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Abstract: Chrysanthemum morifolium cv. ‘Huaihuang’ has great medicinal and commercial value. However, limited genomic
and transcriptional information restricts the further research of ‘Huaihuang’ In this study, using ‘Huaihuang’ leaf as the
sample, we performed RNA-Seq and obtained numerous unigene sequences for functional characterization, and developed
new EST-SSR markers. The results show that 176 unigenes were assigned to the ‘antioxidant activity’ in GO annotations,
998 unigenes were assigned to ‘Secondary metabolite biosynthesis, transport and catabolism’ in the KOG database, 381
unigenes were assigned to ‘Biosynthesis of other secondary metabolites, and 377 unigenes were assigned to ‘Metabolism of
terpenoids and polyketides’ in the KEGG database. A number of genes involved in the biosynthesis of flavones and terpenes,
such as CHS, CHI, FLS, HMGR and M VD, were found in the transcription data of ‘Huaihuang’ Also, 36 new polymorphic
EST-SSR markers were developed and validated. Using them, the genetic diversity was analyzed and a dendrogram of six
clades was constructed among 15 medicinal chrysanthemum varieties. The excavated unigenes and identified new EST-
SSR markers will provide useful resources for the study of biosynthesis of active components, genetic diversity analysis,
population structure identification and in molecular breeding research of ‘Huaihuang’ and related species.
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INTRODUCTION

Chrysanthemum morifolium Ramat. is a perennial
herb and flowering plant in the Asteraceae family, and
globally, it is the second most commercially valuable
ornamental species after rose [1,2]. The plant originates
from Asia and northeastern Europe, most species origi-
nate are from East Asia, and the center of diversity is
in China [3]. Medicinal chrysanthemum ‘Huaihuang’
cultivated in the Jiaozuo area of Henan Province has
along history and is a well-known medicinal plant of
China. ‘Huaihuang’ not only has aesthetically pleas-
ing traits, including beautiful flowers and a pleasant
smell, it also contains multiple active components
and trace elements, such as flavonoids, organic acids,
volatile oils, amino acids and carbohydrates, and it is
thought to “improve eyesight, purge liver toxins and
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dispel heat” [4]. However, the genetic background,
evolutionary origin and transcriptional information
of ‘Huaihuang’ are still unknown.

There is a long history of the use of active compo-
nents from plants in the treatment of diseases. Flavonoids,
as a type of active component, have been widely studied
[5] and possess a variety of presumed health-promoting
functions, such as antioxidative, antiinflammatory,
anticancer and antiviral activities, prevention of osteo-
porosis, inhibition of alcohol addiction disorder, and
protection of the cardiovascular system and the liver
[6-9]. Terpenoids are also important active components
in Chinese traditional herbs. For example, catalpol from
Rehmannia glutinosa has a neuroprotective effect [10],
andrographolide is a potential cancer therapeutic agent
[11], and artemisinin in Artemisia carvifolia has a rapid-
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acting effect on falciparum malaria [12]. Therefore, it is
of great significance to excavate the genes involved in the
biosynthesis of flavonoids and terpenes in ‘Huaihuang’
for further understanding of the mechanism of synthesis
of these classes of compounds.

Transcriptome deep sequencing not only provides
comprehensive information of the plant genome, but
also contributes to the development of numerous
unigene-based simple sequences repeat (SSR) mark-
ers [13,14]. Recent progress in RNA-seq technology
and bioinformatics has opened up a new pathway for
genetic research [15,16]. Compared to other molecular
markers such as ISSR, RAPD, AFLP and SNP, SSR
markers are more suitable for use in genetic linkage
analysis, molecular breeding, genetic diversity analysis,
and in the determining the location of target genes
[17,18]. SSR markers are identified from entire genomic
sequences while expressed sequence tags (EST) are
derived from coding sequences. EST-SSR markers
can be directly used to obtain the gene expression
information of an organ or tissue at a certain period
[19,20]. Furthermore, EST-SSR markers are charac-
terized by abundant information, co-dominance and
site-specificity and can effectively excavate genes [21].
At present, EST-SSR markers have been acquired and
utilized in Neottopteris nidus [22], Amentotaxus [23],
Amorphophallus [24] and Apium graveolens L. [25]. As
regards chrysanthemum, available EST-SSR markers
based on the transcriptome are rare. Two species of
chrysanthemum, C. nankingense [26] and C. lavanduli-
folium [27], have been sequenced using Illumina HiSeq™
2000. Twenty new EST-SSR markers were identified
only in ornamental C. nankingense. Considering the
existence of multiple varieties and the complicated
genetic background of chrysanthemum, the available
20 EST-SSR markers are not enough. Moreover, EST-
SSR markers for medicinal chrysanthemum have not
been identified yet. Therefore, to enrich the resource
of available EST-SSR markers in chrysanthemum,
the development of transcriptome deep sequencing
and EST-SSR markers in medicinal chrysanthemum
‘Huaihuang’ is essential. The transcriptome information
would provide valuable information for exploring the
key biosynthetic genes of primary active components
in chrysanthemum, and EST-SSR markers obtained
by RNA-seq would provide references for later studies
and the construction of chrysanthemum fingerprint
maps, gene mapping and molecular breeding.
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In the present study, the transcriptome data of the
medicinal chrysanthemum ‘Huaihuang’ were obtained
using the Illumina HiSeq4000 paired-end sequencing
platform. In addition, we developed new EST-SSR
markers (distinct from those of C. nankingense) from
transcriptome sequencing of ‘Huaihuang, which were
used to assess the genetic diversity and population
structure of 15 medicinal chrysanthemum varieties.

MATERIALS AND METHODS

Plant material

The medicinal chrysanthemum cultivar ‘Huaihuang’
and 14 other medicinal chrysanthemum individuals
(Supplementary Table S1) were used in this study. The
15 varieties are from the Germplasm Resource Nursery
(Wen County Institute of Agricultural Science, China)
of the Engineering Technology Research Center of
Nursing and Utilization of Genuine Chinese Crude
Drugs in Henan Province, Henan Normal University,
China. Plants were grown in a 1:1 mixture of peat and
vermiculite in greenhouses. The cultured conditions
were a 10 h light/14 h dark light cycle, 18-22°C, 40 to
60% relative humidity, and 60 mE-s'-m™ light intensity.
‘Huaihuang’ was cultured to obtain 8-10 leaves. Leaves
3-5 below the top were removed from the plants and
then rapidly placed in liquid nitrogen and stored at
-80°C until RNA extraction. The Novogene Biologi-
cal Information Technology Company conducted the
construction of cDNA libraries and deep sequencing
of the transcriptome. RNA extraction and transcrip-
tome sequencing were performed on three biological
replicates of leaves.

RNA extraction

Total RNA was extracted from leaves using the Min-
iBEST Plant RNA Extraction Kit (TaKaRa, DaLian,
China). Agarose gels (1%) were used to detect con-
tamination or degradation of RNA. RNA purity was
checked using a NanoPhotometer spectrophotometer
(IMPLEN, CA, USA). RNA concentration was meas-
ured using a Qubit' RNA Assay Kit in a Qubit 2.0
fluorometer (Life Technologies, CA, USA). The quality
of the three RNA samples (the RNA integrity number
(RIN) 26.5, 28S5:185>1.5) was assessed using the RNA
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Nano 6000 Assay Kit of the Agilent Bioanalyzer 2100
(Agilent Technologies, CA, USA). Total RNA with
appropriate quality was subsequently used in cDNA
library construction and Illumina deep sequencing.

cDNA library construction and sequencing

Using 1.5 ug RNA per sample, the cDNA libraries were
constructed using NEBNext Ultra™ RNA Library Prep
Kit, Illumina’ (NEB, USA) according to the procedure
described by Zhong et al. [28]. Three cDNA libraries
were sequenced on an Illumina HiSeq4000 platform and
paired-end reads were generated. All reads generated
in this research are visible from the NCBI Sequence
Read Archive database [http://www.ncbi.nlm.nih.gov/
sra/] under the project accession number SRP137033.

Data filtering and de novo assembly

Following CASAVA base recognition, the resulting
image data were transformed into raw reads, and the
raw reads were stored in FASTQ format [29]. Adapt-
ers, poly-Ns, and low-quality reads were removed to
obtain clean reads by the program SeqPrep (https://
github.com/jstjohn/SeqPrep). In addition, the resulting
clean data were de novo assembled by the short read
assembly program Trinity [30]. Then, high quality
clean data were used to analyze the functional an-
notation of unigenes.

Functional annotation of unigenes

We compared the unigenes assembled with the known
public databases NCBI Nr (1e-5), euKaryotic Ortholo-
gous Groups (KOG) (1e-5), NT (1e-5), Swissprot (1e-
5), gene ontology (GO) (1e-6), Kyoto Encyclopedia
of Genes and Genomes (KEGG) (1e-10), and Pfam
(Le-5) to obtain unigene function and classification.
GO annotation information of these unigenes was
obtained from the NCBI Nr and Pfam database using
Blast2GO v2.5 [31]. Additionally, these unigenes were
classified and analyzed using the KOG database based
on eukaryote gene homology. The function of the gene
products and compounds and their metabolic pathways
involved in cells were analyzed by the KEGG database
using KAAS (KEGG Automatic Annotation Server)
[32]. The supplementary annotation files as well as
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the Trinity assembled transcripts were uploaded to
Zenodo (DOI: 10.5281/zenodo.2579584).

Detection of new EST-SSR markers and primer
design

Using MISA software (http://pgrc.ipk-gatersleben.
de/misa/misa.html), potential SSRs were found. The
mono-, di-, tri-, tetra-, penta- and hexanucleotides
with minimum repeat numbers of 10, 6, 5, 5, 5 and 5,
respectively, were picked out. The selection criteria of
primer pairs were as follows: primer length 18-24 bp,
Tm of 50-62°C, amplicon length in the range 100-400
bp. Specific primers were designed by Primer 3 software
(http://sourceforge.net/projects/primer3). The prim-
ers as well as Tm used for the 36 EST-SSR markers are
shown in Supplementary Table S4. These primers were
synthesized by GENEWIZ (SuZhou, China).

Development and validation of new EST-SSR
markers

In order to develop new EST-SSRs, a total of 15 varie-
ties of medicinal chrysanthemum were selected for
analysis of polymorphism. The young developing
leaves of each variety were used to extract their whole
genomic DNAs using the modified sodium dodecyl
sulfate (SDS) method [33]. The extracted genomic
DNA was diluted to 50 ng-uL". PCR reactions were
conducted in a 20 pL reaction volume containing
DNA (2 uL), each primer (0.5 pL), 2xTaq Master Mix
(CWBIO) (10 pL) and double-distilled water (7 pL).
The following conditions were used in each reaction:
pre-denaturing for 5 min at 94°C, followed by 35 cycles
of 30 s of denaturation at 94°C, 30 s of annealing at the
Tm of specific primers, and 30 s of extension at 72°C,
and lastly, by extension for 10 min at 72°C. Amplified
PCR products were separated on an 8% non-denaturing
polyacrylamide gels electrophoresis (PAGE) using a
vertical electrophoresis device. Detection of EST-SSR
bands was performed by silver staining [34].

The number of alleles (Na), expected heterozy-
gosity (He), observed heterozygosity (Ho), genetic
differentiation coefficient (Fst), Shannon’s information
index (I), gene flow (Nm), Nei’s genetic identity and
genetic distance of all EST-SSR loci were calculated
using POPgene ver. 1.32 [35], and the polymorphism
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information content (PIC) values were determined us-
ing PIC_CALC version 0.6 [36]. We analyzed genetic
relationships and principal coordinate analysis (PCoA)
between varieties using the NTSYS-pc 2.1 software
package. A dendrogram was constructed also using
the NTSYS-pc 2.1 software package by the unweighted
pair group method of arithmetic average algorithm
(UPGMA,; Exeter Software, Setauket, NY, USA).

RESULTS

Sequencing and de novo assembly

As shown in Table 1, the sequencing error rate was
low and the result satisfied the quality requirements
of the subsequent assembly analysis. We identified
162,252 (46.25% of transcripts) unigenes with a total
of 113,777,555 bp, and the average unigene length was
701 bp. Of the 162,252 unigenes, the length of 55,439
unigenes (34.17%) was within 1-300 bp; the length of
97,706 unigenes (60.22%) was within 301-2000 bp;
and the length of 9106 unigenes (5.61%) was more
than 2000 bp (Fig. 1A).

Table 1. Transcriptome data and assembled EST-SSRs for medici-
nal chrysanthemum ‘Huaihuang’

Category Items Number
Rawreads  Total raw read 59,556,729
Clean reads Total clean reads 57,566,460
Total clean nucleotides (G) 7.20
Q20 percentage (%) 95.16
Q30 percentage (%) 90.57
GC percentage (%) 42.80
Error (%) 0.03
Unigenes Total sequence number 162,252
Total sequence base (bp) 113,777,555
MaxLength (bp) 106,811
MinLength (bp) 201
Mean Length (bp) 701
N'50 (bp) 1093
N90 (bp) 281
EST-SSR Total number of identified SSRs 16,581
Number of SSR-containin
sequences ¢ 14,705
Number of sequences containing 1624
more than one SSR
Number of SSRs present in 657

compound formation
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Functional annotation and classification of unigenes

Of'the 162,252 unigenes, 57,890 (35.67%) were successfully
annotated in 7 databases. The success rate in Nr database
(30.07%) was the highest (Supplementary Table S2).
Functional analysis of ‘Huaihuang’ helps to understand
the function of genes and gene expression regulation.

In the Nr database, among the annotated 48,792,
19,078 (39.1%) unigenes of the sequences, 80% simi-
larity was observed (Fig. 1B). Significant homology
(<1e-15) was found between 37,960 (77.8%) unigenes
of the control sequences with entries in the Nr data-
base (Fig. 1C). Based on the Nr data base, the species
distribution of annotated unigenes was mapped and
the highest proportion of species was Vitis vinifera
(11.7%), followed by Coffea canephora (7.8%), Nicotiana
tomentosiformis (7.3%), Theobroma cacao (4.7%) and
Citrus sinensis (3.9%) (Fig. 1D).

A total of 37,239 (22.95%) unigenes were assigned
GO annotations and grouped into ‘Biological process,
‘Cellular component’ and ‘Molecular function, and
further subdivided into 56 subclasses. ‘Biological pro-
cess’ included 23 subgroups: of them, ‘cellular process’
with 20,485 unigenes was the largest, the second was
‘metabolic process’ with 19,868 unigenes, and the third
was ‘single-organism process’ with 15,024 unigenes.
The top three abundant subcategories of ‘Cellular
component’ were ‘cell; ‘cell part’ and ‘macromolecular
complex; respectively. The major proportions of the
‘Molecular function’ category belonged to ‘binding’
and ‘catalytic activity’ (Fig. 2A).

A total of 16,034 (9.88%) unigenes were assigned
into 25 KOG categories. Of these classifications, the
most frequently identified classes were ‘General func-
tion prediction only’ (3037 unigenes), followed by
‘Posttranslational modification, protein turnover,
chaperones’ (2167 unigenes), and ‘Signal transduction
mechanisms’ (1394 unigenes) (Fig. 2B).

The first level of the KEGG pathway for metabo-
lism pathways is divided into five branches: Cellular
Processes, Environmental Information Processing,
Genetic Information Processing, Metabolism, and
Organismal Systems. These five branches were di-
vided into 32 pathways at the second level. Of these
pathways, the most frequently identified were ‘Signal
transduction’ (1673 unigenes were found), followed
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by “Translation’ (1336 unigenes),
‘Carbohydrate metabolism’ (1273
unigenes), and ‘Folding, sorting
and degradation’ (1070 unigenes)
(Fig. 2C). At the third level, 14,356
unigenes were annotated into 276
KEGG pathways in a more specific
classification. Among them, the
highest number of unigenes was
observed in ‘Carbon metabolism’
(537), followed by ‘Ribosome’ (510),
and ‘Biosynthesis of amino acids’
(490) (Supplementary Table S3).

Genes involved in biosynthesis
of primary active components

Since ‘Huaihuang” has many health
promoting functions, we paid more
attention to its medicinal value and
hence the biosynthesis of primary
active components. Therefore, we
further excavated some genes re-
lated to the biosynthesis of primary
active components. Among the
‘Molecular function’ category of
GO annotations, 176 unigenes were
assigned to ‘antioxidant activity’
For KOG categories, the group
of ‘Secondary metabolite biosyn-
thesis, transport and catabolism’
(998 unigenes) was fifth among
the frequently identified classes in
‘Huaihuang’ As for the KEGG path-
way, at the second level, 381 uni-
genes were mapped to ‘Biosynthesis
of other secondary metabolites)
and 377 unigenes were mapped
to ‘Metabolism of terpenoids and
polyketides. At the third level, 241
genes were annotated in ‘Phenyl-
propanoid biosynthesis. We delved
deeper into the transcriptome data
of ‘Huaihuang’, and identified
groups of genes associated with
the biosynthesis of flavones and
terpenes, such as chalcone synthase
(CHS), chalcone isomerase (CHI),
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Table 2. Repeat units of the EST-SSRs in medicinal chrysanthemum ‘Huaihuang’

Number of repeats  Mono- Di- Tri- Tetra- Penta- Hexa- Total Percentage (%)
5 1958 143 17 8 2126 12.82
6 1447 747 16 2 3 2215 13.35
7 600 201 1 802 4.83
8 324 13 1 338 2.03
9 171 171 1.03
10 6251 86 6337 38.21
11 2198 39 2237 13.49
12 870 870 524
13 443 443 2.67
14 277 277 1.67
15 181 181 1.09
16 117 117 0.71
17 109 109 0.66
18 83 83 0.50
19 82 82 0.49
20 97 91 0.55
21 64 64 0.39
22 19 19 0.11
23 16 16 0.10
24 3 3 0.02
Total 10,804 2,667 2,919 159 19 13 16,581
Percentage (%) 65.16 16.09 18.04 0.96 0.11 0.08

The most abundant EST-SSR repeat unit was the ten tandem repeat (6337, 38.21%, in bold).

flavanone 3-hydroxylase (F3H), flavonol synthase (FLS),
anthocyanidin synthase (ANS) and dihydroflavonol
4-reductase (DFR), MYB and MYC transcription fac-
tors, 3-hydroxy-3-methylglutaryl-coenzyme A reduc-
tase (HMGR) and mevalonate decarboxylase (MVD).

Frequency and distribution of EST-SSR markers

For ‘Huaihuang, 16,581 potential EST-SSRs were found
in 14,705 unigenes, with 1624 unigenes containing
more than one EST-SSR locus. The frequency of SSRs
was 10.22%, with an average of one EST-SSR every
6.86 kbp (Table 1). As can be seen in Table 2, the most
abundant was the ten tandem repeat of the EST-SSR
(6337, 38.21%). These identified EST-SSR markers
significantly enriched the resources of available SSR
markers for the development in ‘Huaihuang’ and re-
lated species.

As di- and trinucleotide repeats are the key for de-
veloping EST-SSR markers [26,37], we further analyzed
them. Of the dinucleotide repeats, AC/GT was the most
plentiful motif (1222, 45.82%), followed by AT/AT

(743,27.86%), AG/CT (696, 26.10%), and CG/CG (6,
0.22%). Of the trinucleotide repeats, the predominant
repeat motif was ATC/ATG (643, 22.03%), followed by
AAC/GTT (581, 19.90%), ACC/GGT (570, 19.46%),
and AAG/CTT (411, 14.08%) (Table 3).

Table 3. Different repeat motifs in the medicinal chrysanthemum
‘Huaihuang’ transcriptome.

Repeat type Repeat motif Number Proportion (%)
Dinucleotide AC/GT 1,222 45.82
AG/CT 696 26.10
AT/AT 743 27.86
CG/CG 6 0.22
Trinucleotide AAC/GTT 581 19.90
AAG/CTT 411 14.08
AAT/ATT 382 13.08
ACC/GGT 570 19.46
ACG/CGT 13 0.45
ACT/AGT 67 2.30
AGC/CTG 134 4.60
AGG/CCT 95 3.25
ATC/ATG 643 22.03

CCG/CGG 23 0.79
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Development and validation of new polymorphic
EST-SSR markers

In this study, according to the screening conditions,
121 primer pairs were selected and synthesized. Among
them, 57 primer pairs amplified the expected size of
the products. To further select polymorphic primer
pairs, we performed PCR using DNA from 15 medicinal
chrysanthemum individuals as templates, followed by
8% non-denaturing PAGE. The results showed that
36 primer pairs were polymorphic. Moreover, the 36
primer pairs are new and totally different from what
has been reported [26]. These new EST-SSR markers
will greatly enrich the resources of chrysanthemum
molecular markers, and will be applicable as an effective
tool for genetic diversity and evolutionary adaptation
analysis among diverse chrysanthemum varieties.

The 36 new primer pairs were used to assess the
genetic diversity of 15 medicinal chrysanthemum
individuals. As can be seen in Table 4, 169 alleles were
detected. The number of alleles at each locus was be-
tween 2 and 8 with an average of 4.6944. The value of
Ho ranged from 0.0667 to 1.0000 with an average of
0.6352, and He was between 0.1862 and 0.8713 with
a mean of 0.6439. The PIC ranged from 0.1638 to
0.8231, with a mean of 0.5801 (>0.5), which is a mod-
erate level (Table 4). These results indicated that the
new 36 primer pairs all had high polymorphism and
could be used for the analysis of genetic diversity. Fst

Supplementary Table SI.

ranged from 0.2105 to 0.8148, with a mean of 0.4897.
This indicated that 48.97% of the total variation oc-
curred between different chrysanthemum varieties
and 51.03% between different individual plants of the
same cultivars. The high degree of genetic differentia-
tion between populations (Fst >0.25) may be due to
the long-term effects of positive artificial selection on
populations. The average Nm was 0.2651 (<1), which
indicated low gene exchange among 15 varieties of
medicinal chrysanthemum, and showed differentia-
tion of the population could be due to genetic drift.
This may be due to the variety of chrysanthemum
species in China, introduction disorders and other
factors prone to genetic drift. To analyze the degree
of genetic differentiation among different varieties,
Nei’s genetic identity and genetic distance of these
different varieties were calculated (Table 5). As shown
in Table 5, Nei’s genetic identity of these different va-
rieties ranged from 0.3178 to 1.1170, and the genetic
distance ranged from 0.1866 to 1.1462. It is clear that
the genetic background of chrysanthemum germplasm
resources is complex. The genetic distance between C.
morifolium cv. ‘Huaibai’ and other varieties was large
(and the same as C. morifolium cv. ‘Huaihuang’).

Based on the 36 new EST-SSR markers polymor-
phisms, the phylogenetic relationships of 15 medicinal
chrysanthemum varieties were analyzed. From the
dendrogram (Fig 3), these 15 medicinal chrysanthe-
mum varieties can be clearly distinguished, indicating
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Table 4. Characteristics of 36 new EST-SSR markers in medicinal chrysanthemum ‘Huaihuang’
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Primer Na Ne Ho He PIC Fst I Nm

Cm-2 2 1.2195 0.0667 0.1862 0.1638 0.8148 0.3251 0.0568
Cm-3 4 3.8136 0.7333 0.7632 0.6890 0.5030 1.3606 0.2470
Cm-6 2 1.8672 0.7333 0.4805 0.3566 0.2105 0.6572 0.9375
Cm-7 4 1.9149 0.6000 0.4943 0.4456 0.3721 0.9291 0.4219
Cm-15 2 1.3006 0.2667 0.2391 0.2044 0.4231 0.3927 0.3409
Cm-17 4 3.5714 0.6667 0.7448 0.6660 0.5370 1.3138 0.2155
Cm-20 5 3.1469 0.6667 0.7057 0.6452 0.5114 1.3630 0.2389
Cm-21 5 4.7368 0.9333 0.8161 0.7550 0.4085 1.5812 0.3621
Cm-24 4 2.2277 0.2667 0.5701 0.5115 0.7581 1.0484 0.0798
Cm-27 6 4.7872 0.8667 0.8184 0.7625 0.4522 1.6775 0.3028
Cm-31 4 3.1034 0.6667 0.7011 0.6260 0.5082 1.2474 0.2419
Cm-35 5 3.5156 0.8667 0.7402 0.6638 0.3944 1.3625 0.3839
Cm-41 4 3.3835 0.8667 0.7287 0.6563 0.3849 1.3048 0.3996
Cm-48 3 1.6245 0.4667 0.3977 0.3514 0.3931 0.7026 0.3860
Cm-49 8 6.3308 0.6667 0.8713 0.8231 0.6042 1.9509 0.1638
Cm-51 4 3.0612 0.8000 0.6966 0.6146 0.4059 1.2275 0.3659
Cm-59 6 4.1284 0.6667 0.7839 0.7227 0.5601 1.5803 0.1963
Cm-60 5 1.7928 04000 0.4575 0.4205 0.5477 0.9322 0.2064
Cm-61 6 4.0541 0.7333 0.7793 0.7129 0.5133 1.5327 0.2371
Cm-63 7 6.2500 1.0000 0.8690 0.8197 0.4048 1.8849 0.3676
Cm-64 3 2.6316 0.4000 0.6414 0.5419 0.6774 1.0222 0.1190
Cm-67 5 3.6585 0.6000 0.7517 0.6896 0.5872 1.4518 0.1758
Cm-71 3 2.7778 0.4667 0.6621 0.5632 0.6354 1.0549 0.1434
Cm-72 8 4.8387 0.8000 0.8207 0.7635 0.4958 1.7448 0.2542
Cm-81 8 2.3684 0.6000 0.5977 0.5605 0.4808 1.3515 0.2700
Cm-84 7 4.8387 0.5333 0.8207 0.7657 0.6639 1.7298 0.1266
Cm-85 6 4.6875 1.0000 0.8138 0.7542 0.3644 1.6349 0.4360
Cm-90 5 3.4884 0.9333 0.7379 0.6654 0.3458 1.3784 0.4730
Cm-91 5 2.8662 0.8667 0.6736 0.5895 0.3345 1.2173 0.4974
Cm-95 3 1.8672 0.6000 0.4805 0.4188 0.3541 0.8170 0.4561
Cm-96 5 2.7950 0.7333 0.6644 0.5975 0.4291 1.2497 0.3327
Cm-99 4 1.3196 0.1333 0.2506 0.2321 0.7248 0.5313 0.0949
Cm-102 4 2.9032 0.7333 0.6782 0.5906 0.4407 1.1794 0.3173
Cm-104 7 3.8462 0.9333 0.7655 0.7034 0.3694 1.5755 0.4268
Cm-108 3 1.7176 0.2667 0.4322 0.3697 0.6809 0.7299 0.1172
Cm-121 3 2.1127 0.3333 0.5448 0.4668 0.6835 0.8975 0.1157
Mean 4.6944 3.1821 0.6352 0.6439 0.5801 0.4897 1.2206 0.2605

Detailed information of these primers is shown in Supplementary Table S4.

Na - observed number of alleles; Ne - effective number of alleles; He — expected heterozygosity; Ho — observed heterozygosity; PIC — polymorphic
information content; Fst — genetic differentiation coefficient; I - Shannon’s information index; Nm - gene flow.

that 36 new EST-SSR markers can serve as the basis of
molecular identification of their species. The results
showed that the phylogenetic tree had six clades, namely
L, II, III, IV, V and VL. What’s more, PCoA analysis
with the 36 new EST-SSR markers showed differences
in phylogenetic relationship among the 15 medicinal
chrysanthemum varieties (Supplementary Fig. S1).

DISCUSSION

‘Huaihuang’ has long been used as an herbal medicine
in China. However, in chrysanthemum, RNA-seq
data were only available for C. nankingense [26], C.
lavandulifolium [27] and C. morifolium (Ramat.) cv.
Fall Color [38]. Available EST-SSR sequences are also
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Table 5. Nei’s genetic identity and genetic distance in different varieties of chrysanthemum.

Cvl Cv2 Cvd Cv4 CV5 CVe CV7Z CVv8 CV9 CV10 CVIil CVi2 CV13 WT1 WT2
CV1l  woe 0.5567 0.6278 0.6025 0.6083 0.5613 0.5723 0.6367 0.5594 0.6804 0.5818 0.4671 0.5686 0.4649 0.5060
CV2  0.5857 *** 0.4905 0.4898 0.4796 0.4684 0.5555 0.5301 0.5111 0.4796 0.4849 0.3949 0.4971 0.5001 0.4816
CV3  0.4655 0.7032 **** 0.6594 0.6108 0.5621 0.7083 0.5678 0.5605 0.5371 0.5734 0.4175 0.4840 0.5368 0.5169
CV4  0.5067 0.7137 0.4165 **** 0.5430 0.8298 0.5797 0.5740 0.5778 0.5963 0.5270 0.4121 0.4600 0.5636 0.6030
CV5  0.4971 0.7348 0.4929 0.6106 *°* 0.5229 0.5555 0.5701 0.5430 0.5204 0.5253 0.3178 0.4690 0.5796 0.5201
CV6  0.5775 0.7585 0.5760 0.1866 0.6485 *** 0.6163 0.5552 0.5683 0.5991 0.4960 0.3599 0.4205 0.6478 0.5963
CV7 0.5581 0.5878 0.3449 0.5453 0.5878 0.4841 **** 0.4805 0.7047 0.4902 0.4745 0.3804 0.5206 0.8020 0.5244
CV8  0.4515 0.6347 0.5660 0.5551 0.5619 0.5884 0.7330 **** 0.5845 0.5701 0.7624 0.4154 0.5424 0.6547 0.5759
CV9  0.5808 0.6712 0.5790 0.5486 0.6106 0.5651 0.3499 0.5370 **** 0.5111 0.5165 0.4121 0.5383 0.8012 0.5628
CV10 0.3805 0.7348 0.6216 0.5170 0.6531 0.5123 0.7130 0.5619 0.6712 **** 0.5556 0.4334 0.4877 0.7763 0.6915
CVI1 0.5417 0.7239 0.5561 0.6405 0.6438 0.7011 0.7456 0.2713 0.6607 0.5877 **** 0.4100 0.4921 0.8084 0.4939
CVI2 0.7612 0.9292 0.8735 0.8866 1.1462 1.0221 0.9665 0.8785 0.8866 0.8361 0.8916 **** 0.5046 1.0518 1.1170
CVI13 0.5646 0.6990 0.7257 0.7766 0.7573 0.8663 0.6527 0.6117 0.6194 0.7180 0.7091 0.6840 **** 1.0257 0.7758
WT1 0.7660 0.6929 0.6221 0.5734 0.5601 0.5232 0.4484 0.5196 0.4488 0.4601 0.4456 0.3493 0.3585 **** 0.5287
WT2 0.6812 0.7307 0.6599 0.5058 0.6537 0.5170 0.6456 0.5519 0.5748 0.5008 0.6102 0.3273 0.4603 0.6374 ****

Nei’s genetic identity — above the diagonal; genetic distance — below the diagonal.

limited for chrysanthemum species, especially for
medicinal chrysanthemum.

In the present paper, the transcriptome of medicinal
chrysanthemum ‘Huaihuang’ is reported for the first
time. There are more unigenes (162,252) assembled
in the ‘Huaihuang’ transcriptome than ornamental
C. nankingense (45,789) [26] or C. lavandulifolium
(108,737) [27]. The mean length of the unigenes (701
bp) was longer than observed in transcriptome studies
of C. lavandulifolium (349 bp) [27] and C. nanking-
ense (585 bp) [26].Various factors, such as assembly
program, parametric quantity assembly options and
species differences can be ascribed to this result.

Due to the health-promoting functions of medicinal
chrysanthemum ‘Huaihuang), our focus was on the
biosynthesis of primary active components. In the
transcriptome data, we annotated many genes related
to antioxidant, secondary and terpenoid metabolism.
Compared to ornamental C. nankingense [26], there
are more unigenes annotated into ‘antioxidant activity’
of GO annotations. Radicals are harmful compounds
produced by the oxidation reaction and have strong
oxidation properties. In physiological conditions, the
excess of radicals has a damaging effect on the organism
and is strongly associated with inflammation, cancer
and other diseases. Plant metabolites with antioxidant

activity can reduce and remove radicals, and have the
effect of delaying organism aging and preventing and
controlling diseases [39]. The group of ‘Secondary
metabolite biosynthesis, transport and catabolism’
was fifth among the identified KOG categories in
‘Huaihuang, while the same group was twelfth in C.
nankingense [26] and thirteenth in C. lavandulifolium
[27]. A number of unigenes were mapped to ‘Biosyn-
thesis of other secondary metabolites’ and ‘Metabolism
of terpenoids and polyketides’ in the KEGG metabolic
pathway. Aromatic oils and pigments produced by
plants are rich in terpenoids, which are chemical raw
materials and a source of spices with important com-
mercial value. The oxygen derivatives of monoterpenes
and sesquiterpenes have strong biological activity and
aroma, and are important raw materials in medicine,
cosmetics and food industry. Plant phenylpropanoid
substances are common in plants, and there are thou-
sands of different chemical structures, including total
flavonoids, flavonols, coumarins and tannins [40].
The discovery of genes related to the biosynthesis of
flavonoids and terpenoids will help in further studies
of the mechanism of their biosynthesis. Collectively,
these unigenes could be used to reveal the antioxida-
tive mechanism and excavate genes related to the bio-
synthesis, transport and catabolism of primary active
components. This provides a considerable amount of
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information for studying the biosynthetic pathway of
primary active components in chrysanthemum.

EST-SSR markers have widespread applications in
many areas of research such as the assessment of genetic
diversity and population structure, the development
of genetic maps, and in comparative genomics and
molecular breeding [37,41]. In this research, the fre-
quency of EST-SSR marker occurrence in ‘Huaihuang’
(1/6.86 kbp) was much higher than was obtained in
C. nankingense (1/14.7 kbp) [26]. The differences in
SSR locus frequency might be due to differences in the
minimum length of SSR repeat motifs or genome size
[42]. The identified EST-SSR significantly enriched the
resources of available SSR for marker development in
‘Huaihuang’ and related species.

Among the dinucleotide and trinucleotide repeats,
the frequency of a part of motifs was inconsistent with
those reported in C. nankingense [26]. This suggests
that the frequency may depend on species differ-
ences, SSR criteria for searching, database size, and
on the database-mining tools used in different studies
[20,43,44].

Among the six clades, clade I included CV1, CV10,
CV8 and CV11, which was consistent with previous
research [45]. C. morifolium cv. ‘Boju’ was formed by
the gradual southward migration of C. morifolium cv.
‘Huaiju’ from Henan Province to Bozhou. CV12 and
CV13 came from the same place (Wenxian, Henan,
China) and all belonged to clade II, which is consistent
with the phylogenetic relationship. Clade IV included
CV3, CV7and CV9, which is consistent with the fact
that they have the same origin (Tongxiang, Zhejiang,
China). These results are also in agreement with previ-
ous studies [45]. However, there are some exceptions,
such as clade V that included CV4, CV6, WT1 and
CV5, which may be due to the introduction of species
among different regions. CV2 and WT2 belonged to
the independent clades III and IV, respectively.

CONCLUSIONS

In this study, through RNA-Seq, a total of 162,252
unigenes was generated from ‘Huaihuang’ and 57,890
unigenes were successfully annotated into public data-
bases. A number of genes associated with the biosyn-
thesis of flavones and terpenes, such as CHS, CHI, FLS,
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F3H, ANS, DFR, HMGR and MVD, were found. The
presented findings clarify the biosynthesis process of
primary active components in ‘Huaihuang’ In addition,
36 new EST-SSR markers were successfully identified,
and were successfully used to assess the genetic diver-
sity and to construct the dendrogram of 15 medicinal
chrysanthemums varieties. These EST-SSR markers
will not only enrich the molecular marker resources in
‘Huaihuang) but can also be powerful molecular tools
for population structure and evolutionary adaptation
analysis, in genetic breeding and genetic relationship
investigations in other chrysanthemum species.
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