the percentage increase in stomatal con-
ductance (Gs) under well-watered and drought conditions. Red dashed horizontal line, Bonferroni-adjusted significance threshold (P < 3.3 x 107).
SNPs in candidate genes, as identified by GWAS, are shown as red dots. I to J) FPKM values of two candidate genes in the P. tomentosa population
under well-watered and drought-stress conditions. In box plots, center line represents the median, box limits denote the upper and lower quartiles,
whickers indicate the interquartile range, and dots are outliers. Significant differences were determined using a t-test, ***P < 0.001. ns, no significant
difference. K) RT-gPCR analysis of PtoWRKY68 transcript level in two independent transgenic lines were relative to wild-type (WT) plants, 35S:
PtoWRKY68™1 (OE1) and 35S:PtoWRKY68~3 (OE3). Error bars are + SD from three biological replicates (n = 3 plants for each replicate); significant
differences were determined using a t-test, **P < 0.001. L) Images of the drought-stress phenotypes of WT, OE-1, and OE-3 plants.
Twenty-eight-day-old plants were subjected to drought stress for 10 d. Well-watered represents a 95% relative gravimetric soil water content
(rSWC), and drought represents a 17% rSWC. Scale bar, 5 cm. M) Time course of water loss from detached leaves of 28-d-old WT, OE-1, and
OE-3 transgenic plants. Water loss is shown as a percentage of the initial fresh weight. Three independent experiments were carried out, each in-
volving three plants. Error bars are + SD; significant differences were determined using a t-test, *P < 0.05.

performance of the OE lines under drought treatment. Taken
together, these results implicate PtoWRKY68 in the positive
regulation of drought tolerance.

Identification of drought-tolerant/sensitive alleles of
PtoWRKY68

To determine the molecular basis of the natural variation in
PtoWRKY68 in P. tomentosa, a 6.8 kb genomic DNA fragment
encompassing the entire coding sequence (CDS) of

PtoWRKY68 and its 2 kb upstream regulatory region was ana-
lyzed in the re-sequenced natural population of 300 P. to-
mentosa accessions. Totals of 225 SNPs and 75 indels were
identified in the population and subjected to sequence vari-
ation association analysis (Supplemental Data Set 1). A 12 bp
indel upstream of the WRKY domain and three nonsynon-
ymous variants (MAF > 0.05) in the WRKY domain were sig-
nificantly associated with Gs (P < 3.3 X 1077; Fig. 2A). These
variants were in strong LD (r* > 0.8) with the peak signal
(Chr4_10634808) in the PtoWRKYG68 promoter region
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Figure 2. Natural variation in PtoWRKY68 was significantly associated with drought tolerance in Populus tomentosa. A) Association analysis of gen-
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Black dots denote SNPs and blue dots represent insertions and/or deletions (indels). A significant SNP, three nonsynonymous variants, and a
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by a dashed line (middle). Red lines (bottom) highlight the strong LD of these variations. B) Haplotypes of PtoWRKY68 among Populus natural var-
iations. The PtoWRKY68 haplotype groups were categorized by these five variants. C) The distribution of PtoWRKY68 haplotypes in Populus climate
regions. NW, NE, and S represent northwest, northeast, and southern climate regions, respectively. D) Seven drought-related traits of the
PtoWRKY68"P" and PtoWRKY68"2P? alleles. Transpiration rate (Tr), chlorophyll (Chl), stomatal conductance (Gs), intercellular CO, concentration
(Ci), water-use efficiency (WUE), ABA, and proline (PRO) were measured among 300 Populus genotypes under well-watered and drought-stress
conditions. The percentage reduction/increase represents the change in measured traits between the two conditions. Error bars are + SD; significant
differences were determined using the t-test, *P < 0.05, **P < 0.01. ns, no significant difference. E to G) FPKM values of PtoWRKY68 in NW E), NE F),
and S G) under well-watered and drought-stress conditions. In box plots, center line represents the median, box limits denote the upper and lower
quartiles, whickers indicate the interquartile range, and dots are outliers. n denotes the number of genotypes belonging to each haplotype group.
Statistical significance was determined using the t-test, **P < 0.01, ***P < 0.001.

(Fig. 2A). The 12 bp indel occurs in a stretch of Asn-Thr re-
peats; PtoWRKY68™" and PtoWRKY68"P? have six and

climate regions, and the increase in the transcript level of
PtoWRKY68"*P" in the NW (n =108, P=8.69 X 10~%) and

four Asn-Thr repeats, respectively (Supplemental Fig. S6).
The 300 accessions of P. tomentosa were classified into two
haplotype groups, PtoWRKY68™' (overexpressed in
Arabidopsis above) and PtoWRKY68"*P?, based on these
five significant variants (Fig. 2B). PtoWRKY68™P" was de-
tected mainly in the accessions from the NE and NW regions
whereas PtoWRKY68"*P? occurred mostly in the S region, as
revealed by allele frequency investigation (Fig. 2C). We subse-
quently evaluated whether these polymorphisms of
PtoWRKY68 alter the drought tolerance of natural P. tomen-
tosa varieties. The accessions with PtoWRKY68™P' were
significantly more responsive to drought than those
with PtoWRKY68"2, in terms of changes in WUE, ABA,
PRO, and photosynthetic parameters (P < 0.05) (Fig. 2D).
PtoWRKY68"*P" and PtoWRKY68"*P? were significantly upre-
gulated by drought stress in the accessions from the three

NE (n= 104, P=28.65x 10~) groups was comparable with
PtoWRKY68"P? in the S group (n=84, P=9.49X 107°)
(Fig. 2, E to G). These results suggested that the difference
in drought responses between the two haplogroups is not
due to the difference expression level of PtoWRKY68 alleles.

To explore whether allelic variations in PtoWRKY68 confer
drought tolerance, we overexpressed PtoWRKY68™* in
Arabidopsis (Supplemental Fig. S7A). In a drought stress assay,
transgenic plants carrying PtoWRKY68"P* (PtoWRKY68™P*OF)
displayed more drought tolerance than WT plants but an en-
hanced wilting phenotype compared to transgenic plants carry-
ing PtoWRKY68™P" (PtoWRKY68™P'OE) after 10-d drought
stress (Supplemental Fig. S7B). Regarding photosynthetic and
physiological traits, PtoWRKY68"*'OE plants had higher WUE,
ABA, and PRO values but lower Gs and Tr values compared to
WT and PtoWRKY68™P?OE plants under drought stress
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(Supplemental Fig. 57, C to ). In addition, PtoWRKY68"***OE
plants exhibited faster water loss than PtoWRKY68™*P'OE plants
under drought stress (Supplemental Fig. S7)). These results sug-
gest that PtoWRKY68™P" improves drought tolerance and that
this improvement is associated with the allelic variation.
Moreover, we identified Asn-Thr repeats and nonsynonymous
variants in the PtoWRKY68 homolog PtrWRKY68 (P. trichocarpa)
and PagWRKY®68 (P. alba X P. glandulosa, 84 K), with similar hap-
lotypes to PtoWRKY68™P' or PtoWRKY68"*? (Supplemental
Fig. S8). Therefore, the different responses to drought stress
in Populus might be attributable to allelic variation in
PtoWRKY68, with PtoWRKY68™*" and PtoWRKY68™? desig-
nated as the drought-tolerant and drought-sensitive alleles,
respectively.

Identification of the target genes of PtoWRKY68 for
regulation of drought tolerance

To investigate the potential gene interaction networks of
PtoWRKY68 in response to drought stress, we constructed
co-expression networks for the differentially expressed
genes (DEGs) between well-watered and drought-stress
conditions. The well-watered and drought stress networks
encompassed 17 and 23 modules (Supplemental Fig. S9, A
and B), respectively, suggesting rearrangement of the co-
expression network in response to drought. We analyzed
the correlation between the module eigengenes with the
phenotypic values of each accession. The well-watered net-
work module 7 (wM7) and the drought-stressed module 8
(dM8), containing PtoWRKY68, were negatively correlated
with Gs, Ci, Tr, and Chl but positively correlated with
WUE, ABA, and PRO (Supplemental Fig. S9, A and B). To pri-
oritize causal genes, we focused on genes in these two mod-
ules with high gene significance (absolute value >0.80)
measured using drought-related traits and high module
membership (absolute value >0.20) with the module eigen-
genes (Supplemental Fig. S9C; Supplemental Data Sets S2
and S3) (Liu et al. 2019). Gene annotation analysis of well-
watered and drought-stress networks led to the identifica-
tion of 131 conserved hub genes with high connectivity
(Supplemental Table S2). Among these conserved hub
genes, 11 overlap genes were found in wM7 and dM8
(Fig. 3A), which are involved in environmental information
processing and signal transduction, such as ABC transport-
er, respiratory burst oxidase homolog protein, and
ABA-responsive element binding factor.

To define the potential transcriptional targets of
PtoWRKY68"*" or PtoWRKY68"*P? in response to drought
stress, we analyzed DEGs between the PtoWRKY68™P" and
PtoWRKY68"2P? groups under drought stress. In all, 164 genes
were differentially expressed in two haplogroups based on a
significant difference (P <0.05) and an at least twofold
change (absolute log, fold change >1, Supplemental Data
Set 4), suggesting that their expression is affected by allelic
variation in PtoWRKY68. To identify direct targets of
PtoWRKY68"' and  PtoWRKY68™P%, DNA affinity
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purification sequencing (DAP-seq) was employed (Bartlett
et al. 2017). A total of 58,960 and 36,899 notable peaks were
identified in genomic regions of PtoWRKY68"*' or
PtoWRKY68"*P2, respectively. Among these peaks, 17% and
18% were located within the promoters (2 kb regions upstream
of ATG), respectively (Supplemental Fig. S3, B and C). Using the
MEME suite, the core sequence and the W-box motif of (T/G)
TTGAC

(C/T) (W1-box, e-value =52e~""®") and (T/G)TTGAC(C/T)
(W2-box, e-value =9.5¢""°®) were substantially enriched
among the PtoWRKY68"*" and PtoWRKY68"*? binding re-
gions, respectively (Supplemental Fig. S3, D and E). Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway enrich-
ment analysis showed that PtoWRKY68 target genes were pri-
marily enriched in defense response and phytohormone
signaling pathway (Fig. 3, F and G).

Based on the results of co-expression, DEG, and DAP-seq
analyses, we prioritized three genes co-expressed with
PtoWRKY68, differentially expressed in PtoWRKY68"*P" vs.
PtoWRKY68"*P?, and directly bound by PtoWRKY68 alleles
(Fig. 3H). Ptom.014G.00172 encoding a basic leucine zipper
[bZIP] transcription factor, which homolog in Arabidopsis
was AtABF2 and thus named PtoABF2.1 (Supplemental Fig.
$10). Ptom.011G.00876 encoded an NAC domain-containing
protein (PtoRD26.1), which homolog in Arabidopsis,
AtRD26 (or else named NAC072), regulates ABA-dependent
stress-response signaling (Supplemental Fig. S11) (Fujita
et al. 2004). Ptom.003G.00934 encoded the MATE family pro-
tein DETOXIFICATION, which was named PtoDTX49.1 based
on phylogenetic analysis (Supplemental Fig. S12). A homolog
in Arabidopsis, AtDTX50, functions as an ABA efflux trans-
porter and negatively regulates the drought response
(Zhang et al. 2014). Under drought stress in Populus, the
FPKM values of PtoABF2.1 and PtoRD26.17 showed signifi-
cantly greater upregulation in the PtoWRKY68"*" group
than in the PtoWRKY68"*P? group under drought stress
(Supplemental Fig. S3, | and J), whereas PtoDTX49.1 expres-
sion was lower in the PtoWRKY68"*P" group than in the
PtoWRKY68"*P? group (P < 0.05) (Fig. 3K). These data sug-
gest PtoWRKY68-mediated transcriptional regulation of
PtoDTX49.1, PtoABF2.1, and PtoRD26.1 in response to
drought stress.

Allelic variation in PtoWRKY68 affects its binding
affinity to downstream target genes

To investigate whether the variation in PtoWRKY68 alleles af-
fects its binding affinity to downstream targets, we analyzed
the DAP-seq data. The binding peaks of PtoWRKY68"P'
were larger than those of PtoWRKY68"*P? (located in
the same region of downstream promoters) (Fig. 4A). Next,
we evaluated the interaction between PtoWRKY68 and
downstream genes using a dual-luciferase reporter assay
(DLRA). Luciferase (LUC) luminescence was observed when
PtoABF2.1 and PtoRD26.1 pro-LUC were each transformed
into Nicotiana benthamiana leaves, and it was significantly
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Figure 3. Identification of genome-wide direct targets of PtoWRKY68"*" and PtoWRKY68"P2 A) Genes identified in the well-watered network
module 7 (wM7), the drought-stressed module 8 (dM8) (containing PtoWRKY68) and overlapping genes under two conditions (Overlap) with pu-
tative Arabidopsis orthologs are shown in network view. Node size indicates module membership. The larger nodes are highly connected within a
module. B and C) Whole-genome distribution of bound genes by PtowWRKY68""" B) and PtoWRKY68"2P? C) obtained by DAP-seq with P < 0.05.
Promoter regions were defined as the binding peaks within 2 kb upstream of ATG. D and E) Binding motifs of PtoWRKY68"**! (D, W1-box) and
PtoWRKY68"*P? (E, W2-box) protein by MEME-ChIP. F and G) The top KEGG-enriched terms of PtoWRKY68"*P" F) and PtoWRKY68""? G) bound
genes by DAP-seq. P-value by Fisher’s test. H) Venn diagram showing that three overlapping genes were considered PtowWRKY68 alleles direct genes,
were co-expressed with PtoWRKYG68, were differentially expressed in PtoWRKY68"P" vs. PtoWRKY68"*2, and were directly bound by PtoWRKY68
alleles. I to K) FPKM values of PtoRD26.1 1), PtoDTX49.1 J), and PtoABF2.1 K) in hap1 and hap2 haplogroup under well-watered and drought-stress
conditions. In box plots, center line represents the median, box limits denote the upper and lower quartiles, whickers indicate the interquartile range,
and dots are outliers. Significant differences were determined using the t-test, *P < 0.05, **P < 0.01, **P < 0.001. ns, no significant difference.

enhanced by co-transforming PtoWRKY68"*"' compared to

co-transforming PtoWRKY68"%P? (Fig. 4, B and C). By contrast,
the LUC activity from the PtoDTX49.1 promoters decreased
substantially when the reporter was co-transfected with
PtoWRKY68™P" compared to co-transforming PtoWRKY68™P
(Fig. 4, B and C). Electrophoretic mobility shift assays (EMSAs)
were performed to investigate the effects of allelic variation
on PtoWRKY68 binding activity. Biotin labeling showed
that both PtoWRKY68™®' and PtoWRKY68™P bound to
W-box probes derived from the PtoABF2.1, PtoDTX49.1, and
PtoRD26.1 promoters, and the former generated a stronger sig-
nal (Fig. 4D), suggestive of higher affinity for target gene promo-
ters. Taken together, these results indicate that PtoWRKY68"*"
and PtoWRKY68"™P? activate or repress downstream genes by

binding to their promoters and that natural variants in
PtoWRK58 are responsible for the differential binding ability
of PtoWRKY68 to the promoters of three downstream genes.
Reverse transcription quantitative PCR (RT-qPCR) analysis
showed that compared to WT and PtoWRKY68"*PQE plants,
the expression of AtABF2 and AtRD26 were significantly ele-
vated in PtoWRKY68"P'OE plants after drought stress
(Supplemental Fig. S13, A and B), whereas the transcript level
of AtDTX50 was markedly reduced in PtoWRKY68™*P'OE plants
(Supplemental Fig. S13C). The expression levels of several ABA-
or drought-inducible genes—including AtNCED3 (luchi et al.
2001; Tan et al. 2003), AtRD20 (Aubert et al. 2010), AtRD29B
(Nakashima et al. 2006), LINKER HISTONE H1-3 (AtHIS1-3)
(Ascenzi and Gantt 1997), AtABI2 (Ma et al. 2009), and
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Figure 4. PtoWRKY68""" and PtowRKY68"" directly bind the promoters of PtoABF2.1, PtoRD26.1, and PtoDTX49.1 to activate their transcription. A)
Binding peaks (repeats 1 and 2) and negative control (mock) of PtoWRKY68"P" and PtoWRKY68"P? in PtoABF2.1, PtoRD26.1, and PtoDTX49.1 by
DAP-seq. The [0 to 100] shows the scale bar for binding peak heights. B) DLRA of the interaction between PtoWRKY68 and the promoters of
ABA-related genes. A schematic of transient co-expression of effectors and reporters is at the right; an image of luciferase activity is at the left.
pGREEN 62-SK + pGREEN 0800-LUC indicates transient co-expression of empty effector (without PtoWRKY68) and empty reporter (without promoter);
PtoWRKY68-62-SK + pGREEN 0800-LUC indicates transient co-expression of effector and empty reporter; pGREEN 62-SK + promoter-LUC indicates
transient co-expression of empty effector and reporter; and promoter-LUC + PtoWRKY68 62-SK indicates co-expression of effector and reporter. C)
Relative luciferase activity according to a DLRA assay of N. benthamiana leaves. Quantification was performed by normalizing firefly luciferase (LUC)
activity to that of Renilla luciferase (REN), 35S:REN was used as the internal control. Relative luciferase activities using PtoWRKY68-pGreenll62-SK as
the effector were compared to the control effector (pGreenll62-SK empty vector). Error bars are = SD. Statistical analysis was performed using the
t-test (n = 8) and statistically significant differences are indicated by *P < 0.05, **P < 0.01. ns, no significant difference. Three independent transfection
experiments were performed. D) EMSA. The probe sequence was isolated from three downstream genes and consisted of a W1-box or W2-box motif. “+”
and “—" indicate presence or absence of reagents in the lane during protein electrophoresis. His-labeled probe with PtoWRKY68""" and PtoWRKY68hapz
proteins are shown. The bound probe indicates binding affinity between the PtoWRKY68"*P!/PtoWRKY68"P? alleles and the promoters of downstream
genes. Protein concentration was 2 pg/uL. Reciprocal competitive EMSA to evaluate the binding of recombinant PtoWRKY68"P'/PtoWRKY68"P? pro-
tein to the W-box motifs using the indicated biotin-labeled probes and unlabeled competitors. For each probe, 50X and 100X excess competitor was
added. E) Time course of water loss from detached leaves of three 6-week-old PtoWRKY68"*" P, tomentosa accessions (1316, LM50, and 3-50-2) and
three PtoWRKY68"P? P. tomentosa accessions (1266, 3169, and 0077). Water loss is shown as a percentage of the initial fresh weight. Three independent
experiments were carried out (n = 3 plants for each experiment). Error bars are + SD. F) Stomatal aperture of six P. tomentosa accessions (as in E) in the
presence of 1 M ABA. Epidermal strips were peeled and photographs were taken under a microscope. Three independent experiments were carried out
(n =60 guard cells for each experiment). Error bars are = SD.

AtSnRK2.6 (Zhu et al. 2020)—were enhanced in  suggesting them to be downstream targets in the
PtoWRKY68"P'OE plants compared to PtoWRKY68™P?OE  PtoWRKY68-dependent drought-responsive pathway. These
plants and WT plants under drought conditions up-/downregulations of ABA- or drought-inducible genes
(Supplemental Fig. S13D). Most of these genes were co-  were consistent with the result that the drought tolerance
expressed with PtoWRKY68 (Fig. 3A; Supplemental Table S2), of PtoWRKY68"*P'OE plants was significantly elevated
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compared to WT and PtoWRKY68™P?OE  plants
(Supplemental Fig. S13D). ABA-sensitivity assays showed
that PtoWRKY68 is involved in the ABA signaling pathway.
On 1/2 mS medium without ABA, the two transgenic lines ger-
minated without discernible morphological changes com-
pared to WT plants in a time-course analysis (Supplemental
Fig. 513, E and F). On 1/2 mS medium containing ABA (0.5
and 1uM), the PtoWRKY68"P'OE and PtoWRKY68"*POE
lines showed a lower germination rate compared to WT plants
at both ABA concentrations (Supplemental Fig. S13, G and H).
When 5-d-old seedlings were transferred onto 1/2 mS medium
supplemented with 1 or 3 zM ABA, PtoWRKY68"*P'OE plants
displayed  shorter primary roots than WT and
PtoWRKY68"*P>OE plants. Moreover, stomatal aperture assays
showed that stomata closed more rapidly in
PtoWRKY68"P'OE than in WT and PtoWRKY68"*P*OF under
ABA treatment (Supplemental Fig. S13l), implicating
PtoWRKYG68 alleles were functioned in ABA-dependent stoma-
tal closure. These observations suggest that overexpression of
PtoWRKY68™P" substantially enhanced drought tolerance,
which is mediated by amplified drought-stress signaling and
an increased cellular ABA level as a result of increased ABA sig-
naling and decreased ABA efflux in leaves.

To confirm the association between allelic variation in
PtoWRKY68 and drought tolerance in an ecological context,
we selected six Populus tomentosa accessions: three with
PtoWRKY68"*" and three with PtoWRKY68"*"”. We mea-
sured the water loss rate and stomatal movement in
response to ABA in detached leaves from these two hap-
logroups. As shown in Fig. 4, E and F, accessions with
PtoWRKY68"*P" had a slower water loss and faster stomatal
closure. Accessions with PtoWRKY68"P? had a faster water
loss and slower stomatal closure, indicating lower drought
stress tolerance. Collectively, PtoWRKY68"*P" plays an im-
portant role in the modulation of ABA efflux and ABA signal-
ing in to response drought stress.

PtoSVP.3 regulates PtoWRKY68 response to drought
stress and ABA signaling

To explore the regulatory pathway of PtoWRKY68, we con-
ducted eQTL analysis using the expression of PtoWRKY68
as a parameter to analyze the upstream regulatory hierarchy
under well-watered and drought-stress conditions. Eight
eQTLs were identified under well-watered conditions and
12 were identified under drought-stress conditions, which
were annotated to five and seven candidate genes, respectively
(Fig. 5, A and B; Table 1). Notably, Chr17_7792185 was signifi-
cantly associated with PtoWRKYG8 expression under both
well-watered (P=1.38x10""") and drought stress (P=
1.41x 10~°) conditions. This SNP is in the exon region of
Ptom.017G.00699, a MADS-box transcription factor, named
PtoSVP.3 based on phylogenetic analysis (Supplemental Fig.
S14A). A homolog of the Arabidopsis, AtSVP, positively regu-
lates ABA accumulation and ABA levels increase during the re-
sponse to drought stress (Wang et al. 2018). The transcription

Fang et al.

of PtoSVP.3 was induced by drought stress, and its FPKM was
positively correlated with that of PtoWRKY68 (Fig. 5, C and D),
suggesting that PtoSVP.3 as a candidate for regulation of
PtoWRKY®68.

Previous study has reported that AtSVP positively regulates
the drought response by directly binding to the CArG motif
of a downstream promoter in Arabidopsis (Wang et al. 2018).
To assess whether PtoWRKY68 is a direct target of PtoSVP.3,
we analyzed a 2 kb fragment of the upstream regulatory se-
quence of PtoWRKY68 and identified three CArG motifs
(Fig. 5E). Reciprocal competitive EMSA showed strong and
specific binding of PtoSVP.3 to the CArG motifs in the pro-
moter regions of PtoWRKY68 (Fig. 5F). The in vivo physical
interaction between PtoSVP.3 and these CArG motifs was
analyzed by DLRA. The negative controls were recombined
without the PtoSVP.3 or PtoWRKY68 promoter. Luciferase lu-
minescence was observed when PtoWRKY68 pro-LUC and
PtoSVP.3 were co-transformed into N. benthamiana leaves,
which showed higher luminescence than the negative con-
trols (Fig. 5, G and H). DLRA confirmed that PtoSVP.3 acti-
vates the PtoWRKY68 promoter in N. benthamiana leaves.
To determine whether SVP regulates the expression of
PtoWRKY68 homolog AtWRKY3 in Arabidopsis, we obtained
the Atsup T-DNA insertion mutant from the Arabidopsis
Biological Resource Center (ABRC) (Supplemental Fig. S14,
B and C), and examined its AtWRKY3 expression. RT-qPCR
analysis indicated that the expression level of AtWRKY3
was significantly lower in sup mutant than WT plants
(Supplemental Fig. S14D), suggesting the transcript level of
AtWRKY3 in svp mutant was markedly inhibited. Taken to-
gether, our results show that PtoSVP.3 enhances the expres-
sion of PtoWRKY68 under drought stress by binding to CArG
motifs in its promoter, thereby positively regulating drought
tolerance in a manner involving the ABA signaling pathway
rather than ABA catabolism.

Discussion

In light of the outcomes of the system genetics strategy, we
propose an ABA-dependent drought-responsive network of
PtoWRKY68 alleles that are positively regulated by
PtoSVP.3 in respond to drought stress. The allelic variation
in the CDS region of PtoWRKY68 differentially activated
PtoRD26.1 and PtoABF2.1 and repressed PtoDTX49.1 to confer
drought tolerance by modulating ABA signaling and accu-
mulation in Populus (Fig. 6).

The PtoSVP.3-PtoWRKY68-PtoDTX49.1/PtoABF2.1/
PtoRD26.1 cascade forms a drought-response
regulatory network

AtWRKY3 in Arabidopsis is induced by pathogen infection or
salicylic acid treatment (Lai et al. 2008) but its role in drought
tolerance is unclear. Here we report that PtoWRKY68 is a
homolog of AtWRKY3 which functions as an activator of
PtoRD26.1 and PtoABF2.1 but as a repressor of PtoDTX49.1
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Figure 5. eQTL analysis of PtoWRKY68 expression under well-watered and drought-stress conditions. A) Manhattan plots of eQTL analysis with
expression of PtoWRKY68 under well-watered and drought-stress conditions. Horizontal dashed line, significance threshold (P < 3.3x 107).
Arrowhead, candidate gene. B) Venn diagram showing the overlap of well-watered and drought-stress genes identified by eQTL analysis. C)
FPKM values of PtoSVP.3 under well-watered and drought-stress conditions. In box plots, center line represents the median, box limits denote
the upper and lower quartiles, whickers indicate the interquartile range, and dots are outliers. Error bars are + SD. Statistical analysis was performed
using the t-test, *P < 0.05. D) Scatter diagram of the correlation between the expression of PtoSVP.3 and PtoWRKY68 under drought stress. Dashed
line represents linear regression. E) Schematic of the locations of CArG motifs in the promoter of PtoWRKY®68. Solid squares, CArG motifs; short black
lines, CArG Probe 1 (CP1); CP2 and CP3 indicate the probes used in F). F) EMSA. Relative binding affinity of SVP.3 to CArG motifs. Reciprocal com-
petitive EMSA of the binding of recombinant SVP.3 protein to CArG motifs using the indicated biotin- labeled probes and unlabeled competitors.
For each probe, 50X and 100X excess competitor was added. G) DLRA of the interaction between PtoSVP.3 and the PtoWRKY68 promoter. H)
Relative luciferase activity by DLRA in N. benthamiana leaves. Quantification was performed by normalizing firefly luciferase (LUC) activity to
that of Renilla luciferase (REN), 355:REN was used as the internal control. Relative luciferase activities using PtoSVP.3-pGreenll62-SK as the effector
compared to the control effector (pGreenll62-SK empty vector). Error bars are + SD. Statistical analysis was performed using the t-test (n = 8); stat-
istically significant differences are indicated by **P < 0.01. Three independent transfection experiments were performed.

under drought stress. PtoDTX49.1 is a MATE family member
which is a homolog of AtDTX50 in Arabidopsis, participates in
ABA efflux and thus negatively regulates drought tolerance.
However, how AtDTX50 and its homologs in other plants
are involved in the regulatory cascade of the ABA pathway to
response to drought was unclear. We verified the interaction
between PtoWRKY68 and the promoter of PtoDTX49.1, and
functionally characterized the role of PtoWRKY68 in modula-
tion of PtoDTX49.1 expression and ABA accumulation for im-
proving drought tolerance.

The ABFs are core components of the canonical PYR/PYL/
RCAR-PP2Cs-SnRK2s-ABFs/ABI5 module of the ABA

signaling pathway, and a variety of stress-responsive genes
are regulated by ABF2 in various plants. For example, overex-
pression of AtABF2 in Arabidopsis activated the expression of
the ABA-inducible gene AtHIS1-3 (Fujita et al. 2005). In this
study, PtoABF2.1, a homolog of AtABF2, which was specific-
ally bound and activated by PtoWRKY68, implicating
PtoABF2.1 involve in PtoWRKY68-mediated ABA signaling
transduction in response to drought stress. In Arabidopsis,
AtRD26 is involved in ABA-dependent stress signaling, and
the ABA signaling transduction gene AtRD20 is upregulated
by overexpression of AtRD26 (Fujita et al. 2004). A homolog
in poplar (P. tomentosa Carr. clone 741), PtoRD26.1, is
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Table 1. Details of significant SNPs associated with expression of PtoWRKY68 in the association population of Populus tomentosa

Traits Associated SNP P-value Allele Position Gene annotation Description

Well-watered Chr1_9411429 2.85E—07 A/T — — —

Well-watered ~ Chr2_13185574 297E-08  G/A Genebody  Ptom.002G.01839  G-box binding factor 3 (GBF3)
Well-watered ~ Chr2_13186727 2.52E-09 C/T Genebody  Ptom.002G.01839  G-box binding factor 3 (GBF3)
Well-watered ~ Chr17_7792185 1.38E-11  T/A Genebody  Ptom.017G.00699  MADS-box protein SVP-like (SVP.3)
Well-watered ~ Chr17_7792203 9.78e—09  T/C Genebody  Ptom.017G.00699  MADS-box protein SVP-like (SVP.3)
Well-watered ~ Chr7_11563877 473E-09 T/C Genebody ~ Ptom.007G.01183  Formin homology 2 domain-containing protein (FH2)
Well-watered ~ Chr2_5270080 280E-07 C/T Genebody  Ptom.002G.00819  STAY-GREEN-like protein (SGRL)
Well-watered ~ Chr1_40730777 551E-08 A/C Genebody  Ptom.001G.03606  Solanesyl diphosphate synthase (SPS)
Drought Chr2_13186528 1.53E—-08 C/A Genebody  Ptom.002G.01839  G-box binding factor 3 (GBF3)

Drought Chr2_13187307 222E-07 G/C Genebody  Ptom.002G.01839  G-box binding factor 3 (GBF3)

Drought Chr3_18942646 146E—07  C/A Genebody  Ptom.003G.01892  Large subunit ribosomal protein (RP1)
Drought Chr5_12016609 2.23E—-08 c/T — — —

Drought Chr8_11395818 9.20E—08 G/A — — —

Drought Chr10_13813433  1.52E—08 A/G Genebody  Ptom.010G.01912  Cyclopropane-fatty-acyl-phospholipid synthase
Drought Chr11_8137577 493E-09 A/T Genebody  Ptom.011G.00545  Interleukin-1 receptor-associated kinase 4
Drought Chr12_4257409 1.60E-08 C/T Genebody  Ptom.012G.00356  Vesicle-mediated transport

Drought Chr14_1273549 190E-08 C/T Genebody  Ptom.014G.00168  Basic helix-loop-helix (bHLH) family protein
Drought Chr17_7793142 6.56E—11 T/A Genebody Ptom.017G.00699  MADS-box protein SVP-like (SVP.3)
Drought Chr17_7785531 2.76E-08 A/G Genebody  Ptom.017G.00699  MADS-box protein SVP-like (SVP.3)
Drought Chr17_7792192 288E-09 C/T Genebody  Ptom.017G.00699  MADS-box protein SVP-like (SVP.3)

induced by SRMT and the PtoNF-YC9 complex to respond
to salt stress (Tong et al. 2022). The co-expression network
of PtoRD26 in P. tomentosa Carr. clone 741 demonstrated
that the homologs of PtoWRKY68 (P.x_tomentosa21811),
PtoRD26.1 (P.x_tomentosa47952), and PtoABF2.1 (Px_
tomentosa01515) have similar patterns of expression and
are involved in drought, salt stress, and the ABA pathway
(Tong et al. 2022). We identified and validated the
PtoWRKY68-PtoRD26.1/PtoABF2.1 regulatory pathway in
our constructed co-expression network via systems genetics.
Therefore, we illustrated the drought-stress-responsive me-
chanisms, which are composed of PtoWRKY68, PtoABF2.1,
PtoRD26.1, and PtoDTX49.1 together provoke and amplify
the ABA-dependent drought response in P. tomentosa.

SVP is a temperature-dependent transcriptional repressor
of flowering (Andres et al. 2014; Sureshkumar et al. 2016).
In addition, it confers drought tolerance by regulating
ABA catabolism rather than ABA signaling in Arabidopsis
(Bechtold et al. 2016; Wang et al. 2018). Our findings suggest
a molecular mechanism by which a homolog of AtSVP,
PtoSVP.3, indirectly regulates ABA signaling by interacting
with the promoter of PtoWRKY68 in P. tomentosa. These
data suggest that PtoWRKY68 is a master regulator in
the PtoSVP.3-PtoWRKY68-PtoDTX49.1/PtoABF2.1/PtoRD26.1
cascade regulatory network of the ABA-dependent
drought-responsive pathway.

Allelic variation in PtoWRKY68 affects drought
tolerance by modulating ABA signaling

The identification of functional SNPs or indels in genes
coupled with analyses of their phenotypic impacts has re-
cently been used as an effective approach to elucidate gene
function for genetic improvement (Mao et al. 2015; Wang
et al. 2016; Han et al. 2018). In this study, a 12 bp indel and

three nonsynonymous variants in PtoWRKY68 were found to in-
directly regulate ABA signaling and accumulation by affecting its
efficacy in regulating downstream genes. The data are in line
with the fact that drought tolerance is a complex trait controlled
by multiple QTLs. These variants divided a natural population
of 300 P. tomentosa accessions into two haplotype groups
representing drought-tolerant (PtoWRKY68"®") and drought-
sensitive (PtoWRKY68™?) alleles. Conceivably, the natural
distribution of P. tomentosa, in terms of water availability, broad-
ly reflects its ability to tolerate drought stress. Populations in
water-scarce locations (NE and NW climate regions) are more
frequently exposed to drought stress than those in well-hydrated
environments (S climate region) (Supplemental Fig. S2). Hence,
the drought tolerance conferred by PtoWRKY68"*" is likely to
be an adaptative mechanism formed by long-term functional
differentiation and natural selection.

Similar allelic variation exists in homologs in other Populus
species (e.g. PtrWRKY68 and PagWRKY68) but the number
of Asn-Thr repeats varies by species (Supplemental Fig. S8).
These data suggest that the number of Asn-Thr repeats is
related to drought tolerance in Populus species; however,
the drought response mechanisms of different species
are diverse and complex and warrant further investigation.
Stress-induced phosphorylation of TFs occurs mainly at Ser/
Thr sites (Zhao et al. 2021). For example, SnRK2 kinases phos-
phorylate Ser/Thr residues in an ABA-dependent manner
(Nakashima et al. 2009). The question arises as to whether
the Thr site of the Asn-Thr repeat unit is a phosphorylation
site in PtoWRKY68 under drought stress.

A potential regulatory pathway and a set of loci
implicated in the response to drought stress

Sessile plants have multifaceted strategies to prevent water
loss, maintain cellular homeostasis, and persevere through
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Figure 6. Proposed molecular model of the regulation of the Populus drought tolerance regulatory module. Under drought stress, PtoWRKY68 al-
leles are positively regulated by PtoSVP.3, and the allelic variation in the CDS region of PtoWRKY68"*P" (above) enhances its binding and activation of
PtoRD26.1 and PtoABF2.1 and represses PtoDTX49.1 to confer drought tolerance by modulating ABA efflux and signaling transduction in Populus
tomentosa. PtoWRKY68"*P? (below) has lower binding affinity and activation of downstream targets than PtoWRKY68"*P". Thus, PtoWRKY68"P"
accessions show better drought tolerance than PtoWRKY68"%P? accessions of Populus. The arrows indicate promotion, the blunt indicate inhibition.
The bold arrow indicates the significantly enhanced expression levels of PtoRD26.1 and PtoABF2.1 and the bold blunt indicates the significantly re-
pressed expression levels of PtoDTX49.1.

periods of drought. Among seven drought-related physio-  that these physiological changes have utility as indices of
logical and photosynthetic traits, Gs, Ci, Tr, and Chl were  Populus drought tolerance.
reduced by drought stress, indicating decreased photosyn- Numerous genetic factors have been implicated in drought

thesis efficiency and transpiration to prevent water loss  responsesand to a lesser extent in drought tolerance, which is
(Xiong et al. 2002). ABA, PRO, and WUE were increased by ~ a multigenic trait governed by complex regulatory pathways.
drought stress, mitigating plant cellular damage and ensuring ~ System genetics has been used to characterize the genetic
water supply for plants growth (Pinheiro and Chaves 2011). mechanisms underpinning key regulators of complex traits.
These drought-related measurements showed substantial  In this study, to understand the biological functions of causal
variability and a high level of repeatability (Fig. 1), suggesting  genes that are identified by GWAS, we performed co-
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expression network analysis under well-watered and
drought-stress conditions revealed that both well-watered
and drought networks contained PtoWRKY®68, which was sig-
nificantly correlated with drought-related traits. By integra-
tion of co-expression, DAP-seq and RNA-seq approaches to
identify the direct transcriptional targets of PtoWRKY6S,
we found evidence that PtoWRKY68 plays a prominent role
in modulating ABA efflux and multiple ABA signaling core
components, including PtoDTX49.1, PtoABF2.1, and
PtoRD26.1. These results suggest that PtoWRKY68 is a key
regulator of drought tolerance in Populus and may function
in an ABA regulatory pathway. The sequence variation in
the PtoWRKY68 CDS region influences its binding ability to
these downstream genes, suggestive of an imperative role of
co-expression networks in characterizing causal genes.
Hence, regulatory network analysis facilitates the explanatory
power of GWAS by leveraging prior biological information on
gene function (Wang et al. 2010). eQTLs affect complex traits
by regulating gene expression and allowing the construction
of regulatory networks (Porcu et al. 2019). Therefore, incorp-
orating eQTL information into GWAS analyses will unleash
the potential of increasing the power of GWAS by identifying
pathways associated with complex traits (Wu and Pan 2018).
eQTL analysis showed that the expression of PtoWRKY68 was
regulated by PtoSVP.3 under both well-watered and drought
conditions, highlighting the ability of eQTLs to evaluate the
regulatory networks associated with complex traits.

In the post-GWAS era, how to enhance the value of GWAS
datasets and reveal the genomic underpinnings of complex phe-
notypes is a challenge (Leiserson et al. 2013; Jia and Zhao 2014).
Systems genetics enables the identification of genetic pathways
modulated by master regulators under drought stress in
Populus. Systems genetics also allows analysis of the molecular
regulatory mechanisms of complex traits. Our findings highlight
the role of systems genetics, providing insights into how to
search for drought-tolerant individuals in a drier atmosphere
in the future. Genome editing using the CRISPR-Cas9 system en-
ables the generation of alleles that can improve plant perform-
ance under abiotic stresses (Gupta et al. 2020). Allelic variation
and the drought tolerance allele (PtoWRKY68"*") are common
in Populus germplasm adapted to water-scarce conditions,
which impact developmental and regulatory pathways to
modulate plant growth and production performance under
the rapidly changing global climate environment. The identifica-
tion of the PtoWRKY68 regulatory module provides insight into
the molecular mechanisms that underpin drought tolerance in
Populus and provides potential targets for engineering drought-
tolerant varieties.

Materials and methods

Association population of Chinese white poplar
(Populus tomentosa)

The population used for association mapping included 300
accessions selected from a clonal arboretum of 1,047
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accessions in Guan Xian County, Shandong Province, China
(36°23’'N, 115°47'E), representing almost the entire natural
distribution of P. tomentosa (30-40°N, 105-125°E) (Du
et al. 2012). The geographic distribution of these 300 acces-
sions was divided into the southern (S, n=84), NW(n=
108), and NE (n=108) geographic regions (Huang 1992).
In the past 5 yr, the annual average precipitation in the S re-
gion was higher than in the NW and NE regions
(Supplemental Fig. S2) (http://www.cma.gov.cn/). An experi-
mental population of 300 1-yr-old accessions was asexually
propagated via grafting with three duplicated cultivations
per accession. In the initial growth stage, the water content
in the soil was kept at 75% to 80%. Water supply was stopped
when the plants were 4-mo-old until the water content in
the soil dropped from 20% to 25%. During drought treat-
ment, the soil moisture content was maintained at <25%
for 1 mo before trait evaluation.

Phenotypic data of the P. tomentosa association
population
To estimate plant responses to drought stress in the P. to-
mentosa population, seven drought-related (photosynthetic
and physiological) traits were measured using functional
leaves (fourth to sixth leaves from the top of the main
stem). Measurements of the P. tomentosa population
were performed first under well-watered conditions.
Subsequently, the same plants were subjected to drought
treatment and the drought-related measurements were re-
peated. Photosynthetic characteristics were measured using
the LI-6400 portable photosynthesis system (LI-COR Inc,
Lincoln, NE). To reduce the influence of circadian rhythms
on photosynthesis, these traits were measured in functional
leaves from 9:00 to 11:00 am on a sunny day. All measure-
ments were performed in triplicate per plant and three bio-
logical replications were performed for each accession. WUE
was defined as the ratio between CO, assimilation and Tr.
To quantify PRO content, endogenous PRO was extracted
from 0.2 g fresh leaf tissue using 5 mL 6 mol/L hydrochloric
acid and hydrolyzed at 110°C for 24 h, neutralized using
5 mL 6 mol/L Na(OH),, and centrifuged at 5000 rpm for
10 min. The supernatant (0.5 mL) was transferred to a new
tube, and 0.5 mL NaHCO; (0.5 mol/L; pH 9.0) and 0.5 mL
DNFB reaction solution were added. The mixture was
incubated at 60°C for 60 min, cooled to room temperature,
and phosphate buffer (pH 7.0) was added to a 5 mL volume.
The PRO content was determined using HPLC-1100 (Agilent)
with a Symmetry C18 column. To quantify ABA content,
~0.3 g fresh leaf tissue was extracted with 5 mL extraction
buffer (80% isopropyl alcohol, 1% formic acid; v/v), at 4°C
for 1 h using ultrasound, and centrifuged at 10,000 rpm for
10 min. The supernatant was transferred to a new tube, ultra-
sonically extracted with 1 mL dichloromethane at 4°C for
30 min, and centrifuged as above. The ABA content was de-
termined via UPLC (Agilent) with a Symmetry C18 column.
To quantify Chl content, ~1.0g fresh leaf tissue was
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extracted with 4 mL 0.1% butylated hydroxytoluene-ethanol
solution (v/v), at 25°C with shaking in darkness for 4 h. The
Chl content was determined via HPLC (Agilent) with a
Symmetry C18 column. The percentage reduction or in-
crease of these drought-related traits was calculated using
the formula: (measurement of drought-stressed—measure-
ment of well-watered)/measurement of well-watered.
Phenotype repeatability was estimated according to broad-
sense heritability (h>) as described previously (Yang et al.
2011; Speed and Balding 2014).

SNP calling following resequencing of the association
population

The methods and clean data for resequencing the association
population with 300 accessions were previously described
(Xiao et al. 2021). In brief, clean reads were aligned to the
P. tomentosa reference genome by the Burrows—Wheeler
Aligner (v. 0.7.5a-r405) using default parameters (Li and
Durbin 2009). Low mapping quality (MQ < 20) reads were fil-
tered using SAMtools (v. 1.1) and removed. Genome variant
calling was performed using Genome Analysis Toolkit v. 4.0
(https://gatk.broadinstitute.org/hc/en-us) with conservative
parameters. SNPs with only two alleles were pruned using
Vcftools_0.1.13 (Danecek et al. 2011). Following the removal
of those with a MAF < 0.05, heterozygous genotype fre-
quency <0.25, and missing genotype >0.2, we identified
3,002,432 SNPs across all individuals.

RNA-sequencing analysis

Leaf tissues for RNA-sequencing (RNA-seq) were collected from
well-watered and drought-stress-treated plants. The duration of
sampling was minimized to reduce changes in gene expression.
Total RNA was extracted from the mature leaves of 300 unre-
lated individuals, using the FastPure Plant Total RNA Isolation
Kit (Vazyme, Nanjing, China) according to the manufacturer’s
instructions. RNA libraries were constructed and sequenced
by Novogene (Beijing, China). Paired-end sequencing was per-
formed on the lllumina Hiseq 2005 platform (lllumina, San
Diego, CA). Next, clean data were uniquely mapped to the P.
tomentosa reference genome using TopHat v. 2.1.1 with default
options (Trapnell et al. 2009). The isoform levels and gene-level
counts of the assembled transcripts were computed and nor-
malized based on FPKM units using Cufflinks v. 2.1.1 with de-
fault options (Trapnell et al. 2012). Genes with q < 0.05 were
identified as DEGs using Cufflinks v. 2.1.1.

Genome-wide association analysis

GWAS was performed in TASSEL v. 5.0 using high-quality
data for the 3,002,432 SNPs (Bradbury et al. 2007). The stand-
ard mixed linear model was applied, in which the population
structure (Q) and kinship (K) were estimated as described
previously (Du et al. 2019). For the degree of replication,
we performed ten replicate runs with random seed at each
value of K from one to ten with 10-fold cross-validation
(CV). We calculated the average CV error and standard
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deviation for every K-value. K =3 was used because it sepa-
rated the S, NE, and NW geographic subpopulations. The
SNP set was used to construct a neighbor-joining (NJ) phylo-
genetic tree. The phylogenetic tree encompassed three
clades, consistent with the admixture results. Collectively,
K = 3 was the optimal K-value for the separation of subpopu-
lations. The percentage reduction or increase of the seven
drought-related traits was normalized by Z-score. The com-
promised significance threshold for GWAS was set as P <
3.3 %1077 (1/n, n = effective number of independent SNPs)
based on Bonferroni-adjusted correction for multiple testing.
LD analysis using the R package, LD heatmap was used to de-
fine LD blocks surrounding significant SNPs by intervals (Shin
et al. 2006).

Sequence alignment and phylogenetic analysis

To annotate the functions of candidate genes, we performed
BLASTP (v. 2.9.0+; 1e—5) searches of the Swiss-Prot database
and the NCBI nonredundant protein database (NR). Sequence
alignments were performed using MUSCLE (http://www.ebi.ac.
uk/Tools/msa/muscle). Using complete protein sequences, the
phylogenetic tree was constructed by rooting at the midpoint
using the NJ method in MEGA v. 7 (Kumar et al. 2016). The re-
liability of the tree was estimated by bootstrapping using 2,000
replications. Evolutionary distances were computed using the
Poisson correction method. Alignments used for phylogenetic
analysis are provided in Supplemental Files S1 to S12.

Vector construction and genetic transformation

of Arabidopsis

Seeds of Arabidopsis (Arabidopsis thaliana) ecotype
Columbia-0 were surface-sterilized and cold-stratified in ster-
ile water at 4°C for 48 h, followed by germination on
agar-solidified 1/2 mS medium (pH 5.8) supplemented with
1% sucrose at 22°C. Seven-day-old seedlings were trans-
planted in soil and grown in a growth room at 22°C with a
16/8 h diurnal cycle.

The CDSs of PtoWRKY68"*" and PtoWRKY68"*P* were
PCR-amplified from P. tomentosa clones LM50 and 3169, re-
spectively, which were cloned into the pCXSN vector under
the transcriptional control of the CaMv 35S promoter. The
resultant overexpression vector was introduced into
Agrobacterium tumefaciens strain GV3101, which was used
to transform WT A. thaliana (Col-0) plants using the floral-
dip method (Clough and Bent 1998). Transformants were se-
lected on hygromycin-containing (50 mmol/L) medium and
progressed to the T3 generation when the transgene became
homozygous. The drought-related traits and relative expres-
sion levels of PtoWRKY68"*P" and PtoWRKY68"%P? were mea-
sured in two independent homozygous transformed lines.

Drought tolerance assay

Individual A. thaliana plants were grown in pots under short-
day conditions (10/14 h, light/dark) in a growth room.
Twenty-eight-day-old plants were saturated in water to
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95% relative gravimetric soil water content (rSWC), mea-
sured daily. For drought treatment, watering was withheld
until a 17% rSWC was reached. Control plants were main-
tained under well-watered conditions at a 95% rSWC. The ex-
periments were performed three times, and each experiment
contained 12 plants per line. The gross fresh weight of the de-
tached leaves of five plants was measured to assess water loss.
The water loss rate was calculated using the formula: water
loss rate (%) = (FW — DW)/FW X 100, where FW is the leaves
the fresh weight of harvest, and DW is the fresh weight of
leaves detached at 10 min intervals.

RT-gPCR analysis

Transgenic and WT A. thaliana plants were maintained in a
greenhouse under well-watered or drought-stress conditions,
with three independent biological replicates. Total RNA was
extracted from the mature leaves of seedlings using the
FastPure Plant Total RNA Isolation Kit (Vazyme, Nanjing,
China) according to the manufacturer’s instructions. Total
RNA was reverse transcribed into first-strand cDNA using
the Reverse Transcription System (Promega Corporation,
Madison, WI). After the inactivation of enzymes by heating,
a 0.5 uL aliquot was used for RT-qPCR on a QuantStudio 6
Flex Real-Time PCR System (Thermo Fisher Scientific,
Waltham, MA) using SYBR Premix Ex Taq (TaKaRa, Dalian,
China) according to the manufacturer’s protocol. 18S
rDNA and ACTIN2 (AT3G18780) were used as the internal
controls. PCR involved preincubation at 95°C for 30 s, fol-
lowed by 40 cycles of 95°C for 5 s and 60°C for 30 s, and dis-
sociation at 60°C to 95°C at 0.05°C s~ . The relative transcript
abundance of candidate genes was calculated using the
2724 method (Livak and Schmittgen 2001). The transcript
levels of candidate genes in transgenic lines were relative to
the expression in WT plants. Three biological replicates
were performed, each of which consisted of three technical
repeats. The primers used are listed in Supplemental
Table S3.

ABA-sensitivity assay in transgenic Arabidopsis and P.
tomentosa accessions

Leaves of six P. tomentosa accessions and both transgenic and
WT plants were immersed in stomatal opening buffer
(10 mm MES, 5 mm KCl, 50 mm CaCl,, pH 6.15) for 3 h before
being transferred to opening buffer with 1 uM ABA. The sto-
matal aperture was measured every 30 min for 90 min.
Epidermal strips were peeled and photographed using a
DMi8 microscope (Leica Biosystems, Nussloch, Germany).
Stomatal apertures were measured using Image ) software
(http://rsb.info.nih.gov/ij).

To assess the impact of ABA on seed germination,
surface-sterilized seeds from transgenic and WT A. thaliana
were plated on a solid 1/2 mS medium with ABA (0, 0.5,
and 1 uM). The rates of seed germination were recorded daily
and photographed on days 4 and 7. To measure root length,
sterilized seeds of the transgenic lines and WT were
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germinated on 1/2 mS medium, and 5-d-old seedlings were
transplanted to fresh medium with ABA (0, 1, and 3 uM)
for 7 d; subsequently, root length and the number of lateral
roots were analyzed (Shang et al. 2010; Seo et al. 2012; Zhang
et al. 2014; Ma et al. 2019). Root elongation of A. thaliana
plants was analyzed using Image ).

Weighted gene co-expression network analysis
WGCNA was applied to analyze the RNA-seq data of 55 ac-
cessions randomly selected from the natural population of P.
tomentosa. The expression of 34,106 genes in well-watered
and drought-stress samples of these 55 accessions was eval-
uated from the RNA-seq dataset. On average, 24,381 genes
were detected in 80% of the samples, and 9,714 genes were
significantly differentially expressed between well-watered
and drought-stress samples (P <0.001, t-test). Logig
(FPKM + 1) was used to normalize FPKM values, which
were used to generate co-expression networks with the
WGCNA package in R (Langfelder and Horvath 2012).
Independent signed networks were constructed from well-
watered and drought-stress time-course samples. An adja-
cency matrix was constructed using soft threshold powers
of four and nine under well-watered and drought-stress con-
ditions, respectively. Network interconnectedness was mea-
sured by calculating the topological overlap using the
TOMdist function with a signed TOMType. Average hier-
archical clustering using the hclust function was performed
to group the genes based on the topological overlap dissimi-
larity measure (1-TOM) of their connection strengths.
Network modules were identified using a dynamic tree-cut
algorithm with a minimum cluster size of 30 and a merging
threshold function of 0.25. To identify hub genes within
the modules, module membership for each gene was calcu-
lated based on the Pearson correlation between the expres-
sion level and the module eigengene. Genes within the
module with the highest module membership were consid-
ered highly connected within that module. To test the corre-
lations between each module and the photosynthetic and
physiological traits, the module eigengenes were correlated
with the physiological data.

DAP-seq sampling and data analysis

DAP-seq was carried out as described previously (Bartlett
et al. 2017) and performed at Bluescape Hebei Biotech to
purify gDNA from the leaves of P. tomentosa clone LM50.
A genomic DNA library was prepared using the NGS0602-
MICH TLX DNA-Seq Kit (MICH, Hebei, China). The coding
sequences of PtoWRKY68"P' and PtoWRKY68"P? were
cloned into pFN19K HaloTag T7 SP6 Flexi vector and ex-
pressed using the TNT SP6 Coupled Wheat Germ Extract
System (Promega, Madison, WI). PtoWRKY68"**" and
PtoWRKY68"*P" bead mixtures were incubated with the gen-
omic DNA library. Eluted DNA was sequenced on an lllumina
NavoSeq6000 with two technical duplicates. DAP-seq reads
were aligned to the reference P. tomentosa genome
(CRA000903) using Bowtie2 (Langmead and Salzberg 2012).
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The conserved motifs in peaks were identified via
MEME-ChIP (Machanick and Bailey 2011). We performed
KEGG analysis using the KOBAS v. 2.0 database (http://
kobas.cbi.pku.edu.cn/). PtoWRKY68 target genes were de-
fined as peaks located 2 kb upstream of ATG.

Expression quantitative trait loci analysis

eQTL analysis was conducted using the normalized relative
transcript abundances of PtoWRKY68 from 300 accessions
under each condition as the phenotypic variable in the
GWAS analysis. The standard mixed linear model and the
compromised significance threshold were consistent with
the above GWAS.

Prediction of cis-elements

A 2 kb DNA fragment spanning upstream of the start codon
ATG of PtoWRKY68 was extracted as its promoter sequence,
from which cis-regulatory elements were predicted in silico
using PlantTFDB v. 5.0 software (http://planttfdb.gao-lab.
org/index.php) (Tian et al. 2020). CArG motifs in the
PtoWRKY68 promoter region were identified as described
previously (Tang and Perry 2003; Li et al. 2008). The primers
used for PCR of the promoter sequence are shown in
Supplemental Table S3.

Electrophoretic mobility shift assay

The full-length CDSs of PtoWRKY68"P", PtoWRKY68"*2, and
PtoSVP.3 were amplified by PCR, and individually cloned into
the BamHlI/Sall sites of the expression vector pET-32a-HIS
using the ClonExpress Il One Step Cloning Kit (Vazyme,
Nanjing, China). Following expression in Escherichia coli
BL21 (DE3), the recombinant PtoWRKY68"*P', Ptow
RKY68"*2, and PtoSVP.3 proteins were purified using the
His-Tagged Protein Purification Kit (Cwbio, Taizhou,
China), diluted in PBS buffer (135 mm NaCl, 4.7 mm KC|,
10 mm Na,HPO,, and 2 mm NaH,PO, pH 7.4), and quanti-
fied on a NanoDrop 8000 Spectrophotometer (Thermo
Fisher Scientific, Waltham, MA). Motif DNA representing tar-
get gene promoters was synthesized by annealing the for-
ward and reverse complementary oligos containing
W1-box, W2-box, and CArG elements (Supplemental
Table S3). EMSA was performed using an EMSA Kit
(Beyotime, Shanghai, China). DNA—protein complexes were
fractionated on a non-denaturing 6% polyacrylamide gel,
transferred to a positive nylon membrane, and UV cross-
linked. Complexes were detected using streptavidin-HRP
conjugate with an Enhanced Chemiluminescence (ECL) Kit
(Beyotime).

Dual-luciferase reporter assay

DLRA was conducted as described previously (Hellens et al.
2005). Briefly, PtoWRKY68™P", PtoWRKY68"P2, and PtoSVP.3
cDNAs were individually cloned into the BamHlI/Sall sites of
the effector plasmid pGreenll 62-SK using the ClonExpress |l
One Step Cloning Kit (Vazyme, Nanjing, China). The promo-
ters of PtoABF2.1, PtoDTX49.1, PtoRD26.1, and PtoWRKY68
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have cloned into the Sall/Hindlll sites of the reporter plasmid
pGreenll 0800-LUC with the 35S promoter-driven Renilla lu-
ciferase (REN) gene. These constructs were introduced to
A. tumefaciens GV3101 (pSoup-p19). Equal concentrations
and volumes of A. tumefaciens constructs, promoter-LUC,
pGreenll  0800-LUC, PtoSVP.3/PtoWRKY68-62-SK, and
pGreenll62-SK were co-infiltrated into abaxial mesophyll cells
in fully expanded Nicotiana benthamiana leaves using needle-
free syringes, followed by incubation at room temperature for
48 to 60 h (Chen et al. 2008). The infiltrated N. benthamiana
leaves were sprayed with 1 mm b-fluorescein and photo-
graphed using an LB983 Night Owl Il fluorescence imaging
system (Berthold Technologies, Bad Wildbad, Germany).
Quantification was performed by normalizing firefly luciferase
(LUC) activity to that of REN, using 35S:REN as the internal
control. Luciferase activity was assayed using the DLRA
system (Beyotime) according to the manufacturer’s instruc-
tions. DLRAs were performed in at least triplicate. Relative lu-
ciferase activities using PtoWRKY68/PtoSVP.3-pGreenll62-SK
as the effector was compared to the control effector
(pGreenll62-SK empty vector).

Statistical analysis

Statistical significance was determined by t-test or one-way
ANOVA with Tukey's test analysis using the IBM SPSS
Statistics 25.0 software (IBM SPSS, Chicago, USA). Significant
differences were indicated by *P<0.05 **P<0.01, or
***P < 0.001, ns, with no significant difference.

Accession numbers

Sequence data in this study has been submitted to GenBank:
accession numbers 0Q789667-0Q789672. The RNA-seq of P.
tomentosa under well-water and water-deficient phases,
DAP-seq of PtoWRKY68™P" and PtoWRKY68"*2, and gen-
ome resequencing of P. tomentosa are available at the BIGD
Genome Sequence Archive (https://bigd.big.ac.cn) under ac-
cession number CRA007408, CRA009302, CRA009303, and
CRA000903, respectively. Sequence data used in this article
can be found in the Arabidopsis Information Resource
(https://www.arabidopsis.org/index.jsp) under the follow-
ing accession numbers: AtNCED3 (AT3G14440), AtRD20
(AT2G33380), AtRD29B (AT5G52300), AtHIS1-3 (AT2G
18050), AtSnRK2.6 (AT4G33950), and AtABI2 (AT5G57050).
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