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Abstract WUSCHEL-related homeobox (WOX) gene family
has important role in plant developmental process and repre-
sents a class of plant specific transcription factors that are
involved in early phase of embryogenesis by coordinating
gene transcription. Recent available pineapple whole genome
sequences provide a base for detail comprehensive phyloge-
netic analysis of the WOX genes in pineapple. Ten WOX
genes were found in pineapple genome and were located on
6 chromosomes. On the basis of phylogenetic analysis, WOX
gene family was divided into three clades and structural anal-
ysis revealed that WOX gene family is highly conserved in
pineapple. Gene structure analysis revealed that five genes
had two exons with only one intron. Expression profiles based
on RNA-Seq of different tissues revealed seven genes showed
very low expression in almost all tissues (leaf, flower, root,
fruit, stamen, sepal, petal and ovule) at all developmental
stages. AcoWOX13 exhibited relatively higher expression in
all tissues while the highest expression was shown by
AcoWUS at ovule stage 1. Expression analysis under abiotic
stresses analyzed by qRT-PCR, showed a dynamic response of
WOX genes to abiotic stresses. Interestingly qRT-PCR had
result pattern similar to RNA-Seq data as AcoWOX13 had

high expression for all abiotic stresses while other WOX
genes were down-regulated. This is the first genome-wide
study of the WOX genes in pineapple coupled with high
throughput RNA-seq for the identification, structural and
functional analysis of 10 WOX genes in pineapple. Our study
provides more insight for future studies regarding the func-
tions of WOX genes in pineapple.
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Abbreviations
WOX WUSCHEL-related homeobox
RNA-Seq RNA sequencing
qRT-PCR quantitative real-time PCR
WUS Wuschel
NaCl sodium chloride

Introduction

The WUSCHEL-related homeobox (WOX) genes are specif-
ically expressed in plants and WOX proteins, form a large
family, which is a subgroup of the homodomain (HD)-con-
taining transcription factors. Typically the homodomain con-
tains 60 amino acid residues with the helix-loop-helix-turn-
helix structure (Kamiya et al. 2003). First studied homeobox
gene was in Drosophila (Gehring et al. 1994; van der Graaff
et al. 2009). After that in most eukaryotes a number of ho-
meobox members have been identified (Lian et al. 2014).
WOX (WUSCHEL-related homeobox) is the member of
ZIP superfamily belonging to homeobox proteins family
(Bharathan et al. 1997). Phylogenetic analyses have divided
the WOX gene family into three major clades: WUX,
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intermediate, and ancient clade. The WUX and intermediate
clades with representatives found in ferns and seed plants,
whereas the ancient clade with representatives found in all
lineages of green algae and land plants (Nardmann et al.
2009; van der Graaff et al. 2009).

Homeobox transcription factors play an important role in the
developmental process of eukaryotes, as illustrated by the ani-
mal homeobox transcription factors HOX proteins (van der
Graaff et al. 2009). In Drosophila melanogaster HOX genes
play a role in homeotic mutations in which one body part trans-
form into another which suggest that HOX proteins are involved
in body patterning along the main body axis (Gehring 1993). A
characteristic DNA segment of Homeotic genes, the homeobox
encodes homeotic proteins domain. The homeo domain binds to
specific DNA sequences, whereby the homeotic proteins play a
role in gene regulatory function. Fusing the protein-coding se-
quences of the normal Antennapedia gene to an inducible pro-
moter and reintroduce to the germline of flies, it has been pos-
sible to alter the body plan in a predicted way by transforming
head structures into thoracic structures (Gehring 1987).
Homeobox transcription factors also play a wide variety of roles
in plants. The WUSCHEL (WUS) homeobox transcription fac-
tor is the significant member of the one of plant homeobox
transcription factor families, the WUS homeobox (WOX) pro-
tein family (van der Graaff et al. 2009). Members of WOX
family in plants play vital role in physiological and developmen-
tal processes. The genome of model plant Arabidopsis thaliana
consists of at least 15members ofWOXgene family, and certain
members of this family are essential for the vital processes like
stem cell maintenance, organ formation and embryonic pattern-
ing (Laux et al. 1996; Haecker et al. 2004; van der Graaff et al.
2009). Arabidopsis WUSCHEL (AtWUS) is able to maintain
stem cell homeostasis in the shoot apical meristem (SAM) at all
development stages and in wus mutant the SAMmaintenance is
disrupted both embryonically and postembryonically (Laux
et al. 1996; Mayer et al. 1998). WOX5 is required for the same
function in the apical meristem of root (Sarkar et al. 2007).
WOX3 play its role in lateral stamens and stamens development
in flower and also the development of lateral stipules of the leaf
(Matsumoto and Okada 2001; Nardmann et al. 2004), While
WOX4 is required for cambium tissue activity in Arabidopsis
main stem (Suer et al. 2011). WOX6 acts as a key regulator in
ovule development (Park et al. 2005). WOX9 is involved in cell
division maintenance and also control center zone premature
differentiation in SAM (Wu et al. 2005). WOX2 and WOX8
is required for embryo formation and differentiation and both are
co-expressed in egg cells and zygotes (Haecker et al. 2004).
WOX gene family was studied in several plants including
Arabidopsis, rice and maize (Kamiya et al. 2003; Nardmann
et al. 2007), however, the role of this family in pineapple is
not yet determined.

Pineapple (Ananas comosus L.) is an important fruit crop
famous for its aroma and taste and a high valued fruit crop in

horticultural industries in many countries. It is a tropical plant
belongs to family Bromeliaceae, subfamily Bromelioideae, in
the order Bromeliales. It’s a native crop of South America and
in terms of its production it is third most important tropical fruit
crop after banana and mango all over the world. In term of its
consumption pineapple is used as fresh fruit, canned slices and
juice, it is also the source of a meat-tenderizing enzyme bro-
melain, a valuable pharmaceutical agent. Based on traditional
morphology, pineapple is a diploid (2n) perennial monocotyle-
donous plant consist of two genera, Ananas and Pseudananas
having nine species (Smith 1979). MD-2 has gained popularity
over other pineapple varieties because of its production, taste,
quality, aroma, internal browning resistance and resilience to
chilled storage. All these qualities have made MD2 a signifi-
cant fruit crop in pineapple industry (Redwan et al. 2016).

Abiotic stresses such as cold, heat, salinity and drought
have a devastating effect on plant growth and yield pro-
duction (Suzuki et al. 2014). As its sessile lifestyle, plants
are constantly exposed to a broad range of environmental
stresses as high salt, drought and extremes of temperature.
Due to these abiotic stress factors growth of plant is re-
tarded and result in significant loss of plant productivity
(Lata et al. 2011). More than 10% of arable land is affect-
ed by salinity and drought and more than 50% of impor-
tant yield crop production is reduced worldwide (Bray
et al. 2000). These abiotic stresses can also affect different
stages of plant development and several stresses often
concurrently affect the plants (Chinnusamy et al. 2004).

In this study, we identified 10 genes in WOX homeobox
gene family in pineapple. These WOX family genes were
grouped into three clades based on their phylogenetic relation-
ship and were located specific chromosomes. Gene structure,
protein structure, protein motifs and RNA Seq data for differ-
ent tissues were also investigated for further study. Expression
profiles under four stress treatments (cold, heat, salt, and
drought) were evaluated to determine the responses of WOX
family genes to abiotic stresses in the pineapple variety MD2.
Our results will provide novel insights into the stress re-
sponses of WOX family genes and promote a better percep-
tive to understand about the utility and functions of WOX
family genes in pineapple.

Results

Identification of WUSCHEL-Related Homeobox (WOX)
Gene Family in Pineapple

To identify the WOX gene family in pineapple (Ananas
comosus), the Hidden Markov Model (HMM) profile of the
WOX domain (PF00046) was downloaded from the Pfam
database. For the identification of WOX genes of pineapple,
the HMM profile of the WOX domain was used to query
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pineapple genome database as well as non-redundant protein
database with the help of the BLAST program. Ten WOX
gene sequences were identified from the HMMER database
in pineapple genome.

Phylogenetic Analysis of WOX Genes

To study the evolutionary history of pineapple WOX genes,
phylogenetic analysis was carried out using neighbor joining
(NJ) and maximum likelihood (ML) methods with the aligned

WOX protein family sequences by MEGA 6.0. 100 iterations
bootstrap test was performed based on the alignment of the
WOX domain sequences. To demonstrate the possible evolu-
tionary history of the WOX family in pineapple, we aligned
the homeo-domains of pineapple WOX proteins against the
WOX homeo-domains from Arabidopsis, rice, sorghum and
poplar. Based on phylogenetic tree, there were 16WOX genes
in Arabidopsis, 14 WOX genes in rice, 11 WOX genes in
sorghum, 18 WOX genes in poplar against 10 pineapple
WOX genes. All of these 70 WOX genes from all the five

Fig. 1 Phylogenetic tree of
Arabidopsis, Rice and pineapple
WOX gene family. The un-rooted
phylogenetic tree was constructed
using MEGA 6.0 and the
Neighbour-Joining method. The
full length amino acid sequences
were aligned by using ClustalX.
The bootstrap test was performed
with 100 iterations. AT
(Arabidopsis), Os (Rice), Pt
(Poplar), Sb (Sorghum) and Aco
(Pineapple)
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plants were divided into 3 clades, such as WUS clade, inter-
mediate clade and ancient clade. WUS clade contained 8
Arabidopsis, 7 rice, 11 popular, 5 sorghum and 5 pineapple
WOX genes, intermediate clade included 5 WOX genes of
Arabidopsis, 6 WOX genes of rice, 4 WOX genes of popular,
5 WOX genes of sorghum and 3 WOX genes of pineapple
while ancient clade consist of 3 Arabidopsis, 1 rice, 3 popular,
1 sorghum against 2 WOX genes of pineapple (Fig. 1).

Exon/Intron Structure Analysis and Identification
of Conserved Motifs and their Structure

Number of exons and introns were calculated from the gene
structures of WOX genes of pineapple. AcoNS, AcoWOX3,
AcoWOX5 genes of WUS clade and AcoWOX14 and
AcoWOX13 genes of ancient clade had 2 exons and one in-
tron. AcoWOX11 gene from WUS clade and AcoWOX16
gene of intermediate clade had 3 exons and 2 introns.
AcoWUS gene of WUS clade and AcoWOX2 gene from
intermediate clade had only one exon without intron.
AcoWOX9 gene from intermediate clade was the largest gene
as it had 4 exons and 3 introns. (Figure 2) as listed in Table 1.
The phylogenetic relationship and classification ofWOX gene
in pineapple were further supported by motif analysis. Four
conserved motifs for pineapple WOX genes were sensitized

by motif analysis using MEME software (Fig. 3). Moreover
the structural information of theses motifs gives further insight
to understand WOX genes in pineapple (Fig. 4).

Characteristics of Pineapple WOX Genes

Information about all these 10 WOX genes such as gene ID,
locus, isoionic point (IP), protein molecular weight (MW),
ORF lengths, number of amino acid and number of introns
and exons. The value of isoionic point (IP) varied from 5.64
(AcoWOX13) to 10.02 (AcoWOX14). The corresponding
molecular weight varied from 17.21 KDa to 45.71 KDa for
AcoWOX2 and AcoWOX9 respectively. ORF length and
number of amino acids ranged from 474 to 1272 and 158 to
424 respectively (Table 1).

Gene Location of WOX Genes on Pineapple
Chromosomes

Mapinspect software was used to locate pineapple WOX
genes on chromosome which will provide an insight into the
organization of WOX genes in pineapple. Based on the avail-
able pineapple genome sequence, the pineapple WOX gene
mapping revealed that 9 WOX genes out of 10 pineapple
WOX genes were distributed among six chromosomes out

Fig. 2 Exon-intron structures of WOX genes in pineapple genome. All of the WOX genes were divided into three groups. Yellow color shows CDS
(exon) while normal line represents introns

Fig. 3 Motif of WOX proteins of pineapple. MEME search tool was used to make motif structures
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of total 25 pineapple chromosomes, while gene AcoWOX9
was located on scaffold_1266 which has not still beenmapped
onto a chromosome. ThreeWOX genes were located on chro-
mosome 23. Chromosomes 4, 8, 24 and 25 had only one
WOX genes each, showing the fewest WOX genes among
all of the chromosomes studied (Fig. 5).

Expression Profiles of WOX Genes

RNA-Seq is emerging cost effective, high-throughput and
powerful tool for transcriptome profiling (Wang et al.
2009). It is an attractive tool to detect and quantify gene
expression and especially for low-expressed genes
(Mortazavi et al. 2008). RNA-seq data represents a high
level of reproducibility in technical as will in biological
replicates (Marioni et al. 2008).

RNA-seq analysis for different tissues at various devel-
opmental stages were reported from recently sequenced
pineapple genome (Ming et al. 2015). Hierarchical clus-
tering analyses for expression of WOX gene family in
pineapple revealed that gene AcoWOX13 expressed in
all of 8 different tissue at every stage while other genes
of this family had either no expression or very low ex-
pression but in ovule, gene AcoWUS had more high ex-
pression than gene AcoWOX13 (Fig. 6). Moreover in
stage 1of ovule, AcoWUS had the highest expression.
Gene AcoWOX13 had higher expression in root while
moderate expression in all stages of fruit and in all other
tissue at all stages (Fig. 6). RNA-Seq was confirmed and
validated by using qRT-PCR. Three different genes were
selected and were tested by qRT-PCR for five various
tissues i.e. root, fruit, flower, leaf and stamen. The results

Fig. 4 Sequence logo of WOX
protein domains obtained by
MEME program. The overall
heights of each stack represent the
degree of conservation at each
position, while the heights of
letters within each stack indicate
the relative frequency of amino
acids

Table 1 Characterization of
WUSCHEL-related homeobox
gene family in pineapple

Gene ID Gene Name IP MW(KDa) ORF Length No. of
Amino Acid

Exons

Aco001509.1 AcoWOX3 8.82 22.84 597 199 2

Aco001683.1 AcoWOX16 6.12 28.49 777 259 3

Aco007021.1 AcoNS 7.2 24.34 654 218 2

Aco011844.1 AcoWOX14 10.02 23 621 207 2

Aco013026.1 AcoWOX13 5.64 31.32 852 284 2

Aco015382.1 AcoWOX5 5.95 25.41 648 216 2

Aco015463.1 AcoWOX2 9.56 17.21 474 158 1

Aco017897.1 AcoWOX11 6.43 27.28 756 252 3

Aco022929.1 AcoWUS 9.84 18.16 504 168 1

Aco029104.1 AcoWOX9 5.98 45.71 1272 424 4

Isoelectric point (IP), protein molecular weight (MW), open reading frame (ORF)
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obtained were accordant with RNA-Seq expression data
of these genes (Fig. 7).

Expression Profiles of Pineapple WOX Genes
under Abiotic Stresses

Production of many plants crops are adversely affected by
different abiotic stresses like cold, heat, salt or drought
(Bhattacharjee et al. 2015). WOX genes play an important
role in plant development (Lian et al. 2014). We investigate
the functions of WOX genes correlated with their expression,
10WOX genes were subjected to the qRT-PCR to analyze the
expression profiles of WOX genes under cold, heat, salt, and
drought treatments in ‘MD2’ variety of pineapple. To investi-
gate the pineapple WOX genes in response to cold stress,
plants were subjected to 4 °C as a cold stress. In cold treatment
the expression level of most of WOX genes were down-regu-
lated. WOX gene AcoNS had moderate expression at 24 h
treatment while AcoWOX13 had moderate expression at
48 h treatment but high significant expression at 24 h treat-
ment in response to cold. (Figure 8). Heat stress is another
important abiotic stress that also has drastic effects on plant
growth and development and causes major loss to crop yield.
(Cai et al. 2015). To examine whether WOX genes were in-
volved in the response of pineapple to heat stress plants were
kept at 45 °C. All genes except AcoWOX13 were down-
regulated while AcoWOX13 had highly significant expres-
sion both at 24 and 48 h with 24 h was the highest. Salt stress

is also a major stress which adversely affects the plant and
cause major loss in crop yield. To test whether WOX genes
in the pineapple genome are involved in the response of pine-
apple to salt stress, we examined the expression patterns of all
the WOX genes in pineapple under salt stress treatment by
qRT-PCR (Fig. 8). Among 10 WOX genes in pineapple only
AcoWOX13 was highly expressed at both 24 and 48 h with
maximal at 48 h. Drought is another major problem and
drought stress can also affect crop yield. To observe if WOX
genes are involved in the response of pineapple to drought
stress, 400 mMol/ml manitol was used to perform drought
stress trial. Total of 10 WOX genes, AcoNS at 24 h had mod-
erate expression and AcoWOX13 had highly significant ex-
pression at both 24 and 48 h with the highest expression at
48 h while all other genes were down-regulated. (Figure 8).

Discussion

The concept of genome-wide analysis has become a major
approach for studying gene functional analysis, in reference
to their evolution and structure. In this study, comparative
analysis of the WOX family across species allows us to in-
quire various functions of the pineapple WOX family mem-
bers and helps to assist further gene function analysis.
Recently genome wide analysis has become very useful for
gene structure and to understand its phylogeny. Evolution cre-
ated high degree of variation in the shape of organs in plants

Fig. 5 Distribution of WOX genes in pineapple genome. Mapinspect was used to located genes on chromosome. Gene start point is shown on
chromosome, while genes sizes are shown in Mega bases (Mb) against each gene
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(Lian et al. 2014).WOX genes are considered to play vital role
in various biological, physiological and developmental pro-
cesses in many plant species. The WOX genes encode
WOX homeodomain-containing proteins which act as tran-
scription factors that are involved in various biological pro-
cesses and regulate the expression of genes in a spatial, tem-
poral and tissue-specific pattern (Gehring 1987; Wolberger
1996). Genome wide study in many plant species about
WOX gene family indicates that there are 15 WOX genes in
Arabidopsis, 13 in rice, 11 in sorghum, 12 in poplar and 21
WOX genes in maize (Zhang et al. 2010). Vitis vinifera has 12
VvWOX genes (Gambino et al. 2011). Selaginella kraussiana
has 8 SkWOX genes (Ge et al. 2016). In the present study, we

identified 10 WOX genes in pineapple genome, through a
combination of bioinformatics approaches and analyzed their
genomic locations and phylogenetic relationship in pineapple,
compared their expression profile in different tissues at differ-
ent stages through RNA-seq and exposed these genes to var-
ious abiotic stresses.

Phylogenetic, Exon/Intron Structure Analysis
and Identification of Conserved Motifs

Phylogenetic analysis reveals the resemblance of genes on
basis of their protein structure. WOX gene family was divided
into 3 clades on the basis of their structural similarity. The

Fig. 6 Heat map of tissue-
specific expression profiles of 10
WOX genes in pineapple. RNA-
Seq expression level can be un-
derstood using the given scale and
roman numbers on right-side
shows clusters based on gene
expression
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close evolutionary relationship among WOX genes in
Arabidopsis, rice and pineapple orthologs (Fig. 1). Using the
alignment of the amino acid homodomain sequences ofWOX
genes of pineapple, Arabidopsis and rice, we constructed phy-
logenetic tree. The phylogenetic analyses of WOX gene fam-
ily in pineapple showed the typical subdivision into three ma-
jor evolutionary lineages, with a major clade containing the
WUS andmostWOX proteins, confirming previous studies in
Arabidopsis (Haecker et al. 2004; Deveaux et al. 2008;
Vandenbussche et al. 2009).

Three orthologs of Arabidopsis ATWOX6 were found dur-
ing phylogenetic analysis of pineapple, rice, Arabidopsis,
poplar and sorghum WOX genes i.e. ATWOX1, PtWOX1A,
PtWOX1B.. This feature was also reported in grass genomes
(Nardmann et al. 2007). Therefore, the functions of the mem-
bers of WOX family are distinct in different species, which
makes the phylogenetic studies crucial to investigate. To get
further insight into WOX genes, the gene structure is

Fig. 7 aHeat-map for validation ofWOXgenes RNA-Seq. Validation of
three genes at five different tissues through qRT-PCR. Heat-map was
constructed from relative gene expression in different tissues (qRT-
PCR) data and FPKM values (RNA-Seq) data for these tissues

Fig. 8 Heat map of expression
profiles of WOX genes under
abiotic stresses [cold (4 °C), heat
(45 °C), Salt (NaCl) and drought
(Manitol)]. qRT-PCR was used to
analyze the relative expression
level of each WOX gene. The
expression level of pineapple
Actin was used as the internal
control to standardize the RNA
samples for each reaction, and the
expression at 0 h was set as 1
(data not shown). Expression
level can be understood using the
given scale
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important to understand. Introns length, position and phase
can also represent the phylogenetic relationships of the gene
family (Li et al. 2006; Guo et al. 2008) and we presumed the
gene structure of WOX genes of pineapple. Similar gene
structures of intron number and length in each clade were
observed. For instance, 3 of 5 genes in the WUS clade had
two exons and one intron except AcoWOX11 and AcoWUS.
Intermediate clade had similar exon/intron pattern. Ancient
clade had nearly same gene structure but had variations in
number of introns and exons. All these results confirm the
authenticity of the phylogenetic analysis. Interestingly, the
length of the AcoWOX9 was 7 kb with third intron length
was more than 3 kb (Fig. 2). Our results are in line with the
phylogenetic assessment in rice, sorghum, maize, Arabidopsis
and poplar, where there were very similar topologies with
some exceptions (Zhang et al. 2010).

Protein structure and motif of WOX gene family in pine-
apple showed close resemblance to that of Arabidopsis and
rice. The WOX protein motifs of all the three plants were
highly conserved and also the protein structure of WOX of
pineapple had higher similarity with rice. Ten motifs were
identified for WOX protein for all the 3 plants with little var-
iations. Variation among motifs holds some great significance
in many biological phenomena. Pineapple genome had 25
chromosomes. Ten WOX genes identified in pineapple ge-
nome were unevenly distributed on 6 chromosomes. These
WOX genes can be studied for different biological processes.
Gene expression patterns provided important clues for gene
function; thus, we conducted RNA-Seq analysis to study the
expression profile of various tissue at different developmental
stage for five stages of stamen, four stages of sepal, seven
stages of ovule and three stages of petal development while
RNA-Seq for flower, root, leaf, six stages for fruit was obtain-
ed by Ming et al. 2015. We saw some unusual expression
pattern as most of the WOX genes were either not expressed
or very low expression, except AcoWOX13, that had shown
expression in every tissue at all developmental stages.
Interestingly AcoWUS had the highest expression in ovule
stage S1 (Fig. 6). No such results were reported byWOX gene
family in other plant species.

Plants grow in intricate environments and bearmany stress-
es, such as heat, cold, soil salinization and drought. These
abiotic stresses cause loss in crop production and affect quality
(Yamaguchi-Shinozaki et al. 1999; Singh et al. 2002). Plants
evolve to resist damage by regulating plant-specific signals
through gene expression by specific physiological and meta-
bolic pathways (Rushton and Somssich 1998; Yamaguchi-
Shinozaki and Shinozaki 2006). Transcription factors are a
special type of regulators with highly conserved specific
DNA-binding domains involved in stress resistance
(Riechmann et al. 2000; Singh et al. 2002). Many evidences
confirm that plant growth, development, and response to en-
vironmental stress are largely regulated at transcriptional level

(Baena-González et al. 2007; Baena-González and Sheen
2008; Buscaill and Rivas 2014). In the present study, our data
showed unique expression pattern as most of the genes had
very low expression value and down-regulated except
AcoWOX13, which showed highly significant expression in
all of abiotic stresses with drought stress at 48 h was the
maximum. The result obtained from both qRT-PCR analysis
and RNA-Seq data suggested that both results had a strong
correlation as only WOX gene AcoWOX13 was highly
expressed. The expression data we described here will help
to understand define conditions in which WOX functional
defects may be expected. Our results will provide a novel
insights into the stress responses of WOX genes and promote
a better perceptive to understand about the utility and func-
tions of WOX genes in pineapple.

Conclusions

The sequences of the 10 members belonging to the WOX
gene family have been compiled from the pineapple genome
database, and were divided into three clades in phylogenetic
tree. Gene structure, protein structure and motif structures
were designated. Also few basic characteristics of WOX
genes (molecular weight, iso-electric point, ORF length) were
identified. High-throughput sequencing RNA-Seq expression
profile among different tissues revealed candidate genes with
low expression profile except AcoWOX13 with high expres-
sion in almost all tissues followed by AcoWUS with high
expression only in ovule, sepal and pistil. A vital role of
WOX genes was observed in female gametophyte develop-
ment in pineapple that can be utilized to study pineapple plant
reproduction for its improvement and exposure of pineapple
MD2 variety to four abiotic stresses (cold, heat, salt and
drought) and genes response to these stresses was assessed
andWOX genes expression was analyzed by using qRT-PCR.

Materials and Methods

Identification and Multiple Sequence Alignments
and Phylogenetic Analysis of WOX Genes

The conserved domain of WOX based on a Hidden Markov
Model (HMM) (PF00046) was downloaded from the Pfam
protein family database (http://pfam.sanger.ac.uk/). As
revealed by previous reports that members of WOX gene
family are conserved particularly for homeo-domain at se-
quence level (Nardmann et al. 2009). We examine sequences
homologous to AtWOX using TBLASTN, with default pa-
rameter settings and WOX homeo-domain sequences as
queries at E-value cut-off of 1e-5. Following databases were
used to retrieve WOX family proteins by TBLASTN: The
Arabidopsis Information Resource (TAIR) database, the
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Rice Genome Annotation Project (RGAP) database, the Plant
Transcription Factor Database (PlantTFDB), the National
Center for Biotechnology Information (NCBI) database. To
identify the WOX coding genes of Ananas comosus L, we
used the HHMprofile of the WOX domain as a query to per-
form a HMMER search (http://hmmer.janelia.org/) against
pineapple genome. All the redundant and non-WOX family
sequences with different identification numbers were removed
using the UniProt, the SMART, and Sanger database, respec-
tively (Zhang et al. 2010). To determine the evolutionary re-
lationship of WOX gene of pineapple with other plants, the
predicted pineapple WOX genes (AcoWOX) were classified
into subgroups based on sequence alignment with clearly clas-
sified WOX genes from Arabidopsis and rice. Multiple se-
quence alignments of amino acid sequences of pineapple
and those of rice and Arabidopsis were conducted using
MUSCLE 3.6 with the default parameter settings. To obtain
a better alignment, results were adjusted manually based on
corresponding amino acids location in the WOX motif using
GeneDoc (version 2.6.002) software. MEGA (version 6.0)
software was used to construct phylogenetic tree using the
Neighbor-Joining (NJ) method with the following parameters:
JTTmodel, poisson correction methods, pairwise deletion of
gaps, and 100 bootstrap.Moreovermaximum likelihood, min-
imal evolution and PhyML methods were used for the tree
construction to validate the results of the NJ method.

Exon-Intron Structure and Motif Analysis

The DNA and cDNA sequences related to each predicted
gene from the pineapple genome and the information
about the distribution pattern of AcoWOX intron were
obtained from the (http://www.phytozome. net/pineapple.
php) UniPort (http://www.uniprot.org/). Comparisons to
the Pfam database were used to identify motifs present
in the AcoWOX protein sequences.

Characteristics of Pineapple WOX Genes

The gene length, open reading frame (ORF), number of amino
acid, isoionic point (IP) of WOX genes and molecular weight
for each WOX protein of pineapple was calculated using the
ExPASy server (http://web.expasy.org/compute_pi/).
Expression Heat map was constructed for 10 WOX genes
form RNA Seq of reported tissues in pineapple.

Gene Location on Chromosomes

To obtain the location of genes on chromosomes, we drew a
map of the distribution of AcoWOX genes throughout the
pineapple genome. Gene start and stop points were calculated
from pineapple genome for WOX genes and Mapinspect

software was used to identify the position 10 WOX genes
on 25 chromosomes on the bases of the start site of gene.

RNA-Seq Analysis

Healthy plants from MD2 variety were selected, samples col-
lection was carried out at different developmental stages from
different tissues. Prior to total RNA extraction samples were
quickly stored in liquid nitrogen. Total RNA was extracted
from specified tissues using RNA extraction kit (Omega Bio-
Tek, Shanghai, China). mRNA was isolated from total RNA
followed by fragmentation and priming. Then first strand and
second strand cDNA was synthesized. After that purify the
double stranded cDNA. Then construct End Repair cDNA li-
brary. Adopter was attached to cDNA followed by purification.
250-400 bp was set as insert site and 350-500 bp was set as
final size of library. cDNA library was constructed and send for
sequencing. (RNA library prep kit). RNA-Seq data was ana-
lyzed as (Trapnell et al. 2012). The RNA-Seq for different
tissues i.e. flower, leaf, root, six developmental stages of fruit
was obtained from Ming et al. 2015, six stages of stamen, four
stages of sepal, three stages of petal and seven stages of ovule
was conducted and WOX family genes expression were deter-
mined. Expression Heat map was constructed for expression
profiles of 10 WOX genes of reported tissues in pineapple.

Quantitative Real-Time PCR Analysis

Gene specific primers were designed according the manufac-
turer’s instructions for the Bio-Rad Real-time PCR system
(Foster City, CA, USA). Primers for 10 pineapple WOX genes
and one Aco-actin were designed for qRT-PCR using Primer
Quest Tool. To determine the expression analysis of selected
WOX genes, RNA extraction Kit (Omega Bio-Tek, Shanghai,
China) was used for isolation of total RNA from treated and
untreated (control) fully grown pineapple leaves followingman-
ufacturer’s protocol. Subsequently First-strand cDNAwas syn-
thesized with gDNA remover using cDNA extraction kit (Trans
Gen, Beijing, China) and 20-fold dilution was done, and 2-μL
of cDNAwas used in 20-μL of total for Bio-RadReal-time PCR
system with the following program: 95 °C for 30s; 95 °C for 5 s
and 60 °C for 34 s; with 39 cycles (Cai et al. 2017).

Plant Material and Growth Conditions

Pineapple (Ananas comosus) variety MD2 was supplied
by the Qin Lab (www.qinlab.net), Haixia Institute of
Science and Technology, Fujian Agriculture and Forestry
University, Fujian, China. Pineapple crowns were grown
on soil mix [peat moss:perlite,2:1(v/v)] in plastic pots
placed in greenhouse at 25 °C with light availability of
60–70 mMol photons m−2 s−1, under 65–70% humidity,
with 16-hourslight/8-h dark photo-period (Su et al. 2017).
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Abiotic Stress Treatment

Fully grown pineapple plants were exposed to cold, heat,
drought and salt stresses. For cold stress plants were kept at
4 °C (Chen et al. 2016), heat stress at 45 °C, for drought and
salt stress Manitol and NaCl in concentration of 400 mMol/ml
were applied respectively. Samples were collected after 24 h
and 48 h incubation. Untreated plant samples were also col-
lected that were used as a control. All samples were immedi-
ately stored in liquid nitrogen prior to total RNA extraction.
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