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Abstract

It is conventionally assumed that conserved pathways evolve slowly with little participation of gene evolution.
Nevertheless, it has been recently observed that young genes can take over fundamental functions in essential biological
processes, for example, development and reproduction. It is unclear how newly duplicated genes are integrated into
ancestral networks and reshape the conserved pathways of important functions. Here, we investigated origination and
function of two autosomal genes that evolved recently in Drosophila: Poseidon and Zeus, which were created by RNA-
based duplications from the X-linked CAF40, a subunit of the conserved CCR4–NOT deadenylase complex involved in
posttranscriptional and translational regulation. Knockdown and knockout assays show that the two genes quickly
evolved critically important functions in viability and male fertility. Moreover, our transcriptome analysis demonstrates
that the three genes have a broad and distinct effect in the expression of hundreds of genes, with almost half of the
differentially expressed genes being perturbed exclusively by one paralog, but not the others. Co-immunoprecipitation
and tethering assays show that the CAF40 paralog Poseidon maintains the ability to interact with the CCR4–NOT
deadenylase complex and might act in posttranscriptional mRNA regulation. The rapid gene evolution in the ancient
posttranscriptional and translational regulatory system may be driven by evolution of sex chromosomes to compensate
for the meiotic X chromosomal inactivation (MXCI) in Drosophila.
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Introduction
The complex regulation of gene expression is essential for a
proper cell function. Accurate spatial and temporal tran-
scriptional activation and repression, as well as posttran-
scriptional regulation, is determined by intricate regulatory
networks, often involving extensive signaling processes and
the recruitment of multiprotein regulatory complexes.
Thus, describing the components of such regulatory cir-
cuits, as well as understanding their role in the evolution
of gene regulation can extend our comprehension of how
organisms adapt and diversify over time (Erwin and
Davidson 2009; Halfon 2017). Fundamental cellular func-
tions, including basic regulatory processes common to dis-
tantly related organisms, are often assumed to be carried
out by old conserved elements, whereas evolutionary young

genes would be involved in more restrict, even dispensable,
activities (Miklos and Rubin 1996; Kondrashov 2012).
However, recent case studies have challenged this view,
showing that young genes can be incorporated into ances-
tral regulatory networks, with major impact in the expres-
sion of numerous genes (Matsuno et al. 2009; Ding et al.
2010; Chen et al. 2012). The importance of such integration
of new elements into fundamental cellular processes is il-
lustrated by dramatic examples of young genes which were
experimentally shown to have acquired indispensable roles
in development or reproduction in a short evolutionary
time, even when present in a single or a small clade of
species (Chen et al. 2010; Saleem et al. 2012; Ross et al.
2013; VanKuren and Long 2018; Lee et al. 2019; Kasinathan
et al. 2020).
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The incorporation of new genetic elements, in particular
evolutionary young genes, into ancestral regulatory networks
remains elusive and underexplored (Abrusan 2013; Zhang
et al. 2015). In particular, little is known about the molecular
mechanisms involved in the evolution of regulatory networks
driven by recently evolved gene duplicates. For instance, it is
not clear to what extent the regulatory role of a young gene
diverges from that of the parental copy, as well as what
specific cellular processes and phenotypes they impact. In
this context, the detailed comparison of old genes and their
young duplicated paralogs can shed light on the mechanisms
leading to the integration of new elements into preexisting
cellular processes.

Extensive comparative genomic analyses have revealed an
intriguing evolutionary pattern of gene traffic: there is a strong
excess of parental genes on the X chromosome that pro-
duced autosomal duplicated genes with specific expression
in the male germline (Betran et al. 2002; Kaessmann et al.
2009; Vibranovski, Lopes, et al. 2009). This pattern was con-
firmed for various organisms such as flies (Betran et al. 2002;
Dai et al. 2006; Bai et al. 2007; Zhang et al. 2010), mosquitos
(Toups and Hahn 2010), and mammals (Emerson et al. 2004;
Carelli et al. 2016). The preferential fixation of male-biased
duplicated copies into autosomes likely reflects the fact that,
during spermatogenesis, the silencing of X chromosome in
meiosis and later stages, as observed in mammals (Richler
et al. 1992) and Drosophila (Vibranovski, Zhang, et al. 2009;
Mahadevaraju et al. 2021) provided a selective mechanism to
drive the X to A gene traffic in new gene duplication
(Vibranovski, Lopes, et al. 2009; Jiang et al. 2017; Long and
Emerson 2017). Consequently, natural selection favors the
fixation of autosomal duplicate copies that escape the X chro-
mosome and compensate for the expression of its parental
gene (Betran et al. 2002; Vibranovski, Lopes, et al. 2009, 2012;
Casola and Betran 2017). In addition, other factors were pro-
posed to interpret the gene traffic out of the X. It was con-
sidered that the testis was a rapidly evolving organ, prone to
the accumulation of new elements, consistent with intense
sexual selection (Harrison et al. 2015). It was also shown that
during late spermatogenesis stages, the transcription of new
gene copies is facilitated by the permissive chromatin state,
which may facilitate the promiscuous transcription, insertion,
and subsequent evolution of newly arisen genes (Kaessmann
2010; Witt et al. 2019).

Consistent with the pattern described above, previous
studies have reported that male reproductive tissues express
specific versions of several housekeeping genes involved in
basic cellular processes, such as the proteasomal (Zhong
and Belote 2007), transcriptional (Hiller 2004), and transla-
tional machineries (Baker and Fuller 2007). It was suggested
that these duplicated copies may represent specialized ver-
sions of their parental genes, required to accomplish the in-
tense and coordinated changes in gene expression observed
during spermatogenesis (White-Cooper 2010). It is not clear,
however, why the duplicated, specific copies occur so fre-
quently, or to what extent they diverge in function from their
parental ones (Belote and Zhong 2009).

In this study, we investigate evolutionary and functional
impacts of Poseidon and Zeus, two autosomal young genes
expressed in the testes, which independently retroposed from
X-linked CAF40, and are only found in some Drosophila spe-
cies (Zhang et al. 2010). CAF40 is an ancient gene, broadly
expressed in all fly tissues. The locus encodes a highly con-
served protein in eukaryotes, with orthologs identified and
experimentally studied from mammals (e.g., mouse and hu-
man) to insects (e.g., Drosophila) to fungi (e.g., yeast) (Collart
and Panasenko 2017). CAF40, also known as Rcd-1 or CNOT9,
is a subunit of the highly conserved CCR4–NOT deadenylase
complex, a multiprotein assembly involved in posttranscrip-
tional and translational regulation of gene expression (Miller
and Reese 2012; Wahle and Winkler 2013; Buschauer et al.
2020). The complex catalyzes the removal of poly(A) tails in
mRNAs, thus leading to their translational repression and
degradation. It is also involved in the deadenylation and deg-
radation of mRNA targets for proper spermatogenesis
(Legrand and Hobbs 2018). By integrating several regulatory
processes, the complex is considered a key regulator of eu-
karyotic gene expression (Collart 2016). Among the subunits
of the CCR4–NOT complex, CAF40 acts as an important hub
for the recruitment of the complex by mRNA-binding pro-
teins (Sgromo et al. 2017, 2018; Keskeny et al. 2019).
Moreover, it was shown to act independently of the complex,
by interacting with transcription factors and altering their
activation potential (Garapaty et al. 2008).

Zeus, retroposed 5 Ma, was already shown to play an im-
portant role in male fertility in Drosophila, by binding and
regulating the expression of a large set of target genes, many
not shared with the parental CAF40 (Chen et al. 2012). In
order to uncover how newly duplicated genes are integrated
into ancestral networks and reshape the conserved pathways
of important functions, we first describe the divergence be-
tween CAF40 and its two retroduplicated genes, Poseidon and
Zeus, in gene sequence and expression patterns. Second, using
RNAi-knockdown and CRISPR-Cas9-deletions, we further ex-
plore their phenotypic importance for viability and male fer-
tility. Third, we demonstrate that both duplicates are able to
repress a tethered mRNA reporter, and that Poseidon protein,
but not Zeus, retained the ability to interact with the CCR4–
NOT complex. Finally, our RNA-seq data demonstrate that
the independent silencing of each paralog impacts the regu-
lation of a distinct set of genes, likely due to diverse functions
between regulatory processes in which the paralogs are acting
in. Together, our data show that both young duplicates are
integrated into Drosophila male germline regulatory path-
ways, interact with highly conserved regulatory mechanisms,
and impact the gene expression network in different ways.

Results

Rapid Evolution of Poseidon and Zeus Out of the
Extremely Conserved CAF40
Comparative genomic analyses from public databases had
previously identified Zeus as a diverged copy of CAF40
(Zhang et al. 2010), which prompted its functional descrip-
tion as a duplicated gene (Quezada-Diaz et al. 2010; Chen

Xia et al. . doi:10.1093/molbev/msab296 MBE

2



et al. 2012). Curiously, our analyses using the CAF40 sequence
as query in sequence search against Drosophila genomes had
also revealed the presence of another annotated paralogous
gene, although it had not been studied until now (CG2053 in
D. melanogaster). We named this gene Poseidon, as a refer-
ence to Zeus’ brother in the Greek mythology (PSI-BLAST e-
value ¼ 7�10�56, coverage ¼ 81% between CAF40 and
Poseidon in D. melanogaster).

Our search revealed that the intact Open Reading Frames
of Poseidon are present in the third chromosome of 18
Drosophila species (fig. 1A), all from the subgenus
Sophophora. Reciprocal BLAST searches using the Poseidon
sequence as query did not find any other significant match in
eukaryotes except for CAF40 and Zeus orthologs. The phylo-
genetic distribution suggests that Poseidon is a relatively
young gene that appeared 36 Ma, before D. willistoni diverged
from other Sophophora species(Russo et al. 1995; Clark et al.
2007; Markow and O’Grady 2007). Zeus originated after the
split of the most recent common ancestor of D. melanogaster
and D. yakuba 3–6 Ma (Russo et al. 1995; Clark et al. 2007;
Markow and O’Grady 2007; Quezada-Diaz et al. 2010; Chen
et al. 2012). Despite the recent origination of these two new
genes from different CAF40 ancestries, these genes show a
high level of divergence in their protein sequences (supple-
mentary fig. S1A, Supplementary Material online).

The presence of introns is useful for determining the
mechanisms of origination of new genes (Long et al. 2013).
CAF40 orthologs have between four and six introns in
Drosophila species. Poseidon, however, has no introns in all
detected species except one small intron in its 30-end in the
D. melanogaster subspecies group, which is unrelated in se-
quence or position to any intron found in CAF40. The lack of
ancestral introns in the duplicated gene suggests that
Poseidon initially originated through an X-to-autosome retro-
position event, with the insertion of the duplicate in the third
chromosome. Subsequently in the most recent common an-
cestor of the D. melanogaster subgroup species that diverged
6–11 Ma, Poseidon gained a new intron (fig. 1B).

Phylogenetic analyses of the three genes using the
Maximum Parsimonious method in the MEGA platform
(Kumar et al. 2018) suggest that Poseidon and Zeus originated
through two independent RNA-based duplications from
CAF40 in different branches of the Drosophila phylogeny
(fig. 1C). The phylogenetic position of Zeus is consistent
with its retroduplication after the split of the most recent
common ancestor of D. melanogaster and D. yakuba (3–
6 Ma), as previously described (Quezada-Diaz et al. 2010;
Chen et al. 2012). The branch lengths in figure 1C also reveal
that Poseidon and Zeus sequences rapidly diverged, in con-
trast to the extremely slow evolution of the parental CAF40.
As an illustration, the CAF40 protein sequences from
D. melanogaster and D. willistoni, which split �36 Ma
(Russo et al. 1995; Clark et al. 2007; Markow and O’Grady
2007), diverged in only 7.7% of the sites in accordance with
the extreme conservation in the protein sequences encoded
by the CAF40 homologs across all multicellular organisms
(supplementary fig. S1B, Supplementary Material online),
whereas Poseidon and Zeus diverged 48.6% and 22.5%,

respectively, from CAF40 in D. melanogaster (supplementary
table S1, Supplementary Material online). An orthologous
comparison of CAF40 and Poseidon protein sequences be-
tween D. melanogaster and D. willistoni, revealed an amino
acid substitution rate of 0.12% per million years and 0.68% per
million years, respectively. The comparison of Zeus protein
sequence between D. melanogaster and D. simulans, which
diverged by 3 Ma (Russo et al. 1995; Clark et al. 2007; Markow
and O’Grady 2007), obtains an unusually high substitution
rate of 4.92% per million years.

The Duplicates Diverged at Highly Conserved Sites
In order to understand whether the duplicated proteins ac-
cumulated replacements at conserved residues in the ances-
tral protein, or merely at the highly variable termini of the
protein, we estimated the Shannon entropy (H) for each
residue in an alignment of CAF40 homologs from 42 eukar-
yotes, and contrasted it with the replaced residues in the
duplicates (supplementary fig. S1, Supplementary Material
online). We found that amino acid replacements in
Poseidon and Zeus occurred even at extremely conserved
sites of CAF40. In both duplicates, replacements are distrib-
uted throughout the protein structure, including the charged
groove formed by the conserved armadillo-repeat domain
(Garces et al. 2007), which was shown to be important for
CAF40 interactions (Chen, Boland, et al. 2014; Sgromo et al.
2017, 2018; Keskeny et al. 2019).

For the sake of comparison, out of the 49 completely con-
served residues in CAF40 among eukaryotes (there are 49
conserved residues with which their H¼ 0; supplementary
fig. S1C and D, Supplementary Material online), Poseidon di-
verged in 25, and Zeus, in 11 of these completely conserved
residues. Furthermore, several diverged residues that were
experimentally shown to be functionally relevant for CAF40
interaction with its protein partners in previous studies were
replaced in the duplicates (supplementary table S2,
Supplementary Material online; Chen, Boland, et al. 2014;
Mathys et al. 2014; Sgromo et al. 2017). The extensive replace-
ment of amino acids that are highly constrained in the pa-
rental protein suggests that Poseidon and Zeus functional
properties may have diverged substantially from CAF40.

The Duplicates Acquired a Restricted Expression
Pattern
Part of the phenotypic divergence between duplicated genes
and their parents may result from their differential expression
patterns. We used extensive transcriptome data from publicly
available databases to investigate to which extent Poseidon
and Zeus diverged from CAF40 at the expression level. First, a
comparison of expression of these genes in several tissues
from D. melanogaster evidences that both Poseidon and
Zeus have acquired a narrower expression pattern when com-
pared with CAF40 (fig. 2A). The duplicates are only expressed
at larval imaginal discs, adult male reproductive tissues, and
pupae at low or intermediate levels, in sharp contrast with
CAF40, which is expressed at all assayed tissues and develop-
ment stages, from intermediate to high levels. We experimen-
tally confirmed the distinct expression of the three paralogs in
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D. melanogaster larvae, head, and testis through RNA extrac-
tion followed by RT–PCR (supplementary fig. S2,
Supplementary Material online).

We also compared the expression of each paralog at dif-
ferent testis cell types in D. melanogaster. We directly

retrieved the Z score of transcriptions per kilobase million
(TPM) normalized reads for each gene from a recently pub-
lished data set of genome expression during spermatogenesis
using sing cell RNA-seq (scRNA-seq) from eight spermato-
genesis phases in mitosis, meiosis, and cyst cell differentiation

FIG. 1. Origination of Poseidon and Zeus from CAF40 in Drosophila. (A) Distribution of the three paralogs among Drosophila species, with other
insects as outgroups. Filled boxes represent the presence of each gene. (B) Scheme depicting Poseidon origination process through retrodupli-
cation, and insertion into an autosome. (C) Phylogenetic relationship in CAF40, Poseidon, and Zeus reconstructed respectively through the
Maximum Parsimonious method using protein sequences. Dmel, Drosophila melanogaster; Dsec, Drosophila sechellia; Dsim, Drosophila simulans;
Dere, Drosophila erecta; Dyak, Drosophila yakuba; Dbia, Drosophila biarmipes; Dsuz, Drosophila suzukii; Dele, Drosophila elegans; Deug, Drosophila
eugracilis; Drho, Drosophila rhopaloa; Dtak, Drosophila takahashii; Dana, Drosophila ananassae; Dbip, Drosophila bipectinate; Dfic, Drosophila
ficusphila; Dmir, Drosophila miranda; Dkik, Drosophila kikkawai; Dper, Drosophila persimilis; Dpse, Drosophila pseudoobscura; Dwil, Drosophila
willistoni; Dmoj, Drosophila mojavensis; Dvir, Drosophila virilus; Dalb, Drosophila albomicans; Dgri, Drosophila grimshawi; Musca, Musca domestica
(Housefly). The black and gray triangles represent the origination branch of Zeus and Poseidon, respectively. The scale for branch lengths is number
of substitutions per site.
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(see “Gene Level Data” Excel sheet in Supplementary Data Set
2 from Mahadevaraju et al. 2021). We show that the three
paralogs have distinct expression dynamics (fig. 2B). The
scRNA-seq detected expression patterns of the three genes
are similar to those detected previously from dissected testis
tissues (Vibranovski, Zhang, et al. 2009), revealing the expres-
sion dynamics of these X-linked (CAF40) and autosomal

genes (Poseidon and Zeus) in spermatogenesis with a much
higher resolution. Although CAF40 expression level is high in
spermatogonia, it reduces expression in meiotic and cyst cells,
suggesting CAF40 is negatively impacted by the inactivation
of male X chromosome in spermatocytes. Zeus shows a
strong peak of expression, higher than CAF40, in the early
mitotic phase, and subsequent drop of expression in the

FIG. 2. CAF40, Poseidon, and Zeus have distinct expression patterns. (A) Summary of the expression intensity of each paralog in D. melanogaster
tissues and development times. Expression summarized as average FPKM. CAF40 broad expression contrasts with the duplicates restricted
expression pattern. (B) Expression level, expressed as Z scores of TPM values of each gene to normalize by experimental variance (The Z score
of TPM normalized reads for each gene were directly retrieved from “Gene Level Data” Excel sheet in Supplementary Data Set 2 from Mahadevaraju
et al. 2021), at eight different cell types in D. melanogaster testes (spermatogonia [Spmt, mitosis, G], primary spermatocyte [meiosis, early (E1

�
),

middle (M1
�
), and late(L1

�
)], cyst cell differentiation [four stages from C1 to C4]) (Mahadevaraju et al. 2021). These data provide evidence for the

compensation of the autosomal Poseidon for the significantly reduced expression of the X-linked CAF40 in the spermatocyte stages. Z scores mean
the number of SDs from the mean. Z=(x�l)/r, x is the value to be standardized, l is the mean, and r is the SD. (C) Summary of expression intensity
in female/male adults for Drosophila species with available data for each paralog. Circles in the phylogeny represent the duplication event for
Poseidon (blue) and Zeus (orange). Blue arrows indicate the expression intensity in reproductive organs (testes and ovaries) of D. melanogaster
(D. mel) and D. pseudoobscura (D. pse). Male-biased expression for Poseidon and Zeus are conserved across the phylogeny. Data extracted from
Brown et al. (2014), VanKuren and Vibranovski (2014), and Vibranovski, Zhang, et al. (2009).
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meiotic and postmeiotic stages. Starting in a low level of
expression in spermatogonia, Poseidon increases expression
in the middle primary spermatocyte (M1

�
), eventually show-

ing a peak of expression in the late primary spermatocyte
(L1

�
), a common pattern for autosomal retrogenes expressed

in the testis that compensates for the lowly expressed X-
linked paralogs (Vibranovski, Zhang, et al. 2009). Such a dif-
ference in expression is expected for retrogenes, which are
inserted in genomic contexts diverse from the parental copy
and may promptly acquire and/or evolve new cis-regulatory
elements (Bai et al. 2008). The retroposed genes in autosomes
may also help avoid the meiotic X chromosome inactivation
(MXCI) when functioning in the meiosis stages of spermato-
genesis (Betran et al. 2002; Vibranovski et al. 2012;
Mahadevaraju et al. 2021).

Finally, we analyzed transcriptome data from other six
Drosophila species in order to understand whether the dupli-
cates male-biased expression pattern is conserved across the
phylogeny. In these six species, we found that CAF40 is
expressed at intermediate or high levels in adults, consistent
with its role as a housekeeping gene. In contrast, these species
exhibit significant male-biased expression of the duplicated
genes (four additional species for Poseidon, and one for Zeus),
similar to the pattern observed for D. melanogaster (fig. 2C).

Poseidon and Zeus Impact Viability and Fertility
Restricted expression pattern of the duplicates, along with
their conserved sex-specific expression across fly species, sug-
gest that the duplicates may have been integrated into de-
velopmental and/or reproductive processes. First, we tested
this hypothesis by using RNAi-mediated knockdown and
CRISPR-based knockout to assay the functional effects of
the three paralogs on D. melanogaster viability and fertility.

RNAi-knockdown using both a ubiquitous
(Tub84B>GAL4) and an imaginal disc-specific driver
(T80>GAL4) confirmed that CAF40 expression is essential
for survival. Less than 3% of the flies developed into adults
when the gene was silenced with the ubiquitous driver (fig. 3A
and supplementary fig. S3, Supplementary Material online).
An essential role of CAF40 in cellular processes is also ob-
served in distant eukaryotes, as evidenced by knockdown
experiments in C. elegans (Kamath et al. 2003) and humans
(Wang et al. 2015). Our knockdown assays detected a signif-
icant phenotypic impact on viability for Poseidon and Zeus.
RNAi-knockdown of these genes reduced the relative fly via-
bility by �20%, with a slightly stronger effect of the ubiqui-
tous driver over the imaginal disc one (fig. 3A). A more
negative impact on viability was detected with�25% reduc-
tion when the genes were knocked out using CRISPR/Cas9
methods that created frameshift mutations by deleting one
and two nucleotides in Poseidon and four and eight nucleo-
tides in Zeus (fig. 3B). In comparison, an in-frame mutant by a
deletion of six nucleotides in Poseidon did not have significant
effect (fig. 3B).

Given the expression of the duplicates in testes, we further
investigated the effect of these on male fertility. We used
RNAi-knockdown with two different testis-specific drivers:
nanos>GAL4 that silenced the gene expression at

spermatogonia and male germline stem cells, and
Bam>GAL4 that silenced gene expression at late spermato-
gonia and early spermatocytes stages (White-Cooper 2012).
These drivers allowed us to assay the fertility effects at differ-
ent spermatogenesis phases. Independent silencing by the
two drivers detected significant fertility effects in all three
genes (fig. 4). The CAF40 knockdown showed the strongest
effect (�40% fertility reduction with nanos), in accordance
with its function as a fundamental housekeeping gene. It is
worth noting that Chen et al. (2012) used a KK RNAi line of
CAF40 (KK101462) with same driver and showed no signifi-
cant fertility effect (see Materials and Methods). The nanos
driver also caused a 20% and 30% fertility decrease when
knocking down Poseidon and Zeus, respectively. In contrast,
the knockdown using the Bam driver caused the strongest
fertility defect for Poseidon (30% fertility reduction) and a
lower but significant effect for CAF40 (20% fertility reduction),
suggesting CAF40 may play a more important role in an earlier
stage (spermatogonia) of spermatogenesis than Poseidon
with a more critical role in spermatocytes and/or later stages
of spermatogenesis. Zeus appeared not to play any significant
role in the later stages of spermatogenesis that was silenced
by the Bam-driver (t-test, P¼ 0.59). Instead, Zeus was
knocked down with a significant effect at the earlier stage
by the nanos driver (Chen et al. 2012). These observations are
in accordance with the expression pattern of the paralogs
during spermatogenesis (fig. 2).

Finally, Poseidon and Zeus impact on male fertility was also
confirmed by the knockout analyses using CRISPR/Cas9-
generated frameshift deletions, significantly decreasing male
fertility by 17% and 32%, respectively (fig. 4C). In summary, a
combination of knockdown and knockout analyses reveals
that Poseidon and Zeus carry out important functions in sup-
port of viability and male fertility in the Sophophora subgenus
(Poseidon) or the D. melanogaster subgroup (Zeus).

Poseidon and Zeus Interaction with the CCR4–NOT
Complex
CAF40 is a highly conserved subunit of the CCR4–NOT com-
plex (Miller and Reese 2012) and evolved slowly as a highly
conserved gene in aforementioned analyses (fig. 1). However,
both Poseidon and Zeus have intense protein sequence di-
vergence with CAF40. We then try to test whether Poseidon
and Zeus, the two duplicates retroposed from CAF40, main-
tained its ancestral functions or evolved novel gene functions.
First, we independently expressed a GFP-tagged version of
each paralog in Dm S2 cells and assayed their interaction
with HA-tagged NOT1 through co-immunoprecipitation fol-
lowed by Western-blotting analysis. NOT1 was selected be-
cause it is the central scaffold subunit of the CCR4–NOT
complex and it was shown to directly interact with CAF40
via a CAF40/CNOT9-binding domain (CN9BD) (Chen,
Boland, et al. 2014; Mathys et al. 2014; Collart and
Panasenko 2017). Interestingly, we found that Poseidon main-
tained the ability to interact with NOT1, whereas Zeus either
lost it, or binds NOT1 only weakly (fig. 5A).

The conservation of the interaction with NOT1 observed
for Poseidon suggests that it could be incorporated into the
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CCR4–NOT complex, in contrast to Zeus. We further infer
that, if this is true, Poseidon should have conserved the re-
pressive effect on targeted mRNAs observed for CAF40
(Bawankar et al. 2013; Sgromo et al. 2017). We tested this
hypothesis by measuring each paralog’s ability to repress a
luciferase reporter mRNA in a kN/BoxB tethering assay. In the
tethering assay the kN-tagged CAF40 paralogs are efficiently
recruited to the reporter RNA, carrying five BoxB elements
due to the strong binding of the kN peptide to the BoxB
elements. In agreement with previous reports, tethering of
kN-tagged CAF40 to a luciferase reporter mRNA carrying five
BoxB elements in the 30-UTR (F-Luc-5xBoxB; black bar)
strongly represses the protein synthesis of the reporter. In
contrast, CAF40 did not affect the expression of the control

F-Luc mRNA lacking BoxB elements (gray bar) (fig. 5B).
Intriguingly, Poseidon is also able to reduce the reporter ex-
pression to similar levels (�10% of the control level, fig. 5B),
indicating that Poseidon can act together with posttranscrip-
tional regulators such as the CCR4–NOT complex to modu-
late the luciferase mRNA. In contrast, Zeus exhibits a weaker
repressive ability compared with the other paralogs, although
it is clearly significant (�40% of the control level). All paralogs
were expressed at comparable levels (fig. 5C).

Taken together, these results suggest that Poseidon con-
served CAF40’s ability to interact with the CCR4–NOT com-
plex through interactions with NOT1 most likely leading to
the degradation of targeted transcripts. Zeus, however, lost or
weakened its CCR4-NOT recruitment ability. Nevertheless,

FIG. 3. CAF40, Poseidon, and Zeus impact on viability. (A) Viability of RNAi-expressing flies, relative to the control genotype from each individual
cross. The two hatched bars in the left show the relative viability of the two control GAL4-expressing drivers, Tub (ubiquitous) and T80 (imaginal-
discs). CAF40-RNAi-expressing flies in red; Poseidon in blue and Zeus in orange. (B) Viability of homozygous flies for different CRISPR-Cas9 deletions
for Poseidon (blue) and Zeus (orange) relative to the control from the same background strain (black). Notice the nonsignificant effect of the only
nonframeshift deletion for Poseidon (first blue bar on the left); t-test: *P< 0.05, **P< 0.01, ***P< 0.001, ****P< 0.0001. Error bars indicate SD.

FIG. 4. CAF40, Poseidon, and Zeus impact on male fertility. Relative fertility of males expressing RNAi using testis-specific drivers: (A) nanos>GAL4
(early spermatogenesis); and (B) Bam>GAL4 (late spermatogenesis). Black bars represent the controls, CAF40-RNAi-expressing flies in gray,
Poseidon in blue, Zeus in orange. (C) Fertility of males homozygous for frameshift CRISPR-Cas9 deletions for Poseidon (blue) and Zeus (orange)
compared with the control of the same background strain (darker bars). t-test: *P< 0.05, **P< 0.01, ***P< 0.001, ****P< 0.0001. Error bars
indicate SD.
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the fact that Zeus is still able to decrease reporter protein
levels when tethered to an mRNA, suggests that it either
evolved new protein interactions involved in mRNA regula-
tion or that the weaker CCR4-NOT recruitment ability is
sufficient to mediate repression in the tethering assay.

CAF40, Poseidon, and Zeus Impact Gene Regulation
Given the central role of CAF40 in several cellular regulatory
processes, we investigated the impact of the three paralogs on
global gene expression. Moreover, since the two duplicates,
Poseidon and Zeus, are highly diverged at their protein se-
quence and expression profile from the parental CAF40, they
provide a suitable system to assay global expression regulation
among the paralogs.

We conducted a genome-wide transcriptome analysis of
adult testes to assay the impact of CAF40, Poseidon, and Zeus
on global gene expression using germline-specific knockdown
with nanos-GAL4 drivers (supplementary table S3 and figs.
S4–S6, Supplementary Material online). Our transcriptome
data showed that RNAi-silencing was effective and specific
for each paralog, reducing mRNA levels of each gene in at
least 60% compared with the control, while not impacting
the other paralogs (supplementary table S4, Supplementary
Material online). The knockdown of each of the three genes
detected over 1,000 differentially expressed genes (DEGs)
(fig. 6A and B; supplementary tables S5–S7, Supplementary
Material online). Putting together, the knockdowns of the
three genes affected the expression of totally 2,622 genes

(union set of different expressed genes from the three KD
lines) (fig. 6B), corresponding to more than a fifth of the genes
mapped in our transcriptome (11,491) (supplementary figs.
S7 and S8 and table S3, Supplementary Material online). Such
a widespread effect on gene expression suggests that Poseidon
also plays an important role on gene regulation in spermato-
genesis, as previously shown for CAF40 and Zeus (Chen et al.
2012).

We also investigated the differential impact of these paral-
ogs. We classified the genes with perturbed expression com-
pared with the controls in each knockdown sample as male
or female-biased, based on two independent Drosophila data-
bases (Zhang et al. 2010; Assis et al. 2012). KD of both Zeus
and Poseidon shows bias towards both downregulating male-
biased genes and upregulating female-biased genes (supple-
mentary table S8, Supplementary Material online, v2 test,
P< 0.05). These results indicate that both Poseidon and
Zeus evolved function of activating male-biased genes expres-
sion and repressing female-biased genes expression (a consis-
tent result with Chen et al. 2012). However, we could not
conclude here that the upregulated female-biased genes of
Zeus-KD were significantly enriched on the X chromosome
(supplementary table S8, Supplementary Material online, v2

test, P¼ 0.4431). This may be caused by the very low number
of the intersection genes between X-linked female-biased
genes and those down/upregulated genes of the three KDs
(supplementary table S8, Supplementary Material online).
However, the downregulated male-biased genes of both

FIG. 5. CAF40, Poseidon, and Zeus protein interaction with the CCR4–NOT complex. (A) Co-immunoprecipitation assay showing the interaction
of CAF40 paralogs with NOT1 in Dm S2 cells. Co-immunoprecipitation was conducted in the presence of RNase A to exclude RNA-mediated
interactions. Cell lysates expressing GFP-tagged CAF40, Poseidon and Zeus, and HA-tagged NOT1. GFP-F-Luc served as a negative control. Input
samples consist of 3% for the GFP-tagged proteins and 1% for the HA-tagged proteins, and immunoprecipitated samples of 10% for the GFP-tagged
proteins and 30% for the HA-tagged proteins. Protein size markers are shown on the right in each panel. (B) Tethering assay using kN-HA-tagged
CAF40, Poseidon and Zeus and the F-Luc-5BoxB reporter in Dm S2 cells (black bars). A plasmid expressing R-Luc served as a transfection control,
and an F-Luc reporter lacking the 5BoxB binding sites for kN- was used as control (gray bars). F-Luc activity levels were normalized to those of the R-
Luc control and set to 100% in cells expressing the kN-HA peptide alone. Error bars indicate SD of five replicates. CAF40 and Poseidon exhibit
similar abilities of repressing the luciferase reporter (black bar) compared with the control (gray bar). Zeus exhibits lower, though still significant,
repression ability. (C) Western-blot analysis showing the equivalent expression of the kN-HA-tagged proteins used in the tethering assays shown in
(B). Protein size markers (kDa) are shown on the right of the panel.
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Poseidon-KD and Zeus-KD were overrepresented on auto-
somes (supplementary table S8, Supplementary Material on-
line, v2 test, both P< 0.01), consistent with previously
reported chromosomal distribution patterns of sex-biased
genes(Chen et al. 2012).

A large set of 670 genes (25.5% of total 2,622 impacted
genes) was perturbed when any of the three paralogs was
individually silenced (fig. 6B). Interestingly, the cellular pro-
cesses with the most significant enrichment in these genes
were proteolysis (GO:0006508, adj. P< 10�7, both of the
results by the tools Gorilla and g: Profiler confirm this cellular
processes) and reproduction (GO:0032504, adj. P< 10�7)
(supplementary table S9, Supplementary Material online).
Poseidon shares the most genes with CAF40, in comparison
to other two two-gene comparisons (298 vs. 163, 276, respec-
tively) whereas Zeus shared least number (163) of genes with
CAF40 (fig. 6B). Furthermore, in the shared genes with CAF40,
Poseidon has a significantly higher proportion of genes in the
same direction towards up- or downregulation whereas Zeus
has opposite changes, for example, a gene with upregulation
for CAF40 and downregulation for Zeus (fig. 6C and D; sup-
plementary table S10, Supplementary Material online) (Chi-
squared test, P¼ 0.000699, <0.01). These observations are in
accordance to the finding that Poseidon and CAF40 behave
more similarly in regard to protein–protein interactions and
repressive activity in comparison to Zeus (fig. 5).

Nevertheless, a substantial set of genes (1,215 genes, 46.3%)
was perturbed by only one of the knockdowns, but not
shared with the other two, which reveals the distinct impact
that each paralog has in the global regulatory network
(fig. 6B). This suggests that three paralogs have evolved pe-
culiar interactions with large numbers of nonoverlapping

genes. Interestingly, Poseidon has the least number of such
peculiar gene interactions (274 vs. 491 [CAF40], 450 [Zeus],
respectively). Additionally, we calculated the DEGs intersec-
tion numbers of those subgroups between our study and
Chen et al. (2012) (Microarray) and found those DEGs inter-
section numbers between two studies are all relatively small.
This may be caused by different experiments conditions (see
Materials and Methods).

Discussion
We showed that a functionally important and conserved
member of the CCR4–NOT complex, CAF40, gave rise to
two gene duplicates through retroposition, Poseidon and
Zeus, in recent evolution of Drosophila species. We demon-
strated that Poseidon and Zeus are functionally important
genes that have quickly diverged from CAF40 in protein se-
quence and expression shortly after duplication, whereas the
parental CAF40 remained highly conserved (fig. 1C).
Remarkably, even residues that have been conserved in
CAF40 for a long evolutionary time (e.g., amino acids identical
in all eukaryotic homologs) were extensively substituted in
the duplicates, which may impact conserved functions of the
protein (supplementary fig. S1, Supplementary Material
online).

However, our molecular functional analyses show that
both Poseidon and Zeus are important spermatogenesis
genes. Poseidon retained mRNA suppression functions of
CAF40, whereas Zeus evolved divergent functions as a sup-
pressor of female genes in males (Chen et al. 2012).

Our co-immunoprecipitation assay showed that Poseidon
protein conserved CAF40 ability to interact with NOT1.
Moreover, such interaction is consistent with CAF40 and

FIG. 6. Impact of CAF40, Poseidon, and Zeus knockdowns on global gene expression. (A) Number of genes with >1.5-fold change in expression
compared with the control in the knockdown of each paralog measured through RNA-seq. Upregulated genes shown in blue, downregulated
shown in red. (B) Venn diagram representing the number of genes differentially expressed upon the knockdown of each paralog (CAF40 in gray,
Poseidon in blue, Zeus in orange) and their intersections. Notice the large number of genes (670) commonly affected by the three knockdowns, as
well as genes exclusively perturbed by one paralog (1,215). (C) Proportion of genes differentially expressed upon Poseidon and Zeus knockdown
that are also affected by CAF40 knockdown. Notice that Poseidon affects a higher proportion of genes shared with CAF40 compared with Zeus
(63.7% vs. 53.3%; v2¼50.7, P< 10�10). (D) Proportion of genes differentially expressed upon the knockdown of Poseidon and Zeus that are affected
in the same direction (i.e., up- or downregulated) in the CAF40-KD. Notice that, despite the fact that the large majority of genes are affected in the
same direction by the duplicates and the parental knockdown, Zeus knockdown affects a larger proportion of genes in the opposite direction of
that of CAF40 when compared with Poseidon (9.1% of perturbed genes in Zeus-KD vs. 3.8% in Poseidon-KD were in the opposite direction of CAF40-
KD, v2¼21.3, P< 10�5).

Rapid Gene Evolution in an Ancient Gene Regulatory System . doi:10.1093/molbev/msab296 MBE

9

https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msab296#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msab296#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msab296#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msab296#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msab296#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msab296#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msab296#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msab296#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msab296#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msab296#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msab296#supplementary-data


Poseidon, both showing a strong repressive effect on a teth-
ered reporter transcript (fig. 5). Zeus retains a lower repressive
activity, which probably reflects its divergent ability on acting
in protein stability. These data suggest that, whereas Poseidon
likely has inherited the CAF40 role in the CCR4–NOT com-
plex (although with a distinct impact on gene regulation, as
discussed below), Zeus likely functions independently of this
complex as a suppressor of femininized genes (Wu and Xu
2003), as the genomic DNA binding has shown, revealed by
ChIP-chip analysis (Chen et al. 2012).

Given the high expression and the conserved functions of
CAF40 in posttranscriptional gene regulation, an important
question is raised: why did the Sophophora subgenus evolve
an additional copy, Poseidon, to encode a similar function in
mRNA regulation?

The duplications of the X-linked CAF40 in form of the
autosomal Poseidon and Zeus are likely a consequence of
natural selection acting to comply with MXCI in evolution
of sex chromosomes in Drosophila (Betran et al. 2002;
Vibranovski, Zhang, et al. 2009; Mahadevaraju et al. 2021).
An autosomal location can help these new genes to play their
functional roles by escaping expression suppression by MXCI
as its X-linked CAF40 experiences during inactivation. The
fitness effects that these new gene duplicates brought under
natural selection were detected to be critically important in
viability during development and male specific fertility. Given
the divergence of Zeus from Poseidon, these data suggest likely
different roles of the two paralogs. Poseidon may compensate
for CAF40 whose expression is suppressed by MXCI, similar to
the function of the autosomal retroposed RPL10L in humans
(Jiang et al. 2017; Long and Emerson 2017). However, Zeus is
not completely redundant to Poseidon. The divergence in
DNA sequence and expression make them functionally dis-
tinct in spermatogenesis. Additionally, a more complicated
model was the SAXI model of the sexual antagonistic selec-
tion on the sex chromosome (Wu and Xu 2003). The model
argued that the selection leading to demasculinization of X
chromosomes before the establishment of the silencing of X
chromosome (or regions) in evolution can also pressure a X-
>A gene traffic through duplication including retroposition
(Emerson et al. 2004). Related to this, female germlines, which
are not subject to the X inactivation in Drosophila, may also
express in a lower level the X-linked male genes that are
antagonistically selected against. These genes in females can
serve as substrate for retroposition as well.

Our genome-wide transcriptome analyses demonstrated
that the independent perturbation of the three paralogs
impacts the regulation of thousands of genes in the testes
(fig. 6). This is in agreement with the important role of CAF40
in transcriptional and posttranscriptional regulation (Collart
2016), as well as with the significant role of Zeus as a suppres-
sor of female genes in males (Chen et al. 2012). The analysis of
the genes that are commonly perturbed by the paralogs’
knockdown compared with the control (fig. 6B), revealed a
strong enrichment for genes related to catabolic function
(supplementary table S9, Supplementary Material online),
such as serine-type endopeptidase activity (GO:0004252,
P< 10�28), serine hydrolase activity (GO:0017171,

P< 10�27), and catalytic activity (GO:0003824, P< 10�6).
Those enrichment suggests that the knockdown of the paral-
ogs affects the regulatory balance between transcription,
translation, and degradation of numerous downstream genes,
given the importance of the parental gene in coordinating
and integrating different regulatory pathways (Miller and
Reese 2012).

Taken together, the analyses presented here suggest that
CCR4-NOT, a multifunctional complex that controls gene
expression at multiple levels within the cell, evolved a new
member Poseidon, through retroposition from CAF40, in
Drosophila. Poseidon and Zeus, despite their relatively recent
origination in Drosophila, were integrated into fundamental
cellular and molecular processes with profound impacts in
the regulatory network and phenotype. They were selected
for compensation for the inactivated X-linked CAF40 during
male meiosis or unrelated new functions, respectively. They
reveal that a fundamentally important and conserved gene
function also evolved with quick gene evolution, driven by
evolution of sex chromosomes with its ancestral generated
MXCI.

Materials and Methods

Molecular Evolutionary Analyses
Poseidon (CG2053) had been previously computationally
identified as a putative young gene (Zhang et al. 2010).
Gene and protein sequences were retrieved from Flybase
and NCBI, aligned with MUSCLE (Edgar 2004) and manually
curated. Reciprocal PSI-BLAST (NCBI) searches were
employed to survey for CAF40, Poseidon, and Zeus orthologs
in eukaryotes. The proper substitution model for the align-
ment (GTRþG) was selected through a likelihood ratio test
using jModeltTest (Posada 2008). The phylogenetic relation-
ship among the paralogs was firstly inferred through Bayesian
analysis in MrBayes (Ronquist et al. 2012) by putting the three
genes together. MCMC analysis was run with four chains for 2
million generations, with trees begin sampled every 500 gen-
erations, and the first 25% of samples were discarded as burn-
in (supplementary fig. S9, Supplementary Material online).
However, we found that there is no way to avoid long branch
attraction (LBA) when invoking both rapidly evolving genes,
Zeus and Poseidon, or branch length attraction (BLA) when
invoking extremely slowly evolving CAF40 and the two rapidly
evolving genes to generate congruent trees between genes
tree and species three. We have also tried the three classical
ways (ML, NJ, and MP) to construct three phylogenetic trees
by putting the all the orthologs of the three paralogs together,
and find they have same problem as supplementary figure S9,
Supplementary Material online. However, all those three phy-
logenetic trees indicated that the Zeus orthologs’ cluster are
always closer to CAF40 orthologs’ cluster than Poseidon. This
indicates that Zeus originated from CAF40 (Bai et al. 2007;
Quezada-Diaz et al. 2010). Finally, to avoid LBA and BLA ef-
fect, we respectively constructed the congruent phylogenetic
trees using the classical maximum parsimonious method by
separating the three paralogs (fig. 1C).
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For the divergence of expression analysis, we retrieved the
summary of expression data (FPKM [fragments per kilobase
per million mapped reads]) from modENCODE and public
RNA sequencing data of diverse fly species (Brown et al.
2014; Chen, Sturgill, et al. 2014; VanKuren and Vibranovski
2014). Expression values of each paralog at different sperma-
togenesis stages in D. melanogaster was compared using data
from the SpermPress database (Vibranovski, Zhang, et al.
2009).

Shannon Entropy Analyses
Shannon’s entropy was calculated for an alignment of CAF40
orthologous protein sequences from 56 eukaryotes (supple-
mentary fig. S1, Supplementary Material online), and the en-
tropy value (H) for each residue was plotted onto CAF40
protein structure from D. melanogaster (Sgromo et al.
2017) using PyMOL. We used Shannon entropy (H)
(Shannon 1948), with calculation of H score which represents
standard entropy for a 22-letter alphabet. The calculation by
bio3d follows: http://thegrantlab.org/bio3d/, or https://bit-
bucket.org/Grantlab/bio3d/downloads/, https://github.com/
Grantlab/bio3d.git, bio3d_2.2-2.tar.gz, last accessed date:
May 2019 (Mirny and Shakhnovich 1999; Grant 2006).

Knockdown and Knockout Phenotypes
In order to assay the knockdown effect of each paralog on egg
to adult viability, homozygous UAS-TRiP RNAi lines (Perkins
et al. 2015) were crossed to a balanced constitutive driver line
(Tub84B>GAL4/TM3) and an imaginal disc-specific driver
line (T80>GAL4/CyO) (supplementary table S11,
Supplementary Material online, shows the list of lines used).
At least ten independent replicates of three couples were
allowed to cross and lay eggs for 7 days at 23 �C. All F1 adults
in the progeny were scored, and the proportion of wild/bal-
ancer phenotypic markers for all replicates was compared
with control crosses (TRiP background line BDSC 36303
crossed to the driver lines). Male fertility effects were assayed
for the three paralogs by driving GAL4 expression using male
germline-specific nanos-GAL4 and Bam-GAL4 drivers, which
are expressed in early and late spermatogenesis, respectively
(supplementary table S11, Supplementary Material online).

Of particular note is that Chen et al. (2012) used a RNAi
line (KK101462) of CAF40 from KK (phiC31) RNAi line library
in VDRC (https://stockcenter.vdrc.at/control/library_rnai, last
accessed May 2019). Based on our lab empirical data, the KK
library may have a lower knockdown efficiency than GD li-
brary (Xia et al. 2021), we tried to seek other mutant to
reanalysis the effect of this gene. Finally, we used the UAS-
TRiP RNAi lines in this study. TRiP uses a short but specific
dsRNA (�21 bp), whereas KK uses a longer dsRNA (81–
799 bp, average: 357 bp) and they used different vector
with varying KD efficiency (KK: pkC26; TRiP: pVALIUM20).
Ni et al. (2011) found that the VALIUM20 (TRiP line con-
struction vector) gives a stronger knockdown than the long-
hairpin–based vector VALIUM10 in the soma and works well
in the germline. This may cause the different phenotype effect
of CAF40 between our study and Chen et al. (2012). The
second potential reason may be the different target site of

the two lines: KK101462 targets the last exon and the 30-UTR
region of CAF40, whereas TRIP.HMS05850 targets the third
exon of CAF40. Therefore, we believe that dsRNA vector and
target position may cause the different phenotypes of one
same gene.

At least 15 replicates with 3- to 5-day-old knockdown
males were individually crossed to two virgin females from
background line BDSC 36303 for one day. Females were
allowed to lay eggs for 7 days, and all the F1 adults were
counted. Knockdown efficiency for each paralog was well
confirmed (the expression was reduced to 15–35% of the
control) through RT–PCR (supplementary fig. S3,
Supplementary Material online). RNA samples were extracted
in triplicate using RNeasy kit (Qiagen, Cat. No. 74104),
digested with DNase I (Invitrogen, Cat. No. 18047019) to re-
move genomic DNA contamination, and reverse transcribed
with SuperScript III Reverse Transcriptase (Invitrogen, Cat.
No. 18080093) using oligo(dT) primers. RT–PCR was per-
formed using iTaq Universal SYBR Green Supermix (Bio-
Rad, Cat. No. 1725121), with three technical replicates for
each biological replicate. Quantitative PCR values were nor-
malized using the DDCT method to the Rp49 control
product.

CRISPR-Cas9 frameshift deletions were induced for
Poseidon and Zeus. Guide RNAs were designed using
CRISPR Optimal Target Finder (supplementary table S12,
Supplementary Material online, http://targetfinder.flycrispr.
neuro.brown.edu/, last accessed May 2020) to target early
portions of the exon, and injected (300 ng/ll) along with
Cas9 protein (PNA Bio Lab: CP01, 500 ng/ll) into embryos
from the BDSC 25710 line (Bassett and Liu 2014). F1 mutant
individuals were screened and crossed to balancer lines (wþ;
Sb/TM3; and wþ; Sco/CyO, respectively). Small frameshift
deletions were confirmed through Sanger sequencing and
created early stop codons in the transcribed genes (supple-
mentary fig. S10, Supplementary Material online). Viability
and male fertility assays were performed with knockout flies
as described above, using the injected line BDSC 25710 as
control.

Co-immunoprecipitation Assay
DNA constructs with the coding region of D. melanogaster
genes CAF40, NOT1, used were described before (Sgromo
et al. 2017, 2018). Plasmids encoding Poseidon and Zeus
were generated by inserting the corresponding cDNA
(Thermo Scientific) into the pAc5.1-kN-HA and pAc5.1-
GFP vectors (Rehwinkel et al. 2005; Tritschler et al. 2007) using
HindIII and XhoI restriction sites. All constructs were con-
firmed by Sanger sequencing. For the co-
immunoprecipitation assay in D. melanogaster S2 cells
(ATCC), 2.5� 106 cells were seeded per well in 6-well plates
and transfected using Effectene transfection reagent (Qiagen,
Cat. No. 301425). The transfection mixtures in figure 5A con-
tained 1, 1.8, and 1.8 lg of plasmids expressing GFP-tagged
CAF40, Poseidon, and Zeus, respectively. About 1 lg of HA-
tagged NOT1 was used.

Cells were harvested 3 days after transfection, and co-
immunoprecipitation assays were performed using RIPA
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buffer (20 mM HEPES [pH 7.6], 150 mM NaCl, 2.5 mM MgCl2,
1% NP-40, 1% sodium deoxycholate supplemented with pro-
tease inhibitors as previously described; Tritschler et al. 2008;
Sgromo et al. 2018). All co-immunoprecipitation assays in S2
cell lysates were performed in the presence of RNase A as
previously described (Sgromo et al. 2017). All Western blots
were developed using an ECL western-blotting detection sys-
tem (GE Healthcare, RPN2232). The antibodies used in this
study are listed in supplementary table S13, Supplementary
Material online.

Luciferase Assay
For the kN-tethering assays in D. melanogaster S2 cells,
2.5� 106 cells per well were seeded in 6-well plates and trans-
fected using Effectene transfection reagent (Qiagen, Cat. No.
301425). The transfection mixtures contained the following
plasmids: 0.1 lg of Firefly luciferase reporters (F-Luc-5BoxB or
F-Luc-V5), 0.4 lg of the Renilla Luciferase (R-luc) transfection
control, and various amounts of plasmids expressing the kN-
HA-tagged paralogs (0.01 lg for CAF40, 0.1 lg for Poseidon,
0.02 lg for Zeus). The plasmids for tethering assays in S2 cells
(F-Luc-5BoxB, F-Luc-V5, and R-Luc) were previously described
(Behm-Ansmant et al. 2006; Zekri et al. 2013). Cells were
harvested 3 days after transfection and Firefly and Renilla lu-
ciferase activities were measured by using a Dual-Luciferase
Reporter Assay System (Promega, Cat. No. E1910). The mean
values 6SD from five independent experiments are shown.

RNA-Seq Analysis
Total RNA was extracted with Arcturus PicoPure RNA
Isolation kit (Applied Biosystems, LOT 00665884) from testes
of 3- to 5-day-old knockdown males and controls, with three
biological replicates. A total amount of 1 lg RNA per sample
was used to construct the cDNA library, using NEBNext Ultra
RNA Library Prep Kit for Illumina (NEB, No. E7770) following
manufacturer’s recommendations. Briefly, poly(A) mRNA
was purified from total RNA using oligo(dT)-attached mag-
netic beads, reverse-transcribed to double-stranded cDNA
with random primers, end-repaired and ligated with NEB
adaptors for Illumina, before sequencing (HiSeq 4000,
University of Chicago Genomics Core Facility).

Raw reads were processed and mapped to D. melanogaster
reference genome (dm6) using STAR with default parameters
(Dobin et al. 2013), and evaluation of transcriptional expres-
sion was carried out using featuresCounts (Liao et al. 2014).
For the differential expression analysis, methods DESeq2
(Love et al. 2014, v1.21.22), edgeR (Robinson et al. 2010,
v3.23.5), and limma (Ritchie et al. 2015, v3.37.7) were inde-
pendently employed. Genes were considered as differentially
expressed if they were consensually called by the three meth-
ods (supplementary fig. S11, Supplementary Material online),
with an expression fold change of at least 1.5 compared with
the control at false discovery rate <0.1. For DEGs, enriched
biological processes and molecular functions were identified
using both GOrilla (Eden et al. 2009) and g: Profiler (Raudvere
et al. 2019), with P < 10�4, and a false discovery rate of 0.1.
Both of the two tools showed same result. The interaction
network of proteins with enrichment for catabolic processes

was visualized using STRING (von Mering et al. 2003), select-
ing only experimentally validated interactions with high con-
fidence. The analyses of DEGs with male/female-biased
expression followed two independent Drosophila databases
(Zhang et al. 2010; Assis et al. 2012).

We calculated the DEGs intersection numbers of those
subgroups between our study and Chen et al. (2012)
(Microarray). For example, only 241/1,784¼ 13.5% genes
out of CAF40_DEGs_Chen was overlapped with
CAF40_DEGs_Xia. The intersection between those 833 genes
(intersection between CAF40_DEGs_Xia and
Zeus_DEGs_Xia) and 664 genes (intersection between
CAF40_DEGs_Chen and Zeus_DEGs_Chen) is only 50 genes
(supplementary table S10, Supplementary Material online). In
addition, only 36 genes were overlapped between
CAF40_downregulated DEGs in Chen et al. (2012) and
CAF40_downregulated DEGs in our study. Those small inter-
section numbers between our study and Chen et al. (2012)
were mainly caused by different approaches, RNAi lines and
developmental stages: firstly, Chen et al. (2012) used GD49820
and KK101462 as Zeus and CAF40 RNAi lines, respectively.
However, our study used TRiP RNAi lines for both Zeus and
CAF40. Secondly, Chen et al. (2012) applied microarray ex-
pression profiling to obtain the DEGs of Zeus and CAF40 KD,
whereas our study used RNA-seq. Thirdly, Chen et al. (2012)
used testis from 1- to 7-day-old males, whereas our study
used testes of 3- to 5-day-old knockdown males. Therefore,
even those small intersection numbers between our study
and Chen et al. (2012), among the DEGs in Zeus and CAF40
knockdown genotypes, our study also showed <50% DEGs
show changes in the same direction (46.6% and 48.5%, sup-
plementary table S10, Supplementary Material online).
Additionally, Poseidon knockdown genotypes showed a
slightly higher proportion of DEGs (57.3% and 61.2%, supple-
mentary table S10, Supplementary Material online) which
showed changes in the same direction with CAF40.

Supplementary Material
Supplementary data are available at Molecular Biology and
Evolution online.
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