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Autoparasitoid wasps lay fertilized (female) eggs in homopteran nymphs and unfertilized (male)
eggs in immature parasitoids, often in females of their own species. Autoparasitoid host
relationships are generally obligate; a male egg will not develop in the homopteran host even if laid
there. While sex is controlled by the female by selective fertilization of eggs, the sex ratio is
constrained by the availability of the appropriate hosts. However, in a population of the autopara-
sitoid Encarsia pergandiella in Ithaca, NY, some of the males develop, like females, as primary para-

sitoids of whiteflies. A cytogenetic examination of eggs laid in whiteflies revealed that these
`primary' males are haploid, but develop from fertilized eggs. Following fertilization, one set of
chromosomes becomes overcondensed and is lost, thus converting the fertilized (female) egg into a
haploid (male) egg. Genetic analysis suggests that the production of primary males is heritable;
males that develop from parasitoid hosts do not produce primary sons, whereas primary males do.

However, the transmission and/or expression of the primary male trait is low and variable. Only
about 50 per cent of primary male matings result in any primary sons, and only about 28 per cent of

all offspring produced on whiteflies are male. X-irradiation of primary males had no effect on the
number of primary sons produced but greatly reduced the number of daughters, suggesting that it is

the paternal genome that is lost in the production of primary males. Paternal inheritance of genome
loss has been described in one other parasitic wasp, Nasonia vitripennis ( Walker). There,
chromosome loss is caused by a supernumerary chromosome (PSR). A supernumerary
chromosome was not observed in the primary male E. pergandiella. It is unknown how widespread
primary male production is among populations of E. pergandiella and other autoparasitoids.

Keywords: cytogenetics, Encarsia pergandiella, heteronomous hyperparasitoid, Hymenoptera,
paternal genome loss, sex ratio distorter.

Haplodiploid insects and mites are known to adjust the
sex ratio of their offspring in response to a variety of
environmental factors, and in ways which appear to be
adaptive to individuals (for reviews see Waage, 1986,
Werren, 1987a). In addition, non-Mendelian elements
have been discovered in parasitic wasps that distort the
sex ratio, often to the advantage of the element (Werren
et al., 1988; Stouthamer et al., 1990). Some of these are
micro-organisms that are transmitted only through the
egg and increase their frequency by increasing the pro-
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portion of daughters that a female produces. In an
extreme case, bacteria appear to be responsible for
thelytoky (parthenogenesis) in some species of Tricho-
gramma ( Stouthamer et al., 1990). In one haplodiploid
parasitic wasp, Nasonia vitripennis, recent studies
revealed both female-biasing and male-biasing genetic
elements (Skinner, 1982; Werren et al., 1986; Nur et
al., 1988). Of particular interest in the context of this
study is the PSR (paternal sex ratio) chromosome. PSR
is a supernumerary chromosome that is transmitted
through males and causes loss of all the paternal
chromosomes but itself in early development of ferti-
lized eggs. PSR thus converts incipient female (diploid)
eggs into haploid males (Werren et al., 1987; Nur et al.,
1988; Werren, 1991). The chromosome perpetuates
itself in populations with female-biased sex ratios
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( Werren, 1987b; Skinner, 1986). Aside from their com-
pelling interest as examples of evolutionary craftsman-
ship, sex ratio distorters are likely to have profound
effects on the genetic and ecological population struc-
ture of their carriers.

Encarsia pergandiella Howard is in a group of para-
sitic wasps in the Aphelinidae that have been called
"heteronomous" (Walter, 1983); males and females
exhibit different host relationships. E. pergandiella, in
particular, is an "autoparasitoid" ( Walter, 1983).
Females in this species develop as primary parasitoids
of whiteflies (called primary hosts), and males normally
develop as secondary parasitoids of primary parasitoid
pupae (called secondary hosts), often developing on
females of their own species. Many species of
autoparasitoids occur in the Aphelinidae, and parasi-
tize a variety of whiteflies and armoured scale insects
of economic importance. The host relationships in this
group are obligate; virgin females may produce haploid
sons on secondary hosts but typically refrain from
ovipositing in primary hosts, even if these are the only
hosts available (Hunter, 1991). Furthermore, when a
virgin female does lay unfertilized (male) eggs in a
primary host these eggs do not develop (Hunter, 1991).
Why unfertilized eggs cannot mature in the primary
host and, more generally, how autoparasitoid
behaviour has evolved are unsolved puzzles (Walter,
1988). Clearly, however, the sex-specific host
relationships constrain the degree to which females can
control the sex ratio. Recently, in a population of E.
pergandiella in Ithaca, NY, unusual males were found
that can actually develop on the primary (whitefly) host
( Homoptera: Aleyrodidae) (Hunter, 1991). These
males (called primary males, in contrast to the normal
hyperparasitic secondary males) are common in the
field; up to 39 per cent of the males reared from field
samples developed on the primary host (Hunter, 1991).
The discovery of primary males offers the potential of
obtaining insight into the mechanics and evolution of
the sex ratio constraint in autoparasitoids.

In this paper we present genetic and cytogenetic
evidence that primary males in E. pergandiella are
haploid and result from the loss of the paternal set of
chromosomes shortly after fertilization. Only males
that develop from fertilized eggs in this way may them-
selves produce primary males.

Materials and methods

Cultures

Most Encarsia pergandiella, used in this study, were
cultured in the laboratory from material initially col-
lected from Trialeurodes packardi ( Morrill) on jewel-

weed (Impatiens pallida Nutt.) in Ithaca, NY. Primary
males were abundant in the Ithaca field population
(Hunter, 1991). Some of the males used for karyo-
typing were obtained from a population from Hanover,
NH, where primary males were apparently absent. In
the laboratory, E. pergandiella was reared on the
greenhouse whitefly, Trialeurodes vaporariorum
( Westw.) on bean plants, Phaseolus vulgaris L.
Although it is possible that the difference in host
species (T. vaporariorum in the laboratory and T.
packardi in the field) may influence the expression of
primary males, we think it unlikely because T.
vaporariorum is also a natural host for E. pergandiella
(Vet & Van Lenteren, 1981). In experiments, early
fourth instar whitefly nymphs were used as primary
hosts and prepupal to early pupal E. pergandiella were
used as secondary hosts. As a result of laboratory cul-
turing methods, virtually all of the males present in the
cultures at the time of female emergence were primary
males. Further details of culturing can be found in
Hunter (1991).

Cytogenetics
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E. pergandiella eggs were dissected from the hosts and
then fixed for 3-10 min in a mixture of chloroform,
ethanol and glacial acetic acid (4:3:1, by volume). The
material was stained on the slide for about 15 min by
adding a drop of 2 per cent lacto-aceto-orcein. The
eggs were examined at 1000 x , using phase-contrast
optics.

Using this procedure, 435 eggs of different ages
were examined. The majority of these were eggs laid in
primary hosts by females that had mated with primary
males, and were thus assumed to include both female
and primary male eggs. In addition, 35 eggs laid by
females that mated with secondary males were exam-
ined. As females mated to secondary males produced
only daughters on primary hosts (see Results), all of
these eggs were assumed to be female. In addition, 10
eggs laid in secondary hosts (early pupal E. pergan-
diella) were observed. These were presumably normal
male eggs, and were thus expected to be unfertilized.

Oogenesis was studied in oocytes dissected from
adult females that were fixed as before. Oocytes were
stained in I per cent lacto-aceto-orcein. Mitotic figures
were studied in testes dissected from male pupae in a
drop of Ringer's solution, and incubated in a hypotonic
colchicine solution (0.1 per cent w/v colchicine dis-
solved in 60 per cent Ringer's: 40 per cent distilled
water) for 20 min. Testes were then stained with 2 per
cent lacto-aceto-orcein for 15 min. Mitotic figures were
observed at 1000 x with phase contrast optics. Further
details of methods are described in Hunter (1991).
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Results

Production of primary males by primary and
secondary males

To investigate the inheritance pattern of primary male
production, females were taken form the stock culture
and individually provided with primary hosts (for 24 h)
and then with secondary hosts (for 24 h). Progeny of
these females were used in mating experiments. Virgin
females were mated to primary males, to secondary
males from families with primary males, or to second-
ary males from families without primary males. Mat-
ings among the families were randomly assigned, but
sibling matings were excluded. A maximum of one
individual of each type (female, or male of a particular
category) was used per family. The mated females were
introduced to leaf cages that enclosed whitefly nymphs
(primary hosts) for 24 h. The progeny of the experi-
mental females were then reared and scored for pri-
mary male production.

None of the 31 females mated to secondary males
produced any primary male offspring, regardless of
whether these secondary males came from families that
produced primary males (Fig. 1). These females
behaved as if they were typical autoparasitoids, able to
produce only females on primary hosts. In contrast,
eight of the 14 females mated to primary males pro-
duced families in which some or all of the offspring
were primary males ( Fig.1). Results clearly indicate
that only males that developed in primary hosts are
themselves capable of producing primary sons.

Distribution of progeny sex ratios on primary hosts

In order to obtain additional information about the
variation in primary male production, 50 females were
introduced individually to leaf cages enclosing primary
hosts for 24 h. These females were drawn from labora-
tory cultures where virtually all males were primary
(see above) but matings were not controlled and thus
the number of matings and the identity of the male was
not determined. Progeny were reared and scored for
primary male production.

The progeny sex ratios were highly variable (Fig. 2).
Half of the females produced only female offspring on
primary hosts (Fig. 2). The other half produced either
mixed primary families of males and females, or all pri-
mary male families (Fig. 2).

Table 1 shows the distribution of sex ratios on pri-
mary hosts for females mated (or presumed mated)
with primary males for five different experiments: the
two inheritance experiments reported here, the control
treatment of the irradiation experiment (see below) and
two experiments described elsewhere (Hunter, 1991).
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Fig. I Progeny sex ratios of females mated to secondary
males with primary brothers (11), n = 20, secondary males
without primary brothers (®), n =11, and primary males with
secondary brothers (m), n =14. All of the progeny were
produced from primary hosts.
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Fig. 2 Frequency distribution of progeny sex ratios on
primary hosts. Females were assumed to have mated with
one or more primary males (see methods) ( n = 50).

In each experiment approximately 50 per cent of the
females produced only daughters on primary hosts
(Table 1). The other females produced at least some
primary male offspring; between 14 and 50 per cent of
the females produced all primary males, and between 7
and 36 per cent produced mixed families of primary
males and females (Table 1). Across the five experi-
ments (n =1191 wasps from 143 families), 28 per cent
of offspring produced on primary hosts were male
(Table 1). Mean family sizes differed with the type of
family produced across experiments (Friedman's
method, xz 2.d.f. = 6.4, P < 0.05). In particular, the mean
family size of females that produced only primary sons
appeared to be smaller than those that produced some
or all daughters (Table 1).



Table 1 Families of different types produced on primary hosts. In these experiments, females were either mated singly to a
primary male (`paired mating to primary male') or taken from culture emergence cages where most males were primary
(`uncontrolled mating')

*Females that produced progeny.
tExperiments described in Hunter (1991).

Oogenesis

Daughters only

In order to determine whether primary males develop
from fertilized or unfertilized eggs, 30 eggs, each from
a different female, were dissected from primary hosts
within 15 min of oviposition. In all 30 eggs laid in pri-
mary hosts, sperm was visible in the cytoplasm (Fig. 3).
Although it could not be determined whether any indi-
vidual female would produce females or primary
males, the probability of finding only female eggs,
assuming that 28 per cent of primary offspring are
primary males is P < 0.0001. This result suggests that
primary males (as well as females) develop from eggs
that have been fertilized.

First mitotic division

Given that primary males arise from fertilized eggs,
they either develop as diploid males, or one chromo-
some set must be lost following fertilization. A cyto-
genetic study of post-fertilization development was
therefore conducted on normal and primary male eggs.

In most eggs laid in primary hosts by females mated
with primary males, first cleavage division of the zygote
generally occurs between 1 h 40 min and 2 h 10 min
after oviposition. The division of the polar body

PATERNAL GENOME LOSS IN A WASP

	

165

Daughters and
Primary sons only

	

primary sons

nucleus usually lags behind the zygote nucleus so that
when the zygote nucleus is in anaphase, the polar body
nucleus is in metaphase or an earlier stage. The mitotic
spindle of the dividing zygote nucleus is usually present
near the centre of the egg and its axis is parallel to or
diagonal to the long axis. The spindle axis of the divid-
ing polar body nucleus is usually perpendicular to the
long axis of the egg, and is close to the posterior pole.
The two division products of the fused polar body
nucleu ` one of the cleavage nuclei migrates towards
the pasterior pole of the egg and the two cleavage
nuclei then straddle the polar body derivatives (Fig.
4a). A smaller sample of female eggs, laid by females
mated with secondary males, was also examined and
these conformed with the general sequence of events
described above.

In contrast to the pattern above, some of the eggs
laid in primary hosts by females mated with primary
males showed abnormal chromosome condensation. In
three of 21 eggs observed in anaphase of the first cleav-
age division, the amount of chromatin and the number
of chromosomes that could be counted suggested that
only one set of chromosomes was dividing (Fig. 5). The
other set appeared as a loose chromatin mass to one
side of the dividing chromosomes, and did not appear to
be connected to the mitotic spindle (Fig. 5).

Experiment

Paired mating to primary male
1° vs. 2° male mates

n*

14

Propor-
tion of
families

0.43

Mean
family
size (S.E.)

6.17

Propor-
tion of
families

0.5

Mean
family
size (S.E.)

6.43

Propor-
tion of
families

0.07

Mean
family
size (S.E.)

10

Sex ratio
( all
progeny)

0.587

Mean
family
sex ratio
( S.E.)

0.564
( 2.55) (1.07) ( 0.136)

1 ° Control-irradiation 18 0.56 5.6 0.28 3.8 0.17 7.67 0.265 0.331
experiment (1.45) ( 0.92) ( 0.33) ( 0.11)

Mating status 39 0.43 7.06 0.23 3.33 0.33 8.31 0.282 0.368
experimentt ( 0.92) ( 0.69) (1.16) ( 0.07)

Uncontrolled mating
Distribution of sex 50 0.5 11.84 0.14 7.43 0.36 11.56 0.218 0.245

ratios ( 0.89) ( 2.83) ( 0.76) ( 0.05)
Observation 22 0.5 8.36 0.23 6.4 0.27 10.33 0.323 0.355

experimentt (1.03) ( 2.11) ( 0.95) ( 0.09).

Total 143 0.48 8.72 0.23 5.39 0.29 10.02 0.277 0.338
( 2.88) ( 3.35) ( 2.01) ( 0.15)



Condensed chromatin was also present between the
two interphase nuclei in 25 of 83 eggs observed
between first and second cleavage (Fig. 4b). Moreover,
in one egg observed at early anaphase of the second
cleavage division, only about six chromosomes are
seen dividing and there are three clumps of condensed
chromatin between the two dividing nuclei (Fig. 6). The
observed frequency of abnormal embryogenesis with
improperly condensed chromatin (29 of 105 eggs or
28 per cent) is in good agreement with the observed
frequency of primary males (28 per cent). On the basis
of these observations we conclude that primary males
develop from fertilized eggs but become haploid
because one set of chromosomes fails to condense
properly and divide in the first cleavage division. The
excluded set of chromosomes then becomes even more
condensed, and may be visible as one or more irregular
clumps of condensed chromatin until about third
cleavage. After third cleavage these clumps are no
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Fig. 3 Newly laid egg. The sperm is visible as a streak in the
anterior cytoplasm (left arrow), and the egg pronucleus as a
dark staining body (right arrow).

Fig. 4(a) Interphase between first and second cleavage. The
two large interphase cleavage nuclei straddle the two small
condensed polar body derivatives (white arrows). (b) As
above, but in addition to the two polar body derivatives
( white arrows) there is condensed chromatin (black arrow)
between the two interphase nuclei.

Fig. 5 First cleavage of the less common type. The zygote
nucleus is in anaphase (small black arrow) and each group of
chromosomes are fewer than the diploid number (12). Above
them is a group of chromosomes that is not dividing (large
black arrow). The polar body chromosome (white arrow) are
outside the cytoplasm to the lower right. The light staining
area towards the posterior (right) pole is the oosome.



Fig. 6 Photograph and drawing of an egg in early anaphase
of second cleavage. There are fewer than the diploid number
of chromosomes dividing, and in addition to the two con-
densed polar body nuclei at the top (black arrows), there are
three pieces of condensed chromatin between the two
cleavage nuclei. In the photograph the polar body nuclei, and
two of the three pieces of chromatin are not in focus and
appear as light spots.

longer visible, and it may be assumed that they dis-
integrate.

The effect of paternal irradiation on primary male
production

The origin of the set of chromosomes that is lost in
primary male production was investigated by irradiat-
ing males, mating them to virgin females, and providing
the females with primary hosts. If the set that is
destroyed is of paternal origin, then the genetic damage
caused by the irradiation should reduce the number of
female progeny produced but not the number of
primary male progeny produced. In the first experi-
ment, primary males were randomly allocated to one of
three treatments: `Control', `5 kr', and `10 kr'. Adult
males were irradiated with X-rays at the appropriate
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dose, and then each male was confined with a virgin
female for 24 h. The experimental females were then
introduced to leaf cages with whitefly nymphs for 24 h
and the progeny were reared until emergence. In a
second experiment the `10 kr' and `Control' treatments
were repeated, and a'secondary males - 10 kr' treat-
ment was added. Because the results of the primary
male treatments were not significantly different
between experiments, results of like treatments were
combined for analysis.

In all of the experimental treatments, the irradiation
of primary or secondary males at doses of 5 kr or 10 kr
significantly reduced the number of families with
daughters relative to those of the primary male controls
(Table 2). This result is expected because females
develop from fertilized eggs; damage to the paternal set
of chromosomes is likely to result in mortality of at
least some of the female embryos. In contrast, irradia-
tion did not cause a significant reduction in the number
of families of primary males that contained primary sons

(Table 2). Nor was there a significant reduction in the
mean number of primary sons in the families that
included primary males (Table 2). Finally, females
mated to irradiated secondary males did not produce
any primary sons. This last result makes it unlikely that
the process of irradiation somehow promotes the pro-
duction of primary males by causing paternal chromo-
some loss in a fertilized egg. These results indicate that
the integrity of the paternal set of chromosomes is not
necessary for the development of primary males, and
therefore that it is the paternal set of chromosomes
(rather than the maternal) that is lost in primary males.

Karyotypes

Karyotypes, of primary and secondary males were
studied to test the possibility that, as in the wasp
Nasonia vitripennis (Nur et al., 1988; Werren, 1991),
the loss of the paternal genome in fertilized eggs is
associated with a supernumerary chromosome. In
addition to the primary and secondary males examined
from the Ithaca population, secondary male E. pergan-
diella collected from a second population (Hanover,
NH on whiteflies on Impatiens capensis Meerb. in
August 1990), were examined. A total of 288 females
and 299 secondary males were reared from this popu-
lation but no primary males were found.

Clear karyotypes were observed in seven primary
and six secondary males from Ithaca, and in four
secondary males from Hanover. The karyotypes of all
these males consisted of six chromosomes: five meta-
centric, and one acrocentric (Fig. 7a-c, e-f). In the
acrocentric chromosome the short arm was hetero-
chromatic. All of the five metacentrie chromosomes

http://Meerb.in
http://Meerb.in
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Table 2 Progeny production of females mated with irradiated (`5 kr', `10 kr') and control primary males and irradiated (`10 kr')
secondary males

had large blocks of heterochromatin near the centro-
mere, but in at least one of these, one arm was also
heterochromatic (Fig. 7c). An examination of two
oocytes in early metaphase from one female from
Ithaca revealed the presence of six bivalents (Fig. 7d).
Thus the haploid number of E. pergandiella is n = 6.
No supernumerary (or B) chromosome was observed.

Note that the modal number of chromosomes in the
superfamily Chalcidoidea is n = 5 (Goodpasture &
Grissel, 1975; Crozier, 1977), and five is also the
haploid number in the aphelinids Aphytis mytilaspidis
( Rossler & DeBach, 1973) and Aphelinus mali
( Viggiani, 1967). In the aphelinid Archenomus
orientalis Silvestri, however, the haploid number is 11
( Baldanza et al., 1991), and the reported numbers in
other chalcidoids vary from n = 3 to n =11 ( Hung,
1986; Strand & Ode, 1990), including n = 6 in a few
species (Goodpasture & Grissell, 1975; Goodpasture,
1975).

Elimination of chromatin during spermatogenesis

In preparations of testes from some of the primary
males, it was observed that a densely staining sub-
stance, apparently chromatin, is eliminated from the
nucleus of some spermatids in the last division of
spermatogenesis (Fig. 7g-i). Small densely staining
`dots' were observed outside spermatid nuclei in some
of the primary males (Fig. 7g). In another male a bridge
of chromatin was seen between two spermatids (Fig.
7h). In a third male, some of the spermatids had long
tails of chromatin with small beads of darkly staining
material at the end of some of the tails (Fig. 7i). Among
the seven primary and four secondary males observed
with early stage spermatids, evidence for the elimina-
tion of chromatin was confined to four of the seven
primary males. However, at present there is no basis for
assuming that the observed chromatin elimination in

*Pairwise comparison of the experimental treatment vs. the control (Fisher's exact test).
tMean (S.E.)
*Mean (S.E.). The means are not significantly different (One-way ANovw, F= 0.98, P > 0.25).

some of the primary males is related to primary male
production.

Discussion

The experiments investigating the inheritance of pri-
mary male production can be summarized as follows:
about half of the females mated to primary males pro-
duced some or only sons on primary hosts. Females
mated to secondary males, in contrast, produced only
daughters on primary hosts. All wasps used in the
experiment were drawn from the same limited number
of families; primary male production thus appears to be
inherited in a non-Mendelian manner from father to
son. In a haplodiploid system in which males generally
develop from unfertilized eggs, the inheritance of
paternal traits by haploid males is unexpected. How-
ever, we found in the present study that all eggs ovi-
posited in primary hosts were fertilized, and this raises
the possibility that something is transmitted to the eggs
that develop into primary males from their fathers.

The elimination of the paternal set of chromosomes
in fertilized hymenopteran eggs has been observed in
cytoplasmic incompatibility reactions in Nasonia vitri-
pennis ( Breeuwer & Werren, 1990; Ryan & Saul,
1968). Micro-organisms affect the male chromosomes
in such a way that they survive only in egg cytoplasm
bearing their own strain of microbe. In the Hymenop-
tera incompatible matings result in all male families
( Ryan & Saul, 1968; Breeuwer & Werren, 1990). How-
ever, these microbes are maternally, rather than pater-
nally, inherited.

An example of a genetic element that is transmitted
from father to son in a haplodiploid hymenopteran is
the parasitic supernumerary chromosome PSR, carried
by some male Nasonia vitripennis ( Hym., Pteromali-
dae) (Werren et al., 1981; Nur et al., 1988; Werren,
1991). Following fertilization of an egg by a PSR-carry-

Treatment n

Number of
females
with
daughters P*

Number of
females
with
1 ° sons P*

Daughters
per female
with
daughterst

Primary
sons per
female with
sons$

Control °- 1 28 13 8 5.54(l.15) 3.25 (0.75)
5kr-1° 18 0 <0.001 7 ns - 2.14 (0.40)
10kr-1° 35 2 <0.001 10 ns 2.0 (0.0) 2.40 (0.48)
10kr-2° 14 0 <0.01 0 < 0.05 -



PATERNAL GENOME LOSS IN A WASP 169

Fig. 7(a-b) Spermatocytes from primary males showing five metacentric and one acrocentric chromosome (arrows).
(c) Spermatocyte from a primary male in prophase. All of the chromosomes appear to contain large blocks of heterochromatin
near the centromere. (d) Oocyte at early metaphase I showing six bivalents. (e) Karyotypes from an Ithaca secondary male
showing five metacentric and one acrocentric chromosome (arrow). (f) Karyotype of a secondary male from a population
without primary males (Hanover), also showing five metacentric chromosomes and an acrocentric chromosome (arrow).
(g) `Micronuclei' (arrows) outside of spermatid nuclei (see text for discussion). (h) Chromatin bridge (arrow) between two
spermatid nuclei. (i) Spermatid with chromatin `tails'. Small beads of chromatin are visible at the end of the tails from the two
spermatids at centre right (arrows).

ing sperm, the rest of the paternal set of chromosomes
becomes condensed, remains mitotically inactive, and
is lost. Thus an incipient female becomes another PSR-
bearing male. As discussed earlier, however, a super-
numerary chromosome like PSR is unlikely to be
responsible for primary male production in E. pergan-
diella because both primary and secondary males were
observed to have six chromosomes (Fig. 7a-c, e-f) and
female E. pergandiella were found to have 12 chromo-
somes (Fig. 7d). The inheritance of the ability to con-
vert fertilized eggs into males in E. pergandiella is also
much lower than the inheritance of PSR. On average,
only 28 per cent of eggs fertilized by sperm from
primary males develop into primary males, while PSR
causes virtually all fertilized eggs to become male
( Werren etal.,1981).

The evidence suggests that the production of pri-
mary males may be due to a genetic element trans-
mitted from primary males to their primary male sons.
At present the most plausible explanation is that
elimination of the paternal genome in eggs that develop
into primary males is caused by a transposable element
or a paternally inherited virus. One possible alternative
explanation, however, is that the production of primary
males has no genetic basis but is due to the `poor' deve-
lopmental environment of primary hosts for males.
Whiteflies are novel hosts for males, and it is possible
that spermatogenesis of E. pergandiella males in the
whitefly host does not proceed normally, and the
chromosomes are in some way defective. The male
embryo would then again develop in a primary
host, and also undergo abnormal spermatogenesis.
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We believe, however, that this explanation is very un-
likely. An alternative `epigenetic' explanation is that
genomic imprinting is involved. If fertilization of the eggs
results in imprinting modifications of genes necessary for
proper processing of chromosomes during spermato-
genesis, then primary males, derived from fertilized
eggs, would abnormally process sperm chromosomes.
This would then result in improper condensation of the
paternal chromosomes in fertilized eggs.

The consistent observation that 50 per cent of the
females mated to primary males produce no primary
sons suggests that a simple Mendelian factor may also
be involved, perhaps in the suppression of primary
male production. Clearly, further experiments are
needed to elucidate the inheritance pattern of this
interesting trait.

Invasion of primary males in the Ithaca population
of E. pergandiella is likely to be due to the extremely
high rate of egg fertilization (on average 88 per cent)
and female-biased sex ratio (Hunter, 1991). In E.

pergandiella, sex ratios are driven by the dynamics of
the whitefly-parasitoid community and the peculiarity
of autoparasitoid biology. The female-biased sex ratios
in the Ithaca population occur because hosts for female
eggs are an order of magnitude more abundant
throughout the season than are secondary hosts for
male eggs (Hunter, 1991).

The chronic relative scarcity of secondary hosts is
likely in highly seasonal environments where the auto-
parasitoid population must colonize a patch of unpara-
sitized homopterans and does not greatly increase
relative to its host population before the end of the
season. It is in these environments that one would pre-
dict selection for genetic elements that can produce
more males by circumventing the strictures of obliga-
tory autoparasitism. The prevalence of primary males
in autoparasitoid populations is unknown but the
absence of any reports in the literature, even in studies
of E. pergandiella in California (Gerling, 1966; Vet &
van Lenteren, 1981), and New Hampshire (this study)
suggests they are not widespread. Surveys of autopara-
sitoid populations in conjunction with investigations of
the population dynamics of the host-autoparasitoid
associations are needed to better understand whether
these genetic elements are limited by the frequency at
which they arise or by opportunities to invade.
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