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This review highlights recent advances and ongoing challenges in the genomics,
genetics, and gene-editing (3G) of the freshwater snail Biomphalaria glabrata,
based on insights gained from a novel model system we initiated two decades
ago. B. glabrata is an intermediate host of the human blood fluke Schistosoma
mansoni and serves as the principal model organism for schistosomiasis research.
We developed two homozygous lines of B. glabrata, the iM line and iBS90,
through 81 and 41 generations of selfing the commonly used M line and BS90,
respectively. These lines display contrasting infection phenotypes: susceptibility
or resistance to S. mansoni. High-quality scaffold-based genome assemblies
were generated for both lines, followed by a chromosome-level assembly of the
iM line genome. An F, segregating population derived from these lines enabled
the identification of three loci, two linked to resistance or susceptibility and one
associated with pigmentation, using a double digest restriction-site associated
DNA sequencing (ddRADseq) approach. Recombinant inbred lines (RILs) were
developed through two crosses and ten generations of selfing. Genetic mapping
with RILs refined the resistance locus on chromosome 5 from 8 to 3 Mb through
individual-based whole-genome sequencing. Ongoing work includes
comparative transcriptome analyses of the two homozygous lines and RILs in
response to schistosome infection, along with fine-scale mapping of advanced
intercross lines to elucidate the molecular basis of the snail's anti-schistosome
defenses. Over the past 10 years, we have made extensive efforts to achieve
germline delivery and generate genetically modified snails. Although pantropic
lentiviral and yolk protein-mediated germline delivery methods were
unsuccessful, these pioneering experiments provide valuable insights for
future research. Finally, we successfully generated germline-edited B. glabrata,
the first genetically modified schistosomiasis vector snail, by microinjecting
CRISPR/Cas9 and guide RNA (gRNA) targeting the fibrinogen-related protein
3.1 (FREP3.1) gene into decapsulated embryos, followed by ex ovo culture. This
breakthrough establishes a foundation for innovative genetic strategies to control
this neglected tropical disease.

Biomphalaria glabrata, CRISPR/Cas9, gene-editing, genetic mapping, recombinant
inbred line, advanced intercross line, Schistosoma mansoni, schistosomiasis
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1 Introduction

The freshwater snail Biomphalaria glabrata (Gastropoda:
Planorbidae) is a Neotropical species with 2n = 36 chromosomes
and no sex chromosomes (Goldman et al., 1984). This species has
been a model organism for schistosomiasis research since the 1950s
(Newton, 1953). B. glabrata serves as an intermediate host for
the human blood fluke Schistosoma mansoni, the causative agent
of schistosomiasis (bilharziasis), a disease that affects approximately
250 million people in 78 countries (McManus et al., 2018; Lo et al.,
2022; Buonfrate et al,, 2025). Recently, the disease has been reported
in Europe due to globalization and climate change (Gabrielli
and Garba Djirmay, 2023; De Vito et al, 2025). Currently,
there is no vaccine available against schistosome parasites, and
treatment relies solely on praziquantel (PZQ), a chemotherapy
that has been in use for about four decades (Seubert et al., 1977).
However, reliance on PZQ alone is unlikely to achieve effective
disease control or elimination, as reinfection, particularly in
children, occurs rapidly after treatment (Wiegand et al, 2017;
Kittur et al., 2019; Assaré et al., 2020). Additionally, schistosomes
may develop resistance to PZQ, especially during mass drug
further
controlling schistosomiasis (Eastham et al., 2024).

administration, complicating its effectiveness in

Snail control, either alone or combined with other measures, has
proven to be one of the most effective strategies for reducing
schistosomiasis transmission in endemic areas (King and Bertsch,
2015; Lo et al., 2018). However, the most widely used molluscicide,
niclosamide, is toxic to non-target aquatic organisms, limiting its
environmental safety and large-scale application (Andrews et al.,
1982; King et al., 2015; Zhang et al., 2015; Buddenborg et al., 2019).
Since snails play important ecological roles, ideal biocontrol
strategies should aim to block the parasite’s intramolluscan
development without eradicating snail populations. Supporting
this concept, field studies in Brazil have shown that introducing
schistosome-resistant Biomphalaria tenagophila into endemic
regions can reduce transmission (Coelho et al, 2008; Marques
et al., 2014).

Genetics-based biocontrol approaches targeting snails, such as
CRISPR (clustered regularly interspaced short palindromic repeats)-
mediated gene drives, offer a promising alternative for interrupting
schistosomiasis transmission (Maier et al., 2019; Grewelle et al,,
2022; Pacesa et al, 2024). Similar strategies have shown great
promise in controlling mosquito-borne diseases; for instance,
genetically modified Aedes aegypti mosquitoes have been released
in the United States and Brazil to combat arboviral diseases such as
dengue, yellow fever, chikungunya, and Zika (Harris et al., 2012;
Carvalho et al., 2015; Ernst et al., 2015; Evans et al., 2019; Shaw and
Catteruccia, 2019). As gene-edited disease vectors become
in public health, applying
strategies to vector snails could transform schistosomiasis control.

increasingly important similar

Achieving this great goal requires two essential foundations:
(1) a thorough understanding of the molecular mechanisms
underlying snail resistance to schistosomes and (2) an effective
tool for germline gene-editing. This review summarizes our
efforts in both areas. Without either foundation, producing
and implementing genetically modified snails that target
specific genes for disease control is impossible, rendering
debates on their field applications premature.
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Research on the molecular mechanisms of schistosome
resistance in B. glabrata has primarily focused on immune
responses to infection across various snail strains, generating
valuable insights (see recent reviews by Pila et al. (2017), Castillo
et al. (2020), Al-Khalaifah (2022), Abou-El-Naga and Mogahed
(2024), and Zayed (2025). Unlike those reviews, the present work
highlights recent advances and challenges in B. glabrata genomics,
genetics, and gene-editing, built on unique model systems we began
developing two decades ago. The genetic resources developed in this
system are timely aligning with cost-effective, high-throughput
next-generation sequencing technologies such as Illumina and
Pacific (PacBio)
unprecedented opportunity to explore the biology of vector

Biosciences sequencing, which offer an
snails, especially the long-standing question of schistosome
resistance.

The first part of this paper, illustrated in Figure 1, provides an
overview of the system, including the development of two
homozygous lines, whole genome sequencing at the scaffold and
chromosome levels, multiple genetic mapping approaches, and
comparative transcriptome profiling of different genetic lines in
response to schistosome infection. The second part focuses on our
efforts in germline delivery and gene-editing, while the pantropic
lentiviral and yolk protein-mediated strategies are outlined
in Figure 2.

2 Development of two homozygous
lines of Biomphalaria glabrata

Inspired by the significant contributions of animal homozygous
lines to life science research, we developed two homozygous B.
glabrata lines, the iM line and iBS90, derived from the M line and
BS90, respectively. The albino M line originated from crosses in the
1950s between albino Brazilian and pigmented Puerto Rican snails
(Newton, 1953). The pigmented BS90 snail, also known as the
Salvador strain, was isolated in the 1960s from a field population
in Salvador, Brazil, and exhibited resistance to both local and
allopatric S. mansoni (Paraense and Correa, 1963). The M line is
susceptible to S. mansoni, whereas BS90 is generally resistant; both
are commonly used in laboratory research (e.g., Knight et al., 1999;
Lewis et al., 2001; Ittiprasert et al., 2010; Li et al., 2020; Lu et al., 2022;
Blouin et al., 2024).

The development of the iM line began in 2001, followed by the
iBS90 in 2011. The iM line was generated through 81 generations of
selfing from a single M line snail, while iBS90 was produced by
41 generations of selfing from a single BS90 snail (Figure 1; Bu et al,,
2022). The homozygous breeding programs for the iM line and
iBS90 were completed in 2018 and 2022, respectively, and the
populations have since been maintained at the Center for
Evolutionary and Theoretical Immunology (CETI) at the
University of New Mexico (UNM) (Bu et al,, 2022; Zhang et al,,
2024; Zhong et al., 2024).

We first tested the infection phenotype of the two lines based on
cercarial shedding; snails shedding cercariae were considered
susceptible, while those that did not were regarded as resistant to
schistosome infection (see Section 4.1 for more details). Our
repeated tests showed that the iM line consistently exhibited
susceptibility to the New World South American PR1 and NMRI
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A comprehensive genetic breeding program for Biomphalaria glabrata started in 2001.

strains of S. mansoni acquired from the NIH/NIAID-funded
Schistosomiasis Resource Center of the Biomedical Research
iBS90  was
resistant. Similar results were obtained when both lines were
challenged with field-derived Old World Kenyan S. mansoni,
suggesting that genetic loci conferring broad-spectrum resistance
are likely conserved across geographically distinct snail populations.

Institute  (www.afbr-bri.org), while completely

Next, we assessed the homozygosity of the two lines using
K-mer analysis of their Illumina reads and confirmed both lines
are homozygous (Bu et al., 2022). These characteristics make the
iM line and iBS90 powerful models for genomic and genetic
studies, enabling highly controlled, accurate, and reproducible
experiments.
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3 Whole genome sequencing of
Biomphalaria glabrata

3.1 Scaffold-based genome assembly

To empower the two homozygous lines for genetic mapping and
other biological research, we first sequenced their complete
mitochondrial genomes (Zhang et al., 2018), followed by their
nuclear genomes (Bu et al., 2022). The mitochondrial genomes
are 13,667 nucleotides (nt) for the iM line and 13,676 nt for iBS90,
with a sequence identity of 94.5% (Zhang et al., 2018).

For the nuclear genomes, two individuals from each line were
sequenced using Illumina and PacBio platforms, respectively (Bu

frontiersin.org
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et al,, 2022). The assembled haploid genome sizes were 871 million
bases (Mb) for the iM line (120x coverage; 255 scaffolds; N50 =
22.7 Mb) and 885 Mb for iBS90 (87x coverage; 346 scaffolds; N50 =
194 Mb). Single-Copy Orthologs
(BUSCO) analysis indicated 96% genome completeness for both

Benchmarking Universal

assemblies. These results represent a substantial improvement over
the first B. glabrata reference genome from the BBO2 strain, which
contained more than 331,400 scaffolds, had 88.8% BUSCO
completeness, and an N50 of 48 kb (Adema et al,, 2017).

Our comparative whole-genome analysis revealed extensive
single nucleotide polymorphisms (SNPs) and small structural
variants, but no evidence of large-scale subchromosomal
rearrangements between the iM line and iBS90 genomes (Bu
et al, 2022). This suggests that S. mansoni resistance or
susceptibility is unlikely to be driven by major chromosomal

rearrangements.

3.2 Chromosome-level genome assembly

To further improve assembly quality, we applied Omni-C
sequencing for scaffolding and generated the first chromosome-
level genome assembly for B. glabrata (iM line), achieving a total of
337x coverage after combining all sequencing datasets (Zhong et al.,
2024). This yielded 18 sequence contact matrices corresponding to
the 18 haploid chromosomes (2n = 36), with 96.5% of scaffold
The
chromosome assemblies (Zhong et al., 2024) were largely

sequences anchored to these chromosomes. eighteen
validated by the 18 genetic linkage groups we previously reported
(Bu et al., 2022).

The iM line genome is predicted to encode 34,559 protein-
coding genes and 2,406 non-coding RNAs, with 42.5% repetitive
elements (Zhong et al., 2024). Because the iM line is completely
homozygous, all homologous chromosomes are identical, allowing
the assembly to represent a single haploid genome rather than a
heterozygous composite commonly found in current genome
assemblies. This eliminates the haplotype resolution issues
associated with heterozygous organisms and improves sequence
reliability, highlighting the advantages of using homozygous lines
for whole genome sequencing.

The final assembled genome size was 842,576,133 bp, closely
matching a later report of 845,861,586 bp (Berriman et al., 2024), a
difference of only 0.4%. This size is slightly smaller than our earlier
scaffold-based assembly of 871 Mb (Bu et al., 2022) and substantially
smaller than the initial BBO2 draft genome of 916 Mb (Adema et al.,
2017). Based on these findings, we estimate the true assembled
genome size to be 843-846 Mb. Our flow cytometry measurement of
the haploid DNA content (C-value) for the iM line is 1.11 pg, which
is equivalent to approximately 1,086 Mb in genome size (Bu et al.,
2023; Zhang et al., 2025). This indicates that the genome assembly is
about 22.4% smaller than the DNA content-based estimate, a
common discrepancy due to the challenges of assembling
repetitive sequences (Elliott and Gregory, 2015). It is important
to note that the current assembly and annotation require refinement,
especially considering the over 20 years of significant effort to
finalize the human genome sequence (Nurk et al, 2022). More
advanced genomic technologies, such as telomere-to-telomere
(T2T) genome assembly combined with long-read assembled
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transcriptomes, could enable the generation of a gapless,
chromosome-level — assembled genome with  high-quality
annotation (Nurk et al., 2022; Nip et al., 2023; Li and Durbin, 2024).

To evaluate the assembly’s application, we mapped two major
immune-related gene families—toll-like receptor (TLR) genes and
fibrinogen-related domain-containing protein (FReD) genes—onto
the 18 assembled chromosomes. A total of 70 TLR-like genes were
found across 13 chromosomes. The three chromosomes with the
highest number of TLRs are chromosome 14 (34.3%; 24/70),
chromosome 8 (18.6%; 13/70), and chromosome 15 (15.7%; 11/
70). The remaining 10 chromosomes each hosted 1 to 5 TLRs,
collectively accounting for 31.4% of the total. We identified 80 FReD
genes across 15 chromosomes, with chromosome 13 exhibiting the
highest proportion of FReDs (44 of 80; 55%). Notably, nearly all
fibrinogen-related protein (FREP) genes, characterized by the
presence of both immunoglobulin (IgSF) and fibrinogen domain
sequences, were located in a compact region: 39 of 40 FREP genes lie
within a ~5 Mb segment of chromosome 13, which spans ~37 Mb
(Zhong et al, 2024). In addition to these inherent loci,
recombination, mutation, and alternative splicing, along with
retrotransposition, may play a role in enhancing FREP diversity
(Zhang and Loker, 2003; Zhang et al., 2004; Hanington and Zhang,
2011). Clustering in a compact genomic region may facilitate genetic
exchange among related genes, promoting FREP sequence
diversification.

4 Genetic mappin% and comparative
transcriptome profiling

4.1 F,-ddRADseq mapping

For genetic mapping studies, we first generated an F, segregating
population using the homozygous iM line and iBS90 snails as
parents, followed by selfing the F; snails (Figure 1; Bu et al,
2022). A total of 1,133 juvenile F, snails from this population
were individually exposed to S. mansoni. Finally, we successfully
phenotyped 869 individuals for resistance/susceptibility and
pigmentation/albinism. Among these, 421 were resistant and
448 were susceptible. A Chi-square goodness-of-fit test indicated
that the ratio of resistance to susceptibility significantly deviated
from the expected 3:1 Mendelian ratio, suggesting that schistosome
resistance in juvenile snails is not controlled by a single gene (x* =
18.78, P < 0.01). This result aligns with earlier findings from classical
genetic crosses (Richards, 1970; Richards et al, 1992; Lewis
et al., 2001).

We utilized F, samples with recorded body color for genetic
studies, as no prior genetic mapping of pigmentation in snails has
been reported, and pigmentation markers have important
implications for basic research. A total of 674 F, snails were
pigmented, and 195 were albino ()(2 = 3.04, P = 0.08), consistent
with a previous observation suggesting that pigmentation is
controlled by a single locus (Richards, 1975). There was no
association between pigmentation and resistance or susceptibility.

A subset of 126 F, individuals was genotyped using double digest
restriction-site associated DNA sequencing (ddRADseq), a reduced-
representation approach that typically samples 1%-2% of the
genome (Peterson et al, 2012). Snail DNA was digested with
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EcoR T and Msp I, followed by paired-end Illumina sequencing, a
strategy we refer to as the F,-ddRADseq approach (Bu et al., 2022).
In all genetic mapping studies, we focused on juvenile snails
(3-5 mm in shell diameter) because they are more susceptible than
adults and play a significant role in transmission (Richards, 1970). The
phenotype of resistance or susceptibility to schistosomes in snails was
determined by infection outcomes, specifically cercarial shedding,
rather than infection status or miracidia penetration (Bu et al., 2022;
Zhang et al,, 2024). Cercariae are the human-infective stage and are
directly responsible for disease transmission and human infection;
therefore, we focused on cercarial shedding as the phenotype,
aligning it with field relevance and disease control. Biomphalaria
glabrata typically begins shedding cercariae approximately 36 days
post-infection and continues for months. In our studies, susceptible
snails were those actively shedding cercariae, while resistant snails were
identified 2 months after exposure if no shedding occurred.

This approach identified two quantitative trait loci (QTLs)
associated with resistance or susceptibility: qRS-2.1 on
chromosome 2 and qRS-5.1 on chromosome 5. The resistance
QTL qRS-5.1 exhibited an additive effect of 0.30 (increased
resistance when inherited from the resistant parent), while the
susceptibility QTL qRS-2.1 had a dominant effect of 0.41
(reduced resistance when inherited from the susceptible parent).

We also used the abundance of schistosome reads from DNA
extracted from whole snails as an alternative phenotype. Reads that
did not map to the snail genome but aligned to the S. mansoni
genome provided an estimate of parasite load. Higher parasite read
counts indicated greater snail susceptibility. QTLs (qsm-2.1 and
qsm-5.1) derived from this metric corresponded closely to those
identified using cercarial shedding, confirming the robustness of our
mapping results.

The two resistance/susceptibility QTLs span 0.5-1.43 <M
genetically (0.99-1.36 Mb physically), but their 95% confidence
intervals are larger (2-8 cM; 4.03-21.36 Mb). Both loci are
situated in centromeric or pericentromeric regions, characterized
by low recombination rates, which may influence resistance or
susceptibility in B. glabrata.

Finally, using the same dataset with two phenotypes—infection
and pigmentation—we performed the first genetic mapping of snail
pigmentation. One major QTL (qBC-13.1) was identified on
chromosome 13, with a high logarithm of the odds (LOD) score
(8.92) and an additive effect of 0.34 (Bu et al., 2022).

4.2 RIL-WGS mapping

As a healthy B. glabrata can produce thousands of eggs/embryos
over half a year, we established a recombinant inbred line (RIL)
population using the remaining F, snails from our earlier F,-
ddRADseq mapping experiment (Figure 1; Zhang et al, 2024).
RILs arise from multiple meiotic crossovers, creating a mosaic of
parental genomes, and subsequent selfing increases recombination
events, thereby reducing heterozygosity (Broman, 2005; Pollard,
2012). Therefore, RIL populations provide higher mapping
resolution than F, populations, which have limited recombination
and large linkage blocks.

Our RIL snails were generated through a parental outcross
followed by an F, intercross and ten generations of self-
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fertilization, yielding more recombination events than standard
RIL schemes (Takuno et al, 2012) (Figure 1). From 338 starting
F, pairs, we ultimately obtained 118 recombinant inbred lines (RILs)
with distinct infection phenotypes.

We applied individual-based whole-genome sequencing (WGS)
at 16x coverage to 46 phenotyped lines, half resistant (n = 23) and
half susceptible, to scan the genome. As expected, this RIL-WGS
approach reduced the resistance QTL interval from ~8 Mb in the F,
snails to ~3 Mb in the RILs. Furthermore, it revealed additional
minor-effect loci requiring further validation. Genome-wide
association study (GWAS) and bin-marker QTL mapping
consistently identified a 3 Mb resistance locus, BgSRRI1, on
chromosome 5 (Zhang et al., 2024), in agreement with our F,-
ddRADseq results (Bu et al, 2022). These data indicate that
chromosome 5 harbors major resistance determinants in B. glabrata.

Within BgSRR1, we identified 118 protein-coding genes. Many
have unknown functions, but some are associated with known
cellular or humoral immunity. For example, one gene encodes
mitogen-activated protein kinase (MAPK), which is involved in
hemocyte-mediated encapsulation and H,O, production that kills
intramolluscan schistosomes (Humpbhries et al., 2001; Zelck et al.,
2007). We also identified ficolin-like genes characterized solely by
fibrinogen domain sequences (Bidula et al., 2019), which have not
previously been implicated in B. glabrata defense. Additionally,
immune response gene 1 (encoding cis-aconitate decarboxylase)
was detected, suggesting a role in immunometabolism
(Michelucci et al., 2013). The involvement of immunometabolism
has also been noted in the Bulinus spp.-Schistosoma haematobium
system (Habib et al., 2024a; Lekired et al., 2025). Functional analysis
of genes within BgSRR1 may reveal novel anti-schistosome defense
mechanisms that have not been previously recognized.

4.3 Development of advanced intercross
lines (AlLs)

To further increase mapping resolution, we have recently
generated advanced intercross lines (AILs) using RIL snails as
described above. This is our final effort to create genetic
resources for this >20-year genetic breeding program. The AILs
were derived by crossing two RIL snails with contrasting
phenotypes. After eight additional generations of crossing and
selfing, these AILs accumulated substantially more recombination
events, providing a powerful resource for fine-scale genetic mapping
(Figure 1). The genetic mapping of the AIL snails is in progress.

4.4 Summary of genetic mapping strategy

In laboratory-based biological models, genetic mapping of a trait
is, in principle, an association study between phenotype and
genotype. The reliability of these results largely depends on well-
defined phenotypes, high-resolution genotyping, and large sample
sizes. If a study involves ambiguous phenotypes, less sensitive
genotyping, or small sample sizes (or limited genome coverage),
the findings may be questionable, regardless of the analytical
methods applied. With this in mind, we utilized large sample
sizes with distinct phenotypes related to disease transmission and
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carefully selected high-resolution genotyping approaches for
complementary investigation.

Critically, we employed well-designed genetic mapping
populations rather than existing laboratory strains. The mapping
populations—F,, RIL, and AIL—are derived from two homozygous
parental lines (iM line and iBS90), whose genome sequences are
completed and publicly available. The chromosome-level assembly
of the iM line serves as the reference genome. These populations are
pedigree-connected, have known origins, retain parental genetic
elements, and display contrasting phenotypes (resistance vs.
susceptibility; albino vs. pigmented). All genotype and phenotype
datasets have been deposited in public repositories, ensuring that the
mapping results are fully traceable, reproducible, and accessible for
reanalysis.

4.5 Comparative transcriptome profiling

To leverage genetic resources and understand global gene
expression in different genetic lines with different genotypes and
phenotypes in response to schistosome infection, we have conducted
comparative transcriptome analyses using two complementary
models (Figure 1). The two models encompass four genetic lines
with contrasting infection phenotypes in response to S. mansoni
infection. The first model includes two homozygous lines: the
susceptible iM line and the resistant iBS90 line. The second
model comprises two RILs, one resistant and the other
susceptible to S. mansoni, mirroring the two homozygous lines.
Each model represents a distinct genetic background but displays
opposite infection phenotypes (resistance vs. susceptibility). By
systematically analyzing gene expression patterns across these
models, we aim to identify genes and pathways consistently
associated with resistance, as well as potential differences in
defense strategies employed by genetically distinct lines. Data
analysis is currently underway.

5 Germline delivery and germline
gene-editing

5.1 Daunting challenges in generating
genetically modified live snails

Producing live genetically modified animals requires germline
modification—targeting sperm, eggs, or embryos—so that the
resulting embryos carrying the mutation can develop into viable
juveniles. Germline modification technologies in animals have
evolved from classical transgenesis, first reported in the early
1980s (Gordon et al, 1980; Gordon and Ruddle, 1981), to
cutting-edge CRISPR gene-editing technology used today (Hwang
et al., 2013; Ernst et al., 2015; Evans et al., 2019; D’Amato et al.,
2024). Remarkably, despite decades of effort, no schistosomiasis
vector snail had been successfully germline-modified until our
recent report describing the first gene-edited B. glabrata snail
(Oonuma et al., 2025; see Section 5.4).

This
reproductive biology of planorbid snails (family Planorbidae),

persistent challenge stemmed from the unique

particularly the genera Biomphalaria and Bulinus, which together
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are responsible for more than 95% of global schistosomiasis
(Gordon et al, 2019). These
hermaphroditic but preferentially outcross. Both male and female

transmission snails ~ are
gametes develop within a single organ, the ovotestis (Figure 2A).
Fertilization occurs internally with either allosperm or autosperm,
rendering in vitro fertilization and direct manipulation of gametes,
such as via electroporation, impractical (Jarne et al., 2010).

Microinjection, a standard method in early transgenic animal
research and many current germline editing studies, is technically
feasible but extremely challenging in planorbid snails. It must be
performed on fragile, minute, decapsulated embryos (~0.1 mm in
diameter) immediately after egg laying. Removing the capsule
compromises both mechanical protection and albumen fluid,
which are vital for nutrition and antimicrobial defense.
Consequently, decapsulated embryos are highly vulnerable to
mechanical damage and microbial infection, leading to very low
survival rates in ex ovo culture and posing major obstacles to
generating germline-edited live snails.

In brief, the primary reason for the unsuccessful generation of
genetically modified snails is the lack of effective technology for
delivering genetic materials (e.g., transgenes) into germline cells,
known as germline delivery, due to the unique characteristics of the
snail reproductive system. Genetic editing materials, such as
CRISPR cargo (Cas9 and gRNA), can function in all cell types
across different organisms and modify germline genomes as
intended. Once the challenge of germline delivery is overcome,
the potential to produce various types of genetically modified snails
will emerge, similar to what has been achieved in other animals.

5.2 Lentivirus-mediated germline delivery

Our initial strategy for developing germline delivery was to
test whether pantropic lentiviruses could effectively deliver
transgenes into snail Lentiviruses are

gametes. non-

replicating, self-inactivating pseudoviruses derived from
human immunodeficiency virus (HIV) and pseudotyped with
vesicular stomatitis virus glycoprotein (VSV-G). The versatile
VSV-G has a broad tropism, enabling to infect various cell types,
including male and female gametes across a wide phylogenetic
spectrum (Brindley and Pearce, 2007; Core et al., 2012; Chen
et al., 2016; Naldini et al., 2016). Once the lentivirus enters the
target cell, the transgene located between two LTRs derived from
HIV integrates into the host genome, with the LTRs flanking the
transgene facilitating stable genomic integration.

We constructed two recombinant lentiviruses carrying the green
fluorescent protein (GFP) gene under the control of either the Actin
I or Actin 2 gene promoter. Promoters were amplified from B.
glabrata genomic DNA by PCR and inserted into the pLVX-
ZsGreen vector (Creative Biogene. www.creative-biogene.com),
replacing the original cytomegalovirus (CMV) promoter. Viral
particles were then produced using standard recombinant
lentivirus protocols.

High-titer viruses (10°-10° TU/mL) were injected into the
ovotestis of adult albino iM line snails (5-10 pL per snail) using
a WPI manual micromanipulator (www.wpiinc.com). Injected
snails were housed individually in 1 L plastic cups and allowed
to self-fertilize to produce F, offspring for evaluation.
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Successful genomic integration would be indicated by PCR
amplification in F; offspring, and functional promoter activity
would produce observable GFP fluorescence. Despite extensive
optimization of viral concentration, injection volume, and
injection technique, we found no reliable evidence of transgene
integration after examining more than 400 F, offspring. Occasional
false-positive PCR signals observed likely arose from residual viral
particles or free viral DNA in the aquatic environment.
Furthermore, intrinsic GFP-like autofluorescence in B. glabrata
complicated detection. These issues underscore the need for
rigorous validation to avoid misinterpretation.

5.3 Yolk protein-mediated germline delivery

Our next strategy for germline delivery was to explore a natural

reproductive mechanism—oocyte receptor-mediated
endocytosis—by using snail yolk proteins as potential carriers for
transgene delivery into developing oocytes. In oviparous animals
like insects and mollusks, oocytes accumulate large amounts of yolk
proteins during oogenesis to support embryonic development.
Major yolk proteins, such as vitellogenins, are synthesized in
into the
internalized by oocytes through receptor-mediated endocytosis, a
highly conserved biological process (Raikhel and Dhadialla, 1992;
Snigirevskaya et al., 1997; Biscotti et al., 2018).

Through  proteomic,

non-gonadal tissues, secreted hemolymph, and

transcriptomic, phylogenetic, and
bioinformatic analyses, we characterized yolk proteins in B.
glabrata (Habib et al., 2024b). Vitellogenin 1 (BgVtgl) was
identified as the most abundant yolk protein in the ovotestis,
while yolk ferritin was less abundant (Habib et al., 2024b). This
finding revised earlier assumptions that yolk ferritin predominates
in Biomphalaria, as it is the major yolk protein in Planorbarius
corneus and Lymnaea stagnalis, both of which are phylogenetically
closely related to Biomphalaria (Bottke and Sinha, 1979; Bottke et al.,
1988). Despite its lower abundance, yolk ferritin remained a
candidate carrier for transgene delivery.

During receptor-mediated endocytosis, only a small subset of
yolk proteins (ligands) binds to specific oocyte membrane receptors
to trigger yolk protein uptake. We identified putative receptor-
binding domains in BgVtgl by aligning its amino acid sequence
with known oocyte-binding ligands from the vitellogenins of the
prawn Macrobrachium rosenbergii, medaka Oryzias latipes, and blue
tilapia Oreochromis aureus (Li et al, 2003; Roth et al, 2013;
2019) 2B).
computational analyses suggest that these ligands facilitate
receptor binding and activate endocytosis.

Murakami et al, (Figure Biochemical and

Yolk ferritin differs structurally from cytoplasmic ferritins by
possessing a unique 42—amino acid insertion within the B-C loop of
the ferritin subunit that is exposed on the protein surface (Bottke
et al,, 1988; Andrews et al., 1992) (Figure 2C). This insertion was
hypothesized to act analogously to vitellogenin’s oocyte-binding
region, functioning as a ligand for receptor-mediated uptake and
thereby representing a promising target for recombinant
protein design.

We cloned nucleotide sequences encoding the two ligand
domains from BgVtgl and yolk ferritin into a bacterial

expression vector (pET Biotin His6-mCherry LIC) to generate
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recombinant fusion proteins containing the ligand and an
mCherry fluorescent tag. The recombinant proteins were highly
purified, and a free mCherry control was included. These proteins
were injected into the ovotestis of adult iM line snails at varying
concentrations and volumes. Due to the open circulatory system, the
injected proteins enter the hemolymph and reach developing
oocytes. Successful receptor-mediated uptake would be indicated
by increased mCherry fluorescence within oocytes compared with
surrounding tissues and control snails injected with free mCherry.

Fluorescence microscopy of dissected ovotestes under different
experimental setups revealed no detectable increase in mCherry
signal in oocytes relative to surrounding tissues or controls,
lack  of Notably, a
strategy—Receptor-Mediated Ovary Transduction of Cargo
(ReMOT  Control)—has been successfully developed in
arthropods (Chaverra-Rodriguez et al, 2018; Xu et al, 2020;
Terradas et al., 2023). Our unsuccessful attempts with both

indicating a uptake. similar

lentiviral and yolk protein-mediated germline delivery suggest the
need for more rigorous experimentation and highlight the complex
physical, biochemical, and possibly immunological barriers in B.
glabrata oocytes and ovotestis, which remain poorly understood.

5.4 Generation of the first gene-edited
Biomphalaria glabrata using CRISPR/Cas9

Finally, we successfully delivered genetic materials into the
germline cells of B. glabrata and generated germline-modified
live snails using CRISPR/Cas9 gene-editing technology, a
powerful tool for targeted gene disruption and gene drive
development (Hwang et al, 2013; Carvalho et al, 2015; Evans
et al, 2019; Pacesa et al, 2024). This was achieved by
microinjecting Cas9 mRNA and guide RNA (gRNA) targeting
the fibrinogen-related protein 3.1 (FREP3.1)
decapsulated embryos, followed by ex ovo culture (Oonuma
et al, 2025). Although CRISPR-mediated gene editing in B.
glabrata has been reported for somatic gene editing in embryonic

gene into

cell lines (Bge) (Coelho et al., 2020) and epigenetic modification in
embryos (Luviano et al, 2022), our study represents the first
successful application of CRISPR technology for germline gene-
editing in schistosomiasis vector snails, marking the creation of the
first genetically modified and inheritable live snail in this context
(Oonuma et al., 2025).

We used pre-iBS90 snails (the 31st generation of selfed BS90)
(Bu et al., 2022) because of their stable resistance to S. mansoni and
nearly homozygous genetic background. FREP3.1 knockout was
confirmed by heteroduplex mobility assay (HMA) and Sanger
sequencing. Stable germline transmission was achieved, and two
homozygous FREP3.1 knockout lines were established (Oonuma
et al., 2025).

Functional assays revealed that loss of FREP3.1 did not abolish
resistance to S. mansoni, contradicting our initial hypothesis about
its anti-schistosome role (Oonuma et al., 2025). While FREP3.2 has
been shown to contribute to defense against trematode infection
(Zhang et al., 2001; Hanington et al., 2010; Mitta et al., 2017; Li et al.,
2020), FREP3.1 belongs to a distinct subfamily based on nucleotide
sequence identity (79% identity), despite their similar names (Zhang
and Loker, 2003; Oonuma et al., 2025). This distinction, together
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with our results, underscores the complexity of the FREP gene family
and suggests potential functional redundancy. Compensatory
upregulation of other FREPs or immune factors may obscure the
phenotype (Barbaric et al., 2007; Peng, 2019; Salanga and Salanga,
2021). Alternatively, FREP3.1 may have a non-essential or context-
dependent role, consistent with our earlier hypothesis regarding the
diverse functional repertoire of the FREP gene family (Zhang et al.,
2008a, 2008b; Hanington and Zhang, 2011).

This gene-editing study marks a milestone in snail functional
genomics. The function of genes in snails has primarily been
evaluated using RNA interference (RNAi) (Jiang et al, 2006;
Hanington et al., 2010; Knight et al, 2011). RNAi-mediated
knockdown temporarily suppresses the expression of target
genes, often resulting in subtle or ambiguous phenotypes.
CRISPR-mediated knockout or knock-in creates heritable,
complete gene disruptions or introduces new gene functions
through genome insertions, offering a definitive approach to
functional analysis. More importantly, this breakthrough lays the
groundwork for developing gene drive systems in schistosome-
transmitting snails, a potentially transformative strategy for
controlling snail-borne schistosomiasis (Oonuma et al., 2025).

6 Concluding remarks

Our investigation of snail 3G—genomics, genetics, and gene-
editing in B. glabrata—is a long-term, step-by-step process that
involves painstaking efforts. While our approach is time-consuming
and labor-intensive, it enables rigorous data validation, effective
tracking, and iterative refinement. By establishing two homozygous
lines, generating scaffold- and chromosome-level genome
assemblies, creating and analyzing multi-generational genetic
mapping
transcriptomic studies, we have built a strong platform for

populations, and  conducting  comparative

dissecting the genetic architecture underlying schistosome
resistance and other key biological traits.

Our genetic mapping studies consistently implicate resistance
loci on chromosome 5, although discrepancies remain compared to
results from other laboratories using different strains and mapping
strategies (Knight et al., 1999; Tennessen et al., 2015, 2020; Blouin
et al,, 2024). These differences likely reflect genetic variation among
strains, methodological differences, or the involvement of multiple
loci (Richards et al., 1992; Lewis et al., 2001), underscoring the
complexity of host-parasite interactions (Bu et al., 2022; Zhang et al.,
2024). While our findings are derived from a well-controlled
laboratory system, further studies, particularly under field
conditions, are needed to validate and extend these observations.
Additionally,

candidate genes remains a high priority.

comprehensive functional characterization of

Our unsuccessful attempts at using lentiviral and yolk
protein-mediated germline delivery should not be interpreted as
evidence that these methods are unfeasible in B. glabrata. Rather,
they highlight the need for deeper insights into snail reproductive
biology Although

microinjection is a highly skilled and technically demanding

and greater experimental investment.
process, the successful demonstration of CRISPR/Cas9-mediated
germline editing in B. glabrata through microinjection provides

proof of principle for targeted genetic interventions. This advance
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opens new avenues for interrupting disease transmission while
preserving ecological integrity, marking a significant step forward
in the fight against schistosomiasis.

Snail 3G, particularly functional genomics, is still in its infancy
compared to well-established disease vector systems like
mosquitoes. Substantial work lies ahead to achieve the ultimate
goal: Snail-targeted genetic control of schistosomiasis in the

developing world.
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