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Abstract

Positive selection or adaptive evolution is thought to be responsible, at least some of the time, for the rapid accumulation of advantageous

changes in protein-coding genes. The origin of new enzymatic functions, erection of barriers to heterospecific fertilization, and evasion of

host response by pathogens, among other things, are thought to be instances of adaptive evolution. Detecting positive selection in protein-

coding genes is fraught with difficulties. Saturation for sequence change, codon usage bias, ephemeral selection events and differential

selective pressures on amino acids all contribute to the problem. A number of solutions have been proposed with varying degrees of success,

however they suffer from limitations of not being accurate enough or being prohibitively computationally intensive. We have developed a

character-based method of identifying lineages that undergo positive selection. In our method we assess the possibility that for each internal

branch of a phylogenetic tree an event occurred that subsequently gave rise to a greater number of replacement substitutions than might be

expected. We classify these replacement substitutions into two categories – whether they subsequently became invariable or changed again

in at least one descendent lineage. The former situation indicates that the new character state is under strong selection to preserve its new

identity (directional selection), while the latter situation indicates that there is a persistent pressure to change identity (non-directional

selection). The method is fast and accurate, easy to implement, sensitive to short-lived selection events and robust with respect to sampling

density and proportion of sites under the influence of positive selection. q 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Positive Darwinian selection, or adaptive evolution, is a

process that encourages the retention of mutations that are

beneficial to an individual or population. It may be an

ephemeral event (though not always), often leading to the

creation of new enzymatic properties in a protein (Stewart

et al., 1987; Irwin and Wilson, 1990; Irwin, 1995), alteration

of the characteristics of the cell surface (Holmes et al., 1992;

Smith et al., 1995), or even assistance in the creation of new

species (Lee et al., 1995). Adaptive evolution might be

expected in situations where an organism finds itself in a

new environment or if its environment is undergoing a

significant change.

Adaptive evolution can either be directional or non-

directional. Directional selection describes situations where

successive amino acid sequence change makes a protein

more efficient at performing a particular task. Natural

selection approves these modifications and they are

preserved in future lineages. Non-directional selection

describes a selective regime where the environment is

constantly altering and where sequence change is required

just to maintain an acceptable level of fitness. In both of

these situations, there is selection for replacement substi-

tutions, however the interpretation of these events is quite
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different and it is important to be able to discriminate

between them.

Positive selection at the molecular level is most often

studied by comparing the number of non-synonymous

nucleotide substitutions per non-synonymous site (dn) to the

number of synonymous nucleotide substitutions per synon-

ymous site (ds) (Li, 1993; Muse and Gaut, 1994; Ina, 1995;

Endo et al., 1996; Yang and Nielsen, 2000). The majority of

protein-coding regions are thought to be under the influence

of negative selection. This is because most protein

sequences are well-adapted to carrying out their functions

and change would not lead to the creation of a selective

advantage (Hughes, 1999). While purifying selection is at

work, we expect non-synonymous substitutions to occur

very rarely and the value of dn to be less than that of ds

(Kimura, 1980; Hughes, 1999). It has been assumed that the

converse of this situation is indicative of positive selection

acting on a protein (Kimura, 1980; Li, 1993). However, if

positive selection only acts on a small number of sites

(change at other sites being selectively neutral or dis-

advantageous), then the dn value is unlikely to ever become

larger than the ds value (Hughes, 1999). In addition, the

accuracy of ds is greatly reduced if there has been

substantial sequence change (sequence saturation) since

the two last shared a common ancestor. The problem of

adequately accounting for superimposed substitutions also

affects dn values although, arguably, not to the same extent

(Kimura, 1980; Li, 1993; Hughes, 1999). Finally, pairwise

distance methods cannot distinguish between directional

and non-directional selection.

The shortcomings of distance based methods (Zhang

et al., 1997; Crandall et al., 1999), the extensive compu-

tation time and recently uncovered unreliability (Suzuki and

Nei, 2001) of likelihood-based methods makes it desirable

to find alternative ways of detecting adaptive evolution (Nei

and Gojobori, 1986; Nielsen and Yang, 1998; Suzuki and

Gojobori, 1999). Here we report a fast and accurate method

of detecting adaptive evolution and show that the results of

our analyses are more compatible with known biochemical

evidence than previous analyses in at least one instance.

In order to assess the usefulness of our method we

analyzed the primate lysozyme data-set of Messier and

Stewart (1997). They identified positive selection using a

method of reconstructing ancestral character states and

performing a series of pairwise distance analyses between

all combinations of ancestral and contemporary sequences.

In doing so, they identified two lineages in which positive

selection appeared to be occurring – the lineage leading to

colobine monkeys and the lineage leading to hominoids. In a

subsequent analysis, Yang (1998) analyzed the same data

using a maximum likelihood framework. He concluded that

there was evidence for positive selection in the lineage

leading to hominoids. The lineage leading to colobines had

evidence of a higher replacement to silent substitution rate

than the background rate but this rate was not significantly

greater than 1. The biochemical evidence for this data-set

indicates that the lysozyme in the fore-gut fermenting

colobines has acquired new functions (activity at low pH,

resistance to cleavage by pepsin) and is the most likely

candidate for having undergone an episode of adaptive

evolution.

To demonstrate the ability of our method to differentiate

between different types of selective pressures, we also

present the results of two other data-sets, one under non-

directional positive selection, and the other under negative

selection.

The MHC is a multigene family whose products are cell-

surface glycoproteins that play a key role in the immune

system by presenting peptides to T cells (Hughes, 1999). It

is also known to be subjected to positive non-directional

selection (Hughes and Nei, 1988; Hughes, 1999; Swanson

et al., 2001). The data-set used here has been used by

previous researchers (Swanson et al., 2001) as a positive

control for the purposes of identifying positive selection,

and is used here for the purpose of identifying positive non-

directional selection.

The third data-set is a group of Carbonic anhydrase I

sequences. This has been identified as a housekeeping gene,

and there is no evidence of positive selection (Swanson

et al., 2001). It will be used here for the purposes of

identifying a negative selection result.

2. Materials and methods

2.1. Relative rate ratio test

Our method is a relative rate ratio analysis and proceeds

as follows. For any data-set, a phylogenetic tree is

constructed and assumed to be correct. This tree is rooted

by reference to an appropriate out-group. This effectively

converts the data to polarized character types. Hypothetical

ancestral sequences are reconstructed at each internal

branch through a method that uses the principal of

maximum parsimony (Hennig, 1966) applied at the codon

level. However, since ambiguities are uninformative, we

construct for each data-set substitution matrices based on

the types of changes we observe in the data-set at zero-, two-

and four-fold degenerate positions. For any ambiguity

between two (or more) codons we can then calculate how

often we would expect to see each codon, based on the

summed changes we observe in the candidates at each zero-,

two- and four-fold degenerate site present in the codons.

This method only works reliably when there is no ambiguity

at the root, however maximum parsimony cannot guarantee

this, so in this case the ancestral codon is assigned the same

as the ancestor of the out-group. This ensures that there are

no ambiguities in the ancestral reconstruction. However, in

principle any method that accurately reconstructs ancestral

character states may be used.

Using our reconstructed phylogeny, we identify all

substitutions that occur across the tree and determine
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whether they result in a non-synonymous or synonymous

codon change. We then consider each internal branch of the

tree and count the changes in the descendent clade described

by that internal branch. This results in four values

representing those different types of substitutions that

have occurred from that internal branch to the tips. The

four types of substitutions are classified as replacement-

invariable (RI, those replacement substitutions where the

new character-state is preserved in all subsequent lineages),

replacement-variable (RV, where the replacement substi-

tution is not preserved in all lineages and has changed at

least once more in a subsequent lineage), silent-invariable

(SI, silent changes that were not observed to have changed

again) and silent-variable (SV, silent changes that were

observed to have changed again in a subsequent lineage).

Using a G-test (or Fisher’s exact test (Sokal and Rohlf,

1981), when numbers are small) we can compare the ratio of

RI substitutions to RV substitutions, with the expectation

that this ratio is the same as the ratio of SI to SV

substitutions (McDonald and Kreitman, 1991). The ratio of

SI to SV is the expected value under the neutral model, since

they represent neutrally evolving sites (Kimura, 1983), and

the ratio of RI to RV substitutions would be the same as SI

to SV under neutrality (McDonald and Kreitman, 1991). In

the event of a significant difference in these ratios, it is

possible to analyze the result to find out whether there are

high numbers of RI substitutions or RV substitutions. The

former is indicative of directional selection and the latter is

indicative of non-directional selection. Positive selection

favours any substitutions that confer an advantage. During

an episode of positive directional selection, these advan-

tageous substitutions will occur and subsequently remain

invariable in all descendant lineages, at a rate significantly

higher than expected from the neutral model (McDonald

and Kreitman, 1991). Under non-directional selection the

advantageous substitutions will become variable at a rate

significantly higher than expected from the neutral model.

2.2. Neutral substitution rate test

Neutral mutations acting on any random genetic

sequence would result in about three times more replace-

ment substitutions than silent substitutions. However, due to

factors like base composition bias, the transition to

transversion ratio and codon usage for any particular data-

set, the ratio of replacement to silent changes can differ. We

can calculate the expected ratio of replacement to silent

changes of any data-set though, by basing them on the total

number of replacement or silent sites. The total number of

replacement or silent sites in each sequence within each

clade was calculated as per the method of Li (1993). This

ratio was then used to calculate the expected number of

replacement and silent substitutions within each clade. We

consider whether the number of replacement substitutions

or silent substitutions observed were significantly greater

than expected from the neutral model. Using a G-test (or

Fisher’s exact test (Sokal and Rohlf, 1981)), we can

determine if any type of substitution occurred more often

than expected from neutrality. With this information if there

is no significant result using the first test, then we can

determine if negative selection was acting or whether the

substitutions were appearing at a rate expected under

neutrality.

2.3. Simulation of neutrality

Since RI, RV, SI and SV numbers are calculated at each

internal branch, this means that we are performing multiple

statistical tests on the same data (within any lineage). This

increases the probability of obtaining a significant result by

chance alone (Roff and Bentzen, 1989). To counter this

problem, we used a Monte Carlo technique (Rambaut and

Grassly, 1997) to generate 100,000 pseudo data-sets based

on each of the three case studies. For each case study, the

codon position rate-heterogeneity, base composition bias

and the transition/transversion ratio were estimated using

maximum likelihood in PAUP* (Swofford, 2002). These

variables along with the phylogeny, sequence length and a

random coding sequence of correct length were used to

generate data-sets in Seq-Gen (Rambaut and Grassly, 1997),

which would mimic neutral evolution acting on the data-set.

For each of the three case studies, the 100,000 pseudo data-

sets were analyzed using the method described in this paper.

This generated the expected distribution of G (from the G-

test) at each internal branch if the null hypothesis of neutral

evolution were true for the particular case study (Roff and

Bentzen, 1989). The number of times that any internal

branch showed a significant deviation from expectation

represented how often we would expect to have a type 1

error. This distribution was then used to assess the critical

level for every internal branch of the particular case study.

3. Results

3.1. Primate lysozyme

We present the results of three data-sets of known

evolutionary background to demonstrate the ability of our

method in identifying the type of evolutionary pressure

acting on a particular locus.

The lysozyme locus appears to have undergone a period

of adaptive evolution within primates. A pairwise distance

analysis of the sequences using the method of Li (1993)

indicates that 198 dn/ds ratios are greater than 1, while only

78 of the comparisons have a value less than 1.

In our relative rate ratio analysis of the primate lysozyme

sequences, only one lineage shows evidence of a signifi-

cantly higher number of RI substitutions. This is the lineage

leading to the colobine monkeys. Analysis of the lineage

leading to the hominoids does not indicate that positive

selection is occurring.
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Fig. 1 shows the phylogenetic tree obtained from these

data. This tree is identical to the one produced by Messier

and Stewart (1997) and Yang (1998). The notation used by

Yang is also used in this paper with the lineage denoted by

‘c’ representing the internal branch leading to the colobines

and the internal branch denoted ‘h’ representing the internal

branch leading to the hominoids. For all internal branches in

the tree we count all the substitutions in the descendent

clades. This means that the numbers get bigger as we move

closer to the root, however, small numbers are adequately

dealt with using Fisher’s exact test and larger numbers are

analyzed using a G-test for independence (Sokal and Rohlf,

1981). The internal branches are labelled in Fig. 1 and the

numbering scheme is preserved in Table 1. Table 1 indicates

the numbers of substitutions that were counted, starting at

each internal branch. Branches 11, 12, 13 and 19 showed a

significant difference in the ratios of RI/RV versus SI/SV. In

this case, these ratios were skewed due to the excessive

number of RI events. In the neutral simulation study, of

these internal branches, only internal branch 13 resulted in a

number of type 1 errors above the critical level of 5%. When

the critical level was readjusted to bring the number of type

1 errors to less than 5% the new critical level was 0.0428.

Since the P value calculated at this internal branch was less

than 0.005, the result at this branch was still deemed

significant.

Of note is the fact that these four internal branches

are connected and they describe a lineage encompassing

the common ancestor of Colobines and Cercopithecines.

Starting from internal branch 11, we find that sub-

sequently there were six RI sites, one RV site, two SI

sites and five SV sites. There are six times as many RI

sites than RV sites, however the ratio of SI to SV is seen

to be in the opposite direction with over twice as many

SV sites. Using the G-test, the P value is less than 0.05,

however using Fisher’s exact test, the P value is only

0.051282 and is therefore not deemed significant. The

results from branch 12 (16 RI, four SI, two RV, five SV)

show strong evidence of more RI sites than expected

(Fisher’s P ¼ 0:02876). We would expect to have seen

fewer than four RI sites, and instead we see 16.

When the number of replacement or silent substitutions

at each internal branch was compared to the expected value

under the neutral model, branch 21 (observed

replacements ¼ 6, observed silents ¼ 10; expected

replacements ¼ 12:39, expected silents ¼ 3:61) was the

only one with a significant result (Fisher’s P ¼ 0:02609).

Every other internal branch of the tree showed no significant

difference in the number of replacement or silent substi-

tutions than was expected from neutrality (at the P ¼ 0:05

level).

Fig. 1. Phylogenetic tree derived from primate lysozyme genes. The numbers on the internal branches correlate with the numbers for each internal branch in

Table 1. The internal branches labelled ‘C’ and ‘H’ follow the nomenclature of Yang (1998).
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3.2. Class I MHC glycoproteins

The second protein alignment contains the class I MHC

glycoprotein, which is known to be subjected to positive

non-directional selection (Hughes and Nei, 1988; Hughes,

1999). This was used by Swanson et al. (2001) as a positive

control, and the same data-set which is all Human MHC is

used here, but with an added sequence from Pan troglodytes

(GenBank Accession number: X13116) used as an out-

group. MHC is known to be subject to recombination, which

would invalidate the analysis, so this data-set was analyzed

using PIST (Worobey, 2001) to test for recombination

events in the alignment. The results showed no evidence of

recombination. Fig. 2 shows the phylogenetic tree obtained

from these data. The numbers given to the internal branches

in Fig. 2 are preserved in Table 2, which shows the RI, RV,

Table 1

Primate lysozyme results

#, internal branch number (see Fig. 1); RI, replacement invariable; RV,

replacement variable; SI, silent invariable; SV, silent variable; OR,

observed replacement substitutions; OS, observed silent substitutions;

ER, expected replacement substitutions; ES, expected silent substitutions. P

value results: *P , 0:05; **P , 0:01; ***P , 0:005.

Fig. 2. Phylogenetic tree derived from the class I MHC glycoprotein genes.

The numbers on the internal branches correlate with the numbers for each

internal branch in Table 2. The accession number of each sequence is

contained in parentheses beside the name of its corresponding species.

Table 2

Class I MHC glycoprotein results

#, internal branch number (see Fig. 2); RI, replacement invariable; RV,

replacement variable; SI, silent invariable; SV, silent variable; OR,

observed replacement substitutions; OS, observed silent substitutions;

ER, expected replacement substitutions; ES, expected silent substitutions. P

value results: *P , 0:05; **P , 0:01; ***P , 0:005.
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SI and SV values at each branch along with the appropriate

P value. A pairwise distance analysis of the sequences using

the method of Li (1993) indicates that only four dn/ds ratios

are greater than 1, while 17 have a value less than 1.

In our analysis while all of the internal branches showed

an increased number of RV substitutions, only two (internal

branch numbers 2 and 4) were significant at the P ¼ 0:05

level. Of these two internal branches only internal branch

number 2 resulted in an elevated number of type 1 errors in

the neutral simulation study. When the distribution of G for

this internal branch was taken into account a new critical

value of 0.0482 was set. The P value calculated for this

internal branch was less than the new critical level at

0.0441, so the result at this internal branch was still deemed

significant. Analysis of the number of replacement and

silent substitutions that occurred within each of the clades

showed that four of the clades (defined by internal branch

numbers 1, 2, 3, and 4) had significantly higher numbers of

silent substitutions (at the P ¼ 0:05 level) than was

expected under the neutral model. The only clade without

a significant result (defined by internal branch number 0)

also had an increased number of silent substitutions (see

Table 2).

3.3. Carbonic anhydrase I

Carbonic anhydrase I was used by Swanson et al. (2001)

as a negative control (representing negative selection) for

their study. We use the same sequences here to demonstrate

the ability of our method to detect negative selection. A

pairwise distance analysis of the sequences using the

method of Li (1993) indicates that all dn/ds ratios are less

than 1. Fig. 3 shows the phylogenetic tree obtained from

these data. The numbers given to the internal branches in

Fig. 3 are preserved in Table 3.

In our analysis none of the internal branches showed a

significant deviation (at the P ¼ 0:05 level) in the number of

RI or RV substitutions from what was expected under

neutrality. Examination of the number of replacement and

silent substitutions that occurred within each clade showed

that two clades (defined by internal branch numbers 2 and 3)

had a significantly greater number of silent substitutions (at

the P ¼ 0:05 level) than was expected under neutrality. The

other two clades (defined by internal branch numbers 0 and

1) had an increased number of silent substitutions (see Table

3) but were not significant at the P ¼ 0:05 level.

4. Discussion

4.1. Relative rate ratio test

Our method uses ancestral sequence reconstruction to

identify changes that occur within a clade. We analyze all

these changes, with the assumption that change in the

protein sequence is an ongoing process, with a protein that

changes function being poorly adapted in the beginning, but

subsequent replacement substitutions making it a better

effector of its new role. These replacement substitutions are

then preserved in subsequent lineages.

Silent sites are usually thought to be under weak selective

pressures. Ignoring translational selection for optimal

codons, there are no recognized selective pressures that

might influence silent changes in a gene. Therefore,

mutational events are thought to play the biggest role in

silent site substitutions. A silent site in a phylogenetic tree

will be observed to be invariable within a clade, either by

random chance or because the clade is shallow and there has

been little time to allow a subsequent change. Silent sites

within a sequence will be observed to be variable within a

clade in a way that is proportional to clade depth. Therefore,

calibrating the rate of replacement substitutions by refer-

ence to silent substitutions gives an indication of how much

Fig. 3. Phylogenetic tree derived from the Carbonic anhydrase I genes. The

numbers on the internal branches correlate with the numbers for each

internal branch in Table 3. The accession number of each sequence is

contained in parentheses beside the name of its corresponding species.

Table 3

Carbonic anhydrase I results

#, internal branch number (see Fig. 3); RI, replacement invariable; RV,

replacement variable; SI, silent invariable; SV, silent variable; OR,

observed replacement substitutions; OS, observed silent substitutions;

ER, expected replacement substitutions; ES, expected silent substitutions. P

value results: *P , 0:05; **P , 0:01; ***P , 0:005.
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change is not due to the relative depth of the clade combined

with the mutational process within the clade. In other words,

the ratio of RI to RV sites should be the same as the ratio of

SI to SV sites, and any deviation from this is an indication of

the presence of some kind of selective pressure.

Positive selection occurs when a character emerges that

is so beneficial to an organism that the difference in fitness

between novelty and wild-type means that descendants with

the novelty have a much greater chance of passing their

genes onto their offspring. The individuals with this

character flourish, often to the detriment of the others in

the population (Hughes, 1999). This character state is

rapidly accepted into the population and spends little time as

a polymorphism (Hennig, 1966). Since non-synonymous

substitutions are the only kind of substitution that will affect

the phenotype of an individual, we can trace all these

substitutions and identify those that were subsequently fixed

within descendant populations.

McDonald and Kreitman (1991) used this idea to detect

positive selection at the Adh locus in Drosophila. Their

sampling of multiple individuals from three different

species of Drosophila implied an interspecies star phylo-

geny and within each of the three species they found

multiple fixations occurring. However, since they did not

reconstruct a phylogeny with ancestral sequences, they

assumed that the most common genotype was ancestral.

This may not always be a valid assumption and represents a

situation where our method has an increased discriminating

ability. Templeton (1996) expanded on McDonald and

Kreitman’s approach by dividing the substitutions into

further categories, this followed a suggestion by Hudson

(1993) that it would be possible to use the relative rate test to

compare levels of divergence within and between species

for different kinds of nucleotide sites. This increased the

discriminating power of the test, however it still could not

identify when in the timeframe represented by the data-set

the selection for change occurred. By constructing a

phylogenetic tree for a data-set and reconstructing the

ancestral sequences for this tree we do not assume a star

phylogeny, we can infer the ancestral genotypes (Hennig,

1966) and can accurately tell whether or not substitutions

were non-synonymous or synonymous. Also, by summing

the changes that have occurred since the existence of any

hypothetical ancestor, we get an indication of which part of

the tree is under positive selection and at which stage of the

phylogeny the selection pressure was likely to have

changed. This is by comparison to McDonald and Kreitman

(and similarly for Templeton) who could only show that

within the whole data-set positive selection was acting

somewhere (McDonald and Kreitman, 1991).

By counting the substitutions that have occurred any-

where within any clade defined by an internal branch we are

determining whether or not that population produced

significantly more invariable or variable replacement

substitutions since a given time point than we would

normally expect under the neutral model. We can test this

null hypothesis with appropriate independence tests (Sokal

and Rohlf, 1981; McDonald and Kreitman, 1991) or by use

of a simulation study to determine the distribution of

neutrally evolving data-sets.

One of the main criticisms of the pairwise distances

method of detecting positive selection is the failure to

account for saturation at the third position of synonymous

sites (Hughes, 1999). Synonymous substitutions at the same

site will occur independently of whether the substitutions

are invariable or not (McDonald and Kreitman, 1991). This

means that regardless of how many substitutions have

actually occurred we can base our ratios on those

synonymous substitutions we observe. Pairwise distances

may also show that positive directional selection is

occurring when in fact those non-synonymous changes are

variable within a population as in the case of the MHC

molecule (Hughes and Nei, 1988; Hughes, 1999). A non-

synonymous change can occur, but this is not necessarily an

adaptive event. If the replacement remains invariable then

this is potentially a positive selection event. By basing our

results on a phylogenetic tree we can identify when

replacements that remain invariable occur, overcoming

this problem.

4.2. Neutral simulation study

Although the cumulative distribution of G from the

100,000 pseudo data-sets did not always match the tabulated

distribution, it did not lead to an incorrect statistical decision

in any of the three case studies used in this paper if the

tabulated values were used. The problem of multiple

statistical tests increasing the likelihood of obtaining a

significant result by chance alone needs to be carefully

examined by researchers using this method, however, using

a Monte Carlo simulation study as was done here

circumvents this problem.

4.3. Primate lysozyme and directional selection

In the primate lysozyme data-set, we identified three

internal branches with significantly (P , 0:05) increased

numbers of replacement invariable substitutions than were

expected under neutrality. These internal branches identify

the lineage that led to the colobines, the fore-gut fermenters

in primates. This result is in agreement with results of other

researchers (Messier and Stewart, 1997; Zhang et al., 1997;

Yang, 1998). Unlike these researchers, however, we do not

identify positive selection in the lineage leading to the

hominids. But what we did identify was that all of the Old

World Monkeys (Hominoids, Colobines and Cercopithe-

cines) were evolving at the same rate expected under the

neutral model. The only exception was branch 21 leading to

the New World Monkeys, which was under negative

selection. This may explain why using pairwise distances

it is possible to identify dn/ds ratios greater than 1, even

though positive selection was not acting. The results for the
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lysozyme data-set show that the replacement substitutions,

which may be deleterious, or selectively neutral, appear in

the Old World Monkeys at the same rate as expected under

the neutral model. As such, the neutral theory (Kimura,

1983) (or the nearly neutral theory (Ohta, 1992)) best

describes the evolution occurring at the lysozyme locus in

Old World Monkeys. This does not exclude the possibility

of positive selection as an evolutionary event, rather it

provides a mechanism for evolution in the absence of strong

selection (Kimura, 1983). We cannot always trust a positive

result using dn/ds ratios especially if the locus is evolving at

the neutral rate, however we can identify positive selection

if we examine what happens after the substitution occurs (RI

or RV and SI or SV).

4.4. Class I MHC glycoproteins and non-directional

selection

In the class I MHC glycoprotein data-set we successfully

identified that non-directional selection was the driving

force behind its evolution. Two of our internal branches

(numbers 4 and 2) showed significance at the P ¼ 0:05

level. These significance levels were due to the increased

number of RV substitutions than was expected under

neutrality. The more basal branch (number 4) identifies

the clade that exclusively represents the human sequences.

Unlike with the lysozyme data-set, we do not believe that

this is a residual effect from a branch closer to the crown of

the tree (branch 2) because there is an internal branch

separating the two that has no significance at the P ¼ 0:05

level. This leads us to believe that within humans non-

directional selection is acting at the MHC locus.

In the examination of the numbers of replacement and

silent substitutions within each clade, we see a significantly

higher number of silent substitutions than was expected

from under the neutral model in four out of the five clades.

This agrees with the analysis using the method of Li (1993)

which resulted in the majority of the dn/ds ratios being less

than 1. This is a classic example of where traditional

pairwise comparisons may identify negative selection, when

in fact positive selection is also occurring. In these situations

negative selection acts at most of the sites, but a few

adaptive sites contribute to the evolution of the protein. Our

analysis successfully identifies the presence of both

selective forces.

4.5. Carbonic anhydrase I and negative selection

Finally in the Carbonic anhydrase I data-set we identify

negative (purifying) selection. This is in agreement with the

findings of other researchers (Swanson et al., 2001). None of

the internal branches showed a significant (at the P ¼ 0:05

level) increase in the numbers of RI or RV substitutions.

When the numbers of total replacement and silent

substitutions within each clade were calculated, two of the

branches (numbers 2 and 3) had a significantly higher

number of silent substitutions than expected under the

neutral model. This is in agreement with the results of the

method of Li (1993), which showed that every dn/ds ratio

was less than 1. The two internal branches that showed no

significance had an increased number of silent substitutions,

but the calculated P values were greater than 0.05. This is a

recurring result, which identifies problems with the power of

our statistical tests when small numbers are involved.

Further investigation into suitable statistical tests may be

required.

We do recognize the areas in which our method may fail.

If the sequences are not sufficiently similar, then recon-

structing ancestral sequences may be error prone. Addition-

ally, there are problems with the accurate reconstruction of

ancestral character states when the contemporary sequences

manifest base compositional biases (Cunningham et al.,

1998). A full likelihood method of reconstruction (Yang

et al., 1995) might be superior and further work may

introduce this. Nonetheless, we believe that our reconstruc-

tions were ‘not very wrong’, and empirical analysis showed

that those sequences that were reconstructed grouped

correctly with their descendants (data not shown).

4.6. Concluding remarks

Since the ratios are summed from the tip of the tree to any

internal branch at which we are looking, if one internal

branch had significantly differing ratios, then a more basal

internal branch could show significance also even though it

is simply a residual effect of our counting method. In such a

case, the internal branch closest to the tip is the most likely

to be the one in which positive selection began to occur. We

are being careful to outline this potential difficulty with

interpreting the results, although if a lineage is identified

using our method, then it is almost certain that positive

selection occurred on that lineage. Whether or not the

internal branch closest to the tips is the one where positive

selection began to occur is difficult to say and it is unlikely

that a statistical test will resolve this issue.

We assume with this test that selection cannot be strong

enough to act on silent sites. The silent sites are our

molecular clock against which the replacement substitutions

are compared. However, recently researchers (Hurst and

Pal, 2001) appear to have found evidence that in some cases

there might be purifying selection acting on silent sites. The

mechanism or reason has not yet been identified. The

question for our method is ‘could selection at silent sites

affect the ratio of SI to SV substitutions?’ Since the

selection identified thus far is purifying selection, then there

would be no extra pressure for either SI or SV substitutions

to occur. So we would expect to see a reduction in the

number of silent substitutions but no difference in the ratio

of SI to SV substitutions.

We have found our method to be reasonably robust to

sparse or dense sampling (data not shown). Since we take

any internal branch and look at changes all the way to the
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tips – not just the change from node to node – sampling

becomes less important for the accurate identification of

positive selection.

In summary, we have produced a method of detecting

positive selection that is superior to other methods, both in

terms of speed and accuracy. We can identify internal

lineages where positive selection occurred and we can

identify positive selection events that occurred over short

periods of time.
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