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The relative contribution of taxon number and gene number to accuracy in phylogenetic inference is a major issue in
phylogenetics and of central importance to the choice of experimental strategies for the successful reconstruction of a
broad sketch of the tree of life. Maximization of the number of taxa sampled is the strategy favored by most phylogene-
ticists, although its necessity remains the subject of debate. Vast increases in gene number are now possible due to advances
in genomics, but large numbers of genes will be available for only modest numbers of taxa, raising the question of whether
such genome-scale phylogenies will be robust to the addition of taxa. To examine the relative benefit of increasing taxon
number or gene number to phylogenetic accuracy, we have developed an assay that utilizes the symmetric difference tree
distance as a measure of phylogenetic accuracy. We have applied this assay to a genome-scale data matrix containing 106
genes from 14 yeast species. Our results show that increasing taxon number correlates with a slight decrease in phylo-
genetic accuracy. In contrast, increasing gene number has a significant positive effect on phylogenetic accuracy. Analyses
of an additional taxon-rich data matrix from the same yeast clade show that taxon number does not have a significant effect
on phylogenetic accuracy. The positive effect of gene number and the lack of effect of taxon number on phylogenetic
accuracy are also corroborated by analyses of two data matrices from mammals and angiosperm plants, respectively. We
conclude that, for typical data sets, the number of genes utilized may be a more important determinant of phylogenetic
accuracy than taxon number.

Introduction

Phylogenetic reconstruction is fundamental to compa-
rative biology research (Felsenstein 1985) as the phyloge-
neticists’ conclusions (i.e., their phylogenetic inferences)
become the comparative biologists’ assumptions. Conse-
quently, the generation of robust phylogenetic hypotheses
and the understanding of the factors influencing accuracy in
phylogenetic reconstruction are crucial to evolutionary
hypothesis testing. In recent years, advances in molecular
biology and genomics have led to the acquisition of
genome-scale data from select model organisms (e.g.,
Cliften et al. 2003; Kellis et al. 2003; Dujon et al. 2004)
as well as to new opportunities for the study of organismal
diversity (Tautz et al. 2003). However, neither will
researchers have access to full genome data from thousands
of species in the near future nor will all extant taxa of the
tree of life be amenable for study. Given these constraints in
data availability, what is the best strategy for reconstructing
a reliable broad sketch of the tree of life?

The standard approach in phylogenetics has been to
reconstruct phylogenetic hypotheses by maximizing the
number of taxa, utilizing one or a few genes (Baldauf
et al. 2000; Peterson and Eernisse 2001; Moncalvo et al.
2002). The standard approach has been shaped by the rela-
tive technical ease of increasing the number of taxa and the
desire to study as many taxa as possible (for most phyloge-
neticists adding taxa is far more interesting than adding
genes). However, the use of small amounts of sequence data
has been shown to generate phylogenetic hypotheses that
are incongruent or lacking support (e.g., Satta, Klein, and
Takahata 2000; Kopp and True 2002; Rokas et al. 2003b).
To overcome the observed incongruence, many researchers
have generated phylogenetic hypotheses by maximizing

gene number (Bapteste et al. 2002; Blair et al. 2002; Rokas
et al. 2003b; Wolf, Rogozin, and Koonin 2004), which typ-
ically necessitates that the number of taxa sampled is
restricted. Phylogenetic reconstruction using a small number
of taxa has, in turn, been criticized to be more sensitive to
homoplasy (e.g., Soltis et al. 2004). A priori, it is easy to
appreciate the merits inherent in each approach. Ideally, phy-
logenetic hypotheses should be constructed by utilizing the
maximum number of genes and taxa, and currently, data sets
composed of a few genes from tens to hundreds of taxa are
becoming the standard (e.g., P. S. Soltis, D. E. Soltis, and
Chase 1999; Kurtzman and Robnett 2003; Lutzoni et al.
2004). However, with finite resources, the question of the
relative contribution of gene number per taxon and total
taxon number to phylogenetic accuracy is critical.

The question of which strategy may be preferred has
been examined by simulation. For example, Graybeal
(1998) demonstrated that, in certain cases, if taxa are chosen
specifically to break up long branches, increasing the num-
ber of taxa sampled is preferable to increasing gene number.
This and similar results (Hillis 1996) have led to the con-
clusion that for difficult phylogenetic problems, it is gener-
ally preferable to increase the number of taxa in a data set
rather than the number of genes per taxon (Swofford et al.
1996; Hillis 1998). These inferences have received support
from analytical studies, which have shown that, under cer-
tain assumptions, the upper bound of the amount of
sequence data required to resolve relationships in data
matrices containing large taxon numbers can be surpris-
ingly small (Erdos et al. 1999a, 1999b). However, increas-
ing taxon number while keeping gene number constant can
also lead to a decrease in accuracy, either as a result of
reducing the amount of phylogenetic information available
to resolve the newly added branches (Kim 1998; Bininda-
Emonds et al. 2001) or by the introduction of new long
branches (Poe and Swofford 1999). In recent years, the
debate over which strategy is to be preferred has been
renewed (e.g., Rosenberg and Kumar 2001; Pollock
et al. 2002; Zwickl and Hillis 2002).
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Noticeably absent from this debate are empirical stud-
ies of biological data sets containing both large numbers of
genes and taxa. Given that models of sequence evolution
often have a poor fit to real data (Goldman 1993), it is crit-
ical that inferences based on analytical and simulation stud-
ies are tested against biological data sets. Here, we have
taken advantage of many available yeast genome sequences
(Souciet et al. 2000; Cliften et al. 2003; Kellis et al. 2003;
Dietrich et al. 2004; Jones et al. 2004; Kellis, Birren, and
Lander 2004) to explore the relative merits of increasing
taxon number and gene number in a genome-scale data
set of several yeast species. We have tested the generality
of our conclusions by investigating the effect of increasing
taxon number on a taxon-rich data set from the same yeast
clade and of increasing taxon number and gene number on
two gene-rich/taxon-rich data matrices from mammals and
angiosperms, respectively. Using symmetric difference tree
distance as a metric for phylogenetic accuracy, we have
found that in all cases, taxon number does not significantly
correlate with phylogenetic accuracy. In contrast, we find
that increasing gene number has a significant positive effect
on phylogenetic accuracy and that our results may hold
across the tree of life.

Materials and Methods
Ortholog Identification and Data Matrix Generation

The genomes ofDebaryomyces hansenii and Yarrowia
lipolytica (Dujon et al. 2004) were screened for orthologs of
106 genes from a previously published genome-scale data set
of 12 taxa (Saccharomycescerevisiae,Saccharomycespara-
doxus, Saccharomyces mikatae, Saccharomyces kudriavze-
vii, Saccharomyces bayanus, Saccharomyces castellii,
Saccharomyces kluyveri, Candida glabrata, Candida albi-
cans, Kluyveromyces lactis,Kluyveromyces waltii, and Ere-
mothecium gossypii) (Rokas et al. 2003b; Hittinger, Rokas,
and Carroll 2004). Ortholog identification followed the pub-
lished annotation as established by synteny and Blast (Dujon
etal.2004). Individualgeneswerecodon-alignedusingClus-
talW (Thompson, Higgins, and Gibson 1994) as imple-
mented in BioEdit version 5.0.9 (Hall 1999). All gene
alignments were manually edited to exclude indels and areas
of uncertain alignment from further analysis. The data matrix
is available from the authors upon request. Three other pub-
lished data matrices from mammals, angiosperms, and yeasts
(kindly provided by W. Murphy, D. Soltis, and C. Kurtzman,
respectively) were also utilized (Murphy et al. 2001; Zanis
et al. 2002; Kurtzman and Robnett 2003).

Testing the Effect of Taxon Number and Gene Number
on Phylogenetic Accuracy

The effect of taxon and gene number on phylogenetic
accuracy was estimated by the following procedure (see
also Rosenberg and Kumar 2001): (1) starting from the
complete data matrix containing g genes from t taxa
(denoted DMg/t; in the case of the yeast data matrix, g 5
106 genes and t 5 14 taxa), the most parsimonious tree
MPg/t is estimated. Next, x genes and y taxa (where 0 ,
x , g and 0 , y , t) are randomly chosen to create a data
matrix DMx/y that is a subset of DMg/t, and the most parsi-

monious tree MPx/y for DMx/y is estimated. In cases where
more than one most parsimonious tree is recovered, one of
them is randomly chosen as the MPx/y. Next, the MPg/t

tree is pruned so that it contains exactly the same y taxa
as MPx/y, and the symmetric difference tree distance metric
(denoted SymDif; Robinson and Foulds 1981) between
MPx/y and MPg/t is calculated. This procedure was repeated
1,000 times for each value of x and y tested, and we tested a
range of x and y values. The choice of x genes and y taxa
approaches true randomness as the binomial coefficient
(i.e., the number of all possible combinations) increases rel-
ative to replicate number. However, for values of x and y
close to g and t, respectively, the number of possible com-
binations can be lower than replicate number. In such cases,
instead of random sampling, all possible combinations were
analyzed. To allow comparisons between topologies con-
taining different taxon numbers (the maximum value of
SymDif differs with respect to the number of taxa), all Sym-
Dif values are scaled by 2(y � 3), the maximum value of
SymDif in a y taxon topology (denoted as average-scaled
symmetric difference or ASSymDif). According to this def-
inition of phylogenetic accuracy, a data matrix with x1 gene
and y1 taxon dimensions is considered to be more accurate
than a data matrix with x2 gene and y2 taxon dimensions
(where x1 6¼ x2 and/or y1 6¼ y2), if the ASSymDif of the first
data matrix is lower than the ASSymDif of the second data
matrix.

All phylogenetic analyses were performed in PAUP*
version 4.0b10 (Swofford 2002). The PAUP* command
files for each set of replicates (including the random sam-
pling of x genes and y taxa) were generated using Perl
scripts. Significance between data matrices differing in
taxon number and/or gene number was assessed by a
two-tailed, paired-two-sample-for-means t-test (Sokal and
Rohlf 1995) on their ASSymDifs.

Results
The Relative Contribution of Gene Number and
Taxon Number to Phylogenetic Accuracy in a
106-Gene, 14-Taxon Phylogeny of Yeast Species

We have utilized publicly available genomic data on
14 yeast species to examine the effect of increasing gene
number and taxon number on phylogenetic accuracy. As
gene number increases, ASSymDif decreases, irrespective
of taxon number (fig. 1). For example, data matrices of
3 genes and 11 taxa show an ASSymDif of 0.28, whereas
data matrices of 5, 8, 20, and 50 genes for the same number
of taxa exhibit progressively smaller ASSymDifs (0.23,
0.20, 0.17, and 0.17 respectively). This decrease in ASSym-
Dif among data matrices differing in gene number is statisti-
cally significant (table 1), with the exception of the
difference in ASSymDifs between data matrices with taxon
numbers 20 and 50 (table 1). Therefore, as gene number in a
data matrix increases, ASSymDif values decrease and phy-
logenetic accuracy increases. In contrast, increasing taxon
number results in slight increases in ASSymDif (fig. 1) and
hence a reduction in phylogenetic accuracy. For example,
data matrices of 20 genes and 6 taxa show an ASSymDif of
0.11, whereas data matrices of 7, 8, 9, 10, and 11 taxa for
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the same number of genes exhibit increasingly higher
ASSymDifs (0.13, 0.14, 0.16, 0.16, and 0.17, respectively).
The increases in ASSymDif are significant in most pairwise
comparisons between data matrices differing in taxon num-
ber by a value of 3 or more (table 1). The only observed
trend with respect to taxon number in figure 1 is the

decrease in the variance of ASSymDif in response to an
increase in taxon number.

Separating the Effect of Taxon Number and
Gene Number on Phylogenetic Accuracy

In the experimental design underlying the data shown in
figure1,bothvariables (genenumberandtaxonnumber)were
allowed to vary. In order to distinguish the effect of each
variable on phylogenetic accuracy and to verify that the
effects of gene number and taxon number are due to the var-
iables themselves and not their interaction, we performed the
same analyses, allowing one variable to vary freely while
holding the other variable constant. The results are shown
in figure 2. As gene number increases (fig. 2A), while holding
the taxon set for each taxon number constant, ASSymDifs
decrease. In contrast, an increase in taxon number (fig. 2B),
whileholdingthegenesetforeachgenenumberconstant,does
not affect ASSymDif values. These results are in agreement
with those of figure 1; phylogenetic accuracy is positively
correlated with increasing gene number and not correlated
(or slightly negatively correlated) with taxon number.

Increasing Taxon Density Does Not Improve Accuracy

The potential shortcomings with the experimental
design shown in figure 1 are that the taxon number analyzed
is relatively small compared to numbers typically found in
phylogenetic studies and that the gene number is very large.
The 14 taxa utilized in this study are members of a much
larger clade, raising the question of whether taxon number
has a significant effect only when a larger number of taxa
are added. To test whether the dimensions of our experimen-
tal design limited our ability to detect the effect of increasing
taxon number on phylogenetic accuracy, we also analyzed a
recently published data set composed of 8 genes from 76 taxa
(Kurtzman and Robnett 2003). To test whether there was any

FIG. 1.—The relative contribution of gene number and taxon number
to phylogenetic accuracy in a 106-gene, 14-taxon data matrix of yeast spe-
cies. The effect of taxon number on phylogenetic accuracy is significant,
albeit weakly; increasing taxon number (abscissa) leads to higher values of
ASSymDif (ordinate) and hence a decrease in phylogenetic accuracy. In
contrast, increasing gene number is significantly and positively correlated
with phylogenetic accuracy; increasing gene number generates decreasing
values of ASSymDif. Variation in gene number is represented by lines and
symbols of different shades of gray. For example, the 3-gene data points
are drawn as light gray squares connected by lines of the same shade,
whereas the 20-gene data points are drawn as dark gray circles connected
by dark gray lines. Each data point is the mean value of 1,000 replicates.
Error bars denote one standard deviation from the mean. Standard devia-
tions associated with different gene numbers sampled are drawn in the cor-
responding gray line scales. In each replicate, the selection of taxa and
genes was random.

Table 1
Significance Tests Between Subsamples of the 106-Gene, 14-Taxon Yeast Data Matrix Differing in Taxon Number and
Gene Number

Taxon Number 4 5 6 7 8 9 10 11 12

4 NS NS * * * * * **
5 0.0283 NS ** * ** ** ** **
6 0.0123 0.0451 NS NS NS * * *
7 0.0006 0.0002 0.0416 NS * * * *
8 0.0007 0.0006 0.0027 0.0662 * * * *
9 0.0003 0.0002 0.0014 0.0005 0.0012 NS NS NS

10 0.0004 9 3 10�5 0.0008 0.0009 0.0013 0.0915 NS NS
11 0.0004 0.0002 0.0006 0.0004 0.0007 0.0022 0.0055 NS
12 0.0001 2 3 10�5 0.0005 0.0008 0.0008 0.0092 0.0071 0.3827

Gene number 3 5 8 20 50

3 ** ** ** **
5 0.0002 * ** **
8 2 3 10�5 0.0019 ** **

20 7 3 10�7 6 3 10�6 6 3 10�5 NS
50 1 3 10�7 4 3 10�6 4 3 10�7 0.1204

NOTE.—Significance between the ASSymDif values of data matrices differing in taxon number was assessed for all pairwise comparisons by a two-tailed t-test (Sokal and

Rohlf 1995); the ASSymDif values were paired so that only values generated by identical gene numbers were compared. Significance between the ASSymDif values of data

matrices differing in gene number was assessed in the same way, with the ASSymDif values paired so that only values generated by identical taxon numbers were compared. The

P values of all pairwise comparisons are shown on the lower diagonal. The level of significance of the P values following a Bonferroni correction for multiple comparisons is

shown on the upper diagonal. NS, corrected P value , 95% significant; *, 95% significant , corrected P value , 99% significant; **, corrected P value . 99% significant.

More Genes or More Taxa? 1339



heterogeneity among different gene partitions, the same pro-
cedure was repeated for three gene partitions. The three par-
titions were mitochondrial genes (small-subunit ribosomal
DNA and cytochrome oxidase II), rDNA array genes
(5.8S, 18S, and 26S rDNA and internal transcribed spacer),
and protein-coding genes (actin, elongation factor-1a, and
RNA polymerase II). The results show that ASSymDifs do
not differ significantly with respect to the taxon number uti-
lized (table 2), although a trend of slight decreasing ASSym-
Difvalues isobserved inresponse to increasing taxonnumber
when all genes are utilized (fig. 3). In contrast, the different
gene partitions in this data matrix exhibit dramatically differ-
ent ASSymDifs (fig. 3), a finding in agreement with previous
results on the inaccuracy of phylogenetic hypotheses based
on a few genes (Rokas et al. 2003b). In conclusion, these
results also suggest that phylogenetic reconstruction is not
strongly influenced by taxon number.

A Positive Effect of Gene Number and Lack of Effect of
Taxon Number May Be General Features of Multigene
Data Matrices

An important question raised by these results for this
group of yeast species concerns their relevance to other
branches of the tree of life. To examine this question,
we conducted the same analysis to two published data
matrices, one from mammals (Murphy et al. 2001) and
one from angiosperms (Zanis et al. 2002). These data matri-
ces were chosen for two reasons. First, they contain both
large numbers of taxa and genes, thus allowing testing
of the effect of both taxon number and gene number on phy-
logenetic accuracy. The mammalian data matrix is com-
posed of sequence data from 20 genes for 42 species,
and the angiosperm data matrix is composed of sequence
data from 10 genes for 16 species. Second, these data matri-
ces cover a broad range of taxonomic diversity because
each one is derived from a different eukaryotic kingdom.

Analyses of the mammalian and angiosperm data
matrices reveal the same trends as those seen in the yeast
data matrices (fig. 4). Increasing taxon number does not
have any statistically significant effect on ASSymDif values
in the mammal data matrix (table 3), whereas increasing
gene number is significantly correlated with decreasing
ASSymDif values and increasing phylogenetic accuracy.
Increasing taxon number is correlated with a slight but non-
significant increase in ASSymDif values in the angiosperm
data matrix (table 4). In contrast, increasing gene number
leads to a significant reduction in ASSymDif values. Both
the mammal and angiosperm data matrices exhibit an
increase in variance as taxon number decreases. The effect
of gene number and taxon number on ASSymDif values
from both data matrices is very similar to the effect
observed by the two variables on the two yeast data matri-
ces (figs. 1, 3, and 4 and tables 1–4). These results suggest
that the positive effect of gene number on phylogenetic
accuracy, the lack of effect of taxon number on phyloge-
netic accuracy, and the increased variance in phylogenetic
accuracy associated with smaller taxon numbers in yeast

Table 2
Significance Tests Between Subsamples of the 8-Gene,
76-Taxon Yeast Data Matrix Differing in Taxon Number
and Gene Partitions

Taxon
Number 10 20 30 40 50 60 70

10 NS NS NS NS NS NS
20 0.0168 NS NS NS NS NS
30 0.0908 0.4427 NS NS NS NS
40 0.2926 0.1021 0.0198 NS NS NS
50 0.5481 0.0720 0.0341 0.0719 NS NS
60 0.7642 0.0549 0.0363 0.0673 0.0733 NS
70 0.9289 0.0701 0.0677 0.1286 0.2037 0.4590

Gene
partitions mtDNA nuDNA riDNA All genes

mtDNA ** ** **
nuDNA 9 3 10�6 ** **
riDNA 8 3 10�8 2 3 10�8 **
All genes 8 3 10�11 9 3 10�8 2 3 10�6

NOTE.—Significance tests were performed as described in the note to table 1.

FIG. 2.—Separating the effect of taxon number and gene number on
phylogenetic accuracy. (A) As gene number increases while the taxon set
for each taxon number (abscissa) is held fixed, ASSymDif values (ordinate)
decrease and hence, phylogenetic accuracy increases. Variation in gene
number is represented by symbols of different shades of gray, e.g., the
3-gene data points are drawn as light gray squares, whereas the 20-gene
data points are drawn as dark gray circles. (B) Increases in taxon number
while the gene set for each gene number (abscissa) is held fixed are not
correlated with ASSymDif values (ordinate) and phylogenetic accuracy.
Variation in taxon number is represented by variation in symbol
shading. For example, the 5-taxon data points are drawn as light
gray squares, whereas the 11-taxon data points are drawn as dark
gray circles. Ten replicates were performed for each combination of taxon
number and gene number. Each data point is the mean value of 100
replicates.
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species may represent general properties of typical data
matrices.

Discussion

We have investigated the effect of gene number and
taxon number on phylogenetic accuracy in data matrices
representing clades from three different kingdoms. In all
clades studied, gene number was significantly and posi-
tively correlated with phylogenetic accuracy, whereas
taxon number did not significantly correlate with phyloge-
netic accuracy. These results directly pertain to the ongoing
debates regarding the choice of experimental strategies to
assemble a broad sketch of the tree of life. However, the
identification of the optimal experimental strategy for infer-
ring the evolutionary history of any given clade is a com-
plex problem, likely to be influenced by many parameters.
The focus of our experimental design concentrated on the
relative contribution of two variables (taxon number and
gene number) to a specific measure of phylogenetic accu-
racy (ASSymDif). There are important caveats associated
with the adoption of any of these parameters (ASSymDif,
gene number, or taxon number) as the sole criterion for
designing experimental strategies. Here, we discuss these
caveats in turn.

Tree Distance Metrics as Measures of
Phylogenetic Accuracy

In this study, estimation of phylogenetic accuracy is
accomplished by measuring the tree distance between top-

ologies obtained by the analysis of subsampled data matri-
ces against topologies obtained by the analysis of the
complete data matrices. Unfortunately, there is no way
of knowing whether the topology obtained by analysis of
the complete data matrix is the true one. Therefore, this
index of phylogenetic accuracy may be considered an index
of the sensitivity of phylogenetic analyses to variations in
gene and taxon number, bearing no relevance to phyloge-
netic accuracy. An assumption behind the observed
increase in gene number in phylogenetic studies (and many
times the same assumption governs the increase in taxon
number) is that more genes and taxa will lead to greater
accuracy in phylogenetic estimation. Therefore, if the goal
in increasing gene number and taxon number in a phyloge-
netic study is the achievement of better phylogenetic
estimates, the index we used does provide a measure of

FIG. 3.—The effect of increasing taxon number on phylogenetic accu-
racy in a study of a data matrix comprising 8 genes and 76 taxa of yeast
species (Kurtzman and Robnett 2003). Increasing taxon number (abscissa)
does not correlate with ASSymDif values (ordinate) or phylogenetic accu-
racy in the analyses of mitochondrial (mtDNA), nuclear (nuDNA), and
ribosomal (riDNA) DNA data partitions. A slight decrease in ASSymDif
values and hence a slight increase in phylogenetic accuracy in response
to increasing taxon number is observed when all data partitions (all data)
are included in the analysis. Analyses of the different data partitions are
represented by lines and symbols of different shades of gray. For example,
the nuDNA data points are drawn as light gray squares connected by lines
of the same shade, whereas the data points representing the analyses using
all the genes (all data) are drawn as dark gray circles connected by dark
gray lines.

FIG. 4.—The positive effect of gene number and the lack of effect of
taxon number on phylogenetic accuracy may be general features of multi-
gene, multitaxon data sets across the tree of life. (A) Increasing gene num-
ber significantly correlates with increasing phylogenetic accuracy, and
increasing taxon number does not significantly correlate with phylogenetic
accuracy in a 20-gene, 42-taxon data matrix of mammalian taxa (Murphy
et al. 2001). (B) Increasing gene number significantly correlates with
increasing phylogenetic accuracy, whereas increasing taxon number does
not significantly correlate with phylogenetic accuracy in a 10-gene, 16-
taxon data matrix of angiosperm taxa (Zanis et al. 2002). In both panels,
variation in gene number is represented by lines and symbols of different
shades of gray. For example, the 3-gene data points are drawn as light gray
squares connected by lines of the same shade, whereas the 8-gene data
points are drawn as dark gray triangles connected by dark gray lines.
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phylogenetic accuracy, at least in the sense adopted by
researchers performing multigene analyses.

Utilization of the symmetric difference tree distance
does not allow observation of the scaling of phylogenetic
accuracy for each internal branch. This has important con-
sequences for how these results should be interpreted. For
example, a decrease in tree distance (and an increase in phy-
logenetic accuracy) may be obtained by increasing success
in resolving specific internal branches of a topology while
leaving other internal branches of the topology unaffected
(e.g., increasing success at resolving shallow internal
branches, while still failing to resolve deep internal
branches, Bininda-Emonds et al. 2001).

A Plethora of Genes Will Not Be a Panacea for
Phylogenetic Inference

Increasing gene number positively correlates with an
increase in phylogenetic accuracy in all data matrices exam-
ined in this study. Nevertheless, the availability of multiple
unlinked genes will not be a panacea for phylogenetic infer-
ence. In any given phylogenetic problem, accuracy will be
influenced by a large number of parameters (distance
between successive lineage-splitting events, differences in
the rate of evolution among lineages, etc.), many of which

may be specific to the phylogeny at hand or difficult to iden-
tify a priori (Bininda-Emonds et al. 2001; Sanderson and
Shaffer 2002; Rokas et al. 2003a). For example, increasing
gene number may have no effect if care is not taken in
matching the level of sequence variation of the genes
selected to the phylogenetic depth to be resolved (e.g., Rokas
et al. 2002). Furthermore, if the topologies of some genes
differ from the history of the taxa (Maddison 1997), increas-
ing gene number may not lead to increasing phylogenetic
accuracy.

A question raised by the results of this study is why
the increase in gene number per taxon has a larger
effect than an increase in taxon number. From a theoretical
standpoint, important determinants of phylogenetic accu-
racy (e.g., number of informative sites) are expected to
be more dependent on gene number than on taxon number
(Swofford et al. 1996). However, there is a theoretical upper
limit in the amount of history preserved by gene sequences
to resolve polytomous splits (Bininda-Emonds et al. 2001;
Mossel 2001; Sober and Steel 2002). If there is no phylo-
genetic signal preserved in gene sequences, it follows that
increasing gene number will not be helpful (nor will any-
thing else for that matter) in reconstructing evolutionary
history (e.g., Rodrigo et al. 1994; Sober and Steel 2002;
Rokas et al. 2003a).

Table 4
Significance Tests Between Subsamples of a 10-Gene, 16-Taxon Angiosperm Data Matrix

Taxon Number 6 7 8 9 10 11 12 13

6 NS NS NS NS NS NS NS
7 0.1306 NS NS NS NS NS NS
8 0.1729 0.3207 NS NS NS NS NS
9 0.1822 0.3353 0.4104 NS NS NS NS

10 0.2256 0.3844 0.4504 0.6920 NS NS NS
11 0.3209 0.5532 0.6895 0.8575 0.9543 NS NS
12 0.3654 0.5685 0.6788 0.8213 0.8705 0.8646 NS
13 0.3771 0.5743 0.6801 0.8158 0.8564 0.8566 0.8255

Gene number 3 5 8

3 ** **
5 5 3 10�5 **
8 6 3 10�5 0.0002

NOTE.—Significance tests were performed as described in the note to table 1.

Table 3
Significance Tests Between Subsamples of a 20-Gene, 42-Taxon Mammalian Data Matrix

Taxon Number 5 10 15 20 25 30 35

5 NS ** NS NS NS NS
10 0.00277 NS NS NS NS NS
15 0.00037 0.69512 NS NS * *
20 0.0056 0.15303 0.08228 NS NS **
25 0.01391 0.05037 0.00933 0.01162 NS NS
30 0.01486 0.0063 0.00096 0.00272 0.08877 NS
35 0.04545 0.00305 0.00112 0.00048 0.03685 0.14304

Gene number 3 5 8 15

3 ** ** **
5 3.8 3 10�7 ** **
8 6.3 3 10�11 3.6 3 10�7 **

15 5.8 3 10�10 6.3 3 10�9 4.4 3 10�8

NOTE.—Significance tests were performed as described in the note to table 1.
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Taxon Number May Not Be Important for Phylogenetic
Accuracy but Other Properties of the Sampled Taxa Are

These results suggest that taxon number does not
affect phylogenetic accuracy. While taxon number may
not be a contributing factor to accuracy in phylogenetic
inference, other properties of the sampled taxa may turn
out to be key determinants. A factor known to generate
instability in phylogenetic inference is the use of specific
taxa (Thorley and Wilkinson 1999; Sanderson and Shaffer
2002). For example, higher evolutionary rates in a subset of
the taxa included in a data matrix (often these taxa are iden-
tified through their long branches) can lead, through the
attraction of these long branches, to failure in phylogenetic
reconstruction (Felsenstein 1978; Hendy and Penny 1989).
Long-branched taxa have been identified in several clades
(Carmean and Crespi 1995; Philippe 2000; D. E. Soltis and
P. S. Soltis 2004), but their frequency, cause, and distribu-
tion across the tree of life are largely unknown. Simulation
studies have shown that problems associated with long
branches can be dramatically alleviated by the addition
of specific taxa (Graybeal 1998; Hillis 1998; but see also
Poe and Swofford 1999). Further, studies with biological
sequences have suggested that understanding patterns of
covarion evolution is important for understanding and pre-
dicting the effects of taxon addition in specific cases. For
example, Lockhart et al. (2000) report observations on five
eubacterial data sets, suggesting that the addition of taxa
with distributions of variable sites that deviate from the
clade to which they belong increases phylogenetic instabil-
ity. Another factor that may be associated with phyloge-
netic accuracy is the density of taxon sampling in a
clade. In a very interesting case study of the effect of density
on phylogenetic accuracy using simulations, it was shown
that a phylogeny with 10% coverage out of a total of 200
species can be more accurate than a phylogeny with 10%
coverage out of a total of 2,000 species, despite the fact that
in the latter case, the number of taxa utilized is an order of
magnitude greater (Rannala et al. 1998).

Conclusions

These results are most relevant to the objective of
resolving critical branches of the eukaryotic tree where data
matrices composed of a few genes have generated phyloge-
netic hypotheses either lacking power or in conflict with each
other, such as the tree of animals (Rokas et al. 2003a). In such
cases, increasing gene number, irrespective of the number of
taxa used, may be a prerequisite for improving phylogenetic
accuracy (Cummings, Otto, and Wakeley 1995; Rokas et al.
2003b). As the number of genomes being sequenced is rap-
idly increasing, many researchers are taking advantage of the
enormous amount of new data available to examine long-
standing phylogenetic problems. A question frequently
posed is whether the phylogenies will prove robust to the
addition of more taxa. Based on these results, there is reason
to expect that these phylogenies will generally be robust.

Supplementary Material

Supplementary data are available atMolecular Biology
and Evolution online (www.mbe.oupjournals.org).
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