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Genome-wide identification and expression =

profiling analysis of maize AP2/ERF superfamily
genes reveal essential roles in abiotic stress
tolerance

Jing Zhang', Jiayao Liao, Qiqi Ling, Yan Xi and Yexiong Qian”

Abstract

Background: As one of the largest transcription factor families in plants, the APETALA2/Ethylene-Responsive Factor
(AP2/ERF) superfamily is involved in various biological processes and plays significant roles in plant growth, develop-
ment and responses to various stresses. Although identification and characterization of AP2/ERF superfamily genes
have been accomplished in many plant species, very little is known regarding the structure and function of AP2/ERF
genes in maize.

Results: In this study, a total of 214 genes encoding ZmAP2/ERF proteins with complete AP2/ERF domain were even-
tually identified according to the AGPv4 version of the maize B73 genome. Based on the number of AP2/ERF domain
and similarities of amino acid sequences among AP2/ERF proteins from Arabidopsis, rice and maize, all 214 putative
ZmAP2/ERF proteins were categorized into three distinct families, including the AP2 family (44), the ERF family (166)
and the RAV family (4), respectively. Among them, the ERF family was further subdivided into two diverse subfami-
lies, including the DREB and ERF subfamilies with 61 and 105 members, respectively. Further, based on phylogenetic
analysis, the members of DREB and ERF subfamilies were subdivided into four (Group I-IV) and eight (Group V-XII)
groups, respectively. The characteristics of exon-intron structure of these putative ZmAP2/ERF genes and conserved
protein motifs of their encoded ZmAP2/ERF proteins were also presented respectively, which was in accordance

with the results of group classification. Promoter analysis suggested that ZmAP2/ERF genes shared many stress- and
hormone-related cis-regulatory elements. Gene duplication and synteny analysis revealed that tandem or segmental
duplication and purifying selection might play significant roles in evolution and functional differentiation of AP2/

ERF superfamily genes among three various gramineous species (maize, rice and sorghum). Using RNA-seq data,
transcriptome analysis indicated that the majority of ZmAP2/ERF genes displayed differential expression patterns at
different developmental stages of maize. In addition, the following analyses of co-expression network among ZmAP2/
ERF genes and protein protein interaction between ZmAP2 and ZmERF proteins further enabled us to understand the
regulatory relationship among members of the AP2/ERF superfamily in maize. Furthermore, by quantitative real-time
PCR analysis, twenty-seven selected ZmAP2/ERF genes were further confirmed to respond to three different abiotic
stresses, suggesting their potential roles in various abiotic stress responses. Collectively, these results revealed that
these ZmAP2/ERF genes play essential roles in abiotic stress tolerance.
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Conclusions: Taken together, the present study will serve to present an important theoretical basis for further explor-
ing the function and regulatory mechanism of ZmAP2/ERF genes in the growth, development, and adaptation to

abiotic stresses in maize.
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Background

Various biotic and abiotic stresses including high salin-
ity, drought, extreme temperature, flood, submergence
and pathogen attack, exert negative impacts on the
growth and development of plants. Currently, abiotic
stresses have been confirmed to be one of the main fac-
tors responsible for the loss of crops worldwide and can
lead to the decline of yields of most major crop plants by
up to 50% [1, 2]. To survive, grow and reproduce under
abiotic stresses, plants have evolved a complex regula-
tory mechanism through activation or suppression of a
range of defense-responsive genes with multiple diverse
functions. Transcription factors (TFs), which can specifi-
cally bind to cis-acting elements in promoters of specific
target genes to regulate gene expression [3], play critical
roles in related regulatory networks or signaling path-
ways responding to abiotic stresses [4].

In plants, the APETALAZ2/Ethylene-Responsive Fac-
tor (AP2/ERF) superfamily is one of the largest families
of plant TFs [5] and the AP2/ERF superfamily proteins
contain at least one highly conserved AP2/ERF DNA-
binding domain comprising 50—-60 amino acid residues.
It can be divided into three distinct families according
to the number and similarity of AP2/ERF DNA-binding
domain, namely the AP2 family, the ERF family (includ-
ing two subfamilies ERF and DREB) and the RAV fam-
ily [6, 7]. The AP2 family proteins possess two repeated
AP2 domains, the ERF family proteins only share a sin-
gle AP2 domain and a conserved WLG-motif, while the
RAV family proteins contain an AP2 domain as well as
a B3-like domain, a plant-specific DNA-binding domain
that is conserved within other transcription factors [8].
Additionally, members with AP2-like domain, but lacking
the extra motif were regularly identified as soloist [9].

In plants, the AP2/ERF TFs are the critical factors
involved in regulating plant growth and development and
responding to environmental stimuli including biotic and
abiotic stresses. The members of AP2 family have been
illustrated to play a major role in regulating the develop-
ment of vegetative and reproductive organs [10], includ-
ing the floral homeotic proteins APETALA2(AP2) [11]
and AINTEGUMENTA [12, 13], which can control cell
number and growth to be involved in the lateral organ
development [14, 15]. Previous studies have demon-
strated that the RAV family genes play an important role

in responses to ethylene, brassinosteroid and abiotic
stresses [8, 16, 17]. The ERF family can be further divided
into two subfamilies: the ERF and DREB subfamilies [9,
18]. The ERF subfamily proteins can bind to a conserved
AGCCGCC sequence known as ethylene-responsive
(ERE) element, which not only participates in regulating
gene expression in plant abiotic stress responses, but is
also closely associated with the regulation of plant resist-
ance genes [19], while the DREB subfamily proteins
interact with the cis-acting DRE/C-repeat (DRE/CRT)
element with a core motif of A/GCCGAC in promoters of
stress-induced genes to regulate gene expression and also
respond to plant hormones such as ethylene, ABA and
so on [20, 21]. Furthermore, diverse functions of some
AP2/ERF superfamily genes particularly involved in plant
abiotic stress responses have been revealed. In previous
studies, it has been demonstrated that two transcription
factor genes AtDREB2A and AtDREB2B can be induced
by heat stress, which is of great significance for the
study of plant heat resistance mechanism. Overexpres-
sion of the AtDREB2A gene can transcriptionally induce
heat stress-related transcription factor gene AtHsfA3,
and thereby regulate the expression levels of some heat
stress-induced genes to improve heat stress tolerance
in Arabidopsis [22]. What’s more, overexpression of the
ZmDREB2A gene in maize has been also revealed to
enhance the heat stress tolerance [23]. In M. truncatula,
the transcription factor gene MtCBF4 has been verified
to participate in response to abiotic stresses including
cold, drought, salt, and ABA [24]. Recently, CaAIEFI
has been illuminated to have a positive response to ABA
signaling and drought stress in pepper [25]. Therefore,
increasing studies have suggested that the AP2/ERF sub-
family genes are widely involved in responses to abiotic
stresses in plants.

Maize (Zea mays L.), as one of the most important
model monocot species for functional genomics analy-
sis, is very important to the study of molecular biology
of plants. However, studies on the molecular mechanism
of ZmAP2/ERF genes in maize responding to abiotic
stresses remain severely limited. Genome-wide identifi-
cation and characterization of maize AP2/ERF superfam-
ily genes can contribute to better exploring molecular
mechanisms of resistance to biotic or abiotic stresses.
The high-quality sequencing of the maize genome has
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been completed, which give us an excellent chance to
identify and dissect the AP2/ERF superfamily genes in
maize. In this study, a comprehensive analysis of ZmAP2/
ERF genes was conducted, including their phylogenetic
relationship, gene structure, conserved motifs, cis-ele-
ments, chromosome distribution, gene duplication and
evolutionary mechanism as well as expression profiles
and possible regulatory network analysis in genome-wide
level, which will lay a firm foundation for further explor-
ing the function and regulatory mechanism of ZmAP2/
ERF genes in the growth, development and adaptation to
abiotic stresses in maize.

Results

Identification and analysis of AP2/ERF superfamily genes

in maize

In this study, candidate genes of the AP2/ERF super-
family were firstly obtained through the maize genomic
database. Then, all protein sequences of these putative
ZmAP2/ERF genes were further confirmed by SMART
search and NCBI-CDD web server for the existence of
AP2/ERF domain. Finally, a total of 214 putative ZmAP2/
ERF genes were identified to encode proteins containing
complete AP2/ERF domain(s). Subsequently, according
to the number of AP2/ERF domain and the similarity
of amino acid sequences, all 214 putative ZmAP2/ERF
proteins were categorized into three distinct families,
including the AP2 family (44), the ERF family (166) and
the RAV family (4). Among them, 36 genes were identi-
fied to encode proteins with two AP2/ERF domains in
maize, whereas only 34 genes were classified into the
AP2 family owing to the remaining two genes (ZmERFS8
and ZmERF9) encoding proteins containing two AP2
domains, which were more homologous to the ERF fam-
ily and thus classified into the ERF family. Similarly, 174
genes were determined to encode proteins with a single
AP2/ERF domain, whereas only 164 genes were divided
into the ERF family. The remaining ten genes (ZmAP2-
2, ZmAP2-6, ZmAP2-14, ZmAP2-19, ZmAP2-25,
ZmAP2-26, ZmAP2-27, ZmAP2-28, ZmAP2-40 and
ZmAP2-44), also encoded an AP2/ERF domain, which
was distinct from the ERF family and instead more
associated with the AP2 family members. For this rea-
son, they were clustered into the AP2 family. The total
of 166 genes identified as the ERF family could be fur-
ther subdivided into two subfamilies including the ERF
and DREB subfamilies based on the similarity of amino
acid sequences. Among them, 61 genes were predicted
to encode the members of the DREB subfamily, while
another 105 genes were assigned to the ERF subfamily.
The RAV family only contained 4 putative genes, which
were predicted to encode the proteins with one AP2/ERF
domain as well as one B3 domain. These ZmAP2/ERF
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genes were uniformly named on the basis of classification
of the AP2/ERF superfamily and chromosome locations
of their corresponding genes (Table S1). Then, the online
server PROTPARAM (http://web.expay.org/protparam/)
was utilized to analyze the physicochemical properties
of each putative ZmAP2/ERF protein. As shown in Table
S1, their sequences were highly diverse with respect to
the length (124-706AA) and molecular weight (13,231.6—
73,216.7kDa) of these identified proteins. What’s more,
molecular weight of the AP2 family proteins was gener-
ally greater than that of the ERF or RAV family proteins,
and gene length and coding region length of the AP2
family members were also generally longer than that for
the ERF and RAV family members.

Multiple sequence alignment and characterization

of maize AP2/ERF proteins

To evaluate the phylogenetic relationship among the
ZmAP2/ERF superfamily proteins, multiple sequence
alignment analysis was performed on the basis of amino
acid sequences of conserved AP2/ERF domains. The
alignment among the ERF family members suggested
that the proteins of the DREB subfamily were highly
conserved in maize (Fig. S1A & B). All the maize DREB
subfamily proteins contain WLG (27th to 29th amino
acid residues) elements and most of these proteins also
contain YRG (2nd to 4th amino acid residues) elements
(Fig. S1B). These results showed that there were eight-
een amino acid residues, namely Gly-4, Arg-6, Arg-8,
Trp-13, Val-14, Glu-16, Arg-18, Pro-20, Arg-25, Trp-27,
Leu-28, Gly-29, Ala-37, Ala-38, Ala-39, Alu-40, Asp-42
and Asn-56, which was completely conserved among 61
proteins from the DREB subfamily. Moreover, more than
95% of the DREB subfamily proteins contain conserved
Val-5, Gly-11 and Leu-55 residues. All the DREB subfam-
ily proteins also contain Valine in the Val-14 position,
which may play a crucial role in the binding of DREB
to the DRE/CRT cis-element [26] (Fig. S1B). In the ERF
subfamily, the WLG (27th to 29th amino acid residues)
element was also revealed. However, three transcription
factors (ZmERF111, ZmERF112 and ZmERF14) contain
WIG (27th to 29th amino acid residues), while one tran-
scription factor ZmERF15 contains WVG (27th to 29th
amino acid residues) (Fig. S1A). The alignment indicated
that all the ERF subfamily proteins from maize contained
the residues Gly-14, Trp-27, Gly-29, Ala-37and Try-41,
and more than 95% members of them contained Arg-6,
Arg-8, Gly-11, Glu-16, Ile-17, Arg-25, Leu-28, Thr-30,
Ala-38, Asp-42, Gly-50, Asn-56, Phe-57 residues (Fig.
S1A). The sequence alignment results among maize ERF
family members were consistent with the previous study,
which demonstrated that the Ala-37 on the «-helix and
conserved Arg and Trp residues in the B-sheet might play
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a critical role in DNA binding of the AP2/ERF domain
[27]. However, three proteins (ZmERF8, ZmERF9 and
ZmERF145) were confirmed to show low homology with
the consensus sequences of N-terminal regions of AP2/
ERF domains that corresponds to the second -sheet.

The multiple sequence alignment among the AP2 fam-
ily members showed that thirty-four AP2 proteins with
two AP2/ERF domains and another ten AP2 proteins
(namely ZmAP2-2, ZmAP2-6, ZmAP2-14, ZmAP2-
19, ZmAP2-25, ZmAP2-26, ZmAP2-27, ZmAP2-28,
ZmAP2-40, ZmAP2-44) containing one AP2/ERF
domain but lacking WLG elements (27th to 29th amino
acid residues) were assigned to the AP2 family in maize
(Fig. S1C). In addition, there were four other proteins,
namely ZmRAV-1, ZmRAV-2, ZmRAV-3 and ZmRAV-
4, which were detected to contain one single AP2/ERF
domain as well as one B3 domain (Fig. S1D). Thus, these
four proteins were clustered into the RAV family in
maize.

Phylogenetic analysis of maize AP2/ERF proteins

To clarify the phylogenetic relationship among maize
AP2/ERF superfamily proteins and obtain more detailed
classification of the ERF family proteins, two unrooted
phylogenetic trees including all of the AP2/ERF super-
family proteins in maize and partially representative
AP2/ERF proteins published in Arabidopsis and rice, and
the ERF family proteins from maize and rice were con-
structed, respectively. Using the full-length sequences
of all ZmAP2/ERF proteins and representative AP2/
ERF proteins from Arabidopsis (31) and rice (8), we
firstly performed multiple sequence alignment using the
MEGA 7.0 program and then constructed an unrooted
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phylogenetic tree through the Neighbor-Joining method
(Fig. 1). Likewise, another unrooted phylogenetic tree
of the ERF family proteins from maize and rice was also
constructed with the same method as described above
for further detailed classification (Fig. 2).

Based on the alignment of full-length protein sequences
from 31 AtAP2/ERFs, 8 OsAP2/ERFs, and 214 ZmAP2/
ERFs, these proteins were categorized into three major
families, namely the AP2 family, the ERF family (includ-
ing the ERF and DREB subfamilies) and the RAV family
(Fig. 1), which was in accord with the above classification.
Further, the phylogenetic tree of the ERF proteins from
maize and rice was also constructed and shown in Fig. 2.
According to an innovative classification for Arabidopsis
and rice proposed by the previous study [9], the ERF fam-
ily with two diverse subfamilies including the ERF and
DREB subfamilies was further subdivided into 12 groups
on the basis of the existing domains instead of the AP2/
ERF DNA-binding domains. The DERF subfamily was
consisted of four groups (Group I-IV), with each group
containing respective 14, 13, 25 and 10 members, while
the remaining eight groups (Group V-XII) were clustered
into the ERF subfamily, including 13, 11, 18, 27, 18, 15, 2
and 1 members, respectively.

Gene structure analysis of maize AP2/ERF genes

To analyze the exon-intron organization of individual
ZmAP2/ERF genes, the genetic structure mapping of
these ZmAP2/ERF genes was performed by the online
software: GSDS (Gene Structure Display Server) (http://
gsds.cbi.pku.edu.cn/). The ZmAP2/ERF genes were clas-
sified into three major families (the ERF, RAV and AP2
families) clearly based on the unrooted tree. As shown in

RAYV family

AP2 family

DREB subfamily

ERF family

ERF subfamily

Fig. 1 Phylogenetic analysis among AP2/ERF proteins of maize, rice and Arabidopsis. The phylogenetic tree was constructed using MEGA 7.0 and
the numbers are bootstrap values based on 1000 iterations. The tree was divided into four clades, which contained ERF (DREB and ERF subfamily),
AP2 and RAV family and the branch lines for each clade are colored consistently
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Fig. 2 Unrooted phylogenetic tree of ERF transcription factors in maize and rice. Deduced full-length amino acid sequences from maize and rice
were used to construct the phylogenetic tree using MEGA 7.0 software by a neighbor-joining method with bootstrap replicates of 1000. Twelve
groups are highlighted in different colors. Bootstrap values were showed by dots with different size

Fig. S2, the members within the same family possess the
similar exon-intron structure. In the ERF family, most of
these ZmERF genes have no intron in their open reading
frame regions. As shown in Fig. S2A, thirty-four ZmERF
genes have 1-3 introns. Most of them belong to the
Groups V, VII and X, with the position of intron being
conserved in each group. The AP2 family genes contain-
ing at least three exons have more introns than ZmERF
and ZmRAV genes (Fig. S2B). In contrast, the RAV fam-
ily genes have no intron except ZmRAV2 containing one
intron (Fig. S2B). These results further validated the reli-
ability of phylogenetic trees. Noticeably, genetic diver-
sity among maize AP2/ERF superfamily genes indicated
that a large differentiation might have taken place in the
course of evolution of the maize genome. Furthermore,
to further confirm the reliability of the AP2/ERF super-
family classification, we have performed the comparison
analysis of gene structure of representative AP2/ERF
genes of each different group of the AP2/ERF superfamily

in maize and their orthologs in Arabidopsis, rice and
sorghum. The results further revealed that the AP2/ERF
superfamily genes share similar characteristics of gene
structure either in dicots or in monocots (Fig. S3), sug-
gesting their functional similarity among the same fami-
lies from different species.

Analysis of conserved motifs of maize AP2/ERF proteins

In addition to the AP2/ERF domain, the ZmAP2/ERF
proteins also contain some group-specific conserved
motifs, which may play an important role in protein-pro-
tein interactions, nuclear localization and transcriptional
activities [28, 29]. Therefore, to further uncover the char-
acteristic regions of ZmAP2/ERF proteins, the conserved
motifs of 214 ZmAP2/ERF proteins were investigated
using MEME web. A total of 25 conserved motifs were
revealed and designated as Motif 1-25 (Fig. S4 and Table
S2). Among them, the Motif —1, 2, 3, 4, 5 and 13 were
confirmed to correspond to the AP2/ERF domain, while
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the remaining 19 motifs were exhibited to be located in
the regions outside the AP2/ERF domain, which were
considered to play an important role in nuclear locali-
zation or transcription regulation (Fig. S4). It was worth
noting that similar motifs outside the AP2/ERF domain
were shared by the proteins within the same group. For
example, the Motif-6 was exhibited in five AP2 fam-
ily members. The Motif-22 specifically existed in each
RAV family member and the Motif-14 was present in the
Group I as well as the Motif-25, 12, 23, 15 and 21 were
detected in the Groups III, IV, VI, VII and VII members,
respectively. Few motifs were revealed in more than one
group. For example, the Motif-17 was shared by almost
all the proteins of the Group IV except for ZmERF70 in
the Groupl. In addition, the Motif-20 was only found
in two groups (the Groups V and IX). The Motif-10
was mainly revealed in the Groups II, III, V and X. The
Motif-24 was mainly detected in the Group VII. This
phenomenon might be resulted from smaller rearrange-
ment during recombination and evolution. These results
were consistent with the classification of maize AP2/ERF
proteins as mentioned above. Taken together, the exist-
ence of characteristic conserved motifs of the AP2/ERF
superfamily proteins further confirmed the classification
of ZmAP2/ERF proteins in maize and that the proteins
within the same group generally share the similar com-
position of conserved motifs, which might perform the
similar functions.

The cis-elements in the promoters of maize AP2/ERF genes
In order to further investigate the potential regulatory
function among ZmAP2/ERF genes in response to abi-
otic or biotic stresses, the 2 Kb promoter sequences of
ZmAP2/ERF genes were analyzed to detect cis-regu-
latory elements (CREs). A total of nineteen stress- and
hormone-related cis-regulatory elements were revealed
in promoter regions of ZmAP2/ERF genes includ-
ing thirteen hormone-related elements (ABRE, G-Box,
CGTCA-motif, TGACG-motif, TCA-element, TGA-
box, TGA-element, AuxRR-core, GARE-motif, P-box,
TATC-box, ERE and ARE) and six stress-related ele-
ments (TC-rich repeats, W box, MBS, LTR, WUN-motif
and CCAAT-box) (Fig. S5). The ABRE (abscisic acid
responsiveness) element was identified in 173 ZmAP2/
ERF genes, while the CGTCA-motif (MeJA-responsive-
ness) and TGACG-motif (MeJA-responsiveness) were
revealed in 175 ZmAP2/ERF genes, respectively. Fur-
thermore, there were 151, 100, 41, 62, 96, 55, 103, 104,
52 and 84 ZmAP2/ERF genes containing G-Box (abscisic
acid and light responsiveness), TGA-element and TGA-
box (auxin-responsive element), TC-rich repeats (defense
and stress responsiveness), TCA-element (salicylic
acid responsiveness), W-box (wounding and pathogen
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responsiveness), and GARE-motif (gibberellin-respon-
sive element), LTR (low-temperature responsiveness),
MBS (drought inducing element), WUN-motif (injury
inducing element), and CCAAT-box (high temperature
response element), respectively. These results clearly sug-
gested that the maize AP2/ERF superfamily genes might
participate in regulating abiotic or biotic stress responses
as well as hormone signaling transduction pathways.

Analyses of chromosomal location, gene duplication

and genome synteny

To generate the graphics of chromosomal positions of
ZmAP2/ERF genes, the physical locations of ZmAP2/
ERF genes were investigated by analysis of genomic dis-
tribution on chromosomes. The result revealed that all
214 ZmAP2/ERF genes were unevenly distributed on
all 10 chromosomes in maize (Fig. 3). These genes were
distributed in all regions on a single chromosome (i.e. at
telomeric ends, near centromere and other regions) indi-
vidually or in clusters. The Chromosome 1 possesses the
largest number (33) of ZmAP2/ERF genes, whereas the
Chromosomes 3 and 10 shares the smallest number (13)
of ZmAP2/ERF genes, and the remaining chromosomes
were exhibited to contain about 19-25 ZmAP2/ERF
genes, respectively. Moreover, there were some ZmAP2/
ERF genes with similar conserved sequences distributed
in the same chromosome. This phenomenon has been
elucidated in other species, such as A. thaliana [18] and
Chinese cabbage genomes [30], which were believed to
be homologous fragments resulted from ancestral poly-
ploidy events.

Furthermore, due to important effect on functional
differentiation and gene expansion, gene duplication
events among ZmAP2/ERF genes in the maize genome
were also investigated. According to the previous studies,
chromosomal regions within 200 Kb range including two
or more genes were designated as tandem duplication
[31]. In this study, three pairs of tandem duplicated genes
were revealed and distributed on the Chromosomes 2, 5
and 7, respectively (Fig. 3). The length of regions between
these tandems duplicated genes varied from 43.7 Kb to
166.7 Kb. One tandem duplicated gene pair (ZmERF87
and ZmERF88) distributed on the Chromosome 5 was
assigned to the Group IX, while two other gene pairs
were classified into the Group III together. Furthermore,
seventy-nine putative segmental duplicated gene pairs
among ZmAP2/ERF genes in the maize genome were
further confirmed through the genome-wide synteny
analysis as shown in Fig. 4. In addition, the orthologous
relationships of AP2/ERF genes between maize and two
other gramineous species (rice and sorghum) were also
investigated to explore the origin and evolutionary rela-
tionships among AP2/ERF genes using the same method
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Fig. 3 Chromosomal localization of maize AP2/ERF genes. Distribution of ZmAP2/ERF genes in maize chromosomes. 214 ZmAP2/ERF genes were
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(Fig. 5A and B), respectively. Through the genome-wide
syntenic analyses, 80% (153) and 86% (163) of ZmAP2/
ERF genes in maize were confirmed to share at least
one or several putative orthologs in rice and sorghum,
respectively. The extensive synteny among maize, rice
and sorghum supported their close evolutionary rela-
tionship among three gramineous species. What’s more,
most ZmAP2/ERF genes were revealed to exhibit syn-
tenic bias towards particular chromosomes in rice and
sorghum (Fig. S6), suggesting that the chromosomal
rearrangement events such as inversion and duplication
might primarily affect the organization and distribution
of AP2/ERF genes in these genomes. Therefore, these
comparative mapping figures offered valuable informa-
tion for comprehending the evolution of AP2/ERF genes

among different gramineous species including maize
(Fig. 4 & S6). Moreover, these results will contribute to
selecting candidate ZmAP2/ERF genes and thereby facili-
tate genetic improvement for the members of this super-
family. For instance, the gene FZP (LOC_Os07g47330)
has been demonstrated to be essential for floral meristem
in rice [32]. Thus, it is likely that its orthologous genes
(ZmERF44 and ZmERF126) may also be involved in simi-
lar function in maize.

Besides, no synonymous substitutions (Ka), synony-
mous substitutions (Ks) and Ka/Ks ratio of each dupli-
cated ZmAP2/ERF gene pair were calculated to unravel
selective constraints on duplicated ZmAP2/ERF genes.
Generally, a duplicated gene pair with a Ka/Ks ratio>1
is confirmed to be evolved under positive selection,
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Ka/Ks=1 stands for neutral selection, while Ka/Ks<1 to 0.57 with an average of 0.49 (Tables S3, S4). These
mean negative or purifying selection. For segmental results showed that all the Ka/Ks ratios of these dupli-
duplicated gene pairs in maize AP2/ERF genes, the cated ZmAP2/ERF gene pairs were estimated to be less
Ka/Ks ratio ranged from 0.20 to 0.92 with an average than one, indicating that these genes might be under
of 0.48, whereas the Ka/Ks ratio for tandem duplicated  strong purifying selection pressure and experience sub-
gene pairs in maize AP2/ERF genes varied from 0.43  stitution elimination and enormous selective constraint
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Fig. 5 Expression profiles of ZmAP2/ERE genes in various tissues. Twenty-six tissues from different developmental stages including
Primary_Root_GH_6DAS, Shoot_Tip_V5,Tip_Stage2_Leaf_V7,Base_Stage2_Leaf_V7, Eighth_Leaf_V9, Eleventh_Leaf_V9, Thirteenth_Leaf_
V9,Immature_Leaves_V9,Thirteenth_Leaf_VT,Thirteenth_Leaf_R2,Stem_and_SAM_V3,Immature_Tassel_V13,Silks_R1,Whole_Seed_10DAPWhole_
Seed_12DAPWhole_Seed_14DAPWhole_Seed_16DAPWhole_Seed_18DAP, Whole_Seed_20DAP, Whole_Seed_22DAP, Whole_Seed_24DAPEndos
perm_12DAPEndosperm_14DAPEndosperm_16DAPEmbryo_16DAP_R1, Pericarp_18DAP were investigated. Scale bars represent log2 of the RPKM
values

by natural selection during the process of evolution.
Furthermore, it was supposed that the duplication
event of these ZmAP2/ERF tandem and segmental
duplicated genes might take place at ~47 and ~ 39 Mya
(Tables S3, S4), respectively. Even though the ZmAP2/
ERF gene pairs of tandem duplication (Ka/Ks=0.49)
and segmental duplication (Ka/Ks=0.48) events were
not under similar evolutionary positive selection

pressure, both of them showed that these duplica-
tion events might occur simultaneously. In addition,
we also calculated the Ka/Ks ratios of orthologous
gene pairs between maize and two other gramineous
species (Tables S5, S6). The average Ka/Ks value was
maximum between maize and rice (0.43), followed by
sorghum (0.42), indicating that it’s seemed that both
rice-maize and sorghum-maize orthologous gene pairs
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have experienced extensive intense purifying selection.
The divergence time for rice and sorghum was about 47
and 31 Mya, respectively (Tables S5, S6). Thus, it can be
inferred that tandem or segmental duplication events
might exert a main impact on functional differentiation
and evolution of the AP2/ERF superfamilies in gramin-
eous species.

Expression profiles of maize AP2/ERF genes in different
tissues

Based on maize transcriptome data released by the previ-
ous study [33], the expression profiles of 214 ZmAP2/ERF
genes in 26 tissues were accomplished to further investi-
gate their potential function during the process of growth
and development in maize. The results showed the
expression levels among ZmAP2/ERF genes were highly
varied (Fig. 5). Among these 214 ZmAP2/ERF genes, the
expression levels were examined in at least one tissue for
173 genes, whereas 41 genes were not detected in any tis-
sue. There were 33 genes expressed in all tested tissues,
even though some of them did not show high expression
levels. To further investigate the transcription profiles
of ZmAP2/ERF genes, their expression patterns were
clustered together across all the tested tissues as shown
in Fig. 5. Among these ZmAP2/ERF genes, 11 genes
were expressed at relatively high levels in all tissues and
stages investigated, including the members of the Group
I (ZmERF70, ZmERF92, ZmERF21 and ZmERFI18),
the Group VI (ZmERF23), the Group VII (ZmERF38,
ZmERF119, ZmERF66 and ZmERF96) and the Group
VII (ZmERF52 and ZmERFI139), implying that they
were involved in maize growth and development regu-
lation. What’s more, some important candidate genes
expressed highly or specifically in some tissues were
also identified. For instance, ZmAP2-10 and ZmERF127
were detected to be predominantly expressed in embryo
and endosperm at 16days after pollination, respectively,
while ZmERF154 was exhibited to show a specific high
expression level in silks compared with other tissues.
Furthermore, sixteen genes, namely ZmAP2-1, ZmAP2-
10, ZmAP2-12, ZmAP2-13, ZmAP2-17, ZmAP2-18,
ZmAP2-19, ZmERF3, ZmERF14, ZmERF15, ZmERF1S8,
ZmERF20, ZmERF57, ZmERF104, ZmERFI127 and
ZmERF149, showed preferential expression during pol-
lination, which may be involved in regulating the devel-
opment of entire seed. Moreover, 18 ZmAP2/ERF genes,
namely ZmAP2-2, ZmAP2-3, ZmAP2-4, ZmERF6,
ZmERF17, ZmERF28, ZmERF41, ZmERF61, ZmERF64,
ZmERF76, ZmERF84, ZmERF89, ZmERF90, ZmERF91,
ZmERF110, ZmERF122, ZmERF143 and ZmERFI53,
were also identified to be predominantly expressed in the
course of leaf development.
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Weighted gene co-expression network and protein protein
interaction network analysis
Based on the analysis of expression profiles, we further
explored gene association patterns among members
of the AP2/ERF superfamily in maize and identified
highly associated co-expressed genes. The normalized
FPKM (Fragments per thousand base transcripts per
million labeled readings) expression values of ZmAP2s
(32 genes), ZmRAVs (4 genes) and ZmERFs (158 genes)
were used as input data to construct the co-expres-
sion network, while they were in different tissues. The
results showed that there were six modules divided
with different colors, for which contained various
ZmAP2/ERF genes, respectively (Fig. 6). In these mod-
ules, the turquoise module (20 genes) is larger than any
other module, followed by the blue module (19 genes),
the brown module (15 genes), the yellow module (12
genes), the green module (8 genes) and the red module
(7 genes). The correlation among these modules was
shown in Fig. 6. Due to the similarity of expression pat-
terns between two modules in differentiated tissues, the
green module and the blue module are closely related
than other modules. Each module was revealed to show
special genes and expression patterns, which suggested
different interactions among members of the AP2/ERF
superfamily, and might be responsible for regulating
various growth and developmental processes in maize.
Previous studies have shown that many genes encod-
ing AP2/ERF transcription factors were generally
responsive to various abiotic stresses during the plant
growth and development [34]. As shown in Fig. 7,
gene association patterns for each module in multi-
ple tissues and at different stages of growth were fur-
ther revealed. In the turquoise module, there were
four genes (ZmERF17, ZmERF41, ZmERF91 and
ZmERF122) revealed to be highly interlinked and
specifically involved in leaf development. Five genes
(ZmERF21, ZmERF52, ZmERF56, ZmERFI08 and
ZmERF142) in the module were expressed at higher
levels than other genes, which implied that they might
play a role in the whole process of growth and devel-
opment in maize. In the blue module, ZmERF70 was
shown to have a strong co-expression relationship with
ZmERF92, which shared a similar relationship between
ZmAP2-5 and ZmAP2-6. Nearly half of the genes in
the brown module were expressed at higher levels in
endosperm, embryo and seed, but lower in other tis-
sues. In the yellow module, five genes (ZmERF23,
ZmERF38, ZmERF39 and ZmERF151) was revealed to
be active in transcription, and among them, the expres-
sion level of ZmERF144 was the highest. The green
module contained only two genes encoding ERF tran-
scriptional factors (ZmERFI1 and ZmERFI104), and
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Fig. 6 Co-expression network analysis of ZmAP2/ERF genes. Elgengene adjacency heatmap. A high degree of correlation between modules is
indicated by red. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article)

six related genes encoding AP2 transcriptional fac-
tors, including ZmAP2-15, ZmAP2-20, ZmAP2-34,
ZmAP2-38, ZmAP2-39 and ZmAP2-44. Half of the
genes in the green module were highly expressed exclu-
sively in embryo. The expression patterns of ZmAP2-2,
ZmAP2-3 and ZmAP2—-4 were closely related in the red
module and shown to share high expression levels in
coleoptile, leaf and husk.

Previous studies have demonstrated that the AP2,
ERF and RAYV proteins individually play important roles
in plant organ development [12, 35], hormone-signal-
ing responses [36], biotic and abiotic stress responses,
respectively [17]. In this study, a PPI network analysis
was also performed to reveal the interaction between
ZmAP2 and ZmERF proteins (Fig. 8). The result
showed that a closely related PPI network was con-
structed between 17 ZmAP2 and 37 ZmERF proteins,

suggesting that these proteins might be involved in
some regulatory networks associated with ZmAP2s
and ZmERFs complex. Among them, there were two
proteins, namely ZmAP2-24 and ZmAP2-33 revealed
to interact with ZmERF51, ZmERF107, ZmERF135,
ZmERF138 and ZmERF141. Likewise, another
ZmAP2-10 and ZmAP2-38 were revealed to interact
with ZmERF31, ZmERF62, ZmERF88 and ZmERF104.
Interestingly, more than eight ZmERF factors were
also revealed to interact with ZmAP2-11, ZmAP2-15,
ZmAP2-20 and ZmAP2-44. In addition to interaction
with ZmAP2 proteins, some ZmERF proteins such as
ZmERF103 were also found to interact with ZmERF17,
ZmERF46, ZmERF127 and ZmERF130. These results
indicated that they might be involved in crosstalk of
diverse signal transduction pathways through the inter-
action between ZmAP2 and ZmERF proteins.

(See figure on next page.)

Fig. 7 Heat map and topological map of gene expression profile in the module. A Turquoise module (B) blue module (C) brown module (D) yellow
module (E) green module (F) red module. In the heat map, blue indicates low expression and red indicates high expression. The black line in the
topological graph indicates the interaction between genes, and the thicker the line is, the deeper the relationship is; the ellipse represents genes,

and the color represents the score of genes
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Expression profiles of maize AP2/ERF genes under heat
stress treatment

Previous studies have shown that the DREB subfam-
ily genes played a critical role in responding to abiotic
stresses, while those of the ERF subfamily participated
in the regulation of responses to biotic or abiotic
stresses [6]. Therefore, in this study, a total of 27 genes
were randomly selected from these two subfamilies to
reveal their expression patterns in maize after three
diverse abiotic stress treatments. Firstly, the expression

levels of these 27 ZmAP2/ERF genes in roots, stems
and leaves of maize sampled at five different time
points (0, 1, 2, 4 and 8h) after heat stress treatment
were investigated through quantitative real-time PCR,
respectively (Fig. 9). At least three biological replicates
were accomplished to make sure the reliability of quan-
titative analysis.

After heat stress treatment, these 27 investigated
genes were confirmed to show differential accumula-
tion. Interestingly, the majority of these ZmAP2/ERF
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genes exhibited differential up-regulated expression pat-
terns in three different tissues under heat stress treat-
ment compared with those under normal condition (CK),
indicating that these genes may play important roles in
the response to heat stress. Among them, only six genes
(ZmERF41, ZmERF49, ZmERF52, ZmERF56, ZmERF100
and ZmERFI103) were revealed to show down-regulated
expression levels in three diverse tissues under heat
stress treatment, respectively. Although most of these
27 ZmAP2/ERF genes shared the same up-regulated
expression patterns in roots, stems and leaves, they
were revealed to exhibit significantly differential expres-
sion levels between different tissues at different time
points after heat stress treatment (Fig. 9). For instance,
in roots, there were at least nineteen ZmAP2/ERF genes
that were significantly up-regulated at more than 10-fold
greater levels after heat treatment, whereas only three
ZmAP2/ERF genes in stems and eight ZmAP2/ERF genes
in leaves were significantly up-regulated at more than
10-fold greater levels after heat treatment compared with
those in roots, respectively. Furthermore, under heat
treatment, most of these genes exhibited more rapid and
much stronger responses in roots than those in stems or
leaves. For example, in roots, eleven ZmAP2/ERF genes
were rapidly induced and peaked at more than 10-fold
greater levels at 1h after heat treatment, whereas only
three ZmAP2/ERF genes in stems and four ZmAP2/ERF
genes in leaves were revealed to exhibit the same expres-
sion patterns compared with those in roots, respectively.

Taken together, this result suggested that the ZmAP2/
ERF genes in roots might participate in plant responses
to heat stress more strongly or rapidly than that in stems
and leaves when respond to heat stress treatment.

Expression profiles of maize AP2/ERF genes under drought
stress treatment

To further explore drought stress-responsiveness of these
selected ZmAP2/ERF genes in maize, the seedling roots,
stems and leaves were sampled at five different time
points (0, 1, 2, 4 and 8h) after drought stress treatment
and carried out for the quantitative real-time PCR analy-
sis, respectively (Fig. 10). Surprisingly, under drought
stress treatment, the expression profiling of these
selected ZmAP2/ERF genes in maize exhibited a similar
result in three different tissues compared with that under
heat stress treatment. The majority of these ZmAP2/ERF
genes exhibited differential up-regulated expression pat-
terns in three different tissues under drought stress treat-
ment compared with those under normal condition (CK),
indicating that these genes may play important roles in
the response to drought stress. Especially, in roots, all
these ZmAP2/ERF genes were shown to exhibit high
expression levels after drought treatment, and the major-
ity of them were significantly up-regulated and rapidly
peaked at more than 30-fold greater levels after drought
treatment. However, in stems or leaves, the expression
levels of only a few ZmAP2/ERF genes were significantly
up-regulated and peaked at more than 10-fold greater
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levels after drought treatment, indicating that these
genes exhibited more rapid and much stronger responses
in roots than those in stems or leaves when respond to
drought stress treatment. Taken together, these results
suggested that the ZmAP2/ERF genes can be induced to
exhibit differential expression patterns in various tissues
after drought treatment and the majority of them were
immediately responsive to drought stress, especially in
roots, indicating that these genes might be involved in
plant responses to drought stress more strongly or rap-
idly than that in stems and leaves.

Expression profiles of maize AP2/ERF genes under salt
stress treatment

To further confirm molecular function of ZmAP2/
ERF genes in response to salt stress, the expression lev-
els of these 27 selected ZmAP2/ERF genes in maize
roots, stems and leaves at 0, 1, 2, 4, 8h after salt treat-
ment (200mM NaCl) were investigated through qRT-
PCR (Fig. 11). However, under salt stress treatment,
the expression levels of only nine ZmAP2/ERF genes in
roots were significantly up-regulated and rapidly peaked
at more than 10-fold greater levels at 1h after drought
treatment, whereas the majority of these genes were
revealed to exhibit significantly down-regulated expres-
sion levels. Likewise, in maize stems and leaves, the
expression levels of the majority of these genes were sig-
nificantly suppressed by salt stress at all time points. In
stems, the expression levels of only five genes (ZmERF49,

ZmERF52, ZmERFI135, ZmERF139 and ZmERFI142)
were slightly up-regulated at 1h and then significantly
down-regulated at other time points after salt treatment
compared with those under normal condition (CK). The
remaining genes were significantly down-regulated at
all time points after alt treatment. Also, in leaves, the
expression levels of only four genes (ZmERF6, ZmERF21,
ZmERF53 and ZmERF137) were slightly up-regulated at
8h after salt treatment, whereas the expression levels of
the majority of the remaining genes were significantly
down-regulated at all time points after alt treatment in
comparison with the control in leaves. Taken together,
these results showed that the ZmAP2/ERF genes in maize
were responsive to salt stress, indicating that these genes
might be widely involved in salt stress response.

Discussion

The AP2/ERF superfamily proteins as plant-specific TFs
have been demonstrated to be involved in regulating
multiple biological processes including biotic and abi-
otic stress responses [13, 37-40]. The comprehensive
investigations of the AP2/ERF superfamily genes have
been accomplished in various plant species. However,
few studies have been performed to investigate the AP2/
ERF superfamily genes in maize. Although several recent
studies have provided some information about AP2/ERF
genes in maize, including the identification of 184 AP2/
ERF genes in maize waterlogging stress response [41],
76 ERF subfamily genes [42] and 18 DREB subfamily
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genes in maize [43], the characterization of the major-
ity of these genes in these studies was mainly resulted
from the previous AGPv3 version of the maize genome.
Because of the complexity of maize genome and the
constant updating of maize database, a comprehensive
of genome-wide identification and characterization of
AP2/ERF superfamily in maize still remain to be further
elucidated using a new version of the maize genome. In
this study, the AP2/ERF superfamily genes in maize were
comprehensively investigated using the AGPv4 version
genome of the maize genome, resulting in the identifica-
tion of 214 genes with complete AP2/ERF domain. Even
though the maize genome size (2300Mbp) is much larger
than those of Arabidopsis (125Mbp) and rice (389Mbp),
only 214 maize AP2/ERF genes were identified and char-
acterized in this study. The number of ZmAP2/ERF genes
is similar to that of Arabidopsis (147) [18] or rice (152)
[9]. There are many possible explanations for this phe-
nomenon, including a large gene loss during the maize
genome duplication or less gene duplications in the
maize genome. Moreover, this further indicated that the
evolution of the AP2/ERF superfamily genes is highly
conserved among various gramineous species.

In this study, the AP2/ERF proteins were revealed
to be mainly classified into three distinct families (the
AP2, ERF and RAV families). Meanwhile, on the basis
of the phylogenetic tree analysis of ERF transcription
factors in maize and rice as mentioned above (Fig. 2),
the maize ERF family proteins were further categorized

into 12 groups according to the previous study [9],
namely: the DREB (I-IV) and ERF (V-XII) groups. In
total, two maize ERFs (ZmERF14 and ZmERF15) were
clustered into the Group XI with the Group XI proteins
of rice. The presence of most Groups (I-X) in three spe-
cies (maize, Arabidopsis and rice) indicated that most
of these proteins might pre-date the species divergence.
Likewise, some groups only existed in only one species.
For example, the Group XII was revealed to only exist
in the maize ERF family, but not in Arabidopsis or rice
ERF families, indicating that this group had evolved
or been lost in some species during evolution. Further-
more, multiple sequence alignment of AP2/ERF domains
in ZmERF family proteins was accomplished, indicating
that Ala-14 and Asp-19 residues were conserved in AP2/
ERF domains from the ZmERF subfamily proteins, while
Val-14 and Glu-19 residues were conserved in AP2/ERF
domains from the ZmDREB subfamily proteins. These
amino acid residues were thought to be vital for the clas-
sification of these two subfamilies (the ERF and DREB
subfamilies) genes [18]. A few members without these
conserved amino acid residues were classified accord-
ing to their position in the phylogenetic tree. Thus, the
comparative analysis of amino acid residues of AP2/ERF
domains in maize ERF family proteins suggested the
AP2/ERF domains were well conserved. These conserved
amino acid residues indicated that they might play cru-
cial roles in involving the ERF family proteins in differ-
ent forms of physical contact with DNA. According to
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Allen et al. [27], the AP2/ERF domain was revealed to
recognize its target DNA via some conserved arginine
and tryptophan residues in f-sheet. Moreover, the Ala-37
residue in a-helix might also play a crucial role in DNA
binding or stability of the AP2/ERF domain [44].

The number of introns was also predicted in this study
(Fig. S2). Remarkably, the number of the introns in the
AP2 family genes was larger than that in the genes of two
other families (the ERF and RAV families), whereas no
introns were discovered in the RAV family genes except
for ZmRAV2 containing one intron (Fig. S2B), and most
of the ZmERF genes have no or one intron in their open
reading frame regions (Fig. S2A). This typical pattern
of gene structure is in accord with those of the previ-
ous studies in A. thaliana [18], Chinese jujube [45] and
grape [46]. In addition, to further confirm the reliability
of the AP2/ERF superfamily classification, this investi-
gation also showed that the AP2/ERF superfamily genes
have similar characteristics either in dicots or in mono-
cots (Fig. S3), which may be responsible for their func-
tional similarity among the same families from different
species.

Moreover, the similar motif distribution has been fre-
quently revealed in most AP2/ERF proteins from the
same group, indicating that these proteins were likely
to share similar functions in plants. Therefore, the con-
served motifs of ZmAP2/ERF proteins were further
confirmed in this study. A total of 25 conserved motifs
were investigated in the 214 ZmAP2/ERF proteins (Fig.
S4). Apart from the Motif-1, Motif-2 and Motif-4, which
only existed in the AP2 domain and were found in almost
all AP2/ERF superfamily members, most motifs were
revealed to exhibit a group-specific distribution, implying
that these conserved motifs might play vital roles in func-
tion (Fig. S4). For example, the Motif-24 was consisted of
an “EDLL” motif and existed in members of the Group
VIIL The “EDLL” motif was previously demonstrated to be
a transcriptional activation domain in AP2/ERF proteins
[28], suggesting its involvement in activating the function
of members of the Group VIL In addition, the Motif-15
was only present in N-terminal regions of most ZmAP2/
ERF proteins of the Group VII and contained MCCGAI
residues, which was essential for ethylene transcrip-
tional activation [47]. Moreover, the Motif-10 that mainly
existed in members of the Groups II, III, V and X shared
four conserved residue features: [L/R]JAAA, LPR[P/A]
and D[I/V] QAA. In Arabidopsis, they have been dem-
onstrated to serve as the essential functional motifs for
Auxin response factor-19, CBL-interacting serine/thre-
onine-protein kinase-12 and Ethylene-responsive tran-
scription factor ERF037, respectively [48]. The Motif-14
was specific in proteins of the Group Iand contained four
more conserved residues (LDF[S/T] E, APWDE, KYPS
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and EIDWD). Previous studies have demonstrated the
importance of LDF[S/T] E residue in disease resistance
[49]. The APWDE residue has also been identified to
be involved in transcriptional regulation and mediating
the acetylating of histone H3 and H4 of target loci [50].
The K[Y/F] PS residue has been revealed to be involved
in DNA methylation during plant development to regu-
late gene expression [51]. The EIDWD residue has been
involved in the ethylene response in A. thaliana [52].
Furthermore, the cytokinin responsive factor (CRF)
domain has been revealed in the Motif-23 and only
existed in the CRF proteins of the Group VI [53]. In addi-
tion to these commonly conserved motifs discovered in
Arabidopsis and rice, some maize-specific motifs of the
AP2/ERF superfamily proteins have been revealed in this
study, which may play a pivotal role in biological regula-
tion of maize. However, the function on these motifs still
remains to be further elucidated, and more work should
be done to explore their regulatory functions. In sum-
mary, these results suggested that the occurrence of these
conserved motifs might play a crucial functional role in
evolutionarily diverse organisms, while maize specific
motifs might have been evolved later to meet specific
functions.

The ERF family genes have been widely illustrated to be
involved in hormonal stimuli responses and developmen-
tal processes regulation in various plants. At the same
time, some members of the AP2 family have also been
illuminated to play an important role in regulating devel-
opmental processes including meristem determinacy
and flower development [54]. Therefore, to further reveal
underlying functions of the maize AP2/ERF superfam-
ily members during plant growth and development pro-
cesses, the expression patterns of 214 ZmAP2/ERF genes
were systematically analyzed in 26 different tissues and
organs according to microarray data. As shown in Fig. 5,
the heat map revealed that 173 ZmAP2/ERF genes were
expressed in at least one investigated tissue, suggesting
that they were widely involved in growth and develop-
ment. Compared with the AP2 family members, the ERF
family genes were revealed to show higher expression
levels in these tissues, which might be resulted from the
fewer intron content of the ERF family. Due to the small
number of introns, the ERF family genes can respond
more quickly and exhibit higher expression levels during
development. Meanwhile, most ZmAP2/ERF genes also
exhibited obvious spatial and temporal expression pro-
files (Fig. 5). For example, some genes such as ZmERF60
and ZmERF133 were specifically expressed in embryos,
whereas ZmERF93 exhibited preferential expression
in primary roots and leaves. Furthermore, the analysis
of co-expression network indicated that a total of 195
genes were divided into six modules according to their
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associated patterns (Figs. 6 and 7). Some closely-related
genes such as ZmAP2-12, ZmAP2-17, ZmAP2-18 and
ZmAP2-19, shared high expression levels in some spe-
cific tissues, indicating that these genes might coordi-
nately participate in developmental regulation, and other
genes such as ZmAP2-20, ZmAP2-38 and ZmAP2-39,
also showed the same effect, indicating functional redun-
dancy among these genes. In addition, the AP2/ERF tran-
scription factors have been demonstrated to extensively
regulate gene expression, which might be involved in
diverse signal transduction pathways such as SA, JA /ET,
and ABA-mediated pathways [55]. Moreover, PPI net-
work analysis further indicated that some ZmAP2 pro-
teins such as ZmAP2-11, ZmAP2-15, ZmAP2-20 and
ZmAP2-44, might play crucial roles in crosstalk of dif-
ferent signal transduction pathways through interacting
with various ZmERF proteins (Fig. 8).

What’s more, to further investigate possible functions
of the ZmAP2/ERF genes in abiotic stress responses,
the expression patterns of twenty-seven selected genes
from the maize ERF family were profiled in roots,
leaves and stems under three different stress conditions
(heat, drought and salt) through qRT-PCR analysis.
Thus, these results further uncovered that authentic-
ity of these genes as well as their possible functions in
response to heat, drought and salt stresses. Interestingly,
almost all 27 ZmAP2/ERF genes were involved in three
stress responses, whereas most of their expression pro-
files were different (Figs. 9, 10 and 11). In this study, the
majority of 27 selected ZmAP2/ERF genes were remark-
ably induced or repressed when subjected to these three
stresses. Seven genes (ZmERF21, ZmERF41, ZmERF57,
ZmERF91, ZmERF108, ZmERF135 and ZmERF137) were
significantly up-regulated after heat stress treatment,
indicating that they were correlated with heat stress
response (Fig. 9). Among these genes, ZmERF135 was
greatly up-regulated after heat treatment, and the two
homologous genes, OsDREB2A in rice and AtDREB2A
in Arabidopsis have been revealed previously to exhibit
similar expression levels [22]. This further indicated
that homologous genes from various species share many
similarities in either gene structure or function. Interest-
ingly, the expression level of ZmERF91 was up-regulated
at more than 700-fold greater levels after heat treatment
in leaves compared with the control. Moreover, follow-
ing drought stress treatment, thirteen genes (ZmERF41,
ZmERF49, ZmERF52, ZmERF53, ZmERF57, ZmERF73,
ZmERF74, ZmMERF77, ZmERF84, ZmERF91, ZmERF123,
ZmERF153 and ZmERF137) were highly up-regulated
after drought stress treatment at one or more time points
(Fig. 10). In contrast, only two members (ZmERF52 and
ZmERF164) of these 27 selected genes were significantly
induced by salt stress treatment in this study. Therefore,
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most ZmERF genes were significantly down-regulated
under salt stress condition at all time points (Fig. 11).
These results showed that the ZmERF genes were essen-
tial for maize in response to heat, drought or salt stresses.
Moreover, we have also realized that most of selected
ZmERF genes were extensively involved in various stress
responses, indicating a crosstalk among different stress
signaling pathways. However, the functions of these puta-
tive genes remain to be further investigated.

Conclusion

In this study, a total of 214 genes encoding ZmAP2/ERF
proteins with complete AP2/ERF domain were identi-
fied, which were unevenly distributed on ten chromo-
somes. On the basis of the number of AP2/ERF domain
and the similarities of amino acid sequences, the maize
AP2/ERF superfamily genes were mainly divided into
three distinct families. The exon/intron distribution, con-
served AP2/ERF domain, and motif composition were
also analyzed and compared. The close phylogenetic rela-
tionship among ZmAP2/ERF, OsAP2/ERF and AtAP2/
ERF proteins in the same group or subgroup provided
insights into their potential functions. These identified
ZmERF genes by co-expression network analysis could
be considered as candidates for a further investigation
on their performance in plant growth, development
and stress responses. What's more, the analysis per-
formed by Protein Protein Interaction network between
ZmAP2 and ZmERF proteins enabled us to distinguish
components involved in the regulatory network asso-
ciated with ZmAP2 and ZmERF complex. In addition,
the gene expression patterns of ZmERF genes in differ-
ent tissues (roots, stems and leaves) under heat, drought
and salt stresses were revealed, respectively. This study
of the maize AP2/ERF superfamily in organization,
structure, evolution and expression profiling facilitates
the functional analysis of ZmAP2/ERF genes and lays
an important foundation for a better comprehension of
the molecular mechanism of abiotic stress tolerance in
maize.

Methods

Identification and analysis of AP2/ERF superfamily genes

in maize

The Hidden Markov Model (HMM) profile of the AP2/
ERF domain (PF00847) was obtained from Pfam v27.0
database (http://Pfam.sanger.ac.uk/) [56] and was used
to screened the Maize Genetics and Genomics Database
(MaizeGDB, http://www.maizegdb.org/), and National
Centre for Biotechnology Information (NCBL http://
www.ncbi.nlm.nih.gov/). All hits with expected (E) val-
ues less than 1.0 were extracted. The maize AP2/ERF
proteins were also obtained from the Plant Transcription
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Factor Database (PlantTFDB, http://planttfdb.cbi.pku.
edu.cn/). The conserved AP2/ERF domain (s) in the non-
redundant sequences were examined using NCBI-CDD
web server (https://www.ncbi.nlm.nih.gov/cdd) and
SMART database [57] (http://smart.embl-heidel berg.
de/) to examine each putative protein. The basic informa-
tion about the putative ZmAP2/ERF genes containing the
number of amino acids, ORF lengths and chromosome
locations were acquired from the B73 maize sequence
database. Online server PROTPARAM (http://web.
expay.org/protparam/) was utilized to analyze the theo-
retical isoelectric point (pi), molecular weight (MW), and
hydrophilic coefficient (Gravy) of all AP2/ERF protein
sequences.

Multiple sequence alignment of amino acid sequences

of the AP2/ERF domain in maize

The alignment of the amino acid sequences of the AP2/
ERF domains was performed using Clustal-W and then
visualized using Easy Sequencing in PostScript 3.0 [58]
(http://espript.ibcp.fr) with the multiple sequence align-
ment results and the PDB entry 3GCC [27].

Phylogenetic, gene structure and conserved motif analysis
of maize AP2/ERF superfamily

Clustal-W software was utilized to perform multiple
sequence alignment under its default setting. The Arabi-
dopsis and rice AP2/ERF superfamily protein sequences
were acquired from PlantTFDB (http://planttfdb.cbi.
pku.edu.cn/). MEGA 7.0 program was used to construct
the different phylogenetic trees with neighbor-joining
method, using the pairwise deletion option and 1000
bootstrap replicates. The exon-intron structures of the
predicted ZmAP2/ERF superfamily genes were displayed
through GSDS (Gene structure display server; http://
gsds.cbi.pku.edu.cn/) database. The conserved motifs in
maize AP2/ERF protein sequences were analyzed using
the motif analysis tool MEME Suite version 4.0.0 [59]
(http://meme.sdsc.edu/meme4/cgi-bin/ meme.cgi), with
the following parameters: (1) the maximum number of
motifs was set to identify 25 motifs; (2) optimum motif
width was set to >10 and < 200; (3) occurrences of a sin-
gle motif distributed among the sequences with model:
zero or one per sequence (—mod zoops).

Chromosomal localization, gene duplication and genome
synteny analysis

The chromosomal distribution image of ZmAP2/ERF
genes was accomplished by MG2C (MapGene2Chromo-
some v2; http://mg2c.iask.in/mg2c_v2.0/) based on their
starting and ending positions in maize chromosomes.
For synteny analysis, a BLASTP alignment (E < 1e-5, top
5 matches) was perform across the whole genome. Then,
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the potential AP2/ERF homologous gene pairs were ana-
lyzed and identified using the software MCScanX [60]
and visualized using Circos v0.55 [61].

Calculation of Ka/Ks values

The Dual Systeny Plotter software (https://github.com/
CJ-Chen/TBtools) [62] was used to calculate the synony-
mous (Ks) and non-synonymous (Ka) substitution rates
of the candidate homologous gene pairs. On the basis of
a rate of 6.5 x 10~ ? substitutions per site per year, diver-
gence time (T) was calculated using the Ks value with the
formula: T=Ks/2\ (A =6.5 x 10~?) Mya [63].

Analysis of cis-acting elements in the promoters of maize
AP2/ERF genes

The 2kb upstream sequences of each putative ZmAP2/
ERF gene were downloaded from Online database phy-
tozome v12.1(https://phytozome.jgi.doe.gov/pz/por-
tal.html), and then were analyzed by PLACE database
(http://www.dna.affrc.go.jp/PLACE/) [64] to survey the
potential stress response and hormone-related cis-regu-
latory elements in the promoter regions.

Expression profile analysis of maize AP2/ERF superfamily
genes

The published transcriptome data of maize AP2/ERF
superfamily genes was obtain from previous study
[33] and was used to analyze the expression patterns
of ZmAP2/ERF genes during different developmental
stages. Normalized gene expression values expressed as
FPKM (fragments per kilobase of exon per million frag-
ments mapped) were transformed using log2 (FPKM
+1), and then loaded into the Dual Systeny Plotter soft-
ware (https://github.com/CJ-Chen/TBtools) [62] for fur-
ther expression analysis.

Weighted gene co-expression network and protein protein
interaction network analyses

Weighted gene co-expression network analysis
(WGCNA) was applied to construct the co-expression
network among ZmAP2, ZmRAV and ZmERF genes.
The co-expression association of all genes was extracted
from RNA-seq data in a non-targeted way, and the highly
interconnected modules of co-expression genes were
detected. The RNA-seq data was obtained from arti-
cles published [65].The normalized FPKM(Fragments
per thousand base transcripts per million labeled read-
ings) expression values of 32 ZmAP2, 4 ZmRAV and 158
ZmERF genes were used as input data to construct the
co-expression network, while they are in different tissues
and organs. Pearson correlation coefficient =9(soft
threshold power) is used to calculate the adjacency
matrix. The Protein-Protein Interaction network (PPI
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network) was carried out using the STRING database
(https://string-db.org/) to output the interaction value
data between the ZmAP2 and ZmERF proteins. The
results of the analysis were visualized with the software
of Cytoscape.

Plant materials and diverse abiotic stress treatments

The maize seeds (Zea mays L. inbred line B73) were sup-
plied from National Engineering Laboratory of Crop
Stress Resistance Breeding, Anhui Agricultural Univer-
sity, Hefei, China. The maize inbred line B73 was cul-
tured in a growth chamber with a 16-h light/8-h dark
cycle at 28°C from Anhui Normal University, Wuhu,
China. These methods were carried out in accordance
with relevant guidelines and regulations. We confirm
that all experimental protocols were approved by Anhui
Agriculture University and Anhui Normal University.
The three-week-old seedlings (three-leaf stage) were sub-
jected to three different abiotic stresses. For heat stress
treatment (HTP), the maize seedlings were treated in a
42°C incubator in the dark for heat stress treatment.
To impose the drought treatment, we gently pulled the
whole maize seedlings out of the soil. For the salt stress
treatment, the maize seedling roots were submerged in
200 mM NaCl solution. The treated seedling roots, leaves
and stems were sampled at 0, 1, 2, 4, and 8h after three
diverse abiotic stress treatments, respectively and frozen
in liquid nitrogen, and finally stored at —80°C for RNA
extraction.

Quantitative real-time PCR analysis (qRT-PCR)

Total RNA was isolated using Trizol reagent (Invitro-
gen, USA), and then subject to DNase I treatment to
remove any genomic DNA contamination. About 3 pg
of total RNA was used to synthesize the first-strand
c¢DNA using FastKing RT Kit (TTANGEN, China). The
PRIMER EXPRESS version 2.0 software (PE Applied
Biosystems, USA) was used to design the qPCR Prim-
ers under default parameters (Table S7). The qRT-PCR
was performed using a BIO-Rad CFX96™ Real-Time
PCR system (BIO RAD, USA) under the following set-
ting condition: 95 °C 30s for pre-incubation, 40 cycles at
95°C for 55, 55°C for 20s, and 72 °C for 30s. The maize
Actinl gene was used as internal control for normaliza-
tion with the following primers: ZmActinl-F (5’-CCT
CACCGACCACCTAATG-3') and ZmActinl-R (5'-
CCATCAGGCATCT CGTAGC-3'). 96-well optical
reaction plates (BIO RAD, USA) were used to perform
PCR reactions. Reaction was constructed using 50ng
of cDNA template, 400nM of each primer, and iTaq"™
Universal SYBR Green Supermix (BIO RAD, USA).
Therefore, at least three biological replicates have been
carried out to make sure the reliability of quantitative
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analysis. 2"24¢T method was used to analyze the qRT-

PCR data [66]. Unstressed sample was used as the con-
trol to calculate the relative expression values under
various stress conditions. Data points in qPCR time
course were plotted as means & SD of three biological
replicates. Afterwards, the significant difference analy-
sis was accomplished by Student’s ¢ test (http://www.
physics.csbsju.edu/stats/ t-test_bulk_ form.html), at
significance level of P <0.05. By using HemlI 1.0 soft-
ware (http://hemi.biocuckoo.org/), we analyzed the
corresponding gene expression patterns in maize seed-
ling roots, stems and leaves under different abiotic
stresses, respectively.
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