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The successful isolation of four new Neospora caninum strains from different regions and with different backgrounds (obtained from an abortion storm or congenitally infected and asymptomatic calves) allowed us previously to characterize natural isolates, finding differences in phenotype and microsatellites. Given the variability observed, we wondered in this work whether these differences had consequences in virulence, invasion and vertical transmission using cell cultures and murine neosporosis models. In addition, we performed the genomic analysis and SNP comparative studies of the NcURU isolates. The results obtained in this work allowed us to establish that NcURU isolates are of low virulence and have unique phenotypic characteristics. Likewise, sequencing their genomes has allowed us to delve into the genetic singularities underlying these phenotypes, as well as the common mutated genes. This work opens a new perspective for diagnostic purposes and formulating possible vaccines based on attenuated strains.
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Introduction

Neospora caninum is a coccidian parasite of the Apicomplexan phylum, and the causative agent of bovine and canine neosporosis (1). In domestic and wild dogs, neosporosis may be a debilitating neurological disease. In addition, Bovine neosporosis is one of the leading causes of bovine abortion worldwide. Due to the burden on the economy worldwide, neosporosis is known as the billion-dollar disease (2). As part of its obligatory intracellular life cycle, N. caninum actively invades the cells of its hosts (1). Acute infections caused by the rapidly dividing N. caninum tachyzoites can evolve into chronically persistent, slow-growing bradyzoites (3). Bradyzoites are protected from the host’s immune response by encysting in immune-privileged tissues, such as the brain (3). These latent forms can reactivate during pregnancy and efficiently transmit from an infected mother to the fetus (4). Drugs to efficiently treat the chronic form of the disease are unavailable, and vaccination is considered the best potential control strategy against bovine neosporosis, as it offers the best cost–benefit ratio (5).

Molecular studies over the past decade have reported the occurrence of phenotypic variability in different naturally occurring N. caninum strains isolated worldwide (6). This phenotypic variability is accompanied by genetic variability, identified by the analysis of microsatellites and single nuclear polymorphisms (7–10). However, our grasp on the extent of genetic variability among strains of N. caninum and its correlation with phenotypic variability is still insufficient (11). This is partly due to the relatively low number of genetic/phenotypically characterized natural isolates pursued worldwide. In this context, the continued isolation of wild parasite strains exhibiting marked differences in virulence and identifying the genetic basis of these phenotypes is crucial to further our understanding of the molecular basis of pathogenesis in these parasites.

The murine model has been utilized for many years to isolate and characterize Neospora caninum strains (11). Despite being a well-studied model that enhances our understanding of neosporosis, including infection, immune response, vertical transmission, and other parameters, it continues to be a valuable approach for replicating the bovine model (12–16).

In previous work, we isolated four strains of N. caninum (7). We determined that these four strains represent three distinct genetic lineages based on microsatellite typing, differing significantly from other extensively characterized isolates, such as the reference strain N. caninum Liverpool (NcLiv). We also observed that some lineages were more closely related to abortion-causing strains than others foretelling possible phenotypical differences among isolates. With these results in mind, we set out to characterize the phenotypes of isolates NcUru1 thru 4 and their correlation with genetic variability, as determined by whole-genome sequencing.



Materials and methods


Cell culture and purification of tachyzoites

Neospora caninum Liverpool was acquired from ATCC (Cat.#: 50845). NcUru1-4 were isolated from local congenitally infected calves and functionally and genetically characterized (7). All strains were cultured and maintained by serial passages in human foreskin fibroblasts (HFF, ATCC #SCRC 1041) in DMEM (Gibco™, Thermo Fisher Scientific, Waltham, MA, United States), supplemented with 10% Fetal Bovine Serum (Invitrogen, Carlsbad, CA, United States), 1% penicillin/streptomycin (Invitrogen, Carlsbad, CA, United States). Cells were incubated at 37°C and 5% CO2. The infected HFF monolayers were removed with a cell scraper, centrifuged and washed three times with PBS at 500x g for 10 min. Subsequently, the parasites were resuspended in PBS, passed three times through an 18G needle, and filtered through a 3-uM pore-size filter. The number of tachyzoites was determined by using a Neubauer chamber.



Western blotting and immunofluorescence assays

For immunoblots protein extracts of N. caninum tachyzoites were analyzed as previously described (17). Briefly, total parasite proteins (30 ug per well) were separated on 12% SDS-polyacrylamide gels, and bands were visualized by Coomassie Blue staining or transferred to polyvinylidene fluoride (PVDF) membranes (Millipore, MA, United States) together with a visible prestained protein marker (PageRuler™ Prestained Protein Ladder, Thermo Scientific™). The membranes were blocked with 5% (w/v) skim milk in PBS for 1 h at 37°C, rinsed with a washing buffer, and incubated with mouse serum (1:100) overnight at 4°C. The blots were washed five times with PBS-T (1% Tween-20), followed by incubation with horseradish peroxidase (HRP)-labeled goat anti-mouse IgG (H + L) (1:5,000, Sigma, United States). Finally, enhanced chemiluminescence reagents (SuperSignal™ West Pico PLUS Chemiluminescent Substrate, Thermo Scientific™) were used to observe the reaction bands after 30 s exposure time.

Immunofluorescence assay of intracellular tachyzoites grown on HFFs was performed using a commercial N. caninum antiserum raised in goats (1:100; VMRD, Pullman, WA, United States). Donkey anti-goat IgG H&L-FITC conjugated (Abcam, Cambridge, United Kingdom) was used at a 1:1000 dilution as the secondary antibody. The acquisition was carried out in an epifluorescence microscope (Olympus Life Science, Tokyo, Japan) using a × 100 oil objective (7).



In vivo studies in mice

For in vivo studies, 6–8 week-old BALB/cJ mice (Jax# 000651) were used following approved institutional animal care and use protocols. Mice were bred at the animal facility of the Laboratory Animals Biotechnology Unit of Institut Pasteur de Montevideo under specific pathogen-free conditions in individually ventilated racks (IVC, 1285 L, Tecniplast, Milan, Italy). The housing environmental conditions during the experiment were as follows: 20 ± 1°C temperature, 30–70% relative humidity, negative pressure (biocontainment), and a light/dark cycle of 14/10 h. All procedures were performed under Biosafety level II conditions. Mice were housed in groups of five for each of the six conditions (PBS, NcLiv and NcURU 1–4), and the whole experiment was performed by duplicate, meaning that 10 mice were used per each condition.

Parasites in tissue culture were mechanically extracted from the host cells by repeatedly passing them through a 26G syringe, filtered through a 3 μm pore size polycarbonate filter, and counted in a Neubauer chamber (7). To prevent the selection of in vitro culture phenotypes, all strains used in phenotypic and in vitro assays were passed less than 12 times from the time of isolation to when the assays were performed.

Beforehand, the LD50 was determined for our commercial NCLiv strain in Balb/cJ female mice. The estimated LD50 was 1×107 Liverpool tachyzoites inoculated intraperitoneally.

This dose (107) was used in all assays to determine strain-specific virulence. Chronic disease was induced in 6–8 week old female BALB/cJ mice by intraperitoneal inoculation of a sublethal dose of 106 tachyzoites, as determined previously based on the literature (13). Mice were visually inspected daily for 30 days post-inoculation to detect clinical signs compatible with neosporosis (rough fur, inactivity, anorexia and neurological signs). Seropositivity against N. caninum infection was systematically tested two weeks post-infection via submandibular bleeding. Sera were tested by immunoblotting against N. caninum tachyzoites lysates. Mice that tested positive for ELISA were euthanised using humane methods, and aseptic brain samples were collected for subsequent analysis. PCR was performed using the previously described primers NP6 (5′-CAGTCAACCTACGTCTTC-3′) and NP21 (5’-GTGCGTCCAATCCTGTAA-3′) (18) to detect parasite DNA in the brain samples. Concurrent positivity in both serology and PCR was considered indicative of a chronic infection.



Vertical transmission assays

For vertical transmission studies, chronically infected or a control group of non-infected female mice were housed in groups of six for each of the six conditions (PBS, NcLiv and NcURU 1–4) and the experiment was performed by triplicate, meaning that 18 mice were used per each condition.

Ten-week-old mice were synchronized in their estrous by exposing them to male dirty bedding, as previously described (19). After estrous synchronization, three females were placed with a single male for seven nights. The presence of a vaginal plug was corroborated daily in all cases as a positive sign of mating and considered day 0 of pregnancy. Pregnant mice and fetuses were humanely euthanized at day 20 post-coitum, and brain DNA from mothers and viable fetuses was extracted for PCR assays. Sera were collected from the submandibular vein of BALB/cJ mothers for serological assays.



Invasion and intracellular growth assays

For the intracellular growth assay, confluent monolayers of human foreskin fibroblasts (HFFs) were grown on coverslips and subsequently inoculated with 103 freshly released tachyzoites. Two hours post-inoculation, cells were washed five times with PBS to remove unattached parasites and fixed with 4% paraformaldehyde 24 h later. Samples were analyzed by immunofluorescence assays, as described by Cabrera et al. (7). The number of parasites per vacuole in 200 vacuoles per coverslip was determined in triplicate. Confluent HFFs grown on coverslips were kept on ice before the invasion assays. Upon inoculation with 1,000 parasites, plates were centrifuged at 300 × g for 10 min at 4°C to ensure all strains contacted the cells simultaneously. Plates were then switched to 37°C for 30 min, washed with PBS three times to remove unattached parasites, and fixed with 4% paraformaldehyde. The number of parasites per field in 50 randomly selected fields was determined for all strains, in triplicate, by immunofluorescence assay.



Sequencing, alignment, and variant calling

DNA was extracted using a DNA purification kit from Zymo Research (#D4074). Illumina libraries for N. caninum NcUru1, NcUru2, NcUru3 and NcUru 4 were performed as described (20), and whole genome sequencing of the strains was performed with 2×100 paired-end cartridges. Reads were mapped to the new reference N. caninum Liverpool genome (21) using Burrows-Wheeler Aligner (BWA 0.7.17) (22) mem using default parameters. Samtools v1.9 was used to post-process alignment files (22). SNP and Indel discovery was performed with Samtools (23) and VarScan. v2.3.9 (24) with parameters –min-reads2 3 –min-coverage 3 –min-var-freq 0.8. SNPeff v.5.0 was used to annotate genomic variants and predict their functional effects. IGV was used for alignment and variant visualization (25). Venny 2.1 was used for Venn diagram plots (26). For the NcUru4 isolate the sequencing coverage was not enough for this analysis.



Ethics statement

All animal experiments were done following international animal care and use guidelines, as well as respecting National Law 18.611 with pre-approved protocols by Institutional Ethics Committee (CEUA # 010–17) at the Institut Pasteur de Montevideo.




Results


NcUru isolates exhibit comparatively lower virulence than NcLiv

To comparatively assess the phenotypes of NcUru1-4, we first evaluated there in vivo virulence. To do this, we infected immunocompetent Balb/cj mice with 107 freshly purified parasites of each of the four isolates. NcLiv was used as positive and PBS as negative controls. Mice seroconversion was determined by Western blot two weeks after inoculation, considering as positive the presence of the expected discrete bands of 17 kDa, 29–37 kDa and higher than 70 kDa (27, 28) (Figure 1A). Clinical signs of the disease (anorexia, rough coat, and inactivity followed by nervous signs like rounded back, pelvic limb weakness and walking in circles) were monitored for a month post-inoculation.
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FIGURE 1
 NcUru 1–4 isolates exhibit comparatively lower virulence and a tendency to evolve into a chronic infection than NcLiv. (A) Representative Western blot showing seroconversion of infected mice with NcUru1. Sera from mice 1 thru 5 were assayed two weeks post-inoculation. Pre-immune sera were pooled and are shown as a control of seronegativity before infection. (B) Survival rate of parasite-infected mice inoculated with 107 tachyzoites of the indicated strain or PBS (negative control). (C) Percentage of positively detected infected brains by PCR in all mice inoculated with 107 parasites of the indicated strain (both surviving and succumbing to the infection).


As expected, 60% of the mice infected with the reference strain NcLiv had to be euthanised due to the infection within a week. In contrast, mice infected with NcUru1-4 showed no obvious clinical signs of the disease and exhibited equal survival as that of the PBS control (Figure 1B). In addition, all strains were detectable by PCR in the brains of the surviving mice, which suggests that they were all able to transition from the acute to the chronic form. However, while a positive PCR was detectable in all the brains of mice infected with NcLiv (both surviving and euthanized due to the infection), NcUru1-4 were consistently detectable in 30, 50, 60 and 40% of mice, respectively. This suggests that the ability to persist in the host chronically varies significantly with respect to NcLiv, but also among NcUru strains (Figure 1C). However, all mice, both surviving and euthanized, seroconverted two weeks post-inoculation (shown only for five mice infected with NcUru1 in Figure 1A).



Infection with autochthonous and reference strains do not generate changes in the pregnancy rate

We next evaluated the strain-specific impact on pregnancy outcomes. To do this, we optimized a murine model of vertical transmission. In short, we infected 6-8-week-old BALB/cJ female mice with 106 parasites in order to generate subclinical chronic infection. We next crossed females and males, whereby subgroups of females infected with the same parasite strain were crossed with the same male. Every experiment was done in triplicate using six female mice per parasite strain per experiment. We note again that all mice effectively seroconverted two weeks after inoculation (Figure 2A). Pregnancy rates (pregnant/mated females) did not show significant differences. However, they varied from 28% for females inoculated with NcLiv (positive control), to 48% for the control group (PBS) (Figure 2B). In the case of NcLiv, chronic infection of the mother was corroborated postmortem in all cases. The NcUru isolates impacted pregnancy rates differently but within the ranges of the positive and negative controls. Pregnancy rates in females infected with NcUru1 were comparable to that of NcLiv (28%). NcUru4 behaved similarly to the negative control (PBS- 48%) (Figure 2B).
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FIGURE 2
 Infection with autochthonous and reference strains does not generate changes in the pregnancy rate. (A) Representative Western blot showing the seroconversion of six female mice two weeks following inoculation with a sub-lethal dose of NcUru1 (1–6). Preimmune serum was pooled and assayed before infection and is shown as a control (7). (B) Percentage of pregnant mice inoculated with the strains indicated. (C) Percentage of positively detected infected brains by PCR in all mice inoculated with a sublethal dose (106) of the indicated strains as determined post-mortem. Data are shown as the mean and SEM of 3 independent experiments.


Chronic infection of the females was evaluated postmortem by PCR. The results were comparable to those of the higher inoculum infection described above. These results reinforce that the observable differences in the establishment of chronic infection are intrinsic strain-specific characteristics (Figure 2C). Pregnancy, abortion and the vertical transmission rate for each strain were recorded.



The NcUru isolates exhibit lower vertical transmission rates than the reference strain

Mice were euthanized a day before the expected due date. This allowed us to correlate the impact of given mouse chronicity on the offspring. We observed that virtually all offspring were viable in both negative (PBS) and positive control (NcLiv) groups; 98 and 100%, respectively (Figure 3A). When the progeny of mice infected with NcUru isolates were evaluated, we observed that the output of viable offspring significantly decreased only for mothers displaying a chronic infection with NcUru2. Chronically infected mice with NcUru2 bear only 63% of viable offspring. In contrast, mice inoculated with NcUru2 who did not develop a chronic infection had 100% viable offspring, suggesting that the impact on offspring viability is directly related to the chronic presence of NcUru2. NcUru3-chronically infected mothers yielded 77% viable pups, while those chronically infected with NcUru4 exhibited 75% viable offspring. Interestingly, progeny viability for the NcUru3 was still halved in non-chronically infected mothers, suggesting that both previously acquired acute infections and chronic persistence of this strain have a sizable impact on pregnancy rates (Figure 3A). NcUru1-infected mothers yielded an average of 81% viable offspring (Figure 3A).
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FIGURE 3
 The NcUru isolates exhibit lower vertical transmission rates than the reference strain. (A) Graphical representation of viable progeny percentages obtained following infection with the indicated strains. Mother brains were evaluated by PCR post-mortem for the presence of parasite DNA to determine chronicity (+), absence of parasite’ DNA (−), or No Data (SD). (B) Graphical representation of the percentage of infected progeny as determined by PCR detection of parasite DNA in the brains of viable fetuses.


To compare strain-specific vertical transmission rates, we determined the percentage of N. caninum positive fetuses by PCR detection of the parasite DNA in the brains of viable offspring (Figure 3B). Consistent with previous reports, we detected a vertical transmission rate of 93% in three independent experiments for NcLiv. Vertical transmission rates for NcUru1 thru 4 were comparatively lower than that of NcLiv. NcUru2 was detectable only in 20% of the progeny, while the vertical transmission rate was 29 and 17% for mice infected with NcUru3 and NcUru4, respectively. Remarkably, NcUru1 was only detectable in 16% of the progeny (Figure 3B). The latter is consistent with NcUru1-infected mothers of all strains, yielding the highest percentages of viable offspring. We note that NcUru1-infected mothers did not get pregnant for the first replicate experiment (see Table 1).



TABLE 1 Statistics of whole genome sequencing of three N. caninum Uruguayan strains.
[image: Table1]



Invasion and intracellular growth of isolated strains

It is well established for N. caninum’s close relative, Toxoplasma gondii, that the capacity to invade cells and velocity of intracellular growth correlates with virulence (29). To approach the molecular basis of the phenotypic differences observed in vivo, we in vitro characterized each strain’s ability to invade a host cell and their intracellular growth rate using NcLiv as a reference. These assays revealed that NcUru1 is half as invasive as NcLiv, while NcUru2 invades roughly 25% fewer cells than NcLiv in the same timeframe. NcUru3 invades host cells with an efficiency similar to the reference (Figure 4A). Remarkably, NcUru4 exhibits a significantly reduced invasion rate (18%) (Figure 4A). Conversely, when the relative intracellular growth of each strain was evaluated, we found that NcUru4 exhibits a similar growth rate to that of NcLiv, suggesting that those parasites which manage to invade are equally able to grow intracellularly. NcUru1 (72%), NcUru2 (53%) and NcUru3 (38%) were comparatively slower growing than NcLiv (Figure 4B). The reduced efficiency of NcUru1 in invasion and intracellular growth are in consonance with its reduced efficiency in generating chronic infection and lower vertical transmission rates.
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FIGURE 4
 Invasion and intracellular growth of isolated strains were quantified and plotted in comparison to the reference strain. (A) Relative invasion rate of each strain was quantified against that of NcLiv (n = 3, Average, SEM are plotted). (B) Relative intracellular growth of each strain was quantified against that of NcLiv (n = 3, Average, SEM are plotted).




SNP calling and comparative analyses of isolates

To determine the mutations responsible for observed phenotypical differences, we sequenced the complete genomes of NcUru isolates. A large number of genetic variations (2591) were identified among the different strains, including heterozygous SNPs/Indels. Of these, 1819 were located in coding regions (Supplementary Table 1). We identified the genes affected by strain-specific SNPs in our newly annotated genome (21). Notably, most of the mutations were strain-specific, with 189 found in NcUru1, 721 in NcUru2 and 455 in NcUru3. Only 143 mutations were common to all three NcUru isolates (Supplementary Table 2), and 35% corresponded to hypothetical proteins (Supplementary Table 3). Of the annotated genes, 9% contain functional domains related to surface proteins (SRS domains), while the rest mainly correspond to translation-related genes (ribosome biogenesis, ribosomal proteins and elongation factors), protein degradation (ubiquitin proteases and proteasome subunits), AP2 transcription factors and regulatory proteins, including mainly kinases and phosphatases (Supplementary Table 3). The 143 shared genes are enriched in GO terms related to pentose-phosphate pathways and proteasome/ubiquitination (Figure 5), whereas GO terms of strain-specific genes show the predominance of pentose phosphate pathway and cation binding related genes in NcUru1, lipid metabolism and membrane traffic in NcUru3. No significant GO terms were found in NcUru2 (Supplementary Table 1).

[image: Figure 5]

FIGURE 5
 SNPs/Indels differences among NcURU strains. (A) Venn diagram. (B) Gene ontology analysis of the 143 common genes. (C) Chromosome localization of the 143 common SNPs.





Discussion

In previous work, we isolated and genetically typed four N. caninum strains named NcUru1 thru 4 (7). We further showed that while NcUru1, 3 and 4 grouped genetically, they were markedly distinct from both NcUru2 and NcLiv, the latter being the strain commonly used as a reference for the study of N. caninum’s biology. In this work, we have delved into the study of these natural isolates by characterizing strain-specific phenotypes relevant to the clinical outcomes of neosporosis. All the natural isolates exhibited low virulence (100% survival) compared to NcLiv, the most widely used reference strain, which is highly virulent. However, all of the strains triggered seroconversion, as evidenced by immunoblots. In all positive sera, bands corresponding to the most immunodominant antigens were present. Although heterogeneous depending on the isolate, these bands have been described as discrete, with estimated MW of around 17 kDa, 29–37 kDa and higher than 70 kDa (27, 28). Mice were able to reach the chronic phase, although at different rates. Notably, NcUru1 exhibited a markedly reduced tendency to generate chronic infection. These results are consistent with observations reported by others whereby low virulence strains do not elicit clinical disease or establish chronic infection in mice (30, 31). It is important to mention that NcLiv has been a laboratory-adapted strain for decades, while NcUru isolates have been recently obtained, which leads to reconsidering the limits of high virulence reference strains, although virulent strains can be attenuated through several culture passages (32). Subtle phenotypic differences were identified among all strains, especially in their behavior in pregnancy- arguably the most relevant epidemiological setting for this infection. We observed that, in general, pregnancy rates were not influenced by the infection with N. caninum. Remarkably, in the case of mice inoculated with NcUru1 and NcUru4, none of the non-chronically infected mice got pregnant. Though these phenomena could be unrelated, their relation to immune responses deserves to be studied, although it may also be related to the low rates of reactivation of the infection of the strains (33). The NcLiv vertical transmission rate (87%) observed in this work is comparable with previous studies confirming that this strain is very effectively transmitted by an infected mother while causing little to no abortions (30, 31, 34). The NcUru isolates exhibited a very low vertical transmission rate compared to the reference strains, with NcUru1 being passed on to less than one every five progeny. Differences in vertical transmission rate have also been observed between another virulent isolate (Nc-1) and a number of low-virulence strains isolated in Spain (35). The higher rates of vertical transmission in vivo do not necessarily indicate greater placental tropism in this strain but rather that it may be a consequence of its high virulence, while the NcUru isolates, despite their low virulence, still retain the ability to be passed on to offspring. In another study with the bovine placenta, different strategies were observed for this parasite depending on the virulence of the strain (36). It is worth mentioning that all of NcUru isolates were obtained from congenitally infected calves, implying that they are indeed transmitted vertically in the wild.

The in vivo and in vitro evaluation of NcUru1 thru 4 revealed, somewhat expectedly, marked phenotypic differences among strains. These findings are consistent with our previous work showing that these strains are genotypically distinct by microsatellite typing (7). Specifically, NcLiv is clustered in a markedly different genetic group from the NcUru strains. NcUru1 and 4 were genetically identical in their microsatellite profile, while NcUru3 clustered closely. NcUru2 groups with a distinct genetic cluster, suggesting it is genetically the most distanced strain of the group (7). The incongruence between phenotype and genotypes of isolates 1 and 4 can be explained by the fact that microsatellite analyses constitute an initial approach to determine genetic differences, but it does not constitute an in deep genomic characterization. To delve into genetic differences among NcUru strains that could underlie their distinct phenotypic traits, we pursued whole-genome sequencing for NcUru1-3. We repeatedly failed to obtain sufficiently good-quality DNA for sequencing NcUru4. We hypothesize that this was partly due to its reduced invasion efficiency, leading to an increased rate of uninfected host cells in tissue culture contributing towards total DNA when purified.

We previously re-sequenced and assembled the whole genome of NcLiv and NcUru1 using third-generation sequencing and showed that the N. caninum genome previously accepted as the reference had been assembled incorrectly. Furthermore, we demonstrated that the genomes of NcLiv and NcUru1 are virtually identical regarding gene composition, genome organization and synteny conservation, and no large rearrangements or deletions were detected (21). We now mapped the Illumina sequences of NcUru1-3 using our newly assembled NcLiv genome as the reference and identified their differences. The whole-genome sequencing of NcUru isolates revealed that while most non-coding mutations are strain-specific, shared variants are present mostly in coding regions. A total of 143 mutations were identified in the three NcUru strains evidencing, albeit expected, differences with NcLiv that could be characteristic of regional strains. These variants could be related to phenotypic differences as they affect genes involved in the different pathways that could conceivably modulate the host response. We highlight, among them, the SRS surface proteins, the outer mitochondrial membrane proteins and the proteasome. The SRS family corresponds to surface glycoproteins found only in Coccidia, which have been associated with invasion and immune response (37, 38). Mitochondrial proteins could participate in the modulation of the innate immune response (39, 40). The relevant role of Toxoplasma’s interaction with host mitochondria was recently demonstrated (41). Finally, changes at the proteasome level can affect both N. caninum and the host, as it has been evidenced in Toxoplasma gondii (42).

We observed that the SNPs we detected in our study did not align with hotspots previously described in other work. Calarco et al. (43) reported multiple SNP hotspots between two strains (Liverpool and Norwa) on chromosomes XI V, VI, XI, and XII (2012 version). More recently a study using seven additional Nc strains for whole genome sequencing revealed SNPs hotspots common to five strains, with most SNPs clustered in six discrete chromosomal regions (9). However, it is important to note that both studies used the previous NcLiv reference genome, which has incorrectly assembled and erroneously defined chromosomes to map these hotspots. In addition, many identified hotspots are not consistent between the two reports.

In our study, we did not observe the presence of discrete genomic regions in which SNPs were concentrated, nor did we preferentially detect SNPs in previously defined hotspots (44). Although there were some limitations in sequence coverage, which affected our ability to identify all variants confidently, there were also similar limitations in the work of Khan and colleagues, in which sequence coverage was relatively low for some strains. Notably, while our results do not support the presence of discrete genomic regions in which SNPs are concentrated, it is important to acknowledge that further investigation may be necessary to fully understand the existence and potential artifactual nature of hotspots described in previous studies.

In conclusion, despite their similarity in microsatellite patterns, we have shown ample biological diversity among NcUru isolates. In particular, we note that these isolates are generally of low virulence, particularly NcUru1 shows a reduced impact on detrimental pregnancy outcomes. Finally, our work constitutes proof of the importance of working on correctly assembled and thoroughly annotated genomes when analyzing the impact of genetics on observable phenotypes. We are currently working on deciphering the functional association between strain-specific non-synonymous gene mutations and their impact on virulence traits relevant to the overarching goal of developing a live attenuated vaccine.

We recognize the limitations of our work related to NcLiv, i.e., laboratory-adapted parasites, although this is a point to consider in most works using this strain. This point, in addition to the mouse model, means that it is not clear whether our results can be transferred to another animal species. Another limitation is that although the NcUru strains can be used as live attenuated vaccines, their isolation from congenitally infected calves carries the risk that they can be more easily vertically transmissible.
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