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ABSTRACT Among the morsitans-group of tsetse there are several pairs of taxa in which there is
a marked hybridization asymmetry (HA), i.e., one cross produces signiÞcantly more offspring than
does the reciprocal cross. To investigate the relative contribution of maternally inherited factors
(MIF) and chromosomal factors to HA, three hybrid lines were established in which ßies have MIF
from one taxon and chromosomes from another. HA was then compared among crosses of the
parental taxa and crosses of eachparental taxonwith the appropriate hybrid line. The results indicate
that HA in reciprocal crosses of Glossina morsitans morsitans Westwood and Glossina swynnertoni
Austin and in reciprocal crosses of G. m. morsitans and Glossina morsitans centralis Machado are
caused by chromosomal factors, not MIF. Reciprocal crosses of G. m. centralis and G. swynnertoni
do not display HA, and none developed as a result of a novel combination of MIF and tsetse
chromosomes.
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AMONG TSETSE, AND many other insects, there is often
anasymmetry in the successofhybridization,withone
cross beingmuchmore productive than the reciprocal
cross (Werren 1997, and references therein). The Þrst
report of hybridization asymmetry (HA)among tsetse
was that the cross Glossina morsitans centralis
Machado 3 Glossina swynnertoni Austin resulted in a
greater proportion of pregnant females than did in the
reciprocal cross (Vanderplank 1947). (Throughout
this article I cite the taxon of females Þrst in each
cross.) In an extensive series of hybridizations
(Vanderplank 1948), only one other HA was found
amongmorsitans-group tsetse:Glossinamorsitansmor-
sitans Westwood 3 G. swynnertoni was more likely to
result in pregnant females than was the reciprocal
cross. AdditionalHAshavebeen reportedusing oneof
two criteria: the average fecundity of females (num-
ber of offspring per female per ovulation cycle) (Cur-
tis 1972, Curtis et al. 1980, Rawlings 1985), or the
numbers of females that did or did not become preg-
nant within a speciÞed period (Gooding 1985, 1993,
1997). Among the morsitans-group the following
crosses are signiÞcantly more productive than the re-
ciprocal crosses: G. m. morsitans 3 G. m. submorsitans
variety ugandensis (Curtis 1972); G. m. morsitans 3 G.
m. centralis (Curtis 1972, Curtis et al. 1980, Gooding
1985, Rawlings 1985); G. m. submorsitans 3 G. m.
morsitans (Gooding 1985, Rawlings 1985) and G. m.
submorsitans 3 G. m. centralis (Gooding 1985, Rawl-
ings 1985) and G. m. morsitans 3 G. swynnertoni
(Gooding 1993, 1997). Interestingly, HA observed by
Vanderplank (1947) in the G. m. centralis/G. swyn-
nertoni crosses was not conÞrmed in a recent study,

using well established laboratory colonies (Gooding
1997).

Vanderplank (1948) suggested two possible causes
of HA: “(a) lowered activity or viability of the sperm
in an alien environment; (b) higher mortality of the
larval stages of the interspeciÞc crosses, because of
genetic differences or to adverse effect of an alien
environment in the uterus.” The Þrst proposed mech-
anism is consistent with the report that 10 of 11 G. m.
centralis eggs placed with G. swynnertoni sperm were
fertilized and completed embryonation when main-
tained at 278C on sterile agar (Vanderplank 1948).
Curtis (1972), in a studyof hybridizationof subspecies
of G. morsitans, considered three possible explana-
tions for HA in tsetse: (1) unfavorable interactions
between the egg cytoplasm and that of the sperm; (2)
unfavorable interactions between the egg cytoplasm
and gene products of paternal origin; and (3) unfa-
vorable interactions between maternal gene products
and paternal gene products in the egg, zygote or de-
veloping larva, in utero. The data did not support the
Þrst two hypotheses, but fertility of females in each
recurrent backcross was generally consistent with the
third hypothesis, if it is further postulated that females
of the species that were most fertile after hybridiza-
tion had a higher “tolerance” for the foreign genes,
than did the females of the less productive cross (Cur-
tis 1972). Rawlings (1985), studying hybridization
among the same taxa, listed the same possible expla-
nations for hybridization asymmetry as were postu-
lated by Curtis (1972), but did not conclude which
was most likely.
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Experiments designed to elucidate the genetic basis
of hybrid male sterility provided another perspective
on HA in G. m. morsitans/G. m. centralis crosses
(Gooding 1987). Some backcross males that had both
sex chromosomes from the same subspecies and that
descended from G. m. centralis were sterile but others
were able to inseminate and to fertilize both G. m.
centralis and G. m. morsitans. However, among the
corresponding males that descended from G. m. mor-
sitans, inseminators fertilized 19 of 19 G. m. morsitans
but only 2 of 19 G. m. centralis (x2 5 27.249). The
offspring of the G. m. centralis females were deformed
and either failed to pupariate or died as teneral adults.
This asymmetry occurred even among males whose
marker genes indicated that all their chromosomes
were fromG.m. centralis.Because thebackcrossmales
descending from G. m. morsitans females were as-
sumed to carry maternally inherited factors (MIF)
from G. m. morsitans (i.e., egg cytoplasm, mitochon-
dria, and symbionts), the asymmetry was interpreted
as being caused by the presence of a maternally in-
herited sterility factor (MISF). The model proposed
for the evolution of this factor (Gooding 1987) was
that females carrying MISF could be fertilized by
males that do, and those that do not, carry MISF, but
that females that lackMISF could only be fertilized by
those that donot carry it. The identity ofMISFwasnot
hypothesized, but the discovery, in morsitans-group
tsetse (OÕNeill et al. 1993), ofWolbachia, aprokaryotic
symbiont that infects the ovaries, and other tissues, in
many species of insects, offered a possible explanation
for the asymmetry because its inßuence on fertility is
usually the same (Werren 1997, and references
therein) as that hypothesized for MISF. An additional
characteristic of the Wolbachia-induced HA is that it
is usually stable over many generations of recurrent
backcrossing to uninfected males (Werren 1997).

The discovery of fertility asymmetry among G. m.
morsitans/G. m. centralis backcross males led to the
suggestion that this asymmetry could be used to es-
tablish a colony to provide males for genetic control
of G. m. centralis, if MISF were stable through many
generations in the presence of G. m. centralis genes
(Gooding 1987). However, MISF was not stable after
recurrent backcrossing to G. m. centralis, and by the
ninth backcross generation, .80% of the males fertil-
ized G. m. centralis (Gooding 1990a). Nonetheless,
intraspeciÞc HA may play a useful role in tsetse con-
trol. Beard et al. (1993) proposed that Wolbachia be
used to drive, into a tsetse population, Sodalis glossin-
idius Dale & Maudlin, a midgut symbiont that may be
amenable to genetic engineering that could establish
a strain of tsetse that cannot transmit trypanosomes.

In view of the possibilities of using intertaxon hy-
bridization for genetic control of tsetse (Potts 1944,
Vanderplank 1944, Curtis 1972, Rawlings 1985, Good-
ing 1987), and the proposed use of maternally inher-
ited factors such asWolbachia as a drivemechanism to
spread antitrypanosomal factors in a tsetse population
(Beard et al. 1993), it is desirable to have a thorough
understanding of the basis and stability of HA. Cur-
rently, such studies with tsetse are only tractable

through hybridization of closely related members of
the morsitans-group. There are several indices avail-
able for comparing HA among tsetse (Gooding
1990b); here I use the number of teneral adults pro-
duced per female in the least productive cross divided
by the corresponding number from the reciprocal
cross (i.e., a variation of the index HSI9 of Gooding
1990b). The modiÞed indices are 0.00 for G. m. mor-
sitans/G. swynnertoni (Gooding 1997), 0.30 for G. m.
morsitans/G. m. centralis (Gooding 1985), and 0.89 for
G. m. centralis/G. swynnertoni (Gooding 1997). The
rank order of these pairs of taxa, from highest HA to
lowest HA is the same as when expressed in terms of
the numbers of fertile and sterilematings in reciprocal
crosses:G.m.morsitans 3 G. swynnertoni, 46 fertile, 26
sterile, compared with zero fertile and 20 sterile in the
reciprocal cross (x2 5 29.704) (Gooding 1997); G. m.
morsitans3G.m. centralis(23 fertile, three sterile) c.f.
G. m. centralis 3 G. m. morsitans (11 fertile, 19 sterile,
x2 5 13.570) (Gooding 1985); G. m. centralis 3 G.
swynnertoni (25 fertile, 50 sterile) c.f. G. swynner-
toni 3 G. m. centralis (18 fertile, 44 sterile, x2 5 0.126)
(Gooding 1997).

Two pairs of taxa, G. m. morsitans/G. swynnertoni
and G. m. morsitans/G. m. centralis, show marked HA;
and for these pairs of taxa the objective of the exper-
iments was to determine the relative contributions to
HA of MIF and chromosomal factors. For G. m. cen-
tralis/G. swynnertoni there is no HA, and experiments
were conducted to determine whether a novel com-
bination of MIF from one taxon and chromosomes
from another taxon will produce HA.

Materials and Methods

Flies and Colony Maintenance. The origin and his-
tories of the colonies ofG.m. centralis,G.m.morsitans,
and G. swynnertoni were reported previously (Good-
ing 1987, 1993). Hybrid lines, carrying MIF from one
taxon and at least 99% of their chromosomal genes
from another, were established as follows. The taxa of
interest were crossed and F1 females, and those in at
least six subsequent generations, were mated to males
from the paternal taxon. Each hybrid line was then
maintained as a closed colony of 60Ð90 females that
had mated to an equal number of males. I established
the following hybrid lines: line 88Ð45, G. m. morsi-
tans/G. m. centralis; line 93Ð48, G. m. morsitans/G.
swynnertoni; line94Ð40G.m. centralis/G. swynnertoni.
These lines permit crosses in which the ßies from the
hybrid line differed from the other line in either MIF
(assuming MIF is stably inherited) or chromosomes,
but not both.

Throughout the experiments, ßies were maintained
at 24.58C and '60% RH, by feeding on rabbits every
other day, using a protocol that conformed to the
guidelines of the Canadian Council on Animal Care
(University of Alberta Biosciences Animal Care Com-
mittee, SOP RP5109).

Hybridization Procedure. For each comparison,
males from the lines being compared were mated for
the Þrst time when they were 1Ð2 wk old, and were
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used two or three times with at least 48 h and at least
oneopportunity to feedbetweenconsecutivematings.
Females were mated when '3 d old. After mating,
each femalewasmaintaineduntil shedeposited a larva
or for 28 d, which is adequate time to have deposited
two larvae. Females that did not deposit a larva were
dissected todeterminewhetherornot theyhadmotile
sperm in the spermathecae. Only data from insemi-
nated females were used.

Experimental Crosses. The objective of experiment
1 was to determine whether HA for G. m. morsitans
and G. swynnertoni is caused by MIF or to chromo-
somes. For each cross, 45Ð50 males from each of three
lines, G. m. morsitans, G. swynnertoni, and line 93Ð48,
were mated three times, each time to a female from a
different line. The intracolony matings served to de-
termine fertility within each colony.

Experiment 2 evaluated the basis for HA in G. m.
morsitans and G. m. centralis crosses. Two sets of re-
ciprocal crosses were carried out between ßies from
line 88Ð45, which carries MIF from G. m. morsitans
and chromosomes from G. m. centralis: the Þrst set of
crosses was between ßies from line 88Ð45 and G. m.
centralis, the second set used ßies from 88Ð45 and G.
m. morsitans. There were 30 pairs of ßies in each cross.

Experiment 3 investigated, indirectly, the role of
MIF and chromosomes in HA for crosses of G. m.
morsitans and G. swynnertoni. Three sets of reciprocal
crosses were set up: G. m. centralis/G. swynnertoni
(crosses with no HA); G. m. morsitans/G. swynnertoni
(crosses with high HA); and G. swynnertoni/88Ð45,
the line having MIF from G. m. morsitans and chro-
mosomes from G. m. centralis. There were 45 pairs of
ßies in each cross.

Experiment 4 was run to determine whether MIF
from G. m. centralis and chromosomes from G. swyn-
nertoni would interact to cause HA that had not pre-

viously existed. The experiment was run in the same
way as experiment 1, but using G. m. centralis, G.
swynnertoni and 94Ð40, the line carrying MIF from G.
m. centralis and chromosomes from G. m. centralis.

DataAnalysis.Theextent ofHAwas determined for
each reciprocal cross, using chi-square with Yates cor-
rection.

Results and Discussion

In Table 1, experiments and reciprocal crosses are
identiÞed by a two-digit comparison number, with the
Þrst digit indicating the experiment and the second
indicating the pair of taxa or colonies for which the
comparison was made. In experiments 1 and 4, intra-
colony crosses were carried out to establish the fer-
tility rates among inseminated females from each col-
ony: G. m. centralis 5 100%, G. m. morsitans 5 95%, G.
swynnertoni 5 100%, line 93Ð48 5 98%, and line 94Ð
40598%.The fertility in line88Ð45, determinedat the
time experiment 3 was conducted, was 96%.

The previously observed HA in the G. m. morsi-
tans/G. swynnertoni crosses (Gooding 1993, 1997) was
conÞrmed (Table 1, line 1.1). Reciprocal crosses of G.
m. morsitans and line 93Ð48 showed a similar HA
(Table 1, line 1.2), but the G. swynnertoni/93Ð48
crosses showednoHA(Table 1, line 1.3). Because line
93Ð48hasMIF fromG.m.morsitans andchromosomes
from G. swynnertoni, the results indicate that G. m.
morsitans/G. swynnertoni HA is determined by chro-
mosomes, rather than by MIF.

There was no HA when reciprocal crosses of line
88Ð45 and G. m. centralis were carried out (Table 1,
line 2.2), but there was when G. m. morsitans and line
88Ð45 were crossed (Table 1, line 2.3). Because line
88Ð45hasMIF fromG.m.morsitansandchromosomes

Table 1. Results of hybridizing various tsetse taxa and hybrid lines that carry novel combinations of maternally inherited factors and
tsetse genomes

Experimental
comparison no.

Most fertile crossa
Most fertile cross no. Reciprocal cross no.

Fertile Sterile Fertile Sterile x2

1.1 G.m.m. 3 G.swynn. 16 7 2 20 14.707b

1.2 G.m.m. 3 93-48 24 6 0 27 34.099
1.3 G.swynn. 3 93-48 41 2 40 2 0.238
2.1 (G.m.m. 3 G.m.c. 23 3 11 19 13.570)c

2.2 88-45 3 G.m.c. 29 1 27 1 0.449
2.3 G.m.m. 3 88-45 29 0 12 17 21.303
3.1 G.m.c. 3 G.swynn. 17 10 13 15 0.922
3.2 G.m.m. 3 G.swynn. 27 9 0 38 41.694
3.3 88-45 3 G.swynn. 18 14 9 20 2.965
4.1 G.m.c. 3 G.swynn. 14 11 7 14 1.538
4.2 94-40 3 G.swynn. 39 0 36 0 NCd

4.3 G.m.c. 3 94-40 20 10 13 9 0.726

Numbers in body of table are the numbers of females that produced offspring within 28 d of mating (fertile), or that failed to do so (sterile,
but had sperm in the spermathecae, at dissection).

a Taxa and lines used: G.m.c., G. m. centralis; G.m.m., G. m. morsitans; G.swynn., G. swynnertoni; 88-45, a hybrid line with MIF from G. m.
morsitans and chromosomes from G. m. centralis; 93-48, a hybrid line with MIF from G. m. morsitans and chromosomes from G. swynnertoni,
94-40, a hybrid line with MIF from G. m. centralis and chromosomes from G. swynnertoni.

b Chi-square values (with 1 df) were calculated with Yates correction; critical values are 3.841, P 5 0.05; 5.024, P 5 0.025; 6.635, P 5 0.01;
7.879, P 5 0.005 and 10.828, P 5 0.001.

c Data from Gooding (1985).
d NC, not calculated.

November 2000 GOODING: HYBRIDIZATION ASYMMETRY 899



from G. m. centralis, the results indicate that HA was
inßuenced more by chromosomes than by MIF.

Experiment 3 conÞrmed the lack ofHA in crosses of
G. m. centralis and G. swynnertoni (Table 1, line 3.1)
and the marked HA in crosses of G. m. morsitans and
G. swynnertoni (Table 1, line 3.2). There was no HA in
reciprocal crosses of G. swynnertoni and line 88Ð45,
whichhasMIF fromG.m.morsitansandchromosomes
from G. m. centralis (Table 1, line 3.3). This supports
the conclusion drawn from experiment 1: HA ob-
served in reciprocal crosses of G. m. morsitans and G.
swynnertoni is caused by chromosomal factors, not by
MIF.

Theabove results are consistentwith thehypothesis
that HA among morsitans-group tsetse is caused by
chromosomal factors, not MIF. However, in the mod-
els tested in experiments 1 and 2, two novel combi-
nations ofMIFandchromosomal factors resulted in an
increase in the magnitude of the asymmetry, in those
crosses thatdisplayedHA.Similarly, increasedHAwas
observed by Gooding (1987) when backcross males
withMIF fromG.m.morsitans andchromosomes from
G. m. centralis inseminated both G. m. centralis and G.
m. morsitans, but fertilized only the latter. These Þnd-
ings suggested that a novel combination of MIF and
genomic factors may produce HA in a model where
one does not already exist. This was tested in exper-
iment 4 using line 94Ð40, which has MIF from G. m.
centralis and chromosomes from G. swynnertoni. The
results (Table 1, lines 4.1Ð4.3) do not indicate any HA
arising from a novel combination of MIF and chro-
mosomal factors.

The tentative conclusion that HA in the morsitans-
group is causedbychromosomal factors rests upon the
assumption that there is nopaternal leakage, i.e., trans-
fer from the male to the offspring, of factors that are
normally considered to be maternally inherited. Such
transfers occur for Wolbachia in some Drosophila spp.
(Hoffman and Turelli 1988), as do host genome/Wol-
bachia interactions (Turelli 1994, Werren 1997). If
either occurs in morsitans-group tsetse, the above in-
terpretation will need to be reevaluated. Similarly, if
paternal leakageofWolbachiaoccurs, or ifWolbachia/
host genome interactions occurs among morsitans-
group tsetse, the proposal to useWolbachia as amech-
anism to drive antitrypanosomal factors into tsetse
(Beard et al. 1993) may need to be revised.

Because the results in Table 1 are for inseminated
females, the analyses are consistent with the hypoth-
esis that the chromosomal effects act primarily within
the females upon: (1) some aspect of sperm transfer
from the spermathecae to the uterus, (2) sperm pen-
etration of the egg, (3) survival and functioning of the
maleÕs chromosomes within the egg, or (4) that gene
products of male origin interact unfavorably with
those of female origin in the embryo or developing
larva, and that this results in abortion. The latter pos-
sibility is essentially thehypothesis proposedbyCurtis
(1972) that HA arises from unfavorable interactions
between maternal gene products and paternal gene
products in the egg, zygote or developing larva and
that females of the hybridizing species differ in their

tolerance of foreign gene products. There is, however,
insufÞcient evidence to eliminate any of the above
possibilities.
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