Redekar et al. BMC Genomics (2025) 26:579 B MC Genomics
https://doi.org/10.1186/512864-025-11495-z

: ®
Genome assembly and annotation s

of Babesia rossi, a protozoan parasite for canine
babesiosis

Neelam Redekar'", Xu Wang?**', Luis Neves®, Steven Brooks®, Justin Lack', Andrew Leisewitz’®" and
Hans Ackerman®

Abstract

Background Apicomplexan parasite, Babesia rossi, is an Ixodid tick-transmitted pathogen that causes the most
severe form of canine babesiosis disease. Compared to other Babesia pathogens of dogs, B. rossi exhibits unique
pathophysiology, virulence, and a responsiveness to drugs that differs from the small Babesia parasites.

Results Here we report the first near-complete chromosome-level assembly of Babesia rossi strain PMB - isolated
from a sick dog from Pietermaritzburg, South Africa. Assembly with long-read HiFi data yielded 21.06 Mbp genome
size, spanning across five gene-dense chromosome-level scaffolds, a single apicoplast scaffold, and a remaining 54
unplaced low gene density scaffolds with 1.32 Mb N50 and 96.6% BUSCO Apicomplexan completeness. The genome
annotation identified a total of 3,098 protein-coding genes, 71 tRNA, and 16 rRNA genes. The mitochondrial genome
(6.4 Kbp) was also identified. Genome assemblies of two additional field isolates of B. rossi were also reported. Com-
parative genomic analyses revealed four syntenic genomic inversions and multiple polymorphisms across three B.
rossi isolates, although SNP and indel density was higher within the gene desserts of the genomes. Despite these
differences, three B. rossi isolates'genome assemblies showed 99% conserved orthologous gene sets. About 76%

of protein-coding genes of Babesia rossi isolate PMB were shared with four other Babesia species.

Conclusion This report provides valuable genomic information that is crucial to comprehend B. rossi evolution, viru-
lence, and potential drug targets for canine babesiosis.
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Background

Parasites of the Babesia genus are highly successful Api-
complexan tick-transmitted organisms that infect the red
blood cell in their vertebrate hosts [1]. Infections result in
malaria-like disease characterized by fever and hemolytic
anemia that can progress to multiple organ dysfunction
in some cases resulting in a high morbidity and mortal-
ity. Babesia infections threaten all animal species impor-
tant to man and human babesiosis is an emerging and
increasingly important zoonosis in the USA and Europe
[2]. Food-producing bovid species carry an enormous
Babesia disease burden with over half of all cattle globally
at risk of infection and this is of huge importance from
both an economic and food security perspective [3]. The
infection of domestic dogs is also a growing burden on
the pet-owning population globally [4]. In human popu-
lations, the expanding tick vector distribution, increased
interaction between humans and the natural environ-
ment, a growing population of immune-suppressed peo-
ple, and emerging parasite drug resistance contribute to
the increased number of cases of babesiosis [2].

It is quite typical for hemoprotozoan parasites of
the same genus, but different species, to cause a wide
spectrum of clinical disease depending on the specific
parasite species responsible for the infection. A very
typical and relevant example is provided by the impor-
tant malaria parasite (genus Plasmodium) that infects
humans. Infections with parasites of the same genus but
different species result in very different clinical diseases
[5-8]. Comparing the genomes of malaria parasites of
widely differing pathogenicity has resulted in the identi-
fication of novel genes (with unknown function) that may
well play a role in pathogenicity [9]. Another example
is bovine Babesia—B. bigemina causes a relatively mild
acute disease followed by persistent infection. B. bovis on
the other hand causes a severe acute disease character-
ized by neurological signs and a high mortality [10].

The canine Babesia species further illustrates this biol-
ogy. The disease caused by B. rossi infection is widely
described as causing severe and complicated disease [11,
12]. The disease is acute, characterized by severe intra-
vascular hemolysis, and, in around 10% of cases, death
follows single or multiple organ failure, usually within
24 h of presentation for veterinary care [11] (Figure S1).
The clinical disease caused by B. rossi is recognized as the
most severe of all canid Babesia spp. infections [13]. B.
gibsoni on the other hand has a lower mortality, is a far
more chronic disease, with up to a third of infected dogs
demonstrating parasitemia with no clinical signs [14],
and the mortality rate is<5% [15]. Multiple organ dys-
function has not been described with B. gibsoni infection.
B. rossi is only known to be transmitted by an ixodid tick
vector [16], whilst B. gibsoni can be transmitted by the
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bite of an infected dog during inter-dog aggression [15].
Diminazene aceturate is highly effective at sterilizing B.
rossi infections, whilst it is ineffective against B. gibsoni
where drug resistance to treatment is an ongoing prob-
lem [17].

The diseases caused by B. rossi and B. gibsoni have been
studied in large case series [11, 18, 19] and, in the case of
B. rossi, at an ‘omics’ level [20, 21]. The B. gibsoni genome
has been published [22]. Here we present the B. rossi
genome for the first time. Dogs have provided model sys-
tems to study numerous disease processes, including sep-
sis [23]. It is quite possible that canine babesiosis could
provide a system in which to study parasite-associated
disease mechanisms. This provides a basis for compar-
ing the parasites that precipitate these diverse conditions
at a genomics level as this could well help with discover-
ing pathogenicity associated genes, as well as vaccine and
drug targets.

Materials and methods

Parasite isolates

The Babesia rossi isolate used as the reference labora-
tory strain (‘PMB’) was first isolated in 1976 from a sick
dog from Pietermaritzburg, South Africa [24]. This iso-
late has been used for experimental infections in dogs
over several decades (for example [25]), maintained as
a cryopreservate, and propagated in vitro in Dr. Leise-
witz’s laboratory at Auburn University College of Vet-
erinary Medicine. The strains named ‘K’ and ‘R’ were
collected from dogs presented to the Outpatients Clinic
of the Veterinary Faculty of the University of Preto-
ria (Onderstpoort) for care because they were clinically
ill. The infections were diagnosed by means of a stained
peripheral thin blood smear, and the dogs were treated. A
mono-infection with B. rossi was confirmed by means of
PCR and Reverse Line Blot [26].

Parasite culture and sample collection

The R and K Babesia rossi clinical isolates were expanded
by in vitro culture at the Onderstepoort (Gauteng, South
Africa) laboratory by one of the authors (LN) while
the PMB strain was cultured at the Auburn laboratory
(Auburn, USA). Two hundred microlitres of cryopre-
served isolate was thawed and placed into a culture sys-
tem. Briefly, culture was performed in 25 mL culture
flasks in a mixture of RPMI 1640 (with L-glutamine and
25 mM HEPES Corning 10-041-CV), with added dog
serum (to 10%), reduced glutathione (Sigma #G4251-
10 g) (2 mg/mlL), insulin-transferrin-selenium (ITS,
Gibco #51,500,056) (100 pL/10 mL) and gentamicin
(10 mg/L). Cultures were incubated in 5% CO, at 37°C.
Culture medium was changed daily, and parasite den-
sity was determined by standard light microscopy on
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stained smears daily. Parasite density in canine red cells
was allowed to reach approximately 30% at which time
a portion of the red blood cell culture was harvested for
DNA isolation and the remaining portion was further
propagated until enough DNA had been generated for
sequencing.

Nucleic acid isolation and sequencing

Genomic DNA samples were extracted from the three
B. rossi isolates using Quick DNA Miniprep Plus Kit
(Zymo Research, CA) following the manufacturer’s pro-
tocol. The concentration of genomic DNA was meas-
ured by a Qubit Fluorometer instrument (Thermo Fisher
Scientific, MA). DNA size distributions were examined
on a Bioanalyzer (Agilent Technologies, CA) to ensure
a DNA integrity number (DIN) 7.2 or greater. For each
isolate,~200 ng genomic DNA was used as input for
[lumina TruSeq Nano DNA Library Preparation follow-
ing the manufacturer’s protocol. The final libraries were
sequenced on a MiSeq platform using 300-bp paired-end
format. PacBio libraries were constructed using the same
DNA samples (~ 300 ng input per sample), barcoded and
pooled in a PacBio SMRT Cell for sequencing on PacBio
Sequel II platform with standard PacBio protocol. Both
sequencing runs were performed at CCR Sequencing
Facility, NCI (Frederick, MD). The PacBio SMRT Cell
sequencing resulted in 380 K to 425 K HiFi reads, with
total yield ranging from 3.7 to 4.4 Gbp and mean read
quality QV44.7 to QV47.9 for three libraries. The MiSeq
sequencing resulted in 10 million short PE reads with
base call quality of above 84% with Q30 and above.

Genome assembly and annotation

The genome assembly and annotation were performed
separately for three strains of B. rossi using the follow-
ing steps. The genome assembly was first created using
PacBio HiFi long reads using Flye (v2.8-1) [27] in “tres-
tle’ mode allowing minimum 10,000 bp overlap between
reads. Assembly was polished with both HiFi (long) and
MiSeq (short) read sequences using NextPolish (v1.3.1)
[28] with default parameters. Multiple iterations (>3) of
scaffolding were performed using long interval K-mer
based scaffolder (LINKS, v1.8.7) [29] until the total
number of assembled scaffolds was stabilized. Assembly
quality and completeness were evaluated using QUAST
(v5.0.2) [30], and BUSCO (v4.1.3) [31] respectively. HiFi
reads were then mapped to assembly sequence using
minimap2 (v.2.26) (Li 2018), and mean genome cov-
erage was estimated using Samtools (v.1.17) [32]. The
rRNA and tRNA prediction were performed using
‘cmsearch’ function in Infernal (v1.1.4) [33] and tRNAs-
canSE (v2.0.9) [34] respectively. GC content of assembled
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scaffolds was estimated using seqkit (v.2.7.0) [35]. Telo-
meric repeat detection was performed within 1 Kb ends
of chromosomes and unplaced scaffolds using TelFinder
[36]. Full-length mitochondrial genomic reads were iden-
tified by mapping HiFi data using minimap2 (v.2.28) to
Babesia gibsoni mitochondrial genome.

Genome annotations were performed using MAKER
(v2.31.10) [37, 38]. This included repeat masking with
RepeatMasker (v4.1.0) [http://repeatmasker.org], ab-
initio gene prediction with Augustus (v3.3.3) [39] and
SNAP (v2013-11-29) [40], EST and protein align-
ment with Exonerate (v2.4.0) [41]. Predicted genes were
BLAST against protein database to identify proteins
(ncbi-blast-2.10.0+). Genome sequences and gene anno-
tations from other Babesia genomes such as B. divergens,
B. bigemina, B. bovis, B. microti, B. ovata were used for
EST and protein homology evidence. Gene prediction
completeness was estimated against Apicomplexa lineage
(‘apicomplexa_odb10’ dataset—creation date: 2024—01—
08) using BUSCO (v.5.4.7) [31] in protein mode. Anno-
tation files were summarized with AGAT (v.1.2.0) [42].
KEGG pathway annotation was performed for predicted
protein sequences using eggnog-mapper 2.0.1 (http://
eggnog-mapper.embl.de/). Three discontinued KEGG
pathway IDs: map00072, map00281, and map01130 were
merged to map00650, map00907, and map 01110 as indi-
cated in KEGG pathway map update history (https://
www.genome.jp/kegg/docs/upd_map.html) prior to sum-
marizing the results.

RNA sequencing analysis and gene annotation

Bulk mRNA-Seq reads (GEO accession: GSEI67201) orig-
inating from B. rossi infected canine host blood [21] were
used to verify protein predictions in B. rossi genome.
RNA-Seq reads originating from Babesia were first
extracted by mapping them against Canis lupus famil-
iaris and B. divergens reference genomes together using
Disambiguate (v1.0) [43]. Babesia RNA-Seq reads were
then mapped to assembled B. rossi isolated genomes with
STAR (v2.7.10b) [44] to validate gene predictions.

Genome variant analyses

To assess diversity between strains, we remapped the
K and R strains back to the PMB reference strain and
identified variants. For this workflow, CCS reads were
mapped to the PMB strain assembly using pbmm?2
(v1.13.1, https://github.com/PacificBiosciences/pbmm?2)
and variants were called using DeepVariant (v1.6.0) [45].
Joint genotyping was then performed using GLNexus
(v1.4.1) [46], and resulting variants were counted using
GATK4 (v4.5.0.0) CollectVariantCallingMetrics function
[47]. Density SNPs in 10 Kb window was calculated using
vcftools (v0.1.16) [48].
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Table 1 Summary statistics of Babesia rossi genome assemblies
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Genome assembly

Strain PMB (laboratory strain)

Strain K (field isolate K)

Strain R (field isolate R)

Sequencing data and coverage
PacBio sequencing data
lllumina sequencing data
Genome coverage

Assembly statistics
Assembled genome length
Number of scaffolds
Number of contigs
Scaffold N50
Contig N50
Maximum scaffold length
Maximum contig length
GC content

Completeness (Apicomplexa)
BUSCO completeness
single-copy BUSCO
duplicated BUSCO
fragmented BUSCO

4.3 Gb PacBio HiFi reads
6.51 Gb lllumina reads
HiFi: 210x; lllumina: 310 x

21,067,390 bp
61

62

1.32 Mbp
1.32 Mbp

4.7 Mbp

4.7 Mbp
44.79%

96.6%
96.4%
0.2%
0.2%

3.7 Gb PacBio HiFi reads
6.59 Gb lllumina reads
HiFi: 173 x; lllumina: 314 x

4.3 Gb PacBio HiFi reads
6.09 Gb Illlumina reads
HiFi: 208 x; Illumina: 290 x

missing BUSCO 3.2%
Mapping metrics
lllumina read mapping % 96.83%

22,437,258 bp 20,911,923 bp
141 51

157 58

0.77 Mbp 1.27 Mbp
0.70 Mbp 127 Mbp
3.5 Mbp 4.1 Mbp
3.5 Mbp 4.1 Mbp
44.84% 44.86%
96.8% 96.6%
96.6% 96.4%
0.2% 0.2%
0.2% 0.2%
3.0% 32%
96.83% 96.89%

Comparative gene analyses with species from Apicomplexa
phylum

The comparative orthologous gene clusters were identi-
fied using OrthoFinder (v.2.5.4) [49] and compared with
those in 7 species of Babesia (B. rossi, B. gibsoni. B. diver-
gens, B. bigemina, B. ovata, B. bovis, B. microti), Theile-
ria parva, Plasmodium falciparum, and Toxoplasma
gondii species. Species Tree inference from All Genes
(STAQG) trees were constructed using single copy ortholo-
gous gene results from OrthoFinder and visualized in
iTOL [50]. Orthogroup unassigned gene predictions
were queried against translated nucleotide databases
with tBLASTn (v2.15.0+) [51]. Syntenies were generated
with bed positions of predicted protein from B. rossi and
B. gibsoni using GENESPACE [52] with MCScanX [53],
Diamond (v.2.0.15) [54], and OrthoFinder (v.2.5.4) [49]
dependencies.

Sources of genomic data used in this study

The following Apicomplexa genomes used in this
study were downloaded from NCBI Genome data-
base: Babesia bovis T2Bo (GCA_000165395.2), Babe-
sia bigemina BOND (GCA_000723445.1), Babesia
divergens 1802A (GCA_018398725.1), Babesia microti
RI (GCA_000691945.2), Toxoplasma gondii GT1
(GCA_000149715.2), Plasmodium falciparum 3D7
(GCF_000002765.5), and Theileria parva Muguga

(GCA_000165365.1). Babesia gibsoni WH58 (GWHB-
JTY00000000) nuclear assembly data was downloaded
from National Genomics Data Center, China National
Center for Bioinformation / Beijing Institute of Genom-
ics, Chinese Academy of Sciences. Babesia gibsoni api-
coplast genome information was downloaded from
GenBank accession MN481613.1.

Results

Genome assembly statistics

We generated on average 4.1 Gb of Pacific Biosciences
(PacBio) HiFi reads for each of the three B. rossi strains:
the laboratory PMB strain, and two clinical isolates K
and R (Table 1). All three assemblies had excellent con-
tinuity and genome completeness. The PMB strain was
selected as the reference genome assembled due to
fewer scaffolds and the lowest proportion of missing
bases within them (Table 1). The final assembly size was
21,067,390 bp in 61 scaffolds, with a scaffold N50 of
1.32 Mb and a contig N50 of 1.32 Mb. Five gene-dense
scaffolds (scaffoldl, scaffold2, scaffold3, scaffold5, and
scaffold6) were assigned to five chromosomes based on
their size (Table 2). Collectively, they account for 11.7
Mb or 55.5% of the assembled genome. Our assembly
was 0.5 Mb longer than the previously estimated B.
rossi genome size of 20.5 Mb and in agreement with the
five chromosomes previously shown in a pulsed-field
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Table 2 Chromosome-level assembly and gene annotation statistics of Babesia rossi genome
Chr1 Chr2 Chr3 Chr4 Chr5 Apicoplast Unplaced
B. rossi PMB
Scaffold ID 1 2 3 5 6 43
Protein coding genes 1258 774 493 256 268 20 29
Total tRNA genes 20 11 7 1 8 24
tRNA types 12 7 6 1 5 20
9% mRNA reads mapped 50.37 532 42.96 0.89 045 0 0
9% GC content 4473 44.55 43.89 4398 4430 20.20 4503
Telomeric repeats ND left both left both ND
B. rossi K
Scaffold ID 1 2 3 4 5 91
Protein coding genes 1260 771 491 258 272 18 28
Total tRNA genes 20 11 7 1 8 24
tRNA types 12 7 6 1 5 20
% MRNA reads mapped 54.01 5.50 39.12 091 046 0 0
% GC content 4444 4417 4397 44.32 44.27 20.21 4519
Telomeric repeats ND left both left both ND
B.rossiR
Scaffold ID 1 2 3 4 7 41
Protein coding genes 1254 778 489 259 275 19 23
Total tRNA genes 20 11 7 1 8 24
tRNA types 12 7 6 1 5 20
% MRNA reads mapped 60.31 461 33.92 0.77 0.39 0 0
9% GC content 4468 44.29 44.02 4467 4458 20.20 4538"
Telomeric repeats ND left both left both ND

" Average GC content across all unplaced scaffolds is reported
Abbreviations: ND Not detected

gel electrophoresis study [55]. Mitochondrial genome
for B. rossi PMB isolate was 6,412 bp long. Annota-
tion of mitochondrial genome detected three genes:
cytochrome B (1,092 bp), cytochrome oxidase 3 (654
bp), and cytochrome oxidase 1 (1,434 bp) genes.

Genome completeness and quality assessment

The genome completeness of the PMB assembly was
assessed using Benchmarking Universal Single-Copy
Orthologs (BUSCO). The overall completeness score
against Apicomplexa was 96.6%, which is comparable to
other Babesia species genomes, B. gibsoni (97%), B. diver-
gens (97.5%), B. bigemina (96%), B. bovis (96.7%), B.ovata
(96.8%), and B. microti (94.8%). The proportions of dupli-
cated (0.2%) or fragmented BUSCO genes (0.2%) are
relatively low in the B. rossi genome, suggesting a largely
complete assembly (Table 1). The isolate K and isolate
R assemblies had similar BUSCO statistics (Table 1). To
assess the mapping quality of the reference genome, we
aligned the Illumina short reads generated from all three
isolates, and the mapping rate was~97% (Table 1), con-
sistent with excellent genome representation.

Gene annotation

A total of 3,098 protein-coding genes were annotated
by the MAKER pipeline in the B. rossi PMB genome. Of
these, 3,049 (98.4%) were located on the five chromo-
somes and 20 were located on the apicoplast (Table 2).
Only 29 predicted genes were identified within the 55
unplaced scaffolds (Table 2). This low gene density sug-
gests that these unplaced scaffolds represent gene deserts.
De novo gene annotations were also performed for the
K (3,098 genes) and R isolate assemblies with a similar
number of genes identified (3,097) (Table 2). A total of
99% (3,068 genes) of predicted genes were assigned to
shared orthogroups (N =2882) among the three B. rossi
isolates (Fig. 1A). The average gene length was 1,447 bp
with an N50 of 1,821. The average number of exons per
gene model was 2.9. To validate these predicted gene
models, we utilized our previous RNA-seq data from B.
rossi-infected canine blood samples [21], which contain
both host and parasite sequences. A substantial amount
of RNA-seq reads mapped to B. rossi PMB, confirming
that they are truly expressed in vivo. Interestingly, the
majority (over 90%) of the Babesia reads were mapped to
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Chrl and Chr3, suggesting that these two chromosomes
harbour the most highly expressed genes.

Annotation of non-coding RNAs

A total of 47 tRNA genes were identified in the nuclear
genome of B. rossi PMB across five chromosomes
(Table 3). These tRNAs decode the 20 standard amino
acids with redundancy. All predicted tRNAs are single
exon genes, except for the tRNA gene encoding Tyr on
chromosome 5, which has one intron in its gene model
— similar to the B. gibsoni genome assembly (a closely
related canine Babesia species). Two copies each of 5.8S,
18S rRNA, and 28S rRNA genes were annotated on Chr3,
and 5 copies of 5S rRNA gene and one copy each of 5.8,
18S, and 28S rRNA genes were found on Chrl (Table 3).
B. rossi 5S, 18S, and 28S rDNA sequences are 99%, 95%,

and 91% similar to that of B. gibsoni. The tRNA and
rRNA gene prediction were a perfect match across the
three Babesia rossi genome isolate assemblies.

Assembly and annotation of the apicoplast

As a specialized organelle in protozoan parasites, apico-
plast is essential for key metabolic functions for parasite
survival and propagation. In B. rossi PMB strain, the api-
coplast genome was assembled into a single circularized
contig (scaffold43). The apicoplast genome is 29,103 bp
in size, which is slightly longer than that of B. gibsoni
(28,386 bp). A total of 20 protein-coding genes, 24 tRNA
genes decoding all 20 standard codons, and one copy of
each 18S and 28S rRNA genes were annotated in the api-
coplast genome (Table 2). The annotation of B. gibsoni
apicoplast (GenBank: MN481613.1), on other hand, has
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Table 3 Annotation of non-coding RNAs in Babesia rossi

B. rossi PMB RNA types (count) # genes
tRNA genes
Chr1 Ala, Arg, Asn, GIn, Gly (2), lle (2), Leu (3), Lys 20
(2), Met, Ser (2), Thr, Val (3)
Chr2 Ala (2), Arg (3), Cys, Glu (2), Gly, Leu, Met 11
Chr3 Arg, GIn, His, Phe, Thr (2), Trp 7
Chr4 Leu 1
Chrs* Asp, Lys, Pro (3), Ser (2), Tyr 8
Apicoplast All 20 tRNAs; 2 copies of Arg, Met, Phe, Ser 24
rRNA genes
Chrl 55 (5), 5.8s, 18s, 285 8
Chr2 - 0
Chr3 5.85(2),18s(2), 28s (2) 6
Chr4 - 0
Chrs - 0
Apicoplast 18s (1), 28s (1) 2

* One tRNA gene encoding Tyr on Chr5 is with one intron; while all other tRNA
genes are intronless

30 protein coding genes, 23 tRNA genes decoding all
20 standard codons, and one copy each of 18S and 28S
rRNA genes.

Comparative phylogenomic analysis of orthologous genes
among Babesia species

To reveal the phylogenetic and evolutionary relation-
ship between B. rossi and other Babesia parasites, we
identified orthologous gene clusters (or orthogroups)
between three B. rossi isolates and five additional
Babesia parasites, as well as four Apicomplexan out-
group species. Within the Babesia genus, 76% of B.
rossi PMB predicted genes (2,378 genes) are assigned
to shared orthogroups (N=2,284) in all four other
Babesia species (Fig. 1B), suggesting a high level of
conservation. If we go further out of the Babesia genus,
B. rossi PMB shares 75% (2,332 genes, 2238 ortho-
groups) of protein-coding genes with Plasmodium fal-
ciparum, the human malaria parasite, and 85% (2,657
genes, 2554 orthogroups) genes with Theileria parva,
the theileriosis pathogen, and 76% (2,343 genes, 2253
orthogroups) genes with Toxoplasma gondii, the tox-
oplasmosis pathogen (Fig. 1C). Over 99% of our pre-
dicted genes in B. rossi PMB strain were assigned to an
orthogroup (Fig. 1D). The phylogenomic analysis using
orthologous genes demonstrated that all three B. rossi
isolates fall into the same clade with no visible branch
length, confirming that they are different strains
within the same species (Fig. 1E). The immediate out-
group of B. rossi is B. gibsoni, which is another canine
Babesia parasite. Interestingly, despite belonging to
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the same genus, the seven Babesia species did not
form a monophyletic group in our analysis.

Babesia microti, a blood-borne parasite transmitted
by the deer tick Ixodes scapularis typically classified as
a Babesia, was found to be closer to the sister genus
Theileria (Fig. 1E), suggesting potential historical clas-
sification issues or strong convergent evolution. This
relationship was suggested by previous ribosomal RNA
sequence comparisons, and here we demonstrate that
at the genomic level [56, 57].

Potential species-specific protein-coding genes

in the Babesia rossi genome

To identify B. rossi-specific genes that are not present
in any other apicomplexan species, we examined the list
of protein-coding genes that cannot be assigned to any
orthogroups. In total 6, 5, and 4 B. rossi-specific unas-
signed gene candidates were found in isolates PMB, R,
and K, respectively. Four of the unassigned genes were
identical across two or three B. rossi isolate assemblies,
and they encoded for proteins less than 15 amino acids
in length. Despite their annotation edit distance score
(AED) of 0.5 or less, these genes are likely to be incom-
plete gene models or gene prediction artifact (Table S1).
The remaining two unassigned genes from PMB assembly
encoded for the following proteins: PMB_chrl_P1 (75aa,
AED=0.20) and PMB_chr4_P1 (155aa, AED=0.43)
(Table S1). Translated nucleotide databases search
(tblastn) using protein sequences of PMB_chrl_P1 gene
showed 46% similarity to putative integral membrane
protein mRNA in B. bovis T2Bo (XM_001611607.2),
while the PMB_chr4 P1 gene showed 57% similarity to
putative reverse transcriptase homolog partial mRNA
in B. bigemina (XM_012911626.1). One of the unas-
signed genes from R isolate assembly: R_chr2_P1 (207aa,
AED =0.05) showed 65% similarity to putative multidrug
resistance ribosomal protein RPL4 partial mRNA in B.
ovata (XM_029011130.1); while another gene, R_chr2_
P2 (36aa, AED=0.47) showed no BLAST hit. These B.
rossi-specific genes warrant further investigation, as
these could be informative for exploring the functional
divergence of this species.

Syntenic analysis and chromosomal rearrangements

Through comparative genomic analysis using gene order-
based whole-genome alignment, large syntenic blocks
were identified between B. rossi and B. gibsoni homolo-
gous chromosomes (Fig. 2). Notably, there are a dozen
major inter-chromosomal rearrangements between the
two species, indicating potential translocation and inver-
sion events in the evolutionary history (Fig. 2). Never-
theless, most of the gene-dense chromosomal regions in
B. rossi are represented in B. gibsoni assembly, and vice
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Fig. 2 Syntenic protein-coding regions between Babesia rossi isolates and Babesia gibsoni. Chromosomes are scaled by gene rank order.
Chromosomal inversions relative to B. gibsoni are marked with asterisk. Syntenic inversion breakpoints between Babesia rossi clinical isolates are
indicated as a-d and are further described in Table S2. Apicoplast is indicated as ‘@’

versa (Fig. 2). The results suggest a high level of conserva-
tion in terms of gene content, which is consistent with our
ortholog group analysis (Fig. 1). In addition to interspecies
rearrangements, we also discovered four minor genomic
rearrangements among the B. rossi lab strain (PMB) and
two clinical isolates (K and R; Fig. 2). Genome neighbour-
hood analyses identified the exact genomic breakpoints
for these events (Table S2), and the inversion events (a) are
shared between K-PMB and R-PMB comparisons (Fig. 2).

SNP and indel density among three B. rossi strains

The B. rossi PMB strain was first isolated in 1976 and has
been maintained as a laboratory strain for several dec-
ades, whereas isolates K and R were collected from recent
clinical samples. By comparing each clinical isolate with
the lab reference PMB strain, we identified 41,137 bial-
lelic SNPs in isolate K and 29,070 SNPs in isolate R,
with 7,200 SNPs shared between the two (Table 4 and
Table S3). A total of 2,994 biallelic indels were called in
isolate K, while isolate R had 1,815 indels (Table 4 and

Table 4 Polymorphisms in Babesia rossi field isolates compared
to assembled chromosomes of reference laboratory strain

Private variants Shared variants

B. rossi B. rossi

field field

isolate K isolate R

Assembled 5 chromosomes®

Total SNPs 34,094 21,931 7380
Total INDELs 2534 1358 535
SNP Ti/Tv ratio 0.9243 0.9644 09154
SNP density (per 10Kb) 24130 22077 NA

$ PF variants that passed ‘strict’ validation stringency criteria in
‘CollectVariantCallingMetrics’ function in Picard is reported here

Table S3). Multiallelic SNPs and indels were extremely
rare, which is as expected (Table 4). The overall SNP den-
sity is 2.4 SNPs per 10 Kb for field isolate K, and 2.2 SNPs
per 10 Kb for isolate R, which represents the level of pol-
ymorphism within species. Along the five chromosomes,
there is an inverse relationship between SNP/indel den-
sity and gene density (Fig. 3), indicating low levels of
polymorphisms within a gene region, which is presum-
ably due to selective constraint. Large gene-poor regions
(ranging from 200 Kb to 1 Mb), including the beginning
of Chrl, end of Chr2, and the beginning of Chr4 and
Chr5, harbour the majority of the identified SNPs and
indels (Fig. 3).

Prediction of metabolic pathways in the Babesia rossi
genome

A total of 1386 putative proteins of the B. rossi PMB
genome were annotated with 307 KEGG pathways,
which were comprised of 616 unique pathway map
identifiers. These annotated KEGG pathways belonged
to major pathway groups such as metabolism (810 pro-
tein), genetic information processing (661 proteins),
human diseases (636 proteins), organismal systems (472
proteins), cellular processes (317 proteins) and environ-
mental information processing (225 proteins) (Fig. 4,
Table S4). About 210 proteins were mapped to metabolic
pathways (map01100) within global and overview maps
(384 proteins) group for metabolism.

Discussion

Babesia rossi is a protozoan parasite, which infects red
blood cells in dogs. It is predominantly found in sub-
Saharan Africa and is known to cause some of the most
severe forms of canine babesiosis. Isolates used in this
study were all collected from dogs that presented with
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severe anemia and were all similarly affected. Under-
standing the genome of B. rossi is crucial for developing
effective treatments, vaccines, and diagnostic tools spe-
cific to this highly virulent species. There are significant
differences in virulence between the various Babesia
species that infect dogs. B. rossi is widely accepted as the
most virulent parasite frequently resulting in organ dys-
function and/or failure resulting in the highest mortality
of all species. The next most virulent is B. canis. Infec-
tions with this parasite may result in severe disease but
less frequently than B. rossi. This is followed by B. gibsoni,
which often results in chronic infections that are usu-
ally subclinical or only mildly clinical. Infections with B.
vogeli are typically asymptomatic [13]. Our study pre-
sents the first genome assembly reported for Babesia
rossi, demonstrating high continuity (a total of 61 scaf-
folds with an N50 of 1.3 Mb) and excellent completeness
(BUSCO completeness score 96.6%). Five gene-dense
scaffolds comprise over 55% of the total assembled length
and encompass>99% of protein-coding genes, which

correspond to the five B. rossi chromosomes. Despite the
presence of several unplaced scaffolds, our assembly is
nearly chromosome-level and 99% of gene models reside
in five chromosomes.

A set of high-quality protein-coding genes was anno-
tated in this reference B. rossi genome, with RNA-seq
transcriptome data support. The majority of B. rossi genes
have orthologs in B. gibsoni, a closely related canine Babe-
sia species. Comparative genomic analysis revealed B. ros-
si’s evolutionary relationship with other apicomplexans,
aligning well with the established phylogeny. In compari-
son with the other Babesia species, a unique feature of
the B. rossi genome is a notable expansion in its genome
size. While the typical Babesia genome ranges from 8 to 9
Mb, K-mer estimation indicated that the B. rossi genome
is approximately double this size. The size of the B. rossi
assembly in our study is approximately 21 Mb, with a
slight inflation compared to the estimated size, which is
likely due to some minor redundancy in repetitive con-
tigs. The five chromosomes in our assembly exhibit strong
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synteny with B. gibsoni gene models, spanning all four B.
gibsoni chromosomes without apparent gaps. Our results
suggest that the expanded regions in B. rossi are primar-
ily non-coding or repetitive in nature. Whether these
expanded genomic regions contribute to the increased
virulence of B. rossi warrants further investigation.

Apicomplexan parasites exhibit significant genetic
diversity, which can affect disease severity, immune
response, and treatment outcomes. Studies in Toxo-
plasma, Eimeria, and Plasmodium have identified single
nucleotide changes with significant effects on drug resist-
ance and antigenicity [58-60]. Our reference genome
was built on the PMB strain, a B. rossi strain isolated in
1970s and maintained in culture for almost 50 years. To
determine the genetic diversity among laboratory and
clinical strains, we independently assembled and anno-
tated genomes from two clinical isolates, named as strain
K and strain R. The assembled genome size of strain K
is 6.5% larger than the reference, and strain R is almost
identical to the reference in size. The observed size dif-
ferences are likely attributable to variations in intergenic
regions, as all three strains exhibited a similar number
of genes. We identified three major inversions in B. rossi
clinical isolates relative to the reference PMB strain: one
inversion is shared between strains K and R, while two
are private to strain R. Compared to the reference, we
detected 33,937 biallelic SNPs and 2,526 indels in strain
K, which translates to 2.6 polymorphic markers per 10
Kb. Strain R exhibits 55% fewer SNPs and 88% fewer
indels than strain K, with one-third of its SNPs shared
with strain K. These identified SNPs and indels are
enriched in the intergenic regions. Although only two
clinical isolates were analysed, our results serve as the
first catalogue of B. rossi genetic diversity, facilitating the
understanding of its population structure.

Conclusions

We report a high-quality genome assembly of Babesia
rossi, an apicomplexan parasite responsible for the most
virulent form of canine babesiosis. The B. rossi genome
demonstrates a high degree of intraspecific sequence
polymorphism and is most closely related to another
canine Babesia, B. gibsoni. B. rossi possesses vast gene
deserts that contribute to a substantial expansion of the
genome size compared to other apicomplexa; however,
the functional significance of this expansion remains to
be determined.

Abbreviations

BUSCO  Benchmarking Universal Single-Copy Orthologs
AED Annotation Edit Distance Score

STAG Species Tree Inference from All Genes
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