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Abstract
Background: APETALA2/ETHYLENE RESPONSIVE FACTOR (AP2/ERF) transcription factors play
important roles in plant growth, development, metabolism, as well as in biotic and abiotic stress
responses. However, there are few studies concerning AP2/ERF genes in sugarcane, which is the most
critical sugar and energy crop worldwide.

Results: A total of 218 AP2/ERF genes were identi�ed in the Saccharum spontaneum genome.
Phylogenetic analysis showed that these genes could be divided into four groups, including 43 AP2s, 160
ERFs, and Dehydration-responsive element-binding (DREB) factors, 11 ABI3/VPs (RAV) and 4 Soloist
genes. These genes were unevenly distributed on 32 chromosomes. Analysis of the structural of
SsAP2/ERF genes showed that 91 SsAP2/ERFs lacked introns. Sugarcane and sorghum have a collinear
relationship between 168 SsAP2/ERF genes and sorghum AP2/ERF genes that re�ects their similarity.
Multiple cis-regulatory elements (CREs) are present in the SsAP2/ERF promoter, and many are related to
abiotic stresses, suggesting that SsAP2/ERF activity could contribute to the adaptation of sugarcane
crops to environmental changes. The tissue-speci�c analysis showed spatiotemporal expression of
SsAP2/ERF in the stems and leaves of sugarcane at different stages of development. In 10 sugarcane
samples, 39 SsAP2/ERFs were not expressed at all, whereas 58 SsAP2/ERFs were expressed in all
samples. Quantitative PCR experiments showed that SsERF52 expression was up-regulated under salt
stress, but suppressed under drought stress. SsSoloist4 had the most considerable upregulation in
response to treatment with the exogenous hormones ABA and GA. Within 3 hours of ABA or PEG6000
treatment, SsSoloist4 expression was up-regulated, indicating that this gene could play a role in ABA and
GA-associated drought stress response mechanisms. Analysis of AP2/ERF gene expression patterns
under different treatments indicated that SsAP2/ERF genes play an important role in drought and salt
stress responses of S. spontaneum.

Conclusions: In this study, a total of 218 members of the AP2 / ERF superfamily were identi�ed in
sugarcane, and their genetic structure, evolution characteristics, and expression patterns were studied
and analyzed. The results of this study provide a foundation for future analyses to elucidate the
importance of AP2/ERF transcription factors in the function and molecular breeding of sugarcane.

Introduction
Unfavorable environmental conditions can have severe impacts on crop yields, and thus strategies to
improve crop survival under adverse conditions are needed [1]. Plants respond to environmental stress via
complex regulatory mechanisms that elicit a series of physiological and biochemical responses [2].
Transcription factors play an essential role in converting stress-induced signals into cellular responses.
When various abiotic stresses stimulate plants, signaling pathways involving molecules such as abscisic
acid and ethylene are activated [3]. This activation is often associated with changes in the expression of
transcription factors, which speci�cally bind to trans-acting elements in promoter regions at downstream
target genes. For cis-acting elements, the regulatory effect is executed through the activation or inhibition
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of the expression of downstream functional genes [4]. In plants, these two main processes are involved in
responses to biotic or abiotic stress that are mediated by various transcription factors. The AP2/EREBP
(APETALA2/ethylene response element-binding protein) superfamily comprises a large class of
transcription factors in plants. Multiple studies have demonstrated that AP2/ERF transcription factors in
plants are important for stress responses, and their expression is regulated by plant hormones [5–7]. In
response to stress in plants, expression of AP2/ERF transcription factors is regulated to coordinate
growth under stress conditions [8].

AP2/ERF family members contain a highly conserved AP2/ERF DNA binding domain. Based on sequence
similarities and the number of AP2/ERF domains, the AP2/ERF superfamily can be divided into four
categories: AP2, ERF (Ethylene-responsive factor), RAV (related to ABI3/VP1) and Soloist[9]. In most
cases, the AP2 family contains proteins having two AP2/ERF domains that are known to be involved in
regulating plant developmental processes [10]. RAV proteins contain two different DNA-binding domains
(AP2 and B3), which are regulated by ethylene or brassinosteroid hormones and also are involved in
biotic and abiotic stress responses [11, 12]. The ERF family is divided into two subfamilies: ERF and
DREB (dewater-responsive element binding). Both ERF and DREB contain only one AP2/ERF domain and
are key regulators of plant responses to biotic and abiotic stress[13]. The Soloist group contains only one
AP2 conserved domain and forms a separate group based on its signi�cant structural difference from the
other AP2/ERF family members. However, there is limited evidence that members of the Soloist group are
positive regulators of SA-mediated plant defense against pathogens [14].

AP2/ERF transcription factors have well-documented functions in plant growth and development. For
example, in Arabidopsis thaliana WIND1 (RAP2.4 ,At1g78080) is involved in controlling cell de-
differentiation that, in turn, affects proliferation, axillary bud growth, and bud branching [15]. The ERF
family gene OsEATB in rice limits internode elongation by down-regulating gibberellin biosynthesis genes
[16]. In tomatoes [17], grapes [18], Chinese jujube [19], and bananas [20], some AP2/ERF superfamily
members are involved in fruit maturation.

AP2/ERF transcription factors also play a crucial role in abiotic stress responses in plants. For example,
OsEREBP1 and OsEREBP2 modulate the expression of OsRMC, a negative regulator of rice salt stress
[21]. Overexpression of maize ZmDBP3 enhances tolerance of transgenic Arabidopsis to drought and
cold stress [22]. In contrast, overexpression of the WIN1 gene from sorghum confers drought resistance to
Arabidopsis by regulating the biosynthesis of the epidermis [23]. The ERF and DREB families, in
particular, contain members that have excellent performance in response to abiotic stress. The DREB
protein can speci�cally bind A/GCCGAC (DRE/CRT) elements related to genes involved in responses to
ABA, drought, and low temperature while ERF subfamily members can interact with the core sequence
AGCCGCC (GCC-box) of the ethylene response element (ERE). Such binding to ERE elements regulate
responses to ethylene response and abiotic stress, and also promotes disease resistance [24]. However,
many reports suggest that both Arabidopsis ERF and DREB can be combined with DRE/CRT or ERE
elements, indicating that they have a potential role in abiotic and biotic stress [25–27]. DREBs belong to
the ABA-independent signal transduction pathway and can be divided into two subclasses: DREB1/CBF
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and DREB2. DREB1/CBF genes are thought to be involved mainly in the sensation of low temperature,
whereas most DREB2 genes participate in responses to water or heat shock stress [28]. However, there is
increasing evidence that the stress regulation mediated by the DREB1/CBF and DREB2 genes is species-
speci�c [29–31]. AP2/ERF transcription factors are also likely to be essential mediators of plant
resistance, but there are few studies concerning the activity of these genes in sugarcane.

Sugarcane (Saccharum spp.) is the world’s most important crop for sugar and biofuel [32]. Sugarcane
provides 75% and 40% of global sugar and ethanol production [32, 33]. Damage to sugarcane caused by
environmental stress thus can have substantial economic impacts [34]. For example, drought stress
during sugar cane growth can reduce productivity by between 30% and 70%, and reduce sucrose
formation and sucrose recovery by 5% [35]. Genome-wide analysis of the presence of AP2/ERF
transcription factors in wild sugarcane Saccharum spontaneum species would be necessary for
sugarcane resistance research.

In this study, we identi�ed members of the AP2/ERF superfamily in the S. spontaneum genome. We also
carried out the phylogenetic relationships, gene structure, conserved domains, promoters, chromosomal
location distribution, and gene duplication of these genes. The effects of AP2/ERF genes on sugarcane
adaptation to environmental changes were analyzed to enhance our understanding of the mechanisms
by which AP2/ERF transcription factors modulate abiotic stress responses.

Materials And Methods

Identi�cation and classi�cation of members AP2/ERF
superfamily genes in sugarcane
The genome sequences and the sequence information of sugarcane were downloaded from the website
of ‘S.spontaneum AP85-441 genome’
(http://www.life.illinois.edu/ming/downloads/Spontaneum_genome/). The protein sequences of
AP2/ERF superfamily genes in rice and Arabidopsis were collected from the NCBI
(https://www.ncbi.nlm.nih.gov/). These proteins were used as query sequences in the local BLAST
program (Basic Local Alignment Search Tool) in order to �nd members of AP2/ERF superfamily genes of
the sugarcane genome with the following parameters: expected values ≤ 1E-5. All BLAST hits were
checked and searched for conserved AP2 domains online using the Search Pfam feature of the Pfam
(https://pfam.xfam.org/) website under default parameters. In addition, the results of Pfam were veri�ed
again using the NCBI CDD tool (https://www.ncbi.nlm.nih.gov/Structure/bwrpsb/bwrpsb.cgi)and the
cutoff set to 0.01.

Phylogenetic analysis of sugarcane AP2/ERF genes
Multiple alignments of candidate AP2/ERF genes were performed to explore the phylogenetic relationship
of sugarcane AP2/ERF genes using ClustalW [36] with default parameters. The results were used to
construct phylogenetic trees by the neighbor-joining method and were then visualized using MEGA 6.0
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software [37]. The phylogenetic trees were generated using complete protein sequences with the
following parameters: pair-wise deletion, Poisson correction, and 1,000 bootstrap replicate.

Gene structure and conserved motif analyses
Conserved motifs of AP2/ERF proteins were identi�ed using the online tool Multiple Em for Motif
Elicitation (MEME) version 5.0.5 [38] (http://meme-suite.org/tools/meme) with the following parameters:
(1) the number of occurrences of a single motif distributed among the sequences within the model was
set to zero or one per sequence; (2) the maximum number of motifs found was set as 25; (3) the optimum
motif width was set to ≥ 6 and ≤ 50; and (4) motifs with a matched E-value should be below 0.05. Gene
structure was investigated using GSDS 2.0 (http://gsds.cbi.pku.edu.cn) [39]. We used TBtools software
[40] to integrate phylogenetic trees, conserved motifs, and gene structure results.

Chromosomal distribution and duplication analysis of
AP2/ERF superfamily genes
The chromosomal distribution information of the identi�ed genes was searched against the reference
sugarcane genome database, and the results obtained were visualized using TBtools software. Analysis
of gene Duplication events using Multiple collinear scanning toolkits (MCScanX) [41]. The syntenic
relationship between the SsAP2/ERF genes and AP2/ERF genes from selected plants was determined by
using Dual Synteny Plotter software (https://github.com/CJ-Chen/TBtools). The putative duplication
events were detected for the AP2/ERF genes. Tandem duplication was identi�ed as two proteins with a
similarity of greater than 40% and separated by four or fewer gene loci; others were identi�ed as
segmental duplications, separated by more than �ve genes. Non-synonymous (ka) and synonymous (ks)
substitution of each duplicated AP2/ERF genes were calculated using KaKs_Calculator 2.0 [42]. The
divergence time (T) was calculated by

T = Ks/ (2 × 6.1 × 10 − 9) × 10 − 6 Mya [43]. These results were visualized using TB tools.

Analysis of cis-acting elements of AP2/ERF superfamily
genes
Two thousand bp upstream of the transcriptional start site of each SsAP2/ERF gene was selected to
inspect potential CREs. They were submitted to the PlantCARE website
(http://bioinformatics.psb.ugent.be/webtools/plantcare/html/).

Transcriptome data source and bioinformatic analysis
Sugarcane tissue-speci�c expression data from Saccharum Genome Database (SGD:
http://sugarcane.zhangjisenlab.cn/sgd/html/index.html). Data includes leaves and stems of the seedling
stage of 35 days and leaves and stems (3, 6, 9) at the early maturity stage of 9 months and at the
maturity stage of 12 months. All SsAP2 / ERF FPKMs (Segmentals Per Kilobase of transcript per Million
segmental mapped) are used to make heat maps and cluster analysis through TB tools.

Plant materials
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The experimental materials were tissue culture seedlings of sugarcane cultivar ROC22. When the tissue
culture seedlings were treated with hormones and simulated abiotic stress at the stage of 5–7 leaf,
respectively. Hormonal treatment was sprayed with abscisic acid (ABA, 100uM) and gibberellin (GA,
100uM), respectively. Abiotic stress treatment was irrigated with NaCl (250 mM) to simulate salt stress,
and PEG6000 (20%) was used to simulate drought stress. Sampling time points are 1, 3, 6, 12, 24, and 72
hours. The collected samples were quickly placed in liquid nitrogen and stored in a -80 ° C refrigerator for
subsequent RNA extraction.

Quantitative Real-Time PCR (qRT-PCR) analysis
Each RT-qPCR reaction mixture comprised of 20 µL reaction buffer consisting of 10 µL Taq polymerase
(SYBR Premix Ex TaqII; Takara), 2 µL of each forward and reverse primers (2 µM), 2 µL of cDNA and 6 µL
of water. The RNA expression level was normalized to the level of 25S-rRNA expression. The ampli�cation
was conducted in LightCycler 96 Real-Time PCR System (Roche Lightcyler® 480). A standard thermal
pro�le for SYBR Premix was as followed: cDNA synthesis at 37 oC for 15 min and enzyme inactivation at
85 oC for 5 s. qPCR conditions were: initial denaturation 95 oC for 30 s, denaturation 95 oC for 5 s,
annealing and extension 60 oC for 30 s. Transcripts expression levels were calculated with the 2−ΔΔCt

method, as previously mentioned in Livak, K. J. and Schmittgen, T. D [44]. Primers used for this analysis
are mentioned in Additional �le 12.

Data Statistics
All data were analyzed for variance using IBM SPSS Statistics. Statistical methods were used to compare
the signi�cance levels of LSD (least signi�cant difference test, LSD) at 0.05.

Results

Identi�cation and classi�cation of AP2/ERF genes
A total of 218 complete AP2/ERF genes were identi�ed in the sugarcane genome database. The identi�ed
genes ranged from 416 to 22,786 bp and were predicted to encode proteins having between 127 to 876
amino acids (aa) (Additional �le 1). Based on sequence similarities and the number of conserved AP2
domains (Additional �le 4), the AP2/ERF genes were divided into four families: AP2, ERF, RAV, and Soloist.
The AP2 family had 43 genes, of which 36 have two identical conserved AP2 domains, and 7 have only
one conserved AP2 domain (SsAP2-37 to SsAP2-43). Arabidopsis has 4 AP2/ERF genes that contain only
one AP2 domain, but these differ from the ERF type and are closer to the AP2 type. These four genes are,
therefore, classi�ed as the AP2 family. The phylogenetic tree shows that the branches of these 7
SsAP2/ERF genes aggregate with the AP2 family instead of the ERF family, so they are also classi�ed as
AP2 families according to the classi�cation of Arabidopsis. The ERF family had 160 genes that have only
one AP2 conserved domain. Among them, 59 and 101 were assigned to DREB (SsDREB1 to SsDREB59)
and ERF (SsERF1 to SsERF101) subfamily, respectively. The RAV family comprises 11 members (SsRAV1
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to SsRAV11) that contain conserved AP2 and B3 domains. Another four genes (SsSoloist1 to SsSoloist4)
also had only one conserved AP2 domain but had less similarity to ERF. Instead, these four genes had
higher homology to Arabidopsis At4g13040 and thus were classi�ed into the Soloist. Because no reliable
naming method was de�ned in previous research on the AP2/ERF family, our naming convention is
based on the grouping of 218 sequences and their chromosomal positions. The total number of AP2/ERF
superfamily candidate genes in sugarcane is higher than that for Arabidopsis (147) and rice (181) [9].
The number of genes in the AP2, RAV, and Soloist subfamilies was double that for both Arabidopsis and
rice. However, the number of ERF family members was similar but slightly higher (122 and 145 for
Arabidopsis and rice, respectively).

Phylogenetic Analysis
To analyze the evolutionary relationship of the SsAP2/ERF genes, we constructed phylogenetic trees
based on the amino acid sequences encoded by these genes (Fig. 1). The phylogenetic tree clusters all of
the SsAP2/ERF genes and had four main branches: AP2, ERF, RAV, and Soloist, which are consistent with
the results for examination of conserved amino acid sequences encoded by the candidate genes.
According to the classi�cation criteria for Arabidopsis and rice [9], the ERF family was divided into two
subfamilies: the DREB subfamily (59 members, divided into groups I, II, III and IV, containing 19, 11, 19
and 10 members, respectively); and the ERF subfamily (101 members divided into groups V, VI, VII, VIII, IX,
X, and XIV containing 12, 11, 12, 18, 24, 16 and 8 members, respectively (Fig. 2). Notably, most species
lack a XIV group, although Os08g41030 in rice has a conserved domain similar to these eight members
of sugarcane and can be classi�ed into the XIV group. Arabidopsis has no genes that are consistent with
the XIV group. Thus additional examination is needed to determine whether functional differentiation
occurred and the signi�cance of such differentiation.

Gene structure and conserved motif analysis
To characterize the structural diversity of SsAP2/ERF genes, we analyzed the number of introns and
exons and the distribution of conserved domains in the coding sequence of a single SsAP2/ERF gene
(Additional �le 5: Fig. S6). Through gene structure analysis, differences in the AP2, ERF, and RAV
subfamilies can be observed, and the results of the conserved domain analysis were consistent with
those of previous studies. The number of introns among the different family genes varied markedly
(Fig. 3B) and 41, 40, 1, and 9 members of the SsDREB, SsERF, SsAP2, and SsRAV subfamilies,
respectively, have no introns. For the SsERF family members, 50.6% have no introns, whereas 97.6% of
SsAP2 family members do. Meanwhile, 81.8% of SsRAVs have no introns, but all 4 SsSoloist members
do.

We used MEME to investigate SsAP2/ERF gene diversity further and predicted the presence of 25
conserved motifs in the AP2/ERF family (Fig. 3C). Motif-1 and − 2 were present in all SsAP2/ERF protein
sequences; Both motif-3 and − 4 were available in most members of the AP2, ERF, DREB, and RAV
subfamily; Motif-6, -7, -8, -20, and − 22 were found only in the AP2 family; Motif-10, -12 and − 15 appeared
in Group I; Motif-13 appeared in Group XIV, and Motif-9 and − 11 were unique to the RAV family. We also
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found that Motif-1, -2, and − 7 existed in the AP2 conserved domain, whereas Motif-9, -11, and − 16 were
located in the B3 domain (Fig. 3C). As expected, most close relatives among subfamily members had
similar motif compositions, suggesting that AP2/ERF proteins within the same subfamily are functionally
identical.

Chromosome distribution
The 218 SsAP2/ERF genes we identi�ed were mapped to 32 chromosomes, and the distribution across
the chromosomes varied widely (Fig. 4). Chr2A had the most with 12 genes, whereas Chr6C and Chr8C
each had only three genes (Additional �le 7). At least one of the 59 SsDREB and 101 SsERF genes could
be found on each of the 32 chromosomes, and the four Soloist genes were distributed on four
homologous chromosomes, Chr4A, Chr4B, Chr4C, and Chr4D. Members of the SsRAV family were present
only on chromosomes 3 and 7. Surprisingly, 50% of the SsAP2/ERF genes localized to one of the four
rearrangement chromosomes (SsChr02, SsChr05, SsChr06 and SsChr07) and 9 SsAP2/ERF genes were
present in the rearranged region that includes SsChr5 (Sb05S) 57.6–89.1 Mbp, SsChr6 (Sb05L) 54.6–
90.6 Mbp, SsChr7 (Sb08S) 62.0–83.3 Mbp, SsChr2 (Sb08L) 98.5–125.9 Mbp [45].

Gene duplication analysis
Multiple studies indicated that gene families evolved due to genome-wide duplication, segmental
duplication or tandem duplication, and gene diversi�cation occurred after these duplication events. To
explore SsAP2/ERF genes evolution, we studied tandem and segmental repetitive events of these genes
using chromosomal information for S. spontaneum (Additional �le 8). A total of 8 pairs of tandem
duplication genes were detected, and of these two pairs were RAV genes, and six ones were ERF genes
(Fig. 4). In particular, SRAV4 and SsRAV5, SsRAV5, and SsRAV6 are two tandem duplication gene pairs,
and three genes are located on the same chromosome and are adjacent. In addition, 70 pairs of 103
SsAP2/ERF segmental duplication genes were found (Fig. 5). Among these, 53 occurred between alleles,
and 17 were between non-alleles. There were four pairs of SsAP2/ERF segmental duplication gene pairs
distributed on Chr4 and Chr5. This distribution may be because both Chr4 and Chr5 chromosomes
include segments from the ancestral A4 chromosome [45].

We then estimated the time for the divergence of the SsAP2/ERF genes that were predicted to have
undergone tandem and segmental duplication based on Ks values (Additional �le 8). The divergence time
for the 8 SsAP2/ERF tandem duplication pairs ranged from 14.2 to 104.2 million years ago (mya),
illustrating that these SsAP2/ERFs arose from recent gene duplication events in S. spontaneum.
Meanwhile, 64 segmental duplication pairs arose earlier, based on a divergence time that ranged from 4.9
to 89.9 mya, whereas the other 4 segmental duplication pairs were ancient, diverging between 164.7 and
212.1 mya.

Non-synonymous (Ka) and synonymous (Ks) mutation frequencies can be used to assess selection
pressure after duplication events, where Ka/Ks = 1 indicateed neutral selection, Ka/Ks < 1 showed
puri�cation selection, and Ka/Ks > 1 indicated positive selection of evolution. We calculated Ka/Ks values
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for SsAP2/ERF genes in tandem and segmental duplications to detect which selection type promoted
AP2/ERF gene family evolution (Additional �le 8). The Ka/Ks ratio of tandem duplication gene pairs
among AP2/ERF genes ranged from 0.17 to 1.24, with an average of 0.57. Tandem duplication gene pairs
having a Ka/Ks ratio < 1 accounted for 89% of the genes tested. The Ka/Ks ratio for segmental
duplication gene pairs ranged from 0 to 2.6, with an average of 0.62, and 92% of pairs had Ka/Ks < 1.
These results indicate that repetitive SsAP2/ERF genes were under intense puri�cation selection pressure,
and the duplication-producing gene had strongly evolved and maintained its functional stability.
Meanwhile, nine replicate gene pairs had Ka/Ks > 1, indicating that these genes were subject to positive
selection after duplication differentiation.

Evolutionary analysis of SsAP2/ERFs and other plant
AP2/ERFs
A syntenic map of �ve representative species was constructed to examine the evolutionary origin of the
AP2/ERF genes in sugarcane (Fig. 6 and Additional �le 9). A total of 168 SsAP2/ERF genes were
synonymous with genes in sorghum, followed by rice (151), wheat (145), corn (143), and Arabidopsis
(19). Orthologous gene pairs were distributed across all SsChrs. Some SsAP2/ERF genes were associated
with at least three pairs of corresponding genes (particularly AP2/ERF genes in sugarcane and wheat),
suggesting that these genes played an essential role in SsAP2/ERF superfamily evolution. Interestingly,
some collinear gene pairs (90 SsAP2/ERF genes) between sugarcane and rice/sorghum/wheat/maize
were identi�ed but were absent between sugarcane and Arabidopsis, indicating that these orthologous
pairs formed after the divergence of dicotyledonous and monocotyledonous plants.

Analysis of putative cis-regulatory elements (CREs)
CRE is a non-coding DNA sequence that regulates transcription in a de�ned temporal/spatial expression
pattern. CREs are important for understanding expression differences and mutations. We used PlantCare
to identify putative CREs of 2,000 bp located on SsAP2/ERF genes (Fig. 7 and Additional �le 10). These
CREs were classi�ed according to their function, and the number of CRE in each sequence was
determined. Many CREs were predicted to respond to different hormone elicitors, such as abscisic acid
(ABA), ethylene, salicylic acid (SA), jasmonic acid, methyl jasmonate, gibberellin, cytokinins, and auxins.
Of these, ABA-reactive elements were the most prevalent. There were also CREs in genes that respond to
various stress stimuli, such as dehydration, salt stress, injury, pathogens, oxidative stress, hypoxia, high
osmotic pressure, heat, and cold stress; many were related to dehydration elements. A total of 64
SsAP2/ERF genes were found to contain cis-acting regulatory elements involved in the ethylene-
responsive element (ERE), while 182 contained cis-acting elements involved in the abscisic acid response
(ABRE). Another 108 SsAP2/ERF genes contained cis-acting elements involved in low-temperature
response (LTR) or salicylic acid responsiveness (TCA), whereas 155 contained photoresponsive elements.
The various stimuli response elements were unevenly distributed among the families. The promoter
region in some AP2/ERF genes contained cis-acting elements for various transcription factors such as
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MYB, MYC, and ERE and DRE elements, indicating that there may be a mutual regulatory relationship
between transcription factors.

Expression pattern of AP2/ERF genes during sugarcane
development
To understand speci�c spatiotemporal expression patterns of SsAP2/ERF genes, we analyzed the
expression pro�les of the identi�ed genes in 10 different tissues and at different developmental stages
using publicly available gene expression data (Fig. 8,9 and Additional �le 11). Among the SsAP2/ERF
genes examined, 39 were not expressed in all tissue samples, 58 were expressed in all ten tissue types
(FPKM > 0), and 27 were constitutively expressed (FPKM > 2). The 19 genes in DREB group I were all
expressed in at least one sample, among which SsDREB17, SsDREB27, and SsDREB28 were highly
expressed in all samples, indicating that these group I members are likely essential functional genes. The
expression levels of 26 SsAP2/ERF genes increased during leaf maturation, suggesting that they may
play an important role in leaf growth and development. The expression of SsDREB, SsERF91, SsERF98,
SsERF39, and SsERF99 in stems was much higher than that in leaves in the three developmental stages.
Among them, four ERF genes belonged to ERF group VII, indicating that they play an important role in
cane stems. Expression of 11 genes, including SsDREB56, SsDREB48, SsERF15, and SsRAV3, as well as
SsSoloist1 and SsSoloist2, in the three stages of leaf development, was higher than that in the stems,
indicating that these genes play an important role in leaf development. The expression of 10 genes,
including SsDREB55, SsERF62, and SsERF54 in different tissues in the pre-mature and mature stages,
was higher than that seen in various tissues in the seedling stage. Among these genes, many were in the
ERF subfamily, indicating that they play an essential role after the sugarcane plant enters the mature
stage.

Expression analyses of SsAP2/ERF genes in response to
abiotic stress and hormone treatments
To further con�rm whether SsAP2/ERF gene expression was affected by different abiotic stresses and
hormone treatments, we examined 12 genes from 5 families and analyzed their expression patterns
following different treatments (Fig. 10, 11). Expression of all 12 genes was induced by NaCl, PEG6000,
and ABA treatments, and the magnitude of the up-regulation was most signi�cant at 3 hours after
treatment. Different treatments had varying degrees of in�uence on gene expression. For example, except
for SsSoloist4, which was down-regulated after 72 hours of NaCl treatment, the expression of the other
genes examined was induced by NaCl, and the difference was signi�cantly higher than that seen for the
other three treatments. Some genes had opposite expression patterns under different treatments. For
example, SsERF52 was down-regulated at one h, six h, and 12 h after PEG6000 treatment but was up-
regulated at three h, and the expression levels were signi�cantly lower than that for other genes.
Meanwhile, SsERF52 was induced by salt stress at six treatment times, and the increases in expression
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were considerably higher than that for other genes, indicating that SsERF52 responded differently to salt
stress and drought stress. SsAP2-13 was inhibited by GA treatment but induced by the other three
treatments.

Discussion
As one of the largest gene families in plants, the AP2/ERF family plays an important role in multiple
physiological and biochemical processes by regulating the expression of genes that participate in
response to various stress conditions in Arabidopsis, rice [9], corn [46], poplar [47], and grapes[18]. Still,
there is limited information concerning the regulation and structure of these genes in sugarcane. In this
study, we examined whole-genome data for the wild sugarcane species S. spontaneum to identify genes
encoding AP2/ERF family transcription factors and analyze their roles based on published expression
data for S. spontaneum tissue and qRT-PCR results.

Genome-wide analysis of sugarcane identi�ed 218 SsAP2/ERF genes, which is higher than that in rice
(164) [48], wheat (117) [49], and Arabidopsis (145) [48], but fewer than that for corn (292) [46]. The
genome size varies in different plants, rice (466 Mb) 4.94 Gb (wheat), 125 Mb (Arabidopsis), 2.3 Gb (corn)
and 3.36 Gb (S. spontaneum), indicating that the number of AP2/ERF superfamily members is relatively
stable and does not have an absolute correlation with genome size. However, since AP85-441 (1n = 4x = 
32) used to sequence the S. spontaneum genome was haploid and produced from the culture of the
octoploid SES208, the number of AP2/ERF genes in octoploid S. spontaneum could be much higher than
218 [45]. Gene duplication plays an important role in gene family ampli�cation to generates gene clusters
or hotspots via tandem repetitive and segmental duplication to produce homologous genes that expand
the total number of genes. Segmental repetitive events found in 104 SsAP2/ERF genes also validated this
possibility. S. spontaneum has undergone two Whole Genome Duplication (WGD) events overtime in
which its homologous chromosomes underwent duplication from one to two and then to four [45].
SsAP2/ERF gene repeats likely occurred during these two WGDs. We also found evidence that puri�cation
selection is the main driving force behind the evolution of the SsAP2/ERF gene family. By evaluating the
gene structure of AP2/ERF TF, all SsAP2 and SsSoloist genes had introns, whereas 50.6% and 83.3% of
SsERF and SsRAV genes, respectively, had no introns. Loss of introns in genes after segmental
duplication occurred more rapidly than the rate of intron acquisition [50]. Also, some studies showed that
the number and distribution of introns are related to plant evolution [51], such that introns may have been
lost from ERF and RAV family genes during the evolution of higher plants. From these results, ERF and
RAV gene differentiation might occur later in S. spontaneum evolution.

A syntenic analysis of AP2/ERF was carried out to discover the evolutionary relationship of the
SsAP2/ERF genes in �ve monocotyledonous plants (O. sativa, S. bicolor, T. aestivum, Z. mays, S.
spontaneum) and one dicotyledonous plant (A. thaliana). In this analysis, SsAP2/ERF genes had higher
homology with AP2/ERF genes from the four kinds of grass and less homology with Arabidopsis. There
were more homologous genes between sugarcane and wheat, likely due to the larger genome size and
gene number in wheat [52]. By analyzing the homology of SsAP2/ERF and S. bicolor AP2/ERF genes, we
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found that 168 SsAP2/ERF genes likely existed before the number of S. spontaneum chromosomes was
reduced from 10 to 8. In addition, 63%-70% of identi�ed SsAP2/ERF genes were homologous in sorghum
(168), rice (147), corn (139), and wheat (145). This �nding indicated that the AP2/ERF family in different
plants might have evolved from a common ancestor.

Due to the plasticity of the AP2/ERF genes and the speci�city of individual family members, members of
this family are likely to be important targets for genetic engineering and breeding to improve crops [53].
The study of gene expression patterns is important for the prediction of gene function prediction.
Analysis of tissue- and growth stage-speci�c expression showed that SsAP2/ERFs are widely expressed
in sugarcane at the seedling stage as well as in leaves during early maturity and the mature stage and in
different stem segments, indicating that these genes play important roles in sugarcane growth and
development. DREB family genes in Group I were highly expressed in leaves at all development stages
and in three stem segments, suggesting that these genes may be involved across the entire development
process of sugarcane leaves and stems. The expression levels of 29 SsAP2/ERF genes in stems during
the seedling stage were lower than those in the early maturity stage and mature stage. Among them, 28
were members of the DREB and ERF family, which may be related to sugar accumulation in the
sugarcane stem and is consistent with the results of previous studies for other plants. For example,
compared with wild rice, transgenic rice carrying the ERF protein TSRF1 had 30–60% increases in proline
and soluble sugar content that together could enhance the osmotic drought tolerance of rice [54].

Earlier studies of AP2/ERF family genes in other plants emphasized their role in response to hormonal
and abiotic stresses. OsEREBP1 attenuates disease caused by Xoo and confers drought and
submergence tolerance in transgenic rice [55]. Induction of the AP2/ERF transcription factor CRL5
promoted crown root initiation by inhibiting cytokinin signaling [56]. In the present study, the expression
patterns of 12 SsAP2/ERF genes in response to NaCl, PEG6000, ABA, and GA treatments suggested that
these genes have essential roles in abiotic stress and hormone responses in sugarcane. qRT-PCR
veri�cation revealed that the expression of these 12 SsAP2/ERF genes distributed across the �ve
subfamilies was signi�cantly induced by NaCl treatment, similar to �ndings for other species, including
the increase in expression of the AP2/ERF family gene CAP2 in chickpeas and soybeans exposed to salt
stress [57]. In tobacco, GmERF7 expression can increase salt tolerance [58], whereas the pepper
pathogen-induced transcription factor RAV1 plays a vital role in bacterial salt stress tolerance [59]. Here
we showed that the expression of SsERF52 was up-regulated by up to 15-fold after NaCl treatment. This
gene has the highest homology with the wheat salt-responsive gene TaERF4 [60]. Like TaERF4 in wheat,
SsERF52 expression was not induced by exogenous abscisic acid (ABA). Overexpression of the
Arabidopsis AP2/ERF gene HARDY improves drought tolerance by reducing the transpiration of
transgenic Trifolium alexandrinum L [61]. Drought stress induces expression of the DERB OsAP21 in rice
[62], and here we found that expression of 12 SsAP2/ERF genes was induced 3 hr after PEG6000
treatment. Interestingly, the expression level of SsERF52 after PEG6000 treatment was opposite that after
NaCl treatment, with inhibition of gene expression at several time points. Multiple lines of evidence
indicate that genes expressed during drought and stress responses in plants partially overlap. For
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example, transgenic plants that overexpress Arabidopsis OsMYB3R-2 have enhanced cold tolerance,
drought tolerance, and salt tolerance [63]. SsERF52 was related to insensitivity to exogenous ABA
treatment. Increasing amounts of evidence show that AP2/ERF genes are regulated by hormones such as
ABA and GA, and thus these genes play an important role in hormone signaling networks[64]. In the
present study, promoter analysis indicated that the promoter regions of most SsAP2/ERF genes contain
multiple cis-acting elements that are related to ABA responses. qRT-PCR analysis of the 12 selected
SsAP2/ERF genes showed that, except for SsERF52, expression of these genes was induced by ABA. AP2
/ ERF genes play an active role in ABA-mediated stress response, a key hormone that regulates abiotic
stress responses (including drought, salinity, cold, and heat stress) [64]. For example, ANT [65] in
Arabidopsis is induced by ABA to upregulate genes containing DRE and ABRE elements. ANT is
homologous to SsAP2-21, indicating that SsAP2/ERF genes may regulate abiotic stress through ABA-
dependent pathways. After exogenous GA treatment, the expression levels of SsRAV4, SsRAV11,
SsDREB25, and SsAP2-25 were not affected, but GA induced the expression of other genes. Our research
indicates that some SsAP2/ERF genes are differentially expressed under various abiotic stresses and
hormone treatments, suggesting that this gene family is essential for environmental adaptation. In
particular, the expression patterns of some SsAP2/ERF genes and their homologs varied. For example,
expression of the SsSoloist4 gene was induced to varying degrees by the four stress treatments, and
these expression patterns differed from those for its Arabidopsis homolog At4g13040, which is an active
regulator of disease defenses and is induced by SA treatment. However, the expression of this gene is
inhibited by low temperature and salt stress. Given the antagonistic roles of SA and ABA in plant defense,
At4g13040 expression may have opposing effects in response to ABA and SA treatment. SsSoloist4
expression was up-regulated after 3 hours of ABA treatment, indicating that the regulation mechanism of
this gene likely differs from that for At4g13040 under abiotic stress.

The results of this study provide a comprehensive analysis of the AP2/ERF family in sugarcane and an
examination of the relationship between the activity of members of this gene family and abiotic stress
responses. Our results can provide a foundation for the identi�cation of novel candidate AP2/ERF genes
as targets for genetic engineering of novel sugarcane germplasm that will produce plants having
enhanced tolerance of abiotic stresses.

Conclusions
This study comprehensively analyzed the supergene family of sugarcane AP2 / ERF. The identi�ed 218
AP2 / ERF superfamily genes were classi�ed in detail, and their evolutionary characteristics, expression
patterns in different sugarcane tissues and growth stages, and their response to abiotic stress and
hormones were studied. These results provide valuable resources for a better understanding of the
biological role of the sugarcane AP2 / ERF genes.
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spontaneum chromosome; FPKM: Segmentals Per Kilobase of transcript per Million segmental mapped;
A4: Ancestral chromosome A4; ABA: abscisic acid; GA: gibberellins; PEG: Polyethylene Glycol; SA: salicylic
acid; Xoo: Xanthomonas oryzae pv. Oryzae

Declarations

Acknowledgments
The authors thank lab members for assistance.

Authors’ contributions
PTL and ZC performed the experiments. CHH, PPL, GQH, LNX, ZHD analyzed the data. PTL wrote the
manuscript. XWZ, YZ, and MQZ designed the study. All authors have read and approved the �nal
manuscript.

Funding
This study was supported by National Natural Science Foundation of China (31801423 and 31771863),
Open Foundation of State Key Laboratory for the Protection and Utilization of Subtropical Agricultural
Biological Resources (SKLCUSA-b201708, SKLCUSA-a201912, and SKLCUSA-b201806), earmarked fund
for Modern Agriculture Technology of China (CARS-170106) and Special Fund for Science and
Technology Innovation of Fujian Agriculture and Forestry University (KFA17168A, KFA17525A,
KFA17169A, 2018N1002). The funders had no role in the design of the study and collection, analysis, and
interpretation of data and in writing the manuscript.

Availability of data and materials
All data analyzed during this study are included in this article and its.

Ethics approval and consent to participate
The sugarcane materials used in the experiment were supplied by the sugarcane clonal germplasm
repository of Guangxi University. These plant materials are widely used all over the world, and no permits
are required for the collection of plant samples. This article did not contain any studies with human
participants or animals and did not involve any endangered or protected species.

Consent for publication



Page 16/33

Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author Details
1 National Engineering Research Center for Sugarcane, Fujian Agriculture and Forestry University, Fuzhou
350002, China; 2 State Key Laboratory for Protection and Utilization of Subtropical Agro-Biological
Resources, Guangxi Key Laboratory for Sugarcane Biology, Guangxi University, Nanning 530005, China;
3Fujian Provincial Key Laboratory of Plant Functional Biology, College of Life Sciences, Fujian Agriculture
and Forestry University, Fuzhou 350002, PR China; 4 Key Laboratory of Sugarcane Biology and Genetic
Breeding Ministry of Agriculture, Fujian Agriculture and Forestry University,

Fuzhou 350002, China  

* Correspondence:

Muqing Zhang (zmuqing@163.com)

Yu Zhang (yuzhang@fafu.edu.cn)

Xinwang Zhao (zhxinwang@126.com)

† These authors have contributed equally to this work.

References
1. Wang H, Wang H, Shao H, Tang X: Recent Advances in Utilizing Transcription Factors to Improve

Plant Abiotic Stress Tolerance by Transgenic Technology. Frontiers in plant science 2016, 7:67.
https://doi.org/10.3389/fpls.2016.00067

2. Chen L, Song Y, Li S, Zhang L, Zou C, Yu D: The role of WRKY transcription factors in plant abiotic
stresses. Biochimica et biophysica acta 2012, 1819(2):120-128.
https://doi.org/10.1016/j.bbagrm.2011.09.002

3. Chinnusamy V, Schumaker K, Zhu JK: Molecular genetic perspectives on cross-talk and speci�city in
abiotic stress signalling in plants. Journal of experimental botany 2004, 55(395):225-236.
https://doi.org/10.1093/jxb/erh005

4. Zhang JZ: Overexpression analysis of plant transcription factors. Current opinion in plant biology
2003, 6(5):430-440. https://doi.org/10.1016/s1369-5266(03)00081-5

mailto:zmuqing@163.com
mailto:yuzhang@fafu.edu.cn
mailto:zhxinwang@126.com


Page 17/33

5. Xiang L, Liu C, Luo J, He L, Deng Y, Yuan J, Wu C, Cai Y: A tuber mustard AP2/ERF transcription
factor gene, BjABR1, functioning in abscisic acid and abiotic stress responses, and evolutionary
trajectory of the ABR1 homologous genes in Brassica species. PeerJ 2018, 6:e6071.
https://doi.org/10.7717/peerj.6071

�. Kazan K: Diverse roles of jasmonates and ethylene in abiotic stress tolerance. Trends in plant
science 2015, 20(4):219-229. https://doi.org/10.1016/j.tplants.2015.02.001

7. Debbarma J, Sarki YN, Saikia B, Boruah HPD, Singha DL, Chikkaputtaiah C: Ethylene Response
Factor (ERF) Family Proteins in Abiotic Stresses and CRISPR-Cas9 Genome Editing of ERFs for
Multiple Abiotic Stress Tolerance in Crop Plants: A Review. Molecular biotechnology 2019, 61(2):153-
172. https://doi.org/10.1007/s12033-018-0144-x

�. Zhu Q, Zhang J, Gao X, Tong J, Xiao L, Li W, Zhang H: The Arabidopsis AP2/ERF transcription factor
RAP2.6 participates in ABA, salt and osmotic stress responses. Gene 2010, 457(1-2):1-12.
https://doi.org/10.1016/j.gene.2010.02.011

9. Nakano T, Suzuki K, Fujimura T, Shinshi H: Genome-wide analysis of the ERF gene family in
Arabidopsis and rice. Plant physiology 2006, 140(2):411-432.
https://doi.org/10.1104/pp.105.073783

10. El Ouakfaoui S, Schnell J, Abdeen A, Colville A, Labbe H, Han S, Baum B, Laberge S, Miki B: Control of
somatic embryogenesis and embryo development by AP2 transcription factors. Plant molecular
biology 2010, 74(4-5):313-326. https://doi.org/10.1007/s11103-010-9674-8

11. Je BI, Piao HL, Park SJ, Park SH, Kim CM, Xuan YH, Park SH, Huang J, Do Choi Y, An G et al: RAV-
Like1 maintains brassinosteroid homeostasis via the coordinated activation of BRI1 and
biosynthetic genes in rice. The Plant cell 2010, 22(6):1777-1791.
https://doi.org/10.1105/tpc.109.069575

12. Li CW, Su RC, Cheng CP, Sanjaya, You SJ, Hsieh TH, Chao TC, Chan MT: Tomato RAV transcription
factor is a pivotal modulator involved in the AP2/EREBP-mediated defense pathway. Plant Physiol
2011, 156(1):213-227. https://doi.org/10.1104/pp.111.174268

13. Mizoi J, Shinozaki K, Yamaguchi-Shinozaki K: AP2/ERF family transcription factors in plant abiotic
stress responses. Biochimica et biophysica acta 2012, 1819(2):86-96.
https://doi.org/10.1016/j.bbagrm.2011.08.004

14. Giri MK, Swain S, Gautam JK, Singh S, Singh N, Bhattacharjee L, Nandi AK: The Arabidopsis thaliana
At4g13040 gene, a unique member of the AP2/EREBP family, is a positive regulator for salicylic acid
accumulation and basal defense against bacterial pathogens. Journal of plant physiology 2014,
171(10):860-867. https://doi.org/10.1016/j.jplph.2013.12.015

15. Iwase A, Mitsuda N, Koyama T, Hiratsu K, Kojima M, Arai T, Inoue Y, Seki M, Sakakibara H, Sugimoto
K et al: The AP2/ERF transcription factor WIND1 controls cell dedifferentiation in Arabidopsis.
Current biology : CB 2011, 21(6):508-514. https://doi.org/10.1016/j.cub.2011.02.020

1�. Qi W, Sun F, Wang Q, Chen M, Huang Y, Feng YQ, Luo X, Yang J: Rice ethylene-response AP2/ERF
factor OsEATB restricts internode elongation by down-regulating a gibberellin biosynthetic gene.



Page 18/33

Plant Physiol 2011, 157(1):216-228. https://doi.org/10.1104/pp.111.179945

17. Chung MY, Vrebalov J, Alba R, Lee J, McQuinn R, Chung JD, Klein P, Giovannoni J: A tomato
(Solanum lycopersicum) APETALA2/ERF gene, SlAP2a, is a negative regulator of fruit ripening. The
Plant journal : for cell and molecular biology 2010, 64(6):936-947. https://doi.org/10.1111/j.1365-
313X.2010.04384.x

1�. Licausi F, Giorgi FM, Zenoni S, Osti F, Pezzotti M, Perata P: Genomic and transcriptomic analysis of
the AP2/ERF superfamily in Vitis vinifera. BMC genomics 2010, 11:719.
https://doi.org/10.1186/1471-2164-11-719

19. Zhang Z, Li X: Genome-wide identi�cation of AP2/ERF superfamily genes and their expression during
fruit ripening of Chinese jujube. Scienti�c reports 2018, 8(1):15612. https://doi.org/10.1038/s41598-
018-33744-w

20. Fan ZQ, Kuang JF, Fu CC, Shan W, Han YC, Xiao YY, Ye YJ, Lu WJ, Lakshmanan P, Duan XW et al: The
Banana Transcriptional Repressor MaDEAR1 Negatively Regulates Cell Wall-Modifying Genes
Involved in Fruit Ripening. Frontiers in plant science 2016, 7:1021.
https://doi.org/10.3389/fpls.2016.01021

21. Serra TS, Figueiredo DD, Cordeiro AM, Almeida DM, Lourenço T, Abreu IA, Sebastián A, Fernandes L,
Contreras-Moreira B, Oliveira MM et al: OsRMC, a negative regulator of salt stress response in rice, is
regulated by two AP2/ERF transcription factors. Plant molecular biology 2013, 82(4-5):439-455.
https://doi.org/10.1007/s11103-013-0073-9

22. Wang C-T, Dong Y-M: Overexpression of maize ZmDBP3 enhances tolerance to drought and cold
stress in transgenic Arabidopsis plants. Biologia 2009, 64(6):1108. https://doi.org/10.2478/s11756-
009-0198-0

23. Bao S-G, Shi J-X, Luo F, Ding B, Hao J-Y, Xie X-D, Sun S-J: Overexpression of Sorghum WINL1 gene
confers drought tolerance in Arabidopsis thaliana through the regulation of cuticular biosynthesis.
Plant Cell, Tissue and Organ Culture (PCTOC) 2017, 128(2):347-356.
https://doi.org/10.1007/s11240-016-1114-2

24. Licausi F, Ohme-Takagi M, Perata P: APETALA2/Ethylene Responsive Factor (AP2/ERF) transcription
factors: mediators of stress responses and developmental programs. The New phytologist 2013,
199(3):639-649. https://doi.org/10.1111/nph.12291

25. Sun S, Yu JP, Chen F, Zhao TJ, Fang XH, Li YQ, Sui SF: TINY, a dehydration-responsive element (DRE)-
binding protein-like transcription factor connecting the DRE- and ethylene-responsive element-
mediated signaling pathways in Arabidopsis. The Journal of biological chemistry 2008,
283(10):6261-6271. https://doi.org/10.1074/jbc.M706800200

2�. Lee SY, Hwang EY, Seok HY, Tarte VN, Jeong MS, Jang SB, Moon YH: Arabidopsis AtERF71/HRE2
functions as transcriptional activator via cis-acting GCC box or DRE/CRT element and is involved in
root development through regulation of root cell expansion. Plant Cell Rep 2015, 34(2):223-231.
https://doi.org/10.1007/s00299-014-1701-9



Page 19/33

27. Cheng MC, Liao PM, Kuo WW, Lin TP: The Arabidopsis ETHYLENE RESPONSE FACTOR1 regulates
abiotic stress-responsive gene expression by binding to different cis-acting elements in response to
different stress signals. Plant Physiol 2013, 162(3):1566-1582.
https://doi.org/10.1104/pp.113.221911

2�. Sazegari S, Niazi A, Ahmadi FS: A study on the regulatory network with promoter analysis for
Arabidopsis DREB-genes. Bioinformation 2015, 11(2):101-106.
https://doi.org/10.6026/97320630011101

29. Kitashiba H, Ishizaka T, Isuzugawa K, Nishimura K, Suzuki T: Expression of a sweet cherry
DREB1/CBF ortholog in Arabidopsis confers salt and freezing tolerance. Journal of plant physiology
2004, 161(10):1171-1176. https://doi.org/10.1016/j.jplph.2004.04.008

30. Huang B, Jin L, Liu J: Molecular cloning and functional characterization of a DREB1/CBF-like gene
(GhDREB1L) from cotton. Science in China Series C, Life sciences 2007, 50(1):7-14.
https://doi.org/10.1007/s11427-007-0010-8

31. Chen J, Xia X, Yin W: Expression pro�ling and functional characterization of a DREB2-type gene from
Populus euphratica. Biochem Biophys Res Commun 2009, 378(3):483-487.
https://doi.org/10.1016/j.bbrc.2008.11.071

32. Grivet L, Arruda P: Sugarcane genomics: depicting the complex genome of an important tropical
crop. Current opinion in plant biology 2002, 5(2):122-127. https://doi.org/10.1016/s1369-
5266(02)00234-0

33. Lam E, Shine J, Silva JD, Lawton M, Bonos S, Calvino M, Carrer H, Silva-Filho MC, Glynn N, Helsel Z:
Improving sugarcane for biofuel: engineering for an even better feedstock. Global Change Biology
Bioenergy 2009, 1(3):251-255.

34. Azevedo RA, Carvalho RF, Cia MC, Gratão PL: Sugarcane Under Pressure: An Overview of Biochemical
and Physiological Studies of Abiotic Stress. Tropical Plant Biology 2011, 4(1):42-51.
https://doi.org/10.1007/s12042-011-9067-4

35. Manoj VM, Anunanthini P, Swathik PC, Dharshini S, Ashwin Narayan J, Manickavasagam M,
Sathishkumar R, Suresha GS, Hemaprabha G, Ram B et al: Comparative analysis of glyoxalase
pathway genes in Erianthus arundinaceus and commercial sugarcane hybrid under salinity and
drought conditions. BMC genomics 2019, 19(Suppl 9):986. https://doi.org/10.1186/s12864-018-
5349-7

3�. Larkin MA, Blackshields G, Brown NP, Chenna R, McGettigan PA, McWilliam H, Valentin F, Wallace IM,
Wilm A, Lopez R et al: Clustal W and Clustal X version 2.0. Bioinformatics 2007, 23(21):2947-2948.
https://doi.org/10.1093/bioinformatics/btm404

37. Tamura K, Stecher G, Peterson D, Filipski A, Kumar S: MEGA6: Molecular Evolutionary Genetics
Analysis version 6.0. Molecular biology and evolution 2013, 30(12):2725-2729.
https://doi.org/10.1093/molbev/mst197

3�. Bailey TL, Boden M, Buske FA, Frith M, Grant CE, Clementi L, Ren J, Li WW, Noble WS: MEME SUITE:
tools for motif discovery and searching. Nucleic Acids Res 2009, 37(Web Server issue):W202-208.



Page 20/33

https://doi.org/10.1093/nar/gkp335

39. Hu B, Jin J, Guo AY, Zhang H, Luo J, Gao G: GSDS 2.0: an upgraded gene feature visualization server.
Bioinformatics 2015, 31(8):1296-1297. https://doi.org/10.1093/bioinformatics/btu817

40. Chen C, Xia R, Chen H, He Y: TBtools, a Toolkit for Biologists integrating various HTS-data handling
tools with a user-friendly interface. bioRxiv 2018:289660. https://doi.org/10.1101/289660

41. Wang Y, Tang H, Debarry JD, Tan X, Li J, Wang X, Lee TH, Jin H, Marler B, Guo H et al: MCScanX: a
toolkit for detection and evolutionary analysis of gene synteny and collinearity. Nucleic Acids Res
2012, 40(7):e49. https://doi.org/10.1093/nar/gkr1293

42. Wang D, Zhang Y, Zhang Z, Zhu J, Yu J: KaKs_Calculator 2.0: a toolkit incorporating gamma-series
methods and sliding window strategies. Genomics, proteomics & bioinformatics 2010, 8(1):77-80.
https://doi.org/10.1016/s1672-0229(10)60008-3

43. Lynch, M.: The Evolutionary Fate and Consequences of Duplicate Genes. Science (New York, NY),
290(5494):1151-1155.

44. Livak KJ, Schmittgen TD: Analysis of relative gene expression data using real-time quantitative PCR
and the 2− ΔΔCT method. methods 2001, 25(4):402-408.

45. Zhang J, Zhang X, Tang H, Zhang Q, Hua X, Ma X, Zhu F, Jones T, Zhu X, Bowers J et al: Allele-
de�ned genome of the autopolyploid sugarcane Saccharum spontaneum L. Nature genetics 2018,
50(11):1565-1573. https://doi.org/10.1038/s41588-018-0237-2

4�. Du H, Huang M, Zhang Z, Cheng S: Genome-wide analysis of the AP2/ERF gene family in maize
waterlogging stress response. Euphytica 2014, 198(1):115-126.

47. Zhuang J, Cai B, Peng RH, Zhu B, Jin XF, Xue Y, Gao F, Fu XY, Tian YS, Zhao W et al: Genome-wide
analysis of the AP2/ERF gene family in Populus trichocarpa. Biochem Biophys Res Commun 2008,
371(3):468-474. https://doi.org/10.1016/j.bbrc.2008.04.087

4�. Nakano T, Suzuki K, Fujimura T, Shinshi H: Genome-wide analysis of the ERF gene family in
Arabidopsis and rice. Plant Physiol 2006, 140(2):411-432. https://doi.org/10.1104/pp.105.073783

49. Zhuang J, Chen JM, Yao QH, Xiong F, Sun CC, Zhou XR, Zhang J, Xiong AS: Discovery and expression
pro�le analysis of AP2/ERF family genes from Triticum aestivum. Mol Biol Rep 2011, 38(2):745-753.
https://doi.org/10.1007/s11033-010-0162-7

50. Lin H, Zhu W, Silva JC, Gu X, Buell CR: Intron gain and loss in segmentally duplicated genes in rice.
Genome Biol 2006, 7(5):R41. https://doi.org/10.1186/gb-2006-7-5-r41

51. Qiu YL, Cho Y, Cox JC, Palmer JD: The gain of three mitochondrial introns identi�es liverworts as the
earliest land plants. Nature 1998, 394(6694):671-674. https://doi.org/10.1038/29286

52. Brenchley R, Spannagl M, Pfeifer M, Barker GL, D'Amore R, Allen AM, McKenzie N, Kramer M,
Kerhornou A, Bolser D et al: Analysis of the bread wheat genome using whole-genome shotgun
sequencing. Nature 2012, 491(7426):705-710. https://doi.org/10.1038/nature11650

53. Xu ZS, Chen M, Li LC, Ma YZ: Functions and application of the AP2/ERF transcription factor family in
crop improvement. J Integr Plant Biol 2011, 53(7):570-585. https://doi.org/10.1111/j.1744-



Page 21/33

7909.2011.01062.x

54. Quan R, Hu S, Zhang Z, Zhang H, Zhang Z, Huang R: Overexpression of an ERF transcription factor
TSRF1 improves rice drought tolerance. Plant Biotechnol J 2010, 8(4):476-488.
https://doi.org/10.1111/j.1467-7652.2009.00492.x

55. Jisha V, Dampanaboina L, Vadassery J, Mithöfer A, Kappara S, Ramanan R: Overexpression of an
AP2/ERF Type Transcription Factor OsEREBP1 Confers Biotic and Abiotic Stress Tolerance in Rice.
PloS one 2015, 10(6):e0127831. https://doi.org/10.1371/journal.pone.0127831

5�. Kitomi Y, Ito H, Hobo T, Aya K, Kitano H, Inukai Y: The auxin responsive AP2/ERF transcription factor
CROWN ROOTLESS5 is involved in crown root initiation in rice through the induction of OsRR1, a
type-A response regulator of cytokinin signaling. The Plant journal : for cell and molecular biology
2011, 67(3):472-484. https://doi.org/10.1111/j.1365-313X.2011.04610.x

57. Shukla RK, Raha S, Tripathi V, Chattopadhyay D: Expression of CAP2, an APETALA2-family
transcription factor from chickpea, enhances growth and tolerance to dehydration and salt stress in
transgenic tobacco. Plant Physiol 2006, 142(1):113-123. https://doi.org/10.1104/pp.106.081752

5�. Zhai Y, Wang Y, Li Y, Lei T, Yan F, Su L, Li X, Zhao Y, Sun X, Li J et al: Isolation and molecular
characterization of GmERF7, a soybean ethylene-response factor that increases salt stress tolerance
in tobacco. Gene 2013, 513(1):174-183. https://doi.org/10.1016/j.gene.2012.10.018

59. Sohn KH, Lee SC, Jung HW, Hong JK, Hwang BK: Expression and functional roles of the pepper
pathogen-induced transcription factor RAV1 in bacterial disease resistance, and drought and salt
stress tolerance. Plant molecular biology 2006, 61(6):897-915. https://doi.org/10.1007/s11103-006-
0057-0

�0. Dong W, Ai X, Xu F, Quan T, Liu S, Xia G: Isolation and characterization of a bread wheat salinity
responsive ERF transcription factor. Gene 2012, 511(1):38-45.
https://doi.org/10.1016/j.gene.2012.09.039

�1. Abogadallah GM, Nada RM, Malinowski R, Quick P: Overexpression of HARDY, an AP2/ERF gene
from Arabidopsis, improves drought and salt tolerance by reducing transpiration and sodium uptake
in transgenic Trifolium alexandrinum L. Planta 2011, 233(6):1265-1276.
https://doi.org/10.1007/s00425-011-1382-3

�2. Jin X, Xue Y, Wang R, Xu R, Bian L, Zhu B, Han H, Peng R, Yao Q: Transcription factor OsAP21 gene
increases salt/drought tolerance in transgenic Arabidopsis thaliana. Mol Biol Rep 2013, 40(2):1743-
1752. https://doi.org/10.1007/s11033-012-2228-1

�3. Dai X, Xu Y, Ma Q, Xu W, Wang T, Xue Y, Chong K: Overexpression of an R1R2R3 MYB gene,
OsMYB3R-2, increases tolerance to freezing, drought, and salt stress in transgenic Arabidopsis. Plant
Physiol 2007, 143(4):1739-1751. https://doi.org/10.1104/pp.106.094532

�4. Xie Z, Nolan TM, Jiang H, Yin Y: AP2/ERF Transcription Factor Regulatory Networks in Hormone and
Abiotic Stress Responses in Arabidopsis. Frontiers in plant science 2019, 10:228.
https://doi.org/10.3389/fpls.2019.00228



Page 22/33

�5. Meng LS, Wang ZB, Yao SQ, Liu A: The ARF2-ANT-COR15A gene cascade regulates ABA-signaling-
mediated resistance of large seeds to drought in Arabidopsis. J Cell Sci 2015, 128(21):3922-3932.
https://doi.org/10.1242/jcs.171207

Figures

Figure 1
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Phylogenetic tree of AP2/ERF genes in sugarcane. ERF, DREB, AP2, RAV, Soloist families were presented
in different colors.

Figure 2

Phylogenetic tree of ERF and DREB subfamily genes in sugarcane. Each group has a different color. The
11 clades (I-XIV) of the ERF and DREB subfamily genes were divided according to previous classi�cations
in Arabidopsis and rice.
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Figure 3

Phylogenetic relationships, gene structure, and architecture of conserved protein motifs in AP2/ERF
genes from sugarcane. (A) The phylogenetic tree was constructed based on the full-length sequences of
sugarcane AP2/ERF proteins using MEGA7 software. (B) Exonintron structure of sugarcane AP2/ERF
genes. Yellow boxes indicate untranslated 5 - and 3 -regions; green boxes indicate exons; gray lines
indicate introns. The AP2 domains are highlighted by red boxes and B3 domain by blue boxes. (C) The
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motifs, numbers 1-25, are displayed in different colored boxes. The sequence information for each motif
is provided in Additional �le 6. The protein and gene length can be estimated using the scale at the
bottom.

Figure 4

Schematic representations for the chromosomal distribution of sugarcane AP2/ERF genes. A red line
between the two gene names indicates that they are tandem repeat gene pairs. AP2, ERF, DREB, RAV, and
Soloist family genes names are distinguished by different colors. The chromosome number was
indicated to the left of each chromosome.
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Figure 5

Schematic representations for the interchromosomal relationships of sugarcane AP2/ERF genes. Gray
lines indicate all syntenic blocks in the sugarcane genome, and the red lines indicate duplicated AP2/ERF
gene pairs.
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Figure 6

Synteny analysis of AP2/ERF genes between sugarcane and �ve representative plant species. Gray lines
in the background indicate the collinear blocks within sugarcane and other plant genomes, while the red
lines highlight the syntenic AP2/ERF gene pairs. The specie names with the pre�xes ‘S. Spontaneum’, ‘A.
thaliana’, ‘O. sativa’, ‘S. bicolor ’, ‘T. aestivum’ and ‘Z. mays’ indicate Saccharum Spontaneum, Arabidopsis
thaliana, Oryza sativa, Sorghum bicolor, Triticum aestivum and Zea mays, respectively
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Figure 7

Cis-acting elements and phylogenetic trees in the promoter region of the sugarcane AP2/ERF genes. The
2000bp promoter region upstream of the gene was analyzed. Different colored boxes represent different
cis-acting elements.
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Figure 8

Expression pro�le of sugarcane ERF and DREB genes, subdivided into groups (I-XIV). Thermal map
hierarchical clusters of SsERF and SsDREB genes expression pro�les in leaves and stems at the seedling
stage, leaves and stems at the early maturity stage (3, 6, 9), leaves, and stems at the mature stage (3, 6,
9). Based on gene expression pro�les in transcriptome data, clusters were generated using the Pearson
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clustering algorithm. For each line, after z-score-normalized transformation, white and red correspond to
low expression and high expression, respectively.

Figure 9

Expression pro�les of the sugarcane AP2, RAV, Soloist genes. Thermal map hierarchical clusters of
SsAP2, SsRAV, SsSoloist genes expression patterns in leaves and stems at the seedling stage, leaves and
stems at the early maturity stage (3, 6, 9), leaves and stems at the mature stage (3, 6, 9). Based on gene
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expression pro�les in transcriptome data, clusters were generated using the Pearson clustering algorithm.
For each line, after z-score-normalized transformation, white and red correspond to low expression and
high expression, respectively.

Figure 10

Expression pro�les of 12 selected SsAP2/ERF genes in response to various abiotic stress treatments.
25s-RNA gene was used as the internal control and to normalize expression data. Relative transcript



Page 32/33

abundance is normalized relative to S mock (1 hour untreated control group) treatment. Error bars
represent the standard deviation of the mean. For each gene, different lowercase letters indicate
signi�cant differences among mean values (one-way ANOVA with Ducan’s multiple range test; P < 0.05).
The results are based on three replicates in three independent experiments.

Figure 11
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Expression pro�les of 12 selected SsAP2/ERF genes in response to various hormone treatments. 25s-
RNA gene was used as the internal control and to normalize expression data. Relative transcript
abundance is normalized relative to S mock (1 hour untreated control group) treatment. Error bars
represent the standard deviation of the mean. For each gene, different lowercase letters indicate
signi�cant differences among mean values (one-way ANOVA with Ducan’s multiple range test; P < 0.05).
The results were based on three replicates in three independent experiments.
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