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Abstract

Abstract

Schistosoma mansoni is a parasite of humans and animals and causes the infectious disease
schistosomiasis. Schistosomes are the only trematodes to have evolved separate sexes.
Furthermore, females reach sexual maturity only if they are permanently paired with a male.
Previous comparative transcriptomics studies of adult schistosomes and their isolated gonads
have revealed that genes encoding type Il nuclear receptors (NRs) are regulated in a pairing-
dependent and tissue-specific manner with a preference for the female ovary. Members of the
nuclear receptor superfamily are ligand-activated transcription factors that play diverse roles
in cell differentiation, development, and proliferation. In vertebrate systems, type Il NRs, such
as retinoic acid receptors (RAR/RXR) and thyroid hormone receptors (THR) have been

reported to be involved in spermatogenesis, embryogenesis, and tissue homeostasis.

In the course of this work, potential S. mansoni NRs orthologs were identified and assigned to
different NR classes as RAR (Smp_144170, SmRAR), RXR (Smp_097700, SmRXR-1), THRa
(Smp_134490, SmTHRa), and THRB (Smp_174260, SmTHRB) based on polygenetic and
comparative domain analyses. In addition, whole mount in situ hybridization (WISH) and
functional analyses using RNA interference (RNAI) were performed to characterize these
previously uncharacterized S. mansoni NR orthologs. Using WISH, transcripts of these
receptors were found in the posterior part of the ovary. In addition, transcripts of these
receptors dominated in oocytes at the intermediate stage of development, which was recently
discovered by a new scRNA-Seq atlas of isolated ovaries of paired females, work performed
by Zhigang Lu, a former member of the Grevelding lab. In my work, functional analyses
provided first evidence for the involvement of these receptors in early embryogenesis and
tissue homeostasis in adult schistosomes. Morphological analyses following RNAI revealed
changes in the cellular structure of the ovary of paired females. In particular, RNAi against
SmMRAR and SmRXR-1 as well as biologically associated molecules, such as SmMMEIOB and
SmGLIL, strongly suggested essential roles of these genes in oocyte maturation and meiotic
progression. These results as well as subsequent analyses of the influence of 9cis-retinoic
acid on egg production suggest a critical role for RA signaling in the reproductive biology of

S. mansoni.

The second aim of this project was to establish a CRISPR/Cas-based editing method for
S. mansoni. Knock-out models are commonly used to study the function of a gene of interest
(GOI). However, in the post-genomic era of schistosome research, there is no established
protocol for stable transformation of this and other platyhelminth parasites. To date, RNAi has
been the most appropriate method for functional gene characterization. Though, RNAI
efficiency is variable and can lead to ectopic effects. CRISPR/Cas-based editing is a powerful

tool for gene characterization. To make this technique accessible for trematode research, a
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protocol was established to edit a genomic safe harbor (GSH) site of S. mansoni, which was
bioinformatically predicted before by our collaboration partner Professor Christoph Grunau
(Perpignan) and named GSH1. GSHs represent distinct sites in the genome that tolerate the
integration of new genetic material without compromising genome integrity or gene expression.
Thus, GSHs should allow the constitutive expression of reporter-genes. In order to edit the
identified candidate GSH1, a 5'C6-PEG10 modified construct encoding an eGFP reporter-
gene under a strong native S. mansoni promoter was used as a donor repair template. Cas-
mediated integration of the transgene was achieved by electroporation of eggs. To this end,
Cas9 and Casl2a were used in a comparative approach. Sequence analyses post editing
showed differences in the reporter gene-integration efficiencies between the two enzymes with
a bias for Cas12a. Nonetheless, integration of the reporter-gene into GSH1 was demonstrated
by PCR for both ribonucleoprotein complexes formed by Cas9 or Cas12a. Moreover, this work
succeeded in transferring transgenic larvae into the parasitic life cycle. Finally, eGFP signals

were detected in eggs and adult worms, which demonstrated reporter-gene activity at GSH1.

In summary, strong evidence was found for SMRAR and SmRXR-1 as key factors in the
regulation of meiosis in S. mansoni. In addition, SMTHRB and SmRXR-1 were shown to be
critical for tissue homeostasis and oocyte formation. These findings suggest that these
receptors and their ligands play a vital role in schistosome reproduction and indicating that the
sexual maturation of females is not only influenced by pairing, but also by the host environment
and thus by host derived molecules (e.g. RA and TH). Furthermore, the successful editing of
the schistosomal GSH1 by transgene knock-in and the expression of the integrated eGFP
reporter gene was achieved. By analyzing transgenic worms, strong evidence was found for
transgene integration into germline cells. For the first time in schistosome research, these
results provided proof of concept for a new genome editing approach in S. mansoni. This

opens new perspectives to fill one of the existing technical gaps in schistosome research.
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Zusammenfassung

Schistosoma mansoni ist ein Parasit, der sowohl Menschen als auch Tiere beféllt. Im Zuge der
Infektion verursachen Schistosomen die Infektionskrankheit Schistosomiasis. Ein
Alleinstellungsmerkmal der Schistosomen innerhalb der Trematoden ist die Ausbildung von
zwei separaten Geschlechtern. Darlber hinaus erreichen die Weibchen nur dann die
Geschlechtsreife, wenn sie sich in einem konstanten Paarungskontakt mit einem Mannchen
befinden. Vergleichende RNA-Sequenzierungsstudien, welche die Transkriptome adulter
Schistosomen und ihrer isolierten Gonaden analysierten, zeigten, dass eine Vielzahl der Gene
im Weibchen paarungsabhangig reguliert sind. Darunter befanden sich auch Gene, die fir
nukleare Rezeptoren (NRs) kodieren. Fir diese NRs konnte eine paarungsabhangige und
Ovar-praferenzielle Regulation gezeigt werden. Mitglieder der NR-Superfamilie sind Liganden-
aktivierte Transkriptionsfaktoren, fur die verschiedenste Rollen bei der Zelldifferenzierung, -
proliferation und Embryogenese beschrieben worden sind. Des Weiteren wurde fir
Vertebraten-NRs des Typs Il gezeigt, dass die Klassen der Retinsaurerezeptoren (RAR/RXR)
und die Thyroidhormonrezeptoren (THR) essenzielle Rollen in der Spermatogenese, der

Embryogenese und der Gewebehomdostase spielen.

Im Rahmen dieser Arbeit wurden potenzielle S. mansoni NRs identifiziert und durch
polygenetische und vergleichende Doménenanalysen den Klassen RAR (Smp_144170,
SMRAR), RXR (Smp_097700, SmRXR-1), THRa (Smp_134490, SmTHRa) und THR(
(Smp_174260, SMTHR) zugeordnet. Zusatzlich wurden die Transkripte dieser Rezeptoren
mittels in situ Hybridisierung ganzer Wirmer (WISH) im posterioren Teil des Ovars, welcher
mature Oozyten beinhaltet, lokalisiert. Darliber hinaus wurden die Transkripte dieser
Rezeptoren mit Hilfe des kirzlich von Zhigang Lu, einem ehemaligen Mitarbeiter der AG
Grevelding, erstellten scRNA-Seg-Atlas von isolierten maturen Ovarien vor allem in Oozyten
des intermediaren Entwicklungsstadiums gefunden. Dieses Ergebnis deutete auf eine

Beteiligung dieser Rezeptoren an der Regulation meiotischer Prozesse hin.

Funktionelle Gen-Charakterisierungen mittels RNA-Interferenz (RNAI) lieferten eindeutige
Beweise fir die Beteiligung dieser Rezeptoren an der frihen Embryogenese und der
Gewebehomoostase in adulten Schistosomen. Vor allem die morphologischen Analysen der
Ovare paarungserfahrender Weibchen post RNAi zeigten starke Ver&nderungen in der
zellularen Struktur. Insbesondere die funktionelle Charakterisierung von SmRAR und
SmRXR-1 sowie biologisch assoziierter Molekile wie SmMMEIOB und SmGLI1 deutete auf eine
zentrale Rolle dieser Gene bei der Maturation der Oozyten und der Progression der Meiose
hin. Diese Ergebnisse sowie die anschlieRende Analyse des positiven Einflusses von 9cis-
Retinsdure auf die Eiproduktion deuten auf eine entscheidende Rolle der RA-

Signaltransduktion in der Reproduktionsbiologie von S. mansoni hin.
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Das zweite Ziel dieser Arbeit stellte die Etablierung einer CRISPR/Cas-basierten
Editiermethode fir S. mansoni dar. In Modellorganismen wird die funktionelle
Charakterisierung von Genen meist mit Hilfe von Knock-out-Modellen durchgeftihrt. In der
post-genomischen Ara der Schistosomenforschung gibt es jedoch bislang kein etabliertes
Protokoll, um diesen Parasiten und andere parasitische Plathelminthen stabil zu
transformieren. Bisher beruhte die funktionelle Gen-Charakterisierung auf der Nutzung von
RNAI. Jedoch ist die Effizienz eines RNAi-vermittelten Gen-Knock-downs variabel, abhéngig
von der Ziel-Sequenz und kann zu ektopischen Effekten fiihren. Um diese Effekte und deren
Auswirkungen auf die Auswertung experimenteller Daten zu vermeiden, ist die Entwicklung
alternativer Methoden unumganglich. Die CRISPR/Cas-basierte Genom-Editierung ist ein
potentes Werkzeug zur Gencharakterisierung und konnte in den letzten Jahren fir eine
Vielzahl an Organsimen etabliert werden. Um diese Technik fiir die Trematoden-Forschung
zuganglich zu machen, wurde ein Protokoll zur Editierung einer genomischen Safe Harbors
(GSH)-Stelle in S. mansoni, die unser Kollaborationspartner, Professor Christoph Grunau
(Perpignang), bioinformatisch vorhergesagt und mit GSH1 benannt hatte, entwickelt. GSHs
sind spezielle Stellen im Genom, die die Integration neuen genetischen Materials ermdglichen,
ohne die Integritat des Genoms oder die Genexpression zu beeintrachtigen. GSHs sollten
daher die konstitutive Expression von Reportergenen ermdglichen. Zur Editierung der GSH1
wurde ein 5'C6-PEG10-modifiziertes Konstrukt, das ein eGFP-Reportergen unter einem

starken nativen S. mansoni-Promotor kodiert, als Reparatur-DNA-Template verwendet.

Die Cas-vermittelte Integration des eGFP-Transgens konnte durch Co-Elektroporation von
Schistosomen-Eiern erreicht werden. Zusatzlich wurden in einem vergleichenden Ansatz Cas9
und Casl12a fur die Editierung der GSH1 verwendet. Dabei wurden signifikante Unterschiede
in der Editierungs-Effizienz der beiden Enzyme festgestellt mit einer leicht hoheren Effizienz
von Casl2a. Weiterhin konnte die Integration des Reportergens in die GSH1 durch
Ribonukleoproteinkomplexe, die durch Cas9 oder Casl2a gebildet wurden, nachgewiesen
werden. Ferner gelang es, transgene Larven in den S. mansoni Lebenszyklus zu tberfiihren
und diesen zu schlie3en. Schlussendlich wurde die Aktivitat des Reportergens in GSH durch
die Detektion von eGFP-Signalen in Eiern, sich entwickelnden Miracidien und adulten

Wirmern nachgewiesen.

Zusammenfassend konnten SmMRAR und SmRXR-1 als Schliisselfaktoren bei der Regulation
der Meiose in S. mansoni identifiziert werden. Darliber wurde gezeigt, dass SmTHR{ und
SMRXR-1 entscheidende Rollen in der Gewebehomdoostase und Oozytenbildung einnehmen.
Diese Ergebnisse legen nahe, dass diese Rezeptoren und ihre Liganden eine wesentliche
Rolle in der Reproduktionsbiologie der Schistosomen spielen. Des Weiteren deuten diese
Ergebnisse darauf hin, dass die sexuelle Reifung des Weibchens nicht nur durch die Paarung

mit einem Mannchen, sondern auch durch die Wirtsumgebung und somit durch Wirtsmolekiile
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(z.B. RA und TH) beeinflusst wird. Weiterhin konnten die gRNA-programmierte Editierung
einer vorhergesagten schistosomalen GSH, die Integration eines Transgens sowie die
Expression eines Reportergens nachgewiesen werden. Darlber hinaus belegte die
fluoreszenzmikroskopische Analyse potenzieller transgener Wirmer eine Integration des
Transgens in Zellen der Keimbahn. Zum ersten Mal in der Schistosomenforschung wurde die
Mdglichkeit aufgezeigt, das Genom von S. mansoni zu editieren und somit das Potential,
funktionelle Genanalysen in Schistosomen durchfiihren zu kénnen. Diese Ergebnisse eréffnen
neue Perspektiven, um bestehende technische Licken in der Forschung an Schistosomen

und dariiber hinaus zu schlief3en.
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Introduction

1 Introduction

1.1 Schistosome life cycle

Schistosoma mansoni, a member of the
parasitic genus Schistosomatidae, is
the cause of the widespread infectious
disease schistosomiasis, which is one
of the most emerging parasitic diseases
worldwide. Schistosomiasis has been
classified as a neglected tropical
disease (NTD) by the World Health
Organization (WHO (1)). NTDs primarily
affect people in impoverished countries
with limited access to healthcare and
suitable sanitary infrastructure (2-5).

Schistosomiasis is  prevalent in
subtropical and tropical regions such as  Figure 1. Fine structure of a S. mansoni couple.

Asia, South America, and sub-Saharan  Representative image of the fine structure of an adult
Africa, and has been reported in 78 S. mansoni couple, which was stained by carmine red

countries Furthermore estimates and analysed by CLSM. The larger, muscular male

- - embraces the smaller, longer female in the canalis
indicate more than 237 million people g

gynecophoris. Picture taken from Moescheid and

requiring preventive treatment. More
Puckelwaldt et al. 2023 (152). Scale bar: 200 um

than 20 million are severely affected by

this disease, resulting in up to 200,000 deaths each year (6, 7). Recently, outbreaks of
urogenital schistosomiasis have been reported also in Corsica (France) (8) and Almeria
(Spain) (9), indicating that this disease can also spread to moderate climate zones. This
reflects a worrying trend, especially given global warming and the resultant shifting of habitats
for different animals and their parasites (10). Moreover, this zoonotic disease is of immense
veterinary and economic importance, as some Schistosoma species are capable to infect not
only humans but also livestock as final hosts (11). Furthermore, wild animals such as rodents

can serve as reservoir hosts (12).

Schistosomes are the only dioecious representatives of the obligate parasitic trematodes, of
which all other species are hermaphrodites (Figure 1). They have a complex life cycle
(Figure 2), which is typical for trematode parasites. This comprises an obligatory change of
hosts and free-living as well as intermediate host-associated (sporocysts) larval stages. In the

definitive human host, adult S. mansoni colonizes the mesenteric veins of the intestine. Mature
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females can produce approximately 300 eggs per day (13, 14). These eggs migrate from the
endothelium of the mesenterial vessels through the intestinal wall, secrete proteolytic
enzymes, and are excreted with faeces into water. During the migration of eggs into the
intestinal tissue, the first larval form, the ciliated miracidium, develops inside the egg. Upon
contact with fresh water and sunlight, miracidia hatch from the eggs and actively infect an
intermediate snail host of the genus Biomphalaria (4, 15). Inside the snail, the miracidium first
transforms into a mother sporocyst and reproduce asexually in daughter sporocysts. Finally,
daughter sporocysts migrate into the midintestinal gland of the snail, where they develop within
three to seven weeks post infection (p.i.) into the second free-living larval form, known as
cercaria. These larvae actively leave the snail as the infectious stage of this parasite aiming to
find a final host by swimming through the water. Following contact, infection occurs via
penetration of the skin supported by the secretion of proteolytic enzymes (16, 17). Once the
cercariae have entered the skin, they undergo a morphological transformation. While
penetrating the skin, cercariae lose their tails. Next, they develop a double-layered membrane
called the tegument and transform into schistosomula, which represents the juvenile stage of
schistsosomes. Within approximately 24 h, schistosomula migrate through the dermis and
reach the blood vessels, and finally migrate through the lung capillaries. Here, they continue
to develop for 3 to 10 days before migrating to the portal vein of the liver, where they complete
their development and mate. Pairing occurs when the female is placed in the ventral grove,
called the canalis gynecophorus, which is formed by the male upon physical contact with a
female(18). After pairing, the Schistosome couples move to their final destinations and remain
permanently paired. This led to the German designation for schistosomes: “Parchenegel”.
Adult S. mansoni and S. japonicum reside in the mesenteric veins, while S. haematobium,
another relevant species for humans, resides in the vesical vein plexus of the urogenital system
(4, 19).
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S. mansoni — Biomphalaria spp. S. mekongi — Neotricula spp.

Figure 2. Life cycle of Schistosoma mansoni.

Schistosomes have a complex life cycle involving a freshwater snail (Biomphalaria spp.) as intermediate
host and the human as definitive host. Eggs are excreted with the human faeces and hatch
phototactically induced by light and upon contact with water. Subsequently, miracidia hatch from these
eggs and invade the intermediate snail host. Here, miracidia develop into mother and daughter
sporocysts, which then reproduce asexually, finally producing numerous cercariae. After approximately
30 days, cercariae emerge from the snail in response to light, swim through the water and, following
contact, penetrate the skin of the final host, such as a human. During penetration, the tails of cercariae
are shed, and the larvae transform into schistosomula within the skin. These schistosomula then enter
the bloodstream and travel to the lungs and further to the portal vein system, where they mature into
adult worms. The male worm then grasps the female worm in the gynaecophoral canal, and as couples
they migrate to the mesenteric vein system of the gut. Following pairing, female have matured and start
the production of eggs, of which a part is excreted by the faeces of human hosts to continue the life

cycle. Image was adapted from McManus et al. 2018 (4).

The most serious pathological consequences of schistosomiasis are not caused by the worms,
but by their deposited eggs. Only about half of the eggs are excreted, whereas the other half
of eggs are transported in the intestinal tissue or through the bloodstream to various organs
(13), with the majority of eggs ending up in liver and spleen. This can lead to blockage of blood

vessels and local inflammation, one of the clinical hallmarks of chronical schistosomiasis (20,

3
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21). In addition to damage to the intestinal tissue, there is often pathological enlargement of
the liver and spleen (hepatosplenomegaly) and ascites. Damage to the liver, can lead to
fibrosis and ultimately to death of patients, if left untreated (22, 23). Schistosomiasis can also
cause urogenital or colorectal cancer (24—26). Most recently, a study using bulk RNA-Seq
showed that the transcription of pathogenicity factors is highly upregulated in eggs trapped in
the liver of the final host (27). Especially for S. haematobium, its potential as carcinogen has
been shown (24), whereas for S. mansoni first evidence exist for a potential participation in
liver cancer development (26). In both cases, eggs and their antigens are triggering
carcinogenesis. Furthermore, infections with S. haematobium manifests pathogenesis within
the human genital tract, which in females may lead to impairment of the reproductive system,
eventually leading to infertility and other clinical consequences (28, 29). Until now, no
protective vaccines against the parasite itself or the egg-released pathogenicity-mediating
proteins such as IPSE (30) or omega (31-33), are available. The only effective drug currently
used against schistosomiasis (praziquantel) is not uniformly effective (34). Moreover, first signs
of resistance to this drug have already been observed (35, 36). Therefore, further research
into the unique biology of Schistosoma is needed to identify future targets for the development
of preventive measures, such as appropriate vaccination, and/or drugs to interrupt the parasitic
life cycle.

1.2 Reproductive biology of schistosomes

1.2.1 Pairing-dependent sexual maturation of S. mansoni females

The complex life cycle of S. mansoni, provides a broad basis for basic parasitological research.
The reproductive biology of adult schistosomes, which is almost unique in the animal kingdom,
has become a main focus of scientific research. The fact that schistosomes are the only
members of the Trematoda that have evolved separate sexes (Figure 1), and that both sexes
live in permanent mating contact, which is necessary to maintain the sexual maturation status
of the females and its reproduction capacity (18), is seemingly of great interest. This
phenomenon is particularly significant because the eggs are the cause of the pathological
consequences of schistosomiasis (22, 23, 26).
A female worm has to be continuously paired with a male to mature sexually. Pairing-
inexperienced females (sF, single-sex females) are characterized by an underdeveloped ovary
with undifferentiated, stem cell-like oogonia (immature oocytes) and precursor vitellocytes
(Figure 3 A) (37-40). Pairing initiates mitogenic process (41) and subsequently the complete
differentiation of the female reproductive organs (18). The ovary of paired, mature females (bF,
bisex females) is represented by a typical oval structure containing small stem cell-like oogonia
in the anterior part of the ovary and large mature oocytes (primary oocytes) in its posterior part
4
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(Figure 3) (38, 42). Moreover, only the vitellarium of bF contains stem-cell like S1 cells,
differentiating S2 and S3 cells, and terminally differentiated S4 cells. Both cell types — mature
oocytes and S4 vitellocytes — are required for egg production (18, 43, 44). However, only
undifferentiated S1 cells with stem-cell characteristics have been identified in immature
females (37, 45, 46). In contrast to females, the influence of mating on the morphology of male
schistosomes is less significant. Pairing-inexperienced males (sM, single-sex males) have the
same body size compared to paired males (bM, bisex males). Moreover, pairing-independent

development of testes that are capable of sperm production has been demonstrated (47).

Another fascinating aspect of schistosome reproductive biology is that female maturation is
reversible. Separation of couples results in a decline in the reproductive capabilities of the
female. This process includes a decrease in and final stop of egg production, which is
paralleled by the dedifferentiation of the reproductive organs in separated females that finally
resemble sF. Previous studies demonstrated a decline in the grade of female maturation within
35 d of separation. During that period females revert to an immature status (39, 48). However,
ovary and vitellarium re-differentiate and egg production resumes when previously separated

females are re-paired with males (18, 48-50).



Introduction

Scale bar: 500 pm

Ovary

Oral Intestine
sucker

Tegument

Ootype

Vitelline 3
glands 1 HCM SEM

isolated oocytes iOo intOo

Scale bar: 100 pm Scale bars: 5 um

Figure 3. Microscopic analyses of the pairing-induced sexual maturation of female schistosomes
and different stages of oocyte differentiation.

A, Analysis of the fine structure of immature (pairing-inexperienced) and mature (pairing-experienced)
female schistosomes by DAPI (grey) and Fast Blue BB (red) labelling. Fast Blue BB (orange-red)
labelled the lipid containing vitelline droplets in mature vitellocytes, Chen et al. 2022 (51). B,
representative image of a sexually mature female of S. mansoni, which had been separated from the
male partner for confocal laser scanning microscopy (CLSM). The image depicts various organs and
tissues, and the position of the ovary is highlighted. C, close-up section of the detailed structure of the
fully mature ovary. A pear-like shape, with two distinct areas, characterizes the ovary: a smaller, anterior
part containing immature oocytes (imO, outlined in red) and a larger, posterior part containing mature
oocytes (MmO, outlined in white). The ootype, responsible for egg formation (52), as well as an egg within
the uterus, are indicated. D, Images of oocytes at different developmental stages were obtained using
Hoffman modulation contrast microscopy (HCM) and scanning electron microscopy (SEM) after
trypsinization of an ovary from a paired female. The images show an immature oocyte (iOo, oogonia,
about 5 ym in size), a differentiating intermediate-stage oocyte (intOo, 8 — 12 ym in size), and a mature

oocyte (mOo, primary oocytes, about 15 pm).
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Several studies have been conducted to understand the mechanisms of how male worms
stimulate female development (48, 49, 51, 53-58). First evidence for the male induced
maturation were collected by physiological experiments. For this purpose, sexually
undifferentiated females were paired with males that had been cut in half without being
fertilized. Here, the interaction between the male worm fragments and females resulted in the
maturation of the female reproductive organs exactly at the location that had been covered
(48).These females produced eggs containing haploid embryos (48, 49). However, the diploid
karyotype of embryos produced by paired schistosomes (2 n) has 16 chromosomes, whereas
the mitotic cells in eggs produced by females paired with castrated males were haploid (49).
Moreover, some works have focused on identifying the "molecular/chemical components" that
are transported from males to females during initial pairing contact, thereby inducing female
sexual maturation (51, 55-58). Most recently, a first key factor for the male- induced female
maturation was identified, a B-alanyl-tryptamine (BATT). BATT is generated by a non-
ribosomal peptide synthetase (Smp_158480, SmMNRPSs) and is released by ciliated sensory
neurons into the gynecophoric canal. Even in the complete absence of a male, a synthetic
BATT version was found to partially induce sexual maturation in immature females (51).
Furthermore, two genes were found to act as key factors in female maturation. First, the
Vitellogenic Factor 1 (VF1), a pairing-specific transcription factor (55), which belongs to the
nuclear receptor (NR) superfamily (49). RNA interference (RNAI) experiments targeting vfl
transcripts demonstrated a critical role for VF1 in vitellarium maturation. Second, SmGlil an
ortholog of the C. elegans Ci/Gli, which is known to orchestrate the formation of female and
male gonads during larval development (59). Both have been shown to be one of the male
driven key factors of female maturation (51, 60). In addition, a recent study provided strong
evidence that the male-derived competence factors SmTDC-1 and SmDDC-1 and their
metabolites, biogenic amines such as dopamine, are important key factors in the induced
maturation of female schistosomes (57). Both genes, Smtdc-1 and Smddc-1 pairing-
dependent regulated in male schistosomes (55, 57). Functional characterization of these
factors in sM by RNAI caused maturation deficiency in female schistosomes during pairing
experiments (57). New techniques, particularly high-resolution RNA-Seq techniques (55, 61,
62), make it possible to decipher specific factors responsible for the reproductive biology of
schistosomes, which may cover a greater variety of molecules as thought before (46, 51, 53,
57, 63).
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1.2.2 Transcriptomics - decoding the maturation of female schistosomes

In addition to the morphologically visible changes in the female reproductive organs, the effects
of its pairing-induced sexual maturation were also demonstrated at the level of gene
expression. The influence of pairing on transcription processes in females, which was initially
shown for individual genes such as the eggshell precursor proteins p14, p19 and p48 (64—67),
has now been confirmed for a large number of other genes (55, 61), also in S. japonicum (68).
First datasets were obtained by SAGE and microarray analyses, confirming the pairing-
dependent expression of many different genes and gene families (69-71). With respect to
transcript profiling of genes in different life stages and upon pairing, some genes, such as
follistatin, have been shown to play important roles in the TGFB-pathway (71). With the help of
yeast-two-hybrid analysis, a TGFB-receptor orthologue from S. mansoni was found to interact
with the TGFp-receptor agonists inhibin/activin (SminAct) and bone morphogenic protein
(SmBMP) (71). This study also highlighted a previously unknown role of neurotransmitters in
male development. Nevertheless, these methods failed in assessing the whole transcriptome.
After RNA-Seq methods were available and more feasible, bulk RNA-Seq was performed to
assess pairing dependent global changes in the transcriptome of both sexes. In order to obtain
a better understanding of the sexual biology of schistosomes, comparative transcriptomics of
adult schistosomes (pairing-experienced and -inexperienced) and their (isolated) gonads were
conducted (55). This analysis uncovered a significant difference in the transcription of > 3,600
genes between ovaries of immature (= unpaired) and mature (= paired) females. Here, 243
genes occurred to be pairing-dependently regulated within the male gonads, which is a
remarkable number against the background of the absence of phenotypic differences between
sM and bM.

Transcriptomic data obtained from various studies assembled the transcriptomic profiles of
S.mansoni throughout the life cycle, including different larval stages such as egg, miracidium,
sporocyst, cercaria, schistosomulum, juvenile (21-28 d), and adult (42 d) worms stages (62).
Additionally, pairing-dependent effects on the transcriptome were investigated by comparing
bM, sM, bF, and sF (55, 68, 69, 72). However, these bulk RNA-Seq approaches failed to
distinguish differences in gene expression among diverse tissues. To overcome this hurdle,
Wendt et al. (61) established the first whole worm single cell RNA-Seq (ScRNA-Seq) atlas.
This groundbreaking work identified cell populations of female and male S. mansoni including
gonadal cells (61). Using this atlas data, a recent study identified several key regulators of
male-derived female maturation, such as the transcription factor SmGIil (51), as well as the
potential key regulator of female maturation SmMNRPs, which is preferentially expressed in bM
(51, 55). SmMNRP is responsible for the production of BATT, which is released by ciliated

sensory neurons into the gynaecophoric canal. BATT can partially induce sexual maturation in
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sF, even in the absence of a pairing contact with a male. Interestingly, egg number and quality
as well as ovary differentiation were found to be inferior in BATT-treated sF compared to

naturally paired females (51, 57).
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Figure 4. Creation of the first ovarian scRNA-Seq atlas of mature S. mansoni.

Stable couples were separated and the established approach for isolating vital S. mansoni gonads (73)
was used to extract ovaries from sexually mature females. To study the ovary transcriptome at the
single-cell level, 10X Chromium scRNA-Seq technology was utilized (74), Moescheid and Lu et al.,

submitted.

In the past, RNA-Seq approaches failed to achieve high-resolution gene expression profiles
among and within sub-populations of cells, including cells of gonad tissues. Since whole worms
were used as starting material to generate the first sScRNA-Seq atlas of S. mansoni, only small
cell numbers belonging to certain clusters (e.g. 20-79 cells in late female germ cell clusters)
were captured, such as oogonia and oocysts (61). To overcome this problem, the organ
isolation approach previously established in our lab for S. mansoni (73) to isolate ovaries from
sexually mature females was used to enrich cells underrepresented in the previous SCRNA-
Seq study (Figure 4). Based on this approach, and by further applying the Chromium 10X
method, the first sScRNA-Seq atlas of the ovary of S. mansoni bF was assembled (Figure 4,
Moescheid and Lu et al, in revision; scRNA-Seq atlas data are available at
gonadsc.schisto.xyz). Since the ovary of a paired female contains both mitotic, immature

oogonia, and meiotic, mature oocytes, part of this thesis was to identify genes contributing to
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developmental processes from the oogonia (gonadal stem cell-like) stage to mature oocytes.
Bioinformatics analyses uncovered distinct cell clusters and associated marker genes for
different developmental stages of oocytes. To this end, the combined analysis of these
comparative transcriptome studies revealed among others pairing-dependent and ovary-
preferentially transcribed nuclear receptors (NRs), for which | assumed a potential role in ovary

development.

1.2.3 Egg formation and miracidia development

In paired female schistosomes, oocytes are formed in the ovary. They leave the ovary at its
posterior end to enter the oviduct. Here, they migrate along the sperm reservoir (receptaculum
seminis), which is a dilated region close to the ovary exit and within the oviduct. After
fertilization, the oocyte moves forward to the oviduct, which is also connected to the vitelline
duct. Thus, also S4 vitellocytes, originating from the vitellarium, end up in the ootype, which is
the egg-forming organ in trematodes. Within the ootype, the fertilized oocyte reaches the
zygote stage and is surrounded by 30-40 S4 cells that provide energy resources and egg-shell
precursor proteins for egg-shell formation (18, 43, 64, 75, 76). This process is supported by
excretion products from the Mehlis' gland that surrounds the ootype (52). Within the ootype,
vitellocytes release their granules contents, which are essential for egg-shell formation and
embryogenesis (64, 77, 78). The egg-shell is finally formed through biochemical cross-linking
processes of these precursor proteins and two developmentally regulated tyrosinases
(SMTYR1 and SmTYR2) (49, 79, 80). Following egg formation, the egg passes through the
uterus to be released into the environment through a pore near the ventral sucker. Embryonic
development occurs externally while the egg migrates from the host’s intestine into the faeces
(76, 80). In the external environment, Jurberg et al. (76) identified eight embryonic stages
based on Vogel and Prata’s staging system (Figure 5) (81, 82). Stage 1 is characterized by a
single, yet undeveloped zygote and surrounding vitellocytes (yolk). In stage 2, the zygote starts
to form the multicellular stages of a stereoblastula and the initiation of outer envelope
differentiation (von Lichtenberg’s envelope (83)). Stage 3 includes the elongation of the
embryonic primordium and the onset of inner envelope formation. At stage 4, the primordia of
the first organ arise. During stages 5-7, tissue and organ differentiation occurs (neural mass,
epidermis, terebratorium, musculature, and miracidial glands). Stage 7 is characterized by the
nuclear condensation of neurons in the central neural mass. Stage 8 refers to the fully formed
miracidium, which exhibits muscular contraction, cilia, and flame cell activity. Part of the
developed eggs are released by the faeces into fresh water. Induced by the changes of osmotic
pressure and by light (15), the miracidium hatches from the egg to actively search for the

intermediate host, in case of S. mansoni the freshwater snail Biomphalaria glabrata.
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Figure 5. Development of Schistosoma mansoni eggs from the fertilized zygote to the mature
miracidium.

A, fertilized oocytes (zygotes), phase-1 eggs according to Vogel and Prata's classification, obtained as
individual cells separated from the surrounding vitellocytes (scale bar 20 um) (76, 81, 82). B, phase Il
eggs, which are characterized by the increase in size of the embryo compared to the egg itself (scale
bar: 100 um). C, phase V eggs (arrows) in comparison to phase Ill eggs (scale bar: 50 um). Stage V
eggs contain the mature miracidium. In D, the different developmental stages of the S. mansoni egg are
shown, modified according to Jurberg et al. 2009 (76, 84). The development of the egg, according to
Vogel and Prata's phase | to V, is shown (from left to right). Abbreviations: vc, vitellocytes; z, zygote;

em, embryo; nM, neural cells; epi, epidermis; t, terebratorium; gc, terminal cells.

1.3 Nuclear receptors

Members of the nuclear receptors (NR) superfamily are ligand-activated transcription factors
(TF) that play diverse roles in cell differentiation, proliferation, and metabolism, emphasizing
their biological importance (85-88). NRs are activated by lipophilic steroid hormones, such as
estrogen, cortisol, vitamin-D, retinoic acids, and/or thyroid hormones (85, 88—-90). NRs share
a general characteristic domain structure (Figure 6) consisting of (i) a highly variable amino-
terminal domain comprising several distinct transactivation regions (A/B domain), (i) a
conserved DNA-binding domain, which features two Zn-fingers (C domain), (iii) a nuclear
localization (D domain), and (iV) a highly conserved carboxy-terminal ligand-binding domain
(E domain) (88, 91). The binding of the ligand to its corresponding NR results in dimerization
of certain receptors and finally in the transactivation of specific genes within a target tissue
(92).
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Figure 6. Structural characteristics of nuclear receptors.

Nuclear receptors are characterized by a N-terminal A/B-domain and a DNA binding (zinc finger)
domain, which is connected by a hinge region to the C-terminal ligand binding domain, Fruchart et al.
2019 (91).

Unlike most other intercellular messenger molecules, ligands of NRs can cross the cell
membrane without the necessity to interact with receptors located at the cell surface (85). NRs
are categorized into four distinct classes, each characterized by its unique mode of action.
Accordingly, they can act as monomers, heterodimers, or homodimers. These receptors
modulate gene transcription by recognizing a specific DNA hormone response element
(HREs), which is associated with chromatin remodeling (93). In mammalian model organisms,

the HRE is derived from pairs of the consensus sequence RGGTCA (R, purine base) (85, 94).
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Figure 7. Nuclear receptor-mediated transcriptional regulation.

The different types of nuclear receptors (NRs) can be divided into two classes based on their ligand-
dependent activation. The first class is characterized by ligand-mediated activation of the NR in the
cytoplasm (Type |, lll, and IV NRs), followed by the recruitment of transcriptional co-activators in the
nucleus. This leads to stimulation of transcription. In contrast, receptors belonging to the second class
of NRs (Type Il NRs) are already bound as heterodimers to the target hormone response element (HRE)
of the promoter as a complex with transcriptional co-repressors. Ligand-dependent stimulation of the
heterodimer recruits co-activators, which are ultimately involved in the transcriptional upregulation of

controlled genes. Modified illustration from Sever and Glass 2013 (85).

Depending on their roles and according classification, ligand binding cause either dimerization
and HRE-binding or the disassembly of the NR-complexes bound to DNA (85, 93). Type |
receptors, such as the estrogen receptor, are activated upon ligand binding in the cytoplasm.
The inactive Type | NR (Figure 7) is bound to a chaperon of the heat shock protein (HSP)
superfamily (95). Activation of the NR by the ligand causes the disassembly of the NR/HSP
complexes and NR homodimerization, which ultimately ends in exposure of the nuclear
localization sequence and entry into the nucleus (85). Within the nucleus, the ligand-activated
NR-complex binds to NR-associated transcriptional co-activators promoting transcription of
target genes (96). Most NR binding sites of Type | were found in enhancer elements in great

distance to the transcriptional start site (97). Type Illl and IV NRs exhibit similarities to Type |
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NRs, albeit with variations in the arrangement of hormone response elements (HRES).
Additionally, Type IV NRs employ monomeric behavior, binding to half-occupied HREs upon
activation by specific ligands (85, 88, 93).

Type Il receptors, such as retinoic acid receptors (RAR/RXR) and thyroid hormone receptors
(THR), show distinct characteristics compared to Type I, Il and IV NRs (Figure 7). The main
differences can be found in their location, whereby type Il receptors are found to bind DNA
within the nucleus, in the absence of specific ligands (85, 98). The latter can be of both
intercellular and intracellular origin (85). Retinoic acid (RA), as well as thyroid hormones (TH),
belong to ligands of the type Il NRs. They typically form heterodimers with a retinoid-X-receptor
(RXR) and, in the absence of a ligand, exert active repressive functions through interactions
with NCoR (Nuclear co-repressor) and SMRT co-repressor complexes (99-102). Hereby,
heterodimerization of retinoic acid receptors (RARs) with THRs was demonstrated as well
(103). These co-repressor complexes are linked to histone deacetylases (HDACSs), which
causes heterochromatization of the target locus and thus leads to transcriptional suppression
(104-106). Upon binding of a ligand to the LBD, co-repressors are released and replaced with
co-activator complexes. Co-activator complexes generally comprise histone-interacting
proteins, including histone acetyltransferases (HATs) and other activator proteins (104, 106),
which results in the remodeling of the chromatin, and which promotes transcription of target
genes (96). Furthermore, in vertebrate systems members of this NR-subfamily are associated
with post-embryonic development, lipid metabolism, immune modulation, and adult
homeostasis (85, 98, 107).Recent studies have also shown that RA and TH are indispensable
hormones in embryogenesis. For example, an essential role of RA in the development of the
central nervous system was demonstrated (107-109). In line with that, several studies
provided evidence for the involvement of THs at early embryogenesis and development of the
central nervous system (108, 110).

1.3.1 Retinoic acid receptors and their role in germ cell development

RA is the metabolic active isoform of vitamin A. It is known to act as ligand of RAR and RXR
receptors and for its involvement in various biological processes. In this context,
heterodimerization of RAR with RXR plays a critical role in gene regulation (85, 98). As type Il
NRs, RAR/RXR heterodimers bind to specific RA-response elements (RARES) that are located
in the promoter sequence of target genes (98). The consensus sequence of RARE bears a
direct repeat of AGGTCA with a gap of 1-5 nucleotides (98). Both RARs and RXRs can be
classified in three isotypes: i) -, ii) -B and iii) -y, which share 90% identity in their DNA binding
domains (DBD) and 85% identity in their ligand binding domains (LBD). Although the isotypes

within the different receptor classes show a high degree of similarity, there are significant
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differences between the two receptor classes. RARs and RXRs share only 60% identity in their
DBD and only 27% in their LBD (111). Nevertheless, RA and its metabolites can activate both
receptors. For instance, by employing in vitro ligand binding assays, affinities of all-trans RA
(atRA), 9cis-RA, and 13-cis RA for RARs, were shown (112, 113). Even though some studies
provided first evidence that that 9cis-RA (111, 114) and polyunsaturated fatty acids (PFUA)
(115, 116) are RXR ligands, the exact ligand have not been identified, yet. Furthermore, the
involvement of RAR/RXR in various cellular processes was confirmed, including major roles in
the regulation of lipid metabolism (98), inflammatory processes (117), neuronal development
(107-109), and germ cell proliferation (118—120). In mammalian model organisms, meiosis is
regulated by several signals. Among these, RA has been found to orchestrate meiotic entry

and maintenance in spermatogenesis (121).
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Figure 8. Retinoic acid signaling and metabolism during spermatogenesis.
Vitamin A is transported to target tissues by serum retinoid binding proteins. Upon arrival, specific retinol
binding proteins facilitate retinol incorporation into surrounding cells (Sertoli cells). Retinol is then
converted to its biologically active metabolite, RA, by alcohol dehydrogenases and retinaldehyde
dehydrogenases. RA then binds to RAR/RXR heterodimers, leading to the upregulation of target genes
through co-activator recruitment. Additionally, the cytochrome P-450 enzymes CYP26A1, CYP26B1,
and CYP26C1 are crucial for maintaining the balance between active and inactive RA isoforms.
lllustration by Griswold 2016 (122).

15



Introduction

Vitamin A, particularly in the form of RA, has been found to initiate meiotic processes, as
demonstrated in various studies by investigating meiotic regulation in mammalian model
organisms (123, 124). Vitamin A originates from retinol by nutritional intake or from the liver.
Bound to serum retinoid binding proteins, vitamin A can be transported to target tissues, such
as the testes. Here, retinol is bound by retinol-binding protein 4 (RBP4), as well as the
transthyretin-retinol-binding complex (TTR, Figure 8) (125-127). When bound to the Stra6
receptor, retinol, which is complexed to RBP4-TTR, can be detected by Sertoli cells (128, 129).
By playing an important role in cellular retinol uptake, the Stra6 receptor has been shown to
be important in maintaining vitamin A homeostasis (122).

In the Sertoli cells, the conversation of retinol to the biological active metabolite RA is catalyzed
by the retinol dehydrogenase 10 (RDH10) and retinaldehyde dehydrogenases (ALDH1A1,
ALDH1A2, and ALDH1A3) (122, 130). Once activated, RA binds to RAR/RXR heterodimers,
which eventually enables the upregulation of meiosis associated genes like stra8 and meiosin
that play critical roles in meiosis initiation (131, 132). In addition, three different cytochrome P-
450 enzymes, CYP26A1, CYP26B1, and CYP26C1, are involved in RA degradation, thus
regulating the precise balance between biologically active and inactive RA isoforms (133).
Additionally, the precise degradation of RA is known to be essential for regulating proper
spermatogonial differentiation. In context with that, CYP26B1, which is expressed in immature
Sertoli cells, degrades RA and prevents premature meiosis in germ cells (118, 134). This was
shown in Cyp26b1l knock-out (KO) mice (135, 136). Upon Cyp26bl KO, germ cells entered
meiosis prematurely and underwent apoptosis. Additionally, inhibitor experiments, in which
testes were treated with a CYP26 inhibitor, demonstrated an increase in the number of germ
cells expressing the meiosis associated transcription factor STRA8 (137). In the past, it has
also been shown that RA plays a critical role not only in the regulation of the RA-dependent
pre-meiotic transition to meiosis, but also in the regulation of post-meiotic germ-cell
differentiation (138). Moreover, the levels of RA fluctuate periodically. It was demonstrated that
post-meiotic development depends on RA originating from meiotic cells, whereas the pre-

meiotic transitions require RA from somatic cells.

1.3.2 Nuclear hormone receptors in S. mansoni

The current knowledge about NRs and RA-dependent gene regulation in S. mansoni and other
trematode species is rather limited (139). Over the last decades, efforts have been made to fill
these gaps of knowledge by identifying orthologous receptors and describing the effect of their
potential ligands on schistosome physiology (87, 140-142). Recently, several yet
uncharacterized NRs have been identified (87). This was mainly achieved by the availability of

the S. mansoni genome sequence (143) and increasingly accurate RNA-Seq datasets (55, 61,
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62). Several studies confirmed the existence of respective members of the NR superfamily in
S. mansoni. These include for instance the retinoid-X receptor (RXR) orthologs binding to the
promoter of the pl4 egg-shell precursor protein (104, 141, 142), an androstane receptor
homologue (144), two thyroid hormone receptors (145), the vitellogenic factor 1 (VF1)
regulating the pairing induced development of the female vitellarium (49), and the fushi tarazu

ortholog SmFTZ-F1 as one key regulator of oesophageal tissue homeostasis (87).

The best characterized NRs in schistosome species are the orthologues of the RXR subfamily,
for which two putative S. mansoni RXR, SmMRXR1 and SmRXR2, have been identified (104,
140, 140-142, 146). By performing co-immunoprecipitation (ColP) experiments,
heteromidimazation with a putative RAR receptor in case of SmMRXR1 was described (104).
An interaction between RXR/RAR heterodimers with chromatin remodeling enzymes, like
histone deacetylases (HDACSs) and histone acetyl transferases (HAT), is known (85, 98, 147).
In addition to these findings, SMRXR/SmRAR-mediated recruitment of S. mansoni HATSs,
SmCBP1 and SmGCNS5, has been described (104). Targeting these HATSs by specific inhibitors
led to effects on female reproductive organs (104). Inhibitor treatment resulted in malformed,
smaller eggs, proliferation deficiency of cells of the vitellarium, and a reduced number of
mature oocytes. Furthermore, ColP experiments demonstrated binding of the p14 promoter by
the heterodimer complexes (104, 148). Interestingly, 9cis-RA was identified as a potential
ligand of the S. japonicum SjRXR ortholog (140), whereby the ligands of S. mansoni RAR and
RXRs have not yet been identified. Moreover, cytochromes play an important role in the
regulation of cellular RA levels (122). Functional characterization of the S. mansoni
cytochrome P450 orthologue (SmCYP450) by RNAI and inhibitor treatment resulted in arrest
of embryogenesis in developing eggs and reduced vitality of schistosomula and adult worms
(149). These findings highlight the important role of RA receptors in schistosome reproductive
biology.

1.4 The road to transgenic schistosomes

Compared with other model organisms, the scope of gene characterization in S. mansoni is
limited. For years, RNAI interference (RNAI) has been proven as the most suitable tool for
functional gene characterization at a gene KO like level (150, 151). Notably, the use of RNAI
harbors risks, such as the unintentional deregulation of off-target genes or the occupation of
the cell's own RISC through the use of an excess of dsSRNA/siRNA (152-154). This can lead
to unintended deregulation of various genes. Therefore, many efforts have been made to edit
the genome of S. mansoni in order to overcome existing limitations in gene characterization.

The main reason for these limitations is the complexity of the parasitic cycle. The life cycle of

S. mansoni involves two different hosts (Figure 2), which makes it challenging to access the
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organism during critical developmental phases, such as asexual reproduction of sporocysts in
the snail intermediate host and prohibits the use of defined culture conditions. The absence of
S. mansoni embryonic cell lines necessitates the use of heterologous systems, such as HEK
or yeast cells, for expression studies (155, 156). Owing to the massive, multicellular body
structure of adult S. mansoni that is surrounded by a resistant tegument, the access to defined
cell and tissue types is highly restricted. This is a fundamental prerequisite for cell-specific
genetic analyses and access to stem cells (155, 157). Another limiting factor is that most gene-
editing approaches are based on the modification of zygotes at a single cell stage (158).
Compared to other organisms, a striking characteristic of trematodes is the production of
composed eggs surrounded by a resistant egg shell (64, 76). These factors make it challenging
to set up efficient transfection protocols for the establishment of transgenic S. mansoni.
Besides dsRNA soaking for RNAI, various further methods to introduce DNA such as
lipofection, electroporation (EPO), and particle bombardment (PB) have been used and
different S. mansoni life stages (159-161). Using PB, it was possible to introduce GFP, driven
either by the native heat shock protein 70 (HSP70) or the actin promoter, or the promoter of
E210 (a cysteine protease) into S. mansoni life stages (159, 160, 162, 163). The activity of
these reporter-gene constructs has been demonstrated by transcriptional analysis,
fluorescence microscopy to visualize GFP expression, and western blot analysis (159, 160);
noteworthy, a stable germline transfection of S. mansoni has not been achieved probably due
to the fact that the plasmid vector-based constructs failed to integrate in the schistosome

genome but instead remained extra-chromosomally in the nucleus (159).

Furthermore, various strategies for chromosomal integration, such as the use of a transgene-
like viral system (164—166) and/or the use of transposons, such as piggyback (167), have been
tested. By the use of a Murine Leukemia Virus-based approach, an undirected transmutation
of the germline was possible (165). However, this approach was not feasible for targeted gene
characterization. Based on viral systems and the availability of the S. mansoni genome
sequence (143, 168), a further approach involving a lentiviral system, carrying the
CRISPR/Cas9 system, successfully catalyzed a target-directed gene KO (33). The
functionality of this method was demonstrated by knocking-out the pathogenic factor omega-1
in a significant number of cells of liver eggs (LES), (33). The work of Paul Brindley (Washington
University) pioneered the demonstration of the power of CRISPR/Cas for functional analysis
in schistosome research (33). Furthermore, other CRISPR/Cas delivery strategies, such as
the transfection of parasitic life stages with CRISPR/Cas ribonucleic complexes, have been
increasing (169-172). However, these approaches were not able to show edited cells of the

germline or to reintroduce edited life stages into the parasite life cycle.
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1.5 CRISPR/Cas

Genome editing using CRISPR/Cas technology has greatly impacted research in the fields of
biomedicine and life sciences (173-175). A wide range of Cas homologues were identified,
such as the bacterial CRISPR/Cas9, Casl2a (169, 176), dCasl13 (177, 178), or the phage
exclusive Cas® (179). Each of these Cas-enzymes possess a unique programmed nuclease
activity, such as alternative PAMs (Protospacer Adjacent Motifs), selectivity for different nucleic
acid substrates, and sensitivity to various factors such as metal ions and temperature (176—
178, 180, 181). The best characterized enzymes and now indispensable tools for highly
accurate genome editing (182, 183), marking of target loci (175) or gene silencing (184, 185),
are CRISPR/Cas 9, Casl2a (176), and dCas13 (177).

The most frequently and best studied system is CRISPR/Cas9, for which its precise and
programmable editing capacity was first described by Doudna and Charpentier (183). Since
then, this system has been optimized multiple times and found to be a suitable tool, not only
for basic research, but also for advanced biomedicine (173, 174). The CRISPR/Cas9 system
comprises two components: a guide RNA (gRNA) and a Cas9 nuclease (183, 186, 187). This
nuclease creates blunt end-DSBs at specific locations in the genome and can be repaired
through genome maintenance mechanisms, such as non-homologous end joining (NHEJ) and
homology-directed repair (HDR). These native cellular mechanisms can be used for either KO
of a target locus by provoking indels (insertion-deletions) that are caused by NHEJ or the
precise integration of a fragment harboring homologous sequence regions by HDR (Figure 9)
(188). Essential proteins of the NHEJ and HDR machinery have also been found in S. mansoni
(189). In contrast, the CRISPR/Casl12a system includes a single crRNA, which guides the
Casl2a nuclease to target the DNA sequence, generating sticky end DSBs (190).
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Homology directed repair (HDR)

LLLRRRRES I

| HAleft | Transgene | HAright |

Repair template with homology arms,
desired genomic edit and PAM mutation

v

Liiiiiiil Transgene |aiLu
Precise editing caused by HDR

HA = homology arms

Figure 9. Integration of a transgene into target locus by homology directed repair (HDR).
Integration of a donor DNA carrying a transgene, which is flanked by homologous sequences (homology
arms, HA). These HAs are homologue to proposed CRISPR/Cas cleavage site. The donor DNA serves
as a template for HDR in dividing (S and G2 phase) cells after CRISPR/Cas-induced DSB (182).

Besides differences in the architecture of the guide RNAs, the CRISPR/Cas9 system
recognizes 3'-NGG-5" as binding site to create DSBs upstream of the PAM, while the
CRISPR/Casl2a system recognizes a T-rich PAM, 3’-TTTV-5’, and generates DSBs
downstream of its PAM (Figure 10) (190, 191). Both nucleases are powerful tools for genome
editing in specific genomic contexts. Whereas Cas9 may be better suited for editing GC-rich
regions, Casl2a might be more effective for editing AT-rich regions (Figure 10) (169, 176,
192-194). Since there are different ways to introduce the CRISPR/Cas system into target cells
or organisms, e.g. as riboprotein complexes (RNPs) (195), as plasmid (196), or as part of a
lentiviral system (33), the consequences of each of these systems for target organisms have
to be considered. Furthermore, systems have been established for C. elegans, as
CRISPR/Cas9 has been integrated into the genome. In those systems, Cas9 is expressed
under the control of either a constitutively active or inducible promoter (196). Nevertheless, the
use of lentiviral-mediated genomically integrated Casl2a systems should be carefully

considered as they can cause off-target effects (172, 197).
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CRISPR/Cas9: CRISPR/Cas12a:

Cas type ll Cas type V

M.W. 162,200 g/mol M.W. 156,400 g/mol

> PAM:{NGG | > PAMTTTN|

l Guide RNA: l Guide RNA:

- tracrRNA 67-89 nt - crRNA 40-44 nt
LTI ITIOTTTITIT > crRNA35-36nt [TTTTTTT [TTTTTTT

Blunt ends

Sticky ends

| !
Small deletions due Hugh deletion sites
to NHEJ due to NHEJ

Figure 10. Functional comparison between the CRISPR/Cas9 and CRISPR/Casl2a systems.

The CRISPR/Cas9 system is composed of a crRNA specific for a target DNA sequence. Here, binding
of crRNA by a tracrRNA is indispensable for the enzymatic activity of the Cas9 endonuclease. On the
other hand, the CRISPR/Casl2a system is composed of a single crRNA guiding the Casl2a
endonuclease to target sequence. Here, the crRNA acts as guide but also as tracrRNA. The crRNA is

processed by Casl?2a itself without the binding of a tracrRNA, which compared to Cas9 is a unique

feature of the CRISPR/Cas12a system. lllustration modified according to Wey 2018 (198).

Recent studies have demonstrated the effectiveness of CRISPR/Cas in editing the genome of
S. mansoni (169-172), making it a compelling tool to overcome previous technical limitations
and thus achieve precise transgene integration. One of the most promising candidates is a
previously characterized schistosomal genomic safe harbor site (GSH), for which facilitating
constitutive expression of a transgene during the parasitic lifecycle without affecting the
genome integrity was demonstrated (172). Based on an approach applying the CRSIPR/Cas9
system and using three overlapping gRNA sequences that target a schistosomal GSH, the
integration, as well the expression of a reporter-gene , was achieved (172). However, this work
failed in introducing these edited life stages into the parasitic life cycle. Nevertheless, based

on these promising data, the establishment of a transgenic S. mansoni has become feasible.
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1.6 Aims

Comparative transcriptome studies of adult S. mansoni and their isolated gonads revealed the
pairing-dependent and ovary-specific transcription of several NRs (55, 61, 62). Recent studies
highlighted the essential role of NRs in schistosome maturation and tissue homeostasis (49,
87, 104). This thesis aimed to elucidate the function of yet uncharacterized type Il NRs,
including retinoic acid receptors (Smp_097700, SmRXR1) and Smp_144170, SmRAR) and
thyroid hormone receptors (Smp_134490, SmTHRa and Smp_ 174260, SmTHRB) in
S. mansoni reproductive biology, given their known potential roles in tissue homeostasis, germ
cell development, and fertility in vertebrate models (85, 98, 107-109, 122). The project also
aimed to establish a CRISPR/Cas-based editing method to generate stably transformed
S. mansoni. To provide an alternative, my plan was to find ways to chromosomally introduce
a reporter-gene into the previously identified GSH1 of S. mansoni (172), and to reintegrate
edited life stages back into the life cycle as a prerequisite for the first transgenic schistosome

line. In detail, objectives of this study were:

1) To verify the annotations of NRs by in silico analyses, such as phylogenetic, domain and
protein structure studies.

2) To verify the bioinformatics data with respect to NRs potentially involved in oocyte
development, to confirm the RNA-Seqg-based transcript profiles of the receptor-coding genes
by RT-gPCR, and to localize transcript occurrence by whole mount in situ hybridizations
(WISH).

3) To functional characterize selected NRs by RNAi in adult S. mansoni. Phenotype analyses
included physiological assays (worm viability, pairing stability, and egg production), cell
biological assays (stem cell proliferation, EAU assays), and morphological analyses (bright-
field and confocal microscopy with a focus on the female gonads and eggs). In addition, the
influence on the sexual maturity of female schistosomes should be determined by analyzing
the transcript profiles of meiosis-associated marker genes and genes that were predicted in
silico as protein-protein interaction partners. Finally, first-time pairing experiments were done
in vitro to investigate RNAI effects on sexual maturation in virgin females and couples.

4) The establishment of the CRISPR/Cas method in combination with multiple transformation
methods for stable integration of an e GFP reporter-gene construct into GSH1. For this, | aimed
to identify a native promoter and terminator, which was able to ensure constitutive reporter-
gene expression in all parasitic life stages and among all tissue types.

5) In this context, the efficiencies of different Cas enzymes should be tested as well as various
ways to reintegrate the edited life stage(s) into the life cycle to generate a transgenic

S. mansoni line.
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2 Material

2.1 List of chemicals

Chemicals used in this work are listed in Table 1.

Table 1. Chemicals used in this work

Material

Chemical Manufacturer Reference
Acetic acid Roth 3738.5
Agarose Roth 2267.3
Bovine serum albumin (BSA) Roth 8076.1
Blocking reagent Roche 11096176001
5-bromo-4-chloro-3-indolylphosphate (BCIP) Roche 11681451001
Brij35 Roth 9002-92-0
Calcium chloride (CaCly) Roth CNo3.1
Carmin powder, CertistainH Sigma-Aldrich / Merck C1022
CH55

(4-[(1E)-3-[3,5-bis(1,1-dimethyletyl)phenyl]-3- Cayman 110368-33-7
oxo-1propen-1-yl]-benzoic acid

Deionized formamide Roth P040.2
Diethylpyrocarbonate (DEPC) Roth K028.3
Dextran sulfate Roth 5956.4
3,5-Diiod-L-Thyronon Sigma-Aldrich D0629
Dimethyl sulfoxide (DMSO) Roth A994.1
Dithiothreitol (DTT) Roth 6908.1
5-ethynyl 2"-deoxyuridine (EdU) Invitrogen A10044
Ethanol Roth 9065.4
Euparal Roth 7356.1
FluorCare ROTIMount Roth HP19.1
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Chemical Manufacturer Reference
Formaldehyde Roth 4979.1
Formamide Roth 6749.1
Glycerol Roth 7530.1
HCI Roth T134.1
2-4-(2-hydroxyethyl)-1-piperazinyl ethane

sulfonic acid Roth 6763.3
(HEPES)

Isopropanol (2-Propanol) Roth 9781.1
Lithium chloride (LiCl) Roth P007.1
Magnesium chloride (MgCly) Roth KK36.3
Methanol Roth 4627.1
MES (2-morpholinoethanesulfonic acid) Sigma-Aldrich M3671
Nonident-P40 substrate/substitute Sigma-Aldrich 74385
Orange G Roth 0318.2
Oil Red O Merck 1320-06-5
PEG10 (Bis-PEG10-NHS ester) BroadPharm BP-22588
Percoll Sigma-Aldrich P1644
Polyvinyl alcohol, 30-70 kDa (PVA) Sigma-Aldrich 341584
Propane 1,2-diol (Proylenglycol) Sigma-Aldrich 614416
RA 9cis-retionoic acid Sigma-Aldrich 19643
Spermidin Sigma-Aldrich 85558
Sodium hypochloride Roth 9062.3
Sodium chloride (NacCl) Roth 3957.1
Sucrose Sigma-Aldrich S0389
Trehalose (a,a-Trehalose) Sigma-Aldrich T9449
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Chemical Manufacturer Reference
Tricain (ethyl 3-aminobenzoate Sigma-Aldrich A5040
methanesulfonate

Triton X-100 Roth 3051.3
TritonX-405 Merck X405
Trisodium citrate 2-hydrate Roth 3580.3
Tween20 Roth 9127.2
Tween80 Sigma-Aldrich P1754

Yeast RNA Roche 10109223001

25



2.2 Buffers

Buffers and solutions used in this work are listed in Table 2.

Table 2. Buffers and solutions

Material

Name Composition Application
2% (v/v) Acetic acid
AFA 1.1% (viv) PFA Carmine red
66.7% (v/v) Ethanol staining
in DEPC-water
100 mM Tris (pH=9.5)
100 mM NacCl
AP buffer 50 mM MgCl2 WISH
0.1% (v/v) Tween20
in PVA solution
5% (v/v) Deionized formamide
. . 0.5x SSC EdU staining,
Bleaching solution 1.2% (vIv) HzO2 WISH
in DEPC-water
25M Particle
CaCly in nuclease free water (NEB)
. o bombardment
0.2 pm filter sterilized
2.5% (w/v) Carmine red
Carmine red solution 2.5% (v/v) HCI (37%) Carmine red
92.5% (v/v) Ethanol (90%) staining

CBSS+T

10x CRISPR/Cas reaction
buffer

Colorimetric block
solution

Developing buffer

in H20

NaCl 2.8 g/l

KCI 0.15 g/l

Na:HPO4 0.07 g/l
MgSO4*7xH20 0.45 g/l
CaClx*2xH20 0.53 g/l
NaHCO3 0.05 g/l
Glucose 1 g/l
Trehalose 1 g/l

Abam 1% (v/v)

In H20

200 mM HEPES
1 M NacCl

50 mM MgCl2

1 mM EDTA
pH=6.5

7.5% (v/v) Horse serum
in TNT buffer

450 ug mL™* NBT
175 yg mL™1 BCIP
in AP-buffer

In vitro culture of
sporocyts

Cas9/Casl2a activity
assay

WISH

WISH

26



Material

Name

Composition

Application

10x DNA loading buffer

Heparin

Hybridization buffer

WISH MgCl; solution

Narcotics

10x PBS (phosphate
buffered saline)

PBSTx (PBS/Triton X-100)

PEG solution

Prehybridization buffer

PVA

Sodium acetate

Snail water

Snail water solution |

25% (v/v) Glycerol
0.2% (w/v) Orange G
in TAE buffer

25,000 U mL-1 Heparin sodium
in H20

50% (v/v) Deionized formamide
10% (w/v) Dextran sulfate
5xSSC

1 mg mL™! Yeast t-RNA

1% (v/v) Tween20

in DEPC-water

0.6 M MgCl2
Add DEPC-water or
in 100 mM Tris (pH=7.4)

1.9% (v/v) Ketamine
6.2% (v/v) Xylavet
0.9% (v/v) NaCl

in H20

1.37 M NacCl

27 mM KCI

100 mM Disodium hydrogen phosphate
17.5 mM Potassium dihydrogen phosphate
in DEPC-water

pH=7.0-7.2

0.3% (v/v) Triton X-100
in DEPC-PBS

20% (w/v) PEG 8000
20 mM MgCl2
in DEPC-water

50% (v/v) Deionized formamide
5x SSC

1 mg mL™? Yeast t-RNA

1% (v/v) Tween20

in DEPC-water

10% (w/v) PVA
In DEPC-water
filter sterile

3 M Sodium acetate
in DEPC-water
pH=5.2

0.3% (v/v) Snail water solution |
0.2% (v/v) Snail water solution Il
0.04% (v/v) Snail water solution 11l
in H20

1 M CaCl2
0.35 M MgCl2
in H20

Agarose gel
electrophoresis

Perfusion
medium

WISH

WISH

Perfusion

WISH, washing of
S. mansoni

EdU staining, WISH,
lipid staining

DNA clean up

WISH

WISH

WISH

Culture of
Biomphalaria
glabrata

(B. glabrata)

Culture of B. glabrata
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Name

Composition

Application

Snail water solution Il

Snail water solution il

20x SSC (saline-sodium

citrate)

50x TAE
(Tris/acetate/EDTA) buffer

TNT (Tris/NaCl/Tween)
buffer

10x transcription buffer

Tricain

Tris buffer

TS-solutiuon

Yeast t-RNA

21.71 M Potassium carbonate
273.78 M Sodium hydrogen carbonate
in H.0

0.6 M NaOH
in H20

3 M NacCl

0.3 M Trisodium citrate 2-hydrate
in DEPC-water

pH=7.0

50 mM EDTA

2 M Tris

1 M Glacial acetic acid
in H.0

pH=8.0

0.1 M Tris

150 mM NacCl

0.1% (v/v) Tween20
in DEPC-water
pH=7.5

0.4 M Tris (pH 8.0)
0.1 M MgCI2

20 mM Spermidine
0.1 mMDTT

in DEPC-water

0.25% Tricain
in PBS

100 mM Tris
in H.0
pH=7.4

0.5 g Brij35

0.5 g Nonident P-40

0.5 g Tween80

0.5 g TritonX-405

In 100 mL RNase free PBS

1% (w/v) Yeast t-RNA
in deionized formamide

Culture of B. glabrata

Culture of B. glabrata

WISH

Agarose gel
electrophoresis

WISH

Synthesis of
dsRNA and
riboprobes

Separation of
S. mansoni couples

DNA isolation

Organ isolation

WISH
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2.3 Media

Material

The media for the in vitro cultivation of S. mansoni and E. coli are listed in Table 3.

Table 3. Medium and additives

Name

Working concentration

Perfusion Medium

M199 (powder, Gibco)

HEPES buffer (pH=7.4)

Tris buffer (pH=7.4)

Glucose

Heparin

In H20

Medium for in vitro culture of adult S. mansoni
M199*++

In M199 (liquid, Gibco)
Antibiotic-antimycotic solution (Abam)

HEPES buffer (pH=7.4)

NCS
pH=7.3-7.4
Basch ABC/LDL

In Basal Medium Eagle (powder, BME, Sigma-Aldrich)
D-Glucose

HEPES buffer (pH=7.4)

Lactalbumin

NaHCO;

Hypoxanthine (100 mM stock solution)

1% (wiv)
12.5 mM
20 mM
0.1% (w/v)

0.01% (v/v)

1% (viv)
1% (viv)

10% (v/v)

1% (w/v)
1% (viv)
1% (wiv)
2.2 (wiv)

0.5% (v/iv)
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Name

Working concentration

Hydrocortison (100 mM stock solution)
Triiodothronin (20 mM stock solution)
Insulin (8 mg/ml stock solution)
Schneiders” medium

100x MEM vitamins

Ascorbic acid

Human washed red blood cells (RBCs; (10% suspension in M199)

Human low-density lipoprotein (LDL; TRINA, Switzerland)
NCS

Antibiotic-antimycotic solution (Abam)

pH=7.3-7.4

M199egg - Medium for in vitro culture of S. mansoni eggs
In M199 (liquid)

Human low-density lipoprotein (LDL; TRINA, Switzerland)
NCS

Antibiotic-antimycotic solution (Abam)

pH=7.0

0.1% (viv)
0.1% (viv)
0.1% (v/iv)
5% (v/v)

0.5% (v/v)

200 uM

0.2% (viv)

2.5% (vIv)
10%

1% (viv)

0.25% (v/v)
20%

1% (viv)

M199sporo - Medium for the in vitro culture of S. mansoni sporocyts

M199 (liquid)

CBSS+T

48% (vIv)

48% (vIv)

7d Bge-cell conditioned StemMACS iPS-Brew XF medium (Miltenyi) 5% (v/v)

Antibiotic-antimycotic solution (Abam)

pH=7.0

1% (viv)
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Bge-medium - Medium for in vitro culture of B. glabrata embryonic cells (Bge-cells)

Schneiders” medium (liquid, Gibco)

22% (viv)

Lactalbumin 1% (wiv)
FCS 10% (v/v)
Antibiotic-antimycotic solution (Abam) 1% (v/Iv)
in H20

pH=7.0

LB-medium — cultivation of E. coli

Trypton 1% (w/v)

Yeast extract

0.5% (w/v)

NaCl

0.5% (w/v)

in H20

pH=7.0
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2.4 Dyes and conjugates
Dyes used in this study with their working concentration are listed in Table 4.

Table 4. Dyes used in this study

Dye Manufacturer Reference Concentration/Dilution
Calcein AM Invitrogen 65-0853-39 5-25nM
GelRed nucleic acid gel stain  Biotium 41003 1: 40 000
Hoechst 33342 Thermo Fisher Scientific 62249 2uM
SYTOX Orange Thermo Fisher Scientific  S11368 5 uM

2.5 Enzymes

The Enzymes used in this work are listed in Table 5.

Table 5. List of enzymes used in this work
Enzyme Manufacturer Reference Application
AccuPrime Taq DNA- Invitrogen 12346086 PCR
Polymerase
AdHI NEB R0584S Cloning
Alt-R S.p. Cas9 Nuclease V3 IDT 1081058 Genome editing
Alt-R A.s. Casl2a (Cpfl) V3 IDT 1081068 Genome editing
Alt-R L.b. Casl12a (Cpfl) Ultra IDT 10007922 Genome editing
Collagenase Type Il Sigma-Aldrich C2-22-1G Egg isolation
Dispase | Roche 04942078001 Egg isolation
DNase | (RNase-free) NEB MO303L dsRNA/probe synthesis
DNAse | Sigma-Aldrich DN25-100MG dsRNA synthesis
Elastase Type IV Sigma-Aldrich E0258 Organ isolation
FirePol DNA Polymerase Solis Biodyne 01-01-00500 PCR
Hyaluronidase Sigma-Aldrich H3506-5G Egg isolation
Proteinase K Roche 03115801001 in situ hybridization
Q5 High Fidelity DNA NEB MO491S PCR
Polymerase
SP6 RNA Polymerase Roche RPOLSP6-RO in situ hybridization
T3 RNA Polymerase Roche RPOLT3-RO in situ hybridization
T7 RNA Polymerase Selfmade - dsRNA synthesis
Trypsin-EDTA Corning 25-053-ClI egg permeabilization
T4 DNA Ligase NEB M0202L Cloning
RNase inhibitor NEB M0314S dsRNA/probe synthesis
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2.6 Kits

Kits used in this work are listed in Table 6.

Table 6. Kits for molecular biological applications

Material

Product Manufacturer Reference Application
. . Agilent ;
Agilent RNA 6000 Nano Kit : 5067-1511 RNA Isolation
Technologies
Agilent RNA 6000 Pico Kit Agilent 5067-1513  RNA Isolation
Technologies
. . Agilent i Next generation
Agilent DNA 1000 Kit Technologies 5067-1504 sequencing (NGS)
Bio-Spin 30 column BioRad 7326223 DNA purification
C|ICk.-IT Plys EdU Alexa 488 Invitrogen C10637 Imaging of proliferating
Imaging Kit cells
DNAzol Th'erm'o. Fisher 10503027 Isolation of gDNA
Scientific
GoTaqg Green Master Mix DNA Promega M7122 PCR
Polymerase Kit
Q5® High-Fidelity
DNA Polymerase Kit NEB MO515 PCR
. . Isolation of DNA
Monarch DNA Gel Extraction Kit NEB T1020 fragments
Monarch PCR & DNA Cleanup Kit ~ NEB T1030 Isolation of DNA
fragments
Monarch Plasmid Miniprep Kit NEB T1010 ::\;,ﬁlztlon of plasmid
Label IT Nucleic Acid Labeling Kit, . . .
CX-Rhodamine Mirusbio MIR 3125 SgRNA labelling
RNAzol RT Sigma-Aldrich 19533 Isolation of RNA
QuantiTec Reverse . .
Transcription Kit Qiagen 205313 cDNA synthesis
SuperScript IV Reverse Invitrogen 18090010 cDNA synthesis

Transcriptase Kit
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2.7 Antibodies

Antibody for the execution of whole in situ hybridization (WISH) are listed in Table 7.

Table 7. Anti-Digoxigenin-POD antibody used in this work

Antibody Supplier Reference Source
Anti-Digoxigenin-POD, Fab fragments Roche 11207733910  Sheep

2.8 Molecular weight standards
DNA ladders used for DNA gel electrophoresis can be found in Table 8.

Table 8. DNA ladders used in this work

Ladder Supplier Reference
HyperLadder 50 bp meridian bioscience BIO-33054

2.9 Plasmids and plasmid backbones

Plasmid backbones used for cloning for WISH/RNAI and reporter-gene constructs are listed in
Table 9.

Table 9. Plasmid backbones

Name Application

pJC53.2 Riboprobe/dsRNA synthesis/cloning vector
pBluescript Cloning vector

pPET30a Protein expression / cloning template
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2.10 Primer sequences

Material

Primer sequences for amplification of PCR fragments for cloning WISH/RNAI plasmids are

listed in Table 10.

Table 10. Primers for WISH/RNAI constructs

Name

Sequence 5°- 3’

WISH Smp_144170 SmRAR fw
WISH Smp_144170 SmRAR rev
WISH Smp_097700 fw

WISH Smp_097700 rev

WISH Smp_134490 fw

WISH Smp_134490 rev

WISH Smp_174260 Fw
WISH Smp_174260 Rev

WISH Smp_333540 SmMeiob fw
WISH Smp_333540 SmMeiob rev

WISH Smp_163290 SmNcor fw
WISH Smp_163290 SmNcor rev
WISH Smp_266960 SmGIil fw

WISH Smp_266960 SmGIil rev

WISH Smp_165360 SmMyst4 fw

WISH Smp_165360 SmMyst4 rev

WISH Smp_013540 SmTYR2 fw (49)
WISH Smp_013540 SmTYR2 rev (49)
WISH Smp_055740 SmNanos-1 fw (199)
WISH Smp_055740 SmNanos-1 rev (199)
Ampicillin fw (152)

Ampicillin rev (152)

GFP-RNAI fw (152)

GFP-RNAI rev (152)

Neomycin fw (152)

Neomycin rev (152)
T7_extended (152)

TAT TGAGTT CCT TTATCT TAC CAG A
AGC GAC AAA CAC TCG ATC CA

CAA TCC AAA CCATAG CGAATT CC
GAC TGA GAA ACA GTAAGA GAATT

GTA AAC GTG CTG AAT CTG ATA AT

GAT GAT GTG GTT GAT GAT GAT TAG
TACTT

CGT ACT TGATGAAGATAAACGTTT A

ACAACT GAATTC TATTGATGG ATT C

TTT GCA GTT GTT TCA GAA ATA AAG
CAC CC

GACTTT GTAGATCTCTGG TTG GGC
TG

TTT CTATCT AAT ATG TGT GAT ACA
ATATCCC

AGG GGG GCG TTTTTGGTTCCCTT

AAT ACC ACT ACT CTT ACT ACT ACT
ACT ACCATTA

CTG CCG TAT TGT TGG ATT TGA AAT
TAT AAT TAT TAT TG

CAT CCA ACT CAC ATA ATT ATA AAC
CA

CCATCTTTT TTA ACA GGC GG

CGA TAT AAT ATATTATCATTT TCT CC
GTC AAT ACT CGAAAGTTT GGC C
TGA TAT CGA AAT CGT CCAGACA
TTG TAT CGG TTC CAA CAA ACC

GAG TAT TCAACATTT CCG TGT CGC
CGG TTC CCA ACG ATC AAG GC

GCA ACATAC GGAAAACTTACCC

CGT TGG GAT CTT TCG AAA GGG

TAA TAC GAC TCACTATAG GGAGAG
TGG AGA GGC TAT TCG GCT

TAATAC GAC TCACTATAGGGAGAC
ATC CTG ATC GAC AAG ACC

CCT AAT ACG ACT CAC TAT AGG GAG
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Primers for performing quantitative RT-PCRs are listed in Table 11.

Table 11. List of RT-qPCR Primers

Name

Sequence 5- 3

gRT Smp_144170 SmRAR fw

gRT Smp_144170 SmRAR rev

gRT smpl174260 THRb 1 fw

gRT smpl174260 THRDb 1 rev

gRT smp097700 RXR 2 fw

gRT smp097700 RXR 2 rev

gRT smp134490 THRa 1 fw

gRT smpl134490 THRa 1 rev

gRT Smp_013540 SmTYR2 Fw (49)
gRT Smp_013540 SmTYR2 Rev (49)
Smp_ 131110 (Smpl4) qPCR_for (57)
Smp_131110 (Smp14) _gPCR_rev (57)
Smp_333540 SmMeiob fw
Smp_333540 SmMeiob rev

gRT Smp_163290 SmNcor fw

gRT Smp_163290 SmNcor rev

gRT Smp_123420 SmDarnt fw

gRT Smp_123420 SmDarnt rev

gRT Smp_078720 SmBmpg fw

gRT Smp_078720 SmBmpg rev

gRT Smp_266960 SmGIil1 gRT fw
gRT Smp_266960 SmGIil gRT rev

SMFGFR-A Smp_175590 grt fw (200)
SMFGFR-A Smp_175590 qgrt rev (200)
SMFGFR-B Smp_157300 grt fw (200)
SMFGFR-B Smp_157300 grt rev (200)
gRT GFP-Analysis Pr (180) fw

gRT GFP-Analysis Pr (180) rev
eGFP-2021-5

eGFP-2021-3

SMLETM_gPCR2_fw (201)

SmMLETM_gPCR2_rev (201)

RT-PCR Smp_056970 SmMGAPDH_fw
(189)
RT-PCR Smp_056970 SmGAPDH rev
(189)

ACA TAT GAC TTG TGA TAG TAT AAC TGC
TC

CAC AAT AAC GAC GTA ATAATT CAG CCC
GAT GCA GAG CTT CAC GTT CA
GCATTC GGT CGG AGG TAATA

GTC GGC TGA ATT AAG CAT GG

AAA ACA CTG GCA ACT GAC GAG

AAC AAC AGC GAC AAC ACC AC
CTGCCATCATTG CAACATCT

ACA GCATTC CCA ACAACT CA

CAC CGG GAA AAG AAC AAA AT

CCT ATG GCG GTG ATTATG G

GGC TGG GTT TGT AAG TGC

TGC TGG ATATGC CTG TACATTCGCC
ACC TGG AGT AGC GCACAT TGC AAAC
CAG TCACAACTC AACGCT CTG GCAG
GTC AGT CAC AACTCAACGCTCTGG C
GCG CTT CCC AACGCCATAATTCTCC
ACA CTG GAT AGC TGAACCTAG GCG C
GGC GCT CTT GGACCT CGCATTTTT A

GCA AGG GAAGTT CGT AGG ACCATG C

GGA ACC AGG CCA TTC AAG GCT CAG
TAC

ATTCTGATG TTT AGC TCT GTC GGA TGC
ATT AC

TGC ATG TAC CCA AGA GGAATCA
GAT ATG GTG AAT TGC CCA AAC TG
CAC AGA AGG AGATGT GTCTGAA
TTC CCG TAAGGAGCATATTCCA
CAACAGCCACAACGTCTATATCA
ACTGGGTGCTCAGGTAGTGGT

CAA GGA CGA CGG CAACTACA
GAC TGG GTG CTC AGG TAG TG
CGT GGAATG CGT TCAGTT GG
GAA GCT GAT GGA GGT AAT TGAG

ATG GGA CAT TTC CAG GCG AG

CCA ACA ACG AAC ATG GGT
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Primers for the amplification of fragments for downstream analysis of Cas9 or Casl12a induced
editing of the GSH1 or Smp_174260 locus are listed in Table 12. These fragments were
analyzed using either Sanger direct sequencing or next generation sequencing.

Table 12. Primers for the generation of DNA libraries to analyze the Cas-mediated knock-

out efficiency of target locus

Name Sequence 5°- 3

TIDE analysis (202)
GSH3757 (GSH1) TIDE Fw GAT GAG TGC ATC GAT CGA TTA CTA AGG AAT TG
GSH3757 (GSH1) TIDERev GAC TCC TGA TTG AGG GTT GCA GGT G

Smp_174260 thr-B 1 TIDEfw ATCTTC TCG GTACTG TTT TATTTTACT TTAGTTC

Smp_174260 thr-B 1 TIDE
rev

AGT TAC GTG ATG GTG ATG ATAATAATT GTG

Illumina sequencing (NGS) (203)

ACACTCTTT CCCTACACGACGCTCTTCCGATCt
cct tt agt tat ggc taa ttt tta aca acc g

GAC TGG AGT TCAGAC GTG TGC TCT TCC GAT CT
tgt at tta att ttg agg tag tag gtc aaa c
NGS, next generation sequencing; capital letters, lllumina adapters; small letters, GSH1-specific

NGS GSH3757 (GSH1) fw

NGS GSH3757 (GSH1) rev

primer sequence
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Primer sequences for the amplification of PCR fragments for the cloning of reporter-gene

constructs using Gibson assembly are listed in Table 13.

Table 13. Primers to assemble reporter-gene constructs

Name

Sequence 5°- 3’

Promoter Smp_335990 fw
Promoter Smp_335990 rev
Terminator Smp_335990 fw
Terminator Smp_335990 rev
eGFP (start codon) fw

eGFP rev

Gibson pJC53.2 x SmUbiProm fw
Gibson SmUbiProm fw x eGFP rev
Gibson eGFP x SmUbiTer fw

Gibson SmUbiTer x pJC53.2 fw

CCT TTC CAG ATT GTC TCC GA
CGT AAG GTC TATCGTTTACACT
TGG AGG TTAACT TTAATTTTG
CCA AAG GTATTG CGA ACT

ATG GTG AGC AAG GGC GAG

CTT GTA CAG CTC GTC CAT

GGA GAATTA ACC CTC ACT AAA GGG AGA

CCTTCCTTT CCA GAT TGT CTC CGA

GGA GAATTA ACC CTC ACT AAA GGG AGA

CCTTCCTTT CCAGAT TGT CTC CGA

GCA TGG ACG AGC TGT ACA AGT GGA GGT
TAACTTTAATIT TG

GGG AGATTT AGG TGA CAC TAT AGA AGT

GAC CTT CCA AAG GTATTG CGA ACT AC

5'-modified primer sequences for amplifying the dsDNA donor for transgene integration into
the S. mansoni GSH1 are listed in Table 14.

Table 14. Primers to generate the 50 bp HA containing knock-in dsDNA donor

Name

Sequence 5°- 3’

5°(C6)amin-donor SmUbi-eGFP fw

5’(C6)amin-donor SmUbi-eGFP rev

5'(C6)amin - ATG CCA CAA GTG TTT ACA AGG
AAA ATG ATA CCT CGA GAT CAATTA TCT GA
cct ttc cag att gtc tcc g

5°(C6)amin - ACA CCATCC CAATTC CAG CTA
TTG AAC CAG CCT TCATCT ACCGAG TTC CA
cat agc gac gca tac cac aca caa g

Capital letters, 50 bp GSH1 homology arms (HA); small letters: donor-specific-primer sequence

38



Material

Primers for the amplification of the CRISPR/Cas-mediated integration of a reporter-gene into

the S. mansoni GSH1 by homologous-directed repair are listed in Table 15.

Table 15. Primers for the amplification of a transgene after HDR induced incorporation

into the target locus

Name Sequence 5°- 3’

GSH21 primer fw GTG TATTTC CTATGC TAT GAAAATACCT
Ubi-Prom HA left rev ATT GAG GAC CGT TCA GAT CGT GTC
eGFP-Ubi-Ter fw CAT GGA CGA GCT GTA CAA GTG AGA GGT TAAC
GSHZ1 primer rev GGT TCC ATACTATGC AGT TTCCTT AAAC
eGFP-2021-5' CAA GGACGACGG CAACTACA

eGFP-2021-3' GAC TGG GTG CTC AGG TAGT G

2.11 Single guide RNA sequences

The single guided RNAs (sgRNA) used for the assembly of CRISPR/Cas riboprotein
complexes and the RNA guided editing of the GSH1 or the Smp_174260 are listed in Table 16
or 17, respectively.

Table 16. Single guide RNAs for editing the S. mansoni GSH1

Name Enzyme Target locus Sequence 5°- 3’
sgRNA GSH1 Cas9 S mansoni GSH1 GAG AUC AAU UAU CUG ACA
Cas9 AU
sgRNA GSH1 , GAG AUC AAU UAU CUG ACA
Casl2a Casl2a S. mansoni GSH1 AUG GAA

Cas9/ GCA CUA CCA GAG CUA ACU

control sgRNA scrambled sequence

Casl?a CA

Table 17. Single guide RNAs sharing overlapping sequences for the knock-out of the

potential thyroid hormone receptor Smp_174260

Name Enzyme Targetlocus Sequence5’-3’
Start codon

sgRNAthr-B1  Casl2a Smp,_ 174260 GUA CUA GCA UUA UCU CAA UAU AUU
Start codon

sgRNAthr-B 2  Casl2a Smp,_ 174260 UUU CGU ACU AGC AUU AUC UCA AUA
Start codon

sgRNAthr-B 3  Casl2a Smp_174260 UGU AAA UAA UUU UGU UUC GUA CU
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2.12 WISH, RNAI, and reporter-gene constructs

The sequences cloned into the pJC53.2 backbone and used to synthesize WISH ribo-probes

and dsRNA to perform RNAi experiments are listed in Table 18.

Table 18. Sequence information of the pJC53.2 based in vitro transcription constructs
for WISH-probe and dsRNA synthesis

Smp_144170 Smrar WISH probe / dsRNA sequence 5°- 3°

TATTGAGTTCCTTTATCTTACCAGATGAGCCATTGTCCTGTAGAATATTCAAATCCTAATTCCCAGAATACTATATCTTATA
TTACCTCAGATTCTGTGATTAGTGTCTCATTCGCAGATTGTCAGTCGTCTAGTCCTTCATACCACTCTCTGTCATCAAGTA
CAGCCCTTCCTGGTGTTGGCTCTTTCTTAGATAAATCAAATCACCTTCCCCACTATTCTCCTAATAAATATTATGATACAGA
ACCTACTGCAATTCCGGGACACTCTTATGTTGAAAACACTGACGTTTTCGACAACAATCTTCCTTATCCAATAAAATCGGA
GGCCATTCATGAAACAGTATCTGGGACGTTTATTACTCCAGATGCACACAACGAATCATGTTTTACATCTCCTTTACAACC
TCTAAAATCATTAAACCCAAGTCTTCCTGTCCAATCTAGTGAATCTTTGTTAAGTGGTTTCACTCATCCACTTTCTATGGAC
CATACCGTTTTAGAAGACGGTGGATTAGATTTGGATCGAGTGTTTGTCGCT

Smp_097700 Smrxr-1 WISH probe / dsRNA sequence 5°- 3

CTAATAATGTACTACTATCCGACGAAACAGATCTACCTAATTTAACATTACGATGTTTACTGTCGGCTGAATTAAGCATGG
ATCCTAAATTGGCTGTATCAGAAAGAGGTGAAGCAATTTATGAAGATATACCTGGTGATGATGATACTGGTTTACATCCAT
TGACCATAATCTGTCAGTCTATTGAACAACAATTACCTCGAATAGTTAATTGGGCTCGTCAGTTGCCAGTGTTTTCATCTG
TCTATCTTAGTTTTGATGATCAATTTTGTTTAATAAAAGCTGCTTGGCCTGAATTAGTTTTAATCAGCTCAGCGTATCATTC
AACTGTTATTAGAGACGGTTTGCTTTTATCGATTGGACGTCATCTTGGTAGAGAGGTGGCTAAATCACATGGTCTAGGTC
CTCTTGTTGATAGAATTCTTCATGAACTTGTTGCACGTTTTCGTGATTTATCGTTACAAAGAACTGAATTAGCTTTACTACG
TGCTATTATTCTTTTTAATCCTGATGCTAATGGCTTGTCATCACGTCATCGCGTGGAAGCTGTCAGGGAGCAGCTTTATTC
AG

Smp_134490 Smthra WISH probe / dsRNA sequence 5°- 3°

CACATTTATCACCAACTGATGGTAATTCAACTCAATTACATATATCTACAAATCTTAGTCCAACAATACAATCCTACTAATA
ATCTTGATCAACATAATTCAACATCAATTCAACCAACAATATATGATCCAAATTGTGCTATGCTTCCATTATTACAAACATC
ACCAACAAGAAATAATCTTATCTATTCCGATGGAAATTCTCCTATAAATCAACATAGTCCTATGTAAGTACTAATCATCATC
AACCACATCATCATCAACATCATCAACATCATCATCAACAACATCCTACTGGCATCCACTTCAAGTACCAACAACAGATTT
AATGCCAAATAATACACTTCATTCAAGTTCATTAGTGAATATATCTTCCAGTATTCCGTTAGATGAATCCAATCAACTATAT
TGGTCAAATAATTCAACAATTGAGAATACATTTCATCATATCATCCATTAACTACTATACATAGTGGTATCAATCCAATTCA
TCAACATCATC

Smp_174260 SmthrB WISH probe / dsRNA sequence 5°- 3’

TCGTACTTGATGAAGATAAACGTTTAGCTAAACGTCGTCTAATCGAAGCAAATCGAGCACGTAAAAGAGCTGAAGCTATA
GAAGCCTCCACTGCTGTATATGTTACAGATCCATCAATTAATATCCCTAATATTACAAATCCTAATTCAGTATCAAAATATC
ATATTATACACAATCAACCCATCTCTACATCGAACACCATCTCTAGTACACCTGTTATTATGTCGACGATTCCTTATCATTC
TACAATCCATTCTAATATTCATTTTACTAATCAATTTGCACTCAATTCAACAACTAGAAGTCAGTTTAACTGTAATCCTATTC
AAACACGTTATTTGGAGGTAACCAACAATGATATCCATTCATTTGTTAATCCAAAAACTCCAGATGCAACATATTCACCTG
CAAATGAAGCAAAATTAATTGTACAACCTATTCAAACAATCGATAAATTACAACCAACTACTATGCCCAACAATATGTGCT
GGAATCCTATATGCGGAGCTCCGTATACACAGTGCTTTATGAATGATGCTAGTAATCATGATAACCATAATTCTAAAACCC
CACTTTCATTTAAAGAATCCATCAATAGAATTCAGTTGTCT

Smp_333540 Smmeiob WISH probe / dsRNA sequence 5'- 3’

TTTGCAGTTGTTTCAGAAATAAAGCACCCAAAAACCTTGATAATGTCTCAAAAAAAACCAAAGTGTGAGGAAGACGAGGA
ATTTACAATACAAAATGGGAGTCTAACTAGCAAATCCAAGTCAATTCAGTCGATTGAAACAGTTCAAACGGTACTTCAGCT
GTGTGAAGTTATGCTTTTTGATGATTCATGTAGCTGTCTTCCGCTAATCTTTTGGAATGAAGACTGGATTCACATTGCATT
AACAGCTTTTATACCATATTCTACCGTTTTATCGATTGTGAACTGTCCAGTTCGTTACGATCGTTACCGCAAAGGTGTGGT
TGCCTCTCCAAACTCAAAAACCCTAATTATTATCTCACCTGACTGTGCTGAGGCCAATCGTTTAAGTCAACACTCTAAACA
TCAGACTCAAAGCATGAATATTTTGGAAAGTGGCCATACTTCTTTTGCTGTTGAGAATGTGGATGACAGACTATTACAACC
TTTACCGATAGGATATAAAACAGCCCAACCAGAGATCTACAAAGTC

Smp_163290 Smncor WISH probe / dsRNA sequence 5- 3°

TTTCTATCTAATATGTGTGATACAATATCCCGCTTACAATCCGAAAGCCATTTACCTTCGAATGCCCCACCACCAGGTTTG
CGGATTGCCCCCAGCCCTGAGCAGGGTTATGCCAGTAGTATCAATCGGAATGGGAGGTCTGAAAGTTTTCCAAGTGGA
GGTCCGGTTCTCACAACTGGGCCTCATGCAGGGTTGTTGACTCCGGAAGACATGCTTGCTGCAGCACAAATTTGTAGCC
ATCTAAGTCAGTCACAACTCAACGCTCTGGCAGCTGCTTACCATCAACAGCAGCAACAAATTCAACGTTCTGTTGGCCCA
ACTGCTTCAGGAACTTCAACTCTTGGTCACGTACCAGGAATTACATTTGCGCAGGCTCTAGCAGCCGTTACATCTGTATC
GAAGTCATCATCTCCTACAATTCCTCTGGGTGTTCACAGCTCTCAACAGTCACCTCGATTGCCGGTTCACTCAGTCCAAA
CACCTGTGCATCAAGGGAACCAAAAACGCCCCCC
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Smp_266960 Smglil WISH probe / dsRNA sequence 5- 3

AATACCACTACTCTTACTACTACTACTACCATTAATAATCATATTAACACAACTTCTACTAATAATTATCAACAACAAAATGA
CACTATGTATGACAATAATAATAATAATGTTGATAATGATATGAAAGTCAAATCATCTATGAATGATTGTATTAATGACAAT
ACTATAAATGATACACATTCTACCACTGTTATCCACGCGGAGAATGAAAATCCTAGAAGACCAATACCGTTGACGAATAC
ATCAAATTTGGAAGGTTCAACATCTAATGTCGGTGGTAACAGTAATTTCCAAACAATGTCTGGAAATACAATTCCATTTCT
GCCAATTTCCGCTACAAATGATGGTCGTTATGAATGGCCACCTTCAATGAGGTATTCATCAGCTAATACTGATCGATTCAT
TCAAGGAATTAACACAAACACTGATAACAGACAAGAAGATTTTAGAAATCAACTAACAAGTAATAACAATAATAATTATAAT
TTCAAATCCAACAATACGGCAG

Smp_165360 Smmyst4 WISH probe sequence 5°- 3’

CATAATGAAAACCCAACTCACAAGAAACAACCTATTAAATCATCTGACCATTCATATACAAAAGATCAAACTCAATTACCAA
CATCAAATTTGGAGAATAAACCATCTAGTAGACAAAATTATAAAGAAAACAGAAACAATGAACATTCAATTCATAAATCATC
CAACTCACATAATTATAAACCACATGAACATAATGAATATAAAAAACATATTGATTCAAATAAACAAGAATCAAAAACAGAA
GTGAAGGAATATTCAACAAAAAGAAATGAAGAGTCCTCTTTGTCAAATGAACCGAATAGTAATAATAATAATGAGAAGAAT
ACCGGTAAGAATGATAATAAATTGAGTTATTACACAAAAACTAGTGAATATAAAACCGAGAATAAAAATGATGAGCTTATTT
CATCAAGTCAACCAACTGTTACTCAAAGCCTTACATCAGTATCGTTTGTTTCCGGTAGTAATAAATATGATTCAACTAAGT
CAAATGAATATAAAACATCATCTCAGAGTACAGTCAGTAAACCTGTATCAGAGGATGAGATTAAAACTCAAATAGAAAAAT
TATTAAAGGACAATTTAAACAATCTGATT

Smp_013540 Smtyr2 WISH probe sequence 5- 3" (49)

CGATATAATATATTATCATTTTCTCCAAAAAAAAGAAAAATGTTTGTTAATGTTGTAACAAGAATGCTTACTACTCCAACGG
ATTATTTGATATTATTTGAAAAAGATGCTATACATTCTGATCCATTATGGAAACCTAAATTTTTAGATGTAGATGTACAATAT
TTATTCTCTTTTATACATCGTTATGCAAGCAGAGCTACATTATTTCATGATAATATAGATTGTATAATACGTAGACATTTGG
ATAATAATCATGAAGTAGTTGGATTTTTAACTTGGCATAGATATTATATGTTATTTTGGGAAAGACATCTACGTAAAATTGC
AATTCGACTGTATGGTTGGACAGATTTCACAATACCTTATTGGGATTGGGTTGATTCTAAAAGGTGTGATGTTTGTGTTAA
TAGTTTATTAGGTGGTTATGGACAATGGGTTGGGCAAACTCGTTTAATAGACCCTAGAAGTCCATTTTACATGTGGCCGG
AATACTGTTCTCCCCCAACTACGGGAAGTAATTGTTATAGTTGTCATGCTGGTTGGCCAAACTTTCGAGTATTGAC

E. coli ampR dsRNA control sequence 5 - 3" (152)

GAGTATTCAACATTTCCGTGTCGCCCTTATTCCCTTTTTTGCGGCATTTTGCCTTCCTGTTTTTGCTCACCCAGAAACGCT
GGTGAAAGTAAAAGATGCTGAAGATCAGTTGGGTGCACGAGTGGGTTACATCGAACTGGATCTCAACAGCGGTAAGATC
CTTGAGAGTTTTCGCCCCGAAGAACGTTTTCCAATGATGAGCACTTTTAAAGTTCTGCTATGTGGCGCGGTATTATCCCG
TATTGACGCCGGGCAAGAGCAACTCGGTCGCCGCATACACTATTCTCAGAATGACTTGGTTGAGTACTCACCAGTCACA

GAAAAGCATCTTACGGATGGCATGACAGTAAGAGAATTATGCAGTGCTGCCATAACCATGAGTGATAACACTGCGGCCA

ACTTACTTCTGACAACGATCGGAGGACCGAAGGAGCTAACCGCTTTTTTGCACAACATGGGGGATCATGTAACTCGCCT

TGATCGTTGGGAACCG

The sequences information of the S. mansoni ubiquitin (SmUbi) promoter and terminator as

well as the eGFP used for the assembly of a reporter- gene construct are listed in Table 19.

Table 19. Sequence information of the SmUbi promoter and terminator, and the reporter-
gene eGFP

Sequence of the Smp_335990 (SmUbi) promoter 5°- 3" (189)

CCTTTCCAGATTGTCTCCGATTGATTTCACTTATCTCAATCACCACCAGATTGTGTCTTCTCACTTGGACACGATCTGAAC
GGTCCTCAATTGTGTGCGAACACTTCACTTTCCGATATTGGCTGCCATTCTGGTCATTGTGAAGGTCTACGTTTTTGTGG
CTCATAAAAAGTCCCAGCTTTCGGCACAAGTAATTGTAAGACTGCCAAACTACCAAGGAAGAGGTTAAATGACTTATCTG
GTAAGTGTTTTTCGGAAATATTTTGCTGTATGGAGTCACTAACCACACACGACCTGTTTTCTCTACTCGAGCTTGAGAAAG
TCACTAACCCAAGAAAATTGAAGCCTGTAATGTTCGTCATCCCTTCTCTTAGCGTTTATCAAGCCCACGAATACGTCCAG
CCAAAAGAGAATTATTGCTGCCGGAATAGCGGAGGTGAGTGCTTCTAAGTCACTGAGGTTGTCAACATGGTCAATGTAA
GGAAACTTCTGACTGTTCCTTCTCTCAGAATCGAGGTAGATAATATGTGGACCAAGAAATGTGTTTTGTAGACAGCGTAT
TTTCTGGTGTGTTAGCCTCGTACATAAGCTAACATCAGAGATTCATGGGAAACCGGTGTTGATGTTATCACTAGTGTGAA
TACTAGGGAATGATCTGGGGTTTGGAAAGTATTAGTTGGTCCCATCATTATTCTTCACACTCGGAGCATCAGGGCTTGAT
GACTTGAAAACGCCATCTTGTGTCTCCGTGTAAGTGGAAATATAACATAAAATAAGCTTTTTACGTTCGAGACACATATCG
ACCAGCTTAGTTGGGCAATGAATGCAATCTTCTCTTTGGGATTCAGTCTAGGAATTTCCCATTTTTAAAGGAGAAAGTTCC
TTTAAAATCTTTTTAAGAGTCTAATTTCGAGAAACTACATTAAACAGTGTGCGATTTTATCCTCATGTGTTCGATGAAGGAG
CTAGAAAAACATTACTCGGCAGTCATCCTTCCGCAAAGAAACCATAGTGAGAGGTTGTTGGCGAAAACGTTTTTGCCAGT
AAAGATATAATATTAGCAGACCTGTGACTGGATGCTGATCCCACATTGCAGAATAACTTGACTTCTCCGGACTTGAATTGT
CCCTATTAATGAACTCATCTCCTCCACTATATGTGTTCTGAAAAATTAACCTAGAAAATATTCAAATATCTTCAGGCTATAA
TATGAAGTTTCATAGTCTAAGAAAAGAGATTATTCCATCCAAAACCAGATTTTCACGCTCAATTTCAGAACCGTAGTTCTT
GTCAACATTTCTGATGAGTGCTAGTTAGTTTCTGACAAATTGAAGTGATAAGAAAGTAAGAAGTGATGTCGGAAAGAAGA
TGAGGGTGGTGACAAGCAGTCGAAATCCAGGAGTCACGGCTAATCCAATGGTCGCACCACTTTGTAAGTCGGAATTCTT
ATAACCTTCGTGGACAGTCGTGTTATTTTCACGCTCAATTGTTGTGAACTGGGTCTTCCAATTTAGCGTCTGCAGAAGTAT
CTGAACGTCTCTTACTCGCTTAAGTCAGAGACAAACTAGTGAGACATTTTCAAGGTCTTCACAATTGTTTTCTGTTGATTT
AGATGTGAAAAATCATTCATATGATGCACTTGGAGATGTTTAAGTTCCGATCTAACGAAGCATATCTCCAACAGTTAACTG
CTCTAATAAATTGATGACTTCACGTGAACTAAAACCCATAAAGATAAAATGGCAAACTTTATTTTACATTATTACCTAAACT
TTTGTCATCTTGAAACTCGAAAAATGTGGCACTTGAATGAGAAGTTGCTGACTAACAAAAACGTTTCATAATGAATTAGGA
GGTTCAGACTGTAACAAGTTATTTTCTGAAAGTAAATGTGACTAGAATGTGGTTTGAGTAAGTAACAATCACCTCGACGAA
TACCTTGTTTTACTGCCCTGAATTGAAGGTAGCGCTAAATAAACGTAGTATAGACTATATATAGCCAGCAAAATCGAAAGG
CTGCCATACTTGTTCGTTAGTGTAAACGATAGACCTTACG
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Sequence of the eGFP reporter-gene 5°- 3°

ATGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTCGAGCTGGACGGCGACGTAAACGGCCA
CAAGTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCACCTACGGCAAGCTGACCCTGAAGTTCATCTGCACCACCG
GCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCCTGACCTACGGCGTGCAGTGCTTCAGCCGCTACCCCGAC
CACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGGAGCGCACCATCTTCTTCAAGGAC
GACGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGAGGGCGACACCCTGGTGAACCGCATCGAGCTGAAGGGCAT
CGACTTCAAGGAGGACGGCAACATCCTGGGGCACAAGCTGGAGTACAACTACAACAGCCACAACGTCTATATCATGGC
CGACAAGCAGAAGAACGGCATCAAGGTGAACTTCAAGATCCGCCACAACATCGAGGACGGCAGCGTGCAGCTCGCCGA
CCACTACCAGCAGAACACCCCCATCGGCGACGGCCCCGTGCTGCTGCCCGACAACCACTACCTGAGCACCCAGTCCG
CCCTGAGCAAAGACCCCAACGAGAAGCGCGATCACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGATCACTCTCG
GCATGGACGAGCTgtacAAGTG

Sequence of the Smp_335990 (SmUbi) terminator 5°- 3° (189)

GAGGTTAACTTTAATTTTGTTCATTTAACTTAATAAACGTTTAATTTAACTTATTAAAATGTTTTCTTCCTAATTTGTAGCGTA
TCTTAGTGTAACTGTGCTTCCTATTAGATTGAAATTCTATCGTAATCTGCAATTAGGCTCATGGGGATATGTTATGCCAAT
TTTCCGAAAATTGTTAGCACTTAGGTTTCGGTGTTTTTTTACTAGGATGTCATGTTTTATTCATATTTGCGTCCTTGCTCTT
GTGTGTGGTATGCGTCGCTATGGTCTCAGCTTTGGGCTGCATTGTTAAGTTTGAG

Plasmid map

BgllIl, Xeml SP-1,0ct-1,GATA-1,C/EBPalp, promater /TF binding site, TATA-Box, Stul
BclI DPE,C/EBPgam, AP-1, Aval,BsoBI,PaeR7L, PspXI, T1il, Xhol
Eagl putative CCAAT Box

Tth111I,Mscl Agel
Ff1FI

HindIII
BsmI
BanIl

Btgl, Neol, Sphl

RsrII,NgoMIV,Nael BspEI

AhdL
EcoRI
Psil
BsmBL, Esp3L, Af1II
Scal NdeI
Pwul E-Box, C/EBPalp, Oct-1,PmlI
C/EBPalp,HSF
AP-1,5P1
FTz, GATA-1, putative CAAT-Boox, HNF-1,BRE
Core Promoter,Prom, TATA Box region, TBP +2
Ubi 5°UTR, SRF
OPE
MTE
DPE

Bgll

BspHL

oy |
eGrp_ypy-ter 1 O

Terminator Stem 1,Terminater Stem 1,Terminator Stem 2,+6
5SP6 promoter Smp_335990 Ter
BsaXL Abal

Bael
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Material

Websites, databases and bioinformatics tools used in this work are listed in Table 21.

Table 20. List of databases and bioinformatic tools used in this study.

Description

Name

Link

Genome data base:

helminth genome database

WormBase ParaSite

https://parasite.wormbase.o
rg/index.html

Transcriptom data bases:

Bulk RNA-Seq of whole worms
and their isolated gonads

Bulk RNA-Seq of the parasitic
lifestages

Single cell transcriptomics data
of adult S. mansoni

Single cell transcriptomics data
of ovaries, isolated from

SchistoXYZ
SchistoXYZ

SchistoCyte Atlas

S. mansoni gonad

https://schisto.xyz/

https://schisto.xyz/

https://www.collinslab.org/s
chistocyte/

https://gonadsc.schisto.xyz/

mature female S. mansoni SCRNA-Seq

Protein structure and domain

analysis:

Protein structure and domain Phyre2 http://www.sbg.bio.ic.ac.uk/

analysis, and ortholog finder

Protein structure and domain
analysis

Functional domain analysis

Prediction of protein-protein
interaction

Protein sequence database

AlphaFold Protein
Structure Database

SMART

STRING: functional
protein association
networks

UniProt

~phyre2/html/page.cgi?id=i
ndex

https://alphafold.ebi.ac.uk/

http://smart.embl-
heidelberg.de/

https://string-db.org/

https://www.uniprot.org/

Alignment tools:

Amino aicd sequence
alignment

Amino acid, nucleic acid
sequence alignment; genome
data bank

Clustal Omega

NCBI BLAST

https://www.ebi.ac.uk/jdispa
tcher/msalclustalo

https://blast.ncbi.nim.nih.go
v/Blast.cgi
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Description

Name

Link

Regulatory DNA motifs:

Promotor motif prediction

Promotor motif prediction

Promotor motif prediction, core

promotor prediction

Prediction of poly-adenylation
sites

BDGP: Berkeley
Drosophila Genome
Project Neural Network
Promoter Prediction
Tool

AliBaba2.1 TRANSFAC
4.0

YAPP eukaryotic core
promoter prediction tool

DNAFSMiner-DNA

https://www.fruitfly.org/seq_
tools/promoter.html

http://gene-
regulation.com/pub/program
s/alibaba2/
http://www.bioinformatics.or
glyapp/cgi-bin/yapp.cgi
https://mybiosoftware.com/d
nafsminer-dna-functional-
site-miner.html

RNA secondary structure:

Prediction of RNA secondary

RNAfold Webserver

http://rna.tbi.univie.ac.at/cgi-

. bin/RNAWebSuite/RNAfold.
structure Vienna tool coi
CRISPR/Cas tools:
Design of single guide RNAs CHOPCHOP https://chopchop.cbu.uib.no/

and off-target prediction
Sanger Sequencing based
estimation of CRISPR/Cas
induced indel frequency and
editing efficiency

Next generation sequencing
based determination of
CRISPR/Cas induced indel
frequency and base specific
position. Determination of
editing efficiency.

Next generation sequencing
based determination of
CRISPR/Cas induced indel
frequency and base specific
position. Determination of
editing efficiency.

TIDE: Tracking of Indels
by Decomposition

Cas-Analyzer

CRISPResso0?2

https://tide.nki.nl/

http://www.rgenome.net/cas
-analyzer/#!

http://crispressoZ2.pinellolab.
org/submission

RNAI off-target analysis:

Estimation of dsSRNA
dependent RNAI off-targets

siRNA finder (si-Fi)

https://www.scienceopen.co
m/document?vid=94ed2acd
-34ae-438d-9c48-
61171f2ad047

Primer Tm calculator:

Determination of optimal PCR
conditions

NEB Tm calculation tool

https://tmcalculator.neb.com
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2.14 Software

Microscopic images were processed with LasX software (Leica Microsystems, Germany) or
CellSens software (Olympus, Germany). ImageJ was used to perform stitching by using the
Mosaic plugin (204, 205). The surface of analyzed samples was determined by the selection
brush plugin (206—208). ZEN 3.4 blue software (Zeiss, Germany) was used to analyze the
fluorescence spectrum of CLSM images (172). Phylogenetic analysis was performed by
MEGA11 (209, 210). Benchling cloud-based software (Benchling, USA) and SnapGene
(Dotmatics, USA) was used for creating plasmid cards, primer design, and to perform
alignment and in silico restriction analysis. Statistics were carried out with the use of GraphPad
Prism V.8 (GraphPad Software, USA) and Excel 2016 (Microsoft, USA). Graphics were
created using GraphPad Prism V.8 and BioRender software (BioRender, USA).
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3 Methods

3.1 Ethic statement

Experiments involving hamsters were performed in agreement with the European Convention
for the Protection of Vertebrate Animals used for Experimental and other Scientific Purposes
(ETS No 123; revised Appendix A) and were approved by the Regional Council
(Regierungspraesidium) Giessen (V54-19c 20 15h 02 GI118/10).

3.2 Recovery and maintenance of biological material

3.2.1 Maintenance of the S. mansoni life cycle and recovery of larval stages

The complete life cycle of Schistosoma mansoni passes through several hosts. At the Institute
of Parasitology at JLU Giessen, the freshwater snail Biophalaria glabrata (B. glabrata; SAY
1818) serves as intermediate host and the Syrian golden hamster (Mesocricetus auratus;
Waterhouse 1839) as final host (211). The strain of schistosomes originated from Liberia
(Bayer AG, Mohnheim (211)).

To infect Syrian hamsters, the animals were bathed in water (about 1.5 cm high) containing
cercariae (212). To soften the hamsters' skin, they were bathed for 20 min in prewarmed snail
water (water level approx. 1 cm) and transferred to water containing cercariae for infection.
The hamsters remained in the water containing cercariae for 40 min. In the meantime, the
cercariae penetrated the skin of the host. Within 6 weeks, the parasites developed from a
juvenile stage (schistosomulum) into adult worms, which reside first in the portal vein of the

hamster and later in its mesenteric veins (212).

S. mansoni couples produce eggs, which are mainly excreted in the feces of the final host.
However, many eggs also accumulate in the liver. To obtain miracidia, the first larval stage
developing inside the egg, for the infection of the intermediate snail host, the liver was removed
from the perfused host and grounded in a blender. The homogenized liver was then washed
in PBS and centrifuged at 5,000g for 10 min at 10°C. The resulting pellet was rinsed twice with
0.95% saline and transferred to a covered Erlenmeyer flask with a standpipe. A light source
was attached to the end of the flask. As a result, miracidia hatching was induced by their
phototactic properties, and these larvae collected by pipetting. These miracidia were further

used to infect B. glabrata snails.

The freshwater snail B. glabrata is kept as an intermediate host in snail water in incubators at
26°C with a day/night cycle consisting of 16 h light and 8 h darkness. For polymiracidial

infection, the snails were placed individually in wells of 12-well microtiter plates, each well
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containing one snail and 10-15 miracidia in 2 mL of snail water. The snails were incubated for
12 h before they are returned. For mono-miracidial infections, snails were wiped dry by a paper
towel. A single miracidium was pipetted to a drop of 10 pl snail water and transferred to a well
of a 12-well microtiter plate. The shell aperture of the previously wiped snail was then placed
on the miracidium-containing drop. The snail was then incubated on a light plate for 15 min.
Afterwards, 100 mL of sterile tab water was added directly to the snail to prevent its drying.
After one hour, 2 mL of snail water was added. Infection was performed overnight as described

above.

About 21 d post infection, the infected intermediate hosts were kept in the dark to prevent
uncontrolled hatching of cercariae. After 9 more days, the snails were transferred to 12-well
microtiter plates containing snail water to be illuminated. This induced hatching of cercariae
within 2—4 h, which were collected by pipetting for final host infection.

3.2.2 Perfusion of hamsters and recovery of adult S. mansoni

About 46 d after the infection of the final host, the adult worms were obtained by perfusion
(213). For this, the hamsters were first anaesthetized with isoflurane and then injected
subcutaneously with ketamine and xylazine. After the abdominal cavity was exposed, an
anterior-posterior incision of the portal vein was done. The hamsters were then injected with
perfusion medium (36°C) into the left ventricle. This caused bleeding out in a controlled
manner, and the blood was then filtered with a nylon cloth to collect the worms by using a soft
brush to carefully transfer the worms to prewarmed M199*** medium. After perfusion, the livers

of the hamsters were removed to isolate the eggs.

3.2.3 Recovery and maintenance of adult S. mansoni

To obtain adult S. mansoni worms for in vitro cultivation, nucleic acid isolation, egg or ovary
isolation, hamsters were infected with 1,500 up to 2500 (mixed-sex or single-sex) cercariae.
Adult schistosomes were harvested by hepatoportal perfusion 42 d post infection. Adult
S. mansoni worms of the Liberian strain were obtained from hamsters (Mesocricetus auratus)
as final hosts by perfusion (65). Adult schistosomes were harvested by hepatoportal perfusion
42 d post infection. From each hamster, 20 stably paired couples, 30 separated males, 50
separated females, or 50 pairing-inexperienced (single-sex) worms were transferred into 5 mL
preheated M1997** (37°C, M199 supplemented with 10 nM Hepes, 1% ABAM and 10% NCS).
The worms were cultivated at 37 °C and 5% CO.. Before starting experiments, the worms

adapted to the in vitro culture conditions for one day. For each biological replicate, 10
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S. mansoni couples (obtained from one hamster) were transferred to one well of a 6-well plate

containing 3 mL of prewarmed M199*** medium.

For conducting (re)pairing experiments, a modified version of the recently described ABC169
medium (49) was employed, which was described by Li et al. (57). This modified medium,
known as ABC169/LDL, is based on the Basch medium (214) and includes the addition as
described in Table 3. Worms were cultured in 12-well plates containing 3 mL of prewarmed
ABC169/LDL medium at 37°C and 5% CO.. For (re)pairing experiments, 10 sFs obtained from
one hamster for each biological replicate were placed in a 12-well microtiter plate and
cultivated for 7 d. To facilitate re-pairing, 15 pairing-experienced males (bM) were added to the
sF group, bringing the female-male ratio to 1:1.5, which has been previously shown to be
optimal under these conditions (57, 215). After 72 h, any remaining supernumerary males and
unpaired worms were removed, and only females from stably paired couples were used for

RNA extraction.

3.2.4 Isolation of vital eggs from hamster livers

For the isolation of vital eggs from hamster livers (LE), a modified version of the isolation
protocol established by Joyce et al. (216) was used. The objective of the protocol is the
isolation of embryonated, viable eggs of developmental stage 5 to 7 in accordance with the

Jurberg classification system (76).

Immediately after perfusion, the livers of infected hamsters were removed and stored on ice
for further processing. Livers were transferred into 6 cm diameter Petri dishes with chilled
1xPBS (4°C). After the gall bladders were removed, the livers were cut into pieces with surgical
scissors. The tissue fragments were transferred into a 50 mL reaction tube and washed twice
with PBS (800 g, 10°C, 10 min). The PBS was removed, and the tissue weight was estimated.
For each gram of liver tissue, 10 mL M199 medium supplemented with 1% ABAM (v/v) and
10 nM Hepes (pH=7) was used. For the dissociation of the liver tissue, 0.5 mg/mL Collagenase
type I, 1 mg/mL Dispase Il and 1.5 mg/mL Hyaluronidase were added to the medium. Finally,
the liver fragments were homogenized in the dissociation mixture using a blender
(approx. 20-30 s) and transferred to a 750 mL Erlenmeyer flask. To prevent the unintentional
hatching of miracidia, the Erlenmeyer flask was covered with aluminum foil. The enzymatic

digestion of the liver tissue was carried out for 16 h, shaking at 135 rpm at 37°C.

After dissociation, the suspension was filtered under the lamina flow hood. For this purpose,
sieves with mesh sizes of 45, 125, 150 and 180 um were stacked on top of each other, and

the suspension was filtered. LEs remained in the 45 pm sieve. Subsequently, LEs were
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washed with 200 mL PBS, taken up in 50 mL PBS and transferred to a 50 mL reaction vessel.
To pellet isolated LEs, a swing-bucket centrifuge was used (10 min, 800 g, RT, deactivated
brake, Eppendorf). The supernatant was discarded (by pipetting), and the pellet was
resuspended in sterile 12.5 mL PBS. In order to reduce remaining tissue debris and the amount
of empty eggshells, a percoll gradient was prepared by mixing 8 mL percoll solution with 32 mL
0.25 M sucrose solution. The gradient was carefully layered with the LE containing solution
and centrifuged (10 min, 800 g, RT, deactivated brake). Subsequently, the supernatant was
discarded, and the pellet was resuspended in 3 mL sterile PBS. Moreover, a second percoll
gradient was prepared in a 15 mL reaction vessel by mixing 2.5 mL percoll solution with 7.5 mL
0.25 M sucrose solution. Again, the LE-solution were carefully layered onto the gradient.
Following the protocol, the suspension was fractionated by centrifugation (5 min, 800 g, RT,
deactivated brake), whereby LEs accumulated as pellet. After centrifugation, this step was
repeated to remove any remaining liver cells. Subsequently, the pellet was resuspended in
10 mL M1997** supplemented with chloramphenicol at a final concentration of 50 pug/mL
(1/1,000 stock solution). In order to prevent any bacterial contamination, the eggs were
incubated in antibiotics-containing media for 1 h at 37°C. Meanwhile, LEs were allowed to
settle. The supernatant was removed and replaced with 5 mL of sterile M199 supplemented
with 1% ABAM, 20% NCS, 0.25% human LDL concentrate (M199egg). Total numbers of LEs
were determined by counting only intact eggs. Next, the suspension was adjusted to a final
concentration of 1,000 LEs/mL. Finally, LEs were cultivated in a 50 mL cell culture flask with
valve at 37°C and 5% CO.. The medium was changed every 2-3 d. Under these conditions,

eggs remained viable for up to 14 d and/or were used for further experiments.

3.2.5 Isolation and enrichment of unembryonated, in vitro laid eggs

For the isolation of unembryonated eggs, consisting of a zygote and 30-40 accompanying
vitellocytes (76), in vitro laid eggs (IVLES) at 0-24 h were collected. For this, the media of
couples 24 h post perfusion was collected and rinsed through a 180 um sieve to remove
remaining worms and debris. Furthermore, under sterile conditions, the IVLEs containing
suspension was rinsed through a 15 pm cell strainer. IVLEs remained in the cell strainer and
were washed twice with sterile PBS supplemented with 1% ABAM. Subsequently, IVLES were
resuspended in 10 mL M199""*" supplemented with chloramphenicol (50 pg/mL) and
transferred to a 50 mL reaction vessel. This step was followed by an incubation for 1 h at 37°C.
Subsequently, IVLEs were centrifuged for 10 min at 600 g at RT, and the supernatant was
discarded. Additionally, IVLEs were transferred into 2 mL M199egg, the cell number was

determined, and 1,000 IVLEs in 2 mL medium were transferred to a 12-well microtiter plate.
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They were either used immediately for further experiments or used for miracidia hatching after
6 d of development at 37°C, 5% CO..

3.2.6 Miracidia hatching assay

A miracidia-hatching assay was carried out to generate miracidia for either the infection of the
intermediate host, or as part of experimental downstream analysis, or for in vitro cultivation.
For this, egg containing medium from in vitro-cultivated couples was collected in a reaction
vessel. Samples were centrifuged at 500 rpm at room temperature for 2 min. Subsequently,
the supernatant was discarded, and IVLEs were transferred into a 1 mL M199egg-containing
12-well microtiter plate. The IVLEs were cultured for 6 d to ensure complete embryonic
development of the miracidium (76). After 6 d, the medium was carefully discarded, and 1 mL
of sterile tap water was added. Phototactic hatching (15) was performed on a light plate for
2 h.

For the hatching of LEs, the procedure was identical to that described above, except that the
LE were cultured in vitro for 2 d under described conditions. The number of hatched miracidia

was determined, and the biological material was used for further experiments or analysis.

3.2.7 Cultivation of Biomphalaria glabrata embryonic (Bge) cells

In order to revive Biomphalaria glabrata embryonic (Bge) cells (CRL-1494, American Type
Culture Collection, Manassas, USA) from cryo-culture (217), cells were incubated at 37°C in a
water bath until 80% of cryo-culture was thawed. The 1 mL of Bge-medium was added at RT.
Subsequent, the suspension was transferred into a 15 mL reaction vessel and centrifuged at
700 g for 5 min at RT. Afterwards, the glycerin-containing supernatant was discarded, and the
cells were resuspended in 7 mL Bge-medium (RT) and centrifuged as described above. Cells
were then resuspended in 5 mL Bge-medium supplemented with 10% heat-inactivated NCS
and 1% ABAM. Cells cultivated in a 50 mL cell culture flask at 26°C under atmospheric
conditions for at least 7 d (218, 219).

After adaptation to the in vitro conditions, Bge cells were maintained in 10 mL supplemented
Bge-medium as described above (218, 219). Cells were cultivated to 70-80% confluence
(about 10 d) and then carefully collected by using a 10 mL serological pipette. Subsequently,
cells were then split 1:5 and distributed in a total volume of 10 mL, replenished with fresh

supplemented Bge-medium in 50 mL cell culture flasks.

Bge cells at a confluence of 70-80% were used for the preparation of cryo-cultures. The cells

were carefully resuspended by using a 10 mL serological pipette and transferred to a 15 mL
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reaction vessel. Cells were pelleted by centrifugation at 700 g for 5 min at RT and the
supernatant was discarded. To prepare the cells for cryo-cultivation, cells were resuspended
in 1 mL supplemented Bge medium. The cells were then split into two cryotubes, and 1 mL of
freezing medium (85% NCS, 15% DMSO; RT) was added. Immediately, the cryotubes were
transferred to a freezing container already pre-cooled to 4°C. The container was then
transferred to a -80°C freezer. After 16-24 h, the cryo-cultures were transferred to liquid

nitrogen for long-term storage.

3.2.8 Collection of Bge cell-conditioned medium

Bge cell-conditioned medium was used as supplement for the in vitro cultivation of sporocysts
to simulate the intermediate snail host. For this, the medium of a Bge culture at a confluence
of 70% was exchanged with prewarmed (26°C), Hepes-free, complete StemMACS iPS-Brew
XF medium (MACS Media, Miltenyi Biotec) supplemented with 5% NCS. StemMACS iPS-Brew
XF medium is an optimized medium for pluripotent human and/ or embryonic stem cells (220,
221), which has already been successfully used for the cultivation of Bge and isolated germ
cells of S. mansoni (Quack and Moescheid, unpublished data). The medium was conditioned
for 7 d and collected as described before (222). In brief, the supernatant was collected and
stored at 4°C for immediate usage or frozen in liquid nitrogen and stored at -80°C as Bge cell-

conditioned medium.

3.2.9 Miracida transformation and sporocyst in vitro culture

A modified protocol based on the works of Chernin (223, 224), Voge and Seidel (225), and
Yoshino and Laursen (226) was developed for the transformation of miracidia and in vitro
cultivation of sporocysts. For the in vitro transformation of miracidia into sporocyst, isolated
LEs were hatched under sterile conditions as described in 3.2.6. Miracidia were collected and
washed with 50 mL PBS using a 15 pm cell strainer. Subsequently. miracidia were transferred
into a reaction vessel with CBSS buffer (223) supplemented with 1 g/l trehalose (CBSS+T) and
1% ABAM. Subsequently, miracidia were incubated for 2 h at 26°C under low oxygen
conditions (5% O, 5% COy). Due to this treatment, miracidia were immobilized and finally
counted. Approximately 1,000 up to 2,500 miracidia were transferred into a well of a 12-well
plate, and the remaining CBSS+T was exchanged by 3 mL sporocyst-medium (48% CBSS+T,
48% M199 without supplements, 5% 7 d Bge cell-conditioned StemMACS iPS-Brew XF
medium, 1% ABAM).

To warrant sporocyst viability, it is essential to ensure that the medium is free of Hepes.
Miracidia were cultivated at 26°C under 5% O and 5% CO: for at least 24 h. This leads to the
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transformation of the miracidia into sporocysts, which can be recognized by an accumulation
of detached ciliated plates. Optionally, the ciliated plates can be removed by washing the
sporocysts using a 15 um cell strainer. This step is crucial if sporocyst are used for nucleic
acid isolation, protein analyses, or for transfection experiments. Sporocysts older than 7 d were
very fragile and were not washed with a cell strainer.

Sporocysts can be cultivated for at least 6 weeks under the conditions described, changing the

medium every 2-3 d.

3.2.10 Transplantation of in vitro generated sporocyts into the intermediate snail

host

Transplantation of in vitro generated sporocyts was carried out according to the refined
transplantation method established by Jourdane and Théron (222, 227, 228). First, recipient
snails with a shell diameter of approximately 1 cm were anaesthetized with 0.08% (v/v) sodium
pentobarbital (Nembutal, Sanofi Sante Nutrition Animale) for a minimum of 4 h at 26°C. For
transplantation, each snail was kept expanded by a microretractor, which was made from glass
according to the instructions of Mouahid et al. (228). The microretractor was gently fixed in the
male genital orifice. An incision was made in the tegument of the cephalopedal sinus using a
cannula. One to five in vitro cultured sporocysts aged 4 to 7 d after transformation were
inoculated with a thin, drawn-out syringe. Elder sporocysts were very fragile and showed an
elongated appearance. They were carefully aspirated with the syringe. The microretractor was
carefully removed and the snails were immediately transferred to sterile snail water containing
0.02% (w/v) nitrofurantoin (Sigma-Aldrich) and kept for 16 — 20 h at 26°C to avoid microbial
infection. Before being used for the first cercariae shedding, the snails were kept for at least 8

weeks as described in 3.2.1.

3.2.11 Gonad isolation from adult S. mansoni

The isolation of the gonads was based on the protocol described by Hahnel et al. (73, 229). In
order to isolate testes and ovaries, adult S. mansoni were separated by sex immediately after
perfusion by adding 0.25% (w/v) tricain as described before (230). Couples started to separate
after 1 min and were finally separated using two feather-weight forceps. Subsequently, 50
worms each were transferred into 2 mL reaction tubes and washed twice with 2 mL plain M199
at RT.

In order to obtain fully developed gonads, stable schistosome couples were selected. To obtain

undeveloped, immature gonads, the gonads from pairing-inexperienced worms were isolated
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(55, 73). Furthermore, schistosomes were treated with 500 pl each of tegument stripping (TS)
solution at 37°C and 1,200 rpm agitation in a thermal shaker (TS-100, Biosan) to dissolve the
tegument. The incubation with the TS solution was repeated once for females and twice for
males. To pursue organ isolation, TS solution was removed by repeated washing (3 x) with
2 mL plain M199 medium. The exposed subtegumental muscle syncytium was degraded by
proteolytic digestion with elastase. For this purpose, the enzyme was freshly dissolved at a
final concentration of 5 U/mL in plain M199 medium. Samples were incubated in 500 pl
elastase-containing medium at 37°C for 30 to a maximum of 40 min. In the meantime, the
samples were carefully mixed every 5 min by gently shaking the reaction vessels by hand.
Subsequent progression of the enzymatic digestion was observed by an increasing turbidity of
the medium, which was caused by the loss of the structural integrity of treated tissue. Due to
the constant shaking of the samples, digested tissue formed a clearly visible conglomerate in
the reaction vessel towards the end of the incubation period. To determine the appropriate
time-point to stop the enzymatic reaction, 20 pl aliquots were taken at regular intervals and
examined by light microscopy (DM IL LED, Leica Microsystems; Germany). Particular attention
was paid to already exposed gonads and their integrity. Fully exposed organs were collected.
The samples were transferred to 6 cm diameter Petri dishes, and the reaction tubes were
washed 4 times in plain M199 to completely transfer the material. Exposed organs were
collected with a 10 uL pipette and transferred to Petri dishes (30 mm diameter) with fresh
medium. This process was repeated until tissue debris was removed. The isolated organs were
transferred to 2 mL reaction vessels with a reservoir (Biozym). Testes were pelleted in a
benchtop centrifuge for 5 minutes at 1,000 g and ovaries for 1 min at 8,000 g. The supernatant
was removed, and 20 pyl of RNAzol RT (Sigma-Aldrich) was added to prevent RNA
degradation. Immediately after isolation, samples were frozen in liquid nitrogen and store
at -80°C.

To verify the vitality of the isolated testicular and ovarian cells, the organs were stained
immediately with Calcein-AM cell viability dye at a concentration of 1 pg/mL in prewarmed
M199. For this purpose, the gonads were resuspended in 50 ul dye-solution and incubated for
10 min at RT. Calcein-AM can permeate the cell membrane. Due to structural changes
catalyzed by cellular esterases (231), a Calcein-AM accumulation in intact cells can be
observed at a wavelength of 517 nm using an excitation wavelength of 494 nm (232, 233). The
suspension was then transferred to a microscope slide and analyzed by fluorescence
microscopy (inverse laboratory microscope DM IL LED, Leica Microsystems; Germany).

Organs showing an intensive green fluorescence were considered as vital.
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3.3 Nucleic acids

3.3.1 DNA Isolation from adult worms

Genomic DNA (gDNA) was isolated from parasites using the DNAzol reagent (genomic DNA
isolation reagent, ThermoFisher Scientific) following the manufacturer’s instructions with some
amendments. Briefly, up to 50 worms were collected in a 1.5 mL reaction tube und washed
twice with 1xPBS. Subsequently, remaining PBS was discarded, and 50 pl DNAzol reagent
was added. Worms were either immediately proceeded for DNA isolation or frozen in liquid
nitrogen and stored at -20°C. To isolate gDNA, worms were homogenized for 30 sec using a
mechanical pestle. Subsequently, 450 ul DNAzol was added to the homogenate. Next,
samples were centrifuged for 10 min at 10,000 g at RT to remove insoluble tissue fragments,
RNAs, and polysaccharides from the homogenate (234). The supernatant was transferred to
a new 1.5 mL reaction tube, and 250 pul of 100% Ethanol was added. Samples were thoroughly
mixed by inverting and then incubated for 3 min at room temperature followed by DNA
precipitation at 12,000 g for 10 min at 4°C. Finally, the supernatant was discarded, and the
pellet was washed twice with 800 Ll of 75% ethanol at 4,000 g for 2 min at 4°C. The pellet was
resuspended in 1 M Tris-HCI buffer (pH=7, NEB), and the DNA concentration was determined
photometrically (BioSpectrometer basic, Eppendorf) or by electropherogram analysis using the
BioAnalyzer 2100 and the DNA 1000 chip according to the manufacturer’s instructions (Agilent
Technologies). Samples were either used immediately for further analysis or stored at -20°C

until usage.

3.3.2 DNA isolation from schistosome eggs

gDNA from either IVLEs or LEs was isolated using DNAzol reagent. At least 500 up to 5,000
eggs were transferred to 1.5 mL siliconized low binding reaction tubes and washed twice with
PBS. For this, the samples were centrifuged at 1,000 g for 1 min at RT. The supernatant was
discarded, 50 ul DNAzol reagent was added, and eggs were frozen in liquid nitrogen. This was
followed by two freeze-thaw cycles. Eggs were incubated at 65°C for 10 min in a thermoshaker
(ThermoMixer, Eppendorf) and shaken at a maximum speed of 1,400 rpm. As mentioned
before, eggs were homogenized for 30 s by using a mechanical pestle. Finally, 450 pul DNAzol
reagent was added. gDNA was isolated and precipitated using DNAzol reagent as described
in 3.3.1.
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3.3.3 DNA isolation from larval stages

gDNA from the larval stages of miracidia, sporocyts or cercariae was isolated using DNAzol
reagent as previously described in 3.3.1. with some modifications as described below. The
number of larvae used for gDNA extraction ranged from 500 to 5,000. To isolate gDNA from
small amounts of biological material, a minimum of 50 individuals of the larval stages was used,
the volumes of reagents used for this approach were halved, and the DNA was precipitated at
15,000 g for 20 min at 4°C.

3.3.4 DNA isolation from bacteria cell cultures

Plasmid DNA from E. coli DH5a or Bcomp10 strains (NEB) was isolated from overnight cultures
using the monarch mini plasmid miniprep or midiprep kit (NEB) according to the manufacturer’s

instructions.

For the transfection of eucaryotic cells such as schistosome cells, the usage of an endotoxin-
free plasmid stocks was indispensable. For this, an overnight culture of E. coli DH5a or
Bcomp10 strains harboring the plasmid of interest were prepared. Endotoxin-free plasmid in
sufficient quantity for the subsequent transfection of schistosomes was purified with the
PureLink Expi Endotoxin-Free Maxi Plasmid Purification Kit (ThermoFisher Scientific)
according to the manufacturer's instructions. Plasmids were either used directly for further

experiments or stored at -20°C for later use.

3.3.5 RNA isolation from whole worms

Total RNA was isolated from adult schistosomes using the RNAzol RT reagent (Sigma-Aldrich)
according to the manufacturer’s instructions with some alterations. In brief, 5 to 10 adult worms
were transferred to 1.5 mL reaction tubes and were washed twice by using DEPC treated PBS.
Furthermore, remaining PBS was discarded, and 50 pul RNAzol RT reagent was added. Worms
were either stored at -80°C, or RNA was isolated. For this, worms were homogenized for 30 s
on ice using a mechanical pestle. Subsequently, 450 ul RNAzol RT solution was added. To
precipitate DNA, proteins and polysaccharides (235), 200 pl of nuclease-free water (NEB) was
added, the mixture was vigorously shaken for at least 15 s, and incubated for 10 min at RT.
Next, remaining cellular content was precipitated by centrifugation at 12,000 g for 15 min,
leaving the RNA in the supernatant. The RNA was then precipitated according to the

manufacturer's instructions and dissolved in an adequate volume of nuclease-free water.
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The BioAnalyzer 2100 and an Agilent RNA 6000 Pico or Nano Chip were used to analyze the
guantity and quality of extracted RNA via electropherogram analysis. The electropherogram
was obtained according to the manufacturer's instructions (Agilent Technologies). To
determine RNA quality, the presence of two distinct RNA peaks, corresponding to 18S and
28S RNA, was evaluated. The isolated RNA was immediately used for reverse transcription

(3.3.8 or 3.3.9). Alternatively, isolated RNA was stored at -80°C until usage.

3.3.6 RNA isolation from schistosome eggs

Total RNA was isolated from eggs using the RNAzol RT reagent as described in 3.3.5. with
some alterations in the decomposition of the biological material. For this, up to 10,000 eggs
were transferred into a 1.5 mL reaction tube, washed twice with DEPC-treated PBS and
aspirated in 50 pl RNAzol. Samples were frozen into liquid nitrogen and either stored at -80°C
for later processing or thawed slowly on ice. Furthermore, samples were manually grinded
using pestles. Afterwards, 200 pl RNAzol RT was added to the homogenate. To lyse as many
eggs as possible, the samples were incubated for 10 min on a thermoshaker at 65°C and
1,400 rpm with shaking and then shock-frozen in liquid nitrogen. After the samples were
thawed on ice, a 10 pl aliquot was analyzed microscopically. If more than 75% of the eggs
were disintegrated, 250 pl of RNAzol RT was added, RNA was isolated, and its concentration
was determined as described above. Otherwise, the eggs underwent another freeze-thaw

cycle.

3.3.7 RNA isolation from isolated gonads

Total RNA was isolated from isolated gonads using RNAzol RT reagent, as described in 3.3.5.,
with some alterations. Briefly, at least 50 isolated gonads were transferred into a 1.5 mL
reaction tube and aspirated in 50 pul RNAzol RT immediately after gonad isolation. The samples
were manually grinded using pestles, and 200 pl RNAzol RT was added to the homogenate.
RNA precipitation was carried out as described above with divided volumes and the addition
of 1 yl RNase-free glycogen (ThermoFisher Scientific) at a concentration of 20 mg/mL to
increase the efficiency of precipitation (236). The BioAnalyzer 2100 and an Agilent RNA 6000
Pico Chip were used to analyze the quantity and quality of extracted RNA via
electropherogram. An electropherogram was obtained according to the manufacturer's

instructions, as described above.
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3.3.8 cDNA synthesis for RT-gPCR

Reverse transcription of 10 - 100 ng of RNA was performed using the QuantiTect Reverse
Transcription Kit (Qiagen), which includes a step for removing gDNA. In brief, 2 pl of gDNA
wipeout buffer was incubated with total RNA in a total volume of 14 ul at 42°C for 2 min. Next,
6 pl containing 5x Quantiscript RT (reverse transcriptase) buffer, RT primer mix, and RT was
added to the mixture. Next, it was incubated at 42°C for 60 min, followed by enzyme
inactivation at 95°C for 3 min. Finally, cDNA was diluted at a ratio of 1:5 or 1:10 in RNase-free

water before being used as a template for RT-gPCR.

3.3.9 cDNA synthesis of full-length transcripts

Total RNA isolated from adult S. mansoni was reverse-transcribed using a Superscript IV Kit.
For this, 1 ug of total RNA, 1 ul of oligo(dt)25 (50 uM), and 1 uyl ANTP mix (10 mM) were
combined to a total volume of 14 ul. The mixture was incubated at 65°C for 5 min and placed
on ice. Subsequently, 4 ul of 5x first-strand buffer, 1 yl of 0.1 M DTT, and 1 pl of superscript
IV reverse transcriptase were added, and the total mixture was incubated at 50°C for 2 h. The
enzymatic reaction was terminated by incubation at 70°C for 15 min. Furthermore, 1 pl of
RNase H was added to cleave RNA-DNA hybrid double strands. Finally, the mixture was

incubated at 37°C for 20 min and diluted to 1:5 using nuclease-free water.

3.4 Transcriptional analysis by RT-PCR

3.4.1 Primer design for RT-qPCR

Primers used for RT-qPCRs were designed by using the primer design function with integrated
primel8 software tool (237) of the Benchling software (Biology Software). Primers were
designed to bind on neighboring exons of the same gene to impede amplification of products
derived from contaminating gDNA by amplifying 180-200 bp fragments from cDNA during RT-
gPCR. In addition, primers were designed to prevent the formation of homo- or heterodimers
as well as hairpin structures. Moreover, the Tm calculator tools from NEB and Benchling were
used to analyze the optimal melting temperature (Tm), which was 60+1°C in all cases. Primers
were commercially synthesized by Integrated DNA Technologies IDT (Belgium) and/ or
Microsynth Seqlab (Germany) and were used at a final concentration of 400 nM in a 20 pl total

reaction volume.

Primer efficiencies were determined according to the specificity of PCR products and the

absence of primer dimers. This was done under standard PCR conditions using the Q5-
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polymerase PCR kit (NEB) according to the manufacturer’s instructions and the following PCR
conditions: 98°C, 5 min, 35 cycles of 98°C for 20s, 60°C for 20s, and 72°C for 20s. Only primers
amplifying one specific product without the formation of primer dimers were considered for RT-
gPCR. Finally, the amplification efficiency (primer efficiency) of these primers was determined.
For this, the PCR product was purified from 2% agarose gel by using the monarch gel
extraction kit (NEB). The eluate served as template to prepare a standard curve with 1:10
dilution series to calculate primer efficiencies (201, 238). An efficiency between 1.80 to 2.00

(90-100%) was considered as suitable.

3.4.2 RT-gPCR

Transcript levels were determined by reverse transcriptase quantitative (real time) PCR (RT-
gPCR) with primers specific for genes of interest. Reaction mixtures consisted of 10 pl
2x Quanta PerfeCTa SYBR Green SuperMix (Qiagen) or 2x KAPA SYBR FAST gPCR mix
(KAPA Biosystems), 0.8 pl specific primer mix (forward and reverse primer, each 10 uM), 5 pl
template cDNA and 4.2 pl PCR-grade water (Carl Roth). RT-gPCR was carried out using the
following cycling conditions: initial denaturation 95°C for 3 min, followed by 55 cycles of DNA
denaturation at 95°C for 10 s, primer annealing at 60°C for 15 s and elongation at 72°C for
20 s. The amplification process was followed by a melt curve analysis at 60 to 95°C with
stepwise increase of 1°C for 20 s each cycle (Qiagen Rotor-Gene Q, Q-Rex). By taking the
primer efficiency into account, the transcription levels of the genes of interest were determined
using the Pfaffl method (239) (Formula 1). Smletm-1, a confirmed RT-qPCR reference gene
for S. mansoni in vitro studies, served as control (152, 201, 240). RT-gPCR was carried out as
described applying selected primers (Table 11).

Primer E (target gene) (CT control—CT treatment)
Primer E (reference) (CT control—CT treatment)

transcriptionallog(2) fold change = log (2)

Formula 1. Determination of transcriptional changes by Pfaffl.
Pfaffl 2001 (239). Abbreviation: Primer E, primer efficiency.
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3.5 In silico analysis

3.5.1 Bioinformatic domain analysis and phylogenetic classification

Annotations for genes analyzed in the course of this thesis were gathered by collecting data
of transcriptome and genome databases schisto.xyz (55, 62, 240), WormBase ParaSite (143),
and alphafold (241, 242), respectively. To predict the domain structures by SMART (243), the
amino acid (aa) sequence of these genes was analyzed. Furthermore, the protein structure of
selected proteins was in silico investigated by a comparative analysis to already known
structures of other members of the same protein family using Phyre2 (Protein
Homology/analogY Recognition Engine V 2.0 (244)), applying the intensive modelling mode.

For the generation of a phylogenetic tree, orthologs of selected genes were identified by NCBI
protein BLAST (245) and the ortholog finder function of parasite.wormbase.org (143).
Moreover, also S. mansoni paralogs were identified in parasite.wormbase.org (143). Orthologs
from Stylophora pistillata and Acropora millepora served as outgroup controls of evolutionary
basal organisms (stem: Cnidaria; Supplemental Table S1). Alignment was performed by
MUSCLE (MUltiple Sequence Comparison by Log-Expectation(246)). Phylogenetic
classification was carried out by MEGA11 (molecular evolutionary genetics analysis, (210))
applying the following parameters: Maximum likelihood setting was applied as statistical
method of choice. As test of phylogeny, the Dayhoff model with 1,000 Bootstrap replicates was
performed analyzing the amino acid sequences of certain proteins. As tree inference, the

nearest neighbor interchange (NNI) heuristic method was used (247).

Furthermore, the aa sequences of the ligand-binding domains (LBD) and the DNA-binding
domains (DBD) of investigated nuclear receptors and their orthologs from S. rodhaini,
S. haematobium, and S. japonicum were determined by SMART (243) and compared by the
Clustal Omega — Multiple Sequence Alignment tool (209, 248), respectively. The prediction of
potential interaction partners was done utilizing the STRING Protein-Protein Interaction
Network tool (249, 250) on the S. mansoni database by using the full STRING network as

network type, a medium confidence (0.400) score, and a cut-off size of 10 interactions.

3.5.2 In silico analyses of regulatory promoter and terminator elements of SmUbi

The promoter and terminator sequence of Smp_335990 (Smubi) for canonical
promoter/terminator elements was analyzed in silico using different bioinformatics tools. Both
the promoter and the terminator sequence of Smubi were analyzed using a variety of tools
(Table 20). Potential core-promoter sequences were investigated by the BDGP: Berkeley
Drosophila Genome Project Neural Network Promoter Prediction Tool (251). Furthermore, the

analysis of putative regulatory sequence motifs within the potential promotor was predicted by
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a comparative analysis by using AliBaba 2.1. TRANSFAC 4.0 software (252) and the YAPP
eukaryotic core promoter prediction tool (253, 254). Furthermore, the terminator sequence was
analyzed for potential polyadenylation sites by the DNADSMiner-DNA tool (255), whereby the
MRNA secondary structure was investigated for terminator hairpin structures by the RNAfold
Webserver Vienna tool (255, 256). Moreover Smubi transcription during the parasitic lifecycle,
as well tissue dependent transcription was analyzed using the RNA-Seq databank schisto.xyz
(55, 62)and the scRNA-Seq atlas of whole worms (61). Finally, the protein structure was
analyzed by Phyre2(244).

Nucleotide sequences of upstream and downstream untranslated regions (UTRs) of
Smp_335990 were retrieved from WormBase ParaSite (143, 168), version V7 and V10 of the
draft genome of S. mansoni (143, 257, 258). The annotation of SmUbi was confirmed by the
usage of the protein homology/analogy recognition engine Phyre2 (259). To predict the
promoter region and regulatory elements of SmUbi, adjacent sequences up to the three kb
upstream of the start codon were in silico analyzed. Promoter elements were identified by the
Berkeley Drosophila Genome Project Neural Network Promoter Prediction Tool, using a
minimum promoter score of 0.8 for eukaryotic promoters (251). In addition, | used the
AliBaba2.1 TRANSFAC 4.0 transcription factor binding site prediction tool (252) to identify
potential transcription factor binding sites. Moreover, potential promoter sequences were
predicted by AliBaba2.1 TRANSFAC (260), applying the following parameters: the Pairsim
function was set to 50, the matrix width set to 10 bp, a minimum number of overlapping
predicted transcription factor binding sites was limited to a total number of four for each site

with a minimum sequence conversation of 75% coverage, and the factor class was set to 4.

In addition, the potential promotor sequence was analyzed for canonical core promotor
elements by the YAPP eukaryotic core promoter prediction tool by applying a cut-off score of
0.8 (253, 254). The promoter analysis was conducted analyzing the promotor sequence
including the predicted core promoter fused with the sequence of eGFP (717 bp) in order to
analyze potential transcription start sites (TSS). Subsequently, TSS prediction was performed
by YAPP (253, 254). A comparative analysis applying the AGAT software-package (261, 262)
was performed to determine potential Kozak sequences of other genes in the S. mansoni
genome version V9 (263). To this end, ubiquitously and abundantly transcribed genes were
screened for the presence of potential Kozak sequences and patterns similar to SmuUbi (61).
Specifically, the sequences of Smp_009580, Smp_106930, Smp_042160, Smp_056970,
Smp_054160, Smp_182890, Smp_099870, Smp_179300, Smp_111340, Smp_090120,
Smp_072330, Smp_003770, Smp_017430, Smp_040130, Smp_155060, and Smp_335990
were compared (264). Based on these results, the potential Kozak sequence of SmUbi was
identified.
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The 3'UTR of SmUbi defined by WormBase ParaSite (143, 259) was analyzed, based on
version 7 of the S. mansoni genome (257, 258). To identify the polyadenylation signal, 600 bp
downstream from the stop codon were analyzed with the DNAFSMiner-DNA Functional Site
Miner polyadenylation side prediction tool (255). Subsequently, the RNA secondary structure
of the predicted 3'"UTR was computed, including the stop codon and predicted polyadenylation
site. The RNAfold Webserver Vienna tool (255, 256) was used to investigate potential RNA
secondary structures characteristic of translation termination loops. Calculation of secondary
structures was performed by applying the minimum free energy (MFE) model and an activated

partition function.

As reporter-gene construct (3.6.3. and 3.6.4.), | used an enhanced green fluorescent protein
(eGFP) under the control of the promotor and terminator sequences of SmUbi (143, 168) for

transfection/transformation analyses.

3.6 Cloning

3.6.1 Transformation of E.coli

As chemically modified, competent strains, E. coli DH5a or comp10 (NEB), were used for
transformation. For transformation, 50 pl of the bacteria culture at OD600 = 0.6 was mixed with
0.005 pmol of the purified plasmid from the Gibson assembly or with 50 ng of ligated plasmids
and incubated for 30 min on ice. Plasmid DNA was introduced into the bacteria by heat shock
at 42°C for 30 s and immediately cooled for 3 min on ice. Subsequently, 300 pl of LB medium
at RT was added to the preparation and incubated at 37°C for 30 min. After transformation,
the preparation was spread onto selective LB agar plates and incubated overnight at 37°C. A
plasmid-encoded antibiotic resistance (kanamycin and/ or ampicillin) was used as a selection
marker. Successfully transformed bacterial clones were removed from the plates and
transferred to selective LB liquid medium and cultivated at 37°C shaking at 135 rpm. From
these cultures, plasmids were isolated and sequenced by Mircosynth Seglab using gene or

vector-specific sequencing primers.

3.6.2 Gibson assembly

Gibson assembly was used as the method of choice for the site-specific insertions of DNA
fragments into plasmid backbones by applying homology-directed DNA assembly (265). With
this method, several large DNA fragments can be assembled in a certain order, which is

determined by the selection of the homologous sequence segments at the 3'-ends.
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Fragment(s) to insert were amplified with specific primers, featuring 3" overhangs homologous
to the insertion site of the plasmid backbone. These homologous sequences were 18-30 bp
in length. For Gibson assembly, 0.15 pmol/ul of each PCR product were added to 0.01 pmol/ul
of linearized target plasmid and mixed with NEB Builder HiFi DNA Assembly Master Mix (NEB).
The mixture was incubated at 50°C for 30 min. Incubation was extended to 2 h if more than
three fragments were simultaneously integrated into a plasmid. Subsequently, the plasmid was
used for EPO into E. coli DH5a or Bcomp10 strains (NEB).

3.6.3 Cloning strategy of the reporter-gene construct

For the construction of an eGFP reporter-gene construct, driven by a native schistosomal
promoter, a plasmid was constructed based on the pJC53.2 vector backbone (Table 19). For
this purpose, 1 ug of pJC53.2 plasmid DNA was processed by 1 ug restriction enzyme Ahdl
(NEB) in a total volume of 50 pl 1x CutSmart buffer (NEB) at 37°C for 2 h. The two resulting
DNA fragments were separated due electrophoresis. The fragment at 3,240 bp was extracted
using Monarch Gel Extraction Kit (NEB).

To construct the reporter-gene, three different DNA fragments, a full-length eGFP and the
putative promoter and terminator sequences of Smp_335990, encoding the schistosomal
ubiquitin gene (SmUbi), were amplified. Primers for amplification of the ubiquitin promoter or
terminator were designed based on previous in silico analyses to verify promoter or terminator

associated sequences.

Amplicons of the target inserts were obtained by PCR using a final reaction volume of 20 pl
containing 100 ng schistosomal gDNA or 10 ng pET30a_eGFP (kindly provided by Jim Collins).
Fragments containing the putative ubiquitin promoter (2,056 bp) and terminator (580 bp)
sequences were generated using gRNA. In addition, fragments encoding eGFP (717 bp) were
generated using pET-30a_SmDHFR-eGFP (Quack et al., unpublished data). For the assembly
of the reporter-gene construct, 1 uM of each primer (Table 1) and the recommended
concentration for the Q5 High-Fidelity Polymerase Kit (NEB) were used. Template DNA was
initially denatured at 98°C for 3 minutes, followed by 35 amplification cycles consisting of
denaturation at 95°C for 30 seconds, primer annealing at 55°C for 30 seconds, and extension
at 72°C for 1:15 minutes (Bio-Rad, S1000 Thermal Cycler). Aliquots of the PCR products were
then analyzed by agarose gel electrophoresis. The fragments were then purified using the
Monarch Gel Extraction Kit. This step was followed by an additional PCR to generate homology
arms for performing a Gibson assembly (265) as the ligation method of choice (3.6.2). Primers

were designed with homology arms to both the promoter and a truncated terminator sequence
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(302 bp) of the previously prepared pJC53.2 backbone flanking the eGFP fragment. The Q5
High-Fidelity Polymerase Kit was used to prepare PCR reaction mixtures as previously
described. Primers with 20-26 bp overhangs were used to amplify the fragments (Gibson
primers, Table 13). The PCR was performed according to a two-step PCR protocol. First, the
template DNA was initially denatured at 98°C for 5 min, followed by 10 amplification cycles
consisting of denaturation at 95°C for 30 s, primer annealing at 54°C for 30 s and extension at
72°C for 1:15 min, followed by another 25 cycles with 62°C as an annealing temperature and
a final extension step at 72°C for 5 min. Generated PCR products were analyzed by agarose
gel electrophoresis and fragments were purified using the Monarch Gel Extraction Kit. The final
reporter-gene construct, pJC53.2_UbiProm-eGFP-UbiTer, was assembled according to the
instructions of the NEBuilder Hifi DNA Assembly Cloning Kit (NEB; 3.6.2). Assembled plasmids
were transformed into chemically competent E. coli DH5a (NEB) by heat shock and selected
by kanamycin and ampicillin containing LB plates at 37°C (overnight). The plasmids of the
positive clones were verified by Sanger sequencing (Microsynth SeqgLab).

3.6.4 Cloning strategy to generate plasmids for dsRNA/ ribo-probe syntheses

For dsRNA or ribo-probe synthesis, T7 promoter-driven constructs were cloned into plasmid
vector pJC53.2 (266), as described in Moescheid and Puckelwaldt et al. (152). For cloning,
1 pg of pJC53.2 plasmid DNA was digested by Ahdl (NEB) in a total volume of 50 ul containing
1x CutSmart buffer (NEB) at 37°C for 2 h. Resulting DNA fragments were separated by
agarose gelelectrophoresis, and amplicons of appropriate length were extracted using the
Monarch DNA Cleanup and Gel Extraction Kit (NEB).

Amplicons of a size of approximately 500 bp were obtained by Q5 (NEB) PCR using a final
reaction volume of 20 pl, including 100 ng S.mansoni cDNA generated by reverse
transcription of extracted total RNA of couples as described in 3.3.9. PCR was performed using
1 uM of each primer targeting the respective transcripts and the recommended concentrations
of components for the Q5 High-Fidelity Polymerase Kit (NEB). For PCR, template cDNA was
initial denatured at 98°C for 3 min, followed by 35 cycles consisting of denaturation at 95°C for
30 s, primer annealing at 60°C for 20 s, and elongation at 72°C for 45 s (BioRad, S1000
Thermal Cycler). Agarose gel electrophoresis was performed on each aliquot of the PCR
product. Amplicons were then extracted from the gel using the Monarch DNA Cleanup and Gel
Extraction Kit and eluted in a final volume of 20 ul elution buffer. This was followed by an
additional PCR to generate 3' A-overhangs (AccuPrime Taq DNA Polymerase High Fidelity kit;
Invitrogen). For this purpose, 20 pl of the fragment-containing eluate was used as a template,

and selected primers for corresponding templates were used for amplification. The template
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DNA was initially denatured at 98°C for 3 min, followed by five 3'A-overhang-generating
amplification cycles consisting of denaturation at 95°C for 30 s, primer annealing at 58°C for
30 s, and extension at 67°C for 5 min (Bio-Rad, S1000 Thermal Cycler). The resulting
fragments were purified as described above.

The plasmids were then ligated to pJC53.2 using T4 ligase (NEB) as described in the T4 DNA
ligation protocol (NEB). The recombinant plasmids were transformed into E. coli DH5a (NEB)
by heat shock and selected by kanamycin and ampicillin-containing LB plates at 37°C. The
sequence integrity of the plasmid inserts of selected clones was verified by Sanger sequencing
(Microsynth SeqgLab).

3.7 RNAI - Transcript knock-down by RNAI

For RNAIi experiments, parasites were cultured for either 15 d or 22 d (couples), or 20 d (re-
pairing experiments) starting one day after perfusion, with dsRNA added at a concentration of
30 pg/mL per approach. Medium was changed every 2-3 d including the addition of fresh
dsRNA. Worm viability was monitored regularly along with medium replacement as described
previously (81). Phenotypes were observed blinded using an inverted laboratory microscope
(DM IL LED, Leica Microsystems) and graded according to the following scheme: 0, complete
absence of movement; 1, only intestinal movements or occasional head and tail movements;
2, reduced motility; 3, normal activity; and 4, hyperactivity (152). In addition to morphological
changes, attachment of the worms to the Petri dish, pairing status (either paired or separated),

and oviposition were determined.

3.8 Physiological analysis of retinoic acid signaling

3.8.1 Effects of retinoic acids on S. mansoni reproduction

To determine the effects of 9cis-retinoic acid (RA) on S. mansoni reproduction, couples were
cultured with added RA. For this purpose, 10 couples each were cultured in M199***
supplemented with 5 uM RA. In order to assess the effects on the maturation of female
schistosomes, pairing experiments were performed in RA-supplemented BaschABC/LDL
medium at a concentration of 5 UM. Repairing experiments were conducted as described in
3.7.1. The RA stock solution was prepared at a concentration of 10 mM in DMSO. Couples in
the control group received DMSO equivalent to RA-treated worms. RA was renewed daily by
changing the medium. Viability parameters such as pairing rate, motility, attachment rate, and

egg production were recorded daily.
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3.8.2 RAR inhibition assay

Inhibitor experiments were performed with the cis-retinoid receptor (RAR) antagonist CH 55
(4-[(1E)-3-[3,5-bis(1,1-dimethyletyl)phenyl]-3-oxo-1propen-1-yl]-benzoic acid; Cayman
Chemical Company (267)) at total concentrations of 10, 25, and 50 uM on 10 couples each.
The stock solution was prepared at a concentration of 10 mM in DMSO (Sigma-Aldrich). DMSO
(0.005% v/v); correspondingly, the highest concentration of DMSO in the course of CH 55
treatment was used as control. Schistosomes were cultured for 48 h, and the medium, which
was supplemented with the respective inhibitor concentrations, was changed every 24 h.
During the treatment period, viability, attachment, pairing rate, morphology, and oviposition
were monitored every 24 h as previously described. To determine the effect of inhibitor
treatment on cell proliferation, worms were treated with 10 pM EdU 24 h before the experiment
was terminated. Finally, worms were fixed with either 4% PFA in PBS or AFA-fixative. Then,
worms were prepared for further staining by the EdU staining protocol (3.9.1.) or carmine red
(3.9.2.), respectively.

3.9 Staining methods

3.9.1 EdU staining

For the determination of cell proliferation (268), EdU (5-Ethinyl-2'-desoxyuridin) was added in
a final concentration of 10 uM, 24 h before the end of the in vitro-culture period. Subsequently,
couples were selected for EdU staining as follows: couples were first separated by adding
0.25% (w/v) tricain as described before (230). Female and male worms were separately
collected in 1.5 mL reaction tubes and washed with PBS. The supernatant was discarded, and
the worms were fixed with 4% paraformaldehyde in PBSTx at 4°C overnight. Worms were
washed with PBSTx for 3 min and dehydrated in 50% methanol in PBSTx for 10 min, followed
by incubation in 100% methanol for 10 min. Fresh 100% methanol was added for storage, and

samples were stored at -20°C until further use.

Specimens were rehydrated by incubation in 50% methanol in PBSTx for 10 min, followed by
a further incubation step in PBSTx for 10 min. Furthermore, worms were bleached for 1 h,
under bright light in a 1 mL solution of 1.2% H»O; (v/v), 5% deionized formamide (v/v) in 0.5 x
SSC, before staining was performed using the Click-iT Plus EdU Alexa Fluor 488 imaging kit
(Thermo Fisher Scientific), and with Hoechst 33342, as previously described (269). In order to
permeabilize the worms for staining, they were incubated with proteinase K for 30 minutes.
Worms were then fixed with 4% PFA in PBSTx for 10 min.
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The Click-iT kit (ThermoFisher Scientific) was used to stain EDU-labeled DNA with Alexa Fluor
488. Subsequent steps were performed without light in volumes of 500 uL at RT and agitation
at 130 rpm. For each sample, a Click-iT reaction was freshly prepared according to the
manufacturer's protocol. Samples were incubated for 30 min in 500 ul reaction buffer.
Afterwards, samples were washed twice in PBS. Additionally, cellular DNA was stained by
Hoechst 33342 (diluted 1:1,000 in PBSTX) overnight at 4°C and 80 rpm. The following day, the
solution was removed, and the samples were rinsed twice in PBS, before they were mounted
on slides with FluorCare. The cover glass was fixed with clear nail polish, and the slide was
stored at 4°C and protected from light until it was examined by confocal laser scanning

microscopy (CLSM).

3.9.2 Carmine-red staining to prepare worms for CLSM

The morphological fine structure of either female or male worms were assessed by CLSM of
carmine red stained worms (38, 270, 271). To this end, couples or separated worms were fixed
in freshly prepared AFA for at least 24 h at RT. Staining was performed with CertistainH
carmine red (Merck) for at least 30 min (38, 271). For destaining, the worms were incubated
three times in acidic ethanol (70% (v/v), ethanol, 2.5% (v/v), hydrochloric acid (Roth) for 5-10
min. The intensity of the staining of the worms was carefully monitored by bright-field
microscopy. Initially the worms appeared red. However, optimal destaining/staining was
characterised by a pink color of the worms. The worms were dehydrated in 80%, 90% and,
100% ethanol for 5 min each before mounting on a slide in Euparal (Roth). For imaging by
CLSM, carmine red was excited using an argon-ion laser at 488 nm, whereby a 470 nm long
pass filter was used for detection. Background signals and optical section thickness were

defined by setting the pinhole size to airy unit 1 (272).

3.9.3 Determining the volume of the ovary

To determine the volume of the ovary, female worms were stained with either carmine red or
Hoechst 33342 for CLSM analysis. Z-stacks were generated, and images were analyzed using
LasAF software. To define the lower and upper end of the ovary as the z-stack boundary, the
maximum extension of the ovary on the z-axis (3D image) was determined microscopically.
Fifteen individual images were taken along the z-axis, keeping the distances between the
individual planes constant for each sample. The surface area of the area containing mature
oocysts was determined using the ImageJ measurement function by applying the selection
brush tool (206, 208). Subsequently, the resulting surface area (um?) of each image was then

multiplied by the defined Z-stack travel distance (um) of each individual image. An
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approximation of the total volume (um?) of each ovary was obtained by summing the volumes

obtained for each individual slice.

3.9.4 Lipid staining

Oil-Red O (Sigma-Aldrich)) was used to stain the lipid-rich vitelline droplets in the vitellarium
of mature S. mansoni females. For this, a modified OQil-Red O staining protocol (49, 273) was
used. Couples were separated using 0.25% tricain in PBS and washed twice in PBS. Fixation
with 2% paraformaldehyde in PBSTx was performed overnight at 4°C on a shaker at 135 rpm.
Afterwards, the worms were washed twice in PBSTx and incubated in 99% propane 1,2-diol
for 5 min at RT (10 worms/mL). The worms were allowed to settle, and the supernatant was
replaced by an equal volume of 0.5% (w/v) Oil-Red O (powder; Sigma-Aldrich) dissolved in
propane 1,2-diol. Staining was performed on a shaker at 135 rpm for 45 min at RT. The Qil-
Red O solution was then replaced with an equal volume of 85% propane 1,2-diol, and the
solution agitated for 5 min. This step was repeated twice. Finally, the worms were washed with
PBS and embedded in ROTI Mount FluorCare (Carl Roth, Germany) for immediate
microscopic analysis. Phase contrast microscopy was performed with an inverted laboratory
microscope (DM IL LED; Leica Microsystems, Germany).

3.9.5 Live dead staining

Viability of parasite life stages was screened by applying a Hoechst 33342, SYTOX Orange
and Calcein-AM (HCS) co-staining to determine cellular integrity. For this the parasites were
incubated in an appropriate volume of plain M199 medium containing 2 UM Hoechst 33342,
5 UM SYTOX Orange and 2 uM Calcein-AM (each from ThermoFisher Scientific). Parasites
were incubated for 30 min and washed twice with M199 and then mounted on a slide in ROTI
MOUNT FluorCare (Roth). The samples were analyzed by fluorescence microscopy according
to the manufacturer’s instructions. SYTOX orange was used to stain DNA from cells with
permeabilized cell membranes (274) and Calcein-AM to stain cells with intact cell membranes
due to cellular esterase activity (231, 275). Hoechst 33342 served as DNA counterstaining of
both vital and dead cells (276).
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3.9.6 Whole mount in situ hybridization - WISH

Whole mount colometric in situ hybridization (WISH) is a method for localizing specific
transcripts using RNA probes. The protocol described is a modified protocol according to
Collins et al. (67, 277). The procedure and the necessary steps are described in the following

subchapters.

3.9.6.1 WISH probe synthesis

Two master mixes were prepared, which differed in their composition only in the RNA
polymerase. Template DNA, T3 or SP6 RNA polymerase, 10x transcription buffer, a DIG-NTP
mix from our own production, murine RNase inhibitor (NEB) and DEPC water were used. The
preparations were incubated overnight at 28°C. After addition of DNase at 36°C for 20 min,
LiCl-mediated precipitation of the RNA was performed. For RNA precipitation, 1/10 LiCl
solution (7.5 M) of the volume of in vitro transcription and a 3x volume excess of 100% ethanol
(-20°C) were added and the mixture incubated at -20°C for 30 min. After centrifugation (16,000
g for 30 min at 4°C), the supernatant was removed, and 500 pl 70% Ethanol was added to the
pellet. Another centrifugation step followed (16,000 g at 4°C for 4 min), and the supernatant
again carefully discarded. The remaining pellet was air-dried for a maximum of 10 min under
the fume hood. After addition of 30 ul DEPC water, 1 ul murine RNase inhibitor, and careful
resuspension, an aliquot of 1 pl of the quality of riboprobes was analyzed using a 1.5% TAE

agarose gel.

3.9.6.2 Sample preparation and hybridization

Localization of specific transcripts by WISH was performed based on the method established
for plathelminth by King and Newmark (278), and as previously described (57, 230, 278, 279).
The protocol used in this thesis was modified as described below. First, couples were
separated by adding 0.25% (w/v) tricain, as described before (230). Separated males and
females were killed by incubation in 0.6 M MgCI2 for 1 min while shaking, and then immediately
fixed for 4 h in 10 mL 4% formaldehyde dissolved in PBSTx at RT. Fixed worms were washed
twice in PBSTX, then dehydrated in 100% methanol, and afterwards stored at -20°C for at least
16 h. Schistosome couples were separated, and male and female worms separately
transferred into 15 mL reaction vessels. For the following procedure, volumes of 10 mL were
used for each solution. Pursuing the WISH protocol, worms were rehydration by incubation in
75% methanol for 2 min followed by 10 min incubation in 50% methanol dissolved in PBSTx.

Subsequently, worms were washed twice in PBStx to remove remaining methanol, and
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bleaching solution was added (9 mL DEPC treated H.O, 500 pL deionized formamide, 250 pL
20x SSC pH=7, 400 pL 30% H20>), samples were bleached for 1 h shaking under bright light.
After bleaching, the samples were rinsed with PBSTx twice and permeabilized by proteinase K
(Ambion; bM: 25 pg/mL; pairing experienced females, bF: 15 ug/mL) dissolved in PBSTx for
45 min, respectively. After permeabilization, worms were rinsed twice in PBSTx. To inactivate
remaining proteinase K and to post fixate treated samples, the worms were incubated in 4%
formaldehyde in PBStx for 15 min, and washed in a mixture of prehybridization solution and
PBSTx (1:1) for 10 min.

The parasites were placed in small 40 um mesh baskets in a 48 well-plate in 300 uL
prehybridization solution for 2 h at 55°C while shaking. The following buffers in volumes of
300 pl were used for sample processing in a 48-well plate. For hybridization, DIG-labelled
single stranded ribo-probes, synthesized as described above were used for colorimetric WISH.
The probes were diluted in hybridization buffer at a concentration of 200 ng probe/ 1 mL and
incubated at 78°C for 5 min to dissolve the secondary structures. The probes were allowed to
cool to 55°C, ensuring that the temperature of the probes did not fall below 55°C. The probe-
containing solution was transferred in one well of the 48-well plate, which has previously been
preheated to 55°C on a heating plate. Subsequently, hybridization was performed at 55°C
overnight (at least 16 h) while shaking at 135 rpm. The incubation was followed by a series of
washing steps for 30 min each with pre-warmed wash buffers (2x SSC + 0.1% TritonX-100,
0.2x SSC + 0.1% TritonX-100, 0.1xSSC + 0.1% TritonX-100, pH=7) at 55°C. The samples
were washed twice with 2x SCC and once each with buffer containing 0.2x SCC and 0.1x SCC

in order to reduce non-specific MRNA binding of the riboprobe.

69



Methods

For the procedure, it was made sure that the pH of the buffers used for hybridization was

always correct, while otherwise probe may bind ectopically (Figure 11)

Hybridization, Hybridization,
SSC-buffer pH 7 SSC-buffer pH 5
’f — OV
vit

Figure 11. Example of the pH-dependent influence on probe specificity during WISH.

For hybridization, specific probes for Smp_174260 transcripts were applied to mature females obtained
from a couple.Smp_174260 is an ovarian-preferentially and pairing-specifically expressed gene (55,
62). Hybridization was performed under different pH values of the SSC-buffer. Whereas at pH=7, the

result was correct (left side), if remarkably differed at pH=5. Abbreviations: ov, ovary; vit, vitellarium.

3.9.6.3 Antibody incubation and colorimetric reaction

DIG-UTP labelled ribo-probes were used to hybridize target transcripts. To detect the location
of target transcripts within the worm tissue, an anti-DIG-AP antibody for colorimetric detection

was used.

Baskets containing worms were incubated in 300 pl of TNT buffer at RT for 5 min after the
hybridization procedure had been completed. This was followed by two TNT incubations at RT
for 10 min each, with shaking at 100 rpm. Baskets were transferred in 300 pl colorimetric block
solution (7.5% heat-inactivated horse serum in TNT) and were incubated for at least 2 h at RT,
with shaking at 100 rpm. In the meantime, the anti-DIG-AP antibody was diluted at a 1:2,000
ratio in pre-chilled colorimetric block solution at 4°C. Samples were incubated in 300 pl
antibody-containing solution overnight at 4°C, with shaking at 100 rpm. The next day, samples
were incubated in TNT buffer at RT (5 min, 10 min, followed by 6x 20 min each), shaking at
100 rpm, to remove unbound antibodies. Afterwards, worms were transferred to a well of a 24
well plate and developed in 500 ul AP-buffer supplemented with 450 ug/mL nitro-blue
tetrazolium (NBT) and 175 pg/mL 5-bromo-4-chloro-3’-indolyphosphate (BCIP). Thereby, the
development time differed target gene-dependently between 2 to 24 h. Development was

stopped by incubating the worms twice in 1 mL of PBSTx for 5 min, followed by a final
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destaining step with 1 mL 100% ethanol for 10 to 20 min. The duration of destaining depended
on the staining intensity of individual samples. Worms were incubated in 80% glycerol in PBS
for at least 30 min before mounting on a slide. Pictures were taken using a Leica microscope
(M125 C) and a Leica camera (DMC2900; Leica).

3.10 Transformation methods

3.10.1 Worm transfection by particle bombardment

Particle bombardment (PB) was used as transfection method of choice to verify gene
expression of the SmUbi-eGFP-SmUbi reporter gene construct. For this, the stationary PDS
1000/He system was used (Bio-Rad, Hercules, CA) according to our previous protocol (94,
95). Plasmid DNA was isolated using the PurelLink Expi Endotoxin-Free Maxi Plasmid
Purification Kit (Thermo Fisher Scientific) and precipitated onto gold particles (0.6 pm) using
CacCl,, spermidine, and ethanol (94, 95) at a final concentration of 5 ug DNA/600 ng gold. For
this, male schistososomes were transfected, given their absence of autofluorescence in the
eGFP channel. The culture medium was removed, and male worms were positioned centrally
in a Petri dish; 10 male schistosomes were included in each biological replicate. The ballistic
parameters applied were helium gas pressure at 1,550 psi, 3 cm target distance, 15 inHg (381
mmHg) atmosphere, and 23°C. After PB, pre-warmed M199*** at 37°C was added to the
worms. Worms were maintained in culture for 48 h before further analysis. For microscopic
analyses, the nuclei of the worms were stained with Hoechst 33342 (Invitrogen) for 120 min.
Afterward, worms were examined using fluorescence microscopy (IX71 Inverted Fluorescence
Microscope Pred IX73, Olympus) and CLSM (TCS SP5 vis confocal laser scanning
microscope, Leica). The acquired images were analyzed using CellSens software (Olympus)
and LAS X software (Leica). Worms showing eGFP-induced fluorescence were washed with
PBS, transferred to 50 ul RNAzol RT reagent, and subsequently frozen in liquid nitrogen. Next,
total RNA was isolated from these worms, and its concentration and integrity were evaluated
as described in 3.3.5. Furthermore, cDNA of each sample was synthesized by reverse
transcription of 100 ng total RNA as described in 3.3.8. PCRs using these cDNAs were
performed in 25 pl reaction volumes with 200 uM dNTPs, 0.5 pM each primer, 1 yl cDNA, and
FIREPol DNA Polymerase (Solis BioDyne). Finally, the eGFP transcript of 717 nt was amplified
by PCR using the primers eGFP_fw and eGFP_rev (Table 13): 98°C, 30s, 35 cycles of 98°C
for 30s, 55°C for 30s, and 72°C for 60s; 10 ng pJC53.2_ SmUbi-eGFP-SmUbi plasmid-DNA

served as a positive PCR control.
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3.10.2 Transformation of parasites by electroporation

Electroporation (EPO) was used to transfect parasitic life stages with nucleic acids or proteins.
For this, a 4 mm electroporation cuvette containing plain phenol red-free OptiMEM (Gibco)
was used to transfer up to 10,000 eggs, 2,000 4-7 d old sporocysts, or 10 paired adult worms
to a final volume of 200 pl. Additionally, 100 ul OptiMEM-containing nucleic acids and/or
protein were added to the cuvette, and the sample was gently mixed. The sample was
incubated at RT for 5 min before EPO was applied by a single pulse at 125 V for 20 ms using
the square wave function (Gene Pulser Xcell Electroporation Systems, BioRad). Parasites
were regenerated for 10 min before being transferred to an appropriate volume of stage-
specific medium and cultured for at least 48 h.
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3.11 Editing of the S. mansoni genome

The genome of S. mansoni was edited by a CRISPR/Cas9 and/or Casl2a based method. For
this schistosome material at different life stages, such as eggs (Figure 12) were edited. The
CRISPR/Cas based editing approach of the S. mansoni genomic safe harbor site 1 was carried
out according to Ittiprasert and Moescheid et al (169, 172, 189, 280). as described in the
following chapters.

Step 1: Donor preparation Step 2: Assembly of RNP
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Figure 12. Transformation of S. mansoni eggs with CRISPR/Cas RNPs and editing of target-
specific genomic loci.

Step 1, lllustration of donor preparation. Step 2, Assembly of CRISPR/Cas-enzymes and corresponding
guide RNAs into riboprotein complexes (RNPs). Step 3, Introduction of CRISPR/Cas material and donor
DNA into S. mansoni eggs via EPO. Step 4, Analysis using PCR, RT-gPCR, and fluorescence

microscopy. lllustration from lttiprasert et al. (280).
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3.11.1 CRISPR/Cas

A first protocol was established targeting the S. mansoni genomic safe harbor site 1 (GSH1)
located on chromosome 3; 13380432-13381848 (172). To this end, single guide RNAs
(sgRNASs) specific targeting GSH1 were designed using the CHOPCHOP tool (261, 281), by
using the version 7 annotation of the S. mansoni genome (258). Experiments were performed
using Alt-R A.s. Casl2a (Cpfl) V3 (A.s. Casl2a, IDT), Alt-R L.b. Casl2a (Cpfl) Ultra (L.b.
Casl2a, IDT) and Alt-R S.p. Cas9 Nuclease V3 (Cas9, IDT). CRISPR/Cas material was
introduced as riboprotein complexes (RNPs) by EPO. RNPs were formed by using sgRNAs
(Table 16) specific for the S. mansoni GSH1, chairing a similar cleavage site (A.s./L.b. Cas12a
SgRNA, 5'-GAG AUC AAU UAU CUG ACA AUG GAA-3'; S.p. Cas9 sgRNA 5'-GAG AUC AAU
UAU CUG ACA AU-3'). A gRNA with a scrambled, non-schistosomal sequence (5'-GCA CUA
CCA GAG CUA ACU CA-3, IDT) was used to generate RNPs not targeting the S. mansoni

genome.

3.11.2 Cas9 and Casl12a in vitro activity assay

The capacities of the two RNPs to cleave GSH1 at the predicted cleavage site were tested.
RNPs were formed from specific guide RNAs with either Cas9, A.s. Cas12a, or L.b. Casl2a
nucleases. For this purpose, an in vitro cleavage assay was performed (282). From S. mansoni
gDNA, a 750 bp long fragment harboring the predicted cleavage site in the middle was
amplified. The amplicon was obtained by PCR using the recommended concentrations and
volumes for the GoTaq reagent (Promega). Amplification was performed using GSH1 targeting
primers (TIDE primer pairs, Table 12), and the PCR was performed as follows: gDNA was
initially denatured at 98°C for 3 min, followed by 35 amplification cycles consisting of
denaturation at 95°C for 20 s, primer annealing at 60°C for 30 s and elongation at 72°C for

1 min.

To perform the in vitro Cas activity assay RNPs were formed by mixing the respective gRNA
with the respective Cas enzyme at an equimolar concentration of 30 nM in a total volume of
20 ul in 1x Cas reaction buffer. The mixture was incubated for 15 min at 37°C to form RNPs.
Cas enzymes without the addition of gRNA served as controls. In addition, 50 ng of the
resulting GSH1 fragment dissolved in 10 pl Cas reaction buffer was added to the reaction. The
reaction was incubated for 1 h and terminated by incubation at 90°C for 10 min. The mixture
was applied to a 2% agarose gel. Successful cleavage of the substrate DNA resulted in 350 bp

fragments.
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3.11.3 Editing of the GSH1 of adult schistosomes

To determine the success of GSH1 targeting by using RNPs, KO were performed. RNPs were
applied, formed by either Cas9 or Casl2a, and the corresponding sgRNAs. To determine the
potential off-target effects on GSH1 of respective enzymes, sgRNA with a scrambled sequence
was utilized for RNP formation. Plain Opti-MEM (Gibco) without RNPs served as control. For
each biological replicate, RNPs were introduced into 10 adult unpaired schistosomes (5 worms
of each sex) 45-49 d after mice infection. All experiments were performed in ten biological

replicates.

To generate RNPs, 10 pg of the respective Cas-enzyme and 10 pg of corresponding SgRNA
were carefully mixed in a final volume of 100 pl of Opti-MEM and incubated for 15 min at RT.
In between, an appropriate number of schistosomes were washed in pre-warmed 37°C Opti-
MEM and distributed into 4 mm electroporation cuvettes prepared with 100 pl Opti-MEM at RT.
Finally, 100 ul of RNP solution was added to prepared worms. Subsequently, the solutions
were gently mixed, incubated for 5 min, and electroporated at 125 V, 20 ms, square wave
(BTX, ECM 830 Electro Square Porator). For recovery the cuvette was immediately placed in
a bio-safety cabinet for 10 min at RT. The worms were then transferred to a new well of a 6-
well plate with a finale volume of 3 mL of prewarmed M199***. Furthermore, the schistosomes
were incubated for up to 10 d (37 C, 5% CO.), with 50% of the medium replaced every second
day.

3.11.4 Trypsinization and editing of the GSH1 in eggs

Transmission electron microscopy (TEM) studies on developed S. mansoni eggs have
described the presence of proteins in pores and on the surface of the eggshell (83, 283). |
hypothesized that the presence of proteins, particularly in these pores, could drastically reduce
transfection efficiency. To reduce the effect of this natural barrier, the eggs were digested with

trypsin-EDTA immediately before transformation.

For each replicate 10,000 LEs were collected in a 1.5 mL microtube. The LEs were pelleted
by gravitation under exclusion of light for 5 min. Subsequently, the medium was carefully
discarded and replaced by 1 mL Opti-MEM. LEs were washed twice. Next, the supernatant
was discarded and replaced with 500 pl prewarmed (37°C) 0.25 Trypsin-EDTA (Corning). After
gently mixing, the tube was incubated for 5 min at 37°C. Trypsin was inactivated by the
admission of 1 mL M199egg (37°C). Additionally, LEs were washed twice with 1 mL Opti-MEM
as described before and the supernatant was replaced by 100 pl Opti-MEM.

75



Methods

After trypsin treatment, LEs were immediately used for transfection with RNPs, as described
above. The procedure was performed using 10,000 LEs per biological replicate. After

incubation for at least 48 h (37°C, 5% CO,), eggs were examined.

3.11.5 Tracking of rhodamine-labeled RNPs

Tracking of fluorescently-labelled RNPs after transfection was used as a viable tool to monitor
the successful penetration of desired tissue and cells (170, 256). For this approach, a sgRNA
was tagged with a rhodamine-containing RNA labelling reagent according to the manufacture’s
manual (Label IT® Nucleic Acid Labelling Reagents Rhodamine Kit; Mirus). Labelled RNPs
were formed by using either Alt-R S.p. Cas9 or Alt-R L.b./ A.s. Cas12a (Cpfl) V3 and regarding
purified and labelled sgRNA as described by Nasri et al. (256). In short, 10 ug of Cas-enzyme
and 10 ug of previous labelled sgRNA were carefully mixed in a final volume of 100 pul of Opti-
MEM (Gibco) and incubated for 15 min at RT. The incubation was performed in the absence
of light. The supernatant was replaced with 100 yl of Opti-MEM, and 1,000 IVLEs were
trypsinized as described above. A total volume of 100 pl of labelled RNP solution was added.
Transfection was performed by EPO at 125 V, 20 ms, square wave (BioRad) using a 4 mm
electroporation cuvette. Subsequently, the cuvette was placed in a biosafety cabinet for 10 min
at RT, and 1 mL of M199egg at 37°C was added. Next, IVLEs were incubated at 37°C for 1 h.
Finally, labelled RNPs were localized by CLSM (TCS SP5 vis confocal laser scanning
microscope, Leica). The fluorescence was observed with excitation and emission wavelengths
576 nm and 597 nm, respectively (256). Image processing was performed using LasX software

(Leica).
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3.11.6 Determination and comparison of KO efficiency by TIDE analysis

DNA libraries were prepared for Sanger direct sequencing to obtain an overview of the success
of genome editing by RNPs. Worms or eggs from editing experiments were transferred to
1.5 mL microtubes, the medium containing the supernatant was discarded and replaced with
50 pl of DNAzol. DNA was isolated as described in 3.3.1.

similar cleavage sites for Cas9 and Cas12a in GSH1

Tide amplicon

A
[ |

NGS amplicon

Tide Primer forward Tide Primer reverse

[ \

NGS Primer forward 5'PAM NGS Primer reverse

. Casl2a target site
.l Cas9 target site

3'PAM

Schistosoma mansoni GSH1

Figure 13. CRISPR/Cas-mediated cleavage of S. mansoni GSH1 and amplification of the target
locus for sequencing-based downstream analysis.

PAM sites for both Cas9 and Casl12a enzymes were chosen to elicit similar Cas-mediated cleavage of
GSHL.1. Primer binding sites based on Sanger sequencing (Tide) and next generation sequencing (NGS)

are shown. Abbreviations: NGS, next generation sequencing; PAM, protospacer adjacent motif.

The library was generated by amplification of a 720 bp fragment containing the expected
Cas9/12a editing site (Figure 13). The amplicon was obtained by PCR using the recommended
concentrations and volumes for the GoTaq reagent (Promega). Amplification was performed
using specific TIDE primers targeting the GSH1 (Table 12). In addition, the following PCR
program was used (BioRad, S1000 Thermal Cycler), gDNA was initially annealed at 98°C for
3 minutes, followed by 35 amplification cycles consisting of denaturation at 95°C for 20
seconds, primer annealing at 60°C for 30 seconds, and extension at 72°C for 1 minute. The
size of the relevant PCR products was verified by gel electrophoresis and purified using the
NucleoSpin Gel and PCR Clean-up Kit (Macherey-Nagel). The concentration of the purified
amplicons was determined spectrometrically. In addition, the concentration was adjusted to 15
g/pl according to the sequencing service provider (Genewiz / Microsynth Seglab), and the
appropriate forward or reverse primer was added to the mixture at a final concentration of

4 uM. Primers for performing PCR as described above were used as sequencing primers.
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Sanger sequencing was performed to analyze CRISPR/Cas-mediated indels (deletions and
insertions) at the GSH1 locus. For this, the program TIDE: Tracking of Indels by Decomposition
tool (202) was used. By comparing the sequencing data of the treated group to an untreated
control or controls containing a gRNA with a scrambled sequence, the editing efficiency by

Cas9 or Casl2a was determined.

3.11.7 Next generation sequencing and KO efficiency analysis by CRISPRESSO

and CasAnalyzer

DNA libraries were generated for next-generation sequencing (NGS) to verify successful
editing by RNPs. Worms or eggs from editing experiments were transferred to 1.5 mL
microtubes, the medium containing the supernatant was discarded and replaced with 50 pl of
DNAZzol. DNA was isolated as described in 3.3.1.

The library was generated by amplification of a 378 bp fragment including lllumina adapter
sequences containing the expected Cas9/12a editing site (Figure 13). The amplicon was
obtained by PCR using the NGS GSH3757 primer pair with lllumina adapters (Table 12) and
the recommended concentrations of the GoTaq PCR Kit. In addition, the following PCR
program was used (BioRad, S1000 Thermal Cycler). gDNA was initially denatured at 98°C for
3 min, followed by 10 pre-amplification cycles consisting of denaturation at 95°C for 20
seconds, primer annealing at 55°C for 30 seconds, and extension at 72°C for 35 seconds. This
step was followed by 25 final amplification cycles similar to the pre-amplification cycles
described above but using an annealing temperature of 62°C for 30 seconds.

PCR products were sized by gel electrophoresis and purified using a NucleoSpin Gel and PCR
Purification Kit (Macherey-Nagel). Finally, a DNA 1000 chip (Agilent Technologies) was used
with the Agilent 2100 Bioanlyzer system to determine the DNA concentration of the distinct
band at 378 bp. NGS libraries were prepared and sequenced according to the Amplicon-EZ
protocol (Genewiz). Data gathered from NGS of GSH1 knock out experiments were analyzed
for editing efficiency as well as indel frequency by using the bioinformatics tools CRISPRess02
(284) and CRISPR RGEN Tools Cas-Analyzer (285). The analysis using CRISPResso was
evaluated using NGS data as paired end reads, using the optimal parameters as follows:
Minimum homology for alignment on amplicon, 60%, base editing target base C and result
base T, pegRNA extension quantification window size to 5, quantification window was set by -
3 and plot window size to 30, and the TruSeq2PE adapter trimming setting was used. For the
use of the CRISPR RGEN tool Cas-Analyzer, sense and antisense reads of NGS sequencing

were both used. Furthermore, the following setup was used: Nuclease type was set to single
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nuclease as detection mode, all NGS datasets were tested against the specified reference, the
comparison range was set to 70, wild type marker was set to 5, and minimum frequency was

setto 1.

3.11.8 Generation of donor DNA via PCR for 5’ C6-PEG-10 50 bp HA donor

The donor DNA template consisting of 3,351 bp of SmUbi promoter (2,056 bp), eGFP (717 bp),
and SmuUbi terminator (578 bp) flanked by HAs of 50 bp each was amplified by PCR using 5'
C6-PEG10- modified primers with 50 bp homology arms (HA), which were homologous to
GSH1 (Table 14). The donor was 5  modified by an amine group, a C6 linker (AmC6), and
polyethylene glycol (PEG10) treatment (286, 287). Briefly, 10 uM 5'-amine C6 modified primers
(IDT) were incubated with 1 mM Bis-PEG10-NHS ester (BroadPharm) in 1x borate buffer
(Thermo Fisher) for 18 h at RT. Primers were desalted and dissolved in Tris-buffer using a Bio-
Spin 30 column (Bio-Rad). These PEG10-5'AmC6- modified primers were used to amplify the
donor template using GoTag Green Master Mix DNA Polymerase (Promega). The SmUbi-
eGFP-SmUbi construct with the 600 bp HA sequence (172) targeting GSH1 was used as
template DNA with the following PCR conditions: 98°C, 5 min, 6 cycles of 95°C, 20 s, 56°C 30
s, and 72°C 3:35 min, followed by 25 cycles of 95°C, 20 s, 68°C 3:35 min, and 72°C 3:35 min.
The presence of an amplicon of the expected size, 3,451 bp, was confirmed by agarose gel

electrophoresis. The amplicon was isolated as described above.
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3.11.9 Knock-in of the SmUbi-eGFP-SmUDbi transgene in eggs of S. mansoni
using Cas9/12a RNPs.

Genome editing of S. mansoni eggs either with CRISPR/Cas9 or Casl2a was performed
according to the protocol of Ittiprasert and Moescheid et al. (172, 189, 280) with some

modifications.
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Figure 14. Workflow of CRISPR/mediated target-specific integration of a reporter-gene.

A, lllustration of the SmUbi-eGFP-SmUDbi reporter-gene construct. The core promoter and the predicted
rankl and rank2 promoters are highlighted. B, Transformation of trypsinized eggs with Cas9/Casl2a
ribonuclear complexes and the dsDNA donor template by EPO. C, CRISPR/Cas-mediated integration
of the 5' C6-PEG10 modified donor with 50 bp homology arms, homologous to target locus, by homology

directed repair.

For each experimental replicate, 5,000 to 10,000 LEs were collected. Consequently, LEs were
trypsinized as described in 3.11.4. and transferred into a 4 mm electroporation cuvette. RNPs
were formed as described in 3.11.3. Meanwhile, 10 pg of each 50 bp HA 5'C6-PEG10 3.11.8
modified UbiProm-eGFP-UbiTer donor dsDNA dissolved in Opti-MEM (Gibco) was added to
LEs in a total volume of 200 pl. LEs were incubated with donor dsDNA for 5 min at RT, before
100 pl of RNP solution containing 10 pg Cas-enzyme and 10 pg gRNA was added (Figure 14
A, B). Experimental groups in which only donor DNA was added, and a non-treated group,
served as controls. EPO was performed as described in 2.1 Subsequently, LEs were
transferred to a well of a 12-well plate in a total volume of 2 mL M199egg and incubated (37
C, 5% CO,). Aliquots of treated LEs were collected after 5- and 10-d post treatment for
downstream analysis. Edited eggs were exposed to light 48 h after transformation to generate

miracidia for infection of the intermediate snail host.
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To increase the chances of editing cells of the germline, further knock-in (KI) experiments using
Casl12a RNPs with up to 24 h old IVLEs were conducted. Up to 2,000 IVLEs were collected in
a 1.5mL reaction tube und processed as described above. IVLEs were examined
microscopically after 7 d, and attempts were made to introduce the resulting potentially

transgenic miracidia into the parasitic cycle via infection of the intermediate host.

3.11.10 Analysis for verification of successful knock-in by PCR

To demonstrate the successful KI of SmUbi-eGFP-SmUbi in GSH1 by homologous directed
repair (HDR, Figure 14 C), primers were designed specific to the modified GSH1 locus
(Figure 15).

5°KI; 799 bp 3°KI; 1290 bp
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Successful Kl

Figure 15. Proof of successful transgene integration into the S. mansoni GSH1 by PCR.
The primer binding sites and the resulting amplicon sizes after successful SmUbi-eGFP-SmUbi
transgene integration into S. mansoni GSH1 are shown.

At 5- and 10-d post-transfection, LEs were harvested from experimental or control groups. The
5'and 3' transgene integration into GSH1 was analyzed by PCR on gDNA from each sample.
A primer pair spanning 799 nt of the upstream region of GSH1 and part of the ubiquitin
promoter (Table 15) was used to verify the 5' terminus. For analyzing the 3' end, a primer pair
covering 1,290 nt of the modified GSH1 locus, specifically a chimeric primer covering the eGFP
was used coding-sequence and the terminator combined with a primer for GSH1 (Table 15).
Specific primers amplifying the GSH1 located at a significant distance from the HAs of the
donor DNA template were designed for the Kl analysis. These primers were each combined
with primers specific for the donor DNA to investigate the success of transgene integration
(Table 15). Both PCRs were performed using GoTag Master Mix DNA polymerase (Promega),
10 ng gDNA and 10 pl reaction volume as follows. PCR conditions were 98°C for 5 minutes,
38 cycles of 95°C for 30 seconds, 60°C for 30 seconds, and 72°C for 80 seconds. As
S. mansoni internal control, a PCR was performed amplifying a 1,466 bp fragment by using

GSH1-specific primers (Table 15). The amplification of the 4,732 bp fragment representing the
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complete reporter-gene integrated into GSH1 was not possible due its length and the PCR

conditions.

In order to determine successful integration at the sequence level, amplicons of the modified
GSH1 were analyzed using Sanger sequencing. The amplicon size was verified by gel
electrophoresis. DNA fragments of correct sizes were isolated using the NucleoSpin Gel and
PCR Clean-up kit (Macherey-Nagel). DNA samples were prepared for Sanger sequencing
according to Genewiz descriptions and submitted with PCR primers specific to each respective
amplicon. Subsequently, the resulting sequences were compared with the predicted reference

sequence by Benchling software.

3.11.11 Verification of eGFP transcription

Reverse transcriptase PCR (RT-PCR) was performed to verify the successful transcription of
the integrated UbiProm-eGFP-UbiTer construct. For this 3,000 LEs of each biological replicate
were collected 10 d after editing attempts, and RNA was isolated as described in 3.3.6.
Furthermore, cDNA was synthesized as described in 3.3.8. Subsequently, the cDNA was used
for PCRs to carry out the transcription of the transgene UbiProm-eGFP-UbiTer while using
eGFP-specific primers (Table 11). Primers amplifying the transcripts of the housekeeping gene
Smgapdh (Table 11) served as normalization control. Ten ng of the donor dsDNA containing
the eGFP sequence were used as positive control. Amplicons were obtained due PCR using
a final reaction volume of 25 pl including 3 pl cDNA, 1 uM of each primer and recommended
volumes for the GoTag reagent (Promega). PCR was carried out by using the following
program: initial denaturation at 98°C for 3 min followed by 40 amplification cycles, consisting
of denaturation at 95°C for 30 s, primer annealing at 55°C for 30 s and elongation at 72°C for

1 min. Amplicons were analyzed by agarose gel electrophoresis.

3.11.12 Verification of eGFP expression by CLSM

To determine the presence of eGFP in LEs or IVLEs after treatment with RNPs in combination
with donor dsDNA and the larval development, CLSM was done (confocal laser scanning
microscope, Zeiss Examiner.Z1 AX10; Camera, Carl Zeiss AxioCam MRc) using an inverse
objective with 20-fold magnification (Zeiss W Plan-Apochromat 20x/1.0 DIC (UV) VIS-IR
421402-9800) (172). Images of live LEs respectively IVLEs in M199egg in tissue culture dishes
were obtained at an excitation wavelength of 488 nm. Images were captured and analyzed
using ZEN 2011 software (Zeiss) to distinguish eGFP fluorescence signals from eggshell

autofluorescence, an approach developed by lIttiprasert et al. (172).
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3.11.13 Editing of Smthr-B by Casl12a

In order to apply the genome editing method to a gene of interest, knockout of Smtr-3
(Smp_174260) has been tested. Our recent study (172) demonstrated the increase of KO
efficiency by the use of three overlapping sgRNAs. For this purpose, three overlapping
L.b. Casl2a sgRNAs (Table 17) targeting the translational start site were designed using the
CHOPCHOP tool (261): sgRNAthr-B1, 5-GUA CUA GCA UUA UCU CAA UAU AUU-3";
sgRNAthr-p2, 5-UUU CGU ACU AGC AUU AUC UCA AUA-3"; sgRNAthr-B3, 5-UGU AAA
UAA UUU UGU UUC GUA CU-3. Proof-of-principle experiments were performed by
introducing RNPs into S. mansoni couples by EPO as described in 3.10.2. An amount of 3.5 ug
RNPs of each L.b. Casl2a/sgRNA combination were simultaneously introduced.
Subsequently, couples were cultured in Basch ABC/LDL at 37°C and 5% CO; (57). After 2 d,
the medium was replaced with freshly prepared BaschABC/LDL. After 3 d, IVLE's were
collected for downstream analyses. gDNA was isolated from worms (3.3.1.) and IVLE's using
DNAZzol (3.3.2.). A 750 bp fragment with the predicted cleavage site in the middle was amplified
by PCR as described in 3.11.6. The amplicons were isolated form the agarose gel and
sequenced by Sanger direct sequencing. KO efficiency was determined by TIDE analysis
(202).

3.12 Statistics

Data received from RT-gPCR analysis were statistically analyzed by comparative testing of
the normalized transcription-levels as previously described in  Moescheid and
Puckelwaldt et al. (152). Statistical analyses were carried out using the GraphPad Prism V.8
software (GraphPad Software, San Diego; USA). Data were tested for Gaussian normal
distribution by applying the Komogorov-Smirnov test. For statistical analysis, the two-tailed
t test was applied for parametric distributed data and the two-tailed Mann-Whitney test was
applied for non-parametrically distributed data. P-values < 0.05 were considered as statistically

significant.
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4 Results

4.1 Characterization of ovary-preferentially and pairing-dependently expressed

nuclear receptors of S. mansoni

Previous comparative transcriptome studies of adult schistosomes and their (isolated)
gonads revealed that, among others, genes encoding nuclear receptors (NRs) are regulated
in a pairing-dependent manner (Figure 16) (55). Additionally, some of these NRs seemed to
be expressed tissue-specifically with, for instance, a preference in female ovaries (55).
Members of the NR superfamily are ligand-activated transcription factors that play diverse
roles in differentiation, development, proliferation, and metabolism of cells, emphasizing their
biological importance (85). To this end, | focused on identified but yet uncharacterized NRs
of S.mansoni. This preselection comprised among others potential retinoic acid
(Smp_144170 SmRAR, and Smp_097700 SmRXR1) and thyroid hormone receptors
(Smp_133490 SmTHRa, and Smp_174260 SmTHRp).
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Figure 16. Pairing-dependently and ovary-preferentially transcribed nuclear receptors of
S. mansoni.

Previous transcriptome analyses of pairing-experienced and -inexperienced male and female
schistosomes and their isolated gonads by Lu et al. (55) revealed the pairing-dependent and ovary-
preferential transcription of the four putative nuclear receptors shown here. Abbreviations: bM, bisex
male (pairing-experienced male); sM, single-sex males (pairing-inexperienced male), bT, testes of bM;
ST, testes of sM; bF, bisex female (pairing-experienced female); sF, single-sex (pairing-inexperienced

female); bO, ovary of bF; sO, ovary of sF.
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4.1.1 Phylogenetic classification of S. mansoni NRs

Based on their annotation in the S. mansoni draft genome V10 (143, 288), NRs, which were
found to be transcribed in an ovary-preferential and pairing-dependent manner (55) were
assigned to the sub-family of type Il NRs. These receptors included members of the NR
classes RAR, RXR and THR (Figure 16) (55, 62, 143). Until today, the knowledge about the
function of these S. mansoni NRs is rather limited. In order to validate the given annotations,
a phylogenetic analysis was carried out by comparative analysis of the paralogs and orthologs

of these receptors (Figure 17).

The evolutionary distance of these receptors to other known type Il NRs was revealed by
phylogenetic analyses using MEGA11 (210), by analyzing the amino acid sequences of
SmMRAR, SmMRXR-1, SmTHRa and SmTHR[ paralogs and orthologs from other organisms at
different evolutionary distances (Figure 17). The phylogenetic classification showed that RAR-
like as well as THR-like NRs of trematodes clustered separately from other invertebrates as
well as vertebrates, suggesting the existence of trematode-specific subgroups within the class
of type Il NRs. Furthermore, SmRAR displayed distinct evolutionary classification compared to
other RARs of S. mansoni, such as Smp_097700 (SmRXR-1) and Smp_073470 (SmRXR-2).
These receptors were identified as potential dimerization partners of SmRAR in previous
studies (104, 140, 148). Additionally, SMART domain analysis of both paralogs confirmed their
identity as NRs and classified them as members of the retinoid-x-nuclear receptor (RXR) family
(168, 243). As a trematode ortholog of SmMRAR, a RXR from Fasciola hepatica was found.
Phylogenetic analysis of this RXR revealed a close evolutionary distance to the S. mansoni
SmRXR-1, and it was shown to be more distantly related to SmRXR-2. In contrast, SmMRAR
appeared more closely related to RAR-like orthologs from other trematodes, such as
Opisthorchis viverrini and Dicrocoelium dendriticum, than to orthologs from the nematode C.

elegans (RAR-like NHR-23) or D. melanogaster, mice, and human.
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Figure 17. Phylogenetic analysis of S. mansoni retinoic acid and thyroid hormone receptors.

Using MEGA11l (210), phylogenetic analysis of putative S. mansoni members of type Il nuclear
receptors (NRs) was performed comparing orthologs from other invertebrate and vertebrate species.
This analysis positioned SmRAR within the RAR-like, SmRXR-1 within the RXR, and SmTHRa/B in a
trematode-specific THR-like clade of NRs. NR orthologs of Acropora millepora and Stylophora pistillata,
members of the evolutionary basal stem of Cnidaria, served as outgroup references. The nucleotide
sequences used for the phylogenetic analysis and the most important genes for my study are marked

with asterisks. Type Il NR S. mansoni paralogs are underlined.
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Next, the phylogenetic analysis of SmTHRa and SmTHRp classified both NRs as thyroid
hormone receptors. To verify the subgroup affiliation assigned by transcriptome studies (61,
62, 289), the aa-sequences of these NRs were compared to other representatives of these
subgroups from model organisms (Figure 17). The analysis revealed a relatively close
evolutionary proximity of SmTHRa to other THRas from vertebrate model organisms.
Furthermore, SmTHRa showed an intermediate evolutionary distance to two different
subgroups of THRs, THRa and a trematode-specific clade of THRs. Thus, SmTHRa is
evolutionarily close to the Echinococcus granulosus (EgrG) THRa ortholog and other
trematode THR[ orthologs, including Fasciola hepatica and Fasciolopsis buski. SmMTHRp, on
the other hand, was shown to be more distant from SmTHRa, but especially from THRBs of
vertebrate model organisms. SmMTHRP was assigned to a trematode-specific subgroup of
THRs, which could not be assigned to either THRa or THR}.

4.1.2 The RAR-like NR of S. mansoni shows a typical structure and is pairing-

dependently expressed in intermediate-stage oocytes

In order to determine the identity of SmMRAR, a reanalysis of its predicted annotation as a
member of the NR subfamily 1 (55, 62) or RAR (retinoic acid receptor)-like NRs (168, 241,
242) was conducted. SMART domain analysis (243) of the amino acid sequence of SmMRAR
indicated a typical domain structure for a NR, consisting of variable N- and C-terminal regions
and a zinc-finger domain connected to a ligand-binding domain by a hinge region (Figure 18
A) (91). Additionally, the comparative structural analysis of the predicted protein structure by
Phyre2 (244) revealed highest similarities to the RAR beta subfamily (RARDb, Figure 18 B).
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Figure 18. Bioinformatic domain analysis revealed SmRAR as an ortholog of the human RAR.
A, The domain structure of Smp_144170 (SmRAR). SMART domain analysis (243) of SmRAR revealed
the characteristic NR structure consisting of unstructured N- and C-terminal domains as well as a DNA-
binding domain (ZnF_C4), which is linked by a hinge region to the ligand-binding domain (HOLI). B, The
amino acid sequence and the predicted protein structure of SmMRAR were compared to already
characterized nuclear receptors from model organisms using Phyre2 (244). By analyzing the alignment
coverage, SmMRAR was verified as nuclear receptor and was assigned with highest similarity to the
human retinoic acid receptor beta family.
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Previous bulk RNA-Seq studies indicated that SmMRAR is an ovary-preferentially and pairing-
dependently transcribed NR (55, 62). Moreover, the first SCRNA-Seq atlas of isolated mature
ovaries generated by Zhigang Lu, a former member of the Grevelding lab (Figure 19;
Moescheid and Lu et al., submitted; gonadsc.schisto.xyz) revealed that SmRAR is expressed
in oocytes at an intermediate developmental stage and in mature oocytes (Figure 20 A).
Furthermore, cluster analysis of this SCRNA-Seq study assigned SmRAR as one of the marker
genes of the intermediate germ-cell cluster. To confirm these findings, RT-gPCRs were
conducted by analyzing cDNA from pairing-experienced (bM, bF) and pairing-inexperienced
(sM, sF) males and females, respectively, as well as their isolated gonads (bT, bO, sT, sO).
The results confirmed the ovary-preferential and pairing-dependent expression of SmRAR,

which is consistent with the available transcriptional profile data (Figure 20 B) (55, 62).
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Figure 19. Single cell atlas of the mature ovary.

A, The UMAP (Uniform Manifold Approximation and Projection) representation of 1,967 cells in four
clusters. Cells of the ovary of sexually differentiated S. mansoni females can be grouped into four distinct
clusters: a germinal stem cell/germinal stem cell progeny (GSC/GSC progeny) cluster, an intermediate
germ cell cluster, a late germ cell cluster (primary oocytes), and a somatic cluster with characteristics of
muscle and neuronal cells. B, GO terms associated with marker genes of each indicated cluster.
Significant terms are grouped and color-coded according to the cluster to which they have been

assigned (Moescheid and Lu et al., submitted; gonadsc.schisto.xyz).
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Figure 20. Smrar is pairing-dependently and ovary-preferentially transcribed, and transcripts
localized in the posterior part of the ovary.

A, UMAP visualization of the scRNA-Seq data of mature ovaries, showed Smrar (Smp_144170)
transcription primarily in oocytes of an intermediate developmental stage. In addition, transcription at a
lower level was shown in mature oocytes. (Moescheid and Lu et al., submitted). B, RT-gPCR analyses
of Smrar transcripts in adult schistosomes and their gonads revealed an ovary-preferential and pairing-
dependent transcription pattern, with significant differences between pairing-experienced and -
inexperienced males and females. *P<0.05, **P<0.01, ***P<0.001 by t-test. C, Whole-mount in situ
hybridization showed specific localization of Smrar transcripts in the posterior part of the ovary of paired
female S. mansoni, with 16 out of 18 worms examined worms displaying this pattern. No specific signals
were detected in male schistosomes. Abbreviations: hs (head sucker), imO (part of the ovary containing

immature oocytes), mO (part of the ovary containing mature oocytes), and vit (vitellarium).

To validate the ovary-specificity of Smrar transcription, Smrar transcripts were localized by
whole mount in situ hybridization (WISH) within the tissue of mature male (bM) and female
(bF) worms. Subsequently, specific signals in the posterior part of the ovary were observed,
which contains differentiated oocytes (Figure 20 C) (38). In contrast, no signals were detected
in the anterior part of the ovary, where oogonia, immature, stem cell-like oocytes are located
(Figure 20 C) (38, 40). Correspondingly, no signals were detected in male worms. These
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findings align with the expectations of a gene primarily expressed in the ovary. Additionally, a
higher signal intensity at the edges of the posterior part of the ovary correlates with the
clustering results from the scRNA-Seq data, indicating a preferential expression in
intermediate-stage oocytes. Fully matured oocytes occupy the center of the posterior part of

the ovary of paired females (38, 40), where a lower signal intensity was detected.

4.1.3 Functional characterization indicates an important role for SmRAR in

maintaining mature oocytes

To gain initial insights into the biological functions of SmMRAR, gene-specific knock-down (KD)
experiments were conducted using RNAIi. To prevent RNAi-dependent off-target effects on
other NRs, the double-stranded RNA was designed to be Smrar-specific without covering the
highly conserved DNA-binding domain (DBD) and ligand-binding domain (LBD) (85). To
minimize dsRNA-dependent off-target effects on the transcription of genes analyzed by RT-
gPCR, the whole-length dsRNA sequence was compared to the mRNA sequences of selected
genes using BLASTn (290). For the genes, which were selected for further downstream
analysis to assess regulatory effects of Smrar, no significant sequence similarities of sufficient
length were found, which could induce RNAI off-target effects (152). Furthermore, primers for
downstream analysis by RT-qPCR were designed exon-spanning and avoiding any overlap
with the dsRNA sequence.

RNAIi was conducted using 10 couples, and 6-9 biological replicates were prepared in total.
The couples were treated identically, except that one group received dsRNA while the other
served as untreated control. Previous studies using non-schistosomal control dsRNA at
concentrations of 30-60 pg/ml showed no noticeable phenotypes upon RNAi (57, 152). After
15 d, Smrar KD efficiency was assessed through RT-qPCR. The couples were first separated,
and RNA was extracted from female worms. Thus, a significant reduction in Smrar mRNA

levels (94.2+8.2% compared to the control) was detected (Figure 21 A).
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Figure 21. Smrar RNAI affected egg morphology and embryo development at an early stage.
Schistosome couples were treated with 30 pg/ml Smrar dsRNA every 2-3 d for 15 d (red bars). Worms
treated under the same conditions with DEPC-water without dsRNA served as control (white bars). A,
By RT-gPCR, a high KD-efficiency (94,2+8,2%) was found for Smrar transcripts in females, which had
been separated from males before analysis. B-C, Phenotype analyses covering worm motility (A),
scored from O (no motility) to 4 (hyperactive motility), and pairing stability (C) showed no RNAI-
dependent effect (triangles and circles represent the biological replicates, n=9). D, The number of eggs
produced in vitro, monitored over an 8-d period, showed no significant differences after RNAI treatment.
E, A significant increase in malformed eggs (smaller, non-embryonated eggs, without spines or with
deformed spines) were observed 8 d upon RNAI. F, By bright-field microscopy, the morphology of eggs
was analyzed after 3 and 8 d. After 8 d, egg morphology altered, and significantly more eggs were
reduced in size. Abbreviation: KD, knock-down. *P<0.01, determined by t-test. A, n=6; B-F, n=9.

Furthermore, all experimental groups were monitored daily to assess physiological and
morphological effects, by using a standardized scoring system (152). Throughout the
experimental period, worms in all groups remained viable, and no reduction in motility or pairing
stability was observed (Figure 21 B, C). As a physiological readout, the percentage of normal
and malformed eggs per couple was determined during the first 8 d of treatment. Here, no
significant difference in the total number of in vitro-laid eggs between the RNAIi and control
groups was found (Figure 21 D). However, after 8 d, a significant increase in malformed eggs

was observed in the Smrar RNAI group (Figure 21 E). In contrast to the untreated control, eggs
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laid by dsRNA-treated couples were smaller, spines were occasionally missing or deformed,
and embryos were absent in these eggs (Figure 21 F). Additionally, by analyzing the egg
content, the number of zygote-containing eggs was significantly reduced in the RNAI group
after 8 d of treatment (68.4+19.5%; P<0.001) compared to the control (Figure 22 A, B).

Previous findings suggested a potential influence of the Smrar RNAIi on the female gonad,
specifically the ovary. To evaluate the effect of Smrar RNAi on the ovary, the intricate
structures of the ovaries in both RNAi and control females at 15 d was examined by CLSM
analysis (Figure 22 C, D). In addition, EdU staining was performed to investigate the potential
effects on stem-cell proliferation (Figure 22 F). CLSM analysis revealed a significant reduction
in the number of mature oocytes, exclusively in the RNAi group, as well as a significant
decrease in ovary volume. The volume of the posterior part of the ovary, containing mature
oocytes was determined by Z-stack analyses (Figure 22 C, D). The reduced ovary volume
corresponded to the smaller size of the posterior part of the ovary that was consistently
observed in female schistosomes of the RNAI group (Figure 22 C, D). Moreover, by analyzing
the ovaries of females from couples treated with a non-schistosomal control dsRNA, coding
for a 500 bp fragment of the E. coli ampR gene (152), | observed no RNAIi-dependent effects,
which corresponded with the appearance of the untreated control (Supplemental Figure S1).
Recently, ampR dsRNA has been described as a suitable RNAIi control for long-term dsRNA
treatment (22 d, 30 ug/mL dsRNA) (152). Furthermore, cell proliferation of oogonia was
determined by an EdU proliferation assay. Here, no differences in the number of EdU-positive,
proliferating oogonia were observed between the control and RNAI groups (Figure 22 E).
Additionally, no effects of RNAI on the vitellarium were detected (Figure 22 C). Testes of male
schistosomes from dsRNA-treated couples were also examined. | found no alterations in their
morphology, the sizes of the testicular lobes, or the seminal vesicles (Figure 23 A). Likewise,
the number of EdU-positive spermatogonia was similar between the two experimental groups
(Figure 23 B).
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containing eggs and a deficiency of primary oocytes.

Schistosome couples were treated with 30 pg/ml Smrar dsRNA for 15d. A, After treatment, the
morphology of the eggs produced in vitro was investigated by bright-field microscopy. B, The weighted
distribution (violin plot) of zygote-containing eggs showed a significant reduction in dsRNA-treated
couples (red) compared to the control group (white) after 8 d. C, The size of the mature ovary in the

dsRNA-treated pairs was reduced, as observed by CLSM analysis. The vitellarium of the treated females
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and the parenchyma and tegument of both sexes showed no morphological changes. D, The violin plot
of the volume distribution of the posterior part of the ovaries based on comparative Z-stack analysis
during CLSM showed a significant reduction of the ovary volume in the RNAi group only. E, CLSM
analysis of EdU-treated females showed a similar abundance of stained cells in the control and RNAI
groups, and signals (green) were mainly observed in the anterior part of the ovary containing immature
oocytes (oogonia). The dimensions of the ovary sections were similar in both groups, whereas the
dimension of the posterior part of the ovary containing mature oogonia was significantly reduced in the
RNAI group. The nuclei were counterstained with Hoechst 33342 (purple). Abbreviations: iOo, oogonia;
imO, immature part of the ovary; mOo, mature oocyte; mO, mature part of the ovary; P, parenchyma; T,
tegument; Vit, vitellarium; z, zygote. *P<0.05, **P<0.01, **P<0.001 by t-test. A, n=9; B-D, n=6.
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Figure 23. No Smrar knock-down effect in testes.

Couples were treated with 30 pg/mL Smrar dsRNA every 2 to 3 d for a period of 15 d. After treatment,
the couples were analyzed using CLSM. A, No differences in the testicular fine structure were observed
between the two experimental groups. B, No discrepancies in the number of EdU-positive cells in the

male reproductive organs was observed. Abbreviations: SB, Seminal bladder; TL, testicular lobes.
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4.1.4 Downregulation of meiosis-associated genes associates with Smrar RNAI

To investigate the effects of Smrar RNAi-dependent effects on gene expression, the transcript
profiles of various genes were analyzed. To this end, | made use of the newly established
scRNA-Seq atlas of mature ovaries. Here, candidate genes for Smrar regulation were selected
according to the following parameters: (i) SmRAR interaction partners predicted from literature,
(if) genes preferentially transcribed in the ovary, and (iii) genes already known to play roles in
schistosome reproduction. The potential interaction partners of SmRAR were predicted by
STRING analysis (Figure 24), such as Smp_163290 (SmNCor) and Smp_266960 (SmGlil)
(73, 74). Furthermore, orthologs of meiob and bmpg, which are preferentially transcribed in the
ovary of paired females and known ovarian marker genes of S. mediterranea and S. mansoni,
were selected for downstream analyses (Figure 24) (22, 95). Subsequently, transcriptional
changes of the selected genes were determined by RT-qPCRs (Figure 25 A). Transcripts of
selected genes were displayed according to the oocyte developmental trajectory consistent

with the scRNA-Seq atlas of mature ovaries (Figure 25 B).

Protein interactions predicted by STRING interaction network for SmRAR

S 142320 s
- Smp_number / name: Annotation:

msm_w{_\

Smp_144170 / SmRAR RA-related orphan receptor alpha;
RAR-like nuclear receptor
(Szklarcyk et al. 2015, Lu et al. 2016)

Smp_123420 / SmDarnt Arylhydrocarbon receptor nuclear
Smp_341950 (genome V.10) translocator homolog (Darnt)
(Szklarcyk et al. 2015)

Smp_163290 / SmNcor Nuclear receptor co-repressor
related protein (Ncor)
| i (Szklarcyk et al. 2015)

I SmpZ139200
3 - \ /
Smp_266960 / SmGli anscriptional activatol

SzhlarcyKleto/3(2015) cubitus interrups, Gli2a; SmGli1
(Lu et al. 2016; Chen et al. 2022)

Genes sharing a similar transcription pattern as Smrar (Lu et al. 2016; Lu et al. 2018)

Smp_number / name: Annotation:

Smp_333540 / SmMeiob Meiosis-specific with OB domain-
containing protein
(Lu et al. 2018, Wendt et al. 2020)

Smp_078720/ SmBmpg Bene marrow proteoglycan
(Lu et al. 2018, Wendt et al. 2020)

Figure 24. String protein-interaction network analysis revealed potential SmMRAR binding
partners and genes that may be controlled by SmRAR.
Genes coding for potential interaction partners of SmRAR, which were predicted by STRING analysis

(249) and which are ovarian marker (55, 61, 62) genes in S. mediterranea and S. mansoni .
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Among the investigated genes were Smp_123420 (putative aryl hydrocarbon receptor nuclear
translocator homolog, SmDarnt) (249, 250), SmFGFR-A (Smp_175590), and SmFGFR-B
(Smp_157300) (200). For these three genes, no significant changes were observed in the
transcription levels of females of the Smrar RNAI group versus the the control. In contrast,
Smp_333540 (meiosis-specific OB domain-containing protein, SmMMEIOB (62)), a known GSC
progeny marker, which was identified in EdU-negative germ cells in a previous study (61),
showed a significant reduction in the transcript level upon RNAI (Figure 25 A). Moreover, a
significant reduction in the transcript level of Smp 078720 (bone marrow proteoglycan
homolog, SmBmpg (61, 62)) was observed. Smbmpg was identified as a S. mansoni marker
gene for mature, EdU-negative oocytes by Wendt et al. (61). Another potential SmMRAR
interaction partner predicted by STRING was SmGIil (Smp_266960, transcriptional activator
glioma-associated oncogene (51)). This gene was shown before to play a key role in males for
the induction of pairing-dependent female maturation (51). The scRNA-Seq atlas data showed
Smgll transcripts in the somatic cell cluster of the ovary. Smrar RNAI caused a significant
reduction in Smglil transcript levels. The most significant decrease in transcript level was
observed for Smncor (Smp_163290), a nuclear receptor co-repressor-related protein known
as SmMNCoR (243) or thyroid-hormone- and retinoic acid receptor-associated co-repressor
(TRAC). This protein is involved in complex formation with histone deacetylases (HATs) and
chromatin remodeling. Studies have shown that this protein plays a crucial role in regulating
gene expression (291, 292).

98



Results

e
& S @fz'?
0//1 @0

p=03 p=04 p=0047 p=01 p=0.0097 p=0.043 p=0.0134

ns ns * ns *%k * *

—_ "|' T T
3 B
j=)]
c
g1 T
o 21
8
~
D
O 4 l
n=6
'6 T T T T T T T
lb » .ov ‘\\' 0( g \‘\
& %6\ 9(0 & S 9((\
B M iate germ cells
[ intermediate germ cells
B GSC/GSC progeny
[l somatic - -
Q
© Q = =]
SEEs585s
2288
EEEEEEEE
DOV LLLOYW
[ ]
0.0 1.0

Figure 25. Meiosis-associated genes Smncor, Smmeiob and Smglil were significantly
downregulated upon Smrar RNA..

A, Following treatment of S. mansoni couples with 30 pg/mL Smrar dsRNA for 15 d, and RNA extraction
of females (after separation form their male partners) transcript levels of selected genes (see text) were
quantified by RT-gPCR (n=6). These genes represented potential interacting partners of Smrar
predicted by the STRING network analysis (249, 250), or they are already known to be associated with
ovary development (61, 200, 293). Significant reductions in the transcript levels of Smp_163290
(Smncor, brown), Smp_333540 (Smmeiob, purple), Smp_ 078720 (Smbmpg, blue), and Smp_266960
(Smglil, cyan) were found. Furthermore, the investigated genes were plotted following the oocyte
developmental trajectory, from immature, undifferentiated GSCs to mature oocytes. They were arranged
according to the transcriptional peaks of the corresponding clusters of the scRNA-Seq atlas of the
mature ovary (gonadsc.schisto,xyz). The boxplot indicates the range between the minimum and
maximum values, with the 10th and 90th percentiles and median shown in the box. *P<0.05, **P<0.01,
***P<0.001 by t-test. B, Heatmap of the ovary scRNA-Seq cluster-associated transcript levels of Smrar
and representative genes for each cluster, which were analyzed by RT-gPCR (gonadsc.schisto,xyz).

The heatmap illustrates the feature-standardized transcript levels for each cluster of selected genes.
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4.1.5 Smrar knock-down impaired oocyte maturation

To evaluate the regulatory function of SMRAR, RNAi combined with pairing experiments were
performed with sexually undifferentiated, sFs to investigate the role of SmMRAR in ovary
development and oocyte maturation upon first-time pairing. In three biological replicates,
15 sFs were treated each with Smrar dsRNA for a 7-d period. Subsequently, sFs were (first-
time) paired in a culture dish with 10 bMs, in a 1.5 to 1.0 female/male ratio described previously
as optimal for pairing experiments with S. mansoni in vitro (57). Pairing occurred within a period
of 48-72 h. Unpaired schistosomes were removed after 72 h. Couples were then cultivated and
monitored for an additional 13 d (in total 20 d in vitro cultivation). During this period, the
medium was replaced every 2—3 d, along with the addition of fresh dsRNA. At the end of the
experiment, couples were separated, and RNAI efficiency was determined for females using
RT-gPCR. KD significantly silenced the Smrar transcript level, with a reduction of 97.2+2.48%,
as shown in Figure 26 A. Furthermore, physiological parameters, including pairing stability and
motility, remained unaffected in both the RNAi and control groups (Figure 26 B, C).

The effects of Smrar RNAI in first-time paired females were investigated morphologically.
CLSM revealed differences between RNAIi and control groups (Figure 26 D, Supplemental
Figure S2). The ovaries of control worms (sF, first-time paired, without dsRNA addition) are
characterized by stem cell-like oogonia in the anterior region and mature oocytes in the
posterior region of the ovary (40, 48, 57). This was expected as a result of pairing-induced
sexual maturation, as previously described (40, 57). However, first-time paired females of the
RNAI group exhibited significant deficits in ovarian maturation. Although the ovaries had
developed, mature oocytes were completely absent, whereas oogonia were present. This
phenotype coincided with a significantly reduced ovary volume, an expected consequence of
the absence of mature oocytes (Figure 26 E). Moreover, Smrar RNAI intervention also affected

egg morphology and zygote formation as determined by bright-field microscopy.

Next, | investigated the impact of Smrar RNAIi on the transcript level of genes, previously
demonstrated to be significantly downregulated upon Smrar RNAI (Figure 25 A), and for which
critical roles in oocyte development were assumed (Figure 26 F). RT-gPCR analyses
demonstrated a clear reduction in the transcript levels of Smmeiob (65.96+12.6%) and Smglil
(45.6+10.6%). However, only a trend of transcript level reduction for Smncor was observed
(Figure 26 F).
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Figure 26. Smrar RNAI prevented oocyte maturation during female maturation.

Smrar RNAI experiments were conducted with pairing-inexperienced female schistosomes (sF) treated
with 30 pg/mL dsRNA for 20 d in total. The treatment period was split into a pre-pairing (7 d) and a post-
pairing (13 d) treatment period (n=3). Untreated worms served as control. After 7 d in culture with
dsRNA, sFs were paired (first-time pairing) with bMs according to a previously published in vitro-pairing
protocol (57). Couples formed between 48 and 72 h and were subsequently maintained in vitro for an
additional 13 d, with dsRNA being added every second day during this period. A, log(2)fold change in
Smrar transcript levels, determined by RT-gPCR, showed a significant transcript reduction upon Smrar
RNAI. Individual biological replicates, mean, and standard deviation are shown. As physiological

parameters, pairing stability (B) and motility (C; motility scores: 0 (no motility) to 4 (hyperactive motility))
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were monitored. No significant differences were observed between the experimental groups. D, CLSM
revealed the presence of immature oocytes, referred to as oogonia (i0Oo, red-framed region), as well as
mature oocytes (mOo, white-framed region). However, the ovaries of females of the RNAIi group
contained no mature oocytes. E, Corresponding to the oocyte phenotype presented in D, comparative
Z-stack CLSM analyses revealed a significant reduction of the volume of the posterior part of ovaries in
the RNAI group. The violin plot indicates the range between the minimum and maximum values and the
median visualized by the solid line. The ovaries of females of three biological replicates were examined,
whereby each point represents the volume of a single ovary. F, RT-gPCR analysis indicated a significant
reduction in the levels of Smmeiob (purple) and Smglil (cyan) transcripts in the RNAi group. Moreover,
a trend of a reduced transcript level was observed for Smncor. The plot indicates the range between the
maximum and minimum as well as the median. Each individual dot represents the log(2)fold change in
transcript-level compared to the control for each biological replicate. Abbreviations: iOo, oogonia; imO,
immature part of the ovary; mOo, mature oocyte; mO, mature part of the ovary. *P<0.05, **P<0.01,
***P<(0.001 by Mann-Whitney test.
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4.1.6 Functional characterization of Smmeiob by RNAI revealed a phenocopy of
Smrar RNA..

Smrar RNAI resulted in transcriptional downregulation of Smmeiob, Smncor, and Smglil. To
examine the transcriptional patterns of these three genes in the ovary, the scRNA-Seq atlas
of bO and whole worms (61) was employed to investigate their transcriptional distributions
across oocyte populations. Furthermore, these data were analyzed in conjunction with sex-
and pairing-specific transcription profiles of whole worms and their gonads (55, 62), as well as
SCRNA-Seq data of adult S. mansoni (61). Moreover, WISH was used to validate the
transcriptional patterns of Smncor, Smmeiob (Figure 27 A, B), and Smglil (Figure 30 C). For
Smncor, the ovary-preferential transcription, which was predicted by previous RNA-Seq
studies (55, 62), was confirmed by WISH (Figure 27 A). According to the scRNA-Seq data of
whole worms (61) and of bOs, Smmeiob is dominantly transcribed in late oogonia (GSC/GSC
progeny), and with low abundance in intermediate-stage oocytes (Figure 27 B). WISH
confirmed the proposed ovary-specific transcript profile of Smmeiob (Figure 27 B) in paired
females (55, 62). Furthermore, Phyre2 domain analysis annotated SmMMEIOB as an ortholog
of the human OB-domain containing replication protein (MEIOB; Supplemental Figure S3),
which is a key factor in human germ-cell development (244, 294—-296).

In order to obtain additional evidence for the function of Smrar in oocyte maturation and
meiosis, RNAIi experiments were conducted with a focus on Smmeiob (Figure 27 C-J) and
Smglil (Figure 31), as hypothesized partners for functional association. Upon Smrar RNAI,
transcript levels of these genes were significantly downregulated in both sexually mature and
immature females (pairing experiments). As a result of the potential functional overlap of Smrar
and Smmeiob, double KD experiments were conducted to investigate synergistic effects
(Figure 27 C-J). To this end, RNAi was performed by treating 10 couples with 30 ug/mL dsRNA
of each dsRNA per experiment. Worms were incubated for 15 d in vitro, while medium and
dsRNA was exchanged, every 2-3 d. RT-gPCR results showed a significant decrease in the
expression of both genes in both single and double KD experiments (Figure 27 C). In the single
KD-group, the transcript level of Smmeiob was significantly reduced by 92.3+12.4%, whereas
the Smmeiob and Smrar transcript level were reduced by 61.7£14.9% and 77.2+17.3%,
respectively. During the experimental period, only a weak influence on motility, and a slightly
stronger influence on pairing stability in all treatment groups was observed. This effect only
occurred at the beginning of the experiment (Figure 27 D, E). Pairing stability stabilized over

time, resulting in an equal number of couples across all experimental groups after 15 d.
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Figure 27. Smmeiob RNAI caused a reduction in mature oocytes in paired females.

Smmeiob RNAI resulted in a decrease in mature oocytes in paired female. A-B, The scRNA-Seq atlas
of bO (gonadsc.schosto.xyz) for Smncor (A, left part) and Smmeiob (B, left part) revealed that Smncor
is transcribed among all clusters, with a preference for late mature oocytes, whereas Smmeiob is
preferentially transcribed in the GSC/GSC progeny cluster. WISH confirmed the preferential
transcription of both genes in the ovaries (right parts of A and B). C-E, For RNAI, couples were treated

with Smmeiob (purple, circles) or Smmeiob/Smrar (blue, diamonds) dsRNAs at a concentration of
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30 pg/mL each for 15 d (n=3). Control couples (orange, triangles) were treated with DEPC-water. RNAI
efficiencies (C), motility (D), and pairing stability (E) were assessed as previously described. C, The
transcript levels of genes following RNAi were determined using RT-gPCR, revealing a significant
reduction in Smmeiob transcripts (92.3+12.4%). In the Smmeiob/Smrar double KD experiment,
Smmeiob and Smrar transcripts were reduced by 61.7+14.9% and 77.2+17.3%, respectively. The
graphs show average log(2) fold changes in transcript levels compared to the control and the standard
deviation. Data from each biological replicate are indicated. F-H, The average number of eggs produced
in vitro and the average percentage of deformed eggs were determined during an 8 d RNAI period. |
observed a reduction in the number of produced eggs (F) and an increase in the number of deformed
eggs (G). Both RNAI approaches were associated with a significant increase in the number of eggs
without zygotes (H). The range between maximum and minimum values and the median are
represented. |, CLSM analysis of the ovaries revealed a reduction in the size of the mature ovary of
worms from both RNAI groups and a lower number of mature oocytes. J, Comparative Z-stack analysis
of the posterior part of the ovaries, containing mature oocytes, revealed a significant reduction in volume
resulting from Smmeiob and Smmeiob/Smrar RNAi. The ovaries from females of each biological
replicate (n=3) were examined, whereby each point represents the volume of a single ovary. The violin
plot indicates the range between the minimum and maximum values, with the dashed lines representing
the quartiles and the solid line representing the median. Abbreviations: hs, head sucker; iOo, oogonia;
imO, immature part of the ovary; KD, knock-down; mOo, mature oocyte; mO, mature part of the ovary;
vit, vitellarium. *P<0.05, **P<0.01, ***P<0.001 by t-test. Unless otherwise stated, there was no

statistically significant difference between the control and the treated group.
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Figure 28. Smmeiob and Smmeiob/Smrar RNAIi caused changes in egg morphology.

Representative images of eggs produced in vitro from couples treated with Smmeiob dsRNA or a
combination of Smmeiob/Smrar dsRNA after 3 and 8 d (n=3). The eggs produced by the untreated
control group showed no morphological changes. However, RNAi of Smmeiob and Smmeiob/Smrar
caused severe morphological changes that were characterized by a high number of reduced-sized eggs
containing no zygote and lacking the typical spine. Additionally, RNAi caused an accumulation of cellular

debris in the medium.

Egg production and morphology were determined by bright-field microscopy. Egg production
notably diminished in the Smmeiob RNAIi group after 8 d (Figure 27 F). A similar pattern was
observed for the Smmeiob/Smrar double KD couples. In both RNAi groups, the number of
deformed eggs increased after 6 d, with a considerable increase in deformed eggs following
double KD (Figure 27 G, Figure 28). In addition, in both RNAIi groups, a significant reduction
in the number of eggs containing a zygote was detected, with a significant bias towards the
double KD-group after 8 d (Figure 27 H). Next, CLSM analysis demonstrated a significant
decrease in the volume of the posterior part of the ovary, which contains mature oocytes, in
both the single and the double KD. This coincided with a substantial reduction in the overall
volume of the ovaries in both RNAI groups compared to the control (Figure 27 |, J). Because
Smrar and Smmeiob are not expressed in the vitellarium (Figure 20 C, 27 B) (61), no RNAI
depended effect was anticipated for this organ. As expected, no obvious differences were
observed between the vitellaria of females of control and the RNAI groups, neither by CLSM
(Figure 27 1) nor by Oil-Red lipid staining of whole worms (Figure 29). These results provided

additional support for the proposed ovary-preferential functions of both Smmeiob and Smrar.
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Figure 29. The lipid content of the vitellaria of paired S. mansoni females was not affected by
Smrar and Smmeiob RNA.I.

Lipid staining was performed to investigate Smrar, Smmeiob and Smglil RNAi-dependent effects on the
vitellarium of sexually mature females. Five pairs of biological replicates (n=3) from each experimental
group were treated with dsRNA. Following a 15-d treatment period, the couples were separated, and
the females were stained with Oil-Red O. A, Representative image of a control female (no dsRNA
treatment) stained with Oil-Red O. The boxes indicate areas shown in more detail below. B, Close-ups
of parts of the female shown in A, focusing on the gonads of control and treated worms. No Smrar or
Smmeiob RNAi-dependent effects on the size of the vitellarium or its lipid content. In contrast, a much
weaker intensity in lipid staining was detected in worms treated with Smglil dsRNA, which was expected

due to previous findings (51). Abbreviations: O, ovary; Vit, vitellarium.
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4.1.7 Functional characterization of Smglil reveals an involvement in egg

formation rather than in ovary maintenance

Since Smglil was among the transcripts that had been downregulated upon Smrar RNAI,
subsequent RNAI experiments were performed to find evidence for a potential function of this

gene in oocyte maintenance.
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Figure 30. scRNA-Seq data and WISH localized transcripts of Smgli in the vitellarium and
neuronal cells of mature females.

A, The scRNA-Seq atlas of whole S. mansoni worms (61) showed Smglil transcripts in neuronal and
parenchymal cells, muscles, neoblasts, and cells of the gonads. B, The scRNA-Seq atlas of mature
ovaries revealed an enrichment of Smglil transcripts in the somatic cluster, which comprised genes
related to neuronal and muscle cells (gonadsc.schisto.xyz). C, As expected, WISH of paired female
schistosomes localized Smglil transcripts in different tissues, mainly in the vitellarium, as shown before
(51). In the ovary, weak Smglil signals were found in the posterior part of the ovary containing
intermediate stage and mature oocytes.

As shown in an independent study, Smglil transcripts were found pairing-independently in the
ventral part of male worms, and in females in a pairing-preferentially manner (51, 61).
Moreover, sScCRNA-Seq data of adult schistosomes showed the presence of Smglil transcripts
in various tissues such as the ovary (Figure 30 A, B), albeit at a low level (61). WISH analysis
confirmed expression along the vitellarium of bF. In addition, weak signals were found in the
posterior part of the ovary, containing intermediate and mature oocytes (Figure 30 C). In the
sCRNA-Seq dataset of mature ovaries, Smglil transcripts were exclusively detected in the
somatic cluster (Figure 30 B), which is marked by a high abundance of transcripts associated

with neuronal, muscle, and ligament cells (283, 297).
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Figure 31. Smglil RNAIi caused no alterations in the structure of the ovary.

A, The reduction of Smglil transcripts following RNAi was determined by RT-gPCR (51.2+11.7%). The
average log(2) fold change in transcript levels, compared to the control, and the standard deviation are
depicted. Each biological replicate is represented by a single point. B-C, Motility (B; motility scores: 0
(no motility) to 4 (hyperactive motility)) and pairing stability (C) were monitored during the RNAI
experiment. No significant differences between the experimental groups were observed. D, CLSM
showed no RNAi-dependent changes in ovary morphology. E, The volume of the posterior part of the
ovary was determined through comparative Z-stack analyses. No significant reduction in volume
associated with the Smglil RNAi was found. The violin plot shows the range between the minimum and
maximum values, with the dashed lines representing the interquartile range and the solid line
representing the median. Each point represents the volume of a single ovary (n=6). Abbreviations: hs,
head sucker; iOo, oogonia; imO, immature part of the ovary; mOo, mature oocyte; mO, mature part of
the ovary; vit, vitellarium. *P<0.05, **P<0.01, ***P<0.001 by t-test. n=6.

In order to obtain additional evidence for the function of Smrar in oocyte maturation and
meiosis, RNAI experiments were conducted targeting the transcripts of Smglil (Figure 31).
RNAI succeeded, by reducing the transcript level of Smglil by 51.2+11.7% (Figure 31 A). As
expected, neither motility nor pairing stability were affected (Figure 31 B, C). Moreover, no

effects on ovary structure or volume were detected (Figure 31 D, E), including general,
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morphological and sequence-independent dsRNA effects, as recently described for a non-
schistosomal ampR dsRNA control (Supplemental Figure S1, S2) (152). After 8 d of RNAI
treatment, a tendency, but not significant reduction in egg production was observed in vitro
(Figure 32 A). However, a significant increase in the production of deformed eggs by Smglil
RNAI after 8 d was observed (Figure 32 B). Nevertheless, Smglil RNAI did not affect the
numbers of zygote-containing eggs (Figure 32 C). Furthermore, as expected (51), the lipid
staining of Smglil RNAi-treated schistosomes demonstrated a noticeably diminished staining
intensity in the vitellarium when compared to females in the control and other RNAI groups
(Figure 29).

A ns B C
,‘A p = 0.0002 1001
o L
100 190 £ - ) ns
2 o %1 O —-
H £ - o $ = =
5 S 2 601 —-'—l
. 3 £ +
8 soq E ™ T | [ - I 'g 40
g r ns g o) \ (o B o %
r? S r%’ F{_‘ i k & 20
83 XS RS N
e JEH HH | . .
8 3 6 8 3d 8d
treatment period [days] treatment period [days] treatment period [days]
D [ Control [0 RNAi Smgiit
control RNAi Smgli1
7]
iy, M
e >
ol 4N \‘
— RE——r
© ' a'
© 7 - R £ |
© [ A
- i R a
“C Al j‘ >
P & B L

Scale bars: 200 ym

Figure 32. Smglil RNAI provoked changes in egg morphology.

The number of eggs (A) and their morphology (B-D) were examined in physiological assays and through
bright-field microscopy after Smglil RNAI treatment (cyan). A, Compared to the control (white columns),
no noticeable Smglil RNAi-dependent effects (blue columns) were observed on the quantity of eggs
produced in vitro. B, After 8 d of treatment, a significant increase in the percentage of deformed eggs
was observed due to Smglil RNAi. C, No significant differences in the number of zygote-containing
eggs between the experimental groups were detected. D, Representative images of eggs produced in
vitro after 3 and 8 d show that Smglil RNAI caused severe morphological changes, such as reduced
size, smaller or missing spines. Furthermore, cell debris accumulated in the medium after 8 d of
treatment. *P<0.05, **P<0.01, ***P<0.001 by t-test (A, B; n=6) and Mann-Whitney test (C; n=3).
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4.1.8 SmMTHR, an ovary-specifically expressed NR, plays roles in the formation

of vital eggs and tissue homeostasis

Two potential thyroid hormone receptors, Smp_134490 and Smp_174260, were among the
receptors, for which pairing-dependent and ovarian-preferential expression patterns were
reported in recent RNA-Seq studies (Figure 16) (55, 62). Through phylogenetic analysis of
thyroid hormone and retinoic acid receptors (Figure 17), and the comparison of their given
annotations in additional databases (55, 61, 62, 143), Smp_134490 was annotated as thyroid
hormone receptor alpha (SmTHRa), and Smp_174260 as thyroid hormone receptor beta-like
(SmTHRB) protein. Although analyses with Phyre2 (244) and annotations from other
databases (55, 61, 62, 143) assigned SmTHRB to the THRP subgroup, my phylogenetic

analyses clustered SmTHR to a trematode-specific THR subgroup.

Research on the function of the class of THRs in vertebrate organisms has demonstrated their
essential roles in embryonic development, tissue homeostasis (108, 110). In addition,
dimerization of RARs and THRs was demonstrated (103). This suggested potential
overlapping functions in the maintenance of the female reproduction organs. Therefore, one

aim of this study was to functionally characterize these S. mansoni THR orthologs.

In order to validate the annotation of SmTHR[ as a potential NR, SMART domain analysis was
performed (243). This approach revealed the characteristic domain structure of nuclear
receptors, which was consistent with the phylogenetic analysis (Figure 33 A, Figure 17).
Furthermore, the scRNA-Seq atlas of mature oocytes (Moescheid and Lu et al., submitted)
indicated SmthrB transcript occurrence in intermediate-stage oocytes. Likewise, analysis of
RNA-Seq data from immature and mature males and females and their isolated gonads (55)
revealed a pairing-dependent and ovary-preferential transcription profile of Smthr8. WISH was
performed to localize Smthr@ transcripts revealing specific signals especially in the posterior
part of the ovary of mature females (Figure 33 D). No specific signals were detected in male
schistosomes. This result was reproducible for three independent replicates with four
individuals per sex. Furthermore, the transcription patterns of bFs and inexperienced males
and sFs (55) were verified by RT-gPCR (Supplemental Figure S4 A).

Descriptive analyses of SmTHRa, which were performed in the course of the Bachelor thesis
of Pauline Holzéapfel (Institute of Parasitology, Justus Liebig university Giessen), localized
Smthra transcripts specifically in the posterior part of the ovary, which contains intermediate
and mature oocytes (38). Furthermore, THRa-characteristic NR domains were identified by
SMART domain analysis (243) (data not shown). Additionally, the analysis of the transcription
pattern using the scRNA-Seq atlas of mature ovaries identified Smthra transcripts specifically

in intermediate oocytes (Moescheid and Lu et al., submitted; data not shown).
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Figure 33. SmTHR is an ovary-specifically transcribed nuclear receptor.

A, Shown is the domain structure of Smp_ 174260 (SmTHRB). SMART domain analysis (243) of
SmTHR revealed the characteristic NR structure consisting of unstructured N- and C-terminal domains,
as well as a DNA binding domain (ZnF_C4), which is linked by a hinge region to the ligand binding
domain (HOLI). B, UMAP visualization of the scRNA-Seq data of mature ovaries, showed SmthrB
(Smp_174360) transcripts primarily in oocytes of the intermediate stage. (Moescheid and Lu et al.,
submitted). C, Gene expression profile of potential thyroid hormone receptor beta (THRB) Smp_174260
in adult schistosomes and their gonads (55) displayed a specific expression pattern in the ovary of
mature female schistosomes (bO, yellow). D, Whole mount in situ hybridization localized Smthrf
transcripts in the posterior part of the ovary of mature female schistosomes. No specific signals occurred
in the tissue of male schistosomes. Abbreviations: C, bM, bisex male (pairing-experienced male); sM,
single-sex males (pairing-inexperienced male), bT, testes of bM; sT, testes of sM; bF, bisex female
(pairing-experienced female); sF, single-sex (pairing-inexperienced female); bO, ovary of bF; sO, ovary
of sF. D, cg, canalis gynecophoris; hs, head sucker; imO, immature ovary; mO, mature ovary; ov, ovary;

vit, vitellarium.
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To functional characterize SmTHRa and SmTHRB, RNAi experiments were performed by
treating 10 couples with 30 pg/mL of target-specific dsRNA for a 14 d period, as described
before. The medium was exchanged by fresh dsRNA-containing medium every second day,
and six biological replicates were prepared per experiment. Couples treated in the same way

but without dsRNA served as controls.

KD experiments reduced the Smthra transcript level >99%. However, no phenotypes related
to worm vitality, reproductive biology or tissue homeostasis of S. mansoni were observed
(Bachelor Thesis Pauline Holzépfel, 2022).

RNAI experiments targeting Smthr8 were equally successful, a significant reduction of Smthrf3
transcripts by 99.98+0.4% was achieved after 14 d of RNAI (Figure 34 A). Physiological
parameters such as pairing attachment, motility and egg production were monitored following
RNAI. Couples were stable and vital in the control as well in the treated group. Remarkably,
however, after 14 d sudden detachment (Figure 34 B) and separation (data not shown) events
were observed exclusively for the RNAI group and with high significance. At the same time
point, the motility of treated worms significantly decreased (Figure 34 C). In addition, the
percentage of malformed eggs per couple during the first 10 d of treatment were determined
in vitro (Figure 34 D). RNAI did not significantly affect egg production capacity as such, but it
provoked a drastic increase of abnormally formed eggs. Eggs from the RNAi group appeared
darker, rod-like shaped without the typical spine, and they lacked a visible embryo
(Figure 34 E). In addition, the morphology, especially the fine structure of the ovary, was
examined after 14 d (Figure 34 F). First, the phenotypical appearance between control and
treated group was investigated by bright-field microscopy (Figure 34 F, bright-field). Treated
worms showed tegument damage, and tissue fragments were found in the medium (Figure 34
F, arrows). Furthermore, differences in the structure and size of the ovary were observed,

which was confirmed by CLSM (Figure 34 F carmine red).
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Figure 34. SmthrB RNAI drastically influenced S. mansoni physiology impacted egg morphology
and ovary maintenance.

A, RT-gPCR revealed a significant decrease of the transcript level of Smthrg following RNAI. *P<0.05,
**P<0.01, **P<0.001 by t-test. Worm vitality (B-C) was monitored during the experimental period of

14 d. B, Over the whole observation period, worm attachment remained constant in the control group
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(white). Precisely at d 14, dsRNA-treated schistosomes (yellow) detached and separated. C, Results of
the monitoring of worm motility in a range from 0 (dead) to 3 (normal movement) during the 14-d
observation period. Exactly at d 14, the motility of dsSRNA-treated S. mansoni diminished significantly.
*P<0.05, **P<0.01, **P<0.001 by t-test. D, RNAi induced an up to eightfold increase of malformed eggs
compared to the control after 10 d. *P<0.05, **P<0.01, **P<0.001 by Mann-Whitney test. E, RNAi over
a 14-d period led to the deposition of dark appearing, unembryonated eggs with elongated shape
(orange arrows) and egg debris. F, Brightfield microscopy (left) and CLSM analysis (right) revealed
differences in the structures of the ovaries of dsRNA-treated females. Treated worms showed tegument
damage, and tissue fragments were found in the medium (left, arrows). Abbreviations: an, anterior; iOo,
immature oocytes; mOo, mature oocytes; ov, ovary; post, posterior; vit, vitellarium; CLSM, confocal laser

scanning microscopy. A, D-F, n=3; B, C, n=6.
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4.1.9 SmRXR-1 is a pairing-dependently and ovary-preferentially transcribed

nuclear receptor

Previous studies demonstrated that NRs of the RXR sub-family are common
heterodimerization partners of THRs and RARs (85, 98). Indeed, a recent study confirmed
SmRXR-1 (Smp_097700) as to be the interaction partner of SmRAR by co-
immunoprecipitation (104). For SmMRXR-1/SmRAR heterodimers, a regulatory role in oocyte
maturation, but also in the regulation of eggshell precursor genes was demonstrated (104).
Building up on the results of this thesis, | aimed to validate the regulative role of Smrxr-1 for
ovary maturation and potential overlapping functions with other NRs. A critical role for both,
SmRAR and SmTHR, in schistosomal reproduction was demonstrated, whereby only the
RNAI of Smthr affected worm vitality.
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Figure 35. Identification of SmMRXR-1 as potential SmTHRp interaction partner by STRING.
Among other proteins, SmMRXR-1 (Smp_097700, black frame) was identified as a possible dimerization
partner of SmTHR (Smp_174260, yellow frame) by STRING analysis (249).

Applying STRING protein-protein interaction network analysis (249), potential interaction
partners of SmTHRB were determined (Figure 35). Among the potential binding partners
SmRXR-1 was identified, a receptor for which a role in oocyte maintenance was assumed
(104). By applying SMART domain analysis (243), SmMRXR-1 was confirmed as NR (Figure
36 A). Its annotation as RXR was confirmed by phylogenetic analysis (Figure 17). Moreover,
for SMRXR-1 a paring-dependent transcript pattern was found in females including the ovary
(Figure 36 B, C), but also in other tissues such as neurons, as shown in an independent study
(61), and male schistosomes (Figure 36 C). WISH analysis localized transcripts in both
genders with a dominant signal appearance in the posterior part of the female ovary (Figure
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36 D), which confirmed the RNA-Seq data (Figure 36 C) (55). The different transcription
patterns of bMs, bFs, sMs and sFs (55) were verified by RT-gPCR (Supplemental Figure S4
B).Furthermore, the scRNA-Seq atlas of mature ovaries revealed Smrxr-1 transcription in all
clusters, with a clear preference for intermediate-stage oocytes (Figure 36 B, Moescheid and

Lu et al., submitted).

A Smp_097700 SMRXR-1 A pinding domain ligand binding domain
N- - ens_c; " = HOLI <
" hinge region
amino acid sequence position )
B Smp_097700 D mature male mature female
overview detail

i Iz hs — o

-5.0-250.0 25 50 75
UMAP_1

vit )
c Smp_097700 ‘@
- o imO \
% =} } o y ’ o
< SRl (@]
. i B oV vit_§
bM  sM  bT sT bF sF bO sO \
[K]Nuclear Receptor subfamily — retinoid-x-receptor (RXR) zooﬂ hs 200 pm M

Figure 36. SmMRXR-1 exhibited a pairing-preferential transcription pattern with a preference for
the ovary and in intermediate-stage oocytes.

A, SMART domain analysis (243) of SmMRXR-1 (Smp_097700) revealed the characteristic NR structure
consisting of unstructured N- and C-terminal domains as well as a DNA binding domain (ZnF_C4), which
is linked by a hinge region to the ligand binding domain (HOLI). B, UMAP visualization of the scCRNA-
Seq data of mature ovaries showed Smrxr-1 transcripts in all cell clusters, with a preference for oocytes
of the intermediate developmental stage. (Moescheid and Lu et al., submitted). C, Gene expression
profile of Smrxr-1 in adult schistosomes and their gonads (55) displayed its pairing-preferential
expression in the ovaries of mature female schistosomes (bO; yellow). Furthermore, transcription in both
sexes and their gonads was shown. D, Whole mount in situ hybridization revealed the localization of
Smrxr-1 transcripts in the posterior part of the ovary of mature female schistosomes. Furthermore,
homogenous signals in all tissues of male schistosomes were found. Abbreviations: C, bM, bisex male
(pairing-experienced male); sM, single-sex males (pairing-inexperienced male), bT, testes of bM; sT,
testes of sM; bF, bisex female (pairing-experienced female); sF, single-sex (pairing-inexperienced
female); bO, ovary of bF; sO, ovary of sF. D, cg, canalis gynecophoris; hs, head sucker; imO, immature

ovary; mO, mature ovary; ov, ovary; vit, vitellarium.
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4.1.10 Functional characterization of SMTHR and SmRXR reveals a key role of

these receptor in the maintenance of the ovary

In order to functionally characterize possible synergistic functions of SmMRXR-1 and SmTHRf
on female reproduction, single and double KD experiments were performed. Double KD
experiments were carried out by treating couples with an equal amount of both dsRNAs. To
this end, 10 couples were treated with 30 pg/mL dsRNA (n=3) for a period of 22 d. Medium
and dsRNA were exchanged every 2-3 d. Couples treated in the same way but without dsRNA

served as controls.
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Figure 37. Successful transcript reduction by SmthrB, Smrxr-1, and Smthr/Smrxr-1 RNAI.
Schistosome couples were treated with 30 pg/mL gene-specific dsSRNA every 2-3 d for 22 d (yellow and
blue triangles, n=3). Worms treated with DEPC-water without dsRNA under the same conditions served
as control. The KD efficiencies were determined by RT-gPCR by analyzing transcript levels of Smthrf3
and Smrxr-1 in female worms separated from couples at d 22. Smthr8 (A), Smrxr-1 (B) and
SmthrB/Smrxr-1 (C) RNAI successfully reduced the respective transcript levels of both genes upon
double KD. *P<0.05, **P<0.01, ***P<0.001 by t- test.

First the KD efficiencies of SmthrB3, Smrxr-1 and the Smthr3/Smrxr-1 (double KD) RNAi were
determined by RT-gPCR. The transcript level of Smthr8 was significantly reduced by
82.6+11% (Figure 37 A), which corresponds to a sufficient but less efficient KD as it was shown

in the previous Smthr RNAI experiments (Figure 34 A).

By analyzing the KD-efficiencies of both the Smrxr-1 single KD and the Smthr3/Smrxr-1 double
KD, transcript levels were significantly reduced with respect to the control by 89.8+5.1% and
81.61+10.2% / 81.6+2.9%, respectively (Figure 37 B, C). Next, worm vitality, pairing stability,
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motility (Figure 38 A-F) and attachment were monitored. Couples were stable and vital in the
control as well in all dsRNA-treatment groups; however, a significant separation rate was found
in the SmthrB RNAI group after 19 d (Figure 38 A), with a significantly enhanced separation
rate in the double KD-group (Figure 38 C). Likewise, the maotility of all RNAI groups significantly
decreased between days 16 and 22 of treatment (Figure 38 D-F). Similar to these
observations, Smthr8 RNAIi caused a detachment rate of 70+8.2%, and especially worms from
the SmthrB/Smrxr-1 double KD-group were 100% detached after 19 d. No significant effect on
worm attachment was observed for couples treated by Smrxr-1 dsRNA only. Finally, the
macroscopic morphology of the worms was evaluated by bright field microscopy after 22 d
(Figure 38 G). No prominent changes were observed in the morphology of the control group,
the SmthrB, and Smrxr-1 single KD-groups. However, for worms of the double KD-group a
swollen, darkish appearance, particularly for female schistosomes, was found. Moreover,
accumulations of cell and tissue debris were visible in the culture medium of the double KD

worms.
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Figure 38. RNAI of SmthrB andSmrxr-1, alone and in combination, caused phenotypic effects.
Schistosome couples (n=3) were treated with 30 pug/mL gene-specific dSRNA against the transcripts of
SmthrB (yellow triangles), Smrxr-1 (blue triangles) and Smthrf3/Smrxr-1 (double KD, green diamonds)
for 22 d. Medium and dsRNA were refreshed every 2—3 d. Worms treated with DEPC-water without the
addition of dsRNA under the same conditions served as control (white circles). Phenotypic analyses
focused on pairing stability (A-C) and maotility (D-F). A-C, Control schistosomes (white circles) remained
stably paired over the observation period. Exactly at d 19, couples of the Smthr (A) and SmthrB/Smrxr-
1 (C) RNAI groups separated. D-F, Motility monitoring covered the range from 0 (dead) to 4 (hyperactive
movement) during the observation period. Starting from d 16, less movement of dsRNA-treated
schistosomes was observed, which led to a significant reduction of motility from days 18-19 on. G,
Bright-field microscopy showed a swollen, darkish appearance of females of the Smthr/Smrxr-1 RNAI
group at d 22. *P<0.05, **P<0.01, ***P<0.001 by Mann-Whtiney-test.
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Next, the total number of eggs per couple (Figure 39 A-C), and the percentage of abnormally
formed eggs per couple (Figure 39 D-F) were determined. The total number of eggs was not
different between the control and the RNAI groups. However, the percentage of abnormal
formed eggs was significantly increased upon Smrxr-1 (Figure 39 E) and Smthr3/Smrxr-1 RNAI
(Figure 39 F). In both RNAIi groups, the number of abnormal eggs doubled after 10 d.
Furthermore, at this time point nearly 100% of the eggs produced by females of both RNAI
groups were deformed. This strongly indicates a critical role(s) of SmMRXR-1 in schistosome
reproduction. For couples of the Smthr8 RNAI group, a non-significant trend was observed in
the increase of abnormal eggs. Following previous RNAi-Smthr3 experiments, the number of
deformed eggs was expected to increase. Given the relatively low KD-efficiency (82.6+11%,
Figure 37 A), compared to Smthr8 RNAI experiments conducted before (99.98+0.4%,
Figure 34 A), this trend makes sense. After 10 d, some eggs of all RNAi groups exhibited a
rod-like shaped appearance, without the typical spines, and many lacked visible embryos
(Figure 39 G). Moreover, eggs showed the same morphological characteristics as those shown
by previous Smthr8 RNAI experiments (Figure 34 E).
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Figure 39. Smrxr-1 and SmthrB/Smrxr-1 RNAI caused drastical changes in egg morphology.

Schistosome couples were treated with 30 pg/mL SmthrB (yellow triangles), Smrxr-1 (blue triangles)
and SmthrR3/Smrxr-1 (double KD, green diamonds) dsRNA every 2-3 d for 22 d (red bars). Worms

treated with DEPC-water without the addition of dsSRNA (white circles) under the same conditions served

as control. A-C, The number of eggs produced in vitro, monitored over a 10 d period, showed no

significant differences after RNAI for all experimental groups compared to the control. D-F, A significant

increase in deformed, smaller, and non-embryonated eggs, some without spines or with deformed

spines were observed after 10 d of Smrxr-1 and Smthr3/Smrxr-1 RNAI. F, The morphology of eggs after

3 and 10d was examined by bright-field microscopy. After 10 d, egg morphology altered, and

significantly most eggs were deformed and/or reduced in size (arrows). *P<0.05, ** P<0.01, ***P<0.001,

determined by Mann-Whitney-test. n=3.
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The results strongly suggest an important role of Smthr8 and Smrxr-1 in the reproductive
biology of the female, and here specifically in the ovary, as previously shown for Smrar in RNAI
experiments (Figure 22, 26). To investigate the effects of Smthr8 and Smrxr-1 single and
double RNAI on ovary maintenance at the cellular level, EQU assay were performed followed
by CLSM analysis in both RNAIi and control females at 22 d (Figure 40 A). In addition, the
structures of the ovaries (Figure 40 A) were analyzed by comparative Z-stack analysis of

Hoechst-stained females (Figure 40 B).

EdU staining revealed a drastic reduction of proliferating oogonia, which are located in the
anterior part of the ovary (Figure 40 A) (38). In particular, single KDs of either Smthr3 or
Smrxr-1 resulted in an almost complete reduction of the number of EdU-positive oogonia.
Furthermore, in the SmthrB/Smrxr-1 double KD-group However, besides a reduced number of
EdU-positive oogonia, the size of the ovary was reduced (Figure 40 A). In addition, CLSM
analysis revealed a significant reduction in the number of mature oocytes exclusively in the
RNAI groups, as well as a significant reduction in ovary volume as determined by comparative
Z-stack analysis of the posterior part of the ovary (mO, Figure 41 B). The reduced ovary volume
corresponded to the smaller size of the posterior part of the ovary, which was consistently
observed in female schistosomes of the RNAIi groups of the investigated NRs (Figure 22 D,
26 E, 40 B), but not in the Smglil RNAI (Figure 31 D) or in couples treated with a non-
schistosomal dsRNA, as it was demonstrated by previous studies (152, 298).
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Figure 40. Smthrf and Smrxr-1 RNAI resulted in a drastic reduction of EdU-positive cells, less
mature oocytes, and reduced ovary volumes.

For RNAI, 10 couples (n=3) were treated with 30 ug/mL gene-specific dSRNA against the transcripts of
SmthrB (yellow triangles), Smrxr-1 (blue triangles) and Smthrf3/Smrxr-1 (double KD, green diamonds)
every 2-3 d for 22 d. Worms treated with DEPC-water without the addition of dsSRNA under the same
conditions served as control (white circles). RNAi- dependent effects on cell proliferation in the ovary
(dashed outline) were analyzed by EdU-assays (A), and ovary volumes determined by CLSM and
Z-stack analysis (B). A, CLSM analysis of EdU-treated females showed a decrease of EdU-positive
cells in all RNAI groups compared to the control. A strong reduction in the abundance of EdU-positive
oogonia (cyan, iO0) was observed. B, Comparative Z-stack analysis of Hoechst-stained (purple) ovaries
revealed a significant reduction of the volume of the posterior part of the ovary in all RNAI groups. The
boxplot indicates the range between the minimum and maximum values, and the median is visualized
by the solid line. Each point represents the volume of a single ovary. Abbreviations: i0O0, oogonia; mOo,
mature oocyte; mO, mature part of the ovary. *P<0.05, **P<0.01, ***P<0.001 by t-test. n=3.
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The successful KD of Smthr8 and Smrxr-1 in single and double KD experiments resulted in
increased numbers of malformed eggs, as well as a critical effect on the number of proliferating

oocytes and the number of mature oocytes.

To assess the effects of target-specific gene KD on transcription, quantitative reverse
transcription of selected genes known to be associated with ovary development, pRT-gPCRs
were performed (Figure 41 A-C). Smfgfr-a (Smp_175590) was chosen as it was shown to play
an important role in early oocyte development and ovary maintenance (200). According to the
scRNA-Seq atlas for mature oocytes, Smfgfr-a (Figure 25 B) is transcribed in early, Smnanos2-
transcribing oogonia (61) (gonadsc.schisto.xyz). Recent studies found a strong association
between Smnanos2 and proliferating, EdU-positive stem cells, such as oogonia (61, 299).
Smncor (Smp_163290) was selected, because of its regulation by Smrar (Figure 25 A). For
vertebrate SmMNCoOR orthologues, an interaction with type Il nuclear receptors (NRs) has been
described (98, 99). Furthermore, Smncor serves among others as a marker gene for oocyte at
intermediate development (gonadsc.schisto.xyz). RT-gPCR revealed that the transcripts of
these ovarian marker genes were significantly downregulated after 22 d of Smrxr-1 and the
double KD (Figure 41 B, C). Smrxr-1 KD caused a significant reduction in the transcript level
of Smfgfr-a (Figure 41 B), which is in line with the findings of the EdU assay of dsRNA-treated
couples (Figure 40 A). Moreover, a non-significant trend in the RNAi-dependent
downregulation of Smfgfr-a was observed in Smthr@ and SmthrB/Smrxr-1 RNAI treated worms
(Figure 41 A, C). Furthermore, Smthr3 RNAI caused a reduction in Smncor transcript levels,
while KD of both Smrxr-1 and SmthrB/Smrxr-1 provoked a significant decrease in Smncor
transcripts. Additionally, the possible NR-internal regulation of Smthr8 and Smrxr-1 was
investigated. Conclusively, Smthr8 RNAI significantly reduced the transcript levels of Smrxr-1,
and Smrxr-1 RNAI significantly reduced the transcription of Smthr (Figure 41 A, B). This
underpins the hypothesized regulatory influence of these NRs on the ovary, particularly the

intermediate-stage oocytes.
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Figure 41. SmthrB and Smrxr-1 RNAI led the downregulation of genes involved in oocyte
development and eggshell synthesis.

Schistosome couples were treated with 30 pg/mL SmthrB (A), Smrxr-1 (B) and Smthr3/Smrxr-1 (C)
every 2—-3 d for 22 d. Subsequently, the couples were separated, and RNA was isolated from separated
females. Next, transcript levels of candidate genes were quantified by RT-gPCR (n=3). These genes
were selected on the basis of their known association with ovary development (61, 200, 293) and
eggshell formation (49, 79, 300), and they were plotted following the oocyte developmental trajectory,
from immature, undifferentiated GSCs to mature oocytes and transcription in the vitellarium according
to the scRNA-Seq data as shown in Figure 25 (gonadsc.schisto.xyz; (61)). The tyrosinase Smtyr2
(Smp_013540) was found to be expressed in mature oocytes and in the vitellarium (61). Moreover for
Smp14 (Smp_131110) transcription exclusively in S4 vitellocytes is described (64, 301).These genes
were arranged according to the transcriptional peaks of the corresponding cluster of the scRNA-Seq
atlas of the mature ovary (gonadsc.schisto,xyz) and scRNA-Seq atlas of whole worms (61), respectively.
The boxplots indicate the range between the minimum and maximum values, with the 10th and 90th
percentiles and median shown in the box. *P<0.05, **P<0.01, ***P<0.001 by t-test.

Also, the double KD of Smrxr-1 and SmthrB/Smrxr-1 led to a significant increase in the number
of malformed eggs (Figure 39 E, F). As Smrxr-1 is not only transcribed in the ovary of
schistosome females but also in their vitellarium (61), the transcripts of the S4 vitellocyte-
associated genes Smtyr2 (Smp_013540) and the egg-shell precursor protein gene Smpl4
(Smp_131110) were analyzed (42, 64, 79, 300) to find out whether potentially affected genes
in the vitellarium play additive roles for the observed egg phenotypes. SmTYR2 has a special
transcription pattern, as it is transcribed in S4 vitellocytes as well as in mature oocytes (61)
(gonadsc.schisto.xyz). The vitellarium-specific transcription pattern of Smtyr2 was confirmed
by WISH in the course of the master thesis of Theresa Huber (302). Additionally, the
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SmRXR-1-dependent regulation of Smpl4 was demonstrated in ColP experiments (104).
Among other eggshell precursor proteins, Smpl4 and the tyrosinase SmTYR2 play essential
roles in the formation of the eggshell (42, 64, 79, 300). No effects of Smthr8 RNAI on transcript
levels of Smpl4 or Smtyr2 were observed (Figure 41 A). However, a significant reduction in
Smtyr2 transcript levels was identified in the Smrxr-1 and SmthrB/Smrxr-1 KD (Figure 41 B,
C). In addition, Smpl14 was not significantly but tendentially downregulated in both RNAI
experiments. This was expected since binding of the Smpl4 promoter by Smrxr-1 was
demonstrated in another independent study (104). Finally, the downregulation of these
important genes associated with eggshell synthesis was consistent with the observed egg

phenotype.

4.1.11 In vitro treatment with retinoid-acid and its antagonist provided further

evidence for functional roles RA and RARs in S. mansoni reproduction

RNAI against the retinoic acid receptors Smrar and Smrxr-1 had considerable effects on the
reproductive biology of S. mansoni. This was particularly evident in genes associated with
meiosis, such as Smmeiob and Smncor, and eggshell-associated genes, such as Smtyr2,
which were downregulated in Smrar and Smrxr-1 RNAi experiments. This indicated a role of
retinoic acid (RA) on egg production. To get further support for this assumption, S. mansoni
couples, as well as sFs used for first-time pairing experiments, were treated with 5 uM 9cis-
RA, the biological active isoform of vitamin-A (98). This corresponds to the concentration of
9cis-RA in human blood plasma (303, 304). Furthermore, 9cis-RA may represent a potential
ligand for NRs of the RAR and RXR families, which was demonstrated by previous studies in
vertebrates (111-114).

In total, 10 S. mansoni couples were treated with 5 uM 9cis-RAi for three days in vitro (n=9).
Daily medium (M199"") exchange and renewal of 9cis-RA were performed. DMSO
(0.005% v/v) at the same concentration used in the 9cis-RA-treated groups was added to the
control couples. The treatment resulted in a significant increase in egg production after 3 d
(Figure 42 A). Furthermore, the influence of 9cis-RA on initial egg-production was investigated
in pairing experiments with first-time paired females. For this, 15 sF were paired with 10 bM,
as described above (57). Pairing occurred within a period of 48—72 h. Unpaired schistosomes
were removed after 72 h. The medium was renewed daily alongside with 9cis-RA, and egg
production was monitored every 2-3 d. The start of egg production was observed in both
groups after 12 d of in vitro culture (Figure 42 B). 9cis-RA treatment failed to induce an earlier
start point for egg production, but the treatment resulted in a generally higher and significantly

increased egg production after 19 d compared to the DMSO-treated control group.
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Figure 42. 9cis-RA promoted egg production of S. mansoni couples in vitro.

S. mansoni couples were treated by 5 uM 9cis-RA (yellow). DMSO at the same concentration as in the
treatment groups served as control (grey). A, 10 couples were treated with 9cis-RA (n=9), with daily
medium exchange and 9cis-RA renewal. Upon 3.d of treatment, egg production was significantly
increased. B, By performing pairing experiments of experienced males with first-time paired females
(n=4), a significant increase in egg production was observed after 19 d. Pairing occurred within 48—72 h,
while unpaired schistosomes were removed after 72 h. The medium and 9cis-RA were renewed every
2-3 d. The boxplot indicates the range between the minimum and maximum values, with the 10th and
90th percentiles and median shown in the box. *P<0.05, **P<0.01, ***P<0.001, by t-test.

As first inverse experimental approach was performed to further unravel the role of RARs for
female reproductive biology, especially for oocyte maturation and embryogenesis. For this, |
made use of the RAR inhibitor CH-55(4-[(1E)-3-[3,5-bis(1,1-dimethylethyl)phenyl]-3-ox0-1-
propen-1-yl]-benzoic acid). This RA antagonist is able to bind both RAR-a and RAR-
receptors with high affinities (267, 305). Experiments were conducted with 10, 25, and 50 uM
CH-55 dissolved in DMSO and S. mansoni couples in vitro. DMSO (0.005% v/v), in the same
concentration as in the CH-55-treated groups, was added to control couples. In this
experimental series, couples were treated for 48 h, and | monitored pairing stability, motility,
and egg production - as before. Scoring was done every 24 h, and after 48 h the worms were

fixed for CLSM analysis.
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Figure 43. CH-55 treatment affected pairing stability, worm motility, oocyte maturation, and

oogonia proliferation.
S. mansoni couples were treated with 10, 25, and 50 uM of CH-55, RAR receptor antagonist, dissolved
in DMSO, in vitro. DMSO (0.005% v/v) only was added to control couples. The inhibitor treatment was
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conducted for 48 h. A, Number of paired couples during 48 h of treatment. Control schistosomes (white)
as well as schistosomes treated with 10 pM (light blue) and 25 puM (blue) CH-55 remained paired at a
constant, comparative number. With 50 pM CH-55 (turquoise), a significant decrease of pairing stability
was observed after 24 h, and all couples separated after 48 h. B, In worms treated with 25 pM and
50 uM CH-55, a significant concentration-dependent reduction in motility was observed at both time
points. CLSM analysis with a focus on the ovary showed less mO in females treated with 25 uM and
50 uM CH-55 after 48 h, along with a reduced size of the anterior part of the ovary, which contains mO.
D, CH-55 caused a concentration-dependent decrease of EdU-positive oocytes in the ovary. The
strongest effect occurred at a concentration of 50 uM, here, no EdU-positive cells were noted.
Abbreviations: imO, immature ovary; mO, mature ovary. *P<0.05, **P<0.01, ***P<0.001 by

Mann-Whitney test. Scale bars: 20 pM.

In concentrations of 10 and 25 pM CH-55, treatment had no effect on pairing stability (Figure
43 A) and the motility (Figure 43°B), which was similar to the control. Worms treated with 50 uM
CH-55, however, exhibited a remarkable pairing-instability after 24 h. Nearly all couples
separated in this treatment group (Figure 43 A). Also, the motility of treated worms significantly
decreased at this time point (Figure 43 B). CLSM analyses with worms treated for 48 h showed
that 25 and 50 pM CH-55 reduced the numbers of mO, and in the highest concentration ovary
size was also reduced (Figure 43 C). Already with 10 uM CH-55, the number of EdU-positive
cells declined compared to the control. In worms treated with 50 pM CH-55, no EdU positive

cells were found (Figure 43 D).

With respect to egg production, CH-55 treatment led to a concentration- and time-dependent
decrease of the total number of eggs, while the number of deformed eggs increased over time
(Figure 44 A, B). The deformations observed comprised abnormal eggshells, reduced sizes of
eggs, abnormally formed or missing spines. In addition, cell debris accumulated in the medium
(Figure 44 C). The latter points to “free” vitellocytes and oocytes released in the medium
without being encapsulated by an eggshell. Using 50 uM CH-55, treatment completely
inhibited egg production already after 24 h. Therefore, 25 uM CH-55 was the highest possible
concentration to evaluate egg quality after 48 h, which showed a significant high number of
deformed eggs (59.4+26.3%) compared to the control (23.7+8.7%) at this time point
(Figure 44 B). The observed effects are precisely the opposite of the findings after treatment
of S. mansoni couples with 9cis-RA (Figure 42 A). In conclusion, the pilot approaches with
9cis-RA and the RAR inhibitor CH-55 substantiated the assumptions about important role(s)

of RA and RARs for the reproductive biology of female S. mansoni.
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Figure 44. CH-55 treatment affected egg production and quality.

Eggs produced in vitro by CH-55-treated S. mansoni couples were monitored during the incubation
period of 48 h. Couples were treated with DMSO (0.005% v/v, control, white), or 10 uM (light blue),
25 uM (blue), and 50 uM (turquoise) CH-55, which was added every 24 h for a total period of 48 h. A,
With increasing CH-55 concentration, a constant decrease in the total number of eggs per couple was
observed already within 24 h. Worms treated with 50 uM CH-55 stopped egg production after 48 h. B,
Compared to the control, the proportion of deformed eggs increased with a peak after 48 h with 25 uM
CH-55. C, Bright-field microscopy showed egg deformations such as reduced sizes, abnormal spines,
and the accumulation of cell debris after 48 h with 50 uM CH-55. *P<0.05, **P<0.01, ***P<0.001 by
Mann-Whitney test.
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4.2 Establishment of transgenic schistosomes

Until now, functional gene analysis in schistosome research has relied on gene KD approaches
using RNAIi. However, RNAI can lead to ectopic effects, such as deregulation of off-target
genes or RISC-dependent post transcriptionally regulated genes (151-154). Recently, the
feasibility of CRISPR/Cas9 and Casl2a-mediated gene KO in S. mansoni was demonstrated
by transfecting S. mansoni adult worms, eggs and sporocysts (33, 169-172). For the
transfection of eggs a lentiviral as well as a RNP based approach was used, targeting the
S. mansoni omega-1 locus (33, 169). Adult worms and sporocysts were recently successfully
transfected with Cas9 RNPs by EPO targeting the oxamniquine resistance slut-or locus (170).
However, successful gene KO was not found in all cells, nor was it possible to select for edited
schistosomes. To overcome these hurdles, a further aim of this thesis was the establishment
of a CRISPR/Cas protocol in combination with multiple transformation methods to achieve the

stable integration of an eGFP reporter-gene construct into a genomic safe harbor site (GSH).

4.2.1 Establishment of an eGFP reporter-gene construct

For the expression of a reporter-gene, such as the well-established eGFP (159, 306, 307), the
selection of a suitable promoter is essential. In the context of this work, | searched for
regulatory elements allowing reporter-gene expression in all tissues as well as in all life stages
to ensure selection during the entire parasitic life cycle. To this end, the promoter and
terminator regions of Smp_335990 were chosen, which encodes the S. mansoni ubiquitin gene
(SmuUbi, Figure 45). This gene met all criteria when analyzing its transcription patterns based
on previous RNA-Seq studies (55, 61, 62).
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Figure 45. RNA-Seq data of Smubi revealed its ubiquitous transcript pattern in both sexes and
all cell types of adults, and in the different life stages of S. mansoni.

Compilation of Smp_335990 (SmUbi) transcript patterns based on various RNA-Seq datasets. A, The
levels of SmUbi transcripts in adult schistosomes and their isolated gonads are presented (55). B, The
transcript levels of Smubi across all life stages of S. mansoni (paired, top; unpaired, bottom) are
displayed (62). C, The cell type-independent transcript profile of Smubi is shown as determined by
single-cell atlas data of S. mansoni (61), which showed transcript occurrence of Smubi in all tissues.
Abbreviations: bM, bisex male (pairing-experienced male); sM, single-sex males (pairing-inexperienced
male), bT, testes of bM; sT, testes of sM; bF, bisex female (pairing-experienced female); sF, single-sex

(pairing-inexperienced female); bO, ovary of bF; sO, ovary of sF.

Based on the results of previous transcriptomics approaches, Smp_ 335990 appeared to be
strongly, ubiquitously, and stage-independently expressed was selected (55, 61, 62)
(Figure 45 A-C).The annotation of Smp 335990 was validated by comparing several
databases. WormBase ParaSite (143, 168) annotation indicated that Smp_335990 represents
an ubiquitin-like domain-containing protein (AOA5K4F911; UniProt). Protein structure prediction
using Phyre2 (244) confirmed this identity and identified Smp_335990 as an ortholog of the
human ubiquitin gene (UBB) (308, 309).
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To further analyze the major promoter elements of the 2,056 bp region upstream of the coding
sequence of SmUbi, the Neural Network Promoter Prediction tool (251) was used to predict
two core promoters at positions 1,981 to 2,030 bp (promoter rank 1, Figure 31 A, Table 21)
and 156 to 205 bp. These predictions were further analyzed using TRANSFAC 4.0 (251, 259),
YAPP eukaryotic core promoter predictor (253), and compared to known consensus promoter
elements (254, 310, 311). In the core promoter rank 1 (Table 21), typical sequence elements
for transcription initiation were present, including TATA- and CAAT-boxes, the B recognition
element (BRE, the transcription initiator element (INR), and the downstream promoter element
(DPE). Consensus sequences of enhancer elements including Fushi tarazu (FTz and
CAAT/enhancer-binding sites (C/EBPalp,) were present as were binding sites for the serum
response factor (SRF), hepatocyte nuclear factor 1 binding element (HNF-1), heat shock
transcription factor 1 (HSF), and octamer-binding transcription factor 1 (Oct-1). The Kozak
sequence, which is necessary for ribosome binding and translation initiation (312), was
identified in silico by comparing the potential Kozak sequences of S. mansoni genes that are
abundantly transcribed showing similar transcription strengths (61, 62) and expression
patterns (61, 289) as SmUbi. To determine the consensus sequence, | analyzed the sequence
6 bp downstream and 5bp upstream of the translation start. To this end
5"-NNT/CA/GNA/G/TATGNC/AN-3'was found to be the consensus sequence of the
S. mansoni Kozak sequence. Furthermore, the potential terminator sequence, including the
3'UTR (143, 257) of SmUbi, was also analyzed (Figure 46 A; Table 21). DNAFSMiner, a tool
for analyzing functional sites in DNA sequences (255), revealed a polyadenylation signal within
the SmUbi 3"UTR. Additionally, RNAfold (313) predicted several potential stemloop structures,
which are typica indicators of transcription termination sites (314).
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Figure 46. Bioinformatic prediction and experimental verification of the regulatory activity of the
S. mansoni ubiquitin (SmUbi) gene promoter and terminator.

A, Overview of SmUbi (Smp_335990) promotor and terminator elements. Bioinformatic tools were
utilized to identify major promoter and terminator elements: The Berkeley Drosophila Genome Project
Neural Network Promoter Prediction Tool, AliBaba2.1 TRANSFAC 4.0 (251), and YAPP eukaryotic core
promoter predictor (253, 254), respectively. These tools predicted two core promoters, each containing
a CCAAT enhancer-binding site (light blue arrow), hepatocyte nuclear factor 1 binding element (NHF-1),
B recognition element (BRE), TATA-Box-containing region (TBP), transcription initiator element (INR),
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serum response factor (SRF), and a downstream promoter element (DPE). The predicted terminator
region contained three terminator stem-loop structures and the polyadenylation signal, which were
determined by the RNAfold Webserver Vienna tools (313) and the DNAFSMiner-DNA Functional Site
Miner polyadenylation side prediction tool (255), respectively. To monitor SmUbi promoter-induced
eGFP reporter-gene expression, male S. mansoni worms were transfected with the pJC53.2_SmUbi-
eGFP-SmUbi plasmid using PB (159, 160). After 48 h, transfected and untreated control worms were
counterstained with Hoechst33342 (blue) and analyzed by CLSM (B and C). Green fluorescence was
observed in the transfected worms, while no eGFP signal was found in control worms. D, Brightfield
microscopy also confirmed the presence of clusters of gold particles in the tissue (white arrows), which
matched the presence of eGFP signals (green arrows). E, RT-PCR confirmed the presence of eGFP
transcripts only in the transfected worms, with no eGFP transcripts found in control worms. +ve, positive
RT-PCR control; H20, control RT-PCR without template. Abbreviations: CLSM, confocal laser scanning
microscopy; eGFP, enhanced green fluorescent protein; WT, wild-type.

To construct eGFP reporter gene-containing plasmids, based on the pJC53.2 backbone, the
promoter and terminator sequences of Smubi were cloned flanking the eGFP reporter-gene
(Table 19). To study the functionality of SmUbi-eGFP-SmUbi reporter-gene construct, adult
male schistosomes were transfected by PB (Figure 46 B, C and D). (159, 160). Transfection
conditions were most effective at a helium pressure of 1,550 psi, a 1.5-inch Hg vacuum, a
particle size of 0.6 um, and 5 ug plasmid DNA to penetrate as deeply as possible into the
tissue. About 48 h after PB, green fluorescing tissue regions were detected in males by
fluorescence microscopy (Figure 46 B, C, D). Furthermore, eGFP transcripts were confirmed
by RT-PCR (DNase I-treated RNA) in SmUbi-eGFP-SmUbi-transfected males (Figure 46 E).
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Promoter element Abbreviation S. mansoni Sequence 5°- 3’ AESIIE) Ly Source
construct
TAG TAT AGA CTATAT
ATA GCC AGC AAA ATC
Promoter Rank 1 Prom rank 1 GAA AGG CTG CCA TAC 1981 - 2030 bp (251)
TTGTT
GTA AGT AAC AAT CAC
CTC GAC GAATACCTT
GTT TTACTG CCC TGA
ATT GAA GGT AGC GCT
AAA TAA ACG TAG TAT
Core Promoter Core Prom AGA CTA TAT ATA GCC 1912 — 2051 bp (310)
AGC AAA ATC GAA AGG
CTG CCATACTTGTTC
GTT AGT GTA AA CGA TAG
ACC
Enhancer Box E-Box CAC GTG 1712 - 1717 bp (315)
CCAAT/
enhancer-binding B (251,
protein binding C/EBPalp ACTTTATTTT 1747 — 1756 bp 254)
site
Octamer-Binding (251
Transcription Oct-1 TATTTTACAT 1751 - 1760 bp 259)’
Factor 1
CCAAT/ (251
enhancer-binding C/EBPalp TAT TAC CTA AA 1761 -1771 bp 254)’
binding site
Heat Shock
Transcription HSF GAG AAG TTG CTG 1812 — 1823 bp (251)
Factor 1
. . (251,
Activator protein 1 AP-1 TGC TGAC TAA 1819 — 1828 bp 316)
Transcription
Factor SP-1 SP1 TAG GAG GTT CA 1850 -1860 bp (251)
Fushi Tarazu (251,
FTz AAA TGT GAC TA 1888 — 1898 bp 317)
element
GATA-binding GATA-1 ACT AGA ATG T 1895-1904bp  (251)
factor 1
CAAT-Box like (311,
CAAT-Box GTA AGT AAC AAT C 1912 - 1924 bp 318,
sequence 319)
Hepatocyte (251
nuclear factor 1 HNF-1 AAC AAT CACCT 1918 — 1928 bp 320)’

binding element
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Promoter o . . o Positionin
element Abbreviation S. mansoni Sequence 5°- 3 construct Source
(252,
B recognition 314,
9 BRE TIGTTTT 1940 — 1946 bp 319,
element 321)
TATA-Box TAT AGA CTA TAT ATA (252,
containing region TATA-Box GCCA 1984 — 2002 bp 311)
;QIQ‘;}BOX binding TBP GAC TAT ATA TAG 1988-1999bp  (251)
CCAAT/
enhancer-binding C/EBPalp CAA AAT CGA A 2004 -2003bp  (251)
protein binding
site
%irt‘;:” response SRF GCC ATACTT G 2019 - 2028 bp  (251)
Transcription (252,
Initiator Element INR CCATACT 2020 — 2026 bp 311)
downstream DPE AGA CC 2047 —2051bp  (252)
promoter element
CTT ACG ATG GT
Kozak-Sequence Kozak Consensus : 2051 -2061 b (264,
q [CN(T/C) (AT)NN ATG P 312
AAIM)]
Core Terminator: Abbreviation S. mansoni Sequence 5°- 3 et Source
construct
GAG GTT AAC TTT AAT
MRNA TTT GTT CAT TTA ACT TAA (143
3’Untranslated 3'UTR TAAACG TTT AAT TTAACT 2777 — 2857 bp 257)’
Region TAT TAAAATGTTTTC TTC
CTAATT TGT AGC
Polyadenylation TGA (52 bp) ATT AAA _
signal Poly(A) (21 bp) GC 2774-2857bp  (255)
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4.2.2 Cas-mediated editing of S. mansoni GSH1

Recent studies have demonstrated initial success in CRISPR/Cas-mediated genome editing
in trematode parasites like S. mansoni (33, 169, 172, 280, 322). The feasibility of CRISPR/Cas-
mediated gene KO in S. mansoni was demonstrated in independent studies by transfecting
adult worms, eggs and sporocysts (33, 169-172). A lentiviral and RNP-based approach
targeting the S. mansoni omega-1 locus was used for transfection of eggs (33, 169), while
adult worms and sporocysts were transfected with Cas9 RNPs by EPO targeting the
oxamniquine resistance slut-or locus (170). However, the editing efficiencies remained
comparatively low and failed in introducing edited life stages in the lifecycle. In my work, the
editing efficiencies of Streptococcus pyogenes Cas9 (S.p.Cas9, Cas9) and
Acidaminococcus spec.Casl2a (A.s. Casl2a, Casl2a) were compared (189) with the aim to
enhance the editing efficiency. Furthermore, | intended to establish a protocol for germline

transgenesis.

In order to establish chromosomal integrations (KI) or deletions for KO and subsequent
phenotype analyzes, one prerequisite is the successful and efficient transformation of
schistosomes and/or their larval stages. Therefore, transformation experiments were
performed using ribonucleoproteins (RNPs) assembled from Cas9 or Casl2a and
corresponding single guide RNAs (169, 172, 280, 287) (JRNAS) as the method of choice. The
gRNAs, for Cas9 and Casl2a respectively, were selected to edit the same position of the
S. mansoni genomic safe harbor site 1 (GSH1; Figure 47 A) (323). GSHs are characterized as
continuously euchromatized, non-coding regions without confirmed regulatory genetic
elements, which suggests a suitable site for integration of genetic sequences (197, 280). A
recent study identified three suitable GSHs by analyzing the chromatin structure, histone
modifications, and chromosomal HIV integration sites across the parasitic life cycle (172).
Indeed, GSH1(1,416 bp; location, chromosome 3:13380432-13381848) was proven to be
editable by the CRISPR/Cas9-system using three overlapping gRNAs (172). For this triple
gRNA approach, DNA cleavage provoking staggered ends was assumed (173, 174), which
finally led to a significant increase in HDR mediated transgene integration by transforming LEs
(172). Given its PAM motif 5'-NGG-3", Cas9 is more suitable for editing GC-rich loci (191).
Conversely, Casl2a showed the PAM motif 5-TTTN-3' (190). Theoretically, this feature
suggests that Casl12a may be more suitable for AT-rich genomes (191), such as that of
S. mansoni (258). Therefore, it was hypothesized that DNA cleavage by Casl2a in
combination with a single crRNA (Casl2a gRNA) could lead to staggered DNA ends,

increasing the efficiency of gene editing compared to Cas9 in combination with a single gRNA.
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Figure 47. RNA-guided AsCas12a- and SpCas9-catalysed editing of GSH1 in adult schistosomes
and their eggs.

Synoptic overview of the comparative approach using Cas9 and Casl2a for programmed gene editing
using S. mansoni eggs and adults as biological targets for EPO-based transformation. A, schematic
overview of the S. mansoni GSH1 target sites for Cas9 (blue arrow) and Casl2a (red arrow). DNA
cleavage by Cas9 was expected to result in blunt-ended DNA strands, whereas Cas12a was expected
to cause the staggered cleavage of the DNA strand. B, LEs were subjected to EPO in the presence of
CX Rhodamine-labeled RNPs (red). LEs were counterstained with Hoechst33342 (blue) and examined
by CLSM 24 h later. The introduction of RNPs was demonstrated (arrows) with both nucleases. The
majority of Cas9 RNPs accumulated around the eggshell, a dissimilar pattern to that observed in the
Casl2a RNP-treated LEs, where signals were also found inside the eggs. TIDE analysis (C, D)
confirmed the successful deletion of target sequence in the schistosomal GSH1 locus applying RNPs
derived from Cas9 (blue) and Cas12a (red). Low background activity (low mutation rate) was found with
RNPs containing a scrambled gRNA sequence (faint blue, orange). In both, LEs (C) and adult
schistosomes (D), editing by Casl12a RNPs (red) was significantly more effective compared to editing
by Cas9 RNPs. Abbreviations: Ctr, control; KO, knock-out; ns, not significant. *P<0.05, **P<0.01,
***P<0.001 by t-test. C, n=18; D, n=9.
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To compare the suitability of the Cas9 or Casl2a for GSH1 editing using single gRNAs,
respectively, the two selected Cas-enzymes were examined for editing efficiency by applying
RNPs to LEs and adult schistosomes for KO experiments (Figure 47 B-D). Further, gDNA was
isolated, and the obtained samples sequenced by next generation sequencing (NGS;
Figure 48).

To establish genome editing in schistosomes a (i) suitable life stage or stages of the parasite,
(i) compatible method for gRNA delivery, (iii) replacement construct in case of Kl experiments,
and (iv) optimal enzyme to efficiently edit the target region of choice must be found. To this
end (i), the egg stage was used as a biological target because of its suitability for EPO-
mediated transformation, and because the probability is high to introduce CRISPR-material
into the zygote (present in the early egg-stage). First, the accessibility of LEs to RNPs of both
enzymes was determined using an RNP-tracking approach, where fluorescence-labelled
RNPs were introduced into LEs by EPO. Each guide RNA was labelled with a CX-rhodamine
fluorescent tag prior to assembly of RNP complexes with either Cas9 or Casl2a nucleases
(26,65,66). After isolation form livers, LEs were immediately exposed to these RNPs by square
wave EPO. CLSM was used to confirm the entry of the RNPs into the LEs. Within 24 h of EPO,
RNPs were delivered into the eggs, some including larval tissue/developing miracidium, and
colocalized with Hoechst33342-stained nuclei for both Cas enzymes (Figure 47 B). This
demonstrates the successful delivery of Casl2a RNPs into LEs by EPO. Here, the labelled
RNPs were able to penetrate the eggshell and were finally detected inside the egg. For Cas9
RNPs, the majority of Cas9 RNPs passed through the eggshell and comparatively lower
amounts of labelled RNPs were found inside. In summary, both RNPs were successfully
delivered to the eggs. Of note, most Cas9 RNPs appeared to accumulate in the eggshell,

whereas a wider distribution of signals was observed in Cas12a RNP-treated LEs.

After exhibiting the accessibility of LEs to RNPs of both enzymes, the LEs were transfected
with freshly prepared, unlabeled RNPs of either Cas9 or Casl2a to showcase the cleavage
capability of RNPs to target GSH1. To demonstrate the accessibility of GSH1 in adult worms,
10 couples for each biological replicate (n=9) were transfected with RNPs from both enzymes
targeting GSH1.The KO efficiencies of Cas9 and Cas12a targeting the GSH1 locus as well as
the background activity and/or mutation rates were determined. To this end, RNPs were
formed using gRNA targeting the GSH1, while gRNA consisting of a not schistosomal,
scrambled sequence served as control. After 7 d, PCR fragments containing the Cas target
sites in the middle of the sequence were amplified and sequenced by Sanger direct sequencing
of the corresponding amplicons. This was accomplished for 18 (LEs) and 9 (adult
schistosomes) biological replicates. Editing efficiencies were determined by TIDE (Tracking of

Indels by DEcomposition) (202) analysis (Figure 47 C, D). Both Cas enzymes showed
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significant genome editing compared to the background activity/mutation rate. There was no
difference between the scrambled gRNA control for Cas9 and Casl2a. Compared to Cas9,
editing GSH1 was significantly more efficient when Casl2a was used, in both LEs
(Figure 47 C) and adult worms (Figure 47 D).

To investigate the editing efficiency of GSH1, the editing position as well as the sizes of the
generated deletions, amplicons of target locus were sequenced by NGS, and the results
analyzed in high resolution by CRISPResso (284) and CRISPR RGEN Tool Cas-Analyzer
(285) (Figure 48 A, B). Casl2a showed an up to 100x higher editing efficiency compared to
SpCas9 RNPs in adult schistosomes (Figure 48 B). In addition, KO experiments applying
Casl12a RNPs resulted in deletions of approximately 20 bp, while Cas9 RNPs resulted in the
deletion of just one bp. These results highlight the capability of both Cas enzymes to edit the
S. mansoni genome. However, Casl2a displayed an increased efficiency for the KO
experiments. Next, the suitability of these enzymes for introducing a transgene into GSH1 was
tested.
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Figure 48. Highest editing efficiency and deletion of long DNA fragments was achieved by
A.s. Casl?a.

A, Schematic illustration of the GSH1 locus including the predicted Cas12a (red) and Cas9 (blue) target
sites, and amplicon analyses by NGS (purple). B, Single gRNA binding site (yellow) and PAM (red) at
the GSH1 locus for the corresponding Cas12a or Cas9 enzymes. The individual graphs (blue) show the
deletion events at the respective position in percent. The editing efficiency per position by Cas12a was
100x higher compared to Cas9-based editing. Representative edited single reads of the sequencing are
shown in black, whereby the gaps illustrate deletion events. Abbreviations: gRNA, guide RNA; NGS,

next generation sequencing; PAM, protospacer adjacent motif.
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4.2.3 Integration of a donor with microhomology arms into the GSH1 of

S. mansoni

To generate stably transformed schistosomes, it would be advantageous to target germ-cells
of an early developmental stage. Therefore, it was important to find the most appropriate life
stage for transformation, which is the early egg stage. After the suitability of the SmUbi-eGFP-
SmuUbi had been proven, a HDR knock-in (KI) approach was performed. For this, the eGFP
reporter-gene construct was flanked by 50 bp short homology arms matching the GSH1 at
target cleavage site (189, 280, 287) by PCR using 5 overhang primers. Afterwards, the
amplicon was 5°-C6-PEG10 modified, to enhance HDR (homologous directed DNA repair)
efficiency (287) (Figure 49 A). An independent study using donors maodified with 5' C6amine-
PEG10 with ~50 nt HA (homology arms) showed the highest HDR efficiencies when editing a
target gene in HEK293 cells with Cas9 combined with a single gRNA (287). Based on this
principle and considering the size of the transgene to be introduced (3,351 bp), the donor
template was created and 5' modified based on this study. This donor DNA construct was

finally used for KI experiments with LEs.

Following this approach, the GSH1 of LEs was targeted for a Kl approach. In order to impede
donor degradation by Cas12a, a base was exchanged by target point mutagenesis. The 5' HA
of the donor template contained the Casl12a PAM recognition site (5'-TTTC-3") and part of the
Casl2a target sequence. One base of Casl12a PAM 5'-TTTC-3' was modified to 5'-TCTC-3' to

remove the donor intrinsic Cas12a PAM motif (Figure 49 A).
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Figure 49. Successful integration of SmUbi-eGFP-SmUbi into GSH1 by RNP-mediated
chromosomal integration.

A, Graphical illustration of the HDR donor template with 50 bp microhomology arms, which includes the
ubiquitin promoter and terminator (SmuUbi, orange) flanking the eGFP (green) reporter-gene. The
potential Cas12a PAM site inside the microhomology arms (pink) was altered by primer-mediated site-
directed mutagenesis, to avoid Casl2a-mediated cleavage of the donor template. The 5' end of the
donor template was amine- and C6-PEG10-modified. B, A schematic overview of the GSHL1 locus is
given after the successful Kl of the SmUbi-eGFP-SmUbi reporter-gene, which includes the primer
binding sites for Kl analysis by PCR. C, PCR analyses demonstrated the successful chromosomal
integration of the SmUbi-eGFP-SmUbi donor template, with DNA fragments specific for the integration
sites being obtained by PCR and sequenced by Sanger direct sequencing. D, For both Cas enzymes,
alignment analyses of these fragments confirmed the successful integration of the donor template
(yellow and green) into GSH1 (grey), as indicated by red bars. Abbreviations: HA, homology arms; Ki,
knock-in; primer fw, forward primer; primer rev, reverse primer.

In addition, the design of gRNAs and selection of the corresponding PAM recognition sites of
both nucleases enabled transgene integration using the same HA sequences of the donor
template targeting GSH1. For both nucleases, transgene integration was achieved at a ratio
of 1:1:1 (w:w:w) of the Cas-enzymes (Cas9/Casl2a), the respective gRNAs, and the 5'-
modified donor template. This succeeded by selecting predicted and almost identical cleavage
sites for both Cas enzymes at GSH1 (Figure 48 A). To transfect LEs with SmUbi-eGFP-SmuUbi,
LEs were co-electroporated with RNPs and a donor template. As transfection control,
electroporated wild-type LEs (mock) were transfected with the donor template in the absence
of RNPs. At 10 d after EPO, eggs were collected, and gDNA was isolated and analyzed for
transgene integration (Figure 49 B, C). Two primer pairs were designed to amplify: (i) the
5'-integration site, including sequences within GSH1, as well as in the SmUbi promoter region
of the transgene (5'-KI, 799 bp, Figure 49 B), and (ii) the 3' integration site, including the 3'
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sequence of eGFP and GSH1 (3'-Kl, 1,290 bp, Figure 49 B). Both primer pairs amplified
specific 5-KI and 3'-KI integration fragments, demonstrating GSH1 editing and Kl by both
nucleases (Figure 49 C). Compared to the amplicons obtained by Casl2a-treated LEs, 5'-KI
amplicons in the Cas9 group showed lower band intensity (Figure 49 C). Nonetheless, Sanger
sequencing confirmed the integration of the transgene at the programmed cleavage site.
Furthermore, the precise integration of SmUbi-eGFP-SmUbi into GSH1 resulting from HDR
was confirmed by SnapGene alignment, obtained from purified 5'-KI and 3'-KI amplicons
(Figure 49 D). This analysis finally confirmed transgene integration. In addition, no 5'-KI or 3'-
Kl fragments were amplified from gDNA of the control groups. A 1,466 bp fragment of the
unedited GSH1, which was amplified in all experimental groups, served as a PCR control.
Consistent with this findings, eGFP transcripts were not detected by RT-PCR of RNA/cCDNA
from control groups and only found in DNase I-treated RNA samples from Kl groups
(Figure 50 A).

After the successful integration of the eGFP reporter-gene into GSH1 by both Cas-enzymes
and verification of eGFP transcription by RT-PCR (Figure 49 C, D; Figure 50 A), transfected
LEs were examined to analyze eGFP expression. To this end LEs were examined by CLSM 5
and 10 d after transfection (Figure 50 B-D). Fluorescence intensity at an emission wavelength
of 509 nm was recorded and analyzed in eggs from the Cas9 and Cas12a editing experiments.
In terms of eGFP-positive LES, eggs from the Cas12a group significantly outnumbered eGFP-
positive eggs from the Cas9 group at both time points post- EPO (Figure 50 B, C). For this
analysis, only eggs containing a miracidium with >50% eGFP expression in the examined
section plane (two dimensions) were counted as eGFP-positive. No differences in growth and
survival were observed between transfected LEs and LEs from the control groups. From six
biological replicates, the average percentage of eGFP-positive eggs was 43.61119.9% and
26.3017.2% in the Casl2a group after 5 and 10 d, respectively. In total, 20.2(110.1% and
210116.2% of the LEs in the Cas9 group were eGFP-positive at the same time points (Figure
50 B). Moreover, a weak eGFP signal at 509 nm was detected in LEs transfected with donor
only (no RNP) (Figure 50 B, C). Differences in the total emission spectra were detected and
analyzed as described in a recent study (172) to verify the emission spectra specific for eGFP
(Figure 50 D). This approach allowed eGFP-specific signals to be clearly distinguished from
eggshell autofluorescence. This analysis revealed eGFP expression in numerous cells of the

transfected eggs, including miracidia that developed in some of these eggs.
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Figure 50. Detection of eGFP-positive miracidia in eggs after RNP-mediated integration of the
reporter-gene.

A, The RNA/cDNA of eggs from all experimental groups was analyzed by RT-PCR to monitor eGFP
expression at the transcript level. This approach showed EGFP transcripts (236 bp) in LEs of the KI
group only, using Casl2a and Cas9. DNase I-treated RNA was used for RT-PCR to remove
contaminating DNA and/or residual donor DNA. Lanes b1 and b2 show the result of two independent
biological replicates. No EGFP transcripts were detected in the control groups (top panel). The
housekeeping gene GAPDH (Smp_0569701, 285 bp, bottom panel) was used as a control for
successful cDNA synthesis and RT-PCR. B, Shown is the proportion of eggs with eGFP- positive larvae
5 d and 10 d after treatment with RNPs plus donor DNA (> 10.000 eggs per replicate; n=6). AsCasl2a
(green) displayed the highest editing rate, even after 10 d. AsCasl12a- and SpCas9 (red)-treated eggs
contained significantly more fluorescence-positive larvae compared to the donor only control (gray). No
fluorescence signals were found in untreated eggs. *P<0.05, **P<0.01, ***P<0.001 by t-test. C, Green-
fluorescing miracidia and cell cluster (arrows) were detected after 5 d and 10 d in eggs that had been
treated with Cas12a or Cas9 RNPs targeting GSH1. The reporter-gene SmUbi-eGFP-SmUbi served as
donor DNA. Autofluorescence is shown in orange. Scale bars: 50 um. D, Verification of eGFP signal in
transformed LE after 5 d following editing. Using the Zeiss Zen blue 3.4 software, different positions of
the fluorescence spectrum were sampled to distinguish them from the background fluorescence
(orange). The typical eGFP spectrum (blue and green arrow) was detected in the larvae and found to
be distinct from the auto fluorescence spectrum of the egg (red arrow). Abbreviations: auto fl.,

autofluorescence; ctr, control, Kl, knock-in.
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To summarize, most effective transformation and editing conditions for LEs were empirically
determined employing 10 ug 5°-C6-PEG10 modified linearized donor DNA with 50 bp
homology arms, and 10 uyg RNPs derived from Casl2a in OptiMEM (Figure 50 B).
Furthermore, SmUbi-eGFP-SmUbi reporter gene activity was demonstrated by green
fluorescing embryos/miracidia using CLSM after 5d and 10 d post EPO (Figure 50 C). In
parallel, integration of the transgene was confirmed by PCR and eGFP transcript occurrence
by RT-PCR. The eGFP typical fluorescence spectrum was detected in edited LEs and could
be distinguished from background fluorescence (Figure 50 D). Finally, even the successful
hatching of potentially transgenic (green fluorescing) miracidia was possible. Based on these

results, the next aim was to (re-)introduce these transgenic miracidia into the life cycle.

4.2.4 Generation of transgenic schistosomes using CRISPR/Cas12a

Based on the results obtained so far, it was shown that GSH1 can be edited by Cas9/12
enzymes with Cas12a being superior to Cas9 in terms of editing efficiency. Furthermore, GSH1
integration and expression of the SmUbi-eGFP-SmUbi transgene were demonstrated. Based
on these results, an attempt was made to (re-)introduce transgenic miracidia into the cycle.
The aim was to deliver generate a transgenic S. mansoni line, a goal that has not yet been

achieved in the schistosome research field.

Preliminary data indicated the possibility that miracidia hatch from potentially transgenic LEs.
In these pilot experiments, however, the successful infection of the intermediate snail host
failed. To rule out any negative effects of EPO on the hatching and infection capacities of
miracidia, different EPO-voltages were tested. Other EPO conditions (20 ms pulse, square
wave) were maintained. The initial voltage used was 125 V, which has also been used in
various transformation protocols for mammalian cells (324, 325), and which has been
successfully used for LEs (172, 280). For EPO experiments, 300 LEs per cuvette were
electroporated in 200 pl OptiMEM (n=3) at voltages ranging from 125V - 250 V. Eggs were
then cultured in M199egg, and a miracidia hatching assay was performed after 5 d (Figure 51).
Survival and/or larval growth inside the egg was not significantly affected in the 125 V group
compared to the control group: 26.6+£3.2%, 125 V group, and 31.9+2.6%, control, non-
electroporated group. In contrast, hatching decreased progressively and significantly with

increasing voltage.
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Figure 51. Voltage-dependent miracidia hatching after electroporation.

To evaluate the effects of EPO on the hatching capacity of miracidia from eggs, 300 LEs per replicate
(n=3) were treated with different voltages. Miracidia hatched after EPO at 125, 150, 200 and 250 V.
Only in the 125 V group, miracidia hatching was not significantly affected in comparison to the control
group. *P<0.05, *P<0.01, ***P<0.001 by t-test.

As the EPO conditions did not significantly affect miracidia development and hatching, the
alternative infection method of sporocyst transplantation (222, 227, 228) was tested to ensure
successful infection of the intermediate snail host (Figure 52 A). To this end, 5,000 LEs were
electroporated (n=3) with 10 pg each of Casl2a RNPs and the SmUbi-eGFP-SmUbi donor
DNA at a 1:1:1 ratio at 125 V, as previously described. LEs only electroporated by the donor
DNA and eggs electroporated without RNPs and/or the donor DNA served as control.
Potentially transgenic eggs were cultured in M199egg medium for 5 d at 37°C and 5% CO..
Subsequently, miracidia were allowed to hatch(by illumination) from these eggs and in vitro-
transformed into sporocysts by incubating in CBSS (223, 224). A culture period followed for
4 — 7 d (Figure 52 B). To this end, optimal culture conditions for sporocysts were established,
without co-cultivation with Bge-cells (326): 5% Oz, 5% CO;, 26°C in M199sporo medium
(3.2.9). Sporocysts remained viable and showed longitudinal growth even after 28 d of in vitro

culture (Supplemental Figure S5).
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Next, sporocyst were examined for eGFP expression. For this approximately 500 sporocyts
were stained by Hoechst 33342 and used for CLSM (Figure 52 B, C). The results demonstrated
that eGFP-positive signals were only detected in sporocysts resulting from Casl2a-mediated
Kl experiments (Figure 52 B, C, D). The majority of sporocysts displayed mosaic patterns
(Figure 52 C), with about 15% of all sporocysts exhibiting e GFP-positive signals. Furthermore,
transgene integration in these sporocysts was confirmed by Sanger direct sequencing of the
3’- integration site (Supplemental Table S2). With the help of an inverse fluorescence
microscope, the manual enrichment of eGFP-positive sporocysts was achieved. These
preselected sporocysts were used for manual transplantation into snails of the genus
Biomphalaria according to the protocol of Jourdane and Theron (222, 227, 228). This way, 40
shails were manually (surgically) infected with 1 to 5 sporocysts, each. In addition, 20 snails
each were infected the same way with sporocysts from the control groups. Afterwards, the
shails were cultured for eight weeks. About 5% of the snails infected this way produced and
released cercariae, whereas no cercariae were obtained from the snails of the control groups.
This is partly due to an insufficient number of snails used or to increased lethality of the snails
due to the surgical transplantation procedure. To confirm transgene presence in the obtained
cercariae, 50 individuals were collected from each snail, and gDNA was isolated for the
amplification of an eGFP-specific fragment of 236 bp length by PCR. This PCR fragment was
found in cercariae released by one snail (Snail A, Figure 52 E). Cercariae siblings from the

same snail were employed for infecting the final host.

Since sporocyst transplantation is laborious, | also tested the classical way of snail infection.
For this, miracidia were hatched 48 h after transformation by EPO and directly used for mono-
miracidial infections. To this end, a single miracidium was placed in a 10 ul drop on a microtiter
plate and incubated with the snail for 15 min, followed by an additional 2 h incubation period
in 100 pl, followed by overnight incubation in a total volume of 2 mL. A total of 185 snails were
infected in this way, with 3.2 % of the snails shedding cercariae after 8 weeks, and 6.7% after
10 weeks of incubation. According to PCR analysis, one third of cercariae obtained from these
snails were eGFP-positive. Siblings of (positive) cercariae from different snails were pooled
and used for hamster infection to ensure. This way | wanted to increase the probability of
mixed-sex infections, which finally should lead to the establish of a transgenic line. Other
attempts, such as poly-miracidial infection of snails (10-15 miracidia/snail), as well as infection
with miracidia from 6- to 10 d-old, in vitro cultivated LEs or IVLEs failed, only eGFP PCR-
negative cercariae were obtained. For LEs, 48 h cultivation after transformation was
determined to lead to the highest hatching rate of miracidia. The optimal time point for miracidia
hatching of IVLEs was 5 to 7 d after egg recovery. However, most miracidia obtained from
IVLESs either lost their viability after a short time-period or showed a damaged habitus. As this
reproducibly occurred in all test groups, in vitro-culture conditions must be optimized for IVLES.
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Figure 52. Transplantation approach of transgenic sporocysts into the intermediate snail host.

A, Workflow of the generation and transplantation of potentially transgenic sporocysts (B-D) into snails
of the genus Biomphalaria. Transplantation was done according to an established sporocyst transfer
protocol(222, 227, 228). E, PCR confirmed transgene presence in tested cercariae. Siblings of PCR-

positive ceracriae were used for infecting hamsters as definite host. B, Overview of 4 d old sporocysts
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derived from miracidia of Kl experiments using the SmUbi-eGFP-SmUbi transgene with 5'-C6-PEG10-
modified microhomology arms and A.s. Casl2a RNPs. Sporocysts were counterstained with
Hoechst33342 (purple) and analyzed using CLSM. In control sporocysts, which were derived from LEs
only transfected with donor DNA, no eGFP signals were detected; eGFP-positive signals were only
identified in sporocysts of the Kl group (arrows). C, Maximum projection of 20 overlaid Z-stacks of
sporocysts from editing experiments. Also here, eGFP-positive cells/tissue were identified in sporocysts
of the Kl group (arrows). D, Snap-shot image of living sporocysts derived from fluorescence microscopy,
which was applied to enrich eGFP-positive sporocysts for transplantation experiments. E, An eGFP-
specific fragment was PCR-amplified from cercariae of snail A. Siblings of these cercariae were
employed for final-host infection. Plasmid DNA harboring the pJC53.2_SmUbi-eGFP-SmUbi construct
served as positive control. Abbreviations: ctr, control; Kl, knock-in; -, eGFP-negative control; +ve, eGFP-
positive control.
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Infection of hamsters with (eGFP PCR-positive) cercariae from both the mono-miracidial
infections (Figure 53 A-D) and the transplantation experiments (Figure 53 E, F) led to the
recovery of adult schistosomes. Both female and male worms were recovered from hamsters
infected by the pooled cercariae of the mono-miracidial infections. Couples and separated
worms were cultured in vitro for further analyses. In order to assess eGFP fluorescence,
couples were separated and each sex individually analyzed. By fluorescence microscopy of
living, not imbedded, adult schistosome males (Figure 53 A) and females (Figure 53 B), green
fluorescing signals were detected throughout whole worms and exclusively in worms from Kl
experiments, not in control worms. In contrast to infection with pooled cercariae from mono-
miracidial infections, only females (sF) were recovered from hamsters infected with cercariae
originating from the transplantation experiment (Figure 53 E). It can be assumed that in this
case only a single female sporocyst survived, which reproduced asexually to generate clonal
cercariae (4, 327). Indeed, all sFs obtained from this infection were eGFP-positive. Next, CLSM
was used to analyze the distribution of eGFP signals in more detail (Figure 53 C - F). For this,
worms preselected by fluorescence microscopy were counterstained with Hoechst33342,
imbedded in ROTI FluorCare, and immediately used for CLSM. Although with weak intensity,
eGFP-positive signals occurred in tissues of both sexes. In contrast to the control, these eGFP
signals were detected in both bFs (Figure 53 D) and sFs (Figure 53 E, F) of the Kl group only,
including their ovaries. However, no eGFP-positive signal was found in the testes of the bM,
which had been obtained from Kl experiments. This suggests that transgene integration
occurred in parenchymal precursor stem cells during larval development. As additional
evidence for transgene presence in adult worms, transgene-specific PCR amplicons were
amplified by PCR (Figure 53 G). Sanger direct sequencing of these amplicons confirmed
transgene integration into GSH1 (Figure 53 H, Supplemental Table S3). Here, variations in the

precision of the transgene integration site within GSH1 at the 5 -integration site were found.

Altogether, eGFP-signal occurrence in adults and their gonads provide strong and first
evidence for successful germline transgenesis in S. mansoni. Furthermore, these results also
reinforce the suitability of the GSH1 locus for transgene integration approaches and for

maintaining insertion-locus integrity throughout the life cycle of S. mansoni (172, 280).
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Figure 53. CRSIPR/Casl2a-mediated germline integration of an eGFP reporter-gene into the
GSH1 of S. mansoni.
Adult S. mansoni were obtained from hamsters infected with cercariae from either mono-miracidial
snail infection (A-D) or sporocyst transplantation (E) generated from potentially transgenic miracidia.
For this, LEs were used as starting material and electroporated with A.s. Cas12a RNPs and donor DNA
to target GSH1. Transgene integration of the 5"C6-PEG10 modified SmUbi-eGFP-SmUbi donor by HDR
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was mediated by 50 bp microhomology arms. Worms finally obtained from CRISPR/Cas-untreated LEs
as starting material served as controls. Fluorescence microscopy of living males (A) and females (B)
exhibited green fluorescing signals in worms from Kl experiments only, not in control worms (originating
from miracidial infections). The distribution eGFP signals within the worms was analyzed using CLSM
(C-D). For this, worms were counterstained with Hoechst33342 (purple). C, eGFP-positive signals were
found in the parenchyma of males from Kl experiments. D, CLSM analysis revealed eGFP-positive
signals in the parenchyma and ovaries of paired experienced females (bFs) obtained from Ki
experiments. No eGFP-specific signals were found in the ovaries of control bFs. E, Transplantation
experiments of sporocysts, which were previously selected based on eGFP-positive signals, led to the
recovery of females only, which showed a single-sex habitus inexperienced(sF). Also, by CLSM, no
eGFP-positive cells were found tissues of control sFs. In contrast, eGFP signals were detected in all
tissues of sFs originating from transplantation experiments with e GFP-positive sporocysts. Of note, , the
ovaries of these females showed intense eGFP-specific fluorescence, as illustrated by a representative
specimen in detail in F. G, Transgene integration was confirmed by amplifying the 3"- and 5’-integration
sites using specific primer pairs capable of amplifying the transgene integrated into GSH1. H, Sanger
direct sequencing confirmed transgene integration. To confirm transgene integration from both sides,
primers were used that allowed sequencing of either site of the transgene or GSH1. Abbreviations: bF,
pairing-experienced females; bM, pairing-experienced males; cg, canalis gynecophoris; Ctr, control; hs,
head sucker, imO, immature ovary; Kl, knock-in; mO, mature ovary; ov, ovary; sF, pairing-inexperienced

females; tes, testes; vit, vitellarium; vs, ventral sucker.

CLSM analysis showed eGFP signals in female ovaries (Figure 53 D, F, and Figure 54 A). To
match these results with the regulatory elements driving transgene expression, | analyzed the
Smubi transcript profile in the RNA-Seq cell atlas of mature ovaries (gonadsc.schisto.xyz). The
results showed that Smubi is transcribed in all four oocyte clusters, with a particular preference
for somatic oocytes, but also for the GSC/GSC progeny cluster (Figure 54 B, C). CLSM
analysis of sF from transplantation experiments indicated eGFP signals in the sO (Figure 53 F),
which mainly contains immature, stem cell-like oogonia (19). These in silico data are consistent
with the observations in the bO in females obtained from Kl experiments, which showed eGFP-
positive signals in the whole ovary compared to the control (Figure 54 A). The results also
underline the suitability of the SmUbi promoter/terminator for transgene expression, including
germ cells. However, not all cells showed eGFP expression (Figure 54 A), which might point
to heterozygosity for the transgene. Furthermore, to test the possibility of transgene
inheritance, eGFP PCR-positive cercariae obtained from snails infected with transgenic
miracidia were used for coinfection-experiments with WT carcariae to obtain worms of both
sexes. eGFP-positive FO worms were obtained and the life cycle continued for two further
generations. CLSM analysis of F1 and F2 worms showed eGFP signals at comparable levels,

with an average of 16.6£10.7% in male and 13.7+8.6% in female worms being eGFP-positive
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(Supplemental Figure S6). Signals were also found in the ovaries of F1 and F2 females, which
confirmed germline transmission of the transgene. The amount of eGFP positive signals in
worms diminished between F3 and F4.
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Figure 54. SmUbi promoter activity during oocyte maturation.

A, CLSM analysis showed eGFP signals (green) in the ovary of Hoechst33342-counterstained (purple)
paired females obtained from Kl experiments of eggs and subsequent mono-miracidial snail infections.
The scRNA-Seq atlas of female ovaries (gonadsc.schisto.xyz, B, C) showed Smubi transcript
occurrence in all four ovary clusters with highest Smubi transcript levels in the somatic cell cluster
followed by the GSC/GSC progeny cluster (immature oocytes). B, UMAP plot of Smubi transcript levels
at single cell resolution. C, Heatmap of Smubi transcript levels in the different ovarian clusters.
Abbreviations: bF, pairing-experienced female; iO, immature ovary; mO, mature ovary.
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4.3 CRISPR/Cas12a application in S. mansoni - editing of Smthrf

After demonstrating the stable integration of a transgene into S. mansoni GSH1 and
constitutive transgene expression, an attempt was made to adapt the method for functional
gene characterization. The potential power of the CRISPR/Cas system for gene
characterization in trematodes was previously investigated in few studies that concentrated on
KO experiments (33, 170, 322). As a proof of concept for gene KO in S. mansoni based on the
new editing approach, | tried modifying the locus of the SmthrB8 gene. In this thesis, RNAI
experiments targeting the transcripts of Smthr3 revealed a critical role of this NR in embryonic
development, ovarian maintenance and tissue homeostasis (4.1.8). Given the suggested
importance of this receptor in reproduction, the Smthrf3 locus was selected as a target for initial
editing experiments to prove the accessibility of this locus to CRISPR/Cas-mediated editing —
and as an example for editing-based KO approaches of candidate genes of interest. Based on
the recently described increase in editing efficiency at GSH1 using three overlapping gRNAs
(172, 280), this approach was adapted for SmthrB using L.b. Cas12a RNPs. In this experiment,
L.b. Casl2a was chosen instead of A.s. Casl12a due to its described tolerance to temperature
fluctuations and comparatively higher editing efficiency (328) (Supplemental Figure S7). For
this, three different PAM sites, suitable for the design of overlapping Cas12a gRNAs (scRNAS),
were found in the 5°-UTR of SmthrB (Figure 55 A).
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Figure 55. Editing of the Smthrg locus by three overlapping gRNAs.

A, Schematic overview of the SmthrB gene fragment which was selected for an editing approach and
the determination of editing efficiency by TIDE (202). The three overlapping Cas12a gRNA (ScRNA)
sequences are indicated as well as predicted PAM (dark blue) and cleavage sites (pink). Shown is this
part of the SmthrB locus containing the predicted 5"-UTR region (grey) and the first exon (orange), based
on the S. mansoni genome version V10 (143, 168). Primers for the amplification of target fragment are
shown in light blue. B, Schematic illustration of the workflow for the gRNA-promoted editing of Smthrf3
using L.b. Casl2a RNPs formed with three overlapping gRNAs. Couples were transfected with
CRISPR/Cas-material, and the gDNA of couples and in vitro-laid eggs was analyzed by PCR and TIDE.
Abbreviations: PAM, protospacer adjutancy motif; RNP, ribonucleotide complex; scRNA, Casl12a guide

RNA; UTR, untranslated region.

For initial editing experiments, RNPs at ratio of 1/1/1 using 3.5 pug L.b. Cas12a enzyme for
each respective gRNA were electroporated in 10 couples (n=3; Figure 55 B, 56 A). Couples
electroporated without CRISPR/Cas-material served as controls. Subsequently, worms were
cultivated for 48 h. Furthermore, the IVLEs produced by couples after EPO were collected and
cultivated for additional 5d. My assumption was that part of the eggs could have been
transfected before they were released form the female to the in vitro-culture environment. Eggs
were maintained in M199egg to ensure embryonic development in vitro and to reduce numbers
of remaining vitellocytes, knowing that progression of embryonic development causes
vitellocyte degradation (76). This way, | expected a reduction of “co-edited” vitellocytes and at
the same time to increase the probability to “enrich” for edited zygotes inside the eggs.
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Subsequently, gDNA was extracted from couples as well as IVLEs from both the Casl2a-
treated and the control groups. Editing efficiency was determined by Sanger direct sequencing-
based TIDE analysis (Figure 56 A, B) (202). Tide analysis detected an editing efficiency of
5.7£2.3% in couples (Figure 56 A) and of 2.8+0.2% in 5 d old IVLEs (Figure 56 B). Editing
efficiencies of both couples and IVLEs were significant higher as the background mutation
rates of the CRISPR/Cas-untreated controls, which were 0.76+0.3% and 0.78+0.44%,
respectively. These results demonstrated the accessibility of the SmthrB locus for Casl2a-
mediated editing. In addition, there was first evidence of incorporation of edited cells in eggs
produced by couples following transfection. However, this experiment could not finally
demonstrate whether editing also succeeded for oocytes or zygotes or only for somatic cells

like e.qg. vitellocytes.
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Figure 56. Successful editing of the SmthrB locus in S. mansoni couples and their in vitro-laid
eggs.

TIDE analysis confirmed the successful editing of target sequence in the Smthrg locus applying RNPs
derived from L.b. Cas12a (red) in combination with three overlapping gRNAs. The background mutation
rate (blue) of target locus was found to be at a low level in electroporated couples (A) or eggs of these
couples laid in vitro (B). In both, couples (A) and in 5 d-old in vitro-laid eggs (B) indel rates were
significantly increased compared to the controls. Abbreviations: Ctr, control; indel, insertions/deletions
at target locus; KO, knock-out. *P<0.05, **P<0.01 by t-test. n=3.
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5 Discussion

In the context of the increasing prevalence of parasitic diseases and the increase in resistance
against antiparasitic drugs (10, 35, 36, 329), such as described for schistosomiasis, it is of
utmost importance to understand the reproductive biology of these parasites in order to find
ways to interrupt the life cycle and thus prevent the spread of disease. The current strategy for
controlling schistosomiasis is the use of praziquantel (PZQ). PZQ is currently the only effective
anti-schistosomal drug, able to kill adult worms in the definitive host. Recent studies identified
a first target of PZQ, SmTRPMpzq, which was categorized as a transient receptor potential
channel of the melastatin subfamily (TRPM) (330-332). PZQ binding-dependent activation of
SMTRPMpzo caused a strong Ca?" influx, which resulted in fatal spastic paralysis of
schistosomes (330-332). However, PZQ treatment does not affect juvenile worms, or larva
development inside the eggs, which are excreted in the faeces (S. mansoni, S. japonicum) or
urine (S. haematobium) (333, 334). In the past decades, also with respect to potential
resistance against PZQ (36), great efforts have been made to find suitable, novel treatment
strategies that can eliminate both adult parasites and larval stages (335-340). To prevent
reinfection with Schistosoma spp. (341, 342), it is crucial to find new targets such as factors
essentially involved in germ-cell maturation and/or embryogenesis in order to develop new

treatment strategies to interrupt the life cycle.

Given the essential role of male-induced maturation of female germ cells and their role in
embryonic development (18, 38, 55, 65), understanding the mechanisms that control their
differentiation is of enormous importance. Oocytes are of specific interest due to their capacity
for totipotency and their irreplaceable role in propagating throughout generations and
generating genetic diversity via meiotic recombination (343, 344). Previous bulk RNA-seq
approaches of paired and unpaired schistosomes and their isolated gonads revealed potential
NRs, which were ovary-preferential and pairing-dependently transcribed (Figure 16) (55, 62).
As expected for TFs, transcript levels, of SmMRAR and SmTHRa/ were low (55), and as such
not been detected in whole-worm scRNA-Seq atlas of adult schistosomes (61), although WISH
analysis (Figure 20 C, 33 D, 36 D) (87), showed ovary-specific transcription of analyzed NRs.

Bioinformatic analysis of new scRNA-seq data of fully differentiated ovaries from paired
S. mansoni females resulted in the first organ-specific single-cell atlas of ovary cells of a
parasitic platyhelminth. In total, we found four ovarian cell clusters: somatic cells, germ-cells
and progeny, intermediate-stage cells, and late germ cells (Figure 19; Moescheid and Lu et
al., submitted; gonadsc.schisto.xyz). Within the data sets of this atlas, transcripts of these NRs
were found mainly in oocytes of an intermediate stage of development (Figure 20 A, 33 B,
36 B).

160



Discussion

5.1 SmRAR and SmRXR-1 are key factors in oocyte differentiation in S. mansoni

Smp_144170, previously annotated as RAR-like retinoic acid nuclear receptor, was one of the
potential NRs, found to be transcribed in a pairing-dependent manner in intermediate-stage
oocytes. KEGG pathway analyses predicted a crucial role for Smp_144170 in oocyte
maturation (345, 346). After validating its pairing-dependent and ovary-localized expression in
bF by RT-gPCR and WISH its predicted annotation was confirmed by analyzing its domain
structure and phylogeny. Typically, NRs share characteristic domain structures with a variable
amino-terminal domain and several distinct transactivation regions. These regions are a
conserved DNA-binding domain (DBD), a nuclear localization motif, and a highly conserved
carboxy-terminal ligand-binding domain (LBD) (85, 88, 91). Since Smp_144170 has all the
typical characteristics of the NR class, it was finally confirmed to be a member of RAR-like
receptor family (Figure 17). Furthermore, it was possible to assign Smp_097700 to the clade
of RXR receptors. Previous studies annotated Smp_097700 as RXR (SmRXR-1) as well (104,
141). These results are in agreement with previous studies on schistosome NRs, where a
putative accelerated evolutionary rate based on the accumulation of more substitutions than
their orthologs has been reported (139, 146).

In vertebrates, RA-family NRs, which include RARs and RXRs, have been functionally
associated with fertility (347), cell differentiation, embryogenesis, and post-embryonic
development (107, 122, 305, 348). Additionally, RARs have been postulated to play critical
roles in the initiation of oocyte meiosis, structural gonadal organization, and spermatogenesis
(119, 122, 347, 349-351). This may also apply to schistosomes, given the gonad-
specific/preferential expression of different retinoid acid NRs (61, 87, 289). Moreover, there is
increasing evidence for RARs in mollusks, hemichordates, sea urchins, and other
invertebrates. However, little is known about their function (352—354), except for planarians in
which a negative effect of RA on head regeneration was described (87, 355). With regard to
putative RAR-ligands, RAs play essential roles in the development of the central nervous
system in vertebrates (86, 107, 109, 356), the regulation of hormone metabolism (357), tissue
homeostasis (358) and cell fate determination (117, 358). The different forms of RA include
9cis-RA (98, 122, 357), 13-cis-RA (98, 350, 359) and all-trans-RA (98, 122, 147, 360). In
S. japonicum, 9cis-RA has been identified as a potential ligand of an SjRXR ortholog (140).

However, the ligand of SmMRAR remains unknown and warrants further study in the future.

Functional characterization of SmMRAR by RNAI in both bF and sF (first-time paired females)
revealed in both cases reproducible developmental phenotypes, including reduced ovary
volume, failure of oocyte differentiation, disruption of egg formation and reduced number of
zygotes in eggs. These results are in line with previous work describing S. mansoni SmMRXR-1
as a constitutively expressed member of the RXRa subfamily (55, 61, 62, 104, 141, 142, 146,
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148, 361). Additionally, sex- and tissue-independent transcription with a preference for the

ovary was demonstrated for Smrxr-1 by RT-gPCR and WISH in this thesis.

In independent studies, co-immunoprecipitation experiments confirmed the heterodimerization
of SMRAR with SmRXR-1. The resulting heterodimer was found to bind to the promoter region
of the eggshell precursor protein Smp14 in vitro (Figure 57 A) (104, 361), which is tissue-
specifically expressed in the vitellarium (80, 104, 148). Moreover, Smrxr-1 KD experiments
showed a tendency in RNAi-dependent reduction of transcripts of Smp14 (Figure 41 B). These
previous studies and the ovary scRNAseq data obtained also emphasized regulatory roles of
HATSs in ovarian maturation. In particular, the HATs SmCBP1 (Smp_105910) and SmGCN5
(Smp_070190), for which the scRNA-Seq data indicated co-transcription with SmRAR and
SmRXR-1 in intermediate oocytes (Figure 57 B, Moescheid and Lu et al., submitted), were
shown to interact with the SmMRXR-1/SmRAR heterodimer (104). RXR/RAR heterodimers were
described to re-model the chromatin structure by binding the specific RAR response element
(RARE) of a particular promoter (147). For SmRXR-1 binding, the RARE consensus sequence
5"-PuGGTCA-3" was proven, whereby SmRAR was not able to bind this sequence in vitro
(361). Besides this, chromatin structure is a target of histone modifications such as histone
acetyltransferase (HAT)-mediated acetylation (362). By targeting RAR/RXR-associated HATs
in S. mansoni with a chemical inhibitor, effects on female reproductive organs were observed
(104). Inhibitor treatment resulted in malformed, smaller eggs, a less proliferative vitellarium,
and in a reduced number of mature oocytes. These phenotypes were similar to those observed
in Smrar, but also in Smrxr-1 and Smrxr-1/Smthr8 RNAi experiments. The vitellarium
phenotype was not observed in Smrar RNAi-treated worms. This may be explained by the fact
that SmMRAR is mainly expressed in the ovary of paired females (55), whereas SmMRXR-1
shows pairing-independent expression (55) in all tissues (61) with a preference to the bO.
Therefore, it is likely that SmRXR also forms heterodimers with other NR partners (130), also

in the vitellarium, which could lead to complex mosaic phenotypes after inhibitor treatment.

RNAI experiment knocking down Smrxr-1 transcripts in both single and double KD experiments
with Smrar dsRNA caused the reduction of the Smtyr2 (tyrosinase 2) transcripts. Smtyr2 is
pairing-dependently transcribed in the vitellarium and ovary and plays a fundamental role in
eggshell formation (42, 55, 61, 79). The successful KD of Smp_165360 during Theresa
Huber's master thesis (302) resulted in an egg phenotype similar to these observed during
Smrxr-1 or Smrxr-1/Smthr8 RNAIs, which is characterized by smaller and dark eggs, a change
in egg morphology, and the absence of the typical spine. Analyses of the domain structure and
annotations in databases identified Smp_165360 as a potential Myst4 HAT (SmMyst4;
Supplemental Figure S8 A) (143, 168, 242, 243, 363). In addition, analysis of the RNA-seq

studies revealed female- and pairing-specific transcription in S3-S4 vitellocytes (Supplemental
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Figure S8 B, C) (55, 61). This was confirmed by WISH (Supplemental Figure S8, D). Analyses
of the gene expression of Smmyst4 RNAi-treated couples indicated the downregulation of
Smtyr2 (302). Since a vitellarium-dependent phenotype, a downregulation of Smtyr2, and
comparable phenotypic changes in egg morphology were identified after the inhibition of
SmRXR-1/SmRAR-associated HATs and upon RNAIi of Smrxr-1, SmMyst4 could also be a
potential co-activator recruited by SmRXR-1 (85, 98). During mammalian embryogenesis, an
NR-dependent recruitment of Myst4 HATs was demonstrated in bovine oocytes (364, 365) and
was shown to be a potent histone H3 and H4 acetylase (366). For members of the MYST-
family, regulative roles in apoptosis, cell cycle and stem cell homeostasis have been found
(367), which could also apply to vitellocyte development in schistosomes. The potential
interaction between SmRXR-1 and SmMyst4 could be determined in future studies by co-

immunoprecipitation experiments as described by Carneiro et al. (104).
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Figure 57. Model of the SmMRXR-1/SmRAR dependent recruiting of specific HATs.
A, The SmRXR-1/SmRAR (SmNR1) heterodimer forms a complex with two histone acetyltransferases,
SmGCN5 and SmCBP1, and binds to a specific DNA response element in the Smp14 promoter (104,
361). This complex leads to chromatin remodeling, the recruitment of RNA Pol Il to the promoter, and
subsequent transcription of the Smpl4 gene. The resulting of Smpl4 expression is necessary for
eggshell formation, which is crucial for both; egg dissemination and granuloma formation (80). Disrupting
the histone acetyltransferase activities of either SmCBP1 or SmGCN5 by e.g. inhibitors hinders
chromatin decondensation, preventing RNA Pol Il from accessing the promoter, and ultimately stop
Smpl4 transcription (104). This interference compromises eggshell integrity and can reduce the
transmission and immunopathology of schistosomiasis. Illustration by Carneiro et al. 2014 (104). B,
Heatmap of the oocyte sScRNA-Seq cluster-associated transcript amounts of the nuclear receptors (NRs)
Smrar, potential retinoid-x nuclear receptors (RXR-1/-2), an annotated vitamin-A-activated nuclear
receptor (Smvita-nr), and the SmRAR-associated histone acetyl transferases (HATs) Smcbpl and
Smgcn5 (104). All selected genes were found to be co-transcribed in oocytes of the intermediate-stage
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cluster. The heatmap illustrates the feature-standardized transcript-levels for each cluster of selected

genes (Moescheid and Lu et al., submitted).

In vertebrates, RAR/RXR heterodimers play a critical role in the differentiation of gonadal cells
by regulating mitotic and meiotic processes during spermatogenesis (119, 122, 123, 349-351)
and oogenesis (120, 368, 369). These findings are consistent with the obtained results in the
course of this thesis and suggest a conserved function for SmMRAR and SmRXR-1 also in
schistosomes. However, there is one notable exception: Smrar transcription is pairing-
dependent, and this has fundamental biological consequences for females. The absence of
pairing-regulated key factors such as SmMRAR, SMRXR-1, and SmMMEIOB caused a failure of
oocyte differentiation (Figure 22, 26, 27 C-J, 40). Furthermore, the analysis of the S. mansoni
genome (143) revealed two additional RARSs that belong to the class of retinoid-X/opsin nuclear
receptors (Smp_073470, SmMRXR-2; and Smp_105090, SmVitA-NR; Figure 17, D1 B). These
paralogs were found to be co-transcribed with Smrar and Smrxr-1 (Figure 57 B), with highest
transcript levels in intermediate-stage oocytes and lowest levels in mature oocytes. This
supports the hypothesis that SmRAR as well as its paralogs are involved in oocyte
differentiation and post-oogonia cell division. Furthermore, the existence of RA isoforms raises
the possibility of differential dimerization of SmMRAR with different RXRs and possibly other
type Il NRs, such as THRs (111, 120, 122). In vertebrates, RA and RARSs play essential roles
in meiosis initiation (111, 112, 120, 123, 347, 369), which suggests a similar role for SmMRAR
and its potential dimerization partner(s) in schistosomes (104). Additionally, treatment of
S. mansoni with 9cis-RA induced a significant increase in egg production, whereby agonizing
S. mansoni RAR by CH-55 (267) caused a significant decrease in oocyte proliferation and egg
production. This phenotype did not completely overlap with the phenotype observed in worms
obtained from Smrar RNAi experiments. However, a strong decrease in EdU-positive,
proliferating oogonia was also observed upon Smrxr-1 RNAI. Therefore, it might be possible
that CH-55 act as inhibitor of SmMRXR-1. In addition, the observed effects could be caused by
a combination of several factors, as it cannot be ruled out that the other two identified RARs
(Figure 57 B) were also inhibited by CH-55. The specificity of vertebrate RARs was described
for CH-55 (267). Although the RARs/RXRs of S. mansoni showed evolutionary distance to
vertebrate RARs in phylogenetic analyses (139, 370) and clustered in a trematode-specific
clade of retinoic acid receptors (Figure 17), binding of other S. mansoni RARs/RXRs by CH-55
cannot be excluded. These results and the identification of orthologs of all proteins required
for RA signaling (122, 371, 372) in the scRNA-Seq data set of mature ovaries (Supplemental
Figure S9, Moescheid and Lu et al., submitted) highlighted the importance of RA-dependent

reproduction in schistosomes.
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The proposed function of SmMRAR in oocyte differentiation and meiosis was corroborated by
the examination of ovarian marker gene expression following Smrar RNAI. This included the
receptor tyrosine kinase genes Smfgfr-a and Smfgfr-b, which were found to play crucial roles
in gonad differentiation, stem cell biology, morphology, and embryogenesis in other studies
(171, 200, 373). Previous analyzes of the transcriptome of adult schistosomes and their
gonads revealed transcript patterns of both genes in the ovaries, with a clear bias towards
immature female ovaries (55). Further, Smfgfr-a and -b transcripts were identified in the GSC
cluster in the oocyte scRNA-Seq dataset (Figure 25 B). Given that transcripts were mainly
found in intermediate-stage oocytes, no Smrar-induced regulation of Smfgfr-a/-b was
expected, as confirmed by RT-gPCR. In contrast to Smrar, Smrxr-1 transcripts were found in
immature oogonia. Here, Smfgfr-a and-b were found to be co-transcribed with Smnanos-2
(Supplemental Figure S10), for which an association with EdU-positive oogonia was recently
described (61). Nonetheless, Smrxr-1 RNAI caused transcript depletion of Smfgfr-a, which was
consistent with the results of the Smrxr-1 RNAi-dependent reduction of EJdU-positive oogonia.
This result is the first indication that Smrxr-1 is also involved in the regulation of early
oogenesis, probably hierarchically upstream of SmMRAR. Furthermore, it supports the previous
conclusion that Smfgfr-a and -b play roles in controlling stem-cell (oogonia-associated)
progression (171, 200, 373).

Smdarnt was among the genes predicted by STRING as a SmRAR interaction partner, but not
for SmMRXR-1. However, according to RT-gPCR analysis, it was not regulated following Smrar
RNAI. Previous RNA-seq studies revealed a pairing-dependent transcript profile for Smdarnt
in the ovary (55, 61), and scRNAseq showed transcripts mainly in intermediate-stage oocytes
(Moescheid and Lu et al.,, submitted). ARNTSs and aryl hydrocarbon receptors (AHRS)
regulate genes involved in cell differentiation and proliferation (374, 375). For instance, in
mammalian ovaries, they control fertility and embryogenesis (375, 376). Thus, it can be
hypothesized that although Smdarnt may be involved in oocyte maturation in S. mansoni, it
may be controlled by a Smrar-independent process. In addition, the prediction of a protein
interaction using STRING analysis is not necessarily an evidence for a gene regulatory

connection.

In contrast, Smglil was one of the genes significantly downregulated by Smrar RNAi. Smglil
was previously shown to control the sexual maturation of female gonads, but not the
maintenance of their differentiation status (51). In vertebrates, Gli orthologs are regulated by
the Wnt signaling pathway (377-379), which plays an essential role in the regulation of
meiosis-associated genes (380). In C. elegans, Gli has been shown to play an essential role
in ovarian development (59). Above these findings, Smglil has been identified as an ortholog

of C. elegans SEX-1 (Supplemental Figure S9). In C. elegans, SEX-1 is a key factor in the RA-

165



Discussion

regulated organization of the gonads during larval development (59, 371). RA isoforms also
were found to affect the regulation of Wnt signaling in mammalian cells (120, 380, 381).
Additionally, Smglil has been found to be expressed in neurons (51, 61), but also in and
around the ovaries of S. mansoni females (55, 61). Furthermore, the scRNA-Seq data and
WISH analyses provided first evidence that in the paired female Smglil transcripts are not
localized in oocyte clusters but in the somatic cluster, which are characterized by the
expression of genes associated with neuronal and muscular functions (51, 61). These cells
may belong to the thin layer of ligamentous, muscular and neuronal cells surrounding the ovary
(283, 297). Smglil RNAI in paired females caused no morphological changes in the ovaries
and no effect on the number of mOo. In an independent study, a key role for SmGIil for
vitellarium differentiation was found (51, 60). This could explain the observed changes in egg
morphology, as S4 vitellocytes synthesized in the vitellarium provide precursor proteins
required for eggshell formation (19, 49, 60, 64). It can be concluded that the observed
phenotype is mainly a result of processes in the vitellarium that affect eggshell synthesis and
egg formation. However, additional effects of ovarian processes affecting egg formation cannot
be completely excluded. These processes are likely to be independent of zygote formation,
which was unaffected by Smglil RNAi. Moreover, in vertebrates, RA affects Gli expression in
neurons (150-152). In S. mansoni, Smglil, Smrar, and Smrxr-1 are co-transcribed in neuronal
cells of adult worms, particularly in neuronal cluster 6 (61). Pairing-dependent differences in
gene regulation have been confirmed for these and other genes expressed in this specific
cluster (55, 61). This paves the way for future studies of the neuron 6 cluster in adult worms
and their expression repertoires to investigate their contribution to male-induced maturation of
S. mansoni females (56). As the RT-qPCR approach in this work cannot distinguish between
ovary-associated and ovary-intrinsic effects, it remains an open question whether the external
or internal role(s) of SmGIil may influence oogonia division and/or oocyte differentiation in

mated females.

Smncor was also found to be significantly downregulated in paired females following Smrar,
Smrxr-1, and Smrxr-1/Smthr8 RNAI. Furthermore, STRING analysis (249) (Figure 24, 35)
predicted the interaction of SmMRAR and SmRXR-1 with the S. mansoni NCoR orthologs, as
expected (85, 98). Thus, the downregulation of Smncor is a likely consequence Smrar and/or
Smrxr-1 RNAI. In vertebrates, NCoR, also known as TRAC, is a component of chromatin-
remodeling complexes that regulate various processes, including the repression of RAR/RXR
heterodimers (85, 98, 292). This affects cell fate determination, cell differentiation, lineage
progression, and the regulation of epigenetic modifications. Additionally, GEI-8, a NCoR/SMRT
ortholog in C. elegans, is involved in muscle physiology and arrests gonadogenesis upon site-
specific mutation (382, 383). In S. mansoni, Smncor is expressed in a pairing-independent
manner in both male and female worms, with the highest levels in oocytes. Trancripts occured
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in all four ovarian cell clusters, with a preference for intermediate-stage and mature oocytes
(55, 61). This is consistent with obtained WISH results and the previous RNA-Seq data of adult
worms (61). However, in contrast to paired, adult females, Smncor was not significantly
downregulated in first-time paired females after Smrar RNAi but showed a trend for

downregulation upon Smrar RNA..

Smbmpg, which encodes a putative bone marrow proteoglycan homolog, was also
downregulated following Smrar RNAi. Smbmpg and its planarian ortholog (SMED30019646)
have previously been described as marker genes for mature oocytes in data analysis of the
S. mansoni adult cell atlas (61) and S. mediterranea female germ-cell analysis (384),
respectively. These results are consistent with the obtained Smrar RNAi results, as a reduction

in the number of mature oocytes would lead to an overall reduction in Smbmpg transcripts.

Finally, Smmeiob transcript levels were significantly reduced by Smrar RNAI. In addition,
Smrxr-1 RNAI also resulted in a trend towards Smmeiob transcript reduction. The non-
significant downregulation might be a consequence of the comparatively low Smrxr-1 KD
efficiency (~80%) compared to Smrar KD (>90%). Smrxr-1 transcripts occurred in nearly all
cell-clusters, and there is strong evidence for its involvement in pathways not associated to the
ovary (55, 61, 104, 141). Further experiments, such as double KD experiments with SmRAR,
would be needed to assess the regulatory role of SMRAR/SmRXR-1 heterodimers in
oogenesis. In contrast to Smncor and Smbmpg, Smmeiob was found to be exclusively
transcribed in the male testis and female ovary (55, 56, 61), and it is regulated in a pairing-
dependent manner with a bias towards immature oocytes (55, 61). From its predicted structure,
SmMEIOB showed the highest similarity to the human OB-containing meiosis-specific
homolog RPA1 (MEIOB; Supplemental Figure S3) (296, 385). RARs play a key role in the
regulation of meiosis-associated genes, such as meiosin, stra8, and meiob, all of which have
been reported to be involved in mammalian germ-cell differentiation (118, 131, 294, 386, 387).
Cluster analysis and transcript localization by fluorescent in situ hybridization (FISH) revealed
Smmeiob transcription in cells representing the GSC progeny cluster and differentiating
oocytes (intermediate-stage oocytes, gonadsc.schisto.xyz) (61, 293). Vertebrate orthologs of
SmMEIOB play essential roles in meiotic recombination during oogenesis and
spermatogenesis in humans and other organisms (295, 387-390). As an ssDNA-binding
protein, MEIOB is an essential regulator of recombination between paired chromosomes
during meiosis | (294, 387, 388). In this context, a correlation between MEIOB loss-of-function
and premature ovarian insufficiency (POI) has been demonstrated (390). In my study, RNAI
experiments revealed a comparable role of Smmeiob in oocyte maturation for S. mansoni,
representing the first functional characterization of a trematode ortholog of MEIOB. The

similarities in the RNAi phenotypes of Smrar, Smrxr-1, and Smmeiob, and the additive effects
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of the Smrar/Smmeiob double KD, which affected the number of mature oocytes and zygote-
containing eggs, support the conclusion that these genes contribute to the regulation of meiosis

in S. mansoni oocytes (Figure 58).
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Figure 58. Identification of SMRAR and SmRXR-1 mediated regulation of oocyte maturation by
scRNA-Seq analysis of mature ovaries.

Ovaries (bO) from sexually mature female S. mansoni were isolated using the previously established
organ isolation protocol (73). Isolated ovaries were then enzymatically dissociated into single cells.
Single-cell RNA-Seq analysis of these cells revealed four distinct cell clusters within the ovary of mature,
paired females: GSC/GSC progeny, intermediate stage oocytes, mature oocytes (representing primary
oocytes), and somatic cells that exhibited features of both muscle cells and neurons (Moescheid and Lu
et al., submitted). Analysis of the transcriptional patterns among the ovarian clusters of the pairing and
ovary-preferentially transcribed nuclear receptors SmMRAR and SmRXR-1 (55) revealed transcriptional
peaks of these receptors in intermediate stage oocytes. Functional analysis of these receptors by RNAI
and previous studies (104, 141, 142) characterizing SmRXR-1 suggested heterodimerization of both

receptors and highlighted a crucial role in the regulation of meiosis I.

In conclusion, by using the first organ-specific ScCRNA-Seq atlas combined with functional
analyses of selected genes, SmRAR, SmRXR-1, and SmMMEIOB were shown to play key roles
in oocyte maturation and meiosis regulation in female S. mansoni (Figure 58). The function of

SmMRAR and SmRXR-1 as NRs of the RAR family and their role in oocyte maturation, as well
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as ovarian maintenance were demonstrated. In particular, the role of SmMRAR in regulating
Smmeiob and Smncor implies an additive influence of RA, and thus of the host environment,
on one of the most crucial steps of female schistosome sexual reproduction - the oocyte
differentiation. The characterization of these receptors has highlighted the crucial role of NRs
in transcriptional regulation and added new perspectives to the fascinating sexual biology of

schistosomes.

5.2 SmTHRB plays multiple roles in tissue homeostasis and schistosome

reproduction

In the S. mansoni genome version V10 (143), two genes coding for putative thyroid hormone
receptors (THRs), Smp_134490 and Smp_174260, were identified (145). According to the bulk
RNA-Seq analysis of pairing-experienced and inexperienced female and male S. mansoni and
their isolated gonads (55), both genes were found to be pairing-dependently and ovary-
preferentially transcribed (Figure 16) (55, 62). Phylogenetic analysis of THRs and RARs
(Figure 17), as well as the comparison of their annotations in additional databases (55, 61, 62,
143) confirmed their identities as THRa (Smp_134490) and SmTHRB (Smp_174260).
SmTHRR was interestingly grouped within a trematode specific subgroup within the THR
family. This was expected, given that SmRAR also clustered into a trematode-specific
subgroup, which reflects the evolutionary distance between trematode NRs and their
vertebrate orthologs (139, 145, 391). In the course of this thesis and the bachelor thesis of
Pauline Holzapfel the transcription patterns predicted by RNAseq were confirmed by RT-gPCR
and WISH. For both; SmTHRa and SmTHR, WISH showed specific transcription patterns in
the posterior part of the ovary. Moreover, the scRNA-Seq atlas of bO showed transcripts of
both genes preferentially in intermediate-stage oocytes (gonadsc.schisto.xyz). Since the
posterior part of the ovary hosts differentiated, maturating oocytes (38), it seems likely that
both receptors may contribute to processes guiding the embryonic development of
schistosomes (108, 392), as it was shown for SmMRAR and SmRXR-1 (4.1 and 5.1.1.).

Like other type Il NRs, THRs are able to form dimers with RXRs and RARs (103, 393).
Together with the RNA-Seq data, this suggests potential overlapping functions in the
maintenance of female reproductive organs, as it has been shown for SmRAR. Therefore, a
further aim of this work was to functionally characterize both S. mansoni THR orthologs.
Although an exceptional high KD efficiency of >99% was obtained, no RNAi-dependent
phenotype of Smthra was observed by RNAi (Bachelor’'s thesis Pauline Holzapfel, 2022). In
general, this gene seemed to be low-abundantly transcribed, and according to the meta-

analysis of gene expression over the life cycle, it showed the highest transcript levels in eggs
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(62), whereas its transcript level was extremely low in the adult stage, which is in agreement
with scRNA-Seq data from the cell atlas of adult worms (61). This low level of expression
suggests no important function at the adult stage or a function that should be compensated by
other NRs. This and the egg-dominating expression profile of Smthra, probably explains the

lack of phenotype in adults following RNA..

In contrast, RNAi experiments knocking-down SmthrB, were less efficient (about 83%
reduction in the transcript amount). Nonetheless, a remarkable effect on egg quality was
observed (Figure 34 E, D). As for Smrar KD, the number of abnormal eggs significantly
increased from day 8 of in vitro culture on in SmthrB dsRNA-treated couples. At the same time,
the number of mature oocytes decreased upon RNAI. Both observations corresponded to the
Smrar and Smrxr-1 KD phenotypes, which supports the assumption that SmTHR is an
important player in the pairing-dependent differentiation program of oocytes in females and as
such being involved in regulating meiosis. The involvement of THRs in the meiosis was
described by several studies before, which investigated the orchestration of vertebrate
spermatogenesis (394-397). The findings may also apply to oogenesis in female S. mansoni.
Additionally, it seems likely that S. mansoni THRs may also play post-meiotic roles e.g. being
involved in the early embryonic development of the first schistosome larva - the miracidium
(107, 108, 145, 354, 394). This assumption is supported by the phenotypes of the ovaries and
of the deposited eggs after Smthr3, Smrar and Smrxr-1 RNAI, respectively. In particular, eggs
from SmthrB and Smrxr-1 RNAIi experiments showed deformation and no signs of embryonic

development. (Figure 34 E, 39).

Although not (yet) biochemically confirmed, the data clearly indicate that SmTHRf could be a
dimerization partner for SMRAR and/or other type Il NRs, as outlined above such as SmMRXRs
(103, 393). Notably, STRING analysis predicted SmTHR[ as potential interaction partner of
SmRXR-1 (Figure 35) (249, 250, 398). Based on these predictions, single and double KD
experiments targeting Smthr3 and Smrxr-1 were performed. Successful silencing of Smthr in
single and double KD experiments caused drastic separation-rates and worm detachment as
well as reduction of motility. The latter effects were not observed in Smrxr-1 single or Smrar
KD experiments. The time point of phenotypic changes upon Smthr8 RNAI differed among the
experiments, which can be associated with different KD efficiencies. Smthr transcript
reduction of more than 95% caused fatal separation-rates, a reduced motility and vitality after
exactly 14 d, whereas >80% reduction caused the same phenotype after 19 d upon single and
double KD. This underlines a possible role(s) of SmTHRp in various tissues (399, 400),
especially since an increase of tissue fragments was observed in the medium as well as a
notable reduction of proliferating oogonia. In vertebrate model organisms, studies reported that

THs and THRs play crucial roles in the regulation of neuronal development and neuronal
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maintenance (110, 401, 401-403). While in S. mansoni, SmthrB transcripts have been
identified in certain neuronal clusters (61), an involvement of SmMTHR in neuronal processes
can be postulated, but remains to be proven. The substantial and significant decrease in
SmTHR} transcript abundance may have caused neuronal dysfunction or even depletion, and
consequently led to decreased muscle activity. Of note, this effect was discovered specifically
upon Smthr8 RNAI, as it was observed only in Smthrf single and Smthr8/Smrxr-1 double KD
experiments, but not in Smrxr-1 single or other KD experiments, which were conducted in the
scope of this thesis. A similar phenotype, related to viability parameters, and tissue
homeostasis has been recently described for the S. mansoni NR FTZ-F1 (Smp_328000) (87),
which was shown to form heterodimers with SmRXR-1 by yeast-one hybrid experiments (404).
This could indicate that SmTHR[, as a member of the type Il NR superfamily, could also be

an inter-actor or regulator of FTZ-F1.

RNAi-dependent variations in the transcription of selected genes, which are expressed in the
ovary and vitellarium, as well as genes encoding proteins predicted to interact with Smthr3
and/or Smrxr-1, were assessed by RT-gPCR. RT-gPCR revealed notable differences between
the Smthr3 and Smrxr-1 experiments. No significant downregulation of Smtyr2 and Smp14
transcripts was detected in the Smthr8 KD. This is one hint indicating that SmMTHRB has no
regulative function in the vitellarium (61, 64, 79), and it adds to similar indications by previous
RNA-Seq studies (55, 61). Notably, Smthr8 RNAI resulted in a significant decrease in Smrxr-
1 transcripts, and vice versa. This suggests the possibility of reciprocal regulation (405) of
these two NRs by the presence of their respective ligands. Furthermore, interaction between
these two NRs was predicted by STRING analysis (249, 250, 398), supporting this hypothesis.
Indeed, the regulation of NRs by a negative feedback loop has been described previously
(406). The reduction in transcripts of the respective NRs coincided with the reduction of the
size of the ovary and the following reduction in intermediate-stage oocytes. To confirm this,
further interaction assays such as co-immunoprecipitation experiments (104) or in vitro NR
binding assays (407—409) with the promoter sequences of the respective receptors would be

required.

SmNCoR was predicted as one of the potential interaction partners of Smthr3 (Figure 35).
SmthrB RNAI led to a non-significant but notable reduction in Smncor transcript levels.
Considering the relatively low KD efficiency of SmthrB (>80%) compared to e.g. Smrar (>95%
KD efficiency), a non-significant reduction in SmTHRB downstream regulated genes may have
occurred, as the remaining amount of Smthr3 transcripts may lead to sufficient protein for

downstream processes.

In addition, Smthr8 RNAI led to a trend of reduced Smfgfr-a transcripts. Since Smfgfr-a is

associated with ovary development and germ-cell proliferation (61, 200), the result of Smthr3
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RNAI is consistent with the EdU-phenotypes observed for Smthr8, Smrxr-1, and the
Smthr/Smrxr-1 double KD.

In contrast to the KD experiments of Smrxr-1 and Smrar, the KD of Smthr8 caused no
significant downregulation of Smmeiob, but to led an exceptionally strong dysregulation
(inconsistent strong up- and down-regulation between the biological replicates) of Smmeiob
transcription. Although SmTHRBR is involved in oocyte proliferation and meiosis (394, 396), it
may not directly be involved in the regulation of Smmeiob. In model organisms, stra8, meiosin,
and meiob regulation was shown to be controlled by RA signaling (121, 122, 131, 132, 368),
which fits to the scenario found here. In addition, Smthr/Smrxr-1 double KD led to a strong
dysregulation of Smmeiob, which was not observed in the Smrxr-1 single KD. This suggests
that either SmTHRB acts independent from SmRXR-1, recruits SmRXR-1 (410), or it is

hierarchically superior to Smrxr-1 transcription.

Finally, the data indicate that besides RA, host TH may represent another factor to realize the
male-dependent sexual maturation of the female. The major TH in human blood is thyroxine
(T4), the second, activated form is triiodothyronine (T3) (411). Previous studies with S. mansoni
infected mice, which were injected with T, showed significant effects on worm survival and
morphology(Figure 59) (412, 413). Worms from treated mice were significantly larger than
worms from control mice. Moreover, a significant higher egg burden was found in mice treated

with T4, which highlights the importance of both THs and THRs in schistosomes.

In summary, the results obtained in this thesis along with recent studies characterizing
schistosomal NRs (49, 87, 104, 140, 142, 145, 171, 200), demonstrated key roles of NRs in
the development and homeostasis of specific tissues, including the ovary of S. mansoni. In
addition, strong evidence was obtained that SmMRAR, SmRXR-1, and SmTHRf as well as RA

are key factors in the male-governed sexual maturation of the S. mansoni female.
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5.3 Expanding the molecular toolbox for S. mansoni: CRISPR/Cas as a suitable

tool for genome editing

Functional gene analysis in trematodes is challenging, as many larval stages are not
accessible to RNAIi approaches, given their multiple hosts during the parasitic life cycle.
Furthermore, many larval stages must be cultured under non-standard physicochemical
culture conditions (4, 19, 329). Facing these problems and the limitations of RNAi (151, 152,
154), functional genomics of helminths are still a big challenge (33, 323, 414). In the last
decade, CRISPR/Cas gene editing has emerged as a state-of-the-art technique for genome
manipulation (181, 183, 415) with recent reports involving CRISPR/Cas-mediated gene editing
in trematodes (33, 170, 171, 174, 322, 416), such as S. mansoni (33, 170, 171, 416). However,
no successful gene KOs were observed in all cells of treated parasites, nor was it possible to
select edited schistosomes. To overcome these hurdles, another aim of this study was to test
CRISPR/Cas-based editing methods for the stable integration of an eGFP reporter-gene
construct into the S. mansoni GSH1 (172). Besides comparing the editing efficiencies of two
different Cas enzymes, a new method was established to efficiently integrate a reporter-gene
into GSH1 using 5'-C6-PEG10 modified 50 bp microhomology arms through programmed
CRISPR-Cas9/Casl12a induced HDR.

The genome coordinates for GSH1 were bioinformatically predicted based on genome
annotation and chromosome structure, followed by experimental validation (172). The first
successful editing of GSH1 was achieved by using a Cas9-based editing approach with three
overlapping gRNAs (172). However, this protocol was prone to errors such as ensuring the
successful penetration of the three RNPs into target cells. The use of three overlapping gRNAs
leads to staggered-end DNA cleavage, enhancing the editing efficiency at the target locus
(172). To reduce the probability of errors while maintaining editing efficiency, experiments were
carried out with Casl12a-enzymes, as these enzymes are known to process DNA to staggered
ends (189, 190, 262), which, in contrast, enhanced programmed transgene insertion compared
to Cas9 (Figure 47).

For a proof-of-concept, both LEs and adult schistosomes were transfected using EPO with
Cas-containing RNPs. However, treatment of adult schistosomes with RNPs delivered via EPO
failed to achieve penetration and distribution of RNPs in all tissues, which is consistent with
another, independent study (170). This outcome is not surprising, as exposure of adult-stage
schistosomes to CRISPR/Cas through EPO is likely to result in genetic mosaicism (170).
Furthermore, the obtained results were consistent with earlier reports about deletion mutations
at CRISPR/Cas targets in LEs, schistosomula, and adult schistosomes (33, 169-171, 416).
Therefore, editing of adult schistosomes is only suitable for proof-of-principle experiments, or
for the KO of (sub)tegumentally transcribed genes (170), where the method could be an
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alternative to RNAIi experiments. Beyond that, in order to establish a genetically modified
organism it is necessary to target stages with a limited number of stem cells, like the egg at its

early phase of development (76, 417).

In order to address these issues and to establish genetically, homogeneously modified
schistosomes, RNPs were introduced into LEs, which were isolated from the livers of infected
final hosts and comprised egg populations representing various developmental stages. These
included non-embryonated (stage 0) eggs, which are containing a zygote and a few vitellocytes
(76). CLSM analysis of LEs transfected with RNPs, including rhodamine-labelled Cas9-gRNAs
(170) or Cas12a-gRNAs, demonstrated the feasibility of the transfection by EPO in penetrating
the eggshell (Figure 47 B). Cas12a RNPs showed greater efficiency in accessing embryonic
cells compared to Casl12a RNPs. Moreover, RNP-tracking experiments on early-stage eggs
revealed successful transfection (Supplemental Figure S11). The higher efficiency of Casl2a
RNPs could be attributed to their smaller size, as the Casl2a-RNP complex
(Casl2a: 150.9 kDa) was smaller than the Cas9-RNP complex (Cas9: 161.3 kDa) (190, 191).
This likely facilitated the uptake of the Cas12a-RNP complex through the egg's pores, for which
an average diameter of 0.33-0.64 um was found by transmission electron microscopy (418,
419). In addition, the efficiency of the transfection process was further enhanced by the
comparatively smaller Cas12a gRNA (41-44 nt) compared to Cas9 gRNA (100 nt) (190, 191).
After delivery, RNPs of both Cas-enzymes were observed in humerous cells within the egg.
However, not every cell in the egg appeared positive for the RNPs. To improve this, alternative
transfection methods, such as lipid nanoparticles (420), PB (159, 421-423), and/or other
techniques (322, 424-428) could be tested. Alternatively, larval stages like sporocysts should
be considered as targets for Cas-mediated editing to enhance cell transfection efficiency (170),
which was already shown in preliminary experiments in the course of this work by editing 4 d

old sporocysts (data not shown).

In addition to the differences in eggshell penetration-efficiency between the two Cas enzymes,
analysis of GSHL1 indel-frequencies revealed a significantly higher editing efficiency of Casl12a
compared to Cas9 in both eggs and adult schistosomes. The editing efficiency of Casl12a using
a single gRNA was comparable to that of Cas9 using two to three gRNAs (172). These
differences could be due to several factors, such as i) the efficiency bias of Casl2a in
penetrating the eggshell, ii) differences in the cleavage profiles of the nucleases (Cas9, blunt-
ended; Casl?a, staggered ends) (190), iii) differences in the efficiency of NHEJ, which
depends on the gRNA sequence and the current cell-cycle state of the cells during treatment

(429-431), and/or iv) any combination of these factors.

The utility for CRISPR-Cas-induced HDR repair (286) was demonstrated by the integration

and constitutive expression of a reporter-gene in embryonating miracidia, sporocysts, and

174



Discussion

adult worms. Previous work had demonstrated the ability to integrate a transgene into GSH1
using 300 bp homology arms, but failed to introduce edited miracidia into the parasite life cycle
(172, 280). To establish this method, Cas9 and Casl2a were each introduced alongside a
5'C6-PEG10 modified donor template encoding an eGFP reporter-gene under the control of
the strong native S. mansoni ubiquitin promoter (SmUbi) (172). The promoter and terminator
sequences were analyzed in more detail and several core elements were identified (310, 311,
318, 319, 321). These included a Kozak sequence (312), several potential transcription factor
binding sites, such as FTz, HNF1, HSF, and a S. mansoni poly(A) signal (251, 310, 317, 320)
(Figure 46 A, Table 21). The identified promoter elements may contribute to the constitutive
transcriptional activity of the associated ubiquitin gene throughout the schistosome life cycle
(62).

Recent studies have shown that transgene integration by HDR is limited to 4 kb (172, 432,
433), whereas the use of microhomology arms, were shown to facilitate the integration of
transgenes up to 9 kb in length (286, 434-436). For reporter-gene integration, as previously
shown in human cell lines (HCT116, HEK293T, H1 and WTC G3), a 5'-C6-PEG10 modified
donor DNA template with 50 bp microhomology arms was used to prevent DNA degradation
by endonucleases and enhance HDR-efficiency (286). This approach represented a significant
improvement compared to the Cas9 approach (172, 280). Similarly, using Cas12a RNPs and
a single crRNA, comparable and even higher integration rates were achieved with the modified
donor template compared to Cas9 and up to three gRNAs (172). On the basis of these results,
Casl12a was found to be preferable over Cas9 for the integration of a transgene (Figure 50).
Additionally, Cas12a is particularly well suited for S. mansoni due to its preference for AT-rich
genomes (328), given its specific PAM motif: 5-TTTN-3' (190, 258), and is more flexible in its
application in schistosomes compared to Cas9, which is more restricted by its PAM 5'-NGG-3'
in selecting suitable gRNA binding sites within a target gene (427).

Based on the results built on Casl2a-mediated genome editing and integration of the eGFP
reporter-gene, attempts were made to introduce the transgene into the parasitic life cycle.
Initially, polymiracidal infection with edited LEs or IVLEs was employed to infect the
intermediate snail host. Unfortunately, both approaches failed in snail infection and/or
transgene transmission into the following larval stage, the sporocyst. Furthermore,
polymiracidial infection by miracidia, hatched from 5 to 7 d old LEs, failed to infect or develop
into vital sporocysts in vivo. One possible explanation for this developmental deficit could be
the influence of GSH1 editing on the GSH1 flanking genes Smp_150460 and Smp_052890
(33), both of which are transcriptional upregulated in sporocysts (62). In particular,
Smp_052890 showed a transcriptional peak in sporocysts. It encodes a potential thioredoxin

protein (62), which is essential for the antioxidant system and known to control oxidative stress
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in mammalian cells (437, 438). Smp_150460 encodes a potential metallo-homeostasis factor,
ATX1 (62). For ATX1, an important role in preventing oxidative stress in yeast has been
described (439). If these genes were affected by the editing of GSH1, a reduction of vitality of
sporocysts within the intermediate host-stage seems likely. However, as the gRNA was
designed to process the sequence in the center of GSH1, with a certain distance from the
UTRs and coding sequences of these genes (143, 172, 189, 261), it is unlikely that editing of
these neighboring genes has occurred. Nevertheless, | cannot exclude an influence of editing
on the transcriptional profiles of these genes in sporocytes, which should be investigated in

future experiments.

To overcome this potential limitation, miracidia from edited LEs were transformed in vitro into
sporocysts (223, 224). The number of eGFP-positive sporocysts was comparable to the
number of eGFP-positive eggs after 10 d of in vitro culture. As expected, some sporocysts
showed a mosaic of eGFP-positive cells, with sporocysts containing eGFP-positive cells in the
center (Figure 52 B, C). According to previous studies, assessing sporocyst morphology, this
structure should harbor germ cells (58, 417), which later develop into daughter sporocysts
during asexual reproduction (4, 58, 327). For reintegration into the life-cycle, in vitro-generated,
eGFP-positive sporocysts were transplanted into snails (222, 227, 228). Cercariognesis
occurred in these snalils, which released cercariae tested by PCR to be reporter gene-positive,
and which were used for final-host infection. This approach resulted in eGFP-positive and thus
transgenic sFs (Figure 53). Although the general efficiency of this method was only ~2%, it
represents progress of existing protocols. The obtained sFs were probably derived from one
single female sporocyst that survived the transplantation process for continuing intra-snalil
development (440). CLSM analysis of transgenic sFs revealed eGFP expression in various
tissues. This included the ovary, which confirms successful germline transgenesis.
Furthermore, this result reinforces the predicted constitutive activity of the SmUbi promoter
(55, 61, 62) (Figure 53). For additional confirmation, PCR and Sanger sequencing was
performed showing the integration of the reporter-gene into the GSH1 locus. Unexpectedly,
Sanger sequencing revealed a discrepancy at the 5 -integration site, which exhibited an
unexpected large Casl12a-induced deletion (172, 441) of the GSHL1 locus followed by imperfect
transgene integration (442-445). Given the presence of nearly repetitive, AT-rich sequences
within the GSH1 locus (143, 172, 258) and the tendency for HDR-mediated transgene
integration to result in imperfect integrations (442—-445), it may be possible that the transgene
was integrated by partial homology (446). Additionally, by tracking the inheritance of the
transgene using fluorescence microscopy and taking Mendel's Law (447) into account, the
data obtained suggested heterochromosomal transmission (Supplemental Figure S6).
Nonetheless, this result represents the first proof-of-principle that editing GSH1 at the early
egg stage is possible as a prerequisite to re-introduced transgenic life stages, here miracidium
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and sporocyts, by natural (miracidium - snail infection) or by surgical transplantation (in vitro-
generated sporocyst into recipient snail) into the life cycle to achieve germ line transformation
and transgenic adult S. mansoni that are able to inherit the transgene to the following

generations. .

In this study, the successful generation of eGFP-positive worms was also observed following
monomiracidial infections. Here, hatching of LEs, which were in vitro-cultured for 2 d, resulted
in a notably increased hatching rate, indicating that the duration of in vitro culture also plays a
critical role in the survival and development of miracidia. Monomiracidal infection was
comparable in efficiency to sporocyst transplantation for obtaining potential transgenic worms.
However, this CRISPR/Cas-based method of editing is not yet ready to be considered as a
standard method. Further efforts are needed to optimize the in vitro culture to make this method
a standard procedure in the future (49, 57, 60, 224). In this context, optimizing the in vitro
culture is an important requirement since it has high potential for improving the production and
selection of transgenic larvae. Although some key components, such as human LDL and
vitamin-C, were identified during recent years, further research is required to determine the
optimal composition of the medium (49, 57, 60). Unlike LEs, IVLEs, that were collected as
stage 0 eggs (76), develop entirely in vitro. Therefore, there is a high probability that key factors
that are essential for the development of the larvae are not present. The addition of 0.25%
human LDL, as previously described for adult S. mansoni (57), led to a slight improvement in

in vitro culture of eggs, but other important medium supplements appear to be missing.

Furthermore, the efficiency of germline transmission could be improved by using sporocysts
as biological targets for manipulation. Sporocysts are well-suited as they can be maintained in
vitro for at least four weeks (Supplemental Figure S5). Despite that, sporocysts have a
favorable germ cell/somatic cell ratio (327, 448, 449), and the transgene can be inherited and
propagated by asexual reproduction. In an independent study, the successful delivery of RNPs
in diverse sporocyst cells was demonstrated (170). Finally, due to the low autofluorescence of
sporocysts, eGFP-positive individuals can be easily selected for transplantation into snails
(222, 227, 227).

Another alternative for the delivery of CRISPR/Cas-material in the zygote of LEs or IVLEsS
would be the use of the recently established vitellogenin (Vtg) mediated Cas9 RNP delivery in
oocytes of the sea star Patiria minita (450). For this purpose, the process of endocytosis of
Vtg, which is exclusively taken up by oocytes of metazoans, was utilized (450, 451). In this
independent study, it was shown that Cas9-enzymes, which were N-terminally fused to the
vitellogenin-binding domain, were taken up into the oocyte via a specific vitellogenin receptor
(VtgR) (450). This method could also be used for S. mansoni to enhance target-directed

Kl-efficiency. Moreover, the size of the donor DNA template can be optimized, as smaller DNA
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fragments have a greater chance of HDR-mediated integration (286, 434-436). Subsequent,
this was addressed in initial experimental testing of a 503 bp short potential minimal SmUbi
promoter (Supplemental Table S4), which resulted in a significant reduction of ~1500 bp.
Following transfection by PB, transgene activity in adult worms was observed (Supplemental
Figure S12). This minimal promoter could be used in future studies to increase transgene

integration-rates.

In addition to post-genomic research, optimized genome editing for schistosomes would be a
valuable tool to decipher the function of certain genes. A previous study that identified multiple
GSHs in S. mansoni (172), which represented a significant advancement in the application of
CRISPR-based functional genomics and transgenesis in S. mansoni. In this thesis, existing
limitations were overcome by using Casl2a, and by modifying the donor transgene with
chemically protected, microhomology arms (286). Along with loss-of-function mutations, these
improvements allowed the first gain-of-function approaches by integrating a selectable marker
gene into GSH1.
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5.4 Outlook — Deciphering the regulatory network of RA-driven gene regulation

Functional analyses of the pairing-specifically and ovary-preferentially transcribed NRs
SmMRAR, SMRXR-1, and SMTHRp revealed their key roles in the pairing-induced sexual
maturation of the ovary. In particular, SMRAR and SmRXR-1 were found to play an essential
role in ovary maturation, but also in early embryogenesis. Initial experiments on paired couples
with 9cis-RA or CH-55 revealed an important role for 9cis-RA in the reproductive biology of
S. mansoni. In light of these results, RARs may even represent potential drug targets for the
treatment of schistosomiasis and the suppression of the transmission of vital, infectious eggs.
In the recent decades, RAR inhibitors (e.g. BMS-189453, BMS-189532 and BMS-189614),
which bind reversibly and specific to human and murine testicular RARa, have been tested as
candidates for alternative contraception (452). Furthermore, inhibitors that reversibly inhibit
testes-specific RAR-associated proteins like NCoR (453) or an adenylyl cyclase (454), were
described. Analysis of the S. mansoni proteome (143, 168) for orthologs of these RA signaling-
associated proteins (98, 122, 142, 349, 371) identified potential orthologs, transcribed in the
bO (Supplemental Figure S9), emphasizing their potential role(s) in oocyte maturation and
meiosis (121, 122, 390). Inhibition of these receptors or RAR-associated factors in vertebrate
model organisms led to a reversible halt in spermatogenesis (452—-455). It would therefore be
of great interest to test these inhibitors in S. mansoni as potential drugs, but also to further
elucidate the regulatory properties of SmRAR. In addition, RARs and RXRs have been
described to interact with other RARs and THRs (85, 98, 104, 122). In order to get more
insights in the complex interaction of these NR-dimers, potential dimerization partners should
be characterized in double KD experiments. Additionally, the effects of TH isoforms (411-413)
alone and in any combination with RA isoforms (98, 122, 359, 368) should be tested to get an

overview about the regulative roles of these host-derived factors.

NRs act as homo- or heterodimers (85). To narrow down possible interaction partners, Y2H
analyses (456), band-shift assays (408) or HEK cell-based NR luciferase reporter systems can
be used (457).

Next to this, a CRISPR/Casl2a-based genome editing method was established in the course
of this work. This editing method can be used in future studies to edit candidate NRs. KO
mutants could be selected by eGFP-signals or, in the best case, by selection on drug
resistance. As a potential selection marker, the selectivity for sporocysts and adult
schistosomes by oxamniquine was already shown in a recent study (170). According to the
findings of this work, the obtained KO worms are expected to show reproductive deficits. In
addition, the resulting phenotypes will be free of off-target effects eventually observed upon
RNAI, such as the occupation of RISC by siRNAs (151-154). Comparative RNA-Seq
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experiments of results from KO versus RNAi experiments could further elucidate the regulatory

function of these receptors and help to uncover non-specific RNAI effects (152).

Furthermore, the potential benefits of this new, powerful, CRISPR/Casl12a-based gene editing
tool could enable studies of helminth parasites to investigate potential targets for new drugs
and vaccine candidates, which are urgently needed as PZQ-alternative for treating
schistosomiasis. Additionally, this method could allow the investigation of other genes that are
inaccessible to RNAI (150-152, 458). In conclusion, it can be anticipated that this new workflow
can serve as a guide for advanced research on individual life stages as well as tissues and
contribute to the understanding of the complex biology of S. mansoni and other schistosome

species
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7 Appendix

7.1 Supplemental Figures

Supplementary Figure S1. Treatment of schistosome couples with non-schistosomal control

dsRNA showed no alteration of the ovary structure.
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Suppl. Fig. S1.

Results of RNAIi experiments using dsRNAs against Smrar and ampR (ampicillin resistance gene of E.
coli) as irrelevant dsRNA control (152), respectively. In each case, worms were treated with 30 pg/mL
dsRNA for 22 d. A, CLSM showed no obvious differences in ovary morphology between DEPC-treated
control worms and ampR dsRNA-treated worms. B, The volume of the ovary was determined by
comparative Z-stack analyses post RNAi at d 22. No effect on the volume of the posterior, mature part
of the ovary was observed in the ampR RNAI group. The violin plot indicates the range between the
minimum and maximum values, with the dashed lines representing the quartiles and the solid line
representing the median. The ovaries of worms from three biological replicates were analyzed. The
graph shows the pooled results of all analyzed ovaries. Each individual point represents the volume of
a single ovary. Abbreviations; iO0, oogonia; imO, immature part of the ovary; mOo, mature oocyte; mO,

mature part of the ovary. *P<0.05, *P<0.01, ***P<0.001 by t-test. n=3
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Supplemental Figure S2. Treatment with a non-schistosomal dsRNA showed no effects on ovary

structure or oocyte differentiation.
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Suppl. Fig. S2.

Results of RNAI experiments using dsRNAs against Smrar or ampR (ampicillin resistance gene of E.
coli) as irrelevant dsRNA control (152), respectively. Physiological parameters such as motility and
pairing stability were monitored (Smrar-specific dsRNA, red circles; ampR control dsRNA, grey
diamonds). Worms treated with DEPC water, but no dsRNA, served as untreated control (orange

triangles). A-B, RNAI treatment showed no effect on motility (A, motility scores: 0 (no motility) to 4

211



Appendix

(hyperactive motility). Couples remained stable during the experimental period (B). C, CLSM showed
no obvious differences in ovary morphology between DMSO-treated control worms and ampR dsRNA-
treated worms, whereas Smrar RNAi showed strong effects on the ovary structure and oocyte
differentiation, as described in the main text (4.1.5). D, The volume of the mature ovary was determined
by comparative Z-stack analyses. No effect on the volume of the posterior, mature part of the ovary was
observed in the ampR dsRNA-treated control group. The violin plot indicates the range between the
minimum and maximum values, with the dashed lines representing the quartiles and the solid line
representing the median. The ovaries of worms from three biological replicates were analyzed. The
graph shows the pooled results of all analyzed ovaries.Each individual point represents the volume of a
single ovary. Abbreviations; iOo, oogonia; imO, immature part of the ovary; mOo, mature oocyte; mO,
mature part of the ovary. *P<0.05, *P<0.01, ***P<0.001 by t-test. n=3.
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Supplemental Figure S3. Protein structure modelling and alignment analysis of SmMMEIOB.
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Suppl. Fig. S3.

A, Shown is the protein structure of SmMMEIOB according to Phyre2 (244) analysis based on published
structures of orthologous proteins in the protein data bank (PDBe). B, The amino acid sequence of
SmMEIOB showed highest similarities to the human OB-domain containing replication protein A (RPA,
(385)). C, Phyre2-based results of the protein structure analysis of SmMMEIOB in comparison to the
human ortholog RPA are presented. Using alignment coverage, SmMMEIOB was predicted as an OB-
domain-containing, single-strand DNA-binding protein, and highest similarity was assigned to proteins

of the replication protein A family.
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Supplemental Figure S4. Transcription patterns of Smthrg and Smrxr-1 in adult S. mansoni.
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Suppl. Fig. S4.

The transcript profiles of Smthr3 (A) und Smrxr-1 (B) in mature male (bM) and female (bF) and pairing-
inexperienced male (sM) and female (sF) S. mansoni. No statistically significant sex- or pairing-
dependent expression patterns were found. These results confirm the bulk RNA-seq data of Lu et al.
(289). Whitney-Mann test; n=3.
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Supplemental Figure S5. Long-term in vitro cultivation of sporocysts.
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Suppl. Fig. S5.

Miracidia were cultured in vitro to induce in vitro transformation into sporocysts. Initially, cultivation at
low oxygen (5% 02), 5% COz, and 26°C was found to be optimal for the intermediate host B glabrata
(223, 224). A, To obtain optimal (Bge-cell-free (226, 326)) in vitro conditions for sporocyst cultivation.
Different media were used in the present study. The survival and growth of sporocysts were observed
over a period of 28 d. Cultivation of sporocysts in M199 without the addition of HEPES and NCS and
cultivation in CBSST showed considerably reduced viability after 7 and 18 d respectively. Sporocysts
cultured in CBSST/M199 at a 1/1 ratio were still vital after 28 d and showed longitudinally growth. The
best conditions in terms of sporocyst viability, morphology, and growth were found for sporocysts
cultured in the M199sporo medium. B, Detailed image of a vital sporocyst after 28 d. C, Sporocysts were
cultured in M199sporo and stained with a life death cell stain (HSC stain). Calcein (green) stained vital,
esterase-active cells, while SytoxO (red) stained permeabilized, dead cells. Cell nuclei were

counterstained with Hoechst 33342 (purple). Sporocytes remained viable throughout the experiment.
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Supplemental Figure S6. Tracking of eGFP positive S. mansoni up to the F2 generation.
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Suppl. Fig. S6.

To propagate the transgene SmUbi-eGFP-SmUbi in subsequent generations, cercariae that tested
positive for eGFP-PCR from sporocyst transplantation experiments and unedited wild-type cercariae
(control) were utilized to infect hamsters as the final host. The cercariae originated from females from
transplantation experiments. A, In the F2 generation, green fluorescent cells (eGFP-positive) were
observed in both sexes. B, The number of eGFP-positive worms was assessed, with worms being
considered positive if they displayed green fluorescence in >50% of the tissue or green fluorescence
signals in the gonads. Abbreviations: bF, pairing-experienced females; hs, head sucker; F2, filial

generation 2; imO, immature ovary; Kl, knock-in; mO, mature ovary; ov, ovary; vs, ventral sucker.
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Supplemental Figure S7. CRISPR/Cas activity assay showed gRNA directed cleavage of GSH1
by A.s. Casl2a and L.b. Casl12a in vitro.
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Suppl. Fig. S7.

In vitro CRISPR/Cas-activity assay with A.s. and L.b. Cas12a RNPs targeting GSH1 showed cleavage
of a 750 bp DNA GSH1 amplicon (50 ng each) harboring the predicted cleavage site in the middle. The
same gRNA sequence was used for both enzymes. PCR amplicons, which were incubated without

RNPs, and those, which were incubated wit enzymes without the gRNA, served as control.
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Supplemental Figure S8. SmMyst4 is a vitellarium-specific, pairing-dependently transcribed
histone actelytransferase.
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Suppl. Fig. S8.

A, The domain structure of Smp_165360 (SmMyst4). The compiled domain analysis from SMART (243),
ProDom (459), MyHits protein structure analyzer (460), PROSITE (461), and AlphaFold (241, 242) of
SmMyst4 revealed the characteristic structures of histone acetyltransferases (HATS), like HAT
associated domains, zinc finger domains, and a Myst4-associated HAT domain. Additionally shown are
transcipt profiles of SmMyst4 in adult schistosomes and their gonads (55) (B) and data from the scRNA-
Seq atlas of whole worms (61) (C), which display specific expression in the vitellarium of mature female
schistosomes. D, Whole mount in situ hybridization revealed confirmed Smmyst4 transcripts in the
vitellarium of mature female schistosomes (right). No specific signals occurred in male schistosomes
(left). Abbreviations: C, bM, bisex male (pairing-experienced male); sM, single-sex males (pairing-
inexperienced male), bT, testes of bM; sT, testes of sM; bF, bisex female (pairing-experienced female);
sF, single-sex (pairing-inexperienced female); bO, ovary of bF; sO, ovary of sF. D, cg, canalis

gynecophoris; hs, head sucker; imO, immature ovary; mO, mature ovary; ov, ovary; vit, vitellarium.
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Supplemental Figure S9. Identification of meiosis, dsDNA repair and retinoic acid signaling

associated genes in the scRNA-Seq atlas of mature ovaries.
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Suppl. Fig. S9.

Heatmap of the oocyte sScCRNA-Seq cluster-associated transcript amounts of genes coding for orthologs
of meiosis (61, 76, 199, 230, 295, 301, 462-471), dsDNA repair (189, 472-474) and RA-
metabolism/signaling (51, 122, 371, 372) associated genes. The heatmap illustrates the feature-
standardized transcript-levels for each cluster of selected genes (Moescheid and Lu et al., submitted,

gonadsc.schisto.xyz).
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Supplemental Figure S10. Developmental trajectory of immature oocytes within the GSC/GSC

progeny cluster.
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Suppl. Fig. S10.

Analysis of the GSC/GSC progeny cluster showed differences in the expression pattern visualized by
UMAP projection. These patterns were assigned to specific stages of development, as indicated by
colored boxes. The red box indicates genes with transcriptional peaks, such as Smnanos2, and the blue
box indicates genes with transcriptional peaks, such as Smmeiob. Smnanos2 was found to correlate
with S-phase EdU-positive cells, while Smmeiob correlates with EdU-negative cells (61). The analysis
revealed that the Smfgfr-a transcript profile shares a higher similarity to the transcription pattern of
Smnanos2; therefore, both are transcribed very early in oocyte development, probably at the level of
the stem cell-like oogonia. Smfgfr-b showed a transcription pattern intermediate between that of
Smnanos2 and Smmeiob. In contrast, the peak of Smmeiob transcripts in the other part of the GSC/GSC
progeny cluster indicates transcript dominance in an early developmental stage post oogonia cell

division (Moescheid and Lu et al., submitted, gonadsc.schisto.xyz).
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Supplemental Figure S11. Successful transfection of eggs at an early stage of development
using tagged CRISPR/Cas12a RNPs.

A control Cas12a RNP

brightfield

o
=
(14
3]
N
-
n
® |
o

fluorescence

overlay

50 pm

Suppl. Fig. S11.

A, CLSM analysis of early schistosome eggs obtained from S. mansoni couples in vitro (0-24 h, IVLEs
(76)) 2 h after transfection with RNPs containing rhodamine-labelled Cas12a-gRNAs via EPO. The
control IVLEs were electroporated in the absence of RNPs. In control IVLES, only autofluorescence of
the eggshell was observed. Fluorescent signals, specific for the rhodamine-labelled RNPs, were
detected on the eggshell and in the cells of various RNP treated IVLEs. B, Detailed image of IVLEs
transfected with rhodamine-labelled Cas12a RNPs 2 h after EPO. Successful delivery of CRISPR/Cas
material (arrows) into numerous cells of the IVLES was observed. In some IVLEs RNPs were detected
in the zygote of RNP treated IVLEs (189). Fluorescence spectra were acquired using a Leica TCS SP5
vis confocal laser scanning microscope with Leica LasX software. Scale bars: 50 um. Abbreviations:

auto fl., auto fluorescence; CLSM, confocal laser scanning microscopy; Ctr, control; Zy, Zygote.
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Supplemental Figure S12. dsRed transgene activity by SmUbi minimal promoter and terminator.

control PB SmUbi(mini)-dsRed-SmUbi(mini)

Suppl. Fig. S12.
The activity of the potential SmUbi minimal promoter and terminator (SmUbi(mini), Table 21) was tested

in preliminary experiments by ballistic transgene delivery using PB. A dsRed fluorophore driven by
SmuUbi(mini) (Supplemental Table S4) was used as the transgene to avoid autofluorescence detected
in the eGFP channel for eggs and the vitellarium of mature females (475). After 48 h, transfected and
untreated control worms were counterstained with Hoechst33342 (white) and analyzed by CLSM. Red
fluorescence was observed in the transfected worms, whereas no dsRed-specific signal was found in

the control worms. Scale bars: 50 um.
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7.2 Supplemental Tables

Supplemental Table S1. Amino acid sequence of S. mansoni NR paralogs and orthologs

for phylogenetic analysis

>Smp_144170 SMRAR [Schistosoma mansoni]

MSHCPVEYSNPNSQNTISYITSDSVISVSFADCQSSSPSYHSLSSSTALPGVGSFLDKSNHLPHYSPNKYYDTEPTAIPGHSYVEN
TDVFDNNLPYPIKSEAIHETVSGTFITPDAHNESCFTSPLQPLKSLNPSLPVQSSESLLSGFTHPLSMDHTVLEDGGLDLDRVFVAII
NDRNSEHDIFNDNDVNCDSERCKKQLLNNSIQSSVNQSMLTDDSEDKSLLQYYSVIDSEKTTQHQTHPKTSPISEVEQTHKSSGS
SEVSTRMCVVCGDKASGFHYGVSTCEGCKGFFRRAIQRDQSYTCAKNGTCEINKTLRNKCQQCRLLKCIAVGMSRDAVRKRRQ
GKKREQSSCESVTLPSSDSSNKYEGSAYSSCSADVVLTPSKAHLNETTPDPHEMPIKSINFQPSSSIPSSTNISLTLCNNNNNSNN
SNNLTKEDQQTLDKFDRFLNYCKDQAIKYQANNWNISKSDYYHLSGSLSRHLSPIKHTPHELGESLKLLTVDEIFCPAQLKFTHEF
ACHLEQFIRLSQHDQAILLRDCLPELAILMLCRENRNKTHMNSSSTSINYQLNCLFSPWFPNAVVTDSSLDCLHMTCDSITAQSIFQ
FASRLQRLHLTNMEFGPLIGVILFTPERSDLLDIDFVNRTQNLWAELLRRYCESNGSQTRCAHLIMVLSTLRELASKITHNLNAWYK
LSNTPMSNCLKEFLYSSSFNSMDDCF

>Smp_097700 RXR (retinoid-x)-like NR [Schistosoma mansoni]

MIMSIFANHDAIHMNHGVSDESVLYTHSYLIPPINQLENDILKPDQDMLTCVQSNRSHSPSQQIYDMLDSTVLSDNPIQTIANSSCK
SQTSLKSSSCDTSNADLGVDIKPSFMYNDNPQVISQSFLTDLHNHTDIHTVSSDTNPNLCPIANSINSTHLQELVYNTPQKFPHML
PPDAHQHTVYSDNVVSEPFTRLLASGNSNETSTSYLPQVTKVETNSLTVSQSPILLFVDPNKTKPESRECFPTQNPSELASQSSS
ATSVNTTNLNPICVICGDKASGKHYGVISCEGCKGFFKRTVRKQLVYVCRESGQCPVDRRKRTRCQHCRFEQCLAKGMKKEAV
QEERHRQPSSNPVPLISKPPKSEKKGPGRRSTFGNKSAESIVTDQPPNINQDSTPNISITPTTTDCVQPNQVKSESSTTCIQSNNV
LLSDETDLPNLTLRCLLSAELSMDPKLAVSERGEAIYEDIPGDDDTGLHPLTHCQSIEQQLPRIVNWARQLPVFSSVYLSFDDQFCL
IKAAWPELVLISSAYHSTVIRDGLLLSIGRHLGREVAKSHGLGPLVDRILHELVARFRDLSLQRTELALLRAIILFNPDANGLSSRHR
VEAVREQLYSALHSYCTTNQPQDTSRFTKLLLRLPPLRSIASKCLEHLVFVKLAAEDPTSCRLINLVEHGVWPIQEKSFELATLPSD
SASTDSVPSQITMVPTPQYIQHQDDNSLPTSSHTDLSYTHTLPNFHTVQNYPF

>Smp_073470 RXR (retinoid-x)-like NR [Schistosoma mansoni]

MIPVSIVTPQSVSSAEQIGEHSSSLSLONVPVQQDSVSYLNSHTTVHMNDGQNEPSSIYLTDQELRLDSSFPNSPLGITRDPHCD
DNGEEQNRISSFELISRLIDAEGLIELGYIPSSCNSAPAIDVASLSDLEEVTSKTLLWSSNCDDVDSFNFDDLSNKINESNTNNADTK
LRSDNKTLEHRSALTTEYISVDFNPLNSTNALVPIISLPSDTNLQTIPSLESNEYENFQAHYKTNTVLENVQSLPSNTVPDDLGPLNI
TSYPMGLVEADIPSITRPSIHQSPVDHHALHPTIKPNHIPYSYSPLTPLSSVQIRSSIHESSFVIDNQVCPIDNICNQQLQTGSFVKNK
YSSDYQEYSGAPECFPTVHTLELFTSHSSDLPHSSSHPSKNVGESPKHLSNDTKPIKYPELLQKIGENCNSNISGPNLPFISHSTY
CSRTQSSSSCSIRQQLATAPSHPQLHVSIPQSPQSIYSVFSCSPNQKVAVSSTVNLPSSDSTSATLIFNGDFPSRPIISSTDNSFWS
HPSIPSGSAVNTQMITNWEHSVPYPAYVPNSQITGFLPENISVTDKAAIYVKDGNSTAIQPVLGSGLVGSFQYLTPTTVLSKPNYTI
LNDQLTFNHPQETLIQPFLPQMSDPIKTTQNLRIPFCQGTQYTLTPGISIPINPEHSFGRLEMNTHRYSSESSKTNPALTSRSSSSR
PFNSPVRRNSAPFQSTYQNCMNFSETAAHQSECSIVVSQLSTKKLTTPVLCCISSNSNNIPISQQSPNNNNNNNNNNNVVFKTD
NTKQHIIDQNILTKTATTTSIVQPSELCHIQPILISSPVKNNNNNTHNLGTGSYIDSNCLSNQSNNDKSHSITPSSPLLTNCNSPSTTL
QSSTVCCLLRPSGRSTSTSSGSSCGSSCSGTGGGVSVSSGQYICSICSDRASGKHYGVFSCEGCKGFFKRTVRKELTYICRDSQ
ECQIDKRLRNRCQYCRYQKCLRAGMRREAVQEERQQQQLQSEVQRSPTPPEQNCDLSVYNSMIMSDTKITNAMNHSCLAEKQEI
MLKTTNCTSSSSPHLLSNCSDSSINYFYSASNEKSQQPSINDNFNLTVNDAATYPPQELSLIGNKDSNNVTLPLADIHALKLPTTTS
AAIPPPPDALEFIRTAESTISSRRKQWLSAFNKQQCHAEIAKCFQDSMENLKWLENNFEKCTTNHLPLFDLVIWSSKLPYICQLSC
GVHLDLLKSACMQLIIVNLVYWLANDHKPRSLSTSNSTSKLPDTTPTINSTDISNITDDPPENSISDISKDCTIQMKKINKSVPLDEKM
DYYYSNFPEFHLLNNLTKPMDNNNNDSISSKPTNINDNSVDDDMIRKRNTNVYKLIYNLAIKLRMLNLDPVELGCLKLILLLNPDSM
TCLNNIRSLIELLRDQVYAGLEYYCNQVWPNAPHGRMGRLLLKLSNFQSVAARIEKLICSNELNNLLNNLESIFSYLSKKKVDHSNY
ISTTTTTTTTMSSTTTSTSNSIHLEFS

>Smp_105090 SmT19 (vitamin-A-activated NR) [Schistosoma mansoni]

MYLHSPITTITSTDSSSTSTITTNTNSTSSLTVTSSPIDPSKLDIMNTMSNPTCCIPSNNIQPPPIIPNHGLTSLLSNVASNLSAHQNH
QNNFLKPSLVPTGRTSNAQLLQLLRNVTSSLPSSPVSYPISPRNTRNTPVLCDNNHTLSDSTSQVPIISTASSTAIPATDYSSCNND
QTLTLNSQSNRTSSNHPTVNGPSLLPDFETLLANSNPNMSDFIYCLVQSILFNHANTRQKFKSKKETPPLDSAALLSLLSGAGNLN
PSSCSTGSLSNPLNPLSTLSSEIDSANCNIHLRQVLESLISLSVSPAFDQSSPHNLLSNDMLDSGSLSQTFQQLTNLSNRKATTGIQ
KVSPSGQILSNESSNSTNPPGNVSFDLLAQLSAAAAAAAVTPPPSNIVNQLGNLATDGFNPIFPTDENLSSALQNLLFKQMLSINT
GSNAYTSHLGPGRDSVSSISQSGQYTGLKDCRSMSNDESNCSSEKLIPTTYSLASSFLSLHSPNSTNNCSNNNNPRSSFVRPSS
RISPEPITLASSPPSSSSTPSFICPNQSNPPTGEFYPPNETVASSPNSLLLNGCTPVGTSPNTGLNMNQTAVNLSNDNQSWEPCK
VCGDKASGRHYGVVSCEGCKGFFKRSIRGHVSYVCRSEQNCLVNKAYRNRCQYCRLQKCLAVGMRSEAVQNERRPTNTFALN
FLNDNSGNSNCTTTGGSSNMNNGGSPSPSNNCCVSTPSITSTTTTTTTATVTTPTTTSANNSHTSTSGPSVTNVRNSSPQSQQL
PYKIEPNSEELEDDRNNHSEFTTQKSEEGQSSSHSSPSGSSRSVPLTLSGATTVGLLSSSSGGVGSKHLDDNHFTGINKHSALS
DISSSSSSSSYSATIADVEINDPNNASYLQHDIKPPVIQTSLGLKFTPGLCSSPQATSHSLQQPPAICLSTSASSFTRQRSLTSVSSS
IVNNNSTAYASALPAYSNMLEGCHTTNHLDPDCGIANFSRCMNRNPLLSSQLFDIPDNKRGATQESYSRRMTSLSNTPCSSSATV
SNHQDPLSIFDDTGGLNLNELTKLALNNINSLQSSSSASNQQGRSLAALYTYWLAAAAAAGSLNPLHHRHNDNHHHHQQQNHSV
HLSTSNQNFNPLDMKTSLSSLKAGQPSTVTTTSIVGSNQNSTSQFSMKTNPNGLFGQHCNLENQLLINGLNHSSKSSLLSSSSSH
SDALNMLMSIMLNSSDNVGLNNFNTLTDAVNSTTTHLQKAPINHHSHQHHPFMLQHHPHQHQLHMGSSNSHHSSTSPNTLEIPIP
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STSSSCLSASLFGLNNTISTNNNTNNNNSNDNNSTMHTTVANNNSPFIPAPPPIKSTNLIQLLCKRTSNSQTSTLTDTDDKSKSGS
CGSMVASTTNVRGRRSSNSSTANNMGENLHESGELIDSYRDANGHLLPKKFELTSSPDVTALRPENELLNPSPKKEETNWSRS
RKRKMHYSFPSDVNNNARSIRRRTQSNNSLQPDTNNSIGLGDTRETCEDDDESRITECISECTKSPDDSRPNSPLVGPVLLNSMF
DLNAHVFKAYQDNNNNRSLSISSELASRVLFLTVDWLRRFDGLKRLPIGVQRDLVAISWSDLFVLGLCQAADQINRSQNHRSNQE
SNDPQSTNSLCAQNDINSTRVKQISGEQQTNSHCSITPTSSFKSNSFDSSSSSHISPMKEPMDTSYLKTNCSSSSAVIELVEQLMK
QFSGAEVDTHEYTYLRCMVILSSGRLCINARDASLAKQITEMESRVLSEFSEFLSTRAASSTTTGSLSSKRTKPIIKRVLILTQLLSTL
RYLDPKDLEEAFFSNLLGSVSIAQILPYLLESNDLFTQSQLVMNSCLPDNSLDYKPGLNHVKLPNKQASRSGLEDSVTNFMGDSL
PNNMTEKIDNLPSSLLLRPDQTSPQSRSASCEITATSIELNNQNTEPANSKSFVDDETNDSA

>RAR-like NR [Schistosoma rodhaini]

MSHCPVEYSNPNSQNTISYITSDSVISVSFADCQSSSPSYHSLSSSTALPGVGSFLDKSNHLPHYSPNKYYDTEPTAIPGHSYVEN
TDVFDNNLPYPIKSEAIHEIVSGTFITPDAHNESCFTSPLQPLKSLNPSLPVQSSESLLSGFTHPLSMNHTVLEDGGLDLDRVFVAII
NDRNSEHDIFNDNDVNCDSERCKKQLLNNSIQSSVNQSMLTDDSEDKSLLQYYSVIDSEKTTQHQTHPKTSPVSEVEQTHKSSG
SSEVSTRMCVVCGDKASGFHYGVSTCEGCKGFFRRAIQRDQSYTCAKNGTCEINKTLRNKCQQCRLLKCIAVGMSRDAVRKRR
QGKKREQSSCESVTLPSSDSSNKYEGSAYSSCSANVVLTPSKARLNQTTPDPHEMPIKSINFQPSSSIPSSTNISLTLCSNNNSNN
SNNLTKEDQQTLDKFDRFLNYCKDQAIKYQANNWNISKSDYYHLSGSLSRHLSPIKHTPHELGESLKLLTVDEIFCPAQLKFTHEF
ACHLEQFIRLSQHDQAILLRDCLPELAILMLCRENRNKTHLNSSSTSMNYQLNCLFSPWFPNAVVTDSSLDCLHMTCDSITAQSIF
QFASRLQRLHLTNMEFGPLIGVILFTPERSDLLDIDFVNRTQNLWAELLRRYCESNGSQTRCAHLIMILSTLRELASKITHNLNAWY
KLSNTPMSNCLKEFLYSSSFNSMDDCF

>RAR-like NR [Schistosoma japonicum]

MSNCPVEHLAPNCQNPISYIASDSVISVSFADCQSSSPSYHSLSSTTTLPGVGSFLDKSNNLPHYSPNKYYDTETNPLSKHPYVE
ETGFFDNSHPFPTKSECIQDLVSGTFITPATHSHSCFTSSLQPPKSLVPSFPVQSNETALNGSTHLLSVDHTILEDGGLDLDRIFVAI
IGDQSSDHHVFNDADDVNDNGGNCLVDKSNSCNTQLLNNSMQSSVSQSMLTDDSGDKSLLHYYSVVEPEKTTQYQIHSETPVT
EVEQPHKLSGSSEAPVRMCVVCGDKASGFHYGVSTCEGCKGFFRRAIQRDQSYTCAKNGTCEINKTLRNKCQQCRLLKCIAVG
MSRDAVRKRRHGKKRQQSSCSDSAALPSSDSSSKYETATYSSNSTDVFLTPSKTHSNDEITLNSYEMPIKSSNLQSSASSSSLPP
TTNPTLTLSNSSLTKEDQQTLDKFDHFLGYCKDQALKYQTNNWNISKSDHYSLSGSLSRHLSPIKHNSHELGESLLLTVDEIFCPA
QLKFTHEFACHLEQFTRLSQHDQAILLRDCLPELAILMLCLENRNKVPMNSSSTFSSINHQLNCLFSPWFPNAVVTDSSLDCLHMT
CNSITAQSIFQFASRLQRLHLTNMELGPLIGVILFTPERSDLLDIDFVNRTQNLWAELLRRYCESNGSQTRCAHLIMILSTLRELASKI
THNLSGWYKLSQTPISNCLKEFLYSSGFNSADDCF

>RAR-like NR [Schistosoma haematobium]

MNPPNIEAAHIDLPIDVNPSTTEEIRMAIRQIKNGKAAGPDNIPAEALKSDIKATTSMLYLLFKKIWGEEQVPMDWKEGHLVKIPKKG
YLSKCENYRGITLLSIPGKVFNRVLLNRMKDAVYAQLRDQQAGFRKDWSCTDQIATLRIVEQSVEWNSSLYIKFIDYEKAFDSVD
GRTLWKLLRHYGVLEKIVNIIRNSYDGPQCKVVHGGQLTDAFQVRTGVRQGCLLSPFLFLLVVDWITRTSTSEGKHGIQWTAQNQ
LDDLDFADDLALLSHTHEQIQMKKTSVAAVSASVGLNTNEKARSSNTTQRTPSNTITLNGETLEDVESFTYLGIIFDEPGGSDADT
KATIGKMSHCPVEYSNPNSQNTISYITSDSVISVSFADCQSSSPSYHSLSSSTTLPGVGSFLDKSNHLSHYSPNKYYDTEPTVIPG
HSYVENTGVFDNNLPYPIKSEAIHEIVSGTFITPDAHNQSCFTSSQPLKSLNPSLPVQSSESLLTGFTHPLSMDHTVLEDGGLDLD
RVFVAIINDRNSEHDIFNDTDVNCDSERCSIDKSNSCNKQLLNNSIQSSVNQSMLTDDSEDKSLLQYYPVVDTEKTTQHQTHPKT
SPISEVDQTRKSSGSSEVSTRMCVVCGDKASGFHYGVSTCEGCKGFFRRAIQRDQSYTCAKNGTCEINKTLRNKCQQCRLLKCI
AVGMSRDAVRKRRHGKKREQSSCESVTLPSSDSSNKYETSAYSSGSADVVLTPSEAHLNETTLKPHEMPITSTNFQPSSSSIPS
STNISLTLCNNNNSDNSNGLTKEDQQTLDKFDRFLNYCKDQAIKYQANSWNISKSDYYHLSGSLSRHLSPIKHTPYELGESLKLLT
VDEIFCPAQLKFTHEFACHLEQFIRLSQHDQSILLRDCLPELAILMLCRENRNKTHMNFSSTSVNYQLNCLFSPWFPNAVVTDSSL
DCLHMTCDSITSQSIFQFASRLQRLHLTNMEFGPLIGVILFTPERSDLLDIDFVNRTQNLWAELLRRYCESNGSQTRCAHLIMILSTL
RELASKITHNLNAWYKLSNTPMSNCLKEFLYSSSFNSMDDCF

>RXR (retinoid-x)-like NR [Fasciola hepatica]

MNINILKSEPDCVDPSLNEDSGLAAAYDLVLEHGDSFGDLTPESKTDLSRSDSFSFDEPRLVLPPVAQTFLRQDSAMPSSTLHYG
VASPTTTSGSAGGVLPMQVCITDTHDSGKQPFEEIIGEHDHLPVVQSQWKFGGSGATVNCETPITNSVQLPTLSSTIQLSSDNSL
KIESNPQTHSQVTTPTSNRKLNSGTSDSRRLAVAQSPAGTPYPSLTQAPMPSFSNLPLALCAICGDTASGRHYGVISCEGCKGFF
KRAVRKQIQFTCRGSGQCPVDRSKRTRCQHCRLEQCLAKGMRREAVQEERHRYFQKTPKSRSKSRKADPLGFQPDLLLSMDS
VSTELNGHTPKSIEHDSTVTTADPLQSSPTTVLCSGRKQNRANQPGRFATTSGTATGELMSASTAPPPLSLASLLTAELSTDAEL
PTTATGERVYVDIGDDGLDPLVVVCQSVEEQLTRLVCWARQLPVFTIPYFSTEDQLWLLRAAWAELLLISASFNSIAVRDGLLLAN
GRHLSRNKARQHGLGPLMDRFLLELVSRFREMSLERIELALLRAIILFNPDANNLCARQHVESVRESLYAGLHSYCTTTHPNDTSR
FTKLLLRLPPLRSIAQKCLEHLVFVKLAAEDPSARRLINLVEHGVWPNDDRAFCPQQSQQQQIQHHHQQLQVKQTSPVGLHPQS
AGPSTSIGPGSSGTVTRFSWPSQGIHNHPVPGTLLPHPMTNTNNNNSNHSHYNSTSGVPTTNTESAPTNGKANIKVDLDSLSQPI
ADNCSVE

>SmRAR-ortholog [Dicrocoelium dendriticum]

MNSHSDLLCFENASPSGHEFWNITKGAIETSSSNALGSDCSYHYPSLTPATEFLNDSIGTSHHVTTPCSISTPDHSTTTSEHVTYH
QLQRLTKTSGMSIHAPSELSESLRLGLDCTENYLDINDHSQVPIYPQNHKDSLYIPTSNYQHSNSASPSSAPKEILYDLSHTHQLR
EVFHQPPYHPQASDLPTEGESICLDLDQVFSAIVSPEDESDVDPVKFNENASNSVDFHLKTCIPPAGDSIFPDDILFPLNSAQDAP
RSSDLNPSTLPCIVAGDESLSVTHYPNCPQPLRILCDDREKDVYQRPLLTASHADSSSFPLENRPGFPLLNSSPVSPFSRQILSRS
PRFCSAGPEQLSFSLSPRSALYSSSPMRSKHNSSCSMNTDGSVMTPQPFIHMSSVSSSPRFHQRSPSHLPWPHIQASITDARR
MELAPIIPNLSPNRYLFGNTTRLTASIAEIPVDSTHMDSTVHHAARGSQPLGANVPKESLAHIRPRGAQSVSNPTIRFCEVCGDKS
SGAHYGVYTCEGCKGFFRRAVQRNRTFSCARNGQCEVNRVLRNKCQHCRLHKCLASGMSKDSVRKKFDSDEKVSPLRRAKVR
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PTNARTIRKGGPIGVGFQITNPSDLHISRDNDPLPVPQHTTPERPQAPLTPSERPSFTSPTIMPPLSIDDRRMITSLFELFHASRKQ
AIlESGGEGHHVGAKGELTVIGSVEQLFCSAQLQFAHYFASCLGEFNQLSQHDQAVLLRGALVEITFLLLCNNHRCADAPPSIPTIH
SGSVHSTSRCSYLLSPWNKSLILTEESFEHLHLSDNAWTPSRIFQFAERLTQMRLTSDEFGPLLGIVLFTPERANVLDIGAVNQIQ
GTWAELLRRLCESQGSYTRCAQLIMLLATVRELSGRLAHNLARWYRSRGAPFTECLQEFLLPVLSELVYL

>SmRAR-ortholog [Opisthorchis viverrini]

MLFVAFRLMSSPSDTAVLQSAISSKADWNYNSSSTNEIQPRAITSFESYLSDVEPVFDHQLSCYTPAIPSCTGSHLSKDTSDARQN
QGCVTGEDLQQEYIPQSIVTNCSLLPTADSINYLPYYLSDRSIGSSVQSPTDTTSLNSRSPTHVTRVASTSDMILPSEPLVLSEGSV
LSQSTVAPDESRSLDLDRVFSAIINPVSDIHFNPASLAVDPRNPVNHCSSLSSFVSSSGNSNVSENVAGSMNLERRRHLSGFPDS
SFSSALSDASESLNSNSVDYVCESSHCRDIRPSFYTKAGTSGAHAPSSLCTIPSEGLSSSCPGTFDRSLHSAPDSLISTRSILSSC
DSQINGVIQHQSNMLDTYSRSDRSVKNNHFTGVDPFTFSPSNESHSWNYQQASTTSCNKFPFATEFQLKRQEFSVDRPAPLSA
QSESPFAADTRSSTENVGQTAQAGVLLRACVVCGDKSTGAHYGVFTCEGCKSRAATVQKSEQPYIRTSTLVTDKSRSVQSCTS
TCTHIHLAVSALDTVRSLPLTAIWMLSSFILRHRSEMAQWLEREFAGWKLDTERVLQLNDFFISLDVLVKAPFPAPCTGWRRHKR
DRPTTSLTAVTSEADFEFTRSMKEVTKRLGAVGATRLPGWGPRDHHCAWLETLQDMTANRCQWRSCCQFLSRLPELSNKSWL
YGSEASMLNTDTYACARNGSCEVNRALRNKCQHCRFLKCLASGMSKDAVRRKQPAGNKKSSKTTGRRRSNKSAHTSSEHPEP
MLPCDVNRSDACSSQTTPRSVYSGTEQSTVGWTAGSSISFPSALTNPLGKLSPTTNFLSPQDRQIIVSLHDLVRASKKHSLAETR
MQMNSCLPESDGKIVITSVEQILCPAQLCFAYQFSGCLAEFAQLSQHDQAILIRGCLMELTFLLMCNNYRLAPEGESALCTGDGTE
ISTSEGECSAYLVSPWNANFLITEASFSHLHLTDNTWTPSRILKFAWRLTQLRLTDEEIGPLLGLVLFTPERADLLEVQAVSRIQGV
WAELLRRLCE

>SMED-HNF4 [Schmidtea mediterranea]

MTSTQHPNLNPAFSYQLLTSNSAPISISSNASSMQYPLESEMSSQQHEVYASNASGPEGMENNQLCLICSDKATGKHYGAFSCD
GCKGFFRRSVRKKNNYTCQYNRNCKMDKDKRNQCRYCRLKKCILVGMKRAAVQNERDRISTRRSSFDDIPPNVILSISQLMQAE

QRVAIQKPPNPQEYMNRYADVPDVCESMKNQLFLLVNWAKSLPCFSQLNLSDQISLLKAHAGEILILGVIRRSFQLDEDDVLLLGN
NLIISRNSSDKHFAEIASHILDDLFIPLRELQLDDAEFACLKAIVFFDPRVSESGKEFVRRCRYQIQMDLMNHMNDKQYHKPGRFGE
LLLTIPDLRLVTQLMVKKVEFMKMTGLAEIDSLLSETLLGDNPPGVFSIDPETDGNNNNNQNDSMDIINSHRISSPKYTYQDCYGIP

PFMPDSVLLNINNQNISPEAASKIWSAYLPSSTSMPSGNIYRAFVNQGTEIMQQNSQDNSNFGMIINSDGMMLKNERVGVPSLFS

CVNDSINLYQHSNLSQDTSHFLVNLDQGFPMINQSKYAYNGDANHNCSNSSNSDDLIHPALSVNSTQNVVDPSLLVAYTKSLPNS
PIENCQIQSIANRSSEANQQHNSRSNYSAISSTAHFLTDHPIRIQESESSVFKKEEY

>SMED-TLX-1 [Schmidtea mediterranea]

MILSTGRILLDVPCKVCQDHSSGKHYGIYACDGCAGFFKRSIRHSRLYICKNKSIKGDSWIGICKIDKTHRNQCRACRLQKCVDSG
MNKEAVQHERGPRSSTVRKKVAMYFNELSHNILDPSSMLPFTKSFNNANNVKEELLEFSLISAAKLNNFSNKNSFSISSLCDNSE
NSIETFDDCIGTPKSTIYFFQESYFSELSARSLFNTVHWIKSLQLPKEIVSVLLEGNWSQLFLLTAFETKVPFNDRSLMYRICDQVSS
LSTMKQLDLINQCAVLHQHLSKLSLGSSEINILKQIIFLDLKSLNKKLEVAVQDACMDHVSRLCQLFDPTNKIAIEACLLMNIICIDPNF
IHKLFFQKTIGQIPVLNLISDMIA

>RXRb [Echinococcus granulosus]

MQVWSNSNNASSVAPPANGDRDPMHSMPVTAESVPPTLNAFDSSIFASLISESDEKPLVDLKSDVISNADLQIGSAMPKPDLGSL
YGGLQSSTQTNNTCDVATTHRTVFPANPQLQTLPCQSSCVSGSLNYPYTPTLYSPVTPVSPQYFQSAPPTVANHRALPHQQQG
SYSLPPLRSYSYNQSFITGAYPKPYNYTIGSDGSISPYHRSVPSTSVKKVTYLCSARNCAICGATATGKHYGALSCDSCRAFFGTA
THLGLRCECSGKSNIHDNNHQLRCHSCRLRKCLAVGMRKEAVRFEKSHAMLLYPNEKDYSSVAPSPASSICSHERADNLVGSRS
SPATEATVKQIRAAEALIFDVPPLDLPESKPIFMDGKDCDSLQTDIQESIINLLLWSQKIPLFSDFSDSDRFILLRAGCIELLLVHFISR
LANSLTESHSSTSLRSSNPPLQESSPSTSVTPIESTTTPPTPLNIPVVVVDVLFPFHSAPKDILFSQQAECDLRNADRWHESRVLM
NILPVDVDHHPISITDVPNELNAQCLSRRLILCRLFDLARLFKRLCLSVEAVGCLRMVILFNPDVPELTEATRERVESRRDEAFICLE
HTFVKADKKTALGRMAQMCLHLADLSFVAERIYSKTSSHPYPSFQCLVDLLECFYKSDPMATVSESST

>RAR-like NHR-23 [Caenorhabditis elegans]

MACKVTGPNRHLTSVLEMSSFVYWPRSRQQAHNFPMQAVEQKLADATRTLHAKSSLQPSLSIETPKSKENDESGCESSNCMFH
PHTIKSEPNFCFAREFKSVPDDFRIGGGDLQMGNNSKRLTCVIDTNRVDMAGILPDNMSFRGLPENKSLLVSAQIEVIPCKVCGDK
SSGVHYGVITCEGCKGFFRRSQSSIVNYQCPRQKNCVVDRVNRNRCQYCRLKKCIELGMSRDAVKFGRMSKKQREKVEDEVR
MHKELAANGLGYQAIYGDYSPPPSHPSYCFDQSMYGHYPSGTSTPVNGYSIAVAATPTTPMPQNMYGATPSSTNGTQYVAHQA
TGGSFPSPQVPEEDVATRVIRAFNQQHSSYTTQHGVCNVDPDCIPHLSRAGGWELFARELNPLIQAIIEFAKSIDGFMNLPQETQI
QLLKGSVFELSLVFAAMYYNVDAQAVCGERYSVPFACLIAEDDAEMQLIVEVNNTLQEIVHLQPHQSELALLAAGLILEQVSSSHGI
GILDTATIATAETLKNALYQSVMPRIGCMEDTIHRIQDVETRIRQTARLHQEALQNFRMSDPTSSEKLPALYKELFTADRP

>Eip75B RAR-like [Drosophila melanogaster]

MEAVQAAAAATSSGGSSGSVPGSGSGSASKLIKTEPIDFEMLHLEENERQQDIEREPSSSNSNSNSNSLTPQRYTHVQVQTVPP
RQPTGLTTPGGTQKVILTPRVEYVQQRATSSTGGGMKHVYSQQQGTAASRSAPPETTALLTTTSGTPQIITRTLPSNQHLSRRH

SASPSALHHYQQQQPQRQQSPPPLHHQQQQQQQHVRVIRDGRLYDEATVVVAARRHSVSPPPLHHHSRSAPVSPVIARRGGA
AAYMDQQYQQRQTPPLAPPPPPPPPPPPPPPPQQQQQQYISTGVPPPTAAARKFVVSTSTRHVNVIASNHFQQQQQQHQAQQ
HQQQHQQHQQHQQHVIASYSSSSSSSAIGSGGSSSSHIFRTPVVSSSSSSNMHHQQQQQQQQSSLGNSVMRPPPPPPPPKVK
HASSSSSGNSSSSNTNNSSSSSNGEEPSSSIPDLEFDGTTVLCRVCGDKASGFHYGVHSCEGCKGFFRRSIQQKIQYRPCTKNQ
QCSILRINRNRCQYCRLKKCIAVGMSRDAVRFGRVPKREKARILAAMQQSTQNRGQQRALATELDDQPRLLAAVLRAHLETCEF

TKEKVSAMRQRARDCPSYSMPTLLACPLNPAPELQSEQEFSQRFAHVIRGVIDFAGMIPGFQLLTQDDKFTLLKAGLFDALFVRLI
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CMFDSSINSIICLNGQVMRRDAIQNGANARFLVDSTFNFAERMNSMNLTDAEIGLFCAIVLITPDRPGLRNLELIEKMYSRLKGCLQ
YIVAQNRPDQPEFLAKLLETMPDLRTLSTLHTEKLVVFRTEHKELLRQQMWSMEDGNNSDGQQNKSPSGSWADAMDVEAAKSP
LGSVSSTESADLDYGSPSSSQPQGVSLPSPPQQQPSALASSAPLLAATLSGGCPLRNRANSGSSGDSGAAEMDIVGSHAHLTQ
NGLTITPIVRHQQQQQQQQQIGILNNAHSRNLNGGHAMCQQQQQHPQLHHHLTAGAARYRKLDSPTDSGIESGNEKNECKAVS
SGGSSSCSSPRSSVDDALDCSDAAANHNQVVQHPQLSVVSVSPVRSPQPSTSSHLKRQIVEDMPYLKRVLQAPPLYDTNSLMD
EAYKPHKKFRALRHREFETAEADASSSTSGSNSLSAGSPRQSPVPNSVATPPPSAASAAAGNPAQSQLHMHLTRSSPKASMAS
SHSVLAKSLMAEPRMTPEQMKRSDIIQNYLKRENSTAASSTTNGVGNRSPSSSSTPPPSAVQONQQRWGSSSVITTTCQQRQQS
VSPHSNGSSSSSSSSSSSSSSSSSTSSNCSSSSASSCQYFQSPHSTSNGTSAPASSSSGSNSATPLLELQVDIADSAQPLNLSK
KSPTPPPSKLHALVAAANAVQRYPTLSADVTVTASNGGPPSAAASPAPSSSPPASVGSPNPGLSAAVHKVMLEA

>RXRa [Homo sapiens]

MDTKHFLPLDFSTQVNSSLTSPTGRGSMAAPSLHPSLGPGIGSPGQLHSPISTLSSPINGMGPPFSVISSPMGPHSMSVPTTPTL
GFSTGSPQLSSPMNPVSSSEDIKPPLGLNGVLKVPAHPSGNMASFTKHICAICGDRSSGKHYGVYSCEGCKGFFKRTVRKDLTY
TCRDNKDCLIDKRQRNRCQYCRYQKCLAMGMKREAVQEERQRGKDRNENEVESTSSANEDMPVERILEAELAVEPKTETYVEA
NMGLNPSSPNDPVTNICQAADKQLFTLVEWAKRIPHFSELPLDDQVILLRAGWNELLIASFSHRSIAVKDGILLATGLHVHRNSAHS
AGVGAIFDRVLTELVSKMRDMQMDKTELGCLRAIVLFNPDSKGLSNPAEVEALREKVYASLEAYCKHKYPEQPGRFAKLLLRLPA
LRSIGLKCLEHLFFFKLIGDTPIDTFLMEMLEAPHQMT

>RARa [Homo sapiens]

MASNSSSCPTPGGGHLNGYPVPPYAFFFPPMLGGLSPPGALTTLQHQLPVSGYSTPSPATIETQSSSSEEIVPSPPSPPPLPRIY
KPCFVCQDKSSGYHYGVSACEGCKGFFRRSIQKNMVYTCHRDKNCIINKVTRNRCQYCRLQKCFEVGMSKESVRNDRNKKKKE
VPKPECSESYTLTPEVGELIEKVRKAHQETFPALCQLGKYTTNNSSEQRVSLDIDLWDKFSELSTKCIIKTVEFAKQLPGFTTLTIAD
QITLLKAACLDILILRICTRYTPEQDTMTFSDGLTLNRTQMHNAGFGPLTDLVFAFANQLLPLEMDDAETGLLSAICLICGDRQDLEQ
PDRVDMLQEPLLEALKVYVRKRRPSRPHMFPKMLMKITDLRSISAKGAERVITLKMEIPGSMPPLIQEMLENSEGLDTLSGQPGG
GGRDGGGLAPPPGSCSPSLSPSSNRSSPATHSP

>RARg [Homo sapiens]

MATNKERLFAAGALGPGSGYPGAGFPFAFPGALRGSPPFEMLSPSFRGLGQPDLPKEMASLSVETQSTSSEEMVPSSPSPPPP

PRVYKPCFVCNDKSSGYHYGVSSCEGCKGFFRRSIQKNMVYTCHRDKNCIINKVTRNRCQYCRLQKCFEVGMSKEAVRNDRNK
KKKEVKEEGSPDSYELSPQLEELITKVSKAHQETFPSLCQLGKYTTNSSADHRVQLDLGLWDKFSELATKCIIKIVEFAKRLPGFTG
LSIADQITLLKAACLDILMLRICTRYTPEQDTMTFSDGLTLNRTQMHNAGFGPLTDLVFAFAGQLLPLEMDDTETGLLSAICLICGDR
MDLEEPEKVDKLQEPLLEALRLYARRRRPSQPYMFPRMLMKITDLRGISTKGAERAITLKMEIPGPMPPLIREMLENPEMFEDDSS
QPGPHPNASSEDEVPGGQGKGGLKSPA

> RXR [Xenopus laevis]

MVGSAMTSSVNSPLGSIGSPFPVINCSVGSPGIPGTPSIGYGPVSSPQINSTVNLSGLHSVSSSEDVKPPLGMRSMPSHPNGGA
VSGKRLCAICGDRSSGKHYGVYSCEGCKGFFKRTIRKDLTYTCRDSKDCIVDKRQRNRCQYCRYQKCLATGMKREAVQEERQR
GKERDGEAELSGAINEEMPVEKILEAELAVEQKSDQSLEGGGSPSDPVTNICQAADKQLFTLVEWAKRIPHFSELALDDQVILLRA
GWNELLIASFSHRSISVKDGILLATGLHVHRNSAHSAGVGAIFDRVLTELVSKMRDMRMDKTELGCLRAIILFNPDAKGLSNPGDV
EVLREKVYASLESYCKQKYPDQQGRFAKLLLRLPALRSIGLKCLEHLFFFKLIGDTPIDTFLMEMLEAPHQLS

>RARa [Mus musculus]

MASNSSSCPTPGGGHLNGYPVPPYAFFFPPMLGGLSPPGALTSLQHQLPVSGYSTPSPATIETQSSSSEEIVPSPPSPPPLPRIY
KPCFVCQDKSSGYHYGVSACEGCKGFFRRSIQKNMVYTCHRDKNCIINKVTRNRCQYCRLQKCFDVGMSKESVRNDRNKKKKE
APKPECSESYTLTPEVGELIEKVRKAHQETFPALCQLGKYTTNNSSEQRVSLDIDLWDKFSELSTKCIIKTVEFAKQLPGFTTLTIAD
QITLLKAACLDILILRICTRYTPEQDTMTFSDGLTLNRTQMHNAGFGPLTDLVFAFANQLLPLEMDDAETGLLSAICLICGDRQDLEQ
PDKVDMLQEPLLEALKVYVRKRRPSRPHMFPKMLMKITDLRSISAKGAERVITLKMEIPGSMPPLIQEMLENSEGLDTLSGQSGG
GTRDGGGLAPPPGSCSPSLSPSSHRSSPATQSP

>RXRg [Mus musculus]

MYGNYSHFMKFPTGFGGSPGHTGSTSMSPSVALPTGKPMDSHPSYTDTPVSAPRTLSAVGTPLNALGSPYRVITSAMGPPSGA
LAAPPGINLVAPPSSQLNVVNSVSSSEDIKPLPGLPGIGNMNYPSTSPGSLVKHICAICGDRSSGKHYGVYSCEGCKGFFKRTIRK
DLIYTCRDNKDCLIDKRQRNRCQYCRYQKCLVMGMKREAVQEERQRSRERAESEAECASSSHEDMPVERILEAELAVEPKTES
YGDMNVENSTNDPVTNICHAADKQLFTLVEWAKRIPHFSDLTLEDQVILLRAGWNELLIASFSHRSVSVQDGILLATGLHVHRSSA
HSAGVGSIFDRVLTELVSKMKDMQMDKSELGCLRAIVLFNPDAKGLSNPSEVETLREKVYATLEAYTKQKYPEQPGRFAKLLLRL
PALRSIGLKCLEHLFFFKLIGDTPIDSFLMEMLETPLQIT

>E 1-like NR [Acropora millepora]

MDSDYRIQAVDRKPIILCRVCGDRSSGKHYGVFTCDGCRGFFKRSIRRNLTYQCKERGNCTVDVTRRNQCQACRLKKCFAVKM

NKDAVQHERAPRSSQVVPVVPACSMLSGMYDQPPGQASEQQLVYHKSDSSAEAKRQCSPDSEADHTTPENHKRCFSPPASLS
QYHGQNNNQSPESSKKRSFLSIESLIETKNDVRQASVGNAHPSQNHVKDDNTDGPSAVYPHSPETLYESAVHLLYMSVTWARNI
PTFLDLPFRDQAILLEEGWSELFVLSAAQFSLPVEMGPLLSAAGLQVDKAPTDKIVAGMADIRLLONIIARFRRVQIDSTEYACLKAI
VLFKPDLRGLRAPHMVERLQDQAQGMLGEYCRSKNPEQQVRFGKLLLMLPSLRSVSPKTIEDLFFRGALDNVPIERMLCDMFKS
S
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>E 1-like NR [Stylophora pistillata]

MADADVLGARRGKSAKQTVLCKVCGDRASGKHYGVLTCDGCRGFFKRSIRRDLAYQCKENNSCPIDVARRNQCQACRLKKCF
EVRMNRDAVQHERAPRTNQFKQASNEEIRCKPLKRKHNSYEQENMDLPPGQIHVTPKKEKLLDSPVTPEPIFYRNSPPRYSMEH
KSLFLVGYSKAESPKDVPVAVSVPTATAMTPPHTPQHGQQVPYSIMYFSSPEMLHESAVRILFMTVKWVRNIPTFFDLPFRDQAIL
LEEGWSELFILSVAQWNLPVEIGTLLAAAGLNPERDNSDKSVCGTGEIKAMKNIVERFKAANIDQTEYACLKAILLFKPDIRGLRAP
GHVEQLQDQAQGMLGEYDRQTYPNQQVRFGRLLLILPGLRVLSAKCIEQMFFRGTLDNIPMERLLSDMFKSA

>Smp_174260 SMTHR-B [Schistosoma mansoni]

MKYKQLLSKHINLESSQHGNLVSLNHTTLDNDIQSVQLEYHTNSPLKPTESQTSYPPLPPPITHVTESLVFVTENKLKEDIRAFNIE
NTQTSTFQVNTASQLLSSPSRNSNITNKCQIKLSTLSNPPKIKKREPYIPSYMDPLAGPEPCVVCGDNATGFHYRAMTCEGCKGF
FRRSVQKKLIYTCKFQGRCSVSDKQNRNSCQKCRFDRCISGGMAKDLVLDEDKRLAKRRLIEANRARKRAEAIEASTAVYVTDPS
INIPNITNPNSVSKYHIIHNQPISTSNTISSTPVIMSTIPYHSTIHSNIHFTNQFALNSTTRSQFNCNPIQTRYLEVTNNDIHSFVNPKTP
DATYSPANEAKLIVQPIQTIDKLQPTTMPNNMCWNPICGAPYTQCFMNDASNHDNHNSKTPLSFKESINRIQLSSVSMQINKNPLF
PSEDGYCNLLSKYSNFNSQQSVYTKAVDNNRINHSNANNVQINTHYEPQQYSPVTPEKCQTLSCDQPAITDNLSFSYPKHVSIMD
SNDTVHNDCPWTTEDQNMVDSIVQAY SNMLNPSFKRKMDNGDVDKEPEKAFYSSTDSRITSLIEPMIASLVAFARLVPGFELLDA
NDQTRLLRGCCLDIITLRAAYLLSRIAVSLGIVDSNGHNKPQFTTSPLDSADIFVQNVPSHQHNVASVIPNNIYPQLGTSDVKCAQM
IRAVALKLARLEIDQTEVALMTSILLMSPDRFGLTDCETVEHTQDILLETFNRYANRIRKIRFNRMNHNNMSSRSININGISQQQQQY
WPRILMALTELRSITLCNQGLFVEKAYGNTTEQLPWYFHELFTGDFILQETNISSFESGNNNDNNNLC

>Smp_134490 SmTHR-a like NR [Schistosoma mansoni]

MNLPITTNLTNIWSSVTTTNLSQLPVQQQQQQQQHQQTTDMQQPFIGNYNNSNPPVTELVNLISTPSSSSSLSASSSSSSSSSSS
SSSSSSSSGRRINDSQSYWNGITLLRETIPSYYSNSIGSSILCPINPSIVSQSSINNCTMNYSNVPNSLHGSSSSSSSSGNVSSTT
GNGTTKVPRQRKKDPYIPSYMDPANGPEPCVVCGDNATGFHYRAMTCEGCKGFFRRSVQKKLVYTCKYNGRCSVSDKQNRNS
CQKCRFDRCIKGGMAKDLVLDEEKRLAKRRLIEANRARKRAESDNAIQQSQINSGPSPPKQTSYLPPTPSSISSAVSPLHRSPLM
SQQNVISAQIRQSQIKPPMVTTNQSRSVLHNYPSIAQTGVMNFTNLSPTDGNSTQLHISTNLSPTIQSSTNNLDQHNSTSIQPTIYD
PNCAMLPLLQTSPTRNNLIYSDGNSPINQHSHYVSTNHHQPHHHQHHQHHHQQHPTGHPLQVPTTDLMPNNTLHSSSLVNISSS
IPLDESNQLYWSNNSTIENTFHHHHPLTTIHSGINPIHQHHQLPLQQHQNNFIQPIVTDQSWNNEQFTQSIIDTGNNISQYCPVSLIN
DTLSYDQHQRNQHPHHHHQHHHHDHHHQQQQQQQQQQQQQPSSMSHQTHDVNLYMKQTNPMNIFHFDPLIKNDDVSGMKI
AKLDERKFTMPITSINTPSTINSFSNTDYSSSLSSSSSSSSCSLSSSSSLSLSSSSSSVTLTKNTEDQLQLNSKNDDTLNVTDELFV
WTVDDQNLINSICNAYESTYFDKDSPNNKTIQNQLSGTNNKDVTQSGDNSQQNSGEFVIKSIVDSHLDEVEQEDIQHARTFYMTT
FHDLAYLIEPAITRLVKFAKQIQGFDTLEADDQIRLLCGCCIDLITLRAYCLSKSAKIQGLVDHSLLIRGPITTATTPPTTTSTSRPSNN
QSNLTHQYNTITPPYIPNNQYPKLGISDEKCAQLIRGVALKMARLNIDQTDVAMMAAILLMSPDRSDLLDVESIENNQNNLLETFNR
YVNRTRGQIKQSGLYPVSSSQCWPRIIMTLTELRSVTMCAQDLFSQTYGMSDNNNNNNQLPWYLHELFLADEKINTME

>THR-a like EgrG [Echinococcus granulosus]

MKAKIEPDEVLEEGLKTSLPSSSSSTSVSNTSSSSSGVTIPAPADSNVYTQFNYLYPVTTASSSSADNNDSGAPSSSSFIGLPYWS
MPSASAASTIPGNGGGLDIPRYEQYPASGYYQQPTDASRSPYTPMIIPQQLNPGYYGQTTSMPLPPQQPRPQTSQMHLTPKYP
QPQAKSSVKRRVHDTIATSSANPTPTRQRKKEPYIPSYMDTTNGPEPCVVCGDNATGFHYRAMTCEGCKGFFRRSVQKKLEYT
CKFNGNCSVGDKQNRNSCQKCRFDRCIKGGMAMDLVLDEDKRLAKRRLIEANRARKQAEAAMAAPQQPPPPQPLPQPRQTLIP
STFSPTTSYLPHKPETINPSDFLSSSPSSSSANSSLYWNSAGVSHNLPHQQYPSSSSTSMVQYQQSQQQPQPDANFHILEQVSQ
LMPSKEAAIMAAIAAAAASASTSASPQKCDTPTNTITTTTTITRPSTSSEAKVRNTSAATSATSMASVAPATAVAAAASSSDEVPQP
APGLESSAAIVTPSVSAAASAAVSMGSASYNGIAKALTEAYKSMSITAVKIGDAMKKISENNDADQSEKMNTLLEVVSNVIKSRILD
VLSFAKFVPGFLLLSVRDQTRLLQSSLLDILTLRAVEALSRKMARSTINREEDDSESDNQSVTTSKAYAFIARSADGNSKAIRDLAR
KVLLWKLDVTELALVANRSDVSDPGAVVAIETLLTNVLVSHVMKGNMDGVKLRRLFSMFSEIHSITIRNKEEFVEHLHDEVDTNEH
KYLSEILLAGSEDEESVMVKSEEVASTSTSNNQQLGAPLSYLRVVPAIPKAYSVLPKRILSKCYIFSSLHGNGEGLQM

>THR-B [Fasciola hepatica]

MKFQLLNKRAVFHEYNQTEDNNTSWNPISIIPLEPTSSSSYSFGRANLTGHTANTDQSDLHFKPPILSVPTPLERRSLEPISDRQD
YGGLPALSAPCLTLPSGVSEQMVLSVQGTSSSSSAPTTPSKAVCLGNPPIRPRKKEPYIPSYMDPTSGPEPCVVCGDNATGFHY
RAMTCEGCKGFFRRSIQKKLVYTCKFQGRCSVSDKQNRNSCQKCRFDRCIRGGMAKDLVLDEDKRLAKRRLIEANRARKRAEV
DAISPTSSGNVIQSSLNSAPTMFANPTYMTSQLTELQTTPHGPGHSIPMVHSLVETLGPHLYAVEQSGQPVPQPTIEVPRTVYWS
RMVAPNSMQQVQSTGFTAAVSAPSSMAASQYPPILQPYGAHSFEPIVGKEDTDVSFLMIPQSTPSVETKRVCFNLKPQSPPPPV
SVTPSISGAADSSSRLMVLSVPSEQTSSSQLIQPMSAPSGSRVDPISHEQSLKPVSRVQPPSTECAWTKDDEAMVDSIRQAYRE
MLVPCDKSMIHADNDDAGSAFRSIPPSTNISTLIEPIIARLVAFAKLIPGFGLLGADDQTRLLRGCCLDVITLRAAYVLSLSARQKGLV
ESSSLAGNESNANHANGTLVIANSTYPQLGVSDAKCAQMIRAVALKLARLEIDQTEVALMAAILLMSPDRGQLVDVDTVEHTQDLL
LETFNRYANWSRKHSGAQLTRSHSICTRPTPSSFQSQYWPRIFMALTELRSITLCNQGLFVERAFNATCDQLPWYFHELFHGSQ
LSVGADIESANDRTDGPSACLK

>THR-a [Fasciolopsis buski]

MKFQLLNKRAVFHGSKQTEDNNNSSPNDAPWNPTFDLASTSGRISLPGHVVDVEQSVPLSDQDLRPPTLSTPTPLERRSSEPIP
HRPIYNNLPIMSTSFLAPHNTVSEQTSVQRTSSCSSYTPTTPIKSVSSGNQPIRPRKKEPYIPSYMDPASGPEPCVVCGDSATGFH
YRAMTCEGCKGFFRRSIQKKLVYTCKFQDRCSVSDKQNRNSCQKCRFDRCIRGGMAKDLVLDEDKRLAKRRLIEANRARKRAE
AEATSSTPSMNNIHSSLTGAPTMFVSPTCMTPQLPELQTTPRDTDHSVTVAPPLVETIGQHLYATEQPWQSFTQSTFEAPNTIYW
SRMVAPHPIQQVQSTGFTAVVNTTTPPPYQPLLQPFAAHSFDPVTMKEDPNISILMIPQTAPVVEAKRVCFSLTPQNAQSPTGVA
NPIQSMSEPSGRLMLPPAPPEPVNSSQLTGPAPVPSRPPEPPVKHQAPIKPIARVQPPNVEYAWTKDDEKMVDSIRQAYREMLL
PSEKSKVHADIDDAGTAFRSIPSSSNISTLIEPIIARLVAFAKLVPGFGLLGADDQTRLLRGCCLDVITLRAAYVMSLDARQKGLIEST

227



Appendix

SGSSNESSGNHGSVALGIPNSTYPQLGVSDAKCAQMIRAVALKLARLEIDQTEVALMAAILLMSPDRGQLVDVDTVEHTQDLLLE
TFNRYANWSRKHSNTQLTRSLSSCTRQTPSSVQTQYWPRIFMALTELRSITLCNQGLFVERAFSATCDQLPWYFHELFQGSQVS
LGVETESDVSIPINDRPGS

>THR-B ortholog [Schistosoma japonicum)]

MKYKQMLSKHINHYSSQLDDCISVTCMTIDKNDAQSVQLECNTTLPLKSTGTQRFHTLATESLLTVTENNLKENIQTANTQYTQSS
AHQVLSPDTQLSPPSTSHNPHKCHTKINASHNPPKVKKREPYIPSYMDPLTGPEPCVVCGDNATGFHYRAMTCEGCKGFFRRSI
QKKLVYTCKFQGRCSVSDKQNRNSCQKCRFDRCISGGMAKDLVLDEDKRLAKRRLIEANRARKKAEAVAAATSVTDSLTTTPGII
NPDTTTNYHITNNQPISMSNTISTPVVMSSLPHHSTFHAYNSFTN
QFTVSSAPTGQLNYNLIKAYPLEVPNSSSHSIVSTSTSVIHLPENEPKSVVQSSQTTDKLQQPTVPNNICWHPVYGIPYAQCLANA
KTGNRNNTSSISISYEESMNRIQLLNVSNQITNYPSLSSEVDHCNLLSELKNLKNQQTTNAKTIDDNHISANTVNSNGKNNNHVHL
TTDYAPQQYSPITPEKCSTSSCDKQIKFTDNSLSVTYPKHINIMDSIETVYNDCPWTKEDQNMVDSIVQAYGNMLNPNFKLKTANE
DIDKDPEKAFYSSTDSKITSLIEPMIASLVAFARLVPEFELL
DANDQTRLLRGCCLDVITLRAAYLLSRIAMSLGIVEPNAYNKSQLASSSDSVDAFVQHMPSHQQENVTSNIPNNIYPQLGTSDTKC
AQMIRAVALKLARLEIDQTEVALMTAILLMSPDRPGLTDCETVEHTQDALLETFNRYANRIRKIRSNRTNHNNVTSSQQQYWPRIL
MALTELRSITLCNQGLFLEKAYGSANEQLPWYFRELFTGDFMIQQTDRLTFQYDSNSNSNNNYSY

>THR-B ortholog [Schistosoma rodhaini]

MKYKQLLSKHINLESSQHSNLVSLNHTTLDSDKQSVQLEYHTNSPLKPTESETSYPPLLAPIIRVTESLVFVTENKLKEDIRAFNIEN
TQTSTVQVNKASQLLSSPSRNSNITHKCQIKLSTLSNPPKIKKREPYIPSYMDPLAGPEPCVVCGDNATGFHYRAMTCEGCKGFF
RRSVQKKLIYTCKFQGRCSVSDKQNRNSCQKCRFDRCISGGMAKDLVLDEDKRLAKRRLIEANRARKRAEAIEASTAVYVTDPSI
NIPNITNPNSVSKYHIIHNQPISTSNTISSTPVIMSTIPYHSTIHSNIHFTNQFALNSTTRSQFNCNPIQTRYLEVTNNDIHSLVNPKTP
DATYSPANEAKLIVQPIQTIDKLQPTTMPNNMCWNPICGAPYTQCFMNDASNHDNQNSKIPLSYKESINRIQLSNVSMQINKNPLF
PSEDGYCNLLSKYSNFNSQQSVYTKAVDNNRINHSNVNNVQINTHYEPQQYSPVTPEKCQTSCDQPAITDNLSFSYPKHVSIMD
SNDTVHNDCPWTTEDQNMVDSIVQAYSNMLNPSFKRKMDNEDVDKEPEKAFYSSTDSRITSLIEPMIASLVAFARLVPGFELLDA
NDQTRLLRGCCLDIITLRAAYLLSRIAVSLGIVDSNGHNKPQFTTSPLDSADIFVQNVPSHQHNVASAIPNNIYPQLGTSDVKCAQM
IRAVALKLARLEIDQTEVALMTSILLMSPDRFGLTDCETVEHTQDILLETFNRYANRIRKIRFNRMNHNNMSSRSININGISQQQQQ
QYWPRILMALTELRSITLCNQGLFVEKAYGNTTEQLPWYFHELFTGDFILQETNISSFEGGNNNDNNNLC

>THR-a [Mus musculus]

MEQKPSKVECGSDPEENSARSPDGKRKRKNGQCPLKSSMSGYIPSYLDKDEQCVVCGDKATGYHYRCITCEGCKGFFRRTIQK
NLHPTYSCKYDSCCVIDKITRNQCQLCRFKKCIAVGMAMDLVLDDSKRVAKRKLIEQNRERRRKEEMIRSLQQRPEPTPEEWDLI
HVATEAHRSTNAQGSHWKQRRKFLPDDIGQSPIVSMPDGDKVDLEAFSEFTKIITPAITRVVDFAKKLPMFSELPCEDQIILLKGCC
MEIMSLRAAVRYDPESDTLTLSGEMAVKREQLKNGGLGVVSDAIF
ELGKSLSAFNLDDTEVALLQAVLLMSTDRSGLLCVDKIEKSQEAYLLAFEHYVNHRKHNIPHFWPKLLMKEREVQSSILYKGAAAE
GRPGGSLGVHPEGQQLLGMHVVQGPQVRQLEQQLGEAGSLRGPVLQHQSPKSPQQRLLELLHRSGILHSRAVCGEDDSSEAS
SLSSSSDTEDTEVCEDQAGKAASP

>THR-a-a [Danio rerio]

MENTEQEHNLPEGDETQWPNGVKRKRKNSQCSMNSTSDKSISVPGYVPSYLEKDEPCVVCGDKATGYHYRCITCEGCKGFFR
RTIQKNLHPSYSCKYDSCCIIDKITRNQCQLCRFRKCISVGMAMDLVLDDSKRVAKRRLIEENREKRKKEEIVKTLHNRPEPTVSE

WELIRMVTEAHRHTNAQGPHWKQKRKFLPEDIGQSPAPTSDNDKVDLEAFSEFTKIITPAITRVVDFAKKLPMFSELPCEDQIILLK
GCCMEIMSLRAAVRYDPESETLTLSGEMAVSREQLKNGGLGVVSDAIFDLGKSLSQFNLDDSEVALLQAVLLMSSDRSGLTCVE
KIEKCQEMYLLAFEHYINHRKHNISHFWPKLLMKVTNLRMIGACHASRFLHMKVECPTELFPPLFLEVFEDQEGSTGVAAQEDGS
CLR

>THR-B [Danio rerio]

MSEQADKCNSRWKDEAMQNGYIPSYLDKDELCVVCGDKATGYHYRCITCEGCKGFFRRTIQKNLNPTYACKYEGKCVIDKVTR
NQCQECRFKKCIAVGMATDLVLDDSKRLAKRKLIEENRERRRREELQKTVWDRPEPTQEEWEMIRVVTEAHMATNAQGNHWK
QKRKFLSAVGVKEAKPEDIGSAPIVNAPEGNKVDIEAFSQFTKIITPAITRVVDFAKKLPMFCELPCEDQILLKGCCMEIMSLRAAV
RYDPESDTLTLNGEMAVTRGQLKNGGLGVVSDAIFDLGVSLSSFNLDDSEVALLQAVILLSSDRPGLTSVERIERCQEEFLLAFEH
YINYRKHKVAHFWPKLLMKVTDLRMIGACHASRFLHMKVECPTELFPPLFLEVFED

>THR-B [Mus musculus]

MTPNSMTENGLPAWDKQKPRPDRGQDWKLVGMSEACLHRKSHVERRGALKNEQTSPHLIQATWTSSIFHLDPDDVNDQSISSA
QTFQTEEKKCKGYIPSYLDKDELCVVCGDKATGYHYRCITCEGCKGFFRRTIQKSLHPSYSCKYEGKCIIDKVTRNQCQECRFKK
CIYVGMATDLVLDDSKRLAKRKLIEENREKRRREELQKSIGHKPEPTDEEWELIKTVTEAHVATNAQGSHWKQKRKFLPEDIGQA
PIVNAPEGGKVDLEAFSHFTKIITPAITRVVDFAKKLPMFCELPCEDQIILLKGCCMEIMSLRAAVRYDPDSETLTLNGEMAVTRGQ
LKNGGLGVVSDAIFDLGMSLSSFNLDDTEVALLQAVLLMSSDRPGLACVERIEKYQDSFLLAFEHYINYRKHHVTHFWPKLLMKVT
DLRMIGACHASRFLHMKVECPTELFPPLFLEVFED

>Nhr-2 [Caenorhabditis elegans]

MVPMNPELMHYPNQPHMMPGYPMINAYQQSYLQNPAQWTPEMLLCMQMQMQQMVPGTATNSTYMPPQSKNTVTPNATSPL
SQISDRDSGNDTISPPLTSQNSATTPNYHNQPQMQLTPLQQAKPEKEEISPYAINNILSSTQSSPDNGNEADDKENSSVRRNTFP
ASSASTKKPRGTPYDRTNTPMTVVPQMPQFAPDFSNYNLTMNAWSEFFKKDRCMVCGDNSTGYHYGVQSCEGCKGFFRRSV
HKNIAYVCTKGENCTFSYENCAANRGVRTRCQACRFAKCLAVGMNRDNVRVNKETDKDVKPSVASPNFEMTSQVKELTAAFVA
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NMPCSTHLTSGTHAIGAIKKFIESVPALSSLLPKDEKALEMSIQKVMSGILAIRAAFTFDPITFYSCENPVNLLRGGIRNTVENDCEV
ALLSGIHILQIVNGGVAEIFTSYCQGLRHQLSQTHLQEIGLCDRLLMRLGPYLNQ

>THR-B [Homo sapiens]

MTPNSMTENGLTAWDKPKHCPDREHDWKLVGMSEACLHRKSHSERRSTLKNEQSSPHLIQTTWTSSIFHLDHDDVNDQSVSSA
QTFQTEEKKCKGYIPSYLDKDELCVVCGDKATGYHYRCITCEGCKGFFRRTIQKNLHPSYSCKYEGKCVIDKVTRNQCQECRFK
KCIYVGMATDLVLDDSKRLAKRKLIEENREKRRREELQKSIGHKPEPTDEEWELIKTVTEAHVATNAQGSHWKQKRKFLPEDIGQ
APIVNAPEGGKVDLEAFSHFTKITPAITRVVDFAKKLPMFCELPCEDQIILLKGCCMEIMSLRAAVRYDPESETLTLNGEMAVTRG
QLKNGGLGVVSDAIFDLGMSLSSFNLDDTEVALLQAVLLMSSDRPGLACVERIEKYQDSFLLAFEHYINYRKHHVTHFWPKLLMK
VTDLRMIGACHASRFLHMKVECPTELFPPLFLEVFED

Supplemental Table S2. Sequencing results of A.s. Casl2a-mediated SmUbi-eGFP-
SmuUbi integration into GSH1 of sporocysts from transplantation experiments

1. 3’-integration side sequence (5"- 37):
CATGGACGAGCTGTACAAGTGAGAGGTTAACTTTAATTTTGTTCATTTAACTTAATAAACGTTTA
ATTTAACTTATTAAAATGTTTTCTTCCTAATTTGTAGCGTATCTTAGTGTAACTGTGCTTCCTATT
AGATTGAAATTCTATCGTAATCTGCAATTAGGCTCATGGGGATATGTTATGCCAATTTTCCGAAA
ATTGTTAGCACTTAGGTTTCGGTGTTTTTTTACTAGGATGTCATGTTTTATTCATATTTGCGTCCT
TGCTCTTGTGTGTGGTATGCGTCGCTATGTGGAACTCGTAA

Sequencing primer: GSH1primer rev (5°-3):
GTG TAT TTC CTATGC TAT GAAAATACCT

2. 3 -integration side sequence (5"- 3°):
CATGGACGAGCTGTACAAGTGAGAGGTTAACTTTAATTTTGTTCATTTAACTTAATAAACGTTTA
ATTTAACTTATTAAAATGTTTTCTTCCTAATTTGTAGCGTATCTTAGTGTAACTGTGCTTCCTATT
AGATTGAAATTCTATCGTAATCTGCAATTAGGCTCATGGGGATATGTTATGCCAATTTTCCGAAA
ATTGTTAGCACTTAGGTTTCGGTGTTTTTTTACTAGGATGTCATGTTTTATTCATATTTGCGTCCT
TGCTCTTGTGTGTGGTATGCGTCGCTA

Sequencing primer: GSH1 primer rev (5-3):
GTG TATTTC CTATGC TAT GAAAATACCT
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Supplemental Table S3. Sequencing results of A.s. Casl2a-mediated SmUbi-eGFP-
SmuUbi integration into GSH1 of adult worms from transplantation experiments

1. 3’-integration side sequence (5- 3'):
AACGTTTAATTTAACTTATTAAAATGTTTTCTTCCTAATTTGTAGCGTATCTTAGTGTAACTGTGC
TTCCTATTAGATTGAAATTCTATCGTAATCTGCAATTAKGCTCATGGGGATATGTTATGCCAATT
TTCCGAAAATTGTTAGCACTTAGGTTTCGGTGTTTTTTTACTAGGATGTCATGTTTTATTCATATT
TGCGTCCTTGCTCTTGTGTGTGGTATGCGTCGCTATGGTCTCAGCTTTGGGCTGCATTGTTAAG
TTTAAGGAAACTGCATAGTATGGAACCAAGGCAGTGGTCACAGAGTAGTATAAYAARATTYTCC
TTCAGGCTGCCCACCAGCACAAARAATGACATAATCGATAGKTACRTCCCCTCMGYTGGAGGG
TTTGACCTACGACAGCATGATYTAATATATTTTCRAGAAAAGYCTAWGATGAAATCGAMCGAAT
GATGTTAAATCMWACAGGAAAACATTGTTTCGAAGGGGAGAATAAWAGGAGGGGCTTTWCTM
TKAAGGTCCATTAAAGATTTCCTGGATATGCACCACTGCATGTGGCTAATATTTTRTCTCCTGC
GACCCTCAATMARGAGTCTCAATACKGCTAACCCAWAAGTCTATAATWTCAGYACTAATAGCA
TATCTTGMTCTGACTTCCAACATCATTCTTATCRTTCTACTTGCAAGTCRCCCAACATAWAGGC
GCTGKATGRRTAGATCCTTACATMSCCCAACCACCTGTGATGTTTACAAATTCATTCKKCCTAAT
ACCATCTGTATGTAGGACTTTTCTTAACATCATTGT

Sequencing primer: eGFP-Ubi-Ter fw (5°-3):
CAT GGA CGA GCT GTA CAA GTG AGA GGT TAAC

2. 3’-integration side sequence (5"- 3°):
YCTAAATGTTTTCTTCCTAATTTGTAGCGTATCTTAGTGTAACTGTGCTTCCTATTAGATTGAAAT
TCTATCGTAATCTGCAATTAGGCTCATGGGGATATGTTATGCCAATTTTCCGAAAATTGTTAGCA
CTTAGGTTTCGGTGTTTTTTTACTAGGATGTCATGTTTTATTCATATTTGCGTCCTTGCTCTTGTG
TGTGGTATGCGTCGCTATGTGGAACTCGGTAGATGAAGGCTGGTTCAATAGCTGGAATTGGGA
TGGTGTGCCACAAGTGTTTAAGGAAACTGCATAGTATGGAACCAGCCTTCATCTACCGAGTTCC
ACATAGCGACGCATACCACACACAAGAGCAAGGACGCAAATATGAATAAAACATGACATCCTA
GTAAAAAAACACCGAAACCTAAGTGCTAACAATTTTCGGAAAATTGGCATAACATATCCCCATG
AGCCTAATTGCAGATTACGATAGAATTTCAATCTAATAGGAAGCACAGTTACACTAAGATACGC
TACAAATTAGGAAGAAAACATTTTAATAAGTTAAATTAAACGTTTATTAAGTTAAATGAACAAAAT
TAAAGTTAACCTCTCACTTGTACAGCTC

Sequencing primer: GSH1 primer rev (5-3):
GTG TAT TTC CTATGC TAT GAAAATACCT

3. 3’ -integration side sequence (5'- 3"):
ARCGKATCTTAGTGTAACTGTGCTTCCTATTAGATTGAAATTCTATCSTAATCTGCAATTAKGCT
CATGGGGATATGTTATGCCAATTTTCCGAAAATTGTTAGCACTTAGGTTTCGGTGTTTTTTTACT
AGGATGTCATGTTTTATTCATATTTGCGTCCTTGCTCTTGTGTGTGGWATGCGTCGCTATGGTC
TCASCTTTGGGCTGCATTGTTAAGTTTAAGGAAACTGCATAGTATGGAACCAGAG
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Sequencing primer: eGFP-Ubi-Ter fw (5°-3):
CAT GGA CGA GCT GTA CAA GTG AGA GGT TAAC

1. 5’-integration side sequence (5- 3'):
TTGAGATAAGTGAAATCAATCGGAGACAATCTGGAAAGGTCAGATAATTGATCTCGAGGTATTT
TCATAGCATAGGAAATACACAATCCG

Sequencing primer: Ubi-Prom HA left rev (5"-3"):
ATT GAG GAC CGT TCA GAT CGT GTC

2. 5 -integration side sequence (5"- 3°):
GCGTATCTTAKTGTAACTGTGCTTCCTATTAGATWGAAATTCTATCSKAATCTGCAATTAKGCTC
ATGGGGATATGTTATGCCAATTTTCCKAAAATTGTTASCACTTAGGTTTCGGTGTTTTTTTACTA
GGATGTCATGTTTTATTCATATTTGCGTCCTTGCTCYTGTGTGTGGWATGCGTCGCTATGTGR

Sequencing primer: Ubi-Prom HA left rev (5"-3"):
ATT GAG GAC CGT TCA GAT CGT GTC

3. 5’-integration side sequence (5"- 3"):
CTTATCTCAATCACCACCAGATTGTGTCTTCTCACTTGGACACGATCTGAACGGTCCTCAATAA
TG

Sequencing primer: GSH1 primer fw (5°-3"):
GTG TATTTC CTATGC TAT GAAAATACCT

Supplemental Table S4. Sequence information of the potential SmUbi minimal

promoter/terminator-driven dsRed reporter-gene construct

Sequence of the Smp_335990 (SmUbi) minimal promoter 5"- 3"
TCAGAGACAAACTAGTGAGACATTTTCAAGGTCTTCACAATTGTTTTCTGTTGATTTAGATGTGA
AAAATCATTCATATGATGCACTTGGAGATGTTTAAGTTCCGATCTAACGAAGCATATCTCCAACA
GTTAACTGCTCTAATAAATTGATGACTTCACGTGAACTAAAACCCATAAAGATAAAATGGCAAAC
TTTATTTTACATTATTACCTAAACTTTTGTCATCTTGAAACTCGAAAAATGTGGCACTTGAATGAG
AAGTTGCTGACTAACAAAAACGTTTCATAATGAATTAGGAGGTTCAGACTGTAACAAGTTATTTT
CTGAAAGTAAATGTGACTAGAATGTGGTTTGAGTAAGTAACAATCACCTCGACGAATACCTTGT
TTTACTGCCCTGAATTGAAGGTAGCGCTAAATAAACGTAGTATAGACTATATATAGCCAGCAAA
ATCGAAAGGCTGCCATACTTGTTCGTTAGTGTAAACGATAGACCTTACG

Sequence of the dsRed reporter-gene 5°- 3’

ATGGCCTCCTCCGAGGACGTCATCAAGGAGTTCATGCGCTTCAAGGTGCGCATGGAGGGCTC
CGTGAACGGCCACGAGTTCGAGATCGAGGGCGAGGGCGAGGGCCGCCCCTACGAGGGCACC
CAGACCGCCAAGCTGAAGGTGACCAAGGGCGGCCCCCTGCCCTTCGCCTGGGACATCCTGTC
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CCCCCAGTTCCAGTACGGCTCCAAGGTGTACGTGAAGCACCCCGCCGACATCCCCGACTACA
AGAAGCTGTCCTTCCCCGAGGGCTTCAAGTGGGAGCGCGTGATGAACTTCGAGGACGGCGGC
GTGGTGACCGTGACCCAGGACTCCTCCCTGCAGGACGGCTCCTTCATCTACAAGGTGAAGTTC
ATCGGCGTGAACTTCCCCTCCGACGGCCCCGTAATGCAGAAGAAGACTATGGGCTGGGAGGC
CTCCACCGAGCGCCTGTACCCCCGCGACGGCGTGCTGAAGGGCGAGATCCACAAGGCCCTG
AAGCTGAAGGACGGCGGCCACTACCTGGTGGAGTTCAAGTCCATCTACATGGCCAAGAAGCC
CGTGCAGCTGCCCGGCTACTACTACGTGGACTCCAAGCTGGACATCACCTCCCACAACGAGG
ACTACACCATCGTGGAGCAGTACGAGCGCGCCGAGGGCCGCCACCACCTGTTCCTGTAG

Sequence of the Smp_335990 (SmUbi) minimal terminator 5°- 3°

TGAGAGGTTAACTTTAATTTTGTTCATTTAACTTAATAAACGTTTAATTTAACTTATTAAAATGTTT
TCTTCCTAATTTGTAGCGTATCTTAGTGTAACTGTGCTTCCTATTAGATTGAAATTCTATCGTAAT
CTGCAATTAGGCTCATGGGGATATGTTATGCCAATTTTCCGAAAATTGTTAGCACTTAGGTTTC
GGTGTTTTTTTACTAGGATGTCATGTTTTATTCATATT

Plasmid map

pJC53.2 UbiProm(min)-dsRed-UbiTer

4656 bp
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Poster: Max F. M6scheid, Prapakorn Wistiphongpun, Wannaporn Ittiprasert, Thomas Quack,
Victoria H. Mann, Christoph Grunau, Paul J. Brindley, Christoph G. Grevelding (2023).
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