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SUMMARY
Schistosomes cause morbidity and death throughout the developing world due to the massive numbers of
eggs female worms deposit into the blood of their host. Studies dating back to the 1920s show that female
schistosomes rely on constant physical contact with a male worm both to become and remain sexually
mature; however, the molecular details governing this process remain elusive. Here, we uncover a nonribo-
somal peptide synthetase that is induced inmaleworms upon pairingwith a female and find that it is essential
for the ability of male worms to stimulate female development. We demonstrate that this enzyme generates
b-alanyl-tryptamine that is released by paired male worms. Furthermore, synthetic b-alanyl-tryptamine can
replace male worms to stimulate female sexual development and egg laying. These data reveal that peptide-
based pheromone signaling controls female schistosome sexual maturation, suggesting avenues for thera-
peutic intervention and uncovering a role for nonribosomal peptides as metazoan signaling molecules.
INTRODUCTION

Schistosomes are parasitic flatworms that infect 220 million of

the world’s poorest people (Steinmann et al., 2006; WHO,

2018). These parasites claim more than 250,000 lives every

year and cause chronic, debilitating symptoms in millions more

(King, 2010; King and Dangerfield-Cha, 2008; van der Werf

et al., 2003). The morbidity associated with schistosome infec-

tion is driven almost entirely by the parasite’s massive egg

output (Grzych et al., 1991). Indeed, these parasites can produce

an egg every one to 5 min over the decades they survive in the

blood (Cheever et al., 1994; Harris et al., 1984). Although the par-

asite’s goal is to pass the eggs to the environment, many

become lodged in host organs, resulting in inflammation and

fibrosis that drive disease (Pearce and MacDonald, 2002). Since

parasites incapable of egg production generate little pathology

(Langenberg et al., 2020), strategies that blunt egg production

could represent additional therapies.

In contrast to other flatworms that reproduce as hermaphro-

dites, schistosomes are dioecious, possessing separate male

and female sexes (Cort, 1921). This sexual dimorphism was

such a distinguishing characteristic that early parasitologists
created the genus Schistosoma to refer to the split (schistos)

body (soma) of these worms (Weinland and Wyman, 1858).

The male worms are large and muscular, with a specialized

groove along their ventral surface, the gynecophoral canal, that

the male uses to clasp the female to allow sperm transfer. Unlike

the male, the female schistosome is long and slender with much

of her body mass committed to egg production. Egg production

in female worms relies on two large organ systems (Figure 1A,

mature): the ovary, which produces oocytes, and the vitellaria,

which produce vitellocytes (yolk cells) that provide egg shell con-

stituents and nutrition for the developing embryo.

Presumably, as a consequence of hailing from hermaphroditic

ancestors, male and female schistosomes have evolved several

unique interactions. The most striking of these, first noted nearly

a century ago, is that female sexual development is entirely gov-

erned by pairing with a male schistosome (Severinghaus, 1928).

Indeed, the ovaries and vitellaria of females grown in the

absence of males are present as primordia that generate no

differentiated oocytes or vitellocytes (Figure 1A, immature ‘‘vir-

gin’’). As a consequence, unpaired females generate no eggs.

Not only do females require males to induce their sexual devel-

opment, they require perpetual coupling with a male to sustain
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Figure 1. gli1 is required in male worms for female sexual development

(A) DAPI (gray) and Fast Blue BB (red) labeling of sexually immature adult ‘‘virgin’’ and sexually mature ‘‘paired’’ adult females. Fast Blue BB labels mature

vitellocytes.

(B) Schematic of the RNAi screening regime.

(C) Number of eggs laid per day per female parasite between days 12 and 14 after pairing following RNAi. n > 23 worm pairs for each treatment group, n = 3

biological replicates.

(legend continued on next page)
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their mature reproductive status (Popiel et al., 1984). Curiously,

amputated segments of male worms that lack reproductive or-

gans can pair with virgin females and induce localized develop-

ment of the female vitellaria or ovaries (Popiel and Basch, 1984;

Wang et al., 2019). Thus, localized physical contact with a male,

and not sperm transfer, is critical for stimulating the development

of the female sexual organs. Despite progress identifying molec-

ular pathways involved in sexual development (Grevelding et al.,

2018; LoVerde et al., 2009), the molecular mechanisms by which

male:female pairing induces female maturation remains one of

the largest outstanding mysteries in the field.

Here, we report that the expression of the transcription factor,

GLI1, is critical for male schistosomes to induce female sexual

development. Transcriptional profiling and biochemical studies

revealed that GLI1 is essential for the induction of a nonriboso-

mal peptide synthetase (NRPS) in male worms following pairing

and that this enzyme produces a dipeptide (BATT, b-alanyl-

tryptamine) exclusively in pairedmaleworms.We find that paired

male worms secrete BATT to the environment and that treatment

of virgin females with this dipeptide can induce their develop-

ment in the absence of a male worm. Together, these studies un-

cover a mechanism by which male schistosomes control female

development.

RESULTS

gli1 is required in male worms for female sexual
maturation
In order to uncover genes essential for male-induced female

reproductive development, we performed an RNAi screen tar-

geting components of the major signaling pathways conserved

amongmetazoa (Table S1). Given the broad roles for these path-

ways in controlling metazoan development (Perrimon et al.,

2012), we reasoned that targeting one ormore of these pathways

could uncover molecules essential for male-stimulated female

development. For this screen, we performed RNAi on virgin

female worms, then on male:female worm pairs, and then

measured the rate of female sexual development by monitoring

egg production at D14 (Figure 1B).

From this screen, we uncovered a single gene, gli1, that was

essential for female worms to commence egg production (Fig-

ure 1C). Since bothmale and female worms received gli1 dsRNA,

this effect could be due to gli1 depletion in male and/or female

worms. To distinguish between these possibilities, we per-

formed gli1 RNAi treatment on either virgin female parasites or

male parasites for 7 days and then paired these RNAi-treated

worms with untreated parasites of the opposite sex. These

studies revealed that RNAi of gli1 in female worms had no effect

on the development of the vitellaria or eggproduction (Figure 1D).

However, female worms coupled with gli1 RNAimale worms dis-
(D and E) Evaluation of sexual development (center) or egg production (right) follow

nontreated worms of the opposite sex. Fast Blue BB (red) and DAPI (gray) stainin

after pairing. n > 21 parasites for each treatment, n = 3 biological replicates. Egg

(F) Sagittal confocal section of FISH showing gli1 (magenta) mRNA enriched in t

(right). n > 10 parasites across 3 experiments. **p < 0.01; ***p < 0.001; ns p > 0.

individual experiment. Numbers in corner indicate fraction of worms similar to tho

100 mm in (D–F).
played little vitellaria development, scant ovary differentiation,

and were incapable of egg production postpairing (Figures 1E

and S1A). Thus, gli1 appears to act in male worms to control

one or more processes that are critical for the stimulation of fe-

male development and egg production.

Sm-nrps expression is induced in ventrally located
ciliated neurons in a gli1-dependent manner
gli1 is predicted to encode a zinc finger transcription factor

related to the GLI family of proteins that are mediators of hedge-

hog-dependent and -independent signaling pathways (Pietro-

bono et al., 2019). Given its potential role in transcriptional regu-

lation, we reasoned that gli1may control transcriptional changes

in male worms that are necessary for the males to initiate pro-

cesses key to induce female development. To explore this in

more detail, we performed whole-mount in situ hybridization

(WISH) to examine the distribution of gli1 mRNA in male worms.

We observed gli1 expression in cells distributed along the ventral

surface of both paired (Figure 1F) and unpaired male worms

(Figures S1B and S1C; Video S1). By fluorescence in situ hybrid-

ization (FISH), we found that these ventrally positioned gli1+ cells

expressed markers of neurons (7b2, Figure S1D) and the tegu-

ment (skin) (calpain (calp), Figure S1E) in both paired and virgin

males. Since the male worm contacts the female along his

ventral surface, it appears that GLI1 is expressed in cells in prox-

imity to female parasites upon pairing. Furthermore, it appears

that the distribution of gli1 mRNA is not substantially altered in

male worms following pairing.

We also examined the expression of gli1 in virgin and mature

female worms. We noted gli1 mRNA expressed bilaterally along

the edges of the body in bothmature and virgin females; by FISH,

we found that these cells expressed the neural marker 7b2 (Fig-

ure S1G). Interestingly, we noted by WISH that mature female

schistosomes expressed more gli1 throughout their bodies (Fig-

ure S1F). By FISH, we observed that many gli1+ cells in mature

female schistosomes expressed the tegumental marker calp

(Figure S1H). However, few calp/gli1 double positive cells were

observed in virgin females (Figure S1H). Thus, it appears that

the distribution of gli1 expression is changed in females during

sexual maturation. However, since RNAi of gli1 in females re-

sulted in no obvious phenotypes (Figure 1D), it is challenging

to speculate the significance of these observations.

To explore which genes GLI1 may control in male parasites

upon pairing, we performed RNA-seq (Figure 2A). For these

studies, virgin male parasites were treated with gli1 dsRNA

and either paired with virgin female worms or cocultured in wells

with female worms but prohibited from pairing by a mesh cell

strainer. Following 2 days of coculture, RNA from male (Fig-

ure 2B) and female worms (Figure S2A) were processed for

RNA-seq. Similar to previous studies examining gene expression
ing RNAi of gli1 in (D) female worms or (E) male worms, followed by pairing with

g showing the vitellaria (left) and ovary (right) from female parasites on day 14

production rates were examined with n > 23 worms for each treatment group.

he ventral part of a male worm (left) where the male-female interaction occurs

05. Parametric t test. Error bars represent SD. Each data point represents an

se presented/total number of worms examined. Scale bars: 500 mm in (A) and
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changes in male worms upon pairing (Lu et al., 2016;Wang et al.,

2017), we noted only a small group of genes (16) that were

induced >2-fold in male worms postpairing (p-adj. < 0.0001, Fig-

ure 2B; Table S2). Many of these genes were not induced to the

same level in the absence of gli1 (Figure 2B). The most notable

difference was in the expression of Smp_158480, which was

induced >20-fold in paired versus unpaired control males but

only induced about 2-fold when gli1 was depleted (Figure 2B).

Interestingly, this gene was downregulated about 10-fold in the

females after pairing, and this downregulation was also depen-

dent on male gli1mRNA (Figure S2A; Table S3). These observa-

tions parallel previous studies that examined Smp_158480

expression in paired and unpaired worms (Haeberlein et al.,

2019; Lu et al., 2019). Based on BLAST, Smp_158480 appeared

to encode a NRPS similar to Ebony from Drosophila (Richardt

et al., 2003). From here on, wewill refer to Smp_158480 asSchis-

tosoma mansoni nonribosomal peptide synthetase (Sm-nrps).

Given the robust gli1-dependent induction of Sm-nrps expres-

sion following pairing, we conducted detailed analyses of Sm-

nrps expression. As suggested by our RNA-seq data, WISH

analysis found that Sm-nrps mRNA was abundantly expressed

in paired male worms recovered from mixed sex infections but

not in virgin male worms recovered from male-only infections

(Figure 2C). Sm-nrps expression in paired male worms was

found in distinct cells throughout the body but with expression

limited to a few cells in the head (Figures 2C, left and S2B).

Conversely, virgin male parasites expressed little Sm-nrps in

their bodies but possessed bilateral ‘‘lines’’ of Sm-nrps+ cells

in their head. Interestingly, although paired gli1 RNAi parasites

had little expression of Sm-nrps in their bodies, they expressed

Sm-nrps in their head in a manner similar to that of virgin male

worms (Figures 2C and 2D). This latter result suggests that gli1

does not simply regulate global Sm-nrps levels and may be

required for controlling a ‘‘switch’’ between paired and unpaired

transcriptional programs. Consistent with Sm-nrps expression

being tightly controlled by pairing status, we observed that

Sm-nrps mRNA levels were induced within 24 h of pairing and

were rapidly depleted in male worms within 12 h of becoming

divorced from their female mates (Figure 2E).

We next explored the molecular identity of the Sm-nrps+ pair-

ing-responsive cells in the bodies of male worms. As was
Figure 2. RNA-seq revealed Sm-nrps as a gli1-dependent and pairing-

(A) Scheme to identify gli1-dependent changes in gene expression following pairin

gli1 RNAi males using a cell strainer. At 3 days of cocultivation, worms were pre

(B) Heatmap showing gli1-dependent transcriptional changes in paired male worm

RNAimale. Green rectangle highlights theS.mansoni nonribosomal peptide synth

and adjusted p value < 0.0001 in the comparison of ConMP to ConMUP.

(C and D) WISH showing the expression of (C) Sm-nrps mRNA in male parasites

paired male parasites. n > 10 parasites across 3 experiments. Insets show exp

respectively.

(E) WISH showing the expression of Sm-nrps at various time points postpairing (to

n > 9 worms. For (D and E), numbers indicate fraction of worms similar to those

(F) Sagittal confocal section of Sm-nrps FISH (magenta).

(G and H) FISH showing expression of Sm-nrps with (G) 7b2 or (H) gli1 in the bo

(I) Single-cell sequencing UMAP plots from adult worms showing the expression

cells, whereas the red-dotted circle highlights tppp2+ ciliated neurons.

(J) FISH for tppp2 and Sm-nrps in the body of paired male worms. In (G, H, and

(K) Scanning electron micrographs showing the ventral surface of a male. White-d

3 parasites. In (F–H and J) nuclei are gray. Scale bars: 100 mm in (C–E), 10 mm in
observed for gli1, Sm-nrps+ cells were almost entirely found on

the ventral side of male worms (Figure 2F). Examination of Sm-

nrps expression using a single-cell RNA-seq atlas of adult schis-

tosomes (Wendt et al., 2020) found that this genewasmost highly

expressed in a subpopulation of neurons (Figure 2I, left). Indeed,

FISH analyses found that all Sm-nrps+ body cells (59/59 cells

examined) expressed the neuralmarker 7b2 (Figure 2G). As antic-

ipated by our RNA-seq studies, these Sm-nrps+ neurons in the

body also expressed gli1 (Figure 2H, 37/40 cells). Conversely,

the small number of Sm-nrps+ cells in the head of virgin males

didnotexpressgli1+ (FigureS2C) and insteadexpressed themus-

cle marker tpm2 (Figure S2D). A closer examination of the Sm-

nrps+ neuron cluster on our single-cell RNA-seq atlas and subse-

quent FISH studies found that these cells express tppp2

(Figures 2I and 2J, 34/38 cells examined), a marker of ciliated

cell types (Wendt et al., 2020). Since ciliated cells are often asso-

ciated with sensory functions (Singla and Reiter, 2006), we

reasoned that these Sm-nrps+ neurons on the male ventral sur-

face could represent sensory cells involved in male:female

communication. The morphology of the ventral surface where

the male contacts the female worm, known as the gynecophoral

canal, has received little attention due to its folded structure pro-

hibiting detailedmorphological studies. Using an optimized relax-

ation and fixationprocedure,weperformed scanning electronmi-

croscopy (SEM) studies of the male ventral surface. Importantly,

we observed cilium-like protrusions, roughly 1 mm in length and

morphologically similar to previously described schistosomesen-

sory cilia (Collins et al., 2011), present throughout the gynecopho-

ral canal in both paired (Figure 2K) and unpairedmaleworms (Fig-

ureS2E). Thesedata suggest thatSm-nrps+cells along theventral

surface are ciliated neurons potentially exposed to the environ-

ment within the gynecophoral canal.

We also analyzed the expression of Sm-nrps in the females by

in situ hybridization. Consistent with our RNA-seq studies, Sm-

nrps mRNA was most highly expressed in virgin females in cells

throughout the body and was only weakly detected in sexually

mature females (Figure S2F). Interestingly, the two lines of Sm-

nrps+ head cells observed in virginmaleswere also present in vir-

gin female worms (Figure S2F). By FISH, we found that Sm-nrps+

cells in both the head and body expressed the muscle marker

tpm2 but not the neural marker 7b2 (Figures S2G and S2H).
dependent gene in male parasites

g. Immature females were either paired with or separated from control (cntl) or

pared for RNA-seq.

s. ConMP, paired cntl male; ConMUP, unpaired cntl male; gli1MP, paired gli1

etase (Sm-nrps) gene (Smp_158480). Genes limited to thosewith 2-fold change

from mixed or single sex infections and (D) Sm-nrps following RNAi of gli1 in

ression in head or body from regions enclosed in solid or dashed rectangles,

p) or following separation from female worms (bottom). n = 3 experiments with

presented/total number examined.

dy of paired male worms.

of Sm-nrps (left) and tppp2 (right). The black-dotted circle highlights Sm-nrps+

J), arrows indicate coexpression.

otted lines indicate a sensory cilium-like structure. Representative images from

(F–H and J), 20 mm in (K, left), 1 mm in (K, middle), and 0.5 mm in (K, right).
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Figure 3. Sm-nrps is essential in male worms for female sexual maturation

(A) Schematic of experiments to evaluate male Sm-nrps in female sexual maturation.

(B) Eggs laid per day per female parasite between days 12 and 14 postpairing in Sm-nrps or gli1 RNAi-treated male worms. Each data point represents an

individual experiment. n > 35 parasites for each treatment group. *p < 0.05. Parametric t test. Error bars represent SD.

(C) Fast Blue BB (red) and DAPI (gray) staining showing the vitellaria (left) and ovary (right) from female parasites D14 after pairing with Sm-nrps RNAimale worms.

For females paired with Sm-nrps RNAi males, vitellaria development was either reduced (left) or absent (right). n > 3 experiments with n > 35 worms for

each group.

(D) WISH for Sm-nrps in paired male worms following RNAi. n = 3 experiments with n > 24 worms. Numbers in corner indicate fraction of worms similar to those

presented/total number examined. Scale bars: 50 mm in (C) and 100 mm in (D).
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Unlike inpairedmales,Sm-nrpswasexpressedon thedorsal sur-

face and lateral edges of the virgin female body (Figure S2I).

Sm-nrps is essential in male worms for female sexual
maturation
Motivated by our gene expression studies, we performed RNAi

to evaluate the role of male Sm-nrps in controlling female devel-

opment. For these studies, unpairedmale parasites were treated

with Sm-nrps or control dsRNA for a week and then paired with

virgin females for 2 weeks (Figures 3A and S2J). Similar to what

was observedwith gli1 RNAi, we found that female worms paired

with Sm-nrps RNAimales laid�90% fewer eggs compared with

controls (Figure 3B). Female worms paired with Sm-nrps RNAi
6 Cell 185, 1–15, April 28, 2022
males also displayed reduced Fast Blue BB staining in their vitel-

laria and possessed poorly developed ovaries (Figure 3C). These

data support the model that gli1-dependent induction of Sm-

nrps levels in male worms is critical for normal female sexual

development. Unlike gli1 RNAi males whose postpairing Sm-

nrps expression pattern was similar to virgin parasites (Fig-

ure 2D), Sm-nrps RNA was not detectable in heads or bodies

of Sm-nrps RNAi males after pairing (Figure 3D), as expected.

SmNRPS is a b-alanyl-bioamine nonribosomal peptide
synthetase
NRPSs produce physiologically and clinically important second-

ary metabolites, including antibiotics (Süssmuth and Mainz,

mailto:Image of Figure 3|eps
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2017), from standard and nonstandard amino acids. Although

these enzymes are widely found in bacteria and fungi, few

have been characterized outside of these taxa (Torres and

Schmidt, 2019). One exception is the D. melanogaster Ebony

protein. Ebony is composed of three domains: an N-terminal

amino acid adenylation domain (A domain), a peptidyl carrier

protein (PCP) or thiolation domain (T domain), and a C-terminal

‘‘amine selective’’ domain (Izoré et al., 2019; Richardt et al.,

2003). By protein alignment with Ebony, we were able to discern

both an A and a T domain in the schistosome NRPS protein

sequence, suggesting this protein is potentially a true metazoan

NRPS enzyme (Figures 4A and S3A).

Biochemical studies have determined that Ebony is able to

conjugate b-alanine (bAla) to a variety of biogenic amines,

including serotonin, dopamine, and histamine (Hartwig et al.,

2014; Richardt et al., 2003). This enzymatic process involves

three steps (Figures 4B and S3B): (1) adenylation of bAla cata-

lyzed by the A domain, (2) covalent attachment of bAla to a phos-

phopantetheinyl group on a conserved serine (ser611) within T

domain, and (3) binding of an appropriate amine in the amine se-

lective domain to facilitate nucleophilic attack of the bAla group

resulting in a dipeptide product. The specificity of A domain to-

ward the first amino acid substrate can be predicted by the

sequence of approximately ten residues within the substrate

binding pocket of the A domain (Stachelhaus et al., 1999). Pro-

tein alignments of A domains that use bAla (Ebony and the first

A domain of NRPS2-1, a bacterial enzyme) and the standard

reference A domain from gramicidin synthetase 1 (GS1), which

uses Phe (Conti et al., 1997), found extensive similarities be-

tween SmNRPS and its homologs that use bAla (Figure 4C).

To explore the ability of the schistosome enzyme to utilize

bAla, we purified full-length schistosome SmNRPS from insect

cells (Figure S3C) and measured its amino acid-dependent

ATP-PPi exchange activity (Hartwig et al., 2014; Hoagland,

1955; Richardt et al., 2003). This assay measures the ability of

the enzyme to catalyze the incorporation of 32P from [32P]PPi

into ATP in the presence of an amino acid substrate (Figure S3D).

Similar to Ebony, we found that SmNRPS was only active in the

presence of bAla (Figures 4D and 4E), suggesting that the

SmNRPS A domain is selective for bAla over other amino acids.

Although SmNRPS had clear selectivity for bAla, its adenylation

rate in the presence of bAla was roughly 8 times slower than A

domain of Ebony (Figure S3E). As with Ebony (Richardt et al.,

2003), the ability of SmNRPS to convert PPi to ATP was not

dependent on the conserved thiolation site (Ser892) (Figure 4C,

‘‘T’’) in the T domain (Figure 4F).

Next, we tested the specificity for the second amine using an

‘‘unloading assay’’ (Richardt et al., 2003). In this assay (Fig-

ure S3F), [3H]b-alanine is reacted with SmNRPS to generate a

[3H]b-alanine-NRPS intermediate by the adenylation and cova-

lent conjugation in the T domain. Then, various amines were

added to the enzyme to determine whether they can displace

the tritiated moiety from the enzyme. We observed that all 20

common amino acids, various monoamines/polyamines, and

epinephrine possessed little activity in this assay. However,

several monoamine neurotransmitters including histamine, sero-

tonin, dopamine, and octopamine were all capable of displacing

>50%of [3H]b-alanylmoiety from the loaded enzyme (Figure 4G).
Similar to Ebony (Hartwig et al., 2014; Richardt et al., 2003), mu-

tation of the conserved thiolation site (S892) in the T domain

to alanine (S892A) reduced [3H]b-alanine conjugation to the

enzyme by �90% (Figure 4H). These data confirm that

SmNRPS is a NRPS and indicate this enzyme possesses

b-alanyl-bioamine synthase activity in vitro.

SmNRPS generates b-alanyl-tryptamine that is secreted
from paired male schistosomes
Our biochemical studies suggested that SmNRPSmay conjugate

bAla to one ormore naturalmonoamines in vivo. To determine the

identity of the in vivo SmNRPS product, we treated paired worms

with either natural bAla or 13C-labeled bAla (Figure 5A). We then

performed liquid chromatography-mass spectrometry (LC-MS)

analysis on male extracts, searching for metabolites that

possessed a +3-Da mass shift in extracts from the [13C3]bAla-

labeled worms. These studies identified a metabolite (Figure 5B)

corresponding to the molecular weight of BATT (Figure 5C) that

was shifted +3 Da in extracts from [13C3]bAla labeled worms.

LC-MS analysis of an unloading assay mixture with tryptamine

confirmed that this ion fromschistosome extractswasBATT (Fig-

ure S4A). Importantly, we did not find any evidence of [13C3]bAla

incorporation intomoleculeswithmasses corresponding to other

b-alanyl-bioamines (e.g., b-alanyl-dopamine, -histamine, -sero-

tonin, etc.) that SmNRPSgenerates in vitro (Figure 4G). The incor-

poration of [13C3]bAla into BATT was only observed in male par-

asites (Figure 5D), and this ion was not observed in extracts

from paired female worms (Figure S4B). To determine if the pro-

duction of BATT in male worms was dependent on Sm-nrps

expression, we performed RNAi studies along with LC-MS ana-

lyses (Figure 5E). We found that RNAi of either gli1 or Sm-nrps

blocked the ability of worms to incorporate [13C3]bAla into

BATT by >90% (Figure 5F) and abolished total BATT levels (Fig-

ure S4C). Taken together, our data suggest BATT to be the phys-

iologically relevant product of SmNRPS in male worms.

Using chemically synthesized BATT as a standard, we next

quantified naturally occurring BATT levels in paired and unpaired

male worms. As suggested by the expression of Sm-nrps (Fig-

ure 2C), we only detected high levels of BATT in samples from

paired male worms (Figure 5G). In principle, BATT could act

either as an endogenous factor in males required for them to pro-

mote female development or BATT could be released from male

worms to act directly on females. To explore these possibilities,

we cultured pairedmaleworms or isolatedmale or femaleworms

and quantified BATT levels in media after 48 h of culture. BATT

was not detected in media conditioned by virgin male, virgin fe-

male, or male worms that had been separated from females

3 days prior to the experiment (Figure 5H). In contrast, media

conditioned by males continuously paired with female worms

contained an average of 16.6 ng/mL (71 nM) BATT (Figure 5H).

Interestingly, male worms separated from females on day 0 of

the experiment released �70% less BATT into the media than

males that remained continuously paired (Figure 5H), indicating

that, like Sm-nrps expression (Figure 2E), BATT production

drops rapidly in the absence of female worms. In summary, our

data suggest that SmNRPS induction upon pairing results in

the production of BATT, and this molecule is released from the

male worm into the environment.
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Figure 4. SmNRPS functions as a b-alanyl-bioamine nonribosomal dipeptide synthetase in vitro

(A) Diagram showing predicted domains of SmNRPS and Ebony.

(B) Schematic showing Ebony enzymology. Details see Figure S3B.

(C) MUSCLE protein alignment of A and T domain regions from SmNRPS and two related enzymes. 10 amino acids boxed in red represent residues involved in

bAla selectivity in Ebony and the first A domain of NRPS2-1 from Streptomyces verticillus (UniProt: Q9FB18) and Phe selectivity in gramicidin synthetase 1 (GS1)

(PDB: 1AMU) from Brevibacillus brevis. The conserved serine thiolation site in the T domain is shown by a black rectangle.

(D) ATP-PPi exchange assay showing the activity of SmNRPS with bAla and the standard 20 amino acids.

(E) ATP-PPi exchange assay showing the activity of SmNRPSwith pools of amino acids ± bAla. Mix1: A, R, N, C, Q, G, H, and I; Mix2, L, K, M, F, P, S, T, and V; and

Mix3, D, E, W, and Y.

(F) ATP-PPi exchange assay with thiolation-deficient mutant SmNRPS(S892A) with bAla as a substrate. (D–F) share the same y axis title.

(G) Unloading assay with 3H-bAla evaluating various amines as secondary substrates. Monoamine neurotransmitters and norepinephrine (black bars) drove

significant b-alanyl unloading from SmNRPS. ****p < 0.0001. Parametric t test.

(H) Unloading assay with thiolation-deficient SmNRPS(S892A) mutant compared with wild-type enzyme. (G and H) share the same y axis title. All values graphed

in the unloading assays were normalized to a wild-type water control within the same experiment. Each data point is the average of two technical replicates from

an individual experiment. Error bars represent SD.
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BATT is sufficient to induce egg laying in virgin female
parasites
The secretion of BATT from male worms suggested that BATT

may act to directly stimulate female development. To examine

this possibility, we first evaluated the effects of low concentra-
8 Cell 185, 1–15, April 28, 2022
tion BATT on female gene expression after short-term treatment.

Our previous RNA-seq studies (Figure S2; Table S3) identified

genes upregulated and downregulated in female worms post-

pairing whose regulation was dependent on gli1 function in

male worms. We selected two such genes for analysis: a rotund

mailto:Image of Figure 4|tif


Figure 5. SmNRPS produces b-alanyl-tryptamine (BATT) in paired male parasites in a gli1-dependent fashion

(A) A schematic diagram showing strategy to uncover SmNRPS products utilizing [13C3]bAla.

(B) Plot showing relative abundance of ions in paired male parasites treated with standard (gray) or [13C3] (red) bAla. n = 3 biological replicates.

(C) Chemical structure and formula of b-alanyl-tryptamine (BATT) and its potential synthesis by SmNRPS.

(D) Abundance of [13C3]BATT in paired males and female parasites 7 days after [13C3]bAla treatment.

(E) Regiment for evaluating effects of RNAi on [13C3]BATT production.

(F) Abundance of [13C3]BATT in gli1 or Sm-nrps RNAi paired male worms following 7D of [13C3]bAla treatment.

(legend continued on next page)
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(Smp_169260) homolog that was induced in females only when

paired with gli1+ males and Sm-nrps that was downregulated

in females postpairing with gli1+ males (Figure 6A). Treatment

of separated females for 24 h with 0.5 mM synthetic BATT

induced both a significant decrease in Sm-nrpsmRNA and an in-

crease in rotundmRNA (Figure 6B) when comparedwith controls

treated with bAla alone. The magnitude of the transcriptional

changes of Sm-nrps and rotund following BATT treatment

were comparable in magnitude with those resulting from pairing

with male worms (Figures 6A and 6B).

Encouraged by the gene expression changes induced by

BATT, we evaluated its effects on virgin female development.

Strikingly, virgin female schistosomes commenced egg produc-

tion withR0.5 mM BATT as early as 4 days after initial treatment

(Figures 6C and 6D). No egg production was observed with bAla

treatment or 50 nM BATT (Figure 6C). This latter result is consis-

tent with the observation that conditioned media that contained

�70 nM BATT also failed to induce sexual development (Fig-

ure S4D). Examination of virgin females treated with R0.5 mM

BATT found that they produced mature Fast Blue BB+ vitello-

cytes and possessed ovaries that contained mature oocytes

(Figures 6E, S5A, and S5B). Indeed, examination of the expres-

sion of the vitellocyte-specific marker p48 and the oocyte-spe-

cificmarker bmpg confirmed that BATT treatment inducesmatu-

ration of the female reproductive machinery (Figure S5C). We

observed similar female stimulatory activity using two batches

of synthetic BATT (mcBATT and swBATT), confirming the spec-

ificity of this effect (Figures 6C, S5A, and S6B). The rate of egg

production following BATT treatment was lower than that

induced by male:female pairing (Figure 6C), and only about

16% of BATT-treated females contained bmpg+ ovaries despite

visible ovary differentiation (Figure S5C). These differences may

indicate either that some feature of pairing is required for the

complete egg laying phenomenon in addition to BATT or, alter-

natively, that a simple addition of BATT to the medium is not

as effective as localized delivery.

To further evaluate the effects of BATT on female develop-

ment, we performed RNA-seq analyses comparing virgin fe-

males at D8 following treatment with 5 mm BATT or bAla

(Table S4). We then selected the 89 most differentially regulated

genes (log2 fold change ±2, adjusted p < 0.05) following BATT

treatment and evaluated how these genes were regulated in vir-

gin versus sexually mature worms using a previously collected

dataset (see key resources table). Remarkably, of the 87 of 89

genes that were upregulated or downregulated following BATT

treatment were similarly regulated in sexually mature versus vir-

gin worms (Figures 6F and S6A). We next queriedwhere these 89

BATT-regulated genes were expressed on our single-cell RNA-

seq atlas (Wendt et al., 2020). Consistent with BATT stimulating

development of the sexual organs, roughly 60% of BATT-regu-

lated genes were most highly expressed in cell clusters associ-

ated with late stages of development of the ovary and vitellaria
(G) Measurement of BATT in extracts from virgin or 14-day paired virgin (paired

replicate derived from extracts from 30 parasites.

(H) BATT quantity in media conditioned by parasites for 2 days. ‘‘Sep Male’’ and ‘‘

experiment. ‘‘3-day Sep Male’’ represents media from males separated from fem

media conditioned from an individual worm or worm pair. **p < 0.01, *p < 0.05. P
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(‘‘late female germ cells’’ and ‘‘differentiated vitellaria,’’ Fig-

ure S6B). Taken together, these data highlight that BATT induces

molecular changes associated with female sexual development.

BATT treatment elicited egg production in virgin female worms

several days faster than pairing with virgin male worms (Fig-

ure 6D), suggesting that it may take several days before virgin

male worms can produce sufficient quantities of BATT to stimu-

late female development. Previous studies have shown that

in vitro pairing with castrated male worm segments can induce

virgin females to lay eggs that contain parthenogenic embryos

capable of limited development (Wang et al., 2019). Examination

of the eggs produced by BATT-treated virgin females found that

these eggs (Figure 6G) possessed a lateral spine characteristic

of S.mansoni eggs (Figure S5D) and that a small fraction of these

eggs (�5%) contained clusters of proliferative EdU+ embryonic

cells (Figure 6H). Together, these data support the model that

BATT can replace a male partner to trigger egg production.

DISCUSSION

The data presented here indicate that male:female pairing in-

duces the GLI1-dependent expression of Sm-nrps in male

worms, resulting in the production of BATT. BATT is then

released from the male to act as a pheromone that stimulates fe-

male sexual development (Figure 7). This implies that males first

‘‘sense’’ the presence of the female to commence BATT produc-

tion and that females possess the necessary signaling machin-

ery to interpret the presence of BATT.

Pairing with amputated male worm segments induces devel-

opment of female reproductive organs only in regions in direct

contract with the male worm (Popiel and Basch, 1984; Wang

et al., 2019). So, if BATT is diffusible into the medium (Figure 5H),

why does it not stimulate the development of regions not in con-

tact with male worms? We find that single paired male worms

can condition media with BATT to a concentration of �70 nM

over 48 h and that this conditioned media cannot induce virgin

female sexually maturity (Figure S4D). Similar concentrations of

synthetic BATT are also not sufficient to stimulate virgin female

development (Figures 6C, S5A, and S5B). Since the volume of

the gynecophoral canal, where males probably release BATT,

is much smaller than the total culture volumes for these experi-

ments, the local BATT concentrations female experience while

paired are probably in the micromolar range in which BATT in-

duces development.

Ciliated neurons play numerous roles in sensory perception in

animals (Singla and Reiter, 2006). Thus, the expression of Sm-

nrps in ciliated neurons on the male’s ventral surface suggests

the possibility that these cells are critical for detecting the pres-

ence of the female and in turn stimulating BATT production.

Interestingly, studies in C. elegans have demonstrated that cili-

ated sensory neurons can release material into the environment

enclosed in exosome-like vesicles (Wang et al., 2014b). This
) male/female parasites. For (C, F, and G), each dot is an individual biological

Sep Female’’ represents media from parasites unpaired at the beginning of the

ales 3D prior to experiment. Each dot represents the BATT concentration in

arametric t test. Error bars are SD.
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Figure 6. Synthetic b-alanyl-tryptamine (BATT) is sufficient to induce egg laying in virgin female parasites

(A) Heatmap expression of Sm-nrps and rotund mRNA levels in female parasites following pairing with control or gli1 RNAi parasites described in Figure 2A.

(B) qRT-PCR showing relative expression of Sm-nrps and rotund following treatment of unpaired female worms with 0.5 mM BATT for 1 day. ****p < 0.0001,

*p < 0.05. t test. n = 3 biological replicates.

(C) Eggs laid per day per female parasite between days 12 and 14 following treatment with two sources of synthetic BATT (mcBATT or swBATT) or bAla treatment

or following pairing with male worms. n > 45 females for each treatment group; n > 10 for the paired group.

(D) Time course of egg production following treatment with three increasing concentrations of BATT (y axis) or following pairing. ****p < 0.0001, **p < 0.01.

Parametric t test.

(E) Images of worms (top left), eggs (bottom left), Fast Blue BB (middle), and DAPI (right) staining 14 days after exposure of virgin females to bAla, 50 mMBATT, or

to pairing. Representative images from 3 experiments with n > 23 worms for chemical treatment group and n > 10 for paired group. Numbers in corner indicate

fraction of worms similar to those presented/total number of worms examined.

(F) Top, clustered heatmap of 89 differentially expressed genes following 8D of 5 mMBATT treatment. Bottom, heatmap showing expression of same 89 genes in

virgin versus sexually mature female S. mansoni.

(G) (Left) EdU labeling (gold) of proliferative embryonic cells within the eggs laid by virgin females treatedwith 50 mMBATT. Autofluorescence (autofluo, green) and

DAPI (blue) shows the eggshell and nuclei, respectively. (right) Confocal image of EdU-labeled (magenta) egg laid by a virgin female treated with 50 mM BATT.

DAPI, green. DIC, differential interference contrast.

(H) Percentages of EdU+ eggs laid by virgin female parasites between days 12 and 14 after BATT treatment or pairing. n > 250 eggs. In plots, each dot represents

an individual experiment and error bars represent SD. Scale bars, 500 mm (black); scale bars, 50 mm (white).
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Figure 7. Model for BATT-mediated regula-

tion of female development from male phero-

mone secretion

In the absence of the female, gli1+ ciliated neurons

protrude into the gynecophoral canal and express

little SmNRPS, and BATT is not produced. When fe-

males are present, males sense the presence of the

female, perhaps via gli1+ ciliated neurons, inducing

the expression of SmNRPS and BATT synthesis.

Synthesized BATT is then released at concentra-

tions sufficient to induce female sexual development

accumulate in the gynecophoral canal.
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observation, along with the fact adult schistosomes produce

exosome-like vesicles (Sotillo et al., 2016) and that vesicles

have been observed in adult schistosome sensory cilia (Hockley,

1973; Morris and Threadgold, 1967), suggests that Sm-nrps+

neurons could be responsible not only for the perception of the

female but also for the release of BATT into the environment.

NRPS enzymes are widely found in bacteria and fungi where

they produce secondary metabolites that can act as toxins, pig-

ments, siderophores, and antibiotics (Süssmuth and Mainz,

2017). However, relatively few NRPS enzymes have been char-

acterized in animals (Shou et al., 2016; Torres and Schmidt,

2019; Wang et al., 2014a), and thus, their potential roles in meta-

zoan biology remains largely unexplored. Perhaps, the best

characterizedmetazoan NRPS enzyme is Ebony, which is critical

for Drosophila cuticle pigmentation (Wright, 1987) and neuro-

transmission (Borycz et al., 2002). Unlike NRPS enzymes in bac-

teria and fungi, Ebony is not thought to produce any biologically

active molecules but rather inactivate them. For instance, hista-

mine is a key neurotransmitter in the visual system and is deac-

tivated and recycled by its conversion to b-alanyl-histamine (car-

cinine) by Ebony in glial cells (Borycz et al., 2012; Stenesen et al.,

2015; Ziegler et al., 2013). In contrast to flies, our data suggest

that the SmNRPS product BATT directly stimulates signaling in

the female, culminating in female development. Since BATT

has not previously been recognized as a signaling molecule,

the nature of the signaling pathway(s) that mediates its effect,

and whether they are related to pathways characterized in other

metazoa, remains unclear.

Interestingly, genes for SmNRPS-like proteins with A domains

potentially selective for b-alanine are found not only in insects

and in all schistosome species that infect humans but also in
12 Cell 185, 1–15, April 28, 2022
the genomes of free-living and parasitic

flatworms, rotifers, annelids, cnidarians,

and at least one hemichordate (Figure S7;

Table S5). Thus, BATT-like molecules

may participate in cellular signaling in

diverse invertebrate organisms to regulate

diverse processes. Because schistosomes

are the only major group of dioecious flat-

worms, the presence of SmNRPS in her-

maphroditic flatworms is intriguing. Should

SmNRPS enzymes in hermaphroditic flat-

worms produce BATT-like molecules

necessary for development of the female
reproductive system, it would suggest that, during the transition

from hermaphroditism to dioecy, SmNRPS product formation

was ‘‘outsourced’’ to the male where it could act as a phero-

mone, rather than an endogenous hormone, to dictate the timing

of female development. Clearly, exploring SmNRPS function

not just in flatworms but in a variety of metazoa may uncover

more paradigms for cell-to-cell, or even animal-to-animal,

communication.

BATT is capable of inducing egg production in virgin females

days before females paired with virgin males (Figure 6D) and

inducing transcriptional changes associated with sexual devel-

opment (Figure 6F). However, the rate of egg production, the

quality of eggs, and the sexual development induced by BATT

(especially with the ovary) were inferior to those induced by intact

male worms (Figures 6C, S5A, and S5B). Thus, BATT may act in

parallel with other factors to support robust female development.

One possible explanation is that BATT is a key signal to initiate

development; however, the male worms provide additional fac-

tors key for optimal development. Indeed, radiolabeling studies

have suggested that male worms transfer molecules such as

glucose (Conford and Huot, 1981) and cholesterol (Haseeb

et al., 1985; Popiel and Basch, 1986) to female worms. Also,

since immune signals are important for optimal female develop-

ment (Davies et al., 2001), there may be host factors that poten-

tiate the response to BATT. Alternatively, females may perceive

pairing with a male and alter their behavior or metabolism in

a BATT-independent manner. However, another possibility is

that BATT is packaged (for instance, in vesicles or with a

cofactor) and delivered from males in a manner optimal for fe-

male BATT recognition or absorption. Clearly, more detailed as-

sessments of the similarities between paired females and those

mailto:Image of Figure 7|eps
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treated with BATT will provide additional insights into the mech-

anisms that ensure robust female development.

Nearly a century ago, Aura Severinghaus detailed the role of

the male schistosome in female development and offered that

‘‘it is conceivable that hormones produced by the male may in

some way be connected to the phenomenon ’’(Severinghaus,

1928). Our studies identify BATT as a male-derived pheromone

that stimulates sexual development in female schistosomes.

These observations provide key insights into one of the

longest-standing mysteries in schistosome biology and suggest

that therapeutically blocking BATT signaling could present an

opportunity to blunt both schistosome transmission and egg-

induced pathology. SmNRPS is a clear target, but the identifica-

tion of BATT also permits study of its receptor and downstream

signaling in females. Studies of this pathway both in schisto-

somes and other metazoa may elucidate additional cellular

signaling mechanisms as well as targets for therapeutic

intervention.

Limitations of the study
BATT is a pheromone released from males that induces female

S. mansoni sexual development. However, important questions

remain. First, it is unclear howBATT is released frommale worms

and how and where it acts on female worms. Our data suggest

that SmNRPS is expressed in ciliated neurons present on the

ventral side of male and that sensory cilia are present on the

male ventral surface, but technical limitations have prohibited

our ability to definitively show these ventral sensory cells are

the source of BATT for release. Second, our work has only

focused on a single species of schistosome; hence, it is not clear

how generalizable our results are to other species. However,

studies in S. japonicum have shown that NRPS is induced in

males upon coupling with a female (Lu et al., 2019; Wang

et al., 2017). Also, studies have shown that males of one schisto-

some species can induce the sexual development of females of

another (Armstrong, 1965). Taken together, it is reasonable to

assume that the effects of BATT are generalizable. However,

given the promiscuity of SmNRPS for various monoamines (Fig-

ure 4G), it remains possible that some schistosome species, of

which there are hundreds that infect mammals and birds,

generate species-specific BATT-like molecules. This could be

a strategy in regions endemic to multiple species to ensure sex-

ual reproduction only occurs with mates capable of producing

viable offspring.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

For WISH: Anti-Digoxigenin-AP Sigma-Aldrich Cat# 11093274910 RRID:AB_2734716

For FISH: Anti-Digoxigenin-horseradish peroxidase Roche Cat# 11207733910 RRID:AB_514500

For FISH: Anti-Fluorescein-horseradish peroxidase Sigma-Aldrich Cat# 11426346910

For FISH: Anti-DNP-horseradish peroxidase Vector Laboratories Cat# MB-0603-5

Bacterial and virus strains

MAX Efficiency� DH10Bac� Competent Cells for

bac-to-bac cloning

Thermo Fisher Scientific Cat# 10361012

Chemicals, peptides, and recombinant proteins

ABC169 media supplement: bovine washed red

blood cells

Lampire Biological Products Cat# 7240808

ABC169 media supplement: porcine cholesterol

concentrate

Rocky Mountain Biologicals Cat# PCC-BDG- VCG

ABC169 media supplement: L-ascorbic acid Sigma-Aldrich Cat# A5960

Tricaine Sigma-Aldrich Cat# A5040

Fast Blue BB Sigma-Aldrich Cat# F3378

EdU (5-ethynyl-2’-deoxyuridine) Invitrogen Cat# E10187

DAPI Sigma-Aldrich Cat# D9542

FAST SYBR Green Master Mix Bio-rad Cat# 1725122

cOmplete protease inhibitor Sigma-Aldrich Cat# 11873580001

Ni-NTA agarose Qiagen Cat# 4561

Strep-Tactin Sepharose resin Fisher Scientific Cat# NC9891255

[32P]PPi PerkinElmer Cat# NEX019001MC

[3H]bAlanine American Radiolabeled Chemicals Cat# ART 0205

[13C3]bAlanine Cambridge Isotope Laboratories Cat# clm-8755-PK

bAlanine Sigma-Aldrich Cat# 146064

mcBATT Synthesized by MuseChem,

owned by this paper

Batch# M21X01198

swBATT This paper Order# MCC-RC-106

Critical commercial assays

Direct-zol RNA MiniPrep Genesee Scientific Cat# 11-330

Illumina TruSeq stranded mRNA library kit Illumina Cat# 20020595

iScript cDNA Synthesis Kit Bio-Rad Cat# 1708891

Deposited data

gli1 RNAi RNAseq GEO GSE184849

BATT treatment female RNAseq GEO GSE191062

Single sex female RNAseq 1 WormBase ParaSite ERR1328130_1, ERR1328130_2

Single sex female RNAseq 2 WormBase ParaSite ERR1328191_1, ERR1328191_2

Single sex female RNAseq 3 WormBase ParaSite ERR1328215_1, ERR1328215_2

Mixed sex female RNAseq 1 WormBase ParaSite ERR1328194_1, ERR1328194_2

Mixed sex female RNAseq 2 WormBase ParaSite ERR1328218_1, ERR1328218_2

Mixed sex female RNAseq 3 WormBase ParaSite ERR1328156_1, ERR1328156_2

Experimental models: Cell lines

Sf9 ATCC CRL-1711

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental models: Organisms/strains

Parasites: Schistosoma mansoni NIAID Schistosomiasis Resource Center

of the Biomedical Research Institute

NMRI

Infected snails: Biomphalaria glabrata NIAID Schistosomiasis Resource Center

of the Biomedical Research Institute

NMRI

Infected female mice NIAID Schistosomiasis Resource Center

of the Biomedical Research Institute

Swiss-Webster

Oligonucleotides

Forward and reverse primers for riboprobe and

dsRNA synthesis

This paper, Table S5 N/A

Forward and reverse primers for qPCR detection This paper, Table S5 N/A

Recombinant DNA

pJC53.2-gli1 for RNAi and in situ hybridization This paper Plasmid# pJW186, Smp_266960

pJC53.2-Sm-nrps for RNAi and in situ hybridization This paper Plasmid# pRC90, Smp_158480

pJC53.2-7b2 for in situ hybridization This paper Plasmid# pLZ180, Smp_073270

pJC53.2-tppp2 for in situ hybridization This paper Plasmid# pLZ266, Smp_097490

pJC53.2-calp for in situ hybridization This paper Plasmid# pGW17, Smp_214190

pJC53.2-tpm2 for in situ hybridization This paper Plasmid# pLZ93, Smp_031770

pJC53.2-p48 for in situ hybridization This paper Plasmid# pLZ31, Smp_241610

pJC53.2-bmpg for in situ hybridization This paper Plasmid# pLZ262, Smp_078720

Protein expression construct:

pFastBac1-His6-StrepII-TEV-SmNRPS, codon

optimized to insect cells

This paper Plasmid# pRC135_OP

Protein expression construct:

pFastBac1-His6-StrepII-TEV-SmNRPS_S892A,

codon optimized to insect cells

This paper Plasmid# pRC135.S892A_OP

Protein expression construct:

pFastBac1-His6-StrepII-TEV-Ebony

This paper Plasmid# pRC136, protein

NCBI: NM_079707.4

Software and algorithms

MassHunter Profinder software Agilent Technologies Version B.08.00 SP3

T-Coffee sequence alignment Snapgene 4.3.4 http://tcoffee.crg.cat/

MUSCLE sequence alignment Snapgene 4.3.4 https://www.ebi.ac.uk/Tools/msa/muscle/

STAR Dobin et al., 2013 N/A

DESseq2 Love et al., 2014 N/A

Other

40 mm cell strainer for female/male worm separation Thermo Fisher Scientific Cat# 22-363-547

speed vacuum Thermo Fisher Scientific Cat# SPD1010-115

6550 iFunnel Q-TOF mass spectrometer Agilent Technologies Cat# G6550BA

Acquity UPLC� HSS T3 column Waters Cat# 186003539

AB Sciex 6500+ QTRAP� mass spectrometer Framingham N/A

Nexera X2 UHPLC/HPLC Shimadzu and Columbia N/A
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, James J.

Collins III (jamesj.collins@utsouthwestern.edu).

Materials availability
This study did not generate new or unique reagents. Synthetic BATT can be shared upon request.
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Data and code availability
d Two of the RNA sequencing data sets collected by this study have been deposited at GEO and are publicly available as of the

date of publication. Accession numbers are listed in the key resources table. The existing, publicly available data for single sex

and mixed sex female RNAseq were obtained from the accession numbers listed in the key resources table. Microscopy data

reported in this paper will be shared by the lead contact upon request.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request
EXPERIMENTAL MODEL AND SUBJECT DETAILS

S. mansoni parasites
S. mansoni is the Naval Medical Research Institute (NMRI) strain provided by the NIAID Schistosomiasis Resource Center at the

Biomedical Research Institute (BRI) (Rockville, MD). Infected Biomphalaria glabrata snails (NMRI) and infected mice (Swiss-Webster

female mice) were received on a regular basis for parasite recovery and in-house life cycle maintenance. Adult S. mansoni were

perfused from the hepatic portal vein of mice 6-7 weeks after infection. 37 �C DMEM (Fisher Scientific MT10014CV, NH, USA)

with 5% horse serum (Sigma-Aldrich H1138, MO, USA) and heparin was used as perfusion solution. Recovered parasites were

washed several times with perfusion solution before culture in BM169 media (Basch, 1981) supplemented with 1 3 Antibiotic-Anti-

mycotic (Sigma-Aldrich A5955, MO, USA). Worm pairs were harvested from mice infected with pooled cercaria shed by several

B. glabrata snails each parasitized with more than 5 miracidia, ensuring a mixed pool of the two sexes. Parasites derived from

such infections are referred to as ‘‘Mixed Sex’’. ‘‘Virgin’’ parasites were harvested from mice infected with cercaria shed by a single

snail parasitized by a single miracidium. Adult males which were unpaired for more than 3 days or virgins from single miracidia in-

fections were considered ‘‘unpaired’’. For regular maintenance, parasites were cultivated in cell culture petri dishes/plates with

�0.5 mL media per worm (pair) at 37�C in 5% CO2. Due to the slow metabolism rate of virgin females, �0.15 mL media/worm

was used. Media was changed every other day unless mentioned otherwise. For experiments monitoring reproduction and sexual

development, parasites were cultured in ABC169 media (Wang et al., 2019). dsRNA treatment was performed in BM169 unless

described otherwise. To separate worm pairs, worms were suspended in BM169 with 0.25% tricaine (Sigma-Aldrich A5040, MO,

USA) and agitated for 5 min. Unpaired worms were processed further or washed 2X in BM169 and returned to culture.

S. mansoni infected mice
6-8 week old female Swiss-Webster mice (Mus musculus) of were infected with cercaria by tail exposure and perfused 6-7 weeks

later. Mouse infections were performed either in-house or by BRI. Experiments with and care of mice were performed in accordance

with protocols approved by the Institutional Animal Care and Use Committee (IACUC) of UT Southwestern Medical Center (approval

APN: 2017-102092).

B. glabrata snails
B. glabrata snails of NMRI strain were maintained in artificial pond water (0.125 mg/L FeCl3,6H2O, 32 mg/L CaCl2,2H2O, 25 mg/mL

MgSO4,7H2O in pH 7.2 phosphate buffer) and fed with 16% layer chicken feed. For snail infections, livers harvested from ‘‘Mixed

sex’’ infected mice were blended and resuspended artificial pond water to liberate miracidia from eggs. Released miracidia were

incubated with snails for either ‘‘Mixed sex’’ or ‘‘Virgin’’ infections for 3h and then cultured in artificial pond water until patency.

METHOD DETAILS

RNA interference (RNAi)
dsRNA production and RNAi treatment were essentially performed as previously described (Collins et al., 2010, 2013). Oligo se-

quences used to generate dsRNA templates are listed in Table S6. A dsRNA derived from two bacterial genes was used as a negative

control for all RNAi experiments (Collins et al., 2010). D0 represents the first day of the experiment.

For RNAi screening, virgin females were treatedwith 30 mg/mL dsRNAonD0 in BM169 and then pairedwithmale parasites fromD1

onwards in ABC169. Media was supplemented with an additional 30 mg/mL dsRNA on D1/2/6/10 until D14 where phenotypes were

monitored. For RNAi treatment of either virgin male or female worms, the unpaired worms were treated with 30 mg/mL dsRNA in

BM169 media for one week. After a week, opposite sex worms were added in fresh BM169. The following day, BM169 was replaced

by ABC169 for the duration of the experiment. For RNAi experiments in Figures 1D, 1E, 2A, and 2B (RNAseq), Figures 3D, 5F, and

S4C, negative control, gli1 or Sm-nrps dsRNA was added on D0/1/2/3 with fresh media and followed by media change every other

day until pairing; for experiments in Figures 3B and 3C, dsRNAs were added every day with media change before pairing. In cases

where egg output was quantified, existing eggs were removed from the culture during the last media change (D12 post pairing). Two

days later, egg number and the number of female parasites was counted to calculate egg/female/day.
e3 Cell 185, 1–15.e1–e6, April 28, 2022
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Parasite/egg staining and imaging
Whole-mount in situ hybridization (WISH), fluorescent in situ hybridization (FISH) (Collins et al., 2013), Fast Blue BB, DAPI, and EdU

labeling (Wang et al., 2019) were performed as previously described. Riboprobes were synthesized from templates generated using

primers listed in Table S6. Non-quantitative phenotypes were evaluated by reporting the fraction of worms with a given phenotype/

total number of worms examined.

Gene expression analyses
For RNAseq analysis of gli1RNAi-treated worms, dsRNA treatment was performed onmale worms for a week at 30 mg/mL, and these

male worms were either co-cultured with virgin female parasites separated by 40 mm cell strainers (Fisher Scientific 22-363-547, NH,

USA) or allowed to pair for three days in ABC169. Each of the three biological replicates included worms pooled from three technical

replicates. Following three days of pairing, worms were separated with 0.25% tricaine in BM169 and collected in Trizol. RNA was

extracted using Zymo Direct-zol kit (Genesee Scientific 11-331, CA, USA). The samples were then prepared by Illumina TruSeq

stranded mRNA library kit. All 24 samples were sequenced with one flow cell on Illumina NextSeq 550 sequencer with 78bp read

lengths. Reads were mapped with STAR (Dobin et al., 2013) and data were analyzed using DESeq2 (Love et al., 2014). Raw and pro-

cessed data have been deposited in NCBI (GSE184849).

For RNAseq analysis of BATT-treated virgin females, virgin female parasites in six-well plates were separated fromequal number of

virgin males by 40 mm cell strainer. 5 mMBATT or bAla was refreshed every other day with fresh ABC169 media from day0. On day8,

females were processed for RNAseq as above. Each of the three biological replicates included worms pooled from two technical

replicates. RNA was extracted same as described above. The samples were then prepared using the Illumina TruSeq stranded

mRNA library kit. All samples were sequenced on one flow cell on an Illumina NextSeq 550 sequencer with 78bp read lengths.

Raw and processed data have been deposited in NCBI (GSE191062). Heatmaps were generated with variance stabilized trans-

formed counts using heatmap in R. The post-pairing transcriptome change analyses were performed from publicly-available pair-

ended RNAseq data from virgin (single sex) and sexually mature (mixed sex) females (WormBase ParaSite). The accession numbers

of the three single sex female biological replicates and the three mixed sex female biological replicates are in the key resources table.

For qPCR analyses, worms were collected in 150 mL Trizol, homogenized, and RNA was extracted using Zymo Direct-zol kit and

reverse transcribed with iScript (Bio-rad 1708891, CA, USA). Real time quantitative PCR was performed using FAST SYBR Green

Master Mix (Bio-rad 1725122, CA, USA) on a QuantStudio3 real-time PCR system (Fisher Scientific, NH, USA). cytochrome c

(Smp_900000) was used as an endogenous control for normalization. The data were analyzed by Applied biosystems on the Thermo

Fisher Cloud (Thermo Fisher Scientific, MA, USA).

Scanning electron microscopy (SEM)
Freshly perfused male worms were rocked gently in BM169 containing 0.25% tricaine for 5 min and beheaded under a light micro-

scope. To relax themale trunks such that the ventral surface was exposed for viewing by SEM, the trunk pieces were then rocked in a

gradient of MgCl2 diluted in BM169 containing 0.25% tricaine as follows: 0.12 M MgCl2 for 30 min, 0.18 M MgCl2 for 20 min, 0.3 M

MgCl2 for 5 min and 0.6 MMgCl2 for 1 min). After fixation in 4% formaldehyde in PBS for 30 min, worms were further fixed with 2.5%

(v/v) glutaraldehyde in 0.1 M sodium cacodylate buffer overnight at 4 �C. After three rinses in 0.1 M sodium cacodylate buffer, they

were post-fixed with 2% osmium tetroxide in 0.1 M sodium cacodylate buffer for 2 hours. Worms were rinsed with water and dehy-

drated with increasing concentration of ethanol, followed by increasing concentrations of hexamethyldisilazane in ethanol. Worms

were air dried under the hood, mounted on SEM stubs with the ventral surface facing up and sputter coated with gold/palladium

in a Cressington 108 auto sputter coater. Images were acquired with a Field-Emission Scanning Electron Microscope (Zeiss Sigma,

Jena, Germany) at an accelerating voltage of 10kV.

Protein expression and purification
SmNRPS or Ebony were expressed in Sf9 cells using the Bac-to-Bac baculovirus expression system (Invitrogen, MA, USA). Codon-

optimized DNA of SmNRPS (Genescript, NJ, USA) or original cDNA of Ebony was cloned into pFastBac1 with a His6 tag, a StrepII tag

and a TEV site before the N terminus. Third pass virus (40mL) was used to infect 1L of Sf9 cells at 2-2.53 106 cells/mL. After 72h, cells

were centrifuged at 1000 g for 10min, frozen in liquid N2 and stored at -80 �C. Cell pellets were thawed in a 37 �Cwater bath and lysed

with 60 ml of lysis buffer (20 mM Tris-HCl (pH 8.0), 250 mM NaCl, 5 mM MgCl2, 1% Triton X-100, 0.024 mg/mL DNase, 3 mM

2-mercaptoethanol, 0.2 mM PMSF, Sigma cOmplete protease inhibitor (2 tablet/100 ml) and 10% glycerol for 1 h shaking at 4 �C.
The following steps were performed on ice or at 4 �C. Lysates were homogenized using a Dounce homogenizer and centrifuged

at 45,000 rpm for 50 min. The supernatant was supplemented with 10 mM imidazole (pH 8.0) and incubated with 3 mL equilibrated

Qiagen Ni-NTA agarose (50% suspension in lysis buffer) with rotation for at least 1.5 h. The resin was centrifuged at 500 g for 10 min,

resuspended with 10 mL supernatant and loaded to a glass chromatography column. The resin was washed with Buffer 1 (20 mM

Tris-HCl (pH 8.0), 250 mM NaCl, 5 mM MgCl2, 0.05% Triton X-100, 3 mM 2-mercaptoethanol, 10 mM imidazole (pH 8.0), 1 mg/mL

aprotinin, 2 mg/mL leupeptin, 0.2 mM PMSF and 10% glycerol until A280 in the eluate returned to baseline, followed by Buffer 1 sup-

plemented with 450 mM NaCl and 20mM imidazole. Protein was eluted with Buffer 1 containing 250 mM imidazole. Fractions

containing SmNRPS were pooled and applied to a column of 0.9 mL Strep-Tactin Sepharose resin (Fisher Scientific NC9891255,

NH, USA) that had been pre-equilibrated with the Ni-NTA elution buffer. The column was washed with 8 mL of 20 mM Tris-HCl
Cell 185, 1–15.e1–e6, April 28, 2022 e4
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(pH 8.0), 200 mM NaCl, 3 mMMgCl2, 0.5 mM DTT and 10% glycerol. SmNRPS was eluted in the same buffer but with only 150 mM

NaCl and with 10 mM desthiobiotin. The first 1.8 mL elution was performed immediately. The column was left overnight in 1.8 mL

elution buffer followed by elution with 4 more 1.8 mL fractions. Most of the SmNRPS was concentrated in the second fraction. Frac-

tions containing SmNRPS or Ebony according to Coomassie Blue-stained SDS-PAGE were dialyzed against 20 mM Tris-HCl,

150 mM NaCl, 3 mM MgCl2 and 3 mM DTT, and 10% glycerol) and stored at -80 �C. Protein concentration was estimated by com-

parison with BSA standards on the same gel.

Biochemical analysis of SmNRPS
The ATP/PPi exchange and bAla unloading assays were adapted from previously reported methods (Hartwig et al., 2014; Richardt

et al., 2003). For the exchange assay, each reaction contained 100 mL of 50 mM sodium phosphate buffer (pH 7.0), 25 mM MgCl2,

1 mM ATP, 50 mM [32P]PPi (0.11 cpm/fmol), 0.1 mg/mL BSA, 0.1 mMEDTA, 0.25 mMenzyme and 0.2 mM of the stated amino acid(s).

Reactions were incubated at 37 �C for 15 min and quenched with a 1 mL ice cold 1.7% activated charcoal slurry (Millipore Sigma

53663, MA, USA) in 0.1 M Na4PPi and 0.56 M HClO4. Samples were centrifuged at 1000 g for 5 min and the charcoal pellet was

washed twice with 1mL of 5 mMNa4PPi. Charcoal pellets were resuspendedwith 0.5mL deionized water and radioactivity wasmoni-

tored by scintillation counting.

The unloading assay involves two reaction steps, loading and unloading. In the loading step, 0.25 mM enzyme was first incubated

for 30 min at 37 �C in a loading cocktail of 1 mM ATP, 50 mM sodium phosphate (pH 7.0), 25 mM MgCl2, 0.1 mg/mL BSA, 0.1 mM

EDTA, 5 mM bAla and 10 mCi/mL [3H]bAla (American Radiolabeled Chemicals ART 0205, MO, USA). This mixture was chilled on ice.

The unloading reaction was initiated by adding 2.22 mL of 100 mMamine to 20 mL of the loading reaction incubation at 37 �C for 10min.

The reaction was then placed on ice, 15 mL of 2.5% (w/v) BSA was added, and protein was precipitated on ice with 10% (w/v) chilled

trichloroacetic acid. After 30 min, the solution was transferred to a 1.5 mL conical tube, and centrifuged for 15 min at �12,000 rpm.

The pellet was washed twice with 1 mL of 10% (w/v) chilled trichloroacetic acid, resuspended in 200 mL formic acid, and subjected to

scintillation counting. Note that only 2-10% of the enzyme could be loaded with bAla in the initial loading step. This may reflect either

inefficient covalent addition of the phosphopantetheinate cofactor in the Sf9 cells (Hartwig et al., 2014), partial denaturation of the

enzyme or erroneous estimation of enzyme concentration based on Coomassie Blue staining. Regardless, amounts of loaded

enzyme at time zero was normalized to the water unloading control within the same experiment (Figures 4G and 4H).

Metabolomic analysis
For stable heavy isotope tracing, [13C3]bAla (Cambridge Isotope Laboratories clm-8755-PK,MA, USA) or normal bAla (Sigma-Aldrich

146064, MO, USA) were added to ABC169 media at 1 mM final concentration and refreshed every other day during media changes

for 7 days. Samples of 30male or female worms were rinsed twice in PBS, flash frozen in liquid N2, and homogenized in 1mL ice-cold

80% methanol in water (vol/vol) using an ultrasonicator (30 s 3 3 times at the highest setting). Homogenates were vortexed and

200 mL was diluted in 800 mL ice-cold 80% methanol. This mixture was vortexed again (1 min), centrifuged at maximum speed for

15 min at 4 �C, the supernatant was transferred to new tube, dried overnight using a SpeedVac, and stored at -80 �C. The in vitro

reaction mix used for the retention time reference of BATT contained 100 mL of 50 mM sodium phosphate buffer pH 7.0, 25 mM

MgCl2, 0.1 mg/mL BSA, 0.1 mM EDTA, 1 mM bAla, 0.25 mM tryptamine, 5 mM SmNRPS protein and 1 mM ATP. The mixture was

incubated at 37�C for 2.5 h, then added with 1 mL ice-cold 80% methanol, vortexed for 1 min, centrifuged at maximum speed for

15 min at 4 �C. The supernatant was dried to a pellet with a SpeedVac and resuspended in 100 mL deionized H2O.

Metabolite analysis data acquisition was performed by reverse-phase chromatography on a 1290 UHPLC liquid chromatography

(LC) system interfaced to a high-resolution mass spectrometry (HRMS) 6550 iFunnel Q-TOF mass spectrometer (MS) (Agilent Tech-

nologies, CA, USA). The MSwas operated in both positive and negative (ESI+ and ESI-) modes. Analytes were separated on an Acq-

uity UPLC� HSS T3 column (1.8 mm, 2.1 x 150 mm, Waters, MA, USA). The column was kept at room temperature. Mobile phase A

composition was 0.1% formic acid in water and mobile phase B composition was 0.1% formic acid in 100% ACN. The LC gradient

was 0min: 1%B; 5min: 5%B; 15min: 99%B; 23min: 99%B; 24min: 1%B; 25min: 1%B. The flow rate was 250 mL/min. The sample

injection volume was 5 mL. ESI source conditions were set as follows: dry gas temperature 225 �C and flow 18 L/min, fragmentor

voltage 175 V, sheath gas temperature 350 �C and flow 12 L/min, nozzle voltage 500 V, and capillary voltage +3500 V in positive

mode and -3500 V in negative. The instrument was set to acquire over the fullm/z range of 40-1700 in bothmodes, with theMS acqui-

sition rate of 1 spectrum s-1 in profile format. When quantification was required, both samples and BATT concentration standards

were spiked with same amount of tryptophan-d5 as the internal standard.

Raw data files (.d) were processed using Profinder B.08.00 SP3 software (Agilent Technologies, CA, USA) with an in-house data-

base containing retention time and accurate mass information on 600 standards from Mass Spectrometry Metabolite Library (IROA

Technologies, MA, USA) which was created under the same analysis conditions. The in-house database matching parameters were:

mass tolerance 10 ppm; retention time tolerance 0.5 min; coelution coefficient 0.5. Peak integration result was manually curated in

Profinder for improved consistency and exported as a spreadsheet (.csv).

BATT detection in conditioned media
One worm or worm pair were placed in one well of a 96 well plate with 150 mL ABC169 for two days. Worm pairs were either freshly

perfused, freshly separated or separated for 3 days prior to experiment set up. Negative control contained only ABC169 medium.
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After 48 hours, 100 mL media from each well were sampled and mixed with 100 mL methanol containing 0.2% formic acid. The mix-

tures were vortexed for 15 s, incubated for 10 min at RT and centrifuged at�18000 g for 5 min. 150 mL supernatant was removed to a

clean tube and stored at -20 �C. Before analysis, tryptophan-d5 was spiked into the samples as an internal standard. The negative

control contained only ABC169 medium. In some experiments, media conditioned by paired worms was collected to evaluate virgin

female development. For these experiments, �10 virgin females were cultured in 1 mL of 48 h pair conditioned media. Every other

day, conditioned media was refreshed with media freshly conditioned by worm pairs of the previous 48 hours. Such worms were

cultured alongside BATT (5 mM) or mock treated virgin females and harvested at day 14.

The BATT concentration was measured in conditioned media by LC-MS/MS using an AB Sciex (Framingham, MA, USA) 6500+

QTRAP� mass spectrometer coupled to a Shimadzu (Columbia, MD, USA) Prominence LC. BATT was detected in positive MRM

(multiple reaction monitoring) mode by following the precursor to fragment ion transitions of 231.8 to 185.2 (qualifier ion). An Agilent

C18 XDB column (5 mm, 50 x 4.6 mm) was used for chromatography with the following conditions: Buffer A: H20 + 0.1% formic acid;

Buffer B: MeOH + 0.1% formic acid; 0–1.5 min 3% B (97% A); 1.5–3.5 min gradient to 100% B (0% A); 3.5-4.5 min 3% B (97% A).

Tryptophan-d5 (transition 210.206 to 192.400) was used as internal standard. Concentrations of BATT were determined by compar-

ison to a standard curve prepared by spiking synthetic BATT in DMSO into ABC169 followed by standard sample processing. A limit

of detection was defined as a level three times that observed in blank media and the limit of quantitation (LOQ) as the lowest point on

the standard curve that gave an analyte signal above the LOD and within 20% of nominal upon back-calculation. The LOQ for BATT

was 0.5 ng/mL.

BATT synthesis and treatment
One batch of b-alanyl-tryptamine (N-(2-(1H-indol-3-yl)ethyl)-3-aminopropanamide) was synthesized by MuseChem (Batch

M21X01198, NJ, USA). We refer to this compound as mcBATT. The certificate of analysis showed the purity as 99.88% by HPLC

and an ESI-MS confirmed molecular weight of 231.2 g/mol. However, the product was a green, sticky, hygroscopic solid.

We then synthesized a second batch locally (swBATT). The synthesis was a two-step sequence. Boc protected BATT (Boc-BATT,

tert-Butyl (3-((2-(1H-indol-3-yl)ethyl)amino)-3-oxopropyl)carbamate) was first synthesized as follows: i-Pr2NEt (1.4 mL, 8.0 mmol)

was added to a solution of Boc-b-Ala-OH (1.0 g, 5.29 mmol), tryptamine (851.9 mg, 5.32 mmol) and HATU (2.42 g, 6.4 mmol) in

DMF (24 mL) in a 50 mL round bottom flask. The reaction was stirred overnight and the reaction went to completion as judged by

HPLC/MS analysis. Water was added to the reaction mixture, which was then extracted with EtOAc. The organic layer was washed

several times with water and then with brine, dried over Na2SO4, filtered and condensed. The crude mixture was purified via ISCO

flash chromatography in 1-10% MeOH/DCM to give 1.55 g of the Boc-BATT in 88% yield. For the second step, TFA (1.0 mL) was

added dropwise to a solution of Boc-BATT (497.5 mg, 1.5 mmol) in 10 mL DCM in a scintillation vial. The reaction went to completion

within 2 hours and was thereafter condensed under reduced pressure. The crude mixture was purified by reverse phase ISCO flash

chromatography in 0-40% H2O/CH3CN. Fractions containing the desired product were combined and condensed on a speed vac-

uum (Thermo Fisher Scientific SPD1010-115, MA, USA) to give 505.4 mg of the TFA salt (98% yield). Proton NMR was performed on

both Boc-BATT and the final product, swBATT, for confirmation. This product was a brown, extremely hygroscopic, oil-like

compound.

Concentrated stock solutions of mcBATT or swBATT were prepared in sterile filtered deionized water and stored at < -20 �C.
Because of the hygroscopic nature of both preparations and the unexpected colors, we estimated the concentration of stock solu-

tions by UV absorbance in comparison to solutions of tryptamine after extensive dilution. Concentrated aqueous solutions of BATT

displayed broad absorbance maxima above 300 nm, consistent with their appearance. Upon further dilution, the absorbance max-

ima sharpened and shifted to the UV such that < 1mMBATT from either batch displayed an absorbance spectrumwith a 240-300 nm

spectrum essentially identical to that of tryptamine. The colors of the semi-solid and concentrated solutions thus appear to result

from stacking of the indole rings. For treatment of worms, the compound was directly added into ABC169 media to achieve desired

concentration. Compound was refreshed every other day with fresh media.

QUANTIFICATION AND STATISTICAL ANALYSIS

For RNAseq experiments, base calling was performed by Illumina cassava 1.9 software. Sequenced reads were trimmed for adaptor

sequence, and masked for low-complexity or low-quality sequence, then mapped to the S. mansoni genome (v7) using STAR (Dobin

et al., 2013). Pairwise comparisons of differential gene expression were performed with DESseq2 (Love et al., 2014). For statistical

analysis of non-sequencing data, GraphPad Prism software processed and presented the data as the mean with SD. Statistical sig-

nificance was calculated by unpaired two-tailed parametric t test. Unpaired ordinary one-way ANOVA was also performed in Fig-

ure 4G. P values < 0.05 are considered significant (NS, not significant; *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001).
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Figure S1. gli1 mRNA is expressed in male and female tegumental and neuronal cells, related to Figure 1

(A) qPCR showing the relative mRNA level of gli1 in cntl RNAi or gli1 RNAimales at the end of 2 weeks of pairing. *** p < 0.001. Parametric t test. Data from three

biological replicates.

(B) Whole-mount colorimetric in situ hybridization showing expression of the gli1 gene in a paired male worm (top) and a virgin male worm (bottom).

(legend continued on next page)
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(C) FISH showing the expression of gli1 (magenta) mRNA in the ventral region of paired and virgin males.

(D) Two-color FISH for 7b2 (green) and gli1 (magenta) mRNAs in paired (top) or virgin (bottom) male worms.

(E) Two-color FISH for calp (green) and gli1 (magenta) mRNAs in paired (top) or virgin (bottom) male worms.

(F) Whole-mount colorimetric in situ hybridization showing expression of the gli1 gene in a sexually mature female worm (top) and a virgin female worm (bottom).

Arrows indicate gli1 mRNA expression in virgin female.

(G) Two-color FISH for 7b2 (green) and gli1 (magenta) mRNAs in sexually mature (top) or virgin (bottom) female worms.

(H) Two-color FISH for calp (green) and gli1 (magenta) mRNAs in sexually mature (top) or virgin (bottom) female worms. For (E, G, and H), arrows indicate co-

expression. All images are representative of 3 experiments with n > 10. DAPI, gray. Scale bars, 100 mm in (B and F) and 20 mm in (C–E, G, and H).
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Figure S2. Sm-nrps gene expression in male and female worms, related to Figures 2 and 3

(A) Heatmap of upregulated and downregulated genes in females after pairing with cntl RNAi males or gli1 RNAi males. Con_FP, virgin females paired with cntl

RNAi males; Con_FUP, virgin females left unpaired and cocultured cntl RNAi males; gli1_FP, virgin females paired with gli1 RNAimales; gli1_FUP, virgin females

left unpaired and cocultured with gli1 RNAi males. Genes limited to those with 2-fold change and adjusted p value < 0.0001 of Con_FP/Con_FUP.

(B) FISH showing head and body expression of Sm-nrps mRNA (magenta) in the male parasites in paired and virgin worms.

(C and D) Two-color FISH for (C) gli1 or (D) the muscle marker tpm2 with Sm-nrps in the head of virgin male parasites. Arrows indicate cells coexpression.

(legend continued on next page)
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(E) Scanning electron microscopy showing the ventral surface of a paired male parasite and an unpaired male parasite. White-dotted lines enclose a sensory

cilium-like structure. Representative images from 3 parasites.

(F) Whole-mount colorimetric in situ hybridization showing expression of the gli1 gene in a sexually mature female worm (top) and a virgin female worm (bottom).

(G and H) Two-color FISH for tpm2 or 7b2 with Sm-nrps mRNAs in the (G) head or (H) body of a virgin female parasite.

(I) Confocal sagittal section of Sm-nrps FISH (magenta) showing mRNA enriched in the dorsal surface and the body edges of a virgin female worm.

(J) qPCR showing relative Sm-nrps levels following RNAi treatment in male worms 2 weeks postpairing. ***p < 0.001. Parametric t test. Data from three biological

replicates. All FISH andWISH images are representatives of data from 3 experiments with n > 10 parasites. DAPI, gray. Scale bars: 20 mm in (B–D andG–I), 0.5 mm

in (E), and 100 mm in (F).
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Figure S3. SmNRPS-catalyzed production of b-alanyl-bioamines, related to Figure 4

(A) MUSCLE alignment of NRPS enzymes. SmNRPS and Ebony represent full-length protein sequences. NRPS2-1 includes the first A and the following T domain

encoded from the blmIV gene. GS1 is the A domain from gramicidin synthetase 1. The region within the red arrows represents the A domain whereas the region in

the blue arrows is the T domain.

(B) Enzymatic reactions performed by Ebony and SmNRPS.

(legend continued on next page)

ll
Article



(C) SDS-PAGE gel images of fractions from SmNRPS protein purification. The Elution2 fraction from Strep-Tactin purification was dialyzed against the storage

buffer and used for assays. Arrows point to where SmNRPS bands migrate (�150 kDa).

(D) Reaction for ATP-PPi exchange assay. The assay measures the reverse reaction by the production of [32P] ATP from [32P]PPi.

(E) ATP-PPi exchange assay with Drosophila Ebony and SmNRPS. ****p < 0.0001. Parametric t test. Error bars are SD.

(F) Reaction for unloading assay. Bioamine reacts with the covalently [3H]bAla-labeled enzyme to release free enzyme.
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Figure S4. Unlabeled BATT abundance in the [13C3]bAla tracing experiments, related to Figure 5

(A) LC/MS extracted-ion chromatogram (EIC) of m/z at 232.144 showing retention time of BATT from pairedmale extracts (bottom) and an in vitro reactionmixture

(top) containing SmNRPS, bAla, tryptamine, ATP, andmagnesium. Pairedmale data show a sample extracted from paired worms exposed to control RNAi. y axis

is ion abundance, and x axis is retention time from 1.5 to 8.5 min. Time is shown for all peaks.

(B) LC-MS showing abundance of BATT in paired male and female parasites.

(C) LC-MS showing BATT abundance following RNAi treatment in paired male worms.

(D) Images of Fast Blue BB (left) and DAPI (right) staining 14 days after exposure of virgin females to male:female conditioned media (same in Figure 5H), 5 mM

BATT and no treatment. Representative images from 3 experiments with n > 22 worms. Numbers in corner indicate fraction of worms similar to those presented/

total number of worms examined. Scale bars, 100 mm.
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Figure S5. Two independent sources of BATT stimulate virgin female parasites to sexually mature, related to Figure 6

(A) DAPI staining of virgin females after 14 days of 0.05–50 mM mcBATT or swBATT treatment; 100 mM bAla treatment was used a control.

(B) Fast Blue BB (red) staining of virgin females after 14 days of 0.05–50 mMmcBATT or swBATT treatment, 100 mM bAla treatment was used a control. In (A and B)

are from the same experiments as data shown in Figure 6E.

(C) FISH for p48 (magenta) in the vitellaria and bmgp (green) of in the ovary of virgin females after 14 days of 50 mM mcBATT or bAla treatment.

(D) (Left) EdU staining (gold) of eggs laid by virgin female worms 14 days after pairing with a male. Autofluorescence (autofluo, green) shows egg shape. (right)

Confocal micrograph of EdU labeling and differential interference contrast (DIC) of an egg with laid by a virgin female worm 14 days after pairing.

(A and B) Representative images from 3 experiments with n > 18.

(C) Representative images from 3 experiments with n > 14worms. Numbers in corner indicate fraction of worms similar to those presented/total number of worms

examined. Scale bars, 100 mm.
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Figure S6. Gene expression changes in virgin females after 8-day treatment with 5 mM BATT, related to Figure 6

(A) Left, hierarchal clustered heatmap of 89 genes differentially regulated following BATT treatment (log2 fold change > ±2, adjusted p < 0.05, base mean > 50).

The expression of these same 89 genes were evaluated in publicly available RNA-seq data from virgin and sexually mature female parasites (right). Arrows

indicate two instances where gene expression trend was different between two datasets. Accession numbers of virgin and sexually mature female data can be

found in key resources table.

(legend continued on next page)
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(B) Dot plot showing expression of the 89 BATT-regulated genes across scRNA-seq clusters from adult parasites (Wendt et al., 2020). Each row represents a

cluster type and each row a gene. Size of circles and color reflect percentage of cells expressing marker and the level of expression, respectively. For ease of

visualization, in some cases clusters, related cell types were collapsed into a single cluster. (e.g., 31 clusters of neurons and 8 clusters ofmuscles were reduced to

single cluster.)
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Figure S7. Alignment of SmNRPS with A domains of related enzymes from different metazoan organisms, related to Figure 7
Multiple sequence alignment of A domains from NRPS enzymes. Residues aligned to those involved in amino acid specificity in the reference Phe-specific A

domain of GS1 aremarked in red rectangles. Fruit fly,Drosophila melanogaster;S.mansoni,Schistosomamansoni; S. haematobium,Schistosoma haematobium;

S. japonicum, Schistosoma japonicum; planarian, Schmidtea mediterranea; tapeworm, Hymenolepis diminuta; annelid, Capitella teleta; rotifer, Rotaria mag-

nacalcarata; cnidarian, Hydra vulgaris; and hemichordate, Saccoglossus kowalevskii. Alignment was analyzed using T-Coffee. Aligned amino acids were colored

by percentage identity (dark blue, 100%; white 0%).
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