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Abstract: Lotus (Nelumbo nucifera Gaertn.) is a traditional Chinese aquatic flower with high ornamen-
tal and economic value, but water salinity seriously affects lotus cultivation and distribution. The Dof
transcription factors (TFs) play a crucial function in the regulatory network of growth and defense
in plants. However, no systematic investigations of the Dof TFs in lotus have been performed. In
this study, comprehensive searches of the lotus genome yielded 29 potential NnDofs. We carried out
a series of standardized analyses, which include physical properties, multiple sequence alignment,
phylogenetic analysis, gene structure, motif composition, cis-acting element prediction, chromosome
distribution, and synteny analysis. The results showed that segment duplication probably caused the
NnDofs gene family expansion. The potential functions of NnDofs in lotus development and stress
conditions are speculated by promoter analysis. Furthermore, a complete expression investigation of
NnDofs utilizing an RNA-seq atlas and quantitative real-time polymerase chain reaction (qRT-PCR)
was performed. The majority of the NnDofs exhibit tissue-specific expression patterns, and many
genes have been identified as being extremely sensitive to salt stressors. Overall, this study is the first
to report a genome-wide assessment of the Dof family in lotus, and the findings offer vital insights
for prospective functional studies on lotus salinity stress.

Keywords: Nelumbo nucifera; Dof transcription factor; salinity stress

1. Introduction

Soil salinization is a serious and growing global problem [1], and salinized areas are
growing at a rate of 10% per year. Soil salinity is a severe abiotic stress that affects plant
seed germination, growth and development, and reproductive development by causing
oxidative stress, ionic toxicity, osmotic stress, and metabolic disturbances in plants [2,3].
Several investigations on several plant species have highlighted the complicated and crucial
role of transcription factors in abiotic stress reduction [4]. The dynamic coordination of salt
stress-responsive transcription factors in the interaction pathway, as well as their unique
integration into the stress adaption cellular network, will serve as a stepping stone for plant
tolerance to environmental stresses [5].

Transcription factors (TFs), also called trans-acting factors, interact with cis-acting
elements in a particular genetic promoter region to regulate gene transcription and ensure
target gene expression at a specific time, place, and intensity [6,7]. Typical transcription
factors contain functional regions such as the DNA binding domain, nuclear localization
signal region, oligomerization site, and transcription activation domain [8,9]. Transcription
factors widely regulate plant growth and development and deeply engage in biotic and
abiotic stress responses.

Studies have shown that Dof (DNA binding with one finger) proteins appear to be
unique to plants. The first Dof transcription factor identified was ZmDof from maize [10].
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With the development of bioinformatics technology, more Dof proteins have been found
in the genomes of different plant species, such as Solanum lycopersicum [11], Manihot es-
culenta [12], Prunus persica [13], and Capsicum annuum L. [14]. Dof TFs usually consist of
200–400 amino acids with highly conserved DNA-binding domains at their N-termini, tran-
scriptional regulatory domains at their C-termini, and nuclear localization signals [10,15].
The highly conserved domain consisting of 50–52 amino acids at the N-terminus, containing
a C2-C2 zinc finger domain is composed of CX2CX21CX2C. Different transcriptional regula-
tory domains at the C-terminus indicate the diversity of Dof protein functions [16]. The Dof
family was divided into seven sub-populations by Yanagisawa [17]. Several researchers
collected Arabidopsis and rice Dof genes and classified them into four subfamilies: Aa,
Bb, Cc, and Dd [18]. The 116 Dof genes from seven species were more comprehensively
classified by Moreno-Risueno into seven subgroups, A–G [19]. Dof proteins play mul-
tiple roles in different biological processes, including growth and development [20,21],
flowering regulation [22,23], carbon and nitrogen metabolism [24], hormone response [25],
and abiotic stress [26,27] in various plant species. Overexpression of OBP4 in Arabidopsis
promotes cell proliferation in the differentiation zone and induces callus formation [28].
ZmDof3 controls starch accumulation and aleurone development in maize endosperm by
binding to the Dof core element promoters of Du1 and Su2 [29]. In addition, ZmDof36 is
important in regulating starch synthesis. Its overexpression can increase starch content
and reduce soluble sugars and reduce sugars [30]. Cycling Dof factor 2 (CDF2) leads to
photoperiod-insensitivity and delayed flowering in Arabidopsis by reducing CO mRNA
levels [31].

RNA-Seq data showed that most TaDof genes respond to heat and PEG-induced
drought stress in wheat [26]. Overexpression of GhDof1 could notably enhance tolerance to
salt and cold stresses by increasing proline content during the seedling stage [32]. Some
ClDof genes showed significantly different expressions under salt stress, suggesting that
they may contribute to salt stress adaptation in watermelon [33]. OsDof15 coordinates the
regulation of salt and ethylene, inhibiting primary root growth by affecting cell proliferation
in the root apical meristem [34]. SlDof22 can be combined with the promoter of the SlSOS1
gene, and inhibiting SlDof22 by significantly downregulating the SlSOS1 gene leads to
reduced tolerance to salt stress [35].

Sacred lotus (Nelumbo nucifera Gaertn.), which has been grown in the Far East for
5000–7000 years, is a large aquatic plant with significant ecological, scenic, and economic
value [36,37]. Lotus cultivars are categorized depending on their usage and morphological
characteristics: rhizome lotus, seed lotus, and ornamental lotus [38]. Lotus has high
ornamental value throughout the growing period, with large flowers, various petal types,
gorgeous color, green leaves, tall and straight habit, and remains attractive even during
the dry leaf period. Because of its ornamental value, lotus is considered a theme plant
in waterscape garden layouts. In addition, lotus has high economic value and medicinal
value [39]. Lotus tea is traditionally used to clear away “summer heat”, that is, relieve
symptoms of heat injury, and lotus seed is rich in phospholipids, alkaloids, and flavonoids,
which in Chinese traditional medicine are used to clear the heart, nourish the mind, and
tonify the spleen and kidney [40].

Although salinity stress causes certain harm to the growth and development of lotus,
there are few reports on the salt tolerance of ornamental lotus. Furthermore, Dof TFs have
been found to be resistant to salt stress in many different plant species, but the Dof gene
has not been identified in lotus. In this study, we identified and characterized 29 Dof family
genes in lotus. They were unevenly distributed on the seven chromosomes and divided into
six groups based on phylogenetic analysis. Its physicochemical properties, gene structure,
conserved motifs, and cis-acting elements upstream of the gene were also analyzed. Tissue-
specific expression of NnDofs and gene response to salt treatment were investigated using
RNA-seq data and qRT-PCR. We predicted possible interacting proteins and regulatory
networks of NnDofs related to these stress responses. The results provide a reference for
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further functional research of lotus Dof TFs, and they can be used as genetic resources to
make lotus and other crops more tolerant of salt through molecular genetic breeding.

2. Results
2.1. Identification and Physiochemical Characteristics of NnDofs

Through the search of the lotus genome by HMM with the Dof domain (PF02701),
29 NnDof family members were recognized after further validation in the CDD and Pfam
databases. According to the distribution of Dof genes on chromosomes, NnDofs are named
NnDof1 to NnDof29. We investigated the physical and chemical properties of the NnDof
members. Analysis of NnDof proteins showed amino acid lengths ranging from 105 to
508 aa, molecular weights ranging from 12.1 to 55.4 kDa, and isoelectric points ranging
from 5.67 (NnDof13) to 9.96 (NnDof29). The analysis results of the instability index showed
that the NnDof5 value was lower than 40, which indicated that the rest of the NnDofs were
probably unstable proteins. The aliphatic indexes of NnDof proteins were all between 41.81
and 73.51. GRAVY values for all NnDof proteins ranged from −1.161 to −0.341, indicating
that all NnDof members are hydrophilic proteins. The subcellular localization prediction
findings indicated 17 NnDof proteins in the nucleus and the remainder are extracellular.
Detailed results are listed in Table S1.

2.2. Phylogenetic Analysis and Classification of NnDofs

To fully comprehend the evolutionary relationship, a phylogenetic tree was con-
structed with the 29 identified NnDofs and the 36 reported AtDofs of Arabidopsis (Figure 1).
The results indicated that 65 Dof proteins were grouped into seven major groups, with
29 NnDof proteins in each of the following categories: II, III, IV, V, VI, and VII. Group VI
had nine NnDof proteins, accounting for 31.03 percent of the total number of NnDofs, while
group V had only two, accounting for 6.90 percent. Groups II, III, VI, and VII each have
five NnDof proteins.

Multiple sequence alignment analysis of the amino acids of the Dof structural do-
main of 29 lotus flowers was performed to investigate the sequence characteristics of the
NnDof proteins. It was found that the NnDof proteins’ structural domain sequences were
highly conserved and all contained the typical CX2CX21CX2C motif, where one Zn2+ can
covalently combine with four Cys residues (Figure 2).

2.3. Gene Structure and Conserved Motifs of NnDofs

We investigated the conserved motifs of the genes using MEME to evaluate the
diversity and conservation among all 29 NnDofs genes. Ten different motifs were predicted
and they ranged in size from 16 to 134 amino acids (Figure 3B). The conserved structural
domain of Dof consists of Motif 1, and Motif 1 corresponds to the CX2CX21CX2C single
zinc finger structure in the Dof structural domain, which is a highly homologous core
region of the Dof family. NnDofs proteins associated on evolutionary branches of the
phylogenetic tree have identical or comparable motif structures. Some motifs, such as Motif
2, Motif 3, Motif 5, and Motif 8, are only found in certain subgroups and may be connected
to different functions.

Introns and exons constitute genes, and their numbers and distribution patterns serve
as an evolutionary indicator for a gene family. Thus, we completed a comparison of the
intron-exon structures of each NnDofs (Figure 3C). In general, the number of introns per
NnDof gene varied very little, ranging from 0 to 1. A total of 11 NnDof gene members
had no introns (37.9%) and 18 members had only one intron (62.1%). The exon-intron
structure pattern of the NnDofs gene is similar to that of Arabidopsis, rice, and tomato.
Most introns are usually located upstream of the Dof structural domain, and only seven
genes (NnDof2, NnDof3, NnDof8, NnDof16, NnDof20, NnDof26, and NnDof28) have introns
located downstream of the Dof structural domain. Most of the genes in the same groups
showed similar exon and intron patterns. For example, most Dof genes in group III do not
contain introns. In contrast, groups II, V, VI, and VII almost all contain one intron.
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Figure 1. Phylogenetic tree of Dof transcription factors in N. nucifera and A. thaliana. The phylogenetic
tree was created using MEGA 6.0, with the neighbor-joining method and bootstrap value set at 1000.
Black circles represent the 36 AtDof proteins, and the 29 NnDof proteins are marked with black
squares. The resulting phylogenetic tree was clustered into seven main groups, labeled I, II, III, IV, V,
VI, and VII.

2.4. Promoter Analysis of NnDof Genes

The prediction of cis-regulatory elements in NnDof gene promoters can help us learn
more about how gene family members regulate transcription (Figure 4). All 29 NnDofs
have TATA-box and CAAT-box. It was discovered that light-responsive elements (AT-
TAAT, CACGTG, and GGTTAA) and meristem expression-related elements (GCCACT)
are extensively distributed in the promoter area of the NnDofs. There were various ele-
ments implicated in abiotic stress responsiveness, including low-temperature responsive
elements (CCGAAA), salicylic acid responsive elements (CCATCTTTTT and TCAGAA-
GAGG), anaerobic induction response elements (AAACCA), and other defense and stress
responsive elements (ATTCTCTAAC). Abscisic acid-responsive elements (ABREs) such as
(ACGTG, CACGTG, TACGGTC, and TACGTG), MeJA-responsive motifs such as (TGACG
and CGTCA), gibberellin-responsive motifs such as (TCTGTTG and CCTTTTG), and auxin-
responsive elements such as (GGTCCAT and AACGAC) were widely found. These results
reveal that NnDofs are not only regulated by stress responses, but may also be involved in
plant growth and development.
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  Figure 2. Dof domain sequence alignment of NnDof proteins. (A) Extraction of conserved domains

of Dof proteins (black region—amino acid homology 100%; grey area—amino acid homology 75%);
(B) the conserved domains shown by WebLogo.

2.5. Promoter Analysis of NnDof Genes

The prediction of cis-regulatory elements in NnDof gene promoters can help us learn
more about how gene family members regulate transcription (Figure 4). All 29 NnDofs
have TATA-box and CAAT-box. It was discovered that light-responsive elements (AT-
TAAT, CACGTG, and GGTTAA) and meristem expression-related elements (GCCACT)
are extensively distributed in the promoter area of the NnDofs. There were various ele-
ments implicated in abiotic stress responsiveness, including low-temperature responsive
elements (CCGAAA), salicylic acid responsive elements (CCATCTTTTT and TCAGAA-
GAGG), anaerobic induction response elements (AAACCA), and other defense and stress
responsive elements (ATTCTCTAAC). Abscisic acid-responsive elements (ABREs) such as
(ACGTG, CACGTG, TACGGTC, and TACGTG), MeJA-responsive motifs such as (TGACG
and CGTCA), gibberellin-responsive motifs such as (TCTGTTG and CCTTTTG), and auxin-
responsive elements such as (GGTCCAT and AACGAC) were widely found. These results
reveal that NnDofs are not only regulated by stress responses, but may also be involved in
plant growth and development.
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  Figure 3. The phylogenetic relationships, exon–intron structures, and motif compositions of lotus

Dof proteins. (A) The phylogenetic tree was constructed based on NnDofs, constructed using MEGA7
with a bootstrap of 1000 by the neighbor-joining method. (B) Untranslated regions (UTRs), exons,
introns, and Dof domain are represented by blue, green, black lines, and pink, respectively. (C) A
total of 10 motifs are denoted by different colored boxes.

2.6. Chromosome Distribution, Gene Duplication and Synteny Analysis of NnDofs

We investigated the evolution and expansion mechanisms of NnDofs genes by assess-
ing their chromosomal location and gene duplication events. The number distribution
of NnDofs on chromosomes was heterogeneous, with 29 NnDofs located on seven of the
eight chromosomes and nine NnDofs found on Chr 1, but no NnDof genes located on chr 7
(Figure 6). NnDofs are localized in the front end of chr3 and chr4 but are separated in chr1,
chr2, and chr5. Both tandem and segmental duplications contribute to gene family expan-
sion. We evaluated duplication events in NnDofs and highlighted 10 segmental duplications
of NnDofs gene pairs with red lines. Based on the research published by Holub, two pairs of
NnDofs, NnDof3-NnDof4 and NnDof25-NnDof26, were identified as tandem duplications.

We also conducted a synteny analysis of Dof genes across lotus, tomato, Arabidopsis,
and rice (Figure 7). There are 26 orthologous pairs between lotus and Arabidopsis, and
53 orthologous pairs between lotus and tomato. Six NnDofs in lotus (NnDof11, NnDof12,
NnDof15, NnDof17, NnDof19, and NnDof23) have two pairs of homologous genes in Ara-
bidopsis, and two NnDofs (NnDof1 and NnDof10) have three pairs of homologous genes in
Arabidopsis thaliana. Analysis of the number of collinear homologous genes between lotus
and tomato revealed that four NnDofs (NnDof12, NnDof14, NnDof18, and NnDof28) have
two homologous genes in tomato, three NnDofs (NnDof1 and NnDof17) have four homol-
ogous genes in tomato genes, and three NnDofs (NnDof10, NnDof15, and NnDof19) have
five homologous genes in tomato. A total of 11 SlDofs genes showed syntenic relationships
with those in rice.
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  Figure 4. The prediction of a cis-acting element in the 2000 bp promoter upstream of the NnDofs. The

main cis-acting elements are marked in the upper right corner.
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Figure 5. Protein interaction network of NnDofs protein with other Arabidopsis proteins predicted
using the STRING-DB. The minimum required interaction score is a moderate confidence level of
0.400. Organism set: Arabidopsis. These lines reflect the interaction of Nndofs homologs with other
proteins. The darkness of the circle color indicates the strength of the data support.

2.7. Expression Patterns of NnDofs in Lotus

RNA-seq data were used to discover how NnDof was expressed in different tissues of
the lotus (Figure 8). We investigated the expression patterns of NnDofs since their distinct
physiological roles are interrelated with their expression patterns in different tissues and at
different developmental stages. The expression patterns of Dof genes in different tissues
and organs may be grouped into three groups based on clustering results, and members
of the same group have comparable expression profiles. In group 1, NnDofs expression
was low in most tissues; in group 2, certain NnDofs were dominantly expressed in some
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tissues; and in group 3, NnDofs expression was high in most tissues. In general, genes
have similar expression patterns. For example, some genes, such as NnDof19 and NnDof28,
are highly expressed in all tissues, while NnDof24 and NnDof27 are lowly expressed in
all tissues, and NnDof2, NnDof16, NnDof22, and NnDof28 are predominantly expressed
in the seed coat. Furthermore, 26 (90%) NnDofs were expressed in at least one tissue and
developmental period (log2

(FPKM) > 0); six (21%) NnDofs were expressed in all samples
tested, which suggests that these NnDofs act at multiple developmental stages; and only one
(3%) NnDof was lowly expressed in all samples tested and may be specifically expressed in
other tissues and developmental periods.

 

6 

6 

 
  

Figure 6. Chromosomal locations and segmental duplication events of NnDofs. Red lines represent
segmental duplication events.

 

7 

7 

 
  

Figure 7. Synthetic analysis of NnDofs in lotus, rice, tomato, and Arabidopsis genomes. The red lines
represent homologous gene pairs between two adjacent species.
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Figure 8. Expression pattern of NnDofs in different tissues of lotus. The expression pattern was
generated based on FPKM plus 1 after log2 transformation and analyzed by heatmap hierarchi-
cal clustering.

Whole plant leaves were used when extracting total RNA to prepare for the qRT-PCR
analysis, which was validated to discover how the NnDofs genes were expressed under
salt stress (Figure 9). Under salt stress, the expression of NnDofs was rapidly upregulated
at 1 h, except for NnDof15, NnDof16, NnDof19, and NnDof20. Some NnDofs genes were
downregulated at 4 h, 12 h, and 24 h, but NnDof3, NnDof11, NnDof12, NnDof17, NnDof18,
NnDof22, NnDof25, and NnDof26 were upregulated at 24 h.
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Figure 9. Expression profiles of NnDofs genes responding to salt stress. Blue indicates decreased
expression levels and red indicates increased expression levels. Heatmaps were generated with
TBtools software.

3. Discussion

The ornamental lotus is a traditional Chinese flower and an important aquatic plant,
which is loved and widely cultivated for its brilliant color, rich flower shape, and fragrant
smell. It has been reported that common lotus species are sensitive to salt stress, and increas-
ing soil salt concentration can significantly affect their growth and development processes,
further affecting lotus cultivation and production. Therefore, mining and analyzing the
genes associated with salt stress resistance in lotus is important to improve the resistance
of lotus. Dofs have been reported to play an important role in salt stress resistance in rice
and tomato. In this study, we performed a genome-wide search for NnDofs with a focus on
salt stress resistance. This will help us learn more about how Dof genes work and how to
improve the genetics of lotus.

3.1. Identification, Structural and Phylogenetic Analysis, and Evolutionary Characterization
of NnDofs

Assessing the structure and function of transcription factors facilitates the analysis of
species-specific gene regulatory networks [41]. Dof genes are plant-specific transcription
factors with important roles in plant growth and development [17]. Other functions of most
Dof genes remain to be explored. Dof genes have been identified in Arabidopsis (36), rice
(30), maize (46), tomato (34), and chrysanthemum (20) species. A total of 29 Dof genes were
identified in the lotus genome, which is close to the number of Dof genes in rice and tomato.
Systematic classification has important implications for the analysis of NnDofs. Systematic
classification has important implications for the analysis of NnDofs. The Arabidopsis Dof
proteins were incorporated with NnDof proteins to construct a phylogenetic tree, and
NnDofs were classified into six of seven subfamilies. Interestingly, none of the NnDofs
were classified into group I, while AtDOF4.2 and its close homolog AtDOF4.4, which are
classified in group I, are associated with regulation related to the regulation of branching
meristem seed coat formation in Arabidopsis [42]. In addition, overexpression and RNAi-



Plants 2022, 11, 2057 11 of 16

mediated silencing of AtDOF4.2 have opposite effects on the expression levels of flavonoid
biosynthesis-related genes and flavonoid accumulation [43].

Gene structure and motif distribution can be used as supporting evidence for evolu-
tionary relationships between species or genes [44,45], while generally, members of the
same subfamily have similar exon/intron structure and number distribution [19]. However,
the distribution of the number of introns in the taxonomic subgroups of lotus did not follow
this pattern exactly. Multiple sequence alignment was used to compare the amino acid
sequences in the Dof structural domain of 29 different species of lotus. It was found that
the NnDofs structural domain sequences were very similar, that they all had the typical
CX2CX21CX2C pattern, and that they all had nuclear localization signals (NLS).

Gene duplication is an essential mechanism for generating new evolutionary templates
in eukaryotes [46]. In the evolution of angiosperm genomes, genomic duplications have
occurred extensively, including whole-genome duplications (WGDs) and segmental du-
plications [47,48]. Analysis of gene duplications can help us better understand how genes
and organisms evolved over time [49]. Ten pairs of segmental duplications and two sets
of tandem duplicated NnDofs were identified in the lotus genome. Most of the segmental
duplicated NnDofs had high sequence similarity, while the Ka/Ks of the duplicated gene
pairs were less than one. Indicating that all duplicated pairs of NnDofs were negatively
selected during the evolutionary process, suggesting that to some extent, segmental du-
plications may be the main amplification mode of the NnDof gene family. To some extent,
genome duplication may be the main amplification mode of the NnDof gene family. In a
homozygous analysis of NnDofs in lotus and three representative plants, it was found that
some NnDof genes, such as NnDof1 and NnDof10, were linked to at least three homozygous
gene pairs. It is thought that these NnDofs may be vital to the generation of the NnDof
gene family.

3.2. Expression Profiling of NnDofs

NnDofs exhibit tissue-specific expression patterns, confirming previous research on Dof
genes in other species. For instance, NnDof2, NnDof5, NnDof13, and NnDof20 were highly
expressed in the seed coat and rhizome (mixed stage), root and mature receptacle, mature
stamen, and petiole and leaf, respectively. In addition, except for NnDof16, NnDof19, and
NnDof28, all other NnDofs showed lower expression levels in the cotyledon. Dof5.6/HCA2
has been reported to positively regulate the formation of interfascicular cambium during
vascular tissue development in Arabidopsis [50]. AtDof2.4/AtDof5.8 may be essential in
the primary but distinct processes of vasculature formation [51]. Arabidopsis root hair
development is ABA-dependent inhibited, attributed to OBP4-mediated transcriptional
regulation of RSL2 [52]. Dof genes are definitely widely involved in plant tissue differentia-
tion and development, which explains several NnDofs’ differential expression in rhizome
(mixed stage), rhizome internode, rhizome elongation zone, and other tissues. In addition,
Dof has distinct expression patterns in different tissues and developmental processes in
plants. In pepper, CaDof18 was preferentially expressed in the early stage of flower [14].
Ethylene induces specific increased expression of several MaDofs in bananas during fruit
ripening [53]. More than half of the A and B1 Dof group members in Brassica napus were
more highly expressed in the stems and young roots, respectively [54]. CsDof33 was highly
expressed in the terminal buds of tea plants, whereas the expression in young leaves was
reversed [55].

Cis-acting elements are essential in gene expression [56], and gene promoter investi-
gation is crucial to understanding the general control of gene expression in plants [57]. In
this study, a large number of elements related to light response and meristematic tissue
expression were found in the promoter region of NnDofs, suggesting that these NnDofs
may be involved in light signaling pathways or meristematic tissue development. Various
hormone responsive elements (ABA, GA, and MeJA response elements) and abiotic stress
responsive elements are predicted.
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Various investigations into the response of lotus to abiotic stresses have been published.
Isolation of bZIP TFs from salt-tolerant lotus root tips enhances the adaptation of transgenic
tobacco plants under salt stress [58]. The NnCIPK6 gene was highly expressed under
NaCl treatment in lotus resistant cultivars and was successfully cloned [59]. NuSTP5, a
monosaccharide transporter family gene, produces stress responses to NaCl, drought, and
cold stress [60]. All NnWRKYs responded to at least one of SA, JA, and submergence
treatments, suggesting that they are extensively involved in abiotic stress [61]. However,
studies on the lotus Dof TFs have not been reported yet. According to qRT-PCR analysis,
the expression pattern of NnDofs was dramatically changed after salt treatment. Under
salt stress, the expression of most NnDofs was significantly upregulated within 1 h but
then progressively decreased after 4 h. It is proposed that several specific NnDofs may be
engaged in response to salt stress in lotus. Published studies have shown that Dof TFs
are involved in salt stress resistance of plants through various physiological pathways.
Overexpression of GhDof1 in cotton resulted in a substantial improvement throughout
salinity tolerance in wild-type plants, according to prior research [32]. Several CaDof
genes in pepper were determined as being particularly sensitive to salt stress [14]. The
expression of the ZmDof gene in maize seedlings was dramatically elevated in those that
had been exposed to salt [62]. Salt stress inhibits the transcription of OsDof15, which
regulates ethylene generation and limits primary root growth in rice by direct contact with
the OsACS1 promoter [34]. SlDof22 inhibition significantly reduces the expression of the
SlSOS1 gene in tomato, resulting in lower tolerance to salt stress [35]. Under salt conditions,
tomato plants that overexpressed the CDF3 gene maintained growth and boosted yield [22].

4. Conclusions

Twenty-nine NnDofs were identified in lotus species divided into six subfamilies, the
physicochemical properties of which vary and all of which contain conserved zinc finger
structures. Segmental duplications may be the primary mode of amplification for the
NnDofs gene family. In addition, some NnDofs have distinct expression specificities in
different tissues and developmental stages. Most of the NnDofs were significantly regulated
by salt stress treatments. Therefore, NnDofs may be engaged in multiple cross-regulatory
networks related to lotus development and salt stress responses, and their interactions
would help to explain the dynamics of co-regulatory functions of signaling differently in
various biological processes. This study provides a foundation for further investigation
into the functional properties of the Dof gene family in lotus, particularly its role in salt
stress resistance.

5. Materials and Methods
5.1. Identification and Physical Properties Analysis of NnDofs

The lotus genome data used in this study are available under the Nelumbo Genome
Database (NGD) [63]. All protein sequences from the lotus genome were scanned by HM-
MER 3.0 using a hidden Markov model (HMM) of the Dof domain (PF02701), downloaded
from the Pfam website (http://pfam.xfam.org/, accessed on 3 May 2021), with an E value
of 1 × 10−5. The presence of the conserved domain of Dof in the predicted protein was
confirmed by NCBI Conserved Domain Database (CDD), Pfam, and SMART. Subcellular
locations were predicted using ProtComp 9.0 from Softberry (http://www.softberry.com/,
accessed on 3 May 2021). Protein molecular weight (Mw) and theoretical isoelectric point
(pI), instability index, aliphatic index, and grand average of hydropathicity (GRAVY) were
calculated by Expasy (https://web.expasy.org/protparam/, accessed on 3 May 2021).

5.2. Conserved Domain, Conserved Structure, and Phylogenetic Analysis of NnDofs

Multiple protein sequence alignments of Dof domains were constructed using ClustalW,
and the results were submitted to GeneDoc software for optimization. After analyzing the
full-length sequence, the gene structure pattern distribution of NnDofs was drawn using
Tbtools software. The conserved motifs of NnDof sequences in lotus were scanned using

http://pfam.xfam.org/
http://www.softberry.com/
https://web.expasy.org/protparam/
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MEME (https://meme-suite.org/meme/tools/meme/, accessed on 3 May 2021), with a
maximum number of motifs of 10 and the remaining parameters set to default values. The
Dof-deduced sequences in Arabidopsis and lotus were aligned using MUSCLE with default
settings. Phylogenetic trees were constructed using MEGA 7.0 (http://www.megasoftware.net/,
accessed on 5 May 2021) with the neighbor-joining (NJ) method and 1000 bootstraps.

5.3. Gene Duplication and Syntenic Analysis of NnDofs

All NnDofs genes were mapped to lotus chromosomes based on physical location
information from the database of lotus genome using Circos. The multiple collinear scanning
toolkit (MCScanX, http://chibba.pgml.uga.edu/mcscan2/, accessed on 7 May 2021) was
used to analyze gene duplication events in lotus, and for Arabidopsis, tomato, soybean,
rice, maize, and lotus protein sequences, a collinearity analysis was performed between
them. Finally, gene duplication and collinearity were shown using Circos software and
Tbtool software with default parameters [64].

5.4. Cis-Acting Element Analysis and Protein Interaction Network Prediction of NnDofs

Genomic DNA sequences 2000 bp upstream of each NnDofs transcription start site
were extracted and submitted to the PlantCARE database (http://bioinformatics.psb.ugent.
be/webtools/plantcare/html/, accessed on 9 May 2021) to predict the cis-acting elements
in the NnDofs promoter region.

All putative NnDof protein sequences were uploaded to the webserver STRING
(version 11.5; http://string-db.org, accessed on 11 May 2021) to build an interaction
network, and the NnDof protein interaction network was mapped using Cytoscape.

5.5. Expression Patterns Analysis of NnDofs by RNA-Seq Data

A study by Zhang describes information from transcriptomic data from various tissues
of the lotus [63]. To analyze the expression patterns of NnDofs, we generated 20 groups of
tissue-specific transcript abundances at different developmental stages based on the data
obtained. The 20 groups of tissues are from the seed coat, cotyledon, root, rhizome (mixed),
leaf, petiole, receptacle, stamen, petal, carpel, rhizome internode, rhizome elongation zone,
and rhizome apical meristem. The seed coat data were taken at 18 days after pollination, and
the cotyledon data were taken at 15 days after pollination. Triplicate data were averaged,
data were transformed by log2

(FPKM+1), and heatmaps were created using a plugin within
the Tbtools software. All the detailed data are shown in Table S2.

5.6. Stress Treatments and Quantitative Real-Time PCR Analysis

Nelumbo nucifera cv. ‘Taikonghongqi’, a typical cultivated variety, was used throughout
the study. The variety was cultivated in a greenhouse at Fuyang Normal University, Fuyang
City, Anhui Province, China, from June 2021 to July 2021. ‘Taikonghongqi’ seeds were sur-
face sterilized in 75% ethanol for 2 min before being peeled open and fully soaked in water.
They were then provided an artificial environment with 16 h of light and 8 h of darkness at
a temperature of 24 ◦C for four weeks. Lotus seedlings with similar development status
were selected and randomly divided into two groups and cultured under the same culture
conditions for 72 h. For the salt-stress treatment group, the roots of the lotus seedlings were
exposed to high salt stress (200 mM NaCl) for 24 h. For all treatments, plant materials from
three biological replicates were harvested immediately, frozen in liquid nitrogen, and then
stored at −80 ◦C until RNA isolation.

Total RNA was extracted with a plant RNA extraction kit (Huayueyang, Beijing, China)
and treated with RNase-free DNase I to remove potential genomic DNA contamination.
Qualified RNA was selected as the template to generate first-strand cDNA by gel elec-
trophoresis and A260/A280 ratio determination. Complementary cDNA was generated
with reverse transcriptase (TransGen Biotech, Beijing, China). Specific NnDof gene primers
were designed using Primer Premier 5, and the expression levels of different sampling
cycles were normalized with NnActin gene as a reference gene. Supplementary Table S3

https://meme-suite.org/meme/tools/meme/
http://www.megasoftware.net/
http://chibba.pgml.uga.edu/mcscan2/
http://bioinformatics.psb.ugent.be/webtools/plantcare/html/
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provides all primer information. qRT-PCR was performed using 2×SYBR Green qPCR
Mix (with ROX) (Sparkjade, Qingdao, China) and amplified using 96-well plates and a
CFX96 TouchTM RT-PCR system (Biorad, Los Angeles, CA, USA). Each reaction was per-
formed in biological triplicate. Data from qRT-PCR amplifications were analyzed using the
2−∆∆Ct method.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/plants11152057/s1, Table S1: List of the 29 NnDof genes identified
in this study; Table S2: RNA-seq data of 29 Nndof genes that were used in this study; Table S3:
Primers of NnDof genes used in RT-qPCR; Table S4: The lotus Dof gene sequence identified in
this study.

Author Contributions: L.R., W.W. and X.C. conceived and designed the experiments; D.Y. and H.M.
performed the experiments; W.W. analyzed the data; X.D., H.Y. and X.C. contributed reagents/materi-
als/analysis tools; X.C. and W.W. wrote the paper. All authors have read and agreed to the published
version of the manuscript.

Funding: This work was supported by a grant from the Natural Science Key Foundations of the
Anhui Bureau of Education (KJ2021A0677), the research funds for postdoctoral researchers in Anhui
Province (2020B434), the science and technology special project of Fuyang Normal University-Fuyang
City Municipal School Cooperation (SXHZ202105) and Fuyang Normal University’s major scientific
and technological achievements incubator fund project (kjfh201703).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Li, J.; Pu, L.; Han, M.; Zhu, M.; Zhang, R.; Xiang, Y. Soil Salinization Research in China: Advances and Prospects. J. Geogr. Sci.

2014, 24, 943–960. [CrossRef]
2. Shrivastava, P.; Kumar, R. Soil Salinity: A Serious Environmental Issue and Plant Growth Promoting Bacteria as One of the Tools

for Its Alleviation. Saudi J. Biol. Sci. 2015, 22, 123–131. [CrossRef] [PubMed]
3. Ahmad, R.; Hussain, S.; Anjum, M.A.; Khalid, M.F.; Saqib, M.; Zakir, I.; Hassan, A.; Fahad, S.; Ahmad, S. Oxidative Stress

and Antioxidant Defense Mechanisms in Plants under Salt Stress. In Plant Abiotic Stress Tolerance; Springer: Berlin/Heidelberg,
Germany, 2019; pp. 191–205.

4. Shah, W.H.; Rasool, A.; Saleem, S.; Mushtaq, N.U.; Tahir, I.; Hakeem, K.R.; Rehman, R.U. Understanding the Integrated Pathways
and Mechanisms of Transporters, Protein Kinases, and Transcription Factors in Plants under Salt Stress. Int. J. Genom. 2021,
2021, 5578727. [CrossRef]

5. Golldack, D.; Lüking, I.; Yang, O. Plant Tolerance to Drought and Salinity: Stress Regulating Transcription Factors and Their
Functional Significance in the Cellular Transcriptional Network. Plant Cell Rep. 2011, 30, 1383–1391. [CrossRef]

6. Boggon, T.J.; Shan, W.-S.; Santagata, S.; Myers, S.C.; Shapiro, L. Implication of Tubby Proteins as Transcription Factors by
Structure-Based Functional Analysis. Science 1999, 286, 2119–2125. [CrossRef] [PubMed]

7. Gupta, S.; Malviya, N.; Kushwaha, H.; Nasim, J.; Bisht, N.C.; Singh, V.K.; Yadav, D. Insights into Structural and Functional
Diversity of Dof (DNA Binding with One Finger) Transcription Factor. Planta 2015, 241, 549–562. [CrossRef]

8. Kim, J.; Kim, H.-Y. Functional Analysis of a Calcium-Binding Transcription Factor Involved in Plant Salt Stress Signaling. FEBS
Lett. 2006, 580, 5251–5256. [CrossRef]

9. Nakano, T.; Suzuki, K.; Ohtsuki, N.; Tsujimoto, Y.; Fujimura, T.; Shinshi, H. Identification of Genes of the Plant-Specific
Transcription-Factor Families Cooperatively Regulated by Ethylene and Jasmonate in Arabidopsis Thaliana. J. Plant Res. 2006,
119, 407–413. [CrossRef]

10. Yanagisawa, S.; Izui, K. Molecular Cloning of Two DNA-Binding Proteins of Maize That Are Structurally Different but Interact
with the Same Sequence Motif. J. Biol. Chem. 1993, 268, 16028–16036. [CrossRef]

11. Cai, X.; Zhang, Y.; Zhang, C.; Zhang, T.; Hu, T.; Ye, J.; Zhang, J.; Wang, T.; Li, H.; Ye, Z. Genome-wide Analysis of Plant-specific
Dof Transcription Factor Family in Tomato. J. Integr. Plant Biol. 2013, 55, 552–566. [CrossRef] [PubMed]

12. Zou, Z.; Zhu, J.; Zhang, X. Genome-Wide Identification and Characterization of the Dof Gene Family in Cassava (Manihot esculenta).
Gene 2019, 687, 298–307. [CrossRef] [PubMed]

13. Chen, M.; Liu, X.; Huan, L.; Sun, M.; Liu, L.; Chen, X.; Gao, D.; Li, L. Genome-Wide Analysis of Dof Family Genes and Their
Expression during Bud Dormancy in Peach (Prunus Persica). Sci. Hortic. 2017, 214, 18–26. [CrossRef]

https://www.mdpi.com/article/10.3390/plants11152057/s1
https://www.mdpi.com/article/10.3390/plants11152057/s1
http://doi.org/10.1007/s11442-014-1130-2
http://doi.org/10.1016/j.sjbs.2014.12.001
http://www.ncbi.nlm.nih.gov/pubmed/25737642
http://doi.org/10.1155/2021/5578727
http://doi.org/10.1007/s00299-011-1068-0
http://doi.org/10.1126/science.286.5447.2119
http://www.ncbi.nlm.nih.gov/pubmed/10591637
http://doi.org/10.1007/s00425-014-2239-3
http://doi.org/10.1016/j.febslet.2006.08.050
http://doi.org/10.1007/s10265-006-0287-x
http://doi.org/10.1016/S0021-9258(18)82353-5
http://doi.org/10.1111/jipb.12043
http://www.ncbi.nlm.nih.gov/pubmed/23462305
http://doi.org/10.1016/j.gene.2018.11.053
http://www.ncbi.nlm.nih.gov/pubmed/30472376
http://doi.org/10.1016/j.scienta.2016.11.014


Plants 2022, 11, 2057 15 of 16

14. Wu, Z.; Cheng, J.; Cui, J.; Xu, X.; Liang, G.; Luo, X.; Chen, X.; Tang, X.; Hu, K.; Qin, C. Genome-Wide Identification and Expression
Profile of Dof Transcription Factor Gene Family in Pepper (Capsicum Annuum L.). Front. Plant Sci. 2016, 7, 574. [CrossRef]
[PubMed]

15. Yanagisawa, S. Structure, Function, and Evolution of the Dof Transcription Factor Family. In Plant Transcription Factors; Elsevier:
Amsterdam, The Netherlands, 2016; pp. 183–197.

16. Fang, Z.; Jiang, W.; He, Y.; Ma, D.; Liu, Y.; Wang, S.; Zhang, Y.; Yin, J. Genome-Wide Identification, Structure Characterization, and
Expression Profiling of Dof Transcription Factor Gene Family in Wheat (Triticum Aestivum L.). Agronomy 2020, 10, 294. [CrossRef]

17. Yanagisawa, S. The Dof Family of Plant Transcription Factors. Trends Plant Sci. 2002, 7, 555–560. [CrossRef]
18. Lijavetzky, D.; Carbonero, P.; Vicente-Carbajosa, J. Genome-Wide Comparative Phylogenetic Analysis of the Rice and Arabidopsis

Dof Gene Families. BMC Evol. Biol. 2003, 3, 17. [CrossRef]
19. Moreno-Risueno, M.Á.; Martínez, M.; Vicente-Carbajosa, J.; Carbonero, P. The Family of DOF Transcription Factors: From Green

Unicellular Algae to Vascular Plants. Mol. Genet. Genom. 2007, 277, 379–390. [CrossRef]
20. Ruta, V.; Longo, C.; Lepri, A.; De Angelis, V.; Occhigrossi, S.; Costantino, P.; Vittorioso, P. The DOF Transcription Factors in Seed

and Seedling Development. Plants 2020, 9, 218. [CrossRef]
21. Kang, W.-H.; Kim, S.; Lee, H.-A.; Choi, D.; Yeom, S.-I. Genome-Wide Analysis of Dof Transcription Factors Reveals Functional

Characteristics during Development and Response to Biotic Stresses in Pepper. Sci. Rep. 2016, 6, 33332. [CrossRef]
22. Corrales, A.-R.; Carrillo, L.; Lasierra, P.; Nebauer, S.G.; Dominguez-Figueroa, J.; Renau-Morata, B.; Pollmann, S.; Granell, A.;

Molina, R.-V.; Vicente-Carbajosa, J.; et al. Multifaceted Role of Cycling DOF Factor 3 (CDF3) in the Regulation of Flowering Time
and Abiotic Stress Responses in Arabidopsis. Plant Cell Environ. 2017, 40, 748–764. [CrossRef] [PubMed]

23. Goralogia, G.S.; Liu, T.-K.; Zhao, L.; Panipinto, P.M.; Groover, E.D.; Bains, Y.S.; Imaizumi, T. CYCLING DOF FACTOR 1 Represses
Transcription through the TOPLESS Co-repressor to Control Photoperiodic Flowering in Arabidopsis. Plant J. 2017, 92, 244–262.
[CrossRef]

24. Xu, X.; Li, F.; Wang, Y.; Tang, S.; Dai, Q.; Zhu, S.; Liu, T. Identification of Dof Transcription Factors in Ramie (Boehmeria Nivea L.
Gaud) and Their Expression in Response to Different Nitrogen Treatments. 3 Biotech 2018, 8, 496. [CrossRef] [PubMed]

25. Cai, M.; Lin, J.; Li, Z.; Lin, Z.; Ma, Y.; Wang, Y.; Ming, R. Allele Specific Expression of Dof Genes Responding to Hormones and
Abiotic Stresses in Sugarcane. PLoS ONE 2020, 15, e0227716. [CrossRef]

26. Liu, Y.; Liu, N.; Deng, X.; Liu, D.; Li, M.; Cui, D.; Hu, Y.; Yan, Y. Genome-Wide Analysis of Wheat DNA-Binding with One Finger
(Dof) Transcription Factor Genes: Evolutionary Characteristics and Diverse Abiotic Stress Responses. BMC Genom. 2020, 21, 276.
[CrossRef] [PubMed]

27. Zhang, Z.; Yuan, L.; Liu, X.; Chen, X.; Wang, X. Evolution Analysis of Dof Transcription Factor Family and Their Expression in
Response to Multiple Abiotic Stresses in Malus Domestica. Gene 2018, 639, 137–148. [CrossRef]

28. Ramirez-Parra, E.; Perianez-Rodriguez, J.; Navarro-Neila, S.; Gude, I.; Moreno-Risueno, M.A.; del Pozo, J.C. The Transcription
Factor OBP4 Controls Root Growth and Promotes Callus Formation. New Phytol. 2017, 213, 1787–1801. [CrossRef] [PubMed]

29. Qi, X.; Li, S.; Zhu, Y.; Zhao, Q.; Zhu, D.; Yu, J. ZmDof3, a Maize Endosperm-Specific Dof Protein Gene, Regulates Starch
Accumulation and Aleurone Development in Maize Endosperm. Plant Mol. Biol. 2017, 93, 7–20. [CrossRef]

30. Wu, J.; Chen, L.; Chen, M.; Zhou, W.; Dong, Q.; Jiang, H.; Cheng, B. The DOF-Domain Transcription Factor ZmDOF36 Positively
Regulates Starch Synthesis in Transgenic Maize. Front. Plant Sci. 2019, 10, 465. [CrossRef] [PubMed]

31. Fornara, F.; Panigrahi, K.C.; Gissot, L.; Sauerbrunn, N.; Rühl, M.; Jarillo, J.A.; Coupland, G. Arabidopsis DOF Transcription
Factors Act Redundantly to Reduce CONSTANS Expression and Are Essential for a Photoperiodic Flowering Response. Dev. Cell
2009, 17, 75–86. [CrossRef]

32. Su, Y.; Liang, W.; Liu, Z.; Wang, Y.; Zhao, Y.; Ijaz, B.; Hua, J. Overexpression of GhDof1 Improved Salt and Cold Tolerance and
Seed Oil Content in Gossypium Hirsutum. J. Plant Physiol. 2017, 218, 222–234. [CrossRef]

33. Zhou, Y.; Cheng, Y.; Wan, C.; Li, J.; Yang, Y.; Chen, J. Genome-Wide Characterization and Expression Analysis of the Dof Gene
Family Related to Abiotic Stress in Watermelon. PeerJ 2020, 8, e8358. [CrossRef]

34. Qin, H.; Wang, J.; Chen, X.; Wang, F.; Peng, P.; Zhou, Y.; Miao, Y.; Zhang, Y.; Gao, Y.; Qi, Y. Rice Os DOF 15 Contributes to
Ethylene-inhibited Primary Root Elongation under Salt Stress. New Phytol. 2019, 223, 798–813. [CrossRef] [PubMed]

35. Cai, X.; Zhang, C.; Shu, W.; Ye, Z.; Li, H.; Zhang, Y. The Transcription Factor SlDof22 Involved in Ascorbate Accumulation and
Salinity Stress in Tomato. Biochem. Biophys. Res. Commun. 2016, 474, 736–741. [CrossRef]

36. Li, Y.; Zhu, F.-L.; Zheng, X.-W.; Hu, M.-L.; Dong, C.; Diao, Y.; Wang, Y.-W.; Xie, K.-Q.; Hu, Z.-L. Comparative Population Genomics
Reveals Genetic Divergence and Selection in Lotus, Nelumbo Nucifera. BMC Genom. 2020, 21, 146. [CrossRef]

37. Shen-Miller, J. Sacred lotus, the long-living fruits of China Antique. Seed Sci. Res. 2002, 12, 131–143. [CrossRef]
38. Yang, M.; Zhu, L.; Pan, C.; Xu, L.; Liu, Y.; Ke, W.; Yang, P. Transcriptomic Analysis of the Regulation of Rhizome Formation in

Temperate and Tropical Lotus (Nelumbo nucifera). Sci. Rep. 2015, 5, 13059. [CrossRef] [PubMed]
39. Sharma, B.R.; Gautam, L.N.S.; Adhikari, D.; Karki, R. A Comprehensive Review on Chemical Profiling of Nelumbo Nucifera:

Potential for Drug Development. Phytother. Res. 2017, 31, 3–26. [CrossRef]
40. Sohn, D.-H.; Kim, Y.-C.; Oh, S.-H.; Park, E.-J.; Li, X.; Lee, B.-H. Hepatoprotective and Free Radical Scavenging Effects of Nelumbo

Nucifera. Phytomedicine 2003, 10, 165–169. [CrossRef]
41. Liu, L.; White, M.J.; MacRae, T.H. Transcription Factors and Their Genes in Higher Plants: Functional Domains, Evolution and

Regulation. Eur. J. Biochem. 1999, 262, 247–257. [CrossRef]

http://doi.org/10.3389/fpls.2016.00574
http://www.ncbi.nlm.nih.gov/pubmed/27200047
http://doi.org/10.3390/agronomy10020294
http://doi.org/10.1016/S1360-1385(02)02362-2
http://doi.org/10.1186/1471-2148-3-17
http://doi.org/10.1007/s00438-006-0186-9
http://doi.org/10.3390/plants9020218
http://doi.org/10.1038/srep33332
http://doi.org/10.1111/pce.12894
http://www.ncbi.nlm.nih.gov/pubmed/28044345
http://doi.org/10.1111/tpj.13649
http://doi.org/10.1007/s13205-018-1512-8
http://www.ncbi.nlm.nih.gov/pubmed/30498669
http://doi.org/10.1371/journal.pone.0227716
http://doi.org/10.1186/s12864-020-6691-0
http://www.ncbi.nlm.nih.gov/pubmed/32245398
http://doi.org/10.1016/j.gene.2017.09.039
http://doi.org/10.1111/nph.14315
http://www.ncbi.nlm.nih.gov/pubmed/27859363
http://doi.org/10.1007/s11103-016-0543-y
http://doi.org/10.3389/fpls.2019.00465
http://www.ncbi.nlm.nih.gov/pubmed/31031791
http://doi.org/10.1016/j.devcel.2009.06.015
http://doi.org/10.1016/j.jplph.2017.07.017
http://doi.org/10.7717/peerj.8358
http://doi.org/10.1111/nph.15824
http://www.ncbi.nlm.nih.gov/pubmed/30924949
http://doi.org/10.1016/j.bbrc.2016.04.148
http://doi.org/10.1186/s12864-019-6376-8
http://doi.org/10.1079/SSR2002112
http://doi.org/10.1038/srep13059
http://www.ncbi.nlm.nih.gov/pubmed/26279185
http://doi.org/10.1002/ptr.5732
http://doi.org/10.1078/094471103321659889
http://doi.org/10.1046/j.1432-1327.1999.00349.x


Plants 2022, 11, 2057 16 of 16

42. Zou, H.-F.; Zhang, Y.-Q.; Wei, W.; Chen, H.-W.; Song, Q.-X.; Liu, Y.-F.; Zhao, M.-Y.; Wang, F.; Zhang, B.-C.; Lin, Q. The Transcription
Factor AtDOF4. 2 Regulates Shoot Branching and Seed Coat Formation in Arabidopsis. Biochem. J. 2013, 449, 373–388. [CrossRef]

43. Skirycz, A.; Jozefczuk, S.; Stobiecki, M.; Muth, D.; Zanor, M.I.; Witt, I.; Mueller-Roeber, B. Transcription Factor AtDOF4; 2 Affects
Phenylpropanoid Metabolism in Arabidopsis Thaliana. New Phytol. 2007, 175, 425–438. [CrossRef]

44. Riechmann, J.L.; Heard, J.; Martin, G.; Reuber, L.; Jiang, C.-Z.; Keddie, J.; Adam, L.; Pineda, O.; Ratcliffe, O.J.; Samaha, R.R.
Arabidopsis Transcription Factors: Genome-Wide Comparative Analysis among Eukaryotes. Science 2000, 290, 2105–2110.
[CrossRef]

45. Qu, L.-J.; Zhu, Y.-X. Transcription Factor Families in Arabidopsis: Major Progress and Outstanding Issues for Future Research.
Curr. Opin. Plant Biol. 2006, 9, 544–549. [CrossRef]

46. Lynch, M.; Force, A. The Probability of Duplicate Gene Preservation by Subfunctionalization. Genetics 2000, 154, 459–473.
[CrossRef]

47. Jourda, C.; Cardi, C.; Mbéguié-A.-Mbéguié, D.; Bocs, S.; Garsmeur, O.; D’Hont, A.; Yahiaoui, N. Expansion of Banana (Musa acumi-
nata) Gene Families Involved in Ethylene Biosynthesis and Signalling after Lineage-Specific Whole-Genome Duplications. New
Phytol. 2014, 202, 986–1000. [CrossRef] [PubMed]

48. Koszul, R.; Fischer, G. A Prominent Role for Segmental Duplications in Modeling Eukaryotic Genomes. Comptes Rendus Biol.
2009, 332, 254–266. [CrossRef] [PubMed]

49. Qiao, X.; Yin, H.; Li, L.; Wang, R.; Wu, J.; Wu, J.; Zhang, S. Different Modes of Gene Duplication Show Divergent Evolutionary Pat-
terns and Contribute Differently to the Expansion of Gene Families Involved in Important Fruit Traits in Pear (Pyrus bretschneideri).
Front. Plant Sci. 2018, 9, 161. [CrossRef] [PubMed]

50. Guo, Y.; Qin, G.; Gu, H.; Qu, L.-J. Dof5.6/HCA2, a Dof Transcription Factor Gene, Regulates Interfascicular Cambium Formation
and Vascular Tissue Development in Arabidopsis. Plant Cell 2009, 21, 3518–3534. [CrossRef]

51. Konishi, M.; Yanagisawa, S. Sequential Activation of Two Dof Transcription Factor Gene Promoters during Vascular Development
in Arabidopsis Thaliana. Plant Physiol. Biochem. 2007, 45, 623–629. [CrossRef]

52. Rymen, B.; Kawamura, A.; Schäfer, S.; Breuer, C.; Iwase, A.; Shibata, M.; Ikeda, M.; Mitsuda, N.; Koncz, C.; Ohme-Takagi, M. ABA
Suppresses Root Hair Growth via the OBP4 Transcriptional Regulator. Plant Physiol. 2017, 173, 1750–1762. [CrossRef] [PubMed]

53. Feng, B.-h.; Han, Y.-c.; Xiao, Y.-y.; Kuang, J.-f.; Fan, Z.-q.; Chen, J.-y.; Lu, W.-j. The banana fruit Dof transcription factor MaDof23
acts as a repressor and interacts with MaERF9 in regulating ripening-related genes. J. Exp. Bot. 2016, 67, 2263–2275. [CrossRef]

54. Lohani, N.; Babaei, S.; Singh, M.B.; Bhalla, P.L. Genome-Wide in Silico Identification and Comparative Analysis of Dof Gene
Family in Brassica napus. Plants 2021, 10, 709. [CrossRef]

55. Jiao, Z.; Tang, D.; Fan, K.; Zhang, Q.; Liu, M.-Y.; Ruan, J. Genome-wide identification of the DNA-binding one zinc finger (Dof)
transcription factor gene family and their potential functioning in nitrogen remobilization in tea plant (Camellia sinensis L.). Sci.
Hortic. 2022, 292, 110615. [CrossRef]

56. Liu, J.-H.; Peng, T.; Dai, W. Critical Cis-Acting Elements and Interacting Transcription Factors: Key Players Associated with
Abiotic Stress Responses in Plants. Plant Mol. Biol. Report. 2014, 32, 303–317. [CrossRef]

57. Hernandez-Garcia, C.M.; Finer, J.J. Identification and Validation of Promoters and Cis-Acting Regulatory Elements. Plant Sci.
2014, 217–218. [CrossRef]

58. Cheng, L.; Li, S.; Hussain, J.; Xu, X.; Yin, J.; Zhang, Y.; Chen, X.; Li, L. Isolation and functional characterization of a salt responsive
transcriptional factor, LrbZIP from lotus root (Nelumbo nucifera Gaertn). Mol. Biol. Rep. 2013, 40, 4033–4045. [CrossRef] [PubMed]

59. Liu, R.; Shi, H.; Wang, Y.; Chen, S.; Deng, J.; Liu, Y.; Li, S.; Chan, Z. Comparative physiological analysis of lotus (Nelumbo nucifera)
cultivars in response to salt stress and cloning of NnCIPK genes. Sci. Hortic. 2014, 173, 29–36. [CrossRef]

60. Wu, P.; Zhang, Y.; Zhao, S.; Li, L. Comprehensive analysis of evolutionary characterization and expression for monosaccharide
transporter family genes in Nelumbo nucifera. Front. Ecol. Evol. 2021, 9, 537398. [CrossRef]

61. Li, J.; Xiong, Y.; Li, Y.; Ye, S.; Yin, Q.; Gao, S.; Yang, D.; Yang, M.; Palva, E.T.; Deng, X. Comprehensive analysis and functional
studies of WRKY transcription factors in Nelumbo nucifera. Int. J. Mol. Sci. 2019, 20, 5006. [CrossRef]

62. Chen, Y.; Cao, J. Comparative Analysis of Dof Transcription Factor Family in Maize. Plant Mol. Biol. Report. 2015, 33, 1245–1258.
[CrossRef]

63. Li, H.; Yang, X.; Zhang, Y.; Gao, Z.; Liang, Y.; Chen, J.; Shi, T. Nelumbo Genome Database, an Integrative Resource for Gene
Expression and Variants of Nelumbo Nucifera. Sci. Data 2021, 8, 38. [CrossRef] [PubMed]

64. Chen, C.; Chen, H.; Zhang, Y.; Thomas, H.R.; Frank, M.H.; He, Y.; Xia, R. TBtools: An integrative toolkit developed for interactive
analyses of big biological data. Mol. Plant 2020, 13, 1194–1202. [CrossRef] [PubMed]

http://doi.org/10.1042/BJ20110060
http://doi.org/10.1111/j.1469-8137.2007.02129.x
http://doi.org/10.1126/science.290.5499.2105
http://doi.org/10.1016/j.pbi.2006.07.005
http://doi.org/10.1093/genetics/154.1.459
http://doi.org/10.1111/nph.12710
http://www.ncbi.nlm.nih.gov/pubmed/24716518
http://doi.org/10.1016/j.crvi.2008.07.005
http://www.ncbi.nlm.nih.gov/pubmed/19281956
http://doi.org/10.3389/fpls.2018.00161
http://www.ncbi.nlm.nih.gov/pubmed/29487610
http://doi.org/10.1105/tpc.108.064139
http://doi.org/10.1016/j.plaphy.2007.05.001
http://doi.org/10.1104/pp.16.01945
http://www.ncbi.nlm.nih.gov/pubmed/28167701
http://doi.org/10.1093/jxb/erw032
http://doi.org/10.3390/plants10040709
http://doi.org/10.1016/j.scienta.2021.110615
http://doi.org/10.1007/s11105-013-0667-z
http://doi.org/10.1016/j.plantsci.2013.12.007
http://doi.org/10.1007/s11033-012-2481-3
http://www.ncbi.nlm.nih.gov/pubmed/23288562
http://doi.org/10.1016/j.scienta.2014.04.032
http://doi.org/10.3389/fevo.2021.537398
http://doi.org/10.3390/ijms20205006
http://doi.org/10.1007/s11105-014-0835-9
http://doi.org/10.1038/s41597-021-00828-8
http://www.ncbi.nlm.nih.gov/pubmed/33514746
http://doi.org/10.1016/j.molp.2020.06.009
http://www.ncbi.nlm.nih.gov/pubmed/32585190

	Introduction 
	Results 
	Identification and Physiochemical Characteristics of NnDofs 
	Phylogenetic Analysis and Classification of NnDofs 
	Gene Structure and Conserved Motifs of NnDofs 
	Promoter Analysis of NnDof Genes 
	Promoter Analysis of NnDof Genes 
	Chromosome Distribution, Gene Duplication and Synteny Analysis of NnDofs 
	Expression Patterns of NnDofs in Lotus 

	Discussion 
	Identification, Structural and Phylogenetic Analysis, and Evolutionary Characterization of NnDofs 
	Expression Profiling of NnDofs 

	Conclusions 
	Materials and Methods 
	Identification and Physical Properties Analysis of NnDofs 
	Conserved Domain, Conserved Structure, and Phylogenetic Analysis of NnDofs 
	Gene Duplication and Syntenic Analysis of NnDofs 
	Cis-Acting Element Analysis and Protein Interaction Network Prediction of NnDofs 
	Expression Patterns Analysis of NnDofs by RNA-Seq Data 
	Stress Treatments and Quantitative Real-Time PCR Analysis 

	References

