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ABSTRACT
Experimental evolution of short-lived organisms offers the opportunity to study the dynamics of polymor-

phism over time in a controlled environment. Here, we characterize DNA polymorphism data over time
for four genes in bacteriophage T7. Our experiment ran for 2500 generations and populations were sam-
pled after 500, 2000, and 2500 generations. We detect positive selection, purifying (“negative”) selection,
and population expansion in our experiment. We also present a statistical test that is able to distinguish dem-
ographic from selective events, processes that are hard to identify individually because both often produce
an excess of rare mutations. Our “heterogeneity test” modifies common statistics measuring the frequency
spectrum of polymorphism (e.g., Fu and Li’s D) by looking for processes producing different patterns on
nonsynonymous and synonymous mutations. Test results agree with the known conditions of the experi-
ment, and we are therefore confident that this test offers a tool to evaluate natural populations. Our results
suggest that instances of segregating deleterious mutations may be common, but as yet undetected, in nature.

UNCOVERING the processes that generate the pat- Charlesworth et al. 1993) in regions of low recombi-
terns of variation we observe in nature is one of nation has been a point of contention in population

the major objectives for evolutionary biology. Selective, genetics for close to 10 years (e.g., Begun and Aquadro
demographic, and random processes can all play impor- 1992; Langley et al. 1993; Charlesworth et al. 1993,
tant parts in shaping patterns of DNA sequence poly- 1995; Hudson and Kaplan 1995; Stephan et al. 1998;
morphism. A number of statistical tests have been devel- Fay and Wu 2000).
oped to detect the effects of some of these processes Some popular tests of the neutrality of mutations (Taj-
from a sample of DNA sequences (e.g., Hudson et al. ima 1989; Fu and Li 1993; Fu 1996) are unable to dis-
1987; Tajima 1989; McDonald and Kreitman 1991; tinguish between true selective departures from neu-
Fu and Li 1993). As more genes are sequenced and trality and demographic processes, such as population
analyzed in this population genetic framework, it is nec- expansion, that may produce similar effects. Purifying
essary to distinguish exactly which evolutionary forces selection, population expansion, and selective sweeps
our statistical tools detect. The interplay among these can all produce an excess of rare alleles, i.e., alleles at low
processes in natural populations means that no one frequencies. Statistical tests that look at the frequency
process will be responsible for all the genetic variation spectrum of alleles to detect departures from neutrality,
we observe, but it will be useful to evolutionary studies e.g., Tajima’s D (1989), Fu and Li’s D, D*, F, and F*
to determine those with the most significant effect. (1993), and Fu’s Fs (1996), can be significant under

Many different processes can produce similar patterns purifying selection, population expansion, or selective
of DNA sequence polymorphism. Many currently used sweeps, although each statistic may be best at detecting
statistical tools can detect deviations from neutrality or one of these forces (Braverman et al. 1995; Simonsen
from a Wright-Fisher population model, but cannot dis- et al. 1995; Fu 1997; Fu and Li 1999).
tinguish between alternative mechanisms that may cause One major class of effects that leads to an excess of rare
these deviations. For example, the ability to distinguish alleles may be termed homogeneous effects because
between the reduced genetic variability at loci linked different types of mutations (nonsynonymous and syn-
to selectively favored alleles (“hitchhiking”; Maynard onymous) at a locus are affected equally. Both popula-
Smith and Haigh 1974) and loci linked to deleterious tion expansion after a bottleneck and the sweep to fixa-
alleles maintained by mutation (“background selection”; tion of a favored allele have homogeneous effects across

a locus; the new mutations that arise in the population
are both nonsynonymous and synonymous. While these

Sequence data from this article have been deposited with the two homogeneous processes have similar effects on mu-
EMBL/GenBank Data Libraries under accession nos. AF419412– tations at a single locus, they have different effects acrossAF419511.

multiple loci (e.g., Galtier et al. 2000). Demographic1Corresponding author: Department of Biology, Box 90338, Duke Uni-
versity, Durham, NC 27708. E-mail: mwh3@duke.edu processes such as population expansion will cause an
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1983) from the single ancestral plaque and the descendantincrease of rare alleles at all loci in a genome. By con-
populations were the first 285 bp of 0.3, which inactivates hosttrast, selective sweeps will normally affect at most only
restriction (the rest of the gene was truncated by a deletion

a few loci, and with recombination these effects may be event, as in Cunningham et al. 1997); 17.0 (1662 bp), a tail fiber
limited to one locus. protein; 17.5 (204 bp), which is associated with lysis; and 18.0

(270 bp), a DNA maturation protein. Sequences are GenBankThe other major class of effects may be termed hetero-
nos. AF419412–AF419511. T7 was grown in 2-ml cultures ofgeneous because nonsynonymous and synonymous mu-
Escherichia coli strain W3110 in the presence of the mutagentations are affected unequally. Purifying selection acts
N-methyl-N �-nitro-N-nitrosoguanidine (20 �g/�l). See Hillis

to eliminate deleterious nonsynonymous mutations, but et al. (1992) and Bull et al. (1993) for further details on the
is presumed to have little or no effect on neutrally evolv- growth and maintenance of the T7 phage.

Modification of current tests: As an exemplar, we illustrateing synonymous mutations (but see, for example, Akashi
our method using Fu and Li’s D test (1993), but it is important1995). Verrelli and Eanes (2000) take advantage of
to point out that the same idea applies to Fu and Li’s F, D*,heterogeneous effects on Drosophila simulans DNA to de-
F* (1993), and Tajima’s D tests (1989). The main idea behind

tect differential effects on nonsynonymous and synony- our method is that under selective neutrality of polymorphism
mous changes. Looking at the frequency spectrum of the distribution of nonsynonymous and synonymous muta-

tions should be proportional across a genealogy. In terms ofpolymorphism for the entire Pgm gene they do not de-
Fu and Li’s D test, this means that the ratio of nonsynonymoustect a significant excess of low-frequency mutations. Ex-
mutations on internal branches of a genealogy to those on ex-amining solely nonsynonymous mutations, however, they
ternal branches should equal the ratio of synonymous muta-

find a significant excess of low-frequency polymorphism tions on internal to external branches. As a result of homoge-
consistent with segregating deleterious mutations and neous processes, such as population expansion or a selective

sweep, there is an excess of mutations on external branches (i.e.,purifying selection acting on nonsynonymous mutations.
rare alleles) but this affects both nonsynonymous and synony-In this article we show that processes that act on a
mous mutations equally. Purifying selection and any resultingpopulation with similar effects can be distinguished from
segregating deleterious mutations have heterogeneous effects

one another and that we can also detect multiple pro- across a locus; nonsynonymous and synonymous mutations are
cesses acting at the same time. We use a simple method not affected equally, so the distribution of mutations is dispro-
of modifying statistical tests that look at the frequency portional. Under purifying selection there will be an excess of

mutations on external branches, but nonsynonymous mutationsspectrum of polymorphism to distinguish among differ-
will be disproportionately represented because they are beingent processes. The method takes advantage of the differ-
actively selected against and thus kept at low frequencies. Toent effects selective and demographic forces have on test for heterogeneous effects, therefore, we calculated D for

DNA sequence polymorphism. We use an experimental two sets of data: nonsynonymous and synonymous mutations.
system of bacteriophage T7 virus in which initial condi- Our procedure (heterogeneity test) for testing for differ-

ences in Fu and Li’s D between synonymous and nonsynony-tions, demographic patterns, and selective environment
mous mutations was relatively simple. First we calculated, forare all known and/or standardized. While computer
each gene, D and �W (the population mutation parameter,modeling of DNA sequence evolution also offers the 2Ne�, based on the number of segregating sites; Watterson

ability to test the limits of statistical tools, untested as- 1975) separately for the nonsynonymous and synonymous data
sumptions and unconsidered processes are not in- sets, and then we calculated �D (synonymous D � nonsynony-

mous D). Using a PERL version of the make tree program ofcluded. Unlike two earlier sets of experimental lineages
Hudson (1990; available upon request or on the Web at http://of T7 (e.g., Hillis et al. 1992; Cunningham et al. 1997),
www.duke.edu/�mwh3), we conducted Monte Carlo coales-which periodically bottlenecked populations to a single cent simulations of 10,000 gene genealogies with no recombi-

individual, our lineage was propagated with a minimum nation; the assumption of no recombination makes our test
amount of bottlenecking. This should reduce the amount conservative. Each of the 10,000 genealogies was simulated

with the values of both synonymous and nonsynonymous �W.of genetic drift and increase the efficacy of selection.
For each tree the value of Fu and Li’s D was then calculatedOther advantages of this experimental system are high
for both synonymous and nonsynonymous mutations and therates of molecular evolution in the virus, a known ances- difference, �D, was recorded. This distribution of the values

tral genotype, and high levels of recombination. of �D was then used to calculate the probability, P, of observing
a difference in D values between synonymous and nonsynony-
mous mutations as great or greater than the observed differ-
ence. A one-tailed test is used because we have an a priori ex-MATERIALS AND METHODS
pectation that D for nonsynonymous mutations will be more
negative due to segregating deleterious mutations. This pro-Bacteriophage T7: Starting from a single plaque (designated

WT), a population of T7 was propagated for 500 lytic cycles, gram can also be used on Fu and Li’s F, D*, F*, and Tajima’s
D statistics.�2500 generations, by C. W. Cunningham and J. J. Bull at the

University of Texas, Austin (Figure 1). At each lytic transfer Data analysis: Sequences used in this study were visually
aligned; there were no gaps in any of the aligned sequences�2 �l of the 2-ml lytic culture of viruses (�105 individuals)

was passaged to the next tube, and at no point was the lineage we used. Calculations of Fu and Li’s D, � (the average number
of pairwise nucleotide differences per site; Tajima 1983), �a/bottlenecked to a single individual. The lineage was sampled

at three time points named for the age of the lineage in num- �s (the ratio of pairwise nonsynonymous and synonymous dif-
ferences per site), and �W were done using DNAsp 3.5 (Rozasber of lytic cycles (one lytic cycle is �5 generations; J. J. Bull,

personal communication): populations CW100, CW400, and and Rozas 1999). The outgroup used for the calculation of
D was the known ancestral sequence (WT).CW500. The genes sequenced (identified in Dunn and Studier
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The population recombination parameter, � (2Nec), was
analyzed using SITES (Hey and Wakeley 1997). This is used
because Hudson’s C (1987) is unreliable for small sample
sizes (Hey and Wakeley 1997; Hudson 1987). For some popu-
lations SITES (Hey and Wakeley 1997) cannot calculate �,
and in these cases C is used; these are marked by a superscript
a in Table 2. SITES cannot generate an estimate of � for some
data sets either because they have too few informative sites
that are shared in subsets of four lines or because of the spac-
ing of those sites with regard to whether or not they show
evidence of recombination (Hey and Wakeley 1997; J. Hey,
personal communication). Estimates of C are almost always
�� because of error involved in calculating C from small
sample sizes.

McDonald and Kreitman (1991) suggested a comparison
of the ratio of polymorphism to fixed differences of both synony-
mous and nonsynonymous mutations as a statistical test for
evaluating the role of natural selection in causing substitu-
tions in protein-coding genes. This test suggests the action of
positive selection when there is a relative excess of nonsynony-
mous fixed differences (McDonald and Kreitman 1991).
We performed the McDonald and Kreitman (M-K) test using
Fisher’s exact test to evaluate significance; fixed differences
were calculated between the WT ancestral sequence and the
evolved populations.

Figure 1.—Experimental setup and sampling design. The
single ancestral plaque of bacteriophage T7, designated “WT,”

RESULTS was evolved for 2500 generations. The large population of
phage was sampled at three points for sequencing; these sam-

Molecular evolution of bacteriophage T7: A total of ple populations are designated CW100, CW400, and CW500.
four complete genes were sequenced in each of three The number of individuals sampled in each population is
populations and the single ancestor. Almost 2.5 kb was given in parentheses.
obtained from each of 25 individuals in our experiment.
In addition to the WT ancestor, we sequenced 9 individ-
uals from the CW100 population, 6 from CW400, and

recombination rate over time among the four genes.9 from CW500 (Figure 1). All four genes show consider-
We believe that this is an artifact of the estimation meth-able amounts of nucleotide variation with differences
ods and that the recombination rate is actually constantpresent between genes. There was a general pattern of
over time. The pattern of increasing recombination ratechange in the amount of variation over time, with both
may be due to two distinct possibilities. First, the small� and �W increasing as more polymorphisms appeared
number of polymorphisms available just after a popula-in the majority of sequences (Table 1). As expected, the
tion expansion may make it harder to detect recombina-number of fixed differences also increased over time.
tion events and will lead to smaller estimates of � and C.It should be noted that we have observed a few instances
Second, the effect of changing population size or thewhere a mutation that was counted as fixed in one
nonneutrality of mutations will violate the assumptionspopulation was found to be polymorphic hundreds of
made in the estimation of recombination parametersgenerations later in another population. We suggest that
and the results may be sensitive to these violations (Heythis is because our sampling of alleles was not extensive
and Wakeley 1997). The true value of the populationenough to uncover all polymorphisms in the popula-
recombination rate, for these reasons, is likely closesttion. We still counted differences as fixed, however,
to that given by population CW500 (� 	 0.127–0.440).even if they were revealed to be polymorphic in a later
The double-stranded linear genome of bacteriophagepopulation. We do this for consistency and also because
T7 is only 39,937 bp (Dunn and Studier 1983) and iswe could not rule out the possibility of a back mutation.
inserted into the Escherichia coli host and replicated byTests performed that use the number of fixed differ-
the host’s own cellular machinery. In our experimentalences in their calculations should not be biased by this
evolution there are a large number of phage relative tomethod, as synonymous and nonsynonymous differ-
E. coli and, therefore, a high number of phage infectingences are affected equally by the sampling strategy.
a single host (“multiplicity of infection”). Because ofRecombination: The population recombination pa-
this high multiplicity of infection and the nature of therameter is an important underlying factor that may af-
T7 genome, there is a large amount of recombinationfect patterns of polymorphism. This quantity is given
in T7 between multiple naked genomes floating freeper site per generation for each locus separately in each
in the cytosol. The population recombination rate cal-of the three populations. The results of our analysis are

presented in Table 2. There is a pattern of increase in culated for the four genes in the CW500 population
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TABLE 2TABLE 1

Nucleotide variation Recombination

Gene Gene GeneGene Gene Gene
Population Gene 0.3 17.0 17.5 18.0 Population Gene 0.3 17.0 17.5 18.0

CW100 0.045 0.031 0.312a 0.048aCW100 � 	 0.020 0.015 0.022 0.007
�W 	 0.026 0.020 0.023 0.011 CW400 0.162 0.099 0.188a 0.036

CW500 0.214 0.127 0.440 0.280CW400 � 	 0.053 0.036 0.018 0.019
�W 	 0.055 0.037 0.017 0.018

The population recombination parameter is calculated asCW500 � 	 0.057 0.035 0.019 0.026
� using the program SITES (Hey and Wakeley 1997). For�W 	 0.058 0.040 0.020 0.027
some populations SITES cannot calculate �, and in these cases
Hudson’s C (Hudson 1987) is used. Estimates of C are almostStandard measures of nucleotide diversity are calculated by
always � � would be because of error involved in calculatingDNAsp 3.5 (Rozas and Rozas 1999), where � is taken from
it from small sample sizes (Hudson 1987; Hey and Wakeleythe average number of pairwise nucleotide differences per site
1997).(Tajima 1983) and �W is based on the number of segregating

a Denotes value of C, not �.mutations per site (Watterson 1975).

data set. Our statistical test for heterogeneity fails to
find differences in the magnitude of D between nonsyn-varies from two to six times the highest rate found for
onymous and synonymous mutations for any of the foura Drosophila gene (Table 2; Schaeffer and Miller
genes in population CW100 (Table 4), consistent with1993; Hey and Wakeley 1997).
the action of a homogeneous process.Population expansion in population CW100 and con-

Although population expansion, most likely, has cre-straint in all populations: In our experimental system,
ated an excess of low-frequency mutations for all muta-we know that there was a population expansion after
tions in population CW100, constraint on nonsynony-the single WT ancestor was allowed to multiply. There-
mous mutations is still evident. Table 5 shows that thefore, we can test the sensitivity of Fu and Li’s D statistic
values of �a/�s (the ratio of pairwise nonsynonymous toto detect this event. Three genes out of four sequenced
synonymous differences per site) are 
1 for every gene.(0.3, 17.0, 18.0) show significantly negative D values in
This pattern reveals the action of purifying selectionthe CW100 population (Table 3), indicating the pres-
constraining the available neutral or advantageous mu-ence of an excess of rare alleles inconsistent with neu-
tations at nonsynonymous sites (Hughes and Nei 1988).tral processes in a stable population, but consistent with
This effect of purifying selection can be seen for everyeither demographic or selective processes. Because the
gene in every population (Table 5).CW100 population was sampled not long after the single

Positive selection and weakly deleterious mutants inWT ancestral plaque was propagated in cultures of E. coli
populations CW400 and CW500: Positive selection is(Figure 1), this pattern is most likely produced by the
apparent in two genes in our experiment. A comparisondramatic population expansion. The likelihood of the
of the number of nonsynonymous and synonymouspattern having been generated by selective processes is
polymorphisms and fixed differences allows a test of thealso low because the effect was seen at multiple loci and
neutral mutation hypothesis (McDonald and Kreit-because polymorphism is recovered over time from the
man 1991). In the results shown in Table 6, every popula-monomorphic ancestor (Table 1).
tion’s polymorphism is compared to the number ofTo further test the hypothesis that the D values were
fixed differences from the WT ancestor. Genes 17.0 andproduced by a homogeneous process such as population
17.5 reject the null model of the M-K test in both theexpansion, which would affect all mutations equally, we
CW400 and CW500 populations. They both appear topartitioned the data for each gene in population CW100
have too many nonsynonymous fixed differences rela-into nonsynonymous and synonymous data sets. D was
tive to synonymous fixed differences, suggesting positivenegative in value for both classes of data for all genes (Ta-
selection. Neither gene rejects the null hypothesis of theble 4). For genes 0.3, 17.0, and 18.0 the synonymous
M-K test in population CW100, however. We suggest thatdata sets are all significantly negative (Table 4). For
this is because there has not been time for a large enoughgenes 17.0 and 18.0 the nonsynonymous data is also
number of advantageous mutations to fix. The 5 nonsyn-significant. It is not certain why gene 17.5 shows little
onymous mutations that are eventually fixed in genepattern of population expansion, but some possibilities
17.5 are all present as polymorphisms in the CW100are advanced in the discussion. These negative values
population; 7 of the 10 nonsynonymous mutations thatof D are generally consistent with a homogeneous pro-
are fixed in gene 17.0 are also present as polymorphismscess such as population expansion even though the val-
or already fixed. Although a short time to fixation isues were significant for only three genes in the synony-

mous data set and for two genes in the nonsynonymous predicted for advantageous mutations (Kimura 1983),
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TABLE 3

Fu and Li’s D for all mutations

Population Gene 0.3 Gene 17.0 Gene 17.5 Gene 18.0

CW100 �1.93 (P 	 0.014) �2.22 (P 	 0.005) �0.17 �2.17 (P 	 0.036)
CW400 �0.28 �0.05 0.08 �0.51
CW500 �0.21 �0.06 0.18 �0.14

The values for Fu and Li’s (1993) D statistic are shown for all mutations combined. D is calculated using
the WT ancestor as the outgroup by the program DNAsp 3.5 (Rozas and Rozas 1999). Negative values indicate
an excess of low-frequency mutations.

there are only 500 generations between the start of this and Rohlf 1995). For genes 0.3, 17.0, and 18.0, in
population CW500, the values for D at nonsynonymousexperiment and population CW100.

Although the homogeneous effects of population ex- mutations are always more negative than those at synon-
ymous mutations. Gene 0.3 has values of �0.95 andpansion are no longer detectable by Fu and Li’s D in

any gene for populations CW400 and CW500, our sta- �0.06 for nonsynonymous and synonymous mutations,
respectively, 17.0 has values of �1.05 and �0.71, andtistical test of heterogeneity suggests the action of a

heterogeneous process—most likely purifying selection 18.0 has values of �1.31 and �0.27. Gene 17.5 does not
show significant heterogeneity between nonsynonymouson weakly deleterious mutants (Table 4). Values for Fu

and Li’s D statistic computed over whole genes are not and synonymous mutations in any population. For gene
17.5 there is no nonsynonymous polymorphism segre-significant in any gene for populations CW400 and

CW500 (Table 3). However, when the four genes are gating in either population CW400 or CW500. The same
is true for gene 18.0 in population CW400. A majordivided into nonsynonymous and synonymous data sets

there are skewed (excess of low-frequency mutants) val- reason heterogeneity may not be detected in these in-
stances is that Fu and Li’s D statistic, as well as otherues for nonsynonymous mutations only, as expected

from purifying selection. Table 4 shows values for D for tests that utilize frequency distributions, can detect only
relatively weak purifying selection (Braverman et al.both nonsynonymous and synonymous mutations, as

well as the probability of observing both values from 1995; Charlesworth et al. 1995). Strong purifying se-
lection allows little or no polymorphism to segregate inthe same locus (heterogeneity test). While none of the

values are significantly different from one another at a a population and consequently will not be detected by
these types of tests. In addition, gene 17.5 appears tosingle locus, they are in the right direction (combined

probability of P 	 0.09 in population CW500; Sokal be under positive selection. Reasons why departures

TABLE 4

Fu and Li’s D for nonsynonymous and synonymous mutations

Population Gene 0.3 Gene 17.0 Gene 17.5 Gene 18.0

CW100
Nonsynonymous �1.31 �1.89* �0.12 �1.75**
Synonymous �2.06* �2.39** �0.03 �1.85*
Heterogeneity test P 	 0.79 P 	 0.81 P 	 0.48 P 	 0.46

CW400
Nonsynonymous �0.28 �0.41 No polymorphism No polymorphism
Synonymous �0.83 �0.06 0.25 1.08
Heterogeneity test P 	 0.78 P 	 0.19 NA NA

CW500
Nonsynonymous �0.95 �1.05 No polymorphism �1.31
Synonymous �0.06 �0.71 0.02 �0.27
Heterogeneity test P 	 0.11 P 	 0.19 NA P 	 0.20

Values for Fu and Li’s (1993) D statistic are calculated separately for nonsynonymous and synonymous data
sets. D is calculated using the WT ancestor as the outgroup by the program DNAsp 3.5 (Rozas and Rozas
1999). The heterogeneity test addresses differences between values of D for nonsynonymous and synonymous
mutations (discussed fully in materials and methods). Significant values of the heterogeneity test indicate
that different processes appear to be acting on nonsynonymous and synonymous mutations. When there is
no polymorphism for one class of mutations, and hence no calculable value for D, no comparison can be
made. NA, not applicable. *P � 0.05, **P � 0.01.
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TABLE 5 on strongly and weakly deleterious mutants (evident as
segregating nonsynonymous mutations), are both foundRatio of �a to �s

in this experiment; population expansion was also de-
tected. We are also able to distinguish between weak puri-Gene Gene Gene

Population Gene 0.3 17.0 17.5 18.0 fying selection and population expansion using a method
that modifies current tests of the frequency spectrum ofCW100 0.245 0.216 0.164 0.077
mutations. Finally, we are able to show that the relativeCW400 0.200 0.155 0 0
importance of these processes in shaping the patternCW500 0.105 0.142 0 0.008
of polymorphism shifts over time.

The ratio of pairwise nonsynonymous and synonymous dif-
Positive selection: Polymorphism and fixation dataferences per site, �a/�s (Hughes and Nei 1988), calculated

for two of the genes in our study, 0.3 (the gene that in-by DNAsp 3.5 (Rozas and Rozas 1999), is shown. Values
�1 indicate constraint on the available neutral mutations at activates host restriction) and 18.0 (a gene involved in
nonsynonymous sites. Values of 0 occur when there was no DNA maturation), do not allow us to reject the null hy-
nonsynonymous polymorphism in a population. pothesis of neutrality with the M-K test (McDonald and

Kreitman 1991) for any population examined. For
genes 17.0 and 17.5 (a tail fiber gene and a gene associ-from neutrality may not be detected by Fu and Li’s D
ated with lysis, respectively), however, the M-K test re-in this case are suggested in the discussion.
jects neutrality in the CW400 and CW500 populations
(Table 6). Because the CW lineage was propagated with

DISCUSSION a minimum of bottlenecking, the ability of positive selec-
tion to act is increased. Although the fixation of mildlyDemographic, selective, and random processes can
deleterious alleles in small populations is a possibility,all determine the pattern of polymorphism in a genome.
theory shows that advantageous mutations are actuallyIn this experimental system we are able to observe these
more likely to be fixed in a growing population (Ottoprocesses and their effects on variation in a population
and Whitlock 1997).over time. Our goal in carrying out this experiment was

Using our experimental system we were able to testto attempt to tease apart the effects of each process on
for positive selection not just at one point in time, but atsequence polymorphism using current or modified sta-
multiple points in time under a similar selective regime.tistical tests commonly used by population geneticists.
Data for the CW100 population do not reject the M-KBecause this is an experimental system, the conditions
test for any gene. We suggest that this is because advanta-under which this experiment was carried out made this
geous mutations have either not arisen or have not hadtask easier, as ancestral genotype and demographic his-
enough time to go to fixation; the latter hypothesis istory were known, and selective environment was similar

throughout. Positive selection and purifying selection, strongly supported by our data. Of the five mutations

TABLE 6

Nonsynonymous and synonymous polymorphism and divergence

Gene 0.3 Gene 17.0 Gene 17.5 Gene 18.0

Population N.S. Syn. N.S. Syn. N.S. Syn. N.S. Syn.

CW100
Polymorphic 9 11 37 54 5 8 2 6
Fixed 0 0 2 0 0 0 0 0

CW400
Polymorphic 13 21 45 90 0 9 0 11
Fixed 2 2 10 6 5 1 0 2

P 	 0.024 P 	 0.002
CW500

Polymorphic 14 30 58 120 0 11 1 19
Fixed 2 1 9 5 5 1 0 1

P 	 0.020 P 	 0.001

A comparison of nonsynonymous polymorphism and fixed differences to synonymous polymorphism and
fixed differences as suggested by McDonald and Kreitman (1991) is shown. Departures from the neutral
expectation are evaluated using Fisher’s exact test. Fixed differences are counted as differences from the WT
ancestor. N.S., nonsynonymous mutations; Syn., synonymous mutations; P 	 significance of 2 � 2 test of
independence using Fisher’s exact test.
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that are fixed in gene 17.5 in population CW400, all (Tajima 1989). Under purifying selection an excess of
low-frequency mutants is expected because selection isare present as polymorphisms in population CW100.

One of these segregating polymorphisms in population acting to remove new mutations that have deleterious
effects. During a population expansion there is an ex-CW100 is a mutation encoding methionine at the first

position of the protein encoded by gene 17.5; our WT cess of low-frequency mutants because all mutations are
new and therefore rare. Because Fu and Li’s and Taj-ancestor has a nonoptimal valine as the start codon.

This mutation is expected to have a large, positive effect ima’s tests combine nonsynonymous and synonymous
mutations it is impossible to separate effects of heteroge-on transcription rates and, therefore, is expected to be

advantageous. Also no nonsynonymous fixed differences neous (e.g., purifying selection) and homogeneous (e.g.,
population expansion) processes.appear between populations CW400 and CW500 for

either gene; all fixations occurred between CW100 and To distinguish between homogeneous and heteroge-
neous processes, our heterogeneity test takes advantageCW400. This supports the hypothesis that advantageous

mutations had the opportunity to arise but had not gone of the fact that selective forces acting on DNA polymor-
phism often have one set of effects on nonsynonymousto fixation early in the experiment.

The only significant result using Fu and Li’s D test changes and another on synonymous changes. The rea-
son for this is the magnitude of selective consequence offrom either gene 17.0 or 17.5 is from 17.0 in population

CW100 (Tables 5 and 6). This result appears to be due these two types of mutations. Nonsynonymous changes
often have a much larger effect on the fitness of anto the population expansion from the WT ancestor. It

is noteworthy, then, that positive selection at these loci organism and so are much more strongly influenced by
natural selection (whether positive or negative). Synony-fails to result in detectable hitchhiking (selective sweep)

events, although it is possible that such events are un- mous changes more often than not have small or no fit-
ness effects and so are much more strongly influencedseen in gene 17.0 against the backdrop of population

expansion. It is likely that the high level of recombina- by random genetic drift. These heterogeneous processes
can be distinguished, then, from homogeneous processes,tion in our experiment reduces the region swept to

fixation to a very small piece of DNA, therefore reducing such as population expansion, that have equal effects
on all types of mutations. An important aspect of thisthe loss of polymorphism. Because little polymorphism is

lost, the expected excess of low-frequency mutants with test is that different levels of selection on closely linked
sites show independent effects on the pattern of poly-hitchhiking (Fu and Li 1993; Braverman et al. 1995;

Fu 1997) is absent or undetectable. morphism (Akashi 1999; Przeworski et al. 1999).
We separated individual genes into nonsynonymousAs expected (Hughes 1999), the M-K test is more

powerful in detecting the action of positive selection and synonymous mutations and then applied Fu and
Li’s D statistic to our data. We found two other instancesthan a comparison of the ratio of nonsynonymous to

synonymous fixed differences (Ka/K s). For both popula- where this simple partitioning has been done (Rand
and Kann 1996; Verrelli and Eanes 2000). For exam-tions CW400 and CW500 the Ka/K s ratio has a value �1

for gene 17.5 (Ka/K s 	 1.45 for both). But for gene ple, Rand and Kann (1996) found no significant result
using Tajima’s D for the ND5 gene in D. melanogaster17.0 Ka/K s is �1 for both populations (Ka/Ks 	 0.50

and 0.54). The sensitivity of Ka/K s ratios to detect posi- when their data included all types of mutations. Sepa-
rating nonsynonymous from synonymous mutations,tive selection is low and the criterion of Ka/K s � 1 as

evidence for positive selection is very stringent, especially however, they found significant results for only nonsyn-
onymous mutations and interpreted this as the hetero-over long genes (Hughes 1999). We suggest that the

length of gene 17.0 (1662 bp) compared to the length geneous process of purifying selection.
We have taken this approach a step further by provid-of gene 17.5 (204 bp) has caused the inequality in the

detection of positive selection using a Ka/K s ratio. Be- ing a statistical framework in which to compare the
magnitude of differences of various statistics betweencause the M-K test takes advantage of more information

(if available) it has the power to detect positive selection nonsynonymous and synonymous mutations. In particu-
lar, we compared values of Fu and Li’s D statistic in ain both genes (Akashi 1999).

Distinguishing population expansion from purifying framework that allows an inference to be made about
whether the values were likely to have been pulled fromselection: Some currently used tests for the neutrality

of mutations (Tajima 1989; Fu and Li 1993) attempt the same neutral distribution. Without a method for
determining whether D is significantly different betweento detect an excess of low- or high-frequency mutants

in the distribution of polymorphism. An excess of low- nonsynonymous and synonymous mutations, simply
partitioning the data offers ambiguous results: a hetero-frequency mutations is generally interpreted as being

due to purifying selection and the resulting weakly dele- geneous process cannot be distinguished from a homo-
geneous process. For example, if a partitioned data setterious mutations segregating in a population; these

tests assume a population at equilibrium. However, pop- reveals a significant value for nonsynonymous mutations
and a nonsignificant value for synonymous mutations,ulation expansion after a genetic bottleneck can give

results similar to those caused by purifying selection it may be that the value for synonymous mutations is just



18 M. W. Hahn, M. D. Rausher and C. W. Cunningham

slightly less negative than that needed for significance; forces affect all loci in a population. It is possible, how-
therefore, they should not be considered heterogene- ever, that purifying selection acting at a single gene in
ous simply because one is significant and the other is a larger linkage group may result in a homogeneous pat-
not. In addition, because our statistic conservatively as- tern at all loci (“background selection”; Charlesworth
sumes no intralocus recombination, it can be applied et al. 1993). High recombination rates in our system
to comparisons of other classes of mutations within a suggest that this is unlikely to be a factor. We cite the
locus that may be expected to have different selective rates found in population CW500 as the most likely
constraints (e.g., binding sites vs. nonbinding sites in a to be the actual population recombination rates (see
promoter). See Hey (1997) for the case where compari- results), but even the values calculated for population
sons are made between loci. CW100 are approximately equal to the highest Drosoph-

Examining the data in Rand and Kann (1996) and ila rate. Polymorphism data at multiple loci allow us to
Verrelli and Eanes (2000) provides good examples of distinguish among the various possibilities of selective
the utility of our statistical test. Rand and Kann exam- and demographic processes, and our data conform to
ined polymorphism at the ND5 gene in D. melanogaster the hypothesis of population expansion.
and found only significant results in nonsynonymous Not all of the loci studied in population CW100 give
mutations for Tajima’s D. Applying our test of heteroge- the same story; gene 17.5 does not show the effects of
neity to their data (sample size 	 59, nonsynonymous population expansion. Because mutation and genetic
segregating sites 	 8, synonymous segregating sites 	 drift are random phenomena, there will always be some
13, �D 	 0.93) finds that there is no significant dif- loci that do not exhibit the expected pattern. For gene
ference between the values of D for synonymous and 17.5 drift has allowed a number of synonymous muta-
nonsynonymous data sets (P 	 0.15). These results, tions to climb to intermediate frequencies, giving only
therefore, can be interpreted as due to a homogeneous a slightly negative value for synonymous mutations in
process. Verrelli and Eanes examined polymorphism at Fu and Li’s D statistic (Table 4). Positive selection on
the Pgm locus in D. simulans and found no significant nonsynonymous mutations, on the other hand, has had
skew toward low-frequency mutants for the gene as a only a minor effect on the distribution of mutations:
whole. Dividing the gene into nonsynonymous and syn- there are no nonsynonymous mutations at high frequen-
onymous mutations, however, they found a significant cies. The three nonsynonymous mutations present in
value for Fu and Li’s D for the nonsynonymous data population CW100 that are fixed in populations CW400
set. Applying our test to their data (sample size 	 13, and CW500 are all present at frequencies of 0.22 (two
nonsynonymous segregating sites 	 5, synonymous seg- of nine individuals) while the other mutations are pres-
regating sites 	 64, �D 	 2.90) we get a significant

ent in only single individuals. This combination of pro-
value of P 	 0.0006. This supports the hypothesis of a

cesses on nonsynonymous mutations, namely geneticheterogeneous process such as purifying selection.
drift, population expansion, and positive selection, re-In our data, in population CW100 three genes have
sults in a slightly negative value of D (Table 4). Fu andsignificant Fu and Li D values for the combined-muta-
Li’s D statistic on all mutations, therefore, is close totion data. For these three genes, 0.3, 17.0, and 18.0, our
zero and nonsignificant.modified Fu and Li statistic gives results consistent with

Moving from population CW100 through CW400 toa homogeneous process acting in bacteriophage T7:
CW500 for all genes, a pattern appears. The homoge-none of the sets of values are significantly heteroge-
neous effects of the population expansion begin toneous (Table 4). Moreover, the value of D is more nega-
resolve themselves into the heterogeneous effects oftive for synonymous mutations in these genes, indicating
purifying selection. By population CW500 there are sug-the absence of the effects of significant purifying selec-
gestive differences in genes 0.3, 17.0, and 18.0 in thetion. It should be pointed out that neither Fu and Li’s
distribution of frequencies of nonsynonymous and syn-test nor even the more powerful Fs statistic (Fu 1997)
onymous mutations (Table 4; gene 17.5 could not beis able to detect this dramatic population expansion
tested). A combined probability test (Sokal and Rohlf2000 generations after propogation from a single ances-
1995) in population CW500 results in a probability oftral individual (Fs 	 �1.0, P 	 0.18, population CW400;
heterogeneity of P 	 0.09. The transition from low-Table 3). Other polymorphism data also support the
frequency mutations in all classes due to homogeneousinterpretation of this homogeneous process as popu-
processes to low-frequency nonsynonymous mutationslation expansion. In all genes the value of D becomes
due to only heterogeneous processes results in a timeless negative and nonsignificant in population CW400
when neither population expansion nor purifying selec-(Table 3). This trend coincides with an increase in �
tion can be detected. This transition period in popula-relative to �W as populations recover polymorphism from
tion CW400 shows only a slight skew at synonymousthe monomorphic ancestral clone (Table 1). In addi-
mutations as the result of demographic processes andtion, these patterns appear at multiple loci in the same
only a slight difference between mutational classes dueorganism. Some homogeneous processes work at only

a single locus (e.g., selective sweeps), but demographic to selective processes. This type of complex result may
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