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Accumulation of the stress hormone abscisic acid (ABA) in response
to drought and low water-potential controls many downstream
acclimation mechanisms. However, mechanisms controlling ABA
accumulation itself are less known. There was a 10-fold range of
variation in ABA levels among nearly 300 Arabidopsis thaliana ac-
cessions exposed to the same lowwater-potential severity. Genome-
wide association analysis (GWAS) identified genomic regions con-
taining clusters of ABA-associated SNPs. Candidate genes within
these regions included few genes with known stress or ABA-
related function. The GWAS data were used to guide reverse genetic
analysis, which found effectors of ABA accumulation. These included
plasma-membrane–localized signaling proteins such as receptor-like
kinases, aspartic protease, a putative lipid-binding START domain
protein, and other membrane proteins of unknown function as well
as a RING U-box protein and possible effect of tonoplast transport on
ABA accumulation. Putative loss-of-function polymorphisms within
the START domain protein were associated with climate factors at
accession sites of origin, indicating its potential involvement in
drought adaptation. Overall, using ABA accumulation as a basis for
a combined GWAS–reverse genetic strategy revealed the broad nat-
ural variation in low-water-potential–induced ABA accumulation and
was successful in identifying genes that affect ABA levels and may
act in upstream drought-related sensing and signaling mechanisms.
ABA effector loci were identified even when each one was of in-
cremental effect, consistent with control of ABA accumulation being
distributed among the many branches of ABA metabolism or medi-
ated by genes with partially redundant function.
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Abscisic acid (ABA) is one of the classical plant hormones
and regulates processes including seed dormancy and ger-

mination, stomatal regulation, and gene expression (1–3). ABA
content increases rapidly when plants are exposed to low water
potential (ψw) during drought. This ABA accumulation induces
downstream drought responses via a core ABA-signaling path-
way (1, 3). However, it is less clear how drought and low ψw
cause ABA accumulation. Several experiments have indicated
that dehydration of the plant tissue and resulting change in cell
volume or loss of turgor pressure are key triggers of ABA ac-
cumulation (4–6). Beyond this, the sensing and signaling pro-
cesses that influence ABA accumulation remain little known.
The level of ABA that accumulates in response to low ψw is

determined by coordination of ABA synthesis and catabolism,
ABA conjugation and deconjugation (particularly of ABA-glucose
ester), and ABA transport between different tissues and cellular
compartments (7, 8). ABA has a short half-life, even during
drought stress (9), consistent with dynamic modulation of ABA
level response to environmental signals. Conversely, there is also a
surprisingly stable aspect to ABA accumulation. In plants allowed
to acclimate to reduced ψw, ABA content is linearly related to the
severity of low ψw stress (10–12). Efforts to perturb the relation-
ship between ABA content and stress severity by manipulating

only one aspect of ABA metabolism have met with limited suc-
cess. For example, overexpression of the key ABA synthesis en-
zyme 9-cis-epoxycarotenoid dioxygenase (NCED) led to a
relatively small increase in ABA but larger increases in the ABA
catabolite phaseic acid (13), indicating that much of the extra
ABA produced was catabolized. Likewise, manipulation of ABA
conjugation could dramatically increase the level of ABA-glucose
ester but had little effect on ABA levels (14). These observations
suggest the existence of unknown regulatory mechanisms that in-
tegrate the activities of different ABA-metabolism pathways to
match ABA levels to stress severity. Mechanisms that influence
ABA accumulation are thus of great interest and are tied to the
even broader question of understanding plant osmosensing sys-
tems that detect changes in water status (15, 16).
Genetic screens have identified factors acting downstream of

ABA but in general have revealed less about the mechanisms
controlling ABA levels. One screen of particular interest iden-
tified a mutant of Vacuolar Sorting Receptor 1 (VSR1), which had
decreased ABA accumulation and NCED3 expression, possibly
because of altered intracellular pH and tonoplast transport (17).
While such forward genetic screens are promising, they are
limited by a lack of knowledge of which promoters respond most
directly to upstream stress signals and by functional redundancy
within gene families. The NCED3 promoter, for example, is
regulated by ABA accumulation, likely as part of a feed-forward
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mechanism to stimulate ABA production (7, 17, 18). Also, exten-
sive genetic screens failed to find ABA receptors, and we now
know that was because of genetic redundancy among the PYL/
RCAR family (1). Similarly, persuasive arguments have been made
that receptor-like kinases (RLKs) may have roles in stress sensing
and signaling (19); yet, there is little data to show which of the
more than 600 RLKs are involved in drought response. Conversely,
reverse genetic approaches in which selected genes are analyzed in
enough detail to find subtle effects on drought response require a
priori assumptions about which genes are worthy to test, thus
limiting the ability to find new and unexpected loci.
Natural variation and use of genome-wide association analysis

(GWAS) followed by reverse genetic tests of candidate genes
offer another path that combines an open-ended query of the
genome with a more detailed analysis of selected candidate
genes. In Arabidopsis, there is extensive natural variation in many
drought-related traits (20–24). GWAS has been applied to ana-
lyze several of these traits (20, 22, 25) but has yet to be applied to
ABA accumulation. Validation of candidate genes continues to
be a rate-limiting step in utilizing GWAS results. However, when
such validation is performed, it can identify genes of relatively
small phenotypic effect (25, 26). We discovered a wide range of
natural variation in low ψw-induced ABA accumulation among
Arabidopsis thaliana accessions and used GWAS-guided reverse
genetics to identify multiple loci affecting ABA accumulation.

Results
Arabidopsis Has Extensive Natural Variation in ABA Content at Low
ψw. After transfer of 7-d-old seedlings from unstressed condition
(ψw = −0.25 MPa) to low ψw (−1.2 MPa) there was a several
hundred-fold increase in ABA content in the first 10 h (Fig. 1A).
As the plants acclimated to the stress, ABA content stabilized at
an intermediate level that was well below the peak ABA accu-
mulation but still more than 50-fold above the unstressed control
(Fig. 1A). Further ABA measurements were conducted at the
96-h time point as we were most interested to discover factors
involved in ABA homeostasis during longer-term acclimation to

low ψw. Measurements of ABA content at low ψw for 298 ac-
cessions found a 10-fold range of natural variation with the Col-
0 reference accession near the median (Fig. 1B and Dataset S1).
Interestingly, we found that ABA accumulation had limited

association with accession climate-of-origin. ABA was not sig-
nificantly associated with any of the first five principal compo-
nents of climate (α = 0.05). We did find a significant association
of higher ABA accumulation with wetter locations (total growing
season precipitation, ρ = 0.16, P = 0.0202) although this re-
lationship was nonsignificant after accounting for population
structure. Further analysis found only limited association (not
significant after accounting for population structure or driven by
a few outlying accessions) of ABA with other climate factors (see
SI Appendix, SI Materials and Methods for further details).

GWAS Analysis Identifies Genomic Regions Associated with Variation
in Low-ψw-Induced ABA Accumulation. We calculated genetic val-
ues of log ABA accumulation using linear mixed models and
found that random effects of genotype explained 38% of the
variation in ABA (broadsense heritability [H2] = 0.38). GWAS
analysis was conducted using a linear mixed model approach (27)
and published SNP data (28). After discarding low-frequency
SNPs [minor allele frequency < 0.1 (29)], association with
ABA content was tested for 171,619 SNPs. A substantial portion
(75% averaged across SNP-specific models) of total variation in
genotype ABA levels was explained by random effects correlated
with the kinship matrix. The distribution of SNP P values closely
followed the theoretical expectation, suggesting good control of
false positives by the mixed model (SI Appendix, Fig. S1).
While GWAS studies sometimes focus only on the candidate

genes around one or a few SNPs of lowest P value, our goal was
to fully use the GWAS data to generate hypotheses about can-
didate genes affecting ABA accumulation. Thus, we followed a
previously described heuristic approach (25) to identify and rank
genomic regions associated with clusters of low P value SNPs
while also giving greater weight to the lowest P value SNPs
(further details of the analysis are given in SI Appendix, SI

Fig. 1. Natural variation and GWAS analysis of low-
ψw–induced ABA accumulation. (A) Time course of ABA
accumulation after transfer of 7-d-old Col-0 seedlings
to control (−0.25 MPa) or low-ψw stress (−1.2 MPa).
Data are means ± SE (n = 6) combined from two in-
dependent experiments. (B) Distribution of ABA
contents at 96 h after transfer to −1.2 MPa for 298
A. thaliana accessions. The mean and SE of the
Col-0 reference accession is indicated by the red arrow
and red box, respectively. ABA data for each accession
are given in Dataset S1. (C) Manhattan plot of SNP
P values (expressed as the natural log, base e) versus
genomic position for the top 1,000 (T1000) SNPs from
GWAS analysis using the ABA data shown in B. Gray
lines indicate the cutoffs for the top 100, and top
20 low P value SNPs. For reference, the dashed line
indicates an FDR of 0.75. Red boxes indicate the posi-
tions of regions of interest for which we analyzed ABA
accumulation for T-DNA mutants of one or more
candidate genes. A total of 116 regions of interest
were identified based on the GWAS analysis, and these
were numbered consecutively through the genome
from chromosomes 1–5 (SI Appendix, Fig. S2 and
Dataset S3). (D) Distribution of ABA contents after low-
ψw treatment for 75 T-DNA mutants. ABA data for all
T-DNA mutants are given in Dataset S5. The mean and
SE of Col-0 wild type are indicated.
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Materials and Methods). This approach identified 2,293 genes
(Dataset S2) within 5 kb (an estimate of linkage disequilibrium)
of one or more of the top 1,000 low-P-value SNPs (Fig. 1C; these
are the top 0.58% of all SNPs analyzed and are hereafter re-
ferred to as the T1000 SNPs). Although it was not used in our
analysis, Fig. 1C also shows a false-discovery-rate threshold that
falls within the top 1,000 SNPs for reference. We then gave the
genes associated with one or more of the top 100 SNPs a score
based on the number and P value of T1000 SNPs within 5 kb
(25). From this we identified 116 regions of interest containing
one or more genes with a score above 3 (SI Appendix, Fig. S2
and Dataset S3; note that the regions of interest are numbered
1–116 sequentially through the genome from chromosome 1 to
chromosome 5) and also ranked the candidate genes (Dataset
S4). Candidate genes to analyze by reverse genetics were se-
lected by considering both the top scoring regions as well as
individual genes that had high score and were associated with
tight clusters of the T1000 SNPs. In total, 75 T-DNA mutants of
44 genes from 24 regions of interest were analyzed for ABA
content at low ψw (Dataset S5; the regions of interest analyzed
are marked in Fig. 1C). Many of the T-DNA mutants were also
tested by RT-PCR to verify knockout or knockdown of the tar-
geted gene (SI Appendix, Fig. S3). In this analysis, it was clear
that the effect of any single T-DNA mutant on ABA accumu-
lation was relatively small compared with the wide range of
natural variation (Fig. 1D). This suggested the existence of many
ABA effector genes, each having incremental effect.

Plasma Membrane Proteins and a RING-U Box Protein Identified
as Effectors of ABA Accumulation. We found seven cases where
T-DNA mutants had strongly significant (P < Bonferroni adjusted
α) differences in ABA accumulation compared with wild type. Six
of these cases are presented here (the remaining one is discussed
below), and each one had roughly similar effects in that they altered
ABA accumulation by 20–30%. None of these six genes were

previously reported to affect ABA or abiotic stress response. In
region 54, which was highly ranked in our scoring system
(Dataset S4), there was a cluster of ABA-associated SNPs in the
gene body of AT3G26730, and an at3g26730 mutant had signif-
icantly increased ABA accumulation at low ψw (Fig. 2A). This
indicated that AT3G26730 is a negative effector (repressor) of
ABA accumulation. AT3G26730 encodes a RING U-box protein
that was previously reported to interact with C-terminal phos-
phatase domain phosphatase-like1 (CPL1) (30). CPL1 is a
negative regulator of stress and ABA-responsive gene expres-
sion via effects on transcription and RNA processing (31, 32).
Possibly, AT3G26730 affects ABA accumulation via control of
CPL protein abundance.
In other regions, we discovered plasma membrane proteins

with significant effects on ABA accumulation. Region 49 had a
cluster of SNPs with relatively low P values in the gene bodies of
AT3G23070 and AT3G23080. An at3g23080 T-DNA mutant had
significantly elevated ABA accumulation, and another knock-
down mutant had a marginally nonsignificant effect (P = 0.06;
Fig. 2B) while an at3g23070 mutant had no effect (Dataset S5).
AT3G23080 encodes a polyketide cyclase-type protein contain-
ing a putative transmembrane domain and a START domain
possibly involved in lipid binding (33). In region 31, an AT2G17760
mutant had elevated ABA accumulation while another T-DNA
line of this gene had a marginally nonsignificant effect (Fig. 2C).
This latter T-DNA line (SALK_011498) has an intron insertion and
may still have a low level of AT2G17760 expression. AT2G17760,
an aspartic peptidase, was identified in proteomic analyses of
plasma-membrane–enriched proteins (34, 35) and increased in
abundance by more than threefold during cold acclimation or in
response to ABA (34). In region 38, significantly elevated ABA
content was found for a mutant of at3g01130 (Fig. 2D). AT3G01130
encodes the small hydrophobic protein ATAucsisa1, which affects
polar auxin transport via an unknown mechanism (36). ATAucsisa1
interacts with PROTEOLYSIS6 (PRT6), a Ubiquitin E3 ligase

Fig. 2. Six regions of interest with T-DNA mutants
found to have significant differences in low-ψw–

induced ABA accumulation compared with Col-0 wild
type. (A–F) Each panel shows data for a genomic re-
gion of interest for which the mutant analysis un-
covered ABA effector genes. For each panel, the Left
graph is a plot of SNP P values (−log base e) for a 30- to
50-kb window around the main candidate gene(s).
Gene bodies (UTRs, introns, and exons) are shown in
gray. A black dashed outline around a gene indicates
that it was analyzed by ABA phenotyping of T-DNA
mutants but no significant differences were found
(Dataset S5). A red dashed outline and red gene label
indicate that a significant difference in ABA content
compared with wild type was found for at least one
T-DNA mutant of that gene. The Right graph shows
ABA contents for T-DNA mutants of the indicated
genes. The red dashed line indicates the mean ABA
content of the Col-0 wild type, and the red shaded
area marks the SE. A white asterisk indicates ABA
difference that was strongly significant (P < Bonferroni
adjusted α). For other lines, the nominal P values are
listed. Diagonal lines within a bar mark mutants that
had reduced expression (knockdown) rather than
knockout of the target gene. T-DNA mutant ABA data
are listed in Dataset S5.
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that affects ABA sensitivity via its function in N-end rule protein
degradation (37, 38). Interestingly, we found that two prt6 T-
DNA mutants also had elevated ABA accumulation (SI Appen-
dix, Fig. S4). Whether AT3G01130 affects ABA accumulation
via its interaction with PRT6 and N-end rule protein degradation
or via its proposed cytoskeleton-related function (36) is of in-
terest for further investigation.
RLKs, including lectin domain RLKs, are of particular interest

based on their presumed roles in sensing stress-related stimuli at the
cell wall–plasma membrane interface (19). Region 16 contained a
cluster of ABA-associated SNPs in AT1G34300, which encodes a
β-lectin domain RLK (39). An at1g34300 T-DNA mutant had sig-
nificantly elevated ABA accumulation while another mutant tended
to have high ABA but was more variable between experiments (Fig.
2E and Dataset S5). Mutants of an adjacent gene, AT1G34290, did
not significantly differ from wild type (Dataset S5). Region 10 con-
tained a broad band of ABA-associated SNPs covering several
genes (AT1G29720, AT1G29730, AT1G29740, and AT1G29750)
that encode closely related group VIII RLKs with leucine-rich re-
peat (LRR) extracellular domains (39, 40) and putative malectin
domain. Both mutants of at1g29720 and at1g29730 had marginally
nonsignificant increases in ABA accumulation (Fig. 2F and Dataset
S5), raising the possibility that these genes act redundantly. For
AT1G29740, one T-DNA line (SALK_027357) had a significant
reduction in ABA accumulation (Fig. 2F and Dataset S5). This was
the opposite effect as that of at1g29720 and at1g29730 mutants;
however, we did not find any evidence that SALK_027357 had in-
creased expression of other RLKs in region 10 (SI Appendix, Fig. S5).
It remains possible that this mutant alters the activity of AT1G29750
or produces a truncated protein with an aberrant signaling function.
Despite the uncertainty for individual mutants, the combined data for
region 10 suggest that these RLKs affect ABA accumulation in a
redundant manner. There is no previously reported physiological
function of these RLKs (nor for AT1G34300).
The effect of AT3G01130 and AT1G34300 on ABA accumu-

lation was further verified by generating transgenic lines ectop-
ically expressing these genes (SI Appendix, Fig. S6). Ectopic
expression of AT3G01130 strongly suppressed ABA accumula-
tion while AT1G34300 decreased ABA to lesser extent, possibly
because AT1G34300 has other developmental roles (see below)
that precluded us from identifying transgenic lines with a high
level of AT1G34300 expression.

Physiological and Climate Analysis of Candidate Genes. Further phys-
iological analyses were conducted for five genes with the most
prominent effect on ABA accumulation (i.e., those that were sig-
nificant after Bonferroni correction but excluding AT1G29740 and
bZIP17). AT3G26730 and AT3G23080 mutants had strongly re-
duced water loss in detached leaf assays (SI Appendix, Fig. S7),
consistent with higher ABA levels, and perhaps different ABA
sensitivity, in the mutants causing more extensive stomatal closure.
Mutants of AT2G17760 and AT1G34300 also had reduced leaf
water loss. In other experiments, mutants of AT1G34300 and
AT3G23080 had substantially increased seedling dry weight (SI
Appendix, Fig. S8A). Mutants of AT1G34300 had the largest effect,
suggesting that it may have additional functions in growth regula-
tion. None of the mutants had altered proline accumulation (SI
Appendix, Fig. S8B), consistent with stress and metabolic mecha-
nisms other than ABA having more prominent roles in controlling
proline (41) and with the fact that this ABA GWAS identified a
different set of candidate genes than the GWAS of proline accu-
mulation (25).
We also studied whether natural loss-of-function variants in

these genes were associated with particular climates, suggesting a
role in local adaptation. AT3G23080 has 25 native range accessions
in the 1001 genomes panel (42) with putative loss-of-function
variants (Dataset S6). These 25 accessions occupy locations of
low temporal variability in growing-season precipitation compared

with the rest of the native range accessions in the panel (t test, t =
2.49, P = 0.0192) and warm growing seasons (t test, t = −3.88, P =
0.0007) but not significantly so after accounting for population
structure (linear mixed models, P = 0.1392 and P = 0.2486, re-
spectively). However, only five of these accessions are in our ABA
dataset; thus we cannot draw conclusions about the impact of these
natural variants on ABA accumulation. In addition, we found that
AT3G23080 was near six SNPs with strong climate associations
(linear mixed model controlling for kinship, P < 0.01). The stron-
gest of these (8,204,936 bp) was ranked 107 among ∼170,000 SNPs
tested (P = 0.0005) while 4 other SNPs were in the top 200 (43).

Reverse Genetic Analysis of Top Genomic Regions and Stress-Related
Candidate Genes Identified by ABA GWAS.We also tested candidate
genes in the five top scoring regions of interest (Dataset S4;
region 54 is discussed above). The top scoring region (region 57)
contained the second lowest-P-value SNP and had a band of low-
P-value SNPs covering several genes (Fig. 3A). Of these, a mu-
tant of AT3G28740, which encodes the cytochrome P450 family
protein CYP81D11, the expression of which is regulated by jas-
monic acid signaling and xenobiotic stress (44), had a marginally
significant increase in ABA (significant based on nominal P
value but not by Bonferroni-adjusted threshold). Another gene
in this region, AT3G28715, had a marginally nonsignificant (P =
0.079) decrease in ABA accumulation (Fig. 3A). However, this
line (SALK_039088) was a knockdown rather than knockout
mutant (SI Appendix, Fig. S3). AT3G28715 encodes the ATPase,
V0/A0 complex, subunit C/D VHA-d2, which is involved in to-
noplast proton transport. The adjacent gene AT3G28710 en-
codes the nearly identical VHA-d1 (45). It is possible that
AT3G28710 and AT3G28715 act redundantly to affect ABA
accumulation. This hypothesis is consistent with previous results
where a mutant of the vacuolar sorting receptor VSR1 altered
ABA accumulation by affecting cytosolic pH (17). ABA-related
function of AT3G28740, and putatively of AT3G28715 and
AT3G28710, likely caused the broad band of strong ABA–SNP
associations in this region. Interestingly, VSR6 (AT1G30900) is a
high-scoring candidate gene in region 14 (Dataset S3). An effect
of tonoplast transport on ABA accumulation also seems con-
sistent with the finding that a vacuolar type H+ pyrophosphatase
(identified by GWAS in maize) affected survival under severe
water stress (46).
Region 115 was ranked second in our scoring system and had a

cluster of low-P-value SNPs around AT5G63080, AT5G63085,
and AT5G63087 (Fig. 3B). A T-DNA mutant of AT5G63080 did
not differ from wild type in ABA accumulation. While these data
do not rule out variation in AT5G63080 affecting ABA, they do
suggest AT5G63085 and AT5G63087 as candidates. Both these
genes encode cell wall thionins that may bind lectins. No publi-
cally available T-DNA lines exist for these genes. Region 111 had
a band of SNPs covering several genes encoding closely related
Toll Interluken Repeat-Nucleotide Binding Site-Leucine Rich
Repeat (TIR-NBS-LRR) proteins. T-DNA lines for five genes in
region 111 were evaluated but no strong effects on ABA found
(Fig. 3C). As for region 10 described above (Fig. 2F), redundant
function of the TIR-NBS-LRR genes in region 111 may obscure
their effect on ABA accumulation. Region 88 contained the
SNPs of lowest and fourth lowest P value in our GWAS analysis
(Fig. 3D). Mutants of two genes, At5g01730 and At5g01747, in
this region had no effect on ABA accumulation (Fig. 3D). While
not ruling out these two genes, the data suggest AT5G01740 as a
promising candidate. AT5g01740 encodes an uncharacterized
Nuclear Transport Factor 2 family protein, the expression of
which was up-regulated in plants overexpressing the stress-
associated protein XERICO, which influences ABA accumula-
tion and sensitivity (47). Lack of T-DNA mutants prevented us
from testing the effect of AT5G01740.
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The GWAS analysis identified few candidate genes with pre-
viously established stress or ABA-related function, and those that
were identified had relatively weak association. Nonetheless, some
of these were tested, including AT4G09570 (calcium-dependent
protein kinase 4, region 74) and Phytocystatin 6 (CYS6, region 43),
which affect ABA signaling and abiotic stress resistance, the senes-
cence- and dehydration-related gene AT3G21600, and the Unfolded
Protein Response genes bZIP28 and bZIP17. None of these mutants
affected ABA accumulation with the exception of bZIP17 where
three mutants gave conflicting results (SI Appendix, Fig. S9 and
Dataset S5). For these cases, as well as other regions of interest, a
further test of candidate genes as well as analysis of specific natural
alleles of candidate genes is promising for finding additional factors
affecting ABA accumulation and drought response.

Discussion
ABA phenotyping of nearly 300 Arabidopsis accessions dramat-
ically illustrated the range of natural variation in low-ψw–induced
ABA accumulation. This raises the possibility that variation in
ABA content may be a factor in the natural variation of various
other drought-related traits that has been observed (20, 21, 24).

Interestingly, we did not detect any tendency of accessions
originating from dry environments to accumulate more ABA.
Although this may at first seem surprising, it is consistent with
the idea that ABA accumulation is an emergency signal (7).
Thus, accessions that habitually face drought may have other
adaptations or have an altered response to ABA that make it
unnecessary to accumulate more ABA than other accessions.
The accession ABA dataset will be a resource for further eco-
physiology and genomic analyses as well as for identification of
new ABA effector genes.
In agreement with other studies (25, 26), we found that GWAS

results contain a wealth of information beyond just a few lowest-P-
value SNPs. As the SNPs analyzed by GWAS are in varying de-
grees of linkage disequilibrium with ABA accumulation and with
each other, the association signal (SNP P values) can be influenced
by effect size and age of the polymorphism as well as local patterns
of recombination and linkage disequilibrium. Thus, there is a
compelling logic to also consider clusters of SNPs with more
moderate P values, and this proved to be an effective guide to
identify ABA effector genes. Interestingly, when we compared the
genes with significant or marginally significant effects on ABA
(Dataset S5) to gene expression profiling conducted under the
same stress condition (48), only AT3G28740 (Fig. 3A) was differ-
entially expressed (3.9-fold increase in Col-0 at low ψw compared
with the unstressed control). Thus, the GWAS–reverse genetics
approach can identify effector genes that are not transcriptionally
regulated by stress and is complementary to transcriptome analyses
commonly used to identify drought-related genes. That said, al-
ternative strategies that do incorporate gene expression to identify
candidate genes or that consider different linkage intervals to as-
sociate candidate genes with low-P-value SNPs could also be ef-
fective. The optimal strategy also depends on the importance of
reducing the false positive rate to minimize downstream validation
versus generating a somewhat broader set of candidates for vali-
dation (as we did here). It should also be noted that lack of phe-
notype in T-DNA mutant cannot conclusively rule out a candidate
gene as specific natural alleles may lead to altered function that
cannot be recapitulated by knockout mutants or may be effective
only in specific genetic backgrounds because of epistatic interac-
tions with other loci.
The GWAS-guided reverse genetic approach could identify

genes of moderate effect unlikely to be found in forward genetic
screens where stronger phenotypes are typically required to se-
lected a mutant from a large population. The mutants that we
tested generally had incremental effects on ABA accumulation
(20–30%) consistent with distributed control of ABA accumu-
lation among the many branches of ABA metabolism and, pos-
sibly, among multiple signaling mechanisms affecting ABA
levels. Gene redundancy and genetic interactions are still factors,
and we anticipate that construction of multigene knockouts with
close homologs of our identified ABA regulators, generation of
additional overexpression lines, or study of natural alleles and
use of genetic backgrounds other than the Col-0 reference ac-
cessions could reveal even stronger effects on ABA accumula-
tion. Also, we identified more mutants with increased ABA
accumulation than with decreased ABA, suggesting that during
drought acclimation ABA accumulation is under negative regu-
lation as part of homeostasis mechanisms that match ABA level
to stress severity.
For specific ABA effector genes, a main theme that emerges

from our data is the identification of multiple plasma membrane
proteins affecting ABA accumulation. These include RLKs,
START domain protein, aspartic peptidase, and ATAucsisa1
(Fig. 2). A number of additional regions of interest include
candidate genes that encode proteins with known or putative
plasma membrane localization (regions 15, 23, 99, and 114,
Dataset S3). Also, a number of other regions (2, 3, 4, 7, 16, 24,
66, 76, 81, 94, and 102) contain candidate genes encoding RLKs

Fig. 3. Analysis of top-scoring regions identified by ABA GWAS. Data are
shown for four regions of interest (A–D) that had the highest scores in our
heuristic ranking system (Dataset S4). The format of data presentation is the
same as that described for Fig. 2 except that data of all T-DNA lines analyzed
for a given region are shown (SNP P values are shown as natural log).
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(including genes annotated as encoding transmembrane TIR-
NBS-LRR proteins or lectin domain protein kinases). Most of
these are of unknown phenotypic function. Thus, even within the
RLKs, our approach turned up unexpected candidates. As the
plasma membrane–cell wall interface is a likely location for
sensing and signaling events that directly respond to loss of water
or turgor change (15, 16), these findings are consistent with the
hypothesis that using ABA accumulation as a marker could find
upstream drought sensing and signaling factors. Although the
RLKs are of interest, perhaps the strongest candidate that
emerged from our analyses was the START domain/polyketide
cyclase AT3G23080, based on its effect on ABA accumulation
and leaf water loss as well as the association of AT3G23080-
adjacent SNPs and loss-of-function alleles with climate variation.
As there is no known function for AT3G23080, we now have the

opportunity (and challenge) to analyze its cellular function, and
that of other ABA effector genes, in detail.

Materials and Methods
Low-ψw stress was imposed by transferring 7-d-old seedlings to polyethylene
glycol-infused agar plates. ABA was quantified by gas chromatography–
tandem mass spectrometry using deuterated ABA as an internal standard.
GWAS was conducted using the efficient mixed-model association (EMMA)
software package (27) followed by scoring and ranking of candidate genes
(25). Further details can be found in SI Appendix, SI Materials and Methods
and Dataset S7.
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