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Genome-wide analysis of AP2/ERF 2
transcription factors that regulate fruit
development of Chinese prickly ash

Lei Ma'?", Qiangian Shi'f, Qin Ma'?, Xiaona Wang'?, Xin Chen'?, Peilin Han'?, Yingli Luo'?, Haichao Hu'?,
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Abstract

Background AP2/ERF is a large family of plant transcription factor proteins that play essential roles in signal
transduction, plant growth and development, and responses to various stresses. The AP2/ERF family has been
identified and verified by functional analysis in various plants, but so far there has been no comprehensive study
of these factors in Chinese prickly ash. Phylogenetic, motif, and functional analyses combined with transcriptome
analysis of Chinese prickly ash fruits at different developmental stages (30, 60, and 90 days after anthesis) were
conducted in this study.

Results The analysis identified 146 ZbAP2/ERF genes that could be classified into 15 subgroups. The motif analysis
revealed the presence of different motifs or elements in each group that may explain the functional differences
between the groups. ZbERF13.2, ZbRAP2-12, and ZbERF2.1 showed high levels of expression in the early stages of fruit
development. ZbRAP2-4, and ZbERF3.1 were significantly expressed at the fruit coloring stage (R2 and G2). ZbERF16
were significantly expressed at fruit ripening and expression level increased as the fruit continued to develop. Relative
gene expression levels of 6 representative ZbAP2/ERFs assessed by RT-qPCR agreed with transcriptome analysis
results.

Conclusions These genes identified by screening can be used as candidate genes that affect fruit development.
The results of the analysis can help guide future genetic improvement of Chinese prickly ash and enrich our
understanding of AP2/ERF transcription factors and their regulatory functions in plants.
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Background

The Rutaceae family includes many important fruits tree
species, such as grapefruit (Citrus paradisi), orange (Cit-
rus aurantium), tangerine (Citrus reticulata), and Chi-
nese prickly ash (Zanthoxylum bungeanum). The ripe
fruit are utilized, so fruit quality is a key factor in deter-
mining the economic value. Fruit development directly
affects the quality of the fruit at maturity, and under-
standing the genetic regulation of fruit development
can be helpful in improving these plants. The AP2/ERF
family of transcription factors (TF) family includes pro-
teins that are ubiquitous in a variety of plants and with
functions involved in plant growth and development, as
well as in biotic and abiotic stress responses [1]. Under-
standing the basis for gene regulation by these transcrip-
tion factors has great application value in crop genetic
engineering and breeding. Transcriptional factors bind
specifically to cis-acting elements in eukaryotic gene
promoters to control gene expression [2]. Interactions
with other proteins may further activate or inhibit gene
expression to ensure that a target gene is expressed to a
specific level at a particular time and location. All AP2/
ERF members contain a DNA-binding AP2 domain,
consisting of 60 to 70 amino acids [3]. According to the
number and similarity of AP2 domains and the presence
or absence of other domains, AP2/ERF transcription fac-
tors can be classified into five subfamilies: APETALA2
(AP2), Ethylene-responsive factor (ERF), Dehydration-
responsive element binding protein (DREB), Related to
ABI3/VP1 (RAV), and Soloist. Most proteins are in the
ERF and CBF/DREB subfamilies [4]. ERF and DREB sub-
family proteins contain one AP2 domain, the AP2 sub-
family contains two repeated AP2 domains, and the RAV
subfamily proteins contain an AP2 domain and a highly
conserved B3 domain [1, 2]. The Soloist group contains
one AP2 domain and forms a separate group because it
is structurally distinct from other members of the AP2/
ERF family. Despite the highly conserved sequence of
the AP2 domain, each subfamily has a completely differ-
ent DNA-binding element. The ERF subfamily is further
subdivided into B1 ~ B6 subgroups, which can bind GCC-
box (AGCGCCC) elements; the DREB subfamily can be
divided into A1 ~ A6 subgroups, which can bind dehydra-
tion response elements/C-repeat and RCCGCC elements
[4]. There are two tandemly repeated AP2 domains in the
AP2 subfamily that do not bind to the GCC-box but to
the GCAC(A/G)N(A/T)TCCC(A/G)ANG(C/T). As well,
the RAV subfamily binds to elements such as CACCTG
and CAACA [5, 6].

Several studies have identified and validated that AP2/
ERF transcription factors can regulate different peri-
ods of plant development and different response pat-
terns to stresses, such as reproductive development, cell
proliferation, abiotic and biotic stress responses, and
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phytohormonal responses [1, 7]. The AP2 structural
domain was reportedly first discovered and identified
as a recurrent theme in the Arabidopsis AP2 protein,
which is involved in flower development [8]. Genes in the
AP2 subfamily have important roles in regulating organ
structure, leaf development, embryonic development,
and other organ architecture and development in plants
[9]. The RAV subfamily of genes is involved in plant hor-
mone signaling, including ethylene and auxin, and is a
major regulator of various stress responses [10]. Stress
responses and developmental stages are regulated by the
ethylene signaling pathway [11]. Ethylene promotes the
expression of specific transcription factors of the ERF
subfamily in plants. In fruit ripening, ethylene is a critical
factor, and AP2/ERF regulates ethylene metabolism [12,
13]. A significant association was found between fruit
development and the expression levels of genes from the
ERF family. ERF subfamily transcription factor PS-ERFI
regulates plum fruit ripening via the ethylene pathway
[13]. The banana AP2/ERF family gene MaERF9 posi-
tively promotes the expression of the ethylene-related
gene MaACOI and another gene, MaERFII, regulates
ethylene-mediated banana fruit ripening by negatively
regulating transcription from the promoters of MaACOI
and MaACSI [14]. Some members of the ERF subfam-
ily have been found to enhance abiotic stress tolerance
in plants and exhibit different response patterns under
abiotic stresses after characterization as candidate genes.
The AP2/ERF superfamily has been genomically charac-
terized in many species. 147 gene members were identi-
fied in Arabidopsis and 163 members were published in
rice (Oryza sativa) [15]. There are 202 family members
identified in poplar (Populus trichocarpa) [16]. Among
the gymnosperms, 88 members are in Masson pine
(Pinus massoniana) [17]. In fruit trees, there were 149
genes in grapes (Vitis vinifera) [7] and 126 members of
AP2/ERF in citrus (Citrus reticulata) [18]. A total of 146
AP2/ERF family members were identified from green and
red prickly ash, which were close to 147 and 149 in Ara-
bidopsis and grape, respectively.

The cultivation of Chinese prickly ash dates back nearly
2000 years in China. It is widely distributed in Asia, and
the medicinal value of prickly ash has long been recog-
nized. Modern medical research has identified anti-
oxidant, insecticide, anesthesia, anti-inflammatory,
analgesic, lowering blood fat, wrinkle reduction, and
anti-cancer properties [19-21]. Chinese prickly ash is an
important economic tree, and is used widely as a con-
diment and spice due to its unique numbing taste and
aroma, especially for the characteristic flavoring of hot
pots [22]. In addition, the volatile oil extracted from the
peel of the fruit has high antioxidant activity and excel-
lent free radical scavenging ability, making it attractive
for use in the cosmetic industry. Chinese prickly ash has
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a well-developed root system, is drought-resistant and
tolerant of poor soil, and has excellent soil fixing abil-
ity, making it a good ecological species to plant on bar-
ren hills for urban greening and conservation projects.
However, prickly ash is affected by site conditions and
environmental factors during industrial development,
resulting in reduced yield and stability and reducing the
medicinal and flavoring qualities of prickly ash. The low-
ered quality reduces sales, thus causing economic losses
and limiting the development of the industry. Therefore,
it is necessary to improve the resistance and quality of
Chinese prickly ash through genetic breeding-related
research. Given the importance of AP2/ERF transcrip-
tion factor family members is regulating fruit devel-
opment in other plant species, we hypothesized these
factors will also play important roles in Chinese prickly
ash. However, little attention has been paid to the AP2/
ERF in this species. In this work, we comprehensively
analyzed the functions, patterns, structures, and pre-
dicted protein interaction networks of ZbAP2/ERF TFs
and screened nine candidate genes by analyzing their
expression patterns in different developmental stages of
fruits. The results of the analysis can guide the molecular
breeding research of Chinese prickly ash and also help us
understand the functions of AP2/ERF superfamily in dif-
ferent plants.

Results

Identification of conserved domains and prediction of
physicochemical properties of AP2/ERF proteins in Chinese
prickly ash

A total of 146 genes containing AP2/ERF domains in
Chinese prickly ash were identified in the Pfam data-
base based on the AP2 domain number (PF00847). The
sequences of ZbAP2/ERF proteins were named based
on similarity to the AP2/ERF TF sequences of Arabi-
dopsis and the Blast results of AP2/ERF TF sequences
of other species (Supplementary Table 1). The predicted
proteins ranged in length from 121 to 694 amino acids,
with molecular weights between 13.405 and 76.253 kDa.
Their theoretical isoelectric points (pls) ranged from 4.29
to 9.98, with a mean value of 6.68, indicating that most
ZbAP2/ERF proteins are weakly acidic (Supplementary
Table 2).

Phylogenetic analysis of AP2/ERF genes and classification

The conserved domain features of AtAP2/ERF and
ZbAP2/ERF proteins were analyzed using the ClustalW
multiple sequence alignment tool and a phylogenetic tree
was constructed consisting of 146 prickly ash AP2/ERF
TFs and 146 Arabidopsis AP2/ERF TFs using MEGA-
X software (Fig. 1). The results of multiple sequence
alignment of Arabidopsis and Chinese prickly ash AP2/
ERF family genes are shown in Supplemental Fig. 1. The
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grouping of ZbAP2/ERF factors was performed with ref-
erence to the grouping method of AP2/ERF in Arabidop-
sis [23]. Referring to the grouping method of Sakuma [4],
the identified genes were divided into AP2, ERF, DREB,
RAYV, and Soloist groups. According to the classification
results, the AP2 subfamily has 21 members, the DREB
subfamily has 47 members, the ERF subfamily has 73
members, the RAV subfamily has four members, and one
gene was classified into the Soloist group. There were
fewer prickly ash genes classified into the RAV and DREB
subfamilies than in Arabidopsis (6 and 56, respectively)
but more prickly ash genes classified into AP2 and ERF
subfamilies that in Arabidopsis (18 and 65, respectively).
Prickly ash gene ZbAP2 18 is similar to At4gl3040
(Nakano) and A£079349 (Sakuma) in Arabidopsis, con-
tains an AP2 domain, but has low homology with other
subfamily genes, so was designated as Soloist based on
the previously used classification method for Arabidopsis
thaliana.

Analysis of the motifs and structural domains present in
ZbAP2/ERF family genes

Motif discovery was performed for the ZbAP2/ERF fam-
ily genes and the discovered motifs were limited to 10
(Fig. 2A-B), of which 10 motifs are shown in Supplemen-
tary Fig. 3. The results showed that Motif 1 and Motif 2
are common to all members of the family, suggesting that
these motifs are essential components of the AP2 con-
served structural domain (Fig. 2B). In terms of subfami-
lies, motifs 5 and 6 are unique to the AP2 subfamily; AP2
subfamily members ZbWRIIA.1 and ZbRAP2-7.2 contain
only one AP2 structural domain but belong to the AP2
subfamily in terms of homology, and motif analysis shows
that motif 5 is the only motif common to both, suggest-
ing that motif 5 may be the key motif for identifying the
AP2 subfamily. In the ERF subfamily there are common
motifs 1, 2, 3 and 4 and some of the members contain a
unique motif, motif 9, which can be recognized as a char-
acteristic motif of the B-6 family members according to
the phylogenetic tree. Motifs 1, 4 and 7 are present in
the soloist group, but the major difference from all other
members is that motif 4 is located near the 3’ end rather
than the 5’ end, which may be the main reason for the
lack of homology of ZBAP2 18 with all other members.
Each subfamily has some unique motifs, which are the
characteristic sequences for clustering and differentiat-
ing the AP2/ERF superfamily, and are also responsible
for the functional differences between the subfamilies.
The domains of these sequences were searched in the
NCBI-CDD database and visualized (Fig. 2C). Members
of the ZbAP2 subfamily have two concatenated, repeat-
ing AP2 domains and an additional B3 domain in ZbRAV.
The two members of the AP2 subfamily, ZbWRIIA.1 and
ZbRAP2-7.2, contain only one AP2 domain, but these
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Fig. 1 Phylogenetic tree of Chinese prickly ash and Arabidopsis AP2/ERF transcription factors. The inner circle indicates the classification of each subfam-
ily in the phylogenetic tree, and the outer circle indicates the further classification of the ERF subfamily (B1-B6) and the further classification of the DREB

subfamily (A1-A6)

two genes are highly homologous to other members of
the ZbAP2 subfamily and are classified as the ZbAP2
subfamily on the phylogenetic tree.

Comparative multiple sequence analysis of ZbAP2/ERF
family genes

All ZbAP2/ERF members exhibit two fully conserved
elements, AA and WLG, as depicted in (Fig. 3A-D). The
RAV subfamily stands out with the longest conserved
range, featuring two conserved structural domains. Addi-
tionally, only genes of the AP2 subfamily display variation
in the fully conserved WLG, with a transformation of
WLG to YLG. Moreover, while two AA elements remain
fully conserved across all members, certain members also
demonstrate variation in highly conserved elements such
as RAYD and YRG. For example, RAYD was mutated to
RT/KTYD and YRG was mutated to YKG (Fig. 3A). Four
genes from the ZbRAV family in the RAV subfamily were
found to contain AP2 structural domains within the first
60 amino acids of the 120 amino acid length and B3 struc-
tural domains in the second half of the same 120 amino
acid region. Additionally, they showed fully conserved

elements of WLG and AA, which is consistent with other
subfamilies (Fig. 3B). Similar to the ERF subfamily in
other species, the ZbERF gene contains conserved ele-
ments of YRG, AEIR, WLG, AA, and RAYD. However,
there are some variations in these elements, such as AEIR
being mutated to SEIR and RAYD being mutated to L/
HAYD (Fig. 3C). Thirteen residues in the DREB subfam-
ily are completely preserved in all ZbDREBs (Fig. 3D). As
with other plant DREB sequences, the WLG element is
completely conserved in these sequences. Additionally,
YRG, RAYD, and AA elements are highly conserved.

Analysis of the expression patterns of ZbAP2/ERF genes in
different developmental stages of fruits

Using transcriptome data, the expression profiles of 146
ZbAP2/ERF genes in the unstressed pericarp of green
prickly ash (G) and red prickly ash (R) were analyzed at
three different developmental stages (30, 60, and 90 days
after flowering) (Fig. 4). The results showed that some
genes showed increasing expression levels during the
continuous development of Zanthoxylum bungeanum
fruit. ZbERFI13.2, ZbRAP2-12, and ZbERF2.1 showed
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Fig. 2 Motif discovery and structural domain visualization of ZbAP2/ERF family genes. (A) Phylogenetic tree classification of subfamilies (AP2 subfamily
on green background, RAV subfamily on purple background, ERF subfamily on blue background, DREB subfamily on yellow background, Soloist subgroup
on pink background); (B) Motif sites and types of the ZbAP2/ERF family; (C) Structural domain sites and types of the ZbAP2/ERF family
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ZbRAP2-7.1 1 GGGQSRNWIDLEGGGVRMOOVK (TF K ZbERF003.1 1 ORYRGVRORHWGSWVSEIRHPLLK TRIWLGUFETAEFARAYDERTRL ICGP RISRTNEP ¥
ZLWRIL.1 1 KSQOOKSNNASNNN) R QRSETYRITR KIgR ZbPTI6.1 1 FRG Epwskwu\ IRDPARRVRIWLGNYDTAEH YDNpAT O LRGP DAL TNF|S M
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gmﬁ? } DFLES;E:;Q&?S\{???%% ROV K\ 1 ONYRGVRKPWGRWSABIRDRIGRCRHWLGUFDTAEH YD RLRG|SKAR TNE[E T
PRehig T R BISH 1 1 ERYRGVRRIIPWGKFAARIRDPSROGALWLGYFETAEH YDy NLRGHLAILNF[PN
Lerin S TR B ZLERF105.1 1 EHYRGVRRINPWGKYAAHIRDENKNGTVWLGYDSAIHaKAYD RLRGRKAI LNE[PL
ZORRTLL2 1 RRQRRYSSsssnNaqEaAnolr BT O RN ) ZbERF118.1 1 SMYRGVRRIPWGKYSAEIRDPFRRVRUWLGUFNTAER ALY oKk EFECMSDS OK . DK
gEaTLs 1 YUDASGGeGeRDELCSCARTE e rpd i Plan ZbERF118.2 1 SMYKGVRGPWRKYLASIRDPFORVRAWLANFK TEEH ALY oK i E FERMTES OK . [NK
ZPATLL 1 WRYEGSGGCTAFNVVCDKLER AR v Pl ZbERF4.2 1 EHFRGVRKNPWGRYAASTIRDPGKKSRVWLGNFDTAEHARAYD EFRGAKAKTNE[P L
ZBTOE3.1 1 AAWRPGOWLKLEQELKPQOK R cvis ! ZbERF1B. 1 1 QFYRGVRRIIPWGKFAABIRDSTROGIVWLGYFDSAEF Ak Ay SMRG'S SAII LNEpV
ZBWRI1A. 2 1 RRRR...DPATDASOQQONE| RS o vE K ZbERF003.2 1 ORYRGVRONHWGSWVSEIRHPLLKTRIWLGUFETAEARArDERAR L1CGP KARTNEP Y
DRAP2-7 1 AAERAAQWLNLKQELKPOQK RGVEED ZbRAP2-11.1 1 K|.FVGVROGPSGRWVABIKDTVKK IRUWLGNFETAE ¥DERAKCLLRGSNTR TNED T
2ZbPLT2 1 FLGVKSENQSLYLFQNSIVP 1 (TR K[ER] ZBERN2.1 1 HREVG P KDS|LOKVRYWLGYFDTAEFARA YD) LRGP NARTNEEL
ZbTOE3.2 1 GRLHDHEWLNLOQELKPOQQQ ol (TF K] ZbRAP2-11.2 1 KKEVG P SGKWVARIKDTTOK IRMWLGNFETAER AL AYDehak L LRGS NTRTNEAT
2bAP2.2 1 MGDASEA.AGFIDESKSEAP| Q) (TF sEx! ZbERF110.1 1 RRYRGVRONPWGKWAARLIRDEHKAARVWLANFETAE NaARAYDER AN R FRGN RAKLNEP E
ZbWRIIA.3 1 RSPTSCSSSSSNQFDKPIKRQPNNSSGRRSHI TR K 2 1 KOYRGIRORP ABTRDPRKGVRVWLGIF N TAEARA YDA 2R & 1RGK KK VNF P D
ZbRAP2-7.3 1 GGGQSRNWIDLEGGGVRMQOVKKRGP (T/F K| ZLERF1B.2 1 ESYRGVRKPWGKYAASIRDS|TRNGVVWLGIFDNAE Fak AYD SMRG'S LAIT LNEP T
ZbTOE3. 3 1 APAVPAQWLNLDQELKAQH.INKRGP (TF 1K bESR2. 1 1 PRYRGVRREPWGRYAAETRDP(OSKERHWLGNFDTAER AL AYDC| MRGIKARTNEVY
ZbABR1.1 1 ARFVGVRORPSGRWVAEIKDS(SORVRUWLGNYDTPEHARAYDERARA LRGD NARTNEAS
ZbABRL.2 1 RRYRG P ABIRDPHKAARVWLGYFDTAE JARAYDEp Y R PRGN RAK LNFP E
ZbERF3.1 1 ERYRGVRKPWGRFAASIRDP(WKK TRVWLGNFDSAEFIARAYD LRGP KAK TNEP L
ZbWINL.1 1 KKFRGVRONHWGSWVSEIRHP|LLKRRVWLGUFETAEH ARAY 1 M GRNAK TNE]P T
ZbERF098 .2 1 ERYRGVRKIPWGKFAASIRDPARNGAUWLGNFRTAEH ARAYDRRAK AFRGH SATVNEP .
ZbABR1. 3 1 RKYRGVRONPWGKWAASIRDPYKAARVWLGUFETAE JARAYDEh Al R FRGNRAKLNEPE
‘ . ZbERF1A 1 GHYRGVRREPWGKFAAETRDPAKNGAVWLGUFETAEL Ak AYDRRAN RMRGS RAL LNEP L
mawr e KNERRQETVA o ZbERFO71 1 KLYRGI WGKWAASTRDPRKGVRVWLGYFNTPERARAYD KR AR E IRGKKAKVNEPN
ZOWRIL.1 61 ME GOSREEY 16 ZbERF1.2 1 ESYRGVRRIIPWGKYAARTRDS|TRNGIVWIGNFDTAE Ak AY MRGT TAVLNEPV
ZbAP2.1 60 S NIE HvLERO ZLERNL 1 FVG P IKD 1|10k IRVWLGNFDTAER AR AYDER AL L LRGANTR TNEW P
ZOWRIIA.1 61 REDY ZbLEP.1 1 IRFLGVRRIPWGRYAASIRDR|TTKERHWLGNFDTAEH AL AYDR MRGS KARTNE\V Y
ZbAP2-3 61 M5 NF SKDEFVIY ZbWINL .2 1 KKERG] WGSWVSPICHPL LKRRWLGNFETAE AR AYDAR AN L1SGRNAK TNEP vV
ZbWRI3 59 . 1 PRELGVRRPWGRYAASTRDP|TTKERHWLGNFDTAHH AN AYDR MKG|S EARTNE|T Y
ZbAIL6 61 ZbSHN2 1 RKFRGVROROWGSWVSEHIRHP|LLKRRVWLGNFETAE FaRAYD LYNGONAK TNF[P I
ZbBEML 61 MK HMTROE Y 2ZbCRF2.1 1 g chvnogpwsxvmn IRDP|LRRVRUWLGNFDTAEH YDNpAYr O LRGP DAL TNF|S T
ZBWRIL.2 61 KTVTREEYLAT ZbCRF4 .1 1 GKFRGVROPWGKWAAEIRDPVRRVRYWLGNYDTGEH ¥D DA K LRGP DAL TNEP T
ZbAILS 61 K ZbERF119 1 SKPKGVRONKWGKWAARSTRDPFKKGRIWLGNYDTKE JAARAYE K R}LEFEARAAFEKSN I
ZbAILL 61 MK HMTROEF ZbERF112 1 SRELGVR 1KVS|sOK LRUWLGNYDKAEHNAlA YD Th AR L LRGRNAK TNET Y
ZbTOE3.1 1 K HLSKEEFVIL TLRRO ZbERF107 1 MHFRGVRRIIPWGKFAASIRDPARKGSVWLGYFDSDVIFAKAYD RMRGRKAII LNEPL
ZDWRI1A.2 58 TVTKEEY ZbWINL.3 1 KKFRGV HWGSWVSPRIIRHP|LLKRRVWLGYFETAE @3 Y I LMS GRNAK TNE|P T
bRAP2—7 61 KHLSKEEEVIL I ZDERN2.2 1 RRFVGV P SGRWVABITKDT|I 0K IRYWLGUYDTAEHS YD[E] LL N[T|R TNE[WP
ZbPLT2 6% K ZbERF3.2 1 ERYRGVRREPWGRFAAEIRDPICKKARVWLGNFDSAEL YD LRGP KAK TNF[P I
st 61 B HrA .2 1 PRFLG PWGRYAARIRDE|T TK ERHWLGIFDTAHHEAAK AYDRR AL S MKGA QAR TNF|I ¥
: I ZbERF110.2 1 RRYRGVRONPWGKWAARIRDPFKAARVWLGNFDTAEF\ARAYD R Al R FRGNKAKLNEPE
ZbWRIIA.3 61 KVSKEE
ZbPTI6.2 1 RKFRGVRREP ABIRDPNRRKRUYALG{FDTPE ¥pohal/xL0G TNEPN
ZbRAP2-7.3 61 KNI 1
ZLERFO91 1 THYRGVRREPWGKYAASIRDS|SRKGAVWLGNFDTAE: yopak.R 1RGP KA LNEP L
ZBTOE3.3 60 KHLSKEEF YL SLEROTNGE ZbERF114.1 1 RHYRG ABIRDPKKAARVWLGUFETAE ¥YDERALRFKGSKAKLNEP E
ZbERF096 1 EKYRGVRRIPWGKFAAEIRDSNRQGQVWLGNFNTAE: yorpaly NMRGO LA LNEP H
ZbERF114.2 1 RHYRGVRORP ABIRDENKAARVWLGYYDTAE J ok AYDep Ak R FKG|S KAK LNFP E
ZbCRF4.2 1 GKERG P ABIRDP/SRRVRYWLGIYDTAD ¥DNpAJr K LRGP DAL TNFP T
ZbERF110.3 1 RRYRGVROPWGKWAARIRDPFKAARVWLGIFDTAE! ypep Al RFRGNKAK LNEP E
ZbERF109.1 1 MKYMGVRORPMGKWTAETRGPRRS VRVWLSEFEDAE. ¥pRp A} EFRGLKAKLNEP L
. . . . . ZbLEP.2 1 SRELGVRREPW ABIRDP/S TKERHWLGNFDTAE YDR MRGP RARTNE\VY
121 I H Gnﬁomu KERYF RGV TAVINFD|I VIMAAGEIGPGCDA ZbERF105.2 1 EHYRGVRRIIPWGKYAARIRDPTKKGTVWLGYFDTAT YD| RLRGSKAILNFPL
ZbRAP2-7.1 121 KCGRUEARMGOF LK EAVTNF EMIGGNLDLNLGI RES 1 DKYRGVRMIPWGKWAAEIRDEF LR TRVWLGIYETAER Ak vYDoR A R IKGP A TNELK
ZbWRIL.1 121 HHH IGRVF[GNKTAYYRGLNAVINEDLSRMIKKPNHONLIDVTSS  ZbERF113.2 1 RHYRGVRONPWGKWAARSIRDPNKAARVWLGNFDTAEFIalrAy KFKGSKAKLNEPE
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Fig.3 Multiple sequence alignment of the ZbAP2/ERF family. (A) Sequence alignment of the AP2 subfamily; (B) Sequence alignment of the RAV subfam-
ily; (C) Sequence alignment of the ERF subfamily; (D) Sequence alignment of the DREB subfamily

high levels of expression in the early stages (R1 and G1)
of fruit development. ZbRAP2-4, and ZbERF3.1 were
significantly expressed at the fruit coloring stage (R2 and
G2) (Fig. 4A-B). ZbERF16 were significantly expressed at
fruit ripening and expression level increased as the fruit
continued to develop (Fig. 4A). Overall, there was little

difference in the expression patterns of ZbAP2/ERF TFs
in green and red prickly ash, suggesting these genes are
equally important for ripening in the two kinds of prickly
ash. For example, ZbERF017.1 and ZbERF016 were both
up-regulated, and ERF038.1, and ZbWRI3 were both
down-regulated in the same stages for green prickly
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Fig. 4 Expression profiles of 147 ZbAP2/ERF genes based on transcriptome data from different developmental stages of the fruit. Expression profiles of
(A) DREB subfamily; (B) ERF subfamily; (C) AP2 subfamily; (D) RAV subfamily and Soloist genes; (in |log2fold change| values). Red (R) and green (G) fruit
samples were collected at three different developmental stages: 30 days after flowering (R1 and G1), 60 days after flowering (R2 and G2), and 90 days
after flowering (R3 and G3)
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ash and red prickly ash (Fig. 4A-C). For red prickly ash,
there was high expression of most genes in the ripen-
ing stage of the fruit (R3), with increasing expression
with fruit development. ZbERFI13.2, ZbERF13.4, and
ZbERF2.1 exhibited high expression in the early stage
of fruit development (R1), with ZbERF13.2 showing the
highest expression level, and then all three genes showed
down-regulation in later stages. In green prickly ash,
most genes exhibited the highest expression levels in the
middle stage of fruit development (G2), with an overall
trend of first increasing first and then decreasing with the
development of fruit. The expression analysis suggests
that these genes play essential roles in the development
and maturity of green and red prickly ash fruits, and their
activities may be closely related to growth and develop-
ment and the biosynthesis of secondary metabolism. In
addition, transcriptome data were analyzed for differen-
tial expression (Supplementary Fig. 1). Hence, a differ-
ential gene analysis (R3vsG3, R2vsG2) was conducted on
all member genes of green and red prickly ash at the rip-
ening and fruit coloring stages. The fold change (FC) in
log2FC denotes the ratio of expression in green and red
prickly ash during the ripening period, where the log2FC
is calculated after taking the logarithm to the base of 2.
Specifically, the ripening stage of green prickly ash exhib-
ited 8 up-regulated genes and 16 down-regulated genes,
while the coloring stage showed 5 up-regulated and 7
down-regulated genes. Green prickly ash displayed 8
up-regulated genes and 16 down-regulated genes at the
ripening stage when compared with red prickly ash, and
5 up-regulated genes and 7 down-regulated genes at the
coloring stage. Notably, ZbERF13.2 was identified as an
up-regulated gene in both stages, potentially associated
with the ripening and color change of prickly ash.

The RT-qPCR results showed that the six ZbAP2/ERF
genes exhibited different expression patterns under dif-
ferent periods of fruit development. The expression pat-
terns of the six selected genes were generally consistent
with the transcriptome results (Fig. 5). Fit analysis was
done comparing RT-qPCR (bar graph) and RNA-seq
(line graph) (Fig. 5A-F), and the findings indicated that
RT-qPCR confirmed the dependability of transcriptome
sequencing. ZbERFI13.2, ZbRAP2-12, and ZbERF2.1
of red prickly ash (R) were all down-regulated and had
significantly different expression levels at each period
(Fig. 5A-C); while only ZbRAP2-12 of green prickly
ash(G) showed down-regulation (Fig. 5B). The expres-
sion levels of three genes, ZDERFI13.2, ZbRAP2-12,
and ZbERF2.1, were found to be relatively high in red
prickly ash (R) at the expansion stage compared with
other developmental periods. The expression levels of
ZbERF3.1 and ZbRAP2-4 genes were significantly higher
in green prickly ash than in red prickly ash, and the high
expression was concentrated at the fruit coloration stage
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(Fig. 5D-E). The expression levels of ZDERF016 were sig-
nificantly higher at the ripening stage than at other stages
(Fig. 5F). The color and size changes of the fruits of red
prickly ash and green prickly ash at different stages of
development (Fig. 5G).

GO and KEGG enrichment analysis

GO database, also known as Gene Ontology (GO), cat-
egorizes gene functions into three parts: cellular com-
ponent (CC), molecular function (MF), and biological
process (BP). The GO database enables the identification
of the primary functions of genes at the CC, MF, and BP
levels. A GO enrichment test was conducted on all genes
to unveil the enrichment of gene ontology terms, which
revealed statistically significant molecular functions, bio-
logical processes, and cellular components (Fig. 6A-C).
The top 25 significantly enriched GO terms are displayed,
showing that in the cellular component, 9 classes of GO
terms were significantly enriched by 145 members. For
molecular functions, 7 classes of GO terms were signifi-
cantly enriched by all member genes, while in biologi-
cal processes, 24 classes of GO terms were significantly
enriched by only 6 genes. Moreover, the KEGG enrich-
ment analysis demonstrated that only two classes of
pathways were significantly enriched by 12 genes: Spli-
ceosome and Plant-pathogen interaction (Fig. 6D).

Predicting interactions between ZbAP2/ERF proteins and
other regulatory proteins

Interactions between ZbAP2/ERF proteins and other
regulatory proteins were predicted with STRING (http://
string-db.org/) (Fig. 7). This analysis can reveal interac-
tions that involve direct physical interactions between
proteins as well as indirect interactions between func-
tionally related proteins. 15 ZbAP2/ERF genes with
robust relative expression levels were selected using
transcriptome expression profiling. Using the STRING
protein interaction database, functional relationships
among these 15 ZbAP2/ERF proteins were predicted
using the model plant Arabidopsis thaliana. The results
predicted complex interactions with multiple proteins.
ZbDREB2A.1, ZbAP2.2, ZbERF2.1, ZbERF13.2, ZbRAP2-
12, ZbRAP2-4, ZbRAP2-12, and ZbRAP2-13 were pre-
dicted to have multiple interactions with other proteins.
ZbAP2.2 was predicted to interact with ZbDREB2A.1,
RCDI1, ACBPI1, AT3G10040, PFT1, bZIP, ZAT6, DRIPI,
HSFA3, ABF2, and ACBP2. Proteins that interact with
ZbAP2/ERF proteins may share regulatory pathways
that regulate specific physiological responses and plant
growth.
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Fig. 6 GO and KEGG enrichment. (A-D) Enrichment analyses were conducted for cellular components, molecular functions, biological processes, and
KEGG pathways. The visualization depicts the size of the circle representing the number of genes, the vertical coordinate representing the GO term or
pathway, and the horizontal coordinate representing the p-value, where a smaller value indicates greater significance. Furthermore, only enriched GO

terms (i.e,, p-value less than 0.05) are displayed

Discussion

AP2/ERF family members have multiple functions in
plants, regulating growth and development, biotic and
abiotic stress-related transcriptional processes, and
affecting fruit ripening, seed germination, and mosaic
development. These transcription factors respond posi-
tively to invasion by immune pathogens, heat and freezing
damage, and drought stress [24]. The increasing availabil-
ity of plant genome sequence information has allowed
in-depth studies on the functional and evolutionary rela-
tionships of AP2/ERF transcription factors in a variety of
plants, including Arabidopsis (Arabidopsis thaliana, 147)
[1, 4], rice (Oryza sativa, 139) [1], maize (Zea mays, 214)
[25], sweet potato (Ilpomoea batatas 198) [26], Saccha-
rum spontaneum (218) [27], Cucurbita moschata (212)
[28], and pomegranate (Punica granatum, 116) [29].
However, little is known about the AP2/ERF family in
Chinese prickly ash. Therefore, we comprehensively ana-
lyzed the ZbAP2/ERF gene family in Chinese prickly ash
and completed gene family identification, gene structure

analysis, motif analysis, gene ontology annotation, and
expression pattern analysis at three developmental stages
of fruit. Although the genome sizes of the studied plants
vary widely, with 125 Mb for Arabidopsis [30], 2.3 Gb for
maize [31], and 4 Gb for prickly ash [32], they contain
similar numbers of AP2/ERF transcription factor family
members, suggesting that the number of AP2/ERF family
members may be relatively stable regardless of the size of
the plant genome. It is also illustrated above that the ERF
subfamily is characterized by the presence of only a single
AP2 structural domain, but some members with a single
AP2 structural domain have a high degree of homology
to the AP2 subfamily, and these members are classified
as the AP2 subfamily rather than the ERF subfamily [1].
Conserved motifs in transcription factors frequently play
a crucial role in gene function. These motifs are often
closely related to protein interactions, transcriptional
activity, and DNA binding [4, 33]. Like in other stud-
ies of these proteins in other plants, many conserved
motifs were found. Kizis revealed that the AP2 structural
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domain contains YRG, a conserved element associated
with DNA binding, and RAYD, a conserved element
associated with protein-protein interactions [34]. RAYD
can form an amphipathic «-helix that is key to the func-
tion of the AP2 domain [35]. Previous multiple sequence
comparisons identified a conserved YLG element in the
AP2 subfamily and highly conserved WLG elements in
the other three subfamilies, and the same pattern of con-
served motifs has been described in other reports [36,
37]. Future work should study specific motifs outside the
AP2 domain, such as the EAR motif and the EDLL motif
in B1 and B3, respectively. Previous studies described an
EDLL motif in the AP2 family, a potent plant activation
domain that can be used for the transcriptional activa-
tion of heterologous DNA-binding proteins [38]. The
conserved motif analysis in this paper shows that differ-
ent subfamilies have different motifs, suggesting different
functions. Motifs 1 and 2 are included in all families, and
are assumed to be conserved motifs in the AP2 domain.
Motifs 1, 2, 3, and 4 are present in most family mem-
bers. There are also unique motifs in subsets of genes,
such as motif 9. The phytohormone ethylene is regulated
by several factors during fruit development to ripening,
including AP2/ERF TFs [39]. In Japanese pear, PSERFI
plays vital roles in fruit development and ripening and
seven ERF family genes (PSERFla, PSERF1b, PsERF2a,
PsERF2b, PSERF3a, PsERF3b, PsERFI2) show differen-
tial expression during fruit development [13]. We found
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high expression of ZbERF2.1, ZbERF3.2, and ZbERF3.3,
which are homologous to PsERF2 and PsERF3 and to
the Arabidopsis AtERF2 and AtERF3 genes. These dif-
ferentially expressed genes may suggest some directions
for further studies of prickly ash fruit development. Our
data showed that ERF13.2 exhibits the highest expression
of the identified genes, and belongs to the ERF B-3 sub-
group like the genes mentioned above.

Green and red prickly ash were studied at different
developmental stages. Red prickly ash changed color
from green to red as it matured, while green prickly ash
did not change much (Fig. 5G). The expression level of
some genes in red prickly ash was much higher than that
in green prickly ash, and some ZbAP2/ERF genes may be
involved in regulating secondary metabolism. Modula-
tion of secondary metabolism has been reported in other
plants, such as Arabidopsis, where AtRAP2.2 specifically
regulates leaf carotenoid biosynthesis [40] and in Arte-
misia annua, where AaERFI positively regulates artemis-
inin biosynthesis [41].

Future work should explore the contributions of AP2/
ERF transcription factors to secondary metabolism in
Chinese prickly ash. These genes are also involved in
regulation of many other processes, such as response to
abiotic stresses. OsDREBIA in rice is involved in drought
stress [42], AtDREB2A in Arabidopsis is involved in salt
stress and high-temperature stress [23], and AtRAP2.2
in Arabidopsis is involved in regulating hypoxia stress
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[43]. Similarly, some AP2/ERF genes show changes
in response to abiotic stress in in Chinese prickly ash.
Although different subfamilies have different functions,
there may be shared regulatory mechanisms. The ERF
family genes AtERF4 and AtERFS, which have been iden-
tified in Arabidopsis thaliana, are associated with the
process of plant senescence. It is important to note that
chlorophyll degradation occurs naturally during plant
senescence [44]. It has been demonstrated that transcrip-
tional alterations in CitERF13, isolated from the fruit
of Citrus sinensis, a plant of the same family as Chinese
prickly ash, are closely associated with the degree of peri-
carp development. Transient translational overexpres-
sion of CitERFI3 in both tobacco and citrus pericarp
led to rapid degradation of chlorophyll, resulting in de-
greening of the pericarp. It is postulated that members of
the same ERF subfamily of genes in Chinese prickly ash
fruits may be involved in regulating color changes during
fruit development or senescence. In summary, the AP2/
ERF family of transcription factors is involved in a wide
range of regulatory pathways, including plant growth,
organ development, stress response, signal transduc-
tion, and metabolite biosynthesis. This characterization
of AP2/ERF family members will provide insight into
developmental regulatory mechanisms and help guide
plant genetic breeding. By identification and transcrip-
tional expression profiling of the AP2/ERF transcription
factor family in Chinese prickly ash, we screened ZbAP2/
ERF candidate genes related to fruit development. The
results of this work provide some guidance for genetic
improvement and molecular breeding of prickly ash and
give insight into effects of AP2/ERF transcription fac-
tors on fruit development and other plant physiological
processes.

Conclusions

A total of 146 genes encoding ZbAP2/ERF proteins with
complete AP/ERF domains were identified in this study,
and these genes were divided into the AP2, ERF, DREB,
and RAV subfamilies, with one Soloist. The ERF sub-
family was further divided into groups B1 to B6, and the
DREB subfamily was subdivided into groups Al to A6.
The conserved AP2 domain and motif composition were
analyzed for the genes and multiple sequence alignment
was performed to analyze their constituent elements.
The phylogenetic trees of ZbAP2/ERF and AtAP2/ERF
indicated close phylogenetic relationships within the
same taxa or subgroups between the two species, provid-
ing clues to their potential functions. We analyzed the
expression patterns at different stages of fruit develop-
ment (30, 60, and 90 days after flowering) in prickly ash,
with several genes exhibiting developmentally-related
changes in gene expression. The expression of some
genes in fruit development was verified by RT-qPCR,
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which matched the transcriptome expression profiles,
identifying some candidate genes for further study of
their expression and function in plant growth and organ
development.

Methods

Identification of the AP2/ERF proteins in Chinese prickly ash
AP2/ERF Proteins in Chinese prickly ash were identi-
fied by the Pfam database (http://pfam.xfam.org/) [45]
according to the AP2 domain number (PF00847). The
HMM model of the AP2 domain was used to iden-
tify candidate genes, and at least one AP2 domain
was required to be present in each protein sequence,
with a cutoff value of 0.01. All ZbAP2/ERF family gene
sequences were searched for homologous genes using
the sequence search tool of the Pfam database, and the
ZbAP2/ERF family genes were named according to the
homologous genes with the highest matches, and the
sources of the relevant homologous genes are shown
in Supplementary Table 1. Use the CD-hit online tool
(http://weizhong-lab.ucsd.edu/cdhit_suite/) to remove
repetitive sequences in the AP2/ERF transcription fac-
tor family. The putative AP2/ERF proteins were further
confirmed using BLASTP and the Conserved Domain
Database (CDD, http://www.ncbi.nlm.nih.gov/cdd/) [33].
Protein physicochemical parameters, including the num-
ber of amino acids, molecular weight, and PI value, were
predicted using ExPasy website tools (http://web.expasy.
org/protparam/) [46].

Multiple sequence alignment and phylogenetic analysis of
ZbAP2/ERF TFs

The phylogenetic tree of the AP2/ERF protein sequences
of Zanthoxylum bungeanum and Arabidopsis thali-
ana AP2/ERF protein sequences was constructed using
MEGA-X software [47]. The neighbor-joining method
was used with default parameters (the model contains
a Poisson correction). The AP2/ERF protein sequences
of Arabidopsis thaliana were obtained by downloading
from the TAIR website (http://www.arabidopsis.org/).
The phylogenetic tree file generated by MEGA software
was uploaded to the online website (https://itol.embl.de/)
[48] for further processing of the phylogenetic tree. Mul-
tiple sequence alignment of AP2/ERF protein sequences
was achieved using ClustalW and default parameters.
The alignment results and groupings were then analyzed
using ESPript3.x (https://espript.ibcp.fr/ESPript/ESP-
ript/) [49].

Conserved motif search and domain visualization of ZbAP2/
ERF TFs

The ZbAP2/ERF protein sequences of each subfam-
ily were submitted to the online website MEME (http://
meme-suite.org/tools/meme) [50] to identify motifs. The
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classical pattern was selected as the base motif discovery
pattern, and the number of motifs selected for discov-
ery was 10. The visualization of the motifs was achieved
using TBtools software according to the files generated
by the MEME website [51]. The ZbAP2/ERF sequences
were uploaded to the NCBI website to search for domains
using the Batch CD-search tool and then visualized using
TBtools software.

ZbAP2/ERF expression pattern analysis and prediction
Clustering heatmap analysis was performed and the
results were visualized using TBtools software. Enrich-
ment analyses of differentially expressed genes (DEGs)
were conducted using the OmicShare tools, which is a
freely accessible online platform for data analysis (http://
www.omicshare.com/tools) Used DEGseq2 to analyze
differentially expressed genes. Significance levels were
based on two-way ANOVA and Tukey’s test by using
GraphPad Prism 9 software.

Plant materials

Fruit samples of Zanthoxylum bungeanum (red prickly
ash) and Zanthoxylum armatum (green prickly ash)
were picked at the prickly ash demonstration planta-
tion of Northwest Agriculture and Forestry University
(N33°59'6.55"'E106°39'29.38"’). Red (R) and green (G)
fruit samples were collected at three different develop-
mental stages: 30 days after flowering (R1 and G1), 60
days after flowering (R2 and G2), and 90 days after flow-
ering (R3 and G3). These three stages respectively cor-
respond to the expansion (Fruit enlargement period),
coloring (Fruit coloring period), and ripening stages of
Chinese prickly ash fruit. Three biological replicates were
collected for each developmental stage and the harvested
fruit samples were stored in liquid nitrogen and then
transferred to an ultra-low temperature freezer at -80 °C.

RNA extraction, sequencing and RT-qPCR detection and data
analysis
TaKaRa MiniBEST Plant RNA Extraction Kit (TaKaRa,
Beijing, China) was used to extract total RNA. A Nano-
Drop 2000 spectrophotometer (Thermo Scientific,
Pittsburgh, PA, USA) was used to evaluate the purity,
concentration, and integrity of RNA samples. High-
quality RNA was used to construct cDNA libraries, and
the resulting 150-bp paired-end reads were sequenced
on the Illumina NovaSeq 6000 platform. High-quality
reads were obtained by mapping clean reads to assem-
bled transcripts and calculating gene expression levels in
fragments per kilobase per million (FPKM) by trimming
sequencing bridges and removing low-quality reads from
raw sequencing data [22].

The ToloScript RT EasyMix Kit (TOLOBIO) was used
to synthesize first strand ¢cDNA. To investigate gene
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expression patterns, 6 highly expressed ZbAP2/ERF rep-
resentative genes were selected. Primer Premier 5.0 was
used to design the RT-qPCR primers. Supplementary
Table 1 lists all primers used for RT-qPCR. To normalize
the RT-qPCR results, UBQ was used as a reference gene
[52]. RT-qPCR experiments were performed using the
CFX Connect PCR Detection System (Bio-Rad, United
States) and Q3 SYBR qPCR Master Mix (TOLOBIO). For
all samples, three biological replicates and three techni-
cal replicates of each biological replicate were used. RT-
qPCR protocols were: initial denaturation at 95 °C for
2 min, denaturation at 95 °C for 10 s, and denaturation
at 60 °C for 30 s. A total of 40 cycles were run using the
instrument’s default lysis curve program. The 272ACt
method was used to calculate gene expression levels rela-
tive to the R1 period. Statistical analysis and graphing
were performed with GraphPad Prism 9.5.0 and all data
analyzed by one-way ANOVA (95% confidence range).
The Tukey multiple comparison test was used to test for
differences.
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ZAT6 Zinc finger of Arabidopsis Thaliana 6

DRIP1 E3 ubiquitin protein ligase

HSFA3 Arabidopsis thaliana heat shock transcription factor a3
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ACBP2 Acyl-CoA-binding domain-containing protein 2
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