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Abstract

Herein we describe, to our knowledge for the first time the use of the clustered regularly
interspaced short palindromic repeats/CRISPR-associated gene 9 (CRISPR/Cas9) system for
genome editing of Meospora caninum, an apicomplexan parasite considered one of the main
causes of abortion in cattle worldwide. By using plasmids containing the CRISPR/Cas9
components adapted to the closely related parasite 7oxoplasma gondii, we successfully knocked
out a green fluorescent protein (GFP) in an Nc-1 GFP-expressing strain, and efficiently disrupted
the Nc GRA7gene in the Nc-Spain? isolate by insertion of a pyrimethamine resistance cassette.
The successful use of this technology in A. caninum lays the foundation for an efficient, targeted
gene modification tool in this parasite.
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Neospora caninum is a protozoan parasite from the phylum Apicomplexa, and is closely
related to 7oxoplasma gondii. As the causative agent of bovine neosporosis, it is considered
one of the main causes of abortion and neonatal mortality in cattle worldwide, entailing
significant economic losses (Dubey et al., 2007; Dubey and Schares, 2011; Reichel et al.,
2013). At present, there is an urgent need to develop control measures that protect cattle
from abortion and vertical transmission. In order to find new vaccines and drug targets, it is
imperative to increase knowledge of the molecular factors and genes involved in the
parasite’s biology. Thus, developing specific tools for genetic manipulation of NMeospora will
help us understand host-parasite interactions, and possibly aid in the development of vaccine
and treatment strategies. While a wide array of tools has been developed for the closely
related parasite 7. gondi~including an assortment of promoters, fluorescent proteins,
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selectable markers, and genome editing tools—few such methods are available for .

caninum (reviewed in Suarez et al., 2017). Indeed, the genetic manipulation of N, caninum is
limited to a few studies such as the introduction of the LacZ gene, the expression of
bradyzoite (the semi-dormant stage of the parasite that is present in tissue cysts) antigens
such as NcSAGA4, the expression of antigenic and secreted 7oxoplasma proteins (e.g.
TgSAGL, TgGRA2, TgGRA15 or TgROP16), the mutation of dihydrofolate reductase-
thymidylate synthase (DHFR-TS; conferring resistance to pyrimethamine) or the insertion of
drug selectable markers such as chloramphenicol acetyl transferase (CAT; resistance to
chloramphenicol) or Ble (resistance to phleomycin) (Howe et al., 1997; Beckers et al., 1997;
Howe and Sibley, 1997; Zhang et al., 2010; Marugan-Hernandez et al., 2011; Pereira et al.,
2014; Pereira and Yatsuda, 2014; Mota et al., 2017).

Recently, the adaptation of the clustered regularly interspaced short palindromic repeats/
CRISPR-associated gene 9 (CRISPR/Cas9) technology—a naturally occurring DNA
recognition system used as a defense mechanism in bacteria and archaea—has led to
extremely efficient gene editing in a variety of organisms (Jinek et al., 2012; Mali et al.,
2013; Shen et al., 2014; Sidik et al., 2014). Briefly, this system relies on the introduction of
site-specific double-strand DNA breaks (DSBs) by the endonuclease Cas9 in a target
sequence that is homologous to the single guide RNA (sgRNA, or gRNA hereafter). These
DSBs are subsequently repaired by the organism either by the non-homologous end joining
(NHEJ) pathway, leading to insertion and deletion mutations in the targeted genes (“indels™),
or by homologous direct repair (HDR) in the presence of a DNA donor template. A gRNA
complex will be able to guide the Cas9 only if an appropriate protospacer-adjacent motif
(PAM) is located immediately after the target sequence. The utility of using gRNAs
designed to target specific genes, combined with the high efficiency of disruption by Cas9,
has proven useful for gene manipulation in many model organisms (Cong et al., 2013). In
apicomplexan parasites, to date, this has only been achieved in Plasmodium,
Cryptosporidium and Toxoplasma (Suarez et al., 2017). In the latter, the CRISPR/Cas9
system was recently adapted to produce efficient targeted gene disruption and site-specific
insertion of selectable markers (Shen et al., 2014; Sidik et al., 2014). Since then, it has been
widely employed as an efficient and powerful means of testing the role of specific genes in
diverse genetic backgrounds and even to perform a genome-wide screen of Toxoplasma
genes conferring fitness in human foreskin fibroblasts (HFFs) (Sidik et al., 2016).

In the present work we describe, to our knowledge, the first successful use of the CRISPR/
Cas9 system in V. caninum by transfecting plasmids developed for 7oxoplasma. \We
disrupted two different genes, the green fluorescence protein (GFP)expressed in Nc-1, and
the Nc GRA7in the wild-type Nc-Spain7 isolate, demonstrating the utility of the
Toxoplasma-adapted plasmids and CRISPR/Cas9 technology in A. caninum. To disrupt the
genes, we used the universal pU6 plasmid (Addgene plasmid # 52694), which contains Cas9
with a nuclear localisation sequence driven by the Tg 7UB/promoter and a gRNA
expression site driven by the 7. gondii U6 promoter (Sidik et al., 2014). Using the Bsal-
specific sites in the vector, we generated different plasmids containing 20 nucleotide gRNAs
that targeted two regions of the GFP gene (GenBank accession number U87973) close to the
ATG site and the 5’ and 3’ ends of the coding sequence of the NcGRA7 gene (Fig. 1A and
2A). A complete description of the primers and gRNAs used in this work is provided in
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Table 1. Parasite culture and transfections were performed as described elsewhere (e.g. Mota
etal., 2017).

First, ~1 x 103 tachyzoites of the Nc-1 GFP strain were transfected with a combination of 35
ug of each of the two universal pU6 plasmids (70 pg in total) containing the two gRNAS
described above. Immediately after transfection, a limiting dilution of the pool of transfected
parasites was performed in 96-well plates to obtain individual clones (Sidik et al., 2016).
After 7 days, 16 individual clones were obtained. From these, one clone (4A5) showed
parasites that were not green, implying a disruption of the GFP gene (Fig. 1B). To further
characterise this clone, we sequenced a 285 bp PCR-amplified region containing the gRNA
homology site (Fig. 1C). Results showed that the loss of GFP expression was due to a frame
shift caused by the insertion of a single nucleotide (A) 4 bp upstream of the PAM site, which
has been reported to be the usual position where Cas9 cleaves DNA (e.g. Sidik et al., 2014).

After confirming that CRISPR/Cas9 can be used for gene disruption in NMeospora, we wanted
to test whether this system could also produce gene disruptions or deletions by insertion of a
selectable marker following site-specific targeting as previously described for 7oxoplasma
(Shen et al., 2014; Sidik et al.,2014). For that, we aimed to disrupt the NcGRA7 gene
(GenBank accession number JQ410455; ToxoDB ID NCLIV_021640) with two gRNAS
targeting the 5” and 3’ ends of the coding sequence, and produce the deletion of most of the
NcGRA7 open reading frame (ORF) and insertion of a donor DNA template bearing a
pyrimethamine resistance cassette (Fig. 2A). In order to do that, we used as a repair template
the LoxP-mCherry-DHFR plasmid (Addgene Plasmid #70147) (Long et al., 2016), which
contains the Toxoplasma DHFR-TS pyrimethamine-resistant allele marker (Donald and
Roos, 1993) fused to the fluorescent protein mCherry flanked by two loxP sites that allows
the excision of this cassette in the presence of Cre recombinase. After transfecting ~107
tachyzoites of the Nc-Spain7 isolate with a combination of the two gRNAs (6 ug each) and
the linearised donor vector (Notl cut, 2 pug) described above, parasites were returned to
culture. Selection with 10 iM pyrimethamine was initiated 24 h later and continued for three
passages. To confirm the insertion of the resistance cassette into the GRA7 locus, single
clones of pyrimethamine-resistant parasites were isolated as described above and diagnostic
PCR was performed to check for integration (Fig. 2B and C). Unlike the wild-type strain
(WT), we failed to amplify the Nc GRA 7-specific band from any of the 59 clones obtained,
suggesting the insertion of a large piece of DNA in the GRA7locus. To rule out the
possibility of low DNA vyields or DNA degradation, we performed a GRA6 PCR (Walsh et
al., 2001). As expected, all clones amplified the specific GRA6 band (Fig. 2C). Moreover,
since all clones were pyrimethamine-resistant (in contrast to WT), the plasmid, or at least a
portion containing the DHFR-TS resistance cassette, was inserted either in the GRA7 locus
or randomly elsewhere in the genome. To identify clones that specifically inserted the
plasmid in the GRA7 locus, further PCRs were carried out. From these 59 GRA7-negative
clones, nine were negative for all the plasmid insertion PCRs and 31 showed band sizes
larger or smaller than the expected amplicon size, which suggests that only a portion or
altered parts of the plasmid were integrated in these clones. On the other hand, a total of 19
clones demonstrated integration of the complete repair template into the GRA7 locus, 17 of
which incorporated the plasmid in forward orientation (Fo) and two in reverse orientation
(Ro). To further characterise the exact position of the insertion in the GRA7locus, we
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selected eight Fo clones and the two Ro clones, and sequenced the regions upstream of the
first gRNA and downstream of the second gRNA. For all the Fo clones, gene disruption was
produced by insertion of the resistance cassette at the site where Cas9 is predicted to cut
after hybridisation of the second gRNA, which was close to the stop codon (Fig. 2B). Thus,
it would be expected that these Fo clones still express a minimally truncated, but otherwise
functional, GRA7 protein, since the gene was only disrupted towards the 3’ end. In contrast,
a deletion of most of the NcGRA7 ORF was produced in the two Ro clones, integrating the
repair template between the two gRNAs. Furthermore, the DSB was produced at a position
corresponding to 3-4 bp upstream of the PAM in both types of clones (Fig. 2B), similar to
the cutting site mentioned above for the GFP mutant.

It is worth mentioning that PCR analysis by itself cannot rule out the possibility that other
copies of our donor template were inserted elsewhere in the genome. Furthermore, it is
possible that gRNAs have off-target effects. Therefore, it is recommended to always
complement knockout (KO) clones with the WT copy of the gene, for example by insertion
into a neutral locus such as the uracil phosphoribosyltransferase (UPRT) gene and
subsequent selection with 5-fluorodeoxyuridine (FUDR) (Shen et al., 2014). The disruption
of the NMeospora UPRT gene and repair with a WT copy of the gene of interest should be
straightforward using the CRISPR/Cas9 approach we describe in this paper.

Finally, the present work shows that . caninum can acquire resistance to pyrimethamine by
expression of the DHFR-TS resistance cassette described for 7oxogplasma. It was already
known that Neospora is extremely sensitive to pyrimethamine and that resistance to
pyrimethamine can be achieved by expression of a mutated version of the NcDHFR-TS
gene, employing the same mutations described for 7oxoplasma, which occur in highly
conserved regions (approximately 80% with the DHFR-TS of Toxoplasma) (Pereira et al.,
2014). Herein, we show that Neospora can also become resistant to pyrimethamine by
expression of the Toxoplasma mutated DHFR-TS gene.

In conclusion, our results demonstrate that (i) effective gene disruption can be achieved in
Neospora by using CRISPR/Cas9; (ii) the ability to introduce a selectable marker at the site
of the DSB induced by the gRNA appears not to require homology arms, as previously
described for Toxoplasma (Shen et al., 2014); and (iii) production of N. caninum mutants by
CRISPR/Cas9 can be achieved by using plasmids already available for the closely related
parasite 7oxoplasma. The use of CRISPR/Cas9 in N. caninum will contribute to the
identification of critical parasite-encoded pathways which, in turn, could lead to the design
of novel methods for its control, particularly vaccines and drugs.
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Fig. 1.

Ar?alysis of the Neospora caninum Nc-1 GFP knockout (KO) generated with clustered
regularly interspaced short palindromic repeats/CRISPR-associated gene 9 (CRISPR/Cas9).
(A) Schematic representation of the GFP gene disruption achieved by employing two guide
RNAs (gRNAs; g1 and g2) in the Nc-1 GFP strain. (B) Images (20x) from cell culture flasks
containing human foreskin fibroblast cells infected with two different clones obtained after
transfection and limiting dilution (4A5 and 4B5) showing green fluorescence. Note the
absence of green fluorescence in clone 4A5. White bars represent scale bars (20 um). (C)
Sequence alignment of the parental strain (Nc-1 GFP) and two clones, 4B5 and 4A5 (KO).
Identical nucleotides are presented as dots. The two gRNA sites are underlined in black.
Protospacer adjacent motif (PAM) sites are indicated by grey lines above the sequence. The
cutting site is indicated by an arrowhead. UTR, untranslated region. pTg GRAL, promoter
region of the 7oxoplasma dense granule 1 gene.
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Fig. 2.

Agalysis of the Neospora caninum Nc-GRAT knockout generated with clustered regularly
interspaced short palindromic repeats/CRISPR-associated gene 9 (CRISPR/Cas9). (A)
Schematic representation of the GRA7locus and the repair template used in the transfection.
Disruption was achieved by employing two guide RNAs (gRNAs; g1 and g2). The positions
and directions of primers (P1-4) used for diagnostic PCRs are indicated by arrows. The
position of the AoA restriction enzyme used to linearize the donor template is indicated. (B)
Schematic representation of the mutant clones that incorporated the donor template in
forward (Fo) and reverse (Ro) orientation. g1 and g2 indicate gRNAs, and positions and
directions of primers used for diagnostic PCRs (P1-4) are indicated by arrows. Sequence
alignments of regions surrounding the cutting site are shown, comparing a representative of
Fo (clone #50) and Ro (clone #16) with the Nc GRA7 locus and the loxP-DHFR-mCherry
plasmid. gRNA sites and protospacer adjacent motif (PAM) sequences are indicated by red
and blue lines above the sequences. Slashes within sequences are used to visually separate
distant unconnected regions. The cutting sites are indicated by arrowheads. (C) Diagnostic
PCR demonstrating the loss of GRA7 (P1 + P2) and the integration of the donor template in
forward (P2 + P4 and P1 + P3) and reverse (P1 + P4 and P2 + P3) orientations. WT, wild
type; UTR, untranslated region; DHFR-TS, dihydrofolate reductase-thymidylate synthase
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(DHFR-TS); LoxP: loxP sites. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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