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Abstract

Chrysanthemum (Chrysanthemum morifolium Ramat.) is an economically important plant species growing worldwide. However,
its origin, especially as revealed by biogeographic and metabolomics research, remains unclear. To understand the geographic
distribution of species diversity and metabolomics in three genera (Chrysanthemum, Ajania, and Phaeostigma), geographic information
systems and gas chromatography–mass spectrometry were used in 19, 15, and 4 species respectively. China and Japan were two
potential panbiogeographic nodes and diverse hotspots of Chrysanthemum, with species richness ratios of 58.97 and 33.33%. We studied
different species from two hotspots which in similar geographical environments had closer chemotaxonomic relationships under
the same cultivation conditions based on a cluster of 30 secondary metabolites. The average distribution altitude (ADA) differed
significantly among Chrysanthemum, Ajania, and Phaeostigma in which it was 1227.49, 2400.12, and 3760.53 m.a.s.l. respectively, and the
presence/absence of ray florets (RF) was significantly correlated with ADA (−0.62). Mountain landform was an important contributor
to global Chrysanthemum diversity, playing a key role in the divergence and distribution pattern of Chrysanthemum and its allies. The
Hengduan Mountains–Qinling Mountains (HDQ) in China was a potential secondary radiation and evolution center of Chrysanthemum
and its related genera in the world. During the Quaternary glacial–interglacial cycles, this region became their refuge, and they radiated
and evolved from this center.

Introduction
Chrysanthemum (Chrysanthemum morifolium Ramat.) is
an important ornamental plant whose origin has been
explored continuously for many years [1]. However, its
origin remains to be fully elucidated. Chrysanthemum
was first cultivated in China [2, 3], and it likely originated
from the natural or artificial hybridization and long-
term artificial breeding of different wild Chrysanthemum
species [4]. Evolutionary trajectories and migration his-
tories of this genus and its allies play a vital role in the
origin of chrysanthemum.

The colors of ray florets of cultivated chrysanthemum
are very rich. However, they are relatively few in wild
Chrysanthemum species, in which they are mainly yel-
low or white–purple. The yellow species are classified
as the C. indicum group, while the white–purple species
belong to the C. zawadskii group [5]. In addition, the C.
makinoi group (species with white ray florets, including
C. rhombifolium and C. crissum) is more closely related to
the C. indicum group than the C. zawadskii group. How-
ever, gene flow between these groups needs to break

various barriers, the most important of which is geo-
graphic isolation. Therefore, the origin and evolution of
Chrysanthemum and its allies, especially in biogeography
research [6–8], are key factors in exploring the origin of
chrysanthemum.

Reconstruction of historical biogeography suggested
the origin of Chrysanthemum in Central Asia, followed
by eastward migration [9]. The relatively widespread
tetraploid form of C. indicum expanded its range south-
ward in the Pleistocene in China, most likely during the
recent or previous glacial period [10]. However, Chrysan-
themum has many members and is widely distributed
globally. Although most members of Chrysanthemum are
distributed in East Asia, some species are still distributed
in South Asia, Europe, and North America. It is difficult
to fully explain the geographic distribution pattern and
migration trajectory of these species as a result of
only eastward or southward migration. Biogeographic
research on Chrysanthemum and its related species is
largely lacking, especially in global and quantitative
investigations.
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Previous phylogenetic studies based on different genes
have shown that many members of Chrysanthemum and
Ajania are chimeric [11–14]. From the perspective of
molecular phylogeny, it has been difficult to identify
the main factors leading to the divergence of key
traits, such as ray florets and tubular florets, especially
environmental, geological, historical, and geographical
factors [15], the effects of which have not been clearly
explained.

Environmental selection is the core driving force
of biological evolution [16]; not only is it reflected in
the divergence of genes and traits, but it also has a
significant impact on secondary metabolites [17, 18].
Plants synthesize hundreds of thousands of struc-
turally diverse and lineage-, tissue-, or cell type-specific
specialized metabolites [19], and there are myriad
taxonomically restricted specialized metabolites [20].
Metabolomics provides multiple perspectives and strong
evidence for the phylogeny and evolution of Asteraceae
species, such as Lychnophorinae [21] and Vernonia [22].
The leaves and capitula of Chrysanthemum and its
related groups often have a special aromatic smell and
volatile components [23, 24]. These volatile secondary
metabolites are usually used in the study of the essential
oils, drug composition, and flavor for single species
[25–29], where the materials are often dried or subjected
to other treatments. However, there is a lack of research
on the corresponding evolutionary relationships, in
particular non-targeted metabolomics research on
untreated fresh samples based on gas chromatography–
mass spectrometry (GC–MS).

Here, through a large number of studies and spec-
imen comparisons, as well as field investigations, the
quantitative biogeography of Chrysanthemum, Ajania,
and Phaeostigma was explored based on geographic
information systems (GIS). The global diversity hotspots,
potential origin centers, and migration paths are dis-
cussed. At the same time, the main factors influenc-
ing the differentiation of key traits are analyzed by
combining the traits with environmental factors, such
as altitude and annual average rainfall. Finally, non-
targeted metabolomics research was carried out, and
the evolution of key taxonomic traits and potential
development history are comprehensively analyzed in
combination with morphological traits. In this study,
we aimed to provide novel perspectives and evidence
of the evolutionary trajectories and migration histories
of Chrysanthemum and its allies.

Results
Taxa and distribution of Chrysanthemum and its
allies
Based on the statistics and identification of herbaria
and documentations, as well as field investigations, 39
species of Chrysanthemum were identified in terms of
geographic information record (besides 24 subspecies,
varieties, and forms). There were 37 Ajania species and

seven species of Phaeostigma worldwide (Supplementary
Data Table S2). It should be emphasized that C. mori-
folium Ramat. is listed in the genus Chrysanthemum in
many studies [30–32]. Geographically, it has been artifi-
cially spread worldwide. Therefore, cultivated chrysan-
themum, artificial hybrids, and cultivars were not among
the 39 species in this study. In addition, the geographic
distribution, altitude, habitat, herbaria, and references
of each species were determined (Supplementary Data
Table S2, Supplementary Data Fig. S1).

The distribution of the three genera was affected
by the climate and vegetation types (Supplementary
Data Figs S1 and S2). Generally, they showed a three-
level transitional distribution pattern of Chrysanthemum
(humid/semi-humid) – Phaeostigma (semi-humid/semi-
arid) – Ajania (semi-arid/arid). A overlapped distribution
was observed in the transition region and boundary
area of the different climate types (Supplementary Data
Fig. S2). The global distribution of Chrysanthemum and
Ajania correlated with the rules of overall separation
and local cross. The Himalayas and the region of
southwest to northeast China were identified as a
clear dividing line. Chrysanthemum, but not Ajania,
was distributed in the southeastern part of the line,
where the vegetation is good and the climate is humid
(Supplementary Data Fig. S2).

For the three groups of Chrysanthemum, the distribu-
tion of the C. makinoi group was relatively narrow: only
in central China and south central Japan. The C. indicum
group was mainly distributed in the middle and low
latitudes of the southern extremity of the northern hemi-
sphere (south of 45◦N), while the C. zawadstii group was
mainly distributed in the middle and high latitudes of
the northern end of the northern hemisphere (north of
24◦N). The three groups only crossed each other in China
and Japan (Fig. 1). In addition, through field investigation,
we found that the C. indicum and C. zawadstii groups of
Chrysanthemum and their allies were distributions over-
lapped in central, north, and northeast China (Supple-
mentary Data Fig. S3). This breaks the barrier caused
by geographical isolation, and provides the possibility of
gene flow among related species.

The southernmost species in the white-purple group
were Chrysanthemum morii and C. horaimontanum from
the Taiwan province of China, which formed a gap
with other members of the group widely distributed
at high latitudes. Discontinuity was also observed in
the northwest corner of North America, Japan, and
many islands from the western Pacific Ocean to the
Eurasian continent (Fig. 2). However, the achenes of
Chrysanthemum have no pappus and they are difficult
to spread by wind or ocean currents. They are most
likely to spread along land bridges and the continental
shelf, which is the shortest and most effective path.
We inferred that Chrysanthemum migrated and radiated
between Eurasia and North America, as well as between
East Asia and Taiwan, Japan, and other islands and their
surrounding island chains, through land bridges and land
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Figure 1. Distributions of the C. indicum group (yellow), C. makinoi group (green), and C. zawadstii group (red) of Chrysanthemum.

White/purple ray florets group of Chrysanthemum

Ancestors of Anthemideae  

Yellow ray florets group of Chrysanthemum
Panbiogeographical nodes of white/purple ray florets group  

Panbiogeographical nodes of two groups

Migration direction
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Siberian track

East Asia-India track

Pacific glacial track

Figure 2. Generalized tracks of the global Chrysanthemum and potential panbiogeographic nodes.

formed by the sea-level decline during the Quaternary
glacial period, i.e. the Pacific glacial track (Fig. 2). For
the yellow group, the southernmost distribution area,
southern India [Dindigul, C. indicum, K (001118855)] was
discontinuous with the main distribution areas of China
and its surrounding areas. The main geographic isolation
obstacles were the Himalayas, the Hengduan Mountains

of China, and the dense jungle of northern Myanmar
(Fig. 1). Therefore, the shortest migration path was the
East Asia–India track. As for the two groups, there were
three nodes in the Central and Taiwan province of China
and Japan (Fig. 2). Among them, the central region of
China was the node with the most intersection tracks.
Therefore, the central node of China plays a crucial role
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Table 1. Species distribution and topographic features of diversity hotspots.

Hotspot Species
richness

Endemic
species
richness

Total
species
richness

Ratio of
richness (%)

Area ratio
between
hotspot and
total
distribution
area (%)

Sørenson
index (SI)

Ratio of
endemic
species
distributed
in moun-
tainous
(%)

Ratio of
endemic
species
distributed
along the
coast (%)

Ratio of
endemic
species
distributed
on small
islands (%)

Ratio of
species
living
distributed
in
stony/rocky
habitats (%)

CSNMS (C.) 23 14 39 58.97 6.23 0.17 100.00 0.00 0.00 43.47
JMISI (C.) 13 7 39 33.33 1.23 42.65 57.14 28.57 46.15
CHNMS (C.+ A.+ P.) 59 37 83 71.08 6.28 0.10 100.00 0.00 0.00 49.15
JMISI (C.+ A.+ P.) 18 11 83 21.69 0.87 36.36 54.54 18.18 44.44

Figure 3. OPLS-DA of Chrysanthemum, Ajania, and Phaeostigma based on 30 secondary metabolites.

in the migration and evolution of Chrysanthemum in the
world. It was not only an important node with the most
intersection tracks but also the geographic center of the
intersection of the two groups in the world. In addition,
the distribution patterns and discontinuous areas of
species such as C. indicum (Supplementary Data Fig. S1
a 14) and C. zawadskii (Supplementary Data Fig. S1 a 38)
show that Chrysanthemum has experienced radiation in
different directions and degrees during its evolution.

Diversity hotspots of Chrysanthemum and its
allies
There were two diversity hotspots of Chrysanthemum,
including the southwest to northeast mountains group
and surrounding areas in China (CSNMS), and the four
major islands and surrounding islands of Japan (JMISI)
(Table 1), with species richness ratios of 58.97 and 33.33%,
respectively (Table 1). China had 14 endemic species,
while Japan had 7; the Sørenson index (SI) between them
was 0.17. For the three genera Chrysanthemum, Ajania,
and Phaeostigma, there were also two hotspots in China
and Japan, respectively, and the SI was very low (Table 1).
Although the species similarity between different diver-
sity hotspots was low, there were still some species dis-
tributed in two separate hotspots, such as Chrysanthemum
indicum, C. zawadskii, C. seticuspe, and Ajania pallasiana.
The migration and radiation of these species in different
hotspots most likely occurred along the Pacific glacial
track.

Analysis of secondary metabolites
The taxa, number of peaks, and sum of peak areas based
on GC–MS of 38 species from Chrysanthemum, Ajania, and
Phaeostigma are shown in Supplementary Data Table S7.
We found that, under the same cultivation conditions,
the number of peaks and sum of peak areas of three
genera showed significant differences, among which
Ajania was the highest and chrysanthemum was the lowest
(Supplementary Data Table S7, Supplementary Data Fig.
S5). The 30 selected metabolites for PCA and cluster
analysis and their Chemical Abstracts Service numbers
(CAS) are shown in Supplementary Data Table S8. The
results of PCA indicated that the 95% confidence interval
of Chrysanthemum was completely chimeric in Ajania,
and the vector distribution trends of the two confidence
intervals were similar (Supplementary Data Fig. S4).
From this point of view, the relationship was so close
that it was difficult to distinguish them from each other.
Although the confidence interval of Phaeostigma crossed
with the former two, the proportion of crossed regions
was not high, and the vector distribution of Phaeostigma
showed a cross trend with that of Chrysanthemum and
Ajania, not parallel. Therefore, the relationship between
Phaeostigma, Chrysanthemum, and Ajania was relatively
distant.

The results of OPLS-DA are shown in Fig. 3, in which
Chrysanthemum and Ajania were separated as a whole.
However, there was still a small cross, which made
it difficult to completely separate them. Phaeostigma
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was completely separated from Chrysanthemum but
crossed with Ajania in a small area. The results were in
good agreement with those of PCA, i.e. the relationship
between Phaeostigma and Chrysanthemum was relatively
distant, while Phaeostigma and Ajania were close. Ajania
is located in the transitional region between Phaeostigma
and Chrysanthemum. The results of 200 permutations
(Supplementary Data Fig. S10) for the OPLS-DA model
indicated that the model was effective. However, the
values of R2X, R2Y, and Q2 were <0.4, so the accuracy
and stability of the model were relatively low. One of the
reasons was that the secondary metabolites themselves
were complex and diverse, and the correlation between
metabolites was relatively low, resulting in the diver-
gence of overall data between the three genera. Moreover,
the ratio of the peak area of most metabolites to the
internal standard was between 0 and 10. However, the
ratio in some species of Phaeostigma and Ajania was too
high, which led to a decrease in fitting stability.

To prevent the overall data from being too divergent
due to the high content of individual secondary metabo-
lites, the data with the ratio of metabolite peak area
to internal standard peak area ≥10 was selected as
10 in cluster analysis. There were 38 species, with a
total of 114 samples, forming six main cluster clades:
1 (Ajania (A) + Phaeostigma (P)), 2 (A + Chrysanthemum
(C) + P), 3 (A + C), 4 (C), 5 (A + P), and 6 (A + C) (Fig. 4).
Among them, the six branches had the largest number
of members, which were composed of 20 species of
Chrysanthemum and Ajania, located at the top of the
cluster. Other branches were composed of two or
three genera. The bottom of the cluster was a branch
composed of Phaeostigma ramosum and Ajania myriantha.
We analyzed the traits of the two species in depth and
found that many phenotypes of the two species were
highly similar. First, both were members of the white–
purple group, and their capitula were similar; second,
the leaves of both plants were trisegmented, and the leaf
shape, leaf texture, and indumentum were similar. The
main difference was that the degree of leaf division in
Chrysanthemum crassum was deeper (Fig. 5). The species
in some clades showed a certain geographic distribution
pattern; i.e. species with close or crossed geographic
distribution areas tended to cluster into the same or
relatively close clades, even if these species come from
different genera. For example, the members of branches 5
and 1 were all from the same region, namely HDQ, while
the top members of branch 1 were all from North and
Northeast China (NC + NEC). In addition, some smaller
branches also showed strong geographic distribution
characteristics, such as Ajania nematoloba and A. tenuifolia
(Fig. 4, red branch); they both came from Northwest
China (NWC). The location of the two samples was very
close, and the geographic environmvent was very similar.

Topographic features of diversity hotspots
In order to explore the relationship between the above
secondary metabolites and the morphology of different

species between the two hotspots in China and Japan,
as well as the reasons for diversity and species for-
mation, we conducted a DEM-based topographic analy-
sis. We found that the common geomorphological fea-
tures of Chrysanthemum (CSNMS) and the three genera
(CHNMS) diversity hotspots were the high mountains
from the southwest to the northeast of China and their
surrounding transition zones (Table 1), mainly the Heng-
duan Mountains, Qinling Mountains, Yinshan Mountains,
Taihang Mountains, and Yanshan Mountains. The differ-
ence was that the CHNMS added the Himalayas into its
range, and the regions with high diversity of the three
genera were concentrated in the Hengduan Mountains–
Qinling Mountains (HDQ), with the elevation of their
main peaks being >3000 m.a.s.l.

The species distribution hotspots in Japan were
mostly mountainous landforms (Table 1). The diversity
of Chrysanthemum and Ajania was also greatly affected
by mountainous topographic features, especially Aja-
nia, which depended particularly on high mountains.
Although some Ajania species, such as A. pacifica, A.
shiwogiku, and A. kinokumiense, were distributed along
the coast, they were still relatively close to the high
mountains in central Japan. The main difference from
the hotspots in China was that several endemic species in
Japan were distributed on the coast or surrounding small
archipelagoes, such as C. crassum (on Amami islands)
and C. okiense (on the Oki Islands), which was consistent
with the distribution of three endemic species in the
Taiwan province of China. The geographical isolation of
islands hindered the gene flow among related species
to a great extent. Besides, these relatively isolated
populations must face selection in harsher habitats to
drive their rapid evolution. The result was reflected in the
adaptation of traits and metabolites to the environment.

In addition, 92.31% of Chrysanthemum species were
found to be distributed in mountains and their sur-
rounding areas, accounting for only ∼7.60% of the total
distribution area in the world. The mountain landform
is an important factor in speciation, and plays a key role
in the evolution and distribution pattern of Chrysanthe-
mum. Furthermore, according to our field investigation
(Supplementary Data Figs S3 and S7) and document
records (Supplementary Data Table S2), ∼51.28, 45.95,
and 71.43% of species in Chrysanthemum, Ajania, and
Phaeostigma were related to stony and rocky topographies,
which play a vital role in their survival, distribution,
and speciation worldwide. This high adaptability to
rocky habitats allows them to radiate rapidly in the dry
environment during glacial periods.

Trait segregation among the three genera and
environmental factors
Although the secondary metabolites of Chrysanthemum
and its allies showed certain patterns with geographic
environment and distribution, the special branch formed
by C. rhombifolium and C. crassum indicated that there
was also a certain relationship between secondary
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Figure 4. Cluster of Chrysanthemum, Ajania, and Phaeostigma based on 30 secondary metabolites. (1–6) Major branches. Blue line, geographical
distribution of species: HDQ, Hengduan Mountains—Qinling Mountains; NC, North China; NEC, Northeast China; NWC, Northwest China; red branch,
species with close or crossed geographic distribution areas; yellow branch, species with separated and distant geographic distribution areas.
Secondary metabolites are as shown in Supplementary Data Table S8.

metabolites and traits (Fig. 4). Trait segregation is a
critical factor in species formation and genus differ-
entiation. Our PCA results based on 31 traits formed
two principal components: PC1 (27.5%) and PC2 (19.5%).
The 95% confidence intervals of Chrysanthemum, Ajania,

and Phaeostigma showed a pattern of overall separation
and partial superposition (Supplementary Data Fig. S6),
most of which indicated that there was a large distance
from Chrysanthemum and Ajania to Phaeostigma while
Ajania was close to Chrysanthemum. In PC1, the traits with
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dc

ba

Figure 5. Phenotypic comparison of plant and leaf of (a, c) Chrysanthemum
rhombifolium and (b, d) Chysanthemum crassum.

higher positive contribution rates were corolla colors of
tubular florets (CC, 0.27), lateral expansion of petiole
base (LE, 0.31) (Supplementary Data Fig. S8), leaf scar
(LS, 0.31) (Supplementary Data Fig. S9), corolla lobes of
tubular floret (CL, 0.32), leaf margin (LM, 0.31), brownish
style-branches (BS, 0.29), and lignified degree (LD, 0.24).
These were the main characteristics that distinguished
Phaeostigma from Ajania and Chrysanthemum. In addi-
tion to the absence of ray florets (RF, −0.31), Ajania
tended to be more densely compound-corymbose at
the apices of branches, have deeper indumentum and
leaf divisions, and more elegant ultimate segments than
Chrysanthemum.

We found that, in addition to the topographic features,
there were three factors—average distribution altitude
(ADA), climate type (CLT, dominated by annual aver-
age rainfall), and average distribution latitude (ADL)—
that affected the segregation of some important traits
of Chrysanthemum and related groups. A total of 67.74,
48.39, and 35.48% of the traits were significantly cor-
related (α = 0.05) with ADA, ADL, and CLT, respectively
(Fig. 6). In addition, many of the key traits used to define
the relationship and important segregation among the
three genera were significantly correlated (P < .05) with
ADA, such as RF (−0.62), CL (0.35), involucres (IV, −0.63),
LD (0.52), same color on bisexual floret and marginal
female floret (SF) (0.51), ultimate segments (or cleft teeth)
shapes (US) (0.50), capitula (CA) (0.49), leaf margin (LM)
(0.42), indumentum (ID) (0.27), and CC (0.27). In addition,
according to the previous field survey and document
statistics, the average distribution altitude of Chrysan-
themum, Ajania, and Phaeostigma was 1227.49, 2400.12,
and 3760.53 m.a.s.l., respectively (P <05). The differences
between the groups were >1000 m (Fig. 7). Therefore,

the divergence among them was significantly affected by
altitude.

CLT also affected these important traits, such as RF
(−0.36), IV (−0.36), AD (0.60), US (0.51), SC (0.43), DD (0.43),
LD (0.37), and SF (0.26). In contrast, latitude had little
effect on these important traits. There were also signif-
icant correlations among the traits (α = 0.05), and some
of the correlations were higher than .80. The statistical
results showed that RFs, the key characteristic distin-
guishing Chrysanthemum from Ajania, tended to disappear
with increasing altitude and decreasing annual average
rainfall. The divergence of these key characteristics was
directly related to the origin and evolutionary history of
Chrysanthemum and its related species.

Discussion
Feasibility and stability of metabolomic(s) for
phylogenetic and evolutionary research of
Chrysanthemum and its allies
Ajania Poljakov (Anthemideae, Asteraceae) is a sister
group closely related to Chrysanthemum, which can be
distinguished by its disciform capitula; Chrysanthemum,
on the other hand, has radiate capitula [33]. Based
on the brownish style branches, erect corolla lobes,
and microechinate pollen, Muldashev [48] separated
Phaeostigma from Ajania [49]. However, Ohashi and
Yonekura [50] included Ajania and Phaeostigma in
Chrysanthemum, because hybrids between Chrysanthe-
mum and Ajania are easy to obtain. Our results indicated
that, in terms of OPLS-DA based on 30 secondary
metabolites (Fig. 3), Chrysanthemum and Ajania were
separated from each other as a whole. However, the
results of PCA indicated that the 95% confidence
interval of Chrysanthemum was completely chimeric in
Ajania, and the vector distribution trend of the two
confidence intervals was similar through metabolomics
(Supplementary Data Fig. S4). Meanwhile, the relation-
ship between Phaeostigma and Chrysanthemum and Ajania
was relatively distant (Supplementary Data Fig. S4).
Therefore, we were conservative about whether Chrysan-
themum and Ajania should be merged into a single genus
and become two subgenera of this genus.

Metabolites are often related to adaptation of plants,
and thus are strongly subjected to natural selection,
which may drive evolutionary convergence. Moreover,
metabolic data are inherently noisy. In order to avoid the
adverse effects caused by environmental conditions, all
our materials were cultivated under the same conditions
and sampled at the same growth stage and time as far as
possible. We used liquid nitrogen to treat fresh materials
for quenching enzyme activity, while ethyl acetate was
used as the solvent and nonyl acetate as the internal
standard for GC–MS.

This method detects many secondary metabolites.
However, most of them are terpenoids, and it is difficult
to find one or two terpenoids that can be used as
taxonomically restricted specialized metabolites between
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Figure 6. Correlation matrix for 31 traits and three environmental factors of Chrysanthemum, Ajania, and Phaeostigma. ‘×’ indicates non-significant
coefficients at the α = 0.05 level. Expansions of abbreviations are shown in Supplementary Data Tables S5 and S6. Ray florets (RFs), the key
characteristic distinguishing Chrysanthemum from Ajania, tended to disappear with increasing altitude (ADA) and decreasing annual average
rainfall (CLT).

Figure 7. Distribution altitudes of Chrysanthemum, Ajania, and
Phaeostigma (P < .05).

genera to define all members of Chrysanthemum, Ajania,
and Phaeostigma. Besides, due to the high content of some
metabolites the interval was large for Phaeostigma, result-
ing in reduced model stability of OPLS-DA. In addition,
because there were too many secondary metabolites
(Supplementary Data Table S7, Supplementary Data
Fig. S5), the screening itself was subjective, which made
it difficult to fully reflect the objective facts.

However, it is worth noting that this method had good
stability and reliability in repetition and results analy-
sis, despite a certain subjectivity in the screening of 30
metabolites. Similar to previous phylogenetic studies on
Chrysanthemum and its related groups based on internal
transcribed spacers (ITSs), chloroplast DNA genes [12–
14], and single-copy nuclear genes, the cluster tree of 30
secondary metabolites indicated that a large number of
Chrysanthemum and Ajania members were chimeric and
located downstream of the cluster (Fig. 4). The coalescent
species tree inferred from six nuclear gene sequences
by Shen et al. [9] showed that C. rhombifolium and C.
crassum were gathered on a very close small branch, and
our results (Fig. 4) were consistent with this. Therefore,
although it is difficult to provide strong evidence for
phylogenetic research from our metabonomic results,
they still have reasonable reference value. Furthermore,
our cluster showed a somewhat regular geographic dis-
tribution pattern, which was similar to previous metabo-
nomic studies on several Ajania members [51]; that is,
species in similar geographic environments had closer
chemotaxonomic relationships (Fig. 5).

It is worth emphasizing that our metabolomics results
have multiple correlations and degrees of correlation
with the results of traits and biogeography (Figs 4 and 5).
We argue that this combination of metabonomics with
biogeography research can well explain the special dis-
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tribution pattern of some Chrysanthemum species and the
environmental factors driving evolution, so as to explore
the potential evolution and migration history more
comprehensively. Expanding the number of samples and
increasing biological duplication, especially for the same
species from different regions, could improve the reliabil-
ity and persuasiveness of the data. In addition, combined
with transcriptomics and genomics, our metabolomics
methods will provide more diverse and powerful evi-
dence for phylogenetic and evolutionary research.

Chrysanthemum glacial radiation hypothesis
Hybridization and allopolyploidy are considered impor-
tant mechanisms for the origin of chrysanthemum. C.
indicum, C. zawadskii, and C. nankingense are the direct
ancestors of most chrysanthemum cultivars based on
low-copy LFY gene sequences [52]. The phylogeny of cul-
tivars and wild species of the genus Chrysanthemum using
chloroplast genomes and the nuclear LEAFY gene sug-
gested that geographic and ecological factors may deter-
mine the opportunities for wild species to be involved in
the origin of the cultivars [4]. The biogeographic results
of this study demonstrated that China, Japan, and the
Korean Peninsula were the only countries and regions in
the world with crossed distributions of two different color
groups (Fig. 1). These crossed distribution areas elimi-
nate geographical isolation and provide the necessary
geographical conditions for wild Chrysanthemum species
to form new species or cultivars, and the two groups in
China have the largest crossed geographic area.

It is worth noting that clade 4 was special (Fig. 4, yellow
branch), as the only branch composed of Chrysanthemum
species. However, the distribution of the two species was
distant; one was located in China, and the other was
located in Japan. In addition, the distribution ranges of
both were very narrow. C. rhombifolium was only found
in Wushan County, Chongqing Province, while C. crassum
was only found in Amami great island and its surround-
ing islands. It should be emphasized that C. rhombifolium
was the only known species with trisegmented leaves
in China, even in the Eurasian continent. The rest of
the known species were distributed only in Japan and,
according to distance, C. crassum was at the closest
straight-line distance from C. rhombifolium among all
known species of Chrysanthemum with trisegmented
leaves in Japan. It was speculated that their common
ancestors experienced long-distance migration during
their evolution, and most likely migrated along the Pacific
glacial track or similar tracks before forming different
species and discontinuous distribution patterns.

We propose the Chrysanthemum Glacial Radiation
Hypothesis (CGRH): Chrysanthemum took the potential
node of panbiogeography in Central China (Fig. 2) as the
radiation center, radiated around it during the glacial
period, and spread and developed to East Asian islands
and North America (Fig. 1) with land bridges formed
by the decline in sea level during the glacial period. In
the interglacial period, the distribution range shrank

and formed a discontinuous distribution, and rapid
speciation occurred in the process of geographic isolation
and climate change caused by the alternating cycles of
the glacial–interglacial period. The high mountains in
Central China and its surrounding areas have become a
refuge [53] for Chrysanthemum diversity, resulting in the
preservation, continuation, evolution, and development
of Chrysanthemum species and its allies in the alternating
process of glacial–interglacial cycles.

In the Quaternary, the global continental plates were
connected very close to the current plate pattern. The
amplitude of the sea level exceeded 100 m [54]. The
average depths of the Bering Strait (with an average
water depth of ∼40 m), Tsushima Strait (50–90 m), and
Taiwan Strait (60 m) caused the current discontinuous
distribution of Chrysanthemum to be <100 m. Therefore,
it was not necessary to reach the Glacial Maximum,
which produced land or land bridges due to falling sea
levels. Our field survey results and statistics showed
that 51.28, 45.95, and 71.43% of Chrysanthemum, Aja-
nia, and Phaeostigma were related to rocky and rocky
geomorphic habitats, respectively (Supplementary Data
Table S2). Moreover, these three genera were mainly dis-
tributed in open landforms, such as coast, forest mar-
gins, thicket margins, rocky slopes, deserts, riversides,
and meadows. This high adaptability to rocky habitats
allowed them to radiate rapidly in the dry environment
during glacial periods.

Previous studies [10] have shown that the relatively
widespread tetraploid form of the C. indicum complex
expanded its range southward in the Pleistocene,
whereas diploid and other polyploid members of the
complex failed to expand their ranges at these times.
Our results indicate that C. rhombifolium (30◦N) and C.
crassum (28◦N) had very similar secondary metabolites,
formed a relatively independent clade in the cluster,
and had similar traits. It is worth emphasizing that
the former is diploid and the latter is decaploid, while
other species with trisegmented leaves in Japan are
octaploids, hexaploids, or other polyploids [34, 50].
Whole-genome duplication, or polyploidy, followed by
gene loss and diploidization, has long been recognized
as an important evolutionary force, especially in plants
[55]. These changes most likely allow organisms to
take advantage of new ecological opportunities or cope
with new environmental challenges [56, 57]. The white–
purple group, which is relatively adapted to cold and
low temperatures, radiated to the high latitudes in
the middle and north of the Eurasian continent; the
landforms in this area (now Siberia, Russia) are mostly
plains and plateaus and have relatively simple vegetation
communities. Chrysanthemum radiated rapidly in the
eastern and western directions in this area.

Potential secondary radiation center and
evolution center of Chrysanthemum and its allies
As refugia for biodiversity, mountains contribute dis-
proportionately to the terrestrial biodiversity of Earth.
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Constituting ∼25% of all land areas, mountain regions
are home to >85% of the world’s amphibian, bird,
and mammal species, many of which are entirely
restricted to mountains [58]. The high biodiversity of
certain mountainous regions reflects the interplay of
multiple evolutionary mechanisms: enhanced speciation
rates with distinct opportunities for coexistence and
persistence of lineages, shaped by long-term climatic
changes interacting with topographically dynamic
landscapes [59]. For Chrysanthemum, our results showed
that nearly 92.31% of the species were distributed in
mountains and surrounding areas, which accounted for
∼7.60% of the total distribution regions. The landforms
of the two diversity hotspots, CSNMS and JMISI, are
mostly mountainous (Table 1). Moreover, the average
distribution altitude (ADA) of Chrysanthemum, Ajania, and
Phaeostigma showed significant differences (Fig. 7), and
many key traits used to define the relationship between
genera, such as ray florets (RF) and corolla lobes of
tubular florets (CL), were significantly correlated with the
ADA (Fig. 6). Therefore, these hotspots, mainly composed
of mountain landforms, may be centers of the evolution
of Chrysanthemum and its allies, playing a key role in their
divergence and evolution.

The Hengduan Mountains–Qinling Mountains (HDQ)
region of China is the only region with crossed
distribution of three genera in the world, and pro-
vides the potential global panbiogeographic nodes of
Chrysanthemum (Fig. 2). This region is an important global
biodiversity hotspot [60], as well as the origin, cradle, and
refuge of many flora [61–63]. The local patterns of species
diversity in different habitats mirror the abundance of
these particular habitats in evolutionary history [64].
The number of species of Chrysanthemum, Ajania, and
Phaeostigma was 11, 19, and 7, respectively, accounting
for 29.73, 51.35, and 100.00% of the total richness, and
45.45, 78.95, and 71.43% of them are regionally endemic.
Previous studies have shown that the small-scale alpine
topography at low latitudes and the high altitudes at
the southern end of this region provided a refuge [53]
for Chrysanthemum and its allies during the Quaternary
glacial–interglacial cycles. This suggests that HDQ is
a refuge and potential secondary radiation center of
Chrysanthemum.

According to previous results, the ancestors of
Anthemideae are very likely to have originated from
South Central Africa [65] and to be the origin of
the Chrysanthemum group (Chrysanthemum + Ajania +
Opisthopappus) in Central Asia, followed by eastward
migration [9]. Our biogeographic results showed that
most species of Chrysanthemum are distributed in East
Asia and a few in the northwest of North America
(Figs 1 and 2), which supports the eastward migration
of Chrysanthemum. In addition, we emphasize that
these migrations experienced rapid radiation during
the Quaternary glacial period. However, our results
(Figs 1 and 2, Supplementary Data Fig. S1a) showed that
the migration and radiation of Chrysanthemum are not

in a single direction; notably, some species experi-
enced multidirectional radiation. Compared with the
topographic change, the climate change of Quaternary
glacial–interglacial cycles was more intense and had a
shorter period. We highlight that mountain landform and
environmental heterogeneity play a key role in the for-
mation, maintenance, and evolution of Chrysanthemum
species and diversity in this climate change. However, the
Quaternary has experienced several glacial–interglacial
cycles [66, 67], and we were unable to determine the
precise time that the genus Chrysanthemum originated
and began to radiate and migrate. This will require
further in-depth research and evidence to explore the
evolutionary history of Chrysanthemum.

Materials and methods
Statistics and identification of herbaria and
documentation
Over 6000 herbaria of Chrysanthemum, Ajania, and
Phaeostigma were identified from the National Plant
Specimen Resource Center of China, Chinese Virtual
Herbarium (CVH), Royal Botanic Garden Kew Herbarium
Catalogue (K), Harvard University Herbaria & Libraries
(HUH), Moscow State University Digital Herbarium (MW),
and other herbaria worldwide. Furthermore, according
to the Flora of China [29], Flora URSS [30], Flora Europaea
[31], Flora of Japan [32] (Supplementary Data Table S1),
and other documents [including but not limited to
33–39, 68–73], a two-way identification and comparison
between the records and herbaria were carried out.
According to the results, the main taxa of the three
genera (Supplementary Data Tables S2 and S3) in the
world were sorted and counted from the traditional view
of geographic speciation.

Field investigations and sampling
To ensure the accuracy of geographical information
and descriptions of the samples, we conducted a large
number of field investigations and sampling of Chrysan-
themum, Ajania, and Phaeostigma species in different areas
of China from 2016 to 2020. The sampling range included
14 provinces, autonomous regions, and municipalities,
including Yunnan, Tibet, Xinjiang, Heilongjiang, and
Inner Mongolia. The longitude and latitude ranged from
81.03◦E to 129.44◦E and 25.17◦N to N47.77◦N, respectively.
The geographic information, habitat, and morphological
characteristics of each species were investigated and
recorded. The living specimens and related vouchers
collected in this study were deposited in the China
Chrysanthemum Germplasm Conservation Center of
Nanjing Agricultural University.

Biogeography analysis based on a geographic
information system
A total of 963 global coordinate points were selected
according to geographic information records of field
investigations, herbaria, and documentations for
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biogeography analysis. Among them, 482, 399, and
82 were collected from Chrysanthemum, Ajania, and
Phaeostigma, respectively (Supplementary Data Fig. S2).
The specific geographical distribution of each species
is shown in Supplementary Data Fig. S1 and the filter
rules are shown in Supplementary Data Table S4. To
better understand the global distribution and migration
history of Chrysanthemum, the samples were divided
into the yellow ray florets group (C. indicum group)
and the white–purple group (C. zawadskii group) [13],
according to the generally separated distribution of
the two groups. Combined with geological events, the
panbiogeography analysis was carried out based on
the analysis method adopted by Moreira-Muñoz and
Muñoz-Schick [40].

To explore the global diversity and potential secondary
origin center of Chrysanthemum and its allies, the global
diversity hotspots of Chrysanthemum and three genera
(Chrysanthemum + Ajania + Phaeostigma) were analyzed
according to the species richness and distribution range.
The diversity hotspot areas were determined according
to the methods of Huang et al. [41]. Three main rules were
followed: (i) the species richness in the region exceeded
20% of the total number of species; (ii) the regions with
high species richness ratios and low area ratios were
selected to determine the diversity hotspot areas; and
(iii) based on rules (i) and (ii), the number of endemic
species was considered. The similarity of species in
different diversity hotspots was measured using the
Sørenson index (SI) using the following formula:

SI = 2c/(a + b)

where a and b are the number of species in different
hotspots, and c is the number of common species.

Furthermore, based on the results of digital elevation
model (DEM) mapping and statistics, the elevation,
geomorphology, and species distribution of diversity
hotspots were analyzed, and the potential factors of
diversity formation are discussed.

Correlation analysis based on traits and
environmental factors
Based on the differences in the characteristics of the 80
species (Supplementary Data Table S2; except Chrysan-
themum chalchingolicum, Ajania abolinii, and Chrysanthe-
mum bizarre) from the main taxa of Chrysanthemum,
Ajania, and Phaeostigma, 31 main traits [e.g. presence/
absence of ray florets (RF), degree of lignification (LD),
involucral surface (IS), and corolla colors of tubular
floret (CC)] were classified and coded (Supplementary
Data Table S5), including 13 reproductive-related traits
and 18 non-reproductive-related traits. A principal
component analysis (PCA) of 31 traits [42] was performed
to understand the evolutionary relationships among the
three genera.

Based on previous statistics on geographic information
data, the three environmental factors of altitude (ADA),

latitude (ADL), and climate type (CTL) of the distribution
area were assigned and coded (Supplementary Data
Table S6). The altitude and latitude of the distribution
were determined by the arithmetic mean value of the
upper and lower extreme values of each species, and
the climate type was mainly determined by the mean
annual precipitation [43, 44], which can be queried in the
main global distribution area of each species as the main
quantitative index. We then conducted a correlation
analysis based on trait coding and environmental factor
coding.

Non-targeted metabolomics research based on
GC–MS
A total of 38 species of Chrysanthemum (19 species),
Ajania (15 species), and Phaeostigma (4 species) which
mainly came from China and Japan were selected for
metabolomics research (Supplementary Data Table S7).
All species were preserved in the China Chrysanthemum
Germplasm Conservation Center of Nanjing Agricultural
University and grown under the same natural conditions.
In the same vegetative growth period, three mature
leaves in the middle of the stems were randomly selected
on a sunny day (9:00–11:00). After picking, they were
quickly stored in liquid nitrogen for enzyme quenching,
and then stored at −80◦C until use.

Plant leaves were frozen in liquid nitrogen and ground
into a powder. Ethyl acetate was added (1 mL per 0.2 g
tissue), and nonyl acetate was added (0.003% w/v) as
an internal standard to obtain an organic mixture [45].
Extraction was performed at 25◦C with continuous shak-
ing at 300 rpm and 25◦C for 4 hours. Then, 100–200 μl
of extract was placed in a brown injection bottle (Agi-
lent, USA) for GC–MS separation and identification of
compounds. This procedure was repeated in triplicate for
each species.

The compounds, mainly composed of terpenoids, were
analyzed using an Agilent 7000D Triple Quadrupole
GC/MS. Separation was performed on an HP-5 capillary
column (30 m × 0.25 mm i.d. × 0.25 μm thickness)
under the following conditions: high-purity helium
(He2, 99.99%) was used as the carrier gas for gas
chromatography, the carrier gas flow rate was 1 ml min−1,
split injection was used, split ratio was 5:1, and split flow
rate was 5 ml min−1. The quenching gas (2.25 ml min−1)
and back-blowing gas (3 ml min−1) were also helium, and
the flow rates were 2.25 and 3 ml min−1, respectively;
the collision gas was nitrogen with a flow rate of
1.5 ml min−1 and the injection port temperature was set
to 260◦C, which was the best temperature obtained by
the orthogonal test. The injection volume of the extract
was 1 μl. Qualitative analysis of the compounds was
performed using the Agilent MassHunter qualitative
analysis workflow BO8.00 and Agilent MassHunter
Qualitative Analysis Navigator BO8.00. Quantification
was performed as previously described [46, 47].

To elucidate the evolutionary relationship of the three
genera from the identified metabolites, the following
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screening rules and analysis methods were adopted:
(i) priority was given to the chromatographic peaks
with a qualitative matching score ≥90 and accurate
identification; (ii) on the basis of rule (i), the top 10
chromatographic peaks with peak area from large to
small of each species were selected for quantitative
analysis; (iii) on the basis of meeting rule (ii), the
top 30 metabolites with high frequency and high
diversity in all the tested samples (38 species, a total
of 114 samples) were selected for quantitative analysis.
The analysis mainly included PCA, orthogonal partial
least-squares discriminant analysis (OPLS-DA), and
cluster analysis based on the ratio of the peak area
of target metabolites to the peak area of the internal
standard.

Statistical analysis
For the distribution altitude of each species (including
subspecies, varieties, and forms) (Supplementary Data
Table S2), the maximum, minimum, and average values
of the distribution altitude recorded in documentation
or field investigations were used as the statistical data
set. When there was no specific elevation in the doc-
umentation, the value was estimated according to the
geographic range of distribution. If the value could not be
estimated, statistical analysis was not carried out. Due
to the lack of relevant records in some areas, extreme
values and the complete range of distribution latitude
were regarded as the latitude distribution range in the
latitude analysis. Origin 2019 (OriginLab, USA) and SPSS
25.0 (IBM, USA) were used for statistical analysis of the
data set. Because the number of species in the three
genera was different and did not conform to the normal
distribution, an independent samples non-parametric
test (Kruskal–Wallis test and Jonckheere–Terpstra test)
was used for significance analysis (P < .05). ArcGIS 10.5
(Esri USA) and the GCS-WGS-1984 coordinate system
were used for vector mapping. Google’s global satellite
vector layer and DEM using Shuttle Radar Topography
Mission 3 (SRTM 3, NASA and NIMA, USA) were used for
mapping analysis. PCA was performed using Origin 2019
(OriginLab, USA), while correlation analysis and cluster
analysis were performed using R 3.6.1 (R Core Team,
2016). OPLS-DA was performed with SIMCA 14.1 (Umet-
rics Inc., Kinnelon, NJ, USA) software for 200 permutation
fittings.

Acknowledgements
This work was financially supported grants from National
Natural Science Foundation of China (31730081,
32001354, 31872149), The National Key Research and
Development Program of China (2019YFD1001500,
2018YFD1000401), the China Postdoctoral Science Foun-
dation (2019 M661871), the earmarked fund for Jiangsu
Agricultural Industry Technology System, and a project
funded by the Priority Academic Program Development
of Jiangsu Higher Education Institutions.

Author contributions
X.C. planned and designed the research, conducted the
fieldwork, sampling and data collection, carried out anal-
yses, and wrote the initial draft. Y.J. and W.Z. participated
in GC–MS tests. H.W., J.J., and F.C. revised manuscript. F.C.
planned the research.

Data availability
The data underlying this article are available in the arti-
cle and in its online supplementary material.

Conflict of interest
The authors declare that they do not have any possible
conflicts of interest.

Supplementary data
Supplementary data is available at Horticulture Research
online.

References

1. Chen JY. The Origin of Garden Chrysanthemum. Hefei: Anhui Sci-
ence and Technology Press; 2012.

2. Su J, Jiang J, Zhang F et al. Current achievements and future
prospects in the genetic breeding of chrysanthemum: a review.
Hortic Res. 2019;6:109.

3. Hirakawa H, Sumitomo K, Hisamatsu T et al. De novo whole-
genome assembly in Chrysanthemum seticuspe, a model species
of Chrysanthemums, and its application to genetic and gene
discovery analysis. DNA Res. 2019;26:195–203.

4. Ma YP, Zhao L, Zhang WJ et al. Origins of cultivars of Chrysanthe-
mum—evidence from the chloroplast genome and nuclear LFY
gene. Acta Phytotaxon Sin. 2020;58:925–44.

5. Liu PL, Wan Q, Guo YP et al. Phylogeny of the genus Chrysanthe-
mum L.: evidence from single-copy nuclear gene and chloroplast
DNA sequences. PLoS One. 2012;7:e48970.

6. Põlme S, Bahram M, Kõljalg U et al. Global biogeography of Alnus-
associated Frankia actinobacteria. New Phytol. 2014;204:979–88.

7. Janssens SB, Vandelook F, de Langhe E et al. Evolutionary dynam-
ics and biogeography of Musaceae reveal a correlation between
the diversification of the banana family and the geological
and climatic history of Southeast Asia. New Phytol. 2016;210:
1453–65.

8. Pérez-Escobar OA, Chomicki G, Condamine FL et al. Recent origin
and rapid speciation of Neotropical orchids in the world’s richest
plant biodiversity hotspot. New Phytol. 2017;215:891–905.

9. Shen CZ, Zhang CJ, Chen J et al. Clarifying recent adaptive
diversification of the Chrysanthemum-group on the basis of an
updated multilocus phylogeny of subtribe Artemisiinae (Aster-
aceae: Anthemideae). Front Plant Sci. 2021;12:648026.

10. Li J, Wan Q, Guo YP et al. Should I stay or should I go: bio-
geographic and evolutionary history of a polyploid complex
(Chrysanthemum indicum complex) in response to Pleistocene
climate change in China. New Phytol. 2014;201:1031–44.

11. Sanz M, Vilatersana R, Hidalgo O et al. Molecular phylogeny
and evolution of floral characters of Artemisia and allies
(Anthemideae, Asteraceae): evidence from nrDNA ETS and ITS
sequences. Taxon. 2008;57:1–13.

D
ow

nloaded from
 https://academ

ic.oup.com
/hr/article/doi/10.1093/hr/uhac153/6633019 by guest on 25 April 2024

https://academic.oup.com//article-lookup/doi/10.1093//uhac153#supplementary-data
https://academic.oup.com//article-lookup/doi/10.1093//uhac153#supplementary-data


Chen et al. | 13

12. Zhao HB, Chen FD, Chen SM et al. Molecular phylogeny of
Chrysanthemum, Ajania and ITS allies (Anthemideae, Asteraceae)
as inferred from nuclear ribosomal ITS and chloroplast trnL-F
IGS sequences. Plant Syst Evol. 2010;284:153–69.

13. Huang Y, An YM, Meng SY et al. Taxonomic status and phy-
logenetic position of Phaeostigma in the subtribe Artemisiinae
(Asteraceae). J Syst Evol. 2017;55:426–36.

14. Sandel B, Weigelt P, Kreft H et al. Current climate, isolation and
history drive global patterns of tree phylogenetic endemism.
Glob Ecol Biogeogr. 2020;29:4–15.

15. Ye Z, Yuan JJ, Zhen Y et al. Local environmental selection and lin-
eage admixture act as significant mechanisms in the adaptation
of the widespread east Asian pond skater Gerris latiabdominis to
heterogeneous landscapes. J Biogeogr. 2020;47:1154–65.

16. Moore BD, Andrew RL, Kulheim C et al. Explaining intraspecific
diversity in plant secondary metabolites in an ecological con-
text. New Phytol. 2013;201:733–50.

17. Agrawal AA, Petschenka G, Bingham RA et al. Toxic cardeno-
lides: chemical ecology and coevolution of specialized plant–
herbivore interactions. New Phytol. 2012;194:28–45.

18. Pichersky E, Lewinsohn E. Convergent evolution in plant special-
ized metabolism. Annu Rev Plant Biol. 2011;62:549–66.

19. Leong BJ, Lybrand DB, Lou YR et al. Evolution of metabolic
novelty: a trichome-expressed invertase creates specialized
metabolic diversity in wild tomato. Sci Adv. 2019;5:eaaw3754.

20. Martucci MEP, Loeuille B, Pirani JR et al. Comprehensive
untargeted metabolomics of Lychnnophorinae subtribe (Aster-
aceae: Vernonieae) in a phylogenetic context. PLoS One. 2018;
13:e0190104.

21. Gallon ME, Monge M, Casoti R et al. Metabolomic analysis applied
to chemosystematics and evolution of megadiverse Brazilian
Vernonieae (Asteraceae). Phytochemistry. 2018;150:93–105.

22. Uehara A, Nakata M, Uchida A et al. Chemotaxonomic consid-
eration of flavonoids from the leaves of Chrysanthemum arcticum
subsp. arcticum and yezoense, and related species. Biochem Syst
Ecol. 2017;73:11–5.

23. Yang L, Nuerbiye A, Cheng P et al. Analysis of floral volatile
components and antioxidant activity of different varieties of
Chrysanthemum morifolium. Molecules. 2018;22:1790.

24. Zhu Y, Zhang LX, Zhao Y et al. Unusual sesquiterpene lactones
with a new carbon skeleton and new acetylenes from Ajania
przewalskii. Food Chem. 2010;118:228–38.

25. Usami A, Nakahashi H, Marumoto S et al. Aroma evaluation of
Setonojigiku (Chrysanthemum japonense var. debile) by hydrodistil-
lation and solvent-assisted flavour evaporation. Phytochem Anal.
2014;25:561–6.

26. Liang JY, Guo SS, You CX et al. Chemical constituents and insec-
ticidal activities of Ajania fruticulosa essential oil. Chem Biodivers.
2016;13:1053–7.

27. Liang JY, Xu J, Shao YZ et al. Chemical constituents from
the aerial sections of Ajania potaninii. Biochem Syst Ecol. 2019;
84:64–6.

28. Ryu J, Nam B, Kim BR et al. Comparative analysis of phyto-
chemical composition of gamma-irradiated mutant cultivars of
Chrysanthemum morifolium. Molecules. 2019;24:3003.

29. Shih C, Fu GX. Flora of China, Vol. 76, Division 1. Beijing: The
Science Publishing Company; 1983: In Chinese.

30. Academiae Scientiarum URSS. Flora URSS, Vol. XXVI. Leningrad:
Mocqua. 1961;364–411 In Russian.

31. Tutin TG, Heywood VH, Burges NA et al. Flora Europaea, Vol. 4.
Cambridge: Cambridge University Press, 1976, 168–9.

32. Ohwi J. Flora of Japan. Shibundo, Tokyo, 1956, 1182–8. [In
Japanese.]

33. Poljakov PP. Duo genere novae fam. Compositae. Not Syst Herb Inst
Bot Akad Sci URSS. 1955;17:418–31.

34. Nakata M, Tanaka R, Taniguchi K et al. Species of wild
chrysanthemums in Japan: cytological and cytogenetical
view on its entity. Acta Phytotaxon Geobot. 1987;38:241–59
[In Japanese].

35. Kitamura S. Report on the distribution of the wild chrysan-
themums of Japan. Acta Phytotaxon Geobot. 1967;22:109–37
[In Japanese].

36. Sonboli A, Olanj N, Mozaffarian V et al. Ajania semnanensis sp. nov.
(Asteraceae-Anthemideae), from Northeast Iran: insights from
karyological and micromorphological data. Nord J Bot. 2013;31:
590–4.

37. Zhao LQ, Yang J, Niu JM et al. Chrysanthemum zhuozishanense
(Compositae), a new species in section Chrysanthemum from
Inner Mongolia, China. Novon (St Louis). 2014;23:255–7.

38. Chen JT, Zhong J, Shi XJ et al. Chrysanthemum yantaiense, a rare
new species of Asteraceae from China. Phytotaxa. 2018;374:
92–6.

39. Meng S, Wen L, Shen C. Chrysanthemum bizarre, a new species
of chrysanthemum from Hunan. China Phytotaxa. 2020;442:
215–24.

40. Moreira-Muñoz A, Muñoz-Schick M. Classification, diversity, and
distribution of Chilean Asteraceae: implications for biogeogra-
phy and conservation. Divers Distrib. 2007;13:818–28.

41. Huang J, Chen B, Liu C et al. Identifying hotspots of endemic
woody seed plant diversity in China. Divers Distrib. 2012;18:
673–88.

42. Jardine EC, Thomas GH, Forrestel EJ et al. The global distribu-
tion of grass functional traits within grassy biomes. J Biogeogr.
2020;47:553–65.

43. Williams CA, Albertson JD. Dynamical effects of the statistical
structure of annual rainfall on dryland vegetation. Glob Chang
Biol. 2006;12:777–92.

44. Guo Q, Hu Z, Li S et al. Spatial variations in above-
ground net primary productivity along a climate gradient in
Eurasian temperate grassland: effects of mean annual precip-
itation and its seasonal distribution. Glob Chang Biol. 2012;18:
3624–31.

45. Jiang Y, Ownley BH, Chen F. Terpenoids from weedy rice-
field flatsedge (Cyperus iria L.) are developmentally regulated
and stress-induced, and have antifungal properties. Molecules.
2018;23:3149.

46. Chen F, Tholl D, D’Auria JC et al. Biosynthesis and emission of
terpenoid volatiles from Arabidopsis flowers. Plant Cell. 2003;15:
481–94.

47. Chen F, al-Ahmad H, Joyce B et al. Within-plant distribution and
emission of sesquiterpenes from Copaifera officinalis. Plant Physiol
Biochem. 2009;47:1017–23.

48. Muldashev AA. A new genus Phaeostigma (Asteraceae) from the
East Asia. Botanischeskii Zhurnal. 1981;66:584–8.

49. Bremer K, Humphries CJ. Generic monograph of the Aster-
aceae–Anthemideae. Bull Nat Hist Mus London (Botany). 1993;23:
71–177.

50. Ohashi H, Yonekura K. New combinations in Chrysanthemum
(Compositae–Anthemideae) of Asia with a list of Japanese
species. J Japanese Bot. 2004;79:186–95.

51. Shi ZN, Wu HR, Pang XY et al. Secondary metabolites from Ajania
salicifolia and their chemotaxonomic significance. Biochem Syst
Ecol. 2017;70:162–7.

52. Ma YP, Chen MM, Wei JX et al. Origin of Chrysanthemum
cultivars – evidence from nuclear low-copy LFY gene sequences.
Biochem Syst Ecol. 2016;65:129–36.

D
ow

nloaded from
 https://academ

ic.oup.com
/hr/article/doi/10.1093/hr/uhac153/6633019 by guest on 25 April 2024



14 | Horticulture Research, 2022, 9: uhac153

53. Chen X, Wang H, Yang X et al. Small-scale alpine topog-
raphy at low latitudes and high altitudes: refuge areas of
the genus Chrysanthemum and its allies. Hortic Res. 2020;
7:184.

54. Rohling EJ, Foster GL, Grant KM et al. Sea-level and deep-sea-
temperature variability over the past 5.3 million years. Nature.
2014;508:477–82.

55. Jiao Y, Wickett NJ, Ayyampalayam S et al. Ancestral poly-
ploidy in seed plants and angiosperms. Nature. 2011;473:
97–100.

56. Schranz EM, Mohammadin S, Edger PP. Ancient whole genome
duplications, novelty and diversification: the WGD radiation lag-
time model. Curr Opin Plant Biol. 2012;15:147–53.

57. Huang CH, Zhang C, Liu M et al. Multiple polyploidization events
across Asteraceae with two nested events in the early his-
tory revealed by nuclear phylogenomics. Mol Biol Evol. 2016;33:
2820–35.

58. Rahbek C, Borregaard MK, Colwell RK et al. Humboldt’s enigma:
what causes global patterns of mountain biodiversity? Science.
2019;365:1108–13.

59. Rahbek C, Borregaard MK, Antonelli A et al. Building moun-
tain biodiversity: geological and evolutionary processes. Science.
2019;365:1114–9.

60. Xing Y, Ree RH. Uplift-driven diversification in the Hengduan
Mountains, a temperate biodiversity hotspot. Proc Natl Acad Sci
USA. 2017;114:E3444.

61. Zhang DC, Zhang YH, Boufford DE et al. Elevational patterns of
species richness and endemism for some important taxa in the
Hengduan Mountains, southwestern China. Biodivers Conserv.
2009;18:699–716.

62. Shrestha N, Wang Z, Su X et al. Global patterns of rhododendron
diversity: the role of evolutionary time and diversification rates.
Glob Ecol Biogeogr. 2018;27:913–24.

63. Ding WN, Ree RH, Spicer RA et al. Ancient orogenic and
monsoon-driven assembly of the world’s richest temperate
alpine flora. Science. 2020;369:578–81.

64. Zobel M, Otto R, Laanisto L et al. The formation of species pools:
historical habitat abundance affects current local diversity. Glob
Ecol Biogeogr. 2011;20:251–9.

65. Mandel JR, Dikow RB, Siniscalchi CM et al. A fully resolved
backbone phylogeny reveals numerous dispersals and explosive
diversifications throughout the history of Asteraceae. Proc Natl
Acad Sci USA. 2019;116:14083–8.

66. Sheldon ND. Quaternary glacial-interglacial climate cycles in
Hawaii. J Geol. 2006;114:367–76.

67. Shi X, Yao Z, Liu Q et al. Sedimentary architecture of the Bohai
Sea China over the last 1 Ma and implications for sea-level
changes. Earth Planet Sci Lett. 2016;451:10–21.

68. Ren L, Sun J, Chen S et al. A transcriptomic analysis of Chrysan-
themum nankingense provides insights into the basis of low tem-
perature tolerance. BMC Genomics. 2014;15:844.

69. Boufford DE. Fumaria. In: Flora of North America Editorial Com-
mittee (eds.) Flora of North America North of Mexico, Vol. 19. New
York and Oxford. [Online] http://beta.floranorthamerica.org/
Fumaria.

70. Hooker JD. Flora of British India (Volume III), LXXVIII. Composi-
tae. 1882, 310–5.

71. Anderberg AA et al. The families and genera of vascular plants
(Kubitzki K). In: VIII (Kadereit JW & Jeffrey C) Flowering Plants.
Eudicots: Asterales. Berlin: Springer, 8, 2007,357–8.

72. Shih C, Peng GF, Zhang SQ et al. Two new species of the genus
Dendranthema (DC.) des Moul. from China. Acta Phytotaxon Sin.
1999;37:598–600.

73. Shih C. A revision of Ajania potaninii (Krasch.) Poljak. group
(Compositae). Acta Phytotaxon Sin. 1994;32:365–8. [In Chinese
with English abstract].

D
ow

nloaded from
 https://academ

ic.oup.com
/hr/article/doi/10.1093/hr/uhac153/6633019 by guest on 25 April 2024

http://beta.floranorthamerica.org/Fumaria

	Biogeographic and metabolic studies support a glacial radiation hypothesis during Chrysanthemum evolution
	Introduction
	Results
	Discussion
	Materials and methods
	Acknowledgements
	Author contributions
	Data availability
	Conflict of interest
	Supplementary data


