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Abstract: Flowering is a very important developmental stage in the plant life cycle. LIKE HETEROCHROMATIN PROTEIN 1 (LHP1) has been shown to parti-
cipate in epigenetic silencing of flowering genes. Here, for the first time, we isolated and characterized six CmLHP1 homolog genes from the important day-neutral 
ornamental Chrysanthemum morifolium cultivar ‘Jin budiao’. These homolog genes were most likely generated by whole-genome duplication. Bioinformatic 
analysis showed that chrysanthemum LHP1 homologs present low similarity to other plant LHP1-like genes. However, three nuclear localization signals and two 
domains were highly conserved among them. The secondary structures of the CmLHP1 homologs mainly include α-helices and random coils, indicating that the 
proteins are mixed proteins. Phylogenetic tree analysis indicated that the six CmLHP1 genes constituted a small clade and had the closest relationship with LsLHP1 
(Lactuca sativa LHP1). Quantitative RT-PCR analysis showed that the CmLHP1 homologs were expressed in different tissues during the developmental period 
of chrysanthemum, but they were highly expressed in the buds, especially during the key S1 stage of the inflorescence. Furthermore, the expression patterns of 
CmLHP1 homologs showed divergence under different photoperiods. Both CmLHP1b and CmLHP1e exhibited photoperiod sensitivity in leaves. Intriguingly, 
CmLHP1c was insensitive to photoperiod in both the shoot apexes and the leaves. Subcellular localization revealed that the six CmLHP1 proteins were located in 
the nucleus. These results reveal that CmLHP1 homolog genes could be strong candidates as important regulators of flowering time in chrysanthemum.

Key words: Chrysanthemum morifolium; LIKE HETEROCHROMATIN PROTEIN1 (LHP1); Expression pattern, Subcellular localization; Flowering time.

Introduction

Chrysanthemum (Chrysanthemum morifolium Ra-
mat.) is widely cultivated as a popular ornamental plant 
and is commercially used for potted or cut flowers or 
for horticulture (1). Flowering time is a very impor-
tant trait for chrysanthemum. Most chrysanthemums 
are short-day plants whose flowering period is mainly 
concentrated in autumn, which limits the annual pro-
duction of chrysanthemums. However, day-neutral 
chrysanthemums with longer flowering periods are not 
limited by the duration of sunshine, and they can flower 
at a suitable temperature (2). Therefore, identifying key 
factors regulating the flowering of day-neutral chrysan-
themums and using genetic engineering to extend the 
flowering time of chrysanthemums are currently very 
important solutions. The molecular regulation pathways 
for the flowering times of many plants have been disco-
vered, but most detailed studies have concentrated on 
model plants (3).

Flowering is a key step in the angiosperm life cycle 
that is strictly regulated by many endogenous and exoge-
nous factors (4-7). In higher eukaryotes, Polycomb 
group (PcG) proteins play an extremely significant role 
in the epigenetic regulation of many genes. PcG proteins 
make up Polycomb Repressive Complex 1 (PRC1) and 
Polycomb Repressive Complex 2 (PRC2), which both 

have regulatory functions in epigenetic repression (8-
12). LIKE HETEROCHROMATIN PROTEIN 1 (LHP1), 
a PRC1 core subunit that can recognize trimethylation 
at lysine 27 of histone H3 (H3K27me3), participates in 
silencing chromatin genes. LHP1 gene was originally 
identified in sieving of inflorescence meristems function 
(13, 14), and therefore was also known as TERMINAL 
FLOWER 2. Arabidopsis LHP1 is a single-copy gene 
that is structurally homologous to the protein HETERO-
CHROMATIN PROTEIN 1 (HP1) of metazoans (15, 
14). LHP1 interacts with proteins of different cell types 
to carry out distinct functions. In vivo, LHP1 is needed 
to establish complete H3K27me3 levels in protein com-
plexes by direct interaction with MSI1 (16). In addition, 
LHP1 has been shown to affect H3K27me3 levels at 
thousands of gene loci (17).

Mutations in LHP1 in Arabidopsis affect flowering 
time, plant architecture, inflorescence determinacy, 
leaf and root morphology, temperature and photope-
riod sensitivity, and hormone levels (14, 18, 19). DNA 
microarray analysis has demonstrated that the expres-
sion levels of flowering genes such as FT, AGAMOUS 
(AG), PISTILLATA (PI), APETALA3 (AP3), and SEPAL-
LATA3 (SEP3) are up-regulated by LHP1 mutations 
(20, 14, 21, 22). Molecular studies have revealed that 
LHP1 controls flowering time mainly by binding to 
H3K27me3 and directly interacting with FLOWERING 
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LOCUS T (FT) chromatin repression (23). Furthermore, 
in the autonomous and vernalization pathways, LHP1 
controls flowering time by recognizing and maintaining 
H3K27me3 in FLC (24, 16). To date, many plant LHP1 
homologs have been identified (25, 24). However, little 
is known about LHP1 expression, evolution, and func-
tion and the regulatory mechanism of flowering time in 
the chrysanthemum.

Thus, six CmLHP1 homolog genes were isolated 
and identified from day-neutral chrysanthemum, and 
their protein sequences, molecular evolution, expres-
sion patterns and subcellular localization were studied. 
The objectives of this study were to elucidate the ba-
sic features, evolution, expression patterns and protein 
functions of CmLHP1 homologs, with the intention of 
providing a theoretical basis for the use of CmLHP1 
homolog genes in regulating flowering time in chrysan-
themum molecular breeding.

Materials and Methods

Plant materials and growth conditions
The cultivar of day-neutral Chrysanthemum morifo-

lium ‘Jin budiao’ (JBD) was grown in a greenhouse in 
a modern laboratory at 25/20℃ (day/night) under a  na-
ture photoperiod with 60% relative humidity in Xiao 
Tangshan. The laboratory belonged to Beijing Forestry 
University, Changping District, Beijing, China.

Isolation of CmLHP1 homologs
Total RNA was isolated from young leaves of 

Chrysanthemum morifolium ‘Jin budiao’ using TRIzol 
reagent (Tiangen, China) according to the manufactu-
rer’s instructions. The RNA integrity was assessed by 
agarose gel electrophoresis and the RNA concentra-
tion was measured with a spectrophotometer. Then, a 
TIANScript RT kit (Tiangen, China) was used to synthe-
size the first strand of cDNA. Specific primer pairs 
(CmLHP1-F1/R1, Table 1) for amplifying the CmLHP1 
homolog genes were designed based on transcriptome 
data (NCBI accession number SRP109613) obtained 
in a previous study. PCR amplification was carried out 
using a high-fidelity enzyme (TransStart FastPfu DNA 
Polymerase) (TransGen, China). The PCR amplification 
conditions were as follows: 95℃ for 20 s, 48℃ for 20 s, 
and 72℃ for 1 min for 35 cycles. Subsequently, the am-
plified product was subcloned into a pLB-Simple vec-
tor (Tiangen, China) and transformed into E. coli DH5α 
for sequencing. The cloned mRNA coding sequences of 
these genes were then submitted to GenBank.

Bioinformatic and phylogenetic analysis
Analysis of the deduced protein sequences of the 

CmLHP1 homologs was performed using the NCBI 
BLAST program (https://www.ncbi.nlm.nih.gov/blast/
Blast.cgi). The physicochemical properties of the CmL-
HP1 homologs were analyzed online with ExPASy 
analysis software (https://web.expasy.org/protparam/). 
The secondary structures of the CmLHP1 proteins were 
predicted using the SOPMA program (https://npsa-
prabi.ibcp.fr/cgi-bin/npsa_automat.pl?page=/NPSA/
npsa_sopma.html). Multiple alignments of CmLHP1 
homolog sequences and LHP1-like protein sequences 
from other plant species were performed using Clus-
talW (26) with the default parameters. BioEdit software 
(version 7.0) was used to edit the aligned sequences. 
Molecular evolutionary and phylogenetic tree analyses 
were performed with MEGA 5.0 software (27, 28) using 
the neighbor-joining method with 1000 bootstrap repli-
cates. Conserved motifs of CmLHP1 homolog genes 
were predicted using the MEME online tool (http://
meme-suite.org/tools/meme). 

Real-Time PCR analysis
CmLHP1 homolog expression patterns were ana-

lyzed by real-time fluorescence quantitative PCR (qRT-
PCR), which was mainly conducted in different tissues 
(roots, stems, leaves, buds, shoot apexes, and flowers) 
and in inflorescences at late developmental stages at 
which the ray florets began to enlarge (stages S1, S2, 
S3, S5, and S8, Fig. 3b). The late inflorescence develop-
ment stages of JBD were defined according to the defi-
nitions of Gerbera (29). In addition, qRT-PCR was also 
used to detect the expression pattern of CmLHP1 homo-
logs in the leaves and shoot apexes of plants that were 
grown under different photoperiods. The seedlings of 
JBD were grown in long-day (LD, 16 h light/8 h dark) 
conditions. Some of the plants continued to grow under 
LD conditions, and the others were transferred to short-
day (SD, 8 h light/16 h dark) conditions for 15 days. 
All samples were collected from JBD. Once collected, 
all plant materials were immediately put into liquid ni-
trogen and stored at −80℃. There were three biological 
replicates for each sample. Total RNA extraction and 
cDNA synthesis were completed as described above.

For accurate gene expression analysis, genomic 
DNA was removed from the total RNA. qRT-PCR was 
performed on an ABI StepOne system (ABI, USA) with 
SYBR Premix Ex Taq Ⅱ (TaKaRa, Japan). All gene-spe-
cific primers for qRT-PCR are listed in Table 1. Their 
specificity and efficiency were examined before perfor-
ming the qRT-PCR analysis. The qRT-PCR program was 
95℃ for 3 min followed by 45 cycles of 95℃ for 7 s, 
57℃ for 10 s, and 72℃ for 15 s. To confirm the product 
specificity of each primer pair, melting curve analysis 
was performed. The expression levels were calculated 

Primer name Forward sequence (5’→3’) Reverse sequence (5’→3’)
CmLHP1-F1/R1 AAGAAGGATTTATACAAAATTCACTACT TGTGTTGAAAAATTTCAAAACTTGGG
CnActin-F1/R1 TTTGAAGTATCCCATTGAGCAC GCATAAAGAGAAAGCACGGC

CmLHP1b-F1/R1 AAGAAAGCTTAAAATCGGGG TTGTAAAGGTTCCTCGGTGAT
CmLHP1c-F1/R1 GGAAATGAATACGATGCGATGT CAGCTTCGATCTCATAAAACCCT
CmLHP1d-F1/R1 AAAGTCAGGGAAAAGGAGATCA TTGTAAAGGTTCCTCGGTGAT
CmLHP1e-F1/R1 AACAACAACCACAACCACAACC TACTCCGTCTTCCCCTTTCG
CmLHP1f-F1/R1 CACAACTGTTCCTGTTGGAAAA CTTTCTGGAGTAGCAACAGTGTCT

Table 1. Primers used for CmLHP1 homologs isolation and qRT-PCR in chrysanthemum.
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accession nos. KX398336-KX398341). Sequencing and 
bioinformatic analysis showed that the cDNA sequences 
of the six CmLHP1 homologs encoded 388-393 amino 
acid residues with theoretical isoelectric points of 5.07-
5.16, estimated molecular weights of 43.66-44.11 kDa, 
instability index values of 52.56-54.11, and grand aver-
age of hydropathicity values of −0.936 to −0.906 (Table. 
2). Therefore, all of the encoded proteins are unstable 
and hydrophilic.

According to the NCBI web server (https://www.
ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi), the domain 
structures of the six CmLHP1 homolog sequences 

using the 2-∆∆Ct method (30), with CnActin (GenBank 
accession no. KF305683.1) as the internal control (31).

Vector construction and subcellular localization ana-
lysis

The transient expression of the six CmLHP1 homo-
log genes was analyzed using the expression vector 
pH7FWG2-35S-GFP (Invitrogen, USA). To construct 
35S::CmLHP1a-GFP, the high-fidelity PCR product 
of the gene of interest was ligated into the entry vec-
tor pENTR (Invitrogen, USA) through TOPO cloning. 
After transformation, the positive clones were selected 
and sequenced. The plasmid with the correct insert was 
used as the entry vector for the LR reaction. The LR 
reaction included 3 µl of entry vector, 1 µl of the plant 
expression vector, and 1 µl of LR Clonase enzyme mix 
for a total reaction volume of 5 µl. After the LR reac-
tion, E. coli DH5α competent cells were transformed 
and incubated at 37℃ for 12-15 h. Recombinant posi-
tive clones were selected and confirmed by sequencing. 
Finally, the 35S::CmLHP1a-GFP vector was obtained. 
The construction of the GFP fusion vectors of the remai-
ning five genes was performed as described above.

After removing the outer 3-4 layers of scales from a 
well-grown onion bulb, the remaining inner scales were 
sterilized with 75% alcohol for 1 min, washed 3 times 
with sterile water and cut into small pieces of 1 cm2. The 
inner epidermis was gently torn off with tweezers for 
infection. The single-clone bacteria harboring the tar-
get plasmid were cultured until they reached an OD600 of 
0.6 and were then centrifuged at 5000 rpm for 10 min, 
and the supernatant was discarded. The bacteria were 
resuspended in 1/2 MS and incubated with the onion 
inner epidermis for 20 min. Then, the onion epidermis 
was dried with autoclaved filter paper, transferred to 
coculture medium (MS medium + AS 15 mg/L) and 
cultured at 25℃ in the dark. After 72 hours, the cocultu-
red onion epidermis was removed, washed with sterile 
water to remove Agrobacterium, and then surveyed and 
photographed with laser confocal scanning microscopy 
(Olympus, Japan), with the 35S::GFP vector as a refe-
rence.

Results

Isolation and characterization of six CmLHP1 homo-
logs from chrysanthemum

The cDNA sequences of six CmLHP1 homologs 
were cloned from chrysanthemum by RT-PCR and 
named in accordance with the previously published no-
menclature as follows: CmLHP1a, CmLHP1b, CmLH-
P1c, CmLHP1d, CmLHP1e, and CmLHP1f (GenBank 

Formula Amino acids
in length

Estimated molecular
weight (kDa)

Theoretical 
isoelectric point Instability index Grand average of 

hydropathicity
CmLHP1a C1888H3031N529O643S8 389 43.69 5.11 52.81 -0.926
CmLHP1b C1888H3033N529O641S8 389 43.66 5.15 52.59 -0.906
CmLHP1c C1891H3034N530O648S8 391 43.82 5.07 53.28 -0.936
CmLHP1d C1888H3033N529O643S8 388 43.69 5.12 52.56 -0.936
CmLHP1e C1908H3063N535O647S8 393 44.11 5.15 54.11 -0.923
CmLHP1f C1889H3035N529O641S8 389 43.67 5.16 53.30 -0.906

Table 2. The features of six chrysanthemum LHP1-like cDNAs.

Figure 1. Multiple alignment of the predicted amino acid sequence 
of CmLHP1 and selected other homolog proteins in plants. GenBank 
accession numbers of all listed protein sequences are as follows: 
Cynara cardunculus var. scolymus (CcLHP1-1, KVH89325.1), 
Cynara cardunculus var. scolymus (CcLHP1-2, KVI00608.1), 
Chrysanthemum morifolium (CmLHP1b, KX398337), Chrysan-
themum morifolium (CmLHP1c, KX398338), Chrysanthemum 
morifolium (CmLHP1e, KX398340), Fragaria vesca subsp.ves-
ca (FvLHP1, XP_004307292.1), Helianthus annuus (HaLHP1, 
XP_022035403.1 ), Lactuca sativa (LsLHP1, XP_023768841.1 
), Malus domestica (MdLHP1, BAF75821.1 ), Nicotiana taba-
cum (NtLHP1, NP_001312737.1), Prunus mume (PmLHP1, 
XP_008232209.1 ), Rosa chinensis (RcLHP1, XP_024192099.1), 
Theobroma cacao (TcLHP1, EOY10372.1 ). Identical amino acids 
are shown in black (represents amino acid 100% identity), simi-
lar in gray (represents amino acid identity > 70%). The conserved 
regions of CD, CSD are indicated by gray boxes and underlines for 
the conserved region of NLS (14, 15, 32).
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showed that they were all members of the chromatin 
organization modifier (CHROMO) and chromo shadow 
(ChSh) superfamilies.

Sequence analysis of the chrysanthemum CmLHP1 
homologs

An alignment of the six CmLHP1 homolog proteins 
and other plant LHP1 proteins retrieved from NCBI was 
performed using ClustalW and was further refined ma-
nually. Then, we constructed a phylogenetic tree with 
MEGA 5.0 software using the neighbor-joining method. 
The phylogenetic analysis revealed that the CmLHP1 
homologs compose a small clade and have the closest 
relationship with LsLHP1 (Fig. 2a).

A conserved motif analysis demonstrated that all 
these proteins included the chromo shadow domain 
(CSD), chromodomain (CD), hinge region 1 (HR1), 
hinge region 2 (HR2), and nuclear localization signal 3 
(NLS3) motif (Fig. 2b). The CD, CSD and NLS3 were 
clearly more conserved than HR1 or HR2 (Fig. 2b). The 
sequence variation among these proteins is primarily 
located in the nonconserved region at the N-terminus 
and in the HR with low conservation.

Protein secondary structure prediction of the chry-
santhemum CmLHP1 homologs

The secondary structure of a protein mainly refers 
to the structure of the main peptide chain under the in-
fluence of hydrogen bonding, with regular curling and 
folding forming a periodic structure in the one-dimen-
sional direction. Analysis of secondary structures aids 
in the study of the functions of proteins. The results re-
vealed that the secondary structures of the six CmLHP1 
homologs were composed of 21.85%-25.26% α-helices, 
62.63%-67.35% random coils, 7.38%-8.51% extended 
strand structures, and 3.08%-3.61% β-turns. These re-
sults indicate that the CmLHP1 homolog proteins are 
mixed proteins.

Expression pattern of the chrysanthemum CmLHP1 
homologs

To elucidate the CmLHP1 homologs expression 
patterns in chrysanthemum, qRT-PCR experiments 
were carried out to detect the expression levels of the 
CmLHP1 homologs. First, we investigated the expres-
sion levels of the CmLHP1 homologs in different tis-
sues of JBD. The results showed that all the genes were 
expressed in different tissues and were highly expressed 
in the buds, followed by the leaves and the shoot apexes 
(Fig. 3a). The homology with the highest expression in 
the buds was CmLHP1e, the homology with the lowest 
expression in the buds was CmLHP1c, and the homolo-
gy with moderate expression in the buds was CmLHP1b 
(Fig. 3a). qRT-PCR reactions were also performed to 
compare the expression patterns of these three genes in 
the inflorescences of JBD at late developmental stages. 
Intriguingly, the expression levels of these three genes 
were downregulated from stage S1 to stage S8, with 
little expression in stage S8. The degree of the decline 
in the expression level of CmLHP1c was significantly 
greater than that of CmLHP1b and CmLHP1e (Fig. 3c). 
The CmLHP1 homologs were expressed in different 
tissues during the developmental period of chrysanthe-
mum, but they were highly expressed in the buds and 

downregulated in the late inflorescence development 
stages.

As mentioned above, the expression levels of the 

Figure 2. Phylogenetic and conserved motif analysis of LHP1-like 
proteins from chrysanthemum and selected other plant species. 
a Phylogenetic analysis of selected LHP1-like proteins using the 
neighbor-joining method with 1000 bootstrap replicates. Gen-
Bank accession numbers of all sequences are displayed following 
gene names. Species abbreviations are as follows: Cc, Cynara 
cardunculus var. scolymus; Cm, Chrysanthemum morifolium; Eg, 
Erythranthe guttata; FV, Fragaria vesca subsp.vesca; Ha, Helian-
thus annuus; Ls, Lactuca sativa; Md, Malus domestica; Me, Mani-
hot esculenta; Nn, Nelumbo nucifera; Nt, Nicotiana tabacum; Nt, 
Nicotiana tomentosiformis; Pm, Prunus mume; Pp, Prunus persica; 
Rc, Rosa chinensis; Si, Sesamum indicum; Sl, Solanum lycopersi-
cum; Tc, Theobroma cacao. b The two conserved CD and CSD 
domains and three conserved HR1, HR2, and NLS3 motifs were 
analyzed by the MEME online tool. The total height of the stack 
demonstrates the amino acid residue conservation at that position.

Figure 3. Expression patterns of CmLHP1 homolog genes in 
Chrysanthemum morifolium ‘Jin budiao’. The columns show the 
mean values of three biological replicates for each sample relative 
to the expression of the CnActin gene as a control. a Expression 
patterns of CmLHP1 homologs in different tissues. The tissues 
included roots, stems, leaves, buds, shoot apexes, and flowers. b 
Inflorescences of JBD at late developmental stages at which the ray 
florets began to enlarge (stages S1, S2, S3, S5, and S8). c Expres-
sion analysis of CmLHP1 homologs in inflorescences of JBD du-
ring the late development stages. S1-S8 indicate the development 
stage (stage 1- stage 8) of the inflorescence. d Expression patterns 
of CmLHP1 homologs in shoot apexes and leaves under different 
photoperiods including SD (short-day, 8 h light/16 h dark) and LD 
(long-day, 16 h light/8 h dark) photoperiods. Compared to that of 
LD condition, the expression level of CmLHP1b was significantly 
increased in leaf, but the expression levels of CmLHP1e was signi-
ficantly decreased in leaf. *p<0.05 (compared with LD condition).

          

a b 
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CmLHP1 homologs in leaves and shoot apexes were 
second only to the levels in the buds. To further investi-
gate the expression patterns of the CmLHP1 homologs 
under different photoperiods, we used shoot apexes and 
leaves as samples for analysis. As shown in Figure 3d, 
under different photoperiods, the expression patterns 
of CmLHP1b in the leaves and shoot apexes were dif-
ferent. Upon the transition of JBD from LD condition 
to SD condition, CmLHP1b was significantly upregula-
ted in the leaves. There was no significant change in the 
expression of CmLHP1b in the shoot apexes. Under the 
same conditions, the expression patterns of CmLHP1e 
in the leaves and shoot apexes were also different. The 
expression level of CmLHP1e in the leaves was signifi-
cantly downregulated. There was no significant change 
in the expression of CmLHP1e in the shoot apexes. 
However, under the same conditions, the expression 
patterns of CmLHP1c in the leaves and shoot apexes 
were the same; CmLHP1c expression was downregu-
lated, but the levels were not markedly different. It can 
be seen that the expression patterns of CmLHP1 homo-
logs showed divergence under different photoperiods. 
Both CmLHP1b and CmLHP1e exhibited photoperiod 
sensitivity in leaves. The difference was that the expres-
sion trends of CmLHP1b and CmLHP1e in the leaves 
were opposite. Interestingly, CmLHP1c was insensitive 
to photoperiod in both the shoot apexes and the leaves.

Overall, these results reveal that CmLHP1 homologs 
are likely to play an important role in regulating flowe-
ring time in chrysanthemum.

Subcellular localization of the six CmLHP1 homolog 
proteins

To investigate the localization of the chrysanthe-
mum CmLHP1 homolog proteins in cells, the six 
CmLHP1 homolog proteins were first predicted using 
the online CELLO server (http://cello.life.nctu.edu.
tw/). The results showed that all the proteins localized 
in the nucleus. To further determine the localization 
of the chrysanthemum CmLHP1 homologs, six fu-
sion vectors, 35S::CmLHP1a-GFP, 35S::CmLHP1b-
GFP, 35S::CmLHP1c-GFP, 35S::CmLHP1d-GFP, 
35S::CmLHP1e-GFP, and 35S::CmLHP1f-GFP, were 
used to transiently transform onion epidermal cells. As 
shown in the results of laser confocal microscopy, the 
fluorescence signals of the six chrysanthemum CmL-
HP1 proteins were strong in the cell membrane and nu-
cleus, while the fluorescence signal of the empty vector 
(35S::GFP) was strong in the cell membrane (Fig. 4), 
indicating that the six chrysanthemum CmLHP1 pro-
teins were located in the nucleus, consistent with the 
predicted subcellular localization. These results sug-
gested that the six CmLHP1 homolog proteins were 
transcription factors.

Discussion

LHP1-like genes have been verified to function as 
important regulators controlling flowering time in plants 
(14, 20, 25, 33). However, most studies have focused on 
Arabidopsis. Until now, there have been no reports on 
the functions of the LHP1 gene in chrysanthemum. The-
refore, we isolated and characterized six CmLHP1 genes 
from chrysanthemum. Multiple alignment of amino acid 

sequences showed that plant LHP1 homologs present 
low similarity, indicating that these genes have rapidly 
diverged during the evolution of plant species (Fig. 1). 
The hinge region of LHP1 is not well conserved, and 
the HR connects the CD and the CSD to facilitate ove-
rall functionality (34). Conserved motif analysis clearly 
revealed that the HR was the least conserved among all 
the motifs (Fig. 2b). However, two conserved CD and 
CSD domains, and three nuclear localization sequences 
(NLS1, NLS2 and NLS3) of the LHP1 genes were high-
ly conserved between chrysanthemum and other plant 
LHP1 homologs, which is consistent with the results of 
previous studies (15, 25, 35). It is well established that 
gene and whole-genome duplications (WGD) have in-
creased genomic complexity and diversity in the evolu-
tion of plants (36). WGD have been rampant in the evo-
lution of flowering plants. This is the reason why most 
flowering plants originate from ancestors with homo-
logous or heterologous polyploidy. Because polyploidy 
can easily generate functional divergence among homo-
logs, it can enhance the environmental adaptation of 
plant species (37). The evolution of plant LHP1 reveals 
a ‘duplication after speciation’ topology (38). There 
are only 2-4 LHP1 members in other species except 
for Asteraceae, but there are 6 LHP1 genes in chrysan-
themum, indicating that CmLHP1 homolog genes are 
highly likely to have undergone gene duplication events 
in the evolution of chrysanthemum, which is consistent 
with the gene duplication event of the CYC-like genes in 
Asteraceae (31, 39). Numerous studies have shown that 
the genetic background of chrysanthemum is complex 
and diverse. Variation due to polyploidy and aneuploidy 
is widespread in Asteraceae. The chrysanthemum JBD 

Figure 4. Subcellular localization analysis of six CmLHP1 ho-
molog proteins in onion epidermal cells. Bars=100um. Images 
are displayed as dark field, bright field and merged, with 35S:: 
GFP, 35S:: CmLHP1a-GFP, 35S::CmLHP1b-GFP, 35S:: CmL-
HP1c-GFP, 35S::CmLHP1d-GFP, 35S::CmLHP1e-GFP, and 
35S::CmLHP1f-GFP, respectively.
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in this study is a heterologous hexaploid. Intriguingly, in 
the phylogenetic analysis, the six CmLHP1 genes first 
clustered with the homolog genes of lettuce and then 
clustered with those of sunflowers into a large branch, 
which distinctly revealed an intimate genetic relation-
ship between CmLHP1 and LsLHP1. The phylogenetic 
analysis also showed that the relationship between chry-
santhemum and lettuce was closer than that between 
chrysanthemum and sunflower.

As mentioned above, NLS1, NLS2 and NLS3 are 
present in most plant LHP1 protein sequences. Consi-
dering that most plant LHP1 genes have a KKRK motif 
corresponding to SlLHP1 NLS3 (32), suggesting plant 
LHP1 homologs maybe target to the nucleus. In euka-
ryotes, the subcellular localization of proteins is very 
important for studying protein functions, as it can ini-
tially determine where the protein functions. Our data 
demonstrated that the six CmLHP1 homolog proteins 
were localized in the nucleus (Fig. 4). This reveals 
that the CmLHP1 homologs are transcription factors, 
consistent with the findings of previous studies (23).

Previous studies have shown that Arabidopsis LHP1 
is mainly expressed in the lateral roots, shoot apical 
meristems, young leaves, vascular bundles and flower 
organs (14, 20). In chrysanthemum, CmLHP1 was ex-
pressed in different tissues, consistent with what has 
been reported for Arabidopsis (14, 20, 35). Guan et al. 
revealed that the LHP1 homologs of many plants that 
are significant in plant evolution also share a conser-
ved expression pattern (35). It is worth mentioning that 
OsLHP1 (Oryza sativa) is not expressed in shoot api-
cal meristems, indicating that the function of OsLHP1 
may have diverged considerably (35). In this study, the 
expression of the CmLHP1 homologs had both redun-
dant and specific patterns, similar to those reported by 
Huang et al. (31). The CmLHP1 homologs were highly 
expressed in the buds, especially in the inflorescences 
at stage S1, when the growth of floral organs begins to 
transition into the maturation of inflorescences. Howe-
ver, the expression patterns of CmLHP1 homologs 
showed divergence under different photoperiods. Both 
CmLHP1b and CmLHP1e exhibited photoperiod sensi-
tivity in leaves. Interestingly, CmLHP1c expression was 
insensitive to photoperiod in both the shoot apexes and 
the leaves, which suggests that CmLHP1c may be an im-
portant factor in the regulation of flowering in day-neu-
tral chrysanthemum. Together, these evidences indicate 
that the CmLHP1 genes are likely to play an important 
role in regulating flowering time in chrysanthemum. In 
further research, we will use transgenic technology to 
elucidate how the CmLHP1 homologs regulate flowe-
ring time in chrysanthemum.
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