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Abstract

Aging is a complex biological process that is accompanied by changes in gene expression and
mutational load. In many species, including humans, older fathers pass on more paternally-derived
de novo mutations; however, the cellular basis and cell types driving this pattern are still unclear.
To explore the root causes of this phenomenon, we performed single-cell RNA-sequencing
(scCRNA-seq) on testes from young and old male Drosophila, as well as genomic sequencing
(DNA-seq) on somatic tissues from the same flies. We found that early germ cells from old

and young flies enter spermatogenesis with similar mutational loads, but older flies are less

able to remove mutations during spermatogenesis. Mutations in old cells may also increase
during spermatogenesis. Our data reveal that old and young flies have distinct mutational biases.
Many classes of genes show increased post-meiotic expression in the germlines of older flies.
Late spermatogenesis-biased genes have higher dN/dS than early spermatogenesis-biased genes,
supporting the hypothesis that late spermatogenesis is a source of evolutionary innovation.
Surprisingly, genes biased in young germ cells show higher dN/dS than genes biased in old germ
cells. Our results provide novel insights into the role of the germline in de novo mutation.

Introduction

Aging is a process that is accompanied by phenotypic changes in animals. These phenotypic

changes include both observable traits and intermediate traits, such as gene expression.
Aging can impact not only the health of offspring, but also evolution. When reproductive
organs age, they may pass a higher amount of de novo mutations to the offspring. Most
novel mutations are inherited from the paternal germline, and the number of mutations
inherited increases with paternal age 1-3. Some studies have attributed excess paternal
mutations to the increased number of cell divisions that cycling spermatogonial stem cells
undergo throughout the life of the male 4-8. Conversely, other reports have found that the
excess cell divisions do not track with the ratio of maternal to paternal mutations during
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aging 17, which suggests instead that lifestyle, chemical and environmental factors may
cause this discrepancy 89°. Previous studies of the effect of age on paternally inherited
mutations have inferred de novo mutations through sequencing of parents and offspring 3.
These methods are highly useful, but they only capture de novo mutations that have evaded
repair mechanisms, ended up inside a viable gamete, fertilized an egg, and created a viable
embryo. Much less is known about the dynamics of mutation and repair inside the male
germline. One study found that mutations arise least frequently in human spermatogonia
10, 1n our previous work 11, however, we instead found that mutational load is highest

in the earliest stages of spermatogenesis. Taken together, these results imply that most
mutations occur prior to germline stem cell (GSC) differentiation and are removed during
spermatogenesis. Are these mutations replicative in origin? If so, we would expect germline
stem cells from older flies to be more mutated than those from younger flies.

In addition to these mutational effects, aging is known to cause other germline phenotypes
such as lower numbers of germ cells and reduced germline stem cell proliferative capacity
12 The GSC microenvironment also undergoes chemical changes associated with reductions
in fecundity 13. These phenotypic consequences, in fact, could be linked to mutation, as the
germline mutational rate in young adults correlates with longevity 14. As such, the germline
mutation rate has consequences for both an organism and its descendants.

In our previous study 1, we used single-cell RNA-sequencing (scRNA-seq) to follow
germline mutations throughout Drosophila spermatogenesis and found evidence that
germline mutations decline in abundance throughout spermatogenesis. We also found
evidence that some germline genome maintenance genes are more highly expressed in GSCs
and early spermatogonia, which are the earliest male germ cells. Our results were in line
with the idea that active DNA repair plays a role in the male germline 15, but since age is an
important factor for mutational load, in this study we directly compare patterns in young and
old testis.

To study transcriptional and mutational signatures in the aging germline, we generated
scRNA-seq data from Drosophila melanogaster testes 48 hours and 25 days after eclosion
(“Young” and “Old” respectively). We also sequenced correlated genomic DNA from each
sample to confirm that each detected mutation was a real de novo germline mutation.

Our results support our previous observation that the proportion of mutated cells declines
throughout spermatogenesis for young flies. For old flies, however, the proportion of
mutated cells begins high and remains high throughout spermatogenesis. We found that

on a molecular level, each class of older germ cell has a higher mutational burden than
comparable cells from young flies. Additionally, older flies carry a higher proportion of
C>G and C>A mutations. Our results also indicate that the old germline is more highly
mutated and transcriptionally dysregulated. We did not find evidence of a profound shift in
the expression of genome maintenance genes; however, a number of these genes were highly
expressed in young and old flies. We also find that patterns of global gene expression differ
between young and old testes, including increased post-meiotic expression of de novo genes,
TEs, and canonical genes. We found that early spermatogenesis-biased genes have lower
dN/dS than late spermatogenesis-biased genes, and that genes biased in older germ cells
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have lower dN/dS than genes biased in younger germ cells. These findings provide a deeper
insight into the process of spermatogenesis as a key source of de novo mutations.

A cell atlas of the aged male germline

We aimed to capture representative cell types from the major somatic and germline cell
types of the testis (Fig. 1A). We generated testes SCRNA-seq data from male flies 48 hours
(young) and 25 days (old) after eclosion to facilitate the identification of de novo mutations
(Fig. 1B, Supplementary Table 1). Each of the six libraries was made with approximately 30
pairs of fly testes. We used Cellranger 16 to align these libraries against the FlyBase 17 D.
melanogaster genome (version R6.32). We used previously established marker genes 18 to
annotate cell types for the young and old flies separately. Dot plots showing the expression
of key marker genes are shown in Extended Data Fig. 1. To confirm that mutations observed
are from the germline, we prepared and sequenced somatic genomic DNA libraries from the
carcasses of the same flies used for sScRNA-seq and used these samples as control.

Using Seurat 4 19, we classified somatic cells into four broad types: hub cells, cyst cells,
accessory gland, and epithelial cells. We split germ cells into six types, listed from earliest
to latest: germline stem cells/early spermatogonia, late spermatogonia, early spermatocytes,
late spermatocytes, early spermatids, and late spermatids. In total, we characterized 23489
cells from young flies and 28861 cells from old flies (Fig. 1C, Supplementary Table 1). We
found that for each age group and cell type, the 3 replicates from each age group largely
corroborate each other, with Pearson’s r values over 0.91 between replicates and cells of the
same age (Extended Data Fig. 2). After cell type assignments, we used Seurat 4 to perform
downstream analyses on the integrated dataset.

Old flies show impaired mutational repair in spermatogenesis

We identified germline SNPs in each sample and matched them to every cell with reads
corroborating a given SNP (Fig. 2). To assess the mutational burden between young and old
flies, we compared, for each cell type, the proportion of cells where at least one mutation
was detected. We also compared, for every cell type, the number of detected SNPs per
unique molecular index (UMI) to account for differences in coverage between libraries.

We did not find any SNPs in more than one replicate, indicating that recurrent age-related
transcriptional errors or RNA editing events did not bias our results.

In young flies, the proportion of mutated cells declines drastically during spermatogenesis,
indicating that lesions are either repaired or that mutated cells are removed from the
population. Old flies begin spermatogenesis with a similar proportion of mutated GSC/
early spermatogonia, but their mutational burden remains high throughout spermatogenesis.
Proportions of mutated cells are statistically similar for young and old flies in GSC/Early
spermatogonia but begin to diverge in later cell types. By the end of spermatogenesis, young
flies achieve a lower proportion of mutated cells compared to older flies, whose proportion
of mutated cells remains high throughout.
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Old spermatocytes and spermatids have significantly higher proportions of mutated cells
(Fig. 2A). To confirm that this trend was not confounded by different read depths across
replicates, we counted the number of detected SNPs per Unique Molecular Index (UMI) for
every cell type and found that RNA molecules from old cells are consistently more likely to
carry mutations than young cells of the same type (Fig. 2B). This suggests that much of the
elevated mutational load of the older germline occurs before spermatogenesis, accumulated
within cycling germ cells. However, we also observe that later germ cells from old flies have
more mutations per RNA molecule than older GSC/early spermatogonia. This observation
would be expected if some germline mutations arose during spermatogenesis.

Old and young testes show distinct mutational biases

We compared the relative proportions of the six major classes of mutation between young
and old flies. Young flies and old flies have distinct mutational signatures. In young flies,
we found that C>T and T>G mutations are enriched compared to old flies (Fig. 3). Using

a chi-square test of proportions, we found that old flies were significantly enriched for
T>C and C>G mutations. This suggests an age-related mutational or repair bias during
spermatogenesis. We asked whether these mutational signatures were due to differential
activity of genome maintenance genes 1120 and found that, as a group, genome maintenance
genes are similarly expressed in most cell types as other annotated genes (Extended Data
Fig. 3). As such, the mutational load of older flies cannot be purely attributed to age-
related global downregulation of genomic maintenance genes, although it is likely that the
regulation of genome maintenance genes at the protein level differs between young and old
testis.

Interestingly, although our method detects novel SNPs that only occur on the template strand
during spermatogenesis, we observed that C>T mutations occur frequently. C>T mutations
are the most common mutational class for young flies and the second most common class
for old testis. This enrichment is in line with comparative genomic analysis from previous
work 21, although our work and previous published works detected mutations at different
timescales.

Many genome maintenance genes show age-biased expression

We performed differential expression testing between every cell type (Table 1) and focused
on a list of 211 genes related to DNA damage repair compiled from our previous work
11,20 \We found that in GSC/early spermatogonia, 7 genome maintenance genes were more
highly expressed in young flies and 14 more highly expressed in old flies (Extended Data
Fig. 3, Supplementary Table 2). In spermatocytes and spermatids, comparatively few genes
are differentially expressed between young and old testes. Depleted expression of genome
maintenance genes in the earliest germ cells could impact the efficiency of germline DNA
repair throughout spermatogenesis.

Transcription-related genes, R6p8 (FBgn0037121) and Rp//15 (FBgn0004855) are more
highly expressed in young GSC/Early spermatogonia than in old flies. RHp8, also known
as B52, is essential for DNA topoisomerase | recruitment to chromatin during transcription
22 DNApol-iota (FBgn0037554), which is a gene involved in translesion synthesis 23 and
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may be important UV damage response 20, was highly expressed in young GSCs. This
suggests that our observed mutational signatures of older flies might be caused by defects
in transcription-coupled repair or DNA damage related repair, although the mechanisms of
germline genomic surveillance are yet to be fully understood. In old flies, lower expression
of Rp/l15, also known as RNA Polymerase |1, subunit I, might further explain reduced
transcription in these cell types from old flies. The gene 74-3-3epsilon (FBgn0020238) is
highly expressed in old GSC and spermatogonia, which may play a role in cell division

and apoptosis in early germ cells for old testis 24. The cellular-level mutational signature
(Extended Data Fig. 4) is in line with previous work suggesting that highly expressed genes
evolve more slowly 2526,

Increased post-meiotic expression for de novo genes

In our previous work we found that de novo genes are highly enriched in meiotic cells

11 We asked whether transcriptional dysregulation of the aging germline could impact the
expression of genetic novelties such as de novo genes and transposable elements (TEs). We
performed a parallel analysis of our ScRNA-seq data with a custom reference containing 267
testis-expressed de novo genes identified from our 2019 study, as well as 239 TEs 27. We
then scaled expression of every gene, centered at zero to compare the expression patterns of
groups of genes (Fig. 4).

Overall, the expression patterns for de novo genes resemble those of other genes, and both
de novo genes and other genes are more highly expressed in the late spermatids of older
flies (Fig. 4A, p = 7. 6e-10, p < 2e-16, Supplementary Table 3). This suggests that de novo
genes show similar expression regulation related to aging compared to old genes and that the
regulatory environment acts similarly to conserved and young genes.

We were also interested in the expression of TEs, since TE suppression is important for
germ cell development 28, In other tissues, such as the aging brain, the amount of certain
types of TEs change with age 29. We found TE expression is also globally enriched in older
late spermatids (Fig. 4B, Supplementary Table 4); however, this pattern is not more extreme
compared to annotated genes. Since gene expression is supposed to stop after meiosis,

it is possible that elevated gene expression after meiosis is a consequence of reduced
post-meiotic transcriptional suppression. Although all three classes of genes were also more
highly expressed in the late spermatogonia of young flies, this increase was strikingly large
for transposable elements (p = 0.0018). This result corroborates earlier work which found

a similar burst of transposon activity in early spermatogenesis, likely when spermatogonia
transit to spermatocytes 27. As such, the reduced early TE expression in older germlines may
reflect a dysregulated transcriptional environment.

Early spermatogenesis-biased genes have lower dN/dS

We asked whether functional constraint varies for age-biased or cell-type biased genes. We
defined “age-biased” genes as genes differentially expressed between old and young flies

in the same cell type. We defined “cell type-biased” genes as genes differentially expressed
between cell types of the same age. To find cell type-biased genes, we split our dataset into
“old” and “young” cells and then performed Seurat’s FindMarkers function between GSC/
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early spermatogonia (early germline) and late spermatids (late germline) for each age group.
Using dN/dS data from flyDIVaS 39, we compared dN/dS values for early-stage-biased and
late-stage-biased genes. In both young and old flies, the genes with expression bias toward
later stages exhibit higher dN/dS than genes biased in GSC/early spermatogonia (Fig. 5A),
which is in line with the idea that genes expressed in late spermatogenesis may evolve
rapidly. Note that spermatocytes and spermatids are also hotspots for the expression of novel
genes including de novo originated genes. Our findings are also similar to a murine study
which found that genes expressed in early spermatogenesis are under more evolutionary
constraint than genes expressed late germ cells 31,

Genes biased in young cells have higher dN/dS

To identify age-biased genes, we divided the dataset by cell type and identified genes biased
in old or young cells of the same type. We found that in both GSC/early spermatogonia

and late spermatids, genes biased in young cells have higher dN/dS than genes biased

in old cells (Fig. 5B). This result show that many early-germ-cell-biased genes in young
flies evolve rapidly, that is, a higher proportion of rapidly evolving genes are biased in
young-age germline stem cells and spermatogonia than in old ones. This suggests that, if
antagonistic pleiotropy in aging plays an important role in the shift of gene expression 32:33,
rapidly evolving genes are often expressed and function in young animals and are subject to
antagonistic pleiotropy.

Discussion

Mutational load is an equilibrium between mutation and repair. In old flies, this equilibrium
may shift away from repair. In this work, we show that the germline of older flies is less
able to remove de novo mutations compared to the germline of young flies. Throughout
spermatogenesis, we observed that germ cells from older flies have more mutations per RNA
molecule than comparable cells from younger flies. This finding adds a new explanation

for the still-controversial mechanism behind the increased age-dependent mutational load

of the male germline. Our finding of increased mutational load in older GSC/early
spermatogonia suggests that much of the mutational load of older flies accumulates prior

to spermatogenesis. However, later germ cells of older flies have more SNPs per UMI,
suggesting that some mutations may also accumulate during spermatogenesis. Our work
corroborates previous work that found that the huge excess of male germline divisions is too
large to explain the much smaller ratio of male/female-inherited mutations during parental
aging 1. Our finding that early germ cells from young and old flies are similarly mutated
supports the notion that many age-related germline mutations are not due to replicative
processes. Some of our conclusions are in line with recent findings that germline stem cells
have the lowest mutation rate of any human cell type 10,

In addition to being highly mutated, the older germline shows distinct mutational signatures
compared to the younger germline. For example, we found a statistical overrepresentation
of C>A and C>G mutations in old flies and an underrepresentation of C>T mutations,
although C>T still ranks the second most abundant mutation class in old testis. These
altered ratios of single nucleotide polymorphisms could be caused by differential activity
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of DNA repair pathways in the old germline. We did not find strong evidence of global
downregulation of genome maintenance gene expression but found lower expression of a
few key transcriptional genes in GSC of older flies. Altered types and numbers of de novo
mutations would likely have implications for a population, affecting the type and frequency
of genetic novelties that emerge 3. In the future, it would be interesting to understand the
molecular mechanisms contributing to mutational bias in germ cells. Additionally, these
methods should be reproduced with mated flies to examine if germline mutational bias can
be affected by a male’s reproductive activity.

We observed that scaled expression of all genes is generally down in GSC/early
spermatogonia but up in late spermatids. The latter result is intriguing because transcription
largely ceases after meiosis in the male Drosophila germline 3. While the downregulation
of transcription in early germ cells could have implications for germline DNA repair, the
potential effects of increased post-meiotic transcription are less clear. It could have no effect,
or it could affect spermatid maturation or sperm competition, potentially affecting fertility.
Indeed, increased male age associates with reduced fertility in humans 36.

Other studies have proposed that the testis uses ubiquitous gene expression to detect
genomic lesions and repair them with transcription-coupled repair 1237, Due to our bias
towards detecting mutations in expressed genes, our data is not ideal to test this hypothesis.
We noted, however, that genes with many detectable SNPs tend to be lowly expressed
across replicates (Extended Data Fig. 4), a finding that appears to be consistent with the
transcriptional scanning model. Broadly, this is in line with previous work that reported a
pattern of lower dN/dS in highly expressed genes and the pattern is driven by various types
of selective pressures 226, Qur results surprisingly found this pattern in mutational bias,
even before natural selection acts on the genes. This result also supports the notion that it is
very unlikely that the germline mutations we observed are directly from transcription errors,
as that would lead to more mutations in highly expressed genes. Impaired mutational repair
of the older male germline may be partially due to deficiencies in transcription-coupled
repair 38,

The global post-meiotic upregulation of transcription extends beyond conserved genes. We
observed that many transposable elements are highly enriched in the early germline of
young flies. Beyond implications for transposable element mabilization, this finding could
also indicate heritable changes in chromatin structure, signaling, or gene expression 3940,

The global deregulation of gene expression during aging also has interesting implications
for evolution. Consistent with prior work 31, we found that genes biased in late germ cells
have higher dN/dS than genes biased in early germ cells for both young and old flies. This
result suggests that spermatocytes and spermatids are sources of rapid evolution or positive
selection. Considering that spermatocytes and spermatids are also the stages where de novo
gene are the most abundant and where they likely function 11 our results highlight the
importance of late spermatogenesis in transcriptional and functional innovation.

Unexpectedly, we also found that, within analogous cell types, genes biased in cells from
young flies have higher dN/dS than genes in old flies. There are two possible explanations.
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First, rapidly evolving genes or genes biased with more adaptive changes may provide a
greater evolutionary advantage to young flies than old flies. Second, since we used the
scaled expression, old-biased genes may reflect a specific set of genes that are essential for
aging animals, which may more likely be house-keeping genes. Our results are interesting
in the light of recent work which found that genes expressed later in life tend to fix
nonsynonymous mutations more frequently 41. One should note that the methodology from
Cheng and Kirkpatrick*! is different from ours: their age-biased genes were identified from
whole-body data, whereas ours were calculated just from male germ cells. Gene expression
in the testis is often an outlier compared to other tissues 42, so the results of these two
studies are not necessarily in conflict. Nevertheless, the consistent pattern between this study
and that of Cheng and Kirkpatrick 4! is that that genes biased in late spermatids have a
higher dN/dS than those biased in early germ cells. In this sense, at both whole-organism
development and germline development level, late-stage biased genes tend to evolve more
rapidly.

Our study design limits the detection of mutations in expressed transcripts. While we
have strict criteria for the identification of novel SNPs, the abundance of false negatives
could vary between cell types due to cell-specific variation in transcriptional activity.
We are reassured because the most commonly mutated cell type in our datasets is GSC/
early spermatogonia, consistent with our previous observations using different datasets
and slightly different analytical pipelines. If transcriptional activity biased our inference
of mutational load, we would expect spermatocytes, the most transcriptionally active
cell type, to appear the most mutated instead. These potential confounding effects

from using transcriptional activity would be resolved if a method became available to
simultaneously perform scRNA-seq and whole-genome sequencing on thousands of single
cells simultaneously. Current methods may not capture enough cells to comprehensively
profile rarer cell types, but we expect this technical challenge to improve with future
technological advances.

One important note is that the mutations and mutational patterns observed in this study may
not be analogous to published work?143, Previous work characterized mutations observed in
a species or a population, and the patterns are a combination of mutational bias, selection,
and drift. Here, we identified de novo mutations during spermatogenesis before passing
them to the next generation and compared the patterns between young and old germline,
revealing different patterns associated with aging. Our patterns may be indirectly compared
with published work, and the differences may be partly attributed to the differences caused
by natural selection and drift. Additionally, our method is biased towards mutations on

the template strands of expressed genes. Rather than a comprehensive catalog of germline
mutations, the primary utility of our method is to compare mutational load between cell
types within the germline.

Another open question is whether patterns found in one replicate would be observed in
another biological replicate. If mutations in spermatogenesis are strongly affected by a few
stereotypical mechanisms, then we should expect the patterns to be consistently similar
in different replicates. On the other hand, if mutations are overall random or created by
many distinctive mechanisms acting independently, then we may not see highly repeatable
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patterns in terms of mutational signatures in different replicates. The results we have seen
sit in between the two extremes. In the future, it will be important to dissect mechanisms
contributing to de novo mutations in aging germline.

A potential confounder is that aging might create the appearance of germline SNPs through
reduced transcriptional fidelity4. We do not think this is a significant source of error, since
our SNPs are verified by multiple independent reads and are not allowed to be present in
more than one dataset, in fact, we did not observe mutations occur in multiple datasets

after filtering, suggesting that hidden common transcription errors or RNA editing do not
impact our work. To understand the role that age-related transcriptional fidelity significantly
plays in our results, this topic would benefit from high throughput combined scRNA/scDNA
sequencing from the same cells from isolated cells through spermatogenesis. Another future
direction is to trace mutations through trio-studies, specifically sequencing a large number of
zygotes and sScCRNA/scDNA sequencing from the correlated testis and ovary. The technology
allowing us to trace de novo mutations throughout the germline is still very new, and we
look forward to technological advancements in this exciting field.

ScRNA-seq library preparation and sequencing

In this study, we used young and old RAL517 for experiments. Briefly, flies were reared

in the standard corn syrup medium at room temperature with synchronized 12:12 hour
light:dark cycle. Both age groups of flies were kept as virgins after eclosion. Young and old
samples were collected 48 hours and 25 days after eclosion, respectively. In detail, virgin
males were collected within one hour after eclosion and were transferred to new vials. After
48 hours, we dissected 30 pairs of young testes for single-cell suspension and sScRNA-seq
and kept the carcasses for DNA sequencing. After 25 days, we dissected 30 pairs of old
testes for single-cell suspension and scRNA-seq and kept the carcasses for DNA sequencing.
We generated three biological replicates for young and old flies, respectively. Flies were all
dissected in the morning (ZT1-ZT3 in our lab environment) to reduce expression fluctuation
due to circadian rhythm. Single-cell testis suspensions were prepared as described in our
previous work 1. Libraries were prepared with 10X Chromium 3’ V3 kit and sequenced
with Illumina Hiseq 4000.

Genomic DNA preparation

Fly carcasses were frozen at —80°C, then ground in 200 uL 100 mM Tris-HCI, pH 7.5, 100
mM EDTA, 100mM NACI, 0.5% SDS. The mixtures were incubated at 65°C for 40 minutes.
Then, 160 ul KAc and 240 pl 6M LiCl were added, tubes were inverted 10 times and placed
on ice for 30 minutes. Samples were then centrifuged at 18000g at 4°C for 15 minutes.

The supernatant was transferred into a new tube and an equivalent volume of isopropanol
was added and mixed by inversion. Samples were spun for 15 minutes at 18000g, and the
supernatant was discarded. Pellets were washed with 800 UL 70% ethanol and samples were
spun at 18000g for 5 minutes, and supernatant discarded. Pellet was air dried for 5 minutes
and resuspended in 100 pL nuclease-free water. DNA was then sent for lllumina library
preparation and sequencing by Novogene.
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ScRNA-seq data processing

ScRNA-seq data were aligned with Cellranger Count and further processed with Seurat.
To assign cell types with Seurat, we used marker genes described in Witt et al. 2021

18 \We normalized the replicates with SCTransform in Seurat and integrated them into

a combined Seurat object. We performed clustering and annotation together on all
replicates, using normalized counts from the “SC T” slot. Cells were annotated based

on the expression patterns of marker genes. Clusters enriched in bamand aub are GSC/
early spermatogoniall-1845 and adjacent clusters with less bamv/aub and less His2Av are
late spermatogonia. Clusters enriched in 7zoand fwe are early and late spermatocytes,
respectively 4647 Clusters with enriched sot/; but not p-cup are early spermatids 3° and
clusters enriched in p-cup are late spermatids 3°. Clusters enriched in MinA are somatic
cells, dlg1 defines cyst cells 48 and Fas3defines hub cells. Epithelial cells are enriched in
MinA but not Rab11or Fas318,

SNPs were called with bcftools 49 separately for each single-cell library and each gDNA
library. Per-base coverage was calculated for every gDNA sample with Samtools 50, For
each young and old scRNA-seq library, bcftools isec was used to extract mutations only
present in the SC data and not the somatic gDNA. Using Samtools, we identified every cell
barcode in the sScRNA-seq data that corroborated every SNP (details in accompanying code).
For each mutated position, we then verified that the corresponding locus in the gDNA file
had at least 10 reads supporting the reference allele, and 0 reads supporting the alternative
allele. We also required that every SNP be present only in a single scRNA-seq dataset, to
reduce the chance that RNA editing events or transcription errors caused us to infer a SNP
incorrectly. We also required every SNP to have >=2 reads corroborating it to reduce the
potential impact of sequencing errors.

Comparisons using scaled expression

To compare gene expression for groups of genes across replicates, we scaled expression
using the ScaleData Seurat function separately on each replicate. Expression is scaled

such that 0 represents a gene’s median expression across all cells; 1 represents 1 standard
deviation above that gene’s mean expression; and —1 represents 1 standard deviation below.
Within a cell type, each gene’s scaled expression was averaged between cells. Groups of
genes were compared using a two-sample Wilcoxon rank sum test, and p values were
adjusted with Bonferroni’s correction.

Differential expression testing

For each germ cell type, we made a subset Seurat object containing just that cell type
with old and young flies, assigning “age” as the cell identifier. We then used Seurat’s
FindMarkers function with ident.1 as “Young” and ident.2 as “Old”. We classified genes
with a Bonferroni-adjusted p value < 0.05 and Log?2 fold change > 0 as enriched in young,
and <0 as enriched in old. We then constructed volcano plots with the EnhancedVolcano
package, while including differentially expressed genes from our list of 211 genome
maintenance genes from our previous paper 1.
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De novo gene and TE analysis

De novo genes from our previous paper 11 were added to a reference GTF containing
transposable elements from another study 27. This alternate reference was used to align reads
from all libraries with Cellranger. Cell-type annotations were copied from the annotations
made for the main Seurat object. Enriched de novo genes and TEs were detected with the
FindMarkers function in Seurat.
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Extended Data Fig. 1:
Dot plots of key marker genes in old and young fly testes.
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Extended Data Fig. 3:
Age-related differential expression of genes, including genome maintenance genes.
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Fig. 1. Overview of experimental design and visualization of old and young datasets.
A) Diagram of major cell types in Drosophilatestis 11. B) experimental rationale: we infer

mutated genomic sites in germ cells using sSCRNA-seq data. If the same locus is unmutated
in somatic cell DNA, we call the SNP in red a de novo mutation. We can detect a mutation

if it is present on both strands or only the template strand. C) dimensional reduction showing
the cell-type assignments of scRNA-seq data from young and old flies.
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Fig. 2: The proportion of mutated cells and mutation load across cell types for young and old

flies.

A) For old and young flies and every cell type, shown are the proportions of cells of each
type carrying at least one mutation. Error bars are +/— 1 standard error, centered at the mean
proportion. P values are Bonferroni-corrected from a two-sided chi-square test of mean
proportions between young and old cells of a type. The proportion of mutated cells declines
more for young flies than not old flies, during spermatogenesis. Raw p values, from left to
right: 0.093, 3.5e-11, 1.9e-32, 1.5e-70, 1.8e-44, and 2.7e-07. B) for each cell, the number
of SNPs divided by the number of Unique Molecular Indices (UMIs) detected, a proxy

for read depth. P values are Bonferroni-corrected from a Wilcoxon test comparing young
and old cells of a type. Bars represent the interquartile range, and the dot represents the
median SNPs/UMI across biological replicates for each cell type. Statistical analyses were
performed using full datasets. Every class of older germ cells has more mutations per RNA
molecule detected. This indicates that the higher mutational load of older flies precedes
spermatogenesis and may increase during spermatogenesis. Raw p values, from left to right:
5.36e-199, 7.22e-17, 1.97e-257, 0.00e+00, 2.79e-56, and 4.38e-20.
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Fig. 3: Agerelated trendsin mutational signatures.
For young and old flies, shown are the relative proportions of the 6 types of mutations (each

class is equivalent to a complementary mutation, for example, T>G also represents A>C).
Error bars are +/- 1 standard error, centered at the mean proportion. Bonferroni-corrected P
values are from a two-sided chi square test of proportions comparing the mean proportions
between young and old flies (n=2 mean proportions for each signature, one from 3 young
libraries and one from 3 old libraries). T>C and C>G mutations are enriched in old flies,
while C>T and T>G mutations are underrepresented. Statistical analyses were performed
using full datasets. Raw p values, from left to right: 1.9e-34, 4e-83, 1.6e-117, 0.012, 4.8e-45,
and 5.9e-60.
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Fig. 4: Global expression patterns of de novo genes and transposable elements changes with age
in each cell type.

A.) Scaled expression of de novo genes and other genes (not including TEs) across cell
types. Expression of both gene types is enriched in the late spermatids of older flies

as compared with a two-sided Wilcoxon test (raw p values shown, n = 150 de novo

genes, 15479 other genes) B.) Scaled expression of TEs and other genes (not including

de novo genes) across cell types. Transposable element expression is highly enriched in late
spermatogonia of young flies, and enriched in the late spermatids of older flies (n = 239
TEs, 15479 other genes. Both panels show raw p values by 2-sided Wilcoxon rank sum tests.
Boxes represent the 75 to 25t percentiles, the top whisker represents the largest value
within 1.5 times the interquartile range, and the bottom whisker represents the smallest value
within 1.5 times the interquartile range of the 25t percentile.
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Fig. 5: dN/dStrends of cell type-biased and age-biased genes.
We calculated gene expression bias in two different ways. First, we calculated gene

expression bias between GSC/early spermatogonia and late spermatids separately for young
and old flies. Then, we identified genes biased in young and old cells within a cell type.

A) Cell type-biased genes: in both old and young flies, genes biased in late spermatids

have higher dN/dS than genes biased in GSC/early spermatogonia (two-sided Wilcoxon
rank sum test, raw p values 1.2e-65, 4.7e-5, respectively). B) Age-biased genes: In GSC/
early spermatogonia, but not late spermatids, young-biased genes have higher dN/dS than
old-biased genes (two-sided Wilcoxon rank sum test, raw p values 7.70e-08 and 5.32e-04,
respectively). dN/dS values are from flyDIVaS. For all panels, bars represent interquartile
range and the dot represents the median.
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Table 1:

Numbers of age-biased genes per cell type.

Arranged from top (early) to bottom (latest). For young flies, the cell type with the most biased genes is GSC/
Early spermatogonia, the earliest germ cell class. Late spermatids are the most mutated class of cell in older
flies. In every class of cells except GSC, early and late spermatogonia, old flies have more biased genes than

young flies.
Cell type # genesbiased in young flies  # genesbiased in old flies
GSC, Early spermatogonia 273 251
L ate spermatogonia 144 337
Early spermatocytes 40 367
L ate sper matocytes 80 281
Early spermatids 167 277
L ate spermatids 52 68
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