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1. Introduction

The cycads have a fossil record that extends back at least
250 Myr to the Permian age (Gao and Thomas, 1989), making them
the oldest crown-clade of seed plants (Hermsen et al., 2006). They
are the most species-rich group of gymnosperms after the conifers,
with ~300 species in 10-12 extant genera (Hill et al, 2003).
Despite their remarkable persistence and diversity, they are also
among the most threatened of all plant groups (e.g., Donaldson
et al., 2003). These features make them a prime candidate for com-
parative study by plant biologists (e.g., Brenner et al., 2003). How-
ever, their evolutionary history is still relatively poorly
characterized, as their relationship to the other major seed-plant
groups, both extant and extinct, continues to elude satisfactory
resolution (e.g., Burleigh and Mathews, 2004, 2007a,b; Doyle,
2006; Hilton and Bateman, 2006), and our understanding of their
internal phylogenetic relationships also lacks clarity. The latter
question is the subject of this study.

Trees inferred in recent studies of higher-order cycad phylogeny
(Hill et al., 2003; Chaw et al., 2005; Hermsen et al., 2006) have
major points of disagreement concerning higher-order cycad rela-
tionships. We inferred a ‘greatest agreement subtree’ (see Swof-
ford, 1991) using PAUPx (version 4.0b10; Swofford, 2002) from
these studies to summarize common aspects of the main cycad
backbone. This approach prunes off taxa that tend to float along
the backbone in different studies; the resulting subtree is the larg-
est consistent set of branching relationships given the least

* Corresponding author. Fax: +1 604 822 6089.
E-mail address: swgraham@interchange.ubc.ca (S.W. Graham).

1055-7903/$ - see front matter © 2008 Elsevier Inc. All rights reserved.
doi:10.1016/j.ympev.2008.03.002

amount of pruning. For this comparison we focused on trees from
two recent molecular studies of cycad phylogeny: (i) the combined
plastid (‘chloroplast’), combined nuclear and combined molecular
analyses in Hill et al. (2003, see their Figs. 5, 7 and 9, respectively);
(ii) separate analyses of the first two codons of the relatively rap-
idly evolving plastid matK locus, and the nuclear 5.8S/ITS2 region
in Chaw et al. (2005, see their Figs. 7-8, respectively; note that
we interpolated the positions of Ginkgo and Cycas, as in their
Fig. 9). We also considered the morphological study of Hermsen
et al. (2006), pruning extinct taxa from their single tree (their
Fig. 18). We reduced these various trees to genus-level phyloge-
nies, a reasonable simplification for studying higher-order cycad
phylogeny, as the genera are monophyletic if Chigua is assumed
to be part of Zamia, and Dyerocycas part of Cycas (see Hill et al.,
2003; Chaw et al., 2005); the genus Epicycas mentioned in Hill
et al. (2003) is a synonym of Cycas (Chen et al., 2004). A single
greatest agreement subtree is inferred from these genus-level
topologies. We present this topology and the various attachment
points of pruned taxa (Bowenia, Dioon and Stangeria) in Fig. 1a.
Trees inferred from recent analysis of nuclear ITS data and plastid
data from the trnL intron by Bogler and Francisco-Ortega (2004, see
their Figs. 2-3; not depicted here) are also consistent with this sub-
tree, although their plastid tree is partly unresolved.

The low to moderate support typical of much of the backbone
of cycad phylogeny in recent studies may be a function of the ex-
tremely slow rate of DNA substitution in cycads compared to
most other seed plants (Rai et al., 2003; see also Hill et al,
2003), which yields a relatively low amount of DNA sequence
variation for phylogenetic analysis per nucleotide examined. Lim-
ited variation can be addressed by increasing the amount of data
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Fig. 1. (a) The single greatest agreement subtree for genus-level topologies from recent molecular studies (Hill et al., 2003; Chaw et al., 2005); outgroup = Ginkgo biloba.
Symbols corresponding to Bowenia, Dioon and Stangeria (see caption) indicate the points at which they were pruned. The ‘H1’, ‘H2’, ‘H3’ labels refer (respectively) to analyses
of combined plastid data, combined nuclear data and all data combined in Hill et al.; the ‘C labels refer to (identical) plastid and nuclear backbones in Chaw et al. (2005); see
text. Apart from a contrasting arrangement of Encephalartos, Lepidozamia and Macrozamia (double-headed arrow) the agreement subtree is congruent with the morphological
study of Hermsen et al. (2006; ‘He’ labels indicate pruning points). For subtree branches in which multiple curved lines emerge from the same subtree branch, the relative
branching order corresponds to that seen in the original study. (b) Summary of Shimodaira-Hasegawa tests of divergent placements for each of the three pruned genera on
the greatest agreement topology, for a multigene plastid data set consisting of 17 loci and associated noncoding regions. Branches without labels are rejected as possible
positions (P < 0.01), labeled branches are not. Single arrowheads indicate the optimal ML placements of pruned genera on the subtree (“i” and “ii” are alternative optimal
positions for Bowenia according to the GTR + I' and GTR + I' + | DNA substitution models, respectively, see text).

collected per taxon. This was the approach we took in a previous
study of the backbone of cycad phylogeny, in which we surveyed
a large subset of the plastid genome using an exemplar-based
taxon sampling (Rai et al., 2003). However, that study lacked sev-
eral key taxa along the backbone, and so we expand our original
sample here by adding representatives of the previously unsam-
pled genera (Lepidozamia, Macrozamia and Microcycas). We use
this more extensive sampling to characterize the robustness of
phylogenetic inference of higher-order cycad relationships. Our
main goals are to investigate whether our large plastid data set
permits well supported inference of an overall backbone of cycad
phylogeny, whether this is consistent with the pruned backbone
that represents the common elements of other recent studies
(Fig. 1a), and the degree to which our data permit sturdy localiza-
tion of the position of the three genera pruned from this agree-
ment subtree.

2. Materials and methods
2.1. Recovery of plastid sequences, DNA sequence alignment

We used exemplar-based taxon sampling to represent the
major branches of cycad phylogeny. Methods of DNA extraction,
amplification and sequencing follow Graham and Olmstead
(2000) and Rai et al. (2003). The additional taxa included here
(Table 1) are Lepidozamia hopei (one of two species in the genus),
Macrozamia moorei (one of 38 species in the genus) and the

monotypic Microcycas (M. calocoma). We surveyed a total of 17
genes per taxon for each exemplar. These genes code for pro-
teins that function in photosynthesis (atpB, rbcL and ten photo-
system II, psb, genes), the plastid translation apparatus
(ribosomal protein genes rpl2, rps7 and 3’-rps12), and chlorore-
spiration (ndhB and ndhF, coding for two of the subunits of plas-
tid NADH dehydrogenase), plus their associated noncoding
regions (three introns, one each in rpl2, 3’-rps12 and ndhB, and
eight intergenic spacer regions that span genes in two photosys-
tem II gene clusters [psbE-psb] and psbB-psbH] and a cluster that
includes 3’-rps12, rps7 and ndhB).

We added these new sequences to a previous alignment (Gra-
ham et al., 2006), using Se-Al version 1.0 (Rambaut, 1998) to man-
ually adjust the alignment following criteria laid out in Graham
et al. (2000). The alignment comprises 25,687 nucleotides, derived
from an average of ~13.6 kb of unaligned DNA sequence data per
cycad exemplar (range = 13.3-14.0 kb; Ginkgo biloba is 14.3 kb).
For comparison, the entire plastid genome of Cycas taitungensis is
~163.4kb (Wu et al., 2007). We offset several difficult-to-align
regions in the intergenic spacer regions, following Graham et al.
(2006). The resulting staggered regions are typically limited to sin-
gle taxa, which are ignored in parsimony-based analysis (although
subsets of the offset regions include aligned blocks involving mul-
tiple taxa). These offset regions should have only minimal effect on
model-based methods (e.g., on estimation of base frequency
parameter values). Of the total alignment, 471 sites are potentially
parsimony informative, and 1395 are variable but parsimony
uninformative.
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Table 1

GenBank accession details for new cycad sequences examined here (see Rai et al., 2003 for other taxa)

Taxon [collection no. (location)] Gene or region

atpB ndhF psbB, T, N,H  psbD & C pSbE, F, L, ] rbcL rpl2 3'-rps12, rps7
ndhB, trnL
Lepidozamia hopei Regel [69428M (FTG)] AY699124  AY699157  AY699145 AY699172  AY699148 AY699175 AY699151 AY699154
Macrozamia moorei F. Muell. [59302 (FTG)] AY699125  AY699158  AY699146 AY699173  AY699149 AY699176 AY699152  AY699155
Microcycas calocoma (Miq.) A. DC. [77404T (FTG)]  AY699126  AY699159  AY699147 AY699174  AY699150 AF531214°  AY699153  AY699156

¢ Previously published (see GenBank accession for voucher information).

2.2. Phylogenetic analyses

We performed heuristic maximum parsimony (MP) and maxi-
mum likelihood (ML) searches using PAUPx (Swofford, 2002). We
used Ginkgo biloba to root cycad phylogeny (see Rai et al., 2003;
Chaw et al., 2005). For the MP analysis (using PAUPx), we treated
all characters and character-state changes as equally weighted,
and used TBR (tree-bisection-reconnection) branch swapping with
100 random addition replicates. PAUP«+ defaults were used for all
other settings. We performed exploratory MP investigations on
subpartitions of our plastid data for the following six cases: (1)
All of the photosystem Il genes combined (coding regions only);
(2) All inverted repeat data combined (coding and noncoding
regions); (3) atpB, rbcL and ndhF combined; (4) Codon positions 1
and 2 from all genes combined; (5) Codon position 3 combined;
(6) All noncoding data combined. Cases 1-3 are independent from
each other in terms of the data examined in each data partition, as
are cases 4-6 (a 53 bp overlap in psbC and psbD was excluded from
cases 4 and 5, as each nucleotide in this region belongs to two dif-
ferent codon position classes). A greatest agreement subtree of all
of the MP trees inferred from the first five cases (data not shown)
has an identical topology to the agreement subtree shown in
Fig. 1a. The sixth partition was also congruent with this agreement
subtree, except that it had a weak disagreement in a single element
(a Lepidozamia-Macrozamia clade, with 66% bootstrap support).
Setting aside this minor conflict, there was evidently a high level
of congruence among the data partitions we assessed, and we
therefore focus our analyses on the full plastid data set.

For ML searches, we chose the model of DNA sequence evolu-
tion with the hierarchical likelihood ratio test (hLRT) and the
Akaike Information Criterion (AIC), using ModelTest (version 3.7;
Posada and Crandall, 1998). When all 10 cycads and Ginkgo are
considered, both assessment methods recover the same optimal
DNA substitution model, GTR + T +1 [i.e., the general-time-revers-
ible (GTR) model, with among-site rate variation accounted for
by considering the proportion of invariable sites (I), and the
gamma (I') distribution, using four substitution-rate categories
for the gamma shape parameter alpha (o)]. All ML analyses consid-
ered the full plastid data set. For the ML search, we fixed DNA sub-
stitution model parameters to values obtained for the optimal
hLRT model in ModelTest, and used the heuristic search strategy
used for the MP analyses, but with only a single random addition
replicate. For MP and ML analyses we assessed branch support
using the nonparametric bootstrap (Felsenstein, 1985), with 500
bootstrap replicates (but using one random addition replicate per
bootstrap replicate). We use ‘weak’, ‘moderate’, and ‘strong’ in ref-
erence to clades that have bootstrap support values <70%, 70-89%
and >90%, respectively.

We used the greatest agreement subtree summarizing major
analyses of other recent cycad studies (Fig. 1a) as a starting point
to estimate the propensity of three of the genera (Bowenia, Dioon
and Stangeria) to float along the remaining backbone of cycad phy-
logeny. Three sets of trees were constructed in MacClade ver. 4.03

(Maddison and Maddison, 2001), one for each genus. The added
genus was attached to all 13 possible positions (branches) in the
eight-taxon greatest agreement subtree (Fig. 1a), including the
stem lineage connecting all other cycads to Ginkgo. The two other
floating genera were ignored for each set of tests. We used the test
of Shimodaira and Hasegawa (1999; implemented in PAUPx; Swof-
ford, 2002) to simultaneously compare the resulting 13 possible
nine-taxon trees for each floating genus (see Goldman et al.,
2000), to assess which suboptimal positions for this taxon are sig-
nificantly worse than the optimal one. We determined the optimal
DNA substitution model for each taxon set using ModelTest, and
estimated model parameters in PAUPx as part of the Shimodaira-
Hasegawa test. The optimal DNA substitution models indicated
for the hLRT and AIC comparisons disagree for two of these nine-
taxon analyses (the ones involving Stangeria and Dioon). In these
cases, the former method chose the GTR + I" model and the latter
the GTR + I" + I model, and so we repeated the nine-taxon analyses
under each DNA substitution model.

We also used the Shimodaira-Hasegawa test to compare sev-
eral additional hypotheses for the full 11-taxon data set (i.e., all
10 cycads plus Ginkgo), including the hypothesis that Bowenia
and Stangeria comprise a clade that corresponds to the family Stan-
geriaceae (e.g., Hermsen et al., 2006). We performed topologically
constrained ML searches in PAUPx corresponding to each hypoth-
esis, using the model and model parameters determined for the
unconstrained 11-taxon case, and then used the Shimodaira-Hase-
gawa test to simultaneously compare the scores of the shortest
constrained trees to the optimal unconstrained 11-taxon ML tree.

3. Results
3.1. Phylogenetic results

The single ML tree and two MP trees inferred with the full plas-
tid data set (Fig. 2) are completely congruent from the perspective
of the branching order of the seven cycad genera retained in the
greatest agreement subtree derived from other recent studies (cf.
Figs. 1a and 2). Trees inferred from the MP and ML analyses here
differ topologically from each other in the placement of Bowenia
and Stangeria. Several of the internal (non-terminal) branches con-
cerning these discordant relationships are extremely short (Fig. 2a)
and are correspondingly poorly supported. However, Dioon is con-
sistently placed here as the sister group of all cycads except Cycas,
with moderate support in ML and MP analyses (Fig. 2). A deep ba-
sal split between Cycas and all other cycads consistently has 100%
bootstrap support. A clade consisting of Ceratozamia, Microcycas,
Zamia and Stangeria is recovered with moderate to strong support
in MP and ML analyses (89-98% support; Fig. 2). Within this clade,
Microcycas and Zamia are strongly supported as sister taxa, and
two different arrangements of Stangeria and Ceratozamia are seen
in the two MP trees, each with poor support; one of these arrange-
ments, with Stangeria sister to the remaining three taxa (Fig. 2b), is
also weakly supported in the ML analyses (53%; Fig. 2a). A clade
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consisting of Encephalartos, Lepidozamia and Macrozamia, and a
subclade consisting of Encephalartos and Lepidozamia are recovered
with strong support (100% bootstrap support in MP and ML analy-
ses). Bowenia is weakly supported either as the sister group of all
cycads except Cycas and Dioon (MP trees; Fig. 2b and c), or as the
sister group of the Encephalartos-Lepidozamia—Macrozamia clade
(ML tree; Fig. 2a). The estimated branch support values from the
MP and ML bootstrap analyses are broadly comparable for the
well-supported branches (Fig. 2). One of our MP trees is consistent
with the less inclusive taxon sampling for this gene sampling in Rai
et al. (2003; cf. their Fig. 2 and Fig. 2c here).

3.2. Shimodaira-Hasegawa tests

When taxa pruned in the greatest agreement subtree topology
(i.e., Bowenia, Dioon or Stangeria) are individually forced onto differ-
ent possible branches of this tree, eight of their twelve possible sub-
optimal placements are rejected by the Shimodaira-Hasegawa test
(P<0.01 for each of the genera). However, four suboptimal
branches cannot be rejected as possible placements in each case
(Fig. 1b). The set of five plausible attachment points (both optimal
and suboptimal) is the same for all three genera, although the opti-
mal positions of the three floating genera in the nine-taxon trees
(marked with arrowheads; Fig. 1b) differ from each other and
mostly correspond to their positions in the 11-taxon ML tree
(Fig. 2). Bowenia has two possible optimal placements in the nine-
taxon case, that depend on the DNA substitution model used (labels
‘i” and ‘i’ in Fig. 1b). When Bowenia and Stangeria are constrained
together in the full 11-taxon tree (i.e., with all taxa included), the
shortest ML tree satisfying this constraint is not significantly worse
than the optimal ML arrangement in Fig. 2a (P = 0.094). The con-
strained clade Bowenia-Stangeria is then the sister group of the
Ceratozamia-Microcycas-Zamia clade (not shown). When Lepidoz-
amia and Macrozamia are constrained together, an arrangement
seen in the morphological analysis of Hermsen et al. (2006), the
shortest ML tree satisfying this constraint is otherwise identical
to the shortest tree (Fig. 2a), but is significantly worse (P =0.016).

4. Discussion

The large gene sampling considered here has proven to be use-
ful for characterizing a variety of deep phylogenetic splits in the
seed plants, including the backbone of conifer phylogeny and mul-
tiple aspects of basal angiosperm phylogeny (e.g., Graham and
Olmstead, 2000; Graham et al., 2006; Saarela et al., 2007; Rai
et al,, in press), permitting retrieval of well supported inferences
of deep phylogenetic splits. The exemplar taxa that we surveyed
represent all major cycad lineages, and broadly span the phyloge-
netic backbone of living and extinct cycads. Most of the fossil cycad
genera belong within the crown clade, and they appear to be
broadly dispersed among the extant lineages (Hermsen et al.,
2006). If it could be obtained, a robust phylogeny of the major lin-
eages of cycads would therefore have considerable value in aiding
our understanding of the overall pattern of cycad evolution.

We characterized the common higher-order branching struc-
ture among seven of the ten or so currently accepted genera in
other recent studies (Fig. 1a). The MP and ML inferences based
on our plastid data set are completely congruent with this subtree
topology (cf. Figs. 1a and 2), and also with each other in terms of
their well supported structure (Fig. 2). The broad congruence
among these multiple nearly independent data sets (our data and
the previously published data sets based on morphology and plas-
tid and nuclear data), supports the idea that the subtree in Fig. 1a
accurately reflects the true branching relationships among these
seven cycad genera. (It should be noted that our plastid data set

is largely non-overlapping with other recent molecular studies in
terms of the regions examined, although rbcL is common to our
study and Hill et al., 2003.) The three genera pruned to generate
the agreement subtree (i.e., Bowenia, Dioon and Stangeria) generally
have variable or weakly to moderately supported positions in
recent studies, and here also (Fig. 2). However, we can rule out
two-thirds of the possible suboptimal placements for each of these
genera (the unlabeled branches in Fig. 1b), and so their positions
should be considered to be partly localized. Despite the moderately
strong bootstrap support for the placement of Dioon as sister to all
cycads except Cycas (86-92% bootstrap support in MP vs. ML analy-
ses; Fig. 2a and b), and of Stangeria as part of a four-taxon clade (89—
98% bootstrap support; Fig. 2a and b) we cannot rule out four of 12
possible suboptimal placements of each genus on the cycad back-
bone, according to the Shimodaira-Hasegawa test. This may reflect
the fact that this test is quite conservative (e.g., Susko, 2003).

However, it is clear that more data will be needed to firmly
place Bowenia, Dioon and Stangeria. Until we can settle their place-
ment with more confidence, it would be advisable to postpone fur-
ther adjustments of higher-order cycad classification. It should be
noted, however, that all of the feasible arrangements for the three
floating genera found here (Fig. 1b) are consistent with a conserva-
tive taxonomic treatment of two families of cycads: Cycadaceae
(for Cycas alone) and Zamiaceae (for all other extant genera), e.g.,
Hill et al. (2003), Chaw et al. (2005). The family Stangeriaceae
(=Bowenia + Stangeria; Stevenson, 1992) was recovered as mono-
phyletic in the morphological analysis of Hermsen et al. (2006)
but has not been inferred in molecular studies. Trees inferred with
this clade constrained are not significantly longer than the best ML
tree here (P=0.094). The sister group relationship between Lepi-
dozamia and Macrozamia seen in Hermsen et al. (2006) was weakly
supported here by the noncoding plastid data (66% bootstrap sup-
port; data not shown), but is firmly rejected when all plastid data
are combined (P =0.016). The Lepidozamia-Macrozamia clade was
strongly supported in an analysis of the nuclear 26S rDNA gene
(Hill et al., 2003). However, a combined analysis of the nuclear
ITS and 26S rDNA locus in Hill et al. weakly supports the plastid
arrangement. The apparent discordance between plastid data and
the 26S locus (and perhaps between 26S and ITS regions) would
be worth examining by considering additional nuclear loci, to
determine whether either resolution is spurious. It would also be
valuable to collect additional noncoding plastid data to assess
whether weak support for the Lepidozamia-Macrozamia clade from
this data partition is spurious.

The Shimodaira-Hasegawa tests allowed us to more fully char-
acterize the uncertainty in the placement of the three taxa on the
core backbone of cycad phylogeny from the perspective of our
large plastid data set. We suspect that much of the uncertainty
in the placement of these three taxa is a function of several very
short internal (non-terminal) branches inferred when these taxa
are included (Fig. 2a), in tandem with the generally very slow rate
of plastid genome evolution in cycads. It should be noted that as
crown-clade cycad genera are known from the Permian (e.g.,
Hermsen et al., 2006), even the shortest branches observed here
(Fig. 2a) likely correspond to quite substantial time spans. Recent
authors (e.g., Chaw et al., 2005) propose that the relatively long
terminal branch subtending Stangeria in cycad phylogeny contrib-
utes to uncertainty over its placement. However, given the very
low overall substitution rates observed in cycads (Rai et al,
2003; Wu et al.,, 2007) we feel that it is unlikely that long-branch
attraction (or saturation in general) is much of a problem in infer-
ence of cycad phylogeny, at least from the perspective of plastid
data. Very conservative data should minimize the effects of other-
wise problematic long branches (e.g., Felsenstein, 1983).

Our plastid gene survey includes a substantial fraction of the
plastid genome (approximately a ninth of the non-repetitive total),
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indicated near branches.

but still does not provide enough variation to rule out several alter-
native placements for Bowenia, Dioon and Stangeria. Because this
genome is slowly evolving in cycads (and in Ginkgo; Rai et al.,
2003; Wu et al., 2007) it would be valuable to collect more data
from it to place these taxa with confidence. Our analyses clarify
what work remains to be done. Clearly, additional data from multi-
ple sources (e.g., nuclear data, additional morphological data)
would be invaluable for inferring the remaining uncertainties con-
cerning cycad higher-order phylogeny. However, it is becoming
reasonably straightforward and inexpensive to obtain whole plas-
tid genomes (e.g., Wu et al., 2007), and so an excellent case can be
made for considerably expanding the plastid genomic sampling to
encompass the entire plastid genome, for at least the current
exemplar taxon sample.

5. Conclusion

Our current plastid tree is consistent with the greatest agree-
ment subtree inferred from other recent studies, and rejects two-
thirds of the possible positions of three cycad genera (Bowenia,
Dioon and Stangeria) that tend to float in these other studies.
Despite uncertainty in the placements of Bowenia, Dioon and Stan-
geria, several cycad clades are strongly supported by the plastid
data, including one that defines a sister group relationship between
Cycas and all other cycads, a Microcycas-Zamia clade, and (Macroz-
amia (Encephalartos, Lepidozamia)). The monophyly of the family
Stangeriaceae cannot be rejected with the large plastid data set,
but a clade consisting of Lepidozamia and Macrozamia, observed in
some other studies, is strongly rejected.
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