
Frontiers in Plant Science

OPEN ACCESS

EDITED BY

Shunquan Lin,
South China Agricultural University,
China

REVIEWED BY

Tangchun Zheng,
Beijing Forestry University, China
Yuanyuan Jiang,
Shaoguan University, China

*CORRESPONDENCE

Danlong Jing
jingdanlong110@126.com
Qigao Guo
qgguo@126.com

†These authors have contributed
equally to this work

SPECIALTY SECTION

This article was submitted to
Plant Development and EvoDevo,
a section of the journal
Frontiers in Plant Science

RECEIVED 21 August 2022
ACCEPTED 19 October 2022

PUBLISHED 03 November 2022

CITATION

Yu Y, Yang M, Liu X, Xia Y, Hu R, Xia Q,
Jing D and Guo Q (2022) Genome-
wide analysis of the WOX gene
family and the role of EjWUSa in
regulating flowering in loquat
(Eriobotrya japonica).
Front. Plant Sci. 13:1024515.
doi: 10.3389/fpls.2022.1024515

COPYRIGHT

© 2022 Yu, Yang, Liu, Xia, Hu, Xia, Jing
and Guo. This is an open-access article
distributed under the terms of the
Creative Commons Attribution License
(CC BY). The use, distribution or
reproduction in other forums is
permitted, provided the original
author(s) and the copyright owner(s)
are credited and that the original
publication in this journal is cited, in
accordance with accepted academic
practice. No use, distribution or
reproduction is permitted which does
not comply with these terms.

TYPE Original Research
PUBLISHED 03 November 2022

DOI 10.3389/fpls.2022.1024515
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the WOX gene family and
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regulating flowering in
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TheWUSCHEL (WUS)-related homeobox (WOX) gene family plays a crucial role

in stem cell maintenance, apical meristem formation, embryonic development,

and various other developmental processes. However, the identification and

function of WOX genes have not been reported in perennial loquat. In this

study, 18 EjWOX genes were identified in the loquat genome. Chromosomal

localization analysis showed that 18 EjWOX genes were located on 12 of 17

chromosomes. Gene structure analysis showed that all EjWOX genes contain

introns, of which 11 EjWOX genes contain untranslated regions. There are 8

pairs of segmental duplication genes and 0 pairs of tandem duplication genes

in the loquat WOX family, suggesting that segmental duplications might be the

main reason for the expansion of the loquat WOX family. A WOX transcription

factor gene named EjWUSa was isolated from loquat. The EjWUSa protein was

localized in the nucleus. Protein interactions between EjWUSa with EjWUSa and

EjSTM were verified. Compared with wild-type Arabidopsis thaliana, the 35S::

EjWUSa transgenic Arabidopsis showed early flowering. Our study provides an

important basis for further research on the function of EjWOX genes and

facilitates the molecular breeding of loquat early-flowering varieties.
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Introduction

Loquat is a subtropical evergreen fruit tree of the Rosaceae

family (Cao et al., 2013; Zhang et al., 2016). Compared with

many fruit trees, loquat has unique characteristics offlowering in

winter and fruit ripening in late spring or early summer (Jiang

et al., 2019a). Previous studies have found that EjTFL1, EjFRI,

EjFT, EjGI, EjCO, EjFD, EjSOC1, EjLEY, EjSVP, EjAP1, and

EjSPL played important roles in regulating loquat flowering

(Chen et al., 2020; Esumi et al., 2005; Jiang et al., 2019a,

2019b, 2019c; Reig et al., 2017; Liu et al., 2013; Zhang et al.,

2019a; 2016b). However, studies of transcription factors

regulating loquat flowering were still limited.

Plant flowering is regulated by both external environmental

factors and internal genetic factors. At present, the

understanding of angiosperm flowering relies mainly on the

studies offlowering regulation in the model plant Arabidopsis. In

Arabidopsis, flower bud differentiation is mainly regulated by the

photoperiod pathway, vernalization pathway, gibberellin (GA)

pathway, autonomous flowering pathway, heat-sensing pathway,

and age pathway. In this regulatory network, about 180 genes

interact to regulate Arabidopsis flowering (Bergonzi et al., 2013;

Zhou et al., 2013). Compared with Arabidopsis, the studies of

flowering regulation in woody plants are relatively lacking and

need further research.

The WOX family is a class of plant-specific transcription

factors (Feng et al., 2021). Its members possess 60-65 amino acid

residues with the helix-loop-helix-turn-helix domain (referred

to as homeodomain) and specifically bind DNA by the

homeodomain to activate or depress the expression of the

target gene in plants (Ikeda et al., 2009; Shafique Khan et al.,

2021). WOX genes were divided into three separate clades,

modern/WUS clade (WC), intermediate clade (IC), and

ancient clade (AC) according to the time of their appearance

during plant evolution (Alvarez et al., 2018). Based on

phylogenetic analysis, WOX genes were further divided into

nine subgroups (Zhang et al., 2010). In addition to the

homeodomain, some WOX proteins contain three other

functional domains: the acidic region (Rich in glutamic acid

and aspartic acid), the WUS-box (T-L-X-L-F-P-X-X, X is an

uncertain amino acid), and the EAR-like motif (X-L-X-L-X-L, X

is an uncertain amino acid). The WUS-box is critical for

regulating stem cell identity and floral meristem size. The

acidic region is the only activation domain of the WUS

proteins. In addition to the WUS-box, the EAR-like motif is

also a repression domain (Ikeda et al., 2009). The WUS gene is

the earliest gene identified in the WOX gene family (Xu, 2021).

The negative feedback loop between WUS and CLAVATA3

(CLV3) underlies the maintenance of stem cell homeostasis in

the shoot apical meristem (SAM) (Yadav, 2012; Xiao et al., 2018;

Lopes et al., 2021). Previous studies have demonstrated that

WUS protein regulates the expression of CLV3 gene in the
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organizing center and central zone by forming homodimers with

itself and heterodimers with SHOOT MERISTEMLESS (STM),

respectively. In turn, CLV3 forms a signaling complex with

CLAVATA1 (CLV1) and CLAVATA2 (CLV2) to regulate the

expression of the WUS gene in the organizing center (Daum

et al., 2014; Perales et al., 2016; Zhou et al., 2018; Su et al., 2020).

Previous studies have demonstrated that the WOX genes

regulated plant flowering and development (Tvorogova et al.,

2021). However, genome-wide identification and functional

analysis of the WOX genes in loquat have not been reported.

In this study, we systematically identified theWOX family in

the loquat genome and analyzed the chromosomal localization,

gene structure, conserved motifs, and basic characteristics of the

loquat WOX family. A WOX transcription factor gene named

EjWUSa was isolated from the triploid loquat ‘Wuhezaoyu’. The

subcellular localization of EjWUSa was observed in Nicotiana

benthamiana leaves. Meanwhile, the interactions between

EjWUSa with EjWUSa and EjSTM were verified. Finally, we

overexpressed EjWUSa in wild-type Arabidopsis for

functional analysis.
Materials and methods

Plant materials and growth conditions

Triploid loquat ‘Wuhezaoyu’was cultivated in the orchard of

loquat resources belonging to the College of Horticulture and

Landscape Architecture, Southwest University. In our previous

study, the development of loquat buds was divided into nine

stages (Jing et al., 2020), and from July to November 2021, the

loquat flower buds at 9 stages were collected from the 12 years of

triploid loquat ‘Wuhezaoyu’. After removing the superficial fluff,

the loquat flower buds were immediately frozen in liquid

nitrogen and stored in an ultra-low temperature refrigerator at

−80°C until use.

Wild-type Arabidopsis was used for stable transformation of

the EjWUSa gene. Tobacco was used in transient expression

assays. Both Arabidopsis and tobacco were grown under long-

day conditions (16 h light/8 h dark) at 22°C in a controlled

environment room. Arabidopsis leaves for qRT-PCR were

immediately frozen in liquid nitrogen and stored in an ultra-

low temperature refrigerator at −80°C until use.
Identification of the EjWOX genes
in loquat

The Hidden Markov Model (HMM) of the Homeobox

(HOX) superfamily (PF00046) was obtained at the Pfam

website (http://pfam.xfam.org/). The WOX protein sequences

in the model plant Arabidopsis were obtained from the TAIR
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database (https://www.arabidopsis.org/). TheWOX family is one

of six families in the HOX superfamily (Feng et al., 2021). The

HMM of HOX superfamily was used as a query to search for

candidate EjHOX genes in the loquat genome (The data

presented in the study are deposited in NGDC repository

accession No. GWHBOTF00000000). A total of 134 candidate

EjHOX genes were identified in loquat. The conserved domain of

candidate EjHOX genes was analyzed in NCBI (http://www.ncbi.

nlm.nih.gov). As shown in Figure S1, 18 EjHOX genes and 15

AtWOX genes were in the same branch. Therefore, 18 EjWOX

genes were finally identified in loquat and named according to

their homology with the AtWOX genes (Figure S1; Table S1).
Phylogenetic tree, multiple sequence
alignment, and characterizations analysis
of the WOX proteins

The apple genome file (V 3.0) was downloaded from the

apple information resource (GDR, https://www.rosaceae.org)

(Wang, 2021). Similar to the EjHOX genes, 130 candidate

MdHOX genes were identified in the apple genome. The

conserved domain of candidate MdHOX genes was analyzed

in NCBI. As shown in Figure S2, 17 MdHOX genes and 15

AtWOX genes were in the same branch. Therefore, 17

MdWOX genes were finally identified in apple and named

according to their homology with the AtWOX genes (Figure

S2; Table S2).

TheWOX protein sequences in the model plant tomato were

obtained from the article published by Li et al. (2018). A

phylogenetic tree including WOX proteins in loquat, apple,

Arabidopsis, and tomato was established by MEGA software (v

11.0) with the Neighbor-joining method based on the following

parameters: pairwise deletion and bootstrap analysis with 1000

replicates (Munir et al., 2016). The phylogenetic tree was

imported into the iTOL website (https://itol.embl.de/) for

further beautification. Multiple sequence alignment of WOX

proteins in loquat were analyzed using DNAMAN software (v

9.0) with the default settings. The ExPASY database (https://web.

expasy.org/protparam/) was used to forecast the characteristics

of EjWOX proteins including the coding sequence length,

theoretical isoelectric point (PI), molecular weight, and amino

acid length (Wilkins et al., 1999).
Chromosomal localization, gene
structure, conserved motif, and synteny
analysis of the EjWOX genes in loquat

The MEME suite (http://meme-suite.org/tools/meme) was

used to identify the conserved motifs (Bailey et al., 2009).

Chromosomal localization, gene structure, conserved motif,
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and synteny analysis of the EjWOX genes were visualized

using TBtools software (v 1.098763) (Chen et al., 2020).
Cloning and sequence analysis of genes
and promoter

Genes and promoter sequences were obtained in the loquat

genome. Gene was amplified from the cDNA of the triploid

loquat ‘Wuhezaoyu’ flower buds by PCR using Phanta Max

Super-Fidelity DNA polymerase (Vazyme, China). The PCR

product was ligated with the pMD19-T vector. Then, the cloned

product was sequenced. Finally, multiple sequence alignment

was performed using DNAMAN software. Based on the same

method, the promoter was isolated from the DNA of

‘Wuhezaoyu’. The specific primers were listed in Table S3.

Then, the putative cis-acing elements on the promoter region

were found in the PlantCARE database (http://bioinformatics.

psb.ugent.be/webtools/plantcare/html/) (Wilkins et al., 2005).

The result was visualized using TBtools software.
Gene expression analysis with qRT-PCR

The total RNA was extracted by EASYspin Plus plant RNA

extraction kit (Aidlab, China), and the cDNA was synthesized

using PrimeScript™ RT reagent Kit with gDNA Eraser

(TaKaRa, Japan). qRT-PCR was performed using NovoStart®

SYBR qPCR SuperMix plus (Novoprotein, China). The loquat

EjActin gene and Arabidopsis AtActin gene were used as internal

controls, with the special primers in Table S3. Three biological

replicates were applied and data were analyzed with the 2−DDCt

method (Livak and Schmittgen, 2001).
Subcellular localization of EjWUSa

The coding sequence (without stop codon) of EjWUSa was

cloned into the modified pCAMBIA1300 vector (Jing et al.,

2020) with the special primers in Table S3. The constructed

fusion vector or empty vector was transformed into

Agrobacterium strain GV3101, respectively, and then tobacco

leaves were used for transient expression. An Olympus (BX35)

fluorescence fluorescence signals.
Bimolecular fluorescence
complementation assay

The coding sequence (without stop codon) of EjWUSa was

constructed into the pXY104 vector and the special primers with

restriction sites (Sal I and BamH I) were listed in Table S3. The
frontiersin.org
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coding sequence of EjWUSa or EjSTM was constructed into the

pXY106 vector and the special primers with restriction sites (Sal

I and BamH I) were listed in Table S3. The constructed fusion

vectors or empty vectors were transformed into Agrobacterium

strain GV3101, respectively, and then tobacco leaves were used

for transient expression. An Olympus (BX35) fluorescence

microscope (Tokyo, Japan) was used to observe the

fluorescence signals. Three independent leaves were observed.

The method was described by Liu et al. (2021).
Firefly luciferase complementation
imaging assay

The coding sequence of EjWUSa was constructed into the

pCAMBIA-CLuc vector and the special primers with restriction

sites (Sal I and BamH I) were listed in Table S3. The coding

sequence (without stop codon) of EjWUSa or EjSTM was

constructed into the pCAMBIA-NLuc vector and the special

primers with restriction sites (Sal I and BamH I) were listed in

Table S3. The constructed fusion vectors or empty vectors were

transformed into Agrobacterium strain GV3101, respectively,

and then tobacco leaves were used for transient expression. After

2 days of dark treatment, 1 mmol of fluorescein (Promega, USA)

was applied to the injection site of tobacco leaves and dark

treated for six minutes. The signals were then captured with a

CCD imaging instrument (Alliance, UK). Three independent

leaves were observed. The method was described by Liu

et al. (2021).
Arabidopsis transformation

The coding sequence of EjWUSa was cloned into the

pFGC5941 vector with the special primers in Table S3. The

constructed fusion vector was transformed into Agrobacterium

strain GV3101, and then wild-type Arabidopsis (WT) were used

for stable expression assay. The seeds of 35S::EjWUSa transgenic

Arabidopsis and WT were planted in the soil after treatment at

4°C for 24 h. Basta was used to screen 35S::EjWUSa transgenic

Arabidopsis. DNA was extracted from 35S::EjWUSa transgenic

Arabidopsis and WT leaves and then PCR was performed. RNA

was extracted from 35S::EjWUSa transgenic Arabidopsis and

WT and then expression analysis was performed using special

primers in Table S3. Finally, we obtained the T3 homozygous

35S::EjWUSa transgenic lines. We counted the bolting time and

the flowering time of 35S::EjWUSa transgenic Arabidopsis and

WT, respectively. Meanwhile, we counted the number of rosette

leaves of 35S::EjWUSa transgenic Arabidopsis and WT when the

flowering shoot was 1 cm, respectively. All data were analyzed

for significance by SPSS 26.0 software with One‐way

ANOVAs analysis.
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Results

Identification and phylogenetic tree of
EjWOX genes in loquat

The HMM of HOX superfamily was used as a query to

search for candidate EjHOX genes in the loquat genome. A total

of 134 candidate EjHOX genes were identified in the loquat

genome, and the conserved domain of candidate EjHOX genes

was analyzed in NCBI. The result showed 18 EjWOX genes were

finally identified in the loquat (Figure S1). Phylogenetic analysis

showed that the WOX proteins in loquat, apple, Arabidopsis,

and tomato were similar (Figure 1). The EjWOX genes were

classified into three well-supported clades (Figure 1). The WUS

clade had the largest number of members, 11 in total, and the

intermediate clade and ancient clade contained 4 and 3

members, respectively (Figure 1). The EjWOX genes were

divided into nine subgroups based on phylogenetic analysis

(Figure 1). Multiple sequence alignment showed that 13 amino

acid residues are strictly conserved in the homeodomain of the

EjWOX proteins, including Q and L in helix1, G in loop, P and L

in helix2, G in turn, and N, V, W, F, Q, N, and R in helix3

(Figure 2A). An extra amino acid residue in the black box was

observed in the homeodomain of the EjWOX proteins within

the WUS subgroup (Figure 2A). The amino acid residue might

be essential for their biological function. The WUS-box was
FIGURE 1

The phylogenetic tree including WOX proteins from Eriobotrya
japonica, Malus domestica, Solanum lycopersicum, and
Arabidopsis thaliana. Nine subgroups of the WOX family are
represented by different colors. WC, WUS clade. IC, intermediate
clade. AC, ancient clade. The WOX proteins in loquat are marked
with red.
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found only in EjWOX proteins within the WUS clade

(Figure 2B). The EAR-like motif was found only in EjWOX

proteins within the WUS subgroup and WOX5 subgroup

(Figure 2C). The acidic region was found only in EjWOX

proteins within the WUS subgroup (Figure 2D).
Chromosomal localization, synteny
analysis, and characterizations of the
EjWOX genes in loquat

We analyzed the localization of 18 EjWOX genes on 17

loquat chromosomes. The 18 EjWOX genes were unevenly

distributed on 12 of the 17 chromosomes (Figure 3A). No

EjWOX genes were distributed on chromosomes 7, 8, 11, 12,

and 13 (Figure 3A). Chromosomes 1, 2, 4, 10, 15, 16, and 17 had

only one EjWOX gene (Figure 3A). Chromosomes 5, 6, 9, and 14

had two EjWOX genes (Figure 3A). Moreover, chromosome 3

had the highest number of EjWOX genes, with three EjWOX

genes (Figure 3A). A total of 8 pairs of segmental duplication

genes and 0 pairs of tandem duplication genes were identified in

the loquat WOX family (Figure 3B). The length of EjWOX
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proteins ranged from 176 aa (EjWOX7) to 409 aa (EjWOX9a)

with an average of 286.94 aa (Table 1). Their molecular weights

ranged from 20.16 KDa (EjWOX7) to 45.14 KDa (EjWOX9a),

with an average of 32.25 KDa (Table 1). In addition, these

proteins might be mainly composed of basic amino acids with

isoelectric points ranging from 4.71 (EjWOX13a) to 9.26

(EjWOX4b), with an average of 7.48 (Table 1).
Conserved motif and gene structure
analysis of the EjWOX genes in loquat

The conserved motifs of the loquat WOX proteins were

analyzed using MEME program and five different motifs were

obtained (Figure 4A). All EjWOX proteins contain motif 1 and

motif 2 (Figure 4A). Sequence analysis showed that motif 1 and

motif 2 make up the homeodomain. All EjWOX proteins within

the WUS clade contain motif 4 (Figure 4A). Sequence analysis

showed that motif 4 is theWUS-box. All EjWOX proteins within

the ancient clade contain motif 3 (Figure 4A). Except for

EjWOX11b, all EjWOX proteins within the intermediate clade

contain motif 5 (Figure 4A). EjWOX proteins within the same
A

B

D

C

FIGURE 2

Multiple sequence alignment of WOX proteins in loquat. (A) Multiple sequence alignment of the homeodomain. An extra amino acid residue in
the black box was observed in the homeodomain of the EjWOX proteins within the WUS subgroup. (B) Multiple sequence alignment of the
WUS-box. (C) Multiple sequence alignment of the EAR-like motif. (D) Multiple sequence alignment of the acidic region. The identical residues
are in black boxes.
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clade contained similar motifs, indicating that they might

undertake similar biological functions (Figure 4A). We further

analyzed the exon-intron structure of the EjWOX genes. All

EjWOX genes contain introns (Figure 4B). The intron number of

EjWOX genes varied from one to three (Figure 4B). Among the

18 EjWOX genes, there were 11 genes containing untranslated

regions (Figure 4B). Only 7 EjWOX genes did not contain

untranslated regions, i.e., EjWUSa, EjWUSb, EjWOX2,

EjWOX5, EjWOX7, EjWOX11a, and EjWOX11b (Figure 4B).

The number and length of exons, introns, and untranslated
Frontiers in Plant Science 06
regions (UTRs) were conserved in EjWOX genes within the

same subgroup (Figure 4B).
Temporal expression patterns of EjWUSa
and EjWUSb in loquat flower buds

From July to November 2021, the loquat flower buds at 9

stages were collected from the 12-year-old triploid loquat

‘Wuhezaoyu’. The RNA degradation of loquat flower buds at
A

B

FIGURE 3

Chromosomal localization and synteny analysis of the EjWOX genes. (A) The chromosomal localization of the EjWOX genes. The chromosome
numbers are marked on the left of each chromosome. Gene names are marked to the right of each chromosome. The black line with the scale
on the left represents the length of the chromosomes. The colored lines within these columns represent gene density. (B) The synteny analysis
of the EjWOX genes. Syntenic gene pairs are connected by blue lines. a: The colored lines indicate gene density. b: The width of the blue lines
represents the gene density. c: LG01-LG17 represent 17 loquat chromosomes.
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the petal fall was serious, so the loquat flower buds at the petal

fall were not suitable for qRT-PCR (Figure 5A, B).

Transcriptome analysis of loquat flowers showed that WUS

might be a floral meristem identity gene (Jing et al., 2020). We

analyzed the expression levels of EjWUSa and EjWUSb in loquat

flowers at different stages. In the early stages of flower
Frontiers in Plant Science 07
development, the expression level of EjWUSa was significantly

higher than that of EjWUSb (Figure 5C), suggesting that

EjWUSa might play an important role in the transition from

the vegetative apex to reproductive apex. Therefore, we further

cloned EjWUSa from loquat and then investigated its role in

loquat flowering.
A B

FIGURE 4

Conserved motif and gene structure analysis of loquat WOX genes. (A) Conserved motifs in EjWOX proteins are represented by colored boxes.
(B) UTRs, exons, and introns are represented by green squares, yellow squares, and gray lines, respectively. Black lines indicate length. WC, WUS
clade. IC, intermediate clade. AC, ancient clade.
TABLE 1 The characteristics of EjWOX genes in loquat.

Gene name Gene locus Chr.no. Strand direction Location Protein

Lenth(aa) Mol.Wt.(KDa) pl

EjWUSa Eja05G013550.1 5 – 10997929-10999501 328 36.06 6.67

EjWUSb Eja03G017360.1 3 + 34685761-34687314 324 35.56 6.86

EjWOX1a Eja06G001390.1 6 + 2303751-2306980 381 43.06 6.77

EjWOX1b Eja14G019830.1 14 – 50634-53908 376 42.649 7.76

EjWOX2 Eja09G010840.1 9 + 10468783-10470302 271 30.57 8.81

EjWOX3a Eja04G017350.1 4 + 29535577-29538433 244 28.15 7.71

EjWOX3b Eja09G011670.1 9 – 11986178-11989035 237 27.28 8.97

EjWOX4a Eja15G014170.1 15 – 27685794-27687603 239 26.73 9.26

EjWOX4b Eja06G024530.1 6 – 37418904-37420581 238 26.75 9.24

EjWOX5 Eja10G018800.1 10 – 29983652-29984397 179 20.41 8.76

EjWOX7 Eja16G008720.1 16 + 6688246-6688915 176 20.16 8.76

EjWOX9a Eja01G005310.1 1 – 4323964-4327524 409 45.14 7.88

EjWOX9b Eja02G005930.1 2 – 4892997-4895908 407 45 7.19

EjWOX11a Eja03G028280.1 3 – 46141451-46144547 302 32.85 5.48

EjWOX11b Eja17G022460.1 17 – 36473574 36474613 274 30.6 8.45

EjWOX13a Eja14G000850.1 14 + 1721638- 1724233 235 27.12 4.71

EjWOX13b Eja03G018500.1 3 + 35974797- 35978213 277 31.65 5.62

EjWOX13c Eja05G011640.1 5 – 9250942- 9253815 268 30.82 5.72
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Isolation of EjWUSa from loquat

The EjWUSa was isolated from the cDNA of triploid loquat

‘Wuhezaoyu’ flowers (Figure S3), which contains three exons
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and two introns, but no untranslated region (Figure 4B). The

coding sequence of EjWUSa is 987 bp, encoding 328 amino acids

(Table 1). The EjWUSa contains four conserved domains from

the N-terminal to the C-terminal, followed by the
A B

C

FIGURE 5

Inflorescence morphology and morphological anatomy of the triploid loquat ‘Wuhezaoyu’ and the temporal expression patterns of EjWUSa and
EjWUSb in the triploid loquat ‘Wuhezaoyu’ flower buds. (A, B) Inflorescence morphology and morphological anatomy of the triploid loquat
‘Wuhezaoyu’. S1: Vegetative apex; S2: Floral meristem initiation and flower bud differentiation; S3: Rapid differentiation of floral buds; S4: Panicle
elongation; S5: Floral bud elongation with visible floral buds; S6: Elongation of branches in a panicle; S7: White corollas of floral buds; S8: Floral
anthesis and full bloom; S9: Petal fall. Bars = 2000µm. (C) The temporal expression patterns of EjWUSa and EjWUSb in the triploid loquat
‘Wuhezaoyu’ flower buds. Ejactin as an internal control. Error bars indicate Standard Error (SE) from three biological replicates. Asterisks or n.s.
indicate significant differences between EjWUSa and EjWUSb, *p<0.05, **p<0,01, **** P < 0.0001, ns, no significant difference, by One-way
ANOVAs.
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homeodomain, the acidic region, the WUS-box, and the EAR-

like motif (Figure 2). The EjWUSa promoter was cloned from

the DNA of the triploid loquat ‘Wuhezaoyu’ leaves (Figure S3;

Table S4). We further analyzed the binding elements on the

EjWUSa promoter (Figure S4). The result showed that the

EjWUSa promoter contains one CAT-box related to meristem

expression (Figure S4) (Lin et al., 2022), suggesting that the

EjWUSa might be involved in forming the shoot apical

meristem. In addition, the EjWUSa promoter also contains

two Box4s and two TCCC-motifs (Figure S4) (Chen and Qiu,

2020), indicating that the expression of EjWUSa might be

regulated by light signals.
Subcellular localization of EjWUSa

The coding sequence (without stop codon) of EjWUSa was

cloned into the pCAMBIA1300 vector to generate a fusion

protein in tobacco cell. The green fluorescent protein (GFP) in

the control group was localized in the nucleus and cell

membrane, while the EjWUSa-GFP fusion protein in the

experimental group was localized in the nucleus (Figure 6). It

showed that the EjWUSa protein was localized in the nucleus,

consistent with the characteristics of transcription factors.
The interactions between EjWUSa with
EjWUSa and EjSTM

To investigate whether the protein interactions between WUS

and WUS and STM are conserved across species, we isolated the

EjSTM from the cDNA of the triploid loquat ‘Wuhezaoyu’ flower

buds (FigureS3;TableS5).TheBiFCassayandLCIassaywereused to
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verifywhether EjWUSa can formadimerwithEjSTMorEjWUSa in

tobacco cells. In the experimental groups, strong signals were

observed in tobacco cells, while no signals were observed in the

control groups (Figure 7). This suggested that EjWUSa formed

dimers with EjWUSa or EjSTM, respectively, which provided the

basis for the formation of a complete YFP or LUC.
Arabidopsis transformation

To investigate the function ofEjWUSa, an overexpression vector

containing the coding sequence of theEjWUSa genewas constructed

and transformed into wild-type Arabidopsis (WT). After Basta

screening and PCR identification, we obtained T3 homozygous

35S::EjWUSa transgenic lines (Figure S5). The expression level of

EjWUSa in 35S::EjWUSa transgenic lines was higher than in WT

(Figure 8D). Under the same growing conditions, WT had about 12

rosette leaves, whereas the 35S::EjWUSa transgenic lines had only

seven to nine rosette leaves (Figures 8B, C). All 35S::EjWUSa

transgenic lines had approximately 10 days early bolting and 9

days early flowering compared to WT (Figures 8A, B). In

conclusion, all 35S::EjWUSa transgenic lines showed an early

flowering phenotype compared to WT. Compared to WT, the

35S::EjWUSa transgenic lines had no significant difference in

morphological characteristics such as flower organs, leaf shape,

siliques, stems, and leaves. From the above results, EjWUSa has the

function of promoting Arabidopsis flowering.
Discussion

As a category of transcription factors regulating stem cell

fate, WOX proteins are involved in many physiological processes
FIGURE 6

Subcellular localization of EjWUSa in tobacco leaves. GFP, GFP fluorescence channel; Merged, merged image of GFP and bright field. Bars = 50 µm.
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related to plant growth and development (van der Graaff et al.,

2009; Gambino et al., 2011; Lin et al., 2012; Kanchan and Sembi,

2020). Due to advances in omics technologies, genome-wide

identification of theWOX gene family has been accomplished in

several species, including Arabidopsis, sorghum, maize, tobacco,

potato, walnut, and sweet orange. These plants contain 15, 11,

21, 10, 8, 14, and 8 WOX genes, respectively (2020;

Vandenbussche et al., 2009; Zhang et al., 2010; Li et al., 2018;

Shafique Khan et al., 2021). However, genome-wide

identification and function of the WOX genes have not been

reported in loquat. In the present study, we performed the

genome-wide identification of the WOX gene family in loquat.

Meanwhile, we further investigated the role of EjWUSa in

loquat flowering.

A total of 18 EjWOX genes were identified in the loquat

genome (Table S1). Like the AtWOX genes, the EjWOX genes

can be divided into three clades or nine subgroups. Nevertheless,

the homologs of Arabidopsis AtWOX6, AtWOX10, and

AtWOX14 could not be found in loquat (Figure 1). The

substitutability of WOX genes might make their loss possible

(Feng et al., 2021). Gene duplication is the main reason for gene

family expansion (Feng et al., 2021). In our study, 8 pairs of

segmental duplication genes and 0 pairs of tandem duplication

genes were identified in the loquat WOX family (Figure 3B),

suggesting that segmental duplications might be the main reason
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for the expansion of the loquatWOX family. The homeodomain

is conserved in the WOX gene family among different species

and maintains the functional integrity of WOX genes (Zhang

et al., 2010; Kanchan and Sembi, 2020). As shown in Figure 2A,

the 11th amino acid residue (In the black box) in helix 2 of the

homeodomain is not strictly conserved in loquat WOX proteins,

which differs from that of other species, such as apple (Figure

S6), walnut, tomato, potato, rice, sorghum, maize, Arabidopsis,

and poplar (Zhang et al., 2010; Li et al., 2018; Chang et al., 2019).

We found a fragment of the EjWUS proteins consisting of 10

amino acids residues, rich in glutamate residues and aspartate

residues, and with the same number of acidic residues as the

AtWUS protein (Figure 2D). It should be considered as an acidic

region. Therefore, the acidic region is not a conserved domain

specific to the AtWUS protein. However, the acidic region was

not detectable in WUS proteins in rice, sorghum, or maize

(Zhang et al., 2010). The EjWOX genes within the ancient clade

were more conserved in the number and length of exons,

introns, and UTRs compared to those within the intermediate

and modern clades, consistent with previous studies (Figure 4B)

(Deveaux et al., 2008).

EjWUSa was shown to interact with EjWUSa and EjSTM

(Figure 7), consistent with studies in Arabidopsis (Perales et al.,

2016; Zhou et al., 2018). This suggested that protein interactions

between WUS with WUS and STM might be conserved across
A

B

FIGURE 7

Protein interactions between EjWUSa with EjWUSa and EjSTM. (A) Protein interactions between EjWUSa with EjWUSa and EjSTM were
demonstrated in the BIFC assay. The scale bar is 20 mm. (B) Protein interactions between EjWUSa with EjWUSa and EjSTM were demonstrated in
the LCI assay.
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species. In Arabidopsis, AtWOX proteins were essential for

embryonic patterning, stem cell maintenance, and organ formation

(Ji et al., 2010). AtWOX2 was involved in the formation of apical-

basal axis (2008; Palovaara, 2010). The wox3/prs1 mutant

Arabidopsis exhibited short stature, abnormal sepal number and

morphology, and the absence of stamens and stipules (Shimizu et al.,

2009). OsWOX3A, which is the rice homolog of AtWOX3, was

involved in the pleiotropic effects of organ development (Cho et al.,

2013). As a homolog ofAtWOX9, Cymose PetuniaWOX9 played an

important role in the inflorescence development (Rebocho et al.,

2008). AtWOX13 and AtWOX14 played important roles in the

development of roots and the formation of floral organs (Deveaux

et al., 2008). AtWOX5 maintained the maintenance of stem cell

homeostasis in the root apical meristem (RAM) (Sarkar et al., 2007;

Nardmann et al., 2009; Tian et al., 2014). In Arabidopsis shoot and

floralmeristems, theAtWUS gene was required for stem cell identity

(Schoof et al., 2000; Nardmann et al., 2007).When theAtWUS gene

was mutated, it caused an early termination of inflorescence

meristem (Laux et al., 1996). Arabidopsis overexpressing the

AtWUS gene showed ectopic flower bud growth and callus-like

formation (Xu et al., 2005). Functional verification of theWUS gene

in other plants has been reported. For example, overexpressionof the

GhWUS gene increased the embryogenic callus formation in
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Gossypium hirsutum (Xiao et al., 2018). WUS protein has anti-

virus activity by repressing MTase expression (Xu, 2021). In this

study, 35S::EjWUSa transgenic Arabidopsis exhibits early flowering

(Figure 8). Unlike studies in Arabidopsis, we did not find the callus-

like tissue on the stems of transgenic lines. Multiple sequence

alignment showed that the similarity between EjWUSa and

AtWUS was only 32.94%, which might lead to their functional

differences (Figure S7). This also reflects the difference in genetic

information between woody plants and herbs.
Conclusions

We reported the first genome-wide identification of the

WOX family in perennial loquat. In the present study, 18

EjWOX genes were identified in the loquat genome. We

further analyzed the evolutionary features and basic

characteristics of the loquat WOX genes. A total of 8 pairs of

segmental duplication genes and 0 pairs of tandem duplication

genes were identified in the loquat WOX family, suggesting that

segmental duplications might be the main reason for the

expansion of the loquat WOX family. Compared with WT,

35S::EjWUSa transgenic Arabidopsis exhibits early flowering.
A

B DC

FIGURE 8

Overexpression of EjWUSa promotes Arabidopsis flowering. (A) 35S::EjWUSa transgenic lines showed early flowering compared to WT. Bars =
1cm. (B) 35S::EjWUSa transgenic lines showed early bolting compared to WT. Bars = 1cm. (C) The number of rosette leaves of 35S::EjWUSa
transgenic lines and WT while blooming. (D) The expression level of EjWUSa in 35S::EjWUSa transgenic lines and WT. The leaves of 35S::EjWUSa
transgenic Arabidopsis and WT were collected after flowering and used for qRT-PCR analysis. Error bars indicate SE from three biological
replicates. Asterisks indicate significant differences between 35S::EjWUSa transgenic lines and WT, ****p < 0.0001, by One-way ANOVAs.
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Our study provides an important basis for further research on

the function of EjWOX genes in the future and also facilitates the

molecular breeding of loquat early-flowering varieties.
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