
Molecular Plant • Volume 4 • Number 6 • Pages 938–946 • November 2011 RESEARCH ARTICLE

AtPUB19, a U-Box E3 Ubiquitin Ligase, Negatively
Regulates Abscisic Acid and Drought Responses in
Arabidopsis thaliana

Yong-Chang Liua,2, Yao-Rong Wub,2, Xia-He Huangb, Jie Suna and Qi Xieb,1

a College of Agriculture/The Key Laboratory of Oasis Eco-agriculture, Shihezi University, Shihezi, Xinjiang 832003, China
b State Key Laboratory of Plant Genomics, National Center for Plant Gene Research, Institute of Genetics and Developmental Biology, Chinese Academy of
Sciences, Beijing 100101, China

ABSTRACT Ubiquitination is an important protein post-translational modification, which is involved in various cellular

processes in higher plants, and U-box E3 ligases play important roles in diverse functions in eukaryotes. Here, we describe

the functions ofArabidopsis thaliana PUB19 (AtPUB19), whichwe demonstrated in an in vitro assay to encode aU-box type

E3 ubiquitin ligase.AtPUB19was up-regulated by drought, salt, cold, and abscisic acid (ABA). Down-regulation ofAtPUB19

led to hypersensitivity to ABA, enhanced ABA-induced stomatal closing, and enhanced drought tolerance, while AtPUB19

overexpression resulted in the reverse phenotypes. Molecular analysis showed that the expression levels of a number of

ABA and stress marker genes were altered in bothAtPUB19 overexpressing and atpub19-1mutant plants. In summary, our

data show that AtPUB19 negatively regulates ABA and drought responses in A. thaliana.
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INTRODUCTION

Plants are frequently exposed to various environmental

stresses, which greatly affect their growth and development.

Drought and high salinity can result in water stress, constitut-

ing the main reason for dramatic reduction in crop yield world-

wide (Boyer, 1982). To survive such detrimental conditions,

plants have developed many defense strategies, often involv-

ing rapid accumulation of abscisic acid (ABA), an important

phytohormone that directs seed maturation and controls seed

dormancy to ensure that seeds germinate under favorable

growth conditions. During the growth of seedlings and plant

maturation, the accumulation of ABA can protect plants from

damage induced by drought, salinity, and pathogenic attack

(Lopez-Molina et al., 2001; Finkelstein et al., 2002).

Several ABA receptors have been reported (Razem et al.,

2006; Shen et al., 2006; Ma et al., 2009; Pandey et al., 2009; Park

et al., 2009). The identification of PYR/PYL/RCAR receptors and

the mechanism for ABA action through the PP2Cs and SnRk2s

to transmit signals was an important step for our understand-

ing of ABA signal transduction. PYR/PYL/RCAR proteins can

bind to ABA and inhibit the negative effects of group A

PP2C proteins on SnRK2s. Consequently, the accumulation

of active SnRK2s is involved in the direct phosphorylation of

bZIP transcription factors, which promote ABA-induced gene

expression (Wasilewska et al., 2008; Park et al., 2009). This

signaling mechanism has been confirmed in vitro using

recombinant PYR1, ABI1, OST1, and ABF2 (Fujii et al., 2009),

and a large number of genes regulated by ABA or water stress

have been identified. Furthermore, some of them were

applied in genetic engineering of drought-tolerant crops

(Wang et al., 2009; Yang et al., 2010). Although the biological

functions of a few genes in stress sensitivity or tolerance have

been characterized, the functions of larger genes are still

unknown. Therefore, it is necessary to study the functions

of stress-related genes not only to uncover the molecular

mechanisms underlying the responses to harsh environmental

conditions, but also to understand the development of

transgenic plants tolerant to water deficit.

The ubiquitination pathway mediates post-translational

modification of proteins or degradation of the target protein.

It is an important process during the eukaryotic response to
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developmental cues or adaption to various environmental

stresses. Ubiquitination is carried in the following three steps:

(1) ubiquitin (Ub) molecules are activated by E1 (Ub-activating

enzyme); (2) activated Ub is transferred to E2 (a Ub-conjugating

enzyme), forming an E2–Ub intermediate; (3) Ub is transferred

from E2–Ub intermediate to the target protein by E3 (Ub-

ligase) or E3 forms a third thioester bond with Ub prior to

transfer to the substrate (Moon et al., 2004; Smalle and

Vierstra, 2004; Dreher and Callis, 2007). As the E3 ligase confers

the substrate specificity to the ubiquitination process,

researchers are highly interested in studying the roles of E3

ligases during growth and development of organisms or their

responses to different stresses.

Plants have larger numbers of different E3 ligases than other

eukaryotes. For example, the Arabidopsis thaliana genome

contains .1 300 genes predicted to encode E3 ligases. Based

on the mechanism of action and the presence of domains, E3

ligases can be divided into different families: HECT, RING, and

U-box ligases (Smalle and Vierstra, 2004; Stone and Callis,

2007). The U-box is a modified RING-finger domain composed

of ;70 conserved amino acids. In comparison to the 2 U-box

genes in yeast and 21 U-box genes in the human genome,

there are 64 U-box genes predicted in the Arabidopsis ge-

nome, and 77 have been annotated in the rice genome, indi-

cating that they play diverse roles in plants (Wiborg et al.,

2008; Zeng et al., 2008). U-box proteins participate in many

cellular processes, such as self-incompatibility and pseudo-

self-incompatibility, plant hormone responses, and abiotic

and biotic stresses (Yee and Goring, 2009).

In this study, we identified an Arabidopsis U-box gene,

AtPUB19, which was induced by ABA and abiotic stresses.

We showed that pub19 mutants were hypersensitive to ABA

and drought-tolerant compared with wild-type (WT) plants,

while the AtPUB19 overexpressing lines showed the reverse

phenotypes. The results show that AtPUB19 is a negative reg-

ulator in the A. thaliana response to ABA and drought stress.

RESULTS

Identification of AtPUB19

In a previous functional genomic project to identify stress-

related Arabidopsis single subunit E3 ligase genes (Zhang

et al., 2007), in silico gene expressions of Arabidopsis RING

finger and U-box genes were analyzed using several publically

available stress-related microarray datasets. We found that the

induced expression of the U-box gene AtPUB19 (at1g60190)

was the highest among the PUB genes in the Arabidopsis

plants treated with ABA and various abiotic stresses. To

confirm this microarray analysis, a more extensive expression

profile of AtPUB19 was monitored by Northern blot in this

study. As shown in Figure 1, AtPUB19 was markedly up-regu-

lated in 2-week-old seedlings by ABA, high salinity, drought,

and cold treatments. We observed that the induction profiles

of AtPUB19 by ABA and cold were similar, peaking at 2 and 4 h

of treatment, respectively. The induction profiles of AtPUB19

by high salinity and drought were also similar, markedly

increasing as the treatment time progressed. These findings

indicate that AtPUB19 is inducible by ABA and various abiotic

stresses.

AtPUB19 Is a Functional U-Box E3 Ubiquitin Ligase

Many studies have identified U-box-containing proteins as

functional E3 Ub ligases (Stone et al., 2003; Yan et al., 2003;

Zeng et al., 2004; Yang et al., 2006; Cho et al., 2008; Wiborg

et al., 2008; Raab et al., 2009). Here, domain analysis showed

that AtPUB19 contains a conserved U-box domain (281–

344 amino acids), suggesting that it may also have E3 Ub ligase

activity. To test this hypothesis, we produced a full-length

Arabidopsis PUB19 fused protein with maltose binding protein

(MBP) in Escherichia coli and subsequently affinity-purified it

(MBP–AtPUB19) from the soluble fraction. In vitro self-

ubiquitination assays were performed in the presence of

wheat E1, human E2 (UBCh5b), and 6xHis tag Ub, and polyu-

biquitination was detected only in the presence of E1, E2 and

MBP–AtPUB19 (Figure 2, line 5). A negative result was ob-

served if either E1 or E2 was omitted in the reaction. These

results indicate that AtPUB19 has E3 Ub ligase activity.

Genetic Analysis of PUB19 Gene

To define the functions of AtPUB19 in vivo, we applied a re-

verse genetic approach. Two T-DNA insertion lines with

Figure 1. Northern Blot Analysis of AtPUB19 Transcript.

Expression of AtPUB19 in response to ABA (0–4 h with 100 lM),
high salinity (0–4 h with 300 mM NaCl), drought (0–6 h), and cold
(0–8 h at 4�C) treatments. rRNA: Methylene blue-stained ribosome
RNA were used as loading controls.
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different target sites were obtained from the Salk mutant col-

lection: SALK_035871 (pub19-1) and SALK_152677 (pub19-2).

The T-DNA insertion positions are indicated in Figure 3A,

and homozygous mutants were verified by genomic PCR using

four different sets of primers (Figure 3A and 3B). The RT–PCR

results also showed that there are truncated transcripts in

pub19-2, but the full-length mRNA of AtPUB19 was not

detected in the pub19-1 and pub19-2 mutant lines (Figure

3C). The pub19-1 and pub19-2 mutant lines did not differ in

appearance from the WT seedlings. In addition, we generated

transgenic Arabidopsis plants overexpressing the AtPUB19

gene under the control of the cauliflower mosaic virus 35S pro-

moter. RNA gel blot analysis revealed that most of the trans-

genic lines expressed AtPUB19 at higher levels compared with

WT plants and, in Western blot assays, these lines exhibited

high expression levels of the Myc-PUB19 protein (Figure 3D).

Thus, the overexpressing lines 2.1 and 8.9, designated as

OX-1 and OX-2, respectively, were selected for further analysis.

By comparing morphologies in the early stage of seedling

growth, we observed that the roots of the AtPUB19 overex-

pressors were shorter than those of control plants overexpress-

ing empty vector under standard growth conditions.

Mutants of AtPUB19 Are More Sensitive to ABA

ABA plays a key role in regulating plant responses to different

stresses (Finkelstein et al., 2002). Salt and drought often result

in increased levels of ABA in plants, which can activate a series

of ABA-dependent responses (Zhu, 2002). Inhibitory experi-

ments of seed germination are useful for characterizing com-

ponents of the signaling pathway(s) involved in the response

to ABA (Giraudat, 1995). Here, the dramatic induction of

AtPUB19 transcript levels by ABA in the Northern blot assay

(Figure 1) suggested that this gene may have potential roles

in the ABA response. To elucidate the role of AtPUB19 in

ABA signaling, the seeds of pub19-1, pub19-2, and WT plants

were germinated on ½MS medium with different concentra-

tions of ABA (0, 0.5, 1, and 1.5 lM). No difference in germina-

tion rates was observed among the untreated plants (Figure

4A). However, in the presence of 0.5 lM ABA, the germination

rates decreased to 69.82% for WT plants, 46.49% for pub19-1,

and 64.92% for pub19-2 (Figure 4A and 4B). The

ABA-hypersensitive response of pub19 mutant lines occurred

at all concentrations of ABA added to the medium, and the

effect was dosage-dependent. To further characterize the role

Figure 2. E3 Ub Ligase Activity of AtPUB19.

MBP–PUB19 fusion proteins were assayed for E3 activity in the pres-
ence of wheat E1, human E2 (UBCh5b), and 6xHis tag Ub. The left
numbers denote the molecular masses of marker proteins in kilo-
daltons. MBP was used as a negative control. Samples were resolved
by 12% SDS–PAGE. Anti-His antibody was used to detect the His tag
Ub.

Figure 3. Molecular Characterization of the pub19 Mutant Lines
and AtPUB19-Overexpressing Transgenic Plants.

(A) Schematic of the AtPUB19 depicting the positions of T-DNA
insertions shown as inverted triangles. Arrows indicate the posi-
tions of primers used in separate genomic PCR or RT–PCR.
(B) Genomic PCR analysis of WT, pub19-1, and pub19-2 plants. DNA
was isolated from 10-day-old seedlings. In this experiment, four dif-
ferent primer sets were used as indicated on the right.
(C) RT–PCR analysis of WT, pub19-1, and pub19-2 plants. RNA was
isolated from 2-week-old seedlings treated with 300 mM NaCl.
(D) AtPUB19 transcript and protein levels in transgenic lines. West-
ern blot was performed using an anti-Myc monoclonal antibody.
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of AtPUB19 in plant sensitivity to ABA during the post-

germination stage, root elongation inhibition was analyzed

in these plants. Four-day-old seedlings were transferred to

MS medium with 10 lM ABA. After 5 d, root growth inhibition

of thepub19mutant lines by ABA was more severe than that of

the WT plants (Figure 4C and 4D). Furthermore, the pub19-1

plants were more sensitive to ABA than pub19-2 plants. These

results indicated that the truncation mutant of pub19-2 gene

may function partially in the plants. Therefore, it can be con-

cluded that the pub19 mutant plants are sensitive to ABA, and

AtPUB19 is involved in the ABA response.

Overexpression of AtPUB19 Decreases Plant Sensitivity to

ABA

To further characterize the in vivo functions of AtPUB19, we

analyzed the capacity of the WT and the transgenic plants

overexpressing this gene, PUB19-OX1 and PUB19-OX2, to re-

spond to ABA. As shown in Figure 5A and 5B, the germination

rates of PUB19-OX1 and PUB19-OX2 were similar to those of

vector control plants under standard conditions. However,

in the presence of different concentrations of ABA, the germi-

nation rates of PUB19-OX1 and PUB19-OX2 were higher than

those of vector control plants (Figure 5A and 5B). For example,

in the presence of 1 lM ABA, the germination rates decreased

to 56.3% for vector control plants, 75.35% for PUB19-OX1, and

70.57% for PUB19-OX2 plants. Furthermore, root growth inhi-

bition by ABA was less severe for the PUB19-OX1 and PUB19-

OX2 plants compared to the vector control plants (Figure 5C

and 5D). These results indicated that enhanced expression

of AtPUB19 decreased the plant sensitivity to ABA. We con-

clude from these results, together with the observed ABA phe-

notype of the pub19 mutants, that AtPUB19 is a negative

regulator of ABA signaling.

pub19 Plants Are Relatively More Resistant to Drought

Stress than Wild-Type Plants

Because AtPUB19 is a drought-inducible gene, it is likely

involved in the plant response to drought. To test this

hypothesis, a whole-plant drought assay was performed in

soil. Two-week-old seedlings were transferred from plates

to water-saturated soil, and then the water was withheld

to create a water deficit in the soil. After 15 d, most of the

WT plants and mutant plants were wilted due to water dep-

rivation. After re-watering, the pub19-1 and pub19-2 plants

exhibited a high survival rate (46.1% for pub19-1 and 32% for

pub19-2 plants), whereas the corresponding survival rate was

10.9% for WT plants (Figure 6A). To reveal how AtPUB19

affects drought-responsive genes, we examined the

Figure 5. ABA Sensitivity of PUB19 Overexpressor Plants.

(A) ABA dose-response analysis of germination in plants of differ-
ent genotypes. Seeds were germinated for 84 h on plates contain-
ing a range of concentrations of ABA (0, 0.5, 1, and 1.5 lM).
Germination rates represented by the chart are based on three re-
peated experiments (n = 90).
(B) Growth of different genotypes of plants on ½MS medium con-
taining 0.5 lM ABA. Seeds were germinated and grown for 11 d.
Bar = 0.5 cm.
(C) Quantitative analysis of root growth. The experiment was per-
formed in triplicate (n = 12) and repeated three times. Bars indicate
standard errors.
(D) Phenotypic comparison of root length in the MS medium with
or without ABA. Bar = 1 cm.

Figure 4. ABA Sensitivity of pub19 Plants.

(A) ABA dose-response analysis of germination in different geno-
types of plants. Seeds were germinated for 72 h on plates contain-
ing a range of ABA concentrations (0, 0.5, 1, and 1.5 lM).
Germination rates represented by the chart are based on three re-
peated experiments (n = 90).
(B) Growth of different genotypes of plants on ½MS medium con-
taining 0.5 lM ABA. Seeds were germinated and grown for 11 d.
Bar = 0.5 cm.
(C) Quantitative analysis of root growth. The experiment was per-
formed in triplicate (n = 12) and repeated three times. Bars indicate
standard errors.
(D) Phenotypic comparison of root length in the MS medium with
or without ABA (Bar = 1 cm).
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expression of stress-related marker genes in the drought-

stressed plants. As shown in Figure 6B and Supplemental Fig-

ure 1A, the transcript levels of RAB18, ADH1, COR47, RD22,

and RD29A were significantly up-regulated in the pub19-1

mutant relative to the WT plants. These results showed that

pub19 mutant plants exhibited enhanced tolerance to water

deficit and that AtPUB19 is probably a negative regulator of

drought tolerance.

Stomatal closure is also an ABA-controlled process that

determines the rate of transpiration under water-deficit con-

ditions (Leung and Giraudat, 1998). To investigate whether

AtPUB19 plays a role in ABA-mediated stomatal closure, we

treated leaves of pub19-1 plants and WT plants with ABA to

analyze the stomatal apertures. As shown in Figure 6C and

6D, treating the leaf epidermis of pub19-1 plants with ABA

caused more pronounced closure of stomata than that in

WT plants. This result further supports AtPUB19 as a negative

regulator of drought tolerance through regulation of ABA-

controlled stomata movement.

Overexpression of AtPUB19 Increases Sensitivity to

Drought Stress

In contrast to the drought-tolerant pub19-1 and pub19-2

plants, the PUB19-OX1 and PUB19-OX2 plants were hypersen-

sitive to dehydration. Two-week-old seedlings were subjected

to water-deficit treatment. After 15 d, all plants, regardless of

genotype, were wilted. Five days after re-watering, 45% (44 of

96) of vector control plants were able to continue to grow. By

contrast, the survival ratios of the PUB19-OX1 and PUB19-OX2

plants were 8% (10 of 112) and 11% (13 of 112), respectively

(Figure 7A). When the bolting plants were used for drought-

tolerance assays, similar results were obtained. The mRNA lev-

els of RAB18, ADH1, COR47, and RD22 were slightly down-reg-

ulated in transgenic plants relative to the vector control plants

in drought conditions, and the transcript levels of RD29A

showed no difference between the plants of either genotype

(Figure 7B and Supplemental Figure 1B). Because overexpres-

sion of AtPUB19 increased sensitivity to dehydration, and its

Figure 6. Drought-Tolerance Assays of Control and pub19 mutant Plants and Effects of ABA on Stomatal Aperture of WT and pub19-1
Mutant Plants.

(A) Two-week-old plants were used for the drought-tolerance assays. Plants were grown in soil in the same container, withheld from water
for 15 d and then re-watered. The photographs were taken 36 h after re-watering.
(B) Expression of ABA and stress-responsive genes in WT and pub19-1 mutant seedlings treated by drought stress for 3 h. Total RNA was
extracted from seedlings after different treatment times. Total RNA (10 lg) was loaded in each lane and analyzed by RNA gel blots hy-
bridized with gene-specific probes.
(C) Ten fresh leaves from WT or pub19-1 mutant plants were incubated under light in buffer for 3 h and then treated with 0 and 5 lM ABA
for 5 h before aperture measurements. Data are mean ratios of width to length 6 SE of three independent experiments (n = 30–40).
(D) Stomatal apertures of WTand pub19-1 mutant plants. Stomatal guard cells were observed in the epidermal peels treated with 0 or 5 lM
ABA. Bar = 5 lm.
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mutation enhanced tolerance to the stress, these results pro-

vide evidence that the AtPUB19 expression level is inversely

correlated with the degree of tolerance to water stress and

that AtPUB19 is a negative regulator of the plant response

to drought. This result is also correlated with the ABA insen-

sitivity of AtPUB19 overexpressing plants.

When the leaf epidermis of PUB19-OX1 and vector control

plants were treated with ABA, the stomatal apertures of vector

were smaller than those of PUB19-OX1 (Figure 7C and 7D). This

result showed that the PUB19-OX1 guard cells have an im-

paired response to ABA. Thus, AtPUB19 may play a key role

in ABA-related stomatal closure under drought stress.

DISCUSSION

A number of studies have shown that not only the expression

and regulation of genes, but also the protein turnover are in-

volved in stress signaling. Ubiquitination plays an important

role in the perception and signal transduction of hormone

and various stress responses (Hellmann and Estelle, 2002).

Many U-box-containing proteins, demonstrated to function

as E3 ligases, have been shown to be involved in various phys-

iological processes. For example, Arabidopsis pub9 knockout

lines are hypersensitive to ABA during seed germination, and

AtPUB9 can re-localize from the nucleus to the plasma mem-

brane with ABA treatment (Samuel et al., 2008). Recent stud-

ies on AtCHIP, HOS1, AFP, AIP2, SDIR1, PUB22, PUB23, and

OsPUB15 support that ubiquitination plays an important role

in the plant response to abiotic stresses (Lee et al., 2001; Yan

et al., 2003; Zhang et al., 2005; Stone et al., 2006; Zhang et al.,

2007; Cho et al., 2008; Park et al., 2011). AtCHIP, PUB22,

PUB23, or OsPUB15, encoding a protein with a U-box domain,

has E3 ubiquitin activity in vitro. Overexpression of AtCHIP in

Arabidopsis rendered plants more sensitive to both low- and

high-temperature treatment (Yan et al., 2003). It was shown

that PUB22- and PUB23-overexpressing transgenic plants are

hypersensitive to drought, while pub22 and pub23 mutant

plants are more drought-tolerant (Cho et al., 2008). As

OsPUB15 is a negative regulator of cell death and reactive ox-

ygen species (ROS) stress, plants overexpressing OsPUB15

were observed to grow better than the WT under salt and

paraquat stresses (Park et al., 2011). Thus, the existence of

Figure 7. Drought-Tolerance Assays of Control and Overexpressing Plants and Effects of ABA on Stomatal Aperture of Vector Control and
PUB19-OX1 Plants.

(A) Two-week-old plants were used for drought-tolerance assays. Plants were grown in soil in the same container, withheld from water for
15 d, and then re-watered. The photographs were taken 5 d after re-watering. Vector: control plants, OX-1 and OX-2: transgenic plants.
(B) Expression of ABA and stress-responsive genes in vector control and PUB19-OX1 seedlings treated by drought stress at different times.
Total RNA was extracted from seedlings for 1.5 h. Total RNA (10 lg) was loaded in each lane and analyzed by RNA gel blots hybridized to
gene-specific probes.
(C) Ten fresh leaves from vector control or PUB19-OX1 plants were incubated under light in buffer for 3 h and then treated with 0 and 5 lM
ABA for 5 h before aperture measurements. Data are mean ratios of width to length 6 SE of three independent experiments (n = 30–40).
(D) Stomatal apertures of vector control and PUB19-OX1 plants. Stomatal guard cells were observed in the epidermal peels treated with 0 or
5 lM ABA. Bar = 5 lm.
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a large number of U-box proteins reflects the diversity of

function of these proteins.

In our previous work, we foundAtPUB19was rapidly induced

by ABA and drought. Our detailed functional analysis showed

that AtPUB19 is involved in the plants’ response to ABA and

drought stress. PUB22, PUB23, and AtPUB19 have the similar

functions during plant response to drought stress. Different

from PUB22 and PUB23, which are not induced by ABA, the ex-

pression of AtPUB19 increased when plants are treated with

ABA. Furthermore, both PUB22- and PUB23-overexpressing

transgenic plants and pub22 and pub23 mutant plants showed

similar phenotypes compared with WT plants in germination

rate and stomatal closure in the presence of exogenously ap-

plied ABA (Cho et al., 2008). In our study, AtPUB19 overexpress-

ing transgenic plants were hypersensitive to ABA during

germination, post-germination growth, and stomatal closure,

while the pub19-1 mutant plants showed the contrary pheno-

type when treated with ABA. As the pub19-2 mutant plants

showed similar germination rates to WT plants in the presence

of ABA, it is possible that the truncated transcripts in pub19-2

can still function in the ABA signaling pathway.

We were able to confirm that AtPUB19 has E3 ligase activity

by overexpressing and purified MBP-tagged PUB19 from E. coli

and performing ubiquitination assays. Furthermore, the

pub19-1 and pub19-2 mutant plants showed similar pheno-

types to the WT seedlings, indicating that functional redun-

dancy exists in Arabidopsis. In spite of the functional

similarities between PUB22, PUB23, and AtPUB19, the pheno-

type of AtPUB19 overexpressors was not identical to that of

PUB22 or PUB23 overexpressors, which have significantly lon-

ger roots than WT plants (Cho et al., 2008). We observed that

the roots of the AtPUB19 overexpressors were shorter than

those of control plants. It is plausible that PUB22, PUB23,

and AtPUB19 take part in root development with different

substrates. RPN12a is a known target protein for ubiquitina-

tion by PUB22 and PUB23 (Cho et al., 2008), but more detailed

studies on the target of AtPUB19 are necessary to explain the

differences between these proteins.

In conclusion, our data show that AtPUB19 is a functional E3

ligase and a negative regulator of the Arabidopsis response to

ABA and drought stress. Its mutant displayed altered expression

of stress-related genes, enhanced drought tolerance, and ABA

sensitivity, while overexpressors of AtPUB19 displayed reduced

plant sensitivity to ABA and hypersensitivity to dehydration.

This study contributes to our understanding of the molecular

factors involved in the responses of plants to abiotic stresses.

METHODS

Plant Materials and Growth Conditions

A. thaliana ecotype Columbia (Col-0) was used in this study.

SALK_035871 and SALK_152677 (PUB19 T-DNA insertion

mutants) were obtained from the Arabidopsis Biological Re-

source Center (ABRC, Ohio State University, Columbus, OH).

Seeds were sterilized with 10% bleach and washed three times

with sterile water. Sterile seeds were suspended in 0.2% agar

and plated on ½MS medium plus 1.5% sucrose. Seeds were

stratified in the dark for 2–4 d at 4�C and then transferred

to rooms at 22�C. Plant growth conditions were described pre-

viously (Xie et al., 2000).

E3 Ub Activity of AtPUB19

The entire AtPUB19 open reading frame (2061 bp) was cloned

into the pMAL-c2 vector (New England Biolabs) with the pri-

mers 5’-ACCTCGAGATGATCCATACACCAACCG-3’ and 5’-

ACAAGCTTTCACCAGGCGTGGACAAACC-3’ and expressed in

E. coli strain BL21. The fusion proteins were prepared using

MBP beads according to the manufacturer’s instructions. For

the E3 ubiquitin ligase activity assay of the fusion proteins,

crude extract containing recombinant wheat (Triticum aesti-

vum) E1 (GI: 136632), human E2 (UBCh5b), Arabidopsis Ub

(UBQ14, At4g02890) fused with the 63His tag and purified

E3 fused with the MBP tag were used for the assay. The in vitro

E3 ligase assays were performed as described (Xie et al., 2002).

After the reaction, proteins were separated by SDS–PAGE fol-

lowed by Western blot analysis with an anti-His antibody and

visualized using chemiluminescence as instructed by the man-

ufacturer (Millipore, Immobilon Western Chemiluminescent

HRP Substrate).

Gene Expressing Analysis

Two-week-old seedlings grown on agar plates were treated

with NaCl (300 mM), ABA (100 lM), cold (4�C), and drought.

For drought stress, 2-week-old seedlings from the agar plate

were transferred onto a filter paper in a covered Petri dish

and treated with fresh liquid ½MS medium for about 12 h,

and then the seedlings were subjected to drought treatment

for different times. Total RNA was isolated using the hot phe-

nol method (Xie et al., 1999), and 10 lg was applied in each

lane for RNA gel analysis. Hybridizations were performed with

the a-32p-labeled PUB19, RD22, ADH1, COR47, RD29A, and

RAB18. The relative expression level of each sample was quan-

tified by ImageJ software. Values in the figures represent the

ratio of target gene to rRNA.

Genomic PCR and RT–PCR Amplification

The pub19-1 (SALK_035871) and pub19-2 (SALK_152677) seeds

were obtained from the ABRC. Homozygous mutants

were identified by PCR from genomic DNA using AtPUB19

gene-specific primers (P1, 5’-TCTTCGAAGCAGTGTCTA-

AAACC-3’; P4, 5’-TTCTGGAAGATGACGTGAAGC-3’; P5,

5’-TGATCTTCGTTGTCCGATTTC-3’; P7, 5’-CTTTCTAGAACCGGTT-

CACCC-3’), and T-DNA left border primers (P2 and P6

5’-GCGTGGACCGCTTGCTGCAACT-3’). To examine the expres-

sion of AtPUB19 by RT–PCR, DNase I-treated total RNA

(2 lg) was denatured and reverse transcribed using the

M-MLV Reverse Transcriptase (Promega) at 42�C for 60 min.

Full-length CDS amplification was performed using

AtPUB19-specific primers P3 (5’-ATGATCCATACACCAACCG-3’)
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and P8 (5’-TCACCAGGCGTGGACAAACC-3’). 5’ end of CDS was

amplification using primers P3 and P9 (5’-CGAAGAATCTTCAT-

CAACGATTCA-3’). Expression levels of Actin1 were monitored

with forward (5’-CATCAGGAAGGACTTGTACGG-3’) and reverse

(5’-GATGGACCTGACTCGTCATAC-3’) primers to serve as an in-

ternal control.

Construction of Transgenic Plants

To create the transgenic construct for overexpressing AtPUB19

inArabidopsis, the cDNA was amplified by RT–PCR with specific

primers (5’-AAGGTACCCATGATCCATACACCAACCG-3’ and

5’-CCACTAGTTCACCAGGCGTGGACAA-3’) and cloned into

the KpnI and SpeI site in the pCanGMyc vector. In this con-

struct, AtPUB19 was fused in frame to the 6X myc tag at the

C-terminus, and the expression of the fused protein was driven

by the CaMV 35S promoter. Transformation of Arabidopsis was

performed by the vacuum infiltration method using the Agro-

bacterium tumefaciens strain EHA105 (Bechtold and Pelletier,

1998). For the phenotypic analysis, T3 or T4 homozygous lines

were used.

Abiotic Stress Assays

Seeds harvested at the same time from plants grown simulta-

neously were sterilized, planted in ½MS medium supple-

mented with 1.5% sucrose, stratified in the dark at 4�C for

3 d, and then transferred to growth chambers with the same

environmental conditions described above. In the germination

rate assay, seeds were plated on ½MS medium without or with

ABA (0, 0.5, 1, and 1.5 lM). In the root growth assay, seeds

sown on MS plates were stratified for 3 d at 4�C and were ver-

tically grown for 4 d under normal conditions. The seedlings

were then transferred on vertical square MS plates with or

without 10 lM ABA. The treatment was conducted in an en-

vironment with 70% humidity. For the soil-grown plant

drought-tolerance test, 1-week-old seedlings were trans-

planted to the soil for 1 week under standard growth condi-

tions, and then the plants were subjected to progressive

drought by withholding water for specified times. To minimize

experimental variations, the same numbers of plants were

grown on the same tray.

Stomatal Aperture Analysis

Ten fresh leaves from 4-week-old soil-grown plants at similar

developmental stages under standard growth conditions were

incubated in a buffer containing 5 mM KCl, 50 mM CaCl2, and

10 mM MES-Tris, pH 6.1, at 20�C for at least 3 h. To ensure that

all stomatals open, the leaves were placed under strong light.

The leaves were then transferred to fresh buffer with or with-

out 5 lM ABA for 5 h. Stomatals were photographed using

a microscope with a camera, and stomatal apertures were mea-

sured using Axiovs40 4.6.3.0 software.

SUPPLEMENTARY DATA

Supplementary Data are available at Molecular Plant Online.
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