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SUMMARY

Male sterility, male recombination, and transmission ratio distortion -
all examples of a syndrome known as hybrid dysgenesis in Drosophila
melanogaster - were found to involve chromosome-cytoplasm inter-
actions. The latter two have temperature optima near 25° and involve
pre-meiotic events. In addition, sex ratio distortion, and induction of
certain translocations of the X and Y chromosomes (but not the
autosomes) were found to be part of hybrid dysgenesis. Both are caused
by chromosome-cytoplasm interactions with pre-meiotic events playing
a crucial role. The results agree with previous data on female sterility
in hybrid dysgenesis, which also has cytoplasmic components and
premeiotic origins.

1. INTRODUCTION

The biology and genetics of a case of hybrid female sterility in Drosophila
melanogaster have been studied in detail and reported elsewhere (Engels & Preston,
1979; Engels, 1979). The sterility was found to be due to the rudimentary
condition of one or both ovaries, and is manifested as the inability of the affected
females to produce eggs. There is a temperature-sensitive period in the late
embryonic and early larval stages, with 27° restrictive and 21° permissive. The
morphological details of the sterility suggest that it is the result of failure in the
development of the germ line. Sterility occurs in the hybrid offspring of males
from a wild-derived stock known as n2 and females from laboratory strains. I t
does not occur in non-hybrids and occurs only very rarely in hybrids from the
reciprocal cross. The rules of transmission of this sterility indicate that it is
the result of interactions between factors which display an unusual mixture of
cytoplasmic and chromosomal inheritance.

However, female sterility is just one aspect of a syndrome of aberrant traits
known as hybrid dysgenesis (Kidwell, Kidwell & Sved, 1977; reviewed by
Thompson & Woodruff, 1978), which has been found in a number of different
inter-strain crosses. These traits include male sterility, male recombination,
segregation distortion, non-disjunction, altered female recombination, meiotic
bridge and fragment formation, and mutagenesis. There is evidence of at least

* Paper number 2287 from the Laboratory of Genetics. This work was supported by
grants GM 15422, GM 22038 and 5T32 GM 07133-03.

0016-6723/79/2828-7330 $01.00 © 1979 Cambridge University Press
https://doi.org/10.1017/S0016672300018267 Published online by Cambridge University Press

https://doi.org/10.1017/S0016672300018267


138 W. R. ENGELS

two separate systems of hybrid dysgenesis (Kidwell, 1979). The details of the
female sterility in the present case resemble those of the P-M system, and I will use
that notation. Those strains, such as 7i2, which contribute paternally are designated
'P strains', and are typically found in natural populations. The maternally
contributing ' M strains' are always established laboratory stocks.

In this report, I show that male sterility, male recombination and segregation
distortion occur in 772 dysgenic hybrids, and that the latter two are temperature-
sensitive. I also tested n2 hybrids for two new traits not previously studied. These
are sex ratio distortion, and the induction of certain types of translocations. The
results confirm that they are both associated with hybrid dysgenesis.

To show that a trait is associated with hybrid dysgenesis, it is important to
demonstrate that it appears primarily in hybrids from one of the two reciprocal
P x M crosses. In the case of female sterility, the reciprocal difference is due to
interactions between the TT2 chromosomes and a cytoplasmic factor contributed
by females of a specific 'cytotype' (Engels, 1979). However, when dealing with
hybrid effects in males, one must keep in mind that the two reciprocal types of
hybrids are not genetically identical; they differ in the source of their sex chromo-
somes. Therefore, the possibility exists that reciprocal differences are due to
genetic background rather than cytoplasm-chromosome interactions. If, however,
one of two parental strains carries an attached-X chromosome, and the other
does not, then sons from the two reciprocal crosses (but not the daughters) are
genetically identical. Therefore I used attached-.^ M strains in these experiments
to show that for each of the various traits studied in males, reciprocal differences
are due to cytoplasm-chromosome interactions.

2. MATERIALS AND METHODS

Flies were grown on standard cornmeal-molasses medium. The temperature
was 25° unless specified. TT2, an inbred, wild-type strain derived in 1975 from
a natural population near Madison, was used as the P strain. The following
laboratory stocks were used as M strains (notation is from Lindsley & Grell, 1968).

bw; st: An isogenic stock which has been maintained by full- or half-sib mating
for approximately 300 generations. The second and third chromosomes carry
eye color markers brown (bw) and scarlet (st).
bw'; st': Chromosomal and cytoplasmic background are from the standard
laboratory stock, Canton S, but with the markers bw and st along with closely
linked loci introduced from the isogenic stock by a six-generation backcross
procedure.

en bw: An isogenic stock which has been inbred by full- or half-sib mating for
approximately 300 generations. It carries two second chromosome eye colour
markers, cinnabar (en) and brown (bw) separated by approximately 47 map units
on the right arm.

yf: = A standard laboratory stock, carrying the attached-X C(1)DX homo-
zygous for yellow body (y) and forked bristles (/).
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yf: = ; en bw; e Homozygous for en, bw, and ebony body (e) on the third
chromosome. Females carry attached-X C(1)DX. This stock was obtained by
several generations of backcrossing yf: = females to males from a laboratory
stock with en bw; e.

yf: = ; bw; st Homozygous for bw and st. Females carry C(1)DX. This stock
was obtained after several generations of backcrossing yf: = females to males
from the isogenic bw; st stock.

All crosses of the form, M$x7r2<? are designated 'cross A', and the reciprocal,
'cross B' .

3. RESULTS

(i) Male recombination and segregation distortion

Both reciprocal crosses between yf: = ; en bw; e and n2 were carried out at
25°, and the two reciprocal crosses between n2 and en bw were carried out at
17, 25 and 29°. Hybrid males from each of the eight sets were then individually
mated to en bw females at 25°, then transferred after 5 days to fresh vials and
kept at the same temperature to produce a second brood. Counts of the four
types of progeny (en bw, + bw, en +, and + +) from these crosses provided
estimates of male recombination and segregation distortion.

The results (summarized in Table 1) showed that some male recombination
occurred in each class of males, especially those from cross A raised at 25°.
However, the level of male recombination was not homogeneous among males
within a class; i.e. recombinants were clustered. For example, a standard likeli-
hood ratio test for homogeneity among males from cross A with en bw raised
at 25° gave xf6

 = 63-2; P < 0-001. The largest cluster in this class was one
with nine recombinants (eight + bw, and one en + ) and 122 non-recombinants.
An even larger cluster with 26 recombinants (all + bw) and 166 non-recombinants
occurred in another experiment. The latter case demonstrates that some clusters
include only one of the two possible recombinant types.

A similar test for homogeneity was conducted for segregation distortion as
measured by k = (number of + + offspring)/(total non-recombinants). Again,
high values of the x2 statistics indicated that for all but two of the classes (cross
B with en bw at 17 and 25°), the k values of individual males within a class were
heterogeneous.

Since neither k nor recombination frequency can be considered binomially
distributed, pre-meiotic events are probably involved, and comparisons between
classes can only be made with distribution-free statistical procedures. For this
reason, the progeny count from each male was taken as a separate observation
of either male recombination or segregation distortion, and Mann-Whitney—
Wilcoxon tests (Lehmann, 1975) were used to check for differences between
classes. Exact probabilities were computed in cases where large numbers of ties
precluded use of the normal approximation. Results of such tests comparing
each class with the reciprocal cross at the same temperature, and with the cor-
responding crosses at different temperatures are shown in Fig. 1. There was an
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interesting parallel between tests of male recombination and those of segregation
distortion. Each significant difference in male recombination corresponded to a
significant difference in segregation distortion such that high male recombination
goes with low transmission frequency of the n2 chromosome. At 25°, there is
a clear difference between reciprocal crosses for both male recombination and
segregation distortion, but not at the two extreme temperatures. This reciprocal
effect persists even when yf: = ; en bw; e was used as the M strain, showing that
it is not due to a difference in sex chromosomes. The temperature effect is also
clear, but only among cross A classes. Both male recombination and segregation
distortion are maximized at 25°.

Table 1. Male recombination and segregation ratio distortion in n2 hybrids

M strain
en bw

yf- = ;
en bw, e

O
17
17
25
25
29
29
25
25

Cross
A
B
A
B
A
B
A
B

Number
of

males
tested

29
14
30
10
27
10
10
40

Total
progeny

4198
2336
4409
1460
5286
1305
1537
9281

Average
frequency

of male
recombi-
nation

(%)

0-262
0-129
0-794
0-069
0-095
0-613
0-846
0-043

Average
k%

0-592
0-595
0-463
0-605
0-573
0-575
0-463
0-522

Kendall's

0-400**
0-147

-0-238
-0-149
-0-281*
-0-600**
-0-368
-0-290**

* Significant at 0-01 < P < 0-05. ** Significant at P < 0-01.
f Temperature at which parental males were raised.
J k = ( + + )/(total non-recombinants).
§ Measure of correlation between male recombination and segregation distortion.

Since classes with high male recombination tend to have low k values, one
might expect there to be a negative correlation between these two variables
among males within each class. In fact, Hiraizumi (1971) observed such a cor-
relation in dysgenic hybrids from other strains. To test for this possibility,
Kendall's T, a distribution-free measure of correlation (Kendall, 1955), was
calculated for each class, and presented in Table 1. As expected, there were
strong negative correlations at the high temperature, but the correlations were
weaker at the intermediate temperature, and actually became positive at the
low temperature. The source of variability underlying this correlation is some-
what enigmatic since all males in a class have identical genotype and cytoplasm,
and have similar environments.

(ii) Male sterility

The strain yf: = ; bw; st was selected as the M strain for this experiment since
its autosomes and Y chromosome are derived from the strain used most extensively
for studies of female sterility. Both reciprocal crosses between yf:=; bw; st and
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n2 were performed at 29°. Forty of the male offspring from cross A and ten
from cross B were individually test-mated at 25° to two fertile females from a
laboratory stock. At 4-day intervals, each male was moved to a fresh vial con-
taining two new females, and the old females were left in the vial. After three
transfers, all males were discarded. Nineteen of the cross A males, but only one
of the cross B males were sterile as defined by the failure to produce even a single
larva from any of the matings. The difference was significant at P = 0-03 by
Fisher's exact test. It was concluded that male sterility follows the usual rules
of hybrid dysgenesis, with a reciprocal cross effect.

Male recombination (%) k = (+ +)/(+ + and at bw)

Cross A Cross B

0-262-. 0129

I
0-794 •

• 0095 •

10069

0-846 < ! 0043

17°
{en bw)

25°
(en bw)

29°
(en bw)

25°
(yfo =; en bw;e)

' 0-573 0-575

0-4631 • 0-522

Fig. 1. Results of Mann-Whitney-Wilcoxon rank sum tests for differences in
either male recombination or segregation distortion. Each arrow represents one
such test. Significant differences (P < 0-05, one tail test) are represented by heavy
arrows.

(ill) Translocations other than T(X, Y)

Fig. 2 shows the mating scheme used to detect translocations among the
progeny of males and females of either dysgenic or control types. I t is a modi-
fication of the standard method in which a potentially translocation-bearing
male of the genotype bw/ + ; st/ + is crossed to homozygous bw; st females, and
the progeny examined for the absence of certain sex and eye-color combinations.
Three classes of males were tested in this way. Class A males came from pair
matings in which both parents were dysgenic hybrids suspected of producing
translocation-bearing gametes at enhanced frequencies. Class B came from pair
matings of hybrid parents genetically similar to those of Class A, but derived
from crosses of the B type, and therefore not expected to produce high frequencies
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of translocation-bearing gametes. Class G came from matings in which both
parents were non-hybrids, again not expected to produce translocations beyond
normal spontaneous levels. To test for clustering of translocation events, and to
control for the possibility of pre-existing translocations in the stocks, 12 males
(or as many as were fertile) were tested from each pair mating.

ir2? Xbw';st' 6

\ \
n/X;n/bw";, v/sf 9Xbw;st6 n29X(yf: =)d bw;st9X n/Y; v/bw"; v/sf <5 yf: = 9 X ir2 <J

h r1 r1
bw'/bw;st'jst 9 Xir/+6 bw\stXit2

(both reciprocal
crosses)

bw/bw!;st/st' 9 X+/TT<$

Class B 6
X

bw'; st' 9

Class C 6
X

bw'\st' 9

Score progeny
for first test

Class A 6
X

•bw';st'9

Fig. 2. Mating scheme for measuring the rate of six types of reciprocal trans-
locations. The bw'; st' stock was used rather than bw; st in some matings to avoid
deleterious homozygous effects. See text for further explanation.

There are six kinds of translocations detectable by this technique. Three of
them, T(X, 2), T(X, 3), and T(2, 3), linking the marked chromosomes were
received from the mother; and the other three, T(Y, 2), T(Y, 3), and T(2, 3),
linking the unmarked chromosomes were received from the father. The rules for
distinguishing these six translocations from each other and from non-translocation
types are in Table 2.

As shown in Table 3, only two of a possible 15468 translocation events occurred,
and one of them was in a cross B control. The overall per-gamete frequency of
each type of translocation was 1-3 x 10~4. Therefore, these data provide no
evidence for the induction of reciprocal translocations involving the second or
third chromosome by hybrid dysgenesis.

(iv) X-Y translocations and sex ratio distortion

R. L. Berg (unpublished) using wild strains other than n2 first observed that
when hybrid males were crossed to yf: = females, occasionally exceptional non-
yellow, forked daughters appeared. Genetic analysis and cytological analysis by
R. Kreber showed that most of these were due to multiple-break translocations
between the X and Y chromosomes in which the tip of the X chromosome
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containing the wild type allele of yellow became linked to a ^-fragment. Repeated
occurrence of certain breakpoints suggested that the primary event was not
random chromosome breakage. Thus the exceptional y+f daughters have an
ordinary attached-X, plus the Yv+ fragment.

Table 2. Rules for distinguishing six types of translocations

Females Males

+ + bw + + st bw st + + bw + + st bv) st
First test*

If 1 1 1 1 1 1 1 No translation
0 1 0 1 1 0 1 0 T(X, 2) or T(Y, 2)
0 0 1 1 1 1 0 0 T(X, 3) OTT(Y, 3)
1 0 0 1 1 0 0 1 T(2, 3) from male or female

Second testj
0 1 0 1 1 0 1 0 T(Y, 2)
1 1 1 1 1 1 1 1 T(X, 2)
0 0 1 1 1 1 0 0 T(Y, 3)
1 1 1 1 1 1 1 1 T(X,3
1 0 0 1 1 0 0 1 T(2, 3) from male
1 1 1 1 1 1 1 1 T(2, 3) from female

* Cross of the original bw/ + ; st/ + male to bw'; at' females.
f 1 = presence of indicated type; 0 = absence.
% Second test was performed only if first test indicated a translocation. Ten mated bw, at

females from the first test were placed in fresh vials and their progeny scored.

Table 3. Numbers of translocations obtained from dysgenic and control crosses

>3)t

Class A
Class B
Class C

Number
of males
tested

1504
770
304

T(Y,

0
0
0

* From

2) T(X,

0
0
0

male.

2)

t

T(Y, 3)

0
0
0

From female

T(X, 3) '.

0
0
0

T(2, 3)*
1
1
0

T(2,

0
0
0

The following experiments using the n^ strain were designed to examine this
phenomenon quantitatively, and to determine whether it follows the usual rules
of hybrid dysgenesis. Hybrid males from crosses A and B with yf: = and n^, as
parents were individually mated to yf: = females, and all progeny emerging until
the 16th day were counted. As a control, non-hybrid n2 males were also tested
in the same way.

As shown in Table 4, both types of hybrid male produced y+f daughters at
appreciable frequencies. Although most of the y+f females were sterile, a fertile
one from cross A was examined cytologically and found to be an X—Y trans-
location similar to those discovered by Berg. These results can be compared
with those of the previous experiment which screened for a different class of
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translocation. Both experiments used the same dysgenic and control males, yet
the X-Y translocations detected here occurred at approximately 100 times the
rate of the other classes of rearrangements. This observation confirms the previous
finding that these events are not caused by random chromosome breakage.

Table 4. X—Y translocations and sex ratio distortion in n2 hybrids

Cross A
Cross B
TT2 non-hybrids

Number
of males
tested

91 (23j)
50 (5)
48(0)

Total
progeny

3384
2229
2875

Average
frequency

oty+f
daughters

(%)

1-63
0-66
0

Sex ratio
(% sons)

46-0
52-3
56-2

T*

-0-216
-0-185

—

* Kendall's T measures the correlation between frequency of y+f daughters and sex ratio;
P < 005.

f Number of males with at least one y+f daughter.

The production of y+f females adheres faithfully to the rules of hybrid dys-
genesis. That is, it is strictly limited to hybrids, and is more frequent in hybrids
from cross A than from cross B. Among the 91 males from cross A, 23 produced
at least one y+f daughter. Fisher's exact test shows that this is significantly
more than the 5 of 50 cross B males or the 0 of 48 non-hybrid males, (P < 0-05).
These tests can be considered 'conservative' since for each comparison, the class
with more translocation-producing males was also the class with fewer average
offspring per male.

As with male recombination, the X-Y translocations occurred in clusters. For
example, one of the cross A males had 4 y+f daughters and 14 ordinary yf: =
daughters. After pooling the smaller broods of the cross A males to form a 2 x 25
contingency table, I performed a standard likelihood ratio test for homogeneity.
The results confirmed that the production of y+f females was clustered as opposed
to binomial (P < 0-05).

These data also provide evidence for yet another manifestation of hybrid
dysgenesis - sex-ratio distortion. By analogy with segregation distortion of the
second chromosome described earlier, one would expect the cross A males to
distort against the n2 chromosome (the X in this case) and produce too few
sons. Furthermore, the rules of hybrid dysgenesis imply that the cross B males
show less of this distortion, and that the non-hybrids show none at all. The data
in Table 4 are in line with all of these predictions. Treating each male as a separate
observation, the Mann—Whitney-Wilcoxon test was used to compare classes. As
expected, the proportion of sons produced by the cross A males was significantly
lower than that of either cross B or the non-hybrid males (P < 0-001 for both
tests). However, the difference between cross B and the non-hybrids was not
significant (P = 0-15).

As with the other phenomena discussed so far, there was significant non-
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binomial variability among dysgenic males in the sex ratio of their offspring
indicating the involvement of pre-meiotic events. For the cross A data, the test
for homogeneity y ie lded^ = 238; P < 0-001.

Finally, by analogy with the male recombination and segregation distortion
results, we might expect the frequency of y+f females to be negatively correlated
with the proportion of sons produced by the males within each class. The negative
values of the non-parametric correlation are significantly different from zero, and
confirm this expectation (see Table 4).

4. DISCUSSION

Most of the present results are in good agreement with other cases of hybrid
dysgenesis, but two exceptions should be mentioned. First, my finding that both
male recombination and segregation distortion have optima near 25° coincides
with Kidwell et al. (1977) on male recombination, but not with those by Yanno-
poulos & Pelecanos (1977) who find that both traits increase monotonically with
temperature. Second, Slatko & Hiraizumi (1978) report that at least some of the
reciprocal cross effect on male recombination and segregation distortion is due
to suppressors on the X chromosome. However, I find no such suppressors in the
n2 strain, and can explain the reciprocal cross effects only by extra-chromosomal
factors. Other cases of non-reciprocal male recombination where X-linked sup-
pressors can be ruled out were found by Kidwell (1978). Despite these points of
disagreement, the similarities among the various cases of hybrid dysgenesis vastly
outweigh the differences. The notion of a basic, underlying unity with only some
strain-to-strain variation still seems most reasonable.

The list of abnormal characteristics in the dysgenic hybrid offspring of n2

males now includes both male and female sterility, male recombination, distortion
of segregation ratios and of sex ratios, and the production of certain kinds of
translocations. In addition, M. J. Simmons studied mutagenesis in hybrids
between n2 and laboratory strains, and found elevated rates for X-chromosome
lethal and visible mutations in the cross A hybrids (personal communication).

Some insight into the nature of hybrid dysgenesis can be gained by noting
that all of these traits are germ-line abnormalities. In fact, detailed studies of
the biology of female sterility (Engels & Preston, 1979; Schaefer, Kidwell &
Fausto-Sterling, 1979; Kidwell & Novy, 1979) find a loss of germ cells, but no
visible effects on somatic tissues. Similarly, Thompson, Woodruff & Schaefer
(1978) report that male recombination and chromosome breakage are limited
to the germ line. The effect is further localized by the finding that at least some
of the events leading to these abnormalities occur pre-meiotically. The non-
binomial or clustered occurrence of male recombination, translocations, segre-
gation distortion and sex ratio distortion all point to pre-meiotic origins, as do
the correlations observed between male recombination and segregation distortion,
and between translocations and sex ratio distortion. The studies of female sterility
cited above found pre-meiotic temperature effects, and Yannopoulos & Pelecanos
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(1977) found that male recombination, segregation distortion, and meiotic chromo-
somal breakage all have pre-meiotic temperature-sensitive periods. The above
observations all suggest that there is highly abnormal activity in the pre-meiotic
germ cells of the dysgenic hybrids, but the specific nature of this abnormality
and of hybrid dysgenesis in general remains a mystery.

I wish to acknowledge Christine R. Preston's outstanding technical work, which contri-
buted greatly to this paper.
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