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Abstract Homeodomain-leucine zipper (HD-Zip) tran-
scription factors regulate developmental processes and
stress responses in plants, and they vary widely in gene
number and family structure. In this study, 55 predicted
maize HD-Zip genes were systematically analyzed with
respect to their phylogenetic relationships, molecular evo-
lution, and gene expression in order to understand the
functional diversification within the family. Phylogenetic
analysis of HD-Zip proteins from Zea mays, Oryza sativa,
Arabidopsis thaliana, Vitis vinifera, and Physcomitrella
patens showed that they group into four classes. We
inferred that the copy numbers of classes I and III genes
were relatively conserved in all five species. The 55 maize
HD-Zip genes are distributed randomly on the ten chro-
mosomes, with 15 segmental duplication and 4 tandem
duplication events, suggesting that segmental duplications
were the major contributors in the expansion of the maize
HD-Zip gene family. Expression analysis of the 55 maize
HD-Zip genes in different tissues and drought conditions
revealed differences in the expression levels and patterns
between the four classes. Promoter analysis revealed that a
number of stress response-, hormone response-, light
response-, and development-related cis-acting elements
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were present in their promoters. Our results provide novel
insights into the molecular evolution and gene expression
within the HD-Zip gene family in maize, and provide a
solid foundation for future functional study of the HD-Zip
genes in maize.

Keywords HD-Zip transcription factor - Maize -
Molecular evolution - Expression - Promoter analysis

Introduction

Precise and coordinated gene expression is essential for
plant development and environmental stress resistance.
Transcription factors (TFs) are a group of regulatory pro-
teins that regulate gene expression by binding to specific
cis-acting elements in the promoters of target genes (Badis
et al. 2009). Although the genes that encode transcription
factors account for only a small portion of the genome, TFs
are important players in gene expression in regulated net-
works (Hobert 2008). Recently, it has been reported that
numerous TFs control many critical biological processes
during plant development and growth; examples are TFs
such as TCP, WRKY, MYB, AT-hook and E2F (Van Camp
2005; Ricachenevsky et al. 2010; Walford et al. 2011).
Homeodomain-leucine zipper (HD-Zip) proteins con-
stitute a large family of TFs that are characterized by the
presence of a DNA-binding homeodomain (HD) and an
adjacent leucine zipper (Zip) motif. HD-Zip proteins are
unique to plants (with the exception of charophycean
algae), but they are related to HD proteins found in other
eukaryotes. To date, all members of the HD-Zip gene
family from >50 plant species have been deposited in the
Plant Transcription Factor Database (PlantTFDB) (Jin et al.
2014). With the recent development of high throughput
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DNA sequencing technology, more and more plant gen-
omes are being sequenced. A great deal of experimental
work will be required to determine the specific biological
function of each of the HD-Zip genes in these plant spe-
cies. However, a precise annotation of HD-Zip genes is the
first step toward fully understanding their roles in plant
development.

Previous studies have shown that HD-Zip gene family
members can be grouped into four different classes, HD-
Zip I to IV, based on their additional conserved domains,
structures, and physiological functions (Schena and Davis
1994). The different classes of HD-Zip genes in plants
regulate a wide array of diverse biological processes, but
there seems to be at least some functional conservation
within each of these classes (Ariel et al. 2007). HD-Zip 1
proteins are mainly involved in responses to abiotic stress,
auxin, de-etiolation, blue light signaling, and the regulation
of organ growth and development (Aoyama et al. 1995;
Himmelbach et al. 2002; Johannesson et al. 2003; Wang
et al. 2003; Olsson et al. 2004; Ariel et al. 2007). HD-Zip II
proteins are involved in responses to illumination condi-
tions, shade avoidance, and auxin signaling (Carabelli et al.
1993; Steindler et al. 1999; Sawa et al. 2002; Sessa et al.
2005). HD-Zip III proteins control the development of the
apical meristem, the vascular bundles, and the adaxial
domains of lateral organs (Baima et al. 2001; Emery et al.
2003; Ohashi-Ito and Fukuda 2003), and HD-Zip IV pro-
teins play crucial roles in anthocyanin accumulation, epi-
dermal cell differentiation, trichome formation, root
development, and cuticle development (Rerie et al. 1994;
Di Cristina et al. 1996; Nakamura et al. 2006; Ariel et al.
2007).

To date, functional analysis of the HD-Zip gene family
have mainly focused on model plants, such as Arabidopsis
and rice. The expansion and functional divergence of this
large gene family have not yet been investigated in other
land plants. Thus, there is a lack of general understanding
of the tempo and mode of HD-Zip gene family evolution in
plants. Now, with the completion of the bryophyte Phys-
comitrella patens (Rensing et al. 2008), the lycophyte Se-
laginella moellendorffii (Banks et al. 2011), and the Zea
mays (Schnable et al. 2009) genome projects, a joint phy-
logenetic analysis of HD-Zip genes from a bryophyte, a
lycophyte, a eudicot (Arabidopsis), and two monocots (rice
and maize) will help further our understanding of the
expansion and diversification of this large gene family in
land plants. Bryophytes are the closest extant relatives of
early land plants, which began to diverge ~450 million
years ago (Rensing et al. 2008). Lycophytes are early
vascular plants with a dominant sporophyte generation
(Banks et al. 2011). Compared with lycophytes and bryo-
phytes, the angiosperm plant body possesses more complex
organ systems and structures, such as flowers and fruits.
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One of the major questions in plant evolution concerns the
evolution of the body developmental program, which has
been modified through time so that the sporophyte became
larger and acquired the ability to branch, develop vascular
conducting tissues, and produce roots, leaves, seeds, and
flowers (Bowman et al. 2007).

As one of the world’s major cereal crops, maize is not
only a primary food resource, but is also an important
source of industrial materials such as oil and specialty
starches. With the maize genome sequence completed, an
excellent opportunity is available to conduct whole-gen-
ome annotation, evolution, and comparative studies in
maize (Schnable et al. 2009). Moreover, previous lines of
evidence have already demonstrated that the HD-Zip
family may be an excellent candidate to regulate plant
development and environmental stress responses. Thus, a
systematic analysis of gene expression of maize HD-Zip
family members is necessary to fully understand the basic
function of this gene family in maize. Previous research
have identified 55 HD-Zip genes in maize genome and
subsequently the phylogenetic, gene structure, chromoso-
mal location, gene duplication of 55 HD-Zip genes and
expression levels of the HD-Zip I genes under drought
stress were investigated (Zhao et al. 2011). In this study, a
comprehensive analysis of phylogenetic, gene structure,
chromosomal locations and gene duplication were con-
ducted to comfirm the above research. Importantly, the
molecular evolution, promoter analysis, and gene expres-
sion patterns in various tissues and in response to drought
stress were also performed. The results provide a biological
reference for future studies on the functions of maize HD-
Zip genes.

Materials and methods

Identification of HD-Zip proteins in the maize
genome

We used several different approaches to identify putative
HD-Zip proteins in maize. Initially, protein sequences for
maize HD-Zip transcription factors (genome assembly:
AGPv3) were retrieved from the Plant Transcription Fac-
tor Database 3.0 (available online: http://planttfdb.cbi.pku.
edu.cn) (Jin et al. 2014). Genes in the maize genome that
were annotated with a Pfam HD domain (PF00046) and
leucine zipper motif (PF02183) were retrieved from Phy-
tozome v10.0 (available online: http://www.phytozome.
net/eucalyptus.php). In addition, BLAST searches were
also performed using Arabidposis HD-Zip proteins against
the maize genome to identify any additional HD-Zip
members. All but the longest splice variants were removed
and redundant sequences were removed using the decrease
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redundancy tool (available online: http://web.expasy.org/
decrease_redundancy). The presence of HD domain and
leucine zipper motif in all family proteins; START
(PF01852) and MEKHLA (PF08670) domains in HD-Zip
III class; and the START (PF01852) domain in HD-Zip IV
class were evaluated using Pfam (available online: http://
pfam.xfam.org/) (Finn et al. 2014) and SMART (available
online: http://smart.embl-heidelberg.de/) (Letunic et al.
2004) database searches. Arabidopsis HD-Zip proteins
were downloaded from TAIR 10 (available online: http://
www.arabidopsis.org), which contained 48 members. Rice
(genome assembly: IRGSP-1.0), Physcomitrella (Genome
assembly: Phypal.l), Selaginella (Genome assembly:
phytozomeV10.0/v1.0), and grape (Genome assembly:
Genoscope 12X) HD-Zip proteins were downloaded from
the Plant Transcription Factor Database (available online:
http://planttfdb.cbi.pku.edu.cn) (Jin et al. 2014).

Gene structure and phylogenetic analysis

Genomic sequences of maize HD-Zip genes were down-
loaded from Phytozome v10.0 (available online: http://
www.phytozome.net/eucalyptus.php) and untranslated regions
were removed. To show the exon/intron organization for
individual HD-Zip genes, coding sequences were aligned to
genomic sequences and schematics generated using GSDS
(Gene Structure Display Server) (available online: http:/gsds.
cbi.pku.edu.cn) (Guo et al. 2007).

To determine the phylogenetic relationships of the HD-
Zip proteins, multiple alignments were created with the
ClustalW program (Chenna et al. 2003) using a Gonnet
protein weight matrix, as well as multiple alignment gap
opening/extension penalties of 10/0.5 and pairwise gap
opening/extension penalties of 10/0.1. Phylogenetic trees
were then constructed with MEGA 5.0 software (Tamura
et al. 2011) using the NJ method. Bootstrap analysis was
performed on 1000 replicates with the pairwise deletion
option.

In silico promoter sequence analysis

For detection of putative cis-acting regulatory elements in
the promoter sequence, the online search tool of PlantCARE
(plant cis-acting regulatory elements, http://bioinformatics.
psb.ugent.be/webtools/plantcare/html/) was utilized.

Chromosomal localization and test for selection
neutrality

Chromosomal location informations of maize HD-Zip
genes were retrieved from maize genome (genome
assembly: AGPv3) in Phytozome v10.0 (http://planttfdb.
cbi.pku.edu.cn). The tandem duplicates were identified

according to Hanada et al. (2008) as pairs of HD-Zip genes
within 100 kb of each other and having 10 or fewer non-
homologous genes in between. Whole-genome (segmental)
duplicated gene pairs were analyzed on the Plant Genome
Duplication Database (PGDD) server (available online:
http://chibba.agtec.uga.edu/duplication/index/locus) with a
display range of 100 kb. The synonymous substitution
rates (Ks) between the tandemly or segmental duplicated
gene pairs of HD-Zip genes were calculated using the
CODEML program in PAML (Yang 2007). The approxi-
mate date of the duplication events was calculated using
T = Ks/2A by assuming a clock-like rate () in grasses of
6.5 x 1077 synonymous mutations per synonymous site
per year (Gaut et al. 1996).

Expression of HD-Zip genes in different tissues

Expression patterns of HD-Zip genes in different maize
tissues were analyzed using the genome-wide gene expres-
sion atlas of the inbred B73 line of maize that was reported
previously (Sekhon et al. 2011). Normalized gene expres-
sion values expressed as FPKM (fragments per kilobase of
exon per million fragments mapped) were transformed using
log,(FPKM) for further expression analysis.

Plant material and growth conditions

Maize (Inbred line B73) growth conditions and drought
treatments were performed according to Mao (Mao et al.
2015). Briefly, maize seeds were surface-sterilized in 1 %
(v/v) Topsin-M (Rotam Crop Sciences Ltd.) for 10 min,
then washed in deionized water and germinated on wet
filter paper at 28 °C for three days. The germinated seeds
were placed in a nutrient solution (0.75 mM K,SOy,
0.1 mM KCI, 025 mM KH,PO,, 0.65 mM MgSO,,
0.1 mM EDTA-Fe, 2.0 mM Ca(NOs3),, 1.0 mM MnSQy,,
1.0 mM ZnSO4 0.1 mM CuSO,4, 0.005 mM (NHy)e.
Mo,0,,4) for hydroponic cultivation for eight days. The
hydroponically cultured seedlings were placed on a clean
bench and subjected to dehydration (28 °C, relative
humidity of 40-60 %). Samples were exposed for 0, 5, and
10 h, and the time points were determined by measuring
the relative leaf water content (RLWC), corresponding to
the drought-treated leaf samples, which were approxi-
mately 98, 70 and 60 %, respectively. Leaf samples from a
minimum of 3 seedlings were frozen in liquid nitrogen
immediately and then stored at —80 °C prior to RNA
isolation. Total RNA was isolated from the leaf samples
collected using TRIZOL reagent (Biotopped, China)
according to the manufacturer’s instructions. The RNA
samples were inspected for their quality and quantity using
NanoDrop® spectrophotometer.
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Microarray-based gene expression analysis of HD-
Zip genes

Total RNA from 6 leaf samples that includes two biolog-
ical replicates for each of the three time points 0, 5 and 10
h under dehydration was sent to the Shanghai Biotech-
nology Corporation (Shanghai, China) for microarray
analysis. A custom 60 K maize oligo microarray (Agilent
Technology) (60-mer oligos) was used. mRNA from leaf
samples of drought-treated and control plants were reverse
transcribed and labeled with Cy3 and CyS5, respectively.
Dye-swap experiments were carried out to control the
technique errors, in which each pair of drought-treated and
untreated samples was inversely labeled with Cy5 and Cy3.
Hybridization and data processing were carried out
according to the standard analysis pipeline (Agilent Tech-
nology). The microarray data were clustered using Clus-
ter3.0 with Euclidean distances and the hierarchical cluster
method of complete linkage clustering. The clustering tree
was constructed and viewed in Java Treeview.

RNA isolation and transcript level analysis

In order to validate the microarray results, we performed
the quantitative real time-PCR (qQRT-PCR) analysis using
primers corresponding to maize HD-Zip I genes. The RNA
samples was subsequently treated with RNase-free DNase I
(Takara, China) to remove genomic DNA contamination.
First-strand ¢cDNA was synthesized from 1 pg of total
RNA using Recombinant M-MLV reverse transcriptase
(Promega, USA). Quantitative real time-PCR (qRT-PCR)
was performed in optical 48-well plates using the ABI7300
Thermo-cycler (Applied Biosystems, USA). Reactions
were carried out in a 10-pl volume containing 1 pl diluted
cDNA, 200 nM gene-specific primers, and 5 pl SYBR
Premix Ex Taq II (Takara, China) with the following
conditions: 10 min at 95 °C, 40 cycles of 15 s at 95 °C,
and 30 s at 60 °C. The specificity of the amplicon for each
primer pair was verified by melting curve analysis. The
expression of ZmUbi-2 (UniProtKB/TrEMBL; ACC:Q4
2415) was used as an internal control. The quantification
method (Z_AAC‘) (Livak and Schmittgen 2001) was used
and the variation in expression was estimated from the
three biological replicates. The primer pairs used in this
study are listed in Table S1.

Results
Identification of HD-Zip genes in maize

Fifty-five full-length genes (ZmHDZI-ZmHDZ55) encod-
ing putative HD-Zip proteins were identified in the maize
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genome. In order to confirm the reliability of HD-Zip
candidate proteins in maize, the amino acid sequences of
the 55 proteins were searched for the presence of both HD
domain and leucine zipper motif, and additional START or
MEKHLA domains using Pfam and SMART programs.
The results showed that all of the 55 HD-Zip proteins in
maize contained both HD domain and leucine zipper motif,
indicating that they probably belong to the HD-Zip family
(Table S2). In addition, five HD-Zip proteins also con-
tained START and MEKHLA domains, and fifteen HD-Zip
proteins cotained START domain (Table S2). The full-
length coding sequences (CDS) of the maize HD-Zip genes
ranged from 666 bp (ZmHDZ28) to 2862 bp (ZmHDZ39),
with deduced protein lengths of 221-953 amino acids
(Table 1).

Phylogenetic and structural analysis

Phylogenetic relationships among the 55 HD-Zip proteins
were reconstructed using the neighbor-joining (NJ)
method. The resulting phylogenetic tree showed that the
maize HD-Zip proteins formed four distinct clades with
>76 % bootstrap support, corresponding to classes I, II,
III, and IV, and contained 17, 18, 5, and 15 members,
respectively (Fig. la; Table 1). We subsequently per-
formed an exon—intron structure analysis to support the
phylogeny reconstruction. The schematic structures
revealed that each HD-Zip gene coding sequence is dis-
rupted by one or more introns. Based on these results, the
HD-Zip genes can be divided into four groups as shown in
Fig. 1c. Among the four class HD-Zip genes, only class III
genes showed well conserved exon—intron structures,
where 4 of the five genes have exactly 18 exons. Class III
HD-Zip genes contain the largest number of introns, while
class I and II genes contain the fewest (Fig. 1c). Pairwise
comparisons of the 55 full-length HD-Zip protein sequen-
ces revealed that HD-Zip I amino acid sequences are more
diverse and HD-Zip III are well conserved. Otherwise, the
protein sequence identities within each HD-Zip class are
higher than they are between classes (independent-sample
t test, P < 0.0001) (Fig. 2). These results are consistence
with the previous study (Ariel et al. 2007; Arce et al. 2011).

Expansion of the HD-Zip family in maize and rice

It is apparent that the number of HD-Zip genes in maize is
larger than in rice. To investigate the extent of lineage-
specific expansion of the HD-Zip genes in maize and rice,
we performed a joint phylogenetic analysis of the maize
and rice HD-Zip proteins. As in the maize-only analysis,
the 55 maize and 42 rice HD-Zip proteins grouped into four
distinct classes (Fig. 3a). We identified the nodes that led
to maize- and rice-specific clades (red circles in Fig. 3a).
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:nac?lceh;rasg;:rr?:ggzog?ﬂli:oggnOn Gene name Gene identifier Chr. no Protein length (aa) ORF (bp) Exons Class
HD-Zip genes identified in ZmHDZI  GRMZM2G021339 4 339 1020 4 I
maize ZmHDZ2  GRMZM2G122076 4 272 819 3 I
ZmHDZ3  GRMZM2G003304 1 270 813 3 1
ZmHDZ4  GRMZM2G351330 2 261 786 2 1
ZmHDZ5  GRMZM2G178741 9 344 1035 3 I
ZmHDZ6  GRMZM2G117164 5 235 708 2 I
ZmHDZ7  GRMZM2G002915 2 283 852 3 I
ZmHDZ8  GRMZM2G056600 7 261 786 3 I
ZmHDZ9  GRMZM2G041462 7 239 720 2 I
ZmHDZ10  GRMZM2G041127 2 274 825 2 I
ZmHDZ11  GRMZM2G139963 1 344 1035 3 1
ZmHDZ12  GRMZM2G034113 2 244 735 2 I
ZmHDZ13  GRMZM2G097349 1 363 1092 2 I
ZmHDZ14  GRMZM2G132367 1 326 981 3 I
ZmHDZ15  GRMZM2G005624 1 239 720 3 I
ZmHDZ16  GRMZM2G119999 1 294 885 3 I
ZmHDZ17 ~ AC233899.1_FGP0OO4 9 377 1134 3 I
ZmHDZ18  GRMZM2G126239 3 259 780 4 1
ZmHDZ19  GRMZM2G134260 9 293 882 2 1
ZmHDZ20  GRMZM2G366130 2 315 948 3 1
ZmHDZ21  GRMZM2G068672 6 261 786 2 1
ZmHDZ22  GRMZM2G307400 5 223 672 3 1
ZmHDZ23  GRMZM2G307397 5 22 669 4 1
ZmHDZ24  GRMZM2G166041 4 269 810 2 1
ZmHDZ25  GRMZM2G148074 1 319 960 4 I
ZmHDZ26  GRMZM2G142962 1 448 1347 4 1
ZmHDZ27  GRMZM2G047715 4 346 1041 4 1
ZmHDZ28  GRMZM2G477415 5 21 666 3 1
ZmHDZ29  GRMZM2G106276 9 272 819 2 1
ZmHDZ30  GRMZM2G105834 9 296 891 3 1
ZmHDZ31  GRMZM2G478937 6 303 912 7 1
ZmHDZ32  GRMZM2G131476 1 262 789 3 1
ZmHDZ33  GRMZM2G127537 7 333 1002 4 1
ZmHDZ34  GRMZM2G044752 2 227 684 4 1
ZmHDZ35  GRMZM2G126808 1 296 891 3 1
ZmHDZ36  AC187157.4_FGP0O05 8 858 2577 17 1
ZmHDZ37  GRMZM2G003509 1 854 2565 18 1
ZmHDZ38  GRMZM2G109987 9 842 2529 18 1
ZmHDZ39  GRMZM2G178102 3 953 2862 18 1
ZmHDZ40  GRMZM2G469551 1 835 2508 18 1
ZmHDZ41  AC235534.1_FGPOO7 10 863 2592 9 v
ZmHDZ42  GRMZM2G001289 2 830 2493 9 v
ZmHDZ43  GRMZM2G004334 6 732 2199 9 v
ZmHDZ44  GRMZM2G004957 10 769 2310 6 v
ZmHDZ45  GRMZM2G026643 3 702 2109 9 I\
ZmHDZ46  GRMZM2G109252 7 611 1836 7 v
ZmHDZ47  GRMZM2G116658 7 863 2592 9 v
ZmHDZ48  GRMZM2G118063 10 802 2409 10 v
ZmHDZ49  GRMZM2G122897 10 742 2229 8 v
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Table 1 continued

Gene name Gene identifier Chr. no. Protein length (aa) OREF (bp) Exons Class
ZmHDZ50 GRMZM2G123140 1 884 2655 10 v
ZmHDZ51 GRMZM2G126646 4 698 2097 10 v
ZmHDZ52 GRMZM2G130442 4 796 2391 10 v
ZmHDZ53 GRMZM2G145690 5 692 2079 10 v
ZmHDZ54 GRMZM2G386276 3 701 2106 10 v
ZmHDZS55 GRMZM2G438260 2 750 2253 8 v

These nodes indicate the divergence point between maize
and rice, and thus represent the most recent common
ancestral genes prior to the split. Some HD-Zip genes
might have been present in the most recent common
ancestor (MRCA) of maize and rice but were later lost in
either maize or rice. We found seven clades that contained
only maize HD-Zip genes (Fig. 3a, red arrows) and six
clades that contained only rice HD-Zip genes (Fig. 3a,
black arrows), indicating that gene loss could have occur-
red in these clades. The number of clades indicated that
there were at least 47 ancestral HD-Zip genes before the
maize-rice evolutionary split occurred. After split from the
MRCA, maize has gained more genes than rice (Fig. 3b).

Duplication mechanisms accounting for the maize
HD-Zip family expansion

We examined the distribution of the 55 HD-Zip genes
across the 10 maize chromosomes. The distribution of the
HD-Zip genes on the chromosomes appears to be random.
Interestingly, chromosome 8 was found to harbor only a
single HD-Zip gene (Fig. 4). In addition, four pairs of HD-
Zip genes (ZmHDZ19/29, ZmHDZ22/23, ZmHDZ22/28,
and ZmHDZ23/28) are arranged in tandem repeats at two
loci on chromosomes 9 and 5 (Fig. 4; Table 2).

The maize genome has undergone several rounds of
genome duplication, including that from a paleopolyploid
ancestor ~70 million years ago (mya) and an additional
whole-genome duplication event ~5-12 mya (Schnable
et al. 2009). In this study, we identified 15 duplicated HD-
Zip gene pairs, including ZmHDZ4/6, ZmHDZ5/11, ZmHD
Z5/13, ZmHDZS8/10, ZmHDZ9/12, ZmHDZ19/21, ZmHDZ
20/33, ZmHDZ26/33, ZmHDZ30/35, ZmHDZ37/39, ZmHD
742/48, ZmHDZ42/49, ZmHDZA43/53, ZmHDZ48/52, and
ZmHDZ51/53, and each of them are located in a pair of
paralogous blocks (Fig. 4; Table S3). It is noteworthy that
among the 19 sister pairs identified at the terminal nodes of
the phylogenetic tree shown in Fig. la, eight gene pairs
(ZmHDZ2/3, ZmHDZI14/17, ZmHDZ25/34, ZmHDZI18/27,
ZmHDZ38/40, ZmHDZ41/45, and ZmHDZ46/55) (ZmHDZ
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22 and ZmHDZ28 were found to be involved in tandem
duplication) were located just outside the segmentally
duplicated regions. However, their gene structure and
phylogenetic relationships indicated that they share a
similar evolutionary history and are closely related to each
other. These results provide strong evidence that gene
duplication, especially the segmental duplication, has made
an important contribution to the expansion of the maize
HD-Zip gene family.

Based on the ratio of nonsynonymous to synonymous
substitutions (Ka/Ks), the history of selection acting on
coding sequences can be estimated. A pair of sequences
will have Ka/Ks <1 if one sequence has been under
purifying selection but the other has been drifting neutrally,
while Ka/Ks = 1 if both sequences are drifting neutrally
and Ka/Ks > 1 at specific sites that are under positive
selection (Juretic et al. 2005). A summary of Ka/Ks ratios
for 19 HD-Zip duplicated pairs is shown in Table 2. The
result suggests that gene pairs ZmHDZ4/6, ZmHDZ5/11,
ZmHDZ5/13, ZmHDZ9/12, ZmHDZ19/21, ZmHDZ20/33,
and ZmHDZ26/33 have evolved mainly under the influence
of positive selection, and the other gene pairs evolved
under purifying selection. Based on the divergence rate of
6.5 x 107 synonymous mutations per synonymous site
per year as previously proposed for grasses (Gaut et al.
1996), the duplications in these 19 paralogous pairs are
estimated to have occurred between 6.92 and 58.46 Mya
(Table 2).

Comparation of HD-Zip genes in land plants

Two recently-available plant genomes (the lycophyte, Se-
laginella moellendorffii and the bryophyte, Physcomitrella
patens) allow new insights into the evolution of the HD-
Zip gene family in land plants. In this study, we identified 9
and 29 HD-Zip genes from the Selaginella and Physco-
mitrella genomes, respectively (Table S4). Using the NJ
method, we reconstructed the phylogenetic relationships
among 207 HD-Zip proteins from Physcomitrella, Ara-
bidopsis, Vitis, rice, and maize. Again, the phylogenetic
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Fig. 1 Predicted maize HD-Zip protein phylogeny, expression pro-
files, and gene structures. a Neighbor-Joining (NJ) phylogeny of
maize HD-Zip proteins, showing subfamily classification and boot-
strap values >50. b Expression profile of maize HD-Zip genes, except
for ZmHDZ16, ZmHDZ31 and ZmHDZA41, in root (Rt), coleoptile
(Cp), stem (St), internode (In), cob (Co), leaves (Le), shoot (Sh),

tree showed that all the HD-Zip proteins grouped into four
distinct clades (classes I, II, III and IV) with >74 %
bootstrap support (Fig. 5A; Fig. S1). Class I genes

tassel (Ta), silk (Si), husk (Hu), embryo (Em), pericarp (Pe), and seed
(Se). Normalized gene expression values are shown in different colors
that represent the relative levels of expression indicated on the scale
bar. ¢ Position of exons and introns in the maize HD-Zip genes.
Introns are shown as lines, exons as boxes

generally comprise the largest of the subfamilies in these
plant species, while class III has the smallest number of
HD-Zip gene members.
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Fig. 2 Pairwise sequence identity of full-length maize HD-Zip
proteins. A, B, C, and D represent pairwise sequence identities of
classes I, II, III, and IV HD-Zip proteins, respectively. AB, AC, and
AD represent pairwise sequence identities between classes I and II, I
and III, and I and IV HD-Zip proteins; BC and BD represent pairwise
sequence identities between classes II and III, and II and IV HD-Zip
proteins; and CD represents pairwise sequence identities between
classes III and IV HD-Zip proteins. The box plot shows the median
(black line), interquartile range (box), and maximum and minimum
scores (whiskers) for each data set. Outliers are shown as circles
outside of the whiskers

The marked difference in HD-Zip gene family size
among bryophytes, lycophytes, and angiosperms (Fig. 5b;
Table S4) suggests that expansion of the HD-Zip gene
family occurred after the divergence of the lycophytes and
euphyllophytes. Because of the lack of genomic informa-
tion for gymnosperms and monilophytes, the tempo of HD-
Zip gene family evolution in land plants cannot yet be
precisely defined. We found highly conserved copy num-
bers of the class III HD-Zip genes in each of the five
species. Similarly, we also observed relatively conserved
copy numbers of the class I HD-Zip genes in the five
species: there are 16 copies in Physcomitrella, 13 in Vitis,
15 in rice, and 17 each in Arabidopsis and maize. However,
pronounced copy number variations for class II and class
IV HD-Zip genes were observed in these plant species. In
class II, Physcomitrella only contains four genes, while
Vitis, Arabidopsis, rice, and maize have 7, 10, 12, and 18
genes, respectively. Similarly, In class IV, Physcomitrella
contains only four genes, but Vitis, Arabidopsis, rice, and
maize have 8, 16, 11, and 15 genes, respectively (Fig. 5b).

Expression patterns of maize HD-Zip genes
in various tissues

Tissue-specific mRNA abundance can be suggestive of a

gene’s biological function. HD-Zip proteins have been
shown to participate in the transcriptional regulation of a
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series of biological processes related to plant growth and
development. In order to better understand the function of
each class of HD-Zip genes in maize, their expression
profiles were investigated in 13 different tissues sampled
from maize plants grown under non-limiting growth con-
ditions. Using transcriptomic data from maize B73 (Sekhon
et al. 2011), an expression heat map was constructed for 55
maize HD-Zip genes in 13 different tissues, except for
ZmHDZ16, ZmHDZ31 and ZmHDZ41 (Fig. 1b). The
results showed that the expression patterns of the different
HD-Zip genes varied greatly. All class III HD-Zip genes
showed a relatively high level of expression compared to
the other genes examined, possibly indicating the impor-
tance of these genes in maize development. Except for
ZmHDZA43, —46, —51, —53, —54, and —55, which were
constitutively expressed at lower levels in the various tis-
sues, all class IV HD-Zip genes showed selectively higher
expression in one or more tissues. Similarly, except for
ZmHDZ20, —22, —24, —26, —27, —28, and —30 which
were constitutively expressed at lower levels in the various
tissues, all class II HD-Zip genes were selectively expres-
sed at higher levels in one or more specific tissues. How-
ever, substantially more variation in expression patterns
was found among the class I HD-Zip genes, and all class I
genes showed higher expression levels in one or some
specific tissues. Thus, the class II and class IV maize HD-
Zip genes displayed obvious differences in expression
patterns and levels; some genes were consistently expres-
sed at lower levels in all tissues, while the others showed
higher expression in one or more tissues (Fig. 1b;
Table S5).

Expression differences of maize HD-Zip genes
under drought stress

To gain further insight into the roles of maize HD-Zip
genes in drought tolerance, we investigated the expression
profiles of all maize HD-Zip genes in response to drought
stress using microarray analysis. We found that the maize
HD-Zip genes could be mainly classified into two groups
based on their expression patterns. The expression levels of
21 HD-Zip genes were continuously up-regulated (fold-
change >1) in response to both drought stress conditions
(5 h and 10 h of drought treatments). Among these genes,
16 genes showed two or more times fold change in one or
two drought stress conditions (Table S6). In contrast, 29
HD-Zip genes were continuously down-regulated (fold-
change <—1) under both drought stress conditions. Among
these genes, only 9 genes showed two or more times fold
change in one or two drought stress conditions (Table S6).
Expression of the remaining five genes, ZmHDZI4, —15,
—17, —45, and —54, were either suppressed or induced
under one of the drought conditions (Fig. 6a; Table S6).
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<«Fig. 3 Phylogenetic analysis (a) and copy number changes (b) of
maize and rice HD-Zip proteins. In a, a NJ tree was constructed from
a sequence alignment of predicted maize and rice HD-Zip proteins
using MEGA 5.0 software. Numbers on branches indicate the
bootstrap percentage values calculated from 1000 replicates, and
only values >50 % are shown. The nodes that represent the most
recent common ancestral genes before the maize and rice split are
indicated by red circles (bootstrap support >50 %). Clades that
contain only maize or rice HD-Zip proteins are indicated by black and
red arrows, respectively. In b, the numbers in circles and rectangles
represent the numbers of HD-Zip genes in extant and ancestral
species, respectively. Numbers on branches with plus and minus
symbols represent the numbers of gene gains and losses, respectively

We noticed that most of the class II HD-Zip genes (67 %)
were up-regulated, while all class III HD-Zip genes
(100 %) and most of the class IV HD-Zip genes (73 %)
were down-regulated in response to drought stress. Also,
nearly half of the class I HD-Zip genes (47 %) were up-
regulated in response to drought stress (Fig. 6b, c). Further,
gRT-PCR analysis of the HD-Zip I genes in leaves of

to validate their expression in the microarray. The results
showed the significantly correlation between RT-qPCR and
microarray data under drought stress conditions (5 and 10 h
of drought treatments; P < 0.0001) (Fig. S2), suggesting a
reliability of microarray data. The results clearly show the
functional divergence of HD-Zip genes in response to
drought stress in maize seedlings.

Promoter analysis

In order to compare the promoter sequences of genes and
check whether they have similar or different motifs, we
analyzed the ~ 1500 bp promoter regions of the maize
HD-Zip genes using PLACE databases. The results showed
that a number of stress response-, hormone response-, light
response-, and development-related cis-acting elements
were present in their promoters (Table S7). The genes
belonging to the same subfamily had a diverse profile of
cis-acting elements enriched in the promoters, suggesting
the possible role of promoter sequences in functional

different drought-treated maize seedlings were performed  diversification of the HD-Zip genes of the same
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Fig. 4 Genomic localization of maize HD-Zip genes. Schematic
view of chromosome reorganization by the most recent whole-
genome duplication in maize. Regions that are assumed to correspond

to homologous genome blocks are shaded gray and connected by
lines. Paralogous HD-Zip genes are indicated by red lines within the
gray-shaded trapezoids
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Table 2 The Ka/Ks ratios and
estimated divergence time for
maize duplicated HD-Zip
paralogs

Fig. 5 Unrooted phylogenetic
tree (a) and copy number
comparisons (b) of the HD-Zip
genes from five land plant
species. Numbers at the internal
branches leading to the four
HD-Zip classes indicate the
bootstrap support from 1000
replicates. HD-Zip protein
classes I, II, III, and IV are
shaded red, blue, green, and
yellow, respectively

subfamilies (Table S7). We found that cis-acting element,
AuxRR-core (Auxin-responsive element), only distributed
in the promoters of some class III and IV HD-Zip genes;
GATA-motif (one of light-responsive elements) distributed

Paralogous pairs Ka Ks Ka/Ks Duplication date (MY) Duplicate type
ZmHDZ4/6 0.55 0.42 1.31 32.31 Segmental
ZmHDZ5/11 0.16 0.09 1.78 6.92 Segmental
ZmHDZ5/13 0.67 0.35 1.91 26.92 Segmental
ZmHDZ8/10 0.09 0.21 0.43 16.15 Segmental
ZmHDZ9/12 0.17 0.09 1.89 6.92 Segmental
ZmHDZ19/21 0.70 0.43 1.63 33.08 Segmental
ZmHDZ19/29 0.17 0.49 0.35 37.69 Tandem
ZmHDZ20/33 0.26 0.14 1.86 10.77 Segmental
ZmHDZ22/23 0.21 0.41 0.51 31.46 Tandem
ZmHDZ22/28 0.15 0.23 0.65 17.69 Tandem
ZmHDZ23/28 0.14 0.56 0.25 43.08 Tandem
ZmHDZ26/33 0.48 0.24 2.00 18.46 Segmental
ZmHDZ30/35 0.11 0.15 0.73 11.54 Segmental
ZmHDZ37/39 0.05 0.21 0.24 16.15 Segmental
ZmHDZ42/48 0.14 0.76 0.18 58.46 Segmental
ZmHDZ42/49 0.07 0.26 0.27 20.00 Segmental
ZmHDZ43/53 0.13 0.48 0.27 36.92 Segmental
ZmHDZ48/52 0.04 0.39 0.10 30.00 Segmental
ZmHDZ51/53 0.03 0.10 0.30 7.69 Segmental
A HD-Zip IV B
60
HD-Zip 1l w
o 50
c
o 15
=
N 40 1 16
a S | |11
I
Y
© 18
Q
E 20 - 12 10 2 2
3 4
< 7
>
S 10 1
) 17 15 17 13 16
0 T :
o &% o ¢
2 @6 X ° N Q
PR G R
0 096 N {\‘
'\6 0((\
. (’50 ‘bo
HD-Zip Il ¥ Q™
HD-Zip |

in the promoters of some class I and IV HD-Zip genes;
and as-2-box (one of light-responsive elements) distributed
in the promoters of some class I and II HD-Zip genes. The
other cis-acting elements are distributed in promoters of
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Fig. 6 Expression profile of maize HD-Zip genes in response to
drought stress. a Microarray-based expression analysis of maize HD-
Zip genes. The heat map was generated based on the fold-change
values in the treated samples when compared with the unstressed
control. The color scale for fold-change values is shown at the

four class HD-Zip genes (Table S7). This results combined
with the expression analysis indicated that HD-Zip genes
may regulate a wide array of biological processes in maize.

Discussion

HD-Zip transcription factors are ubiquitous in plants and
carry out essential roles in various aspects of normal plant
growth and developmental processes and also in environ-
mental responses (Ariel et al. 2007). HD-Zip proteins
belong to a large gene family with >40 members in the
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bottom. The drought-treated leaf samples were collected at two time
points, 5 and 10 h, which reflected relative leaf water content
(RLWC) of 70 and 60 %, respectively. b The percentage of up-
regulated maize HD-Zip genes in each of the four classes. ¢ The
percentage of down-regulated maize HD-Zip genes in the four classes

rice, Arabidopsis, and maize genomes. A previous study
showed that Arabidopsis HD-Zip proteins could be clas-
sified into four groups, and that the groups have distinct
functions (Ariel et al. 2007). In this study, we found that
the 207 HD-Zip proteins from the Physcomitrella, Ara-
bidopsis, Vitis, rice, and maize genomes also clustered into
four distinct groups (Fig. 5a; Fig. S1). In addition, the
protein sequence identities within each group of maize HD-
Zip proteins were higher than they were between the
groups (Fig. 2). Thus, in this study, the HD-Zip proteins
were grouped into four classes (HD-Zip I, I, III, and IV).
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Gene duplication is one of the major evolutionary
mechanisms for generating novel genes that help organ-
isms adapt to new and changing environments (Bowers
et al. 2003; Gu et al. 2003). Three principal evolutionary
patterns are attributed to gene duplications; these include
segmental duplication, tandem duplication, and transposi-
tion events such as retroposition and replicative transpo-
sition (Kong et al. 2007). Among these, segmental
duplication occurs most frequently in plants because most
plants are diploidized polyploids that retain numerous
duplicated chromosomal blocks within their genomes
(Cannon et al. 2004). Maize is an important model plant for
fundamental research on evolutionary history. Previous
studies have shown that the maize genome has undergone
several rounds of genome duplication, including that from
a paleopolyploid ancestor ~70 million years ago (mya)
and an additional whole-genome duplication event
~5-12 mya (Schnable et al. 2009). In this study, we found
that among the 55 maize HD-Zip genes, 15 gene pairs (26
genes) were created by segmental duplication event and
four gene pairs (five genes) resulted from the tandem
duplication event (Fig. 4; Table 2). This indicates that
segmental duplication was the major process responsible
for the rapid expansion of the maize HD-Zip gene family,
and this has also been observed in other plant species (Hu
et al. 2012; Chen et al. 2014) and some other maize gene
families, such as the genes for mitogen-activated protein
kinase and CCCH-type zinc finger proteins (Peng et al.
2012; Liu et al. 2013). In addition, over half of the whole-
genome duplication pairs showed evidence of significant
overall purifying selection, suggesting that at least some of
the retained duplicates are still functional and may provide
adaptive advantages (Table 2).

Previous studies have discussed three outcomes of gene
duplication: neofunctionalization, subfunctionalization,
and pseudogenization (Lynch and Conery 2000; Li et al.
2005). In the neofunctionalization model, one duplicate
copy (paralog) accumulates beneficial mutations and
acquires a new function, whereas the other duplicate copy
retains the original gene function. In the subfunctional-
ization model, each paralog partitions the ancestral gene
function (Li et al. 2005). Studies for 19 duplicated gene
pairs showed that most of them exhibited similar expres-
sion profiles in various tissues or in response to drought
stress (Figs. 1b, 6a), such as ZmHDZ4/6, ZmHDZ22/28,
ZmHDZ37/39, ZmHDZ42/49, and ZmHDZ51/53, which
indicated that the duplicated genes might have redundant
functions. However, divergence was also detected between
some duplicated gene pairs, such as ZmHDZ5/11,
ZmHDZ19/21, ZmHDZ20/33, and ZmHDZ48/52, suggest-
ing neofunctionalization or subfunctionalization of the
duplicated paralogs, which is the major feature of most
duplicated genes (Blanc and Wolfe 2004).

The growth and productivity of plants are frequently
threatened by environmental stresses such as drought and
high salinity. Many stress-related genes are induced to help
plants adapt to these environmental stresses. Compared
with HD-Zip classes II, III, and IV, class I genes play
important roles in abiotic stress tolerance (Ariel et al.
2007). Several specific HD-Zip I family members have
been characterized with respect to their roles in regulating
drought responses. Previous phylogenetic analysis placed
OsHOX22, OsHOX24, ATHB-7, and ATHB-12 in the same
subgroup of HD-Zip family I, and they are all involved in
the regulation of drought stress (Harris et al. 2011). In
maize, 21 of 55 HD-Zip genes were found to be up-regu-
lated (fold-change >1) in response to drought stress, and
these genes are mainly from classes I and II (Fig. 6). There
is little functional evidence to suggest a role for class II
HD-Zip genes in plant growth adaptation responses to
water deficit. However, expression studies using microar-
rays have shown that HAT2 and HAT22 expression is up-
regulated by drought in Arabidopsis (Huang et al. 2008). In
our study, 12 of 18 class II HD-Zip genes were up-regu-
lated in response to drought, indicating that these genes
may play an important role in the drought stress response.
In addition, based on their expression patterns in seedlings
subjected to drought stress, all class III HD-Zip genes and
most of the class IV HD-Zip genes were found to be down-
regulated (fold-change <—1) in response to drought stress
(Fig. 6). These results highlight the functional difference of
maize HD-Zip genes in the drought stress reponse.

Moreover, tissue-specific expression analysis revealed
that the expression patterns of four class HD-Zip genes are
different. The expression patterns of class IIIl HD-Zip genes
relatively conserved while the other classes are varied
greatly (Fig. 1b). Further promoter analysis revealed that a
number of stress response-, hormone response-, light
response-, and development-related cis-acting elements
were present in their promoters, but the genes belonging to
the same subfamily had a diverse profile of cis-acting
elements enriched in the promoters (Table S7). Thus, the
different classes of HD-Zip genes in plants regulate a wide
array of diverse biological processes. HD-Zip 1 and HD-
Zip 1II proteins contribute to the plasticity of plant growth
and are responsible for modulating plant development in
response to environmental stimuli, while HD-Zip III and
HD-Zip IV proteins are involved in various developmental
events (Ariel et al. 2007; Harris et al. 2011).

In summary, we identified 55 HD-Zip transcription
factor genes in maize. Moreover, the maize genome con-
tained many more HD-Zip gene family members than did
either Arabidopsis or rice, and it appears that segmental
duplication events played important roles during the maize
HD-Zip family expansion. In addition, by exploring the
currently available genome information in land plants, our
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comparative evolutionary analysis coupled with gene
expression analysis provides new insights into the evolu-
tion of the HD-Zip family in maize. The findings presented
here give researchers a novel draft about molecular evo-
lution and changes in gene expression in the HD-Zip
family in maize and lay a solid foundation for uncovering
the biological roles of HD-Zip genes in maize development
and the stress response.
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