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Abstract Although polyphyly of Osmanthus has been
suggested by different authors, the conclusions of previous
studies have lacked robust support due to limited sampling
or a paucity of phylogenetic characters. In this study, the
phylogeny of Osmanthus was explored using sequences of
three informative chloroplast regions (psbJ-petA, rpl32-
trnL and rps16-trnQ), including all the five sections of the
genus and eight closely related genera. The results confirm
that Osmanthus, as presently circumscribed, is a polyphy-
letic group, containing three or four distinct lineages, i.e.
sect. Leiolea (lineage I), sect. Notosmanthus (lineage III),
sects. Osmanthus (excluding O. decorus), Siphosmanthus
and Linocieroides (lineage 1IV), and an uncertain lineage
including only O. decorus (lineage II). These results
emphasize that the generic delimitation within subtribe
Oleinae is in need of revision. In addition, this study found
that the four cultivar groups of sweet osmanthus formed a
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paraphyletic clade, implying that cultivated sweet osman-
thus might originate from several species.
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Introduction

The genus Osmanthus was founded by Loureiro in his
Flora Cochinchinensis in 1790, using Osmanthus fragrans
(Thunb.) Lour. as type species, which was also the only
species of the genus at that time. After the establishment of
Osmanthus, it took a considerable time for its acceptance
by taxonomists. Until the last two decades of the nineteenth
century only five species were known. Later, other species
were gradually described. Presently this genus is composed
of about 35 species in five sections (Green 1958, 1963;
Xiang and Liu 2008). The species in Osmanthus are
evergreen shrubs or trees and most of them occur in tem-
perate to subtropical parts of eastern Asia, mainly China,
and New Caledonia. One species, O. americanus, is dis-
tributed in subtropical parts of the USA and Mexico (Green
1958). Another species, O. decorus, occurs in western Asia,
Turkey and the Mediterranean region (Xiang and Liu
2008). China is inhabited by 24 species of Osmanthus and
can be considered as the center of diversity of the genus
(Xiang and Liu 2008).

The flowers of most species of Osmanthus are scented
and beautiful. Therefore, a few species of Osmanthus have
been brought into cultivation as ornamentals. Among them,
Osmanthus fragrans (sweet osmanthus) is the most well-
known. It has been recognized and cultivated for about
2,500 years and enjoys a reputation among the top ten
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traditional flowers in China. A total of 166 cultivars,
belonging to four cultivar groups, are recognized (Xiang
and Liu 2008). Osmanthus heterophyllus is another orna-
mental species with a long cultivation history, but mainly
planted in Japan (Green 1958). During the last 100 or so
years, several species from the Sino-Himalayan regions
have also been introduced into cultivation (Green 1958).
For example, O. delavayi was introduced into England
early in the nineteenth century and is now widely cultivated
in the gardens of England (Xiang and Liu 2008). In total, at
least ten species of Osmanthus are cultivated, mainly from
China (Xiang and Liu 2008).

The genus Osmanthus belongs to the subtribe Oleinae
(sensu Wallander and Albert 2000) characterized by
drupes. This subtribe includes a complex of five suppos-
edly more closely related genera, distributed mainly in the
subtropics: Osmanthus, Phillyrea, Picconia, Nestegis, and
Notelaea. Woody anatomical characters (dendritic vessel
distribution and vascular tracheids; Baas et al. 1988) and
molecular evidence (Wallander and Albert 2000) suggest
that this generic complex might be monophyletic. How-
ever, generic delimitations in this complex are very dif-
ficult morphologically and cytogenetically (Taylor 1945;
Green 1958, 1963). Molecular phylogenetics also pro-
vided little information concerning the relationships
within the complex due to limited informative characters
of sequences (Wallander and Albert 2000). In addition,
recent studies have suggested that other genera, such as
Chionanthus and Olea, might be closely related to
Osmanthus (Besnard et al. 2009). Therefore, the phylo-
genetic relationships between Osmanthus and other clo-
sely related genera remain open.

Green (1958, 1963) divided the genus Osmanthus into
five sections: Leiolea (Spach) P. S. Green, Siphosmanthus
Franch., Linocieroides P. S. Green, Notosmanthus P.
S. Green, and Osmanthus. This classification is widely used
(Xiang and Liu 2008), but the intersectional relationships
are a matter of controversy. In 1929, Stapf considered that
the cylindrical corolla tube of O. suavis and O. delavayi
(sect. Siphosmanthus) was sufficiently distinct to warrant
generic recognition, separating them as genus Siphonos-
manthus. The North American O. americanus (sect. Leio-
lea) has also been treated as a distinct genus, first by
Rafinesque in 1838 as the genus Cartrema and then by
Small, nearly 100 years later, as the genus Amarolea. Two
members of sect. Notosmanthus in the Southern Hemi-
sphere, differing in their inflorescence characters from
other sections, were once segregated in a resurrected genus
Nestegis Raf. [Gymnelaea (Endl.) Spach] (Johnson 1957).
Johnson (1957) suggested that Osmanthus might be a
polyphyletic group, which was supported by woody anat-
omy and phytochemical constituents (Baas et al. 1988;
Jensen et al. 2002). By using two chloroplast genomic
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regions, Wallander and Albert (2000) also indicated that
Osmanthus might be a polyphyletic group. However, the
notion that Osmanthus might be polyphyletic lacked robust
support as the number of Osmanthus species included was
limited in these studies and the results of Wallander and
Albert (2000) were complicated by the low resolution of
DNA sequences. In contrast, based on chloroplast marK
sequences, Yang et al. (2009) suggested that Osmanthus
could be a monophyletic group. But this result is of limited
value because only three sections of Osmanthus and two
related genera (Olea and Chionanthus) were sampled and
the matK sequences have been suggested to be of limited
resolution in inferring phylogenetic relationships of woody
genera (e.g. Zhang and Li 2004).

Because of the general constancy within sections, par-
ticularly within sect. Osmanthus, with very little floral
variation and the most pronounced differences lying in the
leaf shape, it has been difficult to arrive at any decisions
about affinities between the species (Green 1958). Fur-
thermore, as pointed out by Heuertz et al. (2004) and
indicated by Besnard et al. (2002), a low chloroplast DNA
mutation rate is a feature of Oleaceae. Additional investi-
gations, including both extended sampling and more
informative markers are thus needed to reconstruct a robust
phylogeny to test for polyphyly and infer the intersectional
and interspecific relationships of Osmanthus.

In the present study, we screened three informative
chloroplast intergenic spacers for phylogenetic recon-
struction of Osmanthus. Our specific objectives were: (1) to
test the polyphyly of Osmanthus in the context of subtribe
Oleinae (sensu Wallander and Albert 2000), with special
focus on the affinities of Osmanthus with other closely
related genera; (2) to infer the intersectional and interspe-
cific relationships within Osmanthus.

Materials and methods
Plant materials sampled

Sampled materials include 21 Osmanthus species, covering
all the five sections and most of the distribution range of
Osmanthus. O. fragrans was represented by four accessions
of different cultivar groups. Of 12 genera within subtribe
Oleinae, 8 were also included. Among them, all of the
putatively closely related genera (i.e. Phillyrea, Picconia,
Nestegis, Notelaea, Olea, Linociera, and Chionanthus)
were contained. One accession of the sister group of sub-
tribe Oleinae (Fraxinus pennsylvanica) was sampled as
outgroup. The chloroplast genome sequence of Jasminum
nudiflorum had been published (Lee et al. 2007); therefore
this species was also included. All the plant accessions
used in this study are presented in supplementary Table 1.
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DNA extraction, PCR amplification, and sequencing

Total genomic DNA from each accession was extracted
using a 2x CTAB method (Doyle and Doyle 1987), except
for Nestegis sandwicensis, Noronhia emarginata and Jas-
minum nudiflorum (see supplementary Table 1). Because
of the low chloroplast DNA mutation rate within Oleaceae,
we comprehensively screened suitable chloroplast genomic
regions for phylogenetic reconstruction. Finally, three
intergenic spacers (rps16-trnQ, rpI32-trnLVA9 | and psb]-
petA) with relatively high sequence variation were selec-
ted. The amplification primer sequences of the three
regions were described by Shaw et al. (2007). PCR
amplifications were performed in a Bioer XP cycler (Bioer,
Hangzhou, China) programmed for an initial 240 s at 94°C,
followed by 30 cycles of 60 s at 94°C, 45 s at 55°C (rps16-
trmQ), 55°C (rpI32-trnLV*9) or 50°C (psbI-petA), 120 s
at 72°C, and a final 600 s at 72°C. Reactions were carried
out in a volume of 30 pl containing 1.6 mM/1 MgCl,,
0.5 pM/1 dNTP, 10x buffer, 2 pM/1 primer, 1.5 U Tagq
DNA and 30 ng DNA template. Sequencing reactions were
conducted using the PCR primers (Sangon Biotech,
Shanghai, China).

Phylogenetic reconstructions

Sequences were checked and edited with CONTIG and
sequence alignments were made with CLUSTAL W
(Thompson et al. 1997) and refined manually. Phylogenetic
analyses of the sequence data, separately and all three
combined, were performed using the parsimony and
Bayesian Markov chain Monte Carlo (MCMC) methods.
Before analyzing all data together, the partition homoge-
neity test, as implemented in PAUP version 4.0b10
(Swofford 2001), was used to evaluate the topological
congruence between gene trees (Farris et al. 1995). Maxi-
mum parsimony (MP) analyses were conducted using
PAUP version 4.0b10 (Swofford 2001). All characters
were equally weighted, gaps were treated as missing, and
character states were treated as unordered. A heuristic
search was performed with the MULPARS option, tree-
bisection-reconnection (TBR) branch swapping, and
RANDOM stepwise addition with 100 replicates. Topo-
logical robustness was assessed by bootstrap analysis with
1,000 replicates using simple taxon addition (Felsenstein
1985).

Appropriate nucleotide substitution models were
determined using MrModeltest 2.3 (Nylander 2004) for all
datasets and combined sequences following the Akaike
information criterion and a model (GTR + G) was used
for subsequent Bayesian analysis of the combined
sequence data. Bayesian inference was conducted using
MRBAYES 3.1.2 (Ronquist and Huelsenbeck 2003). One

cold and three heated MCMC chains were run for 10°
generations, with trees sampled every ten generations
using the random tree as the starting point and a tem-
perature parameter value of 0.2 (the default setting of
MrBayes). MCMC runs were repeated twice as a safe-
guard against spurious results. The first 10* trees were
discarded as burn-in, and the remaining trees were used to
construct Bayesian trees. Examination of the log-likeli-
hoods and the observed consistency between runs sug-
gested that the burn-in periods were sufficiently long for
chains to have become stationary.

Results
Amplification, sequencing, and sequence characteristics

PCR amplifications of all three chloroplast regions for all
the accessions included in this study were successful
except for the sequences of psbl-petA in Chionanthus
brachystachys and C. retusus. Two length polymorphisms
of rpl32-trnL"*? were observed within Osmanthus: sects.
Leiolea and Notosmanthus had a PCR product of about
1,100 bp, but a product of about 750 bp in other sections.
Due to problems in the sequencing of rpl32-trnL "% only
1,099 bp of aligned sequences were obtained. Poly-A/T
regions were very frequent within rps16-trnQ, so only
partial sequences of the region were obtained. GenBank
accession numbers and information of the three chloroplast
regions used are shown in supplementary Table 1 and in
Table 1, respectively.

Phylogenetic reconstructions

Phylogenetic analyses of trnQ-rps16 and rpl32-trnL spac-
ers provided similar topologies, in which Osmanthus
formed three or four distinct lineages (supplementary
Figs. 2 and 3). The dataset of psbJ-petA produced a tree of
low resolution, but the polyphyly of Osmanthus was also
obvious (supplementary Fig. 1). In the partition homoge-
neity test, there was significant incongruence among the
three datasets (P = 0.024), which might be a result of the
uncertain position of O. decorus and Phillyrea latifolia (see
supplementary Figs. 2 and 3). However, we still chose to
combine all three regions for further phylogenetic analyses.
The combined sequences (a total length of 3,289 bp)
generated 14 most parsimonious (MP) trees (1,513 steps,
consistency index, CI, = 0.835; retention index,
RI, = 0.841). The 50% majority-rule tree (Fig. 1) clearly
showed that Osmanthus was a polyphyletic group com-
prising four distinct lineages. The first lineage (lineage I)
consisted of members of sect. Leiolea (bootstrap value, BP,
99%), which were closely related to members of Olea sect.

@ Springer



60 S.-Q. Guo et al.
Table 1 Summary of phylogenetic characteristics obtained from the analyses of three chloroplast intergenic spacers
rps16-trnQ rpl32-trnL(UA®) psbl-petA Combined
Substitution model GTR + G GIR + G GIR+I1+G GTR + G
Within Osmanthus s. str. 18 18 18 18
Length range (bp) 2,000-2,200 500-700 1,000-1,200 3,500-4,000
Aligned length (bp) 1,048 590 862 2,500
Potentially informative characters (%) 7 (0.67) 6 (1.02) 1 (0.12) 14 (0.56)
Mean sequence divergence (K-2-p) 0.003 0.005 0.001 0.003
Mean G + C content (%) 29.6 27.6 32.5 30.1
Within Osmanthus 24 24 24 24
Length range (bp) 2,000-2200 700-1,100 1,000-1,200 3,700-4,500
Aligned length (bp) 1,099 943 933 2,975
Potentially informative characters (%) 68 (6.19) 90 (9.54) 12 (1.29) 170 (5.71)
Mean sequence divergence (K-2-p) 0.011 0.052 0.004 0.018
Mean G + C content (%) 29.6 27.6 32.4 30.1
Within subtribe Oleinae 38 38 36 38
Length range (bp) 2,000-2,200 700-1,100 1,000-1,200 3,700-4,500
Aligned length (bp) 1,099 943 933 2,975
Potentially informative characters (%) 225 (20.47) 100 (10.60) 41 (4.39) 366 (12.30)
Mean sequence divergence (K-2-p) 0.033 0.056 0.011 0.037
All taxa 40 40 39 40
Length range (bp) 2,000-2,200 700-1,100 1,000-1,200 3,700-4,500
Aligned length (bp) 1,210 964 1,125 3,289
Potentially informative characters (%) 225 (18.60) 118 (12.24) 47 (4.18) 390 (11.86)
Mean sequence divergence (K-2-p) 0.035 0.067 0.013 0.051

K-2-p Kimura-2 parameter.

Tetrapilus. The second lineage (lineage II) was one
member of sect. Osmanthus, O. decorus, forming a clade
with P. latifolia (65% BP). The third lineage (lineage III)
comprised one representative of sect. Notosmanthus, sister
to a clade comprising Nestegis lanceolata and C. brachy-
stachys (89% BP). The fourth lineage (lineage IV) con-
sisted of members of the other three sections, i.e. sects.
Osmanthus, Siphosmanthus, and Linocieroides, except for
O. decorus, and received 89% bootstrap support.

Within lineage 1, the American representative,
O. americanus was sister to the three species distributed
in Asia. Within lineage IV, four species, O. serrulatus,
O. yunnanensis, O. suavis, and O. delavayi, which are
characterized by blooming in spring (to early summer),
formed a polytomy sister to a clade containing all other
accessions of lineage IV. Excluding O. serrulatus,
O. yunnanensis, O. suavis, and O. delavayi, other members
within lineage IV were mostly unresolved, except for
several subclades. For example, O. x fortunei and
O. heterophyllus formed a subclade (86% BP), O. henryi
and O. gracilinervis, O. venosus, and O. fordii grouped
together with 53% BP support, and two cultivars of
O. fragrans, Siji and Aurantiacus, clustered together (58% BP).
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The Bayesian analysis of the combined dataset under the
GTR + G model generated a similar topology to that of the
MP tree, but with higher Bayesian posterior probability
(PP) for most clades (Fig.2). The main discrepancy
between the two trees (Figs. 1 and 2) was the position of
0. decorus. On the Bayesian tree, O. decorus was sister to
all members of lineage IV (Fig. 2), but with low posterior
probability (0.54 PP). Therefore, O. decorus might not
represent a distinct lineage, and only three lineages were
characterized by Bayesian analysis within Osmanthus.

Discussion

The monophyly of Osmanthus has been questioned by
different authors (Baas et al. 1988; Jensen et al. 2002;
Johnson 1957; Wallander and Albert 2000; Wallander
2001). However, Yang et al. (2009) concluded that
Osmanthus is a monophyletic group based on chloroplast
matK sequences. In this study, an extensive sampling of all
the sections of Osmanthus and eight closely related genera
convincingly shows that Osmanthus is a polyphyletic group
containing three or four distinct lineages (Figs. 1 and 2).
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Fig. 1 The 50% majority-rule tree of 14 most parsimonious (MP) trees based on the combined dataset of three chloroplast intergenic spacers,
rps16-trnQ, rpl32-trnL(UAG) and psbJ-petA (1,513 steps; consistency index, CI, = 0.835, retention index, RI, = 0.841). Clades with >50%

bootstrap values are shown above the branches

The first distinct lineage found in our study is sect.
Leiolea (lineage I in Figs. 1 and 2). The uniqueness of sect.
Leiolea within Osmanthus can be easily observed in the
majority of herbarium specimens for their paniculate
inflorescence. For this reason, the North American member
of sect. Leiolea, O. americanus has been treated as a dis-
tinct genus. In the phylogenetic reconstruction of Oleaceae,
Wallander and Albert (2000) also found that O. americanus
was distant from four members of sect. Osmanthus.

However, due to limited sampling and low resolution of
DNA sequences in their study, the monophyly and affini-
ties of sect. Leiolea with other genera had not been
resolved. In this study, the monophyly of sect. Leiolea was
well determined: all the four representatives from East Asia
and North America formed a well-supported clade (99%
BP and 1.0 PP). This finding agrees with the notion of
Green (1958) that all the species of sect. Leiolea show
remarkable affinity. This study also found that the most
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Fig. 2 The Bayesian tree based on the combined dataset of three chloroplast intergenic spacers, rps16-trnQ, rpl32-trn

Bayesian posterior probabilities are shown above the branches

closely related group of sect. Leiolea may be Olea sect.
Tetrapilus, because two Asian Olea species from sect.
Tetrapilus (Olea yunnanensis and O. dioica) form a sister
clade to sect. Leiolea on both MP and Bayesian trees with
high support (99% BP and 1.0 PP). This topology largely
agrees with the ITS tree of Wallander (2001) and evidence
can be found from their morphological similarities, i.e.
sect. Leiolea and the genera of Olea and Notelaea (Green
1958), were all characterized by small, oblong, rounded
stamens without the terminal appendage.
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et al. (2002) have pointed out that O. austro-

caledonicus contains different iridoid constituents from
other members of Osmanthus, indicating that sect. Notos-
manthus is a unique group within Osmanthus. On our MP
and Bayesian trees, O. austrocaledonicus being nested
within a clade containing members of Nestegis, Chionan-
thus, Picconia, and Notelaea, supports the idea of Jensen
et al. (2002). Some evidence for this topology can also be
found in the classification history of O. austrocaledonicus,
along with the other two members of sect. Notosmanthus,
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0. monticola and O. cymosus. They differ from the other
members of Osmanthus by having a racemosus inflores-
cence and two of them were once segregated into the res-
urrected genus Nestegis Raf., along with some other
Australasian species (Green 1963). In addition to being
considered in the genus Nestegis, these species have at
times been classified in the genus Notelaea (Green 1963).
The results of this study agree with the traditional con-
vention that sect. Notosmanthus may have closer affinity
with Nestegis (Wallander 2001) than with other members
of Osmanthus.

Excluding sects. Leiolea and Notosmanthus, the other
members of Osmanthus form a monophyletic clade on the
Bayesian tree (Fig. 2). However, on the MP tree, O. de-
corus and P. latifolia form a distinct clade, sister to a clade
containing members of Notelaea, Picconia, Nestegis,
Chionanthus, and sect. Notosmanthus (Fig. 1), suggesting
that the systematic position of O. decorus is uncertain. This
species was first put into the genus Phillyrea but then
transferred to Osmanthus (Green 1972). A hybrid spe-
cies, O. x burkwoodii, derived from crossing between
O. decorus and O. delavayi, suggests that O. decorus
should be incorporated into Osmanthus. However, given
the low support on the Bayesian tree for the grouping of
O. decorus with lineage IV, drawing a conclusion as to the
phylogenetic position of O. decorus should be done with
caution until robust phylogenetic trees are available.

Another well-characterized lineage on both the MP and
the Bayesian trees is lineage IV (hereafter referred to as
Osmanthus s. str.), which contains sects. Osmanthus
(except for O. decorus), Siphosmanthus and Linocieroides.
Although this lineage is largely unresolved, several subc-
lades are worthy of being noted. First, on the Bayesian tree,
two members of sect. Siphosmanthus (O. suavis and
0. delavayi) form a sister group to all other Osmanthus sens.
str. members. Due to possessing several distinct characters
within Osmanthus, such as long corolla tubes (7-11 mm),
small leaves (less than 5 cm long), and thin endocarps
(Green 1958; Xiang and Liu 2008), sect. Siphosmanthus
was once recognized as a separate genus, Siphonosmanthus
(Green 1958). Both molecular and morphological evidence
suggests that this section may represent a distinct lineage
with Osmanthus s. str. Second, O. X fortunei, a putative
hybrid between O. fragrans and O. heterophyllus, groups
with O. heterophyllus (86 BP and 1.0 PP), supporting the
notion that O. heterophyllus is one of the parents (maternal
parent here) of O. x fortunei. Third, the accessions of four
cultivars do not form a monophyly, but group with
O. cooperi (0.98 PP), implying multiple origins of culti-
vated sweet osmanthus. Multiple origins are not uncom-
mon for cultivated plants (Olsen and Schaal 1999; Miller
and Schaal 2005; Besnard et al. 2007). O. fragrans used to
be widespread across southern China, as depicted in much

classical literature (e.g. The Book of Songs, Shi Jing), and
several closely related species, such as O. cooperi sampled
here, are codistributed with O. fragrans. Therefore,
bringing several closely related species along with
O. fragrans into cultivation is most likely and all of them
could be treated as sweet osmanthus equally.

The flowers of O. didymopetalus in sect. Linocieroides
are unique within Osmanthus in possessing a deeply divi-
ded corolla with the four almost free petals united in pairs
at their very base. In this respect, it closely resembles the
genus Linociera (Green 1958) rather than other members of
Osmanthus. A cladistic analysis of Osmanthus also sug-
gested that O. didymopetalus is unique within the genus,
sister to all other species except sect. Leiolea (Lu et al.
2007). However, O. didymopetalus clusters with members
of sect. Osmanthus, indicative of close relationships among
them. Indeed, besides the unique corolla in sect. Linoci-
eroides, there are few diagnostic characters for recognizing
sect. Linocieroides. Green (1958) claimed that the inflo-
rescence and fruit characters of sect. Linocieroides agree
with other species of Osmanthus, and might represent the
furthest condition in floral reduction within Osmanthus that
is also observed in Olea, Notelaea and other related genera.

Taken together, by using three informative chloroplast
regions, this study confirms that Osmanthus is a polyphy-
letic group, containing three or four distinct lineages. This
result may contribute significantly to the phylogenetic
reconstruction of Osmanthus, as well as the taxonomic
delimitation of genera within subtribe Oleinae. Addition-
ally, this study provides valuable information concerning
the origin of cultivated sweet osmanthus, which is of great
importance for future management of the genetic resources
of sweet osmanthus (Forest et al. 2007).
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