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Neospora caninum, a cyst-forming apicomplexan parasite, is a
leading cause of neuromuscular diseases in dogs as well as fetal
abortion in cattle worldwide. The importance of the domestic and
sylvatic life cycles of Neospora, and the role of vertical transmission in the expansion and transmission of infection in cattle, is not
sufficiently understood. To elucidate the population genomics of
Neospora, we genotyped 50 isolates collected worldwide from a
wide range of hosts using 19 linked and unlinked genetic markers.
Phylogenetic analysis and genetic distance indices resolved a single
genotype of N. caninum. Whole-genome sequencing of 7 isolates
from 2 different continents identified high linkage disequilibrium,
significant structural variation, but only limited polymorphism
genome-wide, with only 5,766 biallelic single nucleotide polymorphisms (SNPs) total. Greater than half of these SNPs (∼3,000) clustered
into 6 distinct haploblocks and each block possessed limited allelic
diversity (with only 4 to 6 haplotypes resolved at each cluster). Importantly, the alleles at each haploblock had independently segregated
across the strains sequenced, supporting a unisexual expansion model
that is mosaic at 6 genomic blocks. Integrating seroprevalence data
from African cattle, our data support a global selective sweep of a
highly inbred livestock pathogen that originated within European
dairy stock and expanded transcontinentally via unisexual mating
and vertical transmission very recently, likely the result of human
activities, including recurrent migration, domestication, and breed development of bovid and canid hosts within similar proximities.
Neospora caninum
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ukaryotic pathogens, including protozoan parasites and fungi,
are the causative agents of devastating sequelae in both humans and livestock. Most of these eukaryotic pathogens selectively
utilize 2 modes of reproduction, sexual and asexual, to evolve
and fix their population genetic structures. Sexual reproduction
is ubiquitous throughout the eukaryotic kingdom and genetic
recombination is known to shape population genetic structures,
allowing these pathogens to evolve nonclonal population structures, as has been demonstrated for several fungal pathogens (1).
However, recent reports have documented the potential for both
sexual macroevolution and asexual microevolution among clonal
outbreak clusters of Cryptococcus gattii (2). In contrast, the expansion of a clonal Plasmodium falciparum population structure,
the parasite that causes human malaria and is responsible for the
death of 1 million African children annually (3, 4), was largely
shaped by a rapid spread of drug-resistant parasites across continents
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through selective sweeps that act on alleles in their chromosomes
(5, 6). In contrast to Plasmodium, Toxoplasma gondii, another
widespread apicomplexan parasite, utilizes both sexual and asexual transmission to shape its global population structure (7–9).
Neospora caninum is a spore-forming, single-celled obligate
intracellular parasite belonging to the apicomplexan phylum (10),
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to the overall success and expansion of a pathogen when it occupies a new ecological niche. However, several examples have
shown how ancient traditions, such as nomadic migrations, as well
as the purchase of infected livestock have contributed extensively
toward the introduction of pathogens, such as Mycobacterium
avium and the virus that causes foot and mouth disease into
previously uninfected farms (28). Neospora could prove to be
another such interesting example as it can be maintained as a
chronic infection in livestock, which would likely aid in its transmission, not only locally but also across continents. Such global
movement of the bovine host may contribute extensively to fixing
the population genetic structure, but this question remains largely
unexplored.
Here, we sought to improve the understanding of Neospora’s
population genetic structure by analyzing genome-wide genetic
diversity using next-generation sequencing of Neospora strains
isolated from different hosts and geographic locations. To this
end, we genotyped 47 N. caninum and 3 N. hughesi strains from
a wide host range, using 12 (9 nuclear and 3 mitochondrial) sequenced markers to define the population genetic structure.
Eight of the 50 strains were subjected to further characterization
at whole-genome resolution using next-generation sequencing.
Genetic characterization using sequenced markers and WGS
supports a model whereby a highly inbred genome of N. caninum
has evolved recently and swept, the result of a genetic bottleneck.
In this study we used seroprevalence data from African cattle to
gain insight into the profound role the migration of European
breeds of domesticated cattle have played in this massive genetic
“selective sweep” of a highly inbred Neospora genome that has
piggy-backed on global livestock trade to become distributed
globally.
Results and Discussion
Global Population Genetic Structure of Neospora Using Linked and
Unlinked Genetic Markers. To understand the true extent of ge-

netic diversity and to determine the population genetic structure
of N. caninum, 9 linked and unlinked sequence markers (SM) (SI
Appendix, Table S2) were developed based on genetic markers
that have been successfully applied to genotype T. gondii strains.
This robust set of genetic markers comprises 5,647 bp and was
used to characterize 47 Neospora isolates collected globally (SI
Appendix, Table S1). These strains were isolated from various
geographic locations in North and South America, Europe, Asia,
and Australia (SI Appendix, Fig. S1) and from a wide host range,
including cattle, dogs, horses, wolves, rhinoceros, and deer (SI
Appendix, Table S1). To perform a cross-species comparison of
genetic diversity, we also included 3 N. hughesi strains. After
sequencing, we conducted maximum-likelihood analysis using
single nucleotide polymorphisms (SNPs) from concatenated sequences of SM markers. Strikingly, all 47 N. caninum strains
clustered tightly into a single monophyletic node (Fig. 1A). Four
independent SNPs separated 4 strains from the remaining 43,
and those 43 were identical based on maximum-likelihood analysis.
Population structure derived from the program STRUCTURE
(29), which utilizes a Bayesian statistical approach for linkage
analysis, closely resembled the maximum-likelihood analysis, and
revealed only 2 populations with no admixture between the 2 (Fig.
1B and SI Appendix, Fig. S2), which is in close agreement with the
population structure derived from principle component analysis
(SI Appendix, Fig. S3). Interestingly, the 3 N. hughesi strains were
markedly different from the N. caninum strains and formed a
distinct cluster not only in the phylogenetic analysis, but also in
STRUCTURE, supporting their distinction as a separate species
(26). However, an alternative explanation could be that N. hughesi
exists as a strain of N. caninum but is polymorphic and less successful. Examples of isolates, those that are highly polymorphic
but belong to the same species based on sexual recombination, are
well documented to occur in T. gondii, for example haplogroups
PNAS | November 5, 2019 | vol. 116 | no. 45 | 22765
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which includes many medically important parasites, such as Plasmodium spp., Cryptosporidium spp., and T. gondii. After its discovery in 1984, infecting a dog in Norway (11), neosporosis has
since become recognized as a major cause of bovine abortions,
causing significant economic loss in the dairy and beef cattle industries worldwide (12, 13). Like other closely related apicomplexan parasites, N. caninum possesses a relatively limited host
range, including—but not limited to—dogs, cattle, and sheep. Its
success in nature is thought to be the result of its highly flexible life
cycle with multiple routes of transmission possible. In cattle, it is
transmitted vertically (transplacental infection) either by recrudescence of a preexisting maternal infection (endogenous) or
by ingestion of oocysts, products of the parasite’s sexual cycle, that
sporulate in the environment after being shed by its definitive
canid host (exogenous). It can also be transmitted horizontally
(acquired postnatally) by ingestion of sporulated oocysts (10, 14,
15). No evidence currently exists documenting the transmission of
infectious tissue cysts by carnivory between intermediate hosts, as
is seen for T. gondii (7, 16). Surprisingly, no studies to date have
investigated whether the parasite’s sexual cycle has impacted the
population genetics and transmission of strains in nature, nor
whether meiosis genes or other genes associated with sexual reproduction are conserved within the genome. Sexual transmission,
which has been demonstrated to occur only in canid species (17),
is thought to occur at low levels, based on previous modeling
studies and published data (14), and this may explain the paucity
of studies reported.
Central to understanding whether genetic diversity within a
species influences either their pathogenicity or host range, only a
few molecular epidemiological studies have been systematically
applied against Neospora, and those that have been done were of
typically limited resolution (18). This lack of knowledge is due
primarily to a dearth of suitable population genetic tools applied
against only limited isolates that do not capture the parasite’s
extensive host range or wide geographic distribution. These few
studies used the 18S and ITS1 regions within the small subunit
RNA, and found no nucleotide differences (19, 20). Recently,
single gene sequences from polymorphic surface antigens (SAG1,
SAG4, and SRS2) and secreted dense granule proteins (GRA6
and GRA7) were developed; however, they have not been widely
applied and were only used to genotype very few bovine and
canine Neospora isolates from a restricted geography (21–23).
Unlike the polymorphic gene-sequence markers, multilocus
microsatellite (MS) markers have been utilized extensively for
molecular characterization of N. caninum isolates, and they show
extensive genetic diversity that imply a recent genetic diversification from a common ancestor (24, 25). Interestingly, the
identification of Neospora hughesi, which is considered a separate
species because it has only been isolated from horses (26), did
show significant sequence polymorphism at the polymorphic
genes compared to N. caninum (21–23). Taken together, these
data suggest that Neospora population genetics is composed of at
least 2 separate species, N. caninum and N. hughesi, that have
evolved from a common ancestor and expanded independently
to adapt to their various vertebrate hosts. However, the drawback of these previous analyses is that they were based on only a
few genetic and MS markers that lack sufficient resolution to be
informative genome-wide; the polymorphic markers are too few
to capture polymorphism throughout the genome, and the MS
markers used are prone to misclassify variants due to homoplasy
(27). Hence, the primary objective of this study was to conduct a
systematic population genetic analysis to compare existing, and
newly developed, polymorphic markers alongside MS markers to
prioritize isolates for whole-genome sequencing (WGS) and
produce a population genetic model to identify the extent to which
Neospora is expanding in nature by outcrossing or inbreeding.
The impact of host migrations on the population structure of a
pathogen can be difficult to determine with many factors contributing

Fig. 1. Expansion of a single clonal lineage of N. caninum throughout the world. (A) Concatenated phylogenetic tree using 9 sequenced markers comprised
of linked and unlinked introns, antigens, and housekeeping genes (5,647 bp) (SI Appendix, Table S2) from 50 globally distributed strains (SI Appendix, Fig. S1
and Table S1). Two populations of Neospora are identified: N. caninum and N. hughesi. All N. caninum strains are tightly clustered in a single node (with only
4 private SNPs), demonstrating a global selective sweep. An unrooted maximum-likelihood tree was constructed using MEGA (73) with 1,000 bootstrap
replicates. Bootstrap values are indicated at each node as a percentage. Strains are colored based on their continent of origin. (Scale = number of SNPs per
site.) (B) Population STRUCTURE analysis using an admixture model with a Bayesian clustering algorithm (ancestral population K = 2) shows 2 expanded
populations of Neospora (SI Appendix, Fig. S2) with no admixture blocks identified between the populations based on sequenced markers (5,647 bp). Strains
are colored based on their continent of origin. (C) Pairwise FST calculation identified a close genetic relatedness among the globally distributed isolates of N.
caninum (FST ≤ 0.2 supports the minimal genetic differentiation). (D) The LD (D′) plot demonstrated complete linkage disequilibrium among N. caninum
strains. Sequenced markers were concatenated to generate the plot. (E) Modified eBURST analysis with an n − 1 rule (where n = no. of MS markers) using
intron and antigen markers as well as 7 sequenced MS makers. The intron and antigen markers from N. caninum formed a monophyletic group (red circle)
that were separated from the N. hughesi isolates (blue circle). However, the MS markers were sufficiently resolved and readily demonstrated a fine separation
among the N. caninum lineage isolates. Circle size is proportional to the number of strains present within each circle. Yellow circles highlight strains that were
separated using the DNA sequence markers from A. (F) Although phylogenetic construction using 3 mitochondrial markers (COX1, COX3, CYTB) demonstrated a uniparental maternal inheritance among the majority of the N. caninum isolates, there are signatures for different sources of maternal inheritance
in some strains including NcSp7, NcSp9, WA K9, and Rhino1 could be differentiated from Rhino2. The maximum-likelihood tree was constructed using MEGA
with 1,000 bootstrap replicates. Bootstrap values are indicated at each node as a percentage. Strains are colored based on their continent of origin. (Scale =
no. of SNPs per site.)
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2 and 10. Thus, the ability of cross-species mating between
N. caninum and N. hughesi remains to be tested or inferred by
comparative phylogenomic sequencing studies. Collectively, our
analyses identified a single genotype of N. caninum that has
expanded globally.
A Global Selective Sweep of a Single Genotype of N. caninum. The
genetic makeup of N. caninum isolates was very closely related
(FST = 0.0, P < 0.0001) and highly divergent from that of N.
hughesi (FST = 0.7293, P < 0.0001) based on a pairwise fixation
index FST calculation (Fig. 1C). Pairwise haplotype distance
matrix also indicated that the genetic distance among N. caninum
strains was very low (SI Appendix, Fig. S4), which supports a
nonsubdivided population. We also calculated linkage disequilibrium (LD) to understand the influences of sexual recombination on the population genetic structure of N. caninum, as a
high cross-over rate can introduce rapid LD breakdown. The N.
caninum strains possessed a high LD by the standard test of D′
among different unlinked markers (Fig. 1D). The low genetic
22766 | www.pnas.org/cgi/doi/10.1073/pnas.1913531116

diversity observed led to an effectively clonal population structure and high LD among the N. caninum isolates. Collectively,
the phylogenetic analyses, calculation of genetic distance indexes
including FST, haplotype distance matrix (SI Appendix, Fig. S4),
average number of pairwise differences (SI Appendix, Fig. S4),
and LD all identified a global expansion of a single N. caninum
genotype. To our knowledge, this global population structure is
completely unprecedented among closely related apicomplexan
parasites and exits as a pandemic outbreak clone.
Drug-selection sweeps of a single chromosome for pathogens
like Plasmodium have been shown to occur previously in endemic regions (30), and it has been likewise postulated that
endogenous vertical transmission or congenital transmission
could conceivably facilitate the penetrance of a single Neospora
genome. In cattle, sheep, and small ruminants, for example, a
preexisting maternal infection with Neospora is thought to be the
primary mode of N. caninum transmission, allowing the parasite
to effectively bypass its sexual cycle within its definitive canid
host (15). In contrast, unisexual transmission of certain pathogenic
Khan et al.
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Substructure Exists within the Single N. caninum Genotype. A limited
number of previous studies utilizing MS markers suggested extensive genetic diversity within the N. caninum population genetic structure (24, 25, 31–33). Our results using the SM markers
did not support this model and rather suggested a pandemic
expansion of a single genome. We next applied 7 MS markers to
assess intratypic variation among our global collection of isolates
to formally test whether the genetic relationship between the
isolates is consistent with an outbreak clone of a single N. caninum
genotype. Three of the 7 MS markers applied were used in previous studies (33), giving us the opportunity to compare our results with those found in other studies (24, 25, 31–33). To
visualize the genetic diversity identified, we conducted a modified eBURST analysis in 2 ways: First with nuclear markers,
which resolved the isolates into just 2 clonal complexes, N. caninum
and N. hughesi (Fig. 1E); and second, using the MS markers. Interestingly, eBURST analysis of the MS markers showed a collapse in the clonal complexes and a high degree of divergence
among the N. caninum isolates investigated (Fig. 1E). Of the 43
strains analyzed, only 2 clonal complexes (Rhino1 and Rhino2;
NC-2-0 and NC9) were observed (Fig. 1E), which is consistent
with previous studies (24, 25, 31–33). Thus, the microsatellite
analysis showed a clear incongruence among strains genotyped
using the SM markers and did support intratypic subdivision of the
single genotype identified. Combining the 2 datasets from
eBURST, our results support a model in which N. caninum has
evolved recently from a common ancestor, and the high degree of
divergence among the strains using MS markers is consistent with
the fact that microsatellite mutations evolve at a much faster rate
than the rest of the genome (34, 35).
Signature of Sexual Recombination. The existence of a monomorphic genome suggests that N. caninum has expanded either asexually as a clone or by uniparental mating after sexual inbreeding.
Mitochondrial genomes have been used in other organisms to
differentiate between asexual versus sexual reproduction because
mitochondria are exclusively inherited maternally, and are less
prone to genetic exchange (36). To evaluate genetic relationships
in Neospora, SNPs from 3 mitochondrial gene markers, comprising 2,211 bp, were used in a maximum-likelihood analysis (Fig.
1F). This analysis was used to determine whether mitochondrial
genomes were genetically diverse within the N. caninum clonal
population and likely inherited from various sources, which would
be a signature for sexual recombination. The phylogenetic analysis
showed that 2 strains (NcSp7 and NcSp9) had inherited mitochondrial genomes from a different source, resolved by 2 SNPs
not shared with the other N. caninum strains (Fig. 1F). NcSp7 and
NcSp9, isolated from 2 different cattle on the same farm in Spain,
were not only identical to each other at the SM markers, they also
formed a clonal complex using the MS markers. Two other strains,
Rhino1 and Rhino2, isolated from a single host, also differed by a
single SNP in their mitochondrial markers but not at any of the
SM markers (Fig. 1F). These results may indicate that these 2 sets
of strains evolved from separate recombination events. Alternatively,
it is also conceivable that they have simply accumulated SNPs
in their mitochondrial genomes, the result of genetic drift.
However, the fact that the 4 strains were identical to all N. caninum
isolates at the nuclear genome level, and the specific accumulation
Khan et al.

of shared SNPs was present only within the maternally inherited
mitochondrial genome, rather supports a scenario in which unisexual
expansion is occurring among circulating strains of N. caninum.
Population Structure at Whole-Genome Resolution. To produce a
genetic ancestry model for Neospora and test whether unisexual
reproduction can explain the origin of its population genetic
structure, we prioritized WGS on the following 7 Neospora isolates, consisting of 6 N. caninum (4 from the United States and 2
from Europe) and 1 N. hughesi (from the United States) strain
using Illumina HiSeq (Illumina) (SI Appendix, Table S3). These
N. caninum strains were selected because they were isolated as
single clones and could be expanded by in vitro culture to generate sufficient genomic DNA for WGS. One isolate (NcSp7)
possessed a divergent mitochondrial genome. The small reads
obtained were reference-mapped against the N. caninum reference genome, NcLiv (https://.toxodb.org/toxo). A total of 375,560
high-quality biallelic SNPs were identified across all 8 strains, including reference NcLiv (Fig. 2A, SI Appendix, Table S3, and
Dataset S1, SNPs found in Neospora strains). More than 372,000
biallelic SNPs (∼0.5% polymorphism) were identified between
N. caninum and N. hughesi. In contrast, only 5,766 SNPs (SI Appendix, Table S3) differentiated the 6 N. caninum strains, representing a polymorphism rate of 0.0005 to 0.0059%. This range is
significantly lower than the 1 to 2% polymorphism observed
among globally distributed strains of the closely related apicomplexan
parasite T. gondii (16), indicating that intraspecific genetic diversity is substantially lower among the N. caninum isolates (SI
Appendix, Figs. S5 and S6 and Table S3).
Using genome-wide SNPs, a neighbor-net analysis (37) similarly identified the existence of 2 distinct genetic clusters: 1)
N. caninum and 2) N. hughesi (Fig. 2B). Seven of the 8 strains
grouped very tightly within the N. caninum cluster, which was
consistent with our findings using the SM markers. Importantly,
the increased resolution within the neighbor-net analysis using
genome-wide SNPs identified substructure and supported recombination between different N. caninum strains, which was
largely separated by geographic location. To identify the precise
locations of genetic admixture detected in Fig. 2B, we developed
SNP plots across Neospora’s 14 chromosomes by binning total
number of SNPs per 10-kb window per strain (Fig. 2C and SI
Appendix, Fig. S6). SNP plots showed that the N. caninum genome is monomorphic, except at 6 large, distinct sequence
blocks. These haploblocks each possessed elevated SNP rate
signatures, some of which were shared and appeared to have
independently segregated across the 7 isolates sequenced. These
signature blocks were found specifically within the 5′ regions of
chromosomes III, VI, and VIIb; the 3′ region of chromosome
IX; and the middle portion of chromosome XI (between 3 and
4 Mb) and XII (Fig. 2C and SI Appendix, Figs. S6 and S7). Strikingly, more than half of the total N. caninum SNPs (n = ∼3,000
of 5,766) clustered within these 6 distinct haploblocks. An
unrooted phylogenetic tree utilizing SNPs derived from the 6
nonconserved, haploblock-only regions, was incongruent with
the rest of the genome, and did not share the same overall topology (SI Appendix, Fig. S9). The SNP rate was ∼5-fold higher
compared to the monomorphic or conserved regions of the genome (which had fewer than than 1 SNP/kb). To confirm that the
nonconserved regions were statistically different, and consistent
with a distinct ancestry, a Robinson–Foulds (RF) distance metric
(38) was calculated. The RF distance metric statistic indicated that
the 2 regions (conserved vs. nonconserved) were genetically distinct. In addition, each haploblock possessed limited allelic diversity (with only 4 to 6 haplotypes resolved at each cluster),
consistent with genetic hybridization. The haploblocks on chromosomes VI and XI appeared to possess signatures of introgression with shared haplotypes that had independently assorted
PNAS | November 5, 2019 | vol. 116 | no. 45 | 22767
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fungi, as well as the protozoan parasite Toxoplasma, can generate
clonal population structures by inbreeding among highly related
strains or by self-mating (also referred to as uniparental sexual
transmission) in which a single parasite clone can generate both
male and female gametes that fuse within its definitive host (8).
To determine which of these 2 transmission models, endogenous
or unisexual, best explain the origin and global expansion of a
single N. caninum genome, we performed both microsatellite
and WGS analyses
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Fig. 2. Phylogenomic analysis of Neospora based on WGS. (A) N. caninum: Circos plot depicting SNP density using NcLiv as the reference strain (SI Appendix,
Fig. S6 and Dataset S1, SNPs found in Neospora strains). Chromosomes are numbered by Roman numerals and size intervals are plotted using Arabic numerals.
The red track with the yellow background indicates the number of SNPs per 10-kb sliding window. Strain names: 1) NhOregon, 2) NcSP1, 3) NC2, 4) NC3, 5)
NcSP7, 6) NC9, 7) NC1, and 8) NcLiv. (B) Neighbor-net analysis of 8 Neospora strains using genome-wide SNPs (375,560) (SI Appendix, Table S3) indicates 2
distinct populations of Neospora (N. caninum and N. hughesi) with significantly high genetic distance. Zooming-in on the N. caninum population (Inset) shows
very low genetic diversity (total = 5,766 SNPs). The yellow circles denote strains that are in genome-wide LD and are separated by mutational drift, whereas
the other strains possess a reticulated structure, indicating that gene flow has occurred between these remaining isolates (red). Strains are colored based on
their continent of origin. (Scale = no. of SNPs per site.) (C) SNP density plots using the average number of SNPs present within 10-kb sliding windows when
compared with the reference strain NcLiv. The y axis shows the number of SNPs per 10-kb sliding window and identified 6 distinct sequence blocks that
possessed elevated SNPs (arrows). The x axis indicates the relative size of the chromosome. Chromosomes are separated by black and gray colors.

across the strains examined, supporting a unisexual expansion
model (SI Appendix, Fig. S7).
In contrast, the N. hughesi strain, which represents a separate
species of Neospora (21, 26), showed extensive genetic diversity
compared to N. caninum strains (∼6 to 9 SNPs/kb) (Fig. 2 B and
C and SI Appendix, Figs. S5 and S6). Although the 0.5% rate of
polymorphism between the 2 Neospora species is lower than that
observed among circulating T. gondii strains known to undergo
genetic hybridization, the Neospora interspecies SNP density plot
(SI Appendix, Fig. S5) failed to detect any genetic admixture
between N. caninum and N. hughesi. In addition to genetic diversity, the maternally inherited apicoplast genome of N. hughesi
had a different ancestry than that of N. caninum (Fig. 3A). The
available data appear to support their designation as separate
species, but additional comparative phylogenomic sequencing
studies utilizing more isolates or experimental crosses should be
attempted to confirm whether or not these 2 species are mating
compatible, as many interspecies crosses have now been performed
successfully among different Leishmania species, for example (39).
Expansion of a Highly Successful Inbred Population. The accumulated evidence indicates that a single genome of N. caninum has
expanded globally, but the relative contribution of endogenous
vertical transmission versus unisexual reproduction in the expansion of this highly successful genome is enigmatic. To understand
the effective forces shaping the transmission and population genetic structure of N. caninum, we performed a comparative WGS
22768 | www.pnas.org/cgi/doi/10.1073/pnas.1913531116

phylogenomic analysis using the maternally inherited 35-kb circular
apicoplast genome (Fig. 3A). Surprisingly, the maximum-likelihood
analysis identified only 3 SNPs, and these separated the mitochondrial sequences from the 7 N. caninum isolates into 3 distinct
matrilineages. However, the paucity of genetic diversity within the
apicoplast genomes failed to resolve whether the single genome of
N. caninum was the product of multiple recombination events or if
the few SNPs identified in the mitochondrial sequences were due
to genetic drift.
To investigate whether genetic hybridization can explain the
origin of the elevated SNP regions within each of the 6 distinct
haploblocks (Fig. 3B and SI Appendix, Figs. S6, S7, S11A, S14A,
S15A, and S16A), a pairwise FST analysis was performed. The
genome-wide SNP-based FST measurement identified a breakdown of the FST in each of the 6 distinct haploblock regions (SI
Appendix, Fig. S12), indicating significant genetic differentiation.
Collectively, the RF distance metric and FST plots support a
model whereby the haploblocks possess distinct ancestries that
have introgressed into the most recent common ancestor (RCA)
of N. caninum by genetic recombination.
To differentiate between genetic hybridization from that of
selective retention or somatic recombination, 2 alternative scenarios capable of generating and maintaining elevated SNP regions within an otherwise monomorphic genome, we examined
all genes contained in the 6 haploblocks. We did not observe any
obvious signatures in the functional categories of the genes
present that could explain the high genetic diversity observed
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Fig. 3. Structural variation and introgression of haploblocks by sexual recombination in the genomes of N. caninum. (A) Different sources of maternal
inheritance in Neospora were depicted by a phylogenetic tree using SNPs from the apicoplast genome (total = 105). A maximum-likelihood tree was constructed using MEGA with 1,000 bootstrap replicates. Bootstrap values are indicated at each node as a percentage. (Scale = no. of SNPs per site.) (B) Graphical
representation of SNP density plots. SNPs were calculated by comparing isolates against the reference strain NcLiv, and the total number of SNPs present
within 10-kb blocks were plotted. Alternating black and gray highlighted sections represent different chromosomes. Low SNP density indicates a high degree
of similarity with the NcLiv strain. The y axis indicates SNP density per 10-kb windows and the x axis represents the position on the chromosomes. (C)
Neighbor-net networks were developed using SNPs present within 4 variable regions of the N. caninum genomes. (Scale = no. of SNPs per site.) Colors are
based on the continent of origin of these strains as depicted in Fig. 2B. Brackets represent the relative positions of the variable regions in the chromosomes.
The blue horizontal line indicates the relative size of each chromosome. (D) Detailed comparison of SNP density plots of 10-kb sliding windows indicates
patterns of introgressed haploblocks in chromosomes VI and XI. NcLiv was used as the reference strain for comparison. The y axis indicates total number of
SNPs per 10-kb blocks and the x axis represents the position on the chromosomes. (E) Genome-wide structural variation was revealed by analysis of the CNV in
10-kb tiling windows. The 10-kb blocks with no CNV are plotted as black dots (1X). Green, blue, and red dots indicate 1, 2, and 3 SDs from the mean (1X),
respectively. y axis indicates the CNV. (F) Comparison of parental SNPs across chromosomes VI and XI of N. caninum using bottle-brush plots indicated shared
ancestry with N. hughesi on chromosome XI, but not chromosome VI. SNPs mapping to N. caninum are shown in red, whereas N. hughesi SNPs are shown in
green. The y axis indicates the inferred allelic depth normalized across the entire genome. The x axis represents the position of the chromosomes.

(Dataset S2, Neospora gene list in elevated SNP regions); however, published RNA-sequencing datasets showed that several
genes, particularly in the region on chromosome VI, are highly
overexpressed in NcLiv compared to NC3, for example (SI Appendix, Fig. S10A). Pairwise comparison of genome-wide nucleotide substitution rates (dN/dS) also indicated that several of
these genes are under purifying selection, supporting a model of
adaptive evolution (SI Appendix, Fig. S10B).
To determine the origin and the extent of haploblock diversity,
we reconstructed the genetic ancestry of each haploblock individually using a neighbor-net network analysis (Fig. 3C). All 6
Khan et al.

trees were reticulated, and the topology of shared ancestry was
incongruent between the 7 isolates, depending on the genomic
region analyzed. A maximum of 7 haplotypes was resolved at
chromosome III, whereas only 4 haplotypes were identified at
chromosomes VI, VIIb, and XII, indicating shared ancestry (Fig.
3 C and D and SI Appendix, Figs. S11A, S14A, S15A, and S16A).
To determine if the genetic relationship within the 6 haploblocks
was consistent with that of recombination, as opposed to genetic
drift, the inheritance of each haploblock was assessed across the
7 isolates. NC9 shared essentially the same haploblock sequence
with NC1 and NC3 at chromosomes VI and VIIb, but not at
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chromosome XI, where it shared haploblock sequence identity
with NcSp7 (Fig. 3 C and D and SI Appendix, Fig. S16), thus
supporting recombination. In addition, the NC1 haploblock was
distinct from NC3 on chromosome III, indicating that these 2
isolates were not in LD. NcLiv shared 5 of 6 haploblocks with
NcSP1, except at chromosome XII, whereas NC2 possessed a
distinct haplotype at each of the 6 haploblocks. The best illustration of genetic hybridization occurred within the 3- to 4-Mb
region on chromosome XI, which possessed ostensibly 3
tandemly arrayed introgression blocks. An SNP density plot clearly
showed that NC1, NC3, NC9, and NcSP7 possessed 2 identical
haploblocks, but that the third introgressed block present in
NcSP7 and NC9 was not present in NC1 and NC3 (Fig. 3F and SI
Appendix, Fig. S11A). Similarly, NC2 shared identity with the
first haploblock, but only part of the second haploblock, and not
the third. NC2 also possessed a distinct recombination haploblock not present in all other isolates (SI Appendix, Fig. S11).
This overall pattern of introgressed blocks in chromosome XI
was also present in the N. hughesi isolate NcOregon. To show
that each punctate recombination block was genetically distinct,
the ancestry of each SNP position was enumerated using a bottle
brush plot (40), which clearly identified sequence blocks that
were neither N. caninum nor N. hughesi, but shared ancestry with
both species (SI Appendix, Fig. S11B). Distinct recombination
blocks harboring this divergent genetic ancestry were also observed in the 5′ region of chromosome VIIb (SI Appendix, Fig.
S16). The most parsimonious explanation for the existence of
these admixture patterns is that the genome of N. caninum has
previously undergone genetic hybridization in nature with an
ancestry distinct from N. caninum. However, with only limited
recombination blocks identified genome-wide, the relationship
among the isolates sequenced is consistent with a genetic model
whereby sexual recombination between sister clones has since
purified much of this distinct genetic ancestry from the genome
by unisexual mating, except within 6 haploblocks (8, 41, 42).
Another hallmark of unisexual mating is increased structural
variation among isolates that undergo sexual expansion, as opposed to exclusive asexual replication, as would be seen in vertically transmitted clones of Neospora. We therefore investigated
structural variation in N. caninum by determining copy number
variation (CNV) in 10-kb sliding windows across the genome.
Significant structural variation was detected among the monomorphic N. caninum genomes (Fig. 3E and SI Appendix, Fig. S8).
For example, despite NC1, NC3, and NC9 having similar SNP
density plots (Fig. 3B and SI Appendix, Fig. S6) and the same
maternally inherited mitochondrial genome (Fig. 3A), they each
possessed different patterns of genome-wide CNVs (Fig. 3E and
SI Appendix, Fig. S8). Alternatively, the NcSP1 and NcSP7 isolates had essentially identical CNV plots (Fig. 3E and SI Appendix, Fig. S8) but different mitochondrial genomes and were
incongruent at the 6 haploblocks, suggesting that they were recent recombinants (Fig. 3 A and B and SI Appendix, Fig. S6). De
novo generation of aneuploidy and localized expansion of copy
number are commonly associated with meiotic reproduction in
somatic cells (43, 44). Meiotic reproduction and aneuploidy or
expansion of copy number in the yeast Saccharomyces cerevisiae
or in Leishmania is known to confer genotypic and phenotypic
plasticity to better adapt to new environments (43, 44). Although
somatic replication can also generate structural variants in both
yeast and kinetoplastid parasites, and mitotic recombination is
known to produce chimeric variants within the Plasmodium
surface-associated Var genes, such somatic recombination has
not been identified to occur within gene families from other wellstudied, closely related apicomplexan parasites, such as T. gondii.
Furthermore, this type of structural variation is typically localized and is not likely to account for the significant, genome-scale
CNV differences we found in N. caninum. Bottle-brush plots
(45) generated to map parental SNPs across N. caninum and N.
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hughesi identified 2 large sequence haploblocks on chromosomes
VIIb and XI that encoded a distinct genetic ancestry (i.e., it was
neither N. caninum nor N. hughesi) (Fig. 3F and SI Appendix,
Figs. S11B and S16B). Moreover, no gene families (e.g., the Srs
or Ropk gene families analogous to the Var genes in Plasmodium)
or those associated with meiosis (there are no mating types in
Neospora) are observed in these regions. Rather, these haploblocks possess a diverse array of different genes. Collectively, the
identification of large, introgressed sequence haploblocks bearing
different genetic ancestry coupled with the evidence of localized
CNVs is more consistent with sexual recombination having impacted the population genetics of N. caninum.
Recent Expansion of N. caninum Worldwide. As discussed above,
apart from the 6 variable haploblocks, our genome-wide pairwise
SNP comparison identified nearly identical genomes among the
N. caninum strains sequenced. Based on this finding, we hypothesized that the current N. caninum population was recently
derived, and is presumably the result of recombination events
and a genome-selective sweep that has effectively expanded a
highly inbred and successful genome throughout the world. Because no fossil record or mutation rate calculation has been
performed for Neospora (46), we next estimated the time to most
RCA by comparative genome analysis using 2 closely related
apicomplexan parasites; T. gondii and P. falciparum. Neospora
and T. gondii separated from a common ancestor ∼28 million y
ago and have since evolved independently (47). Taking advantage of WGS data for 36 T. gondii strains obtained by a community
white paper (https://www.jcvi.org/gcid/project/toxoplasma-gondii)
(16), short DNA sequencing reads were mapped against the reference strain ME49 and 1,065,685 SNPs were identified. Network
analysis using genome-wide SNP data revealed a complex population genetic structure for T. gondii, which divided into ∼15
distinct haplogroup subpopulations with deep branch lengths
(48–50) (Fig. 4A). Thus, T. gondii, a close relative of N. caninum,
possessed a completely different population genetic structure
and showed a high degree of genetic diversity compared to the
unprecedented finding of a single genome of N. caninum. Previous studies estimated that the North American and European
T. gondii clonal lineages (types I, II, and III) expanded ∼500 to
5,000 y ago, based on Plasmodium mutation rates (48, 51). More
recently, a pairwise comparison of genome-wide SNPs between 2
type I strains identified only 1,394 SNPs and insertions/deletions
(INDELs) that separated RH from GT1 (52), which is higher
than the number of SNPs/INDELs separating any pair-wise
combination within our sequenced N. caninum isolates (having a
range of 21 to ∼1,000 SNPs), supporting a recent global expansion of this species.
To better understand the rapid emergence and evolution of
the highly inbred N. caninum genome, we generated SNP density
plots of T. gondii using 2 sets of strains: 1) those that have selectively retained a monomorphic chromosome Ia (ChrIa), versus 2) those that possess a divergent ChrIa. It has been
postulated that genes unique to the monomorphic version of
ChrIa have facilitated the recent sweep of highly successful
lineages and improved strain fitness in the population (51, 53).
An age calculation for ChrIa showed that the fixation of the
monomorphic ChrIa took place very recently, within 10,000 y.
Strikingly, SNP density plots showed that the genetic architecture and pairwise SNP rate of the monomorphic ChrIa of T.
gondii was higher than the pairwise SNP rate calculated for N.
caninum (fewer than 1 SNP in 10,000 bp genome-wide, and ∼2fold lower when the 6 recombination blocks are excluded) (Fig.
4A), further supporting the recent emergence of N. caninum
worldwide.
We then compared the genetic architecture of N. caninum
with P. falciparum. The population genetic structure of P. falciparum
has been shaped by numerous population genetic bottlenecks,
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principally the result of several recent drug-resistance sweeps
throughout the world (54, 55). Taking advantage of 28 sequenced
strains part of the Pf3K project (Pf3K Project [2014]: pilot data
release 2. https://www.malariagen.net/data/pf3k-2) (56, 57), our
network analysis identified only 8,810 biallelic SNPs after
reference-mapping with sequence 3D7, and the SNP density plot
showed that the population genetic structure of P. falciparum
highly resembles the population structure of N. caninum; it
likewise has 2 distinct subpopulations: Asian and African (Fig.
4B). Previous reports documented that the current P. falciparum
population evolved within the past few thousand years and has
recently (within 60 to 70 y) experienced several drug-selection
sweeps (58). Given the vagaries of genetic clock calculations that
are influenced by the biology and the calculated mutation rate
for each species, the 5,766 biallelic SNPs across the 7 sequenced
isolates would suggest that the current, highly inbred genome of
N. caninum likely evolved as a single lineage that expanded
throughout the world as recently as 100 to as late as 10,000 y ago.
Seroprevalence of Neospora Antibodies in East and West African
Cattle. During the past 125 y, the global cattle trade has been

instrumental in the distribution and establishment of several
transboundary breeds, including Holstein Friesian cattle (Bos
taurus) that have been exported from Europe to 126 countries.
During this time, European cattle populations were first exported
to America, followed by United Kingdom cattle exports to
America as well as United Kingdom, French, and Portuguese
cattle to Africa (59). Because Neospora is considered a long-term
persistent infection within the cattle industry, we hypothesized that
N. caninum expanded relatively recently within Europe’s intensive
dairy cattle systems and has been subsequently exported with
Khan et al.

livestock and farm dogs on a large scale sometime during
colonization, between the 15th to the 19th centuries, and that
the intensive global movement of domesticated cattle breeds in
the last 125 y has facilitated parasite expansion and dissemination.
To test our hypothesis, we compared the seroprevalence rate
for Neospora in 196 West African cattle, including mixed breeds
of B. taurus and Bos indicus from a wide geographical region that
has not experienced importation of cattle breeds from Europe,
against a cohort of 246 East African cattle, including introduced
cattle breeds from Europe (Fig. 4 C and D and SI Appendix,
Table S6). Neosporosis seroprevalence rates for West and East
African cattle were determined using a highly sensitive and
specific multiple antigen-based ELISA that utilizes a watersoluble fraction of sonicated NC1 strain tachyzoites as antigen
(60). The ELISA was also controlled for no cross-reactivity with
sera from cattle infected with T. gondii or Sarcocystis cruzi. In
support of our hypothesis, strikingly no West African cattle were
infected with Neospora, whereas 8.1% of East African cattle
were seropositive (P = 0.00017) (Fig. 4 C and D and SI Appendix,
Table S6). Historically, West Africa and East Africa were not
colonized by the Europeans in the same manner with respect to
the introduction of European-based agricultural systems. There
are several accounts of attempts to introduce European cattle
into West Africa, all meeting with complete failure (61). Beal,
the first British veterinarian to visit the country in 1911, concluded that both disease and environment were incompatible
with European cattle breeds (62). As a result, relatively few
White settlers brought farm systems and livestock into the West
African region, and in conjunction with the ravages of disease,
fewer European cattle were introduced to the area. Thus, the
absence of Neospora in regions such as West Africa, where
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Fig. 4. Recent expansion of N. caninum worldwide through European cattle movement. (A) Population genetic structure of T. gondii based on neighbor-net
analysis using genome wide SNPs (total = 1,065,685) from 36 strains (SI Appendix, Table S4). Strains are colored based on their continent of origin. (Scale = no.
of SNPs per site.) The SNP density plot shows the monomorphic distribution of SNPs on chromosome Ia for most of the T. gondii strains (red arrow). Each dot
indicates the average number of SNPs present within 10-kb sliding windows compared with the reference strain Me49. y axis = no. of SNPs per 10-kb window,
x axis = relative size of chromosome. (B) Neighbor-net analysis indicates that recent drug-resistance selective sweeps that have shaped the population genetic
structure of P. falciparum. Neighbor-net analysis was conducted based on 8,810 SNPs among 28 strains (SI Appendix, Table S5). Strains are colored based on
their continent of origin. (Scale = no. of SNPs per site.) SNP density plots indicate the monomorphic distribution of SNPs in the P. falciparum genome. Each dot
indicates the average number of SNPs present within 10-kb sliding windows comparing with the reference strain 3D7. y axis = no. of SNPs per 10-kb window; x
axis = relative size of chromosome. (C) Blood samples collected from West and East African cattle (SI Appendix, Table S6) were subjected to serological testing
for the presence of Neospora antibodies. Orange and blue regions indicate the presence and absence of Neospora antibodies, respectively. (D) Schematic
representation and map of Africa with the location of the cohort enrollment sites and direction of European cattle movement (C) (SI Appendix, Table S6).
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European cattle were not imported, supports a model whereby
increased colonization of regions of Africa with intensive
European dairy cattle systems may be responsible for the global
radiation of Neospora to the region of East Africa, and to native
East African cattle. Although deciphering the exact mechanism
of Neospora’s expansion remains complex, the difference in
seroprevalence between East and West Africa is noteworthy and
may indicate that recent movement of cattle industries from
Europe have placed a strong selective pressure that resulted in
the radiation of a single Neospora lineage throughout the world.
While our data certainly support a recent radiation of a single
lineage worldwide, the origin and evolution of this highly inbred
genome harboring distinct haploblocks of genetic hybridization is
less clear. The most parsimonious explanation is that a heterologous genome recombined with the RCA of N. caninum sometime within the last 10,000 y and that subsequent unisexual
mating with N. caninum, in concert with the parasite’s endogenous vertical transmission cycle (59, 60), has purified out the
other ancestry, except in 6 sequence haploblocks that have been
selectively retained, presumably for their evolutionary advantage. Several aspects of cattle breed evolution and the biology of
the Neospora transmission cycle may have contributed to this
unique outcome. Specifically, the generation and eventual purification of a hybrid N. caninum genome was presumably selected
for by several distinct genetic bottlenecks associated with the
domestication of dogs (63, 64) and cattle in the Near East (65–
68), followed by an extensive movement of cattle and dogs
during human migration (69) which expanded a single, highly
successful N. caninum genome. Indeed, archeozoological and
genetic data have shown that modern taurine cattle breeds are
descendants of local wild ox (aurochs) domestication events that
occurred in the Near East prior to extensive cross-breeding of
domestic and wild-cattle populations throughout Europe (70)
during the Neolithic transition ∼8,000 to 10,000 y ago, which
corresponds to one of the timelines for generation of the RCA of
N. caninum (65, 67).
In conclusion, by utilizing a wide variety of genetic markers
from Neospora’s nuclear and mitochondrial genomes, coupled
with WGS of Neospora isolates from a wide host range, we have
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