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ABSTRACT
Cdc14 is an evolutionarily conserved serine/threonine phosphatase.
Originally identified in Saccharomyces cerevisiae as a cell cycle
regulator, its role in other eukaryotic organisms remains unclear. In
Drosophila melanogaster, Cdc14 is encoded by a single gene, thus
facilitating its study. We found that Cdc14 expression is highest in the
testis of adult flies and that cdc14 null flies are viable. cdc14 null
female and male flies do not display altered fertility. cdc14 null males,
however, exhibit decreased sperm competitiveness. Previous studies
have shown that Cdc14 plays a role in ciliogenesis during zebrafish
development. In Drosophila, sensory neurons are ciliated. We
found that the Drosophila cdc14 null mutants have defects in
chemosensation and mechanosensation as indicated by decreased
avoidance of repellant substances and decreased response to
touch. In addition, we show that cdc14 null mutants have defects in
lipid metabolism and resistance to starvation. These studies
highlight the diversity of Cdc14 function in eukaryotes despite its
structural conservation.
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INTRODUCTION
Cdc14 phosphatases are a well conserved family of proline-directed
serine/threonine phosphatases (Mocciaro et al., 2010). Initially
identified in Saccharomyces cerevisiae as an essential cell cycle
protein (Stegmeier and Amon, 2004), Cdc14 functions to antagonize
cyclin-dependent kinase (CDK)-mediated phosphorylation events
(Machin et al., 2016; Mocciaro et al., 2010; Queralt and Uhlmann,

2008; Stegmeier and Amon, 2004). Despite its conservation, Cdc14
orthologs are not essential for cell division in all organisms, although
they play important roles in an array of biological processes,
including chromosome segregation (Clemente-Blanco et al.,
2011; Machin et al., 2016; Mocciaro et al., 2010; Stegmeier
and Amon, 2004), cytokinesis (Clifford et al., 2008), centrosome
duplication (Mocciaro et al., 2010; Rüthnick and Schiebel,
2016), mitotic exit (Wolfe and Gould, 2004), transcription
(Clemente-Blanco et al., 2009, 2011; Guillamot et al., 2011;
Papadopoulou et al., 2010), the DNA damage response (Mocciaro
et al., 2010), and ciliogenesis (Clément et al., 2011, 2012).
Although they have been much studied, a comprehensive
understanding of Cdc14 phosphatases in higher eukaryotes in
particular is still lacking.

A thorough dissection of the role(s) of Cdc14 phosphatases in
metazoans is complicated by the existence of multiple Cdc14
paralogs in vertebrates (Table S1) (Clément et al., 2011; Kaiser
et al., 2004; Krasinska et al., 2007; Li et al., 2000; Mocciaro et al.,
2010). For example, human Cdc14 phosphatases are encoded by
three different genes, CDC14A, CDC14B, and CDC14C (Clément
et al., 2011; Kaiser et al., 2004; Krasinska et al., 2007; Li et al.,
2000; Mocciaro et al., 2010). Knockout studies of individual
human CDC14 genes failed to demonstrate growth or mitotic
defects, possibly reflecting functional redundancy between the
paralogs (Berdougo et al., 2008; Mocciaro et al., 2010). However,
it is still unclear whether the cellular functions of Cdc14 paralogs
are fully redundant or simply overlapping. It is clear that they have
distinct intracellular locations with CDC14A at centrosomes and
CDC14B in the nucleolus of interphase cells (Clément et al.,
2011; Kaiser et al., 2004; Krasinska et al., 2007; Li et al., 2000;
Mocciaro et al., 2010), and they have been assigned some distinct
functions. While CDC14A has been implicated in cytokinesis,
transcriptional repression, and DNA damage repair, CDC14B is
implicated in G1-phase length, centriole duplication, spindle
stability, zygotic genome activation, DNA damage repair and
checkpoint response (Buffone et al., 2014; Cho et al., 2005;
Clemente-Blanco et al., 2011; Rodier et al., 2008; Wu et al.,
2008). The biological role of CDC14C is currently unknown
(Rosso et al., 2008).

Like yeast, the roundworm, Caenorhabditis elegans, has only
one identified Cdc14 orthologue. The lack of multiple paralogs
makes the roundworm an attractive organism to gain a comprehensive
understanding of Cdc14 phosphatase function in a higher eukaryote.
However, in C. elegans, Cdc14 functions in a manner unrelated to
that in any other organism reported to date – to promote cellular
quiescence of specific precursor cells (Cueille et al., 2001; Saito
et al., 2004).

The common fruit fly, Drosophila melanogaster also has a
single gene that encodes Cdc14 (Dmel\cdc14), the role of which
has not yet been reported (Fisher et al., 2012). Herein, weReceived 30 April 2018; Accepted 13 June 2018
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demonstrate that the Drosophila cdc14 gene plays a role in sperm
competitiveness, chemosensory reception, mechanosensory
reception, fat body metabolism, and longevity during starvation
conditions. This array of phenotypes associated with loss of cdc14
function is once again distinct from those identified in any other
organism, thereby highlighting a remarkable functional versatility
for such a conserved protein.

RESULTS
cdc14 expression is highest in the testis
Tissue expression data from the FlyAtlas indicate differential
expression of cdc14 with a sevenfold higher level of cdc14 mRNA
in the testis compared to the next highest expressing organ, the
brain. To verify organ-specific levels of expression, we performed
quantitative-PCR of whole adult carcasses, ovaries, and testes.
Consistent with FlyAtlas, we found testis-specific expression of

cdc14 to be approximately eleven times higher than whole male
carcass expression (Fig. 1A).

Generation of cdc14 knockout lines in D. melanogaster
Homologous recombination was used to generate a cdc14 null
allele, designated cdc14Δ1, in a y w line by replacing a portion of
the cdc14 gene (spanning from the 5′-UTR to just downstream of
exon 6) with the white+ gene (Fig. 1B). We then generated a stable
homozygous knockout line (hereafter referred to as cdc14 null)
with confirmation of knockout by genomic PCR (Fig. 1C). The
housekeeping gene, r2d2, adjacent to cdc14 served as a control
(Fig. 1C). Additionally, while cdc14 mRNA was detected in wild-
type flies by quantitative PCR (Fig. 1D,E), there was no detectable
cdc14mRNA in the cdc14 null flies (Fig. 1E). Further confirmation
of the knockout was performed by sequencing the boundaries of the
cdc14 gene mutation (Fig. 1F).

Fig. 1. High expression of cdc14 in the testes and generation of Drosophila cdc14 null mutants by homologous recombination. (A) Relative expression
of endogenous cdc14 in adult flies as determined by RT-PCR. The highest level of expression is in the testes. cdc14 expression was normalized to Rp49.
cDNA was generated from adult carcasses (n≥50) or excised gonads (n≥200, n=3 independent biological replicates with n=3 technical replicates). (B) Structure
of the Drosophila cdc14 and its five alternative transcripts. Black boxes are exons, white boxes are UTRs, and lines are introns. Ends-out homologous
recombination of cdc14 was used to replace cdc14 with the white+ gene. Asterisk (*) indicates the 371 bp (2L:7,807,273 to 7,87,543) region of cdc14 used for
PCR depicted in C. A region (2 kb; not shown) of the overlapping housekeeping gene, r2d2, was used as a positive PCR control. Control r2d2 PCR product is
2 kb. r2d2 is upstream of cdc14 (PCR region not depicted). White+ gene is not to scale. (C) A cdc14 null line was generated in a y w background and verified by
PCR amplification of genomic DNA. The control lines, y w and w1118, and the adjacent housekeeping gene, r2d2, were used as positive controls. The cdc14Δ1

null allele was used for all subsequent experiments and for generation of the rescue line. The gel is a representative result from n=3 replicates. (D) Final
products from the RT-qPCR reaction of y w third instar larvae run on a 1% agarose DNA gel. Only a single product was amplified, suggesting high specificity
of the primers used in E. (E) Fold changes of cdc14 mRNA normalized to r2d2 mRNA. The level of expression is normalized to the y w control. No cdc14
expression was detectable in the cdc14 null line, but r2d2 expression was equivalent to that of the y w control line. cDNA was generated from late third instar
larvae (n≥30, n=3 independent biological replicates with n=3 technical replicates). (F) Nucleotide sequence of the boundaries of the cdc14 null mutation. Two of
the restriction endonuclease sites (ACC65I and AscI) used for cloning the two homologous arms of cdc14 into the pW25 vector for recombination are shown.
(G) Anti-Myc immunoblot of 0–2 h old embryos demonstrates expression of UASp-cdc14-myc using the nanos-Gal4 driver.
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Knockout of cdc14 is well tolerated
cdc14 null flies are viable and reach adulthood. Female cdc14 nulls
crossed to male cdc14 nulls lay eggs at the same rate as the y w
control line, regardless of the age of the females (Fig. S1A,B). The
average number of eggs produced per laying female is not
significantly different (Fig. S1A,C). The progeny of female cdc14
nulls crossed to male cdc14 nulls are viable. An equivalent
proportion of eggs developed into 3-day-old adults when compared
to the control line (Fig. S1D,E,F,G). Finally, no difference in the
ratio of male to female progeny was observed (Fig. S2C). Our data
suggests that Cdc14 is not an essential gene in Drosophila.

Overexpression of Cdc14-Myc
To determine whether overexpression of Cdc14 could provide
insight into its function, we generated an inducible cMyc-tagged
Cdc14 expression line (UASp-cdc14-myc) and verified expression
of Cdc14-Myc by immunoblot analysis; this transgenic line
was used for overexpression and rescue experiments (Fig. 1G;
Fig. S2A,B). Nanos is active in germline formation, oocytematuration,
and early embryogenesis (Forbes and Lehmann, 1998; Kobayashi
et al., 1996; Wang and Lehmann, 1991), making a nanos (nos) driver
appropriate to rescue cdc14 loss, especially in the germ line. We found
that introduction of nos>cdc14-myc in a y w background resulted in
a twofold increase in cdc14 mRNA levels compared to the y w
control line at the late third instar stage of larval development and
very closely approximated wild-type levels of expression in a cdc14
null background (Fig. 1E). Immunoblotting confirmed expression of
Cdc14-Myc in nos>cdc14-myc in third instar larvae (Fig. S2A,B).
All rescue experiments described herein were performed using the
cdc14 null line with nos>cdc14-myc expression (‘rescue line’).

cdc14 knockdown does not affect the ratio of
male-to-female progeny
The relatively high expression of cdc14 in the Drosophila testis
compared with other tissues raised the possibility that knockout
or overexpression may specifically affect the health of males.
However, no significant differences between the ratios of male-
to-female offspring were observed (Fig. S2C,D). This finding
indicates that neither the insertion/expression of UASp-cdc14-myc
nor the loss of cdc14 affect the viability of male offspring.

Cdc14 is not required for Drosophila spermatogenesis
To test the fertility of cdc14 null flies, we crossed male cdc14 nulls to
control females and assessed the number of offspring. We observed
no significant differences in the number of progeny produced by
cdc14 null versus control males at either 0–5 or 6–11 days of age
(Fig. S3A). These data suggest that cdc14 loss does not affect
male fertility.
Given that cdc14 expression is highest in Drosophila testes

relative to other tissues and that Cdc14A and Cdc14B are involved
in ciliogenesis in zebrafish (Clément et al., 2011, 2012), we tested
whether Cdc14 is involved in Drosophila spermatogenesis. Primary
cilia first form in apolar spermatocytes and persist through the
early spermatid stage, disassembling only partially at the end of
spermatogenesis when the centriole at the cilium forms the base of
the flagella axoneme (Riparbelli et al., 2012). These primary cilia
are therefore thought to be precursors of the spermatid flagellum,
although their role in spermatogenesis is unclear (Riparbelli et al.,
2012). The majority of cells in the testis are ciliated; however, the
function of the cilia during the meiotic prophase is unknown.
We initially examined the testis as a whole for potential gross

morphological defects. Examination of bright-field images revealed

no observable morphological differences between cdc14 null and
control testes (Fig. S3B). Immunostaining of testes for alpha-
tubulin showed no notable differences in sperm morphology or
number during spermatogenesis (Fig. S3C). Additionally, using
nos>cdc14-myc animals, we observed localization of Cdc14-Myc
protein primarily to the head of mature sperm bundles in the testes
(Fig. S3D). Analysis of spermatids and mature sperm revealed no
observable differences between cdc14 nulls and controls (Fig. S3E,F).
Thus, we conclude that cdc14 is not essential for formation of mature
sperm in Drosophila.

Loss of cdc14 does not affect Drosophila oogenesis
or embryogenesis
Previous studies indicated that Drosophila cdc14 is maternally
contributed with diffuse localization in early larvae (Fisher et al.,
2012; Keil, 1997). We performed immunolocalization studies using
theUASp-cdc14-myc transgenic line under the control of a maternal
nos-Gal4 driver. Consistent with the in situ studies, we found
that the cMyc-tagged Cdc14 protein is diffusely localized around
mitotic nuclei in the early embryo (Fig. S4A).

We tested the effects of Cdc14 on viability and early
development. We found that male and female cdc14 null flies are
fertile and the offspring of cdc14 null parents are viable (Figs S1B,G
and S3A). We found no significant effects of Cdc14 loss on the
embryo’s aspect ratio (length:width) (Fig. S4B). Thus, we conclude
that Cdc14 does not play an essential role in early oogenesis or
embryogenesis of Drosophila.

Cdc14 is not required for cell cycle checkpoint activation or
DNA damage repair
Cdc14 phosphatases are reported to play a role in DNA damage
repair and the checkpoint response in human cells (Mocciaro et al.,
2010). We observed no increase in single or double strand DNA
breaks in response to ionizing radiation as determined by the
amount of TUNEL staining in wing discs from cdc14 null third
instar null larvae (Fig. S4C). To determine whether Drosophila
Cdc14 is involved in DNA checkpoint regulation, we assessed the
mitotic index of eye discs from irradiated larvae of cdc14 null animals
by immunostaining for the mitosis specific marker phospho-histone
H3 (pH3). Eye discs from cdc14 null flies showed a reduction in
pH3 similar to that of control flies following irradiation (Fig. S4D),
suggesting normal activation of a DNA damage checkpoint.
As positive control, discs from homozygous animals that are null for
an allele of the checkpoint gene, mei-41RT, showed no reduction in
proliferation. These results suggest that cdc14 is not required for
mitotic checkpoint activation or DNA damage repair in Drosophila.

Sperm competiveness is decreased in cdc14 null flies
The fertility experiments performed above reflect reproduction in an
optimized and controlled laboratory environment. In the wild,
Drosophila males compete with each other by promoting removal
or inactivation of the previous male’s sperm (Price et al., 1999).
Therefore, we performed a sperm competition assay to assess
‘sperm fitness’. By sequentially mating a white-eyed male and red-
eyed male to a white-eyed female, competitiveness was determined
by counting the number of red-eyed (heterozygous for red pigment
genes) or white-eyed offspring. The cdc14 null, rescue, and
overexpression lines are all homozygous for a gene that produces
red pigment in the eye. The y w line has white eyes, as it is
homozygous for a loss of function allele of the white gene and does
not produce red pigment.
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When mated to a white-eyed female, the percentage of offspring
produced by the cdc14 null was significantly less than that of the
control groups, regardless of whether the cdc14 null malewas the first
or secondmale to mate (Fig. 2; Fig. S5B). This result suggests that, in
spite of the lack of notable morphological differences between cdc14
null and control sperm, cdc14 null sperm are less efficient than
wild-type sperm in conferring reproductive competitiveness.
It is possible that seminal fluid proteins could induce changes in

female behavior and physiology, such as sexual receptivity, ovulation,
and egg-laying rates, and these changes could confound a sperm
competition assay (Avila et al., 2011). We found that the cdc14 stock
had a normal egg-laying rate (Fig. S1B,C,E,F). The proportion of
cdc14 null males that mated at least once in the sperm competition
assay was comparable to controls (Fig. S5A). However, we cannot
rule out that cdc14 nulls mated fewer times than controls within the
24 h period.
The seminal fluid protein, sex peptide (SP), is transferred with the

sperm to the female reproductive tract, where it is bound to the tail
of the sperm and plays a role in sperm storage (Avila et al., 2010;
Avila and Wolfner, 2009; Peng et al., 2005; Rogers et al., 2009).
SP null males have been reported to give rise to more progeny

compared to controls when mated first in specific competition
assays (Avila et al., 2010). In contrast, we found that cdc14 null
males gave rise to fewer progeny compared to controls when they
were mated first (Fig. 2; Fig. S5B). Thus, it is possible that Cdc14
may function to inhibit SP release or the association of SP with the
ciliary tail of the sperm.

Loss of cdc14 does not affect Drosophila path-length,
coordination, or locomotion
The decrease in sperm competitiveness may be the result of
coordination or locomotion defects inhibiting mating behaviors.
Drosophila are negatively geotactic, and the adult climbing assay is
a motor assay that takes coordination into account (Ali et al., 2011;
Nichols, 2015; Nichols et al., 2012). When coordination is disrupted,
flies should climb slower and/or fewer flies should rapidly climb the
chamber walls (Nichols, 2015). We found that the climbing behavior
of cdc14 nulls was not significantly different than that of control y w
control (Fig. S6A). Furthermore, path-length (distance traveled by a
larva on yeast within a defined period) and the number of body wall
contractions, both measures of locomotion (Anreiter et al., 2016;
Nichols et al., 2012), did not significantly differ between cdc14 null

Fig. 2. cdc14 null males exhibit
decreased sperm competition. (A) An
example of a sperm competition assay in
which a single y w virgin female (white-
eyed) is mated to a single male (white-
eyed) for 24 h. The male is then removed
and the female is mated to a second male
with red-eyes for 24 h. The female is then
transferred to a fresh vial and allowed to lay
eggs. The female is removed, and offspring
are allowed to develop and assessed for
eye color (red or white). The assay is
repeated using a red-eyed male first and
then a white-eyed male. (B) A control
experiment was performed using white-
eyed y w males for both the first and
second males. A second control
experiment was performed using red-eyed
cdc14 null males for both the first and
second males. The cdc14 null males are
less competitive compared to control males
regardless of whether they are the first or
second male to mate. Results for a single
representative replicates (n≥15 vials per
cross) are shown. Additional data can be
found in Fig. S5B. Data were analyzed
using a Chi-squared test with Bonferroni
correction. Six pairwise comparisons were
made. Red-eyed control males were
compared to the cdc14 null, rescue, or
overexpression males; cdc14 null males
were compared to rescue or overexpression
male; and rescue males were compared to
overexpression males. *P<0.009 and
***P<0.0002.
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and control larvae (Fig. S6B,C). These results suggest that Cdc14
does not play a role in path-length, coordination, or locomotion
in Drosophila.

Drosophila cdc14 null larvae have decreased
mechanosensation
In Drosophila, spermatozoa and sensory neurons are the only
ciliated cells (Ma and Jarman, 2011). Type I sensory neurons
(sensilla) have modified cilia that act as a site for sensory reception
and transduction (Field and Matheson, 1998; Keil, 1997;
Laurençon et al., 2007; Lee et al., 2008; Ma and Jarman, 2011;
Riparbelli et al., 2012). In accordance with a role in zebrafish
ciliogenesis (Clément et al., 2011, 2012), we tested whether cdc14
null sensory neurons have decreased function compared to that of
control flies. Mechanosensation and chemosensation are the two
primary functions of Type I sensory neurons (Brody, 1999).
To test the functionality of the mechanosensory neurons, we used a
touch insensitivity assay in third instar larvae (Fig. S7). Control larvae
demonstrated a normal distribution of touch response scores
(Fig. S8A). In contrast, cdc14 larvae showed a broad distribution
of touch response scores and a decreased average score,
suggesting a distinct loss of touch sensitivity (Fig. S8A,B).
The loss of touch sensitivity in cdc14 null larvae was partially
rescued by maternally contributed cdc14 (cdc14Δ1-Maternal;
Fig. S8B). These data suggest a role for cdc14 in the function
and/or formation of ciliated Type I sensory neurons controlling
mechanosensation.

Gustation in Drosophila larvae is modulated by cdc14
Drosophila gustatory neurons are also Type I sensory neurons.
Drosophila larvae have more than 81 external chemosensory
gustatory neurons (including 37 neurons in the head) (Stewart
et al., 2015). In order to test the functionality of the chemosensory
neurons, we assessed the ability of larvae to detect and avoid the
bitter substance, quinine (Wu et al., 2005). Larvae were placed for
5 min on a nutritious yeast paste containing food coloring, and the
number of larvae with dyed food in >50% of their intestines were
scored as feeding (Fig. S9A). In the absence of quinine, three times
fewer cdc14 null larvae had fed compared to control larvae
(Fig. S9A). In the presence of quinine, only 5% of control larvae had
fed, whereas the percentage of fed cdc14 null larvae remained
unchanged at 15–17% (Fig. S9A). These findings indicate that loss
of cdc14 results in both a loss of chemosensation and reduced but
indiscriminate feeding.
A second test was used to verify the changes in gustatory

sensation and to test the ability of the animals to discriminate
between attractive (sucrose) and repellant (quinine) substances
(Fig. S9B,C,D). In the absence or presence of sucrose across an
entire plate, cdc14 null larvae demonstrated a significant decrease
in aversion to quinine when compared to controls (Fig. S9B,D).
Furthermore, this discrimination against quinine returned to nearly
wild-type levels in cdc14Δ1-Maternal larvae. When given the choice
between sugar and quinine, no statistically significant differences
were found between the cdc14 null larvae and controls (Fig. S9C).
No differences between the sexes were observed under these
testing conditions.
In contrast to larvae, no difference in quinine avoidance was

observed between cdc14 null and control adults (Fig. S10A). Our
results suggest that cdc14 null larvae have the capacity to identify
certain attractive substances (sucrose), but not repellant substances
(quinine), possibly due to a defect in the functionality of the
gustatory sensilla.

Photoreception is unaffected in the cdc14 null larvae
To test if the mechanosensory and chemosensory behaviors in cdc14
null larvae were specific to ciliary function (rather than non-ciliary-
mediated functions such as mobility), we tested photoreception,
which is not mediated by ciliated neurons. Drosophila are negatively
phototactic (Lilly and Carlson, 1990). Late third instar larvae were
exposed to light with a choice between opaque-black and clear
agarose backgrounds.We observed no differences between the cdc14
null, control, and rescue larvae (Fig. S10B). These results suggest the
observed defects in cdc14 null animals are specific to ciliated cell
types (e.g. Type I sensory neurons and sperm).

cdc14 confers resistance to starvation and modulation
of lipid metabolism
In a Drosophila genome-wide RNAi screen for genes involved in
adiposity, cdc14 was previously identified as a potential regulator
of triglyceride metabolism (Pospisilik et al., 2010). Drosophila
store energy in the form of triglycerides and glycogen; growth,
reproduction, and normal energy expenditure under extended non-
feeding periods (e.g. starvation) are dependent upon proper
lipid metabolism (Arrese and Soulages, 2010). Alterations in fat
metabolism manifest as changes in the size of the fat body or the
abundance of lipid droplets (Figueroa-Clarevega and Bilder, 2015).

We dissected and analyzed the larval fat body, the major
triglyceride storage organ (Figueroa-Clarevega and Bilder, 2015;
Gutierrez et al., 2007). Staining with Oil Red O revealed large and
abnormally shaped fat bodies in the cdc14 null larvae in contrast to
the controls (Fig. S11A,B). Staining with Nile Red showed a similar
effect (Fig. S11C).

Previous studies have demonstrated that female flies are more
resistant to starvation and have a higher lipid content than males
(Huey et al., 2004; Jang et al., 2014). Thus, defects in triglyceride
regulation may affect the resistance of the animals to nutrient
deprivation. We found that control females have a slightly longer
lifespan (>4.25 h) compared to cdc14 null females under starvation
conditions (Fig. S11D). The decrease in lifespan under starvation
conditions and alterations in lipid droplet morphology observed
in cdc14 null flies suggest that Cdc14 may play a role in the
regulation of metabolism in Drosophila.

DISCUSSION
In the current study, we used ends-out homologous recombination
to knock out the single Drosophila cdc14 gene (Fisher et al., 2012;
Gong and Golic, 2003). We have found that Drosophila Cdc14
confers several competitive advantages. Despite the fact that cdc14
null males are fertile, they have a decreased capacity to compete with
other males for mating. Loss of larval gustatory chemosensation
and mechanosensation results in reduced and indiscriminate feeding
behaviors, presumably leading to inadvertent feeding on a toxic food
source. Our findings suggest that in times of food scarcity, cdc14
nulls have a shorter lifespan than wild-type flies, possibly due to
altered lipid metabolism and/or feeding behaviors. This constellation
of defects associated with loss of cdc14 in Drosophila may provide an
explanation for its conservation in metazoans.

To our knowledge, the present study is the first characterization
of a Drosophila cdc14 null mutation. Similar to S. pombe and
C. elegans, D. melanogaster cdc14 is not an essential gene.
Flies lacking cdc14 are viable, and they do not display phenotypes
that have been observed in other organisms (Mocciaro and Schiebel,
2010). For example, we were unable to demonstrate that cdc14
participates in the DNA damage repair response, and loss of cdc14
did not alter growth or lead to any obvious perturbations in mitosis
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or more generally in cell proliferation. Specifically, we did not
observe any centrosomal or mitotic spindle defects or any defects in
chromosome segregation or cytokinesis (data not shown).
We did not detect morphological differences in sperm formation

between cdc14 null and wild-type males. However, we show that
sperm competiveness is decreased in cdc14 null flies, suggesting
an effect on sperm ciliary function (Brody, 1999). These findings
merit further detailed molecular study of the role of cdc14 in sperm
ciliary function.

MATERIALS AND METHODS
Generation of cdc14 null by homologous recombination
For recombination, the homologous arms for cdc14 were cloned into the
pW25 vector. The left homologous arm was generated using the forward
primer CG7134-NotI (5′-AGCAGCGGCCGCTACATCGCGGTTCGTG-
TCACCG-3′ and the reverse primer CG7134-ACC65I 5′-TACCGGTAC-
CCAGGAGCACGGGAGACTTCGAC-3′). The right homologous arm
was generated using the forward primer CG7134-AscI (5′-AGCAggcgcg-
ccATTTTGGCCAGTTCGGGGAGCAG-3′) and the reverse primer
CG7134-BsiWI (5′-TACCCGTACGTCTCCACCAATTTGTAGGTGGG-3′).
The construct covers a 9035-bp region of chromosome 2L where the left
arm ends 13 bp upstream of the ATG and the right arm starts immediately
after the coiled-coil domain encoded by cdc14. This construct was used to
excise the 5′-UTR and exons 1 through 6 of cdc14-RA and cdc14-RD and
the 5′-UTR, exons 1 through 5, and 3′-UTR of cdc14-RB, cdc14-RC, and
cdc14-RE (2L:7802415 to 7810697) and replace it with the white+ cDNA
via ends-out-homologous recombination (Gong and Golic, 2003; Maggert
et al., 2008).

Knockout lines were verified by PCR of r2d2 and cdc14 using the
forward 5′-TTGATAGAGCGCTCTCTCGT-3′ and reverse 5′-CGGATG-
GATGGAAGTATGTA-3′ primers for r2d2 (Liu et al., 2006) and the
forward 5′-CATCGCTGTATTTCCACCCAC-3′ and reverse 5′-AAGGC-
ATCACTCGCGATCC-3′ primers for cdc14.

For PCR and sequencing of the boundaries of the cdc14 mutation, the
forward 5′-CGAAGTCTCCCGTGCTCCTG-3′ and reverse 5′-CGACGA-
AGCGCCTCTATTTA-3′ primers were used for the left recombination
boundary and the forward 5′-TCCGGTTGTTTTCGTGCTCA-3′ and reverse
5′-CTCCCCGAACTGGCCAAAAT-3′ primers were used for the right
recombination boundary.

DNA constructs
cDNA clone GH01148 encoding cdc14-B was obtained from the Drosophila
Gene Collection (Stapleton et al., 2002). UASp-cdc14-myc was created by
subcloning the amplified coding sequence from GH01148 into a modified
version of UASp that confers a C-terminal Myc tag (Rørth, 1998).

Drosophila stocks
Stocks were maintained at 25°C using standard techniques (Greenspan,
2004). The y1 w1118, w1118, mei-41RT1 (FlyBase ID: FBal0046106), and
red-eyed control [y w; FLAG-Mcm4 (BAC#1 attP40): from the Nordman lab,
Vanderbilt University] lines were used as controls. The UASp-cdc14-myc
transgenic line was generated by P-element mediated insertion via embryo
injection in the y w background using standardmethods (Rubin and Spradling,
1982). Overexpression of UASp-cdc14-myc was driven by crossing with
nanos-Gal4 (FlyBase ID: FBst0032563) or tubP-Gal4 (FlyBase ID:
FBtp0002651) flies. The UASp-cdc14-myc, cdc14Δ1 line was established by
recombination using standard methods. The cdc14Δ1; nanos-gal4 line was
established by performing standard genetic crosses. cdc14Δ1 null larvae with
maternally contributed cdc14 (cdc14Δ1-Maternal) were obtained by crossing
cdc14Δ1/CyO females to cdc14Δ1 homozygous males. All transgenic lines
were isogenic.

The cdc14 gene is located on chromosome 2L:7,801,668 to 7,810,703
(FlyBase ID: FBgn0031952, FlyBase build: FB2018_02) and has five
alternative transcripts, the longest of which encodes a 1052 amino acid
protein (Fig. 1B) (Gramates et al., 2017). The cdc14 gene is flanked by the
housekeeping gene r2d2 (2L:7,800,147 to 7,802,098).

Quantitative PCR
cDNA was generated from adult carcasses, late third instar larvae, and
excised gonads. Samples were homogenized in 1 ml RNA Stat-60 and
cleaned up by chloroform extraction. cDNA was prepared using the High
Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster
City, USA) with the supplied random primers. qPCR was performed using
the GoTaq® qPCR Master Mix (Promega, Madison, USA) on a CFX96
qPCR machine from Bio-Rad. cDNA was prepared in triplicate using
samples from separate crosses, and qPCR was performed using three
technical replicates.

The forward 5′-GAGATGCAGGAAGACCGATTAT-3′ and reverse
5′-CTCATCGACGCTGAAGTAGTG-3′ primers were used to assess relative
cdc14 mRNA levels, which were normalized to Dmel\Rp49 expression
levels using the 5′-GAGATAGAGGCCCTTGGAAATG-3′ forward and
5′-CAGATCACCCACAGTCGAATC-3′ reverse primer.

Immunoblotting
Embryo lysates for immunoblotting were generated as previously described
(Hainline et al., 2014). For late third instar larvae, pools of ten were collected
and homogenized in 200 μl of running buffer (Fig. 1F, Fig. S2B,C), and
protein equivalent to one-half of a larva (10 μl) was used. All samples were
run on ExpressPlus™ PAGE gels 4–20% from GenScript. Membranes were
probed with mouse anti-Myc (9E10, 1:100; Santa Cruz Biotechnology,
catalog #sc-40) andmouse anti-alpha tubulin (DM1α, 1:2500; Sigma-Aldrich,
catalog #T6199) primary antibodies and anti-mouse horseradish peroxidase
(1:5000) secondary antibody followed by visualization of signal on a
LI-COR C-DiGit® Blot Scanner using SuperSignal™ West Femto
Maximum Sensitivity Substrate or HyGLO™ Quick Spray.

Assessment of female fertility
Males were allowed to mate with virgin females for 3 or 7 days within
chambers on grape juice plates (3% agar, 25% grape juice, 0.3% sucrose).
Individual females were then transferred to a standard culture vial and
allowed to lay eggs for 24 h followed by assessment of the number of eggs
per vial. The average number of eggs per female was determined by
counting the total number of eggs collected and dividing by the number of
females that laid eggs.

Progeny survival assay
Males were allowed to mate with virgin females for 3 days within chambers
on grape juice plates (3% agar, 25% grape juice, 0.3% sucrose). Groups of ten
females were then transferred to a single standard culture vial and allowed to
lay eggs for 24 h followed by the removal of adults and determination of the
number of eggs collected per vial. Eggs were allowed to develop through
larval stages to adulthood, and the number of adults alive at 3 days post-
eclosion was assessed. The percentage of eggs that survived to 3-day-old
adults was determined by dividing the number of 3-day-old adults by the
number of eggs laid.

Assessment of progeny sex
Mendelian inheritance assays were performed by mating equal numbers
of 3-day-old males and virgin females under standard conditions. Parental
flies were removed 9 days after setting up the cross. Adult progeny were
collected daily and counted from day 10 to day 20.

Male fertility assay
Fertility assays were performed by mating equal numbers of 0–5- or 6–11-
day-old males (control or cdc14 nulls) with control virgin females under
standard conditions. Parental flies were removed 9 days after setting up the
cross. Adult progeny were collected and counted daily from day 10 to day 20.

Sperm competition assay
Sperm competition was performed based on a modification of a previously
described assay (Yeh et al., 2013). Virgin males and females were collected
and aged for 3 days on standard food supplemented with extra yeast paste.
Single mating pairs were transferred to new vials and allowed to mate for
24 h. The first male was then removed, and a second 3-day-old virgin male
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was added to the vial and allowed to mate for 24 h. The female was then
transferred to a fresh standard culture vial and allowed to lay eggs at 25°C for
9 days, at which point the female was removed. Eclosed adult progeny were
collected and counted daily over the next 10 days and eye color was
assessed. The experiments were blinded to the genotypes of the red-eyed
males used in these experiments.

Assessment of spermatids and mature sperm
Testes were isolated from 1–3-day-old males as previously described
(Zamore and Ma, 2011). Testes were snipped and squashed as previously
described (Sitaram et al., 2014). Spermatids and mature sperm were
observed using bright field microscopy.

Immunostaining
Testes were collected from 1–3-day-old males as previously described
(Zamore and Ma, 2011). Testes were snipped at level 2 and immunostained
as previously described (Sitaram et al., 2014). Anti-Myc (9E10, 1:100;
Santa Cruz Biotechnology, catalog #sc-40) and anti-tubulin (DM1α, 1:200;
Sigma-Aldrich, catalog #T6199) primary antibodies were used in
combination with goat anti-mouse Cy2 secondary (1:400; Invitrogen,
catalog #A-11004).

Localization of Myc-tagged Cdc14 protein in 0–2 embryos laid by
females carrying the UASp-cdc14-myc and nanos-Gal4 transgenes was
assessed by immunofluorescence using standard conditions. Anti-Myc
(9E10, 1:100; Santa Cruz Biotechnology, catalog #sc-40) and rat anti-alpha
tubulin (1:200; Accurate Chemical & Scientific, Westbury, USA, catalog
#MCA77G) primary antibodies were used in combination with goat anti-
mouse Cy2 (1:400; Invitrogen, catalog #A-11004) and goat anti-rat Cy3
(1:400; Abcam, catalog #ab6953) secondary antibodies.

Microscopy
Bright field images were obtained using a Stemi 2000-CS microscope
(Zeiss, Oberkochen, Germany) with an Olympus DP72 camera. Fluorescent
images were obtained using a Nikon Eclipse 80i microscope with a Cool
SNAP ES camera (Photometrics, Tucson, USA). Images were analyzed in
Fiji or Photoshop.

Egg aspect ratio
Adults were placed in egg-laying chambers over a grape juice plate
(3% agar, 25% grape juice, 0.3% sucrose) and allowed to lay for 1 h.
Plates were collected, imaged, and assessed by a blinded experimenter. The
measuring tool in Fiji was used to determine the ratio of the anteroposterior
to sagittal axes of imaged 0–1 h embryos.

Larval path-length
Analysis of larval path-length was based on a modification of a previously
described assay (Anreiter et al., 2016). Early third instar larvae were washed
in PBS and placed on a 1% agarose plate. Larvae were allowed to move
freely for 1 min. Plates were imaged, and the length of the path taken was
assessed in Fiji as previously described (Anreiter et al., 2016).

Body wall contraction assay
Determination of body wall contraction was based on a modification of a
previously described assay (Nichols et al., 2012). Early third instar larvae
were washed in PBS and placed on a 1% agarose plate. Larvae were
observed for 1 min under a dissection microscope, and the number of
peristalsis contractions was scored. A single contraction was defined as a full
anterior to posterior movement.

Adult climbing assay
Analysis of adult climbing was based on a modification of a previously
described assay (Crowther et al., 2005). Up to 30 animals at 7–10 days post
eclosion were placed at the bottom of a 3 inch vial. A second vial was placed
on top of the first vial, and flies were allowed to climb for 20 s. The vials
were then separated, and the number of flies in the top vial were counted.
The percentage of flies climbing was determined by dividing the number of
animals in the top vial by the total number of animals in both vials.

DNA damage assays
Third instar larvae were collected, washed in PBS, and left untreated or
exposed to 40 Gy of ultraviolet radiation using a UV Stratalinker 1800 from
Stratagene. Larvae were incubated at room temperature and dissected for
wing or eye discs as previously described (Purves and Brachmann, 2007).
Discs were stained with terminal deoxynucleotidyl transferase dUTP nick
end labeling (TUNEL) or anti-phospho-Histone H3 (pH3) as previously
described (Brodsky et al., 2000; Sarkissian et al., 2014). TUNEL- and
pH3-stained samples were assessed by a blinded experimenter using Fiji.
TUNEL-stained samples were assessed by measuring the fluorescence of
the entire sample. pH3-stained samples were assessed by counting the
number of stained cells in each sample.

Mechanosensation assay
Touch insensitivity of larvae was assessed using a previously described
assay (see Fig. S7) (Kernan et al., 1994). A human eyelash is affixed to the
end of a dowel rod with tape to make an eyelash brush. Larvae were washed
with PBS, placed on a 1% agarose plate, tested four times by a blinded
experimenter, and assigned a scored between 0 to 4. Scores were added
together to determine the final score (0–16).

Larval yeast feeding assay
Test plates and yeast paste were prepared using blue or red food coloring as
previously described (Wu et al., 2005). Early third instar larvaewerewashed
in copious amounts of PBS, placed on the yeast paste, and allowed to feed or
roam freely for 30 min. Wu et al. (2005) found that larvae feed in a bimodal
fashion, either feeding persistently with substantial coloration of the gut or
roaming across the plate without feeding. Larvae were scored by a blinded
experimenter as feeding (>50% of the midgut full of colored yeast paste) or
non-feeding (≤10% of gut filled with colored yeast past).

Larval quinine preference assay
The quinine chemosensory assay was performed as previously described
with minor alterations (Apostolopoulou et al., 2014). Plates were prepared
by filling a 60 mm petri dish with 5 ml of autoclaved 0.5% agarose (minus
or plus 7.5 mM sucrose) and allowed to solidify. Agarose was then removed
from one-half of the plate and replaced by 2.5 ml of media (cooled to 50°C)
containing quinine (minus or plus 7.5 mM sucrose). Plates were allowed to
cool to room temperature and then stored in the dark at 4°C. Early third
instar larvae were collected, washed in PBS, and placed near the center of
the plate. Larvae were placed perpendicular to the boundary between the
quinine-containing and quinine-free halves of the plate with the anterior
end of each larva facing the quinine-containing half of the plate. Larvae
were left undisturbed for 5 min and then scored by a blinded experimenter
for location in either the quinine-containing or quinine-free side of the plate.
Preference for quinine was determined as follows as previously described
(Apostolopoulou et al., 2014): Preference=[(Larvae on quinine)−(Larvae on
agarose)]/Total number of larvae. Preferences can range from −1 to 1, with
negative values indicating avoidance of quinine and positive values indicating
no avoidance of quinine.

Chemosensation test of adults
A modified version of the previously described two-way choice behavioral
assay was used (Shim et al., 2015). Virgin 3-day-old adult flies were starved
for 18 h and then placed in the dark with a 96-well plate containing 1 mM
sucrose plus brilliant blue FCF dye (blue; 0.125 mg/ml) or 1 mM sucrose
+0.8% quinine plus sulforhodamine B dye (red; 0.2 mg/ml) in alternating
wells. Feeding was allowed to proceed for 90 min, flies frozen, and
carcasses analyzed for the presence of ingested dye. The experiment was
then repeated with the dyes reversed.

Phototaxis assay
Response of larvae to photostimulation was assessed as previously described
with the following modifications (Lilly and Carlson, 1990). One-half of the
plate contained no added food coloring, and the other half contained 1 ml of
an equal-parts mixture of red, green, and blue food coloring added to 100 ml
of 0.5% agarose to produce an opaque black-colored agarose. Larvae were
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placed on the light box and allowed to move freely for 5 min prior to
assessment of their location by a blinded experimenter.

Fat body staining
Staining for fat bodies was performed using Oil Red O as previously
described (Gutierrez et al., 2007). Nile Red experiments were performed
using the same protocol except for the dye substitution. Nile red stock
solution (1 mg/ml) was prepared as previously described and used at a 1:100
dilution (Greenspan et al., 1985). Nile Red was visualized at an excitation
wavelength of 480 nm and emission wavelength of >530 nm. Oil Red O
sample images were analyzed in ImageJ by a blinded experimenter. The
width of a lipid droplet was measured at its widest point and binned into
large (>160 μm), medium (125-160 μm) or small (<125 μm) droplets.

Assessment of starvation resistance
Adipose cells of the larval fat body degenerate and are replaced by adult
adipose cells by 3 days post-eclosion (Butterworth et al., 1965). To test adult
resistance to starvation, virgin female adults were collected and incubated at
25°C for 3 days. Animals were then anesthetized with CO2, washed in PBS,
and separated into vials with a PBS-soaked cotton ball (20 flies per vial).
Flies were maintained at room temperature and assessed for mortality
every 3 h.

Statistics
All statistical analyses were performed in R v3.1.0. Chi-square analyses
were performed using Yates and corrected for continuity. Fisher’s exact test,
one-way ANOVA, and t-test (two tailed, equal variance) were used as
indicated in figure legends. Post hoc analysis of ANOVA was performed
with Tukey HSD. Post hoc analysis of Chi-square and Fisher’s exact tests
used the Bonferroni correction when applicable. The following critical P
values were used for all analyses prior to correction: 0.05, 0.01, and 0.001.
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