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Snail-borne parasitic diseases represent an important challenge to human and animal
health. Control strategies that target the intermediate snail host has proved very effective.
Epigenetic mechanisms are involved in developmental processes and therefore play a
fundamental role in developmental variation. DNA methylation is an important epigenetic
information carrier in eukaryotes that plays a major role in the control of chromatin
structure. Epigenome editing tools have been instrumental to demonstrate functional
importance of this mark for gene expression in vertebrates. In invertebrates, such tools are
missing, and the role of DNA methylation remains unknown. Here we demonstrate that
methylome engineering can be used to modify in vivo the CpG methylation level of a target
gene in the freshwater snailBiomphalaria glabrata, intermediate host of the human parasite
Schistosoma mansoni. We used a dCas9-SunTag-DNMT3A complex and synthetic
sgRNA to transfect B. glabrata embryos and observed an increase of CpG methylation
at the target site in 50% of the hatching snails.
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INTRODUCTION

The capacity of parasites to infect their host and the capacity of the latter to defend themselves
against such intrusion is dependent on environmental factors and based on heritable components,
with genetic polymorphisms as one of the major contributors to the heritable variations in virulence
and resistance. However, it is now evident that there is a nonnegligible proportion of non-genetic
heritable variation. Among them, epigenetic factors being probably the most important. We define
here epigenetic variation as any change in chromatin structure that is at least mitotically heritable.
Almost 10 years ago, Gomez-Diaz and others underlined the importance of epigenetics in host-
pathogen interactions and designed the vision of a roadmap to elucidate their importance (Gómez-
Díaz et al., 2012). Their concluding remarks were that “. . .cutting-edge epigenomic techniques
combined with experimental (whole organism), functional, and theoretical (modeling) approaches
will provide fascinating insights into the interrelations between genetic, epigenetic, and phenotypic
variation in the complex world of host–pathogen relationships.”

Schistosomiasis is a parasitic disease caused by helminths of the genus Schistosoma that affects
about 230 million people worldwide. Intestinal schistosomiasis originated from the African
continent but is now endemic also in America and Europe and considered an emerging
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infectious disease there. Schistosomes have a complex life cycle
with two consecutive obligatory hosts. Human dwelling larvae
(cercariae) are produced by asexual multiplication in a freshwater
snail intermediate host and infect the human and/or rodent
definitive host when in contact with freshwater (Pearce and
MacDonald, 2002; Colley et al., 2014). The parasite S. mansoni
can be maintained in the laboratory using mice as the definitive
host. Parasite eggs are then recovered from infected mouse livers
and when exposed to light hatch the miracidia larvae (Galinier
et al., 2017) that are used to experimentally infect juvenile snails
or that are transformed into sporocysts in vitro as previously
described (Roger et al., 2008). If snails are infected with miracidia,
2 weeks later the prevalence and intensity of infection can be
assessed. Maximum compatibility is reached in sympatric host/
parasite combinations (Theron et al., 2014).

Schistosomiasis leads often to anemia, growth stunting,
exacerbation of co-infections, and impairment of cognitive
development and work capacity (King and Dangerfield-Cha,
2008). No vaccine exists to prevent this pathology. The means
of control are based primarily on mass treatment campaigns in
human communities through the use of Praziquantel, the only
molecule partially effective against schistosomes (Gryseels et al.,
2006; Herricks et al., 2017). However, this molecule does not
protect against inevitable re-infections in endemic areas. Thus, 78
million patients received treatment for schistosomiasis in 2018
(WHO, 2020), while estimates predict that 218 million additional
patients living in areas at risk of transmission should be treated
(WHO, 2020).

The epigenome of schistosomes and their intermediate hosts is
very plastic. We and others have shown that the chromatin
structure of the parasites undergoes dramatic changes during
development from the infecting larvae forms to the adults that
mate in the vertebrate host (Roquis et al., 2018). Epigenetic plasticity
was also demonstrated in the vector snail and intermediate host
Biomphalaria glabrata (Geyer et al., 2017) and related to its capacity
to resist infections (Knight et al., 2016) (reviewed by de Carvalho
Augusto et al., 2019). Epigenetic mechanism play an important role
in the trained immune response in vertebrates and it is not
surprising that they might also be involved in the establishment
of immune memory in invertebrates (Netea et al., 2016; Melillo
et al., 2018). It is interesting to note that pathogens have evolved
mechanisms to target the epigenetic eukaryotic command centers
(Hanford et al., 2021).

Taken together it is conceivable that epigenetic modifications
play an important role in the development and the immune
response of vector snails. The problem is that we must rely on
nature providing us with occasions to study phenotypic effects of
rare and uncontrolled epimutations to address this question. It
would be desirable to introduce epimutation at specific target loci
to understand their phenotypic effects. Epigenetic editing exits for
vertebrate host exists but not for snail and snail-borne diseases.
Here we addressed this issue and developed a technique for the
introduction of epimutations in the freshwater snail B. glabrata,
intermediate host of the human parasite Schistosoma mansoni.

DNA methylation is an epigenetic mark that has been shown
to play an important role in the control of gene expression, in
genome imprinting, transposon silencing, and X-chromosome

inactivation in mammals (Jones, 2012). In vertebrates, genomes
are broadly and deeply methylated, besides, partial, and local
hypomethylation is found at the gene promoters, where
hypermethylation induces gene silencing (Esteller, 2002). In
contrast, in invertebrates, DNA methylation tends to occur at
moderate levels, and is mostly found in the gene bodies (gene
body methylation, GBM) (Keller et al., 2016). It was
hypothesized that GBM in invertebrates is associated with
active transcription since it preferentially occurs in highly
transcribed genes (Zemach et al., 2010; Sarda et al., 2012).
However, no mechanistic link to gene expression has been
demonstrated for such type of DNA methylation and its
function remains elusive for the time being.

Consequently, it is essential to develop approaches that allow
us to study GBM and its relationship with gene expression.
Currently, the method of choice for the modification of GBM
in invertebrates is chemical treatment, but this approach does not
allow us to target specific genome loci (Chiappinelli et al., 2015)
and an alternative is to repurpose the sequence specificity of the
Cas9 enzyme to direct DNA methylation machinery to a desired
location. The CRISPR-Cas type II system from Streptococcus
pyogenes that consists of the nuclease Cas9 and a single guide
RNA (sgRNA) (Wu et al., 2014) is the most used genetic editing
tool at present. Both can form a ribonucleoprotein complex
(RNP) that recognizes and binds to a specific genomic region
containing the protospacer adjacent motif (PAM). The targeting
of this region is due to the sgRNA that includes a sequence of 20
nucleotides upstream the PAM sequence, an NGG motif for the
system coming from S. pyogenes. The sgRNA sequence will match
the genomic sequence that is located upstream the PAM
sequence, and Cas9 nuclease will cleave both strands of the
genomic DNA, leaving a DNA double stranded break (DSB)
generally between the third and fourth nucleotides upstream
PAM (Shan et al., 2020). Then, the DSB will be repaired by
non-homologous end-joining (NHEJ) that can introduce deletion
or insertion of one or several desoxyribonucleotides.
Alternatively, homology-directed repair (HDR), that is less
efficient but more precise for introducing a DNA template,
can occur (Zaboikin et al., 2017).

Beyond gene editing, the sequence recognition capacity of
Cas9 has been adapted to perform epigenome editing such as
targeted DNA methylation. Cas9 without nuclease activity,
deadCas9 (dCas9), and an sgRNA allowing the modifications
of DNA methylation at precise gene loci when fused to the
catalytic domain of the DNA methyltranferase DNMT3A
which is the most active isoform of a de novo DNA
methyltranferase in eukaryotes, it methylates CpG sites in vivo
and in vitro (Oka et al., 2006).

Methylome engineering tools have been mainly applied to
various models such as mice or mammal cells in culture, and
multiple reviews discussed the advancements on epigenome
editing in these models (Holtzman and Gersbach, 2018; Lei
et al., 2018; Plummer et al., 2018). In a recent work it was
demonstrated that the dCas9-DNMT3A construct increases
CpG methylation and silences gene expression in mammalian
cells. The methylation level at the targeted loci varies from 25 to
55% after 7 days in transfected HEK293 cells and cultured cells
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lost the construct 10 days after the transfection with the dCas9-
DNMT3A plasmid (Vojta et al., 2016). In contrast, in vivo
transfection in “non-model” species is a technique that has
proofed challenging, and few studies have been conducted in
invertebrates apart from the two invertebrate models Drosophila
(Lin et al., 2015) and Bombyx mori (Liu et al., 2019). In the
present work we used the methylome engineering system dCas9-
SunTag-DNMT3A in a mollusk, the freshwater snail B. glabrata
since it is one of the intermediate hosts of the human parasite that
causes schistosomiasis, the second most important parasitic
disease after malaria.

SunTag is a protein scaffold containing multiple epitopes able
to recruit effector domains (Tanenbaum et al., 2014). The SunTag
system consists of a repeating peptide array that can recruit
multiple copies of an antibody-fusion protein (scFv) associated
with DNMT3A, which increases the local concentration of
DNMT3A improving the targeted in vitro DNA methylation.
Besides, the SunTag scaffold amplifies the intensity of the
fluorescent signal due to the multiple associated GFP,
facilitating the tracking of protein expression (Huang et al.,
2017). dCas9-SunTag-DNMT3A has been successfully applied
to target the HOXA5 locus in human kidney cells (HEK293T)
where it showed a highly efficient increase in promoter
methylation (60–95%) inducing a HOXA5 mRNA repression
(Huang et al., 2017).

The snail B. glabrata is indispensable for the life cycle of the
Schistosome parasite and DNA methylation machinery of the
snail has been shown to be affected by the parasite infection. The
parasite S. mansoni can modify the transcript abundance of the
DNA methylation machinery enzymes of the snail B. glabrata
during infection, suggesting that the DNA methylation of the
snail could have a role in their interaction with the parasite
(Geyer et al., 2017). Furthermore, the parasite modifies the DNA
methylation of certain genes in the snail, which alters its gene
expression (Knight et al., 2016). However, the causal
relationship between DNA methylation and plasticity of gene
expression in the snail and in invertebrates remains enigmatic,
and methylome engineering tools are indispensable to establish
clear causal relations between DNA methylation and gene
expression.

We select a homologue of a homeobox gene to test the
methylome engineering tool since it is involved in the
morphogenesis of the development of the nervous system
during embryogenesis in other mollusks used as biological
models in developmental biology, such as Haliotis asinine
(Hinman et al., 2003) which implies that this gene is
expressed during embryogenesis which could in the future
make it possible to verify whether the expression of genes is
altered by modifying its methylation of DNA.

We have microinjected two plasmids coding for the dCas9-
SunTag-DNMT3A system and an sgRNA and we obtained
fluorescent-positive snail embryos after in vivo transfection.
Analysis of positive embryos demonstrated a successful
increase in targeted GBM at CpG sites near the PAM motif
of the sgRNA in the homeobox gene Nkx2.5 in the snail B.
glabrata.

MATERIALS AND METHODS

Ethics Statement and Plasmid
Transformation
B. glabrata albino Brazilian strain (BgBRE) was used in this study.
Snails were maintained at the IHPE laboratory facilities; 8 groups
of 10 snails were kept in separate aquariums and fed with lettuce
ad libitum, polystyrene pieces were introduced to the aquariums
since the snails use it to lay their egg patches. The Direction
Départementale de la Cohésion Sociale et de la Protection des
Populations (DDSCPP) provided the permit N°C66-136-01 to
IHPE for experiments on animals. Housing, breeding, and animal
care were done following the national ethical requirements.
Plasmids were constructed as in Huang et al., 2017. One
Shot™ TOP10 Chemically Competent Escherichia coli cells
(Invitrogen, Cat. num. C404004) were transformed with the
plasmids dCas9-SunTag and scFv-DNMT3-GFP. Subsequently,
PCR was performed (Table 3) to confirm the transformation with
the dCas9 and DNMT3A sequence inserts. Primers were
elaborated in the web-interface Primer3Plus.

Selection of Candidate Genes
To identify suitable target genes for targeted DNA methylation
epimutagenesis the following criteria were established:

1) Candidate genes were selected from known homeobox genes
inHaliotis asinine (Hinman et al., 2003), homologues of genes
in B. glabrata were identified by BLAST searches in the NCBI
nucleotide collection database. Homologues of homeobox
genes were used to be sure they were expressed during
embryogenesis.

2) The DNA methylation level of the selected genes was visually
examined using our reference methylome (https://zenodo.
org/record/4277533) in the IGV-Integrative Genomics
Viewer (http://software.broadinstitute.org/software/igv). The
criteria to select a candidate gene was that it must be
unmethylated.

3) The tissue expression of each gene was observed in a local
RNA-Seq database to select those genes that are expressed in
most tissues or at least in tissues that are easily accessible and,
therefore, easy to manipulate (DNA/RNA extraction).

4) Local adult transcriptome data and a multi-stage
transcriptome of B. glabrata (Kenny et al., 2016) was used
to align adult transcriptome reads with multi-embryo stage
transcriptome reads, and we used HTseq-count to verify if
genes were expressed at the embryo phase.

Elaboration of gRNAs
The homeobox Nkx 2.5-like gene was selected, a homologue of
the Has-Hox4 of the gastropod Haliotis asinine (GenBank:
AAK11240.1), whose expression is restricted to the forming
pleural ganglia and nerve cords, suggesting a role in the
nervous system development (Iijima et al., 2006). Three
gRNAs targeting DNA methylation canyon on the target
locus: LGUN_random_Scaffold680: 40871-42922 on B.
glabrata gene database (https://legacy.www.vectorbase.org)
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were elaborated by a software for designing CRISPR/Cas9 guide
RNAs called CHOPCHOP (Montague et al., 2014). The off-target
was also predicted against B. glabrata genome by CHOPCHOP as
previously described (Coelho et al., 2020) and following
considerations for dCas9-DNMT3 system described in
(Brezgin et al., 2019). The three sgRNAs were designed in the
CUFF52452. Oligonucleotides for the three sgRNAs (Table 1)
targeting the gene were ordered from Sigma-Aldrich and
Synthego.

Efficiency of the in vitro DNA Cleavage
Activity of the Cas9-sgRNA Complex
To evaluate the cleavage efficiency of the Cas9-sgRNA complex, a
PCR was performed to amplify the targeted region of the sgRNA.
Forward and reverse primers were designed to amplify a region
spanning the sgRNA target in the middle of the amplified
sequence to be able to distinguish cleaved fragments from
non-cleaved fragment in the electrophoresis gel. The PCR
amplification was set as follows: 95°C for 1 min, followed by
30 cycles of 95°C for 30 s, Tm specific of the couple of primers for
30 s, 72°C for 2 min, and last 72°C for 10 min. The primers for
each gene region are detailed in Table 2.

The DNA cleavage activity of the previously amplified PCR
fragment was assayed in vitro with Cas9-sgRNA complex as
previously described (Mehravar et al., 2019). The cleavage
reaction was performed by mixing 1 µl of sgRNA (1 μg/μl),
3 µl 10X NEBuffer 3.1 (New England Biolabs, B7203S), 3 µl
Cas9 recombinant protein (200 ng/μl), 1 µl of the PCR product
of the targeted gene, and the volume was completed to 30 µl with
nuclease-free water. The reaction was incubated at 37°C for 2 h,
then 1 µl of proteinase K (20 mg/ml) was added to the reaction
and a final incubation was done during 10 min at room
temperature. Reactions with all components except for sgRNA
were used as negative controls. Recombinant protein Sp-Cas9-
NLS-GFP-NLS was a generous gift of Jean Paul Concordet from
the INSERM U1154, CNRS UMR7196, Structure and Instability
of Genomes, Sorbonne Universités, Museum National d’Histoire

Naturelle in Paris, France. The amplicon digestion on the target
site after sgRNA transfection was revealed by 2% agarose
electrophoresis gel stained with Midori Green Advanced
(Nippon Genetics Europe, catalog number MG04).

Microinjection Tests
The linear polyethylenimine derivative, in vivo-jetPEI™
(Polyplus Transfection, France) was used for a survival assay
with five early stages of embryonic development. Two-cell, 8-cell,
morula, blastula, and gastrula stages were determined based on
the descriptions and embryo illustrations in (Camey and
Verdonk, 1969). Egg patches were collected from the
aquarium and sorted under the microscope to identify the five
developmental stages, 50 embryos per developmental stage were
used to test in vivo jetPEI reagent. Microinjection of embryo yolk
sacs with in vivo jetPEI reagent and the two plasmids coding for
dCas9-SunTag and DNMT3-GFP has been performed. A pre-
pulled glass micropipette of 1 mm of diameter and a tip of
~200 µm of diameter was attached to a programmable
nanoliter injector (Nanoject III, Drummond Scientific) to
carry out microinjections in the embryos’ yolks under a
stereoscopic microscope. The parameters used in the nanoliter
injector were: injection volume 30 nanoliters and speed of the
injection of 20 nanoliters per second.

Glucose solution and in vivo jetPEI were equilibrated at room
temperature. The scFv-DNMT3A-GFP plasmid concentration
was 78 ng/μl and the dCas9-Suntag plasmid concentration was
88 ng/μl. A total of 21 µl of each plasmid (42 µl of total volume =
3.5 µg total amount of plasmid DNA) were added to 21 µl of 10%
glucose in a tube (tube A), and in another tube (tube B), the
quantity of in vivo jetPEI required for the amount of DNA was
added (1 µl) to 21 µl of 5% glucose. After 15 min of incubation,
tube A and tube B were mixed giving a total of 91 µl of
microinjection volume with a final concentration of plasmid
DNA of 41 ng/µl that was used as a microinjection
transfection solution, this volume was enough to microinject
approximately 250 embryos. After our survival assay, we
identified that the microinjection was less lethal at the gastrula

TABLE 1 | sgRNAs designed to target the homeobox 2.5 Nkx of B. glabrata.

ID RNA sequence [PAM] DNA sequence [PAM] Location

sgRNA1 GGAGUAGUGAGGCUGCUGUG[AGG] GGAGTAGTGAGGCTGCTGTG[AGG] LGUN_random_Scaffold680:42773-42795
sgRNA2 AACGACGGUUCAAGCAGCAG[AGG] AACGACGGTTCAAGCAGCAG[AGG] LGUN_random_Scaffold680:42533-42555
sgRNA3 CUCUGAAACUAUUUGUUUUC[AGG] CTCTGAAACTAGTTGTTTTC[AGG] LGUN_random_Scaffold680:41352-41372

TABLE 2 | Primers designed to verify sgRNA cleavage efficiency.

ID sgRNA Sequence Tm (°C) Amplicon length

HP2.5-1 For sgRNA 1 GTCGCTGCTTCAGCAAAGTAC 51 315 bp
HP2.5-1 Rev GTAAACTAACTTGCACTCAGC
HP2.5-2 For sgRNA 2 TCTTTCCTTTGTCTTTCTCGCT 52 201 bp
HP2.5-2 Rev GCACTCAGCTTTCTTCACTTCA
HP2.5-3 For sgRNA 3 GTGTGTGTGTCGTTTGACAAAG 51 296 bp
HP2.5-3 Rev CGACTGTCTACACAATTCTGTG
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stage compared to the other early stages. We therefore proceed to
transfection by microinjection at this stage.

Then, we needed to test transfection efficiency, therefore 400
embryos at the gastrula stage were transfected. Once we validated
transfection efficiency by RT-qPCR in 16 fluorescence positive
transfected embryos from 400 microinjected (4%), we therefore
microinjected 250 embryos at the gastrula stage with the
microinjection transfection solution and then selected and
separated the fluorescent embryos 72 h after transfection.
Another solution was prepared with 21 µl of glucose 5% and
0.5 µl of in vivo jetPEI and was used to microinject controls that
consist of another 100 embryos at the gastrula stage. Hence, the
mixture of in vivo jetPEI (0.5 µl), 5% glucose (10 µl), and active
sgRNA3 (20 ng in 10 µl) was injected into the 10 fluorescent
positive embryos and into 10 control embryos. Three days after
sgRNA3 transfection, newly hatched snails were collected and
stored at −80°C for DNA extractions and subsequent amplicon
sequencing after bisulfite treatment.

Confocal Microscopy
Individual fluorescent larvae were washed three times in PBS
solution (Sigma-Aldrich, catalog number: P4417) and then fixed
with 500 µl of 4% paraformaldehyde (PAF) (Sigma-Aldrich,
catalog number: 158127) for 2 h at room temperature. Single
larvae were put on a microscope slide with 2 drops of the
fluorescence mounting medium Dako (Agilent Technologies,
catalog number: S3023) and the sample was covered with a
coverslip. Slides mounted were stored overnight at 4°C in the
dark to preserve fluorescent signal. Slides were examined under
an epifluorescence confocal microscope LSM700 (Zeiss). This
protocol was adapted from a previously published protocol
(Duval et al., 2013; Galinier et al., 2013).

B. glabrata Embryo DNA Isolation
A DNA purification protocol used for zebrafish embryos was
adapted to B. glabrata hatched snails (Jing, 2012). Briefly, 40 µl of
lysis buffer containing 9.4 ml of 10 mM Tris-HCL (pH 8.3),
50 mM KCl buffer, 300 µl of NP40 (10% stock), and 300 µl of
Tween 20 (10% stock) was applied to single embryos. Incubation
at 98°C for 10 min to lyse cells was applied and then 5 µl of
proteinase K (10 mg/ml) were added to each embryo. Incubation
at 55°C for 2 h was done followed by a final incubation of 5 min at
98°C to heat kill proteinase K. DNA was directly used for PCR or
bisulfite conversion. PCR mix, template DNA, and primers
(Table 2) were set as follows: 94°C for 2 min, 5 cycles of 94°C
for 1 min, 46°C for 2 min, and 72°C for 3 min, followed by 25
cycles of 94°C for 30 s, 51°C for 2 min, and 72°C for 1:30 min and
finally 72°C for 10 min. Then a 2%—agarose gel was elaborated to
run PCR reactions and identify if the target gene was amplified.

Isolation of Poly (A+) mRNA From B.
glabrata Embryos and Reverse
Transcription
For messenger RNA isolation, individual trochophore larvae were
collected in RNAse-free tubes with 100 µl of lysis buffer of the
Dynabeads mRNA DIRECT Micro Purification Kit (Cat. Num.

6102, Invitrogen) and stored at −80°C. mRNA was purified using
the Dynabeads mRNA DIRECTMicro Purification Kit according
to the manufacturer’s instructions. This method is based on base-
pairing between the poly-A residues at the 3′ end of the mRNA
and the oligo-dT25 residues covalently couple to the surface of the
paramagnetic beads. Reverse transcription to first strand cDNA
was done using Maxima H Minus First Strand cDNA Synthesis
Kit with dsDNase (Cat. Num. K1682, ThermoFisher, Scientific).
A DNase mixture (dsDNase, 10X dsDNase Buffer and water
nuclease-free) was directly added to the bead-trapped mRNA,
and then the reaction was done in a final volume of 20 µl (10 mM
dNTP Mix, water nuclease-free, 5X RT Buffer, and Maxima H
Minus Enzyme Mix). An initial incubation step for 5 min at 50°C
was done. Then the reaction was incubated for 10 min at 25°C
followed by 15 min at 50°C. To terminate the reaction, an
incubation at 85°C for 5 min was done.

RT-qPCR to Check for Reporter Gene
Transcription
Real-time qPCR analyses were done on cDNA obtained from 8
controls and 16 transfected embryos that were those that showed
fluorescence 72 h after plasmids transfection. Low amounts of
cDNA were obtained per larva (≤0.5 ng/µl); therefore, the cDNA
of each larva was split in 8 reactions, 2 RT positive replicates and 2
RT negative replicates per target gene and per housekeeping gene
(28S). Before qPCR, cDNA was pre-amplified for each couple of
primers (Table 3) when still attached to Dynabeads as follows: 95°C
for 5 min, 4 cycles of 95°C for 5 s, 60°C for 30 s and 72°C for 30 s,
then 72°C for 5 min, and a final incubation at 94°C for 2 min to
separate cDNA from Dynabeads. Then qPCR was done using the
LightCycler 480 System (Roche) in a 17.5 µl final volume
comprising 10 µl of No Rox SYBR Master Mix blue dTTP
(Takyon), 3.5 µl of ultrapure MilliQ water, and 1 µl of each
primer (Table 5) at a concentration of 10 µM (final
concentration of primers was 500 nM) and the pre-amplified
cDNA (~0.5 ng). To ensure the absence of genomic DNA
contamination, a reaction with all reagents except reverse
transcriptase (RT) was done per samples (two replicates per
sample) as an RT negative control.

The cycling program had a denaturation step at 95°C for
2 min, 40 cycles of amplification (denaturation at 95°C for 10 s,
annealing at 58°C for 20 s, and elongation at 72°C for 30 s), and a

TABLE 3 | Primers designed to check for plasmid gene transcription.

ID Sequence Amplicon thlength

28S for GCTGGCACGACCGCTCCTTT 100 bp
28S rev TTTGAACCTCGCGACCCGGC
GFP for GAATTAGATGGTGATGTTAATGGG 254 bp
GFP rev TTGAAAGATATAGTGCGTTCCT
DNMT3A-1 for TGATTGATGCCAAAGAAGTGTC 217 bp
DNMT3A-1 rev AACACAGGAAAATGCTGGTCTT
BFP-2 for CAAGGAGGCCAACAACGAGA 80 bp
BFP-2 rev CCAGTTTGCTAGGGAGGTCG
dCas9-2 for AAAGAAGGACTGGGACCCTAAG 233 bp
dCas9-2 rev CAGAAAGTCGATGGGATTCTTC
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final elongation step at 72°C for 5 min. PCR experiments were
performed in duplicate (technical replicates). The mean value of
Ct and melting curves was checked using the LightCycler 480
Software release 1.5.0.

Bisulfite Conversion
Bisulfite conversion was done as previously described in our
preprint (Luviano et al., 2021). A total of 300 ng of DNA extracted
from adult snails was used as a control and 20 ng from embryo
snails (10 control and 10 transfected) was denatured by adding
2 µl of ribonucleic acid transfer from baker’s yeast (S. cerevisiae)
and 2.2 µl of 3 M NaOH, and by incubating at 42°C for 20 min.
Then 240 µl of fresh prepared sodium bisulfite solution (5.41 g
sodium metabisulfite in 7 ml of distilled water and 0.5 ml of
diluted hydroquinone) (0.022 g/10 ml) was added to the
denatured DNA samples. An incubation in the dark was done
during 4 h at 55°C. Then 200 µl of distilled water was added to the
samples, and the total volume was transferred to an Amicon
column (UFC501024, Millipore), a centrifugation was done at
12,000 g during 5 min. The column was washed 3 times with
350 µl of distilled water and centrifugation at 12,000 g for 5 min
was done each time. Following this, 350 µl of 0.1 M NaOH was
added to the DNA in the Amicon column and a centrifugation at
12,000 g during 5 min, subsequently 350 µl of distilled water was
added and a centrifugation at 12,000 g for 5 min was done.
Twenty microliters of 10 mM TRIS/Cl pH 7.5-8.0 was added
to the DNA in the Amicon column and incubation at room
temperature for 5 min was done. Finally, the DNA was collected
by centrifugation at 1000 g for 3 min. DNA was stocked at −80°C
for further experiments.

Nested PCR on Bisulfite Converted gDNA
The initial PCR amplification was done with 5 μl of the bisulfite
converted gDNA as a template with external primers (Table 4) set
as follows: 94°C for 2 min, 5 cycles of 94°C for 1 min, 46°C for
2 min, and 72°C for 3 min, followed by 25 cycles of 94°C for 30 s,
46°C for 2 min, 72°C for 1:30 min, and finally 72°C for 10 min.
The nested PCR was performed on 2.5 μl of the first PCR product
using the internal primer set in the same condition as for the first
PCR except for the annealing temperature which was increased to
50°C. The subsequent PCR reaction was performed in 25 µl using
1.25 units of GoTaq DNA polymerase (Promega), dNTPs at
0.4 µM for each deoxynucleotide, and primers at 0.4 µM. PCR
products were separated by electrophoresis through 2% agarose
gels to check for the specific amplification of each target gene. The
house-keeping gene Bg14.3.3 (BGLB005695, Scaffold 1582:
42425–42875) was used as a control, this gene was previously
shown to be highly methylated (Geyer et al., 2017), which allows
us to evaluate the efficiency of the bisulfite conversion. Bisulfite
PCR products were sequenced by Sanger sequencing
(Genoscreen, Lille, France). Sequence chromatograms were
analyzed as previously described to calculate cytosine to
thymine conversion by measuring cytosine and thymine height
peaks. This provides the degree of methylation of the targeted
sequences (Jiang et al., 2010).

Amplicon Sequencing Library Construction
Obtained from PCR Performed on Bisulfite
Converted gDNA
For the amplicon sequencing library, the bisulfite converted DNA
of 10 control and 10 transfected snails was used as a template for a
bisulfite PCR with the external bisulfite primers HP2.5-II
(Table 4) and a nested PCR was performed with the internal
bisulfite primers containing overhangs for subsequent indexing.
For the HP2.5-III forward primer the overhang was:
5′TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGNN-
[primer sequence]3′ and for the HP2.5-III reverse primer:
5′GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGNN-
[primer sequence]3′. The nested PCR was purified with 0.9X
AMPure XP beads (Beckman Coulter) to be indexed. Dual
indexing was done using the Illumina Nextera XT Index Kit
following manufacturer’s instructions. After indexing, bead
purification was done in amplified libraries with 0.9X AMPure
beads and quantification of each indexed sample was done in
Qubit fluorometer with the Qubit dsDNA HS (High Sensitivity)
Assay Kit (Thermofisher Scientific). Then each sample was
normalized to equal nanomolar concentration and then
pooled. One µL of the pooled libraries was analyzed on a
Bioanalyzer (Agilent) and after checking broad size
distribution, the libraries were sequenced in MiSeq system
(Illumina) at the Bio-Environment NGS Platform at the
University of Perpignan.

Bioinformatics and Statistics
Raw reads were trimmed using Trim galore default parameters
to remove Illumina adapters, then trimmed reads were mapped
to the reference genome of B. glabrata with the alignment
algorithm BWA-MEM that map long reads (>100 pb) to
verify that the targeted gene was sequenced. After that,
trimmed reads were used as input in the command line
version of the software pipeline CRISPResso2 available at
https://github.com/pinellolab/CRISPResso2. This pipeline
allows us to align reads to a reference sequence, and to
obtain conversion of target bases around the sgRNA and in
the entire amplicon which allows us to calculate the conversion
percentage of cytosines transformed to thymines in the target
CpG sites (Clement et al., 2019). Nucleotide frequency of the
entire amplicon was obtained from this pipeline and CpG sites
were searched manually to calculate the cytosine to thymine
conversion. The normality of the data distribution was tested
with the Shapiro-Wilk normality test. For comparing CpG%,
between controls and transfected samples, a Mann-Whitney test
was performed. To test whether there was a significant
association between transfection and methylation increasing,
we performed Fisher’s exact test. The 2 × 2 contingency table
used to apply this test contained two categorical variables, group
(Transfected and Control) and the methylation status
(Methylated and Not methylated). In the control group, there
were 0 snails methylated and 9 not methylated. In the case of the
transfected group, there were five snails methylated and five not
methylated.
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Visual Support
Detailed descriptions of the method with accompanying
video in French and English are available at Zenodo
(https://doi.org/10.5281/zenodo.4549023, https://doi.org/10.
5281/zenodo.4549069).

RESULTS

Microinjection With in vivo jetPEI Produces
Superior Survival Rates at the Gastrula
Stage and Plasmid Expression is Observed
72h After Transfection
Microinjection was done at five early stages of embryonic
development (Table 5) with an in vivo transfection reagent (in
vivo-jetPEI). The survival percentage was very low in the embryo
snails transfected before the gastrula stage (0–10%), while from
the gastrula stage the survival increases up to 50%. Moreover,
GFP expression was not observed in any of the embryos injected
before the gastrula stage. The GFP expression was observed in the
trochophore larvae of embryos transfected at the gastrula stage
72 h post-transfection.

The transcription level expression of GFP, DNMT3A, dCas9,
and BFP was measured by RT-qPCR in individual trochophore
larvae. mRNA of GFP (Figure 1A), BFP (Figure 1B), of the
catalytic domain of the DNMT3A (Figure 1C), and of the dCas9
protein (Figure 1D) were detected in transfected snails, while the
non-transfected controls did not display the expression of any of
the four mRNAs (Figure 1). The negative RT controls do not
display the expression of the 4 mRNAs.

No fluorescence signal was detected by microscopy until 72 h
after transfection. At this stage, the trochophore larvae started to
show GFP fluorescence, the reporter gene of the plasmid coding
for DNMT3A, and BFP fluorescence for the plasmid coding for
dCas9 and the scaffold SunTag (Figures 2A–D). The
fluorescence of GFP and BFP continued to be visible
(Figures 2E–H) 96 h after transfection and 110 h later,
fluorescence was visible but weaker (Figures 2I–L). The
fluorescence was no longer visible 168 h post-transfection,
demonstrating that the plasmids were expressed transiently
in the embryo snail (data not shown). Embryos at the veliger
and hippo stage did not show fluorescence expression after the
microinjection with a control solution containing the in vivo-
jetPEI reagent and 5% glucose but deprived of plasmids
(Figures 3A–D).

The transfected embryos exhibited preferential fluorescence at
the ectodermal tissues and at the nervous system. In some
photographs we could observe the pedal ganglia in an embryo
at the hippo stage (Figure 4). Fluorescence expression was highly
mosaic and limited to some cells in the nervous system, therefore
mosaic integration was expected.

In conclusion, transfection in B. glabrata is preferable from the
gastrula stage since earlier microinjection leads to high
mortality rates. Expression of reported genes from plasmid of
transfected snails was observed 72 h after transfection and up to
5 days when embryos are at the end of the hippo stage.
Approximately 12 h before hatching, the snails lost the
fluorescence signal (Figure 5). This dynamic of expression
was expected since a transient expression was also observed
in transfected human embryonic kidney cells (Huang et al.,
2017), we did not select for stable transfection, in our hit-and-

TABLE 4 | Primers designed to check for efficiency of bisulfite conversion.

ID Type of primer Sequence Tm Amplicon length

Bg14.3.3 BS 5 External GAtTGAAtTTGAAGGTAAATTAAtAtAAGA 58.1 605 bp
Bg14.3.3 BS 5 External aATaTCCACAaaaTAAaATTaTCAC 55.4
Bg14.3.3 BS 1 Internal tTGTtTGTTGtTTAtAAAAATGTTGTG 59.4 478 bp
Bg14.3.3 BS 1 Internal CACTaATAaCCTCATCAAAaaCCTCTT 62.6
HP2.5-II For External GAAGTtTTGGAGGTtAAAAAtTTTGt 60.6 838 bp
HP2.5-II Rev External aACTCAaCTCAaATCAaTAAATCCAC 61.4
HP2.5-III For Internal TGTGAGAAttAtTtTATTAAGTTGT 56.3 458 bp
HP2.5-III Rev Internal TaTTTTCAaaACATACCTCTTTaAC 57

Note: Bisulfite conversion of C to T in forward primers is indicated by lowercase “t” and in reverse primers G to A conversion is indicated by lowercase “a”.

TABLE 5 | Survival percentages of the transfections done at different embryo developmental stages with the in vivo jetPEI reagent.

Time
after first cleavage

Stage Number
of injected snails

Number
of surviving snails

Survival %

During first cleavage 2-cell stage 50 0 0
160 min 8-cell stage 50 2 4
5 h Morula stage 50 4 8
18–20 h Blastula stage 50 5 10
26 h Gastrula 50 25 50
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run approach, a constitutive expression of the DNMT activity
would potentially lead to off-target effects and was not desirable.
Total transfection efficiency was 4% (10 fluorescent embryos,
from a total of 250 snails).

Targeted CpG Hypermethylation of 3.4-76%
in 50% of Transfected Snails in up to
5 CpG Sites
After having established a time window in which both dCas9 and
DNMT were expressed in the developing snail embryos,
injections of guide RNA were performed. To verify the
absence of mutations, the targeted locus was sequenced by
Sanger methodology and to verify methylation level at the
target gene, bisulfite Sanger sequencing was done. The target
gene was not methylated at any of the 11 CpG sites (data not
shown). All three sgRNAs matched to the target sequence and are
located at different positions (Figure 6). Cleavage efficiency was
assayed in vitro and sgRNA3 was shown to be the unique tested
guide able to direct Cas9 to cut the targeted locus at the PAM
sequence (Figure 7). Therefore, positive transfected snails were
screened under the microscope at 72 h using fluorescence of the
GFP and BFP from the plasmids. At this time, we performed the
microinjection of the sgRNA3 in those positive embryos. sgRNA3
was microinjected in the positive fluorescent embryos to
maximize dCas9 and sgRNA binding. We then extracted
genomic DNA from newly hatched snails and performed the

bisulfite conversion. Amplification of the target gene was then
performed and analyzed by amplicon bisulfited sequencing
(BSAS). This method allowed us to measure accurately the
CpG methylation level of 9 controls and 10 transfected snails.

The two sets of microinjections allowed us to methylate CpG
sites in the targeted gene close to the guide RNA. BSAS of the
target identify that 4 out of 10 transfected snails showed increased
percentage of methylated CpG at the targeted gene (Figure 8),
while the controls showed a significantly lower percentage of
methylated CpG.

We applied the Mann-Whitney test to compare methylation
values between controls and transfected snails, we did not find a
significant difference between both groups (p > 0.05). We also
applied the Fisher exact test in a contingency table of 2 × 2
composed of two variables, group (control or transfected) and the
methylation state (methylated or not methylated). We considered
as methylated a snail showing at least 1 CpG site with a
methylation percentage higher than 2%. From the 9 controls,
we observed 0 snails methylated. In the case of the transfected
group, we find 5 snails methylated from 10. The difference
between the control and transfected group was statistically
significant (p = 0.03).

The control snails (n = 9) displayed ≤1% of CpG methylation
in the 12 CpG sites, while 5 of the 10 transfected snails
(Transfected 1, 2, 3, 6, and 10) showed an increase of CpG
methylation in up to 5 CpG sites (Table 2). One transfected snail
(Transfected 6) showed a higher CpG methylation percentage in

FIGURE 1 | Relative expression of controls (microinjected with only in vivo jetPEI reagent) and transfected snails (microinjected with in vivo jetPEI and the two
plasmids coding for the dCas9-SunTag-DNMT3A system). Relative expression of (A) GFP, (B) DNMT3A, (C) BFP, and (D) dCas9 from transfected embryos. Two
controls snails were compared to 4 transfected embryos per mRNA, each bar represents two technical replicates of the cDNA extracted from a single larva. Error bars
correspond to standard deviation of the two technical replicates from each larva.
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5 CpG sites with values ranging from 3.5 to 4.42, while another
snail (Transfected 10) showed a weak CpG methylation
percentage in only one CpG site (4.4%). The other positive
transfected snails showed one CpG site highly methylated
(Transfected 1, 2, 3) with values ranging from 12 to 76%. A
high heterogeneity was found in the targeted CpG methylation
modifications in the transfected snails (Table 6).

The control snails (n = 9) displayed ≤1% on the mean CpG
methylation of the 12 CpG sites of the targeted gene. The
transfected snails that showed increase of CpG methylation
(n = 5), showed an increase of 4–19% in the mean CpG
methylation in various CpG sites compared to controls, and
three CpG sites were near the PAM motif of the sgRNA
(Figure 8).

DISCUSSION

In vivo targeted epigenomemodifications were reported in mouse
(Lei et al., 2017), in the fish Oryzias latipes (Fukushima et al.,
2019), and in the plant Arabidopsis thaliana (Ghoshal et al.,
2020). dCas9 fused to the transcriptional activator domain VPR
(dCas9-VPR) was used to activate transcription of a target gene in
vivo in Drosophila (Lin et al., 2015) and targeted DNA
methylation changes with a methylome engineering tool in

FIGURE 2 | (A–D) Trocophore larva 72 h post transfection with dCas9-SunTag-BFP and scFv-DNMT3A plasmids. (A) GFP expression, (B) BFP expression, and
(C) GFP and BFP co-localization. (E–H) Veliger larva 96 h post transfection. (I–L) Snail in hippo stage 110 h post transfection. Anatomical annotations: H-head, F-foot,
S-shell, L-lung, M-mantle, DG-digestive gland.

FIGURE 3 | (A–B) Veliger larva stage 96 h after microinjection with in vivo
jetPEI deprived of plasmids and used as a control solution. (C–D) Snail in the
hippo stage 110 h post-microinjection with control solution.
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invertebrates has been only reported in Bombyx mori (Liu et al.,
2019).

The use of methylome engineering tools and in vivo
transfection of our biological model, the snail B. glabrata, is
technically challenging. One of the reasons is that the size of the
embryo (50 µm diameter) is much smaller than in model species
[e.g., zebrafish embryos 700 µm (Hanneman et al., 1988) and
mice embryos 100 µm (Aigner et al., 2002)]. We developed a
method of microinjection at the embryo yolk with an in vivo
polymer-based reagent. Plasmids microinjected into the B.
glabrata embryos produced transient expression of genes from
the viral promoter SV40 for 5 days. These results indicate that
plasmids were expressed without stable integration in the snail
genome, SV40 promoter vectors can persist as nonreplicating
extrachromosomal elements that are destroyed by nucleases, can

be functionally inactivated by partitioning to non-nuclear
compartments, or can be diluted by cell division (Cooper
et al., 1997). Moreover, our study shows that dCas9-SunTag
with DNMT3A-GFP transient expression (within 5 days’
timeframe of post-transfection) along with sgRNA complexity
to dCas9 can perform site specific DNA methylation.

BSAS showed that the targeted methylation was achieved at
low levels in some of the CpG sites of the transfected snails. In one
transfected snail, five CpG sites were methylated between 3.5 and
4.4% while in another transfected snail also 4% of methylation
was found but only in one CpG site. The other 3 transfected snails
showed higher CpG methylation percentage principally in one
CpG site (11–76%). Our findings indicate low DNA methylation
in some CpG sites (~4%) that is consistent with the idea that only
some cells were transfected. It is now conceivable to increase the

FIGURE 4 | (A) Control snail 96 after microinjection with the in vivo jetPEI reagent, showing only autofluorescence. (B) Snail 96 h after transfection with plasmids
dCas9-Suntag and scFv—GFP-DNMT3A. H-head, S-shell, M-mantle, F-foot, PG-pedal ganglia.

FIGURE 5 | The microinjection was done at the gastrula stage, 26 h after the first cleavage of the zygote. In total, 72 h after the first microinjection the plasmids are
expressed in the embryo of B. glabrata and in the fluorescent positive embryos a second microinjection with the sgRNA was done. The fluorescence of the reporter
genes (GFP and BFP) was observed for 5 days (from Day 4 to Day 8) and then is no longer visible, therefore the expression of reporter genes carried by plasmids is
transient. At Day 9, the snails hatch.

Frontiers in Cell and Developmental Biology | www.frontiersin.org February 2022 | Volume 10 | Article 79465010

Luviano et al. Hit-and-Run Epigenetic Editing

https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


targeted DNAmethylation by optimizing further the transfection
at an earlier stage. Ten transfected embryos were compared to 9
control embryos (1 control bisulfite amplicon library yielded a
very low number of reads) to confirm that the methylation change
was only achieved in the transfected embryos. Control snails
displayed less than 1% of CpG% in the 12 CpG sites of the
targeted gene. Bisulfite conversion percentage was of ≥99%
making it unlikely that we observed non-conversion artefacts
at this precise target sequence.

The transfection technique presented in this work showed an
efficiency of 4%, out of 250 microinjected embryos, 10 embryos
showed the fluorescence of the reporter genes GFP and BFP and
out of these 10 embryos, targeted methylation was achieved in 5
embryos, representing 2% of the total microinjected embryos, or
50% of the fluorescent positive embryos. The efficiency of the
targeted DNA methylation could depend also on the dynamic
folding of the chromatin, which regulates the accessibility to the
DNA, and possibly some regions were accessible to the dCas9-
SunTag-DNMT3 complex while others were not. As expected,
mosaic DNA methylation patterns were found in the targeted
gene, since the transfection was done at the gastrula stage. Two-

cell transfection was attempted but the embryos did not survive
the microinjection technique and the toxicity of the polymer-
based reagent (Table 1). Such mosaicism of Cas9 action was also
observed in Crepidula fornicata, the first mollusk species where
genome editing has been achieved, even if the microinjection was
done there at an earlier stage phase of the embryonic
development (at the two-cell stage) (Perry and Henry, 2015).
The high heterogeneity in targeted DNA methylation can be due
to the dissimilar integration of vector constructions to the
transfected cells, transfection is done at the embryo yolk and
not at the embryo itself, and probably the integration of the vector
to the embryo cells happens at different times. Additionally, we
observed that the embryo development inside the eggs’ mass is
not perfectly synchronized, which could also play a role in the
differential vector integration to cells.

The dCas9-SunTag-DNMT3A1 was earlier transduced by
lentiviral vectors to the HEK293T human cell line where it
showed a high efficiency in inducing targeted DNA
methylation, the increase was of 50–80% in 53 CpG sites of a
CpG island along 600 bp of the gene Hox5A. The dCas9-SunTag-
DNMT3A1 systemwas compared to the vector dCas9-DNMT3A,

FIGURE 6 | sgRNA position at the targeted locus, whose genomic location is LGUN_random_Scaffold680:40914-41372. The target amplicon is within the gene
body and contains 12 CpG sites. The complete sequence of each gRNA is found in the methods section.
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the first one showed an increase of 60–95% of the CpG
methylation in a 4-kb window while the second one showed
an increase of 20–40% at the same 4-kb window. These results
showed that the dCas9-SunTag-DNMT3A1 system showed
higher efficiency in inducing a targeted DNA methylation than
dCas9-DNMT3A (Huang et al., 2017).

The targeted modification in vivo of DNA methylation has
been mostly addressed in the mice model. For example, the use of
dCas9 fused to the prokaryotic methyltransferase MQ1 (dCas-

MQ1) was tested in vivo in mouse zygotes where it induced an
increase from 50%CpGmethylation to 70% in 20 CpG sites along
500 bp of the locus Igf2/H19 (Lei et al., 2017).

Comparisons of the results found in vitro in a human cell line,
showed that, in our case, the targeted DNA methylation increase
was weaker and highly heterogeneous. A major difference is that
our transfections were performed in vivo at the gastrula stage and
not at the one cell stage or in a cell culture. In vivo transfection
efficiencies are not as high as viral vectors used in vitro, nucleic
acids are more stable in cell culture and integrate more efficiently
in one cell nucleus, but in a living organism, they can be degraded
before cell integration.

It is more suitable to compare our increased targeted DNA
methylation results to that obtained in vivo in mouse zygotes with
the vector dCas9-MQ1 (Lei et al., 2017). Indeed, our results are
similar: in mice the global increase was of 10–60% in 7 CpG sites
using a unique sgRNA while in our model the increase was of
~4–76% in up to 5 CpG sites. In the mouse zygotes, the range of
the CpG methylation increase was improved by using a pool of 4
sgRNAs, increasing the CpG% to 20–50% in 12 CpG sites. In the
case of dCas9-DNMT3 vector, co-transfection of multiple
sgRNAs also revealed an increase in the range of the targeted
CpG% modification compared to the use of a unique sgRNA (Lei
et al., 2017); one sgRNA increases the methylation 30–60% in 6
CpG sites, and when 4 sgRNAs were co-transfected the
methylation increased 25–55% in 12 CpG sites. Therefore, to
increase the range of the DNA methylation effect, multiple
sgRNAs targeting the same locus should be used in the future.

FIGURE 7 | Electrophoresis through an agarose gel to evaluate the in vitro efficiency of cleavage by RNP complex on targeted loci. (A) PCR product with the
primers HP2.5-1, amplicon length 315 bp. (B) PCR product with the primers HP2.5-2, amplicon length 201 bp. (C) PCR product with HP2.5-1 primers incubated with
Cas9 and sgRNA1. (D) PCR product with HP2.5-2 primers incubated with Cas9 and sgRNA2. (E) PCR product of the targeted gene with a couple of primers HP2.5-3,
amplicon length 296 bp. (F) PCR product of HP2.5-3 primers incubated with Cas9 and sgRNA3, cleaved fragments of the gene, two products—one of ~188 bp
and one of ~108 bp—corresponding to the size fragments after DSB on the PAM sequence.

FIGURE 8 | CpG methylation percentage in the 12 CpG sites of the
targeted gene along 458 bp. Mean CpG % per CpG site in all controls (blue)
and in the transfected snails (magenta). The bars represent the mean CpG
methylation percentage per CpG site and the error bars represent the
standard error of the mean (SEM).
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We estimate that at least 4 efficient sgRNAs must be developed
for a target region of ~500 bp.

Another invertebrate in which targeted DNA methylation
has been modified is the silkworm Bombyx mori, where
dCas9-TET1 was used to demethylate the gene body in vitro
and in vivo (Liu et al., 2019). The in vitro demethylation
percentages were 30–60% in 9 of 9 CpG sites of the gene
BGIBMGA004109 and 10–42% in 8 of 9 CpG sites of the gene
BGIBMGA001471. The in vivo demethylation was achieved in
5 of 9 CpG sites of the gene BGIBMGA004109, the 5 CpG
sites displayed different DNA demethylation percentages
from 20 to 50%. In the gene BGIBMGA001471 the CpG
demethylation in vivo was achieved in 7 of 9 CpG sites, with a
methylation decrease from 5 to 40%. The editing range was
within 200 bp, and the editing efficiency was lower in embryo
than in embryonic cell line. Furthermore, gene body
demethylation was found to promote transcription in the B.
mori embryonic cell line which is contradictory to the
hypothesis that GBM is correlated with higher gene
expression; nevertheless, further work is needed to explore the
causal relationship between GBM and transcription, particularly
in invertebrate taxa.

Our work showed that the use of epigenetic engineering tools
in vivo in the snail B. glabrata and probably other mollusks
species is now conceivable. The further development of
transfection and epigenetic engineering tools in our biological
model will bring insights about the role of GBM in invertebrate
species, a subject which requires experimental tools to address
this question. While not formally tested, our technique could
probably also be used for Cas9-based gene editing.
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TABLE 6 | CpG methylation results from bisulfite amplicon sequencing CpG sites of the targeted gene BGLB032652 found in the genomic region:
LGUN_random_Scaffold680: 40,914-41,372.

Bisulfite amplicon sequencing

CpG sites CpG 1 CpG 2 CpG 3 CpG 4 CpG 5 CpG 6 CpG 7 CpG 8 CpG 9 CpG 10 CpG 11 CpG 12

Position
on scaffold
680

40927 40950 40972 41042 41054 41138 41178 41191 41228 41239 41293 41334

Control snail 1 0.9 0.4 0.3 0.2 0.3 0.2 0.4 0.0 0.4 0.5 0.5 1.0
Control snail 2 0.7 0.7 0.7 0.2 0.2 0.4 0.3 0.0 0.3 0.4 0.4 0.7
Control snail 3 0.3 1.0 0.5 0.1 0.1 0.3 0.3 0.0 0.4 0.3 0.4 0.3
Control snail 4 0.4 1.0 1.0 0.5 0.2 0.2 0.4 0.0 0.2 0.5 0.5 0.2
Control snail 5 0.7 0.4 0.3 0.1 0.1 0.3 0.2 0.0 0.2 0.3 0.4 0.3
Control snail 6 0.7 0.7 0.4 0.2 0.1 0.2 0.3 0.0 0.2 0.2 0.6 0.3
Control snail 7 0.6 0.4 0.4 0.2 0.1 0.2 0.2 0.0 0.1 0.2 0.5 0.3
Control snail 8 0.7 0.4 0.3 0.1 0.1 0.3 0.3 0.0 0.1 0.3 0.3 0.3
Control snail 9 0.5 0.5 0.3 0.1 0.1 0.2 0.3 0.0 0.1 0.2 0.4 0.3
Transfected snail 1 0.6 0.6 0.6 0.1 0.1 0.2 0.3 0.0 0.2 0.2 36.3 1.1
Transfected snail 2 0.7 76.4 0.3 0.1 0.1 0.2 0.3 0.0 0.2 0.3 0.4 0.3
Transfected snail 3 0.6 0.4 11.6 0.2 2.1 0.2 0.3 0.0 0.1 0.2 0.3 0.3
Transfected snail 4 0.6 0.4 0.3 0.1 0.1 0.2 0.4 0.0 0.2 0.2 0.3 0.3
Transfected snail 5 1.3 1.1 0.8 0.1 0.1 0.2 0.3 0.0 0.3 0.3 0.5 0.3
Transfected snail 6 4.4 0.4 4.4 0.2 0.3 3.9 0.3 0.0 3.5 4.2 0.3 0.2
Transfected snail 7 0.6 0.4 0.3 0.1 0.6 0.3 0.3 0.0 0.2 0.2 0.4 0.2
Transfected snail 8 0.4 0.5 0.3 0.1 0.2 0.3 0.3 0.0 0.2 0.3 0.4 0.3
Transfected snail 9 0.5 0.5 0.4 0.1 0.1 0.2 0.3 0.0 0.2 0.3 0.4 0.3
Transfected snail 10 4.4 0.5 0.5 0.2 0.1 0.3 0.3 0.0 0.2 0.4 0.4 1.4

Note: CpG sites showing >2% of DNA methylation were considered as methylated and are highlighted in bold.
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