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Abstract
Retroposition is increasingly recognized as an important mechanism for the acquisition of new genes.
We show that a glycogen synthase kinase-3 gene, shaggy (sgg), retroposed at least 50 MYA in the
Drosophila genus to generate a new gene, mojoless (mjl). We have extensively analyzed the function
of mjl and examined its functional divergence from the parental gene sgg in Drosophila
melanogaster. Unlike Sgg, which is expressed in many tissues of both sexes, Mjl is expressed
specifically in the male germ line, where it is required for male germ line survival. Our analysis
indicates that mjl has acquired a specific function in the maintenance of male germ line viability.
However, it has not completely lost its ancestral biochemical function and can partially compensate
for loss of the parental gene sgg when ectopically expressed in somatic cells. We postulate that mjl
has undergone functional diversification and is now under stabilizing selection in the Drosophila
genus.
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Introduction
New genes arise from exon shuffling (Long, Deutsch, et al. 2003), gene splits and joins (Wang
et al. 2004), or duplication (Li et al. 2005) followed by diversification of function (Long,
Betran, et al. 2003). Duplication can occur at the DNA level or via an RNA intermediate. RNA-
mediated gene duplication, or retroposition, occurs by a retrovirus-like integration mechanism.
Relatively recent retropositions can be identified based on simple criteria (Betran and Long
2002): retroposed genes show strong sequence homology with a parent gene in the genome,
the coding sequence of the newly retroposed gene is not interrupted by introns (due to the
mechanism of transmission), the PolyA tract from the mRNA intermediate is encoded in the
genome, and the terminal repeats associated with the integration event are evident. These newly
created genes have been under intense study, but older retroposed genes have not yet been
extensively characterized. One might expect that some of the features of retroposed genes, such
as PolyA tracts, would be unconstrained by evolution and eventually be lost. Such genes might
ultimately acquire introns and become more difficult to distinguish from genes arising from
strictly DNA-mediated duplication (Betran and Long 2002). Retroposed genes have several
different fates: one member of the duplicated pair can become nonfunctional and silenced
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(nonfunctionalization), there could be a partitioning of the ancestral function between the 2
copies (subfunctionalization), or 1 of the copies could acquire new functions
(neofunctionalization) (Lynch and Conery 2000).

We have identified a new retroposed glycogen synthase kinase-3 (GSK-3)–encoding gene,
derived from one of the alternatively spliced mRNAs from the shaggy (sgg) locus. In
Drosophila melanogaster, sgg locus is on the X chromosome and the retroposed duplicate, and
mojoless (mjl) is on the third chromosome. We show that this retroposition event occurred near
the root of the Drosophila genus and that sgg and mjl have diverged rapidly.

This gene pair is of particular interest because of the highly pleiotropic function of the parental
sgg gene. GSK-3 proteins are kinases essential for metabolic regulation, cell fate determination,
stem cell maintenance, and nuclear import in a wide range of eukaryotes (Jope and Johnson
2004). Sgg, the Drosophila homolog of GSK-3β is probably best known for its role as the key
negative regulator of the Wingless (wg) signaling pathway, but is also intimately involved in
diverse developmental processes, such as establishment of anterior-posterior polarity in the
embryo, patterning of the embryonic cuticle as well as various adult structures (wing, eye,
haltere etc.), and regulating circadian rhythms (Siegfried et al. 1994; Stanewsky 2002). Sgg is
maternally loaded and has been detected ubiquitously throughout development (Bourouis et
al. 1990). In addition, it has multiple splice variants ranging in size from 10 to 110 kilo basepair
(kb) (Bourouis et al. 1990). These encode for at least 7 predicted protein isoforms (FlyBase
2003). Multiple isoforms of sgg mRNA show no obvious temporal pattern of expression and
in situ hybridization using common probes show uniform expression in embryos (Bourouis et
al. 1990; Siegfried et al. 1990).

On the other hand, mjl is intronless and it encodes for a single transcript with highly specific
expression in the male germ line. Altered expression patterns are expected to promote
neofunctionalization, and indeed, mjl knockdown results in male sterility due to ablation of the
male germ line. The loss of mjl causes a germ line-specific defect with no obvious effects in
the soma. This indicates that the retrocopy has now acquired a critical novel function, which
probably explains why it has been retained in the genome. However, this neofunctionalization
is not complete. Ectopically Mjl was capable of partially rescuing an sgg mutant. These results
are consistent with retention of ancestral biochemical function (as a gene family member), but
evolution of a new spatial expression pattern along with a specific novel role.

Methods
Fly Stocks and Crosses

All flies were raised and maintained on standard corn-meal media (Tucson Drosophila Stock
Center, Tucson, AZ) at 25 °C, except the ones used for heat-shock regimens and the dsRNA-
mediated interference (RNAi) studies, as noted. Enhancer trap 3914 expresses LacZ in all the
somatic cells of the gonad (Asaoka et al. 1998). The nos-GAL4 line drives expression of
Upstream Activating Sequence (UAS) transgenes in germ lines of both males and females
(Schulz et al. 2004). The hsp-70-GAL4 line drives expression of UAS transgenes ubiquitously
following heat shock (FlyBase 2003). The armadillo (arm)-GAL4 line was used to induce
expression of transgenes is cells where Sgg is required in embryos (FlyBase 2003).

The coding region of mjl was polymerase chain reaction (PCR) amplified from expressed
sequence tag (EST) clone GH16447 (Celniker et al. 2002) with primers designed to include
~120 bp upstream of the start of transcription (forward primer [FP]: 5′-CAG TTC CAC ACG
CAT ACG CAC-3′; reverse primer [RP]: 5′-GTG CGG TTC AAA TCA AGA CC-3′). The
1.8-kb fragment was cloned into the pUAST vector (Brand and Perrimon 1993) to create the
UAS-mjl transgene. To generate the UAS-mjl-RNAi transgene, two 700-bp fragments encoding

Kalamegham et al. Page 2

Mol Biol Evol. Author manuscript; available in PMC 2008 April 11.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



the C-terminal region of mjl were PCR amplified (fragment 1: FP 5′-
GCGAATTCGATCGTCAAGGTTATGGGCACTC-3′; RP 5′-
GCACTAGTGCTATTGCACTGCCCACCATCAT-3′; fragment 2: FP 5′-
GCGGTACCGATCGTCAAGGTTATGGGCACTC-3′; RP 5′-
GCACTAGTGCTATTGCACTGCCCACCATCAT-3′). The fragments were then cloned into
a modified pUAST vector (Han K, personal communication) containing a 500-bp heterologous
intron inserted between the insertion sites. Transgenic lines were generated by P element–
mediated transformation using the stock y w;Δ2–3 Sb/TM6, Ubx (Robertson et al. 1988). Eight
and 10 independent lines of insertion were established for the UAS-mjl and UAS-mjlRNAi

transgenes, respectively.

Phylogenetic Analysis
Sequence alignments were performed using RevTrans 1.4 (Wernersson and Pedersen 2003),
which aligns coding sequence in translated amino acid space. Alignments were visualized using
Jalview (Clamp et al. 2004). Ka/Ks was calculated pairwise using the Nei-Gojobori method
(Nei and Gojobori 1986) and the modified Nei-Gojobori method (Zhang et al. 1998) in
MEGA3.1 with Jukes-Cantor correction and transition/transversion R value of 2. For
comparison, Ka/Ks was also calculated with a maximum likelihood approach using the yn00
program within the phylogenetic analysis by maximum likelihood package, implementing the
method developed by Yang and Nielsen (2000). Phylogenetic trees were constructed using the
minimum evolution method in MEGA3.1, and significance was measured via bootstrapping
with 1,000 replicates (Kumar et al. 2004) and Neighbor-Joining to draw the trees, with the
same substitution model as the modified Nei-Gojobori calculation.

Antibody Generation
To minimize cross-reaction of the antibody with Sgg, the divergent C-terminal region of Mjl
was fused to bacterial glutathione-S-transferase (GST) and the recombinant protein was
purified and then used to raise antibodies. A 763-bp C-terminal region fragment was amplified
by PCR (FP: 5′-GACGAATTCATGTTATGGGCACT-3′; RP: 5′-
GCACTGGAGTTAGTTTTCATCCTC-3′). The fragment was cloned into the pGEX-4T-2
vector (Amersham-Pharmacia, Piscataway, NJ) to produce an in-frame GST fusion protein.
The protein was purified on a GST affinity column, using the manufacturer’s protocol
(Amersham-Pharmacia), and injected into rabbits (Pocono Rabbit Farm, Canadensis, PA). The
antibody was affinity purified against the fusion protein (Brent et al. 1987).

Immunoblots
Standard molecular biology techniques were used for protein transfer onto nitrocellulose
membranes. Samples were homogenized in 50 μl of 2× Gel buffer (8 M urea, 2 M thio-urea,
3% sodium dodecyl sulfate (SDS), 75 mM dithiothreitol, 25 mM Tris pH 6.8, 0.1%
bromophenol blue) using a motorized homogenizer. Samples were spun for 2 min in a
microfuge to pellet cell debris and loaded onto a 12% SDS-polyacrylamide gel. Protein transfer
was confirmed by Ponceau-S staining. Blots were blocked with 5% milk in Tris-buffered saline
(TBS) (20 mM Tris, 150 mM NaCl) for 2–3 h at room temperature on a rocker, incubated with
rabbit polyclonal anti-Mjl antibody overnight at 4 °C in 5% milk in TBS-Tween (20 mM Tris,
150 mM NaCl, 0.1% Tween) at a final concentration of 1:2000, washed, incubated in
horseradish peroxidase-conjugated goat anti-rabbit antibody for 2–3 h at room temperature
(Jackson Immuno Research Laboratories Inc., West Grove, PA), and developed using a
commercial Enhanced chemiluminescence kit (Amersham-Pharmacia).
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Rescue of sgg Mutant Embryos
Virgin females of the genotype sggM11-1 FRT101/FM7; arm-GAL4/arm-GAL4 were mated to
ovoD1 FRT101/Y; FLP recombine (FLP)38/FLP38 males. The progeny of this cross were heat
shocked at 37 °C for 1 h during the crawling third instar larval stage to induce FLP-directed
recombination (Siegfried et al. 1992). Virgin females containing mosaic germ lines as well as
1 copy of the arm-GAL4 chromosome were mated to homozygous UAS-mjl14B, UAS-
sggWDT7A, or Oregon-R males. Embryo sorting and cuticle preparations were performed (Steitz
et al. 1998). Embryos were scored as (+/−) for rescue, based on presence or absence of denticle
bands. Five hundred embryos were screened for each genotype. Embryos were viewed and
photographed in dark field.

RNAi Treatments
Virgin nos-GAL4 females were crossed to various RNAi transgenic males and maintained at
29 °C (GAL4 is more effective at higher temperature). The progeny of the crosses were
collected and newly eclosed males and females were individually mated to their respective
wild-type counterparts. The crosses were maintained at 29 °C for up to 10 days and vials were
examined for evidence of larvae. As a control, the experiment was repeated with virgin
hsp-70-GAL4 females instead of nos-GAL4 females. The progenies were heat shocked at 38
°C for 15 min a day. The mating experiments were repeated at 25 °C, as above.

Immunofluorescence Staining of Testes
Testes from newly eclosed males (<24 h) were dissected and fixed (Fabrizio et al. 2003).
Samples were blocked in 3% bovine serum albumin in phosphate buffered saline with 1%
Triton X-100 overnight at 4 °C. Antibodies were used at the following concentrations: rabbit
polyclonal anti-Mjl antibody at 1:20; chicken anti-Vasa at 1:1,000 (Burnett and Howard
2003). Goat anti-rabbit Alexa 488 and anti-chicken Alexa 555 (Invitrogen Molecular Probes,
Carlsbad, CA) secondary antibodies were used at a final concentration of 1:250. After the final
wash, testes were counterstained with 4′,6-diamidino-2-phenylindole (DAPI) (50 μg/ml) and
mounted (50% glycerol with 1,4-diazabicyclo[2.2.2]octane), and images were captured on a
LSM510 confocal laser scanning microscope (Ziess, Thornwood, NY).

Results
mjl Arose in Drosophila by Retroposition

The mjl (CG11338) locus is on the third chromosome and encodes a novel GSK-3 protein
sharing 53% amino acid identity with Sgg, the well-studied X-linked D. melanogaster GSK-3-
encoding gene (fig. 1A). This gene was previously named gasket for GSK-3 based on its
sequence homology (FlyBase 2003). We have subsequently renamed the gene mjl based on its
loss-of-function phenotype, which is male sterility.

The greatest level of conservation between Sgg and Mjl is within the canonical kinase domain
(69% identity, outlined in red box in fig. 1A) and the least conserved region is the C-terminal
region (11% similarity, outlined in green box in fig. 1A). Mjl and Sgg are the only predicted
GSK-3 proteins we found encoded in the D. melanogaster genome (Adams et al. 2000;Celniker
et al. 2002;FlyBase 2003). The mjl transcript is intronless, unlike sgg, which has 9 introns,
indicating that it arose by retroposition of sgg. To determine which of the 11 sgg mRNA
isoforms might have given rise to mjl, we examined the regions specific to those transcripts
and found that mjl is most similar to sgg-RH. This suggests that an ancient version of sgg-
RH mRNA retroposed to give rise to mjl (fig. 1C). There is no evidence of a PolyA tract or
short repeats in mjl, implying that it is not a newly retroposed gene.
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In order to investigate how long ago in the history of the genus mjl retroposed, we examined
the genomic sequence of newly sequenced Drosophila species. We found that mjl was present
in each species examined (fig. 1B; D. melanogaster, Drosophila sechellia, Drosophila
mauritiana, Drosophila simulans, Drosophila yakuba, Drosophila ananassae, Drosophila
pseudoobscura, Drosophila mojavensis, and Drosophila virilis). Interestingly, we have been
unable to identify a homologue of mjl in the genomes of non-Drosophila insects (Anopheles
gambiae, Apis mellifera, and Tribolium castaneum) or indeed any other published genomes.
We also examined the linkage of sgg and mjl in the various species, and where available, the
data indicate that sgg is X linked, whereas mjl is on the third chromosome (Muller element E).
Collectively, these results demonstrate that mjl arose as a retroposed sgg, an event that was
probably Drosophila specific. Based on estimates of molecular clocks, we can date this event
to at least 50 MYA (Russo et al. 1995;Tamura et al. 2004).

Mjl Evolution
We examined the sequence conservation of sgg and mjl within the genus Drosophila. The
predicted Sgg proteins are more conserved as a group than the predicted Mjl proteins, especially
at their N termini (fig. 2). Residues that are crucial for functioning of the kinase domain,
however, are well conserved within both groups of orthologs. This suggests that the sgg genes
are under greater evolutionary constraint on their divergence. The observation that the N-
terminal region outside the canonical kinase domain is strictly conserved within the predicted
Sgg proteins and not within the Mjl proteins suggests that this domain may not be integral to
function in the Mjl proteins. The C-terminal regions of both predicted Sgg and Mjl proteins
show poor conservation indicating that this region is experiencing the least functional
constraint within both groups of proteins (fig. 2).

We next examined nonsynonymous and synonymous substitution rates (Ka/Ks) among
orthologs of sgg and mjl (table 1). Maximum likelihood methods for comparing the rate of
substitution at synonymous sites in a gene sequence (Ks) and comparing it with the rate of
substitution at non-synonymous sites (Ka) are effective approaches to characterizing
evolutionary forces (Nei and Kumar 2000;Hurst 2002). Orthologs of mjl have experienced on
average a greater number of nonsynonymous substitutions per site than sgg (table 1). The
average synonymous substitution rate (Ks) is much higher for mjl orthologs than for sgg
orthologs (table 1). Most saliently, the fact that the Ka/Ks ratio is much less than 0.5 for both
genes (table 1) implies that both genes are under strong selective constraints and therefore are
functional.

Mjl Has Retained GSK-3 Family Function
The greatest level of conservation between the Mjl and Sgg proteins is within the canonical
GSK-3 kinase domain (69% identity, outlined in red in fig. 1A). All the residues crucial for
GSK-3 function, as deduced from the mammalian crystal structure studies, are conserved in
Mjl, such as R96, R180, and K205, which form a positively charged pocket to attract the primed
substrate; Y216 within the activation loop whose phosphorylation increases catalytic activity
>200-fold; R96 whose phosphorylation is important to align the (β-strand domain and the α-
helical domain; S9 whose phosphorylation inhibits GSK-3 activity; and K85, which forms a
salt bridge with E97 at the active site (Dajani et al. 2001;ter Haar et al. 2001). This indicates
that the canonical kinase domain in the duplicate gene copy, mjl, is under strong selective
pressure in order to retain its biochemical activity. However, the other regulatory domains
within the coding sequence and perhaps upstream and downstream sequences are not subject
to the same level of conservation, suggesting that mjl has started functionally diverging from
sgg in its ability to recognize and bind to substrates, a key step in neofunctionalization (Zhang
et al. 2004).
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Sequence conservation suggests that the kinase domain is the most constrained, but does this
conservation mean that Mjl and Sgg have the potential to recognize some of the same
substrates? If Mjl and Sgg share biochemical activities, then ectopic expression of mjl should
mimic sgg overexpression. Previous work has shown that overexpression of sgg along the
presumptive wing margin disrupts the endogenous wg signaling pathway (Steitz et al. 1998).

Overexpression of sgg in the wing imaginal disc results in a loss of bristles and marginal tissue
in the adult wing (compare panels A and B in fig. 3). When mjl is similarly expressed there is
a comparable disruption of the wing margin (fig. 3C). The observation that ectopic expression
of sgg and mjl result in similar phenotypes suggests that Mjl is also capable of interacting with
and disrupting the endogenous wg signaling pathway. To confirm this hypothesis, we
modulated the levels of 2 known components of the wg signaling pathway, Drosophila Axin
(dAxin) and Arm. Expressing mjl in the wing imaginal disc in the presence of an extra copy
of arm (fig. 3D) or a single copy of dAxin (fig. 3E) suppressed the wing phenotype. Similar
types of suppression are seen with overexpression of sgg and modulation of gene dosages of
either arm or d-Axin (Steitz 2000). Therefore, we conclude that Mjl is capable of interacting
with the canonical wg signaling pathway. These suggest that any neofunctionalization of Mjl
protein function is subtle or that any dramatic subfunctionalization does not include portions
of the proteins involved in wg function.

We also addressed the question of whether Mjl and Sgg have overlapping biological activity
by attempting to rescue sgg mutant embryos with ectopic expression of mjl. Because sgg is a
maternal effect gene, mutant embryos were derived from mothers with homozygous mutant
germ lines or germ line clone females (see Methods). Mutant embryos are not viable and exhibit
a distinct perturbation of segmentation that is revealed in a loss of all denticles or a “naked”
phenotype (fig. 4, compare panels A and B). Zygotic expression of sgg in these embryos can
partially restore segmentation (fig. 4C) (Steitz et al. 1998). In a similar fashion, ectopic
expression of mjl also partially restores segmentation (fig. 4D). Again, this suggests that any
differences in Mjl and Sgg protein function in this spatiotemporal context are subtle. This does
not mean that there is no evidence of functional divergence. Indeed, the extent of sgg mutant
rescue by the mjl transgene is less than the rescue by the sgg transgene. A rescue of 43% was
seen for the sgg transgene as opposed to 10% for the mjl transgene (fig. 4E). These results are
consistent with functional divergence, but could also be due to technical factors, such as degree
of overexpression and position effects, which are inherent in all transgenic analysis.

Taken together the above data demonstrate that Mjl has at least partially retained its ability to
substitute for Sgg and is indeed capable of genetically interacting with components of the
canonical wg pathway. Functional divergence at the level of the proteins is subtle.

mjl Is Expressed in the Male Germ Line
Functional diversification often involves new spatial patterns of expression. Therefore, we
explored the spatial expression pattern of mjl gene products by querying EST data, northern
blotting, reverse transcriptase (RT)–PCR, western blotting, and antibody detection methods.

Multiple mjl ESTs have been identified in testis cDNA libraries, but not in ovary cDNA
libraries (Andrews et al. 2000; Stapleton et al. 2002). One mjl EST from a head library exists
(Stapleton et al. 2002). Although Mjl might also be expressed in other tissues, these EST data
suggest that mjl expression is highly testes biased. To further explore mjl mRNA expression,
we performed Northern blot analysis and RT-PCR experiments and confirmed that the expected
1.9-kb mjl transcript is expressed in the testis (data not shown). We have not detected mjl in
females or in any other nongonadal tissues including head, either by RT-PCR or
immunostaining techniques, thus confirming that mjl mRNA shows a highly testes-biased
expression pattern.
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To further characterize Mjl expression pattern in vivo, the divergent C-terminal portion of Mjl
was used to produce an antibody that, predictably, does not cross-react with Sgg (data not
shown). On western blots of protein extracts from adult males, male abdomens, and testes, a
single band of the predicted 56-kDa mobility was detected with anti-Mjl antibody (fig. 5A).
No protein was detected in extracts from females (fig. 5A).

To determine what cell types express Mjl in the testis and where it is localized within cells, we
performed immunostaining experiments. In D. melanogaster, the apical tip of the testis forms
the germinal proliferation center (Fuller 1993). At the very tip of the testis a tight cluster of
12–16 nondividing somatic cells form a structure called the hub, which forms the niche (Kiger
et al. 2001; Tulina and Matunis 2001). Closely attached to the hub is a layer of germ line stem
cells (GSCs) interspersed with somatic stem cells.

Mjl was readily detected in adult testis, but not in ovary (fig. 5, compare panels B and C). The
anti-Vasa antibody is a good marker of germ cells (Rongo et al. 1997), and anti-Mjl staining
was detected in Vasa-positive cells of the testis (fig. 5B and E). Anti-Mjl staining revealed a
cytoplasmic subcellular localization, as evidenced by the lack of overlap with DAPI nuclear
counter staining (fig. 5E). This was expected because all GSK-3s are cytoplasmic (Woodgett
1990). Mjl is expressed in the GSCs, which immediately surround the hub, the gonialblasts,
and the developing spermatogonia as evidenced by overlapping staining of anti-Mjl with anti-
Vasa (fig. 5E). To examine if Mjl is expressed in somatic cells within the male gonad, we
stained Enhancer trap line 3914 with anti-β-galactosidase and anti-Mjl antibodies. Enhancer
trap line 3914 (Asaoka et al. 1998) marks the somatic cyst cells and hub cells in the gonad and
Mjl does not colocalize with these cells (fig. 5D). We also immunostained wild-type testes
with anti-Fas III antibody, which strongly outlines the somatic hub cells at the apical tip (Le
Bras and Van Doren 2006), and Mjl is clearly excluded from those cells (data not shown).
These data indicate that Mjl expression is restricted to the male germ line. This is highly
significant in light of the fact that Sgg is expressed in multiple somatic tissues in both sexes
(Bourouis et al. 1990;Siegfried et al. 1990). Mjl evolving a tissue-specific expression pattern
is highly reminiscent of a model for evolution of new protein function following restriction of
expression to specific tissue types (Hughes 1994).

mjl Is Required for Male Germ Line Survival
Although evolutionary conservation is a strong indicator of function, we were interested in
directly testing for mjl genetic function. We utilized RNAi to disrupt mjl mRNA expression
(Kennerdell and Carthew 2000). We generated mjl transgenic lines that express dsRNA under
control of the GAL4/UAS system (see Methods). The UAS-mjlRNAi constructs strongly
downregulate ectopically expressed mjl mRNA and Mjl protein and do not affect sgg function,
mRNA expression, or Sgg protein levels (fig. 3F, additional data not shown).

Our studies on the endogenous expression pattern of Mjl establish that it is expressed in the
male germ line. Hence, we used the nos-GAL4 driver to drive expression of UAS-mjlRNAi in
the germ line. We also used a heat-shock GAL4 driver and obtained similar results (data not
shown) indicating that the RNAi construct did not have overt off-target effects. The nos-GAL4
driver has been shown to activate expression in germ cells at the apical region of the testes,
including stem cells, gonialblasts, spermatogonia, and early spermatocytes (Schulz et al.
2004). UAS-mjlRNAi/+nos-GAL4/+ males were mated to wild-type virgin females and the
progeny were examined. The Mjl-depleted males were sterile. Female siblings as well as
control males lacking either one of the UAS/GAL4 binary system components were fertile.
These observations indicate that Mjl is crucial for maintaining male fertility in D.
melanogaster.
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To explore the cause of male sterility, testes of Mjl-depleted males were dissected and
examined. Mjl-depleted males have grossly abnormal testes morphology when compared with
wild-type males. The testes of Mjl-depleted males are stunted, as is seen in testes lacking a
germ line (compare panels in fig. 5E and F). In a wild-type testis, Vasa-positive cells (germ
line lineage) fill the testis (fig. 5E), whereas Mjl-depleted testes lack all germ cells (fig. 5F).
The DAPI counterstain highlights the outer layer of sheath cells, which are the only cells left
in the testes of Mjl-depleted adults. The Mjl-depleted testes often showed a complete loss of
Vasa-positive cells, but a few isolated Vasa-positive cells were occasionally observed. These
results showed that sterility was due to the loss of the entire germ line lineage in the adult testes
of Mjl-depleted flies and that even when a few germ cells survive they are incapable of
completing gametogenesis. This strongly suggests that Mjl has assumed an essential role for
spermatogenesis in D. melanogaster.

Our analysis also indicates that Mjl has acquired a specific expression pattern and new function
in the male germ line. Unlike sgg, which is required in a plethora of cell types and
developmental stages, Mjl is only required in the male germ line. This can be inferred from
the fact that global RNA interference of Mjl (using hs-GAL4) caused a very specific defect
loss of the germ line in males. Taken together, our data argue for neofunctionalization of Mjl.

Discussion
Retroposition is a means by which organisms can expand their genomes (Brosius 1991). Here
we demonstrate that a retroposed gene, mjl, has acquired an important function in
Drosophila. The retroposition itself appears to have occurred near, or in, the last common
ancestor of the Drosophila genus. The crucial function of mjl in maintaining male fertility is
probably the reason it has been faithfully retained in every species of the genus examined.

Divergence of mjl and sgg
The most highly conserved domain between Mjl and Sgg is the kinase domain, which appears
to be under strict evolutionary constraint. Structural conservation extends into functional
relevancy, for when Mjl is placed in Sgg-centric contexts within D. melanogaster, it is capable
of producing Sgg-like phenotypes. Thus, the core protein function is conserved in the
retroposed copy following gene duplication. Does this highlight a lack of functional
diversification or highlight the conserved core function of GSK-3 family members? The fact
that Mjl, which was derived from just one of several isoforms of GSK-3 encoded by sgg over
50 MY A, rescues sgg mutants so well is striking, but not without precedent. Rat GSK-3 can
also rescue sgg mutants (Siegfried et al. 1992). Clearly, the Sgg and Mjl proteins are under
selection in the Drosophila genus. Therefore, we suggest that such cross-rescue is more a
reflection of the large error in measuring phenotypes in a lab setting. Although we did see that
altered rescue efficacy is consistent with Sgg being better adapted for sgg functions than Mjl,
these transgenic experiments are inherently fraught with technical difficulties.

The best evidence for functional divergence is in the spatial expression (testes specific) as well
as its sexually dimorphic expression (male-specific) pattern of Mjl and the largely uniform
expression of Sgg. The GSK-3 kinase domain is used in multiple signaling pathways (Cohen
and Frame 2001; Frame and Cohen 2001; Eldar-Finkelman 2002), but is not known to function
in the male germ line. Mjl, on the other hand, is required only for maintaining male fertility.
These data argue for mjl having undergone neofunctionalization following duplication (Hughes
1994; Lynch and Conery 2000; Zhang et al. 2004).

It is curious that the Ks values for Mjl and Sgg are not similar, as expected under nearly neutral
models of DNA sequence evolution (Ohta 2002). It is possible that this is a reflection of
selection that is independent of amino acid coding (Xing and Lee 2006). It is well documented
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that sgg “pre-mRNAs” undergo differential splicing giving rise to various functional isoforms,
whereas the mjl pre-mRNAs are devoid of introns and therefore do not undergo
posttranscriptional splice modifications (Bourouis et al. 1990). Higher Ks rates in Mjl might
be the result of relaxed selection at sites that have a regulatory role in processing in sgg pre-
mRNAs.

Selection or Chance
One of the more fascinating aspects of retroposition is the highly directional patterns of both
distribution in the genome and the expression pattern of the daughter gene. In both
Drosophila and mammals, the parental gene in a retroposed pair is usually located on the X
chromosome and the daughter gene is autosomal (Betran et al. 2002; Emerson et al. 2004). As
a general rule, retroposed genes in both mammals (Hisano et al. 2003; Rohozinski and Bishop
2004; Luo et al. 2006; Vinckenbosch et al. 2006) and Drosophila (Betran et al. 2002) tend to
be expressed in testes. This preference is startling. In D. melanogaster, genes are preferential
retroposed from the X chromosome onto autosomes (40% observed vs. 23.3% assuming
random retroposition), where the majority (91%) of the retroposed genes evolved a testes-
specific expression pattern (Betran et al. 2002). This pattern of expression along with growing
evidence that the X chromosome is a disfavored location for genes with male-biased function
(Parisi et al. 2003; Wu and Xu 2003) suggests that the 2 observations may be linked.
Retroposition patterns may indicate that important male functions are being transferred to more
favorable long-term locations in the genome (Betran et al. 2002, 2004).

In contrast to such functional movements, it is also possible that the testis is a permissive
environment for gene expression (Vinckenbosch et al. 2006). Male-biased expression of
retroposed genes is therefore a function of chance in this model. This is not well supported by
global expression studies in D. melanogaster, which show a complex but highly specific pattern
of testes gene expression (Andrews et al. 2000; Parisi et al. 2003, 2004). However, if genes
retropose more frequently in the male germ line and then are preferential inserted due to the
open chromatin structure of genes being highly expressed in the male germ line, then testis
expression would also be expected (Khil et al. 2005).

If testes-biased expression of retroposed genes is neutral, then expression within the male germ
line should not be evolutionarily stable. Indeed, a recent report shows that retroposed genes in
primates initially tend to be transcribed in testes, but over time they tend to “come out” of the
testes and be expressed more broadly (Vinckenbosch et al. 2006). The mjl gene does not fit
this pattern, because it is an older retroposed gene, but its expression remains highly testes
biased, and in fact, may be expressed specifically in the male germ line of D. melanogaster.
Our data support the idea that retroposition may be one of the modes employed by genes with
male-biased functions to emigrate from the disfavored X chromosome to an autosomal
location.
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Fig. 1.
Mjl is a unique GSK-3 family member related to Sgg. (A) Sequence alignment between Sgg
and Mjl proteins from Drosophila melanogaster. Identical residues are shaded blue. The red
box marks the canonical kinase domain and the green box marks the divergent C-terminal
region used to generate anti-Mjl antibody. (B) Phylogenetic tree of Drosophila Sgg and Mjl
proteins generated using MEGA3.1 software. The Sgg proteins all cluster together as do the
Mjl proteins, indicating that they are distinct from one another. (C) Model depicting
retroposition of sgg-RH mRNA from X to an autosome (the third chromosome in D.
melanogaster) giving rise to mjl.
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Fig. 2.
Alignments of Mjl and Sgg orthologs. Sequence alignment of various Drosophila (A) Mjl and
(B) Sgg proteins generated using ClustalW. Residues in blue are identical and the red box
outlines the canonical kinase domain.
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Fig. 3.
Ectopic Mjl shows Sgg-like genetic interactions. Wings from adults of the following genotypes
are shown: (A) Wild type, (B) vg-GAL4/UAS-sggWDT7A, (C) vg-GAL4/UAS-mjl14B, (D) +/
DpYarmYD35; vg-GAL4, UAS-mjl, (E) vg-GAL4, UAS-mjl; dAxinl[3] SO44230/+,and (F) Vg-
GAL4, UAS-mjl14B/UAS-mjlRNAi10.2. Ectopic expression of mjl in the wing margin results in
a notched wing phenotype, which is similar to the phenotype seen with sgg overexpression.
This phenotype can be suppressed by the reduction of dAxin levels (dAxin heterozygous) or
by the increase of Arm levels (DpYarm duplication of arm on the Y), indicating that Mjl
interacts with components of the wg pathway. Simultaneous expression of UAS-mjlRNAi10.2

and UAS-mjl suppresses the dominant phenotype associated with expression of UAS-mjl alone
indicating the RNAi transgene is functional. (G) Cartoon depiction of the destruction complex:
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In the absence of a wg signal, Arm (yellow circle) is phosphorylated and targeted for
degradation by a collection of proteins that comprise the “destruction complex.” These proteins
include Sgg (red box), dAxin (blue box), and antigen-presenting cells (green box). Once Arm
is phosphorylated, it is targeted for degradation via the ubiquitin-proteosome pathway. In the
presence of wg signal, Arm escapes phosphorylation translocates into the nucleus where it
activates wg target genes.
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Fig. 4.
Mjl expression rescues the segmentation defect of sgg mutant embryos. Cuticle phenotypes of
(A) wild-type embryo (B) sgg mutant embryo derived from a germ line clone, (C) sgg mutant
embryo ectopically expressing a sgg rescue construct (sgg; arm-GAL4/UAS-sgg WDT7A), (D)
sgg mutant embryo ectopically expressing a mjl-rescuing construct (sgg; arm-GAL4/UAS-
mjl14B). (E) Comparison of efficiency of sgg mutant embryo rescue by the UAS-sgg transgene
and UAS-mjl transgene.
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Fig. 5.
Mjl is enriched in testis and is required for male germ line viability. (A) Western blots
containing samples as indicated. The broken line signifies that intervening lanes are not shown
although all lanes correspond to a single blot. Wild-type male gonads (B) and female adult
gonads (C) immunostained for anti-Mjl (green) and anti-Vasa (red). Nuclei are counterstained
with DAPI (blue). Overlap of Vasa and Mjl can be seen (yellow). (D) Testis from line 3914
immunostained for anti-Mjl (green) and anti-β-galactosidase (red). The asterisk marks the hub.
(E) Wild-type and (F) UAS-mjlRNAi11.1 testis immunostained for anti-Mjl (green) and anti-
Vasa (red). Nuclei counterstained with DAPI (blue).
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