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Dof (DNA binding with one finger) proteins play important roles in plant development
and defense regulatory networks. In the present study, we report a genome-wide
analysis of rose Dof genes (RchDof), including phylogenetic inferences, gene structures,
chromosomal locations, gene duplications, and expression diversity. A total of 24
full-length RchDof genes were identified in Rosa chinensis, which were assigned
to nine distinct subgroups. These RchDof genes were unevenly distributed on
rose chromosomes. The genome-scale analysis of synteny indicated that segmental
duplication events may have played a major role in the evolution of the RchDof gene
family. Analysis of cis-acting elements revealed putative functions of Dofs in rose
during development as well as under numerous biotic and abiotic stress conditions.
Moreover, the expression profiles derived from gRT-PCR experiments demonstrated
distinct expression patterns in various tissues, and gene expression divergence existed
among the duplicated RchDof genes, suggesting a fundamentally functional divergence
of the duplicated Dof paralogs in rose. The gene expression analysis of RchDofs under
drought and salt stress conditions was also performed. The present study offered
novel insights into the evolution of RchDofs and can aid in the further functional
characterization of its candidate genes.

Keywords: Dof transcription factor, rose (Rosa chinensis), phylogenetic analysis, synteny analysis, expression
divergence, salt and drought stress

INTRODUCTION

Plants have developed diverse molecular mechanisms to survive against various types of biotic
and abiotic stress conditions. Numerous transcription factors have been identified in plants, which
confer tolerance to a broad range of stress conditions. They are important regulators for adjusting
gene expression by binding to specific DNA sequences at their promoter region (Wray et al., 2003).
The Dof (DNA binding with one finger) gene family is one of the plant-specific transcription factors
that is widespread in higher plants. Since the first Dof gene (Zmdof1) was isolated from maize
(Yanagisawa and Izui, 1993), numerous Dof genes have been studied in other plants (Jin et al,,
2014; Yang et al., 2018; Zhang et al., 2018; Hong et al., 2019).

The Dof gene family contains a highly conserved Dof domain at the N-terminus
of approximately 52 residues in length. The Dof domain has a C2-C2 finger structure
(CX,CX,CX;,C) that can specifically bind to a core sequence (AT/AAAAG) in plant gene
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promoters and regulate downstream genes (Yanagisawa, 2002;
Wang et al.,, 2019). However, some Dof proteins, such as AOBP
in pumpkin, can bind to AGTA motif but have lost the capability
to interact with the AT/AAAAG motif (Kisu et al., 1998). In
addition to the Dof domain, Dof proteins harbor a bipartite
nuclear localization signal that partly overlaps with the conserved
Dof domain (Krebs et al, 2010) and a variable C-terminal
transcriptional regulation domain (Yanagisawa, 2001). Moreover,
the Dof domain and some specific amino acids in the C-terminal
region also bind to specific DNA sequences to regulate various
physiological activities (Yanagisawa and Schmidt, 1999).

DNA binding with one finger members have been reported
to participate in the regulation of gene expression in diverse
physiological processes. For example, the Dof transcription
factor MdDof24 identified in apple was reported to be
associated with flower development and the regulation of
metabolic pathways (Yang et al, 2018). PbDof9.2 in pear
(Pyrus bretschneideri) was reported to regulate flowering time.
Overexpression of PbDof9.2 in Arabidopsis could delay flowering
time via interactions with the promoters of PbTFLla and
PbTFL1b (Liu et al., 2020). The peach Dof transcription factor
FaDof2 positively regulates eugenol biosynthesis by interacting
with FaEOBII (Molina-Hidalgo et al., 2017). In addition, Dof
transcription factors are also involved in abiotic and biotic
stress responses, including heat, salt, drought, and pathogen
attack. A total of 60 Dof genes were recently identified
in the apple genome, and the expression levels of most
MdDof members were upregulated by heat and salt stress
conditions, revealing the important function of Dof genes in
abiotic stress tolerance (Zhang et al, 2018). Overexpression
of tomato SICDFI (SIDof25) and SICDF3 (SIDof26) genes in
Arabidopsis can increase tolerance to salt and drought stress
(Corrales et al., 2014). The transient expression of BBFI-related
Dof genes in tobacco enhanced the expression profiles of
the mosaic viral resistance gene N and defense-related genes
(Sasaki et al., 2015).

The Chinese rose (Rosa chinensis Jacq.) is an economically
important flower crop of the Rosaceae family, which is widely
cultivated in China (Feng et al., 2015). Although the cultivation
of R. chinensis is increasing, it suffers from various biotic and
abiotic conditions of stress. Drought and salt stress, which limit
the growth and productivity of R. chinensis, had become the most
harmful factors in the irrigated areas of China (Tian et al., 2018,
2019). Therefore, a better understanding of the molecular basis
of drought and salt tolerance is required to breed new varieties
with desirable traits. Despite the important role of Dof genes
in plant drought and salt stress resistance, their exact functions
have not yet been well studied in rose. The recently sequenced
rose genome provides a framework for the identification and
functional characterization of gene families (Raymond et al,
2018). Here we comprehensively characterized the number,
structure, chromosomal locations, and phylogenetic associations
of the Dof gene family throughout the rose genome. We also
examined the expression differences of Dof genes in different
tissues and in response to drought and salt stress conditions.
The present study will form the foundation for further functional
analysis of the Dof genes in rose.

MATERIALS AND METHODS

Identification of Putative Dof Genes

The Dof genes of A. thaliana were obtained from tair'.
The rose (R. chinensis “Old Blush”) genome sequences were
downloaded from a rose website’. To comprehensively identify
the Dof genes, the HMM file (PF02701) of the Dof domain
was obtained from the Pfam database’and used to perform
the HMMER search (version 3.3*) with an E-value < le™°.
The resulting Dof sequences were then adopted for TBLASTN
as described before with default parameters (Altschul et al.,
1997; Zou et al, 2019). Finally, following the removal of
incorrect and redundant predicted sequences, the sequences of
all candidate Dofs were further confirmed using ScanProsite’®
and InterProScan®. The molecular weight (MW) and isoelectric
point (pI) of the Dof proteins were evaluated using the ExPASy-
ProtParam online software’. The subcellular localization of
the Dof proteins was predicted using Plant-mPLoc® (Chou
and Shen, 2010). As a control, the apple and pear genome
sequences were downloaded from GDR’ and Pear Genome
Project'’, respectively. The Dof transcription factors of these two
Rosaceae species were also identified using the same method as
described above.

Phylogenetic Analysis of RchDofs

To investigate the phylogenetic associations among Dofs,
a multiple sequence alignment including RchDof protein
sequences and those from Arabidopsis, apple, and pear was
performed using MUSCLE with default parameters in MEGA7
(Kumar et al., 2016). Subsequently, a maximum likelihood (ML)
tree based on the above-mentioned alignment was constructed.
The reliability of the obtained phylogenetic tree was tested using
a bootstrap value of 1,000 iterations. To further determine the
best-fit substitution model for the phylogeny tree, the ProtTest
program (version 3.4) was used. Based on the multiple alignments
of the Dof proteins and the classification of Lijavetzky, the RchDof
genes were assigned to nine subgroups (Lijavetzky et al., 2003).

Gene Structure Analysis and

Identification of Conserved Motifs

To understand the structures of the RchDof genes, the GSDS
(version 2.0") online software was used to characterize the exon-

intron structures. The motifs of each deduced RchDof protein
were analyzed by MEME (version 4.12.0"?) (Bailey et al., 2009),

Uhttps://www.arabidopsis.org/
Zhttps://lipm-browsers.toulouse.inra.fr/pub/RchiOBHm-V2/
*http://pfam.xfam.org/
*http://hmmer.janelia.org/
“http://www.expasy.ch/tools/scanprosite/
Chttp://www.ebi.ac.uk/Tools/InterProScan/
“http://web.expasy.org/protparam/
Shttp://www.csbio.sjtu.edu.cn/bioinf/plant- multi/
“https://www.rosaceae.org/
http://peargenome.njau.edu.cn
http://gsds.gao-lab.org/
Phttp://meme-suite.org/tools/meme
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with the maximum number set to 30. The 1,500-bp upstream
sequences of the RchDof genes were extracted with an in-
house Perl script to predict cis-elements using the PlantCARE"”
(Lescot et al., 2002).

Determination of Chromosomal
Distribution, Gene Duplication, and
Synteny

The chromosomal location information of RchDof's was obtained
from the GFF3 file. The synteny, segmental duplication, and
tandem duplication were analyzed using a previously reported
method (Nan and Gao, 2019) and visualized (including gene
positions) by Circos (version 0.69) (Krzywinski et al., 2009).
To estimate the duplication events of RchDof genes, Ka
and Ks values were measured using the maximum likelihood
method implemented in codeml program (Yang, 2007). The
Ks values were subsequently used to approximately date the
duplication event according to T = Ks/2\, assuming clock-
like rates ()) of synonymous substitution of 1.5 x 1078
(Zhang et al., 2018).

Ortholog Dof Gene Identification

The orthologs of the candidate RchDofs in Arabidopsis were
identified using Ensembl Plants (release 46,'*). In addition, the
orthologs in the tomato plant for each RchDof gene were analyzed
as described previously (Nan and Gao, 2019), and the well-
categorized tomato Dof sequences were obtained from Corrales
(Corrales et al., 2014).

Plant Material and Treatments

In this study, 3-year-old R. chinensis “Old Blush” plants were
used as experimental materials, which were grown in the
greenhouse at 22/18°C day/night temperature and 16/8 h
day/night photoperiod. Two tissues, including matured leaves
and fully blooming flowers, were collected for tissue-specific gene
expression analysis. The drought stress treatment was performed
with 20% PEG600, and matured leaves were collected at 0, 2, 4, 8,
and 24 h following treatments (Li et al., 2016, 2017). Rose plants
grown without drought stress were used as an unstressed control.
A salinity stress treatment was carried out by irrigating the plants
with 200 mM NaCl, followed by sampling matured leaves at 0,
2, 4, 8, and 24 h following treatments (Li et al., 2016, 2017).
The plants irrigated with sterile water were used as a control. All
samples were immediately frozen in liquid nitrogen and stored
at —80°C until use. Three biological replicates were performed
for each treatment.

RNA Isolation and Quantitative

Real-Time Polymerase Chain Reaction

Total RNA was extracted with Trizol reagent (Invitrogen) and
treated with RNase-free DNase I (Transgen). Subsequently, 1 g
of total RNA was reverse-transcribed to cDNA using an All-in-
One First-Strand ¢cDNA Synthesis Kit (Transgen) according to

Bhttp://bioinformatics.psb.ugent.be/webtools/plantcare/html/
Yhttp://plants.ensembl.org/index.html

the manufacturer’s instructions. Gene-specific primers of the Dof
genes were designed using the Primer Premier 5.0 software and
are presented in Supplementary Table 1. The GAPDH gene was
selected as a reference gene according to a previous study (Tian
et al., 2018), and three technical replicates were conducted for
each sample. Real-time PCR was performed with a CFX96 real-
time PCR detection system (Bio-Rad). Each reaction was carried
out in a final volume of 10 1. The reaction mixture contained the
following reagents: 1.0 jL1 cDNA, 0.4 pl of each primer pair, 5 1
SYBR, and 3.6 pl ddH,O. The RT-PCR cycle was set as follows:
95°C for 30 s, followed by 40 cycles of 95°C for 5 s, and a final
extension at 60°C for 30 s. A melting curve analysis for assessing
specific amplification was performed by heating the products
from 65°C to 95°C with 0.5°C increments. The 2~ 4 4 €T method
(Livak and Schmittgen, 2001) was used to analyze real-time PCR
data, and the time point 0 h was used as an untreated control
(expression = 1.0) to estimate the fold change in the expression
levels of the relevant genes.

Statistical Analyses

The experiment was performed in three biological replicates.
All data were expressed as mean + standard deviations (SD)
following normalization. Statistical analysis was performed using
SPSS software (version 18.0). Data were analyzed using Fisher’s
least significant difference analysis, and significant differences
were reported at P < 0.05 level.

RESULTS

The Dof Gene Family in the Rose

Genome

Using the consensus sequences of the Dof domains, we screened
the rose genome assembly. We identified 24 non-redundant
RchDof genes and named them as RchDofl to RchDof24 based
on the order of the gene IDs (Supplementary Table 2). The
open reading frame lengths of the RchDof genes ranged from
173 to 531 amino acids, with the pI of the resultant proteins
predicted to range from 4.82 to 9.48 and the MW from 19.52
to 56.83 kDa (Supplementary Table 2). The predicted grand
average of hydropathicity values of the RchDof proteins varied
from —0.888 (RchDof14) to —0.397 (RchDof4), suggesting that
they were hydrophilic. Furthermore, the predicted subcellular
localizations indicated that all RchDof proteins were located in
the nucleus. In addition, multiple sequence alignment of RchDofs
revealed a highly conserved Cys2/Cys2 Zn>* DNA binding
domain (Figure 1), which was designated as the Dof domain.
The distribution of amino acid residues at the corresponding
positions of the rose Dof domain revealed that it was very similar
to that of Arabidopsis (Lijavetzky et al., 2003), apple (Hong et al.,
2019), tomato (Cai et al., 2013), pear (Liu et al., 2020), cassava
(Zouetal., 2019), and pepper (Wu et al., 2016), indicating that the
Dof domain was highly conserved among different higher plants.
The detailed information of these RchDof genes regarding the
type of genes and the Dof domains is shown in Supplementary
Table 2 and Figure 1.
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Zinc-finger motif

RchDof1
RchDof2
RchDof3
RchDof4
RchDof5
RchDof6
RchDof7
RchDof8
RchDof9
RchDof10
RchDof11
RchDof12
RchDof13
RchDof14
RchDof15
RchDof16
RchDof17
RchDof18
RchDof19
RchDof20
RchDof21
RchDof22
RchDof23
RchDof24

-EQLNC
-TALKC
DQALNC
-EHLPC
-—-NLRC
-QALKC
-EQLKC
-KIIPC

DQSLKC

FIGURE 1 | Dof domain sequence alignment of rose Dof proteins. Only the conserved Dof domain residue is currently shown. The four cysteine residues putatively
responsible of the zinc-finger structure are indicated. Identical and similar amino acids are highlighted.

INVPVGGGSRKNKK 57
SVPVGGGCRRNKR 57
INVPVGGGSRKNNK 58
DIPVGGGSRKNAK 57
INVPIGGGCRKNKN 56
INVPIGGGCRKNKR 57
INIPIGGGSRKNTK 57
INVPVGAGRRKNKN 57
INVPVGGGCRRNKR 56
INVPVGGGCRKNRR 54
KPIVLGG--VNRR 55
INVPVGAGRRKNKN 57
NVPVGGHGRKNKR 57
INVPVGGGCRKGKR 56
INVPVGGGCRKNKR 57
INVPVGAGRRKTK- 56
INVPVGGGCRKNKR 57
NVPVGGGCRRNKK 57
INVPVGGGCRKNRR 55
INVPVGGGTRNKK- 55
INVPVGAGRRKNKN 57
NVPVGGGCRKTKR 57
NI PVGGGSRKNKR 57
NI PVGGGCRKNKK 58

Phylogenetic Analysis of RchDof Genes

To further examine the evolutionary relationships in the Dof
genes, an un-rooted ML phylogenetic tree was constructed using
R. chinensis and other species (Arabidopsis, apple, and pear).
Using the ProtTest program, we found that JTT + G was the
best substitution model. As shown in Figure 2, the Dof proteins
in the four species were classified into nine groups, namely, A,
Bl, B2, CI1, C2.1, C2.2, C3, D1, and D2, respectively. The 24
RchDof genes were unevenly distributed in the nine subgroups.
Class B1 was the largest subfamily, which contained five RchDof
factors. Class C3 was the smallest class, containing only one
member. Furthermore, classes A, B2, C2.2, and D2 were present
at the same proportion of 8.33% (Figure 2). The phylogenetic
tree showed that all the nine classes were monophyletic, except
for B2. Group B2 could be divided into two clades, one of which
was the largest and clustered with class B1, and the other was
clustered with class A. These results were consistent with the past
results of physic nut and castor bean (Zou and Zhang, 2019). In
addition, the phylogenetic analysis also indicated that most Dof
genes of rose were clustered with the Dof members of apple and
pear, suggesting a close relationship among the three Rosaceae
species. When the number of Dof genes was compared among
these three species, we observed that the number in apple and

pear was greatly increased by almost 2.5 and 1.9 times than
that of rose. The results indicated that a large-scale expansion
of Dof members in apple and pear seemingly occurred after the
divergence of the three Rosaceae species, evidenced by the Dof
members of apple and pear exclusively clustered together in most
groups, respectively.

Protein Structure of the RchDof Gene
Family

To reveal the structural variation of the RchDof genes in rose, we
predicted putative motifs using the program MEME (Bailey et al.,
2009) and identified a total of 30 distinct motifs. The schematic
distribution of these motifs among different gene groups is
described (Figure 3), representing their relative locations within
the proteins. The multi-level consensus sequences were produced
among these motifs (Table 1). Among the 30 identified motifs,
motif 1 was considered the Dof domain and was uniformly
observed across all the RchDof proteins. In contrast to motif
1, majority of subgroups of RchDofs exhibited several special
motifs at their C-terminal regions, and little was known about
these structures. Motifs 16 and 21 were widely present in most
members of group B1, motif 12 was limited to group C2.1, motif
19 was present in all members of group C2.2, motif 9 was limited
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FIGURE 2 | Phylogenetic tree based on Dof proteins from rose, Arabidopsis, apple, and pear. The phylogenetic tree was constructed using the maximum likelihood
method. The reliability of the predicted tree was tested using bootstrapping with 1,000 replicates.
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to group D1, and motif 20 was present in all members of group
D2 (Figure 3). Moreover, as expected, the majority of closely
associated members in the phylogenetic tree possessed common
motif compositions, suggesting a functional similarity among the
Dof proteins within the same subfamily (Figure 3). Almost all
members in group C2.1 possessed motifs 12, 13, and 28, group
B1 usually contained motifs 3, 5, 13, 16, and 21, and group D1
harbored motifs 8, 7, 17, 6, 4, 10, 15, 2, and 9 in order. The motif
distribution differences among the different groups or subgroups
indicated the functional divergence of the Dof gene family. The
protein structure of the Dof genes corroborated with the ML
phylogenetic tree.

Exon-Intron Organization of the RchDof
Genes

To further examine the evolution of the RchDof genes, we
investigated their exon-intron structures. As illustrated in

Figure 4, the exon numbers of RchDof genes ranged from one to
eight. Nearly all the RchDof genes exhibited no intron or a single
intron, except for RchDof11. Similar exon-intron structures were
also observed in the Dof genes of Arabidopsis, rice, castor bean,
and cassava (Lijavetzky et al., 2003; Jin et al., 2014; Zou et al,,
2019). Moreover, the data showed that the RchDof genes in
the same group exhibited similar exon-intron compositions. For
example, the majority of C2.1 and D1 contained one intron,
whereas groups C2.2 and D2 had no intron. Interestingly, we
found that there were no significant differences among RchDof
genes in the intron phase, except for RchDof11, which contained
phase 0, 2,0, 1,0, 0, 2, and 2 introns.

Stress-Related Cis-Elements in

Promoters of RchDof Genes
In order to investigate the evolution and functional divergence
of the RchDof genes, the upstream 1.5-kb promoter regions
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FIGURE 3 | Conserved motif compositions of the RchDof gene family. The conserved motifs were detected using MEME software and represented by colored
boxes. The length of RchDof proteins can be estimated using the scale at the bottom, and the conserved motifs are shown in Table 1.

of all the RchDof members were extracted and analyzed using
the PlantCARE online software. Various cis-acting regulatory
elements were analyzed, including 10 elements related to plant
development and 11 motifs associated with stress response
(Supplementary Table 3). As shown in Supplementary Table 3,
all members contained more than one cis-element, and the
majority of the RchDof genes possessed box4, G-box, CGTCA
motif, and ABRE. It is interesting to note that two cis-regulation
elements, including the ACE and GARE motif, were only
contained in RchDof8 and RchDof4, respectively. A total of
eight RchDof s possessed the W-box (TTGACC), which regulates
gene expression by binding to the WRKY transcription factors,
suggesting that these genes may be cross-regulated by other
proteins. MBS is a MYB-binding site involved in drought
response and was identified in eight genes, indicating that these
RchDofs participated in drought stress response.

Chromosomal Location, Gene
Duplication, and Genomic Synteny of
RchDof Genes

To examine the genomic distribution of the RchDof genes, their
chromosomal locations were searched against the rose genome

database. The results indicated that 24 RchDofs were unevenly
distributed on the seven pseudo-chromosomes. As shown in
Figure 5, chromosome 5 exhibited the largest number of the
RchDof genes, followed by chromosome 2, which had five, and
chromosome 4 that harbored only one.

It has been reported that gene duplication events are a primary
source of genetic novelty and the main effect in gene family
expansion (Moore and Purugganan, 2005). Duplications are
classified into three types: segmental, tandem, and dispersed (Li
et al,, 2012). In order to trace the origins of the RchDof genes
in rose, we performed syntenic analysis with MCScanX. The
collinear relationships of the duplicated pairs in the RchDof genes
are shown in Table 2. Out of the 24 RchDof genes, seven pairs (12
RchDof genes) might have resulted from segmental duplication
events, while the remaining one cluster (RchDof14 and RchDof15)
probably originated from tandem duplication events. The results
indicate that segmental duplication has played a predominant
role in the evolution of the RchDof genes. In other plants, the
majority of Dof genes were also found to derive from segmental
duplication events, such as in apple (Zhang et al., 2018), cassava
(Zou et al., 2019), tomato (Cai et al., 2013), and cotton (Li et al.,
2018). In addition, the majority of the segmentally duplicated
genes belonged to the same RchDof subgroup, with the exception
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TABLE 1 | Conserved motifs of RchDof proteins in the Rosa genome.

Motif ID Conservative motifs E-value Width Sites Description
Motif 1 CPRCESTNTKFCYYNNYSLSQPRHFCKTCRRYWTKGGTLRNVPVGGGCRK 6.6e — 1,009 50 24 WDP?2
Motif 2 RCVLIPKTLRIDDPSEAAKSSIWATLGIKNDK 3.4e — 026 32 3
Motif 3 MVFSSIPAYLDPPNWQQQ 1.4e — 013 18 3
Motif 4 QIPCFPGAPWPYPWNSAQWSSAFPPPAF 4.9e — 012 28 3
Motif 5 GAGSIRPGSMADRARLAKJPQPETALK 1.3e — 011 27 3
Motif 6 AHHPSLKSNGTVLTFGSDSPLCESMASVLHLADK 2.3e — 011 34 3
Motif 7 QEKTLKKPDKIJP 1.1e — 009 13 4
Motif 8 PAIKLFGKTIPL 8.5e — 009 12 4
Motif 9 KGDEKKHVPEASPVLQANPAALSRSLNFQE 5.8 — 010 30 3
Motif 10 FYPAAAYWGCAVPGSWNVPW 2.4e — 006 20 3
Motif 11 DHHQQQ 1.7e — 005 6 9
Motif 12 YWNGMLGGGSW 1.1e — 002 1 3
Motif 13 NKRSKSSSSSS 6.0e — 002 11 15
Motif 14 MDTAQWPQGIGV 1.6e — 001 12 2
Motif 15 PTLGKHSRDGEILKQSSSQEEE 1.7e 4+ 000 22 4
Motif 16 QVAEVKVED 2.1e + 000 9 4
Motif 17 NKNSASHYRHITISEAL 2.3e + 000 17 3
Motif 18 TRNGFHKSEELVFPAPCGGGENGDDCSNRSSVT 5.3e + 000 33 2
Motif 19 IDLAVWWFAKFLNQ 1.2e + 001 13 2
Motif 20 WPELAI 1.2e + 001 6 4
Motif 21 AWTDLSGF 1.4e 4 001 3
Motif 22 RLLFPFEDLKQI 3.4e + 001 12 2
Motif 23 WQMNNGDHE 4.4e + 001 9 2
Motif 24 GKDHHH 2.3e + 001 6 6
Motif 25 VEEEKVAA 9.8e + 001 8 3
Motif 26 EEEEEEEKD 1.7e 4+ 002 9 2
Motif 27 DHMGIK 1.4e + 002 6 4
Motif 28 HQGQDLNL 2.6e + 002 8 5
Motif 29 RPJJERRGRPPKDQ 4.7e + 002 14 2
Motif 30 FFHGIS 5.4e + 002 6 2

AWDP indlicates a part of Dof domain.

of two clusters (RchDof5/RchDof17 and RchDof7/RchDof24)
(Table 2). This phenomenon may result from the gain or loss of
certain motif structures. As shown in Figure 5, chromosomes 2
and 7 contained the most segmentally duplicated RchDof genes,
while chromosome 6 harbored none. The tandem-duplicated
gene pair was located on chromosome 5. In addition, the two
tandem-duplicated genes in one pair belonged to different classes
(Table 2). These results indicate that the tandem-duplicated pairs
may have undergone functional divergence.

As the ratio Ka/Ks is a good indicator of the selective pressure
occurring at the protein level, we used the PAML software
to estimate the Ks (synonymous) and Ka (non-synonymous)
values as well as the Ka/Ks ratio. These duplication events were
approximately dated using the formula: T = Ks/2r (Table 2).
The duplication-derived RchDof genes spanned from 36.79 to
118.37 Mya (millions of years ago). It is often assumed that
the values Ka/Ks < 1, Ka/Ks = 1, and Ka/Ks > 1 indicate
negative selection, neutral evolution, and positive selection,
respectively (Li, 1993; Yang and Bielawski, 2000). All duplicated
RchDofs from the seven segmentally duplicated gene pairs
had Ka/Ks < 1, ranging from 0.22 to 0.34, while the Ka/Ks

of the tandem-duplicated gene pair was 0.27. The results
suggest that all of the duplicated gene pairs are under strong
purifying selection, which corroborates with observations in
other plants, such as apple and tomato (Cai et al., 2013;
Zhang et al., 2018).

Profiling of RchDof Gene Expression

The expression patterns of the 24 RchDof genes in leaves and
flowers were examined using real-time reverse transcription-
PCR (qRT-PCR) experiments. The primer pairs for all genes
are listed in Supplementary Table 1. The results indicated
that the RchDof genes were differentially expressed in these
two tissues (Figure 6). Some RchDof genes, such as RchDof5
(group B1), RchDof7 (group A), RchDof8 (group D1), RchDof12
(group D1), and RchDof15 (group B2), were highly expressed at
maximum levels in leaves. The remaining RchDof genes, such
as RchDof9 (group Bl), RchDof13 (group B2), and RchDof17
(group Cl1), exhibited a low expression in leaves, whereas
they were highly expressed in flowers. Interestingly, the results
suggested that RchDof genes that were classified as of the
same subgroup could exhibit distinctive expression patterns
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among tissues, such as RchDof13 (group B2) and RchDofl5
(group B2). In addition, gene expression divergence was also
investigated by comparing the levels of the duplicated RchDof
genes. The results indicated that the expression divergence
was also present among duplicated RchDof paralogs. For
example, RchDofl and RchDof23 were segmentally duplicated
gene pairs. RchDof] expression was upregulated in the leaves
and downregulated in the flowers, while the expression of
its paralog RchDof23 was downregulated in the leaves and
upregulated in the flowers. Previous studies reported that
tissue-specific expression divergence is one of the most
important indicators of functional differentiation between
genes (Makova and Li, 2003; Li et al, 2005). Therefore, the
same subgroup and the expanded Dof genes may result in
novel biological function during plant evolution, which is

beneficial to regulate various physiological processes by removing
their redundancy.

Expression Profiling of RchDof Gene
Under Drought and Salt Stress

The functions of the rose Dof genes in response to abiotic
stress are largely unknown. In order to clarify the potential
functions of the RchDof genes in response to abiotic stress
conditions, we analyzed their expression patterns under specific
stress conditions, including drought and salinity treatment. The
analysis was performed using qRT-PCR in leaves.

As shown in Figure 7, RchDof genes were sensitive to drought
stress, the majority of which exhibited different expression
patterns. Some genes were evidently up-regulated after 8 h and
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TABLE 2 | Ka/Ks calculation and divergence times of the duplicated RchDof gene pairs in syntenic blocks.

Duplicated gene pairs Group Ka Ks Ka/Ks Duplicated type Date (Mya)
RchDof1 RchDof23 c2.1 0.39 1.27 0.30 WGD 42.40
RchDof3 RchDof23 C21 0.42 1.25 0.34 WGD 41.58
RchDof8 RchDof12 D1 0.33 1.40 0.24 WGD 46.76
RchDof5 RchDof17 B1/C1 1.09 3.17 0.34 WGD 105.76
RchDof7 RchDof24 A/C1 0.69 3.19 0.22 WGD 106.39
RchDof9 RchDof18 B1 0.51 211 0.24 WGD 70.46
RchDof12 RchDof21 D1 0.37 1.10 0.33 WGD 36.79
RchDof14 RchDof15 C1/B2 0.97 3.55 0.27 Tandem 118.37

Ka, non-synonymous substitution rate; Ks, synonymous substitution rate; Mya, millions of years ago, WGD, segmental duplication.

followed by a decrease, such as RchDof5, RchDof11, RchDof12,  The expression divergence was also examined by comparing the
and RchDof21. Some were gradually induced, peaked at 2 h, expression levels of the duplicated RchDof genes. For example,
and then decreased in 4, 8, and 24 h (RchDof6 and RchDof22).  the pair of duplicated genes RchDof9 and RchDof18 was a case of
The greatest increase in expression (nearly 19-fold) occurred segmental duplication. RchDof9 indicated the higher expression
for the RchDof7 gene at 4 h. The results indicated that the following 4 h, whereas RchDof18 reached the higher level in the
expression levels of RchDofs were responsive to drought stress.  leaves following 8 h.
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To investigate the expression pattern of the RchDof genes
under salt stress conditions, the plants were irrigated with
200 mM NaCl solution. Salt treatment resulted in a wide variety
of RchDof gene expression profiles. As described in Figure 8,
the gene expression levels of RchDof9, RchDof10, RchDof17,
and RchDof20 were rapidly increased by 4.8, 3, 6.6, and 6.7
times following 2 h, respectively. After that time period, they
decreased. The expression levels of RchDof23 sharply decreased
at 2 h and reached the lowest levels after 4 h. In addition, the
greatest increase in expression levels was noted for RchDof7
(nearly 163-fold).

DISCUSSION

Dof genes play essential roles in various plant physiological
processes as well as diverse abiotic and biotic stress responses
(Cai et al., 2013; Corrales et al., 2014; Wu et al.,, 2016). Despite
roses (R. chinensis Jacq.) being the most commercially important
plant in the Rosaceae family, Dof genes in rose have not been
comprehensively characterized, and their exact functions remain
unknown. In the current study, a search for Dof genes in the
rose genome resulted in the identification of 24 members, which
were named from RchDofI to RchDof24 based on their gene IDs.
In addition, an analysis of their structure, duplication events,
and expression diversity was conducted with regard to drought
and salt stress.

Compared with rose (24 RchDofs, genome size 560 Mb)
(Yokoya, 2000), a comparable number of Dofs was identified
in castor bean (24 Dofs, genome size 320 Mb) (Chan et al,
2010; Zou and Zhang, 2019) and grape (25 Dofs, genome size
487 Mb) (Jaillon et al., 2007; da Silva et al., 2016), although the
number of Dofs was greater in Arabidopsis (36 Dofs, genome
size 125 Mb) (Yanagisawa, 2002; Ma et al., 2015) and Chinese
cabbage (76 Dof's, genome size 485 Mb) (Ma et al., 2015). This
suggests that the number of Dof genes is not associated with
the genome size. The gene structure, protein composition, exon-
intron organization, and phylogenetic relationships support the
conclusion that these 24 RchDof proteins can be divided into four
major groups (A, B, C, and D) as previously described in other
plant species (Liu and Ekramoddoullah, 2009; Xiao et al., 2017).
Furthermore, in the present study, class B2 could be obviously
divided into two clusters (Figure 2). Thereby, we updated the
classification as follows: class 1 (A), 2 (B1), 3 (B2), 4 (B2), 5 (C1),
6(C2.1),7(C2.2),8 (C3),9 (D1), 10 (D2), and 11 (D2).

Gene duplication has long been regarded as a key contributor
to plant gene evolution (Li et al,, 2005). Our results indicate
that seven pairs of RchDof duplicated genes were derived from
segmental duplication events, and one pair of Dof genes was
generated by tandem duplications. A number of studies suggested
that genes arising through segmental duplication events may
more often be retained due to sub-functionalization without
increasing the likelihood of gene rearrangement (Zhang, 2003).
Segmental duplication may have played a more important role
than tandem duplication in driving Dof gene family evolution,
as suggested by previous findings in A. thaliana, rice, and apple
(Cannon et al.,, 2004; Wang et al., 2014; Huang et al., 2015).

The spatiotemporal expression changes are the main indicators
of functional divergence in duplicated genes (Makova and Li,
2003; Hellsten et al., 2007). The 24 candidate RchDof genes
in leaves and flowers displayed markedly different expression
profiles, of which even genes in the same subgroup were
divergently expressed. It is interesting to note that six pairs
of duplicated genes (RchDofl/RchDof23, RchDof3/RchDof23,
RchDof5/RchDof17, RchDof7/RchDof24, RchDof9/RchDof18, and
RchDof12/RchDof21) arising from segmental duplication events
exhibited exceptionally different expression patterns, indicating
that the functional divergence may have provided genetic sources
with novel biological functions during the evolution of the
RchDof gene family. These results indicate that the expanded
RchDof genes might result in novel biological complexity in order
to remove function redundancy.

Drought and high salinity cause abiotic stress that
influences plant growth and development. However, as
described previously, roses are often grown under non-
stressed conditions, and natural selection has unintentionally
narrowed the genetic variability of abiotic stress tolerance.
Therefore, the understanding of the mechanism by which roses
respond and develop tolerance to drought and salt stress is the
first step toward improving the adaptation of commercial rose
cultivars to stressful environments. It was reported that Dof
genes were involved in a wide variety of biological processes,
including drought and salt stress responses (Corrales et al.,
2014; Cai et al., 2016; Renau-Morata et al., 2017). Here we
demonstrated that the expression levels of all the RchDof genes
were upregulated/downregulated following drought and salinity
treatments, suggesting that they may be involved in drought and
salt stress responses. These results are supported by previous
findings, as CDF3 (AT3G47500), the orthologs gene of RchDof21
(Supplementary Table 2), is well studied for its role in salinity
stress (Renau-Morata et al., 2017). In addition, the orthologs gene
of RchDof12 and RchDof21 in tomato (SICDFI) (Supplementary
Table 2) demonstrated increased drought and salt tolerance
(Corrales et al., 2014). Therefore, our findings suggest that rose
Dof genes have a role in response to drought and salt stress. The
functional characterization of RchDof12 and RchDof21 will aid in
the exploration of the mechanism of drought and salt tolerance in
future studies. Moreover, in contrast to RchDof12 and RchDof21,
RchDof7 showed the highest increase in expression following
drought and salinity treatment. Cis-element analysis indicated
that the RchDof7 exhibited a MYB binding site, which is involved
in the drought response. These results support our hypothesis
that the RchDof7 gene may play a key role in drought and
salt responses. The results also provide a number of RchDof
candidate genes for improving drought and salt tolerance in rose.

CONCLUSION

In this study, a total of 24 RchDof genes were identified in the
rose genome assembly. Phylogenetic analysis suggested that the
RchDof transcription factors were conserved as demonstrated by
the identification of highly conserved motifs and gene structures.
Genomic synteny analysis suggested that segmental duplications
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may have played a major role in RchDof gene family evolution.
The cis-element analysis suggested that the majority of the
RchDof genes were involved in various processes as well as
stress responses, which provides a basis for the functional
characterization of RchDof genes. The data showed the tissue-
specific expression of the RchDofs and differential expression
in response to drought and salt stress conditions, suggesting
the existence of a complicated molecular regulatory network
response to drought and salt stress conditions in rose. This
provides novel insights into the evolutionary and functional
divergence of the Dof gene family, which can aid in functional
genomic studies of candidate Dof genes in order to genetically
improve commercially important rose cultivars.
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