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Abstract

The neutrality theory of evolutionary genetics assumes that DNA
markers distinguishing individuals and species are neutral and have
little effect on individual fitness (Kimura, 1983). Under this hypoth-
esis, the action of genetic drift or genetic drift in combination with
mutation or migration can be used to describe the evolution of most
DNA markers. In recent years, scientists have set up experiments to
collect cytonuclear data over several generations to test whether the
empirical evidence is consistent with this theory. In this paper, we
review the existing statistical tests for neutrality based on such data
and propose a new test that we believe is vastly superior. The new test
arises from the likelihood theory after embedding the neutral model in
a larger class of selection models, where the selection effect takes place
due to a difference in fertility of various gametes. A power study based
on Monte Carlo simulation is presented to demonstrate the superior
performance of the new test.

1 Introduction

A major debate amongst evolutionary geneticists in recent years is whether
most DNA markers distinguishing individuals and species are neutral and
have little effect on individual fitness (Kimura, 1983). As a profound appli-
cation of this theory, DNA sequence differences between extant species have
been used to reconstruct the history of life. The classical theoretical devel-
opments of random genetic drift is built around this assumption. Under this
hypothesis, the action of genetic drift or genetic drift in combination with
mutation or migration can be used to describe the evolution of most DNA
markers.

The recent attacks on the neutrality theory are twofold. Firstly, it has
been pointed out that in some cases non-neutral models can also explain
behavior consistent with empirical evidence. For example, Gillespie (1979)
showed that his model of selection in a random environment has the same
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stationary distribution as the infinite allele neutral model. Therefore, the
agreement between observations and that predicted by the infinite allelic
model noted by Fuerst et al. (1977) can be used with equal strength to
support Gillespie’s model of natural selection. In another context, Rothman
and Templeton (1980) showed that, under some departure from the model
assumptions, a neutral model (Watterson, 1977; Ewens, 1972) can yield
frequency spectra and homozygosity similar to those expected from heterosis.

In addition to the above results, a number of recent experiments suggest
apparent non-neutral behaviors of mtDNA markers (Clark and Lyckegaard,
1988; MacRae and Anderson 1988; Fos et al., 1990; Nigro and Prout, 1990;
Pollak, 1991; Arnason, 1991; Kambhampati et al., 1992; Scribner and Avise,
1994a, b; Hutter and Rand, 1995; etc.). Singh and Hale (1990) suggested
that the apparent “non-neutral” behavior may also be caused by mating pref-
erence and that any attempt to understand the role of selection on mtDNA
variants should first begin with simpler conspecific variants rather than
with interspecific variants; however see MacRae and Anderson (1990), Jenk-
ins et al. (1996). Multi-locus empirical comparisons have been undertaken
by Karl and Avise (1992; also see McDonald, 1996), Berry and Kreitman
(1993), McDonald (1994).

In view of these recent experimental developments it is important to
test whether the apparent non-neutral behavior of the markers are indeed
statistically significant. Consequently it is more important than ever to
devise appropriate statistical tests for testing the neutrality of a mtDNA
marker. As we will see in Section 3, the existing statistical tests are often
too limited to take full advantage of the multi-generation cytonuclear data
that are now available. As a result, a new test based on the recent works
by Datta (1999, 2001) is proposed. This test is based on an approximate
likelihood for the full available data constructed from a broad parametric
selection model and is therefore expected to perform well in practice.

The data collection scheme and the underlying model of random drift
for genetic evolution is introduced in the next section. This neutral model
serves as the null model for the statistical tests which are introduced in
Sections 3 and 4. A numerical power study based on Monte Carlo simulation

is reported in Section 5. The paper ends with some concluding remarks in
Section 6.

2 Data Collection Scheme and the Random Drift
Model

In recent kitty-pool experiments, there are two potential sources of variation
in cytonuclear frequencies, namely, genetic sampling variation and statis-
tical sampling variation (Weir, 1990). Genetic sampling variation arises
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from genetic drift, the sampling of gametes from a finite breeding pool of
individuals in nature to constitute the next generation. Statistical sampling
variation arises from sampling individuals from a population and using the
genotypic frequencies from the sample in subsequent calculation. In Datta et
al. (1996), test statistics based on cytonuclear disequilibria were constructed
which can account for both sources of variation. The sampling scheme is de-
scribed below. Such sampling schemes were introduced by Fisher and Ford
(1947) and subsequently considered by Schaffer et al. (1977). Kiperskey
(1995) also collected data on the fruit fly Drosophila melanogaster following
such a scheme. We feel that these types of sampling schemes will become
increasingly important in prospective tests for selection (White et al., 1998)
using molecular markers in which a cytoplasmic marker is included as a
control.

Consider a population propagating through discrete non-overlapping gen-
erations. Although this is a simplifying and restrictive assumption, it can
be achieved for an experimental population with specially selected species,
such as Gambusia and fruit flies. At each generation, a portion of the adult
population is collected by simple random sampling and sent for genotyping
after they form the next generation; eggs by random mating. The eggs are
then collected and placed in a cage to form the next generation. Thus, in
this case, only the sample genotypic relative frequencies are available and
are therefore subject to the additional source of sampling variation. We let
g denote the number of consecutive generations from which samples were
drawn.

Throughout the rest of the paper, we will simultaneously concentrate on
a nuclear site with possible alleles A and a and a cytoplasmic site with pos-
sible alleles C'and c¢. The various relative frequencies at the genotypic and
the gametic levels are indicated in Tables 1 and 2, respectively. Note that
since the cytoplasmic marker is only maternally inherited, its representation
remains the same at both levels. Also, if needed, we will denote the gener-
ation number (i.e., time) in parenthesis and the corresponding quantities at
the sample level will be indicated by the hat notation.

Table 1

Genotypic frequencies

Nuclear Allele
Cytoplasm | AA | Aa | aa | Total
c p1 | p2 [Pp3|q

c Pa |ps |pe |1—¢q
Total u v w |1
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Table 2
Gametic frequencies

Nuclear Allele
Cytoplasm | A | a Total
c el | es q
c e | eq 1—¢q
Total p |l1-p|1

Under the action of genetic drift alone, the evolution of the population
through generations can be modeled by the following Markov chain. Under
the RUZ (random union of zygotes) model (Watterson, 1970), the probabil-
ity of observing an offspring which received gametic types f and m, respec-
tively, from the two parents is efe,,. Thus, the probability distribution of
the counts X (¢t + 1) = (X11(t +1),---, X44(t + 1)) in generation t + 1, given
‘Hu, the gametic combination counts up to time ¢, is multinomial and is
given by

PrX(t+1)=z(t+1)|H) = (1)

Nt+1
1 (t+ 1) zaq(t +1)!

H (ef(t)em(t))™mHD) 2)

where Nyiy = 3¢, Tym(t+1) is the size of the t+1 generation. Finally note
that this in turn determines the distribution of the genotypic and the gametic
proportions p(t + 1) and e(t + 1), since they are just linear combinations of
the (¢ + 1);viz, pg(t) = {1 m rmrZrm(t)}/ N and e;(t) = Xk Birpr(t)-
The coeflicients a and (3 are given in Tables 3 and 4, respectively. For
example, since the mtDNA is only maternally transmitted, the genotype
AA/C can be formed by either A/C from the father and A/C from the
mother, or by A/c from the father and A/C from the mother leading to
p1(t) = {z11(2) + 221 (t)}/ Vs
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Table 3
The coefficients a fmi

k
f m|112|3[4]|5]|6
lor 2
1 (1{0{0(|0(0}|0O
2 10|0|J0]1]0]0
3 |0]1]0|0]0]0
4 |0j0|J0j0j1]0
3or4
1 {0|1{0|0|0]|O
2 10|l0)J0]0|1]0
3 |0|j0|1]0|0]|0O
4 |0(0f(0]|0O]0O]|1
Table 4
The coefficients G;
1
k|1 2 3 4
111 0 0 0
21210 [1/2]0
31(0 0 1 0
410 1 0 0
510 1/2 |0 1/2
6(0 0 0 1

3 Existing Neutrality Tests Based on Multigener-
ation Data

Here we review two existing tests of neutrality based on multigeneration
data. The first one, due to Schaffer et al. (1977), compares the relative
frequencies at a single locus with that expected under random drift over
the generations. The test due to Datta et al. (1996) takes advantage of
simultaneous data collected at a nuclear site and a cytoplasmic site over
generations and compares the pathways of association measures, called the
cytonuclear disequilibria, with their expected values over time under random
drift. Other existing tests for neutrality generally compare various empirical
characteristics based on the very last generation data with the corresponding
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asymptotic value reached at the equilibrium distribution under random drift.
The obvious criticisms of such methods are (i) they don’t take full advantage
of the multigeneration data and (ii) the theoretical basis is questionable
unless the population has been in existence for a long time.

3.1 The Schaffer-Yardley-Anderson tests: This test is a modifica-
tion of a classical test due to Fisher and Ford (1947). They considered the
variance stabilizing angular transformation ( 2 sin~!y/relative frequency ) of
the proportions at a single locus and compared them with their constant ex-
pected value under the action of genetic drift leading to the asymptotically
chi-squared distributed test statistic:

Ty = (Y - gl)W(Y - &)

where

.U w-ly

b= Tw—r
Y is the vector of transformed relative gene frequencies, 1is the vector of
ones and W is the matrix whose elements are given by

1 =1 /N —1 i=1 | k=l /pno
Wii = — ( ¢ ) +Y = [+ ,
) Nj i1 Ve j=1 Nj
i—1 k-1
1 N; -1
Wiy=Wji=Y — ( N ),z<J
k=1""k j=1 J

In an effort to improve the power properties of their test, Schaffer et
al. (1977) also proposed an alternative test which effectively tests for lin-
ear trend in the transformed frequencies. Although such a selection model
may be hard to justify biologically, this approach does lead to a usable test
statistic.

3.2 The disequilibria test due to Datta et al.: The Schaffer et al.
tests do not make full use of cytonuclear data because they were constructed
for tracking the information at a single locus. Datta et al. (1996) proposed
testing the dynamics of the sample cytonuclear disequilibria coefficients (see
Arnold 1993) with those expected under a drift model. This resulted in a
test statistic of the form

T, = (D—-p)S~1(D - i)
which has an approximate chi-squared distribution under the null hypothesis
of random drift. Here D is the vector of sample cytonuclear disequilibria, i
is its expectation under the neutral model of random drift and ¥ is its esti-
mated variance-covariance matrix.
The above test is somewhat difficult to implement in the sense that the

formulas for ¥ are complicated. Moreover its power properties may be poor
due to its omnibus nature.
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4 A New Test Based on a Selection Model

In order to take full advantage of the multigeneration cytonuclear data, very
recently Datta (2000) considered a fairly broad selection model that includes
the neutrality model of random drift as a special case. The selection effect
takes place because of a difference in the fertility of various gametes. We
propose the resulting likelihood based score test for testing the neutrality
hypothesis. Not only does it arise very naturally, it incorporates the entire
cytonuclear information present in the data; furthermore since it is derived
from embedding the null hypothesis of random drift into a fairly rich para-
metric alternative selection model, it should enjoy reasonable power prop-
erties at least when the selection model holds. A simulation based power
comparison study reported in the next section shows that this is indeed the
case.

Consider the following selection model as an alternative to the random
drift model describing the evolution of the population. The probability
of observing an offspring which received gametic types f and m, respectively,
from the two parents is ef(w)en, (w) where e;(w,t) = w;e;(t)/ (Zj wjej(t));
here w; denote the relative fertility of gametic type 7, 1 <1 < 4. Therefore,
the distribution of the counts z(t + 1) given the ¢-th generation is given by
(1) with the product ef(t)en (t) replaced by ef(w, t)em, (w,t) . Note that when
w; = 1/4,0ne has the random drift model. Therefore, a test of neutrality
can be based on the score statistic s(wg), with wo = (1/4,---,1/4). Since s,
the derivative of the log-likelihood based on the population gametic relative
frequencies, is not computable from the observed data, Datta (2001) sug-
gested using an approximate version of it obtained by replacing them with
the corresponding sample versions. This results in additional terms for the
variance-covariance matrix, all of which can be consistently estimated from
the observed data.

One can show that the approximate log likelihood has a simple closed
form expression given by

g-1 6
lw) =33 Newa felt + 1) log(Le(w, 1))
t=1 k=1

Z\/1 (wa t) = g%(w’ t) + é\1 (w, t)€2 (w7 t)1
Ly(w,t) = 26, (w, 1)e3(w, ) + &2(w, t)es(w, 1) + & (w, t)es(w, t)

E3(’U),t) = gg(wat) + ES(w7t)€4(wat)1
Ly(w, t) = e2(w, t) + &1 (w, t)&x(w, t)
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Ls(w, t) = & (w, t)ey(w, t) + 28 (w, t)és(w, t) + ex(w, t)es(w, 1)
2\/6(wa t) = é%(wa t) + 63 (wa t)al (wa t)
and

4
éi(w,t) =& (t)w;/ ( €j(t)wj> ,1<i<4.
j=1

See Datta (2001) for the details of the algebraic calculations. Of course,
the approximate score is defined as 3(w) = (0/0w) | (w) where we interpret
it as a function of w = (wy, wq, w3) (i.e., replace wgby 1 —w; — we — w3).

Datta (2001) was able to calculate the estimated asymptotic variance-
covariance matrix of sgiven by

e = (8/0w)(3(w))|,_g + CTC1 + CTCa + --- + CTC,,
where
1/2

03(w; p(1), - --,p(g)) o o
Cr = dia ~ ,
t op(t) p(1)=5(1),---,p(g)=ag)[{ 9(P(0) ~P(HP()" } /]

1<t<g. The£efore, a test statistic for the neutrality hypothesis is given
by T = ET(wo)E;E(wo) with wo = (1/4,1/4,1/4). The neutrality hypothesis
would be rejected if T exceeds x7_,(3).

5 Power Studies

We now report the results of a simulation study where we compare the power
of Datta’s (2001) test with those of earlier tests by Schaffer et al. (1977).
The experimental setup is as follows. The w are parametrized by a single
parameter u so that wy = we = 1/2 — p; w3 = wg = p. We simulated 2000
multigeneration samples each of g = 5 generations.

The (constant) population size N; equaled 1000 and (constant) sample
size ny equaled 100. The initial population frequencies were given by p; =
p3 = p4 = pg = 0;p2 = 0.5, ps = 0.5. The counts z at the population level of
successive generations are generated recursively using the multinomial model
described in the second paragraph of Section 4. Next the genotypic and the
gametic proportions are obtained by the formulas px = > ¢, QfmkZfm /N
and e; = ) ; Bikpk- Finally, at every generation given the population py the
sample Py are generated by multinomial (n; p;,- - -, pe) sampling.

We simulated the powers of three different tests; (i) the omnibus test
by Schaffer et al. for the mitochondrial locus, (ii) the linear trend test by
Schaffer et al. and (iii) the new approximate score test by Datta described
in the previous section. A nominal level of a = 0.05 was used for each case.
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Figure 5.1: Power of 5% tests at selected values of pu

Figure 5.1 describes the findings. To reduce computational time involved
we computed the power at only four values at and near the null hypothesis
value of = 0.25. The figure clearly illustrates the superior performance of
Datta’s approximate score test over the older tests. Whereas the power of
this test reaches nearly one for 1 = 0.22, the power for the other tests remain
flat in the entire range of p values under consideration.

6 Concluding Remarks

Testing the neutrality of DNA markers is an important problem in evolution-
ary biology. In recent years, experiments have been designed in a controlled
setting where a population with discrete generation can be allowed to prop-
agate at the same time random samples from each generation are collected.
Often genotyping is done at two loci, say one nuclear and one cytoplasmic,
simultaneously. Utilization of such multigeneration cytonuclear data in a
set up where both genetic and statistical variabilities are present is a chal-
lenging problem. We present some recent work by Datta (2001) in this
direction, where a neutrality test is constructed by correctly identifying an
approximate likelihood for such a setup. A numerical comparison of power
with earlier tests show great promise. It will be interesting to investigate the
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power properties more extensively covering a broad range of non-neutrality
models, possibly going beyond the selection model considered here. Such a
study is underway and will be reported elsewhere.
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