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The paired male accessory glands of Drosophila melanogaster en-
hance sperm function, stimulate egg production, and reduce fe-
male receptivity to other males by releasing a complex mixture of
glycoproteins from a secretory epithelium into seminal fluid. A
small subpopulation of about 40 specialized secretory cells, called
secondary cells, resides at the distal tip of each gland. We show
that these cells grow via mechanisms promoted by mating. If ag-
ing males mate repeatedly, a subset of these cells delaminates
from and migrates along the apical surface of the glandular epi-
thelium toward the proximal end of the gland. Remarkably, these
secretory cells can transfer to females with sperm during mating.
The frequency of this event increases with age, so that more than
50% of triple-mated, 18-d-old males transfer secondary cells to
females. Bone morphogenetic protein signaling specifically in sec-
ondary cells is needed to drive all of these processes and is re-
quired for the accessory gland to produce its normal effects on
female postmating behavior in multiply mated males. We conclude
that secondary cells are secretory cells with unusual migratory
properties that can allow them to be transferred to females, and
that these properties are a consequence of signaling that is re-
quired for secondary cells to maintain their normal reproductive
functions as males age and mate.
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Secretory glands of the male reproductive system play a unique
role in higher organisms, modulating germ-cell activities and

secreting components of the seminal fluid that ultimately function
in females. In the fruit fly, Drosophila melanogaster, the paired
accessory glands promote normal sperm storage and utilization,
and influence female postmating behaviors, increasing egg pro-
duction and reducing subsequent receptivity to males (1). The
glands secrete proteases, antiproteases, other glycoproteins, and
cellular material into seminal fluid via mechanisms that have not
been fully characterized (2–4).
Previous studies have demonstrated that sex peptide, a secre-

tory product of the accessory gland, promotes egg laying, reduces
the receptivity of females to remating, and is required for efficient
release of sperm from female storage organs (5–7). However,
other accessory gland products are needed for the long-term
maintenance of sex peptide-mediated functions (8), and addi-
tional sex peptide-independent factors are also involved (9, 10).
Each accessory gland consists of a single-layer epithelium of

binucleate cells surrounded by a muscular sheath. Although most
of the epithelium consists of so-called main cells, which secrete
key accessory gland proteins like sex peptide (6), it also includes
about 40 distally located, distinctively rounded secondary cells
that contain large secretory vacuoles (2, 11).
Here we show that adult secondary cells grow preferentially

compared with main cells, a process accelerated by mating.
Unexpectedly, in multiply mated males, some of these secretory
cells delaminate apically from the epithelium, migrate within the
gland, and can be transferred to females upon mating, processes
that are enhanced with age. We demonstrate that all these events

are driven by bone morphogenetic protein (BMP) signaling in
secondary cells, and that this signaling is essential in multiply
mated males for the accessory gland to properly suppress female
receptivity to remating. Our data suggest that the overall strategy
by which the accessory glands perform their reproductive func-
tions is genetically programmed to change in response to aging
and mating history, potentially to optimize reproductive success.

Results
Secondary Cells Grow and Delaminate in an Age- and Mating-
Dependent Fashion. To establish specific tools to test secondary
cell function, we screened multiple GAL4 transcriptional drivers
(12). Driver lines were crossed to animals carrying a transgene
encoding a nuclear-localized GFP (GFPnls) under the tran-
scriptional control of upstream activation sequences (UAS), the
binding sites for GAL4. An esg-GAL4 line (13, 14) was strongly
expressed by secondary cells in accessory glands of newly eclosed
adults (Fig. S1). A small proportion of main cells expressed esg-
GAL4, although only during the first day of adulthood. Expres-
sion in secondary cells also diminished with time, so few—if any—
cells expressed GFP by 6 d (Fig. S1). Jiang et al. (15) have de-
veloped a system, the esgts Flp-Out (F/O) system, to study adult
epithelia where the esg-GAL4 driver is combined with a ubiqui-
tously expressed, temperature-sensitive form of the GAL4 in-
hibitor GAL80 (tub-GAL80ts) (16) and an interrupted copy of an
actin-GAL4 construct, which is activated by UAS-FLP–induced
recombination. When males were shifted from 18 °C to 28.5 °C
within 1 d of eclosion, esg-GAL4–regulated, FLP-induced events
occurred in all secondary cells, but not main cells, activating the
actin-GAL4 construct, and secondary cell-specific actin-GAL4–
driven expression was then maintained throughout adulthood
(Fig. 1A and Fig. S2A).
Using this system to distinguish secondary cells and marking

apico-lateral cell outlines with the septate junction protein,
Fasciclin 3 (Fas3) (17), we observed that the size of secondary
cells and their nuclei relative to main cells increased over time in
virgin males (Fig. 1 B and C, and Fig. S2A). Unlike main cells,
which became more squamous with age, secondary cells retained
their apical-basal height and bulged into the glandular lumen,
while still contacting the basement membrane (compare Fig. 1G
with Fig. 1F). Much of the apical surface of each cell was
shrouded by a thin main-cell covering (Fig. S2G). Because the
nuclei of secondary cells and surrounding main cells remain
roughly spherical in all genotypes studied, we compared nuclear
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area for these two cell types. There was a significant increase in
both the absolute size (Fig. S3A) and the relative size of secondary
cell nuclei with age (Fig. 1E) (P < 0.01, n = 5 glands, one-way
ANOVA), reflecting the change in cell size. Main cell nuclear size
remained unaltered (Fig. S3B). Flies fed with the nucleotide an-
alog bromodeoxyuridine did not incorporate this molecule in
secondary cell nuclei (Fig. S4), indicating that the nuclear size
increase was not associated with global DNA replication. Some
other cell types in flies also exhibit nuclear growth in the absence
of DNA replication (18).
As previously reported (19), when flies were mated with

multiple females, the epithelial monolayer became more cuboi-
dal and densely packed (Fig. 1D and Fig. S2). Surprisingly, the
growth of the secondary cells but not main cells, as measured
by nuclear size, was accelerated (Fig. 1 E and H, and Fig. S3).
Furthermore, some secondary cells, but not main cells, reduced

contact with the basement membrane and started to delaminate
apically (Fig. 1I and Fig. S2E). Specific proteins involved in
apico-lateral cell–cell adhesion, like Fas3 (Fig. 1G), continued to
be localized at cell–cell junctions in delaminating secondary cells
(Fig. 1 H and I), suggesting that the epithelium was not com-
promised during delamination. Actin-GAL4–induced secondary
cell-specific GFP expression was also consistently elevated by
mating (Fig. 1D and Fig. S2C), indicating that transcription of
selected cytoskeletal proteins is also up-regulated by mating.
GFP, which was expressed in the nucleus and cytosol of sec-
ondary cells, but not the secretory vacuoles, was occasionally
observed in the glandular lumen (5 of 25 multiply mated 6-d-old
males), sometimes in discrete structures (Fig. S2F). This finding
is consistent with previous observations that the accessory glands
of Drosophila and other insects secrete intracellular contents,
potentially via holocrine or apocrine mechanisms (3, 20).

Fig. 1. Growth and delamination of adult secondary cells is stimulated by mating. (A) Two accessory glands and ejaculatory duct (ed) from a 7-d-old virgin
male expressing nuclear GFP (green; arrows) in secondary cells at the distal tips of the glands under the control of prd-mf5.4-GAL4. Preparations were stained
with TRITC-phalloidin (F-actin, in red), DAPI (binucleate staining in blue), and an antibody to the septate junction protein Fas3 (yellow). (B–E) Epithelial layer
from the distal tip of an accessory gland of esgts F/O UAS-GFPnls virgin males at eclosion (B) and after 3 d of adulthood (C), and of 3-d-old males of the same
genotype after mating to multiple females (D). The size of both nuclei in each secondary cell (green arrows) increases with age and mating relative to
surrounding main cell nuclei (white arrows; data in E, ± 2× SEM). (F–I) Transverse confocal sections of the distal tips of accessory glands from virgin (G) and
mated (H and I) 7-d-old males, and a 1-d-old virgin (F) expressing nuclear GFP (green) under esgts F/O control and stained as in A. Mating induces selective
growth and in some cases delamination (white arrow in I; this cell does not touch the underlying basal lamina, marked in right panel by a green arrow) of
secondary cells from the apical surface of the epithelium. For E, *P < 0.001, n = 5 glands, one-way ANOVA. [Scale bars: 200 μm (A), 20 μm (B–D), and 15 μm
(F–I).] Images in these and all panels in Figs. 3 and 4 are representative of glands from at least 10 males of the same age and genotype.
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Some Secondary Cells from Multiply Mated Males Migrate Proximally
and Can Be Transferred to Females During Mating. Remarkably, we
observed proximally located secondary cells in a small proportion
of flies aged between 3 and 10 d that had mated to multiple
females (8 of 200 males) (Fig. 2A), but not in virgin males. These
cells were not free-floating, but contacted the apical epithelial
surface (Fig. 2 B–E). Like other migratory cells (21), they asym-
metrically accumulated F-actin at their surface in lamellipodia-
like structures (Fig. 2 B, D, and E).
To test whether these cells are transferred to females upon

mating, we used males of different ages to set up repeated single
pair matings, separated by 3 or 4 d to allow secondary cells to
delaminate between matings. We dissected the reproductive
organs of females within 1 h of the completion of the final mating.
We never observed transfer of secondary cells from males after
a single mating (n > 10 for each age, matings at 1, 4, 7, and 11 d).
However, 4- and 7-d-old males, which were mated three separate
times over a period of 1 wk, transferred one or more GFP+

secondary cells to females during the final mating in a significant
proportion of cases (4 of 35 females) (Fig. 2 F–H and Fig. 2I).
Even more females from a third mating with males mated at 11,
14, and 18 d contained transferred secondary cells (7 of 15
females) (Fig. 2I). During the process of mating, other secondary
cells may break into fragments, because small GFP+ structures
were frequently observed in females mated with older males (15
of 15 females from the third mating of 18-d-old males) (Fig. 2G).
These data suggest that secondary cells have delaminated in

many previously mated 18-d-old males. Indeed, we found that 10
of 10 glands from males of this age contained one or more
proximally located secondary cells in their accessory glands,
when they were dissected rather than mated for a third time.
Presumably, the low frequency of migration that we observed in
6-d-old multiply mated males (8 of 200) is explained by the fact
that these cells are transferred upon each mating and it then
takes several days for new secondary cells to delaminate and
migrate proximally.
We did not observe secondary cells or their remnants within

the two female sperm storage structures, the spermathecae and
the seminal receptacle, which begin to accumulate sperm within
5 min of the start of mating (22). Transferred secondary cells are

therefore likely to be expelled by the female when she ejects the
seminal fluid upon egg laying about 90 min after mating. How-
ever, if these cells play an active role in accessory gland function,
this role could be complete by this time, because the long-term
effects of mating, which require sex peptide, have been fully
initiated before egg laying (23). Overall, we conclude that all
secondary cells grow as adult males age, a process accelerated by
mating, and that a subset of these cells delaminates, migrates
proximally along the glandular epithelium and can be transferred
to females after multiple matings, particularly in aging males.

BMP Signaling Drives Growth, Delamination, and Migration of
Secondary Cells. To determine what signals might regulate the
unusual cellular behaviors of secondary cells, we overexpressed
activating and inactivating components of several different sig-
naling cascades within these cells in virgin males from eclosion
onwards using the esgts F/O system. Hyperactivation of the Ras/
ERK MAPK and PI3K/Akt pathways, which are frequently in-
volved in growth regulation (24, 25), produced no obvious
changes in cell or nuclear size (Fig. S5 A and B). However, ex-
pression of an activated form of the BMP type I receptor Thick
veins (Tkv) (26) strongly stimulated cellular and nuclear growth
(compare Fig. 3 A and B; Fig. 3E and Fig. S5 D and E), increased
actin-GAL4 UAS-GFP expression, led to GFP accumulation in
the lumen of some glands (Fig. S6C), and induced delamination
of a subset of secondary cells in virgin males (Fig. 3D and Fig.
S6B versus Fig. 3C and Fig. S6A), phenocopying changes nor-
mally seen only in mated flies. By shifting temperature after 3 d
of adulthood, it was possible to up-regulate BMP signaling in a
random subset of secondary cells, which grew faster than normal
secondary cells (Fig.S7A), showing that this effect is cell-autonomous.
Growth stimulation appears cell type-specific, because up-regulation
of BMP signaling in adult main cells did not affect their cell or
nuclear size (Fig. S5C).
If males initiating expression of activated Tkv in secondary

cells immediately after eclosion were aged for 11–13 d, 9.2 ± 2.6
of these cells per animal (n = 6) fully delaminated and moved
more proximally in the gland (Fig. 3F and Fig. S6C), a phenotype
never seen in normal virgin flies (Fig. S6D). These cells main-
tained contact with the epithelium, exhibited one or more

Fig. 2. Secondary cells occasionallymigrate inmated
flies and can transfer to females. (A–E) Confocal
images show an example of a secondary cell (arrow in
A) that has delaminated apically and migrated prox-
imally along the glandular epithelium. Gland is from
amultiplymated 3-d-oldmale expressing a Rab5-GFP
fusion protein (green) under the control of esgts F/O
and stained with TRITC-phalloidin (red), DAPI (blue),
and an antibody to the septate junction protein Fas3
(yellow). (B) High-magnification view showing the
apical surface of thismigrating cell with F-actin at one
of its edges (arrow). (C) The basal part of the cell is
embedded in the epithelium. (D and E) Confocal
z-sections reveal one edge of the cell contains higher
concentrations of actin and Fas3 (arrows; epithelial
surface at bottom of panels). (F–H) Dissected re-
productive tract fromawild-type female, shortly after
matingwith an 18-d-oldmale, previouslymated at 11
and 14 d, expressing GFP in secondary cells. At this
stage, delaminated secondary cells frequently express
GFP in punctate structures within the cytoplasm (see
also Fig. S7C). A transferred binucleate secondary cell
is marked with a white arrow in F and shown at high
magnification in H. Some GFP+ cell debris is also
highlighted (green arrow) in G. (I) Percentage of
females containing transferred secondary cells after
mating with virgin 4- to 7-d-old males (1×) or pre-
viously doubly mated males (3×), first mated at 4–7 d
or 11 d (latter equivalent to F–H). *P< 0.001, **P= 0.026, two-tailed Fisher’s exact test. In F, *, autofluorescentmating plug; o, oviduct; s, pair of spermathecae; sr,
seminal receptacle; and u, uterus. [Scale bars: 200 μm (A and F), 15 μm (B–D), 5 μm (E and H), and 20 μm (G).]
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lamellipodia-like structures (Fig. 3 G–I), and most of them mi-
grated to the proximal third of the gland (Fig. 3F and Fig. S6C),
suggesting that the movement is directional.
We tested whether BMP signaling is normally involved in

secondary cell function by overexpressing the BMP-regulated
transcriptional repressor Dad (27) in newly eclosed males under
esgts F/O control. Dad-expressing secondary cells in 6-d-old virgin
males were smaller than main cells, and their nuclei showed
a significant 40% reduction in size compared with non-Dad–
expressing controls (P < 0.001, n = 5, one-way ANOVA) (Figs.
3E, 4B, and Fig. S5D). Indeed, there was no increase in nuclear
size compared with newly eclosed males, suggesting that all or
most post-eclosion growth requires BMP signaling. A similar
phenotype was observed when transcripts from the Medea (Med)
gene, encoding the co-Smad transcription factor required for
BMP signaling (28), were knocked down with a UAS-RNAi
construct (Fig. 3E and Fig. S5D). Dad-expressing secondary cells
in mated males not only failed to grow normally (Fig. S7 D vs. B),
but also did not delaminate (Fig. 4D and Fig. S7E) or transfer to
females, even in 18-d-old triply mated males (0 of 15 males),
demonstrating that BMP signaling is required for all these
specialized processes.
To determine whether the activity of the BMP signaling cas-

cade is altered by mating, we used a Dad-GFP transcriptional
reporter as a signaling read-out (29). Dad transcription is nor-
mally controlled by BMP signaling. BMP signaling appeared el-
evated in secondary cells (Fig. S7 F and G), but there was no
obvious increase in signaling after mating, suggesting either that
mating-dependent changes are too transient to be detected with
this reporter, or that other events in addition to BMP signaling,
such as contraction of the surrounding muscular sheath, normally
contribute to the altered behavior of secondary cells upon mating.

BMP Signaling in Secondary Cells Is Required to Fully Modulate
Female Postmating Behavior in Multiply Mated Males. We hypoth-
esized that reduced BMP signaling might affect the normal
function of secondary cells. To test this theory, adult males either
expressing GFP alone or GFP and Dad in these cells under esgts
F/O control were initially mated up to three times in single-pair

matings. We focused on young males (up to 4-d-old at first
mating), because at least 10% of older control males (7- to 11-d-
old) failed to block female receptivity to males after mating. We
did not observe any significant change in the level of egg laying
or fecundity in females mated with males expressing Dad in their
secondary cells versus esgts F/O controls (Fig. S8 A and B).
However, significantly more Dad-expressing males compared
with control males (8 of 37 vs. 1 of 39; P < 0.01; two-tailed
Fisher’s exact test) (Fig. 4E) were unable to fully prevent females
from remating 4 d later during a 3-h period.
We reasoned that a primary role of BMP signaling in adult

secondary cells might be to maintain accessory gland function
when males mate repeatedly. Indeed, whereas almost all multiply
mated, 4-d-old control males were able in subsequent matings to
block the receptivity of a further three females to remating
(98%; 45 of 46 males), significantly fewer males expressing Dad
in adult secondary cells (39%; 16 of 44 males; P < 0.001) were
able to do this (Fig. 4F). During the second round of matings,
there was no significant difference either in the length of time
that males mated (Fig. S8D) or in the number of males that
remated within 40 min (Fig. S8 E and F) for Dad-expressing vs.
control males, suggesting that the effects on female postmating
behavior were not a result of altered male-mating behavior.
Furthermore, the fecundity of males in this second round of
matings was unaffected by expression of Dad in secondary cells
(Fig. 4G and Fig. S8C), even for those matings in which females
subsequently remated (right column in Fig. 4G), demonstrating
that there was not a general defect in fertility. Our data therefore
indicate that secondary cells play a selective role in modulating
postmating female behavior, and that persistent BMP signaling is
required in these cells to maintain this function, particularly in
males that have mated multiple times over a short period.

Discussion
We have shown that the secondary cells of the fly accessory gland
selectively grow during aging in adults, a process enhanced by
repeated mating. These cells exhibit a range of behaviors, in-
duced by mating, that are atypical of secretory cells in glands,
including active delamination and migration. Although migrating

Fig. 3. BMPsignalingpromotesgrowth, delamination
and migration of secondary cells. (A–D) Images of ac-
cessoryglands from6- to7-d-old virginmales expressing
nuclear GFP with (B and D) or without (A and C) an
activated form of the BMP type I receptor Tkv (Tkv*)
under the control of esgts F/O after a temperature shift
at eclosion. Preparations were stained with TRITC-
phalloidin (red), DAPI (blue), and an antibody to the
septate junction protein Fas3 (yellow). Secondary cells
with increased BMP signaling are enlarged and have
much larger nuclei than their neighbors (compare
nuclei marked by arrows in B vs. A); some cells detach
from the basement membrane (cell marked in D is
almost completely detached). (E) Relative size (± 2×
SEM) of secondary cell nuclei versus surroundingmain
cell nuclei was determined for 6-d-old normal males
and males with altered BMP signaling in secondary
cells, expressing activated Tkv,Dad, or anRNAi against
Med. *P< 0.001,n= 5glands, one-wayANOVA. (F–I) A
subset of adult secondary cells overexpressing acti-
vated Tkv under esgts F/O control in an 11-d-old virgin
male delaminates and migrates proximally (green
arrow). (G–I) High-magnification view of the gland
marked in F, showing asymmetric actin accumulation
at the cell surface in apical section (arrows in G) and
basal contact with the glandular epithelium (I) [see
also confocal z-section (H) along the line drawn in
G and I; the epithelium is at the bottom of each panel
in H). [Scale bars: 20 μm (A and B), 10 μm (C and D),
200 μm (F), and 25 μm (G–I).]

Leiblich et al. PNAS | November 20, 2012 | vol. 109 | no. 47 | 19295

CE
LL

BI
O
LO

G
Y

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1214517109/-/DCSupplemental/pnas.201214517SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1214517109/-/DCSupplemental/pnas.201214517SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1214517109/-/DCSupplemental/pnas.201214517SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1214517109/-/DCSupplemental/pnas.201214517SI.pdf?targetid=nameddest=SF7
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1214517109/-/DCSupplemental/pnas.201214517SI.pdf?targetid=nameddest=SF7
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1214517109/-/DCSupplemental/pnas.201214517SI.pdf?targetid=nameddest=SF7
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1214517109/-/DCSupplemental/pnas.201214517SI.pdf?targetid=nameddest=SF8
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1214517109/-/DCSupplemental/pnas.201214517SI.pdf?targetid=nameddest=SF8
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1214517109/-/DCSupplemental/pnas.201214517SI.pdf?targetid=nameddest=SF8
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1214517109/-/DCSupplemental/pnas.201214517SI.pdf?targetid=nameddest=SF8


cells were initially observed in less than 5% of repeatedly mated
males, introducing a delay between two previous matings and
dissecting the resulting 18-d-old males revealed migrating cells in
all animals, suggesting that this process is common in aged,
mated animals.
The growth, delamination and migratory activities of second-

ary cells all require cell-autonomous BMP signaling. One or
more of these BMP-regulated processes modulates long-term,
postmating behavior in females, particularly when males are
repeatedly mated over short periods of time, requiring rapid
replenishment of luminal content in the accessory gland. Al-
though the numbers of vacuoles in secondary cells with high
levels of BMP signaling seem more variable than controls, vac-
uole number in Dad-expressing secondary cells appears relatively
normal, suggesting that reduced BMP signaling does not simply
block the general secretory machinery. However, reduced sig-
naling presumably affects the synthesis or function of one or
more secondary cell products, leading either to direct effects in
mated females or to indirect effects through modulation of main
cell function or products in males.
Unexpectedly, some secondary cells are transferred to females

after multiple matings, particularly in aged flies, raising the
possibility that these delaminating cells continue to function
together with sperm even outside the male. Transfer is not es-
sential for these cells to mediate their BMP-regulated effects in
females, because not all mated females receive these cells.
However, it is possible that transfer could contribute to changes
in accessory gland function as the glandular epithelium under-
goes BMP-dependent structural alterations during aging and
mating. A recent study from Minami et al. (30) indicates that
secondary cells are required for normal male fecundity and
effects on female postmating behaviors. Our work now clearly
demonstrates that BMP-mediated events in secondary cells are
involved in maintaining these latter functions specifically
during adulthood.
Our data highlight some surprising parallels between the ac-

cessory gland and the prostate, in addition to those previously
reported (2). Like the prostate, the structure of the accessory

gland epithelium changes significantly with age. Furthermore,
BMP signaling is implicated in normal prostate development (31)
and in the progression of prostate cancer (32–34). Importantly,
prostate cells have been identified in human semen and the
phenotype of these cells may be altered in prostate cancer (35,
36). Although many of these cells are likely to have sloughed off
from the epithelium, our study raises the possibility that some
actively delaminate into seminal fluid.
We have found that the secondary cells of the accessory gland

require BMP signaling to regulate the synthesis or function of
one or more important components of the seminal fluid as flies
age and mate. However, this signaling simultaneously drives cell
loss and changes in the morphology and function of the epithe-
lium, which appears to lack regenerative capacity in flies. The
prostate gland of most human males over 50 y of age is hyper-
plastic (37), and it is tempting to speculate that this reflects
a regenerative response to similar events in this organ. A more
detailed analysis of secondary cell biology should help to further
elucidate the processes that underlie functional changes in the
accessory gland epithelium and test whether these are shared by
male reproductive glands in other organisms.

Materials and Methods
Fly Strains and Culture. The following fly strains were used: esgts F/O =w; esg-
GAL4, UAS-GFPnls ; act > CD2 > GAL4, UAS-FLP and w; esg-GAL4, UAS-GFPnls
(15), prd-mf5.4-GAL4 (38), Acp26Aa-GAL4 (6), UAS-TkvQD (26), UAS-Dad (27),
Dad-GFP (29), and UAS-Rab5-GFP (39). UAS-Med-IR (JF02218) and other fly
stocks were obtained from the Bloomington Drosophila Stock Centre. Flies
were fed on standard cornmeal agar medium. No dried yeast was added to
the vials.

Fly Genetics. When specific expression of UAS-transgenes in adult secondary
cells under esgts F/O control was required, fly crosses were initially cultured
at the nonpermissive temperature, 18 °C, using a cross between esgts F/O and
w1118

flies as a control (all test and control males have wild-type eye color).
Each morning, newly eclosed males of the appropriate genotype were
separated from females and for standard experiments, transferred to 28.5 °C
immediately. GFP marks all secondary cells that activate act-GAL4, but rel-
ative expression levels do not reflect levels of expression of other transgenes

Fig. 4. BMP signaling is required for normal sec-
ondary cell growth andmating-induceddelamination.
Images of accessory glands from 6- to 7-d-old virgin (A
and B) or multiply mated (C and D) males expressing
nuclear GFP with (B and D) or without (A and C) the
BMP transcriptional repressor Dad under the control
of esgts F/O after a temperature shift at eclosion.
Preparations were stainedwith TRITC-phalloidin (red),
DAPI (blue), and an antibody to the septate junction
protein Fas3 (yellow). (A and B) Secondary cells with
reduced BMP signaling are smaller and have smaller
nuclei than their neighbors (comparenucleimarkedby
arrows inB vs.A) (Fig. 3E). (C andD) Transverse sections
of multiply-mated males. (E) Percentage of females
remating 4 d after mating with a 1- to 4-d-old control
virgin male or a male expressing Dad in its secondary
cells. (F) Percentage of Dad-expressing and control
multiply-mated males that fail to protect three
females from remating 3 d later (marked Total): chart
also shows howmany of these males failed to protect
one of three, two of three, or all of these females. (G)
Rate of progeny production by females treated as in
F during the 2 d after the first mating to control or
Dad-expressing multiply mated males. Column on
right presents data for females that remated. *P <
0.01, **P< 0.001, two-tailed Fisher’s exact test. Mann–
Whitney analysis showed no significant difference in
G. [Scale bars: 20 μm (A and B) and 15 μm (C and D).]
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(Fig. S5F). Size phenotypes were typically consistent in all GFP-expressing
secondary cells. Flies carrying other GAL4 drivers were maintained at 28.5 °C
for comparability.

For single-pairmatings, individualmaleswereaddedtoanormal1- to5-d-old
virginw1118 female (for a specific group of control and test flies, females were
of identical age), and mating was observed. The flies were separated after
mating and females cultured at 25 °C for 4 d, transferring them to new vials
each day, so eggs and progeny could be counted. Each female was then in-
troduced to a dominantly marked white-eyed male and left for 3 h to test if it
remated. Any progeny from this second mating could be easily distinguished,
because all or most of the progeny from the first cross were red-eyed.

Multiply mated males for staining experiments were generated by placing
a newly eclosed male with at least six virgin females and leaving the cross for
3 or 6 d at 28.5 °C. For multiple-mating experiments to test effects on female
receptivity, individual 3-d-old virgin males either expressing GFP alone or
GFP and Dad under esgts F/O control were mated to a group of five virgin
females overnight. These males were then separated and introduced to
a further three virgin females for 24 h, observing mating during the first 3 h.
Females from the first cross were individually separated into new vials to
check for mating. To assay receptivity to remating, the three females from
the second round of mating were separated into individual vials for 3 d (to
check they had mated and count progeny), before transferring to a new vial
and adding two dominantly marked white-eyed males to test if the females
remated over a 3-h period.

For BrdU labeling, adult male flies were placed in vials containing yeast
paste supplemented with 5 mg/mL BrdU (40).

Immunohistochemistry and Imaging. Flies were anesthetized using CO2 and
dissected with forceps in 4% paraformaldehyde dissolved in PBS. Dissected
accessory glands were transferred to Eppendorf tubes, fixed for a total of
20–30 min at 22 °C, and then washed 6 × 10 min in 1 mL PBST [PBS, 0.03%

Triton X-100 (Sigma-Aldrich)]. Standard procedures (detailed in SI Materials
and Methods) were used for staining. Anti-Fas3 (41) (Developmental Studies
Hybridoma Bank) and anti-BrdU (Developmental Studies Hybridoma Bank)
monoclonal supernatants were diluted 1:10 in PBSTG; 50–100 μL of diluted
antibody were incubated with each preparation overnight.

Glands were imaged using a Zeiss Axioplan 2 confocal microscope with
a LSM 510 laser module and z-sections processed using LSM software. Nu-
clear areas were measured using Axiovision software (Zeiss). For each ge-
notype, one accessory gland from five different males was analyzed. For
each gland, the areas of both nuclei from three different secondary cells,
which were strongly expressing GFP, and from three main cells adjacent to
different secondary cells, were measured, averaged for each cell, and the
absolute size mean for each gland calculated. To assess relative size, each
secondary cell value was divided by the average area of four neighboring
main cell nuclei, and the mean relative size for each gland calculated.

Statistical Analysis. Frequencies of secondary cell transfer and remating were
compared using a two-tailed Fisher’s exact test. All nuclear size data were
shown to be normally distributed by the Shapiro–Wilk test, and therefore
analyzed using one-way ANOVA and subsequently applying Bonferroni’s
correction. For egg laying, mating duration and progeny count data, which
were nonparametric, a Mann–Whitney analysis was applied.
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