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A B S T R A C T

Dof (DNA binding with one finger) proteins are widely associated with many kinds of biological processes in plant
development. Although Dof proteins have been characterized in many species, little is known about the phylo-
genetic, collinear relationships and expression patterns among monocot and dicot species. In this study, a genome-
wide analysis of Dof proteins in 7 monocot and 4 dicot species was performed systematically. In total, 392 Dof
proteins were identified and classified into 11 distinct groups based on phylogenetic analysis. Interestingly, the
proteins identified from monocots clustered separately from those of dicots. The motif and gene structure analysis
suggested that each group had alike conserved motifs and similar exon/intron compositions. In addition, different
motifs among groups might indicate different functions. Multiple collinearity analysis and expression patterns in 3
monocot and 2 dicot species illustrated that most of the ortholog pairs shared similar expression patterns.
Functional mode diagram and expression patterns showed that Dof proteins’ functions were generally associated
with their expression patterns. This study offered novel insights in the phylogenetic, collinear, expressional and
functional analysis of Dof proteins and contributed to the further investigation of Dof proteins in plants.

1. Introduction

Dof proteins constitute a major protein family in plants which are
distinguished by the existence of Dof domain [1]. There is a highly
conserved C2–C2 zinc finger structure in Dof domain that can help Dof
transcription factors bind and regulate downstream genes by re-
cognizing (AT)/AAAG sites in gene promoters [2,3]. In addition, Dof
proteins can interact with different kinds of proteins including proteins
in the bZIP [4,5], ZFP [6], WRKY [7] and MYB families [8] to work
together in various physiological activities in plants.

To date, Dof proteins have been investigated in different aspects due to
their vital roles in various biological processes of plant development. The
first Dof gene was found within the genus Zea mays [9]. From then on,
investigations of Dof protein family have been coming out one after an-
other. In the first aspect, Dof proteins were found to be involved in light
regulation. ZmDOF1 was proved to respond to light by regulating the
PEPC gene [10,11]; OsDof12 repressed Hd3a and OsMADS14 genes to
regulate photoperiodic control of flowering [12]; Rdd1 in Oryza sativa
upregulated CDF1 and phyA genes to regulate photoperiodic control of
flowering [13]. In the second aspect, Dof proteins were found to be related

to abiotic stressor response. SlCDF1–5 regulate COR15, RD29A and RD10
genes to respond to drought and salt tolerance [14]. In the third aspect,
Dof proteins have been shown to be involved in biomass synthesis and
accumulation. PBF in Zea mays worked in seed storage proteins bio-
synthesis by regulating the Zein gene [4,15] explained ZmDof3 was in-
volving in starch accumulation and aleurone development in maize en-
dosperm. In the last aspect, Dof proteins were proven to participate in
phytohormones signaling. AtDOF6 was found to regulate the ABA1 gene
and to be associated with ABA signaling in non-after-ripened seeds [16];
OsDOF3 was found to regulate CPD3 gene to be related to gibberellin-
regulated expression of peptidase gene [17]. In short, Dof proteins are
involved in many biological processes, such as responding to light and
abiotic stresses, biomass synthesis and phytohormones signaling.

Meanwhile, genome-wide analysis of the Dof protein family has
been constructed in some species, for example, in Arabidopsis thaliana
[18], Oryza sativa [18], Glycine max [19], Solanum tuberosum L. [20],
Capsicum annuum L. [21] and Cucumis sativus L. [22]. However, the
comparative analysis of Dof proteins between monocot and dicot spe-
cies is still lacking. Thus, in this study, 392 Dof proteins from 11 species
were used to analyze their phylogenetic relationship, conserved motifs,

https://doi.org/10.1016/j.pmpp.2019.101431
Received 5 May 2019; Received in revised form 22 July 2019; Accepted 23 July 2019

Abbreviations: Dof, DNA binding with one finger; pI, isoelectric points; MW, molecular weight; NJ, neighbor-joining
* Corresponding author.
** Corresponding author.
E-mail addresses: lyang@sdau.edu.cn (L. Yang), wangxianglan@sdau.edu.cn (X. Wang).

Physiological and Molecular Plant Pathology 108 (2019) 101431

Available online 25 July 2019
0885-5765/ © 2019 Elsevier Ltd. All rights reserved.

T

http://www.sciencedirect.com/science/journal/08855765
https://www.elsevier.com/locate/pmpp
https://doi.org/10.1016/j.pmpp.2019.101431
https://doi.org/10.1016/j.pmpp.2019.101431
mailto:lyang@sdau.edu.cn
mailto:wangxianglan@sdau.edu.cn
https://doi.org/10.1016/j.pmpp.2019.101431
http://crossmark.crossref.org/dialog/?doi=10.1016/j.pmpp.2019.101431&domain=pdf


Fig. 1. A: Comparison of amino acid sequences of the Dof domains. Five proteins per species are shown. The sequences were aligned by Clustal Muscle in MEGA 7.0.
Alignment of Dof protein sequences were redrawn by Genedoc software. Conserved cysteine residue “C” marked with arrows represents conserved C2–C2 zinc finger
in the Dof domain. Shades in different colors under protein names represent different species. B: Image of the Dof domain. This image was downloaded from MEME
program. C2–C2 zinc finger in the Dof domain was pointed out by arrows. (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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gene structures and collinearity relationships among monocot and dicot
species. Additionally, the expression patterns of Dof genes from 5 spe-
cies that had expression data were analyzed, which can help to in-
vestigate expression patterns of ortholog pairs. Additionally, the ex-
pression patterns can also allow us to explore the association between
Dof proteins' biological functions and their expression patterns. In
conclusion, this study will not only provide evidence to prove the dis-
tinction of Dof proteins between monocot and dicot species but also
contribute to the better understanding of Dof proteins’ functions and
expression in plants.

2. Materials and methods

2.1. Dof protein sequences retrieval

Two methods were used to search for candidate Dof proteins. The first
method was using the amino acid sequence of the Dof domain to perform
Blastp analysis. Dof domain's amino acid sequence was obtained by con-
structing a domain analysis in the program of Pfam website (http://pfam.
xfam.org/) [23] using Dof protein sequences of Zea mays. The sequences
were downloaded from Gramene (http://www.gramene.org/) [24] and
PlantTFDB (http://PlantTFDB.cbi.pku.edu.cn/) [25]. Then, all protein se-
quences of 10 species (Aegilops tauschii, Oryza sativa, Brachypodium dis-
tachyon, Setaria italica, Sorghum bicolor, Zea mays, Solanum lycopersicum,
Glycine max, Arabidopsis thaliana and Helianthus annuus) were downloaded
from Ensemble Plants (http://plants.ensembl.org/info/website/ftp/index.
html). Additionally, protein sequences of Setaria viridis were downloaded
from Phytozome version 12.0 (https://phytozome.jgi.doe.gov/pz/portal.
html) [26]. In addition, the sequence of the Dof domain was used as a
query to perform Blastp analysis in the program of the National Center for
Biotechnology Information (NCBI, https://www.ncbi.nlm.nih.gov/
ncbisearch/) with an expected value (e-value) cut off of 1e−4.

The second method used the Hidden Markov Model of the Dof do-
main available on Pfam. The model was used as a probe to perform the
HMM program downloaded from HMMER (http://www.hmmer.org/)
[27] to search against 11 species’ protein sequences.

Finally, the common sequences existed in both “Blastp” and “HMM”
results were used to conduct further research. To verify the validity of
Dof protein sequences, all sequences were submitted to HMMER in
Pfam website and CDD Search [28] to ensure the presence of intact
C2–C2 Dof domains in all sequences. The result showed that the Dof
domain existed in every sequence.

2.2. PI/MW analysis of Dof proteins and multiple sequences alignment of
the Dof domain

The ExPASy website (https://web.expasy.org/compute_pi/) [29]
was used to calculate the pI (isoelectric points) and MW (molecular
weights) of the Dof proteins. Genedoc software was applied to perform
multiple sequences alignment of Dof proteins.

2.3. Dof proteins’ phylogenetic tree construction

Full-length Dof proteins extracted from 11 species were aligned by
Clustal Muscle with default parameters in MEGA Version 7.0 [30], and
then, a NJ (neighbor-joining) tree with the p-distance, pairwise deletion
and 1000 replicates of bootstrap was generated. To identify Dof pro-
teins’ phylogenetic relationships between monocot and dicot species,
the NJ tree was annotated in the online tool iTOL (https://itol.embl.de/
) [31]. Groups of Dof proteins and the classification of monocot and
dicot species were shown in this annotated tree.

2.4. Analysis of conserved protein motifs and gene structure of Dof proteins

Aim to study the conserved protein motifs, the Dof protein sequences
were used to perform a MEME analysis in MEME website (http://meme-

suite.org/) [32] with the following parameters: motif width, 6–50;
maximum motif number, 15. Meanwhile, the gene structure annotation
files in “.gff3” type were downloaded from Ensemble Plants in Gramene
to extract the structure information of all the Dof genes. In addition,
illustrations containing phylogenetic tree, protein motifs and gene
structures were constructed using TBtools software [33].

2.5. Expression patterns of Dof genes in 5 species

In order to investigate Dof genes’ expression patterns, the expression
data were downloaded from The Bio-Analytic Resource for Plant
Biology (BAR, http://bar.utoronto.ca/) [34] and subsequently nor-
malized. Species whose expression data were obtained from multiple
tissues were chosen to perform expression pattern analysis. The ex-
pression data of all the tissues were sampled in triplicate and the values
were averaged. The description of the expression data of each specie
were stated on BAR, and the data source of each specie and classifica-
tion of tissues were listed as below.

Brachypodium distachyon [35,36]: Tissues were classified into ger-
minating seed, root, coleoptile, node, internode, leaf, peduncle, spi-
kelet, seed and endosperm.

Oryza sativa [37]: Tissues were classified into root, stem and SAM,
leaf,inflorescence and seed.

Zea mays [36,38]: Tissues were classified into germinating seed,
root, coleoptile, whole seedling, stem and SAM, internode, cob, tassel
and anther, silk, leaf, husk, seed, endosperm and embryo.

Solanum lycopersicum [36,39]: Tissues were classified into root,
leaf,flower and fruit.

Arabidopsis thaliana [40]: Tissues were classified into germinating
seed, root, hypocotyl, cotyledons, node, internode, shoot apex, leaf,
flower, pollen and seed.

2.6. Investigation of Dof proteins’ multiple collinearity relationship

Dof protein sequences from 5 species (Arabidopsis thaliana, Oryza
sativa, Brachypodium distachyon, Zea mays, and Solanum lycopersicum)
were employed to analyze the collinearity relationship among them.
MCscanX [41] was used to perform the collinearity analysis and TBtools
was used to change the collinearity data into visualization.

2.7. Expression patterns analysis of ortholog pairs between species

To understand ortholog pairs’ expression patterns between species
based on tissue types, line charts were constructed using the Excel 2013
software. The expression data of root, leaf and seed were used in the line
charts of ortholog pairs between Brachypodium distachyon and Oryza sa-
tiva. The expression data of root, stem and SAM, leaf and seed were used
in the line charts of ortholog pairs between Oryza sativa and Zea mays.
The expression data of root, leaf and flower were used in the line charts
of ortholog pairs between Arabidopsis thaliana and Solanum lycopersicum.

2.8. Functional mode diagram and respective expression patterns of Dof
members

To study the relationship of Dof members’ functions and expression
patterns, a functional mode diagram of the Dof proteins was con-
structed using the online tool Process on (https://www.processon.com/
diagrams). Expression patterns of the Dof genes were visualized using
TBtools software.

3. Results and discussion

3.1. Identification of Dof proteins in 11 species

To identify all Dof proteins that existed in 11 species (monocots:
Aegilops tauschii, Oryza sativa, Brachypodium distachyon, Setaria italica,
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Sorghum bicolor, Zea mays and Setaria viridis; dicots: Solanum lyco-
persicum, Glycine max, Arabidopsis thaliana and Helianthus annuus),
Blastp program was implemented using the Dof domain amino acid
sequence (Fig. 1B) as a query against 11 species' protein sequences; of
these sequences, 462 sequences exhibited E value < e−4 in the Blastp
analysis. Next, the HMM program was applied using the Hidden Markov
Model (PF02701) of the Dof domain to obtain sequences in which the
Dof domain existed; 435 sequences were obtained from the HMM
analysis. Subsequently, 392 sequences existed in both the Blastp and
HMM results were obtained as Dof family members. The protein se-
quences were submitted to Pfam through the HMMER and CDD sear-
ches in NCBI to verify the Dof proteins’ reliability.

The most representative feature of the Dof proteins was the Dof
domain with the C2–C2 zinc finger motif. To show the Dof domain and
the C2–C2 zinc finger motif of candidate Dof proteins, 5 randomly se-
lected proteins of each species were aligned (Fig. 1A). Detailed in-
formation about the 55 Dof proteins is shown in Table 1, including the
protein size, MW, pI and chromosomal locations. Multiple sequence
alignments of the Dof domain are shown in Fig. S1. The sequences were
ranked by species (Fig. S1), showing that the Dof domain is generally
conserved and the C2–C2 zinc finger structure is consistent among
different species.

Protein size, MW, pI and chromosomal locations of all candidate Dof
proteins in our results were analyzed (Table S1). The protein size
ranged from 117 (F775_25071) to 630aa (F775_08897), and the MW of
these proteins varied from 12,724.29 (F775_25071) to 68,204.29 Da
(F775_08897), corresponding to the protein size. The range of the pI
was from 4.52 (F775_09988) to 11.56 (Os01g0673700). For chromo-
somal locations of Dof genes, Dof genes existed in most chromosomes in
the 11 species, but there were some chromosomes with no Dof genes in
them, for instance, no Dof genes were found in the 14th chromosome in
Glycine max, the 11th chromosome in Helianthus annuus, the 11th
chromosome in Oryza sativa, and the 7th chromosome in Solanum ly-
copersicum. In addition, the Dof genes were unevenly distributed among
the chromosomes within each species. For example, in Arabidopsis
thaliana, the distribution of Dof genes on the chromosomes varied from
5 in chromosome 2 to 9 in chromosome 1; in Brachypodium distachyon,
the distribution of Dof genes on the chromosomes varied from 2 in
chromosome 5 to 9 in chromosome 2. Furthermore, there were no in-
formation on chromosomal locations for all the Dof genes of Aegilops
tauschii and one gene (GLYMA_U021300) of Helianthus annuus in Gra-
mene, instead, scarfford information of these genes was offered from
Gramene.

3.2. Phylogenetic relationships, conserved motifs and gene structure of Dof
proteins

To further analyze the Dof proteins in monocot and dicot species,
the neighbor-joining (NJ) tree constructed with MEGA was annotated
on the iTol website (Fig. 2). The tree was divided into 11 groups (A-K)
based on their phylogenetic relationships. The arrangement of members
indicated that Dof proteins in monocots were distinct from the Dof
proteins in dicots.

The 11 groups (group A to K) in Fig. 2 were used to analyze their
identified motifs and gene structures. Fifteen identified motifs were
predicted using the program MEME, and the image of 15 motifs is
shown in Fig. 4. Group A and B are shown in Fig. 3, group C to K are
shown in Fig. S2. As shown in Fig. 3 and Fig. S2, the largest group was
Group K, which included 87 proteins, followed by Group A, which in-
cluded 57 proteins. The smallest group was Group E which only con-
tained 6 proteins. Proteins with relatively close relationships appeared
to be clustered together, which showed the similar clustered patterns in
motifs.

All proteins contain the Dof domain (motif 1). Dof proteins in one
phylogenetic group usually had similar motif compositions. For ex-
ample, group A had two conserved motifs (motif 4 and 11), group C
contained special motif 13, motif 9 was conserved in group H, group I
had the conserved motif 9, 11, 12 and 14. Group K had the most con-
served motifs (motif 2, 3, 5, 6, 7, 10 and 13). Different motifs in dif-
ferent groups might indicate functional divergence among groups.

Moreover, gene structures were similar within each group; for ex-
ample, most members in group A had one intron except Solyc09g-
010680.2 (two introns) and several genes had no intron; most members
in Group B had no intron, except for 5 one-intron genes. All members in
group F had one intron; no obvious pattern was found in group I.
Interestingly, gene structure appeared to be different among the groups,
specifically regarding the number of introns.

Table 1
Five Dof members per specie and their size, pI, MW and chromosome locations.

Gene ID Amino acid
residues

pIa MW(Da)b Chromosome

AT1G07640 275 9.53 29533.65 1
AT1G21340 260 4.73 29678.56 1
AT1G26790 372 6.8 42005.47 1
AT1G28310 311 9.27 34020.69 1
AT1G29160 175 9.37 19423.02 1
BRADI_1g03710v3 461 9.24 46386.35 1
BRADI_1g07600v3 388 9.48 40302.47 1
BRADI_1g14570v3 280 9.54 29292.01 1
BRADI_1g15420v3 390 9.03 40782.34 1
BRADI_1g17410v3 443 8.32 47670.49 1
F775_09988 335 4.52 35744.48 Scaffold108075
F775_07992 497 7.45 53554.34 Scaffold104106
F775_08897 630 5.35 68204.29 Scaffold66643
F775_22462 375 8.58 40729.89 Scaffold62785
F775_09091 490 6.91 53224.24 Scaffold54352
GLYMA_01G021100 337 8.95 36377.01 1
GLYMA_01G049400 479 8.51 52553.24 1
GLYMA_01G183000 336 8.81 35634.71 1
GLYMA_02G062700 234 8.71 24405.77 2
GLYMA_02G092700 371 9.55 39921.53 2
HannXRQ_Chr01g0027081 269 9.20 30496.10 1
HannXRQ_Chr02g0036381 290 6.96 32417.89 2
HannXRQ_Chr02g0040911 262 4.59 29673.42 2
HannXRQ_Chr02g0043621 270 6.75 30049.49 2
HannXRQ_Chr02g0051351 331 6.61 36624.50 2
Os01g0264000 496 6.14 54673.57 1
Os01g0277500 554 8.78 60168.00 1
Os01g0673700 329 11.56 34112.15 1
Os01g0758200 211 9.15 23094.82 1
Os01g0865800 329 4.80 34761.53 1
SETIT_017619mg 357 8.83 36020.90 1
SETIT_017962mg 293 8.51 30670.04 1
SETIT_019139mg 302 9.17 31767.44 1
SETIT_029673mg 483 7.01 51107.96 2
SETIT_030774mg 273 9.33 28019.37 2
Sevir.1G022000 331 8.84 35040.20 1
Sevir.1G274400 372 8.82 37637.75 1
Sevir.1G295800 293 8.51 30698.10 1
Sevir.1G309300 286 8.96 29130.26 1
Sevir.2G252800 273 9.33 28019.37 2
Solyc01g096120.2 276 9.32 29843.05 1
Solyc02g065290.1 203 9.02 21890.44 2
Solyc02g067230.2 467 4.83 51282.66 2
Solyc02g076850.1 163 7.60 18221.37 2
Solyc02g077950.1 379 8.16 41588.65 2
SORBI_3001G034300 435 9.34 43307.61 1
SORBI_3001G078700 380 9.23 38671.80 1
SORBI_3001G166200 351 8.93 35519.91 1
SORBI_3001G179300 385 8.34 38461.74 1
SORBI_3001G206300 261 9.32 26378.44 1
Zm00001d027846 432 8.73 45296.76 1
Zm00001d028625 325 9.95 33740.52 1
Zm00001d029512 351 4.93 36732.09 1
Zm00001d030727 339 9.05 34466.53 1
Zm00001d031278 240 7.55 25068.89 1

a Isoelectric points of the protein.
b Molecular weight of the protein.
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3.3. Tissue-specific expression patterns of Dof genes in 5 species

Five species (monocots: Brachypodium distachyon, Oryza sativa and
Zea mays; dicots: Arabidopsis thaliana and Solanum lycopersicum) who
had expression data from multiple species within the database were

chosen to perform the expression pattern analysis. Expression data from
BAR were used to draw heatmaps by TBtools (Fig. 5 and Figs. S3–6).

As shown in Fig. 5 and Figs. S3–6, some family members of DOF
gens were constitutively expressed in all tissue types, such as
AT3G47500 and AT5G60850 in Arabidopsis thaliana, BRADI_1g66597v3

Fig. 2. NJ tree annotated in iTol. Colored ranges represent 11 groups of Dof proteins. Colored strips represent classification (red represents monocots and blue
represents dicots) of 11 species. Green, yellow and red lines in branches mean minimum, midpoint and maximum of bootstrap values. (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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and BRADI_1g73710v3 in Brachypodium distachyon, Os02g0726300 and
Os08g0490100 in Oryza sativa, Solyc03g121400.1 and So-
lyc06g069760.2 in Solanum lycopersicum, and Zm00001d040362 and
Zm00001d026096 in Zea mays. These genes may play house-keeping
roles in plant growth and development.

In addition, some Dof genes were tissue-specifically expressed, in-
dicating that those genes might function in specific developmental
stages. Biological functions of some genes had been proven by existed
researches. For instance, AT2G28510 and AT5G65590 were expressed
exclusively in germinating seed, indicating that they might be im-
portant in seed germination; AT1G69570, AT3G47500 and AT5G39660
were expressed highly in flower and pollen. And in existed research,
AT1G69570, AT3G47500 and AT5G39660 were related to photo-
periodic control of flowering [14]; Research previously had found that
AT3G61850 was associated with GA biosynthesis [42], and in our re-
search, the expression level of AT3G61850 was high in metabolic tis-
sues, such as root and hypocotyl; AT3G45610 played a role in ABA
signaling in seeds [16], corresponding to the high expression of
AT3G45610 in seeds. BRADI_3g51510v3 and BRADI_5g18640v3 had
high expression in roots, indicating that they may function in root de-
velopment. Os02g0252400 were mainly expressed in seed, and previous
research has shown that the protein encoding by Os02g0252400 reg-
ulates CPD3 genes to be related to gibberellin-regulated expression of
peptidase gene in seeds [17]; Research existed had investigated that
Os04g0567800 was related to ammonium uptake, corresponding to the
high expression level of Os04g0567800 in the main ammonium uptake

Fig. 3. Analysis of motif and gene structures in Dof members. A: Group A analysis. Left, the conserved motifs were identified in MEME program and designed as
numbers in different colors. Motif 1 represents the Dof domain that highlighted by green color. Numbers in ruler indicates the amino acid residue number of proteins.
Right, gene structures were drawn by Tbtools software. Green boxes, yellow boxes and horizontal lines represent UTR, CDS and introns, respectively. The numbers in
ruler indicate genes' size in Kilobyte (kb). B: Group B analysis. The analysis is same with group A. (For interpretation of the references to color in this figure legend,
the reader is referred to the Web version of this article.)

Fig. 4. Amino acid residues of motif 1–15 (in Fig. 3 and Fig. S2). E-value and
width of each motif was shown on the right.

Fig. 5. Expression patterns of Dof genes
across 11 different tissues in Arabidopsis
thaliana. . Normalized gene expression va-
lues are shown in different colors that re-
present expression level indicated by the
scale bar. Color from light yellow to red
represented low to high expression level,
respectively. (For interpretation of the re-
ferences to color in this figure legend, the
reader is referred to the Web version of this
article.)
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tissue (root). Solyc02g065290.1 and Solyc11g010940.1 are expressed
highly in leaves, indicating that they may function in biological pro-
cesses in leaves. Zm00001d005100 and Zm00001d029512 were only
expressed in the endosperm, indicating that they may function in bio-
logical processes in the endosperm. A previous study explained
Zm00001d029512 was involved in starch accumulation and aleurone
development in maize endosperm [15]. To explore if ortholog pairs
between species shared similar expression patterns, collinearity ana-
lysis was constructed to find the ortholog pairs.

3.4. Multiple collinearity relationship of Dof proteins and ortholog pairs’
expression patterns

Study of collinearity relationship can provide information about
ortholog pairs between species. A multiple collinearity analysis of 5
species which included monocots (Brachypodium distachyon, Oryza sa-
tiva and Zea mays) and dicots (Arabidopsis thaliana and Solanum lyco-
persicum) was created using TBtools software. The results are shown in
Fig. 6. The figure shows that there were more ortholog pairs between
species within monocots or dicots than those between monocot species
and dicot species. For example, in monocots, 25 Dof genes in Brachy-
podium distachyon corresponded to 14 Dof genes in Oryza sativa, 14 Dof
genes in Oryza sativa corresponded to 28 Dof genes in Zea mays, and
interestingly, Dof genes in chromosome 7–10 of Zea mays did not link to
any Dof genes in Oryza sativa. In dicots, 30 Dof genes in Arabidopsis
thaliana linked to 28 Dof genes in Solanum lycopersicum. However, only
2 Dof genes in Zea mays linked to 3 Dof genes in Arabidopsis thaliana,
indicating that Dof genes were conserved in monocots, and were con-
served in dicots, but were not obvious related between monocot and
dicot species.

In addition, many Dof genes had their one-to-one corresponding or-
thologs between species. Moreover, some Dof genes had two or more or-
thologs. For example, BRADI_1g66597v3 on chromosome 1 corresponded
with Os03g0276300 on chromosome 3 and Os05g0112200 on chromosome
5; and Os04g0567800 on chromosome 4 corresponded with Zm00001d00-
2642 on chromosome 2 and Zm00001d051439 on chromosome 4.

Zm00001d028625 on chromosome 1 corresponded with AT2G28810 and
AT2G37590 on chromosome 2; and AT4G24060 on chromosome 4 corre-
sponded with Solyc08g082910.1 and Solyc08g008500.2 on chromosome 8.
Moreover, there were several Dof genes in Arabidopsis thaliana that had 3 or
more duplicated orthologs in Solanum lycopersicum. AT5G02460 on chro-
mosome 5 corresponded with Solyc06g076030.2 on chromosome 6,
Solyc09g010680.2 on chromosome 9 and Solyc10g086440.1 on chromo-
some 10; AT1G69570 on chromosome 1 corresponded with Solyc02g-
088070.2 on chromosome 2, Solyc03g115940.2 on chromosome 3,
Solyc05g007880.2 on chromosome 5 and Solyc06g069760.2 on chromo-
some 6. This result offered information about Dof genes’ duplications
among species.

Then, to identify the relationship among Dof ortholog pairs' expres-
sion patterns, the collinearity analysis was used to help investigate these
expression patterns. In general, most ortholog pairs’ expression patterns
were similar. In Fig. 7A and Fig. S7, in Brachypodium distachyon and
Oryza sativa, BRADI_2g24040v3 and Os05g0440000, BRADI_2g55980v3
and Os05g0440000, BRADI_1g14570v3 and Os03g0619151, BRA-
DI_1g66597v3 and Os05g0112200, had similar expression patterns. In
Fig. 7B, Os01g0264000 and Zm00001d040362, Os10g0406300 and
Zm00001d032999 had the similar expression patterns in Oryza sativa and
Zea mays; In Fig. 7C and Fig. S8, AT2G28510 and Solyc06g075370.2,
AT4G24060 and Solyc08g008500.2, AT1G64620 and Solyc08g082910.1,
AT2G28810 and Solyc09g010680.2 shared similar expression patterns in
Arabidopsis thaliana and Solanum lycopersicum. In addition, ortholog pairs
with similar patterns indicated that they might be conserved and have
the similar functions among species.

3.5. Functional mode diagram and respective expression patterns of Dof
members

To explore the correspondence between Dof proteins' biological
functions and expression patterns, a functional mode diagram and
heatmap of Dof genes’ expression patterns were constructed. As stated
in Fig. 8, Dof proteins were involved in 4 main biological processes that
were related to light, stress, biosynthesis and signaling. Associated with

Fig. 6. Collinearity relationship of 5 species' Dof genes. The analysis was completed using TBtools software. Rectangles represent chromosomes in 5 species. Blue
curves represent Dof orthologs between species. (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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expression patterns, this diagram showed more information.
In Figs. 8 and 9, most of the Dof members’ functional modes were

consistent with their expression patterns. Zm00001d005100 and
Zm00001d029512 were associated with storage protein biosynthesis
and starch accumulation in endosperm [4,15], and in Fig. 9B, these
genes showed tissue-specific expression patterns in maize endosperm;
Os02g0252400 was involved in GA functioning in seeds, and in Fig. 9C,
its expression was obviously high in seed.

Moreover, something more interesting existed in the results. For
instance, AT1G69570, AT3G47500 and AT5G39660 were related to
photoperiodic control of flowering [14], corresponding to their rela-
tively high expression levels in flower and pollen stages (Fig. 9A),
Furthermore, these genes were expressed very highly in the internode
stage in our results, indicating that these 3 genes function in not only

photoperiodic control of flowering but also in the development of in-
ternodes. Os03g0169600 and Os01g0264000 were related to photo-
periodic control of flowering [12], as a result, their expression level was
relatively high in the inflorescence stage. In addition, the expression
patterns showed their expression level in seed was also high, suggesting
that Os03g0169600 and Os01g0264000 might be associated with not
only photoperiodic control of flowering but also biological processes in
seeds. Os03g0169600 and Os01g0264000 in Orysa sativa and
AT1G69570, AT3G47500 and AT5G39660 in Arabidopsis thaliana, are
all associated with photoperiodic control of flowering, but the two
members in Orysa sativa were not closely clustered with the three
members in Arabidopsis thaliana in phylogenetic analysis.

Dof members' biological functions were generally connected with
their expression patterns. Although the functions of many Dof proteins

Fig. 7. The expression pattern analysis in different species. A: Line charts of Dof ortholog pairs' expression patterns in Brachypodium distachyon and Oryza sativa. B:
Line charts of Dof ortholog pairs' expression patterns in Oryza sativa and Zea mays. C: Line charts of Dof ortholog pairs' expression patterns in Arabidopsis thaliana and
Solanum lycopersicum. The expression data was normalized.
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have been studied, functional investigations about the tissue-specific
expression of some Dof members in our results are still lacking. As a
result, the analysis of Dof members’ expression patterns in this study
provides a foundation for research of assessing Dof protein function.

4. Conclusion

In this study, 392 Dof members were extracted from 7 monocot and
4 dicot species. These Dof genes were widely distributed in almost all
chromosomes of the 11 species. Dof proteins from 11 species could be
classified into 11 groups, and similar protein motifs and exon/intron
compositions exist within each group. The arrangement of Dof proteins

in a phylogenetic tree demonstrated a clear phylogenetic distinction
between monocots and dicots. In addition, the collinearity relationship
and expression analysis performed in 5 species indicated that most of
the orthologs pairs shared similar patterns in plant tissues. A functional
mode diagram and expression analysis showed Dof members' functions
were consistent with their expression patterns. The study provided
useful evidence to understand the molecular basis of Dof proteins in
monocot and dicot species. In particular, the correspondence between
Dof members' functions and their expression patterns offered informa-
tion for the better understanding of Dof proteins’ functions in many
biological processes in plants.

Fig. 8. Functional mode diagram of Dof proteins. Green circles represent Dof proteins, brown boxes represent downstream genes of Dof proteins. Red arrows between
Dof proteins and their downstream genes indicate the positive regulations, while blue arrows indicate the negative regulations. Black arrows means these genes
participate in the relative biological pathways. The biological processes which Dof proteins' downstream genes take part in were shown outside the middle circle.
Words in red indicate processes related to light, words in brown indicate processes related to stress, words in green indicate processes related to biosynthesis, words
in blue indicate processes related to signaling, as shown inside the middle circle. (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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