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BraHD-Zips could be categorized into four distinct major 
groups (I–IV). Each group exhibited variant gene structures 
and motif distributions. Some syntenic orthologous gene 
pairs presented diverse expression profiles, which indicate 
that these gene pairs may be involved in the development of 
new functions during evolution. In summary, our analysis 
provided genome-wide insights into the expansion, prefer-
ential retention, expression profiles and functional diversity 
of BraHD-Zip genes following whole genome triplication 
in B. rapa.

Keywords HD-Zip genes · Brassica rapa · Genome-wide 
analysis · Expression profiles · Functional diversity

Introduction

As a transcription factor (TF) gene family, Homeodomain-
Leu Zipper (HD-Zips) participates in various biological 
and physiological processes, including in the regulation 
of organ development, flowering time, hormone-mediated 
signaling and stress responses (Ariel et al. 2007; Chen et al. 
2014). This superfamily can be divided into four distinct 
classes (I–IV) (Sessa et  al. 1997). Much of the data per-
taining to functions of HD-Zip superfamily has emanated 
from studies conducted in plant Arabidopsis thaliana (A. 
thaliana). Members of the HD-Zip subfamily I are mainly 
involved in abiotic stress response, photomorphogenesis 
and organ development (Ariel et  al. 2007). A. thaliana 
homeobox protein 12 (ATHB12) and its paralogous gene 
homeobox protein 7 (ATHB7) showed similar up-regulation 
patterns under conditions of water deficit and also on exog-
enous treatment with abscisic acid (ABA). Over-expression 
of ATHB7 and/or ATHB12 was shown to result in delayed 
elongation of inflorescence stem and increased branching 
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in A. thaliana (Olsson et al. 2004). A. thaliana homeobox 
protein 16 (ATHB16) was shown to negatively regulate leaf 
cell expansion and flowering time sensitivity to photoper-
iod (Wang et al. 2003). The expressions of HD-Zip subfam-
ily II genes were shown to be regulated by the quality of 
light and hormone to affect organ development. Function 
of five members were regulated by light quality involved 
during photomorphogenesis (Carabelli et  al. 2013). Fur-
ther, A. thaliana homeobox protein 4 (ATHB4) and His-
tone acetyltransferase 3 (HAT3) were shown to affect the 
establishment of dorso-ventral axis to regulate leaf devel-
opment in A. thaliana (Torrent et  al. 2012). A. thaliana 
homeobox protein 17 (ATHB17) as a positive regulator of 
ABA response, affected growth of seedlings during a nar-
row developmental stage (Park et al. 2013).

HD-Zip subfamily III genes was shown to play crucial 
roles in the differentiation of vascular development, organ 
polarity, apical embryo, polar auxin transport and meristem 
function (Prigge et al. 2005). REVOLUTA loss-of-function 
mutations were shown to cause defects in vascular/leaf 
development and auxin transport (Prigge et al. 2005; Aga-
lou et al. 2008). Over-expression of A. thaliana homeobox 
protein 8 (ATHB8) caused precocious secondary growth 
in Arabidopsis (Baima et  al. 2001). HD-Zip IV genes are 
mainly involved in epidermal trichome differentiation, 
anthocyanin accumulation, and root development (Hu et al. 
2012). Several members established cell fates in epider-
mal layer (Ariel et  al. 2007). Anthocyaninless 2 (ANL2) 
affected anthocyanin accumulation in leaf epidermis, and 
was also involved in the determination of root cell identity 
(Kubo et al. 1999).

Whole genome duplication (WGD) events widely 
occurred during history of plant evolution. A. thaliana 
underwent at least three ancient polyploid events which 
were shared with other members of Brassicales (Duan et al. 
2015). After divergence from A. thaliana lineage, occur-
rence of an addition whole-genome triplication (WGT) 
event has been confirmed in Brassica rapa. The density 
of orthologous genes in three subgenomes of B. rapa were 
shown to be dramatically divergent as compared to that 
in A. thaliana (Project 2011). The proportion of genes 
retained in least fractionated subgenome (LF) was much 
higher than that in the medium fractionated subgenome 
(MF1) and the most fractionated subgenome (MF2) (Cheng 
et al. 2012a). Recent studies have confirmed that transcrip-
tion factors are preferentially retained in a dosage-sensi-
tive relationship following diploidization of ancient WGD 
events (Lou et  al. 2012). These retained orthologous TF 
genes may have provided raw material for functional inno-
vation as part of the evolutionary process.

In the present study, 88 BraHD-Zip transcription factor 
putative candidate genes were comprehensively identified 
in B. rapa. Further, we analyzed their genome organization, 

conserved motifs and sequence phylogeny. After examining 
their expression profiles in different organs/tissues, we also 
determined the expression profiles of selected duplicated 
genes in group I under different abiotic stress treatments 
using qRT-PCR. Our results will be helpful for further 
functional analyses of BraHD-Zips and would also help 
identify candidate genes to improve stress-resistance in B. 
rapa.

Results

Identification and characterization of HD-Zips

After careful survey of the entire B. rapa database, a total 
of 88 HD-Zip homologs were identified by BLASTp pro-
gram (Table  S1). All candidate proteins contained a con-
served HD-Zip combined domain (Table S2). All BraHD-
Zips except BraHD-Zip88 (Bra040941) were mapped on 
ten chromosomes (Fig. S1). All members of HD-Zip fam-
ily were located on the segmental duplicated regions (Fig. 
S1). We also identified 30 HD-Zips in Carica papaya, 
63 HD-Zips in Populus trichocarpa, 33 HD-Zips in Vitis 
vinifera and 21 HD-Zips in Amborella trichopoda (Fig. 1; 
Table S3).

Predictions of physical and chemical characterization 
and signal peptide of a gene product can provide addi-
tional functional information. Our results revealed that four 
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subgroups showed diverse physical and chemical character-
izations in each selected plant species (Fig. S2). The results 
of signal peptide prediction indicated that all BraHD-Zips 
did not possess signal sequences for targeting the secretory 
pathway (Table S1).

Differential retention of BraHD‑Zip genes

The dosage-sensitive gene duplicates are over-retained to 
maintain the stability of transcriptional and signal networks 
during the evolutionary process (Freeling and Thomas 
2006; Lou et al. 2012). The retention of four gene sets were 
compared, including the HD-Zip gene set, the set of 960 
neighboring genes (ten on either side) flanking 48 AtHD-
Zip genes, set of 458 core eukaryotic genes and 458 ran-
dom selected genes from the microsyntenic regions corre-
sponding to the HD-Zip genes (Table S4). Approximately 
60% of HD-Zip genes retained two or three copies, much 
more than the comparison group of neighboring gene set 
(Fig. 2a). Of note, only 4 (8.51%) BraHD-Zip genes were 
completely lost, which was less than that in the neighboring 
and core comparisons (Fig. 2a). The proportion of retained 
HD-Zip genes among LF, MF1 and MF2 subgenomes was 
significantly higher than the neighboring gene set (Fig. 2b). 
In the LF subgenome, 74.47% of BraHD-Zip genes were 
retained, whereas MF1 and MF2 sub-genomes retained 
substantially lower proportions of BraHD-Zip genes (48.94 
and 40.43%, respectively) (Fig. 2b, c).

Analysis of synonymous substitution rates

Using syntenic orthologous HD-Zip gene pairs identi-
fied between B. rapa and A. thaliana, the Ka, Ks and Ka/
Ks ratios were calculated. The Ka/Ks ratios of all HD-Zip 
syntenic orthologs were ≤1. This distribution (Ka/Ks < 1) 
represented that the genes within each group were subject 
to strong purifying selection after divergence (Table  S5). 
The Ks values of the HD-Zip genes ranged from 0.2667 
(8.89 Mya) to 0.8376 (27.92 Mya) with average of 0.4405 
(~14.68 Mya) (Fig. 3a). Pair-wise divergences were indis-
tinguishable from each other among the three sub-genomes 
(Fig. 3b). Investigation of the divergence amongst the four 
HD-Zip groups showed less divergence in the HD-Zip III 
group as compared to that in the other three subgroups 
(Fig. 3c). The divergence of this group occurred later and 
the genes underwent very strong purification selection 
pressure (Fig. S3).

Phylogenetic analyses of BraHD‑Zip genes

To understand the evolutionary relationship of HD-Zips in 
B. rapa and A. thaliana, a phylogenetic maximum likeli-
hood tree was constructed using full-length HD-Zip protein 

sequences. It can be seen that the BraHD-Zips clustered 
into four major groups (I–IV) (Fig. 4). Group I comprised 
of 33 genes and they could be further clustered into multi-
ple subgroups (Henriksson et al. 2005). Group II contained 
19 BraHD-Zip genes that could be clustered into six sub-
groups. Amongst these, only three genes corresponded to a 
single Arabidopsis gene, including BraHD-Zip29/ATHAT9, 
BraHD-Zip86/ATHAT14 and BraHD-Zip06/ATHB2. Group 
IV contained twenty-six HD-Zip genes and Group III, 
which was the smallest group, contained ten BraHD-Zip 
genes. We also identified 31 sister pairs with high bootstrap 
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support. More than half of HD-Zip sister pairs corre-
sponded to two or three orthologous genes between B. rapa 
and A. thaliana.

The exon/intron organizations were compared to exam-
ine the structural gene diversity among different subfami-
lies. The intron numbers dramatically varied from zero 
to seventeen. Most closely related BraHD-Zip sister pairs 
shared similar intron numbers and exon/intron struc-
tures (Fig. S4). The BraHD-Zip genes were subjected to 
MEME program to detect their conserved motifs. Twenty 
conserved motifs were identified in total (Table  S6). The 

distribution of motifs in the four groups was noticeably 
diverse. These conserved motifs, like HD-Zip, CPSCE, 
START and MEKHLA, showed specific distribution pat-
tern (Fig. S4).

Expression profiles and potential functional diversity 
of duplicated BraHD‑Zip pairs

In this study, we analyzed BraHD-Zips expression charac-
teristics using Illumina RNA-seq data (Tong et  al. 2013). 
Among 88 BraHD-Zips, 59 members were expressed at 
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relatively high levels (FPKM > 5) in at least one organ/tis-
sue (Table S7). On silico analysis, the expression profiles 
of syntenic orthologous gene pairs were compared in three 
subgenomes of B. rapa (Fig. 5; Table S7). These gene pairs 
exhibited diverse expression profiles. The first type revealed 
a paralogous gene with higher expression levels than that in 
its corresponding gene in one or more organs/tissues, while 
its corresponding gene showed higher expression in some 
other organs/tissues. The second type was the paralogous 
gene, which was expressed at higher levels than the others 
in all tissues. For the paralogous pairs in which all three 
copies were detected, their expression patterns showed a 
tendency to be a mixture of the above two types.

Expression analysis and potential functional diversity 
of duplicated BraHD‑Zip subfamily I gene pairs 
under abiotic stress

HD-Zip subfamily I is mainly involved in abiotic stress 
response to environmental factors in higher plants (Chen 
et al. 2014). Six duplicated gene pairs of BraHD-Zip group 
I showed comprehensive expression profiles in response 
to NaCl, PEG, heat and cold treatments (Tables S8, S9). 
BraHD-Zips showed diverse expression profiles when 
subjected to the above treatments (Fig.  6). The change in 
gene expression profiles when subjected to NaCl, PEG, and 
heat treatments were more obvious than that under cold 
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treatment. BraHD-Zip27/78 exhibited distinct response 
models under heat stress. The relative abundance of 
BraHD-Zip10 dramatically increased under NaCl and PEG 
treatment as compared to BraHD-Zip85. Among the three 
duplicates of syntenic orthologous pair, BraHD-Zip58/15 
presented similar expression pattern, while BraHD-Zip57 
exhibited more intense response to stress.

Discussion

Comprehensive identification of gene family is essential to 
study its evolution and function. A large number of HD-Zip 
members have been investigated in several plants; however, 
systematic studies of HD-Zips in B. rapa have been largely 
lacking. In this study, we comprehensively analyzed a list 
of 88 BraHD-Zips. B. rapa has a relatively large genome 
size when compared with other plants. Considering, the 
number of HD-Zips in other plants, it is likely that most, 
if not all, of HD-Zips have been identified in B. rapa. The 
chromosomal locations of BraHD-Zips were distributed 
with highly variable density in the ten chromosomes. Con-
trary to expectations, no BraHD-Zip genes involved in 
cluster were considered as tandem duplicated genes. This 
data suggested that the major contribution of segmental 
duplications is to expand the HD-Zip family. The distribu-
tion may reflect the variation in BraHD-Zips introduced 

via segmental duplication during its evolution. Recent 
work suggests that the segmental and tandem duplications 
caused a substantial expansion of the gene family during 
the process of genome evolution (Zhao et  al. 2011). This 
amplification reflects the evolutionary particularity of the 
HD-Zip gene family in B. rapa.

Genome evolution and preferential retention 
of the BraHD-Zip transcription factor family

By detecting the footprint of HD-Zip genes in eudicots, 
283 HD-Zip genes were compared in 6 selected species. B. 
rapa contained a great amount of family members of HD-
Zip genes (88 members), which is notably more than that of 
the other five species [A. thaliana (47), C. papaya (30), P. 
trichocarpa (63), V. vinifera (33), and A. trichopoda (21)]. 
Through comparative genomics analysis, we found that 
this family was expanded mainly by genome duplication, 
accompanied by substantial gene loss over the evolutionary 
process. The biased gene fractionation occurred typically 
following the polyploid formation in the eukaryotes (Lim 
et al. 2010). A large number of gene families exhibit a simi-
lar pattern of evolutionary dynamics in plants (Lou et  al. 
2012; Duan et al. 2015). The HD-Zip gene family also fol-
lowed this common evolutionary mechanism for dynamic 
expansion of the gene family (Lou et al. 2012; Duan et al. 
2015).
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Fig. 6  Expression patterns of BraHD-Zip duplicated genes in 
response to various abiotic stresses, including 200  mM NaCl, 20% 
polyethylene glycol (PEG)-6000, heat (38 °C) and cold (4 °C). The 

Y-axis is the scale of relative expression levels. The X-axis repre-
sents the different simples under abiotic treatments. All values are the 
means of three measurements
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On phylogenetic analysis, BraHD-Zip genes were found 
clustered into four major subfamilies. Further, the major-
ity of subfamilies could be further divided into smaller 
clades. Within each clade, one to three similar orthologous 
genes emerged between B. rapa and A. thaliana. Therefore 
it is entirely conceivable that the BraHD-Zip genes mainly 
expand following the WGT event after divergence from the 
A. thaliana lineage.

Whole genome duplication (WGD) events has been a 
significant part in the evolution of complexity and facili-
tated speciation during the long history of plant lineages. 
After duplication events occurred, the fates of gene dupli-
cates were distinct during diploidization. The gene balance 
hypothesis predicts that dosage-sensitive gene duplicates 
were preferentially retained to maintain the stability of 
transcriptional networks (Freeling and Thomas 2006). This 
hypothesis was also confirmed by comparative genomics 
between B. rapa and A. thaliana. Genes with Gene Ontol-
ogy terms associated with response to environmental fac-
tors and plant hormones were also over retained (Project 
2011). Thus, HD-Zip genes that are strongly involved in 
transcriptional and/or signaling networks should exhibit 
preferential retention in B. rapa. In this study, approxi-
mately 59.57% HD-Zip genes were retained in the form of 
two or three duplicates after whole-genome triplication in 
B. rapa. For their neighboring genes, only 37.09% genes 
could be detected as multi duplicates.

Expression profiles and potential functional diversity 
of duplicated pairs of BraHD‑Zip genes

After a comprehensive investigation of BraHD-Zip gene 
expression characteristics (Tong et  al. 2013), we found 
that most HD-Zips were expressed at relatively high levels, 
and AtHD-Zip genes also exhibited similar characteristics 
(Table S10; Fig. S5). This characteristic was the hallmark 
of the survived HD-Zips, which were likely played a key 
role in their growth and development. During plant evolu-
tion, orthologous genes appear to have conserved expres-
sion profiles and functions. According to the functions of 
their orthologous genes, the possible functions of HD-
Zips could be hypothesized in B. rapa by comparing with 
orthogous genes found in A. thaliana. For example, the 
orthologue of BraHD-Zip01/66 is ATHB16, which could 
negatively regulate leaf cell expansion and flowering 
time sensitivity to photoperiod in Arabidopsis. Therefore, 
BraHD-Zip01/66 may have a similar function in the regula-
tion of leaf development and flowering time. Interestingly, 
BraHD-Zip01/66 exhibited diverse expression profiles in 
leaf, flower and callus. BraHD-Zip01 had a relatively high 
expression in leaf and flower, as compared to its paralogous 
genes BraHD-Zip66. Both these had a very high expression 
level in the callus. This diverse expression characteristic 

suggests that paralogous gene pair BraHD-Zip01/66 may 
have prevented potential harmful mutations or innovate 
new functions during its evolution.

Duplicate genes provide raw material for functional 
innovation over evolutionary time. The potential par-
alogous relationships facilitated us to understand possible 
functional redundancy and diversity of HD-Zips in B. rapa. 
ATHAT1 was involved in meristematic activity and was 
reported to be important for fruit development in Arabi-
dopsis (Victor et al. 2012). Being its orthologou, BraHD-
Zip05 and BraHD-Zip23 exhibited diverse expression in 
silique. This diversity may demonstrate that BraHD-Zip05 
may have lost regulatory functions in silique development. 
BraHD-Zip10, BraHD-Zip78 and BraHD-Zip57 showed 
discrepancy in their responses under specific abiotic stress 
as compared to that in their syntenic orthologous genes. 
The functional divergences among these duplicate genes 
can originate from mutations, subfunctionalization and 
selection for changes in gene dosage (Conant and Wolfe 
2008). B. rapa have been confirmed to undergo multiple 
WGD and one WGT events, which is typically followed by 
biased gene fractionation. These functional innovation of 
over-retained duplicate genes can cause remarkable mor-
phological variants and enhance environmental adaptability 
(Project 2011).

Methods

Identification of HD-Zip transcription factors 
and comparison gene sets

The coding sequences of the 48 AtHD-Zip genes were 
used as a set of reference genes and were retrieved from 
the Arabidopsis TAIR10 database (http://www.arabidopsis.
org) (Lamesch et al. 2012), according to previous research 
(Henriksson et al. 2005; Prigge et al. 2005; Nakamura et al. 
2006; Ciarbelli et al. 2008). Homologous Sequences were 
retrieved from the BRAD database (http://brassicadb.org/
brad/) based on a BLASTp search with e-value ≤ 1e−10 
and identity ≥60% (Cheng et al. 2011). FGENESH (http://
linux1.softberry.com/berry.phtml?topic=fgenesh&group=
programs&subgroup=gfind) were used for manual re-anno-
tation with parameters optimized for Arabidopsis, follow-
ing which the sequences were verified in the NCBI data-
base (http://www.ncbi.nlm.nih.gov/) (Duan et al. 2015).

Homologs of AtHD-Zips in A. trichopoda, V. vinifera, C. 
papaya, and P. trichocarpa were retrieved from Phytozome 
v10.1 (http://www.phytozome.net/) (Goodstein et al. 2012).

The data sets of Core eukaryotic genes and random 
genes were downloaded from CEGMA (http://korflab.
ucdavis.edu/Datasets/cegma) (Parra et  al. 2007), and 
were used to select homologs from microsyntenic regions 

http://www.arabidopsis.org
http://www.arabidopsis.org
http://brassicadb.org/brad/
http://brassicadb.org/brad/
http://linux1.softberry.com/berry.phtml?topic=fgenesh&group=programs&subgroup=gfind
http://linux1.softberry.com/berry.phtml?topic=fgenesh&group=programs&subgroup=gfind
http://linux1.softberry.com/berry.phtml?topic=fgenesh&group=programs&subgroup=gfind
http://www.ncbi.nlm.nih.gov/
http://www.phytozome.net/
http://korflab.ucdavis.edu/Datasets/cegma
http://korflab.ucdavis.edu/Datasets/cegma
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corresponding to HD-Zips using SynOrths tool in Brassica 
database (Lou et al. 2012).

Synteny analysis of HD-Zip genes in A. thaliana 
and Brassica rapa

Each HD-Zip homolog between A. thaliana and B. rapa 
was extracted from the BRAD database (http://brassicadb.
org/brad/searchSynteny.php) (Cheng et al. 2012b).

Prediction analysis of protein characterization

The value of theoretical isoelectric point (pI) and molecular 
weight (Mw) were predicted using Compute pI/Mw soft-
ware (http://www.expasy.ch/tools/pi_tool.html). SignalP 
(http://www.cbs.dtu.dk/services/SignalP/) and PredoTar 
(http://www.genscript.com/wolf-psort.html) were used for 
signal peptide and subcellular localization prediction of 
HD-Zip in B. rapa.

Ka and Ks analysis

The homologous alignments for protein-coding sequence 
between A. thaliana and B. rapa were constructed using 
a parallel tool-ParaAT (Zhang et  al. 2012). Ka (nonsyn-
onymous substitution rates), Ks (synonymous substitution 
rates) values and Ka/Ks ratio of these alignments were cal-
culated by KaKs_calculator using the method of Nei and 
Gojobori (Zhang et al. 2006).

Phylogenetic analysis, exon/intron structure 
and conserved motifs distribution

The identified BraHD-Zip and AtHD-Zip protein sequences 
were aligned by ClustalW2 (Thompson et al. 1997). Subse-
quently, the phylogenetic trees were constructed by maxi-
mum likelihood (ML) method using MEGA5.0 (Tamura 
et al. 2011). The exon–intron structure was determined by 
aligning each cDNA sequence of BraHD-Zip with its corre-
sponding genomic sequence in the BRAD database (http://
brassicadb.org/brad/). The gene visualized structure was 
drawn by the Gene Structure Display Server (http://gsds.
cbi.pku.edu.cn/index.php) (Hu et al. 2015). To identify the 
conserved BraHD-Zip motifs and its distribution, the pro-
tein sequences were analyzed by Multiple EM for Motif 
Elicitation program (http://meme-suite.org/meme_4.10.1/
tools/meme) (Bailey et al. 2009). The selection parameters 
were set to motif 20, minimum width 20 and maximum 
width 150.

Plant material, growth conditions and abiotic stress 
treatment

The accession Chiifu-401 was used in this experiment. 
Seeds were sown in small pots containing a turf: vermic-
ulite mixture (1:1) in a controlled-environment phytotron. 
The parameters was programmed for light 16  h/24 °C, 
dark 8  h/20 °C and 80% relative humidity (Duan et  al. 
2015). 200  mM NaCl, 20% polyethylene glycol (PEG)-
6000, heat (38 °C) and cold (4 °C) were treated as abiotic 
stresses at five-leaf stage. The third leaves were collected 
at 0, 1, 6 and 12 h after treatment.

Organ expression and quantitative RT-PCR analysis

Six tissues of B. rapa (Chiifu-401) were prepared for 
transcriptome sequencing. The FPKM values were cal-
culated to construct expression profiling of BraHD-Zips 
(Tong et al. 2013). The developmental expression profil-
ing of AtHD-Zip was analyzed by AtGenExpress Visuali-
zation Tool with mean-normalized values (Schmid et al. 
2005; Duan et al. 2015). Data of qPCR were analyzed via 
2
−ΔΔC

T method. The expression profiling was clustered 
by Cluster 3.0 program (Michael et  al. 1998), and sub-
sequently the heatmap was visualized in Java Tree View 
(http://jtreeview.sourceforge.net/).
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