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Abstract

Transposable elements (TESs) are obligate genetic parasites that propagate in host
genomes by replicating in germline nuclei, thereby ensuring transmission to offspring. This
selfish replication not only produces deleterious mutations—in extreme cases, TE mobiliza-
tion induces genotoxic stress that prohibits the production of viable gametes. Host genomes
could reduce these fitness effects in two ways: resistance and tolerance. Resistance to

TE propagation is enacted by germline-specific small-RNA-mediated silencing pathways,
such as the Piwi-interacting RNA (piRNA) pathway, and is studied extensively. However, it
remains entirely unknown whether host genomes may also evolve tolerance by desensitiz-
ing gametogenesis to the harmful effects of TEs. In part, the absence of research on toler-
ance reflects a lack of opportunity, as small-RNA-mediated silencing evolves rapidly after a
new TE invades, thereby masking existing variation in tolerance. We have exploited the
recent historical invasion of the Drosophila melanogaster genome by P-element DNA trans-
posons in order to study tolerance of TE activity. In the absence of piRNA-mediated silenc-
ing, the genotoxic stress imposed by P-elements disrupts oogenesis and, in extreme cases,
leads to atrophied ovaries that completely lack germline cells. By performing quantitative
trait locus (QTL) mapping on a panel of recombinant inbred lines (RILs) that lack piRNA-
mediated silencing of P-elements, we uncovered multiple QTL that are associated with dif-
ferences in tolerance of oogenesis to P-element transposition. We localized the most signifi-
cant QTL to a small 230-kb euchromatic region, with the logarithm of the odds (LOD) peak
occurring in the bruno locus, which codes for a critical and well-studied developmental regu-
lator of oogenesis. Genetic, cytological, and expression analyses suggest that bruno dos-
age modulates germline stem cell (GSC) loss in the presence of P-element activity. Our
observations reveal segregating variation in TE tolerance for the first time, and implicate
gametogenic regulators as a source of tolerant variants in natural populations.
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Author summary

Transposable elements (TEs), or “jumping genes,” are mobile fragments of selfish DNA
that leave deleterious mutations and DNA damage in their wake as they spread through
host genomes. Their harmful effects are known to select for resistance by the host, in
which the propagation of TEs is regulated and reduced. Here, we study for the first time
whether host cells might also exhibit tolerance to TEs, by reducing their harmful effects
without directly controlling their movement. By taking advantage of a panel of wild-type
Drosophila melanogaster that lack resistance to P-element DNA transposons, we identified
a small region of the genome that influences tolerance of P-element activity. We further
demonstrate that a gene within that region, bruno, strongly influences the negative effects
of P-element mobilization on the fly. When bruno dosage is reduced, the fertility of
females carrying mobile P-elements is enhanced. The bruno locus encodes a protein with
no known role in TE regulation but multiple well-characterized functions in oogenesis.
We propose that bruno function reduces tolerance of the developing oocyte to DNA dam-
age that is caused by P-elements.

Introduction

Transposable elements (TEs) are omnipresent and abundant constituents of eukaryotic
genomes, comprising up to 80% of genomic DNA in some lineages (reviewed in [1]). The
evolutionary footprint of TEs is extensive, including dramatic genome size expansions [2,3],
acquisition of new regulatory networks [4,5], structural mutations [6], novel genes [7-9], and
adaptive insertions [10-12]. However, the charismatic and occasionally beneficial impact of
TEs over evolutionary time masks their fundamental identity as intragenomic parasites and
mutagens. In addition to causing deleterious mutations [13,14], TEs can exert lethal, genotoxic
effects on host cells by producing abundant double-stranded breaks (DSBs) during insertion
and excision [15,16]. TEs are therefore intragenomic parasites.

Host developmental and evolutionary responses to parasites, pathogens, and herbivores are
broadly delineated into two categories: resistance and tolerance (reviewed in [17,18]). Mecha-
nisms of resistance prevent—or limit the spread of—infection or herbivory. By contrast, mech-
anisms of tolerance do not affect propagation but rather limit the fitness costs to the host.
With respect to TEs, resistance by eukaryotic genomes is enacted by small-RNA-mediated
silencing pathways [19] and Kruppel-associated box zinc-finger proteins (KRAB-ZFPs)[20],
which regulate the transcription and subsequent transposition of endogenous TEs. However,
it remains unknown whether genomes can also evolve tolerance of TEs by altering how host
cells are affected by TE activity. Tolerance therefore represents a wholly unexplored arena of
the evolutionary dynamics between TEs and their hosts. Germline tolerance of TEs is pre-
dicted to be of particular importance because of the significance of this cell lineage in ensuring
the vertical transmission of the parasite and the reproductive fitness of the host.

The absence of research on tolerance is at least partially due to the primacy of resistance:
endogenous TEs are overwhelmingly repressed by host factors in both germline and somatic
tissues [19,21,22]. However, the invasion of the host genome by a novel TE family, which hap-
pens recurrently over evolutionary timescales (reviewed in [23]), provides a window of oppor-
tunity through which tolerance could be viewed, both empirically and by natural selection.
The absence of evolved resistance in the host against a new invader could reveal differential
responses of germline cells to unrestricted transposition. A classic example of genome invasion
by a novel TE is provided by P-elements, DNA transposons that have recently colonized two
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Drosophila species. P-elements first appeared in genomes of D. melanogaster around 1950
(reviewed in [24]) and later colonized its sister species D. simulans around 2006 [25,26]. Partic-
ularly for D. melanogaster, a large number of naive strains collected prior to P-element inva-
sion are preserved in stock centers and laboratories, providing a potential record of ancestral
genetic variation in tolerance [27,28]. Furthermore, 15 of these naive strains were recently
used to develop the Drosophila Synthetic Population Resource (DSPR), a panel of highly
recombinant inbred lines (RILs) that serve as a powerful tool kit for discovering the natural
genetic variants influencing quantitative traits [29-31].

Here, we harness the mapping power of the DSPR to screen for phenotypic and genetic
variation in the tolerance of the D. melanogaster female germline to unrestricted P-element
activity. We developed a novel screen for phenotypic variation in host tolerance by taking
advantage of the classic genetic phenomenon of hybrid dysgenesis, in which TE families that
are inherited exclusively paternally can induce a sterility syndrome in offspring because of an
absence of complementary maternally transmitted regulatory small RN As (Piwi-interacting
RNA [piRNAs], reviewed in [24,32,33]). The dysgenesis syndrome induced by P-elements in
the female germline is particularly severe and can be associated with a complete loss of germ-
line cells [15,34,35]. P-element hybrid dysgenesis is directly related to genotoxic stress, as apo-
ptosis is observed in early oogenesis in dysgenic females [15], and the DNA damage response
factors checkpoint kinase 2 and tumor protein 53 (p53) act as genetic modifiers of germline loss
[35]. Variation in the sensitivity of the DNA damage response to DSBs therefore represents
one potential cellular mechanism for tolerance.

By phenotyping the germline development of >32,000 dysgenic female offspring of RIL
mothers, we uncovered substantial heritable variation in female germline tolerance of P-ele-
ment activity. We furthermore mapped this variation to a small 230-kb quantitative trait locus
(QTL) on the second chromosome and associated it with the differential expression of bruno,
a well-studied developmental regulator of oogenesis with no known function in TE repression
or DNA damage response [36-39]. We further demonstrate that bruno loss-of-function alleles
act as dominant suppressors of germline loss, and relate these effects to the retention of germ-
line stem cells (GSCs) in dysgenic females. Our findings represent the first demonstration of
natural variation in TE tolerance in any organism. They further implicate regulators of game-
togenesis, such as bruno, as a source of tolerant variants that could be beneficial when new TEs
invade the host.

Results

Maternal genotype, but not zygotic age, is a strong predictor of dysgenic F1
atrophy

We first sought to uncover phenotypic variation in germline tolerance of P-element activity
among a panel of highly recombinant RILs derived from eight founder genomes [29]. To
quantify tolerance, we performed dysgenic crosses between RIL females and males from the P-
element containing strain Harwich (Fig 1A). Harwich is a strong paternal inducer of hybrid
dysgenesis, producing filial 1 (F1) females with 100% atrophied ovaries in crosses with naive
females at the restrictive temperature of 29 °C [28]. We therefore performed our crosses at 25
°C, a partially permissive temperature at which intermediate levels of ovarian atrophy are
observed [40,41]. Because P-element dysgenic females may recover their fertility as they age,
through zygotic production of P-element-derived piRNAs [42], we assayed both 3-day-old
and 21-day-old F1 female offspring from each RIL. In total, we documented the incidence of
atrophied ovaries among 17,150 3-day-old and 15,039 21-day-old F1 female offspring, and
estimated the proportion of F1 atrophy within broods of >20 3-day-old and 21-day-old
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Fig 1. Heritable phenotypic variation in tolerance of P-element activity in the female germline. (A) Crossing scheme for documenting variation in tolerance of
P-element activity among RIL offspring, including representative images of atrophied and normal ovaries. (B and C) Phenotypic variation in the proportion of
3-day-old (B) and 21-day-old (C) F1 female offspring of different RILs. RILs are sorted according to the proportion of F1 atrophy observed in their offspring, and
error bars indicate the standard error of the estimated proportion. (D) Scatterplot of the arsine-transformed proportion of F1 atrophy observed among 3-day-old
and 21-day-old offspring of the same line, after accounting for the effects of experimenter and experimental block. The individual numerical values for panels B,

C, and D can be found in S1, S2 and S3 Data, respectively. F1, filial 1; RIL, recombinant inbred line.

https://doi.org/10.1371/journal.pbio.2006040.g001

offspring from 592 and 492 RILs, respectively (Fig 1B and 1C). Notably, because we pheno-
typed F1 offspring, our phenotypic variation will be determined only by variants in which one
of the RIL alleles is at least partially dominant to the Harwich allele, or maternal effects that
reflect only the RIL genotype.
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We observed continuous variation in the proportion of F1 atrophy among broods of both
3-day-old and 21-day-old offspring of different RIL genotypes, capturing the full range of pro-
portional values from 0 to 1 (Fig 1B and 1C). After accounting for the effects of experimenter
and experimental block, the incidence of ovarian atrophy is strongly correlated among 427
RILs for which we sampled broods of both 3-day-old and 21-day-old F1 females (Pearson’s
R=0.56, p > 107", Fig 1D). Because broods of different age classes were sampled from sepa-
rate crosses and experimental blocks, this correlation strongly implies that phenotypic differ-
ences are explained by the maternal genotype. Indeed, based on the F1 atrophy proportions
measured in broods of different ages, we estimate that the broad sense heritability of F1 ovar-
ian atrophy among the RIL offspring was 40.35% (see Materials and methods). Furthermore,
we saw greater reproducibility across a small sample of 14 RILs, for which we phenotyped two
independent 21-day broods (Pearson’s R = 0.97, p > 10™®), suggesting even higher heritability
among offspring of the same age class.

Despite the previous observation of developmental recovery from hybrid dysgenesis [42],
the relationship between age and the proportion of F1 atrophy is only marginally significant in
our data (F; ;937 = 3.57, p = 0.058). Furthermore, 21-day-old dysgenic females exhibited only a
0.63% decrease in the proportion of F1 atrophy when compared to 3-day-old females, indicat-
ing that the overall effect of age in our crosses was very modest. Finally, we did not observe a
group of RILs in which ovarian atrophy is much more common among 3-day-old as compared
with 21-day-old F1 females (Fig 1D), as would be predicted if there were genetic variation for
developmental recovery across the RIL panel. The absence of developmental recovery in our
experiments could reflect differences in developmental temperature between our two studies
(22 °Cin [42] and 25 °C here). Alternatively, the causative variant that allows for developmen-
tal recovery could be absent from the founder RILs.

QTL mapping of dysgenic F1 atrophy

To identify the genomic regions that harbor causative genetic variation in tolerance, we per-
formed a QTL analysis using the published RIL genotypes [29]. In these data, the founder allele
(A1-A8) carried by each RIL is inferred probabilistically for 10-kb windows along the euchro-
matic regions of the major autosomes 2 and 3, and the X chromosome [29]. The fourth chro-
mosome is ignored because the absence of recombination makes it uninformative for QTL
mapping (reviewed in [43]).

Consistent with the strongly correlated phenotypes of 3-day-old and 21-day-old offspring
(Fig 1D), we identified a single major effect QTL associated with phenotypic variation at both
developmental time points (Fig 2A). Additionally, the A2-LOD drop confidence intervals
(A2-LOD ClIs) of the logarithm of the odds (LOD) peak from each analysis are both narrow
(<300 kb) and highly overlapping (Table 1). The peak explains 14.2% and 14.8% of variation
in ovarian atrophy among 3-day-old and 21-day-old F1 females, indicating it is a major deter-
minant of heritable variation. Multiple minor peaks close to the centromere on chromosome 3
left (3L) may represent another source of heritable variation in 3-day-old females.

To further narrow the location of genetic variation in tolerance, we took advantage of the
striking concordance in QTL mapping for the 3-day-old and 21-day-old data sets and per-
formed a combined analysis, including all 660 RILs whose F1 offspring were sampled at
either developmental time point. F1 female age was included as a covariate (see Materials
and methods). From this analysis we obtained a final A2-LOD CI for the major QTL peak,
which corresponds to a 230-kb genomic region containing 18 transcribed genes—15 pro-
tein-coding and 3 noncoding (Fig 2B). Simulation testing of the statistical properties of the
DSPR indicates that a causative variant explaining 10% of phenotypic variation lies within
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the A2-LOD drop CI 96% of time for sample sizes of 600 RILs [30]. Furthermore, overestima-
tion of variance explained by a QTL (i.e., the Beavis effect) is rare in DSPR studies sampling
greater than 500 RILs, particularly for variants explaining >10% of variation [48]. Therefore,
given our sample (660 RILs) and effect (about 14%) sizes, the A2-LOD CI we infer for our

Table 1. QTL peak positions. The position of the major QTL peak for 3-day-old F1 females, 21-day-old F1 females, and the combined data set are shown. For each analy-
sis, the peak position, A2-LOD drop confidence interval, and Bayesian credible interval [44] in dm6 [45] are provided. The percent of phenotypic variation explained by
the QTL peak is based on the genotype of each sampled RIL at the LOD peak position. The individual numerical values required to identify LOD peaks and intervals for
3-day-old, 21-day-old, and both F1 females can be found in S4, S5 and S3 Data, respectively.

Data Set LOD Score Peak Position A2-LOD CI Bayes CI Percent Variation
3-day-old females 19.59 21:12,260,000 21.:12,080,000-12,380,000 21.:12,080,000-12,320,000 14.2
21-day-old females 17.22 21.:12,250,000 21.:12,110,000-12,390,000 21.:12,160,000-12,330,000 14.8
both 34.90 21.:12,260,000 21.:12,120,000-12,350,000 21.:12,180,000-12,310,000 13.8

Abbreviations: A2-LOD, A2 logarithm of the odds; CI, confidence interval; dm6, Drosophila melanogaster genome release 6; LOD, logarithm of the odds; QTL,

quantitative trait locus; RIL, recombinant inbred line.

https://doi.org/10.1371/journal.pbio.2006040.t001
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major peak should be conservative. Indeed, Bayesian credible intervals, an alternate
approach for identifying QTL windows [44], are even narrower than those estimated by
A2-LOD CI (Table 1).

Of the 18 genes within the QTL peak, only bruno and crooked are highly expressed in the D.
melanogster ovary [47]. While bruno is a translational repressor whose major essential role is
in oogenesis [37,49,50], crooked is a more broadly expressed component of septate junctions,
which is essential for viability [51]. The LOD peak resides within the 138-kb bruno locus,
which, in addition to its function, makes it the strongest candidate for the source of causative
variation.

Two classes of tolerance alleles

We next sought to partition founder alleles at the QTL peak into phenotypic classes, in order
to better understand the complexity of causative genetic variation. First, we identified all
sampled RILs whose genotype was probabilistically assigned (p > 0.95) to a single founder
(A1-A8) at the LOD peak, and estimated the phenotypic effect associated with each founder
allele (Fig 3A and 3B). We then used stepwise regression (see Materials and methods) to
identify the minimum number of allelic classes required to explain phenotypic variation
associated with the founder alleles. For both age classes, we found strong evidence for two
allelic classes, one sensitive and one tolerant, which were sufficient to explain phenotypic
variation in tolerance. This implies that the major QTL peak could correspond to a single
segregating genetic variant. Furthermore, with the exception of founder A8, founder alleles
were assigned to the same allelic class for both age cohorts, revealing that allelic behavior is
highly biologically reproducible.

To further study phenotypic differences between tolerant and sensitive alleles, we identified
three pairs of background-matched RILs, which exhibited a tolerant (founder A4) or a sensi-
tive (founder A5) haplotype across the QTL window but otherwise shared a maximal number
of alleles from the same founder across the remainder of the genome. Consistent with our
QTL mapping, these RIL pairs differed dramatically in the incidence of ovarian atrophy they
displayed in crosses with Harwich males (Fig 4A). While we did not detect a significant effect
of genetic background (drop in deviance = 3.57, df = 2, p = 0.17), the QTL haplotype was
strongly associated with the incidence of ovarian atrophy (drop in deviance = 52.01, df = 1,

p =5.36 x 107"%). RILs carrying the tolerant haplotype exhibited 39% less F1 ovarian atrophy
than those carrying the sensitive haplotype.

To determine whether reduced ovarian atrophy conferred by tolerant alleles increases
female reproductive fitness, we examined the presence and number of filial 2 (F2) adults pro-
duced by young (0-5-day-old) F1 female offspring of tolerant and sensitive dysgenic crosses
(Fig 4B). The proportion of F1 sterility was somewhat lower than the proportion of F1 atrophy
for the same dysgenic cross (Fig 4A versus 4B), consistent with loss of germline cells in early
adult stages. Equivalent to ovarian atrophy, there was no significant effect of genetic back-
ground (drop in deviance = 5.26, df = 2, p = 0.07), but the QTL haplotype was strongly associ-
ated with F1 sterility (drop in deviance = 65.787, df = 1, p = 5.55 x 10~'°). F1 females carrying
the tolerant haplotype exhibited a 54% reduction in sterility as compared with those carrying
the sensitive haplotype. Interestingly, when we examine the number of F2 offspring produced
by fertile F1 females from resistant and tolerant crosses (Fig 4C), we detect dramatic effects of
genetic background (F,,;; = 29.05, p = 7.48 x 10~"") but no significant effect of the tolerant
allele (F; ;50 = 1.01, p = 0.31). Therefore, while tolerant alleles enhance female reproductive fit-
ness by increasing the odds of fertility, other genetic factors likely determine the number of oft-
spring produced by those fertile females.
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Fig 4. Tolerant alleles are associated with enhanced fertility and reduced bruno expression. Phenotypes of background-matched RILs (A, B, and C) carrying
sensitive (A5, pink) and tolerant (A4, red) haplotypes across the QTL peak are compared. (A-B) Incidence of ovarian atrophy (A) and sterility (B) among
dysgenic F1 female offspring of crosses between RIL females and Harwich males. Numbers in each bar indicate the sample size. (C) Offspring production of
fertile F1 females from B. (D) Ovarian bruno expression relative to rpl32 in each RIL. Error bars in A, B, and D indicate the standard error. The individual
numerical values required to generate bar and box plots for panels A, B/C, and D can be found in S6, S7 and S8 Data, respectively. F1, filial 1; F2, filial 2; QTL,
quantitative trait locus; RIL, recombinant inbred line.

https://doi.org/10.1371/journal.pbio.2006040.9004

Tolerant alleles are associated with reduced bruno expression

In light of the simple biallelic behavior of our phenotype, we sought to identify polymorphisms
within the founder strains whose genotypic differences matched their phenotypic classifica-
tions (i.e., “in-phase” polymorphisms [29,31], Fig 3C). We excluded A8 from these analyses
because of the ambiguity of its allelic class. In total, we identified 36 in-phase single nucleotide
polymorphisms (SNPs), which potentially affect the function of only seven transcribed genes
in the QTL interval ([46] S1 Table, Figs 2B and 3C). We did not identify any in-phase, segre-
gating TE insertions, although a recent reassembly of the founder A4 genome based on long
single-molecule real-time sequencing reads suggests many TE insertions remain unannotated
[52]. Focusing on bruno and crooked, the two genes in the QTL window that are highly
expressed in the ovary [47], 22 of the in-phase SNPs are within bruno introns, while none are
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found in the gene body or upstream of crooked. Furthermore, none of the 36 in-phase SNPs
are nonsynonymous, implying a regulatory difference between the tolerant and sensitive
alleles.

To determine if tolerance is associated with bruno regulation, we compared ovarian expres-
sion of bruno in young (3-day-old) females from our background-matched RIL pairs carrying
a tolerant or sensitive haplotype across the QTL locus. While we observed only modest effects
of genetic background on bruno expression (likelihood ratio test = 6.57, df = 2, p = 0.04),
we observed dramatic effects of founder haplotype at the QTL window (likelihood ratio
test=29.47,df =1, p =5.67 x 107%). Across genetic backgrounds, tolerant alleles were associ-
ated with a 20% reduction in bruno expression (95% CI: 14%-26%), suggesting that bruno
function reduces germline tolerance of P-element activity.

bruno is a strong dominant suppressor of P-element-induced ovarian
atrophy

Given the differences in bruno expression between sensitive and tolerant alleles, we wondered
whether bruno loss-of-function alleles affect the atrophy phenotype. For comparison, we also
considered available alleles from three other ovary-expressed genes that are located within the
A2-LOD CI of the 21-day-old or 3-day-old female analyses, but not in the combined analysis:
ced-12, Rab6, and Threonyl-tRNA synthetase (ThrRS). We reasoned that, because the causative
variant is almost certainly not recessive, being found only in the maternal RIL genotype,
mutant alleles might also exhibit non-recessive effects. We therefore used balanced heterozy-
gous females as mothers in dysgenic crosses with Harwich males and compared the incidence
of F1 ovarian atrophy among their 3-7-day-old F1 females (mutant/+ versus balancer/+).
Strikingly, while ced-12, Rab6, and ThrRS alleles had no effect on the incidence of ovarian atro-
phy (Fig 5A), two different bruno alleles (bruno™ and bruno?®) acted as dominant suppres-
sors (Fig 5B). In contrast to their balancer control siblings, who exhibited 64%-75% ovarian
atrophy, bruno™™/+ and bruno?®/+ offspring exhibited only 13% and 20% atrophy, respec-
tively—a dramatic reduction. We further observed that an independently derived bruno defi-
ciency [53,54] suppresses ovarian atrophy to a similar degree (Fig 5B), indicating these effects
cannot be attributed to a shared linked variant on the bruno®™ and bruno?® chromosomes
[49].

Notably, the non-recessive, fertility-enhancing effects of bruno loss-of-function alleles
in dysgenic females contrasts with their effects on the fertility of non-dysgenic females, in
which they act as recessive female steriles [49]. Our observations therefore suggest that a novel
phenotype of bruno alleles is revealed by the dysgenic female germline. Furthermore, our
observation that reduced bruno dosage suppresses ovarian atrophy is fully consistent with our
observation that tolerant alleles are associated with reduced bruno expression (Fig 4D).

bruno’s effects on ovarian atrophy are associated with GSC retention

bruno is a translational regulator with three known functions in D. melanogaster oogenesis. At
the start of oogenesis in the ovarian substructure called the germaria, bruno is required to pro-
mote the differentiation of cystoblasts (CBs), the immediate daughters of GSCs [37,55]. In
mid-oogenesis, Bruno protein blocks vitellogenesis if not properly sequestered by its mRNA
target oskar [38,39]. Finally, in late oogenesis, Bruno repression of oskar translation is required
to establish dorsoventral (DV) patterning in the subsequent embryo [36]. This final role of
bruno affects only the morphology of egg chambers, but not their production, suggesting that
it cannot account for bruno’s effects in dysgenic germlines. We therefore focused on bruno’s
earlier roles in GSC differentiation and vitellogenesis, which are distinguishable by their
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Fig 5. Mutational analysis of candidate genes. (A) Loss-of-function heterozygotes for three candidate genes are compared to their siblings, inheriting the balancer
chromosome CyO in order to detect zygotic effects on the incidence of ovarian atrophy among 3-7-day-old dysgenic F1 offspring. (B) Single and double loss-of-
function and deficiency heterozygotes for bruno and oskar are compared with their siblings inheriting the balancer chromosomes CyO (bruno) and TM2, TM3, or
MKRS (oskar), in order to detect zygotic effects on the incidence of atrophy among 3-7-day-old dysgenic F1 offspring. Offspring from the same cross are
represented consecutively on the graph. While bruno alleles act as consistent dominant suppressors in both single and double mutants, oskar deficiencies and mRNA
null mutants exhibit only stochastic effects on the atrophy phenotype, suggesting that the mechanism of bruno suppression of F1 atrophy is independent of oskar
mRNA function. (C-D) Representative germline development among atrophied and non-atrophied ovaries of bruno?*/+ and CyO/+ dysgenic offspring (B). (C)
Atrophied ovaries lack any Vasa-positive germline cells in the ovarioles, including GSCs. Nuclear Vasa external to Hts-1B1 corresponds to the somatic ovarian
sheath [35]. (D) Non-atrophied (i.e., morphologically normal) ovaries exhibit the full range of developing oocytes, including GSCs (white arrow). Arrowheads
correspond to CBs, the undifferentiated daughters of GSCs. Representative ovaries in both C and D are CyO/+; however, atrophied ovaries (C) are more common
among bruno?/+ (B). Cytological markers for C and D are hu li tai shao (Hts-1B1), which labels somatic follicle cell membranes, the circular fusomes of GSCs and
CBs, and the spectrosomes that connect cells in the developing cyst, and Vasa, which labels the cytoplasm of germline cells and nuclei of the ovarian sheath, and
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DAPI staining of nuclear DNA. The individual numerical values required to generate bar plots in panels A and B can be found in S9 and S10 Data, respectively. CB,
cystoblast; CyO, Curly-O; F1, filial 1; GSC, germline stem cell; Hts-1B1, hu li tai shao; ThrRs, Threonyl-tRNA synthetase; TM2, third marked 2; TM3, third marked 3.

https://doi.org/10.1371/journal.pbio.2006040.g005

dependency on oskar mRNA. While bruno’s functions in GSC differentiation are independent
of oskar mRNA [36,37,56], bruno and oskar’s impact on vitellogenesis are interdependent,
because of the requirement for oskar mRNA to sequester Bruno protein [39].

To determine if the effect of bruno alleles on hybrid dysgenesis are independent of oskar
mRNA, we examined whether two oskar mRNA null alleles, osk” and 0sk”®’, as well as an oskar
deficiency, affected the incidence of ovarian atrophy when compared with a balancer control
(Fig 5B). We observed that osk” and deficiency on chromosome 3R over oskar (Df(3R)osk)
exhibited no effect on the atrophy phenotype, while 0sk”®” was associated with only a marginal
increase in ovarian atrophy (p = 0.07). If bruno suppression of ovarian atrophy reflects reduced
sequestration by oskar mRNA in the dysgenic female germline, atrophy should be enhanced
by oskar mRNA mutants [57].

Comparison of single and double heterozygotes of bruno and oskar also do not strongly
suggest that bruno suppression is dependent on oskar mRNA dosage (Fig 5B). In comparisons
involving two separate balancer third chromosomes, Df(2L)bru/+; osk**’/+; double heterozy-
gotes did not differ from their single Df(2L)bru/+;balancer/+ heterozygous siblings with
respect to ovarian atrophy. A second double heterozygote Df(2L)bru/+;Df(3R)osk/+; was asso-
ciated with significantly increased atrophy when compared with the single heterozygote (Df
(2L)bru/+; balancer/+). However, because this behavior was unique to the deficiency chromo-
some and was not also exhibited by the osk"®” mRNA null mutant that specifically eliminates
oskar function [38], we suspect it is a synthetic consequence of hemizygosity in both deficiency
regions, rather than evidence for a genetic interaction between oskar and bruno, with respect
to hybrid dysgenesis. Consistent with this, we also did not detect any Bruno mislocalization in
the developing egg chambers of wild-type dysgenic females (S1 Fig), nor did we see any evi-
dence of an arrest in mid-stage oogenesis in wild-type dysgenic ovaries, as occurs when Bruno
is not sequestered by oskar mRNA [38,39].

To evaluate whether bruno suppression of ovarian atrophy could be explained by its oskar-
independent role in GSC differentiation [55,58], we directly examined and compared GSCs
between bruno?®/+ and CyO/+ dysgenic ovaries (Fig 5C and 5D). While we did not observe
any direct evidence of delayed GSC differentiation in bruno®?/+ germaria, we did observe
that ovarioles containing developing egg chambers overwhelmingly retained all oogenic stages,
including GSCs (Fig 5D). In contrast, atrophied ovaries lacked any developing egg chambers
including GSCs (Fig 5C). These observations are consistent with recent evidence that GSC
retention is a key determinant of P-element-induced ovarian atrophy [35]. They further sug-
gest that reduced bruno signaling for differentiation may stabilize GSCs in their niche, allow-
ing them to be retained despite the genotoxic effect of P-elements.

Discussion

While the evolution of TE resistance through small-RNA-mediated silencing is a topic of
immense research interest, the existence and evolution of tolerance factors that may reduce
the fitness costs of TEs on the host remain undocumented. By opportunistically employing a
panel of genotyped RILs, which uniformly lack small-RNA-mediated silencing of the recently
invaded P-element, we have here uncovered the first example of segregating variation in host-
TE tolerance in any organism. The natural variation in tolerance that we uncovered is unlikely
to be exceptional. Population A RILs were generated from only eight genotypes, sampling but
a small subset of alleles that were present in the ancestral population. Furthermore, major QTL
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peak that we identified here in Population A explains only about 35% of the heritable variation
in tolerance. Therefore, other segregating variants in the Population A RILs must also affect
female germline response to P-element activity. Our inability to map these variants likely
reflects the fact that they are rare, exhibit small effects, or both [30]. Finally, because our
phenotyping scheme involved crossing genetically variable RILs to the same paternal strain,
zygotic recessive alleles that are not found in the paternal Harwich genotype would remain
undetected.

While differences in tolerance may be masked by resistance after small-RNA-mediated
silencing evolves, our study reveals that in the absence of silencing, tolerance can be a major
determinant of fitness. While the major peak we identified is modest in its functional effects,
explaining about 14% of variation in ovarian atrophy, variation in fertility of this scale would
be dramatic in the eyes of natural selection. Segregating tolerance alleles, such as the one we
have detected here, could therefore be subject to strong positive selection during genome inva-
sion by a novel TE. Tolerance may therefore be an important feature of the host evolutionary
response to invading TEs. Indeed, the correlation between P-element dosage and the severity
of hybrid dysgenesis is poor at best, causing many to suggest that other genetic factors, such as
tolerance alleles, may also be important determinants of the dysgenic phenotype [59-61]. Fur-
thermore, the hybrid dysgenesis induced by recent collections of D. melanogster tends to be
mild when compared to collections from the 1970s and 1980s, providing circumstantial evi-
dence that tolerance factors may have increased in frequency over time [61]. Once the causa-
tive variant responsible for the tolerance phenotype we uncovered here is identified, we will be
poised to ask whether its increase in frequency has enhanced tolerance in extant populations.

Based on its high expression in the Drosophila female ovary [47], the presence of 22 SNPs
that are in phase with founder QTL alleles, its differential expression between tolerant and sen-
sitive alleles, and the dominant suppressive effect of classical loss-of-function alleles on dys-
genic ovarian atrophy, bruno is a very strong candidate for the source of causative variation in
P-element tolerance that we mapped on chromosome 2L. Identifying the causative variant(s)
within the very large (138 kb) bruno locus and understanding how its altered function relates
to hybrid dysgenesis present exciting challenges for future work. On the surface, it is not
obvious how bruno function could be related to P-element activity. Because Bruno physically
interacts with the piRNA pathway component Vasa [62] and localizes to nuage [63], the multi-
functional germline organelle in which piRNA biogenesis occurs (reviewed in [64,65]), a
straightforward explanation is that bruno function is unrelated to tolerance but rather sup-
presses piRNA-mediated resistance of P-elements. However, resistance suppression is incon-
sistent with several important aspects of piRNA biology and bruno function. First, piRNA-
mediated silencing of P-elements is short-circuited in the absence of complementary mater-
nally deposited piRNAs (absent from the RILs), and P-element-derived piRNAs are excep-
tionally rare in the ovaries of young dysgenic females [42,66]. Thus, the dramatic suppression
of ovarian atrophy exhibited by bruno alleles in young dysgenic females (Fig 5B) is develop-
mentally inconsistent with piRNA-mediated silencing, which can occur only in older female
offspring of dysgenic crosses [42]. Additionally, germline knock-down of bruno does not sig-
nificantly affect TE expression and, if anything, is associated with increased expression of
some TE families [67]. If bruno suppressed piRNA silencing, reduced TE expression would be
predicted upon knock-down.

We propose that our results are best explained by bruno’s function in promoting GSC dif-
ferentiation [37,55], which could determine the tolerance of GSCs to DNA damage resulting
from P-activity. GSC maintenance is dependent on a balance between self-renewal and differ-
entiation (reviewed in [68]), and is disrupted by the presence of DNA damage, leading to GSC
loss [69]. We recently have discovered that the DNA damage response factor p53 is ectopically

PLOS Biology | https://doi.org/10.1371/journal.pbio.2006040 October 30, 2018 13/23


https://doi.org/10.1371/journal.pbio.2006040

@°PLOS ‘ BIOLOGY

TE tolerance in Drosophila

activated in the GSCs and CBs of dysgenic germlines [35], which explains why GSCs are fre-
quently absent from dysgenic ovaries (Fig 5C, [15,34,35]). bruno loss-of-function alleles could
therefore stabilize damaged GSCs in their niche in dysgenic germaria by reducing signals for
differentiation. Indeed, loss-of-function mutations in two other GSC differentiation factors,
bag of marbles and benign gonial cell neoplasm, have been associated with enhanced retention
of GSCs in the niche of non-dysgenic germaria [70]. This model is fully consistent with our
observation that bruno suppression of ovarian atrophy is accompanied by a rescue of oogenesis
at all stages, including enhanced maintenance of GSCs (Fig 5C).

Our observations with bruno suggest an unexpected and novel role for developmental regu-
lators of gametogenesis as determinants of germline tolerance of transposition. Interestingly,
multiple regulators of female GSC maintenance and differentiation in D. melanogaster exhibit
recent or ongoing signatures of positive selection [71-73]. Tolerance to the selfish bacterial
endosymbiont Wolbachia has already been implicated in driving some of this adaptive evolu-
tion [74]. The fact that bruno alleles act as strong repressors of P-element hybrid dysgenesis
suggests that another class of parasites, TEs, may also contribute to the adaptive evolution of
stem cell determinants.

Materials and methods
Drosophila strains and husbandry

RILs from Population A were generously provided by Stuart Macdonald. Harwich (#4264), Ced-
12°97%%/Cy0 (#17781), Rab6“E3%! /CyO (#26898), Rab6”>*P/Cy0O (#5821), and ThrRS<?*2%%/
CyO (#10539) were obtained from the Bloomington Drosophila stock center. Harwich was sib-
mated for one generation to increase homozygosity. Bruno and oskar mutants and deficiencies,
in single and double heterozygous combinations, were generously provided by Paul MacDonald.
Canton-S was obtained from Richard Meisel. All flies were maintained in standard cornmeal
media. All experimental flies were maintained at 25 °C.

QTL phenotyping

Virgin RIL females were crossed to Harwich males and flipped onto fresh food every 3-5 days.
Resulting F1 offspring were maintained for 3 days or 21 days, at which point their ovaries were
examined using a squash prep [60]. Twenty-one-day-old females were transferred onto new
food every 5 days as they aged to avoid bacterial growth. For the squash prep, individual
females were squashed in a food-dye solution allowed to incubate for >5 minutes. After incu-
bation, the slide was examined for the presence of stage 14, chorionated egg chambers, which
preferentially absorb the dye. In the interest of throughput, we assayed F1 females for the pres-
ence or absence of mature egg chambers: females who produced >1 egg chambers were scored
as having non-atrophied ovaries, and females producing 0 egg chambers were scored as having
atrophied ovaries. A phenotyping schematic is provided in Fig 1A.

Crosses and phenotyping were performed for 656 RILs across 24 experimental blocks for
3-day-old F1 females and 606 RILs across 21 experimental blocks for 21-day-old F1 females. If
fewer than 20 F1 offspring were phenotyped for a given cross, it was discarded and repeated, if
possible. In total, we phenotyped >20 3-day-old and 21-day-old F1 female offspring for 592
RILs and 492 RILs, respectively, and 660 RILs were assayed for at least one of the age groups.

QTL mapping

For age-class-specific QTL mapping (3-day- and 21-day-old), the arcsine transformed propor-
tion of F1 females (S2 Fig) with atrophied ovaries produced by each RIL (S1 and S2 Data) was
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used as the response variable in a random effects multiple regression model that included
experimental block and undergraduate experimenter.

asiny/atrophy proportion = Block + Experimenter

For the combined analysis of both age classes, we used the full set of arcsine transformed
proportions, and accounted for female age as an additional fixed effect in the regression
model.

asin./atrophy proportion = Block + Experimenter + Age

All models were fit using the Imer function from the Ime4 package [75] and are described
in S2 Table.

The raw residuals of the regression models above were used as the phenotypic response for
QTL analysis (3-S5 Data), implemented with the DSPRqtl package [29] in R 3.02 [76]. The
output yields a LOD score for the observed association between phenotype and genotype at
11,768 10-kb intervals along the euchromatic arms of the X, second, and third chromosomes.
The LOD significance threshold was determined from 1,000 permutations of the observed
data, and the confidence interval around each LOD peak was identified by a difference of -2
from the LOD peak position (A2-LOD), as well as a Bayesian credible interval [44].

Broad sense heritability

Maternal genotype was added as a random effect to the models above, in order to determine
the genetic variance in the phenotype (V). V¢ was obtained by extracting the variance com-
ponent for maternal genotype using the VarCorr() function from the nlme package [77].
Broad sense heritability (H?) was then the estimated proportion of overall variance (VEIVh).

Estimation of founder phenotypes and QTL phasing

To estimate the phenotypic effect of each founder at the QTL peak, we considered the residual
phenotype for each used in QTL mapping and then determined the founder allele carried by
the RIL at the LOD peak position [29]. RILs whose genotype at the LOD peak could not be
assigned to a single founder with >0.95 probability were discarded.

Founder alleles were phased into phenotypic classes by identifying the minimal number of
groups required to describe phenotypic variation associated with the QTL peak [29]. Briefly,
founder alleles were sorted based on their average estimated phenotypic effect, which was
provided by the sampled RILs. Linear models containing all possible sequential partitions of
founder alleles were then fit and compared to a null model in which all founder alleles are in a
single partition, using an extra-sum-of-squares F-test. The two-partition model with the high-
est F-statistic was retained and fixed only if it provided a significantly better fit (p < 10™*) than
the null model. The two partitions of founder haplotypes were then fixed, and all possible
three-partition models were explored. This process was continued until the model fit could
not be improved.

Identification of in-phase polymorphisms and TEs

Founders were assigned a “hard” genotype for all annotated TEs [78] and SNPs [29] in the
QTL window if their genotype probability for a given allele was greater than 0.95 [29]. We
then looked for alternate alleles (SNPs and TEs) that were in phase with our inferred allelic
classes [29,31]: the sensitive class (A3 and A5) and the tolerant class (A1, A2, A4, A6, and A7).
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A8 was excluded because its assignment to the sensitive or tolerant class differed between the
data sets from 3-day-old and 21-day-old females.

Identification of background-matched, sensitive, and tolerant RIL pairs

To identify RILs containing either the A4 (“tolerant”) or A5 (“sensitive”) haplotypes for the
QTL window, we took advantage of the published, hidden Markov model-inferred genotypes
for the Population A RIL panel [29]. We first identified RILs that carried a contiguous A4 or
A5 haplotype for the A2-LOD confidence interval for the combined analysis with a genotype
probability of greater than 0.95 (Table 1). Then, for all possible RIL pairs (A4 and A5), we cal-
culated the number of 10-kb genomic windows for which they carried the same RIL haplotype,
also with a genotype probability of greater than 0.95. We selected three pairs of background-
matched RILs, which carry the same founder haplotype for 67% (11374 and 11120), 64%
(11131 and 11200), and 60% (11435 and 11343) of genomic windows but alternate haplotypes
for the QTL window.

F1 fertility

Virgin female offspring of dysgenic crosses between tolerant (11120, 11200, 11343) and sensi-
tive (11374, 11131, 11435) RILs and Harwich males were collected daily and placed individu-
ally in a vial with two ywF10 males. Females were allowed to mate and oviposit for 5 days, and
adults were discarded when the females reached 6 days of age. The presence and number of
F2 offspring were quantified for each dysgenic female. The effects of genetic background and
QTL haplotype on the presence and number of F1 offspring were assessed by logistic and lin-
ear regression models, respectively. Models were fit using the glm (logistic) and Im (linear)
functions in R 3.02 [76].

Quantitative PCR

Opvaries were dissected from young, 3-day-old females from tolerant (11120, 11200, 11343)
and sensitive (11374, 11131, 11435) RILs and homogenized in TRI-reagent (Sigma-Aldrich).
RNA was extracted according to manufacturer instructions. Purified RNA was treated with
DNAse, reverse transcribed using oligo(dT),5 primers and M-MLV RNAseH-, and then
treated with RNAse H, according to manufacturer instructions (Promega). Synthesized cDNA
was diluted 1:125 for qRT-PCR.

Abundance of bruno and rpl32 transcript was estimated using SYBR green PCR mastermix
(Applied Biosystems) according to manufacturer instructions. Three biological replicates were
evaluated for each genotype, with three technical measurements for each replicate, for a total
of nine measurements of each genotype. Bruno expression was estimated relative to rpl32 for
each replicate, according to a five-point standard curve. Primers were as follows: bruno-F: 5'-
CCCAGGATGCTTTGCATAAT-3, bruno-R: 5- ACGTCGTTCTCGTTCAGCTT-3, rpl32-
F: CCGCTTCAAGGGACAGTATC, and rpl32-F: GACAATCTCCTTGCGCTTCT. The rela-
tionship between genetic background and QTL haplotype with bruno expression was evaluated
with mixed-effects linear regression, accounting for the biological replicate as a random effect.
The regression model was fit with the Ime4 package [75] in R 3.02 [76].

Mutational analysis of candidate genes

Single and double heterozygote mutant virgin females (mutant/balancer) were crossed to Har-
wich males at 25 °C. Because the vast majority of Drosophila lab stocks are P-element-free,
with the exception of any P-element-derived transgenes, these crosses are dysgenic. Resulting
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F1 dysgenic female offspring were collected and aged at 25 °C for 3-7 days, when their ovaries
were assayed using the squash prep described above [60]. The incidence of ovarian atrophy
was then compared between mutant/+ and balancer/+ siblings from the same cross.

Immunolabelling

Opvaries from 3-7-day-old female offspring of dysgenic crosses were dissected and immediately
fixed with 4% EM-grade methanol-free paraformaldehyde (Thermo Scientific). Ovaries were
washed with 0.1% Triton X-100 in PBS and blocked with 5% goat serum albumin (Sigma-
Aldrich). Primary antibody concentrations were as follows: anti-Hts 1B1 1:4 (DSHB [79]),
anti-Vasa 1:40 (DSHB), anti-Bruno 1:1,000 (provided by Paul MacDonald [50]), and anti-Orb
4H8 and 6H4 1:20 (DSHB [50]). Secondary antibody concentrations were 1:500.

Microscopy

Ovaries were visualized with an SP8 Upright Confocal DM6000 CFS (Leica) Microscope, out-
fitted with a 60x oil immersion lens. Images were collected using an EM-CCD camera (Hama-
matsu) and LAS-AF software (Leica).

Supporting information

S1 Data. Proportion atrophy for 3-day-old F1 females. For each sampled RIL, the strain
number (matRIL), experimental block, student experimenter, and proportion atrophy are pro-
vided. F1, filial 1; matRIL, maternal recombinant inbred line; RIL, recombinant inbred line.
(XLSX)

$2 Data. Proportion atrophy for 21-day-old F1 females. For each sampled RIL, the strain
number (matRIL), experimental block, student experimenter, and proportion atrophy are pro-
vided. F1, filial 1; matRIL, maternal recombinant inbred line; RIL, recombinant inbred line.
(XLSX)

S3 Data. Residuals from combined regression, including both 3-day-old and 21-day-old
females, used for QTL mapping. For each sampled RIL, the strain number (matRIL), experi-
mental block, student experimenter, and residual are provided. matRIL, maternal recombinant
inbred line; QTL, quantitative trait locus; RIL, recombinant inbred line.

(XLSX)

$4 Data. Residuals from 3-day-old females used for QTL mapping. For each sampled RIL,
the strain number (matRIL), experimental block, student experimenter, and residual are pro-
vided. matRIL, maternal recombinant inbred line; QTL, quantitative trait locus; RIL, recombi-
nant inbred line.

(XLSX)

S5 Data. Residuals from 21-day-old females used for QTL mapping. For each sampled RIL,
the strain number (matRIL), experimental block, student experimenter, and residual are pro-
vided. matRIL, maternal recombinant inbred line; QTL, quantitative trait locus; RIL, recombi-
nant inbred line.

(XLSX)

$6 Data. Ovarian atrophy among dysgenic F1 offspring of background-matched RILs. An
atrophy score of 1 denotes atrophied ovaries, while 0 indicates non-atrophied ovaries. For
each female, the maternal RIL, background, and phenotype are provided. F1, filial 1; RIL,
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recombinant inbred line.
(XLSX)

S7 Data. Fertility among dysgenic F1 offspring of background-matched RILs. For each
female, the number of F2 offspring produced, the maternal RIL, background, and phenotype
are provided. F1, filial 1; F2, filial 2; RIL, recombinant inbred line.

(XLSX)

S8 Data. Bruno expression in background-matched RILs. bruno expression levels (relative
to rpl32), RIL genotype, background, phenotype, and biological replicate are provided. RIL,
recombinant inbred line.

(XLSX)

$9 Data. Ovarian atrophy among F1 dysgenic offspring of candidate gene heterozygous
mutant mothers. The raw counts and proportion of atrophied and non-atrophied ovaries are
provided for different offspring classes. Genotype indicates the zygotic genotype. Gene indi-
cates gene affected by a heterozygous loss-of-function allele in the maternal genotype. Allele
indicates the specific loss-of-function mutation. F1, filial 1.

(XLSX)

$10 Data. Ovarian atrophy among F1 dysgenic offspring of bruno and oskar mutant moth-
ers. The raw counts and proportion of atrophied and non-atrophied ovaries are provided for
different offspring classes. Genotype indicates the zygotic genotype. Gene indicates whether
the maternal genotype was heterozygous for a bruno loss-of-function allele, an oskar loss-of-
function allele, or both. Allele indicates which mutations were found in the maternal genotype.
F1, filial 1.

(XLSX)

S1 Table. In-phase polymorphisms within the QTL peak. The chromosomal position on
autosome 2L is provided for 36 in-phase polymorphic SNPs. Coordinates are based on release
6 of the Drosophila melanogaster genome [45]. The allele found in the founder genome is spec-
ified as ref or alt (A1-A8). Putative effects on annotated genes are indicated according to the
UCSC Genome Browser annotations [46]. ALT, indicates the nucleotide at this position found
in the alternative allele; QTL, quantitative trait locus; REF, indicates the nucleotide at this posi-
tion found in the reference genome; SNP, single nucleotide polymorphism; UCSC, University
of California at Santa Cruz.

(XLSX)

$2 Table. Random-effects ANOVA results for 3-day-old F1 females, 21-day-old F1 females,
and a combined analysis including both age classes. F1, filial 1.
(XLSX)

S1 Fig. Bruno localization does not differ between dysgenic and non-dysgenic ovaries.
Bruno localization in mid-stage (4-6) oocytes of non-dysgenic (A) and dysgenic (B) females
from reciprocal crosses between Canton-S and Harwich. In both genotypes, Bruno protein
forms cytoplasmic, perinuclear rings.

(TIF)

S2 Fig. Arcsine transformed and untransformed proportions of F1 atrophy among 3-day-
old and 21-day-old females. Individual data points required to generate histograms are pro-
vided in S4 and S5 Data. F1, filial 1.

(TIF)
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