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Abstract

Transposable elements (TE) are mobile genetic parasites whose unregulated activity in the
germline causes DNA damage and sterility. While the regulation of TE mobilization by hosts is
studied extensively, little is known about mechanisms that could allow germline cells to persist
in the face of genotoxic stress imposed by active transposition. Such tolerance mechanisms are
predicted to be beneficial when new TEs invade and host repression has not yet evolved. Here
we use hybrid dysgenesis—a sterility syndrome of Drosophila caused by transposition of
invading DNA transposons—to uncover genetic variants that confer tolerance to transposition.
Using a panel of highly recombinant inbred lines of Drosophila melanogaster, we identified two
linked quantitative trait loci (QTL), that determine tolerance in young and old females,
respectively. Through transcriptomic and phenotypic comparisons, we provide evidence that
young tolerant females exhibit enhanced repair of double-stranded breaks, explaining their
ability to withstand high germline transposition rates. We furthermore identify the germline
differentiation factor brat as an independent tolerance factor, whose activity may promote
germline maintenance in aging dysgenic females. Together, our work reveals the diversity of
potential tolerance mechanisms across development, as well as tolerant variants that may be
beneficial in the context of P-element transposition.
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INTRODUCTION

Transposable elements (TE) are mobile DNA sequences that spread through host genomes by
replicating in germline cells. Although individual TE insertions are sometimes beneficial,
genomic TEs are foremost genetic parasites [reviewed in 1]. Unrestricted transposition not only
produces deleterious mutations, but also double-stranded breaks (DSBSs) that lead to genotoxic
stress in developing gametes. Generally, hosts avoid the fithess costs of invading parasites,
pathogens and herbivores by two distinct mechanisms: resistance and tolerance [2—-4].
Resistance reduces parasite proliferation, whereas tolerant individuals experience reduced
fithess costs from parasitism. With respect to TEs, host resistance has been the focus of
extensive research, and occurs through production of regulatory small RNAs that
transcriptionally and post-transcriptionally silence TEs in the germline [5—7]. By contrast,
tolerance mechanisms that could ameliorate the fithess costs of transposition during
gametogenesis remain largely unstudied.

The lack of research on tolerance in part reflects the ubiquity of resistance, since in the
absence of high transposition rates, tolerance will not be beneficial or apparent. For example, in
Drosophila melanogaster all actively-transposing TE families are silenced in developing
gametes by the Piwi-interacting RNA (piRNA) pathway [5]. However, host genomes are
frequently invaded by new TE families, against which they lack piRNA mediated resistance.
Following these invasions, tolerant genetic variants may be critical for maintaining host fertility
until resistance evolves. A classic example of this occured with the P-element DNA transposon,
which invaded natural populations of D. melanogaster around 1950 [8—-10]. When males bearing
genomic P-elements (P-strain) are mated to naive females lacking P-elements and
corresponding piRNAs (M-strain), they produce dysgenic offspring that do not regulate P-
elements in germline cells [11]. A range of fertility effects result from unregulated P-element
transposition, including the complete loss of germline cells and sterility [12]. Interestingly, naive
M genotypes differ in their propensity to produce dysgenic progeny when crossed to reference
P-strain males, suggesting the presence of tolerant variants [8,10,13,14].

In dysgenic offspring, P-element transposition occurs in germline cells throughout the life
cycle of the fly, providing multiple opportunities for tolerant phenotypes to emerge. Starting at
the second-instar larval stage dysgenic females exhibit reduced primordial germ cells (PGCs),
suggesting an early onset of P-element transposition [15—-17]. Dysgenic PGC loss is partially
suppressed by overexpression of myc, which encodes a transcription factor that promotes stem
cell maintenance [17]. PGC loss may also be suppressed by mutations in checkpoint kinase 2
(chk2), a key factor in germline response to DSBs [18,19]. Tolerance of PGCs to P-element
transposition could therefore arise through increased signaling for stem cell maintenance, or
increased DNA repair in damaged PGCs.

Similar to larvae, mechanisms that reduce accumulated DNA damage, such as DNA
repair, could also confer tolerance in adult females. In mature dysgenic ovaries, differentiating
pre-meiotic cells undergo chk2-dependent cell-death at an elevated rate [15,20]. However,
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unlike their larval precursors the PGCs, adult germline stem cells (GSCs) are not lost at a high
rate due to P-element transposition [15,20]. Rather, the more dramatic phenotype is that P-
element transposition causes delay in differentiation of cytoblasts (CBs), the immediate progeny
of GSCs, which results in a temporary block to oogenesis [15,20,21]. Therefore, tolerance could
also emerge in adult females through mechanisms that facilitate the escape of CBs from
arrested differentiation.

Through QTL mapping in a panel of highly recombinant inbred lines from the Drosophila
Synthetic Population Resource (DSPR Population A RILs, [22]), we recently uncovered a
natural tolerance allele that is associated with reduced expression of bruno, a female germline
differentiation factor [14]. Here we present results from a second QTL mapping study in an
independent panel of DSPR RILs (Population B, [22]). We describe two natural alleles that
determine germline tolerance to P-element activity in young and aged females, respectively. We
further interrogated the tolerance phenotype by contrasting RNA expression, small RNA
expression, and radiation sensitivity between tolerant and sensitive genotypes, as well as by
performing mutational analysis of the candidate tolerance factor brat. Our results suggest that
young tolerant females enjoy enhanced DSB repair when compared to sensitive genotypes,
allowing them to minimize dysgenic PGC loss. In contrast, we uncover the germline
differentiation factor brat as a candidate tolerance factor in aged females. Together our results
reveal the complexity of natural variation in TE tolerance, and highlight potential targets of
positive selection following P-element invasion in natural populations of D. melanogaster.

RESULTS

1. QTL mapping of 2" chromosome centromere:

The DSPR RILs are all P-element free M-strains, which were isolated from natural
populations before the P-element invasion [22]. We therefore screened for tolerant alleles
among the panel B RIL genomes by crossing RIL females to males from the reference P-strain
Harwich, and examining the morphology of the F1 ovaries (Figure 1a). Atrophied ovaries are
indicative of germline loss resulting from P-element activity, while non-atrophied ovaries are
indicative of tolerance [14,23]. Since dysgenic females differ across development [15], and
some females exhibit age-dependent recovery from P-element hybrid dysgenesis [24], we
phenotyped F1 females at two developmental time points: 3 days and 21 days post-eclosion.

Similar to our observations with the Population A RILs [14], we found continuous
variation in the frequency of ovarian atrophy among dysgenic offspring of different RIL mothers,
indicating genetic variation in tolerance (Supplemental table S1 and 2). Based on a combined
linear model of F1 atrophy among 3 and 21 day old females, we estimated the broad-sense
heritability of tolerance in our experiment to be ~42.5%. However, the effect of age on the
proportion of F1 atrophy was significant but minimal (X?= 7.03, df = 1, p-value = 0.008) with 3-
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day-old females showing only 0.7% increase in atrophy as compared to 21-day-old females.
Therefore, age-dependent recovery from dysgenic sterility is not common among the genotypes
we sampled.

To identify the genomic regions associated with genetic variation in germline tolerance,
we performed QTL mapping using the published RIL genotypes [22]. We found a large QTL
peak near the 2" chromosome centromere in both 3 and 21 day-old F1 females (Figure 1b,
Table 1; Supplemental table S3 and S4). However, the genomic intervals within which the
causative change separating sensitive and tolerant most likely resides are non-overlapping
between the 3 and 21 day-old data sets (Figure 1c, Table 1). The major QTL in 21 day-old
females (hereafter, QTL-21d) resides in the euchromatic region and is quite small (990 kb)
compared to the major QTL in 3 day-old females (hereafter QTL-3d), which spans the
centromere and pericentromeric regions (9.6 Mb, Figure 1d). Therefore, there are likely at least
two polymorphisms that influence tolerance near the 2" chromosome centromere, one of which
is more important in young 3-day old females, and the other of which is more important in 21
day-old females.

We further evaluated the age-specific effect of two linked QTL through haplotype
analysis. We modeled residual F1 ovarian atrophy as a function of QTL haplotype for the 3 day
and 21 day peaks, thereby disentangling synergistic (e.g. sensitive 3d, sensitive 21d) from
opposing (e.g. sensitive 3d, tolerant 21d) allelic combinations (Supplemental figure S4). We
observed that the 3 day old QTL is solely-determinant of tolerance in the 3 day old offspring.
However, in 21-day-old offspring only the genotypes containing tolerant alleles at both QTL
differ from sensitive. This suggests QTL-3d may determine germ cell maintenance in the larval,
pupal and early adult stages, but QTL-21d may be additionally required to maintain tolerance in
aging females. The presence of two tolerance QTL is further supported by the phenotypic
classes we detected among founder alleles (B1-B8) for each of the QTL peaks (Figure 1e). For
QTL-21d, both B2 and B6 founder alleles are sensitive and greatly increase dysgenic ovarian
atrophy, while all other founder alleles are tolerant. By contrast for QTL-3d, only the B6 founder
allele is associated with increased sensitivity.

We next sought to determine whether reduced ovarian atrophy in tolerant alleles truly
increases fitness by restoring fertility, or merely allows for the production of inviable gametes.
To this end, we generated isogenic lines that carry either sensitive (B6) or tolerant (B8) alleles
at both QTL loci in an otherwise identical genetic background (Supplemental figure S5).
Consistent with our QTL mapping, tolerant alleles display less F1 ovarian atrophy (24-31%) than
sensitive strains when crossed with Harwich males (Figure 1f, Supplemental table S17).
Furthermore, fertility rates are higher than sensitive alleles (13-29)%, suggesting they are
beneficial in dysgenic females (Figure 1g, Supplemental table S18). Finally, while tolerant
females produce few offspring, offspring counts were significantly higher for tolerant females
from one isogenic stock when compared to sensitive (Figure 1h).
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Figure 1: QTL mapping of variation in P-element tolerance. a) Crossing scheme to
phenotype the variation in tolerance to P-elements among the RILs by screening for ovarian
atrophy in 3 and 21 day-old dysgenic F1 females. Representative images of atrophied and non-
atrophied ovaires are from Kelleher et al. [14] b) The log of odds (LOD) plot for QTL mapping of
germline tolerance using 3 day-old (orange) and 21 day-old (blue) F1 females. The dotted line is
the LOD threshold and x-axis represents the chromosomal positions. ¢) Zoomed-in figure of
QTL mapping from 3 days (orange) and 21 days (blue). The colored boxes show the genomic
interval that likely contains the causative genetic variant of each QTL, based on a A2LOD drop
from the peak position [25]. The pairs of dotted lines indicate the peak A2LOD scores that
determines the interval. The solid horizontal line is the LOD significance threshold based on
1,000 permutations of the phenotype data. d) Cytological map depicting the interval of the two
QTL peaks [26,27]. e) Graph showing F1 atrophy (y-axis) associated with each of the eight
founder alleles (x-axis) at the QTL peaks. All the QTL peaks show 2 phenotypic classes:
sensitive (light green) and tolerant (dark green). (f-g) Percentage of (f) ovarian atrophy and (g)
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sterility among dysgenic female offspring from crosses between Harwich males and isogenic
females carrying sensitive (B6) and tolerant (B8) alleles. Tolerant strains show significant
reduction in F1 atrophy (Tolerant_B8! vs. Sensitive_B6: x?>= 37.05, df = 1, p-value = 1.15e-09;
Tolerant_B8! vs. Sensitive_B62: x?= 13.7, df = 1, p-value = 0.0002; Tolerant_B82 vs.
Sensitive_B6': X-squared = 37.85, df = 1, p-value = 7.63e-10; Tolerant_B8? vs. Sensitive_B6:
X2 =14.14, df = 1, p-value = 0.0001) as well as F1 sterility (Tolerant_B8! vs. Sensitive_B6>: x*=
10.55, df = 1, p-value = 0.001; Tolerant_B8! vs. Sensitive_B62: x?= 8.41, df = 1, p-value = 0.003;
Tolerant_B8? vs. Sensitive_B63: x? = 4.4, df = 1, p-value = 0.03; Tolerant_B8? vs. Sensitive_B6:
x? = 3.4, df = 1, p-value = 0.06) compared to the sensitive strains. Subscripts 2 and 2 denote
isogenic lines that were independently generated. h) Number of F2 offspring produced by
individual dysgenic F1 females from crosses between Harwich males and isogenic tolerant and
sensitive females. The horizontal line indicates the mean. Tolerant_B8? strains show a
significantly higher number of F2 offspring (Tolerant_B8? vs. Sensitive_B63: Z = 2.83, p-value =
0.004; Tolerant_B8! vs. Sensitive_B62: Z = 2.52, p-value = 0.012). Error bars in e, f and g
represent the standard error. The data used to generate plot in panel b,c, and e are provided in
Supplemental table S3 and S4 and that used for plot in panel f, g and h are provided in
Supplemental table Supplemental figure S17 and S18 respectively.

Analysis LOD Score Peak Position A2LOD Cl BCI % variation
2L:20,710,000- 2L:20,820,000-

3-day 15.2 2R:6,192,495 2R:7,272,495 2R:6,942,495 11.13
2L:19,170,000- 2L:19,010,000-

21-day  10.13 2L:19,420,000 20,080,000 20,000,000 9.78

Table 1: QTL positions for tolerance in 3 and 21-day old females. The peak position,
A2L.OD drop confidence interval (A2LOD Cl), and the Bayesian Credible Interval (BCI) in dm6
[28] are provided for each analysis. The data used to identify the LOD peaks and intervals for 3
and 21-day old females can be found in Supplemental table S3 and S4, respectively.

2. Sensitive and tolerant alleles may differ in DSB repair and
heterochromatin formation.

Both the QTL regions contain large numbers of protein coding and non-coding RNA
genes, piRNA clusters, and repeats, which could influence tolerance (Figure 1d). To better
understand the differences between tolerant and sensitive genotypes, we compared their
ovarian gene expression profiles by stranded total RNA-seq. To avoid the confounding effects of
germline loss under dysgenic conditions, we focused on 3-5 day old RIL females, rather than
their dysgenic offspring. To account for potential background effects, we examined three pairs
of RILs that carried either a sensitive (B6) or tolerant (B4) QTL haplotype across the QTL region
(dm6 2L:19,010,000-2R:7,272,495) in otherwise similar genetic backgrounds (shared 44-47% of
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founder alleles outside the QTL). Principal component analysis (PCA) of read counts reveals
two independent axes that resolve sensitive and tolerant gene expression profiles, which
together account for 40% and 16% of variation (Figure 2a, Supplemental table S14). One
biological replicate of RIL 21188 (tolerant) was an outlier, which we excluded from our
downstream analysis of differentially expressed genes.

We found a total of 530 genes differentially expressed between sensitive and tolerant
genotypes (Benjamini-Hochberg adjusted p-value <=0.05, fold-change > 1.5; Supplemental
table S5). The most significantly enriched GO term among genes upregulated in tolerant
ovaries is chorion assembly (Bonferroni corrected P value <0.01, Figure 2b, Supplemental
table S7: full report). Indeed, all of the major chorion genes are significantly upregulated in the
tolerant ovaries (Figure 2c, [29,30]). It is unlikely that chorion synthesis promotes tolerance
because chorion synthesis occurs in late-stage oocytes [stages 10B-14, 31], whereas atrophy
results from the loss of larval PGCs and pre-meiotic adult cysts (GSCs) [15-17,19]. However,
chorion genes reside in clusters that undergo multiple rounds of gene amplification [32,33],
generating abundant DSBs at the boundaries of the amplified region that need to be repaired to
permit transcription [34]. Therefore, upregulation of chorion genes in tolerant genotypes could
indicate more efficient DSB repair.

Genes upregulated in the sensitive genotypes are enriched for functions in chromatin
assembly and transcription, cell division, and translation. However, a careful inspection of genes
underlying these enriched terms reveals that with the exception of translation, they are majorly
explained by the increased expression of replication-dependent (RD) histone gene copies
(Figure 2d). Notably, the expression of both histone and chorion genes are increased in late
oogenesis [35—38], meaning that their inverted differential expression between sensitive and
tolerant genotypes cannot be explained by differential abundance of late stage oocytes.
Furthermore, histone upregulation may reduce tolerance to P-element activity, since
overexpression of RD histones is associated with increased sensitivity to DNA damage [39—-43],
and excess Histones are reported to compete with DNA repair proteins for binding to damage
sites [40].

The D. melanogaster histone gene cluster is located in the pericentromeric region of
QTL-3d and consists of ~100 copies of a 5-kb cluster containing each of the 5 RD histones
(his1, his2A, his2B, his3 and his4). However, the differential regulation of histones is unlikely to
reflect the presence of a cis-regulatory variant within the QTL, since the histone gene cluster
exhibits coordinated and dosage compensated regulation in a unique nuclear body called the
histone locus body (HLB, [44]). We therefore postulate that sensitive and tolerant alleles may
differ in heterochromatin formation, since many negative regulators of histone gene transcription
are also suppressors of position effect variegation [43,45]. In support of this model, sensitive
(B6) genotypes exhibit increased expression of pericentromeric genes, as well as genes on the
heterochromatic 4th chromosome (Figure 2e). We also discovered increased expression of
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pericentromeric genes associated with the B6 haplotype in a previously published microarray
dataset from head tissue ([46] Supplemental figure S1), suggesting B6 is unusual among the
founder alleles in exhibiting reduced heterochromatin formation.
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Figure 2: Tolerance is associated with increased chorion gene expression, whereas
sensitivity is associated with increased expression of replication-dependent histones. a)
PCA analysis of gene expression data for pairs of S/sensitive (B6) and T/ tolerant (B4) RILs.
Members of the same RIL pair with otherwise similar genetic backgrounds are represented by
the same shape. b) GO terms enriched among genes upregulated in tolerant and sensitive
genotypes. ¢) Log2 fold increase in expression in tolerant genotypes for chorion genes residing
in the four amplicons (Drosophila Amplicons in Follicle Cells, DAFCs) as well as outside
amplicons [29,30]. d) Log2 fold increase in RD histone expression in sensitive genotypes. e).
Probability density plot of log2 fold change values for all euchromatic (blue), pericentromeric
(red), telomeric (green) genes and 4th chromosome (gray) between strains carrying sensitive
and tolerant alleles. The mean of each distribution is represented by a dotted line. Sensitive
genotypes display significantly higher expression of pericentromeric genes (two-sample t-test,
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t1a1= -9.32, p-value = 2.335e-16) and 4th chromosome genes (two-sample t-test, ts3 = -4.56, p-
value = 3.014e-05) when compared to euchromatic genes. For e) the x-axis boundaries were
confined from (-1.5 to 2) for a better visualization. The pericentromere-euchromatin boundaries
were drawn from [28,47] and subtelomeric-euchromatin boundary coordinates from [48-50]. The
data represented in panel a is provided in Supplemental table S14 and plot in panel ¢, d, and e
in Supplemental table S5).

3. Sensitive alleles are associated with radiation sensitivity

Our gene expression data suggest that sensitive and tolerant alleles may differ in their
capacity to repair DSBs. Mutations in repair genes are widely known to cause radiation
sensitivity [51-55]. We therefore compared the sensitivity of the tolerant and sensitive larvae
from isogenic lines to X-ray radiation.

After exploring a range of radiation doses, we found that doses above 10 Gy showed
high lethality, making it difficult to detect differences in radiation sensitivity between the
genotypes (Supplemental table S19). Therefore, we compared the response of sensitive and
tolerant larvae to radiation doses of 0 Gy, 5 Gy and 10 Gy. We observed that tolerant genotypes
had significantly higher survival (53-58%) than the sensitive genotypes (25-30%) at 10 Gy
(Figure 3). These results are consistent with differences between sensitive and tolerant alleles
in DSB repair.
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Figure 3. Tolerance is associated with enhanced DNA damage repair. Bar graph showing
the percentage of mock treated and irradiated (5 Gy and 10 Gy) larvae that survived to
adulthood for the tolerant, sensitive and the control genotypes. CS refers to Canton-S and
marker refers to the multiply marked stock b cn (#44229), which was used to generate isogenic
lines. The X-axis represents the different strains with the colors representing the type of
genotype. The Y-axis is the percentage of irradiated larvae that survived to adulthood. The
numbers in the brackets refer to the sample size. The number of larvae that survived and died
were compared between tolerance and sensitive genotypes . For 5 Gray irradiation,
Tolerant_B8! vs. Sensitive_B6°: x?= 15.66, df=1, p-value =0.0008; Tolerant_B8? vs.
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Sensitive_B62: x?= 9.56, df=1, p-value =0.001. For 10 Gray irradiation, Tolerant_B8? vs.
Sensitive_B62: x? = 34.23, df=1, p-value =0.0001; Tolerant_B8* vs. Sensitive_B63: x? = 12.69,
df=1, p-value =0.0004; Tolerant_B8? vs. Sensitive_B62: x? = 58.6, df=1, p-value =0.0001 ;
Tolerant_B8? vs. Sensitive_B63: x?= 19.08, df=1, p-value =0.0001). The data represented in the
figure is provided in Supplemental table S19.

3. piRNA clusters in QTL-3d exhibit differential activity that
does not translate to TE deregulation.

Although the RIL mothers do not produce or transmit P-element-derived piRNAs
(Supplementary table S8), the D. melanogaster genome harbors >100 resident TE families
[56,57] that are also regulated by piRNAs [5]. Transposition of resident TEs could add to
genotoxic stress triggered by P-element activity, thereby reducing tolerance. Furthermore,
transposition rates of resident (non P-element) TEs differ between wild-type strains [58-60].
Two features of our data suggest potential differences in piRNA cluster activity between
sensitive and tolerant alleles. First, QTL-3d contains numerous piRNA clusters, including major
ovarian piRNA cluster 42AB, which could differ in activity between sensitive and tolerant alleles
(Figure 1d). Second, differential heterochromatin formation between sensitive and tolerant
genotypes could impact piRNA cluster expression, which is dependent upon the
heterochromatic histone modification, histone 3 lysine 9 trimethylation (H3K9me3) [61,62]. We
therefore evaluated whether tolerant and sensitive alleles differ in the activity of piRNA clusters
by performing small RNA-seq on the same ovarian samples used for total RNA-seq.

A PCA of piRNA cluster expression reveals that sensitive and tolerant genotypes differ in
the activity of some piRNA clusters, and are resolved by the second principal component,
accounting for 22% variation in expression (Figure 4a, Supplemental table S15). However, the
major piRNA clusters—including 42AB—are not differentially expressed between sensitive and
tolerant alleles, suggesting that the proposed reduction in heterochromatin formation in sensitive
genotypes does not globally inhibit piRNA biogenesis (Figure 4b, Supplemental Table S8).
Nevertheless, we discovered two small pericentromeric piRNA clusters located within QTL-3d
that were active in tolerant genotypes but largely quiescent in sensitive genotypes (Figure 4b, c
and d; Supplemental figure S2 and S3; Supplemental table S16). These piRNA clusters are
largely composed of TE fragments that are relatively divergent from the consensus (65 to 95%
sequence similarity; Supplemental table S9), or are most similar to a consensus TE from other
(non-melanogaster) Drosophila species. Given that transpositionally active TEs are generally
highly similar to the consensus sequence [63], and piRNA silencing is disrupted by mismatches
between the piRNA and its target [64], this suggests that the differential activity of these two
piRNA clusters is unlikely to impact the expression of transpositionally active TEs.

To directly address if differences in tolerance are related to resident TE regulation, we
compared genome-wide resident TE expression between sensitive and tolerant genotypes in
our RNA-seq data. None of the TE families represented in the QTL-3d piRNA clusters were
upregulated in sensitive genotypes (Figure 4e, Supplemental table S10). Furthermore, while
some TE families are differentially expressed, there is ho systematic increase in TE activity in
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the sensitive genotypes. Rather, more TE families are upregulated in tolerant genotypes (13
TEs) when compared to sensitive (4 TES) genotypes. Therefore, despite the conspicuous
position of QTL-3d surrounding piRNA producing-regions, as well as evidence for differential
heterochromatin formation that could impact piRNA biogenesis (Figure 2b and e), we find no
evidence that tolerance is determined by resident TE silencing.
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9 (T) genotypes. Members of the same RIL pair are represented by the same shapes. b) Heat
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expressed QTL clusters in QTL-3d. RIL pairs are plotted adjacent to each other. ¢ and d)
Uniquely mapping piRNAs within two differentially active QTL-3d piRNA clusters are compared
between sensitive (21183) and tolerant (21213) genotypes. Positive value indicates piRNAs
mapped to the sense strand of the reference genome and negative value indicates those from
the antisense strand. TE insertions in each cluster are presented according to family by different
colors; TE-others indicate the insertion was most similar to a consensus TE from a sibling
species of D. melanogaster. See Supplemental figure S2-3 for cluster expression in the
remaining RIL pairs. For b, c and d, piRNA cluster expression levels are estimated by log2
scale transformed of reads per million mapped reads [log2(RPM+1)]. e) Genome-wide
differences in TE family expression between sensitive and tolerant genotypes (fold change =
1.5, base mean >= 100, adjusted p-value <= 0.05), based on alignment to consensus
sequences. The data used to plot panel a is provided in Supplemental table S15, for panel b in
Supplemental table S8, for panel ¢ and d in Supplemental table S16 and S9, and for panel e
in Supplemental table S10)

4. Identifying candidate tolerance genes

We next sought to identify candidate genes that explain the tolerance differences using
three criteria: 1) location within a QTL, 2) differential expression and 3) the presence of “in-
phase” single nucleotide polymorphisms (SNPs) (Supplemental table S11, S12, and S13). In-
phase SNPs are those where the genotypic differences between the founder alleles are
consistent with their tolerance phenotype class [65]re 5a, [65]) . Of 530 differentially expressed
genes (Figure 5b), 43 are within the QTL region, representing an approximately five-fold
enrichment in the QTL regions compared to the rest of the genome (X-squared = 255.54, df = 1,
p-value < 2.2e-16, Figure 5b). Ultimately, we identified 14 and 5 differentially expressed genes
that also carry in-phase SNPs within the QTL-3d and 21d, respectively (Figure 5¢c and d;
Supplemental table 12). Furthermore, we identified 37 genes in QTL-3d and 4 genes in QTL-
21d containing in-phase non-synonymous SNPs, which may affect the function of the encoded
protein (Supplemental table S13). These genes represent the strongest candidates to contain
tolerant variants.

We next scoured our list of candidate genes for those with known functions in
heterochromatin formation and DSB repair, whose differential function or regulation are
plausibly related to phenotypic differences associated with sensitive and tolerant alleles. Within
QTL-3d, Nipped-A—which contains a non-synonymous in-phase SNP—stood out as a member
of the Tat interacting protein 60 kD (TIP60) complex. The TIP60 complex has functions in DSB
repair and heterochromatin formation [66—70]: providing a clear connection to our gene
expression and radiation assays. The non-synonymous SNP that separates sensitive and
tolerant alleles of this gene are located in the HEAT2 domain, which is predicted to be essential
for protein-protein interaction [71-73]. Furthermore, two additional members/interactors of
TIP60 complex residing within QTL-3d (yeti and dRSF-1) and three members outside QTL
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(dom, E(Pc) & DMAPL; Supplemental table S6) are differentially expressed between tolerant
and sensitive genotypes [67,74,75].
Within QTL-21d, we did not find any genes with function in heterochromatin formation or
DSB repair. However, the germline differentiation factor brat was exceptional in containing 14
in-phase SNPs in introns and downstream regions, and is upregulated in the tolerant genotypes
(Supplemental table S5 and S11). In adult ovaries, Brat is excluded from GSCs, but is
expressed in CBs and promotes differentiation [76]. Because DNA damage blocks cystoblast
differentiation by suppressing bam translation [21], brat could confer tolerance in older females
by helping cytoblasts escape arrest.
a) Sensitive WM Tolerant b)
*k*
In-phase out of phase —
SNP SNP 0)
+ + % 0.10
Bi: C ACCTTAGGATCGTTGGATTA ©
B2: A G I5
B3: C ACCTTAGGATCGTT T GATTA S oos
B4: C AccTTAGGATCGTTGGATTA 8 - - PR - - - _ - -
B6: A T e .
B7: C ACCTTAGGATCGTT T GATTA 0.00
B8: C ACCTTAGGATCGTT G GATTA QTL rest of genome
C) QTL-21d

Figure 5: Differential expression and in-phase SNPs identify candidate tolerance genes.
a) Hypothetical in-phase and out of phase SNPs are shown. Sequences of each of the B
founder B strains are colored based on their phenotypic classification, either tolerant or sensitive
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(Figure 1e). Bold letters indicate SNPs. b) The proportion of genes differentially expressed
(DEG) is compared inside and outside the QTL. The dotted line is the genome wide average. c
and d) Venn diagrams showing the overlap of differentially expressed genes (DEG) and genes
carrying in-phase SNPs for QTL-21d (c) and QTL-3d (d). The number outside the bracket
indicates all genes with in-phase SNPs, whereas the number within the brackets indicates the
genes carrying non-synonymous in-phase SNPs only. The data for differential expression of
genes for tolerant and sensitive genotypes is provided in Supplemental table S5. The data on
in-phase polymorphisms for each QTL peak are provided in Supplemental table S11. List of
candidate genes that have both in-phase polymorphisms and are differentially expressed, and
those having non-synonymous in-phase polymorphisms are provided in Supplemental table
S12 and S13, respectively.

6. Investigating the role of brat in tolerance.

To determine the impact of brat on tolerance, we examined the tolerance phenotypes of
a brat loss-of-function mutation (brat!) and multiple deficiencies overlapping brat. The candidate
causative variants in brat that are proposed to influence tolerance are most likely heterozygous
in dysgenic hybrid offspring. We therefore evaluated the heterozygous effect of brat! and
overlapping deficiencies by comparing the incidence of ovarian atrophy between mutant or
deficiency offspring to balancer siblings from dysgenic crosses (brat/CyO x Harwich).

In absence of dysgenesis, brat loss of function alleles impact oogenesis recessively [76].
However, we found that the brat! heterozygotes showed a significantly higher frequency of
ovarian atrophy (68.6%) than their balancer control siblings (37.5%) (Figure 6, Supplemental
table S20). Furthermore, two out of three deficiency stocks with deletions overlapping brat
increased ovarian atrophy similarly to the brat! mutant, suggesting that this phenotype is not an
effect of the 2" chromosome of the brat! mutant line (Figure 6, Supplemental table S20). The
deficiency line (Df(2L)brat [ED1231]) that shows no change in the incidences of ovarian atrophy
may carry deletions in genes with opposing function to that of brat, or suppressors elsewhere in
the genome. Our results suggest that brat activity increases fertility in dysgenic females, which
is consistent with our observation that tolerant alleles exhibit increased brat expression
(Supplemental table S5). Notably, the fertility effects of brat were observed in 3 day-old
offspring, as attempts to look at older females (21 day-olds) were unsuccessful due to a high
mortality rate.
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Figure 6. Loss-of-function mutation of brat increases severity of hybrid dysgenesis. The
percentage of F1 ovarian atrophy is compared between control balancer siblings CyO/+,
heterozygous brat! mutants and heterozygous deficiency lines Df(2L)brat. brat® mutant: x2=
13.55, df=1, p-value =0.0002. Df(2L)brat [Exel8040]: x?= 14.78, df=1, p-value =0.0001.
Df(2L)brat [ED1231]: x?= 0.06, df=1, p-value =0.8. Df(2L)brat [ED1200]: x*>= 3.66, df=1, p-value
=0.05. The underlying data are provided in Supplemental table S20.
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Figure 7. Hypothesized mechanisms of TE tolerance in young and old females. a) We
propose that in larval and young-adult females, germline tolerance to P-elements may be
determined by enhanced DSB repair through increased TIP60 activity. b) In aging dysgenic
females, brat may determine tolerance by promoting differentiation of arrested cytoblasts, thus
aiding in their escape from the cell-cycle arrest imposed by P-element mediated DNA damage.

Discussion

Although small RNA mediated TE regulation is widely studied, little is known about
cellular and molecular mechanisms that confer tolerance to transposition. Here we uncovered
natural variation in tolerance to P-element DNA transposons, which is associated with two or
more loci proximal to the second chromosome centromere in D. melanogaster. We further
showed that tolerant and sensitive genotypes may differ in their ability to enact DSB repair,
potentially explaining their differential responses to P-element transposition. Finally, we
identified candidate genes in each QTL that potentially determine the phenotypic differences
between tolerant and sensitive alleles. Within QTL-3d, Nipped-A has a non-synonymous in-
phase SNP that could alter the activity of encoded protein. By contrast, brat, located in QTL-
21d, has in-phase SNPs in its intronic and downstream regions, and is upregulated in tolerant
genotypes.

Differences in DSB repair and TIP60 activity
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We propose that in young females, tolerance is determined by the ability to repair DSBs
resulting from P-element activity in larval PGCs. In our ovarian RNA-seq data, we saw two
circumstantial indicators of differences in DSB repair in tolerant genotypes: increased chorion
gene expression and decreased histone gene expression (Figure 2b-d). Chorion gene
amplification is dependent upon DSB repair; thus, while we did not directly assay amplification,
their increased expression may indicate more efficient repair [34]. Conversely, in yeast, excess
histones inhibit DSB repair, potentially by competing with repair complexes for access to DNA
[40,77]. Increased histone expression in sensitive genotypes may therefore inhibit DSB repair.
Consistent with both of these observations, we observed that tolerant genotypes are
significantly more resilient to X-ray radiation (Figure 3), which is widely associated with
increased activity of DNA repair genes [51-55].

Enhanced repair in tolerant genotypes may be explained by increased activity of the
TIP60 complex: a conserved chromatin remodeling complex with functions in DSB repair [75,78]
and heterochromatin formation [66—69]. While two additional TIP60 components reside within
QTL-3d and are differentially expressed between sensitive and tolerant genotypes (yeti and
dRSF-1), Nipped-A is unigue in containing a non-synonymous in-phase SNP. Consistent with a
deleterious effect, the amino acid change carried by the sensitive allele is quite rare in recently
sampled natural populations worldwide (collected after P-element invasion), occurring in only
four of 645 sequenced strains [79,80]. Interestingly, one of these strains (RAL799) was recently
examined for radiation sensitivity and found to be highly sensitive [81].

While the functional consequences of the non-synonymous SNP that separates tolerant
and sensitive Nipped-A alleles is not clear, the upregulation of four other TIP60 members in
tolerant genotypes (dRSF-1, dom, E(Pc) & DMAP1), together with evidence of enhanced
heterochromatin formation, suggests increased TIP60 activity (Supplemental table S6).
Increased TIP60 could directly facilitate DSB repair through its function in the exchange of
phosphorylated Histone 2AV at DSBs [75]. However, enhanced heterochromatin formation
resulting from TIP60 function could also facilitate DSB repair indirectly by reducing the
expression of histones. The latter is more speculative, because although the histone locus body
has a specialized chromatin state determined by multiple suppressors of variegation [43,45],
there is limited evidence that TIP60 regulates the histone locus body [82].

Germ cell differentiation and tolerance in adult females.

We identified brat as a promising candidate to explain natural variation in tolerance of
aging (21 day) females. brat resides in QTL-21d, contains 14 in-phase SNPs and was
upregulated in tolerant genotypes. Consistent with brat function promoting tolerance, we
observed that a brat loss-of-function mutation and multiple brat deficiencies are dominant
enhancers of dysgenic ovarian atrophy (Figure 6b), while their effects on oogenesis in non-
dysgenic germlines are recessive [83].

We propose that in aging adult females, brat could confer tolerance by promoting
cystoblast (CB) differentiation, thereby opposing the arrested differentiation that results from
DSBs [Figure 7b; 21]. Indeed, CB accumulation is observed when hybrid dysgenesis is induced
by temperature shift in adult females [15,20]. CB differentiation is delayed following DNA
damage by repressing the translation of bam, a key differentiation factor [21]. Brat acts to
promote the translation of bam by repressing the translation of Mad and Myc [83]. Interestingly
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in the larval gonad, Myc activity is associated with retention of PGCs in dysgenic germlines [17],
further highlighting how tolerance mechanisms may differ over the course of development.

Our demonstration that brat promotes tolerance also presents an intriguing contrast to
our previous report that another germline differentiation factor, bruno, reduces tolerance [14].
Unlike brat alleles, bruno alleles and deficiencies are dominant suppressors of hybrid
dysgenesis. Similar to brat, bruno encodes an mRNA binding protein that promotes
differentiation of pre-meiotic cysts in the female germline, albeit at a later 4-cell stage [84,85].
bruno further differs from brat in acting independently of the Bam/Bgcn pathway that is
repressed in CBs after DSBs [21,86]. Collectively therefore our data speak to a careful
orchestration of germ cell differentiation that can facilitate germline persistence in the face of
DNA damage.

Conclusion:
Our work reveals that natural tolerance to transposition can arise throughout the lifecycle

of the fly, ensuring the maintenance of germline cells during development and the production of
gametes in adults. This contrasts our previous study of natural variation in the population A RILs
of the DSPR, which uncovered a single major effect QTL of differentiation factor, bruno, on
tolerance in both young and old females [14]. Furthermore, while DNA damage signaling is a
clear determinant of dysgenic germ cell loss [15,19,20], we for the first time provide evidence of
natural variation in DNA repair offsetting the damaging effects of transposition. Our observations
therefore point to multiple new mechanisms through which germlines could withstand the
genotoxic effects of unregulated transposition, which may respond to natural selection after new
TEs invade.

Methods

Drosophila Strains and Husbandry. The recombinant inbred lines (RILS) were generously
provided by Stuart Macdonald. Harwich (#4264), b cn (#44229), brat! (#3988),
Df(2L)brat[Exel8040] (#7847), Df(2L)brat [ED1231] (#9174) and Df(2L)brat [ED1200] (#9173)
were obtained from the Bloomington Drosophila stock center. Canton-S was obtained from
Brigitte Dauwalder. All flies were maintained in standard cornmeal media.

Alleles of the second chromosome centromeric region, containing both QTL, were
extracted from three recombinant inbred lines carrying B6 QTL allele (#21076, #21218, #21156)
and two RILs carrying B8 QTL allele (#21077, #21154) into a common background by crossing
them to multiply marked stocks b cn (#44229). After 7 rounds of backcrossing followed by
inbreeding, the final isogenic lines (Sensitive_B6!, Sensitive_B62? , Sensitive_B6° and
Tolerant_B8!, Tolerant_B8?) were generated. The lines were made homozygous for the 2™
chromosome by inbreeding and selecting for wild type phenotype. The genotype of the isogenic
lines were verified through PCR using five different primers within the two QTL.
chr2L:19383155-19383970: AACCCTTTTTCGCTGACAATAACA, ATTATCAGCAGGAGCCGGAAACTT;
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chr21:21333500-21334300: AAGTGAAGCTAACAACGTGACAAC,CGTTTGACCATCGCTTACAACTAA;
chr2R:2392800-2393600: AACAGGAGGTCGAAAGCCAAATA, ATGCAGAGTCATATTCTGGGTTGG;
chr2R:6203290-6204284: AATGGAGACCGTTGATTTTGGTAA,CTTTTCTGCGGCATCAGGTG;
chr2R:6058000-6059000: TGGCAATTGCAATCCTTTTGGTAT, ATAACACGAACTACGACCTTTCCA

Phenotyping. Phenotyping of ovarian atrophy was performed as described previously in
Kelleher et al [14]. Briefly, crosses between virgin RIL females and Harwich males were
transferred to fresh food every 3-5 days. Since crosses reared at a restrictive temperature (29
°C) result in complete gonadal atrophy in F1 offspring, we reared our crosses at a lower
permissive temperature (25 °C), which produces an intermediate phenotype that better reveals
the variation in severity of dysgenesis [12,14,15,87]. F1 offspring were maintained for 3 days or
21 days, at which point their ovaries were examined using a squash prep [87]. 21 day- old
females were transferred onto new food every 5 days as they aged to avoid bacterial growth.
Females who produced 1 or more chorionated egg chambers were scored as having non-
atrophied ovaries, and females producing 0 egg chambers were scored as having atrophied
ovaries.

Crosses and phenotyping were performed for 673 RILs across 22 experimental blocks
for 3 day-old F1 females, and 552 RILs across 18 experimental blocks for 21 day-old F1
females. If fewer than 21 F1 offspring were phenotyped for the same cross, it was discarded
and repeated if possible. In total, we phenotyped >20 3-day old and 21 day-old F1 female
offspring for 595 RILs and 456 RILs, respectively.

QTL mapping. QTL mapping was performed as described in Kelleher et al. [14]. Briefly, for
each developmental time point, we modeled the arcsine transformed proportion of F1 ovarian
atrophy as a function of two random effects: experimental block and undergraduate
experimenter. Regression models were fit using the Imer function from the Ime4 package [88].
We then used the residuals as a response for QTL mapping with the DSPRqtl package [22] in R
3.02 [89]. 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) [25], or from the Bayes Confidence
Interval [90]. For A2-LOD intervals, we took the conservative approach of determining the
longest contiguous interval where the LOD score was within 2 of the peak value. We further
calculated the broad sense heritability of ovarian atrophy as in Kelleher et al. [14].

Estimation of Founder Phenotypes and QTL phasing. To estimate the phenotypic effect
associated with each founder allele at the QTL peak, we considered the distribution of
phenotypes from all RILs carrying the founder haplotype at the LOD peak position (genotype
probability >0.95%) [22]. QTL were then phased into allelic classes by identifying the minimal
number of partitions of founder haplotypes that describes phenotypic variation associated with
the QTL peak, as described previously [14,22].

Fertility Assays. Virgin female offspring from dysgenic crosses between isogenic lines carrying

tolerant_B81/B8,(21077, 21154) and tolerant_B8,/B83 (21218, 21156) alleles and Harwich
males were collected daily and individually placed in a vial containing two Canton-S males.

20


https://paperpile.com/c/ASxI8f/19kVh/?noauthor=1
https://paperpile.com/c/ASxI8f/F6MCr+Nht9r+19kVh+Crdld
https://paperpile.com/c/ASxI8f/Nht9r
https://paperpile.com/c/ASxI8f/19kVh/?noauthor=1
https://paperpile.com/c/ASxI8f/eL5OY
https://paperpile.com/c/ASxI8f/OulgO
https://paperpile.com/c/ASxI8f/xuKvS
https://paperpile.com/c/ASxI8f/aUggc
https://paperpile.com/c/ASxI8f/J4hfZ
https://paperpile.com/c/ASxI8f/19kVh/?noauthor=1
https://paperpile.com/c/ASxI8f/OulgO
https://paperpile.com/c/ASxI8f/OulgO+19kVh
https://doi.org/10.1101/2021.04.30.441852
http://creativecommons.org/licenses/by-nc-nd/4.0/

© 00O ~NO Ol WN PP

A BA DA DWWWWWWWWWWNDNDNDNDNNDNDNMNNNREPERPEPEERPERERPPRPRELPR
WNPFPOOWONOUUPAAWNPFPOOONOOUPRAWNREPOOONOOGPMAWDNDPE,O

bioRxiv preprint doi: https://doi.org/10.1101/2021.04.30.441852; this version posted February 15, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY-NC-ND 4.0 International license.

Females were allowed to mate for 5 days and were transferred to a new vial for another 5 days
after which the parents were discarded. The presence and total number of F2 individuals were
counted from the two vials.

Identification of in-phase polymorphisms. The SNP data of B founders that used to infer in-
phase SNPs is based on dm3 [22]. To identify in-phase SNPs we looked for alternate SNP
alleles that match the predicted phenotypic class for each of the QTL peaks. For QTL-21d we
used the criteria: sensitive class (B2, B6) and the tolerant class (B1, B3, B4, B7, B8), whereas
for QTL-3d: sensitive class (B6) and the tolerant class (B1, B2, B3, B4, B7, B8).

Selection of paired RILs with alternate QTL alleles. We identified background matched RILs
containing either the B6 (“sensitive”) or B4 (“tolerant”) haplotypes from the start position of the
QTL-21d confidence interval (2L: 19,010,000) to the end position of QTL-3d confidence interval
(2R: 6,942,495) (P > 0.9), based on their published HMM genotypes [22]. For all possible RIL
pairs (B6 and B4), we then calculated the number of 10 Kb genomic windows in which they
carried the same RIL haplotype (P > 0.9). We selected three pairs of RILs, which carry the
same founder genotype for 47% (21213 & 21183), 46% (21147 & 21346) and 44% (21291 &
21188) of genomic windows outside of the QTL.

Small RNA-seq and total RNA-seq. RILs were maintained at 25°C, and three biological
replicates of 20 ovaries were dissected from 3-5 day old females. Ovaries were homogenized
in TRIzol and stored at -80°C until RNA extraction. 50 ug of total RNA from each of 18 biological
samples (3 biological replicates x 3 pairs) was size fractionated in a 15% denaturing
polyacrylamide gel and the 18-30 nt band was excised. 2S-depleted small RNA libraries for
lllumina sequencing were then constructed according to the method of Wickersheim and
Blumenstiel [91]. Ovarian small RNA libraries were published previously [SRP160954, 92].
Ribodepleted and stranded total RNA libraries were generated from the same ovarian samples
using NuGen total RNA kit (TECAN). All 18 small RNA and total RNA libraries were sequenced
on an lllumina Nextseq 500 at the University of Houston Seq-N-Edit Core, and are deposited in
the NCBI BioProject PRINA490147.

Small-RNA analysis. Sequenced small RNAs were separated based on size into
MiRNAs/siRNAs (18-22nt) and piRNAs (23-30nt) [11]. Reads corresponding to contaminating
rRNAs, including 2S-rRNA, were removed from each library by aligning to annotated transcripts
from flybase [93]. To determine the piRNA cluster activity we first uniquely aligned the piRNAs
to reference genome (dm6 [28]) using Bowtiel (-v 1 -m 1) [94]. We then used a customized perl
script (https://github.com/JLama75/piRNA-cluster-Coverage-script) to count reads that
mapped to a set of previously annotated piRNA clusters from the same genotypes (497 piRNA
clusters, [95]). Read counts normalized to total mapped microRNAs for each library were used
to infer differential expression using DESeqg2 [96]. Sliding window estimates of piRNA
abundance (Figure 2c and d) were calculated using bedtools genomecov [97], normalizing the
read counts to total mapped miRNA reads.
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Total RNA analysis. Residual ribosomal RNAs (rRNAs) were identified in ribodepleted libraries
based on alignment to annotated rRNAs from flybase [93], and excluded from further analysis.
Retained reads aligned to the library of consensus satellite and TE sequences from repbase
[98], plus additional satellite consensus sequences from Larracuente [99]. For TE expression,
the total reads mapped to TE sequences were counted using unix commands (uniq -c).
Remaining reads that failed to map were aligned to D. melanogaster transcriptome
(dm6/BDGP6) using Kallisto with default parameters [100]. Differentially expressed TEs and
genes were identified from a combined analysis in DESeq2 [96]. Genes and TEs with base
mean >= 100, Adjusted P-value <= 0.05 and whose expression pattern differed (fold change >=
1.5) were considered differentially expressed between the B6 and B4 QTL haplotype.

Radiation Sensitivity. Third instar larvae were either mock treated or irradiated in a Rad
Source RS 1800 X-ray machine set at 12.5 mA and 160 kV. To obtain 3rd instar larvae,
embryos were collected for 24 hr and aged for 5 days at 25 degree Celsius. The food vials
containing larvae were then X-ray irradiated at doses from 5-80 Gray after which an optimal
dose that clearly depicts the phenotypic difference was selected. Survival to adulthood was
determined by scoring the number of empty and full pupal cases at 10 days after radiation.

22


https://paperpile.com/c/ASxI8f/HmlOU
https://paperpile.com/c/ASxI8f/kciLT
https://paperpile.com/c/ASxI8f/Ws0YU/?noauthor=1
https://paperpile.com/c/ASxI8f/EUiyP
https://paperpile.com/c/ASxI8f/CNVMm
https://doi.org/10.1101/2021.04.30.441852
http://creativecommons.org/licenses/by-nc-nd/4.0/

N

g1 b~

11
12
13

14
15
16

17
18

19
20
21

22
23

24
25
26

27
28
29

30
31
32

33
34

bioRxiv preprint doi: https://doi.org/10.1101/2021.04.30.441852; this version posted February 15, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY-NC-ND 4.0 International license.

References

1. Chuong EB, Elde NC, Feschotte C. Regulatory activities of transposable elements:
from conflicts to benefits. Nat Rev Genet. 2017;18: 71-86.

2. Roy BA, Kirchner JW. Evolutionary dynamics of pathogen resistance and tolerance.
Evolution. 2000;54: 51-63.

3. Mauricio R. Natural selection and the joint evolution of toleranceand resistance as
plant defenses. Evolutionary Ecology. 2000. pp. 491-507.
doi:10.1023/a:1010909829269

4. Raberg L. How to live with the enemy: understanding tolerance to parasites. PL0oS
Biol. 2014;12: €1001989.

5. Brennecke J, Aravin AA, Stark A, Dus M, Kellis M, Sachidanandam R, et al.
Discrete small RNA-generating loci as master regulators of transposon activity in
Drosophila. Cell. 2007;128: 1089-1103.

6. Nishida KM, Saito K, Mori T, Kawamura Y, Nagami-Okada T, Inagaki S, et al. Gene
silencing mechanisms mediated by Aubergine piRNA complexes in Drosophila
male gonad. RNA. 2007;13: 1911-1922.

7. Malone CD, Hannon GJ. Small RNAs as guardians of the genome. Cell. 2009;136:
656—668.

8. Kidwell, M.G., Frydryck, T., and Novy, J.B. The hybrid dysgenesis potential of
Drosophila melanogaster strains of diverse temporal and geographical natural
origins. Drosophila Information Service. 1983;59: 59-63.

9. Kidwell MG. Evolution of hybrid dysgenesis determinants in Drosophila
melanogaster. Proc Natl Acad Sci U S A. 1983;80: 1655-1659.

10. Anxolabéhere D, Kidwell MG, Periquet G. Molecular characteristics of diverse
populations are consistent with the hypothesis of a recent invasion of Drosophila
melanogaster by mobile P elements. Mol Biol Evol. 1988;5: 252—2609.

11. Brennecke J, Malone CD, Aravin AA, Sachidanandam R, Stark A, Hannon GJ. An
epigenetic role for maternally inherited piRNAs in transposon silencing. Science.
2008;322: 1387-1392.

12. Kidwell MG, Kidwell JF, Sved JA. Hybrid Dysgenesis in DROSOPHILA
MELANOGASTER: A Syndrome of Aberrant Traits Including Mutation, Sterility and
Male Recombination. Genetics. 1977;86: 813—-833.

13. Ignatenko OM, Zakharenko LP, Dorogova NV, Fedorova SA. P elements and the

determinants of hybrid dysgenesis have different dynamics of propagation in

23


http://paperpile.com/b/ASxI8f/Ky3yg
http://paperpile.com/b/ASxI8f/Ky3yg
http://paperpile.com/b/ASxI8f/mVwO
http://paperpile.com/b/ASxI8f/mVwO
http://paperpile.com/b/ASxI8f/wdsJ
http://paperpile.com/b/ASxI8f/wdsJ
http://paperpile.com/b/ASxI8f/wdsJ
http://dx.doi.org/10.1023/a:1010909829269
http://paperpile.com/b/ASxI8f/qu2f
http://paperpile.com/b/ASxI8f/qu2f
http://paperpile.com/b/ASxI8f/4hWER
http://paperpile.com/b/ASxI8f/4hWER
http://paperpile.com/b/ASxI8f/4hWER
http://paperpile.com/b/ASxI8f/lEZuR
http://paperpile.com/b/ASxI8f/lEZuR
http://paperpile.com/b/ASxI8f/lEZuR
http://paperpile.com/b/ASxI8f/RhxxT
http://paperpile.com/b/ASxI8f/RhxxT
http://paperpile.com/b/ASxI8f/OhnJr
http://paperpile.com/b/ASxI8f/OhnJr
http://paperpile.com/b/ASxI8f/OhnJr
http://paperpile.com/b/ASxI8f/a4Ycn
http://paperpile.com/b/ASxI8f/a4Ycn
http://paperpile.com/b/ASxI8f/axBTF
http://paperpile.com/b/ASxI8f/axBTF
http://paperpile.com/b/ASxI8f/axBTF
http://paperpile.com/b/ASxI8f/qs31h
http://paperpile.com/b/ASxI8f/qs31h
http://paperpile.com/b/ASxI8f/qs31h
http://paperpile.com/b/ASxI8f/F6MCr
http://paperpile.com/b/ASxI8f/F6MCr
http://paperpile.com/b/ASxI8f/F6MCr
http://paperpile.com/b/ASxI8f/6xTuq
http://paperpile.com/b/ASxI8f/6xTuq
https://doi.org/10.1101/2021.04.30.441852
http://creativecommons.org/licenses/by-nc-nd/4.0/

» ga b~ wWwN =

\‘

(o]

11
12
13

14
15
16

17
18

19
20
21

22
23
24

25
26
27

28
29
30

31
32
33

34
35

bioRxiv preprint doi: https://doi.org/10.1101/2021.04.30.441852; this version posted February 15, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

available under aCC-BY-NC-ND 4.0 International license.

Drosophila melanogaster populations. Genetica. 2015;143: 751-759.

Kelleher ES, Jaweria J, Akoma U, Ortega L, Tang W. QTL mapping of natural
variation reveals that the developmental regulator bruno reduces tolerance to P-
element transposition in the Drosophila female germline. PLoS Biol. 2018;16:
e2006040.

Dorogova NV, Bolobolova EU, Zakharenko LP. Cellular aspects of gonadal atrophy
in Drosophila P-M hybrid dysgenesis. Dev Biol. 2017;424: 105-112.

Teixeira FK, Okuniewska M, Malone CD, Coux R-X, Rio DC, Lehmann R. piRNA-
mediated regulation of transposon alternative splicing in the soma and germ line.
Nature. 2017;552: 268—-272.

Ota R, Kobayashi S. Myc plays an important role in Drosophila P-M hybrid
dysgenesis to eliminate germline cells with genetic damage. Commun Biol. 2020;3:
185.

Shim HJ, Lee E-M, Nguyen LD, Shim J, Song Y-H. High-dose irradiation induces
cell cycle arrest, apoptosis, and developmental defects during Drosophila
oogenesis. PLoS One. 2014;9: e890009.

Tasnim S, Kelleher ES. p53 is required for female germline stem cell maintenance
in P-element hybrid dysgenesis. Dev Biol. 2018;434: 215-220.

Moon S, Cassani M, Lin YA, Wang L, Dou K, Zhang ZZ. A Robust Transposon-
Endogenizing Response from Germline Stem Cells. Dev Cell. 2018;47: 660—
671.e3.

Ma X, Han Y, Song X, Do T, Yang Z, Ni J, et al. DNA damage-induced Lok/CHK2
activation compromises germline stem cell self-renewal and lineage differentiation.
Development. 2016;143: 4312-4323.

King EG, Merkes CM, McNeil CL, Hoofer SR, Sen S, Broman KW, et al. Genetic
dissection of a model complex trait using the Drosophila Synthetic Population
Resource. Genome Res. 2012;22: 1558-1566.

Schaefer RE, Kidwell MG, Fausto-Sterling A. Hybrid Dysgenesis in DROSOPHILA
MELANOGASTER: Morphological and Cytological Studies of Ovarian Dysgenesis.
Genetics. 1979;92: 1141-1152.

Khurana JS, Wang J, Xu J, Koppetsch BS, Thomson TC, Nowosielska A, et al.
Adaptation to P element transposon invasion in Drosophila melanogaster. Cell.
2011;147: 1551-1563.

Lander ES, Botstein D. Mapping mendelian factors underlying quantitative traits
using RFLP linkage maps. Genetics. 1989;121: 185-199.

24


http://paperpile.com/b/ASxI8f/6xTuq
http://paperpile.com/b/ASxI8f/19kVh
http://paperpile.com/b/ASxI8f/19kVh
http://paperpile.com/b/ASxI8f/19kVh
http://paperpile.com/b/ASxI8f/19kVh
http://paperpile.com/b/ASxI8f/Crdld
http://paperpile.com/b/ASxI8f/Crdld
http://paperpile.com/b/ASxI8f/1Px87
http://paperpile.com/b/ASxI8f/1Px87
http://paperpile.com/b/ASxI8f/1Px87
http://paperpile.com/b/ASxI8f/SStWd
http://paperpile.com/b/ASxI8f/SStWd
http://paperpile.com/b/ASxI8f/SStWd
http://paperpile.com/b/ASxI8f/KdFji
http://paperpile.com/b/ASxI8f/KdFji
http://paperpile.com/b/ASxI8f/KdFji
http://paperpile.com/b/ASxI8f/ZibXz
http://paperpile.com/b/ASxI8f/ZibXz
http://paperpile.com/b/ASxI8f/lDBUF
http://paperpile.com/b/ASxI8f/lDBUF
http://paperpile.com/b/ASxI8f/lDBUF
http://paperpile.com/b/ASxI8f/H02qu
http://paperpile.com/b/ASxI8f/H02qu
http://paperpile.com/b/ASxI8f/H02qu
http://paperpile.com/b/ASxI8f/OulgO
http://paperpile.com/b/ASxI8f/OulgO
http://paperpile.com/b/ASxI8f/OulgO
http://paperpile.com/b/ASxI8f/UlgVO
http://paperpile.com/b/ASxI8f/UlgVO
http://paperpile.com/b/ASxI8f/UlgVO
http://paperpile.com/b/ASxI8f/lySF
http://paperpile.com/b/ASxI8f/lySF
http://paperpile.com/b/ASxI8f/lySF
http://paperpile.com/b/ASxI8f/aUggc
http://paperpile.com/b/ASxI8f/aUggc
https://doi.org/10.1101/2021.04.30.441852
http://creativecommons.org/licenses/by-nc-nd/4.0/

11
12
13

14
15

16
17

18
19
20

21
22
23

24
25
26
27

28
29

30
31

32
33

34
35

bioRxiv preprint doi: https://doi.org/10.1101/2021.04.30.441852; this version posted February 15, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

available under aCC-BY-NC-ND 4.0 International license.

Bridges CB. SALIVARY CHROMOSOME MAPS: With a Key to the Banding of the
Chromosomes of Drosophila Melanogaster. J Hered. 1935;26: 60—-64.

Bridges PN. A NEW MAP OF THE SALIVARY GLAND 2L-CHROMOSOME: of
Drosophila Melanogaster. J Hered. 1942;33: 403—408.

Hoskins RA, Carlson JW, Wan KH, Park S, Mendez I, Galle SE, et al. The Release
6 reference sequence of the Drosophila melanogaster genome. Genome Res.
2015;25: 445,

Tootle TL, Williams D, Hubb A, Frederick R, Spradling A. Drosophila Eggshell
Production: Identification of New Genes and Coordination by Pxt. PLoS One.
2011;6: €19943.

Kim JC, Nordman J, Xie F, Kashevsky H, Eng T, Li S, et al. Integrative analysis of
gene amplification in Drosophila follicle cells: parameters of origin activation and
repression. Genes Dev. 2011;25: 1384.

Waring GL. Morphogenesis of the eggshell in Drosophila. Int Rev Cytol. 2000;198.
doi:10.1016/s0074-7696(00)98003-3

Spradling AC. The organization and amplification of two chromosomal domains
containing drosophila chorion genes. Cell. 1981;27: 193—-201.

Claycomb JM, Benasutti M, Bosco G, Fenger DD, Orr-Weaver TL. Gene
Amplification as a Developmental Strategy: Isolation of Two Developmental
Amplicons in Drosophila. Dev Cell. 2004;6: 145-155.

Alexander JL, Barrasa MI, Orr-Weaver TL. Replication Fork Progression during Re-
replication Requires the DNA Damage Checkpoint and Double-Strand Break
Repair. Curr Biol. 2015;25: 1654—-1660.

Potter-Birriel J, Gonsalvez GB, Marzluff WF. A region of Drosophila SLBP distinct
from the histone pre-mRNA binding and processing domains is essential for
deposition of histone mRNA in the oocyte. Cold Spring Harbor Laboratory. 2020. p.
2020.04.16.030577. d0i:10.1101/2020.04.16.030577

Ruddell A, Jacobs-Lorena M. Biphasic pattern of histone gene expression during
Drosophila oogenesis. Proc Natl Acad Sci U S A. 1985;82: 3316-33109.

Ambrosio L, Schedl P. Two discrete modes of histone gene expression during
oogenesis in Drosophila melanogaster. Dev Biol. 1985;111: 220-231.

Waring GL. Morphogenesis of the eggshells in Drosophila. International Review of
Cytology. Academic Press; 2000. pp. 67-108.

Gunjan A, Verreault A. A Rad53 kinase-dependent surveillance mechanism that
regulates histone protein levels in S. cerevisiae. Cell. 2003;115. do0i:10.1016/s0092-

25


http://paperpile.com/b/ASxI8f/oYnN
http://paperpile.com/b/ASxI8f/oYnN
http://paperpile.com/b/ASxI8f/msUX
http://paperpile.com/b/ASxI8f/msUX
http://paperpile.com/b/ASxI8f/jhxhG
http://paperpile.com/b/ASxI8f/jhxhG
http://paperpile.com/b/ASxI8f/jhxhG
http://paperpile.com/b/ASxI8f/7CMWg
http://paperpile.com/b/ASxI8f/7CMWg
http://paperpile.com/b/ASxI8f/7CMWg
http://paperpile.com/b/ASxI8f/K4JX7
http://paperpile.com/b/ASxI8f/K4JX7
http://paperpile.com/b/ASxI8f/K4JX7
http://paperpile.com/b/ASxI8f/pKBxV
http://paperpile.com/b/ASxI8f/pKBxV
http://dx.doi.org/10.1016/s0074-7696(00)98003-3
http://paperpile.com/b/ASxI8f/tobOK
http://paperpile.com/b/ASxI8f/tobOK
http://paperpile.com/b/ASxI8f/PI260
http://paperpile.com/b/ASxI8f/PI260
http://paperpile.com/b/ASxI8f/PI260
http://paperpile.com/b/ASxI8f/ckVMy
http://paperpile.com/b/ASxI8f/ckVMy
http://paperpile.com/b/ASxI8f/ckVMy
http://paperpile.com/b/ASxI8f/a3VOA
http://paperpile.com/b/ASxI8f/a3VOA
http://paperpile.com/b/ASxI8f/a3VOA
http://paperpile.com/b/ASxI8f/a3VOA
http://dx.doi.org/10.1101/2020.04.16.030577
http://paperpile.com/b/ASxI8f/pVqmK
http://paperpile.com/b/ASxI8f/pVqmK
http://paperpile.com/b/ASxI8f/MB8H3
http://paperpile.com/b/ASxI8f/MB8H3
http://paperpile.com/b/ASxI8f/TqUWX
http://paperpile.com/b/ASxI8f/TqUWX
http://paperpile.com/b/ASxI8f/cEtxc
http://paperpile.com/b/ASxI8f/cEtxc
http://dx.doi.org/10.1016/s0092-8674(03)00896-1
https://doi.org/10.1101/2021.04.30.441852
http://creativecommons.org/licenses/by-nc-nd/4.0/

11
12
13
14

15
16
17

18
19
20

21
22
23

24
25
26

27
28
29

30
31

32
33
34

35
36

bioRxiv preprint doi: https://doi.org/10.1101/2021.04.30.441852; this version posted February 15, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

available under aCC-BY-NC-ND 4.0 International license.

8674(03)00896-1

Liang D, Burkhart SL, Singh RK, Kabbaj M-HM, Gunjan A. Histone dosage
regulates DNA damage sensitivity in a checkpoint-independent manner by the
homologous recombination pathway. Nucleic Acids Res. 2012;40: 9604.

Murga M, Jaco |, Fan Y, Soria R, Martinez-Pastor B, Cuadrado M, et al. Global
chromatin compaction limits the strength of the DNA damage response. J Cell Biol.
2007;178: 1101.

Landais S, D’Alterio C, Jones DL. Persistent replicative stress alters polycomb
phenotypes and tissue homeostasis in Drosophila melanogaster. Cell Rep. 2014;7.
doi:10.1016/j.celrep.2014.03.042

Ozawa N, Furuhashi H, Masuko K, Numao E, Makino T, Yano T, et al. Organ
identity specification factor WGE localizes to the histone locus body and regulates
histone expression to ensure genomic stability in Drosophila. Genes Cells.
2016;21. doi:10.1111/gtc.12354

McKay DJ, Klusza S, Penke TJR, Meers MP, Curry KP, McDaniel SL, et al.
Interrogating the function of metazoan histones using engineered gene clusters.
Dev Cell. 2015;32: 373-386.

Ner SS, Harrington MJ, Grigliatti TA. A Role for the Drosophila SU(VAR)3-9 Protein
in Chromatin Organization at the Histone Gene Cluster and in Suppression of
Position-Effect Variegation. Genetics. 2002;162: 1763-1774.

King EG, Sanderson BJ, McNeil CL, Long AD, Macdonald SJ. Genetic dissection of
the Drosophila melanogaster female head transcriptome reveals widespread allelic
heterogeneity. PLoS Genet. 2014;10: e1004322.

Riddle NC, Minoda A, Kharchenko PV, Alekseyenko AA, Schwartz YB, Tolstorukov
MY, et al. Plasticity in patterns of histone modifications and chromosomal proteins
in Drosophila heterochromatin. Genome Res. 2011;21: 147.

Karpen GH, Spradling AC. Analysis of Subtelomeric Heterochromatin in the
Drosophila Minichromosome Dp1187 by Single P Element Insertional Mutagenesis.
Genetics. 1992;132: 737.

Yin H, Lin H. An epigenetic activation role of Piwi and a Piwi-associated piRNA in
Drosophila melanogaster. Nature. 2007;450: 304—308.

Walter MF, Jang C, Kasravi B, Donath J, Mechler BM, Mason JM, et al. DNA
organization and polymorphism of a wild-type Drosophila telomere region.
Chromosoma. 1995;104: 229-241.

Koval L, Proshkina E, Shaposhnikov M, Moskalev A. The role of DNA repair genes
in radiation-induced adaptive response in Drosophila melanogaster is differential

26


http://dx.doi.org/10.1016/s0092-8674(03)00896-1
http://paperpile.com/b/ASxI8f/V1mSf
http://paperpile.com/b/ASxI8f/V1mSf
http://paperpile.com/b/ASxI8f/V1mSf
http://paperpile.com/b/ASxI8f/wOm75
http://paperpile.com/b/ASxI8f/wOm75
http://paperpile.com/b/ASxI8f/wOm75
http://paperpile.com/b/ASxI8f/P5wSX
http://paperpile.com/b/ASxI8f/P5wSX
http://paperpile.com/b/ASxI8f/P5wSX
http://dx.doi.org/10.1016/j.celrep.2014.03.042
http://paperpile.com/b/ASxI8f/7Mpsr
http://paperpile.com/b/ASxI8f/7Mpsr
http://paperpile.com/b/ASxI8f/7Mpsr
http://paperpile.com/b/ASxI8f/7Mpsr
http://dx.doi.org/10.1111/gtc.12354
http://paperpile.com/b/ASxI8f/4COTk
http://paperpile.com/b/ASxI8f/4COTk
http://paperpile.com/b/ASxI8f/4COTk
http://paperpile.com/b/ASxI8f/SunW3
http://paperpile.com/b/ASxI8f/SunW3
http://paperpile.com/b/ASxI8f/SunW3
http://paperpile.com/b/ASxI8f/eFmG
http://paperpile.com/b/ASxI8f/eFmG
http://paperpile.com/b/ASxI8f/eFmG
http://paperpile.com/b/ASxI8f/h96QL
http://paperpile.com/b/ASxI8f/h96QL
http://paperpile.com/b/ASxI8f/h96QL
http://paperpile.com/b/ASxI8f/dvEyW
http://paperpile.com/b/ASxI8f/dvEyW
http://paperpile.com/b/ASxI8f/dvEyW
http://paperpile.com/b/ASxI8f/mXyU7
http://paperpile.com/b/ASxI8f/mXyU7
http://paperpile.com/b/ASxI8f/rZF5g
http://paperpile.com/b/ASxI8f/rZF5g
http://paperpile.com/b/ASxI8f/rZF5g
http://paperpile.com/b/ASxI8f/df5Ne
http://paperpile.com/b/ASxI8f/df5Ne
https://doi.org/10.1101/2021.04.30.441852
http://creativecommons.org/licenses/by-nc-nd/4.0/

N

g1 b~

11
12
13

14
15
16

17
18

19
20

21
22
23

24
25
26

27
28
29
30

31
32
33

34
35

bioRxiv preprint doi: https://doi.org/10.1101/2021.04.30.441852; this version posted February 15, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

available under aCC-BY-NC-ND 4.0 International license.

and conditional. Biogerontology. 2019;21: 45-56.

Uri A, Martha K, Veronika B-1, Anna B, Trudi S. An essential role for Drosophila
husl in somatic and meiotic DNA damage responses. J Cell Sci. 2007;120: 1042.

Ruike T, Takeuchi R, Takata K-1, Oshige M, Kasai N, Shimanouchi K, et al.
Characterization of a second proliferating cell nuclear antigen (PCNAZ2) from
Drosophila melanogaster. FEBS J. 2006;273: 5062—-5073.

Staeva-Vieira E, Yoo S, Lehmann R. An essential role of DmRad51/SpnA in DNA
repair and meiotic checkpoint control. EMBO J. 2003;22: 5863-5874.

Sterpone S, Cozzi R. Influence of XRCC1 Genetic Polymorphisms on lonizing
Radiation-Induced DNA Damage and Repair. J Nucleic Acids. 2010;2010.

Kaminker JS, Bergman CM, Kronmiller B, Carlson J, Svirskas R, Patel S, et al. The
transposable elements of the Drosophila melanogaster euchromatin: a genomics
perspective. Genome Biol. 2002;3: 1-20.

Quesneville H, Bergman CM, Andrieu O, Autard D, Nouaud D, Ashburner M, et al.
Combined evidence annotation of transposable elements in genome sequences.
PL0oS Comput Biol. 2005;1: 166—-175.

Nuzhdin SV, Mackay TF. Direct determination of retrotransposon transposition
rates in Drosophila melanogaster. Genet Res. 1994;63: 139-144.

Nuzhdin SV, Mackay TF. The genomic rate of transposable element movement in
Drosophila melanogaster. Mol Biol Evol. 1995;12: 180-181.

Nuzhdin SV, Pasyukova EG, Morozova EA, Flavell AJ. Quantitative genetic
analysis of copia retrotransposon activity in inbred Drosophila melanogaster lines.
Genetics. 1998;150: 755-766.

Mohn F, Sienski G, Handler D, Brennecke J. The rhino-deadlock-cutoff complex
licenses noncanonical transcription of dual-strand piRNA clusters in Drosophila.
Cell. 2014;157: 1364-1379.

Le Thomas A, Stuwe E, Li S, Du J, Marinov G, Rozhkov N, et al.
Transgenerationally inherited piRNAs trigger piRNA biogenesis by changing the
chromatin of piIRNA clusters and inducing precursor processing. Genes Dev.
2014;28: 1667-1680.

Bergman CM, Bensasson D. Recent LTR retrotransposon insertion contrasts with
waves of non-LTR insertion since speciation in Drosophila melanogaster. Proc Natl
Acad Sci U S A. 2007;104: 11340-11345.

Post C, Clark JP, Sytnikova YA, Chirn G-W, Lau NC. The capacity of target
silencing byDrosophilaPIWI and piRNAs. RNA. 2014. pp. 1977-1986.

27


http://paperpile.com/b/ASxI8f/df5Ne
http://paperpile.com/b/ASxI8f/G1Puh
http://paperpile.com/b/ASxI8f/G1Puh
http://paperpile.com/b/ASxI8f/94jcX
http://paperpile.com/b/ASxI8f/94jcX
http://paperpile.com/b/ASxI8f/94jcX
http://paperpile.com/b/ASxI8f/G6xA1
http://paperpile.com/b/ASxI8f/G6xA1
http://paperpile.com/b/ASxI8f/kLWnf
http://paperpile.com/b/ASxI8f/kLWnf
http://paperpile.com/b/ASxI8f/qYft
http://paperpile.com/b/ASxI8f/qYft
http://paperpile.com/b/ASxI8f/qYft
http://paperpile.com/b/ASxI8f/WRHuU
http://paperpile.com/b/ASxI8f/WRHuU
http://paperpile.com/b/ASxI8f/WRHuU
http://paperpile.com/b/ASxI8f/FSZzs
http://paperpile.com/b/ASxI8f/FSZzs
http://paperpile.com/b/ASxI8f/INaTi
http://paperpile.com/b/ASxI8f/INaTi
http://paperpile.com/b/ASxI8f/QfNn0
http://paperpile.com/b/ASxI8f/QfNn0
http://paperpile.com/b/ASxI8f/QfNn0
http://paperpile.com/b/ASxI8f/YTSzb
http://paperpile.com/b/ASxI8f/YTSzb
http://paperpile.com/b/ASxI8f/YTSzb
http://paperpile.com/b/ASxI8f/5koUc
http://paperpile.com/b/ASxI8f/5koUc
http://paperpile.com/b/ASxI8f/5koUc
http://paperpile.com/b/ASxI8f/5koUc
http://paperpile.com/b/ASxI8f/TZQF0
http://paperpile.com/b/ASxI8f/TZQF0
http://paperpile.com/b/ASxI8f/TZQF0
http://paperpile.com/b/ASxI8f/LoRqv
http://paperpile.com/b/ASxI8f/LoRqv
https://doi.org/10.1101/2021.04.30.441852
http://creativecommons.org/licenses/by-nc-nd/4.0/

N

g1 b~

\]

10
11

12
13
14
15

16
17
18

19
20
21

22
23
24

25
26

27
28
29

30
31
32

33
34
35

bioRxiv preprint doi: https://doi.org/10.1101/2021.04.30.441852; this version posted February 15, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

available under aCC-BY-NC-ND 4.0 International license.

doi:10.1261/rna.046300.114

Long AD, Macdonald SJ, King EG. Dissecting Complex Traits Using the Drosophila
Synthetic Population Resource. Trends Genet. 2014;30: 488.

Qi D, Jin H, Lilja T, Mannervik M. Drosophila Reptin and Other TIP60 Complex
Components Promote Generation of Silent Chromatin. Genetics. 2006;174: 241.

Hanai K, Furuhashi H, Yamamoto T, Akasaka K, Hirose S. RSF Governs Silent
Chromatin Formation via Histone H2Av Replacement. PLoS Genet. 2008;4.
doi:10.1371/journal.pgen.1000011

Sinclair DA, Clegg NJ, Antonchuk J, Milne TA, Stankunas K, Ruse C, et al.
Enhancer of Polycomb is a suppressor of position-effect variegation in Drosophila
melanogaster. Genetics. 1998;148: 211-220.

Ruhf ML, Braun A, Papoulas O, Tamkun JW, Randsholt N, Meister M. The domino
gene of Drosophila encodes novel members of the SWI2/SNF2 family of DNA-
dependent ATPases, which contribute to the silencing of homeotic genes.
Development. 2001;128: 1429-1441.

SunY, Jiang X, Chen S, Fernandes N, Price BD. A role for the Tip60 histone
acetyltransferase in the acetylation and activation of ATM. Proc Natl Acad Sci U S
A. 2005;102: 13182.

Knutson BA, Hahn S. Domains of Tral important for activator recruitment and
transcription coactivator functions of SAGA and NuA4 complexes. Mol Cell Biol.
2011;31: 818-831.

Perry P, Sauer S, Billon N, Richardson WD, Spivakov M, Warnes G, et al. A
dynamic switch in the replication timing of key regulator genes in embryonic stem
cells upon neural induction. Cell Cycle. 2004;3: 1645-1650.

Murr R, Vaissiere T, Sawan C, Shukla V, Herceg Z. Orchestration of chromatin-
based processes: mind the TRRAP. Oncogene. 2007;26: 5358-5372.

Messina G, Damia E, Fanti L, Atterrato MT, Celauro E, Mariotti FR, et al. Yeti, an
essential Drosophila melanogaster gene, encodes a protein required for chromatin
organization. J Cell Sci. 2014;127: 2577-2588.

Kusch T, Florens L, Macdonald WH, Swanson SK, Glaser RL, Yates JR, et al.
Acetylation by Tip60 is required for selective histone variant exchange at DNA
lesions. Science. 2004;306. doi:10.1126/science.1103455

Harris RE, Pargett M, Sutcliffe C, Umulis D, Ashe HL. Brat Promotes Stem Cell
Differentiation via Control of a Bistable Switch that Restricts BMP Signaling.
Developmental Cell. 2011. pp. 72—-83. doi:10.1016/].devcel.2010.11.019

28


http://paperpile.com/b/ASxI8f/LoRqv
http://dx.doi.org/10.1261/rna.046300.114
http://paperpile.com/b/ASxI8f/pvovV
http://paperpile.com/b/ASxI8f/pvovV
http://paperpile.com/b/ASxI8f/90Tsu
http://paperpile.com/b/ASxI8f/90Tsu
http://paperpile.com/b/ASxI8f/k1kPp
http://paperpile.com/b/ASxI8f/k1kPp
http://paperpile.com/b/ASxI8f/k1kPp
http://dx.doi.org/10.1371/journal.pgen.1000011
http://paperpile.com/b/ASxI8f/ih35b
http://paperpile.com/b/ASxI8f/ih35b
http://paperpile.com/b/ASxI8f/ih35b
http://paperpile.com/b/ASxI8f/aoNL5
http://paperpile.com/b/ASxI8f/aoNL5
http://paperpile.com/b/ASxI8f/aoNL5
http://paperpile.com/b/ASxI8f/aoNL5
http://paperpile.com/b/ASxI8f/lQnfY
http://paperpile.com/b/ASxI8f/lQnfY
http://paperpile.com/b/ASxI8f/lQnfY
http://paperpile.com/b/ASxI8f/rP17c
http://paperpile.com/b/ASxI8f/rP17c
http://paperpile.com/b/ASxI8f/rP17c
http://paperpile.com/b/ASxI8f/386mO
http://paperpile.com/b/ASxI8f/386mO
http://paperpile.com/b/ASxI8f/386mO
http://paperpile.com/b/ASxI8f/Qd1BL
http://paperpile.com/b/ASxI8f/Qd1BL
http://paperpile.com/b/ASxI8f/pg1jn
http://paperpile.com/b/ASxI8f/pg1jn
http://paperpile.com/b/ASxI8f/pg1jn
http://paperpile.com/b/ASxI8f/KkZDz
http://paperpile.com/b/ASxI8f/KkZDz
http://paperpile.com/b/ASxI8f/KkZDz
http://dx.doi.org/10.1126/science.1103455
http://paperpile.com/b/ASxI8f/2PYHh
http://paperpile.com/b/ASxI8f/2PYHh
http://paperpile.com/b/ASxI8f/2PYHh
http://dx.doi.org/10.1016/j.devcel.2010.11.019
https://doi.org/10.1101/2021.04.30.441852
http://creativecommons.org/licenses/by-nc-nd/4.0/

N

o 01 b~

O © o~

12

13
14
15

16
17
18
19

20
21
22

23
24

25
26
27

28
29
30

31
32
33

34
35

36

bioRxiv preprint doi: https://doi.org/10.1101/2021.04.30.441852; this version posted February 15, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

available under aCC-BY-NC-ND 4.0 International license.

Kumar K, Moirangthem R, Kaur R. Histone H4 dosage modulates DNA damage
response in the pathogenic yeast Candida glabrata via homologous recombination
pathway. PLoS Genet. 2020;16: €1008620.

SunY, Jiang X, Xu Y, Ayrapetov MK, Moreau LA, Whetstine JR, et al. Histone H3
methylation links DNA damage detection to activation of the tumour suppressor
Tip60. Nat Cell Biol. 2009;11: 1376-1382.

Lack JB, Cardeno CM, Crepeau MW, Taylor W, Corbett-Detig RB, Stevens KA, et
al. The Drosophila genome nexus: a population genomic resource of 623
Drosophila melanogaster genomes, including 197 from a single ancestral range
population. Genetics. 2015;199. doi:10.1534/genetics.115.174664

Lack JB, Lange JD, Tang AD, Corbett-Detig RB, Pool JE. A Thousand Fly
Genomes: An Expanded Drosophila Genome Nexus. Mol Biol Evol. 2016;33: 3308.

Vaisnav M, Xing C, Ku H-C, Hwang D, Stojadinovic S, Pertsemlidis A, et al.
Genome-Wide Association Analysis of Radiation Resistance in Drosophila
melanogaster. PLoS One. 2014;9. doi:10.1371/journal.pone.0104858

Messina G, Damia E, Fanti L, Atterrato MT, Celauro E, Mariotti FR, et al. Yeti, a
Drosophila melanogaster essential gene, encodes a protein required for chromatin
organization. J Cell Sci. 2014. Available:
https://www.academia.edu/download/46330185/jcs.150243.full.pdf

Harris RE, Pargett M, Sutcliffe C, Umulis D, Ashe HL. Brat promotes stem cell
differentiation via control of a bistable switch that restricts BMP signaling. Dev Cell.
2011;20: 72-83.

Parisi MJ, Deng W, Wang Z, Lin H. The arrest gene is required for germline cyst
formation during Drosophila oogenesis. Genesis. 2001;29: 196-209.

Wang Z, Lin H. Sex-lethal is a target of Bruno-mediated translational repression in
promoting the differentiation of stem cell progeny during Drosophila oogenesis. Dev
Biol. 2007;302: 160-168.

Xin T, Xuan T, Tan J, Li M, Zhao G, Li M. The Drosophila putative histone
acetyltransferase Enok maintains female germline stem cells through regulating
Bruno and the niche. Dev Biol. 2013;384: 1-12.

Srivastav SP, Kelleher ES. Paternal Induction of Hybrid Dysgenesis in Drosophila
melanogaster Is Weakly Correlated with Both P -Element and hobo Element
Dosage. G3: Genes|Genomes|Genetics. 2017; g3.117.040634.

Bates D, Machler M, Bolker B, Walker S. Fitting Linear Mixed-Effects Models Using
Ime4. J Stat Softw. 2015;67: 1-48.

Team, TRDC. The R Project for Statistical Computing. http://www.r-project.org.

29


http://paperpile.com/b/ASxI8f/G36Mg
http://paperpile.com/b/ASxI8f/G36Mg
http://paperpile.com/b/ASxI8f/G36Mg
http://paperpile.com/b/ASxI8f/xbdza
http://paperpile.com/b/ASxI8f/xbdza
http://paperpile.com/b/ASxI8f/xbdza
http://paperpile.com/b/ASxI8f/HIyYg
http://paperpile.com/b/ASxI8f/HIyYg
http://paperpile.com/b/ASxI8f/HIyYg
http://paperpile.com/b/ASxI8f/HIyYg
http://dx.doi.org/10.1534/genetics.115.174664
http://paperpile.com/b/ASxI8f/9X1Ho
http://paperpile.com/b/ASxI8f/9X1Ho
http://paperpile.com/b/ASxI8f/GvB00
http://paperpile.com/b/ASxI8f/GvB00
http://paperpile.com/b/ASxI8f/GvB00
http://dx.doi.org/10.1371/journal.pone.0104858
http://paperpile.com/b/ASxI8f/jIiA2
http://paperpile.com/b/ASxI8f/jIiA2
http://paperpile.com/b/ASxI8f/jIiA2
http://paperpile.com/b/ASxI8f/jIiA2
https://www.academia.edu/download/46330185/jcs.150243.full.pdf
http://paperpile.com/b/ASxI8f/3Crfg
http://paperpile.com/b/ASxI8f/3Crfg
http://paperpile.com/b/ASxI8f/3Crfg
http://paperpile.com/b/ASxI8f/xLYPL
http://paperpile.com/b/ASxI8f/xLYPL
http://paperpile.com/b/ASxI8f/ZPE3T
http://paperpile.com/b/ASxI8f/ZPE3T
http://paperpile.com/b/ASxI8f/ZPE3T
http://paperpile.com/b/ASxI8f/jsCy9
http://paperpile.com/b/ASxI8f/jsCy9
http://paperpile.com/b/ASxI8f/jsCy9
http://paperpile.com/b/ASxI8f/Nht9r
http://paperpile.com/b/ASxI8f/Nht9r
http://paperpile.com/b/ASxI8f/Nht9r
http://paperpile.com/b/ASxI8f/Nht9r
http://paperpile.com/b/ASxI8f/Nht9r
http://paperpile.com/b/ASxI8f/Nht9r
http://paperpile.com/b/ASxI8f/Nht9r
http://paperpile.com/b/ASxI8f/Nht9r
http://paperpile.com/b/ASxI8f/Nht9r
http://paperpile.com/b/ASxI8f/eL5OY
http://paperpile.com/b/ASxI8f/eL5OY
http://paperpile.com/b/ASxI8f/xuKvS
https://doi.org/10.1101/2021.04.30.441852
http://creativecommons.org/licenses/by-nc-nd/4.0/

11
12
13

14
15
16

17
18
19

20
21

22
23

24
25

26
27
28

29
30

31

bioRxiv preprint doi: https://doi.org/10.1101/2021.04.30.441852; this version posted February 15, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

available under aCC-BY-NC-ND 4.0 International license.

2008 [cited 3 Mar 2021]. Available: https://ci.nii.ac.jp/naid/10027310073

Manichaikul A, Dupuis J, Sen S, Broman KW. Poor performance of bootstrap
confidence intervals for the location of a quantitative trait locus. Genetics.
2006;174: 481-489.

Wickersheim ML, Blumenstiel JP. Terminator oligo blocking efficiently eliminates
rRNA from Drosophila small RNA sequencing libraries. Biotechniques. 2013;55:
269-272.

Zhang S, Kelleher ES. piRNA-mediated silencing of an invading transposable
element evolves rapidly through abundant beneficial de novo mutations. bioRXxiv.
2019. p. 611350. doi:10.1101/611350

Gramates LS, Marygold SJ, Santos G dos, Urbano J-M, Antonazzo G, Matthews
BB, et al. FlyBase at 25: looking to the future. Nucleic Acids Res. 2017;45: D663—
D671.

Langmead B, Trapnell C, Pop M, Salzberg SL. Ultrafast and memory-efficient
alignment of short DNA sequences to the human genome. Genome Biol. 2009;10:
R25.

Zhang S, Pointer B, Kelleher ES. Rapid evolution of piRNA-mediated silencing of
an invading transposable element was driven by abundant de novo mutations.
Genome Res. 2020;30: 566-575.

Love MI, Huber W, Anders S. Moderated estimation of fold change and dispersion
for RNA-seq data with DESeq2. Genome Biol. 2014;15: 550.

Quinlan AR. BEDTools: The Swiss-Army Tool for Genome Feature Analysis. Curr
Protoc Bioinformatics. 2014;47: 11.12.1-34.

Bao W, Kojima KK, Kohany O. Repbase Update, a database of repetitive elements
in eukaryotic genomes. Mob DNA. 2015;6: 11.

Larracuente AM. The organization and evolution of the Responder satellite in
species of the Drosophila melanogaster group: dynamic evolution of a target of
meiotic drive. BMC Evol Biol. 2014;14: 233.

100. Bray NL, Pimentel H, Melsted P, Pachter L. Near-optimal probabilistic RNA-seq

guantification. Nat Biotechnol. 2016;34: 525-527.

30


http://paperpile.com/b/ASxI8f/xuKvS
https://ci.nii.ac.jp/naid/10027310073
http://paperpile.com/b/ASxI8f/J4hfZ
http://paperpile.com/b/ASxI8f/J4hfZ
http://paperpile.com/b/ASxI8f/J4hfZ
http://paperpile.com/b/ASxI8f/J8DG0
http://paperpile.com/b/ASxI8f/J8DG0
http://paperpile.com/b/ASxI8f/J8DG0
http://paperpile.com/b/ASxI8f/J8DG0
http://paperpile.com/b/ASxI8f/J8DG0
http://paperpile.com/b/ASxI8f/N5R3a
http://paperpile.com/b/ASxI8f/N5R3a
http://paperpile.com/b/ASxI8f/N5R3a
http://dx.doi.org/10.1101/611350
http://paperpile.com/b/ASxI8f/HmlOU
http://paperpile.com/b/ASxI8f/HmlOU
http://paperpile.com/b/ASxI8f/HmlOU
http://paperpile.com/b/ASxI8f/biDCR
http://paperpile.com/b/ASxI8f/biDCR
http://paperpile.com/b/ASxI8f/biDCR
http://paperpile.com/b/ASxI8f/DbaHR
http://paperpile.com/b/ASxI8f/DbaHR
http://paperpile.com/b/ASxI8f/DbaHR
http://paperpile.com/b/ASxI8f/CNVMm
http://paperpile.com/b/ASxI8f/CNVMm
http://paperpile.com/b/ASxI8f/kAV4n
http://paperpile.com/b/ASxI8f/kAV4n
http://paperpile.com/b/ASxI8f/kciLT
http://paperpile.com/b/ASxI8f/kciLT
http://paperpile.com/b/ASxI8f/Ws0YU
http://paperpile.com/b/ASxI8f/Ws0YU
http://paperpile.com/b/ASxI8f/Ws0YU
http://paperpile.com/b/ASxI8f/EUiyP
http://paperpile.com/b/ASxI8f/EUiyP
https://doi.org/10.1101/2021.04.30.441852
http://creativecommons.org/licenses/by-nc-nd/4.0/

s e TCEr norerewn s e sgeh romatin telomere-associated fourth chromsome
0.50 ABC
- AS A
O A
D A
¢» 0.25
O
| -
=
LW 0.00 - + +
O
O B
» BC
-
S C B
< BC
—-0.50 - C D

B1 B2 B3 B4 B5 B6 B7 B8 B1 B2 B3 B4 B5 B6 B7 B8 B1 B2 B3 B4 B5 B6 B7 B8 B1 B2 B3 B4 B5 B6 B7 BS

Figure S1) Sensitivity is associated with increased expression of pericentromeric genes in the head. a) Mean
expression of genes located in the pericentromere, euchromatin, telomere and the fourth chromosome from
RILs carrying each of the eight B founder genotypes at the QTL-3d region. Error bars represent the standard
deviation among mean expression levels of different genes. The sensitive/B6 (light green) shows high pericen-
tromeric gene expression compared to the tolerant strains (dark green) (Anova; Fg 49 ~7-775, P<5.24e-08). The
letters indicate significantly different expression levels based on Tukey-HSD comparisons between RILs with

different founder alleles.
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Figure S2) Expression profile of QTL piRNA clusters in a sensitive and tolerant NIL pair. The piRNA expression between sensitive and tolerant
genotypes from 21188-21291 NIL pairs along the two QTL piRNA clusters: 2L.:23,328,000-23,337,026 and 2L:23,222,004-23,246,024, respec-
tively. Only uniquely mapping piRNAs are considered. The TE families at the top of each panel are represented by different colors. TE-others
represent the repeat families coming from sibling species of D. melanogaster. Positive value indicates piRNAs mapped to the sense strand of
the reference genome and negative value indicates those from the antisense strand. The piRNA cluster expression levels are estimated by
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Figure S3) Expression profile of QTL piRNA clusters in a sensitive and tolerant NIL pair. The piRNA expression between sensitive and toler-
ant genotypes from 21346-21147 NIL pairs along the two QTL piRNA clusters: 2L.:23,328,000-23,337,026 and 2L.:23,222,004-23,246,024,
respectively. Only uniquely mapping piRNAs are considered. The TE families at the top of each figure are represented by different colors.
TE-others represent the repeat families coming from sibling species of D. melanogaster. Positive value indicates piRNAs mapped to the
sense strand of the reference genome and negative value indicates those from the antisense strand. The piRNA cluster expression levels
are estimated by log2 scale transformed of reads per million mapped reads [log2(RPM+1)].
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Figure S4. Tolerance among 3 and 21 day females based on QTL haplotype. Four haplo-
types are compared, which comprise all possible combinations of tolerance alleles at 2 QTL.
The allele at the 3 day QTL is indicated first and is represented by the color of the violin plot
(light green = sensitive, dark green = tolerant). The allele at the 21 day QTL is indicated second
and represented by the color of the points on the scatter plot. Y-axis is residual variation in F1
atrophy after accounting for student experimenter and block. Among 3 day old females,
haplotypes containing different alleles for the 3 day old QTL are significantly different from
each other (Tukey HSD P=0.016-0). However, haplotypes containing alternative QTL for the
21d only do not differ from each other (Tukey HSD P>0.74). This suggests phenotypic varia-
tion in 3 day old females is not influenced by their genotype at the 21 day QTL. In contrast,
among 21 day old females tolerant alleles in both QTL loci are required to significantly
increase tolerance above sensitive allele containing haplotypes (Tukey HSD P = 0.01-0).
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