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Toxoplasma gondii is a useful model for intracellular parasitism given its ease of culture in the laboratory and genomic resourc-

es. However, as for many other eukaryotes, the T. gondii genome contains hundreds of sequence gaps owing to repetitive

and/or unclonable sequences that disrupt the assembly process. Here, we use the Oxford Nanopore Minion platform to

generate near-complete de novo genome assemblies for multiple strains of T. gondii and its near relative, N. caninum. We

significantly improved T. gondii genome contiguity (average N50 of ∼6.6 Mb) and added ∼2 Mb of newly assembled se-

quence. For all of the T. gondii strains that we sequenced (RH, ME49, CTG, II×III progeny clones CL13, S27, S21, S26, and

D3X1), the largest contig ranged in size between 11.9 and 12.1 Mb in size, which is larger than any previously reported T. gondii

chromosome, and found to be due to a consistent fusion of Chromosomes VIIb and VIII. These data were validated by map-

ping existing T. gondiiME49 Hi-C data to our assembly, providing parallel lines of evidence that the T. gondii karyotype con-

sists of 13, rather than 14, chromosomes. By using this technology, we also resolved hundreds of tandem repeats of varying

lengths, including in well-known host-targeting effector loci like rhoptry protein 5 (ROP5) and ROP38. Finally, when we com-

pared T. gondii with N. caninum, we found that although the 13-chromosome karyotype was conserved, extensive, previously

unappreciated chromosome-scale rearrangements had occurred in T. gondii and N. caninum since their most recent common

ancestry.

[Supplemental material is available for this article.]

Toxoplasma gondii and its Apicomplexan relatives are highly suc-

cessful animal pathogens, infecting a wide variety of warm-blood-

ed animals, including humans and domesticated animals.T. gondii

infection can lead to severe toxoplasmosis in immunocompro-

mised individuals and in congenitally infected fetuses (Joynson

and Wreghitt 2005), and is a leading cause of blindness owing to

its ability to infect the eye, causing ocular toxoplasmosis (Jones

and Holland 2010). T. gondii belongs to the phylum Apicomplexa,

a large group of animal and human pathogens includingNeospora,

Eimeria, Plasmodium, and Cryptosporidium. The ease of genetic ma-

nipulation, accessibility to cellular and biochemical experiments,

and well-established animal model make T. gondii an important

system for studying Apicomplexan biology (Kim and Weiss

2004). Genomic analysis tools for this organism have been under

development for decades. Data housed at ToxoDB (https://

toxodb.org), the primary genomic repository for T. gondii ge-

nome-wide data, presently include sequence, de novo assemblies,

and annotation of multiple T. gondii genomes; next-generation se-

quence data for an additional 60 T. gondii genomes; and draft as-

semblies for both Hammondia hammondi and Neospora caninum

(Lorenzi et al. 2016).

Availability of a complete reference genome that contains ac-

curate representations of all small- or large-scale structural variants

is essential to have a better understanding of gene content, geno-

type–phenotype relationships, and the evolution of unique traits

in parasites of humans and other animals. However, like all eukary-

otic genomes, a substantial part of the T. gondii genome consists of

repetitive elements (Matrajt et al. 1999), making gap-free de novo

assembly impossible using standard first- or second-generation se-

quencing approaches. Even with exceptionally high coverage,

these approaches fail to resolve repetitive regions or complex struc-

tural variants with repeat units that are larger than the size of the

individual reads. Three of the T. gondii reference genomes in

ToxoDB (Gajria et al. 2008) were constructed by combining

high-quality first-generation Sanger (Sanger et al. 1977) and sec-

ond-generation 454 (Roche Applied Science) sequence data, yet

these genomes still have hundreds of sequence gaps of unknown

sequence content and length. Assembly gaps mask repetitive re-

gions, which can contain previously unknown protein-coding

genes and additional copies of genes found in tandem gene arrays,

and in some cases, they may also lead to incorrect predictions of

chromosomal structure. This problem is not unique to T. gondii

and other apicomplexan genomes. For example, all versions of
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the human genome have thousands of gaps owing to incorrect as-

sembly of repetitive sequence (Vollger et al. 2020), including as-

semblies generated recently using new sequencing technologies

like those applied here.

In recent years, single-molecule sequencing approaches (de-

veloped byOxfordNanopore Technologies and Pacific Biosciences

[PacBio]) have revolutionized de novo sequence assembly by en-

abling high-throughput generation of kilobase-sized sequence

reads. These approaches have allowed for resolution of many re-

peat-driven sequence assembly gaps and the detection and assem-

bly of previously intractable structural variants within species, and

when combined with second-generation sequencing, data can be

used to generate near-complete de novo genome assemblies with

high (>99%) nucleotide accuracy. Indeed, whole-genome assem-

blies of several organisms including bacteria (Madoui et al. 2015;

Fournier et al. 2017; Díaz-Viraqué et al. 2019), parasites (Lapp

et al. 2018), plants (Schmidt et al. 2017; Michael et al. 2018), and

mammals (Jain et al. 2018) using a such a hybrid approach have

been reported, generating assemblies of unprecedented contiguity.

Here, we apply Oxford Nanopore sequencing and de novo assem-

bly using the MinION Platform to multiple isolates of T. gondii,

F1 progeny of a cross between two canonical T. gondii strains, and

one of its nearest extant relatives, N. caninum. We used this ap-

proach to improve the overall contiguity of existing T. gondii and

N. caninum genome assemblies, to resolve tandem gene arrays

and determine how they change in size during sexual recombina-

tion, and to perform a robust synteny analysis between T. gondii

and N. caninum.

Results

De novo assembly of TgRH88 genome using Nanopore reads

revises the T. gondii karyotype

Themajority of the T. gondii isolates collected fromNorth America

and Europe belong to three predominant clonal lineages, types I,

II, and III (Sibley andAjioka 2008), andRH strain is a representative

strain of the type I lineage (Pfefferkorn and Pfefferkorn 1976).

High-molecular-weight (HMW) genomic DNA of the TgRH88

strain was extracted using an optimized protocol that was original-

ly designed for extraction of Gram-negative bacteria and mamma-

lian cell DNA (authored by Josh Quick; https://www.protocols.io/

view/ultra-long-read-sequencing-protocol-for-rad004-mrxc57n).

A 48-h sequencing run on a single flow cell yielded 648,491 reads

containing 7.40 Gb of sequences for the TgRH88 genome. Al-

though more detailed sequence metrics are described below, the

sequence reads we obtained robustly aligned to the TgGT1 refer-

ence genome found at ToxoDB (Fig. 1A,B). The Canu-corrected

reads were subjected to de novo assembly using Canu v1.7.1,

which yielded a TgRH88 primary assembly with a size of 64.40

Mb consisting of 23 contigs. By aligning the TgRH88 assembly se-

quences to the ToxoDB-48_TgGT1 reference genome, we noticed

that the sequences annotated as Chr VIIb and Chr VIII were parts

of a single contig in our TgRH88 assembly (TgRH88_tig00000001)

(Fig. 1C). This contig, which was 11.93 Mb in length, was longer

than any previously reported T. gondii chromosome and suggested

to us that the published T. gondii karyotype of 14 chromosomes

was incorrect. Given that prior work using Hi-C chromosome con-

formation capture sequencing suggested a fusion between Chro-

mosomes VIIb and VIII (Bunnik et al. 2019), we mapped the

Hi-C reads from that study onto our TgRH88 de novo assembly

to determine if it has similar contact counts. As shown in Figure

1D, the Hi-C data identified the position of 13, rather than 14, in-

ter-chromosomal contact points (representing centromeres) (Bun-

nik et al. 2019), and an intra-chromosomal contact map across

TgRH88_tig00000001 indicated that this did indeed represent a

single contiguous chromosome (Fig. 1E). These parallel findings

provide assembly-based evidence that sequence fragments previ-

ously referred to as distinct chromosomes (VIIb and VIII) were in

fact two parts of the same chromosome. We have named this con-

tig TgRH88_tig00000001_ChrVIII.

The RH strain is one of the most commonly used laboratory

strains given its genetic tractability and robust in vitro growth

characteristics (Saeij et al. 2005), but at the genomic level, this

strain has been subject to much less formal annotation compared

with the strain types GT1, ME49, and VEG. However, in addition

to that generated here, there are two additional RH strain de

novo assemblies in public databases, one generated using Illumina

technology (NCBI BioProject [https://www.ncbi.nlm.nih.gov/

bioproject/] accession number PRJNA294483) (Lau et al. 2016)

and the other using a hybrid approach consisting of single-mole-

cule long-read (PacBioRS technology) and short-read (Illumina) se-

quencing (BioProject accession number PRJNA279557). Our

Nanopore and the PacBio RS assembly were more contiguous

than the de novo Illumina assembly, having higher contig N50

values (6.7 Mb for both long-read assemblies compared to

∼65 kb for the Illumina assembly) (Fig. 2A). This increase in conti-

guity translated intomore examples of complete or near-complete

whole-chromosome assemblies. For example, both long-read tech-

nologies predicted the ∼12-Mb Chromosome VIII, whereas the

Illumina assembly did not, and both also resulted in a near-com-

plete assembly of Chromosome IV in a single contig (Fig. 2B).

The total sizes of the predicted nuclear-encoded genomes were

similar, differing by only 0.8% (a raw difference of 513,977 bp of

additional sequence present in the Nanopore assembly). Based

on NUCmer alignments, ∼362 kb of this unplaced sequence is

shared between the two assemblies, whereas the remaining se-

quences (∼70 and 2700 kb for the Nanopore and PacBio RH assem-

blies, respectively) were unshared.

To explore differences in these assemblies further, we also

mapped all tandem repeats with periods >500 bp as well as select

known repeats in all three RH assemblies onto NUCmer-generated

pairwise sequence alignments for Chromosomes IV and VI (Fig.

2C). For Chromosome IV, the most striking difference between

the long-read assemblies and that generated using Illumina is

the expanded assembly at the locus harboring the well-character-

ized 529-bp repeat (Fig. 2C, top). For T. gondii Chromosome VI

(Fig. 2C) the subtelomeric repeat arrays for SAT350 and TGR4

were larger in the Nanopore assembly comparedwith the PacBio as-

sembly, as was the case for the known tandem rhoptry gene array

encoding ROP38. In contrast, gene TGME49_240310 was found in

a larger array in the PacBio assembly. Overall, these data indicate

the utility of long-read sequencing for resolving complex tandem

repeats in T. gondii, especially those that are larger than typical first-

or second-generation sequence reads. Moreover, with a few minor

exceptions, both long-read sequencing technologies give similar re-

sults for the size and complexity of these repeats and give results in

similar estimates for nuclear chromosome and plastid genome sizes.

We also used BLAST to identify contigs harboring what ap-

peared to be sequence derived from either of the two organellar ge-

nomes of T. gondii, the apicoplast and the mitochondrion, and

compared them to the other existing RH assemblies (Fig. 2A).

One contig ∼35 kb in size from each assembly was derived from

the plastid genome, which is the expected size for this organellar
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genome (Lorenzi et al. 2016). For the mitochondrial genome, we

identified two nonchromosomal contigs of ∼15 kb in size in our

assembly that likely harbored at least fragments of this genome

(Fig. 2A), whereas there were no contigs in the other RH assemblies

with any resemblance to amitochondrial genome (likely due to be-

ing filtered out during sequence analysis or submission). Given the

complexities of the mitochondrial genome and its assembly for

T. gondii (as evidenced by recent work from the Kissinger group us-

ing Oxford Nanopore technology) (Namasivayam et al. 2021),

we did not perform any extensive analyses of these sequences

but include them in our assemblies submitted to the NCBI

BioProject database (https://www.ncbi.nlm.nih.gov/bioproject/)

under accession number PRJNA638608 with the annotation “lo-

cation=mitochondria.”

E

BA

C

D

Figure 1. Primary de novo assembly of TgRH88 genome using Nanopore reads revises T. gondii karyotype. (A) Bivariate plot showing a comparison of
the aligned read length with the sequenced read length. (B) Bivariate plot showing a comparison of the aligned–corrected read length (log10-trans-
formed) with the percentage identity. In this case, corrected reads refer to the method deployed by Canu using read overlap. (C ) Histogram showing
comparison of chromosome size between the ToxoDB-48_TgGT1 genome and TgRH88 initial long-read assembly. (D) Inter-chromosomal Hi-C contact-
count heat map plotted using the TgRH88 initial long-read assembly sequence showing 13 chromosomes in the assembly. (E) Intra-chromosomal Hi-C
contact-count heat map plotted using the sequence of TgRH88_tig00000001 in TgRH88 initial long-read assembly showing no aberrant signal along the
contig.
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De novo assembly of multiple T. gondii strains, their sexual

recombinants, and N. caninum

To determine whether the Chr VIIb/VIII fusion was unique to

TgRH88 or was also present in other isolates, we sequenced and as-

sembled genomes of TgME49, TgCTG, TgME49×TgCTG F1 proge-

ny (CL13, S27, S21, S26, and D3X1), and N. caninum Liverpool

strain (Table 1). Aligning the reads against their most relevant

“Reference” genome in ToxoDB (based on species and then clos-

est genotype) revealed that 96% of the T. gondii reads and 85% of

the N. caninum reads could be mapped (Supplemental Tables S2,

S3). Assembly characteristics for all strains and species can be

found in Supplemental Table S4, including chromosome and

organellar genome sizes. The final polished and scaffolded assem-

blies (see Methods) of TgRH88, TgME49, or TgCTG consisted of

13 chromosome contigs/scaffolds and varying numbers of un-

placed fragments, with an average total size of ∼64.8 Mb (Table

2). The polished N. caninum Liverpool assembly was composed

of 58 contigs, showing a cumulative size of 62.1 Mb (Table 2).

As reported in Table 2, with one exception (II×III F1 progeny

S26), all the T. gondii final assemblies were composed of 23 to

59 contigs, representing a 43- to 109-fold reduction in the num-

ber of contigs in comparison to the ToxoDB-48_TgME49 assem-

bly (2511 contigs) (Table 2). We performed one-to-one

mappings between our Nanopore chromosome-sized contigs

and all aligning contigs from the ToxoDB-48_TgME49 assembly

(Supplemental Fig. S1A) using minimap2 and found that the

most significant contribution to overall genome structure was

the elimination of nearly all of the breaks within the ToxoDB-

48_TgME49 scaffolds that are indicated within that assembly as

strings of N’s at least 100 bp long (Supplemental Fig. S1A). We

also compared our de novo assembly sequences to their cognate

reference sequences and identified 42 regions of at least 10,000

bp in size that were unique to our de novo assemblies (summing

to 926 kb in total; yellow boxes in Supplemental Fig. S1A). To as-

sess genome assembly completeness, we used BUSCO analysis

on the polished TgRH88, TgME49, and TgCTG assemblies and

compared the results to a similar analysis for the unpolished as-

semblies. This analysis, which counts the number of single-copy

orthologs unambiguously identified in a genome assembly, found

that for 215 such loci 88% of the complete genes were recovered

from the polished, long-read-based assemblies, whereas 23.3%–

54% were identified in the unpolished assemblies (Table 3).

To assess the structural correctness of all of the long-read as-

semblies, we aligned our T. gondii assembly sequences to the

BA

C

Figure 2. Comparisons between the current Nanopore assembly of T. gondii strain RH88 and existing long-read (using PacBio RS and Illumina technol-
ogy) and short-read (Illumina only) assemblies. (A) Assembly statistics for each. (B) Circos plot of NUCmer pairwise alignments across all three assemblies for
T. gondii Chromosome IV. All alignments >10,000 bp and >90% identity are shown. (C) Pairwise alignments for Chromosomes IV (top) and VI (bottom)
along with locations of select tandem repeats identified either de novo (orange or blue bars on the chromosome scaffolds) or known from prior studies
(above or below chromosome scaffolds). For T. gondii Chromosome IV, comparisons to both the PacBio and Illumina assemblies are shown, whereas
only the long-read comparison is shown for T. gondii Chromosome VI.
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reference genome using NUCmer. As can be seen in Supplemental

Figure S1B, all of the T. gondii long-read assemblies showed strong

collinearity with their corresponding reference genomes, barring a

small number of putative inversions. Consistent with our finding

for TgRH88 primary assembly, the Chr VIIb/VIII fusion was ob-

served in each of our T. gondii assemblies (TgME49 is represented

in Fig. 3A, red box; Supplemental Fig. S1A,B). To further confirm

this observation, we aligned our TgME49 corrected reads back

against the TgME49 long-read assembly and found an average

read depth of 40× for the entirety of TgME49_tig00000001_Chr-

VIII, and 37× for the “breakpoint” (TgME49_tig00000001_Chr-

VIII: 5,090,422 bp) of Chr VIIb and Chr VIII, indicating that this

was unlikely owing to an assembly error (Fig. 3B).We thenmapped

the corrected Nanopore reads again to the ToxoDB-48_TgME49

reference genome, and the alignments showed that all of the reads

that weremapped either to the end of Chr VIIb or to the beginning

of Chr VIII spanned the gap between the two chromosomes, with

average coverage of 105× (Fig. 3C). Such a high-coverage link be-

tween reads aligning to chromosome ends was not present in

any other chromosome pair (e.g., between Chromosomes IX and

X) (Fig. 3D).

This observation of a fusion betweenChr VIIb andChr VIII in

T. gondii ME49 was in agreement with the observations in our

TgRH88 assembly described above (Fig. 1C–E), and we also

mapped Hi-C data (Bunnik et al. 2019) to our TgME49 long-read

assembly to validate this finding in parallel. The resulting inter-

chromosomal contact-count map revealed 13 chromosomes in

the TgME49 long-read assembly (instead of 14) by showing that

each chromosome showed a single centromeric interaction with

each other chromosome (Fig. 3E). As we found for TgRH, we con-

firmed that TgME49_tig00000001_ChrVIII was a complete single

chromosome (Fig. 3F; Supplemental Fig. S2). The intra-chromo-

somal contact-count map of TgME49_tig00000001_ChrVIII

showed a strong and broad diagonal and no aberrant signal along

the contig or at the “breakpoint” of Chr VIIb and Chr VIII

(Supplemental Fig. S2B). Similar patterns were also observed in

our TgCTG, S27, and S21 assemblies (Supplemental Fig. S2B).

Collectively, these data show the T. gondii karyotype has been in-

correctly calculated and contains 13, rather than 14, chromo-

somes. We refer to this fused chromosome as Chr VIII in our

assembly and have eliminated Chr VIIb.

The TgCTG assembly had chromosome-scale resolution, in

which 13 contiguous sequences (contigs) corresponded to the 13

chromosomes. However, ChromosomeVIIa in the TgME49 assem-

bly and Chromosome XI in the TgRH88 assembly were spread

across two contigs. Hi-C data have historically been used to im-

prove genome assemblies on the basis of contact frequency, de-

pending strongly on one-dimensional distance (Dudchenko

et al. 2017). That is, Hi-C alignment to contigs in the correct order

and orientation would reveal the canonical intra-chromosomal

pattern of enriched interactions along the diagonal (where one-di-

mensional genomic distance between bins is the smallest). By us-

ing pre-existing Hi-C reads from T. gondii strain ME49 (Bunnik

et al. 2019) andmapping them to our de novo genome assemblies,

we were able to determine the order and orientation of the contigs

for Chromosomes Chr VIIa and XI in ME49 and RH88, respective-

ly. These changes were incorporated before submission of the as-

semblies to GenBank (under BioProject accession number

PRJNA638608).

Long-read assembly detects structural rearrangements

in the T. gondii genome

We aligned the final assemblies of the eight T. gondii strains to the

reference genomes and searched for large-scale structural variants

using MUMmer (Supplemental Fig. S1B). Consistent with the

data shown in Supplemental Figure S1B, most contigs in the

long-read assemblies were collinear with the chromosomes in

the ToxoDB-48 genomes. We did observe a 15.7-kb inversion on

Chr III in our TgRH88 assembly, which was absent in TgME49,

TgCTG, or any F1 progeny assembly (Fig. 4A).We also detected an-

other ∼20-kb inversion on Chr XII, which was present in TgME49,

TgCTG, and the F1 progeny assembly, but not in the TgRH88 as-

sembly (TgME49 is represented in Fig. 4B).

Centromeres for 12 of the 13 T. gondii chromosomes have

been identified using chromatin immunoprecipitation coupled

with DNA microarrays (ChIP-on-chip) of centromeric and peri-

centromeric proteins, but locations of centromere of Chr VIIb

and Chr IV remain unknown (Brooks et al. 2011; Gissot et al.

2012). For Chr VIIb, no hybridization of the centromeric probe

to the genomic chip was detected in the ChIP-on-chip assay

(Brooks et al. 2011), which could be explained by our observation

that Chr VIIb and Chr VIII are a single chromosome, and the cen-

tromere of this large chromosome appears to be in the center of

this “fused” chromosome, in an area that was previously thought

to be the beginning of Chromosome VIII (Fig. 1E). For

Chromosome IV, two inconsecutive peaks of hybridization were

detected at positions 2,501,171–2,527,417 bp on Chr IV and 1–

9968 bp in the unplaced contig AAQM03000753 in the TgGT1 ge-

nome based on published ChIP-on-chip data (Brooks et al. 2011).

Our TgRH88 assembly successfully relocated the sequences in

AAQM03000753 into Chr IV and revealed a 430.9-kb inversion

event at 2,096,529–2,527,423 bp on Chr IV relative to the

ToxoDB GT1 reference genome (Fig. 4C). This inversion was un-

likely to be owing to an assembly error because it was shown in

Table 1. Description of the Toxoplasma gondii and Neospora caninum strains sequenced in this study

Species Strain Genotype (ToxoDB PCR-RFLP genotype) Geographical origin Host References

T. gondii RH88 Type I (ToxoDB #10, type I) USA Human Sabin (1941)
T. gondii ME49 Type II (ToxoDB #1, type II) USA Sheep Kasper and Ware (1985)
T. gondii CTG Type III (ToxoDB #2, type III) USA Cat Pfefferkorn et al. (1977)
T. gondii CL13 Types II×III F1 progeny USA Cat Sibley et al. (1992)
T. gondii S27 Types II×III F1 progeny USA Cat Sibley et al. (1992)
T. gondii S21 Types II×III F1 progeny USA Cat Sibley et al. (1992)
T. gondii S26 Types II×III F1 progeny USA Cat Sibley et al. (1992)
T. gondii D3X1 Types II×III F1 progeny USA Cat Saeij et al. (2007)
N. caninum Liverpool - USA Dog Dubey et al. (1988)
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all of our T. gondii assemblies and was supported by alignment of

both Canu-corrected and raw reads spanning the boundaries of

the inversion in the TgRH88 assembly. When we mapped the

ChIP-on-chip data obtained from Brooks et al. (2011) to our

TgRH88 assembly (after remapping the probe sequences to our

TgRH88 assembly), we resolved the Chr IV centromere to a single

significant signal peak at 2.20–2.23 Mb on Chr IV (Fig. 4E;

Supplemental Fig. S3). This finding was also supported by pub-

lished Hi-C data realigned to our Nanopore assemblies, because

the intra-chromosomal contact count map showed a clear inter-

chromosomal contact signal at 2.20–2.30 Mb on Chr IV in the

TgRH88 assembly (Fig. 4D). Collectively, our data not only re-

solved the molecular karyotype of T. gondii but also resolved the

precise location of the Chr IV centromere.

Long-read assembly adds new sequences to the T. gondii

reference genome

As shown in Figure 1C and Supplemental Table S5, each chromo-

some-sized contig of our long-read de novo assemblies was longer

than its cognate chromosome of the ToxoDB-48T. gondii reference

genome, and for TgRH88, TgME49, andTgCTG,wewere able to as-

semble between 1.7 and 3.9Mbof previously unlocated and/or un-

assembled sequence to the chromosomes of these assemblies.

These new sequences were scattered across the genome and filled

in nearly all of the sequence gaps found in the reference genome.

The new sequences added by the long-read assemblies extended

the subtelomeric regions of the chromosomes in the T. gondii ref-

erence genome. Although four chromosomes of the ToxoDB-

48_TgME49 genome contained no telomeric repeat and seven

were missing one of the telomeric repeats, all of the chromosome

contigs in the TgME49 long-read assembly were assembled up un-

til both telomeric caps (Supplemental Table S5). Both telomeres

were found in 12 out of the 13 chromosomes in the TgCTG

long-read assembly, and one chromosome contig lacked one of

the telomeric repeats, whereas only five chromosomes in the

ToxoDB-48_TgVEG genome contained one telomere, and no telo-

meric repeat was found in the rest of the chromosomes

(Supplemental Table S5). Similarly, both telomeres in seven chro-

mosomes and one telomere in six chromosomes were resolved in

the TgRH88 long-read assembly, whereas there were only two

chromosomes in ToxoDB-48_TgGT1 genome that contained one

telomere (Supplemental Table S5).

The bulk of the remaining new sequence was owing to tan-

dem arrays of sequence (both coding and noncoding). For exam-

ple, two repetitive gene sequences are used for high-sensitivity

detection of T. gondii in tissue and environmental samples, the

B1 gene (Burg et al. 1989) and the so-called “529-bp repeat”

(Reischl et al. 2003; Edvinsson et al. 2006). The precise copy num-

ber for these genes has been difficult to determine using first- and

second-generation sequencing technologies and/ormolecular bio-

logical experiments like Southern blotting. Therefore, we used a

curated BLASTN approach to quantify copy number for each of

these sequences across our respective Nanopore assemblies. As

shown in Figure 5B, copy number for the B1 genewas significantly

higher in our Nanopore assemblies compared with existing

ToxoDB assemblies. However, the copy number for this gene was

lower than that predicted in the literature, ranging between nine

and 19 tandem copies depending on the strain (Fig. 5B), compared

with quantitative blotting-based estimates of 35 (Burg et al. 1989).

Copy number at this locus was stable, in that for all of the queried

II×III F1 progeny, the copy number for each was identical to the

parent fromwhich it obtained that chromosomal segment. In con-

trast to the B1 locus, the “529-bp repeat” locus varied significantly

between isolates and these same F1 progeny. The copy number

ranged from 85 to 205, and the copy number at this locus for all

F1 progeny varied independently of the underlying genotype for

that region (Fig. 5A, white letters and green/blue). The size of

this genome expansion is best illustrated by the whole-chromo-

some alignment shown in Figure 5E comparing the T. gondii

ME49 529-bp repeat locus in the version 48 assembly on

ToxoDB to our Nanopore assembly (Fig. 5E). It is likely not a coin-

cidence that the 529-bp repeat locus occurs near a sequence assem-

bly gap, and our long-read assembly closed this gap (see below)

(Fig. 5E,F), giving the most accurate estimate of 529-bp repeat

copy number in any T. gondii strain, which again varies compared

with estimates in the literature (ranging from 200 to 300 copies)

(e.g., Reischl et al. 2003; Edvinsson et al. 2006). Regardless, similar

to tandem gene arrays discussed in Figure 6, it appears that even

noncoding repeats like the B1 gene and the 529-bp repeat can

also change in number irrespective of whether there is sexual re-

combination. Although the 529-bp repeat and B1 gene are found

in a single locus, other tandem repeats like TgIRE and SAT350 are

Table 3. Metrics of the long-read assemblies before and after polishing

TgRH88 TgME49 TgCTG

Initial assembly Final assembly Initial assembly Final assembly Initial assembly Final assembly

Contiguity
No. of contigs/scaffolds 23 21 38 38 38 29
Total bases (bp) 64,401,064 64,918,878 64,522,756 64,923,798 64,789,158 64,731,950
Maximum contig length (bp) 11,930,269 12,055,564 12,002,493 12,088,238 12,040,189 12,092,387
Contig/scaffold length N50 (bp) 6,718,904 6,778,623 6,635,075 6,675,137 6,653,560 6,680,781

Accuracy
Genome fraction (%) 97.514 97.470 95.914 95.915 98.367 98.353
No. of mismatches per 100 kbp 85.91 57.33 61.34 49.82 47.85 44.11
No. of indels per 100 kbp 706.9 35.1 537.5 26.59 348.43 21.94
Largest alignment (bp) 2,737,008 2,768,614 4,425,732 4,452,657 2,573,606 2,584,520
Total aligned length (bp) 62,839,196 63,538,670 63,828,373 64,235,943 63,473,895 63,611,317

Completeness
Complete BUSCOs protists (%) 23.3 88.9 39.1 91.6 54.0 91.2
Fragmented BUSCOs protists (%) 0.9 0.0 1.4 0.0 1.9 0.0
Missing BUSCOs protists (%) 75.8 11.1 59.5 8.4 44.1 8.8
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found across multiple subtelomeric genomic locations (Echeverria

et al. 2000; Clemente et al. 2004). We mapped these sequences

across the genome in all of our sequenced T. gondii strains and

again found different results depending on the queried locus. For

the TgIRE sequence, a 1919-bp repeat, chromosome-wide copy

number in our sequenced strains was approximately two times

that found in the reference sequences (Fig. 5C), but the overall

copy number was similar across all of our Nanopore-derived se-

quences. The SAT350 sequence was also found at a much higher

copy number in our Nanopore-assembled chromosomes com-

pared with the reference sequences (Fig. 5D) but wasmore variable

in the F1 progeny clones. This could be owing to changes during

sexual recombination as for the 529-bp repeat above or to differ-

ences in sequence coverage for the F1 progeny. Regardless, our

E
F
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C D

Figure 3. Long-read assembly identifies 13 chromosomes in the T. gondii genome from multiple strains. (A) Dot plot showing the comparison of the
TgME49 long-read assembly and the ToxoDB-48_TgME49 genome. Red box shows that the Chromosomes VIIb and VIII in the ToxoDB-48_TgME49 ge-
nome are fused in a single contig, TgME49_tig00000001_ChrVIII, in the TgME49 long-read assembly. (B) Coverage of the “breakpoint”
(TgME49_tig00000001_ChrVIII: 5,090,422 bp, indicated by a vertical red line) of Chromosomes VIIb and VIII with 37 Nanopore reads in the TgME49
long-read assembly. (C ) Coverage of the edges (indicated by a vertical red line) of Chromosomes VIIb and VIII with 105 Nanopore reads mapped to
the ToxoDB-48_TgME49 genome. (D) Nanopore reads mapping to the end of Chromosomes IX and X in the ToxoDB-48_TgME49 genome assembly,
showing that Nanopore reads onlymap to the end of each chromosome and do not span the junction between these chromosomes (indicated by a vertical
red line). (E) Inter-chromosomal Hi-C contact-count heat map plotted using the TgME49 initial long-read assembly sequence showing 13 chromosomes in
the assembly. (F) Intra-chromosomal Hi-C contact-count heat map plotted using the sequence of TgME49_tig00000001 in the TgME49 initial long-read
assembly showing no aberrant signal along the contig.
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approach has provided better resolution of copy number for four

well-known tandem repeat sequences and allowed us to determine

which may be more susceptible to copy number change.

Moreover, unappreciated strain differences in copy number at

these loci may adversely affect interpretation of PCR-based detec-

tion assays, especially those using more quantitative methods.

With respect to Chromosome IV, mapping the 529-bp repeat

to ourNanopore assemblieswhile comparing them to reference ge-

nomes in ToxoDB identifiedwhat appears to be an inversion in the

right arm of Chromosome IV (Fig. 5F). This inversion was present

in the T. gondiiVEG andGT1 reference genomes, suggesting that it

was owing to systematic assembly error. This inversion in the

ToxoDB reference genome is flanked by multiple tandem repeats

(identified using tandem repeats finder) (Fig. 5F, blue/orange box-

es). In addition, the 529-bp repeat can be found at the end of each

inversion (Fig. 5F, “529_rpt”) in the ToxoDB chromosome, but in

our Nanopore assembly, the 529-bp repeat cluster is only found in

one location (where it is greatly expanded compared with those in

the ToxoDB reference). These data provide strong evidence that

Chromosome IV is incorrectly assembled in multiple ToxoDB ref-

erence genomes owing to misassembly of the 529-bp repeat locus,

and our Nanopore assembly has resolved this discrepancy in mul-

tiple T. gondii genomes.

Long-read assembly resolves tandem duplicated locus structures

in the T. gondii genome

Our long-read assembly closed nearly all of the gaps in theT. gondii

and N. caninum genomes (Table 2; Supplemental Table S6). Fur-

thermore, many unplaced sequences in the T. gondii reference ge-

nome were assembled into contigs in our assembly. For instance,

the unplaced contig KE140372 in the ToxoDB-48_TgME49

genome, which was 2194 bp in length and contained a sequence

encoding a rhoptry protein 4 paralog, was assembled in TgME49_

tig00000028_ChrIa in our TgME49 assembly. Unplaced contigs

in the ToxoDB-48_TgGT1 genome, AAQM03000823 and AAQM

03000824, were assembled in TgRH88_tig00000013_ChrIII in our

TgRH88 assembly.

We have had a long-standing interest in variation at tan-

demly expanded gene clusters and how this affects T. gondii viru-

lence, which was first spurred by our identification of ROP5 gene

cluster as being a critical determinant of virulence in the mouse

(Reese et al. 2011). Our genome-wide analyses of copy number var-

iation across multiple strains and species (Adomako-Ankomah

et al. 2014) identified 53 putative tandemly expanded gene clus-

ters in T. gondii (shown in Supplemental Table S6), some of which

(such as MAF1) have been shown to be important in host–

E

B
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D

Figure 4. Long-read assembly reveals previously unknown inversions and the centromere location on Chr IV in T. gondii. (A) Inversion in the RH88 long-
read assembly onChromosome III relative to the ToxoDB-48_TgGT1 assembly. (B) Inversion in theME49 long-read assembly onChromosome XII relative to
the ToxoDB-44_TgME49 genome. (C) Dot plot comparison of the TgRH88 long-read assembly and the ToxoDB-48_TgGT1 genome showing a 429.3-kb
inversion at 2,096,529–2,525,795 bp on Chr IV. (D) Intra-chromosomal Hi-C contact-count heat map plotted using the sequence of tig00000014 in
TgRH88 long-read assembly showing a clear centromere signal at position 2.2–2.3 Mb. (E) ChIP-on-chip signal of centromeric histone 3 variant
(CenH3) (Brooks et al. 2011) plotted using the TgRH88 long-read assembly as coordinate.
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pathogen interactions (Adomako-Ankomah et al. 2016). In that

initial study, we used sequence coverage to infer copy number,

and we were eager to refine this analysis using the long-read de

novo assemblies presented here.

The gap closure enabled us to determine the number, order,

and orientation of T. gondii duplicated loci, including ROP7,

ROP5, ROP38, MIC17, MAF1, and TSEL8. The ROP7 locus is repre-

sented in Figure 6A, where we identified two unresolved scaffold

gaps on Chr Ia in the ToxoDB-48_TgME49 genome (black bars),

and these gaps marked the site of ROP4/7 locus. This entire region

was spanned by a single contig, TgME49_tig00000028_ChrIa, in

our TgME49 assembly (Fig. 6A blue bar). Aligning the ROP7 geno-

mic sequence (ToxoDB: TgME49_295110) against TgME49_

tig00000028_ChrIa using BLASTN revealed three copies of the

ROP7 repeat, whereas only one was predicted in the ToxoDB-

48_TgME49 genome (Fig. 6A,B). Although the ToxoDB-

48_TgME49 genome identified one copy of the ROP4 gene (Gen-

Bank: EU047558.1), our TgME49 assembly showed that two copies

of ROP4 exist in this locus, one of which was found between the

first and the second copyofROP7 (Fig. 6B). Tovalidate this finding,

we identified 12 individual Canu-corrected reads that spanned this

entire tandem array, and each one that we examined provided ev-

idence for three copies of ROP7 and two copies of ROP4 arranged in

the order ROP4_1-ROP7_1-ROP4_2-ROP7_2-ROP7_3 (Supplemen-

tal Table S6). The copynumber and copyorder of other known tan-

dem locus expansions (taken from the supplemental table by

E

F
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Figure 5. Long-read sequence assemblies precisely resolve canonical repeat sequences and identify additional expansions at gene-harboring loci. (A–D)
Estimated copy number for Nanopore assemblies and existing genome assemblies on ToxoDB (“v48”) for T. gondii strain types I, II, and III and II×III F1
progeny. In all cases, Nanopore assemblies identified higher numbers of each repeat locus. In the F1 progeny, B1 gene copy number tracked directly
with the genotype (type II or III) at that locus (A), whereas these same F1 progeny harbored unique numbers of 529-bp repeat copies, all of which
were not only distinct from their respective genotypes of origin but distinct from one another (B). The TgIRE and SAT350 repeats also were better resolved
in our Nanopore assemblies (C,D), although determining genotype of the corresponding region is not possible because these repeats are found atmultiple
locations throughout the genome. (E) Whole-chromosome alignment focused on the 529-bp repeat region for the v48 ToxoDB assembly (bottom) and our
Nanopore-based assembly (top). Expansion of the known genome sequence at this locus in the Nanopore sequence compared with the ToxoDB assembly
is clear, as well as consistent with our identification of approximately 140 previously unknown 529-bp repeats in the ME49 genome. (F) Alignment and
annotation of repeat sequences of ME49 v48 ToxoDB Chromosome IV and that from our polished Nanopore assembly. Gray bars with red borders indicate
mapping regions≥10,000 bp determined using NUCmer, whereas orange boxes with blue borders indicate tandem repeats with period sizes≥500 bp and
at least two copies. Bars that appear orange are larger than those that are only blue. Incorrect inversion on the right arm of Chromosome IV in the ToxoDB
assembly is evident, as is the more accurately resolved 529-bp repeat locus, which was likely a cause for the inversion in standard assemblies frommultiple
strains.
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Adomako-Ankomah et al. 2014) in the strains we sequenced were

identified and are listed in Supplemental Table S6. After conduct-

ing these analyses genome-wide and across multiple assemblies,

we observed changes in copy number at some of these loci when

we compared the parental (TgME49 or TgCTG) and progeny

(CL13, S27, S21, S26, andD3X1) assemblies (Fig. 6C). For example,

although the ROP5 locus had nine copies in our TgME49 assembly

and four in our TgCTG assembly, it harbored six copies in the F1

progeny S27 and S21 and seven in S26 (Fig. 6C). There was an array

of seven tandem copies of MIC17 in the TgME49 and TgCTG as-

semblies, whereas it was present in six copies in the S26 assembly

(Fig. 6C). These data indicated that changes in copy number and

order at tandem gene arrays can occur during sexual recombina-

tion. Moreover the ease with which a Nanopore assembly can be

generated and assembled provides a new way to assess the occur-

rence and impact of acute changes in copy number that occur dur-

ing asexual and sexual propagation of parasites like T. gondii.

Whole-chromosome alignments are shown for Chromosomes Ia,

VI, and XII to further illustrate the increase in sequence size at

the chromosome level for loci like ROP7, ROP38, and ROP5, as

well as other known tandem gene arrays (Fig. 6D–F).

We performed a similar analysis genome-wide for the remain-

ing previously identified tandem expansions (Supplemental Table

S7; Adomako-Ankomah et al. 2014) and were able to further curate

this list of putative repetitive loci. Although in some cases our pre-

dictions from shotgun sequence read coverage was similar to
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Figure 6. Long-read assembly resolves duplicated locus structure in T. gondii genome. (A) Two unresolved scaffold gaps on Chr Ia in the ToxoDB-
48_TgME49 genome span a 17.5-kb tandem repeat containing multiple copies of ROP4 and ROP7. The ROP4/7 gaps are closed by the TgME49 long-
read assembly (TgME49_tig00000028), revealing a tandem array of five copies of this gene in the order shown. (B) BLASTN alignment of the ROP4/
ROP7 coding sequence in the ToxoDB-48_TgME49 genome (upper panel) and the TgME49 long-read assembly (lower panel). (C) Copy number determi-
nation at six canonical tandem gene arrays across eight T. gondii strains and one N. caninum strain. Data from CL13, S27, S21, and S26 show that copy
number can change during sexual recombination because the copy number in these F1 progeny clones does not match copy number in either parent.
(D–F) Whole-chromosome alignments between ME49ToxoDB-48 and our Nanopore assemblies at loci harboring tandem gene arrays. Gray boxes with
red borders indicate one-to-one mapping regions ≥10,000 bp determined by NUCmer, and orange/blue boxes are as described in Figure 5. Black bars
indicate size of select tandem repeats in the ToxoDB and Nanopore assemblies.
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that predicted using Nanopore assembly (as for those genes de-

scribed in Fig. 6, as well as many others in Supplemental Table

S7), for some, we were able to determine that there was in fact

no evidence for the presence of a tandem gene array at that locus.

For example, expanded locus 9 (EL9; TGME49_319090), EL19

(TGME49_204560), and EL27 (TGME49_264420) are all likely to

be single-copy genes based on our Nanopore assemblies (Supple-

mental Table S7), even though based on sequence coverage alone

they ranged in predicted copy number between 15 and 60 (Supple-

mental Table S7; Adomako-Ankomah et al. 2014). For these three

genes, our prior overestimation of copy number using sequence

coverage was owing to the presence of low complexity sequence

(e.g., short tandem repeats) across the single-copy gene rather

than being owing to actual tandem expansion (all three have

stretches of low-complexity/repetitive sequence; ToxoDB). Over-

all, our current assemblies refine and further curate this locus

list, providing the most accurate estimate to date of which loci en-

code tandem gene arrays and how their copy number varies across

strain and species.

As described above, all of our sequence assemblies increased

the size of the contiguous assemblies by 1–3 Mb. Although some

of this new sequence is most certainly derived from gene-poor re-

gions containing simple tandem repeats (and some of these re-

gions are annotated as yellow boxes in Supplemental Fig. S2),

the relatively high gene density of the T. gondii genome led us to

hypothesize that some of this “new” sequence should be derived

from gene sequences that were previously masked by assembly

gaps. Therefore we used BLASTN to identify genome expansions

in our Nanopore assembly relative to the v48 sequence on

ToxoDB specifically using all available predicted genes as query se-

quences. Overall, we identified 62 gene-containing loci that were

at least 10 kb larger in our Nanopore assembly compared with

ToxoDB v48, representing 1.2 Mb of sequence. These expansions

are represented in Supplemental Figure S4 as yellow blocks and

are shown along with known tandem gene arrays (red blocks)

and existing sequence gaps (black lines). Well-known tandem

gene arrays that are collapsed in first- and second-generation se-

quence-based assemblies like MAF1 and ROP5 were identified in

this analysis (Supplemental Fig. S4), confirming the accuracy of

the approach. What was unexpected was the unequal distribution

of these “expansions” in our genome-wide analysis across chromo-

somes (e.g., cf. ChromosomesXI andX). In addition to these gene-

containing loci, we have identified all tandem repeats with a peri-

od size >500 bp in our de novo assembly of T. gondiiME49 and es-

timated their copy number in our de novo assemblies of T. gondii

RH88 and CTG (Supplemental Table S8).

Standard error correction methods for tandem gene arrays fail to

remove extensive homopolymeric repeats that lead to artifactual

pseudogenization

Error correction using Pilon is a common practice after generation

of single-molecule long-read assemblies because the overlap-based

correction used by assemblers like Canu fails to correct systematic

errors in the data. For Nanopore R9 flow cells, homopolymer runs

as short as 3 bp are often truncated in the consensus (e.g., Bowden

et al. 2019), leading to extensive artificial gene pseudogenization.

As described above, a variety of error correctionmethods can elim-

inate many of these systematic errors leading to improved protein

coding gene annotations (Table 3). To examine this in greater de-

tail, we used TBLASTN to align T. gondiiME49 (version 48) protein

sequences for all single-exon genes to the ToxoDB reference ge-

nome, the primary Canu assembly, and to our Pilon-corrected as-

sembly. As shown in Figure 7A, the raw Canu assembly had only

four full-length identical sequence hits to single-exon genes,

whereas the Pilon-corrected assembly predicted nearly all of the

query single-exon genes with 100% identity and 100% sequence

coverage (1054/1121; 94%) (Fig. 7A). The effectiveness of Pilon er-

ror correction is shown for two single-exon, single-copy genes

(ROP16 and ROP18) (Fig. 7B), in which the coding sequence had

numerous frameshifts causing fragmented mapping in the raw as-

sembly but resolved to a single gene with 100% identity and se-

quence coverage after Pilon correction. In contrast to these

single-copy genes, we found that Pilon-based error correction per-

formed much more poorly at multicopy loci like those encoding

ROP5 and ROP38. As shown in Figure 7, C and D, many of the pre-

dicted ROP38 and ROP5 coding sequences are still highly frag-

mented after Pilon error correction, presumably owing to an

inability of Pilon to assign enough reads to each copy to correct

what are mostly homopolymeric repeat errors. We wrote a custom

Perl script (provided in the Supplemental Code) to correct remain-

ing homopolymer errors in tandem gene arrays (using Illumina se-

quence read alignments to either extend homopolymers up to 10

bp or truncate by a single base pair) and found that this eliminated

many of the artifactual pseudogenes for the tandem gene expan-

sions at the ROP5 and ROP38 loci (see Fig. 7C,D, bottom). Note

that unlike single-copy genes where Canu plus Pilon correction

was sufficient to correct them (Fig. 7B), we only eliminated these

likely artifactual pseudogenes after running our supplemental cor-

rection scripts (for specific details about the correction script, see

Methods).

Long-read assembly revises N. caninum karyotype and shows its

lack of synteny with T. gondii

The comparison of TgRH88 long-read assembly and annotation

with the ToxoDB-48_TgGT1 genome revealed a high level of collin-

earity between the two genomes with no large-scale rearrangement

between chromosomes (except for the Chr VIIb/VIII fusion) (Fig.

8A), whereas a large number of chromosomal translocations and in-

versionswere observed in theNcLiv long-read assemblywith respect

to ENA_NcLiv genome (Fig. 8B). For instance, theNcLiv_tig0000052

in NcLiv long-read assembly contained a portion of Chr IX and a

portion of Chr X in the currentN. caninum genome (Fig. 8B). A por-

tion of NcLiv_tig00000006 in NcLiv long-read assembly was

mapped to the current N. caninum Chr X, whereas the remainder

of NcLiv_tig00000006 was mapped to Chr IX and a region of it

was inverted (Fig. 8B). In addition to this, some chromosomal re-

gions in the NcLiv long-read assembly did not show any synteny

with the ENA_NcLiv genome (Fig. 8B). Similar chromosomal rear-

rangement patterns were observed in other N. caninum strains (as

described in the cosubmitted paper [Berná et al. 2021]).

Although previous studies (Reid et al. 2012; Lorenzi et al.

2016) showed that the current T. gondii and N. caninum reference

genomes were highly syntenic, the comparison of TgRH88 long-

read assembly with the NcLiv long-read assembly showed smaller

blocks of synteny in most regions between the two genomes

(Fig. 8C).Many individual contigs of theNcLiv long-read assembly

were shown to be mapped to multiple chromosome contigs in the

TgRH88 long-read assembly. For example, a 3.26-Mb region and a

4.43-Mb region of TgRH88_tig00000006 of theNcLiv long-read as-

semblywere in syntenywith regions onTgRH88_tig00000001 and

TgRH88_tig00000003 of TgRH88 long-read assembly, respectively

(Fig. 8C). Moreover, some regions of NcLiv long-read assembly
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BA

C

D

Figure 7. Error polishing with Pilon is effective for most single-copy genes, but resolution of tandem gene expansion errors requires supplemental cor-
rection. (A) We identified 1121 single-exon genes with predicted proteins thatmappedwith 100% identity and 100% coverage using TBLASTN against the
ToxoDB-48 ME49 genome. Then, we mapped these against the raw assembly generated by Canu, the polished assembly generated by four rounds of
Pilon, and after four rounds of supplemental error correction. Pilon error correction was sufficient for perfect mapping of 94% of the query single-exon
genes (compared with only 0.4% for the raw Canu assembly), and supplemental error correction only increased this mapping percentage slightly. (B)
Plots representing TBLASTN analysis of protein sequences from two single-copy genes showing the improved mapping achieved by Pilon-based error cor-
rection.Mapping identity is indicated by the color of the box representing the alignment. (C,D) Plots representing protein-coding sequences from the ROP5
(C ) or ROP38 (D) gene mapped using TBLASTN against the raw Canu-only assembly, the Pilon-corrected assembly, and the region corrected using our
supplemental approach tailored to tandem gene arrays. Both loci have multiple pseudogenes in the Canu-only and Canu-plus Pilon assemblies, but
many of these errors are removed upon supplemental correction. The presence of a pseudogene in the ME49 ROP5 locus has been predicted before based
on direct sequencing, suggesting that this may represent the most accurate version of the ME49 ROP5 locus sequenced to date.

BA C

Figure 8. Long-read assembly reveals N. caninum karyotype and its synteny with T. gondii. (A) Circos plot showing high synteny between the TgRH88
long-read assembly and the ToxoDB-48_TgGT1 genome. (B) Circos plot showing the chromosomal translocations and inversions in NcLiv long-read as-
sembly compared with the ENA_NcLiv genome. (C) Circos plot showing the syntenic relationship between TgRH88 and NcLiv long-read assembly.
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(e.g., NcLiv_tig00007783: 2,000,000-2,500,000 bp) show no syn-

teny with the chromosomes of TgRH88 genome (Fig. 8C).

Overall, our long-read assembly revealed a new and accurate N.

caninum karyotype and revised the genomic synteny between

the two closely related species, T. gondii and N. caninum.

Discussion

The first wave of genome sequencing using first- and second-gener-

ation sequencing technologies revolutionized our ability to link

phenotype to genotype in diverse strains ofT. gondii and its near rel-

atives. Sequence from multiple isolates have been made publicly

available and hosted on ToxoDB and were outlined in a recent pub-

lication (Lorenzi et al. 2016). These genomes, although of great use,

were expectedly incomplete owing to the presence of hundreds to

thousands of sequence assembly gaps, depending on sequencing

depth andmethodology. Recent years have experienced the impact

of so-called “third-generation” technologies that have revolution-

ized the speed, cost, and efficacy of de novo sequence assembly

and provide a new means to significantly improve existing se-

quence assemblies. This technology provides a unique opportunity

to greatly improve the assemblyof theT. gondii genome, particularly

at repetitive loci, which are known to encode diversified secreted ef-

fectors (Adomako-Ankomah et al. 2014, 2016).

Our work revises the T. gondii and N. caninum karyotypes by

identifying a previously unappreciated fusion between segments

previously thought to be distinct chromosomes (VIIb and VIII).

Throughout the historyof theT. gondii genome, the numberof link-

age groups has been a moving target and has become more precise

as new mapping and sequencing technologies have become avail-

able. Initial geneticmapping experiments andHMWSouthernblot-

ting identified 11 linkage groups (Sibley and Boothroyd 1992),

whereas a denser map in later studies identified 13 linkage groups

(Su et al. 2002). This particular mapwas still not fully representative

of the T. gondii karyotype, asmarkers known to be onChromosome

VIwere included in linkage groupX,ChromosomeXIIwas split into

two linkage groups (“Unknown 1” and “Unknown 2”), and Chro-

mosome XI was missing (Su et al. 2002). A clearer picture emerged

when this linkage map was integrated with shotgun sequence as-

sembly data using first-generation sequencing, leading to a consen-

sus karyotype of 14 chromosomes. In all three of these assemblies

(from strainsGT1,ME49, andVEG), ChromosomesVIIb andVIII al-

ways assembled into separate contigs. However, in some studies sig-

nificant genetic linkage between markers on former Chromosomes

VIIb and VIII was observed (e.g., see the discussion by Khan et al.

2005 and supplemental Fig. S2 by Khan et al. 2014), but the lack

of any contiguous assemblies for these two genome fragments (as

found on ToxoDB as well as outlined by Lorenzi et al. 2016) led to

continued acceptance of the 14 chromosomemodel. Itwas only un-

til recently where reports using chromosome-capture technologies

(“Hi-C”) (Bunnik et al. 2019) suggested a fusion between the VIIb

and VIII genome fragments, and this was the first study to propose

a 13-chromosome karyotype that ismost consistentwith our nucle-

ar genome assembly. The reason for the consistent prediction that

fragments VIIb and VIII were distinct in T. gondii was clearly owing

to repetitive sequences near the breakpoint (hence the consistent

and artificial fragmentation of this chromosome across multiple

de novo sequenced strains using both first- and second-generation

sequencing technology) (Lorenzi et al. 2016). This karyotype that

is robustly supported by our assemblies are consistent with existing

Hi-C data (Bunnik et al. 2019) and existing genetic linkage maps

from F1 progeny derived from type IxII and IxIII crosses (Khan

et al. 2005; Khan et al. 2014). Similar results were obtained in a

cosubmitted manuscript appearing in this same issue (Berná et al.

2021).

Tandemgene expansion followed by selection-drivendiversifi-

cationprovides ameans for genome innovation andneofunctional-

ization, and this has occurred at multiple loci in the T. gondii

genome (Adomako-Ankomah et al. 2014, 2016; Blank and Boyle

2018). These loci can differ in copynumber between strains, includ-

ing those belonging to the same clonal lineage (e.g., MAF1 and

ROP5 copy number differs between “type I” strains GT1 and RH

[Adomako-Ankomahet al. 2014, 2016], andMAF1 copynumber dif-

fers between “type III” strains CTG and VEG [Adomako-Ankomah

et al. 2016]). Although it is generally assumed that copy number

changes can occur during errors in DNA replication, this could oc-

cur with different frequency during sexual versus asexual propaga-

tion. Here we show that some loci can change in gene number

and content during sexual recombination by sequencing multiple

F1 progeny from a well-defined cross between type II and type III

T. gondii. Specific changes in copy number and/or content at specif-

ic loci could have a significant impact on the overall virulence phe-

notypes of individual F1 progeny that emerge from natural crosses.

Although the above analysis was sufficient to accurately determine

the number, order, and orientation of these genes in multiple

strains of T. gondii, including the F1 progeny clones, the loci

were still artifactually pseudogenized even after multiple rounds

of polishing with Pilon. We are not aware a comprehensive at-

tempt to solve this problem, possibly because single-copy genes

tend to be very accurately corrected in Nanopore and PacBio

data using tools like Pilon (Senol Cali et al. 2019). As a case in

point, a hybrid PacBioRS/Hi-C assembly of the Plasmodium knowl-

esi genome (Lapp et al. 2018) required manual assembly correction

to removed hundreds of incorrectly pseudogenized members of

the SICAvar gene family, whereas other parts of the genome had

much more accurate consensus sequences. Based on our analyses

of these sequences, they appear to be the most precise version of

these sequences to date, given that current versions of these genes

deposited to GenBank from prior publications from our group and

others for ROP5 (Reese et al. 2011) and MAF1 (Adomako-Ankomah

et al. 2014, 2016) were obtained by PCR and subject to artifactual

chimerism. This is particularly evident for the MAF1 locus, which

is made up of tandem expansions of a two-gene cassette (which we

have dubbedMAF1a and MAF1b), and these genes are functionally

distinct (only MAF1b drives the unique T. gondii host mitochon-

drial association phenotype) (Adomako-Ankomah et al. 2016;

Blank et al. 2018).

These data represent a new era in genome sequencing in T.

gondii and its near relatives, allowing for near-complete telomere-

to-telomere assemblies of T. gondii strains to be generated with

minimal effort and cost. Moreover, with existing and supplemen-

tary correction methods that are targeted to the systematic error

that can occur in single-molecule sequencing approaches (e.g., in-

correct calls of homopolymer nucleotide runs), we have been able

to generate the most accurate version of a key subset of virulence

effector genes in this organism with such an enormous impact

on human global health.

Methods

Parasite and cell culture

All T. gondii strains and theN. caninum Liverpool strain weremain-
tained by serial passage of tachyzoites in human foreskin

T. gondii karyotype and genome structure resolved

Genome Research 847
www.genome.org



fibroblasts (HFFs). HFFs were cultured in Dulbecco’s Modified
Eagle’s Medium (DMEM) containing 10% fetal bovine serum
(FBS), 2 mM glutamine, and 50 mg/mL each of penicillin and
streptomycin at 37°C in a 5% CO2 incubator.

HMW genomic DNA extraction

Before DNApurification, tachyzoites of T. gondii orN. caninum Liv-
erpool strain were grown in 2×107 HFFs for ∼5–7 d until the
monolayer was fully infected. The infected cells were then scraped
and syringe-lysed to release the parasites, and the parasites were
harvested by filtering (5.0-μm syringe filter, MilliporeSigma) and
centrifugation. The pelleted parasites were resuspended and lysed
in 10 mL TLB buffer (100 mMNaCl, 10 mM Tris-HCl at pH 8.0, 25
mM EDTA at pH 8.0, 0.5% [w/v] SDS) containing 20 μg/mL RNase
A for 1 h at 37°C, followed by a 3-h Proteinase K (20mg/mL) diges-
tion at 50°C. The lysate was split into two tubes containing phase-
lock gel (Quantabio), and 5 mL TE-saturated phenol (Millipore-
Sigma) was added to each tube, mixed by rotation for 10 min,
and centrifuged for 10 min at 4750g. The DNA was isolated by re-
moving the aqueous phase to two tubes containing phase-lock gel,
followed by a 25:24:1 phenol-chloroform-isoamyl alcohol (Milli-
poreSigma) extraction. The DNA in the aqueous phase was further
purified by ethanol precipitation by adding 4 mL 3 M NaOAc (pH
5.2) and then mixing 30 mL ice-cold 100% ethanol. The solution
was mixed by gentle inversion and briefly centrifuged at 1000g for
2 min to pellet the DNA. The resulting pellet was washed three
times with 70% ethanol, and all visible traces of ethanol were re-
moved from the tube. The DNA was allowed to air dry for 5 min
on a 40°C heat block and resuspended in 40 μL elution buffer
(10mMTris-HCl at pH 8.5) withoutmixing on pipetting, followed
by an overnight incubation at 4°C. The concentration and purity
of the eluted DNA were measured using a NanoDrop spectropho-
tometer (Thermo Fisher Scientific), and ∼400 ng of DNA was
used for sequencing library preparation.

MinION library preparation and sequencing

The MinION sequencing libraries were prepared using the SQK-
RAD004 or SQK-RBK004 kit (Oxford Nanopore Technologies) pro-
tocol accompanying all pipetting steps performed using pipette
tips with ∼1 cm cut off of the end. HMWDNA (7.5 μL correspond-
ing to 400 ng of DNA)wasmixedwith 2.5 μL of fragmentationmix
(SQK-RAD004 kit) or barcoded fragmentation mix (SQK-RBK004
kit), and then incubated for 1 min at 30°C, followed for 1 min at
80°C on a thermocycler. After incubation, 1 μL of rapid adapter
mix was added and mixed gently by flicking the tube, and the li-
brary was incubated for 5 min at room temperature. Before the li-
brary loading, the flow cell (MinION R9.4.1 flow cell; FLO-
MIN106, Oxford Nanopore Technologies) was primed by loading
800 μL of priming mix (flush tether and flush buffer mix, Oxford
Nanopore Technologies) into the priming port on the flow cell
and left for 5 min. After priming, 11 μL of DNA library was mixed
with 34 μL of sequencing buffer (Oxford Nanopore Technologies),
25.5 μL of resuspended loading beads (Oxford Nanopore Technol-
ogies), and 4.5 μL of nuclease-free water. To initiate sequencing, 75
μL of the prepared library was loaded onto the flow cell through
the SpotON sample port in a drop-by-drop manner. Sequencing
was performed immediately after platform QC, which determined
the number of active pores. The sequencing process was controlled
using MinKNOW (Oxford Nanopore Technologies), and the re-
sulting FAST5 files were base-called using Guppy v3.2.1 (Oxford
Nanopore Technologies). The barcoded sequencing reads were
demultiplexed using Deepbinner (https://github.com/rrwick/

Deepbinner). Read statistics were computed and graphed using
NanoPlot v1.0.0 (De Coster et al. 2018).

Read quality control and de novo genome assembly

To assess read quality, raw sequencing reads were aligned against
the reference genomes (information on the reference genomes
used in this study is shown in Supplemental Table S1) using mini-
map2 (Li 2018) with the following parameter: -ax map-ont. All
reads >1000 bp in length were input into Canu v1.7.1 (Koren
et al. 2017) for de novo assembly using the complete Canu pipe-
line (correction, trimming, and assembly) (Koren et al. 2017)
with the following parameters: correctedErrorRate = 0.154,
gnuplotTested=TRUE, minReadLength=1000, and –nanopore-
raw. Assembly was performed based on an estimated 65-Mb ge-
nome size for T. gondii strains, as well as 57 Mb for the N. caninum
Liverpool strain, andwas run using the Slurmmanagement system
on the high-throughput computing (HTC) cluster at University of
Pittsburgh.

Error correction and assembly polishing

For the Canu-yielded TgRH88, TgME49, TgCTG, and NcLiv assem-
blies, assembly errors were corrected by Pilon v1.23 (Walker et al.
2014) with four iterations using the alignment of select whole-ge-
nome Illumina paired-end reads (NCBI Sequence Read Archive
[SRA; https://www.ncbi.nlm.nih.gov/sra] accession numbers:
SRR5123638, SRR2068653, SRR5643140, or ERR701181) to the as-
sembly contigs generated by BWA-MEM (Li 2013). The resulting
corrected contigs were reassembled using Flye v2.5 (Kolmogorov
et al. 2019). For the II×III F1 progeny assemblies, CL13, S27, S21,
S26, and D3X1, the assembly contigs were directly subjected to
Flye for reassembly without Pilon correction. The final contigs/
scaffolds in the TgRH88, TgME49, and TgCTG assemblies were as-
signed, ordered, and oriented to chromosomes using ToxoDB-48
genomes as references (Supplemental Table S1). These genome se-
quences were then deposited in GenBank and can be found under
BioProject accession number PRJNA638608.

Supplemental assembly correction

Because tandem gene arrays were still artificially pseudogenized af-
ter Pilon-based error correction, we performed multiple rounds of
error correction to eliminate any remaining homopolymer errors
using a custom Perl script and modules, as well as a separate Perl
module from James Tisdall (2001). First, we aligned the Illumina
sequence reads used in Pilon to the polished assembly using
Bowtie 2 (Langmead and Salzberg 2012) (using the -k 10 parameter
to allow reads tomap to up to 10 distinct locations).We then broke
the genome into 250-kb fragments and counted all possible 30-bp
k-mers in the raw reads aligning to that 250-kb region. Then, we
walked through the assembly 1 bp at a time, extracting the 30-
bp starting at that position and counting the number of times
that 30 bp was found in the reads mapping to the 250-kb region.
If the read count was less than five, we attempted to determine
the length of the homopolymer by adding sequence iteratively un-
til the number of reads harboring that sequence increased above
10. The nucleotide to be added was selected only if ≥90% of the
reads had the same nucleotide at that position. If the read was
not improved after addition of 10 nucleotides, no changes were
made to the sequence, unless the truncation of 1 nucleotide
from the end of the 30-bp assembly fragment increased coverage,
in which case that change was made to the assembly. We repeated
this correction four times iteratively and used the corrected assem-
blies to determine the sequence of individual paralogs at tandem
gene arrays such as MAF1, ROP5, and ROP38.
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Long-read assembly evaluation

Assembly statistics were computed using Canu v1.7.1 and QUAST
v5.0.2 (Mikheenko et al. 2018). Genome assembly completeness
assessment was performed using BUSCO v3.0.2 (Waterhouse
et al. 2018) against the Protists Ensembl data set. Gene predictions
were performed using AUGUSTUS v3.3 (Keller et al. 2011) with the
T. gondii–specific training set.

Whole-genome alignment

Whole-genome alignments between the long-read assemblies and
the reference genomes were performed using MUMmer v4.0.0
(Kurtz et al. 2004) and Mauve v2.4.0 (Darling et al. 2004).
Dotplots were generated using D-Genies (Cabanettes and Klopp
2018). BWA-MEM was used for remapping the corrected reads to
the reference genomes, and all SAM files were parsed to sorted
BAM files using SAMtools v1.9 (Li et al. 2009). Alignments were vi-
sualized using a variety of tools including the Integrative
Genomics Viewer (IGV) v2.4.15 (Thorvaldsdottir et al. 2013),
Mauve (Darling et al. 2004), Circos (Krzywinski et al. 2009), and
custom scripts implemented in R statistical software (R Core
Team 2020).

Structural variant detection

Structural variant differences between the long-read assemblies
and reference genomes (from ToxoDB or GenBank, depending
on the strains analyzed) were identified by processing the delta
file generated by the MUMmer alignment generator NUCmer
with the parameter “show-diff.” In addition, the manual curation
of structural variants was performed by visual inspection of chro-
mosomal rearrangements based on the whole-genome alignments
generated using Mauve and MUMmer and using BLASTN to iden-
tify and count repetitive loci. Select alignment plots were generat-
ed to integrate these data using R statistical software (R Core Team
2020).

Copy number variant detection

For all gene-coding tandem expansions in T. gondii or N. caninum

identified previously (Adomako-Ankomah et al. 2014), all predict-
ed gene sequences were downloaded fromToxoDB and aligned us-
ing BLASTN, and alignments showing >80% identity and covering
at least 80% of the query gene were used to count tandem repeat
numbers in the T. gondii strains RH88, ME49, and CTG. For a sub-
set of these tandemly expanded loci (ROP5, ROP38,MIC17,MAF1,
ROP4/7, and TSEL8), similar analyses were performed manually
against all queried T. gondii strains (including F1 progeny clones),
and in this case, only alignments that showed >95% identity and
>98% coverage were considered as a match. Paralogs were grouped
based on alignment identity, and the number of copies at these
loci was estimated by alignment match counts. Only matches
that were within a single assembled Nanopore-derived contig
were considered for copy number estimates, and the length of
the sequence between the upstreamof the firstmatch or the down-
stream from the last match on the genomic coordinate and the
edge of the corresponding contig had to be longer than that of
the sequence between two adjacent matches.

Identification and analysis of new sequences in the long-read

assemblies

To identify new sequences that filled reference assembly gaps, we
aligned the long-read chromosome contigs to the reference assem-
bly chromosomes using NUCmer with the “show-diff -q” parame-
ter. The coordinates of (1) sequence expansions and (2) unaligned

sequences from our de novo assembly were determined, and the
corresponding sequences were extracted using custom scripts.
Repeats in all genome assemblies were detected using Tandem
Repeat Finder (TRF) v4.09 (Benson 1999), and all repeats with a pe-
riod size of ≥500 bp and having at least two copies were used to
determine the impact of long-read assembly on resolution of re-
peats >500 bp in size (which are poorly resolved by second- or
third-generation sequencing technologies.

Hi-C data analysis

Published Hi-C reads (Bunnik et al. 2019) were realigned to assem-
blies TgRH88, TgME49, TgCTG, S27, and S21 and then processed
further by assigning fragments and removing invalid and dupli-
cate pairs using the processing pipeline HiC-Pro (Servant et al.
2015). The resulting raw intra-chromosomal and inter-chromo-
somal contact maps were built at 10-kb resolution and corrected
for experimental and technical biases using ICE normalization
(Imakaev et al. 2012).

Data access

Raw sequence data (in FASTQ format) and assemblies generated in
this study have been submitted to the NCBI BioProject database
(https://www.ncbi.nlm.nih.gov/bioproject/) under accession
number PRJNA638608. Custom Perl scripts and their dependent
modules are provided as Supplemental Code. Some modifications
may be required to run the scripts on different systems. Contact
the corresponding author for information if necessary.
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