bioRxiv preprint doi: https://doi.org/10.1101/226936; this version posted November 30, 2017. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY-NC-ND 4.0 International license.

Rapid evolution of gained essential developmental functions of a young gene via
interactions with other essential genes

Yuh Chwen G. Leel*, luri M. Ventural?, Gavin R. Rice3", Don-Yuan Chen#, Manyuan Long!
I Department of Ecology and Evolution, The University of Chicago, IL, USA

2 CAPES Foundation, Ministry of Education of Brazil, Brasilia, DF 70040-020, Brazil

3 Department of Evolution and Ecology, University of California, Davis, CA, USA

4 Department of Molecular and Cell Biology, University of California, Berkeley, CA, USA
+ current address: Division of Biological Systems and Engineering, Lawrence Berkeley
National Laboratory, Department of Molecular and Cell Biology, University of California,
Berkeley, CA, USA

A current address: Department of Biological Sciences, University of Pittsburgh, PA, USA

Authors for correspondence:
Yuh Chwen G. Lee: grylee@Ibl.gov

Manyuan Long: mlong@uchicago.edu


https://doi.org/10.1101/226936
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/226936; this version posted November 30, 2017. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY-NC-ND 4.0 International license.

Abstract

New genes originated relatively recently and are only present in a subset of species in a
phylogeny. Accumulated evidence suggests that new genes, like old genes that are
conserved across species, can also take on important functions and be essential for the
survival and reproductive success of organisms. While there are detailed analyses of the
mechanisms underlying gained fertility functions by new genes, how new genes rapidly
became essential for viability remains unclear. We focused on a young retro-duplicated
gene (CG7804, which we named Cocoon) in Drosophila that originated three million years
ago. We found that, unlike its evolutionarily conserved and broadly expressed parental
gene, Cocoon has evolved rapidly under positive selection since its birth and accumulates
many amino acid divergences at functional sites from the parental gene. Despite its young
age, Cocoon is essential for the survival of D. melanogaster at multiple developmental stages,
including the critical embryonic stage, and its expression is essential in different tissues
from its parental gene. Functional genomic analyses found that Cocoon gained multiple
DNA binding targets, which regulates the expression of genes that have other essential
functions and/or have multiple gene-gene interactions. Our observations suggest that
Cocoon acquired essential function to survival through forming interactions that have large
impacts on the gene interaction network. Our study is an important step towards
deciphering the evolutionary trajectory by which new genes functionally diverge from the

parental gene and become essential.
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Introduction

Every gene in an organism'’s genome must have arisen at some time point in the past. The
origination of new genes is an important evolutionary process contributing to the dynamic
turnover of genes in genomes over the phylogeny. This dynamic gene turn over has been
widely documented in Drosophila (Zhang et al. 2010), primates (Demuth et al. 2006; Zhang
etal 2011), and plants (Moore and Purugganan 2005) (reviewed in (Kaessmann 2010).
Because of their recent origin, new genes are only present in a subset of species in a
phylogeny and a naive expectation would predict they have dispensable functions and are
not essential to an organism’s fitness (e.g. (Ashburner et al. 1999)). However, evidence
accumulated from a variety of eukaryotic species shows that new genes can quickly
become essential for an organism’s viability and fertility (Chen et al. 2010; Cooper and
Kehrer-Sawatzki 2011; Ding et al. 2012; Ranz and Parsch 2012; Charrier et al. 2012; Dennis
etal 2012; Ross et al. 2013; Reinhardt et al. 2013; Gubala et al. 2017).

One of the mechanisms by which new genes arise is through duplication, in which a
copy of a gene is created through either DNA or RNA intermediates in the genome. Many
evolutionary fates have been predicted for the duplicated (new) and original (parental)
genes, grossly pseudo-functionalization, neo-functionalization, or sub-functionalization
(Ohno 1970; Lynch and Conery 2000; Innan and Kondrashov 2010). Despite the convenient
conceptual distinction, it is often challenging to distinguish between these alternative
models due to the fact that the past evolutionary trajectories are usually unknown or hard
to decipher. Several in-depth analyses of the evolutionary steps leading to gained novel
fertility functions of duplicated genes (Loppin et al. 2005; Heinen et al. 2009; Ding et al.

2010; Yeh et al. 2012; Chen et al. 2012) have shed light on the initial evolutionary
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processes of gained essential function supported by new genes. In contrast, few studies
have focused on viability (e.g. (Ross et al. 2013)). Many genes responsible for essential
viability functions (e.g. development of body plan in Drosophila embryos (Stauber et al.
1999)) are identified as ancient gene duplicates (reviewed in (Chen et al. 2013) ),
suggesting new genes indeed can gain a critical role in the most essential and core
functions of organisms. Yet, the past evolutionary trajectories of gained essential viability
function by new genes, and whether that is similar to those of essential fertility function,
still needs further investigation.

A potential mechanism by which duplicated genes become essential is by integrating
into the cellular genetic network, through either new protein-protein or new protein-
nucleic acids interactions with pre-existing genes. Indeed, new genes with essential fertility
functions were discovered to locally or globally reshaped the regulatory network (Matsuno
etal 2009; Ding et al. 2010; Chen et al. 2012). A genome-wide study found that many
young duplicated genes that are essential for survival also acquired multiple novel protein-
protein interactions (Chen et al. 2010), which is consistent with observations that genes
with many interaction partners (hub genes) are more likely to have essential functions
((Jeong et al. 2001; Yu et al. 2004; Batada et al. 2007; Blomen et al. 2015) and reviewed in
(Barabasi and Oltvai 2004; Barabasi et al. 2011)). Paradoxically, comparisons of ancient
orthologous genes report that the accumulation of gene-gene interactions is a slow
evolutionary process (Kim et al. 2012). This raises the question of how, in a short
evolutionary time, new genes can acquire multiple new interactions, and how this leads to

their essential functions.
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In this study, we characterized the evolutionary history and function of a young
duplicated gene that quickly became essential for the survival of Drosophila melanogaster.
This young gene (CG7804) duplicated from another essential gene (TBPH, also known as
TDP-43 human homolog or CG10327) through retrotransposition less than four million
years ago (Zhang et al. 2010), and is present in few Drosophila species. The especially
young age of CG7804 offers a rare opportunity to investigate the initial evolutionary steps
of gaining essentiality by new genes. The parental gene, TBPH, is highly conserved among
animals (Ayala et al. 2005; Li et al. 2010), its null mutant was found lethal in Drosophila
(Feiguin et al. 2009; Lin et al. 2011; Hazelett et al. 2012), and TBPH mutant in human is
associated with neuronal diseases (Sreedharan et al. 2008). TBPH is shown to bind to
nucleic acid (Kuo et al. 2009), influencing the splicing (Buratti and Baralle 2001; Ayala et al.
2006; Bose et al. 2008) and transcriptional regulation (Ayala et al. 2008) of many genes. On
the other hand, little is known about the duplicated gene, CG7804. We found that unlike its
evolutionarily conserved, broadly expressed parental gene, CG7804 has evolved rapidly
under positive selection since its birth. Despite its young age, functional analyses show that
CG7804 is essential for the survival of D. melanogaster at multiple developmental stages,
including the critical embryonic stage. In particular, its expression is essential in different
tissues from its parental gene. RNA-seq and ChIP-seq analysis suggests that CG7804
acquired essential function to survival through gaining DNA binding targets that influence
the expression of genes that have other essential function (i.e. mutant lethal) as well as
involve in a large number of protein-protein/gene-gene interactions. Our study is an
important step towards deciphering the evolutionary trajectory by which duplicated genes

functionally diverge from the parental gene and become essential.
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Results
CG7804 evolved quickly since its origination
CG7804 (on chr3L) originated 1.5 to 3.5 million years ago via an RNA intermediate
(retrotransposition) from TBPH (on chr2R). Among the sequenced 12 Drosophila species
(Clark et al. 2007), is only present in D. melanogaster, D. simulans, and D sechellia (Zhang et
al. 2010) (Figure 1A). Despite its short evolutionary history, we detected a burst of 100
amino acid substitutions during the initial one million years after the origination of CG7804
by using maximum-likelihood method (Yang 2007) (Figure 1B). A likelihood ratio test
found that the dN/dS ratio is significantly different between the clade of CG7804 and the
clade of TBPH (likelihood-ratio test, p-value = 0.003; Figure 1B). The dN/dS ratio of the
CG7804 clade (2.88) is much greater than one, which is usually interpreted as a signature of
positive selection. In contrast, dN/dS ratio of the TBPH clade (0.041) is much smaller than
one, consistent with purifying selection constraining its evolution. Furthermore, we found a
significant excess of amino acid substitutions in CG7804 using the McDonald-Kreitman test
((McDonald and Kreitman 1991); Fisher’s Exact Test, p-value = 0.0011) and 75.8% of these
amino acid substitutions are inferred to have been fixed by positive selection (a, (Smith
and Eyre-Walker 2002)), suggesting CG7804 has been under positive selection. On the
contrary, no evidence supports that TBPH is under positive selection (McDonald-Kreitman
test, p-value = 0.27).

The fast evolution of CG7804 since its origination resulted in the high divergence in
amino acid sequences between it and TBPH (28.6%, 91 out of 318 amino acids). Many of
these amino acid substitutions lead to changes in protein charges (Figure 1C). As a

comparison, TBPH paralogs from D. melanogaster and D. yakuba, a species in which CG7804
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is absent, diverge only 5.0% in amino acid sequences (27 amino acids). Furthermore, TBPH
in D. melanogaster accumulated only 2 amino acid substitutions since the duplication event
of CG7804 (Figure 1B).

TBPH has two RRM (RNA recognition motif) domains, which has been demonstrated
to bind to both RNA and DNA (Kuo et al. 2009). CG7804 is predicted to possess the same
nucleic acid binding domains (amino acid 109-174, 194-239) with similar overall
structures (Figure 1D). Interestingly, sliding window MK test analysis found that regions
with significant MK results and/or a large proportion of amino acid substitutions fixed by
positive selection overlap with either of the two predicted RRM domains of CG7804 (Figure
1C). Furthermore, at least two amino acid differences between CG7804 and TBPH are likely
to have substantial functional effects. Lukavsky et al. (Lukavsky et al. 2013) experimentally
identified that, in human TBPH, Met132 and the salt bridge between the residues Arg151
and Asp247 are important for nucleic acid-binding affinity. Both of these residues are
highly conserved among TBPH orthologs in animals (Supplementary Figure 1). However, in
CG7804, these key residues were replaced by amino acids with different charges (polar
Met132 was substituted with positively charged lysine, negatively charged Asp247 was
substituted with the positively charged lysine, Supplementary Figure 1), both likely led to
diverged nucleic acid binding targets and/or functional role of CG7804 from TBPH. Taken
together, these results suggest that, whereas the parental gene remained highly
constrained at the amino acid sequences, CG7804 quickly accumulated many amino acid

substitutions, even at functionally important domains and sites.
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Figure 1. Structural and evolutionary history of C6G7804 and TBPH. (A) Exon-intron
structure of TBPH (blue) and CG7804 (orange). Filled boxes represent exons while lines
represent introns. Because CG7804 originated through a retrotransposition event, it lacks
most of the introns of TBPH and some of its noncoding sequences do not share homology
with TBPH. (B) The duplication event of CG7804 from TBPH is denoted as dashed line in the
phylogeny. The clades of CG7804 and TBPH are in orange and blue respectively. The
number of amino acid substitutions to number of synonymous substitutions inferred by
PAML (see text) is denoted at right to branches. The dating of the species phylogeny is from
(Obbard et al. 2012). (C) The structures of the amino acid sequences of TBPH and CG7804
are shown at the upper panel. In the second panel, the divergent amino acids of CG7804
from TBPH are denoted as vertical lines. Different colors are different changes in amino
acid chemical properties (N: non-charged, A: acidic, B: basic). The third and fourth panels
show the results of sliding window MK test of CG7804 (window size 99 bp, step 9 bp),
including -log10 p-value of the MK test and the estimated proportion of amino acid
fixations driven by positive selection (). Note that the coordinates of four panels are
aligned. (D) Predicted structures of the RRMs of TBPH and CG7804 are shown. The 3D
structures of the first (RRM1) and the second (RRM2) RNA-recognition motifs were
predicted using Phyre (Kelley et al. 2015). The rainbow color is from N (red) to C (blue)
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CG7804 is essential for the survival of D. melanogaster

Because our evolutionary genetic analysis supports positive selection acting on CG7804, we
predicted that it gained function since its origination, instead of being pseudogenized or
retained simply due to selection for increased dosage of expression, in which case selection
will be mainly acting on the regulatory sequences. We employed GAL4/UAS system, and
first used ubiquitous GAL4 drivers (Act5C-GAL4 and Tub-GAL4) to knock down the
expression of CG7804 and TBPH individually (see Materials and Methods). Consistent with
previous study using TBPH knockout flies (Feiguin et al. 2009; Lin et al. 2011; Hazelett et al.
2012), TBPH knockdown found the gene being essential for the survival of D. melanogaster
(lethality rate: 97.5% with Act5C-GAL4 and 86.6% with Tub-GAL4, see Materials and
Methods). Surprisingly, despite originating recently on an evolutionary timescale,
expression knockdown of CG7804 also led to very low survival rate (lethality rate: 94.7%
with Act5C-GAL4 and 95.5% with Tub-GAL4). For CG7804 knockdown, most of the lethality
happens at the stage from larvae to adults (Figure 2A). Indeed, we found that flies could not
develop pass the pharate adult stage and identified many eclosion lethal incidences (i.e.
flies could not emerge and were found stuck and dead half way in pupal cases, Figure 2B).
Many other flies that eclosed were dead in Drosophila culture media. A detailed tracking of
pupa identified that, while 91.9% of the wildtype pupa successfully eclosed and survived,
only 17.7% of the CG7804 knockdown individuals who reached the pupal stage did so
(Figure 2C). To test if the high lethality associated with CG7804 knockdown is caused by
flies unable to first open the pupal cases, we manually removed the pupal cap for both
CG7804-knock down and wildtype flies. Manual removal of pupal cap led to a slight

increase in pupal lethality for wildtype flies (increased from 5% to 12.5%; Figure 2C). On
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the other hand, pupal cap removal decreased the lethality rate of CG7804-knockdown pupa
from 76.6% to 60% (Figure 2C). Yet, even after considering the increased lethality due to
pupal cap removal (~7.5% in wildtype), 52.5% CG7804 knockdown pupa still did not reach
adulthood (Figure 2C).

In addition to different developmental stages, we also investigated in which tissues
the expression of CG7804 is essential. According to the modENCODE tissue expression
study (Graveley et al. 2011; Brown et al. 2014), TBPH is ubiquitously expressed while
CG7804 is mainly expressed in imaginal discs and male-specific tissues. Because our focus
is the evolution of gained essentiality of CG7804 to survival, we used tissue-specific GAL4-
drivers to knock down the expression of CG7804 and TBPH in tissues that are not sexually
dimorphic. Expression knockdown of TBPH using neuronal specific elva driver leads to
much lower survival rate than expression knockdown of CG7804 using the same driver
(Figure 2E), which is consistent with previously identified role of TBPH in neuronal
functions (Feiguin et al. 2009; Hazelett et al. 2012). On the other hand, expression
knockdown of CG7804 using DIl (leg imaginal disc) and salm (imaginal discs) led to lower
survival rate than those of TBPH knock down with the same GAL4 drivers (Figure 2D).
Interestingly, we identified individuals with expression knockdown of CG7804 at leg
imaginal disc (using DIl GAL4 driver) having fused leg joints (Figure 2E), which is not
observed in TBPH knockdown flies using the same GAL4 driver (Supplementary Figure 2).
These tissue-specific knockdown results suggest that the expression of CG7804 is essential
for viability at different tissues from those of its parental gene, TBPH.

We used CRISPR/CAS9 system (Cong et al. 2013; Gratz et al. 2013; Kondo and Ueda

2013) to generate null mutant of CG7804 (see Materials and Methods). Consistent with
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results using GAL4/RNAIi expression knockdown, CG7804 knock out leads to extremely
high lethality rate (99.4%). Interestingly, the lethality associated with CG7804 knockout
happened at earlier stages: mainly at embryo to larva, and larva to pupa stages (Figure 2E),
and we did not observe eclosion lethal phenotype with CG7804 knockout pupa (see
Discussion for potential causes). Overall, both our expression knockdown and null mutant
analyses support the conclusion that CG7804, despite being young and only present in few

species, is highly essential for the survival of D. melanogaster.
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Figure 2. Stage-specific lethality associated with CG7804 knockdown and knockout.
(A) Expression knockdown of CG7804 using Tub-GAL4 driver results in different lethality
rates at different developmental stages. (B) Expression knockdown of CG7804 leads to
eclosion lethal. (C) The outcome of pupae with CG7804 expression knockdown. (D) CG7804
expression is essential in different tissues from those of its parental gene, TBPH. Lethality
rate is significantly different between CG7804 and TBPH knockdown when using elav, DI],
and en GAL4 drivers. Because the lethality rate is estimated relative to wildtype genotype
(see Materials and Methods), negative lethality rate (e.g. en driver knocking down CG7804)
means higher survival rate of that particular genotype than the wildtype. (E) Expression
knockdown of CG7804 using DII-GAL4 driver results in completely fused leg joint (red
arrow) or semi-fused leg joint (black arrow). Legs of wildtype (DII-GAL4 driver strain)
individuals are shown side by side with those of knockdown individuals. T1-T3 are first,
second, and third legs respectively. (F) CG7804 knockout individuals have significantly
higher lethality rate from embryo to larva, and from larva to pupa. E: embryo; L: third
instar larvae (L3); P: pupae. KD: individuals with CG7804 knockdown genotype; nonKD:
wildtype individuals; OP: pupae with pupa cased removed (open pupae). Mann-Whitney U
test: *p < 0.05, **p < 0.01, **p < 0.001.
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CG7804 knock out perturbs expression of genes with important developmental
functions

To investigate the mechanisms by which CG7804 is essential for the survival of D.
melanogaster at multiple developmental stages, we sequenced and compared the
transcriptomes of CG7804 knockout and wildtype mixed-sex individuals at embryonic,
larval, and pupal stages. Comparing between CG7804 knockout and wildtype individuals,
20.0% (embryo), 6.3% (larva), and 8.5% (pupa) of the genes analyzed have significantly
differential expression (False Discovery rate (FDR) < 0.05) (Figure 3A-C). The large number
of differentially expressed genes suggests that CG7804 has a global influence on
transcriptome. The especially large number of genes influenced at the embryonic stage is
consistent with the observed strong embryonic lethality associated with CG7804 knockout.
At the embryonic stage, the number of down-regulated genes (1,523) in CG7804 knockout
is much greater than that of up-regulated genes (785, binomial test, p < 10-16, Figure 3A).
These down-regulated genes are enriched for Gene ontology of chitin-related processes
(e.g. chitin metabolism and catabolism, chitin-based cuticle development (Supplementary
Table 1). On the other hand, up-regulated genes are enriched for mitosis-related processes
(e.g. chromosome condensation and separation, DNA and centrosome replication, and DNA
repair, Supplementary Table 1). In contrast to the observations at the embryonic stage,
CG7804 knock out at larval stage leads to more up-regulated genes, which are surprisingly
also enriched with chitin-related processes (653 (up) vs 139 (down), binomial test, p < 10-
16, Figure 3B, Supplementary Table 1). Finally, there are slightly fewer up- than down-
regulated genes at the pupal stage with CG7804 knock out (462 (up) vs 585 (down),

binomial test, p = 0.00016, Figure 3C). Genes with most significant down-regulation again
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have functions in cuticle development (Cpr72Eb, Lcp65Ad). Down-regulated genes are
enriched with function in imaginal disc-derived morphogenesis, which is consistent with
our findings from tissue-specific expression knockdown analysis (see above,
Supplementary Table 1). Chitin is the basis of critical structures of insects (e.g. the
exoskeleton and trachea), and insect growth and morphogenesis heavily depend on the
synthesis and remodeling of chitin-based structures (Merzendorfer and Zimoch 2003). It is
expected that these process will be especially important for the development of embryos
(develop into larvae) and pupa (develop into adults), which is consistent with our GO
enrichment analyses at these two developmental stages. Intriguingly, why genes with
chitin-related functions are instead up-regulated in larvae in CG7804 knock out is unclear.
Interestingly, among all genes analyzed, there seems to be little consistency in the
directionality of expressional changes across developmental stages (Figure 3D), suggesting
that the global influence of CG7804 on the transcriptome is contingent on the gene
expression network at specific developmental stages.

Previous study found that knock out of TBPH, the parental gene, leads to alternative
splicing of more than a hundred transcripts (Hazelett et al. 2012). However, we did not
detect primary transcripts whose alternative spliced form significantly differs between
wildtype background and CG7804 knock out (see Materials and Methods), which could be
true biologically or due to not enough sequencing coverage in our dataset to robustly

detect differential alternative splicing.
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Figure 3. Differential expression upon CG7804 knockout. Volcano plots for the log2
Fold Change in expression level (x-axis) and -log10 FDR (y-axis) for embryonic stage (A),
larval stage (B), and pupal stage (C). Red dots represent genes that are differentially
expressed with FDR < 0.01 and blue dots for FDR < 0.05. Gray dots represent genes that are
not differentially expressed. Numbers under each panel are the number of genes analyzed /
number of up-regulated genes / number of down-regulated genes (D) heatmap for the log?2
Fold Change in expression level at three developmental stages (E: embryo, L: larva, P:
pupa). Each horizontal row represents one gene. Oranges are for positive log2 Fold Change
(i.e. up-regulated with CG7804 knockout) while greens are the opposite.
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CG7804 gained novel binding sites

The two predicted RRM domains, which were shown to bind to both DNAs and RNAs in
protein TBPH (Kuo et al. 2009), harbor substitutions that are unique to CG7804 and might
have significant functional consequences (see above). Accordingly, we hypothesized that
CG7804 quickly became essential through acquiring new nucleic acid interaction partners.
Here, we focused on the evolution of potential DNA-binding targets of protein CG7804, and
generated transgenic D. melanogaster strains that express GFP-tagged CG7804 and GFP-
tagged TBPH under endogenous cis-regulatory sequences to test our hypothesis (see
Materials and Methods).

The GFP-tagged CG7804 has a nuclear localization, which is similar to that of TBPH
and consistent with CG7804’s predicted function of nucleic acid binding (Figure 4A). We
performed Chromatin-Immuoprecipitation-sequencing (ChIP-seq) targeting GFP-tagged
CG7804 and GFP-tagged TBPH to identify their genomic binding sites at the pupal stage, at
which we found high lethality associated with expressional knockdown of CG7804. There
are 553 genomic regions enriched with CG7804 binding (Irreproducible rate (IDR) < 0.001,
see Materials and Methods), and the majority of them overlap with at least one gene (470,
85.0%). This is significant when compared to randomly selected genomic windows with
matching chromosomal distributions and sizes (Permutation test, p = 0.016). Over a
quarter of the remaining enriched region (28, 32.5%) are within 2kb upstream of
transcription start sites, also having a potential role in regulating gene expression. In total,
we identified 649 genes that either are in CG7804 enriched region (628 genes) or have
CG7804-binding enrichment in their upstream 2kb region (358 genes), with 337 genes

having CG7804-binding enrichment at both their upstream and gene sequences. A large


https://doi.org/10.1101/226936
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/226936; this version posted November 30, 2017. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY-NC-ND 4.0 International license.

fraction of genes with CG7804 enrichment also has TBPH enrichment (529, 81.5%).
Nevertheless, 120 genes only have CG7804-binding enrichment, which can be regarded as
CG7804 gained interaction partners. Interestingly, even for genes that are enriched for the
binding of both CG7804 and TBPH, the location of the enrichment region may diverge,
which suggests that the paralogs may have differential regulation of some target genes
(Figure 4B).

To investigate if these CG7804-binding enrichment over the genome indeed has
functional consequences, in particular influencing the transcript levels of targeted genes,
we compared our ChIP-seq results with RNA-seq results of CG7804 knockouts at the pupal
stage (see above). Genes that have CG7804-binding enrichment are also more likely to have
significant differential expression (FDR < 0.05, see above) between CG7804 knockouts and
wildtype pupa (Fisher’s Exact Test, p < 10-5, odds ratio = 1.80, Figure 4C), suggesting a
direct effect of the CG7804 binding on expression. In particular, among genes that have
CG7804-binding enrichment and are differentially expressed in CG7804 knockouts, there is
an excess of genes that have lowered expression (Fisher’s Exact Test, p < 10-8, odds ratio =
5.5, Figure 4C). For other genes with CG7804-binding enrichment but not identified as with
significant differential expression using our stringent threshold upon €G7804 knockout (i.e.
genes with FDR = 0.05), they still have lower g-value (i.e. adjusted p-value for controlling
for multiple tests, Mann-Whitney U test p < 10-°) and smaller log2 fold change in expression
(i.e. more negative, suggesting lowered expression in knockouts than in wildtype; Mann-
Whitney U test p = 0.0080). These results suggest that CG7804’s role in gene regulation may
be predominantly activation of gene expression, which is opposite to TBPH’s role in gene

regulation (Hazelett et al. 2012).
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A potential mechanism by which CG7804 became essential is through influencing
the regulation of other essential genes in Drosophila. Consistently, we observed genes with
CG7804-binding enrichment are more likely to have known lethal or semi-lethal
phenotypes (shown by either knock out mutant or expression knock down, see Materials
and Methods) than other genes (Fisher’s Exact Test, p < 10-8, odds ratio = 1.66, Figure 4D).
Furthermore, among genes with CG7804-binding enrichment, genes that are differentially
expressed upon CG7804 knockout are even more likely to have known lethal or semi-lethal
phenotype (Fisher’s Exact Test, p = 0.0034, odds ratio = 2.35, Figure 4D), and this is mainly
driven by genes that have lowered expression upon CG7804 knockout (comparing between
genes with significant increased or decreased transcript levels, Fisher’s Exact Test, p = 0.011,
odds ratio = 6.31, Figure 4D). It has been repeatedly observed that hub proteins, which
have many interaction partners in gene-gene interaction networks, tend to have essential
functions (Jeong et al. 2001; Yu et al. 2004; Batada et al. 2007; Blomen et al. 2015).
Consistent with this view, genes that have CG7804-binding enrichment have more
experimentally validated protein-protein interactions or reported genetic interactions than
other genes in the genome (degree in PPI network, Mann-Whitney U test, p < 0.0016; degree
in genetic interaction network, Mann-Whitney U test, p < 10-%, Figure 4E). In particular,
genes that have CG7804-binding enrichment and lowered expression upon CG7804
knockout have even more genetic interaction partners than other genes with CG7804-
binding enrichment but no differential expression (degree in genetic interaction network,
Mann-Whitney U test, p = 0.0029, Figure 4E). These observations invite the conclusion that
CG7804 became essential mainly through regulating the expression of other essential genes

and/or hub genes.
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Interestingly, genes with enrichment of CG7804 binding are more likely to be under
adaptive evolution (shown by rejection of McDonald-Kreitman test and have an excess of
amino acid substitutions than the null expectation) than other genes (Fisher’s Exact Test, p
= 0.006, odds ratio = 1.54). They also have marginally significantly larger a (proportion of
amino acid substitutions that are under adaptive evolution, Mann-Whitney U test, p = 0.086,
Figure 4G), but no faster rates of nonsynonymous substitutions (dN/dS ratio, Mann-
Whitney U test, p = 0.90, Figure 4G). In particular, among genes with CG7804-binding
enrichment, those that have differential expression upon CG7804 knockout have both more
adaptive substitutions (a, Mann-Whitney U test, p = 0.041, Figure 4F) and faster rates of
protein evolution (dN/dS ratio, Mann-Whitney U test, p = 0.027, Figure 4G) than those that
show no differential expression. Our observation revealed that genes with CG7804-binding
enrichment, especially those whose expression is expected to be up-regulated by CG7804
binding (i.e. have lowered expression upon CG7804 knockout), are more likely to have
known lethal phenotype, have multiple interaction partners in protein-protein network,
and are more often under adaptive evolution.

GO enrichment analysis shows that genes with CG7804-binding enrichment are
significantly (p-value < 0.05 after multiple test correction) enriched with functions related
to development (Supplementary Table 2). This includes imaginal disc-derived
morphogenesis, which supports observed lethality of tissue-specific knockdown of CG7804
in imaginal discs (Fold Enrichment = 4.47), as well as eye, trachea, and neuronal
development. Interestingly, genes with CG7804-binding enrichment are also enriched with
protein binding (Fold Enrichment = 1.69) and transcription factor activity (Fold

Enrichment = 4.34), both of which are expected to influence a large number of genes and
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have extensive functional impacts. Even more, genes with CG7804-binding enrichment and
lowered expression upon CG7804 knockout show even stronger enrichment for imaginal-
disc related morphogenesis (Fold Enrichment = 6.56) and transcription factor activity
(Fold Enrichment = 4.65, Supplementary Table 3).

There are 120 genes that only have CG7804-binding enrichment but not TBPH-
binding enrichment. The 120 genes that only have CG7804-binding enrichment are not
different in terms of their expression, protein/genetic interaction network, and
evolutionary rates if compared to those that have binding enrichment for both CG7804 and
TBPH. Nevertheless, a large fraction of these genes also shows differential expression upon
CG7804 knockout (19%) and majority of them have down-regulated gene expression
(87.5%), which supports the regulatory importance of these CG7804-unique binding

enrichment.
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Figure 4. Genes with CG7804-binding enrichment are different from other genes in
the genome. (A) CG7804 has nuclear localization in the salivary gland of third instar larva.
Green: CG7804, blue: DNA, Red: cytoskeleton. (B) Examples of a binding region that is
unique to CG7804 (1) or is shared between CG7804 and TBPH (2). Fold enrichment tracks
for CG7804 and TBPH are shown in the first and third tracks respectively. The second and
fourth tracks are the identified enrichment region by MACS2 and IDR (see Materials and
Methods). This example shows that even for some genes bound by both paralogs, CG7804
may still have gained unique binding sites (here, upstream of an essential gene, MyC). (C)
Bar plots for the proportion of genes that are differentially expressed (either down-
regulated or up-regulated) for genes with or without CG7804-binding enrichment.
Different shade of green colors is whether a gene is differentially expressed upon CG7804
knockout. (D-G) Comparing (D) known mutant phenotype, (E) degree (number of protein-
protein interaction/genetic interaction a gene is involved in), (F) a (the proportion of
adaptive amino acid substitution), and (G) dN/dS ratio (linage-specific substitution rates)
between genes with/without CG7804-binding enrichment and differential expression upon
CG7804 knockout. Three statistical tests are (1) between genes with and without CG7804-
binding enrichment, (2) among genes with CG7804-binding enrichment, genes with and
without differential expression upon €CG7804 knockout, and (3) among genes with CG7804-
binding enrichment and differential expression upon CG7804 knockout, genes with
increased and decreased expression. Mann-Whitney U test: *p < 0.05, **p < 0.01, ***p <
0.001.
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Discussion

The genetic basis of the diversity of life remains a central question in evolutionary biology.
Nucleotide substitutions or indels that change protein-coding or regulatory sequences are
often observed to contribute to functional, phenotypic, and behavior polymorphism and
divergence within and between species (e.g. (Rost et al. 2004; Wittkopp et al. 2009; Linnen
etal 2013; Ding et al. 2016), reviewed in (Wray 2007; Barrett and Hoekstra 2011)).
However, in addition to gradual change at pre-existing genes, gene composition turns over
rapidly even between closely related species (e.g. (Demuth et al. 2006; Zhang et al. 2010,
2011) and reviewed in (Kaessmann 2010)) Indeed, while humans and chimpanzees have
only diverged 1.5% in their orthologous coding sequences (Consortium 2005), they differ
by at least 6% of their gene contents (Demuth et al. 2006). The origination of new genes is a
major contributor to this dynamic gene turn over. Despite being young and restricted to
few species on a phylogeny, new genes have diverse essential functions and the rapid
evolution of these new genes copies is an important driving force for adaptation (reviewed
in (Chen et al; Ventura and Long; Taylor and Raes 2004; Kaessmann 2010; Ding et al. 2012;
Long et al. 2013)). Yet, how, in a short evolutionary time, new genes became essential is
still an open question, and detailed functional dissection of new genes is a natural and
important step to address this overarching question.

Despite its young age, our focused duplicated gene, CG7804, is found essential for D.
melanogaster viability in both expression knockdown and gene knockout experiments.
Interestingly, we identified eclosion lethal (i.e. flies got stuck halfway in pupal cases) as
well as fused leg joints phenotype associated with CG7804 knockdown, and the former led

to our naming this gene “Cocoon”. The essentiality of Cocoon is likely the result of positive
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selection, which is evidenced by the rapid accumulation of amino acid substitutions
(dN/dS) from the parental gene since its origination and the large proportion of adaptive
amino acid substitutions (a). RNA-seq analysis revealed that Cocoon has a widespread
effect on transcriptome at multiple developmental stages, consistent with the observed
essentiality of the gene through development. In particular, Cocoon knockout leads to
significant changes in expression of a fifth of genes in embryo, in which the functional
consequence is expected to impact both somatic and germline cells, and have a long-lasting
effect through development. Importantly, our ChIP-seq analysis at pupal stage suggests that
Cocoon rapidly became essential by forming interactions with and regulating the
expression of multiple pre-existing genes, in particular those that have known lethal
phenotypes, have many protein-protein/genetic interaction partners (hub genes), and/or
are also experiencing adaptive evolution. To the best of our knowledge, this is the first
study that detailed the evolutionary steps for how a very young (less than four million
years old) new gene became essential for viability.

According to network theory, “hubs” are central nodes with a larger number of links,
and perturbation of hubs is expected to have more widespread influence on the overall
network than perturbations of peripheral nodes with few links (for biological networks,
reviewed in (Barabasi and Oltvai 2004; Barabasi et al. 2011)). Indeed, in gene-gene
interaction network, hub genes are often essential (Jeong et al. 2001; Yu et al. 2004; Batada
etal. 2007; Blomen et al. 2015). Comparisons of ancient orthologous genes found that the
essentiality of genes can evolve via gradual increases in the number of interactions (Kim et
al. 2012). Similarly, genome-wide analysis in yeast, mouse, and human concluded that, on

average, the integration of new genes into pre-existing gene-gene interaction network is a
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gradual process (Capra et al. 2010; Abrusan 2013; Zhang et al. 2015). However, a young
(less than four million years old) transcription factor with novel fertility functions was
found to massively reshape the gene interaction network by preferentially binding to and
influencing the expression of genes with sex-biased expression (Chen et al. 2012). Similarly,
we found that Cocoon, a duplicate from another nucleic acid binding protein TBPH (Kuo et
al. 2009), became essential through acquiring many interaction partners in a short
evolutionary time. In particular, the binding of COCOON to other essential and/or hub
genes may further expedite the evolution of gained essentiality. These observations
suggest notable exceptions to the common views that the accumulation of genetic
interaction is a slow process, and that new genes play a minimum role in essential cellular
functions. This may be especially true for certain classes of genes, such as transcription or
splicing factors, which can influence expression of hundreds of genes. New genes with
these functions may be more likely to acquire multiple new interactions quickly.

While analyses using gene knockout and expression knockdown both supported a
strong role of Cocoon in viability, the developmental stages at which Cocoon has the
strongest influence vary between perturbation methods. Specifically, Cocoon knockout
results in strongest lethality at the embryonic stage, while Cocoon knockdown did not show
a viability effect until pupal stage. This could be due to the fact that embryonic
development also depends heavily on maternally loaded RNAs, and Cocoon was previously
categorized as being both maternally deposited and zygotically expressed (Lott et al. 2011).
On the other hand, incongruence between knockout and knockdown phenotypes has been
widely observed in other systems (Souza et al. 2006; Daude et al. 2012; Kok et al. 2015),

and a recent detailed study pointed out that genetic compensation in knockout mutant, but
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not in knockdown individuals, is one of the explanations (Rossi et al. 2015), suggesting
knockout and knockdown should be viewed as complementing methods.

The large overlap of binding targets between Cocoon and TBPH invite the
conclusion that, since its origination, Cocoon subfunctionlized the function of TBPH.
However, several pieces of evidence point towards a more complex evolutionary process.
First, the protein sequence and the molecular function of TBPH is highly conserved not only
within Drosophila, but also across animals (Supplementary Figure 1). In fact, human
version of TBPH (TDP-43) was able to complement loss of function TBPH mutant in D.
melanogaster (Li et al. 2010). This would suggest that the function of TBPH likely hasn’t
changed since the origination of Cocoon. Besides, our tissue-specific expression knockdown
analysis found that Cocoon and TBPH support essential functions in different tissues.
Importantly, while we identified that COCOON-binding predominantly results in up-
regulation of targeted genes, TBPH’s role in expression regulation was more often negative
(i.e. down-regulation) in both flies (Hazelett et al. 2012) and mice (Polymenidou et al.
2011). These observations suggest that Cocoon might have evolved new function (neo-
functionalized) since its duplication from TBPH. Our study provides an unprecedented view
of how duplicated new genes became essential for viability rapidly through forming
connections with other essential /rapidly evolving genes in the gene interaction network at

critical developmental stages.
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Materials and Methods

Evolutionary genetic analysis of C¢G7804 and TBPH

We used coding sequence of CG7804 and TBPH of 12 Drosophila species from (Clark et al.
2007) and aligned using Clustal (Sievers et al. 2011), followed by manual curation. We used
PAML (Yang 2007) and ran (1) branch model (to estimate number of nonsynonymous and
synonymous substitutions on each branch), and (2) clade model (to test for different rates
of nonsynonymous substitutions between CG7804 and TBPH). For McDonald-Kreitman test,
we used D. melanogaster polymorphism data from (Lack et al. 2015) and used D. simulans
allele from (Hu et al. 2013) as outgroup to perform unpolarized test.

Domains of CG7804 were predicted by Pfam (Finn et al. 2016) and the tertiary
structures of predicted domains were computed using Phyre (Kelley et al. 2015). To have a
broad view of the evolutionary conservation among TBPH orthologs, protein sequences
from 49 species were retrieved from NCBI, aligned using Clustal (Sievers et al. 2011),
followed by manual curation. We then compared the residues found at specific functional

sites that were tested experimentally by (Lukavsky et al. 2013).

Generation of transgenic strains and mutants

Design of guide RNA, injection of guide RNA, and screen for CRISPR mutants were done by
Genetic Service Inc. (Sudbury, MA). CG7804 mutant has 2 bp deletion in the coding
sequence, which is confirmed by Sanger sequencing. Detailed CRISPR design and
sequencing confirmation are in Supplementary Text 1. To further confirm that our CRISPR
mutant is true null mutant, we used other mutant of CG7804 to perform complementation

tests. We used a strain (BDSC 36014, Supplementary Table 4) that has a MIMIC construct
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(Venken et al. 2011) inserted in the coding sequence of CG7804, and is likely a null allele of
CG7804. The presence of the MIMIC insertion was confirmed by PCR (see, Supplementary
Table 5 for primer information). We found CRISPR and the MIMIC strain do not
complement each other, suggesting CRISPR CG7804 is a null mutant of CG7804
(Supplementary Table 6). TBPH mutant is from (Hazelett et al. 2012) and we balanced both
CG7804 and TBPH mutants over balancer chromosomes with ubiquitously expressed GFP
for developmental stage-specific lethality analysis (see Supplementary Table 4 for strains
used).

It is worth mentioning that, even for those few CG7804 knockout individuals that
survived to adult (i.e. the lethality rate is not 100%), we were able to detect expression of
CG7804 either through RT-PCR or RNA-seq. However, these detected transcripts of CG7804
all have the same deletion that causes frame shifts.

Constructs of GFP-tagged CG7804 and GFP-tagged TBPH were generated using BAC-
recombineering and P(acman) BACs CH322-116]04 (CG7804) and CH321-59A22 (TBPH)
(Venken et al. 2009) and cloning vector pAV007 (GeneBank # KF411445) by Genome
Engineering Core of the University of Chicago (Chicago, IL). The pAV007 was inserted
directly after CGAACCAGAGCAGCGGATCTCAAAACGCCGCGGAGAAGTCAAACTTTCTT in
CH321-59A22 (TBPH) and after
GCATGCATTCATTTAATCCACATGGTTACCAAATGAATCGCGTCATGAAC in CH322-116]04
(CG7804) to generate C-termini GFP-tagged proteins. These constructs were introduced
into the genomes of strains with attP docking sites (Bateman et al. 2006; Bischof et al.

2007)(see Supplementary Table 4 for strains used). Embryo injection of constructs,
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screening, and balancing were done by Genetivision (Houston, TX). Insertions of BAC

constructs were confirmed by PCR (see Supplementary Table 5 for primer sequences).

Essentiality analysis

Virgin females of RNAi strain (homozygous) were crossed to males of GAL4 strain. The
GAL4 strain is heterozygous for GAL4 construct, which is balanced with visible markers
and/or construct of ubiquitously expressed GFP. Expression knockdown and wildtype
offspring were recognized by visible markers (adult) or presence/absence of GFP (embryo,
larva, and pupa). All comparisons are within crosses (RNAi/+; GAL4/+ vs RNAi/+;
GAL4/balancer). For each cross, the expected number of knockdown individuals was
estimated using the number of individuals with other genotypes and with the assumption
that alleles were inherited following Mendelian rules. The survival rate of knockdown
individuals was estimated as observed number of knockdown individuals divided by the
expectation, and the lethality rate is one minus the survival rate. At least 10 independent
crosses that have at least 20 adults in each cross were counted. For tracking stage-specific
lethality, 20 embryos/larvae/pupa of either genotype were collected and placed on fresh
medium and the numbers of next-stage individuals were counted after 5 and 10 days. We
collected embryos of mixed stages through standard apple juice plate, larvae at L3 stage,
and white pre-pupa. This was repeated for at least four times for a specific genotype or
specific developmental stage. GAL4 and RNAI strains used in the study can be found in
Supplementary Table 4. Estimation of survival rate and tracking of stage-specific lethality
rate for knockout individuals used the same methods. All flies were reared with standard

Drosophila medium at 25 °C with 12/12 light and dark cycle.
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Real-time RT-PCR analysis

Expression knockdown of CG7804 and TBPH by RNAi was confirmed by real-time RT-PCR
analysis (Supplementary Figure 3). RNA was extracted from third instar larvae using
Qiagen RNeasy mini kit, digested with DNAase I (Invitrogen) to remove DNAs, and reversed
transcribed to cDNA using SuperScript III Reverse Transcriptase (Invitrogen). Real-time
RT-PCR was performed using iTaq Universal SYBR Green Supermix (Bio-rad). Quantitative

PCR values were normalized using the AACt method to qRp49 control products.

RNA-seq experiment and analysis
Knockout individuals were collected by crossing individuals that are heterozygous for the
null allele (null/GFP-balancer) and collect F1 without GFP (homozygous for the null allele).
For the wildtype counterparts, we used the Cas9 strain from which the knockout mutant
was generated (see Supplementary Table 4). We collected 0-24hr embryos using standard
apple juice plate, wandering L3, and white pre-pupa. For all three stages, we used mixed-
sex individuals. Total RNAs were extracted from collected materials using RNeasy Plus kit
(Qiagen). RNA-Seq sequencing library was prepared using [llumina TruSeq and sequenced
on [llumina Hi-Seq with 100bp, paired-end reads (IGSB Sequencing core, the University of
Chicago).

Raw reads were processed with trim-galore (“Babraham Bioinformatics - Trim
Galore!”) to remove adaptors and low-quality bases. Processed reads were mapped to D.
melanogaster release 6 genome (Hoskins et al. 2015) with TopHat (Trapnell et al. 2009).

Htseq-count (Anders et al. 2015) was used to count the number of reads mapping to exons.
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DESeq2 (Love et al. 2014) was used to normalize, and estimate expressional fold
enrichment between two D. melanogaster genotypes. Only genes with at least 10 mean read
counts were included in the analysis. We also used the default independent filtering
implemented by DESeq2, which uses normalized counts as filter statistics to filter out genes
that have little probability of being significant. To detect differential alternative splicing, we
used Cufflinks and Cuffdiffs (Trapnell et al. 2010). Cuffdiffs computed relative abundance of
different splice variants of a primary transcript and used the square root of Jensen-
Shannon divergence as a test statistics to test differential alternative splicing between

knock out and wildtype.

ChIP-seq experiment and analysis

ChIP was performed using modEncode protocol (http://www.modencode.org/) with anti-
GFP antibody (from Kevin White’s laboratory). ChIP-Seq sequencing library was prepared
using NuGen Ovation Ultralow Library Systems V2 (San Carlos, CA) and sequenced on
[llumina Hi-Seq with 100bp, paired-end reads (IGSB Sequencing core, the University of
Chicago).

Adaptor sequence and low-quality bases were removed from raw reads using trim-
galore. Processed reads were mapped to D. melanogaster reference genome release 6
(Hoskins et al. 2015) with bwa mem (Li and Durbin 2009). Reads with mapping quality
smaller than 30 were removed from the analysis using Samtools (Li 2011). Enrichment (IP
with respect to Input) was called using MACS2 (narrow peak mode, (Zhang et al. 2008)).

We also performed IDR analysis (Li et al. 2011) to identify enrichment peaks with lower
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than 1% irreproducibility rate between replicates. Genes overlapping with enrichment

peaks were identified using Bedtools (Quinlan and Hall 2010).

Analysis of gene properties

Degree of each gene in protein-protein network was estimated as the number of
experimentally validated, non-redundant protein-protein interaction using data from
BioGrid 3.4 (Stark et al. 2006). The degree of each gene in genetic interaction network was
estimated as the number of reported genetic interaction on flybase (release 2017, Feb).
McDonald Kreitman test (McDonald and Kreitman 1991) and the estimation of « (Smith
and Eyre-Walker 2002), the proportion of adaptive substitutions, were estimated using
sequences of Zambia D. melanogaster population (Lack et al. 2015) and D. simulans as
outgroup (Hu et al. 2013). Lineage specific dN/dS ratio was estimated using PAML (Yang
2007), with D. melanogaster, D. simulans, and D. yakuba alleles. Phenotypic data for all
genes annotated were downloaded from Flybase, which were based on either knock out
mutant(s) or expressional knockdown analysis. Genes were classified into three categories:
lethal (with at least one lethal phenotype observed), semi-lethal (with no lethal phenotype
observed and with at least one semi-lethal phenotype observed), and viable (with no
known lethal or semi-lethal phenotype). Genes without phenotypic data were excluded
from this analysis. GO enrichment analysis was performed using DAVID with Benjamini-
Hochberg correction (Huang et al. 2009). Because not all genes are expressed at all
developmental stages, GO enrichment analysis for differentially expressed genes used list
of genes with high enough expression to be included in our RNA-seq analysis as

background list.
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Imaging analysis

Images were acquired with a Zeiss LSM700 confocal using either Plan-Apochromat 20x/0.8
M27 or Plan-Apochromat 40x/ NA 1.3 oil-immersion lens. Salivary glands were dissected in
PBS, fixed with 4% formaldehyde in PBS for 15 min and stained with rabbit polyclonal anti-
GFP (Torrey Pines, 1:1000) and AlexaFluor-488 conjugated secondary antibodies (1:400,
Molecular Probes). Dissected tissues were mounted in SlowFade antifade solution

(Invitrogen) after TRITC-phalloidin (Sigma) and DAPI (Molecular Probes) stains.
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Supplementary Materials

Table S1. GO enrichment analysis for differentially expressed genes between
wildtype and CG7804 knockout embryo, larvae, and pupae.

Table S2. GO enrichment analysis for genes with CG7804-binding enrichment.
Table S3. GO enrichment analysis for genes with CG7804-binding enrichment and
lowered expression upon CG7804 knockout.

Table S4. Strains used in the study.

Table S5. Primers used in the study.

Table S6. Complementation tests to confirm CRISPR mutants. CRISPR mutant of
CG7804 was crossed to the MIMIC mutant of CG7804. The numbers of F1 for possible
genotypes are reported in this table. The CRISPR mutants cannot complement the

corresponding mutants, suggesting it is true knockouts of CG7804.
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Supplementary Figure 1. Partial view of the amino acid alignment of TBPH orthologs
from 43 animal species and CG7804 from D. melanogaster. The red arrow highlights
residue 132, where the methionine was replaced by a lysine in the duplicated protein.
Black arrows highlight residues 151 and 247, which interact with each other in the
parental protein. Whereas the arginine at position 151 remained conserved, the aspartic
acid at residue 247 was replaced for a lysine in the duplicate. These three residues are
extensively conserved among TBPH orthologs in animals, and replacements likely have a
functional impact 1;1 the duplicvated protein (Lukavsky et al. 2013).
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Supplementary Figure 2. First legs of individuals with CG7804 or TBPH knockdown.
Arrows indicate completely fused (red) and semi-fused (black) joints.
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Supplementary Figure 3. Expression knockdown of C6G7804 and TBPH by RNAI.
Relative expression levels of TBPH and CG7804 in RNAi knockdowns were compared to
wildtype (y-axis). Quantitative PCR values were normalized using the AACt method,
relative to qRp49 control expression. Bars represent means and SEM for three replicates.

1.00—
0.75—
0.50—
0.25—
0.00— -

| |
CG7804 RNAi TBPH RNAi

relative expression level

genotype


https://doi.org/10.1101/226936
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/226936; this version posted November 30, 2017. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY-NC-ND 4.0 International license.

Text S1: CRISPR-guided RNA design and confirmation of CRISPR knockout of CG7804
homozygous individuals

CG7804 CRISPR design
GTGAGTGCGATCTGAGATCTGGGATCAGAAATCTAAATTTACTCTCTCCATACATAAGACATCAGAATCA
GACAGTACAGAACAAATCCCTAGGCAATCCTTATCAATAGTCCGCCGAATAAATGGTTTTCGTTCACGTT
TCGGAGAAGGAGGGCGACGAGCCCATCGAGCTGCCGGCTGAGGAGGATGGCACTTTGCTGCTGTCCACAC
TGCAGGCGCAGTTTCCGGAATCTAGCGGTCTGCAGTACCGCAACGTGGACACGAAGGCGGTGCGTGGAGT
TCGCTCCAACGAGGGCCGACTGTATTCGCCCAGCGAAGAAACCGGCTGGGGCGAGTACCATTACTTTTGC
GTCTTTCCCAAGAAGAACAAGCGCCAGAGCGAAGATAACTTGGAAAACTCAACTGCCAAAA | CCAAGCGC
ACTGAGGCCCATCTGCGCTGCTTTGATCTCATCGTGCTCGGCTTGTCCTATAACACCACCGAGCAGGATT
TGCGTGAGTACTTCGAGACCTACGGCGATGTGGTGAAGGCTGAGATCAAGAAGGACACCAGGTCGGGCCA
CTCCAAGGGTTTCGGGTTCGTGCGCTTCGGCTCTTACGATGTCCAGATGCACGTACTCTCTAAGCGCCAT
TCAATTGATGGTCGCTGGTGCGAGGTTAAGGTGCCCGCCTCGAGGGGCATGGGCAATCAGGAGCCTGGCA
AGGTATTCGTCGGCCGCTGCACCGAGGACATAGAGGCGGATGACTTGCGCGAGTACTTICTCAAAGTTTGG
CGAAGTGATCGACGTGTTCATTCCCAAGCCCT

Bold indicates CRISPR recognition site

_(Underscore) labels the CRISPR cut site

Red indicates the CRISPR induced deletion

A synthetic guide RNA (bolded text) was designed to direct a Cas9 induced cut between
nucleotides 822 and 823 (vertical bar). We generated a mutation with a two base pair
deletion directly adjacent to the cut site (red text)
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(Text S1 Cont.) Sequencing confirmation of CG7804 mutant

We induced a two base pair mutation of nucleotides 822 and 823. The CRISPR mutant
causes a frameshift that results in the a change in amino acids 97-99 and premature stop
code inducing a truncation of amino acids 100-318. Red boxes and arrows represent the
position of the deleted nucleotides. (A) the alignment of the CG7804 CRISPR line with the
genome sequence. (B) cladogram of the CG7804 sequence where nucleotides 822 and 823
have been deleted. (C) alignment of the predicted amino acid sequence of wildtype and
CRISPR mutant CG7804 protein.

A CG7804 CRIPSR mutant 690 | | |(|:CAACG GGCC CTGT}l\TTCG I | | |G(|;GGCGAG ACC 749
chrom 3L 15473421 l l RERRERRINRRRRIRNYY LLL I l l l | l l 1 I l LI 15473362
CG7804 CRIPSR mutant 750 ATTACTTTTGCGTCTTTCCCAA GCGCCAGAGCGAAGATAA 809
||||||||||||||I|||||||||||||||||||||||||||||||||||||||||||||
chrom 3L 15473361 ATTACTTTTGCGTCTTTCC AGCGAAGAT 15473302
CG7804 CRIPSR mutant 810 Gee -haccecacreaceecea TTTGATCTCATCGTGCTCG 869
|||||||||||| ||||||||||||||||||||||||| ||||||||||||||||||||
chrom 3L 15473301 TGCC CRAAGCGCACTGAGECCCATCTGCGCTGCTTTGATCTCATCGTGCTCG 15473242
CG7804 CRIPSR mutant 870 GAGCAGGATTTGCGTGAGTACTTCGAGACCTACGGCGATG 929
|||||||||I||||||||||||||||||||||||||||||||||||||||||||||||||
chrom 3L 15473241 GTCCTATAACACCACCGAGCAGGATTTGCGTGAGTACTTCGAGACCTACGGCGATG 15473182
e et M e, =
CG7804 CRIPSR mutant 15473181 TGGTGAAGGCTGAGATCAAGAAGGACACCAGGTCGGGCCACTCCAAGGGTTTCGGETTCG 15473122

chrom 3L 990 TGCGCTTCGGCTCTTACGATGTCCA 1014

L LULLL LT

CG7804 CRIPSR mutant 15473121 TGCGCTTCGGCTCTTACGATGTCCA 15473097

110 120 130 140

f
A "\ MA A
"H \ \ f' \ \‘.\"“‘ ||| I\ "\ |
“H‘I H\l I\ l'\ ‘|\ ;‘
|

il 10 20 30
CG7804 wt CDS MVFVHVSEKEGDEPIELPAEEDGTLLLSTLQAQFPES
CG7804 CRISPRCDS MVFVHVSEKEGDEPIELPAEEDGTLLLSTLQAQFPES

40 50 60 70
CG7804 wt CDS SGLQYRNVD KAVRGVRSNEGRLYS SEETGWGEYHY
CG7804 CRISPRCDS SGLOYRNVDTKAVRGVRSNEGRLYSPSEETGWGEYHY
80 90 100 110

CG7804 wt CDS FCVFPKKNKRQSEDNLENSTA KRTEABLRCFDLILY
CG7804 CRISPRCDS FCVFPKKNKRQSEDNLENSTAKKAH*
120 130 140
CG7804 wt CDS LGLSYN EQDLREYFE YGDVVKAEIKKD RSGHSK
CG7804 CRISPR CDS
150 160 170 180
CG7804 wt CDS GFGFVRFGSYDVQMHVLSKRHSIDGRWCEVEKVPASRG

CG7804 CRISPR CDS
190 200 210 220

CG7804 wt CDS MGNQEPGKVFVGRCTEDIEADDLREYFSKFGEVIDVF

CG7804 CRISPR CDS
230 240 250

CG7804 wt CDS IPKPFRAFSFVTFLDPYVPRVVCGERKHIIKGVSVHVS
CG7804 CRISPR CDS

260 270 280 290
CG7804 wt CDS ADKKNVOQNKNQLFQTNNYNNLDNNFKMQPANNFRMH
CG7804 CRISPR CDS

300 310 318
CG7804 wt CDS ANNFSMHSFNPHGYQMNRVMN
CG7804 CRISPR CDS


https://doi.org/10.1101/226936
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/226936; this version posted November 30, 2017. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY-NC-ND 4.0 International license.

References

Abrusan G., 2013 Integration of New Genes into Cellular Networks, and Their Structural
Maturation. Genetics 195: 1407-1417.

Anders S., Pyl P. T., Huber W,, 2015 HTSeq--a Python framework to work with high-
throughput sequencing data. Bioinforma. Oxf. Engl. 31: 166-169.

Ashburner M., Misra S., Roote |, Lewis S. E., Blazej R, et al., 1999 An Exploration of the

Sequence of a 2.9-Mb Region of the Genome of Drosophila melanogaster: The Adh
Region. Genetics 153: 179-219.

Ayala Y. M., Pantano S., D’Ambrogio A., Buratti E., Brindisi A., et al,, 2005 Human, Drosophila,

and C. elegans TDP43: Nucleic Acid Binding Properties and Splicing Regulatory
Function. ]. Mol. Biol. 348: 575-588.

Ayala Y. M., Pagani F., Baralle F. E., 2006 TDP43 depletion rescues aberrant CFTR exon 9
skipping. FEBS Lett. 580: 1339-1344.

Ayala Y. M., Misteli T., Baralle F. E., 2008 TDP-43 regulates retinoblastoma protein

phosphorylation through the repression of cyclin-dependent kinase 6 expression.
Proc. Natl. Acad. Sci. U. S. A. 105: 3785-3789.

Babraham Bioinformatics - Trim Galore!,

Barabasi A.-L., Oltvai Z. N., 2004 Network biology: understanding the cell’s functional
organization. Nat. Rev. Genet. 5: 101-113.

Barabasi A.-L., Gulbahce N., Loscalzo J., 2011 Network medicine: a network-based approach
to human disease. Nat. Rev. Genet. 12: 56-68.

Barrett R. D. H., Hoekstra H. E., 2011 Molecular spandrels: tests of adaptation at the genetic
level. Nat. Rev. Genet. 12: 767-780.

Batada N. N,, Urrutia A. O., Hurst L. D., 2007 Chromatin remodelling is a major source of
coexpression of linked genes in yeast. Trends Genet. TIG 23: 480-484.

Bateman J. R, Lee A. M., Wu C. -tin., 2006 Site-Specific Transformation of Drosophila via
$C31 Integrase-Mediated Cassette Exchange. Genetics 173: 769-777.

Bischof ., Maeda R. K., Hediger M., Karch F., Basler K., 2007 An optimized transgenesis
system for Drosophila using germ-line-specific phiC31 integrases. Proc. Natl. Acad.
Sci. U.S. A. 104: 3312-3317.

Blomen V. A,, M3jek P., Jae L. T., Bigenzahn J. W., Nieuwenhuis |, et al., 2015 Gene
essentiality and synthetic lethality in haploid human cells. Science 350: 1092-1096.

Bose ]. K., Wang L.-F.,, Hung L., Tarn W.-Y., Shen C.-K.]., 2008 TDP-43 overexpression
enhances exon 7 inclusion during the survival of motor neuron pre-mRNA splicing. ].
Biol. Chem. 283: 28852-28859.

Brown |. B,, Boley N., Eisman R., May G. E., Stoiber M. H,, et al., 2014 Diversity and dynamics
of the Drosophila transcriptome. Nature advance online publication.


https://doi.org/10.1101/226936
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/226936; this version posted November 30, 2017. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY-NC-ND 4.0 International license.

Buratti E., Baralle F. E., 2001 Characterization and functional implications of the RNA
binding properties of nuclear factor TDP-43, a novel splicing regulator of CFTR exon
9.]. Biol. Chem. 276: 36337-36343.

Capra]. A, Pollard K. S, Singh M., 2010 Novel genes exhibit distinct patterns of function
acquisition and network integration. Genome Biol. 11: R127.

Charrier C., Joshi K., Coutinho-Budd J., Kim J.-E., Lambert N., et al., 2012 Inhibition of
SRGAP2 Function by Its Human-Specific Paralogs Induces Neoteny during Spine
Maturation. Cell 149: 923-935.

Chen S, Zhang Y. E., Long M., 2010 New genes in Drosophila quickly become essential.
Science 330: 1682-1685.

Chen S, Ni X, Krinsky B. H., Zhang Y. E., Vibranovski M. D,, et al., 2012 Reshaping of global
gene expression networks and sex-biased gene expression by integration of a young
gene. EMBO J. 31: 2798-28009.

Chen S, Krinsky B. H., Long M., 2013 New genes as drivers of phenotypic evolution. Nat.
Rev. Genet. 14: 645-660.

Chen S, Krinsky B. H., Long M., New genes as drivers of phenotypic evolution. Nat Rev
Genet.

Chenna R., Sugawara H., Koike T., Lopez R., Gibson T. |, et al., 2003 Multiple sequence
alignment with the Clustal series of programs. Nucleic Acids Res. 31: 3497-3500.

Clark A. G, Eisen M. B,, Smith D. R,, Bergman C. M., Oliver B,, et al., 2007 Evolution of genes
and genomes on the Drosophila phylogeny. Nature 450: 203-218.

Cong L., Ran F. A, Cox D,, Lin S, Barretto R,, et al., 2013 Multiplex Genome Engineering
Using CRISPR/Cas Systems. Science 339: 819-823.

Consortium T. C. S. and A., 2005 Initial sequence of the chimpanzee genome and
comparison with the human genome. Nature 437: 69-87.

Cooper D. N,, Kehrer-Sawatzki H., 2011 Exploring the potential relevance of human-specific
genes to complex disease. Hum. Genomics 5: 99-107.

Daude N., Wohlgemuth S., Brown R,, Pitstick R., Gapeshina H., et al., 2012 Knockout of the
prion protein (PrP)-like Sprn gene does not produce embryonic lethality in
combination with PrPC-deficiency. Proc. Natl. Acad. Sci. 109: 9035-9040.

Demuth |. P, Bie T. D,, Stajich |. E., Cristianini N., Hahn M. W., 2006 The Evolution of
Mammalian Gene Families. PLoS ONE 1: e85.

Dennis M. Y., Nuttle X., Sudmant P. H., Antonacci F., Graves T. A., et al.,, 2012 Evolution of
Human-Specific Neural SRGAP2 Genes by Incomplete Segmental Duplication. Cell
149: 912-922.

Ding Y., Zhao L., Yang S., Jiang Y., Chen Y., et al,, 2010 A Young Drosophila Duplicate Gene
Plays Essential Roles in Spermatogenesis by Regulating Several Y-Linked Male
Fertility Genes. PLoS Genet 6: e1001255.


https://doi.org/10.1101/226936
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/226936; this version posted November 30, 2017. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY-NC-ND 4.0 International license.

Ding Y., Zhou Q., Wang W., 2012 Origins of New Genes and Evolution of Their Novel
Functions. Annu. Rev. Ecol. Evol. Syst. 43: 345-363.

Ding Y., Berrocal A., Morita T., Longden K. D., Stern D. L., 2016 Natural courtship song
variation caused by an intronic retroelement in an ion channel gene. Nature 536:
nature19093.

Feiguin F.,, Godena V. K., Romano G., D’Ambrogio A., Klima R, et al., 2009 Depletion of TDP-
43 affects Drosophila motoneurons terminal synapsis and locomotive behavior.
FEBS Lett. 583: 1586-1592.

Finn R. D., Coggill P., Eberhardt R. Y., Eddy S. R, Mistry ]., et al., 2016 The Pfam protein
families database: towards a more sustainable future. Nucleic Acids Res. 44: D279-
D285.

Gratz S.]., Cummings A. M., Nguyen J. N, Hamm D. C,, Donohue L. K,, et al,, 2013 Genome
Engineering of Drosophila with the CRISPR RNA-Guided Cas9 Nuclease. Genetics
194:1029-1035.

Graveley B. R., Brooks A. N., Carlson ]. W., Duff M. O., Landolin J. M,, et al., 2011 The
developmental transcriptome of Drosophila melanogaster. Nature 471: 473-479.

Hazelett D. ]., Chang J.-C., Lakeland D. L., Morton D. B., 2012 Comparison of Parallel High-
Throughput RNA Sequencing Between Knockout of TDP-43 and Its Overexpression
Reveals Primarily Nonreciprocal and Nonoverlapping Gene Expression Changes in
the Central Nervous System of Drosophila. G3 GenesGenomesGenetics 2: 789-802.

Heinen T.]. A. ], Staubach F., Haming D., Tautz D., 2009 Emergence of a New Gene from an
Intergenic Region. Curr. Biol. 19: 1527-1531.

Hoskins R. A,, Carlson J. W.,, Wan K. H.,, Park S., Mendez L., et al., 2015 The Release 6
reference sequence of the Drosophila melanogaster genome. Genome Res.:
gr.185579.114.

Hu T. T., Eisen M. B, Thornton K. R., Andolfatto P., 2013 A second-generation assembly of
the Drosophila simulans genome provides new insights into patterns of lineage-
specific divergence. Genome Res. 23: 89-98.

Huang D. W., Sherman B. T., Lempicki R. A., 2009 Systematic and integrative analysis of
large gene lists using DAVID bioinformatics resources. Nat. Protoc. 4: 44-57.

Innan H., Kondrashov F., 2010 The evolution of gene duplications: classifying and
distinguishing between models. Nat. Rev. Genet. 11: 97-108.

Jeong H., Mason S. P., Barabasi A.-L., Oltvai Z. N., 2001 Lethality and centrality in protein
networks. Nature 411: 41-42.

Kaessmann H., 2010 Origins, evolution, and phenotypic impact of new genes. Genome Res.
20: 1313-1326.

Kelley L. A.,, Mezulis S., Yates C. M., Wass M. N,, Sternberg M. |. E., 2015 The Phyre2 web
portal for protein modeling, prediction and analysis. Nat. Protoc. 10: 845-858.


https://doi.org/10.1101/226936
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/226936; this version posted November 30, 2017. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY-NC-ND 4.0 International license.

Kim J., Kim I, Han S. K., Bowie ]. U,, Kim S., 2012 Network rewiring is an important
mechanism of gene essentiality change. Sci. Rep. 2.

Kok F. O., Shin M., Ni C.-W.,, Gupta A., Grosse A. S., et al., 2015 Reverse Genetic Screening
Reveals Poor Correlation between Morpholino-Induced and Mutant Phenotypes in
Zebrafish. Dev. Cell 32: 97-108.

Kondo S., Ueda R., 2013 Highly Improved Gene Targeting by Germline-Specific Cas9
Expression in Drosophila. Genetics 195: 715-721.

Kuo P.-H., Doudeva L. G., Wang Y.-T., Shen C.-K. J., Yuan H. S., 2009 Structural insights into
TDP-43 in nucleic-acid binding and domain interactions. Nucleic Acids Res. 37:
1799-1808.

Lack]. B., Cardeno C. M., Crepeau M. W,, Taylor W., Corbett-Detig R. B, et al, 2015 The
Drosophila Genome Nexus: A Population Genomic Resource of 623 Drosophila
melanogaster Genomes, Including 197 from a Single Ancestral Range Population.
Genetics: genetics.115.174664.

Li H., Durbin R., 2009 Fast and accurate short read alignment with Burrows-Wheeler
transform. Bioinformatics 25: 1754-1760.

LiY, Ray P.,, Rao E. ], Shi C., Guo W.,, et al, 2010 A Drosophila model for TDP-43
proteinopathy. Proc. Natl. Acad. Sci. 107: 3169-3174.

Li Q. Brown ]. B., Huang H., Bickel P. ]., 2011 Measuring reproducibility of high-throughput
experiments. Ann. Appl. Stat. 5: 1752-1779.

Li H., 2011 A statistical framework for SNP calling, mutation discovery, association
mapping and population genetical parameter estimation from sequencing data.
Bioinforma. Oxf. Engl. 27: 2987-2993.

Lin M.-]., Cheng C.-W., Shen C.-K.].,, 2011 Neuronal Function and Dysfunction of Drosophila
dTDP. PLoS ONE 6: €20371.

Linnen C. R,, Poh Y.-P., Peterson B. K., Barrett R. D. H,, Larson J. G., et al., 2013 Adaptive
Evolution of Multiple Traits Through Multiple Mutations at a Single Gene. Science
339:1312-1316.

Long M., VanKuren N. W.,, Chen S., Vibranovski M. D., 2013 New Gene Evolution: Little Did
We Know. Annu. Rev. Genet. 47: 307-333.

Loppin B, Lepetit D., Dorus S., Couble P., Karr T. L., 2005 Origin and Neofunctionalization of
a Drosophila Paternal Effect Gene Essential for Zygote Viability. Curr. Biol. 15: 87-93.

Lott S. E,, Villalta J. E., Schroth G. P., Luo S., Tonkin L. A,, et al., 2011 Noncanonical
Compensation of Zygotic X Transcription in Early Drosophila melanogaster
Development Revealed through Single-Embryo RNA-Seq. PLOS Biol. 9: e1000590.

Love M. L, Huber W,, Anders S., 2014 Moderated estimation of fold change and dispersion
for RNA-seq data with DESeqZ2. Genome Biol. 15: 550.


https://doi.org/10.1101/226936
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/226936; this version posted November 30, 2017. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY-NC-ND 4.0 International license.

Lukavsky P. ., Daujotyte D., Tollervey J. R., Ule ]., Stuani C,, et al., 2013 Molecular basis of
UG-rich RNA recognition by the human splicing factor TDP-43. Nat. Struct. Mol. Biol.
20: 1443-1449.

Lynch M., Conery J.S., 2000 The Evolutionary Fate and Consequences of Duplicate Genes.
Science 290: 1151-1155.

Matsuno M., Compagnon V., Schoch G. A., Schmitt M., Debayle D., et al., 2009 Evolution of a
novel phenolic pathway for pollen development. Science 325: 1688-1692.

McDonald J. H., Kreitman M., 1991 Adaptive protein evolution at the Adh locus in
Drosophila. Nature 351: 652-654.

Merzendorfer H., Zimoch L., 2003 Chitin metabolism in insects: structure, function and
regulation of chitin synthases and chitinases. ]. Exp. Biol. 206: 4393-4412.

Moore R. C., Purugganan M. D., 2005 The evolutionary dynamics of plant duplicate genes.
Curr. Opin. Plant Biol. 8: 122-128.

Obbard D.]., Maclennan J., Kim K.-W., Rambaut A., O’Grady P. M,, et al., 2012 Estimating
Divergence Dates and Substitution Rates in the Drosophila Phylogeny. Mol. Biol.
Evol. 29: 3459-3473.

Ohno S., 1970 Evolution by Gene Duplication. Springer Science & Business Media.

Polymenidou M., Lagier-Tourenne C., Hutt K. R, Huelga S. C,, Moran J., et al,, 2011 Long pre-
mRNA depletion and RNA missplicing contribute to neuronal vulnerability from loss
of TDP-43. Nat. Neurosci. 14: 459-468.

Quinlan A. R, Hall I. M., 2010 BEDTools: a flexible suite of utilities for comparing genomic
features. Bioinformatics 26: 841 -842.

Ranz ]. M., Parsch ]., 2012 Newly evolved genes: Moving from comparative genomics to
functional studies in model systems. BioEssays 34: 477-483.

Reinhardt]. A.,, Wanjiru B. M., Brant A. T., Saelao P., Begun D. |, et al., 2013 De Novo ORFs in
Drosophila Are Important to Organismal Fitness and Evolved Rapidly from
Previously Non-coding Sequences. PLOS Genet. 9: e1003860.

Ross B. D., Rosin L., Thomae A. W,, Hiatt M. A,, Vermaak D, et al.,, 2013 Stepwise Evolution of
Essential Centromere Function in a Drosophila Neogene. Science 340: 1211-1214.

Rossi A., Kontarakis Z., Gerri C., Nolte H., Holper S., et al., 2015 Genetic compensation
induced by deleterious mutations but not gene knockdowns. Nature 524: 230-233.

Rost S., Fregin A, Ivaskevicius V., Conzelmann E., Hortnagel K., et al., 2004 Mutations in
VKORC1 cause warfarin resistance and multiple coagulation factor deficiency type 2.
Nature 427: nature02214.

Sievers F., Wilm A., Dineen D., Gibson T. ]., Karplus K., et al,, 2011 Fast, scalable generation
of high-quality protein multiple sequence alignments using Clustal Omega. Mol. Syst.
Biol. 7: 539.

Smith N. G. C., Eyre-Walker A., 2002 Adaptive protein evolution in Drosophila. Nature 415:
1022-1024.


https://doi.org/10.1101/226936
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/226936; this version posted November 30, 2017. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY-NC-ND 4.0 International license.

Souza D, T A, Dai X,, Spencer A. G., Reppen T, et al., 2006 Transcriptional and phenotypic
comparisons of Ppara knockout and siRNA knockdown mice. Nucleic Acids Res. 34:
4486-4494.

Sreedharan J., Blair I. P, Tripathi V. B., Hu X., Vance C,, et al,, 2008 TDP-43 mutations in
familial and sporadic amyotrophic lateral sclerosis. Science 319: 1668-1672.

Stark C., Breitkreutz B.-]., Reguly T., Boucher L., Breitkreutz A., et al., 2006 BioGRID: a
general repository for interaction datasets. Nucleic Acids Res. 34: D535-539.

Stauber M,, Jackle H., Schmidt-Ott U., 1999 The anterior determinant bicoid of Drosophila is
a derived Hox class 3 gene. Proc. Natl. Acad. Sci. U. S. A. 96: 3786-3789.

Taylor ]. S., Raes J., 2004 Duplication and divergence: the evolution of new genes and old
ideas. Annu. Rev. Genet. 38: 615-643.

Trapnell C., Pachter L., Salzberg S. L., 2009 TopHat: discovering splice junctions with RNA-
Seq. Bioinforma. Oxf. Engl. 25: 1105-1111.

Trapnell C., Williams B. A., Pertea G., Mortazavi A., Kwan G., et al., 2010 Transcript assembly
and quantification by RNA-Seq reveals unannotated transcripts and isoform
switching during cell differentiation. Nat. Biotechnol. 28: 511-515.

Venken K. J. T., Carlson ]. W,, Schulze K. L., Pan H., He Y., et al.,, 2009 Versatile P(acman) BAC
Libraries for Transgenesis Studies in Drosophila melanogaster. Nat. Methods 6:
431-434.

Venken K. J. T,, Schulze K. L., Haelterman N. A,, Pan H., He Y., et al, 2011 MiMIC: a highly
versatile transposon insertion resource for engineering Drosophila melanogaster
genes. Nat. Methods 8: 737-743.

Ventura I, Long M., Connecting evolutionary genomics to cell biology. In: Encyclopedia of
Cell Biology, Elsevier, pp. 153-159.

Wittkopp P.]., Stewart E. E., Arnold L. L., Neidert A. H., Haerum B. K,, et al.,, 2009
Intraspecific polymorphism to interspecific divergence: genetics of pigmentation in
Drosophila. Science 326: 540-544.

Wray G. A., 2007 The evolutionary significance of cis-regulatory mutations. Nat. Rev. Genet.
8: nrg2063.

Yang Z., 2007 PAML 4: Phylogenetic Analysis by Maximum Likelihood. Mol. Biol. Evol. 24:
1586 -1591.

Yeh S.-D., Do T., Chan C., Cordova A., Carranza F., et al.,, 2012 Functional evidence that a
recently evolved Drosophila sperm-specific gene boosts sperm competition. Proc.
Natl. Acad. Sci.

Yu H., Greenbaum D,, Xin Lu H., Zhu X,, Gerstein M., 2004 Genomic analysis of essentiality
within protein networks. Trends Genet. 20: 227-231.

Zhang Y., Liu T., Meyer C. A., Eeckhoute ], Johnson D. S,, et al., 2008 Model-based Analysis of
ChIP-Seq (MACS). Genome Biol. 9: R137.


https://doi.org/10.1101/226936
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/226936; this version posted November 30, 2017. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY-NC-ND 4.0 International license.

Zhang Y. E., Vibranovski M. D., Krinsky B. H., Long M., 2010 Age-dependent chromosomal
distribution of male-biased genes in Drosophila. Genome Res.

Zhang Y. E., Landback P., Vibranovski M. D., Long M., 2011 Accelerated Recruitment of New
Brain Development Genes into the Human Genome. PLoS Biol 9: e1001179.

Zhang W.,, Landback P., Gschwend A. R, Shen B., Long M., 2015 New genes drive the
evolution of gene interaction networks in the human and mouse genomes. Genome
Biol. 16: 202.


https://doi.org/10.1101/226936
http://creativecommons.org/licenses/by-nc-nd/4.0/

