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Introduction
Much of the work in molecular
systematics and
evolution rests on the premise that sampled data, such
as nucleotide
sequences, are representative
of the genomes from which they are drawn. Under this assumption, phylogenetic
relationships
inferred from sampled
sequences are viewed as accurate estimates of those that
would be obtained from an analysis of the entire genome.
In turn, these relationships
are presumed to represent
those of the organisms involved. In spite of the fundamental importance
of this assumption
in molecular
phylogenetic
studies, the sampling properties of DNA
sequence data have not been generally assessed.
The DNA sequences of single genes, in part or
whole, comprise the most common
type of sequence
sample used in molecular phylogenetic studies. Although
some effort has been made to study the phylogenetic
utility of particular genes (Graybeal
1994)) the location
and length of sequences are generally chosen on the basis
of factors other than their ability to accurately represent
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We inferred phylogenetic trees from individual genes and random samples of nucleotides from the mitochondrial
genomes of 10 vertebrates and compared the results to those obtained by analyzing the whole genomes. Individual
genes are poor samples in that they infrequently lead to the whole-genome
tree. A large number of nucleotide sites
is needed to exactly determine the whole-genome
tree. A relatively small number of sites, however, often results
in a tree close to the whole-genome
tree. We found that blocks of contiguous sites were less likely to lead to the
whole-genome
tree than samples composed of sites drawn individually from throughout the genome. Samples of
contiguous sites are not representative
of the entire genome, a condition that violates a basic assumption
of the
bootstrap method as it is applied in phylogenetic studies.

the genome. These factors include interest in the functional characteristics
of a region, its historical use in systematic studies, and technical considerations,
which may
be unrelated to its ability to reconstruct whole-genome
relationships.
Of course, how well a gene represents the
entire genome is difficult to evaluate a priori.
The purpose of the present study is to investigate
the sampling properties of DNA sequence data in phylogenetic analysis using the vertebrate mitochondrial
genome as a model system. This system offers several advantages. First, since whole genomes of many organisms
are available, we were able to obtain the entire population of sites from which samples can be drawn. Thus,
we could study the sampling properties
of these sequences, determining
the extent to which conclusions
based on genes reflect those based on the entire genome.
Second, since recombination
is rare in vertebrate mitochondria
and few within-species
polymorphisms
are
expected to predate the speciation events among these
taxa, all portions of these genomes must share a common
history. This means that all mitochondrial
genes should
provide evidence for a single organismal
tree. Finally,
these sequences constitute empirical data that have resulted from the evolutionary
processes among this diverse group of species. They are free of the simplifying
assumptions
made in simulation
studies and embody
many of the problems regularly encountered
in molecular phylogenetics.
Using the complete mitochondrial
genomes of two
actinopterygian
fish, one amphibian,
one bird, and six
mammals, we addressed the following specific questions
regarding the sampling properties of DNA sequence data

Sampling DNA Sequence Data in Phylogenetic Analysis

Material

and Methods

DNA sequences from GenBank
(carp, Cyprinus
carpio, X6 10 10 [ Chang et al. 19941; loach, Crossostoma
lacustre, M9 1245 [ Tzeng et al. 19921; frog, Xenopus
laevis, M10217, X01600, X01601, X02890 [Roe et al.
1985 ] ; chicken, Gab
gallus, X52392 [ Desjardins and
Morais 19901; mouse, Mus musculus, VO07 11 [ Bibb et
al. 198 l] ; rat, Rattus norvegicus, Xl4848 [ Gadaleta et
al. 19891; cow, Bos taurus, VO0654 [Anderson
et al.
19821; whale, Balaenoptera physalus, X6 1145 [ Arnason
et al. 199 I] ; seal, Phoca vitulina, X63726 [ Arnason and
Johnson
19921; and human, Homo sapiens, VO0662
[Anderson et al. 198 l] ), exclusive of the control region,
were aligned using CLUSTAL
V (Higgins et al. 1992)
with manual adjustments.
Coding regions were aligned
by their corresponding
amino acid sequences, and nucleotide sequences were made to conform to this. Sites
in overlapping
genes are duplicated
in, the alignment,
and intergenic regions are eliminated. The resulting data
consist of 16,075 sites from each of 10 species.
Maximum-likelihood
analyses (Felsenstein
198 1)
were done using computer
code modified from fastDNAml version 1.06 (Olsen et al. 1994), with a transition : transversion
ratio of 10 : 1, empirical
base frequencies, one rate class, and global branch swapping.
Parsimony analyses (Fitch 197 1) were done using code
modified
from the branch-and-bound
algorithm
in
MEGA ( Kumar et al. 1993). For parsimony
analyses,
gaps were treated as missing data, and all characters and

character step changes were weighted equally. Neighborjoining analyses (Saitou and Nei 1987 ) were done using
computer code modified from neighbor.c, a program in
PHYLIP 3.4 1 (Felsenstein
199 1)) with Kimura’s
twoparameter model distances ( Kimura 1980)) calculated
using code modified from CLUSTAL
V (Higgins et
al. 1992). Consensus trees were then constructed
using computer code modified from consense.c, part of
PHYLIP 3.5~ (Felsenstein
1993).
Results
Whole-Genome

Phylogeny

The trees inferred from the entire genome using
maximum-likelihood,
parsimony, and neighbor-joining
methods are identical (fig. 1). Under all three treebuilding methods, the bootstrap support for every clade,
except one, was greater than 0.996. The remaining clade,
whale-cow-seal-human,
still had a relatively high bootstrap proportion
regardless of method: 0.879 under
neighbor joining, 0.952 under parsimony,
and 0.996
under maximum
likelihood. While there is other evidence supporting
the relationships
shown in figure 1
(Honeycutt
and Adkins 1993 ) , whether this tree depicts
true relationships
among these species is immaterial for
our purposes. We are interested only in evaluating how
well samples of the mitochondrial
genome represent the
genome. Thus, we need only know that this tree is the
one inferred when the entire population
of sites is used.
Analysis

of Individual

Genes

If genes are representative
samples of the mitochondrial genome, we expect trees based on individual

Whale
cow
Seal
Human
Mouse
997 ML

Rat
i

Chicken
Frog
Carp
Loach

FIG. 1.-Genome tree as inferred using all three methods of analysis. Bootstrap proportions are given for each method of analysis; where
no value is given, all 1,024 replicates supported that node. ML, maximum likelihood; P, parsimony; NJ, neighbor joining.

Downloaded from https://academic.oup.com/mbe/article-abstract/12/5/814/974542 by guest on 14 July 2020

in phylogenetic
analysis. Do these genes constitute adequate samples to infer relationships
that would be obtained using the whole genome? How many sites are
needed before we are reasonably
sure of inferring the
sampling
whole-genome
tree ? How do alternative
schemes differ, and what are the implications
of the differences?
To address these questions we analyzed samples,
both random and nonrandom,
drawn from the 10 genomes. The nonrandom
samples are the individual
genes, and we considered two types of random samples:
sets of nucleotide
sites sampled
individually
from
throughout
the genome without replacement
and contiguous blocks of sites. Phylogenetic
relationships
were
inferred from these samples and the results compared
to the relationships
inferred using the entire genome.
We used three methods of phylogenetic
inferencemaximum
likelihood,
parsimony,
and neighbor joining-not
for purposes of comparing methods but rather
to determine whether the sampling properties of these
DNA sequence data depend on the choice of a particular
phylogenetic
method. Therefore, we chose commonly
applied forms of these methods and made no effort to
optimize the performance
of each.
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volving rRNA or protein-coding
genes was a bootstrap
proportion for a clade that was not on the whole-genome
tree greater than 0.95. In that case, the tree inferred from
NADH 4L places frog as the sister group to mammals
in 980 of the 1,024 bootstrap replicates (0.957) using
parsimony. This likely represents stochastic error rather
than evidence of a separate history for NADH 4L. For
clades not found on the whole-genome
tree, we expect
bootstrap values greater than 95% to occur about 5% of
the time. Here, with 18 such clades, the probability
of
getting at least one bootstrap proportion greater than or
equal to 0.95 is quite high, 1 - (0.95 ) I8 = 0.60.
Figure 3 shows the observed distribution
of bootstrap proportions,
where each value represents the bootstrap support for a single clade on each of the consensus
trees inferred from individual genes. The top portion of
the figure gives the distribution
when the clade is found
on the genome tree, and the bottom shows the distribution for clades not on the genome tree. With the exception of very high values, greater than about 0.9, there
is little to distinguish the two distributions.
These figures
show that there is no correspondence
between bootstrap
proportions
and the probability that any given clade is
present on the whole-genome
tree.
Analysis

of Random

Samples

To assess the relationship
between the number of
sites in a sample and the probability
of obtaining the
whole-genome
tree, random samples of different sizes
were drawn, and the proportion
of trees identical to the

Table 1
Summary of Analyses Based on Individual Genes, including Bootstrap Consensus Tree
(in parentheses)
Maximum
Likelihood

Neighbor
Joining

Gene

Length

Parsimony

12s rRNA
.. ...
16s rRNA .
.....
.
ATPase6 .
. .. ...
ATPase8 .
..
....
co1 . . . . . . . . . . . . . . . . . . .
co11 . . . . . . . . . . . . . . . . . .
co111
...
.. .
...
....
..
CYTB . . .
NADHl . . . . . . . . . . . . . . .
NADH2 . . . . . . . . . . . . . . .
NADH3 . . . . . . . . . . . . . . .
NADH4 . . . . . . . . . . . . . . .
NADH4L . . . . . . . . . . .
NADHS . . . . . . . . . . . . . . .
NADH6 . . . . . . . . . . . . . . .
Identical to genome tree . .

1,111
1,786
687
207
1,560
705
785
1,149
981
1,047
350
1,387
297
1,860
561

* (*)
B (C)
D, E, F (D)
H (H)
D (J)
A (A)
* (*)

* (*)
* (*)
D (D)
H (I)

A (A)
* (*)
G (G)
B (B)

K (W
* (*)

* (*)

K (K)
M (*)

K WI

L (B)
B (B)

J (J)

B (B)
B (P)

M (M)

B (B)
R (R)

* (*)

T (T)

* (*)

NOTE.-Letters
isk (*).
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genes to provide accurate estimates of the whole-genome
tree. Analyses of all 37 mitochondrial
genes demonstrate,
however, that trees inferred from single genes are seldom
the same as the whole-genome
tree. None of the tRNA
genes gave a single tree identical to the whole-genome
tree, although for two tRNA genes the whole-genome
tree was one among many equally parsimonious
trees.
For the rRNA and protein-coding
genes, most of the
inferred trees differ from the whole-genome
tree in the
arrangement
of mammalian
taxa. However, in five gene
trees, the relationship
among amniotes is different from
that in the whole-genome
tree (table 1; fig. 2).
In no case did all three methods produce the same
tree for a gene. Further, in the 12 cases where two of the
three methods gave the same tree, 8 differed from and
only 4 were the same as the whole-genome
tree. This
observation
is in contrast to the suggestion that agreement among analytical methods is more likely for the
true topology (Kim 1993). Further, no one particular
alternative
to the whole-genome
tree occurred a large
number of times; of the 20 alternative trees found (table
1; fig. 2)) the most common one, tree B, occurred only
6 times out of 45 cases ( 15 genes X 3 phylogenetic methods). For these taxa, single mitochondrial
genes appear
to be poor samples for estimating the whole-genome tree.
The most commonly
used method for measuring
support for phylogenetic
relationships
is the bootstrap
(Felsenstein
1985). We examined the relationship
between the bootstrap proportion
and whether a clade is
present on the whole-genome
tree. In only one case in-

Q (J)

* (*)

J (J)

J (J)

Q (Q)

Q (Q)

s (9

T (T)
N (N)
3/15 (3/15)

T (T)
0 (N)
5/15 (5/15)

* (*)
A (A)
3/15 (4/15)

refer to the toplogies in fig. 2. Trees identical to the whole genome tree are denoted with an aster-

Sampling
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on the average, require only one branch contraction
and
decontraction,
or two steps, to convert the tree inferred
from the sample to that inferred from the whole genome.
Heterogeneity

across the Genome

A fundamental
assumption
of the bootstrap as applied to sequence data is that sites are independent
and
identically
distributed
(Felsenstein
1985). If this assumption is true, samples of contiguous sites should accurately reflect the distribution
of sites from the genome
as a whole. In terms of phylogenetic
reconstruction,
samples of contiguous sites should be equivalent to samples of sites dispersed throughout the genome. However,
we found that samples of contiguous sites are less likely
to lead to the whole-genome
tree than are sets of sites
chosen from random positions (figs. 4 and 5 ) . The magnitude of this effect depends on the sequence length and
the method of analysis, but, on the average, sampling
sites contiguously
reduced the chance of obtaining the
whole-genome
tree by 19.8% for maximum
likelihood,
19.4% for parsimony,
and 11.5% for neighbor joining.

FIG. 2.-The
trees inferred according to the protein-coding
and
rRNA genes. Trees A-O differ from the whole-genome
tree in the
relationship of the mammalian
taxa, and P-T differ from the wholegenome tree in the relationship of the amniote taxa, but some of P-T
also differ in the relationships
among mammals. Rat and mouse were
always sister taxa, as were carp and loach; these clades are denoted
Rodents and Fish, respectively.
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whole-genome
tree was determined.
The results of these
analyses are shown in figure 4, in which the curves represent the power of a sample to infer the whole-genome
tree. These results demonstrate
that a large number of
sites are required to ensure a high probability of getting
a tree identical to the whole-genome
tree. The number
of sites required depends on how the sites are sampled
and how the data are analyzed, but for contiguous sites
at least 8,000 sites, or 50% of the genome, are required
for a 95% chance of obtaining the whole-genome
tree.
While it is true that a large number of sites are
required to ensure a high probability
of obtaining the
whole-genome
tree, a smaller number of sites produces
trees that are fairly close in topology to the whole-genome
tree as measured by the contraction / decontraction
metric (Bourque
1978; Robinson
and Foulds 198 1). This
is shown in figure 5. Even relatively small numbers of
sites, 1,OOO-2,000 for contiguous samples, give trees that,

g
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FIG. 3.-Histograms
giving the number of times that bootstrap
proportions
were observed in intervals of 0.05. The distributions
are
for all clades inferred from all individual genes (rRNA and proteincoding genes-gray
bars) and tRNAs (black bars) as determined
by
the parsimony
method. Distributions
for maximum
likelihood and
neighbor joining are similar.
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This result implies that there are location-dependent aspects of DNA evolution,
that neighboring
nucleotides
do not evolve independently.
Therefore,
resampling
with replacement
from a sample of contiguous sequence, as done in the bootstrap,
is not the
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FIG. 5.-Contraction/decontraction
metric for distance between
trees inferred from random samples and the whole-genome
tree. The
metric is a measure of the number of branches that must be collapsed
plus the number that must be built in order to convert one tree into
the other (Bourque 1978; Robinson and Foulds 198 1; Penny and Hendy
1985). For 10 taxa, the minimum tree distance is 0 (identical trees),
and the maximum is 14. Data points-triangles
for sites without replacement and squares for contiguous sites-represent
the mean for
1,024 samples. Error bars denote 95% confidence intervals for the mean.

Sampling

Codon

Positions

It is generally established that the three positions
within a codon of a protein-coding
gene differ in their
rates of nucleotide substitution
(see, e.g., Kimura 1980;
Nei 1987). These differences in rates constitute the rationale for treating the codon positions differentially
in
phylogenetic analysis. To assess the sampling properties
of each codon position and to compare codon position
classes, we constructed separate data sets for first, second,
and third codon positions from all the protein-coding
genes and sampled sites randomly without replacement

Data in Phylogenetic

Analysis
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FIG. 7.-Number
of purines in a sliding window of 500 sites with
step size of 1 site for human mitochondrial
genome exclusive of the
control region. Dashed lines represent the maximum and minimum
of all peaks and troughs observed from similar analyses of 20 randomly
permuted genomes.

as described above. The results, shown in figures 8 and
9, varied with the method, but all three codon positions
appear to provide information
for phylogenetic analysis.
For instance, the performance
of maximum
likelihood
was very similar for all three positions. Interestingly, third
positions
can provide substantial
information
about
phylogenetic relationships
if the number of sites is large
and maximum likelihood is used, although this was not
the case for parsimony and neighbor joining as employed
in this study. The notion that the high rate of nucleotide
substitution
at third positions precludes their usefulness
in phylogenetic
analysis is dependent
on the analytical
method for these taxa.
Discussion

500.

I

111

FIG. 6.-Number
of sites showing variation (upper curve) and the
number of sites that are phylogenetically
informative under parsimony
(lower curve) in a sliding window of 500 sites with step size of 1 site.
Dotted lines (for variable sites) and dashed lines (for informative sites)
represent the maximum
and minimum
of all peaks and troughs observed from similar analyses of 20 randomly permuted genomes.

Our work suggests several possible strategies for
improving
the power of phylogenetic
inference using
DNA sequence data. Increasing the number of nucleotides will increase the chance of obtaining the wholegenome tree, and it appears that the number of nucleotides required is substantially
greater than that of almost
all studies in molecular phylogenetics.
Another route to
improved power is to sample sites from throughout
the
genome or from other genomes in the organisms if applicable (e.g., nuclear or plastid), since the effects of
location-dependent
processes in sequence evolution can
be reduced by sampling sites from different regions. We
have examined two extremes, contiguous blocks of sites
and samples of individual sites from throughout the genome. Any intermediate
sampling scheme, for example,
sampling several short stretches distributed from different genomic locations, should, on the average, show intermediate performance-better
than contiguous sites,
but not as good as individual sites. Intermediate sampling
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and identically
distributed
is violated for contiguous
DNA sequence data.
The effect of location-dependent
DNA evolution
can be seen in the distributions
of variable sites across
the genome. Sites that differ in the 10 taxa are significantly heterogeneous
in their distribution
as determined
using tests based on the sample distribution
function: N
= 9,609; Kuiper’s
V = 0.039, P < lo-” ; Watson’s
U*
= 0.898, P < 10e8. This heterogeneity
is depicted using
a sliding window in figure 6 for both variable sites and
sites informative
under parsimony.
Similar analyses of
the distributions
of phylogenetically
informative
sites,
individual nucleotides,
purines, pyrimidines,
and other
classifications
of sites give similar results. For example,
purines in the human mitochondrial
genome exclusive
of the control region (fig. 7) are also significantly
heterogeneous in their distribution:
N = 7,299; Kuiper’s V
= 0.032, P < 0.00002; Watson’s U* = 0.65 1, P < lo-‘.
These results demonstrate
that both variability and base
composition
are heterogeneously
distributed throughout
the genome.

DNA Sequence

820
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can be effected by obtaining sequence data from multiple
dispersed regions, such as sequence-tagged sites or expressed sequence tags, through restriction mapping, or,
perhaps, other techniques.
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parsimonious trees obtained in these runs was very large, resulting in
a very small proportion of trees identical to the genome tree.
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FIG.

9.-Distance, as measured using the contraction/decontraction metric (Bourque 1978; Robinson and Foulds 198 l), between trees
inferred from first, second, and third codon positions and the tree based
on the whole genome. Data points-diamonds
for first positions, triangles for second positions, and squares for third positions-represent
the mean for 1,024 samples. Error bars denote 95% confidence intervals
for the mean.
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