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Abstract.? Reconstructing phylogeny is a crucial target of contemporary biology, now commonly approached through com 

puterized analysis of genetic sequence data. In angiosperms, despite recent progress at the ordinal level, many relationships 
between families remain unclear. Here we take a case study from Lamiales, an angiosperm order in which interfamilial 

relationships have so far proved particularly problematic. We examine the effect of changing one factor?the quantity of 

sequence data analyzed?on phylogeny reconstruction in this group. We use simulation to estimate a priori the sequence 
data that would be needed to resolve an accurate, supported phylogeny of Lamiales. We investigate the effect of increasing 
the length of sequence data analyzed, the rate of substitution in the sequences used, and of combining gene partitions. This 

method could be a valuable technique for planning systematic investigations in other problematic groups. Our results sug 

gest that increasing sequence length is a better way to improve support, resolution, and accuracy than employing sequences 
with a faster substitution rate. Indeed, the latter may in some cases have detrimental effects on phylogeny reconstruction. 
Further molecular sequencing?of at least 10,000 bp?should result in a fully resolved and supported phylogeny of Lami 

ales, but at present the problematic aspects of this tree model remain. [Angiosperms; matK; molecular sequence data; ndhF; 

parsimony; rbcL; resolution; support.] 

Computer algorithm-based phylogenetic analysis, of 
ten now using molecular genetic sequence data, has 

become the most important tool for elucidating phyloge 
netic relationships between species. The outcome of any 
phylogenetic analysis depends upon the data available, 
the taxa sampled, and the method of analysis. Here we 

investigate the first of these factors?the data analyzed? 
for one difficult part of the tree of life. We focus on de 

termining how much, and what type of, sequence data 
would be needed to resolve a problematic phylogenetic 
question. 

Relative to other groups of organisms, significant ad 
vances have been made in inferring the phylogeny of 

angiosperms, resulting in an improved ordinal classifi 
cation of the group (APG, 1998; APGII, 2003). Despite the 
considerable progress at this level, the relationships of a 
number of angiosperm families remain unclear. For in 

stance, in Lamiales, one of the largest orders of flowering 
plants, a number of well-supported families have been 

recognized, but interfamilial relationships are unclear 
and poorly supported (Olmstead et al., 2001; Bremer 
et al., 2002). 

Here we investigate one potential strategy for 

improving phylogenetic inference in Lamiales. Using 
simulated sequence data, we assess the likelihood that a 

well-supported phylogeny can be resolved using molec 
ular data, and how much data would then be needed. 

Lamiales contains ca. 22,000 species, many of them of 

economic, horticultural, or scientific importance. These 
are grouped into ca. 23 families, including the mint fam 

ily (Lamiaceae), figwort family (Scrophulariaceae), and 
Acanthus family (Acanthaceae). Most previous attempts 
at phylogeny reconstruction in the group have focused 
at the level of families, such as Acanthaceae, Bignoni 
aceae, or Gesneriaceae (e.g., Scotland et al., 1995; Smith 
et al., 1997; Spangler and Olmstead, 1999). More recently, 
broadening taxonomic coverage and increasing amounts 
of molecular data have begun to improve resolution 

within Lamiales (e.g., Olmstead et al., 2001), but even 

analyses of up to six molecular partitions have failed 
to provide fully supported resolution of all interfamil 
ial relationships (e.g., Albach et al., 2001; Bremer et al., 
2002). Although family-level clades tend to be consis 

tently resolved and supported, the relationships between 
them are unstable, resulting from a concentration of short 
branches towards the base of the tree (Olmstead et al., 
2001; Bremer et al., 2002). 

Kim (1997) defined the term tree model to describe 
the topology, branch lengths, and aspects of character 
evolution associated with a phylogeny The type of tree 

model seen in Lamiales, with short or zero-length in 
ternal branches, low decay values, and poor bootstrap 
support, is widespread in angiosperm systematics?it is 

displayed by at least 25 out of the 45 orders recognized 
in the recent APG classification (APGII, 2003)?and often 
attributed to rapid evolutionary radiations (e.g,. Chase 
et al., 2000; Philippe et al., 2000; Anderberg et al., 2002). A 
number of factors have been invoked to account for tree 
models of this type, including conflict between charac 

ters due to homoplasy within a sequence, insufficient se 

quence length, poor taxon sampling, rate variation across 
characters or taxa, compositional bias, conflict between 

gene trees due to paralogy and hybridization (Renner 
and Chanderbali, 2000), the presence of ("rogue") taxa 

with particularly unstable positions that may reduce 

support levels in the tree as a whole (Sanderson and 

Shaffer, 2002), or the historical signal of a rapid radia 
tion (Fishbein et al., 2001). 

Two of these factors most amenable to investigation 
are sequence length (character sampling) and taxon sam 

pling; both have been widely discussed (e.g., Graybeal, 
1998; Mitchell et al, 2000; Pollock et al., 2002; Hillis 
et al., 2003). In Lamiales, existing sequence data sets 

(only the chloroplast-encoded markers rbcL and ndhF 
are presently available for a broad range of taxa) al 

ready span the root node of all major families (as 
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recommended by Olmstead et al., 2001; Prendini, 2001). 

Although adding more taxa might aid in the positioning 
of certain isolated genera, this article focuses on resolv 

ing the internal nodes between families. For this pur 
pose, adding taxa would only increase the density of 

sampling within monophyletic groups, as determined by 
family-level studies (e.g., Wagstaff et al., 1998; Spangler 
and Olmstead, 1999; Young et al, 1999; Beardsley and 

Olmstead, 2002; Schwarzbach and McDade, 2002), and 
would therefore be unlikely to help resolve the prob 
lematic interfamilial relationships. Thus, in Lamiales, we 

chose to investigate how increased sampling of charac 
ters for existing taxa can improve phylogenetic inference. 

We focused on increasing the lengths of nucleotide 

sequences that were otherwise realistic in their nature 
and rate of evolution. If this strategy improves the in 

ference of phylogeny in Lamiales, it would suggest that 
its problematic tree model is due to data availability (a 
soft polytomy) rather than a real rapid radiation (a hard 

polytomy). If the strategy fails, then further investiga 
tions will be required to determine whether Lamiales is 
an example of a hard polytomy or whether another fac 
tor (such as those listed above) is responsible for the tree 

model seen. The best strategy for phylogenetic inference 

probably varies depending upon the group in question, 
but the results obtained for Lamiales may suggest ways 
to investigate similar questions in other taxa. 

Empirically investigating the utility of different data 
sets in phylogeny reconstruction can be expensive and 
time consuming (but cf. Soltis et al., 1998). Furthermore, 
the accuracy of the inferred phylogeny cannot be tested, 

because the underlying evolutionary relationships are 

not known. An alternative way to approach such ques 
tions is by studying simulated data sets (e.g., Lecointre 
et al., 1994; Hillis, 1995; Huelsenbeck, 1995; Berbee et al., 

2000). 
Simulation studies can be used a priori to investigate 

the most likely approach to yield a resolved, supported, 
and accurate phylogeny, and how much data might be 

needed for this. Existing problems in resolving the phy 
logeny of Lamiales result from a series of short internal 

branches. For molecular sequence data, the length of a 

branch is proportional to the number of nucleotide sub 

stitutions that have occurred along it (Swofford et al., 

1996), which is a product of the time elapsed between 

nodes, the rate of nucleotide substitution, and the num 

ber of nucleotide sites sampled. Branch lengths can there 

fore be increased by sampling a larger number of sites, or 

sites that have experienced a greater rate of substitution. 

Increased sampling is usually modeled by generat 

ing single partitions of increasing length (e.g., Lecointre 

et al., 1994; Philippe et al., 1994; Huelsenbeck et al., 

1996). For real data sets, sampling is increased by com 

bining sequences from several molecular markers. Com 

bining genes may actually improve support relative to 

increasing the length of a single partition (Pennington, 
1996; Mitchell et al., 2000), i.e., simultaneous analysis of 

separate sequence partitions might generate greater im 

provements in phylogeny reconstruction than would be 

expected from the number of additional nucleotides they 

provide. Therefore, as well as determining the absolute 

length of sequence that would be needed to resolve the 

phylogeny of Lamiales, we investigate how the effect 
differs when sequences are combined. 

Finally, simulated sequences are used to estimate the 

practical impact of sequencing a particular additional 
marker (matK) for combination with the rbcL-ndhF data 
set. MatK was chosen as a potentially useful marker 
because it has previously been employed in combina 
tion with rbcL and ndhF to investigate interfamilial rela 

tionships in other orders of plants, including a similar 
tree model in Saxifragales (Fishbein et al., 2001; Bremer 
et al., 2002; Xiang et al., 2002; Hilu et al., 2003). This 

method of estimating the impact of a molecular data 
set prior to sequencing could be a valuable technique 
for planning systematic investigations. Here it is used 
to determine the most appropriate strategy for inferring 

Lamiales phylogeny with maximum accuracy, resolu 

tion, and support. 

Methods 

Taxon Sampling 

Thirty-seven exemplar species were sampled in 

Lamiales, up to three from each major family (af 
ter Yeates, 1995) (Appendix 1). Three out-group taxa 

were sampled from the related orders Boraginales, Gen 

tianales, and Solanales. Sequence data for two genes were 

taken from the same species, where possible, or from 

closely related species. 

Molecular Sequencing 

A starting matrix of molecular sequences was as 

sembled for the chloroplast genes rbcL and ndhF. New 

sequences were generated for Thomandersia hensii, T. 

laurifolia (unplaced in Lamiales), and Synopsis ilicifolia 
(Schlegeliaceae), using a modified CTAB extraction pro 
tocol method (Doyle and Doyle, 1987). The remainder 

were assembled from Olmstead et al. (2001), with ad 
ditional sequences from Scotland (unpublished data), 
Olmstead and Reeves (unpublished data), and GenBank 

(http://www.ncbi.nlm.nih.gov/entrez/). GenBank ac 

cession numbers for new sequences used in this study 
are shown in Appendix 1. For a few genera, the two genes 

were sequenced from different species; for Martynia 

only an ndhF sequence was available. Sequence align 
ment was achieved by eye (Simmons and Ochoterena, 

2000). The aligned matrix was submitted to TreeBASE 

(http://www.treebase.org/treebase) under the acces 

sion number M2231. 

Simulation 

Starting phylogenies.?Fully resolved unrooted tree 

topologies were generated for Lamiales from ndhF 

andrbcL using the neighbor-joining method in PAUP* 

4.0bl0 (Swofford, 2002). Branch lengths were estimated 

using uncorrected distances. It was assumed that the tree 

models reconstructed using rbcL and ndhF were repre 
sentative of the underlying evolutionary tree model of 
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FIGURE 1. Starting phylogeny of Lamiales based on neighbor-joining analysis of combined ndhF and rbcL sequences, with relative branch 

lengths from uncorrected data. Key nodes highlighted. 

Lamiales, because very similar relative branch lengths 
were obtained whether the phylogeny was reconstructed 

using the neighbor-joining method, parsimony, or max 

imum likelihood with a more complex model as gener 
ated from the sequences, using rbcL or ndhF, and because 
this form of tree model is very prevalent amongst other 
orders of angiosperms. A starting tree was also designed 
to represent the phylogeny that might be reconstructed 
from matK, based on a topology provided by a combined 
rbcL-ndhF analysis (Fig. 1). Employing this topology as 
sumes minimal conflict between the three partitions and 

therefore means the results will, if anything, overesti 
mate the potential usefulness of matK. Branch lengths 
were generated for the matK tree by doubling the branch 

lengths of the rbcL tree (no comparative data were avail 
able for matK and ndhF), because the average number of 
nucleotide substitutions per site for matK is consistently 

about twice that of rbcL (e.g., Fishbein et al., 2001; Lopez 
et al., 2002). 

Sequence simulation.?To determine the most realis 
tic evolutionary model and parameters for sequence 
simulation, the ndhF and rbcL data sets were tested 

against 56 possible models using ModelTest 3.06 and 
ModelBlock 3 (Posada and Crandall, 1998). For rbcL, 

the most suitable model, according to the hierarchical 
likelihood-ratio test, was the general reversible model, 

GTR+I+r, with relative base frequencies A = 0.2723, C = 

0.1927, G = 0.2357, T = 0.2993, relative substitution rates 
A-C = 1.4734, A-G = 2.7252, A-T = 0.3801, C-G = 0.9138, 
C-T = 3.4541, G-T = 1, and gamma distribution shape 
parameter 0.8023. For ndhF, the model selected was also 

GTR+I+r, with relative base frequencies A = 0.2949, 
C = 0.1476, G = 0.1606, T = 0.3969, relative substitu 
tion rates A-C = 2.1962, A-G = 3.2938, A-T = 0.2243, 
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C-G = 2.5359, C-T = 3.2724, G-T = 1, and gamma distri 
bution shape parameter 1.0267. A model and parameters 
for simulation of matK sequences were taken from an ex 

isting data set for Diploxylon (Lopez et al., 2002). This was 

assumed to be applicable to Lamiales because the evolu 

tionary model for rbcL in Diploxylon was very similar to 
that of rbcL in Lamiales. The evolutionary model selected 
for matK was HKY85, with transition/transversion ratio 
1.68. Base frequencies were also taken from Lopez et al. 

(2002): A = 0.31, C = 0.18, G = 0.18, T = 0.33. 

Using these parameters, replicate sequence data sets 
were simulated by parametric bootstrapping (Nei, 1991; 
Adell and Dopazo, 1994; Wollenberg and Atchley, 2000) 
on an iMac using Seq-Gen 1.2.5.1 (Rambaut and Grassly, 
1997). Sets of replicates were simulated, each with a 

different combination of substitution rate and sequence 

length, and using the parameters for either rbcL or ndhF 

(Appendix 2). Further sets were generated to investigate 
the effects of combining two different partitions. These 
data sets were interleaved in all possible rbcL-ndhF com 

binations (Appendix 3). Data sets were also simulated 
to the specifications of the real matK, ndhF, and rbcL 

data, and were interleaved to investigate the potential 
of combining matK with the existing two-gene data set 

(Appendix 4). In each case, 100 replicate sets were gen 
erated to identical specifications. 

Phylogenetic Analysis 

Parsimony analysis was conducted on the two se 

quence partitions alone and in combination, using 
PAUP* 4.0M0 for Macintosh (Swofford, 2002). Charac 
ters were unordered and equally weighted. Gaps were 

coded as missing data, and zero-length branches col 

lapsed so that only branches with unambiguous support 
were retained. Two search strategies were employed, in 
an attempt to find all most parsimonious (MP) trees and 
all possible islands (complying with Maddison, 1991; 
Catalan et al., 1997). The first strategy utilized 1000 repli 
cate heuristic searches, with tree-bisection-reconnection 

(TBR) branch-swapping and MULPARS on, saving all 
trees. The second strategy employed 10,000 searches, 

with TBR branch-swapping and MULPARS on, saving 

only two trees per replicate. Trees were rooted in a basal 

polytomy using the predefined out-group. For simulated 
molecular sequences, searches of 1000 random-addition 

replicates were conducted, retaining a maximum of two 

trees at each step and saving a maximum of 100 trees. 

Comparison of Resulting Phytogenies 

The trees generated using real data were compared 
in terms of tree length, consistency index (CI, corrected 

for invariable sites), retention index (RI), resolution, and 

support. Resolution was measured by the consensus 

fork index (CFI), the number of nodes in strict consen 
sus divided by the maximum possible number of nodes 

(Colless, 1980). Internal support was estimated by a non 

parametric bootstrap search with 1000 replicates, each 

comprising 100 random addition heuristic search cy 
cles, TBR branch-swapping and MULPARS off, saving no 

more than two trees per cycle (after De Bry and Olmstead, 

2000). The total number of nodes achieving 50%, 75%, 
90%, or 95% bootstrap values was counted, as a measure 
of support across each tree. 

The replicate trees generated from simulated se 

quences were inspected automatically using a C++ pro 
gram (A. South, personal communication), and were 
also compared to their respective starting trees according 
to the parameters above. Accuracy 

was also measured, 
as the number of MP trees containing each of several key 
nodes from the starting tree (labeled on Fig. 1), and the 

presence or absence of those nodes in strict consensus. 
The nodes were chosen to encompass a range of hierar 
chical levels, by taking successively nested nodes, and 

were subtended by some of the shortest branches in the 

tree, thereby being pertinent to the resolution of problem 
atic interfamilial relationships in Lamiales. The bootstrap 
support value for each of the nodes was compared. 

Results 

Molecular Data.?Parsimony analysis of the ndhF se 

quences produced seven MP trees 2760 steps long, with 
CI 0.44 and RI 0.56. Analysis of the rbcL sequences pro 
duced 44 MP trees 826 steps long, with CI 0.43 and RI 
0.57. Few conflicts in topology between the ndhF and 
rbcL trees were well supported: in only three instances 

were two incongruent clades both supported by a boot 

strap value greater than even the low threshold of 50%. 
These were Lindenbergia-Proboscidea (54% in the rbcL tree) 
and Lindenbergia-Bartsia (100% in the ndhF tree); Elytraria 
Thunbergia (97% rbcL) and Barleria-Thunbergia (51% 
ndhF); and Borago-Nicotiana (91% rbcL) and Gentiana 

Nicotiana (70% ndhF). In all three cases, one topology was 

better supported than the other. This suggested there was 
no "hard incongruence" (Farris et al., 1994) between the 
rbcL and ndhF data sets and they were therefore com 

bined into a single data set for further analysis. 
This baseline two-gene molecular data set for 37 taxa 

contained 3578 aligned characters, of which 1371 were 

variable and 749 parsimony informative. Thirty-one MP 
trees were recovered, 3620 steps long (the second search 

strategy found 28 of these trees), with CI 0.43 and RI 0.35. 
A strict consensus tree is shown in Figure 2. 

Effect of Molecular Sequence Length 

Using simulated data sets, resolution increased with 
the length of sequence analysed (Fig. 3A). This effect 

was most marked with short lengths of sequence. High 
resolution (taken as a CFI of at least 0.95) was achieved 

using a total of approximately 10,000 base pairs (bp) of se 

quence data, for data sets based on ndhF-type sequences. 
A similar result was found for rbcL-type data sets. Ac 

curacy, measured as the mean percentage of MP trees 

containing each of six nodes, increased with the length 
of sequence analysed (Fig. 3B). For ndhF-type sequence 
data sets, node 1 (comprising two species of Thomander 

sia) was found in all MP trees when at least 500 bp of 

sequence were analyzed, regardless of substitution rate. 

Deeper nodes required a greater length of sequence to be 
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FIGURE 2. Strict consensus of 31 MP trees obtained from parsimony analysis of the two-gene molecular data set for 37 taxa in Lamiales. 

Numbers above branches are bootstrap values greater than 50%. Families after Olmstead et al. (2001). 

accurately resolved: nodes 3 and 4 were found in all trees 
with 10,000 bp; nodes 5 and 6 required 20,000 bp to be ac 

curately reconstructed almost all of the time. Node 2 was 
the least likely to be accurately resolved: 20,000 bp were 

required to recover it in 90% of MP trees. According to 
the second measure, the number of strict consensus trees 
in which each node was found, accuracy followed a very 
similar pattern. 

Support, measured as the number of nodes attaining 
a certain bootstrap value, also increased with the length 
of sequence analysed. For ndhF-type data, 31 out of a 

maximum 34 nodes achieved at least 50% support when 

10,000 bp were analyzed, regardless of substitution rate 

(Fig. 3C). No further increase in support was found with 

sequence lengths longer than 10,000 bp. The number of 
nodes achieving 90% bootstrap support was fewer, and 
was more responsive to increasing sequence length at 
a lower nucleotide substitution rate. RbcL-type data sets 

gave similar results. When support values for individual 
nodes were compared, with ndhF-type sequences, node 
1 achieved 100% bootstrap support with 1000 bp. Nodes 
3 and 4 achieved at least 70% support when 5000 bp 

were analyzed and 90% with 10,000 bp. Nodes 5 and 6 
achieved at least 80% support with 10,000 bp and about 
95% with 20,000 bp. Node 2 was the poorest supported, 
achieving less than 90% using 20,000 bp, even when se 

quences with a doubled nucleotide substitution rate were 
used. For this node the relationship between sequence 

length and support reached an asymptote: 90% was the 
maximum support achieved. RbcL-type sequences pro 
vided at least 95% bootstrap support for all six nodes 

with 20,000 bp of data (Fig. 3D). All nodes except 4 and 5 
achieved at least 70% support with 5000 bp of sequence. 

Node 1 required longer sequences than under the ndhF 
model to achieve the same level of support: 5000 bp for 

100%. 

Effect of Substitution Rate 

The effect of substitution rate was tested for two 

lengths of sequence, 1000 and 2000 bp, approximately 
the length of real single gene partitions. Resolution in 
creased with substitution rate, but the relationship soon 
became asymptotic (Fig. 4A): when 2000 bp were used, 
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Figure 3. Effect of sequence length on phylogenies reconstructed 

using molecular data simulated at normal, and twice-normal, substitu 

tion rates. A, Resolution, measured by the CFI, for ndhF- and rfrcL-type 

sequences. B, Accuracy, measured as the mean percentage of MP trees 

containing nodes 1 to 6, for ndhF-type sequences. C, Support, measured 

as the number of nodes attaining a bootstrap value of at least 50% or 

90%, for ndhF-type sequences. D, Support, measured as the mean boot 

strap support value attained by nodes 1 to 6, for rbcL-type sequences. 

Node 1 (2,000 bp) 
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Figure 4. Effect of increasing substitution rate on phylogenies re 

constructed using 1000 and 2000 aligned bp of simulated molecular 
data. A, Resolution, measured by the CFI, for ndhF- and rbcL-type se 

quences. B, Accuracy, measured as the percentage of strict consensus 

trees containing nodes 1 to 6, for ndhF-type sequences. C, Support, mea 

sured as the mean number of nodes attaining a bootstrap value of at 

least 50% or 90%, for ndhF-type sequences. 

a maximum CFI of 0.95 was achieved at substitution 
rates of approximately double those in real rbcL and 
ndhF sequences. When 1000 bp were used, maximum 

resolution was achieved at approximately five times the 
real substitution rate of these genes. Accuracy showed a 

rapid increase followed by a gradual decline as substitu 
tion rate was increased. For ndhF-type sequences, node 1 

was resolved accurately in 100% of strict consensus trees 
with substitution rates of at least 0.2 times the real rate 

(with 2000 bp, or 0.5 times with 1000 bp; Fig. 4B). For all 
other nodes, accurate reconstruction was not achieved in 

more than 80% of trees. Maximum accuracy occurred at 
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between once and twice the original substitution rate 

(with 2000 bp, or twice and five times with 1000 bp) for 

ndhF-type sequences. For rbcL-type sequences, highest 
accuracy occurred at between 2 and 5 times the original 
substitution rate (with 2000 bp) or 5 and 10 times (with 
1000 bp). 

Support values showed a rapid increase and then a 

gradual decline as nucleotide substitution rate was in 

creased, with both lengths of sequence and both types of 

partition tested. For ndhF-type data sets, strongest sup 

port was achieved at a substitution rate about double 
that of real sequences (Fig. 4C). For rbcL-type, it was 

found at about five times the real rate. With ndhF-type 
data, only node 1 received high bootstrap support; for all 
other nodes, support peaked at between twice and five 
times the real substitution rate and thereafter declined. 

Support values with the rbcL-type data were generally 
higher than with ndhF and peak support occurred at a 

faster substitution rate (twice normal for node 1,10 times 
for other nodes). 

Effect of Combining Gene Partitions 

Figure 5A shows the resolution achieved using com 

binations of rbcL- and ndhF-type sequences in varying 

proportions. Greatest resolution was achieved when the 
entire length of sequence was simulated according to an 

ndhF-type model. All combined data sets, of the same to 
tal length, achieved lower resolution than this. Accuracy 

was also greater with a single partition than with most 
combined data sets of the same total sequence length, in 
this case when the entire length of sequence was simu 
lated according to an rbcL-type model. Support showed 
a slightly different pattern (Fig. 5B shows this for the 
number of nodes achieving 95% bootstrap support). Al 

though these data points are not all independent, the 

general indication is that combined data sets provided a 

better-supported phylogeny than single gene partitions 
of the same length, especially at total lengths below about 
7000 bp. Above this length, single-partition rbcL-type 
sequences provided the greatest number of supported 
nodes. At 50% bootstrap values (not shown), combined 

partitions provided greater support than single parti 
tions for a smaller range of total sequence lengths, be 
tween 2500 and 4000 bp. 

Effect of Adding matK 

The resolution obtained in phylogenetic analysis of 
the matK-type simulated data set alone was greater than 
that obtained with rbcL but less than that with ndhF 

(Fig. 6A). Combining the matK-type data set with rbcL 
and ndhF increased resolution significantly (P < 0.0001, \ 1.0 
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FIGURE 5. Effect of combining ndhF and rbcL data sets in different 

proportions. A, Resolution, measured by the CFI, against total length of 

aligned sequence analyzed. B, Support, measured as the mean number 

of nodes attaining a bootstrap value of at least 95%, against total length 
of aligned sequence analyzed. 
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matK rbcL ndhFrbcL matKndhF matKrbcL matKndhFrbcL 

FIGURE 6. Effect of adding simulated matK sequences to the exist 

ing data set of ndhF and rbcL sequences. A, Resolution, measured by 
the CFI. B, Support, measured as the number of nodes attaining a boot 

strap value of at least 90%. Error bars show standard deviation of 100 

replicate data sets. 
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two-sample Mest) over that of rbcL and ndhF combined. 
The three-gene data set provided a significantly greater 
number of supported nodes than all other combinations 

(P < 0.0001; Fig. 6B shows the number of nodes achiev 

ing 90% bootstrap support). 

Discussion 

Lamiales exemplifies a widespread type of tree model 
in angiosperms, in which interfamilial relationships are 
difficult to resolve using molecular sequence data. In this 

example, phylogenies based on ndhF and rbcL sequences 
were broadly corroborative, showing no strongly sup 
ported incongruencies. However, a baseline molecular 

phylogeny generated using the combined sequence data 
set (Fig. 2) reproduced the same type of topology as pre 
vious analyses (Olmstead et al., 2001; Bremer et al., 2002), 

failing to resolve any well-supported interfamilial rela 

tionships beyond the basal branches of the order. This 

study contributes to estimating how much, and what 

type of, sequence characters would be required to im 

prove the inference of phylogeny in Lamiales. Because 
all the chloroplast loci studied are linked, we assumed 
that conflict between gene trees does not present a prob 
lem for inferring the species tree in this group. 

The question was investigated using data simulated 
on model trees. Although these trees may not be a true 

representation of evolutionary relationships among real 

organisms, they are most likely a realistic approximation 
to the type of branch lengths that would be found in the 
true phylogeny of Lamiales. Thus, although the phylo 
genies reconstructed from simulated sequences are also 
not necessarily accurate, they can be used to indicate the 
conditions required to reconstruct the true tree. 

Effect of Sequence Length and Substitution Rate 

All measures of resolution, support, and accuracy 
showed a rapid, then slowing improvement as increasing 
lengths of sequence data were analyzed. The asymptotic 
effect on resolution is due to the fact that, as clades are 

resolved, a decreasing number remain unresolved, and 
therefore the total number of newly resolved clades de 
creases for each further increment in character sampling. 

Moreover, once a certain level of sampling is reached, 

only very recalcitrant clades will remain to be resolved. 
With increasing nucleotide substitution rate, resolution 

also followed an asymptotic pattern, whereas support 
and accuracy showed a rapid increase followed by a slow 
decline. 

Optimum Conditions for Phylogeny Reconstruction 

The data sets that provided greatest resolution, high 
est accuracy, and strongest support were the four longest 
partitions simulated on an rbcL-type model. Greatest im 

provements in support, resolution, and accuracy were 

achieved by increasing the number of sites rather than 
the nucleotide substitution rate. This is shown in Figure 7 
for ndhF-type data sets: for the same total number of sub 

stitutions, all nodes are more likely to be accurately re 

constructed when 2000 bp are used than they are with 
1000 bp; i.e., doubling the sequence length had a greater 
effect than doubling the substitution rate. In addition, 
too high a substitution rate can actually decrease sup 

port and accuracy (Fig. 4). This is in contrast with the 
results of Hillis (1998). 

One possible explanation for the superiority of longer, 
rather than faster-evolving, sequences for phylogenetic 
inference is that faster rates of nucleotide substitution 

may result in multiple substitutions (e.g., Moritz et al., 
1987; Yang, 1998). The most useful data sets for sup 
ported, accurate phylogenetic inference in Lamiales were 
those comprising a large number of slowly-evolving 
sites, minimizing the likelihood of multiple substitutions 
at the same site. Node 1 does not conform to the same 

pattern, perhaps because it is the most recent node in 
the phylogeny and therefore the least likely to have ex 

perienced multiple substitutions at the same nucleotide 
sites. 

The exact length of sequence required to infer the phy 
logeny of Lamiales depends upon the levels of support, 
accuracy, and resolution demanded. It is unreasonable 
to expect any phylogenetic analysis to provide 100% ac 

curate, supported resolution (but cf. Rokas et al., 2003), 
but good resolution (CFI > 0.9) can be achieved with 

relatively small amounts of sequence data (ca. 5000 bp). 
Extrapolating from Figure 3B, for ndhF-type data, ap 

proximately 19,000 bp of sequence are required to ac 

curately resolve node 2 at normal substitution rates 

(employing conventional confidence limits, accuracy is 
taken as finding correctly reconstructed clades in 95% of 

MP trees), whereas only 300 bp are needed for node 1, and 
5000 to 10,000 bp for the remaining nodes. For rbcL-type 
data, node 4 requires around 12,000 bp, other nodes be 
tween 1000 and 10,000 bp. Taking acceptable bootstrap 
support to be 75%, and extrapolating from Figure 3C, 

2000 4000 6000 8000 10000 12000 14000 16000 18000 20000 

relative total number of substitutions 

Node 1 (2,000 bp) 
Node 2 (2,000 bp) 
Node 3 (2,000 bp) 
Node 4 (2,000 bp) 
Node 5 (2,000 bp) 
Node 6 (2,000 bp) 

.- -- Nodel (1,000 bp) 
.-H-. Node 2(1,000 bp) 
.-A-- Node 3(1,000 bp) 
.-O-- Node 4(1,000 bp) 
--#-- Node 5 (1,000 bp) " -- 

Node 6(1,000 bp) 

FIGURE 7. Relationship between accuracy, measured as the per 

centage of strict consensus trees containing nodes 1 to 6, and relative 
total number of nucleotide substitutions in phylogenetic analysis, for 
simulated ndhF-type sequences of 1000 and 2000 aligned bp. 
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approximately 8600 bp of rbcL-type sequence are needed 
to support node 4, with 800 to 6000 bp for the other five 

nodes. For ndhF-type sequences, 12,000 bp are needed to 

support node 2, and 200 to 7500 bp for other nodes. 

Currently, the nucleotide sequence data available for a 

wide range of Lamiales taxa are limited to rbcL (1402 bp) 
and ndhF (2176 aligned bp in this analysis). Although 
sequences of additional partitions such as rps2 are avail 
able for a smaller range of families (e.g., Olmstead et al., 

2001), the total sequence data available for large-scale 
phylogenetic studies in Lamiales amount to less than 
3600 bp at present, of which about 750 were parsimony 
informative. To resolve most nodes with the support 
and accuracy described above requires, ca. 10,000 bp or 
an average of about 2,000 parsimony-informative sites, 
about three times as much as is currently available, 
but an amount that is achievable over the next few years, 

given the increasing ease of extracting and sequencing 
DNA data (Doolittle, 1999; Rokas et al., 2003; Sander 
son and Driskell, 2003). In contrast, the largest mor 

phological data set ever analyzed for Lamiales (Wortley, 
unpublished data) contains 105 parsimony-informative 
characters, and this figure is unlikely to grow at such a 

rate as molecular data. 

Effect of Combining Gene Partitions 

This estimate assumes it would be feasible to gener 
ate 10,000 bp of sequence in a single partition. In prac 
tice, increasing the number of nucleotide sites available 
for analysis is achieved by combining several data sets. 

Combining separate molecular data sets might be bene 

ficial, because two gene partitions may provide optimal 
resolution and support at slightly different hierarchical 
levels. Here, rbcL and ndhF-type sequences differed in the 

hierarchical level at which they provided best resolution. 
To resolve node 1 accurately in 95% of strict consensus 
trees required only 500 bp of ndhF-type but 2000 bp of 

rbcL-type sequence data; ndhF-type sequences were best 
for accurately resolving node 1, rbcL-type for node 2. This 

suggests, as is often assumed, that simultaneous analysis 
can improve support and resolution by at least as much 
as the analysis of the individual datasets would suggest 
(Hillis, 1987; Reed and Sperling, 1999); i.e., "the whole 

will exceed the sum of the parts." We used the simulated 

sequences to investigate whether combining molecular 

sequence data from different gene partitions does have 
such a synergistic effect. 

In fact, combining two partitions reduced the effective 
ness of phylogenetic analysis in Lamiales. All combined 
data sets gave lower resolution than single-partition 
analyses of the same length (Fig. 5A). Most combined 
data sets also accurately reconstructed fewer nodes than 
the same length single partitions. The effect of data com 

bination on support values was equivocal: combined 
data may support a greater or lesser number of nodes 
than a single partition, depending upon the total length 
of sequence analysed (Fig. 5B). Thus, increasing data by 
combining partitions may necessitate a much larger se 

quencing project than the 10,000 bp suggested above, 

perhaps because the combined partitions contain con 

tradictory signals. In addition, real data sets may dis 

play complex features that are not accurately replicated 
by simulation, which could confound phylogenetic in 

ference further. 

Effect of Adding matK 

We extended our results based on existing data sets 

(ndhF and rbcL) to predict the effect of sequencing an ad 
ditional molecular marker, matK. This provided, at best, 

marginal improvements in resolution, and no significant 
improvement in accuracy. The biggest gains were seen 
in support values, which increased for all nodes except 

node 2. This is consistent with the fact that adding matK 
to the existing data produces a total data set of around 
4612 bp, which is within the range of lengths found to 
increase support (Fig. 3C), but shorter than would be 

needed to significantly improve accuracy (Fig. 3B). Be 
cause matK sequences were simulated upon a starting 
phylogeny whose topology was derived from the ndhF 
and rbcL data sets, conflict between data sets should 
be minimal in this case. Yet adding simulated matK se 

quences to the existing data set was not as successful as 

expected, suggesting the prospects for resolving a sup 

ported phylogeny for Lamiales by adding new molecular 
datasets maybe limited. Alternatively, because matK was 

assumed to have evolved along a phylogeny with the 
same branch lengths as that of rbcL and ndhF, it might 
increase support to those branches that are already re 

solved but not improve resolution of those that are ex 

tremely short in the two-gene molecular morphology. 
Therefore, in reality, adding matK might provide fewer 

improvements in support but greater improvements in 
resolution than seen here, depending upon whether it 
tends to conflict with the existing data or to follow a sim 
ilar pattern. 

Phylogeny of Lamiales 

The success of phylogenetic inference can be measured 
in terms of resolution, support, and accuracy. Although 

molecular sequences are not the only data available for 

inferring phylogenetic relationships, they are probably 
the most efficient in the case of Lamiales and other sim 
ilar groups. Informative morphological characters are 
few and far between and have been shown to have 
little significant effect on phylogeny reconstruction in 

Lamiales, although this may not be the case in other 

groups (Graham et al., 1998; Wortley, unpublished data). 
The most promising approach to resolving accurate, 

supported interfamilial relationships in Lamiales using 
molecular sequence data would be to sequence at least 
2000 parsimony-informative characters, corresponding 
to a sequence data set of 10,000 bp or more. This equates 
to approximately six genes, three times the size of the 

existing two-gene data set. In practice, combining genes 
may further increase the total number of nucleotides 
needed to resolve an accurate, supported phylogeny. 
This is consistent with the recent study of Rokas 
et al. (2003), which suggested that at least 20 unlinked 
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genes may need to be sequenced in order to over 
come incongruence and reconstruct a supported, accu 
rate phylogeny. 

Until larger amounts of molecular sequence data be 
come available, the trees previously published (e.g., 

Olmstead et al., 2001), remain the best available rep 
resentation of the phylogeny of this group. The prob 
lematic aspects of the Lamiales tree model remain, 
as seen in the baseline molecular phylogeny from 
real data presented here (Fig. 2). There are few well 

supported branches (taken as those with at least 
75% bootstrap support) at interfamilial level. Acan 

thaceae, Calceolariaceae, Gesneriaceae, Lamiaceae, Mar 

tyniaceae, Orobanchaceae, Pedaliaceae, Schlegeliaceae, 
and Thomandersiaceae are all well supported by 
the bootstrap test. A core Lamiales clade comprising 

Acanthaceae, Bignoniaceae, Lamiaceae, Martyniaceae, 
Pedaliaceae, Orobanchaceae, Schlegeliaceae, Thoman 

dersiaceae, Verbenaceae, Mimulus, and Paulownia is con 

sistently recovered but with little support. The only other 

well-supported branches are those subtending Lamiales 
as a whole, Lamiales excluding Ligustrum (Oleaceae), 
and the grouping of Paulownia with Orobanchaceae. The 

position of some relatively basal groups such as Gesner 
iaceae and Veronicaceae is still unstable; others, such as 

Carlemanniaceae and Tetrachondraceae (Stevens, 2001; 
APGII, 2003), have not been sampled here. Three re 

cently erected families (Scrophulariaceae sensu stricto, 
Stilbaceae, and Veronicaceae, all containing members of 

what was once Scrophulariaceae sensu lato) are also only 
poorly supported. 

Our case study of Lamiales suggests that large-scale, 
focused molecular sequencing projects and subsequent 
concatenation of multiple markers should be able to re 
solve this problematic tree model. Whether this inference 
can be applied to similarly problematic angiosperm or 

ders, such as Apiales, Cornales, Ericales, Laurales, and 

Malpighiales (Plunkett et al., 1996; Soltis et al., 1999; 

Anderberg et al., 2000; Renner and Chanderbali, 2000; 

Xiang et al., 2002), remains to be seen. The resolution 
of problematic phylogenies will depend upon the ori 

gin of the problem?in cases of hard polytomies such a 
tree model represents a solution, and adding more data 

will not improve resolution. However, in other plant 
groups, and other organisms, increasingly large multi 

gene and whole-genome molecular phylogenetic inves 

tigations are fast becoming the norm and are generally 
resulting in better-resolved phylogenies (e.g., Bapteste 
et al., 2002; Matsuoka et al., 2002; Goremykin et al., 2003; 
Rokas et al., 2003). Thus, although the predicted, compre 
hensive solution to the entire tree of life (Doolittle, 1999) 
is a distant objective of molecular systematics (Sanderson 
et al., 2003), an accurate, supported, and resolved phy 
logeny of well-studied parts of the tree will soon be 
achievable if current rates of progress continue. 
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Appendix 1. Taxa sampled. 

Taxon 

DNA source (reference), 
voucher or collection 

GenBank accession numbers 

rbcL ndhF 

Lamiales 

Acanthaceae 

Barleria prionitis L. 

Elytraria crenata Vahl 

Thunbergia alata Boj. 
T. usambarica Lindau 

Bignoniaceae 

Catalpa speciosa Warder 

Jacaranda sparrei A.H.Gentry 

Kigelia africana (Lam.) Benth. 

Calceolariaceae 

Calceolaria mexicana Benth. 

Jovellana sp. 
Gesneriaceae 

Nematanthus hirsutus (Mart.) Wiehler 

Streptocarpus holstii Engl. 
Lamiaceae 

Callicarpa dichotoma (Lour.) K. Koch 

Lamium purpureum L. 

Martyniaceae 

Martynia annua L. 

Proboscidea lousianica (Mill.) Thell. 

Oleaceae 

Ligustrum vulg?re L. 

Orobanchaceae 

Bartsia alpina L. 

Lindenbergia philippensis Benth. 

Paulowniaceae 

Paulownia tomentosa (Thunb.) Steud. 

Pedaliaceae 

Ceratotheca triloba (Bernh.) Hook. f. 

Sesamum indicum L. 

Phrymaceae 
Mimulus aurantiacus Curtis 

Schlegeliaceae 

Schlegelia parviflora (Oerst.) Monach. 

Synapsis ilicifolia Griseb. 

Scrophulariaceae 
Hemimeris sabulosa L. 

Scrophularia californica Cham, and Schltdl. 

Stilbaceae 

Halleria lucida L. 

Retzia capensis Thunb. 

Thomandersiaceae 

Thomandersia hensii De Wild, and T. Durand 

Thomandersia laurifolia (T. Anderson ex Benth.) Baill. 

Verbenaceae 
P?trea racemosa Kunth 

Stachytarpheta dichotoma Vahl. 

Verbena bonariensis L. 

V. bracteata Lag. and Rodr. 

Veronicaceae 

Angelonia pubescens Benth. 

Veronica catenata Pennell 

Outgroups 

Borago officinalis L. 

Gentiana procera Holm 

Nicotiana tabacum L. 

Chase et al. (1993), 
Scotland et al. (1995) 

Scotland et al. (1995) 
Scotland et al. (1995) 
Chase et al. (1993) 

Olmstead et al. (1992) 

Spangler and Olmstead (1999) 

Spangler and Olmstead (1999) 

Olmstead et al. (2001) 
Olmstead et al. (2001) 

Olmstead and Reeves (1995) 
Olmstead et al. (2001) 

Olmstead et al. (1993) 
Olmstead et al. (1993) 

Olmstead and Reeves (1995) 
Chase et al. (1993) 

Olmstead et al. (1992) 

Young et al. (1999) 

Young et al. (1999) 

Olmstead and Reeves (1995) 

Olmstead and Reeves (1995) 
Olmstead et al. (1993) 

Young et al. (1999) 

Olmstead and Reeves (1995) 
Ekman 19085 

Young et al. (1999) 
Olmstead and Reeves (1995) 

Olmstead et al. (2001) 
Bremer et al. (1994) 

Carroll 1008 

Cable 4012 

Olmstead and Reeves (1995), 

Wagstaff and Olmstead (1997) 
Olmstead et al. (2001) 
Olmstead et al. (1993) 
Olmstead and Reeves (1995) 

Olmstead et al. (2001) 
Olmstead and Reeves (1995) 

Olmstead et al. (1992) 
Olmstead et al. (1993) 
Olmstead et al. (1993) 

L01886 

AF188127 

L12596 

L11679 
AF102647 
AF102648 

AF123669 
AF123666 

L36446 
L14409 

L14393 
U75702 

L01946 

L11686 

AF190903 
AF123664 

L36447 

AY919277 
L14408 

AF026835 

L36448 
AY919278 

AF123668 
L36449 

AF026828 
Z29669 

AY919279 
AY919280 

U28879 

U32161 
L14412 

AF123672 
L36453 

L11680 
L14398 
Z00044 

U12653 

U12657 
U12667 

L36397 
AF102631 
AF102632 

AF123769 
AF123684 

L36404 
L36415 

L36415 
U78694 

AF190906 
AF123690 

AF130164 

AF123678 
AF123686 

L36406 

AY919281 
L36413 

AF188186 

L36410 
AY919282 

AF123682 
L36411 

AF188185 
AF14776 

AY919284 
AY919285 

AY919283 

L36414 

L36418 

AF123675 
L36419 

L36393 
L36400 
Z00044 
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Appendix 2. Simulated molecular data sets and parameters. 

Topology and Relative no. of Sequence No. of 

Data parameters substitutions length (bp) replicate Starting 
set as per site matrices seed 

1 

2 

3 
4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 
17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 

43 

44 

45 

46 

47 

48 

49 

50 

51 

52 

53 

54 

55 

56 

57 

58 

59 

60 

61 

62 

63 

64 

ndhF 

ndhF 
ndhF 
ndhF 
ndhF 
ndhF 
ndhF 
ndhF 
rbcL 

rbcL 

rbcE 

rbcL 

rbcL 

rbcL 

rbcL 

rbcE 

ndhF 

ndhF 
ndhF 

ndhF 
ndhF 
ndhF 
ndhF 
ndhF 
rbcL 

rbcL 

rbcL 

rbcL 

rbcL 

rbcL 

rbcL 

rbcL 

ndhF 

ndhF 
ndhF 
ndhF 
ndhF 
ndhF 
ndhF 
ndhF 

rbcL 

rbcL 

rbcL 

rbcL 

rbcL 

rbcL 

rbcL 

rbcL 

ndhF 

ndhF 

ndhF 

ndhF 

ndhF 

ndhF 

ndhF 
ndhF 
rbcL 

rbcL 

rbcL 

rbcL 

rbcL 

rbcL 

rbcL 

rbcL 

0.1 

0.2 

0.5 
1 

2 

5 

10 

20 

0.1 

0.2 

0.5 
1 

2 

5 

10 

20 

0.1 

0.2 

0.5 
1 

2 

5 

10 

20 

0.1 

0.2 

0.5 
1 

2 

5 

10 

20 

2000 
2000 
2000 
2000 
2000 
2000 
2000 
2000 
2000 
2000 
2000 
2000 
2000 
2000 
2000 
2000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
100 
200 
500 

1000 
2000 
5000 

10,000 

20,000 
100 
200 
500 

1000 
2000 
5000 

10,000 

20,000 
100 
200 
500 

1000 
2000 
5000 

10,000 

20,000 
100 
200 
500 

1000 
2000 
5000 

10,000 

20,000 

100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
50 

100 
100 
100 
100 
100 
100 
100 
50 

100 
100 
100 
100 
100 
100 
100 
50 

100 
100 
100 
100 
100 
100 
100 
50 

15448376 
47709730 
78399216 
79842335 
52711674 
2486395 

40019257 
50255930 
84624646 
19788860 
67529069 
24128070 
82906566 
46522473 
18348872 
25410028 
73024013 
89971506 
31302977 
47677141 
58334587 
25115300 
78492019 
91255506 
41461212 
11702582 
52191925 
98032014 
93555486 
29566716 
95852382 
87387046 
49319467 
87626389 
99908045 
18054075 
30201192 
27046649 
46273839 
76508394 
10078655 
3605281 

28595320 
55770326 
41513186 
22136409 
22808617 
24561367 
38322705 
88423710 
30393937 
19995511 
97044384 
94042089 
8494918 

49726076 
80927635 
11440646 
79718335 
34909131 
63707149 
89050894 
89970723 
23612088 

Appendix 2. Simulated molecular data sets and parameters. 
(Continued) 

Topology and Relative no. of Sequence No. of 

Data parameters substitutions length replicate Starting 
set as per site (bp) matrices seed 

65 

66 

67 

68 

69 

70 

71 

72 

73 

74 

75 

76 

77 

rbcL 

rbcL 

rbcE 

rbcL 

rbcL 

ndhF 
ndhF 
ndhF 
ndhF 
ndhF 
matK 

ndhF 
rbcL 

500 
1000 
2000 
5000 

10,000 
500 

1000 
2000 
5000 

10,000 
1034 
2176 
1402 

100 
100 
100 
100 
100* 

100 
100 
100 
100 
100* 

100 
100 
100 

88936737 
48334848 
17673847 
95982113 
61466965 
88191445 
49317736 
70621389 
93790617 
38780095 
68743963 

7104129 
90779718 

*Only 50 replicate matrices were used when data sets 69 and 74 were com 

bined, to maintain a manageable file size for analysis. 

Appendix 3. Combined simulated data sets. 

Combined 

data 

set 

rbcL 

Data 

set 

rbcL 

Sequence 

length (bp) 

ndhF 

Data 

set 

ndhF 

Sequence 

length (bp) 

Total 

sequence 

length 

A 

B 

C 

D 

E 

F 

G 

H 

I 

J 
K 

L 

M 

N 

O 

P 

Q 
R 

S 

T 

U 
V 

w 

X 

Y 

65 

65 

65 

65 

65 

66 

66 

66 

66 

66 

67 

67 

67 

67 

67 

68 

68 

68 

68 

68 

69 
69 

69 

69 

69 

500 
500 
500 
500 
500 

1000 
1000 
1000 
1000 
1000 
2000 
2000 
2000 
2000 
2000 
5000 
5000 
5000 
5000 
5000 

10,000 
10,000 

10,000 

10,000 

10,000 

70 

71 

72 

73 

74 

70 

71 

72 

73 

74 

70 

71 

72 

73 

74 

70 

71 

72 

73 

74 

70 
71 

72 

73 

74 

500 
1000 
2000 
5000 

10,000 
500 

1000 
2000 
5000 

10,000 
500 

1000 
2000 
5000 

10,000 
500 

1000 
2000 
5000 

10,000 
500 

1000 
2000 
5000 

10,000 

1000 
1500 
2500 
5500 

10,500 
1500 
2000 
3000 
6000 

11,000 
2500 
3000 
4000 
7000 

12,000 
5500 
6000 
7000 

10,000 

15,000 

10,500 
11,000 

12,000 

15,000 

20,000 

APPENDIX 4. Combined matK, ndhF, and rbcL data sets. 

Combined 

data set 

matK 

Data set? 

ndhF 

Data set? 

rbcL 

Data set? 

Total 

sequence 

length 

matK 

ndhF 
rbcL 

ndhF-rbcL 

matK-ndhF 

matK-rbcL 

matK-ndhF-rbcL 

matK-real data 

Y 

N 

N 

N 

Y 

Y 

Y 

Y 

N 

Y 

N 

Y 

Y 

N 

Y 

(Real) 

N 
N 
Y 
Y 
N 
Y 
Y 

(Real) 

1034 
2176 
1402 
3578 
3210 
2436 
4612 
4612 
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