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A Flagellar Polycystin-2 Homolog Required
for Male Fertility in Drosophila

In order to gain insight into the function of amo, we
determined its expression pattern. RT-PCR analysis re-
vealed that expression began during larval development
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3 Department of Cell Biology and Anatomy found exclusively in the adult male body (Figure 2A, right
The Johns Hopkins University School of Medicine panel). We raised anti-Amo antibodies and confirmed
Baltimore, Maryland 21205 that the protein was detected in males but not female
4 Department of Neurobiology and Behavior flies (Figure 2B, left panel). Amo protein was also absent
The State University of New York at Stony Brook from male offspring of females harboring a maternal-
Stony Brook, New York 11794 effect mutation (tudor) that prevents formation of the

germline [13] (Figure 2B, right panel). Males derived from
tudor females lack sperm but retain testes and acces-
sory glands that produce seminal fluid and accessorySummary
gland proteins (Acps). Taken together, these data sug-
gest that Amo is expressed in the male germline.A common inherited cause of renal failure, autosomal

Because there were no existing mutations in amo anddominant polycystic kidney disease results from muta-
because there were no P elements nearby, we chose totions in either of two genes, PKD1 and PKD2, which
disrupt this gene by using homologous recombinationencode polycystin-1 and polycystin-2, respectively [1].
[14, 15]. The 6 kb targeting construct contained stopPolycystin-2 has distant homology to TRP cation chan-
codons near the N-terminus as well as before and afternels [2] and associates directly with polycystin-1 [3, 4].
TMD6 (Figure 2C). After producing transgenic flies con-The normal functions of polycystins are poorly under-
taining a randomly inserted copy of the knockout con-stood, although recent studies indicate that they are
struct, we screened for homologous recombinants inconcentrated in the primary cilia of a variety of cell
the germline of approximately 300 females. We identifiedtypes [5–8]. In this report we identified a polycystin-2
two targeting events as well as an insertion at a nonho-homolog in Drosophila melanogaster; this homolog
mologous position. As previously reported [14], ends-localized to the distal tip of the sperm flagella. A tar-

geted mutation in this gene, almost there (amo), in recombination frequently results in a tandem duplica-
caused nearly complete male sterility. The amo males tion at the targeted locus. One of the legitimate targeting
produced and transferred normal amounts of motile events had such a tandem duplication. Although one
sperm to females, but mutant sperm failed to enter copy retained both mutations on the 3� side of the I-SceI
the female sperm storage organs, a prerequisite for site (Figure 2C), the second had lost the 5� mutation and
fertilization. The finding that Amo functions in sperm was therefore wild-type. We subsequently used intra-
flagella supports a common and evolutionarily con- genic recombination [16] to generate flies that retained
served role for polycystin-2 proteins in both motile and either the mutant (amo1) or wild-type copy, as confirmed
nonmotile axonemal-containing structures. by DNA sequencing (Figure S1, in the Supplemental

Data available with this article online). We demonstrated
by Western blot analysis that the Amo protein was pres-Results and Discussion
ent in the line retaining only wild-type amo but was
not detected in amo1 flies (Figure 2B). Given that theTo identify polycystin-2-related proteins in fruit flies, we
antibodies were raised to a region of Amo N-terminalqueried the Drosophila database with human polycys-
to the stop codons, it appeared that the C-terminal trun-tin-2. Four related proteins emerged from this analysis

(Figure 1A), each of which displayed a number of fea- cation caused instability of the protein or that the stop
tures typical of mammalian polycystin-2. These included codons caused nonsense-mediated mRNA decay.
six putative transmembrane domains (TMDs), a pore Male flies homozygous for the amo1 mutation were
loop between TMD5 and TMD6, and a large first extra- almost completely infertile. Most single-pair matings be-
cellular loop between TMD1 and TMD2 (Figure 1B). tween wild-type males and females produced large
Among the polycystin-2 related proteins, CG6504 (Amo; numbers of progeny (Figures 2D and 2E). In contrast,
almost there) was the most similar to human polycystin-2 matings between single amo1 males and wild-type fe-
[9] and its close relatives PKD2L1 [10] and PKD2L2 males resulted in few or no offspring (Figures 2D and
[11, 12]. We screened a Drosophila cDNA library and 2E). Matings between amo1 females and wild-type males
isolated a full-length amo cDNA, which encoded a pro- resulted in normal numbers of progeny (data not shown).
tein of 924 residues. The greatest sequence identity To confirm that the male fertility defect was due to the
between Amo and human polycystin-2, PKD2L1, and targeted mutation in the amo gene, we introduced a
PKD2L2 occurred over the TMDs and the C-terminal wild-type rescue construct into amo1 flies by germline
portion of the first extracellular loop (Figure 1B). transformation. The wild-type transgene restored ex-

pression of the Amo protein in the amo1 mutant back-
ground and completely rescued the fertility defect (Fig-*Correspondance: cmontell@jhmi.edu
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Figure 1. The Drosophila Polycystin-2-Related Gene, amo

(A) Amino acid sequence identities and E values obtained from the BLAST scores. The query sequences are indicated at the top: human
polycystin-2 (hPDK2), human PKD2L1 (PKD2L), and C. elegans LOV-2 (C. elegans PKD2). The lengths of the amino acid identities are indicated
in parentheses. The identification numbers of the Drosophila genes are indicated to the left.
(B) Amino acid alignment. Horizontal lines are placed above the six putative transmembrane segments. The residue numbers in the Amo
amino acid sequence are indicated to the right. The C-terminal 46 and 43 residues of PKD2 and PKD2L, respectively, are not shown.

ures 2B, 2D, and 2E) as well as all other aspects of the shown). We assessed the motility of amo1 sperm by
examining the rate of beating flagella and found it to bephenotype described below.

We were able to exclude many etiologies that could indistinguishable from that of the wild-type (see Supple-
mental Experimental Procedures). Furthermore, mutantaccount for the fertility defect observed in amo1 mutant

flies. Testes from amo1 flies displayed normal architec- males displayed normal courtship behavior and normal
copulation latency and duration (data not shown).ture with a typical abundance of germ cells (data not
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Figure 2. amo Is Expressed Exclusively in
Males and Is Required for Male Fertility

(A) Expression of amo RNA analyzed by RT-
PCR. The PCR products derived from mRNA
and genomic DNA could be distinguished
(447 and 552 bp, respectively). Left panel:
RNAs were prepared from E, 0-24 h embryos;
1L, first instar larvae; 2L, second instar larvae;
3L, third instar larvae; EP, early pupae; and
LP, late pupae. Right panel: RNAs were pre-
pared from the heads and bodies of male and
female adults. As a control, a portion of rp49
RNA was amplified from the same samples.
G, genomic DNA; M, DNA markers.
(B) Amo protein detected by Western blotting.
Amo was concentrated from cell culture and
fly lysates by immunoprecipitation with anti-
Amo antibodies. Western blots were probed
with anti-Amo antibodies. Left panel: (left two
lanes) HEK293 cells transfected with either
an empty vector (pcDNA3) or pcDNA3-amo
(p-amo); (right lanes) male and female bodies.
Right panel: lysates were obtained from male
bodies of the following genotypes: (1) amo�

(wild-type), (2) amo1, (3) amo1 mutant flies
containing a wild-type amo� transgene
(amo1; P [amo�]) and (4) tudor1 mutant.
(C) amo knockout construct. The amo geno-
mic region and the w� minigene are repre-
sented by the blue and red boxes, respec-
tively. The orientation of the amo gene is
indicated, and the positions of the stop co-
dons are indicated by the vertical arrows.
(D) Reduced fertility in amo1. Single-pair mat-
ings between w1118 females and males of the
following genotypes were allowed to proceed
for 24 hr before the males were removed: (1)
w1118 (wild-type), (2) amo1, and (3) amo1 mutant
flies with the amo� transgene (amo1;P
[amo�]). Females remained in the vials for an

additional 48 hr. The number of vials that produced progeny within the indicated ranges is shown.
(E) The average number of progeny was reduced in matings between wild-type females and amo1 males. The averages are based on the
same data presented in panel (C) (amo1: 0.6 � 0.2 (SEM). Wild-type, 84 � 3.4. amo1;P [amo�], 88 � 5.1.

We next investigated possible post-copulatory de- amo1 and wild-type males from 30 min to 24 hr after the
start of copulation. Wild-type sperm normally begin tofects. Wild-type males deposit thousands of sperm, to-

gether with accessory gland products, as a compact enter storage organs during copulation, and the storage
organs are typically filled within 2 hr (Figures 3E, 3F,mass in the anterior uterus. We found that amo sperm

were successfully transferred to the females. Similar and 3J). However, we detected few or no amo1 mutant
sperm in seminal receptacles (Figures 3G, 3H, and 3J),sperm masses and comparable numbers of sperm nu-

clei were found in females shortly after mating with either indicating that they rarely entered the storage organs.
Storage of mutant sperm in spermathecae was also re-wild-type (Figures 3A and 3B) or amo1 males (Figures

3C and 3D). duced. We found sperm in 36 of 38 spermathecae dis-
sected from females mated to amo� males. In contrast,After deposition in the uterus, sperm must move into

specialized storage organs that branch from the anterior only 31 of 57 spermathecae from females mated to amo1

mutants contained sperm, and most of these sperma-end of the uterus [17]. The major organ, which holds
65%–80% of stored sperm, is the seminal receptacle, thecae were not filled. The few progeny that emerged

from matings between amo1 males and wild-type fe-a long coiled tube with a cuticle-lined lumen. A pair of
mushroom-shaped spermathecae stores the remaining males were healthy, indicating that the amo1 sperm were

otherwise functional.sperm, probably for longer-term storage. Sperm storage
enables sperm to be used for up to several weeks after To provide additional evidence that there was a sperm

storage defect associated with amo1 sperm, we con-a single mating. Approximately 20% of sperm are stored
and used in fertilization; the remainder are expelled from ducted sperm competition assays. Sperm competition

occurs when a female mates with more than one malethe uterus within a few hours of mating.
To address whether Amo was required for sperm stor- [18] and, in flies, sperm derived from the last male to

mate with a female has a significant competitive advan-age, we dissected seminal receptacles and sperma-
thecae from wild-type females that had been mated to tage. Typically, at least 80% of the progeny (�0.8 P2



Current Biology
2182

Figure 4. Amo Is Concentrated at the Posterior Tip of the Sperm
Flagella

(A and B) Amo staining is absent in amo1 mutant testes. Seminal
vesicles were dissected from (A) wild-type and (B) amo1 males and
stained with TOTO-3 nucleic acid stain and anti-Amo antibodies.
The anti-Amo staining was detected with Alexa Fluor 488 goat-anti-
rabbit IgG. The anti-Amo and nuclear staining were red and blue,
respectively. Only a subset of the sperm tips were labeled with anti-
Amo. This region of the dissociated sperm mass is shown because
it includes a high proportion of anti-Amo positive ends.
(C and D) Amo is concentrated at the sperm tip. Sperm were dis-
sected from testis, separated from the sperm mass, and stained
with anti-Amo. (C) Phase contrast image of wild-type sperm. (D)
Same sperm shown in (C) stained with anti-Amo (green). The immu-
nostaining is supeimposed on the phase constrast image.
(E and F) Amo localizes to the posterior tip of the sperm. (E) DIC

Figure 3. Sperm Storage and Sperm Competition Defects in amo1
image of wild-type sperm separated from a sperm mass. (F) Same

Mutant Sperm sperm as in (E) showing the merged images of the Don Juan-GFP
marker (green) and anti-Amo staining (red).(A–D) Sperm masses (sm) and mating plugs (mp) from uteri of re-

cently mated w1118 females, stained with DAPI to show sperm nuclei
([B and D]; areas correspond to boxes in [A] and [C], respectively).
Sperm masses were dissected from females mated to amo� (A and value) are derived from sperm introduced by the last
B) and amo1 (C and D) males 1–1.5 hr after mating. male. The ability to enter and remain in storage organs
(E) Partly uncoiled seminal receptacle from a w1118 female, dissected is a major component of sperm competitive ability in
1 hr after mating to an amo� male and containing sperm in the distal

multiply mated Drosophila [18]. Wild-type (w; amo�) andlumen.
w; amo1 males were mated to wild-type (w ) females, 2(F) Part of the distal receptacle (from [E]) at higher magnification.
days after they had mated with a standard wild-typeMany sperm are present, but the receptacle is not yet full. Sperm

motility is seen as color fringing from successive exposures. (w�) male. Sperm from wild-type second males showed
(G) Distal receptacle dissected 1.5 hr after mating to an amo1 male.
No sperm were present.
(H) Distal receptacle dissected 12 hr after mating to amo1. A few

(iv) sperm completely filling the receptacle with no room for motilitysperm were present.
(I) Distal receptacle dissected 2 hr after mating to an amo1;P[amo�]/� (e.g., [I]).

(K) Results of a second-male mating assay, showing reduced com-male.
(J) Timeline summary of sperm storage in hours. Receptacles dis- petitive ability of amo1 mutant sperm. w1118 females were mated first

to standard w�;amo� males, then individually remated to w1118 malessected at various times after the start of copulation with the indi-
cated males were categorized as containing the following: (i) no of the different amo genotypes shown. P2, the proportion of off-

spring sired by the second males, was calculated as the proportionsperm (e.g., panel [G]); (ii) fewer than 10 sperm (e.g., [H]); (iii) many
sperm but with motility indicating incomplete filling (e.g., [F]); and of w1118 daughters among all female offspring.
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the expected high degree of success in the competition evolutionarily conserved role in a broad array of ciliary
structures.assay (Figure 3K). In contrast, amo1 mutant sperm were

unable to compete with sperm introduced by the first
Supplemental Datamales (Figure 3K). This finding is consistent with the
Supplemental Experimental Procedures as well as two additionalsperm storage defect described above.
figures are available with this article online at http://www.current-
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