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Abstract: The AP2/ERF (APETALA2/Ethylene-Responsive element binding factor) family genes
play crucial roles in plant growth and development, and responses to environmental factors; however,
this family has not been characterized in Diospyros species. In Diospyros, the diploid Oily persimmon
(D. oleifera, 2n = 2x = 30) has been released with complete genome assembly, which makes it possible
for genome-wide gene family identification and exploration of molecular function in cultivated
persimmon (D. kaki, 2n = 6x = 90). Here, we identified the AP2/ERF family in Oily persimmon for
the first time and investigated its classification, main physicochemical properties, structural charac-
teristic, chromosome distribution, gene replication and collinearity, cis-factor binding sites deduction,
GO term annotation, and PPI interaction, as well as its expression profiles in different tissue and
under the treatment of polyamines. A total of 157 AP2/ERF genes, including four subfamilies (AP2,
RAV, Soloist, and ERF), were identified with distribution on all 15 chromosomes. DkAP2/ERF gene
expression patterns were extensive and diverse. They were detected expression in every examined tis-
sue, with the highest number of DkAP2/ERF genes expressed in the root. DkAP2/ERF gene expression
analysis in adventitious root generation and elongation of polyamines showed their different re-
sponses to the action of polyamines, and more pairs of DkAP2/ERF genes with high correlation in gene
expression were obtained. In addition, some DkAP2/ERF genes were detected remarkably correlated
with genes related to polyamine synthesis and cell metabolism, including S-adenosyl-L-methionine
Decarboxyla2 (SAMDC2), D-type cyclin1 (CYCD1), and D-type cyclin2 (CYCD2) genes,. indicating that
DkAP2/ERF genes may play a synergistic role in adventitious root development This study was the
first to analyze the AP2/ERF gene comprehensively in Diospyros on a genome-wide scale and will
provide insights into the application of adventitious root formation in cultivated persimmon.

Keywords: Diospyros kaki; Diospyros oleifera; AP2/ERF; gene family; polyamines; adventitious root

1. Introduction

Cultivated persimmon (D. kaki, 2n = 6x = 90) belongs to the Diospyros genus. It is a
very economically important woody species in this genus. Cultivated persimmon can be
divided into four types: pollination-constant astringent (PCA), pollination-constant non-
astringent (PCNA), pollination-variant non-astringent (PVNA), and pollination-variant
astringent (PVA) [1]. Different from traditional widely planted PCA varieties, PCNA
persimmon does not require additional artificial deastringent treatment before being eaten,
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saving the cost of deastringency and avoiding the unpleasant feeling caused by incomplete
astringency removal or astringency return of persimmon. Hence, it is widely popular
among consumers. In recent years, PCNA persimmon is also favored by growers. Hence,
seedling demand has been increased sharply.

Cultivated persimmon is mainly propagated by grafting. In China, excellent cultivars
of PCNA persimmon were basically introduced from Japan. However, until 1994, it was
not grown on a large scale because of a lack of rootstock varieties with good affinity.
Fortunately, we discovered ‘Xiaoguotianshi’ (D. kaki, 2n = 6x = 90) in 2000. After more
than 20 years of observation, we found that it is not only completely compatible with
Japanese PCNA persimmon, but also has a wide range of wonderful adaptability. That is to
say, for the current superior PCNA varieties, ‘Xiaoguotianshi’ is a very precious rootstock
variety with good comprehensive characteristics. This discovery made the large-scale
development of excellent PCNA persimmon varieties in China see the dawn. However,
difficulty in rooting was found to be the biggest obstacle to the large-scale propagation of
‘Xiaoguotianshi’ by tissue culture. Therefore, it is of great significance to excavate candidate
rooting genes related to adventitious roots and understand the rooting mechanism of
cultivated persimmon for further building the optimum clonal propagation system of
tissue culture and variety improvement.

AP2/ERF is a plant-specific ethylene response factor and is one of the largest tran-
scription factor families. AP2/ERF has a wide range of biological functions, playing an
important role in the whole growth and development process of plants, such as germination,
growth, flowering, and fruiting, as well as various abiotic stress responses [2]. AP2/ERF is
a multi-gene family, and family members share a highly conserved AP2/ERF DNA binding
domain, which consists of 60–70 amino acids. According to the amount of AP2 domain
contained in the gene and the similarity between the sequences, the AP2/ERF superfamily
can be divided into four categories: ERF (ethylene response element binding), AP2, RAV
(related to ABI3/VP1), and Soloist34. The AP2 subfamily contains one or more tandem
repeated AP2 domains [3,4]; the ERF subfamilies have only a single AP2 domain [3–5];
the RAV subfamily contains one AP2 domain and one B3 [5,6]; the Soloist subfamily also
possesses only one AP2 domain, but its binding DNA sequence is significantly different
from that of other AP2/ERF members [4]. This gene family has been reported in a variety
of plants, ranging from 127 [3] to 288 [7]. The proportions of the four subfamilies in the
AP2/ERF family are usually different. ERF accounts for the largest proportion, followed by
AP2, RAV, and Soloist, in which the last two subfamilies are significantly less than the first
two subgroups.

AP2/ERF gene expression is tissue-specific and developmental-specific; moreover,
different family members often have different functions. Even if they regulate the same
life activity, they may have completely different ways to take. AP2/ERF genes can either
activate or repress target gene expression [8,9].

Rooting is a complex process. Auxin, cytokinin, abscisic acid and other hormones, cell
wall synthesis, and metabolism protein genes work together to form a complex network
to regulate root development, in which polyamines and ethylene are also very important
factors [10]. As an ethylene response factor, it has been demonstrated that AP2/ERF play
roles in rooting processes by interacting with auxin, regulating the balance between auxin
and cytokinin, or directly initiating ethylene synthesis and signal transduction in vivo [11].
For example, PUCHI and ERF13 regulate lateral roots (LRs) development by coordinat-
ing cell proliferation during LR development in Arabidopsis [12]. OsAP2/ERF-40 initiates
root-specific developmental program by regulating auxin and OsERF3–OsWOX11–OsRR2
signaling pathways in the rice shoot tissues [13]. In Popla, PtAIL1 positively regulates
adventitious rooting by promoting the formation of root primordia [14]. Polyamines (PAs),
mainly including primarily spermidine (Spd), spermine (Spm), and putrescine (Put), act
on root generation by influencing several processes such as cell division and cell devel-
opment [15]. At present, abundant research on the expression characteristics of AP2/ERF
gene during rooting are available, but few studies have been done on their activation
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and expression during the rooting process under the action of polyamines. In cultivated
persimmon, due to the complexity of chromosome ploidy, the studies on gene family and
function are still relatively backward. So far, there is not any systematic report on AP2/ERF
family yet. The AP2/ERF family is so important to plants that it is of great significance
to comprehensively identify and study its basic characteristics at the genome level and
to analyze and utilize the molecular mechanism of important traits involved in them in
the future. In view of this, by way of bioinformatics methods, we performed genome-
wide discovery AP2/ERF genes in Oily persimmon genome, identified and analyzed the
classfication, structure, and physical and chemical properties, subcellular localization, trans-
membrane structure, chromosome localization, possible cis-acting elements binding sites,
collinearity, GO annotation function prediction, and PPI protein interaction analysis, as well
as the expression characteristics in different tissues of persimmon. At the same time, the
responses of AP2/ERF gene during root development of tissue culture of ‘Xiaoguotianshi’
under different concentrations of polyamines were preliminarily explored, in order to
provide theoretical guidance and gene resources for the mechanism research of cultivated
persimmon rooting mediated by AP2/ERF transcription factor.

2. Materials and Methods
2.1. Identification of AP2/ERF Gene Family Members

The Oily persimmon genome was retrieved from the GigaScience database GigaDB [16].
Using the amino acid sequences of Arabidopsis AP2/ERF as reference, obtained from TAIR
webserver (http://www.arabidopsis.org/ accessed on 8 August 2021), the AP2/ERF family in
the Oily persimmon genome was identified by bidirectional BLAST method. The bidirectional
BLAST method is described as follows: The Arabidopsis AP2/ERF gene family members were
compared to the Oily persimmon genome to obtain Oily persimmon AP2/ERF identifiers,
and the obtained identifiers were then compared to the Swiss-Port database to confirm as
AP2/ERF family members. The conserved domain was Identified by Jalview2 [17] through
multiple sequences alignment. At the same time, the AP2 domain of AP2/ERF gene was
predicted by CDD tool of NCBI website. False positive sequences that did not contain the
AP2 were eliminated. The physical and chemical properties, coding protein secondary struc-
ture, signal peptide, transmembrane domain structure, and subcellular localization analysis
were performed by using online software ProParam (https://web.expasy.org/protparam/
accessed on 1 August 2022), SWISSMODEL (https://swiss-model.expasy.org/interactive ac-
cessed on 1 August 2022), SignalP-5.0 (http://www.cbs.dtu.dk/services/SignalP/ accessed
on 1 August 2022), TMHMM (http://www.cbs.dtu.dk/services/TMHMM/ accessed on 1
August 2022), Plant-mPLoc (http://www.csbio.sjtu.edu.cn/bioinf/plant-multi/ accessed on
1 August 2022), respectively. TBtools software [18] was used to map the identified AP2/ERF
genes to chromosomes.

2.2. Domain Identification and Gene Structure Analysis of AP2/ERF Family Members

Motif predictive analysis was performed through the website tool MEME
(http://meme-suite.org accessed on 29 July 2022) [19], with Motif set to 20 and other
parameters as default. The results of Motif prediction, CDD domain identification, and
evolutionary tree analysis were combined with TBtools software [18].

2.3. AP2/ERF Gene Family Cluster Analysis

The MUSCLE method was used for multiple sequence alignment. Basing on the
obtained multiple sequence alignments, an ML phylogenetic tree was constructed using
MEGA-X [20] software with complete deletion, the JTT amino acid substitution model, and
1000 bootstrap replicates.

http://www.arabidopsis.org/
https://web.expasy.org/protparam/
https://swiss-model.expasy.org/interactive
http://www.cbs.dtu.dk/services/SignalP/
http://www.cbs.dtu.dk/services/TMHMM/
http://www.csbio.sjtu.edu.cn/bioinf/plant-multi/
http://meme-suite.org
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2.4. Prediction of cis-Acting Sites of AP2/ERF Gene Family

The upstream 2000 bp sequence of the family members was extracted. cis-acting
elements were predicted by Using PlantCARE [21] (http://bioinformatics.psb.ugent.be/
webtools/plantcare/html/ accessed on 30 August 2022).

2.5. Chromosomal Distribution and Duplication of AP2/ERF Gene

The distribution of the AP2/ERF genes on chromosomes was drafted with the Tbtools
software. MCScan [22] was used to conduct the analysis of gene duplication events. The
Synteny analysis was performed between Oily persimmon and the other plant species also
using MCScanX. The Arabidopsis genome was downloaded from EnsemblPlants (https:
//plants.ensembl.org/Arabidopsis_thaliana/Info/Index accessed on 8 August 2021). The
Diospyros lotus (D. lotus) genome was retrieved from PersimmonDB (http://persimmon.
kazusa.or.jp accessed on 1 August 2022).

2.6. Tissue-Specific Expression Analysis and Real-Time QUANTITATIVE Fluorescence PCR
(qRT-PCR) Expression Detection

Gene expression data (Reads/kb/Million, RPKM) from different tissue parts of persim-
mon were provided by Suo et al. [16]. AP2/ERF gene expression analysis by qRT-PCR under
the treatment of polyamines was studied in the tissue culture plantlet of ‘Xiaoguotianshi’. The
tissue parts were stem segment (pre-rooting) cultivated for 20 days and roots (post-rooting)
cultivated for 35 days. The polyamine type was putrescine, and 5 concentrations, including
20 mg/L, 40 mg/L, 80 mg/L, 120 mg/L, and 200 mg/L, were set. The qRT-PCR primers were
designed according to the sequences of AP2/ERF, SAMD, and CYCD genes of Oily persimmon.
SAMD and CYCD gene sequences were obtained by using Arabidopsis SAMD and CYCD gene
as queries to retrieve in Oily persimmon genome. The primer sequences are shown in Table
S1. RNA extraction, reverse transcription, and fluorescent quantitative PCR kit were all made
by Beijing Tiangen Biological Co., Ltd. The internal reference was DkActin. The qRT-PCR used
the SYBR-green dye method, and the PCR instrument was LightCycler 480 (Roche) real-time
fluorescence quantitative PCR instrument. Three biological replicates and three technical
replicates were used for qRT-PCR, with distilled water as the negative control. The PCR
procedure was: 95 ◦C for 30 s; 95 ◦C for 5 s, 55 ◦C for 30 s, and 35 cycles. The relative gene
expression was calculated by 2-∆∆ct. Correlation analysis of differential gene expressions was
performed by Corrplot R package. TAU-index value was introduced to evaluate the tissue
specificity of gene expression [18].

2.7. GO Enrichment and Protein Interaction (PPI) Analysis of AP2/ERF

The GO number of the AP2/ERF family was obtained by local annotation with Linux
using the eggNOG database. GO Enrichment was performed and visualized by the TBtools
software [18]. The STRING program, with the number of interactions 5 and the confidence
parameter 0.15, was used to predict the interaction of AP2/ERF proteins, and the regulatory
map was drawn. Species parameter chose Arabidopsis. Cytoscape 3.8.2 [20] was used for
visualizing the results of PPI.

3. Results
3.1. Identification and Sequence Information of AP2/ERF Gene Family Members in Oily Persimmon

A total of 157 genes with AP2/ERF domain were identified, accounting for 0.51%
of the total number of genes in the Oily persimmon genome. The AP2 domain con-
sists of about 65~70 amino acid residues, with highly conserved YRG and RAYD motifs
in the N-terminal and C-terminal, respectively (Figure 1A). The gene ID was named
Dk1gERF001~Dk15gERF160 according to their location on the chromosome. As shown
in Table S2, the predicted results on physicochemical properties of DkAP2/ERF protein
presented that the numbers of amino acids (No.AA) was between 118 and 639, with an
average of 281. The molecular weight (MW) of the proteins varied greatly, ranging from
13,067 Da to 70,680 Da, with an average of 31,049 Da. The average value of PI was 7.30.

http://bioinformatics.psb.ugent.be/webtools/plantcare/html/
http://bioinformatics.psb.ugent.be/webtools/plantcare/html/
https://plants.ensembl.org/Arabidopsis_thaliana/Info/Index
https://plants.ensembl.org/Arabidopsis_thaliana/Info/Index
http://persimmon.kazusa.or.jp
http://persimmon.kazusa.or.jp
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52.23% of the genes were higher than 7, and 47.77% of the genes were less than 7, indicating
that the DkAP2/ERFs were basically neutral. Except Dk12gERF127, Grand Average of
Hydropathicity (GRAVY) was all negative, suggesting that DkAP2/ERFs mainly were
hydrophilic proteins. The instability index (II) ranged from 34.23 to 83.67, with an av-
erage of 57.16. Only nine proteins had II less than 40. When the II value was above 40,
the proteins were unstable, indicating that most DkAP2/ERFs proteins were unstable
proteins. Subcellular localization (Sclo) predicted that 76% of AP2/ERF proteins were
distributed in the nucleus, 14% in extracellular distribution, and 10% in other multipoint
distribution. Among the prediction results of the transmembrane region, only Dk8gERF101
and Dk12gERF127 were predicted the transmembrane region, and only one and three
transmembrane helixes (TMHs) were detected, respectively, indicating that they might be
membrane receptor proteins related to cell signal transduction. Of the remaining proteins,
152 were located on the surface of cell membrane, indicating that DkAP2/ERFs mainly
were membrane proteins. Dk8gERF101, Dk12gERF126, and Dk13gERF128 were located
in the membrane Signal peptide (SigIP) prediction analysis, which showed that, except
Dk2gERF020, DkAP2/ERF family proteins almost had no signal peptide, which implied
they might be mainly non-secreted proteins.

The amino acid sequences of 26 deposited DkERF genes [21–24] in NCBI GenBank
were used as queries to retrieve the highest homologous ERF genes in our 157 DkAP2/ERF
genes through BLAST. As shown in Table S3, the homology between Oily persimmon
DkAP2/ERF and 26 cultivated persimmon ERF ranged from 87.05% to 100%, with an
average of 96.12%, reflecting the potentially high similarity of the ERF gene family between
Oily persimmon and cultivated persimmon.

3.2. DkAP2/ERF Gene Family Classification and Evolutionary Analysis

Referring to the classification of Nakano et al., 2006 [3], as revealed in Figure 2,
DkAP2/ERF could be assigned into four subfamilies, including ERF (126), AP2 (25), RAV
(4), and Soloist (2). The ERF subfamily was further divided into 11 groups (Group I-X and
Group VI-L), among which Group IX had the most members, followed by Group II (18),
Group X (16) and Group VI (15). Group VI-L has the smallest members. Each subgroup
contained similar exon number and intron-exon structure, implying their close evolutionary
relationship and similar functions.

A total of 157 DkAP2/ERF genes were positioned according to their physical loca-
tion (Figure 3). DkAP2/ERF genes were distributed on all 15 chromosomes. The most
distribution was displayed on Chr2 (22), followed by Chr15 (20), Chr9 (5), and Chr 11 (5)
(Figure 4A). The distribution of ERF, AP2, RAV, and Soloist subfamilies was exhibited
variable in the genome (Figure 4C). The AP2 subfamily was located on nine chromosomes,
more on Chr15 and Chr4, and the least on Chr12. The ERF subfamily existed on all
15 chromosomes, among which, Ch2, Chr15, Ch3, and Ch6 contained the most. The RAV
was only found on Chr1, Chr2, and Chr3 chromosomes. The Soloist was distributed on
Chr2 and Chr7. In addition, as revealed from Figure 3, DkAP2/ERF genes were associated
with chromosome gene density to some extent; moreover, they were more in regions with
high gene density. Most were located at both ends.

Gene duplication is one of the patterns in the acquisition of new genes. Through gene
duplication events, new functions can be evolved without the loss of the old functions or
functional fine-tuning of a gene. It has been well reported that WGD/segmental duplication,
tandem, proximal, and dispersed were the four main types of gene duplication. As shown
in Figure 4B, among 157 DkAP2/ERF genes, the largest number of genes (86) resulted
from whole-genome replication or fragment replication, accounting for 54.8%, followed by
Dispersed (51; 32.5%). Proximal replication was the least. A total of of 14 genes of Tandem
duplication (8.9%) were detected, which existed on the chromosomes of Ch1, 2, 3, 4, 13, and
15. Multiple tandem duplication events were found on Ch3. Tandem repetition, fragment
replication, and translocation are the main gene replication events that promote gene family
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expansion. The results of this study suggested that fragment replication contributed more
to AP2/ERF gene replication in Oily persimmon.
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To further study the evolutionary mechanism of DkAP2/ERF, the collinearity analysis
of the genome of the D. oleifera, A. thaliana, and another commonly used related species in
Diospyros genus D. lotus was conducted. A total of 88 (56.05%) and 4 (2.56%) homologous
genes were detected in A. thaliana and D. lotus, respectively. The four DkAP2/ERF genes
homologous to that of the D. lotus were: Dk1gERF010, Dk10gERF115, Dk12gERF122, and
Dk15gERF148, belonging to RAV, RAV subfamily, Group VI, and Group VII, respectively.
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3.3. Gene Conserved Motif and Structure Analysis of the DkAP2/ERF Family

A total of 20 conservative motifs were identified (Figure 5). On the whole, Motif 1, 2, 4,
and 5 were the four highest sharing motifs in DkAP2/ERF family. The overlapping regions
analysis between motifs and domains (Figure S1) showed that these motifs were right
located in the AP2 domain. Hence, due to their high conservation and general existence
in the AP2 domain, they could be a classic feature that distinguishes the AP2/ERF family
from other families. Motif 3, 6, and 17 were unique to the AP2 subfamily that could be used
for distinguishing this family from other subfamilies. In addition, the absence of Motif 2
was also a characteristic of the AP2 subfamily. The RAV and the Soloist subfamily had
no unique motifs. The absence of Motif 4 and motif 5 simultaneously could be used as a
marker to distinguish them from other subfamilies to some extent. In the DkERF subfamily,
each group basically contained similar conservative motif components and was basically
consistent in arrangement order. Additionally, some groups had their own characteristic
motifs, such as Motif 7, 9, 11, and 12 in Subgroup Xc; Motif 14, 15 in Group VI; and Motif 19
in Group V, whereby they could be used as feature sequences that were different from other
Groups or Subgroups. In motifs that occur less frequently, some individual motifs were
shared by several subgroups, for example, Motif 10 was shared by Group II and Group
III, and Motif 20 was shared by Subgroup IIa, Subgroup VIIIa, and Group III. The motif
features shared by different families reflected their functional and evolutionary relevance.
Those motifs that occurred less frequently indicated that the member of the corresponding
gene was special in a certain function. Interestingly, three copies of Motif 15 were found in
Dk15gERF155 in Group VI, suggesting that it may have gained a new function.

The results of gene structure analysis showed that most genes in the same cluster
had common exon/intron structures, especially in terms of the number of introns, such
as Group V and Group VI, and so on (Figure S1). Nevertheless, there were a few notable
exceptions. The number of gene subfamilies/Groups with introns is shown in Figure 4D.
In total, 64 DkAP2/ERF genes were detected to contain intron structure (accounting for
less than 40.76% of the total DkAP2/ERF genes), and the number of introns ranged from 1
to 9, among which, the number of genes containing one intron was the largest (39.06%).
DkAP2/ERF genes with intron structure mainly existed in several subfamilies. All members
of the AP2 subfamily had multiple introns, and the number of introns was higher than
that of the other three subfamilies (6–9). Three-quarters of RAV subfamily members (1–3)
and two soloist genes (2) also had introns. Most DkERF subfamily members had no intron
structure. Among the DkERF subfamily members, three groups were completely intron-free
(Group VI, Group VI-L, Group I). All Subgroup Xc members in Group V, Group VII, and
Group X had intron structure (1). In addition, there were sporadic individual sequences
with intron in Group I, Group II, Group V, Group IX, and Group VIII. In general, genes
containing intron structure accounted for 26.98% of the total DkERF genes.

In the whole DkAP2/ERF family, 71 members had complete gene structures. Eight
members only had 5′-UTR and CDS regions; twenty-two members had 3′-UTR and CDS
regions; and the remaining members only contained CDS (Figure 1B).

3.4. Analysis of cis-Acting Elements of DkAP2/ERF Gene Family

PlantCare was used to predict cis-acting elements for 2000 bp upstream of 157 DkAP2/ERF.
Twenty-five kinds of cis-acting elements with clear functional records were detected, with a
total of 4541 cis-acting elements (Table S4). The 25 cis-elements could be generally assigned
to four categories, including 5 major hormone response elements, 6 stress response ele-
ments, 11 growth and development-related elements, and 3 light-responsive elements. Light-
responsive elements were the most, accounting for 45.76% of the total deduced cis-elements.
Among the five kinds of major hormone-responsive elements, methyl jasmonate (MeJA, 572)
and abscisic acid (ABA, 441) were exhibited as the largest, which was about 4 times that of the
other three. The predicted binding sites of cis-acting elements in stress response included those
affected by stress factors such as anaerobic, low temperature, drought, pathogenic microor-
ganisms, and defense response, among which anaerobic stress (366) and drought-induced
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MYB binding sites (169) had the most elements, and wound-induced cis-acting elements had
the least (6). The meristem-specific expression of growth and development-related elements
accounted for the highest proportion. The number of cis-acting elements in a single gene
ranged from 9 to 59, with an average of 28. The types of cis-acting elements are between
3 and 14, with an average of 8. No significant difference existed in the type and quantity of
cis-acting elements among different DkAP2/ERF subfamilies (Figure 6). Overall, this gene
family contained abundant cis-acting elements that correlated with hormone action, indicating
that DkAP2/ERF has the potential to respond to multiple hormone induction.

Figure 5. SeqLogo diagrams and sequences of 20 motifs.

3.5. GO Analysis of DkAP2/ERF

We selected and visualized the top 30 GO terms (Figure 7). DkAP2/ERF could be
annotated into three main ontologies, namely, molecular function, cell component, and
biological process. Among them, the items annotated to the biological process were
the most, followed by molecular function. The number of entries annotated to the cell
component body was minimal (only 1). In molecular functions, it was mainly DNA-binding
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activity, including sequence-specific DNA-binding activity and transcription factor DNA-
binding activity. In the cellular component annotation, the DkAP2/ERF protein was
annotated primarily in the nucleus. In biological processes, DkAP2/ERF members were
annotated in the ethylene response and its signal transduction pathway, and are also
widely involved in RNA biosynthesis, nucleic acid metabolism, phosphorylation signal
transduction, nitrogen compound metabolism, and other processes.

Horticulturae 2023, 9, x FOR PEER REVIEW 14 of 26 
 

 

 
Figure 6. Data visualization and difference significance analysis of the 4 major categories of 
predicted cis−−acting elements in the DkAP2ERF subfamily and Groups. “a” means no significant 
difference existed (p > 0.5). 

3.5. GO Analysis of DkAP2/ERF 
We selected and visualized the top 30 GO terms (Figure 7). DkAP2/ERF could be 

annotated into three main ontologies, namely, molecular function, cell component, 
and biological process. Among them, the items annotated to the biological process 
were the most, followed by molecular function. The number of entries annotated to 
the cell component body was minimal (only 1). In molecular functions, it was mainly 
DNA−binding activity, including sequence−specific DNA−binding activity and 
transcription factor DNA−binding activity. In the cellular component annotation, the 
DkAP2/ERF protein was annotated primarily in the nucleus. In biological processes, 
DkAP2/ERF members were annotated in the ethylene response and its signal 
transduction pathway, and are also widely involved in RNA biosynthesis, nucleic 
acid metabolism, phosphorylation signal transduction, nitrogen compound 
metabolism, and other processes. 

Figure 6. Data visualization and difference significance analysis of the 4 major categories of predicted
cis–acting elements in the DkAP2ERF subfamily and Groups. “a” means no significant difference
existed (p > 0.5).

3.6. PPI Protein Prediction

The protein pattern of the String protein interaction database (A. thaliana) was used to
predict the interaction of 157 DkAP2/ERF proteins. The interaction network was mapped
(Figure 8A). The size of the dots on the network diagram indicated the number of lines con-
necting the proteins and the extent of interaction with other proteins in the network. Nine
DkAP2/ERF proteins had more than 10 interactions with other proteins, and Dk4gERF052
detected the most interactions with other proteins (38). A total of 72 DkAP2/ERF pro-
teins were mapped to the Arabidopsis genome, 49 of which predicted protein interactions.
Arabidopsis homologous genes corresponding to the 49 interacting proteins included AP2,
RAV, ESR1, CBF1, CBF2, CRF2, CRF4, CRF5, ERF1, ERF4, ABI4, SHN1/2/3, etc., which
played an important role in stress response, ABA, Cytokinins, lignin, waxy, keratins and
cell wall metabolism, tissue, and organ meristem, as well as auxin and ethylene synthesis,
and signal transduction. The interaction network between each Arabidopsis homologous
protein and other proteins in the database was further analyzed, from which 20 Arabidopsis
proteins were screened, which were closely related to biological processes such as root
meristem, induction, elongation, and metabolism (Table 1, Figure 9). The correspond-
ing 20 DkAP2/ERF genes belonged to seven subfamily/Groups, including AP2 subfamily,
Group III, Group IV, Group V, Group VI, Group VIII, and Group IX, and accounted for a
relatively large proportion in the AP2 subfamily and Group VI (Figure 8B).
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Table 1. Twenty important predicted DkAP2/ERF and their interactions with root growth and
development-related protein genes and functional annotation.

GeneID Protein
Identifier Interaction Protein in Network Function Annotation

Dk8gERF098 CRF2 RR12/ATHP1 Cytokinin signaling pathway
Dk12gERF123 CRF5 CRF2/CRF3/CRF5/CRF6/ARR6/ARR7/AHP3/AHP5/RR1 Cytokinin signaling pathway
Dk15gERF155 CRF4 CRF1/CRF2/CRF3/CRF4/CRF5/CRF6/CRF7/CRF8/AHP4 Cytokinin signaling pathway
Dk10gERF112 SHN1 Wax biosynthesis
Dk9gERF106 SHN2 Wax biosynthesis
Dk8gERF101 SHN3 Wax biosynthesis

Dk15gERF143 ANT CYCD3;1/STM/WUS Organs initiation and
development

Dk6gERF081 tny Stimulate cytokinin
biosynthesis

Dk13gERF130 ERF4 TPL Root elongation

Dk2gERF030 TOE2 BRX Cell proliferation and
elongation of the root

Dk9gERF103 ERF-1 Ethylene-induced inhibition
of root growth

Dk2gERF016 BBM AGL15/MYB18/WUS Root development
Dk2gERF026 ABI4 ABI1/ABI2/ABI3/ABI5/ABA1/ABA2/ABA3 ABA signaling pathway
Dk2gERF027 ESR1 MP/CUC1/WUS/CYP707A2 Auxin/ABA metabolism
Dk15gERF146 ERF1 EIN2/EIN3/EIL1/CTR1/ERF2 Ethylene signaling pathway

Dk6gERF068 ERF8 HKT1/MOR1 Growth of root/cytokinin
signaling pathway

Dk4gERF051 AIL6 AFO/WUS/MP/TG4/TGA1 In response to AUX/IAA

Dk2gERF031 RAV1 SNRK2.2/SNRK2.3/OST1/AXR3 In response to
ABA/AUX/IAA

Dk4gERF052 AP2 TPL/ZAT6/CBF1/BZIP Auxin signaling pathway

Dk7gERF086 ERF13 MYB15/AUX1/MYC2
Root development/in
response to ABA signaling
pathway
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3.7. Tissue-Specific Expression Analysis of DkAP2/ERF

The expression of DkAP2/ERF in different tissues of persimmon was investigated
based on the transcriptome data of different Oily persimmon tissues. FPKM ≥ 1 was used
as the effective expression level to initially screen the genes. A total of 116 DkAP2/ERF
genes were included in the analysis (Figure 10B).

Horticulturae 2023, 9, x FOR PEER REVIEW 18 of 26 
 

 

 
Figure 10. DkAP2/ERF gene expression in different persimmon tissues. (A) Genes with preference 
(in black) and specific expression (highlighted in red) in different tissues. (B) Heat maps of 
DkAP2/ERF expression in five tissues with FPKM value greater than or equal to 1. (C) The number 
and proportion of family distribution of tissue preference expressed genes. 

Based on the expression data of each DkAP2/ERF gene in different tissue parts, the 
TAU−index value was calculated to analyze the tissue−specific expression of the gene: 
TAU−index = 1, indicating the specific expression of the gene in a certain tissue; 
TAU−index is close to 1, indicating the expression of tissue bias. When the TAU−index is 
close to 0, it tends to be a compositional expression. DkAP2/ERF gene expression was 
detected in all five tissues tested (Figure 10B), and the genes with tissue preference 
expression were detected in each tissue (47). The number of DkAP2/ERF genes was the 
highest in the root (16). Few tissue−specific genes were expressed (3) and detected only in 
leaves (Figure 10A). No constitutive expression genes were detected. The highest number 
of tissue preference and specific expression genes were detected in the AP2 subfamily and 
Group IX. Relative to the number of genes in each subfamily/group/subgroup, a higher 
number of members with organizational preference and specific expression were detected 
in Group V and Group VII, accounting for 62.50% and 75.00%, respectively (Figure 10C). 

After the standardization of gene expression data, an expression heat map was 
drawn and expression clustering was performed. Figure 10B clearly showed the 
specificity and preference of DkAP2/ERF gene expression in different tissues. The 
overlapped color blocks in the highlighted color labeling indicated that some genes might 
be highly expressed in multiple tissues at the same time. The expression pattern of 
DkAP2/ERF gene is extensive and diverse, indicating that DkAP2/ERF gene had multiple 

Figure 10. DkAP2/ERF gene expression in different persimmon tissues. (A) Genes with preference (in
black) and specific expression (highlighted in red) in different tissues. (B) Heat maps of DkAP2/ERF
expression in five tissues with FPKM value greater than or equal to 1. (C) The number and proportion
of family distribution of tissue preference expressed genes.

Based on the expression data of each DkAP2/ERF gene in different tissue parts, the
TAU-index value was calculated to analyze the tissue-specific expression of the gene:
TAU-index = 1, indicating the specific expression of the gene in a certain tissue; TAU-index
is close to 1, indicating the expression of tissue bias. When the TAU-index is close to 0, it
tends to be a compositional expression. DkAP2/ERF gene expression was detected in all five
tissues tested (Figure 10B), and the genes with tissue preference expression were detected
in each tissue (47). The number of DkAP2/ERF genes was the highest in the root (16).
Few tissue-specific genes were expressed (3) and detected only in leaves (Figure 10A). No
constitutive expression genes were detected. The highest number of tissue preference and
specific expression genes were detected in the AP2 subfamily and Group IX. Relative to the
number of genes in each subfamily/group/subgroup, a higher number of members with



Horticulturae 2023, 9, 191 15 of 22

organizational preference and specific expression were detected in Group V and Group VII,
accounting for 62.50% and 75.00%, respectively (Figure 10C).

After the standardization of gene expression data, an expression heat map was drawn
and expression clustering was performed. Figure 10B clearly showed the specificity and
preference of DkAP2/ERF gene expression in different tissues. The overlapped color blocks
in the highlighted color labeling indicated that some genes might be highly expressed in
multiple tissues at the same time. The expression pattern of DkAP2/ERF gene is extensive
and diverse, indicating that DkAP2/ERF gene had multiple functions in persimmon growth
and development. DkAP2/ERF genes expressed specifically or preferentially in different
tissues might be related to the occurrence, development, and function of specific organs.

3.8. Expression Analysis of DkAP2/ERF Genes during Rooting and Development in Tissue Culture
SEEDLINGS Treated with Polyamine

The representative DkAP2/ERF gene was selected for qRT-PCR to preliminarily study
the expression of adventitious root generation and elongation under the action of polyamines.
The results showed that DkAP2/ERF showed different responses to polyamines. Compared
with the control, some AP2/ERF genes showed up-regulated expression and some showed
down-regulated expression. With the change of polyamine concentration, the expression
pattern of the DkAP2/ERF gene also showed different trends.

In the occurrence of adventitious roots, five expression trend profiles were detected for
the 20 tested genes, of which one profile showed a significant expression trend (p = 0.01),
including eight DkAP2/ERF genes, whose expression was continuously up-regulated with
the increase of polyamine concentration (Figure 11A), indicating that they might have
similar functions in the occurrence of adventitious root under the treatment of polyamines.
Further correlation analysis of gene expression detected seven and five pairs with signif-
icant (p < 0.05) and extremely significant (p < 0.001) expression, respectively (Figure S2;
Figure 11B). As shown in Figure 11B, significant positive and negative correlations between
genes were both revealed, among which six pairs of genes were positively correlated. More-
over, in these six pairs of genes, four pairs were significantly correlated (with 1 star mark),
and two pairs were extremely significantly correlated (with 2 stars mark). Additionally,
five pairs of negatively correlated genes were detected, among which two pairs of genes
were significantly correlated (with 2 stars). In all, these results implied that there should
be multiple DkAP2/ERF involved in adventitious root generation under the treatment of
polyamines, which had bidirectional functions of promotion and inhibition.

Three asterisks, two asterisks, and one asterisk represent the significant levels of
p < 0.001, p < 0. 01, and p < 0. 05, respectively. In the process of adventitious root elongation,
four genes with the same gene expression trend were detected under different polyamine
concentrations (p < 0.05) (Figure 11C). Correlation analysis of gene expression (Figure S3;
Figure 11D) showed that among the seven tested DkAP2/ERF genes, two and three pairs
were detected to be significantly (p < 0.05) and extremely significantly correlated (p < 0.01),
respectively. Further study on the expression correlation of six genes related to polyamine
synthesis, cell circulation, and root development showed that three DkAP2/ERF genes
exhibited extremely significant correlation with one polyamine synthesis gene (SAMDC2)
and two cell circulation genes (CYCD1, CYCD2) (p < 0.01) (Figure S3; Figure 11D). These
results implied that DkAP2/ERF gene might play an important role in adventitious root
elongation by cooperating with polyamine synthesis and cell metabolism genes.
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Figure 11. Expression patterns of DkAP2/ERF genes in response to polyamines in rooting biological
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occurrence. (D) Correlation between DkAP2/ERF gene expression after adventitious root occurrence.

4. Discussion

In this study, we systematically identified and analyzed the structure of DkAP2/ERF
genes in Diospyros for the first time in the whole genome. A total of 157 DkAP2/ERF genes
were identified, including 25 AP2 subfamily genes, 4 RAV subfamily genes, 2 soloist genes,
and 136 ERF subfamily genes. They contained at least one AP2 conserved domain com-
posed of about 60 amino acid residues, which is consistent with the structural characteristics
of AP2/ERF family genes. The DkERF subfamily contained the most gene family mem-
bers, and all the protein sequences had the AP2 conserved domain. All DkAP2 subfamily
sequences contained two AP2 conserved domains except Dk9gERF107. Three of four
sequences of the RAV subfamily had a conserved B3 domain. DkERF genes in Oily per-
simmon could be divided into 11 groups, whose phylogenetic tree structure was basically
consistent with that of Arabidopsis [3]. This phenomenon was also found in grape [26] and
other species. The similarity of AP2 sequences in the same family implies the similarity of
gene functions in the same AP2/ERF family. The above results indicated that the AP2/ERF
gene family has a relatively conservative evolutionary trend in different species, which is
consistent with that in other species [3,5,27,28].

The member numbers of the AP2/ERF gene family identified in oily persimmon
accounted for 0.51% of the genome annotation genes. A total of 229 AP2/ERF members
were screened in the chrysanthemum genome (2.53 Gb), which accounted for 0.40% of the
total chrysanthemum hypothesized protein bank [29]. In dicots, 147 members (0.54%) were
screened in the Arabidopsis genome (125 MB) [27]; 288 members (0.55%) were identified in
the sunflower (Helianthus annuus) genome (3.6 Gb) [7]. In monocots, a total of 163 members
(0.43%) were found in the rice genome (430 Mb) [30]. A total of 218 members (0.61%) were
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discovered in the sugar cane (Saccharum officinarum) genome (3.13 Gb) [31]. Therefore, it
could be implied that although the AP2/ERF family has a large number of members in
all plant species, the number of members of this family seemed no obvious relationship
with the size of the genome. In addition, it was also found that the proportion of members
of this family in the putative protein library is basically between 0.40% and 0.60%, so it
is speculated that the number of members of this family is positively correlated with the
size of the entire protein library. Altogether, these results suggested that the number of
members of the AP2/ERF family is relatively stable and there is no absolute correlation with
genome size.

Although the Motif distribution of DkAP2/ERF subfamily proteins located in the
same subgroup had high similarity, some differences in the type, quantity, and distribution
of conserved motifs still existed, suggesting that there may be functional differentiation of
DkAP2/ERF proteins in the same subgroup. However, DkAP2/ERF proteins in different
groups have the same Motif distribution, suggesting that DkAP2/ERF proteins in differ-
ent groups may also have functional redundancy. Existing studies have confirmed that
AP2/ERF family members are widely active in various plant organs, such as roots, stems,
leaves, etc. [2]. In this study, DkAP2/ERF gene expression was detected in all examined
five tissues, further strengthening this conclusion, indicating that DkAP2/ERF family mem-
bers are correlated with every tissue and organ. Rice AP2 subfamily CRL5 [32], ERN1,
ERN2, and ERN3 of alfalfa (Medicago Sativa) [33], and the PUCHI gene of the Arabidopsis
ERF subfamily [12] all indicated that root growth requires the participation of multiple
AP2/ERF subfamily members. In this study, the result of gene expression tests in different
tissues showed that multiple AP2/ERF expressions were mostly found in roots, so it can be
inferred that DkAP2/ERF family members would involve in the growth and development
of cultivated persimmon roots, which supports the above conclusion.

Roots are crucial for plant anchor and for the absorption of water and nutrients from
the soil [34]. As the first sensing organ, the root has developed an effective response
mechanism to drought, salt, alkali, waterlogging, and other adverse events over the long
term [35]. Compared with other tissue parts, it is supposed to have more abundant gene
expression. In this study, more preferentially expressed genes were detected in the roots
than in other tissues, which could be explained by this. Although AP2/ERF genes are
widely involved in plant growth and development, different subfamilies or subgroups of
the same group usually have certain functional advantages. For example, the AP2 subfamily
mainly regulates the growth and development of flowers, ovule, and seeds [36,37] and
recognition of leaf epidermal cells [38]. The ERF subfamily regulates ethylene response
and hormone signal transduction [39,40], and the expression function of disease-resistance-
related genes, which play an important role in the process of stress resistance and resistance
to biological stress [41,42]. The RAV subfamily plays an important role in regulating
ethylene, brassinosteroids, biological and abiotic stresses in plants [43]. Additionally, in
the ERF subfamily, Group III was often reported involving in the regulation of cell wall
anabolic processes [44], and cytokinin response factors were usually from the Group VI
group. Therefore, all in all, this study detected that the different expressions of AP2/ERF in
tissues and organs might be explained by their functional preference.

Hormone types and proportions play a key role in root generation and development
of tissue culture seedlings. Generally, most plants can achieve an ideal rooting rate by using
appropriate IAA and IBA ratios. Persimmon is a woody fruit tree that is thought to be
hard to root. In order to improve the rooting rate, many attempts have been made, but the
effect of IAA and IBA on the rooting of persimmon was limited. As an exogenous hormone,
polyamines can promote the induction and elongation of roots [45]. However, no relevant
application has been reported in cultivated persimmon, and studies on its mechanism are
lacking too. In our previous experiments, we found that putrescine could significantly
promote the root generation and development of persimmon seedlings in tissue culture
(unpublished). In this study, DkAP2/ERF gene expression analysis was performed on the
mixed stem samples sampled before the root appeared under the treatment of putrescine.
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Different levels of DkAP2/ERF gene expression were detected, and different expression pat-
terns were observed with different concentrations of polyamines, indicating that AP2/ERF
gene could respond to the rooting process under the treatment of putrescine. Moreover, we
found different gene members had different external conditions to be induced expression.
Additionally, different DkAP2/ERF genes were found to have co-expression or reverse
co-expression interaction, indicating that there might be some coordination or restriction
relationship between DkAP2/ERF genes in function. Our study of DkAP2/ERF gene expres-
sion during root elongation showed similar results as well. Furthermore, the expression
analyses of several enzyme genes related to polyamine synthesis and auxin were also con-
ducted. A significant correlation of gene expression between AP2/ERF and these genes was
demonstrated, indicating possible interaction between AP2/ERF gene and other metabolic
processes during the rooting process under the treatment of polyamine.

Genome sequencing is tough for cutivated persimmon due to its high ploidy level and
high genetic/genomic complexity. Oily persimmon is a diploidy with a relatively simple
genome in the Diospyros genus. Its genome was released in 2019 [16]. Previous reports
using a variety of molecular markers and comparative transcriptome studies revealed
that Oily persimmon was one of the closest relatives to D. kaki, and may be one of its
candidate ancestors [46–48]. Hence, in theory, the genomic information of Oily persimmon
could be well used for cultivated persimmon research. In this study, the primers for gene
expression on ‘Xiaoguotianshi (2n = 6X)’ were all based on the genomic design of Oily
persimmon. The q-RT PCR results showed very good amplification, indicating that the
AP2/ERF gene identified on the related Oily persimmon should have high conservation
in cultivated persimmon, supporting the conclusion that the pioneering research resolved
a possible close relationship between these two species. Additionally, it also shows that
it is feasible to utilize the genes identified in Oily persimmon to carry out the study in
cultivated persimmon. This study was only a preliminary exploration of gene expression,
and more DkAP2/ERF genes and functions related to the occurrence and development of
persimmon adventitious roots will be further studied systematically in the future.

Through homologous mapping with Arabidopsis AP2/ERF genes and interactions pre-
dicted by the PPI protein database, 49 protein interactions were revealed in this study,
confirming the correlation of gene expression between DkAP2/ERFs in the above expression
analysis. We also predicted Arabidopsis homologous genes, including AP2, RAV, ESR1, CBF1,
CBF2, CRF2, CRF4, CRF5, ERF1, ERF4, ABI4, SHN1/2/3, etc., which corresponded to these
49 interacting DkAP2/ERF. It has been demonstrated that CTK acted on root development
by affecting vascular tissue development, root cell extension, geotropism formation, adven-
titious root and lateral root development, root meristem activity, etc. [49–51], and AHK2,
AHK3, AHK4 [52], AHPs, and ARRs [53,54] were thought as receptor genes for CTK. In the
protein network, CRF1-7, AHK2, AHK3, AHK4, and other CTK receptor proteins displayed
a close interaction relationship, and all participated in the cell cytokinin metabolism network.
The CRF gene itself has also been reported to be involved in regulating lateral root develop-
ment [55]. In this study, Dk8gERF098, Dk15gERF155, and Dk12gERF123 were detected to
have remarkable homology with CRF2, CRF4, and CRF5, respectively, indicating that they
might play roles in root growth and development. Auxin is a recognized dominant regulator
of rooting, while ethylene is a stimulating factor of adventitious root occurrence [10]. It
has been reported that the synthesis of ethylene was regulated by endogenous IAA, and
ethylene could also in turn regulate IAA transport and signal transduction [56]. Moreover,
it usually affected the process of adventitious roots by affecting auxin [57]. In this study, it
was predicted that Dk4gERF051 and Dk2gERF027 had good homologous similarity with
AIL6 and ESR1 in Arabidopsis, and that, in the protein network, AIL6 and ESR1 showed solid
interaction relationship with auxin signaling responsive genes, such as WUS, MP, TG4, etc.
Thus, it could be inferred that Dk4gERF051 and Dk2gERF027 might also be involved in the
regulation of root growth and development. In addition, some of our DkAP2/ERF were
also mapped to Arabidopsis homologs ABI4 (Dk2gERF026), RAV1 (Dk2gERF026), and ERF1
(Dk15gERF146), among which ABI4 and RAV1 are predicted to coexist in the same regulatory
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network responding to ABA signaling, which implied that these genes might participate
in ABA metabolism. The network relationship between ERF1 and EIN2, EIN3, EIL1, and
CTR1, which are the key proteins in the ethylene response, meant that Dk15gERF146 could
be involved in the ethylene response (Table 1).

In summary, the growth and development of plant adventitious is a comprehensive
process of the synthesis and signal transduction of various hormones such as ABA, IAA,
cytokinin, salicylic acid, and ethylene, as well as important physiological and biochemical
processes such as cell meristem and cell wall metabolism (Tahir et al., 2022). In this study, mul-
tiple DkAP2/ERF genes were predicted homologous or having derivational interactions with
genes related to hormone signaling pathways and physiological and biochemical processes
in Arabidopsis. Therefore, it is speculated that these genes may also regulate the growth and
development of adventitious roots in cultivated persimmon. The prediction of cis-elements
in DkAP2/ERF gene and their expression during rooting in tissue culture seedlings under
polyamines also supported the above conclusion. In the future, these genes can be used as the
focus to explore rooting mechanism and breeding. This part of the work is ongoing.
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