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ABSTRACT In nature, individuals vary tremendously in condition and this may be an important source of variation in mutation rate.
Condition is likely to affect cell state and thereby impact the amount of DNA damage sustained and/or the way it is repaired. Here, we
focus on DNA repair. If low-condition individuals are less capable of devoting the same level of resources to accurate repair, they may
suffer higher mutation rates. However, repair decisions are also governed by various aspects of cell physiology, which may render the
prediction that “higher-condition individuals use better repair mechanisms” too simplistic. We use a larval diet manipulation in
Drosophila melanogaster to create high- and low-condition individuals and then contrast their relative usage of three repair pathways
[homologous recombination (HR), single-strand annealing (SSA), and nonhomologous end joining (NHEJ)] that differ in their mechanistic requirements and their mutational consequences. We ﬁnd that low-condition ﬂies are more likely than high-condition ﬂies to
use the most conservative of these three repair pathways, suggesting that physiological constraints on repair pathway usage may be
more important than energetic costs. We also show that the repair differences between high- and low-condition ﬂies resemble those
between young and old ﬂies, suggesting the underlying mechanisms may be similar. Finally, we observe that the effect of larval diet on
adult repair increases as ﬂies age, indicating that developmental differences early in life can have long-lasting consequences.

D

ESPITE being necessary for adaptation, the majority of
spontaneous mutations are deleterious (Morgan 1903;
Keightley and Lynch 2003). Their accumulation imposes
a reduction in population mean ﬁtness, known as mutation
load (Haldane 1937), that challenges the genetic health
(Kondrashov 1995; Crow 1997) of natural populations
and can lead to their accelerated extinction (Lande 1994;
Lynch et al. 1995). Mutation load is also implicated as a driving force behind evolutionary phenomena (Lynch et al.
1999) such as the evolution of sex (Kondrashov 1988;
Agrawal 2001; Keightley and Otto 2006) and senescence
(Partridge and Barton 1993), and the maintenance of genetic variation (Barton and Turelli 1989; Bulmer 1989).
Mutation rate (U) determines the magnitude of the mutation load (Haldane 1937); thus, it is important to understand the selective forces and biological mechanisms
underlying its evolution. Theory suggests that selection
should favor very low mutation rates in sexual taxa (Leigh
1970; Sniegowski et al. 2000), yet genome-wide rates of
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nonneutral mutation (U) are quite high in multicellular
organisms (Baer et al. 2007). Traditionally, equilibrium mutation rate is thought to be determined by trade-offs between the “costs of DNA ﬁdelity,” and the deleterious
consequences of new mutations (Kimura 1967; Baer et al.
2007; but see Lynch 2008). Boundaries on the cellular
resources devoted to maintaining DNA replication and repair can arise through a number of different paths. Increased
ﬁdelity may involve more energetic expenditure, as suggested by in vitro studies in bacteriophage T4 (Bessman
et al. 1974; Clayton et al. 1979). In addition, vigilant DNA
replication and repair might require more time (Kirkwood
et al. 1986) and lead to slower cell growth (Preston et al.
2006b).
The idea that costs prevent trait values from reaching
their optima is a recurring theme in evolutionary biology.
Trait variation is thought to arise from differences in
condition, as individuals with higher levels of resource
acquisition are expected to be able to allocate more to all
traits (Van Noordwijk and De Jong 1986; Houle 1991; Rowe
and Houle 1996; David et al. 2000; Tomkins et al. 2004).
Most types of DNA damage can be repaired via multiple
alternative repair pathways. Some types of repair are more
conservative (i.e., less likely to result in a mutation) but may
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Figure 1 Comparison of the alternative DSB repair pathways (HR-h, SSA, and NHEJ) measured by the repair reporter construct system. Horizontal lines
above represent single strands of DNA, with each pair of lines forming a duplex DNA molecule (for HR-h, the additional duplex without the DSB
represents a homologous chromosome serving as a repair template).

be more costly to employ. As U is mediated by an individual’s
ability to repair DNA damage, condition-dependent DNA repair can lead to mutation rate variation, especially if lowcondition individuals suffer higher U as a result of lower
investment into DNA maintenance.
Among the different forms of DNA damage, DNA doublestrand breaks (DSBs) are thought to be the most toxic
lesions (Kanaar et al. 1998; Jackson 2002). The frequency of
spontaneous DSBs in early passage human ﬁbroblast cells
has been estimated at 10 per day per cell (Lieber 2010)
and occur through oxidative damage, ionizing radiation, and
replication fork collapse during DNA replication. Cells likely
devote signiﬁcant resources to the repair of DSBs, as defects
in their repair lead to elevated cancer risk and phenotypes
resembling accelerated aging (Engels et al. 2007). There is
a fair degree of ﬂexibility in DSB repair processes (Ohnishi
et al. 2009). Importantly, the different DSB repair pathways
may be associated with different costs and they confer varying levels of risk for inducing mutations at the repair site.
However, DSB repair pathway choice also appears to be
regulated by numerous physiological factors including cell
cycle phase (Langerak and Russell 2011), genomic context
(Moore and Haber 1996), developmental timing, and age
(Preston et al. 2006a).
We focus on three major DSB repair pathways: homologous recombination with the homolog as a repair template
(HR-h), single-strand annealing (SSA), and nonhomologous
end-joining (NHEJ) (Figure 1). HR-h is the most conservative
among these three pathways as it involves conversion from an
undamaged homologous template, which restores the original
sequence around the DSB. While HR-h repair is highly accurate, usage of this pathway is cell cycle dependent (Aylon
et al. 2004; Saleh-Gohari and Helleday 2004). In addition,
involvement of DNA synthesis means that utilization of HR-h
is much more time consuming (Mao et al. 2008). SSA can only
occur for DSBs ﬂanked by duplicated sequence because it
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employs a simple annealing mechanism following singlestrand pairing between the complementary duplicate sequences. It is thought to be highly efﬁcient because it is the most
commonly used repair pathway in this genomic context (Preston
et al. 2002; 2006a). However, use of SSA always leads to
loss of one of the repeats as well as any interstitial sequence.
By removing a complete repeat, this type of sequence
change might have severe ﬁtness consequences in some
cases but may often be neutral or only weakly deleterious.
The third repair pathway, NHEJ, requires no sequence homology and is typically the least conservative (Mao et al.
2008). It uses simple ligation to join together the broken
DNA strands following modiﬁcation of the DSB ends, which
usually introduces an indel. Differences in condition may
cause individuals to differ in their available energy to devote
to DNA repair as well as in cell cycle dynamics that may
constrain the usage of different pathways. Though the deleterious effects of DSBs could be minimized by preferentially
using the more conservative among these three pathways
(e.g., HR-h . SSA . NHEJ), this could be countered by
energetic trade-offs or physiological constraints.
To test for condition dependence in DSB repair, male
Drosophila melanogaster of high or low condition were created through manipulation of larval diet. We then used a repair reporter construct system (Preston et al. 2006a) that
allows us to induce DSBs in the germ-line cells of adult male
D. melanogaster and compare the relative frequencies of
HR-h, SSA, and NHEJ across the two condition groups (Figure 2). These males bear gene constructs that serve as the
site of DSB creation as well as a homologous repair template. They also carry an endonuclease construct and continuous expression of this gene results in DSBs being created
at the same recognition site in individual germ-line cells.
Successful repair by each of these three different pathways
leaves behind a unique repair product whose genetic signature can be traced in the progeny of the males.

Figure 2 Assay used to measure DSB repair pathway use.
Males being tested for DSB repair carry an endonuclease
and a cleavage recognition (DSB induction) site construct
on their ﬁrst and second chromosomes, respectively. The
genotype of the females mated to the males do not contain either of these constructs but do bear visible markers
to allow classiﬁcation of offspring as having inherited the
Rr3 construct and/or the endonuclease from their father.
Three separate offspring types can be scored, allowing
measurement of the relative usage of HR-h, SSA, and
NHEJ for each individual male.

An important caveat of the repair reporter construct
system used here is that it is unable to quantify the absolute
frequencies of all possible DSB repair events as some forms
of repair yield undetectable genetic signatures. First, the
homologous recombination pathway can also utilize the
sister chromatid as its repair template (HR-s). Second, there
is some chance that NHEJ repair could be perfectly precise.
Both these cases (HR-s or precise NHEJ) would result in
restoration of the DSB cut site. These repair products would
remain available for recutting by the endonuclease. In
principle, cutting and restoration via HR-s or precise NHEJ
could occur repeatedly. The process would eventually be
terminated when use of HR-h, SSA, or imprecise NHEJ
repairs the DSB without restoring the cut site. Although we
cannot measure the rate at which HR-s and precise NHEJ
repair occur, this system can be used to measure the relative
frequencies of HR-h, SSA, and imprecise NHEJ repair when
the other pathways are effectively unavailable (Preston et al.
2006a,b). By monitoring the relative HR-h, SSA, and imprecise NHEJ frequencies at weekly intervals for each male, for
up to 5 weeks of its lifespan, we are able to assess how
experimentally induced differences in condition affect the
relative usage of alternative repair pathways and how these
differences change with age.

Materials and Methods
Drosophila stocks and crosses

Stocks carrying the gene constructs (Rr3, Rr3EJI, and UIE)
of the repair reporter system were obtained from the W. R.
Engels lab (University of Wisconsin, Madison, WI). Details
of these constructs can be found in Preston et al. (2006a).

We introgressed each of the repair reporter constructs onto
the genetic background of our standard large outbred population (Dah). Originally collected in 1970 from Dahomey
(now Benin), West Africa, this population has been maintained at large population size in various labs since then,
and in our lab for 4 years at the time of introgression.
All stocks were cultured using standard Drosophila protocol at 25 on a 12L:12D cycle, with 70% relative humidity
(Ashburner et al. 2005).
Male D. melanogaster of high or low condition were produced through manipulation of larval diet. High-condition
individuals were raised on 7.5 ml of standard sugar-yeast
media while low-condition individuals were raised on media
in which sugar and yeast concentrations were reduced by
75%. Density was constant between the two treatment conditions [50 larvae per 8-dr (32 ml) vial]. Adult males were
collected within 16 hr of eclosion on the same day and were
therefore of the same age 68 h; these males were used in
one of three assays: weight, siring success, or DSB repair.
Males were held in vials containing standard media with live
yeast for 2 days prior to being used for the assays. For the
weight assay, males were dehydrated in a drying oven overnight and individually measured for dry mass on a ﬁne balance scale. Males for use in the repair reporter assay were
mated individually to four virgin females (2–4 days of age).
Males for use in the competitive mating ability assay were
mated in groups of two males to four virgin females (2–4
days of age) with three competitor males (2 days of age). All
females and competitor males shared the same outbred genetic backgrounds but were marked with visible phenotypic
mutations (repair: al1 bw1, competitive mating ability: se1)
to allow us to distinguish between different progeny types.
Mating occurred over a 3-day period in both assays, after
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which the males being tested for competitive mating ability
were transferred to holding vials and the females and competitor males were discarded. Repair and competitive mating ability assays were then repeated weekly, through up to
5 weeks of the males’ lifetimes, with a fresh set of females
and competitor males being used each week.
Fitness measurements and competitive mating
ability assay

We quantiﬁed the condition differences between our highand low-condition treatments through several ﬁtness measurements. First, we compared mean dry mass of high- and
low-condition males using a t-test analysis. Second, we
looked for differences in survivorship and fertility of the
two condition groups. Survival data (dead or alive) were
collected weekly for the males in both the repair reporter
and competitive mating ability assays, while fertility data
(presence or absence of viable adult offspring) were collected only from the males in the repair reporter assays.
Survivorship and fertility curves were estimated using the
Kaplan–Meier estimators (“survﬁt” function in Survival
package of R) (R Development Core Team, 2012). Differences in the average survivorship and fertility of high- vs.
low-condition males were tested using Cox proportional
hazards regression analysis. This analysis included a censoring indicator since the experiment concluded at week 5 for
all males, and individuals still surviving at that time were
not tracked until their natural death or sterility. Log-likelihood ratio tests were employed to ﬁnd the best ﬁtted model
for age-speciﬁc survivorship and fertility rates. Signiﬁcance
of the model parameters were then compared among groups
by constraining one parameter to be the same for both
groups and comparing log-likelihood values of constrained
models to the unconstrained model for both groups.
Finally, we compared the relative siring successes of highand low-condition males through a competitive mating
ability assay conducted in parallel with the repair assays.
Offspring emerging from the competitive mating ability
assay were scored weekly for a total of 5 weeks. Paternity
of the offspring was distinguishable through eye color
phenotype, and the proportion of noncompetitor sired
progeny was calculated at each time point. Only the
replicates in which both males being tested for competitive
mating ability remained alive at the end of the 5-week
experimental duration were included in the statistical
analysis to avoid the confounding effects of mortality. To
test for condition dependence in siring success, we analyzed
the complete lifetime proportion data using a generalized
linear model (“glm” function in R) (R Development Core
Team, 2012) specifying a quasibinomial error structure.
Repair reporter assay

Use of the repair reporter assay allows us to induce DSBs in
the germ-line cells of adult male D. melanogaster and compare the relative frequencies of HR-h, SSA, and NHEJ across
our two condition groups (Figure 2). Males bear two gene
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constructs—P{Rr3}48C and P{Rr3EJI}48C—that serve as
the site of DSB creation and the homologous repair template, respectively. They also bear P{UIE}5B, which is a construct carrying a transgenic endonuclease gene under
a Ubiquitin promoter; continuous expression of this gene results
in DSBs being created at the recognition site (P{Rr3}48C) in
individual germ-line cells. Successful repair by each of the
three pathways leaves behind a unique repair product
whose genetic signature can be traced in the progeny of
the males. Monitoring of relative HR-h, SSA, and NHEJ
frequencies was done at weekly intervals for each male
for up to 5 weeks of its lifespan. (Throughout, NHEJ implicitly refers to imprecise NHEJ, as we cannot detect precise NHEJ events.) Each time point consisted of germ-line
cells sampled over 3 days within that week.
Exact details of the assay can be found in Preston et al.
(2006a,b); a brief summary is given in Figure 2. The frequency of SSA was estimated from the proportion of male
offspring that are DsRed+ (as male progeny do not inherit
the X-linked endonuclease gene construct and cannot experience somatic repair to generate ﬂuorescent protein). The
combined frequency of HR-h and NHEJ was estimated as the
proportion of female offspring that are DsRed2. These proportions were calculated for the high- and low-condition
treatment groups at all ﬁve time points. In addition, at
weeks 1 and 4, the combined frequency of HR-h and NHEJ
was partitioned into its two components through PCR scoring of a subset (5–10 randomly chosen or as many as available) of each male’s DsRed-daughters. Two sets of primers
were used in the PCR reactions: a control set amplifying the
region containing the mutated Rr3 induction site and another that was speciﬁc to the homologous repair template
sequence. PCRs positive for the repair template fragment
(EJI+) were classiﬁed as HR-h and those expressing only
the control fragment were classiﬁed as NHEJ. HR-h events
were also subclassiﬁed as either long (HR-lg) or short (HRsh) tract conversions (Preston et al. 2006b). Due to a 16-bp
deletion lying 156 bp to the right of the endonuclease cleavage site in the repair reporter construct, conversion tracts
extending further then 156 bp in that direction result in
a visibly shorter PCR product.
As mentioned above, frequencies of the three measured
DSB repair pathways were estimated from the progeny
(proportion of different offspring genotypes) of the highand low-condition males. Since males used to estimate DSB
repair pathway use were mated individually to several
females, the progeny from each individual male can be
considered as independent trials. However, the individual
offspring produced by a single male are not independent
from one another. One important reason for this is that
a single repair event, especially those occurring in the earlier
stages of germ cell development, can be represented in
multiple offspring of an individual male (Preston et al.
2006a). To make statistically valid inferences about the
effects of condition, each male should be used as the level
of replication rather than each individual offspring. In the

We ﬁrst used complete lifetime data to test for differences
in usage of SSA; using a generalized linear model (“glm”
function in R) (R Core Development Team, 2012), the proportion of SSA-derived offspring from each male was ﬁtted as
a function of the ﬁxed factor condition, using a quasibinomial
error structure. We also analyzed the data for each week
separately to conﬁrm that the treatment groups were different at all time points. Similar models were ﬁt for the proportion of HR-h and NHEJ and for the proportion of HR-lg
and HR-sh at weeks 1 and 4. Finally, we examined whether
repair pathway use varied with age and whether the effect of
age was the same for high- and low-condition individuals.
This was done by ﬁtting the proportion of SSA-derived offspring from each male using a generalized mixed model function (“lmer” function in R) (R Development Core Team,
2012), with condition, age, and a condition · age interaction
as ﬁxed factors, and male identity as a random factor and
assuming a binomial error structure. Inclusion of male identity in the model structure accounts for the nonindependence
of sets of offspring taken from a single male at different ages.

Results
High- and low-condition males differ in ﬁtness

The diet manipulation was effective in producing ﬂies that
differed in condition as measured by mass: on average,
males emerging from the high-condition treatment were
29% larger (t = 24.96, d.f. = 145, P , 10216) than lowcondition males. As expected, condition affected the ﬁtness
of the ﬂies (Figure 3). Mean time to mortality was 7%
longer for high-condition individuals and they exhibited
higher survivorship (x2 = 8.97, d.f. = 1, P = 0.003) throughout the 5 weeks of the experiment (Figure 3A). Similar results
were observed for fertility (Figure 3B). High-condition individuals remained fertile 16% longer than low-condition
individuals (x2 = 3.71, d.f. = 1, P = 0.05). Moreover, highcondition males consistently sired more offspring in competitive mating assays than their low-condition counterparts
through all 5 weeks of the experiment (Figure 3C) and had
signiﬁcantly higher lifetime siring success (t = 22.19, d.f. =
145, P = 0.0304).
Figure 3 Differences in ﬁtness-related traits between high- and lowcondition males: (A) survival, (B) fertility, and (C) siring success against
a competitor. High-condition males are better across all three ﬁtness
measurements. Note that in C, males are tested against a new set of
competitors each week and siring success is measured as the percentage
of offspring sired by the test males. Because of random ﬂuctuations in
rearing conditions of competitors among weeks, the quality of competitors likely varies across weeks, contributing to the nonmonotonic change
in siring success through time. However, high-condition males consistently perform better against competitors than do low-condition males.

analyses described below, we treat the datum from each
male (represented as the proportion of offspring of a given
type) as an independent observation. Each datum is a proportion and is statistically modeled as such rather than treating proportions as continuous real numbers.

High- and low-condition males differ in repair
pathway use

Usage estimates of the three repair pathways are summarized in Table 1 and are comparable with results from previous studies (Preston et al. 2006a,b). (Table 1 shows
offspring counts pooled across all males for simplicity, but
the statistical analyses account for the nonindependence of
offspring from the same male.) SSA was the most frequently
used repair pathway in both condition groups, but highcondition males use this pathway 11% more than lowcondition males considering lifetime reproduction (t =
24.43, d.f. = 282, P = 1.33e-05) (Figure 4). Consistent
with the results of Preston et al. (2006b), we also observed
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Table 1 Estimates of the relative usage of DSB repair pathways in the germ-line cells of males
No. PCRs
scored

Estimates

No. males

DsRed+/all Endo2

DsRed2/all Endo+

NHEJ

HR-sh

HR-lg

SSA

NHEJ

HR-h

(A) High-condition group
1
2
3
4
5
Life

146
138
133
127
118
—

3087/4687
2311/3682
1933/3155
1970/3155
1563/2516

1499/4521
1300/3623
1235/3354
1170/3235
1102/2860

326
—
—
69
—

99
—
—
111
—

140
—
—
169
—

0.659
0.628
0.613
0.624
0.621
0.632

0.202
—
—
0.098
—
0.150

0.138
—
—
0.270
—
0.204

(B) Low-condition group
1
2
3
4
5
Life

137
135
122
115
107
—

2654/4380
2032/3596
1588/2907
1590/2945
1213/2247

1499/4521
1300/3623
1235/3354
1345/2949
1223/2592

302
—
—
53
—

115
—
—
132
—

133
—
—
183
—

0.606
0.565
0.546
0.540
0.540
0.565

0.207
—
—
0.099
—
0.153

0.160
—
—
0.379
—
0.270

Week

a decrease in SSA use with age (x2 = 49.9, d.f. = 1, P ,
1.65e-12). Interestingly, we found that the rate of change in
SSA repair with age was almost double for low-condition
males than for high-condition males (x2 = 6.07, d.f. = 1,
P = 0.014). SSA use decreased by 6% by week 5 in the
high-condition group, whereas it decreased by 11% in the
low-condition group (Figure 4).
DSBs not repaired through SSA can be repaired through
either HR-h or NHEJ. However, young (week 1, Figure 5A)
and old ﬂies (week 4, Figure 5C) differ in their usage of
these pathways (x2 = 168.4, d.f. = 1, P = 2.2e-16). When
DSBs were not repaired through SSA, the two other pathways were used at similar rates when ﬂies were young, with
NHEJ being used slightly more frequently than HR-h (Figure
5A). However, in older ﬂies (week 4), HR-h was used substantially more than NHEJ (Figure 5C). Analyzing the data
from young and old ﬂies separately, there is no effect of
condition on the relative usage of HR-h to NHEJ (for nonSSA repairs) in young ﬂies (t = 0.82, d.f. = 273, P = 0.414)
but there is a condition effect in old ﬂies (t = 2.10, d.f. =
224, P = 0.037). This result provides another example of
how high- and low-condition ﬂies age differently with respect to repair pathway usage.
Not only did high- and low-condition ﬂies differ in how
often they used the most conservative of the three pathways,
HR-h, but they also differed in how it was used. Condition
had a signiﬁcant effect on the proportion of long (HR-lg)
and short (HR-sh) tract HR-h events (x2 = 20.122, d.f. = 2,
P = 4.272e-05), with low-condition ﬂies having signiﬁcantly
fewer long-tract conversions (Table 1). While a previous
study (Preston et al. 2006b) documented a 60% increase
in the proportion of HR-lg events with age, we did not observe a signiﬁcant age effect (x2 = 1.214, d.f. = 1, P =
0.27), though there was a modest increase in the point estimate of the frequency of HR-lg tract conversions.
Above, we evaluated the usage of HR-h relative to NHEJ
to focus on changes in pathway use that were statistically

366

A. D. Wang and A. F. Agrawal

independent of the changes in SSA we previously discussed.
However, if we consider all three pathways together
(measuring each pathway as a percentage of the total), we
see that both SSA and NHEJ decline with age, while usage of
the most conservative pathway, HR-h, increases (Figure 5, B
and D). Overall, the condition treatment groups differ most
with respect to SSA and HR-h usage, and these differences
are greatest at older ages (Figure 5D).

Discussion
Possible causes of condition-dependent DNA repair

We found that low-condition ﬂies use the most conservative
pathway (HR-h) more than high-condition ﬂies. This pattern
is counter to the result expected under the assumption
that condition dependence in repair arises solely due to a

Figure 4 Relative usage of SSA in the germ-line cells of male D. melanogaster through the ﬁrst 5 weeks of their life. SSA use differs between
the high- vs. low-condition groups and declines with age in a conditiondependent manner.

Figure 5 Relative usage of HR-h and NHEJ in the germ-line cells of male D. melanogaster at A and B, week 1 and C and D, week 4. (A and C) Usage of
HR-h and NHEJ for DSB that were not repaired by SSA [e.g., frequency of HR-h = HR-h/(HR-h + NHEJ)]. While no condition dependence is observed in the
use of HR-h relative to NHEJ in young ﬂies, there is a substantial effect of condition in week 4. (B and D) Usage of each pathway as a percentage of the
total [e.g., frequency of HR-h = (HR-h/(HR-h + NHEJ)) · (percentage non-SSA)]. Declines in SSA with age appear to be primarily compensated by
increases in HR-h.

presumed trade-off between accuracy and the energetic
costs of different pathways. However, this perspective omits
consideration of any physiological constraints on the usage
of alternative pathways.
The cell cycle phase at which DSBs occur and the
duration of each phase may be critical factors determining
which repair pathway is used. Recent studies have shown
that the frequency of HR-h can vary across cell cycle phases
(Aylon et al. 2004; Saleh-Gohari and Helleday 2004). In
yeast, this appears to be driven by the cell cycle regulated
activity of the Clb-CDK protein, which has low activity from
mitosis to late G1 but becomes highly active during S and G2
(Nasmyth 1996). Speciﬁcally, Clb-CDK seems to be involved
in resection of DSB ends to produce ssDNA tails (Aylon et al.
2004). As HR-h requires extensive end resection to invade
the homologous repair template, it is less frequently used
outside of S and G2. While SSA has not been measured in
the same way for cell cycle dependency, it may also be cell
cycle regulated, as it too requires the formation of extensive
ssDNA (Fishman-Lobell et al. 1992). NHEJ on the other
hand, is operational throughout the cell cycle (Moore and
Haber 1996). Moreover, DSB repair pathway use may be
related to cell cycle duration. In vitro measurements in human cells have shown that while NHEJ takes only 30 min
to complete, HR repair can take upwards of 7 hr (Mao et al.
2008). This is likely because conservative HR-h repair
involves seeking out a repair template as well as extensive
DNA synthesis. These observations lead to two alternative

hypotheses, one nonadaptive and the other adaptive, for the
observed effect of condition on repair pathway use.
Cell cycle length is an important determinant of overall
growth rate and its overall duration likely trades off directly
with the rate of cell growth. While we are aware of no
studies directly examining whether condition affects cell
cycle dynamics, numerous studies examining life-history
traits (i.e., development time, body size, longevity) have
shown that individuals in higher condition have increased
growth-related ﬁtness (Jenkins et al. 2001; Hunt et al.
2004; Reitzel 2004; Perry and Rowe 2010). Therefore,
high-condition individuals, whose cells likely have sufﬁcient resources to get ready for mitosis faster, might spend
proportionally less time in the growth phases of the cell
cycle (e.g., G2) so that fewer of their DSBs will occur during the phase when they have the greatest probability of
being repaired by HR-h. In contrast, low-condition ﬂies
may spend proportionally longer amounts of time in the
growth phase prior to mitosis, providing greater opportunity to use the conservative HR-h pathway.
Alternatively, individuals may adaptively deploy alternative repair pathways to maximize cell cycle rate. In germline cells, an increased rate of cell cycling enhances gamete
production. As the majority of mutations will tend to be
neutral or only very weakly selected, high-condition males
may not utilize the conservative DSB repair pathways at the
expense of reducing their rate of gamete production. Lowcondition ﬂies, on the other hand, may already be limited to
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slower cell cycles due to energetic constraints, thus allowing
for use of the slower but more accurate pathways.
An alternative to hypotheses based on cell cycling emphasizes the importance of changes in repair pathway usage
during the progression through spermatogenesis. Chan et al.
(2011) showed that HR-h is more frequently used in early
rather than late stages of spermatogenesis. If progression
through the early stages of spermatogenesis is slow in lowcondition ﬂies relative to high-condition ﬂies, then there will
be more opportunity for DSBs to occur at the stages when
HR-h is more likely to be used.
DNA repair is affected similarly by increased age
and reduced condition

The age-dependent changes in DSB repair pathway use we
found are consistent with the pattern previously established
(Preston et al. 2006b; Engels et al. 2007). While use of the
two error-prone pathways, NHEJ and SSA, both decline with
increasing age, the most conservative of the three pathways,
HR-h, increases. This pattern is similar to the conditiondependent differences we observed, suggesting there may
be a shared mechanism driving repair pathway change. As
the duration of the cell cycle is known to increase with age
in the Drosophila male germline (Wallenfang et al. 2006),
cell cycle dynamics may be driving both the age and condition effects.
However, Chan et al. (2011) offered an alternative, developmentally based explanation for the aging pattern observed by Preston et al. (2006b). Compared to sperm from
young ﬂies, sperm from old ﬂies will have spent more time
in the early stages of spermatogenesis (as germline stem
cells and spermatogonia) (Wallenfang et al. 2006; Wong
and Jones 2012). Because HR-h appears to be more commonly used in the early stages of spermatogenesis (Chan
et al. 2011), sperm from old ﬂies are more likely to have
experienced a DSB at a spermatogenic stage where repair by
HR-h is more frequent. This idea could also explain the
condition effect if the early stages of spermatogenesis are
disproportionally protracted in low-condition ﬂies.
Though the age and condition effects are similar and
these similarities might be driven by the same mechanisms,
it is worth noting that the effects of age and condition are
not entirely the same. NHEJ use is reduced with age but
does not appear to be affected by condition (Figure 5, B and
D). Furthermore, while age causes a slight increase in the
proportion of HR-long tract conversions, low-condition ﬂies
have a lower proportion of HR-lg events overall. Such discrepancies might occur if cell cycle rates change with both
age and condition, but differ in which phases of the cell
cycle are lengthened.
Effect of condition-dependent DNA repair
on mutation rate

Due to the different repair products of the three pathways
examined here (HR-h = no mutation, SSA = deletion of
repeat, NHEJ = indel), the number and nature of new
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mutations will differ between the offspring of high- and lowcondition individuals, i.e., condition-dependent repair usage
can cause the mutation rate to be condition dependent.
Theoretical work has shown that condition dependence of
mutation rates can have important evolutionary consequences. In stressful environments, condition dependence can
accelerate adaptation if poor condition, brought on by poor
environmental quality, results in elevated U (Echols 1981).
Condition dependence can also alter the mutation load
(Agrawal 2002) and could lead to a divergence in genetic
architecture between sexual and asexual taxa (Shaw and
Baer 2011). However, these theoretical ideas are based on
the assumption that low-condition individuals experience
elevated mutation rates.
The effect of condition on DNA repair reported above
would seem to imply the opposite, i.e., low-condition ﬂies
have a reduced mutation rate. However, we need to consider
two issues: (i) Based on these results alone, how much
lower would the rate be? (ii) Are factors other than those
considered here likely to be important in determining the
net effect of condition on mutation rate?
To determine an upper limit on how the condition-based
differences in DSB repair would affect mutation rate, we can
assume that both nonconservative repair pathways (SSA
and NHEJ) always result in a deleterious mutation, but
HR-h never does. Even under this scenario, the absolute
difference predicted for U is small. High-condition ﬂies will
pass on 3% more new deleterious mutations than lowcondition ﬂies in the ﬁrst week of reproductive life (86 vs.
83% combined SSA, NHEJ use, Table 1 estimates), although
this difference increases to 10% by week 4 (73 vs. 63%
combined SSA, NHEJ use, Table 1 estimates). Additionally,
there is reason to believe that each NHEJ-based mutation
occurring in a low-condition individual is more likely to be
deleterious. This is because the ﬁdelity of the error-prone
pathway, NHEJ, is known to be plastic (Seluanov et al.
2004) and appears to induce larger deletions in senescent
cells compared with young cells. If low-condition results in
similar decreases in the ﬁdelity of NHEJ repair, then even
though low-condition ﬂies use NHEJ less frequently, each
individual NHEJ-based mutation is more likely to result in
ﬁtness consequences.
Though our results provide evidence for a link between
condition and DNA repair pathway use, this study is not
intended to provide a complete picture of how condition
affects total mutation rate. First, repair of the DSBs in germline cells is not limited to the three repair pathways
measured by the Rr3 system. As mentioned previously, the
repair reporter construct disables monitoring of any HR
events in which the sister chromatid is used as a repair
template (HR-s) or any precise NHEJ events, as both these
repair events will restore the DSB cleavage site, allowing for
recutting by the endonuclease. Since HR-s is known to be
the preferred and most error-free repair pathway during S
phase (Saleh-Gohari and Helleday 2004), it is possible that
high-condition individuals could be using this pathway more

than low-condition individuals in this nongrowth-related
phase of the cell cycle. Similarly, it is possible NHEJ repair
in high-condition individuals could be more precise such
that use of this pathway is less likely to result in a new
mutation. Because HR-s and precise NHEJ are rendered ineffective in this experimental context, we must use caution
in extrapolating these results to how condition affects repair
of natural DSBs. Though our data shows that pathway usage
differs between high- and low-condition ﬂies under the constraints of the Rr3 system, the nature of these differences
could depend on what range of pathways are available.
Second, DSBs represent only a fraction of the total DNA
damage encountered by an organism, with each category
having its own repertoire of repair pathways. If condition
dependence in repair pathways is ubiquitous across the
genome, then the potential exists for the repair response to
different types of damage to go in the opposite direction
(i.e., high condition using the more conservative pathways).
This seems to be the case in a previous experiment looking
at postfertilization repair by female ﬂies of MMS-induced
alkylation lesions (excision repair, etc.) (Agrawal and Wang
2008).
Finally, it is important to note that the condition-dependent
changes in DSB repair we observe reﬂect changes in the
relative usage of the repair pathways and not an overall
increase or decrease in repair events. The amount of DNA
damage can also differ due to condition. For instance,
condition may impact cellular metabolism such that the
production of reactive oxidative species (ROS) differs between
high- and low-condition individuals. Because ROS lead to
DNA damage, this could lead to an increased demand for
repair.
In a recent study, Sharp and Agrawal (2012) found that
focal chromosomes that were maintained in unﬁt genetic
backgrounds during a mutation accumulation experiment
declined in ﬁtness more quickly than those maintained in
wild-type genetic backgrounds. That result suggests that
low-condition individuals do experience elevated mutation
rates. However, that study does not provide any insight into
whether this is due to differences in rates of damage or repair response. Our current study suggests that a conditionbased difference in repair of DSBs is unlikely to be the
explanation.

Conclusion
Although differences in DNA repair capacities have been
invoked as an explanation for mutation rate differences
among taxonomic groups (Britten 1986; Eisen and Hanawalt
1999), its role in generating mutation rate variation within
a species has received less attention. We have shown that the
relative ratios of three DSB repair pathways in the germ-line
cells of D. melanogaster change in response to differences in
individual condition. While we suspect that condition dependence in DNA repair pathway usage is likely to be a common
phenomenon, the magnitude and direction of such effects

may depend on the type of damage and the organism in
which it occurs. Predicting the nature of condition dependence is difﬁcult because it depends, not only on energetic
costs, but also cell cycle dynamics and other essential functions in DNA metabolism. Future studies should also examine
how condition affects overall differences in DNA damage, as
this may play a larger role in generating mutation rate
variation.
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