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Abstract  DMP, a plant-specific membrane pro-
tein, plays a role in plant reproductive development 
and senescence processes. However, there is a lack 
of reported research on the distribution and function 
of the DMP gene family in sugar beet. In this study, 
bioinformatics methods were utilized to identify nine 
BvDMP family genes that were found on four chro-
mosomes of the genome. The physicochemical prop-
erties, phylogeny, subcellular localization, gene struc-
ture, promoter regions, and replication events of these 
nine family genes were analyzed. RT‒qPCR was 
utilized to analyze the expression patterns of the nine 
genes within the DMP family across different tissues 
of sugar beet, as well as their responses to various 

abiotic stresses. The phylogenetic analysis indicated 
that all the BvDMP clusters could be categorized into 
six branches. BvDMPs were found to contain diverse 
cis-acting elements that play a role in plant responses 
to abiotic stresses and various phytohormones. Fur-
thermore, expression analysis highlighted BvDMP9 
as the most highly upregulated gene in reproduc-
tive organs among all members of the sugar beet 
DMP gene family. This finding suggests the potential 
involvement of BvDMP9 in the reproductive pro-
cesses of sugar beet, there by providing a basis for 
further exploration of the functions and mechanisms 
of this gene family.
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Introduction

Sugar beet is an important sugar crop, and approxi-
mately 20% of the global sugar production is derived 
from sugar beet (Stevanato P et  al. 2019). However, 
as a biennial crop, it takes a long time to produce 
homozygous parents using conventional breeding 
methods, and the breeding process is slow. Sugar beet 
plants are subjected to a variety of biotic and abiotic 
stresses, such as drought, salinity, pests and diseases, 
during growth and development, which seriously 
affects the yield and sugar content of the crop; in 
contrast, haploids can be used to obtain DH (double 
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haploid) pure lines in a single generation through 
chromosome doubling, which shortens the breeding 
time, and is a cost-effective method to breed resistant 
or haploid sugar beet cultivators (Zhuzhzhalova et al. 
2020; Pattanayak et al. 2023). Relevant research con-
firmed that the DMP gene in dicotyledonous plants 
can induce the production of haploid plants; however, 
research on the DMP gene in sugar beet has not been 
reported.

Unknown functional structural domain families 
(DUFs) are protein families that contain domains of 
unknown function and constitute 24% of the Pfam 
database (Lv et  al. 2023). Research has demon-
strated the multifunctionality of DUF proteins. For 
instance, the Arabidopsis thaliana DUF584 family 
gene AtS40.4 is involved in seed germination and 
seedling growth (Shi et al. 2021). Overexpression of 
the A. thaliana and Brassica napus DUF2775 family 
gene AtDUF4 impacts plant organ size (Chen et  al. 
2018). Additionally, the Oryza sativa DUF726 fam-
ily gene OsLDDT1 and A. thaliana DUF647 family 
gene RUS4 play roles in plant pollen development 
(Chen et  al. 2020; Sun et  al. 2023). Overexpression 
of OsSGL or heterologous expression of OsSGL in 
O. sativa and A. thaliana DUF1645 family genes 
enhances drought tolerance in transgenic plants (Cui 
et  al. 2016). The Triticum aestivuml DUF26 family 
gene TaCRK3 inhibits cereal yeast mycelial growth 
(Guo et al. 2021). Furthermore, the O. sativa DUF668 
family gene has been implicated in plant defense 
against pests and diseases (Zhong et al. 2019a).

DUF679 membrane proteins (DMPs), which are 
specific membrane proteins found in higher plants, are 
crucial for haploidy induction and plant growth and 
senescence regulation(Cyprys et  al. 2019; Kasaras 
et  al. 2010). The AtDMP protein family comprises 
10 members, all with four transmembrane structural 
domains. AtDMP1–AtDMP7 are associated with pro-
grammed cell death, including plant senescence and 
stress responses in various tissues during later devel-
opmental stages (Van et al. 2006). On the other hand, 
AtDMP8-AtDMP10 functions in floral organs, with 
AtDMP8 and AtDMP9 facilitating gamete recogni-
tion, attachment, and membrane fusion during double 
fertilization(Takahashi et al. 2018), a process directly 
regulated by gamete surface proteins(Dresselhaus 
et  al. 2016). A. thaliana HAP2/GCS1 interacts with 
two sperm DUF679 membrane proteins (DMP8 and 
DMP9) to regulate mutual recognition between sperm 

and oocytes (EC1) to ensure successful fertilization 
(Wang et al. 2022c).

The main application of DMP in breeding is hap-
loid induction; for example, the haploid-inducing 
gene ZmDMP was identified on the functional locus 
qhir8 gene through the localization of the main 
effect QTL in maize, and its progeny mutants can 
induce the generation of maternal haploids by genetic 
engineering (Zhong et  al. 2019b). In addition, the 
ZmDMP sequence is conserved between monocots 
and true dicots, and to verify its function in dicots, 
the ZmDMP homolog gene has been knocked out in 
A. thaliana (Zhong et al. 2020), successfully produc-
ing A. thaliana haploids. By editing the DMP homol-
ogous gene, haploid induction has been achieved in B. 
napus (Zhong et al. 2022b; Li et al. 2022), Nicotiana 
tabacum (Zhang et  al. 2022), Medicago truncatula 
(Wang et  al. 2022b) Solanum lycopersicum (Zhong 
et al. 2022a) and Glycine max (Nawade et al. 2023).

In this study, based on the genome sequence infor-
mation of sugar beet, we investigated BvDMP genes 
family members and analyzed their chromosomal 
location, conserved structural domains, phylog-
eny and expression in different tissues (flower buds, 
stems, leaves and seeds) and under different abiotic 
(salt, drought and low temperature) stresses.We also 
investigated potential target genes for haploid breed-
ing in sugar beet. Our findings provide a reference for 
further research on the function of BvDMP genes and 
for the haploidy breeding of sugar beet.

Materials and methods

BvDMPs identification and sequence analysis

To date, investigations of DMP genes in Zea 
mays (Zhong et  al. 2019b), B. napus (Zhong et  al. 
2022b), S. lycopersicum (Zhong et  al. 2022a), G. 
max (Nawade et  al. 2023) and Citrullus lanatus 
(Tian et  al. 2023) have been reported in the litera-
ture. To determine the sequence characteristics and 
related functions of sugar beet BvDMP genes, we 
sourced genome sequences from several databases. 
We obtained the genome sequences sequences of B. 
vulgaris and N. tabacum from the NCBI database, 
additionally, sequences of Z.mays (RefGen_V4), G. 
max(Wm82.a2.v1) and S. lycopersicum(ITAG4.0) 
were obtained from the Phytozome database 
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(https://​phyto​zome-​next.​jgi.​doe.​gov/). Genome 
sequences of C. lantus(Cla97_v1) and B. 
napus(AST_PRJEB5043_v1) were sourced from 
the Ensembl Plants database (http://​plants.​ensem​bl.​
org/​index.​html). The protein sequence of A. thali-
ana AtDMPs (TAIR, version 11, http://​www.​arabi​
dopsis.​org) was used as the query sequence, and 
the BLASTP program (score ≥ 100, e value ≤ 1e − 10) 
was used to search the homologous DMP sequences 
of the above crops. The naming of the sugar beet 
DMP gene refers to the naming of the A. thaliana 
DMP, the DMP structural domain (PF05078) was 
downloaded from InterproScan (http://​www.​ebi.​
ac.​uk/​inter​pro/) (Paysan-Lafosse et  al. 2023) and 
searched against the NCBI conserved structural 
domain database (https://​www.​ncbi.​nlm.​nih.​gov/​
cdd) and SMART (http://​smart.​embl.​de/) (Letu-
nic et  al. 2021) to confirm the structural domains, 
then, the DMP sequences of B. vulgaris, Z. mays, 
G. max, B. napus, S. lycopersicum, C. lanatus and 
N. tabacum. Physicochemical properties such as 
the molecular weight, isoelectric point, and length 
of amino acid sequences of sugar beet BvDMP fam-
ily proteins were analyzed online using the Expasy 
Protparam tool. The ProtScale (https://​web.​ExPASy.​
org/​prots​cale/) program was applied to predict the 
hydrophilicity of sugar beet BvDMP amino acid 
sequences; the number of TM domains was pre-
dicted using TMHMM-2.0 (https://​servi​ces.​healt​
htech.​dtu.​dk/​servi​ces/​TMHMM-2.​0/); subcellu-
lar localization was predicted using the SoftBerry 
ProtComp 9.0 (http://​www.​softb​erry.​com/​berry.​
phtml?​topic=​protc​omppl​&​group=​progr​ams&​subgr​
oup=​proloc); and NetPhoS 3.1 (default parameters) 
online software was used to predict the potential 
sugar beet phosphorylation sites of the BvDMP 
protein.

Investigating phylogenetics of BvDMPs

Using MEGA 11 software, the BvDMP protein 
sequences were alignment with those of A. thali-
ana, G. max, B. napus, Z. mays, S. lycopersicum 
and C. lanatus, and construct an evolutionary tree 
using by the neighbor-joining method and the boot-
strap value was set to 1000. (Trees. 1987). Finally, 
Modified the evolutionary tree using the online tool 
EvolView (http://​www.​evolg​enius.​info

/evolview/) (Subramanian B et al. 2019).

Chromosomal localization, gene duplication and gene 
structure analysis

The chromosomal positions of the BvDMP gene 
family members were extracted from the B. vulgaris 
genome sequence, and chromosomal gene distribution 
maps were constructed using TBtools (Chen et  al. 
2023); theconserved amino acid sequences of the 
proteins were analyzed online using MEME software 
(http://​MEME-​suite.​org) (Bailey et al. 1994), and the 
parameter settings used in this study are as follows: 
the maximum number of different motifs is 10, and 
other websites default parameters.; the intron–exon 
structures of BvDMP genes were visualised using 
the GSDS (http://​gsds.​gao-​lab.​org/) (Hu et al. 2015); 
Extraction of gene duplication events from BvDMP 
gene family members with homology analysis and 
plotting using TBtools;Calculate the non-synony-
mous mutation rate (KS), non-synonymous mutation 
rate (ka), and the ratio of non-synonymous mutation 
rate to synonymous mutation rate (ka/Ks) using the 
Ka/Ks calculation tool (Hurst et al. 2002; Chen et al. 
2023).

Prediction of the secondary structure and 3D 
structures of DMP proteins

The secondary and 3D structures of sugar beet 
BvDMP gene proteins were predicted using the online 
software SOPMA (https: //npsa-prabi.ibcp.fr/cgi-bin/
npsa_automat.pl?page = /NPSA/npsa_. sopma.Html) 
(Geourjon et  al. 1995) and SWISS-MODEL (https: 
//swissmodel. expasy.org/ interactive) (Waterhouse 
et al. 2018).

BvDMP gene promoter analysis

The first 2000 bp sequence of the start codon of the 
upstream region of each BvDMP sequence in sugar 
beet was screened by the PlantCARE (Lescot et  al. 
2002) tool to predict and analyze cis-acting elements 
associated with sugar beet growth and reproduction 
and to group cis-regulatory elements according to 
their function.
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Expression analysis of BvDMP genes in different 
tissues and organs of sugar beet

The sugar beet cultivar or N98122 was provided by 
the Sugar Beet Group of the Specialty Crops Institute 
of the Academy of Agricultural and Animal Hus-
bandry Sciences of the Inner Mongolia Autonomous 
Region. The sugar beet stems, leaves, flower buds and 
seeds were collected at the test site, quickly frozen in 
liquid nitrogen and stored at −80 °C.

Using a TaKaRa RNA Extraction Kit (Code 
No.9767), the total RNA of each sample was 
extracted and reverse transcribed into cDNA using 
a TaKaRa M-MLV Reverse Transcription Kit and 
used as a template to analyze the expression of beet 
actin (GenBank accession no. KF214784.1). CDS 
was used as the template to design the internal refer-
ence gene, and PCR was performed using TB Green® 
Premix Ex Taq™ II (Tli RNaseH Plus). The reac-
tion system (20 µL) was as follows: 10 µL of SYBR 
Premix Ex Taq (2X), 1 µL of cDNA, 1  µL of each 
of the upstream and downstream primers (final con-
centration 0.5 µmol/L), The reaction procedure was 
95 °C for 5 min, 95 °C for 10 s, 60 °C for 30 s, and 40 
cycles. The dissolution curve procedure was 95 °C for 
15 s, 60 °C for 60 s, and 95 °C for 15 s, and the signal 
was detected continuously. The relative expression 
of the BvDMP gene was calculated by the 2-ΔΔCt 
method and analyzed for significant differences 
(Livak and Schmittgen TD 2001). The primers used 
are listed in Table S1.

Expression analysis of BvDMPs under different 
abiotic stresses in sugar beet

Sugar beet N98122 seeds were sown in 6.5*5*7 
(L*W*H) cm pots filled with vermiculite and incu-
bated for 16 h/8 h (light/dark). Using Hoagland 
nutrient solution to maintain cultivation until the 
second true leaf stage. The light intensity was 
(450 ± 50))  μmol  m−2 s−1), sunshine for 16  h per 
day, with a daytime temperature set at (25 ± 1) °C, a 
nighttime temperature set at (20 ± 1) ℃, and a rela-
tive humidity of 60–70%. In the second true leaf 
stage, N98122 seedlings with consistent growth were 
selected for processing 6 h, 12 h, 24 h and 48 h with 
300 mM NaCl and 20% PEG6000, based on the wilt-
ing response of the seedlings and for processing 24 h 
and 48 h at 4 °C (Long et al. 2022), respectively, and 

untreated seedlings were as the control. Meanwhile, 
the second pair of true leaves from treatment frozen 
in liquid nitrogen and then stored them at −80 °C for 
reserve. Three biological replicates were used for all 
treatments. The total RNA extraction, reverse tran-
scription and PCR of each sample were the same as 
those described in the previous subsection. Test the 
statistical significance between different measurement 
values through analysis of variance. When p < 0.05, 
the difference is considered statistically significant, 
and different letters represent significant levels of 
p < 0.05.

Analysis of BvDMP Gene Family Protein Interac-
tionsIn order to investigate the interaction of BvDMP 
with other interacting proteins, the STRING data-
base (https://​string-​db.​org/) was used to construct an 
interaction network of BvDMP proteins by selecting 
homologs from sugar beet, with a confidence thresh-
old set at 0.40.

Results

Identification and physicochemical property analysis 
of BvDMP gene family members

Through BLASTP comparison and structural domain 
analysis, using the Pfam database to remove redun-
dant protein sequences, nine BvDMP family mem-
bers were identified, namely, BvDMP2, BvDMP3, 
BvDMP4-A, BvDMP4-B, BvDMP4-C, BvDMP7-A, 
BvDMP7-B, BvDMP9 and BvDMP10. The phys-
icochemical properties were determined separately, 
and the results showed that the nine BvDMP amino 
acid sequences of sugar beet ranged from 180 to 248 
aa in length and the molecular weights ranged from 
19.44 to 27.68 kDa. Among the BvDMP proteins, 
BvDMP4-A had the largest molecular weight, and 
the BvDMP2 protein had the smallest. The instabil-
ity coefficients of the BvDMPs ranged from 31.72 to 
47.47, and all BvDMP proteins were hydrophobic, 
with a grand average of hydropathy (GRAVY) greater 
than 0 (Fig S1). Additionally, subcellular localization 
predictions indicated that these proteins were located 
in the plasma membrane (Table S2).

Prediction of the transmembrane regions of the of 
nine DMP proteins using the TMHMM Server 2.0 
revealed that all eight BvDMP family proteins had 
four transmembrane structural domains, except for 

https://string-db.org/
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the BvDMP4-A protein, which had three transmem-
brane structural domains. Predictive analyses using 
NetPhos 3.1, an online tool for identifying potential 
phosphorylation sites, have shed light on the sugar 
beet BvDMP proteins propensity for phosphoryla-
tion-an essential modification affecting protein func-
tion. Among the nine BvDMP proteins studied, we 
see a tapestry of potential sites ranging from a low of 
24 to a high of 42 across the proteins, suggesting var-
ying degrees of regulatory complexity.For instance, 
BvDMP2 set of 18 serine sites alongside 5 threonine 
and 6 tyrosine sites which constitute the predominant 
type of phosphorylation encountered in this protein.

The profile of BvDMP3 is even richer, with 25 
serine sites occupying multiple positions.This abun-
dance indicates potential multifaceted regulatory abil-
ity, supported by 14 threonine and 3 tyrosine sites, 
rounding out its substantial capacity for phosphoryla-
tion.Taking a close look at the BvDMP4 variants—
A, B, and C—we discover a familial resemblance but 
with distinct personal touches. BvDMP4-A shows 
a diverse array with 19 serine, 13 threonine, and 3 
tyrosine sites. Variants B and C, on the other hand, 
share an identical make-up of 23 serine and 6 thre-
onine sites, but diverge with 4-B having a singular 
tyrosine site—a subtle difference that might hint at 
nuanced regulatory distinctions. Switching focus to 
BvDMP7, where A has 23 serine sites and 11 threo-
nine sites, while B has a distribution of 14 serine sites 
and 12 threonine sites, supplemented with 3 tyrosine 
sites. The proximity in their profiles suggests a com-
mon denominator in their phosphorylation-driven 
roles. Remarkably, BvDMP9 phosphorylation portrait 
is nearly a mirror image of BvDMP4-B and C, car-
rying those same 23 serine and 6 threonine markers, 

complemented by a lone tyrosine. Last in this series, 
BvDMP10 displays an equitable distribution of 15 
serine, 5 threonine, and 4 tyrosine sites, suggesting 
a potential flexibility and breadth in its regulatory 
interactions.

In conclusion, the study reveals a vivid mosaic of 
phosphorylation potential across the BvDMP pro-
teins, painting a picture of both commonality and 
specificity that underlines their possible roles in 
sugar beet biology. The data, while complex, offers a 
foundational narrative for understanding the nuanced 
regulation of these proteins through phosphorylation. 
(Fig. S2).

In addition, BvDMP-9 showed more than 67% 
homology with A. thaliana AtDMP9 and Z. mays 
ZmDMP proteins and 57.26% homology with 
AtDMP8, which is speculated to have similar func-
tions and can be used as a candidate gene for hap-
loid induction in sugar beet, whereas the remaining 
BvDMP members showed homology with ZmDMP, 
AtDMP8, and AtDMP9 below 46.99% (Table 1).

Phylogenetic tree construction and Ka/Ks analysis of 
the DMP gene family

To reveal the evolutionary relationship of the beet 
DMP gene family, a phylogenetic tree was con-
structed for B. vulgaris, A. thaliana, Z. mays, G. max, 
B. napus, S. lycopersicum, and C. lanatus DMP pro-
tein sequences using MEGA 11 (Fig. 1). The results 
showed that all these DMP family genes could be 
classified into six subfamilies, with subfamily V 
having the highest number of DMP genes, contain-
ing both monocotyledonous plants (Z. mays) and 
dicotyledonous plants (B. vulgaris, A. thaliana, G. 

Table 1   BvDMP gene 
homology comparison

Gene name ZmDMP AtDMP8 AtDMP9

E value Perident (%) E value Perident (%) E value Perident (%)

BvDMP2 2.00E-29 36.31 2.00E-36 36.09 7.00E-36 36.69
BvDMP3 2.00E-49 46.99 2.00E-45 39.33 1.00E-43 38.76
BvDMP4-A 1.00E-44 39.42 8.00E-46 38.25 3.00E-47 38.92
BvDMP4-B 2.00E-38 40.72 5.00E-43 38.33 1.00E-42 37.78
BvDMP4-C 4.00E-39 40.00 4.00E-44 39.66 1.00E-43 38.67
BvDMP7-A 3.00E-33 34.12 1.00E-36 35.36 3.00E-35 34.62
BvDMP7-B 4.00E-27 32.34 5.00E-35 32.96 1.00E-32 31.84
BvDMP9 3.00E-87 65.92 6.00E-87 57.26 3.00E-84 56.79
BvDMP10 6.00E-38 39.55 1.00E-34 36.76 5.00E-35 37.30
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max, B. napus, S. lycopersicum, and C. lanatus). The 
sugar beet BvDMP genes were distributed across all 
subfamilies, among which BvDMP in subfamily I is 
closely related to the A. thaliana haploid-inducing 
genes AtDMP8 and AtDMP9 and Z. mays ZmDMP 
(Zm00001d044822), which are located in the same 
evolutionary branch and were hypothesized to be 
involved in haploid induction.

Analysis of conserved structural domains of proteins 
in the sugar beet BvDMP gene family

The conserved structural domains of the DMP protein 
family have been identified and analyzed in several 
model plants, such as A.thaliana and Z. mays. The 

nine BvDMP gene family members of sugar beet were 
analyzed by the MEME Suite motif analysis tool, 
and the results showed differences among the motifs 
of different members of the sugar beet BvDMP fam-
ily. The gene structure analysis showed that all mem-
bers of the family had the DUF679 structural domain 
(Fig. 2B) and no introns (Fig. 2D), indicating that the 
gene structure of each BvDMP was conserved.

Further analysis of the conserved motifs of the 
BvDMP proteins revealed a total of six motifs, motif 
1, motif 2, motif 3, motif 4, motif 5, and motif 6 
(Fig.  2A, C), of which motifs 1–4 were highly con-
served among the nine sugar beet BvDMP family 
members, suggesting that they may be function-
ally similar. However, some specific motifs, such as 

Fig. 1   Phylogenetic tree of DMP family genes
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motif 5 and motif 6 in BvDMP4-A, BvDMP4-B, and 
BvDMP-C (Fig.  2A), were only present in specific 
genes, which were hypothesized to have relevant spe-
cific functions.

Chromosomal localization analysis and colinear 
analysis of the BvDMP genes family

Based on the DMP gene location information in the 
sugar beet genome, the Tbtools tool was used to con-
struct a schematic diagram of the DMP location on 
chromosomes (Fig. 3).these nine BvDMP genes were 
distributed across four chromosomes, with BvDMP7-
B located on chromosome 1; BvDMP3 and BvDMP10 
located on chromosome 4; BvDMP 9 located on chro-
mosome 6; and BvDMP4-A, BvDMP4-B, BvDMP4-
C, and BvDMP7-A located on chromosome 8. All of 
these BvDMP genes were located at both ends of the 
chromosomes.

To understand the developmental mechanisms of 
the sugar beet genome, Colinear genes between spe-
cies were obtained by one step MCScanX analysis 

to explore whether gene duplication events existed 
between the A. thaliana and B. vulgaris.The results 
are shown in Fig.  4. Six homologous genes were 
identified in A. thaliana, among which BvDMP3, 
BvDMP4-A, and BvDMP9 had gene duplication 
events with A. thaliana AtDMP4, AtDMP5, AtDMP6, 
AtDMP7, AtDMP9, and AtDMP10. This indicates 
that these genes may have different evolutionary 
roles.

In the analysis of gene replication events within 
sugar beets, it was found that only one pair of seg-
mental replication genes (BvDMP3 and BvDMP4-A) 
was present (Fig.  5). Calculation of the Ka/Ks ratio 
revealed that the Ka/Ks ratio was less than 1, suggest-
ing that the gene pair underwent purifying selection 
during evolution.

Protein structure analysis of the BvDMP gene family

Two-dimensional and three-dimensional structure 
prediction analyses of the proteins of the BvDMP 
gene family showed that the secondary structures of 

Fig. 2   Comparison of the structure, conserved protein motifs 
and structural domains of nine BvDMP genes. (A) Conserved 
protein motifs of nine BvDMP genes. (B) Structural domains 

of BvDMP genes. (C) Sequence identification of motifs 1–5. 
(D) Exon intron structure of nine BvDMP genes
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the proteins all contained α-helices, irregular convo-
lutions, and extended chain irregularities. α-Helices 
accounted for the largest proportion of the six protein 
secondary structures, with a ratio of 35.02–48.79%, 
followed by irregular convolutions, with a ratio of 
34.44–46.33%, and extended chains, with a ratio of 
11.66–20.38%. of 11.66–20.38%, and β structure 
accounted for the lowest percentage, at 4.13–7.22% 
(Table S3).

Protein 3D models were constructed online using 
swissmodel, and the nine BvDMP genes were found 
to have simple and similar 3D structures (Fig. 6).

Analysis of the promoter cis‑acting elements and 
functions of the BvDMP gene family

The exercise of a gene’s function is usually regu-
lated by its upstream promoter cis-acting elements, 
and analyzing cis-acting elements that may be 

involved in the regulation of DMP genes can help 
elucidate the regulatory mechanism of DMP genes 
and their potential functions. The 2000 bp sequence 
upstream of the promoter was analyzed using the 
online program PlantCARE. The results showed 
that the promoter regions of nine BvDMP gene fam-
ily members contained a large number of elements 
responsive to phytohormones and abiotic stresses, 
and a total of 38 related cis-acting elements were 
identified, among which light-responsive elements 
were widely distributed in the promoter regions of 
all BvDMPs, such as the G-box, Box 4, ACA-motif, 
TCT-motif, AE-box, GATA-motif, GT1-motif, 
I-box, Sp1, LAMP-element, and 3-AF1 binding 
sites (Fig. 7).

The elements involved in abiotic stress responses 
are mostly cis-acting elements involved in the 
response to drought and low-temperature stress, 
such as MBS and LTR, as well as cis-regulatory 

Fig. 3   Distribution of nine DMP genes across Beta vulgaris chromosomes

Fig. 4   Collinearity analysis 
of DMP genes in Beta 
vulgaris, and Arabidopsis 
thaliana. Orange for B. 
vulgaris, and green for A. 
thaliana. The lines link 
DMP genes that were linked 
by fragment replication 
between different species
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elements involved in the response to the stress 
response elements ARE and abscisic acid and 
MeJA.

Involvement in plant growth and development, 
including involvement of the O2 site (promoter 
region of BvDMP2) and CAT box (promoter region 
of BvDMP2, BvDMP7-B, and BvDMP9), which are 
involved in metabolic regulation, were associated 
with the expression of meristematic tissues. The 
TGA element (promoter region of BvDMP10) and 
AuxRR core (promoter region of BvDMP2) were 
associated with the growth hormone response; the 
GCN4 motif (located in the promoter regions of 
BvDMP2, BvDMP4-B, and BvDMP10) was involved 
in endosperm formation; and the RY element 
(located in the promoter region of BvDMP10) was 
involved in seed-specific regulation. Among these, 
the GCN4 motif and RY element may be involved in 
the regulation of plant endosperm and seed devel-
opment, suggesting that these BvDMP genes play 
important roles in plant reproductive development.

Fig. 5   Analysis of DMP 
gene covariance in Beta 
vulgaris. The gray line indi-
cates the genome covari-
ance of B. vulgaris, and 
the red line connecting the 
DMP genes indicates the 
duplication of DMP genes 
in B. vulgaris. The position 
of the DMP genes on the 
chromosomes is indicated 
by the short black line, and 
the density of the genes on 
each chromosome is shown 
at the same time

Fig. 6   Tertiary structure of the BvDMP protein
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Analysis of the expression pattern of the BvDMP 
gene in different organs

To better understand the expression of BvDMP genes 
in different organs, we extracted RNA from the stems, 
leaves, flower buds and seeds of the sugar beet cul-
tivar N98122 and assessed the expression levels of 
BvDMP genes in different tissues. The results showed 
that the expression of nine BvDMP genes in repro-
ductive organ tissues was significantly greater than 
that in nutrient organs (Fig.  8). Among the BvDMP 
genes, BvDMP9 had the highest expression level 
in floral organ tissues, and the expression levels of 
the other eight BvDMP genes in floral organ tissues 
ranged from 3.51 to 11.85, which suggested that the 
BvDMP genes were mainly involved in the develop-
ment of floral organs.

Expression analysis under different abiotic stresses

The expression patterns of BvDMPs were further 
analyzed under different salt, drought and low tem-
perature stress treatments. The results showed that 
the expression patterns and expression levels of 

different BvDMP members varied greatly under dif-
ferent stress conditions. Under salt stress treatment 
conditions, BvDMP3, BvDMP7A, BvDMP7B and 
BvDMP9 exhibited downregulated expression with 
increasing treatment time; BvDMP4-B exhibited 
significantly greater expression than did the con-
trol at 12 h; and BvDMP4C exhibited significantly 
greater expression than did the control at 24  h 
(Fig. 9).

Under drought stress conditions, BvDMP2, 
BvDMP4-A, BvDMP4-B and BvDMP4-C were 
upregulated with increasing treatment time, while 
BvDMP7B and BvDMP10 were downregulated 
with increasing treatment time, except at some time 
points (Fig. 10).

Under low-temperature treatment conditions, the 
expression of all nine BvDMP genes in sugar beet 
tended to increase, and the expression of all of these 
genes peaked at 48 h and reached a significant dif-
ference from that of the control (Fig.  11). It was 
hypothesized that the different expression patterns 
of BvDMP genes under different stress conditions 
might be related to their response to adverse envi-
ronmental conditions.

Fig. 7   BvDMP gene family promoter cis-acting elements in sugar beet
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Prediction of the BvDMP family protein interaction 
network

Due to the lack of corresponding protein data-
bases for sugar beet, in this study, we searched 
for homologous amino acid sequences based on 
the amino acid sequence of AtDMP and ana-
lyzed BvDMP protein interactions using STRING 

online software (https://​string-​db.​org/). The results 
showed that DUO1, RALFL4, HAP2, FIM1, 
PEX1-2, ZAT3, GEX2, and GEX3 had interactions 
with the BvDMP family in the protein interaction 
network, which led to the speculation that sugar 
beet BvDMP family proteins may be the key pro-
teins involved in flower formation and development 
in plants (Fig. 12).

Fig. 8   Quantifies the relative expression levels of the selected BvDMP gene in different tissues through qPCR analysis: Each data 
point represents the average ± standard error of three independent technical replicates

https://string-db.org/
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Sublocalization analysis

Tobacco was transformed with a transient expression 
vector containing the BvDMP9-GFP fusion gene, and 
the location of the fluorescent protein was observed by 
confocal microscopy. The results showed that the fusion 
protein BvDMP9-GFP was localized to the nucleus and 
cell membrane (Fig. 13).

Discussion

It has been shown that haploids of maize can be 
induced by editing both MTL/NLD/ZmPLA1 on chro-
mosome 1 at qhir1 and ZmDMP on chromosome 9 at 
qhir8 (Liu et al. 2017, 2020; Kelliher et al. 2019; Sun 
et  al. 2022; Cheng et  al. 2021; Wang et  al. 2022a). 
The homologous ZmDMP sequences are conserved 

Fig. 9   Relative expression levels of nine BvDMP genes in response to salt stress
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between monocotyledonous and dicotyledonous 
plants. The DMP homologous gene in A. thaliana was 
successfully knocked down in the haploids A. thali-
ana AtDMP8 and AtDMP9 (Wang et al. 2022a, b, c). 
Phylogenetic tree analysis in this study revealed that 
BvDMP9 of sugar beet has the highest homology with 
AtDMP8 and AtDMP9 of A. thaliana and belongs to 
subfamily IV, which is in the same subfamily as other 
species with haploid induction through ZmDMP 
homologs. In this study, we identified nine BvDMP 

genes from sugar beet genomic data, and the num-
ber of identified DMP genes was similar to that in A. 
thaliana (Zhong et al. 2020), S. lycopersicum (Zhong 
et al. 2022a), N. tabacum (Zhong et al. 2022b; Zhang 
et al. 2022), and C. lanatus (Tian et al. 2023). Analy-
sis of the gene structure, functional domains and phy-
logenetic evolutionary trees of the DMP family in 
different species revealed that monocotyledonous and 
dicotyledonous plants had a common ancestor before 
the divergence of the DMP gene family. This family 

Fig. 10   Relative expression levels of nine BvDMP genes in response to drought stress
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was divided into six taxa, each of which contained 
several subgroups, with the most members in group 
III and the fewest members in group VI. Moreover, 
group IV did not contain any sugar beet DMP fam-
ily genes. During the evolutionary process, there may 
have been some specific gene duplications and losses 
in different subfamilies of the DMP family, making 
the number of DMP family genes different among 
species.

The BvDMP9 gene was analyzed using the subcel-
lular localization method, and the BvDMP9 protein 

was found to be located in the cell membrane and 
nucleus, which was consistent with the results of 
homologous protein localization in maize and flax 
(Zhong et al. 2019b; LI et al. 2023), and the research-
ers in this study was hypothesized that BvDMP9 
might function mainly in the plasma membrane. It 
was also found that there were some differences in 
homologous protein localization between A. thaliana 
and G. max. It is possible that there may be func-
tional differences in the DMP genes of different spe-
cies. It has been reported in the literature that DMP 

Fig. 11   Relative expression levels of nine BvDMP genes in response to low temperature stress
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in A. thaliana has dual and time-dependent localiza-
tion and is mainly expressed in membranes such as 
the endoplasmic reticulum and vesicular membranes 
(Kasaras et  al. 2010), which may be related to its 
functions during its life cycle.

Preliminary analysis of the expression levels and 
expression patterns of the nine BvDMP genes in dif-
ferent organ tissues of sugar beet showed that they 
were highly expressed in the flowering organs, and 

previous research has shown that the parental hap-
loid induction system was triggered in A. thaliana 
by stimulating the mutant DMP genes, and that such 
DMP proteins showed some homology in both dicot-
yledonous and monocotyledonous plants and that 
the expression patterns of the corresponding genes 
showed similar properties, suggesting that ZmDMP-
like genes may have an important regulatory role in 
pollen development in Arabidopsis (Zhong et  al. 
2020). Another study focused on the DMP gene fam-
ily in cotton and verified the expression profiles of 
DMP genes by RT-qPCR. The gene expression pat-
terns assessed by qPCR were similar to the trends 
detected in the RNA-seq data, providing clues to the 
roles of DMP genes in different tissues of cotton, 
which also include pollen developmental regulation, 
and the results also showed that pollen expression 
reached significance compared to other tissues (Zhu 
et al. 2021). These suggest that they may be involved 
in reproductive processes and could be candidate 
genes for haploid induction.BvDMP displays a spe-
cific expression profile in response to stress, and in 
cotton (Gossypium hirsutum), it was found that DMP 
family genes have different expression patterns under 
different stress conditions such as drought, salt stress, 
and low temperature stress.

DMP genes may be involved in regulating osmotic 
pressure, ion channels, and antioxidant responses in 
cotton to help cotton cope with stressful environments 

Fig. 12   Protein interaction network of BvDMP family genes 
in sugar beet

Fig. 13   Subcellular localization of BvDMP9 in tobacco leaves. The scale is 20 µm. CAM GFP was used as a blank control, and 
green fluorescent protein (GFP), chloroplast fluorescent channels, bright field images and overlay maps are shown from left to right
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(Zhu et  al. 2021). In soybean (G. max), the study 
identified 14 genes in the DMP family and analysed 
their expression patterns at different growth stages as 
well as when subjected to drought and salt stress. The 
results showed that DMP genes in soybean are also 
involved in the response to abiotic stresses and that 
their expression increases during drought to improve 
drought tolerance, whereas under salt stress they may 
play a role by modulating ion homeostasis and stress 
signalling (Nawade B et al. 2023). The up-regulated 
expression of certain DMP genes after stress may 
help plants to reduce ion toxicity by enhancing the 
stability of cell membranes and enhancing the func-
tion of ion pumps, while others may enhance stress 
tolerance by regulating the synthesis of osmoprotec-
tive substances to maintain a suitable osmotic pres-
sure in the cell. All of these changing expression pat-
terns are an adaptive mechanism to abiotic stresses 
developed during plant evolution (He et al. 2024; Lv 
et al. 2024; Farouk et al. 2021).

Broadly speaking, the response of DMP genes 
to abiotic stress is usually mediated by changes in 
expression. In some cases, they may be upregulated to 
enhance certain defence mechanisms such as osmo-
protection and antioxidant responses. Conversely, in 
other cases, the expression of certain DMP genes may 
be down-regulated to regulate energy utilisation and 
avoid cellular over-response.

It has been reported in the literature that genes 
without introns are more able to respond rapidly to 
regulate growth and developmental processes under 
stress (Jain et al. 2008). The absence of introns in the 
sequences of all nine BvDMP genes suggested that 
they may play an important role in adapting to abiotic 
stresses. Activation or repression of the downstream 
region of the gene promoter plays a critical role in 
the tissue-specific expression of components associ-
ated with plant growth and development and stress 
response (Liu et al. 2014). The analysis of cis-acting 
elements in the promoter region of DMP genes helps 
to elucidate BvDMP-related functions, and related 
research demonstrated that the light-responsive ele-
ments G-box and Box4 are essential for the regula-
tion of light-induced transcription factors (Mallappa 
et al. 2006; Ezer et al. 2017; Kobayashi et al. 2012). 
Four BvDMP promoters have an I-box, and it has 
been shown that the I-box element participates in 
the regulation of light-induced transcription fac-
tors as a small subunit of Rubisco light regulation 

of photosynthesis-related genes and/or leaf-specific 
gene expression (Manzara et  al. 1991; Shariatipour 
et  al. 2018; Rose et  al. 1999). Moreover, in various 
drought response investigation of drought-related 
elements, MBS elements were prevalent in the pro-
moter sequences of drought-related genes (Cao et al. 
2020; Avashthi et al. 2020). Most of the members of 
the BvDMP gene family contain the light-responsive 
elements G-box and Box4 and the drought-inducible 
cis-element MBS. In this study, RT‒qPCR analy-
ses revealed that during drought, BvDMP4B and 
BvDMP4C exhibited increased expression with mul-
tiple binding sites for dehydration response elements. 
In addition, some stress-responsive and hormone-
related elements also existed in the BvDMP gene fam-
ily; for example, cis-acting elements (LTRs) involved 
in the low-temperature response have been identified 
in BvDMP7B and BvDMP9, and the relative expres-
sion of these two genes was greater than that of the 
other BvDMP family genes under low-temperature 
treatment conditions, suggesting that they were 
involved in the cold stress response (Wu et al. 2019; 
Hughes et al. 1996). Moreover, abscisic acid-respon-
sive elements were found in the nine BvDMP genes. 
There is an abscisic acid response element (ABRE), 
which is considered an endogenous inducible regula-
tor of abiotic stress in plants and is involved in seed 
dormancy and germination, stomatal closure, senes-
cence, drought, cold and salt stress responses (Sah 
et al. 2016; Dar et al. 2017). Jasmonic acid response 
elements (CGTCA motif, TGACG motif) have high 
quantity of binding sites for most BvDMP genes, and 
jasmonic acid signaling molecules efficiently medi-
ate defense responses to abiotic stress by inducing 
the expression of relevant genes (Ruan et  al. 2019). 
In addition, stress response elements (AREs) and 
gibberellin response elements (P-boxes and GARE 
motifs) were also distributed in different numbers 
in each BvDMP gene, and these stress response and 
hormone-activated elements play important roles in 
developmental processes and stress resistance. There-
fore, this study provides a theoretical foundation for 
the role of the BvDMP gene family in resistance to 
abiotic stress and the development of new cultivars.

Hence, this study relied heavily on bioinformat-
ics analysis and homology comparisons. While these 
approaches provided valuable insights, however, 
experimental validation was lacking, and our next 
step will be to perform knockout or overexpression 
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experiments that will solidify the hypothesized func-
tion of the BvDMP gene. This study emphasizes that 
the BvDMP gene will guide future research on rapid 
breeding and selection of resistant cultivars in sugar 
beet.

Conclusion

In this study, nine BvDMP genes were identified and 
bioinformatically assessed via genome-wide analysis, 
revealing their physicochemical properties and phy-
logenetic relationships. The nine BvDMP genes were 
unevenly distributed across four chromosomes of the 
sugar beet genome, and the physicochemical proper-
ties, phylogeny, subcellular localization, gene struc-
ture, promoter regions, and replication events of the 
nine gene families were analyzed in detail. Analysis 
of RT-qPCR results at different sites and under dif-
ferent stress conditions indicated that BvDMP genes 
play an important role in the reproductive process and 
in the response to abiotic stress in sugar beet. Collec-
tively, this study led to the functional characterization 
of sugar beet DMP genes.This will pave the way for 
more future research and provide a theoretical basis 
for better understanding the role of BvDMP genes in 
stress resistance and haploid breeding of sugar beets.
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