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Dysfunction of dimorphic sperm impairs male
fertility in the silkworm
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Abstract

Sperm, which have a vital role in sexual reproduction in the animal kingdom, can display heteromorphism in some
species. The regulation of sperm dichotomy remains a longstanding puzzle even though the phenomenon has been
widely documented for over a century. Here we use Bombyx mori as a model to study a form of sperm dimorphism
(eupyrene and apyrene sperm), which is nearly universal among Lepidoptera. We demonstrate that B. mori Sex-lethal
(BmSxl) is crucial for apyrene sperm development, and that B. mori poly(A)-specific ribonuclease-like domain-containing 1
(BmPnldc1) is required for eupyrene sperm development. BmSXL is distributed in the nuclei and cytoplasm of somatic
cyst cells in a mesh-like pattern and in the cytoplasm of germ cells enclosed in spermatocysts and sperm bundles.
Cytological analyses of dimorphic sperm in BmSx/ mutants (ABmSxl) showed deficient apyrene sperm with abnormal
nuclei, as well as loss of motility associated with malformed mitochondrial derivatives. We define the crucial function
of apyrene sperm in the process of fertilization as assisting the migration of eupyrene spermatozoa from bursa
copulatrix to spermatheca. By contrast, BmPnldcl deficiency (ABmPnldc1) caused eupyrene sperm abnormalities and
impaired the release of eupyrene sperm bundles during spermiation. Although apyrene or eupyrene sperm defects
impaired fertility of the mutated males, double copulation of a wild-type female with ABmSx/ and ABmPnlidcT males
could rescue the sterility phenotypes induced by single copulation with either gene-deficient male. Our findings
demonstrate the crucial functions of BmSx/ and BmPnldc] in the development of sperm dimorphism and the
indispensable roles of nonfertile apyrene sperm in fertilization.

Introduction

Remarkable diversity of sperm exist for sexual repro-
duction in Animalia. Males of some species exhibit sperm
polymorphism, regularly producing multiple distinct
classes of sperm by a single male'. Dichotomous sper-
matogenesis is found widely in phyla from invertebrates to
vertebrates, including Mollusca®?, Annelida®*, Rotifera®,
ArthropodaG’g, Echinodermata®, and Chordata!®. How-
ever, the regulatory mechanism for dichotomous sper-
matogenesis is still unclear at the molecular level. In
insecta, sperm dichotomy is a characteristic of lepi-
dopteran species, regularly generating two kinds of co-
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existing spermatozoa: nucleate (eupyrene) and anucleate
(apyrene)''. Sperm dichotomy is present throughout
Lepidoptera, excluding only two species from the primi-
tive Micropterigidae'”; however, it is not present in the
sister order, Trichoptera'®, nor in two closely related
orders, Diptera and Siphonaptera'®. Several species of the
genus Drosophila bear a form of sperm dimorphism
termed dimegaly, producing two size classes of nucleated
sperm, which is different from the extreme sperm
dichotomy seen in Lepidoptera®~%,

Like other Lepidoptera, the silkworm, Bombyx mori,
exhibits dichotomous spermatogenesis. In the testes of
normal diploid silkworm males, the developing germ cells
are enveloped by the somatic cyst wall cells throughout
spermatogenesis'*. Each cyst contains exclusively eupyrene
or apyrene spermatocytes which undergo two successive
meiotic divisions to produce 256 spermatids. Following
elongation and differentiation, the 256 spermatids develop
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into eupyrene or apyrene sperm bundles of 256 spermato-
zoa''. Eupyrene sperm bundles, which extrude cytoplasm
in a process known as “peristaltic squeezing”, have needle-
shaped sperm nuclei located in the anterior part of the
elongating cells and contain the typical haploid sperma-
tozoa to fertilize eggs. Apyrene sperm bundles are shorter
and completely lack any nuclear material'*. The round
micronuclei located in the middle of the apyrene sperm
bundles are squeezed out together with the cytoplasm
during the final steps of spermatogenesis.

The nucleated eupyrene sperm are believed to fertilize
eggs®. The importance of apyrene sperm, which seemed
initially to be a kind of “junk” sperm, first gained attention
when Sahara and Kawamura demonstrated that double
copulation of a normal female silkworm with a highly
sterile diploid male (treated with heat-shock to induce
abnormal apyrene sperm) and a polyploid male (con-
taining abnormal eupyrene sperm lacking nuclei) recov-
ered fertility', Many hypotheses concerning the function
of apyrene sperm have been proposed'®?°, including
possible functions in reducing sperm competition®,
assisting the eupyrene sperm in spermiation or trans-
port'*?*72% facilitating dissociation of eupyrene sperm
bundles®® and serving as a source of nutrients for the
eupyrene sperm, the female, or the zygote®. In poly-
androus species, apyrene sperm were shown to delay
female remating and decrease sperm competition directly
or indirectly®®?’. Still, the mechanism underlying the
formation and reproductive function of apyrene sperm
remains to be determined.

We previously reported that Sex-lethal (SxI), which is a
key sex determination factor in Drosophila melanogaster,
had no effects in somatic sex determination in the lepi-
dopteran insect, B. mori, and its physiological function in
the silkworm remains further investigation®, We also
found genes in PIWI-interacting RNA (piRNA) signaling
pathway, such as silkworm Piwi (SIWI) and B. mori
Maelstrom (BmMael), controlled silkworm sexual
dimorphic traits, including oogenesis and spermatogen-
esis”>°. We further examined whether genes in these
pathways affected the formation of dimorphic sperm.
Here our results indicate B. mori Sex-lethal (BmSxl) and
B. mori poly(A)-specific ribonuclease-like domain-con-
taining 1 (BmPnldcl) are crucial for the development of
dimorphic sperm. The function of BmSx! is very different
from that of the D. melanogaster Sxl gene, which func-
tions in female individuals as a master-feminizing switch
to direct female fate by controlling the dosage compen-
sation system, the somatic sexual differentiation pathway,
and germline sex identity’"**, Coincidentally, the two
homologs show completely different expression patterns,
as BmSXL is highly expressed in males, whereas func-
tional Drosophila SXL protein is female-specific®’.
PNLDC1 was first identified as Trimmer for piRNA
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maturation in silkworms®, and its mouse homolog is
required for meiotic and post-meiotic male germ cell
development®* 3¢,

Here we used the CRISPR/Cas9 system to generate
BmSxl mutants (ABmSxl) and BmPnldcl mutants
(ABmPnldcl). Deficiency of either BmSxl or BmPnldcl
induced sterility of male silkworms, whereas the repro-
ductive system of the female silkworms was unaffected.
Loss of BmSxl resulted in cytological defects and beha-
vioral abnormalities in apyrene sperm, while the eupyrene
sperm were normal. We suggest that defects in mito-
chondrial derivatives led to complete loss of motility of
mutated apyrene spermatozoa in the female genital tract.
The normal eupyrene spermatozoa from ABmSx/ males
were incapable of migrating in the female reproductive
tract without the assistance of motile apyrene spermato-
zoa. So we define the function of active apyrene sperm to
assist the migration of eupyrene spermatozoa from the
bursa copulatrix to the spermatheca. In contrast to BmSxl,
we demonstrate that BmPnldcl deficiency led to
abnormalities in morphology and behavior of eupyrene
sperm, whereas the apyrene sperm were normal. Through
double copulation of a wild-type female with ABmSx/ and
ABmPnldcl males, eupyrene sperm from the ABmSx/ male
and apyrene sperm from the ABmPnldcl male were mixed
in the female reproductive tract and significantly recovered
the fertility. Altogether, these data reveal that BmSx!/ and
BmPnldcl have key roles in maintaining normal functions
of apyrene sperm and eupyrene sperm. Our results shed
light on the function of anucleate nonfertile sperm, and
contribute to an understanding of the molecular basis
underlying dichotomous spermatogenesis.

Results
Expression of BmSx/ in spermatocysts and sperm bundles
We previously showed that mutation of BmSx/ had no
physiological or morphological effects on somatic sexual
determination®®. To further determine functions of
BmSxl, we examined the expression of BmSx! in different
tissues and stages. In the silkworm, there are four BmSx/
variants: BmSxl-S*’, BmSxl-L*’, BmSxl-1 (accession
number: DQ209268) and BmSxl-2 (accession number:
DQ209269). Using the cDNA of testes from fifth instar
larvae as template, we performed PCR amplification of the
BmSxl open reading frames (ORF) and obtained four
fragments, 804 base pairs (bp), 873bp, 942bp, and
1011 bp in length, which we confirmed by DNA sequen-
cing as four BmSxl[ variants (Supplementary Fig. S1a). We
investigated the expression profiles of these four BmSx!
variants in seven tissues in males and females on day four
of the fifth larval instar (L5D4) stage and at the spinning
stage using qRT-PCR, and detected high levels of BmSx!
in the testes at both L5D4 and spinning stages (Supple-
mentary Fig. S1b, c). By dissecting testes, we separated
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sperm (include spermatocysts and sperm bundles) from
testis carcass (empty testis lobuli or follicles), and inves-
tigated BmSx! expression levels in these two regions from
the beginning of the fifth instar (Oh) to the adult stage
(360 h). We found that BmSx! was highly expressed in
sperm, whereas it was expressed at significantly lower
levels in the testis carcass at all time points (Supple-
mentary Fig. S1d).

The eupyrene and apyrene sperm of silkworm have
different morphology, timing of differentiation, and
behavior during spermiogenesis®®* *°. Early eupyrene
sperm bundles mainly appear in the fifth larval instar,
exhibiting well organized round or spearhead-shaped
sperm nuclei in the anterior part of the bundles. Late
eupyrene sperm bundles are prevalent in the pupal stage,
presenting needle-shaped sperm nuclei regularly assem-
bled at the head of bundles. The elongation of apyrene
sperm starts later, just before spinning. Elongated apyrene
sperm bundles are produced mainly during the pupal
stage, maintaining round sperm nuclei in the middle of
the bundles until being discarded by peristaltic squeez-
ing’®. We performed immunofluorescence analyses of
spermatocysts and sperm bundles isolated from dissected
testes in L5D4, and pupal stages day 1 (P1) and 7 (P7) to
gain insight into the intracellular localization of BmSXL in
detail. We observed that BmSXL was distributed in a
mesh-like pattern in cytoplasm and intensely localized in
nuclei of the somatic cyst wall cells (Fig. 1). BmSXL also
partially overlapped with filamentous actin (F-actin) in the
cell cortex of the somatic cyst cells (Fig. la—p; Supple-
mentary Fig. S2). Whereas in germ cells, BmSXL was
absent from nuclei but was expressed in the cytoplasm
during spermiogenesis (Supplementary Fig. S3). These
results demonstrate that BmSXL is located in the sper-
matocysts and sperm bundles, suggesting that BmSx/ may
function in the dimorphic sperm.

BmSxl is essential for male fertility

To elucidate the role of BmSxl, we generated loss-of-
function mutants of BmSx/ using a binary transgenic
CRISPR/Cas9 system (Supplementary Fig. S4a, b). We
obtained three BmSxl-sgl2 and two BmSxl-sg34 trans-
genic lines. We generated ABmSx! by crossing the U6-
sgRNA (small guide RNA) lines with the nos-Cas9 lines
and confirmed that the BmSx[ gene was successfully dis-
rupted using PCR-based genomic mutation detection
(Supplementary Fig. S4c). Use of western blotting con-
firmed that BmSXL protein levels were significantly
decreased in testes of ABmSxl (Fig. 2a). We detected
bands in the size range of BmSXL-SA and BmSXL-SB in
ABmSxl males, which might be the small-fragment
mutated proteins of BmSXL-SA and BmSXL-SB, or
truncated proteins of BmSXL-LA and BmSXL-LB
(Fig. 2a). The ABmSxl adults were viable and grossly
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normal. Fecundity tests performed to determine whether
the loss of BmSxl affected fertility revealed that ABmSx!
males were completely sterile (n=67), whereas female
mutants retained full fertility (n = 59) (Fig. 2b). Wild-type
(WT) virgin females mated with WT virgin males laid
~97% of their total laid eggs in the first day after copu-
lation (298.90 + 6.53 eggs, n=20), followed by gross
tapering off in day 2 (10.30 + 1.68 eggs, n = 20) and day 3
(0.50 + 0.26 eggs, n=20). Of the total eggs laid by WT
females mated to WT males, 91.71 + 0.54% (n = 20) hat-
ched after 10 days post-mating (dpm) (Fig. 2c). In con-
trast, the WT virgin females mated with ABmSx! virgin
males laid a few scattered eggs on day 1 (39.45 + 4.11 eggs,
n = 20), followed by ~85% of the eggs on day 2 (104.30 +
13.42 eggs, n = 20), and day 3 (118.65 + 7.79 eggs, n = 20)
(Fig. 2c). This was similar to the egg-laying behavior of
unmated females (day 1, 36.20 + 5.15 eggs; day 2, 93.70 £
9.33 eggs; day 3, 120.75 + 8.49 eggs. n = 20) (Fig. 2¢). Eggs
laid by both WT females mated with ABmSx/ males and
unmated females failed to hatch after 10 dpm and became
shriveled after 20 dpm (Fig. 2c). In contrast, the fertility,
egg-laying behavior and hatch rates of ABmSx/ females
mated to WT males were indistinguishable from those of
WT females mated to WT males (Fig. 2b, c). The ABmSxl
obtained from BmSxl-sg12 x nos-Cas9 and BmSxl-sg34 x
nos-Cas9 exhibited essentially identical phenotypes;
therefore, for the preceding data and hereafter, we used
the former as a representative line. These results
demonstrate that BmSxl is specifically required for the
fertility in males.

BmSxl is required for the development of apyrene sperm
bundles

We determined previously that neither the genitalia nor
the reproductive system of ABmSx/ males exhibited any
gross anatomical abnormalities*®. We also confirmed that
ABmSx! males had no difference in several mating beha-
viors, including mating success, initiation and duration
relative to controls (Supplementary Fig. S5a—c). We fur-
ther examined the cytological phenotype of the sperm
bundles in testes of ABmSx/ males. During the late pupal
stages (from P6 to P8), the eupyrene and apyrene sperm
bundles were more easily recognizable, and immunos-
taining for tubulin, actin and nuclei revealed clear images
for the cytological appearance of eupyrene and apyrene
sperm bundles. In P8, WT cysts of elongated apyrene
spermatids had no polarity, with distribution of small
round micronuclei in the middle region (Fig. 3a, a”). By
contrast, all the apyrene sperm bundles from ABmSx!
males exhibited dramatic defects in sperm nucleus shape
and location, and the defective sperm bundles displayed
intermediate morphology between WT apyrene sperm
bundles and early elongating WT eupyrene sperm bun-
dles (Fig. 3b, c”; Supplementary Fig. S6). Although the



Chen et al. Cell Discovery (2020)6:60

Page 4 of 15

Spermatocysts Eupyrene sperm bundles
Spermatocysts in L5D4
3
<
a
) 2> 2
4 %
£ 1
- \rf& &
o cﬂ&Q &
.. .. | Ti
o
£y
>
:‘ﬁ
3
£
o
Apyrene sperm bundles in P7
z
£
X
Eupyrene sperm bundles in L5D4-P7
~ 80
o
60 T
>
.‘#"
5 40
) £
~N 20
0
&
&
Fig. 1 BmSXL is enriched in nuclei and distributed in a mesh-like pattern in the cytoplasm of the somatic cyst cells enveloping the
spermatids during spermiogenesis. a, b Representative immunofluorescence images of spermatocysts at day four of the fifth larval instar (L5D4)
stage and pupal stage day 1 (P1). c—f Representative images of elongating apyrene sperm bundles at stage P1 and P7. g, h Representative images of
apyrene sperm bundles undergoing peristaltic squeezing process at stage P7. i-m Representative images of elongating eupyrene sperm bundles at
stage L5D4. n Representative images of a eupyrene sperm bundle with elongating nuclei at stage P1. 0 Representative images of a eupyrene sperm
bundle undergoing peristaltic squeezing at stage P7. p Representative images of a eupyrene sperm bundle after peristaltic squeezing at stage P7.
Blue, Hoechst; red, filamentous actin (F-actin); green, BmSXL. Scale bars, 20 um (a-p). g Average intensity distribution for BmSXL in the cytoplasm and
nucleus of somatic cyst cells in the spermatocysts and sperm bundles. Between 30 and 50 cells (n = 30~50) from 10 spermatocysts or sperm bundles
were analyzed for each stage. Data are mean + SEM (****p < 0.0001, paired t-test).

lengths of the mutated apyrene sperm bundles were com-
parable to those of WT apyrene sperm bundles, the sperm
nuclei were scattered preferentially in one end of the
mutated apyrene sperm bundles in ABmSx! males (Fig. 3b, c
" Supplementary Fig. S6). In addition, the mutated apyrene
sperm bundles contained round or spearhead-shaped nuclei
which resembled nuclei formed in early elongating WT
eupyrene sperm bundles in the fifth larval instar, but
without proper location and organization (Supplementary
Fig. 6). The late eupyrene sperm bundles were highly
polarized with nuclei regularly distributed at one end and
sperm tails extending to the other, and showed no cytolo-
gical differences between ABmSx/ and WT in P8 (Fig. 3d, e).

These findings indicate that BmSx! deficiency specifically
leads to aberrant development of apyrene sperm bundles.
These results are supported by a recent independent study,
also revealing that BmSxl is indispensable for the proper
morphogenesis of apyrene sperm™’.

Apyrene spermatozoa motility is necessary for eupyrene
spermatozoa transfer to the spermatheca

During spermiation, the spermatozoa move from the
testes toward the male genital duct. At the beginning of
spermiation, the apyrene sperm bundles alone are dis-
rupted to liberate individual spermatozoa into the vas
deferens. Afterwards, eupyrene and apyrene sperm
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bundles migrate simultaneously, with the former main-
taining the bundled state while the latter disperse. Both
types of sperm participate in migration from the male vas
deferens to the female spermatheca during copulation.
Eupyrene sperm bundles and apyrene spermatozoa are
transferred to a single spermatophore within the bursa
copulatrix of the female, where the eupyrene sperm
bundles are fully dissociated and the apyrene spermatozoa
acquire motility. Subsequently, the spermatozoa leave the
bursa copulatrix to enter the spermatheca in which
apyrene spermatozoa degenerate before oviposition,
leaving only eupyrene spermatozoa to be injected into the
descending ova where fertilization occurs (Fig. 3f).

To further characterize the ABmSx/ phenotype, we
examined the behavior of spermatozoa in male and female
reproductive tracts by dissecting the ejaculatory seminalis
of unmated WT or ABmSx/ males and the bursa copulatrix
and spermatheca of WT females mated with virgin WT or
ABmSxl males for 4 hours (h) (Fig. 3f). In the ejaculatory
seminalis of unmated WT males, the apyrene sperm
bundles separated into individual spermatozoa, whereas
eupyrene sperm remained in bundles (Fig. 4a, b). In the
ejaculatory seminalis of unmated ABmSxI males, the
eupyrene sperm bundles showed no morphological
abnormalities (Fig. 4a’), whereas the apyrene sperm bun-
dles were incompletely dissolved with nuclear fragments
retained inside the sperm, resembling eupyrene sperm

bundles (Fig. 4b’). Both the bursa copulatrix and sper-
matheca were full in WT females mated with WT males
(Fig. 4c, d); nevertheless, although females mated with
ABmSxI males had full bursa copulatrix, their spermatheca
were empty (Fig. 4c/, d’). Furthermore, apyrene sperma-
tozoa were shrunken and showed a violent and continuous
rotary motion, whereas eupyrene spermatozoa displaying
curve shapes were quiescent in the bursa copulatrix of WT
females mated with WT males (Supplementary Movie S1).
In contrast, shrunken apyrene spermatozoa were rarely
observed, and no active apyrene spermatozoa were found
in the bursa copulatrix of WT females mated with ABmSx!
males, although motionless eupyrene spermatozoa were
abundant (Supplementary Movie S2). These results
revealed that BmSxl deficiency reduced the efficiency of
nuclear eviction and separation of apyrene sperm bundles
in the male reproductive system; subsequently, the
absence of active apyrene spermatozoa in the female
reproductive system caused a failure in migration of
spermatozoa from the bursa copulatrix to the spermatheca
(BC to Sp, Fig. 3f) and of their subsequent participation in
fertilization (Sp-Vt-enter the eggs, Fig. 3f).

Defective mitochondrial derivatives lead to loss of apyrene
spermatozoa motility

To explore further how BmSxl deficiency hinders the
transfer of spermatozoa to the spermatheca, we used
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Fig. 3 BmSxl deficiency impairs the development of apyrene sperm bundles. a—c Immunostaining images of apyrene sperm bundles in testes
of WT and ABmSxI males in P8. a—a” WT apyrene sperm bundles with round nuclei in the middle section. b-b” ABmSx/ apyrene sperm bundles with
round nuclei scattered at one end. ¢—¢” ABmSxI apyrene sperm bundles with spearhead-shaped, scattered nuclei. a”~c” Diagrams illustrating the
nuclei in sperm bundles. d, @ Immunostaining images of eupyrene sperm bundles in the testes of WT and ABmSx/ males in P8. Blue, Hoechst; red,
F-actin; green, a-tubulin. Scale bars, 50 um (a-e). f Diagrams illustrating the male (top) and female (bottom) genital tracts. Te testis, VD vas deferens,
ES ejaculatory seminalis, BC bursa copulatrix, Sp spermatheca, Vt vestibulum. Sperm migration path: Te-VD-ES-BC-Sp-Vt-egg entry.

L )
'd \
WT ABmSxI|
i WT ABmSxI

X
=
S
S
o
9]
13
«©

2 ]

—1 =3

o [

£

@

7]

2

IS

2

K]

3

8 S

w <
£
@
£
S
]
o
)

Fig. 4 BmSXL lacking results in defective behavior of spermatozoa in adult male and female reproductive tracts. a, a’ Eupyrene sperm
bundles in ejaculatory seminalis of unmated WT and ABmSx/ males. Blue, Hoechst. b, b’ Apyrene spermatozoa in the ejaculatory seminalis of unmated
WT and ABmSx! males. Blue, Hoechst. ¢, ¢’ Bursa copulatrix of females mated with WT and ABmSxI males. d, d’ Spermatheca of females mated with WT
and ABmSxI males. Scale bars, 100 um (a, @’), 50 um (b, b’) and 1 mm (c-d’).
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Fig. 5 Loss of BmSxl leads to defective mitochondrial derivatives in apyrene spermatozoa. a, a’ Transverse sections of eupyrene sperm
bundles in testes of WT and ABmSx/ adults. b, b’ Transverse sections of apyrene sperm bundles in testes of WT and ABmSx/ adults. Red dashed lines
mark individual mitochondrial derivatives. Enlargement of b, apyrene sperm in WT testes contain mitochondrial derivatives with elliptical transverse
sections (marked with red dashed line). Enlargement of b/, apyrene sperm in ABmSx/ testes contain mitochondrial derivatives with round transverse
sections (marked with red dashed line). ¢, ¢’ Transverse sections of spermatozoa in the bursa copulatrix of females mated with WT and ABmSx/ males.
Yellow arrow heads indicated apyrene spermatozoa from ABmSxl. Enlargement of ¢, apyrene spermatozoa from WT contain mitochondrial derivatives
with elliptical transverse sections (marked with red dashed line). Enlargement of ¢, apyrene spermatozoa from ABmSx/ with malformed mitochondrial
derivatives (marked with red dashed line) and residual electron-dense matrix (pointed by red arrow). Scale bars, 1 um (a-b’), 2 um (c, ) and 0.5 um
(in the insets). d The ratio of apyrene spermatozoa to eupyrene spermatozoa in the bursa copulatrix of females mated with WT and ABmSx/ males.
Apy apyrene spermatozoa, Eup eupyrene spermatozoa. Data are mean + SEM (n = sample size, ****p < 0.0001, unpaired t-test). e Differentially
expressed genes (DEGs) in sperm from the testes of WT and ABmSx/ adults. DEGs were screened based on the Possion Distribution Method with false
discovery rate (FDR) <0.001 and the absolute value of log2(Y/X) > 1. f The top 20 enriched Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathways of DEGs with p < 0.05. Orange stars mark three significantly changed metabolic pathways occurring inside mitochondria. g Validation of
RNA-Seq revealed gene expression changes in the three marked mitochondria metabolic pathways by gRT-PCR. Data are mean + SEM.

transmission electron microscopy (TEM) to examine were elliptical (Fig. 5b, b’). However, the transverse
ultrastructural changes of apyrene and eupyrene sperm in  sections of mitochondrial derivatives in mutated apyrene
the testes and bursa copulatrix. Although the mitochon- sperm bundles were much rounder and resembled
drial derivatives of the eupyrene sperm bundles were those in WT eupyrene sperm bundles in the testes
normal, we observed defective mitochondrial derivatives  (Fig. 5a, b’). The bursa copulatrix of females mated with
in the apyrene sperm bundles of ABmSxl male testes, ABmSx/ males had significantly lower counts of apyrene
(Fig. 5a-b’). In the testes, the transverse sections of spermatozoa, and all observed apyrene spermatozoa
mitochondrial derivatives in WT apyrene sperm bundles  contained abnormal mitochondrial derivatives (Fig. 5c—d).
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The transverse sections of mitochondrial derivatives in
apyrene spermatozoa from WT males were elliptical and
formed “V” configurations, whereas those from ABmSx!
males were round (Fig. 5c, ¢’). ABmSx! apyrene sperma-
tozoa also had some electron-dense material that was not
present in WT apyrene spermatozoa; in contrast, con-
siderable electron-dense material was contained in WT
eupyrene spermatozoa (Fig. 5¢, c/). These observations
showed that BmSx!-deficient apyrene spermatozoa had
some intermediate ultrastructural features between nor-
mal eupyrene and apyrene spermatozoa.

To gain insights into changes in global gene expression
associated with BmSxl deficiency, we performed RNA-
sequencing (RNA-Seq) on spermatocysts and sperm
bundles isolated from testes of WT and ABmSx! at adult
stage (eclosed moths at first day). In a comparison
between sperm in testes of ABmSxl and WT silkworms,
we identified 519 significantly upregulated and 272
downregulated genes (Fig. 5e). Consistent with the phe-
notypic impacts of BmSx! deficiency on mitochondrial
derivatives, pathway assignments determined with the
Kyoto Encyclopedia of Genes and Genomes (KEGGQG)
showed altered gene expression in mitochondrial meta-
bolism pathways, including biosynthesis of amino acids,
carbon metabolism and pyruvate metabolism (Fig. 5f). We
verified the expression changes of genes involved in
mitochondrial metabolism by qRT-PCR (Fig. 5g). These
results suggest that the defective ultrastructure of mito-
chondrial derivatives and the disordered mitochondrial
metabolism pathways in ABmSxl apyrene spermatozoa
lead to the loss motility of apyrene spermatozoa and
complete male infertility.

BmPnldc1 regulates the development of eupyrene sperm

piRNAs have a crucial role in germ cells for transpo-
son silencing43’44. We found that BmPnuldcl, a pre-
piRNA 3’ Trimmer, is involved in regulating the devel-
opment of eupyrene sperm. We first investigated the
expression profile of BmPnldcl in different tissues in
L5D4 and spinning stage by qRT-PCR. BmPnldcl
mRNA was expressed primarily in the testes and ovaries
at both the L5D4 and spinning stages (Fig. 6a). We
obtained three BmPnldci-sgl2 and three BmPnldcl-
sg34 transgenic lines by silkworm germline transfor-
mation. Using the binary transgenic CRISPR/
Cas9 system, we generated ABmPnldcl from BmPnldcl-
sgl2 x nos-Cas9 as a representative line. Successful
genomic disruptions of BmPnldcl were accompanied by
a decrease of BmPNLDCI1 protein expression in
ABmPnldcl testes (Fig. 6b, ¢). ABmPnldcl animals were
viable and grossly normal.

Since BmPnldcl is predominantly expressed in gonads,
we conducted fecundity tests to evaluate the function of
BmPnldcl. ABmPnldcl males had significantly lower
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fertility than WT males, with 85% (17/20) of those tested
being sterile (Fig. 6d), while fertility of ABmPnuldcl
females was not compromised (Fig. 6d). Finding a little
fertility among the ABmPnldcl males [15% (3/20)] may
have resulted from insufficient disruption of the
BmPnldcl gene (e.g., non-frameshift mutations) in these
individuals. Fluorescent images revealed that the
ABmPnldcl sterile males (17/20) all contained defective
eupyrene sperm bundles in the testes, whereas the small
number of fertile ABmPnldcl males (3/20) had normal
eupyrene sperm bundles.

We further investigated spermiogenesis in the testes of
L5D4, spinning, P1 and P8 stages in detail (Fig. 6e—i). In
the early elongating stage, eupyrene sperm bundles were
similar in the ABmPnldcl and WT, with round nuclei in
the anterior part of the bundles (Fig. 6e, €’). In the late
elongating stages, needle-shaped sperm nuclei were
assembled regularly at the head of eupyrene sperm bun-
dles in the WT (Fig. 6f-h). However, at these stages
ABmpnldcl sperm nuclei exhibiting round, spearhead and
needle shapes were mingled and scattered in the anterior
part of eupyrene sperm bundles (Fig. 6f'-h’), and
squeezed eupyrene sperm bundles (SQEs) with abnor-
mally organized sperm nuclei were produced in mutant
testes after the peristaltic squeezing process (Fig. 6h’).
Moreover, eupyrene sperm bundles were rarely detected
in the ejaculatory seminalis of adult ABmPnldcl males,
and the rare eupyrene sperm bundles observed all con-
tained malformed sperm nuclei, indicating that the release
of eupyrene sperm bundles was largely blocked during
spermiation (Fig. 6j). On the other hand, no differences
were detected in the apyrene sperm between WT and
ABmPnldcl males during spermiogenesis or spermiation
(Fig. 6i, ).

We then investigated the behavior of spermatozoa in
the female genital tract and found that the bursa copu-
latrix and spermatheca were plump in females mated with
WT males or ABmPnldcl males (Supplementary Fig. S7).
Both apyrene and eupyrene spermatozoa were abundant
in the bursa copulatrix and spermatheca of females mated
with WT males (Supplementary Movies S1 and S3). In
contrast, although apyrene spermatozoa were abundant
and motile, eupyrene spermatozoa were rare in the bursa
copulatrix of females mated with ABmPuldcl males
(Supplementary Movie S4). Consistent with this, there
were masses of apyrene spermatozoa but few eupyrene
spermatozoa in the spermatheca of females mated with
ABmPnldcl males (Supplementary Movie S5). Another
mutant line, BmPnldcI-sg34 x nos-Cas9, exhibited
essentially identical phenotypes with BmPnldci-sgl2 x
nos-Cas9 (Supplementary Fig. S8). Taken together, these
results indicate that BmPnldcl has an important role in
the development of eupyrene sperm, and its loss impairs
male fertility.
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Fig. 6 BmPnldc1 deficiency decreased male fertility due to abnormalities of eupyrene sperm. a Expression profile of BmPnldcT mRNA at L5D4
and spinning stages. Tissues including testis (Te), ovary (Ov), head (He), fat body (FB), midgut (MG), malpighian tubule (MT), silk gland (SG), epidermis
(Epi) from male (-M) and female (-F) were analyzed. Data are mean + SEM. b Genomic disruption of the BmPnldc1 gene using CRISPR/Cas9. Schematic
of BmPnldc1 gene structure and sgRNA targets. Exons are represented by boxes, ORFs are indicated with gray filled boxes, and 5/ UTRs and 3/ UTRs
are shown by blank boxes. Fold lines represent the introns. Introns and other features are not to scale. Red arrows indicate the target sites of SgRNA1
and sgRNA2. Genomic mutations of the BmPnldcl gene are shown with target sequences denoted in red. The dashed lines indicate deleted
sequences, and indel events are shown to the right. ¢ Western blot analyses of BmPNLDC1 protein levels in WT and ABmPnldcT testis in stage L5D4.
B-Actin was used as an internal control. d Fertility of males and females of indicated genotypes. Fertility is indicated on the histogram. n = 20, ****p <
0.0001, Fisher exact test. e-i’ Immunostaining images of sperm bundles from testes of WT and ABmPnidc1 males in different developmental stages.
Insets show magnification of the anterior part of eupyrene sperm bundles. Blue, Hoechst; red, F-actin; green, a-tubulin. Scale bars, 40 um. j Sperm in
ejaculatory seminalis of virgin WT and ABmPnldcl males. A eupyrene sperm bundle is indicated with a blue arrow. Apyrene spermatozoa displaying a
shrunken shape are indicated with red arrows. Blue, Hoechst stained nuclei. Scale bars, 100 um.

ABmPnldc1

Double copulation of a female with ABmSx/ and ABmPnldc1  copulation with ABmSx/ and ABmPnldcl males (Supple-
males recover fertility mentary Movie S6). Instead of the empty spermatheca
Apyrene sperm was defective in ABmSxl, and eupyrene  observed after single copulation with ABmSx[ males (Fig.
sperm was dysfunctional in ABmPnldcl males, whereas  4d’), the spermatheca were full of both eupyrene and
eupyrene sperm from ABmSxl and apyrene sperm from  apyrene spermatozoa after additional copulation with
ABmPnldcl were normal (Figs. 3a—e and 6e—i'). We next ABmPnldcl males (Supplementary Movie S7). These
asked whether ABmSxl and ABmPnldcl males could observations indicate that the apyrene spermatozoa con-
recover fertility by double copulation with a WT female.  tributed by ABmPnldcl males are capable of assisting
In contrast to finding substantial amounts of eupyrene or  eupyrene spermatozoa from ABmSx/ males to migrate
apyrene spermatozoa after single copulation with ABmSx/  from the bursa copulatrix to the spermatheca in the
or ABmPnldcl males (Supplementary Movies S2 and S4), female reproductive tract.
we observed masses of eupyrene and apyrene spermato- We provided a unique number for every tested indivi-
zoa in the bursa copulatrix of females after double dual. In a fertility rescue assay, we conducted a single
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Fig. 7 Fertility is recovered by double copulation using ABmSxI/ and ABmPnldc1 males. Analysis of fertility (a), fertilization rates (b), and hatch
rates (c) in rescue assays. Fertility indicated on the histogram was scored with all copulation events tested. n = 27 for each test, ****p < 0.0001, Fisher
exact test. Fertilization rates and hatch rates were analyzed with fertile broods in single or double copulation events of WT males, and with fertility
recovered broods in double copulation events and the broods produced in single copulation events by corresponding mutant males; n values are
shown in parentheses. Data are mean + SEM, ****p < 0.0001, Tukey—Kramer HSD statistical test. The horizontal axis shows the genotypes of males
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copulation test by separately mating 27 numbered
ABmSxl males (1-27) and 27 numbered ABmPnldcl
males (1-27) in sequence with 54 numbered virgin WT
females (1-54) for 3 h each (Supplementary Fig. S9a, b).
Then in a double copulation test, we mated the ABmSxl
males (1-27) with another group of 27 virgin WT females
(55-81) for 3 h prior to a second mating of ABmPnldcl
males (1-27) with the same females for an additional 3 h
(Supplementary Fig. S9¢c). We also performed a double
copulation experiment by mating ABmPnldcl males
(1-27) prior to ABmSxl males (1-27) with 82-108 WT
virgin females (Supplementary Fig. S9d). Single and
double copulation tests were also performed by mating
WT males with WT females as controls. Analysis of fer-
tility, fertilization rates and hatch rates for the tests after
10 dpm showed that ABmSx/ were completely sterile
(100%) and ABmPnldcl were highly sterile (74%) in the
single copulation tests (Fig. 7). However, the fertility
increased significantly after double copulation of females
with both ABmSxl and ABmPnldcl males (Fig. 7a), and
the fertilization rates and hatch rates of the recovered
broods produced by double copulated females were
comparable to controls (Fig. 7b, c). These results indicate
that the eupyrene sperm from ABmSxl and the apyrene
sperm from ABmPnldcl are functional, and mixing the
two in the female reproductive tract by double copulation
is sufficient to restore fertility.

Discussion
In this study, we identify two genes, BmSx! and
BmPnldcl, involved in regulating the development of

dimorphic sperm, which are required for male fertility in
the silkworm. Loss function of BmSxl or BmPnldcl
induced male infertility due to cytological and behavioral
defects of apyrene or eupyrene spermatozoa, respectively.
We demonstrate that nonfertile apyrene sperm have an
indispensable role in the process of fertilization by
assisting the migration of fertile eupyrene sperm in the
female reproductive tract. Double copulation of females
with ABmSxl and ABmPnldcl males significantly rescued
the sterile phenotypes induced by single copulation with
the mutant males.

The apyrene sperm in ABmSx! contained abnormal
mitochondrial derivatives and showed complete loss of
motility, coinciding with the altered expression of genes
involved in mitochondrial energy metabolism (Fig. 5;
Supplementary Movie S2). We suggest that mitochon-
drial derivatives in the apyrene sperm host these crucial
metabolic pathways, which support the motility of apyr-
ene spermatozoa in the female reproductive tract.
Although the eupyrene sperm also contained two mito-
chondrial derivatives, they could not migrate in the
female reproductive tract by themselves. The roles of
mitochondrial derivatives of eupyrene sperm in fertiliza-
tion are still unclear. Most insect sperm bear two elon-
gated mitochondrial derivatives along the flagellum®>~.
In some insect species, the two mitochondrial derivatives
in a single spermatozoon differ in ultrastructural features,
such as their size and the material they contain*®*’. In
Drosophila, defects in the larger mitochondrial deriva-
tives induce male sterility’’. In lepidopteran insects,
eupyrene and apyrene sperm contain distinctively
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different mitochondrial derivatives; nevertheless, the
molecular constituents and precise functions of the two
types of mitochondrial derivatives still remain to be
determined®**°.

piRNAs act to repress transpositions and protect the
integrity of the genome in animal gonads® ~>>. The exo-
nuclease PNLDC1 was first identified in silkworms for
shortening the 3/ ends of pre-piRNA*’. Three recent
reports revealed the indispensable role of PNLDC1 in
mouse spermatogenesis, and varying frequencies of
spermatogenesis arrest were observed in Puldcl mutant
However, the physiological function of
PNLDCI in silkworms is still unresolved. We demon-
strated that loss of function of BmPnldcl impaired male
fertility due to eupyrene sperm abnormalities (Fig. 6e—j).
Although early elongating eupyrene sperm bundles
appeared normal in the testes of ABmPnldcl, they
exhibited cytological defects late in spermiogenesis (Fig.
6e—h’). Spermiogenic arrest was not observed in the testis
of ABmPnldcl males, whereas the liberation of eupyrene
sperm from the testis to the male reproductive tract was
severely blocked during spermiation (Fig. 6j). The
eupyrene sperm deficiency had no influence on the
morphology or migration behavior of apyrene sperm in
ABmPnldcl males (Fig. 6i, j); although the normal apyrene
spermatozoa reached the spermatheca of the females, they
were incapable of fertilizing the eggs.

The two kinds of co-occurring spermatozoa, apyrene
and eupyrene, differ markedly in their DNA content,
morphology, behavior, and differentiation pathways.
Apyrene sperm of ABmSxl males had an intermediate
morphology between normal apyrene and eupyrene
sperm, which was not present in a natural context. The
nuclei of ABmSx! apyrene sperm were similar to those of
elongated eupyrene sperm in WT males, exhibiting the
spearhead-shape and tending to locate at the anterior
ends of the sperm bundles. However, the lengths of fla-
gella of the mutated apyrene sperm bundles were unaf-
fected (Supplementary Fig. S6). Like normal eupyrene
sperm bundles, the apyrene sperm of ABmSx/ males
retained nuclei and maintained the bundled state in the
ejaculatory seminalis (Fig. 4a, b’). ABmSxl apyrene sper-
matozoa contained round mitochondrial derivatives
similar to normal eupyrene spermatozoa, in addition to a
small amount of electron-dense matrix which was absent
from normal apyrene spermatozoa but abundant in nor-
mal eupyrene spermatozoa (Fig. 5¢, ¢). These inter-
mediate phenotypes in ABmSx! raise the possibility that
BmSxl might have a specific role in the switch of eupyrene
to apyrene spermatogenesis. Recently, Sakai et al.*! also
observed abnormal apyrene-like sperm bundles in the
testes of BmSxl mutants with sperm nuclei similar to
those detected during normal eupyrene spermatogenesis.
They examined expression patterns of BmSXL protein in
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cross sections of testicular follicle using a monoclonal
antibody against Drosophila SXL, and suggested that
the expression of Bm-Sx[-S in primary spermatocytes
may regulate the shift from eupyrene to apyrene
spermatogenesis®’.

We investigated the subcellular distribution of BmSXL
in spermatocysts and sperm bundles isolated from testes
with antibody against four BmSXL isoforms. BmSXL was
located in the somatic-origin cyst cells that encapsulated
the germ cells, and partially overlapped with the actin
network (Supplementary Fig. S2). Actin is an essential
component in the formation of tight junctions, gap
junctions and adherent junction556_58. Actin dynamics
within somatic cells are reported to facilitate remodeling
of cellular junctions around developing germ cells, reg-
ulating spermatid maturation and release in the testes of
rat, mouse and Drosophila®®~®*. In moths, close contact
among somatic and germ cells is also facilitated by gap
junctions and adherent junctions®*®*. A possible function
of BmSXL is to interact with actin filaments to coordinate
the establishment of cellular junctions at the somatic-
germ cell interface. In this way the BmSXL-actin network
may participate in the decision of bipotential primary
spermatocytes to undergo processing into eupyrene or
apyrene differentiation pathways by regulating germ-
somatic cyst cell communication. Besides, BmSXL con-
tains two highly conserved RNA recognition motifs
(RRMs). This suggests another possibility that BmSXL
participates in the apyrene—eupyrene shift through bind-
ing and exerting post-transcriptional control to its target
RNAs. Since BmSXL is distributed in both apyrene and
eupyrene sperm bundles, the RNAs or proteins that
interacted with BmSXL may be differentially regulated in
the two types of sperm bundles to initiate or maintain the
sperm dimorphism.

The phenomenon of sperm polymorphism is reported
in a wide variety of species in Animalia. Sperm exhibit
tremendous diversity in some taxa, and how the dramatic
evolutionary divergence occurs remains a mystery.
Although discovered over a century ago, the evolutionary
rationale for dichotomous spermatogenesis is still unclear.
Lepidopteran species, where dichotomous spermatogen-
esis exists universally, are excellent models for the study
of the regulation of sperm dichotomy. Achieving a deeper
understanding of dichotomous spermatogenesis in Lepi-
doptera will enable us to answer these critical but elusive
questions.

Materials and methods
Silkworm strain

The multivoltine, nondiapausing silkworm strain, Nis-
tari, was used in this study. Larvae were reared on fresh
mulberry leaves under standard conditions at 25°C.
Beginning from the fourth molt (set as 0 h), the fifth larval
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instar stage of the Nistari strain lasted 144 h, followed
immediately by the spinning stage. Pupation occurred
between 168 and 192 h after the fourth molt. Emergence
of adults occurred from 360 h.

RNA extraction, cDNA synthesis, and quantitative real-time
PCR (qRT-PCR)

Total RNA was extracted from silkworm testes and other
tissues at different stages using TRIzol reagent (Invitrogen)
followed by RNase-free DNAse I (Ambion) treatment
according to the manufacturer’s instructions. cDNAs were
synthesized using the RevertAid First-Strand cDNA synth-
esis kit (ThermoFisher Scientific). qRT-PCR analysis was
performed on a StepOnePlus Real-Time PCR system
(Applied Biosystems) with a SYBR green Real-Time PCR
master mix (Toyobo). The B. mori ribosomal protein 49
gene (Bmrp49) was used as an internal control to standar-
dize the variation of different templates. The amplification
program was as follows: samples were incubated at 95 °C for
5 min, followed by 40 cycles of 95 °C for 155, and 60 °C for
1 min. Data were analyzed by GraphPad Prism version 6.
Sequences of all of the qRT-PCR primers used are listed in
Supplementary Table S1. Tests were performed three times.

Immunofluorescence staining

BmSXL antibodies were generated in rabbits against the
full length BmSXL-SB protein and affinity-purified at
Youke Biotech. Polyclonal antisera were raised in two
rabbits, BmSXL-R1 and BmSXL-R2. The two antisera
gave similar western blot signals and immunofluorescence
staining patterns. All of the experiments described in this
study were performed with antiserum from BmSXL-R2.

Immunofluorescence staining experiments were per-
formed using spermatocysts and sperm bundles isolated
from excised testes. The collected sperm were fixed in
permeabilizing buffer (1 x PBS 4 4% paraformaldehyde +
0.1% Triton X-1004 0.1% deoxycholate) for 15min,
washed in PBST three times, and subsequently incubated
in blocking solution (1 x PBS + 0.1% Triton X-100 + 0.5%
bovine serum albumin + 5% normal serum + 1mM
sodium azide) for 30 min. Primary antibody was added to
the blocking solution, and then the samples were at 4 °C
overnight. After five washes in PBST, samples were
incubated with the secondary antibody, Rhodamine-
phalloidin and Hoechst for 2h at room temperature,
washed five times with PBST, and subsequently mounted
in the antifade medium (YEASEN biotechnology). All
images were taken on an Olympus FV1000 microscope.

Quantification of fluorescence intensity of BmSXL in
the cytoplasm and nucleus of the somatic cells was per-
formed using Image]. The area and integrated optical
density in cytoplasm and nucleus of individual somatic
cyst cells were measured respectively to obtain mean
signal intensity.
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Antibodies and their concentrations were as follows:
BmSXL-R2, 1:200 (Youke Biotech); mouse-a-tubulin,
1:200 (DM1A, Santa Cruz biotechnology); Alexa Fluor®
488 AffiniPure Goat Anti-Rabbit IgG (H+ L), 1:1000
(YEASEN biotechnology); Alexa Fluor® 488 AffiniPure
Goat Anti-Mouse IgG (H+L), 1:1000 (YEASEN
biotechnology).

Silkworm germline transformation and CRISPR/Cas9-
mediated construction of BmSx/ and BmPnldc1

A binary transgenic CRISPR/Cas9 system was used to
construct ABmSx! and ABmPnldcl. Construction of the
nos-Cas9 transgenic silkworm lines (nos-Cas9/IE1-EGFP)
which expressed the Cas9 nuclease under the control of the
B. mori nanos promoter (nos) was reported previously*®.
The two plasmids for expression of sgRNA targeting BrmSx/
gene under the control of the U6 promoter were con-
structed to generate BmSxl-sgl2 (for BmSxl target 1 and
target 2) and BmSxl-sg34 (for BmSxl target 3 and target 4)
transgenic lines, respectively. Two additional plasmids,
which expressed sgRNA targeting the BmPnldcl gene were
constructed for generating BmPuldci-sgl2 (for BmPnldcl
target 1 and target 2) and BmPnldcl-sg34 (for BmPnldcl
target 3 and target 4) transgenic lines. Primers for plasmid
construction and sgRNA targeting sequences are listed in
Supplementary Table S1.

The four plasmids were individually injected into pre-
blastoderm GO embryos with a mixture of helper plasmids
and piggyBac transposon mRNA. The GO embryos were
subsequently incubated at 25 °C in a humidified chamber
for 10-12 days until larval hatching. Putative transgenic
GO moths were mated with WT moths to produce G1
progeny. Screening for transgenic lines carrying the
DsRed marker was performed on late G1 embryos using a
fluorescence microscope (Nikon, AZ100).

The nos-Cas9 lines and the U6-sgRNA lines were
crossed to generate ABmSxl and ABmPuldcl with both
EGFP and DsRed fluorescence markers for the following
experiments. Genomic DNA extracted from the mutated
animals was subjected to PCR amplification with BmSx/
and BmPnldcl specific primers for mutagenesis analysis
(Supplementary Table S1). Validation of BmSx/ knockout
efficiency was conducted in the testes of ABmSxl by
western blotting with the BmSXL-R2 antibody (1:1000).
Silkworm f-actin, detected by [-actin Rabbit mAb
(1:1000; ABclonal), was used as the control. Peroxidase-
conjugated Affinipure Goat Anti-Rabbit IgG (H+L)
(1:5000; proteintech) was used as the secondary antibody.

Transmission electron microscopy

Testes and bursa copulatrix were fixed with 2.5% glu-
taraldehyde in 0.1 M PBS (pH 7.2) overnight at 4 °C. After
washing with PBS, the specimens were postfixed with 1%
osmium tetroxide in PBS for 1 to 2 h, washed again, and
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dehydrated with a graded series of ethanol concentrations.
The specimens were then embedded in Embed812 resin.
Ultrathin sections (50 nm) were stained with 2% uranyl
acetate (pH 5.0), followed by 10 mM lead citrate (pH 12),
and examined with a Hitachi H-7650 transmission elec-
tron microscope.

RNA-sequencing (RNA-seq) analysis

We tore the testes to release the sperm into the PBS.
Washed the sperm in PBS, and then collected the sperm
by centrifugation at 5000 rpm for 1 min. Total RNA was
extracted from sperm of six adult ABmSx! and WT males.
The mRNA was enriched using Sera-mag Magnetic Oligo
(dT) Beads (Illumina), and then fragmented into
approximately 200 nt on average, followed by cDNA
synthesis with random hexamer primers. After end-
repairing the cDNA with phosphate at the 5 end and
stickiness “A” at the 3’ end, ligate the adapters with
stickiness “T” at the 3’ end to the cDNA (Illumina). Then
15 cycles of PCR amplification were performed with PCR
primers PE 1.0 and PE 2.0, and the libraries were
sequenced using the Illumina HiSeq 2000 platform (BGI
Genomics). Raw reads obtained from the sequencing were
processed by adaptor removal and filtering of low-quality
reads, and then mapped to the silkworm genome (http://
sgp.dna.affrc.go.jp/KAIKObase/) by  tophat/bowtie2.
Genes expression level was quantified using the software
package called RSEM, and expressed in fragment per
kilobase of exon per million fragments mapped (FPKM)®°.
The calculated gene expression levels were then used to
compare the difference of gene expression among samples
(Y/X). Differentially expressed genes (DEGs) were
screened based on the Possion Distribution Method with
false discovery rate (FDR) <0.001 and the absolute value
of log,(Y/X) > 1977, Enrichment analyses of DEGs were
conducted using the Kyoto Encyclopedia of Genes and
Genomes (KEGG) database and R packages (clusterPro-
filer and org.bmor.eg.db).

Fecundity tests and behavioral assays

Fecundity tests for males were performed by mating
single tested virgin males to single WT virgin females for
4 h. Fecundity tests for females were performed by mating
single tested virgin females to single WT virgin males for
4 h. Male fertility (%) was measured as the percentage of
tested males mated with WT females that gave viable
progeny in total tested males’®. Female fertility (%) was
measured as the percentage of tested females mated with
WT males that gave viable progeny’®. The egg fertilization
rate (%) was calculated as the percentage of fertilized eggs
in total oviposited eggs. The hatch rate (%) was deter-
mined as the percentage of eggs that gave viable progeny
in the total number of oviposited eggs. The number of
viable progeny was determined by counting the number of
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first instar larvae. After mating the number of eggs laid by
each female silkmoth in each test was counted daily over a
3-day period, and the hatch rate was determined
10-12 days later. For detection of mating success, mating
initiation and mating duration, each tested male was
transferred to a 6-cm-diameter plate containing a WT
virgin female. Mating success was calculated as the per-
centage of tested males that mated with WT virgin
females in 5 min. Mating initiation was determined as the
time measured from the introduction of a male to a
successful mating. Mating duration of more than 4h
(>4h) was measured as the percentage of tested males
that mated with WT females for more than 4 h.

Single and double copulation in rescue assays

Both males and females were allowed to remate. For a
single copulation, a WT virgin female was mated with a
tested male for 3 h. For a double copulation test, a WT
virgin female was mated with the first male for 3 h, and
subsequently mated with the second male for another 3 h.
After single or double copulation, females remained in the
chambers to lay eggs. The total number of eggs laid by a
female in a 3-day period was considered a brood. The
fertility, fertilization rate, and hatch rates were determined
after 10-12 days post-mating (dpm).

Statistical analysis

Data were analyzed by GraphPad Prism version 6 and
the R software. Error bars represented the mean + the
standard error of the mean (SEM). Statistically significant
differences were indicated by asterisks as *p < 0.05, **p <
0.01, **p < 0.001, and ****p < 0.0001.

Note. Please note that as we were preparing the sub-
mission of our manuscript, we noticed that Sakai et al.*'
also found that the functions of BmSx! in apyrene sperm
formation and eupyrene sperm migration were required
for male fertility.
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