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Several classes of models have been suggested to explain how natural selection can favour non-zero
recombination. Directional and fluctuating selection, abiotic and biotic, and selection against harm-
ful mutations seem to be the most plausible factors, but little has been done to test the problem
experimentally. Here we show that long-term selection for positive or negative geotaxis in Droso-
phila melanogaster results in a dramatic increase in recombination rates in different genomic
regions. The total increment in recombination for the genome portion considered is 78 cM for
geo + and 66 cM for geo -. Selectionfor negative geotaxis did not result in recombination changes in
chromosome 2 whereas selection in the opposite direction caused nearly a four-fold increase in the
b-cn segment and a significant, albeit not as high, increase in the adjacent regions, al-b and cn-vg. In
chromosomes X and 3, a significant increase in recombination was found in both selected lines. In
total, the increment in exchange frequency in chromosome X (y-cv-ct-v-car) was from 72.6 per cent
(the control level) to 124.7 and 110.3 per cent geo - and geo , respectively, whereas for the studied
portion of chromosome 3 (ru-h-cu-sr-e) we obtained, correspondingly, 60.8, 76.4 and 73.8 per
cent. Thus, in general, selection for geotaxis resulted in increased recombination frequencies
regardless of the direction of selection. These results, taken together with other data, allow one to
conclude that selection for fitness traits (e.g. for changed levels of quantitative traits, behavioural

peculiarities or adaptation to adverse environmental conditions) may be a powerful factor causing
rather rapid changes in the recombination system.
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Introduction

Understanding the forces maintaining sex and recom-
bination is one of the most difficult problems in
evolutionary theory (Michod & Levin, 1988). Many
models have been proposed for its solution based on
hypotheses of combinatorial functions of recombina-
tion, i.e. connected with genotypic adaptation to
variable environments, both biotic (Hamilton, 1980;
Bell & Maynard Smith, 1987; Korol et al., 1990) and
abiotic (Charlesworth, 1976; Maynard Smith, 1980,
1988) and selection against harmful mutations (Felsen-

stein & Yokoyama, 1976; Kondrashov, 1988; Charles-
worth, 1990). Assuming neutrality of rec-modifiers, it
is clear that they can be subjected to only indirect
selection which is possible under non-zero linkage dis-
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equilibrium (D 0) between the fitness loci. The latter
may result from finite population size or epistasis. In
particular, the condition D 0 arises under stabilizing

selection with a moving optimum (Maynard Smith,
1988). But could these conclusions be tested in nature
or in controlled conditions?

Experiments on direct selection for altered recom-
bination frequency (if) can be viewed as strong
evidence for genetic polymorphism at rec-loci (Allard,

1963; Chinnici, 1971; Landner, 1971; Kidwell, 1972;
Shaw, 1972; Dewees, 1975; Turner, 1979; Charles-
worth & Charlesworth, 1985). Thus, the key question
is whether selection for fitness traits can affect this
variation and produce directed changes in if Despite
the keen interest in the problem displayed by theoreti-
cians, it has been poorly studied experimentally and
what little evidence has accumulated so far, is almost
uncited by them. For example, in two recent books on
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the evolution of sex and recombination (Stearns, 1987;
Michod & Levin, 1988), the relevant experimental
works are not even mentioned.

The few observations that have a direct bearing on
the above question of recombination evolution caused
by selection for fitness traits are presented in Table 1.
Most of these studies have shown unequivocally that
adaptation to unfavourable conditions or selection for
quantitative traits can result in appreciable changes in
the recombination system. Thus, Flexon & Rodell
(1982) have shown that selection of Drosophila flies
for resistance to DDT resulted in increased recom-
bination after 300 days. Burt & Bell (1987), in their
attempts to discriminate between different models of

recombination evolution, found a significantly higher
number of chiasmata in males of domestic mammals

compared with the respective wild species. Presumably,
this difference reflects the reaction of the rec-systems
of domesticated species to the long-term pressure of
artificial selection. In a series of reproducible experi-
ments, we have shown that adaptation of large cage

populations of D. inelanogaster to daily temperature
fluctuations (with the amplitude increasing over
generations) results in increased recombination
(Zhuchenko et a!., 1983, 1985; Gorodetsky et a!.,
1990; Korol eta!., 1990).

The unidirectional mode of selection for fitness
traits characterizes most of the studies presented in
Table 1. An exception is the experiment with the
mustard plant Brassica campestris (Harinarayama &
Murty, 1971) where increased chiasma frequency in
pollen mother cells (PMC) was established after several

cycles of selection for early and late flowering. The
limitation of one-way selection schemes lies in the
possible interpretation of recombination changes as
trivial results caused by initial linkage disequilibria
between selected genes and rec-modifiers. Here we
report the effect of two-way selection for a behavioural
trait in D. melanogaster on the recombination system.
We present data on the effect of artificial selection for

positive and negative geotaxis on crossing-over rates in
all three large chromosomes. Geotaxis is expressed as a
preferential orientation of flies (up or down) with
respect to gravitation. This is one of the genetically best
studied behavioural traits. The results indicate that,
presumably, all of the three chromosomes are involved
in the response to selection for geotaxis (Hirsch, 1967).

Materials and methods

The experiment was conducted on a large cage popula-
tion established earlier by mixing 21 lines and main-
tained in the laboratory for more than 50 generations.
Selection for geotaxis was carried out using a vertical

10-deadlock labyrinth (Hirsch, 1963). Flies were
inserted into the labyrinth from the left and collected
after their movement to the right according to their

geotactic preferences. Negative geotaxis flies move to
the upper vials of the labyrinth whereas positive ones
tend to go to the lower vials. The time interval between
the start of the test and extraction of the flies from the
labyrinth (referred to as the estimation interval) was
shortened step-wise during the course of selection.
This was done because after a few generations of

Table 1 Effect of selection for fitness traits on recombination (a review)

Organism

Mustard plant
B. campestris

Mammals

D. melanogaster

D. melanogaster

D. melanogaster

Yeast

Early and late

flowering
Domestication

complex
Resistance to DDT

Resistance to daily

temperature
fluctuations
Positive and

negative geotaxis
Resistance to

temporal variations
in nutrient medium

High body weight
and high fertility

Effect on recombination

Increase in chiasma frequency
in PMC
Increased recombination
index in males

Increased rf in the large

autosomes
Marked increase of rf in large
autosomes and to a less extent

in the X
Increased rf in all three large

chromosomes
Increased rate of sporulation

(sexual reproduction)

Increased chiasma frequency
in the first case and reduced

in the second

Harinarayama & Murty (1971)

Burt & Bell (1987)

Flexon & Rodell(1982)

Zhuchenko etal.(1983, 1985),
Gorodetsky eta!. (1990),
Korol etal.(1990)
This study

Wolf eta!. (1987)

Gorlov eta!. (1992)

Selected trait Reference

Mice
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selection, the portion of flies reaching the highest
scores (both in geo and geo) exceeded the chosen
level of selection (10 per cent). Thus, to proceed with
the same intensity of selection and the construction of
the labyrinth, we had to shorten the estimation interval,
thereby taking into account the fastest flies. According
to reaction of experimental material, the estimation
interval was 20 mm in generations 1—5, 5 mm in
generations 6—15, 3 mm in generations 16—20, and 1
mm in generations 21—50. Three hundred flies (150
males and 1 50 virgin females) were tested at each step
of selection. Males and females were tested separately
to exclude sexual behaviour components in the
response. To establish each subsequent cycle of selec-
tion from the previous generation, 12 extreme females
and 18 males were used for each direction of selection.
Control flies were chosen randomly. In total, selection

was practised during 50 generations.
The recombination frequency (if) was estimated for

chromosomes 2, 3 and X in generations 36, 40 and 44,
respectively. Females of the compared lines were
crossed to marker stock males y cv ct v car, al b cn vg
bw and ru h cu sr e (markers on chromosomes X, 2 and

3). Then, two broods (of 3- and 2-day laying periods)
were analysed with eight replicates of each testcross
progeny of the hybrid females to marker males. The
method of maximum likelihood was used to obtain the
estimates of recombination rates. The significance of
the deviations of selected lines from the control level
was calculated using Student's t-test based on the
arcsin transformation of ifs for individual segments
and the sum of untransformed if-values () for the
whole chromosomes.

Results and discussion

Significant response in geotactic behaviour was
obtained in both directions of selection (Fig. 1). For

generations presented in Fig. 1 (F33 and F49), the
deviations of geo - and geo + from the control level as
well as the differences between the selected lines them-
selves were highly significant. Selection for opposite
geotaxis directions brought about a dramatic increase
in recombination frequency in different genomic
regions (Table 2). The total increment in recombina-
tion for the genome portion considered is 78 cM for
geo and 66 cM for geo. Selection for negative
geotaxis did not result in if changes in chromosome 2
whereas selection in the opposite direction caused
nearly a fourfold increase in if in the b-cn segment and
a significant, albeit not as high, increase in the adjacent
regions, al-b and cn-vg. A marked if-response of the b-
cn segment was also observed in our previous
experiments with selection for Drosophila thermal

adaptation (Zhuchenko et al., 1983, 1985; Gorodetsky
etal., 1990; Korol eta!., 1990).

How could these results be interpreted? We
attribute the observed unidirectional change in if
caused by two-way selection for geotaxis, to the
advantage conferred by selection on recombinants.
Moreover, the data as a whole indicate that changes in
rec-loci are responsible for the effect. Some peculiari-
ties of the experiment and the results seem to exclude
several trivial alternative interpretations.
1 The stocks used in the founding population were
tested for the presence of inversions and no inversions
were detected. I. F. Zhimulev (Institute of Genetics and

Fig. 1 Effectiveness of two-way selec-
tion for geotaxis in D. melanogaster.
Geotaxis measured in conditional units
connected with the labyrinth construc-
tion: the geotaxis axis is marked by con-

secutive numbers corresponding to the
order of vials at the right side of the

labyrinth, starting from the top. In the
labyrinth number I corresponds to the
negative extremes and number 10 to
the positive ones.
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Table 2 Effect of two-way selection for geotaxis on recombination frequencies (%) in D. melanogaster

Line Segment

Chromosome X

Chromosome 3

and §, deviation from control significant at P <5, 1 and 0.1%.

Cytology, Novosibirsk) kindly helped in this test. The
hypothesis of homozygotization of inversions (even if
caused by selection) cannot explain the exclusive
upwards change in rf Thus, normal gene orders,
colinear to those of the standard marker stocks,
became fixed.
2 The fact that if has increased under selection in
both directions means that possible linkage disequi-
libria between selected genes affecting geotaxis and
rec-loci is rather improbable.
3 Known effects of recombination dependence on
inbreeding are irrelevant to our experimental design
because the consequences of selection have been
estimated using hybrid females resulting from crosses
of females from three compared lines to tester males
marked for the chromosome of interest.
4 To exclude possible effects of P-element transposi-
tions on recombination, the founding population was
tested for P-potential and P-susceptibility (based on
ovarian sterility measured in corresponding crosses)
and clearly classified as M. Later, to obtain hetero-
zygote flies for if estimation, the control and selected
strains were used as female parents in crosses to
marker strains. This prevents the influence of hybrid
dysgenesis on recombination if even some of the com-

pared strains were polymorphic for P.
5 An important question regarding these data is the
possibility of random effects caused by the low number

of selected progeny and the absence of parallel repli-
cates. The main arguments against such an interpreta-
tion and in favour of the one presented here are: (i) the
unidirectional mode of changes in if in both geo + and

geo (which are more than simply two independent
replications); (ii) reaction of different genome regions
in the same direction; (iii) very high rates of if-reaction
are not very common in experiments with direct selec-
tion for recombination. In fact, the observed differ-
ences between opposite selection lines rarely exceed
the two or threefold level (Chinnici, 1971; Kidwell,
1972; Dewees, 1975; Charlesworth & Charlesworth,
1985; but see Turner, 1979); and (iv) good reproduci-
bility of the effects between replications (eight replica-
tions for each line tested for each of the three
chromosomes).

The total increment in recombination across the
studied portion of the genome was more than 66 per
cent in the geo - line and 78 per cent in geo All of the
three large chromosomes showed significant change in
geo whereas only two in geo (chromosomes X and
3). This difference in the if-reaction of the opposite
selected lines needs some coniments. Possibly, it could
be explained by an assumption that effective minus
alleles of the chromosome 2 loci controlling geotaxis
were not polymorphic in the start population. We
should recall here that there is a characteristic
tendency for negative geotaxis in D. melanogaster.
Therefore, the above assumption of fixation of geo -
alleles seems to be reasonable. However, the observed
pattern of recombination changes across the genome
does not necessarily reflect directly the distribution of
geotaxis or rec-loci. Indeed, in experiments with direct
selection for recombination, it has been shown that the

response to selection for one specific chromosome•
region can result in a spectrum of changes in recom-

y—cv cv—ct ct—v v—car (y—car)

geo 37.95 1.12 22.31 0.99 19.98 0.85 30.07 0.72 110.30 1.43
geo 40.36±1.41 31.11±0.97 25.49±0.94 27.75±1.41f 124.70±1.74
Control 25.96 1.26 13.16 0.70 11.16 0.61 22.36 1.65 72.64 2.61

geo
al—b

44.45 1.89
b—en

23.66 1.42

Chromosome 2

cn—vg

14.95 1.12
vg—bw
28.76 1.06

(al—bw)

111.82 2.62
geo 33.32 1.83 6.01 1.04 9.68 33.26 1.59 82.28 2.62
Control 37.18 1.54 6.27 0.94 8.58 0.45 31.50 0.58 83.54 2.09

geo

ru—h

14.44±0.36
h—cu

27.05±0.87
cu—sr

18.67±0.62
sr—e

13.60±1.10
(ru—e)

73.76±1.41
geo 13.73 0.64 26.28 0.65 19.50 0.45 16.91 0.53 76.42 1.52
Control 13.36 0.40 18.85 0.41 14.56 0.60 14.02 0.28 60.79 1.07
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bination in many genomic regions with different
chromosomes being involved in this changed control of

recombination (Chinnici, 1971; Kidwell, 1972;
Charlesworth & Charlesworth, 1985).

Based on our data and other evidence (Table 1), it
can be generalized that directional selection for any
trait for many generations can play an important role in
rec-system evolution. Of course, the selection regime
is of prime importance in such evolution, particularly
with respect to its direction and rate (Maynard Smith,

1988; Bergman & Feldman, 1990; Korol et a!., 1990;
B. Charlesworth, unpublished data). Presumably, the
effect cannot continue indefinitely because genetic
variability will he exhausted for the selected trait. In
general, and in contrast to the occasionally voiced
pessimism, it seems reasonable to assume that direct

large-scale modelling on convenient experimental
organisms, together with observations in nature, could
help to further significant progress in our understand-
ing of the forces of recombination evolution.
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