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Abstract

Due to morphological reduction and absence of amplifiable plastid genes, the identification of photosynthetic relatives of
heterotrophic plants is problematic. Although nuclear and mitochondrial gene sequences may offer a welcome alternative source of
phylogenetic markers, the presence of rate heterogeneity in these genes may introduce bias ⁄ systematic error in phylogenetic analyses.
We examine the phylogenetic position of Thismiaceae based on nuclear 18S rDNA and mitochondrial atpA DNA sequence data, as
well as using parsimony, likelihood and Bayesian inference methods. Significant differences in evolutionary rates of these genes
between closely related taxa lead to conflicting results: while parsimony analyses of 18S rDNA and combined data strongly support
the monophyly of Thismiaceae, Bayesian inference, with and without a relaxed molecular clock, as well as the Swofford–Olsen–
Waddell–Hillis (SOWH) test confidently reject this hypothesis. We show that rate heterogeneity in our data leads to long-branch
attraction artifacts in parsimony analysis. However, using model-based inference methods the question of whether Thismiaceae are
monophyletic remains elusive. On the one hand maximum likelihood nonparametric bootstrapping and parametric hypothesis tests
fail to support a paraphyletic Thismiaceae, on the other hand Bayesian inference methods (both without and with a relaxed clock)
significantly reject a monophyletic Thismiaceae. These results show that an adequate sampling, the use of rate homogeneous data,
and the application of different inference methods are important factors for developing phylogenetic hypotheses of myco-
heterotrophic plants.

! The Willi Hennig Society 2009.

Introduction

Myco-heterotrophic plants (frequently wrongly
referred to as ‘‘saprophytes’’) present a remarkable case
of a parasitic nutrition strategy. Unlike plants that are
directly parasitic on other plants (holo- or hemipara-
sites) myco-heterotrophic plants obtain carbon from
adjacent photosynthetic plants through a shared com-
mon mycorrhizal network (Bidartondo et al., 2002;
Leake, 2005; Selosse et al., 2006). This allows them to
grow in shaded conditions, where autotrophic plants fail
to reproduce (Bidartondo et al., 2004). The
myco-heterotrophic mode of nutrition has evolved

independently several times, and in non-related taxo-
nomic groups. Many myco-heterotrophs show strong
convergent evolution in particular adaptations to their
mode of life, making the identification of the relatives of
myco-heterotrophic plants in many cases a phylogenetic
reconstruction challenge (Leake, 1994).

Particularly problematic are the myco-heterotrophic
Thismiaceae, a monocot family that consists of more
than 50 species in five genera (Maas-van de Kamer,
1998; Woodward et al., 2007). All Thismiaceae species
are small achlorophyllous myco-heterotrophic herbs.
Leaves are absent or reduced to scales. Most species
occur in dense tropical rain forest and can only be
spotted during the flowering period when aboveground
organs appear through the leaf litter (Maas et al., 1986).
The largest genus, Thismia, comprises about 32 species
and occurs mainly in the tropics of Asia and South
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America although some species extend into subtropical
and even temperate regions (Maas et al., 1986).
Remarkably, Thismia is absent from Africa while the
genus Afrothismia with 11 species is endemic to tropical
Africa. Other Thismiaceae genera are Oxygyne, with one
species from Cameroon and two from Japan, Haplo-
thismia, with one species endemic to the Western Ghats
(India), and the recently discovered Tiputinia, with a
single species from Ecuador (Sasidharan and Sujanapal,
2000; Woodward et al., 2007; Yokoyama et al., 2008).
A remarkably common feature of most Thismiaceae is
their extreme scarcity (Franke, 2004). The majority of
species are known exclusively from the type collection,
which in some cases dates back more than a century
(Jonker, 1938; Maas et al., 1986). Many species are
presumed extinct (Maas et al., 1986; Jarvie, 1996) while
new taxa are discovered almost every year (e.g. Sainge
et al., 2005; Cheek, 2006; Woodward et al., 2007).

Not surprisingly, due to the strong reduction of
vegetative organs and the rarity of most species
involved, Thismiaceae taxonomy has been the subject
of much debate. Most classifications included Thismia-
ceae, as a subtribe ‘‘Thismieae’’, in a broadly defined
Burmanniaceae (Miers, 1847; Jonker, 1938; Stevenson
and Laconte, 1995; Maas-van de Kamer, 1998) while
other authors favored the recognition of a separate
Thismiaceae closely related to the myco-heterotrophic
Burmanniaceae (Schlechter, 1921; Hutchinson, 1934,
1959; Dahlgren et al., 1985; Takhtajan, 1997). Thismi-
aceae or Burmanniaceae (including Thismieae) on their
part were linked to various other families. Many authors
proposed affinities with other myco-heterotrophic fam-
ilies such as Triuridaceae (Eichler, 1875; Baillon, 1894),
Geosiridaceae (Cronquist, 1970), Corsiaceae (Hutchin-
son, 1959; Dahlgren et al., 1985), and Orchidaceae
(Lindley, 1846; Karsten, 1858; Engler, 1888; Cronquist,
1970; Rübsamen, 1986). However, these relationships
are now completely discredited based on convergence of
character states involved, due to the myco-heterotrophic
mode of life (Soltis et al., 2005). In addition, Thismia-
ceae were linked to a wide variety of monocot families
including Haemodorocaceae, Iridaceae, Amaryllida-
ceae, Bromeliaceae, Taccaceae, and Velloziaceae (see
Maas et al., 1986 for an overview) corroborating the
lack of consensus about the relationships of these
enigmatic plants. DNA-based phylogenetic analyses
placed Thismiaceae in Dioscoreales (Caddick et al.,
2000, 2002; Davis et al., 2004), but different results for
their position within this order were obtained dependent
on different sampling and data (Caddick et al., 2002;
Merckx et al., 2006).

The use of DNA sequence data for the phylogenetic
placement of heterotrophic plants is not without prob-
lems. Apart from poor sampling due to the general
rarity of many taxa, the genomes of heterotrophic plants
are often highly degraded, preventing the use of

commonly used phylogenetic markers. In most holo-
parasitic and myco-heterotrophic plants the commonly
used plastid genes are highly divergent or even lacking
entirely (dePamphilis and Palmer, 1990; dePamphilis
et al., 1997; Nickrent et al., 1998; Wolfe and dePam-
philis, 1998; Caddick et al., 2002; Bungard, 2004; Young
and dePamphilis, 2005) and nuclear 18S rDNA of many
species was found to evolve many times faster than in
related photosynthetic plants (Nickrent and Starr, 1994;
Nickrent et al., 1998; Barkman et al., 2004; Merckx
et al., 2006). A strong bias in evolutionary rates of DNA
sequences may mislead phylogenetic inference methods
in producing artificial clades (Felsenstein, 1978; Hendy
and Penny, 1989). Particularly when parsimony is
chosen as the optimality criterion, strong nucleotide
substitution rate differences among lineages has been
shown to lead to systematic error known as ‘‘long
branch attraction’’ (LBA; Swofford et al., 2001;
Bergsten, 2005). Empirical studies have demonstrated
that LBA can occur in real data sets, however, the
pervasiveness of this problem remains unclear (Wiens
and Hollingsworth, 2000; Clements et al., 2003;
Anderson and Swofford, 2004; Wilcox et al., 2004;
Bergsten, 2005).

Recently, the use of mitochondrial gene sequences has
proven highly effective for inferring phylogenetic rela-
tionships of various achlorophyllous angiosperm groups
(Nickrent et al., 2002; Barkman et al., 2004, 2007;
Nickrent et al., 2004, 2005; Merckx et al., 2006; Merckx
and Bidartondo, 2008). In many of these cases mito-
chondrial gene sequences showed less pronounced rate
heterogeneity compared with that in 18S rDNA, and
may therefore provide a useful alternative when plastid
data is unavailable and nuclear data is plagued by rate
heterogeneity. In any case congruence between nuclear
and mitochondrial-derived topologies should be
checked as it may be highly informative for the
presence ⁄possibility of (systematic) artefacts. For exam-
ple, cytonuclear incongruence may suggest LBA due to
rate heterogeneity in nuclear genes (Bergsten, 2005), or
the presence of nonstandard processes such as RNA
editing, introgression, lineage sorting, and horizontal
gene transfer in one of the partitions (Wendel and
Doyle, 1998; Davis and Wurdack, 2004; Mower et al.,
2004; Nickrent et al., 2004; Barkman et al., 2007).

In this study we explore the use of mtDNA, detecting
possible LBA artefacts, as well as expand upon previous
phylogenetic hypotheses for Thismiaceae (Caddick
et al., 2002; Merckx et al., 2006) by analyzing 18S
rDNA and atpA mtDNA sequence data of 14 Thismi-
aceae taxa supplemented by a broad Dioscoreales
sampling. Separate as well as combined gene tree
topologies generated under different phylogenetic infer-
ence methods are discussed and compared with each
other. Parametric and nonparametric bootstrapping is
applied in order to critically evaluate the impact of LBA
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and possible conflict between data sets and to formulate
suggestions for ‘‘best practices’’ in similar experiments.

Materials and methods

Data

Fourty-one 18S rDNA sequences of Diosoreales were
obtained fromCaddick et al. (2002),Merckx et al. (2006),
Merckx and Bidartondo (2008), and Merckx et al.
(2008b). Five additional sequences were obtained with
methods described in Merckx et al. (2006). Thirty-five
atpA sequences were obtained from Davis et al. (2004)
and Merckx and Bidartondo (2008). Eleven additional
sequences were obtained with methods and primers
from Eyre-Walker and Gaut (1997). The Appendix lists
GenBank accessions of all included sequences.

Our sampling covers four out of five Thismiaceae
genera (unsampled genus = Oxygyne) including six of
twelve described Afrothismia species (50%) but only five
of ca. 30 species of Thismia (approx. 17%). However,
given the extreme rarity of the study group and the
scarcity of herbarium material our sampling is the most
complete currently available. Recently Yokoyama et al.
(2008) reported on the phylogenetic position of Oxygyne
using an 18S rDNA sequence of O. shinzatoi. At the
time of writing of the current manuscript this sequence
was not made available through a public database. All
sequence data were manually aligned with MacClade
4.04 (Maddison and Maddison, 2001).

Phylogenetic inference

Phylogenies were estimated under the parsimony
(MP) and maximum likelihood (ML) criteria, as well
as using a Bayesian approach without (BI) and with
(BRC) a relaxed clock, using PAUP* ver. 4b10 (Swof-
ford, 2002), GARLI ver. 0.951 (Zwickl, 2006), MrBayes
ver. 3.1.2 (Huelsenbeck and Ronquist, 2001; Ronquist
and Huelsenbeck, 2003), and BEAST ver. 1.4.6 (Drum-
mond and Rambaut, 2007), respectively. Parsimony
analyses were performed via heuristic searching using
TBR branch swapping and 500 random addition
sequence replicates saving multiple trees at each step.
Branch support was calculated by nonparametric boot-
strap analysis (Felsenstein, 1985) from heuristic searches
on 1000 pseudo-replicate data sets. For ML, BI and
BRC analyses the GTR + I + G model of evolution
was identified on the ingroup as the best-fit model for
both the 18S rDNA and atpA data sets and for the
combined data using ModelTest ver. 3.06 (Posada and
Crandall, 1998). The search for the tree with the highest
likelihood was performed with GARLI estimating all
model parameter values. The search was ended if no
significantly improved topology (likelihood increase of

0.01) was found for 10 000 generations. Model param-
eters, branch lengths, and likelihood score of the final
tree were optimized in PAUP* by performing a heuristic
ML search with the GTR + I + G model of evolution
but with the most optimal GARLI tree as constraint.
Clade support was estimated by nonparametric boot-
strap analysis on 500 pseudo-replicate data sets using
the same search strategies and the GTR + I + G
model of evolution. Bayesian analysis consisted of
5 · 106 generations starting from a random tree and
sampling every 1000 generations. Two runs were con-
ducted simultaneously, each consisting of four chains
(one cold, three incrementally heated) with temperature
T set to 0.2, the default value. A majority-rule consensus
tree was calculated from the trees sampled during the
last 1 · 106 generations. Convergence of the chains was
checked using TRACER ver. 1.4 (Rambaut and Drum-
mond, 2007) and the effective sampling size (ESS)
parameter was found to exceed 500 for all parameters,
which suggests acceptable mixing and sufficient sam-
pling. Successful swap frequencies between chains (0.23–
0.54) also suggested sufficient convergence. The Bayes-
ian analysis of the combined data was performed with a
partitioned model approach (GTR + I + G on each
data set). Analyses were rerun with the codon option for
atpA and with the 18S rDNA divided into stem and loop
partitions, with a GTR + I + G model on each
partition, but converged to similar results (not shown).
To investigate the influence of taxon sampling on the
difference between our results and those presented in
Merckx et al. (2006) the BI analysis of the 18S rDNA
dataset was rerun with all Afrothismia species excluded
except A. hydra. Additionally we performed a Bayesian
relaxed clock analysis with all three data sets using
BEAST ver. 1.4.6 (Drummond and Rambaut, 2007). We
applied a GTR + I + G model with four gamma
categories on each data set. For the analysis of the
combined data a GTR + I + G model was assigned to
each gene partition following the ‘‘BEAST partitioning’’
manual (http://tlpcouvreur.googlepages.com/beastparti
tioning). The uncorrelated lognormal clock model
(Drummond et al., 2006) was selected for all analyses
and two secondary calibration points with standard
deviations were taken from a MULTIDIVTIME anal-
ysis (Thorne and Kishino, 2002) on monocot 18S rDNA
and atpA data (Merckx and Bidartondo, 2008): a prior
with a normal distribution of 120 ± 6 Ma was set for
the root of the tree (stem node of Dioscoreales) and a
prior with a normal distribution of 113 ± 8 Ma for the
crown node of Dioscoreales. The distribution of all
other priors was set to uniform. Posterior distributions
of parameters were approximated using two indepen-
dent Markov chain Monte Carlo analyses of 20 000 000
generations followed by a discarded burn-in of
2 000 000 generations (10%). Convergence of the chains
was checked by evaluating the ESS values of each
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parameter with TRACER ver. 1.4. Results were plotted
on the tree in the posterior sample that has the
maximum sum of posterior probabilities on its n ) 2
internal nodes using the ‘‘Maximum clade credibility’’
option in TREEANNOTATOR ver. 1.4.6 (Drummond
and Rambaut, 2007). The XML BEAST input files are
available online as supporting information.

Alternative hypothesis testing

For all three data sets alternative hypotheses to the
tree with the best likelihood inferred as outlined above
were compared, using the approximately unbiased (AU)
test (Shimodaira, 2002) and the Shimodaira–Hasegawa
(SH) test (Shimodaira and Hasegawa, 1999). Alternative
hypotheses included: (i) the highest likelihood topolo-
gies calculated from the other two data sets, (ii) the tree
with the highest likelihood estimated with the constraint
that Thismiaceae are monophyletic, (iii) all most parsi-
monious trees for each data set, (iv) 100 trees (due to
computational limitations) randomly selected from the
trees sampled during the Bayesian analysis of each data
set once stationary was reached, (v) the tree resulting
from the BRC analysis of each data set. Site-wise log-
likelihoods for all trees were estimated using PAUP*
and used as input for CONSEL ver. 0.1i (Shimodaira
and Hasegawa, 2001). Multiscale bootstrap resampling
was conducted with ten sets of 10 000 replicates each,
with scale parameters ranging from 0.5 to 1.4.

Additionally we used parametric bootstrap analysis
[Swofford–Olsen–Waddell–Hillis (SOWH) test] to test
the monophyly of the Thismiaceae for each data set
(Hillis et al., 1996; Huelsenbeck et al., 1996; Swofford
et al., 1996; Goldman et al., 2000). A null model tree
(Thismiaceae constrained to a clade) was estimated from
the original data using GARLI. Likelihood score and
model parameters of the null model were optimized in
PAUP*. This model was then used to simulate 100
replicate data sets with SEQ-GEN ver. 1.3.2 (Rambaut
and Grassly, 1997). On each of the data sets two ML
tree searches were conducted using PAUP*, one to find
the optimal tree, the other to find the optimal tree
consistent with the null hypothesis. Due to computa-
tional limitations each heuristic search consisted of TBR
branch-swapping on a single neighbour-joining tree with
fixed model parameters. The distribution of differences
in likelihood score between the ‘‘optimal’’ and ‘‘null’’
scores was determined and used to evaluate the signif-
icance of difference between the two topologies.

Testing for long-branch attraction

Parsimony analyses on 18S and 18S + atpA data sets
recovered different Thismiaceae tree topologies (TP)
than maximum likelihood (TML) and Bayesian analyses
(Figs 1 and 3). Since these differences involve long

branches we used the method developed by Huelsenbeck
(1997) to determine if long-branch attraction (LBA) is
responsible for the observed conflict. Therefore we
simulated 100 replicate data sets with the same dimen-
sions as the original data sets on TP and TML, using the
GTR + I + G parameter values estimated previously
by PAUP* for the ML trees (see ‘‘Phylogenetic infer-
ence’’). Branch lengths and substitution model param-
eters for TP were estimated by PAUP* prior to the data
simulations. Both ML and MP heuristic searches were
then performed on each replicate data set. Following
Wilcox et al. (2004) our expectation was that if MP is
not significantly influenced by LBA, then <5% of the
trees estimated by MP from data simulated on the ML
topology should recover a monophyletic Thismiaceae.
On the other hand, ML should not recover a paraphy-
letic Thismiaceae for data sets simulated on the MP tree
(Wilcox et al., 2004).

Bayesian relative rates test

Bayesian relative rates tests on 18S rDNA and atpA
data sets were conducted as described by Wilcox et al.
(2004). Unlike the commonly used Wu and Li (1985)
relative rates test, the Bayesian relative rates test
accounts for tree structure and allows direct rate
comparison between multiple taxa or clades. For each
taxon the distribution of branch-length distance from
the most-recent common ancestor (MRCA) of the
ingroup was constructed based on the branch-lengths
of 500 randomly sampled trees retained by the Bayesian
analysis after stationary was reached. The ingroup (and
corresponding MRCA) used for the branch length
comparisons needs to be monophyletic in all of the
sampled trees and therefore consisted of all Dioscoreales
taxa except Nartheciaceae and Burmanniaceae for 18S
rDNA trees and all Dioscoreales taxa except Nartheci-
aceae for atpA trees.

Results

Phylogenetic inference

MP analysis of 18S rDNA data recovered 19 equally
most parsimonious trees of length 1201 steps. All most
parsimonious trees contain a Thismiaceae clade with
Tacca as sister clade. The monophyly of Thismiaceae is
strongly supported (98% Bootstrap support; BS;
Fig. 1a). ML analysis produced a similar topology
()ln L = 8248.14; Fig. 1b), differing mainly in the fact
that Thismiaceae are a paraphyletic group, i.e. the
genera Thismia–Haplothismia–Tiputinia are in a clade
sister to Tacca, but this relationship is not supported,
and Afrothismia is the sister group of this clade (68%
BS). BI analysis obtains a tree similar to ML (Fig. 1b).
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The Thismia–Haplothismia–Tiputinia–Tacca clade is not
significantly supported (72% BPP). BI analysis with
relaxed clock (BRC) retrieves a monophyletic Thismi-
aceae without significant support (64% BPP; Fig. 1c). A
rerun of the BI analysis with Afrothismia reduced to a
single taxon (A. hydra) resulted in a monophyletic
Thismiaceae with A. hydra placed as the sister group
of Thismia panamensis (result not shown).

MP analysis of atpA data obtained 384 most
parsimonious trees with a length of 478 steps
(Fig. 2a). A Thismia–Haplothismia–Tiputinia–Tacca
clade is present in the strict consensus of these trees,
but receives no bootstrap support. The relationships
between the main clades in the atpA strict consensus
cladogram differ considerably from the strict consen-
sus based on 18S rDNA data, but none of these
differences are supported. The optimal ML tree based
on atpA data ()ln L = 4502.71; Fig. 1b) is in
agreement with the MP topology and also favors a
paraphyletic Thismiaceae, but bootstrap support for
internal relationships is lacking. In the Bayesian
majority-rule consensus tree, which is highly similar
to the ML topology, the Thismia–Haplothismia–
Tiputinia–Tacca clade is significantly supported (96%

BPP; Fig. 1b). Significant support (95% BPP) for a
Thismia–Haplothismia–Tiputinia–Tacca clade is also
obtained by BRC analysis of atpA data (Fig. 2c). In
comparison with MP, ML, and BI analyses, BRC
analysis favors an alternative position of Afrothismia
but without branch support.

MP analysis of the combined 18S rDNA and atpA
data retains 1824 most optimal trees with 1704 steps.
A Thismiaceae clade is present in all these trees and
obtains 98% support in the bootstrap analysis
(Fig. 3a). Tacca is sister group of this clade with
strong support (93% BS). The optimal ML tree ()ln
L = 13143.71; Fig. 3b) mainly differs from the MP
strict consensus by the paraphyly of Thismiaceae.
Although the Thismia–Haplothismia–Tiputinia–Tacca
clade is not supported, this clade is maximally
supported in the BI majority-rule consensus tree
(100% BPP; Fig. 3b). BRC analysis retrieves a tree
with relationships between the main clades similar to
ML and BI analyses (Fig. 3c). The Thismia–Haplothis-
mia–Tiputinia–Tacca clade is significantly supported
(100% BPP), but the position of Afrothismia as sister
group of this clade remains without strong support
(62% BPP).

(a) (b) (c)

Fig. 1. Phylogenic relationships in Dioscoreales based on 18S rDNA sequences. Thismiaceae are indicated in bold. (a) One of 19 most parsimonious
trees (1201 steps). Nonparametric bootstrap support values of major clades are shown above branches. (b) Most optimal maximum likelihood
tree ()ln L = 8248.14). Non-parameteric bootstrap support values of major clades are shown above branches, Bayesian posterior probabilities
below branches. (c) Chronogram obtained by Bayesian relaxed clock analysis with Bayesian posterior probabilities of major clades shown above
branches.
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Alternative hypothesis testing

In four of 12 hypotheses obtained with different
data sets and different optimality criteria (Figs 1–3),
the paraphyletic status of Thismiaceae is significantly
supported (BI and BRC analysis of atpA and
18S + atpA data). In contrast, MP analysis of 18S
rDNA and of the 18S + atpA data retains a strongly
supported monophyletic Thismiaceae. Table 1 lists the
results of AU and SH tests to compare the topologies
obtained under likelihood to each other, MP topolo-
gies, ML trees generated under a monophyletic
Thismiaceae constraint, BI trees, and BRC trees. Both
tests indicate that the topologies generated by ML
with 18S rDNA and atpA data are significantly
different (P < 0.01). In addition, the ML topology
resulting from the 18S + atpA data set is significantly
different from the atpA ML topology. Monophyly of
Thismiaceae cannot be rejected by any of the para-
metric ML tests. When the most parsimonious trees,
BI trees, and BRC trees are compared to the ML
topologies significant between data set-differences are
found, but not between inference methods ⁄optimality
criteria.

With ML analysis of atpA, the best tree with
Thismiaceae monophyletic is 3.7 log-likelihood units
worse than the optimal tree, containing a paraphyletic

Thismiaceae (Fig. 2b). Based on the SOWH test this
difference is significant at 5% level and monophyly of
Thismiaceae can thus be rejected using atpA data
(Fig. 4). The log-likelihood difference between the 18S
rDNA ML tree and the tree with Thismiaceae mono-
phyletic is 1.2. Although this difference seems minor, the
SOWH test reveals that the distribution of the log-
likelihood differences under the null model (Thismiaceae
monophyletic) is zero: analysis on data sets generated
under the null model always recovers a Thismiaceae
clade. For the SOWH test on 18S + atpA data similar
results were obtained. All SOHW tests thus reject a
monophyletic Thismiaceae.

Long-branch attraction

With the method of Huelsenbeck (1997) we found
that MP recovered a monophyletic Thismiaceae for 14%
of the data sets simulated along the 18S rDNA ML tree
(with a paraphyletic Thismiaceae). ML analysis on the
same simulated data sets never recovered a Thismiaceae
clade. Simultaneously, ML and MP analyses on data
sets simulated under Thismiaceae monophyly constraint
(as recovered by MP with the original data) always
recovered a monophyletic Thismiaceae. In a similar
LBA test on the combined data set 7% of the MP trees
were influenced by LBA.

(a) (b) (c)

Fig. 2. Phylogeny of Dioscoreales based on atpA sequences. Thismiaceae are indicated in bold. (a) One of 384 most parsimonious trees (478 steps).
Nonparametric bootstrap support values of major clades are shown above branches. (b) Most optimal maximum likelihood tree ()ln L = 4502.71).
Nonparametric bootstrap support values of major clades are shown above branches, Bayesian posterior probabilities below branches. (c) Bayesian
analysis with a relaxed clock. Bayesian posterior probabilities are shown above branches.
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Bayesian relative rates tests

The Bayesian relative rates plot of 18S rDNA
(Fig. 5a) clearly shows a significant variation in branch
lengths, and thus relative substitution rates, between
Thismiaceae and its photosynthetic relatives. Compared
to the average branch length of the longest Tacca branch
(average of 0.33 from MRCA) the relative rate of 18S
rDNA in Thismiaceae is more than 2.5-fold (in Haplo-
thismia; average of 0.086 from MRCA) to more than
6.5-fold faster (in Tiputinia; average of 0.22 from
MRCA). No significant differences in relative rates are
observed between Thismiaceae species. The Bayesian
relative rates plot of aptA shows a slightly different
pattern (Fig. 5b). While all species of Afrothismia have
significantly longer branches than any Dioscoreaceae
species, the 95% confidence intervals of the other
Thismiaceae are overlapping with those of Dioscorea-
ceae. The average branch length in Afrothismia is 2.5-
fold (0.1 from MRCA in A. korupensis) to four fold
(0.16 from MRCA in A. hydra) longer than the longest
branch in Tacca (0.04 from MRCA). Except for
A. gesnerioides and A. korupensis all Afrothismia species
have significantly higher evolutionary rates than the
remaining Thismiaceae.

Discussion

Conflicting topologies

Comparing the optimal trees resulting from 18S
rDNA and 18S + atpA data, there is significant conflict
between parsimony and most model-based analysis
results. While parsimony recovers a monophyletic Thi-
smiaceae, ML, BI and BRC (for 18S + atpA only)
favors a paraphyletic Thismiaceae grouping. Support
for this topological difference varies, but reaches max-
imal disagreement in the MP versus BI and BRC
analyses of the combined data set. The SOWH test
corroborates this by rejecting a monophyletic Thismia-
ceae for all data sets. Paradoxically, the AU and SH
tests suggest that the topological conflicts between the
different phylogenetic inference methods are not signif-
icant. The Bayesian relative rates test indicates that the
18S rDNA substitution rate is increased in all Thismi-
aceae taxa. Indeed, using the method of Huelsenbeck
(1997), MP analysis on 18S rDNA and 18S + atpA
data is shown to be significantly biased by LBA. MP
analysis of these data sets groups the long-branch taxa,
regardless what the true tree might be, leading to high
bootstrap support for either correct or incorrect results.

(a) (b) (c)

Fig. 3. Phylogeny of Dioscoreales based on combined analysis of 18S rDNA and atpA sequences. (a) One of 1824 most parsimonious trees (1704
steps). Nonparametric bootstrap support values of major clades are shown above branches. (b) Most optimal maximum likelihood tree ()ln
L = 13143.71) with nonparametric bootstrap support values of major clades shown above branches. Bayesian posterior probabilities are indicated
below branches. (c) Chronogram resulting from the Bayesian analysis with a relaxed molecular clock. Bayesian posterior probabilities of major clades
are shown above branches.
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This bias makes MP an inappropriate method for
analyzing our 18S rDNA and 18S + atpA data sets
and the forthcoming results should be discarded. Inter-
estingly, the absence of increased substitution rates in
atpA sequences of Thismia, Haplothismia, and Tiputinia
suggests a reduced impact of LBA, and indeed, MP
produces a topology similar to that obtained with
likelihood and Bayesian analysis.

Bayesian analysis with and without a relaxed clock of
atpA and 18S + atpA data sets significantly rejects a
monophyletic Thismiaceae. This contrasts with ML
bootstrapping and AU and SH test results, which fails
to support a paraphyletic Thismiaceae. Although boot-
strap percentages and posterior probabilities are not
directly comparable, several studies tried to assess their
mutual relationship (Leaché and Reeder, 2002; Alfaro
et al., 2003; Douady et al., 2003; Yang and Rannala,
2005). In general, ML bootstrap support values are
considered as more conservative while BPP appear to
have increased sensitivity to phylogenetic signal, which
may result in high confidence in a correct result with
fewer characters. However, BPP also appears to be more
prone to assigning high confidence to incorrect short
internodes (Alfaro et al., 2003; Yang and Rannala,
2005). Since we do not know the true tree, it is
impossible to determine whether BI and BRC spuriously
supports the paraphyly of Thismiaceae, or are just much
more sensitive to the phylogenetic signal of the data sets.
Inadequate modeling of data is an important factor that
can contribute to misleading BPP values (Buckley, 2002;
Alfaro et al., 2003; Douady et al., 2003; Lemmon and
Moriarty, 2004). The most complex model available
(GTR + I + G) was selected upon our data but this
model may not be flexible enough to account for the
observed complex rate heterogeneity. The application of
a relaxed-clock offers a biologically more plausible
approach to infer rate variation among organisms than
a no-clock assumption (Pybus, 2006). In our analysis
only slight differences were observed between a relaxed
and a no-clock Bayesian approach, and none of these
differences are significantly supported. For the
18S + atpA data BRC retained the same phylogenetic
relationships between the Dioscoreales clades as BI and
both methods obtained significant clade support
(BPP ‡ 95%) for the same clades (Fig. 3b,c). Thus, the
application of a more-realistic substitution model does
not lead to different results, suggesting that the impact
of model misspecification seems minimal for this data
set. On the other hand, it is possible that a
GTR + I + G model of substitution with a relaxed
clock is also unable to account for the observed rate
heterogeneity.

In our opinion the difference in support values
between ML and Bayesian approaches do not represent
conflict but rather reflect their different nature. Bayesian
posterior probabilities are straightforward to interpret:T
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the posterior probability for a clade is the probability
that the clade is true, given the data and the model. In
contrast, nonparametric bootstrap values are much
harder to interpret (Yang and Rannala, 2005). Using
all our data both maximum likelihood and Bayesian
approaches infer Thismiaceae as a paraphyletic group
(Fig. 3). However, when using replacement datasets
based on the original data (nonparametric bootstrap
replicates), confidence in a non-monophyletic Thismia-
ceae fades. This suggests that the phylogenetic signal is
vulnerable to resampling and that additional data is
certainly needed to test the current hypothesis. Thus,
our results indicate that based on our data (and
substitution model) there is a high probability that
Thismiaceae are paraphyletic. However, the short inter-
nal branch leading to the Tacca-Thismia–Haplothismia–
Tiputinia clade and the lack of bootstrap support
suggest that there are relatively few characters that
support this group and additional data are clearly
needed to test this hypothesis.

Our results are also consistent with previous studies
that have indicated a tendency for the SOHW test to be
prone to generating Type 1 errors because of model
misspecification coupled with branch-length heteroge-
neity (Goldman et al., 2000; Strimmer and Rambaut,
2001; Buckley, 2002). High substitution rates and
branch length heterogeneity are present in both nuclear
and mitochondrial data set as shown by the Bayesian
relative rates tests and may thus cause conflict between
the SOWH test and the much more conservative AU
and SH tests. Particularly our observations that the
distribution of the null hypothesis (Thismiaceae mono-
phyletic) for 18S rDNA and 18S + atpA data sets is
equal to zero are disturbing. According to these results
every single topology with a Thismiaceae clade can be

confidently rejected as an equally likely hypothesis no
matter how small the difference in likelihood might be.
There are two possible explanations for this apparent
erroneous behavior of the SOWH test. First there is no
guarantee that the most optimal topology was located
for each replicate, although we used thorough heuristic
searches (but fixed parameter values). When a search,
both constrained and unconstrained, on a particular
replicate converges on a suboptimal tree the general null
distribution will tighten. However, it seems unlikely that
this explanation is solely responsible for the observed
null distribution (Goldman et al., 2000). Secondly,
parametric tests, such as SOHW, may suffer from a
dependence on a substitution model derived from the
data to construct a null distribution of the test statistic.
If this model is inadequate the test may become biased
(Strimmer and Rambaut, 2001; Buckley, 2002). Partic-
ularly misspecified substitution models coupled with
rate heterogeneity may cause the SOHW test to become
too liberal (Huelsenbeck et al., 1996). Furthermore,
Buckley (2002) also observed that in data sets where
SOWH proved misleading, BPP were also misleading,
which may indicate that model misspecification has
caused spurious clade support in our Bayesian analyses
(but see results obtained with Bayesian relaxed clock
interference).

The 18S rDNA trees obtained with ML and BI
analyses here are conflicting with the same analyses by
Merckx et al. (2006) and Yokoyama et al. (2008) in
which Thismiaceae, represented by a single Afrothismia
18S rDNA sequence, was monophyletic. As pruning
Afrothismia to a single sequence in the present study
leads to reproduce their results, this stresses once again
the importance of a complete sampling to improve
phylogenetic accuracy and avoid LBA artifacts (Graybeal,
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1998; Pollock et al., 2002; Zwickl and Hillis, 2002;
Bergsten, 2005).

Conflicting data sets

While the AU and SH tests show that there is no
significant difference between the results of the parsi-
mony and model-based analyses, they detect strong
conflict between the nuclear and mitochondrial data.
This is reflected in the alternative positions of Trichopus,
Burmanniaceae, and Nartheciaceae in the 18S rDNA
and atpA topologies (Figs 1 and 2). Incongruence
between atpA and non-mitochondrial genes has been
observed frequently (e.g. Davis et al., 1998) but in
nearly all studies a combined approach with nuclear
and ⁄or plastid genes was used mainly driven by the
assumption that a larger number of characters improves

phylogenetic accuracy and resolution (Hillis, 1996;
Davis et al., 2004; Chase et al., 2006; Fay et al., 2006;
Petersen et al., 2006; Pires et al., 2006). Similarly, for
18S rDNA it has been hypothesized that its phylogenetic
signal may be affected by constraints imposed by the
secondary structure and it should be combined with
other data to accommodate for these differences (Soltis
et al., 1999). However, it is also known that a strong
bias in branch-length heterogeneity may persist or even
increase when more characters are added (Sanderson
and Shaffer, 2002). In our combined analyses the 18S
rDNA data set with 313 parsimony informative char-
acters prevails over atpA with only 169 parsimony
informative characters. The LBA artifact leading to a
strongly supported Thismiaceae clade in the 18S rDNA
MP analysis is not diminished by the addition of
presumably unbiased atpA data and a nearly identical
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Fig. 5. Distribution of branch lengths from the most recent common ancestor (MRCA) of the included Thismiaceae and related Dioscoreales taxa
for 18S rDNA (a) and atpA (b) data sets.
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topology is recovered by parsimony analysis of the
combined data set. Only the position of Nartheciaceae
as the first diverging lineage in Dioscoreales is innova-
tive after the addition of atpA data.

For model-based methods the overall support and
resolution improves when combining 18S rDNA and
atpA data. Moreover, the differences that are observed
between BI and BRC 18S rDNA trees disappear when
atpA data is added. This empirical case shows that under
the model-based approach combining data resolves
conflicts between single-gene analyses and enhances
phylogenetic resolution.

Are Thismiaceae monophyletic?

Given the current data and taxon sampling, we
suggest that the paraphyly of Thismiaceae, given current
molecular matrices, is empirically adequate. However,
our dataset is limited in size and may not represent the
phylogenetic relationships between the taxa accurately.
Thus future studies should focus on additional
data—preferably not prone to rate heterogeneity—as
well as additional sampling to test this hypothesis.
However, our data suggests that Tacca and the Thismia–
Haplothismia–Tiputinia clade are linked by a short
branch. Short branches may be very difficult to confi-
dentially resolve, even with large, multilocus data sets
(Wiens et al., 2008). Based on morphology a non-
monophyletic Thismiaceae would be highly surprising
and a case of remarkable morphological convergence.
The first specimen of Afrothismia was described as
‘‘Thismia winkleri’’ by Engler (1905) only to be placed in
a new genus by Schlechter (1906) who argued that a
variety of distinctive characters justified the description
of a new genus. Although Thismia and Afrothismia have
very similar habits, there are indeed several features that
distinguish these genera from each other and Afrothis-
mia from other Thismiaceae. Afrothismia flowers are
easily identified by their two-chambered perianth tube,
the upper and the lower compartments are separated by
an annulus, and the anthers are adnate to the gynoe-
cium. But their most distinctive feature is an under-
ground rhizome, which consists of clusters of bulbils
(Cheek, 2003). Other Thismiaceae have corraloid, ver-
miform or tuberous roots (Maas-van de Kamer, 1998;
Woodward et al., 2007). From a biogeographical per-
spective, Afrothismia has an exclusively African distri-
bution, while Thismia is absent from Africa. Only the
cryptic Thismiaceae genus Oxygyne, also occurs in
Africa (Cheek and Williams, 1999). Nevertheless, no
author ever considered Afrothismia separate from Thi-
smiaceae. An independent origin for the loss of chloro-
phyll in Afrothismia, however, would not be unexpected.
The absence of chlorophyll has shown to be an invalid
synapomorphy in groups were loss of chlorophyll events
occurs (Merckx et al., 2006). Particularly in myco-

heterotrophic groups a switch from autotrophy to
heterotrophy has often occurred multiple times inde-
pendently in related lineages (e.g. Burmanniaceae,
Merckx et al., 2006, 2008a; Orchidaceae, Molvray et al.,
2000) and subsequent morphological convergence, i.e. in
characters such as leaves and root structures, may
conceal the relationships of closely and even distantly
related groups (Leake, 1994).

Conclusions

Our results show that phylogenetic inference of myco-
heterotrophic plants can prove challenging for various
reasons. Due to the general rarity of taxa, adequate
taxon sampling is often difficult to achieve. In addition,
degeneration of both morphology and plastid genes may
leave few reliable phylogenetic characters with which to
infer phylogenetic relationships. When plastid gene
sequences are unavailable or highly divergent, nuclear
and mitochondrial DNA regions will be the data of
choice. However, the presence of elevated substitution
rates, commonly observed in mitochondrial and nuclear
genes of heterotrophic plants, may lead to bias in
phylogenetic inference.
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Appendix

Taxon—Genbank accession: 18S rDNA, atpA; Voucher; Locality.
Burmanniaceae: Apteria aphylla (Nutt.) Barnh. ex

Small—DQ786035, EU421007; Chase 156, NCU; USA. Burmannia
capitata (Walt. ex Gmel.) Mart.—EU816732, EU421009; Neyland 958,
MCN; USA. Campylosiphon purpurascens Benth.—EU420996,
EU421024; Banki 1257, U; Guyana. Dictyostega orobanchoides
(Hook.) Miers—DQ786056, EU421026; Maas et al. 9620, U; French
Guiana. Gymnosiphon breviflorusGleason—DQ786041, EU421032; Ek
1577, U; French Guiana. Dioscoreaceae: Dioscorea althaeoides R.
Knuth—EU420997, EU421027; RBGE 19940649; China. Dioscorea
bulbifera L.—AF069203, FJ215775; RBGE 19821960; Cultivated.
Dioscorea caucasica Lipsky—FJ215769, FJ215779; RBGE 19110024;
Cultivated. Dioscorea communis (L.) Caddick & Wilkin—EU186223,
AY277804; V. Merckx 2, LV; cultivated. Dioscorea elephantipes
(L!Hér.) Engl.—FJ215767, FJ215777; RBGE 19280228; South Africa.
Dioscorea prazeri Prain & Burkill—DQ786089, EU421028; Wilkin
878, K; Thailand. Dioscorea rockii Prain & Burkill—DQ786090,
EU421029; Chase 21052, K; Sri Lanka. Dioscorea sylvatica (Knuth)
Eckl.—FJ215768, FJ215778; RBGE 19803437; South Africa. Diosco-
rea tokoro Makino ex Myabe—DQ786088, FJ215776; Merckx 01, LV;
Cultivated. Stenomeris dioscoreifolia Planch.—DQ786087, EU421042;
Risdale 550, ISU; Philippines. Nartheciaceae: Aletris lutea
Small—DQ786092, FJ215780; Anderson 36, LV; USA. Lophiola aurea
Ker-Gawl.—DQ786091, EU421039; Newell 23 ⁄8, K; USA. Metanar-
thecium luteo-viride Maxim.—AF309410, EU421040; Inoue s.n., K;
Japan. Narthecium ossifragum Huds.—AF309411, AY299809;
Jaquemart 46-9, LV; Belgium. Nietneria paniculata Steyerm.—
EU186219, EU421041; O. Hokche & P.J.M. Maas 849, U; Venezuela.
Pandanaceae (outgroup): Pandanus tectorius Parkinson ex Du Roi
(outgroup)—AY952391, EU421052; Merckx 201, LV; Cultivated.
Taccaceae: Tacca artocarpifolia Seem.—AF309397, EU421043; Cad-
dick 305, K; Madagascar. Tacca chantrieri André—DQ786086,
EU421044; Chase 175, NCU; Cultivated. Tacca integrifolia Ker-
Gawl.—DQ786085, EU421045; Boyce 1074, K; Malaysia. Tacca
leontopetaloides (L.) Kuntze—EU420999, AF039252; Wilkin 817, K;
Thailand. Tacca palmata Blume—EU421000, EU421046; Chase 6201,
K; Cultivated. Tacca palmatifida Baker—DQ786084, FJ215774; Chase
1377, K; Indonesia. Tacca parkeri Seem.—EU421001, AY299849;
Berry 5620, MO; Venezuela. Tacca plantaginea (Hance)
Drenth—U42063, FJ215773; BG Leiden 520520, Cultivated. Thismi-
aceae: Afrothismia foertheriana T. Franke, Sainge & Agerer—
EU420988, EU421002; Merckx et al. 126, LV; Cameroon. Afrothismia
gabonensis Dauby & Stévart—FJ215766, FJ215772; Dauby 167,
BRLU; Gabon. Afrothismia gesnerioides H. Maas—EU420989,
EU421003; Merckx et al. 110, LV; Cameroon. Afrothismia hydra
Sainge and Franke—EU420990, EU421004; Merckx et al. 115, LV;
Cameroon. Afrothismia hydra Sainge and Franke—FJ215765,
FJ215771; Merckx et al. 113, LV; Cameroon. Afrothismia korupensis
Sainge & T. Franke—EU420991, EU421005; Merckx et al. 114, LV;
Cameroon. Afrothismia winkleri Schltr.—EU420992, EU421006; Mer-
ckx et al. 106, LV; Cameroon. Haplothismia exannulata Airy
Shaw—DQ786082, EU421037; Sasidharan and Sujanapal 30476,
KFRI; India. Thismia aseroe Becc.—AF309404, EU421048; Caddick
349, K; Malaysia. Thismia clavigera (Becc.) F. Muell.—AF309405,
EU421049; Caddick 354, K; Malaysia. Thismia panamensis (Standley)
Jonk.—DQ786081, EU421050; Aizprua 2946, LV; Panama. Thismia
rodwayi F. Muell.—AF309403, AY299849; Wapstra s.n., HO; Aus-
tralia. Thismia taiwanensis Yang, Saunders and Hsu—DQ786080,
EU421051; Yang et al. 28981, PPI ; Taiwan. Tiputinia foetida P.E.
Berry & C.L. Woodward—FJ215764, FJ215770; Alvaro Javier Perez
Castaneda s.n., LV; Ecuador. Trichopodaceae: Trichopus sempervirens
(H. Perrier) Caddick & Wilkin—AF309395, AY299724; Wilkin et al.
948, K; Madagascar. Trichopus zeylanicus Gaertn.—AF309394,
AY277805; Chase 16354, K; Sri Lanka.
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