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Genome-wide identification and molecular ==

characterization of the AP2/ERF superfamily
members in sand pear (Pyrus pyrifolia)

Yue Xu'!, Xiaona Li'", Xiong Yang', Misganaw Wassie? and Haiyan Shi'

Abstract

Background ‘Whangkeumbae' (Pyrus pyrifolia) is a typical climacteric fruit variety of sand pear with excellent taste.
However, the rapid postharvest ethylene production limits the shelf life of ‘Whangkeumbae'fruit. AP2/ERF superfam-
ily is a large family of transcription factors involved in plant growth and development, including fruit ripening and
senescence through the ethylene signaling pathway. The numbers and functions of AP2/ERF superfamily members in
sand pear remain largely unknown.

Results In this study, a total of 234 AP2/ERF family members were identified through the transcriptome of Pyrus
pyrifolia"Whangkeumbae' (17 genes) and Pyrus pyrifolia genome (223 genes) analyses. Six genes (Accession:
EVM0023062.1, EVM0034833.1, EVM0027049.1, EVM0034047.1, EVM0028755.1, EVM0015862.1) identified via genome
analysis shared 100% identity with PpERF14-L, PDERF5-L, PpERF3a, PpERF3, PpERFO17 and PpERF0O98, respectively, which
were identified from transcriptome sequencing. Further, the AP2/ERF superfamily members were divided into AP2,
ERF, and RAV subfamilies, each comprising 38, 188, and 8 members, respectively. Tissue-specific expression analysis
showed that PpERFO61, PpERF113, PDERF51L-B, PpERF5-L, and PpERFO17 were predominantly expressed in fruits than in
other tissues. Additionally, PpERF5-L and PpERFO17 showed higher expressions at the early stage of fruit development.
While, PpERF51B-L exhibited higher expression during the fruit ripening stage. Besides, PDERFO6T and PpERF113 had
pronounced expressions during fruit senescence.

Conclusion These results indicate that PoERFO61, PpERF113, PpERF511-B, PDERF5-L, and PpERFO17 could play crucial
roles in sand pear fruit development, ripening, and senescence. Overall, this study provides valuable information for
further functional analysis of the AP2/ERF genes during fruit ripening and senescence in sand pear.

Keywords Pyrus pyrifolia, AP2/ERF genes, Ripening and senescence, Molecular characterization, Expression
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Introduction

“Whangkeumbae’ is a typical climacteric fruit variety of
sand pear (Pyrus pyrifolia), known for its smooth surface
and good flavor. After ripening, the fruit experience vari-
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The phytohormone ethylene plays a crucial role in regu-
lating fruit ripening and senescence [2].

The biosynthesis of ethylene consists of two sequen-
tial steps. Initially, 1-aminocypropane-1-carboxylic acid
(ACC) synthase (ACS) converts the ethylene precur-
sor S-adenosine methionine (SAM) into ACC, and later
ACC oxidase (ACO) oxidizes ACC into ethylene [3]. The
ethylene signaling pathway is activated by the ethylene
insensitive 3 (EIN3)/EIN3-LIKE (EIN3/EIL) transcription
factors (TFs), which in turn activates ethylene response
factor (ERF) TFs that regulate the expression of ethylene-
responsive genes [4]. ERF TFs belong to the APETALA2
(AP2) /ERF superfamily [5].

AP2/ERF superfamily is a large gene family of tran-
scription factors involved in plant growth, development,
and biotic and abiotic stress responses [6—10]. Given
their crucial roles, the AP2/ERF superfamily members
have been identified from various plant species and
characterized during fruit ripening and senescence. In
tomato, LeERFI gene aggravated ripening and softening
in postharvest fruit [11]. SIERF12 negatively modulates
tomato fruit ripening by inhibiting the expression of fruit
ripening genes through interaction with the co-repressor
TOPLESS protein and the histone deacetylases [12]. Sim-
ilarly, MdERF4 interacted with TOPLESS corepressor 4
and recruited histone deacetylase (MdHDA19) suppress
apple fruit ripening by inhibiting the acetylation of rip-
ening-related genes [7, 13]. In “Zaosu’ pear, an ethylene
response factor, ERF22 was proven to promote antho-
cyanin biosynthesis [14]. In peach, PpeERF2, PpeERF3,
Prupe.2G289500 and Prupe.1G037900 could regulate
fruit ripening [15-17].

AP2/ERF superfamily members contain one or two
well-conserved AP2 DNA binding domains compris-
ing 60 to 70 amino acids (aa) [18]. Based on the number
and variety of conserved domains, AP2/ERF superfamily
is divided into AP2, ERF, and RAV subfamilies [19]. The
AP2 subfamily consists of proteins containing two AP2
domains, while the ERF subfamily members contain a
single AP2 domain. The RAV subfamily members con-
tain one AP2 domain and an extra B3 domain [20-22].
Several members of the AP2/ERF superfamily have been
identified from various plant species, including white
pear [20], apple [18], peach [23], grape [24], kiwifruit
[25], Arabidopsis [26], soybean [27], rice [5] and ginger
[28]. However, information about the AP2/ERF super-
family members in sand pear is limited. Transcriptome
[29] and genome-wide [30] sequencing of Pyrus pyrifolia
provides an opportunity to identify AP2/ERF superfamily
in sand pear.

In this study, genome-wide analysis was performed to
identify members of the AP2/ERF family in sand pear
based on the transcriptome and genome sequences of
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Pyrus pyrifolia. We identified 17 and 223 members of
the AP2/ERF from the transcriptome and genome data,
respectively. Interestingly, six PpERF genes identified
from transcriptome data were identical to those identi-
fied from the genome data. After removing redundant
genes, 234 unique AP2/ERF superfamily members were
identified in sand pear. The three subfamilies of AP2/
ERE including AP2, ERF and RAV, comprised 38, 188,
and 8 members, respectively. Furthermore, we analyzed
the evolutionary relationships, chromosomal distribu-
tion, physicochemical properties, conserved motifs, pro-
tein domains, gene structures, and cis-elements of the 17
AP2/ERF members identified from transcriptome data.
This study provides essential information for understand-
ing of the function and evolution of the AP2/ERF gene
family in sand pear.

Results

Identification and phylogenetic analysis of AP2/ERF genes
in sand pear

A total of 223 AP2/ERF superfamily members were iden-
tified by combining of Hidden Markov Model (HMM) and
BLAST search in the Pyrus pyrifolia genome. In our pre-
vious study, 17 proteins encoding the AP2/ERF domains
were identified via transcriptome sequencing of “Whang-
keumbae’ (Pyrus pyrifolia) [29]. Interestingly, six genes
identified from the genome (Accession:EVMO0023062.1,
EVMO0034833.1, EVMO0027049.1, EVM0034047.1
, EVM0028755.1, EVMO0015862.1) shared 100% simi-
larity with PpERFI14-L, PpERF5-L, PpERF3a, PpERF
3, PpERF017 and PpERF098, respectively, which were
identified from transcriptome analysis. Therefore, after
removing redundant genes, 234 unique members of the
AP2/ERF superfamily were identified in Pyrus Pyrifolia.
The conserved domains analysis showed that the 234
members could be classified into the three subfamilies,
including 38 AP2 (two AP2/ERF domains), 188 ERF (one
AP2/ERF domain), and 8 RAV (one AP2/ERF and an
extra B3 domain).

Further, phylogenetic analysis showed that the AP2/
ERF members were divided into 11 distinct branches
(Fig. 1). Among them, the ERF subfamily comprised 8
branches (I-VIII). The AP2 subfamily had three distinct
groups (I-III). All the 17 genes identified from transcrip-
tome analysis contained a single AP2/ERF domain and
belonged to the ERF subfamily.

Chromosomal localization and physicochemical properties
of PpERFs

The chromosomal localization analysis revealed that
the 17 AP2/ERF genes were randomly distributed
on the chromosome (Chr) of Pyrus pyrifolia (Fig. 2).
PpERF2, PpERF12, PpERF025-L, PpERF098, PpERF3a
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Fig. 1 Phylogenetic tree and classification of 234 AP2/ERF gene
family members in the Pyrus pyrifolia genome. The amino acid
sequences of the 234 PpERFs proteins were aligned using ClustalW
method and phylogenetic tree was constructed based on bootstrap
analysis of 1000 replicates using the Neighbor-Joining (NJ) method
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and PpERF3 were located on Chr 1, 5, 7, 10, 11 and
17, respectively. PpERFI09-L and PpERF0I7 were
located on Chr 2; PpERFIa and PpERFI4-L on Chr 4;
PpERF061 and PpERF027 on Chr 6; PpERF022-L and
PpERF5-L on Chr 15. The final three AP2/ERF genes,
PpERF51B-L, PpERF113 and PpERFI118-L were found
on Chr13.

We further investigated the physicochemical proper-
ties of the 17 PpERFs (Table 1). We observed noticeable
variations in the number of amino acids and physico-
chemical properties among PpERF proteins. The length
of PpERF proteins ranged from 149 aa (PpERF098) to
327 aa (PpERF061/PpERF14-L). The molecular weight
(MW) ranged from 16.76k Dalton (kDa) (PpERF098)
to 36.74kDa (PpERF14-L) and the isoelectric point (pI)
varied from 4.75 (PpERF017) to 9.51 (PpERF12). The pl
values of 11 PpERFs were weakly acidic, and that of the
6 PpERFs were alkaline, indicating that most of the AP2/
ERF members of sand pear are rich in acidic amino acids.
Moreover, the 17 PpERFs were found to be localized in
the nucleus or cytoplasm. Further interaction prediction
analysis suggested that PpERFs could interact with tran-
scription factors or proteins.

Phylogenetics, conserved motifs, domains and gene
structures of the 17 PpERFs.

To understand the relationship of the PpERFs, phy-
logenetic tree was constructed based on the protein
sequences of the 17 AP2/ERF members (Fig. 3 A). They
were divided into three clades: I, II, and III, each com-
prising 8, 3, and 6 PpERF members, respectively.

Motif analysis showed five conserved motifs across the
PpERFs (Fig. 3 B). All 17 PpERFs contain a highly con-
served motif 1. Additionally, all PpERFs, except PpERF12,
PpERF027, PpERF025-1, and PpERF022-L had motif 2.
Motif 1 and motif 2 were closely related to the function
of the AP2 domain. Motif 3 was found in 15 PpERFs,
but not in PpERF061 and PpERF118-L. Motif 4 was
found only in PpERF027, PpERF025-L, and PpERF022-
L. Among the 17 PpERFs, only PpERF12, PpERF027
and PpERF025-L contained motif 5. Motif logos and site
numbers of each motif are shown in Additional file 1 (Fig.
S1). Furthermore, conserved domains were analyzed
for the protein sequence of the 17 PpERFs. All PpERFs
contained the AP2 domain and belonged to the ERF sub-
family, consistent with the above evolutionary analysis
(Fig. 3 C). Besides, PpERF109-L and PpERF025-L had an
extra plant homeodomain (PHD) zinc finger domain and
PHAO03247 domain, respectively.

The predicted gene structure results showed that
PpERFla, PpERF14-L, PpERF3, PpERF5-L, and PpERF022-
L had one exon. While PpERF2, PpERF51B-L, PpERFI12,
PpERF3a, PpERF017, PpERF027, and PpERF025-L had
one exon and one/two UTR regions. Only PpERFI09-L,
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Fig. 2 Schematic representations of the chromosomal distributions of the 17 PpERFs
Table 1 The characterizations of 17 PpERFs in pear
Protein name Size (aa) MW (Da) pl Chromosome position  Subcellular Interaction
localization
PpERF51B-L 229 25,649.36 510 Chr13 Nucleus EIL3
PpERF12 178 18,828.17 9.51 Chr5s Nucleus BOI
PpERF109-L 313 34,623.69 775 Chr2 Nucleus UBRT
PpERF027 185 20,071.65 537 Chré Nucleus NOP2
PpERF061 327 35,631.76 6.85 Chré Nucleus NAC14
PpERF118-L 321 35,846.56 4.76 Chr13 Nucleus ANK1
PpERF025-L 236 25,003.65 491 Chr7 Nucleus NOP2
PpERF14-L 327 36,743.26 6.19 Chr4 Nucleus MMK1
PpERF5-L 160 17,890.96 9.19 Chri1s Nucleus NOL
PpERF3a 230 24,942.85 877 Chr11 Nucleus HDA19
PpERF1a 279 30,194.88 9.11 Chr4 Nucleus csc
PpERF113 250 27,706.34 6.92 Chr13 Nucleus NAC72
PpERF022-L 201 22,334.04 5.28 Chr15 Nucleus CLUH
PpERF3 227 24,689.601 7.04 Chr17 Nucleus BHLH51
PpERF017 234 2591840 475 Chr2 Nucleus DRMH3
PpERF2 246 27,884.18 592 Chrl Nucleus BEL1
PpERF098 149 16,761.59 5.76 Chr10 Nucleus HSP90

MW molecular weight, pl isoelectric point, aa amino acids, Da Dalton

PpERF113, PpERF118-L, PpERF09S, and PpERFO61 found
to have introns (Fig. 3 D).

Cis-element analysis of 17 PpERF gene promoters.

To identify the cis-elements, we analyzed the 2000bp
upstream sequences from the start codons of the 17
PpERF genes. We identified hormone-responsive elements
in the putative promoter regions, including abscisic acid
response, auxin response, gibberellin response, Methyl Jas-
monate (MeJA) response, and salicylic acid response. The
types and locations of these elements are shown in Fig. 4
A, and the number of elements is displayed in Fig. 4 B. The
17 AP2/ERF genes contained five hormone responsive-
related motifs, comprised of 11 cis-elements.

All PpERF genes, except PpERF3a contained abscisic acid-
responsive elements. PpERFI12, PpERF109-L, PpERF027,

PpERF061, PpERF118-L, PpERF025-L, PpERF14-L, PpERF5-L,
PpERF51B-L, PpERF3a, PpERFla, PpERF113, PpERF022-L,
PpERF3, PpERF017, PpERF2 and PpERF098 include the MeJA
elements. PpERF12, PpERF109-L, PpERF061, PpERFI4-L,
PpERF5-L, PpERFS51B-L, PpERFla, PpERF2 and PpERF098
genes had auxin response elements. We identified gibber-
ellin-responsive elements in the promoter of PpERFI09-L,
PpERF027, PpERFI14-L, PpERF5IB-L, PpERF3a, PpERFla,
PpERF113, and PpERF3. PpERF027, PpERF118-L, PPERF025-
L, PpERF51B-L, PpERF3a, PpERF022-1, PpERF3, PpERF017,
and PpERF?2 genes contain salicylic acid-responsive elements
in their promoter. These results suggest that hormonal-respon-
sive elements may directly determine the regulatory role of
the AP2/ERF genes family in sand pear fruit ripening and
senescence.
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Fig. 3 Evolutionary relationships, conserved protein motifs, domains and gene structures of the 17 PpERFs. A The phylogenetic tree was
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Fig. 4 Cis-acting elements identified in the promoter regions of the 17 PpERF genes in Pyrus pyrifolia. A The information of species and localization.
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The expressions of PpERFs are regulated during fruit
ripening and senescence

Furthermore, we determined the expression patterns of
the 17 differentially expressed genes (DEGs) in different
tissues. The red color indicates strong expression, while
blue color represents weak expression (Fig. 5 A). More-
over, the tissue-specific expression analysis showed
that the 17 PpERF genes were expressed in flesh tis-
sue, among which PpERF061, PpERFI11PpERF51L-B,

PpERF5-L, and PpERF017 were significantly expressed.
Notably, PpERF109-L was highly expressed in the petal
(Fig. 6).

Five genes that showed differential expression in
the flesh were selected for subsequent analysis. As
shown in the heat map, the green color represents
weak expression, while the red color indicates strong
expression (Fig. 5 B). Cluster analysis showed that
the expression levels of PpERF061 and PpERFI113
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Fig. 5 Hierarchical clustering analysis of the expression of PpERFs in‘Whangkeumbae' (Pyrus pyrifolia) tissues (A) and different fruit developmental

stages (B)

were higher at 30days after harvest (DAH) (Fig. 7).
In contrast, the expression levels of PpERF5-L and
PpERFO017 were significantly higher at the early stage
of fruit development, while PpERF51B-L was mainly
expressed during fruit ripening (Fig. 7). These results
suggest that PpERF061 and PpERFI113 genes may be
involved in fruit senescence, while PpERF5-L and
PpERF017 genes may play a crucial role in fruit devel-
opment. Additionally, PpERF51B-L may specifically
regulate fruit ripening.

Discussion

The AP2/ERF superfamily members have been identified
from various plant species and functionally characterized
during fruit ripening and senescence. The number of genes
in the AP2/ERF superfamily are diverse among plant spe-
cies (Additional file 2: Table S1). For instance, the Pyrus
bretschneideri genome contains 191 AP2/ERF superfamily
members, among which 101 belonged to the ERF subfam-
ily [20]. There are 259 AP2/ERF members in Malus domes-
tica, including 195 ERF genes [18]. In Prunus persica, there
are 131 AP2/ERF superfamily members, including 104 ERF
genes [23]. There are 122 ERF genes in Vitis vinifera [24]
and 119 ERF genes in Actinidia eriantha [25). In Arabidop-
sis thaliana, AP2/ERF superfamily contains 147 members,
including 122 ERF genes [26]. There are 148 AP2/ERF genes
in Glycine max [27], 180 AP2/ERF genes in Oryza sativa [5]

and 163 AP2/ERF genes Zingiber officinale [28]. In this study,
a total of 223 AP2/ERF superfamily members were identified
in the Pyrus Pyrifolia ‘Cuiguan’ v1.0 genome. In our previous
study, 17 AP2/ERF genes were identified through transcrip-
tome analysis, and six genes (PpERFI4-L, PpERF5-L, PpE
RF3a, PpERF3, PpERF017and PpERF098) were also iden-
tified through genome-wide analysis in the present study.
After removing redundant members, 234 unique AP2/
ERF gene family members were identified in sand pear. The
number of genes in the RAV subfamily are highly conserved
among different plant species. Here, we found large number
of AP2/ERF superfamily members in sand pear, which could
be due to the AP2 and ERF members. Phylogenetic analysis
revealed that the 234 PpERFs were divided into three dif-
ferent subfamilies (ERF, AP2, and RAV), in agreement with
other plant species [5, 18]. In sand pear, ERF was the larg-
est subfamily with 188 genes, including the 17 PpERFs.
These results agreed with the distribution of AP2/ERF genes
reported in other plant species [19]. Members of the ERF
subfamily are also known as the ethylene-response element
binding protein family [31].

Furthermore, various bioinformatics analyses were
conducted for the 17 PpERFs members identified
through transcriptome analysis. Evolutionary relation-
ship analysis showed that the 17 PpERFs could be fur-
ther divided into three clades: I, II, and III, from which
Clade I comprised the most significant proportion (Fig. 3
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Fig. 6 The gRT-PCR expression analysis of PpERF027, PoERF1a, PpERF2, PDERF3, PDERF3a, PpERF5-L, PDERF027, PpERF 12, PDERF14-L, PDERFO17,
PpERF022-L, PDERF025-L, PDERF51B-L, PDERFO61, PDERF098, PDERF109-L, PDERF113 and PpERF118-L in'Whangkeumbae' (Pyrus pyrifolia) tissues
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Fig. 7 The gRT-PCR expression analysis of PpERF5-L, PpERFO17, PDERF51B-L, PDERFO61, PpERFT13 during fruit development, ripening, and senescence.

The values are given as mean = SD from three independent experiments

A). The physicochemical properties of the 17 PpERF pro-
teins were variable. For instance, the number of amino
acids ranged from 149 aa to 327 aa, the MW varied from
16.76kDa to 36.74kDa, and the pI ranged from 4.75 to
9.51. According to the subcellular localization prediction,
the 17 PpERFs were mainly located in the nucleus and
cytoplasm. It is well established that members of the ERF
subfamily could interact with other proteins to regulate

the expression of downstream target genes related to
hormone signal transduction [32]. Our interaction pre-
diction results showed that the 17 PpERF proteins could
interact with various transcription factors or proteins
(Table 1). The sand pear (Pyrus pyrifolia) genome con-
tains 17 chromosomes [30]. The chromosomal distri-
bution analysis indicated that thel7 PpERF genes were
randomly distributed across 11 chromosomes, mainly
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on both ends of the chromosome (Fig. 2). Similar chro-
mosomal distribution of AP2/ERF genes was reported in
cultivated peanut [33].

Moreover, motif composition and domain analysis
showed that the protein-coding sequences of the 17
PpERFs had variable motifs and conserved domains
(Fig. 3 B, C). We identified five motifs across all PpERFs.
Interestingly, all members contained motif 1, while most
PpERFs had motif 2. These two motifs are the conserved
AP2 domain. Only PpERF027 and PpERF025-L grouped
into clade III had motif 5, which may provide a particular
function. All 17 AP2/ERF family members have a con-
served AP2 domain.

Furthermore, we observed the same exon-intron struc-
tures in the 17 PpERF genes, with most PpERFs having
no exon. Similar results have been reported in white
pears [20]. The lack of exon might be related to the sensi-
tivity of gene transcription regulation [34]. Cis-elements
analysis showed that the 17 PpERF genes had various
hormone-responsive elements in their promoter. These
cis-elements could play a crucial role in regulating the
expression of PpERF genes during fruit development and
ripening.

AP2/ERF genes showed distinct expressions at dif-
ferent stages of fruit development. In this study, cluster
analysis showed that the expression levels of PpERF061
and PpERF113 were higher at 180 DAH. PpERF5-L,
and PpERF017 exhibited higher expression levels at the
early stage of fruit development. Besides, PpERF51B-
L was mainly expressed during fruit ripening. These
results suggest that PpERF061 and PpERFI113 may play
an important role in fruit senescence, while PpERF5-L
and PpERF017 could be involved in early fruit develop-
ment. Whereas PpERF51B-L could mainly regulate fruit
ripening.

Conclusion

This study demonstrates the identification of the AP2/
ERF gene family in sand pear through combined tran-
scriptome and genome-wide analyses. A total of 234
unique PpERF genes were identified. We further analyzed
the evolutionary relationship, physicochemical prop-
erties, chromosomal distributions, conserved motifs,
domains, gene structures, cis-acting elements, and
expression patterns in different tissues and fruit develop-
ment stages for the 17 PpERF genes identified through
transcriptome analysis. Additionally, expression analysis
showed that five genes, including PpERF061, PpERF113,
PpERF5IL-B, PpERF5-L, and PpERF017, could be
involved in regulating sand pear fruit development, rip-
ening, and senescence. These results provide candidate
genes to study the function of PpERFs in regulating fruit

Page 9 of 12

quality and prolonging the shelf life of sand pear. Overall,
this study provides crucial information to study the role
of AP2/ERF genes during fruit ripening and senescence
in sand pear.

Materials and methods

Plant materials

Sand pear (Pyrus pyrifolia Nakai. “Whangkeumbae’)
fruits were collected at 30, 60, 90, 120, 130, 140, 145, and
150days after full bloom (DAFB) from the experimental
farm of Hebei Agricultural University, China. Naturally
ripened fruits at 150 DAFB were placed at room tem-
perature for 5, 10, 15, 20, 25, and 30 d. The samples were
ground into a powder with liquid nitrogen for RNA isola-
tion [35].

Identification of AP2/ERF gene family members in sand
pear

In our previous study, 17 proteins encoding the AP2
domain were identified through transcriptome analysis
of “Whangkeumbae’ (Pyrus pyrifolia) [29]. In this study,
the sand pear (Pyrus pyrifolia) cultivar ‘Cuiguan’ genome
file (assembly number: GWHBAOS00000000) [30] was
retrieved from the NGDC (https://ngdc.cncb.ac.cn/). The
Arabidopsis thaliana AP2/ERF protein sequences were
downloaded from the NCBI database (https://www.ncbi.
nlm.nih.gov/). Then, two approaches were employed to
identify the AP2/ERF gene family members in Pyrus pyri-
folia. First, the HMM of the AP2 domain (PF00847) was
downloaded from the Pfam database (http://pfam.xfam.
org/) and used to align with all Pyrus pyrifolia genome
protein sequences to retrieve AP2/ERF genes using the
software SPDE [36], TBtools [37] and GFAP [38]. Moreo-
ver, the protein sequences of Arabidopsis thaliana AP2/
ERF members were used to perform an extensive local
BLASTP search with a threshold E-value of <1e-5 against
Pyrus pyrifolia genome sequence to obtain candidate
PpERFs. Redundant sequences were removed from the
above results. The conserved domains of the candidate
PpERF genes were searched for batch comparison to
verify whether they contained AP2 conserved domains
using the Pfam database and the NCBI-CDD (https://
www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi).

The sand pear AP2/ERF protein sequences identi-
fied from the transcriptome and genome analyses were
integrated for evolutionary analysis. Multiple sequence
alignment analysis of AP2/ERF proteins was performed
using the ClustalW method. The phylogenetic tree was
constructed using the NJ method by MEGA7.0 [39]
with 1000 bootstrap replicates. The online tool ChiP-
lot (https://www.chiplot.online/#) was further used to
improve the phylogenetic tree.
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Phylogenetics, conserved motifs, domains, and gene
structures analyses of the 17 PpERFs

The evolutionary relationship of the 17 PpERFs identified by
transcriptome sequencing was analyzed by MEGA 7.0 soft-
ware. The proteins sequences of the 17 PpERFs were sub-
mitted to the NCBI-CDD and online MEME tool (https://
meme-suite.org/meme/index.html) to identify domains and
motifs at E-value (0.01) and E-value (0.05), respectively. The
Pyrus pyrifolia cultivar ‘Cuiguan’ genome annotation file
was obtained from the NGDC for gene structure analysis.
The gene structures were analyzed using the Gene Structure
Display Server (GSDS) tool (http://gsds.cbi.pku.edu.cn/)
based on the alignments of CDS sequences with their cor-
responding genomic DNA sequences.

The phylogenetic tree, conserved motifs, domains, and
gene structure diagrams of the 17 PpERFs, were con-
structed using the TBtools software. For chromosomal
localization prediction, the annotation file of Pyrus pyri-
folia genome was retrieved from the NGDC and analyzed
using the local TBtools. The physicochemical properties,
including protein size, MW, and PI, were predicted by the
online tool Expasy ProtParam (https://web.expasy.org/
protparam/). Protein-protein interaction predictions were
carried out using the STRING software (https://string-db.
org/). The subcellular localization of the 17 PpERF mem-
bers was investigated using the Plant-mPLoc online tool
(http://www.csbio.sjtu.edu.cn/bioinf/plant-multi/).

Cis-acting elements analysis of the promoters of 17
PpERF genes.

The 17 PpERF protein sequences were BLASTP
searched against the Pyrus pyrifolia ‘Cuiguan’ genome
using the online Genome Database for Rosaceae (GDR)
blast tools (https://www.rosaceae.org). The putative
2000bp promoter regions were extracted using the
TBtools software. Then, cis-regulatory elements were
identified using the PlantCARE database (http://bioin
formatics.psb.ugent.be/webtools/plantcare/html/).
Finally, we chose hormonal-responsive cis-elements
related to ripening and senescence. The TBtools and
Adobe Illustrator were used to visualize the location
and number of cis-elements.

RNA extraction and quantitative RT-PCR analysis

Total RNA was extracted from various tissues of
sand pear at different developmental stages, using
an RNAprep Pure Plant Plus Kit (Tian Gen, Beijing,
China) according to the instructions. cDNA was syn-
thesized with a FastQuant RT Kit (with gDNase) (Tian
Gen, Beijing, China) following the manufacturer’s
instructions. The expression levels of the 17 PpERF
genes were analyzed using qRT-PCR via a Magic SYBR
mixture according to the manufacturer’s instructions
(CoWin Biosciences, China) in the detection system
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(Mastercycler ep realplex 4, Eppendorf AG, Hamburg,
Germany).

The expressions of the 17 PpERF genes were inves-
tigated in different tissues, including shoots, stems,
leaves, petals, anthers, and mesocarp. Based on their
expression in the mesocarp, PpERF5-L, PpERFO017,
PpERF51B-L, PpERF061, and PpERF113 were identified
as candidate genes related to fruit, development, ripen-
ing, and senescence for further analysis. The expression
levels of these five PpERF genes were determined dur-
ing fruit development and storage. This experiment was
performed with three repeats. All the primers used for
the qRT-PCR experiment are listed in Additional file 3:
Table S2.

Statistical analysis

The relative expression values of PpERFs were analyzed
using SPSS with the Duncan test. GraphPad Prism 9.0.0
software was used to draw charts. The data are dis-
played as the mean £+ S.D. (n=3).

Abbreviations

ERF Ethylene response factor

ACC 1-aminocypropane-1-carboxylic acid
ACS 1-aminocypropane-1-carboxylic synthase
SAM S-adenosine methionine

ACO ACC oxidase

EIN3 ethylene insensitive 3

EIN3/EIL  EIN3/LIKE

TFs transcription factors

AP2 APETALA2

aa amino acid;

PHD plant homeodomain

MelJA Methyl Jasmonate

C4HC3 Cys 4-His-Cys 3

DEGs differentially expressed genes

DAFB days after full bloom

DAH days after harvest

NGDC National Genomics Date Center

NCBI National Center for Biotechnology Information
HMM Hidden Markov Model

Chr Chromosome

MW molecular weight

kDa kilo Dalton

pl isoelectric point

E-value Expected value

CDbD Conserved Domain Database

NJ Neighbor-Joining

MEME Motif Elicitation
GSDS Gene Structure Display Server
GDR Genome Database for Rosaceae.

Supplementary Information

The online version contains supplementary material available at https://doi.
org/10.1186/512864-022-09104-4.

Additional file 1.
Additional file 2.
Additional file 3.



https://meme-suite.org/meme/index.html
https://meme-suite.org/meme/index.html
http://gsds.cbi.pku.edu.cn/
https://web.expasy.org/protparam/
https://web.expasy.org/protparam/
https://string-db.org/
https://string-db.org/
http://www.csbio.sjtu.edu.cn/bioinf/plant-multi/
https://www.rosaceae.org
http://bioinformatics.psb.ugent.be/webtools/plantcare/html/
http://bioinformatics.psb.ugent.be/webtools/plantcare/html/
https://doi.org/10.1186/s12864-022-09104-4
https://doi.org/10.1186/s12864-022-09104-4

Xu et al. BMC Genomics (2023) 24:32

Acknowledgments
Not applicable.

Authors’ contributions

The work presented here was a collaborative effort among all the authors.
SHY formulated the research topic. SHY, XY, LXN and YX analyzed data and
interpreted the results. SHY, XY and LXN wrote the manuscript. WM, SHY,
XY and LXN revised the manuscript. All authors read and approved the final
manuscript.

Funding

This work was supported by the National Natural Science Foundation of
China (32272654), the Hebei Province Introduced Overseas-Scholar Fund
(C20220361), and the Hebei Province Outstanding Youth Fund (2016, 2019).

Availability of data and materials

The genome sequence information contained in this study were obtained
from following websites. Pyrus pyrifolia cultivar ‘Cuiguan’genome file from the
National Genomics Date Center (NGDC): https://ngdc.cncb.ac.cn/. Arabidopsis
protein sequences from the National Center for Biotechnology Information
(NCBI) database: https://www.ncbi.nlm.nih.gov/. The data sets supporting the
conclusions of this study are included within the article and its additional files.

Declarations

Ethics approval and consent to participate

The 'Whangkeumbae' (Pyrus pyrifolia) used in the current study was obtained
from the experimental farm of Hebei Agricultural University, China. All the
required permissions have been obtained, and all the plant materials during
the current study were provided free of charge and maintained following the
international guidelines.

Consent for publication
Not applicable.

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

Received: 11 August 2022 Accepted: 29 December 2022
Published online: 19 January 2023

References

1. Zhang HY, Zhao L, Fan CX, et al. Impact of methyl salicylate on storage
quality, ethylene action, and protein profiling of 'Zaosu’ pear (Pyrus
bretschneideri). Sci Hortic. 2020;264:109196. https://doi.org/10.1016/j.
scienta.2020.109196.

2. YuePT, Lu Q Liu Z, et al. Auxin-activated MdARF5 induces the expres-
sion of ethylene biosynthetic genes to initiate apple fruit ripening. New
Phytol. 2020;226:1781-95. https://doi.org/10.1111/nph.16500.

3. Adams DO, Yang SF. Ethylene biosynthesis: identification of 1-amino-
cyclopropane-1-carboxylic acid as an intermediate in the conversion
of methionine to ethylene. Proc. Natl. Acad. Sci. U S A. 1979;76:170-4.
https://doi.org/10.1073/pnas.76.1.170.

4. Wang KL, Li H, Ecker JR. Ethylene biosynthesis and signaling networks.
Plant Cell. 2002;14:131-51. https://doi.org/10.1105/tpc.001768.

5. Rashid M, He GY, Yang GX, et al. AP2/ERF transcription factor in rice:
genome-wide canvas and syntenic relationships between monocots and
eudicots. Evol Bioinformatics Online. 2012;8:321-55. https://doi.org/10.
4137/EBO.S9369.

6.  Liu MC, Gomes BL, Mila |, et al. Comprehensive profiling of ethylene
response factor expression identifies ripening-associated ERF genes
and their link to key regulators of fruit ripening in tomato. Plant Physiol.
2016;170:1732-44. https://doi.org/10.1104/pp.15.01859.

7. HuYN, Han ZY, Sun YQ, et al. ERF4 affects fruit firmness through TPL4 by
reducing ethylene production. Plant J. 2020;103:937-50. https://doi.org/
10.1111/tpj.14884.

20.

21.

22.

23.

24.

25.

26.

Page 11 of 12

Xu ZS, Chen M, Li LG, et al. Functions and application of the AP2/ERF
transcription factor family in crop improvement. J Integr Plant Biol.
2011;53:570-85. https://doi.org/10.1111/j.1744-7909.2011.01062.x.
Reboledo G, Agorio A, Vignale L, et al. The moss-specific transcription
factor PpERF24 positively modulates immunity against fungal pathogens
in Physcomitrium patens. Front Plant Sci. 2022;13:908682. https://doi.org/
10.3389/fpls.2022.908682.

Debbarma J, Sarki YN, Saikia B, et al. 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. Mol Biotechnol.
2019;61:153-72. https://doi.org/10.1007/512033-018-0144-x.

. LiYC, Zhu BZ, Xu WT, et al. LeERF1 positively modulated ethylene triple

response on etiolated seedling, plant development and fruit ripening
and softening in tomato. Plant Cell Rep. 2007;26:1999-2008. https://doi.
0rg/10.1007/500299-007-0394-8.

Deng H, Chen', Liu ZY, et al. SIERF.F12 modulates the transition to ripen-
ing in tomato fruit by recruiting the co-repressor TOPLESS and histone
deacetylases to repress key ripening genes. Plant Cell. 2022;34:1250-72.
https://doi.org/10.1093/plcell/koac025.

Hu YN, Han ZY,Wang T, et al. Ethylene response factor MdERF4 and
histone deacetylase MdAHDA19 suppress apple fruit ripening through
histone deacetylation of ripening-related genes. Plant Physiol.
2022;188:2166-81. https://doi.org/10.1093/plphys/kiac016.

WuT, Liu HT, Zhao GP, et al. Jasmonate and ethylene-regulated ethylene
response factor 22 promotes lanolin-induced anthocyanin biosynthesis
in 'Zaosu' pear (Pyrusbretschneideri Rehd.) fruit. Biomolecules. 2020;10:278.
https://doi.org/10.3390/biom10020278.

Wang XB, Zeng WF, Ding YF, et al. Peach ethylene response factor
PpeERF2 represses the expression of ABA biosynthesis and cell wall
degradation genes during fruit ripening. Plant Sci. 2019;283:116-26.
https://doi.org/10.1016/j.plantsci.2019.02.009.

Wang XB, Zeng WF, Ding YF, et al. PpERF3 positively regulates ABA bio-
synthesis by activating PpNCED2/3 transcription during fruit ripening in
peach. Hortic Res. 2019;6:19. https://doi.org/10.1038/541438-018-0094-2.
Cai HF, Han S, Wang H, et al. The regulation of 1-methylcyclopropene
treatment on the subfamily genes expression of ethylene response
factors in peaches during storage. Acta. Sci. Pol. Technol. Aliment.
2021;20:313-23. https://doi.org/10.17306/J.AFS.0943.

Girardi CL, Rombaldi CV, Cero JD, et al. Genome-wide analysis of the AP2/
ERF superfamily in apple and transcriptional evidence of ERF involve-
ment in scab pathogenesis. Sci. Hortic. 2013;151:112-21. https://doi.org/
10.1016/j.scienta.2012.12.017.

Riechmann JL, Heard J, Martin G, et al. Arabidopsis transcription fac-

tors: genome-wide comparative analysis among eukaryotes. Science.
2000;290:2105-10. https://doi.org/10.1126/science.290.5499.2105.

Li XL, Tao ST, Wei SW, et al. The mining and evolutionary investigation of
AP2/ERF genes in pear (Pyrus). BMC Plant Biol. 2018;18:46. https://doi.org/
10.1186/512870-018-1265-x.

Xie XL, Shen SL, Yin XR, et al. Isolation, classification and transcription
profiles of the AP2/ERF transcription factor superfamily in citrus. Mol Biol
Rep. 2014;41:4261-71. https://doi.org/10.1007/511033-014-3297-0.
Mizuno S, Hirasawa Y, Sonoda M, et al. Isolation and characterization
of three DREB/ERF-type transcription factors from melon (Cucumis
melo). Plant Sci. 2006;170:1156-63. https://doi.org/10.1016/j.plantsci.
2006.02.005.

Zhang CH, Shangguan LF, Ma RJ, et al. Genome-wide analysis of the AP2/
ERF superfamily in peach (Prunus persica). Genet Mol Res. 2012;11:4789—
809. https://doi.org/10.4238/2012.0ctober.17.6.

Licausi F, Giorgi FM, Zenoni S, et al. 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.

Jiang Q Wang Z, Hu GM, et al. Genome-wide identification and charac-
terization of AP2/ERF gene superfamily during flower development in
Actinidia eriantha. BMC Genomics. 2022;23:650. https://doi.org/10.1186/
$12864-022-08871-4.

SakumaY, Liu Q, Dubouzet JG, et al. DNA-binding specificity of the ERF/
AP2 domain of Arabidopsis DREBSs, transcription factors involved in
dehydration-and cold-inducible gene expression. Biochem Biophys Res
Commun. 2002;290:998-1009. https://doi.org/10.1006/bbrc.2001.6299.


https://ngdc.cncb.ac.cn/
https://www.ncbi.nlm.nih.gov/
https://doi.org/10.1016/j.scienta.2020.109196
https://doi.org/10.1016/j.scienta.2020.109196
https://doi.org/10.1111/nph.16500
https://doi.org/10.1073/pnas.76.1.170
https://doi.org/10.1105/tpc.001768
https://doi.org/10.4137/EBO.S9369
https://doi.org/10.4137/EBO.S9369
https://doi.org/10.1104/pp.15.01859
https://doi.org/10.1111/tpj.14884
https://doi.org/10.1111/tpj.14884
https://doi.org/10.1111/j.1744-7909.2011.01062.x
https://doi.org/10.3389/fpls.2022.908682
https://doi.org/10.3389/fpls.2022.908682
https://doi.org/10.1007/s12033-018-0144-x
https://doi.org/10.1007/s00299-007-0394-8
https://doi.org/10.1007/s00299-007-0394-8
https://doi.org/10.1093/plcell/koac025
https://doi.org/10.1093/plphys/kiac016
https://doi.org/10.3390/biom10020278
https://doi.org/10.1016/j.plantsci.2019.02.009
https://doi.org/10.1038/s41438-018-0094-2
https://doi.org/10.17306/J.AFS.0943
https://doi.org/10.1016/j.scienta.2012.12.017
https://doi.org/10.1016/j.scienta.2012.12.017
https://doi.org/10.1126/science.290.5499.2105
https://doi.org/10.1186/s12870-018-1265-x
https://doi.org/10.1186/s12870-018-1265-x
https://doi.org/10.1007/s11033-014-3297-0
https://doi.org/10.1016/j.plantsci.2006.02.005
https://doi.org/10.1016/j.plantsci.2006.02.005
https://doi.org/10.4238/2012.October.17.6
https://doi.org/10.1186/1471-2164-11-719
https://doi.org/10.1186/s12864-022-08871-4
https://doi.org/10.1186/s12864-022-08871-4
https://doi.org/10.1006/bbrc.2001.6299

Xu et al. BMC Genomics

27.

28.

29.

30.

31

32.

33.

34

35.

36.

37.

38.

39.

(2023) 24:32

Zhang GY, Chen M, Chen XP, et al. Phylogeny, gene structures, and
expression patterns of the ERF gene family in soybean (Glycine max L.). J
Exp Bot. 2008;59:4095-107. https://doi.org/10.1093/jxb/ern248.

Xing HT, Jiang YS, Zou Y, et al. Genome-wide investigation of the AP2/ERF
gene family in ginger: evolution and expression profiling during develop-
ment and abiotic stresses. BMC Plant Biol. 2021;21:561. https://doi.org/10.
1186/512870-021-03329-3.

Shi HY, Cao LW, Xu Y, et al. Transcriptional profiles underlying the effects
of salicylic acid on fruit ripening and senescence in pear (Pyrus pyrifolia
Nakai). J Integr Agr. 2021;20:2424-37. https://doi.org/10.1016/52095-
3119(21)63568-7.

Gao YH, Yang QS, Yan XH, et al. High-quality genome assembly of ‘Cui-
guan'pear (Pyrus pyrifolia) as a reference genome for identifying regula-
tory genes and epigenetic modifications responsible for bud dormancy.
Hortic. Res. 2021;8:197. https://doi.org/10.1038/541438-021-00632-w.
Ohme-Takagi M, Shinshi H. Ethylene-inducible DNA binding proteins that
interact with an ethylene-responsive element. Plant Cell. 1995;7:173-82.
https://doi.org/10.1105/tpc.7.2.173.

Chen HY, Hsieh EJ, Cheng MC, et al. ORA47 (octadecanoid-responsive
AP2/ERF-domain transcription factor 47) regulates jasmonic acid and
abscisic acid biosynthesis and signaling through binding to a novel
cis-element. New Phytol. 2016;211:599-613. https://doi.org/10.1111/nph.
13914,

CuiYY, Bian JX, Guan Y, et al. Genome-wide analysis and expression
profiles of ethylene signal genes and Apetala2/ethylene-responsive
factors in Peanut (Arachis hypogaea L.). front. Plant Sci. 2022;13:828482.
https://doi.org/10.3389/fpls.2022.828482.

Song ZP, Pan FL, Yang C, et al. Genome-wide identification and expres-
sion analysis of HSP90 gene family in Nicotiana tabacum. BMC Genet.
2019;20:35. https://doi.org/10.1186/512863-019-0738-8.

Shi'HY, Zhang YX, Chen L. Expression and regulation of PpEIN3b during
fruit ripening and senescence via integrating SA, glucose, and ACC sign-
aling in pear (Pyrus pyrifolia Nakai. Whangkeumbae). Genes. 2019;10:476.
Xu D, Lu ZC, Jin KM, et al. SPDE: a multi-functional software

for sequence processing and data extraction. Bioinformatics.
2021;37:3686-7. https://doi.org/10.1093/bioinformatics/btab235.

Chen CJ, Chen H, Zhang Y, et al. TBtools - an integrative toolkit developed
for interactive analyses of big biological data. Mol Plant. 2020;13:1194—
202. https://doi.org/10.1016/j.molp.2020.06.009.

Xu D, Jin K, Jiang H, et al. GFAP: ultra-fast and accurate gene functional
annotation software for plants. bioRxiv. 2022. https://doi.org/10.1101/
2022.01.05.475154.

Kumar S, Stecher G, Tamura K. MEGA7: molecular evolutionary genetics
analysis version 7.0 for bigger datasets. Mol. Biol. Evol. 2016;33:1870-4.
https://doi.org/10.1093/molbev/msw054.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 12 of 12

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://doi.org/10.1093/jxb/ern248
https://doi.org/10.1186/s12870-021-03329-3
https://doi.org/10.1186/s12870-021-03329-3
https://doi.org/10.1016/S2095-3119(21)63568-7
https://doi.org/10.1016/S2095-3119(21)63568-7
https://doi.org/10.1038/s41438-021-00632-w
https://doi.org/10.1105/tpc.7.2.173
https://doi.org/10.1111/nph.13914
https://doi.org/10.1111/nph.13914
https://doi.org/10.3389/fpls.2022.828482
https://doi.org/10.1186/s12863-019-0738-8
https://doi.org/10.1093/bioinformatics/btab235
https://doi.org/10.1016/j.molp.2020.06.009
https://doi.org/10.1101/2022.01.05.475154
https://doi.org/10.1101/2022.01.05.475154
https://doi.org/10.1093/molbev/msw054

	Genome-wide identification and molecular characterization of the AP2ERF superfamily members in sand pear (Pyrus pyrifolia)
	Abstract 
	Background 
	Results 
	Conclusion 

	Introduction
	Results
	Identification and phylogenetic analysis of AP2ERF genes in sand pear
	Chromosomal localization and physicochemical properties of PpERFs
	The expressions of PpERFs are regulated during fruit ripening and senescence

	Discussion
	Conclusion
	Materials and methods
	Plant materials
	Identification of AP2ERF gene family members in sand pear
	Phylogenetics, conserved motifs, domains, and gene structures analyses of the 17 PpERFs
	RNA extraction and quantitative RT-PCR analysis
	Statistical analysis

	Acknowledgments
	References


