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Abstract

Background: In recent years, much attention has been given to AP2/ERF transcription factors because they play
indispensable roles in many biological processes, such as plant development and biotic and abiotic stress
responses. Although AP2/ERFs have been thoroughly characterised in many plant species, the knowledge about this
family in the sweet potato, which is a vital edible and medicinal crop, is still limited. In this study, a comprehensive
genome-wide investigation was conducted to characterise the AP2/ERF gene family in the sweet potato.

Results: Here, 198 IbAP2/ERF transcription factors were obtained. Phylogenetic analysis classified the members of
the IbAP2/ERF family into three groups, namely, ERF (172 members), AP2 (21 members) and RAV (5 members), which
was consistent with the analysis of gene structure and conserved protein domains. The evolutionary characteristics
of these IbAP2/ERF genes were systematically investigated by analysing chromosome location, conserved protein
motifs and gene duplication events, indicating that the expansion of the IbAP2/ERF gene family may have been
caused by tandem duplication. Furthermore, the analysis of cis-acting elements in IbAP2/ERF gene promoters
implied that these genes may play crucial roles in plant growth, development and stress responses. Additionally,
the available RNA-seq data and quantitative real-time PCR (qRT-PCR) were used to investigate the expression
patterns of IbAP2/ERF genes during sweet potato root development as well as under multiple forms of abiotic
stress, and we identified several developmental stage-specific and stress-responsive IbAP2/ERF genes. Furthermore,
g59127 was differentially expressed under various stress conditions and was identified as a nuclear protein, which
was in line with predicted subcellular localization results.

Conclusions: This study originally revealed the characteristics of the IbAP2/ERF superfamily and provides valuable
resources for further evolutionary and functional investigations of IbAP2/ERF genes in the sweet potato.

Keywords: Sweet potato, IbAP2/ERF, Development, Abiotic stress, Expression patterns

© The Author(s). 2021, corrected publication 2022. Open Access This article is licensed under a Creative Commons Attribution
4.0 International License, which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence,
and indicate if changes were made. The images or other third party material in this article are included in the article's Creative
Commons licence, unless indicated otherwise in a credit line to the material. If material is not included in the article's Creative
Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need
to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/zero/1.
0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

* Correspondence: shutao.he@sibcb.ac.cn; chennan@buaa.edu.cn
†Shutao He and Xiaomeng Hao contributed equally to this work.
1State Key Laboratory of Cell Biology, Shanghai Institute of Biochemistry and
Cell Biology, CAS Center for Excellence in Molecular Cell Science, Chinese
Academy of Sciences, Shanghai 200031, China
6Beihang University, Beijing 100191, China
Full list of author information is available at the end of the article

He et al. BMC Genomics          (2021) 22:748 
https://doi.org/10.1186/s12864-021-08043-w

http://crossmark.crossref.org/dialog/?doi=10.1186/s12864-021-08043-w&domain=pdf
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
mailto:shutao.he@sibcb.ac.cn
mailto:chennan@buaa.edu.cn


Introduction
One of the largest gene families in plants is the AP2/ERF
transcription factor (TF) superfamily, which includes at
least one APETALA2 (AP2) domain comprising ap-
proximately 60 amino acid residues and is significant to
the regulation of plant development and the response to
various types of stress [1, 2]. By the rule of the compo-
nents of conserved domains, AP2/ERF TFs can be sepa-
rated into ERF, AP2 and RAV gene subfamilies [3–5].
Most AP2/ERF TFs belong to the ERF subfamily, which
contains one conserved AP2 domain, and the AP2 sub-
family encodes proteins with two AP2 domains. Add-
itionally, with the exception of one single AP2 domain,
the RAV subfamily also includes a B3 DNA binding do-
main that is conserved in other plant-specific transcrip-
tion factors [6]. Although the sequences of the AP2
domain are highly conserved, the DNA binding elements
of each subfamily are totally different. Generally, based
on the DNA binding motifs, the ERF subfamily can be
further subdivided into two groups: the ERF group, in-
cluding B1 to B6 subgroups, can bind to the GCC-box
(AGCCGCC element); and the DREB group, including
A1 to A6 subgroups, can bind to the DRE/CRT (dehy-
dration responsive element/C-repeat, RCCGCC element)
element [7, 8].. The AP2 subfamily cannot bind to the
CCGA/CC element, which is a core element interacting
with the ERF subfamily, but can bind to the GCAC(A/
G)N(A/T)TCCC(A/G)ANG(C/T) sequence [9, 10]. Add-
itionally, the binding sequences of the RAV subfamily
can be CACCTG and CAACA elements [11].
Extensive studies have been conducted to investigate

the significant roles of AP2/ERF genes in regulating di-
verse developmental processes, stress responses and
plant hormone signal transduction, including ethylene,
auxin, salicylic acid and jasmonic acid [12–14]. Several
members of the ERF subfamily have been revealed as vi-
able candidates to enhance plant abiotic stress tolerance
and display different response patterns under abiotic
stress, including cold (AtCBF1, PtERF109) [15, 16], heat
(ZmDREB2A, AtDREB1A) [17, 18], osmotic stress
(CkDREB) [19], drought (OsDREB1, IbRAP2–12) [20–
22], and high-salt stress (CaDREBLP1, LkERF-B2,
IbERF5) [23–25]. Members of the AP2 subfamily play
vital roles in the regulation of organ architecture and de-
velopment, such as floral organ patterning [26–28], leaf
development [29] and embryo development [30], while
RAV subfamily genes are the main factors involved in
plant hormone signal transduction [31], including that
of brassinosteroids [32], ethylene [33] and auxin [34],
and are the main regulators of multiple stress responses
[11, 35, 36]. Thus, identification and analysis of the AP2/
ERF gene family are crucial to understanding the mecha-
nisms of many developmental processes and various
stress responses.

The sweet potato [37], which originated in Central
America and belongs to the Convolvulaceae family, is an
important food crop grown globally and has significant
medicinal value [38]. Additionally, with the release of
sweet potato genome data and the advancement of trans-
genic technology, it has become possible to identify and
investigate important gene families at the whole genome
level. Beta-galactosidase family members of the sweet po-
tato have been identified at the genome-wide level [37].
Additionally, genome-wide characterisations of several po-
tassium absorption-related gene families, such as the HAK
K+ transport family [39] and the Shaker K+ channel family
[40], have also been investigated.
Due to the significance of AP2/ERF genes in many bio-

logical processes, it is crucial to systematically investigate
the AP2/ERF gene family in the sweet potato. The func-
tions of AP2/ERF TFs have been well studied in many
species, but there are few investigations in the sweet po-
tato. IbDREB1 was identified and can respond to several
abiotic stressors, including dehydration, salt and cold
stress [41]. A previous report showed that two ERF
members, IbERF1 and IbERF2, are involved in different
types of abiotic stress and in response to pathogens, and
can activate the transcription of defence genes in to-
bacco [42]. IbCBF3 can strengthen the drought and cold
tolerance of the sweet potato [43]. Another IbAP2/ERF
gene, IbRAP2–12, responded to salt and drought stress
in transgenic Arabidopsis [22]. Recently, sweet potato
IbERF4 also played a vital role in regulating of abiotic
stress [44].
In this study, through analysis of genome-wide bio-

logical information, the evolutionary characteristics of
sweet potato AP2/ERF TFs were revealed. The expres-
sion profiles of IbAP2/ERF genes at different root devel-
opmental stages and under multiple forms of stress were
further investigated by analysing RNA-seq and qRT-PCR
data. This work lays a solid foundation for subsequent
functional studies of the AP2/ERF gene family in the
sweet potato.

Methods
Identification and classification of the AP2/ERF gene
family in the sweet potato genome
Whole sweet potato genome data were downloaded
from the Ipomoea Genome Hub (https://ipomoea-
genome.org/). The AP2 domain (PF00847) was retrieved
from the PFAM database (http://pfam.xfam.org/), and
was used as the query for the HMM (hidden Markov
model) search, which was conducted using the HMMER
3.0 programme with E < 1e− 5 as the threshold. Further-
more, the BLASTP programme with an e-value of 1e− 5

and identity of 50% as the threshold was used to search
against the sweet potato protein dataset by using the
AP2/ERF protein sequences of rice and Arabidopsis
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obtained from the plant transcription factor database
(http://plntfdb.bio.uni-potsdam.de/v3.0/) as the query.
Then, we used the NCBI-CDD web server (http://www.
ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi) and the
SMART database (http://smart.embl-heidelberg.de/) to
further verify the existence of the AP2 domain in all
IbAP2/ERF proteins. The ExPASy server (http://www.
expasy.org/) was used to calculate the MW (molecular
weight) and PI (theoretical isoelectric point) of the re-
trieved proteins using the compute pI/Mw tool. The
Cell-PLoc 2.0 web server (http://www.csbio.sjtu.edu.cn/
bioinf/plant-multi/) was used to predict the subcellular
localization of the retrieved proteins.

Multiple sequence alignment and phylogenetic analysis
ClustalW with default parameters was used to perform
the multiple sequence alignment of obtained AP2/ERF
protein sequences. Phylogenetic and molecular evolu-
tionary analyses were performed using MEGA7 with the
neighbour-joining (NJ) algorithm. Phylogenetic trees
were constructed using the retrieved conserved domains
of AP2/ERF proteins. The bootstrap value was 1000.
IbAP2/ERF genes were partitioned into three different
groups based on the number of AP2 domains and the
presence of B3 domains. The ERF subfamily was further
subdivided into 12 groups (DREB A1-A6 and ERF B1-
B6) based on the homologues of the corresponding
genes in Arabidopsis.

Sequence analysis
The Gene Structure Display Server (GSDS: http://gsds.
gao-lab.org/index.php) was used to determine the exon-
intron structure of these IbAP2/ERF genes. The struc-
tural differences among IbAP2/ERF proteins were inves-
tigated by studying the conserved protein domains.
Additionally, the MEME programme was used to predict
the conserved motifs of IbAP2/ERF proteins.

Chromosome distribution, gene duplication and cis-acting
elements in the promoters of IbAP2/ERF genes
From the genome annotation information, the chromo-
some distribution of all IbAP2/ERF genes was acquired
and then confirmed by BLASTn search. Multiple collin-
ear scanning toolkits (MCScanX) were used to evaluate
gene replication events. Furthermore, we obtained the
AP2/ERF protein sequences of Arabidopsis thaliana,
Oryza sativa, Manihot esculenta, Glycine max, Vitis vi-
nifera and Zea mays from the Phytozome database
(https://phytozome.jgi.doe.gov/pz/portal.html#!search).
Dual Synteny Plotter software (https://github.com/CJ-
Chen/TBtools) was used to analyse the syntenic relation-
ships among AP2/ERF genes in different selected plants.
The 2000-bp genomic sequence was extracted from the
upstream of the start codon of each IbAP2/ERF gene as

the putative promoter region. Then, we used the Plant-
CARE database (http://bioinformatics.psb.ugent.be/
webtools/plantcare/html) to predict cis-acting elements.

Transcriptome data source and bioinformation analysis
High-throughput RNA-seq data (accession numbers
PRJNA533954, PRJNA515432, PRJNA413661 and PRJNA
631585) of the sweet potato were downloaded from the SRA
database (http://www.ncbi.nlm.nih.gov/sra) and used to ana-
lyse the expression profiles of IbAP2/ERF genes by FPKM
analysis. We used various quality parameters to assess the
raw sequence data and used the NGS QC Toolkit (v2.3) [45]
to filter the high-quality reads. Mapping onto the sweet po-
tato genome of filtered high-quality reads was conducted by
TopHat (v2.0.0) using the default parameters. The FPKM
value and read counts of each sweet potato gene were ob-
tained through Cufflinks (v2.0.2) using the mapped output.
Read counts were used to detect differentially expressed
genes with false discovery rate (FDR) < 0.01 and fold change
> 2 through DESeq. The stage-specific/preferential genes in
each stage were identified with the SS scoring algorithm,
which compares the expression of a gene in a given stage
with its maximum expression level in other stages as de-
scribed previously [46]. A higher SS score of a gene in a par-
ticular stage signifies its more specific expression at that
stage. A total of 15 RNA-seq datasets of sweet potato roots
at different developmental stages, including fibrous roots
(root diameters of approximately 1mm) and storage roots
(D1, D3, D5 and D10; root diameters of 1 cm, 3 cm, 5 cm
and 10 cm, respectively), were used. Additionally, 9 RNA-seq
datasets of sweet potato storage roots stored at 4 °C for 0
(control), 2, and 6weeks were used to investigate the expres-
sion pattern of IbAP2/ERF genes under low temperature.
Eight RNA-seq datasets of sweet potato leaves at 0 (control),
6, 12 and 24 h after 30% polyethylene glycol (PEG) treatment
were used to explore the expression profile of IbAP2/ERF
genes under drought stress. Moreover, 6 RNA-seq datasets
of sweet potato roots at 0 (control) and 24 h after 150mM
NaCl treatment were used to analyse the transcript patterns
of IbAP2/ERF genes in response to salt stress.

Plant abiotic stress and low temperature treatment
Sweet potato (Ipomoea batatas L.) Cv. Taizhong6 seed-
lings were planted in early May in the Wushe Plantation
for Transgenic Crops in Shanghai, China (31°13,948.0099
N, 121°28,912.0099E). Fibrous roots (S1, root diameter of
2mm), pencil roots (S2, root diameter of 5 mm) and stor-
age roots at two stages (S3 and S4; root diameters of 15
mm and 25mm, respectively) were collected from the
sweet potato plants in early November to cover the entire
storage root initiation and development processes. Then,
for low-temperature treatment, the collected storage roots
(S4) were stored at 4 °C as described [47]. Tuberous roots
were collected at 0 (control), 1, and 2 weeks after
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treatment. All samples were frozen in liquid nitrogen and
stored at − 70 °C for mRNA extraction.
For abiotic treatments, sweet potato seedlings were in-

cubated in quarter-strength Hoagland solution in a
greenhouse (16 h/8 h of light/dark, 30 °C/22 °C day/
night). The treatment assays were conducted as de-
scribed in a previous report [25] with some modifica-
tions. Cold stress was performed by culturing seedlings
at 4 °C, and the roots were collected. Dehydration and
salt experiments were carried out by immersing the ad-
ventitious roots in 20% PEG6000 or 150 mM NaCl solu-
tions, respectively, and the roots were harvested. All
samples were collected at 0 (control), 1, 12, 24, and 48 h
after each treatment and immediately frozen in liquid ni-
trogen for mRNA extraction.

RNA extraction and quantitative real-time polymerase
chain reaction (qRT-PCR) analysis
RNA Extraction Kits (TianGen, Beijing, China) were
used to extract total RNA from samples according to the
manufacturer’s instructions. Two micrograms of RNA
was reverse-transcribed using ReverTra Ace qPCR RT
Master Mix (TOYOBO, Shanghai, China). qRT-PCR
analysis was performed as described earlier [48] with
three biological replicates for each tissue sample and at
least triplicates of each biological replicate. The gene-
specific primers designed using Primer Express (v3.0)
software are listed in Table S7. Each gene was normal-
ized to the β-Actin internal control gene, and the fold
change was calculated using the 2−ΔΔCT method.

Analysis of subcellular localization
For the subcellular localization experiment, a construct
coding for a g59127-GFP fusion protein was generated
under the control of the CaMV 35S promoter, which
was then introduced into tobacco leaves through Agro-
bacterium-mediated transformation. Finally, the leaves
were observed under an Olympus FV1000 microscope
(Olympus, Japan). The primers used in this study are
listed in Table S7.

Statistical analysis
Samples were collected from three independent plants.
Data from at least three replicates are presented as the
mean ± SD. Analysis of independent samples with Stu-
dent’s t-test was performed using SPSS software, version
17 (SPSS Inc., Chicago, IL, USA). An alpha value of P <
0.05 was statistically significant.

Results
Identification of AP2/ERF family transcription factors in
the sweet potato
All possible IbAP2/ERF genes were excavated from the
sweet potato genome using a genome-wide search for

AP2 domains including proteins. In total, 198 distinct
IbAP2/ERF putative transcription factors were identified
after removing redundant and alternative forms of the
same gene (Table S1). The chromosome distribution re-
sults showed that these IbAP2/ERF genes were located
on all 15 chromosomes in the sweet potato. In detail,
IbAP2/ERF genes were most abundant on chromosome
7 with 23 IbAP2/ERF genes, while 22 and 17 IbAP2/ERF
genes were distributed on the chromosomes 2 and 11,
respectively. Otherwise, chromosome 14, with only 6
genes, had the fewest number of IbAP2/ERF TFs.
Gene characteristics were further investigated. Analysis

of the coding sequence length (CDS) showed that
g60090 yielded the largest protein with 5064 bp (1687
amino acids), while g532 yielded the smallest protein,
with 309 bp (102 amino acids). The isoelectric point (pI)
of these proteins ranged from 4.17 (g20630) to 11.65
(g54236), and the protein molecular weight (MW)
ranged from 11.3 to 177.45 kDa. In addition, predicted
subcellular localization analysis showed that the majority
of IbAP2/ERF TFs were localized to the nucleus, with
157 genes, and 17 genes were localised to chloroplast.
The remaining genes were predicted to be localised to
mitochondria, peroxisomes, the plasma membrane and
the cytoplasm.

Phylogenetic relationship, gene structure and conserved
motif analysis
To explore the phylogenetic relationship of sweet potato
AP2/ERF proteins, the multiple sequence alignment re-
sults of 198 sweet potato AP2/ERF proteins and 141
Arabidopsis AP2/ERF proteins were used to construct a
phylogenetic tree by using the neighbour-joining (NJ)
method. All the AP2/ERF genes were clustered into
three major clades (ERF, AP2 and RAV) based on their
domain composition (Fig. 1). There were 172 genes
assigned to the ERF subfamily, which contains one single
AP2 domain, and all these genes can be subdivided into
two groups: DREB [A1 (4), A2 (10), A3 (1), A4 (15), A5
(14), A6 (11)] and ERF [B1 (38), B2 (20), B3 (40), B4 (5),
B5 (4), B6 (10)], which is consistent with a previous re-
port [25] (Table S2). The AP2 subfamily had 21 genes
with two AP2 DNA binding domains. Only 5 genes en-
coding a single AP2 domain and a B3 domain were
grouped into the RAV family. Interestingly, the g34948,
g56186 and g60806 genes belonged to the ERF subfamily
members; however, these genes showed high similarity
with the AP2 subfamily.
To further understand the gene structural compos-

ition, the intron and exon structures of IbAP2/ERF genes
were analysed by comparing the genomic DNA se-
quences (Fig. 2a, b). Most members of the ERF subfamily
contained no or few introns, except for eight genes with
intron numbers ranging from 7 to 12. Interestingly, 7 of
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those genes, including g5177, g60806, g16798, g34948,
g56186, g14188 and g551886, showed high similarity
with the AP2 subfamily. Additionally, the RAV subfamily
contained no or one intron. Compared with the ERF and
RAV subfamilies, the members of the AP2 subfamily had
at least 5 introns. Among AP2 subfamily genes, g54878
contained the most introns (14). The highly diverse gene
structure indicated that there was extensive differenti-
ation during the formation and evolution of the sweet
potato genome.

Furthermore, characteristic region analysis of IbAP2/
ERF proteins was conducted (Fig. S1). These proteins
have a highly conserved AP2 domain, which is the typ-
ical pattern in the AP2/ERF family, especially in the AP2
subfamily, which contains two conserved AP2 domains.
In addition to the AP2 domain, RAV subfamily members
also contained the B3 domain consisting of 100–120
amino acids. Moreover, other conserved regions were
also detected in individual proteins. For example, the
PRA1 domain, the ribosomal-S9 domain and the

Fig. 1 The phylogenetic tree constructed by the neighbor-joining method represents the relationships among AP2/ERF proteins of sweet potato
and Arabidopsis. The proteins of sweet potato and Arabidopsis are marked in red and black respectively. Red, green and blue colored branches
indicate ERF, AP2 and RAV subfamily
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Fig. 2 (See legend on next page.)
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Metallophos domain were detected in the g5338 protein,
g50554 protein and g54878 protein, respectively.
The conserved motifs of IbAP2/ERF proteins were fur-

ther characterised by MEME software (Table S3). The
results showed that a total of 10 conserved motifs were
identified (Fig. 2a, c). Among these motifs, motifs 1, 2, 3,
4, 5, 6, 7 and 9 were located in the AP2 conserved do-
main regions. Besides, ERF subfamily members con-
tained motifs 1, 2, 3, 4, 5, 6, 7, 8, 9 and 10, of which
motif 9 was detected in most genes (100), and motif 6
was detected in the fewest genes (6). In the AP2 subfam-
ily members, motifs 1, 2, 3, 4, 6 and 7 were detected, of
which motifs 2, 4 and 6 were found in almost all the
members of the AP2 subfamily. Motif 1 was detected in
g54878, motif 3 in g29817, and motif 7 in g28895. In the
RAV subfamily, motif 4 was the only shared motif. Gen-
erally, many conserved motifs detected in these IbAP2/
ERF proteins may participate in the expression regula-
tion of genes with the potential DNA binding sites,
which can be further examined. The similar composition
of gene structure and conserved motifs in a specific sub-
family further verified the reliability of the phylogenetic
tree and clustering.

Chromosome distribution, gene duplication and synteny
analysis of the IbAP2/ERF gene family
To investigate the chromosome distribution of the
IbAP2/ERF genes, the latest sweet potato genome data-
base was used for analysis. A total of 198 IbAP2/ERF
genes were distributed unevenly on 15 sweet potato
chromosomes (Fig. 3). Chromosome 7 had the largest
number of IbAP2/ERF TFs (27 genes), which accounted
for approximately 11.6% of the total number of IbAP2/
ERF genes. Chromosome 2 contained 22 IbAP2/ERF
genes, which accounted for approximately 11% of the
total number of IbAP2/ERF genes, while the smallest
number of IbAP2/ERF TFs was found on chromosome
14, with 6 genes. The ERF subfamily was detected on all
chromosomes, of which chromosomes 14 and 15 con-
tained only ERF subfamily members. In addition, no AP2
subfamily members were found on chromosomes 2, 9,
14 or 15, while the members of the RAV subfamily were
distributed on chromosomes 2, 3, 4, 9 and 12. Further-
more, some IbAP2/ERF TFs that have similar conserved
structures were localised on the same chromosome,
which has also been observed in Arabidopsis thaliana
[5], Vitis vinifera [49], Chinese cabbage [50] and Tartary

buckwheat genomes [51], indicating that ancestral poly-
ploidy events may result in these homologous fragments.
In addition, we analysed the duplication events of
IbAP2/ERF genes because gene duplication is a key
mechanism in gene expansion and the emergence of
novel functions. Tandem replication was defined as 200
kb-range chromosomal regions that included more than
one homologous gene. Six IbAP2/ERF gene clusters con-
taining twenty-six tandem duplicated genes were identi-
fied in sweet potato linkage groups (LGs) 2, 3, 7, 10 and
11. LG7 had two clusters, one of which contained the
most genes (8 genes), indicating hot spots of IbAP2/ERF
gene distribution. Interestingly, each cluster contained
only genes belonging to the ERF subfamily.
Apart from tandem duplication events, we also found

many pairs of segmental duplications in the sweet potato
chromosomes (Fig. 4), since the analysis of homologous
genes is significant in exploring the kinship of evolution.
Several pairs of homologous genes were found on differ-
ent sweet potato chromosomes, further confirming that
the IbAP2/ERF gene family is highly conserved. Accord-
ing to the above data, some IbAP2/ERF genes might be
the result of gene replication, which might be the main
evolutionary driving force of IbAP2/ERF genes.

Evolutionary analysis of AP2/ERF genes in the sweet
potato and several different species
Since the phylogenetic mechanisms of the IbAP2/ERF
family were uncertain, we constructed syntenic maps of
the sweet potato compared with six different species in-
cluding three monocotyledonous plants (grape, corn,
rice) and three dicotyledonous plants (soybean, Arabi-
dopsis, and cassava). The results showed that the AP2/
ERF genes in the sweet potato have homologous genes
in these reference plants, of which Manihot esculenta
had the most syntenic conservation (158 syntenic gene
pairs located on chr1 - chr18), followed by Arabidopsis
thaliana (119 orthologous gene pairs distributed on
chr1 - chr5) and Glycine Max (109 syntenic gene pairs
distributed on chr1 – chr9 and chr20) (Fig. 5). When
comparing between the sweet potato and Manihot escu-
lenta, the syntenic results of AP2/ERF genes showed that
g13132, g13922, g46272, g55039 and g60882 were con-
nected with more than two orthologous gene pairs, indi-
cating that these genes might be of great significance in
AP2/ERF family evolution (Table S4). According to the
above results, sweet potato AP2/ERF genes are closer to

(See figure on previous page.)
Fig. 2 Architecture of phylogenetic tree, gene structure and protein conserved motifs in the IbAP2/ERF superfamily from sweet potato. (a) Phylogenetic
relationships of IbAP2/ERF proteins in sweet potato. Members of ERF, AP2 and RAV subfamily were filled in yellow, blue and green respectively. (b) Exon-intron
structure of IbAP2/ERF genes. Green boxes indicate exons; black lines indicate introns. (c) The motif pattern of IbAP2/ERF proteins. The different colors represent
different motifs with the number 1–10. The sequence information of each motif is provided in Additional file 1: Table S3. The protein length can be estimated
using the scale at the bottom
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those in cassava and may evolve from a common ances-
tor in various plants.

Cis-acting elements of sweet potato IbAP2/ERF genes
To further infer the potential function of sweet potato
IbAP2/ERF genes, cis-acting elements were analysed
using the promoters of these genes (Fig. 6). Many cis-
acting elements, such as hormone-responsive, stress-
responsive and light-responsive elements, were observed
in the promoters of IbAP2/ERF genes. Light-responsive
elements (1418) were the most enriched cis-elements in
the promoters of IbAP2/ERF genes. Hormone-
responsive elements (748), such as methyl jasmonate
(MeJA, 538), SA (85) and auxin (125), were often de-
tected in the promoters of IbAP2/ERF genes. The pro-
moters also included stress-related elements for

anaerobic induction (339), low-temperature responsive-
ness (85), defence and stress responsiveness (75) and
wound responsiveness (3). Additionally, endosperm ex-
pression (42), circadian control (38) and cell cycle regu-
lation (9) promoter elements were also detected. These
results implied that the IbAP2/ERF genes may be regu-
lated through various cis-acting elements and play sig-
nificant roles during plant development and stress
responses.

Expression patterns of IbAP2/ERF genes during root
development and under multiple forms of abiotic stress
To determine the functional roles of IbAP2/ERF genes
during root development, the expression profiles of these
genes at different root developmental stages (F, fibrous
roots; D1, pencil roots with a diameter of 1 cm; D3,

Fig. 3 Chromosomal distribution of sweet potato IbAP2/ERF genes. The chromosome number is marked on the left of each chromosome. The
red lines represent duplicated IbAP2/ERF gene pairs
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storage roots with a diameter of 3 cm; D5, storage roots
with a diameter of 5 cm; D10, storage roots with a diam-
eter of 10 cm) were analysed using RNA-seq data
through FPKM analysis. In the results, 191 IbAP2/ERF
genes were examined in these data, and the expression
levels of these genes had high variance, indicating that
the IbAP2/ERF genes had multiple potential functions in
sweet potato root development (Fig. 7a and Table S5).
Generally, among these genes, 44, 7, 6 and 2 genes were
relatively highly expressed in the F, D1, D5 and D10
stages, respectively. In detail, g15856, g25314, g38193,

g40768, g14059, g20630 and g25967 were specifically
expressed in the early developmental stages (D1), with
extremely low expression levels in the other stages. We
presumed that these genes may mainly affect the early
development of roots and may be used as marker genes
during early root developmental stages. In addition, sev-
eral genes showed relatively high expression at each
stage of root development, such as g31279, g6122,
g54463, g59147, g60949, g60090, g34543, g30808, g670
and g20475, indicating that they may play indispensable
roles in regulating tuber development. However, g38291,

Fig. 4 Interchromosomal relationships of sweet potato IbAP2/ERF genes. Grey lines indicate all syntenic blocks in the sweet potato genome. Red
lines indicate collinear blocks of IbAP2/ERF genes in the sweet potato genome
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Fig. 5 Syntenic analysis of AP2/ERF genes between sweet potato and six representative plant species. Gray lines in the background indicate the
collinear blocks within sweet potato and other plant genomes, whereas red lines highlight syntenic AP2/ERF gene pairs
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g39445, g39452, g38698, g47478, g51568, g6437 and
g20397 were not expressed in any of the tested samples.
We found low-temperature responsive elements in the

promoters of IbAP2/ERF genes, indicating that IbAP2/
ERF TFs might play indispensable roles in responding to
low temperatures. To further analyse the physiological
function of IbAP2/ERF genes under cold stress, the
available RNA-seq data of sweet potato roots under cold

stress were used to study the expression profiles of these
genes (Fig. 7b and Table S5). In the results, 56 IbAP2/
ERF genes were detected, and there were 29 differen-
tially expressed genes, of which 16 genes were upregu-
lated and 4 genes were downregulated under cold stress
at 2 weeks. The expression level of g60059 increased
quickly under cold stress at 2 weeks and increased con-
tinuously to 6 weeks. A large proportion of TFs, such as

Fig. 6 Predicted cis-acting elements in the promoter of the IbA2/ERF genes. The 2.0 kb region upstream of ATG was analysed using the PlantCARE software
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Fig. 7 (See legend on next page.)
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g13922, g41901, g34543, g59147, g670, g5499 and
g12377, also increased quickly under cold stress at 2
weeks, but their expression levels irregularly changed at
6 weeks. The expression levels of g19784 and g25314 de-
creased quickly under cold stress at 2 weeks and de-
creased continuously to 6 weeks. Additionally, some
genes, such as g5103 and g12458 exhibited decreased ex-
pression patterns under cold stress at 2 weeks, but their
expression levels increased at 6 weeks. These results im-
plied that the IbAP2/ERF TFs might play indispensable
roles in the response to cold stress.
For dehydration stress, the expression patterns of

IbAP2/ERF genes were investigated by RNA-seq data of
sweet potato leaves under 30% PEG treatment (Fig. 7c
and Table S5). A total of 52 IbAP2/ERF genes were de-
tected, wherein 18 genes including 17 upregulated genes
and 1 downregulated gene were differentially expressed
at 6 h. There was only one gene (g54428) differentially
expressed at 12 h. At 24 h, 5 genes and 2 genes were up-
regulated or downregulated, respectively. Among these
genes, g54428 was differentially expressed at all the time
points, implying that it might contribute to the sweet
potato response to drought stress. Additionally, 155
IbAP2/ERF genes were examined in the RNA-seq data of
sweet potato roots under salt stress (Fig. 7d and Table
S5). The transcript level of 21 genes were increased at
24 h, while there were 9 downregulated genes at 24 h.
g35344 and g43542 might be key regulators of the re-
sponse to salt stress because they exhibited the highest
induction level under salt stress with approximately a
64-fold change.
To validate the RNA-seq results, we performed qRT-

PCR analysis of 15 main abiotic stress-induced genes
with high transcriptional expression levels based on the
RNA-seq data (Fig. 8a-b and Fig. 9a). The results showed
that abiotic stress can lead to dramatic alterations in
these selected genes. The expression profiles revealed by
qRT-PCR were similar to those obtained by RNA-seq
(Fig. 7a-d), indicating the accuracy of RNA-seq data and
the potential contribution of the tested genes to root de-
velopment and in response to abiotic stress. Among
these genes, g670, g8319, g17206, g29674, g28855,
g28895, g30588, g41901, g43908, g59127 and g60392
were more highly expressed at early root developmental
stages (S1 and S2), while g1018 was more highly
expressed at later stages (S3 and S4), indicating that

different genes might play various roles during the root
developmental process (Fig. 8a). Under salt stress, g8319
was the most significantly induced (approximately 55-
fold), followed by g59127 (30-fold), g13657 (9-fold),
g41901 (6-fold) and g29674 (3.5-fold). However, g670,
g41968 and g54428 expression was inhibited, implying
that these genes might be key regulators of the response
to salt stress (Fig. 9a). For dehydration stress, the highest
induction level was observed in g59127 at 80-fold. Ex-
pression of g60392 also increased (approximately 12-
fold), whereas that of g670, g30588 and g41968 was
inhibited (Fig. 9a). For cold stress, g8319 had the most
significant induction level (at approximately 6-fold),
followed by g29674 (at approximately 4-fold). In con-
trast, many of the analysed genes, including g670,
g13657, g17206, g30588, g41968, g41901, g54428 and
g60392, were inhibited when subjected to cold stress
(Fig. 9a). Collectively, the significant and diverse expres-
sion patterns of these genes implied that they might play
a role in responding to abiotic stress.

Analysis of subcellular localization of g59127 protein
Because the transcriptional expression of the g59127
gene showed obvious alterations during root develop-
ment and could be markedly affected by most forms of
abiotic stress, including cold, dehydration and salt stress,
it was selected for further molecular characterisation
analyses. The g59127 protein was predicted to be in the
nucleus (Table S1), and a vector with the translational
fusion of g59127 to GFP was constructed to confirm this
result. As shown in Fig. 9b, the free GFP protein was
both nuclear and cytoplasmic, but the g59127-GFP fu-
sion protein was only displayed in the nucleus, which
was consistent with the bioinformatics results.

Discussion
The AP2/ERF superfamily is one of the largest families
of plant-specific transcription factors and plays import-
ant roles in a variety of biological processes. Many works
have been performed to identify members of the AP2/
ERF superfamily in several plants with sequenced ge-
nomes, such as Arabidopsis [5], maize [52], peach [53]
and foxtail millet [54]. Nevertheless, no detailed study of
this superfamily has been carried out in the sweet potato
at the whole genome level until now. In this study, ex-
tensive identification of AP2/ERF genes throughout the

(See figure on previous page.)
Fig. 7 The expression profiles of IbAP2/ERF genes in the sweet potato at different root developmental stages and under multiple forms of stress
analysed by the available RNA-Seq data. (a) The expression profiles of IbAP2/ERF genes in the sweet potato roots at different developmental
stages. F, fibrous roots; D1, the pencil roots (diameter: 1 cm); D3, the storage roots (diameter: 3 cm); D5, the storage roots (diameter: 5 cm); D10,
the storage roots (diameter: 10 cm). (b) The expression profiles of IbAP2/ERF genes in the root under cold stress. w, week. (c) The expression
profiles of IbAP2/ERF genes in the leaves under 30% PEG treatment. h, hour. (d) The expression profiles of IbAP2/ERF genes in the roots under salt
treatment. h, hour. For each row, blue and red correspond to low and high values of gene expression, respectively
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sweet potato genome was conducted. A total of 198
sweet potato AP2/ERF genes were discovered (Table S1),
accounting for 0.31% of all the sweet potato genes,

which is lower than the results observed in rice (0.43%),
maize (0.44%), foxtail millet (0.44%) and Brachypodium
distachyon (0.45%). Compared with other plants, the

Fig. 8 The expression profiles of IbAP2/ERF genes in the roots at different developmental stages (a) and during storage process at low temperature (b)
analyzed by qRT-PCR. Fibrous roots (S1, root diameter of 2mm), pencil roots (S2, root diameter of 5mm) and storage roots at two stages (S3 and S4; root
diameters of 15mm and 25mm respectively) from the sweet potato plants were harvested at six months after planting. Then, the collected storage roots were
stored at 4 °C. Tuberous roots were collected at 0 (control), 2, and 6weeks after low temperature treatment. The expression data were normalized to 1 in S1
and unstressed plants (0 w). Bars represent the mean of replicates ± standard error. * and ** indicate a significant difference at P < 0.05 and< 0.01, respectively,
determined by Student’s t-test
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AP2/ERF gene number in the sweet potato (198) was
greater than that in barley (121), longan (125), tomato
(146), Arabidopsis (148) and rice (167) but lower than
that in poplar (202) and Chinese cabbage (291). It has
been reported that the number of AP2/ERF genes is de-
termined by the number of ERF subfamily members to a

certain extent [55]. There were 172 ERF subfamily genes
in the sweet potato and 122, 132 and 158 in Arabidopsis,
rice and maize, respectively. Gene evolution and duplica-
tion have been revealed to cause this variance in plants
[56, 57]. Additionally, there was no significant variance
in the number of AP2 and RAV family members among

Fig. 9 The expression profiles of IbAP2/ERF genes detected by qRT-PCR under various types of abiotic stress and the subcellular localization of g59127 protein.
(a) The expression profiles of IbAP2/ERF genes detected by qRT-PCR under NaCl, dehydration, and cold stress. The sweet potato seedlings were submerged in
150 mM NaCl and 20% (w/v) PEG6000 solutions, respectively, and then adventitious roots were harvested. Cold assays were carried out by incubating the
seedlings at 4 °C, and then roots were collected. The expression data were normalized to 1 in unstressed plants (0 h). Bars represent the mean of replicates ±
standard error. * indicates a significant difference at P <0.05, determined by Student’s t-test. (b) Analysis of the subcellular localization of g59127 protein.
Localization of g59127-YFP fusion protein in tobacco (Nicotiana L.) cells. g59127-YFP expression was visualized using a confocal laser scanning microscope.
Bar, 20 μm
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these plant species, with values of 24, 25, 26, 28 and 34
in Arabidopsis, maize, sweet potato, Brachypodium dis-
tachyon and rice, respectively.
In the gene intron/exon structure of the 198 IbAP2/

ERF genes, the AP2 subfamily had more introns, while
the ERF subfamily had fewer introns, and no intron was
found in the RAV subfamily (Fig. 2a, b), which resembles
that of AP2/ERF genes in other plant species, including
cauliflower and radish [58, 59]. Some studies have re-
vealed that plant evolution is related to intron number
and distribution [6], and the intron number of ERF sub-
family genes is probably lost during plant evolution [60,
61]. Herein, no intron was observed in 92 of the 172
ERF subfamily members (53%), but a higher number was
reported for Tartary buckwheat [51]. The variance of the
gene structure among AP2, ERF and RAV subfamily
members indicated that there might have been extensive
differentiation and numerous functional discrepancies
between these subfamilies during the evolution of the
sweet potato genome. In addition, conserved domains
and motifs play important roles in regulatory functions,
which are associated with transcriptional activity, DNA
binding and protein interactions [62, 63]. Previous re-
ports have shown that in addition to an N-terminal
DNA-binding domain, the C-terminal activation domain
of AP2/ERF proteins can regulate the transcription of
their target genes in Arabidopsis and rice [3]. AP2/ERF
genes with ERF-associated amphiphilic repression (EAR)
motifs (LxLxL or DLNxxP sequence) or B3 repression
domains (BRD, R/KLFGV sequence) have a repressive
effect on their target genes [64, 65]. The EDLL motif
identified from AtERF98 can override the repressive ef-
fect mediated by the EAR motif [66]. In this study, 41
IbAP2/ERFs had the EAR motif, and 4 IbAP2/ERFs had
the B3 motif (Table S6), implying that these genes might
be involved in negative regulatory functions. Addition-
ally, the EDLL motif was detected in 4 IbAP2/ERFs
(Table S6), suggesting that the regulation of these genes
may be complex, but further experimental verification is
needed. Moreover, another 10 motifs were found in
IbAP2/ERF proteins based on the MEME results: eight
of the 10 motifs (motifs 1–7, 9) were related to the AP2
domain, and only 2 conserved motifs were located out-
side the AP2 domain (Fig. 2, Fig. S1 and Table S3). The
ERF subfamily members had all 10 motifs, of which
motif-9 was shared by most genes (100). Motif-9 was de-
tected in the AP2 domain and enriched many DNA
binding sites, indicating that this motif may be essential
for the DNA binding abilities of these TFs [67]. Add-
itionally, AP2 subfamily members harboured numerous
motifs, ranging from 1 to 4 and 6 to 7, whereas the RAV
family members only had motif-4. Based on these re-
sults, although high conservation was observed in some
motifs of the IbAP2/ERF family, the unique motifs of

different subgroups might be involved in more special
functions in each IbAP2/ERF subfamily, and their func-
tions require more work to clarify.
The latest sweet potato genome database was used to

analyse the chromosome distribution of the IbAP2/ERF
genes, and these genes were unevenly anchored on 15
chromosomes (LGs) (Fig. 3 and Fig. 4). Hot regions
existed in most chromosomes, which indicated that
IbAP2/ERF gene family expansion might be caused by
tandem duplication and segmental duplications, which is
in accordance with previous studies [55, 68]. In total, 26
paralogous pairs were found in the sweet potato, more
were discovered in rice (41), Arabidopsis (51) and grape
(76), and less were discovered in jujube (18). Further-
more, using MCScanX, there were 38,290 collinear gene
pairs in the sweet potato genome, and 683 IbAP2/ERF
collinear gene pairs were recognised, indicating that the
sweet potato genome experienced a whole genome du-
plication event that might also underlie the expansion of
the IbAP2/ERF family (Fig. 5 and Table S4).
Previous reports have shown that AP2/ERF TFs can be

potential candidates for crop improvement because they
are key regulators in different plant development pro-
cesses and various stress responses [43, 69–72]. Never-
theless, IbAP2/ERF gene functions in the sweet potato
are still not well known, and it is essential to analyse the
transcriptional regulation of IbAP2/ERFs to utilise them
to improve the quality and abiotic stress tolerance of the
sweet potato. Here, we systematically analysed the ex-
pression profiles of these genes during root development
and under multiple types of stress to determine their po-
tential functions in biological processes. In this study, a
total of 191 IbAP2/ERFs were expressed at different root
developmental stages, implying that they might be
widely associated with the regulation of root growth and
development (Fig. 7a and Table S5). Furthermore, prom-
inent temporal expression patterns of IbAP2/ERF genes
were also observed. Forty-four IbAP2/ERF genes were
specifically expressed in fibrous roots and 2 IbAP2/ERF
genes showed preferential expression in the mature stor-
age root (D10). Additionally, the expression levels of 60
IbAP2/ERF genes increased gradually during root devel-
opment, indicating that these genes might play crucial
roles in the process. In particular, g20630 showed a con-
tinuous upregulation profile, and its homologous gene
AtCRF3 was reported to regulate lateral root develop-
ment in Arabidopsis [73], implying that g20630 might
have a similar function in sweet potato root develop-
ment, thus confirming the reliability of our results. Fur-
thermore, AP2/ERF TFs were reported to regulate the
expression of target genes that respond to stress by
binding to GCC-box or DRE motifs [74, 75]. Our results
showed that there were 85 low-temperature responsive
and 75 defence- and stress-responsive cis-elements in
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the promoter regions of IbAP2/ERF genes (Fig. 6). More-
over, compared to the control, IbAP2/ERF genes were
specifically induced or repressed under multiple types of
stress (Fig. 7b-d, Fig. 8b, Fig. 9a and Table S5). In par-
ticular, the expression of g25316, which encodes the
IbDREB1/IbCBF3 protein, showed a remarkable reduc-
tion under cold stress and a significant increase under
drought stress, which is consistent with a previous study
[41, 43]; and the function of its homologue AtCBF3 in
Arabidopsis [76], further confirming the reliability of our
results. IbERF1 (g35249) and IbERF7 (g55038) was in-
duced by salt stress, which is in accordance with a previ-
ous report [25, 42]. Moreover, IbRAP2–12 (g60949)
showed increased patterns under both drought and salt
stress, which is similar to published results [22]. IbERF4
(g30808) showed a similarly increased profile under
drought stress compared with a previous report [44]. In
addition, a previous report showed that AtERF113
(RAP2.6 L) can be activated by drought and salt stress,
and enhance the tolerance to these stressors in Arabi-
dopsis [77]. Our results found that the homologous
genes of AtERF113 in the sweet potato, including
g28064, g60059 and g52248, showed similar expression
patterns to those in a previous report [25], indicating
that these genes may play similar roles in the sweet po-
tato stress response. Based on the above data, we specu-
lated that cis-elements might be crucial regulatory
factors for the spatial and temporal expression of IbAP2/
ERF genes, which could form a complex regulatory net-
work with other functional proteins during development
and stress response processes [78]. These identified de-
velopmental stage-specific and stress-induced IbAP2/
ERF genes might be valuable candidates for systematic
functional investigations of these genes in the sweet po-
tato and other tuberous crops.
The bioinformatics analysis of the subcellular

localization of IbAP2/ERF TFs showed that most of
these genes were in the nucleus (157), while others were
distributed in chloroplasts (17), the cytoplasm (15),
mitochondria (6) and peroxisomes (3) (Table S1). The
results of the subcellular localization experiment verified
that g59127 localised to the nucleus, which was in line
with predicted results. In summary, our present study
identified and characterised IbAP2/ERF TFs in the sweet
potato. By conducting a genome-wide search, 198
IbAP2/ERF TFs were identified. The phylogenetic rela-
tionship, exon-intron structure, conserved motif com-
position, chromosome distribution and gene duplication
of these IbAP2/ERF TFs were systematically discussed
and compared. IbAP2/ERFs could be clustered into three
major subfamilies, which was consistent with the num-
ber of AP2 domains and gene structure. The cis-acting
elements in the promoter regions of the IbAP2/ERF
genes were analysed, and we further clarified the

expression patterns of these genes at different root de-
velopmental stages and under multiple forms of abiotic
stress. Several storage root developmental stage-specific
or abiotic stress-responsive IbAP2/ERF TFs were identi-
fied, which might be ideal candidate genes for further
functional study of the corresponding biological pro-
cesses and the development of high-quality and stress-
tolerant sweet potatos by genetic engineering. Our study
originally discovered the components, structures, evolu-
tion and expression profiles of the IbAP2/ERF superfam-
ily, which could facilitate further functional analyses of
IbAP2/ERF genes and a better understanding of the mo-
lecular mechanisms in developmental processes and
stress responses in the sweet potato.
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