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Abstract

Background: Population genetics predicts that tight linkage between new and/or pre-existing beneficial and
deleterious alleles should decrease the efficiency of natural selection in finite populations. By decoupling beneficial
and deleterious alleles and facilitating the combination of beneficial alleles, recombination accelerates the
formation of high-fitness genotypes. This may impose indirect selection for increased recombination. Despite the
progress in theoretical understanding, interplay between recombination and selection remains a controversial issue
in evolutionary biology. Even less satisfactory is the situation with crossover interference, which is a deviation of
double-crossover frequency in a pair of adjacent intervals from the product of recombination rates in the two
intervals expected on the assumption of crossover independence. Here, we report substantial changes in
recombination and interference in three long-term directional selection experiments with Drosophila melanogaster:
for desiccation (~50 generations), hypoxia, and hyperoxia tolerance (>200 generations each).

Results: For all three experiments, we found a high interval-specific increase of recombination frequencies in
selection lines (up to 40-50 % per interval) compared to the control lines. We also discovered a profound effect of
selection on interference as expressed by an increased frequency of double crossovers in selection lines. Our results
show that changes in interference are not necessarily coupled with increased recombination.

Conclusions: Our results support the theoretical predictions that adaptation to a new environment can promote
evolution toward higher recombination. Moreover, this is the first evidence of selection for different recombination-
unrelated traits potentially leading, not only to evolution toward increased crossover rates, but also to changes in
crossover interference, one of the fundamental features of recombination.
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Background

Unraveling the forces responsible for the nearly universal
distribution of sex and recombination among eukaryotes
is one of the central problems in evolutionary biology.
Several classes of models based on the combinatorial
consequences of recombination (initially suggested by
Weismann [1]), have been developed to explain the
maintenance of sex and recombination, including selec-
tion against deleterious mutations and combination of
advantageous mutations [2-7], and genetic adaptation to
varying environments, both biotic and abiotic [8-12].
Tight linkage between new and/or pre-existing beneficial
and deleterious alleles should decrease the efficiency of
natural selection, as a consequence of the Hill-
Robertson effect [13], which includes various forms of
interference in finite populations [14—17]. Recombin-
ation accelerates the formation of high-fitness genotypes,
which in turn can indirectly select for higher recombin-
ation rates. The shared condition for such situations is
negative linkage disequilibrium (LD; <0) between fitness
loci, as a result of weak negative epistasis, spatially and
temporally varying selection (biotic or abiotic), or gen-
etic drift [14, 15, 18-20]. Despite the considerable pro-
gress in theoretical analyses over the last decade, the
interplay between mutation, recombination and selection
remains a controversial issue in evolutionary biology,
partly due to a lack of robust empirical evidence. As
noted by Barton [21], “..although the basic theoretical
framework is clear, we still do not know whether selection
is generally strong enough, and has the right form, to give
a general advantage to sex and recombination”. In this
respect, it is worth mentioning the important and de-
bated assumption of insufficient recombination as a limit
to selection. Numerous studies support this hypothesis
[20, 22-30], while opposite conclusions have also been
reached [31-35] based on the idea that a low level of re-
combination should be sufficient to achieve most of the
benefits associated with this process [36].

The existence of significant genetic variation for re-
combination is a precondition for efficient indirect selec-
tion for recombination. Such variation has indeed been
demonstrated in many organisms [12, 37]. Experiments
showing responses to direct selection for altered recom-
bination frequency (rf) provide further evidence for gen-
etic polymorphism at recombination-controlling loci
[38—45]. A question arises as to whether selection for
fitness-related traits can utilize this variation and lead to
directional changes in rf. Theoretical models indicate
that directional or variable selection for multilocus traits
may promote evolution towards increased recombin-
ation [18, 46]. A considerable increase in rf as a result of
selection for various traits unrelated to recombination
has indeed been observed in a few studies with Drosoph-
ila melanogaster [47-52] (Additional file 1: Table S1).
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Simulation analysis suggests that interaction between
drift and selection could be the source of LD <0 in most
of the studies where increased recombination was
caused by selection for unrelated quantitative traits [53].

Substantial evidence indicates that the observed fre-
quency of double crossovers in adjacent intervals usually
differs from the product of recombination rates in the
two intervals, which is expected on the assumption of
independence, a phenomenon termed crossover interfer-
ence [54, 55]. The degree of interference is measured by
the coefficient of coincidence (c), the ratio of observed
to expected rates of double crossovers in target intervals:
positive interference (¢ <1) corresponds to situations in
which the occurrence of a crossover in one segment re-
duces the probability of exchange in the second seg-
ment, whereas negative interference (¢ >1) refers to
situations in which the observed rate of double cross-
overs is higher than the expected rate with independ-
ence. Positive crossover interference is a common
characteristic of meiotic organisms, with only a very few
known exceptions (some fungi) where recombination pro-
ceeds with no interference ([56] and references therein). It
is generally assumed that negative crossover interference
is mainly associated with intragenic recombination (gene
conversion). Nevertheless, cases are known of a higher
than expected frequency of double crossovers in adjacent
segments of small genetic but large physical length. In
Drosophila melanogaster, a strong excess of double ex-
changes was reported within a 4 ¢cM segment of chromo-
some 3 spanning the centromere and accounting for 25 %
of its cytological length [57]. Similar results have been ob-
tained in other Drosophila studies with autosomes [12, 58,
59], but not with the X chromosome [60]. Negative inter-
ference in Drosophila has also been shown to be associ-
ated with the interchromosomal effect of translocations
on recombination and in situations with temperature-
induced recombination [59]. It has been suggested that
negative interference could be a characteristic of gen-
omic regions with a low density of recombination
events [57]. Despite numerous physical and formal
models of interference and corresponding statistical
tools to analyze experimental data on interference,
only one attempt has been undertaken to explain
interference as an evolvable feature [61]. As empha-
sized by Wang et al. [62], interference remains a mys-
tery, an evolutionary conundrum. To our knowledge,
this aspect has generally been overlooked, despite the
interesting models aimed at understanding the
mechanism.

Herein, we report new results showing a substantial
increase in recombination frequency and changes in
crossover interference in directional selection experi-
ments with D. melanogaster for desiccation, hypoxia,
and hyperoxia tolerance. Novel elements include the
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facts that (1) the effect of long-term selection (50—200
generations) for three traits unrelated to recombination
was evaluated over 16 marked intervals, with independ-
ent replicates and (2) in addition to increased recombin-
ation, relaxation of positive interference and the
occurrence of significant negative interference were
observed, which may be considered as first evidence of
experimental evolution of crossover interference.

Results

For each of the three selection experiments, we esti-
mated the recombination frequency and coefficient of
crossover coincidence in backcrossed progeny (scheme
in Additional file 2: Figure S1).

Effect of selection for desiccation tolerance on
recombination

A highly significant interval-specific increase in rf was
observed in each of the three large chromosomes in the
selection lines compared to controls (Fig. 1, Table 1;
Additional file 3). In the X chromosome, we observed a
maximal relative increase in rf (§,f) in the proximal
interval v-f (from 21.9 to 32.1 %, 8,,=46.7 %, P=3.1 x
107*%) and a moderate increase in the interval cv-v (from
19.7 to 26.4 %, 8,r=34.3 %, P=4.1x 10~°). In chromo-
some 2, increased rf in selection versus control lines
was found in distal region net-dp of the 2 L arm
(from 10.7 to 169 %, §,=58.1 %, P=2.5x10"%),
proximal region cn-kn of the 2R arm (from 12.1 to
19.0 %, 8,,=56.9 % P=4.1x10""), and c-px region of
the 2R arm (from 24.1 to 29.0 %, §,,=20.0 %, P=
1.0x107%). In chromosome 3, an increase in rf was

Page 3 of 14

only detected in the interval k-th: from 14.4 to 21.1
(8,,=46.6 %, P=5.1x 107%). Altogether, in six out of
the 16 intervals, significantly higher rf values were
obtained in selection lines, and an opposite significant
effect was not observed in any of the intervals
(Table 1). The sum of rf estimates across the tested
intervals in chromosome X has changed from 51.9 to
69.2 (8§=33.5 %), in chromosome 2 from 91.9 to
109.3 (6=18.9 %), in chromosome 3 from 52.0 to
61.9 (6 =19.1 %), and for all 16 scored intervals, from
195.8 to 240.4 (22.8 %).

The increase in 7f in the selection lines was accompan-
ied by changes in crossover interference in adjacent and
non-adjacent intervals (Table 2; Additional file 1: Table S2;
Additional files 4 and 5). Thus, significant positive
interference in the region y-cv-v of chromosome X in
the control was replaced by no interference in the se-
lection lines: the coefficient of coincidence ¢ increased
from 0.56 to 0.95 (P=8.4x10"%). Moreover, in the
cv-v-f region, significant positive interference in the
control (¢=0.70) changed to significant negative inter-
ference (¢=1.40) in the selection lines; the difference
between the two estimates was highly significant (P =
1.1 x 107'°). We did not find negative interference in
chromosome 2, but the tendency towards significant
relaxation of positive interference in the selection
lines was expressed in both arms, e.g. in region net-
dp-b in 2 L (from 0.35 to 0.81, P=2.3x107°) and in
cn-kn-px in 2R (from 0.38 to 091, P=1.3x107°). n
arm 2R, this tendency was also observed for pairs of
non-adjacent intervals, e.g. for cn-kn_c-px, with ¢=
0.41 in the control and ¢=0.95 in the selection lines
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Fig. 1 Change in recombination rates (+ SE) in D. melanogaster caused by directional selection for desiccation tolerance. Significant increases in
recombination rates were observed in selection lines (red) compared to control (blue) in intervals cv-v and v-f of chromosome X; net-dp, cn-kn,
and c-px of chromosome 2; and h-th of chromosome 3. Asterisks indicate significant differences between selection and control at 0.01 and 0.001
levels using false discovery rate adjusted P values
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Table 1 Effect of desiccation selection on recombination rates in 16 regions of the D. melanogaster genome

Control Desiccation Control versus desiccation
Interval rf (%) X rf (%) X 8¢ (%)° X< P
X chromosome
y-cv 10.28 +£0.54 038 10.68 +£0.55 852¢ 3.89 0.27 1
cv-v 19.69+0.71 1.34 2644 +0.79 243 34.28 40.74 41%x107°
v-f 21.89+0.74 085 3212+083 323 4673 84.86 31x107"®
2L chromosome
net-dp 10.70 £ 0.65 1.58 16.92+0.79 053 5813 36.85 25%10°®
dp-b 29.36 +0.96 0.72 29.37+096 021 0.03 0.00 1
b-pk 544 +£048 1.92 549+£048 049 091 0.01 1
pk-cn 2.08+030 031 191+0.29 1.04 -8.17 0.16 1
2R chromosome
cn-kn 1211 +£0.69 3.37 19.01+£0.82 363 56.98 41.26 41x107°
kn-c 203 +£0.30 560 1744028 0.94 -14.29 052 1
c-px 24.13+0.90 0.13 2895+ 095 6.59° 19.98 1344 10107
DX-Sp 6.07 £0.50 1.72 5.88 £0.50 0.75 =313 0.07 1
3rd chromosome
ru-h 1880+ 0.82 1.75 20.75+0.85 036 1037 2.70 043
h-th 1440 +0.74 2.85 21.11+086 332 46.60 35.05 51x10°®
th-cu 5.64 + 049 0.17 4.86 £ 045 1.71 —-13.83 137 0.89
cu-sr 820+058 063 9.18+ 061 6.76° 11.95 137 0.89
sr-e 494 + 046 0.95 5.99£0.50 142 21.26 240 0.50

We scored 1,050 individuals of each line (three lines in control and three in selection variant); the total sample size was 6,300 for estimation of recombination
frequency (rf) in X chromosome intervals. For each of the other crosses (2L, 2R, and 3), we scored 750 individuals per line, i.e. 4,500 per cross. Thus, the total
sample for recombination analysis in desiccation selection experiment was 19,800 flies

22 test for between-lines heterogeneity within either control of selection variants (df = 2)

B8, (%), relative change of rf in selection variant compared to control variant

2 test for significance between rf values in selection versus control (df = 1), see Methods
dFalse discovery rate corrected P values (two-tailed test) based on x? € are present to take into account the effect of multiple comparisons

€P <0.05; for more details of this table, see Methods and Additional file 3

Table 2 Effect of desiccation selection on the coefficient of
coincidence in adjacent intervals of the major chromosomes
of D. melanogaster

Intervals Control Desiccation X P

y-cvv 0.564 +0.086 0.947 +0.084 939 84x107°
cv-v-f 0698 +0.061 1.395 +0.045 72.75 11x107°
net-dp-b 0352+ 0065 0.813+0.069 2113 23x107°
dp-b-pk 0.110+0.054 0220 +0075 144 066
cpx-sp 0.060 +0.042 0052+ 0036 0.02 1

ru-h-th 0.814+0.099 1101 £0.081 041 0.09
h-th-cu 0.109 +0.076 0680+ 0.154 10.20 54%107°
th-cu-sr 0.192+0.134 0478 +0.206 134 071
cu-sr-e 0.109+0.108 0234+0.133 0.50 1

P values (two-tailed test) are based on unweighted likelihood tests for the
difference between control and selection estimates, corrected for false
discovery rate

For more details, see Additional file 1: Table S2

ML, Maximum likelihood

(P=3.1x10"% Additional file 1: Table S2). As in
chromosomes X and 2, selection caused a consistent
and, in certain cases, highly significant tendency to-
ward relaxation of positive interference in adjacent
and non-adjacent intervals in chromosome 3. More-
over, in some pairs of intervals, significant positive
interference was replaced by significant negative inter-
ference, e.g. in the h-cu-sr region, with ¢=0.41 in
control and é=1.32 in selection lines (P=5.1x107).
Notably, we also observed a tendency toward relax-
ation of positive interference for intervals separated by the
centromere. For example, segments ru-h and h-th are lo-
cated in the 3 L arm, while cu-sr and sr-e are in the 3R
arm (Additional file 2: Figure S2). A significant relaxation
of positive interference was observed for several pairs of
these intervals: for ru-h_cu-sr, coefficient ¢ changed from
0.52 to 1.14 (P=23x 107%), for ru-h_cu-e from 0.41 to
0.92 (P=4.0x10"%, and for ru-th_cu-sr from 0.36 to
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0.73 (P=5.8x10"% Additional file 1: Table S3 and
Additional file 5). As with adjacent intervals, replacement
of significant positive interference in the control by signifi-
cant negative interference in the selection lines was also
found for non-adjacent intervals, e.g. for pair /h-th_cu-st,
coefficient ¢ changed from 0.49 to 1.56 (P=1.9 x 107°).

Effect of two-way selection for hypoxia/hyperoxia
tolerance on recombination

As with selection for desiccation tolerance, selection for
both hypoxia and hyperoxia tolerance resulted in highly
significant interval-specific increases in rf (Fig. 2, Table 3;
Additional file 3). No significant decrease in rf was ob-
served in any of the 16 marker intervals in either direc-
tion of selection. In total, indirect selection for increased
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recombination had a significant effect on more intervals
in hypoxia lines than in hyperoxia lines (7 vs. 4). Fisher’s
exact test for the 2x2 contingency table of the out-
comes of these two experiments across 16 intervals indi-
cated their significant association (P=0.019). The
observed changes in rf were more pronounced in the
lines selected for hypoxia tolerance (Table 3), excluding
the reaction of the cv-v interval, with §,,=38.7 % (P =
51x107% and 43.7 % (P=2.1x10"") in hypoxia and
hyperoxia lines, respectively. This interval was among
the most reactive with respect to 8,7 in the entire hyp-
oxia/hyperoxia experiment. Other hyper-reactive inter-
vals (all in hypoxia-tolerant lines) included net-dp in the
2 L arm, with 8,,=39.4 % (P=4.2 x 107%), and cu-sr and
sr-e in chromosome 3, with §,,=47.0 % (P=1.8 x 107%)
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Fig. 2 Change in recombination rates (£SE) in D. melanogaster caused by directional selection for (a) hypoxia and (b) hyperoxia tolerance.
Significant increases in recombination rates were observed in hypoxia selection variant (red) compared to control (blue) in intervals y-cv, cv-v,
and v-f of chromosome X; net-dp and dp-b of chromosome 2; and cu-sr and sr-e of chromosome 3. In hyperoxia selection variant, a significant
increase in recombination rate was observed in all tested intervals of chromosome X, while only dp-b interval in chromosome 2 and in no
interval of chromosome 3. Asterisks indicate significant differences between selection and control variants at 0.05 and 0.001 levels using false
discovery rate adjusted P values
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Table 3 Effect of hypoxia and hyperoxia selection on recombination rates in 16 regions of the D. melanogaster genome
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Control Hypoxia Control vs. Hypoxia Hyperoxia Control vs. Hyperoxia
Interval  rf (%) e 1f (%) I S %)P° P C P rf (%) ' S %0)° P
X chromosome
y-cv 13.15+0.71 0.10 1746 +0.80 631¢ 32.78 16.21 46x 107 1597 +£0.77 2.37 2144 7.21 41x107°
cv-v 1896+£083 057 2629+093 340 3866 3477 51x10° 27254094 199 4372 4343 21x107°
v-f 2257+088 014  2898+096 204 2840 2430 98x10° 27524094 194 2193 1469  96x 107
2 L chromosome
net-dp 1220+£069 341 1701+£079  1.79 3943 2107 42x107° 14504074 091 18.85 5.19 0.12
dp-b 3048+097 042 3720+£102 008 22.85 2205  28x10° 3616+ 101 104 1864 1642  45%x10°
b-pk 6.65 £0.53 263 799+0.57 0.14 20.15 298 0.38 6.65+0.52 2.73 0.00 0.00 1
pk-cn 2.19+031 0.71 212+030 041 -3.20 0.03 1 1.95+0.29 220 -1096 032 1
2R chromosome
cn-kn 9.99 £ 0.63 037 1038+ 0.64 046 3.90 0.29 1 1001 +£0.63 0.89 0.20 0.02 1
kn-c 2.02+0.30 1.69 1.73+027 3.84 14.36 052 1 240+0.32 1.02 18.81 0.77 1
c-px 2467+091 588  2221+£088 054 -9.97 3.79 026 2342+089 376  -507 0.95 1
DX-Sp 7.58 £0.56 0.51 701 £0.54 2.73 —7.52 0.55 1 7.71£0.56 1.82 1.72 0.03 1
3rd chromosome
ru-h 1489+075 294  1484+075 289 -034 0.01 1 1439+074 040 -336 022 1
h-th 11.82+0.68 527 13.09+0.71 334 10.74 1.67 0.80 11.66 +£0.68 0.79 -1.35 0.03 1
th-cu 524047 4.52 6.58+0.52 472 25.57 359 0.28 548 +048 1.82 4.58 0.13 1
cu-sr 5.98+0.50 169 8791060 140 46.99 1308  18x10°  670+053 038 1204 123 0.96
sr-e 450+ 044 0.84 7.06 £ 0.54 0.28 56.89 13.55 16x107° 475+ 045 0.14 5.56 0.16 1

For each cross, we scored 750 individuals of each line (3 lines each in control, hypoxia and hyperoxia variant) i.e., 6750 per cross. Thus, a total 27,000 flies were
scored for recombination analysis in X chromosome, 2L arm, 2R arm and 3 chromosome in hypxoxia-hyperoxia experiment.
2x’test for between-lines heterogeneity within either control of selection variants (df = 2)

B8, (%), relative change of rf in selection variant compared to control variant

¢ test for significance between rf values in selection versus control (df = 1), see Methods
9False discovery rate corrected P values (two-tailed test) based on x*° are present to take into account the effect of multiple comparisons

€P <0.05; for more details of this table, see Methods and Additional file 3

and 56.9 % (P =1.6 x 107°), respectively No change in rf
was observed in the 2R arm. The sum of rf values across
all 16 tested intervals changed from 192.9 to 228.7 (8 =

18.6 %) in hypoxia-selected lines and to 216.5 (8=

12.2 %) in hyperoxia-selected lines.

Selection for hypoxia and hyperoxia tolerance also
caused relaxation of positive interference and appearance
of negative interference. In the X chromosome, the latter
effect was expressed particularly strongly, in both direc-
tions of selection, in pairs of adjacent and non-adjacent in-
tervals (Table 4; Additional file 1: Table S3 and Additional
files 4 and 5). Remarkably, for the y-cv-f region, no inter-
ference in the control (¢ =1.05) changed to highly signifi-
cant negative interference in the selection lines: ¢ =2.12 in
hypoxia (P=9.5x107%®%) and ¢=2.09 in hyperoxia (P=
6.8 x 1072°). A similar pattern, for either adjacent or non-
adjacent pairs of intervals (net-dp-b, dp-b-pk, net-dp_b-pk,
and net-dp_b-cn), was observed in the 2 L arm for both
directions of selection (Additional file 1: Table S3). The
difference between control and selection lines was more

pronounced for hypoxia selection and for adjacent pairs of
intervals. Although selection had no significant effect on
rfin arm 2R, changes in crossover interference in adjacent
and non-adjacent intervals of 2R were observed in the
hyperoxia selection lines. Thus, for adjacent intervals, the
coefficient of coincidence increased from ¢ =043 to 0.72
(P=29x%1072) for cn-kn-sp, from 0.42 to 0.70 (P =1.8 x
107?) for cn-c-sp, and from 0.37 to 0.66 (P = 4.6 x 107%) for
cn-px-sp. In chromosome 3, no changes in 7f or interfer-
ence were found in hyperoxia-tolerant lines. Although
no increase in rf in the lines selected for hypoxia tol-
erance was detected in the 3 L arm, we observed sig-
nificant changes in interference in this arm: either
considerable relaxation of strong positive interference
(e.g. in h-th-sr region) or replacement of significant
positive interference with no interference (e.g. in ru-h-
th region). Relaxation of interference was also noted for
non-adjacent intervals, including across-centromere ef-
fects: for the pair of intervals ru-th_cu-e, coefficient ¢
changed from 0.15 to 0.49 (P =4.8 x 107%).
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Table 4 Effect of hypoxia and hyperoxia selection on the coefficient of coincidence in adjacent intervals of the major chromosomes

of D. melanogaster

Intervals Control Hypoxia Xt P (control vs. hypoxia) Hyperoxia XL P (control vs. hyperoxia)
y-cv-v 0.712+0.099 1108 £0.078 888 1.1x 1072 0.883+0076 1.72 055

cvv-f 0.737 £0.074 1118 £0.056 16.07 28x 107 1.200+£0.058 2283 97x107°

net-dp-b 0.332+0058 1.295 + 0,062 96.20 79%107% 1.014 + 0068 4946 14x107"

dp-b-pk 0.540 + 0.097 1.195 + 0.095 2045 32x107 1.146 +0.107 1642 23x107*

b-pk-cn 0301 £0.295 0.262+0258 001 1 0643 +0442 041 1

kn-c-sp 0272+0.129 0.179+0.124 001 1 0422+0.148 0.84 097

cpx-sp 0.283+0078 0.253 +0.081 0.08 1 0316+ 0083 0.08 1

ru-h-th 0495 +0.103 0.995+0.129 897 1.0x 1072 0.396 +0.097 044 1

h-th-cu 0.137 £0.095 0.598 +0.162 550 0.06 0342+0.148 142 0.60

P values (two-tailed test) are based on unweighted likelihood tests for the difference between control and selection estimates, corrected for false discovery rate

For more details, see Additional file 1: Table S3
ML, Maximum likelihood

Between-replicate heterogeneity in recombination rates
and changes in interference
Analysis of 16 genomic intervals showed segment-
specific increases in recombination rate and relaxation
of positive interference, or even its replacement by nega-
tive interference in all three selection experiments com-
pared to the corresponding controls. The question is
whether the changes in interference, deduced using the
estimates of coefficient of coincidence, represent a ‘true’
cytogenetic effect, or an alternative process? Sill and
Bengtsson [63] demonstrated that, even in the absence
of negative interference, heterogeneity of recombination
rates within a sample, with positive covariation of rf
values in two intervals, may lead to biased upward ¢ and
even to ¢ values highly significantly exceeding c=1, i.e.
the false discovery of negative interference. To reduce the
risk of such outcomes when combining potentially hetero-
geneous data from the replicated lines, we used a weighted
maximum likelihood (ML) approach in addition to the
standard ML approach (see Methods). A special analysis
of data heterogeneity and correlation between rf values
was performed to assess the possible effect on ¢ estimates.
As explained in Methods, the segregating progeny of
each of the three replicate control and selection lines
were obtained in three bottles each with approximately
250 flies (Additional file 2: Figure S1). Although each
such trio of sub-samples represents the same selection
or control line, analyzing them separately enables taking
into account one additional source of variation on post-
meiotic stages (differential survival of the progeny) that
might affect the rf estimates. The small size of these
sub-samples (n =250) precludes the possibility of inter-
ference analysis for a considerable portion of the interval
pairs on such a sub-replicate level, but linkage analysis is
still possible. Thus, based on nine data points (three rep-
licate lines x three bottles of backcross segregants per
line), we could calculate the correlation between rf

values for pairs of intervals, either adjacent and non-
adjacent (Additional file 1: Tables S2 and S3 for desicca-
tion and hypoxia/hyperoxia selection experiments,
respectively). For each of the three experiments, the fol-
lowing question can be addressed: is there any associ-
ation between a significant change of ¢ in selection
material for certain interval pairs and a significant posi-
tive correlation between rf values for the same interval
pairs? The analysis (Additional file 1: Table S4a) suggests
that this factor does not explain the cases of significant
increase of ¢ values in selection lines in any of the three
selection experiments. Likewise, cases with significant
increase of ¢ in selection lines do not show strong asso-
ciations with significant increase in rf in one or both
segments (Additional file 1: Table S4b,c and Additional
file 6: Text S1).

Additional observations on negative interference

In all three experiments, the most pronounced
changes toward negative interference were observed
in the X chromosome. In the 2 L arm, negative interfer-
ence appeared in a number of cases in hypoxia- and
hyperoxia-tolerant lines, while desiccation-tolerant lines
manifested only a reduction in positive interference. In
the 2R arm, desiccation- and hyperoxia-tolerant lines
showed relaxation of positive interference, while no such
effect was observed in the hypoxia-tolerant lines. In some
intervals of chromosome 3, negative interference appeared
in the desiccation-tolerant lines, while only relaxation of
positive interference was observed in hypoxia-tolerant
lines, and there was no effect in hyperoxia-tolerant lines.
We also found that negative interference caused by selec-
tion can be accompanied by a decrease in rf over long
intervals compared to controls. Thus, rf values along the
X chromosome in hypoxia-tolerance selection lines sig-
nificantly exceeded corresponding control values (Table 3):
17.46 vs. 13.15 in y-cv, 26.29 vs. 18.96 in cv-v, and 28.98
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vs. 22.57 in v-f. Nevertheless, the 7f, s value in control lines
was significantly higher than that in selection lines: 38.58
vs. 26.66 (Additional file 3). Similarly, a higher rf value for
y-f in control lines compared to selection lines was ob-
served in the hyperoxia experiment (38.58 in control vs.
27.77 in selection) and desiccation experiment (39.26 in
control vs. 31.46 in selection), as well as for net-cn of the
2L arm in hypoxia and hyperoxia experiments (45.64 in
control vs. 35.84 in hypoxia and 39.68 in hyperoxia;
Additional file 3). This non-monotonicity can be ex-
plained by the increased chance of double-recombination
events observed among the component shorter intervals
(see the corresponding estimates of ¢ in Additional file 1:
Tables S2 and S3). Our results of non-monotonicity raises
an important point about marker spacing in experimental
recombination-evolution studies: by choosing intervals
that are too long, one might actually observe rf values that
remain the same or appear to decrease even if the map
length has truly increased (due to the increased chance of
double crossovers). This comment may be relevant for
some of the long intervals used in the previous studies
and the current data.

Discussion

We estimated genomic changes in recombination in D.
melanogaster caused by long-term selection (50-200
generations) for tolerance to desiccation, hypoxia, and
hyperoxia. Using the same sets of markers, we provide
robust evidence of indirect selection for recombination
in all three experiments. We found that long-term selec-
tion has resulted in a dramatic increase in recombin-
ation rates in different genomic regions (up to 40-50 %
per interval) relative to control levels. A higher response
was displayed by the X chromosome compared to auto-
somes in all the three experiments. No significant reduc-
tion in rf was observed in any of the 16 genomic
intervals analyzed, for any of the three experiments.
Remarkably, in addition to the unidirectional changes in
rf, we observed a highly significant increase in the rate
of double crossovers, expressed as relaxation of positive
interference and occurrence of negative interference.
Relaxation of positive interference was evident for all
tested chromosomes in all three experiments, whereas
the intervals with selection-induced negative interfer-
ence differed between the selection regimes.

Crossover interference as an evolving phenotype

A comparison of meiotic mutants and normal geno-
types leads to the conclusion that the genomic distri-
bution of crossover exchanges in normal meiosis is
more restricted and less proportional to physical dis-
tances than in meiosis altered by mutations [64—66].
Thus, these restrictions may be largely a result of
evolutionary adjustments of crossover distribution
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along the chromosome. Relaxation of (positive) inter-
ference in meiotic mutants has also been observed,
despite a general tendency toward linkage tightening
[67-69]. Such effects (crossover re-distribution along
the chromosome and relaxation of interference) were
also displayed by mei-mutants with increased recom-
bination rates [70]. Such observations suggest that the
direction and level of interference are evolvable phe-
notypes. A first, formal analysis of interference-modifier
evolution was conducted by Goldstein et al. [61]. Using
numerical analysis, they showed that in an overdominance
selection model, interference modifiers evolve to reduce
the overall recombination rate, whereas in a mutation-
selection balance model interference can evolve toward
an overall increase in recombination if fitness effects
of the selected loci are super-multiplicative. However,
there has been no evidence available to date showing
changes in interference in evolution experiments. Our
results indicate that long-term directional selection
for recombination-unrelated traits may lead not only
to an increase in recombination rates, but also to re-
laxation of positive interference and appearance of
negative interference.

Alternative explanations for the obtained results

The repeatable observation of association between
directional selection and increased recombination im-
plies selection for rec modifiers [12, 71, 72] or
changes in the respective genomic regions’ ability to
recombine. These two mutually non-exclusive scenar-
ios can be considered as changes in regulating and
reacting systems of the hierarchical control of recom-
bination [12, 72]. The fixation of polymorphic recom-
bination hotspot motifs can serve as an example of
changes in the reacting system. Selection pressure
may also strengthen the ability to recombine if the
initial material was heterozygous for small inversions
and evolved toward structural homozygosity due to
selection and drift. However, despite our growing under-
standing of the importance of structural heterozygosity in
population-genetic experiments with D. melanogaster
[73], this assumption cannot explain the reproducibility of
the observed patterns among replicates and the similarity
of rf values between the controls for desiccation and hyp-
oxia/hyperoxia experiments, as well as their good corres-
pondence with the standard D. melanogaster genetic map.
More importantly, this assumption is also incompatible
with exclusively upward changes in rf'in all selection lines
(Tables 1 and 3). Another assumption, that the increase in
rf was caused by initial positive LDs between the advanta-
geous alleles conferring resistance (to desiccation, hypoxia,
or hyperoxia) and recombination alleles increasing rf, is
also improbable. Indeed, this assumption implies a
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prevalence of cis-regulation of recombination for all inter-
vals that showed a selection-induced increase in rf; it also
requires a further assumption of uniformity of signs of
such LDs. Moreover, this explanation contradicts our find-
ings of unidirectional changes of rf in both hypoxia and
hyperoxia selection experiments, similar to earlier findings
of unidirectional changes of rf in two-way selection for
geotaxis [51].

Conclusions

Theoretical analysis shows that the fitness epistasis
caused by truncation selection with a steadily moving
optimum can have a powerful effect on selection for in-
creased recombination in large populations [18]. An al-
ternative mechanism is fluctuation of LD in small
populations combined with directional selection, which
may also lead to higher recombination [19]. In the
present study, we observed increased recombination in
three independent replicates of each selection experi-
ment — for desiccation, hypoxia, and hyperoxia toler-
ance. Presumably, both abovementioned mechanisms
could play a role in the observed changes in recombin-
ation. However, although selection x drift interaction
may be an important factor contributing to the evolu-
tionary advantage of increased recombination, the high
uniformity of the replicates enables us to suggest that
directional selection with a steadily moving optimum
has played a leading role in the observed recombination
response. As shown by Charlesworth [18], selection
pressure on a rec-modifier when a trait is subject to se-
lection with a steadily moving optimum should be suffi-
cient to account for observed increases in rf in artificial
selection experiments, especially for organisms with
small chromosome number, like D. melanogaster.

The observed pattern of recombination changes across
the genome induced by selection for traits unrelated to
recombination does not necessarily adequately reflect
the distribution of loci affecting those traits. Flexon and
Rodell [48] did find such a correspondence in their pio-
neering study of the effect of selection for resistance to
DDT on recombination in D. melanogaster and revealed
a positive correlation between the chromosome contri-
bution to resistance and the extent of change in rf rela-
tive to the control level. It is worth noting that
experiments involving direct selection for changed re-
combination have shown that selection for rf in one
region can result in a spectrum of correlated changes
in other regions with different chromosomes being
involved in this changed control of recombination
[39, 41, 45]. Concerning our results, out of 188 genes
residing in hypoxia-tolerance selected regions [74], 44
are located on the 3R arm and 144 on the X chromo-
some; 10 of these genes from 3R and 52 from X be-
long to the intervals with observed significant
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increases in rf (y-f for X and th-e for 3R). To evaluate
whether the increase in rf is coordinated with the se-
lection of new combinations of alleles of relevant tol-
erance genes, these results should be complemented
with fine-scale assays of recombination landscapes
and genome scanning for footprints of selection. This
would enable testing whether alterations in the re-
combination system caused by long-term selection in-
clude a change in the ‘spectrum of recombinants, i.e.
involvement in crossover exchanges in genomic re-
gions that were excluded from crossing-over in con-
trols [12, 68], or simply reflect a quantitative increase
in rf.

Presumably, episodes of novel intensive selection pres-
sures are not uncommon in nature [14, 15, 75]. As noted
by Barton [14], “...it remains possible that local popula-
tions experience far more directional selection, and that
it is this which sustains widespread sex and recombin-
ation”. D. melanogaster is one of the organisms that, at
least outside of its native habitats in Africa, seems to
undergo boom-bust cycles, dramatically reducing the
long-term effective population size and allowing adapta-
tion in the boom years to occur in populations of large
short-term effective population size, enabling short-term
evolution to act primarily on pre-existing intermediate-
frequency genetic variants that are driven the rest of the
way to fixation via soft sweeps [76, 77]. The results of
the current study indicate that selection for stress toler-
ance can lead to a considerable increase in the level of
recombination and also deeply modify such basic fea-
tures of recombination as crossover interference, dis-
played by relaxation of positive interference, and even
evolution of negative interference. Till now, theoretical
studies of recombination evolution have been concen-
trated on the central question of ‘why sex and recom-
bination?, ignoring the fact that several important
features of recombination also remain unexplained,
including its environmental dependence, widespread
occurrence of crossover interference, sex differences
in rf, and its species-specificity, to name just a few
([12, 71, 78]; but see [12, 79, 80]). Comparative ana-
lysis of recombination in ecologically divergent popu-
lations and assessment of changes in recombination
in selection experiments may serve as an important
source of evidence for better understanding of the
mechanisms of maintenance of sexual recombination
and explaining why recombination is so variable
within and between species.

Methods

Three sets of D. melanogaster lines resulting from long-
term directional selection for stress tolerance were
employed in our experiments: (1) three desiccation-
resistant lines established by selection over 48
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generations; (2) three lines tolerant to severe hypoxic
stress generated through long-term experimental selec-
tion (for more than 200 generations), and (3) three
hyperoxia-tolerant lines. Details of the experimental
scheme for hypoxia-tolerance selection were provided
elsewhere [81, 82]. Peculiarities of the selection for
hyperoxia tolerance are described by Zhao et al. [83].
Selection for desiccation tolerance was performed by
DDA.

Selection for desiccation tolerance

Wild individuals of D. melanogaster (n =120) were col-
lected in March 2009 from Madhya Pradesh, Jabalpur,
India (23°30’N; 80°01’E; alt. 393 m). Before the start of
the selection experiment, mass culture was maintained
for five generations under standard laboratory conditions
at low density (on yeast-cornmeal-agar medium at 21 °C,
and ~70 % relative humidity) to eliminate environmental
effects. For laboratory selection, virgin flies were sexed
under CO, anesthesia at least 48 h prior to the experi-
ment. Then, virgin flies (3—4 days old) were placed in
groups of 25 into plastic vials containing 2 g of silica gel
and covered with foam discs. Experiments were
conducted for males and females separately. Flies were
subjected to desiccation stress until approximately
LT,0-LTgs level of mortality was reached. Control
groups were established in the same manner, excluding
water stress. In each generation, we examined approxi-
mately 1,000 virgin flies of each sex per replicate, of
which at least 100 males and 100 females survived the
LT,o_gs5 cut-off to become the parents of the next gener-
ation. For each group (selection and control), survivors
were randomly allocated into three sub-groups (three
replicates). The same protocol was repeated for 48
generations (each next generation was subjected to
analogous treatment), and then selection was relaxed for
8-10 generations before initiating the recombination
tests. The control lines were not subjected to any treat-
ment and were maintained in comparable densities to
the selection lines on standard media. In the present
study, we used three control and three desiccation-
resistant lines for recombination tests. Average desicca-
tion tolerance of the initial population was 14.8 h and
23.2 h (with SD =2.88 and 3.44), for males and females,
respectively. After 48 generations of selection, these tol-
erance characteristics increased to 25.3 h and 43.6 h for
males and females, respectively, i.e. 3.65 SDs and 5.93
SDs compared to the starting population.

Hypoxia- and hyperoxia-tolerant lines

Selection for hypoxia/hyperoxia tolerance was initiated
after crossing 27 isofemale D. melanogaster lines (kindly
provided by Dr. Andrew Davis), that varied considerably
in acute anoxia test as well as for eclosion rates when
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cultured under hypoxic or hyperoxic conditions. Males
and virgin females (n=20) were collected and pooled
from each isofemale line. This parental population was
reared at room temperature with standard food medium.
F, embryos from the pooled population were separated
and maintained in nine separate chambers, three each
for control, hypoxia- and hyperoxia-selection experi-
ments. Trial experiments were run to determine the
starting O, concentrations for hypoxia- and hyperoxia-
tolerance selection. We analyzed the feasibility and tol-
erance capacity of the F; progeny of the parental
cross to different O, concentrations (i.e. 8, 6, or 4 %
O, for hypoxia selection and 60 %, 70 %, 80 % and
90 % O, for hyperoxia selection). In addition, the tol-
erance levels of each parental line to hypoxia or
hyperoxia were measured by testing survival of each
individual line in the hypoxic or hyperoxic environ-
ments. In the pilot study, the selection for hypoxia
tolerance was therefore started at 8 % O, and for
hyperoxia tolerance at 60 % O,. The low O, concen-
tration was gradually decreased by 1 % and the high
O, was increased by 10 % every 3 to 5 generations to
maintain the selection pressure. The population size
was kept at around 2,000 flies in each generation.
Eggs of the first egg laying for each generation were
removed to limit genetic drift induced by the ‘early-
bird" effect. After seven generations of selection,
hyperoxia tolerance was increased to 80 % O,, and
after 13 generations the hypoxia tolerance in the
hypoxia-selected flies reached 5 %, a level that is le-
thal for most of the control flies (Additional file 2:
Figure S3). The hyperoxia-selected flies broke through
the lethal hyperoxic level (90 % O,) after 13 genera-
tions of selection, and the hypoxia-selected flies ex-
hibited tolerance to a severe level of hypoxia (4 %
O,, embryonic lethal to control flies) following 32
generations of selection. The lethality in these selec-
tion experiments was defined as the level of oxygen
in which D. melanogaster cannot complete develop-
ment and reproduce.

Genetic crosses

Virgin females (3 days post-eclosion) of each control
and selection lines (three replicate lines each for con-
trol and selection groups) were allowed to mate with
males of marker stocks (Additional file 2: Figure S1).
Four marker stocks were employed (Additional file 2:
Figure S2): y c¢v v f for the X chromosome; net dp b
pk cn for the 2 L arm, ¢n kn ¢ px sp for the 2R arm,
and ru h th cu sr e for chromosome 3. F; heterozy-
gous virgin females were collected for each replicate
line, and thereafter test-crossed with marker males.
Because maternal age may also influence rf in D. mel-
anogaster, we reduced this effect by allowing the 50-
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to 60-hour old (post-eclosion) F; virgin females to
mate with marker males for approximately 48 hours.
To obtain a sufficient number of flies per replicate
for scoring recombination, each replicate line was di-
vided into three sub-replicates before the start of re-
combination experimentation. In this panel, we scored
recombination in nine sub-replicates of three replicate
lines each for control and selection. In the desiccation
experiment, we scored 1,050 individuals of each repli-
cate line (or 350 individuals per sub-replicate), i.e. a
total 6,300 flies were counted for estimation of rf at
the X chromosome. We scored 750 individuals of
each replicate line (or 250 individuals per sub-
replicate), i.e. 4,500 individuals each were scored for
arms 2 L and 2R and chromosome 3. A total of
19,800 flies were counted for estimation of rf in the
desiccation-selection experiment. Similarly, 750 flies
per line, or a total 27,000 flies, were scored for rf in
the hypoxia/hyperoxia experiments. In the three ex-
periments, we scored a total of 46,800 individuals.

Statistical analysis

For each pair of intervals and each of the three control
or selection lines, ML analysis was performed to esti-
mate the recombination frequencies ry; and ry together
with the coefficient of coincidence ¢; (k=1,2,3). For a
pair of intervals, either adjacent or non-adjacent, the
log-likelihood function had the following form:

log(L(rlk, r2k,ck)) = Zl’lly,klog(pg,k(rlb 2k, Ck))
7.k

where i, j € {0, 1} define whether the recombination
event occurred in the first or second interval, respect-
ively (0 — no recombination, 1 — recombination), k
denotes the replicate line, and p;; and n;; represent the
probability and the observed number of individuals of
the genotype class ij in replicate line k in the backcross
progeny (within control or selection). The frequencies
for the four genotype classes were defined as:

Pux = (rLgr2ick),

Porx = 2 (1-r1kcr),

Porx = rLe(1-12cr),

Pooi = (1=r2=rly + rlr2ick).

The ML estimate 0 of the vector 0y = (r1;, 72, cz) for
k=1,2,3 was obtained by numerical optimization of the
log-likelihood function L (0j), using the gradient-descent
procedure in which all three parameters rl;, r2; and ¢,
are evaluated simultaneously in every iteration:
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JL(0

rln+1,k =rl =1 851:)
JL(0

72n+1,k = rzn,k_anJrl a£2:)
oL(6x)

Cnt+lk = Cnk—An+1 —aC

where 7 refers to iteration number, k to the line (within
control or selection), and « to the step size. The vari-
ances of the estimated parameters ryy, o, cx were calcu-
lated as corresponding diagonal elements of the
covariance matrix V,=I"(0; )=Ig!, where I is the
Fisher’s information matrix [54]. The estimates of the
parameter vector ® = (ry, ry, ¢) for the entire group (con-
trol or selection) together with the vector Vg of their
variances, were obtained as:

% andVg = (Zili)_l

This approach enables tests of the heterogeneity of the
lines within selection and control groups, across the en-
tire set of selection and control lines, and between selec-
tion and control groups, with respect to the estimated

é):

parameters. To assess the heterogeneity of O estimates
of all three parameters (rly, r2xcx) in k lines we can use
the following statistics that is asymptotically distributed
as x* with 3(k-1) degrees of freedom:

k-1 =" (é—ﬂ}n) "I (é—(a;)

To assess heterogeneity of a single parameter p in k
lines the following statistics asymptotically distributed as
x* with df = k-1 can be used:

A N2
©-0
2 _ ( ” )
Xjer = Z o2
m pm

where 0 is the ML-estimate of 0, alz,k is the squared
standard error of parameter p in the <™ line, and @ is
the weighted mean of 0. Using this weighted likelihood

approach, we can present the total heterogeneity of 0
across all lines of control and selection groups as:

2 _ 2
X total (control+selection) — X" within (control)
2
+ X% ithin (selection)

2
+ X between (control vs. selection).

Thus, the significance of the difference between selec-
tion and control lines can be tested using the statistics:



Aggarwal et al. BMC Biology (2015) 13:101

x? = X’
between (control vs. selection) — total (control-+selection)
2
X" within (control)

2
X within (selection)

which is distributed approximately as y* with df=1
upon Hy{no difference between the compared groups
(selection vs. control) for the parameter p}.

The importance of using this approach in testing the
differences in interference derives from the fact that het-
erogeneity of recombination rates within the sample (e.g.
between replicate lines of the selection group), with
positive co-variation of recombination rates in two inter-
vals, may lead to biased upward estimates of ¢ and even
¢ >1 [63]. Therefore, to reduce the danger of such out-
comes while testing for significance between control and
selection lines in each of the three experiments, we
employed, wherever possible, the weighted ML estimates
of recombination (Additional file 3) and interference
(Additional files 4 and 5) parameters in weighted likeli-
hood approach, in addition to the standard ML ap-

proach (see below). However, where 6, , the estimate of
¢, was zero in one or more of the three control or selec-
tion lines, its standard error was also zero, thereby over-
weighting the estimates of ¢ from the other two lines
and leading to zero weighted average per selection or
control. Thus, for all the data we also employed the
standard and more direct ML approach allowing for
each line, in both selection and control, to have its own
rl; and r2;. Namely, to test for significance of the differ-
ences of ¢ values in selection and control, we performed
log-likelihood ratio test of Hy {one global ¢ for all se-
lected and control lines} versus H; {two ¢’s, one for all
selected lines and one for all control lines}:

Hl : {®control = (rlc’ I'ye, Cc)’ G‘)selection = (rlsr I, Cs)} VS. HO :
{®control = (rlc’ I, C), ®selection = (rlc: I'e, C)}, where Pairs
of vectors ry. and ry. represent the unknown rf values
for the analyzed pair of intervals for the three control
lines, r;s and rys — the vectors of rf values for the three
selection lines, ¢, and ¢, — the line-independent values of
coefficients of coincidence for control and selection
groups, and ¢, — the global ¢ under the H, assumption
that ¢;=c. Therefore, the Hy and H; hypotheses are
specified by 14 and 13 parameters and the log-likelihood
ratio test of H; versus Hy is asymptotically distributed as
X with df = 1.

The obtained P values (for two-tailed test) were sub-
jected to false discovery rate correction for multiple
comparisons before demonstrations in tables, figures
and text. For false discovery rate correction, we used a
total 48 comparisons across three experiments (with 16
intervals in each) for the recombination rates, while 189
comparisons for the interference estimates.
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