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Abstract Members of the WUSCHEL-related homeobox
(WOX) transcription factor family are essential for deter-
mining cell fate and regulating diverse developmental
processes in plants. Many WOX genes have been system-
atically investigated in woody plants such as Populus tri-
chocarpa, but not in Salix suchowensis. Whole-genome
sequence data for S. suchowensis is now available for
comprehensive study of WOX genes in S. suchowensis. We
thus surveyed the genome of S. suchowensis and
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demonstrated active expression of 15 WOX genes. In a
phylogenetic analysis of WOX genes, the 15 SsWOX genes
clustered among the modern/WUS, intermediate and
ancient clades similar to the WOX genes of Arabidopsis
thaliana. Based on the conserved intron/exon structure,
SsWOX genes in the same subgroup had similar conserved
exon—intron structures and motif domains. Furthermore,
among several SsWOX subgroups, WUS (Wuschel)-box
and EAR (the ERF-associated amphiphilic repression)-like
motifs were conserved. Expression profiles of WOX genes
in roots, stems and leaves indicate that SsSWOX genes have
various conserved roles in the tissues. Comparative anal-
ysis of the expression patterns in Salix suchowensis with
that of Arabidopsis suggests that different shoot regenera-
tion abilities are controlled by different WOX genes in
plants. The analysis provide an overview of differentially
expressed SsWOX genes during shoot regeneration, but
also contribute to understanding the evolution of WOX
genes in Salicaceae and the interrelations of WOX genes
and other transcription factors, providing targets for further
study.
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Introduction

WUSCHEL-related homeobox (WOX) transcription fac-
tors, a subgroup of the HB transcription factors, have a
conserved helix-loop-helix-turn-helix structure and can
control cell fate and differentiation (Cao et al. 2017).
WOXs in plants are separated on the basis of the phylo-
genetic relatedness of the homeodomain. WOXs play sig-
nificant roles in developmental and growth processes
including embryonic patterning, stem cell maintenance and
organ formation (Dolzblasz et al. 2016). The function and
evolution of WOX genes in Arabidopsis thaliana have been
well studied and characterized (Jin et al. 2017), and
recently some WOX members of Arabidopsis were shown
to be essential for organ formation, stem cell maintenance
and embryonic patterning (Laux et al. 1996; Haecker et al.
2004; Graaff et al. 2009). Arabidopsis WOX proteins also
regulate lateral organ development, embryo apical-basal
polarity patterning and stem cell maintenance in the shoot
apical meristem (SAM), root apical meristem (RAM) and
cambium (CAM; Lin et al. 2013). Because of the important
role of WOX genes in cell control and the recent avail-
ability of the full genomic sequence for the shrub willow
Salix suchowensis (Dai et al. 2014), we characterized the
WOX genes in S. suchowensis.

WOX genes have been divided into three clades, the
modern, the intermediate and the ancient clade (Liu et al.
2014). WOX genes in green algae and nonvascular mosses
including the model moss Physcomitrella patens are found
only in the ancient clade, whereas WOX genes of rice,
sorghum and maize are found in all three clades (Zhang
et al. 2010). For Arabidopsis, WUS and AtWOXI-7 belong
to the modern WUS clade; AtWOXS, -9, -11 and -12 belong
to the intermediate clade; and AtWOX10, -13 and -14 group
with the ancient clade (Graaff et al. 2009; Zhang et al.
2010). Among the modern WOX genes, Arabidopsis
WUSCHEL (AtWUS) is required, with CLV3 through a
feedback loop, for the vegetative-to-embryonic transition
and maintaining the shoot apical meristem together. The
expression of AtWUS is also especially abundant in the
organizing center in the SAM. When overexpressed,
AtWOX1 disturbs usual meristem growth (Zhang et al.
2011). AtWOX2, which participates in determining cell fate
of apical and basal cell lineages during embryonic devel-
opment, is expressed in zygotes (Breuninger et al. 2008).
By employing organ founder cells and forming the lateral
domain, AtWOX3 (PRS1) contributes to the lateral devel-
opment of floral and vegetative organs (Shimizu et al.
2009). Its function in controlling lateral organ development
can also be completely replaced by AtWUS and partly
replaced by AtWOX4 (Ji et al. 2010a). AtWOX4 is highly
expressed to control the maintenance of vascular stem cells
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in the CAM (Hirakawa et al. 2010; Suer et al. 2011).
AtWOXS5 is extremely important in the maintenance of stem
cells through a negative feedback signal via CLE40
(Oshchepkova et al. 2017), and AtWOX6 controls ovule
development (Yang et al. 2017). With respect to the
maintenance of stem cells in the SAM and RAM, AtWUS
and AtWOX5 are functionally interchangeable (Sarkar et al.
2007). Of the intermediate and ancient WOX genes, the
modern AtWOX2 in the zygote, cooperates with AsWOXS in
pre-embryo development (Breuninger et al. 2008). In the
Arabidopsis SAM, AtWOX9 takes part in differentiation by
preventing premature cell division and maintaining
appropriate timing of cell division (Yang et al. 2017). The
function and expression of the most conserved ancient
WOX proteins, AtWOX10, are still unknown. AtWOX11
and -/2 participate in root organogenesis, AtWOXI3
facilitates replum formation during fruit development and
is highly expressed in developing flowers and young sili-
ques (Romera-Branchat et al. 2013). Like AtWOX4 in the
modern WOX clade, AtWOXI14 has the same function in
controlling vascular meristem development. As a conse-
quence, the different functions of the different WOX gen-
eswill be hot topics in the future (Hirakawa et al. 2010; Ji
et al. 2010a, b; Etchells et al. 2013; Luan et al. 2013).

Salix suchowensis has wide uses worldwide, and its
growth process can have a direct impact on its quality.
However, the roles of WOX genes in S. suchowensis,
especially how WOX genes influence the regulation of
shoot regeneration are unknown. The availability of the
sequenced genome provides an opportunity for genome-
wide identification and analysis of WOX genes. We,
therefore, conducted a comprehensive investigation on
WOX genes in S. suchowensis; the study including identi-
fication of WOX-encoding sequences, phylogenetic anal-
ysis, chromosome location, exon/intron structure, gene
duplication events, conserved motif and expression pattern.
The results will provide an overview for the transcription
regulation of S. suchowensis shoot regeneration and serve
as a guideline for the future.

Materials and methods
Database search for WOX genes

RNA extraction used five tissues including tend root,
young leaves, bark, non-lignified shoot and vegetative buds
of S. suchowensis and RNA concentration was measured
using a Nanodrop 2000 spectrophotometer (Thermo Sci-
entific, Waltham, MA, USA; Dai et al. 2014). Then, DNA
residues were digested at 37 °C for 30 min by DNase
(TaKaRa, Shiga, Japan), RNA was purified using Oligotex
mRNA Mini Kit (Qiagen, Duesseldorf, Germany).
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Furthermore, cDNA was synthesized using a cDNA Syn-
thesis System Kit (Roche, Basel, Switzerland). Finally, the
genome of S. suchowensis was sequenced using Roche/454
and Illumina/HiSeq-2000 sequencing technologies. Gen-
ome annotation and predicted protein sequences for S.
suchowensis are accessible using version5_2.gff3 and
Willow.gene.pep, respectively, at website http://bio.njfu.
edu.cn/ss_wox/.

Putative WOX genes of S. suchowensis were identified
using a method similar to that used for other species (Bi
et al. 2016). The Pfam database (http://pfam.xfam.org/)
supplies the Hidden Markov Model (HMM) profile of
SsWOX transcription factors and was downloaded using
the key ID ‘PF00046° (Finn et al. 2016). To find SsWOX
gene sequences in Willow.gene.pep, we used the HMM
profile as a query in the BLASTP program with E-value
cutoff set to le-5 (Zhang et al. 2015). To validate the
accuracy of the search, we downloaded WOX protein
sequences for Arabidopsis from TAIR (http://www.arabi
dopsis.org) and for Populus trichocarpa from PlantTEDB
(http://planttfdb.cbi.pku.edu.cn/family.php?fam=WOX).

The HMMER program (hmmbuild) built a HMM model
using the WOX protein sequence alignment of Arabidopsis
and P. trichocarpa in the Stockholm format, then the
model was used to search S. suchowensis WOX protein
sequences by HMMER program (hmmsearch; Ge et al.
2016). Finally, conserved SsWOX HD domains were
confirmed using the programs SMART (http://smart.embl-
heidelberg.de/) and ClustalW (version 2.1). Boxshade
(http://www.ch.embnet.org/software/BOX_form.html) was
used to color and indicate these domain sequences.

SsWOX genes were mapped onto chromosomes (http://
bio.njfu.edu.cn/ss_wrky/version5_2.fa) using an in-house
Perl script (http://bio.njfu.edu.cn/willow_chromosome/
BuildGff3_Chr.pl). The isoelectric point (PI) and molecu-
lar weight (MW) of the predicted protein encoded by each
putative WOX gene was calculated using ExPasy site
(https://web.expasy.org/compute_pi/). Mapping of each
WOX gene to the chromosomes was depicted by Mapln-
spect software (http://mapinspect.software.informer.com/).

Phylogenetic analysis and classification of the WOX
genes in Salix suchowensis

Fifteen SsSWOX and 15 AtWOX proteins sequences were
aligned using ClustalW and default parameters to achieve a
better classification of the SsWOX genes (Larkin et al.
2007). Only HD regions of selected plants were aligned
and analyzed for the phylogenetic analysis (Larkin et al.
2007). The HD region and complete predicted amino acid
sequences were used to construct a phylogenetic tree in
MEGA?7 using the neighbor-joining (NJ) method (Kumar
et al. 2016). Bootstrap values calculated from 1000

iterations in the pairwise gap deletion mode is helpful for
determining the topology of the NJ tree and inferring
relationships among species (Bi et al. 2016). A more
detailed sequence alignment of all 15 SsSWOXs domains,
10 AtWOXs domains, 18 PtrWOXs domains, 11 O. gal-
berrima WOXs domains, 7 C. lanatus WOXs domains and
10 V. vinifera WOXs domains was performed to compare
WOXs from different species in different families.

Exon/intron structure, gene duplication events
and conserved motif distribution of WOX genes
in Salix suchowensis

The protein annotation file (http://bio.njfu.edu.cn/ss_wrky/
version5_2.gff3) and the online gene structure display
server (GSDS: http://gsds.cbi.pku.edu.cn/) were used to
obtain the exon/intron structures of WOX genes of S.
suchowensis (Bailey et al. 2006, 2015).

Gene duplication was detected in our study. Gene
duplication discovery was executed using BLASTP with
E-value cutoff set to 1e-20 and the following requirements
(Gu et al. 2002; Bi et al. 2016): (1) The percentage of
aligned sequence coverage in the long gene sequence
should exceed 80%; (2) the percentage of aligned area
similarity should exceed 70%.

Multiple expectation maximization for motif elicitation
(MEME), an online tool (http://meme-suite.org/tools/
meme), was used to find conserved motifs and identify
structural features of predicted protein sequences for the
SsWOX genes. HD regions motifs were interpreted using
the http://meme-suite.org/tools/meme website. We used the
following settings to run the MEME: the optimum motif
widths ranged from 6 to 21 residues, maximum number of
motifs was 20 and number of repetitions was “any”
(Bailey et al. 2000).

Expression of WOX genes in Salix suchowensis

To better understand the contributions of SsWOX genes to
development and physiological functions, S. suchowensis
RNA-HiSeq sequenced reads from three tissues (roots,
stems and leaves) were used to quantify expression of
WOX genes. Using the Burrows—Wheeler alignment
(BWA; Li and Durbin 2009) with mismatch < 2 bp and
other default settings, we mapped back onto the respective
SsWOX protein sequences and counted the numbers of
mapped reads for each SsWOX gene. Mapped reads were
normalized for sequencing depth and gene length by cal-
culating the number of reads per kilo base per million reads
(RPKM). R package (R Core Team, 2004-2016, GUI 1.69)
and the log2 RPKM values were used to draw a heat map to
profile tissue-specific expression of SsWOX genes in all
tissues sampled (Bi et al. 2016).
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Results

Identification and characterization of 15 WOX
proteins in Salix suchowensis

To initiate analysis of WOX proteins in S. suchowensis, we
used HMMER in protein sequences to explore the HMM
profile of the WOX DNA-binding domain, then used
BLASTP to confirmed the accuracy of the results. Fifteen
known WOX protein sequences of Arabidopsis were used
as queries in a BLASTP search of the S. suchowensis
genomic database. We obtained 18 putative WOX proteins
and further validated them using the online SMART pro-
gram. As a consequence, three proteins that lacked a
complete WOX domain were removed, and 15 probable
WOX proteins were chosen as WOX superfamily mem-
bers, close to the number of WOX proteins found in P.
trichocarpa (18), A. thaliana (15), Oryza sativa (13), and
Vitis vinifera (12).

Similar to the known clade groupings of WOX proteins
from other plants, the 15 SsSWOX proteins fall into three
major clades on the basis of the HD sequence: the modern/
WUS clade, the intermediate clade, and the ancient clade,
similar to the clustering of their Arabidopsis counterparts.
According to the Arabidopsis counterparts in S
suchowensis, the modern/WUS clade has eight SSWOXs,
which group into six subclasses: SsWUSA, SsWUSB,
SsWOX1A, SsWOXI1B, SsWOX2, SsWOX4, SsWOX5
and SsWOX6. The intermediate clade was divided into
three subclasses and consists of four SSWOXs: SsWOX9,
SsWOX11 and SsWOX12. The ancient clade possesses one
subclass, with three SsWOXs: SsWOX13 (SsWOXI13A,
SsWOX13B and SsWOXI13C). All the SsWOXs were
checked against the exon/intron organization of WOX-
coding sequences of Arabidopsis.

Figure 1 suggests that all SSWOX proteins have a highly
conserved helix-loop-helix-turn-helix domain, and most
WOX proteins contain the complete or incomplete WUS
box. The HD area includes several conserved amino acids
such as Q, L and Y in helix 1, P, I, L in helix 2, N, V, W, F,
Q, N, R and R in helix 3 and G in turn (Fig. 1). Apart from
the conserved amino acid residues, we found additional
conserved residues, including I in helix 2, F, Y in helix 3
among these WOX members.

Two copies of SsWOXs were classified as WUS
(SsWUSA and B), WOXI1 (SsWOXI1A and B) and WOX9
(SsWOX9A and B), and three copies of SSWOXs could be
classified as WOX13 (SsWOX13A, B and C). Neverthe-
less, no SsWOXs were closely related to AtWOX3,
AtWOX7, AtWOXS, AtWOX10, or AtWOX14 in Ara-
bidopsis. Similarly, close orthologs of AtWOX7,
AtWOX10, and AtWOX14 are not present in P.
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trichocarpa (Liu et al. 2014), Vitis vinifera, Picea abies
and other woody plant species.

Chromosomal location of WOX genes in Salix
suchowensis

The location of WOX genes on the chromosome provides a
better understanding of how SsWOX genes expand in the
sequenced genome of S. suchowensis. Fourteen of the fif-
teen putative SsSWOX genes could be mapped onto one or
two ends of 11 chromosomes, while no WOX genes of S.
suchowensis were located on the other 8§ chromosomes.
Most of the 15 SsWOX genes were distributed evenly
among the 11 chromosomes of S. suchowensis, with the
exception of chromosome V and X. One SsWOX gene
(sequence ID: willow_GLEAN_10001899), labeled as
SsWOXIB, could not be definitively mapped onto any
chromosome. Figure 2 provides a detailed diagram of the
WOX gene location on the chromosomes of S. suchowensis.
Chromosome (Chr) 5 has the most SsWOX genes (3), fol-
lowed by Chrl0 (2). One SsWOX gene was identified on
Chr2, Chr7, Chr9, Chrll, Chrl2, Chrl3, Chrl4, Chrl7,
Chr19 and Chr20; Chrl, Chr3, Chr4, Chr6, Chr8, Chrl5,
Chr16 and Chr18 had none.

Characteristics and functional domains of SsWOX
genes

Detailed characteristics including WOX genes sequence ID,
specific chromosomal distribution, specific group attribu-
tion, amino acid lengths, P/MW and introns of SsWOX
genes are given in Table 1. As is shown in Table 1, com-
pared to WOX protein sequences of P. trichocarpa, which
comprise from 171 to 390 amino acids (Liu et al. 2014), the
SsWOX-encoded protein sequences ranged from 213 resi-
dues (SSWOXI1A) to 450 residues (SsWOXS5), for an
average length of 279 residues. In addition, the PI varied
from 5.13 (SsWOX13C) to 9.20 (SsWOX9B), and the MW
varied from 24.26 (SsSWUSB) to 50.94 kDa (SsWOXS5).

The Arabidopsis WUS (AtWUS) protein contains three
functional domains: the acidic region, WUS box and EAR-
like motif, which contribute significantly to its transcription
factor function (Ikeda et al. 2009). Downstream of the HD
domain is a conserved WUS-box domain (TLXLFP),
which was found in the modern clade members: SsSWUS,
SsWOX2, SsWOX4, SsSWOX5 and SsWOX6, but not in
the other clades. Furthermore, there is an EAR-like domain
in the C-terminal ends of SSWUSA (Fig. 3).
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Fig. 1 Alignment of the WOX
homeodomain sequences. The

helix2

helix3

helix1 loop turn

! se SsWUSA TRILKELYY IKGVRSPNGAETQQISTRLRKY]
shaded areas indicate several
highly conserved residues R, P, SSWUSB TRILKELYYTKGVRSPNGAETQQISTRLRKY
QLPILLGNV,WFQ  AtWUS TKTLKELYYNNATRSPTADQTQKITARLRQF
N, R by alignment of the PtrWUSA IRILKELYYTKGVRSPNGAETQQISARLRKY
homeodomains in the five PtrWUSB TRTLKELYY TKGVRSPNGAETQQTSARLRKY|
anglosperms SsSWOXI1A LRTLEDLYR-RGTRTPSTDQTQDI TAQLRRY
SsWOX1B LGTLEELYR-RGTRTPSTDQIQSITAQLRRY|
AtWOX1 LRVLEELYR-QGTRTPSADHIQQITAQLRRY
PtrWOXIA LRTLEELYR-RGTRTPSTDQTQDITAQLRRY
PtrWOXIB LRTLEDLYR-RGTRTPSTDQIQDITAQLRRY
PtrWOX1C LLALEEKYS-CGVRTPTTNQTQQITSELRRR
SsWOX2 TSMLESFYS-QGTRTPSTEMIEQTTSRLKAY
AtWOX2 ITLLENLYK-EGIRTPSADQIQQITGRLRAY|
PtrWOX2A ISMLESFYS-QGTRTPSTEMIEQTASRLKAY
PtrWOX2B ISMLESFYS-QGIRTPSTEMIEQITSRLKAY
SsWOX4 IGTLEMLYR-GGMRTPNGQQTEDT TAQLSRY
AtWOX4 TGTLEMLYK-GGMRTPNAQQTEHI TLQLGKY|
PtrWOX4A IGILEMLYR-GGMRTPNGQQIEDITAQLSRY|
PtrWOX4B TGTLEMLYR-GGMRTPNGQQIEDI TAQLSRY,
SsWOX5 VKLLTDLFR-SGLRTPSTDETQNTISTQLSFY
AtWOX5 LKILTDLFR-AGLRTRPTTDQIQKISTELSFY|
PtrWOX5A GKLLTDLFR-SGVRTPSTDE TQNTSTRLSFY|
PtrWOX5B KLLTDLFR-SGLRTPSTDETQNISTQLSFY|
SsWOX6 LLALEEKYR-CGIRTPTTDQIQQITSQLRRF|
AtWOX6 ITTLEELYR-SGTRTPTTEQTQQTASKLRKY
SsWOX9A IRTLEATFN-SGLVNPPRDETRKIRVQLQEY
SsWOX9B TRTLEATFN-SGMVNPPRDETRKTRAQLQEY
AEWOX9 TRTLEATFN-SGMVNPPREETRRTRAQLQEY

PtrwOX8/9A EPKPRWNPKPD@IRILEATFN-SGMVNPPRDEIRKIRVQLQEY]
PtrwOX8/9B EPKPRWNPKPD@IRILEATFN-SGMVNPPRDEIRKIRVQLQEY]
Sswox11  PVRSRWTPKPEQILILESIFN-SGMVNPSKNETVRIRKLLENE]
AtwOX11  PVRSRWSPKPEQILILESTFH-SGMVNPPKEETVRIRKMLEKE|
ptrwoX11/12A PVRSRWTPKPERILILESIFN-SGMVNPPKDETVRIRKLLEKE
SswOX12  PVRSRWTPKPERILILESIFN-SGMVNPPKDETVRIRKLLEKE
AtwOXx12  PVRARWSPKPEQILILESIFN-SGTVNPPKDETVRIRKMLEKE
ptrwoXx11/12B PVYRSRWTPKPEQILILESTFN-SGMVNPPKNETVRIRKLLEKE|
SswOX13A TARQRWTPTPVRLQILERIFD-QGNGTPSKQKIKEITSELSQH
SsWOX13B GSRQRWTPKPAQLEILEQIFK-QCNATPGRQKIKDITKELAQHEQISETNVY
SsWOX13C GSRQRWTPKPARLQILEQIFE-QCNATPGRQKTKDITRELAQHEQTSETNVY!
AtwOx13  TARQRWTPTPVELQILERIFD-QGTGTPSKQKIKDITEELSQHEQIAEQNVY
PtrwOX13A TARQRWTPTPVRLQILERIFD-QGNGTPSKQKIKEITSELSQHEQISETNVY
PtrwOX13B GSRQRWTPKPAQLEILEQIFK-QCNATPGRQKIKDITKELAQHEQISETNVY
PtrwOX13C GSRQRWTPKPAQLQILEQIFE-QCNATPGRQKIKDITRELAQHEQISETNVY

Phylogenetic analysis of WOX proteins
in Arabidopsis, Salicaceae crops and four other
eudicots

The phylogenetic analysis of WOXs was based on 70
amino acid sequences using the NJ method. To further
study the evolutionary relationships, we built a phyloge-
netic tree based on WOX proteins sequences of S.

suchowensis, A. thaliana and other four eudicot plants
including P. trichocarpa, Oryza galberrima, Citrullus
lanatus and Vitis vinifera (Fig. 4). We chose AtWOXs as
the model system (Graaff et al. 2009; Zhang et al. 2010).
Furthermore, a phylogenetic tree could also be constructed
by protein-coding genes of plant organellar genomes
(Wang et al. 2018; Ye et al. 2017).

@ Springer
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Fig. 2 Chromosomal location
of SsWOX genes. Chromosome
number is above each
chromosome; left side of each
chromosome is related to the
approximate physical location
of each WOX gene. Only one
unmapped SsWOXIA gene is
shown on ChrN. Red: modern
group, green: intermediate
group, blue: ancient group

Table 1 Characteristics of
WOX proteins identified in S.
suchowensis

@ Springer

Chrl Chr2 Chr3 Chr4 Chrs Chré Chr7 Chr8 Chr9 Chrl0
SsWUSB
SsWOX13C] SsWOX13A SsWOX2
SsWUSA SsWOX6
SsWOXS5
SsWOXI13B
Chrll  Chrl2  Chrl3  Chrl4 Chrl5  Chrl6 Chrl7  Chrl8  Chrl9  ChiN
SsSWOX1B SsWOX4 SSWOX1A
SsWOXs Sequence ID Chr Group Length (aa) Deduced polypeptide Introns
PI MW (kDa)
SsWUSA willow_GLEAN_10004905 5 I 265 598  30.04 2
SsWUSB willow_GLEAN_10012646 7 I 216 6.52 2426 2
SsWOX1A  willow_GLEAN_10001899 N/A I 213 8.99 2472 2
SsWOX1B  willow_GLEAN_10019781 12 I 378 6.18 4243 3
SsWOX2 willow_GLEAN_10022876 9 I 237 715 27.13 1
SsWOX4 willow_GLEAN_10004293 14 1 216 873 2485 2
SsWOXS5 willow_GLEAN_10019395 10 I 450 6.26  50.94 11
SsWOX6 willow_GLEAN_10021393 10 I 295 837 3354 3
SsWOX9A  willow_GLEAN_10007329 17 1T 393 7.28  43.11 4
SsWOX9B  willow_GLEAN_10007682 11 1T 318 920  35.63 1
SsWOX11  willow_GLEAN_10004422 19 1T 236 567 2592 1
SsWOX12  willow_GLEAN_10011530 13 II 269 6.16  29.77 2
SsWOX13A  willow_GLEAN_10011009 11 273 594 3095 3
SsWOX13B  willow_GLEAN_10017952 111 217 558 2476 2
SsWOX13C  willow_GLEAN_10022640 111 215 513 2456 2

Chr chromosome numbers, N/A not available, M (I) modern clade, I (II) intermediate clade, A(IIl) ancient

clade
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WUS-box
AtWUS DAYLEHRRTLPLFPMHGEDH
PtrwUSA QEAAEKIETLPLFPMHGEDI
WS PtrWUSB QEAAAKIETLPLFPMLGEDI
SsWUSA LEAAEKIETLPLFPMHGEDI
SsWUSB QEADAEIETLPLFPMHGEEH
ATWOX2 NVNSSGRKTLPLFPLQPLNA
WOX2 PtrWOX2A DKSSSDQETLPLFPLHPTGI
PtrwOX2B HKSSSDQATLPLFPLHPTGT
SsWOX2 HKRCSDQETLPLFPLHPTGS
ATWOX4 FNKIIDNVILELFPLHPEGR
WOX4 PtrWOX4A SCKEEGDRTILELFPLHPEGR
SsWOX4 REEEEGDRTLELFPLHPEGR
ATWOXS QEEEKVIETLQLFPVNSFED
WOX5 PtrWOX5A NEREQVIETLQLFPLKSFDE
PtrWOX5B NEPERVIETLQLFPLNSFDE
SsWOXS NEPERVIETLQLFPLNSFDE
WOX6 ATWOXG6 EEETRDNRTLNLFPVREYQE
SsWOX6 DDEIREIQTLQLFPLCSDDR
ILLFP

Fig. 3 Multiple sequence alignment of WUS-box and EAR-like
domains of WOXs in A. thaliana, P. trichocarpa, and S. suchowensis.
Left: WUS boxes from WUS homologs and WOX proteins; the 18
WOXs had WUS boxes and belonged to the modern clade. Conserved

Comparatively well-supported phylogenetic trees based
on the entire WOX protein sequences and WOX domain
protein sequences were almost identical, even though some
bootstrap values of branches were relatively low. There-
fore, we used the WOX HD sequences to construct the
phylogenetic tree. The 70 WOX members were allocated
into three clades. The modern clade (also called the first
clade) contained 39 WOXs, including 8 from S.
suchowensis, 6 from A. thaliana, 11 from P. trichocarpa, 6
from C. lanatus, 4 from O. galberrima, and 4 from V.
vinifera, which are homologous to Arabidopsis WUS and
WOX1, WOX2, WOX4, WOX5 and WOX6 (Lian and
Ding 2014). The intermediate clade (also called the second
clade) consisted of 17 WOXs, which are homologous to
Arabidopsis WOX8, WOX9, WOXI11, and WOX12; 6
WOXs were from O. galberrima, 4 from S. suchowensis, 4
from P. trichocarpa, 3 from A. thaliana, 2 from V. vinifera
and just 1 from C. lanatus. These members in the inter-
mediate clade were further divided into two subgroups:
WOX8/9 and WOX11/12. More specifically, WOX8/9
contained 10 members and WOX11/12 had 10 members.
The third clade (also called the ancient Clade) included 11
WOXs (Fig. 4; Lian and Ding 2014).

To achieve a better study in model plant and woody
plant, a phylogenetic tree was constructed based on the
WOX domains of A. thaliana, S. suchowensis and P. tri-
chocarpa (Fig. S1). The tree depicts that the majority of the

EAR-like
ATWUS EVRPCASLELRLN----—-
PtrWUSA  ATTSRTSLELSLYSYNGQQQ wWUS
PtrWwUSB DTSSRTSLDLSLYSYNGQPQ
SsWUSA ATSSRTSLELSLYSYNGQQQ
SLELSL

residues are highlighted and shown below the alignment. Right: EAR-
like domains from WUS and WOXS5 proteins. WOX proteins of
subgroups WUS and WOXS contain this functional domain. Con-
served residues are highlighted and shown below the alignment

WOX domains from S. suchowensis and P. trichocarpa are
clustered into sister. Furthermore, a total of five SSWOX
domains show extremely the same domains (similarity:
100%) to P. trichocarpa: SsSWOXIA and PtrWOXIB,
SsWOX4 and PorWOX4A, SsWOX4 and PtrWOX4B,
SsWOX12 and PuWOX11/12A, SsWOXI13C and
PtrWOX13C. Subsequent functional analysis of these
proteins in S. suchowensis and P. trichocarpa would pro-
vide a useful reference for other species in Salicaceae.

In further studies of WOX protein sequences of P. tri-
chocarpa and S. suchowensis, we demonstrated that the
sequences are greatly conserved. The HD region possesses
some conserved amino acids of the two Salicaceae species,
e.g., Qand L in helix 1; P, T and L in helix 2; I, N, V, W, F,
Q, N, and R in helix 3; and G in turn (T) (Fig. 1). Fur-
thermore, we found that in the modern clade a great
number of WOX protein sequences contained a complete
WUS box (amino acids, TL-LFP) although AtWOX7,
SsWOXI1A, VvyWOX3, and ClaWOXG6 did not. In contrast,
WOX protein sequences in the intermediate and ancient
clade had just one conserved amino acid, F, as for the WUS
box motif.

Exon/introns of SsWOX genes
In plant evolution, exon—intron structures are significant for

most genes families. The phylogenetic relationships of
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in Fig. 5. With the exception of SsWOXIA, SsWOXS5,

multiple gene families can be represented by positions,
phases and length of its introns. Therefore, using coding
sequences and genomic sequences through GSDS, we
investigated exon/intron positions and phases of the 15
WOX genes in S. suchowensis. Detailed information on
length and phases of introns, corresponding exon sequen-
ces and phylogenetic relationships of each SsWOX gene are

Fig. 5 Phylogenetic tree and
genomic organization of

SsWOX9, SsWOX12 and SsWOXI13A, other SsWOX genes
have a similar intron/exon organization and size to the
WOX genes of Arabidopsis counterparts in order and size
(Zhang et al. 2010). Most SsWOX genes have 1-3 introns:
one intron for SsWOX2, -9B and -1/; two introns for
SsWUSA, SsWUSB, SsWOXIA, SsWOX4, -12, -13B and -
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13C; and three introns for SsWOXIB, -6 and -13A. WOX4
gene from Arabidopsis, S. suchowensis and P. trichocarpa
each contain similar intron phases and exon patterns.
Furthermore, in spite of the variations in the intron phases,
SsWOXIB and AtWOXI almost have the same gene
structures. Interestingly, the length of the second intron of
SsWOX5 is more than 2 kb, and the size of third intron
SsWOX9A is more than 2 kb (Fig. 5), which has not been
found for WOX genes of Arabidopsis and P. trichocarpa.

Identification of gene duplication events
and conserved motifs in Salix suchowensis

In the duplicated segments of the S. suchowensis genome,
we discovered four pairs of SsWOX genes, SsWUSA/
SsWUSB, SsWOXI1A/SsWOX1B, SsWOX9A/SsWOX9B and
SsWOXI13B/SsWOX13C. The percentage of gene duplica-
tion events in three clades in ascending order are the
modern clade: 50% (4 of 8 have gene duplication events),
the intermediate clade: 50% (2 of 4 have gene duplication
events) and the ancient clade: 66.7% (2 of 3 have gene
duplication events). None of the four homologous gene
pairs  (SsWOXI3A/SsWUSA,  SsWOXI3A/SsWOX13B,
SsWUSA/SsWOX13b, SsWOX5/SsWOX6) have undergone
TDs. On the contrary, all 4 pairs of SsWOX genes, which
account for 53.3% of all SsWOX genes, have participated in
SDs. Consequently, chromosomal duplication events may
have led to the expansion of the SsWOX gene during the
evolution of Salicaceae.

In WOX proteins, conserved core domains with about
60-66 residues regulate more functions, whereas other
sequences control a few (Yang et al. 2017). Here, we used
the online program MEME to predict the conserved motifs
and to obtain a better understanding of the structural fea-
tures of proteins encoded by WOX genes of S. suchowensis.
Among 20 putative motifs, motif 1, 2 and 5 were present at
high frequency in SsWOX genes and have conserved
domain characteristics of WOX proteins. Motif 4, 6, and 16
were found in the ancient clade; motif 3, 7, 9, 10, and 14
were only found in the intermediate clade; motif 5, 8, 11,
12, 15, and 17-20 were found in the modern clade
(Fig. S2). Thus, motifs in the WOX gene family will be a
crucial foundation for future functional and structural
studies.

There are three functional domains of Arabidopsis WUS
(the acidic region, WUS box and EAR-like motif) that may
play an important role in the function of a transcription
factor (Ikeda and Ohme-Takagi 2009). In the modern
clade, motif 5 (WUS box with TLLFP amino acids) is
present in most WOX proteins. Motif 18 (EAR-like motif

with SLELSL amino acids) was detected only in WUS and
WOXS subgroups within the modern clade (Fig. S2).

Distinct expression profiles and diversification
of WOX genes in Salix suchowensis tissues

Proteins control gene expression temporally and spatially,
so their functions can be defined by the location and timing
of the genes that encode them (Liu et al. 2014). Because
the 15 WOX genes found in S. suchowensis were expressed
in roots, stems and leaves, they may participate in the
development of all organs. Figure 6 shows that SsSWOXIB,
SsWOX5 and three SsWOXI3 genes were primarily
expressed in the roots. SsWOX4, SsWOX5, SsWOX9A and
three SsWOXI3 were strongly expressed in the stems,
whereas SsWOXIB, SsWOX4, SsWOX5 and three
SsWOX13 genes were highly expressed in the S leaves. In
contrast, SsWUSA, SsWUSB, SsWOXIA, SsWOX2,
SsWOX6, SsWOX9B, and SsWOX11/12 were almost absent
from roots. Additionally, we note that expression of
SsWUSA/B, SsWOXIA, SsWOX2, SsWOX6, SsWOX9B, and
SsWOX11/12 genes were restricted to a small area or not
restricted to any area (Fig. 7).

In the modern clade, no WOX genes from S.
suchowensis were closely associated with AtWOX3 or
AtWOX7. The function of AtWOX6 and ArWOX7 has not
been specified, but AtWOX3 is expressed in leaves and
takes part in their outgrowth (Dolzblasz et al. 2016). Fur-
thermore, AtWUS can fully replace the role of AtWOX3,
and AtWOX4 can replace AtWOX3 to some degree (Shi-
mizu et al. 2009). As a consequence, in S. suchowensis, the
function of WOX3 genes controlling leaf development can
could be achieved by other modern SsWOX genes. On this
point, we noted that the SsSWOXIB, SsWOX4 and SsWOX5
were expressed in leaves. Additionally, SsSWOXIB was
only expressed in leaves and root, to a much greater extent
than SsWOXIA. In addition to the enrichment of SsWOX4
expression in stems, it is weakly expressed in roots and
leaves. On the other hand, SsWOX5 is ubiquitously
expressed, with a much higher level in roots than in other
organs. In the intermediate clade, SsSWOX9A is expressed
more highly in both roots and stems than is SsWOX9B. In
the ancient clade, Arabidopsis has three WOX genes,
AtWOX10, AtWOXI13 and AtWOXI4, as does P. tri-
chocarpa and V. vinifera (Gambino et al. 2011; Liu et al.
2014), and S. suchowensis (SsWOXI3 and sister pairs
SsWOX13B and SsWOX13C). They seem to represent the
functional diversification of AtWOXI0, AtWOXI13, and
AtWOX14. A previous study that AsWOX13 gene functions
in replum formation during fruit development (Romera-
Branchat et al. 2013), and AtWOXI14 and AtWOX4 are
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important during vascular cell division (Etchells et al.
2013). The function of ArWOXI0 is unknown. Three
ancient SsSWOX genes were ubiquitously expressed in all
three organs in S. suchowensis (Fig. 6). SsWOX13A and
SsWOXI13B were expressed in roots, stems and leaves.
SsWOX13A was expressed at much higher levels than the
other three SsWOX13 genes in roots and stems, suggesting
its conserved function in root and stem development.

@ Springer

Disscussion

Salix suchowensis WOX family with a distinctive
evolutionary pattern

Fifteen WOX genes of S. suchowensis were identified,
signifying new contributions to the WOX family in plants.
Other plants also have high numbers of WOX genes; e.g.,
together, Arabidopsis, P. trichocarpa, O. galberrima, C.
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lanatus and V. vinifera (Graaff et al. 2009; Lian and Ding
2014) average more than 10 WOX genes. Whole-genome
duplication (WGD) events could have contributed to the
scale of the gene family. Salix suchowensis has SsWOX
genes, with duplications on SsWUS, SsWOX1, SsWOX9 and
SsWOX13. However, 18 genes in P. trichocarpa are due to
duplication events in the PtrWUS, PtrWOXI, PtrWOX2,
PtrwOX4, PtrWOXS5 subgroups. We surmise that WOX
genes of Salicaceae plants may regulate the same function
during normal growth and development. Furthermore, 38
WOX genes were identified in Gossypium hirsutum (G.
hirsutum), the most of any species. Polyploidization
resulting from WGD and segmental duplication are
important evolutionary events; the function of the new
gene might be redundant and lead to evolutionary inno-
vation (Yang et al. 2017).

Conserved sequence and diversification of WOX
proteins in Salicaceae

Alignment and phylogenetic analysis of WOX protein
sequences demonstrated that WOX protein sequences in
Salicaceae plants have a higher similarity than in those of
other eudicot plants. The high number of conserved amino
acids in the homeodomain of Salicaceae sequences can also
indicate their close evolutionary relationship. The presence
of the WUS box in the modern clade is also consistent with
previous studies (Zhang et al. 2010). Additionally, the
WOXs in the ancient clade of Salicaceae are much dif-
ferent from those of Arabidopsis, suggesting a longer
evolutionary history in this clade. Moreover, the absence of
the WUS-box in SsWOX1 TL-LFP and EAR-like in
SsWOXS of L-L-L-S are interesting findings. The absence
of a WUS box in SSWOXI1A and SsWOX1B suggests that
they might share the same function as AtWOX7 (Zhang
et al. 2015) and require further study.

We identified 15 WOX-encoding genes in .
However, no WOX genes from .
suchowensis and P. trichocarpa are classified as homologs
of AtWOX3, AtWOX7, AtWOX10 or AtWOX14. We thus
infer that function of these genes is carried on by other
WOX genes in S. suchowensis and P. trichocarpa.

suchowensis.

Expression of duplicated WOX genes in tissues

The expression patterns of the WOX genes in S.
suchowensis tissues were quantified to better comprehend
their functions. Some SsWOX genes were expressed in all
three organs analyzed (roots, stems and leaves). The high
expression of SsSWOXIB and SsWOXI3 in leaves indicates
a significant function in leaf development, similar to
Medicago truncatula STENOFOLIA (Zhang et al. 2014).
Compared with the expression of other WOX genes in the

roots of S. suchowensis, the expression of SsWOXI3 is
highest,which may indicate it has the same function as
AtWOX5 in the root apical meristem (Sarkar et al. 2007).
This higher expression in the root also was found in G.
hirsutum; the expansion of GhWOX4 through WGD and
segmental duplication indicated that these genes might
have a novel function (Yang et al. 2017). In addition,
GhWOX4 responds differently when exposed to different
stresses, indicating that GhWOX4 have different functions
under different situations. Furthermore, WOXI3 is a key
component in the regulation of root development and
expressed at a high level. Expression of AtWOXI3 and
three SsWOX13s genes in the root and stem likely denotes
their function in the development of these two organs
(Zhang et al. 2010). Also in G. hirsutum, GhWOXI3 is
expressed in almost all organs during flower and fruit
development, suggesting that WOX13 genes in the ancient
clades are active during development (Yang et al. 2017).
Because functional genes affect metabolite profiles, then
such a study for WOX genes could provide a new per-
spectives on developmental mechanisms in S. suchowensis
(Zhang et al. 2015). Future studies should also focus on the
differential expression of WOX genes under various
stresses.

Conclusion

The results of this study provide a genomic structure for
further research on SsWOX genes and a new perspective on
the evolution of WOX genes in Salicaceae plants, repre-
senting great progress in our knowledge of the functions
and evolution of the 15 WOX proteins in S. suchowensis,
especially their potential roles in root development. Our
analysis of the conserved structural features and phyloge-
netic relationships of WOX domains suggest that chro-
mosomal duplication events may have led to the expansion
of the SsWOX gene, and all 15 SsWOX genes were assigned
among the modern clade, the intermediate clade and the
ancient clade. According to the expression pattern of
SsWOX genes determined in this study, SsWOX5 and
SsWOX13 in S. suchowensis play major roles in root
development. WUS-box and EAR-like motifs in S.
suchowensis WOX proteins likely fulfill additional bio-
logical functions. Evolutionary analysis of S. suchowensis,
A. thaliana and other four eudicot plants (P. trichocarpa,
O. galberrima, C. lanatus and V. vinifera) is helpful for
understanding the role of WOX genes in plant development.
The present annotation and analysis of the WOX genes and
the proteins they encode in the Salicaceae family lays a
foundation for breeding and genetic engineering of these
and other woody plants.
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