PNAS Nexus, 2024, 3, pgae322

PNAS

Y NEXUS

O-Glycosylation of a male seminal fluid protein influences
sperm binding and female postmating behavior

https://doi.org/10.1093/pnasnexus/pgae322
Advance access publication 6 August 2024

Research Report

a,*

Liping Zhang(®)® and Kelly G. Ten Hagen
“Developmental Glycobiology Section, NIDCR, National Institutes of Health, 30 Convent Drive, Bethesda, MD 20892-4370, USA
*To whom correspondence should be addressed: Email: Kelly. Tenhagen@nih.gov

Edited By David Brenner

Abstract

Glycoproteins are abundant within the human reproductive system and alterations in glycosylation lead to reproductive disorders,
suggesting that glycans play an important role in reproductive function. In this study, we used the Drosophila reproductive system as a
model to investigate the biological functions of O-glycosylation. We found that O-glycosylation in the male accessory glands, an organ
responsible for secreting seminal fluid proteins, plays important roles in female postmating behavior. The loss of one
O-glycosyltransferase, PGANTY, in the male reproductive system resulted in decreased egg production in mated females. We
identified one substrate of PGANTY, lectin-46Ca (CG1656), which is known to affect female postmating responses. We further show
that the loss of lectin-46Ca O-glycosylation affects its ability to associate with sperm tails, resulting in reduced transfer within the
female reproductive system. Our results provide the first example that O-glycosylation of a seminal fluid protein affects its ability to
associate with sperm in vivo. These studies may shed light on the biological function of O-glycans in mammalian reproduction.
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Significance Statement

Glycosylated proteins are abundant within the reproductive systems of many species, including mammals, and are thought to play
roles in reproductive fitness. However, the details of how glycosylation affects reproductive fitness remain largely unknown. In this
study, we show that the glycosylation of one seminal fluid protein affects its ability to associate with sperm. This disruption in sperm
association inhibits movement through the female reproductive tract, resulting in decreased egg laying. Understanding the factors
that influence reproductive fitness may provide novel insights into the causes of infertility and potential strategies to address it.

Introduction

Glycosylation is an evolutionarily conserved protein modification
thatimpacts all aspects of cell and organismal biology, from early
stages of development to organ protection and function. The two
primary forms of glycosylation present on membrane bound and
secreted proteins are N-linked and mucin-type O-linked glycosy-
lation. N-linked glycosylation occurs co-translationally when gly-
cans are added en bloc to asparagine, and subsequently modified
as the substrate protein moves through the secretory apparatus.
O-linked glycosylation involves the posttranslational addition of
a single N-acetylgalactosamine (GalNAc) onto serine and
threonine residues through the action of a large evolutionarily
conserved family of enzymes known as the UDP-GalNAc:polypep-
tide N-acetylgalactosaminyltransferases (GALNTs in humans and
PGANTSs in Drosophila) (1-4). This GalNAc can then be extended by
the action of other glycosyltransferases in the secretory appar-
atus (3). Both forms of glycosylation are essential and play diverse
roles in protein stability, folding, structure, and function.
Glycans are abundantly present throughout the male and
female reproductive tracts, and their roles in mammalian

reproduction have been extensively investigated (5, 6). The thick
glycocalyx of sperm as well as glycoproteins within the seminal
fluid are believed to influence sperm development and matur-
ation; movement through the female reproductive tract; protec-
tion from the female immune response; and binding and fusion
with eggs (7-13). The mammalian uterus is also enriched in glyco-
proteins, which are involved in interacting with sperm and protec-
tion against pathogens (5, 14). Glycoproteins within the zona
pellucida, a glycan-rich layer surrounding the egg, have also
been implicated in controlling sperm-egg binding (5).
Furthermore, defects in glycosylation have been associated with
infertility (12, 15, 16). However, the details of where glycans are
present and how they affect specific reproductive processes re-
main poorly understood. Drosophila melanogaster has been used
to dissect the details of glycosylation in many areas of develop-
ment and organ function, given its extensive genetic tools, and
conserved genes and cellular processes (3, 4, 17, 18). Indeed, the
family of glycosyltransferases responsible for initiating
O-glycosylation is highly conserved from mammals to flies, both
at the sequence and enzymatic levels (3, 4). Drosophila has also
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been extensively used to study the complexities of reproductive
biology and diseases of reproductive organs, including prostate
and ovarian cancers (19, 20). The male accessory glands (MAGs)
of Drosophila are active in producing and secreting seminal fluid
proteins, similar to the function of the human prostate gland (20).

Here, we use D. melanogaster to investigate the role of O-linked
glycosylation in reproductive biology. In our study, we find that
O-linked glycans and members of the pgant gene family are abun-
dantly expressed in the male reproductive system, particularly in
the secretory cells of the MAG. Loss of one specific glycosyltrans-
ferase, pgant9, in the secretory cells of the MAG altered the
O-glycosylation of a lectin (CG1656 or lectin-46Ca) known to influ-
ence female egg production after mating. We find that
O-glycosylation of this lectin is required for its ability to bind
sperm within the female uterus, thereby affecting its transfer to
the female sperm storage organ. Loss of pgant9 resulted in de-
creased glycosylation of lectin-46Ca, loss of sperm binding, loss
of transfer to the female sperm storage organ, and decreased fe-
male egg production. Our studies provide important information
about the roles of O-glycans and the associated glycosyltransfer-
ases in reproductive biology.

Results

pgant9 is the predominant glycosyltransferase
family member expressed in the secondary cells
of the MAG

The Drosophila adult male reproductive system is composed of one
pair of testes, one pair of MAGs, an ejaculatory duct (ED) and an
ejaculatory bulb (EB) (21) (Fig. 1A). Staining with the lectin Helix po-
matia agglutinin (HPA), which detects GalNAc linked to the hy-
droxyl group of serine or threonine (Fig. 1B), reveals abundant
staining within the secretory vesicles of the MAG and along the
epithelium of the ED and EB (Fig. 1C and D). Thus, O-linked glyco-
sylation is present in the MAG, ED, and EB of the male reproduct-
ive system.

We next investigated the expression of the UDP-GalNAc:poly-
peptide N-acetyl galactosaminyltransferase (pgant) genes that en-
code the glycosyltransferases that add GalNAc to serine/
threonine. gPCR revealed that pgant4, pgant5, and pgant9 are the
most abundantly expressed family members in the MAG, an organ
responsible for secreting a variety of seminal fluid peptides and
proteins that are transferred to the female upon mating, affecting
fertility, and postmating behavior (22) (Fig. 1E). pgant9 is known to
have two splice variants (pgant9A and pgant9B) that are differen-
tially expressed in certain tissues (23); both are expressed in the
MAG, with pgant9A being higher than pgant9B (Fig. 1E). We next
performed immunostaining to determine the cells in which each
gene product is expressed. The MAG is composed of two types of
secretory cells, main cells, and secondary cells (Fig. 1F). The
spherical secondary cells located at the distal tip of the MAG are
filled with large secretory granules containing seminal fluid pepti-
des and proteins that stain abundantly for O-glycosylation (24)
(Fig. 1D and F). As shown in Figs. 1G-I and S1, PGANT4 is expressed
predominantly in the main cells, PGANTS has limited expression
in the secondary cells, and PGANT?Y is abundantly expressed in
both main and secondary cells.

Loss of PGANT?9 in the male reproductive tract
affects female reproductive fitness

To investigate the function of O-glycosylation in the male repro-
ductive system, we performed RNA interference (RNAi) on the

most abundant member of the pgant family, pgant9 (both pgant9A
and pgant9B; Fig. 1E), which is expressed within all cells of the
MAG. RNAi was performed in all cells of the MAG using a Gal4 driver
(MAG-Gal4) that is expressed in both the main and secondary cells,
as shown by green fluorescent protein (GFP) expression (MAG-Gal4
> UAS-GFP; Fig. 2A) or by using a Gal4 driver that expresses only
within the secondary cells of the MAG (SC-Gal4 > UAS-GFP), as
shown in Fig. 2B. The MAG-Gal4 driver efficiently and specifically
decreased expression of pgant9 (pgantd™N4>MAS; Fig 2C). To discern
the effects of the loss of pgant9 in male reproductive fitness, we
mated WT females with WT males, pgant9™™A>MAS males, or
pgant9™™4>5C males and counted the number of eggs laid postmat-
ing for 10 days (Fig. 2D). Interestingly, loss of pgant9 throughout the
MAG or only in the secondary cells of males resulted in a signifi-
cant decrease in egg production by mated females relative to fe-
males mated with WT males (Fig. 2D). These results suggest that
PGANTO glycosylation within secondary cells of the MAG affects
male reproductive fitness by influencing egg production in
females.

PGANT? glycosylates a lectin within the male
reproductive system

To determine how the loss of pgant9 affects female egg produc-
tion, we next examined MAG extracts from WT, pgant9RNA>MAG
and pgant9*N4>5C males to identify differentially glycosylated pro-
teins. Western blots probed with lectins that specifically recognize
O-linked GalNAc (HPA) showed reduced glycosylation of three
bands in pgant9*NA>MAS MAG extracts when compared with WT
(Figs. 3A and S2A). RNAI to pgant9 only in the secondary cells
(pgant9"NA>5Y) resulted in a reduction of two HPA bands that
were similar in size to those seen upon RNAI to pgant9 throughout
the MAG (Figs. 3B and S2B). This suggests that two proteins (~55
and ~35 kDa) are glycosylated by PGANT9 in secondary cells.

Based on the size of one protein (~55 kDa), we hypothesized
that it may be the lectin-46Ca (CG1656), a seminal fluid protein
known to have a role in reproductive fitness (25-27). Indeed,
westerns of pgant9RNAPMAS 1aantgRNASC o WT MAG extracts
probed with an antibody to lectin-46Ca show that it overlaps
with the HPA band in WT and runs at a lower molecular weight
with less HPA reactivity (suggesting loss of O-glycans) upon
loss of pgant9 (Fig. 3A and B). CG1656 or lectin-46Ca is produced
in the secondary cells of the MAG and has been shown to bind
sperm and affect long-term female postmating responses, in-
cluding egg production (26, 27). To further explore whether other
seminal fluid proteins are also O-glycosylated and investigate
the identity of the ~35kDa protein, we performed additional
westerns using HPA and antibodies to other seminal fluid pro-
teins (28) (Fig. S3). Only lectin-46Ca and CG14560 (~15 kDa pro-
tein) overlapped with HPA staining, suggesting that other
known seminal fluid proteins are not modified with GalNAc
(Fig. S3). Further attempts to determine the identity of the
35 kDa band were unsuccessful.

To test the ability of PGANT9 to glycosylate the lectin-46Ca, we
next co-expressed it with pgant9A or pgant9B in Drosophila S2R*
cells. As shown in Fig. 3C, expression of lectin-46Ca with either
pgant9A or pgant9B resulted in lectin-46Ca becoming HPA reactive
and increasing in molecular weight, suggesting that both
PGANT9A and PGANT9B isoforms are capable of glycosylating it.
Next, we purified the lectin-46Ca and performed mass spectrom-
etry to verify glycosylation. Two O-glycosylated residues were
identified at Thr264 and Thr295 in lectin-46Ca when PGANTSA
and PGANT9B were co-expressed (Figs. 3D, E, S2C, and S4).
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Fig. 1. O-glycans and pgants are abundantly expressed in the Drosophila adult male reproductive system. A) Schematic of the male reproductive system,
including testes, MAGs, ED, and EB. B) The lectin HPA specifically binds to GalNAc linked to serine or threonine residues. C) HPA staining (cyan) in the
whole male reproductive system. Scale bar, 200 um. The actin (red) and nuclear counterstaining (dark blue) are shown. Strong HPA staining is detected in
the MAG, ED, and EB, while weak HPA staining is present in the testes. D) Magnified images of HPA staining in the MAG, ED, and EB are shown. Abundant
HPA staining is present in the secretory vesicles in the secondary cells of MAG (top panel). Scale bar, 10 pm. Continuous HPA-reactive membranes along
the epithelia in the ED and EB are present (middle and bottom panels). Scale bars, 50 pm. E) Real-time qPCR data reveal that pgant9A, pgant9B, pgant4, and
pgant5 are highly expressed in the MAG. The percentage of total pgant expression is shown for each pgant family member. F) Two types of secretory cells
exist in the MAG: main cells (M) and secondary cells (S). Secondary cells are shown with large HPA-reactive secretory vesicles (light blue).
Immunostaining with PGANT4 (G), PGANTS (H), and PGANT?9 (I) antibodies (red) in the MAG. HPA staining of secondary cells is shown in cyan. Actin
staining (pink) and DNA (dark blue) are also shown. M, main cells; L, lumen; S, secondary cells. Scale bars, 10 um (top panels) or 20 pm (bottom panels).

Additionally, another glycosylation site at Thr312 was identified These data may explain why O-glycosylation of lectin-46Ca is
in the absence of PGANT9A or PGANT9B expression, suggesting greatly decreased but not completely lost upon RNAi to pgant9
this site is glycosylated by another PGANT family member. (Fig. 3A and B).
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Fig. 2. RNAI to pgant9 in the male reproductive system affects
reproductive fitness. Expression patterns of Gal4 driver lines used to
perform RNAI to pgant9 in the male reproductive system were verified
using a UAS-GFP reporter. A) MAG-Gal4 drives UAS-GFP expression (cyan)
in both main and secondary cells of MAG. B) SC-Gal4 drives UAS-GFP
expression in secondary cells only. Actin staining (red) and DNA (dark
blue) are also shown. Scale bar, 200 um. C) gPCR showed a specific
reduction in pgant9 expression in the MAG of pgant9fNA>MAC relative to
WT. **P <0.0001. D) The egg production of 15 WT females (n=15) mated
with pgant9fNAPMAC o1 ngant9RNA>SC males was decreased compared with
WT females mated with WT males. Egg production from each female was
quantitated every 24 h for 10 days after mating. Significance on day 1,
P <0.05; significance on days 2-10, P < 0.0001).

O-glycosylation influences binding to sperm and
lectin transfer to the female seminal receptacle
As mentioned earlier, lectin-46Ca is a seminal fluid protein that is
known to affect female long-term postmating responses,

including egg production (25-27). Upon transfer to the female ute-
rus during mating, lectin-46Ca associates with the sperm tail and
is then transferred with the sperm to the seminal receptacle, the
organ responsible for sperm storage in the female after mating
(26, 27, 29). Lectin-46Ca is required for the transfer of sex peptide
to the seminal receptacle, where sex peptide influences female
postmating behavior (25, 27). Loss of lectin-46Ca results in loss
of sex peptide in the seminal receptacle, resulting in a decrease
in egg production by the mated female (25, 27). Given that the
loss of pgant9 results in decreased egg production, this suggests
that O-glycosylation affects some aspects of lectin-46Ca stability,
transfer, and/or function. To investigate this, we crossed WT or
pgant9™NA>5C males with WT females and assessed whether
lectin-46Ca is transferred to each portion of the female reproduct-
ive tract (Fig. 4A). Protein extracts from female uteri or seminal re-
ceptacles (from females mated with WT males, pgant9fNAi>SC
males, or not mated) were western blotted and probed with anti-
bodies tolectin-46Ca. As shown in Fig. 4B, lectin-46Ca is presentin
the uteri of females mated to both WT or pgant9™¥4>5€ males, in-
dicating that the loss of O-glycosylation does not result in its deg-
radation or prohibit its initial transfer to females. Interestingly,
females mated to pgant9™4>5¢ males had more lectin-46Ca pre-
sent in the uterus when compared with females mated to WT
males (Fig. 4B). However, the opposite was observed when exam-
ining the female seminal receptacle—females mated to
pgant9™N4>5C males had less lectin-46Ca present when compared
with females mated to WT males (Fig. 4C). These results suggest
that the loss of O-glycosylation of lectin-46Ca does not result in
its degradation but rather affects its ability to progress through
the female reproductive tract.

To examine how lectin-46Ca may be inhibited from progressing
through the female reproductive tract, we next examined its abil-
ity to associate with sperm. Matings were performed as described
above, and sperm from the seminal receptacles and uteri were
collected and stained for lectin-46Ca. As shown in Fig. 4D and E,
lectin-46Ca is abundantly present on the tails of sperm from WT
males. However, lectin-46Ca from pgant9®¥4>5¢ males is no longer
able to bind sperm (Fig. 4D and E). These results indicate that the
loss of O-glycosylation decreases the ability of lectin-46Ca to bind
sperm in the uterus, leading to decreased transfer to the seminal
receptacle, where it normally influences egg production (Fig. 4F).

Examination of the sites of PGANTO glycosylation reveals that
they lie in a disordered region of the protein away from the pre-
dicted carbohydrate recognition domain (CRD; Fig. 3E). Given
that the loss of pgant9 does not appear to affect the stability of
lectin-46Ca, we propose that the glycans may be directly recog-
nized by other proteins or they may alter the structure of this re-
gion to allow recognition of regions vicinal to the sites of
glycosylation. As associations of the seminal fluid proteins are
transient and specific to the environment of the female reproduct-
ive tract, elucidating the exact binding interactions mediated by
these glycans will be a future area of investigation.

Taken together, we propose a model where O-glycosylation of a
seminal fluid protein enables sperm binding, which then mediates
transfer throughout the female reproductive tract to influence
female postmating behavior. This is the first example of
O-glycosylation influencing seminal fluid peptide function in
postmating behavior.

Discussion

Seminal fluid proteins exist across many species, including mam-
mals, and are known to play roles in sperm viability, function,
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Fig. 3. Lectin-46Ca (CG1656) is O-glycosylated by PGANT9A and 9B. Western blots of MAG extracts from pgant9*VA>MAG (A) or pgant9*N4>5¢ (B) probed
with the HPA lectin (red) and the antibody to lectin-46Ca (CG1656) (green). Compared with WT, the O-glycosylation of some proteins highlighted in red
boxes in A or blue boxes in B is altered in RNAi glands. The lectin-46Ca antibody-reactive band (yellow box in A and B) overlaps with one HPA-reactive
band, and migrates lower with a decreased HPA-reactive signal (indicative of reduced O-glycosylation) in pgant9 RNAi glands. M, marker lane. Protein size
markers are shown to the left of each blot. C) Western blots of proteins from cells (C) and media (M) expressing lectin-46CaV5 alone or lectin-46CaV5 with
PGANTO9A or PGANTOIB probed with HPA lectin (red) and the antibody to V5 (green). The O-glycosylation of lectin-46Ca is dramatically increased when
co-expressing with PGANT9A and PGANT9B. D) O-glycosylation modifications (as determined by mass spectrometry) at T264, T295, and T312 in

lectin-46Ca purified from the media are summarized. N, no modification found. E) The AlphaFold2 predicted structure of lectin-46Ca is shown. The CRD
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(cyan) and identified sites glycosylated by PGANT9A and B (red) within the disordered region (green) are shown.
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Fig. 4. Loss of lectin-46Ca O-glycosylation leads to decreased sperm binding and reduced transfer to the seminal receptacle (SR) of females. A) Schematic
diagram of the transfer of lectin-46Ca from the MAG to the female uterus to the female SR (the sperm storage organ). B) Western blots of extracts from
female uteri 30 min after mating probed with the lectin-46Ca antibody and a duplicate blot probed with the tubulin antibody to control for loading. The
red arrow indicates the lectin-46Ca protein. C) Western blots of extracts from female SRs 1 h after mating probed with HPA and the lectin-46Ca antibody.
A duplicate blot was probed with the tubulin antibody to control for loading. Red arrows indicate the lectin-46Ca protein. D) Immunostaining using the
lectin-46Ca antibody on sperm dissected from uteri of females. There is abundant anti-lectin-46Ca staining (red) on sperm tails in the uteri of females
mated with WT males but no staining in the females mated with pgant9*N4>5¢ males. DNA staining is shown in dark blue. E) Immunostaining using the
lectin-46Ca antibody on sperm dissected from the SRs. There is abundant anti-lectin-46Ca staining (green) on sperm tails in the SRs of females mated
with WT males but no staining in females mated with pgant9*4>5¢ males. DNA staining is shown in dark blue. F) Summary of the role of O-glycosylation
on lectin-46Ca function. Loss of glycosylation of lectin-46Ca in pgant9"¥4>5¢ males resulted in decreased sperm tail binding in the uteri of females,
leading to the loss of transfer of lectin-46Ca to the SRs of females.
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transfer to the female reproductive tract, and fusion with the egg
(7, 8, 11, 13, 24). Seminal fluid proteins also aid in sperm storage
within the female reproductive tract, a mechanism used by ani-
mals that undergo internal fertilization to enhance fitness.
Defects in seminal fluid protein production and sperm storage
can dramatically alter reproductive fitness and fertility (22, 24—
27, 29). In this study, we present the first example of how
O-glycosylation of a critical seminal fluid protein plays an active
role in reproductive fitness. We show that O-glycosylation of the
lectin-46Ca, a critical seminal fluid protein, influences its associ-
ation with sperm, thereby affectingits ability to move throughout
the female reproductive tract. Lectin-46Ca was previously shown
toinfluence postmating behavior when transferred to females (25)
andis one of a group of seminal fluid proteins that are required for
the localization and long-term persistence of sex peptide in the fe-
male reproductive tract. Sex peptide is the protein that directly
controls female postmating behavior, as it is slowly released
from sperm in the female sperm storage organ and signals
through the G-protein coupled receptors of neurons to influence
female egg laying and receptivity (30-32). Thus, the
O-glycosylation of lectin-46Ca is another aspect of this conserved
signaling cascade designed to enhance reproductive fitness. In the
absence of glycosylation by PGANT?Y, this lectin fails to bind to
sperm and fails to move to the female sperm storage organ, where
it would normally influence female postmating behavior.

The details of how the O-glycans are influencing the associ-
ation of lectin-46Ca with sperm tails are both interesting and com-
plex. According to our data, O-glycosylation does not appear to
affect the initial transfer of lectin-46Ca to females upon mating.
Nor do O-glycans affect the stability of lectin-46Ca, as it is present
atlevels comparable with WT. However, the loss of O-glycans dra-
matically altered the association of lectin-46Ca with the sperm
tail within the female uterus, thus influencing its ability to be
transferred throughout the female reproductive tract. The associ-
ation of lectin-46Ca (and other seminal fluid proteins) with sperm
is transient and dependent on the female reproductive environ-
ment, and thus not easily dissected ex vivo (26, 27). Previous
work has highlighted the interdependent interacting networks
among seminal fluid proteins, most of which play roles in the
transfer, localization, and slow release of sex peptide (25-27).
Certain proteins (CG9997) are required for the transfer of
lectin-46Ca and other seminal fluid proteins to the female (26).
Once transferred, lectin-46Ca is required for the stability of
CG9997 (26). CG17575 is required for the association of
lectin-46Ca with sperm, although CG17575 itself does not associ-
ate with sperm, thus obscuring the nature (direct or indirect) of
these interactions. Lectin-46Ca (and other seminal fluid proteins)
are required for long-term association of sex peptide with sperm,
although lectin-46Ca is only transiently associated, being lost
within 4 h of transfer to females (26, 27, 33). Whether many of
these interactions are direct or indirect remains unknown.
Additionally, all of these interactions are transient and dependent
on the specific environments of the female uterus and sperm stor-
age organ (29), making in vitro or ex vivo assays uninformative.
While the transient and environment-specific nature of these as-
sociations creates many experimental hurdles, it nonetheless
highlights the intricate mechanisms that have evolved to opti-
mize reproductive fitness.

Whether there are other substrates of PGANT9 in the repro-
ductive system contributing to the phenotypes observed remains
to be determined, particularly given the interacting networks
among the seminal fluid proteins. It remains possible that other
as yet to be identified substrates of PGANT9 may also be playing

a role, such as the ~35kDa protein with diminished
HPA-reactivity upon loss of pgant9 (Fig. 3B). Additionally, our west-
erns provide evidence that another seminal fluid protein
(CG14560) is also O-glycosylated, although its glycosylation does
not appear to be affected by PGANT9. Recently developed compre-
hensive mass spectrometry protocols have successfully cataloged
the in vivo O-glycoproteome for Galnt2 in mouse tissues (34).
However, the minute amounts of material obtained from fly tis-
sues preclude this type of analysis currently. Nonetheless, given
that lectin-46Ca is required for the transfer of sex peptide to the
seminal receptable where it influences egg production (25, 27)
and given that the loss of lectin-46Ca glycosylation influences
its ability to move to the seminal receptacle, we hypothesize
that the egglaying effects seen upon the loss of pgant9 are, at least
in part, due to the effects of O-glycosylation on lectin-46Ca.

Our mass spectrometry analysis indicated that both PGANT9A
and PGANT9B glycosylate lectin-46Ca at Thr264 and Thr295.
Lectin-46Ca is a C-type lectin, containing a CRD (40-161aa), which
is proposed to bind galactose (35) (Fig. 3E). The three
O-glycosylation sites identified are located within the C-terminal
disordered region. It is possible that the CRD domain may bind
to these O-glycans and form a stabilized structure, which may
be important for association with the sperm tail. Another possibil-
ity is that these O-glycans may directly bind to other lectins on the
sperm tail. A recent study investigating the binding between hu-
man lectins and the sperm surface found that three lectins
(galectin-1, -7, and -8) can bind to human sperm (36).
Additionally, galectin-8 promoted the acrosome reaction in vitro
(36), suggesting that lectins play important roles in sperm matur-
ation and fertility. In the future, generating mutations of each gly-
cosylation site within lectin-46Ca may help to further define the
function of O-glycosylation at each position.

O-linked glycoproteins are present throughout the mammalian
male reproductive tract and form a protective mucus layer along
the epithelia (37, 38). Additionally, some mucin proteins (MUCI,
MUCSB, and MUCS) are expressed within the male urogenital tract
epithelia (38). Likewise, we found a heavily O-glycosylated layer
within the Drosophila male reproductive system, including along
the epithelia of ED and the EB, suggesting the existence of a similar
protective layer. Within the MAG, the large secretory vesicles of
the secondary cells are filled with O-glycosylated proteins that
are transferred to the ED and EB to mix with the sperm before
being transferred to the female. In Drosophila, around 200 seminal
fluid peptides and proteins have been identified and implicated in
antimicrobial activity, sperm viability, and female postmating be-
havior (39-42). Using the NetOGlyc Server, we found that many
seminal fluid proteins have predicted O-glycosylation sites, sug-
gesting that O-glycosylation of these proteins may influence
some aspect of their function. Similarly, many human seminal
plasma proteins have been identified as O-glycosylated molecules
(9, 43), suggesting that O-glycans may be involved in the function
of seminal fluid proteins across diverse species.

The unique cell-specific expression patterns noted for the pgant
family members within the reproductive system suggest that
each member may have unique substrates and functions in
each reproductive cell type. In mammalian systems, two Galnts
have been associated with infertility. Galnt3-deficient mice have re-
duced O-glycosylation in the acrosomal regions of spermatids,
leading to defects in acrosome formation and male infertility
(15, 16). One protein, equatorin, which is involved in sperm-egg in-
teractions, was identified as a potential substrate of Galnt3 (15).
Another family number, Galntl5 (Galnt15), is also involved in acro-
some formation. In mice, loss of Galntl5 (Galnt15) reduces sperm
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motility and results in male infertility (44, 45). All these studies
suggest that O-glycans play important roles in successful fertiliza-
tion across species. Here, our results reveal that O-glycosylation in
the male reproductive system affects a key seminal fluid protein
and influences female postmating behavior, suggesting that
Drosophila is a valuable model to study the biological function of
O-glycansin the reproductive system, sheddinglight on their roles
in mammalian reproduction.

Materials and methods

Full details on the materials and methods used are described in
the Supplementary Material, which includes fly strains and genet-
ics; gene cloning and constructs used; antibody preparation;
staining Drosophila tissues and cells; real-time PCR; western blot-
ting; mass spectrometry; and immunoprecipitation.

Acknowledgments

The authors thank their colleagues for many helpful discussions.
They thank Dr Mariana Wolfner for the kind gifts of the CG1656
(lectin-46Ca), Acp26Aa, CG8137, CG6289, Acp76A, AcpO36DE,
CG11864, (CG14560, Acp62F, and CG17575 antibodies.
Additionally, they thank Drs Snigdha Misra and Akanksha Singh
for their helpful details on sperm staining. The authors also thank
the Bloomington Stock Center, the Developmental Studies
Hybridoma Bank, and the Vienna Drosophila RNAi Center for pro-
viding fly stocks, antibodies, and other reagents. They thank
Yevin Chung for proofreading the manuscript.

Supplementary Material

Supplementary material is available at PNAS Nexus online.

Funding

This research was supported by the Intramural Research Program
of the National Institute of Dental and Craniofacial Research
(NIDCR) at the National Institutes of Health (Z01-DE-000713 to
K.G.T.H.) and the NIDCR Imaging Core (ZIC DE000750-01).

Author Contributions

L.Z. and K.G.T.H. designed and planned the research, analyzed
and discussed the data, and wrote the paper. L.Z. performed the
experiments.

Data Availability

Data supporting the findings of this manuscript are available in
the main text and in the Supplementary Material.

References

1 Bennett EP, et al. 2012. Control of mucin-type O-glycosylation: a
classification of the polypeptide GalNAc-transferase gene fam-
ily. Glycobiology. 22:736-756.

2 Syed ZA, Zhang L, Ten Hagen KG. 2022. In vivo models of mucin
biosynthesis and function. Adv Drug Deliv Rev. 184:114182.

3 Tran DT, Ten Hagen KG. 2013. Mucin-type O-glycosylation dur-
ing development. J Biol Chem. 288:6921-6929.

4 Zhang L, Ten Hagen KG. 2019. O-Linked glycosylation in
Drosophila melanogaster. Curr Opin Struct Biol. 56:139-145.

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

Clark GF. 2013. The role of carbohydrate recognition during hu-
man sperm-egg binding. Hum Reprod. 28:566-577.

Wassarman PM, Litscher ES. 2021. Zona pellucida genes and pro-
teins: essential players in mammalian oogenesis and fertility.
Genes (Basel). 12:1266.

Lan R, et al. 2020. Biological functions and large-scale profiling of
protein glycosylation in human semen. ] Proteome Res. 19:
3877-3889.

Liu M. 2016. Capacitation-associated glycocomponents of mam-
malian sperm. Reprod Sci. 23:572-594.

Luo M, et al. 2023. GlycoTCFM: glycoproteomics based on two
complementary fragmentation methods reveals distinctive
O-glycosylation in human sperm and seminal plasma. J
Proteome Res. 22:3833-3842.

Ma X, et al. 2016. Sialylation facilitates the maturation of mam-
malian sperm and affects its survival in female uterus. Biol
Reprod. 94:123.

Parry S, et al. 2007. The sperm agglutination antigen-1 (SAGA-1)
glycoforms of CD52 are O-glycosylated. Glycobiology. 17:
1120-1126.

Tecle E, Gagneux P. 2015. Sugar-coated sperm: unraveling the
functions of the mammalian sperm glycocalyx. Mol Reprod Dev.
82:635-650.

Tulsiani DR. 2006. Glycan-modifying enzymes in luminal fluid of
the mammalian epididymis: an overview of their potential role in
sperm maturation. Mol Cell Endocrinol. 250:58-65.

Clark GF. 2015. Functional glycosylation in the human and mam-
malian uterus. Fertil Res Pract. 1:17.

Miyazaki T, et al. 2013. Galnt3 deficiency disrupts acrosome for-
mation and leads to oligoasthenoteratozoospermia. Histochem
Cell Biol. 139:339-354.

Nygaard MB, et al. 2018. Expression of the O-glycosylation en-
zyme GalNAc-T3 in the equatorial segment correlates with the
quality of spermatozoa. Int ] Mol Sci. 19:2949.

Katoh T, Tiemeyer M. 2013. The N’s and O’s of Drosophila glyco-
protein glycobiology. Glycoconj J. 30:57-66.

Syed ZA, Zhang L, Tran DT, Bleck CKE, Ten Hagen KG. 2022.
Regulated restructuring of mucins during secretory granule mat-
uration in vivo. Proc Natl Acad Sci U S A. 119:e2209750119.

Sun]J, Spradling AC. 2013. Ovulation in Drosophila is controlled by
secretory cells of the female reproductive tract. Elife. 2:e00415.
Wilson C, Leiblich A, Goberdhan DC, Hamdy F. 2017. The
Drosophila accessory gland as a model for prostate cancer and
other pathologies. Curr Top Dev Biol. 121:339-375.

Schnakenberg SL, Siegal ML, Bloch Qazi MC. 2012. Oh, the places
they’ll go: female sperm storage and sperm precedence in
Drosophila melanogaster. Spermatogenesis. 2:224-235.

Gillott C. 2003. Male accessory gland secretions: modulators of
female reproductive physiology and behavior. Annu Rev
Entomol. 48:163-184.

Ji S, et al. 2018. A molecular switch orchestrates enzyme specifi-
city and secretory granule morphology. Nat Commun. 9:3508.
Avila FW, Wong A, Sitnik JL, Wolfner MF. 2015. Don'’t pull the
plug! the Drosophila mating plug preserves fertility. Fly (Austin).
9:62-67.

Ram KR, Wolfner MF. 2007. Sustained post-mating response in
Drosophila melanogaster requires multiple seminal fluid proteins.
PLoS Genet. 3:€238.

Ram KR, Wolfner MF. 2009. A network of interactions among
seminal proteins underlies the long-term postmating response
in Drosophila. Proc Natl Acad Sci U S A. 106:15384-15389.

Singh A, et al. 2018. Long-term interaction between Drosophila
sperm and sex peptide is mediated by other seminal proteins


http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgae322#supplementary-data
http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgae322#supplementary-data
http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgae322#supplementary-data

Zhang and Ten Hagen | 9

28

29

30

31

32

33

34

35

that bind only transiently to sperm. Insect Biochem Mol Biol. 102:
43-51.

RaviRam K, Ji S, Wolfner MF. 2005. Fates and targets of male ac-
cessory gland proteins in mated female Drosophila melanogaster.
Insect Biochem Mol Biol. 35:1059-1071.

Misra S, Buehner NA, Singh A, Wolfner MF. 2022. Female factors
modulate sex peptide’s association with sperm in Drosophila
melanogaster. BMC Biol. 20:279.

Hasemeyer M, Yapici N, Heberlein U, Dickson BJ. 2009. Sensory
neurons in the Drosophila genital tract regulate female reproduct-
ive behavior. Neuron. 61:511-518.

Yang CH, et al. 2009. Control of the postmating behavioral switch in
Drosophila females by internal sensory neurons. Neuron. 61:519-526.
Yapici N, Kim Y], Ribeiro C, Dickson BJ. 2008. A receptor that me-
diates the post-mating switch in Drosophila reproductive behav-
iour. Nature. 451:33-37.

Gligorov D, Sitnik JL, Maeda RK, Wolfner MF, Karch F. 2013. A
novel function for the Hox gene Abd-B in the male accessory
gland regulates the long-term female post-mating response in
Drosophila. PLoS Genet. 9:e1003395.

Yang W, et al. 2023. Quantitative mapping of the in vivo
O-GalNAc glycoproteome in mouse identifies
GalNAc-T2 O-glycosites in metabolic disorder. Proc Natl Acad Sci
US A. 120:€2303703120.

Mueller JL, Ripoll DR, Aquadro CF, Wolfner MF. 2004.
Comparative structural modeling and inference of conserved
protein classes in Drosophila seminal fluid. Proc Natl Acad Sci U S
A.101:13542-13547.

tissues

36

37

38

39

40

41

42

43

44

45

Sun Y, et al. 2016. A human lectin microarray for sperm
surface glycosylation analysis. Mol Cell Proteomics. 15:
2839-2851.

Chughtai B, et al. 2005. A neglected gland: a review of Cowper’s
gland. Int] Androl. 28:74-77.

Russo CL, et al. 2006. Mucin gene expression in human male uro-
genital tract epithelia. Hum Reprod. 21:2783-2793.

Avila FW, Ravi Ram K, Bloch Qazi MC, Wolfner MF. 2010. Sex pep-
tide is required for the efficient release of stored sperm in mated
Drosophila females. Genetics. 186:595-600.

Avila FW, Wolfner MF. 2009. Acp36DE is required for uterine con-
formational changes in mated Drosophila females. Proc Natl Acad
Sci U S A. 106:15796-15800.

Hopkins BR, et al. 2019. Divergent allocation of sperm and the
seminal proteome along a competition gradient in Drosophila mel-
anogaster. Proc Natl Acad Sci U S A. 116:17925-17933.

Sepil I, et al. 2019. Quantitative proteomics identification of sem-
inal fluid proteins in male Drosophila melanogaster. Mol Cell
Proteomics. 18:546-S58.

Pang PC, et al. 2009. Analysis of the human seminal plasma gly-
come reveals the presence of immunomodulatory carbohydrate
functional groups. J Proteome Res. 8:4906-4915.

Hagiuda J, Takasaki N, Oya M, Ishikawa H, Narimatsu H. 2020.
Mutation of GALNTLS gene identified in patients diagnosed
with asthenozoospermia. Hum Fertil (Camb). 23:226-233.
TakasakiN, et al. 2014. A heterozygous mutation of GALNTLS af-
fects male infertility with impairment of sperm motility. Proc Natl
Acad SciU S A. 111:1120-1125.



	O-Glycosylation of a male seminal fluid protein influences sperm binding and female postmating behavior
	Introduction
	Results
	pgant9 is the predominant glycosyltransferase family member expressed in the secondary cells of the MAG
	Loss of PGANT9 in the male reproductive tract affects female reproductive fitness
	PGANT9 glycosylates a lectin within the male reproductive system
	O-glycosylation influences binding to sperm and lectin transfer to the female seminal receptacle

	Discussion
	Materials and methods
	Acknowledgments
	Supplementary Material
	Funding
	Author Contributions
	Data Availability
	References


