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ABSTRACT

In Drosophila males, the accessory gland is responsive to nutrient signal-dependent regulation of fertility/fecundity. The acces-
sory gland is composed of two types of binucleated epithelial cells, about 1000 main cells and 60 secondary cells (SCs). The tran-
scription factors Defective proventriculus (Dve), Abdominal-B, and Ecdysone receptors (EcRs) are strongly expressed in adult

SCs. In response to nutrient conditions during development, coordinated action between Dve and ecdysone signaling determines

the optimal number of SCs and regulates their maturation. A downstream effector of ecdysone signaling, Ftz-F1, is crucial in
this process. Another downstream effector, Polished rice (Pri), is small peptides of 11 or 32 amino acids. Here we show that pri
is required for maturation of SCs and for male fecundity, whereas it is not involved in determination of the number of SCs. We
provide evidence that Pri acts downstream of Ftz-F1 to regulate maturation but not survival of SCs.

1 | Introduction

Steroid hormones play various physiological roles, includ-
ing metabolism and reproduction in mammals (Deroo and
Korach 2006; Mani et al. 2012). Steroid hormones in insects are
ecdysteroids, and the major form in Drosophila melanogaster
is ecdysone. Ecdysone signaling activates specific target genes
such as the orphan nuclear receptor Ftz-F1 to regulate the pre-
cise timing of development, including larval molting and meta-
morphosis (Faunes and Larrain 2016; Huang et al. 2008; Moeller
et al. 2017; Petryk et al. 2003; Rewitz et al. 2013). Ecdysone sig-
naling also activates a target gene, polished rice (pri), which en-
codes small peptides of 11 or 32 amino acids (Kondo et al. 2007),
to regulate epidermal and tracheal morphogenesis during em-
bryonic development (Kondo et al. 2010; Pi et al. 2011; Taira
et al. 2021).

Small open reading frames (SmORFs) have recently been recog-
nized as a new class of essential genes and are also evolutionarily
conserved (Khitun et al. 2019; Plaza et al. 2017; Pueyo et al. 2016;
Saghatelian and Couso 2015). Pri small peptides act as temporal
mediators of ecdysone signaling, and the pri gene is also known
as tarsal-less and mille-pattes, which is involved in leg morpho-
genesis and embryonic patterning (Albuquerque et al. 2015;
Galindo et al. 2007; Gallois et al. 2024; Ray et al. 2019).

In adult males, ecdysone is thought to be synthesized in the
accessory gland, and the ecdysone signaling is required for
male fertility (Hentze et al. 2013; Matsuka et al. 2024; Sharma
et al. 2017). The accessory gland is composed of two types of bi-
nucleated epithelial cells, about 1000 main cells and 60 second-
ary cells (SCs) in each lobe. Adult main cells are flat hexagonal
cells, and SCs are large spherical cells clustered at the distal tip
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of each accessory gland lobe. These cells secrete Accessory gland
proteins (Acps) as seminal fluid components by which trigger
the female post-mating responses to enhance male fertility/fe-
cundity. Binucleation is achieved by inhibition of cytokinesis
and contributes to plastic changes of cell shape for effective ejec-
tion of seminal fluid (Matsuka and Nakagoshi 2019; Taniguchi
et al. 2012, 2018).

The homeodomain transcription factor Defective proventricu-
lus (Dve) is involved in various physiological functions such as
morphogenesis, cell-type specification, and functional differen-
tiation (Johnston Jr. et al. 2011; Kitamata et al. 2024; Nakagawa
et al. 2011; Nakagoshi et al. 2002; Shirai et al. 2007; Yorimitsu
et al. 2011). Dve is highly expressed in SCs in the accessory gland,
and loss of Dve activity induces cell death of SCs and results in
decreased fecundity (Minami et al. 2012). SCs have unusually
large vacuoles, which are nonacidic secretory vacuoles (SVs) and
acidic mature late endosomal multivesicular bodies or lysosomes
(MVBLs) (Redhai et al. 2016). Exosomes, nano-sized vesicles gen-
erated in the SVs, are secreted into the seminal fluid and induce
a part of female postmating responses (Corrigan et al. 2014). SCs
are a minor population in the accessory gland, whereas their sur-
vival and maturation are essential for male fecundity.

Nutrient signaling during pupal development induces Dve ex-
pression, and its level over a threshold in a restricted period in
the mid-pupal stage (critical period) is maintained. This stable
expression becomes independent of nutrient signaling and pro-
tects immature SCs from cell death (Kubo et al. 2018; Matsuka
et al. 2024). This process determines the optimal number of SCs
in response to nutrient conditions during the critical period, and
it also requires EcR signaling together with a downstream effec-
tor, Ftz-F1, through a positive feedback loop. After the determi-
nation of the optimal number of SCs, in the late pupal stage, they
increase cell volume with the accumulation of large vacuoles. This
maturation process is regulated by nutrient signal-dependent ECR
signaling and the activity of the downstream transcription factor
Abdominal-B (Abd-B) (Gligorov et al. 2013; Leiblich et al. 2019;
Matsuka et al. 2024). Here, we provide evidence that Pri small pep-
tides act differently for the survival and maturation of SCs.

2 | Results

2.1 | Polished Rice Is Required for Maturation
of Secondary Cells

Secondary cells (SCs) in the Drosophila accessory gland are
important for regulating male fertility (Gligorov et al. 2013;
Minami et al. 2012) and the number of SCs is optimized by
the transcriptional regulator Dve in response to nutrient
conditions (Kubo et al. 2018). Determination of the number
and subsequent maturation of SCs requires ecdysone signal-
ing, which is mediated by the downstream effector Ftz-F1
(Matsuka et al. 2024). It remains unclear whether another
downstream effector Polished rice (Pri) is also involved in SC
development. Thus, we tested the effects of pri knockdown
(KD) on accessory gland development.

pri KD from the mid-pupal stage (dG30A>pri-IR) showed a size
reduction of SCs (Figures 1A,B,E and 2A,C). The expression of

Abdominal-B (Abd-B), which is involved in SC maturation, was
also reduced (Figures 1C,D and 2B,D, Figure S1A). However,
the number of SCs was unaffected (Figures 1F and 2J). Similar
results were obtained with another GAL4 driver line, prd-GAL4
(Figure 1E,F, prd>pri-IR), and these phenotypes were the same
as for the ftz-F1 KD (Matsuka et al. 2024).

Cell-fate determination of accessory gland primordia depends
on fibroblast growth factor (FGF) signaling, and the meso-
dermal cells expressing an FGF receptor, Breathless (Btl), are
recruited into a part of the male genital disc during late lar-
val development (Ahmad and Baker 2002). The btl-expressing
cells become epithelial and give rise to accessory glands and
seminal vesicles. Thus, expression of breathless (btl)-GAL4
starts earlier than those of prd-GAL4 and dve-GAL4. When
ecdysone signaling is inhibited from the early stage of ac-
cessory gland development by using btl-GAL4 (btI>EcR[DN],
btl>ftz-F1-IR), a marked reduction in the number of SCs is
observed (Matsuka et al. 2024). The number of SCs is regu-
lated by Dve and EcR signaling through apoptotic cell death
(Kubo et al. 2018; Matsuka et al. 2024) (Figure S2). Therefore,
we examined the possibility that the Pri activity is also re-
quired to determine the number of SCs. Unexpectedly, pri
KD (btl>pri-IR) did not affect the number of SCs and cell size
was also unaffected (Figure S3). Additionally, the expres-
sion of Abd-B was the same level between control and pri KD
(Figure S1B,B’,D,D’). It is assumed that these phenotypes are
due to low level expression of btl-GAL4 after the mid-pupal
stage compared to those of dve-GAL4 and prd-GAL4. Taken
together, these results strongly suggest that the number of SCs
is regulated by Dve and EcR signaling independent of the Pri
activity, and that the size of SCs is regulated by EcR signaling
that requires the Pri activity.

Ecdysone signaling regulates not only SC maturation but also
main cell development, because the fertility of EcR KD males is
greatly reduced compared to that of dve KD males, which have
no SCs (Matsuka et al. 2024). Therefore, we assessed the fertility
of pri KD males. As a result, the number of progenies produced
by females that mated with pri KD males was clearly reduced
(Figure S4). However, it was significantly higher compared to
females that mated with dve KD males, suggesting that the Pri
activity is mainly required for SC maturation.

2.2 | Forced Expression of Pri Rescues the Lack
of EcR Signaling

The epidermal phenotype of the ecdysone-deficient mutant
can be rescued by forced expression of pri (Chanut-Delalande
et al. 2014; Taira et al. 2021). In addition, SC size reduction
associated with reduced ecdysone signaling can be rescued by
forced expression of ftz-FI1 (Matsuka et al. 2024). Since ftz-F1
KD and pri KD show the same phenotype in regulating SC
size (maturation), it seems likely that SC size reduction upon
inhibition of ecdysone signaling is also rescued by pri expres-
sion. Forced expression of pri under the EcR-inhibited condi-
tions resulted in marked recovery of SC size (Figures 1G and
S5A-D). However, other phenotypes such as mononucleation
and reduced number of SCs were not recovered (Figures 1H
and S5A-D). In contrast, forced expression of ftz-FI under
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FIGURE1 | Polishedriceisrequired for maturation of secondary cells. (A-D) Inhibition of pri impairs secondary cell (SC) development. Accessory
glands of adult day5 males of dve-GAL4[30A]/+ (A, C; GAL4 control 1) and dve-GAL4[30A] > UAS-pri-IR (B, D; dG30A>pri-IR). Expression patterns of
Spectrin and Abd-B (green), and Dve (magenta) are shown. Magnified views of the boxed region (A and B) are shown in (A’ and B’), and typical exam-
ples of SC are outlined. Single channel images of Abd-B expression are shown in (C") and (D). Scale bar: 50 um (A-D), 20um (A’, B’). (E-H) Diameter
(E, G) and number (F, H) of SCs in accessory glands of the indicated genotypes: prd-GAL4/+ (GAL4 control 2), prd-GAL4> UAS-pri-IR (prd>pri-
IR), UAS-EcR-A[DN]/+; UAS-GFP::LacZ.nls/+ (UAS control 1), dG30A>UAS-EcR-A[DN]+ UAS-GFP::LacZ.nls (EcR-A[DN]+lacZ), dG30A>UAS-
EcR-A[DN]+ UAS-pri (EcR-A[DN]+ pri), UAS-EcR-BI[DN]/+; UAS-GFP:LacZ.nls/+ (UAS control 2), dG30A>UAS-EcR-BI[DN] + UAS-GFP:LacZ.
nls (EcR-BI[DN] +lacZ), dG30A>UAS-EcR-BI[DN] + UAS-pri (EcR-B1[DN] + pri). The number (n) of scored SCs (E, G) and accessory glands (F, H) is

indicated, respectively.

the EcR-inhibited conditions partially recovered the num-
ber of SCs and their binucleation (Matsuka et al. 2024)
(Figure S5E,F). Thus, Ftz-F1 appears to have a higher rescu-
ing activity. However, we cannot exclude the possibility that
this difference in rescuing activity simply reflects different
levels of UAS sequence-dependent expression. Taken together,
results of pri KD and rescue experiments indicate that Pri, a
downstream effector of ecdysone signaling, is a crucial medi-
ator in the regulation of SC maturation.

2.3 | A Specific Isoform of Ftz-F1 Is Not Necessary
for SC Maturation

Ftz-F1 has two isoforms. a-ftz-F1 is maternally expressed and
evenly distributed during early embryonic development, while
B-ftz-F1 is zygotically expressed in the late embryonic and
pupal stages (Lavorgna et al. 1993; Ohno and Petkovich 1993).
B-Ftz-F1 regulates the timing of larval molting and metamor-
phosis as a mediator of ecdysone signaling during Drosophila
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FIGURE 2 | Phenotypes of pri KD cannot be rescued with co-expression of ftz-F1. (A-H) Accessory glands of adult day5 males of dG30A/+ (A,
B; GAL4 control), dG30A>UAS-pri-IR + UAS-GFP::LacZ.nls (C, D; pri-IR+lacZ), dG30A>UAS-pri-IR + UAS-a-ftz-F1 (E, F; pri-IR + a-ftz-F1), and
dG30A>UAS-pri-IR + UAS-B-ftz-F1 (G, H; pri-IR + -ftz-F1). Expression patterns of Spectrin and Abd-B (green), and Dve (magenta) are shown. Single
channel images of Abd-B expression are shown in (B’, D’, F/, H’). Scale bar: 20 um (A, C, E, G), 50 um (B, D, F, H). (I, J) Diameter (I) and number (J) of
SCs in accessory glands of the indicated genotypes (a-d). (€) dG30A>UAS-[-ftz-F1 (S-ftz-F1). The number (n) of scored SCs (I) and accessory glands
(J) is indicated, respectively.
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development (Agawa et al. 2007; Ou and King-Jones 2013).
Although the isoform-specific function of Ftz-F1 is unknown,
functional overlaps have been reported. For example, segmental
abnormalities in early embryos induced by the a-ftz-FI KD can
be rescued by forced expression of S-ftz-F1 (Yussa et al. 2001).

Inhibition of ecdysone signaling during the mid-pupal stage
leads to size reduction of the entire accessory gland, and this
phenotype is rescued by forced expression of -ftz-FI, a major
isoform during pupal development (Matsuka et al. 2024). We
tested whether this rescuing activity is specific for §-ftz-F1 or
if it can be substituted by a-ftz-F1. Forced expression of a-ftz-F1
under the EcR-inhibited condition (dG30A>EcR-IR + a-ftz-F1)
recovered the size of SCs with nearly normal size of the acces-
sory gland (Figure S6). Therefore, both of the two isoforms, a-
ftz-F1 and B-ftz-F1, have the ability to regulate the size of SCs as
downstream effectors of ecdysone signaling.

2.4 | Pri Acts Downstream of Ftz-F1 in SC
Maturation

SC size reduction due to inhibition of ecdysone signaling can
be rescued by forced expression of pri or fiz-F1 (Figures 1G and
S5, S6), suggesting that Pri and Ftz-F1 regulate SC maturation
in the same pathway. Thus, we examined epistasis between ftz-
F1I and pri. Forced expression of ftz-F1 under the pri KD condi-
tion (dG30A>pri-IR + a-ftz-F1, dG30A>pri-IR + 3-ftz-F1) did not
rescue the pri KD phenotypes, resulting in reduced size of SCs
associated with reduced Abd-B expression (Figures 2 and S1B).

In contrast, forced expression of pri under the ftz-F1 KD con-
dition (dG30A>ftz-F1-IR + pri) clearly recovered the size of SCs
and their Abd-B expression (Figures 3 and S1C). Thus, the ftz-F1
KD phenotype was rescued by forced expression of pri. If Ftz-
F1 and Pri act as independent downstream effectors in parallel
pathways, the enhanced Pri pathway might compensate for the
lack of Ftz-F1 activity. In this case, cooperative interaction be-
tween Ftz-F1 and Pri is expected for maturation of SCs, and it
is assumed that the double KD of ftz-FI and pri results in more
severe phenotypes than those of single KD conditions. However,
the double KD of ftz-F1 and pri showed no difference in phe-
notype compared to the single KD of pri (Figures 4 and S1D).
These results indicate that Pri functions downstream of Ftz-F1.

3 | Discussion

Functional maturation of SCs in the accessory gland is regulated
by two steps in response to nutrient conditions. The first step is
determination of the optimal number of SCs, and the second step
is their maturation. In the first step, nutrient signal-dependent
induction of EcR signaling is maintained through the positive
feedback loop between EcR and Ftz-F1, and subsequent Dve
induction at early pupal stage is changed to stable expression.
During the critical period (CP), Dve expression over a thresh-
old level is maintained and becomes to be in a nutrient signal-
independent manner. In concert with EcR signaling, these
Dve-expressing cells are determined as immature SCs, and this
mechanism determines the optimal number of SCs in response
to nutrient conditions (Stepl in Figure 5; Matsuka et al. 2024). In

the second step, EcR expression in SCs is maintained by the Dve
activity, but the expression level still depends on nutrient condi-
tions in the late pupal stage. The level of EcR signaling mediated
by Ftz-F1 and Pri regulates appropriate maturation of SCs (Step
2 in Figure 5). This mechanism fine-tunes maturation of SCs in
response to nutrient conditions in the late pupal stage.

Our results suggest that the Pri activity is only required for the
second step. Because Pri peptides trigger proteasome-mediated
protein processing, converting the Shavenbaby (Svb) transcrip-
tional repressor into a shorter activator (Zanet et al. 2015), Pri
might change the activity of Ftz-F1 after the critical period.
However, forced expression of pri under the ftz-F1 KD condition
rescued the size reduction of SCs, suggesting that Pri regulates
the maturation of SCs independent of Ftz-F1 activities. As our
results suggest that Pri acts downstream of Ftz-F1, another pos-
sibility is that the Pri activity is required for the activation of
transcription factors for Abd-B expression or for the stabilization
of Abd-B protein. As Abd-B expression becomes detectable in
the accessary gland after the critical period, this is consistent
with the result that Pri is not required for the first step.

Both of the two isoforms of Ftz-F1 rescued the size reduction of
SCs under the EcR-inhibited conditions. So, it remains unclear
whether the major isoform during pupal development, §-Ftz-F1,
has specific functions for maturation of SCs. Interestingly, forced
expression of B-ftz-F1, but not a-ftz-F1, increased the number of
SCs (Figure 2J). Furthermore, forced expression of §-fiz-F1 in
the wild-type background also showed the increased number of
SCs (Figure 2J). The number of SCs is optimized in response to
nutrient conditions, which is sensed by levels of nutrient signal-
dependent expression of Dve and EcRs during the critical period
(Matsuka et al. 2024). Thus, it is assumed that forced expression
of dve or 3-ftz-F1 reflects a nutrient-rich condition and resulted
in the increased number of SCs (Figure 2J). Although the forced
expression of a-ftz-FIcould rescue the EcR-inhibited conditions, it
could not increase the number of SCs. These results suggest that 8
isoform-specific functions of Ftz-F1 are required for maintaining
a positive feedback loop between 3-Ftz-F1 and EcRs or for the sur-
vival activity of immature SCs (Figure 5). The 8 isoform-specific
functions of Ftz-F1 appear to be independent of Pri-mediated
ecdysone signaling. Taken together, these results will provide in-
sights into the functional mechanisms of small peptides in the nu-
trient signal-dependent pathway.

4 | Experimental Procedures
4.1 | Drosophila Strains

All flies were reared on a standard yeast and cornmeal-based
dietin 12h light/dark cycles at 25°C. Oregon-R (OR) was used as
a wild-type control. The following GAL4/UAS lines were used:
dve-GAL4[30A] (Minami et al. 2012), prd-GAL4, btl-GALA4,
UAS-a-ftz-F1, UAS-B-ftz-F1, UAS-EcR-A[DN](W650A), UAS-
EcR-BI[DN](W650A) (Bloomington Drosophila Stock Center),
UAS-EcR-IR (Vienna Drosophila Resource Center, v37058),
UAS-GFP:lacZ.nls (Kyoto Drosophila Stock Center, DGRC
#109130, #109131), UAS-fiz-FI-IR (Sultan et al. 2014), UAS-
B-ftz-F1 (Akagi et al. 2016), UAS-pri-IR, and UAS-pri (Kondo
et al. 2007).
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of scored SCs (G) and accessory glands (H) is indicated, respectively.

4.2 | Immunohistochemistry

Adult day5 males were dissected in phosphate-buffered saline
(PBS). Fixation was performed in 4% formaldehyde/PBS 0.3% Triton
X-100 for 13 min and then washed three times with PBS-0.3% Triton
X-100. The following primary antibodies were used: rabbit anti-Dve
(1:1000) (Nakagoshi et al. 1998), mouse anti-Abd-B (1:20), mouse
anti-a-Spectrin (3A9) (1:100) (Developmental Studies Hybridoma
Bank, DSHB), and rabbit anti-cleaved Caspase-3 (1:500) (Cell
Signaling Technology #9661). FITC, Cy3-, or Cy5-conjugated

secondary antibodies (Jackson Immunoresearch) were used for
detection. Confocal images of 1um sections were obtained using
a confocal microscope (Olympus FV1200). Fluoview, Imaris, and
Prism 6 were used for information processing.

4.3 | Quantification and Statistical Analysis

To visualize the gross morphology and cell size, half-section
views of the accessory gland were generated as projection
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images. The number of SCs was estimated from Dve-positive
cells, and the spots of nuclei were calculated by Imaris software
(Oxford Instruments). Diameters of round-shaped SCs and flu-
orescence intensity of Abd-B expression were also measured by
Imaris. Data are presented as scattered plots. For each plot, the
upper and bottom lines represent the first and third percentiles,
and the middle line is the median.

The significance of differences between the control and test
progenies was analyzed using Prismé6 (GraphPad Software). For

two groups comparison, Welch's t-test was applied to compare
the means of the diameter of SCs or Abd-B expression level, and
Mann-Whitney U test was applied to compare the number of
SCs. Between multiple groups, one-way ANOVA with Holm-
Sidak's multiple comparisons test was applied to compare the
means of the diameter of SCs or Abd-B expression level, and
Kruskal-Wallis test with Dunn's multiple comparisons test was
applied to compare the number of SCs. The levels of significance
are indicated by asterisks: *p <0.01, **p <0.001, *** p<0.0001,
n.s.: not significant.
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period (CP; shown with yellow square) is stably maintained and becomes in a nutrient signal-independent manner. Nutrient conditions during the CP

determine the level of Dve expression, namely the number of Dve* SCs (Step 1). EcR expression is maintained by this Dve activity in these immature

SCs. In the late pupal stage, the level of EcR expression still depends on nutrient conditions. Activities of the downstream effectors Ftz-F1 and Pri

optimize maturation of SCs (Step 2). The relative level of ecdysone during development is shown above.

4.4 | Progeny Assay

Male fecundity was measured as the number of viable progenies
per mated wild-type female for 4days. A group of 5 virgin fe-
males with 15 males (5-days old) was crossed in a fresh vial and
allowed to lay eggs for 2days and then transferred to a new vial
for a further 2days. The number of adult progenies from each
vial was counted. The average number of progenies per mated
wild-type female was calculated with 6 independent groups. A
one-way ANOVA with Holm-Sidak's multiple comparisons test
was applied to compare the number of progenies derived from
males of each genotype.
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