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ABSTRACT

A maximum-likelihood method for the estimation of tetrad frequencies from single-spore data is pre-
sented. The multilocus exchange with interference and viability (MEIV) model incorporates a clearly
defined model of exchange, interference, and viability whose parameters define a multinomial distribution
for single-spore data. Maximum-likelihood analysis of the MEIV model (MEIVLA) allows point estimation
of tetrad frequencies and determination of confidence intervals. We employ MEIVLA to determine tetrad
frequencies among 15 X chromosomes sampled at random from Drosophila melanogaster natural populations
in Africa and North America. Significant variation in the frequency of nonexchange, or E, tetrads, is
observed within both natural populations. Because most nondisjunction arises from E, tetrads, this observa-
tion is quite unexpected given both the prevalence and the deleterious consequences of nondisjunction
in D. melanogaster. Use of MEIVLA is also demonstrated by reanalyzing a recently published human
chromosome 21 dataset. Analysis of simulated datasets demonstrates that MEIVLA is superior to previous
methods of tetrad frequency estimation and is particularly well suited to analyze samples where the E,
tetrad frequency is low and sample sizes are small, conditions likely to be met in most samples from human
populations. We discuss the implications of our analysis for determining whether an achiasmate system
exists in humans to ensure the proper segregation of E, tetrads.

A classic, as we have all heard, is a work that is often referred to and never read.
Alexander Weinstein (1955)

N 1936, Alexander Weinstein presented a mathemati-
cal method for inferring the frequency of tetrads
with different numbers of exchanges in organisms
where only one of the four products of meiosis (referred
to as single-spore data) is recovered. His classic article
contained the first theoretical model of crossing-over
constructed on a four-strand basis and allowed him to
infer two main conclusions (Weinstein 1936; see
Weinstein 1958 for a review). First, he concluded that
the vast majority of exchange at any single crossover
event occurs between homologous chromatids, and few
if any exchanges occur between sister chromatids. Sec-
ond, he concluded that the choice of homologous chro-
matids that undergo exchange at different crossovers is
random. Weinstein’s results also suggest an important
third conclusion, which he did not emphasize: a signifi-
cant number of X chromosome tetrads in Drosophila
melanogaster fail to undergo exchange during female
meiosis. These tetrads are referred to as E, tetrads (see
Figure 1).

The existence of E, tetrads presents something of a
paradox, because the commonly accepted model sug-
gests that at least a single exchange, or crossover, is
necessary for proper segregation. Chiasmata, the cyto-
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logical structures formed at the site of crossing-over,
have long been thought necessary to ensure proper
segregation (Darlington 1932; Nicklas 1977; re-
viewed in Hawley 1988). Two largely distinct research
progams solved this paradox in D. melanogaster. The
first involved chromosome mechanics and the direct
demonstration that chromosomes that failed to cross
over are still able to segregate with high efficiency (Brid-
ges 1916; Sturtevant and Beadle 1936; Cooper
1945). Subsequent research led to the identification of
a “backup” system, referred to as distributive pairing,
that acts to ensure the segregation of nonexchange biva-
lents (Grell 1962, 1976). The fundamental inference
leading to the identification of a backup system arose
from the observation that the frequency of nondisjunc-
tion was significantly lower than that expected from a
null model assuming random segregation of homologs
in meiosis. The second strategy, involving screens for
meiotic mutants, led to the identification of genetic loci,
some of whose mutant phenotypes were defective in the
segregation of nonexchange chromosomes (Sandler
et al. 1968; Baker and Carpenter 1972; Carpenter
1973). Subsequent research along the first path led to
the falsification of significant aspects of the distributive
pairing model, and instead demonstrated that the
“backup” system is composed of two genetically distinct
pathways, now referred to as the homologous and heter-
ologous achiasmate systems (Hawley et al. 1992; Haw-
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ley and Theurkauf 1993). Progress along the second
line has led to the cloning, sequencing, and character-
ization of genetic loci defective in nonexchange chro-
mosome segregation (Zhang and Hawley 1990; Zhang
etal. 1990; Rasooly et al. 1991, 1994; Whyte et al. 1993;
Afshar etal. 1995a,b; see Hawley et al. 1993 for review).

Accurate estimation of E, tetrad frequency is of inter-
est for a number of reasons. Failure of the homologous
achiasmate system in D. melanogaster is the most common
cause of nondisjunction, with nearly 76% of X chromo-
some spontaneous nondisjunction events arising from
E, tetrads (Koehler et al. 1996). Within D. melanogaster,
E, tetrad frequency estimates for different chromosomes
from several laboratory stocks demonstrate that acro-
centric X chromosomes have a higher E, tetrad fre-
guency than do metacentric autosomes (Weinstein
1936; Merriam and Frost 1964; Carpenter 1973;
Charlesworth et al. 1985; Rutherford and Carpen-
ter 1988; Hawley et al. 1992). No previous study has
examined the patterns of variation in the frequency of
E, tetrads among chromosomes sampled from natural
populations. In a separate study, Zwick et al. (1999,
this issue) report that X chromosomes from natural
populations harbor high levels of genetic variation in
rates of nondisjunction. They further identify two wide-
spread intermediate frequency alleles at the nod locus,
a chromokinesin required for proper segregation of
achiasmate chromosomes, associated with increased
nondisjunction. These observations make it of interest
to determine if natural populations also contain high
levels of variation in X chromosome E, tetrad frequency.

A number of recent studies report great similarity in
the genetic events leading to spontaneous nondisjunc-
tion in Drosophila and humans (Koehler et al. 1996;
Lamb et al. 1996, 1997a; Bugge et al. 1998; Robinson
et al. 1998). This suggests the hypothesis that failure of
an achiasmate system in humans might lead to nondis-
junction, an event that occurs at an extraordinary fre-
guency (Hassold et al. 1996). The existence of achias-
mate systems in organisms other than D. melanogaster
and the yeast Saccharomyces cerevisiae (Dawson et al. 1986;
Guacci and Kaback 1991; Loidl et al. 1994) remains
largely unknown. The observation of substantial E, tet-
rad frequencies in the human genome might suggest a
requirement for an achiasmate system to ensure the
proper segregation of nonexchange chromosomes.
Much as was done in Drosophila, identifying an achias-
mate system and the genetic loci that function in this
pathway could be expected to make important contribu-
tions to understanding the causes of nondisjunction in
humans.

Accurate estimation of tetrad frequencies with Wein-
stein’s method requires a dense genetic map and large
sample sizes. Until recently, such maps were rare. As
a consequence, most quantitative analyses of meiotic
crossing over have been focused on ordering markers
into maps, accommodating missing data, and modeling

interference. For example, mapping functions have
been used to infer the genetic distance from the ob-
served exchange fraction of widely spaced markers
(Haldane 1919; Bailey 1961; Zhao and Speed 1996).
Chiasma interference, first observed in D. melanogaster,
has been modeled using a variety of approaches (Stur-
tevant 1915; Muller 1916; Morton and MaclLean
1984; McPeek and Speed 1995; Zhao et al. 1995b). Sta-
tistical methods for analyzing ordered and unordered
tetrads have also been published (Snow 1979; Zhao
and Speed 1998a,b). However, the primary concerns of
these studies have been the efficient construction of
genetic maps, including accurate locus ordering and
estimation of genetic distance. While tetrad estimation
has long been possible in D. melanogaster, recent progress
in the genomics of other model organisms and humans
has resulted in both the dense genetic maps and the
data from the progeny of a large number of meioses
required for E, tetrad estimation.

Weinstein’s method of tetrad frequency estimation
has been successfully applied (Weinstein 1936; Mer-
riam and Frost 1964; Koehler et al. 1996; Lamb et al.
1997b), but it suffers from a number of serious limita-
tions. First, when sample sizes are limited, Weinstein’s
method frequently returns biologically meaningless
negative tetrad frequency estimates, especially for the
E, tetrad class. Application of a method that constrains
tetrad frequency estimates within a biologically realistic
range (i.e., 0.0 to 1.0) may lead to a significantly better
estimator of tetrad frequencies. A recently proposed
alternative estimation procedure for Weinstein’s model
using the EM algorithm eliminates the possibility of
negative tetrad frequency estimates (Bugge et al. 1998),
but like Weinstein’s method, suffers from other limita-
tions. Weinstein’s method ignores the sex of the prog-
eny and the reciprocal marker arrangements of the indi-
vidual chromatids recovered in an experimental cross.
His method therefore cannot account for viability ef-
fects associated with the genetic markers or the sex of
the progeny that might alter tetrad frequency estimates.
Finally, we can find no published literature that has
examined the effectiveness of Weinstein’s estimator of
tetrad frequencies with simulated datasets.

To overcome these limitations and improve on
Weinstein’s method of tetrad estimation, we first derive
the multilocus exchange with interference and viability
(MEIV) model. This model assumes that chromatid fre-
quencies for single-spore data are multinominally dis-
tributed. The parameters of this distribution are derived
from a plausible model of exchange, interference, and
viability. We employ maximum-likelihood analysis of the
MEIV model [MEIV likelihood analysis (MEIVLA)] to
estimate tetrad frequencies for single-spore data. Sec-
ond, we employ MEIVLA to estimate tetrad frequencies
of a set of X chromosomes randomly sampled from D.
melanogaster natural populations in North America and
Africa. This is the first analysis of tetrad frequencies for
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chromosomes randomly sampled from natural popula-
tions. We observed surprising levels of variation in the
frequency of E, tetrads among X chromosomes from
both natural populations. In the majority of cases, a
model incorporating the viability effects of phenotypic
markers fit significantly better than one lacking such
effects. Third, we reanalyze a recently published human
dataset (Lamb et al. 1997b) and show that MEIVLA is
superior to Weinstein’s (1936) method of tetrad fre-
guency estimation. Finally, using parameters estimated
from the Drosophila and human datasets, we employ
simulations to investigate the efficiency of point estima-
tion and the power of MEIVLA as compared to the
Weinstein (1936) model. We particularly focus on the
estimation of E, tetrad frequencies and the evidence for
an achiasmate system in humans.

MATERIALS AND METHODS

Drosophila lines: D. melanogaster isogenic X chromosome
lines were sampled at random from natural populations in
North America and Africa. North American lines were col-
lected from Raleigh, North Carolina as described in Miya-
shita et al. (1993). African lines were collected from Zim-
babwe as described in Begun and Aquadro (1993). All
balancers and marker stocks are as described in Lindsley and
Zimm (1992). To minimize the effects of the autosomes on X
chromosome exchange, an autosomal isogenic background
was constructed by employing a stock whose genotype was T(2;3)
CyOTM6/ +; mwh ry™® e; spa® (hereafter, spa™ will be referred
to as pol). This allowed the simultaneous isolation of a single
second (marked with b) and third chromosome (marked with
ri) that were subsequently backcrossed and made homozygous.
The resulting genotype of the common isogenic background
was b; ri; pol. Each experimental X chromosome, the balancer
FM7a, and an X chromosome containing the markers y cv v
f car, were substituted into this common genetic background.

D. melanogaster experimental cross: Experimental females
were constructed by crossing FM7/y cv v f car; b; ri; pol virgin
females to Xi/B®Y; b; ri; pol males in bottles. Virgin females
whose genotype was X;/y cv v f car; b; ri; pol were collected and
aged for 2 days. An experimental cross consisted of crossing
30 males whose genotype wasy cv v f car/Y to an equal number
of experimental females in bottles containing fresh glucose
media. Each experimental cross was brooded, with the original
parents transferred to new bottles on days 4 and 8. For any
experimental cross, the first bottle was brood 1, the day 4
bottle was brood 2, and the day 8 bottle was brood 3. All
experimental crosses were maintained in an incubator at 24°
with a 12-hr dark/light cycle. For all broods within each experi-
mental cross, all progeny were scored for their phenotypic
markers on days 11 through 18, after which the bottles were
discarded. The raw count data for each chromosome line,
separated by broods, is contained in appendix a. The North
American bottles were uniformly more productive than the
African bottles. It has previously been observed that female
D. melanogaster from Zimbabwe, Africa exhibit premating isola-
tion with males from other populations or laboratory stocks
(Wu et al. 1995; Hollocher et al. 1997). In recent work on
sperm displacement, it has been observed that in more than
half of the matings of Zimbabwe females with Zimbabwe or
non-Zimbabwe males, no sperm is transferred and these fe-
males often require multiple copulations to achieve insemina-
tion (J. Coyne, personal conversation). Similar processes af-

fecting our extracted Zimbabwe X chromosomes stocks could
explain the lower productivity of the African bottles.

Tetrad frequencies were calculated by MEIVLA as described
in results. Two arrangements of the dataset were analyzed.
First, tetrad frequencies were estimated from the total number
of progeny for each X chromosome line in the study. Second,
to examine the effect of brooding the parents in bottles, E,
tetrad frequencies were estimated for the data from all three
broods of a given X chromosome line. All tetrad frequency
point estimates and confidence intervals were taken from one
of three nested viability models. The model with the most
parameters was the full viability model. This model assumes
that each phenotypic marker has a different sex-specific viabil-
ity effect. The single viability model assumes that each pheno-
typic marker has a specific viability effect that is identical in
both males and females. The wild-type viability model assumes
that the phenotypic markers have no effect on viability of the
progeny in either sex. To determine the best-fitting model,
we calculated the likelihood test statistic for each model and
performed a likelihood-ratio test. We chose the full viability
model as the best-fitting model if the P values from the likeli-
hood-ratio test showed that the full model fit significantly
better than the single and wild-type viability models. We chose
the single viability model as the best-fitting model when it fit
significantly better than the wild-type viability model and the
full model did not provide a significantly better fit. We chose
the wild-type viability model as the best-fitting model when
neither of the two alternative models fit significantly better.
We employed a P value of 0.05 as our significance threshold.
appendix b contains the pertinent likelihood-ratio test results,
the viability parameter point estimates, and their confidence
intervals. All other statistical analyses were carried out with
JMP 3.2.1 (SAS Institute).

Human data: Human data were obtained from Table 1 in
Lamb et al. (1997b). Tetrad frequencies were calculated as
described in results, using only the wild-type viability model.

RESULTS

Tetrad analysis model: The central problem of tetrad
analysis is to employ the observed numbers or frequen-
cies of chromatids to infer the unobservable frequencies
of meiotic tetrads (Figure 1). We assume a known ge-
netic map with K + 1 diallelic loci that divide an acrocen-
tric chromosome into K regions. Alleles at each locus
are labeled either + or —. For the D. melanogaster data-
sets, the — allele is assumed to be a visible mutant.
Assume the regions between markers are small enough
that there is at most a single exchange event within each
region. Starting with a parent who is heterozygous at
all loci, with one chromosome containing all + alleles
and the other containing all — alleles, the basic experi-
mental data consist of counting N individual chroma-
tids, which are the products of N meioses. Chromatids
are recovered in male or female progeny, contain either
of two reciprocal marker arrangements, and can exhibit,
or not exhibit, an exchange in any of the K regions.
For a dataset with K regions, there are 4(2%) = 2K+2
distinct observable exchange classes of chromatids.

Each distinct observable type of chromatid is desig-
nated by Niwith (1 =i =2 and (1 =1=4). Thei’s
partition the observable chromatids into 2% exchange
classes. We say two chromatids are in the same exchange
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Tetrads Chromatids
E, Tetrad
Q—— 1 —p-  100% Non-Crossover

50% Non-Crossover
50% Single Crossover

E, Tetrad
2-Strand DCO

‘ ...... =

3-Strand DCO

25% Non-Crossover

—]-  50% Single Crossover

25% Double Crossover

Figure 1.—Relationship between observed chromatids and
the estimated tetrad frequencies in Drosophila and humans.
Exchange tetrads of rank n produce chromatids with up to n
exchanges in proportions first derived in Weinstein (1936).
This derivation reflects the fundamental observation that n
exchange tetrads produce chromatids that have fewer than n
exchanges.

classes if they exhibit an identical pattern of exchange.
Thus, for example, two chromatids are in the same
exchange class if they both show exchanges in regions
1 and 3 but no others. The algorithm that relates a
specific number i to a specific exchange class is unim-
portant. We require only that each unique exchange
class be assigned to a unique i. The I’s divide each of
the i exchange classes into four subclasses that account
for the sex of the progeny and the reciprocal marker
arrangement of the chromatid. Let N! be the observed
number of chromatids of exchange class i, recovered
in males with the — allele for marker 1, N? be the
observed number of chromatids of exchange class i,
recovered in females with the — allele for marker 1,
N ? be the observed number of chromatids of exchange
class i, recovered in males with the + allele for marker
1, N{ be the observed number of chromatids of ex-
change class i, recovered in females with the + allele
for marker 1, where

2K 4
N=2>>Nj €Y
i=1l1=1
reflects all observed chromatids. By assumption, the N;"s
are multinomially distributed.

The following set notation for each exchange class
conveniently indicates the exchange location(s). Let I
be an indicator variable that records whether exchange
class i has an exchange in region j, where 1 = j = K.
Thus

if class i has an exchange in region j,

| =
" [0 otherwise.

To maintain a complete list of the specific regions that
have undergone exchange, for each exchange class i,
create a set of integers S, such that §; = {j | I;; = 1}. In
other words, S; is a list of those regions that are observed
to have exchanges in class i. Let

K

ISil = 2 1i; @)
=1

be the number of elements in set S;.. Thus |S;| reflects
the number of exchanges in exchange class i. To derive
the multinomial-likelihood expression, an explicit model
incorporating exchange, crossover interference, and vi-
ability is required. Chromatid interference occurs when
the chromatids that exchange at one site influence the
choice of chromatids that undergo exchange at an ad-
joining site. Detection of significant chromatid interfer-
ence is fairly rare in a variety of organisms (Weinstein
1936; Zhao et al. 1995a). We therefore assume no chro-
matid interference in our model.

Incorporating exchange: Assuming that all regions
are small enough such that there is never more than
one exchange per region, then in the absence of inter-
ference, the probability of an exchange event in region
j is R;. Let Z; be the probability that any meiosis has
exchanges only in the regions of S;. In the absence of
interference, Z; would equal U;, where U; is given by

K
U= TI0R + @ — 1)@ R (3
-

Incorporating crossover interference: To model
crossover interference, first note that if there is more
than one exchange in class i (|S;| > 1), then interference
will reduce Z; from U; and increase the frequency of
classes with fewer exchanges. Let 1 — P; be the propor-
tion by which the ith exchange class is decreased due
to interference, with 0 = P; = 1. For P; = 1, no interfer-
ence is acting, while P; = 0 indicates complete suppres-
sion of the ith exchange class. For a model with K re-
gions, there are 2¢ — K — 1 P; terms that may differ
from one. For a specific example, suppose class i consists
of a triple crossover event in regions one, two, and
three. Given that interference occurs (i.e., P; < 1), by
assumption, the proportion of triple exchanges will de-
crease while the number of double exchanges increases.
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There are three different possible classes of double ex-
changes that increase in frequency for a given triple
exchange. By assumption, the probabilities of these
events are

RiR,
RR, + RiR; + R3R,

Double in regions 1 and 2 =

RiR4
RR, + RiR; + R3R;

Double in regions 1 and 3 =

R:Rs
R:R, + RiR; + R,R;

Double in regions 2 and 3 =

In general, multiple crossovers in other regions can be
resolved in a similar fashion. To do this, let

M; = [IR;, ©)

jeS;

Yi=U+ 3 M@ = P)Y;
Sics;, > My

Sisl=1  ses;,

I~ Isl=1

®)

Note that Y; is given in terms of Y, where S; C §; and
IS| — ISil = 1. Therefore, one must first calculate Y for
the class with exchangesin all regions, then for all classes
with exchange in all but one region, and so forth, down
to the class with no exchanges. Z;, the probability that
a meiosis has exchanges only in regions S;, is given by

Zi = P (6)

Incorporating viability effects of markers: The viabil-
ity effects of markers in progeny of both sexes will act
to decrease the recovery of certain chromatids relative
to others. To incorporate viability, we assume that the
+ allele for each marker has no effect on fitness (i.e.,
has fitness = 1). Assume that the — allele at marker i
has fitness effect v in males and v{in females and that
these fitness effects are not influenced by culture condi-
tions. We assume a multiplicative model of epistasis. Let

j
L if Y1 is odd,
wy =0
Lh if Y I is even,

I=1

be the indicator that the allele at the j + 1 locus differs
from the allele at the first locus of exchange class i. (W;;
is 0 if locus 1 and j + 1 are both + or are both —, and
equal to 1 otherwise.) Let

L vTZiK+1 .
Gi = 74 1__[2 (1 - Wi,j)vj + Wi,ji (7)
i=
, VSZiKJrl ]
Gi = Tl_lz (1 - Wi‘j)vj + Wi,j; (8)
i=
7. K+1
G? = ZIH Wi_,-v,m +1- Wi,j1 (9)

i=2

K+1

Gt = ZH2 Wl + 1 — W, (10)
=

Thus G| is proportional to the frequency of chromatids
after accounting for marker genotype and sex of the
progeny. Letting

2K 4

T=233C 1)

i=1l=1
be the sum of these proportions, we normalize by

o6

T (12)

to obtain the final estimate of chromatid frequencies.

Final tetrad frequency estimation: In organisms where
all four products of a single meiosis can be recovered,
the N!’s are multinomially distributed with means NE..
But with single-spore data, only one of the four products
of a single meiosis is recovered. Chromatids derived
from any particular exchange are recovered with proba-
bility 1/2 because exchange is assumed not to occur
between sister chromatids (Weinstein 1936). There-
fore, our N! are multinomially distributed with means
NF!, where

f=selt) (19)

SiCSj 2

The overall likelihood, L, of the observations is

L= N

Ni N3 ... ITIIEDY.  (14)

, N, N‘z‘K)i=1 =1
Our approach to solving this likelihood expression is
to numerically find the values of our parameters (K
exchange frequencies, R’s; 2 — K — 1 P’s; and 2K +
2 v’s, for a total of 2% + 2K + 1) that maximize (14).
This was accomplished by minimizing —log(L) using
the “Powell” algorithm (Press et al. 1992). Once the
parameters associated with the maximum have been
found, tetrad frequency E; can be found by noting

4
E= > E 0=i=KkK (15)
Isjl=1
Confidence intervals for all the tetrad frequency point
estimates were determined by using the Powell algo-
rithm to search the surrounding likelihood surface. For
a calculated maximum likelihood, L, the range of
parameter values that gave an L such that log(L,) —
log(L) < 2 are considered within the 95% confidence
interval. The minimum and maximum tetrad frequen-
cies implied by parameters in the 95% confidence inter-
val are considered the confidence limits. This procedure
does not guarantee that all tetrad frequencies between
the minimum and maximum will be within the 95%
confidence interval. However, for a sufficiently smooth
likelihood surface, all intermediate values will be con-
tained.
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Tetrad frequency estimation in Drosophila: Tetrad
frequency estimates calculated from the best-supported
viability model for six African X chromosomes and nine
North American X chromosomes are contained in Ta-
bles 1 and 2, respectively (see appendices for raw data,
viability parameter estimates, and their confidence in-
tervals). For three of six African X chromosomes and
nine of nine North Carolina X chromosomes, a model
incorporating viability was the best-fitting model. De-
spite the observed viability effects of the morphological
mutants employed in this study, their effect on estimates
of E, tetrad frequency appears quite small.

The mean estimated E, tetrad frequencies for the
African (0.118) and the North American (0.105) popu-
lations are not significantly different (P = 0.23). The X
chromosome samples, however, exhibitsignificant varia-
tion within both natural populations. This is most clearly
seen by the nonoverlapping E, tetrad frequency point
estimates and their confidence intervals in Figure 2.
Because X chromosomes from both populations were
substituted into a common isogenic background, the
source of this variation should reside on the individual
X chromosomes.

The E, tetrad frequency estimates for each brood were
also calculated from the best-supported viability model
for the X chromosomes from both natural populations.
The mean E, tetrad frequency estimates for the three
broods are significantly different (Figure 3; P = 0.02).
Comparing each pair of means, corrected for multiple
comparisons by the Tukey-Kramer HSD, shows that first
and third broods are the only two that are significantly
different (P < 0.05).

Tetrad frequency estimation in humans: We deter-
mined the raw count data from the human dataset in
Lamb et al. (1997b) and reanalyzed their data (Table
3). We conclude that the maximum:-likelihood estimate
for the frequency of E, tetrads in human females is 1.5%.
Our E, tetrad frequency estimate is nearly identical to
that in Lamb et al. (1997b) for this single dataset. The
E; and E, tetrad frequency point estimates differ. For all
tetrad frequency estimates, however, MEIVLA returns
confidence intervals that are significantly smaller than
those in Lamb et al. (1997b). Furthermore, the confi-
dence intervals for the E, tetrad frequency point esti-
mate do not include biologically meaningless negative
tetrad frequency estimates.

Simulation results: To investigate the efficiency of the
MEIVLA point estimation procedures and the accuracy
of confidence intervals for various sample sizes, we simu-
late datasets using parameters estimated from the D.
melanogaster NC14X line and the human dataset. For
the Drosophila NC14X parameter set, we generated 500
simulated datasets for each of six different sample sizes.
For the human parameter set, we generated 500 simu-
lated datasets for each of nine different sample sizes.

Using parameters determined from the D. melanogas-
ter NC14X line, the majority of E, tetrad frequency esti-

TABLE 1
Tetrad frequency estimates from the best-fitting viability model for African X chromosomes
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E; tetrad frequency estimates of 0 for lines 5EX, 15EX, 31EX, and 36EX reflect the fact that no triple-crossover chromatids were recovered.



TABLE 2
Tetrad frequency estimates from the best-fitting viability model for North American X chromosomes
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E; tetrad frequency estimates of 0 for lines NC19X and NC29X reflect the fact that no triple-crossover chromatids were recovered.

mates calculated by MEIVLA are closer to the true value
(0.104, Table 2) than those of Weinstein (1936) for
all sample sizes (Table 4). Employing the human dataset
parameters, an even greater majority of E, tetrad fre-
quency estimates calculated by MEIVLA are closer to the
true value (0.0145, Table 5) than those of Weinstein
(1936). This advantage is particularly evident for small
sample sizes. Both methods converge to similar point
estimates as sample size increases, but even for large
samples sizes, MEIVLA consistently outperforms the
model of Weinstein (1936).

We draw two conclusions from analysis of the human
datain Lambet al. (1997b) and the results of our simula-
tion studies. First, the maximum-likelihood estimate for
the frequency of chromosome 21 E, tetrads in human
female meiosis is ~1.5%. Second, on the basis of our
simulation results, we conclude that with sample sizes
of 276, it is not possible to exclude either that there are
no chromosome 21 E, tetrads or the alternative, that E,
tetrad frequencies are similar to those observed for the
X chromosome in Drosophila. Our simulation analyses
employing estimated human parameters (Table 5) sug-
gest that if chromosome 21 E, tetrad frequency were as
low as 1.5%, with moderate sample sizes (1000-5000
meioses), it should be possible to determine an upper
bound that would exclude the E, tetrad frequencies
seen for the Drosophila X chromosome. To obtain a
chromosome 21 E, estimate that excludes zero at the
lower bound, significantly larger sample sizes of 20,000-
30,000 meioses are required. Our simulations with the
Drosophila parameters also point out the inadequacy of
current human sample sizes, because with a Drosophila
sample size of 276, we cannot exclude the lower bound
of zero in an organism where E, tetrad frequency is
~10% (see sample size 276 in Table 4).

DISCUSSION

We present MEIVLA, a method of tetrad frequency
estimation that significantly improves upon those origi-
nally derived by Weinstein (1936) and extended in
Lamb et al. (1997b): First, the MEIV model incorporates
a clearly defined model of exchange, interference, and
viability whose parameters define a multinomial distri-
bution for single-spore data. The derivation of the MEIV
model ensures that biologically meaningless results such
as negative tetrad frequency estimates are not produced
by MEIVLA of the MEIV model. Second, the MEIV
model allows the determination of the magnitude of
marker viability effects, permitting their incorporation
into MEIVLA. Previous methods of tetrad frequency
estimation have not incorporated viability in their esti-
mation procedures. Third, simple methods that explore
the likelihood surface surrounding its maximum allow
the direct determination of confidence intervals. Fi-
nally, MEIVLA point estimates and confidence intervals
are consistently superior to previous methods. This ad-
vantage is most evident in situations where the E, tetrad
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Figure 2.—E, tetrad frequency point estimates
and their confidence intervals as calculated for X
chromosomes from North American (circle) and
African (square) natural populations. Note that
most of the variation is found among chromo-
somes within populations—the population means
(vertical lines with either a circle or a square)
were not significantly different (P = 0.23).

0.15

E, Tetrad Frequency

frequency is low and sample sizes are small. Because
both of these conditions are met in most samples from
human populations, MEIVLA is ideally suited for the
analysis of human datasets.

One potential criticism of our exchange model is that
we only allow zero or one exchange between markers.
However, we do not believe that this is a significant
problem for two reasons. First, our method is condi-
tioned upon known, dense genetic maps—such as those
found in model organisms and that are increasingly
available in nonmodel organisms. Given a sufficiently
dense map, it is possible to choose markers so that this
assumption is met. Second, the examination of genetic
maps from model organisms supports the view that mei-
osis is regulated in such a manner as to favor a single
exchange per chromosome arm. This is evidenced by
the excess of single-crossover (E,) tetrads (Tables 1 and
2; Lamb et al. 1997b; see review in Hawley 1988). Fur-
thermore, when double crossovers do occur during mei-
osis, interference acts to space the chiasmata, making
it very unlikely that a meiotic double-exchange event

would occur even between moderately spaced markers.
Analysis of our Drosophila data rejects a MEIV model
lacking interference (data not shown). Exchange events
of anonmeiotic origin might occur, leading to apparent
closely spaced double crossovers (Suzuki et al. 1966),
but these events are expected to be rare. Our model is
specifically designed to analyze data from acrocentric
chromosomes and assumes that the fitness effects of
morphological markers are not influenced by culture
conditions. A more general model that relaxes these
assumptions, allowing the analysis of metacentric chro-
mosomes while incorporating fitness variation between
cultures, is in development.

D. melanogaster natural populations harbor a signifi-
cant level of variation among X chromosomes in their
E, tetrad frequency: This study is the first to examine
the E, tetrad frequency of X chromosomes sampled from
natural populations. Previous studies, concerning a
small number of laboratory stocks, provided estimates
of E, tetrad frequency that largely agree with those pre-
sented in this study (Weinstein 1936; Merriam and

Figure 3.—E, tetrad fre-

-

—
Brood 1 Mean

P ———

e ——
—_— Brood 2 Mean
Brood 3 Mean

quency point estimates and
their confidence intervals as
calculated for each of three
broods for all X chromosomes
from North America and Af-
rica. Brood 1 (circle), brood
2 (triangle), and brood 3
(square) are presented along
with the mean E, tetrad fre-
quency for each brood (vertical
lines marked with either a cir-

cle, triangle, or square). The
means of broods 1 and 3 were

E Tetrad Frequency

found to be statistically signifi-
cantly different (P < 0.05) after
correcting for multiple tests.
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TABLE 3

Estimated tetrad frequencies for human chromosome 21 during female meiosis

Lamb et al. (1997b) MEIVLA
Estimate 95% C.I. Estimate 95% C.I.

E, = 0.015 (—0.106, 0.135) E, = 0.015 (0.000, 0.083)
E, = 0580 (0.363, 0.797) E. = 0520 (0.507, 0.639)
E, = 0.406 (0.285, 0.526) E, = 0.466 (0.339, 0.485)

Frost 1964; Carpenter 1973; Charlesworth et al.
1985; Rutherford and Carpenter 1988; Hawley et
al. 1992; Koehler et al. 1996). However, none of these
studies were able to address the patterns of variation in
natural populations. It is quite striking that both the
African and North American samples contained X chro-
mosomes that significantly differed in their E, tetrad
frequency. Given the observation that the majority of
spontaneous nondisjunction arises from nonexchange
(Eo) tetrads (Koehler et al. 1996) and the uniformly
deleterious consequences of nondisjunction, it is quite
surprising that natural populations harbor this variation.

One might expect that natural selection would act
to decrease the frequency of E, tetrads because of the
deleterious consequences of aneuploidy arising from
nondisjunction. In a separate companion study of the
patterns of genetic variation underlying nondisjunction
in female meiosis, Zwick et al. (1999, this issue) demon-
strate that X chromosomes from the same two natural
populations harbor high levels of genetic variation in
rates of nondisjunction in a sensitized assay of E, tetrads.
They furthermore identify two widespread intermediate
frequency alleles at the nod locus, a chromokinesin re-
quired for the proper segregation of achiasmate chro-
mosomes, which are significantly associated with an in-
creased frequency of nondisjunction. To account for
the high levels of genetic variation observed in female
meiosis, Zwick et al. (1999, this issue) present an evolu-
tionary model, referred to as the ootid competition
model, that can account for high rates of genetic varia-

tion in the efficiency of chromosome segregation during
female meiosis.

Although the effects on E, tetrad frequency estima-
tion were not large, incorporation of a multiplicative
viability model significantly improved the fit of the MEIV
model in a majority of cases. Incorporation of a specific
viability model can improve tetrad frequency estimation
when the viability effects are large. Our data further
show a significant decrease in mean E, tetrad frequency
for the third brood as compared to the first brood. This
pattern largely agrees with those in other studies that
have shown increased exchange as female Drosophila
age. The pattern of variation in exchange in relation
to maternal age, however, is not straightforward and
exhibits substantial variation in different experiments
(see Ashburner 1989 for a review). One important point
to consider in the observation of elevated exchange
in older female Drosophila is the possible nonmeiotic
origin of exchange. Mitotic crossing over, perhaps asso-
ciated with transposable element activity, in meiotic
stem cells can result in an apparent increase in observed
meiotic exchange. Such nonmeiotic exchange is ex-
pected to increase with maternal age. Simple “single-
spore” tetrad estimation cannot distinguish between these
sources of exchange and normal meiotic crossing-over.

We disagree with the conclusions in Lamb et al
(1997b) that analysis of the human dataset supports
the concept of obligate exchange and fails to provide
evidence for a secondary segregation system in human
females: First, the concept of obligate exchange either

TABLE 4

Mean E, tetrad frequency estimates from 500 simulated datasets using
D. melanogaster (NC14X) parameter values (E, = 0.104)

Weinstein (1936) MEIVLA .
Proportion of
Mean E, Lower/upper Mean E, Lower/upper estimates closer than

Sample size estimate percentiles estimate percentiles Weinstein (1936)
276 0.1039 (—0.014, 0.225) 0.1000 (0.000, 0.217) 0.588
500 0.1020 (0.004, 0.196) 0.0990 (0.004, 0.184) 0.574
1,000 0.1018 (0.040, 0.164) 0.1008 (0.040, 0.161) 0.574
5,000 0.1033 (0.077, 0.130) 0.1033 (0.077, 0.130) 0.516
10,000 0.1040 (0.086, 0.123) 0.1046 (0.086, 0.123) 0.512
20,000 0.1040 (0.088, 0.119) 0.1040 (0.088, 0.119) 0.562
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TABLE 5

Mean E, tetrad frequency estimates and confidence intervals determined
from 500 simulated datasets (E, = 0.0145)

Weinstein (1936) MEIVLA .
Proportion of
Mean E, Lower/upper Mean E, Lower/upper estimates closer than

Sample size estimate percentiles estimate percentiles Weinstein (1936)
276 0.0143 (—0.115, 0.130) 0.0133 (0.000, 0.059) 0.868
500 0.0154 (—0.076, 0.104) 0.0124 (0.000, 0.059) 0.812
1,000 0.0150 (—0.048, 0.078) 0.0130 (0.000, 0.046) 0.786
5,000 0.0145 (—0.014, 0.042) 0.0131 (0.000, 0.034) 0.738
10,000 0.0150 (—0.007, 0.034) 0.0142 (0.000, 0.029) 0.714
20,000 0.0144 (0.0001, 0.0028) 0.0141 (0.0001, 0.026) 0.612
30,000 0.0149 (0.004, 0.026) 0.0147 (0.004, 0.025) 0.570
40,000 0.0145 (0.004, 0.025) 0.0144 (0.004, 0.024) 0.536
50,000 0.0145 (0.006, 0.023) 0.0145 (0.006, 0.023) 0.546

requires that all tetrads undergo exchange or that ho-
mologous chromosomes in tetrads that fail to exchange
segregate at random. Our maximum-likelihood esti-
mate for the frequency of chromosome 21 E, tetrads in
human females is 1.5%, nearly identical to that observed
in Lamb et al. (1997b). Because of the limited sample
size upon which this estimate is based, the confidence
intervals determined from the MEIV model range from
0.0 to 8.3%. Nevertheless, the maximum:-likelihood esti-
mate is not 0, and it seems clear that the proper interpre-
tation of both analyses is that they are consistent with a
low frequency of chromosome 21 E, tetrads. Therefore,
because this analysis and Lamb et al. (1997b) suggest
that the E, frequency of chromosome 21 is not 0, to
conclude that the model of obligate exchange is correct
for humans, one must demonstrate that chromatids in
E, tetrads segregate at random. This has not been done,
nor can it be done with the data contained in Lamb et
al. (1997b). The analysis of Bugge et al. (1998) suffers
from a similar set of problems. Thus, the conclusion
that the concept of obligate exchange is supported is
not warranted.

For quite different reasons, the analysis of the Lamb
et al. (1997b) dataset cannot speak to the alternative
hypothesis of the existence of a secondary segregation
system in humans. In Drosophila, the vast majority of
nondisjunction arises from the X chromosome. Thus,
to a good approximation, the genome-wide E, tetrad
frequency, which we refer to as °E,, is simply equal to
the X chromosome E, tetrad frequency. In humans, °E,
must reflect the probability that one or more chromo-
some pairs may fail to undergo exchange during female
meiosis. Because the human karyotype has 23 pairs of
chromosomes, tetrad frequency analysis of a single chro-
mosome cannot be used to estimate °E,.

One possible hypothesis is that the Drosophila and
human ©E, tetrad frequencies might both be ~10%.
If this were the case, the E, tetrad frequency for any
individual chromosome in humans would be expected

to be lower than that observed for the Drosophila X
chromosome. To determine the °E, tetrad frequency
for the human genome, the best experimental design
would require the simultaneous analysis of many, if not
all, human chromosomes. Simultaneous analysis is re-
quired because exchange patterns of different chromo-
somes may not be independent. One example of such
interactions is the interchromosomal effect (Sturtev-
ant 1919; reviewed in Lucchesi 1975), the observation
that inversions suppressing exchange on one chromo-
some act to increase exchange on other chromosomes.
Studies of single human chromosomes cannot account
for this possible source of variation. The analysis in
Bugge et al. (1998), which employs a hypothesis-testing
approach in calculating simultaneous tetrad frequen-
cies for multiple chromosomes, cannot detect interac-
tions between chromosomes. Furthermore, our simula-
tion studies (Tables 4 and 5) make it quite clear that
sample sizes of ~80 meioses analyzed by Bugge et al.
(1998) are far too small to allow any conclusion. How-
ever, given the appropriate data, an achiasmate system
could be detected in humans much as was done in
Drosophila if the observed level of female-specific non-
disjunction arising from nonexchange tetrads was sig-
nificantly lower than that predicted by a null model
assuming random segregation of all chromosomes in
CE, tetrads.

To describe how such an analysis would be per-
formed, we assume a very simple model with n indepen-
dent chromosomes, each with a probability € of forming
an E, tetrad (°E, = ng), then

n n\ . o
D= z(i)s'(l — &)™), (16)

i=0
where D is the expected frequency of normal disjunc-
tion and nondisjunction arising from tetrads with at
least one exchange in females. Therefore, 1 — D is the
expected frequency of female-specific nondisjunction
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TABLE 6

Expected frequency of nondisjunction in the absence of
an achiasmate system (p = 0.5, see text)

TABLE 7

Expected frequency of nondisjunction in the absence of
an achiasmate system (p = 0.25, see text)

N
(number of chromosomes
that can undergo

N
(number of chromosomes
that can undergro

€ nondisjunction) € nondisjunction)

(E, tetrad fregency for (E, tetrad frequency for

each chromosome) 5 10 23 each chromosome) 5 10 23
0.005 0.012 0.025 0.056 0.005 0.019 0.037 0.083
0.01 0.025 0.049 0.109 0.01 0.037 0.073 0.159
0.02 0.049 0.096 0.206 0.02 0.073 0.140 0.294
0.03 0.073 0.140 0.294 0.03 0.108 0.204 0.408
0.04 0.096 0.183 0.372 0.04 0.141 0.263 0.504
0.05 0.119 0.224 0.441 0.05 0.174 0.318 0.585
0.06 0.141 0.263 0.504 0.06 0.206 0.369 0.653
0.07 0.163 0.300 0.559 0.07 0.236 0.417 0.711
0.08 0.184 0.335 0.609 0.08 0.266 0.461 0.759
0.09 0.206 0.369 0.653 0.09 0.295 0.503 0.800
0.10 0.226 0.401 0.692 0.10 0.323 0.541 0.834

arising from E, tetrads. For a single E, tetrad, p is the
expected frequency of normal segregants. This equation
reduces to

D= +¢(— D) an

Because of the great variation among chromosomes in
their frequency of nondisjunction, to simplify this analy-
sis, we chose three different numbers of chromosomes.
The sample size of five was chosen to reflect those chro-
mosomes (15, 16, 18, 21, and 22) whose frequencies of
nondisjunction are the best characterized (Lamb et al.
1996, 1997a; Bugge et al. 1998; Robinson et al. 1998;
reviewed in Hassold et al. 1996). A sample size of 10
was chosen to encompass nondisjunction arising from
the 10 smallest human chromosomes (13-22). A sample
size of 23 was chosen to reflect the assumption that each
pair of human chromosomes is equally likely to undergo
nondisjunction. For ease of analysis, € and p are assumed
to be identical for each set (5, 10, and 23) of chromo-
somes. Violation of this assumption, as evidenced by
variation among chromosomes in their frequency of
nondisjunction (reviewed in Hassold et al. 1996) or the
nonindependence of recombination among different
chromosomes, could be incorporated into future, more
complicated models.

If we first assume that the actual genomic rate of
female-specific nondisjunction is 0.2 (see review in Has-
sold et al. 1996) and that only 20% of this total arises
from nonexchange tetrads, then 4% of all meioses
would be expected to generate female-specific nondis-
junction arising from E, tetrads. Table 6 contains the
expected frequency of female-specific nondisjunction
(1 — D) for a small set of representative parameters
with p = 0.5. In Drosophila, it has long been recognized
that nullo exceptions are more frequent than diplo ex-

ceptions and that this can cause the rate of nondisjunc-
tion to be >0.5 in the absence of an achiasmate system.
To reflect these observations, Table 7 contains the
expected frequency of female-specific nondisjunction
(1 — D) for the same small set of representative parame-
ters with p = 0.25. The values in italic type in Tables 6
and 7 represent expected frequencies of nondisjunction
originating from nonexchange tetrads in the absence of
an achiasmate system that are greater than our assumed
frequency of female-specific nondisjunction arising
from E, tetrads. Thus the parameter sets that lead to
levels of nondisjunction >49% represent values necessary
to reject the null model of random segregation and
thereby would cause one to conclude that an achiasmate
system exists in humans.

Thus, much as in the case of Drosophila, there are
two alternative strategies one could employ to detect
achiasmate systems. The first method requires estima-
tion of ®E, and an estimate of the female-specific rate
of nondisjunction. Large datasets would be required,
but in principle, if an achiasmate system exists in a
specific organism, it should be possible to eliminate a
null model assuming no achiasmate system. Datasets are
rapidly becoming available in a number of other model
and nonmodel organisms, which should allow detection
of putative achiasmate systems. A second strategy, which
is more direct but more difficult to carry out, would
aim to characterize genetic loci whose null phenotypes
specifically affect the segregation of achiasmate chromo-
somes. The identification and characterization of mam-
malian homologs of Drosophila genes that function in
achiasmate segregation (i.e., Toaki et al. 1996) will likely
lead to the direct genetic identification and character-
ization of an achiasmate system, if such a system exists.
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Viability parameter values and P values for best-supported viability model
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