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Abstract
In plants, the transcription factor families have been implicated in many important biological processes. These processes
include morphogenesis, signal transduction and environmental stress responses. Proteins containing the lateral organ boundaries domain (LBD), which encodes a zinc ﬁnger-like domain are only found in plants. This ﬁnding indicates that this unique
gene family regulates only plant-speciﬁc biological processes. LBD genes play crucial roles in the growth and development
of plants such as Arabidopsis, Oryza sativa, Zea mays, poplar, apple and tomato. However, relatively little is known about
the LBD genes in grape (Vitis vinifera). In this study, we identiﬁed 40 LBD genes in the grape genome. A complete overview
of the chromosomal locations, phylogenetic relationships, structures and expression proﬁles of this gene family during development in grape is presented here. Phylogenetic analysis showed that the LBD genes could be divided into classes I and II,
together with LBDs from Arabidopsis. We mapped the 40 LBD genes on the grape chromosomes (chr1–chr19) and found
that 37 of the predicted grape LBD genes were distributed in different densities across 12 chromosomes. Grape LBDs were
found to share a similar intron/exon structure and gene length within the same class. The expression proﬁles of grape LBD
genes at different developmental stages were analysed using microarray data. Results showed that 21 grape LBD genes may
be involved in grape developmental processes, including preveraison, veraison and ripening. Finally, we analysed the expression patterns of six LBD genes through quantitative real-time polymerase chain reation analysis. The six LBD genes showed
differential expression patterns among the three representative grape tissues, and ﬁve of these genes were found to be involved
in responses to mannitol, sodium chloride, heat stress and low temperature treatments. To our knowledge, this is the ﬁrst study
to analyse the LBD gene family in grape and provides valuable information for classiﬁcation and functional investigation of
this gene family.
[Cao H., Liu C.-Y., Liu C.-X., Zhao Y.-L. and Xu R.-R. 2016 Genomewide analysis of the lateral organ boundaries domain gene family in
Vitis vinifera. J. Genet. 95, 515–526]

Introduction
Transcription factor (TF) families play important roles in
several biological processes in plants including growth and
development, signal transduction and environmental stress
responses. The lateral organ boundaries domain (LBD) gene
family encodes plant-speciﬁc TFs that function in lateral
organ development (Husbands et al. 2007). The LBD gene
family can be divided into classes I and II on the basis of
the structure of the lateral organ boundaries (LOB) domain
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in the N-terminus (Iwakawa et al. 2002; Shuai et al. 2002;
Yang et al. 2006; Zhu et al. 2007; Majer and Hochholdinger
2011). The LOB domain, which is approximately 100 amino
acids in length, contains a completely conserved CX2 CX6
CX3 C zinc ﬁnger-like domain and a LX6 LX3 LX6 L leucine
zipper-like domain (Shuai et al. 2002; Lee et al. 2014; Zhang
et al. 2014). The LBD gene family has various temporal and
tissue expression patterns, indicating that these genes play
different functions in diverse processes (Shuai et al. 2002;
Wang et al. 2013a).
Previous studies investigated the roles of LBD family in organ development, nitrogen metabolism and anthocyanin biosynthesis in Arabidopsis thaliana (Okushima
et al. 2005, 2007; Naito et al. 2007; Rubin et al. 2009;
Mangeon et al. 2011; Fan et al. 2012; Feng et al. 2012; Kim
and Kim 2012; Thatcher et al. 2012; Kim and Lee 2013;
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Lee et al. 2013, 2014; Cabrera et al. 2014). For example,
ASL9, a unique member of the LBD family (LBD3) was
rapidly induced by cytokinin in Arabidopsis and identiﬁed
as a primary target of cytokinin receptor-mediated phosphorelay signal transduction (Naito et al. 2007). AtLBD16,
AtLBD18 and AtLBD29 are the direct targets of AtARF7 and
AtARF19 which play a common role in lateral root formation (Okushima et al. 2005, 2007; Fan et al. 2012; Feng
et al. 2012). ASL18/LBD16 contains two nuclear localization signal (NLS) domains comprising an atypical NLS that
resides in the coiled coil motif and the monopartite-like NLS
in the C-terminal region (Kim and Kim 2012). AtLBD16 is
also a key component of the auxin pathway which leads to
divisions in the xylem pole pericycle for lateral root formation (Cabrera et al. 2014). AtLBD18 activates EXPANSIN14
(EXP14) expression by binding to a speciﬁc region of the
EXP14 promoter in the gene regulatory network controlling
lateral root formation in Arabidopsis (Kim and Lee 2013;
Lee et al. 2013). G-box binding factor interacting protein
1, an LBD18 transcription coactivator in the EXP14 promoter, was isolated using a two-hybrid system in yeast and
Arabidopsis protoplasts (Lee et al. 2014). As the ﬁrst identiﬁed member that regulates jasmonic acid (JA) signalling
and plant–pathogen interactions, AtLBD20 is a novel negative regulator of a subset of JA-dependent responses and a
susceptibility gene for Fusarium wilt that is highly expressed
in roots (Thatcher et al. 2012). The Arabidopsis LBD gene
DOWN IN DARK AND AUXIN1, formerly LBD25/ASL3,
is involved in both auxin signalling and photomorphogenesis
(Mangeon et al. 2011). In addition to being developmental
regulators, LBD genes also function in metabolic regulation.
AtLBD37, AtLBD38 and AtLBD39 serve as negative regulators of anthocyanin biosynthesis in Arabidopsis (Rubin et al.
2009).
The functions of some LBD proteins have been identiﬁed in different species such as Oryza sativa, Zea mays,
poplar and apple (Inukai et al. 2005; Phelps-Durr et al.
2005; Vollbrecht et al. 2005; Bortiri et al. 2006; Yordanov
et al. 2010; Majer et al. 2012; Majer et al. 2013a).
CROWN ROOTLESS 1/ADVENTITIOUS ROOTLESS 1,
a homologue of AtLBD29, is essential for crown root formation
in rice and is regulated by auxin response factor (ARF)
(Inukai et al. 2005; Liu et al. 2005). Rootless concerning
crown and seminal roots encode an LBD protein that regulates shoot-borne root initiation in maize (Majer et al.
2012). RA2 and ZmLBD19 have been shown to regulate
reproductive growth and female gametophyte development
in maize, respectively (Theodoris et al. 2003; PhelpsDurr et al. 2005; Vollbrecht et al. 2005; Bortiri et al.
2006). PtaLBD1, a novel member of the LBD gene family
in Populus, regulates secondary phloem development in
poplar stems (Yordanov et al. 2010).
Grape (Vitis vinifera) is an important fruit crop and economically valuable model crop worldwide. Sequencing of
the highly homozygous grapevine PN40024 genome has provided a great opportunity to analyse the grapevine genome
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and gene family evolution (Jaillon et al. 2007; Wang et al.
2014a, b). Recent studies have conducted genomewide analyses of the MIKC gene family, respiratory burst oxidase
homologue gene family, mitogen-activated protein kinase
kinase kinase gene family, ARF gene family, WRKY gene
family and subtilase gene family in grape (Díaz-Riquelme
et al. 2009; Cheng et al. 2013; Cao et al. 2014; Wan et al.
2014; Wang et al. 2014a, b). A total of 42, 35, 44, 57, 58
and 46 LBD genes have been identiﬁed in Arabidopsis, rice,
maize, poplar, apple and tomato, respectively (Shuai et al.
2002; Yang et al. 2006; Zhu et al. 2007; Wang et al. 2013a,
b, Zhang et al. 2014). However, genomewide information on
the grape LBD gene family is currently lacking.
In the current study, we identiﬁed 40 LBD genes in
the grape genome. Considering the importance of LBD in
diverse biological and physiological processes, and their
potential application in the development of transgenic plants,
we conducted a systematic analysis of the grape LBD family. On the basis of the structural features of the conserved
motifs, the grape LBD genes were divided into classes I
and II, corresponding to the presence of CX2 CX6 CX3 C and
LX6 LX3 LX6 L motifs, respectively. The phylogenetic relationships, chromosomal locations and structures of these
LBD genes were also studied. Expression proﬁles in microarray analysis demonstrated that 21 putative LBD genes in
grape may be involved in developmental processes, including preveraison, veraison and ripening. Six LBD genes
showed differential expression patterns among grape tissues,
such as root, stem and leaf, while several genes may be
involved in response to abiotic stress treatments. Overall, this
study provides valuable information for future cloning and
functional studies of LBD genes in grape.

Materials and methods
Identiﬁcation of the LBD genes in grape

Three different approaches were used to identify the LBD
proteins in the grape genome (Wang et al. 2013a; Zhang
et al. 2014). First, all of the known Arabidopsis LBD gene
sequences that were downloaded from the Arabidopsis genome TAIR 9.0 release (The Arabidopsis Information Resource,
http://www.arabidopsis.org/) (Lamesch et al. 2012) were
used as query sequences to perform multiple database searches against the proteome and genome ﬁles downloaded
from the Phytozome database (http://www.phytozome.net/)
(Goodstein et al. 2012). Stand-alone versions of BLASTP
and TBLASTN (http://blast.ncbi.nlm.nih.gov/), which are
available from the NCBI were used with an e-value cut-off
set to 1e-003 (Altschul et al. 1990; Mount 2007). All of the
protein sequences derived from the collected candidate LBD
genes were examined using the domain analysis programs
Pfam (protein family: http://pfam.sanger.ac.uk/) (Finn et al.
2014) and SMART (simple modular architecture research
tool: http://smart.embl-heidelberg.de/) (Letunic et al. 2012)
with the default cut-off parameters. Second, we analysed
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the domains of all the maize peptide sequences by using
the hidden Markov model (Jeanmougin et al. 1998; Wu
et al. 2002) analysis with Pfam searching. Subsequently,
we obtained the sequences with the PF03195 Pfam number
which contained a typical LBD domain from the grape
genome sequences by using a Perl-based script. Third,
all of the protein sequences were compared with known
LBD sequences using ClustalX (http://www.clustal.org/) to
verify whether or not the sequences are candidate LBDs
(Jeanmougin et al. 1998).
The isoelectric points (PI) and molecular weights of the
LBD proteins were obtained with the help of proteomics and
sequence analysis tools on the ExPASy proteomics server
(http://expasy.org/) (Artimo et al. 2012). The exon/intron
information was obtained from the Phytozome database
using a Perl-based program (Goodstein et al. 2012).

Plant materials and growth conditions

Grape ecotype Guifei was obtained from the Institute of Vegetables and Flowers, Chinese Academy of Agricultural Sciences, Beijing, China. Seeds were stratiﬁed at 4◦ C for two
days and then transferred to a 16/8 h photoperiod (100 μmol
m−2 s−1 ) at 25◦ C in the growing chamber for four weeks. For
the different stresses, seedlings with six growing leaves were
transferred to a blotting paper without hormone treatment or
treated with 200 mM mannitol, 300 mM NaCl, heat stress
(39◦ C) or low temperature (4◦ C) for 6 h. Each treated sample
had a corresponding regularly watered control. Three independent biological replications (three independent plants)
were sampled for each point. For RNA extraction, whole
plants were frozen, stored in liquid nitrogen immediately
after harvest, and then stored at –80◦ C until used.
RNA extraction

Chromosomal location and gene structure
of the LBD genes in grape

To determine the locations of LBD genes on grape chromosomes, the chromosomal locations were retrieved from
the genome data downloaded from the Phytozome database
using a Perl-based program (Goodstein et al. 2012). The predicted grape LBD genes were mapped to the chromosomes
by using a revised version of MapDraw tools (Liu and Meng
2003), and the gene structure of the LBD genes was generated using the gene structure display server (http://gsds.cbi.
pku.edu.cn/) (Guo et al. 2007).
Sequence alignment and phylogenetic analysis of the LBD genes

The LBD sequences were aligned using ClustalX program with BLOSUM30 as the protein-weight matrix (Jeanmougin et al. 1998). Multiple sequence alignments were
also performed using ClustalX (http://www.clustal.org/) and
conﬁrmed using multiple sequence comparison by logexpectation (ver. 3.52) (Chenna et al. 2003; Edgar 2004).
To obtain clues about the evolutionary history of the LBD
gene family in grape, phylogenetic trees were constructed
using the neighbor-joining (NJ) method of MEGA 5.0 (http://
www.megasoftware.net/) with p-distance and complete deletion option parameters (Tamura et al. 2011). The reliability
of the obtained trees was tested using a bootstrapping method
with 1000 replicates. Images of the phylogenetic trees were
drawn using MEGA 5.0.

For RNA isolation, the plant tissues were separately harvested, frozen in liquid nitrogen and then stored at −80◦ C until
used. Total RNA was isolated from different grape tissues and
seedlings with TRIzol reagent (Invitrogen, Carlsbad, USA).
Quantitative real-time polymerase chain reaction (qRT-PCR)
analysis

Total RNAs were extracted from the leaves of grape
seedlings with different treatments by using TRIzol reagent
in accordance with the manufacturer’s instructions. Contaminated DNA was removed using RNase-free DNase I. Firststrand cDNAs were synthesized using FirstStrand cDNA
Synthesis kit (Fermentas, USA). qRT-PCR reactions were
performed in the MyiQTM RT-PCR detection system (Biorad, USA) using the TransStart Top Green qPCR SuperMix
(TransGen, China) in accordance with the manufacturer’s
instructions. Each PCR reaction (25 μL) contained 12.5 μL
of 2×real-time PCR Mix (containing SYBR Green I), 0.5 μL
of each primer, and appropriately diluted cDNA. The thermal cycling conditions were 95◦ C for 30 s, followed by 48
cycles of 95◦ C for 20 s, 53–57◦ C for 30 s and 72◦ C for 30 s.
The qRT-PCR experiment was carried out at least thrice
under identical conditions using actin as an internal control.
Details of the primers used are listed in table 1 in electronic
supplementary material at http://www.ias.ac.in/jgenet/.

Results
Identiﬁcation of LBD genes in grape

Microarray data analysis of LBD genes in grape

To understand the spatial and temporal expression patterns
of LBD genes during the life cycle of grape, the expression
proﬁles of the LBD genes were analysed on the basis of published high-throughput microarray data (Fasoli et al. 2012).
Five developmental stages were included in the datasets: preveraison, veraison, grape ripening 1, grape ripening 2 and
grape ripening 3.

We used a local BLAST program, Hidden Markov Model of
the SMART and Pfam tools to identify members of the LBD
family in grape. A total of 40 transcripts in the grape genome
sequence were identiﬁed as possible members of the LBD
family. The 40 LBD genes were subsequently renamed from
VvLBD1 to VvLBD40 on the basis of their locations in chr1–
chr19 (table 1). As shown in table 1, the open reading frame
(ORF) was 381 (VvLBD15) to 1158 bp (VvLBD02) long, and
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the average length was 633 bp. All identiﬁed LBD genes
encode proteins with lengths varying from 126 (VvLBD15)
to 385 (VvLBD02) amino acids, but some of the encoded proteins were exceptionally long or short. The predicted PI of the
proteins ranged from 4.77 (VvLBD04) to 9.28 (VvLBD01).
The predicted LBD genes were further analysed using a local
BLAST alignment program to identify the relevant homologues in Arabidopsis (table 1). Detailed information on the
grape LBD gene family is shown in table 2 in electronic
supplementary material.
Chromosomal location of LBD genes in the grape genome

We analysed the chromosomal location of the 40 LBD
genes by using MapDraw to determine the genomic distribution of the LBD genes. Thirty-seven of the 40 LBD genes
were mapped on the grape chromosomes and were subsequently named VvLBD01–VvLBD37 on the basis of their

locations in chr1–chr19; the three genes that were not conclusively mapped to any particular chromosome were named
VvLBD38–VvLBD40 (ﬁgure 1). Chr13 had the highest number of VvLBDs (11 out of 40 members or 27.5%), but no gene
was found in chr2, chr4, chr5, chr9, chr10, chr11 and chr12.
Relatively high gene distribution densities were observed in
chr6, chr7 and chr15, whereas three LBD genes or less were
located in chr1, chr3, chr8, chr14, chr16, chr17 and chr18.
The grape LBD genes were distributed across the majority
of 19 chromosomes with different densities (ﬁgure 1). Four
duplicated pairs of LBD genes were identiﬁed in the grape
genome and investigated. Interestingly, two pairs of VvLBDs
(VvLBD04/VvLBD05 and VvLBD30/VvLBD31) were located
in the same chromosome, while another two sister pairs
(linked by red line) were located on different chromosomes
(chr6 and chr13). These results suggest that segmental duplication and transposition events are involved in the evolution
of the LBD gene family in grape.

Table 1. The LBD gene family in grape.
Gene
VvLBD01
VvLBD02
VvLBD03
VvLBD04
VvLBD05
VvLBD06
VvLBD07
VvLBD08
VvLBD09
VvLBD10
VvLBD11
VvLBD12
VvLBD13
VvLBD14
VvLBD15
VvLBD16
VvLBD17
VvLBD18
VvLBD19
VvLBD20
VvLBD21
VvLBD22
VvLBD23
VvLBD24
VvLBD25
VvLBD26
VvLBD27
VvLBD28
VvLBD29
VvLBD30
VvLBD31
VvLBD32
VvLBD33
VvLBD34
VvLBD35
VvLBD36
VvLBD37
VvLBD38
VvLBD39
VvLBD40

518

Gene identiﬁer

ORF
(bp)

Size
(aa)

Mass
(Da)

PI

Best homologues
in Arabidopsis

chr1:3204590..3205665
726
chr1:3210000..3211373
1158
chr3:7098160..7099838
615
chr6:4180823..4182134
609
chr6:4201646..4202347
615
chr6:7971774..7972539
492
chr6:8584134..8585865
690
chr7:5837981..5838834
699
chr7:5846731..5847540
588
chr7:14506356..14507958
927
chr7:14524923..14526703
663
chr7:15589316..15590604
687
chr8:2636746..2653598
777
chr13:817194..817709
516
chr13:1022036..1023024
381
chr13:1310001..1311298
675
chr13:3355781..3356735
660
chr13:4853462..4854800
594
chr13:4881855..4885208
573
chr13:4909947..4938957
840
chr13:4961089..4962007
498
chr13:4972456..4973665
522
chr13:4999327..4999957
444
chr13:5001203..5002266
420
chr14:21210990..21212344 564
chr14:27152774..27157752 606
chr14:28646091..28646822 732
chr15:14983162..14985661 795
chr15:14992324..14994786 585
chr15:17253433..17257050 465
chr15:17260065..17261006 462
chr16:14419741..14420915 672
chr16:15894465..15895136 462
chr17:3660239..3661508
684
chr17:5986034..5987215
906
chr18:7746214..7747271
669
chr19:17862597..20865868 513
chrUn:1949856..1952420
528
chrUn:24370759..24373006 651
chrUn:38099330..38101339 669

241
385
204
202
204
163
229
232
195
308
220
228
258
171
126
224
219
197
190
279
165
173
147
139
187
201
243
264
194
154
153
223
153
227
301
222
170
175
216
223

26846.73
43460.12
22742.01
22028.87
21944.98
18235.84
24921.38
25721.75
21461.49
34239.73
23965.78
24833.46
27863.72
18961.74
14068.23
24402.90
24295.09
21757.85
21159.05
30856.29
18224.8
19074.57
16104.74
15608.99
20293.11
22071.97
27824.04
28194.31
21043.01
17638.34
17318.85
24587.42
17235.58
24644.28
33068.88
24105.43
18763.2
19180.76
23862.81
24352.68

9.28
9.04
6.73
4.77
5.64
6.40
8.58
5.78
7.54
7.04
9.16
8.30
5.85
8.56
8.80
8.99
5.08
5.67
6.15
6.59
8.21
8.76
8.72
8.50
8.98
8.52
9.03
8.12
6.50
6.06
5.90
7.65
9.08
8.05
5.35
8.54
6.95
7.68
8.25
7.62

AT3G02550
AT3G02550
AT3G49940
AT1G07900
AT1G07900
AT2G30130
AT2G40470
AT3G58190
AT2G42430
AT5G66870
AT5G66870
AT4G37540
AT3G03760
AT3G11090
AT2G30130
AT2G40470
AT5G06080
AT1G07900
AT1G07900
AT2G28500
AT2G28500
AT2G28500
AT1G07900
AT1G07900
AT3G02550
AT5G63090
AT3G47870
AT2G45420
AT4G00210
AT1G07900
AT2G28500
AT5G66870
AT3G26660
AT3G02550
AT3G47870
AT3G49940
AT1G31320
AT1G31320
AT1G65620
AT5G66870

Genomic position

>GSVIVT01011896001|PACid:17823651
>GSVIVT01011895001|PACid:17823650
>GSVIVT01037853001|PACid:17842355
>GSVIVT01025128001|PACid:17833181
>GSVIVT01025126001|PACid:17833179
>GSVIVT01024662001|PACid:17832811
>GSVIVT01024592001|PACid:17832759
>GSVIVT01028294001|PACid:17835473
>GSVIVT01028295001|PACid:17835474
>GSVIVT01003546001|PACid:17818551
>GSVIVT01003548001|PACid:17818553
>GSVIVT01000141001|PACid:17816743
>GSVIVT01029979001|PACid:17836609
>GSVIVT01032779001|PACid:17838665
>GSVIVT01032752001|PACid:17838641
>GSVIVT01032714001|PACid:17838608
>GSVIVT01016500001|PACid:17826917
>GSVIVT01016335001|PACid:17826789
>GSVIVT01016334001|PACid:17826788
>GSVIVT01016333001|PACid:17826787
>GSVIVT01016332001|PACid:17826786
>GSVIVT01016330001|PACid:17826784
>GSVIVT01016329001|PACid:17826783
>GSVIVT01016328001|PACid:17826782
>GSVIVT01031035001|PACid:17837325
>GSVIVT01032415001|PACid:17838346
>GSVIVT01032592001|PACid:17838499
>GSVIVT01027621001|PACid:17834968
>GSVIVT01027620001|PACid:17834967
>GSVIVT01027173001|PACid:17834669
>GSVIVT01027172001|PACid:17834668
>GSVIVT01018486001|PACid:17828419
>GSVIVT01010625001|PACid:17822735
>GSVIVT01008284001|PACid:17820911
>GSVIVT01008080001|PACid:17820753
>GSVIVT01009360001|PACid:17821790
>GSVIVT01020353001|PACid:17829759
>GSVIVT01013631001|PACid:17824848
>GSVIVT01006269001|PACid:17819812
>GSVIVT01004323001|PACid:17818991
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Figure 1. Chromosomal location of 37 LBD genes in grape. The scale bar represents a 1.0 Mb chromosomal distance. The chromosome
number (chr1–chr19) is indicated at the top of each chromosome around the circle. Sister pairs of paralogous LBDs are indicated by the
green line.
Phylogenetic and gene structure analysis
of the LBD genes in grape

We performed phylogenetic analysis based on the full-length
amino acid sequences of the LBD genes in grape to evaluate their evolutionary relationships. A phylogenetic tree
was generated using the NJ method in MEGA 5.0, and an
alignment of full-length LBD proteins was constructed using
ClustalX (Thompson et al. 1997; Tamura et al. 2011). On the
basis of the phylogenetic analysis, the grape LBD proteins
were divided into two monophyletic subfamilies (classes I

and II) (ﬁgure 2, right). Class I included 33 LBD proteins,
whereas class II included only seven (ﬁgure 2, right). Eight
sister pairs of paralogous LBDs (marked by red shadow)
had well-supported bootstrap values (>97%). Gene duplication events are considered the most important drivers of
evolution of gene families in higher plants (Cannon et al.
2004). Our results suggest a clear paralogous pattern of LBD
gene divergence through gene duplication in grape. We speculate that paralogous genes may have similar functions in
grape, as in Arabidopsis and apple (Shuai et al. 2002; Wang
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et al. 2013a). In addition, we performed exon–intron analysis of the grape LBD genes using the gene structure display
server (GSDS, http://gsds.cbi.pku.edu.cn/) to generate gene
structure diagrams (ﬁgure 2, left). Most members in the same
subfamilies had similar exon–intron structures. The number
of exons in VvLBDs ranged from 1 to 4. Most VvLBD genes
shared two exons, two genes (VvLBD13 and VvLBD03) had
three exons, and three genes did not contain any introns
(VvLBD02, VvLBD34 and VvLBD39). These results suggest
that the close evolutionary relationships of the LBD genes
are reliable.

four (classes Ia–Id) and two (classes IIa and IIb) subgroups,
respectively. A total of 33 and seven separate genes in grape
and 36 and six genes in Arabidopsis were observed in classes
I and II, respectively (ﬁgure 3). Similarly, classes Ia, Ib, Ic
and Id contained 2, 6, 18 and 7 VvLBD members, respectively, in grape and 8, 10, 9 and 9 members, respectively, in
Arabidopsis. However, class IIa and IIb subgroups had similar numbers of LBD genes, namely, 4 and 3 in grape, and
3 and 3 in Arabidopsis (ﬁgure 3). These results indicate that
class II VvLBDs has similar functions as AtLBDs.
Sequence alignment and conserved motifs of VvLBD genes

Phylogenetic relationships of LBD genes
in grape and Arabidopsis

We generated an unrooted NJ phylogenetic tree by using the
full-length amino acid sequences of 40 and 42 LBDs from
grape and Arabidopsis, respectively (ﬁgure 3). The LBD proteins were also divided into two classes (I and II) based on
previous studies. Classes I and II were further divided into

We performed sequence alignments of the 40 grape LBD proteins and generated a WebLogo to identify the sequence characteristics of their conserved motifs (Crooks et al. 2004). The
results conﬁrmed that the LBD motif is highly conserved in
the LBD gene family (ﬁgure 4). The WebLogo indicated that
four Cys amino acids were completely conserved among all
the CCCC motifs and that more than 70% of the LBD motifs

Figure 2. Phylogenetic tree and gene structure analysis of the LBD gene family in grape. The amino acid sequences of the LBD proteins
were aligned with ClustalX and a phylogenetic tree was constructed using the NJ method in MEGA 5.0. Each node is represented by a
number that indicates the bootstrap value for 1000 replicates. The scale bar represents 0.1 substitution per sequence position (left). The
right side illustrates the exon–intron organization of the corresponding LBD genes. The exons CDS, UTR and intron are represented by the
green boxes, blue boxes and black lines, respectively. The scale bar represents 1 kb (right).

520

Journal of Genetics, Vol. 95, No. 3, September 2016

Genomewide analysis of the LBD gene family in grape
contained alanine (A), lysine (K), leucine (L) and arginine
(R) (ﬁgure 4a).
Expression proﬁles of the VvLBD genes during different growth
processes from the microarray database

We searched the published literature for relevant grape
probes and microarray data to investigate the potential functions of VvLBD genes in grape development. We then analysed the expression patterns of VvLBD genes under normal
growth conditions during different developmental phases,
including preveraison, veraison and grape ripening (ﬁgure 5).
Of the 40 predicted genes, 21 were detected in the microarray
analysis, whereas the remaining 19 were not. These results
indicate that these 21VvLBDs play major roles at different
developmental stages.
Expression proﬁles of six selected VvLBD genes
in grape using qRT-PCR

We used qRT-PCR to validate the expression patterns of
six genes in different tissues, including root, stem and leaf
(4-week old). VvLBD01, VvLBD02 and VvLBD04 exhibited
high expression levels in stems (ﬁgure 6; table 3 in electronic
supplementary material), whereas VvLBD10, VvLBD08 and
VvLBD18 showed high expression levels in roots and leaves,
respectively. These results suggest that the six VvLBD genes
differentially expressed in the three detected tissues and play
key roles in grape tissue development.
To determine whether LBD genes are involved in
responses to mannitol, NaCl, heat stress and low temperature treatments, we performed qRT-PCR analysis using total
RNA extracted from 4-week-old grape seedlings. VvLBD04
and VvLBD18 were signiﬁcantly upregulated under mannitol and heat stress treatments but obviously downregulated
under NaCl and low temperature treatments. By contrast,

Figure 3. Phylogenetic tree of the LBD proteins in Arabidopsis
and grape. The amino acid sequences of the LBD proteins were
aligned with ClustalX, and a phylogenetic tree was constructed
using the NJ method in MEGA 5.0. Each node is represented by a
number that indicates the bootstrap value for 1000 replicates. The
subgroups are marked by colourful background.

Figure 4. Sequence logos for the conserved motifs of all LBD proteins in grape. The numbers on the x-axis represent the sequence
positions in zinc ﬁnger-like motifs. The numbers on the y-axis represent the information content measured in bits. (a) CX2 CX6 CX3 C
zinc ﬁnger-like domain sequence logos. (b) LX6 LX3 LX6 L leucine
zipper-like domain sequences logos. Sequence alignment of two
domains by ClustalX and conserved motif logos was performed
using WebLogo.
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Figure 5. Hierarchical clustering of the expression proﬁles of 21 LBD genes at different developmental stages in grape.
The red or green shading represents an upregulated or downregulated expression level, respectively. The scale represents
the relative expression level.
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Figure 6. qRT-PCR analysis of six genes in different tissues of grape (root, stem and leaf). Data represent the average
of three independent experiments ± SD. Standard errors are shown as bars above the columns.

VvLBD08 was highly expressed under NaCl and low temperature treatments. VvLBD02 was signiﬁcantly upregulated
after heat stress treatment but showed almost no expression
under mannitol treatment. The expression level of VvLBD01
signiﬁcantly increased under mannitol, NaCl and heat stress
treatments but markedly decreased under low temperature
treatment. VvLBD10 displayed no evident changes (ﬁgure 7;
table 3 in elecroinc supplementary material). These ﬁndings
suggest that these LBD genes are involved in abiotic stress
responses during seedling development in grape.
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Discussion
Characterization of grape LBD gene family

Recent research has shown that LBD genes belong to a new
plant-speciﬁc transcription factor family (Iwakawa et al.
2002; Shuai et al. 2002; Yang et al. 2006; Zhu et al. 2007;
Lee et al. 2013, 2014). In the past decade, LBD genes have
attracted considerable attention because of their roles in
diverse plant processes. Several LBD genes have been identiﬁed and functionally characterized in the growth and
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development of plants, particularly Arabidopsis, rice and
maize (Phelps-Durr et al. 2005; Bortiri et al. 2006; Okushima
et al. 2007; Kim and Kim 2012; Thatcher et al. 2012;
Cabrera et al. 2014). Many LBD genes have been intensively studied for their functions in important plant biological
processes (Okushima et al. 2005; Phelps-Durr et al. 2005;
Vollbrecht et al. 2005; Bortiri et al. 2006; Jaillon et al. 2007;
Naito et al. 2007; Okushima et al. 2007; Rubin et al. 2009;
Yordanov et al. 2010; Mangeon et al. 2011; Fan et al. 2012;
Feng et al. 2012; Kim and Kim 2012; Thatcher et al. 2012;
Kim and Lee 2013; Lee et al. 2013). However, to the best of
our knowledge, only a few LBD genes have been identiﬁed
in grape, and genomewide information on grape LBD genes
is currently lacking. Therefore, a comprehensive investigation is necessary to unravel the biological functions of grape
LBD genes.
The current study is the ﬁrst to identify 40 VvLBD genes in
the grape genome through genomewide analysis. The number of LBD genes in grape is similar to that reported in other
plant species, i.e. 42 in Arabidopsis, 35 in rice, 44 in maize,
57 in poplar, 58 in apple and 46 in tomato (Shuai et al. 2002;
Zhu et al. 2007; Wang et al. 2013a, b; Zhang et al. 2014).
This ﬁnding indicates that the LBD gene family is highly
conserved in plants.
The LBD genes account for ∼0.131% of the predicted
protein coding genes in grape. This percentage is similar
to that in tomato (∼0.131%), higher than those in rice,
poplar and apple (∼0.0933, 0.127 and 0.101%, respectively),
slightly lower than that in maize (∼0.138%), and considerably lower than that in Arabidopsis (∼0.165%) (table 4 in
electronic supplementary material). Thus, the total number
of LBD genes is higher in dicots than in the monocots. Moreover, a phylogenetic tree was constructed by aligning the
full-length protein sequences of the LBD genes in grape and

Arabidopsis. These genes clustered into class I (Ia–Id) and
class II (IIa and IIb), which is in agreement with the previous studies (Shuai et al. 2002; Zhu et al. 2007; Wang
et al. 2013a, b; Zhang et al. 2014). Chromosomal location analyses showed that 37 VvLBD genes were located in
12 chromosomes at different densities, but no LBD gene
was found in one-third of grape chromosomes (ﬁgure 1).
Results of sequence alignment showed that the LBD motif
is highly conserved in the LBD gene family despite some
discrepancies (ﬁgure 4).
Phylogenetic analysis and evolution of LBD proteins in grape
and Arabidopsis and functional prediction of VvLBD genes

Several LBD genes play important roles in the regulation
of development processes, speciﬁcally in leaf and lateral
root development (Chalfun-Junior et al. 2005; Okushima
et al. 2005, 2007; Fan et al. 2012; Feng et al. 2012; Kim
and Lee 2013; Lee et al. 2013; Cabrera et al. 2014). Previous functional analyses of other LBD proteins revealed
diverse functions of LBD genes which may provide important insights for future research of VvLBD gene functions in
grape. AtLBD1 is a nuclear protein that as a potential transcription factor, may be involved in sustaining the indeterminate cell fate of shoot apical meristems (SAMs) in Arabidopsis (Sun et al. 2010). VvLBD04, VvLBD05, VvLBD18,
VvLBD19, VvLBD23, VvLBD24 and VvLBD30 may have
similar functions in SAM development processes because of
their high homology with AtLBD1 (table 1 and ﬁgure 3).
VvLBD08, VvLBD09, VvLBD28 and VvLBD26, which are
homologues of AtLBD29, AtLBD16, AtLBD18 and AtLBD25,
respectively, share similar functions in lateral root initiation (Okushima et al. 2005, 2007; Mangeon et al. 2011;
Fan et al. 2012; Feng et al. 2012; Kim and Lee 2013;
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Lee et al. 2013; Cabrera et al. 2014) AtLBD20 plays a role
in JA signalling in response to Fusarium wilt, whereas
AtLBD37, AtLBD38 and AtLBD39 are induced by nitrate and
involved in anthocyanin synthesis and nitrate metabolism in
Arabidopsis (Rubin et al. 2009; Thatcher et al. 2012). Hence,
VvLBD03, VvLBD12, VvLBD13 and VvLBD36 with high
homology to the above four AtLBD genes may be involved
in hormone or nutrient metabolism. In addition, VvLBD16
may be involved in SAM regulation owing to the functions
of ASL11/LBD15 that affect cellular differentiation in SAM
and regulate WUS expression (Sun et al. 2013).
Expression patterns of VvLBD genes at different grape
developmental stages

We utilized Genevestigator analysis to determine the expression proﬁles of LBD genes at different developmental stages.
Under normal growth conditions, 21 of 40 LBD genes in
grape (more than 50%) were regulated in at least one of the
ﬁve developmental stages tested (ﬁgure 5). During ﬂeshy
fruit ripening, genes with a wide range of biological functions are recruited and their expression is coordinately modulated in a phase-speciﬁc manner (Gapper et al. 2013; Gouthu
et al. 2014). In several plants, TF families play important
roles in fruit development. Therefore, identifying other TF
that function in the regulation of fruit ripening is highly
important. In addition, expressions of about half of the predicted LBD genes were found to be regulated to different
degrees during fruit ripening in grape (ﬁgure 5). Based on
these results, we speculate that some VvLBD genes regulate
fruit development in general, while others participate in speciﬁc developmental stages of fruit ripening. However, further
research is needed to determine the functions of the key LBD
genes in grape.
Expression level of VvLBD genes under different abiotic stresses

In recent years, increasing evidence has indicated that LBD
proteins are involved in the development of boundary organs,
regulation of nitrogen metabolism and biosynthesis of
anthocyanins in Arabidopsis (Okushima et al. 2007; Rubin
et al. 2009; Mangeon et al. 2011; Fan et al. 2012; Feng
et al. 2012; Kim and Kim 2012; Thatcher et al. 2012;
Kim and Lee 2013). However, limited studies have focussed
on the roles of LBD genes in response to abiotic stresses. In
the present study, qRT-PCR results showed that VvLBD01,
VvLBD02, VvLBD04, VvLBD08, VvLBD10 and VvLBD18
were detected in all tissues tested, and several genes may be
involved in response to abiotic stresses (ﬁgure 7). AtLBD17
and AtLBD29 were upregulated by auxin treatment (Feng
et al. 2012), whereas VvLBD08 was upregulated by heat
stress treatment and NaCl, respectively. Considering its
high homology with AtLBD17 and AtLBD29, VvLBD08
may also exhibit a similar response to auxin treatment
(ﬁgures 3 and 7). Moreover, VvLBD02, which is a homologue of AtLBD40 andAtLBD41 might be involved in leaf
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dorsoventral patterning and gibberellin signal transduction,
respectively (Chalfun-Junior et al. 2005; Zentella et al.
2007). These data serve as a useful reference for future
studies on the involvement of several grape LBD genes in
responses to particular abiotic stresses. Taken together, our
results indicate that LBD genes play important roles in grape
growth and development in response to abiotic stresses.

Conclusions
The LBD gene family has been implicated in many developmental processes in plants. Understanding their regulatory
roles in plant growth and development is highly important.
In this study, 40 LBD genes were identiﬁed in grape and a
comprehensive analysis of this gene family was performed.
A total of 37 LBD genes were localized to 12 out of 19 chromosomes (i.e. excluding chr2, chr4, chr5, chr9, chr10, chr11
and chr12). These genes were divided into classes I and II,
and further subdivided into classes Ia–Id and classes IIa and
IIb, respectively. The relationship of 40 grape LBDs with
their Arabidopsis counterparts was also observed using an
unrooted NJ phylogenetic tree. Most of the VvLBD members
within the same clade shared a similar intron/exon structure
and gene length. Expression proﬁle analysis showed that 21
VvLBD genes may be involved in controlling different developmental stages. Finally, six LBD genes showed differential
expression patterns among three representative grape tissues
and these genes were mostly involved in response to some
abiotic stresses. The results of this study may serve as a basis
in selecting candidate genes related to grape development
and in further elucidating the functional roles of these VvLBD
genes.
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