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ABSTRACT

Virtually all known cases of extrachromosomal inheritance involve cytoplasmic
inheritance through the maternal line. Recently, a paternally transmitted factor
that causes the production of all-male families has been discovered in a parasitic
wasp. The wasp has haplodiploid sex determination: male offspring are haploid
and usually develop from unfertilized eggs, whereas females are diploid and
usually develop from fertilized eggs. It has been postulated that this paternal
sex-ratio factor (psr) is either (1) an infectious agent (a venereal disease) that is
transmitted to the female reproductive tract during copulation with an infected
male and, subsequently, causes all-male families or (2) a male cytoplasmic factor
that is transmitted by sperm to eggs upon egg fertilization and, somehow, causes
loss of the paternal set of chromosomes.—Experimental evidence is presented
which shows that the factor requires egg fertilization for transmission to the next
generation; therefore, it is likely to be a cytoplasmic factor. Significant potential
intragenomic conflict results from the presence of this factor and two other sex-
ratio distorters in this wasp species.

XTRACHROMOSOMAL inheritance is widespread among plants and an-
imals. The overwhelming majority of cases of extrachromosomal inherit-
ance are cytoplasmic factors that are transmitted maternally through the egg
cytoplasm. Examples are organelle inheritance, such as chloroplasts and mito-
chondria, and intracellular microorganisms, such as rickettsia, spiroplasms, vi-
ruses and others (CosMIDES and TooBYy 1981; EBERHARD 1980). Paternal ex-
trachromosomal inheritance is extremely rare, and its virtual absence has gen-
erally been attributed to a relative deficiency of cytoplasm in sperm (or pollen)
compared to eggs. Some authors have suggested that “genetic conflict” among
cytoplasmically inherited factors has led to the suppression of paternal inher-
itance (BIRKY 1976; CosMIDES and TooBy 1980). In either case, the general
absence of this form of inheritance is of theoretical interest.
Recently, WERREN, SKINNER and CHARNOV (1981) discovered a paternally
inherited extrachromosomal factor that causes the production of all-male
broods in the parasitic wasp, Nasonia vitripennis. The factor, henceforth termed
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psr (paternal sex ratio), was shown to be extrachromosomally inherited by use
of the haplodiploid sex determination of wasps. In most Hymenoptera (bees
and wasps), males develop from unfertilized (haploid) eggs and females develop
from fertilized (diploid) eggs; therefore, male progeny receive no chromosomal
genes from their “father.” WERREN, SKINNER and CHARNoOV (1981) were able
to show, by use of genetic markers, that psr males do not transmit chromo-
somal genes to their male progeny, but that they do transmit the psr trait.
Hence, by definition, it is extrachromosomal. The existence of this paternal
extrachromosomal factor raises several important questions. How is the factor
transmitted to successive generations? Why does paternal inheritance occur in
this biological system when it does not occur in others?

The paternal sex-ratio factor is one of three extrachromosomal sex-ratio
distorters so far discovered in this parasitic wasp (SKINNER 1982, 1985; WER-
REN, SKINNER and CHARNoOV 1981; WERREN, SKINNER and HUGER 1986). In
addition to psr, msr (maternal sex ratio) is a maternally inherited factor that
causes the production of approximately 97% female progeny in carrier females,
and sk (sonkiller) is a maternally and infectiously transmitted bacteria that
causes male egg lethality. Sex-ratio theory predicts that maternally inherited
factors are selectively favored to bias sex ratio toward female progeny, since
females are the only sex that can transmit a maternal factor to future gener-
ations. Female-biased sex ratios enhance transmission of maternal factors. For
similar reasons, paternal factors should be selectively favored to bias sex ratios
toward male progeny; this, indeed, is what psr does. The psr factor, therefore,
is apparently an exception that proves the rule of sex-ratio theory, that sex-
ratio distortion should be toward the sex through which an extrachromosomal
factor is inherited. Studies of this unusual factor, therefore, will enhance un-
derstanding of both extrachromosomal inheritance and sex-ratio evolution.

Two possible modes of transmission for psr were postulated by WERREN,
SKINNER and CHARNOV (1981). First, psr may be an infectious agent of the
wasp’s reproductive tract that is venereally transmitted from infected males to
females. The agent could then be transmitted to eggs passing down the repro-
ductive tract. If the infection interfered with normal fertilization processes,
then all male broods would result. This is termed the “infection” hypothesis.
The second possibility is that psr may be associated with the sperm of psr males
and, thus, gain entry into the egg during fertilization. There, the psr would
have to cause rejection of the paternal chromosomal genome so that the egg
would remain haploid and male, because WERREN, SKINNER and CHARNOV
(1981) found that psr males are haploid and derive their chromosomal com-
plement maternally. This is termed the “fertilization” hypothesis. The psr agent
could be loosely associated with sperm, such as in the seminal fluid, or it could
be a cytoplasmic or transposable element within the sperm.

The purpose of this paper is to describe experiments that elucidate the
inheritance pattern of this unusual extrachromosomal factor. Experimental evi-
dence is presented which shows that the psr factor requires egg fertilization
for transmission to the next generation, in support of the fertilization hypoth-
esis.
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MATERIALS AND METHODS

General: N. vitripennis is a small (~3 mm) chalcidoid wasp which parasitizes many
species of cyclorrhaphous fly pupae. Its biology is relatively well studied (WHITING
1967).

Experiments were performed under constant light at 25°, and two different host
species were used, either Sarcophaga bullata or Calliphora vomitora. Unless indicated
otherwise, experiments utilized Calliphora hosts. Various genetic strains are available
(SauL et al. 1965). The following stocks were used. Wild-type stocks: Carolina Biological
(cb*) [= Ithaca, New York (Ith*)], Leiden Lab II (Lab II}; Other stocks: paternal sex
ratio (psr), scarlet-eye (st-1), slbrr4 (msr) and an artificially selected high male sex-ratio
stock (sel). Characteristics of these stocks are discussed in the relevant experiments. In
standard experiments, single female wasps were placed in a test tube with several hosts
for a specified time period. Progeny from the hosts were allowed to develop to adult-
hood and then were scored for the particular phenotype under study.

Assay for psr: The psr trait was routinely assayed by individually mating presumptive
psr males to Lab II females and scoring the sex ratio of the resulting progeny. If a
greater than 90% male brood results, then the male parent was scored as psr. This
phenotypic test has a small bias since approximately 5% of control crosses also result in
more than 90% male broods, due to inadequate mating. In certain cases of ambiguity,
at least five males from the F; brood were also tested, and if two or more produced
all-male broods, then the parent was determined to be psr.

Experiments: The first series of experiments were conducted to characterize the
basic inheritance pattern of psr. These are as follows:

1. Total brood: an initial experiment to determine what proportion of the males
from a psr brood inherit the trait.

2. Successive broods: an experiment to determine whether the expression or inher-
itance pattern of psr changes over successive broods of a female.

3. Lineage: an experiment to characterize inheritance of psr over successive gener-
ations within a lineage.

4. Venereal transmission: an experiment to test whether venereal transmission of psr
can occur between females which have mated with a psr male and a later wild-type
male which mates with the same female.

5. Within-host infectivity: an experiment to test for transmission of psr between a
psr brood and an uninfected brood when both develop together within the same host.

The next series of experiments investigated the relationship between egg fertilization
and transmission of psr. These experiments utilized genetic and environmental varia-
bility of the sex ratio of Nasonia to test the fertilization hypothesis. Since females are
derived from fertilized eggs and males from unfertilized eggs in this haplodiploid spe-
cies, the female sex ratio (percentage of females) is also the percentage of fertilized
eggs. It is well documented in Nasonia that individual wasps can vary their sex ratio
under different environmental circumstances. For example, the first wasp to parasitize
a host produces around 85% females, whereas the second wasp produces a male-biased
sex ratio (WYLIE 1966; WERREN 1980a). These responses are consistent with sex-ratio
theory (WERREN 1980a, CHARNOV 1982). Other individual responses include a declining
sex ratio with increasing wasp density (WERREN 1983) and a declining sex ratio imme-
diately after copulation, apparently due to a temporary inability of females to utilize
sperm (VAN DEN AssEM and FEUTH DE BRUIN 1977). In addition, there are strain
differences in sex ratio, such as msr (~97% female) and sel (selected for a low female
sex ratio; PARKER and ORzAck 1985). The fertilization hypothesis predicts that per-
centage of transmission of psr to the all-male brood will vary directly with the percent-
age of fertilized eggs (female sex ratio) under these different conditions and utilizing
different stocks.

6. Strain transmission: an experiment to compare the percentage of transmission of
psr to the percentage of fertilized eggs in three very different strains: Lab II, which
produces around 85% fertilized eggs under the experimental conditions; sel, which
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produces around 60% fertilized eggs; and msr, which produces around 97% fertilized
eggs.

7. Male sperm depletion: an experiment to characterize the transmission of psr in
males which have been successively mated to many females in rapid succession, such
that sperm transfer is reduced.

8. Double matings: experiments that investigate the dynamics of psr transmission in
females which have been mated to both psr and non-psr males.

Statistics: Statistical significance is computed using the Mann Whitney U test, Fried-
man'’s test, Chi square test or Fisher’s exact test (SIEGEL 1956). For statistical analyses,
individual broods rather than individual progeny are used as independent observations.
This approach is more conservative and also correct, since the sexes of individual
progeny within a brood are not necessarily statistically independent.

RESULTS

The first series of experiments characterize the basic inheritance pattern of
the psr factor. Preliminary results revealed that although the psr factor causes
the production of all-male broods, not all of the males in the brood express
the psr characteristic. Therefore, the total brood experiment was conducted
to determine what proportion of males in a psr family express the psr trait.
Female (cb*) wasps were individually mated to psr males, and each was then
allowed to parasitize a S. bullata host for 24 hr. All the resulting males from
each female were then tested for the psr trait by mating them individually to
cb* females and observing the resulting sex ratio. As a control, cb™ females
were individually mated to cb* males. Two interesting findings are evident.
First, 0.78 = 0.07 sp (N = 8) proportion of males from psr broods express the
psr trait. By comparison, the sex ratio (proportion of females) produced in the
controls is 0.80 + 0.12 sp (N = 38). The result suggested that transmission
and expression of psr may be linked to fertilization of eggs by sperm. The
second interesting finding is reflected in the distribution of sex ratios between
males from psr vs. control broods shown in Figure 1. Approximately 78% of
psr males produce all-male broods, and approximately 5% produce broods
including less than a 0.10 proportion females. The remaining broods show a
sex-ratio distribution similar to that of the controls. In contrast, among the
controls only 5% produce all-male broods (due to inadequate matings), and
0% fall into the less than 0.10 category. The majority of broods have strongly
female-biased sex ratios of between 0.7 and 1.0 proportion females. There is
a highly significant difference in the two distributions (x* = 198, P < 0.001,
d.f. =11).

Although 22% of psr males did not express the all-male trait, these males
may have inherited the psr factor and passed it on to their sons, who may
themselves express the psr trait. To test this possibility, males from broods of
different sex-ratio categories were tested for psr by individual mating to control
females. The categories utilized were 0, 0-10, 10-70 and 70-100% female
sex ratios. Of these males, 13 of 20, 14 of 18, 0 of 20 and 0 of 19, respectively,
produced all-male broods. Between two and five males were taken from each
family for the test. However, this was not recorded; therefore, family trans-
mission frequencies cannot be determined for the data. Nevertheless, assuming
independence, the frequency of psr expression from all-male and nearly all-
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FIGURE 1.—The distribution of sex ratios produced by males from psr broods and control
broods. Two hundred thirteen psr males from eight broods and 92 control males from 38 broods
were tested.

male broods are significantly different from the mixed sex-ratio broods (P <
0.0001, Fisher’s exact test).

Approximately 5% of males from psr broods produced sex ratios greater
than 90% male but less than 100% males. Male progeny from these families
actively transmitted the psr trait. In contrast, results show that, if a male from
a psr brood reverts to producing a normal female-biased sex ratio, his sons do
not express psr and, themselves, also produce normal sex ratios. Sample sizes
are not large enough, however, to determine whether a low level of expression
of psr occurs in the broods that have reverted to normal female-biased sex
ratios.

Although males from broods that revert to normal do not express the psr
trait, it is possible that they still transmit the character in a quiescent state, to
be expressed in subsequent generations. The lineage experiment was designed
to follow psr lineages over several generations to determine how expression of
the trait varies over successive generations. Twenty-five lineages were estab-
lished from the psr stock. Each generation, one male from each lineage was
mated to a cb* female. The female was then given one §. bullata host for 24
hr, then two hosts for an additional 48 hr. Control c¢b* lineages were similarly
treated. The experiment was conducted for ten generations. Five lineages were
not successfully maintained for all ten generations and are excluded from
analysis. Results are shown in Figure 2 and Table 1. By the seventh generation,
all of the lineages had reverted to normal female-biased sex ratios. Apparently,
once a lineage has lost expression of psr, the trait is not regained. Per gener-
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FIGURE 2.—The number of lineages producing high male sex ratios as a function of generation.
All lineages were initially started from psr broods and were maintained from one male per gen-
eration.

TABLE 1

Integeneration transmission probabilities for psr and control lineages

Generation T + 1

Generation High male Normal
T Lineages sex ratio sex ratio N
High male sex psr 0.60 0.40 52
ratio Control 0 1.0 4
Normal sex psr 0.05 0.95 127
ratio Control 0.06 0.94 64

ation transitional probabilities for psr and control lineages are shown in Table
1. High male broods are defined as those with sex ratios greater than 90%
male; normal sex-ratio broods are those with sex ratios less than 90%. For psr
lineages, there was a 0.60 probability of remaining mostly male in the next
generation, and a 0.40 probability of reverting to normal sex ratio. Once
producing normal sex ratios, the probability of going from normal to mostly
male was 0.05, which does not differ significantly from the control probability
of 0.06 (P > 0.60, x> = 0.2, d.f. = 1). Since it was possible that these “re-
vertant” broods did return to psr expression, ten males from each of these



PATERNALLY INHERITED FACTOR 223

three broods were tested for psr in the usual fashion. None produced mostly
male sex ratios, indicating that they had not returned to psr expression. Most
likely these “revertants” resulted from inadequate mating, as occurs in 5% of
control matings. One of the revertant lineages was maintained in culture for
ten more generations, and 20 males from the culture were tested for psr
expression on generation 15 and 20. None showed expression of psr. Thus, it
can be tentatively concluded that once a psr lineage converts to normal sex
ratio, the psr trait is at least temporarily, and probably permanently, lost.
Similar lineage experiments have been repeated with the same general result
that psr lineages decline in frequency over successive generations. This decline
is due to the fact that only one male is used to maintain the lineage each
generation. Since there is a 15-40% probability that any male has lost psr, it
is inevitable that a lineage will eventually lose the psr trait when maintained
in this fashion.

Both of the experiments above investigated psr expression and transmission
in the first reproductive days of a female. Female wasps can live up to a month
and produce up to 800 offspring in their lifetimes (WHITING 1967; VELTHUIS,
VELTHUIS-KLUPPELL and BOSSINK 1965). Transmission and expression of psr
may change over the life of a female, and the successive brood experiment
tested for such temporal changes. Lab II females were mated to psr males and
then were provided with four hosts per day for 13 days. Resulting progeny
were scored for sex, and ten males per brood were tested for psr. Lab II X
Lab II matings were used for a control. Data are presented in Figure 3. No
significant changes were found in either expression or transmission of psr over
the 13 days (Friedman’s x2 =22 P>07 df = 4). In support of the
fertilization hypothesis, there were no significant differences between percent-
age of transmission of psr and female sex ratio in the controls (Friedman’s x*
= 2.7, P < 0.5, d.f. = 4). Nor was the overall percentage of females (85.7, N
= 55) significantly different from the overall percentage of psr transmission
(86.5, N = 145, U = 3705.5, z = 0.779, P > 0.4).

Two preliminary experiments tested for infectious transmission of psr. The
sonkiller factor, sk, is known to be infectiously transmitted within a host be-
tween sk offspring and “normal” offspring when both develop within the same
host (SKINNER 1983; HUGER, SKINNER and WERREN 1985; WERREN, SKINNER
and HUGER 1986). Similar transmission of psr within the host was tested for
by mating Lab II females to psr males, and then allowing these females to
parasitize a host for 48 hr. During the same period a virgin st-1 female had
access to the same host. The use of virgin st-1 females allows identification of
offspring from the psr-infected (Lab II) and noninfected (st-1) parent. Tests
revealed no within-host infectivity. Forty-two st males were tested for psr, and
none were found to be carriers. Two additional replicates have provided sim-
ilar results.

The venereal transmission experiment tested for transmission of psr between
males mating to a common female. psr males were individually mated to Lab
11 females, and males were removed after copulation but before postcopulatory
courtship to facilitate second mating (VAN DEN ASSEM and VISSER 1976).
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FIGURE 3.—Change in proportion females (O) in the control and proportion psr transmission
(®) in psr broods over successive days of female oviposition. Standard deviations are shown. Data
are from broods of 11 control females and 29 psr-mated females.

Twenty-four hours later the females were individually mated to Lab II males.
These males were then tested for the psr trait by mating them to Lab II
virgins. This particular experimental design would detect mechanical transmis-
sion of the psr factor through venereal contact. However, if the factor requires
an incubation or amplification period of more than 24 hr before successful
venereal transmission, the experiment would not detect it. Of the 52 males
tested, none showed the psr trait.

The next series of experiments were designed to further test the fertilization
hypothesis. As mentioned earlier, this hypothesis assumes that the psr factor is
associated with sperm and is transmitted to eggs during fertilization. Since
Nasonia can control egg fertilization and there is genetic variability in the
character, the strain transmission experiments were conducted to see if psr
transmission varied with differences in egg fertilization rate between strains.
Two strains were tested. msr is a cytoplasmically inherited sex-ratio factor that
produces a strongly female-biased sex ratio (~97%) by causing fertilization of
an equally high proportion of its eggs (SKINNER 1982). sel is a stock that was
artificially selected by PARKER and ORzAck (1985) for a less female-biased sex
ratio than normally produced (WERREN 1983).

To test msr, psr males from a Lab II background were mated to either msr
or Lab II females, which were then provided with one host for 24 hr and
then with a new host for 24 hr. Control crosses (mating Lab II males to either
Lab II or msr females) were also performed. Ten males from the second host
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TABLE 2

Percentage of female and percentage of psr transmission for
different strains

Strain % female % psr

msr 943 + 7.3 (14) 94.3 + 15.2 (11)
Lab II 70.7 £ 21.1 (24) 68.9 + 14.8 (12)
sel 65.4 £ 11.5 (12) 67.5 + 15.7 (15)
Lab 11 85.7 £ 10.7 (15) 84.5 £ 15.0 (14)

Sample sizes (in parentheses) represent number of families tested.

of each psr brood were tested for psr. Table 2 compares the percentage of psr
transmission in these tests to the percentage of females in the control crosses.
Consistent with the fertilization hypothesis, psr transmission was significantly
different in the two strains (U = 12, P < 0.01), but was not significantly
different from the female sex ratio (proportion fertilized eggs) produced by
each respective strain (msr U = 53, P > 0.1; Lab II U = 104.5, P > 0.1). psr
transmission and percentage of fertilized eggs were both around 95% for the
msr strain, and were around 75% for the Lab II strain. Strain mating experi-
ments show that, in the strain with a high proportion of fertilized eggs, there
is high transmission of psr, and in the strain with a low proportion of fertilized
eggs, there is low transmission of psr.

The sel strain was tested by provisioning females for 48 hr with four hosts,
then giving two hosts for 24 hr. Fifteen males from each psr brood were tested
for the trait. Results are shown in Table 2. In this experiment the sex ratio
of the sel strain is significantly lower than for the Lab II strain (61.1 vs. 85.7,
U =9, P<0.001). Similarly, psr transmission is significantly lower in the sel
strain (U = 28, P < 0.01). In neither strain did psr transmission differ signifi-
cantly from the percentage of females normally produced by that strain (sel U
=79, P> 0.1; Lab II U = 96, P > 0.1).These results are consistent with the
fertilization hypothesis.

Nasonia males which are successively mated to many females will eventually
be depleted of sperm. This depletion is reflected in a decreasing sex ratio (few
daughters) produced by the mated females. The sperm depletion experiment
was conducted to determine how sperm depletion affects transmission of psr.
Either psr or control (Lab II) males were individually mated to 30 females in
rapid succession. Each mating was observed, and the female was removed and
a new female introduced immediately after copulation. Courtship and copula-
tion typically take less than 1 min under these circumstances. Females were
then provided with one host for 24 hr and two hosts for the next 24 hr. The
sex ratio of each control-mated female was recorded. In addition, the sex ratio
of every third psr-mated female was recorded, and ten males from each such
mating were tested for psr.

Results are shown in Figure 4. Clearly, there is a strong correlation between
depletion of sperm and loss of psr transmission. In later matings, control males
provided fewer sperm to females as reflected in their reduced sex ratio, and
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FIGURE 4.—Change in proportion females (O) of control and proportion psr transmission (@)
in psr broods over successive male copulations to females. Standard deviations are shown.

psr transmission was similarly reduced. This result is consistent with the fertil-
ization hypothesis; however, such a result is not inconsistent with the infection
hypothesis. If a venereally infectious disease agent is associated with male ejac-
ulate, then reduced male ejaculate could lower the concentration of the disease
agent and, thus, the severity of the sex-ratio disease. However, the close quan-
titative fit between percentage of fertilized eggs and percentage of psr trans-
mission is striking.

A final series of experiments provide even stronger evidence that the psr
agent requires egg fertilization for transmission. When a female insect mates
more than once, one mating may be more effective than the other. This is
generally true in Nasonia. In multiple matings the first male’s sperm is utilized
predominantly by the female in fertilizing eggs. In addition, there is another
very interesting effect of matings on sperm utilization. For 6-24 hr after
mating, a Nasonia female utilizes no sperm and therefore produces only male
offspring (unfertilized eggs) (VAN DEN AsseM and FEUTH DE BRUIJN 1977). The
sperm utilization phenomena can be used to dissect the relationship between
egg fertilization and psr transmission.

Preliminary experiments revealed that some utilization of second male sperm
is most likely to occur if the female is allowed to oviposit for 48 hr between
matings (presumably, sperm have been used during this interval, and some
vacant space is available in the spermatheca). Therefore, the following exper-
imental design was utilized. Females were (1) individually mated (matings were
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TABLE 3

Crosses performed in double-mating experiments

First Second No. No.
Female male male begun completed
+/+ + st 28 20
+/+ psr st 24 15
+/+ + 10 8
+/+ psr 10 9
st/st + st 40 6
st/st psr st 18 2
TABLE 4

Percentage of female and percentage of psr transmission in double-mating experiments

Cross % females
? 81 382 Before During After
+/+ + st 76.3 £ 14.7 (20) 5.4 + 21.6 (20)*** 66.8 = 19.6 (20)**
+/+ + 799 £ 7.1 (8) 91.5 = 4.6 (7) 82.2 + 14.2 (8)
+/+ psr st 0509 (15 0.0 £ 0.0 (15) 11.4 £ 7.2 (15)%*
+/+ psr 0817 (8) 1.3+£29 (8 1.6 £ 3.0 (8)
% psr transmission
+/+ psr st 79.2 + 11.3 (9) 6.6 £ 10.1 (8)*** 49.8 £ 17.6 (B)***
+/+ psr 82.2 £ 11.6 (8) 87.4 £ 7.8 (8) 872+ 32 (8)

Single-mating controls are indicated by a blank next to the second mating category. Significant
differences between double mating and its control are based on the Mann Whitney U test (** P
< 0.01; *** P < 0.001). Sample sizes (in parentheses) represent number of families tested.

observed) and presented with three hosts for 48 hr, (2) mated to a second
male and presented with one host for 5 hr, and then (3) given six hosts for
48 hr. The three host presentation time periods are indicated as before, during
and after, respectively, in reference to the sperm inhibition period following
the second mating. Three genotypes were used: Lab II (+), psr in a Lab II
genetic background (psr) and scarlet-eye mutant st-1 (st). The scarlet eye mu-
tant is recessive to wild type. Recalling that females are diploid and males are
haploid, the crosses shown in Table 3 were performed.

As shown, few of the st/st female double-mating crosses were successful.
Observations revealed that few st/st females were willing to mate a second
time, whereas 42 of 52 +/+ females copulated a second time. The number of
“successful” psr X st/st crosses were further reduced because only a portion of
the males from any psr brood typically carry the trait (72% in this experiment).
Because of inadequate sample size, the st/st crosses are excluded from the
analysis that follows.

Results, shown in Table 4 and Figure 5, clearly reveal that transmission of
psr is strongly correlated with egg fertilization. A second copulation caused
the sex ratio to drop significantly from 76.3 to 5.4% females (U = 13, P <
0.001) in the control crosses. The sex ratio then rebounded back to 66.8% (U
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= 17, P < 0.001). Similarly, a second copulation caused psr transmission to
dramatically drop from 79.2 to 6.6% (U = 0, P < 0.001) and then rebound
to 49.8% (U = 1, P < 0.001). This pattern strongly supports the fertilization
hypothesis, since psr transmission varies with egg fertilization, even within a
single individual.

Rare females were produced in some psr broods, as reflected by the 1%
female sex ratio in +/+ X psr and +/+ X psr X st matings. The sex ratio in
+/4+ X psr X st matings significantly increased to 11.4% in the (after) time
period following the second copulation (11.4 vs. 1.6, U = 13, P < 0.01),
whereas there ws no such increase without a second mating. Why are a greater
proportion of females produced subsequent to a second copulation? The effect
is presumably due to some influence of (non-psr) st sperm or ejaculate. One
version of the fertilization hypothesis is that the psr factor is tightly associated
with psr sperm; therefore, utilization of some st sperm after the second copu-
lation allows the production of more female offspring. If this hypothesis is
true, then these females should be of the st/+ heterozygous genotype. A sec-
ond hypothesis is that the psr factor is only loosely associated with sperm of
psr males and has been diluted by the second copulation. If this hypothesis is
correct, then the factor should associate and dissociate both from psr male and
st male sperm. Female genotypes would then reflect the frequency of “+” and
st sperm utilized in the spermatheca.

The two predictions were tested by taking 30 females from psr “after”
broods and 30 females from control (+/+ X + X st) broods and determining
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FIGURE 6.—Relationship between proportion fertilized eggs and proportion psr transmission.

their genotype by whether they produced only +, or both + and st eye-color,
phenotype sons. All (30 of 30) females were heterozygous st/+ from the psr
“after” broods, whereas only 6 of 30 females were heterozygous in the control
broods. A precise statistical test for these data is difficult, because within-brood
variance for the data was not determined. Assuming independence between
individuals, the difference is significant (P = 0.0015, Fisher’s exact test).

The pattern is also supported by a small data set from st/st female matings.
These have the advantage that paternity can be determined in the F, because
daughters from the psr males are phenotypically wild type (+/st), whereas a st
father produces only st phenotype daughters (st/st). From the two successful
st/st X psr X st double matings, one produced daughters in the “after” time
period, and all 49 (100%) were “st.” In contrast, in the six controls only 146
of 442 (33%) were scarlet eye. This shows that psr is not transmitted with st
sperm in these crosses and, therefore, must be tightly associated with the psr
male’s sperm. Our (unpublished) studies have shown that st-psr males readily
transmit and express psr: the result is not due to some inherent characteristic
of st sperm. Rather, results show that the psr factor is tightly associated with
the sperm of the psr males, and hence, daughters from double matings are
predominantly produced by non-psr male sperm.

Results from the various experiments all support the fertilization hypothesis.
These are summarized in Figure 6, which plots proportion fertilized eggs in
controls vs. proportion psr transmission. Since there is variance in both the X
and Y data points, results were regressed for both proportion psr transmission
and proportion fertilized eggs as the independent variable, with both regres-
sions shown on the plot. The weighted linear regression is highly significant
for both lines (y = 0.97x + 0.01, r* = 0.99; x = 1.18y — 0.03, »* = 0.96) and
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shows a strong linear relationship between psr transmission and egg fertiliza-
tion. The average line between these two plots is y = 0.91x + 0.02.

The assay for psr transmission is slightly biased by the fact that a small
proportion of normal, non-psr females also produce high male broods. These
are females who either failed to mate or were not mated adequately. There-
fore, some of the females producing high male sex ratios in matings with
presumptive psr males may actually have been inadequately mated to non-psr
males. Results from the total brood and lineage experiments show that 5% of
matings in “normal” crosses resulted in high male sex ratios. Assuming that
this probability is constant over the various experiments, then the actual psr
transmission is estimated to be P = 1.054 — 0.053, where 2 = the proportion
of high male sex-ratio broods in the assay, and P = actual transmission prob-
ability of psr. The data presented are not corrected for this small bias.

DISCUSSION

Results show that psr transmission is positively correlated with egg fertiliza-
tion (1) between strains, (2) between successive mates of psr males and (3)
within single individual females under different circumstances. Results also
indicate that the factor is tightly associated with the sperm of psr males and is
probably transmitted to the egg during the fertilization process. The mode of
action of psr is, as yet, unknown. psr males are haploid and receive maternal
chromosomes, but no paternal chromosomes (WERREN, SKINNER and CHARNOV
1981). Therefore, the psr factor must somehow prevent incorporation of the
paternal chromosomes.

Cytoplasmic incompatibility causes rejection of the paternal pronucleus, re-
sulting in male progeny, in crosses between certain strains of N. vitripennis
(SauL 1961). psr may prevent incorporation of the paternal genome in this
fashion, or at a later or earlier time. For example, it is possible that psr
prevents normal incorporation of chromosomes into the sperm during sper-
miogenesis of psr males, although electron microscopic examination has re-
vealed no abnormalities during spermiogenesis of psr males (A. HUGER, per-
sonal communication). The mode of action of this element is under study.

The causative agent for psr is also unknown. Cytoplasmically inherited traits
are often caused by organelles, or by intracellular microorganisms such as
microsporidia, rickettsia, spiroplasms and viruses (GRUN 1976). For the son-
killer trait, histological examination readily revealed a bacteria as the causative
agent (HUGER, SKINNER and WERREN 1985, WERREN, SKINNER and HUGER
1986); however, similar examination of psr males has so far not revealed an
obvious causative agent (A. HUGER, personal communication). Such microor-
ganisms can be difficult to find unless they are at high density, as was the
sonkiller bacterium. Another possibility is that psr is a transposable element
that is incorporated within the genome of psr males, but transposes before
rejection of the paternal genome after egg fertilization. Since paternal extra-
chromosomal inheritance is so unusual, it is of great interest to determine the
causative agent and mode of action of the psr factor.

The existence of rare females in psr broods may provide a clue to the
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mechanism of psr transmission. Can such rare females transmit the psr factor?
We have tested ten such females for psr transmission by testing their sons and
daughters for expression of the trait. This preliminary study revealed no psr
transmission; however, the phenomenon of rare females is currently under
more thorough investigation (S. W. SKINNER, personal communication).

Population dynamics of the psr factor is expected to be strongly influenced
by its transmission frequency. Since transmission of psr depends on egg fertil-
ization by sperm, changes in psr frequency should be influenced by the sex
ratio normally produced by Nasonia wasps. Simple panmictic models indicate
that the psr factor can only exist in populations in which normal wasps produce
a female-biased sex ratio (J. H. WERREN, unpublished results). In the experi-
ments conducted here, transmission ranged from 0 to 94%, depending on the
normal sex ratio. Since the wasp varies its sex ratio depending on local popu-
lation structure (WYLIE 1966; WERREN 1980a,b, 1983), and nuclear and ex-
tranuclear variants in sex ratio exist (WERREN, SKINNER and CHARNov 1981;
WERREN, SKINNER and HUGER 1986; SKINNER 1982, 1983, 1985; PARKER and
ORzACK 1985), such sources of sex-ratio variation are probably important in
psr population dynamics.

Little is currently known about the population biology of psr in natural
populations. The only field study of the factors so far conducted showed psr
to occur at 7% in Utah populations, with psr at 17% and sk at 2% (SKINNER
1983). The frequencies of these factors in natural populations are likely to be
affected by population structure. N. vitripennis has a highly demic population
structure in nature (WERREN 1980, 1983; SKINNER 1983). Hosts are patchily
distributed in bird nests and carcasses. Mating routinely occurs between flight-
less males and females immediately after wasp emergence in the local demes.
Therefore, it is possible that both intrademic and interdemic selective forces
affect frequency of the sex-ratio factors.

In addition, the psr factor is affected by, and has an effect on, frequency of
the other two sex-ratio distorters. Since psr transmission is linked to egg fer-
tilization, its frequency is enhanced by the presence of msr, which produces
97% fertilized eggs. However, psr negatively impacts upon the frequency of
msr, since males from psr X msr matings do not transmit the maternally inher-
ited msr to future generations. The sonkiller factor probably does not greatly
enhance frequency of psr because it causes unfertilized egg lethality, rather
than an increase in the number of fertilized eggs. By killing unfertilized eggs,
sonkiller may decrease the degree of mate competition encountered by psr and
thus, perhaps, increase its frequency. In contrast, matings between psr X sk
result in viable haploid male offspring which are psr (WERREN, SKINNER and
HUGER 1986). Therefore psr negatively impacts upon the frequency of sk in
natural populations, since sk is transmitted through females which are elimi-
nated in sk X psr matings. The psr factor also negatively affects chromosomal
genes, since these are not transmitted to future generations by psr males.
Selection could well favor autosomal modification and suppression of the psr
factor. Clearly, the potential for “intragenomic conflict” in sex-ratio expression
is great in this system.
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It is currently difficult to say how this complicated sex-ratio system is main-
tained in natural populations. Simple models predict that the msr factor should
go to, or near, fixation (LEwis 1941; BuLL 1983); however, this clearly has
not occurred in Utah populations. Studies of different natural populations will
help elucidate the impact of demic population structure on frequency of the
sex-ratio distorters. Furthermore, there is no reason to believe that such sex-
ratio factors are limited to Nasonia; therefore, surveys of other haplodiploid
species are warranted. The Nasonia sex-ratio system appears to be well suited
for studying interdemic selection in nature, because sex ratio is easily quanti-
fiable, sex-ratio selection is known to be influenced by demic population struc-
ture (HAMILTON 1967; WiLsoN and CoLwgLL 1981; CHARNOV 1982) and
demic population structure is characteristic of this wasp species (WERREN
1980b, 1983; SKINNER 1983).
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