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Abstract: More than one-hundred Babesia species that affect animals and humans have been described,
eight of which have been associated with emerging and underdiagnosed zoonoses. Most diagnostic
studies in humans have used serology or molecular assays based on the 185 rRNA gene. Because the
18S rRNA gene is highly conserved, obtaining an accurate diagnosis at the species level is difficult,
particularly when the amplified DNA fragment is small. Also, due to its low copy number, sequencing
of the product is often unsuccessful. In contrast, because the Babesia internal transcribed regions (ITS),
between 185 rRNA and 5.85 rRNA, and between 5.8S rRNA and 28S rRNA, contain highly variable
non-coding regions, the sequences in these regions provide a good option for developing molecular
assays that facilitate differentiation at the species level. In this study, the complete ITS1 and ITS2
intergenic regions of different Piroplasmida species were sequenced to add to the existing GenBank
database. Subsequently, ITS1 and ITS2 sequences were used to develop species-specific PCR assays
and specific single-plex and multiplex conventional (c)PCR, quantitative real-time (q)PCR, and digital
(d)PCR assays for four zoonotic Babesia species (Babesia divergens, Babesia odocoilei, Babesia duncani,
and Babesia microti). The efficacy of the assay protocols was confirmed by testing DNA samples
extracted from human blood or enrichment blood cultures. Primers were first designed based on
the 185 rRNA-5.85 rRNA and 5.85 rRNA-28S rRNA regions to obtain the ITS1 and ITS2 sequences
derived from different Piroplasmida species (B. odocoilei, Babesia vulpes, Babesia canis, Babesia vogeli,
Babesia gibsoni, Babesia lengau, Babesia divergens-like, B. duncani, B. microti, Babesia capreoli, Babesia
negevi, Babesia conradae, Theileria bicornis, and Cytauxzoon felis). Subsequently, using these sequences,
single-plex or multiplex protocols were optimized targeting the ITS1 region of B. divergens, B. microti,
and B. odocoilei. Each protocol proved to be sensitive and specific for the four targeted Babesia sp.,
detecting 1072 (for B. microti and B. odocoilei) and 10~ (for B. divergens and B. duncani) DNA copies
per microliter. There was no cross-amplification among the Babesia species tested. Using 226 DNA
extractions from blood or enrichment blood cultures obtained from 82 humans, B. divergens (seven
individuals), B. odocoilei (seven individuals), and B. microti (two individuals) were detected and
identified as a single infection, whereas co-infection with more than one Babesia sp. was documented
by DNA sequencing in six (7.3%) additional individuals (representing a 26.8% overall prevalence).
These newly developed protocols proved to be effective in detecting DNA of four Babesia species and
facilitated documentation of co-infection with more than one Babesia sp. in the same individual.

Keywords: babesiosis; diagnosis; zoonotic Babesia; tick-borne diseases

1. Introduction

Piroplasmids, apicomplexan protozoa transmitted by Ixodid ticks, can cause diseases
in animals and humans. These protozoa form a polyphyletic group comprising four
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genera: Babesia, Theileria, Cytauxzoon, and Rangelia [1-4]. Currently, there are more than
100 Babesia (Phylum: Apicomplexa; Order: Piroplasmida) species that infect domestic,
wildlife, and human hosts, with several new species and genotypes being identified every
year [2,5-10]. Because of the worldwide economic relevance (especially affecting production
animals) and due to the increasing impact on human health, the genus Babesia is of medical
concern, particularly as an emerging zoonotic pathogen [1,11-15]. Human Babesia sp.
transmission has been predominantly associated with tick bites [2], with Ixodes scapularis
being the primary tick vector in the USA and Canada [14-24] and Ixodes ricinus and
Ixodes canisuga being the primary vectors in Europe [25,26]. Other modes of transmission
such as transfusion of Babesia-contaminated blood, organ transplantation, and oral and
transplacental transmission have also been reported [27-35].

From over one-hundred Babesia species recognized to date, only eight species, con-
firmed by DNA sequencing, have been reported to cause infections in humans (Table S1):
Babesia bigemina, Babesia crassa (including B. crassa-like), Babesia divergens (including B. diver-
gens-like MO1) , Babesia duncani, Babesia microti, Babesia motasi, Babesia odocoilei, and Babesia
venatorum [1,5,12,14,15,27,28,36—69]. Despite being reported as a worldwide infection in
people [15,53], 95% of all human babesiosis cases have been reported from the USA and
Canada [38,70].

Babesiosis symptoms in people vary from asymptomatic, to non-specific, to life-
threatening hemolytic anemia, particularly in splenectomized or otherwise immunocompro-
mised individuals [27,39-41,71,72]. Predominant symptoms and clinical findings include
myalgia, fever, sweating, chills, profound fatigue, sleep disorders, and hepatosplenomegaly.
Hemolytic anemia severity can be related to immunosuppressive factors, such as splenec-
tomy and comorbidities (e.g., cancer, chronic heart, lung, renal, or liver disease, infection
with HIV/AIDS, or patients receiving immunosuppressive drugs). Illness typically occurs
after an incubation period of 1 to 4 weeks following tick transmission and can persist for
several weeks prior to diagnosis and treatment [27,39-41,71,72].

Historically, diagnosis of animal and human babesiosis was primarily based on micro-
scopical observation of intraerythrocytic Babesia merozoites/trophozoites in stained blood
smears and serology. Unfortunately, merozoite/trophozoite visualization has poor sensitiv-
ity due to the low number of circulating infected erythrocytes. For example, less than 1%
of erythrocytes can be infected with B. microti during the acute disease and chronic illness
phase of human babesiosis. [2]. Serology does not confirm ongoing infection, and does not
definitively determine the infecting species due to a high degree of cross-reactivity among
closely related Babesia species (i.e., B. divergens, B. odocoilei, and B. duncani) [39,69]. Molecular
methods, most often PCR targeting the highly conserved 185 rRNA gene, followed by DNA
sequence analyses, have been a widely used method for Babesia sp. detection in clinical
cases, which has facilitated species identification and, importantly, phylogenetic inferences
at the taxon level (Table S1). In recent years, due to highly conserved 18S rRNA Babesia
sequences (that in some instances impair speciation by DNA sequencing) and because the
internal transcribed spacer (ITS) between the 185 rRNA, 5.85 rRNA, and 285 rRNA genes
are more highly variable, the ITS regions have been increasingly used for the detection and
identification of specific Babesia sp., such as B. divergens, B. microti, and B. odocoilei in people,
as well as for different Babesia spp. infecting animals [1,2,37,42,43,73-75].

Because the regions between 185 rRNA and 5.85 rRNA (referred to as Babesia ITS1 in
this manuscript) and the 5.85 rRNA and 285 rRNA genes (referred to as Babesia ITS2) had
higher discriminatory power (when compared with amplification targets derived from the
conserved 185 rRNA region), we developed conventional (cPCR), quantitative real-time
(qPCR), and digital (APCR) PCR assays for detecting and identifying Babesia at both genus
and species levels (specifically aimed at B. divergens, B. duncani, B. microti, and B. odocoilei,
the predominant or suspected Babesia spp. that infect humans in the USA [15,39,76-78]).
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2. Material and Methods
2.1. Animal and Human Sample Sources

Babesia-infected animal samples were kindly provided by Dr. Barbara Qurollo and
Brittany Thomas from the Vector-Borne Disease Diagnostic Laboratory, College of Veteri-
nary Medicine [79], North Carolina State University, and from Dr. Sam Telford, Cummings
School of Veterinary Medicine, Tufts University.

All human study participants provided three blood and serum specimens collected
within a 7-day period. These individuals were previously tested because of a history
of arthropod or animal contact as a component of an Institutional Review Board (IRB)-
approved study entitled “Detection of Bartonella Species in the Blood of People with
Extensive Animal Contact” (North Carolina State University Institutional Review Board,
IRB#s 4925-03 and 164-08-05). The culture and molecular testing approach used in this
study was described in prior publications from our research group [1,80-82]. A total of
226 human DNA blood and enrichment blood culture samples from 82 patients from
7 countries (including 27 USA states) were tested for the presence of Babesia species DNA.

2.2. GenBank Reference Sequences Used in This Study

The following 185 rRNA, 5.85 rRNA, and 285 rRNA gene reference sequences from
representative Babesia species were retrieved from the GenBank database (http://www.
ncbi.nlm.nih.gov, accessed on 1 October 2024). Using Clustal W multi-sequence align-
ment (AlignX, Vector NTI Advanced 10.3.0 from Invitrogen, Waltham, MA, USA), the
complete or partial regions between 18S and 28S rRNA from B. bigemina (HQ840960), B. ca-
nis (AY072926), B. vogeli (HQ148664), Babesia sp. Coco (AY618928, EU109720, EU109721),
B. conradae (AF158702), B. crassa (MK240324, AY260176, KX590751), B. divergens (AY572456,
EU182599, EU185801, EF458187, EU182603, EU182598), B. duncani (HQ289870, MH333111),
B. gibsoni (CP141526), B. microti (AB112337, GU230755, LN871598, AB190435, MK609547,
XR_002459986), B. motasi (AY260179), B. odocoilei (AF158711, AY339747, AY339754, AY339756,
AY339757, AY339759, AY345122, BOU16369, KC1622888, MF357056), B. orientalis (HQ840969),
B. poelea (DQ200887), B. rodhaini (AF510201), B. uriae (FJ17705), and B. venatorum (GQ888709,
MG344777, AY046575, KF724377, OP522105) were used as species reference genes for
alignments.

2.3. Sequence Analysis, Babesia Genus ITS1 and ITS2 Region Primer Design, DNA Amplification,
and Sequence Analysis of Different Babesia Species from Naturally Infected Animals

After DNA sequence alignment and homology analysis of GenBank reference genes
between 185rRNA and 5.85 rRNA, and between 5.85rRNA and 285rRNA (Figure 1A-D),
oligonucleotides were designed: Apil8S rRNA-1690s: 5 CTCCTACCGATCGAGTGATC-
CGGT 3’ (selected from a conserved region at the 3’ end of the Babesia 185 rRNA gene);
Api5.85rRNA-20as: 5 GCTGCGTCCTTCATCGTTGTGTGAG 3'; Api5.8SrRNA-20s: 5’ CT-
CACACAACGATGAAGGACGCAGC 3’ (selected from a conserved region in the Babesia
5.85 rRNA gene); and Api28SrRNA-1las: 5 CCGCTGAATTTAAGCATAAAAYTAAGCGG
3’ (selected from a conserved region at the 5" end of the Babesia 285 rRNA gene). These
PCR primers were used for DNA amplification, using cPCR and qPCR, followed by se-
quencing of the complete intergenic ITS1 and ITS2 regions of several Babesia species from
infected animals (high-copy-number samples previously characterized by gPCR and dPCR
targeting 185 rRNA, [79]), including B. odocoilei (from infected caribou [Rangifer tarandus]),
Babesia vulpes, B. canis, B. vogeli and Babesia gibsoni (from infected dogs), B. lengau (from
an infected cheetah [Acinonyx jubatus]), B. divergens-like (isolate MO-1 from a infected
rabbit [Sylvilagus sp.]), B. duncani (strain J3 from infected hamster [Mesocricetus auratus)),
B. microti (isolate GI from infected hamster), Theileria bicornis (from infected rhinoceros
[Diceros bicornis]), and Cytauxzoon felis (from infected cat) (Table S2). The same conventional
and qPCR primers sets were used for the amplification of Babesia ITS1 and Babesia ITS2
regions from each of the above Babesia species.
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Figure 1. (A): Region in yellow of the conserved downstream 185 rRNA for primer Apil8S-
1690s. (B): Region in yellow of the conserved downstream 5.85 rRNA for primer Api5.85-20s and
Api5.85-20as. (C): Region in yellow of the conserved downstream 285 rRNA for primer Api28S-1as.
(D): Schematic diagram of the intergenic transcribed spacer 1 (ITS1) and 2 (ITS2) DNA regions
targeted for amplification and sequencing of several Babesia species.

For conventional cPCR, amplification was performed with a master-mix reaction, at
25 uL final volume per reaction, comprising 7.3 uL of molecular-grade water (QIAGEN
Germantown, MD, USA), 12.5 uL of 2x My Taq HS Red Mix (Bioline, Memphis, TN, USA),
0.1 pL of 100 uM each of Apil8S rRNA-1690s and Api5.85rRNA-20as (for Babesia ITS1
region) or Api5.85rRNA-20s and Api28SrRNA-1as (for Babesia ITS2 region) as forward and
reverse primers (IDT-DNA Technologies, Coralville, IA, USA), and 5uL of extracted DNA.
Molecular-grade water and DNA extracted from the blood of a naive dog were used as
negative controls. Amplification was performed using a CEX Opus Real-Time PCR System
(Bio Rad, Hercules, CA, USA) under the following conditions: 95 °C for 3 min, followed by
45 cycles of denaturing at 94 °C for 10 s, annealing at 66 °C for 15 s, and extension at 72 °C
for 20 s. The products obtained in PCR assays were separated by horizontal electrophoresis
on 2% agarose gel stained with gelGreen (Thermofisher Scientific, Greenville, NC, USA),
visualized under ultraviolet light illumination using a ChemiDoc MP Imaging System
(Bio Rad, Hercules, CA, USA) and photographed using Image Lab Software v.3.01 3.01
(Bio Rad, Hercules, CA, USA).

Similarly, real-time qPCR amplification of Babesia ITS1 and Babesia ITS2 was performed
as above with minor modifications: 7.5 uL of molecular-grade water (QIAGEN, German-
town, MD, USA), 12.5 pL of 2x SsoAdvanced SYBR green master mix (Bio Rad, Hercules,
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CA, USA), 0.2 uL of 100 uM each of oligonucleotide primers Apil8S rRNA-1690s and
Api5.85rRNA-20as (for detection of Babesia ITS1) and Api5.85rRNA-20s and Api28SrRNA-
las (for detection of Babesia ITS2), and 5uL of extracted DNA. As above, molecular-grade
water and DNA extracted from naive dog blood samples were used as PCR negative con-
trols. Amplification was performed in a Bio-Rad CFX 96-well Opus PCR system machine
under the following conditions: 95 °C for 3 min, followed by 40 cycles of denaturing at
94 °C for 15 s, annealing at 68 °C for 15 s, and extension at 72 °C for 15 s. An additional
gradient cycle from 65 °C to 95 °C was performed for melting curve analysis. Quantification
cycle (Cq) values were determined and melting temperature analysis was performed by
reading fluorescent signals using the FAM /Syber channel.

For both cPCR and qPCR assays, amplified products were purified and sequenced by
Sanger’s method. The obtained sequences were assessed for quality, analyzed using Clustal
W multi-sequence alignment (AlignX, Vector NTI Advanced 10.3.0 from Invitrogen), and
compared to sequences previously deposited in the GenBank database [1].

2.4. Species-Specific gPCR Amplification, Limit of Detection (LOD), and Cross-Amplification
Assessment for the Detection of B. microti, B. duncani, B. divergens, and B. odocoiler ITS1 Region

For each representative Babesia species (B. divergens-like isolate MO-1, B. duncani isolate
J3, B. microti isolate GI, and B. odocoilei isolate VB19-09386), the entire Babesia ITS1-1TS2 re-
gion PCR amplicon obtained using oligonucleotides Apil8SrRNA-1690s and Api28SrRNA-
las as forward and reverse primers, respectively, was cloned into plasmid pGEM-T Easy
(Promega® Madison, WI, USA), transformed into E. coli DH5-« strain-competent cells,
and purified using Qiagen plasmid miniprep kits. Plasmid insert DNA was sequenced
using M13 primers for species verification and quantified using Qubit Flex Fluorometric
Quantification (QIAGEN, Germantown, MD, USA).

Serial dilutions in molecular-grade water, ranging from 107 to 10~ copies/ uL, were
used as templates to assess the limit of detection (LOD) by real-time PCR (both using
Tagman probes and SYBR Green followed melting curve analysis).

Single-plex species-specific real-time PCR: Real-time PCR was performed using re-
action mixture at a 25 pL final volume per reaction. The PCR reaction included 7.3 uL of
molecular-grade water (QIAGEN, Germantown, MD, USA), 12.5 uL of 2x SsoAdvanced
SYBR green master mix (Bio Rad, Hercules, CA, USA), 0.1 uL of each species-specific
primer at 100 pM (IDT-DNA Technologies, Coralville, IA, USA), and 5 uL of DNA sample.
Molecular-grade water and DNA extracted from naive dogs and human blood specimens
were used as PCR negative controls. Amplification was performed in a Bio-Rad CFX 96-
well Opus PCR system machine under the following conditions: 95 °C for 3 min, followed
by 40 cycles of denaturing at 94 °C for 10 s, annealing at 68 °C for 10 s, and extension at
72 °C for 10 s. An additional gradient temperature cycle from 65 °C to 95 °C at 0.2 °C per
second was performed for melting curve analysis. Quantification cycle (Cq) values were
determined and melting temperature analysis was performed by reading fluorescent sig-
nals using the FAM/Syber channel. All PCR-positive samples were sequenced by Sanger’s
method and analyzed using Clustal W multi-sequence alignment as described above.

2.5. Multiplex Species-Specific qPCR

qPCR was performed using the reaction mixture at 25 uL final volume per reaction.
PCR amplification included 7.3 pL of molecular-grade water (QIAGEN, Germantown, MD,
USA), 12.5 uL of 2 x SsoAdvanced probe master mix (Bio Rad, Hercules, CA, USA), 0.1 uL of
each species-specific primer at 100 uM (IDT-DNA Technologies Coralville, IA, USA), 0.1 puL
of 100 uM (IDT-DNA Technologies Coralville, IA, USA) of each species-specific probe, and
5 uL of DNA sample. Molecular-grade water and DNA extracted from naive dogs and
human blood specimens were used as PCR negative controls. Amplification was performed
in a Bio-Rad CFX 96-well Opus PCR system machine under the following conditions: 95 °C
for 3 min, followed by 40 cycles of denaturing at 94 °C for 10 s, annealing at 68 °C for
10 s, and extension at 72 °C for 10 s. Reading of fluorescent signals for detection of each
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Babesia species was performed during the annealing phase of amplification using FAM
(green) for B. odocoilei, HEX (yellow) for B. divergens, CalFluo590 (red) for B. microti, and Cy5
(crimson) for B. duncani. Recording of the fluorescent signal quantification value (Cq value)
was used to assess positive and negative DNA amplification. As above, all PCR-positive
samples were sequenced by Sanger’s method (Genewiz from Azenta, Research Triangle
Park, NC, USA) and analyzed using Clustal W multi-sequence alignment (AlignX, Vector
NTI Advance 10.3.0 from Invitrogen) to confirm species identification.

3. Results

Using Apil8S rRNA-1690s and Api5.8SrRNA-20as (as forward and reverse primers),
cPCR DNA amplification of the Babesia ITS1 region generated a single 557-650 bp band
consistent with the expected DNA sizes (depending on species) for all Babesia species inves-
tigated herein. Importantly, due to a high copy number, all amplicons generated using the
Babesia ITS1 region assay rendered a high-quality DNA sequence chromatogram, facilitating
clear and distinctive differentiation between species and strains (i.e., different B. odocoilei
strains were identified from different cervid species and from infected humans). Similarly,
Api5.85rRNA-20s and Api28SrRNA-1las (as forward and reverse primers) targeting the
Babesia ITS2 regions generated a single 385436 bp band consistent with the expected Babesia
ITS2 region DNA size (depending on Babesia spp.) for Babesia species investigated herein
(Table S2). Using the qPCR assay method, similar results were obtained for all animal
samples tested, generating only a single signal with melting curve temperatures depending
on the Babesia sp. Babesia species ITS1 and ITS2 sequences (amplified by either cPCR or
qPCR) were deposited in GenBank (Table S2).

3.1. Comparison of Babesia Genus Detection in Human Clinical Samples by gPCR and dPCR
Targeting Babesia 18S rRNA Region vs. gPCR Targeting Babesia ITS1 and ITS2 Regions

Previously, our research group described the development of a digital PCR assay
targeting the Piroplasmida 18S rRNA region, to detect piroplasmids, at the genus level, in
animals and human patients [79]. Despite the higher sensitivity and specificity of the digital
PCR assay when compared with real-time PCR targeting the same gene region (including
primers and probes) [79], species identification using digital PCR was not possible due to the
inability to concentrate target DNA for sequence analysis. Therefore, 226 human blood and
enrichment blood culture DNA samples, obtained from 82 individuals previously tested in
our laboratory [1,36,80—-84], were used to assess the relative sensitivity and specificity of
four amplification modalities (185 rRNA qPCR, 185 rRNA dPCR, Babesia ITS1 qPCR, and
Babesia ITS2 qPCR). These samples were analyzed to determine the frequency of positive
DNA amplification and to assess whether the sequence quality (available for qPCR testing
only) was adequate to obtain a readable DNA sequence.

From the 226 human DNA blood and enrichment blood culture samples tested, 19
(8.4%) were positive by qPCR targeting Piroplasmida 185 rRNA; 70 (31%) were positive
by dPCR targeting Piroplasmida 185 rRNA; 29 (12.8%) were positive by qPCR targeting
Babesia ITS1; and 40 (17.7%) were positive by qPCR targeting Babesia ITS2 (Table 1).

Table 1. Prevalence of Babesia species as positive DNA amplification using qPCR and dPCR aiming at
185 rRNA gene and qPCR aiming at the 185 rRNA-5.85 rRNA intergenic (ITS1) region, in 226 human
DNA blood and enrichment blood culture samples.

Piroplasmida 18S rRNA Babesia ITS1
qPCR dPCR qPCR
Negatives 207 156 197
Positives 19 70 29

DNA sequence analysis (using Clustal W multi-sequence alignment; AlignX, Vector
NTI Advance 10.3.0 from Invitrogen) was not successful for any of the 185 rRNA qPCR-
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positive samples, precluding species identification, whereas Babesia DNA was successfully
sequenced from 26 of 29 Babesia ITS1 qPCR and 20 of 40 Babesia ITS2 qPCR samples,
respectively.

In most instances, Babesia ITS1 gPCR rendered higher-quality DNA sequences (using
both forward and reverse primers) compared to the Babesia ITS2 qPCR for the same DNA
extraction. Based upon these comparative ITS1 and ITS2 results, the Babesia ITS1 region
was selected for the detection of Piroplasmida at the genus level and for the design of
species-specific primers and probes for the detection of B. divergens, B. duncani, B. microti,
and B. odocoilei, which are the most frequently documented human Babesia spp. pathogens
in the USA.

3.2. Development of B. divergens, B. duncani, B. microti, and B. odocoilei ITS1 Species-Specific
Primers and Probes

After DNA sequence analysis of PCR amplicons obtained from B. odocoilei-positive
animal blood specimens (Figure 2), from B. divergens-like isolate MO-I (Figure 3), from
B. duncani isolate ]J3 (Figure 4), and from B. microti isolate GI (Figure 5), the following
species-specific primers and probes for amplification of the ITS1 region were designed and
subsequently tested for amplification specificity:

Babesia divergens 1TS1 target region (225 bp):

Primer BdivergensITS1-25s: 5 CTCGGCTTCGACATTTACGTTGTGTAAGCT 3’

Primer BdivergensITS1-150as: 5 CAACTACAGTAGTTACACCGYAGTAARCATAC 3

Probe BdivergensITS1-70: 5 HEX CTTTTKGTGGTTTCGTATTTGYCGTTG-BHQ2 3’
Babesia duncani ITS] target region (170 bp):

Primer BduncaniTS1-1s: 5 GTGTTTAAACCGCGCTTATGCGCAGGTC 3

Primer BduncaniTS1-130as: 5 CTGCACTGGCGGGGTGAAAAGTAAC 3’

Probe BduncaniTS1-80: 5’ Cy5-TGGCTTTGCGGTTCGCCGTACGGCCCC-BHQ3 3’
Babesia microti ITS1 target region (185 bp):

Primer BmicrotilTS1-25s: 5 TATCAGAGTTCTTTGTATCCCATTTGGGTTA 3’

Primer BmicrotilTS1-160as: 5 GAAAATACCTTGGGAGTGAGAACGCCCCGT 3/

Probe BmicrotilTS1-70: 5’ CalFluoRed590-AGAAGAGTGGCCTTGGACGTAG-BHQ2 3’
Babesia odocoilei ITS1 target region (150 bp):

Primer BodocoITS1a-100s: 5 CTGTTGCACTTTTGTGCTTGACGTTGT 3’

Primer BodocolITS1a-255as: 5’ CAAGCGCAGGGATGGAAACGGA 3/
Probe BodocolTS1a-200probe: 5 FAM-GGCCTCGTCATGGCGACGTGGT-BHQ1 3’

02) & 00 110 ‘ 130 ac 150 60 o 180 90 00 210 ] ] 240 3 60 210 2
- CATTGANTCTGTTGCACTTTIGTGCTTGACGTTGTC TG TT  C6T / GTGCAGO TETC TOGC TGCAGC TGC GTCCGTOGGECGCGGTOCACGT T B TGO T TEGTAGC TGGCC TOGTCATGGCGACG TR TT IO G TS TTGTT (CGTTTOCATOCCTGOGC TTECGTGGGACGTTGE00C TOCCACCCCTCCARG
1) ---GAT TTTTGTGCTTGACGTTGTCTGT TTGTGGCT T CGGTCTTGTTCCGTT

oee

ACOOCETOEAG

“CATGGCGAC

4
nnnnn rgens (EU185801) (44) BOIOEES
(44)

Figure 2. Alignments of B odocoilei ITS1 sequence region.

3 60 o % “ 110 120 130 ac 150 160 o 0 150 0 10 Y 3 i
TTCG CCATTTACE TTGTGTARGCTTGCTTGCAGC TGTGACTCTACGTCATGETCCACTTTT SGTGGTTTICETATT TG TC G TG00 TGGOGACGTGET TTOGGTC TTG T TCCG T TTCCATOC CTGO G T TT TG TGGGACGTTGOCC 00 TCCCACCOCACCGGTCTATGTTTACT -CGGTGTAACTACTGTAGTTG

CTETECT 5

Figure 3. Alignments of B. divergens ITS1 region.
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B duncani kolate J3 (1) CATTENGHBARABBEEEC ARBOBBABGIE oG GGG TAGCC TCGOGCTTCCTAACCC GAGACCARAAGGTGACG TTGETCC TTGCC TTGGCAGGCCATOCCC GO T TC A TGN T GATGTC GGG AR O ACOBEEOAGHBENR /A A/ TGCATT]

Primer BduncaniTS1-1s (1) --- - GIGTITARACEECECTTATEOGEAGE!

Probe BduncaniTS1-80 (1) TTTGCGETTOGCCGT c
S1-130as (1) TACTTT

Figure 4. Alignments of B duncani ITS1 region. No B duncani ITS1 region available from GenBank
database.

3 50 100
TGGACGTAGCGGCTGCARC CaoaTC
T TGCAACTTTGT

lllllll

Figure 5. Alignments of B microti ITS1 region.

For both TagMan probes and SYBR Green-based qPCR, species-specific ITS1 amplifica-
tion was detectable at levels of 102 (for B. microti and B. odocoilei) and 10~ (for B. divergens
and B. duncani) copies per microliter for each of the four targeted Babesia spp. Amplicons of
the lowest DNA concentration generated good-quality chromatograms with sequences that
matched the targeted Babesia sp. Melting curve analyses for each species by SYBR Green
qPCR generated peaks at 89.5 °C to 90 °C for B. odocoilei, 86.5 °C for B. divergens, 89 °C for
B. duncani, and 88.5 °C for B. microti.

3.3. Assessment of Species-Specific Amplification for Cross-Amplification with Non-Target
Babesia spp.

There was no cross-amplification using either TagMan probes or SYBRGreen-based
qPCR assays, when B. divergens, B. duncani, B. microti, and B. odocoilei species-specific
primers and probes were tested against DNA extracted from the blood of animals infected
with B. vulpes, B. odocoilei, B. canis, B. vogeli, Babesia sp. Coco, B. gibsoni, B. lengau, B. felis,
pr B. conradae or when tested against B. microti, B. divergens, B. odocoilei, or B. duncani
plasmid-based DNA (Table S3).

3.4. Detection of Babesia spp. Infection in Human Samples

Of the 82 human research subjects tested during this assay validation study, 22 (26.8%)
were infected with one or more Babesia species. Amplicon DNA sequence analysis of
qPCR products targeting the Babesia ITS1 and/or Babesia ITS2 regions identified single
infection with Babesia divergens in seven (8.5%) individuals, B. odocoilei in seven (8.5%)
individuals, or B. microti in two (2.4%) individuals (Table S3). As a result of analyzing
different samples (different time points within 7-day blood collections or blood vs. 7-, 14-,
or 21-day enrichment culture samples) from the same individual, Babesia spp. co-infection
was detected in six (7.3%) individuals, as well as two (2.4%) individuals infected with
B. divergens and B. microti, three (3.7%) individuals infected with B. divergens and B. odocoilei,
and one (1.2%) individual infected with B. microti and B. odocoilei (Table 2).

For many of these individuals, the same Babesia species was detected at different
blood sampling time points. Sequence analysis of some qPCR products obtained from
people where co-infection was documented indicated the presence of mixed sequencing
chromatograms (usually double peaks with one chromatogram as a low signal, as shown in
Figure 6), indicating the potential for alternative allele sequences. To assess if these ampli-
cons indicated co-infection with more than one Babesia sp. (beyond the species previously
identified by qPCR and DNA sequencing), a single-plex species-specific real-time PCR
targeting the Babesia ITS1 region was developed. Using the qPCR single-plex assay target-
ing ITS-1 of the four selected zoonotic Babesia sp., co-infection with more than one Babesia
sp. was confirmed by DNA sequencing, as these patient samples contained alternative
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allele sequences. For other individuals, the single-plex assay amplified sequences of the
same species (i.e., B. divergens or B. odocoilei) previously identified by the Babesia ITS1 or
ITS2 amplification. Babesia odocoilei was the “secondary” co-infecting species identified
by species-specific ITS1 region amplification in all eight individuals, with amplifications
of very high threshold cycle (Ct) values (>37 to over 40 total cycles), indicating a very
low-level parasitemia. Co-infection with B. divergens and B. odocoilei was most frequently
detected (seven of eight individuals), as illustrated by the patient depicted in Figure 6 for
enrichment culture sample 20468C21. Another individual was co-infected with B. microti
and B. odocoilei.

Table 2. Babesia species detected in 22 of 82 individuals tested as a component of this study.

Species Detected and Sequenced Individuals

B. divergens 7

B. microti

B. odocoilei

B. divergens and B. odocoilei

2
7
B. divergens and B. microti 2
3
1

B. microti and B. odocoilei

Figure 6. Overlapping sequencing chromatograms (double peaks) obtained from the enrichment
blood culture sample 20468C21 amplicon from a human patient obtained by Babesia ITS1 amplifica-
tion, indicating potential alternative allele sequences due to co-infection, which was confirmed as
B. divergens and B. odocoilei using species-specific ITS1 probes.

Babesia sequences of amplicons (ITS1 and ITS2) obtained from these individuals have
been deposited in the GenBank database under the following accession numbers: B. odocoilei:
PP693407, PP693408, PP693409, PQ452565, PQ452566, PQ452567, PQ452568, PQ452569,
PQ452570, PP550653, PP550654, PP550655, PP550656, PP550657, PP550658, PP550659,
PP550660, PP550661, PP592351, PP550644, PP550645, PP550646, PP550647, PP550648,
PP550649, PP550650, PP550651, PP550652, PQ452561, PQ452562, PQ452563, and PQ452564;
B. divergens: PQ404846, PQ404847, PQ404848, PP693420, PP693421, PP693422, PP693423,
PP693424, PP693425, PP693426, PQ452546, PQ452547, PQ452548, PQ394580, PQ459266,
PQ459267, PQ459268, PQ459269, PQ459270, PQ459271, PQ459272, PQ459273, PQ459274,
and PQ459275; B. microti: PQ459008, PQ459009, PQ459010, PQ459011, PQ459012, PP693410,
PP693411, PP693412, PP693413, PP693414, PP693415, PQ452571, PQ452572, PP693416,
PP693417, PP693418, PP693419, PQ452549, PQ452550, PQ452551, PQ452552, PQ452553,
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PQ452554, PQ452555, PQ452556, PQ452557, PQ452558, PQ452559, PQ452560, PQ459293,
PQ459262, PQ459263, PQ459264, and PQ459265.

Babesia duncani DNA was not amplified as a single or co-infection in any of the
226 human patient samples analyzed in this study.

4. Discussion

Using blood specimens from animals naturally infected with piroplasmids, experimen-
tally infected animals, and human clinical samples derived from research studies, specific
qPCR assays were designed and validated for amplification of the Babesia intergenic region
(ITS1) at the genus, species-specific, and strain levels, specifically targeting B. odocoilei,
B. duncani, B. divergens, and B. microti. In previously published human babesiosis case re-
ports confirmed by DNA sequencing, the diagnosis was most often confirmed by targeting
the highly conserved 18S rRNA gene, which is a good marker for phylogenetic inferences,
especially at the taxon level. However, failure to obtain a confirmatory DNA sequence
from positive 185 rRNA gene amplicons occurs frequently, which negatively impacts the
possibility of achieving a definitive species identification. Failure to successfully sequence
an 18S rRNA qPCR amplicon is most often due to low DNA quantity, a finding consistent
with testing results reported in this study, as most samples rendered very high qPCR
threshold cycle (Ct) values (>37 over 40 total cycles). In addition, non-specific amplification
or co-infection with two Babesia species can also contribute to sequencing failure.

The Babesia spp. intergenic spacer regions have greater evolutionary variation when
compared to the conserved 185 rRNA gene. This genetic variation is associated with the
facilitation of more rapid genetic change, making the ITS regions useful for defining species
and microbial populations at a more refined specific species or strain level [12,13,38]. The
ITS region has proven useful for diagnosing closely related species of Cystoisospora [12], as
well as being used as a PCR target for dinoflagellates [15], fungi [14,39], Thalassiosirales [38],
and nematodes [40,41]. Previously, Wilson et al. (2005) [65] developed qPCR and ddPCR
protocols based on the ITS1 region of B. microti and B. duncani.

The primers and probes developed in this study proved to be specific for the four
Babesia spp. investigated, with no cross-amplification with any other tested Piroplasmids
species. The ITS1 TagMan probe and SYBRGreen-based assays proved to be sensitive,
being able to detect a minimum of 10! copies per pL. The use of more sensitive and spe-
cific assays, primarily aimed at detecting zoonotic Babesia species, favors a more accurate,
species-specific diagnosis, which could impact treatment decisions and preventive strate-
gies. In addition, the use of sensitive and specific species primers or probes facilitates the
detection of Babesia spp. co-infections, as reported in this study, which may go undetected
when targeting the more evolutionarily conserved 185 rRNA gene. In the initial studies
carried out by our research group, DNA extracted from the blood of cervids was positive
by conventional 185 rRNA PCR, and DNA sequencing confirmed infection with Theileria
cervi. These same cervid blood samples were also positive using the B. odocoilei-specific ITS1
gPCR assay, with species confirmation determined by DNA sequencing. Thus, co-infection
was confirmed in reservoir hosts, results that would not have been obtained by solely
targeting the 18S rRNA gene (Figures S1-S3).

Currently, babesiosis is increasingly being diagnosed in humans, often in association
with a diagnosis of Lyme borreliosis, transmitted by Ixodes ticks [2,5,36,85]. As reviewed,
the initial recognition and molecular characterization of different Babesia species infecting
humans is also increasingly reported in the worldwide medical literature [43]. The most re-
cent descriptions and sequencing confirmation were of B. odocoilei detected in symptomatic
humans from Canada and the USA [1,42]. With the advent of molecular assays, a more
accurate diagnosis of the specific Babesia species infecting animals and human patients
has become possible, confirming substantially greater diversity of species circulating in
and among animals with the possibility of spillover to humans. In the past, most human
Babesia studies were based on direct microscopic visualization or serological assays, so most
cases of babesiosis were mainly attributed to B. microti [28,44,45,47,49-52,86,87]. However,
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the possibility of serological cross-reactivity among Babesia spp. cannot be ruled out, as
well as co-infection with more than one Babesia species that would not likely be diagnosed
clinically. More specific diagnostic tests, such as those targeting the ITS1 Babesia genus and
species-specific assays developed in this study, will favor diagnosis at the species level and
will facilitate documentation of Babesia and Piroplasmida co-infections diagnostically and
in epidemiological studies. The bite of an infected tick is described as the main route of
Babesia spp. transmission, followed by blood transfusion and tissue transplants [27,53,88].
However, other potential transmission routes should not be ruled out. For example, there
is evidence of B. gibsoni being transmitted through fighting among American Staffordshire
(Pitbull) terriers [69], indicating the possibility of direct transmission between animals
and humans.

In addition to the development of targeted Babesia spp. qPCR assays through this
research, we generated and submitted to GenBank complete sequences of the ITS-1 and
ITS-2 regions of different Piroplasmida species (B. vulpes, B. canis, B. vogeli, Babesia sp. Coco,
B. gibsoni, B. lengau, B. felis, B. odocoilei, B. divergens, B. capreoli, B. negevi, T. bicornis and
C. felis), including many ITS regions that had never been previously sequenced. Access
to these sequences will contribute to future studies aimed at developing and validating
molecular assays targeting these regions.

Based on the use of PCR amplification and sequencing of the Babesia ITS1 region (both
at genus and species levels), we were able to identify not just B. odocoilei, B. divergens,
and B. microti in studied participants, most of whom reported chronic and often non-
specific symptoms, but also co-infections with two Babesia species in a small subgroup of
individuals. Interestingly, B. duncani DNA was not detected as either single or co-infection
in any of the 226 human samples analyzed in this study. As the purpose of this study was to
describe improvements in methodology for the detection and molecular characterization of
Babesia spp., medical details regarding the 82 study participants will be reported in future
publications, as these assays were used to generate B. odocoilei DNA sequences for a recent
publication [1].

5. Conclusions

Using the intergenic spacer regions between the 185 rRNA and the 5.85 rRNA (known
as ITS1) and between the 5.85 rRNA and the 285 rRNA genes (known as ITS2), we designed
a set of highly sensitive molecular primers and probes that facilitate the amplification,
detection, and characterization of Babesia spp. that infect humans and animals. The primers
and probes designed for species-specific detection (here targeting B. divergens, B. duncani,
B. microti, and B. odocoilei) will facilitate the diagnosis of single and co-infections with
Babesia spp. in animals and human patients.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/pathogens13121094/s1, Figure S1: Electropherogram of an 185
rRNA gene sequence showing the overlapping peaks; Figure S2: Part of the 18S rRNA alignment
of T. cervi, B. odocoilei and deer sequences showing great divergence between T. cervi and B. odocoilei;
Figure S3: Alignment of ITS-1 sequences; Table S1: Babesia species currently identified by DNA se-
quence infecting people worldwide; Table S2: Piroplasmida species, animal source, case identification
and GenBank Accession numbers generated in this study for the intergenic transcribed spacer regions
between 185 rRNA and 5.8S rRNA (ITS1) and 5.85 rRNA and 28S rRNA (ITS2). Note: N/A: not
amplified; Table S3: Assessment of Babesia species specificity and cross-amplification with other
Babesia species for the species-specific ITS1 assay. Note: original refers to DNA extracted from blood
from pre-characterized animal clinical samples.
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