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The phytohormones abscisic acid (ABA) and indole-3-acetic acid (IAA) response pathways interact synergistically or antagonistically
to regulate plant development and environmental adaptation. Here, we show that ABI1, a key negative regulator of ABA signaling, is
essential for auxin-modulated root development. We performed a microarray analysis using the loss-of-function mutant abi1-3 and
Col-0 seedlings treated with IAA. For sHSP22, an endoplasmic reticulum (ER) small heat shock protein-encoding gene, the induction
by IAA was dependent on ABI1. shsp22 displayed enhanced sensitivity to ABA in primary root growth. In contrast, overexpression of
full-length, but not truncated sHSP22 lacking signal peptide and ER-retention sequences, resulted in decreased ABA sensitivity.
Overexpressed (OX) sHSP22 partially rescued the ABA hypersensitivity of abi1-3. In addition, sHSP22 is involved in auxin-
regulated hypocotyl elongation at high temperature treatment. sHSP22 also affected accumulation of auxin efflux carrier PIN
proteins due to potentiated intracellular trafficking. And sHSP22 OX lines initiated more lateral roots after auxin application. Our
results suggest that sHSP22 regulates auxin response through modulating auxin polar transport, and ABI1-sHSP22 provides a novel
module orchestrating ABA and auxin signaling crosstalk in Arabidopsis (Arabidopsis thaliana).

Plants exhibit tremendous plasticity and adaptability
in growth and development to coordinate with envi-
ronmental conditions. Phytohormone levels and signal-
ing are fine-tuned to execute central roles in perceiving
and initiating appropriate responses. Mounting evi-
dence supports the hypothesis that plant hormones act
in the context of large regulatory networks affecting each
other’s synthesis and response pathways (Kuppusamy
et al., 2009). Among these hormones, indole-3-acetic
acid (IAA) and abscisic acid (ABA) interplay dynami-
cally in diverse physiological processes (Vanstraelen and
Benková, 2012).

IAA, the most abundant endogenous auxin, is the
best-characterized hormone affecting morphogenesis
and tropisms in Arabidopsis (Arabidopsis thaliana).
Spatiotemporal asymmetric auxin distribution patterns
within different tissues direct such developmental
processing (Vanneste and Friml, 2009; Sauer et al.,
2013). Auxin metabolism, including biosynthesis, con-
jugation, and cellular transport, determines its distri-
bution pattern (Ikeda et al., 2009; Zhao, 2010). The polar
auxin transport facilitators, such as membrane-
localized ATAUX1/LIKE AUX1 (AUX1/LAX) influx
transporters and ATP-BINDING CASSETTE B (ABCB),
PIN-FORMED (PIN) protein efflux carriers, transport
auxin in a cell-to-cell manner to establish the auxin
gradients that is essential for organogenesis (Bennett
et al., 1996; Benková et al., 2003; Swarup et al., 2008).
Auxin accumulation within an individual cell is inter-
preted by a short nuclear-localized signaling pathway
to induce transcriptional responses. Auxin binds to the
F-box protein TIR1/AFB, a subunit of ubiquitin E3 li-
gase SCFTIR1-AFBs (Skp1-cullin-F box protein), in
the presence of Aux/IAA repressor proteins, thus me-
diating Aux/IAA ubiquitylation and degradation by
the 26S proteasome, consequently releasing ARF
(AUXIN RESPONSE FACTOR) transcriptional activity
(Gray et al., 2001; Dharmasiri et al., 2005; Kepinski
and Leyser, 2005). The auxin sensitive reporters
DR5:GUS (Ulmasov et al., 1997) and DR5:GFP
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(Friml et al., 2003) are extensively utilized to monitor
auxin responses.
ABA regulates many aspects of plant growth and

development, such as seed maturation and dormancy,
root growthmaintenance, vegetative development, and
reproduction. In addition, ABA functions as a “stress
hormone” that perceives and reacts to environmental
challenges such as drought, salinity, heat, and cold
(Zhu, 2002). The underlying mechanism relies on
reprogramming the transcription of stress-responsive
protective genes and regulatory signaling components
(Shinozaki and Yamaguchi-Shinozaki, 2007). Elucida-
tion of ABA signaling transduction pathway highlights
type 2C protein phosphatases such as ABI1, which act
as important upstream negative regulators. The second
messengers, phosphatidic acid and hydrogen peroxide,
both decrease the phosphatase activity of ABI1
(Meinhard and Grill, 2001; Zhang et al., 2004), empha-
sizing ABI1 as a hub that integrates second messenger
signaling and different effectors mediated stress toler-
ance (Cutler et al., 2010).
Previous research shows that auxin and ABA have

complex and extensive cross-talk in seed germination,
seedling establishment, and lateral root emergence. The
auxin reporter, DR5:GUS, exhibits asymmetric expres-
sion that is maximal at the meristems during Arabi-
dopsis seed germination, which suggests that an auxin
gradient is essential for early seedling meristem estab-
lishment and maintenance (Tanaka et al., 2006). ABA
represses postgermination axis elongation through
combinatorial modulation of auxin transport facilita-
tors AUX1 and PIN2, and down-regulation of AXR2/
IAA7-mediated signal transduction (Belin et al., 2009).
Additionally, ARF10 repression by MIR160 has been
proven to be important for seed germination and
postembryonic development (Liu et al., 2007). ARF2
modulates ABA response in Arabidopsis by down-
regulating the expression of homeodomain gene HB33
(Wang et al., 2011). DEXHbox RNAhelicase is involved
in the crosstalk between ABA and auxin signaling by
mediating mitochondrial reactive oxygen species pro-
duction in Arabidopsis (He et al., 2012). All these
findings demonstrate that ABA and auxin counteract
each other at these phases of development.
Both ABA and auxin are involved in lateral root de-

velopment. The ABA-insensitive 8 mutant displays
limited lateral roots due to a defect in root meristem
activity (Brocard-Gifford et al., 2004). Lateral root devel-
opment 2 plays an essential role in repressing lateral root
development under osmotic stress, and likely influ-
ences lateral root development by interfering with
auxin signaling (Deak and Malamy, 2005). Moreover,
ABI3 modulated by farnesylation acts as an interaction
node that involves auxin signaling and is required for
lateral root formation (Brady et al., 2003). The tran-
scription factor WRKY46 acts upstream of ABI4 to
promote lateral root initiation under osmotic/salt con-
ditions via regulation of auxin homeostasis (Ding et al.,
2015). Additionally, ibr5, mutant of IBR5 encoding
dual-specificity phosphatase, shows the decreased

sensitivity to both ABA and auxin. Further research
discovers that IBR5 interacts with and dephosphory-
lates MPK12 to regulate auxin signaling; nevertheless,
how ibr5 responds to ABA remains to be determined
(Monroe-Augustus et al., 2003; Strader et al., 2008; Lee
et al., 2009). Moreover, auxin signaling mutants axr1,
axr2/iaa7, slr/iaa14, iaa16, and axr3/iaa17 all differentially
respond to applied ABA compared with wild-type
plants, suggesting that Aux/IAA-dependent auxin
signaling also affects ABA activity (Fukaki et al., 2002;
Tiryaki and Staswick, 2002; Rinaldi et al., 2012). Despite
description ofmultiple genesmediatingABA and auxin
crosstalk, the fundamental mechanisms underlying
their interconnection remain rudimentary.

Small heat shock proteins (sHSPs) are ubiquitously
distributed and comprise a family of proteins that are
characterized by a conserved a-crystallin domain and
range in size from 15 to 45 kD (Jakob et al., 1993; Basha
et al., 2006). The representative a-crystallin domain
contains a beta sandwich composed of about 90 amino
acid residues, which is flanked by a variable N-terminal
and a short C-terminal extension (MacRae, 2000). sHSP
expression is induced under heat shock conditions as
well as under other abiotic and biotic stresses. A num-
ber of sHSPs are involved in plant development such as
seed maturation and germination, embryogenesis, as
well as pollen development (Waters et al., 1996). Crystal
structures of an archaea HSP16.5 from Methanococcus
jannaschii and a plant HSP16.9 from wheat (Triticum
aestivum) revealed large oligomers and the architectural
basis for molecular chaperone activity (Kim et al., 1998;
van Montfort et al., 2001). sHSP complexes bind and
prevent irreversible denatured aggregation in an ATP-
independent manner, thereby conferring thermotol-
erance to heat shock (Haslbeck et al., 2005). While a
limited number of orthologs exist in other organisms,
Arabidopsis has a relatively large family of 19 sHSPs
that are classified into cytosolic, chloroplastic, endo-
plasmic reticulum (ER), and mitochondrial members
based on their subcellular localization (Scharf et al.,
2001). Although no clear explanation accounts for the
exact molecular function of plant sHSPs in addition to
heat acclimation, recent studies have shed light on
sHSP’s role in protein translocation, lipid interaction,
and maintenance of membrane integrity (Török et al.,
2001; Chowdary et al., 2007; Balogi et al., 2008; Kim
et al., 2011).

Distinct from other Arabidopsis sHSPs, sHSP22 is the
only identified sHSP localized in ER with a specific
signal peptide and the ER retention tetrapeptide SKEL,
which shares 64.5% amino acid similarity to class I cy-
tosolic sHSP17.6 (Helm et al., 1995). However, the
molecular and physiological function of sHSP22 re-
mains to be elucidated.

In this study, we show that a loss-of-function allele
in ABI1, a significant negative regulator of ABA
signal transduction, exhibits decreased sensitivity to
exogenous auxin in lateral root formation. In search
of downstream targets of ABI1 essential for auxin-
involved lateral root development, microarray analysis
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highlights ABI-dependent sHSP22 expression. Further
genetic and physiological examination of sHSP22 loss-
of-function and overexpression plants demonstrates
that ER-localized sHSP22 negatively regulates ABA
signaling, whereas overexpression of sHSP22 enhances
auxin-associated hypocotyl elongation at high temper-
ature and increases sensitivity in root growth to auxin
transport inhibitor naphthyl phthalamic acid (NPA).
sHSP22 affects intracellular vesicle trafficking of PIN
proteins. As a consequence, overexpression of sHSP22
promotes increased lateral root number when seedlings
were treated by auxin.

RESULTS

ABI1 Is Involved in Auxin-Triggered Lateral
Root Development

Exogenous auxin application can promote lateral root
development (Benková et al., 2003), which has been
widely employed to identify mutants with altered auxin
responses. To identify more players in crosstalk between
ABA and auxin signal transduction pathways, we
screened major ABA signaling mutants for changes in
lateral root formation of auxin application, including
natural IAA and a synthetic analog1-napthalene acetic
acid (NAA). We show that abi1-3, a loss-of-function allele
of ABI1 that is hypersensitive to ABA in germination
(Saez et al., 2006), decreased sensitivity to exogenous
auxin comparedwith Col-0 (Fig. 1A). Although treatment
of Col-0 plants with 100 nM NAA or 100 nM IAA resulted
in 10-fold and 4-fold more lateral roots, respectively, a
reduction in lateral root number was observed in abi1-3
(Fig. 1, A and B). In support, another two abi1 mutants
were also tested.As shown in Supplemental Figure S1, the
knockdown mutant abi1-2 displayed similar phenotype
with abi1-3, whereas abi1-11, a gain-of-function abi1-1 an-
alog in Col ecotype, has no dramatic difference fromwild
type. The lower sensitivity of abi1 to auxin treatment in
lateral root development suggested that ABI1 is required
for auxin-stimulated lateral root development. Given that
ABI1 operates as a key repressor in the ABA signaling
pathway, we supposed that it plays a role in the inter-
connection between ABA and auxin.

sHSP22 Expression Induced by IAA Treatment Is
Dependent on ABI1

To explore the function of ABI1 in response to IAA
treatment, we performed a microarray analysis using
RNA prepared from abi1-3 and Col-0 seedlings treated
with or without IAA for a time course of 0, 2, and 6 h.
From the differential expressed genes of the microarray
data (Supplemental Table S1), we searched for genes
whose transcripts were induced by IAA in Col-0, but
were attenuated or absent in abi1-3. We identified
sHSP22 encoding a sHSP. No function of this gene was
reported. We further analyzed in detail its function in
plant response to IAA and ABA treatments. As shown

Figure 1. Lateral root development of abi1-3 decreases sensitivity to
exogenous auxin. A, Five-day-old Col-0 and abi1-3 seedlings were
transferred to half-strength MS medium supplemented with 0 and
100 nM IAA and 100 nM NAA and grown for additional 3 d.
Bar = 0.5 cm. B, Statistics assay of lateral root number of Col-0 and abi1-
3 seedlings shown in A. The error bars represent6SD for one biological
replicate (n = 30); three biological experiments were performed.
**P , 0.01 and *P , 0.05.
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in Figure 2A, sHSP22 was strongly and transiently in-
duced at 2 h of IAA treatment in Col-0, whereas this
induction was completely absent in abi1-3. Subsequent
qRT-PCR confirmed the microarray results (Fig. 2B),
suggesting that IAA rapidly activated ABI1-dependent
expression of sHSP22. Because there is an adjacent gene
mutation of MAP Kinase Kinase 1 (MKK1) in abi1-3 (Wu
et al., 2015), we detected the expression levels of sHSP22
in the relevant materials to rule out the possibility that
sHSP22 was influenced by MKK1. The result showed
that the expression levels of sHSP22 are not affected
by the additional mutation of MKK1 in abi1-3
(Supplemental Fig. S2). Moreover, we introduced
sHSP22 fused with GUS reporter driven by its native
promoter into Col-0 and abi1-3. Histochemical staining
of 5-d-old Col-0 seedlings revealed that sHSP22-GUS
was expressed in vasculature tissue of leaf, hypocotyl,
and root, and enhanced in presence of 5 mM IAA.
Conversely, expression of sHSP22-GUS decreased in
abi1-3 and increased much less upon IAA treatment
compared with Col-0 seedlings (Fig. 2C). The auxin-
enhanced sHSP22 transcription was also observed in
roots (Supplemental Fig. S3, A and B), and the sHSP22
distribution in the vasculature implicates a specific
function during auxin response. In addition, we also
investigated the expression of sHSP22 when seedlings
were treated by ABA in a time course. The transcript of
sHSP22was enhanced at 1 h, reached a maximum after

3 h, and then decreased (Fig. 2D). The ABA-induced
sHSP22 transcription was also observed in roots
(Supplemental Fig. S3C), indicating that sHSP22 was
also regulated by ABA.

shsp22 Exhibits Enhanced Sensitivity to ABA

To elucidate the function of sHSP22 in ABA signaling,
we employed a reverse genetics approach. One trans-
poson insertion mutant from the Riken Bioresource
Center (Ito et al., 2002; Kuromori et al., 2004), Ds13-4798-
1, was identified and designated as shsp22-1. The trans-
poson was inserted into the only exon of sHSP22 +288
and +361 relative to translation start (Fig. 3A). A ho-
mozygous mutant was verified through diagnostic PCR
using sHSP22-specific and T-DNA border primers (Fig.
3B), and further transcript validation through RT-PCR
showed that shsp22 is a null allele (Fig. 3C). Then we
examined the shsp22 response to ABA in root growth
compared with its wild-type Nossen (No-0) ecotype.
When grown in an ABA-free medium, no distinct dif-
ferences were observed between shsp22 and No-0.
However, in the presence of a concentration gradient of
0.5, 1.0, and 1.5 mM ABA, shsp22 exhibited enhanced
sensitivity to primary root growth inhibition in a dose-
dependent manner (Fig. 3, D and E).

Because only one insertion line was identified, we
also introduced sHSP22 under control of its own

Figure 2. Expression of sHSP22 induced
by IAA is dependent on ABI1. A,
Microarray data for sHSP22 expression
in 2-week-old wild-type and abi1-3
seedlings treated with 2 mM IAA for a
time course of 0, 2, and 6 h. B, Confir-
mation of sHSP22 expression in A using
qRT-PCR. C, Analysis of prosHSP22:
sHSP22-GUS expression in thewild type
and abi1-3. Five-day-old Col-0 and
abi1-3 seedlings were treated with half-
strength MS liquid supplemented with
0 or 5 mM IAA for 6 h and subjected to
GUS staining. Bar = 2mm.D, Expression
of sHSP22 in response to 50 mM ABA
treatment. Two-week-old Col-0 seed-
lings were treated with ABA for the time
course of 0, 1, 2, 3, 4, and 5 h and har-
vested for RNA extraction and qRT-PCR.
For B and D, sHSP22 transcript levels
were normalized to ACTIN2 expression,
and error bars represent 6SD of tripli-
cates.
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Figure 3. shsp22 exhibits enhanced sensitivity to ABA. A, Schematic representation of theDs transposon insertion shsp22mutant.
The black box indicates the coding region, and the gray and brown bar indicates the 59-and 39-untranslated regions, respectively.
The white and black triangles show the H-edge and G-edge of the Ds transposon, respectively. The numbers indicate the
transposon insertion position. P1, forward primer; P2, reverse primer; LB, primer specific to the Ds transposon G edge. RT Fw and
RT Rev were primers used for RT-PCR analysis. B, Diagnostic PCR of the Ds transposon inserted sHSP22. DNA from the ho-
mozygous insertion line of shsp22 was used. Primers used for PCR are indicated on the right of each lane. C, RT-PCR analysis of
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promoter into shsp22mutant, and transgenic lines with
a transcript abundance comparable to No-0 as dem-
onstrated through qRT-PCR (Supplemental Fig. S4)
could fully complement shsp22 increased sensitivity
phenotype to ABA during primary root growth (Fig. 3, F
andG). Therefore, the results reinforced the notion that
elevated ABA sensitivity in shsp22 is due to sHSP22
dysfunction.

sHSP22 Overexpression Plants Are Less Sensitive to ABA

To further address the role of sHSP22 in ABA re-
sponse, we examined phenotypes of sHSP22 over-
expression plants. Expression of myc-sHSP22 driven by
CaMV 35S promoter was introduced into Col-0 Arabi-
dopsis. T3 homozygous sHSP22 OX lines were obtained,
and transcript levels and protein accumulation in
2-week-old seedlings were evaluated by northern blot
and western blot, respectively (Supplemental Fig. S5, A
and B). Compared with Col-0 and empty vector control,
significant increases in transcripts of sHSP22 and Myc-

fused protein were observed in sHSP22 OX plants. We
chose one empty vector control (line 5.6) and two
sHSP22 OX lines (1.2, 4.5, designated as sHSP22 OX-1
and sHSP22 OX -2, respectively) for the subsequent
phenotypic analysis.

sHSP22 OX lines were less sensitive to the inhibition of
primary root growth caused by ABA (Fig. 4, A and B).
In addition, transplanting 5-d-old seedlings from ABA-
free to medium supplemented with 0, 15, and 30 mM

ABA confirmed that sHSP22 OX lines were less sensi-
tive to ABA during primary root growth (Supplemental
Fig. S6, A and B). Collectively, the opposite phenotypes
of sHSP22 OX to shsp22 demonstrated that sHSP22
confers negative effects on ABA signaling.

sHSP22 Is Located in the ER and the Localization Is
Important for Its Biological Function

sHSP22 was first identified from Arabidopsis as an
ortholog to the endomembrane protein PsHSP22.7
(Helm et al., 1993) with 70% identity and 87% similarity

Figure 3. (Continued.)
the sHSP22 transcripts in thewild-type andDs transposon insertionmutant seedlings. The primer pairs used for RT-PCR are shown
in A. ACTIN1 was used as an internal control. D, Primary root growth of the wild type and shsp22 on half-strength MS medium
containing a range of ABA concentrations (0, 0.5, 1.0, and 1.5mM). The seedswere germinated for 8 d in half-strengthMSmedium
with or without ABA, and representative plants are shown. Bar = 0.5 cm. E, Statistics assay of relative primary root length in No-0
and shsp22 seedlings shown in D. Error bars represent6SD of one biological replicate (n = 30); three biological experiments were
performed. **P, 0.01. F, Root phenotypes of No-0, shsp22, and shsp22 complementation seedlings grown horizontally in half-
strength MS medium with or without 1.0 mM ABA. Representative seedlings were shown after 9 d of growth. Bar = 0.5 cm. G,
Statistics assay of relative primary root length in seedlings as shown in F. Error bars represent 6SD of one biological replicate
(n = 30); three biological experiments were performed. **P , 0.01.

Figure 4. Overexpression of sHSP22
confers reduced sensitivity to ABA.
A, Root phenotype of sHSP22 over-
expression seedlings and vector
control grown horizontally on half-
strength MS medium with or without
various ABA concentrations (0, 0.5,
1.0, and 1.5 mM). Representative
seedlings were shown after 9 d of
growth. Bar = 0.5 cm. B, Statistics
assay of relative primary root length
of seedlings shown in A. Error bars
represent 6SD of one biological
replicate (n = 30); three biological ex-
periments were performed. **P, 0.01
and *P , 0.05.
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Figure 5. ER localization of sHSP22 contributes to ABA response. A, Schematic diagram of the sHSP22 structure. Representative
parts of signal peptide, HSP domain, and ER retention tetrapeptide are shown in green, light-blue, and orange boxes, respectively.
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in amino acid sequence; hence, it was thought to be the
only small endomembrane localization heat shock
protein in Arabidopsis (Helm et al., 1995). However, its
subcellular localization and physiological function
remained unclear. First, sHSP22 was aligned with the
following orthologs: sHSP22 has 49% amino acid sim-
ilarity with HSP26p from yeast and 49%, 51%, and 41%
similarity to human a-crystallin A chain (HSPB4), heat
shock protein b1 (HSPB1), and heat shock protein b3
(HSPB3), respectively. The alignment revealed that they
share a conserved a-crystallin domain composed of
2 hydrophilic subdomains essential for oligomer as-
sembly in addition to divergent N terminus and vari-
able C-terminal extensions (Supplemental Fig. S7A).
Next, sHSP22 structure predicted by SMART web ser-
vice includes a predicted N-terminal signal peptide, a
characteristic HSP20 domain, and a putative C-terminal
tetrapeptide for ER retention (Fig. 5A). Particularly,
phylogenetic trees based on amino acid sequence sim-
ilarity in Arabidopsis showed that ER-localized sHSP22
most resembled class I cytosolic sHSP17.6, 18.1, and
17.4 (Supplemental Fig. S7B). Transient expression of
sHSP22-GFP and the ER-localized marker red flores-
cent protein (RFP)-HDEL by coagroinfiltration in Ni-
cotiana benthamiana (Liu et al., 2010) showed that their
fluorescent images were largely coincident with at least
the ER localization pattern. However, the truncated
sHSP22-D-GFP, in which the signal peptide and the ER
retention tetrapeptide deleted from coding sequence of
sHSP22, abolished the typical ER localization and par-
tially localized in nucleus (Fig. 5B; Supplemental Fig.
S7C). These are direct evidence for ER localization of
sHSP22.
We speculated that the specific ER localization con-

fers to sHSP22 unique functions distinct from other
cytosolic sHSPs. To confirm this hypothesis, we gen-
erated the Myc-fused sHSP22-D transgenic plants and
confirmed myc-fused protein levels using anti-myc
antibody in three independent homozygous lines
(Fig. 5E). Subsequent examination of sHSP22-D OX re-
sponse to ABA showed that, despite reduced sensitivity
of sHSP22 OX, the truncated sHSP22-D OX plants
showed similar phenotypes to Col-0 and vector control
in presence of a concentration gradient of 0.5, 1.0, and
1.5 mM ABA. Both the relative primary root length and
cotyledon greening percentage confirmed this tendency
(Fig. 5, C and D; Supplemental Fig. S8). These data in-
dicate that proper ER localization of sHSP22 is impor-
tant for plant to response to ABA.

Overexpression of sHSP22 Partially Rescued abi1-3
Hypersensitivity to ABA

To dissect the relationship between ABI1 and
sHSP22, we constitutively expressed sHSP22-myc
under control of the 35S promoter in the ABA-
hypersensitive mutant abi1-3 and investigated the cor-
responding phenotype to ABA (Fig. 6). Compared with
wild type and abi1-3, elevated transcript levels of
sHSP22 in abi1-3/sHSP22 homozygous lines were
demonstrated using real-time PCR (Supplemental Fig.
S9). When grown in medium containing 0.5 or 1.0 mM

ABA, abi1-3 exhibited the same hypersensitive pheno-
type as reported by Saez et al. (Saez et al., 2006); how-
ever, the abi1-3/sHSP22 complement lines partially
rescued abi1-3 hypersensitivity to ABA in both post-
germination cotyledon greening and primary root
growth (Fig. 6, A–C).

sHSP22 Promotes Hypocotyl Elongation at
High Temperature

Because the ABI1-dependent transcription of sHSP22
was greatly induced by auxin (Fig. 2, B and C), we in-
vestigated whether sHSP22 correlated with ABI1 to
respond to auxin. Auxin promotes hypocotyl elonga-
tion, a response that can be monitored when Arabi-
dopsis seedlings are grown at 29°C (Gray et al., 1998).
Because expression of sHSP22 is dramatically induced
under heat shock conditions (Winter et al., 2007) and
the high temperature-induced sHSP22 transcription
was also observed in hypocotyls (Supplemental Fig.
S3D), hypocotyl elongation of shsp22 and sHSP22 OX
lines under such conditions was examined. At 22°C,
shsp22 and No-0 grew similar short hypocotyls, ap-
proximately 2 mm. At 29°C, hypocotyls of both geno-
types were prolonged, but shsp22 developed reduced
length of hypocotyls by 18% compared with No-0 (Fig.
7, A and B). In contrast, hypocotyl elongation of 6-d-old
sHSP22 OX-2 seedlings was clearly enhanced by 58% at
29°C compared with Col-0 (Fig. 7, C and D), which
suggests an enhanced auxin response. Previous re-
search demonstrated that Arabidopsis hypocotyl elon-
gation at high temperature resulted from cell
expansion, which was promoted by a number of fac-
tors, such as auxin biosynthesis involving
phytochrome-interacting factor 4 (PIF4; Franklin et al.,
2011; Sun et al., 2012), auxin signaling, and auxin
transport.When grown onmedium supplementedwith

Figure 5. (Continued.)
B, Colocalization of sHSP22-GFP (top) and sHSP22-D-GFP (bottom) with RFP-HDEL. RFP-HDEL is an ER localization peptide motif
fused with RFP. Tobacco leaves were infiltrated with agrobacteria bearing 35S:sHSP22-GFP and 35S:RFP-HDEL or 35S:sHSP22-D-GFP
and 35S:RFP-HDEL constructs. After 3 d, tobacco leaveswere cut and simultaneously subjected to confocalmicroscopy observation. C,
Cotyledon greening phenotype of Col-0, vector control, sHSP22 OX-2, and sHSP22-D overexpression plants. Representative seedlings
were sown 9 d after imbibition on 1mMABA. Bar = 0.5 cm.D, Statistical analysis of different genotype plants shown in C. The cotyledon
greening percentagewas calculated after the 9-d growth in themedium. The error bars represent6SD (triplicatemeasurements; n = 90).
The asterisks indicate a significant difference between sHSP22 overexpression and control plants (**P , 0.01 and *P , 0.05). E,
sHSP22-D accumulation in overexpressing and control plants by western blotting using anti-myc antibody. The gray and black arrows
separately denote whole and truncated sHSP22 protein form respectively. Actin is used as control.
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1 mM NPA, an auxin efflux facilitator inhibitor, high
temperature-triggered hypocotyl elongation of sHSP22
OX was suppressed (Fig. 7D), suggesting that sHSP22
might be involved in auxin transport. To explore

whether ABI1 is required for temperature-induced hy-
pocotyl elongation of sHSP22 OX, we analyzed hypo-
cotyl elongation of vector control, sHSP22 OX, abi1-3,
and abi1-3/sHSP22 OX plants. With similar short

Figure 6. sHSP22 can partially rescue ABA hypersensitivity of abi1-3. A, Cotyledon greening phenotype of Col-0, abi1-3, and
abi1-3/sHSP22 homologous plants in half-strength MS medium and medium supplemented with 1 mM ABA. Representative
seedlings were shown 9 d after imbibition. Bar = 0.5 cm. B, Statistic analysis of cotyledon greening in half-strength MS medium
containing various concentrations (0, 0.5, and 1.0 mM) of ABA. Col-0, abi1-3, and abi1-3/sHSP22 complementation plants were
germinated and grown for 9 d. The values are the means 6 SD of triplicate repeats (n = 90, **P , 0.01). C, Root phenotype of
representative seedlings grown on half-strength MS medium without or with 1 mM ABA shown in A. Bar = 0.5 cm.
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hypocotyls at 22°C, abi1-3 and abi1-3/sHSP22 OX de-
veloped an average of 7.2 mm hypocotyl at 29°C com-
parable to vector control (Fig. 7, E and F).
To dissect themolecular mechanism of sHSP22 action

in the auxin-mediated hypocotyl elongation response,
we first measured the free IAA levels in hypocotyls of
6-d-old vector control and sHSP22 OX seedlings grown
at 22°C and 29°C. Whereas there was no significant
difference between sHSP22 OX and vector control at
22°C, an obvious increase of the free IAA concentration
was observed in the hypocotyls of sHSP22 OX when
seedlings were grown at 29°C (Fig. 8A). Secondly, we
investigated the expression levels of auxin signaling
marker genes SHY2/IAA3 as well as IAA19, which act in
hypocotyl development, in vector control and sHSP22
OX lines (Tatematsu et al., 2004; Sun et al., 2012).
Higher expression of both genes was observed in hy-
pocotyls of sHSP22 OX at 29°C compared with that of
vector control plants (Fig. 8B).

Taken together, these data suggest that sHSP22
modulates the auxin response through a change in
auxin concentration and affecting auxin response.

sHSP22 Affects Accumulation of Auxin Efflux Facilitator
PIN Proteins

Auxin polar transport tuned by differential
membrane-localized influx and efflux carriers modu-
lated Arabidopsis development (Vanneste and Friml,
2009). Thus, we tested whether sHSP22 OX lines affect
auxin polar transport in roots by applying phytotropin
NPA, an auxin efflux facilitator inhibitor (Ruzicka et al.,
2010). sHSP22 OX seedlings transferred to medium
containing 1 mM NPA had 57.2% reduced primary root
length, while control plants had 25.57% reduced pri-
mary root length (Fig. 9, A and B). NPA functions
through undefined membrane-localized NPA-binding

Figure 7. sHSP22 can promote hypo-
cotyl elongation at high temperature. A,
Hypocotyl elongation of 6-d-old No-0
wild type and shsp22 mutant grown at
22°C and 29°C. Plants were grown at
22°C for 2 d before being transferred to
29°C for 4 d. Bar = 0.5 cm. B, Quanti-
tative analysis of hypocotyl length in
seedlings shown in A. Values are
means 6 SD (n = 40), **P , 0.01. C,
Hypocotyl elongation of 6-d-old
sHSP22 transgenic and vector control
plants grown at 22°C and 29°C. Plants
were grown at 22°C for 2 d before being
transferred to 29°C for 4 d. Bar = 0.5 cm.
D, Quantitative analysis of hypocotyl
length of 6-d-old sHSP22 transgenic
and vector control plants grown in half-
strength MS medium supplemented
with 0 and 1.0 mM NPA at 22°C and
29°C, respectively. The values are
means 6 SD (n = 40), **P , 0.01. E,
Hypocotyl elongation of 6-d-old
sHSP22 OX, vector control, abi1-3, and
abi1-3/sHSP22 plants grown at 22°C
and 29°C. Plantswere grown at 22°C for
2 d before being transferred to 29°C for
4 d. Bar = 0.2 cm. F, Quantitative
analysis of hypocotyl length in seedlings
shown in E. Values aremeans6 SD (n=40),
**P, 0.01.
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proteins to inhibit auxin efflux carriers activity (Cox
and Muday, 1994; Bailly et al., 2008). Thus, we intro-
duced primary auxin efflux transporter PIN reporters,

including proPIN1:PIN1-GFP, proPIN2:PIN2-GFP, pro-
PIN3:PIN3-GFP, proPIN4:PIN4-GFP, proPIN7:PIN7-
GFP, and auxin response reporter DR5rev:GFP into
sHSP22 OX through genetic crossing to detect whether
these auxin efflux facilitators were affected by sHSP22.
Previous findings showed that shoot-derived auxin
flows toward the root tip, facilitated by basally local-
ized PIN1, PIN3, PIN4, and PIN7 in the stele, and rea-
ches a maximum at the quiescent center (QC) and
columella initials and then is redirected upward by
apically localized PIN2 in the epidermis (Petrásek and
Friml, 2009). While no altered polar localization of
PIN1, PIN3, PIN4, and PIN7 in sHSP22 OX was ob-
served, the GFP fluorescence of PIN1, PIN3, PIN4, and
PIN7 all exhibited considerable decrease in the root tips
of 5-d-old sHSP22 OX homozygous lines compared
with Col-0, which indicated reduced accumulation of
basally localized PIN1, PIN3, PIN4, and PIN7 in root tip
of sHSP22 OX (Fig. 9, D and G). On the other hand,
unaltered apically localized but slightly accumulated
PIN2 was observed in the sHSP22 OX root apex (Fig. 9,
E and G). Additionally, the DR5rev:GFP fluorescence
intensity decreased inQC and columella cells of sHSP22
OX compared with Col-0 (Fig. 9, F and G). This phe-
nomenon presumably resulted from less acropetal and
slightly greater basipetal auxin transport mediated by a
variety of polarly localized PINs.

To rule out the possibility that the changes in PIN
accumulation were due to transcriptional regulation,
we examined expression of the corresponding PINs
seedlings (Fig. 9D). In contrast to the reduced accu-
mulation of PIN1, PIN3, PIN4, and PIN7 in sHSP22 OX,
comparable PIN3 expression and increased PIN1, PIN4,
and PIN7 transcription were observed (Supplemental
Fig. S10), which suggests that sHSP22 OX decreased the
accumulation of basally localized PINs is independent
of transcriptional regulation. Moreover, the distribu-
tion of GFP fused sHSP22 driven by the 35S promoter
revealed punctate fluorescence in the stele, which
spread into the columella as well as the lateral root cap
(Fig. 9C), and overlapped with the PIN proteins dis-
tribution. On the contrary, PIN1, PIN3, and PIN7 dis-
played increased fluorescence intensity in shsp22 while
PIN2 displayed decreased fluorescence intensity
(Fig. 10, A and B).

Taken together, these data indicate that sHSP22 plays
an important role in specifically modulating auxin
transport efflux carriers.

sHSP22 OX Potentiates PIN1 Trafficking and Initiates
More Lateral Roots

Auxin efflux PINproteins have been shown to undergo
constitutive subcellular cycling of endocytosis and recy-
cling back to the plasma membrane (Kleine-Vehn and
Friml, 2008; Friml, 2010). The fungal toxin brefeldin A
(BFA) specifically inhibits a subclass of exchange factors
for ARF-GTPases, and as a consequence blocks PIN pro-
tein trafficking from the endosome to plasma membrane

Figure 8. Measurement of IAA content and auxin-inducible Aux/IAA
gene expression in sHSP22OX and vector control. A, IAA concentration
in hypocotyls of 6-d-old sHSP22 transgenic and vector control plants
grown at 22°C and 29°C. Plants were grown at 22°C for 2 d before
transferred to 29°C for 4 d. Values are means 6 SD of three replicate
repeats. **P , 0.01. B, Relative transcript abundance of auxin-re-
sponsive IAA3 and IAA19 by qRT-PCR in hypocotyls of sHSP22 trans-
genic and vector control plants. Transcript levels of IAAs were
normalized to the ACTIN2 expression and were relative to that of un-
treated vector control seedlings. Error bars represent 6 SD of three
replicate repeats.
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Figure 9. sHSP22 OX shows enhanced sensitivity to NPA and affects accumulation of PIN proteins. A, sHSP22 overexpression
and vector control seedlings germinated vertically for 5 d with similar roots length were transferred to half-strength MS medium
with or without 1 mM NPA and grown in a vertical position for additional 7 d (top) or 11 d (bottom). The dashed lines denote root
length when transferred. Bar = 0.5 cm. B, Statistical analysis of the primary root growth in seedlings shown in A. The relative root
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and results in endosomal BFA compartment formation
(Geldner et al., 2001, 2003). Thus, we examined whether
sHSP22 interferes with trafficking of representative PIN1
to reduce its basal plasma membrane localization. Before
BFA treatment, reduced basally localized PIN1 was
shown in sHSP22OX comparedwithCol-0.When treated
with 50 mM BFA, basally localized PIN1 progressively
disappeared from the plasmamembrane and BFA bodies
were observed in Col-0 1 h later. In contrast, BFA-induced
PIN1 internalization was more rapid in sHSP22 OX, and
more BFA bodies were observed after the same treatment
time (Fig. 11A), which shows BFA-sensitive PIN1 traf-
ficking in the sHSP22 OX roots.

Based on accumulation of decreased basally localized
PIN1, PIN3, PIN4, and PIN7 and slightly increased
apically localized PIN2 in sHSP22OX in Figure 9, D and
E, we reasoned that these changes may affect lateral
root development. Therefore, we measured lateral root
formation in sHSP22 OX in the presence of exogenous
auxin. sHSP22 OX developed significantly more lateral
roots after either 50 nM NAA or in response to an in-
creasing concentration of IAA (Fig. 11, B and C).
Moreover, we checked the expression levels ofGATA23
and SKP2B that play vital roles in founder cell specifi-
cation (De Rybel et al., 2010; Manzano et al., 2012) in
roots of the vector control and sHSP22 OX. The tran-
script abundance of GATA23 and SKP2B in sHSP22 OX
was comparable to that in vector control without IAA
treatment; however, the expression level of GATA23
was induced markedly by IAA treatment at 2 h and the
moderate induction of SKP2B occurred at 4 h by IAA
treatment in sHSP22 OX (Fig. 11D). This suggested
sHSP22 OX could trigger more lateral root emergence
upon IAA treatment.

DISCUSSION

Auxin Integrates ABI1 to Regulate Lateral Root Formation

Lateral root (LR) development enables plants to react
with flexibility and adaptability to changes in envi-
ronmental conditions. Researchers have shown that
auxin is the key instructive signal for LR development,
and ABA signaling exerts an antagonistic function
(Fukaki and Tasaka, 2009). However, the means by
which ABA signaling cascades interact with auxin bi-
osynthesis, metabolism, signaling, or distribution re-
main unclear. By screening ABA signaling mutants in

response to exogenous auxin, we report that both the
ABI1 loss-of-function and knockdown mutants exhibi-
ted less sensitivity in LR formation upon with exoge-
nous auxin application (Fig. 1; Supplemental Fig. S1).
These observations suggested that ABI1 is an interac-
tion node for auxin to integrate with ABA and regulate
LR formation. Consistent with this notion, an auxin-
inducible chimeric reporter proDc3:GUS from Daucus
carota showed significantly less GUS expression in the
roots of Arabidopsis-dominant negative abi1-1mutant
(Rock and Sun, 2005), which supports that the auxin-
responsive expression is dependent onABI1.Moreover,
genome-wide gene expression profiling in Arabidopsis
wild type and abi1-1 showed the down-regulation of
GH3.5 and HAM4, which encode an IAA-amino con-
jugation synthase and a SCARECROW transcription
factor, respectively (Hoth et al., 2002). It is reasonable to
speculate that decreased expression of these two genes
in abi1-1 modulated auxin homeostasis (Staswick et al.,
2005) as well as changes in the specification of QC and
stem cell niches (Engstrom et al., 2011).

Previous research showed that the ABA signaling
component ABI3, which is farnesylated by ERA1, is es-
sential for auxin-mediated LR formation (Brady et al.,
2003), presumably due to uncharacterized auxin re-
sponsive targets bound by ABI3 (Nag et al., 2005). As
ABI1 genetically acts upstream to regulate ABI3 (Parcy
and Giraudat, 1997), impaired auxin-induced LR for-
mation in abi1-3 could be a consequence of altered
transcription abundance of ABI3. On the other hand,
another ABA signaling component ABI4 inhibits LR
formation through modulation of auxin polar transport
(Shkolnik-Inbar and Bar-Zvi, 2010), distinct from auxin
signaling regulation ofABI3.Whether ABI1 affects auxin
polar transport related to ABI4 remains unclear. Never-
theless, these findings provide evidence that ABA sig-
naling influences auxin signaling and distribution.

Given the versatile targets and multiple regulators of
ABI1 in ABA signaling, we identified a sHSP encoding
gene, sHSP22, which requires ABI1 for IAA induction
(Fig. 2, A–C). A subsequent physiological investigation
showed that shsp22 and sHSP22 OX lines exhibited
auxin-associated phenotypes, including involvement in
high temperature-mediated hypocotyl elongation (Fig. 7,
A–D), increased sensitivity of sHSP22 OX plants to ex-
ogenous auxin and auxin transport inhibitor application
(Figs. 9A and 11, A and B). Furthermore, sHSP22 is in-
volved in auxin-related hypocotyl elongation at high

Figure 9. (Continued.)
growth percentage in NPAwas normalized to that in half-strength MS medium. Error bars represent6SD (n = 30), **P, 0.01. C,
The distribution and localization of sHSP22-GFP recombinant protein in root tips of 5-d-old T3 homozygous transgenic Arabi-
dopsis seedlings. D, Distribution of proPIN1:PIN1-GFP, proPIN3:PIN3-GFP, proPIN4:PIN4-GFP, proPIN7:PIN7-GFP in Col-0,
and sHSP22 overexpressing plants 4 d after germination. PI was used to stain the cell wall. Bar = 75 mm. E, Distribution of
proPIN2:PIN2-GFP in Col-0 and sHSP22-overexpressing plants 4 d after germination. PI was used to stain the cell wall.
Bar = 75 mm. F, Expression pattern of synthetic DR5rev:GFP reporter in Col-0 and sHSP22 overexpressing plants 4 d after ger-
mination. PI was used to stain the cell wall. Bar = 75 mm. G, Statistical analysis of fluorescence intensity for roots shown in D to F.
Relative fluorescence intensity percentage in sHSP22 overexpressing plants was normalized to that in wild type as 100%. Error
bars represent 6SD (n = 10), *P , 0.05 and **P , 0.01.
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temperature (Fig. 7). Collectively, this suggests that
sHSP22 functions in the auxin response and provides a
clue for deciphering ABA and auxin crosstalk.

sHSP22 Exerts Negative Effects on ABA Signaling

The family of sHSPs in Arabidopsis comprises
19 members, which far exceeds other organisms
(Haslbeck et al., 2005), suggesting that sHSPs diverged

in certain cell types and organelles for specific roles that
still need to be unraveled. Because expression of single
ER-localized sHSP22 was induced by ABA treatment
(Fig. 2D), we speculated a specific function for sHSP22
in ABA response. Using a reverse genetics approach,
further phenotypic analyses showed that sHSP22 exerts
negative effects on ABA-inhibited cotyledon greening
and root growth (Figs. 3 and 4). Intriguingly, over-
expression plants of a truncated sHSP22-D lacking

Figure 10. The distribution of PIN pro-
teins in shsp22. A, Distribution of pro-
PIN1:PIN1-GFP, proPIN2:PIN2-GFP,
proPIN3:PIN3-GFP, and proPIN7:
PIN7-GFP in the roots of No-0 and
shsp22 4 d after germination. PI was
used to stain the cell wall. Bar = 50 mm.
B, Statistics analysis of fluorescence
intensity for roots shown in A. Relative
fluorescence intensity percentage in
shsp22 plants was normalized to that in
No-0 as 100%. Error bars represent6SD

(n = 10), *P , 0.05 and **P , 0.01.
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Figure 11. sHSP22 OX potentiates PIN1 trafficking and initiates more lateral roots. A, Internalization of proPIN1:PIN1-GFP in
5-d-old Col-0 and sHSP22 overexpressing Arabidopsis seedling roots upon adding a vesicle-trafficking inhibitor using 50 mM BFA
for the indicated times. Inserted panels are a magnification of the denoted area. PI was used to stain the cell wall. Bar = 20 mm. B,
sHSP22 overexpression and vector control seedlings germinated vertically for 5 d with similar length of roots were transferred to
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signal peptide and ER retention sequence showed the
similar response to wild type when treated with ABA
(Fig. 5; Supplemental Fig. S8). Taken together, the
active sHSP22 localized in the ER accounts for the
reduced sensitivity of sHSP22 OX to ABA. We hy-
pothesized that sHSP22 is involved in ER quality con-
trol to respond to ABA. Various stressful conditions
trigger ABA production and signaling, accompanied by
the accumulation of denatured structural and func-
tional proteins in ER. sHSP22 may act as a molecular
chaperone as an oligomer to bind and prevent unfolded
protein from aggregating, which protects plants from
cellular protein malfunction and stress. In accordance
with this hypothesis, a putative ER sHSP alleviates ER
stress in transgenic tomato (Solanum lycopersicum; Zhao
et al., 2007). Moreover, ER stress induces phosphoryl-
ation of its human ortholog HSP27, which results in
HSP27 binding to polyubiquitinated proteins for pro-
teasome degradation (Parcellier et al., 2003). No such
role for sHSP22 has been observed in Arabidopsis;
however, the identification of sHSP22 as a ubiquitina-
tion target through proteomic analyses supports this
possibility (Kim et al., 2013).
To dissect the relationship between sHSP22 and ABA

signaling components, we found that sHSP22 partially
rescues abi1-3 ABA hypersensitivity in cotyledon
greening and root growth (Fig. 6).

sHSP22 Modulates Polar Auxin Transport and Shows
Versatile Auxin Phenotype

We elucidated a scenario of sHSP22 action in com-
prehensive aspects of auxin-associated plant develop-
ment. Initially, sHSP22 integrates high temperature cue
to mediate auxin-triggered hypocotyl elongation
(Fig. 7). Recent research has discerned light-perceived
PIF4 regulation of auxin biosynthesis in this process
(Franklin et al., 2011; Sun et al., 2012), and our results
highlight the high temperature-induced role of sHSP22
related to auxin polar transport. This notion is implicit
in the abolished phenotype of sHSP22 OX upon NPA
application (Fig. 7D), along with obvious changes in
free auxin levels and expression of the auxin signaling
marker genes IAA3 and IAA19 in sHSP22 OX and
vector control plants (Fig. 8). Further direct evidence
was generated from dissecting sHSP22 OX increased
root growth sensitivity to NPA, reduced accumulation
of basal plasma membrane-localized PINs essential for
auxin acropetal transport in the root apex (Fig. 9), and
potentiated PIN1 trafficking in response to vesicle
trafficking inhibitor BFA (Fig. 11A). Taken together,

these physiological and genetic data support a role for
sHSP22 in regulating auxin polar transport.

However, how the ER-localized sHSP22 elaborately
modulates accumulation and trafficking of plasma
membrane PINs remains a mystery. Current progress
in identifying ER-localized PIN transporters and elu-
cidating of PIN vesicle trafficking routes provides clues
for addressing this question. On one hand, the
ER-localized PINs, PIN5, PIN6, PIN8, and PIN-LIKES
PILS2, PILS5, prominently function in intracellular
auxin homeostasis and metabolism and presumably
increase auxin accumulation in the ER to regulate plant
development (Mravec et al., 2009; Barbez et al., 2012;
Ding et al., 2012; Cazzonelli et al., 2013). Whether
sHSP22 interacts with these ER-localized PINs to lead
to coordination of plasma membrane-localized PINs
remains unclear. On the other hand, crucial auxin
transporter PINs undergo constitutive trafficking
through secretion, endocytosis, transcytosis, and sort-
ing for polar plasma membrane localization (Friml,
2010). Whether sHSP22 affects PIN vesicle trafficking at
the sorting or vacuolar degradation steps and the nec-
essary vesicle trafficking machinery components, and
how this process orchestrates environmental cues, such
as high temperature and abiotic stress, are further is-
sues that should be explored.

Overall, based on our data, we present a working
model of sHSP22 action in ABA and auxin signaling
crosstalk (Fig. 12). ABI1 is a negative regulator of ABA
signaling (Gosti et al., 1999), sHSP22 acts to exert

Figure 12. Hypothesized model of sHSP22 action in auxin and ABA
crosstalk. Auxin induced the expression of sHSP22 is dependent on
ABI1. sHSP22 affects PIN protein trafficking tomodulate auxin response
while negatively regulates ABA response. Positive interactions are
denoted by an arrow; bars indicate repression effects.

Figure 11. (Continued.)
half-strength MS medium containing 0 and 50 nM NAA and 90 nM IAA and grown in a vertical position for additional 7 d.
Bar = 0.5 cm. C, Statistic analysis of lateral root number of seedling shown in B. Error bars represent6 SD (n = 30), **P, 0.01 and
*P, 0.05. D, Expression ofGATA23 and SKP2B in vector control and sHSP22OX seedlings.One-week-oldvector control and sHSP22
OX seedlings were treated with 2 mM IAA for 0, 2, and 4 h, and the excised roots were harvested for RNA extraction and qRT-PCR.
Transcript levels were normalized to ACTIN2 expression, and error bars represent 6SD of triplicates. **P , 0.01 and *P , 0.05.
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negative effects on ABA signaling, exhibiting versatile
responses in seed germination and seedling establish-
ment. Furthermore, ABI1 is also required for auxin-
mediated lateral root formation and auxin-induced
sHSP22 expression, and sHSP22 is involved in auxin-
related hypocotyl elongation at high temperature. Ad-
ditionally, sHSP22 potentiates auxin efflux facilitator
PIN proteins trafficking to enhance auxin signaling,
which leads to increased sensitivity in root growth to
NPA and lateral root development to exogenous auxin.
ABI1-sHSP22 provides amodule for orchestrating ABA
and auxin signaling, which is important for plant de-
velopment and environment adaptation.

MATERIALS AND METHODS

Plant Materials and Growth Conditions

TheArabidopsis (Arabidopsis thaliana) ecotypesCol-0 andNo-0wereused for this
study. The T-DNA insertionmutant SALK_076309, whichwas initially identified as
abi1-3 (Saez et al., 2006), was obtained from the Arabidopsis Biological Resource
Center. The transposon-tagged mutant shsp22 (psh16823) was obtained from the
RIKEN Bioresource Center. Certain plant materials used in this study were previ-
ously described:DR5rev:GFP (Friml et al., 2003), proPIN1:PIN1:GFP (Benková et al.,
2003), proPIN2:PIN2:GFP (Blilou et al., 2005), proPIN3:PIN3:GFP (Blilou et al., 2005),
proPIN4:PIN4:GFP (Vieten et al., 2005), and proPIN7:PIN7:GFP (Blilou et al., 2005).

The seeds were surface sterilized with 10% bleach and washed three times with
sterile water. The sterile seeds were suspended in 0.2% agarose and plated on half-
strength Murashige and Skoog (MS; Duchefa Biochemie) medium. The seeds were
stratified in thedarkness for 3dat 4°Cand then transferred toa tissue culture roomat
22°Cunder a 16-h-light/8-h-dark photoperiod (light intensity 60mmolm22 s21). The
half-strength MS medium was supplemented with 1.5% Suc and with ABA as
needed. For root growth measurements, half-strength MS medium containing 2%
Suc was used to promote lateral root development (Zhang et al., 1999).

Transformation Vectors and Construction of
Transgenic Plants

To obtain the 35S-myc-sHSP22 overexpression vector, a 588-bp KpnI-
sHSP22-BamHI fragment containing the full-length sHSP22 CDS (Arabidopsis
Genome Initiative locus At4g10250) was cloned into pCAMBIA-1300-221-myc
(Liu et al., 2010) under control of the 35S promoter. Analogously, the 35S-myc-
sHSP22-D overexpression vector was constructed by amplifying a 516-bp KpnI-
sHSP22-D-BamHI fragment containing sHSP22 CDS with the N-terminal signal
peptide and C-terminal ER retention peptides deleted, then cloning
into pCAMBIA-1300-221-myc. (Myc-sHSP22-D-Fw:59-GGGGTACCCAT-
GAGTGAAGGGTCTTTGTC-39; Myc-sHSP22-D-Rev:59-CGGGATCCTCATT-
CAGAAGAGCTGATTT-39). For sHSP22-fused GUS driven by the sHSP22
promoter, a 949-bp promoter region just upstream of the sHSP22 ATG start
codon followed by the sHSP22 CDS was amplified and cloned into PstI-BamHI
sites in the binary vector pCAMBIA-1300-221. For the shsp22 complementation
vector, the sHSP22 genomic sequence driven by the sHSP22 promoter was
amplified and cloned into pCAMBIA2300 PstI-SacI sites. For sHSP22-GFP, the
sHSP22 coding sequence fused to the N terminus of GFP under control of the
35S promoter was cloned into KpnI-BamHI sites in pCAMBIA-1300-221-GFP
(Liu et al., 2010). For sHSP22-D-GFP, the sHSP22-D coding sequence fused to
the N terminus of GFP under control of the 35S promoter was cloned into XbaI-
KpnI sites in pCAMBIA-1300-221-GFP (Liu et al., 2010).

Arabidopsiswas transformedusing thefloral dipmethod (Zhang et al., 2006)
using Agrobacterium tumefaciens strains EHA105 and GV3101. For the pheno-
typic analysis, T3 or T4 homozygous lines were used.

Primary Root Length Measurement and Lateral Root
Number Count

For the root growth assay, seeds were germinated and grown on vertical
plates for 5 d, then plants with similar root lengths were transferred to half-

strengthMSmediumcontainingdifferent concentrations of auxin,ABA, orpolar
auxin transport inhibitorNPAandgrown for additional days to observe the root
phenotypes.PlantswerephotographedusingacameraCanon550D, theprimary
root lengths were measured using the software Image J, and the lateral root
(emergence from primary root) number was counted under an inverted mi-
croscope (MOTIC, SMZ-168). The hypocotyl elongationmeasurements forwild-
type, shsp22, and sHSP22 OX seedlings at 22°C and 29°C were the same as
measurements of the primary root length.

Phylogenetic Analysis

The sHSP22 amino acid sequence was used to query homologs from the
National Center for Biotechnology Information database (http://www.ncbi.
nlm.nih.gov/) and the Arabidopsis Information Resource (http://www.
arabidopsis.org/index.jsp) using BLAST. The amino acid sequences were
aligned using ClustalX2 with default settings. Next, the phylogenetic tree was
constructed using the neighbor-joining method with a bootstrap test for phy-
logeny set with 5,000 replicates in MEGA version 4.0.

Verification of Transposon-Tagged shsp22 Mutant

The transposon-tagged mutant shsp22 (psh16823) seeds were ordered from
Riken Bioresource Center (Japan). Homozygous mutant was identified using
PCR fromgenomicDNAusing forwardprimer (P1, 59-CATGATGAAGCACTTGC-
39), transposon specific primer (Ds3-2a, 59-CCGGATCGTATCGGTTTTCG-39), and
reverse primer (P2, 59-CACCTTCCCCTGTTAAGGAAG-39). To identify whether
shsp22 is a knockout mutant, RNAwas extracted from 2-week-old No-0 and shsp22
seedlings, digested by DNase I, and subjected to reverse transcription followed by
PCR using specific primers to amplify sHSP22 CDS, with ACTIN1 as an internal
control. RT Fw: ATGATGAAGCACTTGCTAAGCA; RT Rev: TCA-
GAGTTCTTTGGATTCAGAAG; ACTIN1 Fw: CATCAGGAAGGACTTG-
TACGG; ACTIN1 Rev: GATGGACCTGACTCGTCATAC.

RNA Gel Blotting

Total RNAwas isolated from2-week-oldCol-0, an emptyvector, and sHSP22
OX homozygous transgenic plants and separated by agarose gel electropho-
resis, and then the samples were then transferred to Hybond N+ nylon mem-
branes (Amersham Pharmacia Biotech) through upward capillary transfer in a
103 SSC solution. The membranes were stained with methylene blue and hy-
bridized at 65°C as described (Chen et al., 2010) with a PCR fragment that
corresponds to 111 to 550 bp of sHSP22 as a probe labeled with [a-32P]dCTP.

Immunoblotting

Immunoblotting forMyc-sHSP22 and truncatedMyc-sHSP22-D expression in
transgenic Arabidopsis was performed as described previously (Liu et al., 2010),
with a primary anti-c-myc antibody (9E10; Santa Cruz Biotechnology,1:1,000)
followed by secondary goat anti-mouse antibody conjugated to horseradish
peroxidase and visualized using chemiluminescence as instructed by the manu-
facturer (Amersham Pharmacia).

Subcellular Localization

For the subcellular localization analyses, A. tumefaciens–mediated transient
expression of sHSP22 fused to GFP driven by the 35S promoter was generated
using a previously described agroinfiltration method in Nicotiana benthamiana
(Liu et al., 2010). To investigate whether sHSP22 and sHSP22-D were localized
in ER, equal volume suspensions of Agrobacterium strain EHA105 harboring Ti
plasmids expressing both sHSP22-GFP and RFP-HDEL or sHSP22-D-GFP and
RFP-HDEL (Napier et al., 1992) were mixed (final OD600 = 0.75), coinfiltrated
into N. benthamiana leaves, and visualized using a Leica TCS SP5 confocal laser
scanning microscope 3 d later.

GUS Bioassays

Histochemical staining for GUS activity was performed using a method
previously described (Zhang et al., 2007). Whole seedlings or different tissues
with or without hormone treatment were immersed in the GUS staining solu-
tion (1 mg/mL X-glucuronidein, 100 mM sodium phosphate, pH 7.0, 0.5 mM

ferricyanide, and 0.03%Triton X-100), incubated at 37°C in the dark for 20 min
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to several hours depending on the experimental requirement, and then dis-
tained in 70% ethanol. The materials were cleared using HCG solution (chlor-
oacetaldehyde:water:glycerol = 8:3:1) for 30 s and observed using the Leica
Microsystems DM5000B microscope.

Confocal Microscopy Observation

Roots of 5-d-old plants were mounted in a 10 mM propidium iodide solution
for 3 to 5 min for laser confocal scanning microscopy (TCS SP5; Leica). The
fluorescence excitation and emission wavelengths for GFP were 488 and
510 nm, and for propidium iodide (PI) were 543 and 620 nm. The fluorescence
was quantified using the LAS AF Lite program on confocal sections acquired
using the same microscope settings. Approximately 10 images were examined,
and at least three independent experiments were performed. The statistical
significance was evaluated by Student’s test analysis.

Real-Time PCR Assays

Total RNApreparation,first-strand cDNA synthesis and real-timePCRwere
performed as previously described (Cui et al., 2012). DNase I-treated total RNA
(2 mg) was denatured and subjected to reverse transcription using Moloney
murine leukemia virus reverse transcriptase (200 units per reaction; Promega)
at 42°C for 60 min. Real-time PCR was performed using SsoFast Eva Green
Supermix (Bio-Rad) and the CFX96 real-time system (Bio-Rad). Gene expres-
sion was quantified at the logarithmic phase based on the expression of the
housekeeping gene ACTIN2 as an internal control. Three biological replicates
were performed. Primer sequences for real-time PCR are shown in
Supplemental Table S2.

Measurement of IAA Levels

Plants were grown at 22°C for 2 d before transfer to 29°C for 4 d in con-
tinuous light. Hypocotyls of 6-d-old sHSP22 transgenic and vector control
plants were harvested for the free IAA measurement. Approximately 200 mg
(fresh weight) of tissues was collected for the IAA extraction and measurement
using methods previously described (Zhou et al., 2010).

Accession Numbers

Arabidopsis Genome Initiative loci mentioned in this article are as follows:
HSP22 (At4g10250), ABI1 (At4g26080), HSP20 (At1g59860), HSPB4
(NG_009823.1), HSPB1 (NG_008995.1), HSPB3 (NG_027758.1), HSP26p
(NC_001134.8), ABI3 (At3g24650), ABI4 (At2g40220), ABI5 (At2g36270), PIN1
(At1g73590), PIN2 (At5g57090), PIN3 (At1g70940), PIN4 (At2g01420), PIN7
(At1g23080), IAA3 (At1g04240), IAA19 (At3g15540), ACTIN1 (At2g37620), and
ACTIN2 (At3g18780).
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Supplemental Figure S1. Lateral root development of abi1-2 and abi1-11 to
exogenous auxin.

Supplemental Figure S2. Expression levels of sHSP22 in abi1-3 and asso-
ciated mutants treated with or without 50 mM ABA.

Supplemental Figure S3. Expression pattern of sHSP22 under different
treatments.

Supplemental Figure S4. Relative expression of sHSP22 in shsp22 comple-
mentation plants.

Supplemental Figure S5. Generation and confirmation of sHSP22 over-
expression plants.

Supplemental Figure S6. sHSP22 overexpression plants are less sensitive
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