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Abstract
The SET domain genes (SDGs) are significant contributors to various aspects of plant growth and development, 
mainly includes flowering, pollen development, root growth, regulation of the biological clock and branching 
patterns. To clarify the biological functions of the chrysanthemum SDG family, the SDG family members of 
four chrysanthemum cultivars and three related wild species were identified; their physical and chemical 
properties, protein domains and conserved motifs were predicted and analyzed. The results showed that 
59, 67, 67, 102, 106, 114, and 123 SDGs were identified from Chrysanthemum nankingense, Chrysanthemum 
lavandulifolium, Chrysanthemum seticuspe, Chrysanthemum × morifolium cv. ‘Hechengxinghuo’, ‘Zhongshanzigui’, 
‘Quanxiangshuichang’ and ‘Jinbeidahong’, respectively. The SDGs were divided into 5–7 subfamilies by cluster 
analysis; different conserved motifs were observed in particular families. The SDGs of C. lavandulifolium and C. 
seticuspe were distributed unevenly on 9 chromosomes. SDG promoters of different species include growth and 
development, photo-response, stress response and hormone responsive elements, among them, the cis-acting 
elements related to MeJA response had the largest proportion. The expression of chrysanthemum SDG genes 
was observed for most variable selected genes which has close association with important Arabidopsis thaliana 
genes related to flowering regulation. The qPCR results showed that the expression trend of SDG genes varied 
in different tissues at different growth stages with high expression in the flowering period. The ClSDG29 showed 
higher expression in the flower and bud tissues, which indicate that ClSDG29 might be associated with flowering 
regulation in chrysanthemum. In summary, the results of this study can provide a basis for subsequent research on 
chrysanthemum flowering time regulation.
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Introduction
The concept of epigenetics was first proposed to describe 
heritable alterations in gene activity that cannot be 
accounted for by modifications in DNA sequence during 
the processes of mitosis and meiosis [1], which mainly 
includes gene silencing mediated by DNA methylation, 
histone covalent modification, chromatin remodeling, 
non-coding RNA and paramutations [2]. In contempo-
rary scientific discourse, there has been a surge of interest 
in the investigation of histone covalent modification. It 
can affect chromatin status through modification such as 
methylation, acetylation, phosphorylation, ubiquitination 
and ADP-ribosylation [3] to regulate gene transcription 
and expression. Methylation is one of the most important 
types of histone modification. Lysine residues at vari-
ous sites of histone H3 (H3K4, H3K9, H3K27, H3K36, 
H3K79), position 20 of H4 (H3K20) and arginine resi-
dues at various sites of H3 (H3R2, H3R8, H3R17, H3R26) 
and position 3 of H4 (H4R3) were methylated to differ-
ent degrees [4]. In contrast, histone lysine methylation is 
a relatively dynamic modification, whereas histone argi-
nine methylation is more stable. The SET domain pro-
tein, named after three Drosophila genes (Su(var), E(z) 
and Trithorax), consists of about 130–150 amino acids 
and constitutes the specific catalytic site of histone lysine 
methyltransferases (HKMTs) [5]. The SDG family in A. 
thaliana is divided into 7 groups based on domain and 
function, including E(z), which catalyzes H3K27 methyla-
tion, SMYD and Ash, which catalyse H3K36 methylation, 
Trx and ATXR5/6, which catalyse H3K4 methylation, 
Suv, which catalyses H3K9 methylation, and SETD [6]. 
Studies have shown that SDG plays an important role in 
plant flowering [7], pollen development [8], root growth 
and development [9], regulation of the biological clock 
[10] and number of shoots [11]. In conclusion, the regu-
lation of gene expression by histone lysine methylation 
plays an important role in the regulation of plant growth 
and development.

Chrysanthemum, an important ornamental plant pos-
sessing medicinal and food properties, originated in 
China and has rich flower colours and diverse flower 
types. As a short-day plant, it is affected by photoperiod, 
and the flowering period of chrysanthemum is mainly 
concentrated in autumn. The regulation of the flower-
ing period is commonly achieved through the manipu-
lation of light exposure duration, resulting in increased 
expenses related to labor and materials. With the publi-
cation of chrysanthemum genome, more and more gene 
family identification has been realized [12, 13]. Con-
sequently, the utilization of genetic engineering tech-
niques to control the flowering period has emerged as a 
prominent area of modern research, aiming to enhance 
economic advantages. CDM111 and CDM44 have been 
previously implicated in chrysanthemum flowering, and 

it has been speculated that they may regulate the opening 
time of flowers [14]. It was found that overexpression of 
LFY [15], FPF1 [16], SOC1 [17], CO [18], FTL3 [19], AP1/
FUL [20] and repression of ERF3 [21] could lead to pre-
mature flowering in transgenic chrysanthemums. Addi-
tionally, it was discovered that flowering-related genes 
could be regulated by transcription factors to regulate 
flowering time. For example, CmBBX8 promotes flow-
ering by targeting FTL1 [22]. It can be seen that the use 
of genetic engineering to improve the flowering time of 
chrysanthemum is based on the function of flowering-
associated genes and related regulatory networks, which 
can provide genetic resources for molecular improve-
ment of chrysanthemum flowering time and obtain new 
chrysanthemum with improved flowering time.

In the context of chrysanthemum flowering regulation, 
it has been observed that the overexpression of genes 
involved in flowering regulation, as well as the regulation 
of related genes by transcription factors, are significant 
considerations. Furthermore, the involvement of his-
tone lysine methyltransferase in the regulation of flow-
ering has been demonstrated in Arabidopsis and other 
plant species. Studies have shown that many members 
of the SET domain family can regulate plant flowering 
by methylating related genomic proteins in the flowering 
pathway. AtCLF (AtSDG1) not only modifies H3K27me3 
at the FT site, thereby inhibiting FT expression, but 
also modifies H3K4 methylation at the FLC site to pro-
mote its expression, thereby delaying flowering and flo-
ral organ formation [23]. H3K4 methylation occurred at 
the FLC site modified by ATXR3(AtSDG2) [24], whereas 
H3K36 methylation occurred at ASHH2(AtSDG8) [25] 
and ATXR7(AtSDG25) [26], both of which promoted 
late flowering of FLC expression. The binding of ATX1 
and FLC loci is associated with H3K4me3, which may 
promote FLC expression and lead to late flowering, but 
the phenotype is not apparent after ATX2 deletion [27]. 
During vernalisation, AtSWN (AtSDG10) can reduce the 
transcriptional efficiency of FLC and promote flower-
ing [28]. Deletion of AtSUVR5 resulted in delayed flow-
ering in Arabidopsis [29]. AtASHH1 (AtSDG26) may be 
involved in the transcriptional regulation of SOC1 and 
promote flowering by binding to the SOC1 promoter 
and enriching H3K36me3 in the chromatin region where 
AtASHH1 resides [30], and the sdg26 mutant showed a 
delayed flowering phenotype [31]. SDG708 [32], which is 
highly homologous to SDG26 in rice, also showed a late 
flowering phenotype after gene interference, suggest-
ing that SDG can undergo different degrees of histone 
methylation modification at different loci of flowering-
related genes, thereby regulating the flowering time. 
However, SDG has not been reported in chrysanthemum 
and related wild species. Given the potential biological 
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functions of SDG in the growth and development of 
higher plants, further analysis and identification are 
important.

Previously, the genomes of Chrysanthemum nankin-
gense, Chrysanthemum lavandulifolium and Chrysan-
themum seticuspe were obtained. At the same time, the 
transcriptomes of several chrysanthemum cultivars 
were obtained and the SDG family was identified based 
on these data. In this study, we attempted to explore the 
SDG family in chrysanthemum, including phylogenetic 
analysis, gene structure analysis, protein motif analysis, 
cis-acting element analysis, CpG island identification, 
and the expression of several important genes in differ-
ent tissues at different growth stages. Exploring the role 
of SDG in flowering-related traits can not only lay the 
foundation for the research of chrysanthemum SDG fam-
ily members in chrysanthemum flower formation mecha-
nisms, but also provide genetic resources for the use of 
genetic engineering to improve chrysanthemum flower-
ing time.

Materials and methods
Plant materials and experimental treatments
The genome data of Chrysanthemum nankingense [33] 
(http://www.amwayabrc.com),

Chrysanthemum lavandulifolium [34] (GenBank: JAH-
FWF000000000), Chrysanthemum seticuspe [35] and 
C. morifolium cv. ‘Zhongshanzigui’ were obtained from 
website. The transcriptome data of the Chrysanthemum 
morifolium cv. ‘Jinbeidahong’ [36], ‘Hechengxinghuo’, 
‘Quanxiangshuichang’, ‘Tangyujinqiu’, ‘Guohuadexin’ and 
‘Mix9’ were obtained from, Plant Germplasm Resources 
and Genetic Engineering, Henan University. A. thaliana 
SDG members were mainly downloaded from the TAIR 
database (https://www.arabidopsis.org/).

Identification and analysis of physicochemical properties 
of SDG family in different cultivars of chrysanthemum
Build a local protein database using Basic Local Align-
ment Search Tool (https://blast.ncbi.nlm.nih.gov/doc/
blast-news/2023-BLAST-News.html), in this experiment, 
we choose blastp for blast [37], take Arabidopsis SDG 
amino acid sequence as the alignment sequence, and use 
Blast local alignment function to compare the different 
chrysanthemum varieties database established locally to 
obtain chrysanthemum SDG candidate protein, the value 
of E was set to 1e-5, other parameters can be defaulted. 
And at the same time, obtain the chrysanthemum SDG 
candidate protein from Pfam database [38] (http://
pfam-legacy.xfam.org/). The HMM model of SDG family 
(PF00856) was downloaded from Pfam, and the hmmer 
search function in the HMMER3.0 program (http://
hmmer.org/) was used to predict the chrysanthemum 
SDG members with PF00856 model as the probe. After 

removing the redundant sequences, all the sequences 
obtained were considered as the candidate chrysanthe-
mum SDG. Then use the CDD program [39] (https://
www.ncbi.nlm.nih.gov/cdd/), SMART [40] (http://smart.
embl.de/) and InterPro (https://www.ebi.ac.uk/interpro/) 
to predict the screened SDG domain, remove the SDG 
gene with incomplete conservative domain, and finally 
obtain the chrysanthemum SDG gene families sequence. 
With reference to the method of Garg [41] et al, the 
ProtParam online website (https://web.expasy.org/prot-
param/) was used to predict the physicochemical prop-
erties of the identified SDGs, including the number of 
amino acids, molecular weight, theoretical PI, instability 
index, aliphatic index and grand average of hydropathic-
ity [42]. And the WoLF PSORT online software (https://
wolfpsort.hgc.jp/) was used to predict the subcellular 
localisation of the SDG proteins [43].

Classification of SDG proteins
Arabidopsis SDG protein sequence and chrysanthemum 
candidate SDG protein sequence were aligned by EMBL 
clustalw (https://www.ebi.ac.uk/Tools/msa/clustalo/), 
and other parameters build Neighbor-Joining (NJ) tree 
by default. Upload the synthesized newick format to the 
iTOL website. The iTOL (https://itol.embl.de/) provided 
visualization and beautification of the phylogenetic tree 
[44]. We set the required parameters according to the 
requirements [45].

Gene structure and Protein motif analysis
The gene structure (intron-exon) of SDG members were 
analyzed in the online database, Gene Structure Dis-
play Server(GSDS) (Gene Structure Display Server 2.0 
(https://gsds.gao-lab.org/index.php) as described [46].
The analysis of protein conserved motifs was conducted 
with CDD program [39] (https://www.ncbi.nlm.nih.gov/
cdd/), SMART [40] (http://smart.embl.de/) and InterPro 
(https://www.ebi.ac.uk/interpro/), the final figures were 
made by gene structure view (advanced) of TBtools soft-
ware [47] according to our requirements.

Cis-acting elements in the promoter region of SDG 
members
The 2000  bp upstream sequence of the SDG genes was 
extracted using Gtf/Gff3 sequence extract by TBtools 
[47]. The promoter region and functional characteristics 
of cis-acting elements of different members of SDG were 
predicted online by PlantCARE [48] (https://bioinfor-
matics.psb.ugent.be/webtools/plantcare/html/) website, 
and the visual mapping was performed by Excel.
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CpG island analysis of the promoter region of SDG gene 
family
CpG island analysis was performed on the promoters and 
gene sequences of SDG using “Methyl Primer Express 
version 1.0” software (Methyl Primer Express Software 
v1.0 Quick Reference) [49]. The CpG island range was set 
to 200  bp ~ 2000  bp, the criterion of “C + G/total bases” 
was 50%, the ratio of CpG observed/CpG expected was 
0.6, and other parameters were as defaulted.

Chromosomal mapping and gene syntenic analysis
The distribution of SDG gene on the chromosomes of 
C. lavandulifolium and C. seticuspe were analyzed using 
TBtools software. One step McScanX in TBtools was 
used to complete the syntenic analysis of C. lavandulifo-
lium and C. seticuspe and to create the visualization [47].

Quantitative real-time polymerase chain reaction
According to the phylogenetic tree, 10 CnSDGs from C. 
nankingense and 13 ClSDGs from C. lavandulifolium 
were selected for qRT-PCR analysis, and ‘Primer Premier 
5’ (https://www.premierbiosoft.com/products/products.
html) software was designed to primers (Table S8). RNA 
was extracted from the hypocotyl (H), cotyledom (C), 
roots, stems, leaves in young (YSR, YSS, YSL), and adult 
(ASR, ASS, ASL) stage, steam, leaves, and buds, in bud-
ding (BSS, BSL and BSB) stage, steam, leaves and buds, in 
flowering (FSS, FSL and FSB) stage and first flower stage 
(FFS) in C. nankingense and C. lavandulifolium using 
the RNAprep Pure Plant Plus Kit (spin column). The 
sampling period of C. lavandulifolium is detailed in the 
paper [49]. The cDNA was synthesized using the Takara 
kit (RR037A). A Roche LightCycler® 480 PCR assay was 
used with chrysanthemum actin as the reference gene. 
PCR amplification procedure: pre-denaturation at 95℃ 
for 5  min, denaturation at 95℃ for 10  s, annealing at 
60℃ for 10  s, 45 cycles. Relative gene expression levels 
were calculated by 2−ΔΔCT. The qPCR analysis contains 
three biological replicates and three technical replicates. 
The data expressed as the average SEM of at least three 
independent experiments. Statistical significance was 
determined by one-way ANOVA. The GraphPad Prism 
software (version 9.0) was used to analyze all data with 
appropriate statistical analysis methods, as described 
in the legend. The “*” shows significance at p < 0.05, “**” 
shows significance at 0.001 < p < 0.01, and “***” show sig-
nificance at p < 0.001.

Results
Identification of SDGs in different chrysanthemum cultivars
The SDG of different chrysanthemum varieties was iden-
tified by local blast and HMMER3.0, and verified by 
Pfam, CDD and SMART which are conservative domain 
prediction softwares. According to the genomes of C. 

nankingense, C. lavandulifolium and C. seticuspe and the 
transcriptome data of C. morifolium cv. ‘Zhongshanzigui’, 
‘Hechengxinghuo’, ‘Quanxiangshuichang’ and ‘Jinbei-
dahong’,59, 67, 67, 106, 102,114 and 123 candidate SDG 
genes were selected as initial genes for the study. It can 
be seen that the number and classification of SDG genes 
varies in different chrysanthemum species.

Analysis of physical and chemical properties and 
prediction of subcellular localization of chrysanthemum 
SDG
ExPASy was used to analyse the amino acid sequences 
of SDG family members from different chrysanthemum 
materials, such as molecular weight, isoelectric point and 
hydrophilicity, etc. WoLF PSORT was used to predict the 
subcellular localization, and the results are shown in sup-
plement table 1-7.

The protein length of 59 SDG genes in C. nankingense 
ranged from 168 to 2242 amino acids, and the molecu-
lar weight ranged from 19.62 to 254.97 KDa. The theo-
retical isoelectric point ranged from 4.13 to 9.41, 13 SDG 
proteins were stable proteins and 46 SDG proteins were 
unstable proteins. Subcellular localization prediction 
results showed that the majority of SDGs were local-
ized in the nucleus, while only CnSDG33 was found in 
the peroxisome, plasma membrane and golgi apparatus. 
The protein length of 67 SDG genes in C. lavandulifo-
lium ranged from 111 to 2356 amino acids, the molecular 
weight from 13.28 to 268.32 KDa, the theoretical isoelec-
tric point from 4.63 to 10.1, 13 SDG proteins were stable 
proteins, 64 SDG proteins were unstable proteins. The 
subcellular localization prediction results showed that 
most of the SDGs located in the nucleus and only 1 SDG 
was located in the plasma membrane. The protein length 
of 67 SDG genes in C. seticuspe ranged from 121 to 2356 
amino acids, the molecular weight ranged from 13.67 to 
268.30 KDa, the theoretical isoelectric point ranged from 
4.05 to 9.47, 16 SDG proteins were stable proteins, 61 
SDG proteins were unstable proteins. Subcellular local-
ization prediction results showed that the majority of 
SDGs were located in the nucleus, and only CsSDG56 
was located in the cytoskeleton. The protein length of 106 
SDG genes in C. morifolium cv. ‘Zhongshanzigui’ ranged 
from 216 to 1886 amino acids, the molecular weight 
was 24.2 to 268.70 KDa, the theoretical isoelectric point 
range was 4.62 to 9.49, 24 SDG proteins were stable pro-
teins and the rest were unstable proteins. The subcellular 
localization prediction results showed that the propor-
tion of SDGs located in the nucleus was the highest and 
only CmSDG29 was located in the cell wall. The protein 
length of 114 SDG genes in C. morifolium cv. ‘Quanx-
iangshuichang’ ranged from 190 to 2355 amino acids, 
and their molecular weight ranged from 20.83 to 207.29 
KDa. The theoretical isoelectric point ranged from 4.26 

https://www.premierbiosoft.com/products/products.html
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to 9.24. A total of 16 SDG proteins were stable and the 
rest were unstable proteins. Subcellular localization pre-
diction results showed that the majority of SDGs were 
located in the nucleus, and only 2 SDGs were located in 
the cytoskeleton and endoplasmic reticulum. The pro-
tein length of 102 SDG genes in C. morifolium cv. ‘Hech-
engxinghuo’ ranged from 147 to 1516 amino acids, the 
molecular weight ranged from 16.63 to 167.23 KDa, the 
theoretical isoelectric point ranged from 4.28 to 9.49, 
10 SDG proteins were stable proteins and the rest were 
unstable proteins. The prediction results of subcellular 
localization showed that the proportion of SDG located 
in the nucleus was the largest, and the proportion of SDG 
located in the golgi apparatus was the smallest. The pro-
tein length of 123 SDG genes in C. morifolium cv. ‘Jinbei-
dahong’ ranged from 197 to 1486 amino acids, and the 
molecular weight was 22.93 to 164.70 KDa. The theo-
retical isoelectric point ranged from 4.65 to 9.76. 14 SDG 
proteins were stable and the rest were unstable. Subcellu-
lar localization prediction results showed that the major-
ity of SDGs were located in the nucleus, and 3 SDGs were 
located in the peroxisome. The fat coefficient of the SDG 
proteins identified from diploid wild species and hexa-
ploid related species was less than 100, and they were all 
hydrophilic proteins.

Phylogenetic analysis of SDG and classification of SDG 
proteins
By employing the established Arabidopsis SDG pro-
tein as a reference and utilizing the EMBL to clus-
ter and analyze the SDG proteins from various 

chrysanthemum accessions, it is possible to attain dis-
tinct classification (Fig. 1). The classification of different 
chrysanthemum cultivars varies. Since ‘Hechengxinghuo’ 
and ‘Jinbeidahong’ didn’t have the fourth subgroup, their 
SDG included only six subgroups. Conversely, the other 
chrysanthemum varieties can be classified into seven 
subgroups. The specific SDG classification is shown in 
the table S1. As shown in the table, there was variation 
in the number of candidate genes across different chry-
santhemum varieties within distinct subgroups of SDG. 
C. lavandulifolium exhibited varying numbers of SDGs 
across different groups; specifically groups I-VII had 4, 6, 
7, 3, 16, 8, and 23 SDGs, respectively. In the specie C. nan-
kingense, the groups I-VII exhibited SDGs 4, 5, 7, 1, 18, 
7, and 17, respectively. In the case of C. seticuspe, groups 
I-VII exhibited SDGs genes are 5, 4, 8, 2, 18, 10, and 20, 
respectively. The cultivar C. morifolium cv. ‘Zhongshan-
zigui’ exhibited varying numbers of SDGs across differ-
ent groups, specifically 9, 8, 14, 3, 44, 9, and 19 for groups 
I-VII, respectively. In the cultivar C. morifolium cv. 
‘Quanxiangshuichang’, the different groups, namely I-VII, 
exhibited 9, 4, 14, 1, 55, 8, and 23 significant developmen-
tal genes (SDGs), respectively. Except IV, which is 0, I-VII 
is 11,  11,  14,  48,  5,  14 and 10,  20,  33,  32,  5,  23 respec-
tively in C. morifolium cv. ‘Hechengxinghuo’ and ‘Jinbei-
dahong’. Similar to Arabidopsis, the number of candidate 
genes in the fourth subgroup was the lowest across six 
chrysanthemum cultivars, and the seventh subgroup has 
the largest number of SDG in C. lavandulifolium and C. 
seticuspe, but the third subgroup in C. morifolium cv. 
‘Jinbeidahong’ has the largest number, and the remaining 

Fig. 1  Phylogenetic trees of SDG proteins of different chrysanthemum accessions and 49 AtSDG proteins ofA. thaliana on the basis of amino acid se-
quences. A, B, C, D, E, F, G represent the evolutionary analysis of the SDGS of C. nankingense, C. lavandulifolium and C. seticuspe and the transcriptome data 
of C. morifolium cv. ‘Zhongshanzigui’, ‘Hechengxinghuo’, ‘Quanxiangshuichang’ and ‘Jinbeidahong’
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three varieties have the fifth subgroup with more SDG 
members.

Gene structure of SDG members and protein conserved 
motif analysis
The number and distribution of introns and exons in the 
SDG genes of diploid C. nankingense, C. lavandulifolium, 
C. seticuspe and haploid C. morifolium cv. ‘Zhongshan-
zigui’ were analysed using GSDS software. The number 
of introns and exons varied between species and families 
(Figs.  2, 3, 4, 5 and 6). In the seven SDG sub-groups of 
C. nankingense, the number of exons ranged from 1 to 24 
and the number of introns from 0 to 23. In the seven SDG 
subgroups of C. lavandulifolium, the number of exons 
ranged from 1 to 35 and the number of introns ranged 
from 0 to 34. Among the seven SDG subgroups in the 
C. seticuspe, number of exons ranged from 1 to 23 and 
the number of introns from 0 to 22. Based on the num-
ber, C. nankingense and C. seticuspe are more similar. At 
the same time, we found that the number of exons and 
introns was not completely consistent in some sequences 
with close evolutionary relationship. In C. morifolium 
cv. ‘Zhongshanzigui’, the number of exons in 106 SDGs 
ranges from 1 to 26, and the number of introns from 0 to 
25, and the number of exons and the number of introns 
in different genes may have different variable shapes, 
leading to different roles in the plant.

The detection of protein conserved motifs showed that 
the motifs contained in different families are not similar, 
but all SDG protein sequences contain SET conserved 
motifs, and the most conserved SET motifs of different 
families are in different positions in the gene, such as in 
the first, third, fourth and fifth families, which are near 
the C-terminus of the gene. In the second and seventh 
families, near the N-terminus of the genes, it was also 
found that the types and locations of motifs in the same 
family were similar. These motifs may be closely related 
to function, and different motifs in different locations 
may play different roles.

Analysis of the SDG gene promoter region in three wild 
chrysanthemum species
A total of 67 ClSDGs, 67 CsSDGs and 58 CnSDGs pro-
moter sequences were selected to analyze cis-acting ele-
ments and CpG islands using PlantCARE database and 
“Methyl Primer Express version 1.0” software. How-
ever, the promoter of CnSDG23 in C. nankingense was 
excluded because the sequence was undetermined. In 
terms of cis-acting element analysis, the number of cis-
acting elements and the number of genes involved are 
shown in the Fig. 7. The analysis shows that all SDG pro-
moters contain core elements, TATA-box and CAAT-
box, which are mainly responsible for the accuracy and 
efficiency of gene transcription initiation, as well as 

Fig. 2  Schematic diagram of conserved motif and the intron-exon structure of SDG members according to the phylogenetic relationship in C. nankingense
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growth and development, hormone response, stress 
response and light response elements. Regarding plant 
growth and development responsiveness, there are eight 
cis-acting elements that are involved in endosperm 
expression (AACA motif and GCN4-motif ), meristem 
differentiation (CAT-box), palisade mesial cell differen-
tiation (HD-zip), zein olysin metabolism (O2-site), seed-
specific regulation (RY-element), circadian rhythm and 
germ expression (as-1), of which as-1 is the largest. Ele-
ments in the hormone response category include methyl 
jasmonate (AAGAA motif, CGTCA motif and TGACG 
motif ), auxin (AuxRR and TGA element), gibberel-
lin (GARE motif, P box and TATC box), abscisic acid 
(ABRE), ethylene (ERE) and salicylic acid (TCA element) 
response elements. Among them, most of the cis-acting 
elements were responsive to MeJA, followed by ABA, 
and may indicate that chrysanthemum SDG is induced 
by MeJA and ABA. There are 9 cis-acting elements which 
response to stress includes; anaerobic induction (ARE), 
defensive stress (STRE and TC-rich), low temperature 
(LTR), drought (MBS and CCAAT-box), dehydration 
(DRE) and trauma (WRE3 and Wun-motif ). The propor-
tion of ARE related to anaerobic induction is the high-
est, followed by STRE related to defence and immunity. 
In the photo response category, there were 20 cis-acting 

elements, but all of them were not present in the 3 dip-
loid chrysanthemums, the ATC motif and the GTGGC 
motif was absent in the C. nankingense, while other 18 
elements were present across the species, among them, 
Box4 was the most abundant, which may play a key role 
in photo regulation.

A1, B1, and C1 represent the number of components 
in C. nankingense, C. lavandulifolium and C. seticuspe 
respectively. A2, B2, and C2 represent the number of 
genes involved in each promoter cis-acting element in 
C. nankingense, C. lavandulifolium and C. seticuspe 
respectively.

In terms of CpG island analysis, CpG islands are 
located in the promoter region of genes and the region 
which can regulate genes. In diploid C. nankingense, C. 
lavandulifolium, and C. seticuspe, CpG islands were 
found in 12, 12, and 10 SDG genes, respectively. Most 
of the members are detected as having 1 CpG island, 
except CnSDG14 and CnSDG15. C. nankingense was 
observed to possess CpG islands in the promoter region 
of three genes, while 5 genes exhibited islands in both 
the cross-promoter and gene regions, and six genes dis-
played islands in the gene body region. Interestingly, 
there had 3 CpG types in CnSDG15. The islands exhib-
ited a range in overall length, ranging from 229 base pairs 

Fig. 3  Schematic diagram of conserved motif and the intron-exon structure of SDG members according to the phylogenetic relationship in C. 
lavandulifolium
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(bp) to 836  bp. In C. lavandulifolium, four SDG mem-
bers had islands in the promoter region; 3 SDG mem-
bers had islands in the promoters and gene regions; five 
SDG members had islands in the gene body regions; and 
the CpG islands ranged in length from 274 to 608  bp. 
Regarding C. seticuspe, four SDG members had islands 
in the promoter regions, CsSDG28 members had islands 
in promoters and gene regions, and five SDG members 
had in gene body regions. The length of islands within the 
species ranged from 199 to 817 bp (Table 1). Hence, there 
exists variation in the number, distribution, and size of 
CpG islands within SDGs across different species, poten-
tially indicating a correlation with species evolution.

Chromosomal synteny analysis
To further elucidate the evolutionary relationship 
between SDG genes in different chrysanthemum variet-
ies, we performed collinearity analysis of SDG gene fami-
lies in C. lavandulifolium and C. seticuspe (Fig.  8). The 
results showed that C. lavandulifolium and C. seticuspe 
had homologous gene pairs. Several SDG genes in C. 
lavandulifolium were identified as homologs of a single 

SDG gene in C. seticuspe. For example, ClSDG32 and 
ClSDG56 in C. lavandulifolium were both derived from 
CsSDG13, while several SDG genes in C. seticuspe were 
derived from a single SDG gene in C. lavandulifolium. 
If CsSDG66 and CsSDG48 in C. seticuspe were derived 
from the same ClSDG35 in C. lavandulifolium, it is spec-
ulated that these genes may have similar functions. This 
suggests that the expansion of this gene family may have 
happened before C. lavandulifolium and C. seticuspe 
differentiation.

Gene duplication is one of the main driving forces for 
the evolution of genomes and genetic systems, and the 
occurrence of replication events promotes the generation 
of new genes and new functions. TBtools software was 
used to analyse the location and gene replication events 
of ClSDGs and CsSDGs (Figs. 9 and 10), and the results 
showed that ClSDGs and CsSDGs were unevenly distrib-
uted on nine chromosomes. Among them, the 8th chro-
mosome of C. lavandulifolium possess 20 SDGs, and had 
highest distribution genes. The 2nd chromosome of C. 
seticuspe was found to have the most distributed number 
of genes, with a total of 13 SDGs. The 9th chromosome 

Fig. 4  Schematic diagram of conserved motif and the intron-exon structure of SDG members according to the phylogenetic relationship in C. seticuspe
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of C. lavandulifolium had the least distributed genes with 
a total of 3 SDGs, while in C. seticuspe, the 6th chromo-
some had 4 SDGs, the least in the specie. There were 1 
and 3 gene replication events observed on the 3rd and 
8th chromosomes of C. lavandulifolium, while 3 gene 
replication events were detected on the 2nd, 4th and 9th 
chromosomes of C. seticuspe, which provided a driving 
force for the evolution of chrysanthemum.

Expression pattern analysis
RNA was extracted from various plant tissues, including 
the hypocotyl, cotyledon, root, stem, leaves, and flowers, 
at different stages of growth, namely young, mature, and 
flowering. Subsequently, complementary DNA (cDNA) 
was synthesized following the guidelines provided by 
the manufacturer. The qRT-PCR was employed to evalu-
ate the expression levels of 10 SDG genes in C. nankin-
gense and 13 SDG genes in C. lavandulifolium across 

diverse plant tissues at different developmental stages 
(Figs.  11 and 12). The 10 genes which were selected for 
qRT-PCR in C. nankingense on the basis of their close 
association with CnFT includes CnSDG25, CnSDG16, 
CnSDG6, CnSDG38, CnSDG40, CnSDG31, CnSDG44, 
CnSDG24, CnSDG53 and CnSDG37, respectively. The 13 
SDG genes which were selected for expression analysis in 
C. lavandulifolium on the basis of their close association 
with ClFT comprised ClSDG47, ClSDG40, ClSDG29, 
ClSDG66, ClSDG8, ClSDG27, ClSDG33, ClSDG57, 
ClSDG24, ClSDG58, ClSDG20, ClSDG62 and ClSDG17.

The qRT-PCR expression analysis focused on the SDG 
genes in chrysanthemum species that exhibited cluster-
ing with significant Arabidopsis genes involved in the 
regulation of flowering, as determined by phylogenetic 
tree analysis. The qPCR results showed that the expres-
sion of different SDG genes varied among different 
growth stages. The expression of CnSDG25 was highest 

Fig. 5  Schematic diagram of conserved motif and the intron-exon structure of SDG members according to the phylogenetic relationship in C. morifolium 
cv. ‘Zhongshanzigui’
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in the flower buds at the flower bud stage, and most of 
the other SDGs were highest in the stems at the flowering 
stage of C. nankingense. The expression level of the FT 
gene in C. nankingense was higher in leaves than in stems 
at the flowering stage, while the expression level was low-
est in buds at the flowering stage. The expression trend 
of CnSDG25 in different tissues at flowering stage was 
the same as that of FT. It suggests that CnSDG25 might 
be related to the regulation of flowering genes in the C. 
nankingense. Interestingly, 11 of the 13 ClSDGs reached 
their highest expression level in the stem at the flower-
ing stage, suggesting that SDGs may affect the flowering 
process by regulating stem expression. The FT expression 
level of C. lavandulifolium was highest in leaves at young 
age, followed by stems at flowering stage. The FT expres-
sion level gradually increased from small bud to flower-
ing, and the expression level of ClSDG47 also increased 
with bud growth, while the expression level of ClSDG40 
showed an opposite trend. Therefore, ClSDG40 and 
ClSDG47 may have contrasting effects on FT. The expres-
sion levels of CnSDG16, CnSDG24, CnSDG37, CnSDG40, 
CnSDG44 and CnSDG53 in leaves at the flowering stage 

were second only to those in stems at the same growth 
stage. The expression levels of ClSDG29 were higher in 
small buds and first flower, but decreased in medium 
buds. The ClSDG29 gene exhibits a strong association 
with AtSUVR5 (Fig. 1B), which serves as a crucial regula-
tor of the flowering process. Knockout of SUVR5 causes 
a delayed flowering phenotype, while quintuple mutants 
lacking SUVR1, SUVR2, SUVR3, SUVR4, and SUVR5 do 
not exhibit any other observable changes in phenotype. 
These findings demonstrate the importance of ClSDG29 
in the regulatory network that controls flowering [50]. 
Besides, ClSDG29 also possess CpG island in the pro-
moter region (Table 1), which increase its importance to 
play role in flowering regulation.

Different SDGs play different regulatory roles in dif-
ferent tissues at different stages. From the analysis of the 
overall qPCR results, it seems that CnSDG25, ClSDG47, 
ClSDG40 and ClSDG29 may be involved in the regula-
tion of flowering time in chrysanthemum. Interestingly, 
among the selected 10 CnSDGs and 13 ClSDGs, 80% 
of SDGs were expressed at the highest level in stems 
during the flowering period, which may be related to 

Fig. 6  Schematic diagram of conserved motif of SDG members according to the phylogenetic relationship in C. morifolium cv. ‘Hechengxinghuo’, ‘Quanx-
iangshuichang’, ‘Jinbeidahong’
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stem-related regulation in addition to flowering. SDG 
members are extensively involved in all stages of growth 
and development of C. nankingense and C. lavandulifo-
lium, especially during flowering.

The expression of SDG in diploid C. nankingense and 
C. lavandulifolium showed dynamic changes in differ-
ent tissues and developmental stages. To further explore 
the expression patterns of SDG in cultivated chrysan-
themum species, SDG genes were screened and their 
expression patterns were analysed in the transcriptome 
data of C. morifolium ‘Tangyujinqiu’, ‘Guohua dexin’ 
and ‘Mix9’. The samples of C. morifolium ‘Tangyujin-
qiu’ include young leaves, adult leaves and flower buds, 
all corresponding to different short day periods. The 

expression results showed that the SDG genes of C. 
morifolium ‘Tangyujinqiu’ had organisational varia-
tions (Fig.  13). Overall, the SDG gene expression of 
several members was low in leaves and high in buds, 
such as CmSDG1, CmSDG2, CmSDG6, CmSDG8 and 
CmSDG13. The expressions of CmSDG6 and CmSDG67 
were up-regulated in leaf tissues at different develop-
mental stages. CmSDG4 and CmSDG13 showed a trend 
of decline, especially CmSDG14, CmSDG62, CmSDG66, 
CmSDG68 and CmSDG70 high at the beginning of the 
short day inducing expression, speculated that the five 
members involved in short day induced flowering regu-
lation. In flower bud tissues, the expression levels of 
CmSDG5 and CmSDG15 decreased with flower opening, 

Fig. 7  Information of cis-acting elements in SDG
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Table 1  Details of each of the SDG genes with a CpG island in different chrysanthemum accessions
NO SDG gene Island Start End Length Region
C. nankingense
1 CnSDG4 1 -25 527 552 Promoter + Gene Body
2 CnSDG7 1 337 1496 1160 Gene Body
3 CnSDG10 1 -1416 -1017 400 Promoter
4 CnSDG15 1 -6 224 230 Promoter + Gene Body
5 CnSDG27 1 70 359 290 Gene Body
6 CnSDG34 1 -1507 -1013 495 Promoter
7 CnSDG37 1 831 1325 495 Promoter
8 CnSDG39 1 33 451 419 Gene Body
9 CnSDG42 1 -1626 -1232 395 Promoter
10 CnSDG45 1 14 508 495 Gene Body
11 CnSDG59 1 -6 527 533 Promoter + Gene Body
C. lavandulifolium
1 ClSDG1 1 -96 179 275 Promoter + Gene Body
2 ClSDG12 1 -21 329 350 Promoter + Gene Body
3 ClSDG20 1 926 1477 552 Gene Body
4 ClSDG21 1 -2000 -1786 215 Promoter
5 ClSDG26 1 -366 -137 230 Promoter
6 ClSDG29 1 -561 -47 515 Promoter
7 ClSDG33 1 -1581 -992 590 Promoter
8 ClSDG41 1 445 644 200 Gene Body
9 ClSDG42 1 -1754 -1203 552 Promoter
10 ClSDG43 1 -405 166 571 Promoter + Gene Body
11 ClSDG46 1 14 508 495 Gene Body
12 ClSDG51 1 33 508 476 Gene Body
13 ClSDG64 1 1299 -880 419 Promoter
C. seticuspe
1 CsSDG4 1 -141 299 440 Promoter + Gene Body
2 CsSDG6 1 -1982 -1374 609 Promoter
3 CsSDG18 1 -1731 -1502 230 Promoter
4 CsSDG21 1 33 451 419 Gene Body
5 CsSDG22 1 -670 -138 533 Promoter
6 CsSDG23 1 -741 -422 320 Promoter
7 CsSDG25 1 235 434 200 Gene Body
8 CsSDG28 1 71 489 419 Gene Body
9 CsSDG32 1 -1144 -1502 365 Promoter
10 CsSDG33 1 -766 -253 514 Promoter
11 CsSDG44 1 -709 147 856 Promoter + Gene Body
12 CsSDG46 1 375 1154 780 Gene Body
13 CsSDG55 1 926 1477 552 Gene Body
14 CsSDG65 1 33 451 419 Gene Body

Fig. 8  Synteny of SDG genes between C. lavandulifolium and C. seticuspe
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while the expression levels of CmSDG61 increased 
with flower opening, suggesting that these three mem-
bers may be related to flower development. In addi-
tion, five SDGs (CmSDG27, CmSDG46, CmSDG48, 
CmSDG57 and CmSDG64) were not expressed. The 
traditional Chinese C. morifolium ‘Guohuadexin’ cul-
tivated species has variety degradation, after tissue 
culture, it can realize the recovery of fine phenotype. 
Analysis of leaf transcriptome data from mother plant, 
first generation and third generation degraded variet-
ies showed that the expression of SDG in leaves showed 
five trends (Fig. 14), which were first increased and then 
decreased (Fig. 14A), first decreased and then increased 
(Fig.  14B), increased (Fig.  14C), decreased (Fig.  14D) 
and no expression (Fig.  14E) with the initial generation 
and several sub-generations. It is speculated that the 

rejuvenation of chrysanthemum after tissue culture is 
closely related to SDG activation related genes. C. mori-
folium ‘Mix9’ is a new strain bred by our research group 
that can achieve flowering under tissue culture condi-
tions and does not require short day treatment. Analy-
sis of the expression levels of all SDG members of this 
strain at different stages of flower development showed 
that SDG genes also showed period specificity at differ-
ent stages of flower development in test tube flowering 
(Fig. 15), and most SDG members (CmSDG1, CmSDG9, 
CmSDG10, CmSDG11 and CmSDG12 etc.) showed a 
trend of first decreasing and then increasing expression 
levels. Considering that this stage is a key period for 
flower induction, some members may be closely related 
to flower development traits. According to the analy-
sis of gene expression in different tissues of the three 

Fig. 10  The chromosome distribution of the SDG genes in C. seticuspe

 

Fig. 9  The chromosome distribution of the SDG genes in C. lavandulifolium
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Fig. 12  Expression analysis of the selected SDG genes in different tissues of C. lavandulifolium

 

Fig. 11  Expression analysis of the selected SDG genes in different tissues of C. nankingense
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chrysanthemum cultivars at different developmental 
stages, the expression of different members of SDG is 
tissue-specific and stage-specific, indicating that SDG 
plays an important role in the growth and development 
of chrysanthemum.

Discussion
The SDG gene family in different ploidy chrysanthemum 
plants contains different groups and number of members
In plants, SDG proteins can dynamically regulate chro-
matin condensation by mediating histone methylation at 
lysine residues [51]. SDG-mediated histone methylation 
is involved in many biological processes, such as floral 
organogenesis [8]. In this study, SDG family members 
were identified from 7 materials based on genomic and 
transcriptomic data. Overall, the number of members in 
hexaploid chrysanthemum is about twice that of diploid 
wild species. Given that the source of hexaploid mate-
rial is a haploid genome and transcriptome, there may 
be incomplete gene sequences or some sequences may 
not be transcribed. From the perspective of family clas-
sification, different families contained different conserva-
tive motifs, among which the SDGs of C. morifolium cv. 
‘Hechengxinghuo’ and ‘Jinbeidahong’ were divided into 6 
families, and the rest of the materials were divided into 
7 families like Arabidopsis. Although the number dis-
tribution of SDG members in different plants and dif-
ferent families was different, the distribution trend was 

Fig. 14  Expression analysis of the SDG genes in sub-generation process 
of C. morifolium cv. ‘Guohuadexin’. ML, FL and TL represent the leaves of 
the mother plant, the first generation recovery and the third generation 
respectively

 

Fig. 13  Expression analysis of the SDG genes in subgeneration process of 
C. morifolium cv. ‘Tangyujinqiu’. YS, AS, BS1, BS2 represent leaves at young 
age, leaves at adult age, and leaves after 25 days of short day treatment, 
leaves after 35 days of short day treatment respectively. BS3, FS1, FS2, FS3 
and FS4 represent different stages of flower development after 50 days of 
short sunlight
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generally the same. Among the 7 families of A. thaliana, 
the number of SDGs in family IV accounted for the least 
and the number of SDGs in family V accounted for the 
most, while the number of SDGs in family IV of the 7 
chrysanthemum materials accounted for the least among 
the 7 families. Among the five materials (C. nankingense, 

C. morifolium cv. ‘Hechengxinghuo’, ‘Quanxiangshu-
ichang’, ‘Jinbeidahong’ and ‘Zhongshanzigui), the number 
of SDGs in family V accounted for the largest proportion, 
while C. lavandulifolium and C. seticuspe had the high-
est number of SDGs in group VII, followed by the num-
ber of SDGs in group V. The lowest number in family IV 
and the highest number in family V were found in Bras-
sica napus [6], Zea mays [52], Citrus sinensis [53] and 
Camellia sinensis [54], while the lowest number in fam-
ily III and the highest number in family V were found 
in Dimocarpus longan Lour [55]. It can be seen that the 
family IV is relatively rare in most species, and the fam-
ily V is relatively large. Even in the same species, such as 
chrysanthemum, the proportion trend of different mate-
rial is different. Most studies show that families V and VII 
are more abundant and families IV are less abundant. In 
conclusion, the SDG quantity of 3 diploid wild chrysan-
themum species was significantly lower than that of 4 
hexaploid chrysanthemum cultivars due to differences in 
species ploidy. In the wild species, the number of mem-
bers of C. lavandulifolium and C. seticuspe is relatively 
close, but the number distribution of different families 
of the three species is different. Among the four culti-
vars, the total number of members was similar, and the 
number of family members and the number of members 
within each family were slightly different, although they 
came from haploid genome and transcriptome, respec-
tively. In conclusion, SDG in species with different ploidy 
are both similar and different, and the difference in the 
number of gene families is mainly due to the different 
ploidy. Considering that thee hexaploid chrysanthemum 
varieties were not sequenced, the number of SDGs iden-
tified by the transcriptome data may be missing, but the 
overall trend is that the number of genes in hexaploids is 
much larger than that in diploids. This is consistent with 
the finding that the number of SDG members in tetra-
ploid Brassica napus is much larger than that in diploid 
Brassica oelercea and Brassica rapa [6]. It can be seen 
that there is a positive correlation between the different 
ploidies and the number of gene families. After the natu-
ral hybrid chromosome is doubled, the number of genes 
increases, providing the basis for gene variation and the 
generation of new genes.

The regulatory factors for chrysanthemum SDGs may be 
diverse
Nowadays, more and more studies have been conducted 
from the outside to the inside, from the shallow to the 
deep, from the external factors affecting the phenotype 
to the internal molecular regulatory mechanisms, and the 
study of upstream and downstream genes has become 
an important clue for research. Analysis of cis-acting 
elements showed that the SDG promoters of C. nankin-
gense, C. lavandulifolium and C. seticuspe contain stress 

Fig. 15  Expression analysis of the SDG genes in sub-generation process of 
C. morifolium cv. ‘Mix9’. TMF1, TMF2, TMF3 and TMF4 represent 0, 10, 20 and 
30 days of tissue culture respectively
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response elements responsible for gene transcription ini-
tiation and growth regulation. Methyl jasmonate (MeJA), 
a naturally occurring plant growth regulator, may be 
involved in the production of secondary metabolites such 
as volatiles and may play a role in defence mechanisms 
against biotic and abiotic stresses [56]. The proportion 
of MeJA-responsive elements was largest in the 3 diploid 
chrysanthemum plants, and the proportion of MeJA-
responsive elements was also largest in DlSDG [55] and 
BnSDG [6], suggesting that SDGs of different species may 
be induced by MeJA, and the content of MeJA in the Ara-
bidopsis mutant sdg26 was higher than that of the wild 
type. This suggests that SDGs may reverse regulate MeJA 
levels. In addition to hormone response elements, there 
are also stress response elements such as low tempera-
ture, drought resistance and light response elements, so it 
is speculated that the SDG identified in this study may be 
affected by the regulation of related genes. As mentioned 
above, it has been reported that many members of the 
SDG family perform histone methylation modification on 
genes related to the flowering pathway to regulate flow-
ering time. In this study, the downstream genes of chry-
santhemum SDG were not verified, but this must be the 
direction of future efforts.

SDGs expressed differentially in different organizations of 
different species at various stages
SDGs play a key role in plant growth and development. 
The tissue expression of SDGs has been extensively stud-
ied in many species and shows different expression pat-
terns in each species, indicating their different roles in 
plant development. Transcriptome data can also explain 
the expression trend of genes. SDGs are expressed in 
buds, leaves, roots, stems and flowers of camellia sinen-
sis [54] and in leaves, flowers and fruits of Citrus sinensis 
[53]. In Brassica rapa [57], SDGs are expressed in roots, 
stems and leaves, and the content of SDGs in stems of 
family III is higher than that in other tissues, while the 
expression level of SDGs in roots of family II is higher 
than that in other tissues, so the expression patterns of 
SDGs in different families may be divergent in various 
plants. The qPCR results of the diploid wild species of 
C. nankingense and C. lavandulifolium showed that 80% 
of the 10 CnSDGs and 13 ClSDGs were highly expressed 
at the stem in flowering stage, and there was also high 
expression at the stem in flowering stage in Brassica 
napus [6], which may indicate that the SDGs highly 
expressed in the stem are closely related to the flowering 
phenotype of plants. The expression trend of CnSDG25 
and FT in stem, leaf, bud and flower during the flower-
ing period was consistent, suggesting that CnSDG25 
may regulate the flowering period of C. nankingense. The 
expression of ClSDG47 and FT showed the same trend 
from bud to flower, while ClSDG40 showed the opposite 

trend, which may have an effect on the flowering stage 
for C. lavandulifolium. In conclusion, the expression 
of SDGs changes with the change of species, tissues 
and time. Among them, CnSDG25 in C. nankingense 
and ClSDG47 and ClSDG40 in C. lavandulifolium may 
regulate flowering time. The specific regulatory mecha-
nism needs to be verified by further experiments. The 
transcriptome data of the hexaploid varieties ‘Tangyu-
jinqiu’, ‘Guohuadexin’ and ‘Mix9’ not only showed that 
the expression of SDG varied at different developmental 
stages in different tissues, but also found that the expres-
sion of SDG was closely related to short-day flowering, 
tissue culture rejuvenation and test tube flowering with-
out short day. In conclusion, the analysis of SDG expres-
sion in diploid and hexaploid plants indicated that SDG 
expression is tissue- and time-specific and may play an 
important role in the growth and development of chry-
santhemum through different regulatory pathways.

Conclusion
In this study, 59, 67, 67, 102, 114, 123 and 106 SDG 
genes were identified respectively in C. nankingense, C. 
lavandulifolium, C. seticuspe, C. morifolium cv. ‘Hech-
engxinghuo’, ‘Quanxiangshuichang’, ‘Jinbeidahong’ and 
‘Zhongshanzigui’. It was found that the promoter region 
of SDG contains a variety of regulatory elements involved 
in growth and development, stress response, hormone 
response and light response. According to the types of 
conserved motifs, SDGs can be divided into up to seven 
subfamilies, with different materials containing differ-
ent specific members. The expression patterns in differ-
ent tissues of C. nankingense and C. lavandulifolium at 
different periods indicated that CnSDG25, ClSDG40 and 
ClSDG47 might regulate the flowering stage of chrysan-
themum, while the expression levels of other SDGs were 
highest at the flowering stage, which might regulate the 
flowering.
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