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A B S T R A C T   

The LATERAL ORGAN BOUNDARIES DOMAIN (LBD)-containing genes are plant-specific genes that play 
important roles in lateral organ development. In this study, we identified LBD40 (Solyc02g085910), which be
longs to subfamily II of the LBD family of genes in tomato. LBD40 was highly expressed in roots and fruit. LBD40 
expression was significantly induced by PEG and salt. Moreover, SlLBD40 expression was induced by methyl 
jasmonate treatment, while SlLBD40 expression could not be induced in the jasmonic acid-insensitive1 (jai1) 
mutant or MYC2-silenced plants, in which jasmonic acid (JA) signaling was disrupted. These findings demon
strate that SlLBD40 expression was dependent on JA signaling and that it might be downstream of SlMYC2, which 
is the master transcription factor in the JA signal transduction pathway. Overexpressing and CRISPR/Cas9 
mediated knockout transgenic tomato plants were generated to explore SlLBD40 function. The drought tolerance 
test showed that two SlLBD40 knockout lines wilted slightly, while SlLBD40 overexpressing plants suffered severe 
wilting. The statistical water loss rate and midday leaf water potential also confirmed that knockout of SlLBD40 
improved the water-holding ability of tomato under drought conditions. Taken together, our study demonstrates 
that SlLBD40, involved in JA signaling, was a negative regulator of drought tolerance and that knockout of 
SlLBD40 enhanced drought tolerance in tomato. This study also provides a novel function of SlLBD40, which 
belongs to subfamily II of LBD genes.   

1. Introduction 

Water scarcity is one of the most destructive abiotic stressors in 
agriculture, as it seriously reduces crop productivity [1]. Drought 
greatly affects plant growth, weakens photosynthesis, accelerates the 
accumulation of reactive oxygen species, disturbs cellular homeostasis, 
and even causes death [1–3]. Roots are the primary organ responsible 
for drought stress, as they soak up water from soil. Photosynthetic 
production decreases in plants suffering from drought and is preferen
tially allocated to the roots, which improves the root/shoot ratio and 
helps roots absorb water from the soil [4]. Lateral root growth is 
inhibited to promote development of the primary root [5]. 

As a widely grown vegetable crop, tomato has gained popularity for 
its good nutrition and taste. However, the yield and quality of tomato are 
severely influenced by a myriad of abiotic stressors. As tomato is sen
sitive to water supply, drought is the primary growth limiting factor, 
particularly at the seed germination and seedling stages. 

The LATERAL ORGAN BOUNDARIES DOMAIN (LBD) protein family 
encodes a conserved and plant-specific lateral organ boundaries (LOB) 
domain [6,7]. There are 42 LBD genes in the Arabidopsis genome and 46 
in tomato, which have been assigned to two subfamilies [8,9]. In to
mato, subfamily I is comprised of 40 genes consisting of a four-Cys 
motifs (C-motif), a Gly-Ala-Ser block (GAS-block), and a Leu 
zipper-like motif (L-motif), while subfamily II includes six genes only 
containing the C-motif [7,8]. It has been reported that the C-motif is 
required for the capacity to bind to the promoter region of downstream 
genes. The GAS-block appears to assist the C-motif in binding to the 
promoter region, and the L-motif is involved in protein-protein in
teractions [6,10,11]. 

LBD genes were initially found to be expressed in cells of the lateral 
organs, including the shoot apical meristem and lateral roots of Arabi
dopsis [7]. Subsequent studies reported that a number of LBD factors 
participate in the formation of lateral roots. For instance, the tran
scription factor AtLBD16, an auxin-inducible protein, targets PUCHI for 
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lateral root initiation in Arabidopsis [12]. The LBD gene OsARL1, which 
is an auxin responsive gene, is required to initiate the formation of 
adventitious root primordia in rice [13]. All pollen is aborted in the 
lbd10 and lbd27 Arabidopsis double mutants, indicating that AtLBD10 
and AtLBD27 may play a critical role in pollen development [14]. 
Moreover, recent studies show that the LBD gene family also participates 
in the stress response. Expression of VvLBD01, VvLBD02, VvLBD04, 
VvLBD08, and VvLBD18 in grape is involved in the responses to NaCl, 
mannitol, heat stress, and low temperature treatments [15]. In soybean, 
ninety LBD homologous genes were identified, among which the 
GmLBD12 was induced by various stresses, including drought stress 
[16]. Coincidentally, proteomic analysis showed that, in rice, LBD pro
teins were downregulated in Semi-rolled leaf1, 2 (SRL1 and SRL2) mutant 
with increased drought tolerance during drought stress, indicating that 
LBD proteins may be involved in drought response in rice [17]. AtLBD20 
is a negative regulator that responds to Fusarium Wilt in Arabidopsis. 
Knockout of AtLBD20 enhances tolerance to Fusarium infection, while 
overexpression of AtLBD20 makes plants susceptible [18]. Nevertheless, 
the direct relationship between LBD factors and drought stress is un
known, and the effect of the LBD transcription factor family on abiotic 
resistance in tomato remains unknown as well. 

The jasmonic acid-insensitive1 (jai1) is a JA-insensitive mutant in to
mato, which has lost the function of the tomato orthologue of 
CORONATINE-INSENSITIVE1 due to a 6.2-kb deletion and fails to ex
press JA-responsive genes [19]. Therefore, many studies have been 
conducted using the mutant to explore the mechanisms involved in plant 
growth, development, and defense related to the JA signaling pathway 
[20–23]. In this study, the mutant was used to determine whether 
SlLBD40 is involved in JA signaling in tomato. MYC2, a basic 
helix-loop-helix transcription factor, mediates various JA responses in 
the JA signaling pathway, including inhibition of root growth, apical 
hook formation in the dark, leaf senescence, and defense against her
bivores and pathogenic fungi [24]. In this study, we detected SlLBD40 
expression in SlMYC2-silenced plants, which were obtained by 
virus-induced gene silencing (VIGS), to explore whether SlLBD40 
expression was affected by SlMYC2. 

VIGS is an RNA-mediated post-transcriptional gene silencing 
method. It functions as an antivirus defense mechanism to downregulate 
gene expression in plants [25]. It is a widely used reverse and 
forward-genetics method to explore gene function because of its ability 
to rapidly degrade mRNA of the target gene, and is simple to manipulate. 
VIGS has been successfully used in many species, including eggplant 
[26], pepper [27], strawberry [28], sweet cherry [29], cotton [30], 
barley [31], and potato [32]. In our previous studies, VIGS was used to 
verify the function of SlHSP40 in tomato [33]. VIGS has been employed 
to verify the heat tolerance function of SoHSC70, since it is difficult to 
study gene function using the transgenic method in spinach [34]. VIGS 
makes it possible to study gene function in situ. Furthermore, a VIGS 
cDNA library has been applied during fast-forward genetic screens for 
genes of various physiological responses. This high-throughput 
approach provides a large-scale phenotypic analysis and simple, fast 
identification of the gene responsible for the phenotype of interest [35, 
36]. In this study, we silenced SlMYC2 in tomato plants by VIGS and 
detected SlLBD40 expression in SlMYC2-silenced plants to explore the 
upstream and downstream relationships between SlLBD40 and SlMYC2. 

Here, we showed that SlLBD40, which belongs to subfamily II of the 
LBD family, was highly expressed in tomato roots and notably induced 
by PEG, salt, and methyl jasmonate (MeJA) treatments. Moreover, 
SlLBD40 was dependent on JA signaling and it might be downstream of 
SlMYC2. An overexpression and gene editing study showed that SlLBD40 
functions as a negative regulator of drought tolerance. Knocking out 
SlLBD40 by CRISPR/Cas9 improved water-holding ability and enhanced 
drought tolerance in tomato. 

2. Materials and methods 

2.1. SlLBD40 cloning and sequence analysis 

We obtained the full-length open reading frame of SlLBD40 (Sol
yc02g085910) in the Sol Genomic Network database (https://solgen 
omics.net). The reference genome used for the sequence is Heinz1706 
(version SL4.0). Then, we cloned it via the real time-polymerase chain 
reaction (RT-PCR). The primer pair was designed by Primer Premier 5 
according to the SlLBD40 cDNA sequence. The phylogenetic tree was 
constructed by the neighbor-joining (NJ) algorithm using the MEGA 
program (ver. 5.0). 

2.2. Plant materials and stress treatments 

All tomato seedlings (Solanum lycopersicum L. cv. Micro Tom) 
including the wild-type (WT) and all transgenic lines were cultivated in 
growth chambers under 16 h light and 8 h dark conditions at 25℃/18℃, 
70 % relative humidity, and 200 μmol m− 2 s-1 light intensity. 

We detected the expression of the LBD subfamily II genes in various 
tissues. The tomato seedlings were grown hydroponically. The roots, 
flower buds, leaves, flowers, mature green fruits, and red fruits were 
sampled from the 10-week-old seedlings. Three biological replicates 
were performed for each tissue. 

We applied Yamazaki nutrient solution with 10 % PEG or 150 mM 
NaCl to 4-week-old WT seedlings for the dehydration and salt stress 
treatments in a hydroponic system, respectively. The roots of these 
plants were collected at specific times (0, 1, 3, and 6 h for the PEG 
treatment and 0, 1, 3, 6, 9, and 12 h for the NaCl treatment). 

The jai1 mutants used in this study were homozygous plants. As 
homozygous jai1 plants are sterile, we obtained homozygous jai1 mutant 
plants by identifying the heterozygous progeny. Homozygous jai1 plants 
were identified as described by Li et al. [19] (Fig. S1). 

For MeJA and drought treatment, tomato seedlings were grown in 
pots 12 cm in diameter with soilless media (PINDSTRUP, Denmark). 
MeJA (100 μM) was sprayed on the leaves of 3-week-old tomato seed
lings and the leaves were collected at specific times (0, 0.5, 1, 3, 6, and 
12 h). Each sample was collected with three biological replicates. 

Three-week-old tomato plants from the SlLBD40 knockout line, as 
well as SlLBD40-OE-3 and WT plants were used for the drought stress 
tolerance experiments. The water supply to the tomato plants in the 
experimental groups was stopped for 10 days. Then, the degree of 
wilting in the different lines was observed and recorded with 
photographs. 

The 17-day-seedlings of tomato were grown in soil and were divided 
into two groups. One group as the control was under well-watered 
conditions. The water supply to the other group was stopped. After 7 
days, when the difference was showed in various lines, the seedlings 
were used to measure the stomatal conductance, MDA content, Fv/Fm 
ratios and midday leaf water potential. 

2.3. Total RNA isolation and qRT-PCR analysis 

Total RNA was extracted using TRIzol Reagent (Ambion, Austin, TX, 
USA) according to the manufacturer’s instructions, and DNase I 
(Ambion) was used to remove the genomic DNA residue. Next, 1 μg total 
RNA was used to synthesize cDNA using the Prime Script™ RT Reagent 
Kit (Takara, Kyoto, Japan). We examined relative gene expression levels 
by qRT-PCR on a LightCycler480 machine (Roche Diagnostics, Rotkreuz, 
Switzerland) using SYBR Premix Ex Taq polymerase (Takara), and we 
employed the tomato SlEFα gene (SlEFα, Solyc06g005060) as the in
ternal reference gene. The 2− ΔΔCT method was used to analyze the re
sults [37,38]. Three biological replicates were performed for each 
sample. All primers used for qRT-PCR are listed in Table S1. 
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2.4. Subcellular localization of the SlLBD40 protein 

The coding sequence (CDS) of SlLBD40 without a stop codon was 
amplified and cloned into pCAMBIA-1302 to form the 35S::LBD40-GFP 
fusion construct. The construct and the control vector were transformed 
in Agrobacterium tumefaciens strain GV3101 and injected into 4-week-old 
tobacco leaves [39]. Green fluorescent protein (GFP) was observed 
under a universal fluorescence microscope after 2 days cultivation of 
these transformed tobacco plants. 

2.5. VIGS assay for tomato 

The tobacco rattle virus (TRV) based vectors pTRV1 and pTRV2 were 
used to silence the SlMYC2 tomato gene. A 283 bp fragment of SlMYC2 
CDS was amplified using PCR and was cloned into pTRV2 to generate 
pTRV2-MYC2. Then, pTRV1, pTRV2, and pTRV2-MYC2 were trans
formed into GV3101, respectively. The mixture of pTRV1 and pTRV2- 
MYC2 was carried out on the Micro Tom germline following a protocol 
described previously [40]. A mixture of pTRV1 and pTRV2 empty was 
used as control. 

2.6. Construction of the overexpression vector and plant transformation 

The CDS of SlLBD40 was amplified via PCR and was cloned into 
pCAMBIA1305 (Invitrogen, Carlsbad, CA, USA) to construct the 35S:: 
SlLBD40-3×FLAG fusion protein vectors in the overexpressing lines. The 
constructs were inserted into A. tumefaciens strain GV3101 and trans
formed into the Micro Tom cotyledon to obtain regeneration plants. T2 
generation plants showing no segregation were used in further experi
ments, and the WT lines were used as control. 

2.7. Generation of SlLBD40 knockout lines using CRISPR/Cas9 
technology 

Single-guide RNA (sgRNA) target of the SlLBD40 coding region was 

designed and synthesized as shown in Fig. 6 and Table S1. The vectors 
used for CRISPR were constructed according to the methods described 
by Yan et al. [41]. We inserted the construct into A. tumefaciens strain 
GV3101 and transferred it to the Micro Tom cotyledon to obtain 
regeneration plants. Finally, we performed PCR and Sanger sequencing 
to screen the target knockout lines of the T2 generation. 

2.8. Protein extraction and western blot 

Proteins were extracted from tomato leaves of the WT and SlLBD40- 
OE-3. The leaves were ground to a powder in liquid nitrogen using a 
protein extraction buffer (50 mM HEPES at pH 7.5, 150 mM KCl, 1 mM 
EDTA, 0.5 % Triton X-100, 1 mM DTT, and 0.2 mM PMSF). The mixture 
was chilled on ice for 30 min and then centrifuged at 12,000 × g for 30 
min at 4℃. Then, the supernatant and loading buffer were transferred to 
a new tube and boiled for 10 min. The proteins were separated by 10 % 
sodium dodecyl sulfate-polyacrylamide gel electrophoresis and trans
ferred to a polyvinylidene fluoride membrane (Millipore, Billerica, MA, 
USA). The membrane was blocked in 5 % nonfat milk in TBST buffer 
containing 20 mM Tris− HCl (pH 8.0), 150 mM NaCl, and 0.1 % Tween 
20 at room temperature for 1 h. The membrane was incubated with 
primary antibody overnight at 4℃, and washed five times in 1 × TBST (5 
min each). The corresponding secondary antibody (CWBIO, Beijing, 
China) was incubated at a 1:10,000 dilution for 2 h at room temperature. 
After five washes with 1 × TBST (5 min each), the Immobilon Western 
Chemiluminescent HRP Substrate (CWBIO) was used to visualize the 
proteins. A Tanon 5500 chemiluminescence imaging system was used to 
detect the chemiluminescence signals. 

2.9. Analysis of water loss rate, stomatal conductance, MDA content, Fv/ 
Fm ratios and midday leaf water potential 

Leaves were obtained from the WT, SlLBD40-OE-3, CR-LBD40-2, and 
CR-LBD40-8 plant lines and dried at 55℃. The weight of every sample 
was recorded every half hour for 3 h. The water loss rate was measured 

Fig. 1. Phylogenetic tree of LBD family genes in tomato and reported LBD genes in the other species, and the conserved domain of LBD family genes. The blue arrow 
is pointing towards SlLBD40. 
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Fig. 2. Subcellular localization of SlLBD40 in cell nucleus. Tobacco leaves were used for subcellular localization. Green fluorescence images were taken in a dark 
field, while the outline of the cell was photographed in a bright field. 35S: SlLBD40-GFP represents SlLBD40 and GFP fusion protein. 35S:GFP represents the control. 
Bars =25 μm. 

Fig. 3. The expression patterns of LBD genes in subfamily II in various tomato tissues and SlLBD40 was induced by PEG 6000 and NaCl. (A) Expression analysis of 
LBD genes in subfamily II in various tomato tissues. These plants were grown in a hydroponic system. (B) and (C) Responses of SlLBD40 in root at different point to 
PEG 6000 and NaCl. (D) Responses of SlLBD40 in leaves at different time point of MeJA treatment. SlEFα gene was used as the internal control. Bars represent ± SD of 
three biological replicates. 
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according to the method of Mao et al. [42]. The method used to analyze 
MDA was described by Zhang et al. [43]. Leaf stomatal conductance was 
measured on sunny days at 10:00− 13:00 on three leaves each plant 
using LI-6400 XT infrared gas analyzer (LI-Cor Biosciences, USA) [44]. 
The method used to analyze the Fv/Fm values was described by Qi et al. 
[45]. Three leaves from per plant were measured and three biological 
replicates were performed for each line. The midday leaf water potential 
was measured by Psypro Dewpoint Potentia Meter (USA) according to 
the method of Marchin et al. [46] with some modification. 

3. Results 

3.1. SlLBD40 gene sequence analysis 

The sequence of the SlLBD40 (Solyc02g085910) clones from tomato 
had an ORF of 816 nucleotides encoding a polypeptide containing 272 
amino acid residues. The SlLBD40 protein belonged to the LOB domain- 
containing protein family with a highly conserved N-terminal domain. 
SlLBD40 only contained a typical LOB consisting of four conserved Cys 
motifs of CX2CX6CX3C and belonged to subfamily II. In Fig. 1, we aligned 
the tomato LBD family amino sequences with the reported LBDs in 
Arabidopsis [14,18,47–52], soybean [16], banana [53] and rice [54]. 
The result showed that SlLBD40 had a closer relationship with AtLBD40, 
AtLBD41 and AtLBD42 [52] in Arabidopsis (Fig. 1). AtLBD40 and 
AtLBD41 were reported to respond to multiple pathogens [52]. 

3.2. Subcellular localization of the SlLBD40 protein 

Transient expression assays in Nicotiana benthamiana leaves and 
fluorescence microscopy were used to investigate the subcellular local
ization of SlLBD40. We constructed a SlLBD40-GFP fusion protein vector 
driven by the CaMV35S promoter. The fusion vector and GFP control 

were introduced into N. benthamiana leaf epidermal cells via Agro
bacterium-mediated infiltration. The results showed that the fluorescent 
signals from SlLBD40-GFP were detected in the nucleus, while the GFP 
control signals were distributed in plasma, cytoplasm and nucleus 
(Fig. 2), indicating that SlLBD40 was localized in the nucleus. 

3.3. SlLBD40 expression pattern 

To investigate the physiological significance of SlLBD40, we exam
ined the expression pattern of all genes in LBD subfamily II in various 
tomato tissues by qRT-PCR. The results showed that SlLBD40 mainly 
expressed in root, while Solyc04g077990 mainly expressed in flower. 
Solyc03g119530 expressed highly in both root and fruit (Fig. 3A). Tissue 
expression patterns suggest differences in the function of these genes. 

Plant roots are closely associated with water absorption. We specu
lated that the present gene may be involved in plant resistance to water 
stress. Thus, we investigated whether SlLBD40 expression was induced 
by abiotic stressors and some stress-related hormones. As shown in 
Fig. 3B, C, the relative expression of SlLBD40 increased 46-fold after 1 h 
of PEG treatment and 14-fold after 6 h of salt treatment. SlLBD40 
expression was significantly upregulated at 0.5 h by the MeJA treatment 
(Fig. 3D). These results suggest that SlLBD40 is PEG, salt, and MeJA 
inducible, and may be involved in the responses to abiotic stress and JA 
signaling in tomato. 

3.4. SlLBD40 expression is dependent on JA signaling 

To assess whether the role of SlLBD40 is dependent on JA signaling in 
tomato, WT plants and the jai1 mutant, which harbors a mutation in the 
tomato homolog of Arabidopsis COI1 [19], were treated with MeJA. We 
investigated the expression of SlMYC2 and SlLBD40 before treatment 
and at different times after treatment. The results showed that SlMYC2 

Fig. 4. SlLBD40 is dependent on JA signaling. (A, B) The expression of SlMYC2 and SlLBD40 in WT and jai1 mutants. (C) The expression of SlLBD40 was repressed in 
SlMYC2-silenced plants. The expression of SlLBD40 in TRV- SlMYC2 and TRV-empty tomato plants was analysis by qRT-PCR. SlEFα gene was used as the internal 
control. Values are means ± SD of three independent replicates. Asterisks indicate p < 0.05. 
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and SlLBD40 expression was induced by MeJA in WT plants. However, 
SlLBD40 expression was not induced by JA in jai1 mutant plants 
(Fig. 4A, B). This result demonstrates that SlLBD40 is dependent on JA 
signaling. 

Moreover, we obtained SlMYC2-silenced plants via the VIGS system. 
We examined SlLBD40 expression in MYC2-silenced plants and WT 
plants to determine whether LBD40 expression was affected by MYC2. 
The plants infected with TRV-empty were the control group. SlMYC2 

Fig. 5. The overexpression lines of SlLBD40. (A) The expression of SlLBD40 in SlLBD40-OE-3 was significantly higher than that of WT. Values are means ± SD of three 
independent replicates. Asterisks indicate p < 0.05. (B) The FLAG protein was investigated in SlLBD40-OE-3 plants but not in WT. The β-Actin was detected in 
SlLBD40-OE-3 plants and WT. 

Fig. 6. The gene editing construct and editing 
detail of two sllbd40-mutants. (A) The construct 
used in CRISPR/Cas9 technology. (B) Gene 
editing analysis of CR-LBD40-2 and CR-LBD40- 
8. Target site and editing detail were showed. 
Blue letters represent the protospacer adjacent 
motif (PAM). Blue lines represent the conserved 
LOB domain. (C) The analysis of the sequences 
reveals 2 types of mutations, either 1 or 6 bp 
deletions. The 6 bp deletion in CR-LBD40-8 
caused a termination codon, which was marked 
with pink box in B, C.   
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expression decreased significantly in plants injected with TRV-MYC2. 
SlLBD40 expression was also downregulated in MYC2-silenced plants 
than that injected with TRV-empty plants (Fig. 4C). This result suggests 
that SlLBD40 is involved in MYC2 transcriptional regulation and 
possibly as a downstream gene of SlMYC2. 

3.5. Overexpressing and knockout lines were obtained via stable 
Agrobacterium-mediated transformation 

To further explore whether SlLBD40 contributes to abiotic stress 
resistance in tomato, three SlLBD40-FLAG overexpressing lines were 
generated under control of the 35S promoter via Agrobacterium-medi
ated transformation. As shown in Fig. 5A, SlLBD40 expression in line OE- 
3 was significantly higher than that in the WT. To further confirm 
SlLBD40 protein translation in the overexpressing lines, we examined 
the SlLBD40-FLAG fusion protein expression level in OE-3 and WT 
plants by western blot using the FLAG-antibody. The FLAG protein was 
used in the OE-3 line but not in the WT (Fig. 5B). These results suggest 
that SlLBD40 was overexpressed in the OE-3 line. Thus, we selected the 
OE-3 line for further study. 

Moreover, we generated SlLBD40 knockout mutants in the tomato 
cultivar Micro Tom using CRISPR/Cas9 gene editing technology with 
Cas9 endonuclease expression controlled by the YAO promoter [41] 
(Fig. 6A). As shown in Fig. 6B, sgRNA was designed to specifically target 
the SlLBD40 CDS regions. Two T1 transgenic lines (CR-LBD40-2 and 
CR-LBD40-8) were genome edited and the editing details of all target 
sites are shown in Fig. 6B, C. We found one-nucleotide deletion at po
sition 74 (or 75) in the CR-LBD40-2 coding region and this deletion 
caused frame shifts, resulting in premature termination of SlLBD40 

translation. There is a six-nucleotide deletion from 71th bp to the 76th 
bp in the CR-LBD40-8 line, causing an amino acid deletion and a new 
codon “TAA” formation, which is exactly a termination codon. The 
detail is showed in the following Fig. 6B, C. Therefore, the translation of 
LBD40 protein in the CR-LBD40− 8 line is premature terminated. 
CR-LBD40-2 and CR-LBD40-8 were selected for further evaluation of 
abiotic stress tolerance. 

3.6. Overexpressing lines showed decreased tolerance to drought stress 
and the knockout lines showed increased tolerance to drought 

SlLBD40-OE-3, CR-LBD40-2, CR-LBD40-8, and the WT lines were 
used for the drought tolerance evaluation. Under normal growth con
ditions in soil, no visibly different growth performance was observed 
between the WT and SlLBD40-OE-3, CR-LBD40-2, or CR-LBD40-8 lines. 
However, water was withheld for 10 d from all of these 3-week-old 
plants. The CR-LBD40-2 and CR-LBD40-8 plants exhibited slight wilt
ing, and the OE-3 line exhibited severe wilting and leaf rolling (Fig. 7A). 

Furthermore, the water loss rates of the WT, OE-3, CR-LBD40-2, and 
CR-LBD40-8 plants were measured to evaluate drought response. The 
average water loss rate of WT plants was significantly higher than that of 
the CR-LBD40-2 and CR-LBD40-8 plants, but significantly lower than 
that of SlLBD40-OE-3 plants. For example, at 1 h point, the average 
water loss rate of WT plants was 49 %, while SlLBD40-OE-3 plants lost 
70 % water, which was significantly higher than WT. Meanwhile CR- 
LBD40-2 and CR-LBD40-8 plants only showed 33 % and 35 % water loss 
respectively. 

The data of leaf stomatal conductance, MDA content, Fv/Fm ratios, 
and midday leaf water potential did not show significant differences 

Fig. 7. Effects of CR-LBD40-2, CR-LBD40-8 and SlLBD40-OE-3 on drought resistance. (A) Phenotype of wild-type (WT), CR-LBD40-2, CR-LBD40-8 and SlLBD40-OE-3 
plants under control and drought treatment. (B) Water loss rate of all lines. Values are means ± SD of three independent replicates. Asterisks indicate p < 0.05. 
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among the WT, OE-3, CR-LBD40-2, and CR-LBD40-8 plants under well- 
watered condition. However, after drought treatment for 5 days, leaf 
stomatal conductance showed significantly difference among WT, CR- 
LBD40-2, CR-LBD40-8 and SlLBD40-OE-3 plants. The average leaf sto
matal conductance of SlLBD40-OE-3 plants was 70 % higher than that of 
WT plants. The leaf stomatal conductance of CR-LBD40-2 and CR- 
LBD40-8 plants were 45 %, 31 % lower than WT plants, respectively 
(Fig. 8A). MDA content usually reflects the damage degree of plant cell 
membrane. The higher MDA content reflects the more serious damage of 
plant cell membrane. MDA content in SlLBD40-OE-3 plants was signif
icantly higher than that of WT plants. MDA content of CR-LBD40-2, CR- 
LBD40-8 plants were significantly lower than that of WT plants (Fig. 8B). 
Fv/Fm ratios of SlLBD40-OE-3 plants were significantly lower than that 
of WT plants. Fv/Fm ratios of CR-LBD40-2 and CR-LBD40-8 plants were 
significantly higher than that of WT plants (Fig. 8C), which indicated 
that knockout of SlLBD40 alleviated the damage of the photosynthetic 
system of tomato seedling under drought stress. The midday leaf water 
potential of CR-LBD40-2 and CR-LBD40-8 plants was significantly higher 
than that of WT plants. And, midday leaf water potential of SlLBD40-OE- 
3 plants was significantly lower than that of WT plants (Fig. 8D), which 
indicated that overexpression of SlLBD40 caused more water loss than 
WT plants. These results showed that knockout of SlLBD40 enhanced 
drought tolerance in transgenic tomatoes. 

4. Discussion 

JA signaling plays key roles in plant defense responses to abiotic 
stress. In Arabidopsis, Hu et al. [55] reported that jasmonate significantly 
enhances plant freezing tolerance by regulating CBF/DREB1 expression. 
It has also been reported that JA plays an important role in the tolerance 

to a combination of high light and heat stress [56]. In tomato, SlMYC2 
functions in MeJA-induced chilling tolerance [57]. The response to salt 
stress by the accumulation of protease inhibitors is dependent on JA 
[58]. In our study, SlLBD40 was highly induced by the MeJA treatment. 
Moreover, transgenic plants overexpressing SlLBD40 had weakened 
drought tolerance. These results suggest that SlLBD40 may participate in 
drought resistance, which is associated with JA signaling in tomato. 

LBD genes participate in JA-mediated responses. In Arabidopsis, 
AtLBD20 is regulated by JA signaling and acts as a negative regulator of 
the JA-regulated genes VEGETATIVE STORAGE PROTEIN2 and THIO
NIN2.1 [18]. In banana, MaLBD5 is induced by MeJA and cold treat
ment. The interaction between MaLBD5 and MaJAZ1 attenuates 
transcriptional activation of MaLBD5 to JA biosynthetic genes. These 
results show that MaLBD5 is involved in MeJA-mediated cold tolerance 
in banana fruit [53]. In this study, SlLBD40 may act downstream of 
SlMYC2 and be involved in JA signaling according to the jai1 mutant and 
VIGS results. The jai1 mutant was used to verify that SlMYC2 was 
induced by MeJA, which depends on Jai1/COI1 [59]. The coi1− 1 mu
tants have been used in Arabidopsis to demonstrate that AtCBF/DREB1 
and their target genes are regulated by jasmonate [55]. These studies 
suggest that jai1/coi1 mutants can be widely used to verify whether a 
gene is in the JA signaling pathway. VIGS has been used to determine 
that MeHsf3 regulates the transcripts of Enhanced Disease Susceptibility 1 
and pathogen-related gene 4 in cassava [60]. The loss of function of 
CabZIP53 by VIGS significantly hampers the expression of immunity and 
thermotolerance-associated genes in pepper [61]. These results suggest 
that the VIGS system is very effective for verifying upstream or down
stream relationships and gene functions. 

As plant-specific transcription factors, LBD proteins play key roles in 
diverse biological processes, including lateral root growth, auxin- 

Fig. 8. Differences in stomatal conductance (mmol⋅m-2⋅s− 1) (A), MDA content (B), Fv/Fm (C) and midday leaf water potential (Ψmid, MPa) (D) between control and 
drought treatment of wild-type (WT), SlLBD40-OE-3, CR-LBD40-2 and CR-LBD40-8 plants. Values are means ± SD of three independent plants as replicates. Asterisks 
indicate p < 0.05 and double asterisks indicate p < 0.01. 
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induced callus formation, pollen development, and the pathogen 
response [12,14,18,62]. Ariel et al. [63,64] reported that MtLBD1 is 
repressed by salt stress and abscisic acid, and induced by auxin during 
lateral root formation. Several LBD genes in Sorghum bicolor are signif
icantly induced by salt and drought [65]. Yang et al. [16] reported that 
LBD subfamily II genes in soybean, including GmLBD5, GmLBD23, 
GmLBD45, GmLBD51, GmLBD70, and GmLBD77, responded to PEG, 
NaCl, and cold treatment. GmLBD12 and GmLBD74, belonging to sub
family I, also responded to these three treatments. In rice, OsLBD12− 1 
expression was induced by salt stress. lbd12− 1 loss-of-function mutants 
exhibited larger shoot apical meristem size than that of WT under salt 
stress [54]. Liao et al. [17] reported that the rolled leaf rice mutant 
exhibited enhanced tolerance to drought. Proteomic analysis showed 
that four LBD protein, Q8L3S3 (OsLBD-like), Q7XGL4 (OsLBD31), 
Q852M3 (OsLBD4) and Q8L4M5 (OsLBD), were significantly down
regulated in the rolled leaf mutant plants. These LBD genes may function 
as negative regulators of drought tolerance in rice. 

We noticed that an RNA-seq experiment result showed that the 
expression of SlLBD40 did not show a significant change after drought 
treatment in tomato [66]. In that research, the RNA samples were 
extracted from leaves of tomato in Dr1 (16 d of irrigation withholding), 
RW (7 days of irrigation), and Dr2 (6 d of irrigation withholding). The 
drought treatment used in that study was a moderate and long-time 
process which is different from the method in our study. In our study, 
PEG was used to simulate drought treatment. We tested SlLBD40 
expression in roots in the shorter time course evaluation. The expression 
of SlLBD40 increased significantly at 1 h after PEG treatment, suggesting 
that SlLBD40 should be an early response gene to drought. 

The function of genes in subfamily I of the LBD family has been 
widely reported. Most of these studies focused on development of plant 
organs and tissues. AtLBD16, AtLBD18, and AtLBD29 regulate later root 
development by regulating expression of the AtPR-1 homolog AtPRH1 
[47]. Also, AtLBD16 and AtbZIP59 constitute a complex that regulates 
changes in auxin-induced cell fate during callus formation [62]. How
ever, only two studies have reported the functions of genes in subfamily 
II. AtLBD37, AtLBD38, and AtLBD39 negatively regulate anthocyanin 
biosynthesis and nitrogen availability in Arabidopsis [50]. Over
expression of OsLBD37 and OsLBD38 delays the heading date and in
creases yield [67]. The function of drought tolerance by SlLBD40 
determined in our study provides a novel role for genes in LBD subfamily 
II. 
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