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SUMMARY

To survive, sessile plants must adapt to grow and develop when facing water-deficit stress. However, the

molecular mechanisms underlying fine-tuning of the antagonistic action between stress response and

growth remain to be determined. Here, plants overexpressing Lateral Organ Boundaries Domain 15 (LBD15)

showed abscisic acid (ABA) hypersensitivity and tolerance of water-deficit stress, whereas the loss-of-function

mutant lbd15 presented decreased sensitivity to ABA and increased sensitivity to water-deficit stress. Further

analysis revealed that LBD15 directly binds to the promoter of the ABA signaling pathway gene ABSCISIC

ACID INSENSITIVE4 (ABI4) to activate its expression, thereby forming an LBD15–ABI4 cascade to optimally

regulate ABA signaling-mediated plant growth and tolerance of water-deficit stress. In addition, drought

stress-induced ABA signaling promoted LBD15 expression, which directly activates expression of ABI4 to

close stomata. As a result, water loss is reduced, and then water-deficit stress tolerance is increased. The

results of this study reveal a molecular mechanism by which LBD15 coordinates and balances plant growth

and resistance to water-deficit stress.

INTRODUCTION

As sessile organisms, land plants must adapt their growth

in order to cope with the inevitable environmental chal-

lenges. During the adaptation processes, many plant hor-

mones play crucial roles in stimulating or inhibiting

growth. Auxin and cytokinin interact to control many pro-

cesses in plant growth and development (Schaller et al.,

2015). Leaves and lateral organs in higher plants originate

from the shoot apical meristem (SAM). Leaf founder cell

formation from the SAM results in a reduction in the size

of the SAM, which is rapidly restored by a regulatory feed-

back loop between WUSCHEL (WUS) and CLAVATA (CLV)

(Schoof et al., 2000). WUS is specially expressed in the

organizing center (OC); it promotes cell proliferation in the

SAM and stem cell identity (Mayer et al., 1998). The upper

domain of the OC in the SAM is the central zone (CZ),

which is the expression domain of CLV3 (Schoof et al.,

2000). WUSCHEL migrates from the OC to the CZ (Yadav

et al., 2011) and activates the expression of CLV3, which in

turn represses the expression of WUS (Brand et al., 2000).

High levels of cytokinin activate the expression of WUS,

and auxin enhances the sensitivity of WUS to cytokinin

(Schaller et al., 2015).

In contrast to auxin and cytokinin, the phytohormone

abscisic acid (ABA) is well known as a plant stress hormone

and controls a diverse range of cellular and molecular pro-

cesses during development in response to osmotic stress,

stomatal closure and the expression of stress-responsive

genes under water deficit (Kuromori et al., 2018; Yoshida

et al., 2019). As an endogenous developmental signal, ABA

plays critical roles in seed maturation, germination and

seedling growth, and development under normal physiol-

ogy. Under drought stress, ABA rapidly accumulates in

plants and moves from roots to shoots to induce stomatal

closure and leaf growth. ABSCISIC ACID INSENSITIVE4

(ABI4), an APETALA2 (AP2)-type transcription factor, is a
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necessary regulator in the ABA signaling pathway during

seed development and germination (Finkelstein et al., 1998;

Shu et al., 2013). The ABI4 protein is a versatile regulator

that functions as an activator or repressor of gene expres-

sion (Wind et al., 2013; Dong et al., 2016; Huang et al.,

2017). Molecular evidence elucidated that ABI4 could pro-

mote ABA signaling-dependent stomatal closure under

water deficit (Xie et al., 2016). In addition, ABI4 is involved

in the regulation of seed germination through direct repres-

sion of the ARR6, ARR7 and ARR15 genes, thereby inducing

the degradation of ABI5 to promote early development of

cotyledons (Huang et al., 2017). Abscisic acid plays impor-

tant roles in mediating plant growth and development

(Humplik et al., 2017). Under physiological conditions, ABA

signaling mediates the activity of the tricarboxylic acid

(TCA) cycle, which produces energy and amino acids to

support leaf growth (Yoshida et al., 2019). However, it is

unclear how ABA promotes proliferation of SAM cells by

regulating the expression of WUS under physiological con-

ditions.

The interplay between ABA and cytokinin plays a crucial

role in balancing plant growth and stress adaptation (Huang

et al., 2018). Under drought stress, plants have to quickly

accumulate ABA and limit their growth to withstand

adverse environments and ensure survival. Once stress is

relieved, plants must quickly switch from anti-stress

responses to growth processes. However, how plants fine-

tune the antagonistic action of stress response and growth

is a fundamental question in plant biology (Zhu, 2016).

Lateral organ boundaries domain (LBD) is a family of

plant-specific transcription factors that has key roles in the

regulation of plant organ development (�Z�adn�ıkov�a and

Simon, 2014). AtLBD16, AtLBD18 and AtLBD29 collabora-

tively mediate lateral root organogenesis in Arabidopsis as

direct targets of auxin/indole-3-acetic acid–auxin response

factor (Aux/IAA-ARF) modules in the auxin signaling path-

way (Okushima et al., 2007; Feng et al., 2012; Lee et al.,

2013; Pandey et al., 2018). AtLBD16, AtLBD17, AtLBD18 and

AtLBD29 are key regulators in the callus induction process

(Fan et al., 2012). Recent studies have shown that members

of the LBD family are involved in pollen development,

plant regeneration, photomorphogenesis, pathogen

response, secondary growth and anthocyanin biosynthesis

(Rubin et al., 2009; Xu et al., 2016; Ohashi-Ito et al., 2018).

The LBD15 protein positively regulates the expression of

WUS and is involved in SAM development (Sun et al.,

2013) and the positive feedback regulation of VASCULAR-

RELATED NAC-DOMAIN7 (VND7) expression (Zhong et al.,

2010; Yamaguchi et al., 2011; Ohashi-Ito et al., 2018). These

results indicate that LBD has multiple functions in plant

growth and development.

The present study demonstrated that LBD15 is involved

in mediating water-deficit stress tolerance via ABA signal-

ing. The expression of LBD15 was quickly induced by ABA

treatment. The overexpression of LBD15 conferred ABA-hy-

persensitive seed germination and primary root growth,

whereas the loss-of-function lbd15 mutant showed the

opposite phenotypes. Further analysis showed that the

overexpression of LBD15 confers plant tolerance of water-

deficit stress. The results also revealed that ABI4 is a direct

target of LBD15, with genetic analysis demonstrating that

LBD15 is a positive regulator of ABI4. Together, these

results suggest that LBD15 is a key regulator that fine-

tunes the response of plant growth to water-deficit stress.

RESULTS

LBD15 is an ABA response gene

LBD15 is expressed in all tissues examined, including

rosette and cauline leaves, open flowers, stems, roots and

flower bud (Shuai et al., 2002). The loss-of-function lbd15

mutant does not display any obvious morphological

phenotype (Sun et al., 2013). However, the overexpression

of LBD15-SRDX (35S:LBD15-SRDX) resulted in growth

arrest (Ohashi-Ito et al., 2018). These results indicated that

LBD15 may play a role in growth and development. A pre-

vious study showed that LBD15 was highly expressed in

siliques (Sun et al., 2013). These data suggested that

LBD15 may have a function in seed development or germi-

nation. In the present study, lbd15 and LBD15-overexpress-

ing seeds were used to analyze the germination rate in MS

medium with or without ABA and test the function of

LBD15 in seed germination. The germination rate of all

analyzed lines of seeds was similar in the absence of ABA

(Figure 1a,b), but in the presence of different concentra-

tions of ABA the resistance of lbd15 seeds to ABA inhibi-

tion increased. On the contrary, the sensitivity of LBD15-

overexpressing seeds to ABA increased during germina-

tion (Figure 1a,b). In line with the germination rate, lbd15

mutant plants also showed higher cotyledon-greening per-

centages than the wild-type (WT) plants, whereas LBD15-

overexpressing lines exhibited a significantly decreased

cotyledon-greening rate after 5 days of germination (Fig-

ure 1c). These results suggested that LBD15 had a positive

effect on the inhibition of seed germination by ABA. We

generated transgenic lines overexpressing LBD15 in lbd15

(35S:LBD15/lbd15) to determine whether the defect of

LBD15 was responsible for the decrease in ABA sensitivity

in lbd15. As shown in Figure 2(a,b), the 35S:LBD15/lbd15

transgenic lines exhibited higher ABA sensitivity than the

WT and lbd15 during seedling establishment. The cotyle-

don-greening percentage of the overexpressed LBD15 in

lbd15 was similar to that in overexpressed LBD15 (Fig-

ure 2e). In addition, estrogen-inducible pER8-LBD15 and

pER8-LBD15-SRDX transgenic plants were generated to

compare the germination rate. Under normal growth con-

ditions or ABA treatment, the seed germination rates and

cotyledon-greening rates of the different genotypes were
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similar (Figure 2c,d,f). However, ABA and estrogen treat-

ments resulted in inhibition of seedling growth in the

pER8-LBD15 lines compared with the WT, and pER8-

LBD15-SRDX lines became more sensitive to ABA inhibi-

tion (Figure 2c,d,f). Altogether, these results indicated that

loss of the LBD15 gene was responsible for the decreased

ABA sensitivity during seedling establishment. A dose–re-
sponse analysis using increased concentrations of ABA

was performed to compare primary root growth between

the WT, lbd15 and 35S:LBD15 lines and further evaluate

the function of LBD15 in seedling development. Three-day-

old seedlings grown on MS medium without ABA were

transferred to MS medium with different concentrations of

ABA for 2 days. The root growth response of lbd15 was

ABA-hyposensitive compared with that of WT seedlings,

while its overexpressing lines displayed an ABA-sensitive

phenotype compared with WT seedlings (Figure 3a,b).

These results indicate that LBD15 is involved in the

response to ABA.

Given that ABA signaling is critical during early seedling

growth, this study determined whether ABA can induce

LBD15. First, the expression level of LBD15 was examined.

Expression of LBD15 was quickly induced after 15 min of

ABA treatment (Figure 4a). Then, the LBD15 promoter was

analyzed, and a region from �300 to �400 bp in ABA

response elements was found (Figure 4b). ProLBD15:GUS

and ProLBD15m:GUS lines were treated with ABA to evaluate

the function of this region. In the absence of ABA, the

expression of GUS was similar. However, in the presence of

ABA, the expression of GUS in the ProLBD15:GUS line was

higher than that in the ProLBD15m:GUS line (Figure 4c,d).

These results indicated that LBD15 was responsive to ABA

depending on the presence of ABA response elements.

LBD15 regulates plant water-deficit stress

Given that LBD15 is involved in the ABA signaling path-

way, the WT, lbd15 and LBD15-overexpressing lines were

simultaneously grown for 6 weeks in pots under normal

growth conditions to test whether LBD15 could increase

tolerance of water-deficit stress. Then water was withheld

for 2 weeks. The survival rate was examined 3 days after

re-watering. As shown in Figure 5(a,b), the LBD15-overex-

pressing lines were obviously more tolerant of water-defi-

cit stress than the other lines and their survival rate was

approximately 60%, whereas that survival rate of lbd15

mutants was only about 1.5%. The soil water potential

among the different pots before and after withholding

water for 2 weeks was similar (Figure 5c), suggesting that

the overexpression of LBD15 resulted in resistance to

water-deficit stress.

Figure 1. Response of lbd15 mutant and LBD15-overexpressing plants to ABA during seed germination.

The seed germination percentages of the indicated genotypes grown on MS medium or MS medium with 0.1, 0.2 or 0.3 lM of ABA were quantified from days

1–5 after sowing. The cotyledon-greening percentages on day 5 were recorded. Three independent experiments were conducted, with at least 60 seeds per

genotype in each replicate.

(a) Photographs of wild-type, lbd15 and LBD15-overexpressing lines grown on different media on day 5 after sowing.

(b) Seed germination rates of plants in (a). Error bars represent SD.

(c) Green cotyledon ratio of wild-type, lbd15 and LBD15-overexpressing lines grown on MS medium and MS medium with 0.2 lM of ABA on day 5 after sowing.

Bars with different letters are significantly different at P < 0.05 (analysis of variance followed by Tukey’s post hoc test).
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The rate of water loss in WT, lbd15, OX-L15-1 and OX-

L15-2 was examined to elucidate the physiological mecha-

nism of resistance to water-deficit stress conferred by the

overexpression of LBD15. The detached leaves of lbd15

showed more water loss than those of the WT, whereas

OX-L15-1 and OX-L15-2 lost less water than the WT (Fig-

ure 5d). Stomatal density was examined because stomata

are the major sites that mediate water loss in leaves in

response to water-deficit stress. As shown in Figure 5(e),

the stomatal densities among the WT, lbd15, OX-L15-1 and

OX-L15-2 did not significantly differ, indicating that the rate

of water loss was not related to stomatal density. Stomatal

aperture and conductance were further compared. After

drought treatment, the stomatal aperture and conductance

of the lbd15 mutant decreased to a much lesser degree

than those of the WT. Stomatal aperture and conductance

also extensively decreased in OX-L15-1 and OX-L15-2

(Figure 5f,g). Therefore, the overexpression of LBD15 con-

ferred tolerance to water-deficit stress by promoting stom-

atal closure to decrease water loss.

LBD15 binds directly to the ABI4 promoter and activates

its expression

As a transcription factor, LBD15 binds directly to the down-

stream gene promoter. Therefore, the LBD15-binding motif

‘CATTTAT’ (Ohashi-Ito et al., 2018) was used to search for

the ABA response gene. Two ‘CATTTAT’ cis elements were

found in the promoter region �2 kb upstream of the ATG

of ABI4 (Figure 6a). We explored whether LBD15 directly

activates the expression of ABI4 by binding to the ABI4

promoter. The expression of ABI4 in different lines was

examined. As shown in Figure 6(b), ABI4 expression levels

were obviously upregulated in the LBD15-overexpressing

lines and repressed in lbd15 mutants. This result was

Figure 2. Restored seed germination by overexpression of LBD15 in lbd15 upon ABA treatment.

(a) Photographs of wild-type, lbd15, OX-L15-1 and 35S:LBD15/lbd15 grown on MS medium and MS medium with 0.2 lM of ABA on day 5 after sowing. 35S:

LBD15/lbd15: LBD15-overexpressing plants in the genetic background of lbd15. (b) Seed germination rates of plants in (a). Error bars represent SD. (c) Pho-

tographs of wild-type, pER8-L15 and pER8-L15-SRDX transgenic lines grown on MS medium and MS medium with 0.2 lM of ABA at day 5 after sowing. (d) Seed

germination rates of plants in (c). Error bars represent SD. (e) Green cotyledon ratio of wild-type, lbd15, OX-L15-1 and 35S:LBD15/lbd15 grown on MS medium

and MS medium with 0.2 lM of ABA at the day 5 after sowing. Bars with different letters are significantly different at P < 0.05 (analysis of variance followed by

Tukey’s post hoc test). (f) Green cotyledon ratio of wild-type, pER8-L15 and pER8-L15-SRDX transgenic lines grown on MS medium and MS medium with 0.2 lM
of ABA on day 5 after sowing. Estra in (c, d and f) is the abbreviation of estrogen. Bars with different letters are significantly different at P < 0.05 (analysis of vari-

ance followed by Tukey’s post hoc test).
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similar to that for expression of LBD15. A transient expres-

sion assay was performed to confirm whether LBD15 could

activate the expression of ABI4 (Figures 6c,d), and the

results indicated that LBD15 bound to the ABI4 promoter

in vivo. A chromatin immunoprecipitation (ChIP) assay

was performed using 2-week-old seedlings of 35S:LBD15-

GFP transgenic plants grown on MS medium with or with-

out ABA to assess whether LBD15 binds to AP1 and AP2

motifs in vivo. The results demonstrated that the DNA

fragment containing the AP1 motif was enriched in the

35S:LBD15-GFP samples, and the enrichment of AP1 and

AP2 motifs was increased by ABA treatment (Figure 6e).

These results indicated that LBD15 can directly bind to the

ABI4 promoter to activate its expression.

The role of LBD15 in ABA signaling via ABI4

Our results indicated that LBD15 positively regulates the

ABA signal to enhance drought tolerance. LBD15 activated

Figure 3. Quantification of primary root length of lbd15 mutant and LBD15-overexpressing plants compared with the wild type.

Photographs of seedlings grown on MS medium with different concentrations of ABA. The red lines indicate the places where the root tips transfer. Three bio-

logical replicates were performed with similar results.

(a) Primary root phenotype of wild-type, lbd15 and LBD15-overexpressing seedlings. Three-day-old seedlings of the indicated genotypes grown on MS medium

were transferred to MS medium with 0, 1, 3 or 5 lM of ABA and measured after 2 days.

(b). Root length of seedlings in (a). Bars with different letters are significantly different at P < 0.05 (analysis of variance followed by Tukey’s post hoc test).

© 2020 Society for Experimental Biology and John Wiley & Sons Ltd,
The Plant Journal, (2020), doi: 10.1111/tpj.14942

LBD15 directly activates ABI4 expression 5



the expression of ABI4 by binding to its promoter, suggest-

ing that LBD15 may function in water-deficit stress by acti-

vating an ABI4-dependent ABA signaling pathway. 35S:

ABI4/lbd15 was generated to study the genetic interaction

in the ABA signaling pathway. As shown in Figure 7, ABA

sensitivity was reduced in lbd15, whereas the phenotype

of 35S:ABI4/lbd15 was similar to that of OX-ABI4. These

results suggest that LBD15 acts upstream of ABI4 and

directly modulates ABI4 transcription.

The LBD15 protein positively regulates ABI4 and VND7

and negatively regulates WUS under water-deficit stress

Previous studies have shown that VND7 and WUS are

regulated by LBD15 (Sun et al., 2013; Ohashi-Ito et al.,

2018), suggesting that LBD15 plays a role in plant devel-

opment. The LBD15-binding motif ‘CATTTAT’ (Ohashi-Ito

et al., 2018) was used to search for the promoters of the

two genes, and one and two ‘CATTTAT’ cis elements

were found in the promoter regions of VND7 and WUS,

respectively (Figure 8a). Therefore, whether LBD15 and

its target genes were affected under ABA treatment was

tested. Under normal growth conditions, the expression

levels of LBD15 target genes were consistent with those

of LBD15 in the WT, lbd15 and OX-LBD15 lines (Fig-

ure 8b–e). When plants of the indicated genotype were

treated with ABA, the expression levels of LBD15, ABI4

and VND7 markedly increased in the OX-LBD15 seedlings

while they showed no obvious difference in the lbd15

seedlings (Figure 8b–d). However, the expression of WUS

was significantly inhibited in plants of each indicated

genotype (Figure 8e). Meanwhile, ChIP-quantitative (q)

PCR results demonstrated that the DNA fragment con-

taining the LBD15-binding motif of VND7 was enriched in

the 35S:LBD15-GFP samples under ABA treatment (Fig-

ure 8f). On the contrary, the DNA fragment containing

the LBD15-binding motif of WUS was enriched in the

35S:LBD15-GFP samples but inhibited under ABA treat-

ment. This finding suggested that ABA inhibited WUS

expression independent of LBD15 (Figure 8g). Therefore,

LBD15 conferred drought resistance to plants via ABA

signaling involving ABI4, and a parallel LBD15–VND7

pathway may be involved in this process.

Figure 4. The GUS expression analysis with a promoter deletion fragment.

(a) Quantitative RT-PCR analysis of LBD15 in wild-type seedlings treated with ABA for 0, 15, 30 and 60 min. Seedling treatment without (mock) or with ABA was

used for analysis. The value for the control (mock, 0 min) was set to 1.0. Bars with different letters are significantly different at P < 0.05 (analysis of variance fol-

lowed by Tukey’s post hoc test).

(b) Schematic of the length and position of the LBD15 promoter deletion fragment.

(c) Histochemical GUS assay observed in Arabidopsis thaliana transgenic plants harboring the promoter deletion fragment.

(d) Quantification of relative GUS intensities (mean � SD, n = 5). Bars with different letters are significantly different at P < 0.05 (analysis of variance followed

by Tukey’s post hoc test). Note that promoter deletion fragment (�400 bp to �300 bp) failed to respond to ABA.

© 2020 Society for Experimental Biology and John Wiley & Sons Ltd,
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DISCUSSION

The LBD genes define a plant-specific transcription factor

family and function in lateral organ development, plant

regeneration, photomorphogenesis, pathogen response,

vascular patterning and anthocyanin and nitrogen metabo-

lism (Xu et al., 2016). The LBD15 protein, a member of the

LBD family, is involved in SAM development and differentia-

tion of tracheary elements (Sun et al., 2013; Ohashi-Ito et al.,

2018). The present study revealed that LBD15 conferred plant

drought tolerance bymodulating ABA signaling.

According to the expression of LBD15 induced by ABA,

the lbd15 mutant was hyposensitive to ABA in seed germi-

nation and primary root growth. The overexpression of

LBD15 resulted in ABA hypersensitivity in seed germina-

tion and primary root growth. Further analyses indicated

that LBD15 was rapidly upregulated after ABA treatment.

Consistent with the expression of LBD15 induced by ABA,

the lbd15 mutant obviously had increased sensitivity to

water-deficit stress, while the overexpression of LBD15

conferred plant resistance to water-deficit stress. Abscisic

acid-induced stomatal closure plays an essential role in

reducing water loss during water deficiency (Yoshida and

Fernie, 2018). The LBD15-overexpressing lines showed a

smaller stomatal aperture and slower water loss under

water-deficit conditions than the lbd15 mutants, which had

a larger stomatal aperture and faster water loss. This find-

ing suggested that LBD15 functioned in stomatal regula-

tion in response to water-deficit stress.

The observation that the expression of LBD15 was

upregulated by ABA indicated that LBD15 has a function in

the ABA signaling pathway. LBD15 is a transcription factor

that recognizes the ‘CATTTAT’ motif (Ohashi-Ito et al.,

2018). The results of the present study indicate that ABI4

may be the direct target of LBD15. The Lz region of the

LOB domain in the LBD gene family is critical to the speci-

fic function of LBD (Matsumura et al., 2009). In the present

study, the Lz region of LBD15 replaced by the Lz region of

AS2 or LBD40 did not activate the expression of ABI4. In

addition, genetic evidence revealed that the function of

LBD15 in the ABA signaling pathway was dependent on

ABI4. Taken together, these data suggest that LBD15 acts

upstream of ABI4 and directly regulates ABI4 transcription.

Stomata can open to enable CO2 uptake and provide

photosynthetic substrate. They can also close to prevent

water loss and adapt to water-deficit stress conditions. The

Figure 5. Overexpression of LBD15 enhances tolerance of water-deficit stress.

(a) Phenotypes of the indicated genotypes in response to water-deficit stress. Four-week-old plants were subjected to water-deficit stress for 14 days and re-wa-

tered for 3 days. Photographs were taken at the end of each treatment. Left panel, plant phenotype; right panel, chlorophyll fluorescence image that represents

the photosynthetic Fv/Fm ratio. Three biological replicates were performed with similar results. (b) Plant survival rate after re-watering for 3 days. Data presented

are the means � SD of three independent experiments. (c) Soil water potential before and after 14 days of water-deficit stress. (d) Water loss from the detached

leaves of different 4-week-old plants. Leaves at similar developmental stages were excised and weighed at the indicated time after detachment. The proportion

of fresh-weight losses was calculated on the basis of the initial weight of the leaves. Data presented are the means � SD of three independent experiments.

(e) Stomatal densities of plants of the indicated genotypes. Three biological replicates were performed. Data are means � SD (n = 5). (f) Stomatal apertures

were measured in the abaxial peels of the indicated genotypes. Three biological replicates were performed. Data are means � SD (n = 20). (g) Stomatal conduc-

tance from the detached leaves of different 4-week-old plants of different genotypes. Leaves at similar developmental stages were excised and stomatal conduc-

tance measured at the indicated time after detachment. Data are means � SD (n = 10). Bars with different letters are significantly different at P < 0.05 (analysis

of variance followed by Tukey’s post hoc test).

© 2020 Society for Experimental Biology and John Wiley & Sons Ltd,
The Plant Journal, (2020), doi: 10.1111/tpj.14942

LBD15 directly activates ABI4 expression 7



drought stress hormone ABA is a critical signal promoting

stomatal closure. It is also required for the induction and

maintenance of seed dormancy and inhibition of primary

root growth (Yoshida and Fernie, 2018). ABI4 is a member

of the AP2/ERF transcription factor family that plays a vital

role in ABA signaling during seed germination (Wind et al.,

2013). A recent study implied that ABI4 is a necessary regu-

lator in mediating stomatal closure under drought stress

(Xie et al., 2016). Thus, LBD15 confers plant resistance to

water-deficit stress via ABI4 signaling.

Recent studies showed that water deficit leads to a

reduction in vessel diameter, an increase in the number

and wall thickness of vessels and enhanced cavitation tol-

erance, thereby conferring resistance to water deficit

(Reusche et al., 2012; Yoneda et al., 2014; Ramachandran

et al., 2018; Tan et al., 2018; Zhang et al., 2018). The differ-

entiation of tracheary elements is regulated by VND family

transcription factors (Kubo et al., 2005; Yamaguchi et al.,

2008, 2010, 2011; Ohashi-Ito et al., 2010; Reusche et al.,

2012). VND7 is the master regulator of xylem vessels; it

Figure 6. LBD15 directly regulates the expression of ABI4.

(a) Schematic of the ABI4 promoter showing putative LBD15-binding motifs upstream of the transcription start site. Solid arrowheads indicate LBD15-binding

sites. AP1, AP2 and AP3 represent the fragments amplified in the quantitative PCR assay.

(b) Quantitative RT-PCR analysis of LBD15 and ABI4 in plants of the indicated genotypes. The expression levels of LBD15 and ABI4 in the wild type were set to 1.

(c) Transient expression of the 35S:LBD15 effector construct with the ProABI4:LUC reporter construct in Nicotiana benthamiana leaves. Note that the Lz region

of LBD15 substituted by the Lz of AS2 or LBD40 could not activate the expression of ABI4.

(d) Quantification of relative luminescence intensities (mean � SD, n = 5).

(e) Chromatin immunoprecipitation assay of LBD15 binding to the promoter regions of ABI4 in 2-week-old 35S:LBD15-GFP and wild-type leaves under normal

growth conditions or after treatment with 10 lM of ABA for 24 h. Relative enrichment was calculated as the value of the amplified signal normalized against that

of the input DNA. Error bars indicate � SD of three biological replicates.
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induces differentiation of tracheary elements in other cell

types (Yoneda et al., 2014; Endo et al., 2015) and enhances

drought tolerance (Reusche et al., 2012). Ohashi-Ito et al.

(2018) showed that LBD15 directly regulates the expression

of VND7 to induce xylem differentiation. All these results

demonstrate that LBD15 possibly integrates vascular differ-

entiation and stomatal aperture to enhance tolerance of

water-deficit stress.

Yoshida et al. (2019) shed on light on the role of ABA in

mediating plant growth. Under normal growth conditions

(low ABA levels), three subclass III SnRK2s mediate TCA

cycle activity and trehalose metabolism to promote leaf

growth. Consistent with this notion, under normal growth

conditions (low ABA concentrations), LBD15 regulates the

expression of WUSCHEL for involvement in SAM develop-

ment and that of VND7 to induce xylem vessel formation

and provide mechanical strength to support the entire

plant. Meanwhile, LBD15 regulates the expression of ABI4

to mediate trehalose metabolism and lipid breakdown and

provide energy support for growth. Under water-deficit

stress (high ABA concentration), LBD15 is involved in

ABI4-mediated ABA signaling by promoting stomatal clo-

sure and providing protection against water loss. Mean-

while, LBD15 regulates the expression of VND7 to induce

xylem vessel formation and facilitate water transport.

Taken together, this study proposes that LBD15 is a key

regulator that balances growth and water-deficit stress

responses for plants to adapt to continuously changing

environments.

EXPERIMENTAL PROCEDURES

Plant materials and growth conditions

Arabidopsis thaliana Columbia-0 (Col-0) was used in the experi-
ment. The LBD15-overexpressing lines and ProLBD15:GUS trans-
genic plants were as previously described (Sun et al., 2013). The

Figure 7. Genetic interaction of LBD15 with ABI4.

The seed germination percentages of the indicated genotypes grown on MS medium or MS medium with 0.2 lM of ABA were quantified from days 1–5 after

sowing. The cotyledon-greening percentages on day 5 were recorded. Three independent experiments were conducted, with at least 60 seeds per genotype in

each replicate.

Phenotypic images (a) and statistical data (b) of wild-type, lbd15, OX-ABI4 and 35S:ABI4/lbd15 (ABI4-overexpressing plants in the genetic background of lbd15)

seed germination in response to ABA treatment.

(c) Green cotyledon ration of wild-type, lbd15, OX-ABI4 and 35S:ABI4/lbd15 seedlings grown on MS medium and MS medium with 0.2 lM of ABA at the 5th day

after sowing.

Seedling growth (d) and statistical data (e) for root length in response to ABA treatment for 5 days. Three biological replicates and three technical repeats were

performed. Error bars represent SD (n = 12). Bars with different letters are significantly different at P < 0.05 (analysis of variance followed by Tukey’s post hoc

test). Bars = 0.2 cm.
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ABI4-overexpressing line was kindly provided by Qi Xie (Shu
et al., 2013). All plants were grown on MS medium or soil under a
16 h photoperiod in a greenhouse.

Vector construction and transgenic plant screening

ProLBD15m:GUS was amplified with primers pROL15F-300 and
pROL15R-400 and pGEM-T Easy-ProLBD15 was used as a template
to delete the fragment from �300 to �400 bp in the promoter region.
The PCR products were treated with DpnI enzymes, and then
sequenced to verify the deleted ABA response elements in the pro-
moter region of LBD15. The verified PCR sequencing products were
subcloned into pBI121 to the ProLBD15m:GUS construct. The result-
ing construct was infiltrated into GV3101 and used to infiltrate Ara-
bidopsis plants via the floral dip method. The transformants were
screened on MS medium with 50 mg L�1 of kanamycin.

ProABI4:LUC was amplified with the primers ProABI4FLUC-HindIII-
F and ProABI4RLUC-SalI-R, and sequenced to verify its integrity.

The coding region of LBD15 was amplified and cloned into
pENTRTM/D-TOPO and then shuttled into pER8-Gateway-3Flag and
pER8-Gateway-3Flag-SRDX vectors to obtain pER8-L15 and pER8-
L15-SRDX, respectively (Guo et al., 2018). The resulting construct
was infiltrated into GV3101 and used to infiltrate Arabidopsis
plants via the floral dip method. The transformants were screened
on MS medium with 20 mg L�1 of hygromycin.

Seed germination assays and cotyledon-greening assays

More than 60 seeds were collected simultaneously and air-dried
at room temperature (20–25°C) for 2 weeks for germination
assays. Surface-sterilized seeds were sown on MS medium
plates with or without different concentrations of ABA, as indi-
cated. Plates were stratified at 4°C in the dark for 3 days and
transferred to a greenhouse. Germination (emergence of radi-
cles) was scored for 0–5 days. The green cotyledon percentage
was also scored.

Leaf conductance in detached leaves

Leaf conductance was measured using a SC-1 Leaf Porometer
(Decagon Devices, Inc., https://www.decagon.com) as described,
with minor modifications (Lim et al., 2019). The leaf CO2 conduc-
tance was measured on the abaxial surface of fully expanded
fourth leaves at a site midway along the length of the lamina and
midway between the margin and the mid-vein.

Transactivation activity assay

A Nicotiana benthamiana transient assay system was used to
examine the expression of reporter genes in accordance with Sun
et al. (2017).

Figure 8. Expression levels of LBD15 target genes in the lbd15 mutant and LBD15-overexpressing lines.

(a) Schematic of the location of LBD15-binding motif in the promoter of VND7 and WUS genes. Solid arrowheads indicate LBD15-binding sites. VP1 and VP2

represent the fragments amplified in (f). WP1, WP2 and WP3 represent the fragments amplified in (g). (b)–(e) Expression levels of LBD15, ABI4, VND7 and WUS

in 2-week-old lbd15 plants and LBD15-overexpressing plants on MS medium or 10 lM of ABA treatment for 1 h. Values are mean � SD of three biological repli-

cates. The ACT7 protein was used as an internal reference. (f) Chromatin immunoprecipitation assay of LBD15 binding to the promoter region of VND7 in

2-week-old 35S:LBD15-GFP and wild-type leaves under normal growth conditions or after 10 lM of ABA treatment for 24 h. (g) Chromatin immunoprecipitation

assay of LBD15 binding to the promoter region of WUS in 2-week-old 35S:LBD15-GFP and wild-type leaves under normal growth conditions or after 10 lM of

ABA treatment for 24 h. Relative enrichment was calculated as the value of the amplified signal normalized against that of the input DNA. Error bars indi-

cate � SD of three biological replicates.
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Chromatin immunoprecipitation-qPCR

Chromatin immunoprecipitation was performed in accordance
with Meng et al. (2018). Two-week-old transgenic plants were
selected for ChIP assay. Anti-GFP antibody (ab290, Abcam, Shang-
hai, China, https://www.abcam.com/) was used for immunoprecip-
itation. The enriched DNA fragments were stored at �80°C. The
PCR primers of the LBD15 target gene are listed in Table S1 in the
online Supporting Information

Water loss assay and water-deficit stress assays

For water loss measurements, rosette leaves were detached from
4-week-old plants, placed in weighing dishes and incubated on
the laboratory bench. Loss of fresh weight was monitored at indi-
cated time points. The proportion of fresh weight loss was calcu-
lated on the basis of the initial weight of the leaves. For stomatal
aperture assays, at the indicated times the detached leaves were
fixed and dehydrated in accordance with Sun et al. (2013). All
samples were captured using a scanning electron microscope
(Sigma 300, Zeiss, Oberkochen, Germany, https://www.zeiss.com/).
Stomatal density and aperture were analyzed using ImageJ soft-
ware (https://imagej.en.softonic.com/). Water-deficit stress assays
were performed as described, with minor modifications (Xie et al.,
2016). Six-week-old plants were used to analyze tolerance of water-
deficit stress. Water-deficit stress was imposed by withholding
water from the plant for 2 weeks and then re-watering. The soil
water potential before and after water-deficit stress was measured
using a WP4C Dewpoint Potentiometer (Decagon Devices). Chloro-
phyll fluorescence (Fv/Fm) was measured to evaluate the photosyn-
thetic capability. All experiments were repeated with at least three
biological replicates.

Quantitative RT-PCR

Quantitative RT-PCR analysis was performed as described (Sun
et al., 2017). The specific primers used for PCR are listed in
Table S1.

Statistical analysis

One-way analysis of variance (ANOVA) followed by Tukey’s test and
t-tests were used to determine the significant differences
(P < 0.05). In the figures the bars with different letters indicate sig-
nificant differences among different lines. All statistical analyses
were performed using version 20 of the SPSS statistical software
package (IBM Corp., https://www.ibm.com/).
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