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Abstract. Homeobox proteins (HOXs) comprise a large family in eukaryotes and share a highly conserved DNA-binding motif,
the homeodomain (HD). HOXs play an important role in the regulation of plant growth, development and stress response. However,
systematic analysis and expression profiling of these genes have not been reported in Malus domestica. In this study, a total of 207
HOXs of M. domestica (MdHOXs) were identified and classified into 11 distinct subfamilies, and an unclassified group according to
their functional domains. The MdHOXs were localized in all 17 chromosomes with various densities and a majority of them tended to
form gene clusters. Analysis of theKa/Ks ratios suggested that the duplicated genes ofMdHOXs mainly underwent purifying selection
with restrictive functional divergence after the duplication events. The expression of MdHOXs has organ specific characteristics and
were divided into seven different groups. Stress-related cis-acting elements were prevalent in the upstream sequence of MdHOXs by
systematic analysis. To explore the response to abiotic stress, eight MdHOXs were randomly selected to investigate their expression
using quantitative real-time polymerase chain reaction. Transcription levels of MdHOXs were upregulated in the leaves and roots
under cold, osmotic, high salinity or exogenous ABA treatments, which suggested that they may take part in the plant response to
abiotic stress. These results provided basic information of HOXs in apple and will further contribute to the functional research of
MdHOXs, especially the response to abiotic stress.

Keywords. homeobox; apple; expression pattern; stress-related cis-acting element analysis; abiotic stress.

Introduction

Homeobox protein (HOX) contains a conserved 60 amino
acid DNA-binding motif, known as homeodomain (HD).
The HD consists of three alpha-helices, which can rec-
ognize and bind to specific DNA sequences to regu-
late the expression of target genes. The HOX encoding
genes were first identified in Drosophila melanogaster
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(Burglin and Affolter 2016). More and more HOXs have
been subsequently identified in various organisms, such as
humans, fungi, nematode and plants (Maeda and Karch
2015). So far, it was found that HOXs were widely dis-
tributed in all eukaryotes.
HOXs constitute a large family in plants. There are

∼110 members in Arabidopsis thaliana, 107 in rice and
89 in chickpea (Jain et al. 2008; Mukherjee et al. 2009;
Bhattacharjee et al. 2015). According to the phylogenetic
relationship and domain composition, the plant HOX
members were classified into different groups. Earlier,
HOX members in plants were divided into seven classes,
including knotted-like homeobox (KNOX), BEL1-like
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homeobox (BEL), ZM-HOX, HAT1, HAT2, ATHB8 and
GL2 (Mukherjee et al. 2009). Because the latter four
groups (HAT1, HAT2, ATHB8 and GL2) were all charac-
terized by a leucine-zipper (LZ) motif downstream of the
HD, they have been renamed homeobox domain-leucine
zipper (HD-ZIP) I, HD-ZIP II, HD-ZIP III and HD-ZIP
IV, respectively (Katiyar et al. 2001; Ariel et al. 2007).
Later, additional three groups (Wuschel-like homeobox
(WOX), plant-specific zinc-finger homeobox (PLINC) and
plant homeobox domain (PHD)) were classified in rice
(Jain et al. 2008). Recently, a comprehensive analysis of
plant HOXs was performed and they were divided into
14 classes, including several new classes (NDX, DDT,
LD, SAWADEE and PINTOX) and an unclassified group
(Chan et al. 1998).

As transcription factors (TFs), plant HOXs participate
in various developmental processes, hormone signalling
and stress response (Tsuda et al. 2014). For example, many
members of HD-ZIP III and HD-ZIP IV subfamilies are
reported to be involved in shoot meristem formation, vas-
cular development, photomorphogenesis, flowering and
fruit ripening (Liu et al. 2013; Chen et al. 2014), while
the members of HD-ZIP I and HD-ZIP II are primarily
associated with environmental response (Jain et al. 2008).
The members of WOX subfamily play a key role in con-
trolling the development of reproductive organ, such as
root, shoot and floral meristem formation in rice (Cheng
et al. 2014; Costanzo et al. 2014). The members of KNOX
and PLINC subfamilies are reported to be implicated in
the development of shoot apical meristem and floral devel-
opmental processes in Arabidopsis and tobacco (Tan and
Irish 2006; Hake 2016). The members of BEL subfamily
are known to interact with KNOX proteins to regulate var-
ious hormone homeostasis and participate in abiotic stress
response inMedicago truncatula and potato (Sharma et al.
2014; Shu et al. 2015a, b). The members of PHD sub-
family are reported to regulate the expression of certain
gene encoding histone methyltransferase and participate
in abiotic stress in Populus trichocarpa (Wu et al. 2016).
All these findings exhibit the functional diversity of HOXs
in different plants. Nevertheless, the function and regu-
latory mechanism of HOX genes in apple remain largely
unknown.

Apple is one of the most economically important
perennial fruit crops in temperate regions and the growth
is seriously affected by adverse environmental conditions,
such as drought, high salinity and low temperature. Dis-
covering novel genes involved in abiotic-stress resistance
and application of molecular breeding are considered
as an attractive method to improve the resistance to
stress. Although some HOX encoding genes in apple have
been reported in the Plant Transcription Factor Database
v4.0 (PlantTFDB, http://planttfdb.cbi.pku.edu.cn/index.
php?sp=Mdo), only four groups (HD-ZIP, WOX, PLINC
and other HD) have been classified, which is much lower
than that of plant HOX family with about 14 groups.

The sequencing of the whole genome of M. domestica
makes genomic analyses available (Velasco et al. 2010). In
the present study, genomewide screen of apple HOX gene
family was performed and more members have been iden-
tified. The functional domains, gene structure, chromo-
somal localization, promoter analysis and organ-specific
expression patterns of MdHOXs were analysed. More-
over, eightMdHOXs were randomly selected to investigate
their expression patterns under different abiotic stress.
The results present more useful information about HOX
genes.

Materials and methods

Identification of HOXs in apple

To identify the HOX encoding genes in apple (M.
domestica Borkh.), two approaches were implemented in
this study. In the first method, the sequences of HOX pro-
tein previously identified from Arabidopsis and rice were
used as queries to perform a local BLASTp against the
complete apple genomics database (genome v1.0, http://
www.rosaceae.org/) by the BioEdit program with an E-
value cutoff of 0.001 (Cui et al. 2015). In the second
method, the hidden Markov model (HMM) profile of
homeobox domain (Pfam number: PF00046) obtained
from the Pfam website (http://pfam.xfam.org/) was used
as a query to search against the above apple database with
HMMER 3.0 (Eddy 1998). All the potential candidates of
HOXs obtained by the two methods were then submitted
to the InterPro Database (http://www.ebi.ac.uk/interpro/)
and SMART database (http://smart.embl-heidelberg.de/)
respectively, to confirm the presence of HD domains. To
obtain a more complete HOX family of M. domestica,
all members identified by the two above approaches were
compared with the confirmed MdHOXs in the database
of PlantTFDB. The redundant sequences with the same
gene ID were removed. The sequence logos of HD domains
were generated using the MEME website database (http://
meme-suite.org). Phosphorylation sites of MdHOXs were
predicted by Netphos 2.0 serve (http://www.cbs.dtu.dk/
services/NetPhos-2.0/).

Identification of additional domains other than HD in MdHOXs
and analysis of the structure of their encoding genes

The full-length sequences of MdHOXs were submitted
to the InterPro website (http://www.ebi.ac.uk/interpro/) to
search any additional domains other than the HD domain
and they were divided into different groups according to
their functional domains, combined with the similarity of
the sequences of HD. To explore the diversity of intron–
exon organization, the gene structures of MdHOXs were
determined by submitting the predicted coding sequences
and the corresponding genomic sequences to the gene
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structure display server (GSDS, http://gsds.cbi.pku.edu.
cn/) software (Hu et al. 2012; Xu et al. 2016a, b).

Chromosomal localization of MdHOXs and gene duplication
analysis

Chromosomal location data of MdHOXs were retrieved
from apple genome annotations downloaded from
the Genome Database for Rosaceae (GDR,
http://www.rosaceae.org/) and then mapped to the chro-
mosomes using software MapDraw (Xu et al. 2016a, b;
Liu et al. 2017). Tandem duplications were checked, if the
distance between two adjacent genes were within 30 kb
and their similarity was more than 70% (Du et al. 2013).
Segmental duplications were examined using SyMAP
(Synteny Mapping and Analysis, http://www.symapdb.
org/) database. Before chromosomal localization, we tried
to check whether alternative splicing forms from one gene
locus exist using the M. domestica Genome v1.0 genome
annotation download from Rosaceae database.

To explore the mechanism of gene divergence after
duplication, the Ka/Ks ratio between paralogues was cal-
culated to show the positive selection (with the ratio >1),
negative or purifying selection (the ratio <1) and neu-
tral selection (the ratio=1), respectively. While, the Ka
(nonsynonymous nucleotide substitutions) and Ks (syn-
onymous nucleotide substitutions) were analysed using
the K-Estimator 6.1 V program. To examine the occur-
rence time of duplication events, Ks value was used to
calculate the duplication time as T = Ks/2λ × 10−6 mil-
lion years ago (Mya) (λ = 6.5 × 10−9) (Quraishi et al.
2011).

Organ-specific expression patterns of MdHOXs

To explore the expression patterns ofMdHOXs in different
organs, the expression profile of apple (GSE42873) was
obtained from the Gene Expression Omnibus database
(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GS
E42873). This profile (GSE42873) contained the expres-
sion levels of eight apple organs, and the gene names
in GSE42873 were consistent with the GDR database.
According to their gene names, the expression data of
the identified MdHOXs were extracted from the two
datasets (Cui et al. 2015). The hierarchical clustering
was performed with software Cluster 3.0 (http://bonsai.
hgc.jp/~mdehoon/software/cluster/software.htm) (Larkin
et al. 2007). The heatmap and clustering tree were con-
structed and shown with software Java Treeview (http://
sourceforge.net/projects/jtreeview/?source=typ_redirect).
Organ-specific gene expression was also checked by quan-
titative real-time polymerase chain reaction (qRT-PCR)
using the samples from 6-year-old trees of apple growing
at the experiment station of Shandong Agricultural Uni-
versity (Taian, Shandong, China).

Searching for cis-acting elements in the upstream sequence of
MdHOXs

The promoter sequences of MdHOXs, ∼1500 bp of
genomic DNA sequences upstream of the transcrip-
tional start site (ATG) were obtained from the apple
genome. Further these sequences were submitted to the
PlantCARE website (http://bioinformatics.psb.ugent.be/
webtools/plantcare/html/) to investigate the presence of
various cis-acting elements, respectively.

Plant growth, stress treatments and total RNA extraction

To investigate the response of MdHOXs under various
types of abiotic stress, 1 year seedlings of Golden Deli-
cious growing in Hoagland solution at normal conditions
(25 ± 1◦C, 16-h light / 8-h dark) were used for stress treat-
ment as done in similar investigations. Exogenous ABA
(100 μM) was directly sprayed on the whole seedlings,
while 20% PEG and 250 mM NaCl were added to the
Hoagland nutrient solution, respectively (Zhao et al. 2012;
Liu et al. 2017). The concentrations of ABA, NaCl and
PEG were selected based on the similar investigations. For
chilling treatment, the whole seedlings were placed in a 4◦C
environment (Xu et al. 2016a, b). Each sample was from
three different seedlings and collected at 1, 3, 6, 9 and 12
h, then frozen into liquid nitrogen and stored at −70◦C till
use. The total RNA was isolated using the CTAB proce-
dure (Gasic et al. 2004). The RNA concentrations and
quality were determined by a NanoDrop Spectrometer
(ND-1000 Spectrophotometer, Peqlab).

Quantitative real-time PCR (qRT-PCR) analysis

cDNA fragments were synthesized from total RNA using
the 5× All-In-One RT MasterMix with AccuRT Genomic
DNA Removal kit (Applied Biological Materials (abm)
Inc., Vancouver, Canada). To ensure the results of qRT-
PCR were credible, DREB gene (MDP0000147009) was
selected as positive control, whose expression has been
demonstrated to be upregulated under stress treatments
(Zhao et al. 2012). The apple actin gene (GeneID:
103453508) was selected as an internal standard and
the relative expression level of each gene was calculated
according to the 2−��CT method (Xu et al. 2016a, b).
The gene-specific primers were designed based on target
gene sequences using the software Beacon Designers 7.91,
and the sequences of primer pairs are listed in table 1
in electronic supplementary material at http://www.ias.
ac.in/jgenet/. The relative expression levels of MdHOXs
in stressed samples were compared to the controls (0 h)
with Student’s t-test at significance levels of *P<0.05 and
**P<0.01. Each reaction was carried out in three biologi-
cal replicates. This article does not contain any studies on
animals performed by any of the authors.
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Figure 1. Sequence logos of HD domains generated from all MdHOXs. The x-axis represents the relative positions of the HD motifs.
The y-axis represents the information content as measured in bits.

Figure 2. Structure and domain composition of representative MdHOXs from each subfamily.

Result

Identification, classification and gene structure analysis of
MdHOXs in apple

To obtain the credible results without missing the poten-
tial candidates of the genes that encode HOX, the E-value
cutoff was set at 0.001 similar to the previous stud-
ies (Cui et al. 2015; Xu et al. 2016a, b). Using this
method, ∼1500 putative HOX sequences were identified.
The HMM Profile of HD (PF00046) from plants and ani-
mals was used as a query to search against the complete
apple genome and about 200 putative HOX sequences
were identified. All the potential candidates obtained by
the above two approaches were further checked for the
presence of HD domains and then compared with the con-
firmed MdHOXs in PlantTFDB (http://planttfdb.cbi.pku.
edu.cn/index.php?sp=Mdo). Finally, 207 genes encoding
HOXs with HD domain were confirmed as MdHOXs and
named according to their chromosomal distributions. The
detailed information of each MdHOX is shown in table 2
in electronic supplementary material at http://www.ias.ac.

in/jgenet/, including the gene name, gene ID, chromosome
location, predicted phosphorylation sites and the length
of protein sequence. The logo of HD domain of MdHOXs
with 60 amino acids was constructed and shown in fig-
ure 1.

In addition to HD domain, most of the members con-
tained diverse characteristic domains, while fewer than
10 of them had only HD domain. Based on the pres-
ence of characteristic domains in the confirmed HOXs
from other plants (Angela and Miltos 2010), all the identi-
fied members were categorized into 11 known subfamilies
and one ‘unclassified’ group with unknown functional
domain (figure 2). A total of 81 MdHOXs were grouped
into the HD-ZIP I-IV subfamilies by the presence of
a LZ domain downstream HD. Members in HD-ZIP I
had no other functional domains. Compared with the
subfamily of HD-ZIP I, the HD-ZIP II contained an
additional conserved ZIBEL domain, by which domain,
the members in HD-ZIP II can interact with the target
HOXs containing BEL domain. HD-ZIP III and HD-ZIP
IV were characterized by the steroidogenic acute reg-
ulatory protein-related lipid transfer (START) domain,

http://planttfdb.cbi.pku.edu.cn/index.php?sp=Mdo
http://planttfdb.cbi.pku.edu.cn/index.php?sp=Mdo
http://www.ias.ac.in/jgenet/
http://www.ias.ac.in/jgenet/
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with HD-ZIP III having an extra MEKHLA domain
which is speculated to be involved in reaction of oxygen
redox.

The KNOX subfamily contained additional domains
of KNOX1, KNOX2 and ELK, which were reported
to be involved in nuclear localization, suppressing tar-
get gene expression and homo-dimerization, respectively
(Chan et al. 1998). The subfamily of PLINC harboured 33
MdHOXs, characterized by a conserved PLINC domain, a
zinc-finger-like domain upstream of HD. PLINC domain
may participate in homodimerization and heterodimeri-
zation (Thomas et al. 2015). The BEL subfamily contained
two conserved domains (BELa and BELb) and PHD sub-
family was a well-characterized zinc-finger resembling a
RING domain upstream of HD. WOX subfamily con-
tained a WUS box domain and the DDT subfamily
harboured a DDT domain downstream of the HD. Only
two MdHOXs were grouped in the SAWADEE subfamily
by the SAWADEE domain, with a site of metal coordina-
tion by conserved cysteine and histidine residues (Doerks
et al. 2001).

The intron–exon structure of encoding genes of
MdHOXs were further analysed by the software GSDS
(http://gsds.cbi.pku.edu.cn/). Among 207 MdHOXs, 24
members contained no introns and 179 contained 1–
30 introns (table 2 in electronic supplementary mate-
rial). The MdHOXs within the same group displayed
similar intron–exon structures in intron number and
distribution (figure 1 in electronic supplementary mate-
rial). However, the number of introns in each group
varied. For example, a majority of members in HD-
ZIP II subfamily contained fewer than three introns,
while most genes in HD-ZIPIII subfamily harboured
more than 10 introns (table 2 in electronic supplementary
material).

Chromosomal distribution and gene duplication of MdHOXs

For the genomic distribution of MdHOXs, total 201 of
207 MdHOX genes were successfully mapped to all 17
apple chromosomes (figure 3). Only six MdHOXs failed
to be mapped to any chromosomes, which could be
distributed in the scaffolds of unsuccessful assembled
genomic sequences like another family (Li et al. 2011).
The number of MdHOXs on different chromosomes was
uneven. Chromosome 15 contained the most with 20
MdHOX genes and chromosome 4 harboured the least
with only three MdHOXs. In most chromosomes, some
MdHOXs tend to form clusters and showed high similar-
ity within the clusters. When the similarity of two genes
was more than 70% and the distance between them was
within 30 kb distance, it was defined as tandem dupli-
cation. About one-third MdHOXs belonged to tandem
duplication that is marked in green colour in figure 3, which
represented 28 individual duplication events. In addition

to tandem duplication, the genes with high similarity also
appeared in different chromosomes, which suggested that
segmental duplication has occurred (table 3 in electronic
supplementary material). Total 15 pairs of MdHOXs were
involved in the segmental duplications, and the highest fre-
quency of segmental duplication events occurred between
chromosomes 9 and 17 (table 3 in electronic supplemen-
tary material). All the above results suggested that tandem
gene duplication and segmental gene duplication resulted
in the expansion of MdHOXs. Besides, before determin-
ing the genomic distribution of the MdHOXs, the M.
domestica Genome v1.0p annotation was checked and no
alternative splicing forms from the same gene locus were
found.

To investigate the different selective constrains on
duplicated MdHOX genes, the Ka/Ks ratio for each pair
of duplicated MdHOXs was calculated. The results indi-
cated that the majority ofMdHOX paralogous pairs (35 of
51) underwent negative selection during evolution, since
the ratios of Ka/Ks were less than 1, while the other 16
duplicated pairs might undergo positive selection because
their Ka/Ks ratios were more than 1 (table 4 in electronic
supplementary material). Based on the Ks value, the time
of 51 duplicated events was calculated with a substitu-
tion rate of 6.5 × 10−9 substitutions per site per year
(Wang et al. 2015), which varied from 0.264 to 214.57 Mya
(table 5 in electronic supplementary material). The tan-
dem duplication pairs occurred from 0.29 to 103.5 Mya,
while the segmental duplication was formed from 7.2 to
112 Mya. This result indicated that the segmental dupli-
cation events occurred before the formation of tandem
duplication.

The organ-specific expression pattern of MdHOXs

Previous studies suggested that HOXs are widely involved
in organ development in plant, such as cotyledon develop-
ment, flowering and fruit ripening (Chen et al. 2014). To
further examine the organ-specific expression ofMdHOXs,
the expression levels of MdHOXs identified above were
extracted from the expression profile of apple (GSE42873).
All of the 207 MdHOXs could be found in this expression
profile. According to their specific expression pattern in
different organs of apple, all 207 MdHOXs were divided
into seven groups and named as group I, II, III, IV, V, VIA
and VIB (figure 4). In group I, five genes were grouped
together because of their higher expression levels in fruits
and stems. In group II, 31 genes exhibited similar expres-
sion patterns with high levels in flowers and seeds. Group
III members (128 genes) showed higher expression in the
leaves, flowers and fruits, and lower expression in other
organs. Group IV contained 28 genes, and most of the
genes showed lower expression in seeds and seedlings, but
higher expression in other organs. In group V, all the mem-
bers had higher expression in fruits and lower expression

http://gsds.cbi.pku.edu.cn/
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Figure 3. Distribution of the MdHOXs in 17 apple chromosomes. The numbers on the left side of each chromosome represent a
megabase between two MdHOXs. Tandem duplications are indicated by light green. Shaded parts represent homologous regions on
chromosomes.

in seedlings. Groups VIA and VIB exhibited the common
characteristic of higher expression in stems, leaves and
flowers and lower expression in fruits and seeds, but they
showed completely opposite expression in seedlings. Gen-
erally, MdHOXs were ubiquitous in the organs of apple,
which may participate in the plant growth and develop-
ment.

To verify the reliability of the expression profiles
(GSE42873) data, qRT-PCR analysis was performed in
23 MdHOX genes randomly selected from MdHOX genes.
The results were found to be consistent with the data
of GSE42873 (figure 2 in electronic supplementary
material).

Analyses of stress-responsive cis-elements in upstream sequence
of MdHOXs

HOXs act as TFs, regulating the expression of their
downstream genes, while the expression of HOXs was
related to their cis-acting sequences in promoter regions
by interaction with other TFs. To investigate putative
cis-acting elements related to abiotic stresses, 1500 bp
upstream sequences of theMdHOXs were scanned with the
PlantCARE database (http://bioinformatics.psb.ugent.be/
webtools/plantcare/html/) (Higo et al. 1998). Among 207
MdHOXs, 192 upstream sequences were found in the
database of apple genome and total 86 types of elements

http://bioinformatics.psb.ugent.be/webtools/plantcare/html/
http://bioinformatics.psb.ugent.be/webtools/plantcare/html/
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Figure 4. The expression pattern of MdHOXs in different
organs.

were detected. The cis-acting elements involved in
stress-response existed widely in the promoters of
MdHOXs (table 1). More than 100 of 192 genes contained
heat stress response elements (HSE), MYB-binding site
(MBS), methyl jasmonate-response elements (CGTCA-
motif and TGACG-motif), stress response elements
(TC-rich repeats) and salicylic acid response elements
(TCA-element). More than 90 genes harboured ABA-
response element (ABRE) and gibberellin-response
element (GARE). In addition, one or more types of stress-
responsive cis-elements were found (table 5 in electronic
supplementary material). For example, MdHOX144 har-
boured one MBS, three CGTCA-motif, two HSE and
four ABRE. The presence of stress-responsive cis-elements
indicates that MdHOXs may take part in the response to
various types of abiotic stress in apple.

The expression of MdHOXs under abiotic stress

Systematic analysis of promoter suggested that
stress-related cis-elements were widely existed in that of
MdHOXs. To further investigate the potential functions
ofMdHOXs under different abiotic stress treatments, eight
genes were randomly selected as experimental gene. One
year seedlings were exposed to abiotic stress and exogenous
ABA treatments, eight genes expression was measured
using qRT-PCR, which is highly sensitive and widely used.
To detect the quality of cDNA samples, the DREB gene
(MDP0000147009) was selected as marker gene. The data
showed that its expression was significantly upregulated
under different stresses in apple roots (figure 3 in elec-
tronic supplementary material), which is similar with the
previous report (Zhao et al. 2012). Under high salinity
stress, two of eight genes were upregulated obviously, espe-
cially MdHOX8, whose expression increased nearly 6-fold
and 35-fold in leaves and roots, respectively. Six of eight
in leaves and four in roots of MdHOXs were upregulated
significantly under PEG treatment, MdHOX5 were upreg-
ulated ∼5-fold in leaves and 40-fold in roots (figure 5).
In response to chilling stress, four of eight MdHOXs in
leaves and six in roots exhibited obvious upregulation.
Among them, the expression of MdHOX8 increased obvi-
ously both in roots and leaves, reaching more than 2-fold
and 8-fold, which was consistent with the stress respon-
sive cis-acting elements of MdHOX8 (two ABRE, two
CGTCA-motif, one low-temperature responsive (LTR),
2TCA-elements, two TGACG-motif, one TGA-motif).
Under exogenous ABA treatment, the expressions of
MdHOX8 and MdHOX169 were significantly upregulated
both in roots and leaves, reaching ∼16-fold in leaves. In
general, majority of eight MdHOXs were sensitive to vari-
ous types of abiotic stress. Response to stress byMdHOXs
is related to stress responsive cis-acting elements of the
upstream sequence. All the results indicated thatMdHOXs
may play an important role in the regulation of the abiotic
stress signalling pathway.
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Figure 5. The expression of MdHOXs in leaves and roots under different types of abiotic stress. The mean expression value was
calculated from three independent replicates. Vertical bars indicate the standard error of mean. **P≤0.01 and *P≤0.05 compared
with 0 h.
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Discussion

As one of the largest known families of regulatory
proteins, HOXs are widely distributed in eukaryotes. The
genomic analysis of plant HOX family has been performed
in several species. There are 110 members predicted in A.
thaliana, 107 in the rice, 89 in chickpea and 137 in pigeon
pea (Jain et al. 2008; Mukherjee et al. 2009; Bhattachar-
jee et al. 2015). In this study, a total of 207 genes encoding
HOXs were identified in apple, which was much more than
that of other plants. Most of MdHOXs belonged to tan-
dem duplication (marked in green colour in figure 3) and
some MdHOXs were involved in segmental duplications
(table 3 in electronic supplementary material). In addi-
tion, a genomewide duplication event was reported to have
occurred in apple (Velasco et al. 2010). All these results
suggested that gene tandem duplication, segmental dupli-
cation and genomewide duplication may all contribute to
the expansion of the MdHOX gene family members. Simi-
lar to other species, the gene duplication in apple is derived
from the long evolutionary history (Dong et al. 2000) and
the presence of additionalHOXs in the apple genome indi-
cates that these genes are indispensable for the growth and
development of apple.

Previous studies suggested that plant HOX genes from
different species were classified into 14 classes based on
phylogenetic relationship and domain composition (Bhat-
tacharjee et al. 2015). In this study, 192 MdHOXs were
distributed into 11 distinct known classes, and 15 mem-
bers were divided into ‘unclassified’ class because they
had no known functional domain other than HD (table
2 in electronic supplementary material). Compared with
the number (total 156) of MdHOXs reported in the
PlantTFDB database before, more members of MdHOXs
were identified in this study and detailed classification
has been performed. Notably, MdHOX58 and MdHOX3
(MDP0000206914 and MDP0000238771) were originally
classified into HD-ZIP subfamily in PlantTFDB. How-
ever, no functional domains other than HD were identified,
thus they were classified into unclassified group in this
investigation.

Some HOX proteins have been involved in stress
response in plants. AtHB7 and AtHB12, the members
of HD-ZIP I subfamily were strongly induced by ABA
and drought (Liu et al. 2013). GmSBH1 (the member of
KNOX subfamily) was found to respond to high temper-
ature and humidity (Shu et al. 2015a, b). Although some
HOXs have been found to participate in various types of
abiotic stress, a comprehensive genomic analysis of HOXs
in response to abiotic stress has not been carried out in
apple. In this study, all the upstream sequences of 207
MdHOXs were analysed. The results revealed that the cis-
acting elements related to abiotic stress widely existed in
the promoter regions of 192 MdHOXs. More than half of
192 MdHOXs contained MBS, HSE, TC-rich repeats and
ABRE elements, which were mainly involved in drought,

high temperature and exogenous ABA response. Each gene
of 192MdHOXs harboured at least one of the cis-elements
related to abiotic stress response, which suggested that
someMdHOX genes may have potential ability to respond
to abiotic stress. Further, the qRT-PCR results showed that
the majority of MdHOXs responded sensitively to stress
treatments; especially the expression of MdHOX8 was
increased significantly both in roots and leaves under all
abiotic stress and exogenous ABA treatment. This finding
indicated that MdHOX may play putative role in abi-
otic stress signalling and response to exogenous hormone
regulation.

In conclusion, the HOX gene family consists of a large
group of genes with different functions. In the present
study, the genomewide analysis of the HOX gene family
was performed in apple for the first time. Further, accord-
ing to systematic analysis of stress-responsive cis-acting
elements in promoter of MdHOXs, their expression pro-
files were examined in various types of abiotic stress. The
results could provide useful information for further studies
on MdHOXs, particularly for the members that may have
potential ability to respond to abiotic stress.
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