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Phylogeny reconstruction is challenging when branch lengths vary and when different genetic loci show
conflicting signals. The number of DNA sequence characters required to obtain robust support for all the
nodes in a phylogeny becomes greater with denser taxon sampling. We test the usefulness of an approach
mixing densely sampled, variable non-coding sequences (trnL-F; rpl16; atpB-rbcL; ITS) with sparsely sam-
pled, more conservative protein coding and ribosomal sequences (matK; ndhF; rbcL; 26S), for the grass
subfamily Danthonioideae. Previous phylogenetic studies of Danthonioideae revealed extensive generic
paraphyly, but were often impeded by insufficient character and taxon sampling and apparent inter-gene
conflict. Our variably-sampled supermatrix approach allowed us to represent 79% of the species with up
to ¢. 9900 base pairs for taxa representing the major clades. A ‘taxon duplication” approach for taxa with
conflicting phylogenetic signals allowed us to combine the data whilst representing the differences
between chloroplast and nuclear encoded gene trees. This approach efficiently improves resolution
and support whilst maximising representation of taxa and their sometimes composite evolutionary his-
tories, resulting in a phylogeny of the Danthonioideae that will be useful both for a wide range of evolu-

Supermatrix

tionary studies and to inform forthcoming realignment of generic delimitations in the subfamily.

© 2008 Elsevier Inc. All rights reserved.

1. Introduction

Molecular phylogenetic analysis is easy when branch-lengths
are similar and genetic loci are congruent. With increasing length
variation, such as in groups including clades that have undergone
rapid diversifications (e.g., Bakker et al., 1998; Richardson et al.,
2001), it becomes progressively more difficult to resolve all the
nodes on a tree. Conversely, levels of character sampling necessary
to resolve certain clades may be greatly in excess of those required
to obtain robust support for many others. The overall level of char-
acter sampling necessary for resolution increases with increasing
density of taxon sampling (Bremer et al., 1999). Taxon sampling
nevertheless needs to be dense for many studies, particularly if
morphology does not provide a robust assessment of group mem-
bership. Inter-locus incongruence poses a further challenge to phy-
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logeny reconstruction, as conflicting data partitions often cannot
be combined to improve resolution (Bull et al., 1993), and even
assessing the full extent of conflict between gene trees is only pos-
sible to within the limits of the resolution they afford individually
(Hughes et al., 2006). Potential difficulties for molecular phyloge-
netic analysis are thus compounded in groups with variable diver-
sification rates, complex distributions of morphological attributes,
and reticulate evolutionary histories.

Various solutions to these problems have been proposed.
Numerous studies have sampled multiple sequences from single
linkage regions, such as plastid genomes (e.g. Olmstead and Swe-
ere, 1994; Galley and Linder, 2007), which can be combined, irre-
spective of reticulations in the species phylogeny, to recover a
resolved tree. Some authors advocate sampling of multiple nuclear
encoded gene regions (Hughes et al., 2006). Such markers can be
more variable than chloroplast genes in plants and can potentially
be used to address the issue of reticulating species phylogeny, a
benefit not provided by plastid trees. However, they present
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challenges in assessments of orthology and may be relatively
costly and time consuming to produce when applied to large
groups. Although in general sampling more characters (Rosenberg
and Kumar, 2001) or under certain circumstances increasing taxon
sampling (Rydin and Kallersjo, 2002; Zwickl and Hillis, 2002; Rokas
and Carroll, 2005) has been shown to improve phylogenetic accu-
racy, neither of these approaches directly addresses the differences
in data quality required for resolution at different levels in a phy-
logeny. In contrast, a potentially more efficient sampling strategy
has been proposed, in which a ‘scaffold’ of conservative sequences,
representing a small number of placeholder taxa, is combined with
a larger number of more variable sequences representing the entire
study group (Wiens et al., 2005; Wiens, 2006). The resulting data
matrix can be described as a ‘supermatrix’; i.e., the matrix is not
complete and many of the characters may be coded as missing
for many of the taxa (Sanderson et al., 1998).

Phylogenetic studies of the grass subfamily Danthonioideae
demonstrate each of the above mentioned problems. Danthonioi-
deae comprises approximately 288 recognised species, represent-
ing just fewer than 3% of the estimated 10,000 species of grasses
(family Poaceae). The species of Danthonioideae are distributed
across the world’s temperate regions, but are particularly diverse
and abundant in the Southern Hemisphere. The monophyly of Dan-
thonioideae is well established on the basis of DNA sequence data
(Barker et al., 1995, 1999; GPWG, 2001) and the recognition of the
group as a coherent entity is also corroborated by the presence of
haustorial synergids in the embryos of the member species (Ver-
boom et al., 1994). It is a member of the PACCAD/PACCMAD clade
(Panicoideae, Arundinoideae, Chloridoideae, Centrothecoideae,
Aristidoideae and Danthonioideae; GPWG, 2001; including the
Micrairoideae; Sanchez-Ken et al., 2007). Bouchenak-Khelladi et
al. (2008), in large multi-plastid gene region analyses of the
grasses, resolved Danthonioideae as sister to Chloridoideae with
moderate bootstrap support and high Bayesian posterior
probability.

A number of recent phylogenetic studies have used chloroplast
DNA sequences for phylogenetic reconstruction in Danthonioideae,
often in combination with the highly variable nuclear encoded ITS
region of ribosomal DNA (Barker et al., 1995, 2000, 2003, 2007;
Verboom et al., 2006; Galley and Linder, 2007). These studies have
revealed extensive variation in branch-lengths, leaving parts of the
tree stubbornly unresolved despite significant inputs of data (Bar-
ker et al., 2007). A number of these areas of uncertainty are also
associated with apparent conflict between nuclear and chloroplast
encoded sequence markers (Verboom et al., 2006; Barker et al.,
2007). Finally, in the absence of well resolved phylogenetic trees,
interpretation of patterns of morphological variation in Dantho-
nioideae has been controversial. Phylogenetic trees based on mor-
phological characters revealed rampant homoplasy and
consequently little support for groupings (Linder and Verboom,
1996; Linder and Davidse, 1997; Barker et al., 2003). This complex-
ity is clearly reflected in the unstable taxonomic history of the sub-
family (Linder and Barker, 2005; Verboom et al, 2006) and
extensive para- and polyphyly of the currently delimited genera
as shown by phylogenetic analysis of nucleotide sequence data
(Barker et al., 2003, 2007; Verboom et al., 2006).

A robust phylogeny of the subfamily will be useful for address-
ing a range of evolutionary questions, and a new generic classifica-
tion of Danthonioideae based on clade membership is warranted.
To date, ca.158 species of Danthonioideae have been included in
molecular phylogenetic studies (Verboom et al., 2006; see Barker
et al., 2007; Galley and Linder, 2007), representing 54% of the total
species numbers, including 89% of the Pentaschistis clade but only
30% of the rest of the subfamily. The difficulty and controversy
associated with assigning danthonioid species to genera on the ba-
sis of their morphology means that a high proportion of the species

need to be represented in the phylogeny in order to maximize the
predictive value of the resulting classification. Based on the already
identified conflict between chloroplast and nuclear tree topologies,
it would appear that adequate representation of the Danthonioi-
deae phylogeny requires not just one, but at least two densely sam-
pled and sufficiently resolved gene trees. In this paper we evaluate
the performance of a supermatrix approach in resolving the phylo-
genetic relationships of Danthonioideae, based on chloroplast and
nuclear DNA sequence markers.

2. Materials and methods
2.1. Taxon sampling and DNA sequence data

We included all species that could be sampled. Each species was
represented by a single sample, with the exception of monotypic
genera (or isolated species that might be recognised as such) which
were represented by multiple samples, as were taxonomically
problematic species and those with disjunct distributions. In the
latter cases, samples were chosen to represent the different mor-
phological forms or geographic regions, respectively. Sequences,
and the samples from which they originated, were obtained from
previous studies (Barker et al., 1995, 2000, 2003,2007; Verboom
et al., 2006; Galley and Linder, 2007), or from newly collected, sil-
ica dried samples, and further samples were extracted from her-
barium material. In total, 256 samples of 227 ingroup species
(plus 14 sub-specific taxa) were analysed, representing 79% of
the currently recognised danthonioid grass species (see Table 1:
genera and species numbers; and Appendices 1 and 2: accessions
tables). New data were generated for three outgroup taxa (Centro-
podia glauca, Merxmuellera papposa and M. rangei [Chloridoideae]).
Protein coding sequences (see below) of a further nine outgroup
taxa, eight representing all the grass subfamilies most closely re-
lated to Danthonioideae (PACCMAD clade), plus one more distant
Poaceae outgroup, Hordeum (Pooideae; BEP clade) were obtained
from previous studies and from GenBank (see Appendix 1).

We used two sampling strategies: non-coding regions with
comprehensive taxon sampling to assign species to clades, and
protein coding and nuclear ribosomal gene regions for a represen-
tative subset of taxa, selected on the basis of preliminary results
from non-coding regions, to infer inter-clade relationships.

Non-coding regions (trnL-F, rpl16, atpB-rbcL, and ITS) were
selected because of their high variability, including length varia-
tion, and in order to maximise overlap with existing data sets
(trnL-F: Verboom et al., 2006; trnL intron: Barker et al., 2007;
trnL-F, rpl16 and atpB-rbcL: Galley and Linder, 2007). We sampled
these regions for as many taxa as possible, thus optimising the
alignment and maximising the information available in alignment
gaps (coded separately).

Protein coding regions matK (including non-coding flanking
trnK spacer regions), rbcL, and ndhF and (partial) sequences of the
26S ribosomal RNA gene were sampled for selected representatives
of the major clades, identified by non-coding data, in order to re-
solve relationships between those clades. By selecting at least
two taxa of each clade, bracketing the basal node, we incorporated
both a test of the phylogenetic signal and a safeguard against lab-
oratory error. matK and ndhF have been shown to be sufficiently
variable to be useful for phylogeny reconstruction at relatively
low taxonomic levels in numerous plant groups (Kim and Jansen,
1995; Baum et al., 1998). rbcL is less variable, but as an existing
rbcL matrix was available (Barker et al., 2007), this was expanded
to include most of the same taxa. Sequences from the 26S gene
have been shown to be as variable, or slightly less so, than rbcL
in seed plants (Kuzoff et al., 1998). Despite this relatively low var-
iability, 26S is part of the same tandem repeat region of nuclear
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Table 1

Genera of Danthonioideae: distribution, species numbers, and numbers sampled for this study. Generic concepts follow Conert (1970) for Merxmuellera; Linder and Verboom
(1996) for Rytidosperma clade (sensu Barker et al., 2000; though a number are currently treated as Merxmuellera or Danthonia), and Barker (1995) for Pseudopentameris. Numbers
in parentheses represent additional subspecies and varieties, i.e. excluding autonyms (which have not always been described)

Genus Continental distribution No. species No. species sampled
Austrodanthonia H.P.Linder Australia, New Zealand, New Guinea 31 (1) 22 (0)
Chaetobromus Nees Africa 1(2) 1(1)
Chionochloa Zotov New Zealand, Australia 24 12) 23 (0)
Cortaderia Stapf New Zealand, South America, New Guinea 24 (1) 17 (0)
Danthonia DC. South & North America, Europe, Africa, India 28 (6) 18 (1)
Joycea H.P.Linder Australia 3 3
Karroochloa Conert et A.M.Tiirpe Africa 4 3
Lamprothyrsus Pilger South America 2 2
Merxmuellera Conert Africa 18 (1) 14 (1)
Notochloe Domin Australia 1 1
Notodanthonia Zotov Australia, New Zealand 5 4
Pentameris Beauv. Africa 9 (1) 8 (0)
Pentaschistis (Nees) Stapf Africa 70 (6) 64 (4)
Plinthanthesis Steud. Australia 3 3
Prionanthium Desvaux Africa 3 2
Pseudopentameris Steud. Africa 4 4
Rytidosperma Steud. Australia, New Guinea, New Zealand, South America 41 (3) 24 (0)
Schismus P.Beauv. Africa 5 4
Tribolium Desv. Africa 12 10
Total 288 227 (79%)

ribosomal DNA as ITS. It may therefore be possible to combine 26S
with ITS in phylogenetic analyses despite incongruence with
cpDNA markers, to obtain a better resolved nrDNA tree. In this
way the already demonstrated conflict with the cpDNA may be
more readily assessed.

2.2. DNA extraction, PCR, sequencing, and sequence alignment

Total genomic DNA was extracted using DNeasy plant mini-kits
(Qiagen GmbH, Hilden, Germany). Primers used for PCR amplifica-
tion and sequencing are presented in Table 2.

PCR protocols were as follows: cpDNA: per 25 pl reaction we in-
cluded 2.5 pl buffer, 2.0 pl MgCl, 4.0 pl dNTPs, 1 pl 0.4% BSA, 0.1 pl
taq polymerase, 0.5 pl each of 10 uM solutions of the two primers,
and 1 pl DNA template. The PCR programs were of an initial 4 min:
94 °C followed by 35 cycles of 30 s: 94 °C; 1 min: 50-55 °C; 1.5-
3 min. (longer for longer products, and higher temperature when
signs of non-specific amplification were observed): 72 °C; and a fi-
nal extension of 7 min: 72 °C. PCR reagents for ITS and 26S ampli-
fication followed the cpDNA protocol, with the addition of 1 pl
DMSO. The PCR program for ITS was also the same as for the
cpDNA, but the 26S program followed Muellner et al. (2003):
3 min: 95 °C followed by a single cycle of 1 min: 95°C; 1 min
45 °C; 1 min: 72 °C, and 35 cycles of 1 min: 94 °C; 1 min: 48 °C;
1 min: 72 °C; and a final extension of 10 min: 72 °C. PCR products
were purified using Gene Elute PCR purification kits (Sigma-Al-
drich, Inc.; St. Louis, MO, USA) and cycle-sequenced with the PCR
and additional primers (Table 2) using Applied Biosystems (Foster

City, CA, USA) Big Dye terminator kits. Cycle-sequence products
were analysed by electrophoresis using an automatic sequencer
3130XL Genetic Analyzer (Applied Biosystems). In all cases it was
possible to directly amplify and sequence PCR products without
an intermediate cloning step: no multiple signals were observed
in the resulting sequence trace files.

The matrix of non-coding sequence data comprised 257 trnL-F
sequences; 229 rpl16; 218 atpB-rbcL; and 217 ITS (see Table 3
and Appendix 1). Due to difficulty in amplification of some lower
quality samples it was not possible to sample all taxa for all mark-
ers. Sixty-two taxa were sampled for matK and rbcL, 63 for ndhF
and 35 for 26S (see Appendix 1). DNA sequences were edited using
Sequencher 4.6 (Gene Codes Corporation; MI, USA) and aligned
manually using MacClade (Maddison and Maddison, 2005). Areas
of the alignments in which the assessment of homology was
ambiguous were excluded from the analyses. Gaps in the align-
ments were coded as present/absent characters, following the sim-
ple gap coding method of Simmons and Ochoterena (2000) as
implemented by SeqState (Muller, 2006).

2.2.1. Testing for congruence and combining data partitions
Parsimony analyses (see below) were performed on each of the
markers separately. The resulting topologies were inspected for
conflicting nodes with 70% or higher bootstrap support (BS). We
refer to nodes with less than 70% BS as unsupported; those be-
tween 70 and 79% as weakly supported; 80 -89% as moderately
supported and >90% as strongly supported. Where no supported
conflict was found, data partitions were combined. Samples with

Table 2

DNA sequence regions and primers used for PCR amplification and sequencing

Marker Primers PCR Primers sequencing Reference/sequence

trnL-F C/F, C/Danth_intR, Danth_intF/F  C F Taberlet et al. (1991); this study: Danth_intF = 5'-AGA ATT ATT GTG AAT CCA TTC C-3;
Danth_intR = 5-GAT TAC TCA ATA TTC GAT TGG-3

rpl16 F71/*R1000 F71, "R1000 Baum et al., (1998), “Galley and Linder (2007)

atpB-rbcL  flc/r1a2 flc, r1a2 Hardy and Linder (2005)

ndhF 1/1318R, 972/2110R 1, 1165R, Olmstead and Sweere (1994)

matK “mk_F1 or s51F/*"mk_R1 s51F, W, 1210R, 7B, 9R, ‘mk_R1  Hilu et al. (1999), * Moline and Linder, 2005)

rbcl Z1/R3, F2/1374R Z1, R3, F2, 1374R Barker et al. (2007)

ITS L/4 L4 Baum et al. (1998)

26S N-nc26S1/1229Rev N-nc26S1, 1229Rev

Kuzoff et al. (1998)
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Table 3

Comparison of variable and informative characters for coding and non-coding cpDNA and nrDNA markers, and numbers of informative characters per taxon and per sequence
added (given that different markers were obtained with differing numbers of sequences) based on the 35 taxa subset sampled for 26S

Parsimony informative bases Informative indels Total informative characters (C) C/T C/seq
cpDNA: non-coding 274 (9.8%) 49 323 9.2 1.53
cpDNA: coding 456 (8.3%) 18 474 13.5 0.97
Nuclear: non-coding 123 (19.3%) 0 123 3.5 1.76
Nuclear: coding 74 (6.5%) 0 61 1.7 0.87
Total cpDNA 730 (9.0%) 67 797 22.8 1.14
Total nuclear 197 (10.7%) 0 197 5.6 1.41
Grand total 927 (9.3%) 67 994 28.4 1.18

missing data for one or more partitions, due to low quality of DNA
in some cases, were included in the combined analyses, leading to
a total of 260 samples for combined non-coding cpDNA and com-
bined coding and non-coding cpDNA (excluding eight outgroups
for which only coding data was used). The combined nrDNA matrix
comprised 216 taxa. Where conflicting nodes were found (these
were only between the cp- and nrDNA), the corresponding incon-
sistently placed taxa were duplicated in the matrix. One taxon
copy was represented by the corresponding cpDNA sequences
only, with the nrDNA partition coded as missing data; the other
taxon copy by nrDNA only with the cpDNA coded as missing (= ‘to-
tal combined DNA’). This procedure is discussed in more detail in a
forthcoming paper (Pirie et al. unpublished manuscript). The posi-
tions of the following taxa were subject to such conflict (numbered
as follows in Fig. 1): (1) Tribolium pusillum (1 sample); (2) T. ciliare
(1 sample); (3) Notochloe microdon (3 samples); (4) a clade includ-
ing all South American species of Cortaderia plus Lamprothyrsus,
without New Zealand Cortaderia, C. archboldii or C. pilosa, (in total
11 species, representing the same conflict); (5) Danthonia alpina
(1 sample); (6) Chionochloa australis (1 sample); (7) Merxmuellera
arundinacea (2 samples); and (8-17) 10 species of Pentaschistis
(each representing a separate incidence of conflict). These 30 sam-
ples, representing 27 species, were thus represented twice in the
matrices, bringing the number of ‘taxa’ included in the total com-
bined DNA matrix up to 290.

2.2.2. Parsimony analysis

Parsimony analysis was performed using the software package
PAUP" 4.0b10 (Swofford, 2000), assuming unordered character
state transformation (Fitch parsimony; Fitch, 1971) and equal
weights. A two stage heuristic search strategy was used to find
the set of most parsimonious trees. First, 100 parsimony ratchet
searches (Nixon, 1999) of 100 generations each were performed,
using PAUPrat (Sikes and Lewis, 2001), to find islands of shortest
trees. The resulting shortest trees were then used as starting trees
for a second round of heuristic searching, in order to sample more
trees from those islands, using TBR branch swapping and limiting
the number of trees saved to 10,000. Branch support was estimated
using bootstrap analyses of 500 replicates with ‘full’ heuristic
searches of 50 random addition sequences, TBR, saving 10 trees
each time.

2.2.3. Bayesian analysis

The combined datasets were analysed using Bayesian inference,
as implemented in MrBayes 3.12 (Huelsenbeck and Ronquist,
2001). In the analyses of ITS, 26S, combined non-coding, combined
coding cpDNA and combined nrDNA (as well as preliminary anal-
yses of combined cpDNA, and total combined DNA) the data were
partitioned according to the separate markers used, with a sepa-
rate partition for binary coded indels characters. In the final anal-
yses of combined cpDNA and total combined DNA the data were
partitioned instead according to non-coding versus gene regions
and cpDNA versus nrDNA, i.e.; into three and five partitions respec-
tively (including indels). In this way we aimed to reduce the com-

plexity of the analyses, increasing the proportion of topology
relative to substitution parameter change proposals in the MCMC
chains, in the hope of achieving convergence faster. Both rates
and substitution models were allowed to vary across the partitions.
Priors for the number of parameters in the DNA substitution mod-
els were applied to each partition (as determined using ModelTest
3.06 (Posada and Crandall, 1998), with the topology in each case
derived from a randomly selected most parsimonious tree). In each
case this corresponded to models with NST = 6, gamma distributed
rates and proportion of invariable sites. The single outgroup al-
lowed by MrBayes was Hordeum (for analysis of coding cpDNA
data) or Centropodia glauca (otherwise). Prior probabilities for all
topologies were assumed to be equal.

Two independent MCMC analyses were set to run indefinitely
with four simultaneous MCMC chains. One tree per 1000 genera-
tions was saved. We checked for convergence during the runs by
comparing the mean log likelihoods (LnL; minus burnin) and esti-
mated sample sizes (ESS) of parameters using TRACER (Rambaut
and Drummond, 2003). Runs were considered to have converged
when their post-burnin mean LnL were the same and the com-
bined ESS for all parameters was >100. We attempted to accelerate
convergence in the supermatrix analyses by (a) reducing the num-
ber of partitions, as above; and (b) providing starting trees for one
or more of the four chains in each case as follows:

(1) All chains were started with a shortest tree from the parsi-
mony search. (2) All chains were started with a shortest tree from
the parsimony search, but that topology was randomly perturbed
in each case using the “nperts” command in MrBayes (nperts = 10).
(3) One chain was started with a shortest tree from the parsimony
search, the other three were random. (4) One chain was started
with a shortest tree from parsimony search and two further chains
were started with topologies modified from that tree to place
duplicated taxa according to (a) the cpDNA signal and (b) the
nrDNA signal. The fourth chain was random.

Burn-in values were determined empirically from the likelihood
values and 50% majority rule consensus trees together with
approximations of the posterior probability (PP) for the observed
bipartitions were calculated from the non-burnin trees pooled
from the independent runs.

3. Results

3.1. Alignment, variability, and information content of the different
markers

Dense sampling of non-coding markers made homology assess-
ment straightforward in most parts of the alignment. The low
length variability of coding markers made their alignment unam-
biguous both within the sparsely sampled ingroup and between
the ingroup and more distant outgroups. Overall, coding regions
were less variable than non-coding regions. The more variable of
the coding regions (matK and ndhF) provided a similar proportion
of informative characters (10.4% and 9.6% respectively) to non-coding
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Fig. 1. Phylograms arbitrarily selected from the most parsimonious trees found in heuristic search of ITS and of combined non-coding cpDNA data. Nodes subject to bootstrap
support >70% are indicated by thicker branches, those subject to <70% BS, but >0.95 Bayesian posterior probabilities, are indicated with thicker grey branches. For ease of
presentation, taxon names have been removed. Clades and taxa as referred to in the text are indicated with brackets and named, and taxa with conflicting positions numbered
as follows: (1) Tribolium pusillum; (2) T. ciliare; (3) Notochloe microdon; (4) South American Cortaderia (except C. pilosa); (5) Danthonia alpina; (6) Chionochloa australis; (7)

Merxmuellera arundinacea; and (8) Pentaschistis basutorum; (9) P. reflexa; (10) P. horrida; (11) P. malouinensis; (12) P. velutina; (13) P. aristidoides; (14) P. chippendalliae; (15) P.
pictigluma var. mannii CG267; (16) P. densifolia; and (17) P. pseudopallescens.
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cpDNA markers (average 9.8%; Table 3) for the 35 taxa subset, but
this was around half that of ITS (19.3%). It must be noted that the
figures for the non-coding data result from an alignment which is
based on the complete sampling: if the 35 taxon subset of se-
quences had been aligned without reference to the length variabil-
ity of the entire sample, we would expect the quality of the
homology assessment to suffer. 26S and rbcL were less variable,
providing 6.5% and 5.5% parsimony informative characters, respec-
tively, for the same taxon subset. When including all the sampled
taxa, the numbers of informative characters for the non-coding
cpDNA markers more than doubled, and informative indels in-
creased almost fourfold (Tables 3 and 4). However, the ratio of
informative characters to taxa (C/T; Table 4) declined from c. 9:1
to c. 3:1. The number of informative characters in ITS increased
by little more than 50% with the full taxon sampling, and the ratio
of informative characters to taxa decreased from 3.5:1 to 1:1. This
much lower ratio is likely due to the short length of ITS sequences.

3.2. Parsimony analysis

Analysis of the individual cpDNA markers resulted in topologies
without significantly supported incongruence (>70% BS). These
were therefore combined in three datasets: ‘combined non-cod-
ing’; ‘combined coding’ and ‘combined cpDNA’ (including all taxa:
a large proportion with matK, ndhF and rbcL coded as missing data;
clade support represented in Fig. 3). Combining the cpDNA data re-
sulted in an increase in the ratio of informative characters to taxa
(i.e., terminals) from 1:1 for the non-coding cpDNA regions indi-
vidually to c. 3:1 when these were combined, and further to c.
6:1 with all cpDNA data (Table 4). This was reflected in improved
resolution and higher support values. The increase resulting from
including the coding regions was gained with a relatively small
sequencing effort. Different numbers of sequences were required
to span the full extent of the different markers, but on average
one coding cpDNA sequence yielded 0.84 informative characters,
compared with 0.87 for 26S; 0.57 for non-coding cpDNA; and
0.49 for ITS (C/seq; Table 4).

The combined non-coding cpDNA data (Fig. 1) provided support
for major clades, plus some resolution between closely related spe-
cies, whilst the combined coding cpDNA data (Fig. 2) provided sup-
port for relationships between those major clades. Most clades
recovered with support in the non-coding and coding analyses
individually were also recovered when the two matrices were
combined, albeit sometimes with reduced support. Clade support
(both BS and PP from Bayesian analysis; see below) for 10 selected
‘spine’ nodes, A-I (Fig. 3), according to different combinations of

Table 4

1111

the data, is presented in Table 5. All nodes supported by coding
cpDNA alone were supported also when combined with the non-
coding regions, although of the 10 nodes detailed in Table 5, sup-
port for four decreased by >10% BS.

The nuclear markers ITS and 26S also showed no supported
incongruence, although the numbers of informative characters,
and thus degree of resolution, were lower than for the cpDNA anal-
yses (Figs. 1 and 2). Combining the two markers increased the ratio
of informative characters to taxa only marginally, from 1.0:1 (ITS)
to 1.3:1 (ITS plus 26S; Table 4). Combined analysis resulted in a
topology congruent with those of the individual analyses, but
without significant increase in support values. Clade support from
combined nrDNA analyses is shown in Fig 3.

The number of informative characters in the total combined
DNA supermatrix was the sum of the cpDNA (1457) and nrDNA
(287) supermatrices, which improved the ratio of informative
characters to taxa greatly with respect to the nrDNA dataset (from
c. 1:1 to 6:1), but much less so with respect to the cpDNA (5.6:1-
6.0:1). Combination of cpDNA and nrDNA resulted in a topology
congruent with both combined cpDNA and nrDNA analyses (when
only nodes with support >70% are considered). It included strong
support for the alternative positions of most of the conflicting taxa
and greatly increased overall resolution and support with respect
to the nrDNA tree. Support values decreased overall with respect
to the cpDNA tree. Node support according to the different com-
bined analyses is presented in Fig. 3. We compared bootstrap sup-
port values for nodes recovered in the total combined DNA analysis
with the higher of the two support values for those nodes accord-
ing to cpDNA and nrDNA individually (treating all values <50% the
same): For nine nodes support increased by >10%, whilst for 29
nodes it decreased by >10%, on combination of the nrDNA and
cpDNA data. However, only 1 of 10 spine nodes detailed in Table
5 decreased by >10% BS in the total combined DNA analysis com-
pared to the combined cpDNA analysis. Twelve nodes with support
>70% in one or other of the individual analyses were not recovered
in the total combined analysis: three in the Rytidosperma clade
(combined cpDNA), eight in the Pentaschistis clade (four each in
the combined nrDNA and cpDNA analyses), and the crown node
of Plinthanthesis (cpDNA). Seven of these 12 collapsed nodes sub-
tended duplicated taxa. In the total combined analysis, no novel
clades were recovered with support >70%.

3.3. Bayesian analysis

Bayesian analysis of coding cpDNA, 26S and ITS matrices each
converged within two runs of 5 million generations each, with bur-

Numbers and proportions of informative characters for the markers used, and numbers of informative characters per taxon and per sequence added, based the full taxon sampling
for each marker (excluding more distant outgroups available only for coding cpDNA markers)

No. taxa (T) (no. of Sequence length, alignment (entire/ Parsimony informative Pars. inf. Total inf. chars. C/T C/seq

seqs) included) bases indels (@)
trnL-F 257 (514) . 950, (1334/1232) 219 (23.1%) 65 284 1.1 0.55
rpl16 229 (458) €. 900, (1378/1312) 206 (22.8%) 78 284 1.2 0.62
atpB-rbcL 218 (436) . 950, (1174/1076) 184 (19.4%) 49 233 1.1 0.55
Non-coding 260 (1408) c. 2800 609 (21.8%) 192 801 3.1 0.57

cpDNA

ndhF 56 (224) 2064 257 (12.5%) 4 261 4.7 1.17
matK 57 (342) 1893 275 (14.5%) 24 299 5.3 0.87
rbcl 53 (212) 1338 96 (7.2%) 0 96 1.8 0.45
Coding cpDNA 57 (778) 5295 628 (11.9%) 28 656 115 0.84
All cpDNA 260 (2186) c. 8095 1237 (15.3%) 220 1457 5.6 0.67
ITS 217 (434) c. 700 (757/639) 213 (33.3%) 0 213 1.0 0.49
26S 35 (70) 1138 74 (6.5%) 0 61 1.7 0.87
Nuclear 216 (504) c. 1838 287 (15.6%) 0 287 13 0.57
Grand total 290 (2690) €. 9933 1524 (15.3%) 220 1744 6.0 0.65
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Fig. 2. Phylograms arbitrarily selected from the most parsimonious trees found in heuristic search of 26S and of combined coding cpDNA (excluding taxa for which only rbcL
was available). Bootstrap support is indicated by the thickness of the branches, summarised in categories: <70% (unsupported); 70-79% (weak support); 80-89% (moderate
support); 90-100% (strong support). Nodes subject to <70% BS, but >0.95 Bayesian posterior probabilities, are indicated with grey branches. Note the conflicting positions of
South American Cortaderia (including Lamprothyrsus; clade (4) and Notochloe microdon (3).

nin periods of between 50,000 and 500,000 generations. We report
the ESS values for the total tree length parameter (TL), as these
were consistently the lowest. The ESS of TL for coding cpDNA
was 161; for 26S: 192; and for ITS: 115. Analyses of non-coding
cpDNA (ESS TL: 132) and combined nrDNA (ESS TL: 102) converged
within two runs of 10 million generations each, with burnin peri-
ods of 1 million generations.

Independent analyses of the combined cpDNA and total com-
bined DNA data partitioned according to the markers (i.e., seven
and nine partitions respectively) failed to converge, despite run-
ning for over 20 million generations over a number of weeks. Fur-
ther analyses employed the simplified data partitioning and one or
more parsimony derived starting trees, as described above. Five
analyses of combined cpDNA all reached the same LnL plateau after
between 50,000 and 3,500,000 generations. These runs were
allowed to continue for between 5.6 and 10 million generations
each (35.6 million generations in total), at which point the

combined output yielded ESS values >100 for all parameters (TL:
126). The 30,900 post-burnin trees were then pooled.

Analyses of the total combined data did not all reach the same
LnL plateau. After burnin periods of 2.4 and 1.6 million generations
respectively, the mean LnL calculated for runs 1 and 2 (started with
unperturbed and perturbed parsimony trees, respectively) were
both —56,730. Runs 3 and 4 (1 parsimony and three random start-
ing trees; 1 parsimony, two modified parsimony and one random
tree, respectively) reached different suboptimal LnL plateaus after
apparent burnin periods (run 3: c. 10.5 million generations, burnin
3.5 million generations, LnL: —56,770; run 4: c. 8.4 million gener-
ations, burnin 600,000 generations, LnL: —56,760). Inspection of
the trees sampled by these runs revealed inconsistent placement
of duplicated taxa. Runs 1 and 2 were allowed to continue for c.
18 million generations each at which point ESS values for all
parameters were >100 (TL: 124). A total of c. 30,300 post-burnin
trees were pooled.
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Fig. 3. a-c. Strict consensus of most parsimonious trees found in heuristic search of the total combined DNA sequence data. Bootstrap support (BS) values for supermatrix
analyses are indicated above the branches (total combined data in bold) and below (combined cpDNA in normal font; combined nrDNA in italics). Where nodes are not
represented in a particular partition (i.e. due to missing data or conflict) these are denoted by “-*“; where BS is less than 50%, they are represented by “*”. Where support values
are not indicated, those nodes received less than 50% BS in all analyses. nrDNA and cpDNA partitions (where treated separately due to conflict) are represented by ‘(nr)’ and
‘(cp) respectively. Selected ‘spine’ nodes as referred to in the text are labelled A-K. The presence of data partitions (non-coding cpDNA; ITS; coding cpDNA; 26S) per taxon, is
represented by the black vertical bars. (a) Danthonioideae (Cent. = Centropodia; Merx. = Merxmuellera; Chio. = Chionochloa; Chae. = Chaetobromus; Ps.pent. = Pseudopen-
tameris; Cort. = Cortaderia; Lamp. = Lamprothyrsus; Ryti. = Rytidosperma; Dant. = Danthonia; Notoc. = Notochloe; Plin. = Plinthanthesis). Clades referred to in the text are
indicated with brackets and named following Barker et al. (2007). (b) and(c); (b) The Pentaschistis clade (Pentas. = Pentaschistis; Pentam. = Pentameris; Prion. = Prionan-
thium; Ps.pent. = Pseudopentameris). (c¢) The Rytidosperma clade continued (Karr. = Karroochloa; Trib. = Tribolium; Schi. = Schismus; Aust. = Austrodanthonia; Ryti. = Ryt-
idosperma; Joyc. = Joycea; Notod. = Notodanthonia).
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Fig 3. (continued)

Results were congruent with parsimony analysis of the same
data (where only nodes supported by >70% BS and 0.95 PP are

Aust. mera
4E Aust. clavata
Aust. penicillata

taken into account), but Bayesian topologies were slightly more
resolved. In contrast to the parsimony supermatrix analyses, in
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Table 5
Bootstrap support (left) and posterior probabilities (PP; right) for ten ‘spine’ nodes (Fig. 3a) according to non-coding and coding cp and nr DNA separately and combined in
supermatrix analyses

Data/Node A B C D E F G H I ]

Non-coding cpDNA  96/1.00 <50/<0.50  64/0.84 79/1.00 81/1.00 91/1.00 <50/°0.90 <50/0.99 67/0.98 79/0.99
Coding cpDNA 100/1.00  93/1.00 99/1.00 91/1.00 97/1.00 100/1.00 65/0.77 97/1.00 97/1.00 99/1.00
Combined cpDNA 96/1.00 70/1.00 90/1.00 84/1.00 91/1.00 93/1.00 <50/°0.80 79/1.00 85/1.00 84/1.00
ITS = 95/1.00 <50/<0.50  <50/<0.50  <50/<0.50  <50/<0.50  <50/<0.50  <50/<0.50  <50/<0.50 88/0.99
26S - <50/0.89 55/0.59 <50/<0.50  <50/<0.50  <50/<0.50  <50/<0.50  <50/<0.50  <50/<0.50  <50/0.86
ITS/26S = 99/1.00 52/0.87 <50/<0.50  <50/<0.50  <50/<0.50  <50/<0.50  <50/<0.50  <50/<0.50 81/1.00
Total combined 96/1.00 68/1.00 86/1.00 85/1.00 85/1.00 88/1.00 <50/°0.85 50/1.00 80/1.00 80/1.00

Values <50% are not reported. Node 1 corresponds to a lineage represented here only by cpDNA data, and is therefore not reported for nrtDNA. PP support for an alternative

resolution of node G (following Fig. 4) is indicated with an asterisk.

which BS for spine nodes declined on combination of the coding/
non-coding and cpDNA/nrDNA datasets, Bayesian PP for these
clades remained high. Nodes supported by >0.95 PP, but <70%
BS (separate non-coding and coding cpDNA, ITS and 26S) are indi-
cated in Figs. 1 and 2, detailed results for the total combined DNA
analyses are presented in Fig 4, and PP values for spine nodes accord-
ing to each of the data combinations are summarised in Table 5.

4. Discussion

4.1. Advantages of the supermatrix approach: efficient sampling
strategies

Wiens et al. (2005) and Wiens (2006) argue for the use of differ-
ent sampling strategies to resolve relationships at different levels
in a phylogeny. In ‘top down’ and ‘bottom up’ approaches they
sampled many taxa for a single fast evolving mitochondrial gene
region, and slower evolving nuclear encoded markers and mor-
phology for fewer taxa (Wiens et al., 2005). This sampling strategy
is particularly appropriate in study groups where the level of char-
acter sampling necessary to achieve adequate resolution differs be-
tween clades. All things being equal, more sequence data is
necessary to infer the phylogeny of a rapid radiation of taxa than
that of a group with longer time-lapses between speciation events.
By limiting extra character sampling to exemplar taxa, for example,
for already sufficiently resolved clades, sequencing effort can be
concentrated on other areas of the topology. The benefit of such
a strategy is most apparent in cases where different areas of the
topology are best addressed with different kinds of data.

Radiations can be recent in origin, with low levels of variation
between species even for the most variable of markers. They can
also be more ancient, with as a result higher levels of inter-species
variation, but with comparably low proportions of that variation
representing informative synapomorphies. Different kinds of se-
quence data may be more appropriate for phylogeny reconstruc-
tion given these different scenarios: rapidly evolving non-coding
markers may contain the most information for recently evolved
groups, but can present a number of problems when comparing
more distantly related taxa. Patterns of insertions, deletions and
repetitive motifs, which between more closely related taxa can
be highly informative (as for example found in the grass-specific
insert in the cpDNA RPCO2 region; Barker et al., 1999), reduce
the proportion of the sequence data which can be directly com-
pared between more divergent lineages and pose problems for
alignment and coding of gap characters. Markers with strongly im-
posed structural constraints, such as protein coding genes, may be
less variable, but still a better tool in such cases.

This distinction is well illustrated in the Danthonioideae phylo-
genetic reconstruction presented here. Rapidly evolving non-cod-
ing markers recovered a number of major clades, but failed to
resolve relationships between some of those clades (i.e. the spine
of the tree) and between some closely related species (see Fig. 1).

To improve resolution between closely related species, it would
seem sensible to sample further maximally variable markers
(Hughes et al., 2006), with dense taxon sampling, as has been done
in a study of the Pentaschistis clade (Galley and Linder, 2007).
Resolving the spine of the tree involves inferring relationships be-
tween well supported clades, which in principle can be repre-
sented by a relatively small number of individual taxa. The
results presented in Fig. 1 and Table 3 show that in our Danthonioi-
deae dataset, even the non-coding data is informative at this level,
and in fact yields around 50% more information per sequence gen-
erated than protein coding data. However, the dense taxon sam-
pling necessary to obtain a satisfactory alignment greatly inflates
the number of sequences required to obtain this result (Table 4).
By sequencing easy-to-align protein coding genes for a relatively
small number of taxa representing the major clades, and combin-
ing this with the densely taxon-sampled non-coding matrix in a
supermatrix, we resolved most of the spine relationships (see Fig.
3). This targeted, ‘top down’ and ‘bottom up’ sampling strategy
(Wiens et al., 2005) required only a fraction of the sequencing ef-
fort that would have been necessary for comprehensive taxon cov-
erage across the board.

4.2. Inclusion of taxa with missing or conflicting data

Taxa can be included in a supermatrix analysis even if much of
the corresponding data is unavailable (Wiens, 2003; Wiens et al.,
2005). This not only provides a means to improve efficiency of
sampling, as above. It can be important, for example, when se-
quences are obtained from low quality DNA sources, as was the
case for a number of rare and inaccessible taxa sampled from her-
barium specimens for this study (e.g. Cortaderia archboldii). It is
also important where reticulations in the phylogeny mean that
gene sequences with a given signal are no longer present in certain
taxa, having been replaced by transfer from a different lineage.

In general, we would prefer to analyse all of the available data
in a single analysis, as the interaction between data partitions in
a combined analysis opens the possibility of revealing hidden sup-
port for clades not recovered by the partitions separately (Nixon
and Carpenter, 1996; Sanderson et al., 1998). This benefit is lost
if a consensus or ‘supertree’ approach is adopted (Sanderson et
al., 1998; Pisani and Wilkinson, 2002). Combined analysis, by any
method, cannot be justified in cases, such as in the Danthonioideae,
where different classes of evidence (i.e., cpDNA and nrDNA se-
quences) exhibit conflicting signal (de Queiroz et al., 1995). The
means of addressing this problem have to date been limited to
either separate analysis of conflicting data partitions, or the exclu-
sion of taxa or data exhibiting conflicting signal. Reticulate pat-
terns, such as the placement of hybrid taxa, have been inferred
after phylogenetic analysis either by hand (e.g., Kellogg et al.,
1996) or by summarising the separate gene trees using one of a
number of network techniques (reviewed in Vriesendorp and Bak-
ker, 2005). This approach is limited when levels of resolution in



1116

1.00 |_— Merx. davyi i

M.D. Pirie et al. / Molecular Phylogenetics and Evolution 48 (2008) 1106-1119

1.00

|—|‘_Merx drakensber%ensrs MMC

Merx. stereophylla
Merx. arundinacea NPB1017 (cp)
_: Merx. arundinacea NPB1742 (cp)
1.00 Merx. decora
Wrx. luprullna CMC
eer. X, 1 ta cincta
erx, cinc
Vi

cincta sericea
Merx. setac

oL1.00 Merx. arundinacea
Merx. arundinacea NPB1017 (nr)
NPB1742 (nr)

0.99 o

1.00

1.00

Chio. australis (nr)
Chio. juncea

Chio. rubra
Chio. acicularis
Chio, ovata
Chio. lanea
Chio. antarctica
Chio. crassiuscula
Chio. teretifolia
Chio. flavescens
Chio. spiralis
Chio. rigida
Chio. pallens
Chio. oreophila
Chio. macra

Chionochloa
clade

1.00|

hio. beddiei
Chio. flavicans
Chio. conspicua
Chio. conspicua
Chio. australis (cp)
Chio. defracta

1.00,

Cort. bifida

Plin.

Cort. columbiana (cp)
Cort. ha(pa/otncha (cp) South

Pentas. praecox
Pentas. tysonii
Pentam distichophylla

Ps.pent. obtusifolia
Pentam. glacialis
entam. swartbergen:

A

i

%nt if

Pentam_hi
Pent:

s
Iam. maci °ﬁ7/ cina
(g, oreophi
lg!um@
entam.
Pentam. longiglumis

Pen as. elf%)&
el co D(a 43
i
Pentas. tortuosa

1 .35?5E
as “Juncifolia
Pentas.

tas 1d[SS}
as. co gr’aj l;?:% P
‘enlas. clavata

Pentaschistis
clade

S

Pen
Pentas. viscidul

Pentgts

Pel

Austral /
New Zealand
Cortaderia clade

Plin. paradoxa
Plin. urvillei

Notoc. microdon AMHE6

rodwayi
Notoc. rmcrodon Watson sn ;nr
Notoc. microdon MDP326 (nr)

Pen;gs aurv

1.00

asl pus:lla

Pentas. ampla

S. aurea aur.
aurea pil.

e/r::o?s exserta

s, caulescens
gens

?ntas er/ so a
ntas.” pyrophi
Pﬂ%ndgﬂgluroldes
Ff‘s{ltas horrida ,(cp]
Fentas, fosea pu

entas. rosea ros.
'g’ r}tas velfutma r’nr)

Pentas. ar/stldorde S(CP)
Pentas. pallida TvN32

Pentas. trifida

Pentas. velutmta (riseta

cp)
ERES ﬁ”r&’f”ﬂ"’( 5 (P

1.00, P,gnt7s cal co/7 glcl

Cort. sericantha (c| ntas. calcicola hirsu
Lamg. peruvianus (c()p) American Pel ntasAFgck; d ifoli
rt. boliviensis (cp) Cortaderia Pen? ai’ ?HS/OIS (nr)
Lacm% h’f»g’"{ "")( Pentas, adper
ort, nitida (¢ . 6
SHiaeaen (IO i
Cort. rudluscu,; (cp) - Pl osa) : l;eentgi p;f’eugolﬁa nr)
con e en At el )
Coﬂ S”f,%’},‘é%’,f Pentas. p: 53 égg cirrhulosa

Pentas. natalensis
Pentas. aristidoides (nr)
entas. m n ana

Pentas. microy

Pentas. ch pmdalhae inr)

Pentas. re exa CG32:

Pentas. glandulosa
Pentas. setifolia

Pentas. oreodoxa

Pentas, a/r?lde air,
Pen as. a/1 sleris
Con pllosa MDP345 163 Penla’s) art,s"f?[ja
i ! entas. lima
1.00 , gﬁé’é ¢ :./?)s 4 4a 1.03 t Penta% tomentella
| — Notoc. microdon Watson sn (cp) eﬂ:,}%,—,:g"g; ?ﬁéﬁg
I Notoc. microdon MDP326 (c| South P
Notoc, microdon AMHB66 (cp! . 1.00 Pe’; atgspﬁgﬁg%pa/' (ep)
o Lamp hieronym (f) ) American Pentas, borussica HPL7661
Rytidosperma s.s. Cort. nitida (nn) Cortaderia e, Rk i FEG5R Y cp)

clade

1.00}

— Ccm bollwené/s n(nr

um hiang |
trl

3.0

Pentas. borussica MN1353
Pentas. pict. gra.

Ryti. telmaticum
Ryti. pumilum NGW
Ryti. pumilum HPL5747
Joyc. /ep/dopoda MDP285
Aust geniculata
Aust_induta
Ruyti. dimidiatum
Aust. carphoides
Aust. eriantha AMH4

Aust. pilosa
Aust. monticola

Aust. auriculata
Aust. eriantha AMH95

"Ryti. lechleri

1 Rytl yt\//rescens

0! fi. pictum
~00 Rytl. iolaceum

Ryti. setifolium
Ryti. australe AMH145
Ryti. australe MDP418
Ryti. pulchrt
Notod. gracl/ls AMH148
Notod. gracilis HPL5683

0. .00° R yl;lotod ufarsde
L i. nivicolum
-I—_Ryt/ nudiflorum

Ryti. exiguum

Ryti. oreoboloides
Ruyti. wckeryl

st. mera

Aust. clavata
Aust. penicillata

b.o Aust. caespitosa AMH25
) ti. paschale
1.00, Aust. racemosa

Rytl quirihuense
Ruyti. niten.

Aust. caesp/{osa AMHSZ
Aust. setacea AMH20
ust. rlchardsonl/

Joyc. clelandii
Notod. semiannularis
Aust. popinensis
Aust. fulva
Aust. ureophlla
Aust. ten
Notod. Ionglfclra

pallida

Joyc.
Joyc. sp. AMH104

Fig. 4. Bayesian 50% majority rule consensus tree of the total combined data. Posterior probabilities >0.95 are represented next to the nodes. Taxon name abbreviations

follow those of Fig. 3.

Dant.

Dant. alpina

Lamp peruw 0.99 Pentas. pict. man. CG267 (nr)
_LF na (7"’) Pentas. pict. min. CG27
Aust. laevis 100 0.99 2 U usgula (nr) 0.95] Pentas. borusslca CGZSO
1 00[ Aust. bipartita . . ) Pentas. pict. HPL7670
Aust. duttoniana . Pentas. plct gra HPL7676
_I: Aust. alpicola Cort. archboldii
Rytl vestitum ) .
'l—_Ryt Ryti. forf11unae hibernae i D%nl. intermedia
. pauciflo ant. sericea
1.00 Ryti. buchananii 00 Dant. compressa
Ryti. thomsonii — Dant. unispicata
1. Rytl maculatum Dant. spicata

Dant. parryi
Dant. domingensr's

Danthonia

Dant. alpina MP480 (nr) clade

Wibdgi - Dant. alpina MP480 (cp)
secundiflora ML1617 Dan

0 ?%0 Dant. chilensis atreo

Dant. secundifiora MJM34
Dant.

Dant. chilensis chile

Dant. californica amer
- Dant. araucana

Merx. disticha

1.00

1.00

Dant. subulata
Merx. dura

1.00,

- Merx. aureocephala
Merx. stricta

Karr. schi i
Schi. arabicus
1.00 0 Schi. barbartus

Schi. scaberrimus
hyum

—— Trib. brachy
1.00—— Trib. uniolae
Karr. tenella
Trib. obliterum
Trib. obtusifolium

Trlb pusll/um (cp)
Karr.

Rytidosperma
clade

SDhl pleuropogon
Trib. acutiflorum
Tnb utnculosum
Trib. hispidum

Trib. pusillum (nr)

Trib. ciliare (nr)
Trib. echinatum GAV601
Trib. ciliare (cp)

Trib. echinatum GAV576
1,00 Ryudosperma s.s.
1.00 Chae. involucratus derg.
Chae. il inv.

Pseudopentameris

Ps.pent. caespitosa
P o clade

Ps.pent. brachyphylla

1.00 Ps.pent. macrantha



M.D. Pirie et al./ Molecular Phylogenetics and Evolution 48 (2008) 1106-1119 1117

individual gene trees are relatively low, as is the case with the
nrDNA tree presented here. The taxon duplication strategy we have
used circumvents this limitation, allowing simultaneous analysis
of the non-conflicting elements of both data partitions, whilst still
including the information provided by gene-tree conflict. The re-
sult is a single (sample of) bifurcating phylogenetic tree(s) which
represents all of the available data.

4.3. Drawbacks of the supermatrix approach: missing data and
parsimony bootstrap support

Node support values, typically bootstrap support in parsimony
analyses, are not perfectly comparable across different datasets
(Felsenstein, 2004). The results presented here may suggest that
such difficulties are aggravated under a supermatrix approach.
The importance of the ratio of informative characters to taxa
has been demonstrated for ‘normal’ datasets (Bremer et al.,
1999), and appears to be reflected in the results of combining
non-coding and coding cpDNA data here: the coding data has
the highest proportion of characters to taxa, and also the highest
node support. In contrast combining the cpDNA and nrDNA mark-
ers resulted in a small increase in the proportion of informative
characters to taxa (from 5.6:1 to 6.0:1), but an overall marked de-
crease in bootstrap support values (Fig. 3). A similar decrease in
support was recorded by Bouchenak-Khelladi et al. (2008) in their
large multi-gene phylogenetic trees of the entire grass family
generated using a supermatrix approach, in comparison to trees
generated from matrices with perfect parallel sampling. Further
compounding factors may confuse interpretation of these results:
these include the difference between targeted and arbitrarily dis-
tributed missing data and the possibility of unsupported incon-
gruence between the partitions.

Missing data was introduced into the supermatrix in two very
different ways: for the coding versus non-coding matrices, extra
data was introduced for deliberately targeted taxa (i.e., bracketing
the basal node [where this was known] of supported clades). Sup-
port for the relationships between such clades was fairly robust to
the inclusion of further taxa.

In contrast, both failure to obtain data for difficult samples, and
the taxon duplication process for conflicting taxa, resulted in a more
arbitrary distribution of missing data. In the latter case, that distribu-
tion was imposed by (a) the conflict discovered between the parti-
tions, and (b) the proportions of cpDNA and nrDNA in the dataset.
Missing data were therefore distributed randomly among the taxa,
and divided unequally between the taxa “created” by the taxon
duplication process (83% and 17% informative characters depending
on whether the cp- or nrDNA was represented, respectively).
Although the overall proportion of missing data may in itself be
unimportant (Wiens et al., 2005), the effect of a large proportion of
missing data becomes important when characters necessary to place
particular taxa in the phylogeny are missing. For example, strongly
supported resolution between Danthonia, Cortaderia pilosa and the
cpDNA duplicate of Notochloe microdon in the cpDNA tree is lost on
the inclusion of nrDNA sequences of South American Cortaderia in
the combined tree. Wilkinson (1995) argued for eliminating disrup-
tive taxa where they have no effect on the relationships inferred for
other taxa in a process termed ‘safe taxonomic reduction’. We have
included all the taxa in the combined analysis in order to retain
the information pertinent to those taxa. The loss of support could
be interpreted as a meaningful reflection of relationships when the
different gene trees are taken into account. Support values in the ab-
sence of these taxa can in any case be interpreted from the individual
combined cpDNA and nrDNA analyses (Fig. 3).

Alternatively, it might be argued that support should be inter-
preted from the posterior probabilities obtained from Bayesian
analyses instead of parsimony bootstrap proportions when using

a supermatrix approach. Posterior probabilities have been shown
in previous studies to be more robust to missing data (Wiens et
al., 2005; Bouchenak-Khelladi et al., 2008). Our results show uni-
versally high posterior probabilities for a number of nodes which
were subject to high BS in the analysis of combined cpDNA, but
for which BS declined markedly on combination of cpDNA and
nrDNA partitions. The challenges to achieving convergence under
Bayesian inference when using a supermatrix approach (discussed
below) represent one possible caveat to this interpretation. A fur-
ther caveat is provided by possible over-credibility of Bayesian
PP as a measure of clade support (e.g., Suzuki et al., 2002). In gen-
eral, it would seem sensible to regard nodes recovered under
Bayesian inference but not supported by parsimony analysis with
caution, irrespective of the proportion of missing data in the ma-
trix. However, in this case the spine nodes subject to high PP in
the supermatrix analyses are also supported by parsimony analysis
of the coding cpDNA data alone.

4.4. Unidentified conflict

Gene trees that combine limited resolution with clear inci-
dences of conflict present a related, but very different problem. If
we take the case of the Pentaschistis crown group (Fig. 3b), neither
the cpDNA data analysed here nor ITS gives a fully resolved tree. Of
the supported nodes, a relatively high proportion reveal conflict,
which may suggest that further (unsupported) incongruence has
been overlooked. The overall decrease in support values, plus the
failure to recover all of the nodes which received significant sup-
port according to either partition independently in the combined
analysis, might be seen as evidence to support this suspicion. How-
ever, the majority of these nodes subtended one or more dupli-
cated taxa. Duplicated taxa both decrease the proportion of
characters to taxa for the clade to which they belong, and may
be represented by insufficient data to be placed with confidence
when compared with closely related taxa. Pirie et al. (unpublished
manuscript) performed combined analyses on a subset of the data
used here, having excluded conflicting taxa. They reported overall
increased support values, providing evidence for the fundamental
congruence between the markers. Similar analyses performed on
just the Pentaschistis clade did not show such an increase (results
not shown). We may therefore be forced to conclude that we can-
not combine the data with confidence for this group.

4.5. Challenges for Bayesian inference

Extensive missing data can impact parameters that are based on
summations of all characters, such as branch lengths and nucleo-
tide composition biases (Gatesy et al., 2002). This is not the case
with parsimony, in which missing data for a character only affects
the influence of that character. Some authors have nevertheless re-
ported that Bayesian inference methods were superior to parsi-
mony in the presence of missing data (Flynn et al., 2005; Wiens
et al., 2005). However, Wiens et al. (2005) also report that MrBayes
analyses of their supermatrix were often very slow in reaching
convergence. This effect was also observed here. In particular, we
observed that multiple runs including duplicated taxa (with high
proportions of missing data) were slow or failed to arrive at the
same LnL plateau. In each case the difference in mean LnL was
accompanied by inconsistent placement of duplicated taxa in the
50% majority rule consensus.

Reducing the number of partitions in our supermatrix analyses
allowed faster exploration of tree space, but it still took a prohibi-
tively long time for independent analyses starting from random
starting trees to converge to the same mean LnL. We achieved con-
vergence in these analyses only after dictating the topology of one
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or more of the starting trees, and thereby starting the analyses in
more probable regions of tree/model space. Such a strategy,
although apparently effective, could potentially be at the cost of
the strict independence of the runs. Better alternative models
may not be sampled because they are too distant from the starting
tree. Where thorough exploration of tree space is not possible, we
do not know whether perturbing the user defined starting trees
and including random starting topologies for some chains may
solve this problem. The situation is clearer when there are compet-
ing phylogenetic hypotheses to be tested, such as the conflicting
elements of the cpDNA and nrDNA gene trees presented here, or
for example when the results of parsimony analysis are suspected
to have been affected by long-branch attraction. In such cases com-
peting hypotheses can themselves be represented as starting trees,
and the results compared. Given these caveats, the strategy ap-
pears to have been successful: in both cpDNA and total combined
DNA analyses multiple runs reached the same LnL plateau and ade-
quately sampled all parameters of the model within a reasonable
time.

4.6. Phylogeny of Danthonioideae

The combination of high representation of taxa, generally
robust clade support, and the appropriate treatment of inter-locus
conflict in the analyses presented here has resulted in a consider-
able improvement in hypotheses of phylogenetic relationships
between species of Danthonioideae.

The rooting of previous studies was confirmed by analysis of
coding cpDNA sequences representing the subfamilies of the PAC-
CAD clade (Fig. 2). Our results support those of Bouchenak-Khelladi
et al. (2008), suggesting a sister group relationship between Dan-
thonioideae and Chloridoideae, rather than between Danthonioi-
deae and Aristidoideae, as hypothesised by the Grass Phylogeny
Working Group (GPWG, 2001).

Within Danthonioideae, major clades identified in earlier stud-
ies (Barker et al., 2007; indicated in Fig. 3a) were recovered here,
with some differences in clade membership resulting from resolu-
tion of inter-locus conflict. The basal Merxmuellera assemblage
(sensu Barker et al., 2007) comprises three, rather than two clades
(see Fig. 3 a): the Mountain Merxmuellera clade (MMC; sensu Bar-
ker et al., 2007); the chloroplast genome of M. arundinacea; and the
Cape Merxmuellera clade (CMC sensu Barker et al., 2007; excluding
the chloroplast genome of M. arundinacea). Barker et al. (2007)
indicated conflict between cpDNA and ITS data partitions involving
the Danthonia, Austral/New Zealand Cortaderia, and South Ameri-
can Cortaderia clades. We can now recognise that both Notochloe
and all South American Cortaderia species sampled here (with
the exception of C. pilosa), have distinct chloroplast and nrDNA
evolutionary histories. The nrDNA lineages of South American Cor-
taderia are included in a clade comprising the chloroplast genome
of Australian Notochloe microdon and both data partitions of the
largely New World Danthonia clade, New Guinean Cortaderia arch-
boldii, and Cortaderia pilosa. It is interesting to note that C. pilosa is
morphologically similar to, and overlaps in geographical distribu-
tion with, the rest of South American Cortaderia.

Resolution within a number of clades, such as the Danthonia
clade and New Zealand Cortaderia, was limited. In particular, fur-
ther work will be needed to address the uncertainty in the phy-
logeny of the substantial Rytidosperma clade. Variation in the
DNA sequence markers used here is low within Rytidosperma,
resulting in less resolution than in the Pentaschistis clade, based
on the same data. The distribution pattern of the Rytidosperma
clade (across all continents of the southern hemisphere), its
apparent recent origin, and the complexity of its phylogenetic
relationships makes it an ideal subject with which to further ad-
dress the history of dispersal across the Southern Hemisphere. A

robust phylogeny of this group may require a large input of data,
and this work is ongoing (AMH).

With the exception of Chionochloa, Plinthanthesis and Prionan-
thium, all currently defined non-monotypic Danthonioideae genera
are para- or polyphyletic. In some cases, the problem reflects the
position of just a few taxa and is consistent between gene trees.
For example, two of the 64 sampled species of Pentaschistis (P. tyso-
nii and P. praecox; Fig. 3b) render Pentaschistis paraphyletic with re-
spect to Pentameris. Pseudopentameris obtusifolia was originally
described as a species of Pentameris, and its treatment as such
would leave both Pentameris and Pseudopentameris monophyletic.
Other genera, such as Merxmuellera and Cortaderia, as previously
demonstrated (Barker et al., 2003, 2007), are grossly polyphyletic.
Furthermore, as a result of their apparently reticulate evolutionary
history, some groups of species are monophyletic according to one
dataset, but not according to the other. In this light, it is perhaps
unsurprising that patterns of morphological variation, when re-
garded exclusively, are difficult to interpret in Danthonioideae.
The representation of taxa in this study can however give us great-
er confidence that morphological characters diagnostic for clades
will correctly predict the placement of the relatively small number
of species that were not sampled. A formal taxonomic treatment
addressing these issues and including detailed discussion of the
morphological characters which can be used to identify species
to monophyletic genera is in preparation (Linder et al., in
preparation).

5. Conclusions

The results presented here demonstrate the utility of a ‘top
down, bottom up’ approach (Wiens, 2006) to phylogeny recon-
struction in a species-rich clade. Our densely taxon-sampled non-
coding matrices led to the identification of a number of major
clades and resolution of some relationships within those clades.
These were augmented by smaller coding matrices which provided
strong support for the relationships between those clades. We echo
the opinion of Wiens (2006) that in determining sampling strate-
gies for molecular phylogenetic reconstruction the choice should
not be between more genes or more taxa. Both more genes and
more taxa can be sampled, without a prohibitively large sequenc-
ing effort, when character sampling is correctly targeted. Our ap-
proach differs more significantly in that it addresses the issue of
conflicting gene trees, which is of particular relevance to inferences
of evolutionary history and to classification in Danthonioideae. The
conflicting taxa duplication approach allows data from conflicting
gene trees to be combined. This is useful when data of different
partitions are largely compatible, but the data available for one (of-
ten nrDNA in molecular phylogenetic studies of plant groups), or
both data partitions, are insufficient to provide a fully resolved
tree. The result of this work is a phylogeny of the Danthonioideae
which combined both dense taxon representation and robust clade
support. This will be useful for a wide range of evolutionary studies
and to inform forthcoming realignment of generic delimitations in
the subfamily.
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