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ABSTRACT

The evolutionary processes governing variability within genomic regions of low recombination have
been the focus of many studies. Here, I investigate the statistical properties of a measure of intrlocus
genetic associations under the assumption that mutations are selectively neutral and sites are completely
linked. This measure, denoted Z,, is based on the squared correlation of allelic identity at pairs of
polymorphic sites. Upper bounds for Z,s are determined by simulations. Various deviations from the
neutral model, including several different forms of natural selection, will inflate the value of Z, relative
10 its neutral theory expectations. Larger than expected values of Z,s are observed in genetic samples
from the yellow-ac-scute and Adh regions of Drosophila melanogaster.

HERE is now a substantial body of statistical theory

to test hypotheses regarding gene sequence evolu-

tion (EwgeNs 1990; HupsoN 1990; KrREITMAN 1990).

Much of this theory predicts the patterns of genetic

variation that are likely to arise in the absence of natural

selection (KIMURA 1983). These neutral models pro-

vide a null hypothesis that can be tested against genetic

data. They also provide a basis for comparison when
models involving natural selection are considered.

The simplest tests of neutrality concern gene se-
quence variation within samples from a single popula-
tion at a single genetic locus (a nonrecombining se-
quence). The current set of test statistics in this cate-
gory measure the frequency distribution of mutant
alleles within the sample (WATTERSON 1978; TAJIMA
1989a; Fu and L1 1993; BRAVERMAN ¢f al. 1995; SI-
MONSEN et al. 1995) . A second important characteristic
of gene sequence variation, not directly measured by
these tests, is the pattern of associations among mutant
alleles at different polymorphic sites.

The most commonly used measure of interlocus ge-
netic associations is the linkage disequilibrium. Con-
sider a population of sequences that is polymorphic for
two alternative alleles at a series of nucleotide sites. Let
p: and p; denote the frequency of the mutant allele at
the ith and jth loci, respectively. The linkage disequilib-
rium between loci i and j, denoted D, is

Dy = p; — pip> (1)

where p; is the frequency of sequences that have mutant
alleles at both sites.

The magnitude of the linkage disequilibrium de-
pends on both the strength of association between the
two loci and the frequency of mutant alleles at each
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locus. A standardized measure of linkage disequilib-
rium (ranging from 0 to 1) is 4/, the squared correla-
tion of alielic identity between loci 7 and j (HARTL and
CLARK 1989, pp. 53-54):
2
5, = Dy :
p:i (1 = p) pi(1 — py)

It is noteworthy that é, yields the same value regardless
of which alternative allele at each locus is considered
the mutant. Thus, it can be calculated without informa-
tion about the ancestral allele at each site.

In general usage, the linkage disequilibrium (and
any statistic derived from it) is defined by the haplotype
frequencies within the entire population. Here, we will
be concerned with the values of D; and 6, within a
sample of gene sequences (calcuated from the haplo-
typic frequencies within the sample). I investigate the
properties of a sample statistic, Z,, that averages 61-]- over
all pairwise comparisons of § polymorphic sites in a
sample of n sequences:

(2)

2 $-1 S
ZnS S(S_l) Z 2 51]' (3)
The probability distribution of Z, conditional on n
and S, is investigated via computer simulations. The
simulations are limited to neutral evolution within se-
quences of completely linked sites. The consequences
of various deviations from the neutral model on Z,
are discussed with specific attention to the effects of
selection at linked sites. Finally, Z is estimated from
previously published genetic data of Drosophila melano-
gaster from the yellow-ac-scute region (MARTIN-CAMPOS et
al. 1992) and the Adh locus (KREITMAN 1983; LAURIE
et al. 1991).

i=1 j=it+l

SAMPLE GENEALOGIES

The expected patterns of genetic variation within a
set of gene sequences from a natural population can
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FiIGURE 1.—Hypothetical sample genealogies under the
neutral model (A), a recent selective sweep at a completely
linked site (B), a recent selective sweep at a closely linked
site (C), and balancing selection at a closely linked site (D).
Mutations occur on the genealogies at points denoted by the
lowercase letters a—f. The calculated values of Z,s are as fol-
lows: {A) 0.31, (B) 0.10, (C) 0.68, and (D) 0.51.

be investigated by considering the “‘sample genealogy.”
When there is no recombination within a sequence,
each sequence within a sample has a single ancestral
lineage. Figure 1A is a typical sample genealogy under
a neutral model of molecular evolution. Viewing time
retrospectively, from the present to the past, distinct

lineages will ““coalesce’” at points of shared ancestry.
Eventually, all sequences lineages will converge on a
single common ancestor (KINGMAN 1982) .

This sample genealogy implies certain relationships
between sequences and constrains the patterns of ge-
netic variation that may be observed in that sample.
There is an extensive mathematical theory describing
the stochastic properties of sample genealogies for se-
quences evolving via neutral mutations (WATTERSON
1975; KINGMAN 1982; TAVARE 1984) . I will mention two
important features of this theory for the special case of
a population governed by a Wright-Fisher demographic
model (random mating, diploidy, population size con-
stancy, discrete non-overlapping generations, and bino-
mially distributed individual reproductive success) and
an infinite sites mutation model (all mutations occur
at previously monomorphic sites and the number of
mutations introduced during production of a progeny
sequence is Poisson distributed ).

Let T, denote the total time (measured in units of 2N
generations) during which the genealogy has exactly
lineages, where k ranges from 2 to n. Under the neutral
model described above, the T} are exponentially distrib-
uted and stochastically independent. The total branch
length of the genealogy, denoted T, is equal to

Tom = 25T} (4)
j=2

Second, the mutational process is stochastically inde-
pendent of the genealogical process. In figurative
terms, mutations are randomly “‘sprinkled”” onto the
sample genealogy and each mutation is present in all
descendants of the sequence onto which it is dropped
(Hupson 1990). The total number of mutations on
the genealogy, which equals the total number of poly-
morphic sites in the sample, is a Poisson random vari-
able with the mean equal to the product of the mutation
rate and T,

Effect of population genealogy on &ij: In the ab-
sence of recombination, 64 is a measure of allele fre-
quency equivalency across loci and will equal 1 only if
two of the four possible two-locus haplotypes are pres-
ent in a sample (p; = p; = p;;). Itis less than 1 if three
haplotypes are present. Imagine that mutations occur
on the genealogy in Figure 1A at the points denoted a,
b, ¢, d, e, and f. Fifteen contrasts between polymorphic
sites are averaged to determine Z,;. Two of these con-
trasts, 6ab and def, are equal to 1. The remaining 13
contrasts yield é; that are less than 1.

All contrasts between polymorphic sites occurring on
lineages that go back in time, unbifurcated, directly to
the common ancestor of the entire sample, give 6 val-
ues of 1. This “critical region’’ of the genealogy in-
cludes both lineages during the T, time interval and
some subsequent segments. For this reason, we expect
larger values of Z, for genealogies with a long period
of history with only two ancestors (if T is large, the
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critical region should constitute a high proportion of
the genealogy) . The time T, has the largest expectation
and the largest variance of all time intervals under the
coalescent model (HuDpsON 1990). Thus, we expect
random variation in T, to generate much of the varia-
tion in Z,.

Deviations from the neutral genealogy can arise from
a number of factors and theoretical studies have ex-
plored how different evolutionary processes, including
selection at linked sites, affect sample genealogies
(HupsoN and KAPLAN 1988; KAPLAN ¢t al. 1988, 1989;
TAKAHATA 1988; SLATKIN 1989; Tajima 1989b) . Figure
1B illustrates a sample genealogy for a neutral sequence
if it is completely linked to a site where an advantageous
mutation has recently swept to fixation (MAYNARD
SMITH and HAIGH 1974; KAPLAN et al. 1989; BRAVERMAN
et al. 1995) . The same type of genealogy may result if
the population has recently experienced a severe bottle-
neck in size (TajiMA 1989b).

These circumstances are likely to lead to a “‘star gene-
alogy”” with all sequences separated by an approxi-
mately equal amount of evolutionary time. In a star
genealogy, 6; = 1 if and only if the two mutations occur
on the same branch. This quantity equals 1/(n — 1) 2
if the two mutations occur on different branches.
Weighing these two values by their relative likelihood,
the expected value of 6;, and also of Z,5,is 1/ (n—1).
If n > 2, the probability that Z,s equals 1 is (1/n) st
Despite that each lineage of a star genealogy goes back
in time, unbifurcated, directly to the common ancestor
of the entire sample, there is no critical region. Thus,
we expect smaller values of Z,s under a star genealogy
than under a neutral genealogy.

Selection at linked sites will affect the genealogy of
a neutral sequence in a different way if recombination
occurs between the selected site and the neutral se-
quence. If recombination is infrequent, we expect that
most sequences within a sample will have a recent com-
mon ancestor in the sequence that was initially linked
to the selectively favored mutation. However, if a recom-
bination event occurs between the selected site and the
neutral sequence and this recombination occurred dur-
ing the sojourn of the beneficial mutation, the most
recent common ancestor between this recombinant se-
quence and the rest of the sample may be far more
ancient (Figure 1C; see also Figure 2 in BRAVERMAN et
al. 1995). Most sequences in the sample of Figure 1C
are closely related to each other (linked by a star gene-
alogy). However, the sample also contains one (or a
few) sequences that are distantly related to the entire
set of sequences in the star genealogy. This will signifi-
cantly inflate Z,; because all mutations over a high pro-
portion of the genealogy will yield 6; = 1 (there is large
critical region of the genealogy) . Thus, while selective
sweeps with no recombination (Figure 1B) should re-
duce Z,s, sweeps with recombination may give Z,svalues
that exceed the neutral expectation.

Balancing selection of two alternative alleles at a
linked locus (Figure 1D) will produce a genealogy
that is qualitatively different from the others in Figure
1. Sequences within an ‘‘allelic class,”” where allele
refers to the alternatives at the selected locus, are
likely to have a recent common ancestor (the top
or bottom set of sequences in Figure 1D ). However,
recombination between the neutral sequence and the
selected site is necessary for coalescence of sequences
from distinct allelic classes. This is likely to take much
longer. Again, because the topology is dominated by
the period where only two sequences are present, Z,
is likely to be high.

THEORY

The cumulative distribution function of Z,; can be
investigated by conditioning on the genealogy of the
sample

Prob[Z,s < ¢] = Y, Prob[Z, < ¢|G] Prob[G], (5)

G

where ¢ ranges from 0 to 1 and G denotes the character-
istics of the sample genealogy including branch lengths
and topology. The sum is taken over all possible geneal-
ogies and Prob[ G] denotes the likelihood of any spe-
cific genealogy. Prob[Z,s < ¢| G] is the probability that
Z,s < c given the genealogy G.

This probability is approximated by averaging over a
large number of simulations:

;v
Prob{Z,; < ¢] = szlnd[lns(i) <c], (6)
i=1

where Z,5(i) is the calculated value of Z,s from the
ith simulation and W is the number of simulations.
Ind[ Z,5(1) < c] is a function that equals 1 if Z,5(7) <
¢ and equals 0 if not.

Each simulation of evolution was obtained from the
following algorithm based on the general methodology
described by Hupson (1990, 1993): (1) establish a
random genealogy via simulation (see below), (2) ran-
domly drop $ mutations onto the genealogy, (3) deter-
mine the mutations present on each sample sequence
given the position of mutations on the genealogy, (4)
calculate Z,s and store result. A random genealogy was
established by first simulating the branch lengths, the
T;in Equation 4, by drawing exponential random num-
bers with the appropriate parameter. The topology was
established by randomly coalescing lineages until the
common ancestor of the entire sample was obtained.
The topological information was stored in an array that
noted, for each branch in the genealogy, whether or
not it is ancestral to each of the n sample sequences
(Hupson 1990) . Mutations occurring on a branch will
be present on each sample sequence to which it is ances-
tral.
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TABLE 1
Upper bounds for z,s
Sample size (n)
s 3 4 5 6 7 8 9 10 12 14 16 18 20 25 3 40 50 60 80
2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
11 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
3 11 1 1 1 1 1 1 1 1 1 1 1 1 0.90 073 066 058 0.51
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0.94
4 1 1 1 1 1 1 1 1 0.86 085 074 073 067 061 058 054 0.53 052 0.51
11 1 1 1 1 1 1 1 1 1 1 1 092 083 074 066 062 058
5 1 1 1 1 1 1 085 0.78 0.72 068 066 0.65 064 0.62 061 0.61 059 0.55 047
1 1 1 1 1 1 1 1 1 0.90 085 0.81 078 071 066 064 062 062 0.61
6 1 1 1 1 086 081 079 0.73 071 0.69 0.68 0.68 067 063 057 050 047 045 043
11 1 1 1 1 1 089 083 077 075 072 071 0.69 0.68 0.67 0.66 0.62 0.55
7 1 1 1 086 0.80 078 0.76 074 073 070 068 0.63 060 055 052 050 049 048 044
11 1 1 1 089 088 085 079 075 0.74 0.73 0.72 0.70 067 061 057 053 051
8 1 1 1 0.86 080 078 0.76 076 0.71 066 0.62 060 0.58 055 054 050 045 043 0.40
11 1 1 090 086 082 081 078 0.76 0.76 0.75 0.73 065 062 057 055 054 0.53
9 1 1 0.88 083 081 079 0.77 0.73 0.67 0.64 061 060 059 054 051 046 045 043 041
1 1 1 1 0.88 0.84 082 080 079 078 073 0.67 0.67 0.62 0.60 058 056 051 047
10 1 1 0.88 0.83 081 0.78 073 0.70 066 0.64 062 059 057 053 050 047 044 042 0.38
11 1 091 086 083 082 081 0.78 0.73 069 067 065 063 062 055 051 050 048
12 1 1 087 085 079 074 071 070 066 061 059 057 056 052 049 045 043 041 0.37
11 091 088 086 0.84 0.81 0.77 072 070 069 065 064 0.60 0.57 0.54 050 048 045
14 1 091 087 081 0.77 0.74 072 067 064 061 058 055 054 051 048 044 041 040 0.36
1 1 092 088 086 0.81 0.78 0.76 0.73 0.70 066 064 063 059 055 052 049 047 0.44
16 1 092 088 081 0.77 072 069 067 063 060 057 056 053 049 047 043 040 039 0.35
11 093 088 083 0.80 077 0.76 0.70 068 066 063 061 057 054 050 048 0.46 042
18 1 093 086 081 0.76 0.72 0.69 0.66 062 059 056 054 052 049 046 043 040 0.38 0.35
11 091 089 083 080 076 0.73 070 0.67 064 062 060 056 053 050 047 045 042
20 1 092 085 081 0.75 0.72 0.68 065 062 058 056 053 051 048 045 042 039 038 0.35
1 1 091 086 082 079 0.75 0.73 069 066 064 060 059 055 052 049 046 044 042
25 1 093 0.85 079 0.74 071 0.67 0.65 060 057 054 0.53 051 047 045 041 038 037 034
1 095 091 0.85 081 078 075 072 067 064 0.62 0.60 0.58 054 051 048 045 043 041
85 1 091 083 078 073 069 066 064 059 056 054 052 050 046 044 040 037 035 0.33
1 095 0.89 084 0.79 075 0.72 070 0.66 0.63 060 058 056 052 050 046 043 041 0.38
50 1 090 0.83 077 0.72 068 0.65 063 058 056 053 051 050 046 044 040 037 035 033
1 094 088 083 079 075 071 0.69 0.65 0.62 059 057 055 0651 049 045 042 040 037

The top number in each position is Fo; (~95% of simulations were below the listed for that nand S) and the bottom number

is Fy75.

This distribution of Z, is characterized by Fys and
FEy; 5, where ~5 and 2.5% of the simulated values of Z,¢
are above these bounds, respectively (Table 1). It is
probably most appropriate to consider Z., a “one-
tailed”’ test of the neutral model [higher than expected
values for Z,s suggest some form of selection at linked
sites (Figure 1), whereas lower than expected values of
may be caused by nothing more than intragenic recom-
bination]. In a one-tailed test, the 95th and 97.5th per-
centiles denote Pvalues of 0.05 and 0.025, respectively.
Table 1 gives these percentiles for n ranging from 2 to
80 and S ranging from 2 to 50. A library of the full
cumulative distribution functions for each case (from

which P values can be assigned to any specific value
of Z,) has been compiled on computer files and are
available from the author upon request.

The distribution of Z, is typically skewed with its
most likely values less than the mean (Figure 2). The
distribution is not smooth and often exhibits “‘spikes”
at specific values, especially when S is small (compare
Figure 2, A-C). These small scale changes in probabil-
ity are not caused by sampling error associated with the
limited number of simulated genealogies (they emerge
at the same points in distinct sets of simulations with
the same values for n and S).

The position of these discontinuities can be pre-
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TABLE 2

The percentage of type I errors in 20,000 simulations of
evolution for given values of n and 6

Sample size (n)

6 5 10 25 50
5/f, 1.9 44 5.1 5.3
10/, 3.7 5.4 5.2 5.5
20/, 4.7 5.1 5.3 5.5

(A)n=30,8=5
0.06
0.05
;:E 0.04
0
2
S 0.03
a
0.02
0.01
0 SO0 00 0 8 . 8
0 01 0.2 03 04 05 0.6 0.7 08 09 1
z nS
0.07
(B)n=30,8=10
0.06
0.05
>
= 004
L0
8
o 0.03
[« B
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0.01
0 ans. N
0 0.1 02 03 0.4 0.5 06 07 08 09 1
Z nS
0.07
(C)n=30,8=25
0.06
0.05
Pnd
= 004
0
g 0.03
o ¢
[« %
0.02
0.01
0 gy T Wy vy
0 01 0.2 03 0.4 05 06 07 08 0.9 1
z nS

FIGURE 2.—The estimated probability that Z. equals the
value on the xaxis (falls within a 0.01 interval around that point)
when n = 30 and (A) S=5, (B) S= 10, or (C) § = 25.

dicted by considering the proportion of pairwise com-
parisons in which §,, = 1. All comparisons between mu-
tations that occur in the critical region of genealogy
give 6, = 1. Imagine that all other comparisons between
mutations give very small values for ;. Under this con-
dition, the distribution of Z, will have spikes at points
corresponding to genealogies with k of the S mutations
occurring in the critical region of the genealogy. The
value of Z, given k mutations in the critical region
will be slightly larger than k(k — 1) /[S(S — 1)]. For
example, with § = 5, spikes in the distribution of Z
are expected to occurat 0.1, 0.3, 0.6, and 1, correspond-
ing to two, three, four, and five mutations in the critical
region, respectively.

The spikes predicted by this extreme model corre-
spond closely to those observed for the actual distribu-
tion of Z,s in many cases. For example, the distribution

Here f, = X1/i for i ranging from 1 to n — 1.

with n = 30 and S = 5 has spikes at each of the points
predicted by the extreme model (Figure 2A). With
higher numbers of polymorphic sites (e.g., Figure 2, B
and C), the spikes corresponding to high numbers of
mutations in the critical region are discernable, but
spikes at lesser values are smoothed away.

Simulation testing of upper bounds: The objective
of the prior simulations was to determine the distribu-
tion of Z conditional on n and S. The first step of the
simulation algorithm was to generate a genealogy by
the standard coalescent method given a sample of size
n (KINGMAN 1982) . The second step, where Smutations
are randomly sprinkled onto the sample genealogy, is
the means by which the distribution is conditioned on
S. This procedure is based on the idea that § alone
provides no information about genealogy (HUDSON
1993).

To determine whether Fys, as determined in this way,
represents a valid test statistic, I conducted a second set
of simulations. Specifically, we need to determine if a
population of a given size and mutation rate that is
undergoing neutral evolution produces data that is in-
consistent with the neutral model only 5% of the time.
In this set of simulations, the sample size and scaled
mutation rate, 8, were specified in advance (not the
number of polymorphic sites) . Given these two quanti-
ties, standard coalescent simulations were performed
by the following algorithm: (1) establish a random ge-
nealogy via simulation, (2) simulate the number of mu-
tations on the genealogy given ¢ and the total branch
length of the simulated genealogy (7...), (3) ran-
domly drop mutations onto the genealogy, (4) deter-
mine the mutations present on each sample sequence
given the position of mutations on the genealogy, (5)
calculate Z,5 and store with § value. In contrast to the
previous procedure, each simulation may differ from
others in S as well as Z,.

I performed 20,000 simulations for each of a range
of values of n and @ (Table 2). All simulations where
there were less than two polymorphic sites were dis-
carded because Z, is undefined for these cases (and
would not be used on such data) . The set of simulations
for each value of » and # were subdivided by § and, for
each §, the fraction of ‘‘false positives’” were calculated
(Z,svalues above Fy;) . The overall false positive percent-
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age is an average over all values of § weighted by the
fraction of simulations resulting in § polymorphic sites.

In most cases, the false positive rate was ~5% (Table
2). However, for the lowest values of n and 8, the per-
centage was substantially less ( the test becomes too con-
servative) . The low rate of false positives is due to the
fact that, with low values of nand S, no result is inconsis-
tent with the neutral model (Table 1). For example,
with » = 5 and 0 = 5/ f, = 2.40, 16,447 of 20,000
simulations yielded two to eight polymorphic sites for
which even Z,; = 1 is not inconsistent with the neutral
model.

This second set of simulations generally support Fos
as an upper bound for testing of the neutral model.
This provides some justification for the general method
suggested by HUDSON (1993) for generating distribu-
tions conditional on S: simulate a random genealogy
and then sprinkle on S mutations. I have also investi-
gated two alternative methods for estimating Prob[Z,
< ¢]. In these methods, probabilities were determined
by conditioning on # as well as on S. First, a standard
coalescent simulation was performed with a random
number of mutations. All simulations that did not result
in exactly § mutations were discarded (which is the
means by which conditioning affects the distribution).
I found that for a given value of S, the expected value
of Z,stends to decrease as # increases. The first method,
described by BERGER and Boos (1994) and employed
in coalescent models by SIMONSEN et al. (1995), is to
perform the simulations with the lowest value of # that
is consistent with S. A second method, which can be
justified from BAYES theorem (]J. K. KELLY, unpublished
results) , involves simulating evolution over a range of
values of 6. The distribution of Z,5 was then obtained
by averaging the conditional probabilities, Prob [Z,s <
¢] S, 8 = x], weighted by the relative likelihood of ob-
serving S polymorphic sites given that # = x. However,
I found that neither of these alternative methods per-
fomed as well the simpler procedure described above.
The BERGER and Boos (1994) method yields Fy; that
are too conservative. The Bayesian model typically
yielded false positive rates that exceeded 5%.

APPLICATIONS TO GENETIC DATA
FROM D. melanogaster

Yellow-ac-scute region: MARTIN-CAMPOS ei al. (1992)
surveyed 10 D. melanogaster populations (seven in Eu-
rope, two in the USA, and one in Japan) for restriction
site variation in a 23.1-kb region on the X chromosome
and identified 14 polymorphic sites. This area, the y-ac-
sc region, is close to the telomere and is known to have
a very low rate of recombination (DUBININ ¢t al. 1937;
BEECH and LEIGH-BROWN 1989). Four of the seven Eu-
ropean populations had sufficient variation (S > 1) to
calculate Z,; and three of four have significantly higher
values of Z,s than expected under the neutral model

TABLE 3

Summary of restriction site data

Population n S Zys P
1. Groningen, Holland 25 7 033 021
2. Canary Islands 25 7 070 0.029
3. Barcelona, Spain 50 7 052 0.041
4. Huelva, Spain 23 5 1.00 0.015
5. Texas, United States 27 8 027 028
6. North Carolina, United States 20 8 034 0.24
7. Fukuoka, Japan 8 3 100 0.14

From MARTIN-CAMPOS et al. (1992). P denotes the fraction
of simulations equal to or greater than observed value of Z,.
The populations from Requena, Oviedo, and Leon did not
have S > 1 and are not included here.

(Table 3). Both American populations have Z,s values
that are slightly higher than expected but well within
range consistent with the neutral model (Table 3).
Finally, the Japanese population has the highest possi-
ble value for the test statistic, Z,; = 1. However, given
the small sample size (7 = 8) and number of polymor-
phic sites (§ = 3), we expect this result under the
neutral model ~14% of the time.

Adh locus: A balanced polymorphism of alternative
electrophoretic alleles in the Alcohol Dehydrogenase
gene (Adh) of D. melanogaster has been suggested by
geographical (OAKESHOTT et al. 1982), population ge-
netic (HUDSON et al. 1987; KReEITMAN and HUDSON
1991), and biochemical analyses ( AQUADRO et al. 1986;
LAURIE et al. 1991; LAURIE and StaMs 1994). A collec-
tion of Adh sequences is presented in Figure 3. Se-
quences numbered 1-6 and 10-14 were obtained by
KREITMAN (1983). Sequences numbered 7-9 and 15
were obtained by LAURIE et al. (1991). Finally, the al-
leles numbered 16~18 are previously unpublished se-
quences generously provided by MARTIN KREITMAN.

Figure 3 lists all polymorphic sites in this sample
within the third intron and the translated region of the
fourth exon (which includes the allozyme polymor-
phism) of the Adh gene. The position numbers in Fig-
ure 3 follow the scheme in Figure 2 of LAURIE et al.
(1991) and increase from the 5’ to 3’ direction. The
consensus sequence is derived from KREITMAN (1983).
The allozyme polymorphism is located at site 1490
where the consensus nucleotide A denotes the ‘‘slow”
allele and the C nucleotide denotes the “‘fast’ allele.

The Adh gene is on the second chromosome of D.
melanogaster and there is a higher rate of recombination
in this area than in the y-ac-sc region. Thus, we expect
that linkage disequilibrium will decay more rapidly with
distance in Adk. For this reason, an “‘expanding win-
dow”’ analysis was applied to the sequence data. The
statistic Z,swas calculated by contrasting sequence varia-
tion within a window of sites around the fast / slow poly-
morphism (e.g., HUDSON and KAPLAN 1988; KREITMAN
and HupsoN 1991), where a window of width 2k in-
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cludes all polymorphisms within k sites of the fast /slow
polymorphism. The width k£ was progressively expanded
from 0 to 140 sites and the statistics recalculated when-
ever a new polymorphism was included.

Each point in Figure 4 denotes the value of Z,sin a
window of the width given by the xaxis. High values of
Z.s are observed for small windows around the fast/
slow polymorphism, but Z,s decays rapidly with window
size. The windows, including four and five polymor-
phisms, respectively (Z,, = 0.82, Z,; = 0.78; denoted
by two asterisks in Figure 4), are significantly higher
than expected (the fraction of simulations equal to or
greater than the observed values were 0.04 and 0.03,
respectively) . The windows including three or six poly-
morphisms (Z,; = 0.76, Z,; = 0.57; denoted by one
asterisk in Figure 4) are borderline significant (P =
0.08 for each).

DISCUSSION

There is considerable interest in the patterns of ge-
netic variability within genomic regions of low recombi-
nation (AGUADE e¢f al 1989; STEPHAN and LANGLEY
1989; BEGUN and AQUADRO 1992; CHARLESWORTH eét al.
1993; CHARLESWORTH 1994). The distribution of Z,
obtained here is based on the assumption of no recom-
bination between sites. This assumption is also essential
to other single population /single locus tests of neutral-
ity (WATTERSON 1978; TajiMA 1989a; Fu and L1 1993;
BRAVERMAN ¢t al. 1995; SIMONSEN ¢f al. 1995) . The ex-
pected evolutionary patterns under the extreme condi-
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tion of no recombination provide a basis for compari-
son when more complicated and realistic models that
include recombination are considered.

In the absence of recombination, Z,sis a measure of
allele frequency equivalency across polymorphic sites.
This measure declines in value as asymmetry among loci
increases. The neutral model predicts a certain level of
allele frequency asymmetry among polymorphic sites.
However, when natural selection acts on a polymor-
phism that is closely linked to neutral sites, allele fre-
quency asymmetries may be reduced. For this reason,
higher than expected values of Z,; may represent a
molecular signature of natural selection.

Unfortunately, relatively high values of Z,s are neces-
sary to reject the neutral model (Table 1). The high
variance of Z,sis a consequence of the stochastic nature
of sample genealogies under neutrality. This also limits
the power of other single population /single locus tests.
While such tests may not be very powerful alone, their
combined application may prove quite useful, especially
if different tests are sensitive to distinct types of devia-
tion from the neutral model (see next section ). Direct
studies of specific evolutionary models (e.g., BRAVER-
MAN ¢t al. 1995; SIMONSEN et al. 1995) are required to
assess the statistical power of Z, relative to other tests
(e.g., TajyiMa 1989a; Fu and L1 1993) in different biolog-
ical circumstances.

Applications: There have been numerous surveys of
restriction site variation in the yellow-ac-scute region of
D. melanogaster (AGUADE et al. 1989; BEECH and LEIGH-
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BROWN 1989; EANES et al. 1989; MACPHERSON et al. 1990;
BEGUN and AQUADRO 1991; MARTIN-CAMPOS ef al.
1992). Three general features of these data are (1)
reduced levels of nucleotide variation relative to other
genomic regions in D. melanogaster, (2) an excess of
rare alleles at polymorphic sites, and (3) linkage dis-
equilibrium among polymorphic sites.

BEGUN and AQUADRO (1991) and MARTIN-CAMPOS et
al. (1992) suggest that selectively advantageous muta-
tions have recently occurred in the y-ac-sc region with
hitch-hiking ( sensu MAYNARD SMITH and HAIGH 1974)
affecting the patterns of genetic variation at linked sites.
This contention is supported by two aspects of the MAR-
TIN-CAMPOS et al. (1992) data. The first is based on the
observed allele frequencies at polymorphic sites. In the
four European populations with more than one poly-
morphic site, there is an excess of rare alleles relative
to the neutral expectation (Tajima’s D is negative in
each case, with statistically significant values for the Bar-
celona and Huelva populations) .

Second, hitch-hiking reduces the level of intraspecific
neutral variation by reducing 7., the total length of
the sample genealogy. It should not affect the expected
divergence among species however (KiMURA 1983;
HUDSON et al. 1987) . The level of nucleotide variation
within the yellow-ac region is lower than expected given
the level of interspecific divergence between D. melano-
gasterand either D. simulansor D. sechelliaunder neutral-
ity (BEGUN and AQUADRO 1991; MARTIN-CAMPOS et al.
1992) . This observation supports a hitch-hiking model.

The present study extends these analyses by consider-
ing whether or not the associations between polymor-
phic sites observed in the data of MARTIN-CAMPOS et
al. (1992) can be explained by mutation-drift balance

among linked sites. Higher than expected values for Z,
were observed in the European samples from Barce-
lona, Huelva, and the Canary islands (Table 3). Thus,
the pattern of associations among polymorphic loci is
also inconsistent with a neutral model.

These calculations of Z,; complement the previous
application of Tajima’s test to these data [table 7 in
MARTIN-CAMPOS et al. (1992) ]. For example, the rarer
allele at each of the five polymorphic sites in the Huelva
sample appears in only one of the 23 sequences. This
yields the most negative value possible for Tajima’s D
(given five polymorphic sites) and suggests a sample
genealogy like Figure 1, B or C. However, it is notable
that all of the sequence variation in the Huelva sample
is concentrated on a single sample allele [haplotype 38
in Table 4 of MARTIN-CAMPOS et al. (1992)]. This pat-
tern of interlocus association among polymorphisms is
indicated by the significantly high value of Z for this
sample and suggests that the genealogy in Figure 1B is
much less likely than the alternative model allowing
recombination between selected and neutral loci (Fig-
ure 1C).

Selective neutrality has also been rejected in previous
analyses of the Adh gene of D. melanogaster (HUDSON et
al. 1987; KREITMAN and HUDSON 1991 ). These analyses
have contrasted the amount of polymorphism within D.
melanogaster with the amount of divergence between D.
melanogaster and closely related species in the Adh re-
gion. The amount of polymorphism around site 1490
is greater than expected, which suggests a balanced
polymorphism.

Linkage disequilibrium is expected among selectively
neutral polymorphic sites closely linked to a balanced
polymorphism and strong linkage disequilibrium is ob-
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served close to the fast/slow polymorphism in Adh
(KREITMAN 1983). However, tests demonstrating sig-
nificant linkage disequilibrium between sites generally
do not indicate the cause of interlocus associations
(LEwONTIN 1995) . Linkage disequilibrium is expected
among closely linked sites as a result of mutation / drift
balance without any contribution from selection (OHTA
and KIMURA 1969, 1971; WEIR and COCKERHAM 1974;
GRIFFITHS 1981).

The substantial pattern of allele frequency equiva-
lency across polymorphic sites near the fast/slow site
in Adh is perhaps more informative. For example, the
mutant allele has the same frequency at the sites num-
bered 9-13 and 15 in Figure 5. This equivalency across
sites yields values of Z,s within small windows around
site 1490 that are too large to be consistent with neutral-
ity (Figure 6).

The rapid decay of Z,s values with increasing window
size in Figure 6 indicates the sensitivity of this measure
to recombination. This will limit the utility of Z,s as a
test unless there is a very low rate of recombination
(as in mitochondrial DNA or telomeric regions of the
nuclear genome) or a large number of polymorphic
sites in close proximity to each other (as in Adh).

With intragenic recombination, Z,s will be deter-
mined only partially by the sample genealogy. For this
reason, it may prove useful to modify the statistic to
hedge against the effects of recombination. One poten-
tial method involves contrasting Z,s, which is sensitive
to both recombination and genealogy, with another sta-
tistic that only depends on recombination. A standard-
ized measure of linkage disequilibrium that is relatively
independent of allele frequency was proposed by LEw-
ONTIN (1964 ):

D} = — D, , ifD;>0
Min[p: (1 = p), (1 — p) ]
! D; ifD; <0, (7)

D} = — )
Min [ﬁiﬁj; (1- Pz) (1 - P;)]

where Min [ a4,b] denotes the smaller of a and 5. Lewon-
tin’s D’ ranges from —1 to 1 and assumes intermediate
values only when all four two-locus haplotypes are pres-
ent in a sample {00, 01, 10, and 11}. When the two
polymorphic sites are completely linked and derived
from a single ancestor, there can be at most three of
these haplotypes present. Thus, in the absense of re-
combination, (D})? equals 1 for all comparisons be-
tween mutations and is insensitive to genealogy.

Two potential measures of interlocus association that
compare the squared correlation among sites and
(DY) 2 are as follows:

Z=Zs+ 1— D¥ (8)
and
Z
Zi = ok - @

where Di¥; is the averaged squared value of Lewontin’s
D'
2

s-1 S
- = ry2
“SGoo 2 TRt o)

i=1 j=i+1
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The distributions of Z¥;and Z3}s* are equal to the distri-
bution of Z,; when sites within the neutral sequence
are completely linked because then Dj% must equal 1.
When intragenic recombination occurs, we expect that
Z¥s and Z¥¥ will be greater than Z,;. These modified
statistics will be useful if the genealogical information
provided by Z,swhen there is no intragenic recombina-
tion is preserved in Z% and Z}¥ when intragenic re-
combination does occur.

Patterns of linkage disequilibria are now being used
to isolate disease loci in humans (FEDER et al. 1996;
LITTLE 1996) . Present analyses are largely nonstatistical
and do not distinguish between the possible causes for
linkage disequilibria. The *‘sliding window’” methodol-
ogy developed by HUDSON and KAPLAN (1988) provides
a statistical means to isolate selected loci based on the
amount of variation within a genomic region. The pres-
ent study suggests that a similar method based on the
patterns of interlocus associations within a region may
also prove a useful tool of genetic analysis.
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CHARLESWORTH, D. CHARLESWORTH, and M. NORDBORG. The author
received financial support from a National Institutes of Health (NIH)
genetics training grant, a NIH National Research Service Award post-
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