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Abstract
Most actin-related proteins (Arps) are highly conserved in eukaryotes, where they carry
out well-defined cellular functions. Drosophila and mammals also encode divergent noncanonical Arps in their male-germline whose roles remain unknown. Here, we show that
Arp53D, a rapidly-evolving Drosophila Arp, localizes to fusomes and actin cones, two
male germline-specific actin structures critical for sperm maturation, via its noncanonical N-terminal tail. Although we expected that Arp53D loss would reduce male
fertility, we instead find that Arp53D-KO males are more fertile, both in isolation and in
competition with wildtype males. Upon investigating why evolution would retain a gene
that negatively impacts male fertility, we unexpectedly found that Arp53D-KO females are
less fertile. Moreover, KO embryos exhibit reduced viability, which worsens under heat
stress. We conclude that 'testis-specific' Arp53D is detrimental to male fertility, but is
required for female fertility and early development, leading to its long-term retention and
recurrent adaptation in Drosophila.
Introduction
Actin is an ancient, highly conserved protein that performs many cytoplasmic and nuclear
functions vital for eukaryotes, including division, motility, cargo transport, DNA repair and gene
expression1-3. Its origin predates eukaryotes4,5; both bacteria and archaea encode actin-like
proteins6,7. Actin forms many protein-protein interactions, including with other actin monomers,
to perform its various functions1. Because of its interactions and functional importance, actin
evolves under stringent evolutionary constraints4,5. For example, despite being separated by
800 million years of evolution, D. melanogaster and Homo sapiens actin proteins are 98%
identical. In addition to actin, most eukaryotes encode an expanded repertoire of actin-related
proteins (Arps) due to ancient gene duplications4,5. The resulting Arps have specialized for a
wide range of functions, including regulation of actin (Arps 2/3)8, chromatin remodeling (Arps 48)9-11, and microtubule-based transport (Arps 1 and 10)12,13. Although different Arps maintain a
conserved actin fold, they have specialized for their novel roles via distinct structural
insertions14,15. These ‘canonical’ Arps significantly diverged from each other early in eukaryote
evolution, but now evolve under stringent evolutionary constraints, similar to actin.
Many eukaryotic genomes also encode evolutionarily young, rapidly evolving ‘non-canonical’
Arps. Unlike actin and canonical Arps, which are ubiquitously expressed, non-canonical Arps
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appear to be exclusively expressed in the male germline16. The first described ‘non-canonical’
Arp was D. melanogaster Arp53D (named for its cytogenetic location), which was shown to be
most highly expressed in the testis17. Its presence only in D. melanogaster and its unusual
expression pattern led to Arp53D being mostly ignored in studies of cytoskeletal proteins even
in Drosophila. However, phylogenomic surveys reveal that ‘non-canonical’ Arps are not as rare
as previously believed. Recently, we described a 14-million-year-old Drosophila clade that
independently acquired four non-canonical Arp genes, which are all expressed solely in the
male germline18. Mammals also encode at least seven non-canonical Arps predominantly
expressed in the testis19-23, at least some of which localize to actin structures in sperm
development21,22. This accumulating evidence suggests that non-canonical Arps play
fundamentally distinct cytoskeletal functions from canonical Arps, which might explain both their
tissue-specificity as well as their unusual evolution.
To gain insight into non-canonical Arps' functions, we performed evolutionary, genetic, and
cytological analyses of Arp53D in D. melanogaster. We showed that Arp53D is strictly
conserved over 65 million years of Drosophila evolution, suggesting it performs a critical
function. Unlike actin or canonical Arps, we found that Arp53D has evolved under positive
selection. Our cytological analyses reveal that Arp53D specifically localizes to the fusome and
actin cones, two specialized actin structures found in the male germline. Arp53D's unique 40
amino acid N-terminal extension (relative to actin) is necessary and sufficient to recruit it to
germline actin structures. Its abundant expression in testes, together with its specialized
localization, led us to hypothesize that Arp53D loss would lower male fertility. Contrary to this
prediction, we found that Arp53D knockouts (KO) exhibit increased male fertility. Arp53D’s
detrimental effect on male fertility is at odds with long-term retention in Drosophila. Seeking to
explain this paradox, we investigated whether Arp53D also had functions outside the male
germline. Despite its low expression in females and early embryos, we find that loss of Arp53D
leads to decreased female fertility and lower embryonic viability under heat stress. Population
cage experiments confirm that Arp53D has a net fitness benefit in populations despite
conferring a fertility loss onto males. We hypothesize that different fitness optima for Arp53D for
male fertility versus female and embryonic fitness may have resulted in its higher rate of
evolution across Drosophila. Our study finds that non-canonical ‘testis-expressed’ Arps can be
highly conserved over broad evolutionary spans and play critical roles outside the male
germline.
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Results
Arp53D encodes a rapidly evolving non-canonical Arp that has been strictly retained for
over 50 million years
Arp53D was first identified as a male-specific Arp gene in Drosophila melanogaster17. It was
subsequently shown to be phylogenetically more closely related to actin rather than to any of
the canonical Arps4, suggesting it arose via a more recent gene duplication from actin. Arp53D
was not found in any other non-insect genomes in a broad survey of eukaryotes, raising the
possibility that it only exists in a few Drosophila species. To date its evolutionary origin, we
investigated Arp53D presence in sequenced genomes from Drosophila and closely related
Diptera24-28. We found that Arp53D has been strictly retained for over 50 million years of
Drosophila evolution24 (Figure 1A, Table S1). Deleterious or non-functional genes are quickly
pseudogenized and lost within a few million years in Drosophila genomes29. Thus, its strict
retention implies that Arp53D has been selectively retained for an important function in
Drosophila despite its more recent evolutionary origin.
To gain insight into its function, we compared the domain architectures of D. melanogaster
Arp53D to Act5C, one of two non-muscle actins encoded in Drosophila genomes. Like canonical
Arps, Arp53D includes an actin fold domain, which consists of 4 subdomains and a central ATPbinding pocket (Figure 1B). What distinguishes Arp53D from actin is an extended 40 amino acid
N-terminal domain that is predicted to be mostly unstructured (Figure 1B, Supplementary Figure
S1A). All Arp53D orthologs encode this extended N-terminal domain, which is also the most
rapidly evolving segment of Arp53D in sequence and length. For example, N-terminal domains
from D. melanogaster and S. lebanonensis Arp53D proteins are only 42% identical whereas the
actin fold domain is 70% identical (Figure 1B). In contrast to Arp53D, actin homologs are 100%
identical over a comparable period of evolutionary divergence.
Since actin evolves under extremely strong selective constraint, the higher divergence of
Arp53D could simply reflect more relaxed selective constraints. Alternatively, it could reflect a
faster than expected divergence of Arp53D due to diversifying selection. To distinguish between
these possibilities, we took advantage of publicly available sequences of hundreds of D.
melanogaster strains30,31 (www.popfly.org32) to carry out McDonald-Kreitman (MK) tests for
positive selection33. The MK test compares the ratio of fixed non-synonymous (amino acid
replacing, PN) to synonymous (Ps) polymorphisms within a species (D. melanogaster) to fixed
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differences between species (DN and DS, D. melanogaster- D. simulans); we exclude low
frequency polymorphisms since they have not been subject to selective scrutiny34,35. If selective
constraints are not significantly altered within versus between species, we expect DN:DS to be
approximately equal to PN:Ps. We analyzed several actin and Arp genes using the MK test.
Unfortunately, several actin genes have no non-synonymous changes (fixed or polymorphic)
and cannot be suitably analyzed. The MK test found no evidence of positive selection in several
canonical Arp homologs (Supplementary Figure S1B). In contrast, we found an excess of DN:DS
(21:24) compared to PN:Ps (1:19) for Arp53D, implying it has evolved under strong diversifying
(positive) selection during the D. melanogaster- D. simulans divergence (p=0.001)
(Supplementary Figure S1B). The non-synonymous fixed differences between species are
distributed throughout the entirety of the gene with most changes concentrated toward the Nterminal half (Supplementary Figure S1C). Our evolutionary analyses thus find that Arp53D is
subject to atypical selective constraints for an Arp in D. melanogaster, consistent with it
performing a distinct function from canonical Arps.
Arp53D localizes to specific actin structures late in sperm development
Arp53D was first shown to be expressed in D. melanogaster testes17. We took advantage of
transcriptomic profiling of various adult tissues in D. melanogaster and nine other Drosophila
species to investigate which tissues express Arp53D. Confirming previous analyses, we found
that all Drosophila species show significantly male-biased expression of Arp53D and
undetectable expression in adult females (Supplementary Figure S1D, Table S2). In all these
cases, Arp53D RNA expression is much higher in the testis than the remaining male carcass
(Supplementary Figure S1D, Table S2). More detailed and extensive transcriptome profiling of
various tissues in D. melanogaster36 revealed that Arp53D RNA expression is also modestly
expressed in other tissues, including fat bodies and imaginal discs at earlier developmental
stages (Figure 1C). This extremely sex- and tissue-biased expression of Arp53D is highly
unusual for an actin or canonical Arp gene, which are ubiquitously expressed in all tissues
(Figure 1C).
We investigated Arp53D localization in D. melanogaster testes, where it is most abundantly
expressed. Drosophila testes contain numerous cell types, including somatic cells and germ
cells at many stages of development (i.e., mitotic cells, meiotic cells, and mature sperm)37.
Germ cells undergo incomplete cytokinesis during their four mitotic divisions and subsequent
meiosis, resulting in a cyst of 64 sperm cells, which share the same cytoplasm and membrane
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until full maturation37 (Figure 2A). Multiple cysts at different stages of spermatogenesis are
visible in the testis at any given time, allowing simultaneous visualization of all developmental
stages.
We generated a fly transgenic line with superfolder GFP-tagged Arp53D (sfGFP-Arp53D) under
the control of its endogenous promoter (Figure 2B). This transgene was introduced and assayed
in an Arp53D-knockout background such that only two copies of sfGFP-Arp53D are present.
Thus, every Arp53D molecule is fluorescently tagged, allowing for improved detection. We
found that sfGFP-Arp53D is undetectable during mitosis but is present within the meiotic and
post-meiotic spermatocyte cysts (Figure 2, Supplementary Figure S2A-B) where it localizes
specifically to two male germline-specific actin structures: the fusome during meiosis and
spermatid elongation (Figure 2) and actin cones during sperm individualization (Figure 3).
The fusome is an actin-coated membranous organelle that forms at all incomplete cytokinetic
furrows following mitosis and meiosis. It forms a large network that connects all developing
spermatids, mediating cytoplasm exchange within the cyst38,39 (Figure 2A, Supplementary
Figure S2C). To ascertain sfGFP-Arp53D localization to the fusome, we fixed sfGFP-Arp53Dexpressing testes and probed for the fusome-specific ⍺-spectrin protein40. We found that a
majority of sfGFP-Arp53D co-localizes with ⍺-spectrin, confirming Arp53D localization to the
fusome (Figure 2C-E). Arp53D localization to the fusome is weak during meiosis (Figure 2C) but
becomes progressively stronger post-meiosis, at which stage sfGFP-Arp53D localizes at
increasing intensity to the entirety of the fusome (Figure 2D-E). Arp53D remains associated with
the fusome even as it moves to one end of an elongating cyst. We conclude that Arp53D is
targeted to the actin-coated fusome specifically during meiosis with increased recruitment to the
fusome during spermatid elongation. Arp53D’s localization specifically to the fusome is in
contrast to that of actin localization, which occurs throughout the cyst (Figure 2F,
Supplementary Figure S2C).
During late stages of spermatogenesis, spermatids must separate and obtain their own
individual membranes. This process is carried out by the ‘actin cone’, a cone of actin filaments,
which forms around each sperm head when nuclear condensation is complete. Cones
translocate along the axoneme of the sperm tail to push out excess cytoplasm (“cystic bulge”)
while encasing each sperm in its own membrane41,42 (Figure 3A). All 64 actin cones move
synchronously down the spermatid tails and then undergo degradation along with the excess
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cytoplasmic components in what becomes known as the “waste bag” 41,42 (Figure 3A). When
actin cones begin to polymerize (indicated by a gradual accumulation of filamentous actin), we
find that sfGFP-Arp53D is linearly enriched along the axoneme and slightly overlaps the base of
sperm nuclei (Figure 3B). At this stage, sfGFP-Arp53D localization is indistinguishable from
actin. However, when actin cones are fully formed, sfGFP-Arp53D is visible as a highly
concentrated punctate structure at the front of the actin cone, distinct from actin (Figure 3C, E).
Subsequently, sfGFP-Arp53D remains associated with actin cones as they translocate even
when they pass the axoneme near the end of the cyst (Figure 3D). The leading edge of the actin
cone where sfGFP-Arp53D localizes is composed of branched actin networks (Figure 3E-F) and
is the site of active actin polymerization and membrane extrusion, whereas the rear of the actin
cone is composed of parallel actin bundles43 (Figure 3F). Previous studies have shown that an
actin-binding molecular motor—myosin VI—also localizes to the leading edge of actin cones44.
Indeed, we find that a testis-specific myosin VI subunit45 colocalizes with Arp53D at the leading
edge (Supplementary Figure S2D). Proteomic studies46 and our cytological analyses
(Supplementary Figure S2E) do not detect Arp53D in mature sperm. We, therefore, conclude
that Arp53D protein must be degraded in the waste bag with the rest of the actin cone
apparatus.
Thus, Arp53D specifically localizes to two germline-specific actin structures in a dynamic
manner. It first localizes to the fusome as it forms during meiosis (Figure 2) and then moves to
actin cones as they are being constructed once spermatid elongation is complete (Figure 3). It
remains associated with actin cones until it is ultimately destroyed along with the rest of the
actin cones following the completion of sperm individualization. Notably, for most of
spermatogenesis, Arp53D localization is distinct from actin, which localizes more broadly than
Arp53D. Our cytological analyses suggest that Arp53D carries out specialized roles at unique
cytoskeletal machineries during male reproduction.
Arp53d’s unique N-terminal extension is necessary and sufficient for recruitment to
germline cytoskeletal structures
We investigated whether Arp53D’s unique 40-residue N-terminal domain mediated its
specialized localization to the fusome and actin cones (Figure 1B). We generated a sfGFP-△Nterm D. melanogaster transgenic line encoding sfGFP-Arp53D with 35 amino acids of the Nterminal domain deleted (Figure 4A). The sfGFP-△N-term transgene was driven by the
endogenous Arp53D promoter from the same insertion site in the fly genome as our full length
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sfGFP-Arp53D transgene (Figure 2B). We dissected testes from the transgenic flies and
performed immunoblotting analyses, which showed that the smaller deletion protein was being
expressed at comparable levels as sfGFP-Arp53D (Supplementary Figure S3B). Moreover,
similar to full-length sfGFP-Arp53D transgenic flies, we could show that sfGFP-△N-term
transgenic flies also express GFP in meiosis (Supplementary Figure S3A). However, unlike fulllength Arp53D, the GFP localization remained diffuse, and we did not detect concentrated GFP
signal at the fusome or actin cones (Figure 4B-C, Supplementary Figure S3C). Based on these
experiments, we conclude that the N-terminus is necessary for Arp53D’s localization to these
specialized germline actin structures. We can further conclude that Arp53D’s actin fold domain
is divergent enough that it cannot co-polymerize with actin in vivo.
We next tested whether the N-terminus was sufficient to confer Arp53D’s localization to
canonical actin. We generated an sfGFP-Nt-actin D. melanogaster transgenic line, encoding
sfGFP-Arp53D N-terminal domain-canonical actin (Act5C) (Figure 4A). Like all previous
transgenic constructs, we placed this chimeric protein under the control of Arp53D’s
endogenous promoter and kept the same genomic insertion location (Figure 4A). We found that
this chimeric protein is expressed and localizes similarly to full-length sfGFP-Arp53D throughout
spermatogenesis, maintaining its association with the fusome during spermatid elongation and
motile actin cones throughout individualization (Supplementary Figure S3D) just like full-length
Arp53D (Figure 4B-C). Furthermore, despite encoding an identical actin fold domain, this
chimeric protein did not appear to co-colocalize with actin throughout the developing cysts.
Based on these findings, we conclude that the most prominent structural diversification of
Arp53D—its N-terminal extension—is both necessary and sufficient for recruitment of actin to
unique male cytoskeletal machinery.
However, the N-terminal domain cannot confer this specialized localization onto any globular
protein. When we tested the localization of Arp53D’s N-terminal domain with solely sfGFP (“Nterm-sfGFP”, Supplementary Figure S3E), we could only detect diffuse GFP expression and no
concentrated signal at the fusome or actin cones (Supplementary Figure S3E). This implies that
specialized localization to fusomes and actin cones requires both the Arp53D N-terminal domain
as well as the actin fold domain from actin or an actin-like protein.
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Loss of Arp53D increases male fertility
Based on its strict retention in Drosophila and its cytological localization to germline-specific
actin structures in D. melanogaster testes, we predicted that Arp53D must play important roles
in male fertility. To test this hypothesis, we created a knockout (KO) of Arp53D using
CRISPR/Cas9, introducing an early stop codon and a DsRed transgene under the control of an
eye-specific promoter (Supplementary Figure S4A). The DsRed transgene allowed us to track
the KO allele by fluorescence microscopy and to distinguish heterozygous from homozygous
KO flies based on intensity of eye fluorescence. We backcrossed the KO founder line to a wild
type strain (Oregon-R) for 8 generations in order to isogenize the KO background with OregonR as much as possible (Supplementary Figure S4B). We sequence-verified the presence of
DsRed in the Arp53D locus (Supplementary Figure S4C-E) and lack of mutations in the
upstream essential gene SOD2. We also confirmed lack of Arp53D expression in the KOs and
absence of Wolbachia, a bacteria that can infect wildtype strains of Drosophila and confound
fertility assays47 (Supplementary Figure S4F-G).
One possible consequence of Arp53D loss in KO males is that we might expect to see gross
disruption of the germline actin structures to which it localizes. Contrary to this expectation, we
found no gross defects in overall organization or actin intensity of actin cones or the fusome in
Arp53D-KO males (Supplementary Figure S4H-I). We reasoned that loss of Arp53D may have
led to more subtle organizational defects that would manifest in fertility reduction of Arp53-KO
males. To evaluate any fertility defects, we mated WT females to either homozygous Arp53-KO
males or isogenic WT males for 9 days and subsequently counted all progeny that survived to
adulthood (all crosses are written female x male, Figure 5A). We were surprised to find that the
KO males had significantly higher fertility compared to WT males at 25°C (1.3-fold increase in
average progeny count, Figure 5B, p=0.001) or an even more pronounced advantage at 29°C
(2.4-fold difference in the average progeny count, Figure 5B, p<0.0001). We also found that this
reduction in fertility is dose-dependent; heterozygous Arp53D-KO males have intermediate
fertility between homozygous KO and WT males (Supplementary Figure S5A). Thus, presence
of only one intact copy of Arp53D is sufficient to reduce male fertility at 29°C (p=0.03), while two
copies are significantly worse (p<0.0001).
We were concerned about the possibility that the CRISPR/Cas9 approach may have resulted in
an off-target linked mutation that had escaped several rounds of isogenization. We therefore
adopted an orthogonal approach to validate our surprising findings about the increased fertility
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of Arp53D-KO males. We conducted RNAi knockdown of Arp53D using topi-Gal448 to induce
expression of the RNAi hairpin specifically targeted against the Arp53D coding region
(Supplementary Figure S5B-C). Consistent with our genetic KO, we found that knockdown of
Arp53D resulted in significantly increased fertility at 29°C (p=0.005, Supplementary Figure
S5C). Together with the Arp53D-KO results, these data strongly argue that lack of Arp53D
increases male fertility.
Our assays of male fertility so far were all done in the absence of competition between males.
We hypothesized that although Arp53D intrinsically decreases male fertility, it may confer a
competitive advantage in the presence of other males, which might explain its long-term
retention in Drosophila. To test this possibility, we mated WT females to both WT males and
Arp53D-KO males (Figure 5C). If WT and Arp53D-KO males had equal probabilities of
successfully fertilizing, then 50% of adult progeny would be fathered by WT or Arp53D-KO
males (Figure 5C). However, we found that Arp53D-KO males sired nearly 70% of the progeny
even in the presence of WT males, implying that they had a significant fertility advantage even
in a competitive situation (p<0.0001, Figure 5D). Our experiments show that Arp53D had a
significant, although unexpectedly deleterious, effect on male fertility both in isolation and in
competitive scenarios, leaving unanswered the question of why it was strictly retained in
Drosophila.
Loss of Arp53D has deleterious consequences to female fertility and embryonic viability
Given that Arp53D presence was disadvantageous to male fertility, we considered whether
other life history traits require Arp53D, which might help explain its long-term evolutionary
retention. Although Arp53D is most abundantly expressed in adult testes, there is weaker
expression in other tissues and developmental stages (Figure 1C). Although we could not detect
any Arp53D expression in adult females (Figure 1C), we still wanted to rule out an effect of
Arp53D on female fertility. To investigate this possibility, we crossed Arp53D-KO females to
either WT males or Arp53D-KO males, and compared the number of adult progeny produced
relative to WTxWT crosses (Figure 6A). At room temperature (25°C), we did not observe any
significant differences between any of these three crosses (Figure 6B). Since KO males are
more fertile than WT males (Figure 5), we might have expected to see increased number of
adult progeny in the KOxKO crosses, but we did not (Figure 6B). This suggested the possibility
that there was some fitness impairment in the KOxKO crosses, that could have arisen either
because of the maternal or zygotic genotype.
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At 29°C, this impairment became much more obvious. We found that the number of adult
progeny that are produced in KOxWT crosses, which produce heterozygous (HET) progeny,
was significantly reduced relative to WTxWT crosses, which produce WT progeny (p=0.0005,
Figure 6B). Based on these results, we infer that Arp53D-KO females have a clear fertility
disadvantage, which is exacerbated at higher temperatures. The number of adult progeny
produced in KOxKO crosses was even further reduced 3.5 fold relative to KOxWT crosses
(p<0.0001, Figure 6B), in spite of the fact that KO males are more fertile than WT males (Figure
5B). We attribute this dramatic reduction in progeny survival to the zygotic genotype, since only
KO progeny can be produced from KOxKO crosses.
To further distinguish the effects of maternal versus zygotic loss of Arp53D, we conducted two
additional crosses—HETxKO and KOxHET—at 29°C, to accentuate any fitness differences
(Figure 6C). In both crosses, the progeny produced are either KO or HET. If there were no
contribution of zygotic genotype on fitness, we would predict that both crosses should result in
approximately 50% KO progeny (dotted line, Figure 6D). Instead, we found that KO progeny
were recovered at slightly lower than 50% frequency in the HETxKO crosses (p-value<0.01,
Figure 6D), suggesting that the KO progeny are at a fitness disadvantage compared to the HET
progeny. This difference in fitness was significantly exacerbated in the KOxHET crosses, in
which KO progeny only made up <30% of total progeny (p<0.0001, Figure 6D). Thus, both
crosses show that KO zygotes are at a fitness disadvantage relative to HET zygotes. However,
the even stronger effect in the KOxHET crosses relative to the HETxKO crosses on both
fraction of KO progeny produced (Figure 6D) and total progeny produced (Supplementary
Figure S5D) further implicates maternal genotype as playing a more significant deleterious
effect on progeny survival than paternal genotype.
We wished to further understand the nature of the defects associated with loss of fitness upon
zygotic loss of Arp53D. We therefore conducted three crosses in parallel at 29ºC: WTxWT,
KOxWT, and KOxKO. We saw no significant differences in the number of eggs laid between
these sets of crosses (Supplementary Figure S5E). However, in the KOxKO crosses, we found
that a large percentage of eggs failed to develop (Figure 6E). Whereas <20% of eggs failed to
develop to larval stages in WTxWT crosses, nearly 40% of eggs failed to develop in the KOxKO
crosses (p=0.01, Figure 6E). The bulk of this difference can be explained due to defects in
female fertility or maternal contribution, which results in significant differences between the
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WTxWT and KOxWT crosses (p=0.03, Figure 6E). In contrast, we found more modest
differences between KOxKO and KOxWT crosses (p=0.124, Figure 6E), which would result
from differences in zygotic genotype. Overall, we conclude that both maternal and zygotic
Arp53D genotypes contribute to optimal embryonic fitness in D. melanogaster. Thus,
unexpectedly, we find that not only does Arp53D have a negative effect on male fertility (Figure
5), but it is also required in females and zygotes for optimal fitness (Figure 6).
The significant genetic contribution of maternal and zygotic Arp53D to fitness is perplexing
because it had very low to undetectable levels of expression in previous transcriptomic
studies36. However, bulk RNA-seq analyses can miss transcripts that are expressed at low
levels. To address this discrepancy, we carried out additional studies to examine Arp53D
expression. First, we carried out RT-PCR analyses with a greater degree of sensitivity (more
amplification cycles), which revealed that Arp53D is indeed expressed in adult females albeit at
much lower levels than males (Supplementary Figure S6A). Although previous RNA-seq data
does show very low levels of Arp53D expression in the ovary49,50, our cytological examination of
ovaries in female flies expressing sfGFP-Arp53D did not reveal GFP expression above
background levels (Supplementary Figure S6B-C). We also investigated embryonic expression
of Arp53D by examining existing in situ data for D. melanogaster gene expression. This analysis
revealed weak expression of Arp53D in stages 1-3 of embryogenesis (Supplementary Figure
S6D)51, suggesting maternal contribution. Furthermore, single cell-transcriptome data of
embryos show localized Arp53D RNA in stage 6 embryos (Supplementary Figure S6E)52.
Interestingly, Arp53D localizes dorsally in stage 6 embryos whereas canonical actin is
concentrated ventrally (Act5C, Supplementary Figure S6E), further demonstrating functional
divergence of Arp53D from its parental gene. Single-embryo RNA-seq also indicates zygotic
expression of Arp53D53. Thus, overall, despite weak expression, we conclude that Arp53D is
sufficiently expressed in embryos to manifest its zygotic effects, whereas the maternal tissues in
which Arp53D is expressed is still unclear.
Arp53D retention provides an overall fitness advantage in D. melanogaster
Our analysis of fitness effects of Arp53D reveal two opposing phenotypes. Loss of Arp53D is
beneficial to male fertility, but detrimental to female fertility and zygotic viability. Our finding that
Arp53D is strictly retained for over 50 million years of Drosophila evolution suggests that its
positive consequences must outweigh its negative consequences. To explicitly test this
possibility, we competed KO and WT alleles of Arp53D over multiple generations using a
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population cage experiment. In this assay, we used Arp53D-KO flies that were isogenized in a
w1118 genetic background (6 backcrosses) due to the lack of eye pigmentation and, thus, more
efficient identification of DsRed fluorescence. These D. melanogaster strains are completely
isogenic except for the loss of Arp53D and gain of eye-expressed DsRed in the KO allele.
We began the experiment with 3 starting populations consisting of an excess of KO flies (75%)
to put the Arp53D KOs at a starting advantage (Figure 7A). At each generation, we randomly
selected 50 females and 50 males (without observing the fluorescent eye marker for the
Arp53D-KO allele) and quantified the remaining progeny for the presence of the Arp53D-KO
allele (Figure 7B). After 20 generations at room temperature, we found a robust and consistent
increase of the WT allele, which finally reached an average proportion of 67% in all three
replicate populations (Figure 7B). This rise from 25% to 67% frequency in just 20 generations
implies a roughly 2% fitness advantage for the WT allele per generation. This implies that there
is a significant selective coefficient associated with the retention of Arp53D at the population
level. Thus, even though males lacking Arp53D appear to be at an advantage, this benefit is
outweighed by fitness costs attributed to roles in female fertility and embryonic development.
Based on these results, we conclude that non-canonical Arp53D mediates fitness tradeoffs in
order to play important roles in multiple life history traits of D. melanogaster.
Discussion
Actin and canonical actin-related proteins (Arps) represent some of the most conserved proteins
in eukaryotic genomes. Canonical Arps diversified early in evolution and have been mostly
retained for their essential cellular functions since. In contrast to these ancient, conserved Arps,
many genomes also encode non-canonical Arps that are often evolutionarily young, rapidly
evolving, and predominantly expressed in the male germline. Because these non-canonical
Arps have not been retained for large evolutionary periods, show fewer hallmarks of
evolutionary constraint, and are predominantly expressed in the transcriptionally promiscuous
male germline, they have received less scientific attention than canonical Arps. In this study, we
investigated one of the earliest described non-canonical Arps, encoded by Arp53D in D.
melanogaster. Although this Arp is not widely conserved even in animal genomes, we show that
it is evolutionarily ancient (at least 65 million years old), strictly retained, and is important for
optimal fitness in D. melanogaster. Moreover, even though Arp53D is predominantly expressed
in Drosophila testes, we find that it exerts its critical function in other developmental stages
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including early embryogenesis. Non-canonical Arps like Arp53D are found in many animal
genomes, including mammals. Our analyses suggest that these previously ignored noncanonical Arps might encode many unusual and distinct functions.
The evolutionary invention of Arps allows the deployment of the actin fold to perform new
functions without compromising actin’s many essential functions within a cell. The more recent
evolutionary divergence of non-canonical Arps provides a better opportunity to dissect how they
diverged from actin to acquire and consolidate their varied cellular functions. For example,
Arp53D is distinguished from canonical actin by its rapidly evolving actin-fold domain and a
longer 40 amino acid residue N-terminal domain. Although N-terminal tails in actin proteins are
typically much shorter---only 3 amino acid residues in length---they regulate the binding of many
regulatory proteins, such as myosin54,55 and are often post-translationally modified to affect actin
localization, polymerization and interactions with actin-binding proteins56. Our analyses show
that the longer N-terminal tail is necessary and sufficient to explain Arp53D’s specialization to
germline-specific actin structures during spermatogenesis. We hypothesize that the unique,
longer N-terminal tail of Arp53D may similarly allow it the ability to interact specifically with other
cytoskeletal proteins, thereby distinguishing it from canonical actin.
It is not unexpected that novel Arps would specialize for spermatogenesis, which requires
several novel cytoskeletal functions and complex actin structures. For example, Drosophila
exhibits a unique sperm developmental program that deploys two germline-specific actin
structures: the fusome and actin cones. Arp53D specializes to localize to both in a
developmental stage-specific manner that is distinct from actin. Actin cones are unique to
Drosophila flies, whereas the fusome is found in both female and male flies, additional insects57,
and also frogs58. Although these actin structures are absent in many species’ germ cell
developmental programs, the actin-based processes of cytoplasm sharing and sperm
separation span many phyla57,59. We hypothesize that the requirement of these specialized actin
processes may have led to the independent origin and retention of many non-canonical Arps
throughout animal evolution. Indeed, we find that another non-canonical Arp that arose via gene
duplication from canonical Arp2 in the D. pseudoobscura lineage, independently specialized to
localize to actin cones18. We speculate that their role in reproduction, as a class, may have led
to their accelerated rate of evolution due to strong selective pressures from sperm competition
and sexual selection60-62.
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Given its rapid evolution, predominant expression in male testes and localization to specialized
actin structures in spermatogenesis, we expected that loss of Arp53D would lead to a significant
impairment of male fertility. Instead, we saw the opposite; loss of Arp53D led to an increase in
male fertility, whether in isolation or in competition with WT males, at 25°C or 29°C. Given this
unexpected finding, we wondered why Arp53D is even expressed in testes? One possibility is
that Arp53D may serve to monitor the quality of sperm produced. Thus, despite being
fertilization competent, Arp53D-KO sperm may lead to progressively less fit progeny. Except for
our population cage experiments (Figure 7), our other assays are only one generation long and
thus lack the sensitivity to detect any such subtle detrimental effect. Alternatively, other
evolutionary pressures that we have not tested in our assay (like the presence of Wolbachia)
could potentially reveal a ‘hidden benefit’ for Arp53D function in the male germline. Given that a
predominant testis-specific expression pattern is a hallmark of Arp53D and other non-canonical
Arps in Drosophila and mammalian species, Arp53D’s beneficial role on male fertility remains
an open possibility that we cannot completely exclude.
In contrast to the male germline, Arp53D clearly plays a beneficial role both in female fertility as
well as zygotic viability. Female fertility differences could be on account of mating differences,
fertilization competence of the oocyte, or impact on progeny development (maternal effect). We
note that the fitness defects arising in KOxWT crosses are significantly less severe than in the
KOxKO crosses. This suggests that there is no gross impairment of female fertility in Arp53DKO females. Arp53D expression in D. melanogaster ovaries cannot be reliably detected either
by RNA-seq analyses or by sfGFP-Arp53D visualization (Supplementary Figure S6B-C).
However, in situ detection of Arp53D in early embryos (Supplementary Figure S6D)51 suggests
that Arp53D RNA may be maternally deposited. In contrast to maternal contributions, in situ and
RNA-seq data show robust Arp53D expression in the later stages of development51,52,
consistent with a zygotic effect. Inviability of Arp53D-KO zygotes was significantly rescued if
they were from HET females, but not if they were derived from KO females (Figure 6D-E,
Supplementary Figure S5D). This raises the possibility that Arp53D is a maternal-zygotic lethal
effect gene, where small consequences of either maternal effect or zygotic effect lethality are
dramatically exacerbated when both maternal and zygotic genotypes are Arp53D-KO.
The nature of the zygotic defect caused by loss of Arp53D remains unknown. Given its ability to
localize to germline-specific actin structures, Arp53D may be localizing to actin beyond the testis
as well. Interestingly, actin networks are drastically reorganized in the heat stress response of
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Drosophila embryos, leading to decreased embryonic viability63. We speculate that Arp53D may
regulate embryonic actin networks that are important in this process, explaining why a zygotic
effect is strongly exacerbated at high temperature.
Our studies reveal that, contrary to assumptions based on patterns of highest expression, noncanonical Arp53D plays important roles in many aspects of D. melanogaster biology beyond
male fertility. Many genes exhibit highest expression in the testis and brain, two tissues that are
especially transcriptionally promiscuous, despite the fact that their most important function may
manifest elsewhere. The ‘out-of-testis’ hypothesis predicts that the male germline provides an
initial ‘gene nursery’ for evolutionary innovation, with diversification subsequently broadening its
expression profile64,65. A recent cytological study of a novel centromeric histone variant, which
was originally thought to be ‘testis-specific’ in Drosophila virilis, based on RT-PCR data,
demonstrated that its expression and function also extends to females66. Similarly, Umbrea
which is highly testis-enriched, is required for chromosome segregation more broadly67. Thus,
although surprising, it is not unprecedented for a testis-enriched gene like Arp53D to be retained
for its function outside the male germline.
Despite Arp53D’s detrimental effect on male fertility, our population cage experiments firmly
establish that it confers a net fitness advantage to D. melanogaster populations, presumably
because of its beneficial consequences on female fertility and zygotic viability. Thus, Arp53D
appears to be poised in a state where it cannot simultaneously be beneficial to male fertility and
female/zygotic fitness. Such a genetic conflict has precedence. For example, while absence of
the rapidly evolving transcription factor, Eip74EF, leads to increased male fertility, female fertility
is reduced68. Under such circumstances, it is expected that this impasse should be resolved by
transcriptional rewiring, which can occur rapidly. For example, Apollo and Artemis nuclear
importin genes duplicated and transcriptionally diverged ~200,000 years ago in the D.
melanogaster lineage69. While Apollo is required for male fertility, it is detrimental to female
fertility, while the opposite is true for Artemis69. By analogy, we would predict that males should
lose Arp53D expression in testes to relieve male fertility defects but maintain female and zygotic
expression. Yet, such transcriptional rewiring has not occurred in over 50 million years of
Drosophila evolution. It is possible that the random mutations required to separate the
transcriptional programs are either rare or impossible for Arp53D. In such a case, Arp53D is
trapped to maintain a delicate balance to affect male fertility least deleteriously while enhancing
female and zygotic fitness the most. This balance may require recurrent adaptation to optimize.
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Thus, our studies suggest that a balancing ‘war between the sexes’ may be ultimately driving
the rapid evolution of a non-canonical Arp in Drosophila.
Materials and Methods:
Phylogenetics and positive selection tests:
All sequences (Table S1) were obtained from Flybase70 and/or NCBI and aligned using
MAFFT71 in Geneious72. Protein sequences were used for maximum likelihood trees, generated
using PhyML and 100 bootstraps. For positive selection tests, unpolarized McDonald-Kreitman
tests73 were conducted with 197 D. melanogaster strains (DPGP3)30 as the ingroup, and the D.
simulans allele74 was used as the outgroup, with rare polymorphisms (<5%) removed34. A chisquare test was used to assess statistical significance of the difference between fixed and
polymorphic non-synonymous and synonymous changes.
Sequencing and RT-PCR:
To obtain genomic DNA from flies for subsequent PCRs and Sanger sequencing, 1 or 2 flies
were ground in 10 mM Tris-HCl pH8, 1 mM EDTA, 25 mM NaCl, and 200 µg/mL Proteinase K.
The fly lysate was incubated at 37°C for 30 min, followed by 95°C for 3 min to inactivate
Proteinase K. Following centrifugation, the supernatant was used for analysis. PCRs were
conducted with Phusion according to the manufacturer’s instructions (NEB).
To assess Arp53D RNA expression, whole flies (10 minimum) were ground in TRIzol
(Invitrogen). Following centrifugation, the supernatant was chloroform extracted and the
resulting soluble phase was isopropanol-extracted to precipitate RNA. RNA was then
centrifuged, washed with 75% ethanol, dried and resuspended in RNAse-free water. Samples
were treated with DNaseI (Zymo Research) or TURBO DNase (Thermo Fisher) according to the
manufacturer’s instructions. DNase-treated samples were then further purified and concentrated
using an RNA-cleanup kit (Zymo Research), and cDNA was obtained using SuperScript III firststrand synthesis (Invitrogen). All primers used are listed in Table S3.
Immunoblot analysis:
Approximately 30 testes from the transgenic line w-; sfGFP-△N-term-Arp53D and the line w-;
Arp53D KO; sfGFP-Arp53D (full length) were dissected separately in PBS and centrifuged. After
the supernatant was removed, the pellets of testes were flash frozen. Once thawed for
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immunoblot analysis, 20 µL of 4X NuPAGE LDS sample buffer (Thermo Fisher) was added to
each pellet, which was resuspended and boiled for 5 min at 100°C. Protein samples were
loaded on a mini-protean TGX stain-free protein gel (BioRad), run with Tris/Glycine/SDS buffer
and transferred to a PVDF trans-blot turbo membrane (BioRad). After blocking with 5% milk in
Tris-buffered saline (TBS) and 0.1% Tween-20 (TBST), the membrane was probed with antiGFP and anti-tubulin in TBST for 1 hr at room temperature, followed by three 10 min washes
with TBS. The membrane was then incubated for 45 min at room temperature with IR dye 680
anti-chicken (LI-COR) and/or IR dye 800 anti-rabbit 800 nm (LI-COR) in TBST (See Table S4
for dilutions). After 3 final washes with TBS, the membrane was scanned with 680 nm and 800
nm.
Generation of the Arp53D-KO fly line
CRISPR/Cas9 was used to knockout Arp53D and replace it with DsRed to track the Arp53D-KO
allele. Both guide RNAs were cloned into pCFD4 (Addgene 49411)75 and 1kb homology arms
flanking DsRed were cloned into pHD-attP-DsRed (Addgene 51019)76. Guide RNAs were
chosen based on optimal efficiency score and no predicted off-targets
(http://www.flyrnai.org/crispr2/). The guide RNAs (TCCTGGAAACATGAGCAGCG and
TTGGACGGGTGGTTCCGTCT) targeted internally to Arp53D, leading to an early stop-codon
and removal of the actin fold domain. The CRISPR/Cas9 targets were chosen because they
were least invasive to the nearby essential gene SOD2 and predicted not to alter SOD2’s
transcriptional regulatory elements. The two plasmids for CRISPR/Cas9 were midi-prepped
(Takara Bio) and co-injected by BestGene, Inc in stock 55821 from the Bloomington Drosophila
Stock Center (BDSC). BestGene, Inc. isolated transformants, crossed out the gene encoding for
Cas9, and balanced the modified second chromosome with CyO. The Arp53D-KO fly line was
backcrossed to the same Oregon-R fly line used in fertility assays for 8 generations, sequence
verified and confirmed for lack of Arp53D expression and absence of Wolbachia (Figure S4CG). The Arp53D-KO line was also separately backcrossed to the w1118 fly line for 6 generations
and sequence verified; this white-eyed line was subsequently used for cytological analyses and
population cage experiments. For isogenization, females heterozygous for the Arp53D-KO allele
were collected in each generation for a subsequent backcross since meiotic recombination only
occurs in females, allowing for further mixing of genetic backgrounds. Heterozygous virgin flies
were then crossed to obtain a homozygous Arp53D-KO fly strain, which was consistently
maintained at room temperature and used for fertility assays.
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Fly culturing and generation of fly transgenics:
All flies were cultured at 25ºC on yeast-cornmeal-molasses-malt extract medium. D.
melanogaster Arp53D was N-terminally tagged with sfGFP followed with a 6-aa intervening
linker (GGSGGS). This transgene as well as all Arp53D variants (△Nterm-Arp53D, Nterm
Arp53D-Actin, and Nterm Arp53D-sfGFP) were cloned into vectors encoding an attB site and
DsRed under the control of an eye-specific promoter (3XP3). Constructs were midi-prepped
(Takara Bio) and injected by BestGene, Inc. into BDSC 9744 (Table S5). To construct the △Nterm Arp53D fly transgenic, 1-35 aa of Arp53D were removed. For the Nterm Arp53D-Actin fly
line, 1-35 aa of Arp53D followed by the GGSGGS linker was added N-terminally to D.
melanogaster Act5C. For Nterm Arp53D-sfGFP, Arp53D’s N-terminus (aa 1-35) followed by a 6aa linker (GGSGGS) was added N-terminally to sfGFP, replacing Arp53D’s actin fold domain
(aa 36-411); this construct did not have an N-terminal sfGFP tag. Transformants were selected,
crossed to w1118, and were stably maintained as homozygous stocks. Modified sites were
verified by PCR and subsequent Sanger sequencing.
Immunofluorescence and live imaging:
For live and fixed imaging, testes were dissected from 0-2-day old males in PBS using a
dissecting scope. Live imaging was always conducted to confirm lack of fixation artifacts in
immunofluorescence. For live imaging of individual cysts at all stages of spermatogenesis,
dissected testes were transferred to a drop of PBS containing Hoechst 33342 (Invitrogen) and
sir-actin (10 µM; Cytoskeleton, Inc.) on a slide and pulled apart, evenly distributing visibly
elongated cysts. Cysts were stained for 5 min at room temperature, and then a coverslip was
placed on top for imaging.
To image whole fixed testes, dissected testes were immediately fixed with 2% PFA in periodatelysine-paraformaldehyde (PLP) buffer for 1 hr at room temperature, and then permeabilized with
PBS with 0.5% Triton X-100 for 30 min. Testes were blocked for 30 min with 3% BSA in PBS
plus 0.1% Triton X-100 (PBST). Incubation with primary antibodies took place overnight at 4°C.
Testes were then washed several times, followed by secondary antibody incubation for 2 hr at
room temperature. After washing 3 times with PBST, testes were mounted onto slides with
VECTASHIELD antifade mounting media with DAPI (Thermo Fisher).
For fixation of individual cysts, cysts were separated (as done for live imaging) in PBS without
Hoechst. After a coverslip was placed on the slide, it was submerged in liquid nitrogen. Tissue
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was fixed with either paraformaldehyde (PFA) or methanol. For PFA fixation, the coverslip was
removed from flash-frozen slides and the slides were placed in 100% ethanol for 10 min. Then
fixation with 4% PFA in PBS took place for 7 min at room temperature. Tissue was then
permeabilized twice for 15 min each with PBS and 0.3% Triton X-100 and 0.3% sodium
deoxycholate. Alternative fixation with methanol took place at -20°C for 5 min, followed by
incubation in acetone -20°C for 5 min. After both fixation protocols, slides were washed once
with PBST for 10 min and then blocked with 3% BSA in PBST for 30 min. Primary antibody
incubations took place overnight at 4°C, followed by three 15 min washes in PBS at room
temperature. Slides were incubated with secondary antibody for 1 hr, followed by four 15-min
washes with PBS. Slides were then either washed once with Hoechst 33342 (Invitrogen) or
DNA-stained with mounting media containing DAPI (Thermo Fisher). Following the addition of
mounting media, a coverslip was placed and sealed with nail polish. See Table S4 for antibody
dilutions. All live and fixed samples were imaged using a confocal microscope (Leica TCS SP5
II) and LASAF software (Leica).
Fertility assays:
Oregon-R flies were used as wild type flies, and female and male virgins were collected for all
assays. Females were 1-5 days old, and males were 1-2 days old. Crosses were setup with
females 4-fold in excess, and matings took place over 9 days at 25°C or 29°C with vials flipped
every 2-3 days. Light/dark cycles were maintained consistently. For heat-stressed experiments,
virgins were maintained at 25°C until crosses were setup and then transferred to 29°C. All adult
progeny were quantified on the last possible day before the second-generation progeny
emerged. With day 1 being the time at which crosses were set up, day 15 or 16 was the last day
the first generation could be counted at 25°C, and for 29°C experiments, day 12 or 13 was the
last day. For quantification of fluorescence (the Arp53D-KO allele) in the Oregon-R background,
DsRed fluorescence was visualized in the ocelli because pigmentation obscured fluorescence in
the eye. Heterozygous flies were generated by crossing KO females to Oregon-R flies at room
temperature. Homozygous DsRed flies were denoted by strikingly fluorescent ocelli and dim
fluorescence of the body, whereas the ocelli of heterozygous flies were dim and required close
observation to differentiate from wild-type flies. All fertility assays were conducted at a minimum
of n=2, and parents that died in all crosses were tallied with each passage and did not differ
significantly among the different genotypes.
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To compare development of embryos, female and male virgins were collected as done for the
previously described fertility assays. Fly crosses were set up with females in 4-fold excess and
allowed to lay at 29°C for 2 hr. The number of eggs laid were quantified and then returned to
29°C. After 24 hr, unhatched embryos were quantified.
For knockdown of Arp53D, RNAi line 108369 (VDRC) was used and sequence verified (as done
in Green et al., 2014) for integration at the chromosomal 30B site and not the 40D site, which
has a non-specific phenotype77. The line was crossed to topi-Gal4 flies (generously given by the
labs of Lynn Cooley and Christian Lehner) for knockdown in late spermatogenesis.
Population cage experiment:
The isogenized Arp53D-KO line in the w1118 background was used due to ease of DsRed
detection in the eye (as opposed to the ocelli in the Oregon-R Arp53D-KO background). Virgin
females and males were collected from the w1118 fly line and the Arp53D-KO fly line
isogenized in the w1118 background. Crosses with 50 Arp53D-KO females, 25 Arp53D-KO
males and 25 w1118 males were set up in bottles with 3 replicates. Crosses were passaged
every 2 weeks at room temperature. At each passage, 50 females and 50 males were randomly
collected without fluorescence detection and without selection based on virgin status. The 100
progeny were placed in a fresh bottle and remaining progeny were frozen for subsequent
detection of DsRed fluorescence. After one week, parents of the next generation were removed
and frozen to include in the previous generation’s quantification.
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Figure 1. Arp53D encodes a rapidly evolving non-canonical Arp with male-enriched
expression. A) Nucleotide tree with 100 bootstraps includes Arp53D orthologs from sequenced
genomes of 18 Drosophila species. B) Arp53D domains include an extended N-terminus, which
is predicted to be unstructured, and the canonical actin domain. The protein identities are
displayed for the different domains of actin (Act5C) and Arp53D from the species D.
melanogaster and Scaptodrosophila lebanonensis. C) RNA-seq values (in RPKM) are displayed
for tissues at different developmental stages (wandering L3 larvae, white prepupae, pupae, and
adults)36,70. Values are displayed for Arp53D, Act5C, and Arp2 with blue indicating highest
expression.
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Figure 2. Arp53D localizes to specific actin structures late in sperm development. A) A
schematic shows the steps of spermatogenesis that progress from the apical end to the basal
end of the testis; green indicates the level of GFP fluorescence visualized in the testis of the
transgenic fly in (B). Labels for the meiotic and elongating stages refer to panels C-F. B) A
transgene encoding Arp53D with an N-terminal superfolder GFP (sfGFP) tag was site directed
to the third chromosome. The transgenic fly line was then crossed into the Arp53D-KO
background so that all Arp53D molecules are fluorescent. C-E) Testes from the transgenic flies
in (B) were broken apart and cysts from meiotic (C), post-meiotic (D) and elongating stages (E)
of spermatogenesis were visualized and probed for the fusome-localizing protein ⍺-spectrin
(magenta), DNA (blue), and Arp53D (green, anti-GFP). The merge of spectrin and Arp53D
appears as white. Arrows correspond to the enlarged insets. F) Testes from the transgenic flies
in (B) were fixed and probed for actin (phalloidin). All scale bars are 10 µm.
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Figure 3. Arp53D localizes to the leading edge of actin cones during sperm
individualization. A) The schematic depicts the stages of individualization. Once actin cones
are fully assembled at mature sperm nuclei, the cones translocate along the axoneme (a
microtubule structure), pushing excess cytoplasm (the “cystic bulge”) to the end of the cyst. The
cystic bulge undergoes autophagy and becomes known as the “waste bag.” B-D) Testes from
the same flies in Figure 2B were dissected and fixed. Microtubules (gray, anti-tubulin), DNA
(blue, DAPI), actin (magenta, phalloidin), and sfGFP-Arp53D (green, anti-GFP) were visualized.
Each row shows a cyst at a different stage of individualization, which is depicted with a
schematic to the right. E) Testes expressing sfGFP-Arp53D (Figure 2B) were dissected and
imaged live. Actin (sir-actin probe) and mature sperm nuclei (Hoechst stain) were visualized in
addition to GFP. The arrow indicates the actin cone shown in (F). F) A mature sperm nucleus
and its corresponding actin cone is shown with Arp53D localizing at the leading edge. On the
right is a schematic that delineates the types of actin networks composing the cone. The green
filaments indicate Arp53D localization. All scale bars are 10 µm.
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Figure 4. N-terminus of Arp53D is necessary and sufficient for localization. A) Two
transgenic fly lines were generated with the transgene on the third chromosome in the WT
background. In the “△N-term” transgene, 35 aa of the N-terminus of Arp53D was removed and
the remaining actin fold was N-terminally tagged with sfGFP. In the “Nt-Actin” transgene, the
actin domain of Arp53D was replaced with canonical actin (Act5C). Both transgenes were under
the control of Arp53D’s endogenous promoter. B) Dissected testes of the transgenic flies were
fixed and probed with anti-GFP (green), anti-spectrin (magenta) and Hoechst (blue). Arrows
correspond to the enlarged insets. All scale bars are 10 µm. C) Dissected testes of the
transgenic flies were fixed and probed to amplify signal with anti-GFP (green) and Hoechst
(blue), and mature sperm nuclei were imaged. Nt-actin was imaged live, and the inset shows
labeled actin (sir-actin probe). All scale bars are 10 µm unless otherwise noted.
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Figure 5. Lack of Arp53D increases male fertility. A-B) Fertility assays at 25°C and 29°C
were conducted with WT females mated to either WT males or KO males (all crosses are
reported as female x male). Embryos were laid for 9 days and adult progeny were counted. CD) WT females were mated to WT males and KO males at 25°C. Progeny of KO and WT males
were identified with presence or lack of DsRed fluorescence, respectively. Progeny genotypes
are displayed as a percentage of the total population. For all graphs, progeny genotypes are
distinguished by color, and a one-way ANOVA test was used to determine all p-values.
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Figure 6. Lack of Arp53D in females leads to developmental tradeoffs. A-B) Fertility assays
at 25°C and 29°C were conducted with KO females mated to either WT males or KO males.
Embryos were laid for 9 days and adult progeny were counted. C-D) Arp53D-KO females were
crossed to Het males, and Het females were crossed to KO males. Homozygous KO progeny
were identified with strikingly bright DsRed fluorescence, whereas the Het progeny were
identified by dim fluorescence. Progeny genotypes were quantified and displayed as a
percentage of the total population. E) Crosses were allowed to lay for 2 hr at 29°C, and embryos
were counted. Unhatched embryos were then quantified 24 hours later and are displayed as a
percentage of embryos laid the previous day. A one-way ANOVA test was used to determine all
p-values.
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Figure 7. Arp53D exhibits an evolutionary fitness advantage. A) A population cage
experiment was conducted with generation one including Arp53D-KO females, Arp53D-KO
males, and WT (w1118) males in the same bottle. Arp53D-KOs were isogenized in the w1118
background. All subsequent generations were passaged by randomly selecting 100 progeny
from the previous generation and placing them in a new bottle at room temperature. B) All
progeny at generations were assessed for presence of DsRed-fluorescent eyes, the marker for
the Arp53D-KO allele. The graph displays the percent of WT progeny (flies lacking DsRed
fluroescence) of the generation’s total population, and replicates are distinguished by color. The
dotted line indicates the expected percentage of WT progeny over time if no fitness advantage
is associated with WT Arp53D.

