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Abstract Deoxyribonucleic acid binding with one finger
(Dof) family, a kind of plant-specific transcription factor fam-
ily, is involved in a variety of biological processes including
signal transduction, morphogenesis, and environmental stress
responses. In the present study, 46 putative Dof genes were
identified from maize (Zea mays subsp. mays). The predicted
ZmDof genes were non-randomly distributed within their
chromosomes, and segmental duplication seemed to be the
prevalent mechanism for their expansion. Most of these genes
lacked introns and some only possessed one intron. Here, we
classified 140 Dof proteins from Arabidopsis, rice, sorghum,
and maize into seven groups by means of phylogenetic anal-
ysis. In addition, many cis-elements responding to light, en-
dosperm specific gene expression, hormone, meristem specif-
ic expression, and stress were also found in the 1,000 bps
upstream sequences of promoter regions. Selection analysis
also identified some significant site-specific constraints acted
on most Dof paralogs. Expression profiles based on microar-
ray data provided insights into the functional divergence of
different tissues. Results by quantitative reverse transcription
polymerase chain reaction analysis indicated that some
ZmDofs responded to some abiotic stresses. Taken together,
our study will provide some useful information for biological
evolution and functional characterization of the maize Dof
genes.
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Abbreviations
Dof DNA binding with one finger
NJ neighbor joining

MEME multiple EM for motif elicitation
TSS transcription start site

Introduction

Transcription factors are also called trams-acting factors
that participate in many important cellular processes,
such as signal transduction, morphogenesis, and envi-
ronmental stress responses, by influencing or controlling
the expression of some specific genes. Transcription
factors can be bound to cis-regulatory elements of pro-
moters and then determine the transcription rate of
genes (Wasserman and Sandelin 2004). At the same
time, transcription factors can also mediate protein—pro-
tein interactions in a complex network (Yanagisawa
1997). Numerous transcription factors have been identi-
fied. And they can be divided into different gene fam-
ilies (Yanagisawa and Schmidt 1999). Some families
exist in both animals and plants, whereas others are
specific for plants, such as WRKY (Eulgem et al.
2000), R2R3-MYB (Martin and Paz-Ares 1997), NAC
(Olsen et al. 2005), TIFY (Vanholme et al. 2007), SBP-
box (Yang et al. 2008), etc.

Deoxyribonucleic acid (DNA) binding with one finger
(Dof) is a kind of plant-specific transcription factor gene
family. Previous studies have shown that Dof domain proteins
are active in plant processes as transcriptional activators or
repressors (Yanagisawa 2004). The first Dof gene was found
in maize (Yanagisawa and Izui 1993), which contained a
conserved DNA binding Dof domain. This domain usually
consists of 50-52 amino acid residues and a classic four Cys
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residues zinc-finger that can bind specifically to cis-regulatory
elements containing the common core 5'-T/AAAG-3’
(Yanagisawa and Schmidt 1999). The conserved Dof domain
is located at the N-terminal region, and another transcriptional
regulation domain is located at the C-terminus of Dof proteins
(Kushwaha et al. 2011). These regions are involved in
interacting with different regulatory proteins or signals
(Noguero et al. 2013), which lead to the diverse functions of
Dof proteins, such as plant defense (Chen et al. 1996), seed
storage protein synthesis (Vicente-Carbajosa et al. 1997,
Marzabal et al. 2008), auxin response (Kisu et al. 1997; Kisu
et al. 1998; Baumann et al. 1999), carbohydrate metabolism
(Yanagisawa 2000), gibberellin response (Mena et al. 2002;
Washio 2001), stomata guard cell specific gene regulation
(Plesch et al. 2001; Negi et al. 2013), seed germination (Papi
et al. 2000; Papi et al. 2002; Gualberti et al. 2002), photope-
riodic control of flowering (Imaizumi et al. 2005; Imaizumi
and Kay. 20006), cell cycle regulation (Skirycz et al. 2008), leaf
axial patterning (Kim et al. 2010), etc.

Dof proteins are also involved in the physical interactions
with other transcription factors. For example, OBP1 (a Dof
protein) interacts with bZIP transcription factors OBF4 and
OBF5 and then facilitates the binding of OBF to its DNA
target (Zhang et al. 1995). Wheat prolamin-box binding factor,
a Dof transcription factor, interacts with TaQM to activate
transcription of an alpha-gliadin gene in seed development
(Dong et al. 2007).

Dof gene family was studied widely in plant kingdom,
from lower green unicellular alga Chlamydomonas reinhardtii
and the moss Physcomitrella patens (Moreno-Risueno et al.
2007) to higher plants, such as Arabidopsis and rice
(Lijavetzky et al. 2003), Brachypodium distachyon
(Hernando-Amado et al. 2012), sorghum (Kushwaha et al.
2011), soybean (Guo and Qiu 2013), and tomato (Cai et al.
2013). Maize is one of the most important cultivated food
plants. But only few reports described its Dof gene comple-
ment and functions. Maize Dofl and Dof2 transcription fac-
tors are associated with expression of multiple genes involved
in carbon metabolism (Yanagisawa 2000). As an example,
maize Dofl can interact specifically with the C4 phospho-
enolpyruvate carboxylase gene promoter and enhancer its
promoter activity, which displays a light-regulated expression
pattern matching Dof1 activity (Yanagisawa and Sheen 1998),
while maize Dof2, as competitive inhibitor of Dof1, can block
and repress the transactivation by means of competitive com-
bination (Yanagisawa and Sheen 1998).

In this study, we identified 46 ZmDof genes, about two and
a half times more than that of the previous study (Jiang et al.
2010). And some substantial studies containing phylogenetic
analysis, gene location and duplication, gene organization,
cis-element analysis, and expression profiles were further
performed. This research will provide useful information
about Dof gene family functions in maize.
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Materials and Methods
Identification of the Dof Gene Family in Maize

To identify potential members of Dof gene family in maize, we
performed a database search. Arabidopsis and rice Dof se-
quences were retrieved (Lijavetzky et al. 2003) and were used
as queries in a BLAST search against the maize B73 genome
sequence (http://www.maizegdb.org) (Schnable et al. 2009).
BioXM 2.6 (http://zhanglab.njau.edu.cn/) was used to analyze
the physicochemical parameters of Dof proteins. CELLO v2.5
Server (http://cello.life.nctu.edu.tw; Yu et al. 2004) was used to
predict the subcellular localization of each Dof protein in
maize. The second structure prediction of the Dof protein was
performed with CFSSP server (http://www.biogem.org/tool/
chou-fasman/; Chou and Fasman 1974).

Protein Alignment and Phylogenetic Analysis

Multiple sequence alignments of full-length Dof protein se-
quences from Arabidopsis, rice, sorghum (Lijavetzky et al.
2003; Kushwaha et al. 2011), and maize were performed using
ClustalW (http://www.genome.jp/tools/clustalw/), followed by
manual comparisons and refinement. Phylogenetic analyses of
Dof proteins based on amino acid sequences were carried out
using the neighbor-joining (NJ) method in MEGA v5 (Tamura
et al. 2011). NJ analyses were done using p-distance methods,
pairwise deletion of gaps, and default assumptions that the
substitution patterns among lineages and substitution rates
among sites are homogeneous. Support for each node was
tested with 1,000 bootstrap replicates. The distribution of
amino-acid residues at the corresponding positions in domain
profiles for the conserved Dof domains of ZmDofs was created
using WebLogo (Crooks et al. 2004).

Chromosomal Location and Gene Structure of the ZmDof
Genes

Each of the ZmDof genes was located on maize chromosomes
by using their annotation information on MaizeSequence
(http://www.maizesequence.org; Schnable et al. 2009). The
resulting position of ZmDof genes on maize chromosome
named ZmDofl-ZmDof46 was marked on the model of
maize chromosome obtained from SyMAP v3.4 (Soderlund
et al. 2011). Gene intron—extron structure information was
also collected from genome annotations in MaizeSequence
(http://www.maizesequence.org; Schnable et al. 2009).

Identification of Conserved Motif and Cis-Regulatory
Element Analysis

To identify conserved motifs in Dof proteins, the deduced
protein sequences containing 46 maize Dof proteins were
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analyzed by means of the Multiple EM for Motif Elicitation
(MEME) program software version 4.4.0 (http://meme.nbcr.
net/meme/cgi-bin/meme.cgi). The maximum number of motif
was set to 19, and others used the default settings. Next,
1,000 bps upstream sequences from the transcription start
site (TSS) of the putative ZmDof genes were retrieved for
promoter analysis. The retrieved sequences were subsequently
subjected to PlantCARE (http://bioinformatics.psb.ugent.be/
webtools/ plantcare/html/; Lescot et al. 2002) for searching for
cis-regulatory elements.

Inference of Duplication Time

We used ClustalW to perform the pairwise alignment of
nucleotide sequences of Dof paralogs and used K-Estimator
6.0 program (Comeron 1999) to estimate the Ka and Ks values
of paralogous genes. Estimates of evolutionary rates are mean-
ingful for explaining patterns of macroevolution because Ks
can be used as a proxy for time when estimating dates of
segmental duplication events. We used each of gene pair to
calculate Ks value and then used this value to calculate the
approximate date of the duplication event (7=Ks/2A), assum-
ing clock-like rates (A) of 6.5x 10~ synonymous/substitution
site/year for maize (Gaut et al. 1996).

Site-Specific Selection Assessment and Testing

Selecton Server (http:/selecton.tau.ac.il/; Stern et al. 2007), a
Bayesian inference approach for evolutionary models, was
used to calculate site-specific positive and purifying selection.
We calculated the synonymous rate (Ks) and the non-
synonymous rate (Ka), and then the values of Ka/Ks are used
to estimate two types of substitutions events. In this study,
three of the evolutionary models [M8 (ws>1), M7 (beta), and
MS5 (gamma)] were used. Each of the models assumes differ-
ent biological assumptions and enables contrasting different
hypotheses through testing which model better fits the data.

Microarray-Based Expression Analysis

We obtained the genome-wide microarray data of maize pub-
lished by Sekhon et al. (Sekhon et al. 2011) from the Gene
Expression Omnibus with Accession Numbers GSE27004 in
the National Center for Biotechnology Information. Expres-
sion data were gene-wise normalized and hierarchically clus-
tered based on Pearson coefficients with average linkage in
the Genesis (v 1.7.6) program (Sturn et al. 2002).

Plant Materials and Treatment
One-week-old maize seedlings (B73 genotype) were used to

examine the expression patterns of ZmDof genes under salt
and drought stresses. Plants were grown in a plant growth

chamber at 23+1 °C with a 14 h light/10 h dark photoperiod.
For salt stress, the seedlings were dealt with 150 mM NaCl for
24 h. For drought treatment, the seedlings were dried between
folds of tissue paper at 23+1 °C for 3 h. Control seedlings
were grown at 23+ 1 °C with normal irrigation.

RNA Isolation and Quantitative Real-Time PCR (qRT-PCR)
Analysis

Trizol total RNA extraction kit (Sangon, Shanghai, China,
SK1321) was used to extract total RNA. Next, M-MLV
(TakaRa, Dalian, China) was used to perform reverse tran-
scription. Triplicate quantitative assays were performed on
each cDNA dilution using SYBR Green Master Mix
(TakaRa) with an ABI 7500 sequence detection system, ac-
cording to the manufacturer’s protocol. The gene-specific
primers were synthesized in Sangon. Eight maize Dof genes
from different major branches of the phylogenetic tree were
randomly selected for quantitative reverse transcription poly-
merase chain reaction (QRT-PCR) analysis. Expression level
of the maize Actin 1 (GRMZM2G126010) gene was used as
the endogenous control. The relative expression level was
calculated as 27T method (Livak and Schmittgen 2001).
Their gene-specific primers are shown in Table S2.

Results and Discussion
Identification of the Dof Gene Family in Maize

The sequenced maize genome (Schnable et al. 2009) provides
an opportunity to predict the complete set of non-redundant
Dof genes by means of various bioinformatics tools. We used
the amino acid sequences of Arabidopsis and rice Dof
(Lijavetzky et al. 2003) to perform BLAST search in
MaizeGDB database (www.maizegdb.org). The presence of
conserved Dof domain is a common typical feature for
consideration as a member of the Dof transcription factor
family (Yanagisawa and Sheen 1998). To verify the
reliability of our results, all of the putative Dof protein
sequences were subjected to the Pfam database (Finn et al.
2014). As a result, a total of 46 Dof transcription factor genes
were found in maize. To further investigate the character of
Dof domains in maize, we performed their alignment analysis.
The results indicated that 20 of 36 amino acids were
conserved in all maize Dof domains and that a typical zinc-
finger consisting of four cysteine residues has been found with
the locus of 4 sites, 7 sites, 29 sites, and 32 sites, respectively
(Fig. 1). Other conserved residues in maize Dof domains were
Pro-5, Arg-6, Ser-9, Thr-12, Lys-13, Phe-14, Cys-15, Tyr-16,
Asn-18, Asn-19, Tyr-20, GIn-24, Pro-25, Arg-26, Arg-34, and
Trp-36. Compared with other plants, we also found that these
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Fig. 1 Conserved Dof domains in maize all 46 Dof proteins. The
sequence logos are based on alignments of all 46 ZmDof domains.
These Dof domains were used to perform multiple alignment analysis

amino-acid residues were also highly conserved (Lijavetzky
et al. 2003; Kushwaha et al. 2011; Hernando-Amado et al.
2012; Guo and Qiu 2013). This result indicated that the unique
structure of Dof proteins in maize was determined by the
highly conserved character of these amino acids. The ZmDof
genes encode peptides ranging from 223 to 618 amino acid
residues in length with from 21.6 to 67.08 kDa (Table 1). The
isoelectric point (p/) of ZmDof protein is predicted ranging
from 4.49 to 10.91 (Table 1). To further analyze the Dof
proteins, CELLO v2.5 Server (http://cello.life.nctu.edu.tw/)
(Yu et al. 2004) was used to predict the probable protein
localization. Results indicated that all maize Dof proteins
possess signal sequences for targeting the nucleus (Table 1),
suggesting their specific function of transcription regulation.

Phylogenetic Analyses of Dof Genes in Maize, Arabidopsis,
Rice, and Sorghum

To examine the evolutionary relationship of the Dof gene
family in maize, Arabidopsis, rice (Lijavetzky et al. 2003),
and sorghum (Kushwaha et al. 2011), a total of 140 Dof
proteins were aligned using ClustalW (Data S1), and a com-
bined NJ tree was constructed from the alignments for the four
species. We divided the 140 members into 7 groups based on
the sequence similarity and phylogenetic tree topology, des-
ignated from group I to group VII (Fig. 2; Fig. S1). The largest
group was Group IV containing 35 members, while the
smallest group was group VI with 3 members. All these three
members in group VI belong to the Dof proteins of
Arabidopsis, while group III and group V are only composed
of monocot Dof proteins, suggesting their specific origination
between monocot and dicot. The phylogenetic analysis of four
species displayed that all maize Dof genes were clustered with
their sorghum or rice counterparts with high bootstrap support
(Fig. S1). Furthermore, we also noted that the ZmDofs were
more closely grouped with the Dofs of sorghum than those of
rice, implying that some ancestor Dof genes had been existing
before the divergence of maize and sorghum. It is well known
that maize underwent another genome’s duplication after the
divergence from sorghum (Gaut and Doebley 1997). There-
fore, we should get 56 or more Dof genes in theory rather than
46 Dof genes in maize, given 28 Dof genes were identified in
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with ClustalW. The bits score means information content of each position

in the sequence. Asterisks signified the conserved four cysteine (Cys)
residues in the Dof domain

sorghum. A reasonable explanation of fewer Dof genes in
maize was that some duplicated Dof genes were likely lost
during evolution.

Chromosomal Location of ZmDof Genes and Genomic
Duplication

To further investigate the relationship between genetic diver-
gence within the Dof gene family and gene duplication and
loss in maize genome, chromosomal location of each Dof
gene was determined. As a result, the predicted 46 Dof genes
in maize are located on nine of ten chromosomes. We renamed
them from ZmDof01 to ZmDof46 based on their chromosome
locations. Chromosome 1 has a maximum of 12 Dof genes,
while chromosome 2, 4, 6, 7, and 10 only has 3 Dof genes,
respectively. Maize has experienced two genome amplifica-
tion events: one is an ancestral tetraploidy, another is a large-
scale duplication event (Gaut and Doebley 1997). Studies
have shown that gene duplication for most of gene families
is due to the second large-scale duplication event in maize
(Schnable et al. 2009; Chen et al. 2014). Within the identified
duplication events between chromosomes 1 and 9 (Fig. 3),
three Dof genes (ZmDof1, ZmDof2, and ZmDof3) are still
located on the chromosome 1, while no Dof gene is found
on the corresponding duplicated segment of chromosome 9.
Therefore, we suggested that some Dof genes maybe lost on
the maize chromosome 9 in evolution.

Segmental duplication, tandem duplication, and transposi-
tion events play important roles for gene family expansion
(Liu et al. 2011; Cao et al. 2011). A phylogenetic tree using
maize Dof protein sequences was constructed. From the phy-
logenetic tree, 17 pairs of paralogous Dof genes in the terminal
nodes were identified and inferred from the duplication
events. Within identified duplication events, 12 of 17 pairs
(ZmDof04/ZmDof19 ZmDof34/ZmDof41, ZmDof08/
ZmDof30, ZmDof42/ZmDof20, ZmDof15/ZmDof38
ZmDof33/ZmDof25, ZmDof32/ZmDof24, ZmDof23/
ZmDof31, ZmDof28/ZmDofl10 ZmDof14/ZmDof37,
ZmDof40/ZmDof36, and ZmDof43/ZmDof21) are retained as
duplicates in maize (Fig. 3), suggesting that segmental dupli-
cation is the main way for Dof gene expansion in maize. We
also identified two pairs of tandem repeats on chromosome 1
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Table 1  Characteristics of the Dof genes in maize

Annotated Source Chromosome location Mass (kDa) p/ Amino  Subcellular location Gene

gene acids structure
ZmDof0l ~ GRMZm2G162749 chrl: 14,850,871-14,853,754 453 8.54 432 Nuclear One intron
ZmDof0)2  AC233935.1 FGP005 chrl: 40,912,998-40,914,398 40.13 1022 387 Nuclear One intron
ZmDof03 ~ GRMZm2G137502 chrl: 72,616,537-72,618,945 36.74 472 351 Nuclear One intron
ZmDof04 ~ GRMZm2G123900 chrl: 154,314,059-154,316,323  32.24 9.08 314 Nuclear Two introns
ZmDof05 ~GRMZm2G131897 chrl: 164,628,494-164,629,568  27.77 9.1 268 Nuclear/plasma membrane Intronless
ZmDof06 ~ GRMZm2G456452 chrl: 227,534,729-227,535,626 ~ 24.93 9.48 249 Nuclear One intron
ZmDof07 ~ GRMZm2G138455 chrl: 242,708,568-242,710,974  47.27 6.69 450 Nuclear Intronless
ZmDof08  GRMZm2G011832 chrl: 246,479,708-246,481,005  36.28 797 360 Nuclear Intronless
ZmDof09 ~ GRMZm2G045678 chrl: 254,560,004-254,561,310  31.78 9.11 314 Nuclear Intronless
ZmDof10  GRMZm2G108865 chrl: 280,342,973-280,344,627  38.04 9.13 371 Nuclear Intronless
ZmDof1l  GRMZm2G017470 chrl: 293,328,338-293,330,665  42.09 9.03 413 Nuclear One intron
ZmDof12  GRMZm2G093725 chrl: 293,409,174-293,410,841  23.03 10.78 224 Nuclear Intronless
ZmDof13  GRMZm2G146283 chr2: 153,510,052-153,513,609  35.06 10.03 325 Nuclear Intronless
ZmDof14 ~ GRMZm2G009406 chr2: 188,526,058-188,527,888  25.34 9.67 244 Nuclear Intronless
ZmDof15 ~ GRMZm2G064655 chr2: 202,417,739-202,419,644 3533 7.75 351 Nuclear Intronless
ZmDof16 ~ GRMZm2G378490 chr3: 6,299,506-6,300,810 23.67 10.01 231 Nuclear Intronless
ZmDof17 ~ GRMZm2G089949 chr3: 40,520,670-40,522,138 41.2 8.96 383 Nuclear Intronless
ZmDof18  GRMZm2G463525 chr3: 44,597,336-44,600,651 67.08 8.9 618 Nuclear Three introns
ZmDof19 ~ GRMZM2G176063 chr3: 126,308,453-126,310,8 35.05 8.74 341 Nuclear One intron
ZmDof20  GRMZm2G135703 chr3: 175,965,418-175,966,848  34.95 453 334 Nuclear Intronless
ZmDof21 ~ GRMZm2G394973 chr3: 195,926,190-195,927,293  28.02 8.92 260 Nuclear Intronless
ZmDof22 ~ GRMZm2G327189 chr3: 209,838,358-209,839,735  24.19 10.51 229 Nuclear One intron
ZmDof23 ~ GRMZm2G114998 chr4: 155,008,618-155,010,960  37.72 9.03 367 Nuclear Intronless
ZmDof24 ~ GRMZm2G589696 chrd: 160,276,889-160,280,031  31.45 827 297 Nuclear One intron
ZmDof25 ~ GRMZm2G449950 chrd: 164,175,253-164,176,468  25.81 874 253 Nuclear Intronless
ZmDof26 ~ GRMZm2G144172 chr5: 2,336,204-2,338,578 429 946 426 Nuclear One intron
ZmDof27  GRMZm2G144188 chr5: 2,343,761-2,345,249 35.78 6.18 343 Nuclear Two introns
ZmDof28  GRMZm2G084130 chr5: 6,112,811-6,113,957 39.04 8.7 379 Nuclear Intronless
ZmDof29 ~ GRMZm2G061292 chr5: 18,156,330-18,157,779 33.82 9.13 335 Nuclear Intronless
ZmDof30  GRMZm2G178767 chr5: 19,528,614-19,529,636 25.65 10.86 241 Nuclear One intron
ZmDof31  GRMZm2G171852 chr5: 194,831,436-194,834,269  36.21 8.66 359 Nuclear Intronless
ZmDof32  GRMZm2G140694 chr5: 201,381,499-201,385,596  30.44 8.12 288 Nuclear One intron
ZmDof33 ~ GRMZm2G394941 chr5: 204,229,037-204,230,736  30.32 821 300 Nuclear Intronless
ZmDof34 ~ GRMZm2G179069 chr6: 36,946,628-36,948,595 38.01 9.04 365 Nuclear One intron
ZmDof35 ~ GRMZm2G371058 chr6: 149,124,354-149,125,788  34.61 5.02 327 Nuclear Intronless
ZmDof36 ~ GRMZm2G435475 chr6: 158,480,026-158,481,157  24.18 10.26 231 Nuclear Intronless
ZmDof37 ~ GRMZm2G089850 chr7: 130,360,893-130,362,159  28.05 8.67 274 Nuclear Intronless
ZmDof38  GRMZm2G134545 chr7: 152,063,459-152,065,954 354 8.07 360 Nuclear Intronless
ZmDof39  AC155434.2 FGT006 chr7: 173,806,883-173,808,319  49.99 8.11 478 Nuclear Intronless
ZmDof40  AC209819.3 FGP009 chr8: 123,061,033-123,061,653  21.6 10.91 206 Nuclear/extracellular Intronless
ZmDof4] ~ GRMZm5G880268 chr8: 133,837,595-133,839,859  38.5 898 375 Nuclear One intron
ZmDof42 ~ GRMZm2G042218 chr8: 166,580,075-166,581,471  36.14 449 338 Nuclear Intronless
ZmDof43 ~ GRMZm2G082490 chr8: 173,719,258-173,720,379  24.02 9.65 223 Nuclear Intronless
ZmDof44 ~ GRMZm2G451771 chrl10: 88,287,349-88,288,175 24.95 9.02 245 Nuclear One intron
ZmDof45 ~ GRMZm2G010290 chr10: 137,204,858-137,206,460 37.4 7.55 375 Nuclear Intronless
ZmDof46 ~ GRMZm2G142718 chr10: 148,408,926-148,410,383  22.46 838 211 Nuclear One intron
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Fig. 2 Unrooted neighbor-joining phylogenetic tree of Dof proteins in
four plants. Dof proteins of four species A. thaliana (pink), O. sativa
(green), S. bicolor (blue), and Z. mays (red) were used to construct NJ

(ZmDof11/ZmDof12) and chromosome 5 (ZmDof26/
ZmDof27; Fig. 3). In addition, evolutionary dates of duplicat-
ed ZmDof genes were estimated using Ks as the proxy for time
(Table 2). Two earlier observed segmental duplication events
occurred in the maize ZmDof46/ZmDof13 and ZmDof07/
ZmDof0)1 around from 70.02 to 79.10 million years ago, close
to the time of origin of monocotyledons (Blanc and Wolfe
2004). We found that duplication events of the other 12 pairs
of maize chromosomes had occurred during the past 7.90—
25.71 million years. This period is consistent with the time
when the subsequent large-scale genome duplication event is
thought to have occurred in maize after separating from sor-
ghum (Gaut and Doebley 1997). Therefore, gene duplication
for most of the ZmDofs is due to the second large-scale
duplication event after divergence from sorghum.
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phylogenetic tree. Seven major phylogenetic groups designated from
group I to group VII are indicated

Gene Structure and Motif Analysis

Gene structural diversity is the foundation of the evolution in
multigene families (Zhu et al. 2011; Cao et al. 2010; Cao and
Shi 2012). In order to further explore this diversity of Dof
genes, we analyzed their exon-intron organization in each
ZmDof gene. A detailed illustration of the exon-intron struc-
tures is shown in Fig. 4b. According to their predicted struc-
tures, 28 of the ZmDof genes lack introns whereas 15 genes
contain only one intron. ZmDof22 and ZmDof27 contain two
introns, and only one gene (ZmDof18) has four introns. These
exon—intron structures are similar to those of Arabidopsis,
rice, and other plants (Lijavetzky et al. 2003; Kushwaha
et al. 2011; Hernando-Amado et al. 2012; Guo and Qiu
2013; Cai et al. 2013). The most closely-related members in



Plant Mol Biol Rep (2015) 33:1245-1258 1251
ChrA1 Chr.2 Chr3 Chr.4 Chr.5 Chr.6 Chr.7 Chr.8 Chr.9 Chr.10
| ZmDof16. 2 Doy - a
——ZmDofo1 Zmborz® N i g a !
o ZmDof1 7 ZmDof30 i = E
—_ ZmDof34
ZmDof02 Zmboftsy E I mDof3
|
——2ZmDof03 B u
il
: - B— ZmDof44
= i -
- f [}
B—2zmpof19_ ZmDof4Q
- I ZmDof37_B_ 7 hofa1
- = ZmDof45
-
ZmDof35 /| ZmDof46
—I— ZmDof04 ~——ZmDof13 ——ZmDof23 ZmDof3, B
mee ——ZmbDof24 g JEZmDor36
TZmDof05 = ZmDof25 ZmDof42
I ZmDof20™ - ZmDof39 ZmDof43
_. -
- ——ZmbDof14
ZmDof21 g l—ZmDof31
——2ZmDof15 =——ZmDof32
zmporz2  g-ZmDof33
= -
_ =
=——ZmDof06 - - -
—2ZmDof07
———ZmDof08
=——ZmDof09
Maize v2.0 Chromosome Color Key
——ZmDof10
e Dot T2 4506 ]7 [ sl o[Tholl

mDof12 10 Mb

Fig. 3 Chromosomal locations of ZmDof genes and genomic
duplication. The 46 maize Dof genes were mapped on the maize
chromosomes. Paralogous regions in the putative ancestral constituents
of the maize genome are depicted using SYMAP v3.4 (Soderlund et al.

the same subclade generally showed the same exon-intron
structure, for instance, most of the intronless genes were
clustered into Clade 2, while most members of Clade 5
contained one intron, which suggests evolutionary conserva-
tion in maize Dof gene evolution.

To further expose the diversification of maize Dof proteins,
the MEME analysis (http://meme.nbcr.net/meme/cgi-bin/
meme.cgi) was also performed. We found that motif 1 (Dof
motif) has been found in all of the maize proteins (Fig. 4c).
Motif 2 is present in all the maize groups except for the
ZmDof27, while the motif 16 only belongs to some
members of Clade 2, suggesting that the motif 16 is specific
to the evolution of some members in Clade 2. Motifs 4, 7, 14,
and 19 are specific in Clade 1, while motifs 3,5, 6, 8, and 9 are
only found in Clade 6. We also found that the Clade 1 contains
the largest number of 12 Dof members, and the smallest one is
Clade 4 with only 2 Dof proteins. These similarities of motif
patterns within the same clade might be related to the similar
functions of the Dof proteins, while the different motifs
among 5 clades might imply their functional divergence
(Guo and Qiu 2013; Chen et al. 2014). Some motifs existed

2011) and are shown on one side of each chromosome. The same colors
on both sides of a chromosome region and maize chromosome color key
signified the same paralogous regions in the genome

in maize are also found in other plants. For example, motifs 4,
5, 8, 15, and 20 in maize are presented a very similar residue
composition with motifs 5, 2, 4, 3, and 24 in Arabidopsis, rice,
and poplar, respectively (Yang et al. 2006). Moreover, about
one-half of the motifs in Dof proteins were shared by non-Dof
proteins in the three plants, indicating that motif acquisition
may be one of the forces driving Dof gene diversification
(Yang et al. 2006). The evolutionary diversification of Dof’
genes apparently increased the number of Dof-interacting
molecules or proteins and consequently might contribute to
the development of a complex and precise transcription and
regulation mechanism.

Cis-Regulatory Elements Analysis in the Promoters
of ZmDofs

Cis-regulatory element analysis was carried out by retrieving
1,000 bps upstream sequences from the TSS of 46 ZmDof
genes. A large number of cis-regulatory elements were found
when these promoter sequences were submitted to the
PlantCARE database (http://bioinformatics.psb.ugent.be/
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Table 2 Inference of duplication time of Dof paralogous pairs in maize

Paralogous pairs Ka Ks KalKs Data (million
years ago)
ZmDof40/ZmDof36 0.17563 0.21225 0.82747 16.33
ZmDof43/ZmDof21 0.11199 0.25885 0.43264 19.91
ZmDof14/ZmDof37 0.13656 0.28759 0.47484 22.12
ZmDof28/ZmDof10 0.06627 0.17324 0.38253 13.32
ZmDof08/ZmDof30 0.26853 0.47866 0.56100 36.82
ZmDof32/ZmDof24 0.06675 0.22930 0.29110 17.63
ZmDof42/ZmDof20 0.12493 0.29232 0.42737 22.49
ZmDof33/ZmDof25 0.15897 0.45243 0.35137 34.80
ZmDof23/ZmDof31 0.05756 0.24831 0.23181 19.10
ZmDof15/ZmDof38 0.10294 0.20961 0.49110 16.12
ZmDof34/ZmDof41 0.13952 0.31424 0.44399 24.17
ZmDof04/ZmDof19 0.04626 0.21591 0.21426 16.61
ZmDof26/ZmDof27 0.13454 0.33418 0.40260 2571
ZmDof29/ZmDof44 0.05032 0.10274 0.48978 7.90
ZmDof39/ZmDof17 0.47052 1.45320 0.32378 111.78
ZmDof46/ZmDof13 0.81553 1.02828 0.79310 79.10
ZmDof07/ZmDof01 0.38468 0.91028 0.42260 70.02

Ka Ks is the ratios of non-synonymous (Ka) versus synonymous (Ks) mutations. In molecular evolution, it can be used as an indicator of selective

pressure acting on a protein-coding gene

webtools/plantcare/html/) (Lescot et al. 2002). As a result, the
cis-regulatory elements associated with five important
physiological processes, such as light responsiveness,
endosperm specific gene expression, hormone
responsiveness, meristem specific expression, and stress
responsiveness were found to be distributed among these
promoters of ZmDof genes except for ZmDof02, ZmDof11,
ZmDofl17, ZmDof27, ZmDof33, and ZmDof40. In Table S1,
we found that many light responsive elements, such as, ACE,
ATC-motif, ATCT-motif, Box I, Box 4, GT1-motif, Spl,
MNF]1 etc., were present in the promoter region of ZmDof
genes, suggesting that they may be responding to light. Some
specific cis-elements are associated with other processes such
as the ABRE element for hormone responsiveness, the CCGT
CC-box for meristem activation, and the CCAAT- and CGTC
A-boxes for stress responsiveness, etc. (Table S1). Another
four cis-elements (Skn-1 motif, GCN4-motif, O2-site and RY
element) were concerned with endosperm specific gene ex-
pression (Vicente-Carbajosa et al. 1997; Mena et al. 1998). In
maize, 22 of 46 promoters of the Dof genes contained at least
one of these four cis-elements. Duplicated genes may have
different evolutionary fates, as indicated by the divergence in
their expression regulation patterns. We also investigated their
cis-elements of duplicated Dof gene pairs (identified above) in
maize, and found that most gene pairs did not share similar
cis-elements composition in their promoters (Table S1). This
indicates that substantial neofunctionalization may have
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occurred during the evolution of duplicated genes. The diver-
gence of the regulation patterns between paralogs and dupli-
cated genes may increase the adaptability of duplicated genes
to environmental changes, thus conferring a possible evolu-
tionary advantage. RY element exists in both the elements for
endosperm specific gene expression and hormone responsive
elements at the same time, indicating that it may have two
functions and mechanisms of action in the promoter regions.
These results indicated that the number and classes of cis-
elements affect the responsiveness of ZmDofs to the environ-
ment and development.

Variable Selective Pressures Among Amino Acid Sites

Genes are usually affected and changed during evolution.
Some genes changed slowly, while others changed fast in
evolution. To further analyze the amino acid substitutions by
selective pressures, we calculated Ka/Ks ratios with the
Selecton Server (http://selecton.tau.ac.il) (Stern et al. 2007)
to estimate the positive and negative selection of specific
amino acid sites within the full-length sequences of the Dof
proteins in different groups. We used three evolutionary
models [M8 (ws>1), M7 (beta), and M5 (gamma)] to perform
the tests for researching the different selective pressures
among the Dof proteins. M8 and M5 models predicted some
positive selective sites within the Dof proteins, while M7
model was not (Table 3). We also found divergent results of
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Fig. 4 Phylogenetic relationships and structure analysis of maize Dof
members. a The phylogenetic tree of maize Dof proteins constructed from
a complete alignment of 46 ZmDof proteins using MEGA v5 by the
neighbor-joining method with 1,000 bootstrap replicates. The six major
clades designated / to 6 are indicated. b Exon—intron structures of maize

the prediction of positive selective sites. This is probably due
to different calculation methods between M8, M7 and M5
models. From the results, we found the Ka/Ks ratios of the
sequences from different Dof groups are significantly different
(»<0.05; Table 3). Such as, higher Ka/Ks ratios existed in
groups 11, IV, and VI, indicating a higher evolutionary rate or
site-specific selective relaxation within most members of these
groups. Although the Ka/Ks values are very different among
the 7 groups, all these estimated values are substantially lower
than 1, indicating the Dof sequences in each group have a
strong purifying selection pressure. However, some sites are

Dof genes. Exons are represented by green boxes and introns by black
lines. ¢ Schematic distribution of conserved motifs. Motifs were identi-
fied by means of the MEME software. Motif 1 was labeled in red
signifying the Dof motif

predicted to undergo positive selection in evolution. For ex-
ample, 16 positive selection sites are predicted in group VII
with M8 model (Table 3). The detailed distribution of the
positive-selection sites is showed in Fig. S2. Interestingly,
none of these predicted selected sites are located the Dof
domain. Further analyses indicate that four of the 16 positive
selection sites in the group VII sequences are in «-helices, and
two sites are located in (3-turns and 3-sheets, respectively. A
few additional positively selected sites are distributed in other
regions, suggesting that these residues might be important in
maintaining the conformational stability of the proteins. These
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Table 3  Likelihood values and parameter estimates for Dof genes in Arabidopsis, rice, sorghum, and maize

Gene Selection KalKs* Log-likelihood Positive-selection sites
branches model
Group 1 M8 (ws>1) 0.4682 —29325.9 Not found
M7 (beta) 0.4612 —29324.6 Not found
1,19,20,21,22,23,24,25,27,28,48,128,129,130,132,134,137,138,141,142,169,1 70
MS5 (gamma) 0.4669 —29359.2 171,172,173,174,175,176,183,189,194,212,241,248,250,251,252,315,322,325,326
Group 11 M8 (ws>1) 0.5696 —17695.2 Not found
M7 (beta) 0.5447 —17696.1 Not found
3,6,7,20,21,22,23,27,30,34,35,37,38,39,40,41,42,43,103,108,109,110,111,113,114
119,124,125,126,127,128,129,130,131,132,133,134,135,136,137,146,147,148,149
MS5 (gamma) 0.6625 —17724.8 151,152,155,157,159,162,164,166,172,179,181,191,193
Group 11T M8 (ws>1) 0.3564 —12024.1 Not found
M7 (beta) 0.3546 —12037.3 Not found
MS5 (gamma) 0.3820 —12042.6 Not found
Group IV M8 (ws>1) 0.5736 —30280.5 16,83,84,85,105,112,113,114,115,120,122,142,148,149,151,159,160,161,173,176
180,207,208
M7 (beta) 0.5408 -30277.6 Not found
16,24,83,84,85,103,105,109,110,112,113,114,115,116,117,120,122,142,145,148
MS5 (gamma) 0.6076 -30321.8 149,151,152,156,158,159,160,161,173,174,176,180,207,208, 209, 216, 217, 220
Group V M8 (ws>1) 0.3117 —6244.9 Not found
M7 (beta) 0.3130 —6246.56 Not found
MS5 (gamma) 0.3561 —6252.91 Not found
Group VI M8 (ws>1) 0.6777 —3284.57 Not found
M7 (beta) 0.5704 —3285.46 Not found
2,3,4,5,6,7,8,23,25,28,29,30,34,38,42,50,107,108,110,120,121,124,125,128,129
134,135,137,138,139,140,141,142,143,144,150,155,156,158,160,162,163,165
166,168,170,174,176,177,184,186,187,189,191,192,193,196,201,206,231,239
240,241,244,247,248,251,255,258,269,271,275,278,280.281,282,283,287,290
M35 (gamma) 0.7059 —3288.81 291,293,295,296,297
Group VII M8 (ws>1) 0.05131 —22965.9 11,13,16,20,21,128,141,143,144,145,146,242,291,293,294,295
M7 (beta) 0.4871 —22960.6 Not found
3,9,11,12,13,14,16,18,19,20,21,103,109,110,112,115,117,125,128,130,139,140
141,142,143,144,145,146,183,186,192,216,224,238,241,242,290,291,292,293
MS5 (gamma) 0.5388 —23003.9 294,295,296,298,300

In this study, three models (M8, M7, and M5) were used for the analysis of selection pressure. Ka/Ks ratio is a mean value over all sites of gene branch
alignments. Bold codon sites indicate codons that are at least identified with two methods

observations suggest that positive selection pressure on these
residues might have changed the protein structure, thus accel-
erated functional divergence (Cao 2012).

The Expression Profiles of the ZmDof Genes

Expression profiling is a useful tool for understanding gene
function (Chen and Cao 2014). To further understand the
function of Dof genes in maize, we tested the temporal- and
spatial-specific expression patterns of ZmDof genes. In this
study, the gene expression levels of 60 distinct tissues
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signifying 11 major organ systems were identified by means
of microarray data (Sekhon et al. 2011). As a result, the
expression level of ZmDof genes was shown except for four
genes (ZmDof02, ZmDof41, ZmDof40, and ZmDof21) for
which no matching probes were present on the microarray
(Fig. 5). We also found that the 42 detected transcripts
produced by 42 genes are expressed with distinct levels
and in different tissues, suggesting that they may be in-
volved in various biological processes. Most members of
ZmDofs displayed high expression levels in stem, root, leaf,
but showed low expression levels in the embryo, endosperm
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Fig. 5 Expression profiles of the maize Dof 'genes. Dynamic expression profiles of ZmDof genes for 11 different development tissues or organ systems

through microarray data

and seed, implying that ZmDofs may play important roles in
stem, root and leaf development (Fig. 5). Interestingly, we
found that two members (ZmDof03 and ZmDof13) are dif-
ferent in expression profiles, and they have high expression
levels in embryo, endosperm and seed, but low expression
levels in other tissues. This result suggests that ZmDof03
and ZmDof13 may be involved in embryo, endosperm, and

seed development. Previous study has indicated that
ZmDof13 is a prolamin-box binding factor (PBF) gene,
which encoding a transcriptional activator of 36 kD. PBF
can regulate the temporal and spatial expression of gamma-
zein gene in developing maize seeds (Marzabal et al. 2008).
Therefore, PBF protein is involved in with the accumulation
of gamma-zein protein in maize endosperms. The result is

60
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Fig. 6 Expression profiles of eight ZmDof genes in response to salt and
drought treatments. qRT-PCR analyses were used to assess ZmDof tran-
script levels in seedlings samples after salt and drought treatment with 24
and 3 h, respectively. Control (CK) seedlings were grown with normal

irrigation. Asterisk indicates a significant difference from the control
(p<0.05). Error bars indicate standard error of independent biological
replicates
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consistent with our research on the expression profiles of
ZmDof13 (PBF) gene. From Fig. 5, we also found that
ZmDof46 and ZmDof33 have high expression level in the
germinating seed, implying that these genes may be in-
volved in first 24 h germinating seed development in maize.
Members in the same gene group of the phylogenetic tree
usually originate from duplication of an ancestral gene and
have a very similar sequence composition. Here, we also
investigated the expression profiles of duplicated Dof genes
in maize and found that most of duplicates exhibited diver-
gent expression profiles (Fig. 5). It suggests that due to a
relaxation of functional constraints and adaptation to new
functions, duplicated genes usually exhibit divergence in
expression profiles, which maybe confer an evolutionary
advantage for organisms living in the changing environment
(Farré and Alba 2010). Some members of Dof gene family
were demonstrated to be regulated by salt and drought in
Triticum aestivum (Shaw et al. 2009). However, few Dof
genes in response to salt and drought treatments were re-
ported in maize. For this purpose, we investigated the ex-
pression patterns of maize Dof genes under salt and drought
treatments. Expression profiles of eight ZmDof genes re-
sponses to salt and drought treatments were identified by
gRT-PCR analyses. As a result, six of eight ZmDof genes
detected were upregulated during salt treatment of seedlings
(Fig. 6). Among them, ZmDof22, ZmDof16, and ZmDof36
were significantly upregulated at 50 times, 25 times, and 40
times higher than the control ones, respectively. We also
found that ZmDof06 was upregulated under drought treat-
ment, implying that this gene is more likely to play critical
roles in regulating drought response in maize seedlings.

Conclusions

Transcriptional regulation plays an important role in the pro-
cess of gene expression, and this process is determined by the
number, position and interaction between different cis-ele-
ments and transcription factors. Dof gene family is a plant-
specific transcription factor. Genome-wide identification,
phylogenetic analyses, chromosomal location, gene structure
and motif analysis, cis-elements, selective pressures, and ex-
pression profiling were performed to analyze this gene family
in maize. As a result, 46 Dof genes were identified in maize.
Gene structure and motif analysis revealed that the Dof motifs
are highly conserved, while the other characteristics are di-
verse. It is notable that the Dof genes belonging to the same
group or clade always display similar domain architecture,
suggesting that they may have similar functions. Many cis-
elements were also found in the upstream sequence of the
ZmDofs, suggesting complicated regulatory relationship. We
also found that site-specific selection plays an important role
in Dofs multi-functionalization. Furthermore, comprehensive
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analysis of the expression profiles provided insights into po-
tential function among these ZmDof genes. The different
expression profiles suggest that ZmDof genes carry out differ-
ent physiological functions in different tissues. Notably,
ZmDof16, ZmDof22, and ZmDof36 were strongly induced
by salt treatment, indicating that they may play essential roles
in response to abiotic stress. These data may provide valuable
and useful information for future functional investigations of
this gene family.
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