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ABSTRACT

Babesiosis, caused by protozoan parasites of the genus Babesia, is an emerging tick-borne disease of significance for both
human and animal health. Babesia parasites infect erythrocytes of vertebrate hosts where they develop and multiply
rapidly to cause the pathological symptoms associated with the disease. The identification of new Babesia species
underscores the ongoing risk of zoonotic pathogens capable of infecting humans, a concern amplified by
anthropogenic activities and environmental changes. One such pathogen, Babesia MO1, previously implicated in
severe cases of human babesiosis in the United States, was initially considered a subspecies of B. divergens, the
predominant agent of human babesiosis in Europe. Here we report comparative multiomics analyses of B. divergens
and B. MO1 that offer insight into their biology and evolution. Our analysis shows that despite their highly similar
genomic sequences, substantial genetic and genomic divergence occurred throughout their evolution resulting in
major differences in gene functions, expression and regulation, replication rates and susceptibility to antiparasitic
drugs. Furthermore, both pathogens have evolved distinct classes of multigene families, crucial for their
pathogenicity and adaptation to specific mammalian hosts. Leveraging genomic information for B. MO1, B. divergens,
and other members of the Babesiidae family within Apicomplexa provides valuable insights into the evolution,
diversity, and virulence of these parasites. This knowledge serves as a critical tool in preemptively addressing the
emergence and rapid transmission of more virulent strains.
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Introduction . Co
pathogens are known to cause infection in humans.

Recent years have witnessed a significant rise in the num-
ber of tick-borne disease cases reported worldwide and
an increase in the populations of ticks as well as medi-
cally important pathogens transmitted by these vectors
[1,2]. This threat to public health is expected to worsen
with the continued changes in the natural environment,
expansion of the geographic distribution of ticks and
their reservoir hosts, rapid growth of the human popu-
lation, and land use changes [3]. Several tick-borne

Among these are Babesia pathogens, which infect
human erythrocytes and cause human babesiosis, an
emerging malaria-like illness with disease outcomes ran-
ging from mild to severe or even fatal depending on the
species, and the age and immune status of the infected
individual [4].

Babesia species are closely related to Plasmodium,
Toxoplasma and Theileria, the agents of human malaria,
toxoplasmosis, and theileriosis, respectively [4]. They
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have been found in vertebrate hosts throughout the
world with some species capable of infecting multiple
mammals, whereas others are host specific. Most cases
of human babesiosis in Europe are caused by Babesia
divergens, predominantly among asplenic patients [5].
These infections are accompanied by high parasite bur-
den and are often fatal. Cases of babesiosis in individuals
with intact spleens have also been reported [6-9]. Babe-
sia divergens also infects cattle causing “red water fever”
[10]. Other human babesiosis cases in Europe have been
attributed to B. venatorum and B. microti [5,11,12]. In
the United States of America, cases of human babesiosis
have so far been linked to at least three Babesia species:
Babesia microti, which accounts for most cases reported
annually; B. duncani, which was linked to severe babe-
siosis cases in Washington and California; and a
B. divergens-like species (MO-1) reported in Missouri
and Kentucky [13-15]. A previous report by Hollman
and colleagues identified a parasite (NR831) that shares
99.8% sequence identity at the small subunit ribosomal
RNA gene (SSU rRNA) with the MO-1 isolate [16]. The
parasite was isolated from eastern cottontail rabbits (Syl-
vilagus floridanus) and Ixodes dentatus ticks on Nan-
tucket Island, Massachusetts [16]. However, unlike
B. divergens, the isolate failed to cause infection in Hol-
stein-Friesian calves, and inoculated animals remained
fully susceptible upon challenge inoculation with
B. divergens [17].

Recently, the genome sequences of two B. divergens
isolates, 1802A and Rouen 87, have been reported
[18,19]. The genome of the B. divergens 1802A strain,
isolated from cattle, was reported to be 9.58 Mb in size
and to encode 4,134 genes [19]. The genome sequence
of the human reference strain, B. divergens Rouen 87,
was reported by two separate research groups with one
group reporting a genome size of 8.97 Mb encoding
4,097 genes [19], and the other reporting a genome
size of 10.7 Mb encoding more than 3,741 genes
[18]. This latest B. divergens Rouen 87 genome assem-
bly was further improved by exploiting the previous
sequence data using new computational tools and
assembly strategies [20], with an updated size of 9.73
Mb encoding 4,546 genes [20]. Transcriptional data
and gene profiling of B. divergens Rouen 87 revealed
insights into its invasion and lifecycle, including
differentially-expressed genes, using single-cell RNA
sequencing [20,21]. Unlike B. divergens, the biology,
diversity, and virulence of B. MOI remain completely
unknown as does the relationship between these
pathogens.

In this study, we report the first complete sequence,
assembly, and annotation of the genome of B. MO1
and a comprehensive analysis of its transcription
and DNA methylation during its intraerythrocytic
life cycle. Additionally, we used cell biological assays
and multi-omics analyses to investigate the differences
between B. MOI and B. divergens. Our comparative

analyses offer new insights into the evolution, diver-
sity, and virulence of these closely related parasites.

Results

Comparative analysis of replication rates and
genomic organization in B. MO1 and
B. divergens parasites

B. MO1 and B. divergens parasites exhibit contrasting
replication rates during their intraerythrocytic life
cycles. B. MO1, known to infect cottontail rabbits (Syl-
vilagus floridanus) and transmitted to large mammals,
including humans, by Ixodes dentatus ticks (Figure
1A), displays an asynchronous replication rate.
B. MO1I daughter parasites divide independently, yield-
ing a single infectious ring stage parasite that generates
2,3,4,5, 6,7, and ultimately 8 merozoites (Figure 1B).
In contrast, B. divergens produces only four daughter
parasites from each invading merozoite. However, mul-
tiple infections of a single erythrocyte by B. divergens
merozoites often leads to the formation of more than
4 merozoites, with as many as 16 merozoites found in
a single infected red blood cell (Figure 1C). To ensure
the purity of clonal lines for continuous in vitro culture
and subsequent multi-omics analyses, we cloned both
B. MOI and B. divergens Rouen 87. Although B. MOI
has been mostly cultured in HL-1 medium (a
DMEM/F12-based medium) and B. divergens in
RPMI-based medium, all the clones of B. MOI and
B. divergens were able to grow continuously in
human erythrocytes in both RPMI-based and
DMEM/F12-based culture media supplemented with
20% fetal bovine serum (Figure 1D, Fig. S1). The
growth of individual clones on DMEM/F12-based cul-
ture medium was indistinguishable from that on RPMI-
based medium (Fig. S1). Interestingly, by measuring the
growth rates of B. MOI clones and B. divergens clones,
we noted significant differences. Whereas parasitemia
doubled every 42-48 hours in the case of B. MOI
clones, it doubled every 16 to 18 hours in the case of
B. divergens clones (Figure 1D, Fig. S1).

We further examined the chromosomal organiz-
ation of the nuclear genomes of B. MOI and
B. divergens Rouen 87 using pulse field gel electro-
phoresis (PFGE) analysis. The B. MOI parent exhib-
ited five bands with sizes around ~5.7 Mb, ~4.6 Mb,
~3.5Mb, ~3.13 Mb, and ~2.35 Mb (Figure 1E). Inter-
estingly, clonal lines of B. MOI obtained following
dilution cloning displayed only three bands in PFGE
analysis. B. MOI clones F12 and A3 had bands
approximately ~5.7 Mb (Chromosome I), ~3.5 Mb
(Chromosome II), and ~2.35 Mb (Chromosome III).
B. MOI clones B12, H1, H6, and F1 also exhibited
three bands, including one ~4.6 Mb (Chromosome
I), while the other two matched the sizes observed in
clones F12 and A3 (Chromosomes II and III), with
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Figure 1. Life cycle of B. MO1 and B. divergens. A. Schematic representation of the life cycle of B. MO1 and B. divergens in ver-
tebrate hosts (humans, cattle, cottontail rabbit) and tick vectors. B. Representative Giemsa-stained light microscopic images of
the various stages of B. MO1 propagated in human erythrocytes in vitro. C. Representative Giemsa-stained light microscopic
images of the various forms of B. divergens Rouen 87 grown in human erythrocytes in vitro. D. Growth of B. divergens Rouen
87 clones H2 and H6, and B. MO1 clones B12 and F12 in human RBCs in RPMI medium supplemented with 20% fetal bovine
serum (FBS) or RPMI medium supplemented with 0.5% Albumax over a course of 4 days. Two independent experiments were
performed in triplicates. E. Chromosomal organisation of Babesia MO1. PFGE shows the number and approximate sizes of
bands in B. MO1 parental (PA) isolate: ~5.7 Mb, ~4.6 Mb, ~3.5 Mb, ~3.13 Mb and ~2.35 Mb; the number and approximate
sizes of bands in B. MO1 clones B12, H1, H6, and F1: ~4.6 Mb (Chromosome [) ~3.5 Mb (Chromosome Il), and ~2.35 Mb (Chromo-
some Ill) and B. MO1 clones F12 and A3: ~5.7 Mb (Chromosome [), ~3.5 Mb (Chromosome Il), and ~2.35 Mb (Chromosome lll). The
experiment was performed in biological duplicates. F. Chromosomal organisation of B. divergens. PFGE shows the number and
approximate sizes of bands in B. divergens Rouen 87 parent, clones H6, A6, and H10: ~4.3 Mb (Chromosome | and Chromosome
1), and ~2.1 Mb (Chromosome lll) and B. divergens clones H2, C1 and C7: ~4.3 Mb (Chromosome 1), ~4.1 Mb (Chromosome II), and
~2.1 Mb (Chromosome lll). Hansenula wingei and Schizosaccharomyces pombe DNA chromosomes were used as DNA markers. The
manufacturer’s estimate of the sizes of chromosomes are indicated in Megabase pairs [13] on the right-hand side of panels E and
F. The experiment was performed in biological duplicates.
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slight differences in the size of Chromosome II
observed between different clones. Together these
data suggest that the parent B. MOI strain isolated
from a cottontail rabbit was a mixture of more than
one clone of B. MOI, each carrying three nuclear
chromosomes with significantly different sizes of
Chromosome I, slightly different sizes of Chromo-
some II and mostly similar size of Chromosome III.
(Figure 1E). The chromosomal profile of B. divergens
Rouen 87 parent and clones H6, A6, and H10 revealed
three bands in PFGE, with two bands overlapping,
approximately ~4.3 Mb, covering Chromosomes I
and II, and another band measuring ~2.3 Mb
(Chromosome III). Similarly, B. divergens Rouen 87
clones H2 and C1 exhibited three band sizes of ~4.3
Mb (Chromosome I), ~4.1 Mb (Chromosome II),
and ~2.3 Mb (Chromosome III) (Figure 1F). The
chromosomal profile of B. MO1 differed from that of
several B. divergens clinical isolates from France and
Spain, displaying three distinct chromosomes with
varying sizes across isolates, as confirmed by PFGE
and Southern blot assays (Fig. S2).

Analysis of the nuclear and organellar genomes
of B. MO1 and B. divergens

Sequencing, genome assembly, annotation, and
assembly quality control were conducted on genomic
DNA from clones F12 and B12 of B. MOI. Clone
F12 yielded approximately 2.7 million PacBio HiFi
reads with an average length of 11.5 Kb, providing
approximately 2,600x coverage for the B. MOI gen-
ome. The assembly of clone F12 was validated using
the Bionano optical map, showing strong agreement
with minor exceptions at some chromosome ends
(Supplementary Table I and Fig. S3A).

Our assembly identified deficiencies in covering telo-
meric ends, with about 0.7 Mb missing from the 5" end
and 0.5 Mb from the 3’ end of Optical Molecule 1. Mol-
ecule 2, on the other hand, is well-covered through the
assembly of Chromosome II and an additional contig.
Optical Molecule 3 lacks about 0.1 Mb at the 3’ end.
These gaps may be due to the repetitive nature of telo-
meres. Interstitial telomeric repeat sequences were
identified using RepeatMasker [22], including an ~11
Kb internal transcribed spacer (ITS) [23] at the 5" end
of Chromosome II, a ~7 Kb ITS at the 3’ end of
Chromosome II, and a ~5 Kb ITS at the 5 end of
Chromosome III (Fig. S3A). There are eleven unplaced
contigs totaling ~965 Kb, none containing an ITS. For
clone B12, we obtained ~2.8 million PacBio HiFi reads
with an average read length of ~11.9 Kb, totaling ~33.8
billion bases, providing ~2,800x coverage of the
B. MOI genome (assuming a 12 Mb genome). The
B12 assembly aligns well with the optical map, except
for the 5 and 3’ ends of Chromosome I and the 3’
end of Chromosome II. RepeatMasker analysis revealed

ITS sequences at these ends, including an ~9 Kb ITS at
the 5 end of Chromosome II, an ~8 Kb ITS at the 3’
end of Chromosome II, a ~7 Kb ITS at the 5 end of
Chromosome III, and a ~9 Kb ITS at the 3’ end of
Chromosome IIT (Fig. S3B). There are nine unplaced
contigs totaling ~1071 Kb, with none containing an
ITS. Fig. S4 shows a synteny plot, indicating strong
agreement among the F12, M12, and parental B. MOl
assemblies, with minor differences. These include a
256 Kb insertion on Chromosome I in F12 compared
to B12 and a ~136 Kb insertion on Chromosome III
in B12 compared to F12. Telomeric variations may
account for differences in chromosome size between
clones. For the B. divergens Rouen 1987 strain, we
obtained ~186,000 Oxford Nanopore Technologies
(ONT) reads with an average length of ~5.4 Kbp. The
assembly, polished with Illumina reads, revealed ITS
sequences at Chromosome ends. There are nine
unplaced contigs totaling ~363 Kb. Supplementary
Table II summarizes key statistics of these new genome
assemblies. Notably, the B. MO1 F12, B12, and Rouen
assemblies share similarities in total length (11 Mb),
chromosome count, N50, GC content, and genome
content completeness (Supplementary Table III).
Nucleotide-level comparisons show high sequence
similarity between F12 and B12 assemblies, especially
in non-telomeric regions of Chromosomes I-III, with
pronounced repetitive content at telomeric ends (Fig.
S4). Similar patterns were observed when comparing
B. MOI F12 to the parental strain (Fig. S4). Notably,
Chromosome  correspondence  differs  between
B. divergens Rouen 87 and B. MO1I F12, with significant
telomeric sequence dissimilarity and a notable ~600 Kb
insertion in B. divergens.

Gene annotations for the B. MOI F12 clone were
conducted using FunAnnotate (https://github.com/
nextgenusfs/funannotate) and PAP (https://github.
com/kjestradag/PAP) pipelines. The gene annotations
for B. divergens Rouen 87 strain were transferred to
the improved assembly using the PATT (https://
github.com/kjestradag/PATT) pipeline. The gene
models for B. MOI were established based on annota-
tions from evolutionarily related species, and further
refined using PacBio Iso-seq data specific to B. MOl
(refer to Methods for details). These analyses yielded
4,569 gene models for B. MOI clone F12 and 5,274
for B. divergens (Supplementary Table I). The anno-
tated genome of B. MOI revealed that all the enzymes
of the glycolytic pathway and tricarboxylic acid cycle
are present in the genome (Supplementary Tables IV
and V). Our analysis also identified 20 members of
GPI-anchored proteins (Supplementary Table VI)
and 21 members of Apicomplexan Apetala 2
(ApiAP2) family (Supplementary Table VII).

The mitochondrial and apicoplast genomes of
B. MO1 were further analyzed and compared to
those of B. divergens. The mitochondrial genome of
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B. MO1 is a linear molecule spanning 6.3 kb, while its ~ (LSU and SSU), five RNA polymerases, and five
apicoplast genome is circular, comprising 29.3 kb. The ~ additional proteins (ClpCl, ClpC2, and TufA) (Figure
sizes of both mitochondrial and apicoplast genomesin ~ 2A). In contrast, the B. divergens apicoplast genome
B. divergens closely mirror those of B. MOI. The api-  comprises seventeen ribosomal proteins, twenty
coplast genomes in both organisms are circular mol-  tRNAs, two ribosomal RNAs (LSU and SSU), seven
ecules measuring 29.3 kb for B. MOI and 29.9 kb for = RNA polymerases, and five other proteins (ClpCl,
B. divergens, with A + T content of 86.4% and 86.6%,  ClpC2, hp3, hp5, and TufA). Some apicoplast-
respectively. Notably, the apicoplast genome of  encoded transcripts in B. divergens are polycistronic,
B. MOI contains twenty-seven open reading frame  including rps2, rps3, RpoB, and RpoC1 (Figure 2B).
(ORF) genes, while B. divergens has twenty-six. The ~ The mitochondrial genomes of B. MOl and
B. MOI apicoplast genome includes sixteen ribosomal  B. divergens are characterized as monocistronic with
proteins, twenty-three tRNAs, two ribosomal RNAs  sizes of 6326 bp and 6323 bp, respectively. Both
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mitochondrial genomes encode four genes (cob, coxI,
coxIIl, and nad2) and five tRNAs (Figure 2C and D).
Additionally, the B. MOI mitochondrial genome
codes for seven rRNAs, while the B. divergens mito-
chondrial genome codes for six rRNAs (Figure 2C
and D).

Comparative genomic and phylogenetic studies

of B. MO1 and B. divergens revealed unique
genetic relationships and synteny patterns
Genomic sequences from various Piroplasmids
enabled gene comparisons among B. divergens
Rouen 87, B. divergens 1802A, B. bigemina, B. ovata,
B. MOI, Theileria parva, B. duncani, B. bovis,
B. microti, and B. sp. Xinjiang. Our analysis found
1,088 common genes across all species, with 637
genes unique to B. MOI, mainly with unknown anno-
tations. Additionally, 223 genes were unique to
B. divergens 1802A, 188 to B. divergens Rouen 87,
and 516 were shared among B. divergens 1802A,
B. divergens Rouen 87, and B. MO1 (Figure 3A). Gen-
ome comparisons showed that B. divergens 1802A and
B. divergens Rouen 87 shared approximately 99.1%
average nucleotide identity (ANI), while the ANI
between B. divergens Rouen 87 and B. MOI was
slightly lower at 96.7% (Figure 3B). B. MOI exhibited
significant synteny with B. divergens Rouen 87,
B. bigemina, and B. bovis, and lesser synteny with
B. duncani, T. parva, and B. microti (Figure 4).

Phylogenomic analysis reconstructed the evol-
utionary history of B. MOI using supermatrix and
supertree methods. Two sets of orthologous genes
were considered, with Dataset 1 containing ~2500
groups and Dataset 2 including only groups with at
least one outgroup sequence. The Matrix Represen-
tation with Parsimony (MRP) method generated a
most parsimonious tree, with strong support for
clades in Dataset 2 and significant support for most
clades in Dataset 1 (Figure 5A, Fig. S6A and B). The
analysis confirmed that B. MOI belongs to Babesia
sensu stricto clade VI, closely related to B. divergens
but placed outside its subclade. Confidence values pro-
vided 99% support for the B. MOI clade. Multiple
computational approaches supported the distinct pla-
cement of B. MOI from B. divergens, indicating a close
yet distinct relationship (Fig. S6C and S6D).

Patristic distances (PD) from trees in Dataset 1
characterized the speciation between B. MOI and
B. divergens, showing a closer relationship in the species
tree constructed through phylogenomic methods
(Figure 5B). The distribution of —-log10(PD) suggested
recent evolution of B. MOI from B. divergens, with
greater distances between B. MOI and B. divergens
than between different B. divergens isolates. This evi-
dence for recent speciation was reinforced by observing
a shorter genetic distance between B. MOI and
B. divergens compared to other Babesia species in

Clade VI. Using PD values, approximately 75 genes
were categorized into low, medium, and high groups
among 22 gene ontology (GO) identities (IDs). Low-dis-
tance genes were associated with processes like protein
folding, while high-distance genes were linked to
mRNA maturation and degradation. This analysis also
identified differences in metabolic processes, such as
pyrimidine and isoprenoid biosynthesis pathways, indi-
cating potential distinctions in cellular metabolism and
adaptation to host environments between B. MOI and
B. divergens (Fig. S7).

Regulation of gene expression, epigenetics, and
chromatin structure in B. MO1

To gain further insights into the biology of B. MOI,
RNA-seq experiments were performed for both clones.
Normalized reads (Transcripts Per Million (TPM))
were plotted across the genome (Figure 6A and 6B)
and binned in 50-kb windows (Figure 6C and 6D).
Similar to what was observed in apicomplexan parasites
that possess genes involved in antigenic variation, a sig-
nificant decrease in the expression of genes belonging
to MGF families localized near the telomeres was
detected indicating that these genes may be repressed
allowing for possible mono-allelic expression (Figure
6B and 6C) as described in P. falciparum [24]. Overall,
RNA-seq data identified significant reads for 4540
(99.4%) of the 4569 predicted annotated B. MOI
genes indicating that most genes are expressed during
the intraerythrocytic life cycle and are potentially
needed for parasite survival in the host red blood
cells. Not surprisingly, the most highly expressed
genes were genes involved in translation, ubiquitin pro-
teasome system, cell cycle, ATP hydrolysis-coupled
proton transport, as well as histone core proteins indi-
cating active metabolic activity and parasite mainten-
ance by standard housekeeping genes. Amongst the
491 genes that were found repressed with fewer than
10 TPM, nearly all did not have obvious homologues
in other organisms, although many (213 of 491,
43.4%) are members of the variant erythrocyte surface
antigen vesal, vesa2, or identified UMGF multi-gene
families. Interestingly, 15 of the MGF genes have over
300 TPM, placing them in the top 1000 most highly
expressed genes, perhaps indicative of an antigenic vari-
ation mechanism where only a small number of them
are highly expressed at any given time. Of the reads
that mapped against the genome, 5.76% fall within
intergenic regions and could represent long non-coding
RNAs (IncRNAs) that have been shown to play a role in
many biological processes including sexual differen-
tiation [25-27] and antigenic variation [28,29].

To further examine the possible relationship between
epigenetics and gene expression, we conducted chroma-
tin immunoprecipitation assays followed by next gener-
ation sequencing (ChIP-seq) using antibodies against
tri-methylated histone 3 lysine 9 (H3K9me3) and
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(when chromosomes are broken into pieces, fragments).

acetylated histone 3 lysine 9 (H3K9ac) as markers for
heterochromatin and euchromatin marks, respectively.
High Pearson correlation coefficients within each
ChIP-seq pair of replicates confirm the reproducibility
of our experiment (Supplementary Table VIII A and
B). Negative correlation coeflicients between
H3K9me3 and H3K9ac samples demonstrate that, simi-
larly to what is observed in eukaryotes including api-
complexan parasites, euchromatin and
heterochromatin marks are mutually exclusive (Figure
6H and 6I). We also confirmed a large heterochromatin
cluster near the telomeric and sub telomeric regions of
all chromosomes surrounding multigene families. We
also demonstrate that similar to what was observed in
B. duncani [30], genes that belong to MGFs are signifi-
cantly enriched in H3K9me3 marks (Figure 6F and 6G).
Many of the genes annotated as hypothetical proteins
and localized in telomeres ends were marked by strong
histone H3K9me3 mark signal. Considering their geno-
mic localization and their enrichment in heterochroma-
tin marks, these genes could be involved in immune
evasion. Additional histone H3K9me3 marks were also
observed throughout the genome in repressed genes
(Figure 6H and 6I). These genes could be involved in
either immune evasion or genes expressed in the tick

or involved in sexual differentiation. The euchromatic
marks, on the other hand, are enriched in the promoters
of active genes (Figure 6H and 6I) and their intensity
correlates with transcript abundance (Figure 6E). Over-
all, our transcriptomic and epigenetic study further
confirms that histone marks correlate with gene
expression and that silencing is associated with
repressed genes either involved in sexual differentiation
or antigenic variation.

The impact of MGFs on the overall chromatin
organization was investigated using chromatin confor-
mation capture (or Hi-C) on B. MOI clones, and intra-
chromosomal and interchromosomal interactions
identified from HiC reads binned at 10-kb resolution.
The contact maps shown in Fig. S8 indicate no major
mis-assemblies in the chromosome cores, although
many reads could not be mapped in the sub telomeric
or highly repetitive regions, consistent with what was
observed to a lesser extent in the P. falciparum genome
[31]. When successfully mapped, sub telomeric
regions or regions mapped to potential MGFs or het-
erochromatin marks were however detected as
strongly interacting with each other confirming the
formation of a possible heterochromatin cluster for
most identified MGFs (Figure 7A and 7B). The
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Figure 6. Transcriptomic profile and epigenomic landmarks of B. MO1. A-B. Logarithms of the TPM counts in B. MO1 clones F12
(panel A) and B12 (panel B) were used as expression values for each gene across the three chromosomes using the R package
ggplot2. C-D. RNA-seq data of B. MO1 clones F12 (panel C) and B12 (panel D) as normalized heat maps across the three chromo-
somes. Chromosomes were divided into 50 kb bins and the average of the log TPM of genes within each bin was calculated. n =2
biologically independent samples. E. Comparison between epigenetic marks and gene expression in B. MO1 clones F12 and B12.
Heat maps were built using normalized log,H3K9me3 and H3K9ac read counts in addition to the RNA-seq TPM levels of each gene.
Read counts for H3K9me3 and H3K9ac were normalized to millions of mapped reads and gene length, whereas TPM was deter-
mined by Stringtie. Genes were ranked from high to low TPM highlighting the correlation and anti-correlation between transcript
abundance and the H3K9ac3 and H3K9me3 marks, respectively. F-G. Normalized H3K9me3 counts in multigene families, and other
genes encoded by B. MO1 clones F12 (panel F) and B12 (panel G) (unpaired t-test with Welch's correction, P < 0.0001) n = 2 bio-
logically independent samples. H-I. Heterochromatin and euchromatin distribution across the three chromosomes of B. MO1
clones F12 (panel H) and B12 (panel I). Tracks correspond to H3K9ac3 ChIP [1], H3K9me3-ChIP (middle), and IgG control (bottom)
and were normalized to millions of mapped reads. n =2 biologically independent samples.
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Figure 7. Babesia MO1 3D-genome. A-B. Hi-C contact maps coupled with H3K9me3 ChiP-seq tracks (left) of B. MO1 clones F12 and
B12 (10-kb kb bins). Tracks are scaled to chromosome lengths. C-D. 3D genome structures of B. MO1 clones F12 and B12 derived
from the contact map interactions. Chromosomes one, two, and three correspond to green, pink, and blue sections respectively.
Dark green and grey represent the telomeric regions and centromeres.

acrocentric centromeres were found to interact with
each other and present a distinct pattern between
B. MO1 (F12 and B12 clones) and B. divergens (see
Figs. S8, S9, and S10). To confirm the genome-wide
chromatin organization of B. MOI and B. divergens,
we constructed 3D models from the Hi-C contact
maps using PASTIS [32] (Figure 7C and 7D). In all
models, the centromeres and heterochromatin/

telomeres cluster together in distinct regions within
the nucleus, an organization similar to what was
reported in apicomplexan parasites including that of
the B. microti and B. duncani genomes [30]. The
strong co-localization of genes with H3K9me3 marks
that included most Babesia MGFs confirm a tight con-
trol of vesa and MGF gene regions at the epigenetics
and chromatin structure levels (Figure 7A and 7B).
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Evolution of multigene families in B. MO1 and

B. divergens

A previous study in B. divergens identified 359 ves gene
encompassing three subfamilies namely, vesI (n =202),
ves2a (95), and ves2b (62) (Supplementary Table IX)
[19]. In our reannotated genome of B. divergens Rouen
strain, we identified only 134 vesa genes. Interestingly,
B. MOLI expresses 290 vesa genes: 276 of those had a
C-terminal domain (vesal) while the remaining 14 did
not (vesa2). The vesa genes in B. MOI encode proteins

A

40

354

Number

= On chromosomes
1 On unplaced contigs

with an average of 617.1 aa for vesal and an average of
295.8 aa for vesa2. In addition to this family of genes,
our analysis identified 10 novel gene families (unique
multigene families; UMGFs) with at least three mem-
bers. Most members of these families localize to the
highly repetitive telomeric regions, the largest of
which, unique multigene family (UMGF) 1, consists of
37 members, 27 of them successfully mapped to the telo-
meric regions of chromosomes I-III, and the remaining
10 mapped to unassembled contigs (Figure 8A, 8B). The
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second largest family, UMGEF2, consists of 8 members, of
which 7 members mapped to the telomeric regions of
one of the three chromosomes; one was mapped to unas-
sembled contigs (Figure 8A, 8B). No homologs of these
proteins are found in other apicomplexan parasites, but
their genome localization is reminiscent of the localiz-
ation of gene families involved in antigenic variation in
other parasites including the var genes in P. falciparum
[31,33-35] and or the VSG in Trypanosoma brucei)
[36]. The role of these new gene families in parasite adap-
tation to its mammalian host and/or vector remains to be
elucidated.

B. MO1 and B. divergens show differing
susceptibility to antibabesial drugs

We also compared the susceptibility of B. MOI and
B. divergens to drugs approved for babesiosis treat-
ment: atovaquone, azithromycin, clindamycin, qui-
nine, as well as other antifolate drugs: WR99210,
and pyrimethamine. B. MOI exhibited approximately
2.4-fold, 1.2-fold, 1.3-fold, and 2.9-fold lower suscep-
tibility to atovaquone, azithromycin, clindamycin,
and pyrimethamine, respectively, compared to
B. divergens Rouen 87 (Fig. S11, Supplementary
Table X). In contrast, B. MO1 showed 2.7-fold greater
sensitivity to quinine and approximately 160-fold
greater sensitivity to WR99210 than B. divergens
Rouen 87. While mitochondrial-encoded cytb gene
and nuclear-encoded genes rpl6 and dhfr-ts are
known drug targets, our analysis suggested that
sequence conservation between B. divergens and
B. MO1I might not explain the differences in drug sus-
ceptibility (Fig. S12). Interestingly, RNAseq revealed
significant differences in gene expression levels,
especially those genes involved in folate metabolism
(Supplementary Table XI), with a 10-fold difference
in glutathione synthase [23] and a 12-fold difference
in dihydropteroate synthase (DHPS) expression levels
between the two organisms. The gene expression vari-
ations, as well as possible mechanisms of drug detox-
ification through increased drug efflux, may
contribute to the observed differences in drug suscep-
tibility between these pathogens.

Discussion

The results presented in this study provide valuable
insights into the biology, genomics, and epigenetics
of both B. MOI and its close relative, B. divergens.
These findings reveal striking differences in the repli-
cation rates, transmission dynamics, genomic charac-
teristics, and susceptibility to antibabesial drugs
between these two pathogens. The data, which sub-
stantiate the notion that these organisms are distinct
but closely related pathogens, underscore the critical
importance of understanding the intricacies of these
parasites, particularly in the context of their evolution
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and the potential for zoonotic transmission to
humans.

First, we found that the two organisms display
major differences in replication rates and dynamics
under similar experimental growth conditions. The
data suggest that B. divergens is better adapted to
human erythrocytes compared to B. MOI. These
differences could have implications for the severity
of infection and the potential for these parasites to
proliferate within their respective host populations.
The different transmission pathways, involving differ-
ent tick vectors (Ixodes dentatus for B. MOI and
I ricinus for B. divergens) and animal reservoirs (cot-
tontail rabbits for B. MOI and cattle for B. divergens)
highlight the complex ecological interactions shaping
the epidemiology of these parasites, and suggest
niche specialization. Understanding these host-vector
relationships and transmission cycles is crucial for
devising effective control measures and assessing the
risk of human infections.

Second, at the genomic level, our analysis revealed
differences in chromosomal organization, both within
and between B. MOI and B. divergens isolates. While
the genome size and chromosome numbers are con-
sistent between the two organisms, the patterns
observed in PFGE demonstrated varying chromosome
sizes, suggesting chromosomal rearrangements. Inter-
estingly, differences between the parental isolates and
clones generated from single infected erythrocytes
were also observed, indicating that both B. MOI and
B. divergens undergo dynamic polymorphism during
their asexual development, likely the result of exten-
sive mitotic recombination events.

Third, the genome assembly of B. MOI and
B. divergens, while achieving a high-level resolution,
presented challenges, especially in fully assembling
repetitive telomeric ends, despite the use of long
read sequencing and optical mapping technologies.
This emphasizes the need for improved methods to
capture and assemble repetitive genomic regions accu-
rately. Our analysis of the genomes of B. MOI and
B. divergens highlighted telomeric regions as primary
source of chromosome size variation observed in
PFGE, genetic variation and the location of several
genomic rearrangements. Furthermore, our analysis
of Average Nucleotide Identity (ANI) values and the
number of orthologous proteins between B. MOI
and B. divergens strains revealed further differences
between B. MOI and B. divergens. Genome relatedness
indices, such as ANI, offer a rapid and readily appli-
cable means of comparing genomes to delineate
species boundaries. In prokaryotes, a 95% cutoff
value is well-established for grouping genomes of the
same species, but ANI distribution and cutoff values
for eukaryotic species delimitation have not yet been
fully defined. Nevertheless, the ANI value between
B. divergens strains (99.1%) significantly exceeds the
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values observed between any B. divergens strain and
B. MO1 (96.8% or 96.7%, respectively). Additionally,
the number of orthologs shared between B. divergens
strains (1,071 proteins) is higher than the count shared
with B. MO1 (516 proteins). The sequence divergence
between B. MOI and B. divergens results in several
proteins that are unique to each organism (637 pro-
teins in B. MOI and 223 or 188 in B. divergens strains),
likely tied to their specific evolution and adaptation to
their respective hosts. Furthermore, our genome
assemblies were crucial in exploring the evolution
and function of unique proteins encoded by multigene
families, such as the previously described members of
the vesa gene family found in both B. MOI and
B. divergens. However, several multigene families
remain with unknown functions and need further
experimental characterization to elucidate their role
in each parasite. Altogether these findings highlight
the genetic diversity within these parasites and offer
insights into potential genetic adaptations to specific
host niches.

Fourth, RNA-seq, ChIP-Seq and Hi-C analyses
revealed important differences in gene expression
and regulation between B. MOI and B. divergens.
For example, most of the multigene families were
found to be transcriptionally silent and maintained
in a large heterochromatin structure, a profile similar
to that of other genes involved in antigenic variation
from other apicomplexan parasites. These differences
in chromosomal organization were further corrobo-
rated at the epigenetics and chromatin structure
levels (Figures 6 and 7), suggesting that recombina-
tion events within heterochromatin clusters may
have facilitated sub telomeric variations and the
potential expansion and evolution of vesa genes in
the analyzed clones and strains. Previous research
has already noted a high incidence of mutations
and sub telomeric instability in highly variable
genes, such as var genes in the human malaria para-
site, P. falciparum [37].

Finally, we identified major differences in drug sus-
ceptibility between B. MOI and B. divergens, high-
lighting the necessity of considering specific
variations between closely related pathogens when
designing therapeutic interventions.

In conclusion, this comprehensive study signifi-
cantly advances our understanding of the biology
and genomics of B. MOI and B. divergens. The
findings have implications for public health, empha-
sizing the need for tailored approaches to prevent
and manage infections caused by these parasites.
Future research aimed at investigating the molecular
mechanisms underlying the observed differences and
exploring the ecological factors influencing the epide-
miology of these pathogens are warranted.

Materials and Methods: (Additional methods are
in Supplemental Methods)

Ethics statement

Babesia MO1, B. divergens Rouen 87 and a B. divergens
clinical isolate from Spain were cultured using human
A" blood obtained from healthy volunteer donors [6].
The blood was sourced from the American red cross
(US), the Interstate Blood Bank (US), or the Blood
Transfusion Center (Spain), adhering to approved
protocols and in compliance with the relevant insti-
tutional guidelines and regulations.

Gene prediction and annotation of B. MO1
and B. divergens

The Babesia MO1 genome was processed using the
gene annotation pipeline FunAnnotate v1.8.9
(https://github.com/nextgenusfs/funannotate) ~ and
PAP (https://github.com/kjestradag/PAP) pipelines.
FunAnnotate was supplied with the MO1 IsoSeq iso-
forms computed above, along with protein sets of
B. bigemina, B. bovis, B. microti, P. falciparum, Toxo-
plasma gondii, T. orientalis, T. parva and all UniProt/
SwissProt protein models. Functional annotations
were obtained using InterProScan v5.55-88 with
default parameters. For B. divergens Rouen 87, gene
annotations were transferred to the improved assem-
bly presented here using the PATT pipeline (https://
github.com/kjestradag/PATT). Gene models form B.
MOI1 were constructed based on annotations of evolu-
tionarily-related species and further refined using Pac-
Bio Iso-seq data specific to B. MO1.
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