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ABSTRACT 

 
LOB (lateral organ boundaries)-domain proteins define a family of plant-specific transcription factors involved in 

developmental process from embryogenesis to seed production. They play a crucial role in shaping the plant 

architecture through coordinating cell fate at meristem to organ boundaries. Identification of LBD genes from 

Brassica rapa genome, and analysis of phylogeny，gene structure, chromosome location, phylogenetic and tissue 

expression pattern analysis of LBD family genes in Chinese cabbage will be useful to the functions identification of 

plant LBD genes. Based on Brassica rapa genome database and bioinformatic method, Chinese cabbage LBD 

family genes were identified and the genes were sequenced. A phylogenetic tree was created using the MEGA5 

program. Gene structure and chromosomes location were done by MapDraw, GSDS and Clustal X. Expression 

pattern of LBD genes at different development stages was analyzed based on RNA-seq. A total of 62 LBD genes 

were identified and could be classified into two classes and four subclasses according to the gene structure and 

conserved domain phylogeny relationship. Distribution mapping showed that the predicted LBDs were unevenly 

localized on all the 10 chromosomes, suggesting that they have an extensive distribution on the Brassica rapa 

chromosomes. Most of the LBD genes had differential expression pattern and showed highly diverse tissue-specific 

expression and functional diversity. To our knowledge, this is the first report of a genome wide analysis of the 

Brassica rapa LBD gene family, which would provide valuable information for understanding the classification and 

putative functions of the gene family. 
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INTRODUCTION  

 

LBD (LATERAL ORGAN BOUNDARIES domain) gene family is an important 

transcript factor family that has been assigned to this functional group on the basis of 

its nuclear localization and capacity to bind to a DNA motif 1-3. Until now, LBD genes 

were found only in plant databases indicating that this unique gene family may only 

regulate plant-specific processes 4. The LBD gene family can be divided into two 

classes according to the structure of the LOB domain in the N terminus. Class I LBD 

genes contain a perfectly conserved CX2CX6CX3C zinc finger-like domain with a 

length of about 100 amino acids which is presumably required for DNA binding; 

while class II LBD genes have only an LX6LX3LX6L leucine zipper-like coiled-coil 

motif, which is probably involved in protein dimerization 3,5. The LOB structure often 

also contains a GAS domain with a 49 amino acid sequence, which generally begins 

with the FX2VH sequence and ends with a DP (V/I) YG sequence. The number of 

amino acids in the C-domain of the two types of LBD genes was consistent, but the 

amino acid species was different. The consensus sequence of class I LBD gene is 

CAACKFLRRKCX3C, while that of class II LBD gene is CNGCRVLRKGCSE (D/N) 

C 4,6,7. LBD proteins have varied expression patterns ranging from temporal to tissue 

differences, suggesting that they may function in diverse processes. Numerous LBD 

genes are expressed at the adaxial base of plant lateral organs, they genes play critical 

roles in lateral organ development during a plant’s growth 8-9. 

To date, a variety of LBD gene family have been successfully identified and 

investigated in some plants, including Arabidopsis thaliana, rice, poplar, tomato, 

Malus, Medicago truncatula, maize, pepper, Nicotiana tobacco and Brachypodium, 

which contains 43, 35, 57, 46, 58, 56, 44, 45, 98 and 28 LBD genes, respectively 4,10-19. 

What is more, several members of the LBD family have been functionally identified in 

different species. In Arabidopsis, AtLBD04 is involved in regulating leaf development 
20; AtAS2 is specially expressed in young floral organs, which regulates floral organ 

development 7; AtLBD16, AtLBD17, AtLBD18 and AtLBD29 can combine auxin 

signaling pathway with other cell processes, then regulates the regeneration of lateral 

roots and callus formation 21-22; AtLBD37, AtLBD38 and AtLBD39 that induced by 

nitrate are involved in anthocyanin synthesis and nitrate metabolism 23-24; gibberellin 

inhibits the expression of AtASL37 25，in contrast, AtAS2 is able to promote 

gibberellin synthesis 26. In poplar, PtaLBD1 regulates secondary growth, while 

PtaLBD15 and PtaLBD18 are specifically expressed in secondary xylem, suggesting 

that the LBD family is involved in secondary growth during xylem formation 27. The 

maize ZmLBD19 gene dimerize with the maize AtAS1 ortholog RS2 is a key regulator 

of female gametophyte development and leaf axial differentiation 28. The Rice OsIG1 

(homologous to Arabidopsis AS2) can influence the lateral growth of leaves by 

regulating the division of follicular cells between vascular bundles 29. 

The crops of the genus Brassica are mainly used as vegetables, oilseed and fodder. 

Their yields in China account for more than half of that in the world and 61% of that 

in Asia (http://faostat.fao.org). Brassica rapa is one of the most important vegetables 

in China and is cultivated extensively worldwide. Given its significant economic value 

and close relationship to Arabidopsis, the Brassica rapa (Chiifu-401-42) genome was 

sequenced and assembled 30.  
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However, there was no report about the LBD gene family of Brassica rapa, despite the 

important role of these proteins in plant growth and development. Therefore, an 

investigation of the LBD genes in the whole genome of Brassica rapa is timely. 

In this study, we comprehensively described BrLBD genes by comparative genomic 

analysis. The aims of this study were as follows: (1) to identify and map BrLBD genes 

onto ten chromosomes; (2) to classify BrLBD genes through comparative genomics 

analysis; (3) to identify orthologous and paralogous LBD genes; (4) to analyze BrLBD 

expression patterns in five tissues using RNA-seq. This study provides useful 

resources for future studies on the structure and function of BrLBD genes, as well as 

for identifying and characterizing LBD genes in other species.  

 

MATERIALS AND METHODS 

 

Identification of LBD genes in Brassica rapa 

 

To identify the members of the LBD gene family in Brassica rapa (Chiifu-401-42), 

the following strategy was performed. First, the Brassica rapa genome sequence is 

known and filtered protein and CDS sequences are available 30. Whole genome 

proteins of two species were downloaded, including Brassica rapa 

(http://brassicadb.org/brad-/geneFamily.php) and Arabidopsis 

(http://datf.cbi.pku.edu.cn/). All annotated LBD members in the Brassica rapa genome 

database were selected. Second, we analyzed the typical domain of LBD (DUF260, 

PF03195) using a hidden Markov model (HMM) 31-32 analysis with Pfam searching, 

from the Brassica rapa genome sequences using a Perl-based script. Then, all of the 

protein sequences derived from the collected candidate LBD genes were examined 

using the domain analysis programs Pfam (http://pfam.sanger.ac.uk/) and SMART 

(http://smart.emblheidelberg.de/) 33 with the default cutoff parameters, and repetitive 

LBD genes were removed manually. Finally, all candidate LBD genes meeting these 

standards were compared with known AS2/LOB domain sequences using ClustalX 

(http://www.clustal.org/) to eliminate the redundancy sequences that not containing 

the signature conserved domain of LBDs 34. The isoelectric point (pI) and molecular 

weight (MW) were computed using Expasy tools (http://web.expasy.org/compute_pi/) 
35. The chromosomal locations and the exon/intron information were obtained from 

the Phytozome database 36 using a Perl-based program.  

 

Chromosomal location and LBD genes structure analysis  

 

The chromosomal locations were retrieved from the genome data downloaded from 

the Phytozome database 36 using a Perl-based program and mapped to the 

chromosomes using the MapDraw tools 37 as well as the gene structure of the LBD 

genes were generated with the GSDS (http://gsds.cbi.pku.edu.cn/) 38. 

 

Sequence alignment and phylogenetic analysis 

 

To identify signature domains, Clustal X (version 1.83) was used to align amino acid 

sequences of LBD proteins. To understand the evolutionary relationships between the 

Brassica rapa LBD proteins and the variations in LBD sequences, AtLBDs and 

BrLBDs were selected for phylogenetic tree analysis using MEGA5 

(http://www.megasoftware.net/) 39. Initially, the retrieved Brassica rapa and 

http://web.expasy.org/compute_pi/
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Arabidopsis LBD nucleotide sequences were translated into amino acid sequences 

using BioXM 2.6 in the fasta format, and protein sequences were then aligned using 

Clustal X 40. MEGA analysis was conducted after these steps. The Maximum 

Likelihood (ML) method was performed with the complete deletion option. For 

statistical reliability, bootstrap analysis was conducted with 1000 replicates to assess 

statistical support for each mode.  

 

LBD genes expression 

 

Brassica rapa tissue expression information from raw RNA-seq data were 

downloaded from NCBI Gene Expression Omnibus 

(http://www.ncbi.nlm.nih.gov/geo/) under accession no. GSE43245 41. The mRNAs of 

these transcriptome data were extracted from six tissues (root, stem, leaf, flower, and 

silique) of Chiifu-401-42. Expression profile cluster analysis of the Brassica rapa 

LBD family proteins was constructed using MEV Software 42.  

 

RESULTS 

 

Identification and annotation of the LBD genes in Brassica rapa 

 

To identify the LBD proteins in Brassica rapa, a local BLAST program and the HMM 

of the SMART and Pfam tools were used, and a total of 62 LBD genes from the entire 

Brassica rapa genome were identified (Table 1). According to multiple sequence 

alignment results of the LBD domain, 53 and 9 LBD genes were identified as class I 

and class II, respectively. The result indicates that most LBD genes in Brassica rapa 

belong to the class I. In addition, we analyzed the gene identifier, genomic position, 

length of coding sequence, as well as length of amino acid sequence, pI, and MW of 

these LBD genes. The length of LBD proteins ranged from 131 (Bra039072) to 605 

(Bra021627) amino acids (aa), the pIs of the LBD proteins were between 4.72 

(Bra019364) and 9.68 (Bra030647), with a distribution from acidic to alkaline; the 

MWs of these proteins were between 14.56 kDa (Bra025294) and 66.85 kDa 

(Bra032430). 

 

Table 1- The information of LBD gene family in Brassica rapa 

Gene-ID Chromosome location 
length of 

CDS (bp) 

Size 

(aa) 

Molecular 

Weight (kDa) 

Isoelectric 

Point 

Bra011772 A01： 631422-632295 714 237 26.16 8.14 

Bra030013 A01：15197049-15197594 546 181 20.47 6.28 

Bra021513 A01：24031027-24031809 783 260 29.65 5.19 

Bra036436 A01：26182693-26184031 828 275 29.13 7.27 

Bra021433 A01：26544577-26545455 795 264 28.18 8.9 

Bra039733 A02：8609994-8610602 609 202 22.09 7.1 

Bra008062 A02：11974433-11974990 558 185 21.09 8.3 

Bra008514 A02：15105491-15108182 675 224 23.73 6.53 

Bra032938 A02：21690732-21697188 885 294 32.14 4.78 

Bra033019 A02：22222695-22223093 399 132 14.67 6.89 

Bra031833 A02：26735230-26736023 726 241 25.98 8.46 
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Bra022780 A03：7028824-7031941 567 188 20.97 6.21 

Bra000188 A03：9810598-9811563 600 199 21.45 8.8 

Gene-ID Chromosome location 
length of 

CDS (bp) 

Size 

(aa) 

Molecular 

Weight (kDa) 

Isoelectric 

Point 

Bra000257 A03：10224676-10226488 717 238 25.95 6.88 

Bra000491 A03：11403294 -11404774 696 231 25.39 4.9 

Bra012913 A03：21565949-21566767 726 241 26.60 6.89 

Bra019365 A03：24704629-24705232 474 157 17.58 4.73 

Bra019364 A03：24712058-24712660 471 156 17.56 4.72 

Bra019363 A03：24714374-24717092 567 188 21.17 5.94 

Bra017831 A03：30822548-30823423 699 232 25.30 9.1 

Bra014581 A04：1578864-1579640 660 219 24.37 6.28 

Bra032153 A04：10863797-10864723 927 308 34.41 4.83 

Bra035698 A04：12821594-12823000 690 229 25.15 4.82 

Bra021612 A04：13517060-13517878 573 190 21.12 5.91 

Bra021627 A04：13629407-13635740 1818 605 66.82 6.59 

Bra021737 A04：14277051-14279483 720 239 26.53 7.05 

Bra016992 A04：17335420-17336527 672 201 21.73 7.68 

Bra016877 A04：17885323-17886737 741 246 26.61 8.11 

Bra016876 A04：17891815-17893269 795 264 29.44 6.29 

Bra040312 A04：18654439-18655034 507 168 18.60 7.68 

Bra040311 A04：18661116-18662937 780 259 27.13 8.19 

Bra004572 A05：848386-849380 672 223 24.45 8.73 

Bra018335 A05：7531963-7532792 570 189 21.07 6.03 

Bra004693 A05：1378014-1379047 735 244 26.26 8.15 

Bra004908 A05：2423168-2423825 567 188 20.73 6.29 

Bra004910 A05：2431903-2433701 762 253 26.06 8.51 

Bra018260 A05：6982723-6983406 582 193 21.60 5.93 

Bra018320 A05：7431670-7433607 711 236 25.34 8.88 

Bra034867 A05：22531696-22532214 519 172 18.76 6.58 

Bra018675 A06：2690223-2691288 621 206 22.86 4.96 

Bra026042 A06：6077062-6078584 492 163 18.07 8.53 

Bra018102 A06：9966009-9967059 957 318 36.16 5.07 

Bra038606 A06：14744575-14745120 546 181 19.91 8.29 

Bra025294 A06：21268164-21268562 399 132 14.56 7.58 

Bra014907 A07：7520218-7521222 519 172 18.66 7.61 

Bra012164 A07：11864765-11865628 771 256 27.86 8.4 

Bra012112 A07：12167926-12168942 1017 338 37.52 6.54 

Bra011942 A07：13307944-13309396 702 233 25.57 4.88 

Bra004315 A07：21218686-21219592 714 237 25.76 8.05 

Bra030647 A08：20194310-20194903 594 197 22.47 9.68 

Bra037322 A09：72210-73595 669 222 24.23 6.16 

file:///D:/黄小云/LBD英文撰写/tf.php
file:///D:/黄小云/LBD英文撰写/tf.php
file:///D:/黄小云/LBD英文撰写/tf.php
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Bra037323 A09：77381-79375 675 224 23.58 6.43 

Bra039072 A09：1612536-1612931 396 131 14.58 7.6 

Gene-ID Chromosome location 
length of 

CDS (bp) 

Size 

(aa) 

Molecular 

Weight (kDa) 

Isoelectric 

Point 

Bra035860 A09：3871080-3871610 531 176 19.26 8.56 

Bra037847 A09：4481055-4481859 711 236 25.71 9.03 

Bra037142 A09：4634033-4635217 1185 394 44.22 5.62 

Bra036040 A09：26375754-26376800 738 245 26.60 6.82 

Bra007385 A09：30453212-30454011 678 225 24.75 6.01 

Bra026716 A09：35114799-35116059 495 164 18.50 9.15 

Bra031599 A09：37405363-37406480 624 207 23.13 4.87 

Bra032430 A09：37789273-37793389 1815 604 66.85 8.91 

Bra009161 A10：15006388-15007020 552 183 20.62 5.72 

 

 

 

 

 

Phylogenetic and structure analysis of the LBD genes in Brassica rapa  

 

To evaluate the evolutionary relationships among the 62 BrLBD proteins, we 

performed a phylogenetic analysis based on their full-length amino acid sequences. 

We identified two subfamilies (class I and class II) as being monophyletic (Fig. 1) 

including 53 and 9 LBD genes. And 23 paralogous LBDs were found, 18 of which had 

a very strong bootstrap support (>90%). Our results suggest a clear paralogous pattern 

of LBD gene divergence by gene duplication for the Brassica rapa.  

Structural analyses were intended to provide valuable information concerning 

duplication events when interpreting phylogenetic relationships within gene families. 

Thus, we analyzed the exon/intron structures of the LBD genes (Fig. 1). In Brassica 

rapa, the exon numbers ranged from one within 14 genes to eight in Bra32430. 39 

genes had two exon, six genes had three exons, and two gene each contain five 

(Bra032938) and six exons (Bra021627). Interestingly, eight genes of class II all 

contain only two exon. Most members within the same subgroup shared a similar 

intron/exon structure and gene length. The conserved intron/exon structure in each 

subgroup supported their close evolutionary relationships and the stated classification 

of subfamilies. 

 

file:///D:/黄小云/LBD英文撰写/tf.php
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Figure 1- The phylogenetic tree and gene structure analysis of the LBD gene family in Brassica rapa. The amino 

acid sequences of the LBD proteins were aligned with ClustalX, and the phylogenetic tree was constructed using the 

neighbor joining method in MEGA5 software. Each node is represented by a number that indicates the bootstrap 

value for 1000 replicates. The right side illustrates the exon-intron organization of the corresponding LBD genes. 

The exon and intron are represented by the yellow boxes and black lines, respectively. The scale bar represents 1kb 

(right). 

 

To compare the evolutionary patterns of Brassica rapa LBD gene family with those of 

other plants, a phylogenetic tree was generated using Brassica rapa, Arabidopsis, 

tomato and maize full length protein sequences (Fig. 2). The results show that the class 

I BrLBD genes could be subdivided into four subgroups of Ia, Ib, Ic and Id, which 

contained 9, 15, 12, 17 LBD family members, respectively, which indicated that the 

LBD family of Brassica rapa were distributed each subclass. We identified 29 pairs of 

orthologous genes among all LBD genes. Conversely, 22 orthologous gene pairs were 

found between Brassica rapa and Arabidopsis, 3 orthologous gene pairs between 

Brassica rapa and tomato, two orthologous gene pairs between tomato and maize, and 

two orthologous gene pairs between tomato and maize. However, we did not detect 

orthologous gene between Brassica rapa and maize, which was consistent with the 

close relationship between Brassica rapa and Arabidopsis. In addition, many 

paralogous LBD gene pairs were identified in maize (11), tomato (8), Brassica rapa 

(4) and Arabidopsis (3).  
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Figure 2- Phylogenetic tree constructed using the Maximum Likelihood method by MEGA5, using LBD genes in 

Brassica rapa, Arabidopsis, tomato and maize. Branches of members belonging to class II subclasses are 

represented by black lines, branches of members belonging to class  Ia, class Ib , class Ic and class Id subclasses are 

represented by red, blue, green and yellow lines, respectively. The black hollow circles represent paralogous genes 

of Brassica rapa, and the black solid circles represent orthologous genes from Brassica rapa and Arabidopsis.   

 

Chromosomal localization of Brassica rapa LBD genes 
 

Chromosomal location analyses showed that 62 BrLBD genes presented on 10 

chromosomes by the MapDraw tool, which dispersed throughout their respective 

genomes (Fig. 3). The number of LBD genes on each chromosome varied widely. The 

largest number of LBD genes was detected on chromosome A04 and A09 (11 

BrLBDs), while the lowest number was on chromosomes A08 and A10 (one BrLBDs 

each). Chromosomes A01, A06, and A07 had the same number of LBD genes (5 
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BrLBDs). Eight and six LBD genes were located on chromosome A05 and A02, 

respectively. Interestingly, a pair paralogous LBDs (Bra019365 and Bra019364) were 

located in the same chromosome (A03) and all other pairs located on different 

chromosomes. Further investigation showed that three pairs of BrLBDs (Bra004572 

and Bra004693, Bra004908 and Bra004910, Bra018260 and Bra018320) closely 

linked in chromosome A05. In addition, some members were clustered together at the 

top of chromosome A09, including Bra037322, Bra037323, Bra0390372, Bra035860, 

Bra037847 and Bra037142.  

 

 
Figure 3- The chromosomal mapping analysis of the LBD gene family in Brassica rapa. The chromosome number 

(Chr01-Chr10) is indicated at the top of each chromosome.  

 

Sequence alignment and conserved motifs of LBD genes 

 

In Arabidopsis, the LBD had a conserved AS2/LOB domain in the N terminus of the 

proteins, and there were two conserved blocks in the AS2/LOB domain of the class I 

proteins, i.e., the C block and GAS block. To identify conserved domains within the 

BrLBDs, we performed an alignment within all the LBD genes and a separate one for 

the class I and II protein sequences. As with the LBD genes, multiple sequence 

alignments showed that all 62 predicted LBD protein sequences had a high conserved 

CX2CX6CX6C zinc-finger-like domain while a LX6LX3LX6L leucine-zipper-like 

domain existed only in 53 genes of the class I (Fig. 4). However, two points are worth 

mentioning: three genes (Bra019363, Bra019364 and Bra019365) had seven amino 

acid residues between the third and fourth cysteine (C), which differ from other genes 

had three. Bra018260 had an insertion with 13 amino acid residues between the first 

and second leucine (L). 
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Figure 4- Multiple sequence alignment of amino acid sequences of conserved domain motif of BrLBD proteins. A: 

The CX2CX6CX3C zinc finger-like domain sequences Logos. B: The LX6LX3LX6L Leu-zipper-like domain 

sequences Logos. Sequence alignment of two domains by ClustalX and conserved motifs Logos was performed by 

Web Logo program. 

 

Expression patterns of LBD genes in Brassica rapa 

 

We analyzed expression levels of Brassica rapa LBD genes in five tissue using 

Illumina RNA-seq data (Fig. 5). The transcript levels (FPKM values) of all LBD genes 

were obtained from at least one tissue. Among 62 BrLBDs, 23 genes were expressed 

in all tissues and seven genes (Bra018262, Bra019363, Bra019364, Bra019365, 

Bra018102, Bra028062 and Bra030647) were not expressed in all tissues, while 

Bra017385 expressed at high level (FPKM>30) and Bra032430 expressed at high 

level (FPKM>10) in all tissues. In general, the expression level in each organ was as 

follows: root >flower >stem > silique > leave, and most genes of class II were 

expressed in each tissue and have a high expression level. Several genes exhibited 

tissue-specific expression, for example, Bra018335 and Bra004693 was expressed 
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only in root and flower; Bra032153 and Bra021513 was expressed only in flower; 

Bra039606 and Bra004315 was detected only flower and silique; Bra018675, 

Bra034867 and Bra031833 were not detected silique. Interestingly, the FPKM value 

of Bra004315 exceeded 115 in the silique, demonstrating that it may be important in 

Brassica rapa. Furthermore, we also detected the expression of the duplicated genes, 

which had the similar gene structure and got together in the phylogenetic tree. 

However, the expressions of several duplicated genes were different. Detailed 

expression values and clusters of each LBD gene were analyzed using cluster analysis 

based on RNA-seq datasets (Fig. 5).  



12 Huang, X. et al. 

 

Braz. Arch. Biol. Technol. v.61: e18180049 2018 

 
Figure 5- Expression profile cluster analysis of the Brassica rapa LBD family proteins. Expression values of each 

LBD gene identified in the study were downloaded from RNA-seq data, including roots, stems, leaves, flowers, and 

siliques. 
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DISCUSSION 

 

Brassica rapa represents a nutritionally important vegetable whose genome has been 

fully sequenced. The complexity of the LBD gene family has been investigated in 

many plant species. However, there is little information on the biology and function of 

LBD proteins in Brassica rapa compared with other model plants, such as 

Arabidopsis and rice. The identification, classification, expression, and comparative 

analyses presented here provide a solid foundation for future studies of LBD protein 

regulatory functions during plant growth and development. This survey presents a 

comprehensive overview of the LBD gene family repertoire within the Brassica rapa 

genome. 

Through genome-wide identification and subsequent comparative analysis, we 

identified 62 LBD genes in Brassica rapa. The number of LBD genes was 

significantly different from that of Arabidopsis (43), rice (35), maize (44) and tobacco 

(98), indicating that there is certain difference of LBD genes in different plants, but the 

number is not proportional to the size of the genome. However, the number of class II 

was 9, which was similar to that of Arabidopsis (7/43), rice (5/35), tomato (6/40), 

maize (7/44) and tobacco (13/98), indicating that LBD genes possesses high 

conservatism during species evolution4,10,12,13,18. 

Genetic structure analysis is useful to explore gene family evolution and gene repeat 

event information. Genetic structure analysis is useful to explore gene family 

evolution and gene repeat event information. The exon/intron structures of the LBD 

genes were shown in Fig. 1, a large number of LBD genes had one to three introns 

(95.16%, 59 of 62); 14 contained one intron; 39 contained two introns; 6 contained 

three introns; the other three genes (Bra032938, Bra021627 and Bra032430) had 5, 6 

and 8 introns, respectively. The same type of genes have similar genetic structure, 

which is in accordance with Arabidopsis and rice and other angiosperms4,10. 

The chromosomal location showed that the LBD gene was unevenly distributed on 

each chromosome of Brassica rapa, indicating that the LBD gene may have been 

widely distributed in the genome of the common ancestor. A gene cluster of six genes 

is located on chromosome A09, and the three pairs of genes are closely linked on 

chromosome A05, which may be caused by tandem duplication. Therefore, it is 

suggested that all segmental duplication and transposition events have played roles in 

the evolution of LBD gene family in Brassica rapa. 

In this study, the LBD gene family was analyzed in Brassica rapa and three other 

species. A total of 195 LBD genes were identified and analyzed in our study. Based on 

structural characteristics and on a comparison of the phylogenetic relationships among 

Brassica rapa, Arabidopsis, tomato, and maize, 62 BrLBD genes were fell into two 

major classes and four subclasses. Orthologs are genes in different genomes that have 

been create through speciation events, while paralogs are genes in the same genome 

created through gene duplication events43. With each LBD protein class, we identified 

4 pairs of paralogous gene in Brassica rapa, and all paralogous genes appeared 

between chromosome, indicating that genome duplication likely occurred in the long 

evolutionary process. While 29 pairs of orthologous genes have been obtained through 

phylogenetic relationships, of which 22 pairs occurred between Brassica rapa and 

Arabidopsis, 3 pairs occurred between Brassica rapa and tomato, 2 pairs occurred 

between Arabidopsis and tomato, which showed closer genetic relationship between 

cabbage and Arabidopsis. As a result, orthologous genes in Brassica rapa， 
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Arabidopsis, and tomato may possess similar function. In addition, Brassica rapa, 

Arabidopsis, tomato and maize were distributed in all groups of LBD family, which 

suggests that there are no monocot-specific lineages among LBDs, but the complexity 

of subclasses might be different in monocots and dicots. The isolation and 

identification of these LBD genes are likely to assist in clarifying the molecular 

genetic basis for Brassica rapa genetic improvement and also provide functional gene 

resources for constructing transgenic plants. 

The gene chip research of model plants Arabidopsis is more comprehensive compared 

with cabbage, and a large number of its LBD genes have been validated. The 

phylogenetic tree between Arabidopsis and Brassica rapa revealed that the LBD gene 

of similar function may be clustered the same class or subclass, and LBD gene is 

highly conserved, which provide evidence for function prediction of Brassica rapa 

LBD genes. For instance, it shows that AtLBD37 (At5G67420), AtLBD38 (At3G49940) 

and AtLBD39 (At4G37540) are induced by nitrate and involved in anthocyanin 

synthesis and nitrate metabolism4, therefore these genes clustered together in Class II 

of Brassica rapa may have similar functions, and there are 2 pairs of orthologous 

genes (At5G67420 and Bra031833, At4G37540 and Bra011772).  AtLBD3 

(At1G16530), AtLBD4(At1G31320) in Arabidopsis are induced cytokinin44, therefore 

their orthologous genes clustered together in Class Ic (Bra026716 and Bra014907) of 

Brassica rapa may participate in the cytokinin signaling process. The functional 

verification of LBD gene in Arabidopsis also demonstrated that class I is mainly 

involved in developmental regulation, class II plays a role in physiological and 

biochemical pathways during the growth and development of plants such as nitrogen 

formation and environmental response.  

The expression pattern of a gene is often correlated with its functional, therefore we 

analyzed the expression of the Brassica rapa LBD genes using RNA-seq data from 

five tissues (root, stem, leaf, flower and silique). The results showed that 55 LBD 

genes of Brassica rapa all 62 LBD genes were expressed in at least one developmental 

stage. Among them, class I gene has high diverse tissue-specific expression, these 

genes play a unique role in the growth and development of Brassica rapa, such as the 

formation of lateral root and lateral lobe, flower development and fruit ripening 

process. While many class II genes have a higher expression level in almost every 

tissue, which is similar to that of Arabidopsis, rice, pepper and other plant LBD 

families 10,12,17. In addition，some genes are highly expressed in certain tissues such as 

Bra018335 and Bra004693 in root and flower organs, Bra032153 and Bra021513 in 

flower Bra039606 and Bra004315 in flower and silique. It is worth mentioning that 

Soly06g050430 is mainly expressed in the root12, and its orthologous gene Bra004572 

was also expressed in root. 

 

CONCLUSION 

 

In this study, a total of 62 BrLBD genes were identified in the whole Brassica rapa 

genome. Based on their structural characteristics and phylogenetic comparisons, the 

62 BrLBD genes were classified into two classes (class I and class II) and four 

subclasses (Ia, Ib, Ic, Id). The LBD genes were unevenly localized on all the Brassica 

rapa chromosomes. The expression of LBD genes based RNA-seq were different in 

five tissues, which showed highly diverse tissue-specific expression and functional 

diversity. The bioinformatics analysis results of this study will be useful for future 
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gene cloning and functional studies, and for creating Brassica rapa cultivars with 

improved genetic traits.  
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