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A B S T R A C T

The gymnosperm genus Cycas is the sole member of Cycadaceae, and is the largest genus of extant cycads. There
are about 115 accepted Cycas species mainly distributed in the paleotropics. Based on morphology, the genus has
been divided into six sections and eight subsections, but this taxonomy has not yet been tested in a molecular
phylogenetic framework. Although the monophyly of Cycas is broadly accepted, the intrageneric relationships
inferred from previous molecular phylogenetic analyses are unclear due to insufficient sampling or unin-
formative DNA sequence data. In this study, we reconstructed a phylogeny of Cycas using four chloroplast
intergenic spacers and seven low-copy nuclear genes and sampling 90% of extant Cycas species. The maximum
likelihood and Bayesian inference phylogenies suggest: (1) matrices of either concatenated cpDNA markers or of
concatenated nDNA lack sufficient informative sites to resolve the phylogeny alone, however, the phylogeny
from the combined cpDNA-nDNA dataset suggests the genus can be roughly divided into 13 clades and six
sections that are in agreement with the current classification of the genus; (2) although with partial support, a
clade combining sections Panzhihuaenses+Asiorientales is resolved as the earliest diverging branch; (3) section
Stangerioides is not monophyletic because the species resolve as a grade; (4) section Indosinenses is not mono-
phyletic as it includes Cycas macrocarpa and C. pranburiensis from section Cycas; (5) section Cycas is the most
derived group and its subgroups correspond with geography.

1. Introduction

Cycas L. is the sole genus of Cycadaceae, and comprises 115 species
(Calonje et al., 2017). This gymnosperm genus is mainly distributed in
tropical and subtropical areas of east and southeast Asia, Oceania and
its surrounding islands, East Africa, and Madagascar (Fig. 1). Among
these, the southeast Asia and northern Australia are considered to be
centers of diversity with nearly 70% of the species concentrated in these
two regions (Lindstrom et al., 2009). Among the cycads, Cycas is dis-
tinguished by a pinnule with a central a midrib and the absence of
lateral veins, as well as loosely aggregated, leaf-like megasporophylls.
The monophyly of Cycas and its position as sister to all of the other
extant cycad genera is supported by previous morphological analyses

(De Laubenfels, 1999; Dehgan and Schutzman, 1993; Griffith et al.,
2014; Stevenson, 1981; Stevenson, 1990) and molecular evidence
(Chaw et al., 2005; Hill et al., 2003; Nagalingum et al., 2011; Salas-
Leiva et al., 2013). Although there are numerous species of Cycas, many
are faced with a range of threats, and 98 of the 115 species are listed in
the International Union for Conservation of Nature (IUCN) Red List
(IUCN, 2016).

The earliest descriptions of Cycas are confusing with different spe-
cies given the same name due to subtle differences between species.
Furthermore, the dioecious habit and rarity of reproductive organs in
the wild has also caused ambiguity when circumscribing species (e.g.
(Averyanov et al., 2014; Zhou et al., 2015)). The number of species of
Cycas has increased from less than 20 in the early 20th century (Pilger,
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1926; Schuster et al., 1932) to nearly 50 in the 1990s (Hill,
1994a,b)—since then, 65 additional species have been recognized.
Currently, The World List of Cycads reports a total of 231 published
names, including 115 accepted species names, nine infraspecific taxa,
105 synonyms, and two invalid names (Calonje et al., 2017).

There have been several classifications proposed for Cycas (Table 1).
These early classifications were inadequate for various reasons—they
were based on a single quantitative character, such as ovule number
(Pilger, 1926), inconsistent by using different ranks (Schuster et al.,
1932), or in conflict with the rules in the International Code of No-
menclature for algae, fungi, and plants (ICN) (Smitinand, 1971). In
their classification, De Laubenfels & Adema (1998) emphasized the
stem base and pinnate morphology. They also proposed a new segregate
genus called Epicycas (de Laubenfels), Cycadaceae, for those species
with subterranean, bulbous trunks, and pinnules with flat margins (De
Laubenfels and Adema, 1998). However, the subterranean stem char-
acter is not a synapomorphy of Epicycas, and also exists in some other
Cycas species, which renders Epicycas invalid (Chen et al., 2004; Chen
and Stevenson, 1999).

Of all of the previous classification systems (Table 1), the most
widely accepted was proposed by Hill (1993b, 1994a,b), who firstly
divided Cycas into four sections according to their reproductive organs:
section Asiorientales J. Schuster, sect. Stangerioides Smitinand, sect. In-
dosinenses J. Schuster, and sect. Cycas (Lemuricae) J. Schuster; and sect.
Cycas was further divided into three subsections: subsect. Cycas, sub-
sect. Rumphiae K. D. Hill, and subsect. Endemicae J. Schuster. Subse-
quently, Hill (Hill, 2008; Lindstrom et al., 2008) added two other sec-
tions into his classification: sect. Panzhihuaenses (D. Yue Wang) K. D.

Hill and sect.Wadeae K. D. Hill & A. Lindstrom, resulting in a total of six
sections. In this study, we adopted Hill’s classification system as a fra-
mework for discussing our phylogeny (see Fig. 2).

For the cycads, most of the phylogenetic analyses have been con-
ducted at genus level with limited sampling of Cycas (Bogler and
Francisco-Ortega, 2004; Chaw et al., 2005; Hill et al., 2003; Jiang et al.,
2016; Rai et al., 2003; Salas-Leiva et al., 2013; Treutlein and Wink,
2002). Hill (1993a) was the first to present an infrageneric phylogeny of
Cycas based on integrated ITS and morphological characters; he later
used this phylogeny as the basis for his classification of Cycas (Hill
et al., 2004b). Later, Sangin et al. (2010) constructed a phylogenetic
tree of 24 Cycas species based on three chloroplast DNA (cpDNA) in-
tergenic spacers (trnL-trnF, trnS-trnG and psbM-trnD), finding that sec-
tions Cycas and Indosinenses could be resolved, but that status of the
three other sections was inconclusive because they were recovered as a
large polytomy. In a paper on the recent radiation of extant cycads,
Nagalingum et al. (2011) constructed a phylogeny of 199 cycads (in-
cluding 64 Cycas species) primarily based on the nuclear phytochrome
P (PHYP) gene, but with additional analyses incorporating chloroplast
markers. In their phylogenetic tree, clades within Cycas were weakly
supported and relationships were inconsistent using different markers
and analyses. However, some sections were resolved such as sect.
Asiorientales. The most recent phylogenetic analysis of Cycas was gen-
erated using clones of the nuclear ribosome internal transcribed spacer
region (nrITS) for 31 species (Xiao and Möller, 2015). The phylogeny
showed support for six clades, which corresponded to Hill’s (Hill, 2008)
six sections, however, there was very little support for species re-
lationships within the sections.

Fig. 1. The distribution of extant Cycas. The classification of the genus into sections in this and other figures follow Hill’s (2004) treatment.
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These previous studies, based on a few markers either from nuclear
or plastid regions, demonstrate that a large dataset of informative
markers is required for resolving the phylogeny of Cycas. In addition,
these studies had limited sampling of species from the two diversifi-
cation centers: southwest China with Indochina (sect. Stangerioides) and
northern Australia (sect. Cycas). Clearly, comprehensive taxon sampling
and both nuclear and plastid genome data are needed to infer a phy-
logeny to understand the relationships and evolution within Cycas.

In this study, our focus is to reconstruct the Cycas phylogeny using
90% of Cycas species and 11 markers (four cpDNA intergenic spacers:
psbA-trnH, psbM-trnD, trnL-trnF and trnS-trnG, and seven nuclear genes:
PHYP, RPB1, HZP, AC3, F3H, SAMS, and GTP). The main objectives are
to: (i) construct a backbone of Cycas using in-depth taxonomic sam-
pling; (ii) evaluate the monophyly of the sections proposed by previous
authors; (iii) resolve infrasectional and interspecific relationships
within Cycas; and (iv) understand the evolution and diversification
processes of this genus.

2. Materials and methods

2.1. Taxon sampling

Sampling of Cycas in this study followed the current nomenclature
of the online edition of “The World List of Cycads” (Calonje et al.,
2017). Leaflets were obtained from individuals collected in the wild or
introduced into cultivation with known provenance. In total, we sam-
pled 124 Cycas plants representing 116 Cycas taxa (100/115 accepted
species, 7/9 subspecies, and 9 controversial species; Table S1). The
other nine genera of cycads as well as the sister clade of cycads, Ginkgo,
were employed as outgroups (Table S1).

2.2. DNA extraction, PCR amplification, sequencing and cloning

Sequence data were obtained from silica-preserved leaflets.
Genomic DNA was extracted using the modified CTAB method (Doyle,
1991). Four chloroplast intergenic spacers, psbA-trnH, psbM-trnD (Shaw
et al., 2005), trnL-trnF (Taberlet et al., 1991), and trnS-trnG (Hamilton,
1999) were sequenced (Table S2). We also sequenced the nuclear GTP

gene (Salas-Leiva et al., 2013), and identified six low-copy nuclear
genes from EST libraries: PHYP (Cycas multipinnata phytochrome P),
RPB1 (Cycas revoluta RNA polymerase II largest subunit), HZP (Cycas
revoluta class III HD-Zip protein), AC3 (Cycas revoluta actin 3), F3H
(Ginkgo biloba flavanone 3-hydroxyrase), and SAMS (Triticum aestivum
S-adenosylmethionine synthetase) (Chiang Yu-Chung, unpublished
data; Table S2). Primer sequences were redesigned and re-paired when
amplification with initially designed primers met difficulties (for the
primers’ detailed information, refer to Table S2 in the Supplementary
file).

PCR amplification was carried out in a 40 μL volume reaction. The
PCR reactions for cpDNA amplification contained 2 μL (∼20 ng) DNA,
4.0 μL 10 × PCR buffer, 2.0 μL dNTPs (10mM), 2.0 μL MgCl2 (25mM),
0.5 μL of each primer (forward and reverse), 0.5 μL Taq DNA poly-
merase (5 U/μL) (Takara, Japan) and 28.5 μL double-distilled water.
For nDNA, the PCR reactions contained 4 μL (∼40 ng) DNA, 4.0 μL 10
× PCR buffer, 2.0 μL dNTPs (10mM), 2.0 μL MgCl2 (25mM), 2.0μL
DMSO, 0.7 μL of each primer (forward and reverse), 0.6 μL Taq DNA
polymerase (5 U/μL) (Takara, Japan) and 24 μL double-distilled water.

PCR amplifications of cpDNA intergenic spacers started with an
initial 5 min of denaturation at 80 °C. This was followed by 29 cycles of:
1 min at 95 °C, 1min of annealing at 50–55 °C, and 1.5 min extension at
65 °C. The amplification process was completed with a final extension
for 8min at 65 °C. For nDNA sequences, the procedure began with an
initial 6 min of denaturation at 95 °C; this was followed by 34 cycles of:
50 s at 94 °C, 1min of annealing at 50–57 °C, and a 1.5 min extension at
72 °C. There was then a final extension for 10min at 72 °C. PCR pro-
ducts were visualized on a 1% agarose gel with ethidium bromide
staining. All PCR products were sequenced in both directions with the
same primers as employed in the amplification reactions using an ABI
3770 automated sequencer.

PCR products for nDNA sequences with one or more heterozygous
sites were subsequently cloned. The PCR products were purified using
the TIAN gel Midi Purification Kit (Tiangen). Purified products were
linked to the pMD18-T Vector and then inserted into E. coli DH5α
strains. Six to ten clones were randomly picked and sequenced until the
heterozygous site split into two alleles. Both the direct-sequenced and
cloned alleles were aligned and sorted by a primary phylogenic

Table 1
Previous classifications of Cycas and morphological characters used.

Author & Year Subgenera Numbers of
sections

Section names & comments Characters used

Carruthers, 1893 – Three “groups” Without nomenclature Megasporophylls
Pilger, 1926 – Two – Ovule numbers
Schuster, 1932 – Three Lemuricae (violate ICNa), Indosinenses, Asiorientales Trunks, megasporophylls, ovules and seeds

etc.
Smitinand, 1971 – Two Cycas, Stangerioides Trunks, leaflets and microsporophylls,
Dehgan, 1987 Circinalidae

Revolutae
Three Circinalis (violate ICN)

Revolutae, Siamensis
Seeds, leaflets and pollen

Hill, 1994 – Four Cycas, Stangerioides,
Indosinenses, Asiorientales

Seeds, ovule and megasporophylls etc.

Wang, 1996 Panzhihuaenses
Cycas

Five Panzhihuaenses, Indosinenses
Cycas, Endemicae, Rumphiae

Seeds and megasporophylls

Wang, 2000 Panzhihuaenses
Cycas
Truncata
Media

Seven Asiorientales, Taiwanianae, Wadeanae, Indosinenses,
Cycas
Rumphiae
Endemicae

Seeds, microsporophylls, pollen, leaflets
and megasporophylls

Huang, 2001 Asiorientales
Cycas

Six Multipinnata, Asiorientales, Indosinenses
Cycas, Endemicae, Rumphiae

Megasporophylls, microsporophylls, seeds
and leaflets

Hill, 2004 – Six Panzhihuaenses, Asiorientales, Stangerioides Wadeae,
Indosinenses, Cycas

Megasporopyhlls, seeds and ovule

Chen, 2014 – Six Asiorientales, Stangerioides, Taiwanianose,
Indosinenses, Wadeaeb, Cycasb

Megasporophylls, seeds, ovule and leaflets

De Laubenfels & Admea,
1998

Cycas, Truncata, Pectinata,
Revoluta

– No specific section was defined. Cycas was treated
as one of the two genera of Cycadaceae

Megasporophylls, microsporophylls and
leaflets

a ICN: International Code of Nomenclature for algae, fungi and plants.
b Sections not listed in his classification system of Cycas in China.
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analysis. Alleles from one species that clustered into one clade were
randomly chosen for subsequent inclusion in the phylogenetic matrix.
All de novo DNA data (1211 sequences) in this study were deposited in
GenBank (Table S3).

2.3. Sequence alignment and phylogenetic analyses

Sequences were initially automatically aligned with SeqMan
(Swindell and Plasterer, 1997) and subsequent manual adjustment was
performed in Bioedit v7.0.4.1 (Hall, 1999). Concatenation of the mar-
kers was conducted in PAUP* 4.0 b10 (Swofford, 2003). A hairpin
structure occurs in the psbA-trnH fragment, thus, in order to test po-
tential bias due to homoplasious inversions of the hairpin (Bain and
Jansen, 2006) in our phylogenetic analysis, we combined the sequenced
fragments into five matrices: (i) three cpDNA markers, excluding psbA-

trnH; (ii) four cpDNA markers, including psbA-trnH; (iii) seven nuclear
markers; (iv) all markers, excluding psbA-trnH, for a total of ten regions;
(v) all markers, including psbA-trnH, for a total of 11 regions. For each
individual marker as well as for the combined cpDNA data, the best
nucleotide substitution models were inferred using Mrmodeltest v3.2
(Nylander, 2004) under the Akaike information criterion (AIC)
(Table 2). The optimal partitioning strategies for the concatenated da-
tasets were determined by PARTITIONFINDER 1.1.1 (Lanfear et al.,
2012) with linked branch lengths under the Bayesian information cri-
terion (BIC) and greedy search method.

Three approaches were applied to the phylogenetic analyses:
Maximum Parsimony (MP), Maximum likelihood (ML) and Bayesian
Inference (BI). MP was performed in PAUP*v4.0b10 (Swofford, 2003).
All character changes were unweighted and the branch-swapping al-
gorithm was set as tree bisection-reconnection (TBR). Strict consensus

Fig. 2. Megasporophyll diversity of Cycas from different sections/subsections. A: Sect. Panzhihuaenses: C. panzhihuaensis; B: Sect. Asiorientales: C. revoluta; C: Sect.
Stangerioides: C. taiwaniana; D: Sect. Wadeae: C. wadei; E: Sect. Indosinenses: C. pachypoda; F: Sect. Cycas subsect. Cycas: C. circinalis; G: Sect. Cycas subsect. Rumphiae:
C. rumphii; H: Sect. Cycas subsect. Endemicae: C. papuana.

J. Liu et al. Molecular Phylogenetics and Evolution 127 (2018) 87–97

90



trees were calculated if more than one most parsimonious tree was
recovered.

The ML analyses were conducted using the online web server
PhyML 3.0 (Guindon et al., 2010) (http://www.atgc-montpellier.fr/
phyml) by uploading the matrix files (*.phy) generated by SEAVIEW
(Gouy et al., 2010). Default setting in PhyML were used, except for the
following parameters: Type of tree improvement was chosen as SPR&
NNI, Number of substitution rate categories was set as 6, Proportion of
invariable sites was set to estimate, and the Fast likelihood-based
method was set as aBayes. Robustness of the phylogenies was calculated
by bootstrap analysis with 1000 replicates (Felsenstein, 1985) and
bootstrap percentage (BP) used to represent the reliability of each
clade. Bayesian inference was performed using MrBayes v3.2 (Ronquist
et al., 2012), with four simultaneous Markov chain Monte Carlo chains
(three cold chains and one hot chain). Each run began with one random
tree and sampled every 1000 generations for 5 * 107 generations, with
the first 25% (12,500 trees) of trees from each run discarded as burn-in.
The remaining 37,500 trees were used to calculate a 50% majority-rule
consensus topology with posterior probability (PP) values. Convergence
of the Bayesian search was examined by Tracer v1.6 (Rambaut et al.,
2014). All of the tree files generated were visualized in Figtree v 1.4.0
(Rambaut, 2012).

3. Results

3.1. Sequences characteristics

The aligned dataset is 9877 bp in length, which consists of 3912 bp
cpDNA and 5965 bp nDNA sequences (Table 2). The concatenated
matrix of cpDNA and nDNA had less than 5% missing data. Both psbM-
trnD and PHYP had the greatest number of parsimony-informative sites
in their cpDNA and nDNA regions respectively.

3.2. Phylogenetic analyses

As the MP analyses yielded poorly resolved phylogenies (compared
to the ML and BI analyses), they are not discussed further. Also, the ML
tree showed less resolution than the BI phylogeny, therefore we chose
to display the Bayesian phylogeny (Figs. 3, 4 & S1–S4) and indicate the
supported ML branches (BP≥ 70) on this phylogeny.

3.2.1. Monophyly of Cycadales, Zamiaceae, and Cycadaceae
All phylogenetic analyses recovered Cycadales, Zamiaceae, and

Cycadaceae as monophyletic and strongly supported (PP/BP=1/
98–100, Figs. 3 & S1–S4). In the phylogram, the species of Cycas have
quite short branches compared to the sister clades (Fig. 4).

3.2.2. Phylogenies of Cycas inferred from the separate plastid and nuclear
datasets

Both of the phylogenetic trees constructed using the combined three
and four cpDNA marker matrices were largely unresolved and the
sections were not recovered. However, species of sect. Cycas and sect.
Indosinenses form a “south clade” (comprising species from Australia,
partial southeast Asia, Oceanic islands and Madagascar), and there
were also a series of “north clades” (China, Japan, India and partial
southeast Asia) (Figs. S1 & S4).

The cladogram inferred from combined nDNA clearly revealed five
main clades: an unsupported sect. Asiorientales+sect. Panzhihuaenses
clade, a core sect. Stangerioides clade; a sect. Wadeae clade, a sect. Cycas
clade and a sect. Indosinenses clade (Fig. S2). Overall, sect. Stangerioides
is paraphyletic, although most of its species were recovered in the core
sect. Stangerioides clade. Additionally, a Vietnamese species from sect.
Stangerioides, C. aculeata, exhibited a close relationship with sect. Cycas,
which is incongruent with the cpDNA tree (Figs. S1 & S2).Ta
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Fig. 3. Cladogram of Cycas inferred from combined seven single-low copy nuclear genes (PHYP, RPB1, HZP, AC3, F3H, SAMS and GTP) and three chloroplast
intergenic spacers (trnL-trnF, trnS-trnG and psbM-trnD) based on Bayesian Inference. The numbers on the branches represent Bayesian Posterior Probability (PP)/
Maximum Likelihood bootstrap value (BP), respectively. Thick lines indicate strong support (PP≥ 0.95 and BP≥ 70), and support values of PP < 0.95 and
BP < 70 are not indicated.
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3.2.3. Backbone and recovered clades of Cycas inferred from combined
datasets

For the phylogenetic trees constructed with the combined cpDNA
and nDNA data, we obtained slightly different results with or without
the psbA-trnH region. When psbA-trnH was added into the datasets (Fig.
S3) there was less resolution of the clades, and in particular, the sec-
tions were paraphyletic (Figs. 3, S1 & S4). Therefore, we focus on the
results of the combined cpDNA and nDNA analysis excluding psbA-trnH
because this phylogeny was more consistent with overall morphology
and existing sections.

In the phylogeny, there were 13 resolved clades (labelled Clades I
through XIII), as well as some additional species that were not re-
covered within any of these clades (Figs. 3 and 4). All of the clades were
fully or partially supported, with the exception of Clade I (PP/
BP=0.81/62, not shown in figure). Clade I (sect. Panzhihuaenses and
sect. Asiorientales) was recovered as sister to all other Cycas species. The
sect. Stangerioides was polyphyletic, comprising principally of a grade of

clades (II, III, IV) as well as C. aculeata (that is sister to sect. Cycas).
Clade V included all of the members from sect. Wadeae and was
strongly supported (PP/BP=1/100). The sect. Indosinenses (clade VI)
was paraphyletic because it included two species from sect. Cycas (C.
pranburiensis and C. macrocarpa) (Fig. 3). Section Cycas consisted of
seven well-supported clades (VII, VIII, IX, X, XI, XII and XIII) plus ad-
ditional species that fell outside of these clades. Within sect. Cycas, the
subsections were not resolved as monophyletic because members of
subsection Cycas were nested among subsection Rumphiae (VIII and XII)
and elsewhere, and subsection Endemicae was separated into two clades
(IX and XIII).

4. Discussion

4.1. Monophyly of Cycas and its relationship with the other cycad genera

At the genus-level, our study recovered relationships found in

Fig. 4. Phylogram of Cycas inferred from combined seven single-low copy nuclear genes (PHYP, RPB1, HZP, AC3, F3H, SAMS and GTP) and three chloroplast
intergenic spacers (trnL-trnF, trnS-trnG and psbM-trnD) based on Bayesian Inference.
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former studies (Figs. 3 and 4): Cycas was the first diverging lineage in
the cycads; Zamia was sister to Microcycas; and a clade of “Lepidozamia,
Encephalartos and Macrozamia” (Bogler and Francisco-Ortega, 2004;
Chaw et al., 2005; Crisp and Cook, 2011; Salas-Leiva et al., 2013).

The monophyly of the genus Cycas is well-established, based on
earlier morphological and molecular phylogenic studies (Griffith et al.,
2014; Jiang et al., 2016). However, some workers proposed a segregate
of Cycas—an Asian genus called “Epicycas” that distinguished by the
pollen cone shape, bulbous underground stem, and dichotomous pin-
nules (De Laubenfels and Adema, 1998). This classification was soon
rejected because the name was illegitimate, and the diagnostic char-
acters could be found in other Cycas species (Chen et al., 2004). The
first molecular evidence demonstrating that “Epicycas” was poly-
phyletic was presented in an nrITS phylogeny (Xiao and Möller, 2015).
Similarly, in our study “Epicycas” is also polyphyletic with the various
species segregating into clades II (C. micholitzii, C. multipinnata) and VI
(C. elongata, C. siamensis; Figs. 3 and 4).

4.2. Backbone of the Cycas phylogeny

The phylogeny from the combined matrix including psbA-trnH did
not resolve the phylogenetic relationships among the sections (Fig. S3),
compared with the phylogeny obtained with the matrix excluding psbA-
trnH (Fig. 3). The latter phylogram revealed a total of 13 clades with
additional taxa falling outside of these clades; however, only clades V-
IX and XI-XIII were fully supported by both ML and PP (Fig. 3). Overall,
the groupings of 13 clades generally correspond to the six sections
proposed by Hill (2008) (Table 3 & Fig. 3). Compared to earlier studies

(Hill, 1996; Sangin et al., 2010; Xiao and Möller, 2015), the phylogeny
presented here provides greater resolution for the deeper phylogenetic
relationships within Cycas, but fails to yield support for most of these
relationships.

Our results confirm the findings with earlier studies showing that
plastid markers were not able to recover sections within Cycas (Sangin
et al., 2010) (Figs. S1 & S4 in this study), and that nuclear datasets
provide better resolution of the sections (Xiao and Möller, 2015) (Fig.
S2 in this study). Furthermore, we found that while the nuclear data
recovered the sections (Fig. S2), chloroplast data produced clades that
aligned better with geography (Figs. S1 & S4). The difference in
topologies may be because plastid markers reflect the phylogenetic
position of the maternal donor whereas nuclear markers derive from
maternal and paternal lines. In addition, the extremely low interspecific
variation and short branch lengths in all of the phylogenies (Fig. 4) are
likely due to the recent radiation of this genus (Condamine et al., 2015;
Nagalingum et al., 2011).

4.3. Clade I: Sections Panzhihuaenses and Asiorientales

In our phylogenetic analysis (Fig. 4), clade I consists of members of
sections Asiorientales and Panzhihuaenses, and all of the species have a
red-brown sarcotesta, as well as a tomentose stem apex. The section
Asiorientales was established by Schuster et al. (1932) based on C. re-
voluta from Japan and was later expanded to include C. taitungensis
from Taiwan (Hill, 2008; Shen et al., 1994). The rank of Asiorientales
has varied from series (Wang et al., 1996), section (Hill, 2008), and
even subgenus (Huang, 2001). Some other species, such as C. simplici-
pinna and C. taiwaniana, were classified into sect. Asiorientales based on
their similar pectinate megasporophyll sterile apex (Huang, 2001), but
they have a green-yellow sarcotesta and lack a tomentose stem apex,
and are more correctly aligned with sect. Stangerioides. Section Panz-
hihuaenses was proposed by Wang et al. (1996) after he finished his
survey on Cycas in China. The section is monotypic and comprises C.
panzhihuaensis, which is an isolated species found in the dry hot valley
of Jinsha River of China. This species has been placed into different
groups by previous taxonomists, including sect. Asiorientales (Chen
et al., 2014), sect. Panzhihuaenses (Hill, 2008), and subgenus Asior-
ientales (Wang et al., 1996) (Table 3).

The two sections in clade I can be distinguished by the seeds or
ovules being pubescent or not (Hill, 2008), and geographically sect.
Asiorientales is isolated from sect. Panzhihuaenses. This clade was re-
covered in an earlier phylogeny with moderate support, PP/BP=1.0/
86 (Xiao and Möller, 2015), however, we did not find support for it in
our study (PP/BP=0.81/62, not indicated in Fig. 3). In the phylogeny,
the two species in sect. Asiorientales have very short branches, while the
subtending branch separating these two species from C. panzhihuaenses
is relatively long (Fig. 4), indicating that the sections diverged a long
time ago. As a consequence, we assert that sect. Asiorientales and sect.
panzhihuaenses should not be combined and we follow Hill’s treatment
(2008), which regarded them as two independent sections.

4.4. Clades II-IV: Section Stangerioides

Our phylogeny failed to recover members of sect. Stangerioides into a
monophyletic clade, rather the species were variously placed in a grade
of clades (II-IV), and C. aculeata was resolved as sister to sect. Cycas
(Fig. 3). Section Stangerioides is a taxonomically complex group mainly
distributed in south and southwest China, and north Indochina (Hill
et al., 2004a). The section is morphologically circumscribed by the
pectinate megasporophyll apices, glabrous ovules, yellow seeds with a
non-fibrous, loose, freely peeling sarcotesta, and a verrucose sclerotesta
(Hill et al., 2004b). The polyphyly of sect. Stangerioides may be caused
by incomplete lineage sorting (ILS) or uninformative markers due to the
recent radiation of Cycas.

Former Cycas taxonomists often segregated species with

Table 3
Comparison of infrasectional circumscriptions of current Cycas by predominant
taxonomists and their referred morphological characters.

Author
Year

Section
treatments

Subsections (If
proposed)

Assigned types
of each section

Classification
criterions

Wang,
20-
00

Asiorientales
Taiwanianae
Wadeanae
Indosinenses
Cycas
Endemicae
Rumphiae

Stangerioides,
Panzhihuaenses
–
–
–
–
–
–

C. revoluta
C. taiwaniana
C. wadei
C. siamensis
C. circinalis
C. media
C. rumphii

Seeds, mesocasta
Mesocasta
Mesocasta
Seeds
Megasporophyll
Seeds
Megasporophyll

Huang,
20-
01

Multipinnata
Asiorientales

Indosinenses
Cycas
Rumphiae
Endemicae

Two series
proposed
Xilingenses,
Taiwanianosae,
Asiorientales,
Wadeanae
–
–
–
Seven series
proposed

C. multipinnata
Not specified

C. siamensis
C. circinalis
C. rumphii
C. media

Pinnaes
Microsporophyll

Seeds, pollens
Endotesta
Sarcotesta
Seeds

Hill,
20-
04

Panzhihuaenses
Asiorientales
Stangerioides
Wadeae
Indosinenses

Cycas

–
–
Taiwanianae,
Stangerioides
–
Indosinenses,
Hongehenses,
Lindstromiae
Cycas,
Rumphiae,
Endemicae
(seven series)

C.
panzhihuaensis
C. revoluta
C. micholitzii
C. wadei
C. siamensis

C. circinalis

Ovules, seeds
Ovules, seeds
Megasporophyll
Seeds
Megasporophyll
Microsporophyll
Megasporophyll
lamina

Chen,
20-
14

Asiorientales
Stangerioides
Taiwanianose
Indosinenses
Wadeae
Cycas

–
–
–
–
Not specified
Not specified

C. revoluta
C. micholitzii
C. taiwaniana
C. siamensis
–
–

Ovules, seeds
Pinnaes
Megasporophyll
Microsporophyll
–
–
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dichotomously branched leaflet (such as C. bifida, C. multifrondis, C.
multipinnata and type of this section C. micholitzii) in separate sections
(Chen et al., 2014; Huang, 2001) (Table 3). However, the results in our
study (Fig. 4, S1-S4) indicate that the dichotomous leaflet morphology
appears to have evolved independently several times in the genus.
Additionally, we found the two subsections (Taiwanianae, Stangerioides)
proposed by Hill and Stevenson (1998) using megasporophyll char-
acters (Table 3) were not recovered in the phylogenetic analyses (e.g.:
for subsect. Taiwanianae: C. tropophylla is not nested with Hainan clade
VI, and for subsect. Stangerioides, C. balansae did not cluster with C.
brachycantha).

Clade II, termed the C. balansae clade, comprised C. multifrondis and
C. balansae (and its synonym C. shiwandashanica). The clade was only
supported by ML, while there was no support from Bayesian Inference
(Fig. 3), nor did we find any morphological symplesiomorphies for
these two taxa.

The core Stangerioides clade (clade III) is partially supported (PP/
BP=0.76/87), and only a few of the relationships within the clade are
supported (Fig. 3). A group comprising species from Southwest China
and Indochina (C. diannanensis, C. dolichophylla, C. brachycantha, and C.
collina) is supported (PP/BP=0.99/100), and is separate from species
from South China (such as C. szechuanensis, C. segmentifida, and C.
sexseminifera).

The position of the clade IV is unclear, as it resolves in different
regions of the topology depending on the dataset (Figs. 3 & S3). Clade
IV comprises four sympatric species (C. hainanensis, C. taiwaniana, C.
lingshuiensis and C. shanyaensis), and was only supported by PP (Figs. 3
and 4). However, in an earlier study, one of these species, C. haina-
nensis, was recovered as sister to all of the other members of sect.
Stangerioides (Xiao and Möller, 2015). This clade includes species from
Hainan Island and South China, which is geographically isolated from
the Southwest China and Indochina clade (Clade III), suggesting that
limited genetic exchange between may have promoted the divergence
of the two clades.

Cycas aculeata is a geographically isolated, cryptic Vietnamese
species and has been assigned to sect. Stangerioides (Hill et al., 2004a).
In our phylogenies based on the nDNA data and combined data, it is
placed as sister to most of sect. Cycas (Figs. 3, S2–S3); however, in the
cpDNA phylogeny, C. aculeata forms a clade with two taxa from sect.
Stangerioides (Figs. S1 & S4). A previous phylogenetic study had pro-
posed that it was close to sect. Indosinenses, although the authors ex-
plained it by long-branch attraction (Zhou et al., 2015). Given that our
results are equivocal, the classification of this species remains unclear.

4.5. Clade V: Sections Wadeae & Cycas

Clade V is endemic to the Philippines, and corresponds with sect.
Wadeae. This section was initially proposed by Lindstrom et al. (2008)
and is characterized by the ribbed sclerotesta. Before the section were
erected, the species were treated as a subsection in either sect. In-
dosinenses (Hill, 1993b) or sect. Panzhihuaenses (Wang et al., 1996). A
previous nrITS phylogeny suggested it was closely related to sect.
Panzhihuaenses and sect. Asiorientales (Xiao and Möller, 2015). In our
results, however, this clade sister to sect Indosinenses plus sect Cycas
(Figs. 3 and 4, S3). Within clade V is C. aenigma, which was recently
published based on a cultivated plant with pectinate megasporophylls
(Lindstrom et al., 2008). Cycas aenigma is a member of sect. Cycas, but
is clustered with sect. Wadeae (PP/BS=1/100) (Fig. 3, S1–S3). We
suggest that C. aenigma be reexamined, and assessed as a possible
member of sect. Wadeae.

4.6. Clade VI: Section Indosinenses

The Indosinenses clade, clade VI, shares the synapomorphy of a fi-
brous layer inside the seeds, and a distinct apical spine in both mega-
sporophylls and microsporophylls. It was supported by both BI and ML

analyses (PP/BP=0.99/100) and includes all of the members of sect.
Indosinenses sampled in this study. In this clade, the first diverging
lineage consists of C. hongheensis from China and C. petraea from
Thailand, albeit with support only from PP (0.98; Fig. 3). The distant
relationship between these two species and other sect. Indosinenses
members has been suggested by previous work (Nagalingum et al.,
2011; Xiao and Möller, 2015). Morphologically, these two species have
a grey tomentose megasporophyll as well as a grey and smooth trunk.
Cycas hongheensis is the only species of sect. Indosinenses that is endemic
to China. It differs from other members of sect. Indosinenses through the
absence of an apical spine on the microsporophyll, and the absence of a
fibrous layer in the sclerotesta; these features are similar to those in
sect. Stangerioides (Liu et al., 2016). Based on these morphological
characters, the species has been placed in its own subsection (sect. In-
dosinenses subsect. Hongheenses) (Hill, 1993b) (Table 3). However, its
sister relationship with C. petraea should be further verified in future
phylogenetic and morphological studies.

Nested among species of sect. Indosinenses/clade VI are C. pranbur-
iensis and C. macrocarpa, which are classified into sect. Cycas (Hill and
Yang, 1999). Former studies have indeed proposed that C. pranburiensis
is close to sect. Indosinenses rather than the sect. Cycas (Hill et al.,
2004b). These members of sect. Indosinenses and sect. Cycas are sym-
patric or have overlapping distributions in Southeast China and India,
therefore, it is possible that hybridization or gene flow occurred be-
tween species of these sections (Yang and Meerow, 1996).

Cycas lindstromii is characterized by subterraneous stem habit in
morphology and is nested among species of clade VI/sect. Indosinenses.
It has been placed alone in subsect. Lindstromiae (Table 3), but its iso-
lated position was not supported in our phylogenetic analysis. Cycas
lindstromii was supported as sister to C. chamaoensis, which has an erect
trunk. Cycas chamaoensis was considered sister to C. siamensis based on
isozyme analysis (Yang and Meerow, 1996), and sister to all other sect.
Indosinenses based on a phylogeny of morphological data (Hill, 1996),
but our phylogenies do not support these results from earlier studies.

4.7. Clade VII-XIII: Section Cycas

In this study, sect. Cycas was not monophyletic because some spe-
cies were placed in clade VI/sect. Indosinenses (see above). However, we
recovered a broader clade comprising C. aculeata+the majority of sect.
Cycas, which was fully supported (Fig. 3). This latter group, comprising
the majority of sect. Cycas, lacks support; it includes seven partially and
fully supported clades (VII-XII) plus three species that were not placed
within a clade. The sect. Cycas is further divided into three subsections,
as designated by Hill and Stevenson (1998) (Table 3); these subsections
fall within multiple clades and are polyphyletic in the phylogeny
(Fig. 3).

Clade VII, with five Cycas species, is endemic to India and is fully
supported (Fig. 3). It is the earliest diverging clade in sect. Cycas based
on the nDNA and combined datasets (Fig. 3, Fig. S2), but it has a close
relationship with sect. Stangerioides based on the cpDNA data (Fig. S4).
This clade is classified as sect. C. subsect. Cycas, and can be identified
by the non-pectinate megasporophyll lamina and the fibrous layer in
sarcotesta (Fig. 3).

Clade VIII comprises six Indonesian and Philippine species from
three subsections of sect. Cycas (Fig. 3): C. lacrimans from sect. C.
subsect. Cycas; C. glauca from sect. C. subsect. Endemicae; and other four
species from sect. C. subsect. Rumphiae. The position of this clade was
not resolved, and is in a polytomy with clade IX and another group
comprising clades X-XIII.

Clades IX and XIII incorporate nearly all sampled species of sect. C.
subsect. Endemicae, except for C. glauca, which is in clade VIII.
However, clade XIII includes C. apoa from sect. C. subsect. Cycas. The
sect. C. subsect. Endemicae mainly occurs in Australia and species are
characterized by the absence of spongy tissue in the seed and lack of a
fibrous layer in the sarcotesta. The section was further separated into
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seven series according to megasporophyll-, leaf-, cataphyll-, and hy-
podermis characters, but this classification has not been formally
published (Hill and Stevenson, 1998). According to our study, subsec-
tion Endemicae is polyphyletic (Fig. 3). Clade IX species are mostly
found in the Northern Territory, but also includes species from the
Western Australian Kimberley region, Cape York, and New Guinea.
Clade XIII does not include any Northern Territory species, but rather
species from New Guinea, Australian Kimberley region and Queens-
land.

Clade IX is sister to C. montana, a species from sect. C. subsect. Cycas
in southern Indonesia (Fig. 3). This clade includes species from three
series. Among them, the sect. C. subsect. Endemicae series Arm-
strongianosae and series Calcicolosae are primarily from the Northern
Territory of Australia (except C. papuana from Papua New Guinea).
Cycas badensis from the Cape York Peninsula of Australia is a member of
series Yorkianosae also clustered into this clade. Within clade XIII, the
two series Yorkianosae and Endemicae are not monophyletic.

Clade X includes three species from sect. C. subsect. Rumphiae,
which are distinguished by spongy tissue inside the seeds. It was re-
solved as sister to clades XI to XIII, with no support. Other members of
sect. C. subsect. Rumphiae occur in clade VIII.

Clade XI includes two morphologically similar species (C. zamba-
lensis and C. riuminiana), which are ascribed to sect. C. subsect. Cycas.
These two species both have a thin spongy endotesta, similar to that of
species of Cycas sect. C. subsect. Rumphiae—Lindstrom et al. (2008)
considered this a result of hybridization with sect. C. subsect. Rumphiae.

Clade XII is resolved and strongly supported as sister to clade XIII
(Fig. 3). Within clade XII, are two species from sect. C. subsect. Cycas
(C. javana and C. vespertilio) and five other members from sect. C.
subsect. Rumphiae.

The sect. C. subsect. Rumphiae has the widest range of any subsec-
tion within Cycas from South Pacific to eastern coastal Africa (see
Fig. 1) (Hill, 1996). The large buoyant seeds morphologically defining
this subsection have made the sect. C. subsect. Rumphiae more or less
universally accepted as distinct (Hill et al., 2004b). However, the sub-
section constituents as defined by Hill (Table 3) are not resolved as
monophyletic in any analysis from this study (clades VIII and XII),
which implies this unusual morphological character evolved more than
once within the genus or may have disappeared in close relatives of
some floating seed species (e.g. C. zambalensis and C. riuminiana from
clade XI, and C. vespertilio from clade XII). The sect. C. subsect. Cycas
seems to share a closer (blended) relationship with sect. C. subsect.
Rumphiae (clades VIII, XII in this study), which may be attributed to
their overlapping distribution in the Philippines and Indonesia region.
A previous phylogenetic study of Cycas based on nrITS also suggested a
closer relationship between species from these two subsections than
sect. C. subsection Endemicae (e.g.: C. javana, C. thouarsii, C. seemanii
well as the C. circinalis formed a clade in their phylogram) (Xiao and
Möller, 2015).

Clade XIII has a basal divergence yielding two subclades: one in-
cluding species from C. pruinosa to C. couttsiana ranging from the
eastern to western coasts of Australia, and another comprising three
species from New Guinea, C. apoa, C. campestris and C. schumanniana.
Clade XIII consists of species from five series according to Hill’s clas-
sification (Hill and Stevenson, 1998).

5. Conclusions

In this study, we generated a Cycas phylogeny based on combined
plastid and nuclear data. The phylogeny yielded 13 clades, many of
which were supported and broadly corresponded to the six sections in
the infrageneric classification of Cycas. We resolved sections
Asiorientales, Indosinenses, Wadeae, and Cycas as monophyletic, al-
though only the former three were supported. The phylogeny further
indicated that several characters previously used for infrageneric clas-
sification, such as the dichotomous leaflets and spongy endocarp, may

have evolved more than once. As a recently radiated genus, the lack of
support across the backbone of the phylogeny may be due to unin-
formative markers, incomplete lineage sorting, and interspecific gene
flow blurring species boundaries. Future studies based on greater
sampling, species tree estimation methods, as well as additional data
(reduced representation genome sequencing and whole chloroplast
genome data) are expected to be carried out for a deeper understanding
of the phylogeny and evolution of Cycas.
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