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Abstract
The B-box proteins are a class of zinc finger transcription factors and play important roles in regulating plant growth, devel-
opment, and stress response. However, their origin and expansion model in plants have been very vague. In this study, 208 
B-box genes were identified in 18 plant species, and phylogenetic analyses divided them into five structure groups. Subse-
quently, the sequence analysis including theoretical isoelectric point, instability index, and aliphatic index showed the wide 
variation of B-box gene in different species. Our multispecies genome-wide analysis reveals that the structure groups III and 
IV in the plant BBX gene family have the earliest origin (Rhodophyta) and are extensively expanded in land plants, while 
the other three structure groups (I, II, and V) seem to originate at least in the last common ancestor of land plants. Further-
more, whole genome duplication (WGD) was the main driver (28 gene pairs, 65.12%) of the B-box gene family expansion, 
followed by segmental duplication, which tend to have more introns and are subject to more intense purification selections. 
We also analyzed the sequence differences between B-box domains to propose a new evolutionary model of B-box domain. 
These analyses provide new insights for understanding the origin and evolution of the B-box gene family.

Keywords B-box protein · Origin · Duplication model · Evolutionary model

Introduction

The B-box (BBX) proteins belong to zinc finger transcrip-
tion factors and have been reported to participate in regu-
lating plant growth and development. Specifically, B-box 
(BBX) protein regulation of plant development is mostly 
related to photoperiod control in plants (Onouchi et al. 
2000; Samach 2000). For example, CO/AtBBX1, COL3/
AtBBX4, COL9/AtBBX7 with double B-box, and CCT 
domains in Arabidopsis have been proved to control and 

regulate the flowering process by participating in the photo-
period (Crocco and Botto 2013). The mutant of CO/AtBBX1 
only flowered in long days, while Arabidopsis thaliana flow-
ered in both long and short days when it was overexpressed 
(Suárez-López et al. 2001). In addition, AtBBX proteins 
with only the B-box domains also participates in the control 
of plant growth through light factors. Some BBX proteins 
also act as assistants to other members, such as AtBBX32, 
which has been shown to be a transcriptional regulator of 
STH/AtBBX21 in the light signaling pathway (Huang et al. 
2012). Furthermore, BBX genes in Arabidopsis and multiple 
species have been reported to play an important role in carot-
enoid biosynthesis (Xiong et al. 2019), biological, and abi-
otic stress response (Ding et al. 2018; Soitamo et al. 2008).

Despite the BBX genes have been characterized in many 
plants, their origin and evolution in the plant kingdom have 
not been thoroughly studied. The article of Crocco and Botto 
put a spotlight on a recent study that reported the identifica-
tion of the BBX gene in green algae and believed that the 
earliest BBX protein in photosynthetic organisms originated 
about 1 billion years ago (Crocco and Botto 2013). The BBX 
gene family in red algae has not been characterized, possibly 
due to the lack of genomic data. The availability of more 

Online ISSN 1863-5474
Print ISSN 1863-5466

 * Caiyun He 
 hecy@caf.ac.cn

 * Jianguo Zhang 
 zhangjg@caf.ac.cn

1 State Key Laboratory of Tree Genetics and Breeding & 
Key Laboratory of Tree Breeding and Cultivation, National 
Forestry and Grassland Administration, Research Institute 
of Forestry, Chinese Academy of Forestry, Beijing 100091, 
China

2 Collaborative Innovation Center of Sustainable Forestry 
in Southern China, Nanjing Forestry University, 
Nanjing 210037, China

http://crossmark.crossref.org/dialog/?doi=10.1007/s11816-022-00745-1&domain=pdf


206 Plant Biotechnology Reports (2022) 16:205–214

1 3

plant genome data provides the possibility to further study 
the origin of this gene family. Besides, gene duplication usu-
ally plays an important role in the expansion of gene fami-
lies (Wang et al. 2018b). As previously reported, tandem 
duplication made important contributions to the expansion 
of gene families in Arabidopsis, tomato, rice and other spe-
cies (Huang et al. 2015; Liu et al. 2018; Liu and Widmer 
2014; Quan et al. 2019). However, the driving force for the 
expansion of the BBX gene family is still very vague.

In the current study, we investigated and analyzed BBX 
proteins from 18 representative plants (including red algae, 
green algae, moss, ferns, gymnosperm, and angiosperms) to 
understand the origin and evolution of the BBX gene family 
in the plant kingdom. Furthermore, the huge differences in 
the gene structure and molecular properties of BBX genes 
indicate the wide diversity of members of this gene family. 
We also analyzed the duplication models of the BBX gene 
through collinearity analysis within the genome to determine 
the main driving force for its expansion, as well as the gene 
structure and selection pressure characteristics of different 
duplication models. Finally, through the analysis and com-
parison of the B-box domain sequences of the BBX genes, 
a possible evolution model for them is proposed. In particu-
lar, the analysis of sea buckthorn BBX gene family in this 
article was first reported. This study provides new insights 
for further clarifying the origin and expansion of the BBX 
gene family in plants.

Methods

Gene identification

The whole genome data of 18 species were downloaded 
from the corresponding database or website (Table S1), and 
the protein sequence data were processed to only retain the 
longest transcript of each gene. The protein sequences of 
the 32 BBX gene family members of Arabidopsis have been 
reported and they were used as BLAST queries to search 
against the protein sequences of 17 species using default 
parameters (Khanna et al. 2009). Then, the Hidden Markov 
Model (HMM) file (PF00643) (http:// pfam. sanger. ac. uk/) of 
B-box domain was used to search against the all proteins 
of 17 species with default parameters using HMMER 3.0. 
We also used the NCBI Batch CD-Search tools to check 
all members containing the BBX core domain. Those with 
exactly the same sequence in the same species are consid-
ered the same gene. Finally, a total of 208 BBX gene family 
members including the 32 BBX gene family members of 
Arabidopsis were identified after comprehensive curation. 
The three-dimensional structure of some BBX proteins were 
predicted to more rigorously speculate its origin. Specifi-
cally, the predicted protein structure models of A. thaliana 

protein were download from SWISS-MODEL Repository 
(SMR). The construction of homologs structure model in 
other plants selected the template used in A. thaliana protein 
homology prediction as template. The three-dimensional 
structure models were verified using the Qualitative Model 
Energy Analysis (QMEAN) and VERIFY 3D programs 
available from the Structural Analysis and Verification 
Sever v 6.0 (SAVES) (https:// saves. mbi. ucla. edu/ SAVES) 
(Table S2). We used the tools from ExPasy website (http:// 
web. expasy. org/ protp aram/) to obtain protein characteristic 
information such as isoelectric point (pI), aliphatic index, 
instability index, grand average of hydropathicity (GRAVY), 
and the subcellular localization (Table S3).

Phylogenetic and sequence analysis

The BBX proteins from 18 plants were used for multiple 
alignments by ClustalW program. All gene accession of 
BBX genes used in this study are listed in Table S3. We used 
neighbor-joining method of MEGA7.0 to construct unrooted 
phylogenetic tree. The MEME online program (http:// meme. 
nbcr. net/ meme/ intro. html) was used to determine the con-
served motifs in BBX proteins. We obtained the exon–intron 
organization of BBX genes from the corresponding Generic 
Feature Format Version 3 (GFF3) files of each species using 
TBtools (Chen et al. 2020). As some BBX proteins have a 
double B-box domain, we used the following criteria to des-
ignate them: the first B-box that appeared within the protein 
in the N-terminal position was called B1 and the second 
B-box termed B2 (Crocco and Botto 2013).

Renaming of BBX gene family members and gene 
duplication

We obtain the position of each BBX proteins on the chro-
mosome or scaffold from the gff3 file of each species, and 
rename them according to its position order (Table S3). 
Multiple Collinearity Scan toolkit (MCScanX) (Wang et al. 
2012) was adopted to analyze the synteny and the dot-plot 
of collinear homologous genes in the genomes of seven 
species is drawn with Python program, which was used to 
distinguish the duplication models of BBX members (Wang 
et al. 2012). Collinear blocks formed by WGD were gen-
erally large fragments and were complementary to each 
other. In addition, the median of the Ks value of the anchor 
gene pairs on the collinearity blocks formed by a certain 
WGD is generally close to form the Ks peak correspond-
ing to the WGD. Based on the above characteristics, we 
confirmed the collinearity blocks formed by WGD, and the 
B-box genes located on these blocks were naturally formed 
by WGD. Furthermore, the results of collinearity analysis 
performed by MCScanX clarified the tandem duplication 
genes. We also used the downstream analysis program 

http://pfam.sanger.ac.uk/
https://saves.mbi.ucla.edu/SAVES
http://web.expasy.org/protparam/
http://web.expasy.org/protparam/
http://meme.nbcr.net/meme/intro.html
http://meme.nbcr.net/meme/intro.html
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(add_ka_and_ks_to_collinearity.pl) of MCScanX to calcu-
late the non-synonymous (Ka) and synonymous (Ks) sub-
stitutions of each duplicated gene pair (Wang et al. 2012).

Results

Genome‑wide identification and global 
phylogenetic analysis of BBX proteins

We obtained 208 no-redundant BBX genes in 18 plants. 
Based on their location on the scaffolds or chromosomes, 
we renamed the BBX genes (Table S3). The molecular mass 
and length of BBX proteins varied greatly, with MWs rang-
ing from 7.16 to 154.93 KDa and length from 66 to 1493 
aa. The theoretical pI was ranging from 4.22 to 9.36, show-
ing greater variation. The instability index of most (192 of 
208) BBX proteins were more than 40, and they were con-
sidered unstable. Only two BBX proteins were considered 
non-hydrophilic because the high GRAVY value (>  0) and 
others were considered hydrophilic. The aliphatic indices of 
BBX proteins range from 47.66 to 88.79. Overall, the huge 

differences in molecular properties of BBX genes indicated 
the wide diversity of members of this gene family.

The full-length BBX proteins of 18 plants were used to 
perform phylogenetic analysis to investigate the classifica-
tions of BBX proteins. According to the topology structure 
of the phylogenetic tree and classification of AtBBX in a 
previous research, all BBX proteins were classified to five 
structure groups (Fig. 1). Structure groups I and II com-
prised a total of 64 BBX proteins, and most of them with a 
CCT domain and two B-box domains. A total of 38 BBX 
proteins were classified into structure group III and usually 
contained a single B-box and CCT domains. Structure group 
IV contained the largest number of BBX proteins (80), most 
of which had two B-box domains. Only 26 BBX proteins 
were classified into structure group V, and they tend to con-
tain a single B-box domain (B1). The classification of BBX 
proteins through phylogenetic analysis was not completely 
consistent with their domains. For example, both OsBBX2 
(from Oryza sativa) and PpBBX13 (from Physcomitrella 
patens) had only one B-box domain, although they were 
classified into structure group II. AzBBX3 (from Azolla fili-
culoides) was classified into structure group IV, but contains 
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Fig. 1  Unrooted phylogenetic tree representing relationships among 208 B-box proteins of different species. The different-colored arcs indicate 
different structure groups of B-box genes
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a single B-box domain. These results suggested that BBX 
gene family members belonging to a structure group may 
have lost a B-box domain during evolutionary events.

Generally, highly similar sequences often have highly 
similar structures and functions. We speculated that mem-
bers with the same domain and classified into a structure 
group are more likely to have similar functions. For example, 
AtBBX1 is a photoperiodic flowering-time protein in which 
the overexpression induces early flowering, and mutations 
delay flowering (Crocco and Botto 2013), so we think that 
HrBBX21 may play a role in the flowering photoperiod of 
sea buckthorn.

Origin and evolution of BBX gene family in plant

We analyzed the collected dataset of the 18 species to gain 
a comprehensive insight into the evolutionary history of 
BBX genes. Among the 208 non-redundant BBX genes 
identified, the most primitive member appeared in the red 
algae C. crispus (Fig. 2a). The BBX genes showed a large 

increase in the number of land plants, and all five structure 
group appeared in land plants (Fig. 2b), and this may be 
related to the fact that BBX participates in the control of 
plant growth and development by regulating the photoper-
iod, which has been widely reported. Since the BBX gene 
was not identified in two red algae C. merolae and G. sul-
phuraria, and the CcBBX1/CcBBX2 identified in C. crispus 
have significant sequence and structure similarities with the 
AtBBX11/AtBBX4 in A. thaliana (Back bone: Root Mean 
Squared Deviations [RMSD] = 0.09/1.58 Å; All atoms: 
RMSD = 0.65/1.82 Å) (Fig. 2c), it is reasonable to speculate 
that the BBX gene family originated from the Rhodophyta 
(Fig. 2a). In fact, the above results also indicated that struc-
tures groups III and IV originated from the Rhodophyta. 
In P. patens and M. polymorpha, we identified PpBBX8 
belonging to the structure group I and MpBBX2 belonging 
to the structure group V. The predicted three-dimensional 
structure of PpBBX8 was significantly similar to the pre-
dicted three-dimensional structure of AtBBX30 belong-
ing to the structure group I, and this result also appeared 

Fig. 2  The origin of BBX genes 
in plants. a Distribution of 
the number of BBX genes in 
18 plants. b Predicted three-
dimensional structure of BBX 
protein in A. thaliana and some 
primitive plants. The similari-
ties between the related proteins 
and the corresponding proteins 
in Arabidopsis are annotated 
with Root Mean Squared Devia-
tions (RMSD of back bone and 
all atoms)
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in MpBBX2 and AtBBX31 belonging to the V structure 
group. The liverwort M. polymorpha was used as the most 
basal plant linage, because liverworts are the sister to all 
other land plants and represent the earliest branching land 
plant lineage (Qiu et al. 2006; Wang et al. 2015). These lines 
of evidence suggested that structure group V was likely to 
originate at least in the last common ancestor of land plants, 
and structure group I may originated in moss (Fig. 2a). For 
structure group II, the CbBBX3 identified in C. braunii 
had poor similarity with the members of this group in A. 
thaliana in the predicted three-dimensional structure. Then, 
the MpBBX5 we identified in M. polymorpha showed high 
structural similarity with the MpBBX5 of the group of A. 
thaliana, which suggested that this structure group may 
originate from moss.

Gene structure and conserved motif analysis

The genetic structure of BBX genes was examined to gain 
a deeper understanding of its evolution (Fig. S1). The BBX 
genes in structure group II, structure group III, and structure 
group V had less introns (no more than four introns), while 
that in structure group I and IV had more introns. All BBX 
proteins had one or two B-box domains and some members 
had CCT conserved domain. There were extremely long 
intron regions in some BBX genes. The BBX genes in dif-
ferent species showed strong conservation in the domains, 
but there were obvious variations in gene length and gene 
structure.

The conserved motif composition of all BBX proteins 
was displayed based on the motif analysis from MEME (Fig. 
S2). Similar motif compositions were detected in the same 
group, and some motifs were distributed in all groups. For 
example, each member of structure group I had motif 3 and 
there was no motif 2 in each members of structure group I 
and III. In addition, motifs 1 almost distributed in all BBX 
genes. The compositions of these motifs were generally con-
sistent with the results of phylogenetic analysis, but their 
roles in plant growth and development need to be further 
studied.

BBX gene duplication models and characteristics 
analysis

To determine the main driving force of BBX gene expan-
sion, the duplication model of BBX genes was analyzed. 
Using collinearity analysis in the genomes of seven rep-
resentative species (genome assembly at the chromosome 
level) to identify the duplication model of the BBX genes 
(Figs. 3, S3–S8). We marked the median value of the syn-
onymous substitution site (Ks) of the collinear blocks on 
the homologous dot-plot, and analyzed the complementary 
features of them to identify the collinear region originating 

from WGD. We finally identified the duplication models of 
BBX genes (Table S4), which showing that WGD (28 gene 
pairs, 45 genes) made important contributions to the expan-
sion of BBX genes than segmental duplication (15 gene 
pairs, 26 genes), and no tandem duplication was found in 
43 gene pairs (Fig. 4a). These results reasonably suggested 
that WGD was the main driving force to BBX gene family 
expansion.

Among the BBX genes identified to be duplicated by 
WGD or Segmental, 20 (31.25%) belonged to structure 
group IV, suggesting that gene duplication had a greater con-
tribution to the expansion of this structure group (Fig. 4b). 
The above results were consistent with structure group IV 
with the most BBX gene members (Fig. 1). Of note, many 
members of this structure group (such as AtBBX1 and 
AtBBX21) influenced the growth and development of plants 
by participating in photoperiod regulation, and this struc-
ture group was significantly expanded in land plants (Crocco 
et al. 2010; Onouchi et al. 2000; Samach 2000).

We further paid attention to the variation in gene structure 
and selection pressure of genes with different duplication 
models. Surprisingly, genes with segmental duplication had 
a higher average number of introns than genes with WGD 
(Fig. 4c). In addition, most gene pairs (41 of 43) with dupli-
cation were subject to purification selection (Ka/Ks ratios 
less than 1) (Table S4), and among them, the gene pairs with 
segmental duplication has smaller Ka/Ks ratios showing that 
they were more affected by selection (Fig. 4d). Genes with 
segmental duplication had more introns and more poten-
tial transcripts to perform more functions, which may make 
them more susceptible to environmental selection to show 
smaller Ka/Ks.

Evolutionary analysis of BBX and CCT domains

The BBX and CCT domain sequence of all BBX proteins 
were extracted for a multiple sequence alignment, and some 
BBX and CCT domain were incomplete (Figs. S9 and S10).
{Sakai, 2015 #96}{Sakai, 2015 #96} To analyze the evolu-
tion of BBX and CCT more rigorously, we only retained the 
complete members of the domain sequence and removed 
the amino acid residues outside the topological structure 
that had been reported for phylogenetic analysis (Crocco 
and Botto 2013). Phylogenetic analysis suggested that most 
of the B-box1/B-box2 domain sequence were very clearly 
separated but some B-box1 domains were in the clade of 
B-box2, such as AcBBX12 B-box1 (Fig. 5a). More interest-
ingly, the B-box2 domain sequences were divided into two 
main clades (I and III) (Fig. 5a), and this implied that the 
B-box2 domain sequences from the two clades may evolved 
independently. Multiple sequence alignments of the three 
clades (I, II, and III) based on the phylogenetic tree were 
displayed, respectively (Figs. S11–S13). The topological 
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structures of the three clades were different, and the num-
ber of conserved sites in the three clades was as follows: 
III > II > I (Fig. 5b). At the same time, the clades with more 
conservative sites completely retain the conservative sites 
with fewer conservative sites clades. These results were 
consistent with the following ideas: The domain in clade I 
(still called B2) has an earlier evolutionary origin than the 
domain in clade II (called B1), and the domain in clade II 
has an earlier evolutionary origin than the domain in clade 
III (called B2’), which was also supported by the phylo-
genetic genetic tree of B-box domains (Fig. 5a). No mat-
ter which clade they belong to, the topological structure 
of the domain generated by cysteine was retained, which 
indicated that the conservation of the topological structure 

was extremely important for the molecular functions of this 
domain. We removed the incomplete CCT domain sequence, 
and removed the amino acid residues outside the CCT topol-
ogy for multiple sequence alignment, and found that the core 
sequence of the CCT domain was roughly divided into three 
clades (Fig. S14).

Discussion

As the genomes of more and more species are sequenced, it 
is possible to study the origin and evolution of gene fami-
lies with important functions. BBX transcription factors play 
important roles in plant growth and development, such as 

Fig. 3  Collinear homologous collinear dot-plot within sea buckthorn 
genome. The B-box gene names are displayed at the edge. The col-
linearity blocks formed by the WGD are in green or red boxes in the 

figure, and the median value of Ks or the range of the median value 
of Ks of the collinearity blocks are marked
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controlling photomorphogenesis, and have been found in 
many species (Crocco et al. 2011; Lin et al. 2018; Wang 
et al. 2013). In the present work, we identified this important 
transcription factor family in 18 species to explore its origin 
and evolution.

Significant increase in the number of members of the 
BBX gene family and all structure groups of the gene fam-
ily in land plants was identified, which indicated that lots 
of BBX genes were duplicated and it may play important 
physiological roles during adaptation of land plants (Crocco 
and Botto 2013). Gene duplication is an important reason for 
gene family expansion (Liu et al. 2018). Actually, potential 
segmental duplication and internal deletion events result in 
the differences of the consensus sequences and inter space of 
the zinc-binding residues in the two B-box domains (Crocco 
and Botto 2013; Massiah et al. 2007). Tandem duplication 
can be easily identified, but segmental duplication and WGD 
are extremely difficult to distinguish, as the fragmentation 
and fusion of chromosomes after WGD. The method of 
collinearity analysis has been used to analyze the genome 

duplication of various plants, and this method has been 
widely used and recognized (Tang et al. 2008; Wang et al. 
2017, 2018a; b; Yu et al. 2021). Our comparative genome 
results suggested that the main driving force for the expan-
sion of the BBX gene family was WGD, even although they 
may occur millions of years ago. In previous studies, it was 
found that WGD had made a great contribution to the expan-
sion of kiwi ascorbic acid synthesis-related gene family 
(Wang et al. 2018b). In contrast, celery and other Apiaceae 
plants lost a large number of NBS genes after WGD, and had 
a huge impact on their gene regulatory network (Song et al. 
2020). The more particular impact of WGD on the members 
of the BBX gene family needs to be identified and analyzed 
from multiple perspectives in more species.

In addition, we identified the BBX genes from structure 
groups III and IV in C. crispus, but did not identify the 
BBX genes in the other two red algae, which suggests that 
the BBX genes in plants may originate from red algae. The 
three structure groups (I, II, and V) originated from the last 
common ancestor of terrestrial plants, which is consistent 
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with previous findings that some members of these structure 
groups participate in the control of plant growth through 
light and other abiotic stress factors. In fact, the significant 
increase in the number of BBX gene family members and 
all structure groups of the gene family in terrestrial plants 
indicates that a large number of BBX genes are replicated 
and may play an important physiological role in the adapta-
tion process of terrestrial plants (Gangappa and Botto 2014; 
Kenrick and Crane 1997).

According to previous reports, the B-box domains of 
BBX genes in plant are divided into two classes, known 
as B-box1 (B1) and B-box2 (B2) domains that are rec-
ognized on their consensus sequence and the distance 
between the zinc-binding residues(Khanna et al. 2009). 
However, previous studies mostly used the following cri-
teria to define B-box1 and B-box2: the first B-box that 
appears at the N-terminal position in the protein is called 
B-box1 (B1), and the second B-box is called B-box2 
(B2). In other words, they performed evolutionary anal-
ysis after subjective classification based on the relative 
position of the B-box domain rather than the sequence of 
all B-box domains. In this study, we extracted the topo-
logical structure sequence of all complete B-box domains 

for phylogenetic analysis to further analyze its evolution. 
Specifically, we removed the incomplete B-box domain 
sequence and the extra amino acid defects on both sides of 
the consensus type of B-box domain to avoid their influ-
ence. Even so, the B-box1 and B-box2 sequences were not 
clearly distinguished in phylogenetic tree. Some B-box1 
domains were in the clades of B-box2 and some B-box2 
domains were in the clades of B-box1. This result required 
us to further consider the accuracy of the hypothetical 
model on the evolutionary trajectory of the B-box domain 
(Crocco and Botto 2013).

Here, we proposed a new hypothetical model of the 
evolutionary trajectory of the BBX domain in plants 
(Fig. 6). The early plant BBX protein initially had only 
one B-box domain, and the B-box domain occurred dupli-
cation, mutation, and deletion formed several types of a–h 
(Fig. 6). Some of these types had added CCT domains in 
the evolution to correspond to the structure group I–V 
categories of the Crocco and Botto hypothetical models 
(Crocco and Botto 2013). Interestingly, three types of con-
served domains of B2, B1, and B2' were found in algae, 
indicating that the B-box domain duplication and muta-
tion happened before plants colonized the land (Table S5). 

Fig. 5  The phylogenetic tree of 
the topology sequence of the 
B-box domain and the topology 
of three clades. a The phylo-
genetic tree of the conserved 
region of the B-box domain. b 
The topology of three clades
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Admittedly, a complete and convincing hypothesis about 
the evolution of the BBX gene still requires more research-
ers' efforts.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s11816- 022- 00745-1.
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