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Abstract

The Lateral Organ Boundaries Domain (LBD) proteins are a class of plant-specific transcription factor family, which partici-
pate in plant growth, development, and stress response. In present study, 61 PheLBD genes were identified in moso bamboo
(Phyllostachys edulis) genome. These members clustered into two major classes (Class I and Class II) based on the previous
study and phylogenetic analysis, and Class I was further divided into five subgroups (Class I-Class E). The gene architecture
and conserved motifs suggested the members in one subgroup shared the structural similarities and highly conserved motif
compositions. Scaffold position analysis showed PheLBDs were unevenly located on 19 moso bamboo scaffolds. Synteny
analysis indicated segmental duplication and transposed duplication played significant roles in PheLBD gene expansion and
some PheLBD genes have been and are undergoing markedly positive purifying selection during evolution. A large number
of light-responsive elements, abiotic-stress and hormone-response elements were discovered in the promoter of PheLBDs.
Public RNA-seq data helps to analyze the expression profile of PheLBD genes in 14 moso bamboo tissues. And we also
found most genes in class II were significantly up-regulated under auxin naphthaleneacetic acid (NAA) treatment, but were
sensitive after Gibberellins (GA)-treated. Moreover, quantitative real-time reverse transcription PCR (RT-qPCR) analysis
showed that PheLBDs have different response to salt and drought stress as well as abscisic acid (ABA) and Methyl jasmonate
(MeJA). Overall, these results paved a way for the further functional studies of PheLBDs.
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lateral organs during plant development, indicating it might
play a potential role in organ separation and lateral organ
development (Iwakawa et al. 2002; Shuai et al. 2002). Subse-
quent studies reported A?LBD6/AS2 had defined lateral organ
boundaries, and controlled leaf polarity and regulated flower
development (Iwakawa et al. 2007). At2LBD16, AtLBD18 and
AtLBD29 were the direct targets of AtARF7 and AtARF19,
which triggered the regeneration of lateral roots and cal-
lus formation (Okushima et al. 2005; Yoko Okushima et al.
2007). And AtLBD37, AtLBD38 and AtLBD39 played nega-
tive roles in anthocyanin biosynthesis (Rubin et al. 2009).
In poplar, PtaLBD1 had a positive role in secondary phloem
growth, while PtaLBD15 and PtaLBDI18 were peculiarly
expressed in secondary xylem, implying that the LBD family
was involved in secondary growth during xylem formation
(Yordanov and Regan 2010). Besides these, recent studies
demonstrated that the LBD gene family also participated
in stress response. The expression of many StLBDs was
responsive to mannitol and sodium chloride treatments,
such as StLBD1-2, StLBD4-1, StLBD1-4 and StLBD9-1 (Liu
et al. 2019b). And seven LBD genes in Physcomitrella pat-
ens (PpLBD1, PpLBD3, PpLBD12, PpLBD15, PpLBD22
PpLBD23 and PpLBD30) were up-regulated under ABA
and mannitol treatments, indicating these LBD proteins
might be play roles in stress response (Huang et al. 2020).
A subfamily II gene SILBD40 was proved to be a negative
regulator of drought tolerance through overexpressing and
knockout transgenic tomato plants (Liu et al. 2020). How-
ever, the overexpressed AtLBD15 plants exhibited ABA
hypersensitivity and water tolerance, which showed opposite
phenotypes to the loss-of-function mutant /bdl5. Further
analysis showed that LBD15 can directly bind to the CAT
TTAT motif sequence in the promoter region of the ABA
signaling pathway gene ABI4, activated its expression and
close the stomata, thereby reducing water loss and improv-
ing water-deficit stress tolerance (Guo et al. 2020). Moreo-
ver, the proteomic analysis in rice showed LBD proteins
were down-regulated in rolled leaf mutant plant SRL1 and
SRL2 whose drought tolerance was enhanced under drought
stress compared with WT (Liao et al. 2019).

With the continuous development of sequencing tech-
nology, many plant species have done whole-genome

sequencing, which has laid a solid foundation for the use of
bioinformatics to study and identify gene functions. Many
model plants, for example, 43 LBD genes in Arabidopsis
(Matsumura et al. 2009), 35 in rice (Yang et al. 2006), 44
in maize (Zhang et al. 2014), 28 in Brachypodium (Gombos
etal. 2017), 57 in poplar (Zhu et al. 2007) and 58 members
in apple (Wang et al. 2013) have been identified and some of
which participate in a variety of biological processes. Incon-
ceivable, the reports concerning LBD TFs in moso bamboo
are rare. Moso bamboo (Phyllostachys edulis), an important
woody bamboo, is widely distributed in the subtropics of
China and has high ecological, cultural and economic val-
ues (Peng et al. 2013; Zhao H et al. 2017). However, moso
bamboo also faces different adverse environmental circum-
stances during growth and development stages, including
low temperature, high salt and drought. The environmental
stress will limit plant growth, development and yield (Gong
et al. 2020). For example, a severe drought in southern China
destroyed 13,733 ha of forest in 2013, causing the death
of 6.18 million bamboo culms and the decrease in the rhi-
zome bud and winter shoot yields of about 40% and 20%,
respectively (Ge et al. 2018). Additionally, if sufficient water
was provided to the moso bamboo in autumn, the yield per
unit area may increase. Specifically, the number of bamboo
shoots can be increased by 30.12%, the yield of bamboo
shoots can be increased by 54.18%, and the weight of bam-
boo shoots can be increased by 18.75% in the coming year
(Qi-Jiang et al. 2001; Zhao et al. 2019). Therefore, it is nec-
essary to study and transform stress-related genes to improve
the yield and quality of moso bamboo in harsh environment.
Although moso bamboo has completed two whole-genome
sequencing and the genome sequence has been published,
LBD genes in moso bamboo have not been researched yet
(Peng et al. 2013; Zhao et al. 2018). In the present study,
we used various in silico approaches to identify and charac-
terize systematically PheLBD gene family, including gene
structure, conserved motif organization, synteny analysis,
evolutionary pattern, cis-acting elements, tissue expres-
sion profile, induced expression level, and the subcellular
localization analysis were carried out. This study provides a
theoretical basis for further researching the function of moso
bamboo LBD genes particularly in abiotic stress responses.
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Materials and Methods
Identification Analyses of PheLBD TFs

To obtain the putative PheLBD proteins in moso bamboo, 43
AtLBD proteins in Arabidopsis thaliana (Matsumura et al.
2009) and 28 BALBD proteins in Brachypodium distachyon
(Gombos et al. 2017) were used as query in local BLASTP
program to seek out the LBD proteins in moso bamboo data-
base download from the website (http://gigadb.org/dataset/
view/tdsourcetag/s_pcqq_aiomsg/id/100498/File_sort/name/
File_page/2) with a significant E-value (<1E-3) (Zhang
et al. 2014; Yang et al. 2016; Liu et al. 2019b). Then, the
Pfam database (http://pfam.xfam.org/search) and the NCBI
Conserved Domain Search (https://www.ncbi.nlm.nih.gov/
Structure/cdd/wrpsb.cgi) were used to verify the candidate
proteins contained the LOB domain (PF03195) (Marchler-
Bauer et al. 2017; Finn et al. 2006, 2016). The informa-
tion in regards to the coding sequence (CDS) length, amino
acids number, molecular weight (MW), and the isoelectric
point (pI) of PheLBD proteins were searched with the aid
of ExPASy proteomics server (https://www.expasy.org/)
(Wilkins et al. 1999). Plant-mPLoc (http://www.csbio.sjtu.
edu.cn/bioinf/plant-multi/) was employed in predicting sub-
cellular location of PheLLBD proteins (Chou and Shen 2010).

Multiple Sequence Alignment and Phylogenetic
Analyses

To unravel the phylogenetic relationships of PheLBDs
among different species (Phyllostachys edulis, Brachypo-
dium distachyon, Oryza sativa and Zea mays), ClustalW
software was used for multiple sequence alignments, and
MEGA 6.0 was subsequently utilized to construct the phy-
logenetic tree based on the multiple alignment results using
the neighbor-joining algorithm and Poisson model with a
bootstrap analysis of 1000 replicates (Thompson et al. 1994;
Tamura et al. 2013).

Exon-intron Structure Determination
and Conserved Motif Analyses

The online Gene Structures Display Server (http://gsds.
cbi.pku.edu.cn/) was utilized to identify and presented the
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exon—intron structures of the PheLBDs (Guo et al. 2007).
The online tool MEME Version 5.3.3 (https://meme-suite.
org/meme/tools/meme) was used to analyze the conserved
motifs of PheLBD proteins (Default parameter setting: maxi-
mum number of motifs, 20; optimum motif length ranged
between 6 and 200) and visualize with TBtools software
(Bailey et al. 2006).

Gene Distribution and Synteny Analysis

The scaffold location information (GFF) of Phyllostachys
edulis genes was downloaded from http://gigadb.org/datas
et/view/tdsourcetag/s_pcqq_aiomsg/id/100498/File_sort/
name/File_page/2, from which all PheLBD gene location
was screened and visualized in Tbtools-Gaphics-Show Gene
on Chomosome-Basic Circos. In addition, gene duplication
analysis of PheLBDs was performed using the Multiple Col-
linearity Scan toolkit (MCScanX) using default parameters
(Wang et al. 2012). The PheLBD homeology was presented
together with the gene location mentioned above. However,
the synteny relationship of LBD genes among Phyllostachys
edulis and Arabidopsis thaliana, Oryza sativa, Brachypo-
dium distachyon, Zea mays, and Sorghum bicolor was dis-
played via Dual Systeny Plotter software (https://github.
com/CJ-Chen/TBtools) (Chen et al. 2020). Thereafter, the
values of the non-synonymous (ka), synonymous (ks) and
Ka/Ks of the duplicated gene pairs were calculated by Sim-
ple Ka/Ks Calculator (NG) in TBtools software (Gao et al.
2020). Generally, the ratio of Ka/Ks greater than 1 indicates
the positive selection, equal to 1 means the neutral selection,
and less than 1 represents the negative selection (Cannon
et al. 2004). And the divergence time is counted with the fol-
lowing formula: T=Ks/2A (A=6.5x 107%) (Peng et al. 2013).

Promoter Cis-acting Element Analysis

To survey the putative cis-acting elements in promoter
region, the 2000 bp upstream sequences of the translation
start site (TSS) of all PheLBDs were retrieved from the
genomic sequences and then were uploaded to PlantCARE
website (http://bioinformatics.psb.ugent.be/webtools/plant
care/html/) (Lescot 2002).
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Expression Pattern Analysis

The data of 14 moso bamboo tissues (0.1 cm root on shoot,
0.5 cm root on shoot, 2 cm root on shoot, 10 cm root on
shoot, Blade leaf, Leaf sheath, Sheath sheet, New root with
lateral roots, Root on rhizome, Bud on lower portion of 3 m
shoot, Bud on middle portion of 3 m shoot, Bud on top por-
tion of 3 m shoot, Bud on rhizome, Rhizome) was down-
loaded and processed in tbtools using high throughput RNA
sequencing (RNA-seq) from NCBI database (Zhao et al.
2018). The TPM values were log2 with (1 +) conversion and
presented as a heatmap using TBtool software (Chen et al.
2020). And the transcriptome data of hormone treatment,
including NAA and GA in moso bamboo, was also obtained
and performed in the same method, but the heat map was
visualized with the TPM value (Wang et al. 2017; Zhang
et al. 2018). In addition, the corresponding SRA number is
list in Table S8.

Plant Materials and Stress Treatments

Moso bamboo seeds were collected from the Tianmu Moun-
tain National Nature Reserve in Zhejiang Province, China,
and were grown in plastic containers (top diameter: 20 cm;
bottom diameter:13 cm; height: 16 cm) in a greenhouse
with the 16-h light/8-h dark cycle at 22 °C. To investigate
the expression patterns of PheLBDs under stress and stress-
related phytohormone treatments, three-month-old seedlings
were sprayed with 0.1 mM abscisic acid (ABA, 500 ml)
and 0.1 mM methyl jasmonate (Me-JA, 500 ml) (Liu et al.
2018). 20% PEG-6000 (500 ml) and 200 mM NacCl solu-
tion (500 ml) were used to simulate drought and salt stress,
respectively (Chen et al. 2017). All samples were collected
at0, 1, 3, 6, 12, and 24 h from seedlings after treatment. And
untreated leaves (0 h) were used as a control and stored in
liquid nitrogen immediately and then stored at — 80 °C for
RNA extraction.

Quantitative Real-time PCR (qRT-PCR) Analysis

The seedling RNA under abiotic stress and phytohormone
treatments for qRT-PCR experiment was extracted from the
plant samples using TRIzol reagent (Invitrogen, Ca, USA)
in accordance with the instructions and was then reverse
transcribed into cDNA using a PrimeScriptTM RT Reagent
Kit (TaKaRa, Dalian, China). Gene-specific primers and
TIP41 (tonoplast intrinsic protein 41) as an internal control
(Fan et al. 2013) were designed by Primer Version 5.0 for
RT-qPCR. Each sample for RT-qPCR with TransStart® Tip
Green qPCR Super Mix (TransGen Biotech, Beijing, China)
was repeated at least three times on a CFX96 Real-Time Sys-
tem (Bio-Rad). The qRT-PCR parameters were as followed:

94 °C for 30 s; 39 cycles of 94 °C for 5 s and 60 °C for 30 s,
followed by a melting curve.

Subcellular Localization Analysis

The open reading frame without the stop codon of PheLBDs
was cloned and sequenced by RT-PCR with gene-specific
primers. Then, the correct PCR product was embedded in
two restriction sites of the vector pPCAMBIAI1305, which
harbored a green fuorescent protein (GFP) sequence driven
by 35S. The recombinant plasmid (PheLBD-GFP) and the
empty control vector (GFP) were independently transferred
into Agrobacterium tumefaciens cells GV3101 (Weidi,
Shanghai, China). The corresponding Agrobacterium
tumefaciens liquid was separately used to infect Nicotiana
benthamiana cells with good growth condition. After 40 h,
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Fig. 1 Phylogentic and distribution of LBD proteins from four plant
species: Phyllostachys edulis, Brachypodium distachyon, Oryza
sativa and Zea mays. a The phylogenetic tree was performed using
the neighbor-joining method with a bootstrap analysis of 1000 repli-
cates in MEGAG6.0 from LBD protein sequences alignment by Clustal
W software. b Statistics of LBD genes in each subfamily of Phyllos-
tachys edulis, Brachypodium distachyon, Oryza sativa and Zea mays
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the leaves were observed with the LSM710 confocal laser
scanning microscope (CarlZeiss).

Results

Identification and Phylogenetic Analysis of PheLBD
Genes in Moso Bamboo

Sixty-one LBD genes were identified by BLASTP method
in moso bamboo genome and were named from PheLBD1
to PheLBD61 based on the scaffold location. The detailed
PheLBD characteristics, including the gene identifier, gene
position, length of coding sequences (CDS) and the size
of amino acids, pl (isoelectric point) and molecular weight
(MW) were summarized in Table S1. The CDS length ranged
from 288 bp (PheLBD15) to 1482 bp (PheLBD22) with an
average length of 686 bp. Correspondingly, the amino acids
varied from 95 (PheLBD15) to 493 aa (PheLBD22) with the
protein molecular weight in range of 10.258 (PheLBD15)
— 52.674 kDa (PheLBD22). The pl of LBD proteins was
from 4.40 (PheLBD55) to 9.81 (PheLBD38). Consistently,
61 PheLLBDs were all predicted to be located in the nucleus.

To elucidate the evolutionary relationships between
61 PheLBD proteins and other Poaceae species, we con-
structed a neighbor-joining (NJ) phylogenetic tree based on
the alignment of 168 LBD protein sequences from moso
bamboo (61), Brachypodium distachyo (28), Oryza sativa
(35) and Zea mays (44). The phylogenetic tree showed
that the predicted LBD proteins clustered into two groups,
Class I and Class II, And Class I could be further divided
into five (Class IA, IB, IC, ID and IE) and Class II has one
subgroups in Fig. 1 and Fig. 2a, as described in the previ-
ous reports (Zhang et al. 2014). For moso bamboo, maize
and Brachypodium distachyon, Class IB has the most LBD
members, while class IE was the largest subfamily (10) in
rice. Additionally, the LBD gene identifier from rice, maize
and Brachypodium distachyon is listed in Table S2 and the
results of multiple sequence alignment used for constructing
evolutionary tree were shown in Attachment file 1 and file 2.

Exon-intron Structure and Motif Compositions
of PhelLBD Genes

As shown Fig. 2b, the intro number varied from O to 5.
Forty-six PheLBDs harbored one intro. Only two mem-
bers (PheLBD41 and PheLBD43) harbored 4 intros and
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Fig.3 Scaffold location and gene duplication of PheLBD genes. a
PheLBD genes were showed on 24 scaffolds and scaffold numbers
were marked on the scaffold block. The paralogous pairs of tandem
duplication were drawn by the orange frame, transposition duplica-
tion pairs were colored with green lines and segmental duplication
pairs were connected with purple lines. b The Ka, Ks distribution of
56 paralogous pairs (Phe-Phe) was exhibited in a scatterplot

PheLBD?2 contained 5 introns. Distinct exon—intron dis-
tribution patterns showed structural similarities and dif-
ferences in the same branch. For instance, all PheLLBDs in
the Class II subfamily covered one intron and two exons.
PheLBD43 in Class IE contained 4 introns with long-
est intron sequence, whereas three members (PheLBD?20,
PhelLBD24 and PheLBD238) of this subfamily had no introns,
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Fig.4 Synteny analysis of
PheLBD genes between Phyl-
lostachys edulis and other plant
species (Arabidopsis thaliana,
Brachypodium distachyon,
Oryza sativa, Sorghum bicolor
and Zea mays). Gray lines in the
background represented the col-
linear blocks within the moso
bamboo and other five model
plant genomes, while the cyan
lines highlighted the syntenic
LBD gene pairs

indicating Phel.BDs might have a high degree of divergence.
Moreover, to further understand the compositions and diver-
sification of motifs in the predicted PheLBD proteins, a total
of 20 distinct motifs were identified and designated from
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motif 1 to motif 20 (Fig. 2c and Table S3). Motif 1 and
2 represented the LOB domains. Therefore, we also found
almost all PheLBD members contained one of them or both
except PheLBD23. Interestingly, the motif compositions in
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six subfamilies were not exactly the same. For example, in
Class II subfamily, motif 1, 4, 2 and 6 existed in each mem-
ber: PheLBD30 and PheLLBD45 contained specifically motif
16, and motif 20 was unique to PheLBD31 and PheLBD52.
These results showed the conservation and specificity of the
PheLLBD gene family in terms of gene structure and motif
compositions.

Scaffold Location and Synteny Analysis of PheLBD
Genes

A total of 61 PheLBDs were unevenly distributed on 19
moso bamboo genomic scaffolds except for scaffold 1, 2 8§,
20 and 23 (Fig. 3a). Scaffold 14 and 19 both hold the most
PheLBD members (9), followed by scaffold 15 (8) and
scaffold 16 (7). For PheLBD gene evolution, 56 paralogous
pairs (Phe-Phe) were detected, including 41 pairs of seg-
mental duplication, 13 pairs of transposed duplication and
2 pairs of tandem duplication (Fig. 3a), suggesting seg-
mental duplications and transposed duplications might be
the main driving force of PheLBD gene family expansion.
The Ks values of 26 pairs were concentrated on 0.1-0.4
and the corresponding divergence time was approximately
7.69-30.76 million years ago, which was very close to the
timing of a putative whole-genome duplication event in
moso bamboo (7-12 million years ago) (Peng et al. 2013).
In addition, the Ka/Ks ratios of 20 pairs were greater than
0.5, of which 4 pairs were over 1 (Fig. 3b & Table S4).
Regarding orthologous pairs, PheLBD genes had the most
homologous gene pairs with the LBD genes of Zea mays
(76), followed by Sorghum bicolor (63), Oryza sativa (58),
Brachypodium distachyon (46), Arabidopsis thaliana (12)
(Fig. 4). Meanwhile, we found some LBD genes on moso
bamboo scaffold 5, 7, 9, 11, 13, 14, 15, 16, 18, 21 and
22 corresponded to two homologous genes on different
chromosomes of Oryza sativa. This phenomenon was also
observed in the collinear analysis between moso bamboo
and Zea mays, Sorghum bicolor as well as Brachypodium
distachyon. Moreover, the average values of Ks were 0.486
(Phe-Bd), 0.448 (Phe-Os), 0.480 (Phe-Sb) and 0.536 (Phe-
Zm), which was basically in line with the divergence time
between bamboo and the corresponding species (Peng
et al. 2013). And the Ka/Ks ratios of all orthologous gene
pairs among moso bamboo and other four Poaceae plants
were all less than 1 (Table S5).

Identification of Cis-acting Elements in Promoter
Region of PhelLBD Genes

The cis-regulatory elements in promoter region are closely
related to gene expression and potential functions (Todes-
chini et al. 2014). To further investigate the regulatory func-
tion of PheLBDs, the cis-regulatory elements in promoter

@ Springer

regions of plant growth and development and abiotic stress
response were analyzed (Fig. 5 and Table S6). We found that
light-responsive cis-acting elements (Sp1, AE-box, ATC-
motif, Box 4, GA-motif, GATA-motif, G-box, GT1-motif,
I-box and TCCC-motif) were the most common in plant
growth and development, especially G-box, which appeared
15 times for PheLBD42 and 13 times for PheLBD22, fol-
lowed by PheLBD30 and PheLBD37 (12). In addition, CAT-
box related to meristem expression was identified 60 times
in 35 PheLBDs. The cis-regulatory elements associated with
seed-specific regulation (RY-element) and auxin responsive-
ness were also detected in 12 and 27 PheLBDs, respectively.
In the second category, numerous hormone-related elements,
including ABA response (ABRE), gibberellin response
(TATC-box, P-box and GARE-motif), MeJA (TGACG-
motif), salicylic acid (SA) response (TCA-element) were
counted among 61 PheLBDs, of which ABRE and TGACG-
motif involved in the MeJA-responsiveness ranked first and
second in the total number of statistics, respectively. ABRE
had the highest frequency (251 times) and PheLBD42 was
the biggest holder (18). And TGACG-motif appeared 136
times in 53 PheLBD members. Moreover, the number of
cis-acting regulatory elements related to abiotic stress, such
as low-temperature responsiveness (LTR), defense and stress
(TC-rich repeats), and drought stress (MYB, MYC and
MBS) was very large, especially MYB and MYC with 475
and 227, respectively. To sum up, our findings suggested the
number of cis-acting elements of light, hormones and stress
response was quite high in PheLBDs (Table S6), implying
they might play an important regulatory function in plant
growth development and stress response.

Expression Profiles of PheLBDs in Various Tissues

To evaluate the expression patterns of PheLBD genes in
various tissues, we used transcriptome data to found that
a half of PheLBD genes were undetectable in expression,
in accordance as the roles of transcription factor (Fig. 6).
Notably, five genes (PheLBD22, PheLBD12, PheLBD42,
PheLBD32 and PheLBD53) showed high expression lev-
els in 14 moso bamboo organs. For bud on lower portion
of 3 m shoot, eight PheLBDs displayed very high expres-
sion level (TPM > 100), such as PheLBD22, PheLBD12,
PhelLBD42, PheLBD32, PheLBD53, PheLBD36, PheLBD45
and PheLBD57. There were some genes that were highly
expressed in leaf sheath, but cannot be detected in blade
leaf and sheath sheet, including PheLBD45, PheLBD57,
PheLBD35, PheLBD56, PheLBD1, PheLBDI18, PheLBD15,
PheLBD7, PheLBD10, PheLBD9 and PheLBD17. The phe-
nomenon of tissue-specific expression was very common
in other tissues, including in bud on lower/middle/top por-
tion of 3 m shoot of PheLBD58, PheLBD30, PheLBD35,
PheLBD56, PheLBD1, PheLBDI18, PheLBD15, PheLBD?7,
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«Fig. 6 The expression analysis of PheLBD genes in 14 tissues: 0.1 cm
root on shoot, 0.5 cm root on shoot, 2 cm root on shoot, 10 cm root
on shoot, Blade leaf, Leaf sheath, Sheath sheet, New root with lateral
roots, Root on rhizome, Bud on lower portion of 3 m shoot, Bud on
middle portion of 3 m shoot, Bud on top portion of 3 m shoot, Bud on
rhizome, Rhizome. The numerical value represented the TPM values.
The legend was to show the relative high and low expression

PheLBD10, PheLBD9, PheLBD17 and PheLBD26. Over-
all, compared with other tissues, there were more highly
expressed genes in leaf sheath, bud on lower, middle and top
portion of 3 m shoot as well as bud on rhizome.

Expression Profiles of Class Il PheLBDs Under
phytohormone Treatment

To show the position of regulatory elements related to stress
and hormone more clearly, GSDS website was performed to
exhibit the specific location in promoter region of 11 PheL-
BDs in Class II subgroup (Fig. 7a). Most cis-elements dis-
tributed during 1500 bp near the transcription start position,
especially PheLBD22, PheLBD30, PheLBD31, PheLBD42
and PheLBD52. We found that ABRE was distributed in
every gene, as were the elements of drought stress (MYB,
MYC and MBS). TGACG-motif, related to MeJA stress,
was detected in 10 PheLBDs except PheLBD13. Although
the number of these elements of auxin responsiveness
(TGA-element) and GA stress (P-box, GARE-motif) was
very small among these 11 genes, we found these PheL-
BDs respond drastically to auxin NAA and GA treatments
(Fig. 7b). All PheLBDs were upregulated after NAA treat-
ment, especially PheLBD13, PheLBD31 and PheLBDS53.
On the contrary, most PheLBDs was downregulated under
GA-treated, but the expression of PheLBD13 and PheLBD31
was rising. Moreover, we cloned the corresponding pro-
moter sequences of the eight genes (PheLBD4, PheLBD12,
PheLBD22, PheLBD30, PheLBD31, PheLBD42, PheLBD45
and PheLBD50) and sent them to the Biological company
(Shenggong Bioengineering Co., Ltd) for sequencing to
verify the correctness of these sequence (Fig. 7c¢).

Expression Levels of PheLBD Genes Under MeJA,
ABA PEG6000 and NaCl Treatments

According to previous studies in other plants, members
of Class I gene family are mainly involved in growth and
development, while Class II family members were mainly
participated in the process of stress response (Ariel et al.
2010; Liu et al. 2019b; Cao et al. 2016). Hence, the expres-
sion levels of 11 PheLBDs in Class II subfamily (PheLBDA4,
—-12,-13,-22,-30, - 31,— 32, —42, — 45, — 52 and
— 53) were investigated using moso bamboo seedlings after
MelJA, ABA, PEG6000 and salt treatments by qRT-PCR.
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Under MeJA treatment, apart from PheLBD22,
PheLBD45 and PheLBDS53, the relative expression level of
the remaining 8 PheLBDs was upregulated at 1 h, whereas
PheLBD32, PheLBD42 and PheLBD52 decreased rapidly,
then increased slightly at 12 h, and finally decreased at
24 h (Fig. 8a). For ABA treatment, PheLBD4, PheLBD12,
PheLBD13, PheLBD45 and PheLBD53 were strongly up-
regulated > tenfold at the peak. However, PheLBD30 and
PheLBD31 was also upregulated at 1 h (~fourfold), the
expression level tended to be stable as the control (0 h) at
the later time point. Strangely, PheLBD42 performed stably
before 12 h, but its expression level dropped sharply at 24 h
(Fig. 8b). Notably, PheLBD4, PheLBD12 and PheLBD52
were gradually up-regulated, whereas PheLBD22,
PheLBD30, PheLBDA2 and PheL.BD53 were downregulated,
especially the latter two members significantly decrease after
PEG6000 treatment (Fig. 9a). In the NaCl treatment, the
expression of PheLBD4, -22, -45, -52 and -53 presented
a sustained downward, but the relative expression level of
PhelLBD12, PheLBD31, PheLBD32 and PheL.BD42 was up-
regulated (Fig. 9b).

Subcellular Localization Analysis

It is reported that some LBD proteins in other plants were
located in nucleus, such as ASLI1/LBD15 (Sun et al. 2013),
AtLBD30 (Liu et al. 2019a), CsLOB_3, CsLBD36_2,
CsLBD41_2 (Zhang et al. 2019), and PbrLBD20 (Song
et al. 2020). To assess the location of LBD proteins in moso
bamboo, PheLBD12, PheLBD31 and PhelLBD45 were con-
structed on the vector pPCAMBIAI1305 which contained a
GFP gene sequence. As shown in Fig. 10, the green fluores-
cent signal of the empty protein (35S::GFP) as the control
group filled throughout the whole cell, while the other three
PheLLBD proteins (35S:: PheLBD::GFP) were detected to be
localized in the nucleus act as transcription factors, consist-
ent with the prediction of subcellular localization in Plant-
mPLoc website.

Discussion

Gene Subfamily Division and Evolutionary
Relationships

In this study, a neighbor-joining (N-J) tree was generated
from the full length LBD proteins sequences of 61 PheL-
BDs, 28 BALBDs, 36 OsLBDs and 44 ZmLBDs. This
method was also applicable to the identification of LBD
genes in maize, potato, apple and Chinese white pear (Zhang
et al. 2014; Liu et al. 2019b; Wang et al. 2013; Song et al.
2020). However, the conserved amino acid sequences (LOB
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domain motif) were used for multiple sequence alignment
and phylogenetic analysis, which were the traditional sub-
family classification of LBDs in Arabidopsis thaliana and
Brachypodium distachyon (Gombos et al. 2017; Matsumura
et al. 2009). Even, LOB domain nucleotide sequences of
OsLBD genes were used to construct phylogenetic trees
using both NJ and ML methods (Yang et al. 2006). However,
we found the LOB domain of PheLBDs was not completely
following the previous domain sequence form: many LBD
members harbored the C-motif (CX,CX,CX;C), GAS block
and leucine-zipper-like motif, but it was difficult for most
genes to have the complete sequences for the three motifs
(Fig. S1). In addition, the values of Ka/Ks of 20 paralogous
pairs (Phe-Phe) were over 0.5, of which 4 pairs were greater
than 1, suggesting these PheLBDs might be moving for-
ward the direction of positive selection (Cheng et al. 2015).
These results reflected the LBD genes in Phyllostachys edu-
lis might evolve very quickly.

In terms of the number of LBD genes, moso bamboo (61)
was slightly more than that of Brachypodium distachyon
(28), rice (36), and maize (44), Arabidopsis thaliana (43),
apple (58) and Chinese white pear (60) (Gombos et al. 2017,
Zhang et al. 2014; Matsumura et al. 2009; Wang et al. 2013;
Song et al. 2020). And the segmental duplication (42 pairs)
and transposed duplication (13 pairs) events might contrib-
ute to the expansion of PheLBDs in the evolution process,
which was also the same evolutionary model for the roles of
LBD gene family in maize (Zhang et al. 2014). Furthermore,
moso bamboo has undergone two whole-genome duplication
(WGD) events (Qiao et al. 2019). Coincidentally, a recent
gene duplication event has also occurred in maize and apple.
In Chinese white pear, 76.67% (44) genes of the PbrLBD gene
family were duplicated and retained from WGD/segmental
duplication types, followed by dispersed duplications (6,
10%), tandem duplication (6, 10%) (Song et al. 2020). There-
fore, there is little difference in the number of LBDs in these
species. And we speculate that the number of LBD genes may
be closely related to the evolutionary pattern of family genes.

Tissue-specific Expression

Up to now, researchers have studied and reported many bio-
logical functions of LBD genes in many plants, including
lateral root growth, secondary woody growth, pollen devel-
opment, auxin-induced callus formation, pathogen response
and the regulation of abiotic stress (Okushima et al. 2007,
Yordanov and Regan, 2010; Kim et al. 2015; Xu et al. 2018;
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Thatcher et al. 2012; Ariel et al. 2010). From the tissue
expression profiles, some genes presented the high expres-
sion level in 14 moso bamboo tissues, including PheLBD22,
PheLBD12, PheLBD42, PheLBD32 and PheLBD53, which
all belong to Class II subgroup (Fig. 6). Some were tissue-
specifically expressed. For instance, the TPM value of
PheLBD30 in bud on lower portion of 3 m shoot reached
45.77, while it was nearly no expression values in moso
bamboo other tissues. But the transcripts of PheLBD13 were
accumulated in other ten organs apart from 10 cm root on
shoot and new root with lateral roots. Surprisingly, nearly
half of the LBD genes were not expressed in these moso
bamboo tissues, similar as that of Brachypodium distachyon,
Solanum tuberosum and Camellia sinensis, which might be
one of the characteristics of LBD transcription factor (Gom-
bos et al. 2017; Liu et al. 2019b; Zhang et al. 2019). From
the other hand, the motif compositions in the one of six
subgroups were not exactly the same, some subgroup genes
contained unique motif. For example, motif 16 was only
found PheLBD30 and PheLBD45. The motif 19 was pecu-
liar to PheLBD36 and PheLBD57, and we found the tissues
profiles of the two genes were very similar, whose transcrip-
tion levels were quite high in leaf sheath and bud on lower
portion of 3 m shoot (Fig. 6).

For moso bamboo, the fast growth rate is its biggest char-
acteristic, which mainly due to the moso bamboo shoots
will grow into moso bamboo rhizome (Lan et al. 2020). The
LBD genes with the relative high expression level in three
shoots (bud on low/ middle/top portion of 3 m shoot) were
from PheLBD52 to PheLBD29 in Fig. 6. Combined with the
cis-acting element analysis, CAT-box, linked to meristem
expression, PheLBD22 and PheLBD45 who also contained
one CAT-box showed the high expression in moso bamboo
shoots (Fig. 6 & Table S6). These results indicated Class II
PheLLBDs might participate in the rapid growth process of
moso bamboo.

Expression Patterns and Potential Ffunctions

According to the cis-acting element analysis, we have
drawn the specific locations of abiotic stress and hormone
regulatory factors in the corresponding promoter region
for Class II PheLBD genes (Fig. 7a). And we analyzed
the expression level of these genes under the treatment
of auxin NAA and GA using public transcriptome data in
heat map (Fig. 7b). The results showed the 11 PheLBDs
were induced to respond positively under NAA treatment,
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«Fig.8 qRT-PCR expression analysis of 11 selected PheLBD genes
following MeJA (a) and ABA (b) treatments. Relative expression
levels of PheLBD genes were examined by qRT-PCR. PheTIP41 was
used as an internal reference gene. Y-axes represent the scale of the
relative expression levels. X-axes indicated time courses of MeJA
stress treatments for each gene. Bars represented the standard devia-
tions (SD) of three biological replicates

suggesting these PheLBDs might play an important role in
the early growth and development of moso bamboo roots
(Wang et al. 2017). It is reported ARF7 and ARF19 regu-
late lateral root (LR) formation by activating the expres-
sion of LBD16/ASLI8 and LBD29/ASL16 in Arabidopsis
(Okushima et al. 2007). Based on many reports, LBD18 has
been proved to be closely related to the formation of lat-
eral roots. For instance, LBD18/ASL20 along with LBD16
regulated the formation of LR (Lee et al. 2009a, 2009b);
LBD18 and LBD33/ASL24 regulated the initiation of LRs
through transcriptional activation of E2Fa transcription
factor, thereby regulating asymmetric cell division (Ber-
ckmans et al. 2011). And LBD18/ASL20 could not only
directly combine with the EXPANSINA 14 (EXPA14) pro-
moter to enhance the appearance of lateral roots, but also
could upregulate EXPA17 to promote LR formation during

@ Springer

the auxin response in Arabidopsis (Lee and Kim 2013). GA,
one of the most important kinds of growth-promoting phy-
tohormones, plays crucial roles in growth promotion and
flower induction (Zhang et al. 2018). However, the Class 11
genes were sensitive to GA-treated. Therefore, we specu-
lated that the growth and development of moso bamboo need
the coordination and balance of multiple hormones.

In Arabidopsis thaliana, LBD20 transcripts were enriched
in roots, which were further induced by Fusarium oxyspo-
rum inoculation or methyl jasmonate treatment. And LBD20
had been confirmed that it was sensitive to Fusarium oxyspo-
rum via jasmonate (JA) signaling (Thatcher et al. 2012). And
most PheLBDs were up-regulated by MeJA treatment, which
might be related to the biotic stress. Under ABA, PEG600
and NaCl treatment, the expression level of Class II genes
was slightly different. For example, the three nuclear local-
ized genes (PheLBDI12, PheLBD31 and PheLBD45) were
actively induced expect PheLBD45 was down regulated
under NaCl-treated. In recent study, a subfamily II gene,
SILBD40 (Solyc02g085910) was located in the nucleus and
highly expressed in roots. And its expression was signifi-
cantly induced by PEG, salt and MeJA treatments, similar to
PheLLBD12 and PheLBD31. Most importantly, SILBD40 had
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«Fig.9 qRT-PCR expression analysis of 11 selected PheLBD genes
following PEG6000 (a) and NaCl (b) treatments. Relative expression
levels of PheLBD genes were examined by qRT-PCR. PheTIP41 was
used as an internal reference gene. Y-axes represented the scale of
the relative expression levels. X-axes indicated time courses of MeJA
stress treatments for each gene. Bars represented the standard devia-
tions (SD) of three biological replicates

been confirmed that it was a negative regulator of drought
tolerance through its overexpressing and knockout trans-
genic tomato plants (Liu et al. 2020). In Arabidopsis, LBD15
could directly bind to the promoter of the ABI4 to activate
its expression to optimally regulate ABA signaling-mediated
plant growth and the tolerance of water-deficit (Guo et al.
2020). Therefore, we speculated that Class II PheLBDs in

Bright-field

35S::GFP

35S::PheLBD12::GFP

35S::PheLBD31::GFP

GFP

moso bamboo, especially PheLBD12 and PheLBD31, might
play the important regulation function under biotic and abi-
otic stresses, which still required follow-up experiments to
prove their specific functions.

Conclusion

In this study, 61 PheLBDs were identified in moso bamboo
genome and classified into two classes (Class I and Class II),
and Class I was further divided into five subclasses (Class
IA, IB, IC, ID and IE) according to phylogenetic analy-
ses and the previous reports. Subsequently, we performed
bioinformatics analysis on the family genes, including

DAPI

Fig. 10 The subcellular localization analysis of PheLBD12, PheLBD31 and PheLBD45. The image showed the location of GFP and PheLBD-
GFP proteins in fluorescence channel, bright-field and the merged diagram. Scale bar =20 pm

@ Springer
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exon—intron structure, conserved motifs, gene distribution
on scaffolds, gene collinearity, cis-acting elements, tissue
expression patterns, the expression level in different hor-
mone and abiotic stress treatments as well as the subcellular
localization analysis of three Class II genes. Our experi-
mental findings suggest some PheLBDs might play roles in
growth and development as well as environmental stresses
response and adaptation in moso bamboo. The identification
of LBD genes in moso bamboo provides a useful reference
for further studies on the biological functions and related
pathways and mechanisms of this gene family.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00344-021-10475-3.
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