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POPULATION GENETICS OF A PARASITIC CHROMOSOME:
EXPERIMENTAL ANALYSIS OF PSR IN SUBDIVIDED POPULATIONS
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Abstract. — Nasonia vitripennis is a parasitoid wasp that harbors several non-Mendelian sex-ratio
distorters. These include MSR (Maternal Sex Ratio), a cytoplasmic element that causes nearly all-
female families, and PSR (Paternal Sex Ratio), a supernumerary chromosome that causes all-male
families. As in other hymenoptera, N. vitripennis has haplodiploid sex determination. Normally,
unfertilized (haploid) eggs develop into males and fertilized (diploid) eggs develop into females.
The PSR chromosome violates this normal pattern; it is inherited through sperm, but then causes
destruction of the paternal chromosomes (except itself), thus converting diploid fertilized eggs
(normally females) into haploid eggs that develop into PSR-bearing males. PSR is an extreme
example of “parasitic” or “selfish” DNA. Because N. vitripennis has a highly subdivided population
structure in nature, population-level selection may be important in determining the dynamics of
PSR in natural populations. A theoretical analysis shows that subdivided population structure
reduces PSR frequency, whereas high fertilization proportion (such as produced by the MSR
element) increases PSR frequency. Population experiments using two deme sizes (3- and 12-
foundress groups) and strains producing two fertilization proportions [wild-type (LabIl)—57-67%
female, and MSR (MI)—90-93% female] confirm these predictions. PSR achieved frequencies over
0.90 in 12-foundress group MSR populations in contrast to 0.20-0.40 in wild-type 12-foundress
populations. PSR was selected against in wild-type populations composed of three-foundress groups.
In MSR populations with three-foundress groups, presence of PSR selected against the MSR
cytoplasmic element, eventually leading to low frequencies of both PSR and MSR. Complicated
dynamics may occur when these two sex-ratio distorters are both present in highly subdivided
populations. The existence of PSR in natural populations may depend on the presence of MSR.
Results indicate that population subdivision could be important in determining the frequency of
sex ratio distorters in N. vitripennis.

Key words. —B-chromosome, levels of selection, Nasonia, Paternal Sex Ratio (PSR), population
structure, selfish DNA.
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Most species appear to harbor “parasitic”
or “selfish” genetic elements, which have
enhanced transmission relative to the rest
of an individual’s genome, but are either
neutral or detrimental to the organism as a
whole (Dawkins, 1976; Doolittle and Sapi-
enza, 1980; Orgel and Crick, 1980; Werren
et al.,, 1988). Potential examples include
transposons, meiotic-drive chromosomes,
non-Mendelian sex-ratio distorters, B-chro-
mosomes, and certain cytoplasmically in-
herited factors. Parasitic genetic elements

are relevant to fundamental questions con-
cerning the importance of ‘“‘intragenomic
conflict” (Eberhard, 1980; Cosmides and
Tooby, 1981) and “levels of selection”
(Wade, 1978; Wilson, 1983; Maynard
Smith, 19874, 1987b; Sober, 1984, 1987,
Nunney, 1985) in evolutionary processes.
By definition, parasitic genetic elements
are selectively favored at the gene level. This
creates a potential for intragenomic conflict
within an organism. For example, in the
evolution of meiotic drive, genes may be
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selected to enhance or suppress drive de-
pending upon their linkage to the driving
element (Eshel, 1975; Thomson and Feld-
man, 1975; Charlesworth and Hartl, 1978;
Wu, 1983). Intragenomic conflict also oc-
curs between different genes affecting sex
allocation, depending on their pattern of in-
heritance. Cytoplasmic elements are select-
ed to produce strongly female-biased sex
ratios, which are typically detrimental to
transmission of autosomally inherited genes.
Autosomal suppressors of such elements
therefore are selectively favored (Uyenoya-
ma and Feldman, 1978; Eberhard, 1980;
Werren, 19875; Taylor, 1990). Parasitic el-
ements can also have detrimental effects on
individuals and populations containing
them. Therefore selection operating at dif-
ferent levels (i.e., gene, individual, and pop-
ulation) may be important in determining
the frequency of these elements in nature
(Werren et al., 1988).

Paternal Sex Ratio (PSR) is the most ex-
treme example of a genetic parasite de-
scribed in any species (Werren et al., 1987;
Nur et al., 1988; Werren, 1991). It is a non-
essential (supernumerary) chromosome that
occurs in natural populations of the para-
sitic wasp, Nasonia vitripennis. As in most
other hymenoptera, Nasonia has haplodi-
ploid sex determination; unfertilized eggs
develop into males and fertilized eggs de-
velop into females. PSR-bearing males
transmit the chromosome via sperm to fer-
tilized eggs, but PSR then causes improper
condensation and eventual loss of the pa-
ternal chromosomes, except itself (Werren
etal., 1987; Nur et al., 1988). This converts
diploid eggs, which would normally develop
into females, into haploid eggs that develop
into PSR males. PSR destroys each new set
of chromosomes with which it is associated
in subsequent generations.

The existence of this extreme selfish el-
ement raises several interesting evolution-
ary questions. One major set of questions
concerns how PSR is maintained in natural
populations, and how the presence of PSR
affects populations carrying it. Clearly, there
is the potential for group selection to act on
PSR. As the chromosome increases in fre-
quency within a population, the number of
females produced declines. If PSR were to
approach fixation, then the population
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would go extinct. It is therefore worthwhile
to explore the effects of subdivided popu-
lation structure on PSR frequency in con-
trolled laboratory populations.

Nasonia vitripennis is a two to three mm
parasitoid wasp that lays eggs in fly pupae,
mainly blowflies and flesh flies that occur
around carcasses (Whiting, 1967). Normal-
ly, 10 to 40 eggs are laid in a single pupa.
Adult wasps emerge about 14 days later.
The flightless males (who have vestigial
wings) eclose first and then mate with
emerging females within a patch of hosts.
Females then disperse and search for new
hosts. Due to the patchy distribution of fly
pupae, natural populations of N. vitripennis
are subdivided into temporary local mating
groups (Skinner, 1983; Werren, 1983). In
addition to PSR, two other non-Mendelian
sex-ratio distorters occur in natural popu-
lations. Sonkiller (SK) is a maternally trans-
mitted bacterium that prevents develop-
ment of unfertilized (male) eggs laid by
infected females (Skinner, 1985; Werren et
al., 1986; Gherna et al., 1991). Maternal sex
ratio (MSR) is a maternally transmitted cy-
toplasmic element that causes females to
fertilize 90 to 100% of their eggs (Skinner,
1982, 1983). Females uninfected with any
of these elements typically produce an in-
creased proportion of sons with increased
wasp density, in a manner generally consis-
tent with Local Mate Competition (LMC)
theory (Hamilton, 1967; Charnov, 1982;
Werren, 1987a). There is genetic variation
in sex-ratio control in natural populations
(Parker and Orzack, 1985; Orzack et al.,
1991).

Because Nasonia populations are highly
subdivided in nature (Skinner, 1983; Wer-
ren, 1983), negative effects of PSR on the
productivity of local populations may play
a role in regulating PSR frequency. Here we
present a series of experiments showing that
population structure can strongly affect the
frequency of PSR. In addition, we find that
PSR frequency is strongly enhanced by the
presence of the female-biasing element,
MSR.

Theory of PSR Population Dynamics

Models for PSR population dynamics
have been developed for panmictic popu-
lations (Skinner, 1987; Werren, 19875) and
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subdivided populations (Werren and Beu-
keboom, unpubl. data). Basic features of
these models are presented here as a context
for the population experiments to follow.
The models below assume that PSR males
transmit the chromosome to 100% of eggs
fertilized with their sperm (and 0% of un-
fertilized eggs), and that PSR males are as
competitive as normal males in obtaining
mates. Empirical studies generally support
these assumptions (Beukeboom and Wer-
ren, unpubl. data).

Panmictic Populations.—Given that x
proportion of eggs are fertilized, and P pro-
portion of females are mated to PSR males,
the frequency of PSR-mated females in the
next generation (P') is

Px

e p—— )

The equilibrium frequency of PSR (P¥*) is
therefore

P*=(2x - 1)/x 2)

It follows that more than 50% of eggs must
be fertilized for PSR to be maintained in a
panmictic population. Because females are
normally derived from fertilized eggs, a fe-
male-biased sex ratio is therefore necessary
for PSR to become established. Further-
more, when most eggs are fertilized PSR can
achieve appreciable frequencies. For ex-
ample, if 75% of eggs are fertilized, PSR will
achieve an equilibrium frequency of 0.67.

Subdivided Populations. —A detailed
metapopulation model of PSR dynamics has
been studied by Werren and Beukeboom
(1993). The essential features of the model
are presented here. Assume that hosts occur
in temporary patches, where female wasps
parasitize them. Mating among wasp prog-
eny occurs in these natal patches (temporary
mating groups) after the progeny emerge
from their hosts. Females mate only once
(or use the sperm from only one mating).
Inseminated females then disperse in search
of new hosts.

If N females parasitize each patch and
produce x proportion of fertilized eggs, then
the number of PSR-mated females pro-
duced in a particular patch will depend on
the number of PSR -mated females founding
that patch. The frequency of PSR-mated fe-
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males produced in a patch (F,) founded by
a PSR-mated females and N — g normal-
mated females is

Number of PSR males
produced in patchtype — a

Fa= Number of males

produced in patchtype — a

Number of females
produced in patchtype — a

ad ][(N— a)x] 3)

[ax + N(1 — x)

The proportion of PSR-mated females

produced in the entire population in the next

generation is determined by averaging over

all patches in the population and dividing

by the average number of females produced
per patch, or

i ax
g Fr eq(a) [m}[([\’ - a)x]

Pr

Nx(1 — P)
4)

where Freq(a) = proportion of patches in
the population which have a PSR-mated
foundresses and N — a normal-mated
foundresses. PSR will achieve equilibrium
in the populations when the average number
of PSR-mated females produced per PSR-
mated foundress equals the average number
of females produced per foundress.

If we assume that foundresses are distrib-
uted randomly in patches relative to wheth-
er they are PSR- or normal-mated, then
Freq(a) is binomially distributed and

N
Freq(a) = ml)a(l — PN (5)

By iterating Equation (4), equilibrium fre-
quencies of PSR can be determined. Figure
1 shows the equilibrium frequencies of PSR
in populations with different foundress
numbers (N) and different fertilization pro-
portions (x). As can be seen in the figure,
decreasing foundress number (N) reduces
the equilibrium frequency of PSR, and PSR
cannot be maintained in populations with
a group size smaller than three foundresses.
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Fic. 1. Effect of subdivided population structure
and fertilization proportion on equilibrium PSR fre-
quency. Equilibrium frequencies of PSR-mated fe-
males as a function of foundress number (V) and pro-
portion of fertilized eggs (x) are shown. Predictions are
based upon a subdivided population model that as-
sumes mating in temporary (one generation) mating
groups and random dispersal of females to found new
groups.
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PSR EQUILIBRIUM FREQUENCY

At higher foundress numbers, the equilib-
rium frequency is strongly influenced by the
fertilization proportion. In particular, PSR
can achieve much greater frequencies in
populations producing a high proportion of
fertilized eggs. PSR cannot be maintained
in populations producing 50% or fewer fer-
tilized eggs.

The proportion of fertilized eggs is im-
portant because PSR is transmitted via
sperm and therefore only to fertilized eggs.
Thus, PSR transmission increases with the
proportion of eggs being fertilized. This im-
plies that MSR may increase the transmis-
sion of PSR because MSR-cytotype females
produce over 90% fertilized eggs. Group size
is important because smaller group sizes re-
sult in a greater variance in PSR frequency
between groups. When PSR frequency in a
group is high the number of mates available
to PSR males is low, and the number of
males competing for these mates is high; as
a consequence the number of dispersing
PSR-mated females per PSR-mated found-
ress is relatively low. Population experi-
ments were conducted to test predictions of
the panmictic and subdivided-population
models.

MATERIALS AND METHODS

Strains. —All experiments were carried
out with the parasitoid wasp Nasonia vitri-
pennis maintained on Sarcophaga bullata
pupae. Two strains that fertilize different
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proportions of eggs were used. Labll is a
standard wild-type strain; females adjust
their fertilization proportion to group size
in general accordance with Local Mate
Competition (LMC) theory (Hamilton,
1967; Werren, 1983). Labll produces 67%
females in N = 3 foundress situations and
57% in N = 12 foundress situations. In con-
trast, MI produces 93% females in N = 3
and 90% females in N = 12 foundress sit-
uations typical of MSR sex-ratio factors. The
strain was originally collected from Ma-
comb, Illinois, USA (Saul et al., 1965) and
has been maintained in laboratory culture
for over 25 years. Analysis shows that the
MI sex-ratio pattern is cytoplasmically in-
herited.

The PSR chromosome used here is the
standard strain used in previous studies
(Werren and van den Assem, 1986; Nur ¢t
al., 1988). It is routinely maintained in a
LablI background and was introduced into
MI for the population experiments.

Population Experiments

Panmictic Population Experiment. —The
experiment was conducted prior to devel-
opment of molecular probes for PSR, and
therefore a phenotypic assay was used. Two
populations were established. A total of 5
PSR(Labll) and 95 normal Labll parasit-
1zed hosts were placed in a one gallon glass
jar for population A, and 4 PSR(LablII) and
76 normal LablI hosts for population B. For
this generation and each successive gener-
ation, wasp progeny were allowed to emerge
and “randomly” mate within the jar to sim-
ulate a panmictic population. Then, 220 to
300 females were harvested and set indi-
vidually upon single hosts for 48 to 72 hours
(approximately 30 offspring develop per
host). Ten to 12 days later at 25°C, progeny
were in the pupal stage. Hosts were opened,
the family was visually scored as either PSR
(sex ratio >90% male) or normal (sex ratio
<90% male) and pupae were placed within
a glass jar for eclosion and mating to start
the next generation. The exact sex ratios of
10 to 15 normal sex ratio families were also
scored to provide an estimate of egg fertil-
ization proportion.

Subdivided Population Experiment. —
Populations using one of two strains (Labll
or MI) and one of two subdivided popula-
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tion structures (N = 3 or N = 12 foundress
groups) were constructed, with two repli-
cates of each. Populations are referred to as
L3A,L3B,L12A,L12B,M3A, M3B,M12A,
and M12B, where L and M refer to the LablI
and MI strain, 3 and 12 to group size and
A and B to the replicates.

Populations with group size 3 were start-
ed and maintained in 120 small vials (12 X
75 mm) with 3 females on 3 hosts, those of
group size 12 were maintained in 30 large
vials (23 X 95 mm) with 12 females on 12
hosts. Thus, the total number of foundresses
per generation was 360 for each population.
Emerging offspring were allowed to mate
within the group (vial). One to two days
later all vials from a population were emp-
tied into a container from which 360 fe-
males were immediately collected (those that
dispersed into a collection vial on top of the
container) to start the next generation. This
procedure simulated dispersal of females af-
ter mating within a group. It should be em-
phasized that these are temporary (one gen-
eration) groups, rather than semi-permanent
demes. Generation time was 16 days at 25°C
(14 days to first emergence plus 2 days for
mating). Due to scarcity of hosts, the M12
population was started as one population,
and split into two replicates in generation 1.

PSR chromosomes (in the same genetic
background) were introduced in the L and
M populations respectively at generation O
with starting frequencies of 0.350 for the
LablI populations and 0.213 (N = 80) for
the MI populations.

Control (without PSR) populations of
both strains were maintained simultaneous-
ly beginning with generation 2. The same
subdivided population structures were used,
but with only 10 groups of N = 3 and 5
groups of N = 12. In contrast to the exper-
imental populations these were started anew
each generation by taking mated females
from a population of 30 males and 120 fe-
males that had been collected as pupae from
separately maintained stock cultures. The
purpose of the controlled matings was to
avoid the low mating frequency sometimes
observed in MI stock cultures, due to the
scarcity of males. Mean fertilization pro-
portions of these populations were used as
one estimate for fertilization proportion in
the experimental populations.
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Population sex ratios were determined
every generation by counting males and fe-
males in a sample of 200 individuals from
the collection container. Total population
sizes were estimated by dividing the total
population weight by the weight of this sam-
ple, multiplied by 200. Population sizes were
usually around 10,000 individuals, which is
about 30 offspring per host. PSR frequencies
of each population were determined every
generation from a sample of 80 males taken
from the collection container, using the
squash blot assay described below.

PSR Screening Methods. —Either phe-
notypic or molecular assays were used in
population experiments to estimate PSR
frequency.

Phenotypic assay: A sample of males was
removed from the population and indi-
vidually mated to LabIl females. Sex ra-
tio among resulting progeny was record-
ed. Sex ratios of 90 to 100% male were
scored as PSR. This assay can overesti-
mate PSR frequency because some fe-
males fail to mate or mate poorly, also
resulting in high sex ratios. Previous stud-
ies have found this to occur at approxi-
mately 5% (Werren and van den Assem,
1986).

Dot-blot assay: Molecular studies of the PSR
chromosome have uncovered several
families of tandem repetitive DNA se-
quences; some are specific to PSR and one
is amplified on PSR but also present on
the autosomes (Nuretal., 1988; Eickbush
et al., 1992). Screening individual wasps
for the presence of PSR was performed
by DNA hybridization using a lambda
clone containing repetitive DNA specific
to the PSR chromosome (psr2 repeat)
(Nur et al., 1988). Wasps were individ-
ually ground in 100 ul homogenization
buffer (0.2 M NaCl, 0.2 M Tris, 0.02 M
EDTA, 2% SDS, pH7). The solution was
mixed with 10 ul 2.5 mg/ml proteinase K
and incubated at 50°C for one hour. The
DNA was denatured with 1/5 volume
NaOH and the solution neutralized with
1/5 volume Tris and 1/5 volume HCI.
One ul of the resulting solution was spot-
ted onto a nitrocellulose filter, which was
then dried and baked at 80°C in a vacuum
oven for two hours. Filters were prehy-
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bridized for four hours and hybridized
overnight with the PSR probe at 65°C.
Prehybridization and hybridization so-
lutions were 2 X SSC, 5x Denhardt’s, 1%
sodium pyrophosphate, 25mM sodium
phosphate, [250 mg/ml] denatured ct-
DNA, and 1% SDS in distilled water. The
psr2 clone was labeled by random prim-
ing (Amersham kit) with 32P labeled ATP.
After four rinses with decreasing concen-
trations of salt (4x, 2x, 1x, 0.1x SSC
+ 1% SDS) filters were dried and exposed
to autoradiographic film for one to four
days at —80°C. PSR-carrying males could
easily be scored by this method, because
normal males gave no signal. Known
samples of PSR and non-PSR males were
used to confirm the technique.

Squash-blot assay: Mass screening of many
individuals in population samples was ac-
complished by a squash-blot method
modified from Tschen et al. (1985). Wasps
were squashed onto a nitrocellulose filter,
which was then wetted twice on a filter
paper saturated in denaturization solu-
tion (0.5 M NaOH, 1.5 M NaCl, pH13-
14) for five minutes, followed by twice on
a neutralization solution (I M Tris, 1.5
M NaCl, pHS8) for five minutes. Between
each bath they were dried on filter paper
for five minutes. After the second neu-
tralization treatment, the wasps were re-
moved from the filter and the filter was
submerged in the neutralization solution
for one minute. Filters were then dried
and processed as described under the dot-
blot assay.

Estimating Frequency of PSR-Mated Fe-
males (P). —For the panmictic experiment,
the frequency of PSR-mated females is es-
timated phenotypically by scoring the fre-
quency of females producing sex ratios
greater than 90% males. For the subdivided
populations, sex ratios of individual found-
resses were not directly determined. Fre-
quency of PSR-mated females was indi-
rectly determined using the frequency of PSR
among males (7») and the adult proportion
females (f). Assuming that females mated
to PSR and normal males produce equal
family sizes and have equal mating success,
then the frequency of PSR-mated females
(P) among the parental generation is P =
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TA1 — N/If+ (1 — /HT,]. Similarly, the
fertilization proportion for each generation
(x) was determined using the formula x =
T, (1 — f) + f These formulae are based
on the observation that fertilized eggs result
in either females or PSR males; they assume
equal mortality of normal males, PSR maies,
and females.

RESULTS
Panmictic Population Experiment

The panmictic experiment investigates the
dynamics of PSR in random-mating pop-
ulations. PSR was started at a low frequency
of 0.05 and changes in frequency were
tracked over successive generations. Two
replicate populations were started.

Changes in PSR frequencies are shown in
Figure 2. During the first three generations
PSR rapidly increased from 0.05 to about
0.75 in both populations. From generation
3 onwards frequencies remained rather sta-
ble around 0.68 + 0.06 SD (N = 14). The
predicted trajectory of PSR frequency is also
shown in Figure 2. To calculate the pre-
dicted, an estimate for fertilization propor-
tion (x) is required (see Formula 2). This
was determined from the sex ratios (pro-
portion females = proportion fertilized eggs)
of non-PSR families. Fertilization propor-
tions varied between 0.70 and 0.90 over
successive generations, and both popula-
tions had similar fertilization proportions.
Pooling both populations, the average fer-
tilization proportion over all generations was
0.80 + 0.05 SD (N = 20). Using x = 0.80
in Formula 2, expected equilibrium fre-
quency of PSR is P* = 0.75. The value is
significantly higher than the equilibrium
PSR frequency (0.68 = 0.06 SD) observed
from generation 3 to 13.

As previously discussed, the phenotypic
assay (scoring >90% male families) over-
estimates PSR frequency because unmated
females also produce all-male progeny. Us-
ing the correction of Werren and van den
Assem (1986) of P = 1.054 — 0.053, where
h = the proportion of high male sex ratios,
P = actual proportion PSR-mated females,
and proportion unmated females is 0.05,
the value of x becomes 0.76 and the ob-
served equilibrium PSR frequency is 0.66
+ 0.06 SD (N = 14). The adjusted predicted
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FiG. 2. Change in PSR frequency in populations A
and B in the panmictic population experiment. Ex-
pected PSR frequencies from the panmictic model are
shown as a dotted line.

frequency is P* = 0.68. Thus, assuming a
frequency of unmated females u = 0.05, the
panmictic model is a good predictor of equi-
librium PSR frequency. Unfortunately, the
frequency of unmated females was not es-
timated in these populations.

Subdivided Population Experiment

In the second set of experiments, each
population was subdivided into temporary
“mating groups.” Founding females laid eggs
and resulting progeny mated within the
demes before dispersing females were col-
lected for the next generation. Populations
were subdivided into either 3-foundress or
12-foundress demes, and were maintained
for 12 generations. Strains known to pro-
duce two different fertilization proportions
were used; Labll (designated L) and MI
(designated M). PSR is expected to achieve
high frequencies in populations with larger
foundress numbers and higher fertilization
proportions.

As expected, the L and M strains pro-
duced quite different fertilization propor-
tions. Based on control populations, L3
populations produced 0.67 £ 0.06 SD ver-
sus 0.93 = 0.06 SD for M3. L12 populations
produced 0.57 + 0.04 SD versus 0.90 =
0.06 SD for M12. Samples are based on the
average for each of 12 generations.

Figure 3 shows observed and predicted
changes in frequency of PSR-mated females
in these populations. Two different methods
were used to predict PSR frequency. The
“Fixed X Method” uses the starting fre-

PSR FREQUENCY

T
01 2 3 4 5 6 7 8 9 1011 12 13

GENERATION

Fi1G. 3. Frequencies of PSR-mated females over 13
generations in experimental subdivided populations of
3 and 12 foundresses (subdivided population experi-
ment). Data from two replicates are given for both the
Labll (L) and MI (M) strain. The dotted and short
dashed lines represent predicted PSR frequencies (Fixed
X Method and Variable X Method, started at gener-
ation 0). The long dashed line in the M3 populations
shows predictions of the Variable X Method started at
generation 1 (see text).

quency of PSR and average fertilization
proportions from control populations of each
strain to generate predictions, by iterating
Equation (4) over successive generations.
This method does not incorporate intergen-
eration variation in fertilization proportion
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because it uses the average fertilization pro-
portion for each strain over 12 generations.
The “Variable X Method’ does incorporate
such variation by using fertilization pro-
portions each generation in Formula 4.
Those fertilization proportions were esti-
mated directly from the experimental pop-
ulations as described in Materials and
Methods, rather than from the control pop-
ulations.

The two methods give similar predictions
for L3, L12, and M 12 populations, and gen-
erally conform to the observed changes in
PSR frequency in these populations (Fig. 3).
As expected, PSR was selected against in L3
populations, owing to the low fertilization
proportion (L3A: x = 0.70 = 0.06 SD, and
L3B: x=0.74 = 0.07 SD) and small found-
ress number. PSR was lost in population
L3B by generation 7, and remained at low
frequency in L3A. In L12 populations, PSR
was maintained in both populations at fre-
quencies between 0.20 and 0.40. Both
methods predict maintenance of PSR in
these populations at frequencies between
0.10 and 0.20. Thus, observed frequencies
are slightly higher than predicted.

M 12 populations have a high fertilization
rate, due to the cytoplasmic MSR sex-ratio
distorter. PSR is therefore expected to
achieve high frequencies. The Fixed X
Method predicts an equilibrium around
0.85; however, PSR frequency was lower
than this, although consistently above 0.60.
The Variable X Method is a significantly
better predictor of PSR frequency in M12
populations (Wilcoxon test; z = 3.743, P =
0.0002, N = 24). Recall that the Variable X
Method differs from the Fixed X Method
in two respects. First, fertilization propor-
tion is estimated from the experimental
populations themselves, rather than from
the control populations. Second, intergen-
erational variation in fertilization propor-
tion is used to estimate changes in P.

The M3 populations show the most com-
plicated dynamics, and do not conform
closely to predictions of either method (av-
erage deviation of Fixed X Method 0.37 =
0.28 SD and Variable X Method 0.20 *+
0.09 SD, Wilcoxon test; z = 1.929, P =
0.054, N = 24). The basic prediction (Fixed
X Method) is that PSR should rapidly in-
crease and achieve equilibrium around 0.80.

As expected, PSR does rapidly increase in
M3 populations. Indeed, it achieves fre-
quencies of 0.60 by generation 1, which was
more quickly than expected. Both popula-
tions maintained frequencies around 0.65
until the sixth generation. Thereafter, con-
trary to expectation, PSR declined in both
populations to around 0.10 by generation
12. In contrast, the Variable X Method is a
poor predictor of PSR frequency before gen-
eration 7, but does predict the observed de-
clining PSR frequency thereafter. This im-
plies that the decline may have been caused
by variation in the fertilization proportion.

Both predictive methods are sensitive to
the starting frequency of PSR. The Variable
X is a poor predictor of PSR frequency in
early generations of M3, because a gradual
increase was predicted whereas PSR leapt
to around 0.60 in the first generation. By
initializing PSR frequency at 0.60 in gen-
eration 1, it can be seen that the Variable.
X Method is much more consistent with
observations (Wilcoxon test; z = 2.159, P
= 0.031, N = 22, see Fig. 3). This further
supports the view that the decline in PSR
frequency is due to changes in fertilization
proportion.

Genetic Changes in M3 Populations

The decline of PSR in M3 populations
suggests that changes are occurring in these
populations that select against PSR. There
are three main possibilities: (1) suppressors
to PSR have evolved in M3 populations, (2)
the PSR chromosome has changed and has
reduced transmission (or expression), or (3)
the fertilization proportion has declined in
M3 populations, and is no longer MSR-like.

If PSR had lost full expression, M3A and
M3B PSR males mated with stock MI fe-
males are expected to produce fewer all-male
families than control matings between stan-
dard PSR males and stock MI females. This
was not the case; M3A and M3B PSR males
from generation 13 produced 10/11 all-male
families, whereas standard PSR males pro-
duced 9/9 all-male families (Fisher test: P
= 0.550).

M3 populations were tested to determine
whether an ability to suppress PSR expres-
sion had evolved. M3A and M3B females
crossed to stock PSR males produced 45/
45 and 47/47 all-male families, not different
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from 9/9 all-male families from control
crosses. If M3A and M3B females had de-
veloped a suppression ability against PSR,
they were expected to produce fewer all-
male families than controls mated to PSR
males.

In contrast to the results above, studies
do show that fertilization proportion
changed in M3 populations. As can be seen
in Figure 4, fertilization proportion dra-
matically declined over successive genera-
tions in both replicates (Spearman Rank
Correlation: M3A, r = 0.747, P = 0.010;
M3B, r = 0.753, P = 0.009), going from
0.93 to 0.72 in the M3A and 0.96 to 0.78
in the M3B population. By generation 13,
M3A and M3B females produced fertiliza-
tion proportions significantly lower than
control MI females (0.84 = 0.11 SD (V =
40) and 0.87 = 0.06 SD (N = 40) versus
0.97 = 0.05 SD; (Mann Whitney U-test;
M3A: z = 6.929, P = 4.2E-12; M3B: z =
6.796, P = 1.1E-11), but not significantly
different from control Labll females (pro-
portion daughters 0.86 *+ 0.04 SD, N = 40;
Mann Whitney U-test: M3A: z = 0.525, P
= 0.600; M3B: z = — 1.410, P = 0.159).
Therefore, females in these populations were
producing wild-type fertilization propor-
tions by generation 13.

M3 males did not contribute to this re-
duction in fertilization proportion. M3A fe-
males crossed with (non-PSR) M3A males
and M3B females with (non-PSR) M3B
males of generation 13 produced the same
proportion of females (0.85 + 0.04 SD, N
= 24 and 0.88 = 0.08 SD, N = 21 respec-
tively) as when crossed with stock Labll
males (Mann Whitney U-test; M3A: z =
—0.055,P=0.956; M3B: z= —1.381, P =
0.167).

DiscussioN

PSR is a remarkable example of selfish or
parasitic DNA. It is transmitted through
sperm, but then causes all-male families by
destroying the paternal genome. A funda-
mental question concerning this chromo-
some is “How is PSR maintained in natural
populations?”’ Clearly, if the chromosome
were to achieve high frequency, it could
drive populations extinct. On the other hand,
theoretical studies (Werren, 19875; Skinner
1987) indicate that PSR cannot become es-
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tablished in populations unless female-bi-
ased sex ratios are being produced (i.e.,
greater than 50% fertilized eggs). This is a
consequence of haplodiploid sex determi-
nation, where fertilized eggs normally de-
velop into females and unfertilized eggs de-
velop into males. PSR disrupts this normal
pattern, “converting” fertilized eggs into
males by destroying the paternal chromo-
somes entering the egg with it via the sperm.
Because PSR is transmitted only to fertil-
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ized eggs, its frequency depends on the fer-
tilization rate.

Evidence indicates that Nasonia vitripen-
nis has a highly subdivided population
structure in nature (Skinner, 1983; Werren,
1983). Population subdivision could be im-
portant in determining PSR frequency, be-
cause high frequency of PSR-mated found-
resses in a local deme results in reduced
numbers of PSR-mated females dispersing
from the deme, due to the scarcity of fe-
males that are produced (Werren and Beu-
keboom, 1993).

Results of this study empirically support
the view that fertilization proportion and
population subdivision are important de-
terminants of PSR frequency. In most ex-
perimental populations, PSR rapidly
achieved a polymorphic equilibrium. The
frequency of PSR was enhanced by high fer-
tilization rate and decreased by population
subdivision. MSR, a cytoplasmically inher-
ited element that causes nearly all eggs to
be fertilized, greatly facilitated increase of
PSR. Given the number of assumptions in-
volved in the model, it is surprising that the
predictions are generally met. It was as-
sumed that: (1) PSR transmission to fertil-
ized eggs is 1.0, (2) PSR male mating ability
is 1.0, (3) egg to adult survival of males and
females is equal, and (4) females mate only
once, or utilize sperm only from one mating.
Various studies support these as approxi-
mate estimates (Werren and van den As-
sem, 1986; Beukeboom and Werren, un-
publ. data), but they are not completely
accurate. For example, Beukeboom and
Werren (unpubl. data) show that family sizes
for PSR-mated females are 10 to 20% great-
er than for normal-mated females. Several
studies show that transmission of PSR to
fertilized eggs varies between 0.9 and 1.0
(Werren and van den Assem, 1986; Beu-
keboom and Werren, unpubl. data). These
two effects probably counterbalance each
other. Furthermore, we have found that PSR
males are as competitive as normal males
and that multiple matings occur infrequent-
ly, at least under experimental conditions
employed here.

Unexpected patterns occurred when PSR
was introduced into highly subdivided (three
foundress) populations composed of MSR-
type females (the MI strain). In these pop-

L. W. BEUKEBOOM AND J. H. WERREN

ulations, PSR increased rapidly to over 60%
(as predicted), but then declined to under
10% by the 13th generation. In contrast, the
population model that assumed MSR fer-
tilization rates predicted PSR would achieve
an equilibrium frequency of around 80% in
these populations. Results indicate that the
MSR factor had actually been severely re-
duced in frequency, even though the pop-
ulations originally started as all-MSR. Based
upon this finding, we investigated theoret-
ically the interaction between MSR and PSR
in subdivided populations. Results are pre-
sented in Werren and Beukeboom (1993).
Basically, we found that presence of PSR
does not select against the MSR cytoplas-
mic element in panmictic populations, but
does select against MSR in highly subdi-
vided (e.g., three foundress) populations. In
12-foundress populations, the model pre-
dicts that MSR frequency will be slightly
reduced.

Although post hoc, the theoretical finding
is qualitatively consistent with what was ob-
served in the MI populations. However,
there are clearly several unanswered ques-
tions, such as “How did the non-MSR fe-
males arise in these populations?”” LablI fe-
males may have accidently been introduced;
however, this must have occurred early in
the experiment because both M3 replicates
show the same pattern. Alternatively, some
MI females may have lost the MSR sex-
ratio distorter, with subsequent selection for
the non-MSR type. Consistent with this lat-
ter possibility, transmission of MSR in the
MI strain was found to be incomplete
(Stouthamer, unpubl. data). The dynamics
of MSR and PSR in highly subdivided pop-
ulations may be very complex; presence of
MSR greatly enhances the increase of PSR,
but high frequencies of PSR tend to reduce
the frequency of MSR.

Little is known about the population
structure of Nasonia or the distribution of
PSR in nature. Although it is known that
Nasonia populations are structured into
temporary local mating groups in nature
(e.g., carcasses and bird nests; Skinner, 1983;
Werren, 1983), the distribution of deme
sizes, dispersal distances of females, and oc-
currence of nonmating and multiple mating
are unknown for natural populations. These
are likely to be important parameters in de-
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termining the frequency of PSR and the oth-
er sex-ratio distorters (SK and MSR). Both
chromosomal (Parker and Orzack, 1985;
Orzack et al., 1991) and extrachromosomal
(Werren et al., 1981; Skinner, 1985; Wer-
ren, 1991) variation for sex ratio, which oc-
curs in Nasonia, will also strongly influence
PSR frequency.

Spot sampling throughout North Amer-
ica has so far detected PSR only in Utah,
Idaho, and Wyoming (Werren, unpubl.
data). Intensive sampling in Utah (Skinner,
1983; Werren, unpubl. data) and New York
state (Werren, unpubl. data) has found PSR
at frequencies of up to 11% in Utah and 0%
in New York. Local variation in PSR fre-
quency is expected, since PSR frequency is
sensitive to population structure and fertil-
ization proportions. However, evidence to
date suggests that PSR is restricted to the
Great Basin, or at least Western North
America. More intensive sampling is need-
ed to resolve its actual distribution.

PSR can achieve appreciable frequencies
under certain population structures, result-
ing in a significant reduction in the intrinsic
rate of increase of such populations. Indeed,
if MSR were to reach high frequencies, as
is predicted theoretically (Bull, 1983; Wer-
ren, 19875), then PSR should also become
abundant, potentially driving the popula-
tion extinct. Subdivided populations reduce
PSR frequency due to local male competi-
tion and scarcity of mates. Similar mecha-
nisms may regulate the frequency of MSR
and SK, where a local scarcity of mates could
give rise to virgin females, which cannot
transmit these maternally inherited ele-
ments. Results presented here support the
notion that subdivided population struc-
tures could be important in the dynamics
of non-Mendelian sex-ratio distorters.
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