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Genome-wide identification and expression analysis of WOX gene family

in Trifoliate orange

MA Qingling, LIANG Beibei, YANG Li, HU Wei, LIU Yong, LIU Dechun’
(College of Agronomy, Jiangxi Agricultural University, Nanchang 330045, Jiangxi, China)

Abstract: [Objective]Abiotic stresses such as drought, low temperature and high salt are important en-
vironmental factors that affect the growth, development, yield and quality of citrus crops. Trifoliate or-
ange (Poncirus trifoliata) has strong stress resistance and is a common rootstock for improving the
stress resistance of citrus. WOX gene family is a gene family unique to plants that encodes transcription
factors, which play an important role in regulating plant growth and development and response to abiot-
ic stress. However, the potential role of WOX gene family in trifoliate orange is still unknown. The ob-
jective of this study is to investigate the phylogeny, protein structure and expression patterns of WOX
gene family in trifoliate orange under abiotic stress. [Methods]Based on genome database of trifoliate
orange, the trifoliate orange WOX family genes (PtrWOXs) were screened out to analyze their physical
and chemical properties, phylogenetic relationship, chromosomal localization, gene structure, cis-acting
elements, synteny and codon preference using bioinformatics tools. The expression levels of PtriWOXs
in different tissues of trifoliate orange were analyzed by qRT-PCR. Meanwhile, the expression patterns
of PtrWOXs in the roots, stems and leaves of trifoliate orange under cold, drought, salt and ABA stress-
es were also analyzed by qRT-PCR. [Results]A total of 10 WOX family genes were screened out from
genomic database of trifoliate orange. These genes were unequally distributed on 7 chromosomes, of
which PtrWOXI1 was located on chromosome number 1, PtrWOX6 and PtriWOX9 were located on chro-

mosome number 2, PtrWOXI1 was located on chromosome number 3, PtrWOX5 was located on chro-
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mosome number 4, PtrWOX4 and PtrWOXI10 were located on chromosome number 5, PtrWUS and
Ptrw0OX13 were located on chromosome number 7, and PtrWOX3 was located on chromosome number
8. All of the PtrWOX proteins contained the conserved homeotic domain of ‘helix-loop-helix-turn-he-
lix”. The results of the physical and chemical properties analysis showed that the PtrWOX proteins
were all hydrophilic proteins. Subcellular localization prediction analysis showed that PtrWOX proteins
were mainly localized in the nucleus. Phylogenetic analysis showed that the 10 PtrWOX proteins could
be divided into modern clade (PtrWUS, PtrWOXI, PtrWOX3 to PtrWOX6), intermediate clade
(Ptrw0OX9 and PtrwOX11) and ancient clade (PtrWOXI10 and PtrWOXI3). Gene structure analysis re-
vealed that the number of introns of the WOX family genes was 1-5, and the number of exons was 2-6.
A large number of cis-acting elements associated with growth and development, phytohormone and
stress responses were found in the promoters of PtriWOXs. These cis-acting elements included the meri-
stem expression element (CAT-box) related to the regulation of plant growth and development, circadi-
an element involved in the regulation of circadian rhythms, abscisic acid response elements (ABRE) in-
volved in ABA and drought response, drought stress response element (MBS), drought and salt stress re-
sponse element (DRE1), low temperature stress response element (TCA, LTR and MYC), stress re-
sponse element (STRE), damage response element (WRE3 and WUN-motif) ), as well as defense and
stress response elements (TC-rich repeats). In addition to PirWOXS5 and PtrWOXI1, the promoters of
other PtrWOXs contained ABRE. All PtriWOXs contained at least one MYC. These results suggested
that PtrWOXs might be involved in regulating the growth and development of trifoliate orange, and also
might play an important role in regulating trifoliate orange response to hormone and abiotic stress. A
number of miRNAs that might be involved in response to abiotic stress and in regulating the expression
of PtriwOXs were identified from trifoliate orange. In these miRNAs, miR394 was involved in response
to drought stress. miR403 was involved in regulating plant response to drought and cold stresses.
miR408 played an important role in regulating drought, cold and salt stresses. Synteny analysis showed
that only two fragment repeat events, including PtrWOXI, PtrWwOX6 and PtrWOXI0, PtrWwOXI3, oc-
curred among the 10 Pt#WOXs. Synteny analysis of WOX family genes in multiple plants by MCScanX
showed that PtrWOXs had a closer relationship with dicotyledonous plants, which was consistent with
the results of phylogenetic analysis. Weak codon preference was found for the PtriWOXs. The results of
tissue expression analysis indicated that PtrWUS, PtrwOXI1, PtriWOX9 and PtrWOXI1I were expressed
at the highest level in the roots, PtrWOX4, PtrWOX10 and PtrWOX13 were expressed at the highest lev-
el in stems, and PtrIWOX6 was expressed at the highest level in leaves. Further analysis showed that the
expression of most PtrriWOXs in leaves, stems and roots was induced by several abiotic stresses. The ex-
pression changes of most PtrWOJXs in roots were more dramatic than those in leaves and stems. Further-
more, the expression levels of PrrWOX1, PtriwOX3, Ptrw0OX6, PtrwOX9 and PtrWOXI1I were induced
by cold, drought, salt and ABA in roots, suggesting these genes might play important roles in trifoliate
orange root in responses to abiotic stresses. [Conclusion] A total of ten WOX family genes in trifoliate
orange were identified in this paper, which might play important roles in various abiotic stress tolerance
in trifoliate orange.

Key words: Trifoliate orange; WOX gene family; Genome-wide analysis; Abiotic stress; Expression
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Table1 qRT-PCR primers of WOX family genes in trifoliate orange

B K 44K LSS5 - 37) NHESIFAIG =37

Gene name Forward primer sequences (57 = 37) Forward primer sequences (57 = 37)
PtrActin CATCCCTCAGCACCTTCC CCAACCTTAGCACTTCTCC

PtrwUS GTAGCAGTGTTGTTGGCG ATGGGAAAGAGAGGGAGG
PtrwOX1 ATGAAGCAGCAGCGGGAGAAATAC TGTTGGTGTTGGAGCTGTCTGATG
PtrwOX3 AGCAAGAGAGAGGCAAAA TTAGAAAAGGAACCACCG
PtrwOX4 CTCACGCTTGGCTGTAAACG GTTCGCATTCCTCCCCTGTA
PtrwOXS5 GCCGAGCACCGATCAGATTCAG ATACTTTGCGACGCTTCTGTCTCTC
PtrwvOX6 ACAGACAAAGAACTGGGCACCTTC TTCCCTCCCATCAAATTGTGTCCAC
PtrwOX9 CCTACAACACTCACCACCACCAATG CTGGGCTGCGTTCTTCACATCC
PtrwOX10 AGAGGCAGTTTCAGCAAGAT CTCATTCCAGCGATTTCATT
PtrwOX11 TGCTGGCTCTTCTTCATTTT CTGATGGGCATAACATTGAT
PtrwOX13 CCAAAAGGAAGCAGTTAGTG AGTGGTCTTGTGTTCGTCAT
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Table 2 Physical and chemical properties of WOX family genes in trifoliate orange

. Zi it [X ARG = p “EE R . s
Length/bp acids weight/ku index (II)

PtrwUS Pt7g019810.1 879 292 31.892 6.45 48.50 -0.928 nucl:13
PtrwOX1 Pt1g010260.1 1065 354 40.119 6.16 53.90 -0.878 nucl:13
PtrivOX3 Pt82009240.1 624 207 23.893 9.44 67.29 -0.766 nucl:9,cyto:3,plas:1
PtrivOX4 Pt5g004640.2 654 217 24.849 9.24 62.02 -0.963 nucl:10,mito:3
PtrivOXs5 Pt4g022160.1 1659 552 62.676 5.94 45.92 -0.568 cyto:8,nucl:5
Ptrw0OX6 Pt2g018980.1 1011 336 38.604 6.65 61.96 -1.124 nucl:13
PtrivOX9 Pt2g025130.1 1095 364 40.194 6.56 62.10 -0.541 pero:7,nucl:3.5,cyto_nucl:2.5,ito: 2
PtrivOX10 Pt5g000680.1 702 233 26.731 5.46 51.89 -0.788 nucl:13
PtrwOXI11 Pt32028530.1 882 293 32.348 6.97 56.90 -0.496 nucl:11,chlo:1,vacu:1
PurwOX13 Pt7g020570.3 873 290 32.143 5.99 46.58 -0.749 nucl:13

VE :nucl. 4% ; cyto. 4L 42 s plas. Ji i s mito. ZRRIAK ; pero. it EMIEEAR ; chlo. H24#4K ; vacu. TR

Note: nucl. nucleus; cyto. cytoskeleton; plas. plasma membrane; mito. mitochondrion; pero. peroxisome; chlo. chloroplast; vacu. vacuole.

1 BETF(AD IKFE(0s) EHE (Cs) B E2TH(Co EE (V) SR (Pr)WOX ERRGH LK
Fig. 1 Phylogenetic analysis of WOX proteins in Arabidopsis thaliana (At), Oryza sativa (Os), Citrus sinensis (Cs),

Citrus clementina (Cc), Vitis vinifera (Vv) and Poncirus trifoliata (Ptr)
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Fig.2 Homeodomain domain analysis of WOX family proteins in trifoliate orange
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Fig.3 Analysis of phylogenetic tree (A), gene structure (B) and protein conserved motifs (C) of the WOX family genes

in trifoliate orange
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Table 3 The prediction of miRNA related to WOX family

genes in trifoliate orange and sweet orange

HEHE A miRNA % Fr G eyt
Target gene miRNA name Inhibition
PtrWOX3(Cs8g17610.1) csi-miR477b F&fi# Cleavage
PtrWOX4(Cs3g23280.1) csi-miR408 F%fi# Cleavage
PrwOX10(Cs3g27390.1)  csi-miR1515 F# i Cleavage
csi-miR403 [%fif Cleavage
PrWOX11(Cs5g27430.1)  csi-miR3948 #11% Translation
PtrWOX13(Cs1g26550.1) csi-miR394 F&fi# Cleavage
csi-miR394 ##1%% Translation
csi-miR1515 [%ff Cleavage
csi-miR482¢ #H Translation
csi-miR827 F#fi# Cleavage
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Table 4 Analysis of codon bias of WOX family genes in trifoliate orange
B4R A AR AL 3rd codon base BIOTIEN B TME R TEN AR EERAs
Gene name T3s A3s C3s G3s fefcAar  fi%CBI 4% Fop THNe  fHHGC
PtrwuUs 0.403 0.310 0.386 0.160 0.263 0.193 0.557 43.89 0.469
PtrwOX1 0.431 0.426 0.256 0.193 0.221 -0.068 0.402 51.53 0.434
PtrivOX3 0.441 0.388 0.207 0.276 0.222 -0.060 0.394 51.96 0.443
PtrwOX4 0.289 0.331 0.308 0.339 0.172 -0.047 0.399 54.48 0.502
PtrwOX5 0.408 0.444 0.210 0.230 0.195 -0.128 0.344 52.84 0.420
PtrivOX6 0.456 0.361 0.234 0.266 0.215 -0.079 0.393 57.18 0.420
PtrvOX9 0.407 0.302 0.331 0.205 0.222 0.041 0.449 55.12 0.462
PtrwOX10 0.419 0.357 0.231 0.319 0.207 -0.085 0.384 53.38 0.452
PtrwOXl11 0.496 0.399 0.181 0.172 0.221 -0.024 0.420 46.74 0.413
PtrwoOX13 0.485 0.264 0.242 0.291 0.251 0.019 0.445 53.72 0.461
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Fig. 6 Heat map of expression levels in different tissues of WOX family genes from trifoliate orange
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