
Proc. Natl. Acad. Sci. USA
Vol. 90, pp. 7425-7426, August 1993

Commentary

Levels of DNA polymorphism and divergence yield important insights
into evolutionary processes
Richard R. Hudson
Department of Ecology and Evolutionary Biology, University of California, Irvine, CA 92717

A recent study of Eanes et al. (1) exem-
plifies an approach that promises to go
some way toward resolving a long-
standing question in population genetics.
The question is: To what extent is intra-
and interspecific variation in DNA and
protein sequences due to molecular
noise? The molecular noise hypothesis,
more commonly referred to as the neutral
theory, maintains that most molecular
polymorphism within species and most
molecular divergence between species
are a consequence of neutral mutations,
that is, mutations resulting in function-
ally equivalent variants, that randomly
drift in populations and gradually accu-
mulate over evolutionary time. The al-
ternative to the neutral theory is that
most variation within populations is
maintained by various forms ofbalancing
selection and/or that the molecular dif-
ferences between species reflect adaptive
changes shaped by natural selection. Ul-
timately, the issue is a quantitative ques-
tion; that is, we would like to know how
much variation within species and what
proportion of changes between species
can be attributed to natural selection as
opposed to genetic drift of functionally
equivalent variants. At present, how-
ever, it is not even possible to reject
either of the extreme positions (for re-
views, see refs. 2 and 3). It should be
made clear, however, that both sides in
this neutralist/selectionist controversy
accept the importance of natural selec-
tion as a conservative force, maintaining
certain molecular features, by eliminat-
ing strongly deleterious mutations
quickly after they arise. The conserva-
tion of many protein coding sequences
and regulatory sequences is strong evi-
dence in support of this aspect of the
process.
Over the last 25 years, this controversy

has been stewing, with the input of data
coming mainly from surveys of enzyme
polymorphism and sequencing of pro-
teins. Statistical analysis ofenzyme poly-
morphism data has been useful with re-
spect to this controversy in some cases
(for example, see ref. 4) but on the whole
has not been very effective in resolving
the issue. The power of these analyses is
apparently just not up to the task. The
clock-like behavior of the amino acid

substitution process, as revealed by com-
parisons of protein sequences from dif-
ferent species, has been used as support
for the neutral model. However, careful
examination of the data suggests that the
substitution process at many loci is much
too variable to be compatible with the
usual simple versions of the neutral
model (3). More complex neutral models
have been proposed to explain this prop-
erty of the substitution process and these
models are being debated and contrasted
with alternative models that incorporate
selection (5-7).
With recent advances inDNA technol-

ogy, reasonably large surveys of varia-
tion at the DNA level are possible. For
example, Eanes et al. (1) sequenced 32
copies of the G6pd gene sampled from
natural populations of Drosophila mela-
nogaster and 12 copies of the gene from
Drosophila simulans. Such surveys of
DNA variation provide detailed informa-
tion that can be used in very powerful
tests of the neutral model. In particular,
the DNA data provide information about
the amount of divergence between differ-
ent copies of the gene sampled from the
same species. This divergence within
species, or polymorphism, can be di-
rectly compared to the level of diver-
gence between copies obtained from dif-
ferent species. In addition, one can com-
pare the levels of divergence within and
between species for different kinds of
nucleotide sites. For example, for protein
coding loci, one can compare the varia-
tion at first, second, and third positions of
codons. The neutral model makes some
very specific predictions about data of
this form, and these predictions lead to
powerful tests of the model. McDonald
and Kreitman (8) have proposed such a
test and applied it to data from the Adh
locus. Eanes et al. (1) have now used this
test to analyze their sequence data.
The test ofMcDonald and Kreitman (8)

contrasts the level of amino acid diver-
gence and polymorphism with the level of
divergence and polymorphism which is
silent. (Nucleotide sequence changes
that do not alter the protein sequence are
referred to as silent changes.) The test is
basically a 2 x 2 test of independence in
which the four observations employed
are (i) the number of "fixed" amino acid

replacements between species, (ii) the
number of "faed" silent changes be-
tween species, (iii) the number of amino
acid polymorphisms within species, and
(iv) the number of silent polymorphisms
within species. A "fixed" substitution is
a mutation that has resulted in all sam-
pled sequences from one species differ-
ing from all sampled sequences from an-
other species. (The quotes indicate that
"fixed" in this case is only with respect
to the particular sample obtained, and
another sample might show that what
was considered "fixed" in the first sam-
ple is a polymorphism in the second sam-
ple.) The rows in the 2 x 2 table would be
labeled "fixed" and "polymorphic
within species," and the columns would
be labeled "amino acid" and "silent."
These observed numbers correspond to
mutations that have occurred on different
parts of the gene genealogy, or gene tree,
that represents the history ofthe sampled
genes. To see this, it is useful to consider
an example.

Consider a hypothetical data set con-
sisting of the sequences of four copies of
a protein coding locus, three copies being
obtained by sampling from species A and
one copy obtained from species B. [Un-
like this example, the data set ofEanes et
al. (1) consists of multiple copies from
each species.] For simplicity, let us as-
sume that no recombination occurs
within the locus. In this case, the gene-
alogical history of these sampled se-
quences can be represented by a simple
tree, such as that drawn in Fig. 1. It is
important to distinguish between this ge-
nealogy, which represents the history of
a small sample of copies of the gene, and
a tree drawn to represent the phyloge-
netic history of a set of species. In the
gene genealogy, or gene tree, each line
represents a single lineage, and any point
on a line corresponds to a single copy of
the gene that is ancestral to one or more
sampled copies. In contrast each line of a
phylogenetic tree represents a sequence
of many generations of an entire popula-
tion, and a point on the line corresponds
to an entire population.
The variation that is observed in this

hypothetical sample is necessarily due to
mutations that occurred along the lin-
eages of the gene tree. On the gene tree in
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FIG. 1. Example gene tree disc
text.

Fig. 1, mutations are ind:
squares and circles. Mutations
on the branches drawn with
lines will result in "fixed" c
between sequences. These mu
indicated by solid squares al
Those mutations occurring (
branches, indicated by open sc
circles, will result in poly
within species A. (We ignore
lems of multiple hits.) The squ
solid and open, represent a]
changing mutations; the circles
silent mutations.
Under the neutral model sc

tical properties of these numbe
very readily. Let ua represent 1

mutation rate per generation
acid changes at the locus beir
ered. That is, each time an o
produced, the descendant co
gene has probability ua of diff
its parent by a mutation that cl
amino acid sequence but does
the fitness of individuals cai
mutation. Similarly, let us d
neutral mutation rate per gene
silent variation by us. Under th
neutral model, these mutatioi
ters are assumed to be very sr
be constant in time. The occur
mutation in any particular in(
assumed to be independent of
that occurred in earlier general
other individuals. These assum
ply that the number of neutral
that occur along a lineage, cone
the length of the lineage, is Pc
tributed with mean equal to th
of the neutral mutation rate an
the lineage measured in generat
thermore, it follows, conditior
lengths of the branches of the
and the total number ofneutral
on the gene tree, that the numb

four classes of neutral mutations are
multinomially distributed. For example,
suppose that there are a total ofm neutral
mutations on the gene tree, that the total
length of the thick solid lineages in Fig. 1
is tb, and that the sum of the lengths of all
the branches of the gene tree is tT, then
the expected numbers of "fixed" amino
acid differences, amino acid polymor-
phisms, "fixed" silent differences, and
silent polymorphisms are mpapf, mPa(l -

pr), m(1 - PO)Pf, m(1 - Pa)(1 - Pf),
4 respectively, where Pa = Ua/(Ua + uJ) and

Pf = tb/tT. Pa is the fraction of neutral
Species B mutations that are expected to be amino

acid changing, andpf is the fraction ofthe
Sussed in the gene tree that leads to "fixed" differ-

ences in the sample. A multinomial dis-
tribution with parameters expressible as

tcated by such products is precisely the standard
that occur situation for carrying out a 2 x 2 test of
thick solid independence, as suggested by McDon-
differences ald and Kreitman (8). Eanes et al. (1)
itations are apply this test to the G6pd data and reject
nd circles, neutrality. They suggest that adaptive
Dn dashed amino acid substitutions are the cause.
quares and McDonald and Kreitman (8) divide the
morphism gene tree into two parts-the between
the prob- species branches make up one part, and

Lares, both the within species branches make up the
mino acid other part. There is no reason that one
s represent cannot divide up the gene tree into more

)me statis- pieces based on other criteria. In addi-
s- tion, one can clearly define different

Drsemerge classes of mutations, other than amino
the neutral acid changes and silent changes. It is
foramc o critical, however, for the application of
offspringis this test, that the different classes of
ffsprongh mutation can be assumed to have the
bring from same gene tree. Recombination compli-
anges the cates the picture somewhat, because
not affect with recombination different parts of the
rrying the gene can have different gene trees (9). If
lenote the the different classes of mutations are
Dration for distributed identically throughout the lo-
e standard cus, then recombination does not affect
n parame- the test, but if the different classes of
nall and to mutations are spatially segregated in the
rrence of a locus, recombination affects the critical
dividual is values of the test statistic. Quantitative
mutations effects ofrecombination on this test have
tions or in not been examined.
.ptions im- The way that McDonald and Kreitman
mutations (8) have chosen to divide up the tree into
ditional on two parts would appear to be particularly
Aisson dis- appropriate for testing neutral models
ie product against many alternative models involv-
I length of ing selection. This is because many forms
tions. Fur- of natural selection will cause departures
nal on the from neutrality that are in opposite direc-
gene tree tions for divergence than for polymor-
mutations phism. Sawyer and Hartl (10) have re-
3ers of the cently examined the expected patterns of

divergence and polymorphism under
some relevant models.
One of the strengths of the test of

McDonald and Kreitman (8) is that, in
contrast to several other tests of neutral-
ity, it does not require that the popula-
tions be at statistical equilibrium under
the neutral model. The test assumes that
the neutral mutation rates have been con-
stant and that there is one gene tree that
applies to both classes of variation. No
other assumptions are made about the
size and shape of the gene tree. This
means that things such as population size
fluctuations, selection at linked loci, and
population subdivision by themselves
cannot be used to explain a rejection of
the neutral model with this test. On the
other hand, we know that the size and
shape of gene trees are very sensitive to
a variety of population genetic forces,
and thus observed gene trees must con-
tain a great deal of information about
these forces (9, 11). Some forces will tend
to affect all loci in the genome simulta-
neously, other forces will be tend to be
localized in the genome. Comparisons of
gene trees from different loci and in
closely related species will be useful in
discriminating between many hypothe-
ses.
The comparison oflevels ofdivergence

and polymorphism for different classes of
variation within loci, and for different
loci, will provide much insight into pop-
ulation genetic processes. Though such
analyses will leave many questions un-
answered, they will narrow the range of
possibilities considerably, encouraging
and complementing other approaches.
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