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Genetic recombination and adaptation to
fluctuating environments: selection for geotaxis in

Drosophila melanogaster
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Heritable variation in fitness is the fuel of adaptive evolution,
and sex can generate new adaptive combinations of alleles.
If the generation of beneficial combinations drives the
evolution of recombination, then the level of recombination
should result in changes in the response to selection. Three
types of lines of Drosophila melanogaster varying in their
level of genetic recombination were selected over 38
generations for geotaxis. The within-chromosome recombi-
nation level of these lines was controlled for 60% of the
genome: chromosome X and chromosome Il. The full
recombination lines had normal, unmanipulated levels of
recombination on these two chromosomes. Conversely,
nonrecombination lines had recombination effectively elimi-

nated within the X and second chromosomes. Finally, partial
recombination lines had the effective rate of within-chromo-
some recombination lowered to 10% of natural levels for
these two chromosomes. The rate of response to selection
was measured for continuous negative geotaxis and for a
fluctuating environment (alternating selection for negative
and positive geotaxis). All selected Drosophila lines re-
sponded to selection and approximately 36% of the response
to selection was because of the X and second chromo-
somes. However, recombination did not accelerate adapta-
tion during either directional or fluctuating selection for
geotaxis.
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Introduction

Although the evolutionary value of sex is the promotion
of recombination, understanding the forces maintaining
sex and recombination remains one of the most difficult
problems in evolutionary theory (Barton and Charles-
worth, 1998). Several theoretical explanations have
already been formulated, which fall into two broad
categories (Otto and Barton, 1997). Recombination may
have been selected because it plays a critical physiolo-
gical role in the life of the cell (physiological hypotheses,
see Otto and Barton, 1997) and/or because it promotes
genetic variability in the face of selection (generative
hypotheses, see Otto and Barton, 1997). In this latter case,
recombination can be favored if it generates under-
represented, fit genotypes or produces novel, beneficial
allelic combinations.

During directional selection, increased recombination
may be favored even in the absence of epistatic
interactions. This may happen when recombination is
selected on its ability to protect beneficial alleles from
stochastic loss (Fisher, 1930; Muller, 1932). Indeed in a
finite population, a new beneficial mutation is more
likely to fix if it is unlinked to other selected loci; the
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higher the recombination, the higher the probability of
fixation (Hill and Robertson, 1966; Barton, 1995a). Otto
and Barton (1997) showed that a modifier allele that
increases recombination can be selected for because it
increases the fixation of beneficial alleles, even if there
are no epistatic interactions. Hence during directional
selection, a modifier allele that increases recombination
increases the chance that new beneficial alleles will fix
and, as these alleles rise to fixation, they carry the
modifier allele along with them by hitchhiking.

If the evolution of recombination is driven by the fate
of beneficial mutations (with linkage disequilibrium
generated either by negative epistasis or stochastically)
rather than by the removal of deleterious mutations,
directional selection for fitness traits (eg traits involved
in adaptation to unfavorable conditions) may result in an
increase in the level of recombination. This has been
verified in a number of empirical studies (eg Harinar-
ayana and Murty, 1971; Flexon and Rodell, 1982;
Zhuchenko et al, 1985; Burt and Bell, 1987; Wolf et al,
1987; Korol and Iliadi, 1994). The reverse prediction —
that is that manipulating the level of recombination
should result in changes in the response to selection —
has received some attention to date, with contradictory
results (Carson, 1958, McPhee and Robertson, 1970;
Markow, 1975; Malmberg, 1977; Thompson, 1977; Zeyl
and Bell, 1997; Rice and Chippendale, 2001).

In each of these latter experiments, however, the
change in recombination rate is confounded with the
mechanism used to reduce recombination. This problem
is avoidable in Drosophila, where the males naturally



have extremely low rates of recombination. We take
advantage of this fact by doing selection only on males
with wild-type karyotypes, but with the suppression of
recombination in some females using balancer chromo-
somes. In this paper, we use Drosophila melanogaster to
determine: (i) whether variation in the level of recombi-
nation induces changes in the response to artificial
selection for positive and negative geotaxis behavior,
(ii) whether a low level of recombination is sufficient to
produce a significant increase in response to selection
compared to the absence of crossingover and (iii) if
fluctuation in the direction of selection alters the
response to selection for geotaxis.

Materials and methods

The rate of within-chromosome recombination was
controlled by the use of balancer chromosomes in
replicate lines of D. melanogaster, undergoing different
types of selection for geotaxis. There were four types of
lines: nonselection controls and three kinds of selected
lines differing in recombination:

e control lines (C) had natural levels of recombination
but no artificial selection;

e full recombination lines (FR) likewise had normal,
unmanipulated levels of recombination;

e nonrecombination lines (NR) had recombination effec-
tively eliminated for the X and second chromosomes;
and

o partial recombination lines (PR) had the effective rate
of within-chromosome recombination lowered to 10%
of natural levels for the X and second chromosomes.

In order to control the rates of recombination, two very
useful aspects of Drosophila biology and technology were
put to use. First, males of D. melanogaster have very low
levels of recombination naturally. Thus to control
recombination rates, we need only control the rate of
recombination in females. Second, balancer chromo-
somes are available, which effectively prevent recombi-
nation in heterozygotes. These balancers are also
genetically marked so that their carriers can be distin-
guished from wild-type homozygotes. Thus, the recom-
bination rate of a population can be controlled by the
proportion of chromosomes that are paired with balancer
chromosomes in females.

Two different balancer chromosomes were used for
this purpose. Fm7 and CyO are balancer chromosomes
for the X and second chromosomes, respectively. These
two were used to stop recombination in individuals that
carried them; the relative numbers of individuals
carrying Fm7 and CyO depended on the experimental
treatment. Recombination was not experimentally ma-
nipulated for the third or fourth chromosomes; the third
chromosome carries about 40% of the genetic material in
D. melanogaster, while the fourth chromosome has less
than 1%.

These lines were exposed to varying types of selection.
The controls were not subject to artificial selection, but
were measured for each generation and otherwise their
husbandry was similar to the selected lines. All other
lines were subjected for 15 generations to select for
negative geotaxis (ie to go up), after which each line was
divided into two. For each of these new pairs of lines,
one line continued to be selected for negative geotaxis for
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15 more generations (called up lines) and the other was
subjected to selection for positive geotaxis for 15
generations followed by eight further generations of
selection for negative geotaxis (the Fluctuating lines).
More details will be given in the following sections.

Derivation of the lines

All flies were maintained in 75 x 25mm standard food
vials with 7ml of corn meal/agar medium at 25+1°C
with a 12:12 light:dark cycle. All handling was
performed at room temperature using CO, anesthesia.

All lines were derived from the Dahomey laboratory
population. Before the founding of the lines, a new stock
population was created that had the genotype Fm7/+;
CyO/+; +/+, where the +'s indicate multiple wild-type
chromosomes derived from the Dahomey population.
This stock was created with a large number of wild-type
founders and therefore contains nearly all of the genetic
variation from the original stock.

Five control lines were each started from 50 virgin
females and 50 randomly chosen males from the
Dahomey population. Five replicates of each of the other
types of line were also created; for each of the selected
lines (FR, PR, and NR) the males used to found the lines
were the 50 which showed the most negative geotaxis
out of 500 randomly chosen males from the Dahomey
stock (see below for selection details). A separate 500 flies
was measured for each of the 15 selected lines. The
females founding the selected lines were taken in
combinations from the Dahomey stock and the bal-
ancer/Dahomey stock such that there were a total of 100
wild-type chromosomes from the Dahomey population,
but where the level of recombination would match the
description of the population. Thus, for the FR lines the
founding females for each were a random sample of 50
individuals from the Dahomey population. For the NR
lines, 100 females from the balancer/Dahomey popula-
tion, where each female is heterozygous for both
balancers and therefore carries only a single copy of
each wild-type chromosome, were used to found each
line. For the PR lines, 90 females from the balancer/
Dahomey line and five females from the Dahomey stock
were used.

After the first generation, each line was perpetuated by
random mating between the selected males and virgin
females taken in proportion to the desired recombination
level. In the first 15 generations, the numbers of males
and females were taken from the previous generation of
the same line and followed the same numbers as at
founding: 50 wild-type males (selected from 500, except
in the controls) and females chosen for the number of
genotypes as and when they were founded. In the PR
lines, the preselection males in each generation were
taken in 90: 10 proportions from the nonrecombination:
recombination females in the previous generation. After
the 15th generation, the lines were subdivided into
different selection treatments (Up and Fluctuating); at
this point the population sizes were halved: 25 males
were selected from 250, and there were a total of 50 wild-
type chromosomes in mating females each generation.
For the PR lines, the ratio of balanced to wild-type
females then changed slightly: two females without
balancers and 46 heterozygotes for the balancers were
used in these lines in the second half of the experiment.
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Selection

Measurement of the geotaxis preferences of individual
flies was performed in vertical mazes similar to those
described in Hirsch (1959). The mazes were constructed
of plastic tubing of 8 mm interior diameter, joined by
plastic cross-junctions (see Figure 1). In each junction a
funnel made of a truncated pipette tip was wedged;
these acted as unidirectional filters, so that flies did not
go backwards in the maze. Male flies were introduced
into the beginning of the maze, and then each fly faced 10
up/down choices before exiting the maze into collection
vials. The vial in which the flies started was without
food, but the collection vials at the end of the maze
contained standard yeasted food. The top collection vial
(vial #1) was filled with flies that made 10 separate ‘up’
choices, against gravity. Conversely, the bottom vial (vial
#10) was filled with flies that made 10 separate ‘down’
choices (see Figure 1). A fly that went up nine out of 10
times but chose to go down once would wind up in vial
#2, etc.

Each maze was mounted to a vertical board kept in a
light-tight box to ensure complete darkness in order to
avoid phototaxis. The temperature was kept constant at
25°C in the room in which the box was stored. When a
replicate line was run through the maze, all four types of
line or subline were run at the same time in other mazes.
Each line was run through the maze for 24 h, then the
collection vials were removed for counting and selection.

For the first 15 generations of the experiment, 500
males were run through a maze for each experimental
line, from which 50 were chosen in accordance with the
type of selection. That is, for the selected lines, the 50
males that went highest in the maze were kept for
breeding the following generation; for the control lines 50
males were randomly chosen from all those found in any
collection vial. For the 16th and following generations,
250 males were run though the maze for each line, and 25
were selected to form the next generation. In lines where
selection was reversed, the males were taken from the
lowest collection vials.

Note that in all generations and all lines, only wild-
type males were used in the maze; the fact that male
Drosophila do not have recombination means that it is
unnecessary to control their recombination rate. Thus, no
males with balancer chromosomes were used in the
experiment, so selection was not influenced by differ-

ences in either mean geotaxis rates in the balancers
versus wild-type flies, nor do any differences in genetic
variance in the base stocks matter.

Effect of the X and second chromosomes

The experiment was designed to estimate the influence
of recombination on the first and second chromosomes.
Recombination was not controlled on the third chromo-
some. We therefore wished to know the extent to which
the response to selection was because of the two
manipulated chromosomes. At generations 18, 30, and
38, each line was crossed in a pedigree, which allowed
the third chromosome to be replaced by a marked
standard chromosome, while keeping the first two
chromosomes polymorphic for chromosomes taken from
the lines. In total, 500 males from each of these swapped
lines were then measured in the geotaxis maze.

The third chromosome swap was performed in the
following way. We created a stock of flies that had the
genotype Fm7/+; CyO/BI; e/e. Bl is a dominant bristle
mutation, and ebony (e) is a recessive body color
mutation. The third chromosomes carrying e in this
stock had low genetic variance, having all been derived
from two ancestral chromosomes. Wild-type females
from each line were crossed to a male from this ebony
stock. Sons from this cross were crossed to females from
the ebony stock. This cross produced (among other
discarded genotypes) individuals that were homozygous
for the ebony chromosome and that had X and second
chromosomes from the experimental line balanced by
Fm7 (or a Y chromosome) and CyO. Males and females
from these individuals were crossed and the wild-type
male offspring were saved for measurement in the
geotaxis maze. These males had all of their X and second
chromosomes from the experimental line and both third
chromosomes from the ebony stock. The Y chromosome
also came from the ebony stock, and the small fourth
chromosome was uncontrolled.

Results

Response to selection

All of the treatments significantly responded to selection
(Figure 2). The P-values for this response are given by the
heritability analysis below. The mean phenotype of the

Figure 1 Maze used for selection for geotaxis.
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Figure 2 The mean response to selection in the different selected lines over generation number. The geotaxis phenotype attributed to each fly
was the number of the vial into which it emerged from the maze (see Figure 1). Thus flies arriving in the upper vial (exhibiting negative
geotaxis) had a score of 1, and flies in the lowest vial (exhibiting positive geotaxis behavior) had a score of 10. For this figure, the mean
geotaxis score calculated over the five replicates was subtracted from the mean of the controls. FR up, PR up, and NR up lines were selected
for negative geotaxis over 30 generations. At generation 15, each selected line was used to generate new lines referred to as FR fluctuating, PR
fluctuating, and NR fluctuating. These fluctuating lines were selected for positive geotaxis for 15 generations followed by selection for

negative geotaxis for eight more generations.

Table 1 The mean geotaxis values of line with third chromosomes
crossed out

Generation Line Line mean Control-line mean
18 PR 5.89 2.00
18 NR 6.62 1.26
18 FR 7.94 —0.06
30 PR up 4.35 1.95
30 NR up 4.72 1.58
30 FR u 4.40 1.90
30 PR fluctuating 6.46 —0.16
30 NR fluctuating 5.77 0.53
30 FR fluctuating 5.34 0.96
38 PR fluctuating 6.45 1.26
38 NR fluctuating 6.97 0.74
38 FR fluctuating 6.81 0.90

selected lines at the end of each phase of selection was
sufficiently close to the maximum (ie the limits of the
maze) that continued selection would likely have been
relatively ineffective.

However, much of this response to selection was
because of the effects of the third chromosome, for which
recombination was not experimentally controlled. This is
shown by the fact that in the lines in which the third
chromosome was genetically crossed out, the change in
mean phenotype over time was much reduced (see
Table 1). Nevertheless, after 30 generations of selection,
the lines consistently selected to go up had more
negative geotaxis (Wilcoxon sign-rank tests for difference
from control: FR, P=0.047; PR, P =0.028; NR, P =0.076)

even when the third chromosome was swapped, but
there was no significant heterogeneity in the response to
selection of the different recombination types (P =0.83,
Kruskal-Wallis test). Further evidence that the X and
second chromosomes were involved in some of the
response to selection comes from the divergence of the
paired lines between generations 15 and 30, when each
line was divided into sublines. Pooling over all selected
lines, the difference at generation 30 of the up and down
sublines with their third chromosomes replaced was
significant (P =0.005 by one-tailed paired t-test). Given
the low number of lines for each type, the differences
were not significant for all of the recombination types
considered individually (FR, P =0.13; PR, P =0.012; NR,
P=0.18). The mean difference in the chromosome-
replaced selected sublines at generation 30 was 1.4,
while the mean difference in the lines including the
effects of the selected third chromosomes was 3.94. This
implies that approximately 36% of the response to
selection was because of the X and second chromosomes,
the rest because of chromosome III.

Heritabilities

The most powerful way of determining whether recom-
bination rate affects the response to selection is to
compare the heritabilities (h?) of the different lines. To
account for fluctuations in the experimental conditions
over generations, for each generation the mean value of
the control lines in that generation was subtracted from
the values of each individual. These residuals were used
for all analyses. For each subline, the heritability was
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Table 2 The mean heritabilities for each period of generations

Recombination type Direction of Generation Generation Generation Generation Generation
selection 1-8 8-15 15-23 23-30 30-38
No recombination Up 0.023 0.126* 0.031 0.100** —
No recombination Fluctuating — — 0.058*** 0.016 0.021****
Partial recombination Up 0.065** 0.116* 0.024*** 0.092%*** —
Partial recombination Fluctuating — — 0.057* —0.008 0.0957
Full recombination Up 0.029* 0.147* 0.014 0.061*** —
Full recombination Fluctuating — — 0.107* 0.011 0.040%**

*P<0.005, *P<0.01, **P <0.1, ***P <0.05, *P<0.001 (one-tailed t-tests).

calculated for each seven or eight generations, by
regressing the cumulative response to selection by
generation on the cumulative selection differential
(Walsh and Lynch, in preparation). For the first set of
generations, this regression was forced through zero at
the beginning, but for subsequent generations the
starting means are not known with certainty, so an
intercept was fitted as well. The slope of the regression of
cumulative response to selection by generation on the
cumulative selection differential gives an estimate of the
heritability.

The mean heritabilities of each type are given in
Table 2. For all recombination treatments, there was
evidence of significant heritability during most periods
of the experiment. However, there was little or no
difference between the recombination treatments in the
level of heritability. For the sublines consistently selected
to go up, there were no significant differences between
the heritabilities of the different recombination types, for
any of the time periods (by Kruskal-Wallis tests, the
P-values were 0.28, 0.54, 0.88, and 0.68 for the four time
periods indicated in Table 2, respectively). With fluctuat-
ing selection, there was a significant difference in the last
time period only (P-values 0.14, 0.21, 0.014, respectively).
This last result is not significant (P =0.1) when corrected
for the seven multiple comparisons by the Bonferroni
method. It is difficult to interpret the result for this last
time period, as the partial recombination lines have the
highest heritability, with no difference between the full
and zero recombination lines. There is very little
evidence from these data that there is any difference in
realized heritability among treatments with very differ-
ent levels of recombination.

The cumulative P-value for the test for differences
across treatments across all these time divisions can be
approximated by using the sum of y* values across all the
Kruskal-Wallis tests. This is only an approximation,
because the different tests are not independent (they use
the same lines), but it should be biased towards finding
differences where none exist. Even with this more
powerful test, there is no evidence for differences
between recombination treatments in their cumulative
response to selection (P =0.12).

Discussion

Our results show that Drosophila responds to selection for
geotaxis, but within-chromosome recombination did not
accelerate response to selection. A more substantial
response was expected in the lines undergoing fluctuat-
ing selection because this regime of selection is thought
to be favorable for the evolution of high rates of
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recombination (Sasaki and Iwasa, 1987; Barton, 1995b).
However, when alternating selection for positive and
negative geotaxis, we did not find substantial differences
among recombinant, partially recombinant, or nonre-
combinant populations.

Such a negative result has previously been reported by
Zeyl and Bell (1997), studying the effect of sex on mean
fitness in experimental populations of the budding yeast
Saccharomyces cerevisiae. At the end of their experiment,
the sexual populations appeared no better adapted to
galactose than the asexual populations. Their explana-
tion was the presence of a single locus with major effect.
Indeed, recombination is expected to be advantageous
only if multiple mutations were responsible for adapta-
tion. In the case of geotaxis in Drosophila, little is known
about the genetic basis, except that multiple chromo-
somes can contribute to the response to selection in this
trait (see below).

Other experiments have found an effect of recombina-
tion on the response to selection, for example, McPhee
and Robertson (1970). In their experimental populations
of D. melanogaster, suppression of recombination on
chromosomes II and III slowed the response to artificial
selection on sternopleural bristle numbers. However,
this experiment has a small flaw: the effect of recombina-
tion is confounded by the presence of balancer chromo-
somes in some of the selected individuals. The balancer
stocks may have had different levels of genetic variation
than the wild-type stocks, which could explain the
difference in response to selection that McPhee and
Robertson observed. (The experiments of Thompson
(1977), Carson (1958), and Markow (1975) share this
problem.)

Other experiments have suggested an advantage of
recombination. The evolution of polygenic proflavine
resistance in T4 viruses showed that populations with
more recombination responded faster to selection, a
difference that was consistent under three somewhat
different conditions (Malmberg, 1977). Rice and Chip-
pendale (2001) found a much greater response to
selection at a single locus with recombination than
without.

In D. melanogaster, geotaxis is one of the genetically
best-studied behavioral traits. Erlenmeyer-Kimling and
Hirsch (1961) analyzed populations selected for positive
and negative geotaxis, and showed that this character
was controlled by additive polygenic factors located on
chromosomes X, II, and IIl. The polygenic nature of
geotaxis was confirmed by Hirsch and Erlenmeyer-
Kimling (1962), Hostetter and Hirsch (1967), and Walton
(1968). Hirsch and Erlenmeyer-Kimling (1962) found
that, in an unselected wild-type population, chromo-



somes X and II contributed to positive geotaxis, while
chromosome III contributed to negative geotaxis. In the
strain that had been selected for positive geotaxis, all
three major chromosomes contributed to the determina-
tion of the sign of geotaxis, while in the strain selected for
negative geotaxis, the positive effect of X and II was
strongly reduced although still present, while the
negative effect of III was considerably increased.

This genetic analysis is consistent with the results
obtained in a study that looked at the effects of selec-
tion on recombination rates. Korol and Iliadi (1994)
selected both positively and negatively for geotaxis in
D. melanogaster and observed substantial increases in
recombination. Across all regions studied, the map
length rose from 217.0cM in the control line to 295.9
and 283.4cM in the lines selected for negative and
positive geotaxis over a period of 50 generations,
respectively. All of the three large chromosomes showed
significant increases in map length in the positively
selected lines and two (chromosomes X and III) showed
significant increases in negatively selected lines. Our
results indicate that the response to negative geotaxis
was mostly — although not completely — because of genes
located on the third chromosome: in the lines in which
the third chromosome was genetically replaced, the
change in mean phenotype over time was much reduced,
but still significant.

Our results show that reducing the level of within-
chromosome recombination to effectively zero for 60% of
the genome has negligible consequences for the rate of
response to selection, either with directional or fluctuat-
ing selection. In part, this is because of the fact that
geotaxis is affected largely by genetic variation on the
uncontrolled third chromosome, but even when that
chromosome is experimentally removed, there is no
difference in the response to selection as a function of
recombination rate. Recombination does not necessarily
change the rate of adaptation.

There is, however, a caveat to this conclusion. Like all
negative results, we must ask whether there is sufficient
power to make a broad claim. The response to selection
was very variable within experimental treatments, and
this reduces the power to discriminate true differences
among treatments. In fact, a power analysis shows that,
for a comparison of heritabilities among treatments
(averaged over each time period), a 20% change in h?
would have about a 24% chance of being detected with
this experimental design, while a 50% change in h?
would have been detected about 80% of the time with
this design. Clearly, there is a good chance of missing real
differences, but improving the power would have been
difficult, as the amount of labor involved in this
experiment was enormous. This study should be
considered in the context of other similar studies, if such
a case be carried out the future. A key component of
future studies, however, should be the fact that the
individuals under selection do not differ in their marker
genotypes or in the stocks from which they are derived.
A great deal of the labor associated with this experiment
has been to assure that this basic control has been
observed. This distinguishes this study from, say, that of
McPhee and Robertson (1970).

Another issue is that while we controlled for the level
of recombination within two of the chromosomes, we did
not control for segregation among chromosomes. If the
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key element controlling the evolution of recombination is
the probability that two randomly chosen loci are
separated during meiosis, then segregation is more
important than within-chromosome recombination. We
reduced this probability by 20% in our NR lines. Most
analyses of recombination, though, are focused on
understanding the evolution of recombination within
chromosomes and, in particular, over short genetic
distances. Our results give no support for recombination
rates within chromosomes evolving in response to
directional selection on a quantitative trait.

Two different kinds of explanations for the evolution
of recombination have been proposed (Michod and
Levin, 1988). One is that the genes responsible for
recombination are needed to repair DNA and ensure
proper chromosomal segregation. Recombination genes
may also produce new genetic variability that is
important in evolution, but this could be seen as an
unselected consequence, rather than the cause of the
evolution of recombination. The alternative view is that
the role of recombination genes in producing new gene
combinations by crossingover has itself been an impor-
tant selective force in their evolution. The present
experiment does not support this generative hypothesis.
More experimental manipulations of selection and
recombination will be necessary to resolve the causes
and effects of this important trait.
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