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The homeodomain-leucine zipper (HD-Zip) gene family plays an important role in plant growth and environ-
mental responses. At present, research on the HD-Zip gene family of barley is incomplete. In this study, 32 HD-
Zip genes (HvHD-Zip 1-32) were identified from the barley genome and were subsequently divided into four
subfamilies according to conserved structure and motif analysis. Whole genome replication events in barley and
Arabidopsis, rice, and wheat HD-Zip gene families were analyzed, yielding 3, 14 and 25 gene pairs, respectively,
but no segmental or tandem duplication events were identified in the barley HD-Zip gene family. Subsequently,

quantitative real-time PCR (qQRT-PCR) analysis revealed that the HvHD-Zip gene is sensitive to drought stress and
that members of the HD-Zip I and HD-Zip IV subfamilies are generally more sensitive to abiotic stresses. Our
results suggest a relationship between barley resistance and the potential key HVvHD-Zip gene, which lay the
foundation for further functional studies.

1. Introduction

Homeodomain-leucine zipper (HD-Zip) genes comprise an im-
portant transcription factor family, and exist only in higher plants,
having many members that are relatively evolutionarily conserved
(Ariel et al., 2007). The structural feature shared by the HD-Zip genes is
the homeodomain (HD), which is a specific DNA binding site at the C-
terminus, and the leucine-zipper (LZ) domain, which is closely asso-
ciated with the former and is responsible for protein dimerization
(Johannesson et al., 2001). Based on the DNA sequence and conserved
motif, and combined with HD-Zip's physiological function, this family is
divided into four subfamilies, HD-Zip I-IV (Ariel et al., 2007). The class
I HD-Zip transcription factor (HD-Zip I) subfamily is very simple, con-
taining only a highly conserved HD domain and the LZ domain, and the
class II HD-Zip transcription factor (HD-Zip II) subfamily members
contain a CPSCE (Cys-Pro-Ser-Cys-Glu) motif consisting of five con-
served amino acids after the C-terminus of the LZ domain. The class III
HD-Zip transcription factor (HD-Zip III) subfamily is the most complex
(Elhiti and Stasolla, 2009).

HD-Zip proteins participate in a variety of processes during plant
growth and development, and some members are involved in general
responses to abiotic stress (Chew et al., 2013; Perotti et al., 2017). For
example, previous studies performed functional analysis of two HD-Zip

I subfamily genes, OsHOX22 and OsHOX24, in rice, demonstrating that
these genes were highly upregulated under various abiotic stress con-
ditions, and over-expression of OsHOX24 in transgenic Arabidopsis
(Arabidopsis thaliana) exhibits increased sensitivity to hormonal and
abiotic stresses (Bhattacharjee et al., 2016). Studies indicated that
Arabidopsis HD-Zip 11 subfamily gene ATHB2 is a positive regulator
involved in plant shade-avoidance responses (Carabelli et al., 2013).
Studies have shown that members of the class IV HD-Zip transcription
factor (HD-Zip IV) subfamily are preferentially expressed in epidermal
cells and are primarily involved in the development and maintenance of
plant epidermal cell layers (Nakamura et al., 2006), regulation of an-
thocyanins, lipid transport and stress responses (Elhiti and Stasolla,
2009). One cotton HD-Zip IV subfamily member gene, GaHDG11, was
shown to improve osmotic tolerance in transgenic Arabidopsis (Chen
et al., 2017).

At present, the HD-Zip gene family has been extensively studied in
various plants, including Arabidopsis, maize (Zea mays L.) (Mao et al.,
2016), rice (Oryza sativa L.) (Agalou et al., 2008), wheat (Triticum
aestivum L.) (Yue et al., 2018), tomato (Solanum lycopersicum) (Zhang
et al., 2014a), peach (Prunus persica L.) (Zhang et al., 2014b), grape
(Vitis vinifera) (Li et al., 2017a), soybean (Glycine max) (Chen et al.,
2014a), citrus (Citrus sinensis) (Ge et al., 2015), cotton (Gossypium ar-
boretum) (Chen et al., 2017), poplar (Populus trichocarpa) (Hu et al.,
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2012), cassava (Manihot esculenta) (Ding et al., 2017), and other spe-
cies. Some HD-Zip family studies involved abiotic stress (Agalou et al.,
2008; Yue et al.,, 2018; Ding et al., 2017), of which salt, cold and
drought stress are the most common, in addition to abiotic factors that
have a significant impact on the growth, yield and quality of cereal
crops (Zhu, 2016). Barley (Hordeum vulgare L.) is one of the world's
oldest food and feed crops in the world. Barley is an important crop in
China that has high economic value and strong abiotic resistance
(Janska et al., 2013). As a representative crop of abiotic stress re-
sistance, the latest physical, genetic and functional sequence assembly
of the barley genome was completed in 2012 (International Barley
Genome Sequencing et al., 2012) and 2016 (Mascher et al., 2017),
providing important reference materials for future research on crop
breeding and quality improvement. However, only sporadic studies on
individual HD-Zip genes in barley have been performed (Komatsuda
et al., 2007). Therefore, this study identified and characterized HD-Zip
transcription factor family members in barley, including their structural
characteristics, evolution and gene duplication events. In addition,
analysis of tissue expression patterns was also examined using existing
RNA-seq (RNA sequencing) data and expression profiles in different
barley tissues and the response patterns after stress based on qRT-PCR
technology. The results of this study provide a foundation for further
study of the biological and molecular functions of HD-Zip transcription
factors in barley.

2. Materials and methods

2.1. Identification and chromosomal localization of HD-Zip transcription
factor family members in barley

Arabidopsis and rice HD-Zip proteins sequences were downloaded as
query sequences (seed sequences) from the TAIR database (Arabidopsis
information resource, http://web.arabidopsis.org), the RGAP database
(Rice Genome Annotation Project, http://rice.plantbiology.msu.edu/)
and PlantTFDB v4.0 database (Plant Transcription Factor Database,
http://planttfdb.cbi.pku.edu.cn/). All known query sequences were
used to identify barley HD-Zip by BLASTP searches with a cutoff e-value
(—10) in IPK database (Leibniz Institute of Plant Genetics and Crop
Plant Research, http://www.ipk-gatersleben.de/). In addition, the
barley HD-Zip hmm search was performed, all obtained protein se-
quences were integrated and redundancy was removed by manual
curating. The SMART (Simple Molecular Agriculture Research Tool,
http://smart.embl-heidelberg.de/) and EMBL-Pfam (https://pfam.
xfam.org/) databases were used to identify conserved protein do-
mains. The remaining coincident sequences were considered putative
barley HD-Zip genes (HvHD-Zip).

The ExPASy database (https://www.expasy.org/) was used to cal-
culate the biochemical parameters of HvHD-Zip proteins. Plant-mPLoc
(http://www.csbio.sjtu.edu.cn/bioinf/plant-multi/) ~ predicts  sub-
cellular parameters. Finally, HYHD-Zip gene chromosome localization
was obtained from genome annotation information in IPK, and
MapChart software was used for visualization.

2.2. Phylogenetic and gene duplication analysis

Multiple sequence alignments were generated using ClutsalX1.81
for barley, rice and Arabidopsis HD-Zip protein sequences. The phylo-
genetic tree was constructed using MEGA7.0 software with the N-J
(Neighbor-joining) method, and the resulting graph was creating using
the iTOL online service (https://itol.embl.de/).

Gene duplication was investigated following the method described
by Gu et al. and Kong et al. (Gu et al., 2002; Kong et al., 2013). The
MCScanx and Circos programs were used to retrieve and map colli-
nearity between different plant genomes.
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2.3. Gene structure and protein conserved motif analysis

Gene structure was displayed using the GSDS program (Gene
Structure Display Server, http://gsds.cbi.pku.edu.cn/). Conserved mo-
tifs were identified using the MEME program (Multiple Em for Motif
Elicitation, http://meme-suite.org/tools/meme), and the TBtools soft-
ware was used for visual optimization.

2.4. Tissue expression profile analysis of HvHD-Zip genes

Barley RNA-Seq data were retrieved from the IPK database, and
transcript abundance of HvHD-Zip genes was assessed using FPKM
(Fragments Per Kilobase of exon model per Million mapped reads) va-
lues. Heat maps of HVvHD-Zip gene expression were generated based on
their FPKM values using Cluster and TBtools software.

2.5. Plant materials and abiotic stress treatments

Barley seeds were surface sterilized with 10% H»0,, germinating
seeds were planted in 1.5L pots, filled with improved Hoagland's nu-
trient solution (macronutrients: 0.5 mM MgSO,4, 2 mM Ca(NOs),, 2 mM
KNOs, 0.5mM NH,H,PO,, 0.5mM (NH,),HPO, and 0.5mM NaCl;
micronutrients: 6.25uM H3BO3, 0.125pM CuSO4, 0.5uM MnSO,,
0.4uM ZnCly, 0.19uM NayMoO, and 18 uM FeNaEDTA) and plants
were grown in a growth chamber at 22°C with a 16 h photoperiod
(12000 lux) and 8 h dark period. The barley variety ‘Morex’ was sub-
jected to drought stress by application of 18% polyethylene glycol to
the nutrient solution, cold stress by treatment at 4 °C in the cryogenic
incubator (OSTC Percival LT-36VL, China) and salt stress by application
of 200 mM NaCl to the nutrient solution for 48 h each. Root and leaf
tissues samples were taken three times before application of the stressor
(14 days after germination), 2 days after the stressor and 2 days after
recovery. All conditions were replicated three times.

2.6. Quantitative real-time PCR analysis

Total RNA was isolated using the Plant RNA isolation kit (Takara,
Shiga-ken, Japan) according to the manufacturer's instructions. RNA
quality and quantity were assessed using 1.0% (w/v) agarose gels
stained with ethidium bromide (EB) and a NanoDrop® spectro-
photometer. qQRT-PCR was performed using a LightCycler’ 96 System
(Roche, Indianapolis, IN, USA) with HvgActin as the reference gene.
Three biological replicates for each sample were used, and expression
levels were evaluated using the 2744 method (Udvardi et al., 2008).

3. Results
3.1. Identification and analysis of HvHD-Zip genes

Thirty-two non-redundant HD-Zip genes were identified in barley,
designated as HvHD-Zip 1-32, and were used for subsequent analysis
(Table 1). Because of the differences in genome versions reported be-
tween 2012 and 2016 in which individual data could not be fully
matched, the subsequent analysis relied primarily on the 2016 genomic
data, except for the gene structure analysis. The full-length coding se-
quences (CDS) of HVHD-Zip genes ranged from 594 bp (HvHD-Zip I 7
and HvHD-Zip I 12) to 2949 bp (HvHD-Zip III 3), with deduced protein
lengths of 198-983 amino acids. The predicted grand average of hy-
dropathicity (GRAVY < 0) for HvHD-Zip proteins revealed hydro-
philicity. The predicted sub-cellular localization of HvHD-Zip proteins
showed that they all localize to the nucleus, representing characteristics
of HD-Zip transcription factors.

3.2. Chromosome localization of HVHD-Zip genes
was

Distribution of HvHD-Zip genes determined by their
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Fig. 1. Chromosomal localization of HvHD-Zip genes on the 7 barley chromosomes. Chromosome numbers are shown at the top of each vertical bar. Position data are
shown on the left side of the chromosome, and corresponding HvHD-Zip gene names are connected by a short line on the right side, with different colors representing
different subfamilies. chr, chromosomes. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 2. Phylogenetic tree and protein structure of HvHD-Zip. (A) The phylogenetic tree was constructed by N-J method with 1000 bootstrap replicates. (B) Conserved
motifs were identified by MEME. Motifs are indicated by different colored boxes with the motif number, while non-conserved sequences are represented by gray lines.

Length of motifs is proportionally represented.
in 13 different species, including barley (Table 2).

3.5. Expression profiles of HYHD-Zip genes in different tissues

Based on FPKM values, a heatmap of HvHD-Zip genes was created
(Fig. 5). These 32 genes have differential expression patterns and
cluster on two branches, a and b. Branch a has 11 genes with high
expression levels, and branch b contains the remaining 21 genes
(67.7%) with lower expression levels in different tissues. Further ana-
lysis indicates that most of the HD-Zip genes in barley are expressed at
low levels, but gene expression is still tissue-specific.

3.6. Expression profiles of HYHD-Zip genes in response to abiotic stress

In the natural environment, stresses on plant seedling growth and

development are mostly temporary and fluctuate. To approximate the
natural growth state of barley seedlings, short-term drought, cold and
salt stress were applied to barley seedlings, and relatively quantitative
analysis of HVHD-Zip gene expression in root and leaf tissue was per-
formed. As expected, the response patterns of HYHD-Zip genes are very
different under different stresses and in different tissues (Fig. 6, Fig.
S1). Within the three stresses, HYHD-Zip gene response was the stron-
gest in root tissues under drought stress in which expression of 17 genes
(58.6%) was significantly different from that of controls (Fig. S1A).
However, in root, only the HVHD-Zip I 9 gene responded significantly to
cold stress (Fig. S1B), and 9 genes responded significantly to salt stress
(Fig. S1C). The HvHD-Zip genes are more sensitive to drought stress
than barley root tissue, and in leaf tissue, the HvHD-Zip genes re-
sponded more significantly to cold stress. Overall, the HYHD-Zip genes
are less responsive in leaf tissue than in root tissue. In addition, under
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Fig. 3. Exon-intron gene structures of HVHD-Zip. Gene structure analysis was performed using GSDS. Length of exons and introns for each HVHD-Zip gene are

proportionally displayed.

different stress treatments, the response levels of different subfamily
members are also inconsistent. HD-Zip I and HD-Zip IV subfamilies
responded significantly more than HD-Zip II and HD-Zip III subfamilies.
Typically, the HvHD-Zip III 3 gene does not respond to these three
stresses, and combined with the function of this subfamily, it is
speculated that the HVHD-Zip III 3 gene is not sensitive to stress and may
play a role in plant development.

There were 9 genes that responded in root tissue to the removal of
drought stress. Eleven genes responded in leaf tissue, and 5 genes re-
sponded in root tissue to the removal of cold stress. Five genes respond
in leaf tissue, and only one gene responded in root tissue in response to
the removal of salt stress, while 8 genes responded in leaf tissue. A
stronger response exists in leaf tissue than in root tissue in response to
the removal of a stressor.

Barley

Arabidopsis

4. Discussion

As a traditional cultivated crop, barley exhibits good resistance to
stress (Ligaba and Katsuhara, 2010), but there is an overall lack of re-
search and no comprehensive reports on the HD-Zip transcription factor
family in barley. In this study, 32 HD-Zip genes were identified in
barley, fewer than in Arabidopsis (48), rice (41), wheat (66), maize (55),
and soybean (88). This result may be related to the larger and more
repetitive barley genome (5.1 Gb, Giga base pairs), and the other may
be associated with the lack of segmental and tandem duplication events
within barley HD-Zip genes. We speculate that there may be unknown
parts within the barley genome, which will inevitably affect the
quantitative statistics of the HvHD-Zip gene family. In addition, we did
not find evidence of the HvHD-Zip gene family's expansion.

Fig. 4. Phylogenetic and synteny analysis of HD-Zip
proteins. (A) Phylogenetic tree constructed in three
species of barley (32), Arabidopsis (48), and rice (41).
Different color blocks or lines represent different
subfamily classifications. (B) Synteny analysis of
HvHD-Zip genes. Colored bars connecting two chro-
mosomal regions denote syntenic regions, gray lines

chi?

chet

onz

Barley

Rice

Barley

Wheat

255

represent orthologous gene pairs within genomes,
and red lines represent orthologous gene pairs within
the HD-Zip gene family. Chromosome numbers are
shown at the top or bottom of each horizontal bar.
chr, chromosomes. (For interpretation of the refer-
ences to color in this figure legend, the reader is re-
ferred to the Web version of this article.)
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Table 2
Number of HD-Zip genes in 13 different species.
Category Barley Arabidopsis Rice Wheat Maize Setaria italica L. Soybean citrus peach grapes cassava tea plant Poplar
HD-Zip 16 17 14 20 17 13 30 16 14 13 23 20 27
HD-Zip I 4 10 12 17 18 13 27 14 9 14
HDZiplll 4 5 5 4 5 5 12 4 4 5 9 3 5
HD-ZiplvV 8 16 10 5 15 16 19 5 8 8 11 1 17
Total 32 48 41 46 55 47 88 27 33 33 57 33 63
N o there is not a completely single positive or negative correlation between
S N OO D QN
Q,“ Q—oo \.‘,‘y~ \\\Q \\g ‘\O ng- QYg. phylogenetic relationships and tissues expression patterns (Fig. 5).
] ] [ HD-Zip 1 10 Identically to HvHD-Zip I 13-HvHD-Zip I 15, HvHD-Zip IIl 3-HvHD-Zip III
HD-Zip | 4 4, and HvHD-Zip IV 2-HvHD-Zip IV 5, these three gene pairs have very
g = Zg’gp ;g similar tissue expression patterns. However, the HvHD-Zip I and 1-
a HD-Ziz w2 HvHD-Zip I 11 gene pair has a completely inconsistent tissue expression
" HD-ZipIV4 pattern, while HvHD-Zip I 1 and HvHD-Zip I 16 are not a gene pair but
ip
-Z| ave highly consistent tissue expression patterns. Therefore, tissue ex-
. . Zg:gz ;”61 pression regulation is a complex system, and close evolutionary re-
i -Zi lationships are not necessary for similar tissue expression patterns be-
HD-Zip Ill 3
[ B HD-Zip 11l 4 tween genes. Similar findings have been reported in grapes (Li et al.,
Zg—g{p %6 2017b).
i HD:Z;’; 114 Many crop studies have proven that when plants are stimulated by
HD-Zip IV 7 the environment, transcription factors typically upregulate gene ex-
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Fig. 5. Expression profiles of HYHD-Zip genes in different tissues. RNA-seq data
from eight tissues at different developmental stages of barley seedlings. EMB: 4-
day embryos; ROO1: Roots from seedlings (10 cm shoot stage); LEA: Shoots
from seedlings (10 cm shoot stage); INF1: Young developing inflorescences
(5 mm); INF2: Developing inflorescences (1-1.5 cm); NOD: Developing tillers,
3rd internode (42 DAP); CARS5: Developing grain (5 DAP); CAR15: Developing
grain (15 DAP) was used to analyze tissues expression patterns. Expression level
is shown using color as the scale with red representing high expression level
and blue representing low expression level. a and b represent two different
branches. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)

Gene and protein structure may also be related to the control of
gene expression patterns in tissues or in response to abiotic stress (Elhiti
and Stasolla, 2009). In general, most of the conserved domains and
motifs in the same subfamily were similar, which might be related to a
specific function and phylogenetic clustering. Further analysis of the
structure, conserved motifs and phylogenetic tree of the four HvHD-Zip
gene subfamilies revealed its significant family classification features
(Fig. 2). Although the HD-Zip I subfamily contains only HD and LZ
domains and lacks a conserved N-terminus compared to the HD-Zip II
subfamily, the HvHD-Zip I gene family structure is not significantly
different from the HvHD-Zip II subfamily. However, the 32 HvHD-Zip
genes were clearly divided into four clades (Fig. 2A). Interestingly, the
phylogenetic tree shows that these genes are clearly paired into 11 gene
pairs, but analysis of tissue expression patterns in barley revealed that

pression to cope with stress (Yamaguchi-Shinozaki and Shinozaki,
2006), and the HD-Zip protein family is a key regulatory transcription
factor, unique to higher plants, that has been widely studied in many
crop plants. At present, homeodomain-leucine zipper I class genes, vrs1
and hox2, have been studied in barley, and they played a key role in
barley domestication (Komatsuda et al., 2007). However, the rigor of
domain validation in this study indicated that these two genes are not
involved. Highland barley transcriptome studies have shown that HD-
Zip transcription factors may play an important role in highland do-
mestication, especially in highland stress adaptation (Duan et al., 2015;
Chen et al.,, 2014b), but there are no other barley HD-Zip studies,
particularly in stress research. In this study, barley HvHD-Zip gene ex-
pression levels in response to drought, cold and salt stress conditions
were verified by qRT-PCR (Fig. 6, Fig. S1). Seventeen (root tissue) and 4
(leaf tissue) stress response genes responded to drought. One (root
tissue) and 7 (leaf tissue) genes responded to cold stress, and 9 (root
tissue) and 4 (leaf tissue) genes responded to salt stress. Some genes
that are persistently and significantly differentially expressed under
stress and removal of stress may act in a long-lasting or slow-acting
manner in response to the plant stress tolerant process and may be less
sensitive to stress. Hence, these genes should be considered candidate
genes for future non-biological functional studies.

Three orthologous HD-Zip gene pairs were identified by synteny
analysis between barley and Arabidopsis (Fig. 4B), HYHD-Zip I 16-HAT9,
HvHD-Zip II 1-HAT4 and HvHD-Zip IV 1- HDG5 (HD-Zip IV subfamily).
HvHD-Zip I 16, HvHD-Zip II 1 and HvHD-Zip IV 1 genes showed de-
creased expression levels in different barley tissues (Fig. 5), and these
three genes have a tissue expression specificity similar to that of HvHD-
Zip genes. After three stressor treatments, HvHD-Zip I 16 and HvHD-Zip
IT 1 genes were detected only in root tissues under drought stress,
suggesting that they may play a regulatory role during drought stress in
barley roots. The HvHD-Zip IV 1 gene showed a wide range of differ-
ential expression after treatment with different stressors, especially in
barley root tissue. Three orthologous genes, in which the HAT4 gene in
Arabidopsis belongs to the HD-Zip II subfamily with the HAT9 gene and
shares a common evolutionary history, have also been reported in
earlier studies that darkness and HAT4 gene overproduction may act in
a synergistic manner to promote plant growth in the light (Schena et al.,
1993). Of course, overexpression mutants also exhibit obvious pheno-
typic changes, such as early flowering (Bou-Torrent et al., 2012;
Kollmer et al., 2011), suggesting that some genes may not only respond
to abiotic stress but may also play an important role in regulating plant
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Fig. 6. Expression profiles of HYHD-Zip genes in response to different stressors. Solid red circles indicate that expression levels of the gene are significantly different
from that of the control in response to the stressor. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this

article.)

growth and development.

Regarding how HD-Zip transcription factors regulate gene expres-
sion, it has been reported that OsTF1L in rice is a key regulatory gene in
the drought stress response mechanism. OsTF1L directly binds to the
promoters of lignin biosynthesis and drought-related genes, enhancing
drought tolerance through lignin biosynthesis and stomatal closure in
rice (Bang et al., 2019). Similarly, the HD-Zip transcription factors are
directly involved in the regulation of abscisic acid homeostasis and
signaling (Sessa et al., 2018). PpHB22 was identified and characterized
from 47 HD-Zip genes in the pear genome and is a negative regulator of
plant growth associated with the ABA response pathway, which func-
tions upstream of PpDAM1 (dormancy associated MADS-box 1) (Yang
et al., 2018). Another study demonstrates that stress-induced expres-
sion of AtHDG11 improved drought and salt tolerance through upre-
gulation of known stress responsive genes in peanut (Banavath et al.,
2018). These findings provide an important reference for future func-
tional research of barley HD-Zip transcription factor genes.

In summary, this study systematically identifies and characterizes
the levels of the barley HD-Zip gene family in the entire genome. Thirty-
two barley HD-Zip genes belonging to groups I to IV were identified and
showed a uniform distribution across the seven barley chromosomes.
Genome-wide gene duplication event analysis found no segmental or
tandem duplication events in the barley HD-Zip gene family. Analysis of
RNA-Seq data revealed that the HvHD-Zip genes exhibited low expres-
sion levels in different tissues. The response patterns to drought, cold
and salt stress showed that the HvHD-Zip gene family exhibited sig-
nificant responses under drought stress in root tissues and that HD-Zip [
and HD-Zip IV subfamily members were generally more sensitive to
abiotic stresses. Overall, this study lays the foundation for future re-
search on the molecular mechanisms of barley stress adaption.
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