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Abstract

APETALA2/ethylene response element binding proteins (AP2/EREBP) are a vital type of TF involved in plant organ develop-

ment and embryogenesis. In this study we identified 202 Litchi AP2/EREBP TFs from the litchi genome. They were classified 

into four subfamilies by phylogenetic clustering, including AP2s (20), ERFs (112), DREBs (64), and RAVs (6). Analysis 

of conserved domains, motifs, gene structure, and genome localization were carried out to investigate the evolutionary fea-

tures of litchi AP2/EREBPs. Over 35% of DREBs and ERFs involved in the expansion of litchi AP2/EREBPs resulted from 

tandem duplication. The majority of genomic organizations were conservative, except those of the AP2 subfamily, which 

had no intron and contained less conservative motif numbers. The expression profiles of litchi AP2/EREBPs in ten tissues 

were investigated using RNA-Seq data and fifty-nine showed tissue-specific expressions. Their expression patterns were 

confirmed by qRT-PCR with eight tissues-specificity genes. Six genes related to embryogenesis were identified using the map 

of orthologous gene interaction between Arabidopsis and litchi. This paper is a comprehensive report on the characteristics 

of the litchi AP2/EREBP gene superfamily. It will serve to further explore the regulatory mechanisms of AP2/EREBP TFs 

in the litchi somatic embryogenesis and provide information for litchi molecular breeding.

Keywords Litchi chinensis · AP2/EREBP transcription factors · Bioinformatics · Expression pattern · Somatic 

embryogenesis

Introduction

Litchi, belonging to Sapindaceae Juss., is a famous and 

important subtropical fruit tree. In 2018, the litchi plant-

ing area totaled 553 thousand hectares and 3 million tons 

were produced in China (Chen et al. 2019). Due to the rapid 

development of the litchi industry, many problems have 

arisen that have significantly restricted the further growth 

and cost-efficiency of the litchi industry. Most litchi varieties 

are prone to low fruit setting, severe fruit abscission, uneven 

coloring of the pericarp at fruit ripeness, and a short shelf-

life due to rapid postharvest browning. Furthermore, dis-

eases caused by Peronophythora litchii and Colletotrichum 

gloeosporioides and pests such as Conopomorpha sinensis 

reduce the production and quality of fruit. Breeding new 

varieties through molecular breeding to improve unfavora-

ble traits is the primary strategy by which producers cope 

with these limiting factors, and somatic embryogenesis is 

one of the key steps in the process of molecular breeding. 

Therefore, it is of significant importance to investigate the 

key gene controlling organ growth and somatic embryogen-

esis and the molecular mechanism determining the develop-

ment of litchi characteristics in order to provide a basis for 

breeding.

The AP2/ERERFP TF superfamily is one of the largest 

TF families in plants and is widely expressed throughout the 

life of the plant. According to the number and type of con-

served domains, the superfamily can be roughly divided into 
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four subfamilies: APETALA2 (AP2), dehydration-responsive 

element binding protein (DREB), ethylene-responsive factor 

(ERF), and Related to ABI3/VP1 (RAV) (Sakuma et al. 2002; 

Nakano et al. 2006). The AP2 subfamily members contain a 

pair of identical AP2/EREBP domains; ERF and DREB pro-

tein sequences have only one AP2/EREBP domain; and RAVs 

include one AP2/EREBP domain and one B3 domain. Due 

to the differences in amino acid sequences, the TFs of each 

subfamily are quite different from the specificity site of DNA. 

In general, AP2s bind to the genes containing GCAC(A/G)

N(A/T)TCCC(A/G)ANG(C/T) elements and are involved in 

organ growth and development, such as in flowering, embryo-

genesis, and seed development (Licausi et al. 2010). DREBs 

specifically bind with the A/GCC GAC  elements and ERFs 

combine with AGC CGC C of the genes, are involved in the 

transcriptional regulation of fruit ripening and senescence (Fan 

et al. 2015). RAV members, such as pepper CARAV1 (Jiang 

et al. 1996), connect with the CAACA and CAC CTG  nucleo-

tide sequences to activate the downstream reporter genes with 

biological functions and are considered to be negative regula-

tors of plant development and defense (Giri et al. 2014).

With the cost of gene sequencing decreasing year by year, 

the AP2/EREBP gene family has been widely identified and 

analyzed at the genome-wide level in many plant species 

including Brassica napus (Song et al. 2016), cotton (Liu 

and Zhang 2017), pear (Li et al. 2018), and pepper (Jin et al. 

2018). To the best of our knowledge, there have been no com-

prehensive reports on the litchi AP2/EREBP superfamily. In 

the present study, we performed bioinformatics analyses to 

study the phylogenetic relationship, gene structure, chromo-

some localization, gene expression pattern, and interaction 

network of litchi AP2/EREBPs. The results will help to 

investigate the functional characterization of AP2/EREBP 

genes and boost the advancement of litchi breeding research.

Materials and Methods

Sequence Retrieval and Identification of Litchi AP2/
EREBP Transcription Factors

A total of 64,482 litchi genome annotated genes and protein 

sequences were downloaded from the litchi genome database. 

The AP2/EREBP amino acid sequences of Arabidopsis thaliana 

were downloaded from the Arabidopsis Information Resource 

(TAIR; http:// www. arabi dopsis. org/). The information on AP2/

EREBP TFs in each of the species (Klebsormidium flaccidum 

(Kuetzing) P.C. Silva et al., Bathycoccus prasinos W. Eikrem 

& J. Throndsen., Auxenochlorella protothecoides (Krueger) 

Kalina & M. Puncoch., Marchantia polymorpha L., Selaginella 

moellendorffii Hieron., Pinus taeda L., Picea glauca (Moench) 

Voss., Amborella trichopoda Baill., Brachypodium Distachyon 

L., Oryza sativa L., Ricinus communis L., Vitis vinifera L., 

Pyrus, Daucus carota L.) was obtained from PlantTFDB (http:// 

plant tfdb. cbi. pku. edu. cn/).

The AP2 hidden Markov model (HMM) file correspond-

ing to the AP2/EREBP domain (PF00847) was acquired from 

the Pfam protein family database (http:// pfam. xfam. org/), and 

the proteins downloaded from the litchi genome database were 

searched using the HMMER 3.0 program with the default 

parameters (Finn et al. 2011). To avoid omissions, the core 

sequences of the Arabidopsis thaliana AP2/EREBP conserved 

domain (YRGVRQRNSGKWVCELREPNKKTRIWLGT-

FQTAEMAARAHDVAAIALRGRSACLNFA) also served as 

a probe to match with the litchi protein sequences by BLASTP 

searching. We then synthesized the two search results. SMART 

(http:// smart. embl- heide lberg. de/) and Pfam (http:// pfam. xfam. 

org/) were used to determine whether the search results con-

tained AP2/EREBP conserved domains. The protein sequences 

that lacked the core sequences were removed. As a result, a total 

of 202 litchi AP2/EREBP members were obtained. The cDNA, 

DNA, and protein sequences of that 202 litchi AP2/EREBP TFs 

are shown in Text S1, S2, and S3. The 59 pairs alleles list in 

Table S1.

Litchi AP2/EREBP TF Phylogenetic Tree Analysis

Multiple sequence alignments of Litchi and Arabidopsis 

AP2/EREBP proteins were performed using Clustal W 

(Thompson et al. 1994). IQtree was used for the analysis 

of phylogenetic and molecular evolutionary relationships 

(Trifinopoulos et al. 2016). The litchi AP2/EREBP TF phy-

logenetic tree was constructed using the ML (Maximum 

Likelihood) method; the tree reliability was set to 1000 boot-

strap replicates, and other options were set to default. Tree 

reliability was evaluated using 1000 bootstrap replicates. 

Finally, the ITOL website (https:// itol. embl. de/) was used 

to create a graphical representation of the phylogenetic tree.

Analysis of Conserved Sequence Elements and Gene 
Structure of Litchi AP2/EREBP TFs

The conserved sequence elements of the litchi AP2/EREBP 

TFs were analyzed by the online program MEME set to the 

default parameters (20 maximum motifs, 6 to 200 amino acids 

in motif width). In addition, an integrative toolkit–TBtool was 

used to analyze the gene structure by comparing the mRNA 

with the corresponding genome sequence using the second-

ary program 'GXF Re-build from sequences'. The resulting 

two graphs were combined into one using another secondary 

parameter, 'Amazing optional gene viewer' (Chen et al. 2020).

AP2/EREBP Gene Mapping in the Litchi Genome

The chromosome location information of 202 AP2/EREBP 

TF family genes was downloaded from our laboratory 
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database (Table S2). The MapChart 2.32 tool was used to 

locate the litchi genome-wide AP2/EREBP TFs and create 

a map. Chr N (N is the chromosome number, 1–15) indi-

cated that the sequence was located on the corresponding 

chromosome.

Analysis of the Tissue‑Specific Expression Patterns 
of Litchi AP2/EREBP Genes

The RNA-seq data of litchi AP2/EREBP genes were measured 

by our research group (Table S3), and then used to detect their 

expression patterns in 10 tissues, i.e., the roots of one-year-old 

seedlings, leaves from spring and autumn shoots, female and 

male flowers, pericarp, pulp, seeds, callus, and somatic embryos. 

These analyses were performed using hierarchical clustering 

(Corpet 1988). Reads Per Kilobase per Million mapped reads 

(RPKM) values for each gene in all tissues were normalized by 

log2, and a heat map was created using ImageGP.

Plant Materials and Verifying the Gene Expression 
by qRT‑PCR

Eight AP2/EREBP genes were randomly selected to confirm 

their expression pattern in 10 plant samples. The samples were 

collected from the litchi cultivar “Feizixiao”. The mature leaves 

of spring and autumn shoots were collected in April and Octo-

ber, respectively. Semi-opened female and male flowers were 

collected in March. The white roots were collected from the 

seedlings obtained by air layering. Pericarp, pulp, and seeds 

were separated from the mature fruit. These samples were all 

taken from the Experiment Station of Hainan Academy of 

Agricultural Sciences located at Yongfa, Haikou. The callus 

and somatic embryo were induced according to the method 

described by Wang (Wang 2013) and collected carefully to 

avoid contaminating the medium. All samples were rinsed, 

immediately frozen in liquid nitrogen, and stored at −80 °C.

Total RNA was isolated using a Quick RNA isolation kit 

(Huayueyang Biotechnology Co. Ltd., China) following the 

manufacturer's instructions. The quality and purity of the RNA 

were measured by the OD260/OD280 absorption ratio (1.9–2.0) 

and the OD260/OD230 absorption ratio (> 2.0), and the integrity 

of RNA were identified by electrophoresis in a 1.0% agarose gel. 

A spectrophotometer (NanoDrop 2000c, Thermo Fisher USA) 

was used to measure RNA concentrations (Lata et al. 2010). 

Approximately 1 µg of total RNA, 100 µM Oligo (dT) primer, 

20 U RiboLock RNase Inhibitor, 200 U Reverted Reverse Tran-

scriptase (Thermo Fisher Scientific, USA), and 5X Reaction 

Buffer were used to synthesize first-strand cDNA within a 20 µl 

reaction buffer following the manufacturer's instructions. Quan-

titative real-time PCR (qRT-PCR) with 96 plates was conducted 

using SYBR Premix ExTaq II (TliRNaseH Plus) on a QuantS-

tudio 6 Flex. The final reaction volume of qRT-PCR was 20 μm 

and the kind of plates we used was 96. The final reaction volume 

of qRT-PCR was 20 μLcontained 0.4 µL of each primer, 5 µL of 

TB Green Premix Ex Taq (Takara, Japan), 2 µL of cDNA, and 

7.2 µL of  ddH2O. The amplification parameters of the reaction 

system used were as follows: 95 °C hold for 10 min, followed 

by 40 cycles at 95 °C for 30 s, 55 °C for 30 s and 72 °C for 30 s, 

and default settings were used for the melting curve stage. The 

actin gene acted as an internal reference gene. All reactions were 

repeated three times for three independent replicates (Kumar 

et al. 2013). Ct values were measured by QuantStudio™ real-

time PCR software with default settings. The relative expression 

levels of candidate genes were calculated by the  2−ΔΔCt method 

(Livak and Schmittgen 2001). QRT-PCR was used to verify 

the expression levels of eight AP2/EREBP genes selected from 

litchi tissues according to the method described by Khaksefidi 

et al. (Khaksefidi et al. 2015) and Chen et al. (Chen et al. 2012), 

and each sample was performed with three biological replicates. 

The primers are listed in Table S4.

The Analysis of AP2/EREBP Protein Interaction 
Networks

The networks of protein interactions were established by the 

STRING website. Based on the search mode ‘Multiple Pro-

teins by Sequences' chosen to perform alignment between 

Litchi and Arabidopsis, Arabidopsis protein sequences 

with higher bit scores and identity scores were selected 

to analyze the network of protein–protein interaction. The 

maximum number of interactors was not greater than 20. 

Cytoscape software was used to trim and create a graphic 

representation of the interaction networks of proteins (Cline 

et al. 2007).

Results

Identification and Sequence Alignment of the Litchi 
AP2/EREBP TFs

To identify the genes that encode proteins owning the domain 

and likely domain of AP2/EREBP, we identified 202 members 

containing AP2 domains including 59 pairs allele by screening 

the whole litchi genome sequence. By comparing the number of 

AP2/EREBP domains and phylogenetic relationships (Fig. 1), 

all of the genes were classified into four subfamilies, i.e., AP2, 

DREB, ERF, and RAV, according to the phylogenetic analysis 

on Arabidopsis AP2/EREBP proteins (Sakuma et al. 2002). The 

AP2 subfamily contained 20 genes that coded proteins contain-

ing double AP2/EREBP domains. Six genes encoding proteins 

that comprised one AP2/EREBP domain and one B3 domain 

were classified into the RAV subfamily. A total of 176 genes 

only encoded one single AP2/EREBP domain. These genes 

were divided into the DREB and ERF subfamilies, which con-

tained 64 and 112 genes, respectively. Both of these subfamilies 
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could be further subdivided into six groups according to the 

similarity of amino acid sequences: groups A1–A6 (the DERB 

subfamily) and groups B1–B6 (the ERF subfamily). No TFs 

were clustered with Arabidopsis soloist member (At1G13140).

The amino acid residues in the AP2/EREBP domain were 

aligned for the purpose of further clarifying the differences in 

the composition of the DERB and ERF subfamilies. As shown 

in Fig. 2A, 25 conserved amino acid residues were identified 

in the DREB subfamily, including 2Y,4G, 6R, 8R, 11G, 12 K, 

13 W, 14 V, 16E, 18R, 20P, 34R, 36 W, 37 L, 38G, 46A, 47A, 

49A, 51D, 53A, 60G, 65A, 67L, 68 N, and 69F. Twenty-five 

conserved amino acid residues (4G, 5 V, 6R, 8R, 11G, 15A, 

16E, 17I, 34R, 36 W, 37 L, 38G, 39 T, 42 T, 44E, 46A, 47A, 

49A, 50Y, 51D, 53A, 54A, 59G, 68 N, 69F) were recognized 

as in the ERF subfamily (Fig. 2B). Some amino acid residues 

in the DREBs and ERFs were remarkably different. The DREB 

subfamily proteins contained V and E (L/V), while the ERF 

proteins contained A (D) and D (H) in the  14th and  19th posi-

tions. All members of the DREB subfamily and the ERF sub-

family contained a WLG conservative motif except one gene 

of the B6 group (Litc.04A000760), which contained YLG. The 

characteristics of specific conserved domain regions usually 

Fig. 1  Phylogenetic analysis of AP2/EREBP proteins between litchi 

and Arabidopsis. The AP2/EREBP protein sequences of litchi and 

Arabidopsis were aligned by Clustal W, and the phylogenetic tree was 

constructed using IQtree by the ML (Maximum Likelihood) method. 

Based on the phylogenetic relationships, different subgroups were 

marked with different colors. The numbers and features of conserved 

domains of AP2/EREBP TFs between Arabidopsis and litchi are 

exhibited in the outermost part
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determined the specific function of the TFs (Xu et al. 2013), 

which fully embodies the potential leading to functional differ-

ences for the TFs of the ERF and DREB subfamilies.

We selected 15 representative plants from the five stages of 

plant evolution: phycophyta and fungi, bryophytes, pteridophytes, 

gymnosperms, and angiosperms. Subsequently, we compared the 

total number and distribution of AP2/EREBP TFs among them. 

The litchi AP2/EREBP TFs had relatively higher members com-

pared with those in other species (Table 1). Additionally, it was 

found that the total number of AP2/EREBP TFs increased as 

plants gradually became more complex. This phenomenon was 

mainly caused by the expansion of ERF and DREB subfamily 

members. ERF was the largest subfamily, and the second-largest 

was DREB, followed by AP2, RAV, and Soloist. However, there 

were more DREBs than ERFs in Brachypodium distachyon 

L., which demonstrated that each subfamily of AP2/EREBPs 

evolved with species-specific characteristics. More interestingly, 

only AP2 and ERF subfamily members existed in all species. 

The result showed that AP2s and ERFs are conserved proteins 

during plant evolution.

Fig. 2  The analysis of conserved amino acid residues in the AP2/EREBP domain between the DREB (A) and ERF subfamily (B). The different 

colored background denotes the highly conserved amino acid residues (> 90%)
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Gene Structure and Conservative Motif Distribution 
Analysis of AP2/EREBP Genes

Many specific, important domains or motifs are located outside 

the AP2/EREBP domain, which is generally linked to transcrip-

tion regulation and protein–protein interactions (Du et al. 2012). 

Twenty conserved motifs of the 202 proteins, termed motifs 1 

to 20, were found using the MEME tool and confirmed in the 

Pfam database (Fig. S1). We concluded that the motifs 1, 2, 3, 

5, 7, and 8 were located exclusively in the AP2 domain, while 

motifs 16 and 20, related to the B3 domain, exclusively existed in 

the RAV subfamily (Fig. 3). Additionally, the motif composition 

among the factors of the different subfamilies was varied. Motifs 

4 and 13 existed in DREB subfamily members, whereas the ERF 

subfamily contained motifs 15, 17, 18, and 19. Note worthily, 

the genes having an exclusive motif were evenly clustered in the 

same group. For instance, motif 19 in protein Litc.01A021690 

in the B5 group also occurred in all remaining proteins of the B5 

group, i.e., Litc.01B005810, Litc.01B040880, Litc.01B041090, 

Litc.04A010750, Litc.04B009240, Litc.06A015910, 

Litc.06B014300, Litc.07B016860, and Litc.07B017320. How-

ever, the motif distribution among all these members of the 

same group was non-uniform. Even so, the motif distribution of 

most proteins was consistent with phylogenetic clades. In the B3 

group, Litc.05B002720 and Litc.05B002990 contained motifs 1, 

2, 3, 9, 10, and 14 while Litc.01B033800 and Litc.01B043040 

contained motifs 1, 2, 3, 8, and 14. Additionally, the quantity of 

motifs among different groups varied widely. Generally, the motif 

number of the AP2 subfamily was not less than seven, the RAV 

subfamily was about six, and the DREB and ERF subfamilies 

was not more than five.

Gene structure analyses revealed further evidence to sup-

port the phylogenetic topology groupings of the litchi AP2/

EREBP gene family. As shown in Fig. 3, most of the ERF 

(66), DREB (39), and RAV (4) subfamily genes were found 

to be intronless. By comparison, the AP2 genes contained 

introns ranging from 3 to 10, with an average of 7.42, which 

far outweighed the other subfamilies. The highly diverse gene 

structure implied that the litchi genome might have undergone 

tremendous differentiation during production and duplication.

Chromosome Distribution of the AP2/EREBP Family 
TFs

The 202 genes were distributed unevenly among the 15 chro-

mosomes (Fig. 4). Chromosomes 9 and 15 contained two 

AP2/EREBP genes, followed by chromosome 3 (3 genes), 

chromosome 13 (4), chromosome 5 (5), chromosome 10 (7), 

chromosome 8 (8), and chromosome 11 (9). The two chro-

mosomes containing the most AP2/EREBP genes were chro-

mosomes 1 and 2, with 56 and 32 genes, respectively, mainly 

consisting of DREB and ERF subfamily genes. The genes in 

the B3 group accounted for 25.00% and 23.52% of the total 

genes on chromosome 1 and 2, respectively. This feature was 

even more distinct in chromosome 12, where genes in group 

A5 accounted for over 50% of the total AP2/EREBP genes.

According to Holub's description (Holub 2001), a gene 

cluster is a region that contains at least three genes within 

200 kb or less. Based on this criterion, we defined nine gene 

clusters, seven of which had three genes. The other two gene 

clusters had five and four genes, located on Chromosomes 

1 and 2, respectively. However, if we relaxed the standards 

with two genes in a cluster, 39% of ERF and DREB members 

Table 1  Summary of the total 

number and distribution of AP2/

EREBP TFs among 15 different 

species

Plant Taxonomy AP2 ERF DREB RAV Soloist Total

Klebsormidium flaccidum Charophyta 3 4 0 1 0 8

Bathycoccus prasinos Chlorophytae 4 2 0 0 0 6

Auxenochlorella protothecoides Chlorophytae 8 4 0 0 0 12

Marchantia polymorpha Marchantiophyta 4 20 3 2 0 29

Selaginella moellendorffii Lycopodiophyta 25 44 23 3 3 98

Pinus taeda L Coniferophyta 4 34 0 0 0 38

Picea glauca (Moench) Voss Coniferophyta 6 38 0 0 0 44

Amborella trichopoda Basal Magnoliophyta 11 36 24 1 1 73

Brachypodium Distachyon L Monocots 23 57 65 4 0 149

Oryza sativa L Monocots 26 79 52 7 0 164

Ricinus communis L Eudicots 19 56 34 4 1 114

Vitis vinifera L Eudicots 20 82 40 6 1 149

Pyrus Eudicots 26 101 53 9 1 191

Litchi chinensis Sonn Eudicots 20 112 64 6 0 202

Daucus carota L Eudicots 38 145 69 12 3 267

Fig. 3  Conserved motifs and gene structure analysis of litchi AP2/

EREBP genes based on the phylogenetic relationships. A indicates 

the phylogenetic relationships, B indicates the conserved motifs, 

and C indicates the gene structure analysis. All motifs are repre-

sented by the numbers from 1 to 20, and each color box means dif-

ferent motifs

◂
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occurred in one cluster, while no noticeable change was seen 

in the AP2 and RAV members. Gene clusters can be produced 

by tandem duplication (Reams and Neidle 2004). In the pre-

sent study, a total of 34.4% of litchi DREB genes and 44.6% 

ERF genes were the results of tandem duplication events.

Expression Profiles of Litchi AP2/EREBP Genes 
in Different Tissues

Expression profiling analysis of a gene family can provide ref-

erences regarding their functions. The expression patterns of 

litchi AP2/EREBP genes are displayed in Fig. 5A–C. Among 

all the AP2/EREBP genes, approximately 24 genes that did 

not express in all the 10 tissues were identified, indicating that 

they might be associated with other organ development. About 

59 genes presented especially high expression in at least one 

tissue, including nine AP2 subfamily genes, 29 DREB subfam-

ily genes, 19 ERF subfamily genes, and two RAV subfam-

ily genes. In general, gene expression patterns were almost 

conserved within subfamilies, although expression levels of 

particular members varied from tissue to tissue. For example, 

the genes specifically expressed in the callus, somatic embryos, 

and seeds existed only in the AP2 subfamily (Fig. 5A), sug-

gesting that the AP2 subfamily genes might be involved in 

the process of plant embryo development. The majority of 

DREB and ERF subfamily genes exhibited different degrees 

of expression in almost all tissues (Fig. 5B, C). Such a wide 

range of expression patterns indicated that these genes might 

be widely involved in regulating the whole life cycle of litchi. 

Fig. 4  Mapping of litchi AP2/EREBP genes. The Chr number is indicated at the top of each chromosome. The genes of different subfamilies are 

displayed with different colors. Scale is in megabases (Mb)

Fig. 5  The expression profile of litchi AP2/EREBPs in 10 tissues. 

(A) (B) and (C) indicate the AP2 and RAV family, DREB family, 

and ERF family, respectively. The expression values of genes were 

obtained by RNA-seqs from 10 tissues, i.e., one-year-old “Feizixiao” 

litchi roots, spring and autumn shoots, female and male flowers, peri-

carp, pulp, seeds, callus, and somatic embryos. The color scale at the 

right corresponds to RPKM and was normalized by log2. Red signi-

fies a high expression level, white signifies a medium level, and blue 

signifies a low level. The differently colored bars at the top represent 

different tissues. The differently colored strips on the left represent 

different subfamilies and subgroups of AP2/EREBP genes in litchi

◂
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The RAV subfamily had only six members, but two members 

had a high expression level in all tissues (Fig. 5A), indicating 

that the RAV subfamily might play a vital role in cooperating 

with other TFs during plant development.

We also observed that genes with similar expression pat-

terns shared closer physical positions than other genes con-

tained in the same chromosome. For instance, seven genes 

of the ERF were subfamily located in chromosome 7, among 

which two pairs of genes, Litc.07A12770, Litc.07A12780 and 

Litc.07B14710, Litc.07B14720, had distances of nearly 11.8 kb 

and 13.6 kb, respectively. The position distances between these 

two pairs of genes and the other three genes and distances 

among the other three genes were more than 400 kb. Both 

of the two pairs of genes had higher expression in the spring 

shoots. Among the other three genes, Litc.07A010490 showed 

lower expression in all tissues while Litc.07B012590 and 

Litc.07A014740 showed higher expression in autumn shoots.

To further explore the reliability of our functional clustering 

analysis, 17 genes were randomly selected for qRT-PCR analysis. 

Among them, Litc.12B005880 exhibited root-specific expres-

sion, Litc.07A012780 and Litc.07B014710 exhibited spring 

shoot-specific expression, Litc.06B011950 and Litc.13A012700 

exhibited seed-specific expression, Litc.02A034360 exhib-

ited pulp-specific expression, and Litc.11A007580 and 

Litc.11B005220 exhibited callus-specific expression. The results 

of qRT-PCR analysis demonstrated the consistency with the tran-

scriptome data (Fig. 6).

Interaction Function Protein Prediction 
of Transcription Factors AP2/EREBP

Proteins are responsible for almost all cellular activity in 

organisms, such as the control of gene transcription, meta-

bolic activities, and environmental responses. Since proteins 

usually never work in isolation, understanding their role in 

signaling pathways and finding the downstream regula-

tory genes is crucial for identifying their functional protein 

interaction networks. To analyze and predict the functional 

relationship of two hundred and two litchi AP2/EREBP 

proteins, we performed the database of interaction function 

protein prediction using String web (Fig. 7). The model plant 

Fig. 6  Relative expression levels of eight genes in 10 tissues. qRT-

PCR analysis measured the expression levels of eight genes in 10 

tissues. The x-axis represents the eight tissues of “Feizixiao”, (roots, 

spring and autumn shoots, female and male flowers, pericarp, pulp, 

seeds, callus, and somatic embryos). The y-axis represents the rela-

tive expression levels of the genes. Data are shown as mean ± SD 

from three replications

◂

Fig. 7  Interaction network of Litchi TFs and related functional pro-

teins in Arabidopsis. The blue represents Arabidopsis AP2 proteins 

that have higher DNA sequence similarity with litchi AP2 factors. 

The green label is the RAV proteins, the red color refers to ERF or 

DREB proteins, and the yellow color indicates other types of TFs
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Arabidopsis was chosen as a befitting organism option to 

match with Litchi.

The forecasting results showed that litchi AP2/EREBP 

TFs were involved in the multitudinous important biological 

process as a class of receptor proteins (The details are listed 

in Table S5). For instance, ERF-1-like (Litc.07B012110) and 

ABI4-like (Litc.13A001930) were involved in the hormone-

mediated signaling pathway (Ethylene and Abscisic acid). CBF-

like proteins, like Litc.07A012780 (CBF4) and Litc.07A014720 

(CBF3) responded to drought stress and low-temperature stress. 

RAV1 (Litc.08A024120) and RAV2 proteins (Litc.08B006200) 

had negative regulation at the transcription level. AP2-like pro-

teins (Litc.06A013500, Litc.06B011950) promoted the growth 

of floral meristems. Intriguingly, AP2/EREBP TFs interacted 

with not only the same subfamily factors but also other fam-

ily TFs; for example, AP2s worked together with MPK3 and 

MPK6; and ERF13 had sophisticated interaction functions 

with ERF105, LEC1, LEC2, bIZP, and WRKY33. Significantly, 

seven AP2 subfamily proteins had specific expressions in the 

callus and embryo and were divided into four types: BBM, 

AINTEGUMENTA-like5 (AIL5), PLT2, and AINTEGUMENTA 

(ANT). All of them, with the exception of ANT, contained two 

members exhibiting high sequence similarity. Annotation of 

six of these genes, i.e., Litc.05A002370 and Litc.04A023400 

(BBM-like proteins), Litc.02A020200 and Litc.02B020800 

(AIL5-like proteins), and Litc.11A007580 and Litc.11B005220 

(PLT2-like proteins), indicated that they were involved in 

embryogenesis and the developmental transition between the 

embryonic and vegetative phases of the plants.

Discussion

The adoption of phylogenetic analysis may facilitate the 

identification of orthologous genes (Dossa et al. 2016). This 

tactic has been broadly applied for identifying members of 

AP2/EREBP TFs in many plant species, such as Medicago 

truncatula and Brassica rapa (Shu et al. 2016). The AP2/

EREBP superfamily is considered to be one of the essential 

groups of TF families in plants. In the present study, 202 

AP2/EREBP family genes were identified in litchi. We com-

pared the AP2/EREBP members from some representative 

species in the evolution of the Plantae. Terrestrial plants 

had a higher AP2/EREBP number than aquatic plants. This 

finding indicated that the number of AP2/EREBPs in these 

plants expanded through evolution. The widespread presence 

of AP2/EREBP TFs indicated that they were conserved as 

essential functional proteins during the course of evolution 

(Taylor and Raes 2004). The expansion of ERF and DREB 

subfamily members offered numerous opportunities for plant 

evolution. In addition, the quantity of AP2/EREBP TFs var-

ied significantly among higher plants. For example, the total 

AP2/EREBP number in grapes was 149 while it was 202 in 

litchi. The abundance of TFs may help litchi adapt to thrive 

in unstable environments.

In brief, TFs functionally result from some important 

conserved motifs or amino acid residues within conserved 

domains. It has been proven that the YRG and RAYD ele-

ments within the AP2/EREBP domain are related to cis-

acting element identification and protein–protein interaction 

(Gou et al. 2020). The conservative amino acid residues 

 14th and  19th of the AP2/EREBP domain had critical sites 

for DNA-binding specificity (Sakuma et al. 2002). The 

14 V(A/D) and 19E/L/V(D/H) of the litchi AP2/EREBP 

domain might be a clue to understanding the functional dis-

crepancy between the ERFs and DREBs in litchi and com-

pare the ERFs and DREBs with those of other species. The 

components of the conserved motifs also differed in litchi 

TFs. In the current study, motifs 1, 2, 3, 5, 7, and 8 were 

detected in the AP2/EREBP domain, while 14 conserved 

motifs (motif 4, 6, and 9–20) were found outside of the AP2/

EREBP domain in litchi. Most of these conserved motifs 

represented a group-specific distribution pattern. AP2 fam-

ily members were higher than other subfamilies in both the 

numbers and categories of motifs. The amount of conversa-

tive motifs in AP2/EREBP TFs of litchi was also more than 

that in lower plants. For example, only 11 motifs have been 

identified in AP2/EREBP TFs of desert moss (Syntrichia 

caninervis) (Li et al. 2017).

Some reports have stated that the intron number and their 

distribution were associated with the evolution of high plants 

(Hu and Liu 2011). For example, 61.7% of ERF subfamily 

members contained more than one intron in moss (Physcom-

itrella patens), which was remarkably higher than in litchi 

(40.0% ERFs) (Tang et al. 2016). The DREBs (58.8%) and 

RAVs (60%) of litchi were found to be intronless. However, 

the quantity of introns for each AP2 subfamily member 

was far beyond that of the ERFs, DREBs, and RAVs. By 

combining the genes’ structural and motif constituent diver-

gence among species or subfamilies, we can speculate that 

the litchi AP2/EREBP genome has undergone tremendous 

differentiation during its formation and evolution and that 

genes of different subfamilies have specific defined roles.

In many plants, tandem duplication has been proven to 

be a major force in expanding the AP2/EREBP family and 

is the main reason that gene clusters are produced, such as 

in Brachypodium distachyon (Chen et al. 2016) and cotton 

(Liu and Zhang 2017). As illustrated in Fig. 3, the 202 TFs 

were unevenly distributed across 15 chromosomes, generat-

ing 32 gene clusters under relatively relaxed criteria. About 

34.4% of litchi DREB genes and 44.6% of litchi ERF genes 

occurred in gene clusters. Surprisingly, no gene clusters 

were identified in the AP2 and RAV subfamilies either in the 

relatively stringent or loose criteria, which implied the AP2s 

and RAVs were comparatively conservative in the process 

of litchi AP2/EREBP evolution. Additionally, the number of 
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gene clusters was about one and a half times more than that 

of foxtail millet (Lata et al. 2014), barley (Guo et al. 2016), 

and pepper (Jin et al. 2018). This indicates that more litchi 

AP2/EREBP genes experience tandem duplication events 

and produce more duplication genes. This evidence supports 

the supposition that the gene function of some litchi AP2/

EREBPs acted redundantly. For instance, Litc07A12770 was 

redundant to Litc07A12780 and Litc.07B14710 was redun-

dant to Litc.07B14720. The genes with identical expression 

patterns were expressed at rates at least four times higher 

than other genes in the leaves of spring shoots. The emer-

gence of these redundant genes may enable plants to pre-

cisely regulate the signaling pathway or rapidly adapt to a 

new environment (Wang et al. 2019).

TFs can regulate the expression of downstream genes 

in particular tissues by binding the cis-elements and trans-

elements in the promoters (Li et al. 2015). Previous reports 

suggested that AP2/EREBP TFs had a certain feedback 

regulation for a string of complicated processes, such as the 

development and senescence of seeds, flowers, leaves, and 

other organs and responses to cold, salt, drought, low tem-

perature, and pathogens (Fujita et al. 2011; Guo et al. 2016; 

Phukan et al. 2017; Wang et al. 2019). RNA-sequencing data 

identified the higher expression of only 59 AP2/ERF genes 

in this study. About 88% of AP2/EREBP TFs expressed in 

10 litchi tissues suggesting that AP2/EREBP genes have a 

broad regulatory network at the transcriptional level. The 

expression quantity or pattern of paralogous genes is not 

uniform specificity within the same organ, which may help 

to meet the different developmental needs of the inner and 

outer tissues of specific organs, such as leaves or roots. One 

of the main objectives of this study was to ascertain potential 

AP2/EREBP TFs involved in the somatic embryogenesis of 

litchi. The analyses of RNA-seq revealed that seven AP2 

subfamily genes had upregulated expressions in the callus 

and somatic embryo, i.e. AP2-like genes (litc.06A13500 

and 06B011950), BBM-like genes (litc.04A023400 and 

litc.05A002370), ANT-like genes (litc.04A022050), AIL5-

likes (litc.02A020200 and litc.02B020800), and PLT2-likes 

(litc.11A007580 and litc.11B005220). However, there have 

been no studies on how to induce the development and dif-

ferentiation of litchi somatic embryos at higher AP2 protein 

quantities. Therefore, it is necessary to study the interaction 

functions of proteins encoded by litchi AP2/EREBP genes.

We performed further analysis by constructing protein 

interaction networks between litchi and Arabidopsis. In 

total, 46 AP2/EREBP genes showed interactions with 

other genes in the litchi genome. Considering the relation-

ship between the structure and function of some essential 

proteins, the litchi AP2/EREBP factors sharing a higher 

identity with Arabidopsis AP2/EREBP proteins were per-

ceived as having the same function. Protein–protein net-

works indicated that ERF and DREB proteins connected 

with MPK3/MPK6 proteins, which have been reported to 

regulate freezing tolerance and stability in Arabidopsis 

by cascade action (Su et al. 2017), and the WRKY33 and 

ICE1 were their downstream TFs. Beyond that, they were 

coordinated with AP2 protein to involve a more powerful 

cross-linking network, which was determined to relate to 

plant growth and defense following the homologous gene 

annotations in Arabidopsis. RAV1 interacted with TEM1 to 

repress the transcription of floral regulators. These genes 

(RAV1, RAV2, and TEM1) may be involved in develop-

mental adaptation in response to different environmental 

stimuli (Matías-Hernández et al. 2014). It is worth not-

ing that BBM proteins modulated the process of somatic 

embryogenesis by binding and transcriptionally activating 

LEC1, LEC2, PLT2, and AIL5 as well as another posi-

tive regulator (Florez et al. 2015). The BBM-like genes 

(litc.04A023400 and litc.05A002370), PLT2-like genes 

(litc.11A007580 and litc.11B005220), and AIL5-like 

genes (litc.02A020200 and litc.02B020800) could be 

considered as candidates for further studies on their per-

formance in facilitating litchi somatic embryogenesis. The 

above results indicated that litchi AP2/EREBP proteins 

were the junction point of regulating plant development 

and responding to biotic and abiotic stimulus by signal 

transduction. These findings provided new insight into 

transgenic technology to improve litchi yield and variety 

based on inducing embryogenesis and resisting adverse 

conditions.

In the current study, we identified 202 AP2/EREBP 

genes from the Litchi chinensis Sonn. genome. The 

exon–intron structure, conserved motif combination, 

and distribution of the chromosomes of these litchi AP2/

EREBPs were analyzed and compared. Litchi AP2/

EREBPs were divided into four subfamilies with regard 

to the number of AP2/EREBP domains and probabilis-

tic functions. Studying the gene expression of litchi AP2/

EREBP genes in 10 tissues revealed that 59 genes were 

broadly involved in the regulation of plant tissue develop-

ment. In particular, six genes may be major candidates 

involved in the regulation of litchi somatic embryogen-

esis. This study provides a comprehensive insight into the 

member organization, gene structure, gene evolution, gene 

expression, and protein interaction of the litchi AP2/ERE-

REBP family factors. Furthermore, these embryogenesis-

related AP2/EREBP genes could be isolated and used in 

molecular breeding to improve litchi yield.
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