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Preface to ”Babesia and Human Babesiosis”

Babesia is a genus of intraerythrocytic protozoan parasites belonging to the exclusively parasitic

phylum Apicomplexa. There are more than a hundred known species of this genus, occurring mainly

in mammals, but also in birds, and all transmitted by ticks, which are blood-sucking arthropods

related to spiders. Ixodid (hard-bodied) ticks are vectors of the vast majority of Babesia spp., but a

small number of babesias are transmitted by argasid (soft-bodied) ticks. For many years, Babesia spp.

were only known as important parasites of domestic animals and were the first pathogens shown to

be transmitted by an arthropod vector when, in 1893, Smith and Kilborne reported the vector role of

cattle ticks in redwater fever (babesiosis) in the USA [1]. Human babesiosis was first described in 1957

when it occurred as a fulminant and ultimately fatal infection in a Croatian farmer [2]. More human

cases followed over the next 50 years, and at least four taxonomically classified Babesia species (B.

divergens, B. duncani, B. microti, and B. venatorum) have now been confirmed as zoonotic pathogens,

with some others that have not yet been identified to species.

The main pathological event of infection with these parasites is the destruction of erythrocytes,

resulting in haemolytic anaemia with added complications due to the release of toxins and waste

products into the bloodstream. Further damage to the host can be caused by cytokine storms as the

host’s immune system responds to infection. In many respects, the pathology of babesiosis is similar

to that of the much better-known disease, malaria, caused by Plasmodium spp.

This Special Issue consists of 11 reviews that between them address the global babesiosis

situation, the disease in Europe, the history and current status of B. microti in the USA, babesiosis

in relation to sickle cell anaemia, experimental infections of ticks, transfusion transmission, the

significance of major surface antigens, advances in the diagnosis of babesiosis, historical and current

approaches to treatment and management, and babesiosis in relation to climate change. Additionally,

six research articles are presented addressing the discovery of a new zoonotic genotype of B. divergens,

the characterisation and function of certain proteins involved in parasite–erythrocyte interaction, the

identification of proteases as possible drug targets, the identity of piroplasms in ticks removed from

deer in Portugal, and the identification of an alternate growth medium that can support the in vitro

growth of B. duncani in human erythrocytes.

In their review on the worldwide occurrence of human babesiosis, Kumar et al. [Ch. 1]

draw attention to the fact that this is an emerging zoonosis, with increasing reports of infections

caused by the known zoonotic species in new areas, for example, in China, in addition to cases

involving Babesia parasites of undetermined species. They conclude that the true number of affected

patients is considerably underestimated, particularly in regions where clinical and diagnostic overlap

with malaria occurs, and call for improved surveillance and continued research on treatment and

prevention. The authors mention climate change as a possible factor in the gradual spread of B. microti

in the USA, and the role of climate in the epidemiology of zoonotic babesiosis in general is discussed

more fully by Gray and Ogden [Ch. 2], with particular reference to climate effects on the vector ticks.

While extensive data suggest that global warming is affecting the distribution of the Ixodes vectors,

no changes in the current occurrence of zoonotic babesiosis can, as yet, be convincingly attributed

directly to climate change, though models suggest that this is only a matter of time.

Hildebrandt et al. [Ch. 3] discuss European babesiosis in more detail. Compared with the USA,

the disease is relatively rare in Europe, but the authors point out that most cases present as medical

emergencies, mainly in immunocompromised patients, and particularly in those that are asplenic.

Unusually, an attempt has been made to present data on every recorded case that has occurred in the
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last two decades, with the hope of shedding new light on both the epidemiology of the disease as

well as on diagnosis and management. Most human babesiosis cases in Europe are due to infection

with B. divergens and B. microti, although the true prevalence of the latter is unknown because of

the apparent low pathogenicity of European strains of this parasite. There is also uncertainty about

the epidemiology of the genuinely pathogenic B. divergens, particularly the possible role of red deer

as reservoir hosts. This topic is again addressed in a research paper by Fernandez et al. [Ch. 4],

who describe a study in which ixodid ticks removed from deer in a Portuguese nature reserve were

analysed for piroplasm infections. B. divergens sequences were detected that were apparently identical

to those associated with human and bovine babesiosis, and it is concluded that the most likely source

of these parasites was the deer. Other interesting findings include the association of Theileria spp. with

Ixodes ricinus and the abundant occurrence of an exophilic form of the brown dog tick, Rhipicephalus

sanguineus.

Babesia microti, the causal agent in the vast majority of cases, particularly in the USA, is the subject

of two reviews. Telford et al. [Ch. 5] describe in detail the emergence of this pathogen 50 years ago.

This is probably the first time that all the salient facts behind the appearance of this pathogen and

the subsequent spread of B. microti babesiosis in the USA are presented in detail, which will make

interesting and enlightening reading for all babesiologists. A range of interventions are described,

and although the extent of their implementation has proved disappointing, the authors remain

optimistic that by the centennial of the discovery of “Nantucket fever”, technological advances will

have resolved many of the control and prevention problems. In the second review on B. microti,

Goethert [Ch. 6] describes its worldwide diversity, knowledge of which has evidently increased

markedly over the decades since the parasite’s emergence as a human pathogen. The author argues

that because many of the studies on B. microti were conducted before the availability of molecular

analysis, an understanding of its ecology has been hampered by confusion about parasite identity. B.

microti has now been taxonomically allocated to five distinct clades within the species complex, but

problems with identity evidently persist in some recent studies.

Parasite diversity has also drawn the attention of researchers in the study of B. divergens-like

pathogens since the occurrence of four human cases in the USA [3, 4, 5, 6] and two in Europe [7, 8].

In some of these reports, the infectious agent was initially identified as B. divergens, but subsequent

analysis has established that they are all clearly distinct from this species and are currently described

as B. divergens-like or have been given an abbreviation to indicate the location of the case. Thus, the

causal agent of the first of these [3] occurred in Missouri and is described as Babesia sp. MO1. In

this Special Issue, Bonsergent et al. [Ch. 7] describe an isolate obtained from a case in France, which

caused a relatively mild infection, compared with classic B. divergens babesiosis. The subsequent

molecular analysis determined that the parasite involved, which they name Babesia sp. FR1, belongs

to the MO1 clade. Their study demonstrates that variations in the severity of suspected B. divergens

babesiosis [9] may be due to infections with B. divergens–like parasites rather than with the classic

B. divergens of cattle. The reservoir host of Babesia sp. MO1 is believed to be the cotton-tail rabbit

(Sylvilagus floridanus), and while the reservoir host of Babesia sp. FR1 is unknown, the European

rabbit (Oryctolagus cuniculus) is implicated by its high abundance in the habitat where the infection is

thought to have been contracted.

The list of zoonotic Babesia spp. is gradually lengthening, but it is difficult to determine the tick

vector involved in the transmission of parasites known only as isolates from patients. The detection

of parasite DNA in ticks is only indicative of vector status and absolute proof requires experimental

demonstration of transmission under controlled conditions [10]. A review of the approaches and
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technologies to achieve such proof is presented by Bonnet and Nadal [Ch. 8], who discuss the

application of ticks to both naturally infected and experimental animals, and also the increasing use

of artificial tick-feeding systems. They conclude that systems for the experimental infection of ticks

are vital tools for the determination of vector competence, enhancing our knowledge of pathogen

ecology and of Babesia spp. life cycles, and that consideration should be given to the standardisation

of artificial-feeding protocols.

Although tick transmission is the primary means by which Babesia spp. infect humans, blood

transfusions are an increasingly important source of infection, particularly of B. microti in the USA.

Bloch et al. [Ch. 9] review the history of transfusion-transmitted babesiosis, mainly in the USA,

evaluate the evolution of surveillance, assay development, and screening policy in the USA, and

suggest that the current American model for the prevention of transfusion babesiosis could form

the basis for similar measures in other countries where the perception of transfusion transmission

risk is currently low. One of the groups of patients that is particularly prone to haemolysis and

requires frequent blood transfusions are those suffering from haemoglobinopathies such as sickle

cell anaemia and thalassaemia. Little is known about the course of babesiosis in such patients,

but it has been accepted for many years that haemoglobinopathies afford some protection against

malaria, and studies on Babesia spp. in this context, reviewed here by Beri et al. [Ch. 10], suggest

that such conditions also hinder intraerythrocytic growth of parasites. Possible mechanisms for the

resistance of sickle cells to Babesia spp. are explored and suggestions are made for further studies to

identify the possible “Achilles heel” of both Babesia and Plasmodium spp. that could result in effective

interventions.

The detection of Babesia parasites in stored blood by molecular methods is an essential

component of screening procedures for blood transfusion and is also the most reliable approach for

detection of parasites in clinical cases when parasitaemias are low, whereas microscopy in the hands

of experienced laboratory staff is useful at higher parasitaemias. Meredith et al. [Ch. 11] address

the history, current status, and future prospects for laboratory diagnosis of B. microti, with particular

emphasis on the application of modern technologies such as exploitation of the CRISPR–Cas system,

which markedly increases the sensitivity of nucleic acid test systems. Serological testing for babesiosis

has mainly relied on immunofluorescence techniques to detect surface antigens, and increased

knowledge of the nature of these surface antigens is important. Delbecq [Ch. 12] reviews the major

surface antigens of B. microti and B. divergens, highlighting their role in both erythrocyte invasion

and the immune response. He concludes that the increased knowledge of the major antigens will

contribute to the development of vaccines, and of more sensitive serological assays and antigen

capture assays that could be used to identify biomarkers for exposure, active infection, and protection.

Other antigens, members of the rhoptry-associated protein-1 (pRAP-1) family, are the subject of a

work by Bastos et al. [Ch. 13]. These proteins are secretory products of the apical complex in

piroplasms, which plays an essential role in cell invasion by the parasite. Rhoptry proteins have

not received the attention they should and the study described here suggests the involvement of

pRAP-1 in parasite adhesion, attachment, and possibly evasion of the immune response. Antibodies

in B. microti-infected humans recognise recombinant forms of the two proteins studied, suggesting

that they could be candidates for both diagnostic assays and vaccines.

Efficacious drug treatment of patients is central to the management of babesiosis and a review of

antimicrobial use in the past and present by Renard and Ben Mamoun [Ch. 14] draws attention to the

fact that the currently available drugs are limited and have been repurposed rather than developed

specifically as antibabesials. Since they are associated with either significant side effects or the rapid
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emergence of drug resistance, it is clear that new therapeutic strategies are required. In vivo models

for antibabesial evaluation using mice, hamsters, and gerbils have been available for some years but

continuous culture in vitro has been restricted to B. divergens up to the present. However, Singh et

at., have demonstrated that the DMEM-F12 medium supports the continuous in vitro culture of B.

duncani in human erythrocytes [Ch. 15]. This finding in combination with the development of the ’in

culture-in mouse‘ (ICIM) model of B. duncani infection, also conducted by Ben Mamoun’s laboratory

[11], are major advances and are likely to result in B. duncani becoming the species of choice for the

discovery of antimicrobials against all the zoonotic Babesia spp.

Babesia microti is the predominant zoonotic species and is also arguably the least susceptible to

existing antimicrobials [12]. The identification of chemotherapeutic targets in these parasites thus

becomes an important research priority. Florin-Christensen et al. [Ch. 16] focus on species-specific

proteases and have used bioinformatics to identify genes in the B. microti genome that code for these

enzymes. They classify 89 proteases into five groups and report that comparisons between B. microti

and B. bovis reveal differences between sensu lato and sensu stricto parasites, reflecting their distinct

evolutionary histories, which is probably relevant to their susceptibilities to antibabesials [12]. In

another work on proteases [Ch. 17] Šnebergerová et al. investigate aspartyl proteases in B. microti,

particularly in relation to homologues of known function in other parasites, such as plasmepsins

in Plasmodium spp. They suggest that analogies with plasmodial plasmepsins indicate piroplasmid

aspartyl proteases as potentially important therapeutic targets.

We hope this Special Issue will motivate research scientists to further develop strategies for the

prevention and control of babesiosis in the future. Improvements are required in diagnosis, the

rigorous typing and identification of Babesia parasites, prevention of transfusion transmission, and

the discovery of novel antibabesial drugs. The development of safe and effective vaccines for use in

humans remains an unrealised goal and is an important research priority.

The researchers who have participated in this Special Issue remind us that zoonotic babesiosis

is a complex emerging disease, in which ticks and domestic and wild animals have crucial roles so

that environmental factors, particularly in a climate change context, must be taken into account. In

the coming years, multidisciplinary collaboration between research groups, the use of digital tools

for analysing and sharing essential data about current and new species, the involvement of health

authorities in the implementation of surveillance systems, and the development of specific funding

strategies for emerging infections such as babesiosis, will be decisive in achieving the necessary goals.

Finally, it is imperative to inform and collaborate with veterinary scientists, community health care

workers, and the general population in order to determine and reduce the risk of zoonotic babesiosis.

Our sincere thanks to all the authors for their excellent contributions to this book and to the

Special Issue assistant Editor, Anne Wang, for her assistance throughout.
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Abstract: Babesiosis is an emerging tick-borne disease caused by intraerythrocytic protozoa that are
primarily transmitted by hard-bodied (ixodid) ticks and rarely through blood transfusion, perinatally,
and organ transplantation. More than 100 Babesia species infect a wide spectrum of wild and
domestic animals worldwide and six have been identified as human pathogens. Babesia microti is the
predominant species that infects humans, is found throughout the world, and causes endemic disease
in the United States and China. Babesia venatorum and Babesia crassa-like agent also cause endemic
disease in China. Babesia divergens is the predominant species in Europe where fulminant cases
have been reported sporadically. The number of B. microti infections has been increasing globally
in recent decades. In the United States, more than 2000 cases are reported each year, although the
actual number is thought to be much higher. In this review of the epidemiology of human babesiosis,
we discuss epidemiologic tools used to monitor disease location and frequency; demographics
and modes of transmission; the location of human babesiosis; the causative Babesia species in the
Americas, Europe, Asia, Africa, and Australia; the primary clinical characteristics associated with
each of these infections; and the increasing global health burden of this disease.

Keywords: babesiosis; Babesia microti; epidemiology; immunoepidemiology; case surveillance; babesiosis

1. Introduction

Human babesiosis is caused by intraerythrocytic protozoal parasites in the phylum
Apicomplexa and is transmitted by hard bodied ticks. It is rarely transmitted through
red blood cell transfusion, transplacentally from mother to fetus, and through organ
transplantation. Babesiosis is an emerging infection with increasing numbers of cases being
reported throughout the world (Figure 1) [1–8].

More than 100 species of Babesia have been described that infect a wide array of wild
and domestic animals [9,10]. Babesiosis is a significant problem for cattle and has had a
major economic impact in several cattle producing countries. Six primary species have
thus far been confirmed as human pathogens: Babesia crassa-like agent, Babesia divergens,
Babesia duncani, Babesia microti, Babesia motasi, and Babesia venatorum. Several other ge-
netically related pathogen substrains have been reported to infect humans, including
Babesia divergens-like and Babesia microti-like pathogens (Table 1).

Human babesiosis is found primarily in the temperate zone. The predominant species
is B. microti, which is endemic in the northeastern and northern midwestern United States
and southwestern China [1,3,4,6]. B. crassa-like pathogen and B. venatorum are endemic in
northeastern China [11,12]. B. divergens is found most commonly in Europe [2,5]. Cases
of babesiosis have been sporadically reported in Australia [13], Bolivia [14], Brazil [15],
Canada [16,17], the Canary Islands [18], Colombia [19], Ecuador [20], Egypt [21], In-
dia [22,23], Japan [24], Korea [25,26], Mexico [27], Mongolia [28], Mozambique [8], South
Africa [29], Taiwan [30], and Turkey [31] (Table 2).
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Figure 1. Geographic distribution of major areas of human babesiosis transmission. The map depicts the major areas where
human babesiosis has been reported. Additional areas where human babesiosis has been reported but are not shown in the
figure are mentioned in the text. Solid colors indicate areas where human babesiosis is endemic. Stippled areas indicate
areas where babesiosis is sporadic with ≥10 cases reported. Circles depict areas where 1–10 cases have been reported.
Colors distinguish the etiologic agents: Babesia crassa-like agent (gray), Babesia duncani (orange), Babesia divergens (blue),
Babesia microti (red), Babesia motasi (black), and Babesia venatorum (green). White circles depict cases caused by Babesia spp.
that were not characterized. Asymptomatic infections are omitted (adapted from The New England Journal of Medicine,
Edouard Vannier, and Peter J. Krause, Human Babesiosis, 2012, 366, 2397. Copyright (2021) Massachusetts Medical Society.
Reprinted with permission [1]).

Table 1. First reports of Babesia species causing human babesiosis.

Babesia Species Year Case Reported Major Region of
Transmission Primary Vector

Babesia microti 1968 [32]
United States

(Northeast, northern
Midwest)

I. scapularis

Babesia divergens 1957 [33] Western Europe I. ricinus

Babesia duncani 1991 [34] United States
(Farwest) D. albipictus

Babesia venatorum
(EU1) 2003 [35] Europe (Austria,

Italy) I. ricinus

China I. persulcatus
Babesia motasi (KO-1) 2007 [26] South Korea unknown

Babesia crassa-like
agent 2018 [11] Northeast China I. persulcatus

Genetic variants
Babesia divergens-like 1996 [36] United States Unknown
Babesia microti-like

(TW1) 1997 [30] Taiwan, Japan Unknown

adapted from Puri et al. Frontiers in Microbiology, 2021 [37].

Babesia parasites were first described by Victor Babes in Romanian cattle in 1888 [38].
The first human case of babesiosis was described in 1957 by Skrabalo and Deanovic in
Yugoslavia and the second in 1968 in California [32,33,39]. The causative Babesia species was
not determined in either instance. A year later, a third babesiosis patient was reported and
the causative species was identified as B. microti. The patient was a resident of Nantucket
Island in Massachusetts where babesiosis was soon recognized as endemic [40]. Additional
cases were reported in the southeastern New England mainland and from there the disease
spread eastward, northward, and southward [41–46]. A primary cause of this emergence is
thought to be a marked increase in the white-tailed deer population that greatly amplifies
the number of vector Ixodes scapularis ticks. Other causes include an increase in the human
population, home construction in wooded areas, increased recognition of the disease by
physicians and the lay public, and improved diagnostic testing [1,39,41]. The emergence
of babesiosis has lagged behind that of Lyme disease, even though it is transmitted by
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the same tick and is sometimes transmitted simultaneously [45,47]. Babesiosis due to
B. microti is now endemic from Maryland to Maine and in the northern Midwestern states
of Minnesota and Wisconsin. A modest number of cases of B. duncani have been reported on
the West coast [48]. Babesiosis due to a Babesia divergens-like pathogen has been identified in
patients in five states: Arkansas, Kentucky, Michigan, Missouri, and Washington [36,49–52].

Babesiosis should be suspected in patients who live in or travel through an endemic
area or have received a blood transfusion within the previous six months and present with
typical symptoms that include fever, chills, sweats, headache, and fatigue [2,53]. The disease
is confirmed by identifying Babesia-infected red blood cells on thin blood smear or amplifi-
cation of Babesia DNA using polymerase chain reaction (PCR) [1,2,54–56]. Atovaquone and
azithromycin (the drug combination of choice) or clindamycin and quinine treatment are
usually very effective, although prolonged illness may occur in immunocompromised
hosts with a mortality rate as high as 20% [1,2,11,54,57,58].

In this review we focus on the epidemiology of human babesiosis. We will discuss
epidemiologic tools used to monitor disease location and frequency, modes of transmission
and demographics, the location of human babesiosis, the causative Babesia species in the
Americas, Europe, Asia, Africa, and Australia, and the primary clinical characteristics
associated with each of these infections.

Table 2. World-wide case distribution of human babesiosis *.

Continent/Country Causative Agent (Number of Cases)

Africa Babesia spp.

Egypt Babesia sp. (4) [21]

Mozambique Babesia sp. (2) [8]

South Africa Babesia sp. (2) [29]

Asia B. crassa-like agent, B. divergens B. microti, B. motasi, B. venatorum

China B. crassa-like agent, B. divergens B. microti, B. venatorum

India Babesia sp. (1) [22,23]

Japan B. microti (1) [24]

Korea B. motasi (2) [25,26]

Mongolia B. microti (3) [28]

Australia B. microti

New South Wales B. microti (1) [13]

Europe B. crassa-like agent, B. divergens, B. microti, B. venatorum

Canary Islands (Spain) B. divergens-like agent (1) [18]

North America B. divergens-like, B. duncani, B. microti

United States B. divergens-like, B. duncani, B. microti

Canada B. microti (1), B. odocoilei (2) [16,17]

Mexico B. microti (4), Babesia spp. (3) [27,59]

South America B. microti

Bolivia B. microti (9) [14]

Brazil Babesia sp. (1) [15]

Colombia Babesia sp. (1), B. bovis (4), B. bigemina (2) [19]

Ecuador B. microti (1) [20]
* The well-established Babesia spp. that cause human babesiosis in China, Europe, and the United States are listed.
The Babesia spp. that have been identified in countries where only a few cases of human babesiosis have been
identified in case reports or small case series (<10 cases) are also identified. Some causative agents have not been
confirmed in larger case series so are not yet accepted as established causes of human babesiosis. Babesia sp.
designate where a specific species was not identified.
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2. Epidemiologic Tools

A number of methods are used to determine the frequency, location, and future
emergence of infections, as part of local, state, national, and international disease tracking
efforts. Case surveillance is of central importance and other methods, including case
reports and case series, provide validation of surveillance data.

2.1. Case Surveillance

Public health officials at the local, state, and national levels collect reports of disease
cases from physicians, hospitals, and laboratories. Babesiosis is one of about 120 diseases
that are nationally notifiable in the United States and it was so designated in 2011. Case
surveillance is of primary importance in helping the United States Centers for Disease
Control and Prevention (CDC) determine the location of diseases, the number of cases of
diseases at various locations, and the appropriate responses to prevent outbreaks (https:
//www.cdc.gov/nndss/about/index.html, accessed on 27 July 2021) [60–62]. Traditionally,
case surveillance has been carried out through physician reporting of notifiable diseases.
Recent variations on this standard approach include citizen science participation where
members of the public collaborate with scientists to collect samples and data [63].

2.2. Case Reports and Case Series

A case report is a description of a single patient that usually includes symptoms and
signs, diagnosis, and treatment. It often describes a new disease but can also describe a
novel aspect of a well-known disease. Case reports include descriptions of a previously
unreported disease or the presence of an emerging disease in a new location, insights into
disease pathogenesis, and generation of new hypotheses or new ideas. Limitations include
a lack of generalizability, inability to show cause and effect, potential for overinterpretation
of the cause or outcome of disease, and a narrow focus on rare aspects of a disease [64].

A case series involves a report of a group of cases (usually more than three) that
can provide information about infection transmission, risk factors for disease, diagnosis,
treatment, and outcome of disease. Case series are descriptive in nature rather than
hypothesis driven and are prone to selection bias and findings are often not generalizable
to other populations. Despite these limitations, the publication of case reports and case
series is important to raise awareness of emerging infectious diseases. Indeed, the discovery
of the first human case of babesiosis was published as a case report [33]. The first reports
of endemic human babesiosis were case series, describing infections due to B. microti [65],
B. venatorum [12], and B. crassa-like agent [11].

2.3. Serosurveys

A serosurvey is a sera screening analysis of a group of people designed to determine
the prevalence of infection. Seroprevalence provides a measurement of disease exposure
and risk that is based on the antibody response of those tested [60,66–68]. Antibody
generally can be detected about two weeks after the onset of infection and may last as
little as a year or as long as a lifetime, depending on the infectious pathogen and the
immune characteristics of the host. Serosurveys are one of several immunoepidemiologic
tools used to improve our understanding of the epidemiology of a disease [69]. They
complement case surveillance and have the advantage of capturing both asymptomatic
and symptomatic infection [60]. They also inform public health officials of notifiable
diseases. Thus, serosurveys are less likely to underestimate the true prevalence of infection
than case finding [60,70]. One challenge of serosurveys and case surveillance methods is
that antibody assays and case definitions often change over time, altering interpretation of
disease trends and incidence of cases [68]. Seroprevalence surveillance may overestimate
prevalence of infection if patients are repeatedly surveyed on an annual basis because
antibody often persists for more than a year. Unlike case surveillance, seroprevalence does
not distinguish between symptomatic and asymptomatic infection and it is symptomatic
infection that better estimates the health burden of a disease.
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2.4. Ecological Studies
Tick Vector and Mammalian Host Surveillance

Surveillance of tick vectors and/or reservoir hosts can provide a strong measure of risk
of pathogen acquisition [3,70–78]. Detection methods include PCR, culture, and antibody
testing. Tick vector or reservoir host surveillance only indirectly estimate the prevalence
and location of human tick-borne infection but may provide a useful estimate of infection
risk that complements results of human studies. In a comparative study of human and
tick surveillance, incidence of Lyme disease and babesiosis were determined by reports of
physicians to the Connecticut and Massachusetts Departments of Health and by reports
of selected research study physicians in private practice in northeastern Connecticut and
Nantucket, Massachusetts. The results of the study suggest that tick-borne surveillance can
provide an early warning system for the emergence of tick-borne emerging infections [70].

2.5. Genomics

Genomics is an interdisciplinary branch of molecular biology that consists of the study
of the structure, function, evolution, mapping, and editing of genomes. It focuses on the
characterization and quantification of all the genes and their interactions that affect the
function of the organism. The study of genomics has provided important new insights
into the genetic basis of pathogen populations, their structure, diversity, evolution, and
emergence; as well as pathogenesis, biomarkers of detection, drug resistance markers,
targets for novel therapeutics, and vaccines [37,44,79–82].

2.6. Mathematical Modeling

Mathematical modeling is an epidemiologic tool used to study population dynamics
and infectious disease transmission [83,84]. Modeling has increasingly been recognized
as an important technique used to inform disease prevention and control efforts. Models
may range from simple to highly complex, containing any number of parameters and
variables depending on the outcome under investigation and data availability. Garner
and Hamilton describe the different categories of epidemiologic models, which are clas-
sified on the basis of “treatment of variability, chance and uncertainty (deterministic or
stochastic), time (continuous or discrete intervals), space (non-spatial or spatial), and the
structure of the population (homogeneous or heterogeneous)” [84]. For example, in one
study, laboratory and field data were integrated into a mathematical model to determine
whether host coinfection with Borrelia burgdorferi (the agent of Lyme disease) and B. microti
significantly increases the likelihood of B. microti establishment in a new previously unin-
fected region [45]. In another study, it was found that a model predicted that tick-borne
diseases spread in a diffusion-like manner in the northeastern United States with occasional
long-distance dispersal and that babesiosis spread exhibits strong dependence on Lyme
disease [41].

3. Modes of Transmission and Demographics of Human Babesiosis

Babesia spp. perpetuate in nature through a tick-vector and mammalian-host cycle [39].
Vectors and hosts differ for each species of Babesia and vary geographically but the basic
tick–host transmission cycle is similar for all [1]. The life cycle for B. microti is shown in
Figure 2 with I. scapularis as the tick vector but other tick species serve as vectors for other
Babesia spp. (Table 1). Peromyscus leucopus is the primary reservoir for B. microti but other
small mammals, such as shrews and chipmunks, can also serve as reservoir hosts for B.
microti and other Babesia spp. [39,85]. Similarly, deer and other large mammals are favored
hosts for adult ixodid ticks. In some Babesia spp., such as B. divergens, this transstadial
transmission is supplemented by transovarial transmission from mother to egg [7,86]. Deer
markedly amplify tick numbers and are largely responsible for the emergence of Babesia
and other tick-borne infections over the last three decades in the Northeast and northern
Midwest regions of the United States [39,70].
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Figure 2. Transmission of Babesia microti and stages in the Ixodes scapularis tick vector life cycle. Female I. scapularis lay
2000–3000 eggs in the spring that hatch in early summer and produce larvae. Larval I. scapularis ticks become infected with
B. microti when they take a blood meal from infected white-footed mice (Peromyscus leucopus) or other small rodent hosts in
late summer. Fed larvae molt into nymphs and overwinter. During the following late spring, summer, and early autumn,
infected nymphs transmit B. microti to uninfected mice or humans when they take a blood meal. In the autumn, nymphs
molt into adults. Adult males and females preferentially feed and procreate on white-tailed deer (Odocoileus virginianus) but
rarely on humans. The blood meal provides sufficient protein for female ticks to lay eggs. The tick life cycle is repeated when
a new generation of larvae hatch from the eggs in the early spring to complete the tick life cycle. Deer do not become infected
with B. microti. The inset panels from left to right show a B. microti ring form with a non-staining vacuole surrounded by
cytoplasm (blue) and two small nuclei (purple), an amoeboid form, a tetrad form (also referred to as a Maltese cross), and
an extracellular form (adapted from The New England Journal of Medicine, Edouard Vannier, and Peter J. Krause, Human
Babesiosis, 2012, 366, 2397. Copyright (2021) Massachusetts Medical Society. Reprinted with permission [1]).

B. microti are primarily transmitted by I. scapularis ticks and rarely through blood
transfusion, organ donation, and transplacentally [1,39,87–89]. Babesiosis has been one of
the leading causes of transfusion transmitted infection in the United States [87,90]. More
than 250 cases have been reported and approximately one-fifth of these cases have been
fatal [87]. Blood donor screening for B. microti is an effective preventative measure [91,92].
In 2020, the United States Food and Drug Administration recommended donor screening in
14 B. microti endemic states and Washington D.C. using approved PCR technologies. Initial
data indicate that the numbers of transfusion-transmitted cases has markedly decreased.

Ten cases of congenital babesiosis due to B. microti have been described [88,93]. Strong
supportive evidence indicates that these cases were not due to transfusion or tick transmis-
sion and definitive evidence was available for several cases. Congenital babesia infection is
not always severe in neonates and there have been no fatalities. B. microti infection also
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has been reported in two kidney transplant recipients who received kidneys from a single
infected kidney donor [89].

The peak age of reported human B. microti cases in the United States is between 60 and
70 years of age (Figure 3). Very few cases are reported in children. In contrast, serosurveys
show that children are infected as frequently as adults. Children have much milder
disease and the diagnosis is more often missed in children. Indeed, about 40% of children
are asymptomatically infected compared with about 20% of adults [60,94]. Babesiosis is
reported more frequently in males than females, presumably because they are more often
exposed to tick-infested areas. Lawn maintenance workers and those with occupational
exposure to ticks are at greater risk of tick-borne diseases than the general population.

Figure 3. Babesiosis cases by age in the United States. Babesiosis cases reported by age to the Centers for Disease Control
and Prevention, United States between 2011 and 2018 are shown. The low numbers of cases in children is due to the mild
clinical symptoms resulting from B. microti infection rather than exposure to the infection. Almost half of children are
asymptomatically infected compared to about a fifth of adults. Thus, B. microti-infected children are not diagnosed as
frequently as adults (adapted from the Centers for Disease Control and Prevention. Notifiable Diseases and Mortality Tables.
MMWR Morb Mortal Wkly Rep 2016, 65(3) [95]).

4. Human Babesiosis in the Americas
4.1. Overview

The first case of babesiosis in the United States was described in 1968 in a California
resident, although the species was not identified [32]. Two years later, a case of B. microti was
described in Nantucket, Massachusetts [40]. Subsequent reports on Nantucket established
this island as the first babesiosis endemic site. The disease became known as Nantucket
fever [65]. Subsequently, cases were reported on Cape Cod, Massachusetts, and the New
England mainland. The reports of babesiosis subsequently broadened from southern New
England to include endemic areas from Delaware to Maine [41,42,44,81,82,96,97]. Recent
genomic studies have established that the initial source of B. microti was not from Nantucket
but rather from the mainland in southeastern New England [44,81,82]. A similar emergence
of babesiosis in Wisconsin and Minnesota is ongoing [81,98].

The emergence of babesiosis in the Northeast is thought to be due to several factors,
including increased recognition of babesiosis by health care workers and the general public,
an increase in the human population, construction of homes near wooded areas where ticks
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abound, and a marked increase in the deer population [41,71,96,97,99–101]. In the late 19th
century, the number of deer in the United States had decreased to an estimated 300,000 due
to hunting and the loss of forest habitat for farmland. Deer sightings in New England at
that time were mentioned in local newspapers [39]. As farming moved to the Midwest and
hunting declined, the deer population steadily increased to about 30 million in 2017. An
increase in the white-tailed deer population has been accompanied by a marked increase
in the I. scapularis population and a concomitant increase in the number of cases of Lyme
disease, while removal of deer from specific locations has greatly diminished the number
of ticks and cases of Lyme disease [39,102–104]. Interestingly, Lyme disease has spread
more widely than babesiosis, in part because B. microti is less efficiently transmitted than
B. burgdorferi [41,45]. There are large areas of the Northeast and northern Midwest where
Lyme disease is endemic but babesiosis is not. There are no areas where babesiosis is
reported in the absence of Lyme disease (Figure 4). Laboratory studies suggest that Lyme
disease/babesiosis coinfection enhances the transmission of babesiosis and it has been
hypothesized that the establishment of Lyme disease in an area is a prerequisite for the
establishment of babesiosis [43,45]. Furthermore, birds can serve as hosts for B. burgdorferi
but not B. microti. Larval ticks may attach and feed on B. burgdorferi-infected birds and be
deposited hundreds of miles away where they can then establish a new site of infection.
Both B. burgdorferi and B. microti can spread from one infected colony of mice to an adjacent
colony but spread in this case is much slower than with birds [39,41].

Figure 4. Human babesiosis occurs within Lyme disease endemic areas in the United States. Lyme disease and human
babesiosis have been nationally notifiable conditions since 1991 and 2011, respectively. The names of counties that reported
cases of Lyme disease and/or babesiosis from 2011 to 2013 were obtained from the Centers for Disease Control and
Prevention. Counties with three or more cases of Lyme disease but fewer than three cases of babesiosis are depicted in
green. Counties with three or more cases of Lyme disease and three or more cases of babesiosis are depicted in gray. No
county reported three or more cases of babesiosis but fewer than three cases of Lyme disease (adapted from Diuk-Wasser M,
Vannier E, Krause PJ. Coinfection by Ixodes tick-borne pathogens: Ecological, epidemiological, and clinical consequences.
Trends Parasitol 2016, 32, 30–42 [43]).
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4.2. United States
4.2.1. Babesia microti Infection

Currently, 14 states account for the vast majority of babesiosis cases in the United
States and most are due to B. microti. These states include Connecticut, Delaware, Maine,
Maryland, Massachusetts, Minnesota, New Hampshire, New Jersey, New York, Penn-
sylvania, Rhode Island, Virginia, Vermont, and Wisconsin [46,95]. Geographic modeling
suggests that babesiosis will continue to emerge in the United States. The areas presently
endemic for babesiosis and Lyme disease are expanding toward each other from the North-
east and Midwest. It has been postulated that a continuous endemic band of these two
diseases may someday extend from Minnesota to the East coast. Lyme disease also is
expanding into southeastern Canada and this is thought to be due, at least in part, to
climate change [105,106].

Clinical manifestations of B. microti illness vary from subclinical illness to fulminating
disease resulting in death [1,39,60,100,107]. Fever typically develops after a gradual onset
of malaise, anorexia, and fatigue and may reach 40 ◦C (104 ◦F) [1,96,100,108]. Other
common symptoms include chills, sweats, myalgia, arthralgia, nausea, and vomiting.
Physical examination of B. microti-infected patients reveals fever and occasionally mild
splenomegaly, hepatomegaly, or both. Abnormal laboratory findings include hemolytic
anemia, elevated renal function and liver enzyme levels, and thrombocytopenia [58,96,
100]. The illness usually lasts for a week or two but occasionally several months, with
prolonged recovery taking up to 18 months [58,109]. Persistent parasitemia and clinical
and microbiological relapse have been described for as long as 27 months after the initial
episode, due in part to the development of antibiotic resistance [58,81,110–112]. Severe
B. microti illness requiring hospital admission is common in patients with splenectomy,
malignancy, HIV infection, hemoglobinopathy, chronic heart, lung, or liver disease, organ
transplantation, acquisition of babesiosis through blood transfusion, and in newborn
infants and the elderly [1,2,4]. Complications include severe hemolytic anemia, congestive
heart failure, acute respiratory distress syndrome, disseminated intravascular coagulopathy
(DIC), renal failure, coma, and shock [54,100,107].

4.2.2. Babesia duncani Infection

In 1991, a 41-year-old resident of Washington State presented with viral-like symptoms
and was diagnosed with babesiosis. The causative pathogen was propagated in hamsters
and was found to be morphologically similar but genetically and antigenically distinct from
B. microti [34]. The organism was named WA-1. Eight additional cases of babesiosis with
recovery of the same causative Babesia pathogen were subsequently reported in California and
Washington states. The Babesia were found to be morphologically, ultrastructurally, and genetically
indistinguishable from one another and were subsequently named Babesia duncani [48]. Two
additional cases have been described in California and Oregon, respectively. The primary
vector is Dermacentor albipictus [113]. Limited data suggests that the clinical manifestations
of these cases are similar to those of B. microti. There is a marked difference in disease
severity in hamster and C3H/Hen mouse models, however, as B. duncani causes fatal
illness while B. microti causes mild or asymptomatic infection [114,115].

4.2.3. Babesia divergens-Like Infection

In 1996, Herwaldt and colleagues described a fatal case of babesiosis in a 73-year-old
asplenic resident of Missouri who was infected with a Babesia that shared morphologic,
antigenic, and genetic characteristics with B. divergens. The patient had previous exposure
to cattle. The pathogen was named MO1 [36]. Four similar cases of B. divergens-like
organisms have subsequently been described, none with exposure to cattle: (i) a 56 year
old asplenic male resident of Kentucky who survived [49]; (ii) an 82-year-old asplenic male
resident of Washington State with hypertension and secondary renal insufficiency who
survived [50]; (iii) an 81-year-old asplenic Arkansas resident with diabetes, coronary artery
disease, chronic obstructive pulmonary disease, a history of mitral valve replacement,
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hypertension, and GI bleeding, who died [51], and (iv) a 60-year old asplenic female
resident of Michigan who developed multiple organ failure but survived [52]. These cases
were similar to those of B. divergens cases from Europe, where almost all have occurred in
asplenic individuals and many have died (see below).

4.2.4. Coinfection

Several different human pathogens cycle between I. scapularis ticks and mammalian
reservoir hosts in the United States, including Anaplasma phagocytophilum, Babesia microti,
Borrelia burgdorferi, Borrelia mayonii, Borrelia miyamotoi, deer tick virus (Powassan virus), and
Ehrlichia muris-like organism [116]. These pathogens differ in their geographic range within
the Northeast and northern Midwest. In areas where two or more pathogens are enzootic,
simultaneous infection (coinfection) may occur. In the first case series of coinfection, the
frequency and clinical outcome of Lyme disease and babesiosis alone were compared with
those of Lyme disease and babesiosis coinfection [47]. Eleven percent of Lyme disease
patients experienced coinfection while 72% of babesiosis patients had coinfection. This
was expected because of the much larger number of Lyme disease patients compared
with babesiosis patients. Lyme disease patients had a greater number of symptoms for
longer duration if they were coinfected with B. microti [43,47]. The percentage of patients
experiencing coinfection varies geographically and depends on the relative incidence of
Lyme disease and babesiosis.

In addition to exacerbating human disease severity, B. microti-B. burgdorferi coinfection
appears to increase Babesia parasitemia in the natural mouse reservoir, leading to greater
transmission of B. microti from mouse reservoir to tick vector [45]. This enhancement
of otherwise less transmissible B. microti may help explain why babesiosis has emerged
more slowly than B. burgdorferi and is only found in areas of the United States where
Lyme disease is endemic. Additional data suggests that coinfection provides a survival
advantage for both B. microti and B. burgdorferi [43].

4.3. Canada

The first case of babesiosis in a Canadian resident was reported in 1999 [117]. The pa-
tient had traveled to Nantucket, Massachusetts six weeks prior to disease onset, indicating
that the Babesia sp. identified on blood smear may not have been acquired indigenously.
A second case of babesiosis was reported in 2001 in a 53-year-old Canadian resident who
most likely acquired infection through blood transfusion from an asymptomatic B. microti
positive donor [16]. The donor was thought to have acquired his infection in Cape Cod,
Massachusetts. The first definitive case of locally acquired babesiosis in Canada was re-
ported in a seven-year-old asplenic resident of Manitoba [17]. The child had not traveled
outside Manitoba and never had a blood transfusion. Babesia were demonstrated on blood
smear and B. microti was identified as the causative Babesia sp. by PCR. I. scapularis ticks
infected with B. microti have been found in six different localities in Manitoba. Recently,
two cases of Babesia odocoilei have been described with typical symptoms of babesiosis and
positive PCR testing [118].

4.4. Mexico

A Babesia serosurvey was performed in Las Margaritas, Mexico in 1976. The sera of
one third of 101 study subjects reacted against a dog Babesia antigen (Babesia canis) [59].
Three seropositive residents were found to be infected with Babesia when their blood was
injected into splenectomized hamsters and Babesia were isolated from the hamsters. The
Babesia species could not be identified. Four decades later, babesiosis due to B. microti was
described in Yucatan State, Mexico [27]. The four patients ranged in age from 8 to 14 and
lived in close proximity to each other in a rural area of eastern Yucatan. All subjects had
tick bites or lived in tick-infested areas. All experienced mild to moderate illness with fever
and three also experienced fatigue, arthralgia, and myalgia. The diagnosis was confirmed
and the infecting species identified by amplification of B. microti DNA using PCR. All were
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given chloroquine and had a full recovery despite the fact that chloroquine is not effective
for the treatment of human babesiosis.

4.5. South America

Two cases suggestive of babesiosis were reported in 2003 in South America. One was
a 37-year-old resident of Puerto Berrio, Colombia who had fever, chills, sweats, weakness,
and bone aches. Babesia parasites were identified on thin blood smear. A PCR was not
performed but the patient had an antibody titer of 1:64 against Babesia bovis antigen [19].
The second case was an asymptomatic 2-year-old from Brazil with hepatoblastoma who
had a positive blood smear for Babesia [15]. No Babesia PCR or antibody testing were
performed.

In a survey of 300 residents of two rural towns (Turbo and Necocli) in Colombia where
cattle ranching is an important industry, four subjects tested positive for B. bovis by PCR,
including two who were blood smear positive [119]. Another two residents tested positive
for B. bigemina by PCR, including one whose blood smear was positive. Three of these
subjects were symptomatic with fever and/or headache and three were asymptomatic.
Human babesiosis due to B. bovis and B. bigemina had not previously been described.

Nine cases of asymptomatic B. microti infection were discovered among 271 healthy
residents of two rural towns in southeastern Bolivia [14]. All nine cases had Babesia iden-
tified on thin blood smear and further characterized as B. microti by PCR and molecular
sequencing. All cases were seropositive when tested with a standard B. microti immunoflu-
orescence antibody (IFA) assay.

A 72-year-old patient from Ecuador with chronic abdominal pain moved to Chicago
and two months later developed fever, chills, headaches, myalgia, dry cough, nausea,
vomiting, and diarrhea. He was admitted to the hospital and diagnosed with malaria based
on his country of origin, symptoms, a positive blood smear showing intraerythrocytic ring
forms (parasitemia 0.5%), and positive P. falciparum IgG antibody. A blood sample sent
to the CDC was positive for B. microti by PCR. His infection resolved on atovaquone and
proguanil [20].

In summary, there is evidence of human B. microti and other Babesia spp. infection in
South America. Additional studies are necessary to better define the scope of the problem
there, including confirmation of other Babesia species causing human infection.

5. Human Babesiosis in Europe
5.1. Overview

The first documented case of human babesiosis anywhere in the world was reported in
the former Yugoslavia in 1957 [33]. The affected patient was a splenectomized farmer who
succumbed to severe hemolytic anemia. The parasite species was never determined but
B. bovis was found in the cattle he tended [120]. Since then, more than 50 cases of babesiosis
have been reported on the European continent [1,5,121–123]. The predominant pathogen in
Europe is B. divergens, however, B. microti and B. venatorum have been identified in a small
number of cases [35,124,125]. A case of B. divergens-like infection has been reported in the
Canary Islands (Spain) [8]. A comprehensive review of human babesiosis in Europe by
Hildebrandt et al. (2021) documented a total of 51 autochthonous cases, with 35 attributed
to B. divergens, 11 to B. microti, and 5 to B. venatorum [2]. Epidemiologic surveys have
indicated widespread distribution of B. divergens and its associated tick vector, Ixodes ricinus,
throughout Europe [126]. Recent seroprevalence reports suggest a much higher clinical
incidence than has been described in the extant literature to date [127]. Quantitation of
true babesiosis incidence across Europe remains a challenge because symptoms often
manifest non-specifically, immunocompetent individuals are frequently asymptomatic,
and babesiosis is not a notifiable disease in many countries [128].
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5.2. Babesia divergens

B. divergens is the primary causative agent of human babesiosis in Europe and is en-
demic in the European cattle population. Gray (2006) described the ecological landscapes
of countries with the highest incidence of bovine babesiosis as having significant tick
populations in “rough open hill-land or damp low-lying meadows” and “where woodland
frequently abuts cattle pasture” [129]. Over half of the cases of European babesiosis have
been reported in France and the British Isles, with at least 10 other countries represented in
single case reports [31,122,130–133]. Prevalence of babesiosis is reportedly increasing, and
the European Center for Disease Prevention and Control have identified several factors driv-
ing this trend: landscape modifications affecting tick populations, deer population growth,
human activity in infested areas, and dissemination of pathogens through cattle move-
ment (https://www.ecdc.europa.eu/en/all-topics-z/babesiosis/facts-about-babesiosis,
accessed on 27 July 2021). Disease emergence at increasingly northern latitudes in Europe
has been recently observed. Mysterud and colleagues analyzed longitudinal tickborne
disease incidence data from Norway and found that this emergence is linked to tick vector
distribution [134]. I. ricinus is the primary vector of B. divergens and is widely distributed
across Europe [135]. Primary host species include domesticated cattle, [126], roe deer, and
other cervids (e.g., moose, red deer, reindeer, sika deer) [136].

B. divergens infections are characterized by fulminant disease and all but a few cases
have been reported in asplenic patients [5,123,128]. Factors that predispose patients to se-
vere disease include the extremes of age and other causes of immunocompromised clinical
status [122,137]. After an incubation period of 1–3 weeks, B. divergens symptoms generally
have a rapid progression with high fever, chills, sweats, headache, myalgia, hemolytic
anemia, and hemoglobinuria [5]. Mortality associated with B. divergens infection, often
due to multiorgan failure, was previously estimated to be as high as 42% but is improving.
Better outcomes are thought to result primarily from more aggressive therapy, including
intravenous antibiotics and the early use of exchange transfusion [5]. Two recent publi-
cations have challenged this “classic description of babesiosis in Europe.” Martinot et al.
described two exceptional cases of severe babesiosis in healthy, young, immunocompetent
patients in France, and Gonzalez described a similar case in Spain [123,138].

5.3. Babesia venatorum

B. venatorum is an emerging public health concern in Europe due to its widespread
zoonotic presence [136]. B. venatorum, formerly referred to as Babesia sp. EU1, is closely re-
lated to B. divergens and B. odocoilei [35,139]. Wild hosts include roe deer and moose [136]. The
parasite has also been detected in captive reindeer and domesticated sheep [75,140–142]. The
I. ricinus tick acts as both vector and reservoir. Cases in humans have thus far been reported
in Austria, Germany, and Italy [35,124]. Case reports have described disease manifestations
ranging from mild to moderately severe, which resolve with antimicrobial therapy, even in
the setting of asplenia and lymphoma. The clinical presentation of B. venatorum infection is
generally less severe compared to that of B. divergens [5].

5.4. Babesia microti

Cases of B. microti infection have been reported from Austria, Germany, Italy, Poland,
Spain, and Switzerland [35,125,143–146]. The first evidence of human B. microti infection
in Europe was a report of seropositive residents in Switzerland in 2002 [147]. A number
of serosurveys have shown a wide range of B. microti seropositivity depending on the
location and study population (e.g., general public, forest workers, Lyme disease coinfected
subjects). B. microti seropositivity has ranged from 0.5% to 32% in study populations in
Belgium, France, Germany, Italy, Poland, Sweden, and Switzerland [139,147–153] Further-
more, Hunfeld et al. (2002) reported that IgG seroprevalence rates were higher for B. microti
(9.3%) than for B. divergens (4.9%) among patients exposed to ticks in Germany. [139] These
seroprevalence data indicate that there is more human B. microti infection in Europe than
currently identified.
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5.5. Babesia crassa-Like Agent

Babesia crassa is a relatively uncommon Babesia species with documented infection in
sheep in Iran and Turkey [154]. A single case of B. crassa-like infection has been reported in
Europe in Slovenia [155]. The patient in question was asplenic and recovered after standard
antibiotic treatment. Cases subsequently have been described in China.

6. Babesiosis in Asia
6.1. Overview

Several countries in Asia have reported human cases of babesiosis, including China,
India, Japan, Korea, and Mongolia. In addition to previously documented human Babesia
pathogens, several new Babesia species have been found to infect humans. As with any
single case report of a novel Babesia species or report of a known Babesia sp. in a new
region, identification of additional cases and pathogen isolation from local tick vectors and
mammalian hosts will help confirm original findings [22,156]. The increasing interest and
reports of human babesiosis in Asia are likely to reveal additional species and new areas
of endemicity.

6.2. China
6.2.1. Human Infection

Outside the United States, the greatest number of human babesiosis cases are reported in
China. China is the only country, other than the United States, where babesiosis has been shown
to be endemic. Babesiosis in China is considered an emerging public health threat [3,6,157,158].
Among the human Babesia spp. identified to date, four (B. microti, B. divergens, B. venatorum, and
B. crassa-like agent) have been confirmed to cause human infections in China [11,35,159–165].
Studies in western China more than a decade before the first official report of human
babesiosis in Yugoslavia described Babesia-like intraerythrocytic organisms associated with
febrile illness that may have been Babesia [6].

6.2.2. Babesia venatorum

B. venatorum was found to cause infection over a two year study period in Heilongjiang
province in northeastern China, indicating endemic transmission. The majority of tick-
borne cases in China are found in this province. Jiang et al. screened 2912 individuals for
microscopic, PCR, or animal inoculation evidence of Babesia spp. infection in patients who
reported a recent tick-bite and who sought hospital care between 2011 and 2014. Results
showed that 48 (0.16%) of these patients had B. venatorum infection [12]. The B. venatorum
18S RNA gene sequences from all 48 patients were identical and differed from European
B. venatorum parasite isolates by only two nucleotides. These data suggested a common
origin of B. venatorum spp. in parasites circulating in northeastern China and Europe. Only
five cases of B. venatorum had previously been identified, four of which were in Europe
and one in a child in China [6,35,124,164,166,167].

6.2.3. Babesia crassa-Like Agent

A similar study led to the discovery of B. crassa-like pathogen as another causative
agent of endemic human babesiosis in China. Between May 2015 and July 2016, Jia et al.
screened 1125 residents of Heilongjiang Province for evidence of Babesia spp. infection who
experienced fever and recent tick-bites. Of these participants, 5.0% (58/1125) demonstrated
the presence of a novel B. crassa-like species in their blood, based on species-specific PCR
testing and nucleotide sequencing [11]. B. crassa-like parasites were visualized on thin
blood smears and showed ring, ameboid (<3 µm in size), and tetrad forms. The authors
characterized the severity of disease manifestations as mild to moderate. Interestingly, 7.5%
of healthy, asymptomatic residents of the area tested positive for B. crassa-like infection,
suggesting that many human babesiosis cases due to B. crassa-like pathogen go undetected
in China [11].
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DNA samples also were collected from 1732 adult ticks from May to July 2014 from the
same study area. Nine I. persulcatus and Haemaphysalis concinna ticks showed the presence
of B. crassa-like species. Blood samples collected from 5 of 1125 sheep contained B. crassa-
like DNA [11]. The B. crassa-like species is phylogenetically related to B. crassa, a large
Babesia parasite of sheep in Turkey and Iran [154,168]. The near full length B. crassa-like
18S rRNA gene sequences showed 96.7% and 97.7% sequence similarities with the B. crassa
sequences, respectively, from sheep in those countries [11].

6.2.4. Babesia microti

B. microti is another important Babesia sp. that causes human babesiosis in China [158].
Phylogenetic analyses based on the sequences from the 18S rRNA gene have revealed that
B. microti from China are phylogenetically similar to those from Japan and Switzerland [6].
Clinical cases attributed to B. microti have been reported sporadically from Zhejiang,
Yunnan, and Guangxi provinces [158,160]. Accurate diagnosis of clinical babesiosis is a
challenge where B. microti babesiosis and malaria coexist in the same area in southwestern
China, specifically Yunnan Province along the China–Myanmar border. The first reported
cases of co-infections of B. microti and Plasmodium spp. were discovered there in 2012–
2013 [165]. B. microti, P. falciparum, P. vivax, and P. malariae infections were identified among
449 febrile patients. Eight patients (1.8%) had infection with B. microti alone while 10 (2.2%)
were co-infected with B. microti and either P. falciparum or P. vivax [165]. These results
clearly illustrate a possible hidden clinical burden of B. microti in malaria endemic areas
where babesiosis is not known to exist. Furthermore, patients experiencing febrile illness
with intraerythrocytic parasites on blood smear may be misdiagnosed as having malaria
when they actually have babesiosis.

B. microti has been shown to be transmitted by blood transfusion in the United States
and Japan. Very limited data is available on the transmission risk of B. microti in Chinese
blood donors. A single case of transfusion-associated babesiosis in China has been reported.
B. microti was identified as the causative agent [169]. Large scale molecular and serological
surveys to assess Babesia spp. risk among random blood donors in China are not yet
available. A 2016 pilot serosurvey of blood donors in Heilongjiang Province revealed that 13
of 1000 (1.3%) donors had antibodies against B. microti parasites by the immunofluorescence
antibody assay [161]. This B. microti antibody positivity rate is comparable to rates observed
in blood donors in endemic areas in the northeastern United States [170]. These results
provide further evidence that the prevalence of B. microti transmission in China may be
significantly higher than currently realized and might be comparable to prevalence in the
United States.

6.2.5. Babesia divergens

In recent years, laboratory screenings of probable cases of babesiosis in patients
presenting to Chinese hospitals with recent tick bites have yielded surprising findings
that are suggestive of the presence of novel Babesia spp. The first case of B. divergens
(cattle Babesia sp.) infection in China was identified in a patient in 2011. The 18S rRNA
gene sequence from this individual had 98.4% similarity with the gene of B. divergens in
Switzerland [162]. A subsequent study in Gansu Province of 754 patients who visited a
hospital for a tick bite between April and March 2016 showed that 10 patients (1.3%) had
B. divergens infections, based on positive PCR tests [163]. B. divergens sequences from this
study site were 99.9% identical to sequences of B. divergens from Europe. Interestingly,
B. divergens infection has never been identified in cattle in China, possibly indicating a
different reservoir host for this Babesia sp. Another salient feature of this study was that
all 10 B. divergens infected patients were immunocompetent and only two had clinical
symptoms at the time of sample collection.
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6.2.6. Tick-Vectors and Animal Hosts of Babesia spp. in China

Several entomological and molecular studies have allowed quantitation of tick-vector
and reservoir host infection rates, as well as geographic distribution of Babesia spp. in
China. Fang et al. (2015) published a comprehensive overview of tick-borne infections in
tick vectors, animal hosts, and humans [3]. The authors reported a total of 33 emerging
tick-borne agents that have been identified in mainland China, including 11 species of
Babesia. Their analyses showed that transmission of Babesia spp. is associated with 13 tick
species. Although more prevalent in the northeastern regions, Babesia spp. were distributed
throughout China.

Among Babesia spp. that infect humans, B. venatorum has been reported in I. persulcatus
ticks from northeastern China [3]. B. crassa-like agent has been detected in I. persulcatus and
H. concinna ticks from sheep in the same area in Heilngjiang Province [11]. B. microti has
been identified over a broad expanse of China, including, (i) I. persulcatus and H. concinna
ticks and striped field mice and reed voles in Heilongjiang Province, (ii) H. longicornis
ticks on dogs from Henan Province, and (iii) rodents from Fujian, Zhejiang, Henan, and
Heliongjiang provinces. B. divergens has been detected in I. persculcatus, H. concinna, and
Haemaphysalis japonica ticks and in striped field mice in Heilongjiang Province. Babesia spp.
that have not been shown to cause human infection in China include B. ovis, B. major,
B. ovata, B. orientalis, B. motasi, B. caballi, Babesia sp. Kashi, and Babesia sp. Xinjiang [3]. More
recently, Xia et al. have performed genotyping of Babesia spp. in a total of 2380 I. persulcatus
and H. concinna ticks in a narrow forested area at 30 sampling points in northeastern China
based on the 18S rRNA gene sequences [76]. Results showed that 23 (0.97%) of I. persulcatus
ticks tested positive for five Babesia spp.—B. bigemina, B. divergens, B. microti, B. venatorum
and one novel strain HLJ-80. Thirteen H. concinna ticks were positive for the following
Babesia spp.—B. bigemina, B. divergens, three genetic variant forms of HLJ-874, and eight
other Babesia variants represented by HLJ 242, which were similar to B. crassa [76]. The
authors concluded that each site contained 5–6 different Babesia spp., several of which are
capable of infecting humans. Additionally, Kobi-type and Otsu-type B. microti have been
detected in wild rodents in Yunnan Province [171]. Overall, the presence of a number of
Babesia spp. and their genetic variants infecting tick vectors and animal hosts indicate a
high Babesia transmission risk to humans living in different parts of China.

6.3. India

A single case of human babesiosis was described in a resident of north central India in
2005. The diagnosis was confirmed by identification of Babesia on thin blood smear but the
species was not identified. Antigen tests for Plasmodia were negative [22,23].

6.4. Japan

In 1980, Shiota et al. documented the presence of B. microti parasites in blood films
collected from Japanese field mice [172]. The only autochthonous case of human babesiosis
that has been reported from Japan was in a patient who acquired infection through blood
transfusion during admission to Kobi University Hospital, Hyogo Prefecture in 1999 [24].
B. microti parasites were confirmed by blood smear microscopy and PCR analysis. The
parasite isolated from the index patient’s blood sample and from a blood sample inoculated
and propagated in SCID mice were identified as a B. microti-like parasite, which had a
99.2% sequence homology with the B. microti reference strain from the US [24]. Although
a blood sample from the implicated asymptomatic donor collected eight months after
the index donation was negative for B. microti parasites by blood smear microscopy and
PCR analysis, inoculation into SCID mice allowed detection of B. microti parasites that
had sequence identity with the parasite isolate from the blood recipient [173]. B. microti-
parasites exhibiting a similar genotype as the index patient and the asymptomatic blood
donor were also isolated from a field mouse near the donor’s residence, indicating enzootic
and zoonotic transmission of B. microti in the area [173].
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Molecular surveillance studies in the presumed I. persulcatus tick vector and field
mouse reservoir host have demonstrated the presence of Babesia spp. throughout Japan
with a potential for human transmission [173]. A field survey in Hokkaido Prefecture
revealed the presence of B. divergens (Asia lineage) parasites in I. persulcatus. The presence
of B. microti (United States lineage) and B. venatorum (strain Et65) were also noted in the
same tick species [174]. Sika deer (Cervus nippon) were shown to carry B. divergens parasites
in different Japanese prefectures [175]. In a more recent study, hard ticks belonging to the
genera Ixodes and Haemaphysalis collected from sika deer in Hokkaido were found to
harbor DNA for B. microti, B. microti Hobetsu, and B. divergens-like (Bab-SD) parasites [176].
Together, these studies suggest a wide-spread presence of Babesia spp. in tick vectors,
mouse reservoir hosts, and humans in Japan.

6.5. Korea

Two cases of human babesiosis have been documented in Korea. In the first case, a
blood sample from a patient contained paired pyriform and ring forms of Babesia parasites.
The parasite isolate was named Babesia sp. KO1 and was found to be genetically related
to sheep Babesia in China [26]. In the second case, a parasite isolate from a symptomatic
patient was found to be closely related to B. motasi, a sheep parasite. Tick samples collected
nearby the patient’s residence demonstrated the presence of B. microti and B. motasi DNA
(98% homology) [25]. Limited data is available for the tick-vectors and reservoir hosts of
Babesia spp. in Korea. In one study, B. microti parasites (United States type) were detected
by PCR in blood samples from wild animals in Gangwon-do Province [177]. In another
study, B. microti (United States type) DNA was detected in blood samples from Apodemus
agrarius (striped field mouse) but was absent from the other small mammals that were
screened [28].

6.6. Mongolia

A survey of 100 asymptomatic farmers in Selenge province, Mongolia revealed that
7% had B. microti antibody and 3% had amplifiable B. microti DNA in their blood [28]. In a
more recent study, a third of 63 questing I. persulcatus ticks were found to be infected with
B. microti (United States type) in Selenge province in Mongolia [178].

7. Babesiosis in Africa

There have been very few cases of human babesiosis reported on the African continent
to date. Human babesiosis caused by unknown species have been described in Egypt and
Mozambique [8,21,121]. Two cases of babesiosis due to unknown species were reported in
South Africa [29]. A 2018 case study described by Arsuaga et al. illustrates the difficulties
of diagnosing babesiosis in the malaria-endemic areas of Cameroon and subsequently,
Equatorial Guinea [179]. The complicated travel history of the patient in question coupled
with the lack of available surveillance data on ticks and vertebrate reservoirs of Babesia
species rendered it impossible for the authors to determine the definitive source of infection.
Bloch and colleagues attribute the dearth of reported cases in Africa to a lack of surveillance
data and to clinical and diagnostic overlap of Babesia with Plasmodium spp. in endemic
areas [161]. In a pilot seroprevalence study, these authors examined seroreactivity among
children in the Kilosa district of Tanzania. They concluded that Babesia may be present in
the area, but that the potential for serological cross-reactivity and false positivity between
Babesia and Plasmodium spp. impedes definitive conclusions about seroprevalence [161].

8. Babesiosis in Australia

A single autochthonous case of human babesiosis has been documented in Australia.
Blood smear microscopy and molecular analysis revealed B. microti (United States type) as
the infecting parasite [13]. A single imported case of babesiosis caused by B. microti infection
also has been reported [180]. No evidence of B. microti-specific antibodies in 7000 blood
donors and 29 clinically suspected babesiosis patients was detected in a serosurvey at
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multiple study sites in eastern Australia, leading the authors to conclude that transmission
of B. microti is uncommon in this large region [181]. Babesiosis is a prevalent disease in
cattle in Australia and is caused by B. bigemina and B. bovis [182]. Babesiosis is also prevalent
in dogs where infecting species are B. canis, B. vogeli, and B. gibsoni [183]. Molecular studies
demonstrating a tick-vector and reservoir-host for human Babesia spp. are lacking.

9. Conclusions

Human babesiosis is a worldwide emerging health problem that imposes a major
disease burden, especially on the expanding older population and immunocompromised
patients. Numerous studies indicate that the true number of Babesia-infected patients is
markedly underestimated. As the infection continues to emerge, the number of affected
individuals is likely to increase. Improved surveillance, as well as development of new
antibiotics, supportive therapies, and a vaccine will all be important in limiting the impact
of this disease.
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Abstract: The effects of current and future global warming on the distribution and activity of the
primary ixodid vectors of human babesiosis (caused by Babesia divergens, B. venatorum and B. microti)
are discussed. There is clear evidence that the distributions of both Ixodes ricinus, the vector in Europe,
and I. scapularis in North America have been impacted by the changing climate, with increasing
temperatures resulting in the northwards expansion of tick populations and the occurrence of
I. ricinus at higher altitudes. Ixodes persulcatus, which replaces I. ricinus in Eurasia and temperate
Asia, is presumed to be the babesiosis vector in China and Japan, but this tick species has not yet
been confirmed as the vector of either human or animal babesiosis. There is no definite evidence, as
yet, of global warming having an effect on the occurrence of human babesiosis, but models suggest
that it is only a matter of time before cases occur further north than they do at present.

Keywords: Ixodes ricinus; Ixodes scapularis; Babesia microti; Babesia divergens; climate; global warming

1. Introduction

According to the 6th IPPC report, published in August 2021, global temperatures over
the next 20 years are expected to “reach or exceed an average of 1.5 ◦C, unless there are
immediate, rapid and large-scale reductions in greenhouse gas emissions”. Given that
similar predictions were made, though with longer time scales, in each of the previous
five reports, it now seems that such a global temperature increase is highly likely. This
will result in an increasing number of heat waves, longer warm seasons and fundamental
changes in rainfall patterns. Indeed, the first signs of these changes are already evident,
most obviously in the natural world and relevant here in relation to arthropod vectors
of disease [1]. It has been suggested that complex effects of climate change on both host
communities and arthropod vectors could result in unanticipated spillover of pathogens
from reservoir hosts into domesticated animals or humans resulting in disease emergence,
depending on the host range of the pathogen [2], but the risk of emergence of novel
Babesia spp. is unknown.

The risk of human babesiosis can be affected by climate change in at least three
different ways. Firstly, as poikilothermic organisms, the ixodid tick vectors of human
babesiosis and the babesia pathogens within them can respond directly to changes in
ambient conditions; secondly and more indirectly, both ticks and the vertebrate reservoirs
of the pathogens can be affected by the impact of climate change on vegetation, resulting
in changes to habitats (e.g., beech woods [3]), and to host food sources (e.g., masting
events [4,5]), thirdly anthropogenic responses to climate change, notably human behaviour,
but also the management of livestock reservoirs of infection, will affect exposure to the
vectors and therefore the risk of disease (Figure 1).

25



Pathogens 2021, 10, 1430

1 
 

 
Figure 1. Factors determining the abundance and spread of Ixodes spp. Modified from Lindgren et al., 2000 [6].

The predominant vectors of human babesiosis are Ixodes scapularis transmitting
Babesia microti in the USA, and Ixodes ricinus, transmitting Babesia divergens and
Babesia venatorum in Europe [7]. Babesia microti also occurs in Europe, but human cases are
extremely rare [8].

Several cases of B. divergens [9], B. venatorum [10] and B. microti [11], have been reported
from China, and the vector, based on DNA detection, is suspected to be Ixodes persulcatus [11].
The same tick species is thought to be the vector of B. microti and an Asian lineage B. divergens
in Japan [12,13]. Curiously, I. persulcatus has not been associated with either human or bovine
babesiosis in Russia or Eastern Europe. Several other Babesia species in addition to B. divergens,
B. microti and B. venatorum occasionally infect humans, but in most cases the identity of the
vectors is unknown. The exceptions are Babesia duncani, which recent evidence suggests is
transmitted by Dermacentor albipictus [14], a Babesia crassa-like parasite, probably transmitted
by I. persulcatus or Haemaphysalis concinna [15], and an unnamed Babesia species in the USA,
closely related to B. divergens and probably transmitted by Ixodes dentatus, a rabbit tick [16].
Since cases caused by these three Babesia species are rare, they will not be considered further
here.

2. Life Cycles and Ecology of the Human Babesiosis Vectors

The three tick species responsible for most cases of human babesiosis, Ixodes persulcatus,
I. scapularis and I. ricinus belong to the Ixodes ricinus species complex, consisting of at least
another 15 species. They are three-host ticks, using separate hosts for each of the active
stages, larva, nymph and adult, all of which engorge except for the male, which is probably
not significantly involved in disease transmission. They are generalist species and feed on
a very wide range of hosts, but there is some host selection, with larvae tending to feed
preferentially on small mammals, nymphs on medium-sized mammals and birds, and
adult females mainly on large mammals, such as deer and domestic livestock. However,
there is a great deal of flexibility in these host preferences and large hosts can be heavily
parasitised by the immature stages. Unlike most Ixodes species, which utilise hosts in nests
and burrows, I. persulcatus, I. ricinus and I. scapularis attach to hosts in the open, using
vegetation as ambush vantage points. When they have fed to repletion on their hosts over
a few days, they drop off back into the vegetation, locate in the litter layer and commence
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development to the next stage, or commence egg development and then oviposition in the
case of the female.

The life cycles of all three tick species are characterised by distinct seasonal activity
of questing ticks, partly regulated by ambient conditions, so that little or no questing
behaviour occurs at very high or very low temperatures, however, diapause is also a
significant regulating mechanism. Diapause can be defined as a form of hormonally
controlled arrested development or delayed behaviour that occurs prior to seasonally
unfavourable environmental conditions. Conditioning of the ticks results from entrainment
by certain environmental stimuli, particularly day length, and usually lasts for a set period.
Laboratory studies have shown that temperature can affect diapause directly [17], but
temperature may be more important in determining rates of tick development in relation
to the seasonally-determined diapause conditioning periods. The role of diapause in
regulating the life cycles of I. persulcatus, I. ricinus and I. scapularis has been reviewed
recently [18].

The three Ixodes vectors of human babesiosis have very wide distributions encom-
passing several climate zones, for example I. ricinus occurs from the western seaboard of
Europe to as far eastwards as the Ural Mountains and from the Atlas Mountains in North
Africa to Northern Norway, though it is scarce in arid regions of southern Europe. The
range of I. persulcatus is even greater, extending from Eastern Europe to the temperate
Far East, and I. scapularis occurs from the southern states of the USA through the eastern
seaboard as far north as southern Canada. Despite such wide ranges, the distribution of
these tick species is limited by their susceptibility to desiccation when off the host. During
development and especially when host-seeking (questing) they are exposed to ambient
conditions and therefore confined to habitats that include humid microclimates (>80% RH)
at the base of the vegetation, where the ticks obtain water by secreting a hygroscopic fluid
onto their mouthparts and then ingesting it. Since questing may continue for several weeks,
the ticks must make several journeys from the surface vegetation to soil level to replenish
their water supply. The drier the atmosphere the more such trips, all costing energy, so
that in hot, dry conditions survival may be limited. I. persulcatus differs from the other two
species in that the immature stages are more reluctant to climb the vegetation and tend to
quest in the litter layer [19], and southern strains of I. scapularis show similar behaviour
relative to those from more northern regions in the USA [20], which may be a heritable
adaptation to the drier conditions in the south. The consequence of the requirement of
these ticks for humid microclimates when off the host is that their typical habitats tend to
be woodlands with a substantial layer of vegetation litter. Deciduous and mixed forests
offer the most favourable conditions, but coniferous forests may also harbour substantial
numbers of ticks. Additionally, open habitats of rough vegetation such as the sheep-grazed
uplands of north-western Europe, where maritime climates maintain mild winters and
high humidity due to frequent rainfall, can maintain large numbers of ticks [21].

Another factor determining distribution and survival is temperature, which affects
both development and questing, the lower thresholds of which probably vary with species,
with regional differences occurring within tick species [22]. Cold air temperatures seem to
have a limited effect on actual survival. For example, I. scapularis placed at −20 ◦C in the
laboratory die rapidly, but engorged ticks placed in the litter layer in suitable woodland
habitats in Canada over the winter (where air temperatures can often fall to less than
−30 ◦C) have daily mortality rates no greater than those in summer, probably due to the
insulating capacity of the litter layer (reviewed in Ogden et al. [23]). Similarly, it has been
observed in Germany that I. ricinus populations are adversely affected by air temperatures
of less than −15 ◦C only when the insulating snow cover is absent [24]. In the context
of global warming, high temperatures are obviously important as drivers of desiccation
in limiting tick survival, but laboratory studies suggest that even in the presence of high
humidity, I. ricinus may suffer much higher mortality when temperatures exceed 30 ◦C [25].

The third vital component ensuring establishment and survival of tick populations is
the availability of adequate numbers of appropriate hosts. In most habitats of the Ixodes
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species considered here, deer are essential hosts for the maintenance of the tick populations,
because they are the only animals that feed significant numbers of adult female ticks,
although in agricultural settings I. ricinus is also maintained by livestock, especially sheep
and cattle [21]. Large hosts can feed all tick stages, but in woodland habitats small mammals
and birds are important hosts of the immature stages, and many are essential components of
tick-borne diseases, such as Lyme borreliosis, tick-borne encephalitis, several rickettsioses
and human babesiosis caused by B. microti.

It is notable that ticks are increasingly recorded in urban areas and in such settings
hedgehogs (Erinaceus spp.), another host that can feed all tick stages and thus maintain
small populations of I. ricinus, could theoretically maintain zoonotic B. microti in the absence
of large hosts [26,27]. As yet there are no reports of such foci, partly no doubt because
zoonotic B. microti genotypes are rare in Europe [8].

3. The Roles of Reservoir Hosts of Human Babesiosis

Babesia microti is considered to be the most important cause of human babesiosis
since it is responsible for the vast majority of cases, particularly in the USA. However, a
study published in 2003 by Goethert and Telford [28], revealed that this is not a single
species but consists of a complex belonging to three distinct clades utilizing a wide range
of hosts, mostly rodents, but also shrews, dogs, foxes and raccoons. In the USA, some bird
species were implicated in a single study as reservoirs of a B. microti-like organism [29].
However, the genotype involved is not known, and the distribution pattern of endemic
areas of B. microti-babesiosis in the USA does not support long-distance distribution of
the pathogen by birds. At present there is no evidence for significant bird involvement in
the transmission of zoonotic B. microti genotypes, but this topic needs further study. In
the Goethert and Telford study [28], most of the zoonotic genotypes turned out to belong
to a single clade prevalent in the USA (though not confined to that country) and often
referred to as the US-type or B. microti sensu stricto (s.s.), found in woodland mice, shrews
and chipmunks. In Europe, very few cases of human babesiosis have been described
despite widespread infection of rodents [8] and transmission by I. ricinus [30]. Although
these cases appear to have been caused by rodent parasites, their rarity suggests that
zoonotic genotypes are uncommon in Europe. In many regions the parasite is transmitted
by Ixodes trianguliceps, which rarely bites humans, further reducing the risk of zoonotic
babesiosis [8].

B. venatorum is a relatively recently described European zoonotic species [31], which
has since been reported to have caused many more cases in China [10]. In Europe, good evi-
dence now exists that the reservoir host of B. venatorum is roe deer (Capreolus capreolus) [32,33].
Sika deer (Cervus nippon) probably fulfils this role in China. Thus, two zoonotic Babesia spp.
(B. microti s.s. and B. venatorum) are firmly associated with woodland. The third species,
B. divergens, has until recently been considered to be an exclusive cattle parasite. With the ad-
vent of molecular taxonomy this parasite has also been reported from red deer (Cervus elaphus)
and roe deer (C. capreolus) [34], but there is no evidence for wild deer as a source of infection
for cattle or vice versa, although splenectomised red and roe deer can evidently be infected
with B. divergens from cattle [35]. Current data suggest that almost all isolates from human
cases closely match bovine babesia sequences, only two with less than 99.9% 18S rRNA gene
homology, and having little identity with babesia sequences from deer [8]. The host origins
of these babesias are unknown. It must be concluded that at present there is no evidence for
deer as a source of B. divergens infection of humans and that human cases are predominantly
associated with cattle and thus with agricultural rather than woodland habitats.

4. Expected Impacts of Climate Change on the Vectors

While in general, warming temperatures are likely to make northern regions more
hospitable for ticks, and possibly less so closer to the equator, direct effects on tick survival
of increasing temperatures and changes in rainfall patterns on tick survival in many regions
of the northern hemisphere may be limited, because of the protection afforded by the typical
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woodland habitats and also by their ability to undergo developmental and behavioural
diapause to avoid unfavourable conditions [18].

Of greater impact on tick population survival is the expected effect of warming tem-
peratures on rates of development from one life stage to the next, and on host-seeking
activity. Because the duration of development from one life stage to the next is mostly
temperature-dependent (within the constraints of diapause), warmer temperatures will
probably mean shorter tick life cycles, and shorter development times will probably be
coupled with extended periods of the year when temperatures are suitable for tick activ-
ity [36]. Laboratory experiments by Gilbert et al. [22] also suggest that a greater proportion
of I. ricinus in the questing phase will become active as temperatures increase, and the in-
teraction of temperature with humidity, driving the saturation deficit, also directly impacts
host-seeking activity [37]. The success of host seeking can therefore be influenced directly
by temperature effects on the ticks, but is also determined by the abundance and activity of
hosts, which will be affected by the temperature-dependent availability of forage.

5. Projected Effects of Climate Change on Tick and Babesia spp. Distributions

With the future temperatures projected by climate models, it is expected that the
northern limit of the range of I. scapularis will expand northwards [38,39] and the leading
edge of this expansion is now north of the Canadian border (Figure 2).

Figure 2. (A) Maps of values of the basic reproduction number (R0) of Ixodes scapularis in North America, estimated from
ANUSPLIN observed temperature (1971–2000: upper panel), and projected climate obtained from the climate model
CRCM4.2.3 following the SRES A2 greenhouse gas emission scenario for 2011–2040 (middle panel) and 2041–2070 (bottom
panel). The colour scale indicates R0 values. Temperature conditions that result in an R0 of >1 permit survival of I. scapularis
populations. Reproduced from Ogden et al., 2014 [38]. (B) Risk maps for the occurrence of Ixodes scapularis in Canada
in response to increasing temperatures associated with climate change. The methods used to generate these maps are
described by Ogden et al., 2008 [40].

Several studies in Europe have predicted a northwards expansion of the geographic
range of I. ricinus [41–43], (for example see Figure 3).
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Figure 3. Climate change prediction of Ixodes ricinus distribution in Scandinavia based on the length
of the vegetation growth period, IPCC 2000 high emission scenario. Modified with permission from
Jaenson and Lindgren, 2011 [41].

The models of Porretta et al. [42] and Alkishe et al. [43] also suggest that the dis-
tribution of I. ricinus is likely to extend eastwards, into habitat currently occupied by
I. persulcatus. Additionally, I. ricinus is predicted to occur at increasingly higher altitudes in
mountainous regions [44]. For the main tick vectors of Babesia spp. from the northern hemi-
sphere, range expansion driven by climate would only be possible where suitable habitats
occur. However, these tick species are, for the most part, woodland habitat generalists and
as long as woodland habitats occur, it is likely that the ticks will survive in at least some of
them, providing the woodlands also support host densities that are high enough. Some
studies have suggested that southern range limits of ticks may contract northwards as more
southern regions become too hot for ticks, particularly due to high temperatures inhibiting
host-seeking tick activity [25,45]. Increased climate variability and extreme weather events
(extreme heat and rainfall) may have relatively limited positive or negative impact on
the ticks (compared to dipteran vectors) because of their relatively long multi-year life
cycles and the capacity of their woodland habitats to provide an environment that protects
the ticks from extreme weather [46]. Impacts of climate change on geographic ranges of
hosts such as the white-footed mouse, Peromyscus leucopus, will likely have impacts on the
geographic ranges and level of entomological risk of B. microti in current endemic areas [47].
It is possible that efficient host-to-tick transmission only occurs for a short period after
initial infection [48] and if so, locations where there is seasonally synchronous activity of
nymphal ticks (that infect the mice) and larval ticks (that acquire infection from mice), may
pose a high risk. Effects of climate change on tick development and activity may cause
changes to tick seasonality, resulting in locations where synchronous seasonal immature
tick activity produce B. microti hot spots [23]. In addition to effects on synchrony, increased
temperatures may result in changes in the proportions of the tick population feeding at
different times of the year. Such an effect was observed in 1976 and 1977 in Ireland when
an unusually hot summer in 1976 caused early activity of summer larvae, resulting in a
marked increase in the proportion of nymphs active in the late autumn that year and the
following spring [49], providing an indication of possible future effects of global warming.

Ticks themselves have very limited capacity for dispersal, and for any change in
geographic range to occur, ticks and tick-borne pathogens including Babesia spp. need to
be dispersed by ticks. Evidence suggests that two processes may be at play [50]—local
dispersal that is likely by terrestrial hosts and breeding birds [51], and long-range dispersal
by ticks carried on passerines that carry ticks northward in spring [40]. Some of these ticks
may be infected with B. microti, but it is likely that dispersal by migratory birds is inefficient
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for B. microti, because this pathogen is not transmitted vertically by ticks (transovarial
transmission) [30], and birds have, as yet, not been confirmed as reservoirs. As any larvae
feeding on migratory birds would not be infected before or during their dispersal by birds,
the only infected ticks that birds might carry would be nymphs infected as larvae on small
mammal reservoir hosts, as demonstrated by the study of Wilhelmsson et al. [52]. Adult
female ticks arising from such nymphs are likely to feed on deer rather than B. microti
reservoir hosts and would pose little zoonotic risk since they would probably be free of
infection following their second moult [30].

6. Observed Effects of Climate Changes
6.1. Climate Effects on Ticks

Studies in Canada suggest that the northern extent of the range of I. scapularis is
determined by the limit of temperature conditions that allow ticks to complete their life
cycles; i.e., when it is probable that an engorged, mated female tick gives rise to at least one
other engorged, mated female tick (using the definition of Anderson and May [53] for a
macroparasite, when the basic reproduction number of the tick is ≥1).

Combinations of data from active field surveillance for ticks, passive tick surveillance
(involving detection of ticks at medical and veterinary clinics and by the public), and by
inference from surveillance for human cases of tick-borne disease, such as Lyme borreliosis,
have detected northern expansion of the range of I. scapularis [54–56] (Figure 4).

Figure 4. Surveillance for Ixodes scapularis populations in central and eastern Canada conducted from
2009 to 2015. Regions where I. scapularis populations have been identified by field surveillance are
shown as red hatched areas. In 2004 there were only four known I. scapularis populations in locations
shown by the red arrows. Tick populations have been identified in surveillance programs for Lyme
disease (blue circles show municipalities where human Lyme disease cases have been identified).
Infections due to Babesia microti are not yet nationally notifiable (reproduced with permission from
Gasmi et al., 2017 [57]).

Figure 4 shows that I. scapularis was only detected at four locations in 2004 (red
arrows), but that between 2009 and 2015 ticks and Lyme borreliosis cases had emerged
in many other places. Surveillance data have detected a spatio-temporal pattern of range
expansion of I. scapularis that is consistent with a warmer climate being a key determinant
of range spread, and that support the accuracy of model-derived temperature thresholds
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for I. scapularis population survival (reviewed in Ogden et al. [23]). Furthermore, expansion
of the tick range has occurred during a period of warming that is now considered a climate
anomaly associated with anthropogenic climate change.

Similar trends have been observed for I. ricinus, particularly in Scandinavia [6,58,59],
but also in Russia [60]. Additionally, the predicted altitudinal changes [23] in I. ricinus
distribution have already been reported. In 1979 ticks were found up to 700 m a.s.l. in
mountainous regions of the Czech Republic, but in 2002 were collected at 1100 m [61,62],
and more recently (2020) have been found higher still at 1700 m in the Italian Alps [63]. An
earlier study in 1993 had shown that I. ricinus was unable to complete its life cycle at such
altitudes in the Czech Republic [64].

In Norway, Hvidsten et al. conducted one of the few surveys based on direct observa-
tion of I. ricinus occurrence at the northern limits of its distribution, collecting specimens
by drag-sampling, small mammal trapping, from domestic animals, mainly dogs, and by
mailed submissions [59]. Attempts were made to differentiate locations where I. ricinus
populations were established from those where a few adventitious ticks had been observed
or no ticks were detected. The criteria for tick establishment in a local region were the pres-
ence of all three life cycle stages in two successive years [65]. Estimates of the vegetation
growing season length (VGSL), defined as the number of days when the mean temperature
exceeds 5 ◦C, suggest that established tick populations occurred where the VGSL exceeded
170 days (Figure 5).

Figure 5. Vegetation growing season length (VGSL) in days in 1961–1990 and 1991–2015 correlated
with the presence of Ixodes ricinus in northern Norway. The VGSL threshold for tick establishment was
estimated to be approximately 170 days. Modified with permission from Hvidsten et al., 2020 [59].

The period of 170 days VGSL is the same minimum value for tick establishment esti-
mated for Scandinavia by Jaenson and Lindgren [41] and was the basis for their projections
of tick distribution changes over the next few decades (Figure 3). When the average VGSL
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values in the Hvidsten et al. study for the period 1961–1990 are compared with those for
1991–2015, an increase in VGSL is evident at all locations, clearly associating the expanding
tick distribution with rising temperatures. The most likely mechanism for this temperature
effect is the time required for each tick stage to complete development within a season,
as demonstrated by Daniel [64] in his altitude study, but low temperatures will also limit
questing activity, and Gilbert et al. [22] have shown that I. ricinus nymphs from higher
latitudes can quest at lower temperatures than those from more southerly regions.

6.2. Climate Effects on Reservoir Hosts

In addition to direct effects on ticks, rising temperatures will also affect their hosts,
which is particularly important when these hosts serve as reservoir hosts for tick-borne
pathogens. In the case of B. divergens, the pathogen’s distribution is closely associated
with that of cattle. Infections appear to result from local transmission by established tick
populations [66], and since tick populations are expanding northwards, it is not surprising
that there is some evidence, though indirect, for bovine babesiosis in more northern
locations than in previous decades [67]. Since B. divergens is transmitted transovarially,
infected larval or nymphal ticks could be deposited by birds far to the north of established
tick populations. However, there is very little evidence for infections transmitted to cattle by
such adventitious ticks, with only one suspected case in the far north of Norway occurring
in the last 20 years [66]. A more definite climate effect on bovine babesiosis, though on a
local scale, occurred recently in the south of England in February 2019, when temperatures
exceeded the average for the time of year by more than 10 ◦C, causing very early tick
activity and an outbreak of bovine babesiosis involving 20 cattle [68]. Babesia venatorum
is also transmitted transovarially and is associated with roe deer, so presumably the
distribution of this pathogen has been affected by the northward range expansion of its
host [58]. It can also be distributed by birds carrying infected ticks, which led to speculation
that its detection in sheep in Scotland may have resulted from the deposition of ticks by
migratory birds from Norway [69]. At present there are insufficient data on the distribution
of B. venatorum to associate it with any climate change effect.

Genotypes of B. microti have been detected in many vertebrate species but those
that cause human babesiosis in north-eastern North America appear to be limited to the
white-footed mouse, Peromyscus leucopus, short tailed shrews, Blarina spp., and chipmunks,
Tamia striatus. Since, in the absence of transovarial transmission, neither birds nor deer can
play a significant part in the introduction of the parasite to new reservoir host populations,
and it appears that migration of infected small mammals is the main means by which the
pathogen can emerge in new areas. B. microti infections therefore lag well behind the spread
of other I. scapularis-borne diseases such as Lyme borreliosis and human granulocytic
anaplasmosis [70], both of which can infect birds, though B. microti infections are spreading
within the northeast and upper midwest endemic regions [50,71]. While the tick vector has
spread north into Canada, human babesiosis remains exceedingly rare and to date only
three cases of autochthonous infection have been recorded there [72].

There is little information on the effects of climate change on the small mammal
reservoir hosts of B. microti, but intuitively one might expect milder winters to result
in their improved survival, driving expansion of their populations. In P. leucopus, one
of the main reservoir hosts, tick transmission is relatively inefficient, but appears to be
facilitated by the agent of Lyme disease, B. burgdorferi sensu stricto [73], which is now
prevalent in southern Canada and for which P. leucopus is also an important reservoir host.
Furthermore, the persistence of B. microti in its rodent hosts, Microtus spp. and P. leucopus,
is enhanced by vertical transmission [74,75], so range expansion of these rodents is likely
to be fundamental to the spread of B. microti. Roy-Dufresne et al. [76] used an ecological
niche factor analysis to study the potential effect of global warming on the distribution
of P. leucopus and concluded that by 2050 the range of this rodent species could have
expanded northwards by 3◦ latitude. Considering that the upper midwest B. microti
endemic area is only just across the US border, it seems likely that significant numbers of
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cases will eventually occur in Canada. Indeed, the three recorded autochthonous Canadian
B. microti infections were apparently all acquired in southern Manitoba not very far from
the endemic region in Minnesota [72], although unfortunately it is not known whether the
same genotypes responsible for B. microti human babesiosis in the US were involved in
these Canadian cases. An alternative explanation for the appearance of human babesiosis in
new areas, is that zoonotic genotypes of B. microti occur in the absence of I. scapularis, being
transmitted by tick species that generally do not bite humans, for example Ixodes angustus.
While such cryptic cycles exist [77], there is little evidence so far that they have played a
part in the spread of zoonotic babesiosis caused by B. microti, although they might have
had a role in the establishment of the two separate foci in the northeast and upper midwest
of the US, in which the B. microti genotypes show distinct differences from each other [78].
Ixodes scapularis (or I. dammini) is thought to have spread from coastal refugia in the 1950s
as a result of reforestation and the growing deer population [79], and it is possible that
in the upper midwest B. microti genotypes maintained in cryptic cycles were then able to
infect this newly arrived bridge vector and thus establish a new focus of human babesiosis.

7. Conclusions

While observations suggest that tick populations have been responding to increasing
temperatures with a northwards expansion for some years, it is not possible at present to be
certain that the occurrence of human babesiosis has been affected by climate change. This is
partly because of lack of data, particularly in Europe, where human babesiosis is much rarer
than in North America, but also because the distributions of the pathogens involved depend
on infected reservoir hosts, in addition to ticks, and the factors affecting the movements of
these animals (small mammals, deer and domestic cattle) are influenced by other factors
in addition to climate, notably landscape changes resulting from anthropocentric activity.
Nevertheless, observations and models suggest that it is only a matter of time before human
babesiosis cases occur more frequently, out of season and further north than at present as a
result of climate change.
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Abstract: Babesiosis is attracting increasing attention as a worldwide emerging zoonosis. The first
case of human babesiosis in Europe was described in the late 1950s and since then more than 60 cases
have been reported in Europe. While the disease is relatively rare in Europe, it is significant because
the majority of cases present as life-threatening fulminant infections, mainly in immunocompromised
patients. Although appearing clinically similar to human babesiosis elsewhere, particularly in the
USA, most European forms of the disease are distinct entities, especially concerning epidemiology,
human susceptibility to infection and clinical management. This paper describes the history of the
disease and reviews all published cases that have occurred in Europe with regard to the identity
and genetic characteristics of the etiological agents, pathogenesis, aspects of epidemiology including
the eco-epidemiology of the vectors, the clinical courses of infection, diagnostic tools and clinical
management and treatment.

Keywords: European babesiosis; Babesia divergens; Babesia venatorum; Babesia microti; Ixodes ricinus;
parasite identity; epidemiology; clinical cases; diagnosis; treatment

1. History

The first reported case of human babesiosis in Europe, and indeed in the world,
occurred in 1956 in the former Yugoslavia, now Croatia, in a 33-year-old tailor and part-
time farmer who had been splenectomized following a traffic accident 11 years earlier [1].
He presented with fever and severe hemoglobinuria eight days after first feeling unwell and
died two days later. The parasites detected in blood smears were identified as Babesia bovis.
However, B. bovis is not known to be zoonotic, and the photomicrographs in the published
case report show divergent piroplasms that are characteristic of Babesia divergens, as well as
a cattle parasite and first described by M’Fadyean and Stockman in 1911 [2]. The second
recorded case, another B. divergens infection, which also ended fatally, occurred in 1967 in a
splenectomized man who had apparently contracted the infection on holiday in the west
of Ireland [3]. Further cases then followed in the 1970s in the UK and France, and to date,
cases have been recorded in at least 19 European countries, almost always fulminant in
splenectomized patients and attributed to B. divergens.
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A second zoonotic species emerged in 2003 in Italy and Austria [4], initially designated
EU1, but now named Babesia venatorum. To date, infections with B. venatorum have been
reported from Germany [5], Austria [6] and Sweden [7], all in splenectomized patients who
survived, which possibly indicates a milder course of infection than B. divergens, though
treatment has improved markedly since the first appearance of zoonotic babesiosis.

The most recent addition to the list of autochthonous zoonotic European Babesia spp.
is Babesia microti, the first confirmed case of which occurred in Germany [8], and caused
moderate illness in a spleen-intact but immunocompromised patient. A few mild or
asymptomatic other cases have since been recorded, but it is very clear that the strains of
B. microti present in Europe, where it is common in rodents and ticks, are not as infectious
or pathogenic to humans as those in the USA, where B. microti infections give rise to
approximately 2000 zoonotic babesiosis cases annually [9].

2. Parasite Identity

Two of the three Babesia species that infect humans in Europe, B. divergens and
B. venatorum, belong to the Babesia sensu stricto (s.s.) group and are closely related,
(Clade X; [10]), while the third species, B. microti, is phylogenetically distinct, belong-
ing to Babesia sensu lato (s.l.) (Clade I; [10]). The three parasites are distinguishable
morphologically in Giemsa-stained blood smears, but only by experienced diagnostic mi-
croscopists because they share important features. For example, divergent paired pyriforms
are characteristic of both B. divergens and B. venatorum, while pyriform tetrads occur in both
B. divergens and B. microti. The much more frequently observed single round trophozoite
(‘ring’ stage) occurs in infections of all three species (Figure 1).

Figure 1. Babesia divergens in a Giemsa-stained thin blood smear. Round (A), paired pyriform (B),
tetrad (Maltese cross) (C) and multiple parasite (D) forms are indicated. Similar round and paired
pyriform forms have been observed in infections of B. venatorum, and round and tetrad forms occur
in B. microti infections. Multiple parasite-infected erythrocytes are often seen in high parasitemias.
© Estrella Montero, Luis Miguel Gonzalez.

Babesia microti can be distinguished serologically from B. divergens and B. venatorum,
but the latter two are antigenically similar [4]. Serology is further limited by the time
required for an antibody response to develop, which may be several weeks in immunocom-
promised patients [5]. DNA sequence discrimination is not only relatively swift, but can
also be used to identify Babesia species, and it is now the method of choice for determining
parasite identity. The 18S rRNA gene is by far the most commonly used locus for Babesia
identification. There are several well-established and sensitive nested PCR protocols tar-
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geting this gene, as it is easy to amplify and there is much sequence information in the
GenBank database.

It has long been accepted that cattle are the main, if not only, reservoir hosts for human
B. divergens infections in Europe and sequencing of the 18S rRNA gene strongly supports
this. Additionally, 5 of the 10 human B. divergens isolates for which sequence information
is available are 100% identical with bovine isolate GenBank: U16370 (Figure 2), widely
used as a reference sequence for B. divergens [11]. Another three isolates showed more
than 99.9% homology with this bovine isolate reference, but a further two human isolates
probably did not have a bovine origin, showing homologies of only 99.7% (GenBank:
AF435415) and 99.2% (GenBank: AJ439713). The first of these cases occurred in a 34-year-
old asplenic male Canary Island resident with typical clinical signs of acute babesiosis [12].
The patient reported having removed several unidentified ticks two weeks prior to being
admitted to hospital. Since I. ricinus is apparently absent in the Canary Islands and the
patient had no history of travel, the authors suggested the protozoan may have been
transmitted by Ixodes ventalloi, an endophilic tick species that is common in the islands and
primarily infects lagomorphs, carnivores and rodents [13]. However, this tick has never
been confirmed as a vector for B. divergens or any other zoonotic Babesia species. The second
case was reported in a 66-year-old acutely ill splenectomized patient in Portugal [14]. As
the patient had travelled to Florida, the USA and the UK six weeks prior to his illness, it
was not possible to ascertain where he had been infected.

There are several reports of the detection of B. divergens DNA in red deer (Cervus elaphus),
roe deer (Capreolus capreolus) and reindeer (Rangifer tarandus) [15], and it has been suggested
that these host species, especially red and roe deer, may serve as a source for infection for
both humans and cattle. However, none of the deer isolates show 18S rRNA homologies of
more than 99.9% with the bovine reference strain, and so far there is no evidence that deer
‘Babesia divergens’ have ever caused either human or bovine babesiosis.

It is important to point out, that although useful for diagnostics, the 18S rRNA gene
probably cannot unequivocally distinguish between Babesia species or strains. The reason
for this is its highly conserved nature across the genus, on the one hand, combined with
considerable intraspecific sequence diversity, on the other hand, particularly for B. divergens
and B. microti. The cytochrome c oxidase subunit I (COI) gene locus has greater genetic
diversity than the 18S rRNA gene and is therefore a more useful tool to distinguish between
different species but, unfortunately, it has a lower amplification efficiency [16]. However,
when examining the role of potential reservoir species, attempts should be made where
possible to sequence sizeable fragments of both the COI and 18S rRNA genes [17]. Other
loci such as the beta-tubulin, heat shock protein and merozoite surface protein genes have
been used to distinguish Babesia isolates; however, until more information for these loci is
available in the database, they are unlikely to be used more widely.

The clinical presentation of B. venatorum infections can closely resemble that of
B. divergens [4], but this species is clearly distinct, showing only 98.2% homology with
the bovine B. divergens reference sequence, U16370. Of the six infections reported in Europe
so far, four 18S rRNA sequences are available, including the original two with identi-
cal sequences GenBank AY046575 [4], one showing 99.7% [5] and one showing 99.6%
(asymptomatic–GenBank: KP072001) homology with AY046575. Almost all 18S rRNA
sequences of B. venatorum from roe deer (C. capreolus) are identical to the first human
isolates, with the few exceptions differing by one or two nucleotides, and there can be
little doubt that roe deer is the main reservoir host of B. venatorum in Europe. It is also
interesting to note that B. venatorum is not restricted to Europe and approximately 50 cases
have been diagnosed in China [18], with the available 18S rRNA sequences being iden-
tical to the original European isolates or differing by only one or two nucleotides. The
suspected but unconfirmed vector and reservoir hosts are Ixodes persulcatus and sika deer,
or Cervus nippon, respectively [19].
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Babesia microti is considered to be a species complex, mainly infecting small mammals.
Goethert and Telford [20] assigned the parasites in the group to three clades based on
analysis of the 18S rRNA and beta tubulin genes, with most of the zoonotic genotypes
within Clade 1, which also includes the ‘U.S. genotype’ (e.g., GenBank: AY693840), re-
sponsible for the vast majority of human babesiosis cases. Human B. microti infections
have expanded across the northeast of the USA over the last few decades [21], and several
cases in Europe have been associated with travel from that country. In contrast, very few
autochthonous cases have occurred in Europe, the first authenticated one was in Germany
in an immunocompromised patient and caused by a strain (Jena–GenBank: EF413181)
closely related to the USA genotype [8]. Welc-Faleciak et al. reported the detection of DNA
of the same genotype in two other individuals, both asymptomatic, who were participating
in a survey of forest workers in Poland [22]. Another B. microti strain, the ‘Munich’ type
(GenBank: AB071177) is widely distributed in Europe and was originally presumed to be
non-zoonotic [23]. However, DNA of this strain has reportedly been detected in seven
patients in Europe, six of whom presented with various symptoms following a tick-bite in
Poland (GenBank: KT429729; [24]), and one who presented with non-specific symptoms in
Spain (GenBank: KT271759; [25]). A 157 nucleotide DNA fragment of the Munich strain
was detected in an eighth patient, originally thought to be suffering from a prolonged bout
of malaria while living in Equatorial Guinea. However, the patient made several visits
to Spain during that period [26], and it is difficult to determine whether this B. microti
infection, successfully treated with antibabesials, was contracted in Spain or Africa. All
patients infected with the Munich strain were immunocompetent and only this latter pa-
tient had detectable parasites (at a very low level) in thin blood smears. These isolated
reports indicate that two European genotypes of B. microti can infect humans, but that they
are considerably less pathogenic than those in the USA. All cases that were imported into
Europe appear to have an American origin (mainly North America), and although only
three 18S rRNA sequences are available at present (showing 100% identity to the original
American isolate GenBank: AY693840), it is probable that they were all caused by parasites
closely related to this widespread U.S. genotype.

3. Pathogenesis

Most what is known to date on babesiosis pathobiology has resulted from in vitro
experiments and animal studies (mainly in mice and cattle) on B. microti, B. bovis and
B. divergens [27–31]. In many human infections, no isolates have been obtained for further
investigations, and little information is available on the pathogenesis of B. venatorum.
Babesia parasites occur within erythrocytes and as extracellular forms in the blood. They
multiply within the erythrocytes by a form of budding to produce two or occasionally
four daughter cells (merozoites). In fulminant human infections and in highly infected
in vitro cultures, multiple parasites may occur within individual erythrocytes (Figure 1).
The release of merozoites and eventual erythrocyte lysis is associated with fever and other
clinical symptoms including hemolytic anemia, jaundice, hemoglobinuria, obstruction
of renal arterioles and renal failure [32]. In vitro observations suggest that erythrocytes
are not necessarily completely destroyed when the parasites leave them, but they are
damaged. Their optical density decreases, they are reduced in size and are probably
removed by the spleen soon afterwards [27–31]. While intermittent episodes of fever have
been reported in cases of human babesiosis [32], they typically do not have the same
regularity as febrile episodes in malaria, probably because of the asynchronous nature of
babesia multiplication and egress from the erythrocytes [33]. In addition to erythrocyte
lysis and metabolic alterations, excessive proinflammatory cytokine production contributes
to clinical complications [34,35], potentially resulting in vascular leakage, adult respiratory
distress syndrome, hypotension and shock [35,36].

Both innate and adaptive immune mechanisms limit the severity of babesial infec-
tion [34,37,38]. The spleen plays a central role in host defense by clearing infected ery-
throcytes from the bloodstream and mounting the protective immune response. The
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heavily vascularized organ consists of red-pulp and white-pulp zones surrounded by a
trabecula and an outer capsule. The marginal zone contains macrophages and neutrophils
that recognize and ingest babesia-infected erythrocytes and circulating free parasites as
the blood travels through the spleen (in humans, erythrocytes pass through the spleen
approximately every 20 min [39]). The red-pulp infected erythrocytes are captured in
sieve-like slits in the sinuses as they return to the main circulation and are ingested by
macrophages [40,41]. The white pulp of the spleen contains T-cells that produce cytokines,
for example gamma interferon (IFNγ), which activate macrophages to phagocytose and
destroy parasites, as well as B-cells to secrete babesia-specific antibodies [41]. Antibodies
neutralize pathogens, thereby preventing them from entering erythrocytes, and also en-
hance phagocytosis by macrophages and neutrophils through opsonization and eradicate
pathogens through antibody-dependent cytotoxicity by natural killer cells and through
the activation of complements [41]. The importance of cellular immunity in controlling
parasitemia is demonstrated by the fact that both laboratory mice and humans with de-
pressed cellular immunity have difficulties in controlling infections [5,28,31]. Similarly, the
depletion of host macrophages and natural killer cells in mice increases susceptibility to
infection [30], while an impaired antibody response due to hematological malignancies
and/or rituximab therapy can also lead to difficulties in clearing infection in humans,
despite adequate antibabesial therapy [5,42].

In general, factors responsible for severe infections following splenectomy include the
delayed and impaired production of immunoglobulin and lack of splenic macrophages,
resulting in a reduction in the numbers of infected erythrocytes removed [43]. Consequently,
asplenia or hyposplenism often results in fulminant illness and death [1,44–47].

Babesia parasites possess a number of evasive measures to avoid immune attack,
which can lead to persistent infections, even in the presence of an intact immune system [41].
Persistent infections (often asymptomatic) are particularly evident in B. microti infections
of humans, but less so in B. divergens and B. venatorum infections, which are usually acute,
although infection of their natural hosts (cattle and roe deer, respectively) tend to be
persistent. The mechanisms for immunoevasion are unclear, although antigenic variation
probably occurs to some extent. Capillary sequestration of infected erythrocytes, thus
avoiding circulation through the spleen, has only been reported for certain non-zoonotic
species (B. bovis and B. canis) [48].

4. Vector Biology

All zoonotic Babesia spp. in Europe are transmitted by the castor bean tick, Ixodes ricinus.
This three-host tick species spends most of its life (>98%) free living, either host seeking
or developing to the next stage. It requires a high humidity at the base of the vegetation
(RH >80%), and ideal conditions are to be found in temperate deciduous woodlands with
patches of dense vegetation and little air movement. Additionally, I. ricinus may be present
in appreciable numbers in regions of high rainfall on agricultural land utilized by livestock,
such as rough hill land or undergrazed pastures [49]. This tick species occurs in Northern,
Western, Central and Eastern regions of Europe, but is sparse in Southern Europe because
of its susceptibility to desiccation. In most regions of its distribution, host-seeking activity
commences in spring and early summer, with ticks being found on vegetation and animals
from late March and peaking in numbers from April to July. In some areas a second, less
intense, phase of questing activity occurs in the autumn, and as a result of global warming,
tick activity now occurs more frequently in winter [50]. All active stages of larva, nymph
and adult ticks ambush their hosts from the vegetation and, with the exception of the male,
which generally does not feed, they attach to the skin with specialized mouthparts for
several days, the duration depending on the tick life cycle stage.

In infected unfed ticks, babesia parasites occur in the salivary glands, but they are not
infective until they have undergone development, which is initiated when the tick starts to
feed, and takes about two days to complete. Ixodes ricinus was first shown to be the vector
of B. divergens in transmission experiments using splenectomized calves [51]. It appears
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that infections are chiefly acquired by adult females while feeding on an infected host and
they then pass the infection transovarially to the next generation of ticks, all stages of which
(except perhaps for males) are capable of transmitting the infection [52]. While infection
acquisition by immature stages has been suggested, this arose out of laboratory studies
involving gerbils (Meriones unguiculatus) as hosts, and no direct evidence for the implied
transstadial transmission that might follow exists [53]. Ixodes ricinus was also shown to
be the likely vector of B. venatorum by Bonnet et al. [54], who demonstrated probable
transovarial transmission from adult ticks feeding on roe deer to the next generation larvae.
Ixodes ricinus as a vector of B. venatorum was validated in a subsequent in vitro study, in
which both nymphs and females were shown to acquire infections and to transmit them
transstadially and transovarially [55]. One of the consequences of transovarial transmission
and transstadial persistence in B. divergens and B. venatorum is that theoretically infected
ticks could occur in regions where infected reservoir hosts are not present, particularly
as a result of the deposition of infected larvae by birds. Transstadial transmission of
the third species, B. microti, involving acquisition by I. ricinus larvae from rodent hosts,
followed by infection of hosts by nymphs, was reported by Walter and Weber in 1981 [56]
and confirmed by Gray et al. in 2002 [57]. Additionally, the latter study showed that
transovarial transmission of B. microti does not occur, that the parasite does not persist
in the tick beyond one moult and that I. ricinus can transmit a zoonotic American strain,
suggesting that it might be the vector of more than one European strain of the parasite.

Using PCR-based techniques, Babesia spp. are detectable in unfed free-living I. ricinus
ticks. Babesia divergens occurs at a very low rate in ticks and is often undetectable even
when the ticks have been collected from pastures where bovine babesiosis has occurred
recently [58,59]. Babesia venatorum occurs at a slightly higher frequency [60], and as a
parasite of roe deer, almost is always in ticks from woodlands. Tick infection rates of
B. microti, also associated with rodents and woodlands, tend to be much higher, sometimes
exceeding 10% [61].

Human B. microti babesiosis cases are exceedingly rare in Europe, despite the fact that
this parasite occurs commonly in rodents and can be readily detected in unfed I. ricinus
ticks [60], which are proven vectors of at least some Europe strains [57]. However, it should
be noted that another tick species, Ixodes trianguliceps, is the dominant B. microti vector in
many regions [62], and this tick species rarely bites humans. Furthermore, the parasites it
transmits may not be infective for I. ricinus. These factors probably contribute to the low
disease rate, but nevertheless, serosurveys indicate considerable exposure of the human
population to infection [63].

5. Epidemiology
5.1. Autochthonous Babesiosis Cases

Human babesiosis is very rare in Europe, although the exact number of European
cases is difficult to establish. Gorenflot et al. reported 22 cases of human babesiosis caused
by B. divergens up to 1998 [64]. They occurred in France (10), the British Isles (6), Russia
(1), Spain (2), Sweden (1), Switzerland (1) and present-day Croatia (1). Some cases were
not published but communicated personally, and not all of them were confirmed using
molecular methods [1,46,47,64–68]. From 1998 until the present, at least 13 additional cases
were published in France [69–72], Portugal [14], Norway [73], Spain [74–76], Turkey [77],
Finland [44], Ireland [78] and the UK [79] (Table 1). Overall, this amounts to more than
50 cases, with 35 attributed to B. divergens, 5 to B. venatorum and 11 to B. microti (excluding
imported cases) (Tables 1–3).
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Despite the rarity of the disease in Europe, several serosurveys suggest that infections
may be surprisingly frequent. For example, Hunfeld et al. reported positive values of
5.4% and 3.6% for B. divergens and B. microti, respectively, in a sample of 467 sera collected
from the general population in Germany [63], and in Slovenia, IgG titers in 215 samples
ranged from 8.4% to 2.8% depending on the IFAT cut-off [95]. However, in contrast to the
USA, where transfusion-transmitted infections occur quite frequently, to date, only a single
case in Europe (B. microti [8]) appears to have resulted from a blood transfusion. At the
present time, therefore, and despite the increasing evidence for mild and asymptomatic
infections [22,71,72] and the relative frequency of blood transfusions in the population, this
form of transmission appears to carry a low risk of babesiosis in Europe.

The two greatest risk factors for zoonotic European babesiosis are exposure to I. ricinus
ticks (though patients may not be aware of a tick bite) and splenectomy (Tables 1 and 2).
Even in the few spleen-intact cases there was usually evidence of splenic dysfunction
or other immune incompetence, as discussed below (Section 6.1). In contrast, the few
European B. microti cases have all been spleen-intact cases. This is also a common feature
in the many cases of infection with this parasite in the USA [96]. Considering the numbers
of splenectomized individuals in the European population (several hundred thousand in
France alone in 1983 [64]), and the abundance of I. ricinus throughout Europe, the frequency
of babesiosis is surprisingly low, indicating perhaps that additional immunosuppressive
conditions are contributing factors in disease occurrence (Table 1), but the low infection
rates of ticks, even in habitats frequented by the relevant reservoir hosts, may also be a
factor in the rarity of the disease.

Another obvious risk factor for B. divergens infection is association with cattle, as indi-
cated by the genetic similarity between cattle isolates and those from human cases where
the parasites were sequenced (Figure 2). Although B. divergens has been reported in red
deer, the parasite genotypes differ from those isolated from cattle or humans (Figure 1, [15]).
However, this topic requires further investigation, as discussed in the previous section.
Since roe deer have been identified as reservoir hosts of B. venatorum [55], it is reasonable
to suppose that exposure to ticks in woodland is a risk factor, as discussed in Section 4.

5.2. Imported Babesiosis

To date, 13 cases of human babesiosis have been documented as imported to Euro-
pean countries. All cases were attributed to B. microti and were diagnosed in Switzer-
land [83], the Czech Republic [84], Austria [85], France [87,92], Germany [86], Poland [82,88],
Spain [90,91,94], Denmark [89] and the UK [93], having been acquired in the Americas
(Table 3).

5.3. Ambiguous Babesiosis Cases

A small number of human babesiosis cases documented from Europe do not fit into
any of the categories described above. These include three symptomatic cases with uniden-
tified Babesia species reported in France [64,71] and Spain [64]. Additionally, one case of
coinfection with Babesia spp. and Borrelia spp. was reported in Poland. Published sequences
showed 98.99% homology to both B. divergens and B. venatorum, so that exact speciation
was not possible [97]. In four more cases of babesia infection, which were detected in a
retrospective study in immunocompetent patients in France, species identification was not
possible [72]. Finally, one B. microti infection, diagnosed in Spain in a 43-year-old woman
with an intact spleen, was associated with moderate and prolonged disease, originally
diagnosed as malaria. Over an 8-month period, she received six consecutive diagnoses of
malaria with different treatment regimens that led to no clear improvement. Because all
antimalarial therapies failed, the patient’s case was re-evaluated, diagnosed and eventually
treated appropriately. It could not be established whether the patient acquired the infection
in Europe (autochthonous) or in Equatorial Guinea (imported) [25].
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5.4. Reports of Possible Cases with Diagnostic Deficiencies/Lack of Clarity

Of the 22 human cases of B. divergens infections that were documented before 1998 and
described by Gorenflot et al. [64], and not all fulfill present day diagnostic standards, as
some were only diagnosed microscopically without PCR confirmation, sequence analysis
or serological testing [1,46,47,65–68,98,99]. Two cases reported as B. bovis infections were
diagnosed on the basis of their appearance under the microscope only, rendering their
identity questionable [1,100]. Even after 1998, at least 26 more cases were published as
human babesiosis, despite diagnostic deficiencies or with lack of clarity, including 2 case
reports of B. microti from Russia [101], 1 case from Spain [102] and 10 cases of unknown
Babesia spp. from Montenegro [103], which were only diagnosed microscopically. Another
case of B. microti infection in Switzerland presented doubtful microscopy, negative PCR
and borderline serology [104]. A retrospective analysis of cases of babesiosis admitted to
Spanish hospitals through data recorded in the minimum basic data set at discharge (MBDS)
during the period 2004–2013 found 10 patients diagnosed with human babesiosis [105].
Only two of these were unequivocally identified as B. divergens and published [74,75].
Additionally, in a few cases, the co-infection of Babesia spp. with other tick-borne pathogens
was reported, but unfortunately diagnoses in these cases were only performed on the basis
of clinical presentation [105] or had deficiencies in the diagnosis of babesiosis [104,106]. For
example, in a case of septic babesiosis reported from Spain [102], the patient presented a
widespread exanthema with the presence of well-established annular lesions. Biopsy of one
of the annular lesions showed changes compatible with a necrolytic migratory erythema.
The patient had clinical symptoms of sepsis, but the diagnosis of human babesiosis was
only based on apparent positive microscopy. There are no other reports of babesia infections
causing erythema figuratum, and other differential causes have to be considered for this
patient such as pancreatic neuroendocrine tumor-like glucagonoma, liver diseases and
zinc deficiency [107–109]. Similarly, Strizova et al. reported a case of a 36-year-old man
in the Czech Republic who experienced severe polytrauma requiring repetitive blood
transfusions. Six months later he presented with possible Reiter’s syndrome consisting
of arthritis, conjunctivitis and urethritis. The diagnosis of human babesiosis caused by
B. microti mimicking Reiter’s syndrome was performed only based on apparent positive
microscopy and the lymphocyte transformation test, which has not been evaluated for
its sensitivity and specificity in the diagnosis of babesiosis [110]. Again, it is important
to stress that the parasite is difficult to identify using microscopy alone, particularly if
parasitemia is low, and confusion with platelets of staining artefacts is common (further
discussed in Section 6).

6. Clinical Course of Infections
6.1. Pre-Disposing Factors of Acute Disease

General pre-disposing factors associated with a higher risk of symptomatic human
babesia infection and more severe illness are splenectomy, impaired cellular and/or hu-
moral immunity and advanced age [31,32,111]. The latter is explained by the decline in
cellular immunity in patients over the age of 50 years [37].

In Europe, most severe cases were either splenectomized [1,4–7,14,45–47,70,73,74,77,86],
or they had a rudimentary spleen and hyposplenism [44,78]. Immunosuppressive co-
morbidities associated with severe babesiosis are hematological malignancies such as
Hodgkin’s disease [4,5,45], B-cell lymphoma [4], acute myeloid leukemia [8], hairy cell
leukemia [6], T-cell lymphoma [7] and HIV [74]. Patients with these malignant diag-
noses and moderate-to-severe babesiosis were often on chemotherapeutic drugs with
additional immunocompromising effects including prednisone, doxorubicin, cyclophos-
phamide, methotrexate, bleomycin and rituximab [4–8]. In human infections of B. microti
in the United States, it has been reported that the severity of the disease increased with
increasing parasitemia [112], with severe outcomes or complications of babesiosis as-
sociated with parasitemias of >4% [113] or >10% [114,115]. A few exceptions include
reports of death in babesiosis patients with parasitemia <3% [116]. This latter observation
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has also been made in critically ill patients in Europe [76], but in most European cases,
parasitemias in patients with complications ranged from 10% up to 80% in B. divergens
infection [14,44,46,70,75,77–79], 4% to 30% in B. venatorum infection [4,5] and 3% to 20% in
B. microti infection [90–93].

One of the very rare but potentially fatal complications of babesiosis is hemophago-
cytic lymphohistiocytosis (HLH) [87,117–121]. In HLH, normal downregulation of acti-
vated macrophages and lymphocytes does not occur, resulting in excessive inflammation,
hypercytokinemia, abnormal immune activation and tissue destruction. Dysregulation
is due to the inability of natural killer cells and cytotoxic lymphocytes to eliminate acti-
vated macrophages. HLH is classified into a genetically determined primary form and a
secondary form that occurs in older people with underlying conditions such as infections,
malignancies and autoimmune disorders [122]. In Europe, HLH has been reported in at
least four patients with babesiosis caused by B. divergens [74,123], B. venatorum [7] and
B. microti [87]. Cofactors for severe disease in these patients were older age [87], and a
newly diagnosed HIV infection in one patient [74].

In many European cases, detailed laboratory parameters are frequently not avail-
able, so that a retrospective analysis of potential clinical factors that may have rendered
patients to be more susceptible is not feasible. Future reports on European cases should
consider risk factors for severe disease that have been reported for B. microti infection in-
cluding hemoglobin level <10 g/dL, parasitemia ≥10 days, elevated alkaline phosphatase
>125 U/L, total white blood cell count >5 × 109/L and prior existing cardiac abnormali-
ties [113,114].

6.2. Babesia divergens

This section describes the clinical course of babesiosis cases reported over the last
21 years (2000–2021) in asplenic, hyposplenic and normosplenic patients, who presented
with mild-to-severe disease, dependent on age, immune status and co-morbidities (Table 1).

6.2.1. Features of the Disease in Asplenic and Hyposplenic Patients

Since 2000, six patients who had been immunocompromised by splenectomy devel-
oped severe infections [14,69,70,73,74,77]. Two other patients had rudimentary spleens
probably resulting in functional aspleny [44,78]. The period from onset of symptoms to
the diagnosis of babesiosis ranged from one month prior to admission to four days post
admission. Before obtaining a correct diagnosis of human babesiosis, patients were misdi-
agnosed with malaria, fever of unknown origin and Mycobacterium spp. infection secondary
to HIV. Frequently presented symptoms were a fever up to 40 ◦C, headache, abdominal
and back pain, fatigue, hemolysis with or without anemia and jaundice. Severely ill pa-
tients developed acute renal failure, hemophagocytic syndrome, atrial fibrillation, ARDS,
hospital-acquired pneumonia, pulmonary aspergillosis, septic shock and multiorgan fail-
ure [14,44,69,70,73,74,77,78]. Parasitemias ranged from 1% [69] to 60% [70]. Only two of
these eight patients (25.0%), a 66-year-old man [14] and a 53-year-old man [44], succumbed
to the infection indicating a significant improvement in survival rates compared to cases
reported before 1998 [64].

Interestingly, the two patients who were not splenectomized but were hyposplenic
developed very severe disease. One case involved a 79-year-old man in Ireland with a
5-day history of fever, malaise, nausea, generalized pains and dark-colored urine. The
patient remembered removing a tick from his arm two weeks prior to the onset of illness.
He had been diagnosed with celiac disease several years before admission. A peripheral
blood smear revealed babesiosis with 20% parasitemia and the presence of Howell–Jolly
bodies. The patient received antibabesial treatment but developed several complications
including acute renal failure, ARDS and hospital-acquired pneumonia. Altogether he was
hospitalized for 61 days. An MRI scan later revealed an atrophic spleen [78]. Defective
splenic function affects more than one-third of adult patients with celiac disease [124].
Eliminating gluten from the diet may improve splenic function [125], but this works
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inconsistently and apparently not in those patients who have already developed splenic
atrophy [125,126].

The second hyposplenic patient was a 53-year-old man from Finland who succumbed
to the infection. He showed typical symptoms, but also had dark streaks on his arms
and legs, probably caused by massive intravascular hemolysis, and an erythema migrans
indicating possible co-infection with Borrelia burgdorferi s.l. On post-mortem examination,
splenic atrophy was found, probably caused by alcohol consumption and/or by a previous
history of alcohol-induced pancreatitis. Unfortunately, no mention was made of any
investigation for other possible causes of this case of hyposplenism, such as celiac disease
or other autoimmune diseases [44].

6.2.2. Features of the Disease in Normosplenic Patients

Babesia divergens parasitemias in immunocompetent individuals are generally lower
than in immunocompromised patients and are often difficult to detect [71]), but at
least six cases of infection have been reported in normosplenic patients during the last
21 years [71,72,75,76,79]. The course of disease ranged from mild [71] to severe [75,79]
and even lethal [76], and parasitemias ranged from 0.29% [71] to 20% [78,79]. Mild cases
presented with fever, chills, headache, arthromyalgia, leukopenia and elevated liver en-
zymes [71,72]. More severely ill patients had fever, malaise, vomiting, abdominal pain,
hemolytic anemia, jaundice, hemoglobinuria and acute renal failure [75,76]. One of these
six patients (16.7%) died [76].

One of the cases involved a 46-year-old forest ranger in Spain who was hospitalized
after 3 days of fever, severe abdominal pain, jaundice and black and red deposits in his
urine. Laboratory parameters indicated hemolytic anemia. CD4+ T cell counts were
normal and serologic tests and blood cultures for hepatitis and HIV, as well as Bartonella,
Brucella, Leishmania, Leptospira and Borrelia spp. were negative. Initial parasitemia was 10%,
diminished gradually and resolved 10 days after starting a 12-day course of antibabesial
therapy of quinine and clindamycin. Interestingly, hemolytic anemia remained severe, as
evidenced by low hemoglobin. The patient’s illness unexpectedly relapsed on day 18 after
treatment. Parasites were again detected in blood samples and he was put on a 7-week
course of combined atovaquone/proguanil and azithromycin [75].

In another case, a 72-year-old immunocompetent patient in the UK developed a
parasitemia up to 20%. Unfortunately, we have no information about the clinical course
of the disease in this patient. Older age was the only known risk factor [79]. Old age was
probably also a factor in a fatal B. divergens infection in an 87-year-old woman from Spain
who was hospitalized after three months of low-grade fever, malaise, vomiting, decreased
appetite, jaundice and hemoglobinuria. In her case, parasitemia was low (2.9%). Although
she received effective antibabesial treatment that cleared the parasites by day 15 following
admission, she developed acute renal failure, nose and mouth bleeding and extensive
cutaneous hematomas as result of disseminated intravascular coagulation, which resulted
in death [76]. In addition to her advanced age, the patient also had complex cardiovascular
co-morbidities, which in B. microti infections have been identified as risk factors for severe
disease [113].

The first indication that B. divergens may cause relatively mild infections was reported
by Martinot et al. in 2011 in France [72]. They detected intraerythrocytic parasites and
B. divergens DNA in a 37-year-old woman with an unremarkable medical history, who
presented with fever, headache and arthromyalgia two weeks after a tick bite and who
recovered without specific antibabesial medication. Infected erythrocytes were also ob-
served in a 35-year-old man showing similar symptoms, who also recovered uneventfully,
but it was not possible to speciate this parasite using PCR. More recently (2018), also
in France, Paleau and others detected Babesia spp. infection in six patients with flu-like
symptoms, using a combination of tests that included PCR [72]. Babesia divergens was
definitively identified in two of the cases. Interestingly, one patient was additionally diag-
nosed with K. pneumonia septicemia and hepatic abscesses, perhaps indicating an unrelated
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co-infection or a superinfection of acute or chronic human babesiosis. Another patient
was diagnosed additionally with hemolytic anemia and acute pneumonia. Although pul-
monary symptoms have been described in relation to human babesiosis, an unrelated
co-infection could not be ruled out. Finally, babesiosis was diagnosed in a patient pre-
senting with febrile eosinophilic panniculitis, which is an unusual cutaneous symptom in
babesiosis. Unfortunately, there is no information on the patient’s history, medication or
co-morbidities [72].

6.3. Babesia venatorum

Altogether, five cases of B. venatorum have been described in Europe to date, in Aus-
tria [4,6], Italy [4], Germany [5] and Sweden [7] (Table 2). An additional unpublished case
from Poland, listed in GenBank under accession number KP072001, is not discussed in
this section. Interestingly, the five patients were over 50 years of age, splenectomized
and diagnosed with hematological malignancies including Hodgkin’s disease [4,5,7] and
hairy cell leukemia in the fifth [6]. One of the Hodgkin’s patients also had large B-cell
lymphoma [4]. Four patients received immunosuppressive drugs including bleomycin [4],
prednisolone + rituximab [5], methotrexate [6] and cyclosporine + prednisolone [5]. One
patient developed mild [4], one patient mild-to-moderate [6] and three patients moderate-
to-severe [4,5,7] disease. Reported symptoms were recurrent episodes of fever, progressive
weakness, shortness of breath, thrombocytopenia, jaundice, abdominal pain, hemolytic
anemia with elevated serum lactate dehydrogenase, elevated indirect bilirubin values,
low haptoglobin levels and acute renal failure with dark urine as result of hemoglobin-
uria [4–7]. In two patients, a positive direct Coombs test led to an initial misdiagnosis
of autoimmune hemolytic anemia potentially due to ongoing Hodgkin’s disease [5] or
ongoing hairy cell leukemia [6]. Moreover, elevated C-reactive protein and procalcitonin
levels suggested persistent infection in two patients [5,7]. Bone marrow examination of the
Swedish patients showed a few phagocytosing macrophages and monocytosis leading to a
tentative diagnosis of hemophagocytic lymphohistiocytosis with supporting laboratory
evidence including elevated triglycerides, ferritin and soluble interleukin-2- receptor [7].
Parasitemias in the B. venatorum infections ranged between 1.3% [4] and 30% [4,6]. While
all patients eventually seroconverted [4–7], the German case remained seronegative for
specific antibodies for several months and suffered a relapse after the conclusion of the
initial treatment. Moreover, retreatment with atovaquone and azithromyin for two months
was unsuccessful in clearing the parasite, and low-level parasitemia persisted for several
months despite maintenance therapy with atovaquone, possibly due to the previous com-
bined application of rituximab and prednisolone, which have highly immunosuppressive
effects. The Swedish patient also had fluctuating parasitemia for several months, although
it was not clear whether this was a natural feature of the infection or due to injections
with human immunoglobulin [7]. All five patients were cured [4–7]. A study in China on
people who sought medical help after a tick bite detected 48 out of 2912 individuals with
B. venatorum infections [127], suggesting that cases caused by this parasite generally take a
milder course than those caused by B. divergens, requiring special awareness for detection
and appropriate treatment.

6.4. Babesia microti
6.4.1. Autochthonous B. microti Infections

Babesia microti infections in humans are rarely reported outside the United States. So
far, only 11 autochthonous cases have been reported from Europe (Table 3). A marked char-
acteristic of B. microti infections, in contrast to those caused by B. divergens and B. venatorum,
is that the vast majority of cases have occurred in normosplenic patients. Moreover, asymp-
tomatic infections appear to be common. However, clinical manifestations in asplenic
patients are very similar to those caused by B. divergens and B. venatorum, often fulmi-
nating and resulting in death [32,42,113,114,128,129]. Patients who have recovered from
acute babesiosis often maintain persistent asymptomatic parasitemia lasting for several
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months. In immunocompromised individuals, B. microti infections may even persist
through multiple courses of treatment [42,130]. Relapse of illness is also more common
in immunocompromised than previously healthy adults, but even in this group it may
occur as long as 27 months after the initial illness [131,132]. Since many infections are
asymptomatic and/or persistent, transmission of B. microti through blood transfusion is a
serious public health threat in the USA [32,133]. Transfusion-related transmission may arise
at any time of the year and incubation periods can be much longer than in tick-transmitted
infection [134,135].

The first reported European case of B. microti occurred in Belgium in an otherwise
healthy man in his 40s in Belgium in 1981 [81]. He suffered from fever and weight loss of
8 kg within one month. His serum was reactive for R. conori and B. microti and B. rodhaini.
The patient was cured, but it is not clear whether he was infected with B. microti or
if antibodies showed cross-reactivity with Rickettsia spp. [81]. The first validated case
occurred in Germany [8] and is the only one so far in which parasites were observed
within erythrocytes. The other nine documented cases occurred within the last six years
in Poland [22,24] and Spain [25] and were diagnosed by the detection of parasite DNA.
All patients had an intact spleen, and in all but one patient immunocompetence could be
assumed. The exception was the German case, who was immunocompromised because
of treatment for myeloid leukemia. In this case, a moderate disease developed with fever,
heavy chest pain, hypertension, tachycardia and pancytopenia. Microscopy showed an
initial parasitemia of 4.5% [8]. However, it is difficult to determine whether pancytopenia
resulted from the B. microti infection, the underlying disease of acute myeloid leukemia
or a combination of both. It is notable that this patient showed acute onset of babesiosis
with clinical symptoms of coronary heart disease, probably due to ongoing anemia. Acute
disease manifestation was followed by subsequent seroconversion for B. microti-specific
antibodies six weeks later and points to a newly acquired infection rather than an acute
exacerbation of a pre-existing subclinical parasitemia. The specific antibody response
disappeared four weeks after seroconversion, probably owing to the start of another cycle
of chemotherapy with cytarabine and idarubicin. The source of infection in this case was
apparently an infected blood transfusion from an asymptomatic blood donor [8], whereas
in the other patients tick-bite transmission is probable. The other patients with B. microti
infections included two individuals, who were randomly identified as part of a study
of forestry workers, employed in the Podlaskie province of Eastern Poland. Both were
>45-years-old adults and reported several tick bites while working in forests over the
preceding two years [22]. Six patients in Poland and one patient in Spain had a mild
disease with nonspecific clinical symptoms such as fever, muscle pain, joint pain, headache,
vertigo, fatigue and general malaise [24,25]. The case in Spain is an example of low-grade
chronic human babesiosis caused by B. microti, with intermittent symptoms for a period of
at least four months. Such cases may go undiagnosed in immunocompetent patients [25].
Altogether, four patients seroconverted and all those with symptoms were cured.

6.4.2. Imported B. microti Infections

Parasitemias of imported cases ranged up to 20% [90,91,93] (Table 3). Clinical symp-
toms were similar to those of autochthonous cases characterized by fever, fatigue, malaise,
chills and headache, as well as signs of hemolytic anemia, thrombocytopenia, acute re-
nal failure and multiorgan failure in severe cases [90,91,93]. Unusual symptoms were
neck stiffness in a patient with additionally diagnosed neuroborreliosis [88], and lower
back pain, continuous knee pain and erythematous skin changes without any detected
co-infection [89]. Bone marrow aspiration of a patient with severe pancytopenia showed
typical hemophagocytosis [87]. Although all 13 patients with imported B. microti infections
were evidently in good health for travel [82–94], an 83-year-old man diagnosed with low-
grade lymphoplasmacytic lymphoma died of the infection [93]. Babesia microti infection
should definitely be a differential diagnosis in Europe, especially for patients with a travel
history to the Americas.
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7. Laboratory Diagnostics

As human babesiosis can take a fulminant course of disease, especially in immuno-
compromised patients infected with B. divergens, rapid diagnosis is essential. A study
of patients infected with B. microti reported that cases where diagnosis was delayed for
7 days or more were significantly associated with more severe disease [115]. In Europe,
misdiagnoses (malaria, autoimmune hemolytic anemia with positive Coombs test) and lack
of awareness of the existence of Babesia spp. as a causative infective agent have occasionally
led to delayed diagnosis in the past, resulting in prolonged and potentially life-threatening
disease [1,14,25,68,85] (Table 1, Table 2, Table 3). Indeed, in some cases, human babesiosis
was only diagnosed post mortem [1,68]. We strongly recommend that diagnostic proce-
dures for babesiosis should be initiated in patients that present with intermittent fever,
fever of unknown origin or signs of hemolytic anemia. Patient records should include
information on potential immunocompromising conditions, exposure to ticks, having
received blood transfusions and travel to the USA or China within the last 6 months.

Clinical laboratory diagnosis of human babesiosis is challenging and it is uncertain
whether automated hematology analyzers can reliably detect piroplasms. Where there are
typical clinical symptoms, a positive Coombs test in combination with hemolytic anemia
and elevated procalcitonine levels is highly suggestive of babesiosis and should prompt
further diagnostic testing [5,136].

7.1. Light Microscopy

Ideally, direct pathogen detection is recommended for a definitive diagnosis. The gold
standard is microscopic detection in a Giemsa or Romanowsky stained blood smears [111,137].
However, early in the course of infection or because of a low-level parasitemia, para-
sites may be difficult to find and smears from serial blood collection must be investi-
gated [80,137,138]. Malaria is the most important differential diagnosis because the early
stages of Plasmodium spp. intraerythrocytic ring forms lack the parasite pigment (hemo-
zoin) that occurs in later stages, and thus resemble the round forms of Babesia spp. Hence,
reliable Babesia spp. identification is not possible microscopically unless paired pyriforms
or tetrads (Maltese crosses) are seen [111]. Piroplasms appearing in thin blood smears
are ring- or pear-shaped forms with reddish chromatin and slightly bluish cytoplasm
(Figure 1). Babesia merozoites arranged as tetrads usually occur in cases where there is a
high parasitemia and are mainly observed in Clade 1 Babesia spp. (B. microti, B. duncani),
but also in B. divergens. Parasitemias can range from <1% to 80% of infected erythrocytes
and are mostly low in immunocompetent patients and at the onset of disease. Therefore,
a thorough evaluation of ≥300 fields of vision and serial preparation of multiple smears
is recommended [111,137]. It is important to stress that for species identification, micro-
scopical detection of parasites in blood smears without additional molecular analysis of
the pathogen is not sufficient.

7.2. Molecular Diagnostics

Nucleic acid testing is usually performed as a PCR targeting the 18S rRNA gene.
This test is sensitive and specific in detecting Babesia spp. from clotted or EDTA blood.
Sequencing of the 18S rRNA gene can be used for species identification, which has an epi-
demiological and therapeutic significance. The detection limit is approx. 1–3 parasites/µL
of blood, and thus below that of microscopic methods [139]. There are various modifications
of the test format and the molecular target structure including DNA/RNA hybridization
(e.g., FISH), and real-time PCR methods [4,139], but there is currently no commercial test or
sufficiently validated protocol available in Europe for diagnosis confirmation by a broadly
accepted gold standard test [111].

7.3. Culture

Babesia divergens, B. microti and B. duncani can be cultivated in gerbils, mice and
hamsters, respectively, while B. venatorum has not yet been adapted to a laboratory animal
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species. Approximately 0.5–1 mL of EDTA or heparin anticoagulated whole blood are
inoculated intraperitoneally, and the animal blood is monitored at least once a week for
up to two months. Parasitemia is detectable after one week at the earliest but can be
reliably detected after up to four weeks. There are many reasons why xenodiagnosis is
impracticable in routine laboratories (e.g., labor-intensive and time-consuming process,
availability, ethics and sensitivity). Likewise, the in vitro cultivation of piroplasms, which
is possible in principle, requires sophisticated techniques, and is thus labor intensive and
costly. Having in mind these practical drawbacks, culturing is reserved for specialized
laboratories, although a broader approach to cultivating more isolates both from the
veterinarian and the human medical fields is clearly desirable [111,140].

7.4. Infection Serology

The indirect immunofluorescence assay is the most commonly used serological test
method. Cut-off titers for IgG antibodies from 1:32 to 1:160 were found to be sensitive
(>88%) and specific (>90%) in multicenter studies with B. microti and B. divergens anti-
gens [63,141]. However, cut-off titers should be adjusted to the local seroepidemiological
situation and circulating Babesia species [63]. IgG titers of ≥1:1028 occur during the course
of infection, which then decrease to titers of 1:64 within months to years. IgG assays do
not reliably differentiate between acute, chronic or past infections [63,111,136,141]. On the
other hand, IgM antibodies are detectable from approx. two weeks after the onset of symp-
toms onwards and indicate acute infection [141,142]. However, since false IgM-positive
test results are common, particularly as part of untargeted testing in non-endemic areas, a
two-step procedure is required in which only IgG-positive samples are further tested for
the presence of IgM antibodies [63,140]. Assays that detect anti-B. microti antibodies do not
detect antibodies against B. duncani, B. divergens or B. venatorum [143]. In contrast, cross-
reactivity between B. divergens and B. venatorum can be exploited diagnostically [5,137].

In addition to the general limitations of immunofluorescence assays (unknown test
quality, investigator dependent variability, etc.), false-positive reactions have been de-
scribed in sera from rheumatic patients and from patients with other, especially closely
related infectious diseases such as malaria and toxoplasmosis [63,143]. Furthermore, the
antibody response may not yet be present in the early phase as shown in acute European
case reports or may be absent in immunocompromised individuals [5,136,140]. Therefore, it
is not suitable for acute diagnosis but primarily for epidemiological purposes. Several pub-
lications describe other immunoassay formats (e.g., enzyme immunoassays, bead-based
assays or immunoblots) that use a wide variety of antigens [140]. However, standardized
serological test methods that have been validated by multicenter studies are currently not
available in Europe due to low demand and lack of diagnostic evaluation.

Finally, it should be stated that, except for research and surveillance purposes, the
practice of generally applying multiplex approaches for molecular diagnostics and/or
serology in patients after a tick bite or in individuals with suspected Lyme borreliosis is
not recommended, because from a statistical stand point, such diagnostic regimes will end
up with many false-positive test results given the generally low incidence of tick-borne
infections other than Lyme borreliosis in most European countries.

8. Clinical Management

Several drugs are available for the treatment of human babesiosis (Table 4), but their
efficacy is variable, particularly against B. microti, which animal studies suggest is less
susceptible to classic antibabesials than are B. divergens and B. venatorum [144]. However,
available information on antibabesial susceptibility from case reports and clinical investi-
gations suggests that there is no convincing scientific evidence for any clinically relevant
differences in the susceptibilities of the pathogenic Babesia spp. to the therapeutic agents
commonly used to treat human babesiosis [111,145]. Nevertheless, there is room for im-
provement in drug efficacy, particularly in relation to side effects, drug resistance and speed
of response. In the case of most infections caused by B. divergens and B. venatorum, as well
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as severe cases of B. microti infection, the speed of response to antibabesial administration
is particularly important, and adjunct measures are often necessary. Most of the recent
cases of human babesiosis caused by previously unknown Babesia spp. have responded to
antibabesials used against known species [111,145]. However, until further data become
available, treatment of infections caused by unknown Babesia spp. should include close
monitoring of the course of parasitemia and long-term follow-up of such patients.

Table 4. Commonly and experimentally used drugs for the treatment of human babesiosis (modified
from Hildebrandt et al., 2013 [111]).

Drug
(Generic Name) Regular Single Dose Application Dosage Regimen

Adults Dose—70 kg adult
Standard drugs

Quinine 650 mg p.o. 3 times daily
Clindamycin 600 mg p.o., i.v. 3 times daily

Azithromycin 500 mg/1st day,
250 mg thereafter a p.o., i.v. once daily

Atovaquone 750 mg p.o. twice daily
Doxycycline 200 mg p.o. once daily

Unlicensed Drugs for
Human Babesiosis g

Pentamidine 4 mg/kg/day i.v. once daily
Trimethoprim/sulfametoxazole 4/20 mg/kg p.o., i.v. twice daily
Proguanil 400 mg/day p.o. once daily
Imidocarb dipropionate h 0.6 mg/kg i.m. 12 hourly for 4 doses

Children Dose/kg
Standard drugs

Quinine 8 mg c p.o. 3 times daily
Clindamycin 7–10 mg d p.o., i.v. 3 times daily

Azithromycin b 10 mg/1st day
5 mg/day thereafter e p.o., i.v. once daily

Atovaquone 20 mg/day f p.o. twice daily
a In immunocompromised patients, higher initial doses (600–1000 mg/day) may be required. b In immunocom-
promised patients, higher dose may be required. c maximum: 650 mg per dose. d maximum: 600 mg per dose,
e maximum: 250 mg per dose. f maximum: 750 mg per dose. g In addition to standard drugs, alternative sub-
stances have been used successfully in some severe adult cases of babesiosis (see also Table 3) (111). h Imidocarb
dipropionate is not licensed for use in humans. The dosing regimen for treatment of human babesiosis is derived
from two successfully treated Irish cases with B. divergens infections (146).

8.1. Babesia divergens

Although sporadically observed in immunocompetent patients with viral-like ill-
nesses, clinical cases of B. divergens have almost always been reported in asplenic or
spleen-impaired individuals [71,78,111]. Many B. divergens infections in the past ended
fatally with general organ failure occurring four to seven days after the initial presentation
of hemoglobinuria. Outcome data in severely ill asplenic individuals show a mortality rate
of 42% [27,70,71,137,146]. Consequently, the status of asplenic B. divergens-infected patients
is regarded as a medical emergency, requiring immediate treatment to arrest hemolysis
and prevent complications [111,137]. The combination of clindamycin and quinine for 7 to
10 days (Table 5) dramatically improves disease outcome [137,146–149], but in recent years,
a more favorable disease course has been increasingly reported for B. divergens-infected
patients, including those not treated with a full course of clindamycin and quinine because
of quinine side effects [70,111,150]. These findings underscore the impact of improved
adjunctive measures provided by modern intensive care medicine, including exchange
transfusion [111,137]. This measure is usually reserved only for the most extremely ill
B. microti-infected patients but has also been recommended for all severe B. divergens
cases [27,111,137,145]. Alternative treatment options for B. divergens infections have in-
cluded clindamycin monotherapy or imidocarb in conjunction with the above-mentioned
adjunctive measures (Table 4) [69,102,111,137,151]. Imidocarb, one of the most effective
antimicrobials for use in Babesia-infected animals, is highly active against this organism
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in vitro [152]. It was used successfully to treat two Irish patients infected with B. divergens
but is not licensed for use in humans [153]. Atovaquone proved more effective than imi-
docarb in an experimental B. divergens gerbil model and perhaps should be considered in
combination with azithromycin for treatment of B. divergens infections and more gener-
ally for those caused by any Babesia s.s. species [152]. Atovaquone, together with either
azithromycin or proguanil, has been used in three recent cases, following problems with
toxicity or inadequate efficacy of other drug regimens [74–76], and it resulted in patient
recovery in two of them [74,75].

Table 5. Commonly used drug combinations and treatment alternatives for human babesiosis with
regard to parasite species and severity of the disease (adapted and modified from Hildebrandt et al.,
2013 [111]).

Parasite Mild Disease a

(Drug)
Severe Disease a,b

(Drug)
Adjunctive/Alternative

Therapy in Severe Cases b

B. divergens clindamycin clindamycin plus
quinine

Exchange transfusion,
hemodialysis
consider
atovaquone/azithromycin,
atovaquone/proguanil
or pentamidine/
trimethoprim-sulfametoxazole
as possible alternatives for severe and
intractable infections

B. venatorum clindamycin clindamycin plus
quinine

Exchange transfusion,
Consider alternative treatment with
atovaquone/azithromycin
or atovaquone/proguanil
in persisting babesiosis

B. microti atovaquone plus
azithromycin

clindamycin plus
quinine

Exchange transfusion
hemodialysis
Consider adding
doxycycline or proguanil
in relapsing or persisting babesiosis

a Usual duration of treatment is 7–10 days. Longer treatment (>6 weeks) may be necessary in immunocom-
promised or relapsed patients. In immunocompromised individuals, reduction of immunosuppressive therapy
may be needed if possible for clearing the parasite. b Severe illness criteria according to White et al., 1998 [113]:
parasitemia > 4%, alkaline phosphatase >125 U/L and white blood cell counts >5 × 109/L. Partial or complete
exchange transfusion is recommended in case of high parasitemia (>10%), severe anemia (<10 g/dL) and pul-
monary or hepatic failure. In severe disease cases i.v. treatment is suggested. Alternative treatments as derived
from single case reports or case studies cited in the literature (Hildebrandt et al., 2013 [111]).

Although quinine, clindamycin, atovaquone and azithromycin, and some in combina-
tion, are proven antibabesials for the treatment of B. divergens infections in humans, there
are concerns about rapid efficacy, drug resistance and recrudescent infections. However,
cases do not occur frequently enough to justify research in drug discovery and devel-
opment for human treatment alone. In recent years a significant number of drugs have
been tested against this parasite in vitro for veterinary use, for example atranorin [154],
cryptolepine [155], fusidic acid [156], hydroxyurea and eflornithine [155], myrrh oil [157]
trans-chalcone and chalcone 4 hydrate [158], and the hope is that promising drugs will also
prove useful for human infections.

8.2. Babesia venatorum

In general clindamycin with or without quinine and with or without subsequent com-
bined atovaquone and azithromycin treatment have been used successfully in European
cases of B. venatorum infection [5–7]. Problems with speed of response to therapy and
parasite persistence occurred in one case [5].

In contrast to the more sporadic occurrence of B. venatorum cases in Europe, the disease
is endemic in northwestern China with more than 48 reported cases [159–162], all of which
were immunocompetent, in contrast to European patients. In these cases, 4 of the 48 Chinese

59



Pathogens 2021, 10, 1165

patients received clindamycin alone and no deaths were reported [162]. Although the
clinical course of B. venatorum generally seems to be milder than that of B. divergens,
clinicians should be aware that immunocompromised patients might experience relapse
and persistence of infection despite antimicrobial treatment. In such cases, it is important to
monitor parasitemia by blood smear examination and PCR analysis and provide long-term
clinical follow-up [5,111].

8.3. Babesia microti

Autochthonous B. microti infections in Europe are rare and most cases have been
reported in travelers, mainly those returning from the USA. In such cases, treatment should
follow American standards [145]. Animal studies showed that regimes of azithromycin in
combination with quinine [163], azithromycin with atovaquone [164] and atovaquone with
clindamycin [144] were all effective (Tables 4 and 5).

Randomized trials in humans infected with B. microti showed that atovaquone plus
azithromycin therapy was as effective as the standard quinine/clindamycin combination
and there were fewer side effects (15% versus 72%) [165]. In view of the low risk of side
effects associated with atovaquone/azithromycin, it has been argued that all patients
diagnosed with B. microti infection should be treated with this drug combination [111,137].
In severe cases, similar adjunctive measures to those used for B. divergens infections may
be necessary [111] (Table 5).

Major obstacles to the development of new drugs against B. microti are, firstly, that
a continuous in vitro culture system is lacking for this parasite despite much research
on the topic, and secondly, that although continuous culture systems already exist for
Babesia s.s. species such as B. divergens [152], antibabesials developed against these parasites
appear to be relatively ineffective against B. microti [144]. However, the recent successful
development of continuous in vitro culture systems for Babesia duncani, using human or
hamster erythrocytes [166,167] promises progress in this area since B. duncani is more
closely related to B. microti than to the Babesia s.s. species [10].

8.4. Exchange Transfusion Management

Exchange transfusion has been recommended for severe B. microti infection charac-
terized by parasitemias of more than 10%, and/or severe anemia (hemoglobin <10 g/dL)
and/or evidence of organ dysfunction (hepatic, pulmonary or renal compromise), as well
as for all emergency cases involving B. divergens [111,137,145]. Such a procedure can con-
tribute to the rapid reduction of parasitemia, correction of anemia and elimination of toxins
and harmful metabolites, but it is complex and should take place under the supervision of
specialised hematologists, taking into account the status and co-morbidities of the patient.
Although erythrocyte exchange transfusion as an adjunct to treatment of severely ill pa-
tients can be life-saving in selected cases [168], it requires more research, since there has
not yet been a prospective clinical study of outcomes of exchange transfusion combined
with antimicrobial agents, compared with antimicrobial agents alone.

9. Conclusions

The spread of infectious diseases among people and animals is a worldwide challenge.
The One Health approach provides the opportunity to systematically and comprehensively
address emerging zoonoses such as human babesiosis in order to increase awareness of the
risk of infection and improve precise diagnostic and seroprevalence tests and treatment
protocols. Advances in laboratory methodologies are required to increase our knowledge
and understanding of the diversity of zoonotic Babesia species and the roles that domestic
animals, wildlife and tick populations play in their maintenance. Further development
of laboratory tools is necessary for babesia research, including molecular characterization
of Babesia species and in vitro culture, particularly for testing parasite susceptibility to
antibabesial drugs, and the development of screening diagnostics that can be used routinely,
for example for the protection of the transfusion blood supply. The improvement of patient
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care continues to be important, as awareness is raised among health care professionals
and the provision of information on disease prevention behavior is considered by local,
national and international governmental institutions.
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24. Moniuszko-Malinowska, A.; Świecicka, I.; Dunaj, J.; Zajkowska, J.; Czupryna, P.; Zambrowski, G.; Chmielewska-Badora, J.;
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Abstract: This study, conducted in a nature reserve in southern Portugal, investigated the frequency
and diversity of tick-borne piroplasms in six species of adult ixodid ticks removed from 71 fallow
deer (Dama dama) and 12 red deer (Cervus elaphus), collected over the period 2012–2019. The majority
of 520 ticks were Ixodes ricinus (78.5%), followed by Rhipicephalus sanguineus sensu lato, Hyalomma
lusitanicum, Haemaphysalis punctata, Dermacentor marginatus, and Ixodes hexagonus. The R. sanguineus
ticks collected from the deer were clearly exophilic, in contrast to the endophilic species usually
associated with dogs. Four tick-borne piroplasms, including Theileria spp., and the zoonotic species,
Babesia divergens and Babesia microti, were detected. B. divergens 18S rDNA, identical to that of the
bovine reference strain U16370 and to certain strains from red deer, was detected in I. ricinus ticks
removed from fallow deer. The sporadic detection of infections in ticks removed from the same
individual hosts suggests that the piroplasms were present in the ticks rather than the hosts. Theileria
sp. OT3 was found in I. ricinus and, along with T. capreoli, was also detected in some of the other tick
species. The natural vector and pathogenic significance of this piroplasm are unknown.

Keywords: Babesia; host blood analysis; fallow deer; ixodid ticks; piroplasm; red deer; Theileria

1. Introduction

The most common tick-borne diseases (TBDs) of humans in Europe (Lyme borreliosis
and tick-borne encephalitis) are notifiable to the European Centre for Disease Prevention
and Control (ECDC). However, diseases caused by less common tick-borne pathogens
(TBPs), such as Babesia, Theileria, and Rickettsia species, although representing potential
health risks for humans, domestic animals, or wildlife, are not included in current surveil-
lance schemes. In the absence of relevant surveillance schemes, molecular analysis of ticks
collected in areas where humans and animals are exposed to tick bites can detect endemic
TBPs; identify new ones; and, alongside reported human cases and serosurveys, contribute
to epidemiological information.

The climate, flora, and fauna of Tapada Nacional de Mafra, where the present study
was carried out, constitute a potential environment for ixodid ticks and TBPs. From 2012
to 2019, several species of adult ticks were collected from parasitized fallow (Dama dama)
and red deer (Cervus elaphus) during the spring and autumn seasons, when most tick
host-seeking activity occurs. The tick species involved can transmit and maintain several
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viral, bacterial, and protozoan pathogens of public health and veterinary importance [1–6].
In this study, we focused on the detection of piroplasm protozoans of the Babesia and
Theileria genera. These parasites infect erythrocytes (and also lymphocytes in the case of
Theileria spp.) of a variety of vertebrate hosts, but particularly cervids, which are prominent
components of the Tapada Nature Reserve fauna.

Of particular interest were the zoonotic species Babesia divergens and B. venatorum,
which belong to the Babesia sensu stricto (s.s.) group (Clade X [7]), and are transmitted
by Ixodes ricinus, the castor bean tick, the most widespread ixodid species in Europe [8].
While roe deer (Capreolus capreolus) are considered the natural hosts of B. venatorum [9,10],
cattle are the main reservoirs of B. divergens and frequently suffer clinical disease (redwater
fever) as a consequence of infection [11]. B. divergens-like DNA sequences have also been
reported in red deer, roe deer, reindeer (Rangifer tarandus), and fallow deer [9,12–18], but
there is some uncertainty about the precise identity of these parasites and, so far, there is
no evidence that Babesia isolates from deer are infectious for either humans or cattle [12,19].

Babesia microti, which is also potentially zoonotic, particularly in the USA [20], is dis-
tinct from the Babesia s.s. group and consists of a species complex divided into five distinct
clades, infecting a wide range of vertebrates with the notable exception of ungulates [21].
Those in clade 1, also referred to as B. microti sensu stricto (s.s.), cause most of the human
babesiosis cases worldwide, and those in clade 3 include the B. microti Munich strain,
which has an ambiguous zoonotic status [21]. In Europe, both B. microti s.s. strains and the
B. microti Munich strain have been detected in I. ricinus and in several mammal species,
particularly rodents. On the other hand, few cases of human babesiosis have been reported
in Europe so far [22], which appears to be at odds with the frequent occurrence of the
parasites in small mammals.

Theileria species are known to be transmitted by ixodid ticks of the genera Amblyomma,
Haemaphysalis, Hyalomma, and Rhipicephalus [23], and the recent detection of DNA of
Theileria spp., such as Theileria OT3 in I. ricinus, suggests that this tick species might also
be a Theileria vector [4,24]. Theileria spp. are not considered zoonotic [25], but some have a
major impact on the livestock industry, especially in tropical and sub-tropical countries [26],
while others can infect wild animals including red deer [27,28].

This study, focused on a sample of 520 adult ticks collected from fallow and red deer in
Tapada Nature Reserve, was conducted to determine the diversity and relative abundance
of the tick fauna, and their possible roles in the maintenance and transmission of Babesia
and Theileria parasites by the detection and amplification of the 18S rRNA and cytochrome
c oxidase subunit I (COI) genes.

2. Results
2.1. Ticks Removed from Deer

During the period 2012–2019, a total of 520 adult ticks were collected from May to
September in Tapada Nacional de Mafra, Portugal (Figure 1).

Of this total, 350 engorged female (67.3%) and 114 male ticks (21.9%) were removed
from 71 fallow deer, and 27 engorged female (5.19%) and 29 (5.58%) male ticks from 12 red
deer. Most of the identified ticks removed from fallow deer were I. ricinus (n = 377, 81.2%,
p < 0.05), followed by Rhipicephalus sanguineus sensu lato (s.l.) (n = 42, 9.0%), Hyalomma
lusitanicum (n = 22, 4.7%), Haemaphysalis punctata (n = 15, 3.2%), Dermacentor marginatus
(n = 6, 1.3%), and Ixodes hexagonus (n = 2, 0.4%). Ticks removed from red deer were iden-
tified as I. ricinus (n = 31, 55.4%), again the most abundant tick (p < 0.05), followed by R.
sanguineus s.l., (n = 23, 41.1%) and D. marginatus (n = 2, 3.6%) (Table 1).

70



Pathogens 2022, 11, 222Pathogens 2022, 11, x  3 of 12 
 

 

 

Figure 1. The locations of Tapada Nacional de Mafra and examples of sample sites. (a) The location 

of Tapada Nacional de Mafra in Europe. (b) Pictures show different areas of Tapada Nacional de 

Mafra inhabited by fallow and red deer. 

Of this total, 350 engorged female (67.3%) and 114 male ticks (21.9%) were removed 

from 71 fallow deer, and 27 engorged female (5.19%) and 29 (5.58%) male ticks from 12 

red deer. Most of the identified ticks removed from fallow deer were I. ricinus (n = 377, 

81.2%, p < 0.05), followed by Rhipicephalus sanguineus sensu lato (s.l.) (n = 42, 9.0%), 

Hyalomma lusitanicum (n = 22, 4.7%), Haemaphysalis punctata (n = 15, 3.2%), Dermacentor 

marginatus (n = 6, 1.3%), and Ixodes hexagonus (n = 2, 0.4%). Ticks removed from red deer 

were identified as I. ricinus (n = 31, 55.4%), again the most abundant tick (p < 0.05), fol-

lowed by R. sanguineus s.l., (n = 23, 41.1%) and D. marginatus (n = 2, 3.6%) (Table 1). 

Table 1. Species of ticks removed from fallow deer (Dama dama) and red deer (Cervus elaphus) in the 

Tapada Nature Reserve, Portugal. 

Hosts Ticks Species Common Name 

Relative 

Abundance in 

Portugal [29] 

Zoonotic 

Pathogens * 

Transmitted 

Tested (n) Female Male 

Fallow 

deer 

Ixodes ricinus Castor bean tick Common  

Babesia, Borrelia, 

Rickettsia, 

Anaplasma, TBEV 

377 291 86 

Rhipicephalus 

sanguineus s.l. 
Brown dog tick Common  Rickettsia 42 24 18 

Hyalomma 

lusitanicum 
None 

Locally  

common in 

south 

None 22 15 7 

Haemaphysalis 

punctata 
Red sheep tick 

Sporadic 

distribution 
None 15 13 2 

Dermacentor 

marginatus 
Ornate sheep tick 

Locally  

common 
Rickettsia 6 5 1 

Ixodes hexagonus Hedgehog tick Common  None 2 2 - 

Red  

deer 

I. ricinus As above As above As above 31 19 12 

R. sanguineus s.l. As above As above As above 23 7 16 

D. marginatus As above As above As above 2 1 1 
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Table 1. Species of ticks removed from fallow deer (Dama dama) and red deer (Cervus elaphus) in the
Tapada Nature Reserve, Portugal.

Hosts Ticks Species Common Name
Relative
Abundance in
Portugal [29]

Zoonotic
Pathogens *
Transmitted

Tested
(n) Female Male

Fallow
deer

Ixodes ricinus Castor bean tick Common
Babesia, Borrelia,
Rickettsia,
Anaplasma, TBEV

377 291 86

Rhipicephalus
sanguineus s.l. Brown dog tick Common Rickettsia 42 24 18

Hyalomma
lusitanicum None Locally

common in south None 22 15 7

Haemaphysalis
punctata Red sheep tick Sporadic

distribution None 15 13 2

Dermacentor
marginatus Ornate sheep tick Locally

common Rickettsia 6 5 1

Ixodes hexagonus Hedgehog tick Common None 2 2 -

Red
deer

I. ricinus As above As above As above 31 19 12

R. sanguineus s.l. As above As above As above 23 7 16

D. marginatus As above As above As above 2 1 1

Total 520 377 143

s.l.—sensu lato; TBEV—tick-borne encephalitis virus. * Most of these tick species have been implicated as carriers
of the agent of Q-fever, Coxiella burnetii, but their role as vectors of this pathogen is unclear.

2.2. Piroplasm Infection and Coinfection

Out of the 520 ticks tested, only 75 specimens of I. ricinus, R. sanguineus s.l., and H.
lusitanicum were found to be infected with piroplasms. B. divergens, T. capreoli, and Theileria
sp. OT3 were detected by real-time polymerase chain reaction (PCR) and sequencing of
part of the 18S rRNA gene (408–430 bp) [30,31], with Theileria sp. OT3 being the most
abundant (p < 0.05). In addition, two different B. microti 18S rDNA fragments of 157 and
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155 bp were detected by using a highly sensitive real-time PCR designed for the diagnosis
of B. microti human babesiosis [32].

In particular, of the 377 I. ricinus samples removed from fallow deer, 8 (2.1%) were
positive for B. divergens and 25 (6.6%) for B. microti. The B. microti 18S rDNA fragment of
157 bp was amplified in 7 ticks, while the fragment of 155 bp was amplified in another 18
ticks. I. ricinus was also infected with T. capreoli (n = 10, 2.7%) and Theileria sp. OT3 (n = 31,
8.3%) (Table 2).

Table 2. Babesia spp. and Theileria spp. DNA detected in ticks collected from fallow deer and red deer.

Host Tick species Tested
(n)

qPCR Result (n[%])

1 pathogen 2 pathogens 3 pathogens

Babesia
microti
+

Babesia Babesia Babesia Babesia Theileria Theileria
Divergens Divergens microti microti capreoli capreoli
+ + + + + +

Babesia
divergens

Babesia
microti

Theileria
sp. OT3

Theileria
capreoli

Babesia
microti

Theileria
sp. OT3

Theileria
sp. OT3

Theileria
capreoli

Theileria
sp. OT3

Theileria
sp. OT3

Fallow
deer

I. ricinus 377 5 (1.3) 14 (3.7) 22 (5.8) 6 (1.6) 2 (0.5) 1 (0.3) 6 (1.6) 2 (0.5) 1 (0.3) 1 (0.3)
R. sanguineus s.l. 42 - 3 (7.1) 2 (4.8) - - - 1 (2.4) - - -
H. lusitanicum 22 - 2 (9.1) - - - - - - - -

Red
deer

I. ricinus 31 - - - 5 (16.1) - - - - - -
R. sanguineus s.l. 23 - - 1 (4.3) 1 (4.3) - - - - - -

Co-infections involving B. microti with the following species were as follows:
B. divergens (n = 2), T. capreoli (n = 2), Theileria sp. OT3 (n = 6), and T. capreoli /Theileria sp.

OT3 (n = 1). Coinfections with B. divergens/Theileria sp.OT3 (n = 1) and T. capreoli/Theileria
sp. OT3 (n = 1) were also detected (Table 2).

Of the 31 I. ricinus samples collected from red deer, 5 (16.1%) tested positive for
T. capreoli (Table 2). Of the 42 R. sanguineus s.l. ticks collected from fallow deer, 3 (7.1%)
were positive for B. microti (155 bp fragment) and 2 (4.8%) for Theileria sp. OT3. One
B. microti/Theileria sp. OT3 coinfection was also detected. Of the 23 R. sanguineus s.l. ticks
collected from red deer, 4.3% were positive for T. capreoli (n = 1) and Theileria sp. OT3
(n = 1), respectively.

Finally, of the 22 H. lusitanicum samples removed from fallow deer, 2 (9.1%) were
found to be infected with B. microti (155 bp fragment). We did not detect co-infections in
ticks collected from red deer or infected H. lusitanicum (Table 2).

Of note, in most cases (63%), only one of several ticks removed from the same deer
tested positive for any one of the piroplasms (Supplementary Tables S1 and S2).

2.2.1. Babesia Spp. Typing

An almost entire sequence (1492 bp) of the B. divergens 18S rRNA gene was obtained
from four of the eight infected I. ricinus ticks that were removed from fallow deer. No
nucleotide variations were detected among these sequences, which were 100% identical to
several entire human and bovine isolates including the bovine isolate GenBank: U16370,
widely used as a reference [33] (Figure 2). The presence of B. capreoli, a very closely related
species to B. divergens commonly associated with deer [12], was ruled out by both the
18S rDNA analysis [19] and also by amplification of part (234 bp) of the COI gene, which
confirmed the identity of the piroplasms as B. divergens.
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Figure 2. The relative length, positions, and heterologies of 18S rDNA gene sequences of Babesia
divergens obtained in this work, together with others from cattle, human, and red deer compared
to the reference sequence U16370. Of the 13 B. divergens isolates used to compare regions of the
18S rRNA gene, the sequences obtained in this work (QL442191) were 100% identical to that of the
reference bovine isolate (U16370) and to those of several others from cattle and red deer, and also to
one human isolate. However, most other published red deer sequences differed from QL442191 and
the bovine B. divergens reference strain by up to 7 nucleotides in various positions. The numbers and
letters refer to positions and nucleotide bases that are different from the reference sequence. Identity
scores are made according to Clustal Omega.

The B. microti 157 bp fragment was 100% identical to the B. microti 18S rRNA gene of
seven different sequences in GenBank, five of which had been identified as the B. microti
Munich strain. The 155 bp fragment was 100% identical to the B. microti 18S rDNA from
a number of human and Ixodes tick isolates of B. microti (n = 47), including the B. microti
isolate Jena EF413181 responsible for the autochthonous human B. microti infection that
occurred in Germany [34] (Supplementary Figure S1). To provide phylogenetic analysis of
the two B. microti isolates, PCR reactions for amplifying larger fragments of the 18S rRNA
gene and also part of the COI gene were performed [35], but did not yield any products.
The limitation in obtaining large fragments of the gene could be associated with a low
number of parasites present in ticks and an inverse correlation between the efficiency of
the amplification and the size of the fragment.

2.2.2. Theileria Spp. Typing

To obtain more sequence information about the Theileria isolates, we amplified and
sequenced almost the entire 18S rRNA gene. The 18S rDNA sequence (1230 bp length)
obtained from 1 I. ricinus of 16 ixodid ticks infected with T. capreoli was 100% identical
to 3 T. capreoli 18S rDNA isolates in the databank, including one associated with the first
theileriosis case detected in Spain in a red deer imported from Northern Europe (GenBank:
AY421708.1) [36].

The 18S rDNA sequences obtained from 4 I. ricinus ticks out of 33 infected with
Theileria sp. OT3 (1218 bp) were 100% identical to each other and to two Theileri sp. 18S
rDNA records in GenBank, while one of them was associated with the first report on
the occurrence of Theileria sp. OT3 in sheep in China (KF470868) [37]. These nucleotide
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sequences from Tapada and China differed by one or two nucleotides (99.92–99.84%) from
Theileria sp. OT3 18S rDNA sequences from sheep, chamois, red deer, and roe deer from
Spain [28].

3. Discussion

Six different tick species were collected from fallow and red deer in Tapada, Portugal.
These tick species occur across the Iberian Peninsula [15,29,38–41] and five of them, I.
ricinus, R. sanguineus, H. lusitanicum, H. punctata, and D. marginatus, have been previously
associated with fallow and red deer in Portugal [29]. The finding of the hedgehog tick,
I. hexagonus, on fallow deer is unusual, though it has been reported previously on roe
deer [42].

Some of the tick species collected (e.g., R. sanguineus s.l., D. marginatus, and H. lusitan-
icum) are regarded as adapted to drier habitats than occur in the reserve. It was, therefore,
surprising to find them in the wet habitat and fauna of Tapada where they coexist with I.
ricinus, which, as the most common species in Atlantic climatic regions [38], was the most
abundant, as expected.

B. divergens was detected in 2.1% of I. ricinus specimens, which is similar to infection
rates for adult ticks elsewhere in Europe [43]. The pathogen’s identity was determined
by detection of the almost complete 18S rRNA gene, which was identical to the bovine
isolate U16370 and differed slightly from the closely related cervine species, B. capreoli, [19].
Specific amplification of part of the B. divergens cytochrome c oxidase subunit I (COI) gene
unequivocally supported the 18S rRNA gene differentiation of these B. divergens sequences
from B. capreoli. The apparent absence of B. capreoli is perhaps surprising considering
that it is regarded as a cervid Babesia species. However, it should be noted that roe deer,
possibly its primary host, are not present in this habitat, which also explains the absence of
Babesia venatorum.

It is curious that the B. divergens sequences were only detected in ticks removed from
fallow deer, considering that the only previous reports of complete identity of B. divergens
in deer with U16370 have been in occasional samples from red rather than fallow deer
(e.g., [16] and GenBank accession numbers MH697659, KX018019, MT151377, MN563158,
and GQ304524). This apparent association of B. divergens-infected ticks with fallow deer
is difficult to interpret, considering that red deer were also present in the habitat, but
did not yield B. divergens-infected ticks, though it should be noted that the number of
I. ricinus obtained from fallow deer was far higher than from red deer (371 versus 31).
B. divergens-like parasites have rarely been reported from fallow deer, as reports either
provide no sequence data [15,44] or only partial sequences [GenBank Accession Numbers
KY242395, KY242396] which show low homology with the bovine reference strain U16370.
It, therefore, appears probable that the detected pathogen was present in the ticks rather
than in the fallow deer on which they were feeding. Since there are no cattle near the
study site, red deer remain the most plausible source of these B. divergens sequences, which
showed 100% identity to two long 18S rDNA sequences of 1639 bp and 1648 bp deposited
in GenBank (GQ304524, GQ304525) obtained from red deer spleen. It is notable that the
infected ticks were collected from deer that were mostly a source of uninfected ticks, again
suggesting that the infections were present in the ticks rather than the deer, having been
acquired by the previous tick generation and persisted in the collected ticks.

It is important to point out that there is, in fact, still no unequivocal evidence that B.
divergens-like piroplasms from deer can cause human babesiosis or, indeed, even infect
cattle, and it is interesting that, in a recent study, B. divergens was not detected in cattle
that were in close proximity to infected deer [45]. The 18S rRNA gene is probably not the
optimal choice for discrimination of B. divergens genotypes, although sequences of this
gene are the most widely available [22]. Cross transmission studies are required to further
explore the host specificity of B. divergens from deer, including the use of gerbils (Meriones
unguiculatus) as proxies for humans [46]. So far, transmission experiments have not resulted
in established infections, except in deer that had been splenectomized [11].
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The other Babesia species identified in this study was B. microti, DNA fragments of
which were detected in I. ricinus, R. sanguineus s.l., and H. lusitanicum adult ticks. While
I. ricinus is a recognized vector of B. microti [47], R. sanguineus s.l. does not transmit
the parasite [48]. So far, the uncommon H. lusitanicum–B. microti association, although
previously detected in Spain, has not been supported by vector competence evidence
either [15]. Based on the 18S rRNA gene fragments obtained in this study, two different
B. microti strains may infect I. ricinus ticks in Tapada. One strain is evidently related
to clade 1, to which zoonotic North American genotypes belong, and the second to the
Munich strain, which belongs to clade 3 [21]. This latter genotype was once thought to be
transmitted only by I. trianguliceps, which does not bite humans, but it has been detected
in the anthropophilic I. ricinus [49–51] and has been associated with asymptomatic and
moderate human babesiosis in Europe [52,53]. It seems, therefore, that zoonotic forms of B.
microti might occur in Tapada, and to investigate this further, we are currently validating
methods, such as the MinION long-read sequencing technology, to generate full-length
nucleotide sequences of different molecular markers.

The detection in I. ricinus of DNA of Theileria sp OT3 and T. capreoli, associated with
sheep and red deer, respectively, in China and Spain, supports previous suggestions that
this tick species is a vector of certain Theileria spp. [14,24,54–56]. No sheep are observed in
the immediate vicinity of Tapada and it is probable that deer are the reservoir hosts for the
Theileria species detected in this study.

The co-existence of different piroplasms within the same tick in Tapada added an
additional layer of complexity to the analysis of the tick–host relationships and pathogen
transmission. Coinfections could be due to blood feeding on different vertebrate hosts or
through co-feeding [3,57], although the latter is less likely to consider the small number of
deer that carried several infected ticks at the same time. However, this hypothesis demands
a more comprehensive evaluation and robust co-infection models [3,58].

4. Conclusions

This study shows the presence of Babesia and Theileria DNA in ticks from Tapada and
suggests certain associations between infected ticks and susceptible hosts. The finding of B.
divergens DNA identical to sequences from cattle supports observations made previously
for a small proportion of sequences from red deer, and has possible implications for the
role of these hosts in bovine and human babesiosis. However, at present, there are no
transmission or epidemiological studies which suggest that the B. divergens strains detected
in deer are infective for humans or cattle. Another interesting outcome of the study is the
possible association of Theileria spp. with I. ricinus, which has not been firmly established
as a vector of these piroplasms. The detection of B. microti in the ticks is not surprising,
since this species complex is very widespread in Europe as a parasite of small mammals,
but the fragments of B. microti DNA obtained were too small to draw any firm conclusions
about the presence of zoonotic strains of this parasite in the reserve. Future studies should
focus on alternatives to the 18S rRNA gene for pathogen identification, and should be
combined with innovative sensitive and specific blood meal analysis methods, such as the
use of retrotransposons in qPCR assays [59] in both fed and unfed ticks, to obtain a more
complete picture of tick-borne pathogen epidemiology in complex habitats such as Tapada
Nature Reserve.

5. Materials and Methods
5.1. Tick Samples

A total of 520 adult ticks were manually removed from 71 fallow deer (D. dama) and
12 red deer (C. elaphus) from May to September, during the period of 2012 to 2019 in Tapada
Nacional de Mafra (38◦57′10′ ′ N, 9◦17′47.68′ ′ W), district of Lisbon, west coast of Portugal.
This nature reserve of 819 hectares is about 7 km from Mafra, Portugal. Mixed forests of
eucalyptus (Eucalyptus globulus); cork oak (Quercus suber); maritime pine (Pinus pinaster);
stone pine (Pinus pinea); and other less common tree species, bushes, and shrubs constitute
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the main vegetation. Within this habitat, fallow and red deer coexist with medium-sized
mammals such as foxes and wild boar, as well as small mammals including shrews, mice,
and several species of bats [60]. There are no livestock in the reserve which can be visited
by the public on weekends.

The ticks in this study were collected from the deer as part of management of the
reserve. Deer immobilization and tick collection were authorized by Tapada Nacional de
Mafra-Cooperativa de Interesse Público de Responsabilidade Limitada (CIPRL), following
the European Council Directive 97/62/EC of 27.10.1997 on the conservation of natural
habitats and of wild fauna and flora, and conducted by qualified veterinarians from
the non-profit nature conservation organization BeWild. The collected ticks were then
kindly donated to the study by BeWild. Tissue and/or blood samples from these animals
for pathogen analysis were not available. Ticks were received in polypropylene tubes
containing 70% ethanol. They were then separated by sex and identified to species level
following morphological and taxonomic keys [61]. All ticks were individually stored at
4 ◦C until molecular analysis.

5.2. Genomic DNA Extraction

Ticks were individually rinsed in sterile phosphate buffered saline (PBS) solution,
before being disrupted and homogenized with pestles. Genomic DNA was extracted
from each homogenized tick using the commercial kit Speedtools® tissue DNA extraction
(Biotools, Madrid, Spain) according to the manufacturer’s instructions with slight mod-
ifications. RNA was removed by RNase digestion (Roche Diagnostic GmbH, Germany).
Quantification and purity of the DNA samples were determined by spectrophotometry
with a NanoDrop ND-1000 spectrophotometer (Nucliber, Madrid, Spain). DNA samples
were eluted in 100 µL of sterile water and stored at −20 ◦C for further analysis.

5.3. Detection of Piroplasms

Molecular methods for detecting the presence of piroplasms were based on amplifica-
tion of part of the 18S rRNA gene. All ticks were tested using (i) the piroplasm real-time
PCR and primers PIRO-A and PIRO-B [30,31] and (ii) a B. microti real-time PCR using the
specific set of primers Bab2/Bab3 [32]. To unequivocally distinguish between B. divergens
and B. capreoli, amplification of part of the COI gene was carried out following a previously
described protocol [13]. A conventional PCR was optimized to amplify large fragments
of the 18S rRNA gene using samples that were previously found positive for B. diver-
gens and Theileria species. A nested PCR was also performed to amplify large fragments
of the 18S rRNA gene using positive B. microti samples [35]. The set of primers were:
18SRNABABF1/18SRNABABR1 for B. divergens, BABGF2/18SRNABABR1 for Theileria
spp., and Piro0F2/Piro6R2 and Piro1F2/Piro5R2 for B. microti. Table 3 shows all primers
and expected sizes of the amplified products.

Each reaction was performed in a final volume of 50 µL containing 200–400 ng of DNA,
2X PrimeStar GXL Buffer (Takara Bio, Shiga, Japan), 800 µM of dNTPs mixture (Takara Bio),
1.25 U of PrimerStar GXL DNA polymerase (Takara Bio), 1 µL (20 mg/mL) of BSA DNAse
Free (Roche, Basel Switzerland), and 0.3 µM of each primer.

DNA from B. divergens Bd Rouen 1987 and B. microti Gray (ATCC® 30221™) were
used as positive controls and water as negative control. To minimize contamination, false-
positive samples, DNA extraction, PCR master-mix preparation, sample addition, and PCR
reactions were performed in different biosafety cabinets in separate laboratories.

5.4. DNA Sequencing and Analysis

All positives qPCR and PCR products were separated on 1% and 2% agarose gels
(Conda, Spain) stained with Pronasafe nucleic acid staining solution (10 mg/mL) (Conda,
Spain) and visualized under UV illumination. The DNA bands were cut out of agarose gels
under UV exposure, and purified using the mi-Gel Extraction Kit (Metabion international
AG, Steinkirchen Germany). Both strands of DNA fragments were sequenced using an ABI
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PRISM 3730XL DNA Analyzer (Applied Biosystems, San Francisco, CA, USA). Primers and
internal walking primers were used for sequencing B. divergens, T. capreoli, and Theileria
sp. OT3 18S rRNA and cyt b genes. The subsequent electropherograms of the nucleotide
sequences were manually inspected, corrected, and edited using ChromasPro program
(McCarthy, Queensland, Australia) and LaserGene 12.1 program (DNAStar, Madison, WI,
USA). All nucleotide sequences were compared to those deposited in the NCBI GenBank
database using the BLAST algorithm (http://www.ncbi.nlm.nih.gov/BLAST, 27 November
2012). Nucleotide sequences longer than 200 bp were deposited in the NCBI GenBank
under the following accession numbers: OL442188, OL442187, and OL442191.

Table 3. Targets, oligonucleotide primers, size of amplicons, and melting temperature of the primers
used for the PCR detection of piroplasms in ticks removed from fallow deer and red deer.

Target
Gene *

Primer
Name

Nucleotide
Sequence (5′-3′) Product Size (bp) Tm (◦C) Reference

18S PIROA AATACCCAATCCTGACACAGGG 408–430 62 [30,31]
rRNA PIROB TTAAATACGAATGCCCCCAAC

Bab2 GTTATAGTTTATTTGATGTTCGTTT 155–157 54 [32]
Bab3 AAGCCATGCGATTCGCTAAT

COI Bdiv-F165 AGTGGAACTGGGTGGACATTGTAC 234 60 [13]
Bdiv-R398 TACCGGCAATGACAAAAGTAG
BcapF165 AGTGGAACAGGATGGACGCTATAT 443 60 [13]
Bcap-R607 GTCTGATTACCGAACACTTCC

18S 18SRNABABF1 GCATGTCTAAGTACAAACTTTTTAC 1610 60 This study
rRNA 18SRNABABR1 AAGGTTCACAAGACTTCCCTAGGC

BABGF2 GTCTTGTAATTGGAATGATGG 1192 55 This study
18SRNABABR1 AAGGTTCACAAGACTTCCCTAGGC
Piro0F2 GCCAGTAGTCATATGCTTGTCTTA 1702 60 [35]
Piro6R2 CTCCTTCCTTTAAGTGATAAGGTTCAC
Piro1F2 CCATGCATGTCTTAGTATAAGCTTTTA 1670 60 [35]
Piro5R2 CCTTTAAGTGATAAGGTTCACAAAACTT

COI Cox1F133 GGAGAGCTAGGTAGTAGTGGAGATAGG 1023 56 [35]
Cox1R1130 GTGGAAGTGAGCTACCACATACGCTG

18S rRNA- 18S ribosomal RNA, COI- cytochrome c oxidase subunit I, Tm- melting temperature.

5.5. Statistical Analysis

Statistical analyses were performed using the ABI-Prism 9 software. The level of
significance was set at p < 0.05.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/pathogens11020222/s1, Figure S1: Babesia microti detection by PCR and DNA sequencing.
Table S1: Tick species removed from fallow deer, showing distribution of piroplasm-infected ticks.
Table S2: Tick species removed from red deer, showing distribution of piroplasm-infected ticks.
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Abstract: Fifty years ago, the index case of human babesiosis due to Babesia microti was diagnosed in
a summer resident of Nantucket Island. Human babesiosis, once called “Nantucket fever” due to its
seeming restriction to Nantucket and the terminal moraine islands of southern New England, has
emerged across the northeastern United States to commonly infect people wherever Lyme disease is
endemic. We review the history of babesiosis on Nantucket, analyze its epidemiology and ecology
there, provide summaries of the first case histories, and comment on its future public health burden.

Keywords: Babesia microti; human babesiosis; Nantucket Island; epidemiology; ecology; human risk

1. Introduction

Fifty years ago, a New England Journal of Medicine [1] case report summarized
the index case of human babesiosis due to Babesia microti. Babesiosis had previously
been reported in 4 patients (1 from Yugoslavia, 2 from Ireland, 1 from California), all of
whom had been splenectomized; the Yugoslavian and Irish cases were due to B. divergens,
a cattle parasite, and the California case was due to an unidentified Babesia sp. (likely
B. duncani). The new case was in a spleen-intact person. Through 1976, 14 cases of
symptomatic B. microti babesiosis had been identified on Nantucket and the infection was
given the popular name “Nantucket fever” [2], even though sporadic cases were reported
from nearby Martha’s Vineyard, Shelter Island, NY and Montauk, NY by 1977. From
2011–2015, 27 states reported 7612 cases of babesiosis, but only 7 states accounted for 95%
of these (Massachusetts, New York, Connecticut, New Jersey, Rhode Island, Wisconsin
and Minnesota [3]. Nantucket County still reports more cases of babesiosis than any other
in the U.S., with annual incidence of >100 per 100,000 (compared to about 1 per 100,000
nationally). We revisit the early investigations of Nantucket fever in the 1970s and highlight
the major findings that defined the epidemiology and ecology of this infection.

2. The Grey Lady

Nantucket Island is a 120 sq km island (land area; another 670 sq km is coastal waters)
50 km south of Cape Cod, Massachusetts (Figure 1). It was formed by the deposition of
moraine from the retreat of the Laurentide ice sheet 15,000–18,000 years ago; the moraine
and outwash deposits became an island due to rising sea levels 5000–6000 years ago. Due
to the influence of strong winds containing oceanic salt spray, trees were limited to species
that were relatively small and salt tolerant. European settlers were established by 1660,
bringing cattle, horses, sheep and pigs. By the late 1700s, the island had become essentially
treeless pasture, with a peak sheep herd of 15,000 (125/sq km). From the late 1600s to
1850, Nantucket’s economy was a function of whaling; Nantucket figures prominently
in Melville’s Moby Dick. After the Civil War, a tourism industry developed, with an
intensification by the 1920s.
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Figure 1. Nantucket Island, Massachusetts. Left panel, northeastern United States with arrow pointing to Nantucket Is-
land. Right panel, Massachusetts with the location of Nantucket (arrow). Map from https://d-maps.com,accessed on 30 
July 2021. 

The end of sheep pasturing allowed for successional growth of shrubs. The landscape 
is dominated by patches of thick scrub comprising bayberry (Myrica pensylvanica), 
saltspray rose (Rosa rugosa), poison ivy (Rhus rhadicans), black huckleberry (Gaylussacia 
baccata), highbush blueberry (Vaccinium corymbosum), sweet pepperbush (Clethra alnifolia), 
sumac (Rhus glabra), and scrub oak (Quercus ilicifolia). These patches are interspersed with 
grassland, although in most places scrub patches have expanded over the years (Figure 
2). A pitch pine forest comprises 47 hectares in the center of the island. The climate is 
moderated by the Atlantic Ocean, with an average annual temperature of 10.5 °C (range 
of −3 °C in January to 23.9 °C in July) and 33.3 mm of rainfall. The island is often covered 
with a dense fog (hence the name “Grey Lady”). 

 
Figure 2. Changes in the landscape. Left panel, middle moors near Altar Rock, mid 1980s. “Heath” 
patches comprising grasses and low-lying shrubs, with interspersed thickets. Right panel, similar 
vantage point, 2021, demonstrating expansion of brush thicket into the heath. 

Figure 1. Nantucket Island, Massachusetts. Left panel, northeastern United States with arrow pointing to Nantucket Island.
Right panel, Massachusetts with the location of Nantucket (arrow). Map from https://d-maps.com, accessed on 30 July
2021.

The end of sheep pasturing allowed for successional growth of shrubs. The landscape
is dominated by patches of thick scrub comprising bayberry (Myrica pensylvanica), saltspray
rose (Rosa rugosa), poison ivy (Rhus rhadicans), black huckleberry (Gaylussacia baccata),
highbush blueberry (Vaccinium corymbosum), sweet pepperbush (Clethra alnifolia), sumac
(Rhus glabra), and scrub oak (Quercus ilicifolia). These patches are interspersed with grass-
land, although in most places scrub patches have expanded over the years (Figure 2). A
pitch pine forest comprises 47 hectares in the center of the island. The climate is moderated
by the Atlantic Ocean, with an average annual temperature of 10.5 ◦C (range of −3 ◦C in
January to 23.9 ◦C in July) and 33.3 mm of rainfall. The island is often covered with a dense
fog (hence the name “Grey Lady”).
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Figure 2. Changes in the landscape. Left panel, middle moors near Altar Rock, mid 1980s. “Heath”
patches comprising grasses and low-lying shrubs, with interspersed thickets. Right panel, similar
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Nantucket Island is accessible only by ferry or other boat, or by airplane. There are
currently 17,200 year round residents, with as many as an additional 11,000 living there for
2 or more weeks during the tourist summer season (Memorial Day to Labor Day). There
were 6600 seasonal workers in July 2017, and 500,000 visitor trips, 100,000 in August alone
(www.nantucketdataplatform.com/projects, accessed on 30 July 2021). The median home
value was $2.55 million and the average was $3.37 million at the end of 2020 and there are
12,675 housing units, 70.5% of which are owner occupied. There were 3713 households
recorded in 2015–2019, with a median household income of $107,717.

The mammalian fauna includes no mesomammals (raccoons, skunks, weasels, fox,
coyote, opossum) but has rodents and shrews typical for southern New England, with
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the exception of the red backed vole, Myodes gapperi. Norway rats (Rattus norvegicus)
may be found in all habitats. There are large numbers of eastern cottontail rabbits
(Sylvilagus floridanus). White tailed deer (Odocoileus virginianus) may be as dense as 56–65
per sq km. Besides the deer tick (Ixodes dammini, the junior subjective synonym for
I. scapularis), there are American dog ticks, Dermacentor variabilis (increasingly scarce due to
the use of preventives on domestic dogs; there are no other reproductive hosts for this tick
there); rabbit ticks I. dentatus and Haemaphysalis leporispalustris, and an emerging infestation
of Lone Star ticks, Amblyomma americanum.

None of these physical or socioeconomic characteristics, except perhaps the moderate
climate, help explain why Nantucket was first recognized as and still is the most intensely
zoonotic site for babesiosis due to Babesia microti.

3. Index and Other Early Cases

The first cases of Nantucket fever provided the general details of the course of illness
and its management, as well as parasite strains that have been widely used in laboratory
studies of the pathobiology of B. microti babesiosis. CDC investigations provided a good
knowledge of the epidemiology and the asymptomatic to symptomatic ratio. CDC and
Harvard studies outlined the general ecology of the parasite.

On 4 July 1969, a 59 year old woman who was a summer resident of Nantucket Island
became ill and during the following 9 days sustained intermittent fever. The diagnosis
remained elusive on Nantucket, but the critical observation, that she might have malaria,
was made at St. Peter’s Hospital (SPH) in New Jersey. Diverse accounts (including [1,4])
have been provided about the connection between the Nantucket patient and New Jersey,
but the true story appears in [5]: a friend of the index patient had asked a colorectal
surgeon from SPH, Benjamin Glasser, who had treated members of the family, to come to
Nantucket to see the “dying” patient, who was transported by private plane to SPH and
admitted on 13 July. Malaria parasites were found by a microscopist examining a routine
blood smear at the clinical lab at SPH. Gordon Benson, a gastroenterologist at SPH was
asked for his opinion on the slides because “someone thought I knew something about
malaria”. Benson, after encountering no interest from the Massachusetts Department of
Public Health, called the CDC on 16 July about a possible autochthonous malaria case. The
key people in the story of the index case were thus a concerned family friend, an excellent
clinical lab microscopist, and a phone call from someone who knew that malaria cases
needed to be reported.

On 18 July, the CDC chief of malaria surveillance, Karl Western, and Arthur Dover,
an Epidemic Intelligence Service (EIS) officer, left for New Jersey. The blood smears that
prompted Dr. Benson’s call, arrived at CDC on 18 July. Mike Schultz, who was director of
the parasitic diseases division of the CDC at the time, argued with their expert parasitology
microscopist, Neva Gleason, about the identity of the infection, insisting that it was not
malaria (M.G. Schultz, personal communication). Gleason found tetrads on her third
reexamination of the slides and Schultz, who had earned both DVM and MD degrees and
had trained at the London School of Hygiene and Tropical Medicine with the eminent
malariologist Leonard Bruce-Chwatt, immediately knew this was a case of babesiosis. The
internal National Communicable Disease Center memo, dated 18 July, was titled “Cryptic
parasitemia—New Jersey” (Figure 3). The investigation and case report conducted by
Western and Dover was published in the NEJM [1] almost verbatim from the internal
5 December 1969 CDC report, although Dover was surprisingly not included as an author.
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Figure 3. Internal CDC memorandum reporting the index case of babesiosis on Nantucket.

Blood from the patient received on 19 July was subinoculated by George Healy, chief
of the parasitology laboratory at CDC into hamsters and other experimental animals and
propagated by subinoculation of hamsters [6]. The identity of the parasite was inferred
from its morphology and infection kinetics in a prairie vole (Microtus ochrogaster) model
and its comparison with B. rodhaini and “B. microti” from California rodents [7]. As was
convention at the time (no longer done due to patient confidentiality), the parasite isolate
was designated the Gray strain. Ristic et al. [8] also report isolation of B. microti from
a blood sample taken from the index patient on August 4, with parasites passed into
hamsters as well as a splenectomized monkey. The Gray strain was deposited at ATCC by
the malariologist Julius Kreier at Ohio State. The provenance of the material that Kreier
deposited (as outlined in the ATCC specification sheet) was “Western-Holbrook-Kreier”
(presumably A. Holbrook of USDA, an expert on the ruminant babesias) and not from his
frequent collaborator Miodrag Ristic (expert on diverse hemotropic infections, University
of Illinois). As far as we know, the Gray strain has not been replenished from other sources
in the interim, and what is available from ATCC (catalog number 30221) has been serially
passaged between hamsters countless times from the original Kreier material. The ATCC
material has been confirmed to have a Nantucket origin by variable nucleotide tandem
repeat genotyping and by whole genome analysis [9,10].

The index case would have remained just the 5th sporadic case of babesiosis but in
September of 1973, another case was diagnosed, this time at the Nantucket Cottage Hospital
(NCH). A 50 year old female was admitted for fever and chills 25 days after she removed a
tick; she had started having daily fevers 11 days afterwards but had symptomatic relief
by the use of aspirin. The dates for these events and some details of her course of illness
differ between the hospital discharge report and the case report [11], but the main features
of the case are (1) the patient sustained daily or intermittent fevers to 104 ◦F that led her
to seek medical attention; (2) that tetracycline (no dose indicated) was started because
Rocky Mountain Spotted Fever was endemic on Cape Cod and the islands at that time;
(3) that a blood smear was examined when the patient failed to improve on tetracycline;
(4) that chloroquine phosphate 1.5 grams was provided in the first 24 hours after finding
parasites on blood smear, then at 0.5 gram daily, presumably by mouth; (5) that she
defervesced and felt better within 3 days of starting the chloroquine, despite parasites
continuing to be found at low level in her blood smear; (6) Her hematocrit dropped to 23%
on the sixth day of admission and she required two units of blood; (7) She was discharged
on September 22 with no fever and was maintained on chloroquine twice weekly for
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6 months. Interestingly, the case report mentions subinoculating two gerbils (“dictated
by the availability of such animals in the local pet store”) with blood from the patient on
the day parasites were found on blood smear, presumably by Dr. Anderson of Cape Cod
Hospital, who was the consulting pathologist for NCH. Both gerbils became infected, and
a second sample of blood, retained for 5 days in the refrigerator, infected hamsters at the
CDC, which maintained the strain. This is the origin of the Peabody-mjr strain (ATCC
PRA-99), which was adapted to inbred mice [12] by serial passage. C3H mice were found
to be most susceptible in the first experiments trying to adapt hamster origin parasites.
Subsequent work using the Peabody strain in balb/c mice confirmed earlier work with the
British B. microti King’s strain [13] that the protective effect of adoptive transfer of immune
splenocytes or lymph node cells was abrogated when the infected donor mouse had been
depleted of T cells [14], suggesting a requirement for both T and B cells in controlling
parasitemia.

Rodent subinoculation, as done by the CDC parasitologists and by Dr. Anderson,
became the gold standard for confirming a case of B. microti babesiosis until the advent
of polymerase chain reaction assays. Hamsters required only 300 parasites to become
infected [15], which provided great sensitivity for confirming a diagnosis because one
could intraperitoneally inoculate as much as 1 mL of blood (depending on the size of
the hamster); the theoretical sensitivity was thus 0.3 parasites per microliter of blood,
which is the same as a typical PCR assay using agarose gel detection of amplicons [16]. In
practice, hamster inoculation could be complicated by transient parasitemias being missed
or the hamster not being monitored a full month after subinoculation, and some parasites
“preferred” splenectomized or immune-deficient mice and thus infection never became
patent in hamsters (unpublished).

No cases were identified in 1974, but in 1975, an additional 6 cases were diagnosed
on Nantucket, prompting another EIS investigation, this time headed by Trenton Ruebush
II. The EIS report dated 9 January 1976 provided details on 6 cases, but the published
report included only 5 of these [17]. The omitted case was a 86 year old male with
fever, shaking chills, drenching sweats, myalgia/arthralgia, fatigue, splenomegaly, and
hepatomegaly. A parasitemia of 25% was recorded on admission, but a blood smear taken
2 weeks previously was positive when retrospectively examined. The patient improved
with chloroquine treatment, as did the other 5 cases, but he was parasitemic for another
10 weeks after discharge. This case was likely that alluded to in the first paper on reservoir
hosts on Nantucket [18] as having been diagnosed in October. All but one of these first
8 cases from Nantucket were in people aged 50 years or older, establishing the fact that
clinically apparent disease was associated with age.

A particularly interesting observation is that none of the early clinical reports [1,2,11,19]
alluded to erythema migrans or other rash, although the first two cases sustained “tick
bite” reactions, one of which resolved when the site of the bite was excised. About a fifth
of babesiosis cases have evidence of concurrent Lyme disease [20] and a similar proportion
of host seeking ticks on Nantucket infected by B. microti also contain B. burgdorferi [21].
However, an “insect bite” was reported in the first case from Shelter Island [22] and
although the swelling that was reported is not typical for erythema migrans, the lesion
abated with ampicillin treatment. Nonetheless, cases of odd rashes were not noted during
the intensive EIS investigations of 1969 and 1975–1976, suggesting that B. burgdorferi was
not commonly infecting people there at the time. This is a paradox, given that the agent
had been enzootic in the area since the late 1890s [23] and certainly must have been
co-transmitted by I. dammini long before human risk was apparent.

The early cases had been treated with chloroquine due to clinical similarity with
malaria, but the efficacy of chloroquine had been questioned even for the index and
subsequent cases. Parasitological cure was not demonstrated, and the drug had no effect
whatever in reducing parasitemia in experimental hamster infections [24]. It should
be noted, though, that in all of the early cases, prompt symptomatic relief was noted
when chloroquine was provided, certainly well within the range of the week that was
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observed for symptomatic relief when current drug regimens (quinine/clindamycin or
atovaquone/azithromycin) are used. Excess production of pro-inflammatory cytokines
appears to be the basis for the signs and symptoms of acute babesiosis [25]. Chloroquine
is immunomodulatory, inhibiting immune activation, including cytokine production [26]
and would be expected to provide symptomatic relief. Although babesiacidal therapy is
the standard, there may be benefits to immunomodulation in the treatment of babesiosis,
and its possible role in combination therapy should be reexamined.

4. Epidemiology and Ecology of B. microti Babesiosis

Ruebush’s comprehensive epidemiologic investigation in 1975 included a home visit
and telephone survey of the frequency of tick bites and febrile illnesses and a cross-sectional
serosurvey. The results were published in 3 remarkable papers [17,19,27]. Complementary
studies of potential reservoir hosts and vectors were done at the same time by his CDC
colleague George Healy (who had undertaken the hamster subinoculation studies of the
1969 and 1973 cases) and Andrew Spielman of the Harvard School of Public Health [18,28].
The main findings were that 8.3% of 687 Nantucket residents (seasonal and full time) had
sustained a tick bite in the 4 months preceding the survey; that asymptomatic infection was
common (21 of 673 Nantucket residents were identified as seropositive, and of the 19 that
could be followed up, 13 denied any febrile illness within 6 months of providing the blood
sample). Ruebush et al. [19] made the prescient remark “Although transfusion-induced
babesiosis has never been reported in man, the prolonged parasitemia noted in Case 3
suggests that transmission by this route may occur”. Babesiosis is now the most common
protozoal hazard associated with blood transfusionin the United States [29].

On the ecology aspects, the team determined that 80% of white-footed mice
(Peromyscus leucopus) trapped on Nantucket were infected. Spielman, using larval
“I. scapularis” derived from engorged females removed from hunter killed deer on Nan-
tucket, demonstrated vector competence by transmitting the Gray strain between hamsters.
The ecology of babesiosis on Nantucket became the focus of Spielman’s graduate student,
Joe Piesman, who developed methods of detecting B. microti in ticks (with the key finding
that the parasites needed to be reactivated with the formation of sporozoites in order to be
detected by microscopy), experimental challenge of deer (which were not susceptible), and
seasonality of transmission [30].

Spielman and Piesman noted morphologic differences between the Nantucket
“I. scapularis” and those from elsewhere in the eastern U.S., and described it as a new
species, Ixodes dammini, with Nantucket as the type locality [31]. Although the name
I. dammini was synonymized with I. scapularis in the early 1990s and few now use the junior
subjective synonym, there are epidemiological reasons to continue to make the distinction,
viz., the northern form bites people in the nymphal stage [32]. The main argument for
synonymy was that ticks from southern sites (I. scapularis) would form fertile F1 hybrids
with ticks from Massachusetts sites (I. dammini), but we now know that this is not a use-
ful criterion to test for conspecificity in Ixodes ticks [33]. There are well defined genetic
lineages of “I. scapularis” (likely a species complex) across the eastern U.S. [34] and it is
likely that future analyses will reject the hypothesis that all the lineages have public health
significance.

Gustave J. Dammin, after whom the tick was named, was pathologist in chief at the
Peter Bent Brigham Hospital and part of the team undertaking the first successful kidney
transplantation that won its surgeon, Francis Moore, a Nobel Prize in 1990. Dammin
had married Anita Coffin, whose family were descended from the colonial founders
of Nantucket in 1659, and frequently summered on Nantucket and nearby Tuckernuck
Island. Dammin, who had made numerous notable contributions to tropical medicine
and pathology, was keenly interested in the new infection, particularly after 1983 when
he sustained an erythema migrans (perhaps the first well documented case on Nantucket)
and made the rounds at the hospital whenever possible to tabulate babesiosis cases. He
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provided logistical assistance, funding, advice, and encouragement for Spielman’s early
studies.

5. Has Risk Changed over 50 Years?

With confounding due to changes in the population at risk and enhanced awareness
by local physicians, one might argue that it is difficult to test the hypothesis that risk has
changed. The number of cases on Nantucket over the years fluctuates, ranging from none
to a couple dozen, with a median of 13 from 1991–1999 (data collected by S.R.T.III and
T.J.L.). One might argue that the sensitivity of identifying cases was probably great in the
early years, when the infection was new and then as novelty waned, so did physician and
laboratorian interest. However, the late Patricia Snow MT was the main microscopist at the
Cottage Hospital from 1973 until the mid 1990s and indeed she was the microscopist for
the second case [11]. Snow kept a log of all babesiosis cases, and with the arrival of T.J.L. in
1982, as well as Dr. Dammin’s efforts suggests reasonably good consistency in the level of
effort taken to diagnosing babesiosis at NCH. Spielman gave S.R.T.III the responsibility of
confirming cases by hamster inoculation, and reviewing all blood smears sent to him by
Snow and this provided additional consistency to the data and thus comparable between
years. The graph of annual babesiosis cases detected at NCH from 1969–1999 (Figure 4),
then, is at least a consistent effort among years by the same people. The increase in cases
detected from 1992–1997 does not reflect the advent of PCR or a change in risk. Snow had
recently purchased a Coulter counter to perform complete blood counts and differential
cells counts, and from her experience knew that babesiosis was accompanied by low
platelet counts and leukopenia. She had the machine flag any such sample from a febrile
case, and then spent 30 min on the microscope with the blood smear instead of the typical
10 min. This doubled the number of confirmed cases (with positive blood smear as the
gold standard).
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After 1999, the hospital changed from in house detection to a commercial laboratory
(Imugen, Inc., which is no longer in existence) and thus estimates of case numbers are
elusive. Massachusetts started mandatory reporting for babesiosis in 2006, with automatic
electronic submission directly from commercial laboratories. Thus, the reports from 2009
onwards (oddly, fewer than 5 cases were reported from Nantucket during 2007 and 2008;
the Nantucket Board of Health counted vastly more cases, personal communication to
S.R.T.III and T.J.L.) are likely to be comparable between years (Figure 5). A median of
23 was reported from 2009–2019, suggesting a doubling in annual incidence from earlier
years. Such a doubling likely reflects increased human exposure and susceptibility, not
changes in the force of enzootic and zoonotic transmission: the population has doubled
(Figure 6) and there has been a 12% increase in the number of Nantucket residents older
than 65 years. Then, too, even though 40% of Nantucket land is held in perpetuity for
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conservation, thanks to the Nantucket Conservation, Land Bank, Massachusetts Audubon,
and other organizations, the pace of development has greatly increased. The density of
homes in buildable plots of land has increased over time; developers buy up older homes
and subdivide the properties (Figure 7).
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Figure 7. Increased development on Nantucket. Nantucket Historical Association, Aerial views
of the Quaise/Polpis area demonstrating an increase in access roads and cleared spaces for new
or larger houses; many older homes were purchased, razed, and new megamansion compounds
built on the site. Source: https://www.nha.org/digitalexhibits/aerialviews/AP1975Web/index.htm;
https://www.nha.org/digitalexhibits/aerialviews/AP1993Web/index.htm, accessed on 30 July 2021.

88



Pathogens 2021, 10, 1159

There is no evidence for an increased force of enzootic or zoonotic B. microti trans-
mission. The comprehensive studies in 1975–1976 by Ruebush and colleagues reported
3.1% (95% confidence interval, 2.0–4.8) seroprevalence in a cross-sectional serosurvey using
NCH discard sera (samples taken for routine blood work). T.J.L. and S.R.T.III determined
that 4.3% of 4524 (95% CI, 3.7–4.9) NCH discard sera from 1991–1997 were seropositive,
using the identical indirect immunofluorescence assay [35] used by Ruebush, with the same
cut-off (1:64 IgG). There was a median annual prevalence of 10% B. microti infection in host-
seeking nymphal I. dammini from 1984–1991, estimated by dissection of salivary glands and
Feulgen staining [21,36]; Telford unpublished, and the same median annual prevalence
was observed from the same sampling sites during 2016–2021 using PCR (Goethert unpub-
lished). The tick population was at equilibrium from 1985–2004 (Figure 8), as measured
by indices of infestation of white footed mice. More recent trapping studies in the same
Nantucket field sites (since 2005, trapped only during June and September, to provide
annual indices of nymphal and larval I. dammini) do not indicate any differences in mouse
infestation. Even though the force of transmission has not appreciably changed, there is
evidence that genetic diversity of B. microti in ticks and mice has increased from 1987–2013,
with more diversity of minor variable number tandem repeat (VNTR) genotypes in later
years; samples from 1986–1988 were dominated by the 49e haplotype [37].
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Figure 8. Nymphal I. dammini infestations on the UMass Field Station. Each datapoint represents the burden of an individual
mouse. An intensive capture-mark-release study of P. leucopus was undertaken from 1984–2004, with monthly sampling
from May to September of each year. No general trend (increasing or decreasing) is apparent, suggesting that the population
has been at ecological equilibrium for 20 years.

Nantucket was not the original source of American B. microti and did not seed the
remainder of southern New England, despite all the cases of “Nantucket Fever”. There
are 3 major lineages of B. microti across its range in the northeastern U.S. [37] suggesting
that there were relict, epidemiologically silent enzootic foci across southern New England
and that parasite range expansion was driven by local intensification and expansion into
nearby areas. B. microti had been reported from rodents on nearby Martha’s Vineyard in
1937 [38], and cases of human babesiosis were identified from that island and eastern Long
Island very quickly after the few Nantucket fever cases [22,24]. The peculiar focus in early
zoonotic B. microti to the terminal moraine sites from Long Island to Cape Cod suggested
that these were the first sites after the retreat of the Wisconsin glacier to be reinvaded
from refugia farther south, serving as relict longstanding foci [39]. Consistent with this
hypothesis, the upper midwestern zoonotic B. microti foci in Wisconsin and Minnesota are
north of a prominent glacial refuge (“driftless zone”).

6. The Deer Tick Microbial Guild

Nantucket recorded its first cases of Lyme disease in the early 1980s, and the founda-
tional babesiosis studies done by Spielman and Piesman on I. dammini and its ecology were
immediately relevant to understanding risk for that bacterial zoonosis. B. burgdorferi was
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immediately incorporated into the existing babesiosis ecology and epidemiology program
at Harvard. When human granulocytic ehrlichiosis (now “human anaplasmosis”) due
to Anaplasma phagocytophilum was identified in northern Wisconsin [40], a prospective
search was made by T.J.L. for febrile patients with elevated liver function tests, headache,
and inclusions in their neutrophils. Pat Snow’s microscopy clinched the diagnosis of the
index case for the northeastern U.S. [41] and led to the description of the agent’s natural
history [42]. A focus on infections of cottontail rabbits identified a Babesia divergens-like
parasite that was genetically identical to that causing MO-1 babesiosis, and the detailed
ecological work [43] provides a basis for explaining its apparent rarity as a zoonosis; the
vector is I. dentatus, which rarely bites humans. It remains a puzzle as to why MO-1 para-
sites have never been detected in febrile Nantucket residents despite determined efforts by
T.J.L., S.R.T.III and H.K.G. When deer tick virus (Powassan lineage II) was discovered in
1995 [44], a virus isolate (NFS001) was quickly made from Nantucket ticks and evidence of
P. leucopus exposure there demonstrated [45]. Again, it is a puzzle why a deer tick virus
encephalitis case has never been detected from Nantucket given its regular detection in
host seeking I. dammini there over the years, despite intensive efforts by T.J.L. and S.R.T.III.

7. Control and Prevention

From the very beginning, CDC and Harvard investigators attempted to make recom-
mendations for risk reduction. In the 9 January 1976 EIS report, the concluding paragraph
made points that are still germane today. “Temporary and permanent residents of the
island and medical personnel should be alerted to the risk of a tick bite and the charac-
teristic symptoms of babesiosis . . . Before control programs directed against vectors or
reservoir hosts of babesiosis can even be considered, studies are needed to identify and
define: (a) other possible tick vectors; (b) additional reservoir hosts in wild and domestic
animals; (c) the distribution and fluctuation in the vector and reservoir host populations,
and (d) the prevalence of infection in vector and reservoir hosts. Finally the risk of infection
for man must be determined so that a cost-benefit analysis can be made of proposed control
measures”. The Nantucket Board of Selectmen was more to the point; Andy Spielman
spoke of a grizzled seaman with tattooed arms asking him “so, doc, what do we spray?”
Even though we know the main aspects of B. microti perpetuation, its reservoirs, prevalence
of animal and tick infection, and the risk of infection, no cost-benefit analysis has been
done and no sustained public health effort has been made to reduce the risk of babesiosis
or Lyme disease.

Nantucket served as the control site for the seminal Great Island deer reduction experi-
ment [46] and deer reduction has been strongly advocated for Nantucket, first by Spielman
and subsequently by S.R.T.III and T.J.L. However, reducing the deer herd is hindered
by sociopolitical factors that include a public reluctance to kill Bambi (the embodiment
of charismatic megafauna). Habitat management is difficult: an attempt by S.R.T.III to
convince Nantucket landscapers to propose to homeowners that vegetation be eliminated
around their homes (thereby removing microhabitat needed for the tick to survive) was met
with derision. “People want that thick stuff there for privacy”. Damminix tick tubes [47]
remain available but few homes regularly and consistently use them. “Spraying” is effec-
tively prohibited as a mode of intervention due to the fact that all of Nantucket’s freshwater
comes from a freshwater “lens” 40–500 meters below the ground surface and people are
concerned about chemicals contaminating it. Personal protection remains the best preven-
tive method, which comprises promoting awareness, using repellents, permethrin treated
clothing, and doing tick checks. The late Jim Lentowski, director of the Nantucket Con-
servation Foundation for 40 years, was the island leader in promoting awareness, having
suffered from 3 of the 5 deer tick-transmitted infections.

The hopes for vaccination remain doubtful, particularly given the general failures
(even with tremendous effort and funding) for effective vaccination against the related
malarial parasites. Even if an effective and safe vaccine were developed, market analysis
by pharmaceutical companies would not support the investment of $150 million or more
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to acquire the data for U.S. Food and Drug Administration approval. Indeed, Nantucket
was one of the sites for Phase II and Phase III trials of Lymerix [the human Lyme disease
vaccine developed by SmithKline Beecham (King of Prussia, PA, USA) and approved by
the Food and Drug Administration], a safe and effective product that was sold for 5 years
and then withdrawn from the market because sufficient cost recovery was not apparent in
the face of anti-vaccine activism. Even an effective vaccine has no guarantee of financial
and public health success. It is discouraging that after 50 years of research, we seem to
have done little to reduce the risk for acquiring babesiosis on Nantucket.

One success in developing interventions in the last 50 years is that of therapy for
babesiosis. Nantucket was the main site for the pivotal prospective randomized clinical
trial of atovaquone and azithromycin (AA) [48]. Clindamycin and quinine (CQ), which
had been demonstrated effective for parasitological cure in hamster infections [49] had
been the treatment of choice for B. microti babesiosis since 1983 [50]. In the clinical trial,
AA induced a more rapid parasitological response than did CQ, and did so with only
15% of the subjects reporting adverse reactions to treatment, compared with 72% for CQ.
However, azithromycin, clindamycin, and quinine have failed to clear parasitemia in mouse
models of B. microti infection [51], and treatment failures are not unusual, particularly
in immunocompromised patients. Additional drug regimens for treating babesiosis are
needed, particularly for those who are immunocompromised [52].

8. What Can We Predict for Nantucket Fever at Its Centennial?

In the ideal future world, a common sense approach will be taken on environmental
modification with combinations of habitat management, environmentally friendly, targeted
insecticides, robotic vector control, and deer reduction. The landscape is successional;
humans have influenced every inch of Nantucket land and there should be no protected
worship of poison ivy and invasive plant-dominated habitat. A return to pasture and
heathlands would reduce habitat for deer ticks and white footed mice. Deer reduction
must be strongly pursued, even if an effective and economical sterilization method was
available (reduce the herd, then control their reproduction). Mechanical means of removing
host-seeking deer ticks might be accomplished by advances in robotics; future generation
insecticides might be developed with less impact on non-target species or more degradable
to preempt suggestions of drinking water contamination.

In 2069, genetic modification of reservoir hosts and ticks and replacement of their
populations with those genetically modified to be less competent to maintain enzootic
transmission will no longer be considered science fiction nor evoke suspicion. Indeed,
efforts are underway to modify P. leucopus so that they constitutively and heritably express
anti-OspA, rendering them less reservoir competent for B. burgdorferi. Nantucket is a
candidate site for larger field trials to release such mice, once small scale proof of concept
regulatory studies have been completed [53]. B. microti antigens that appear to induce some
degree of transmission blocking immunity could easily be incorporated in such a platform.

Anti-tick vaccines, which would reduce the risk for the transmission of all 5 of the
deer tick transmitted zoonoses (in the northeastern U.S.; a sixth, Ehrlichia muris, is present
in the upper midwestern states) by interfering with tick feeding, may become available
and could be commercially successful. When Lymerix was deployed, there was debate on
its merit because the vaccine only protected against Lyme disease and people would still
have to take all required precautions to avoid infection with the other deer tick-transmitted
pathogens. Accordingly, an anti-tick vaccine could be more widely acceptable. The current
situation with COVID-19, however, demonstrates that even when an effective vaccine
is available, people may not avail themselves of its benefits; accordingly, environmental
approaches remain critical to develop and implement.

Personal protection remains the only prevention method that could greatly reduce risk
at the individual level if consistently practiced. Permethrin treated clothing is now readily
available from online retailers at prices that should not deter their routine use. Joe Piesman,
who saw the beginnings of the zoonotic situation that has intensified across the eastern
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U.S., frequently said in his role as Lyme disease vector studies chief at CDC, “we know
what we have to do, we just can’t get people to do it”. Alas, the same may be said about
any public health issue, from smoking to heart disease to sexually transmitted infections.

Even if a new Nantucket fever appears in the next 50 years (ex Nantucket semper aliquid
novi) we remain optimistic that the technological advances that will have taken place by
2069 will provide the great public health benefits for Nantucket residents and visitors that
unfortunately have eluded us in the last 50 years despite a strong evidence basis for diverse
interventions.

Author Contributions: Conceptualization, S.R.T.III, H.K.G., T.J.L.; Methodology, S.R.T.III; Formal
Analysis, S.R.T.III; Investigation, S.R.T.III, H.K.G., T.J.L.; Resources, S.R.T.III, H.K.G., T.J.L.; Data
Curation, S.R.T.III; Writing—Original Draft Preparation, S.R.T.III; Writing-Review & Editing, S.R.T.III,
H.K.G., T.J.L.; Project Administration, S.R.T.III; Funding Acquisition, S.R.T.III, T.J.L. All authors have
read and agreed to the published version of the manuscript.

Funding: S.R.T.III and H.K.G.’s Nantucket research has been supported over the years by grants
from the National Institutes of Health (R01 AI 19693 and R01 AI39002) and currently by R01 AI
137424 and R01 AI 130105 as well as by The Rainwater Foundation, the Gordon and Llura Gund
Foundation, and the Dorothy Harrison Egan Foundation.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The NantucketConservation Foundation and the late Jim Lentowski in particular
provided logistical support and access to study sites. Heather Champoux and Alexandra Weld
performed the serological assays for the 1991–1997 samples; Tucker Taylor generated Figure 8. We
thank these agencies, organizations, and people for their support and help. This is a contribution of
the University of Massachusetts Nantucket Field Station, and of the Tufts Lyme Disease Initiative.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Western, K.A.; Benson, G.D.; Gleason, N.N.; Healy, G.R.; Schultz, M.G. Babesiosis in a Massachusetts resident. N. Engl. J. Med.

1970, 283, 854–856. [CrossRef]
2. Scharfman, W.B.; Taft, E.G. Nantucket fever: An additional case of babesiosis. J. Am. Med. Assoc. 1977, 238, 1281–1282. [CrossRef]
3. Gray, E.B.; Herwaldt, B.L. Babesiosis surveillance—United States, 2011–2015. MMWR Surveill. Summ. 2019, 68, 1–11. [CrossRef]
4. Desowitz, R.S. New Guinea Tapeworms and Jewish Grandmothers; WW Norton: New York, NY, USA, 1981.
5. Moss, S. Long odyssey of babesiosis. N. J. Med. 1990, 87, 291–294.
6. Gleason, N.N.; Healy, G.R.; Western, K.A.; Benson, G.D.; Schultz, M.G. The Gray strain of Babesia microti established in laboratory

animals. J. Parasitol. 1970, 56, 1256–1257. [CrossRef]
7. Van Peenen, P.F.D.; Healy, G.R. Infection of Microtus ochrogaster with piroplasms isolated from man. J. Parasitol. 1971, 56,

1029–1031. [CrossRef]
8. Ristic, M.; Conroy, J.D.; Siwe, S.; Healy, G.R.; Smith, A.R.; Huxsoll, D.L. Babesia species isolated from a woman with clinical

babesiosis. Am. J. Trop. Med. Hyg. 1971, 20, 14–22. [CrossRef] [PubMed]
9. Goethert, H.K.; Molloy, P.J.; Berardi, V.P.; Weeks, K.; Telford, S.R. Zoonotic Babesia microti in the northeastern United States:

Evidence for expansion of a specific parasite lineage. PLoS ONE 2018, 13, e0193837. [CrossRef] [PubMed]
10. Lemieux, J.E.; Tran, A.D.; Freimark, L.; Schaffner, S.F.; Goethert, H.; Andersen, K.G.; Bazner, S.; Lisa, F.; McGrath, G.; Sloan, L.;

et al. A global map of genetic diversity in Babesia microti reveals strong population structure and identifies variants associated
with clinical relapse. Nat. Microbiol. 2016, 1, 1–7. [CrossRef]

11. Anderson, A.E.; Cassaday, P.B.; Healy, G.R. Babesiosis in man: Sixth documented case. Am. J. Clin. Pathol. 1974, 62, 612–615.
[CrossRef] [PubMed]

12. Ruebush, M.J.; Hanson, W.L. Susceptibility of five strains of laboratory mice to Babesia microti of human origin. J. Parasitol. 1979,
65, 430–433. [CrossRef] [PubMed]

13. Clark, I.A. Immunity to Intra-Erythrocytic Protozoa in Mice, with Special Reference to Babesia sp. Ph.D. Thesis, University of
London, London, UK, 1976.

14. Ruebush, M.J.; Hanson, W.L. Transfer of immunity to Babesia microti of human origin using T lymphocytes in mice. Cell. Immunol.
1980, 52, 255–265. [CrossRef]

92



Pathogens 2021, 10, 1159

15. Piesman, J.; Spielman, A. Human babesiosis on Nantucket Island: Prevalence of Babesia microti in ticks. Am. J. Trop. Med. Hyg.
1980, 29, 742–746. [CrossRef]

16. Persing, D.H.; Mathieson, D.; Marshall, W.F.; Telford, S.R., III; Spielman, A.; Thomford, J.; Conrad, P.A. Detection of Babesia microti
by polymerase chain reaction. J. Clin. Microbiol. 1992, 30, 2097–2103. [CrossRef]

17. Ruebush, T.K.; Cassaday, P.B.; Marsh, H.J.; Lisker, S.A.; Voorhees, D.B.; Mahoney, E.B.; Healy, G.R. Human babesiosis on
Nantucket Island: Clinical characteristics. Ann. Intern. Med. 1977, 86, 6–9. [CrossRef]

18. Healy, G.R.; Spielman, A.; Gleason, N. Human babesiosis: Reservoir of infection on Nantucket Island. Science 1976, 192, 479–480.
[CrossRef]

19. Ruebush, T.K., II; Juranek, D.D.; Chisholm, E.S.; Snow, P.C.; Healy, G.R.; Sulzer, A.J. Human babesiosis on Nantucket Island.
Evidence for self-limited and subclinical infections. N. Engl. J. Med. 1977, 297, 825–827. [CrossRef] [PubMed]

20. Meldrum, S.C.; Birkhead, G.S.; White, D.J.; Benach, J.L.; Morse, D.L. Human babesiosis in New York State: An epidemiological
description of 136 cases. Clin. Infect. Dis. 1992, 15, 1019–1023. [CrossRef] [PubMed]

21. Piesman, J.; Mather, T.N.; Telford, S.R., III; Spielman, A. Concurrent Borrelia burgdorferi and Babesia microti infection in nymphal
Ixodes dammini. J. Clin. Microbiol. 1986, 24, 446–447. [CrossRef]

22. Grunwaldt, E. Babesiosis on Shelter Island. N. Y. State J. Med. 1977, 77, 1320–1321.
23. Marshall, W.F.; Telford, S.R., III; Rhys, P.N.; Rutledge, B.J.; Mathiesen, D.; Spielman, A.; Persing, D.H. Detection of Borrelia

burgdorferi DNA in museum specimens of Peromyscus leucopus. J. Infect. Dis. 1994, 170, 1027–1032. [CrossRef] [PubMed]
24. Miller, L.H.; Neva, F.A.; Gill, F. Failure of chloroquine in human babesiosis (Babesia microti). Ann. Intern. Med. 1978, 88, 200–202.

[CrossRef] [PubMed]
25. Krause, P.J.; Daily, J.; Telford, S.R.; Vannier, E.; Lantos, P.; Spielman, A. Shared features in the pathobiology of babesiosis and

malaria. Trends Parasitol. 2007, 23, 605–610. [CrossRef] [PubMed]
26. Schrezenmeier, E.; Dorner, T. Mechanisms of action of hydroxychloroquine and chloroquine: Implications for rheumatology. Nat.

Rev. Rheumatol. 2020, 16, 155–166. [CrossRef]
27. Ruebush, T.K.; Juranek, D.D.; Spielman, A.; Piesman, J.; Healy, G.R. Epidemiology of human babesiosis on Nantucket Island. Am.

J. Trop. Med. Hyg. 1981, 30, 937–941. [CrossRef]
28. Spielman, A. Human babesiosis on Nantucket Island: Transmission by nymphal Ixodes ticks. Am. J. Trop. Med. Hyg. 1976, 25,

784–787. [CrossRef]
29. Moritz, E.D.; Winton, C.S.; Tonnetti, L.; Townsend, R.L.; Berardi, V.P.; Hewins, M.E.; Weeks, K.E.; Dodd, R.Y.; Stramer, S.L.

Screening for Babesia microti in the US blood supply. N. Engl. J. Med. 2016, 375, 2236–2245. [CrossRef] [PubMed]
30. Piesman, J. Ixodes Dammini: Its Role in Transmitting Babesia microti to Man. Ph.D. Thesis, Harvard School of Public Health, Boston,

MA, USA, 1980.
31. Spielman, A.; Clifford, C.M.; Piesman, J.; Corwin, M.D. Human babesiosis on Nantucket Island, USA: Description of the vector,

Ixodes (Ixodes) dammini, n. sp. (Acarina: Ixodidae). J. Med. Entomol. 1979, 15, 218–234. [CrossRef]
32. Telford, S.R., III. The name Ixodes dammini epidemiologically justified. Emerg. Infect. Dis. 1998, 4, 132–134. [CrossRef] [PubMed]
33. Kovalev, S.Y.; Mikhaylishcheva, M.S.; Mukhacheva, T.A. Natural hybridization of the ticks Ixodes persulcatus and Ixodes pavlovskyi

in their sympatric populations in Western Siberia. Infect. Genet. Evol. 2015, 32, 388–395. [CrossRef]
34. Sakamoto, J.M.; Goddard, J.; Rasgon, J. Population and demographic structure of Ixodes scapularis Say in the Eastern United States.

PLoS ONE 2014, 9, e101389. [CrossRef] [PubMed]
35. Chisholm, E.S.; Ruebush, T.K.; Sulzer, A.J.; Healy, G.R. Babesia microti infection in man: Evaluation of an indirect immu

nofluorescent antibody test. Am. J. Trop. Med. Hyg. 1978, 27, 14–19. [CrossRef] [PubMed]
36. Piesman, J.; Mather, T.N.; Dammin, G.J.; Telford, S.R., III; Lastavica, C.C.; Spielman, A. Seasonal variation of transmission risk of

Lyme disease and human babesiosis. Am. J. Epidemiol. 1987, 126, 1187–1189. [CrossRef] [PubMed]
37. Goethert, H.K.; Telford, S.R., III. Not “out of Nantucket”: Babesia microti in southern New England comprises at least two major

populations. Parasits Vectors 2014, 7, 1–11. [CrossRef] [PubMed]
38. Tyzzer, E.E. Cytoecetes microti, n.g., n.sp., a parasite developing in granulocytes and infective for small rodents. Parasitology 1938,

30, 242–257. [CrossRef]
39. Telford, S.R., III; Gorenflot, A.; Brasseur, P.; Spielman, A. Babesial infections of humans and wildlife. In Parasitic Protozoa, 2nd ed.;

Kreier, J.P., Baker, J.R., Eds.; Academic Press: New York, NY, USA, 1993; Volume 5, pp. 1–47.
40. Bakken, J.S.; Dumler, J.S.; Chen, S.M.; Eckman, M.R.; Van Etta, L.L.; Walker, D.H. Human granulocytic ehrlichiosis in the upper

Midwest United States. A new species emerging? JAMA 1994, 272, 212–218. [CrossRef]
41. Telford, S.R., III; Lepore, T.J.; Snow, P.; Warner, C.K.; Dawson, J.E. Human granulocytic ehrlichiosis in Massachusetts. Ann. Int.

Med. 1995, 123, 277–279. [CrossRef]
42. Telford, S.R., III; Dawson, J.E.; Katavolos, P.; Warner, C.K.; Kolbert, C.P.; Persing, D.H. Perpetuation of the agent of human

granulocytic ehrlichiosis in a deer tick-rodent cycle. Proc. Nat. Acad. Sci. USA 1996, 93, 6209–6214. [CrossRef]
43. Goethert, H.K.; Telford, S.R., III. Enzootic transmission of Babesia divergens among cottontail rabbits on Nantucket Island,

Massachusetts. Am. J. Trop. Med. Hyg. 2003, 69, 455–460. [CrossRef]
44. Telford, S.R., III; Armstrong, P.M.; Katavolos, P.; Foppa, I.; Garcia, A.S.; Wilson, M.L.; Spielman, A. A new tick-borne encephalitis-

like virus infecting deer ticks, Ixodes dammini. Emerg. Infect. Dis. 1997, 3, 165–170. [CrossRef]

93



Pathogens 2021, 10, 1159

45. Ebel, G.D.; Campbell, E.N.; Goethert, H.K.; Spielman, A.; Telford, S.R., III. Enzootic transmission of deer tick virus in New
England and Wisconsin sites. Am. J. Trop. Med. Hyg. 2000, 63, 36–42. [CrossRef]

46. Wilson, M.L.; Telford, S.R.; Piesman, J.; Spielman, A. Reduced abundance of immature Ixodes dammini (Acari: Ixodidae) following
elimination of deer. J. Med. Èntomol. 1988, 25, 224–228. [CrossRef] [PubMed]

47. Mather, T.N.; Ribeiro, J.M.; Spielman, A. Lyme disease and babesiosis: Acaricide focused on potentially infected ticks. Am. J. Trop.
Med. Hyg. 1987, 36, 609–614. [CrossRef] [PubMed]

48. Krause, P.J.; Lepore, T.; Sikand, V.K.; Gadbaw, J., Jr.; Burke, G.; Telford, S.R., III; Brassard, P.; Pearl, D.; Azlanzadeh, J.; Christianson,
D.; et al. Atovaquone and azithromycin for the treatment of babesiosis. N. Engl. J. Med. 2000, 343, 1454–1458. [CrossRef]
[PubMed]

49. Rowin, K.S.; Tanowitz, H.B.; Wittner, M. Therapy of experimental babesiosis. Ann. Intern. Med. 1982, 97, 556–558. [CrossRef]
50. Dammin, G.J.; Spielman, A.; Mahoney, E.B.; Bracker, E.F.; Kaplan, K. Epidemiologic notes and reports: Clindamycin and quinine

treatment for Babesia microti infections. MMWR 1983, 32, 65–66.
51. Lawres, L.A.; Garg, A.; Kumar, V.; Bruzual, I.; Forquer, I.P.; Renard, I.; Virji, A.Z.; Boulard, P.; Rodriguez, E.X.; Allen, A.J.;

et al. Radical cure of experimental babesiosis in immunodeficient mice using a combination of an endochin-like quinolone and
atovaquone. J. Exp. Med. 2016, 213, 1307–1318. [CrossRef]

52. Krause, P.J.; Gewurz, B.E.; Hill, D.; Marty, F.M.; Vannier, E.; Foppa, I.M.; Furman, R.R.; Neuhaus, E.; Skowron, G.; Gupta, S.; et al.
Persistent and relapsing babesiosis in immunocompromised patients. Clin. Infect. Dis. 2008, 46, 370–376. [CrossRef]

53. Buchthal, J.; Evans, S.W.; Lunshof, J.; Telford, S.R.; Esvelt, K.M. Mice against ticks: An experimental community-guided effort to
prevent tick-borne disease by altering the shared environment. Philos. Trans. R. Soc. B Biol. Sci. 2019, 374, 20180105. [CrossRef]
[PubMed]

94



pathogens

Review

What Babesia microti Is Now

Heidi K. Goethert

Citation: Goethert, H.K. What

Babesia microti Is Now. Pathogens 2021,

10, 1168. https://doi.org/10.3390/

pathogens10091168

Academic Editors: Estrella Montero,

Jeremy Gray, Cheryl Ann Lobo and

Luis Miguel González

Received: 11 August 2021

Accepted: 2 September 2021

Published: 10 September 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the author.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Cummings School of Veterinary Medicine, Tufts University, Grafton, MA 01536, USA; Heidi.goethert@tufts.edu

Abstract: Parasites from diverse hosts morphologically identified as Babesia microti have previously
been shown to belong to a paraphyletic species complex. With a growing number of reports of
B. microti-like parasites from across the world, this paper seeks to report on the current knowledge
of the diversity of this species complex. Phylogenetic analysis of 18S rDNA sequences obtained
from GenBank shows that the diversity of the B. microti species complex has markedly increased and
now encompasses at least five distinct clades. This cryptic diversity calls into question much of our
current knowledge of the life cycle of these parasites, as many biological studies were conducted
before DNA sequencing technology was available. In many cases, it is uncertain which B. microti-like
parasite was studied because parasites from different clades may occur sympatrically and even share
the same host. Progress can only be made if future studies are conducted with careful attention to
parasite identification and PCR primer specificity.

Keywords: Babesia microti; Babesia; diversity; phylogenetic analysis

Babesia microti has historically been identified by the intra-erythrocytic morphology of
the parasites, typically appearing in infected cells as small (1–2.0 µm in diameter) basket-
shaped rings with extended chromatin. Relying solely on this morphology for identification,
parasites from diverse hosts, such as shrews, mice, rats, raccoons, and dogs, are all referred
to as B. microti or B. microti-like [1–4]. In 2003, a phylogenetic study was published
demonstrating that such parasites are not a single organism. Sequences from both the 18S
ribosomal and the beta-tubulin genes were paraphyletic, demonstrating that B. microti is,
in fact, a species complex comprised of three genetically distinct clades [5]. Furthermore,
parasites from only one of the clades are responsible for most human babesiosis cases.
Indeed, cryptic diversity is common among parasites with few morphological traits that
can be used for differentiation [6]. In the intervening 20 years, there has been a growing
number of reports of B. microti-like parasites from diverse hosts worldwide. It is now
clear that this species complex is even more diverse than originally described. This paper
seeks to report the current knowledge of the species diversity and clarify, once again, what
Babesia microti is.

To this aim, all the 18S ribosomal DNA sequences >800 bp currently in GenBank that
are either named Babesia microti in the database or appear on a Blast search with a sequence
similarity of >95% to the B. microti human strains from the United States were downloaded.
Although the 18S gene may not be the best target for describing diversity because of its
highly conserved nature, it is the only gene that is reliably sequenced from the majority
of studies. Limiting this analysis to large pieces of the gene maximizes the amount of
diversity obtained from this conserved gene. From the large list of sequences available, a
sample was chosen that attempted to encompass the genetic diversity of the entire database
while removing large numbers of highly similar sequences that make the trees difficult
to interpret. Thirty-nine sequences were aligned using Geneious (GenBank numbers are
in the figure) and then trimmed so that they were all the same length, corresponding to
bases 478–1350 from the Gray strain (GenBank #AY693840). A neighbor-joining tree was
constructed with MEGA X [7] using B. divergens and B. leo as outgroups (Figure 1). This
new analysis reveals that the three originally described clades remain, but they are joined
by at least 2 additional clades.
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Figure 1. Phylogenetic analysis of the 18S rDNA gene of B. microti-like piroplasms. A neighbor-joining tree was constructed
using MEGA X with 500 bootstrap replicates. Evolutionary distances were calculated using the Kimera-2 parameter method
with B. divergens and B. leo as outgroups. Branches with less than 50% bootstrap support were consolidated. GenBank
accession numbers are listed on the tree.

Clade 1: Clade 1 has also been referred to as B. microti sensu stricto (or the US-type),
as the parasites from this clade are arguably the most important because of their public
health impact as the major cause of human babesiosis worldwide. This parasite is also
the most studied. Clade 1 parasites are remarkably conserved, with virtually identical
18S rDNA sequences described across the globe: North America, Europe, and Asia. De-
spite this, human cases are only common in the United States. There, people are readily
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exposed because of the highly anthropophilic tick Ixodes dammini (the northern clade of
Ixodes scapularis) that serves as its main vector [8,9]. In Europe, B. microti ss is thought to
be maintained by I. trianguliceps, a host-specific tick that does not attack people, which
would explain the lack of human disease. However, much of the work with I. trianculiceps
was conducted before molecular methods were available, and it is uncertain whether the
parasite under study belonged to this clade or clade 3 (For example see [3,10,11]). To date,
no definitive molecular sequencing of field-derived I. trianguliceps has shown B. microti ss
in these ticks. I. ricinus, an anthropophilic tick that serves as the vector for Lyme disease, is
often sympatric, feeds on similar rodent reservoir hosts, and has been shown to be capable
of transmitting piroplasms in the laboratory [12]. Indeed, B. microti ss is regularly detected
in this vector, as well as I. persulcatus in Eurasia [13–15]. Therefore, the zoonotic potential
should exist throughout the range of these ticks in Europe and Asia. Serosurveys show that
tick-exposed people are indeed exposed to the parasite, but few cases of illness have been
detected [16,17]. Whether the parasites are less virulent in the rest of the world compared
to those in North America or whether physicians fail to diagnosis this disease because of
lack of physician awareness and diagnostic capabilities has not been determined [18].

Clade 2: Clade 2 includes Babesia spp. that are known to infect carnivores, including
raccoons, foxes, and badgers across the world. Also included in this clade is the parasite
originally described from sick domestic dogs from Spain, which has been called by many
names: B. microti-like, Babesia c.f. microti, Theileria annae, and Babesia annae [2,19]. Recently, it
has been proposed that this parasite be designated a new species called Babesia vulpes [20,21].
The phylogenetic trees published by Baneth et al. in 2015 suggest that they propose the
name B. vulpes only be applied to the Babesia in wild foxes, which also causes disease in
domestic dogs, but not to the closely related Babesia found in other carnivores. The current
phylogenetic analysis clearly shows that other sequences from raccoons and badgers group
with B. vulpes in a strongly supported clade to the exclusion of the other B. microti-like
parasites. If the name B. vulpes is indeed adopted, it seems unduly confusing to continue
to refer to the other carnivore Babesia as B. microti-like. The vectors for the parasites in
this clade have not been definitively established but are likely to be Ixodid ticks that feed
primarily on carnivores, such as I. texanus in North America. In Europe, I. hexagonus and
Dermacentor reticulatus have both been suggested as possible vectors [22,23]. It may also
be transmitted by other routes that do not involve a vector, such as direct transmission
through bites [24].

Not included within Clade 2 are the sequences from skunks originally described from
Massachusetts [6]. The phylogenetic position of these skunk sequences is unstable, as
they either cluster with the B. vulpes group, with the B. microti ss group, or, as is the case
in this analysis, separated from both, depending on the type of algorithm used (see [6]).
To date, no other similar sequences have been described, despite recent work in the U.S.
characterizing small Babesia in medium-sized mammals [25–27], leaving our knowledge of
this parasite limited and their placement among the B. microti clade uncertain. It is clear,
however, that these piroplasms are distinct from the previously described Babesia from
skunks, B. mephitis [28].

Clade 3: Clade 3 includes B. microti similar to the Munich strain that have been primar-
ily detected from voles. These piroplasms occur in Europe and North America but have not
been found in Asia. There is distinct separation in this clade between the sequences origi-
nating from the two continents. The Babesia from this clade are not known to cause human
infection. In fact, they have been detected from areas of the US where human babesiosis
has not been described and the anthropophilic vector, I. dammini, is not present [29,30].
Instead, I. angustus is known to occur in these areas, suggesting that this host-specific
tick that rarely bites humans is the major vector in North America and the reason that
this piroplasm is not known to infect humans. In Europe, the Munich type appears to
be present only in areas where I. trianguliceps occurs, and it has been suggested that this
tick is the primary vector [31]. However, throughout much of its range, either I. ricinus or
I. persulcatus also occur, and as mentioned above, many ecological studies could not discern
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between the Munich-type and US-type parasites. Rar et al. [32] showed that in an area
with sympatric I. trianguliceps and I. persulcatus, Munich-type B. microti was only detected
in I. trianguliceps [32] and concluded that I. persulcatus was not the vector. However, others
have detected sequences consistent with the Munich-type in I. ricinus [33–35], thus leaving
the zoonotic potential for this piroplasm and the enzoonotic cycle in nature uncertain.

Clades 4 and 5: Clades 4 and 5 comprise Babesia that have only been detected in Asia.
Clade 4 includes the Kobe strain from Japan together with sequences derived from China.
Clade 5 comprises the Hobetsu and Otsu types, along with other sequences from voles from
China. Although often referred to as if they are different parasites, these are actually the
same and have 100% sequence similarity in the 18S rDNA gene (only Hobetsu is shown on
the tree in Figure 1). None of the parasites from either clade have been detected in Europe
or North America, though the US-type occurs sympatrically with both these parasites in
Asia. Hobetsu parasites have been found primarily in Japan, with one report in rodents
from mainland China [36,37], but Kobe appears to be more widespread in Japan, mainland
China, and other parts of southeastern Asia and has been detected in more diverse rodent
hosts [38–40]. In Japan, parasites from these two clades are often sympatric, but only the
Kobe clade has been shown to infect humans. The Hobetsu strain has been detected in I.
ovatus, and laboratory studies have confirmed the competence of this vector [37]. However,
the vector for the Kobe strain remains undescribed; to date, it has never been detected in
field-collected ticks. There is an odd report from a sick domestic cat in South Africa, which
appeared to be coinfected with B. felis and B. microti-like parasites with 100% similarity to
the Hobetsu strain [41]. This lone report remains an anomaly, as cats are not otherwise
known to become infected with B. microti-like parasites, though they do harbor other small
Babesia that are more closely related to B. rodhaini, B. leo, and B. felis [42].

Finally, there are a number of sequences from GenBank which fall within the B. microti
species complex but do not group with other previously described parasites to create well-
defined clades. The vast majority of these new sequences originate from rodents or ticks
collected primarily in China but also Japan. Most remain as single reports or unpublished
sequences deposited in GenBank, so little is known about their life cycles or their zoonotic
potential. Interestingly, similar sequences were detected in squirrels collected in Japan and
macaques from China [43,44]. Further investigations are necessary to characterize these
parasites as well as create isolates. In the future, there will likely be 4 additional clades
added to the B. microti species complex.

As this analysis shows, the parasites that are part of the B. microti species complex
are a diverse group with unique life cycles. However, the understanding of the ecology
of these parasites has been muddled because of the lack of precision in many studies and
the confusion between similar parasites. As pointed out above, much of the basic biology
of B. microti, both in the US and Europe, was conducted before molecular methods were
available to distinguish between parasites. It is virtually impossible to know for certain
which parasite, Clade 1 B. microti ss or Clade 3 Munich-type, was being studied in the older
literature (for example, [45,46]), but also in more recent work (for example, [11,47,48]). In
the United States in particular, researchers have focused their efforts on B. microti ss because
of its public health importance there. Indeed, most studies are conducted in areas of the
country where human cases are detected and presume the presence of that single parasite.
This is likely to be an accurate assumption when surveying ticks. To date, B. microti ss is
the only B. microti-like parasite found in the zoonotic vectors I. dammini and I. scapularis.
Other Ixodes ticks that are more host-specific, such as I. cookei and I. angustus, are rarely
studied. Surprisingly few studies in the U.S. have actually sequenced PCR amplicons
obtained from wildlife sources to confirm the identity of B. microti unless the host is from
an area where human babesiosis has not been detected. Unexpected results can arise
when performing due diligence to confirm the identity of parasites (see [29,30] and the
descriptions of B. conradae [49] and B. duncani [50]). Therefore, it is imperative at the start
of any new study to confirm the identity of parasites by sequencing using a sufficiently
informative gene segment (such as [30,51]). Once the specific clade of B. microti has been
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confirmed, it is not necessary to sequence every positive PCR given that the primers
used are specific enough to amplify only the intended target. The use of non-specific
PCR primers that are capable of amplifying other B. microti-like parasites can call into
question the conclusions of a paper. Many different primer sets have been used in the
literature, and a quick search using PrimerBlast from NCBI is useful to give a reader an
estimate of their specificity. This issue becomes even more crucial with the use of real-time
PCR, which usually amplifies small pieces of DNA that cannot be confirmed subsequently
by sequencing.

It is clear from this analysis that there is much still unknown about the basic biology
of the many parasites that make up the B. microti species complex. However, progress will
only be obtained with well-designed studies that are careful to identify which B. microti-like
parasite is being studied.
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Abstract: In Europe, Babesia divergens is responsible for most of the severe cases of human babesiosis.
In the present study, we describe a case of babesiosis in a splenectomized patient in France and report
a detailed molecular characterization of the etiological agent, named Babesia sp. FR1, as well as of
closely related Babesia divergens, Babesia capreoli and Babesia sp. MO1-like parasites. The analysis of
the conserved 18S rRNA gene was supplemented with the analysis of more discriminant markers
involved in the red blood cell invasion process: rap-1a (rhoptry-associated-protein 1) and ama-1
(apical-membrane-antigen 1). The rap-1a and ama-1 phylogenetic analyses were congruent, placing
Babesia sp. FR1, the new European etiological agent, in the American cluster of Babesia sp. MO1-like
parasites. Based on two additional markers, our analysis confirms the clear separation of B. divergens
and B. capreoli. Babesia sp. MO1-like parasites should also be considered as a separate species, with
the rabbit as its natural host, differing from those of B. divergens (cattle) and B. capreoli (roe deer). The
natural host of Babesia sp. FR1 remains to be discovered.

Keywords: Babesia divergens; Babesia sp. MO1; Babesia capreoli; rap-1a; ama-1; phylogeny

1. Introduction

Babesiosis is a tick-borne disease affecting a wide range of vertebrates worldwide.
Symptoms of this disease are caused by the intraerythrocytic development of Protozoa of
the genus Babesia, causing fever, jaundice, hemoglobinuria and anemia, possibly leading
to death, depending on the Babesia species and the host. About one hundred species of
Babesia have been described and transmission of the parasite between hosts occurs almost
exclusively through Ixodid tick bites [1].

Even though humans are not natural hosts of Babesia, human infections caused by
several different species of Babesia have been reported worldwide. Babesia microti, B. duncani
(WA1) [2] and to a lesser extent B. divergens-like (Babesia sp. MO1 clade) [3] have been
reported to cause disease in humans in the USA. The most prevalent species is B. microti
responsible of infections that follow a relatively benign course [4]. In Asia, a few cases have
recently been reported, caused by B. divergens-, B. venatorum- or B. crassa-like strains [5–7].

In Europe, the first case of human babesiosis was described in 1957 in Croatia [8,9].
In 1997, a review on human babesiosis in Europe reported 24 cases in splenectomized
(20/24) and non-splenectomized (4/24) patients, 46% of which were fatal even in non-
splenectomized patients (2/4) [10]. At that time, the molecular diagnosis of the parasite
species was lacking and cases were attributed to B. divergens based on morphological
and/or serological grounds. A few years later, molecular analysis revealed a new etiological
babesiosis agent, Babesia sp. EU1, which was found to be responsible for human cases
in Austria, Italy [11], Germany [12] and Sweden [13]. Human babesiosis cases due to B.
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microti have been reported in Europe but usually they are imported cases from the USA [14],
with only one autochtonous case reported to date in Germany [15]. Severe sporadic cases
are usually attributed to B. divergens [16–24]. However, molecular confirmation of the
species is not always undertaken [25–27]. Serological analysis and morphology on smears
are not sufficient to ascertain B. divergens as the etiological agent. Even for specialists, the
morphological distinction of B. divergens from Babesia sp. EU1 on smears is impossible [11,12].
Confirmed cases of babesiosis due to B. divergens can remain serologically negative [28–30],
and serology can be confusing due to dot-like reactivity patterns of most human positive
sera, concentrated at the apical pole of the parasite [31]. This reactivity pattern was
confirmed with a serum from a clinically and molecularly confirmed human B. divergens
case in Finland [18,31].

The phylogenetic group including B. divergens gathers different named or as yet
unnamed species that are very closely related, and we will refer to this group as B. divergens-
like. B. divergens is indeed closely related and can be confused with B. capreoli, a parasite
frequently found in roe deer in Europe, due to their high 18S rRNA sequence relatedness [32,33].
However, the conservation of three base differences in this gene between isolates of B.
divergens (pathogen of cattle/humans) and isolates of B. capreoli (pathogen of roe deer),
linked to different in vitro host ranges, allowed the delineation of these two species [33].
Babesia sp. MO1 also belongs to this phylogenetic group, and is responsible for a small
number of severe or fatal human babesiosis in splenectomized patients in the USA [3,34–36].
Cottontail rabbits are the natural hosts of Babesia sp. MO1 [37,38]. In vitro cultivation
features as well as in vivo experimental infections demonstrated the incapacity of this
genetic variant to infect cattle, and, combined with 18S rRNA sequence differences, led to its
species differentiation from B. divergens and the provisional name Babesia sp. MO1 [39–41].

In splenectomized patients, babesiosis due to B. divergens is fulminant with symptoms
that appear within 1–3 weeks post infection, with persistent high fevers and headaches,
followed by severe intravascular hemolysis, hemoglobinuria, and jaundice. Babesiosis
in splenectomized patients is often fatal in Europe, as diagnosis and therefore adequate
treatment are often delayed due to uncharacteristic flu-like symptoms and the infrequency
of cases [42,43]. Severe symptoms and fatal cases also occur in non-splenectomized patients
with known or unknown predispositions such as splenic dysfunction or a rudimentary
spleen [18,19]. In immunocompetent patients, B. divergens infection is associated with
flu-like symptoms shortly after a tick bite [29] or may remain asymptomatic [44].

In the present study, we describe an unusually mild babesiosis in an asplenic patient in
France, originally suspected to be caused by B. divergens. Intrigued by the unusual course of
infection, we carried out the molecular characterization of the responsible agent. As the 18S
rRNA gene is rather conserved within the B. divergens taxonomic group, and therefore not
sufficiently informative, we supplemented the molecular description with two additional
and more variable markers: the apical membrane antigen 1 (ama-1) and the rhoptry-
associated-protein-1a (rap-1a) genes. Molecular characterization and polymorphism of
these two genes were also analyzed for different members of the Babesia divergens-like
phylogenetic group, including the phylogenetically closely related B. capreoli and Babesia
sp. AR1 identical to Babesia sp. MO1 but from a patient in Arkansas [35], and compared to
available sequences of these genes for B. divergens.

2. Results
2.1. Babesia sp. FR1: Report of the Clinical Case

A 56-year-old man came into the emergency room with a suspected meningitidis
syndrome. He was Caucasian and his only notable antecedent was a splenectomy in 2001
following a skiing accident (pneumococcal vaccine administered in November 2016, no
Haemophilus nor meningococcal vaccines).

The patient stayed on the Île de Ré from 4 August 2017 to 24 August, then from
29 August to 3 September, at a house located at the edge of a forest. He also stayed
in Béthune from 25 August to 28 August. He had a fever for 2 weeks associated with
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headaches. He then developed severe asthenia, sweats, tachypnea, myalgia, and elbow,
shoulder, and knee arthralgia.

The first blood test (5 September) revealed thrombopenia: 99 giga/L, CRP 65.6 mg/L,
ASAT 82U/L, ALAT 73U/L. On 9 September 2017, he developed vomiting, photophobia
and a stiff neck, which led to the patient being transferred to hospital (11 September).
Nothing specific was revealed by non-injected brain CT. Lumbar puncture was normal,
and culture was sterile. Blood tests revealed the following: platelets 71 giga/L, leukocytes
8.40 giga/L (PNN 7.056 giga/L, lymphocytes 0.670 giga/L), hemoglobin 14.4g/dL, ASAT
57 U/L, ALAT 61 U/L, GGT 128 U/L, PAL 188 U/L, normal kidney function.

On 12 September, when admitted to the infectious disease unit, clinical examination
showed fever, asthenia, and non-significant axillary lymph nodes. The same day, a blood
smear showed red blood cells with Babesia corpuscles inside, reaching a parasitemia of
3.7% (Figure 1). Blood analysis revealed thrombopenia (60 giga/L) and hemolysis signs
without anemia (Hb 14.4 g/dL, LDH 890 U/L). Lyme, HCV and HBV serologies were all
negative, and protein electrophoresis was normal.

Figure 1. Blood smears of Babesia sp. FR1 used to diagnose the Babesia divergens-like infection of the patient. Human red
blood cells infected with dividing pear shaped merozoites are visible, as well as rounded trophozoites. Bar = 5 µm.
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Antimicrobial therapy was undertaken on the same day with Atovaquone
(750 mg/12h) and Azithromycine (500 mg on day 1 then 250 mg per day). The patient
rapidly felt better with apyrexia and disappearance of all symptoms. On 14 September,
parasites were still detected on the blood smear and cytolysis was persistent.

Diagnosis of a B. divergens-like infection was confirmed by serology (IFAT with B.
divergens antigen) with a titer of 1:1024 and by PCR on the 18S rRNA gene as described in
materials and methods. Sequencing of the amplified 18S rRNA gene portion confirmed that
the responsible agent was closely related to B. divergens, the most commonly responsible
agent of human babesiosis in France, but different.

Control of the patient’s infectious status was performed 16 months later. Serology
using the same antigen remained positive with a titer reduced to 1:128. PCR was negative.

2.2. Analysis of 18S rRNA Sequences and Position of Babesia sp. FR1 within the B.
Divergens-Like Phylogenetic Group

A 1641 bp sequence was obtained for Babesia sp. FR1, covering the positions that
are discriminant among members of the B. divergens-like phylogenetic group: nucleotide
positions 631, 663, 819, and 1637. The sequence is highly similar (99.95%) to published
Babesia sp. MO1-like and B. capreoli sequences, with only one nucleotide modification
at position 819 and 663 respectively. It is also related to B. divergens (99.9%) with two
nucleotide substitutions at positions 631 and 1637 (Table 1).

Table 1. Biological and molecular features of the Babesia belonging to the B. divergens-like phylogenetic group.

Organism Natural Host
Human

Infection
Geographical

Occurence
Vector

18S rRNA Sequence Differences at
Nucleotide Position b

631 663 819 1637

B. divergens Cattle + Europe I. ricinus A A T C
B. capreoli Roe deer − Europe I. ricinus G T T T
Babesia sp.
MO1/AR1

Cottontail
rabbit + USA I. dentatus a G A A T

Babesia sp. FR1 nd c + France nd c G A T T
a likely vector according to [36]. b corresponding to position described in [33]. c not determined.

The sequence of 1643 bp from the Arkansas case [35] obtained in this study (named
Babesia sp. AR1) was 100% identical to the first Babesia sp. MO1 case from Missouri (Gen-
Bank AY048113) [3], to the Kentucky case (GenBank AY887131) [34] and to the cottontail
rabbit isolates [38]. They differ from B. divergens by three mutations at positions 631, 819
and 1637 (99.8% identity), and from B. capreoli by two mutations at positions 663 and 819
(99.9% identity) (Table 1).

2.3. Major Differences in Ama-1 and Rap-1a Genes within the B. divergens-Like
Phylogenetic Group

Before analyzing the detailed sequence polymorphism of ama-1 and rap-1a genes
between the B. divergens-like phylogenetic group members, some major differences in gene
sequences appeared on the alignment (Figure 2).

Complete ama-1 sequences (sizes between 1803 and 1857 bp) were obtained in this
study for four clonal lines of B. capreoli, for Babesia sp. FR1 and for Babesia sp. AR1, and
were compared to B. divergens ama-1 sequences [45]. An 18 bp sequence located between
bases 553 and 570 was absent only in Babesia sp. AR1, corresponding probably to a deletion,
which did not modify the translation frame (Supplementary Figure S1). Babesia sp. FR1
ama-1 sequence differs from all the others by an insertion of a 36 bp sequence located
between bases 1496 and 1531. The inserted sequence is highly similar to an upstream 36
bp sequence (differing by two nucleotides) and seems therefore to correspond to a gene
conversion event of this small gene portion.
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Figure 2. Major differences in ama-1 and rap-1a genes between members of the B. divergens-like phylogenetic group.
(a) Copy number, and presence (Y) or absence (N) of insertion/deletion in ama-1 and rap-1a genes; (b) Schematic representa-
tion of the major differences and their positions in gene sequence. The colors used in the part (a) correspond to the colors
used in the graphical representation of the corresponding deletions/insertions in the part (b). The deleted or absent regions
are dashed.

Regarding the rap-1a gene, partial sequences (sizes between 1203 and 1236 bp) were
obtained for four clonal lines of B. capreoli, for Babesia sp. FR1 and for Babesia sp. AR1, and
were compared to B. divergens rap-1a sequences [46]. Comparison of rap-1a sequences from
B. divergens, Babesia sp. AR1, and Babesia sp. FR1 highlighted a 3 bp deletion (nucleotides
1012 to 1014) in Babesia sp. AR1 only and a 33 bp deletion located between bases 1034 and
1066 in the 12 rap-1a B. divergens sequences performed, which did not modify the translation
frame. As superposed chromatograms were observed for B. capreoli at the 3′ end of the
rap-1a gene, the presence of multiple copies of this gene was suspected and confirmed
by cloning/sequencing and subsequent specific amplifications of each gene copy from
each of the four isolates. Two rap-1a gene copies were observed, which we named rap-1a1
and rap-1a2. The rap-1a1 copy was characterized by the absence of the two deletions, as
found for Babesia sp. FR1. The rap-1a2 copy contained the 33 bp deletion only and therefore
resembled B. divergens rap-1a.

These major deletions/insertions were not included in the sequence identity calcula-
tions, nor in the phylogenetic analyses, as they represent one-time, usually non-reversible
events, with different evolutionary tempo and mode compared to substitutions.

2.4. Intraspecific Sequence Diversity of Rap-1a and Ama-1 within B. divergens and B. capreoli

The genetic variability within the B. divergens and B. capreoli strains have been analyzed
previously for the 18S rRNA gene and no variations were found [33].
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Intraspecific genetic variability of B. divergens ama-1 and rap-1a genes was previously
analyzed in studies performed at our lab and was found to be very low [45,46]. Sequence
identities higher than 99.5% were highlighted for both genes, when comparing sequences
of the same set of nine and twelve French isolates, for ama-1 and rap-1a respectively (Table
2 and Table S1). The ama-1 sequences showed between 99.9 to 100% conserved sites; two
similar nucleotide substitutions were noted in ama-1 sequences of 1505B F14, 3601B E2 and
Rouen87 F5 isolates, compared to ama-1 sequences of the other six clonal lines. The rap-1a
sequences showed sequence identities between 99.6 and 100%, corresponding to a pairwise
maximum of six nucleotide substitutions.

Table 2. Genetic variability of 18S rRNA, ama-1 and rap-1a genes within B. divergens and B. capreoli.

Babesia Species Gene Number of Isolates Nucleotide Differences Identities

B. divergens
18S rRNA 12 None 100% [33]

rap-1a 12 0–6 nt/1242 bp 99.6–100% [46]
ama-1 9 0–2 nt/1821 bp 99.9–100% [45]

B. capreoli

18S rRNA 9 None 100% [33]
rap-1a1 4 0–7 nt/1236 bp 99.5–100%
rap-1a2 4 0–5 nt/1203 bp 99.6–100%
ama-1 4 0–6 nt/1821 bp 99.7–100%

In the case of B. capreoli, we analyzed the genetic polymorphism of ama-1 and rap-1a
for four isolates collected and cultivated at our laboratory from previous studies [33,47].
The ama-1 sequences showed sequence identities between 99.7 to 100%. The 2770 F6 and
CVD08 005 ama-1 sequences were identical and up to nine polymorphic sites were identified
resulting in six different nucleotide substitutions between ama-1 sequences of 2704C and
2801 F10 isolates, and were compared to the other two identical ama-1 sequences.

The two copies of the rap-1a gene (rap-1a1 and rap-1a2) were identified in all four B.
capreoli isolates. Sequence variability of each gene copy was low (less than seven nucleotide
substitutions), and identities ranged between 99.5–100% and between 99.6–100% among
the rap-1a1 and the rap-1a2 sequences, respectively. Sequence identities between rap-1a1 and
rap-1a2 copies ranged between 96.1 and 96.5%. Most substitutions specific to each gene copy
(39 positions) were non silent (39 substitutions resulting in 28 amino acid modifications),
with a majority of substitutions on the first (nine substitutions) and/or second codon
position (16 substitutions).

2.5. Genetic Variability within the B. divergens-Like Phylogenetic Group

As explained above, sequence identities were calculated without the regions corre-
sponding to deletions/insertions and are presented as a contingency table including all
three analyzed genes (Table 3). In general, the ama-1 gene seemed to be more conserved
than the rap-1a gene as the percentage of sequence identities ranged between 94.3 to 98.7%
for ama-1 and between 86.6 to 98.7% for rap-1a. For both genes, the lowest sequence identi-
ties were evidenced between B. divergens and all other analyzed Babesia within the group.
The highest sequence identities for ama-1 and rap-1a were obtained between Babesia sp. FR1
and Babesia sp. AR1 sequences (98.7% identities for both genes). B. capreoli was found to be
more closely related to Babesia sp. AR1 and Babesia sp. FR1 than to B. divergens.

It was not possible to determine if one of the two copies of B. capreoli rap-1a was more
related to the unique rap-1a gene sequence of other members of the phylogenetic group, as
sequence identity values were highly similar.
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Table 3. Contingency table for 18S rRNA, rap-1a (partial cds) and ama-1 genes. For the 18S rRNA sequences, the number of
nucleotide differences between 18S rRNA gene sequences are indicated in red, instead of the identity percentages. For ama-1
and rap-1a genes, percentage of identities are indicated in green and blue, respectively. Sequence identities with each rap-1a
copy (rap-1a1 and rap-1a2) are indicated. The identities are calculated excluding the deletions and duplication indicated in
Figure 2. Accession numbers of sequences used to perform the analysis are indicated in supplementary Table S1.

Organism B. divergens B. capreoli Babesia sp. AR1 Babesia sp. FR1

B. divergens 0
99.9–100%
99.6–100%

B. capreoli 3 0
95–95.3% 99.7–100%

(rap-1a1) 86.6–89.1% (rap-1a1) 99.5–100%
(rap1-a2) 88.6–89.1% (rap1-a2) 99.6–100%

Babesia sp. AR1 3 2 0
94.3% 97.2–97.3% 100%

89.5–89.8%
(rap-1a1) 95.1–95.4%

100%(rap1-a2) 95.3–95.7%

Babesia sp. FR1 2 1 1 0
94.5% 97.3–97.4% 98.7% 100%

89.8–90%
(rap-1a1) 95.2–95.5%

98.7% 100%(rap1-a2) 95.7–96.1%

2.6. Phylogenetic Analysis

The phylogenetic analyses based on 18S rRNA, ama-1 and rap-1a genes were con-
cordant and confirmed the placement of the Babesia sp. FR1 into the B. divergens-like
phylogenetic group, with strong bootstrap values of 100 (Figures 3–5). According to the
18S rRNA phylogenetic analysis, and despite the high level of conservation of this marker,
two sister groups were supported by good bootstrap values, and Babesia sp. FR1 clustered
with B. capreoli, Babesia sp. AR1 and Babesia sp. MO1 (bootstrap of 73), and not with B.
divergens (forming the second cluster supported by a bootstrap value of 89) (Figure 3). The
separation of these two clusters was also well supported in the phylogenetic analysis with
ama-1 and rap-1a as markers (Figures 4 and 5). The B. divergens clade was supported by
bootstrap values of 99 and 100 (ama-1 and rap-1a respectively). The B. capreoli/Babesia sp.
AR1/Babesia sp. FR1 clade was also well supported by bootstrap values of 100 (ama-1 and
rap-1a), but splits on the one hand into a subclade with B. capreoli (bootstraps of 100 and
83) and on the other hand into a second subclade with Babesia sp. FR1 and Babesia sp. AR1
(bootstraps of 100 and 99). The two Babesia capreoli rap-1a copies clustered into two sister
groups with strong support (100).
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Figure 3. Maximum likelihood unrooted phylogenetic tree of Babesia from the Babesia divergens-like phylogenetic group
based on partial 18S rRNA sequences (1189 bp in the final data set). Branch support/bootstrap values are indicated at each
node. Babesia sp. FR1 sequence obtained in this study is emphasized in red. (a) Scale bar indicates nucleotide substitution
rate per site. (b) Topology of the tree allowing a better visualization of the bootstrap values; hosts of Babesia isolates
are indicated.

Figure 4. Maximum likelihood unrooted phylogenetic tree of Babesia from the Babesia divergens-like phylogenetic group
based on partial ama-1 gene sequences (1728 bp in the final data set). Branch support/bootstrap values are indicated at each
node. Babesia sp. FR1 sequence obtained in this study is emphasized in red. (a) Scale bar indicates nucleotide substitution
rate per site. (b) Topology of the tree allowing a better visualization of the bootstrap values.
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Figure 5. Maximum likelihood unrooted phylogenetic tree of Babesia from the Babesia divergens-like phylogenetic group
based on partial rap-1a gene sequences (1138 bp in the final data set). Branch support/bootstrap values are indicated at each
node. Babesia sp. FR1 sequence obtained in this study is emphasized in red. Scale bar indicates nucleotide substitution rate
per site.

3. Discussion

Most human babesiosis cases are recorded in North America and are mainly due to
Babesia microti, sporadically to B. duncani (Babesia sp. WA1) and to Babesia sp. MO1-like
parasites. Sporadic cases were reported in Asia, Africa, and South America, with diverse
and often partially characterized etiological agents [48]. In Europe, human babesiosis is
rare and B. divergens is the main causal agent [43,49]. The most impacted countries are
France, Ireland and Great Britain, and in France, Western regions and Normandy are most
affected [10], due to substantial farming of bovines, the natural host of B. divergens [50].

The patient was most probably bitten by a tick on the Île de Ré, even if he had no
recollection of a tick bite. This is the most probable place of tick acquisition by the patient, as
it is close to a forest, where the abundance of the potential vector I. ricinus is high, increasing
the risk of contracting tick-borne pathogens [51]. The patient was asplenic, which is also
a major risk factor for severe or fatal babesiosis [10,43,49]. However, the symptoms in
this patient developed slowly (two to three weeks between the onset of symptoms and
admission to hospital) despite aspleny, while B. divergens’ course of infection in such cases
is usually fulminant [42]. Biological diagnosis of the provisionally named Babesia sp. FR1
was based on a blood smear, which led to the administration of antibabesial therapy
(Atovaquone and Azithromycine) as soon as practicable. This treatment was effective, as
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symptoms rapidly disappeared, and parasite clearance was attested 16 months later by a
negative PCR, correlated with a reduction of the serology titer.

Molecular characterization of Babesia sp. FR1 required a deeper analysis. Sequence
and phylogenetic analysis of 18S rRNA revealed that it was genetically close but different
from typical B. divergens isolates infecting cattle or humans (two polymorphic sites at
positions 831 and 1637) [33], but that it closely resembled the American B. divergens-like
parasite Babesia sp. MO1. Despite the genetic difference with B. divergens, the infection
could be diagnosed using B. divergens-specific serological tools (IFAT), confirming anyway
a close relationship with B. divergens.

We decided to explore new markers to improve knowledge on the B. divergens-like
phylogenetic clade and to correctly position this new isolate within this species complex.
We chose rap-1a and ama-1 for two reasons. First, both genes code for proteins involved in
the process of red blood cell invasion by the parasite [52], and as host range/specificity
is an important biological feature in the description of this intra-erythrocytic obligatory
parasite, they represent markers of interest. Second, we know from previous studies that
both genes were well conserved among B. divergens isolates from cattle or humans [45,46].
Their interspecies divergence remained to be determined.

Regardless of the marker used, the sequences of B. divergens (cattle as a natural host)
are grouped in a cluster well-separated from the other two clusters corresponding to B.
capreoli and Babesia sp. MO1/AR1/FR1. Phylogenies based on more discriminant markers
(rap-1a or ama-1) placed Babesia sp. FR1 in the cluster formed by isolates responsible for
cases of human babesiosis in the USA represented by Babesia sp. AR1. This cluster is
separated from the cluster of B. capreoli sequences, and from the cluster of B. divergens
sequences. We can therefore conclude that Babesia sp. FR1 is not a B. divergens.

The phylogenetic group containing Babesia sp. MO1 is sometimes referred to as the
B. divergens US lineage [53,54]. However, Babesia sp. FR1, which clusters with Babesia sp.
MO1 and Babesia sp. AR1, was clearly acquired locally and is an autochthonous case as
the patient did not travel to the USA in the months before the onset of the symptoms.
Therefore, we not only confirm in the present study that Babesia sp. MO1-like sequences
form a well-supported taxon, but we also highlight that the geographical distribution of this
group is not restricted to the USA, but extends to Europe as it includes Babesia sp. FR1. The
three clusters within Babesia divergens-like, i.e., B. divergens, B. capreoli, and Babesia sp. MO1-
like might be associated with their natural host rather than with geographic distribution.
Humans are only incidental hosts for parasites belonging to the B. divergens-like group,
the natural hosts being cattle for B. divergens, roe deer for B. capreoli and rabbits for Babesia
sp. MO1. The natural host for Babesia sp. FR1 has not been characterized but could also
well be a Laporidae, especially in the Île de Ré context, a highly touristic and populated
island where cattle and cervids are rare or absent, due to limited forested areas dominated
by resinous trees (mainly maritime pine trees) and typical local productions (vineyards
and salt marshes). The European rabbit (Oryctolagus cuniculus) is highly abundant on this
island where it has been pullulating since the 2000s, and could therefore be the potential
natural host for Babesia sp. FR1.

In this study, we did not include isolates described as B. divergens in sika deer described
in Japan or in humans in China [6,53,54]. Our goal in this study was to characterize and
correctly place the new Babesia sp. FR1 isolate in the phylogenetic group of Babesia divergens-
like, among biologically well-characterized isolates, i.e., whose host range has been studied
and whose parasites have been cultured [33,38–41,55]. The isolates described in Japan from
sika deer and named B. divergens are not included in the B. divergens-like phylogenetic
group because they differ at the 18S rRNA sequence from all other members of this group
by at least six conserved substitutions all of which are different from those described within
this group. These isolates form a sister group to B. divergens-like. The name B. divergens
should be reserved for isolates from cattle or humans whose 18S rRNA sequences match the
many descriptions already published [18–23,29,30,33,49]. There is no evidence that isolates
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from sika deer are capable of infecting either cattle, gerbils (B. divergens experimental host),
or humans.

The sequences named as “B. divergens” and described in humans in China [6] actually
match those described for B. capreoli, with the characteristic differences at positions 631
and 663 [33]. This information raises the possibility of human infections by B. capreoli,
a species that has never been molecularly characterized as responsible for symptomatic
cases of human babesiosis in Europe and described as not growing in vitro in human red
blood cells [33]. However, short-term asymptomatic carriage of parasites could occur in
humans in geographic areas with high parasite and vector prevalences. We unsuccessfully
attempted to obtain DNA from these parasites to include them in our study.

In the present study, we characterized rap-1a genes in the B. divergens-like phylogenetic
group. The rap-1a genes belong to a multigene family, and multiple copies have already
been demonstrated in a few Babesia species: two copies in B. bovis and B. canis, four to five
in B. ovis, at least seven copies in Babesia sp. Xinjiang, eleven in B. bigemina and twelve
in the B. motasi-like group members [52,56–61]. The multiple copies of rap-1a are usually
different, allowing their differentiation, except in the case of B. divergens where the presence
of two identical copies was highlighted when its genome was sequenced [52]. It is highly
probable that two identical and therefore undistinguishable copies of rap-1a exist in all the
B. divergens isolates characterized. We cannot exclude the presence of two identical copies
also for members of the Babesia sp. MO1-like clade. In all B. capreoli isolates analyzed, two
different but closely related rap-1a copies, named rap-1a1 and rap-1a2 (sequence identities of
about 96%) were identified. Each copy is equally different from either B. divergens, Babesia
sp. FR1 or Babesia sp. AR1 rap-1a genes, and the two copies place as sister groups to each
other, indicating a gene duplication that occurred after B. capreoli speciation. While genetic
divergence occurred between the two rap-1a copies of B. capreoli, it was not the case between
B. divergens rap-1a copies. B. divergens rap-1a gene has been previously characterized and
its genetic variability among cattle and human isolates was found to be limited [51,62,63].
A greater sequence diversity among B. capreoli isolates compared to B. divergens was also
highlighted in the case of the merozoite surface antigen Bc37/41 compared to Bd37, and
a greater selection pressure was hypothesized [64]. This could also explain the sequence
divergence between the two copies of rap-1a in B. capreoli and not between the two B.
divergens copies of rap-1. But a more recent event of the rap-1a gene duplication in B.
divergens could also explain the difference in sequence divergence between the two copies.
Whether the last common ancestor of members of the B. divergens-like group possesses one
or two copies of rap-1a, or when and how many times rap-1a gene duplication occurred
in the speciation process is difficult to evaluate. Despite the presence of all motives that
characterized RAP-1 family members, rap-1b sequence identity with the other two copies
of rap-1a in the B. divergens genome is extremely low (45%) and was not amplified with the
primers used.

In conclusion, we describe here a case of human babesiosis in Europe (France) due to
a Babesia isolate more closely related to the American Babesia sp. MO1 and AR1 than to B.
divergens. Using two discriminant molecular markers, our study confirms the existence of
three phylogenetic clades within the B. divergens-like group that would deserve the rank of
species as their phylogenetic classification corresponds with their natural hosts; B. divergens
natural host is cattle, B. capreoli infects mainly roe deer, and Babesia sp. MO1-like parasites
probably infect Laporidae.

In Europe, diagnosis of human babesiosis is complicated due to its infrequency which
often leads to a delayed detection and treatment. This delayed treatment promotes the
development of a fulminant manifestation of this parasitic disease, in particular for asplenic
or immunocompromised patients. Thus, the infection results often in the death of the
patient, which could probably have been avoided by a more precocious diagnosis and
treatment [23,26]. In Europe, the serological and molecular tools developed to diagnose
B. divergens infections should principally be adequate to detect Babesia sp. FR1 infections.
However, it needs to be taken into account that atypical immunofluorescence patterns (dots
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and weak fluorescence of the parasite surface) may lead to a negative conclusion when
carrying out an immunofluorescence test. Prophylactic treatments are advised, such as
wearing long clothes and performing skin examination for tick detection after exposure to
high-risk environments.

4. Materials and Methods
4.1. Babesia Isolates and DNA Origins

A preliminary identification of Babesia sp. FR1 responsible for the mild form of
babesiosis was performed on blood smears stained with May-Grünwald Giemsa. Fur-
ther diagnosis was carried out by serology (IFAT with B. divergens antigen) [31], as well
as 18S rRNA gene amplification [33] and sequencing from blood DNA extracted using
the Nucleospin Blood kit according to the manufacturer’s instructions (Macherey-Nagel,
Düren, Germany).

B. capreoli isolates were collected and characterized in previous studies performed at
our lab [33,47]. We included in our analysis four in vitro cultivated isolates from roe deer
blood samples or spleen, from three different regions of France (Supplementary Table S1).
B. divergens isolates were also cultivated in vitro from acute piroplasmosis cases in cows
(11 isolates) or in humans (one isolate) [55].

DNA from cultured B. capreoli clonal lines (2704C, 2770 F6, 2801 F10 and CVD08 005)
was extracted as previously mentioned.

DNA from one American case of human babesiosis was kindly provided by Mayo
Medical Laboratory, Rochester, USA. This fatal case occurred in an asplenic patient, in
Arkansas in 2015, with a possible acquisition through transfusion [35]. Due to its geograph-
ical origin, we named this isolate Babesia sp. AR1. It was characterized as a Babesia sp.
MO1-like babesiosis etiological agent.

As all these isolates are very closely related to B. divergens, we have used throughout
the manuscript the terminology B. divergens-like phylogenetic group to qualify the follow-
ing isolates, species or clades: B. divergens, B. capreoli, Babesia sp. MO1, Babesia sp. AR1, and
the new Babesia isolate, named Babesia sp. FR1.

4.2. Comparison of 18S rDNA Sequences within the B. divergens Taxonomic Group

Babesia sp. AR1 18S rRNA sequences (560 bp) from the previously mentioned isolates
were kindly provided by Mayo Medical Laboratory, Rochester, USA. Published B. capreoli
as well as B. divergens 18S rRNA sequences were used as a comparison [33]. Their origin
and accession numbers are described in Supplementary Table S1. The partial 18S rRNA
sequence of Babesia sp. FR1 was obtained using the same primers [33] (Table 4). With
the aim of obtaining sequences of comparable sizes, the 18S rRNA partial sequence of
Babesia sp. AR1 was also amplified with these primers and sequenced. The alignment
was done using the ClustalW program as implemented in the Geneious R6 software
(https://www.geneious.com accessed on 1 October 2021).

4.3. Amplification of Ama-1 (Apical Membrane Antigen-1) and Rap-1a (Rhoptry Associated
protein-1) Genes for B. capreoli, Babesia sp. AR1, and Babesia sp. FR1

PCR was performed to amplify the ama-1 and rap-1a genes of B. capreoli, Babesia sp.
AR1, and Babesia sp. FR1 isolates using ama1-S1/ama1-R3 and rap1-fw/rap1-rev primers
respectively (Table 4). Reactions were carried out in 30 µL reaction mixtures containing
1 X GoTaq buffer, 4 mM MgCl2, 0.2 mM of each dNTP (Eurobio Scientific, Les Ulis, France),
1 unit GoTaq G2 Flexi DNA Polymerase (Promega, Madison, WI, USA), 0.5 µM of each
primer and 1 µL of DNA template. The amplification conditions comprised 5 min at 95 ◦C
followed by 40 cycles of 30 s at 95 ◦C, 30 s at the temperatures indicated in Table 4, 1 min
30 s at 72 ◦C, and a final extension at 72 ◦C for 5 min. The amplified fragments were purified
with the ExoSAP-IT reagent according to the manufacturer’s instructions (Affymetrix,
Santa Clara, CA, USA) and sequencing was performed on both strands (Eurofins Genomics,
Ebersberg, Germany) using the same primers for rap-1a gene, or using primers distributed
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along the sequence for ama-1 gene (Table 4). Sequences were then assembled using the
Geneious R6 software.

Table 4. Description of the primers used in this study for gene amplification as well as sequencing.

Target
Gene

Primer
Name Sequence (5′–3′) Tm (◦C) PCR Amplicon

Length (bp) Sequencing References

18S rRNA CRYPTOF AACCTGGTTGATCCTGCCAGTAGTCAT 63 × 1728 × [33]
CRYPTOR TGATCCTTCTGCAGGTTCACCTA × ×
BAB-GF2 GTCTTGTAATTGGAATGATGG 61 × 560 × [11]
BAB-GR2 CCAAAGACTTTGATTTCTCT × ×

ama-1 ama1-S1 TGACTGCCATATCGACGAAG 61 × ≈2000 × this study
ama1-R3 CTCTAGTGAATTACGATAGC × × [50]

ama1-As1 GGCGGATATTCGGTTGAGG × this study
ama1-S2 CATGGCCAAGTTTGACCTTG × this study

ama1-As2 CTGCGTCACGCGTGAATTC × this study
ama1-S3 CTCCTGTGTATGGAGCCGA × this study

ama1-As3 GTGAAAGCGCGGTTGTGAC × this study
ama1-S4 AGCAGTTGGATCGCCTCTC × this study

rap-1a rap1-fw AATGTCCTACTGGGAAACGC 58 × ≈1300 × this study
rap1-rev GCGGAGTCCATGCCTGTACC × × this study

rap-1a1 (5′) rap1-fw see above
58

×
1146

×
rap1-a1-rev GCTTAGTAGCATGCATCTTC × × this study

rap-1a1 (3′) rap1-a1-fw GGACTCCGAGAAAAAGGATG
58

×
261

× this study
rap1-rev see above × ×

rap-1a2 (5′) rap1-fw see above
58

×
1123

×
rap1-a2-rev TGGAACAACTTCTTCATAGG × × this study

rap-1a2 (3′) rap1-a2-fw GGGCTTCTGGAAAAAGAAGG
58

×
228

× this study
rap1-rev see above × ×

For the four isolates of B. capreoli (2704C, 2770 F6, 2801 F10 and CVD08 005), prelimi-
nary sequencing results of rap-1a gene highlighted superposed chromatograms at the gene
3′ end, suggesting the presence of multiple copies of this gene, a frequent feature for this
gene. The PCR products were therefore cloned in the pGEM-T easy vector according to the
manufacturer’s instructions (Promega, Madison, WI, USA), to determine the number and
sequences of the putative different copies of the rap-1a gene. Escherichia coli strain BL21 was
transformed with the plasmid constructions and colonies with the expected inserts were
selected by direct colony PCR using vector primers: T7 and SP6. Recombinant plasmids
were then isolated using the Nucleospin Plasmid kit (Macherey-Nagel, Düren, Germany)
and both strands of the inserts were sequenced using vector primers (Eurofins, Genomics,
Ebersberg, Germany). Then primers were designed to selectively amplify the different
rap-1a gene copies of B. capreoli isolates (Table 4). Primers rap1-a1-fw or rap1-a2-fw were
associated with primer rap1-rev to amplify the 3′ part of respective rap-1a copies. Primers
rap1-a1-rev or rap1-a2-rev were associated with primer rap1-fw to amplify the 5′ part of
rap-1a copies (same reaction and cycling conditions as above). PCR products were purified
and sequenced as already mentioned.

4.4. Comparison of Ama-1 and Rap-1a DNA Sequences for B. divergens-Like Phylogenetic
Group Members

The resulting ama-1 and rap-1a DNA sequences of B. capreoli, Babesia sp. AR1 and
Babesia sp. FR1 were aligned along with the published ama-1 and rap-1a DNA sequences
of B. divergens isolates using the ClustalW program as implemented in the Geneious
R6 software.

4.5. Phylogenetic Analysis

Phylogenetic relationships within the Babesia divergens-like group were inferred using
published sequences available in GenBank (Supplementary Table S1) and sequence data
produced in the present study (18S rRNA, ama-1 and rap-1a sequences). Sequences were
aligned using Muscle as implemented in MEGA version X [65]. Phylogenetic analyses used
a trimmed alignment of 1189 bp with complete deletion option for the 18S rRNA gene,
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1728 bp and 1138 bp with complete deletion option for the ama-1 and rap-1a coding se-
quences respectively. Maximum likelihood phylogenetic trees were produced using MEGA-
X, with 1000 bootstrap replications based on the Tamura 3-parameter model [66] for the
18S rRNA gene and the ama-1 gene, and based on the Kimura 2-parameter model [67]
model for rap-1a gene. For the ama-1 and rap-1a sequences, the three codon positions were
included. The appropriate model of nucleotide substitution for ML analysis was selected
based on the Bayesian Information Criterion (BIC) computed by MEGA-X.

4.6. Genbank Deposition

Nucleotidic sequences obtained in this study were submitted to GenBank with ac-
cession numbers MZ825347 and OK086051 for the 18S rRNA sequence of Babesia sp. FR1
and Babesia sp. AR1 respectively, MZ836259 and MZ836261 for the ama-1 sequences of
Babesia sp. AR1 and Babesia sp. FR1 respectively, MZ836258 and MZ836260 for the rap-1a
sequences of Babesia sp. AR1 and Babesia sp. FR1 respectively. Accession numbers for
rap-1a and ama-1 sequences of B. capreoli are presented in Supplementary Table S1.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/pathogens10111433/s1, Table S1: Description of B. divergens (A) and B. capreoli (B) clonal lines
used in the study and Genbank accession numbers. Figure S1: (A) Major differences in ama-1 gene
and AMA-1 protein sequences. (B) Major differences in rap-1a gene and RAP-1A protein sequences.
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Abstract: Babesiosis is one of the most important tick-borne diseases in veterinary health, impacting
mainly cattle, equidae, and canidae, and limiting the development of livestock industries worldwide.
In humans, babesiosis is considered to be an emerging disease mostly due to Babesia divergens
in Europe and Babesia microti in America. Despite this importance, our knowledge of Babesia sp.
transmission by ticks is incomplete. The complexity of vectorial systems involving the vector,
vertebrate host, and pathogen, as well as the complex feeding biology of ticks, may be part of the
reason for the existing gaps in our knowledge. Indeed, this complexity renders the implementation
of experimental systems that are as close as possible to natural conditions and allowing the study
of tick-host-parasite interactions, quite difficult. However, it is unlikely that the development of
more effective and sustainable control measures against babesiosis will emerge unless significant
progress can be made in understanding this tripartite relationship. The various methods used to date
to achieve tick transmission of Babesia spp. of medical and veterinary importance under experimental
conditions are reviewed and discussed here.

Keywords: ticks; Babesia sp.; biological cycle; experimental transmission; experimental models

1. Introduction

Babesiosis remains prevalent worldwide and represents an important threat for both
humans and animals [1,2]. The disease, impacting mainly cattle, sheep, goat, equidae,
canidaecanidae, and accidentally humans, is caused by apicomplexan parasites belonging
to the Babesia genus that exclusively infect erythrocytes of their vertebrate hosts [3]. To
date, more than 100 Babesia species have been identified [1]. Babesia spp. are transmitted by
hard ticks—occasionally by blood transfusion—and require both a competent vertebrate
and invertebrate host to maintain the transmission cycle [3].

Human babesiosis is caused by Babesia microti, a Babesia crassa-like pathogen, Babesia di-
vergens, Babesia duncani, and Babesia venatorum, as well as other parasites closely genetically
related to these pathogens, such as B. divergens-like, B. duncani-like, and B. microti-like [4].
Infections in otherwise healthy individuals is usually mild to moderate and most cases
of severe disease occur in immunocompromised individuals. B. microti is endemic in the
northeastern and upper midwestern regions of the United States, while B. duncani is present
on the west coast of the country [4]. In Europe, most of the human cases are due to B.
divergens, whereas in Asia they are due to B. venatorum, B. crassa-like, and B. microti [4]. In
cattle, Babesia spp. have a significant worldwide economic, social, and epidemiological
impact and include, among the most important species, B. bovis, B. bigemina, Babesia major,
and B. divergens [5]. B. bovis and B. bigemina are present in many countries in Africa, Asia,
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Australia, Central and South America, and Southern Europe between 40◦ N and 32◦ S.
B. major is present in Europe, Northwest Africa and Asia, and B. divergens is present in
northern Europe [5]. Ovine babesiosis due to Babesia ovis and Babesia motasi is considered
as the most critical blood-borne parasitic disease of small ruminants in tropical and non-
tropical regions (occurring in South-eastern Europe, North Africa, and Asia) [6]. In equids,
Babesia caballi is (with Theileria equi and Theileria haneyi) the agent of equine piroplasmosis
known to be endemic in several countries of Africa, Asia, the Americas, and mainly in the
Mediterranean basin for Europe [7–9]. The disease represents a significant animal health
issue and causes notable economic losses for the equine industry. Finally, babesiosis is
one of the most important globally extended and quickly spreading tick-borne diseases in
dogs worldwide. Babesia canis is the main cause of canine babesiosis in Europe and is only
sporadically found around the world, whereas Babesia gibsoni, the most prevalent species,
and Babesia vogeli have a global distribution. Babesia rossi, one of the most pathogenic
species, is endemic in southern Africa [10].

The current approaches available for babesiosis control have many important lim-
itations, including increased resistance to acaricides by ticks, as well as the numerous
drawbacks of these acaricides and of the current vaccines and babesicidal drugs (e.g., effi-
cacy, toxicity, environmental effects) [11]. The development of improved control measures
against babesiosis is limited by the numerous and significant gaps in our understanding of
the biology of Babesia spp., especially regarding molecular interaction between parasites,
vectors, and vertebrate hosts, as well as the factors that may influence both the develop-
ment and the transmission of the parasite [12]. To fill these gaps, it is essential to be able to
reproduce the life cycle of Babesia species in controlled experimental conditions, including
transmission by ticks [13,14]. In addition, the validation of new methods of interruption of
the cycle requires that it can be first carried out entirely under such conditions. Finally, it is
important to mention that despite the promise of in vitro culture systems [15], maintenance
by in vitro culture [16] or needle-passage in the vertebrate host [17] in the absence of tick
passage may generate significant changes in the parasite population, potentially creating a
bias in research results.

Several laboratory studies that aimed to understand babesiosis pathogenesis have
focused their interest on infecting laboratory animals through artificial parasite injec-
tion [18,19]. Regarding tick-parasite interaction, the great majority of studies carried out
concern mainly epidemiological studies focusing on the detection of parasites in ticks
collected into the field [20]. Some in vitro studies have also been performed in order to
understand the interactions between parasites and the cells of their vertebrate [21–23] or
invertebrate hosts [24–27]. However, and certainly because of the difficulties inherent to
the studied model—including Babesia spp. culture, tick colony maintenance, and animal
models—relatively few studies have been based on the establishment, under experimental
conditions, of complete parasite transmission cycles from one vertebrate host to another
via the tick bite. Thanks to the experimental models developed for that purpose, these few
studies have nevertheless made significant advances in (1) the definition/confirmation of
the vector competence of various tick species; (2) the understanding of the modalities of
parasite acquisition and transmission by ticks; (3) the discovery of the molecular interac-
tions between the parasite and its invertebrate hosts; (4) the evaluation of some control
methods. The aim of this review is to summarize studies that include both tick infection
on Babesia-infected animals and Babesia infection of ticks through artificial systems, and to
comment on the major results they achieved.

2. General Description of the Babesia Life Cycle

Babesia spp. are transmitted by hard tick (ixodid) vectors. The tick vectors and reservoir
hosts differ depending on Babesia sp. and geographical location considered [1]. Several
tick species have been mentioned in the literature as vectors of Babesia sp., but, as shown
in Table 1, vector competence through experimental transmission has not been validated
for all of them. For those mentioned here as "suspected vectors" without realization of the
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complete transmission cycle under experimental conditions, their involvement is mostly
based on epidemiological evidence (e.g., correlation of tick species presence with disease
occurrence). Each of the three active stages of hard ticks (larva, nymph, and adult) takes a
single blood meal from a vertebrate host in order to mature to the next stage or lay eggs for
the female. Most of the tick species listed as confirmed or suspected vectors of some Babesia
species are three-hosts ticks—meaning that they take their three blood meals on three
different hosts. Some of them, however, have a two-host cycle such as some Hyalomma
spp., Rhipicephalus evertsi, and Rhipicephalus bursa, whereas Dermacentor nitens, Rhipicephalus
annulatus, Rhipicephalus microplus, and Rhipicephalus decoloratus are one-host ticks that use
the same individual host animal for all active tick stages.

Table 1. Major Babesia species infecting humans, dogs, cattle, sheep, goat, and equids; their suspected or confirmed main
vector and vertebrate hosts in the field; and the realization of the whole transmission cycle under experimental conditions.

Babesia spp. Suspected or Confirmed
Main Vectors Main Vertebrate Hosts

Realization of the Complete
Transmission Cycle Under
Experimental Conditions

Babesia microti

Ixodes persulcatus
Ixodes ovatus

Ixodes scapularis
Ixodes trianguliceps

Ixodes dammini
Ixodes ricinus

Rhipicephalus haemaphysaloides
Haemaphysalis longicornis

Human, rodent

ND
ND
[28]
[29]
[30]

[31,32]
[33]
[34]

Babesia divergens Ixodes ricinus Human, cattle [35–39]
Babesia venatorum Ixodes ricinus Human, roe deer [40]

Babesia duncani Dermacentor albipictus Human, mule deer ND

Babesia bovis
Rhipicephalus microplus
Rhipicephalus annulatus

Rhipicephalus geigyi
Cattle, buffalo

[41]
ND
ND

Babesia bigemina

Rhipicephalus annulatus
Rhipicephalus microplus

Rhipicephalus decoloratus
Rhipicephalus geigyi
Rhipicephalus evertsi

Cattle, buffalo

[42]
[43,44]
[45–47]

ND
ND

Babesia major Haemaphysalis punctata Cattle [48,49]
Babesia ovata Haemaphysalis longicornis Cattle [50]

Babesia orientalis Rhipicephalus haemaphysaloides Water buffalo ND

Babesia caballi

Dermacentor nitens
Dermacentor sp.
Hyalomma sp.

Rhipicephalus evertsi

Horse, Donkey, Mule

[51,52]
ND
ND
[53]

Babesia ovis Rhipicephalus bursa Sheep and Goat [54]

Babesia motasi Rhipicephalus bursa
Haemaphysalis punctata Sheep and Goat ND

ND

Babesia canis
Dermacentor reticulatus

Haemaphysalis spp.
Hyalomma spp.

Dog
[55–59]

ND
ND

Babesia gibsoni Haemaphysalis sp.
Rhipicephalus sanguineus Dog ND

ND
Babesia vogeli Rhipicephalus sanguineus Dog ND

Babesia rossi Haemaphysalis elliptica
Rhipicephalus sanguineus Dog [60]

ND

ND: no identified data.

The Babesia life cycle includes both asexual multiplication in the erythrocytes of the
vertebrate host and sexual reproduction in the tick vector [3,61]. The general life cycle
of the Babesia species is summarized in Figure 1 for Babesia sensu stricto (s.s.) species.
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Indeed, it is necessary to specify here that, quite recently, molecular phylogeny studies
using the 18S rRNA gene have led to the division of Babesia species into two large groups:
Babesia s.s. and Babesia sensu lato (s.l.). Species belonging to the latter group, such as B.
microti, are not capable of transovarial transmission within the tick but only a transstadial
mode of transmission [62,63]. Vertebrate hosts are infected by the injection of sporozoites
present in tick saliva during the tick bite. Each sporozoite penetrates the cell membrane
of an erythrocyte with the aid of a specialized apical complex. Once inside, the parasite
produces two merozoites by a process of merogony. Merozoites are then intermittently
released following erythrocyte lysis to infect new erythrocytes. The parasite may then
persist asymptomatically within its host for several years or lead to acute disease. When
they are ingested by the tick during the blood meal, some parasites present in infected
erythrocytes (pre-gametocytes) undergo further development in the passage from host
blood to the midgut of the tick vector to evolve into gametocytes. The sexual reproduction
between gametocytes takes place in the tick gut and leads to a zygote that penetrates the gut
epithelium, where further multiplication occurs, with development to motile and haploid
kinetes that escape into the tick hemolymph. The kinetes then infect a variety of tick cell
types and tissues, including the ovary in the female tick—for Babesia s.s. species—and the
tick salivary glands, where successive cycles of asexual multiplication take place. In this
last organ, sporozoite development usually only begins when the infected tick attaches to
the vertebrate host. The ticks thus transmit the sporozoites to a new host during a new
blood meal of the next life-stage for the ticks with several hosts or of the next generation
after transovarian transmission for the one-host ticks.
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Figure 1. Life cycle of Babesia spp. sensu stricto. Vertebrate hosts are infected following the bite of an infected hard
tick, through the invasion of the host erythrocytes by sporozoites excreted in the tick saliva. Inside the erythrocyte,
sporozoites develop into trophozoites that undergo an asexual multiplication called merogony, ending in the formation of
either merozoites that can infect other erythrocytes, or of gametocytes, which eventually develop into gametes. Infected
erythrocytes are taken up by the tick during its blood meal, but only the gametocytes survive, and they then undergo further
development, changing into gametes in the tick midgut. Then, sexual multiplication—gamogony—takes place with the fusion
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of two gametes to form a motile zygote that enters the midgut epithelial cells to develop into motile kinetes through meiotic
division. Kinetes disseminate to tick tissues, including ovarian and salivary gland cells. The invasion of tick ovaries results
in transovarial transmission while those of salivary glands leads to transmission to the vertebrate host through injection of
sporozoites with the saliva. Babesia microti-like species, which belong to Babesia spp. s.l. species, only invade the salivary
glands, not the ovary. The schematic representation was made using the software biorender.com.

3. Experimental Models of Babesia Species—Transmission by Ticks
3.1. Tick Infestations on Babesia spp. Infected Animals

The first experiments to transmit Babesia spp. naturally were carried out by applying
ticks suspected of being vectors on infected animals. Due to the huge economic impor-
tance of bovine babesiosis, these studies on vector competence for Babesia sp. were first
conducted on species that infect cattle. Indeed, in 1893, two American researchers, Smith
and Kilborne—the first authors to demonstrate the transmission of a disease organism
from an arthropod to a mammalian host—showed the vector competence of R. annulatus
for B. bigemina by placing ticks infected on animal onto naïve cattle that developed the
associated disease [42]. Thereafter, different species of animals were used depending on
the species of Babesia studied. Over time, the animal models and methodology used were
refined to optimize the infection of both animals and ticks, and to comply with health
and safety rules, and animal accommodation and tick containment methods during the
tick feeding process have been the subject of several tests and evolutions (see examples
in Figure 2A–F). In most cases, for cattle, animals were housed in individual, tick-proof
pens surrounded by moats with or without detergent or insecticide [43,45]. Concerning
the tick containment methods, in 1961, Callow and Hoyte used a hessian rug to protect
the larvae until adult repletion to demonstrate the transmission of B. bigemina to cattle
by R. microplus [43]. Ticks were either allowed to spread at will over the animal, or were
confined to one site by releasing them under a fabric patch (nylon or organdie), which was
glued along its edges to the flank of the bovine. A few years later, for the demonstration of
the vector competence of R. decoloratus for B. bigemina in Kenya, ticks were fed on cattle
until adult repletion by sprinkling larvae on the backs of the animals [45]. For the first
experimental transmission of B. divergens by Ixodes ricinus achieved by Joyner et al in 1963,
the ticks were contained in ear bags [36], a method also used later for sheep [64]. Regarding
rodents, several laboratory studies involving complete transmission cycles of B. microti
to the vertebrate host through the tick bite were performed [28–33]. In most instances,
rodents were maintained over trays of water from which detached engorged ticks—applied
by brush to animals—were harvested, whereas in some cases, ticks were contained in
plastic capsules attached with different adhesives. For horses, the first studies aimed to
validate the vector competence of D. nitens for B. caballi used larvae applied by brush on
the animal [51], whereas in subsequent studies, tick feedings were accomplished by placing
the larvae under a cloth patch glued to the back of the host [52].

The identification of a pathogen or pathogen DNA alone—which is even less convinc
ing—in an arthropod cannot be sufficient to prove its ability to transmit this pathogen.
Indeed, demonstrations of parasite presence in unfed field ticks, in tick salivary glands,
eggs, or unfed larvae, while more convincing than detection in ticks collected from animals,
also require confirmation only provided by the validation of vector competence in a
controlled experimental model. The best illustration of this corresponds to the following
studies performed in Iran in order to identify the vector of B. ovis to sheep. The kinetes
of B. ovis were observed in hemolymph and egg smears of Rhipicephalus sanguineus and
Hyalomma marginatum field ticks collected from sheep infected with B. ovis [69], so the
vector competence of both tick species was further evaluated by placing pairs of adult ticks
on sheep inoculated with B. ovis, but no transmission by any of the succeeding tick stages
could be demonstrated, thus showing that these tick species are not vectors [64].
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As recently reviewed by Gray and co-workers, the establishment of experimental
models of pathogens transmission by ticks using live animals has led to significant advances
in the understanding of transmission modalities and tick-parasite interactions [70]. For
example, it allowed the demonstration that transovarial transmission does not occur in
B. microti, leading to no longer classifying this parasite in Babesia spp. s.s. [31–33], and
that, in I. ricinus, the infection only survives one molt [31]. Laboratory models have
also demonstrated that B. microti may promote its transmission in rodents by enhancing
the feeding success and survival of its tick vector, Ixodes trianguliceps [29]. Likewise, the
establishment of the transmission of B. divergens by I. ricinus in a gerbil experimental
model [35] provided proof of sexual development of Babesia through DNA measurements
on the developmental stages of B. divergens in the blood of the vertebrate host and in the
gut, hemolymph, and salivary glands of the tick vector [38,39]. In addition, several studies
have been performed in order to establish which tick life stages are able to acquire and/or
to transmit the parasite. Most of them have concluded that only adult stages were able to
acquire Babesia sp. s.s. from infected animals, while all succeeding stages (larvae, nymphs,
and adults) were able to re-transmit the parasites to susceptible animals [36,37,43,44,48].
However, Schwint and co-workers demonstrated that only the first of three subsequent
generations from D. nitens females was able to transmit B. caballi to naïve horses, showing
that the parasite is unable to persist in ticks without continuing alimentary infection of
adult females [52], whereas other studies have also shown the acquisition of this parasite
by nymphs of R. evertsi [53].

Models of transmission of B. microti to rodents via ticks in the laboratory have also
made it possible to carry out studies on the phenomena of co-infections. In fact, a lower
transmission efficiency of B. microti than Borrelia burgdorferi to Ixodes dammini from both
hamsters [71] and white-footed mice [72] has been demonstrated. In the meantime, it was
shown that ticks that fed on mice with these concurrent pathogen infections exhibited
twice the incidence of B. burgdorferi infection compared with B. microti [72]. Twenty-
five years later, however, this laboratory model also showed an increase of the frequency of
B. microti-infected Ixodes scapularis (formerly I. dammini) nymphs when they fed as larvae
on white-footed mice coinfected with B. burgdorferi, as well as an increase of B. microti
parasitemia in co-infected mice [28]. This enhancement of B. microti establishment by
B. burgdorferi has been attributed to an immunological conflict in the adaptive immune
response of the vertebrate host against the two tick-borne pathogens [73].

The development of experimental models using animals also provided knowledge on
the infection acquisition by the vertebrate host following a Babesia-infected tick bite. For
example, by developing a laboratory model of B. bovis infection of calves through the bite of
R. microplus-infected ticks, Smith and co-workers demonstrated, in 1978, that tick-induced
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infection was more severe than in calves infected with carrier blood, even when very low
numbers of infected larvae were applied [41]. They attributed this difference in virulence
to the large number of infective doses injected by each infected tick but Salivary-Assisted
Transmission of tick-borne pathogens (see review in [74]) probably also contributed to
this observation.

Although, compared to other pathogens, few molecular studies have involved Babesia
parasites [70,75], experimental tick-transmission models of Babesia spp. using animals
have also made it possible to identify molecules potentially involved in this transmission.
Such studies are helping us to better understand the interactions involved and to identify
potential targets for blocking parasite transmission. Thus, infection of H. longicornis on
dogs infected with B. gibsoni has allowed to implicate a tick protein, longipain, in the
transmission of the parasite by its vector [76], and to demonstrate that the vitellogenin
receptor on the surface of tick oocytes is essential for its transovarial transmission [77].
Experimental models of B. bovis infection of cattle by R. microplus has also been used to
study the function of the tick protein Bm86 during B. bovis infection [78]. In the same way,
experimental tick infection models of both B. bigemina and B. bovis-infected cattle were
used to perform functional genomics studies on R. annulatus and R. microplus genes that
are differentially expressed in response to parasite infection [79,80].

Both the discovery and validation of methods to control the transmission of tick-
borne pathogens require experimental designs that include complete transmission cycles.
Regarding the Babesia spp. that infect cattle, experimental tick infection models for B.
bigemina-infected cattle were used to evaluate the efficiency of some vaccine candidates
and drugs against parasite transmission by R. microplus [81,82]. Rhipicephalus microplus
experimentally infected with B. bovis were also used to demonstrate the inefficiency of
the injectable and pour-on forms of both ivermectin and moxidectin to prevent parasite
transmission by ticks [82]. In Argentina, Mangold and co-workers developed a laboratory
model of B. bovis transmission to cattle by R. microplus in order to demonstrate the non-
transmissibility to ticks of an attenuated vaccine strain of the parasite [83]. Several studies
also involved experimental transmission of B. canis to dogs through the bite of infected
D. reticulatus ticks in order to evaluate the usefulness of different acaricides to prevent
parasite transmission [55–57,84], whereas similar experiments were performed regarding
B. canis transmission by R. sanguineus [85,86], and B. rossi transmission by Haemaphysalis
elliptica [60].

3.2. Tick Infection through Artificial Feeding Systems

The use of natural hosts for direct infection of ticks on infectious animals remains the
best method to obtain conditions that are closest to the physiological reality of tick-borne
pathogen transmission. However, firstly, ethical considerations lead us to limit the use
of animals as much as possible. Secondly, in addition to the constraints associated with
licensing the experiments and host specificity, obtaining the animals, keeping them in
the laboratory, and handling them can be expensive and difficult or even impossible in
the case of most species of wildlife. Finally, the difficulty of controlling parasitaemias of
infected animals for the whole feeding period of the ticks is an important consideration.
All these reasons have led to the development of artificial methods of tick infection in order
to complete the lifecycle of tick-borne pathogens under laboratory conditions. Artificial
feeding of ticks, mimicking the natural process, has been used for different purposes
including tick rearing, the study of tick physiology and the effects of antibodies or drugs
on tick physiology, functional genomic studies, and vaccine candidate discovery, as well
as the analysis of tick-borne pathogen transmission (see review by Bonnet and Liu [13]).
Nevertheless, relatively few studies have involved Babesia parasites. One of the factors
limiting these studies is undoubtedly the need for successful in vitro cultivation of the
Babesia species of interest [15].

The use of blood-filled capillary tubes placed over the mouthparts of ticks was first
reported in 1938 by Gregson, who used this technique to collect saliva from D. andersoni [87].
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Since then, this technique has been used to infect ticks with several tick-borne pathogens,
mainly bacteria (see review in [13]). Although this infection process has the advantage of
using the natural route of infection, i.e., the digestive tract of the tick, and allows control of
the quantity of pathogen ingested, it is quite far from natural conditions because the tick
absorbs a large amount of pathogen at once and this, regardless of the "true" full blood
meal. The other drawback is that it requires the use of animals before or after infection to
feed ticks to repletion. However, its use has led to some significant advances in the study of
Babesia spp. transmission. In 1998, Inokuma and Kemp used the capillary feeding technique
in order to infect R. microplus with B. bigemina [88]. Adult ticks were pre-fed on cattle and
then B. bigemina-infected red blood cells were offered to the ticks using glass capillaries on a
warm plate at 35 ◦C for 18 h in the dark. The authors subsequently demonstrated that ticks
were able to acquire the parasite and to transmit it to their progeny. The capillary feeding
technique has also been used by Antunes and co-workers in order to evaluate the impact
of purified rabbit polyclonal antibodies on some R. microplus proteins associated with both
tick physiology and tick infection by B. bigemina [89]. While an effect on tick weight and
oviposition was observed, no effect was observed on pathogen DNA levels. However, this
work has made it possible to set up an alternative system to the use of animals both to test
vaccine candidates and to obtain essential data on tick-pathogen interaction, as this could
also be done later with another protein, the calreticulin, identified as being involved in B.
bigemina infection in R. annulatus ticks [90].

The membrane feeding technique—consisting of feeding ticks on blood or culture
media through a membrane—was first developed by Pierce and Pierce in 1956 in order
to feed R. microplus using embryonated hen eggs [91]. Since then, several membranes of
animal or artificial origin have been used both to feed and to infect ticks with different
pathogens (see review in [13]). In this case, as the pathogen is mixed in blood and absorbed
throughout the blood meal via the digestive tract, the method mimics the natural conditions
of tick infection more closely than other methods. Its main disadvantages, however, are the
need to regularly change the blood used, and the need to use antibiotics and antifungals
to avoid contamination. It is also necessary to test pathogen viability under these feeding
conditions at regular intervals. In the case of artificial membranes such as silicone ones,
feeding systems also need olfactory stimuli for attachment and feeding. Regarding their
use to infect ticks with Babesia spp., and due to red blood cell sedimentation, it is important
to note that this requires the placing of blood above the membrane to produce a continuous
gravitational pressure, ensuring tick absorption of the intraerythrocytic parasites. In 2007,
Bonnet and co-workers developed a skin-feeding technique using the skins of both gerbils
(for larvae and nymphs) and rabbits (for nymphs and adults) to infect I. ricinus with B.
divergens without the need for additional stimuli (Figure 2G,H) [35]. To our knowledge,
this is the only membrane-feeding technique that has been used to date to infect ticks
with Babesia spp. All tick instars were allowed to acquire the parasite from infected red
blood cells maintained at 37 ◦C in a glass feeder through the animal skin until repletion.
Contrary to what was previously observed [36,37], this system showed that in addition to
adult females, I. ricinus larvae and nymphs can also acquire B. divergens infections, which
persists transtadially in the subsequent nymphal and adult stages (as determined by the
detection of DNA in their salivary glands). Babesia divergens DNA was also detected in
eggs and larvae produced by females that had fed on parasitized blood, demonstrating the
transovarial transmission of the parasite. Later, the use of this artificial tick infection system
also allowed the discovery of molecular markers for B. divergens sexual stages [92,93]. Lastly,
the same membrane feeding technique allowed the validation of the vector competence of
I. ricinus for Babesia (EU1) venatorum [40].

Finally, in order to understand tick-Babesia interactions and to follow parasite develop-
ment in the vector, Maeda and co-workers used a “semi-artificial” mouse skin membrane
feeding technique to infect H. longicornis with B. ovata [94]. In this case, female adult ticks
were first allowed to feed on the shaved back of mice, and after 4 to 5 days, a section
of the mouse skin with the ticks attached was removed immediately after euthanasia,
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and set up in artificial feeding units. The ticks were then fed on a mix of media and B.
ovata-infected red blood cells through the piece of mouse skin. This technique was then
used to demonstrate the transovarial persistence of B. ovata DNA in H. longicornis [50].
Thus, the mixing of animal use and membrane feeding makes it possible to control the
parasitemia of the meal offered to ticks, but does not prevent the use of live animals.

3.3. Tick Infection through Injection

Although this method is more distant from physiological reality than the ones previ-
ously detailed, some studies have also performed tick infections by injecting the pathogen
through the cuticle of the tick. In addition to requiring live animals to feed ticks after the
infection, this invasive method also has the disadvantage of a low survival rate of ticks
after injection [95]. Nevertheless, its use by some authors has led to important results
concerning Babesia spp. In 2018, Antunes and co-workers used a R. bursa-B. ovis-sheep
infection model to characterize tick salivary gland genes that were differentially expressed
in response to blood feeding and B. ovis infection [96]. In that experiment, female ticks
were inoculated with B. ovis in the trochanter-coxae articulation and allowed to feed on
rabbits. Vector competence was then confirmed by feeding B. ovis-infected ticks on a naïve
lamb. This study allowed both increased understanding of the role of tick salivary gland
genes in Babesia infections and identification of potential candidate vaccine antigens for
innovative control strategies.

4. Conclusions

It is likely that vector competence for Babesia spp. has yet to be determined in some tick
species. Furthermore, our understanding of the life cycles of Babesia spp. is still incomplete,
especially regarding the intimate mechanisms of molecular dialogue between the parasite
and its vertebrate and invertebrate hosts. Field experiments are less easy to control than
those under laboratory conditions, and the gaps in our knowledge can probably only be
filled by experimentally reproducing the transmission cycle as closely as possible to reality
and by involving all three actors of the vectorial system. Indeed, this review has shown
that the use of experimental systems for tick-borne pathogen infections that permit the
complete transmission cycles of Babesia parasites has led to major scientific advances in the
study of these pathogens. Despite these successes, efforts are still needed to standardize
and simplify laboratory protocols to improve our ability to exploit tick artificial infection
systems. It is hoped that, in the future, such models of artificial infection will be further
developed in order to acquire new knowledge and develop new control strategies while
avoiding the use of animals.
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Abstract: Babesia are tick-borne intra-erythrocytic parasites and the causative agents of babesiosis.
Babesia, which are readily transfusion transmissible, gained recognition as a major risk to the blood
supply, particularly in the United States (US), where Babesia microti is endemic. Many of those
infected with Babesia remain asymptomatic and parasitemia may persist for months or even years
following infection, such that seemingly healthy blood donors are unaware of their infection. By
contrast, transfusion recipients are at high risk of severe babesiosis, accounting for the high morbidity
and mortality (~19%) observed in transfusion-transmitted babesiosis (TTB). An increase in cases of
tick-borne babesiosis and TTB prompted over a decade-long investment in blood donor surveillance,
research, and assay development to quantify and contend with TTB. This culminated in the adoption
of regional blood donor testing in the US. We describe the evolution of the response to TTB in the US
and offer some insight into the risk of TTB in other countries. Not only has this response advanced
blood safety, it has accelerated the development of novel serological and molecular assays that may
be applied broadly, affording insight into the global epidemiology and immunopathogenesis of
human babesiosis.

Keywords: Babesia; blood transfusion; prevention; screening; babesiosis

1. Introduction

Babesia are tick-borne apicomplexan parasites and the causative pathogens of the
clinical illness, babesiosis. Over 100 species of Babesia infect a wide array of vertebrates,
yet only six species have been implicated in human infections, of which Babesia microti
is overwhelmingly predominant [1]. While B. microti has been reported frequently from
the northeastern and northern midwestern United States (US), cases of babesiosis have
been described globally [2]. Findings from Babesia surveillance and clinical case reporting
suggest a significant increase in B. microti incidence in the United States (US) over the past
two decades [3]. Factors that have been postulated for the emergence of Babesia include
an increase in the deer population that amplifies the number of ticks, an increase in the
human population, and building homes in tick infested areas [3–5]. Babesia was historically
under-investigated, whereby greater attention (i.e., awareness) following its becoming a
notifiable disease in many US states in 2011 likely contributed to the observed increase
in cases.

Babesia are transmissible through blood transfusion [6]. The increase in reported
cases of naturally acquired and transfusion-transmitted babesiosis (TTB) in the US drew
the attention of the blood banking community, thus prompting over a decade of donor
surveillance studies, along with the development of laboratory-based diagnostic and donor
screening strategies to contend with TTB [7,8]. This culminated in 2019 with the publication
of nonbinding recommendations from the US Food and Drug Administration (FDA) in
favor of regional blood donor screening for Babesia in the US using an approved molecular
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assay [9]. Prior to the adoption of laboratory-based screening, B. microti was a leading
infectious risk to the US blood supply. The risk of TTB in the US is now low as a result
of routine testing for Babesia [10]. We describe the evolution of the response to TTB in the
US as a means to contextualize the risk of Babesia in general with a view to guide future
research efforts.

2. Epidemiology: Geographic Distribution, Seasonality, and Transmissibility

Babesia species have different geographic distributions. Cases of B. microti have been re-
ported widely, notably in the northeastern and upper midwestern US, but also in other coun-
tries [11–15]. Babesia duncani occurs in the far western US [16]. Babesia venatorum and Babesia
crassa-like agent have been reported in Europe and northeastern China [17–19]. Babesia
divergens/Babesia divergens-like agents has been reported in Europe [17] and the United
States [20]. Babesia motasi-like agent has been implicated in human cases in Korea [21].

2.1. Blood Donor Surveillance in the US

Beginning in the late 1990’s, a series of surveillance studies were conducted to deter-
mine the seroprevalence of Babesia (specifically B. microti), as well as rates of parasitemia
(using molecular positivity as a surrogate of active infection) specific to the blood donor
population (Table 1). In one of the earliest studies, blood donors (n = 3490) in endemic and
nonendemic areas of Connecticut were evaluated for B. microti [22]. In this study, 30 (0.9%)
donors were confirmed positive for antibodies against B. microti; over half (10/19) of
seropositive donors who were subsequently tested by PCR were shown to be positive [22].
In another study, about a fifth (21%) of 84 seropositive blood donors (IFA titers ≥ 64),
who were followed for up to three years in Connecticut and Massachusetts, were found to
be parasitemic [23]. Over the course of follow-up, protracted low-level parasitemia was
variably and intermittently detectable.

Table 1. Transfusion-transmitted babesiosis: blood donor surveillance and follow-up studies in the United States.

Overview Study Design Location (s) Year (s) Major Finding Reference

Donor
surveillance
(research)

3490 donations (1745 each
fromendemic and nonendemic
areas) were tested for B. microti
antibodies using research-based

enzyme immunoassay (EIA);
supplemental IFA was used to

conform EIA+ samples. Selected
seropositive samples were

evaluated using nested PCR.

CT, USA
(endemic

and
nonendemic

areas)

1999

30/3490 (0.9%) confirmed as
seropositive (n = 24 [1.4%] vs. 6

[0.3%] in endemic and
nonendemic areas, respectively).
10/19 (53%) of 19 seropositive

donors PCR+.

Leiby et al.
Transfusion 2005

[22]

Donor
surveillance
(research)

23,304 donations from 17,465
donors were tested by IFA.

CT and MA,
USA 2000–2007 267/23,304 (1.1%) seroprevalence.

Johnson et al.
Transfusion 2009

[24]

Donor
surveillance
(research)

Cross-sectional IFA (B. microti
IgG) testing of blood donors with

PCR testing of seroreactive
donors and lookback

investigation.

CT, USA 1999–2005

208/17,422 (1.2%) IFA+
26/139 (18.7%) PCR+

8/63 recipients were IFA and/or
PCR+.

Johnson et al.
Transfusion 2011

[25]

Donor screening
and follow-up

(research)

B. microti IFA (titers ≥ 64)
were monitored up to 3 years for
parasitemia by 2 PCR methods

and hamster inoculation.

CT and MA,
USA 2000 to 2004

18/84 (21.4%) donors parasitemic
at follow-up; 9 had >1 specimen

with evidence of parasitemia.
Observation of protracted,

intermittent, low-level
parasitemia.

Leiby et al.
Transfusion 2014

[23]

Hemovigilance
study

Description of donor and
recipient characteristics of

suspected cases of TTB reported
to American Red Cross.

USA
(national) 2005 to 2007

Eighteen definite or probable
B. microtiinfections with

5 fatalities
4/18 (24%).

Nonresident donors had a history
of travel to endemic areas.

Tonnetti et al.
Transfusion 2009

[26]
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Table 1. Cont.

Overview Study Design Location (s) Year (s) Major Finding Reference

Donor
surveillance with

prospective
follow-up
(research)

Cross-sectional surveillance of
consenting blood donors using

RT-PCR and IFA (B. microti IgG);
blood donors in VT (non or
low-endemic state) used to

establish specificity.

Southeast CT,
USA

VT, USA
2009

25/1002 (2.5%) IFA+
3/1002 (0.3%) PCR+ (1 was

IFA-negative).
1/1015 (0.1%) Vermont donors

was IFA+.

Johnson et al.
Transfusion 2013

[27]

Donor screening
(real-

time/operational)

Selective real-time donor
screening with IFA and PCR

units directed to neonates and
pediatric sickle cell and

thalassemia patients.

RI, USA 2010–2011

26/2113 (1.23%) representing 1783
blood donors were IFA+.

1 indeterminate PCR result
(0.05%).

No cases of TTB (vs. 7 cases of
TTB out of 6500 unscreened units

in targeted population using
historical controls (2005–2010).

Young et al.
Transfusion 2012

[7]

Investigation
screening using
donor sample

repository

Paired samples screened by AFIA
and PCR.

Nonendemic
(AZ and OK),
moderately

endemic
(MN and WI),

and highly
endemic (CT

and MA)
areas of the

USA

2010 to
2011

Positivity (Seroreactivity and/or
PCR+): Nonendemic: 0.025%

(95% CI, 0.00–0.14%);
Midendemic: 0.12% (95% CI,

0.04–0.28%);
High endemic: 0.75% (95% CI,

0.53–1.03%).
AFIA specificity 99.95% and

99.98% at cutoff of 1-in-64 and
1-in-128, respectively.

Moritz et al.
Transfusion 2014

[28]

Validation study
of EIA for blood
donor screening

Retrospective testing of donor
samples collected in high-risk

endemic, lower-risk endemic, and
nonendemic; EIA+ samples

further tested by B. microti IFA,
PCR, and peripheral blood smear

examination.

Nonendemic
area: AZ

Lower-risk
area:

Manhattan and
Brooklyn, NY

High-risk
endemic:

Suffolk County,
NY

2012

EIA repeat-reactive rates:
Nonendemic area: 8/5000 (0.16%);
Lower-risk area 27/5000 (0.54%);

High-risk endemic: 46/5000
(0.92%).

Levin et al.
Transfusion 2014

[29]

Donor screening
(real-

time/operational)

Donor screening with PCR and
arrayed fluorescence

immunoassay (AFIA).

CT, MA, MN,
and

WI, USA

2012 to
2016

700/220,749 donations screened
positive, of which 15 (1 per 14,699

donations) were deemed to be
window period infections

(PCR+/AFIA-).
Median estimated parasite load in
WP donations 350 parasites/mL

3/10 (30%) WP donations
infected hamsters.

Moritz et al.
Transfusion 2017

[30]

Donor screening
(real-

time/operational)

Prospective AFIA and
quantitative PCR testing of blood

donors for B. microti DNA;
assessment of parasitemia and

infectivity using xeno-inoculation
of hamsters. Prospective

follow-up of test-reactive donors.

CT, MA, MN,
and

WI, USA

2012 to
2014

89,153 blood donation samples
tested: 335 (0.38%) confirmed

positive and
67/335 (20%) PCR-positive;

9 samples PCR+ but AFIA- (1 in
9906 screened),

27/93 (29%) reactive samples
were infectious when inoculated

into hamsters.
At 1-year follow-up, DNA

clearance had occurred in 86% of
test-reactive donors but

antibody seroreversion observed
in only 8%.

Moritz et al.
Transfusion 2016

[8]

Real time
screening and

donor
notification

Screening blood donors with an
investigational B. microti EIA.
Repeat-reactive samples were

retested by
PCR, blood smear,

IFA, and immunoblot assay.
Findings were correlated with

samples that had been collected
from patients with established

diagnoses of babesiosis.

NY, MN, and
NM, USA,

representing
high endemic,

moderately
endemic, and
nonendemic

areas,
respectively

2013

Rates of repeat reactivity by EIA:
38/ 13,757 (0.28%) NY;

7/4583 (0.15%) MN;
11/8363 (0.13%) NM.

9/56 EIA repeat-reactive donors
positive by PCR.

Assay specificity 99.93%.
Sensitivity 91.1%.

Levin et al.
Transfusion 2016

[31]
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Table 1. Cont.

Overview Study Design Location (s) Year (s) Major Finding Reference

Donor follow-up
study

Prospective evaluation of
seroreactive blood donors

identified during study by Levin
et al. [31]. Repeat testing (PCR,
IFA, EIA, and blood smear) and

completion of clinical
questionnaire over the course of
~12 months of follow-up after

reactive donation.

NY, MN, and
NM, USA

representing
high

endemic,
moderately

endemic and
nonendemic

areas
respectively

2013–2014

37/60 (61.67%) eligible seroreactive
donors enrolled, of whom, 20 (54%)
completed the 12-month follow-up:
15/20 (75%) were still seroreactive

at follow-up.
5/9 PCR+ donors participated in

follow-up study:
two remained positive at final
follow-up (378 and 404 days).

• Most seroreactive donors ex-
hibited low-level seroreactiv-
ity that was stable or waning.

• Level and pattern of reactiv-
ity correlated poorly with PCR
positivity.

Bloch et al.
Transfusion

2016 [32]

Donor screening
(real-

time/operational)

Donor screening with
transcription-mediated

amplification (Procleix Babesia
assay, Grifols Diagnostic

Solutions) in
in 11 endemic states; minipool
and individual donor testing

evaluated.

11 endemic
states,

Washington
DC and
Florida

2017–
2018Extended

to 2019

61/176,608 donations confirmed
positive (1 in 2895 donations).

Extended screening 211/496,270 (1
in 2351 donations) confirmed

positive.
Detection of positive donations not

restricted by season.
6 positive donations identified in
individual testing also detected

through pooled testing.
100% specificity (no false positives).

Tonnetti et al.
Transfusion

2020 [33]

AFIA—arrayed fluorescent immunoassay (AFIA); IFA—indirect fluorescent antibody; EIA—enzyme immunoassay; PCR—polymerase
chain reaction; TTB—transfusion-transmitted babesiosis; NA—not applicable; CT—Connecticut; MA—Massachusetts; MN—Minnesota;
WI—Wisconsin; VT—Vermont; AZ—Arizona; NY—New York; NM—New Mexico; OK—Oklahoma; FL—Florida; RI—Rhode Island.

2.2. TTB in the US

Babesia are intraerythrocytic parasites and are readily transmissible through transfu-
sion of any product containing red blood cells. TTB has been reported following transfusion
of whole blood, packed red blood cells (RBCs), and even frozen RBCs [6]. Confirmed cases
of TTB have not been ascribed to transfusion of apheresis platelets and acellular blood
products such as plasma and cryoprecipitate [6]. Rare cases of TTB have been reported after
transfusion of whole blood-derived platelets [6]. This may have been due to contamination
of red cells and/or the presence of extraerythrocytic parasites [34]. The minimum infectious
dose of B. microti that can cause TTB is low (10–100 parasites), based on murine models [35]
(Table 2). TTB following transfusion of pediatric red cell aliquots and whole blood-derived
platelets suggests that infectivity is high.

Table 2. Quantification of risk of transfusion transmitted babesiosis and assay development.

Overview Study Design Major Finding Reference

Efficacy of
detection methods

Development of
prototype EIA

Development of protype EIA using
recombinant, immunodominant
peptides BMN1-17 and MN-10.

69/72 (95.9%) IFA samples detected by EIA.
98/107 (91.5%) positive IgG blot samples

detected using EIA.
53/63 (84.1%) positive IgM blot samples

detected by EIA.
All 12 PCR positive samples detected.

Houghton et al.
Transfusion

2002 [36]

Development of a
real time PCR

assay for
detection of

B. microti

Investigational study combining
spiking experiments, probit
analysis, and performance

assessment using clinical sample
panels.

Spiking experiment positive rate of detection:
445 copies/mL: 100%;

44.5 copies/mL: 97.5%;
4.45 copies/mL: 81%.

The blinded probit analysis: detection rate:
95%: 12.92 parasites/2 mL;

50%: 1.52 parasites/2 mL of whole blood;
Clinical samples: 13 of 21 samples were

positive.
Healthy donors: 0 of 48 positives.

Bloch et al.
Transfusion

2013 [37]
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Table 2. Cont.

Overview Study Design Major Finding Reference

Development and
validation of
cobas Babesia
assay (Roche
diagnostics)

Evaluation of analytical
performance of molecular assay

(cobas Babesia assay, Roche
diagnostics) targeting 4 major

species of Babesia using individual
and pooled samples
Spiking experiments,

cross-reactivity, and donor samples
assessed to determine performance

characteristics of the assay.

Limit of detection:
B. microti 6.1 infected red blood cells

(iRBC)/mL;
B. duncani 50.2 iRBC/mL;

B. divergens 26.1 iRBC/mL;
B. venatorum 40.0 iRBC/mL.

Specificity:
ID-NAT: 99.999% (95% CI:99.996, 100);

MP-NAT (6 donations): 100% (95% CI: 99.987,
100).

Stanley et al.
Transfusion

2021 [38]

Parasite
persistence in

blood products

Babesia tolerance
of storage
conditions

B. divergens inoculated into blood
bags containing

leukoreduced red blood cells
(RBCs) and stored at 4 ◦C

for 0 to 31 days. Parasite viability
assessed through interval

sampling.

Viability maintained through 31 days of
refrigerated storage despite altered

morphology, reduction in parasitemia and
lag to exponential growth.

Cursino-Santos
et al.

Transfusion
2014 [39]

Animal models
for determining
the risk of TTB.

Immunopathogenesis

6 Rhesus macaque monkeys were
transfused with either hamster or

monkey-passaged B.
microti–infected red blood cells to

simulate TTB

First detectable parasitemia 4 days in
monkey-passaged cells (vs. 35 days in

hamster passaged cells).
Window period (detectable parasitemia by
qPCR to detected antibody response): 10 to

17 days.
Multilineage immune activation albeit not

NK or Treg cells.

Gumber et al.
Transfusion

2016 [40]

Minimum
infectious dose
and kinetics of

parasitemia

Murine model infected with
different dilutions of B. microti

parasitemic blood.
Responses compared between

immunocompetent and
immunodeficient mice.

Peak parasitemia: 2 × 107 pRBCs/mL at 2 to
3 weeks and 5 × 108 pRBCs/mL at 6 weeks
immunocompetent and immunodeficient,

respectively.
Chronic infection: fluctuating parasitemia in

immunocompetent mice; high plateau
parasitemia in immunodeficient mice.

Minimum infectious dose: 100 parasitized
RBCs in immunocompetent mice and 63

parasitized RBCs in immunodeficient mice;
able to establish infection in all mice in

respective cohorts.

Bakkour et al.
Transfusion

2018 [35]

Abbreviations: IFA—indirect fluorescent antibody; EIA—enzyme immunoassay; PCR—polymerase chain reaction; TTB—transfusion-
transmitted babesiosis; IDT—individual donor testing; MP-NAT—minipool nucleic acid testing.

To date, over 250 cases of TTB have been reported in the US, almost all (98%) of which
were caused by B. microti. There are three reports of TTB due to B. duncani and one due to
B. divergens-like parasites [20,41]. The risk of TTB is more widespread in the US than that
associated with tick-borne transmission of parasites. Blood is often transfused far from
where it is collected. It is not uncommon for blood products to cross state lines, where
distribution is driven by clinical need, disproportionately being drawn toward major urban
centers. In addition, residents from nonendemic areas may become asymptomatically
infected during travel to endemic areas, return home, and donate blood [42]. B. microti
can persist for long periods of time, even after standard antimicrobial therapy, whereby
asymptomatic individuals may donate long after becoming infected [42,43]. These factors
have accounted for cases of TTB in nonendemic states [44,45].

Natural acquisition of Babesia is predominantly seasonal, with peak incidence span-
ning late spring to early fall, following the life cycle of the tick vector. By contrast, cases of
TTB are not strictly confined to peak periods of vector-borne transmission, although they
still have a similar time distribution pattern as tick-borne disease, having been reported
throughout the year [6,46]. Prolonged storage of blood components enables transfusion
of parasitemic blood long after donor acquisition of infection and expands transmission
time to include the entire calendar year [8,43]. In addition, the incubation period for devel-
opment of symptoms after transfusion is as long as six months [6]. Furthermore, donor
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surveillance studies and prospective screening have also identified parasitemic donations
(i.e., positive nucleic acid test) throughout the year, although positive donations still tend
to occur from June to October [33].

3. The Risk of Transfusion-Transmitted Babesiosis outside of the US

To date, cases of TTB have been almost exclusively described in the US, with rare
exceptions of reports in Japan and Canada (Table 3) [47]. Although it is well established
that Babesia is globally ubiquitous, few studies have been undertaken to quantify risk of
TTB outside of the US.

Table 3. Transfusion-transmitted babesiosis: blood donor surveillance and quantification of transfusion-associated risk
outside of the United States.

Study
Design Overview Location (s) Year (s) Major Finding Reference

Case report

53 y old female transfused for
anemia secondary to

gastrointestinal bleeding; found
to be due to tumor of small

intestine.

Ontario, Canada 1998

Parasites demonstrated on blood
smear and diagnosis of B. microti

infection confirmed by PCR. Donor
implicated (smear-, PCR-, and

IFA-positive). The donor had been
camping in Cape Cod,
Massachusetts (USA)

Kain, et al.
Canadian
Medical

Association
Journal 2001

[47]

Case report

40 y old male transfused for
gastric bleeding; 1 month later the
patient was investigated for fever

and hemolysis.

Japan 1998–1999

Parasites demonstrated on blood
smear and diagnosis of B. microti

infection confirmed by PCR. Donor
implicated.

Matsui et al.
Rinsho

Ketsueki
2000 [14]

Pilot
serosurvey

Retrospective IFA screening for B.
divergens and B. microti IgG

antibodies.

North and East Tyrol,
Austria Not stated

Total of 988 blood donors screened
(cut-off titer 128).

21/988 (2.1%) seroreactive for IgG
antibodies against B. divergens.
5/988 (0.6%) reactive against B.

microti.

Sonnleitner
et al.

Transfusion
2014 [48]

Tick
surveillance

to guide
donor

serosurvey

Passive surveillance of ticks used
to identify regions for tick drag

sampling. All ticks were tested for
B. microti using PCR. Blood

donations from selected sites
(based on tick testing and

near-endemic US regions) tested
for antibody to B. microti; donors
subjected to questionnaire about

risk travel and possible tick
exposure.

Southern Manitoba,
Ontario, Quebec,

New Brunswick, and
Nova Scotia, Canada

2013

13,993/26,260 (53%) donors at the
selected

sites tested; none were positive for
antibody to B. microti. 41% reported

travel to the United States.

O’Brien et al.
Transfusion

2016 [49]

Pilot
serosurvey

Retrospective IFA screening of
blood donor samples for B. microti

antibodies.

Heilongjiang
Province, China 2016

888 whole blood and 112 platelet
donor samples (n = 1000); 13/1000
(1.3%) donors were seroreactive;
0.8% at a titer of 64 and 0.05% at

titer of 128.

Bloch et al.
Vox

Sanguinis
2018 [50]

Surveillance
study

NAT (TMA) screening of 50,752
blood samples and IFA screening
of a subset of TMA-nonreactive

samples (14,758).

Canadian regions
close to US border,
including British

Columbia, Alberta,
Saskatchewan,

Manitoba, Ontario,
Quebec, and Nova

Scotia

2018 1/50,752 TMA-reactive;
4/14,758 antibody-positive.

Tonnetti et al.
Transfusion

2018 [51]

Pilot
serosurvey

Retrospective IFA screening of
blood donor plasma samples for
B. microti IgG antibodies; initially

reactive samples were further
tested for B. microti IgG and IgM

by immunoblot and B. microti
DNA by PCR.

New South Wales
and Queensland,

Australia
2012–2013

0 (0%) confirmed positive.
5 initial reactive donors failed to
confirm on repeat/confirmatory

testing.

Faddy et al.
Transfusion

2019 [52]

140



Pathogens 2021, 10, 1176

Table 3. Cont.

Study
Design Overview Location (s) Year (s) Major Finding Reference

Risk
modelling

study

Monte Carlo simulation used to
estimate the number and

proportion of B. microti infectious
red blood cell units in Canada for

three scenarios: base, localized
incidence, and prevalence from

donor data.

Canada N/A

Expected NAT-positive donations
per year (and clinically significant

TTB):
• Base scenario: 0.5 (0.08) (1 every

12.5 years).
• Localized incidence scenario:

0.21(0.04) (about 1 every 25 years).
• Donor study informed scenario:

4.6 (0.81)

O’Brien et al.
Transfusion

2021 [53]

A seroprevalence study was undertaken of Tyrolean blood donors (n = 988): 2.1% were
IgG-positive against the B. divergens complex and 0.6% were seropositive for B. microti [48].
While both species are causes of human infections, B. divergens has not been found to be
transmitted through blood transfusion.

Canada has plausible risk given its proximity to endemic US states, as well as previ-
ously described autochthonous cases. In one study, passive surveillance was utilized to
guide follow-up active surveillance and intervention [49]. Specifically, ~12,000 ticks that
had been submitted by the public were tested for evidence of Babesia infection. Fourteen
were found to be B. microti-positive, 10 of which originated in Manitoba. This guided
selection of regions for active surveillance (2009–2014) using tick drag sampling. The ticks
were tested by PCR: 6/361 (1.7%) were positive in Manitoba and 3/641 (0.5%) were positive
in Quebec. None were positive from other sites. Blood donations (July and December, 2013)
at selected sites near endemic US regions were tested for antibodies to B. microti. A donor
questionnaire was used to enquire about travel-related risk and possible tick exposure.
A total of 13,993/ 26,260 (53%) donors were tested, none of whom were found to have
antibodies to B. microti. Further, almost half (47%) reported having visited forested areas
in Canada and 41% had traveled to the US. During a more extensive study performed in
2018, over 50,000 donations that had been collected near the US border were tested for
Babesia nucleic acid by transcription-mediated amplification (TMA). In addition, a subset
of 14,758 TMA-nonreactive samples was also screened for B. microti antibodies. The study
identified one TMA-reactive donation that had been collected in Winnipeg, Manitoba,
the only region in Canada where autochthonous infections have been reported, and four
antibody-positive donations in the TMA-negative group [51]. Collectively, these findings
suggest that the risk of TTB is low in Canada and that a risk-based deferral for Babesia is
not needed at the moment.

A study was conducted in blood donors in China [50]. Again, there is a plausible
regional risk given prior reports of human babesiosis in China, as well as in Mongolia,
Korea, and Japan [14,54–58]. A total of 1000 donor samples representing 888 whole blood
and 112 platelet donations that had been collected in Heilongjiang province were evaluated
by IFA against B. microti: 13/1000 (1.3%) were seroreactive.

In Australia, a fatal case of autochthonous babesiosis due to B. microti raised concern
pertaining to the national blood supply [11,59]. A total of 7000 donations were tested for
anti-B. microti IgG by IFA [52]. Initial reactive samples were subjected to B. microti IgG
and IgM (immunoblot), as well as PCR. Five donors were initially reactive by IFA, none of
whom were confirmed during repeat testing. All were PCR-negative. In addition, clinically
suspected cases of babesiosis (n = 29) were also evaluated; none were B. microti IgG, IgM,
or DNA positive.

4. Clinical Presentation

Clinically, about a fifth of Babesia infections in adult immunocompetent hosts are
subclinical or manifest as mild flu-like illnesses that are not diagnosed and often clear
without treatment [60]. Most patients experience a mild to moderate febrile illness that
typically consists of fatigue, headache, chills, and sweats. However, selected patient subsets
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are at high risk of severe disease with complications. The latter include hemolytic anemia;
cardiorespiratory, renal, and/or liver failure; disseminated intravascular coagulopathy;
and death [2]. Transfusion recipients harbor many of the risk factors for severe or even
fatal babesiosis, such as advanced age, comorbid cardiac or pulmonary disease, immunod-
eficiency due to asplenia, cancer, HIV/AIDS, or sickle cell disease [2]. This helps to explain
the severity of illness and high fatality rate (~19%) associated with transfusion-transmitted
babesiosis (TTB) [1,6,60]. Indeed, variability in reported fatality rates from babesiosis, in
general, largely reflects a difference in clinical penetrance that is governed by the immune
status of the host [61–63]. Importantly, transfusion of red blood cells and whole blood is
indicated for the treatment of severe, decompensated anemia. Therefore, parasite-induced
hemolysis that might otherwise be tolerated in the immunocompetent individual can have
dire consequences in the transfusion recipient.

5. Prevention Strategies
5.1. Risk-Based Deferral

Historically, prevention of TTB has relied on donor selection (Table 4). Individuals
who reported a history of babesiosis were permanently deferred from blood donation. This
proved suboptimal, as evidenced by the number of cases of TTB that escaped detection
using this approach. There are a number of reasons why this approach was problematic. For
one, Babesia are able to persist chronically in donors without apparent adverse effects [42].
Even when clinically overt, the symptoms of babesiosis in immunocompetent adults are
nonspecific. Risk factors for tick exposure are also nonspecific (e.g., outdoor activities,
residence in highly endemic states), offering little diagnostic utility [32]. Vector (i.e., tick)-
borne transmission is seasonal, largely aligning with the tick life cycle, whereby most
infections occur late spring to early fall [2]. By contrast, cases of TTB are less prone to
seasonality, given that blood can be stored for prolonged periods. Further, persistent,
asymptomatic infection is well described, in some cases being detectable for more than two
years following infection [42,43].

Table 4. Approaches to address the risk of TTB.

Approach Strengths Limitations

Risk-based
deferral

Low cost
Logistically simple

• Lack of specificity
• High proportion of individuals are asymptomatic and

parasitemia may be protracted
• Most are unaware of past or active infection

• Large number of reported cases of TTB in endemic areas

Peripheral
blood smear • Direct observation of parasites

• Not amenable to high-throughput donor screening
• Low sensitivity

• May lend itself to misdiagnosis, e.g., with Plasmodium

Serology • Relatively low cost

• Poor correlation with active parasitemia risks intolerable
rates of deferral in highly endemic areas

• Limited cross-reactivity between Babesia species, such
that other species may go undetected e.g., B. duncani

• Variable performance of automated antibody tests in use
that have largely been confined to the detection of B. microti

antibodies
• Rarity of selected species complicates validation of

serological assays

Molecular
methods

• Detectable RNA or DNA is a reasonable correlate of active
parasitemia

• Lower rates of reactivity than would be expected with serological
testing, thus preventing high rates of donor deferral that would

otherwise be encountered with serological testing
• Central to blood donor screening policy in the US

• Highly sensitive and specific, high-throughput licensed assays are
available for donor screening; selected assays are also able to detect

the major Babesia species using a single assay format
• Enables donor reinstatement following deferral, i.e., after 2 years,
if repeat testing is negative, individuals may be permitted to donate
• Able to detect individuals in a pre-seroconversion window period

• Higher cost than serology
• Imperfect correlate with active parasitemia, i.e.,

DNA/RNA may remain detectable following treatment or
spontaneous resolution
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Table 4. Cont.

Approach Strengths Limitations

Pathogen
reduction

• FDA- and EU-approved photochemical inactivation technology is
available for use in platelets and plasma; allowable as an alternative

to molecular testing
• Collateral benefits of pathogen reduction include efficacy against
different classes of pathogens, including bacteria, thus addressing

another major infectious risk to blood supply; also effective for
prevention of transfusion-associated graft vs. host disease

• Absence of a licensed pathogen reduction technology for
red blood cells and whole blood; TTB has not been ascribed

to apheresis-collected platelets and plasma
• High cost

• Lower platelet yields as compared to standard platelet
products

A history of tick bites is also a poor predictor of infection. Recall of tick bite is
unreliable. One study observed no significant difference in Babesia seroprevalence between
those who reported tick bites as compared to those who did not [64]. The investigators
postulated that those who report tick exposure are the same group who take precautions
against tick bites. Importantly, a high proportion of infections are ascribed to the bites from
nymphs rather than adult ticks. Nymphal ticks are the size of poppy seeds, rendering them
highly inconspicuous.

5.2. Laboratory-Based Methods for Donor Screening

Laboratory testing is necessary for any meaningful donor screening intervention.
Laboratory approaches in routine use for clinical diagnosis of babesiosis (e.g., microscopy
of peripheral blood smears and manual indirect fluorescent antibody [IFA] testing) are not
suitable for donor screening. Microscopy is neither scalable nor sufficiently sensitive or
specific to detect the low level of parasitemia that is often encountered in blood donors.
Manual IFA testing is not amenable to high-throughput screening. Molecular testing for
Babesia is a more suitable approach for blood donor screening but poses novel challenges.
Babesia—unlike the major transfusion-transmitted viruses— is primarily red-cell-based,
thereby requiring additional processing steps for optimal sensitivity of detection. Given the
large numbers of donors, automation is critical. Therefore, a process needed to be devised
to better access the target parasites in the infected red blood cells.

5.3. Serological Testing

The initial approach for evaluating Babesia in the blood donor population was focused
on serology (i.e., antibody capture)—specifically of anti-B. microti antibodies— in endemic
areas. Experimental research assays were developed for the detection of B. microti. One
approach used an enzyme immunoassay (EIA) (i.e., targeting the recombinant protein
BMN-17 and MN-10) [36]; the other employed a semi-automated IFA test [22]. Although
less labor-intensive, the EIA assay showed poor specificity as compared to the semi-
automated IFA test. By contrast, IFA testing is sensitive and specific and is still used today
to supplement positive nucleic acid test results. The semi-automated version of the IFA
test, the arrayed fluorescent immunoassay (AFIA), was applied successfully in a series of
donor surveillance studies [8,10]. The combination of AFIA and real-time PCR were the
first tests to receive FDA licensure for screening of blood donations, but have since been
discontinued for blood screening by the manufacturer [65].

Another antibody test, an enzyme-linked immunoassay (ELISA), was developed to
detect antibodies against B. microti. The assay employed four immunodominant peptides
from the BMN1 family that had been shown to be immunodominant and highly specific to
B. microti [36]. The assay was capable of detecting both IgM and IgG against B. microti [29].
In a pilot study, 15,000 blood donor samples from high-risk, low-risk, and nonendemic areas
of New York State (5,000 each) were tested. Rates of reactivity following application of a
revised cutoff were 0.92%, (46/5000), 0.54% (27/5000), and 0.16% (8/5000), respectively [29].
ELISA repeat-reactive samples were also tested by IFA with a concordance rate of 99.34%.
Although the ELISA was evaluated in a formal IND (investigational new drug) trial, which
was a preliminary step along the regulatory pathway to licensure, the assay was never
licensed and is no longer in use.
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5.4. Molecular Testing

Molecular testing better detects active infection/parasitemia than antibody testing.
This is important because active infection rather than Babesia exposure alone (i.e., an-
tibodies), is required for transmission by blood transfusion. Nevertheless, mitigation
strategies for blood donors focused initially on serological methods. Molecular assays
(i.e., nucleic acid testing or NAT) have been used since ~1999 to detect the major transfusion-
transmissible viruses (e.g., HIV, hepatitis B, and hepatitis C viruses) [66]. Those agents
are detectable in plasma. By contrast, Babesia are primarily intraerythrocytic, requiring
additional processing of whole blood to ensure adequate target capture.

A variety of PCR research assays, from nested to real-time, have been developed using
the 18S ribosomal RNA gene of B. microti as a target and used to determine parasitemia
in antibody-positive blood donations during surveillance studies [27,67]. In most cases,
these assays have been shown to be sensitive and specific; however, the methodologies
used to access the red cell compartment represented a limiting factor for the sensitivity of
these assays for blood donor screening. In addition, hemoglobin is also a known inhibitor
of PCR [68]. The first real-time PCR assays for donor screening utilized an automated
membrane-based isolation system (Taigen Bioscience) and had a limit of detection of
66 piroplasms per mL [8]. Later, larger manufacturers such as Grifols Diagnostics and
Roche developed assays, and ultimately obtained FDA licensure [69,70]. These assays
are exquisitely sensitive and specific, attaining limits of detection for Babesia as low as
2–3 parasites/mL [66]. Both assays can detect ribosomal DNA or RNA of four major species
of Babesia that infect humans (B. microti, B. divergens, B. duncani, and B. venatorum) [38].
The assays can be performed on an automated platform and in pools of 6 (Cobas Babesia,
Roche Diagnostics) to 16 samples (Procleix Babesia assay, Grifols diagnostic solutions),
allowing for the screening of large numbers of donations. One of the two assays in current
use (Cobas Babesia, Roche Diagnostics) employs proprietary whole blood collection tubes
containing lysing agents [38].

6. Economic Impact

The cost implications of donor screening have been assessed in three studies under-
taken by different groups. The first study examined four different testing strategies as
applied to endemic areas: universal antibody screening, universal molecular screening,
universal combined testing (antibody/molecular), and recipient-risk-targeted combined
(antibody/molecular) testing [71]. The strategies were compared to the then-current
standard practice of using a questionnaire. The authors concluded that use of a ques-
tionnaire was most wasteful, followed by a risk-targeted combined approach. Universal
molecular screening would incur an incremental cost-effectiveness ratio (ICER) of $26,000
to $44,000/quality adjusted life year (QALY) and would serve to prevent 24 to 31 TTB
cases/100,000 units transfused, incurring no wastage. The combined approach would be
more effective, albeit at a higher cost. By contrast, antibody-based screening was lower in
cost, yet was less effective and incurred higher wastage than the molecular options.

The second analysis evaluated the cost utility of a similar repertoire of screening
approaches in endemic areas [72]. The results were substantially different. For one, the
ICER for combined testing as compared to antibody screening was in excess of $8.7 million,
preventing 3.6 cases of TTB per 100,000 units transfused. Universal endemic antibody
screening was projected to prevent 3.39 cases of TTB at an ICER of $760,000/QALY when
compared to the recipient-risk-targeted strategy. The authors concluded that antibody was
the most cost-effective strategy when applying the threshold of cost effectiveness specific
to transfusion safety initiatives in the US, i.e., $1 million/QALY.

The third study examined the cost-utility of different screening strategies, both by
mode of testing (IFA, ELISA, PCR), as well as extent of geographic inclusion [73]. The
authors concluded that even a strategy that was to be confined to highly endemic states
would likely exceed the implicit threshold for cost-effectiveness of $1 million per QALY.
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7. US Policy

Babesiosis has long been recognized as posing a risk to the US blood supply [9,74].
However, availability of validated tests that were of sufficient level of performance for
donor screening, impeded rapid adoption of preventive strategies [75]. In 2019, the US
FDA published their recommendations, thus supporting regional molecular screening
of blood donors in 14 states and Washington DC using any of the approved assays [9].
Over 95% of all cases of TTB and 99% of clinical cases of babesiosis have occurred in the
selected locations. The recommendations also allowed for pathogen reduction (PR) as an
alternative to laboratory testing. At the time of this writing, at least one PR technology had
been FDA approved for use in plasma and platelets. Of note, neither plasma nor apheresis
platelets pose significant—if any—risk of transfusion transmission. A history or babesiosis
or a positive test for Babesia previously led to permanent deferral from blood donation.
Under the new guidance, donor re-entry is allowable after 2 years in the event that the
donor has not had a positive test result for Babesia during the interval, remains negative by
requalification using one of the licensed Babesia NAT assays, and meets all other eligibility
criteria for blood donation [9].

8. Discussion

Successful strategies to reduce the risk of the major transfusion-transmitted viruses
(e.g., HIV, hepatitis B, and C viruses) have rendered blood transfusion remarkably safe,
at least in the US and other high-income countries [66,76]. These successful strategies
have contributed to the investigation of risk posed by other pathogens (e.g., Babesia) and
classes of pathogens (e.g., bacteria) to the blood supply. Implementation of donor screening
for Babesia in the US has been a success, having —arguably— removed one of the last
major transfusion-transmissible infections, thus serving to advance blood transfusion
safety nationally.

Nonetheless, the donor screening policy was long overdue. A potential contributing
factor for the delayed development of Babesia blood screening assays was the evolution of
T. cruzi screening in the US. T. cruzi, the causative parasite for Chagas disease, is transfusion-
transmissible. The agent is endemic to Central and South America, where longstanding
public health efforts coupled with serological testing of blood donors have contributed
to a decline in cases [77]. Universal donor screening for Chagas disease began in the US
in 2006. Following implementation, studies determined the risk in the US to be low. This
prompted a revision of the policy at that time to restrict screening to first-time donor testing
only. While rational in outlook, that shift in policy impaired commercial investment in
testing. The downstream effect may have been the later, tepid support from the major test
manufacturers—at least initially—for Babesia testing. Instead, the larger blood collection
agencies, such as American Red Cross, Vitalant (then Blood Systems), and New York Blood
Center, partnered with small businesses to develop assays.

The path to regulatory approval and development of a screening policy for Babesia
took almost a decade. By way of comparison, implementation of routine testing for West
Nile Virus in 2003 (lauded as a major success) took less than a year from recognition of
transfusion-transmitted disease [78], a timeline bettered by the later adoption of screening
for Zika in 2016 within weeks [79–81]. Of note, Zika has yet to show any evidence of clinical
effect following the rare accounts of possible transfusion transmission. Collectively, this
underscores the myriad of factors and competing priorities that guide blood transfusion
policy, not all of which are scientific in nature [82].

While there may be an element of closure on TTB in the US, Babesia remain global
pathogens. Babesia species have been described in both ticks and animal populations
over a wide geographic distribution spanning the Americas, Europe, Asia, Africa, and
Australia [2,11–13,17,55,58,83]. Outside of the US, perception of risk is low and the US
remains the only country to have implemented blood donor screenings [77]. Over the last
two decades, only six studies (and two case reports) pertaining to TTB have originated
outside of the US (Table 3). Those studies did not find comparable risk to that encountered
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in the US [49,52,53]. Nonetheless, surveillance is lacking, with a grossly skewed geographic
sampling that remains focused on the US. One of the challenges that previously impeded
surveillance was the lack of diagnostic tools that could be applied to high-throughput
testing. The advent of licensed, high-performance commercial Babesia PCR and TMA assays
should enable testing across a more diverse geography, with the caveat that implementation
of molecular testing, even for research use, is challenging for low- and middle-income
countries [84]. While robust molecular assays may be available, the lack of local expertise
and infrastructure may still necessitate the transfer of samples to settings where equipment
is available.

9. Conclusions

Babesia are major transfusion-transmissible parasites. A concerted effort by the blood
banking community has yielded effective policy and testing strategies that have been inte-
grated into routine donation practices in the US. Nonetheless, these efforts have not been
matched elsewhere and deserve greater attention from the international blood banking
community. Further, the lessons learned from Babesia (e.g., related to sample prepara-
tion, thus enabling automated testing of an intraerythrocytic pathogen) can be applied
to Plasmodium (malaria), a related parasite that remains a leading cause of transfusion-
associated morbidity in much of the World.
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Abstract: Babesia is an intraerythrocytic, obligate Apicomplexan parasite that has, in the last century,
been implicated in human infections via zoonosis and is now widespread, especially in parts of the
USA and Europe. It is naturally transmitted by the bite of a tick, but transfused blood from infected
donors has also proven to be a major source of transmission. When infected, most humans are
clinically asymptomatic, but the parasite can prove to be lethal when it infects immunocompromised
individuals. Hemolysis and anemia are two common symptoms that accompany many infectious
diseases, and this is particularly true of parasitic diseases that target red cells. Clinically, this becomes
an acute problem for subjects who are prone to hemolysis and depend on frequent transfusions, like
patients with sickle cell anemia or thalassemia. Little is known about Babesia’s pathogenesis in these
hemoglobinopathies, and most parallels are drawn from its evolutionarily related Plasmodium parasite
which shares the same environmental niche, the RBCs, in the human host. In vitro as well as in vivo
Babesia-infected mouse sickle cell disease (SCD) models support the inhibition of intra-erythrocytic
parasite proliferation, but mechanisms driving the protection of such hemoglobinopathies against
infection are not fully studied. This review provides an overview of our current knowledge of Babesia
infection and hemoglobinopathies, focusing on possible mechanisms behind this parasite resistance
and the clinical repercussions faced by Babesia-infected human hosts harboring mutations in their
globin gene.

Keywords: Babesia; sickle-cell anemia; hemolysis; haemoglobinopathies

1. Introduction

Human babesiosis is a zoonotic disease in which the natural acquisition of human cases
is most often the result of an interaction with established zoonotic cycles [1,2]. A number of
factors have contributed to the emergence of human babesiosis, including increased awareness
among physicians, changing ecology, and an increased population of immuno-compromised
individuals who exhibit severe disease. Babesia belongs to the Phylum Alveolata, Class Apicom-
plexa Family Piroplasmida and Genus Babesia which comprises more than 100 classified species.
The four identified Babesia species that can infect humans are: B. microti, B. divergens, B. duncani
and B. venatorum. As molecular techniques are becoming more available and accessible, new
species described as “microti-like” or “divergens-like” are being described [3].

Babesia is an intra-erythrocytic parasite that causes malaria-like symptoms in infected
people. Plasmodium, the causative agent of malaria, is the most studied Apicomplexan
parasite and, like Babesia, resides within red blood cells. Plasmodium has a long associa-
tion with its human host dating back to the first report in 1857 [4]. As the erythrocyte
provides the parasite with the infra-structure to grow and multiply, it is expected that any
perturbation to the cell should impact parasite homeostasis and viability. Clinical, epidemi-
ological, and genome-wide association studies have identified multiple polymorphisms
in the globin protein of hemoglobin within the red blood cell (RBC), commonly referred
to as hemoglobinopathies, that attenuate or completely abrogate malaria pathogenesis.
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Malaria has thus imposed extreme selective pressure on the human genome, far more
than any other infectious disease, and the RBC has been the prime target for evolutionary
adaptation. The evolutionary proximity of Plasmodium and Babesia [5], and the fact that
they both infect RBCs, raises important clinical questions of Babesia infections in patients
harboring hemoglobinopathies.

In this paper, we review the literature documenting the effects of hemoglobinopathies
on the life cycle of the Babesia parasite, using both in vitro and in vivo models of Babesia
infection. We provide an overview of available clinical cases of the severity of Babesia
infection in patients harboring these mutations and emphasize why it is essential to focus
research in this area. We also describe plausible mechanisms that could exert this protective
effect and discuss ways we can use this double-edged sword to develop better therapeutics
against blood-borne parasites.

2. Pathogenesis and Anemia in Babesiosis

Hemolytic anemia is the central feature of sickle cell anemia (SCA) that contributes
to its severe clinical outcomes. Epidemiological studies and basic research point to the
pathogenic role of intravascular hemolysis as the primary cause of clinical complications in
SCA. Interestingly, the primary pathological event in babesiosis is also hemolysis, resulting
in hemolytic anemia and jaundice. In the absence of aggressive intervention, the anoxia
and toxic effects that follow often lead to organ failure and death. Parasitemias do not
always relate directly to the degree of anemia, suggesting that erythrocyte destruction is
not only due to lysis of infected cells or their removal by splenic and liver macrophages,
but also due to lysis of bystander cells which might be a significant contributing factor to
the process. Some symptoms, such as fever, myalgia, renal insufficiency, coagulopathy, and
hypotension, that occur in B. microti infections with parasitemias of less than 1%, may be
caused by excessive production of pro-inflammatory cytokines, as also seen in malaria [6,7].

Clinical features in heavy infections, particularly those caused by another major hu-
man species, B. divergens-like parasites occurring in immuno-compromised patients, exhibit
acute illness that appears suddenly with hemoglobinuria as a presenting symptom [8,9].
The clinical presentation also includes persistent non-periodic high fever (40–41 ◦C), shak-
ing chills, intense sweats, headaches, myalgia, and lumbar and abdominal pain. Jaundice
may develop as a result of the high level of hemolysis; vomiting and diarrhea may be
present, and the toxins and anoxia, resulting from the hemolysis and the host immunological
response, may cause respiratory, cardiac, renal, or hepatic failure [10–12]. The few known
infections with B. venatorum have shown similar though generally milder manifestations [12].

In our previous report of B. microti infections in mice, we reported the increase in
hemolysis in Babesia-infected mice, which was highly accentuated in mice harboring the
SCA genotype, as observed by significantly reduced hematocrit and enhanced hemoglobin-
uria in these mice [13]. Therefore, these studies indicate that hemolysis is a central mecha-
nism of clinical manifestations of both babesiosis and SCA individually, which is further
accentuated and becomes life-threatening in Babesia infections in SCA mice/humans.

We found in our infected SCA mouse model that they mount an equally robust
adaptive immune response despite exhibiting low parasitemia. This underscores the
importance of examining both the fate of B microti and the immunological consequences of
parasite infection in individuals with SCA to establish whether a similar hyperimmune
response against the parasite occurs in humans too. Patients with SCA require transfusions,
with some undergoing chronic transfusion therapy, placing them at greater risk of acquiring
transfusion-transmitted infections like babesiosis. Thus, these individuals, if transfused
from an infected donor, would be exposed to a larger infectious dose compared with a tick
bite. The outcome of these infections, whether one of immune protection mediated by
the first infection or a more deleterious pathological sequel, is required to be studied to
establish effective treatments for these patients [13].

Laboratory findings that are consistent with mild-to-moderate hemolytic anemia in-
clude a low hematocrit, low hemoglobin level, low haptoglobin level, elevated reticulocyte
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count, and elevated lactate dehydrogenase level [14]. Thrombocytopenia is commonly
observed. The illness usually lasts for 1 or 2 weeks, but fatigue may persist for months.
Asymptomatic parasitemia may persist for several months after standard therapy is initi-
ated or for more than a year if the patient does not receive treatment. Illness may relapse in
severely immuno-compromised patients despite 7 to 10 days of antimicrobial therapy and
may persist for more than a year if not adequately treated [15].

Patients infected by B. microti show a wider range of signs and symptoms. A study
on Block Island, Rhode Island, USA, concluded that about 25% of adults and 50% of chil-
dren are asymptomatic or only show very mild ‘flu-like’ symptoms in cases that may not
result in medical consultation and are therefore rarely diagnosed [16]. At the other end of
the spectrum, very severe manifestations, similar to those seen in B. divergens infections,
may occur in patients who have been splenectomized, are receiving immune-suppressive
therapy, or are elderly. These cases typically show high fever, chills, night sweats, myalgia,
hemolytic anemia, and hemoglobinuria [17]. Life-threatening complications include acute
respiratory failure, disseminated intra-vascular coagulation, congestive heart failure, coma,
and renal failure [18]. Immuno-compromised individuals are also likely to develop per-
sistent relapsing disease despite treatment [15]. The symptoms caused by B. duncani and
related parasites (CA1–4) closely resemble those of B. microti infections [19].

3. Babesia and the Red Blood Cell

When Babesia sporozoites are first injected into the human host, they target the
host RBCs immediately, unlike Plasmodium spp. which are required to undergo an exo-
erythrocytic phase in hepatic cells. Furthermore, Babesia-infected RBCs remain circulating
in the peripheral blood stream, including regularly passing through the hosts’ spleen, and
do not sequester to the fine capillaries of the bone marrow or organs. It is the parasite’s
ability to first recognize and then invade host RBCs that is central to human babesiosis, and
the parasites invade RBCs using multiple complex interactions between parasite proteins and
the host cell surface, which are not fully elucidated yet [20]. Once inside the RBC, the parasite
begins a cycle of maturation and growth exhibited by intense intra-cellular proliferation leading
to populations described as 1N, 2N, 4N and >4N [21]. The parasite population can expand
inside the RBCs or egress at multiple points in the life cycle [21]. Previous work from our lab
has led to the development of synchronized parasite populations and showed the sequential
progression of the seven morphological forms of B. divergens in culture along with the dynamics
of parasite proliferation and differentiation. These processes are maintained through controls
that secure the constituent infected-RBC populations in strict ratios to enable rapid movement
between new invasion events or further intra-RBC development and replication cycles, as
dictated by the environment of the parasite. The early stages of the cycle are morphologically
indistinguishable from Plasmodium spp., with both appearing as ring-like parasites. However,
unlike Plasmodium, Babesia exhibits plasticity in its life cycle and is thus able to swiftly respond
to environmental conditions like host RBCs and nutritional availabilities [22].

4. Hemoglobinopathies

For intracellular parasites, the environment of host red cells plays a key role in the
development and success of the pathogen; therefore, perturbations in the RBCs are most
likely to modify parasite survival and viability. For blood-borne parasites like Plasmodium
and Babesia, the environments of the RBC, membrane proteins, and hemoglobin, the pri-
mary oxygen carrier, are important determinants of parasite success. Human hemoglobin
is comprised of alpha and beta globin chains encoded from multiple globin genes. The
α-globin gene cluster is at the end of chromosome 16 and contains three genes. The human
β-globin gene cluster consists of five genes arranged in chromosome 11 in the same order
in which they are expressed during human development: ε, Gγ-, Aγ-, δ-, and β-globin
gene. The Hb switching event which occurs after birth in the β-globin cluster leads to the
suppression of the γ-globin gene accompanied by the complementary increase of the previ-
ously silent β-globin gene. Understanding the regulation of Hb switching can have direct
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therapeutic applications for sickle cell disease in which the γ-globin gene can functionally
substitute for mutations in the β-globin gene of these diseases [23]. Hemoglobinopathies
are genetic disorders of the globin protein and are classified as structural hemoglobin
variants including HbS, HbC and HbE, as described ahead, or thalassemia syndromes [24].
The term ‘thalassaemias’ collectively refers to several different genetic mutations that result
in either reduced or absent expression of one or more of these globin alleles. Specifically,
individuals described as having ‘α-thalassaemia’ have a loss of one or more α-globin
allele(s). Additionally, there is also HbH disease (loss of 3 α-globin alleles) and, finally,
hydrops fetalis (loss of all 4 α-globin alleles), which leads to the death of the fetus in the
uterus. Individuals with mutations in HBB can also have a range of genetic defects referred
to as ‘β-thalassaemia’, including β-thalassaemia minor (reduced expression of one β-globin
allele), and β-thalassaemia major (reduced expression of both β-globin alleles) [25].

Sickle cell disease (SCD) is the most common monogenic blood disorder of hemoglobin
synthesis, encompassing the single replacement mutation of glutamic acid at position 6 of
the β-globin chain by valine (HbSS genotype) [26–28]. The hallmark of SCD is “the sickle-
shaped” red blood cells due to the polymerization of mutated sickle hemoglobin (HbS)
under low oxygen tension. Chronic blood transfusion is one of the most effective treatments
in SCD and results in the reduction of the frequency of acute pain episodes and acute chest
syndrome but causes a dramatic increase in the risk of transfusion-transmitted infection [29].
The HbSS and HbAS (heterozygous) genotypes are commonly found in populations from
sub-Saharan Africa. The Hemoglobin C (HbC) mutation (HbAC–heterozygotes; HbCC–
homozygotes) also involves a point mutation at the 6th codon in the HBB gene, resulting in
a glutamic acid to lysine substitution and is most common in West Africa, with prevalence
reported as high as 15% in parts of Burkina Faso [30]. The Hemoglobin E (HbE) mutation
is a point mutation that results in a glutamic acid to lysine switch at position 26 of the
HBB gene and is most commonly found in parts of Southeast Asia and India and reaches
a prevalence of up to 60% in some areas [31,32]. HbS, HbC, and HbE are characterized
as structural hemoglobin variants. The major human hemoglobinopathies and related
genetic mutations are summarized in Table 1. According to CDC Reports in 2010, the
total incidence estimate for sickle cell trait was 15.5 cases per 1000 births in USA, ranging
from 0.8 cases per 1000 births in Montana to 34.1 cases per 1000 births in Mississippi. The
U.S. incidence estimate for sickle cell trait (based on information provided by 13 states)
was 73.1 cases per 1000 black newborns, 3.0 cases per 1000 white newborns, and 2.2 cases
per 1000 Asian or Pacific Islander newborns. The incidence estimate for Hispanic ethnicity
was 6.9 cases per 1000 Hispanic newborns. The total number of babies born with sickle cell
trait in 2010 was estimated to be greater than 60,000. The study showed that as many as
1.5% of babies born in the United States have the sickle cell trait [33]. With approximately
7% of the worldwide population being carriers, hemoglobinopathies are the most common
monogenic diseases and one of the world’s major health problems. This makes it very essential
to understand the pathogenesis of blood-borne parasites in human hosts harboring these
mutations in their RBCs.

Table 1. Major hemoglobinopathies and related genetic mutations.

Hemoglobinopathy Mutation Position

HbS Glutamic Acid to Valine β-6

HbC Glutamic Acid to Lysine β-6

HbE Glutamic Acid to Lysine β-26

Thalassemia Gene Modifications Disease Name

α-Thalassemia - - / - α HbH disease

- - / - - α-Thalassemia major

β-Thalassemia β◦/β β-Thalassemia minor

β◦/β◦ β-Thalassemia major
Denotes: (-) loss of α-globin gene. (β◦) loss of β-globin [34,35].
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5. Natural Resistance against Blood-Borne Parasites

The long association and co-evolution of the malaria parasite with humans is reflected
in the fact that almost all examples of molecular evolution in humans, like sickle cell anemia,
G6PD-deficiency, and thalassemia, are attributed to a selection of mutations that attenuate
malaria pathogenesis. Though these mutations lead to unpleasant consequences, as of 2015
it was estimated that about 4.4 million people have sickle cell disease, while an additional
43 million have sickle cell traits [36]. Zones that are endemic for malaria have a high
proportion of humans carrying these mutations either in the homozygous form (the subject
suffers from the disease caused due to the mutation) or heterozygous form (one copy of
normal gene and one copy of mutated gene). These genes have all arisen in areas in which
falciparum malaria is endemic, and their rise to high levels of prevalence is thought to
result from their conferring significant degrees of protection against this dreaded pathogen.
It is well-established that the homozygotes suffer from sickling of RBCs but do not support
the rapid growth of the parasite; however, in rare cases, subjects with SCD and malaria can
suffer from hyper-hemolytic crisis [37]. Heterozygotes do not suffer from sickling and have
lesser severity of malaria. AS subjects can get malaria, but the number of parasitized cells
is low, and they rarely suffer from cerebral malaria or severe anemia [37]. The enhanced
resistance of persons with sickle traits to falciparum malaria is substantial. Infected AS
children have lower parasite densities than AA children and are 50–90% less likely to
progress to a severe form of malaria or to die from the disease [38]. Babesia’s association
with hemoglobinopathies is not completely understood but is an important field of research
as hemolytic anemia is common in hemoglobinopathies and can be life-threatening when
coupled with Babesia infection.

There have been several explanations as to why β-globin might confer resistance to
malaria. Researchers have reported that parasitized AS cells sickle more readily and show
enhanced HbS polymerization under hypoxic conditions and are therefore removed from
circulation. Further, it has been shown that parasites are fragile and killed by these HbS
polymers. A compelling cause of reduced parasite load in AS and SS RBCs is the extent
of oxidative damage which is inherent in these host cells added to the oxidative stress
due to parasite growth; the cumulative oxidant damage can cause considerable damage
to the host RBC and impairment of parasite development [39]. Interestingly, accumulated
reactive oxygen species (ROS)-mediated damage is a common mechanism shared by AS,
SS, G6PD-deficient, β- and α-thalassemia RBCs in mediating resistance to malaria [40,41].
However, the mechanism for ROS-mediated protection in malaria remains elusive. It was
also observed that AS RBCs parasitized with P. falciparum late stages bound to human
microvascular endothelial cells and blood monocytes half as effectively as did comparably
infected AA RBCs. Moreover, infected AS RBCs displayed slightly reduced and highly
uneven distribution of expression of PfEMP-1 on their surface. There is also evidence based
on host microRNAs playing a role in protection in AS and SS RBCs [38,42–50]. There have
been several plausible mechanisms proposed for resistance of hemoglobinopathic RBCs to
malaria, but little is known about Babesia in this regard. Given the parallels between the
two parasites, it is tempting to speculate that they might share mechanisms of resistance to
growth in hemoglobinopathic RBCs.

6. Babesia and the Sickle Red Cell

The RBC serves as the home for this intra-erythrocytic parasite for its entire life cycle
in the human host. The interactions between the parasite and the RBC can be classified into
three broad areas: invasion, growth and maturation within the RBC, and egress. Previous
studies from our group have examined these phases of the intra-erythrocytic lifecycle of
Babesia divergens in homozygous SS and heterozygous AS human blood [51]. While the
invasion was similar across all RBCs, there was atypical population progression, a potential
loss of merozoite infectivity, and defective egress of the parasite in SS cells (as explained in
Figure 1). Unlike previous reports in Plasmodium, AS cells supported invasion, growth, and
egress of Babesia much like AA cells. While parasites grew from their characteristic 1N to

155



Pathogens 2021, 10, 1435

2N, 4N and >4N populations in AA and AS cells, in SS host cells beyond 24 h, the majority
of the parasites were stuck in the 1N phase as demonstrated in Figure 1. Interestingly, even
when parasites growing in SS RBCs were supplemented with fresh AA RBCs, they did not
grow [51]. This indicates that the initial invasion and growth in SS host cells programs
the parasite irreversibly to poor growth and/or defects in egress. Our work on the mouse
model using B. microti also showed poor growth of the parasite in mice harboring the SS
gene (HbSS-Townes mice), and normal growth in AS mice when compared to the wildtype
AA mice [13]. For AA and AS mice, parasitemias peaked on day 7 of infection, while the
SS mice exhibited a sluggish increase in parasitemias. In all three genotypes, parasites
were cleared by day 21 and all mice survived. Interestingly, while the parasitemia was
4–5-fold lower in SS mice, the extent of immune response mounted was the same in AA, AS
and SS mice. The adaptive immune response was measured by a robust GC reaction and
significant expansion of TFH cells. Currently, it is not known how these SS mice respond to
subsequent Babesia infection. This becomes especially critical to understand as babesiosis is
primarily a transfusion-transmitted infection and since several sickle cell patients undergo
repeated blood transfusions, they may be exposed to a parasite load that could be more
than the parasites in one tick bite.
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Figure 1. Babesia infection progression in wild type (AA) RBCs, heterozygous for sickle cell anemia
(AS) RBCs, and homozygous for sickle cell anemia (SS) RBCs. (a) In AA and AS host cells, the
merozoite invades and the parasite develops inside the RBCs to 1N, 2N, 4N and >4N populations.
Egress can take place at 2N, 4N or >4N stage. (b) The distribution percentage of 1N, 2N and 4N
parasites is similar. (c) In SS host RBCs, parasites mostly retain their “ring form” and very few
“Maltese cross” forms are seen. (d) As shown in the pie chart, a high population of parasites get stuck
in the 1N form. (e) List of probable reasons for compromised growth of Babesia parasites in SS cells.
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CDC reported that from 1979 to 2009, 159 transfusion-related Babesia microti cases were
identified, most (77%) of which were from 2000 to 2009 [52]. A recent review in 2016 has
summarized the state-wise seropositivity of B. microti in the blood used for transfusion in
the USA [53]. However, no data are available on the number of sickle patients transfused
with Babesia-contaminated blood.

7. Clinical SCA and Babesiosis

There have been scattered case reports of babesiosis in sickle cell patients transmitted
via blood transfusions. Transfusion-acquired babesiosis can result in severe hemolytic
anemia in patients with sickle cell disease. The infection can be difficult to treat and may
require a prolonged treatment duration [54]. A recent study presented a case of two sickle
cell patients who had delayed diagnosis post transfusion due to confusing symptoms: as
patients who receive chronic transfusions are also at risk for the development of allo- and
autoantibodies, the hemolytic anemia caused by the former can often obscure a different
pathophysiology, such as babesiosis, which occurred with these patients. In another case,
diagnosis took 4 months for a patient with HbSS and babesiosis, after repeated visits to
the hospital [54,55]. Another study reported a young female with HbSC who presented in
the emergency department multiple times with pain and shortness of breath, eventually
developing unresponsiveness and a brief episode of pulseless electrical activity. She was
admitted to the intensive care unit with multisystem organ failure and found to have diffuse
ischemic strokes. Infectious workup revealed disseminated anaplasmosis and babesiosis,
which had likely caused sickle cell crisis. The patient continued to show a significant
neurologic burden, despite months of treatment [56]. Evidently, with increased awareness
about babesiosis among physicians and more sensitive diagnostic tests available, the
number of case reports on babesiosis have increased. Given that there is a significant
incidence of SCA carriers/other hemoglobinopathies in Babesia-endemic zones (like north-
eastern USA) who require frequent transfusions, it becomes increasingly necessary to
understand Babesia pathogenesis in such subjects.

8. Plausible Mechanisms for Resistance of Babesia in Sickle Cells

From previous work of our group, the outstanding question is why the parasite
exhibits developmental/egress abnormalities when growing in a sickle cell as opposed
to a wild type AA RBC host. There are multiple possible causes for this: It is well known
that sickle cells have a high burden of oxidative stress due to repeated polymerization and
depolymerization of hemoglobin. It is also well known that a wide variety of intracellular
pathogens like Plasmodium, Mycobacterium, and several viruses impose redox stress on
their host cells. Therefore, unfavorable host cell conditions, like increased hemoglobin
autoxidation, accumulation of iron in membranes, increased membrane damage, and
a shorter red cell life span, could justify the reason why SS cells do not promote growth
of the Babesia species. Further, the bystander effect, whereby uninfected RBCs are also
affected leading to increased hemolysis, has been widely described in malaria. It is possible
that in SS subjects there is an accentuated bystander effect leading to massive hemolysis
and therefore unfavorable conditions for the parasite to grow and proliferate. It is also
possible that invasion/growth of the parasite modifies the shape of the sickling RBCs,
making them more prone to splenic removal. Our study in the mouse model has clearly
shown that even though parasitemias are much lower in SS mice as compared to AA mice,
the adaptive immune response is almost as severe; therefore, the heightened immune
response against the parasite might be another SS-specific strategy to abrogate the growth
of Babesia. In future studies, it would be interesting to monitor the growth of Babesia in other
hemoglobinopathic disorders like thalassemia and RBC enzymopathy like G6PD-deficiency,
both of which are known to afford resistance to malaria. However, unlike Plasmodium,
AS mice showed no protection against babesiosis and followed the same parasite growth
curve both in vitro and in vivo. Thus, from the current experiments, heterozygotes for the
mutated beta globin gene do not seem to be protected against babesiosis.
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9. Concluding Remarks and Future Directions

Hemoglobin-associated genetic disorders affect millions throughout the world and
are concentrated in humans living in malaria-endemic countries. However, as borders of
countries are becoming more porous, these genetic traits are now seen throughout the world.
For several years, researchers have observed that hemoglobinopathies afford protection
from malaria and the studies from our group in Babesia also point in that direction. Given
the evolutionary proximity between these two parasites, it is possible that resistance to their
growth in SS cells has a common mechanism. Further studies are needed to understand if
the growth of Babesia parasites in thalassemic RBCs and those with an inherent deficiency in
the G6PD enzyme is similarly impaired and to determine how these mutations hinder intra-
erythrocytic parasite growth. These results will provide researchers with an opportunity to
discover the Achilles’ heel of two deadly parasites and learn how nature has evolved a way
to protect against these diseases. Uncovering the mechanism behind this protection will
lead us to a better understanding of their pathogenesis as well as in designing better drugs
against these parasites. As described above, multiple mechanisms of resistance against
parasite proliferation in sickle cells may operate to confer protection. A detailed study
of these pathways is needed to identify the main pathways in Babesia-infected red cells
and this, in turn, will shed light on the intricate interplay between polymorphisms of the
human host red cells and intruding parasites.
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Abstract: The biology of intraerythrocytic Babesia parasites presents unique challenges for the diag-
nosis of human babesiosis. Antibody-based assays are highly sensitive but fail to detect early stage
Babesia infections prior to seroconversion (window period) and cannot distinguish between an active
infection and a previously resolved infection. On the other hand, nucleic acid-based tests (NAT)
may lack the sensitivity to detect window cases when parasite burden is below detection limits and
asymptomatic low-grade infections. Recent technological advances have improved the sensitivity,
specificity and high throughput of NAT and the antibody-based detection of Babesia. Some of these
advances include genomics approaches for the identification of novel high-copy-number targets for
NAT and immunodominant antigens for superior antigen and antibody-based assays for Babesia.
Future advances would also rely on next generation sequencing and CRISPR technology to improve
Babesia detection. This review article will discuss the historical perspective and current status of
technologies for the detection of Babesia microti, the most common Babesia species causing human
babesiosis in the United States, and their implications for early diagnosis of acute babesiosis, blood
safety and surveillance studies to monitor areas of expansion and emergence and spread of Babesia
species and their genetic variants in the United States and globally.

Keywords: Babesia microti; antibody-based assays; nucleic acid tests; multiplex detection; next
generation sequencing

1. Introduction

Babesia microti is an intraerythrocytic, apicomplexan parasite that is the primary
agent responsible for human babesiosis in the United States. B. microti is transmitted
sporadically in many temperate regions of the world, but its prevalence is highest in
New England and the northern Midwest region of the United States [1–4]. In spite of its
global transmission and public health impact, B. microti infections often remain undetected,
resulting in undiagnosed or delayed diagnosis of acute babesiosis cases, which could be
fatal in vulnerable individuals, and asymptomatic chronic infections, which present a risk
to blood safety. At the time of the discovery of the parasites responsible for babesiosis in
livestock in 1888, diagnosis relied on the then-new technology of microscopic examination
of stained blood films [5]. The first case of human babesiosis was identified in 1957, and an
outbreak on Nantucket Island established the disease in the United States [6–11]. Since this
time, disease prevalence has increased sharply from only a few cases a year to as many as
2418 in the United States in 2019 [12]. Detection technologies have improved accordingly,
but the biology of B. microti. and its infection kinetics in humans present unique challenges
that have not been fully met by any one detection technology.

Advancements in the technologies for B. microti detection have improved diagnostic
capability, primarily by making the reliable identification of low-grade early infections
for clinical diagnosis possible and the monitoring of treatment. In addition, superior
assay sensitivity provides a valuable tool to identify blood donors with chronic, low-grade
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infections, as the B. microti parasite is one of the most commonly transfusion-transmitted
pathogens in United States. In this review article, we discuss the advances in detection
methods for B. microti, in the context of clinical diagnosis, epidemiology and molecular
surveillance, and blood safety since the discovery of the parasite over 130 years ago. The
field of Plasmodium parasite detection and epidemiology is more advanced compared to
Babesia. Given the biological similarities and detection challenges, we have drawn parallels
and applied lessons from this pathogen throughout the article.

2. Babesia microti Biology and Detection Challenges

The dynamics of the natural course of human babesial infection has still yet to be fully
defined in absence of a human challenge model. Our knowledge of the kinetics of infection
and parasite burden mostly comes from observations in clinical and epidemiological studies
and data from asymptomatic blood donors in endemic areas. From a clinical standpoint, it
is assumed that most symptomatic babesiosis cases develop within 1 to 4 weeks following
exposure, but clinicians are recommended to consider babesial infection in patients with
tick bites within the previous six months [13]. Furthermore, tick bites are often unnoticed,
which, in addition to complicating diagnosis, makes extrapolation of the incubation period
difficult [13]. Transfusion-transmitted babesiosis (TTB) cases provide a more definitive
timepoint for acquisition of the infection, though patients are not monitored for infection
early after transfusion before the onset of symptoms. Nevertheless, in these cases, evidence
suggests that the incubation period of B. microti prior to the appearance of illness ranges
from one to nine weeks in most cases, though one patient did not develop symptoms until
six months after transfusion of infected blood product [14].

The intraerythrocytic nature of B. microti infection presents several challenges to
effective detection of the parasite. Blood film microscopy and xenodiagnosis are the
most direct methods for Babesia diagnosis. Parasite nucleic acid and antigen detection are
considered the reliable biomarkers of active infection, whereas antibodies can be indicative
of active infection or a previously resolved infection. After a tick bite or transfusion of
infected blood product, parasitemia remains below detectable limit during the early phase
of infection (window period), followed by a relatively higher parasitemia (acute) phase
and finally a persistent (chronic) infection in some individuals (Figure 1).

Pathogens 2021, 10, x FOR PEER REVIEW 2 of 16 
 

 

sensitivity provides a valuable tool to identify blood donors with chronic, low-grade in-
fections, as the B. microti parasite is one of the most commonly transfusion-transmitted 
pathogens in United States. In this review article, we discuss the advances in detection 
methods for B. microti, in the context of clinical diagnosis, epidemiology and molecular 
surveillance, and blood safety since the discovery of the parasite over 130 years ago. The 
field of Plasmodium parasite detection and epidemiology is more advanced compared to 
Babesia. Given the biological similarities and detection challenges, we have drawn paral-
lels and applied lessons from this pathogen throughout the article. 

2. Babesia microti Biology and Detection Challenges 
The dynamics of the natural course of human babesial infection has still yet to be 

fully defined in absence of a human challenge model. Our knowledge of the kinetics of 
infection and parasite burden mostly comes from observations in clinical and epidemio-
logical studies and data from asymptomatic blood donors in endemic areas. From a clini-
cal standpoint, it is assumed that most symptomatic babesiosis cases develop within 1 to 
4 weeks following exposure, but clinicians are recommended to consider babesial infec-
tion in patients with tick bites within the previous six months [13]. Furthermore, tick bites 
are often unnoticed, which, in addition to complicating diagnosis, makes extrapolation of 
the incubation period difficult [13]. Transfusion-transmitted babesiosis (TTB) cases pro-
vide a more definitive timepoint for acquisition of the infection, though patients are not 
monitored for infection early after transfusion before the onset of symptoms. Neverthe-
less, in these cases, evidence suggests that the incubation period of B. microti prior to the 
appearance of illness ranges from one to nine weeks in most cases, though one patient did 
not develop symptoms until six months after transfusion of infected blood product [14]. 

The intraerythrocytic nature of B. microti infection presents several challenges to ef-
fective detection of the parasite. Blood film microscopy and xenodiagnosis are the most 
direct methods for Babesia diagnosis. Parasite nucleic acid and antigen detection are con-
sidered the reliable biomarkers of active infection, whereas antibodies can be indicative of 
active infection or a previously resolved infection. After a tick bite or transfusion of in-
fected blood product, parasitemia remains below detectable limit during the early phase 
of infection (window period), followed by a relatively higher parasitemia (acute) phase 
and finally a persistent (chronic) infection in some individuals (Figure 1). 

 
Figure 1. A schematic of course of Babesia microti infection and induction and duration of antibody 
response after an infectious tick bite in a healthy human host. The time frame for the window period 
(time to infectious bite to first detection of parasitemia), acute phase and chronic phase of infection 
are based on the observations from clinical cases, epidemiological studies and follow up studies in 
transfusion-transmitted infections. 

Figure 1. A schematic of course of Babesia microti infection and induction and duration of antibody
response after an infectious tick bite in a healthy human host. The time frame for the window period
(time to infectious bite to first detection of parasitemia), acute phase and chronic phase of infection
are based on the observations from clinical cases, epidemiological studies and follow up studies in
transfusion-transmitted infections.
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Experimental infection of rhesus monkeys is the only available data describing early
B. microti infection kinetics in primates. Intravenous inoculation resulted in parasitemia
detectable by microscopy in seven of eight monkeys after prepatent periods ranging from
15 to 46 days [15]. On the other hand, infection transmitted via tick bite was established in
four of five monkeys after a prepatent period of 13 to 28 days [16]. In these studies, blood
film microscopy was the only tool employed to determine the early infection, and it is not
known when molecular assays would have become effective.

In humans, parasite burdens higher than 1% are commonly observed in acute severe
babesiosis patients. A review of 139 human babesiosis cases requiring hospitalization
found a significant correlation between disease severity and parasitemia ≥ 4% [17]. While
high parasitemias are a useful marker in identifying risk of severe outcomes, severe cases
can develop in individuals with lower parasitemias. Another case series of 34 patients
with babesiosis requiring hospitalization found the median parasitemia in these severe
cases to be 7.6%, though individuals ranged from 0.1% to 30%; anemia was more strongly
correlated with severe outcomes than parasitemia [18]. Parasitemia has been observed as
high as 85% in an asplenic individual [19].

The proportion of Babesia infections that persist as asymptomatic, chronic infections
is not clearly known. In one study on Block Island (Rhode Island), one-third of Babesia
infections were asymptomatic [20], although the sample size was too small to draw firm
conclusions. In addition, in endemic areas, the contribution of reinfection to chronic para-
sitemia has not been investigated. Nonetheless, results from limited clinical observations
and donor screening for Babesia by nucleic acid-based test (NAT) assays are beginning to
shed some light on the duration of the persistence of B. microti infections in asymptomatic
individuals living in endemic areas. In one case report, B. microti infection, based on
polymerase chain reaction (PCR) results, may persist for up to 27 months without overt
clinical illness [21]. However, in an investigational study on blood donors in endemic
areas, in the majority of NAT-positive donors the parasitemic period was reported to last
from 2–7 months by a PCR-based test [22]. In contrast to the acute parasitemic phase,
parasite burden during persistent chronic infection phase is significantly lower, but wide
ranging and generally not detectable by microscopy. Results from one study (based on
extrapolations from a laboratory-based PCR assay) showed the presence of 5 parasites to
3 million parasites per mL in asymptomatic blood donors in endemic areas [22].

The detection of early infection prior to seroconversion (window period cases) is
even more challenging and important for early diagnosis and treatment, particularly in
vulnerable population groups. Thus, a combination of detection biomarkers and further
technological advances would be required for early diagnosis, epidemiology and to monitor
the genetic diversity and geographical spread of human babesiosis in the United States
and globally.

3. Detection Techniques

In the near century and a half since the identification of the parasites that would come
to populate the Babesia genus, the methods used for detection of the parasites in blood
samples have, obviously, become much more sensitive. This became especially true in the
latter half of the 20th century as human babesiosis emerged from a medical curiosity to
a true public health threat. Modern molecular techniques are at least 10- to 20-fold more
sensitive compared to those used at the time of the identification of the parasites, and
new technologies on the horizon promise to increase sensitivity while optimizing time
and resource economy, providing adaptable platforms with the possibility of multiplexing
and possibly elucidating correlations between biomarkers and clinical status or outcomes
(Figure 2).
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(purple) can be adapted for detection of either nucleic acid or antibody, while ELISA (orange) can be used to detect antibody
or antigen. Technologies in italics have been developed for other pathogens and are proposed for detection of B. microti but
have not yet been effectively adapted.

3.1. Direct Demonstration of B. microti Parasites
3.1.1. Experimental Inoculation

Xenodiagnosis and experimental inoculation have long been tools for the diagnosis of
babesial infection. Babes employed Robert Koch’s third postulate, requiring reproduction
of the disease upon inoculation into a healthy, susceptible host in his initial identification
of Babesia parasites. He did not observe clinical signs in inoculated cattle or other large
livestock, though he did see significant disease in inoculated rabbits [5]. Hamsters have
been used for the experimental inoculation of B. microti, while gerbils, splenectomized
calves, and SCID mice are used when appropriate for other Babesia species [23,24]. Direct
observation of parasites on a blood film is generally easier and much less time consuming
for all but the lowest parasitemia cases, as the inoculation of susceptible animal models will
take 7–10 days before appreciable amplification of the parasites can be detected. In addition,
procuring animals for each diagnosis is significantly more expensive and resource-intensive.
Nevertheless, experimental inoculation was a common alternate diagnostic technique for
low-parasitemia cases for nearly 100 years until the advent of highly sensitive serological
and molecular procedures for Babesia detection [24,25].

3.1.2. Blood Film Microscopy

The discovery of the Babesia parasite in 1888 by Babes was slightly preceded by the
identification of many other blood-borne pathogens, most notably the human malaria
parasite in 1880 by Alphonse Levaran [26]. On a Giemsa-stained blood film, the abundant
B. microti ring-like trophozoites resemble those of P. falciparum, though Babesia spp. rings
tend to be larger with more variation in size and shape. Additionally, Babesia spp. rings do
not contain pigment and may be vacuolated. Trophozoites divide by binary fission, usually
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twice, producing a cruciform merozoite structure known as a tetrad or “Maltese Cross”
(Figure 3). This form is rare but is pathognomic of Babesia infection [27].
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In the case of malaria, the limit of detection of a thick blood smear is approximately
10–50 parasites/µL (at least 0.0002% parasitemia), while a thin blood smear alone is
roughly 20–40 times less sensitive even under ideal conditions [28]. Furthermore, it has
been estimated that the practical limit of detection in a routine diagnostic screen is closer to
100 parasites/µL (0.002% parasitemia) [29,30]. The limit of detection by microscopy has not
been determined for Babesia. However, similarities in parasite morphology and the blood
film preparation method indicate a limit of detection comparable to Plasmodium detection
by microscopy. Therefore, even if a potential B. microti-infected sample is screened with
a thick smear and confirmed by thin smear, the risk of failing to identify parasites in
prepatent or convalescent stages or among asymptomatic carriers is large. Parasitemia is
frequently less than 1%, especially early in infection when treatment is often sought [31],
so while blood films can be valuable for confirmation of diagnoses in a low-volume setting,
higher-throughput and more sensitive techniques are needed to meet the need presented
by the emergence of B. microti as a public health threat.

3.2. Detection of Biomarkers of B. microti Infection
3.2.1. Nucleic Acid-Based Assays

Since the early 1990s, methods for molecular detection based on the PCR amplification
of B. microti genes have been tested and validated [24,32–34]. The results have shown that
molecular methods provide a superior option for the detection of B. microti than blood
film microscopy. Notably, the increased sensitivity of molecular detection methods has
improved the detection of low-grade early infections (window period cases) and chronic
infections [22,35]. While complete data are not available for Babesia spp. detection, the
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World Health Organization Methods Manual for the evaluation of P. falciparum blood
smears indicates that approximately 0.333 µL of blood is screened in a standard thick smear,
yielding a limit of detection of roughly 20 parasites per µL [36]. By comparison, even early
PCR protocols for P. falciparum detection could reliably detect 20 times fewer parasites from
a 10-fold smaller sample volume [37]. In addition, molecular methods are better suited for
the species differentiation of different Babesia strains, as differentiation by microscopy can
be difficult or impossible [38].

Recent advances in B. microti genomics and detection technologies have led to the
development of assays of higher sensitivity and high-throughput platforms for diagnosis,
molecular surveillance and blood safety. The adaptation of real-time PCR technology to B.
microti detection increased the sensitivity dramatically over standard PCR techniques [33];
an early diagnostic RT-PCR protocol exhibited a limit of detection that was roughly ten-fold
lower than standard PCR [39,40].

The sample volume used in the assay is another major consideration that determines
the sensitivity and limit of detection of an assay. While Persing et al. detected roughly
3 parasites in a 50 µL standard PCR reaction, Bloch et al. calculated a limit of detection of
12.92 parasites per 2 mL of blood by their RT-PCR protocol [33,40]. This equates to roughly
0.39 parasites per 50 µL, which emphasizes the potential impact of sampling error on the
sensitivity of molecular detection methods; the procedure may be extraordinarily sensitive,
but the sample size may be too small to contain target nucleic acid.

The droplet digital PCR platform has been adapted to B. microti detection and achieves
sensitivity and limits of detection comparable to RT-PCR [40,41]. In addition, transcription-
mediated amplification has been employed in an FDA-licensed detection assay for B. microti
and has a 95% detection limit of approximately 3 parasites per mL [35].

The B. microti genome sequence was first published in 2012 [42]. Analyses revealed a
genome of approximately 6.5 Mbp encoding around 500 polypeptides, which is the smallest
of all Apicomplexan nuclear genomes [42]. A combination of genomics-based antigen
discovery and computational sequence analyses have allowed for the identification of novel
high-copy-number conserved detection targets, which was previously not available [42–44].
For example, the 18S ribosomal RNA gene is the most commonly used amplification target
for Babesia spp. detection [33,35,41]. Recently, high-copy-number BMN family genes were
evaluated for analytical sensitivity by RT-PCR. In this study, the 18S rRNA gene produced
a limit of detection of 30.9 parasites per mL, while the BMN primer set detected as few as
10.0 parasites per mL [45]. Table 1 summarizes the sensitivity of blood film microscopy,
experimental inoculation and nucleic acid-based detection of Babesia parasites in blood.

Table 1. Limit of detection for direct observation and molecular methods of detection of Babesia microti.

Method Target Limit of Detection Reference

Blood Film 20–100 pRBCs */µL [28–30]

Experimental
Inoculation 63 pRBCs/inoculation [into mice] [46]

Fluorescent Nucleic
Acid Probes 100 pg DNA (~30 parasites)[B. bovis **] [47]

PCR 18S rRNA 3 parasites/50 µL [33]

RT-PCR
18S rRNA 12.92 parasites/2 mL [40]

BMN genes 10 pRBCs/mL [45]

ddPCR 18S rRNA 10 copies [41]

TMA 18S rRNA 3 pRBCs/mL [35]

* Parasitized red blood cells. ** No data are available for B. microti; this technique was applied for animal
Babesia species.
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To better understand genetic diversity and evolutionary relationships, investigators
have begun to sequence the B. microti genome from parasite isolates collected from around
the world. In one comprehensive study, the complete genome sequencing of 42 B. microti
samples from different parts of the world showed extensive genetic diversity [48]. As
anticipated, B. microti samples from the continental US are genetically distant from samples
from Alaska, Russia and Japan. In the U.S., deep genetic divergence was noted between
samples from the Northeast and the Midwest. Minimal genetic diversity was noted among
the New England samples, though three sub-populations exist: Nantucket, mainland
New England and the R1 reference group [48]. A study based on a 32 single nucleotide
polymorphism (SNP) barcode assay supported previous findings and identified two distinct
lineages among the New England and Midwestern B. microti parasites [49]. SNP-based
barcode assays developed from genome-wide sequencing of recently circulating B. microti
isolates could be an important surveillance tool to monitor genetic diversity in clinical
cases and in the expanding areas of transmission.

It is anticipated that novel high-copy-number conserved gene targets identified by
genome analyses, multiplexing for simultaneous detection of Babesia species and sub-
populations circulating in an area and technological advances including detection target
enrichment in a sample would further improve the sensitivity, specificity and applicability
of B. microti NAT assays for diagnosis, surveillance and blood safety purposes.

3.2.2. Antigen Detection Assays

Antigens expressed by an invading pathogen serve as a reliable biomarker to detect
an active infection for many pathogens. Antigen-based rapid detection tests (RDT) are a
mainstay of malaria diagnosis in endemic areas. No laboratory-based or commercial RDT
for the diagnosis of B. microti is available, though potential biomarkers of infection have
been identified. In 2000, Lodes et al. screened B. microti antigens for immunoreactivity in
serological tests [50]; Homer et al. later verified the antigenicity of several novel antigens
with the aim of supporting the development of a diagnostic assay [51]. B. microti alpha-
helical cell surface protein 1 (BmBAHCS1, also known as BmGPI12 [52], BMN1-9 [50] and
BmSA1 [53]), a secreted B. microti antigen, was identified by Cornillot et al. as the most
sensitive antigen for the detection of active infections [52]. Anti-BmBAHCS1 antibodies
can be detected in serum as early as 4 (IgM) to 8 (IgG) days following infection in mice,
indicating that the detection of the antigen could reduce the window period before the
development of a detectable antibody titer [43,52].

Thekkiniath et al. developed an antigen capture assay for the detection of BmBAHCS1
that had a limit of detection of 20 pg/µL in in vitro samples [54]. However, it only identified
six of seven clinical samples, failing to detect a sample with a parasitemia of 0.3% [54].
Therefore, further improvements to the assay are required before its widespread adoption.
Applications of a combination of genome-wide screening, transcriptional profiling and
antigenic characterization in functional assays has led to identification of a large number
of immunodominant excreted and secreted and surface-anchored B. microti antigens that
deserve evaluation as biomarker(s) of active infection [43,44,50,55,56].

Antigen-detection technology is highly advanced for malaria diagnosis. According to
the World Health Organization, in 2019, 348 million malaria RDTs were sold globally [57].
The majority of malaria RDTs are based on the plasmodium falciparum histidine-rich
protein-2 (PfHRP-2), which is the most reliable marker available for the diagnosis of acute
and asymptomatic P. falciparum infections in endemic settings. However, recently, an
alarming number of reports indicate deletions of the PfHRP2/PfHRP3 gene and a reduced
sensitivity of the HRP-2 based RDTs, thus threatening the effectiveness of HRP-2 based
RDTs as a public health tool against malaria [58,59]. These results strongly indicate that
B. microti antigen-based detection assays should also rely on multiple antigens to offset
potential sensitivity loss due emerging polymorphism in target antigens.

In summary, there has been no systematic approach to explore the potential of antigens
as biomarkers for diagnosis of human babesiosis. If adequately sensitive and specific,
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antigen detection-based assays could be an attractive option for the rapid clinical diagnosis
and detection of asymptomatic chronic infections in endemic areas.

3.2.3. Antibody-Based Assays

Antibodies are the most sensitive and reliable markers for detection of Babesia ex-
posure, albeit with potential limitations in detection in the early phase of infection prior
to seroconversion and inability to distinguish between active infection and previously
resolved infections. In the early 1970s, several groups began developing indirect im-
munofluorescence assay (IFA) for the detection of the antibodies indicative of Babesia
infection in animals, as human babesiosis was rare and considered a curious, if relatively
insignificant zoonosis [60–62]. By the end of the decade, enough human cases had been
identified in residents of Nantucket Island to make the establishment of a standardized pro-
tocol for indirect immunofluorescent detection of antibodies directed at B. microti antigens
necessary and feasible [25,63]. Among antibody-based tests, IFA has been demonstrated to
be the most sensitive and detect 100% of blood film-positive acute babesiosis cases and is
expected to be highly sensitive in detecting donors with asymptomatic Babesia infections,
whereas antibody titers are maintained by a low-grade infection [22,25].

However, there has been debate in the literature surrounding the threshold distin-
guishing active from cleared infections. Chisolm et al. developed the first sensitive and
specific technique for the immunofluorescent detection of antibody specific for antigens on
the surface of infected erythrocytes and determined that active cases in the acute phase of
infection can be loosely defined by a detectable IgG antibody titer of ≥1:1024 [63]. Boustani
and Gelfand recommend a titer of ≥1:256 as suggestive of acute infection, while the Centers
for Disease Control and Prevention adds that samples from individuals epidemiologically
linked to B. microti exposure need only exhibit reactivity at a titer of ≥1:64 to be considered
a babesiosis case [64,65].

Inter-genus cross-reactivity in indirect immunofluorescence assays is usually low
when detecting anti-B. microti antibodies, and cross-reactivity with other Babesia species is
often observed only at lower dilutions [63].

B. microti-specific IgG may persist for months or years following infection, which,
while valuable for serosurveys that are largely agnostic to the time of infection, could
complicate the use of serological tests for diagnostic or donor screening purposes [66].
Ruebush et al. characterized the development of an antibody response to B. microti with
respect to the onset of symptoms and found that the peak antibody titer was reached
around three to four weeks following the onset of symptoms, after which titers decreased
over the next several months [67]. The rate of antibody titer decrease was different for each
patient and was not correlated with initial antibody titer or severity of illness. One patient
was followed for six years after illness and still had an appreciable antibody titer [67]. In a
more recent large investigational study, the median time of seroreversion (IFA titer of less
than 1:64) in blood donors was 17.1 months [22].

Enzyme-linked immunosorbent assay (ELISA) protocols have been developed for
the detection of B. microti-specific antibodies using antigens harvested from infected ham-
sters [68] or mice [69] or using recombinant proteins [44,50,53,70]. The most common
antigens exploited by serological assays have been those of the BMN family [50,53]. Histor-
ically, compared to IFA, ELISA has been considered less sensitive and specific in detecting
acute babesiosis and asymptomatic infections, indicating the need to identify additional
immunodominant B. microti antigens for use as synthetic peptides or recombinant protein(s)
as coating antigens. Recently, a combination of three novel immunodominant B. microti
antigens (Babesia microti Maltese Cross form related protein 1 [BmMCFRP1], Babesia microti
serine reactive antigen 1 [BmSERA1], and Babesia microti piroplasm β-Strand domain 1
[BmPiβS]), when used in combination with the previously described immunodominant
antigen BmBAHCS1, yielded 100% sensitivity in the detection of B. microti-positive serum
samples by ELISA [44].
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Thus, it appears that multiple antigens may be needed to achieve the desired sensitivity
for an automated alternative to IFA for human babesiosis. Another consideration is
the identification of B. microti antigens that associated with antibody responses induced
during the early phase of infection and could also distinguish between active and resolved
infections. To date, no studies have investigated a temporal correlation of parasitemia
or clinical condition with titer of antibodies to specific B. microti antigens throughout the
course of infection. Assays based on such antigens would have a high prognostic value
and applications in identifying asymptomatically infected individuals in endemic areas.

4. Multiplex Assays

Multiplex assays for B. microti have become quite common, as the ability to distinguish
between it and other tick-borne diseases in a given area has become more vital. Multiplex
PCR assays using standard PCR protocols and fragment size differentiation have been
employed for decades [71], but now the RT-PCR platform can easily be adapted to distin-
guish separate species with the use of fluorescent probes specific for distinct target genes.
Historically, these assays have been of particular use in veterinary fields, as livestock and
domesticated animals tend to be exposed to a far greater breadth of tick-borne pathogens
that need to be distinguished [71,72]. Another application of multiplex PCR assays is
for the surveillance of the tick population in a given region to establish the probable rate
of exposure to given pathogens [73,74]. RT-PCR techniques routinely detect as few as
10 copies per sample in multiplex assays [74].

Multiplex PCR assays for the detection of tick-borne pathogens in humans are be-
ing developed. Buchan et al. evaluated a high definition PCR (HDPCR) panel which
contained primers for amplification of target genes of nine species and species groups
of tick-borne pathogens [75]. The panel is intended to be an adjunct diagnostic resource
for the differentiation of clinical cases suspected to be caused by tick-borne pathogens.
The researchers validating the panel observed 100% specificity relative to gold-standard
PCR assays for several of the pathogens but did not observe any samples positive for B.
microti in 530 whole blood specimens, despite high sensitivity among simulated single-
and co-infected blood samples. Sensitivity for Borrelia burgdorferi was lacking at only 44%
relative to standard PCR [75]. It remains to be established whether the lack of detection
to B. microti is due to performance of the assay or is indicative of the low prevalence of
infection among the sample population.

The Luminex bead platform provides an attractive alternative to RT-PCR for multiplex
detection assays, as conjugation to xMAP beads allows for the concentration and enhanced
differentiation of PCR products. A commercial multiplex bead assay was validated by
Livengood et al. for the surveillance of genus- and species-level infection rates of I. scapularis
ticks [76]. The assay has not been applied to human samples to date. Limits of detection in
ticks varied widely across species, but as few as four copies of the B. microti target gene
(18S rRNA) could be detected [76].

Another application of the multiplex bead assay is the conjugation of recombinantly
expressed antigens to spectrally distinct luminescent beads for the detection of antibody
specific for each pathogen in a sample. This technique has been applied to differentiation
of B. microti, B. duncani, and B. divergens exposure in human samples [77]. Similar to bead-
based PCR techniques, bead-based antibody assays capitalize on the large surface area of
the beads for capturing and concentrating the antigen-specific antibody, while relying on
species specificity that appears to be characteristic of most human Babesia species [76–81].

5. Novel and Future Technologies
5.1. Next Generation Sequencing

Next generation sequencing (NGS) has revolutionized all aspects of medicine. NGS is
also being extensively evaluated for the diagnosis and tracking of infectious diseases. The
metagenomics NGS (mNGS) is an unbiased approach for the detection of bacteria, fungi,
viruses and parasites in clinical samples [82–84]. This approach combines the genome
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sequencing of genetic materials in a biological sample, bioinformatics analysis for exclusion
of human reads and pathogen identification based on sequence alignment to a curated
database [85]. While mNGS has been successfully applied for pathogen detection including
discovery of novel pathogens in clinical samples, sensitivity, specificity and high-cost
considerations must be addressed for the routine application of this approach for the
routine diagnosis of infection diseases including human babesiosis.

5.2. CRISPR Technology

The CRISPR-Cas system is a component of prokaryotic adaptive immunity that pro-
tects microbes from invading bacteriophage or plasmid DNA by specifically cleaving
foreign genetic elements [86]. In this system, RNA encoding a memorized sequence of
foreign DNA “guides” a caspase to a matching target sequence from an invading phage
or plasmid that is then destroyed by degradation. Due to its ability to edit genomes, the
CRISPR-Cas system has been applied to develop therapeutics to treat genetic diseases. In
recent years, the CRISPR-Cas system has also been utilized to develop a new class of rapid,
inexpensive, easy-to-use detection systems with high sensitivity and specificity.

The CRISPR-Cas systems of some bacteria contain caspases that collaterally cleave
single-stranded nucleic acid in addition to targeting foreign genetic elements. Cas12a
and Cas13a (formally C2c2) indiscriminately cleave single-stranded DNA [87] and single-
stranded RNA [88], respectively. These systems have been used to develop CRISPR
collateral cleavage-based molecular detection platforms where the cleavage of an ampli-
fied target pathogen sequence activates collateral cleavage of single-stranded fluorescent
or colorimetric reporter molecules. DNA endonuclease-targeted CRISPR trans reporter
(DETECTR) [87] and Specific High-Sensitivity Enzymatic Reporter unLOCKing (SHER-
LOCK) [89] are two diagnostic platforms that use Cas12a and Cas13a to detect DNA and
RNA, respectively.

To date, CRISPR-based diagnostics have not been applied to the detection of Babesia.
However, Cunningham et al. used SHERLOCK CRISPR collateral cleavage-based diagnos-
tics to develop a fast, low-cost deployable assay capable of Plasmodium detection, species
differentiation and drug-resistance genotyping [90]. This CRISPR-based SHERLOCK assay
uses an isothermal RPA reaction to generate double-stranded DNA amplicons of the target
sequence, in vitro transcription of RPA product to produce single-stranded RNA (ssRNA)
targets and the collateral cleavage of fluorescent or colorimetric RNA reporter molecules to
produce a detection signal. When compared to real-time PCR, the P. falciparum SHERLOCK
assay achieved 94% sensitivity and 94% specificity.

The CRISPR technology warrants the evaluation of species-differentiating detection of
human Babesia spp. in a high-throughput platform for diagnostic and donor screening pur-
poses.

6. Blood Donor Screening

Transfusion-transmitted babesiosis (TTB) is caused by the transfusion of blood and
blood products collected from an asymptomatically infected donor. The first case of TTB
was reported in 1979 [91]. Since then, more than 250 reported cases of TTB have been
reported in the U.S. [10,92–94]. Data collected from the national babesiosis surveillance
program and other published reports indicate that the clinical burden, areas of transmission
and risk to the U.S. blood supply are increasing [10,35,93–95]. The intraerythrocytic nature
of the parasite and lack of knowledge on minimum parasite burden in the asymptomatic
chronic phase of infection present unique challenges in detecting Babesia infection in
blood donors.

In the past 15 years, laboratory-based NAT and antibody tests have been applied
to assess B. microti risk in random blood donors in endemic areas. These studies have
been useful to gain information on the relative value of NAT and antibodies in identifying
asymptomatically infected donors and have shed light on the relationship between seropos-
itivity and parasitemia and the seasonality of transmission in endemic areas [96–98]. More
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recently, two large prospective studies conducted under Investigational New Drug pro-
tocols have further enhanced our understanding of the prevalence of B. microti infections
in asymptomatic healthy blood donors and the rate of window period cases in endemic
areas and nonendemic states [22,35,99]. In one investigational study, a total of 89,153 blood
donations were screened in four Babesia endemic states. Of these, 335 (0.38%) were positive
by IFA, and 67 were also PCR positive (20% of IFA+; 0.075% total). A total of nine blood
donations were IFA negative but PCR positive (window period cases; 0.01%). Interestingly,
86% of all PCR-positive donors became DNA negative in a one year follow up, while only
8% had seroreversion during the same period, confirming that antibodies continues to per-
sist long after parasitemia clearance [22]. The second investigational study was conducted
in 11 endemic states plus Washington D.C. and Florida (nonendemic). Of the 176,926 blood
donations initially screened, 61 were confirmed to be positive. Among these samples, 35
(57%; 0.020% of total) were PCR positive and 59 (97%; 0.033% of total) were antibody posi-
tive, and 2 (3%; 0.001% of total) were PCR positive but antibody negative (window period
cases) [35]. These prospective investigational studies have clearly shown that donor screen-
ing for Babesia infection allowed for the identification of potentially infectious blood units
and thus a valuable tool to minimize the TTB risk to blood supply. Additionally, results
complied from the surveillance programs [10,92,93] and investigational studies [22,96]
have shown that while tick-borne transmission is seasonal, parasitemic donors can be
found year-round. The other finding from these studies indicates that due to travels to
endemic areas from nonendemic areas and interstate transport of blood, TTB risk exits
outside the outside the bounds of recognized endemic states [100,101].

In May 2019, the FDA issued a guidance document recommending screening blood
donors for evidence of Babesia infection in 14 high-risk states plus Washington, D.C. through
the use of a licensed Babesia NAT assay. The effectiveness of regional donor screening for
Babesia by a licensed NAT assay will be determined based on a significant reduction in the
TTB cases in United States.

7. Assay Validation

Generally, freshly collected B. microti patient samples of known parasite count (by
microscopy) are not available for assay validation for diagnosis or blood donor screen-
ing. Therefore, the validation of detection assays typically relies on B. microti parasites
propagated in mice or hamsters and spiked into whole human blood. A reference panel
consisting of whole blood spiked with B. microti parasites harvested from mice was used
to support the licensure of two NAT assays intended for screening blood donations for B.
microti. By comparison, nucleic acid standards for assay validation of other pathogens,
such as Hepatitis C virus (HVC) [102] and human immunodeficiency virus 1 (HIV-1) [103],
rely on high-titer isolates from clinical cases or blood product donations. These isolates
may be expanded in vitro prior to dilution in human plasma. Efforts should be made to
develop validated reference panels based on B. microti-infected red blood cells and/or
nucleic acid (DNA and RNA) prepared from blood samples from babesiosis patients. Such
reference panels should be validated in collaborative studies and made available to assay
developers in academia and industry.

8. Conclusions

Genomics-based antigen discovery and the incorporation of technological advance-
ments have led to the development of superior NAT and antibody-based assays for human
diagnosis. Likewise, the availability of highly sensitive and specific, high-throughput
Babesia NAT assays have, for the first time, allowed regional donor screening for Babesia in
endemic states.

Antibody assays based on novel Babesia antigens may shorten the window period and
allow us to distinguish between acute, persistent chronic and a previously resolved infections.

Antigen-detection based assays in multiplex ELISA format and as RDTs for diagnostics
and blood donor screening are awaiting development. It is anticipated that the next
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generation of assays would also incorporate technological advances offered by mNGS and
CRISPR technology.
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Abstract: Human babesiosis results from a combination of tick tropism for humans, susceptibility of
a host to sustain Babesia development, and contact with infected ticks. Climate modifications and
increasing diagnostics have led to an expanded number of Babesia species responsible for human
babesiosis, although, to date, most cases have been attributed to B. microti and B. divergens. These two
species have been extensively studied, and in this review, we mostly focus on the antigens involved
in host–parasite interactions. We present features of the major antigens, so-called Bd37 in B. divergens
and BmSA1/GPI12 in B. microti, and highlight the roles of these antigens in both host cell invasion
and immune response. A comparison of these antigens with the major antigens found in some other
Apicomplexa species emphasizes the importance of glycosylphosphatidylinositol-anchored proteins
in host–parasite relationships. GPI-anchor cleavage, which is a property of such antigens, leads to
soluble and membrane-bound forms of these proteins, with potentially differential recognition by the
host immune system. This mechanism is discussed as the structural basis for the protein-embedded
immune escape mechanism. In conclusion, the potential consequences of such a mechanism on the
management of both human and animal babesiosis is examined.

Keywords: glycosylphosphatidylinositol; protein structure; antigen

1. Introduction

Human babesiosis has been mainly reported in North America and Europe and has
been increasingly identified in Asia [1]. On other continents, either the underestimation
of diagnosis or a low risk level could explain the low rate of detected human babesiosis.
As a zoonotic disease transmitted by ticks, human babesiosis results from the encounter
of a parasitized vector with a susceptible host [2]. The current epidemiology of human
diseases is driven by tick tropism for humans, parasites circulating in the tick population,
and frequency of tick bites in shared areas (for leisure, work, or home locations). Such
a situation is well illustrated by B. divergens human babesiosis in Europe, where a tick
bite by infected Ixodes ricinus leads to transmission, but severe disease mainly develops
in spleen-deficient patients. The B. divergens parasite will not pursue its development
in immunocompetent humans, so human-to-human or human-to-animal transmission is
considered very unlikely. In North America, severe human babesiosis caused by B. microti
is also a great concern for immunocompromised humans, ranging from neonates to the
elderly. But in the case of B. microti, which is able to infect immunocompetent patients,
asymptomatic human carriers lead to transfusional babesiosis risk.

Some Babesia species have been proven to develop in human blood, but for a vast
number of species, the ability to invade human red blood cells remains unknown. In addi-
tion to the well-known B. microti and B. divergens, the parasites B. duncani and B. venatorum
are recognized as occasional human pathogens [3]. The latter parasites have both been
recognized as relatively new Babesia species that can invade a human host and cause clinical
diseases, but many human cases are diagnosed as babesiosis without clear identification
of the parasite. A recent example described patient cases of babesiosis associated with B.
odocoilei, a parasite closely related to B. divergens [4]. This report highlighted the need for
an accurate diagnosis assay, efficient care of babesiosis cases, evaluation of the risk level,
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and adaptation of prophylaxis. Babesiosis treatment will not be the same in the case of
a splenectomized patient infected by B. divergens compared with an immunocompetent
human infected with B. microti, at least in terms of emergency measures. Additionally,
emergence of new Babesia species infecting humans have to be monitored to avoid potential
transfusional risk.

Babesia have biological features that make them unique among Apicomplexa, but they
also have the same requirements as other intracellular parasites, i.e., to invade a host cell
and escape the immune system. A critical step for the blood stages of Babesia parasites is
the interval between the release of merozoites from red blood cells and successful invasion
of new erythrocytes [5]. During this short period of time, merozoites are flowing in the
blood stream and their surfaces are coated with erythrocyte-binding proteins exposed
to immune effectors, such as antibodies. Thus, the surfaces of merozoites represent an
interface between the parasite and the host cells, to which the parasite has to bind while
avoiding the antibodies. Among the molecules exposed at the surfaces of merozoites,
at least some glycosylphosphatidylinositol-anchored proteins (GPI-AP) can meet these
contradictory requirements. These proteins are anchored at the surfaces of the merozoites,
providing erythrocyte-binding sites potentially used for host cell invasion. Via mechanisms
not fully determined yet, the GPI anchor allows GPI-AP to be released from the plasma
membrane of the parasite. As a soluble form, the shed protein could be bound to an
antibody which, then, would not interfere with the parasite. These features of GPI-AP
produced by parasites highlight their critical role in successful parasite development inside
the host, but also their high potential as a target for vaccine or diagnostic tools.

Human babesiosis represents only a part of all the Apicomplexa-borne disease cases,
compared with animal babesiosis (cattle, dog, etc.), malaria (humans), and many other
animal or human infections. Therefore, knowledge of human babesiosis could benefit from
a comparative analysis with other parasites using similar mechanisms. In this paper, we
review some information about Babesia parasites from various hosts, focusing on GPI-AP
and their dual role in invasion and immune escape. Two major antigens from the species
most frequently found in humans (B. microti and B. divergens) are then presented and their
features compared. These two antigens, Bd37 and BmSA1, highlight the crucial role of
GPI-AP in host relationships and their high potential as a target for medical intervention.
From the comparative analysis of these two proteins, critical points could be determined in
order to decipher the multiple functions of such antigens. This will open discussion about
the possibility of standardizing current serological assays for known human babesiosis and
also speed up the process of identifying antigens of high potential for diagnosis and/or
vaccination.

2. Glycosylphosphatidylinositol-Anchored Proteins Are Important Antigens for
Invasion and Immune Escape

In recent years, there has been significant progress in genomics and phylogeny of
Babesia, leading to improved parasite classification [6]. Comparisons of clinical observa-
tions and biological mechanisms to study the evolutional history of each parasite will
certainly help to join disparate elements into a more comprehensive picture. In particu-
lar, comparative analyses of the proteins involved in host–parasite interactions, structure
determinations, and functional analyses need to be extended [7].

Briefly, focusing on GPI-anchored proteins expressed by Apicomplexa, the importance
of their role in host–parasite relationships is quite well known. Plasmodium is outside
the scope of this paper, but the example of the RTS,S vaccine highlights the role of these
antigens. The RTS,S vaccine is based on the GPI-anchored circumsporozoite protein (CSP)
and is currently one of the most advanced recombinant vaccines in clinical trials [8].
The GPI-anchor by itself also induces an immune response in the host, in the absence of
antigenic proteins [9]. Indeed, the non-protein part of the GPI anchor remains understudied
in Babesia despite a significant role in host–parasite interactions, as evidenced in other
Apicomplexa [10–12]. The structure of the GPI anchor has been determined in some Babesia
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species, either experimentally or by analysis of the GPI metabolic pathway [13–15]. The
organization of GPI-AP at the cell surface in raft or other patterns remains to be determined,
as well as potential heterogeneity in the anchor bound to proteins (either glycosidic or
lipidic). The fate of these proteins during parasite invasion of erythrocytes and the antigen
protein shedding mechanisms also need further studies.

Some studies on Babesia have been driven by the need to prevent babesiosis in animals,
mostly cattle or dogs [16]. The classic vaccine research scheme starts from live, attenuated,
or killed parasites as antigens and progresses towards the use of recombinant molecules,
either protein or nucleic acids. This process leads to the identification of various antigens
that can induce protective immune responses, ranging from an avirulent parasite strain to
a recombinant protein. For example, soluble parasite antigens (SPAs) have often been used
as a source for crude vaccine preparations containing shed GPI-anchored proteins. In most
of these efficient vaccines, the role of highly immunogenic proteins has been highlighted,
and in most of the cases, the relevant proteins are GPI-anchored (Table 1).

The results obtained from various Babesia species have helped to define major antigens
as GPI-anchored proteins with high-level expression, high abundance in the extracellular
space (culture supernatants or plasma of infected host), and high immunogenicity. An-
other critical feature is the function of these proteins in the host cell invasion process [17].
Interestingly, in two of the main parasites responsible for human babesiosis, such major
antigens have been identified. A comparative analysis of these major antigens in the two
human parasites Babesia microti and Babesia divergens (Table 2) could be an opportunity to
establish a common reference and classification of antigens.

Table 1. Some examples of major antigens found in Babesia sp. These proteins are all GPI-anchored at
the surface of merozoites and are released into host blood or in vitro culture supernatants (++: evi-
dence of high potential, +/−: no clear evidence or no data supporting high potential).

Babesia
Species Protein Expression

Level
Diagnostic
Potential

Vaccine
Potential Ref.

B. divergens Bd37 ++ ++ ++ [18]

B. microti BmSA1/GPI12 ++ ++ ++ [19]

B. bovis MSA1 ++ ++ ++ [20]

B. bigemina Gp45 ++ ++ ++ [21]

B. canis Bc28 ++ ++ +/− [22]

B. canis BcMSA/CBA +/− +/− ++ [23,24]

Table 2. Comparison between Bd37 and BmSA1 features (+: effective activity, −: no activity).

Bd37 BmGPI12/BmSA1

Related genes in genome 2 to 6 genes
(need further analysis)

BMN family (>15 members)
Not all are GPI-anchored

Protein global structure mainly α-helical protein (2jo7) BAHCS domain (α-helical)

GPI anchor core structure Man2-GlcN Man2-GlcN

GPI lipid moiety palmitate not determined

Erythrocyte binding activity + +

Growth-inhibitory antibodies − +

Early detected by antibodies + +

In vivo protection effective or not Effective or not

Secreted form soluble vesicle-bound and soluble

179



Pathogens 2022, 11, 99

3. The Major Antigen in Babesia divergens: Bd37 Protein

Babesia divergens, as the main cause of bovine babesiosis in Europe and potentially fatal
human infections, has been extensively studied. Research efforts towards a bovine vaccine
have led to the identification of the main antigen, named Bd37, according to the molecular
weight of this protein (around 37 kDa) [18]. In the first attempts to obtain an efficient
vaccine, in vitro culture supernatants were used as vaccine antigens. These experiments
demonstrated the high protective potential of such crude antigenic preparations [25]. A
critical parameter to obtain such efficient vaccines was the inclusion of the adjuvant saponin,
which was found to induce a protective response. Such a crude antigenic preparation
contains both secreted antigens and shed proteins and also proteins released from lysed
or dying parasites. Despite the undefined composition of in vitro culture supernatants,
sometimes referred to as soluble parasite antigens (SPAs) or excreted/secreted antigens
(E/S antigens), they offer the possibility for successful development of a vaccine [26]. At
the same time, a similar strategy for the Leishmania vaccine development in dogs was
also successful, leading to a commercial product [27]. Another example is the vaccine
developments against canine babesiosis that have also led to a commercial product [28].

A Babesia vaccine based on in vitro culture supernatants, or on live parasites, requires
an established long-term culture system for consistent production of antigens [29,30]. A
significant drawback of this production process is the availability of a critical cell substrate,
i.e., the erythrocytes. Moreover, the potential presence of an infectious element in the
production process, for example, a cattle vaccine used in human food-producing animals,
could be an issue in terms of product safety. Therefore, a high priority is the identification
of protective components in in vitro culture supernatants, which will later be produced by
biotechnological methods and safer processes.

In the case of B. divergens, a traditional strategy was to purify relevant molecules
from in vitro supernatants [25]. Using size-exclusion chromatography, separation of crude
supernatants has led to several fractions that have been tested in vaccine experiments. A
fraction (called F4) containing antigens with molecular weights ranging from 17 to 50 kDa
has been shown to induce a protective response in gerbils [31].

Therefore, after successful purification of native Bd37 from in vitro culture super-
natants, and the characterization of this protein, some immunological detection tools have
been generated, including immune serum and the so-called F4.2F8 monoclonal antibody,
which was raised against the protective F4 fraction from the supernatant, hence the name
of the mAb [32]. Interestingly, mAb F4.2F8 greatly reduced clinical signs. To obtain the
coding sequence of the Bd37 antigen, a cDNA library from B. divergens merozoite mRNA
was screened with immune serum [33]. Although this type of library could introduce a
large bias in the representation of cell transcripts, positive clones contain sequences directly
expressible in bacteria.

When Bd37 was identified, no B. divergens genome data were available as they were
released in 2014 [34,35]. In addition, the proteomic analyses of a complex mixture with low
abundance of parasite molecules among large amounts of host proteins is still highly chal-
lenging. Therefore, the systematic identification of other GPI-AP of B. divergens has not been
published yet, although some Bd37-related genes can be found in released genomes [36,37].

The production of a recombinant Bd37 protein without the use of a parasite in vitro
culture was a milestone in the development of an industrial vaccine for cattle. Moreover,
this recombinant vaccine induced an immune protection broader than that induced by the
supernatant and was efficient against all the tested strains [38]. Nevertheless, a striking
difference in recombinant vaccine antigen potency was observed, i.e., the protective im-
mune response was only induced by a protein containing a hydrophobic peptide. Thus,
such proteins associated with saponin are thought to mimic the merozoite surface and
elicit an efficient immune response that is able to impair parasite development and onset of
disease. In contrast, the Bd37 recombinant protein with similar immunogenicity but devoid
of a hydrophobic tail induced an inefficient response, leaving parasites unaffected [39].
These results highlight a potential protein-embedded immune escape mechanism used by
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B. divergens parasites, in which Bd37 released in a soluble form (Figure 1A) acts as a shield
for the Bd37-coated merozoite surface (Figure 1C).
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Figure 1. Different physical presentations of major GPI-anchored antigens in Babesia. Protein con-
centration, orientation, and degrees of freedom could influence interactions between antigens and
antibodies or erythrocyte surface: (A) Soluble protein free in the blood and in vitro culture super-
natants (e.g., Bd37 and BmSA1); shed by proteolytic or phospholipase cleavage (B) extracellular
vesicle released by parasite, coated with GPI-anchored proteins (e.g.,: BmSA12); (C) GPI-anchored
proteins at the plasma membrane of merozoite (either on the entire cell surface or on lipid rafts).

The erythrocyte-binding function of Bd37 and the high vaccine potency of the cognate
recombinant protein prompted the elucidation of the three-dimensional (3D) structure of
this antigen [40]. This protein bears a protruding unstructured region in the N-terminal part
of the molecule, followed by an alpha-helical domain. The structured core of the protein is
organized into three subdomains stuck together by salt bridges, suggesting the possibility
of conformational changes. Considering the membrane-bound form of Bd37, packed at the
merozoite surface, the binding of relevant antibodies could be impaired by steric hindrance,
while free soluble proteins are dispersed and fully exposed (Figure 1A,C). At the molecular
level, a conformational change of Bd37 could also occur when merozoite and erythrocyte
surfaces are in close vicinity, potentially inducing electrostatic bond modifications. Such a
potential conformational change would expose erythrocyte-binding sites that are otherwise
hidden from antibodies. Another possibility is that a conformational change leads to the
displacement of bound antibodies in favor of erythrocyte receptors, making a humoral
response useless for the host. Although further studies are required to totally decipher
these mechanisms, the intrinsic properties of Bd37 integrate requirements for both immune
escape and erythrocyte-binding functions.

4. The Major Antigen in Babesia microti: BmSA1/GPI12 Protein

A vaccine against B. microti for human use is not considered the best tool for human
babesiosis management, in contrast to B. divergens and cattle babesiosis, for which vaccine
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research has been extensive. Therefore, in B. microti, research on GPI anchored antigens
has been more focused on their use for detection. Nevertheless, first attempts to identify
relevant antigens have rapidly led to a much more complex panel of molecules than those
found in B. divergens [41]. Since the first genome annotation, which was published in
2012, genomic data on this parasite have been generated, including the genome analysis of
several isolates [42]. These data allow better characterization of the parasite proteome and
metabolic pathways, including the protein post-translational modification machinery. The
immune response against B. microti and the most relevant antigens have been reviewed
previously [43]; therefore, in this paper, we focus on one of the most characterized antigens
without ignoring the role of other proteins.

BmR1_03g00785, named BmGPI12, has been identified as a GPI-anchored antigen
from the Babesia microti R1 strain using a bioinformatics strategy based on targeting signal
recognition at the N and C terminal position in amino acid sequences [44]. This strategy
has been used on B. bovis to predict around 20 GPI-AP, a number similar to the predicted
GPI-anchored proteome in B. microti [17]. A sequence comparison analysis indicated
almost complete identity with previously identified BmSA1 in other B. microti strains [45].
When the human antibody response against different predicted proteins was evaluated,
the high immunogenicity of this protein relative to other antigens was demonstrated [44].
In addition, strong similarities with antigens from the BMN family, which are proteins
identified in the B. microti MN1 strain after serological screening, were observed [46].
The history and features of the BMN antigens were recently reviewed, and the name of
BmBAHCS1 (Babesia alpha-helical cell surface) was suggested for BmR1_03g00785 [47].
The 3D structure of this antigen has not yet been experimentally determined, but sequence
analysis has indicated an unstructured part, followed by an alpha-helical domain. This
organization is relatively similar to the Bd37 protein, in which a disordered region is
N-terminally added to a structured core of an alpha-helical protein. Another common
feature shared with Bd37 is its early recognition by antibodies during the rise of an immune
response [44,48].

The analysis of BmHACS1/GPI12/SA1 (henceforth referred to as BmSA1 for readabil-
ity) expression in B. microti has revealed an unusual mechanism for releasing proteins in
culture supernatants as vesicle-anchored antigens [49]. Thus, this GPI-anchored antigen
has a classic cellular distribution of merozoite surface protein released into soluble form,
as well as membrane-bound protein on small vesicles (Figure 1B). These vesicles appear
to be loaded with some other antigens, strongly suggesting a role in host immune system
manipulation. Neither soluble nor vesicle-bound BmSA1 could be involved in erythrocyte
invasion without physical connection to the merozoite. These forms of the protein are
produced at a high rate and therefore could be exploited as a diagnostic marker of active
infection [50].

There have been some attempts to evaluate the potential of BmSA1 as a vaccine
antigen and to determine the inhibitory growth potency of antibodies [51]. Showing
some similarities with Bd37 in B. divergens vaccine experiments, the immune response
elicited by recombinant BmSA1 could either be protective or with negligible effect on the
infection course [52]. In some cases, antibodies against this protein could inhibit in vitro
culture, suggesting blocking of the essential interaction with the host erythrocyte. The
direct interaction of the recombinant protein with erythrocytes has been demonstrated,
definitively making BmSA1 a major antigen of B. microti [19].

5. Protein-Embedded Immune Escape Mechanism: Membrane-Bound Versus Soluble
Antigen

Merozoite surface proteins function as an interface between host and parasite by inter-
acting with the immune system through effectors (antibodies, cell receptors etc.). Among
these proteins exposed to the immune system are erythrocyte-binding proteins, which, in
order to maintain their cell interaction ability, have limited evolutionary opportunities.
This functional restraint counteracts the trend to diversify antigen sequences in response to
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immune pressure. Recently, the initial interaction of merozoite proteins with erythrocytes,
just prior to invasion, has been documented at the cell scale in B. divergens [53]. This
initial step seems to allow transitory interactions (quite like “touch-and-go” binding to
red blood cells) or induce the wrapping of the erythrocyte membrane around the parasite,
possibly triggering the invasion sequence. Such wrapping could be the consequence of a
coordinated multiple low-affinity interaction between GPI-anchored merozoite proteins
and erythrocyte surfaces. It is possible that such low-affinity interaction occurring at one
point on the merozoite surface, possibly involving only a few proteins, can spread to other
close proteins, leading to a large contact zone with erythrocytes.

The functional constraint to bind to the surface of erythrocytes limits sequence varia-
tion (polymorphism or antigenic variation mechanism) in such a protein domain, whereas
their exposure to antibodies applies a selective pressure to develop escape mechanisms [7].
A common feature of both major antigens, Bd37 and BmSA1, is their ability to induce
strong immune responses, although their effects against parasite development and disease
onset are highly variable. The B. divergens vaccine model, using recombinant Bd37 with
or without a hydrophobic tail, shifts the immune response from totally inefficient to a
full protective immunity [39]. There is a similar situation in B. microti, for which different
experiments have evaluated the immune response induced by various types of recombinant
BmSA1 proteins and adjuvants [51,52]. In both cases, the host immune system (mostly
from gerbils and mice in experimental vaccine trials) was able to raise a protective response
depending on the antigen vaccine used. On one hand, the protein-embedded immune
mechanism acting in GPI-anchored proteins could drive the immune system response
toward soluble or vesicle-anchored antigens, almost obliterating the protective response
against merozoites. On the other hand, an efficient vaccine would drive the immune re-
sponse toward merozoite surface-bound proteins, either impairing the infection or at least
leading to parasitemia decay and disease recovery. The balance between protective and
non-protective response could then rely on the dynamics of interactions with antibodies
(conformational changes) or on the local concentration of membrane-bound proteins in
contrast to dispersed soluble proteins.

In both B. divergens and B. microti species, a monoclonal antibody directed against
Bd37 and BmSA1, respectively, can interfere in vivo with the target parasite. The protective
effect of such monoclonal antibodies could result from the high concentration of antibody
against a single epitope, or from better interaction with the membrane-bound antigen than
with the soluble form. The binding of an antibody to its cognate antigen can be greatly
affected by the physical state of the protein, either membrane-bound or soluble [54]. This
is especially the case for GPI-anchored proteins, as these proteins could be packed in a
membrane raft of potentially high density or homogeneously spread on the cell surface,
which could have an impact on antibody binding (Figure 1C) [55]. For vesicle-bound
antigens, it remains to be determined if the protein density and orientation are similar to
the plasma membrane-bound proteins, and the interactions with antibodies would need to
be characterized.

The conformational changes in Bd37 and the potential shift in functional properties of
the protein, according to such a structural dynamics, are reminiscent of protein allostery,
mainly described in enzymes but applicable to antigens [56]. The nature of the GPI anchor
is probably the basis of the immune escape mechanism embedded in Bd37, inducing
modifications in the conformational dynamics of the protein when bound to the membrane
or released in soluble form. The influence of the GPI anchor on the conformational dynamics
and functional properties has been shown in the prion protein, which could exist as both
a membrane-bound and soluble protein [57,58]. Another level of complexity may be
represented by the structural diversity of the GPI anchor. Thus, varying anchors may
be attached to the protein according to the C-terminal signal processing sequence, with
varying impact on protein properties [59].

In addition to protein structure, the type of GPI anchor could have an impact on
the antigen presentation at the parasite surface and then affect the function of such
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antigen [60,61]. The genome of B. divergens has been released and analyzed, confirming
that Bd37 is a member of a small group of related genes [36]. One of the questions is to de-
termine the membrane pattern (localization, density, orientation, etc.) of these Bd37-related
proteins and determine whether or not their GPI-anchors are identical. The diversity of the
GPI-anchor structure in the different GPI-anchored proteins from parasites has not yet been
extensively studied. GPI-anchor structure has an impact on protein shedding, which leads
to the release of protein as soluble antigen, and potentially on the protein organization at
the surface of the parasite [59–61]. Thus, determining, at a proteome scale, the specificity
or the identity of the GPI-anchor type for each antigen will be a major milestone in the
understanding of host–parasite molecular interactions.

Deciphering all the characteristics of a protective immune response is challenging,
while predicting which antigen formulation will induce such protective response is even
more complex. Nevertheless, there is growing evidence suggesting that mimicking the
membrane-bound form of antigens instead of the soluble form is one of the keys to achiev-
ing protective immunity [62]. In the Bd37 (B. divergens) vaccine model, a single recombinant
antigen can switch between an efficient or inefficient vaccine according to the formulation.
In most of the other Apicomplexa vaccine experimental models, there is not such a great
difference, in clinical signs or parasitemia, between protective and non-protective immune
responses. A general trend of results in the literature indicates that a membrane-bound
antigen is generally better than soluble molecules. This could be recombinant molecules, at-
tenuated or killed whole parasites, or crude antigen preparations formulated with adjuvant.
GPI-anchored Bd37 expressed on the surface of a live, heterologous recombinant vaccine
(Trypanosoma theileri) was able to induce a protective immune response in cattle, illustrating
the importance of a membrane-bound form in vaccine potency [63]. Another example is the
Gp60 protein of Cryptosporidium, which has been expressed in Tetrahymena [64]. An increase
in local antigen density could potentially also account for the high protection rate obtained
with the R21 CSP-based vaccine [65]. These examples illustrate the importance of vaccine
formulation and antigen expression to obtain efficient, protective immune responses.

6. Use of Major Babesia Antigens in the Management of Human Babesiosis:
Polymorphism and Cross-Reactions

As previously mentioned, human babesiosis cases occur at the crossroad of vector,
parasite, and host biology, which are evolving parameters due to climate change. There-
fore, the distribution of endemic babesiosis areas will certainly change, together with the
potential emergence of new zoonotic Babesia species. In contrast to animal babesiosis, for
which a vaccine is the best control method, human babesiosis mainly needs detection
tools and a risk mitigation system. Improved mapping of the high prevalence areas for
parasites and vectors, together with public information, would certainly lower infection
rates. In addition, rapid and reliable diagnostic assays are greatly needed both for the
prevention of babesiosis (for example in blood screening for transfusion) and for patient
healthcare. Acute human babesiosis requires quick parasite identification in patients before
a humoral immune response can develop. A splenectomized patient with B. divergens
babesiosis should need additional healthcare compared to an immunocompetent patient
with B. microti babesiosis. However, there is significant interest in serological assays that
could be used for epidemiological analyses.

It should be noted that the B. microti R1 strain was isolated in France from a patient
coming from North America [41]. Therefore, people who travel and become infected with
various species of Babesia may need an appropriate diagnostic test far from the source of
the infection area [66]. This supports the development of a broad diagnostic system that
is able to detect as many different species as possible [67]. Molecular tools could detect
almost all Babesia species, depending on the oligonucleotides used in a PCR, but serological
assays are much more challenging. In addition to the number of species to be included,
the polymorphism of each antigen could impair the detection of antibodies raised against
distantly related parasites [37]. Therefore, an ideal “universal” serological assay should
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probably use different recombinant proteins, covering most species and strains encountered
in patients, and be delivered in a multiplexed format. A panel of recombinant proteins
could advantageously be included in a Babesia antigen toolbox, which would be useful for
the development of serodiagnostic assays, but also for basic research on protein structure
determination and functional analysis.

According to the results obtained with Bd37 and BmSA1 in two Babesia species, achiev-
ing a broad, multiplexed, serological assay might not be as difficult as expected. In ad-
dition to classic immunofluorescence assays using native antigens from in vitro cultures
or infected animals, recombinant proteins have been successfully used in serological as-
says [68,69]. Some initial studies on B. divergens antigens have compared the immune
response raised in different hosts and demonstrated a similar profile of recognized pro-
teins [48]. Thus, a standardized serological assay could be efficiently developed in parallel
for both cattle and humans, using a common panel of recombinant proteins, therefore
reducing costs. Moreover, despite the polymorphism found on Bd37, the recombinant
protein based on the Rouen 1987 sequence is able to bind antibodies elicited against various
strains, suggesting that a few antigens, or possibly only one, would allow the achievement
of a broad-spectrum serological assay for B. divergens. In the case of B. microti, the BmSA1
antigen seems to detect antibodies against many different strains [45].

Other species can cause human babesiosis, for example B. duncani and B. venatorum,
but also new emerging species, for which major antigens have not yet been characterized
or even identified. Extrapolating results from other Babesia species (Table 1), there is a
high probability of finding relevant diagnostic antigens for a serological assay among
the GPI-anchored proteome of these parasites [15]. Achieving an efficient recombinant
vaccine is not the main objective for managing human babesiosis; efforts should focus on
the main antibody targets with high expression levels that are most favorable for diagnostic
assays. In vitro cultivation of B. duncani will ensure enough biological material for genome,
transcriptome, and proteome analyses, as well as in-cell experiments [70]. Concerning B.
microti, a long-term in vitro cultivation system is not available yet, as for many other species.
However, the identification of a major antigen and quickly including it in a serodiagnostic
toolbox, in the case of a new emerging species, will remain highly challenging. Progress in
genome sequencing methods and annotation pipelines would help researchers avoid the
in vitro cultivation bottleneck and allow them to generate data from limited samples.

7. Conclusions

Major antigens in Babesia, such as erythrocyte-binding proteins with high immuno-
genicity, have mostly been found in the GPI-anchored proteome. The Bd37 protein was
identified in B. divergens using a classic and time-consuming approach based on in vitro
cultivation of the parasite, but genome analysis and recombinant protein expression have
speeded up the process, as described for the BmSA1 protein from B. microti. These antigens,
expressed as recombinant proteins, could form the basis of high-performance serodiagnostic
assays.

These two antigens highlight the role of GPI-anchored proteins in Babesia biology
and the complexity of their functional relationships with the host. Protein structure and
dynamics, proteome organization, carbohydrate heterogeneity and GPI-anchor diversity,
polymorphism, and antibody cross-reactivity need to be further explored to decipher
such complex interactions. The first step of erythrocyte invasion relies on GPI-anchored
parasite proteins, and in addition to major antigens, there are many other molecules
with still unknown roles. Achieving a complete atlas of GPI-anchored proteins, including
quantitative expression data, cellular and membrane organization, mechanisms and rates of
soluble protein release, and protein and anchor structure, should be an important milestone.
The knowledge about these proteins can then be applied to their usage in diagnostic or
therapeutic applications as vaccines.

The immune response against these major antigens, at cell and antibody level, also
deserves further studies. In particular, the definition of correlates of protection is needed to
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differentiate a protective from a non-protective response. The identification of biomarkers
associated to immune protection is a prerequisite to the development of a predictive assay
for the protection status of a subject, either human or animal. As an example, current
IFAT or ELISA serological assays can detect antibodies against intraerythrocytic merozoites
or recombinant proteins in sera from protected but also unprotected animals without
evidencing differences between them. Considering that neutralization assays (growth-
inhibitory assays) are not satisfying and need rather large amounts of the sample, the
development of differentiating immune status assays for Babesia has high interest and could
then be extrapolated to other Apicomplexa parasites.

There is a need to keep the basic science effort on Babesia at a high level, in particular, in
a climate change context. The complete antigenic landscape, displayed by a GPI-anchored
proteome in membrane-bound or soluble state, and the role of major antigens in this
immune interface are still not fully understood. This knowledge is nevertheless critical
to select and properly express recombinant antigens that could lead to efficient vaccines.
Although well-established models have to be maintained to allow in-depth experiments, it
should be anticipated that new parasite species could emerge, and then methods should be
set up to ensure quick and efficient management of these human babesiosis cases. Currently,
the generation of large data sets (annotated genome, transcriptome etc.) for a new species
requires the propagation of the parasite to obtain sufficient amounts of biological material
(DNA, RNA etc). Otherwise, GPI proteome prediction strategy based on hydrophobic
signal recognition (which does not need sequence homologies) can be applied to many
pathogens [71]. Until now, such data cannot easily be obtained from clinical human samples;
therefore, animal inoculation continues to be used to isolate parasites. Although not needed
for routine analysis, it should be performed in the case of an unknown parasite or atypical
babesiosis, even if current animal models probably do not reflect the entire range of human
susceptibility to Babesia species.

For serological analysis, whatever the commercial outcome, a panel of recombinant
antigens should be the most efficient tools to cover the broad range of human Babesia
parasites. Such an antigen toolbox will grow with each new protein or parasite described
and should allow the definition of a common framework for serological assay development.
The current markets of diagnostic assays for human and animal babesiosis are not the same,
but it will be interesting to discuss a common toolbox extracted from scientific knowledge,
based on a comparison between Babesia species. As discussed in this paper, major antigens
and cognate antibodies could be used for vaccines, various types of serological assays, and
antigen capture assays. This could be used to define biomarkers of protection, biomarkers
of exposition, or biomarkers of active infection, which will be useful for human and animal
babesiosis management.
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Abstract: Babesia, Cytauxzoon and Theileria are tick-borne apicomplexan parasites of the order Piro-
plasmida, responsible for diseases in humans and animals. Members of the piroplasmid rhoptry-
associated protein-1 (pRAP-1) family have a signature cysteine-rich domain and are important for par-
asite development. We propose that the closely linked B. microti genes annotated as BMR1_03g00947
and BMR1_03g00960 encode two paralogue pRAP-1-like proteins named BmIPA48 and Bm960. The
two genes are tandemly arranged head to tail, highly expressed in blood stage parasites, syntenic to
rap-1 genes of other piroplasmids, and share large portions of an almost identical ~225 bp sequence
located in their 5′ putative regulatory regions. BmIPA48 and Bm960 proteins contain a N-terminal
signal peptide, share very low sequence identity (<13%) with pRAP-1 from other species, and harbor
one or more transmembrane domains. Diversification of the piroplasmid-confined prap-1 family
is characterized by amplification of genes, protein domains, and a high sequence polymorphism.
This suggests a functional involvement of pRAP-1 at the parasite-host interface, possibly in parasite
adhesion, attachment, and/or evasion of the host immune defenses. Both BmIPA48 and Bm960
are recognized by antibodies in sera from humans infected with B. microti and might be promising
candidates for developing novel serodiagnosis and vaccines.

Keywords: Babesia microti; BmIPA48; BMR1_03g00960; piroplasmid rhoptry-associated protein-1
(pRAP-1); human babesiosis

1. Introduction

Babesia, Cytauxzoon and Theileria are tick-borne apicomplexan piroplasmid parasites
of vertebrates that invade and reproduce asexually in erythrocytes. These parasites are
a major concern to human and animal health and cause an important economic burden
worldwide. Babesia parasites are responsible for acute and persistent hemolytic disease in
several wild and domestic vertebrate species, including human. While Theileria parasites
are transmitted transstadially by ticks, sensu stricto (s.s.) Babesia spp. are transovarially and,
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in some species, also transstadially, transmitted. Other piroplasmids, such as B. microti, are
defined as sensu lato (s.l.) Babesia parasites, based on their transstadial mode of transmission
and the absence of schizont stages in their life cycles [1–3].

Human babesiosis is an emergent worldwide zoonosis caused by several Babesia
spp., including the s.s. B. divergens and the s.l. B. microti, the latter of which is the pre-
dominant agent in the Northeastern and Midwest regions of the US [4,5]. As for other
piroplasmids, the life cycle of B. microti is dixenic, involving an invertebrate definitive host
and a vertebrate host. In the US, the primary vertebrate host is the white-footed mouse
(Peromyscus leucopus) and the invertebrate host is a tick of the genus Ixodes, such as I. scapu-
laris. However, humans are accidental and dead-end hosts when bitten by infected ticks.
Importantly, human-to-human transmission of B. microti may occur via contaminated blood
transfusions [6,7]. Due to climate change and human activity, the geographic distribution
of I. scapularis, and hence of B. microti, is expanding rapidly in the US [8]. In addition,
the finding of vertical transmission in the white-footed mouse indicates a potentially rel-
evant way of parasite dissemination without the participation of the tick vector [9]. The
disease caused by B. microti in humans may vary from asymptomatic or subclinical to
acute and chronic manifestations, which can be lethal in immunocompromised patients.
Clinical manifestations of acute human babesiosis include fever, hemolytic anemia, acute
respiratory distress and multiorgan dysfunction [10]. Because of the expansion of the tick
habitat and the constant increase in cases of human babesiosis in the US, there is a need to
develop vaccines and improved diagnostics against B. microti, which requires identification
of conserved immunogenic proteins in this apicomplexan parasite.

Apicomplexan parasites, including B. microti, are equipped with an apical complex
with at least three distinct secretory organelles known as the rhoptries, micronemes, and
spherical bodies or dense granules. These organelles play an essential role in host cell
invasion by the parasite [11]. Once the parasite is committed to invasion, it is quickly and
actively propelled inside the target cell by the activity of an actin motor, with intervention
of the cytoskeletal structures of the parasite [12]. Rhoptry proteins are probably involved
in the formation of the parasitophorous vacuole (PV), a membranous structure separating
the parasite from the cytoplasm of the host cell, that disappears quickly upon invasion
in Babesia parasites [13]. Remarkably, B. microti also developed a mechanism for vesicle-
mediated antigen export generating an interlacement of vesicles which extends from the
plasma membrane of the parasite into the cytoplasm of the host erythrocyte [14]. Few
rhoptry proteins have been so far identified and characterized in Babesia parasites. Initial
studies performed mainly in B. bovis and B. bigemina were focused on the functional role
of rhoptry-associated protein-1s (RAP-1s), which were later identified in all piroplasmids,
including other Babesia spp., Theileria spp. and Cytauxzoon felis [15–23]. We hereby refer to
these proteins as piroplasmid RAP-1s (pRAP-1s). It is possible that the function of these
piroplasmid-specific proteins is needed to support unique features of the parasite life cycle,
such as parasite-attachment to the erythrocyte, dissolution of the PV in Babesia, the zipper-
mediated invasion of Theileria, or other events that may be related to erythrocyte invasion
and egress [24,25]. The prap-1 gene superfamily encodes the paralogs rap-1 and RAP-1-
related antigens (rra) in B. bovis [26]. Plasmodial RAP-1 shares the same denomination with
pRAP-1s, but they are unrelated non-homologous proteins [27]. Since pRAP-1 proteins
are highly immunogenic and can be targeted for neutralization-sensitive antibodies, they
may be attractive candidates for diagnostic assays or subunit vaccines against Babesia and
Theileria parasites [16,28–34].

The piroplasmid-specific RAP-1 family domain (PF03085) contains a characteristic
motif of four cysteine (Cys) residues and a single conserved tyrosine (Tyr) residue. Other
definitions of the members of this protein family are based on localization or function,
which are still waiting experimental confirmation. Although the pRAP-1 proteins have been
identified and annotated in genomes of Babesia spp. s.s., Cytauxzoon felis, and Theileria spp.
parasites, they remain not fully identified in the genome of the s.l. parasite B. microti. A
RAP putative protein (XP_021337499) was annotated in the genome of B. microti, but this
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protein, which is homologous to Plasmodium and Toxoplasma RAPs, lacks the character-
istic motifs of the members of the Babesia/Theileria pRAP-1 superfamily [35]. Thus, the
presence of canonical Babesia/Theileria pRAP-1 genes has yet to be reported in B. microti.
We hypothesized that, like Babesia and Theileria parasites, the genome of B. microti also
includes genes encoding for pRAP-1 or pRAP-1-like proteins. Furthermore, because of
the relatively distant phylogenetic relationship of B. microti with piroplasmid parasites
such as Babesia s.s. and Theileria s.s. [1], we propose that the pRAP-1-like proteins encoded
by B. microti may have diverged dramatically from the pRAP-1 molecules expressed in
other piroplasmids, resulting in a low non-significant sequence identity, but conservation
of important structural features. Indeed, neither a common BLASTp nor a Pfam search
resulted in hit or domain report, respectively. Therefore, we carried out alternative search
strategies on the B. microti genome based on the previously detected conserved synteny in
the genome regions of piroplasmid parasites where the prap-1 loci are encoded and found
two head-to-tail oriented linked genes, BMR1_03g00947 and BMR1_03g00960, encoding
for proteins with structural characteristics that are compatible with the pRAP-1 molecules.
Although the database searches did not result in hits, synteny analysis and the presence of
highly conserved amino acid residues of structural importance organized as the Cys-rich
domains of the pRAP-1s proteins strongly suggest that the presented two genes encode
for pRAP-1 homologs in B. microti. Since these putative B. microti pRAP-1 proteins lack
significant sequence identity with pRAP-1 domains of other pRAP-1s, we designated them
pRAP-1-like proteins. For the aforementioned reasons, B. microti pRAP-1-like proteins have
previously remained unnoticed, though these proteins have been identified and shown to
be expressed in B. microti merozoites [35,36].

2. Results
2.1. Two Tandemly Arranged RAP-1 Syntenic Genes of B. microti Encode Proteins Containing
Non-Canonical Piroplasmid RAP-1 Cys-Rich Domains

The piroplasmid RAP-1 proteins contain a characteristic Cys-rich domain, signal
peptide, and other short conserved sequence motifs. The salient features of some typical
pRAP-1 and RRA representatives of this family are schematized in Figure S1. In this study,
we first searched the predicted proteome of the B. microti R1 strain for the identification of
proteins containing pRAP-1 Cys motifs using Delta-Blast analysis against a query of the
B. bigemina RAP-1c Cys-rich domain (CLGSKDEHHCASQIAAYVARCKE), also typical for
the pRAP-1s of B. bovis (Figure 1). This search revealed a hit with the hypothetical protein
encoded by gene BMR1_03g00960, here referred to as Bm960 (Figure 1). This finding
prompted us to investigate the corresponding gene locus for the presence of other rap-1
related genes and for synteny with B. bovis, B. bigemina and T. equi rap-1 loci. Sequence
analysis revealed that the BMR1_03g00947 gene, reffered to as BmIPA48 (Figure S1), located
immediately next to Bm960, and separated by an 800-bp intergenic region, encodes for a
protein also containing a similar RAP-1-like Cys-rich region, including a key conserved Tyr
residue in its amino terminal (Figure 1, Figure 2B,C and Figure S2).
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As shown in Figure 2A, the chromosome 4 of B. bovis contains two identical head-to-
tail arranged prap-1 genes, and a single gene encoding for the RRA protein. These two
loci are separated by a 88.5 kb intervening region containing ~41 genes. A comparison
between the rap-1 loci of B. bovis and T. equi with the B. microti locus containing BmIPA48
and Bm960 genes is shown in Figure 2B. This illustration shows full synteny in the 5′

and 3′ ends of the B. microti BmIPA48 and Bm960 gene locus and the prap-1 locus of T.
equi. In Figure 2C we illustrate partial synteny of the 3′ end of the B. microti genes and
the rra locus of B. bovis. Besides the presence of the unique Cys-rich regions, there was
no significant sequence similarity among the putative pRAP-1 proteins encoded by the
BmIPA48 and Bm960 genes (Figure S2). However, the alignment shows conserved Cys, Tyr,
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and other typical residues of the pRAP-1 proteins in the NT-region of the molecules, as well
as other short amino acid motifs (Figure S2). The protein encoded by gene BMR1_ BmIPA48
also contains a series of tandem repeats in its C-terminal region, a feature that is shared
with the B. bovis RAP-1 proteins (Figure 3 and Figure S3). Strikingly, sequence analysis
of the non-coding regions immediately upstream of genes BmIPA48 and Bm960 revealed
conservation of a 300-bp sequence (Figure 3 and Figure S4), suggesting that expression
of these two proteins might be coordinated, despite their non-relatedness in sequence. In
addtion, secondary structure sequence analysis performed in silico using TMpred suggests
that BmIPA48 contains a signal peptide (aa 4–24) and a putative transmembrane (TM)
region (aa 164–186) (Figure 4). Since no TM domains were previously reported in this
protein, the prediction was confirmed using the alternative algorithm Phobius, which also
showed the presence of a TM domain in the same region (Figure S6). Bm960 protein also
contains a predicted signal peptide, two TM domains, and lack a predicted GPI anchor
attachment site (Figure 4). Collectively, these features are fully consistent with expression
on the surface of the parasite, as previously predicted [35].
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2.2. Significance of Synteny Relationships among rap-1 and rra Genes of Babesia and Theileria

After identifying BmIPA48 and Bm960 as two B. microti encoded proteins containing
non-canonical piroplasmid RAP-1 Cys-rich domains, we perfomed synteny analysis of
these genes. Results showed a remarkable synteny conservation of the rap-1 locus in
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piroplasmids (Figure 2). The BmIPA48 and Bm960 locus is in close vicinity with 3 genes
that are also in the neighborhood of the rap-1 genes in B. bovis and Theileria spp. (Figure 2).
Moreover, one of these neighboring genes, encoding for the platelet-derived GF associated
protein, is also associated with the locus of the rra gene of B. bovis. The schematic repre-
sentation of the rap-1 loci of B. microti, Theileria and Babesia s.s. in Figure 2 suggests the
occurrence of a mechanism of genomic rearrangement in a chromosome of an ancestral
Babesia organism that resulted in the insertion of an intervening region (~88 kb) encoding
41 genes in the case of B. bovis (Figure 2A).

2.3. Phylogeny of Piroplasmid RAP-1 Proteins Recapitulates Piroplasmid Phylogeny

Next, we inferred on the phylogenetic relationship between amino acid sequences
of pRAP-1-like BmIPA48 and Bm960 (Clade I, B. microti-group: B. microti RI) with that of
pRAP-1 proteins encoded in available reference genomes of piroplasmid species belonging
to Clade II (Western clade: B. duncani WA), Clade III (Cytauxzoon: C. felis Winnie), Clade
IV (Equus group: T. equi WA1), Clade V (Theileria s.s: T. annulata Ankara C9, T. parva
Muguga, and T. orientalis Shintoku), and Clade VI (Babesia s.s.: B. bovis T2Bo, B. ovata
Miyake, B. bigemina Bond, Babesia sp. Xinjiang) (Clades as defined by Schnittger et al.
2012 [1], Jalovecka et al. 2019 [3]) (Figure 5). Based on the assumption that B. microti
is distantly related to other piroplasmid species, the tree was rooted using B. microti RI
RAP-1-like BmIPA48 as an outgroup. As can be seen in Figure 5, the constructed pRAP-1
protein tree recapitulates phylogenetic lineages of piroplasmids as previously reported [1].
However, Bm960 places with a low bootstrap (bs: 34) as sister taxon to remaining Babesia
s.s. pRAP-1 proteins due to its low sequence identity with other pRAP-1 proteins.
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Because of the expansion in the number of pRAP-1 domains in Theileria and Cytauxzoon,
here we propose a new nomenclature for this gene family, which is based on the number of
pRAP-1 domains in encoded proteins and shown in Figures 3 and 5. Thus, rap1d, rap2d,
and rap3d genes encode for pRAP-1 proteins that comprise of a single (as seen in B. microti,
Clade I; B. duncani, Clade V; and Babesia s.s., Clade VI), a tandemly repeated (as seen in
Cytauxzoon, Clade III; T. equi, Clade IV, and Theileria s.s. Clade V), or tandemly triplicated
pRAP-1 domains (T. equi, Clade IV, and Theileria s.s. Clade V), respectively (Table 1).
Furthermore, an additional number refers to the placement into different orthologous
groups within each piroplasmid phylogenetic lineage (Figure 5).

Table 1. Correlation of rap domain architecture and number of rap-1 paralogs with phylogenetic classification of piroplasmids.

Species
(Reference
Genome)

Clade
(Sensu

Schnittger et al.
2012)

rap-1 Domain Architectures
Number of

rap-1
Paralogs

Nomenclature
(Proposed)

B. microti I (B.
microti-group)
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BmIPA48 and Bm960 proteins has remained unknown in B. microti-infected humans. We 
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recognize these two proteins. To this end, we expressed and purified recombinant HIS-
tagged truncated forms of BmIPA48 and Bm960 proteins. The recombinant proteins were 
analyzed in ELISA and immunoblot using previously characterized sera from B. microti-
infected humans (Figure 6). Antibodies from four B. microti-infected individuals 
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that it is a component of the secretome of the parasite. So far, the immunogenicity of 
BmIPA48 and Bm960 proteins has remained unknown in B. microti-infected humans. We 
then investigated whether sera from B. microti infected humans contain antibodies that 
recognize these two proteins. To this end, we expressed and purified recombinant HIS-
tagged truncated forms of BmIPA48 and Bm960 proteins. The recombinant proteins were 
analyzed in ELISA and immunoblot using previously characterized sera from B. microti-
infected humans (Figure 6). Antibodies from four B. microti-infected individuals 
recognized BmIPA48 and Bm960 in ELISA. Immunoblot analysis showed that antibodies 
from infected humans reacted with a product of expected size of BmIPA48 and Bm960 
recombinant proteins, as recognized by control anti-HIS monoclonal antibody (Figure 6). 
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then investigated whether sera from B. microti infected humans contain antibodies that 
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infected humans (Figure 6). Antibodies from four B. microti-infected individuals 
recognized BmIPA48 and Bm960 in ELISA. Immunoblot analysis showed that antibodies 
from infected humans reacted with a product of expected size of BmIPA48 and Bm960 
recombinant proteins, as recognized by control anti-HIS monoclonal antibody (Figure 6). 
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Interestingly, two orthologous groups of Babesia s.s. (rap1d-3 and rap1d-4) correspond
with chromosomal rearrangements that have resulted in the generation of RRA proteins,
which, although their pRAP-1 domain is complete, are shortened at their C-terminal end
and are only found in Babesia s.s. (Figure 1). As shown in Figure 2, Babesia parasites contain
two or more copies of pRAP-1 and a single additional RRA located ~40–80 kb from the
pRAP-1 locus, separated by the insertion of an intervening sequence (Figure 2A). Results
show that this is not the case for Theileria parasites, which did not undergo the splitting of
the rap-1 locus due to chromosome rearrangements and thus, lack rra genes (Figure 2A).

2.4. BmIPA48 and Bm960 Are Immunogenic during Infection in Humans

A previous study identified BmIPA48 and Bm960 proteins as possible biomarkers of
acute infection by using a combination of nanoparticle harvesting technology and mass
spectrometry on blood derived from B. microti infected hamsters [37]. Even though the
antigenicity of Bm960 was not investigated in detail, the protein was not recognized by
global antibody screening in rodent models. Bm960 was found to be highly polymorphic
among strains [35], and to be present in the plasma of infected hamsters [36], confirming
that it is a component of the secretome of the parasite. So far, the immunogenicity of
BmIPA48 and Bm960 proteins has remained unknown in B. microti-infected humans. We
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then investigated whether sera from B. microti infected humans contain antibodies that
recognize these two proteins. To this end, we expressed and purified recombinant HIS-
tagged truncated forms of BmIPA48 and Bm960 proteins. The recombinant proteins were
analyzed in ELISA and immunoblot using previously characterized sera from B. microti-
infected humans (Figure 6). Antibodies from four B. microti-infected individuals recognized
BmIPA48 and Bm960 in ELISA. Immunoblot analysis showed that antibodies from infected
humans reacted with a product of expected size of BmIPA48 and Bm960 recombinant
proteins, as recognized by control anti-HIS monoclonal antibody (Figure 6).

Figure 6. Immunogenicity of BmIPA48 and Bm960 in B. microti-infected humans. Expression of the
recombinant BmIPA48 and Bm960 containing a HIS-tag in the immunoblots was demonstrated using
an anti-HIS monoclonal antibody (panels (A,B), respectively). A control lysate of cells not expressing
the recombinant protein was included as a negative control (HEK 293). Immunoblots were incubated
with human B. microti positive and negative sera. ELISAs were performed with four positive (Pos 1,
Pos 2, Pos 3, and Pos4) and one negative (Neg) human serum samples were tested. A control sample
incubated only with secondary anti-human IgG serum (secondary only) was also included in the
ELISA analysis. ** p < 0.001. * p < 0.01.

3. Discussion

In this study we identified two pRAP-1 in B. microti, named BmIPA48 and Bm960.
Previous work indicated that BmIPA48 and Bm960 are highly expressed by B. microti
merozoites and present in the parasite secretome [35]. The BMR1_03g00947 protein was
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previously identified erroneously as an orthologue of the P. falciparum gene PF3D7_1324300,
and given the designation of BmIPA48, which is kept in the present study to avoid con-
fusion [35,36]. However, alignment of PF3D7_1324300 and BmIPA48 reveals that their
similarity is limited mainly to the glycine residues located in the tandem repeat regions
of the two proteins (Figure S5). The tandem repeat region in PF3D7_1324300 is not pan-
conserved among Plasmodium proteins, suggesting that it might lack functional or structural
relevance, but instead, it may work as a decoy for the immune system of the host. This
observation also suggests that the repeat segment may be a result of convergent evolution,
and thus BmIPA48 might not be a true orthologue of PF3D7_1324300. Also, BmIPA48
contains non-synonymous polymorphisms, including a variable microsatellite region, that
is highly antigenic and secreted, as part of tubes of vesicles during infection in mice [14,35].
In addition, electron microscopy analysis demonstrated that BmIPA48 is localized inside
lipid-rich vesicles, which is consistent with their exclusive association with a membrane
fraction. Also, IFA shows association of BmIPA48 with the cytoplasm of infected erythro-
cytes [37]. The presence of previously unnoticed TM domains in BmIPA48 is compatible
with the association and export of this protein via lipid-rich vesicles to the cytoplasm of
host erythrocytes and eventually to the outside of the host cell, as previously reported [14].

Considering that random gene location associations among four gene loci are highly
unlikely in genomes larger than 8 Mb as those of Babesia and Theileria parasites, the
data strongly suggest that the BmIPA48 and Bm960 genes are positional equivalents of
the Babesia-Theileria rap-1 genes. The biological significance of conserved gene synteny
remains undefined. However, co-localization of genes may be important in epigenetic
mechanisms and may influence the topology of the chromatin, which in turn can heavily
influence coordinated gene expression and gene evolution. It is possible that the presence of
syntenic genes results in the advantages of sharing regulatory mechanisms [38]. Sequence
analysis of the non-coding regions immediately upstream of BmIPA48 and Bm960 showed
conservation of a 300-bp sequence, suggesting a potential coordinated expression of these
genes. Notably, a similar feature was found in other Babesia tandemly arranged and closely
related or identical gene pairs or triplets, such as the B. bovis rap-1s, msa-2s, and ef-1α, that
share common 5′ untranslated regions [15,39–41].

A remarkable synteny conservation of the rap-1 locus in piroplasmids is shown by the
data in our study (Figure 2). In addition, the insertion of an intervening region may have
resulted in the splitting of the original rap-1 locus, favoring independent gene evolution
of the two identical copies of rap-1 and rra genes [15,26,42]. A similar gene organization
is found in B. bigemina with a rra gene separated by a similar large intervening region
from a highly diversified and complex rap-1 locus [17]. Interestingly, the intervening
region between rra and rap-1 in Babesia parasites is located ~100 kb upstream in the same
chromosome in the B. microti, as well as in the T. equi genomes. However, all the rap-1 genes
are located together in a single cluster in this group of organisms, which also lack rra genes.
Altogether, comparative analysis of the locus encoding B. microti BmIPA48 and Bm960
proteins with the loci of Babesia and Theileria rap-1 genes provides interesting insights on
the synteny and the evolution of the genome of these parasites.

Results from the phylogenetic analysis supports the notion that Bm960 cannot be
defined as pRAP-1 based on sequence identity, but only due to structural conservations
and synteny. Importantly, it can also be concluded from the phylogenetic tree that pRAP-
1 is a relatively complex highly polymorphic protein family that underwent multiple
duplications into large gene families of paralogs, tandem duplications and triplications
of the pRAP-1 cys-rich domain, and a substantial nucleotide diversification, resulting
in the existence of multiple highly polymorphic pRAP-1 domains. Thus, this protein
family displays a considerable complexity, typically observed for molecules that play a
pivotal functional role in the parasite-host interface, such as adhesion, attachment, and
invasion, or the interaction with the host immune defense [43]. We hypothesize that the
generation of diversification of pRAP-1 proteins is driven by a strong positive selection to
optimize adhesion and attachment to their different hosts, as is required for the evolution
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of parasite host-specificity. The different copy number of pRAP-1 domains in a single
protein may represent an adaptation strategy to different hosts and life cycles, enabling
the parasites to invade different host species and cells. C. felis has two tandemly arranged
pRAP-1 proteins containing canonical domains, while most Theileria has pRAP-1 proteins
with tandemly duplicated or triplicated pRAP-1 domains. Both the C. felis and Theileria
pRAP-1 domains contain 4 conserved Cys residues and a single conserved Tyr residue,
as originally described in Babesia [15,17,26]. Considering that certain pRAP-1 features
correspond with the phylogenetic classification of piroplasmid species, this finding may be
exploited for the development of specific diagnostic tests. Furthermore, pRAP-1 proteins
with a duplicated and/or triplicated domain architecture specify the piroplasmid lineages
Cytauxzoon, Theileria equi, and Theileria s.s. and contrast with those that encode exclusively
single-domain pRAP-1s, such as Babesia s.s. and Babesia s.l. [1].

B. microti contains two prap-1-like genes located as a single cluster in the region of the
genome where s.s. Babesia and Theileria organisms contain their prap-1 genes. These two
genes have a fully conserved synteny and identical flanking genes as Theileria parasites, as
shown in Figure 2A. This implies that the aforementioned genome rearrangements resulted
in an independent evolution of RRA encoding genes, which likely occurred after Babesia
organisms emerged as separate species from a common Babesia and Theileria ancestor. This
notion is further supported by the observation that all proteins segregating into the rap1d-3
and the rap1d-4 orthologous groups represent RRA proteins since, although they contain a
complete pRAP-1 domain, are shortened at the C-terminal end (Figure 1). This strongly
suggests that the ancient RRA protein has lost its C-terminal partly due to chromosomal
rearrangement and places this event before the diversification of the RRA proteins.

Considering that the antigenicity of BmIPA48 and Bm960 was not previously investi-
gated [35–37,39], here we examined sera from B. microti-infected humans for the presence
of antibodies against these proteins. Collectively, results of ELISA and immunoblot indicate
that BmIPA48 and Bm960 are immunogenic during infection in humans, and thus should
be considered for further testing as possible candidates for serological diagnosis of human
babesiosis caused by B. microti. In addition, because of their previously established high
degree of expression, surface localization, conservation, and immunogenicity, BmIPA48
and Bm960 proteins might also be promising candidates for the development of vaccines
that may prevent human babesiosis.

4. Materials and Methods
4.1. Expression of Recombinant B. microti pRAP-1 like Proteins

The predicted proteins encoded by B. microti BMR1_03g00947 and BMR1_03g00960
(GenBank accession numbers: XP_021338473 and XP_021338474, respectively), here re-
ferred to as BmIPA48 and Bm960, respectively, were analyzed by the Kyte-Doolittle scale
for the presence of hydrophobic regions as previously described [44]. As a result, 105 nt
and 84 nt-long fragments located at the 5′ end of BMR1_03g00947 and BMR1_03g00960,
correspondingly, encoding hydrophobic peptide segments, were excluded from the cloning
and protein expression experiments described in this work. The resulting nucleotide se-
quences were codon-optimized for mammalian cell expression, synthesized by GenArt
Gene Synthesis (Thermo Fisher Scientific, Waltham, MA, USA) and cloned into pcDNA3.4.
Recombinant plasmids containing either truncated BMR1_03g00947 (pcDNA3.4/947) or
truncated BMR1_03g00960 (pcDNA3.4/960) were fully sequenced to confirm the pres-
ence of the target genes in frame with the cytomegalovirus promoter (data not shown).
Subsequently, HEK 293 cells were transiently transfected with either pcDNA3.4/947 or
pcDNA3.4/960 using polyethylenimine, as described elsewhere [45]. Expression of the
recombinant truncated proteins (BmIPA48tr and Bm960tr) was confirmed by immunoblot
using the anti-6xHis monoclonal antibody (clone AD1.1.10) (Bio-Rad, Hercules, CA, USA).
Recombinant BmIPA48tr and Bm960tr were purified using the HisPur™ Cobalt Purification
Kit following the manufacturer’s protocol (Thermo Fisher Scientific). After purification, the
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recombinant proteins were dialyzed using the Slide-A-Lyzer™ Dialysis cassettes (Thermo
Fisher Scientific) and stored at −80 ◦C until use for ELISA and immunoblot.

4.2. Human Serum Samples

Unidentified human patient serum samples were submitted to Fuller Laboratories
from Labcorp, NC for anti-B. microti IgG determination. No clinical data were provided for
any of the specimens.

4.3. ELISA Procedure

Antigen dilution was performed by mixing 8 µL of recombinant BmIPA48 antigen
(approx. 0.5 µg/µL) in 500 µL PBS buffer followed by two-fold dilutions 1:2, 1:4 and 1:8.
For Bm960, 4 µL of the recombinant antigen (approx. 1 µg/µL) was mixed in 500 µL PBS
buffer, and then diluted two-fold 1:2, 1:4 and 1:8. Two neighboring strips of the ELISA
plate were coated with 100 µL/well of 1:4 and 1:8 antigen dilutions. The antigen-coated
plates were incubated at room temperature (23–25 ◦C) overnight, then back coated by
adding 100 µL/well WellChampion (Microwell Plate Blocker/Stabilizer, Kementec, Copen-
hagen, Denmark) to each well for 5–10 min. Plates were then decanted and allowed to dry
overnight in a dark low-humidity room before use. Negative serum control was obtained
from a non-reactive unidentified human patient, which tested negative in confirmatory
IFA analysis. Positive controls (n = 4) corresponded to anti-B. microti IgG and IgM re-
active unidentified human sera with IFA endpoint titers > 1:1024 (cat. BMG-120, Fuller
Laboratories, Fullerton, CA, USA). IFA testing utilized both hamster in vivo and human
type O in vitro antigen (US 10,087,412 B2 patent). All sera were diluted 1:100 in sample
diluent (PBS/2 mg/mL bovine serum albumin/0.1% Tween-20). One hundred µL aliquots
of diluted sera were added to ELISA plate microwells. Two rows of microwells were
filled with sample diluent and were used for secondary antibody controls. Plates were
covered to minimize evaporation and incubated for 60 min at room temperature. Then,
plates were washed four times with wash buffer (PBS/0.1% Tween-20). One hundred µL
of a working dilution of anti-human IgG (γ-chain-specific)-horseradish peroxidase (HRP)
conjugate (SFG-1X, Fuller Labs) were added to each well, and the plate was covered and
incubated for 30 min at RT in the dark. Microwells were washed as above and 100 µL TMB
substrate was added to each well. Reactions were allowed to proceed for exactly 10 min in
the dark and interrupted by adding 100 µL Stop solution (0.36 N sulfuric acid). Absorbance
at 450 nm was read in a microplate reader (MultiSkan MCC/340, Titertek, Pforzheim,
Germany). Absorbance values of B. microti positive and negative sera were compared by
Student’s t-test using Prism version 6 (GraphPad Software, San Diego, CA, USA).

4.4. Immunoblot Analysis

For human serum analysis, aliquots (45 µL) of recombinant BmIPA48 and Bm960
antigens were separated using 10% Mini-PROTEAN® TGX™ Precast Protein Gels (Bio-
Rad, Cat #4561034) and transferred to PVDF membranes. Membranes were blocked with
5% milk, cut into strips, and individually incubated overnight at 4 ◦C with B. microti-
positive or negative patient sera, in a 1:250 dilution. Membranes were then washed with
PBS/0.1% Tween-20 and incubated for 1 h with HRP-conjugated secondary antibody
(1:10,000 dilution). Following additional washings, membranes were incubated with Opti-
4CN substrate diluted in 1-part Opti-4CN diluent and 9 parts distilled water (Bio-Rad,
Cat# 1708235) for 5–30 min until the desired the signal was obtained.

4.5. Bioinformatic Analysis

Secondary sequence analysis was performed using TMpred Server (vital-it.ch, ac-
cessed on 1 August 2021) and Phobius (phobius.sbc.su.se, accessed on 1 August 2021).
Prediction of GPI anchor signals was carried out using PredGPI (gpcr.biocomp.unibo.it/
predgpi/, accessed on 1 August 2021). Synteny studies were carried out by exploring the
Piroplasma DB database (piroplasmadb.org/piro/app, accessed on 1 August 2021).
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4.6. Phylogenetic Analysis

The amino acid sequence of B. bovis T2Bo RAP-1 (XP_001610908) was used in a BLASTp
search, adjusting parameter settings to piroplasmid sequences (taxid:5863) and reference
proteins to identify homologs in completely sequenced genomes of piroplasmid species.
The genomes analyzed included B. bigemina strain Bond [46], B. bovis strain T2Bo [47],
B. ovata strain Miyake [48], B. microti strain RI [35], C. felis strain Winnie [49], T. annulata
strain Ankara [50], T. equi strain WA [51], T. orientalis strain Shintoku [52], and T. parva
strain Muguga [53]. In addition, RAP-1 sequences of B. duncani were retrieved by courtesy
from yet public unavailable genomes (B. duncani strain WA1: Choukri Ben Mamoun, Yale
School of Medicine, New Haven, CT, USA). Finally, BmIPA48 and Bm960 were identified
by delta Blast using a RAP-1 region containing 4 conserved Cys, as described before.

Altogether 34 amino acid sequences were aligned by Muscle (www.ebi.ac.uk/Tools/
msa/muscle/, accessed on 30 July 2021). In order to estimate evolutionary distances, the
JTT+G (G = 5.93) was determined as best model by BIC criteria and applied [54]. After
eliminating all positions with gaps and missing data, the remaining 212 positions were
used for estimation of a neighbor joining tree [55]. The phylogenetic analysis was carried
out using MEGA7 [56].

5. Conclusions

Findings in this study suggest that rap-1 genes appeared early in the evolution of
piroplasmid parasites, implying that expression of prap-1 and prap-1-like genes is required
for sustaining the life cycle of these organisms. Two tandemly arranged genes separated
by an 800 bp intergenic region that includes a highly conserved putative promoter region
are located in a region of the B. microti genome with strong synteny to the prap-1 locus of
Babesia and Theileria parasites. The organization of these two prap-1-like B. microti genes is
reminiscent of the organization of the prap-1 locus in B. bovis [15]. This feature, together
with the presence of a single Cys-rich pRAP-1 motif in the encoded proteins resembles
pRAP-1/RRA proteins of Babesia, rather than Theileria, parasites, but with identical synteny
to Theileria parasites. The presence of a shared 300-bp region in the putative regulatory DNA
regions suggests that the expression of these genes might be co-regulated. Both B. microti
proteins contain TM domains and signal peptides, which is consistent with extracellular
vesicle localization. Previous work showed that Bm960 is secreted into the sera of infected
mice [35] and that BmIPA48 is strongly immunogenic in infected hamsters [14,36]. The
gene structure comparison and phylogenetic analysis of the prap-1 locus among distinct
piroplasmid parasites allowed valuable insights on the genetic mechanisms involved in the
evolution of the members of this piroplasmid-confined gene family. Importantly, this work
also confirmed that antibodies in B. microti-infected humans recognized the recombinant
forms of both proteins, so their potential as candidates for diagnostic assays and vaccines
should be further explored.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/pathogens10111384/s1, Figure S1. Schematic representation of the structural features of
RAP-1 and RRA proteins, Figure S2. Amino acid sequence alignment between the BmIPA48 and
Bm960 RAP-1 like proteins, Figure S3. Amino acid sequence of the Bm947 protein, Figure S4.
Schematic representation of the 300 bp region of homology among the B. microti RAP-1 like genes
BMR1_03g00947 (947) and BMR1_03g00960 (960), Figure S5. Amino acid alignment between BmIPA48
(Bm) and PF3D7_1324300 (Pf), and Figure S6. Secondary structure prediction of BmIPA48using the
software Phoebius.
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Abstract: Babesiosis is an emerging tick-borne disease caused by apicomplexan parasites of the genus
Babesia. With its increasing incidence worldwide and the risk of human-to-human transmission
through blood transfusion, babesiosis is becoming a rising public health concern. The current arsenal
for the treatment of human babesiosis is limited and consists of combinations of atovaquone and
azithromycin or clindamycin and quinine. These combination therapies were not designed based
on biological criteria unique to Babesia parasites, but were rather repurposed based on their well-
established efficacy against other apicomplexan parasites. However, these compounds are associated
with mild or severe adverse events and a rapid emergence of drug resistance, thus highlighting the
need for new therapeutic strategies that are specifically tailored to Babesia parasites. Herein, we
review ongoing babesiosis therapeutic and management strategies and their limitations, and further
review current efforts to develop new, effective, and safer therapies for the treatment of this disease.

Keywords: babesiosis; Babesia microti; Babesia duncani; parasite; therapy; atovaquone; endochin-like
quinolones (ELQs)

1. Introduction

Human babesiosis is a rapidly emerging tick-born infectious disease caused by in-
traerythrocytic parasites of the genus Babesia. Of several hundred Babesia species identified
so far, only a few are known to infect humans. These include Babesia microti, Babesia duncani,
Babesia divergens and divergens-like species, Babesia crassa-like, and Babesia venatorum [1]. In
the United States, most cases of human babesiosis have been attributed to infection with
B. microti, but sporadic cases due to infection with B. duncani and B. divergens-like MO1
have also been reported. In Europe, B. divergens used to be the main species responsible for
infection in humans. However, recent studies suggest that B. microti and B. venatorum are
now more prevalent than B. divergens [2]. In China, human babesiosis is mainly caused by
B. microti and B. venatorum, and in the rest of the world, only a few sporadic cases have
been reported and were mostly linked to B. microti infection [2].

Babesia spp. are apicomplexan parasites that infect the host red blood cells and are
transmitted to mammals by tick vectors (Figure 1). The species of ticks involved in the
transmission of Babesia pathogens vary depending on the geographical area and parasite
species [1,2]. During the life cycle of Babesia, humans are typically accidental hosts, and
most infections are linked to a tick route of transmission [1,2]. However, an increasing
number of transfusion-transmitted babesiosis cases have been reported in the US over
the past 2–3 decades, making Babesia infections a major public health concern [1,3–6]. In
2011, human babesiosis became a nationally notifiable disease in the US [5] and as one of
the most common transfusion-transmitted pathogens in the US, B. microti was added to
the list of significant threats to the blood supply [3,4]. In addition to human-to-human
transmission through blood transfusion, several reports have also established the possibility
of transplacental transmission from mother to child [1].
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Figure 1. Cycle of transmission of the most common Babesia species, B. microti. During a blood meal, an infected tick
introduces merozoites into the host (mouse or deer, for example). Free merozoites enter red blood cells and undergo
asexual replication. While in the blood, some parasites differentiate into male and female gametocytes (not morphologically
recognizable by light microscopy). These gametocytes are then taken up by a tick during a blood meal and differentiate
into gametes. While in the gut, gametes fuse to form a zygote, that will subsequently undergo meiotic and several mitotic
divisions to form sporozoites that are then transmitted to a mammalian host. Humans are typically accidental hosts and
become infected through the bite of an infected tick. Human to human transmission is also possible via blood transfusion.

In most individuals, babesiosis remains asymptomatic or presents with mild flu-
like symptoms [1,2]. However, in more susceptible populations, such as the elderly, as-
plenic, or immunocompromised individuals, the disease can become severe and even
life-threatening, with symptoms such as severe anemia, acute respiratory distress, organ
failure, and death [1,2].

In the following sections, we describe the current treatment and management of
Babesia-infected patients and their limitations. Furthermore, we report on the development
and evaluation of novel and highly promising antibabesial therapies.

2. Current Treatments against Human Babesiosis

The current arsenal for the treatment of human babesiosis relies principally on four
drugs: atovaquone, azithromycin, clindamycin, and quinine. Atovaquone is used to treat
several human diseases, including Pneumocystis jirovecii pneumonia [7], toxoplasmosis [8],
and malaria (in combination with proguanil (Malarone) [9]. In apicomplexan parasites,
atovaquone targets the cytochrome bc1 complex of the mitochondrial electron transport
chain (Figures 2 and 3) [10–13]. Azithromycin is a relatively broad-spectrum antibiotic
indicated for the treatment of numerous bacterial infections, such as those caused by Staphy-
lococcus spp. [14–16] and Legionella spp. [17]. The antibiotic is also used for the treatment of
toxoplasmosis [12] and, in combination with other drugs, for the treatment of malaria [18].
Azithromycin is a well-characterized protein synthesis inhibitor, which in apicomplexan
parasites targets the translation machinery in the apicoplast (Figure 2) [19–21]. It is worth
noting that azithromycin was found to have a “delayed death” effect, in which parasite
division produces viable daughter cells that are subsequently unable to divide in the fol-
lowing cycle [19,21,22]. Clindamycin is another antibiotic commonly used for the treatment
of various bacterial infections [23] and repurposed for the treatment of parasitic infections.
In combination with quinine, clindamycin is used for the treatment of both malaria and
babesiosis [24–26]. Several reports have suggested that clindamycin acts in a similar way
as azithromycin and targets protein synthesis in the apicoplast (Figure 2) [19,21,22]. Fur-
thermore, selection of clindamycin-resistant T. gondii parasites showed cross-resistance to
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azithromycin, further suggesting a common target [27]. Quinine is a widely used antimalar-
ial agent, typically administered in combination with an antibiotic such as clindamycin or
doxycycline [28]. However, the drug is poorly tolerated and, as such, tends to be replaced
by alternative drugs with fewer side-effects [28,29]. In malaria parasites, several modes
of action for quinine have been proposed. The most commonly reported mechanism of
action involves the disruption of hemozoin formation, resulting in accumulation of free
ferriprotoporphyrin IX, a by-product of hemoglobin degradation, which is deleterious
to parasite growth [30–32]. Confocal imaging using fluorescent derivatives of quinine
and its structural analogues, quinidine and chloroquine, have shown accumulation of
the probes in the digestive vacuole, consistent with the activity of this compound in this
organelle [32,33]. Unlike Plasmodium parasites, Babesia species lack a digestive vacuole, do
not degrade hemoglobin, and do not produce hemozoin. Therefore, the mode of action
of quinine against Babesia parasites is likely to be different from that in Plasmodium. In-
terestingly, fluorescent probes were found to bind to phospholipids and to accumulate in
membranous structures, including the parasite plasma membrane, the endoplasmic retic-
ulum, and the mitochondrion, suggesting that quinine may inactivate specific biological
functions in these organelles [32,33]. Another proposed hypothesis is that quinine acts as
a DNA intercalator [34–36]. However, the lack of fluorescence in the nucleus reported by
Woodland et al. seem to refute interactions with DNA as a potential mode of action [32,33].
More recently, a study in P. falciparum using thermal shift assays suggested that the purine
nucleoside phosphorylase (PfPNP) might also be a target of quinine [37].

Figure 2. Schematic representation of a Babesia-infected red blood cell and sites of action of some
approved and experimental drugs. Azithromycin and clindamycin target the apicoplast; atovaquone
and ELQs target the mitochondrion. A: apicoplast, C: conoid + polar rings, DG: dense granule, ER:
endoplasmic reticulum, G: Golgi apparatus, M: mitochondrion, MN: microneme, PPM: parasite
plasma membrane and R: rhoptry.
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Figure 3. Proposed mechanism of action of atovaquone and endochin-like quinolones in Babesia mitochondrion.
(a) Schematic representation the mitochondrial electron transfer chain. (b) Schematic representation of the parasite bc1

complex with proposed mode of action of atovaquone and ELQs.

The severity of babesiosis depends mainly on the host’s immune status, the presence
of risk factors and the Babesia species responsible for the infection. In symptomatic patients,
babesiosis usually manifests with flu-like symptoms such as fever, fatigue, chills, sweats,
and headache [38]. For this moderate form of the disease, typically associated with a low
parasitemia level (<4%) [26], no hospital admission is required and a 7–10-day treatment
course of oral atovaquone + azithromycin (500 mg azithromycin on day 1, followed by
250 mg on subsequent days + 750 mg b.i.d. atovaquone) is recommended [26,38]. Babesiosis
typically resolves within seven days from the start of the treatment, but asymptomatic, low
level parasitemia may persist for up to one year [26]. Monitoring of persistent parasitemia
in immunocompetent individuals following treatment is usually not necessary. However,
given the risk of transmission of Babesia parasites through blood transfusion, these patients
are excluded as blood donors [3]. Immunocompromised individuals are more at risk of
developing a severe form of babesiosis, resulting in complications such as acute respiratory
distress syndrome, disseminated intravascular coagulation, severe hemolytic anemia, organ
failure, splenic rupture, relapse, and death [2,26]. A combination of oral clindamycin +
quinine (600 mg + 650 mg, every 8 h) is the standard of care for the treatment of severe
babesiosis [26,38]. However, this treatment regimen is frequently associated with serious
side effects, such as hearing loss, vertigo, and tinnitus. In some cases, these side effects
can be so severe that dose reduction or discontinuation of treatment is required [38].
Recently, it has been demonstrated that a combination of atovaquone + azithromycin
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is also suitable for the treatment of severe babesiosis, displaying comparable efficacy to
clindamycin + quinine with fewer side effects [39]. Although atovaquone + azithromycin
is now the preferred course of treatment for severe babesiosis, the standard 7–10-day
treatment regimen of oral atovaquone + azithromycin is usually not enough to eliminate
Babesia infection. Higher doses, longer treatment duration, and in some cases intravenous
administration is required to clear the infection [26]. It is also worth noting that the use
of immunosuppressive agents such as Rituximab to treat prior illnesses (B cell lymphoid
malignancies, rheumatoid arthritis, etc.) may lead to babesiosis relapse and extended
persistence of Babesia parasites [40–42].

One downside of a prolonged treatment regimen and dose escalation is the risk of
developing drug resistance. Previous reports have established the emergence of mutations
in the cytochrome b (Cytb) of Babesia parasites in humans and animal models following
treatment with atovaquone [11,42,43]. In 2016, Lemieux et al. examined clinical isolates
of relapsing babesiosis and identified a methionine to isoleucine mutation (M134I) in the
Qo site (atovaquone-binding site) of the BmCytb [43]. This same mutation was observed
in a murine model of B. microti infection [11], as well as in other apicomplexan parasites,
such as P. falciparum and T. gondii [43]. Later, Simon et al. reported a Y272C mutation in
the BmCytb Qo site in a patient presenting with relapsed B. microti infection following an
atovaquone + azithromycin treatment course [42]. In both cases, these mutations have
been shown to impact the atovaquone-binding domain [44] and appear to be associated
with decreased sensitivity to the drug [42,43]. With regard to azithromycin resistance,
sequencing of clinical isolates obtained from patients with relapsing babesiosis identi-
fied mutations in the ribosomal protein subunit L4 (RPL4) encoded by the apicoplast
genome [42,43]. Lemieux et al. identified three substitutions in the RPL4: R86H, R86C
and S73L [43]. Simon et al. observed the same R86C mutation in a patient presenting
with relapsing babesiosis following atovaquone + azithromycin treatment [42]. Similar
mutations associated with azithromycin resistance have been reported in P. falciparum [20]
and S. pneumoniae [45] RPL4. Alternative management strategies for human babesio-
sis in the case of persistent relapse include the use of different drug combinations such
as atovaquone + azithromycin + clindamycin, atovaquone + clindamycin, atovaquone
+ proguanil, or atovaquone + azithromycin + clindamycin + quinine [26,41,46,47]. The
introduction of other drugs such as doxycycline, moxifloxacin, pentamidine, trimethoprim-
sulfamethoxazole or artemisinin to treatment regimens with the standard therapies was
also reported [40,48]. A recent study in a small cohort of patients suffering from Lyme
disease and babesiosis co-infection suggested improvement, and in some cases remission,
following one course of disulfiram monotherapy [49]. In patients with high parasitemia
(>10%), exchange transfusion is recommended and often results in a rapid reduction of the
parasite load [26,50].

Despite clinical evidence that atovaquone, azithromycin, clindamycin and quinine
can be used to manage human babesiosis, preclinical evaluation of these drugs in different
models of Babesia infection has not demonstrated unanimous results with regards to their
efficacy. Clindamycin showed only limited activity at a dose of 300 mg/kg (p.o.) in
B. microti-infected Mongolian jirds [51]. When evaluated in B. microti-infected hamster,
a course of 150 mg/kg (i.m. or p.o.) of clindamycin resulted in a two-fold decrease in
peak parasitemia. Similar results were obtained when clindamycin was administered in
combination with quinine [52]. AbouLaila et al. reported a ~three-fold decrease in peak
parasitemia following i.p. injection of 500 mg/kg of clindamycin in B. microti-infected
Balb/c mice [53]. Another study using the same Balb/c model of B. microti infection showed
that oral administration of clindamycin at 25, 50, and 100 mg/kg did not lead to reduction
of parasite burden [54]. Similar results were obtained by Lawres et al. following oral
administration of 10 or 50 mg/kg of clindamycin to immunocomprimized mice infected
with B. microti [11]. The consensus seems to be more apparent in the case of quinine,
where most studies report no effect on parasitemia following administration of quinine as a
single drug [11,52,54]. Interestingly, a combination of clindamycin + quinine was reported
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to achieve up to 70% suppression of parasitemia [55] and result in a faster resolution of
parasitemia compared to clindamycin alone [52], suggesting a potential synergy between
the two drugs. Preclinical investigation of azithromycin efficiency against Babesia parasites
also yielded inconsistent results. In B. microti-infected Balb/c mice, a four-day treatment
course with azithromycin at 25, 50, and 100 mg/kg was found to be potent, resulting in
75–96% suppression of parasitemia [54]. In contrast, the evaluation of azithromycin in
B. microti-infected SCID mice showed no effect on parasitemia at 10 and 50 mg/kg after
a seven-day treatment course [11]. Similar results were obtained in B. microti-infected
hamsters, where 150 mg/kg azithromycin treatment regimen, administered daily for
almost two weeks, showed no apparent effect on parasitemia [56]. Out of the four clinically
used drugs in the treatment of babesiosis, only atovaquone seems to consistently show
high potency against Babesia parasites [11,56–59]. Studies carried out in B. microti-infected
hamsters and SCID mice reported fast clearance of parasitemia following treatment with
atovaquone [11,56]. However, recrudescence due to atovaquone-resistant parasites was
observed [11,56]. In B. microti-infected hamsters, a combination therapy of atovaquone +
azithromycin resulted in rapid clearance of parasitemia without recrudescence [56]. In a
lethal model of B. microti infection in hamsters, atovaquone monotherapy was found to
be superior to a combination of clindamycin + quinine, resulting in low to undetectable
parasitemia and extended survival [58]. Potency of atovaquone was also demonstrated in
B. divergens [59] and B. duncani [57] models, with IC50 values in the low nanomolar range.
In gerbils, although prophylaxis experiments were not successful, a dose of atovaquone as
low as 0.5 mg/kg was found to efficiently prevent B. divergens infection, so long as daily
treatment was maintained several days post-infection [59]. In the case of B. duncani, a
treatment course of 10 mg/kg atovaquone resulted in a clear reduction of parasitemia and
80% survival using a mouse model of lethal infection [57]. The results derived from the
evaluation of atovaquone, azithromycin, clindamycin, and quinine in preclinical models of
babesiosis are summarized in Table 1.

While combinations of atovaquone + azithromycin and clindamycin + quinine have
been used for more than 20 years for the treatment of human babesiosis [60], the efficacy
of these drugs and their primary modes of action in Babesia parasites have only recently
started to be elucidated.

Table 1. Reported efficacy of atovaquone, azithromycin, clindamycin and quinine in animal models of babesiosis.

Drug Treatment Regimen Model Effect Ref.

Atovaquone

20 mg/kg (p.o.), 5 d B. microti
Balb/c mice

~5.7 × reduction in
peak parasitemia. [61]

25 mg/kg (p.o.), 4 d B. microti
Balb/c mice

77% suppression of
parasitemia at DPI 9. [54]

50 mg/kg (p.o.), 4 d B. microti
Balb/c mice

87% suppression of
parasitemia at DPI 9. [54]

100 mg/kg (p.o.), 4 d B. microti
Balb/c mice

93% suppression of
parasitemia at DPI 9. [54]

10 mg/kg (p.o.), 7 d B. microti
SCID mice

Parasitemia clearance
followed by

recrudescence by D5-9
post-treatment.

[11]

10 mg/kg (p.o.), 10 d B. microti
SCID mice

Parasitemia clearance
followed by

recrudescence by D14
post-treatment.

[57]

10 mg/kg (p.o.), 10 d B. duncani
C3H/HeJ mice

Parasitemia clearance
followed by

recrudescence by D10
post-treatment. 80%

survival.

[57]
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Table 1. Cont.

Drug Treatment Regimen Model Effect Ref.

Azithromycin

25 mg/kg (p.o.), 4 d B. microti
Balb/c mice

75% suppression of
parasitemia at DPI 9. [54]

50 mg/kg (p.o.), 4 d B. microti
Balb/c mice

96% suppression of
parasitemia at DPI 9. [54]

100 mg/kg (p.o.), 4 d B. microti
Balb/c mice

95% suppression of
parasitemia at DPI 9. [54]

10 mg/kg (p.o.), 7 d B. microti
SCID mice No effect. [11]

50 mg/kg (p.o.), 7 d B. microti
SCID mice No effect. [11]

Clindamycin

300 mg/kg (p.o.), 5d B. microti
Mongolian jirds

9.4% suppression of
parasitemia at DPI 9. [51]

150 mg/kg (i.m.), 8d B. microti
Golden hamsters

~2× reduction in peak
parasitemia. [52]

150 mg/kg (p.o.), 8d B. microti
Golden hamsters

~2× reduction in peak
parasitemia. [52]

500 mg/kg (i.p.), 5d B. microti
Balb/c mice

~3.2× reduction in
peak parasitemia. [53]

25 mg/kg (p.o.), 4 d B. microti
Balb/c mice No effect. [54]

50 mg/kg (p.o.), 4 d B. microti
Balb/c mice No effect. [54]

100 mg/kg (p.o.), 4 d B. microti Balb/c mice No effect. [54]

10 mg/kg (p.o.), 7 d B. microti
SCID mice No effect. [11]

50 mg/kg (p.o.), 7 d B. microti
SCID mice No effect. [11]

Quinine

125 mg/kg (s.c.), 8d B. microti
Golden hamsters No effect. [52]

250 mg/kg (p.o.), 8d B. microti
Golden hamsters No effect. [52]

25 mg/kg (p.o.), 4 d B. microti
Balb/c mice No effect. [54]

50 mg/kg (p.o.), 4 d B. microti
Balb/c mice No effect. [54]

100 mg/kg (p.o.), 4 d B. microti
Balb/c mice No effect. [54]

10 mg/kg (p.o.), 7 d B. microti
SCID mice No effect. [11]

50 mg/kg (p.o.), 7 d B. microti
SCID mice No effect. [11]

100 mg/kg (p.o.), 7 d B. microti
SCID mice No effect. [11]

3. In Vitro and In Vivo Models for the Evaluation of Novel Anti-Babesia Therapies

Evaluation of the potency of novel drugs for the treatment of human babesiosis has
proven challenging due to the absence of a continuous in vitro culture system for B. microti,
the main causative agent of human babesiosis. A B. microti short-term ex vivo system has
been used previously for growth inhibition assays [11,62]. However, this culture system is
not amenable for high-throughput screening of large libraries of compounds. Despite the
current challenges faced in the development of a stable B. microti in vitro culture system,
this parasite can easily be propagated in rodents, such as mice [63–65], hamsters [66], and
gerbils [51]. Two very distinct profiles of B. microti infection in preclinical models have been
observed, depending on the immune status of the host. In immunocompetent animals,
such as Balb/c mice, golden hamsters, or gerbils, the parasitemia typically rises within
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a few days following infection, reaches a peak (40–60% parasitemia), and then resolves
on its own [63–65]. In immunocompromised animals, such as SCID and rag2D mice, the
parasitemia rises and then plateaus at ~50–80% parasitemia [11,57,63]. Immunocompro-
mized mice infected with B. microti maintain high parasitemia levels over time but do not
succumb to infection [11,57,63]. Although the most commonly used B. microti preclinical
models (described above) are non-lethal, one research group reported the use of a lethal
model of B. microti infection in hamsters using the ATCC30222 strain [58,67]. In this model,
parasite inoculation results in fulminating disease reaching 90% parasitemia and almost
100% mortality by DPI 12 [58,67]. This model of infection was previously used to evaluate
the potency of atovaquone [58].

In vitro culture of B. divergens, a species known to infect humans and cattle [1], has
been established in mammalian erythrocytes and can be used for the evaluation of potential
drug candidates [59,68–73]. An in vivo model of B. divergens is available in gerbils [74,75]
and has been used for the evaluation of potential antibabesial drugs [59,76]. Multiple other
rodent species such as rats, mice, hamsters or guinea pigs were tested for the establishment
of infection, but none developed parasitemia [74].

The first in-vitro culture system of B. duncani in hamster red blood cells was established
in 1994 [77]. More recently an adapted protocol of B. duncani culture in hamster RBCs
was reported using another culture medium [78]. The authors also investigated alternate
RBC sources such as mouse, rat, horse or cow. None of these RBCs were able to sustain
B. duncani growth [78]. In 2018, Abraham et al. reported the first continuous in vitro
culture system for B. duncani in human erythrocytes [79]. The development of this system
allowed for the high-throughput screening of novel derivatives for the treatment of human
babesiosis [57]. B. duncani can be propagated in hamsters and typically results in fatal
infection following the development of pulmonary edema and respiratory distress [80,81].
However, to the best of our knowledge, the B. duncani hamster model was not used for the
assessment of potential antibabesial drugs. B. duncani infection can also be established in
mice and is associated with a fatal outcome in specific mouse genetic backgrounds [82,83].
Similar to the hamster model, B. duncani-infected mice present with pulmonary edema,
leading to respiratory distress and death [83]. Interestingly, it was shown that susceptibility
to acute babesiosis following B. duncani infection is significantly influenced by the gender
and genetic background of the animal [82]. Recently, Chiu et al. presented the first use
of a lethal model of B. duncani infection in mice for the evaluation of novel promising
candidates for the treatment of human babesiosis [57]. The different models of in vitro
and in vivo B. microti, B. divergens, and B. duncani available for the evaluation of novel
therapeutics are summarized in Table 2.

Table 2. Current in vitro and in vivo systems available for B. microti, B. divergens and B. duncani propagation.

Babesia Species In Vitro System In Vivo Model

B. microti Short-term ex vivo system [11,62] Mice [63–65], hamsters [58,66,67], gerbils [51]

B. divergens Continuous in vitro culture system in human RBCs [69] Gerbils [74,75]

B. duncani Continuous in vitro culture system in hamster [77,78]
and human [79] RBCs Mice [57,82,83], hamsters [80,81]

Overall, there is a wide variety of Babesia models available. However, finding comple-
mentary systems can prove challenging. Even though B. microti accounts for the majority
of human babesiosis cases, the absence of a continuous in vitro culture system makes it
challenging to use this species for drug discovery purposes. On the other hand, B. divergens
can be used for in vitro drug screening. However, it’s in vivo model using gerbils may not
be widely accessible. Considering this, B. duncani appears as the Babesia species of choice
for drug development. The availability of a stable in vitro culture system in human red
blood cells allows for high-throughput screening of large libraries of candidates, offering
the possibility to conduct detailed structure–activity relationship studies. Furthermore, the
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availability of a reproducible model of B. duncani lethal infection in immunocompetent
mice offers a reasonably affordable option to assess promising drug candidates.

4. Novel Therapies under Investigation for the Treatment of Human Babesiosis

The recent effort to develop new therapeutics for the treatment of human babesio-
sis has mostly focused on repurposing known anti-piroplasm agents. A large library of
antimalarial drugs, such as artesunate, artemether, dihydroartemisinin, chloroquine, meflo-
quine, piperaquine, halofantrine, lumefantrine, pyrimethamine, and pyronaridine, has been
assessed against B. microti but failed to demonstrate much, if any, efficacy against parasite
load at the selected dose [51,54,55]. Other antimalarials such as primaquine, pentaquine and
robenidine showed potent parasitemia suppression in B. microti-infected animals [51,54].
Screening of the Malaria Box, a 400-compound library with known antimalarial activity [84],
led to the identification of nine compounds with low micromolar/nanomolar potency
(2.1 µM to 160 nM) against B. divergens cultured in human erythrocytes [71]. To the best of
our knowledge, no further evaluation of the most promising candidates has been reported
so far. More recent screenings of the Malaria Box and the Pathogen Box (400 compounds
active against neglected diseases) also reported 38 and nine compounds, respectively, with
nanomolar potency against Babesia species responsible for bovine (B. bovis and B. bigemina)
and equine (B. caballi) babesiosis [85,86]. The two most promising compounds identified
from the Pathogen Box screening were further assessed in B. microti-infected Balb/c mice
and showed significant reduction of peak parasitemia [85].

Over the recent years, a large number of drugs, including actinonin [87], atranorin [61],
N-acetyl-L-cystein [88], chalcone-4-hydrate [89], trans-chalcone [89], cryptolepine [90],
ellagic acid [91], eflornithine [92], fusidic acid [93], gossypol [94], gedunin [95], hydrox-
yurea [92], luteolin [87,95], nimbolide [95], pepstatin A [96], xanthohumol [94], fluoro-
quinolone derivatives (enrofloxacin, enoxacin, norfloxacin, ofloxacin, trovafloxacin) [97,98],
ciprofloxacin and some of its novel derivatives [53,99], and natural extracts of Syzygium aro-
maticum [100], Camellia sinensis [100], Cinnamomum verum [101], Olea europaea, and Aca-
cia laeta [102] have been assessed for antibabesial properties. The in vitro evaluation
of these derivatives was mainly carried out against the species responsible for bovine
and equine babesiosis and revealed, in most cases, growth inhibition in the micromolar
range. In vivo evaluation of these compounds was typically performed in B. microti-
infected hamsters or Balb/c mice. In most cases, diminution and/or delay in peak par-
asitemia was observed, but none of the monotherapies displayed high potency against
B. microti [61,90–92,94,97,100,101]. Although some of these compounds could turn out to
be promising for veterinary use, they are unlikely to be accepted for clinical use based on
their poor selectivity indices. Despite this fact, some of these drugs could be investigated as
starting points for structural optimization for the development of novel antibabesial agents.

Out of the multiple derivatives recently reported with potent anti-Babesia efficacy,
tafenoquine, clofazimine, and endochin-like quinolones are probably the most promis-
ing drugs.

Tafenoquine, previously known as WR238605, is an 8-aminoquinoline. In 2018, tafeno-
quine was approved by FDA for the radical cure of Plasmodium vivax infection and for
chemoprophylaxis of malaria [103]. Several research groups have investigated the potential
of tafenoquine against Babesia parasites [55,104–106]. In 1997, Marley et al. reported that
a twice daily injection of Tafenoquine (i.m.) at 52 mg/kg for four days resulted in 100%
parasitemia suppression by day 3 post-drug removal in B. microti-infected golden ham-
sters [55]. Furthermore, a subpassage experiment was carried out to determine whether
parasitologic cure was achieved. None of the animals that received blood from tafenoquine-
treated hamsters became parasitemic after six weeks post-administration, indicating that
treatment resulted in complete cure of B. microti infection [55]. More recently, Mordue et al.
evaluated tafenoquine in B. microti-infected SCID mice [106]. When parasitemia reached
~10%, mice were administered with a single dose of 20 mg/kg of tafenoquine (p.o.). By day
4 post-treatment, parasitemia level was undetectable in tafenoquine-treated animals and
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remained so until the end of the experiment (day 18 post-treatment). To assess whether
the lack of detection of parasites in blood smears was indicative of cure, blood collected
from tafenoquine-treated animals at day 18 PT was injected in naive SCID mice. The
newly inoculated animals developed detectable parasitemia within one week. Interestingly
administration of a single dose of 20 mg/kg tafenoquine (p.o.) resulted in undetectable
parasitemia within four days, indicating that the parasites remained sensitive to tafeno-
quine. In the case where mice were kept beyond day 18 PT, recrudescence was observed
day 37 PT. In a separate experiment, B. microti-infected mice were treated with a first dose
of 25 mg/kg of tafenoquine (p.o.) when parasitemia reached ~20%, followed by a second
dose of 12.5 mg/kg of tafenoquine (p.o.) three days later to account for the decrease of
plasma concentration. By day 5 after administration of the first dose, parasitemia was below
detection level and remained so until day 28 PT. Subpassage of blood collected at day 28 PT
in naïve SCID mice resulted in detectable parasitemia with nine days post-inoculation.
Overall, although no radical cure was achieved in these experiments, a single oral dose
of tafenoquine was found efficient to rapidly reduce parasitemia burden. It is also worth
noting that despite the recrudescence observed following treatment, re-emerging parasites
did not develop resistance to tafenoquine and remained susceptible to the drug [106]. In
2020, Carvalho et al. investigated tafenoquine in B. microti-infected Balb/c mice. Potent
inhibition was observed following administration of 10 mg/kg of tafenoquine (three doses
on alternate days, p.o.) or of a combination of 10 mg/kg of tafenoquine (three doses
on alternate days, p.o.) + 25 mg/kg artesunate (five daily doses, i.p.), starting at day 4
post-infection [104]. In both cases, a ~5.6-fold reduction in peak parasitemia was observed
and parasitemia was undetectable from DPI 9 by examination of Giemsa-stained thin-blood
smears and remained so until the end of the study (DPI 30). However, except for one
animal from the tafenoquine + artesunate treatment group, all mice remained positive for
B. microti infection by PCR at DPI 27. Interestingly, subpassage of blood collected from
tafenoquine-treated mice in a naïve Balb/c mouse resulted in the development of para-
sitemia, whereas the mouse receiving blood from combination-treated animals remained
negative [104].

Based on the results described above (summarized in Table 3), tafenoquine could be
an interesting drug candidate for further evaluation for the treatment of human babesiosis.
With its extended half-life in humans (12–17 days) [106], only a few doses may be required,
thus limiting the development of drug resistance. One downside, however, is that tafeno-
quine causes severe hemolytic anemia in patients with glucose-6-phosphate dehydrogenase
(G6PD) deficiency [105,107,108], and as a result its use is contraindicated in such cases.
While the exact mechanism of action of tafenoquine in Babesia parasites remains unknown,
one hypothesis is that the 8-aminoquinoline mediates oxidative stress within the parasite
without damaging the host red blood cells of individuals with active G6PD [105]. The
latter enzyme plays a key role in the production of NADPH and protects red blood cells
from damage by reactive oxygen species (ROS). In the case of G6PD deficiency, NADPH
is at a level that is not enough to protect the RBCs from tafenoquine-induced oxidative
stress [105].

Table 3. Preclinical evaluation of promising new therapeutics for the treatment of human babesiosis: tafenoquine, clofaz-
imine and endochin-like quinolones (ELQs).

Drug Treatment Regimen Model Effect Ref.

ELQ-271 10 mg/kg (p.o.), 7 d B. microti
SCID mice

Parasitemia clearance
followed by recrudescence

by D12 post-treatment.
[11]

ELQ-316 10 mg/kg (p.o.), 7 d B. microti
SCID mice

Parasitemia clearance
followed by recrudescence

by D12 post-treatment.
[11]
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Table 3. Cont.

Drug Treatment Regimen Model Effect Ref.

ELQ-334 10 mg/kg (p.o.), 7 d B. microti
SCID mice

Parasitemia clearance
followed by recrudescence

by D16 post-treatment.
[11]

ELQ-334 + Atovaquone 10 + 10 mg/kg (p.o.), 7 d B. microti
SCID mice

Parasitemia clearance
throughout experiment. [11]

ELQ-502

10 mg/kg (p.o.), 5 d B. microti
SCID mice

Parasitemia clearance
followed by recrudescence

by D17 post-treatment.
[109]

10 mg/kg (p.o.), 10 d B. microti
SCID mice

Parasitemia clearance
throughout study (DPI 91). [57]

10 mg/kg (p.o.), 10 d B. duncani
C3H/HeJ mice

Parasitemia clearance
throughout study (DPI 91).

100% survival.
[57]

ELQ-502 + Atovaquone

10 + 10 mg/kg (p.o.), 10 d B. microti
SCID mice

Parasitemia clearance
throughout study (DPI 91). [109]

10 + 10 mg/kg (p.o.), 10 d B. duncani
C3H/HeJ mice

Parasitemia clearance
throughout study (DPI 91).

100% survival
[109]

Tafenoquine

52 mg/kg (i.m.), 4 d (b.i.d.) B. microti
Golden hamsters

100% suppression of
parasitemia at D3

post-treatment. Reinfection
of clean hamster negative.

[55]

13 mg/kg (i.m.), 4 d (b.i.d.) B. microti
Golden hamsters

99% suppression of
parasitemia at D3

post-treatment.
[55]

3.25 mg/kg (i.m.), 4 d
(b.i.d.)

B. microti
Golden hamsters

91% suppression of
parasitemia at D3

post-treatment.
[55]

52 mg/kg (i.m.), 2 d (b.i.d.) B. microti
Golden hamsters

99% suppression of
parasitemia at D3

post-treatment.
[55]

20 mg/kg (p.o.), 1 d B. microti
SCID mice

Parasitemia clearance
followed by recrudescence

by D37 post-treatment.
[106]

25 mg/kg (p.o.), 1 d, +
12.5 mg/kg (p.o.), 1 d (4 d

after 1st dose)

B. microti
SCID mice

Parasitemia clear through
D28 post-treatment.

Reinfection of “clean” mice
positive.

[106]

10 mg/kg (p.o.), 3 d B. microti
Balb/c mice

~5.6× reduction in peak
parasitemia. [104]

Clofazimine

20 mg/kg (p.o.), 52 d B. microti
Balb/c mice

Parasitemia clear through
DPI 90 (smear + PCR

negative).
[110]

20 mg/kg (p.o.), 7 d B. microti
Balb/c mice

Parasitemia clearance
followed by recrudescence
on DPI 26, unresponsive to
a 2nd course of clofazimine

20 mg/kg (p.o.) (14 d).

[110]

Clofazimine is an antibiotic used to treat leprosy [111] and drug-resistant tuberculo-
sis [112]. In 2016, Tuvshintulga et al. reported that clofazimine has potent antibabesial
effect, following its evaluation in B. microti-infected Balb/c mice. A five-day treatment
course of 20 mg/kg clofazimine administered either i.p. or p.o. led to suppression of para-
sitemia by more than 80%, with a slightly superior efficacy when administered orally [113].
Interestingly, although no parasites could be detected by blood smears, blood, heart, spleen,
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kidney, and liver samples obtained from clofazimine-treated animals tested positive for the
presence of B. microti ss-rRNA at DPI 40. Consistently, subpassage of blood collected from
clofazimine-treated animals in naïve mice resulted in reinfection [113]. It is worth noting
that no toxicity was observed in mice during treatment administration. Furthermore, daily
administration of 200–300 mg for >30 months for the treatment drug-resistant tuberculosis
in humans was well tolerated [114]. More recently, the same research group reported on
the efficacy of clofazimine in B. microti-infected SCID mice [110]. The continuous adminis-
tration of clofazimine from DPI 4 to 57 at a daily dose of 20 mg/kg resulted in undetectable
parasitemia by examination of blood smears from DPI 14 onward. Parasite DNA could no
longer be detected by PCR from DPI 54 until the end of the study (DPI 90), suggesting that
this seven-week treatment course is efficient in curing B. microti infection [110]. B. microti-
infected SCID mice treated with 20 mg/kg clofazimine for seven days (DPI4-10) showed
no parasitemia by DPI 24. However, recrudescence was observed from DPI 26. Initiation of
a second treatment course of clofazimine failed to clear parasitemia, suggesting that the
rise of recrudescent parasites was associated with development of clofazimine resistance.
Blood samples obtained from two mice that developed recrudescence were sub-passaged in
naïve Balb/c mice, which subsequently underwent a five-day clofazimine treatment course.
Interestingly, clofazimine successfully impacted the rise of parasitemia in one case, but not
in the other [110]. Sequencing analysis established that, unlike atovaquone, clofazimine
does not target the cytochrome b of the parasite. As a result, atovaquone-resistant parasites
were generated in SCID mice and then propagated in Balb/c mice. A two-week course of
20 mg/kg clofazimine successfully cleared infection in all the mice. However, a relapse was
observed in some of the animals, which responded to a second two-week course of a higher
dose of clofazimine (40 mg/kg) [110]. Based on these results, clofazimine appears as a
promising candidate for the treatment of human babesiosis. Due to the risk of development
of drug resistance with a short-term monotherapy, it would be interesting to evaluate the
efficacy of clofazimine when combined with a partner drug such as atovaquone. Results
derived from the preclinical evaluation of clofazimine are summarized in Table 3.

A novel class of compounds, endochin-like quinolones (ELQs) has recently been re-
ported with high potency against B. microti and B. duncani [11,57]. Previously reported
for their high potency against other apicomplexan parasites such as Plasmodium [115–125],
Toxoplasma [126,127] and Leishmania [128], ELQs have been shown to target the cytochrome
bc1 complex of the parasites (Figure 3) [117,120,122,128–130]. In 2016, Lawres et al. demon-
strated potency of ELQ-271 and ELQ-316 in the short-term ex vivo culture system of B. mi-
croti as well as in the in vivo SCID model of B. microti infection. In B. microti-infected mice,
a seven-day oral administration of 10 mg/kg of ELQ-271 or ELQ-316 resulted in clearance
of parasitemia, followed by recrudescence by day 12 post-drug removal [11]. Due to the
high crystallinity and low aqueous solubility of this class of compounds, which precludes
administration of higher doses, a prodrug of ELQ-316, ELQ-334, was designed by esterifi-
cation of the carbonyl group present in the quinolone core of the molecule [11,115,116,127].
This strategy led to improved aqueous solubility and increased plasma concentration of
the drug following administration of molar equivalents [11,115,116,127]. Administration
of ELQ-334 as a monotherapy at 10 mg/kg in B. microti-infected mice resulted to slightly
extended clearance of parasitemia compared to treatment with ELQ-271 and ELQ-316.
However, re-emerging parasitemia was observed by day 16 post-drug removal. In all cases,
recrudescence was accompanied by a GCT→ GTT mutation in the Qi site of the parasite’s
cytochrome bc1 complex, resulting in an Ala to Val substitution at codon 218 [11]. Since
monotherapy is not the ideal treatment regimen, a combination of ELQ-334 + atovaquone
was evaluated and resulted in complete clearance of parasitemia with no recrudescence
following administration of doses as low as 5 + 5 mg/kg [11]. More recently, Chiu et al.
reported the screening of a new library of ELQ derivatives against B. duncani and identified
three potent ELQ prodrugs: ELQ-331 (IC50 = 141 ± 22 nM), ELQ- 468 (IC50 = 15 ± 1 nM),
and ELQ-502 (IC50 = 6 ± 2 nM). The previously reported ELQ-316 and its prodrug, ELQ-
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334 were also assessed against B. duncani and showed IC50 values of 136 ± 1 nM and
193 ± 66 nM, respectively [57].

Further evaluation of the lead candidate, ELQ-502, showed low toxicity in mammalian
cells, and thus a highly desirable therapeutic index (>833). ELQ-502 was assessed in
B. duncani- and B. microti-infected mice as a single drug (10 mg/kg) and in combination
with atovaquone (10 + 10 mg/kg). Following a 10-day treatment course, both the mono- and
the combination therapies resulted in radical cure with no recrudescence, and in the case
of B. duncani-infected mice, 100% survival [57]. Interestingly, a shorter treatment duration
with ELQ-502 alone at 10 mg/kg in B. microti-infected mice resulted in recrudescence [109].
Similarly to the results obtained following treatment with ELQ-271, ELQ-316, and ELQ-334,
recrudescence following ELQ-502 shorter treatment duration was associated with GCT→
GTT mutation in the Qi site of the BmCytb [109]. Results obtained from the evaluation of
ELQ derivatives are summarized in Table 3.

5. Conclusions and Considerations for Future Drug Development

Human babesiosis is an emerging tick-borne disease of rising incidence and a major
public health concern. The current therapies for the treatment of human babesiosis are
based on drugs already in use against other apicomplexan parasites and tend to be associ-
ated with significant adverse effects and/or the development of drug resistance. Moreover,
the evaluation of these drugs, namely atovaquone, azithromycin, clindamycin, and quinine,
in animal models of babesiosis has raised concerned about their efficacy in achieving
parasite elimination. In light of these findings, the need for novel treatments specifically
designed to tackle Babesia infection becomes apparent. Over the past decades, there has
been a growing effort to develop such therapies. Based on their potency, selectivity, and
ability to eliminate infection with no recrudescence when combined with atovaquone,
endochin-like quinolones (ELQs) appear to be the most promising candidates to advance
the treatment of human babesiosis. With regard to the identification of novel molecules
with potency against human babesiosis, it could be interesting to establish a standardized
protocol for the evaluation of new candidates, in order to facilitate a comparison of results
between different research centers. A consensus protocol agreed upon by members of the
community and one that follows standard methods for efficacy and safety using established
in vitro cell culture assays and in vivo mouse models is warranted.
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Abstract: Continuous propagation of Babesia duncani in vitro in human erythrocytes and the availabil-
ity of a mouse model of B. duncani lethal infection make this parasite an ideal model to study Babesia
biology and pathogenesis. Two culture media, HL-1 and Claycomb, with proprietary formulations
are the only culture media known to support the parasite growth in human erythrocytes; however, the
HL-1 medium has been discontinued and the Claycomb medium is often unavailable leading to major
interruptions in the study of this pathogen. To identify alternative media conditions, we evaluated
the growth of B. duncani in various culture media with well-defined compositions. We report that the
DMEM-F12 culture medium supports the continuous growth of the parasite in human erythrocytes
to levels equal to those achieved in the HL-1 and Claycomb media. We generated new clones of
B. duncani from the parental WA-1 clinical isolate after three consecutive subcloning events in this
medium. All clones showed a multiplication rate in vitro similar to that of the WA-1 parental isolate
and cause fatal infection in C3H/HeJ mice. The culture medium, which can be readily reconstituted
from its individual components, and the tools and resources developed here will facilitate the study
of B. duncani.

Keywords: parasite; babesiosis; Babesia duncani; in vitro culture; erythrocytes; DMEM-F12; virulence

1. Introduction

The rapid emergence of tick-borne disease cases in the United States as well as other
parts of the world poses a great threat to human health, thereby highlighting the need to
develop novel disease diagnosis tools and novel effective therapies to treat the disease as
well as strategic plans to control pathogen transmission [1]. One such disease is human
babesiosis, which is caused by intraerythrocytic apicomplexan parasites of the genus Babesia.
Human babesiosis infections are often asymptomatic or display mild flu-like symptoms in
healthy individuals [2–4]. However, the disease can become severe and fatal in immunocom-
promised, asplenic and elderly individuals, with symptoms ranging from acute respiratory
distress, hemolytic anemia, multiple organ failure and possibly death [2–4].

Several Babesia species have been associated with infection in humans. They include
Babesia microti [5], Babesia duncani [4,6,7], Babesia divergens [8], Babesia divergens MO1 [9],
Babesia crassa-like [10], Babesia venatorum [11] and Babesia odocoilei [12]. B. microti is responsible
for the majority of reported clinical babesiosis cases whereas WA-1 and WA-1-type B. duncani
cases have so far been documented primarily in Washington state and California [3,4,6].

Babesia parasites are transmitted to humans primarily through a bite from an infected
tick or through blood transfusion [3], but transplacental transmission from mother to child
can also occur [3,13].

Babesia spp. are phylogenetically related to Plasmodium spp., the causal agents of hu-
man malaria [14,15]. Both Babesia and Plasmodium spp. are obligate intracellular parasites
with a complex life cycle which involves an invertebrate vector (ticks or mosquitoes) and a
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vertebrate host (humans). The intraerythrocytic life of Babesia parasites starts following in-
vasion of red blood cells (RBCs) by free circulating merozoites. Following cell invasion, each
merozoite develops and multiplies to form four daughter parasites, which subsequently
exit the infected RBC (iRBC) through the process of egress. The egressed merozoites con-
tinue to infect new RBCs and increase their numbers exponentially. The repeated rounds of
invasion and egress into and from the human RBCs (hRBCs) are responsible for the clinical
manifestations of human babesiosis.

Efforts to control the disease through the development of novel therapeutics heavily
rely on understanding the biological processes that control the development of the parasites
within the host RBCs. A recent study has demonstrated the successful establishment of an
in vitro culture system for the propagation of B. duncani in hRBCs [16]. This continuous
in vitro culture system made it possible for the first time to conduct large-scale screening
of chemical libraries to assess the efficacy of novel drugs, as well as to study drug–drug
interactions [17]. In addition to its ability to propagate in human erythrocytes in vitro,
B. duncani can also infect mice and causes lethal infection in both immunocompetent and
immunocompromised animals. The severity of the disease and survival outcome in mice
depends heavily on the genetic background and the infectious dose [18]. A combined
B. duncani continuous in vitro culture in hRBCs and in vivo lethal infection in mice is
referred to as the in culture-in mouse (ICIM) model of duncani infection and represents
an ideal system to study and address several critical questions related to intraerythrocytic
parasitism, host-parasite interactions, parasite virulence and disease pathogenesis [18]. The
ICIM model provides a strong foundation to develop novel therapeutic strategies against
babesiosis as well as diseases caused by other apicomplexan parasites.

The success of establishment of an in vitro culture system of apicomplexan parasites
depends on the nutritional requirements of the parasite. While some parasites can be
propagated in basic cell culture medium such as RPMI (Plasmodium falciparum) or DMEM
(Toxoplasma gondii), others require special medium such as LIT (Trypanosoma cruzi) [19] and
NNN (Leishmania) [20]. Since its inception, the B. duncani continuous in vitro culture system
in hRBCs relied on two commercially manufactured media, HL-1 (Lonza) and Claycomb
(Sigma) [21]. The high cost of these complex media and the frequent shortages, which
were further exacerbated by the COVID-19 pandemic, have significantly impacted the
advancement of Babesia research. Furthermore, the composition of the HL-1 medium is
unknown, and the culture medium has been unavailable since March 2021 and has now
been discontinued by the manufacturer as of March 2022. Whereas the composition of the
Claycomb medium was previously reported [21], the specific source of the base medium is
not known and several protein components, such as growth factors, used as supplements
in the medium are expensive. To overcome all these challenges, this study was conducted
to identify an alternate growth medium that can support the in vitro growth of B. duncani
in human red blood cells. Here we report that DMEM-F12 medium supports continuous
in vitro culture of B. duncani in human red blood cells to levels identical to those achieved
with HL-1 and Claycomb media. The lower cost of this culture medium and the availability
of its constituent formulation, which makes it possible to make it entirely from individual
components in any research lab, now eliminates completely the challenges caused by media
shortages or discontinuations.

2. Results
2.1. DMEM-F12 Medium Supports the In Vitro growth of B. duncani WA-1 in Human RBCs

To identify defined nutritional conditions that could support continuous in vitro
propagation of B. duncani WA-1 clinical isolate in human RBCs, several growth media with
known formulations were tested as base media, including RPMI, DMEM and DMEM-F12
from various sources, and parasite growth was compared to that under Claycomb medium.
All base media were supplemented as indicated in Table 1 to build the complete culture
media. The rate of parasite multiplication was determined by initiating parasite cultures
in different growth media at 0.5% parasitemia in A+ human RBCs (5% hematocrit (HC)
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(day 0)) using a preculture of B. duncani propagated in Claycomb-based medium and
washed extensively in each of the four complete media. The parasitemia was monitored by
light microscopy every third day (day 3, day 6, day 9, day 12 and day 15) and the cultures
were diluted to 0.5% parasitemia on days 3, 6 and 9. Monitoring of parasite counts by light
microscopy showed that B. duncani parasitemia increased to similar levels in Claycomb-
and DMEM-F12-based media on days 3, 6, 9, 12 and 15 (Figure 1A). However, in both RPMI-
or DMEM-based complete media, B. duncani parasitemia showed modest increase during
the first cycle of continuous growth ending on day 3 post-inoculation but no significant
increase was detected during the following cycles ending on day 6, day 9, day 12 and day 15
(Figure 1A). Parasite morphology was identical in both DMEM-F12- and Claycomb-based
media with all developmental stages represented under both growth conditions (Figure 1B).
The proportion of infected red blood cells with rings, double rings, filamentous forms
and tetrads throughout the intraerythrocytic cycle was comparable in both media with
no significant differences (p ≥ 0.99, two-way ANOVA) observed between the different
developmental stages in the two media (Figure 1C).

Table 1. Constituents of the culture media that support continuous growth of B. duncani in human
RBCs in vitro.

Complete Claycomb
Medium

Complete
DMEM-F12 Medium

Complete HL-1
Medium

Base Medium
Claycomb Medium

(Sigma: Cat. No.:
51800C)

DMEM-F12 Medium
(Lonza: Cal. No.:
BE04-687F/U1)

HL-1 Medium
(LonzaTM:

Discontinued)
20% Fetal Bovine Serum (Heat Inactivated)

(Gibco, Cat. No.: 10438-026)
1× of HT media supplement (50×)

(Sigma, Cat. No.: H0137-10VL)

Supplements 1× of L-Glutamine (200 mM; 100×)
(Gibco, Cat. No.: 25030-081)

1× of Antimycotic-Antibiotic (100×)
(Gibco, Cat. No.: 15240-062)

1× of Gentamicin (10 mg/mL; 100×)
(Gibco, Cat. No.: 15710-072)
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over a 15-day period in human RBCs with culture dilution at day 3, day 6 and day 9. Arrows
(D) indicate when cultures were diluted to 0.5% parasitemia as determined by counting of Giemsa-
stained blood smears. A total of 2500–3500 RBCs were counted. (B) Representative images of
Giemsa-stained smears of B. duncani WA-1 infected human erythrocytes on day 15 in DMEM-F12 or
Claycomb media showing different infection forms. R, rings; DR, double rings; FF, filamentous forms,
T, tetrads. (C) Graph represents percentages of different parasite development stages as identified
in DMEM-F12 or Claycomb media. Data presented as mean ± SD of two independent experiments
performed in biological duplicates. No significant differences (p ≥ 0.99, two-way ANOVA) were
observed between the different developmental stages in the two media.

2.2. Derivation of New Lines of B. duncani WA-1 Clinical Isolate

The B. duncani WA-1 clinical isolate was cryopreserved from blood collected in 1991
from a patient from Washington state [22]. The sample was found to be highly virulent
following inoculation into hamsters and caused acute infection and death in animals [23].
WA-1 was subsequently used to inoculate both hamsters and mice to study the immune
response to B. duncani as well as to grow the parasite in vitro in human or hamster red
blood cells. To ensure the clonality of the parasite, we conducted three consecutive limiting
dilution cloning of the WA-1 isolate in the DMEM-F12-based complete culture medium
as shown in Figure 2. Each dilution cloning was conducted in a 96-well plate format
with 0.3 infected red blood cell per well at 5% HC. Culture medium was changed every
third day and the parasitemia was monitored after 14 days by light microscopy of Giemsa-
stained blood smears. Six individual clones were isolated in the first round of cloning,
three of which were subjected to the second round of limiting dilution cloning. Three
individual clones were isolated in the second round of cloning and were subjected to
a third round of limiting dilution cloning. The last three clones isolated are referred to
as BdWA1-301, BdWA1-302 and BdWA1-303. Comparison of growth kinetics in DMEM-
F12-based medium showed that all clones have similar growth patterns in vitro in hRBCs
compared to the BdWA-1 parental isolate as determined by parasitemia count determined
by light microscopy (Figure 2B) or by increased incorporation of SYBR Green in parasite
DNA (Figure 2C). No significant differences were found in the parasitemia counts by
microscopy (p ≥ 0.1, two-way ANOVA) or by SYBR Green I incorporation (p ≥ 0.6, two-
way ANOVA) between B. duncani parental isolate and three GenIII clones. Additionally, an
immunofluorescence assay performed to localize a predicted heat shock protein, BdHSP70
(ID#: BdWA1_001707), using affinity-purified antisera showed that the localization of
this protein in all three clones follows the same pattern as the parental clone, indicating
that there are no major differences in the protein expression between these clonal lines
(Figure 3A).

2.3. New B. duncani Clones Are Virulent in Mice

Our recent work on the B. duncani ICIM model demonstrated the infectivity of in vitro
cultured parental BdWA-1 clinical isolate when inoculated into mice [18]. To assess whether
the newly cloned BdWA1-301, BdWA1-302 and BdWA1-303 parasites are still virulent in
mice, the parasites were propagated in vitro in human red blood cells and injected by the
intravenous (IV) route into female C3H/HeJ mice (n = 3/clone). Parasitemia was monitored
by determining parasite counts in Giemsa-stained thin blood smears made from blood
collected from infected mice. As shown in Figure 3B, all three clones led to establishment
of parasitemia in mice starting at DPI3 demonstrating the infectivity of all third generation
B. duncani clones. Peak parasitemia in all mice ranged between 3.6% and 5.2% at DPI 7 at
which point all mice became moribund and were euthanized. No significant differences
between the parasitemia levels were observed (p > 0.2, two-way ANOVA) between the
different infected groups.
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Figure 2. Limiting dilution cloning of B. duncani parental isolate and growth comparison of triple
cloned and in vitro cultured B. duncani WA-1 clones to parental isolate. (A) Schematic representation
of limiting dilution cloning of B. duncani WA-1 parasites. The parental clinical B. duncani WA-1
parasite was subcloned by three consecutive limiting dilution steps to produce first, second and
third generation clones. (B,C) Multiplication rate of BdWA1-301, BdWA-2 and BdWA-3 clones
in human RBCs in DMEM-F12-based complete culture medium. The multiplication rate of the
third generation clones was compared to that of the parental BdWA-1 strain and determined by
microscopic examination of Giemsa-stained smears from samples collected at the indicated time
points (B) and using the SYBR Green I incorporation assay (C). The data represent mean ± SD of
biological duplicates. No significant differences were found in the parasitemia counts by microscopy
(p ≥ 0.1, two-way ANOVA) or by SYBR Green I incorporation (p ≥ 0.6, two-way ANOVA) between
B. duncani parental isolate and three GenIII clones.
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maintain virulence in in vivo mouse model. (A) Subcellular localization of a putative BdHSP70 (ID#:
BdWA1_001707) protein of B. duncani in the parental isolate and third generation clones. Images
show immunofluorescence staining of BdHSP70 protein with polyclonal antibodies raised against the
protein in rabbits followed by Alexa Fluor 488 conjugated anti-rabbit immunoglobulin secondary
antibodies on fixed human RBCs infected with either BdWA-1 or third generation clones BdWA1-301,
BdWA1-302 and BdWA1-303. DAPI was used to label parasite DNA. Human RBCs were stained
with an anti-BandIII antibody followed by Rhodamine conjugated anti-human secondary antibody.
Bars, 5 µm. (B) Evaluation of the virulence of third generation BdWA1-301, BdWA-2 and BdWA-3
clones in C3H/HeJ mice (three mice per clone) following intravenous administration of 107 infected
human RBCs. The multiplication rate of the third generation clones was determined by microscopic
examination of Giemsa-stained smears of mouse blood collected at the indicated time points and
no significant differences between the parasitemia levels were observed (p > 0.2, two-way ANOVA)
between the different infected groups. E, euthanized.

3. Discussion

In this short communication, we report the identification of DMEM-F12-based culture
medium as an alternative growth medium for continuous propagation of B. duncani in
human red blood cells. No parasite adaptation was required when shifting the parasite
from Claycomb or HL1-based media to DMEM-F12. Furthermore, we have now success-
fully propagated B. duncani in continuous in vitro culture in human red blood cells in
this medium for several months. The discovery of the DMEM-F12 medium will help the
Babesia research community overcome the major challenges faced over the past several
years as a result of frequent shortages by the manufacturers of the HL-1 and Claycomb
media. These two media were first reported to be suitable for propagation of the parasite
in human and hamster red blood cells in vitro [16,24]. However, their specific constituents
were not disclosed by the manufacturers. While media shortages were common before
the COVID-19 pandemic, the situation worsened during the pandemic with backorders
for both media announced for several months. To add “insult to injury”, one of the manu-
facturers announced discontinuation of the HL-1 medium. Faced with these challenges,
we scrambled to reconstitute the Claycomb medium from the constituents reported in the
original report by Claycomb and colleagues for propagation of human HL-1 cardiomy-
ocytes [21,25]. This growth condition uses DMEM as a base medium supplemented with
proteins and lipids; however, the specific DMEM used was not indicated [21]. When
reconstituted based on reported formulation and using different commercially available
DMEM media, no growth of B. duncani could be achieved in culture. Interestingly, we found
that DMEM-F12-based culture medium, without the supplements used in the Claycomb
media, was sufficient to support the continuous growth of B. duncani in hRBCs. This find-
ing suggests that B. duncani relies on specific nutrients from its environment for survival
within human red blood cells and some of these nutrients are present in the DMEM-F12
but not the standard DMEM medium. Analysis of the components of these two media
identified several nutrients that are present in DMEM-F12 but absent in DMEM. These
include six amino acids (alanine, asparagine, aspartic acid, cysteine, glutamic acid and
proline), two vitamins (biotin and cobalamin) and four inorganic salts (cupric sulfate, ferric
sulfate, magnesium chloride and zinc sulfate) as well as hypoxanthine, thymidine, linoleic
acid, lipoic acid and putrescine. A new study is now underway to determine which of
these nutrients is critical for B. duncani survival in human red blood cells. The reliance of
B. duncani on host nutrients for survival is shared with other intraerythrocytic parasites
such as the human malaria parasite P. falciparum [26,27]. The malaria parasite relies heavily
on a large number of nutrients such as carbohydrates, lipid precursors and vitamins for
survival within human erythrocytes. The transporters and metabolic enzymes involved
in the uptake and utilization of these nutrients are considered attractive targets for the
development of new antimalarial drugs [26,28–31]. Future efforts to identify the nutrients
required for Babesia survival in human erythrocytes and to understand their mechanism of
uptake and utilization are warranted.
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The discovery that DMEM-F12 supports the continuous growth of B. duncani in vitro
is also important for two other reasons. First, DMEM-F12 is more affordable than the HL-1
and Claycomb media. Second, the availability of a detailed composition of the DMEM-F12
medium makes it possible to reconstitute it entirely from individual constituents in any
research lab thus preventing any possible disruptions that could occur in the future due to
manufacturers’ shortages or discontinuations.

Finally, we report the isolation of three third generation clones of B. duncani from the WA-
1 clinical isolate. These clones represent an important resource for the scientific community
as more scientists become interested in the biology, pathogenesis and virulence of Babesia
parasites. The ability of B. duncani to grow continuously in vitro in human red blood cells
and to cause severe disease and fatal infection in mice (ICIM model [18]) is unique among
apicomplexan parasites that infect human red blood cells and creates an unprecedented
opportunity to evaluate the efficacy of experimental drugs in vitro and in mice to accelerate
research towards the development of effective antiparasitic therapies [3,17,18].

The tools and resources reported in this communication are available to the re-
search community through direct requests and will be shared with BEI Resources for
wider distribution.

4. Materials and Methods
4.1. In Vitro Parasite Culture of B. duncani WA-1 in Different Growth Media

B. duncani parasites were cultured in vitro as reported previously [16]. Parasite growth
was monitored and evaluated in the following media: DMEM (Thermo Fisher, 11995-065,
Waltham, MA, USA), DMEM-F12 (Lonza, BE04-687/U1, Basel, Switzerland), RPMI (Thermo
Fisher, 11875-093) and Claycomb (Sigma, 51800C, Grand Island, NY, USA). All media were
supplemented with 20% heat-inactivated FBS (Gibco, 10438-026, Waltham, MA, USA),
1× of 50× HT Media Supplement Hybrid-Max TM (Sigma, H0137), 1× of 100× (200 mM)
L-Glutamine (Gibco, 25030-081), 1× of 100× Antibiotic-Antimycotic (Gibco, 15240-062) and
1× of 100× (10 mg/mL) Gentamicin (Gibco, 15710-072).

4.2. In Vitro Culture of B. duncani in Human RBCs

In vitro propagation of B. duncani in hRBCs was carried out as previously reported
by Abraham et al. [16] and Chiu et al. [17]. Parasitemia was monitored either by light
microscopy examination of Giemsa-stained blood smears or by fluorescence detection of
SYBR Green I [16].

4.3. Cloning of B. duncani WA-1 Clinical Isolate

In vitro culture of B. duncani WA-1 clinical isolate was initiated in A+ human RBCs
in DMEM-F12 medium at 0.5% parasitemia and 5% hematocrit (HC). The parasites were
allowed to grow for 2 days and the parasitemia was measured by Giemsa-stained blood
smears on day 2. The culture was serially diluted to obtain 30 parasites in 20 mL volume
at 5% HC. Then, 200 µL of this parasite suspension was plated per well of a 96-well
plate. This GenI cloning plate was subjected to medium change on every third day. To
determine which wells of the 96-well plate contain parasites, the parasitemia estimation was
performed using SYBR Green-I based fluorescence assay on day 14. Then, 25 µL of culture
per well of the 96-well plate was mixed with 25 µL of SYBR Green-I lysis buffer consisting
of 20 mM Tris, pH 7.4, 5 mM EDTA, 0.008% saponin, 0.08% Triton X-100 and 1X SYBR
Green-I (Molecular Probes, 10,000X solution in DMSO, Eugene, OR, USA). Additionally,
the uninfected human RBCs (5% HC, 25 µL volume) were used as a negative control. The
SYBR Green-I measurement plates were incubated in dark at 37 ◦C for 1 h. Following
this, the plates were read on a BioTek Synergy MX fluorescence plate reader with an
excitation of 497 nm and emission of 520 nm. Using readings from uninfected human RBC
as a background, the readings for different wells of GenI cloning plate were calculated
to determine which wells of the 96-well plate contained parasites (higher SYBR Green-I
readings in comparison to the negative control). After identification of the wells containing
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parasite clones, Giemsa smears were prepared from the same wells and observed under
light microscopy to confirm the presence of the parasites. Following this, six GenI B. duncani
clones were picked and expanded to 1 mL cultures. The clones were allowed to grow to
a parasitemia of 2%. Three out of six clones were chosen to perform a second round of
limiting dilution cloning using the same steps as described above for GenI cloning. On
the 14th day, the GenII clonal plates were screened for parasites using SYBR Green-I based
assay. Three Gen II clones were picked, expanded to 1 mL cultures and allowed to grow to
2% parasitemia. Finally, these three GenII clones were subjected to a final third round of
limiting dilution cloning and three GenIII clones were obtained after day 14. These three
GenIII clones were named as BdWA1-301, BdWA1-302 and BdWA1-303.

4.4. Comparison of In Vitro growth of B. duncani WA-1 and Clonal Lines BdWA1-301,
BdWA1-302 and BdWA1-303

In vitro cultures of BdWA-1, BdWA1-301, BdWA1-302 and BdWA1-303 parasites were
initiated in A+ human RBCs in DMEM-F12 medium at 0.75% parasitemia and 5% HC. The
parasites were allowed to grow for 6 days, and the media was changed after every 24 h.
The parasitemia was measured by SYBR Green I based assay as well as counting of Giemsa-
stained blood smears on day 2, day 4 and day 6. Data were analyzed using Graphpad Prism
version 9.3.1 software. Error bar represents mean ± SD of two independent experiments
performed in biological duplicates.

4.5. Immunofluorescence Assay

Thin blood smears from in vitro cultures of BdWA1-301, BdWA1-302, BdWA1-303
and Bd WA-1 parental isolate were prepared on glass slides (640-001T, DOT Scientific,
Tokyo, Japan) and fixed with chilled methanol (9070-05, JT Baker) for 15 min at −20 ◦C.
The smears were air-dried and blocked in 3% BSA in PBS buffer (A9418, Sigma) for 1 h
at room temperature. Following this, the smears were incubated with rabbit polyclonal
anti-HSP70 (BdWA1_001707) antibodies (1:200 dilution) and mouse monoclonal anti-Band3
antibody (1:500) (Sigma, B9277) for 1 h at room temperature. This was followed by three
washes in 1X PBS containing 0.05% Tween (PBST) and three washes in 1X PBS, 5 min each.
Subsequently, the smears were incubated with goat anti-rabbit IgG antibodies conjugated
to Alexa Fluor 488 (1:500 dilution) (A-11008, Life Technologies) and goat anti-mouse IgG
(H+L) antibodies conjugated to Rhodamine (1:500 dilution) (31660, Invitrogen, Waltham,
MA, USA) for 1 h at room temperature. This was followed by three washes in 1X PBST
and three washes in 1X PBS. Coverslips were then mounted on the slides using Vectashield
mounting medium containing DAPI (H-1200-10, Vector Laboratories, Burlingame, CA,
USA) and observed under Nikon ECLIPSE TE2000-E microscope. A 100X oil immersion
objective was used for image acquisition. Excitation at 465–495 nm was used to detect
Alexa Fluor 488 positive cells; excitation at 510–560 nm was used to detect Rhodamine
positive cells and excitation at 340–380 nm was used to detect DAPI positive cells. The
images were acquired using MetaVue with 1392 × 1040 pixel as the chosen image size and
subsequently analyzed using ImageJ.

4.6. Ethics Statement

All animal experiments were approved by the Institutional Animal Care and Use
Committees (IACUC) at Yale University (Protocol #2020-07689). Animals were acclimatized
for 1 week after arrival before the start of an experiment. Animals that showed signs of
distress or appeared moribund were humanly euthanized using approved protocols.

4.7. Virulence Assays in Mice

To assess the virulence of third generation B. duncani clones, 6-to-8-week-old female
C3H/HeJ mice (The Jackson Laboratories, Bar Harbor, ME, USA) were inoculated with
1 × 107 iRBC of BdWA1-301, BdWA1-302 or BdWA1-303 (n = 3/clone) by the IV route.
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Parasitemia was monitored over time by light microscopic examination of Giemsa-stained
blood smears. Moribund mice were humanely euthanized.
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Abstract: Human babesiosis caused by the intraerythrocytic apicomplexan Babesia microti is an
expanding tick-borne zoonotic disease that may cause severe symptoms and death in elderly or
immunocompromised individuals. In light of an increasing resistance of B. microti to drugs, there
is a lack of therapeutic alternatives. Species-specific proteases are essential for parasite survival
and possible chemotherapeutic targets. However, the repertoire of proteases in B. microti remains
poorly investigated. Herein, we employed several combined bioinformatics tools and strategies to
organize and identify genes encoding for the full repertoire of proteases in the B. microti genome. We
identified 64 active proteases and 25 nonactive protease homologs. These proteases can be classified
into cysteine (n = 28), serine (n = 21), threonine (n = 14), asparagine (n = 7), and metallopeptidases
(n = 19), which, in turn, are assigned to a total of 38 peptidase families. Comparative studies between
the repertoire of B. bovis and B. microti proteases revealed differences among sensu stricto and sensu
lato Babesia parasites that reflect their distinct evolutionary history. Overall, this data may help direct
future research towards our understanding of the biology and pathogenicity of Babesia parasites and
to explore proteases as targets for developing novel therapeutic interventions.

Keywords: human babesiosis; Babesia microti; therapeutic drugs; peptidases

1. Introduction

Human babesiosis caused by Babesia microti is a malaria-like tick-borne zoonotic dis-
ease, first described in the 1950s in the USA, with an increasing number of cases reported
ever since in this and other countries around the world [1]. Infections proceed asymp-
tomatic or are accompanied by mild or moderate signs in immunocompetent patients but
often lead to severe disease and even death in neonates and the elderly or immunocompro-
mised adults [2].

Some wild rodents act as natural reservoirs of B. microti, where the parasite is transmit-
ted both by bites of Ixodes sp. ticks, as well as transplacentally [3,4]. Humans are dead-end
hosts and suffer accidental infections mainly through tick bites. Transplacental and blood
transfusion-related transmissions have also been documented [1,5,6].

Currently, there is no specific therapy for B. microti human babesiosis [7]. The recom-
mended therapeutic drugs to treat B. microti infections are azithromycin plus atovaquone
as the first choice or a combination of clindamycin and quinine as an alternative [7,8].
However, the reported appearance of B. microti parasites resistant to the first two drugs
in chronically infected patients and the negative side effects of the latter two call for
the development of alternative therapeutic strategies and increased investments in this
field [2,7–10].
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B. microti belongs to the Apicomplexa phylum and, as such, has a mandatory parasitic
lifestyle that alternates between its definitive tick host and its intermediate mammalian
hosts. Complex physiological processes and molecular interactions between the pathogen
and host are needed for invasion, egress, parasite development in the tick stages, and
migration processes that lead to the completion of the parasite life cycle and its efficient
perpetuation and dissemination. Among the molecules involved in these events, parasite
proteases, i.e., enzymes that catalyze proteolytic cleavages, are bound to be of paramount
importance [2,11,12].

Indeed, proteases of the model Apicomplexan protozoans Toxoplasma gondii and
Plasmodium falciparum have been shown to participate in several essential physiological
processes, including nutrient acquisition and processing, invasion and egress from host
cells, protein recycling, posttranslational processing, and signal transduction, among
others [13–15]. Due to their vital roles and the fact that they show low or no identity with
host-encoded peptidases, parasite proteases have been proposed as potential drug targets
and/or vaccine candidates [16–20]. In the case of Babesia spp., the importance of peptidases
for parasite survival and their potential as therapeutic targets are highlighted by several
studies showing that different protease inhibitors significantly impede parasite growth
in vitro and/or in vivo [21–25].

The present study aims to shortlist the proteases encoded in the B. microti genome
by organizing the information available in the MEROPS protease database, as well as
identifying additional peptidases by homology searches for paralogs within the B. microti
genome and orthologs of previously described active proteases of B. bovis [26]. We also
tested the hypothesis that the repertoires of functional proteases encoded in the genomes
of B. bovis and B. microti differ, possibly due to the peculiarities displayed in their life cycles
and their different phylogenetic placements [27,28]. The information recorded in this study
can be applied to future research aimed at understanding the biology of this emergent
pathogen and designing new therapeutic interventions.

2. Results and Discussion
2.1. Survey of B. microti Proteases

The present study shows that the B. microti genome encodes for at least 64 active
proteases and 25 non active protease homologs. These proteases belong to the cysteine
(n = 28), serine (n = 21), threonine (n = 14), aspartic (n = 7), and metallopeptidase (n = 19)
types, which, in turn, are assigned to a total of 38 peptidase families (Table 1).

The classification into peptidase types refers to the nature of the nucleophile in the
hydrolytic reaction, which can be the thiol of a cysteine in cysteine peptidases, the hydroxyl
of a serine, or a threonine residue in serine and threonine peptidases, respectively, or water
bound to aspartic acid or to a metal ion in aspartic and metallopeptidases, respectively.
An additional protease group has been described, the glutamic peptidases, in which the
nucleophile is water bound to a glutamic acid residue, but these enzymes are absent in
Apicomplexan protozoa. Peptidases of each type are assigned into families according
to sequence similarities. Non active protease homologs are characterized by bearing a
conserved protease domain but lacking in the active site one or more of the critical amino
acids needed for catalysis [29].
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Twenty of the proteases presented in this study are not included in the MEROPS
database and were identified by homology searches. In addition, five of the proteases listed
in Table 1 presented duplicated MEROPS entries, likely because of the use of different
sources of peptide sequences in this database (Table 1). On the other hand, a number of B.
microti proteases have been annotated in GenBank as hypothetical proteins, uncharacterized
proteins, or following the designation of another conserved domain also present in the
sequences, and they are, thus, not identifiable by searches using keywords such as protease
or peptidase. Importantly, despite the exhaustive search carried out to produce the list
presented in Table 1, the presence of additional protease-coding genes in the B. microti
genome that passed inadvertently in this study cannot be ruled out. In addition, it should
be noted that the predicted catalytic activity for some threonine proteases (Table 1) could
not be determined beyond doubt and needs to be confirmed experimentally.

All of the listed active and non active proteases are transcribed in B. microti merozoites,
suggesting they likely fulfill a relevant functional role in this parasite stage [30]. In addition,
17 active and non active proteases were identified in the proteomic profile of B. microti
during the acute infection of a hamster model (Table 1) [31]. Proteases that remained
undetected might be expressed in low amounts at the intraerythrocytic stage or bear
physicochemical characteristics that preclude detection by the experimental approach
employed in this study [31].

Localization predictor algorithms located most of the identified proteases in the cy-
toplasm. Four proteases were predicted as extracellular and six as lysosomal. The latter
might reach the extracellular milieu by the fusion of vacuoles with the plasma membrane,
as has been shown for Tetrahymena thermophila, a free-living protozoon belonging together
with Apicomplexa to Alveolata. However, this mechanism has not been demonstrated for
Babesia spp. [32]. Other predicted locations include the nucleus, the mitochondria, a plastid
(which would correspond to the apicoplast, in this case), the plasma membrane, the en-
doplasmic reticulum, the Golgi apparatus, and the peroxisomes (Supplementary Table S3).
Importantly, these predictions are only tentative until they have been experimentally con-
firmed. Additionally, the used algorithm is not able to predict the location of proteases in
Apicomplexa-specific secretory organelles, such as rhoptries and micronemes, where the
trafficking of proteases has been shown to occur in Plasmodium and Toxoplasma [33].

2.2. Aspartic Proteases

Seven aspartic proteases were found in the B. microti-predicted proteome, all of which
bear the aspartate and, in the case of the A1 family, also the phenylalanine or tyrosine
residues in their active sites, needed to display catalytic activity (Table 1).

Interestingly, a recent transcriptomics study involving four of the five A1 aspartic
protease genes of B. microti showed stage-associated expression for two of them. Thus,
while BmR1_01G02485 (encoding cathepsin E-B or ASP2) displayed higher expression
in mouse blood intraerythrocytic stages than in the stages present in I. ricinus gut or
salivary glands, the opposite was true for BmR1_03g03850 (encoding ASP6). These results
suggest a role for ASP2 in processes connected to the asexual reproduction of the parasite
and/or gametocyte formation and, for ASP6, in zygote and/or kinete development, kinete
dissemination in tick tissues, including salivary glands, and sporogony. For the other
two studied A1 aspartic protease-encoding genes, BmR1_04g07350 and BmR1_04g05270,
corresponding to ASP3 and ASP5, respectively, expression was similar in the three stages,
suggesting a role in invasion both of erythrocytes and tick cells or in other cellular processes
such as secretion or the trafficking of proteins [34].
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Aspartic proteases have been proposed as chemotherapeutic targets against B. microti.
Indeed, the aspartic protease inhibitors Lopinavir and Atazanavir, which are well-tolerated
drugs used in HIV patients, were shown to be potent suppressors of B. microti infection
in vitro, as well as in vivo, in a mouse model [24]. It is unknown which parasite aspartic
protease is affected by these inhibitors, but one candidate is the signal peptide peptidase
(SPP, XP_021338622), which has a critical role in the maintenance of the homeostasis of
the endoplasmic reticulum. Consistent with this view, in the case of P. falciparum, these
inhibitors were effective in blocking SPP activity and in vitro parasite growth [24,35].
Notably, B. microti and Plasmodium sp. SPP proteins are orthologous (results not shown)
but do not have a counterpart in B. bovis (Supplementary Table S4) or any other Babesia sp.
(not shown).

Hemoglobin is certainly the main protein source available for the nutrition of intraery-
throcytic parasites. The sequential steps for hemoglobin degradation by Plasmodium sp.,
as described by Guzman et al. 1994 [36], start with the unwinding of the molecule and
partial digestion by aspartic proteases, followed by cysteine protease cleavage, which
yields protein fragments that are finally degraded by exopeptidases, generating free amino
acids useful for parasite nutrition. In Plasmodium sp., the first part of this process takes
place in the food vacuole and involves the aspartic proteases Plasmepsins I-IV and is then
followed by the action of papain-like cysteine proteases in the erythrocyte cytoplasm [37].
There is no evidence that a food vacuole is present in B. microti, and consistent with its
absence, Plasmepsins I-IV homologs cannot be found in this parasite. The lack of these
enzymes has been used as an argument to postulate that B. microti is not able to degrade
hemoglobin [38]. However, it may be hypothesized that other B. microti aspartyl proteases
of the A1 family (Table 1), likely secreted to the erythrocyte cytoplasm, are able to initiate
hemoglobin degradation, such as pepsin A (XP_021337801), predicted to have a signal
peptide and, thus, be exported to the erythrocyte cytoplasm (Supplementary Table S3).
To find out whether this is the case or there is an alternative protein source available
for the nutrition of the intraerythrocytic trophozoite and merozoite stages would need
experimental exploration.

2.3. Cysteine Proteases

Cysteine proteinases are involved in the essential biological roles of Apicomplexan
parasites [13,39,40]. They are present in B. microti with at least 27 members, of which 18 are
predicted to be catalytically active (Table 1).

In P. falciparum, the papain-like falcipain-2 and falcipain-3 peptidases of the C1A
family have attracted the most attention among cysteine proteases as potential therapeutic
targets against malaria [41]. As mentioned above, these enzymes participate in hemoglobin
degradation in the intraerythrocytic stage of the parasite, and, in addition, falcipain-2
has been shown to cleave erythrocyte cytoskeletal proteins during egress from the host
cell [42,43]. Falcipain-2 orthologs have been characterized in B. bovis, B. bigemina, and B.
ovis and have been named bovipain-2, babesipain, and ovipain-2, respectively. Similar to
their P. falciparum counterpart, they are expressed inside merozoites and also released to
the erythrocyte cytoplasm, consistent with the dual role described for falcipain-2 [44–47].
The significant impairment of the in vitro growth of B. ovis and B. bovis merozoites by
antibodies against ovipain-2 and a papain-like C1A cysteine protease, respectively, indicate
a relevant role of this type of enzymes in the propagation of the asexual stages of Babesia
spp. [47,48].
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The B. microti ortholog of falcipain-2 (XP_012650559) has four paralogs (three active
proteases and one non-protease homolog), one of which is 100% identical (XP_012650562;
Table 1). The corresponding genes for these two identical proteins are located on the same
strand of chromosome 3, separated by a ~5 kb intergenic region, where two unrelated
genes are found in the opposite strand. Predictor algorithms localized XP_012650559
and XP_012650562, either within lysosomes or other vacuoles or secreted through a non
classical pathway (Supplementary Table S3). This predicted localization agrees well with
that described for their counterparts in B. bovis, B. bigemina, and B. ovis [44–48]. In a recent
study, an enzymatically active recombinant form of B. microti XP_012650559 (rBmCYP) was
expressed in E. coli. The activity of rBmCYP against a fluorescent peptide was significantly
inhibited by recombinant forms of the cysteine protease inhibitors cystatins 1 and 2 of
Riphicephalus haemaphysaloides ticks [49]. Although R. haemaphysaloides is not a typical B.
microti-transmitting tick, it has been suggested as a potential vector for this parasite in
China [50]. These results coincide with the inhibition exerted by R. microplus cystatins on
a B. bovis C1A cysteine protease and suggest the involvement of these enzymes in tick
host–pathogen interactions [51]

Interestingly, the phylogenetic analysis of C1A cysteine protease paralog profiles of
piroplasmids of the Babesia, Theileria and Cytauxzoon genera corroborates the assignment of
analyzed species into Clades I–VI according to their 18S rRNA gene sequences [27,52].

2.4. Serine Proteases

At least thirteen functional serine proteases and eight non functional protease ho-
mologs belonging to nine families are encoded in the B. microti genome (Table 1).

A prominent group of serine proteases is constituted by the S54 family, which consists
of rhomboid proteases (ROMs). ROMs were first described in Drosophila melanogaster
and later shown to be present in all kingdoms of life, fulfilling various relevant roles,
including cell signaling in animals, quorum sensing in bacteria, homeostasis regulation
in mitochondria, and the dismantling of adhesion complexes in apicomplexan protozoa.
They are characterized by having six to seven transmembrane domains and their active
site embedded in the lipid bilayer [53,54].

ROMs have been thoroughly studied in the apicomplexans Toxoplasma gondii and
Plasmodium spp. The former encodes ROM1–6, according to the nomenclature defined by
Dowse and Soldati, 2005 [55], all of which have, with exception of ROM2, homologs in P.
falciparum. The latter parasite has four additional ROMs that are not present in T. gondii,
designated ROM7–10 [56,57]. T. gondii and Plasmodium sp. ROM4 proteases were shown
to cleave parasite adhesins, thus dismantling the adhesive junctions formed between the
membranes of the host and parasite, a process needed for parasite internalization into the
host cell [53,57]. Due to their critical role in invasion, ROMs are regarded as potential targets
for therapeutic interventions against apicomplexans [58]. Indeed, two ROM4 inhibitors
were shown to specifically block the P. falciparum invasion of human erythrocytes [59].
Additionally, experimental vaccine formulations based on T. gondii and Emeria tenella ROM4
were able to partially protect mice and chickens, respectively, against challenges [20,60].

In a recent study, ROM-coding genes were identified in the genomes of several piro-
plasmids and shown to belong exclusively to the ROM4, ROM6, ROM7, and ROM8 types.
While the latter three were always present in a single copy, two to five ROM4 paralogs could
be found depending on the piroplasmid lineage analyzed [61]. B. microti has two ROM4
paralogs, one of which (XP_021338238) has been misannotated as “ROM3” in GenBank
(Table 1). ROM4 proteinases are found exclusively throughout the phylum Apicomplexa,
which is consistent with their predicted role in invasion of the host cell, a critical mecha-
nism for these obligate parasites [56]. ROM6, on the other hand, is the only piroplasmid
rhomboid not exclusive to apicomplexans and has been shown to participate in various
processes, including mitochondrial homeostasis, apoptosis, and the electron transport
chain [62]. Accordingly, a mitochondrial localization was predicted for B. microti ROM6
(XP_021338360; Supplementary Table S3). B. microti ROM7 (XP_012650510) and ROM8
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(XP_021338098) were predicted to localize in the membranes of the endoplasmic reticulum
and the Golgi apparatus, respectively (Supplementary Table S3). These two types of ROMs
are present in Plasmodium sp. and piroplasmids but not in other apicomplexans. Their
functions are unknown but could be related to processes shared by all Aconoidasida, such
as those that take place during the intraerythrocytic stage [61]. Finally, three members of
the “derlin” subfamily were found in B. microti (Table 1). Derlins are catalytically inac-
tive members of the Rhomboid Superfamily and were first described in yeast and later
found in mammals and other organisms. Their function is still unclear, but it has been
suggested that they could be part of a channel through which misfolded proteins are retro-
translocated from the endoplasmic reticulum to the cytoplasm prior to their ubiquitination
and degradation [63].

Notably, for B. bovis, one of the ROM-encoding genes (XP_001610128) was found
to be significantly higher expressed in the parasite stages present in the hemolymph of
Rhipicephalus microplus ticks as compared to the stages present in bovine blood, suggesting
that the role of this protease is mostly associated with the development of the parasite
in the tick [64]. It remains to be analyzed whether a similar scenario takes place for the
corresponding orthologs in B. microti and other piroplasmids.

In an early study, the serine protease activity of B. bovis merozoite homogenates
was found to be higher in two virulent than in two avirulent strains from Australia, and
thus, these proteases were postulated as virulence determinants [65]. However, in a later
study, all the genes encoding for active proteases (n = 66) were shown to be present and
transcribed to similar levels in the asexual blood stages of a B. bovis virulent parental
strain and an attenuated strain, obtained by successive blood passages in splenectomized
bovines [26]. These data suggest that the virulent/attenuated phenotype in this parasite is
not related to a different peptidase gene content or to changes in the transcriptional levels
of any peptidase-coding gene. To establish whether or not parasite serine or other types
of proteases are virulence determinants in Babesia spp. will need further experimental
evidence, but in any case, their relevance for pathogenicity is based on the vital role they
probably fulfill in the parasitic lifestyle.

2.5. Metalloproteases

Metalloproteases contain a metal ion at their active site, which acts as a catalyst in the
hydrolysis of peptide bonds, and are represented by at least 17 active and two non active
protease homologs in B. microti (Table 1) [29].

Among them, methionine aminopeptidases (MAPs), which are present with four
members in B. microti (M24A family, Table 1), take care of the N-terminal methionine
excision from polypeptides, general metabolism of amino acids and proteins, and regulation
processes that imply the activation and inactivation of biologically active peptides [66].
Inhibitors of MAPs significantly reduced the in vitro growth of P. falciparum, B. bovis, B.
bigemina, B. caballi, and T. equi, highlighting a relevant role of MAPs in the survival of these
parasites [23,67]. Moreover, B. microti-infected mice treated with MAP inhibitors reached
significantly lower parasitemia levels than untreated mice [23]. Additionally, one of the B.
microti MAPs (XP_012649271) was tested in mice as a potential vaccine candidate for human
babesiosis. Immunization with an E. coli-expressed recombinant form of this MAP induced
a Th1 immune response characterized by IgG2a antibody titers and IFN-γ production, and
provided partial protection against the challenge with B. microti [68]. Although the number
of boosters and protein amounts needed to achieve this effect would not be practical to
apply in humans, these results suggest a potential usefulness of MAPs in future vaccine
formulations against B. microti.
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2.6. Threonine Proteases and the Proteasome

The proteasome is a cylindrically shaped large complex of proteins in charge of
degrading intracellular proteins destined for destruction that have been tagged with polyu-
biquitin chains, thereby controlling many cellular processes, such as cell cycle progression
and cell signaling [69,70]. All B. microti threonine proteases are proteasome constituents
(seven alpha and seven beta 20S proteasome subunits, Table 1). Additionally, a metallopro-
tease with a proteasome regulatory function is also listed among the B. microti proteases
(XP_021338577 of the M67 family), while assignment of other proteases to this structure
needs experimental confirmation. Due to their vital role in cell physiology, drugs target-
ing proteasome functions have been proposed as therapeutics against several parasitic
diseases [71–73]. In the case of Babesia sp., the proteasome inhibitors epoxyketones and
boronic acid were shown to reduce the chymotrypsin activity of the proteasome in lysates
of B. divergens in vitro cultures, leading to the accumulation of poli-ubiquinated proteins
and, also, impeding parasite growth in vitro [24]. One of the epoxyketones, carfilzomib,
was also assayed in B. microti-infected mice. Carfilzomib is a covalent and irreversible
peptide inhibitor of the β5 subunit of the human proteasome approved for the clinical
treatment of multiple myeloma [74]. Blood lysates of B. microti-infected mice treated with
carfilzomib also showed the accumulation of poli-ubiquinated proteins as compared to
untreated mice. Moreover, carfilzomib treatment reduced the peak parasitemia levels
without apparent toxic effects in the treated mice. Although the dose required to eliminate
the parasite would be toxic when applied in humans, these studies indicate that specifically
targeting the B. microti proteasome would be a possible chemotherapeutic approach against
this parasite [24].

2.7. Comparison between B. microti and B. bovis Functional Proteases

The genome of B. microti is the smallest among Apicomplexans and encodes 7% less
genes compared to that of B. bovis. This difference is mainly due to the large vesa and
SmORF multigene families present in B. bovis, which are absent in B. microti [38]. These
two gene families encode for highly variable proteins that are involved in escaping the
immune system of the vertebrate host and cytoadhesion [75,76]. It remains unknown
whether strategies to escape effectors of the immune system exist in B. microti. However,
cytoadhesion, especially affecting brain capillaries, has not been described as a major
pathogenic mechanism for this parasite [2]. Other unraveled differences include the lack
of spherical body proteins in B. microti, consistent with a reduced apical complex [38].
Additionally, contrary to B. bovis, B. microti does not have an oligosaccharyl transferase
in charge of transferring a (NAcGlc)2 moiety from a lipid-linked oligosaccharide to a
nascent protein destined for the secretory pathway in the endoplasmic reticulum. Thus,
a significant difference among B. bovis and B. microti is the lack of ability of the latter to
produce N-glycosylated proteins [77].

In the present study, we hypothesized that the differences between B. bovis and B.
microti include the repertoire of active proteases encoded in their genomes. By orthology
searches, we observed that most B. bovis active proteases have an ortholog in B. microti
(Supplementary Table S4). The lack of orthology was connected in all but two cases
to the expansion of a protease-coding ancestor gene into different numbers of paralogs,
which most likely took place after the separation of the most recent common ancestor
(MRCA) of B. bovis and B. microti, and thus, they differentiate both species. However,
the S8 family of serine proteases is present with a single member, a subtilisin-like protein
(XP_001610126), only in B. bovis but is absent in B. microti. The B. bovis subtilisin-like protein
gene is syntenic with orthologous genes in B. divergens, B. ovata, and Babesia sp. Xinjang
(data not shown). Importantly, characterization of the subtilisin-like protein of B. divergens
showed that it localizes to dense granules and contains neutralization-sensitive B-cell
epitopes, consistent with a relevant role in the invasion or establishment of the parasite in
the infected erythrocyte, as observed for subtilisin-1 and subtilisin-2 in P. falciparum [78–80].
The other case is B. microti SPP aspartic protease (XP_021338622), which is absent in B.
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bovis and other Babesia spp., as mentioned above. The identification of genes absent in
B. microti and present in other Babesia spp. or vice versa can allow comprehending the
minimum protein dotation needed to fulfill a basic Babesia sp. life cycle, as well as to
identify which proteins are associated with species-specific peculiarities and can also be
exploited for differential diagnosis, therapeutic, and vaccine developments. B. bovis and
B. microti share important similarities in their life cycles, namely being tick-transmitted
and having an asexual reproduction stage exclusively within the erythrocytes of their
vertebrate hosts. However, they differ in tick and vertebrate host species, as well as by
the presence or absence of transovarial transmission in the tick. Transovarial transmission
is, indeed, a trademark of the “true” babesias or Babesia sensu stricto, such as B. bovis,
while those members of the Babesia genus that do not have this trait, such as B. microti, are
considered Babesia sensu lato [27,28,81]. These differences are undoubtedly connected with
the evolutionary history of B. bovis and B. microti, which can be clearly visualized by their
phylogenetic placement into two distant clades (Clades VI and I, respectively, according to
Schnittger et al., 2012 and 2021 [27,28].

2.8. Non-Peptidase Homologs

At least 25 non-peptidase homologs are encoded in the B. microti genome (Table 1).
A conserved protease domain can be predicted in their sequences, but they lack one or
more of the catalytically relevant amino acids. Non-peptidase homologs are commonly
found among living organisms and believed to have evolved from catalytically active
enzymes. They have lost their catalytic capacity but developed new functions, such as
competitive inhibition regulating their active counterparts or even completely new non-
protease-related activities [82,83]. An extreme case of loss of function is observed with
a group of paralogs of B. microti that include three metalloproteases of the M41 family
and 14 other non-protease members. Different from other non-peptidase homologs, the
latter do not have a recognizable protease active site region. According to their conserved
domains, their functions include the hydrolysis of nucleoside triphosphates, fusion of
vesicles, intracellular transport, and proteasome regulation (Supplementary Table S1).

2.9. Conclusions and Perspectives

Proteases are attractive targets against a large number of infectious agents, since many
of them are druggable and participate in essential biological processes of pathogenic virus,
bacteria, protozoa, and fungi [84]. Indeed, several protease inhibitors are commercially
available, and some are successfully employed in the treatment of HIV and Hepatitis
C [85,86]. The use of protease inhibitors against other relevant viruses, such as dengue and
SARS-CoV-2, has also been postulated [87,88].

The present study was aimed at organizing the available information of B. microti
proteases and extending the array of identified peptidases encoded in its genome. This
information is expected to set the stage for future research directed to understand the
biology and pathogenicity of this parasite and to explore proteases as targets for developing
novel therapeutic interventions. Recent advances in B. microti gene editing will permit
exploring the functional relevance of selected proteases [89,90]. In addition, the application
of computer-based inhibitor screening and the use of optimized pipelines to test drug
efficacies using in vitro cultures and animal models allows obtaining new therapeutics
against human babesiosis in a relatively short period of time [34,91,92].
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3. Materials and Methods

The proteases of B. microti, R1 strain, presented in this study were identified by three
different search approaches: (i) extracting and organizing the data available for this parasite
in the MEROPS database (www.ebi.ac.uk/merops/, accessed on 1 September 2021) [29],
(ii) the identification of homologs of B. bovis proteases predicted as active, as reported by
Mesplet et al. (2011) [26], and (iii) the search for paralogs of B. microti proteases identified in
(i) and (ii). Orthology between B. bovis and B. microti proteases was defined using a BLASTp
bidirectional best hit (BBH) approach [93]. Paralogs within the B. microti genome were
determined by BLASTp (blast.ncbi.nlm.nih.gov/Blast.cgi, accessed on 1 September 2021),
considering a threshold E value of 0.05. Peptidase domain names and locations were
obtained from the Conserved Domains database of the NCBI.

For those proteases included in the MEROPS database and predicted as active, the
relevant amino acids of the catalytic site were identified using the data available at this
website. For the proteases not included in the MEROPS database, alignments of B. bovis and
B. microti orthologs were carried out by Clustal omega [94] (https://www.ebi.ac.uk/Tools/
msa/clustalo/, accessed on 1 September 2021), and the relevant amino acids described for
B. bovis in MEROPS were manually identified for the corresponding B. microti protease.
The non-peptidase homologs included those described as such in the MEROPS database.
In addition, the peptidases not present in MEROPS were listed as non-peptidase homologs
whenever one or more of the catalytically relevant amino acid residues at the homologous
positions were missing upon alignment with the sequence of an active proteinase homolog.

The presence of transcripts and translated proteins in the blood parasite stages was
evaluated in PiroplasmaDB [95] (piroplasmadb.org/piro/app, accessed on 10.09.2021)
and in the proteomic database provided in Reference [31], respectively. The subcellular
location of each protease was evaluated by the presence of a signal peptide (SignalP
5.0 server, www.cbs.dtu.dk/services/SignalP/, accessed on 10 September 2021) [96] and
transmembrane domains [97] (TMHMM server, www.cbs.dtu.dk/services/TMHMM/,
accessed on 10 September 2021) and using the localization predictor DeepLoc-1.0 [98]
(www.cbs.dtu.dk/services/DeepLoc/, accessed on 10 September 2021) with the settings
for eukaryotic sequences.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/pathogens10111457/s1, Table S1: M41 metalloprotease paralogue family of B. microti, Table S2:
S59 paralogue family of B. microti, Table S3: Predicted subcellular localization of B. microti proteases,
Table S4: Comparison between the repertoire of B. microti and B. bovis proteases predicted as active at
least in one of either species.
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Abstract: Apicomplexan genomes encode multiple pepsin-family aspartyl proteases (APs) that
phylogenetically cluster to six independent clades (A to F). Such diversification has been powered
by the function-driven evolution of the ancestral apicomplexan AP gene and is associated with the
adaptation of various apicomplexan species to different strategies of host infection and transmission
through various invertebrate vectors. To estimate the potential roles of Babesia APs, we performed
qRT-PCR-based expressional profiling of Babesia microti APs (BmASP2, 3, 5, 6), which revealed the
dynamically changing mRNA levels and indicated the specific roles of individual BmASP isoenzymes
throughout the life cycle of this parasite. To expand on the current knowledge on piroplasmid APs,
we searched the EuPathDB and NCBI GenBank databases to identify and phylogenetically analyse
the complete sets of APs encoded by the genomes of selected Babesia and Theileria species. Our
results clearly determine the potential roles of identified APs by their phylogenetic relation to their
homologues of known function—Plasmodium falciparum plasmepsins (PfPM I–X) and Toxoplasma
gondii aspartyl proteases (TgASP1–7). Due to the analogies with plasmodial plasmepsins, piroplasmid
APs represent valuable enzymatic targets that are druggable by small molecule inhibitors—candidate
molecules for the yet-missing specific therapy for babesiosis.

Keywords: aspartyl protease; plasmepsin; apicomplexa; piroplasmida; Babesia

1. Introduction

Babesiosis (also known as piroplasmosis) is a malaria-like disease caused by the par-
asites from the genus Babesia of the apicomplexan order Piroplasmida. This order was
initially represented by three separated lineages—Babesia, Theileria, and Cytauxzoon—but
more recent phylogenetic analyses have indicated approximately six lineages of Piroplas-
mida, out of which the approximately 100 Babesia species are represented in at least three
distinct clades [1]. Analogously to their malaria-causing relatives (genus Plasmodium, order
Haemosporidia), Babesia parasites are transmitted to their vertebrate hosts via a blood-
feeding arthropod (tick), where they follow an asexual erythrocytic growth cycle. With the
global distribution of ticks and their dynamically changing distribution in recent decades,
babesiosis represents an important worldwide veterinary threat, and an emerging risk to
humans [2].

Despite routine epidemiological surveillance, babesiosis has long been recognised
as an economically important disease affecting livestock, with growing incidence in both
domesticated and wildlife animals [3]. Bovine babesiosis, commonly called red water
fever, is the economically most important arthropod-transmitted disease affecting cattle,
causing mortalities, miscarriages, and decreased meat production [4]. Recently, increased
attention has been devoted to the alarming increase in severe “dog babesiosis”, caused
mainly by Babesia canis transmitted by the ornate dog tick Dermacentor reticulatus, which
has mosaic distribution throughout Europe [5]. Humans are accidental hosts of Babesia,
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but numerous factors indicate human babesiosis as an emerging zoonosis. The clinical
features of human babesiosis are similar to malaria, and can be fatal, particularly in the
elderly and in immunocompromised individuals [2]. The majority of human infections are
reported from the USA, where the principal agent Babesia microti is the most commonly
transmitted pathogen during blood transfusions [6,7]. Babesiosis is also an emerging
problem in Europe, where Ixodes ricinus-transmitted Babesia divergens is considered the
major causative agent of human babesiosis [8]. Incidence rates of human babesiosis are
probably underestimated due to misdiagnosis of malaria in the overlapping distribution
areas of these parasitic diseases [9].

Protection against bovine babesiosis is mostly based on the debatable vaccination of
young cattle with attenuated parasites [10]. Treatment of human babesiosis is non-specific
and relies on the combination of antimalarial drugs and antibiotics, such as atovaquone
and azithromycin [6]. However, a remarkable increase in parasite resistance, together
with significant numbers of relapsed immunocompromised and asplenic individuals [11],
has made this widely used treatment regime less effective [12]. Alternative therapy with
clindamycin and quinine is toxic and has never been tested in clinical trials. Reports of
babesiosis within new geographical regions, as well as identifications of new Babesia species
as agents of severe human disease, suggest rapid changes in Babesia spp. epidemiology, and
make human babesiosis a serious public health concern [2]. Hence, novel approved drugs
and veterinary control strategies based on Babesia-specific molecular targets are highly
desirable [10,12].

Parasite-derived proteolytic enzymes (proteases) have been adapted for various func-
tions connected with the parasitic lifestyle [13]. Aspartyl (aspartic, aspartate) proteases use
an activated water molecule bound to one or more aspartate residues for catalysis of their
peptide substrate. The peptidase database MEROPS [14] identifies five clans of aspartic
proteases (AA, AC, AD, AE, and AF), each representing an independent evolution of the
same active site and mechanisms. Proteases in the clan AA are either bilobed (family A1,
the pepsin family) or homodimeric (all other families in the clan, including the A2 family
of retropepsins) [15]. Each lobe consists of a single domain with a closed beta-barrel, and
each lobe contributes one aspartate to form the active site. The monomers (retroviruses,
retrotransposons, and badnaviruses) are structurally related to one lobe of the pepsin
molecule. Due to their ability of specific cleavage within protein bonds, pepsin family
(A1) aspartyl proteases (APs) have been evolutionary selected and adapted for unique
cellular and physiological roles [16]. Apicomplexa, in contrast to metazoan parasites, have
used rapid evolution of the single ancestral A1 protease, resulting in multiple AP-encoding
genes being found in their genomes, as best represented by the 7 different APs of Toxo-
plasma gondii (TgASP1–7) [17] and 10 plasmepsin isoenzymes encoded by the genome of P.
falciparum (PfPM I–X) [18]. The multiple Apicomplexan APs are phylogenetically clustered
into six clearly distinguishable clades, tagged A–F. These clades reflect the function-driven
evolution and various biological roles of these enzymes within the life cycle of these para-
sitic organisms [16,17]. Due to their essential roles and affordable selective targetability by
small molecule inhibitors, APs have been considered and validated as valuable therapeutic
targets [16,19].

In this work, we use the available EuPathDB and NCBI GenBank database records to
identify and phylogenetically analyse the yet unrevealed plasmepsin and other apicom-
plexan AP homologues from selected Babesia and Theileria species. We estimate the roles of
newly identified entries by their phylogenetic clustering to the six clades of apicomplexan
APs, as well as their evolutionary relation to P. falciparum plasmepsins and T. gondii ASP
homologues of known functions. Our estimation is supported by the dynamic expression
profiling throughout selected life stages of Babesia microti using our previously developed
B. microti–Ixodes ricinus–mouse acquisition model [20].
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2. Results and Discussion
2.1. Expression Profiling of BmASPs Indicate Their Various Roles throughout the Life Cycle of
Babesia microti

Based on the previously published phylogenetic analysis of parasite cathepsin D-
like proteases [16], we initially assessed the expression dynamics of four identified B.
microti APs (BmASPs) to estimate their potential roles within the life cycle of B. microti.
This was enabled by the use of our established B. microti acquisition model, involving
BALB/c mice and I. ricinus tick nymphs [20]. Our results clearly show B. microti ASP3
(BmASP3, BmR1_04g07350) to be the most abundantly expressed AP isoenzyme of the
parasite intraerythrocytic stage (Figure 1A). This finding is in line with the phylogenetic
clustering of BmASP3 to clade C of apicomplexan APs, together with the P. falciparum
plasmepsins PfPM IX and PfPM X [21], and T. gondii ASP3 [22], which are the apical
complex-associated proteases playing essential roles in parasite invasion and egress from
the host cell (further discussed in Section 2.2.). Analogously to the clade C plasmepsins,
BmASP3 is also expressed in B. microti stages developing in the midgut and salivary glands
of I. ricinus nymphs (Figure 1B,C), indicating the potential involvement of BmASP3 in tick
tissue invasion.

B. microti ASP6 (BmASP6; BMR1_03g03850) mRNA represents the relatively most
abundant AP encoding mRNA (54%) in the gut of fully fed tick nymphs, and its abundance
in this tissue remains strong even 6 days post the detachment of tick nymphs from their
host (24%) (Figure 1B,C). This indicates the involvement of BmASP6 in Babesia zygote
development and resembles the mRNA expression profile of the P. falciparum orthologue
PM VII. This enzyme is present in all sexual stages of P. falciparum [23], although the
protein first appears in diploid stages upon fertilization, presumably due to regulated
protein translation [23]. Since BmASP6 is also expressed in B. microti stages developing
in the tick midgut 6 days post tick detachment, we hypothesise its potential role during
the B. microti zygote–kinete stage transition, and the subsequent development of kinetes
occurring in the tick midgut wall. Supported by the predominant expression of BmASP6
in the salivary glands of fully fed and detached I. ricinus nymphs (Figure 1B,C), BmASP6
presumably plays a role in the dissemination of kinetes to other tick tissues, including
salivary glands, and subsequently in the early phase of B. microti sporogony. The BmASP6
T. gondii orthologue TgASP6 is expressed in sporulated oocyst-containing haploid sporo-
zoites [17]. Since piroplasms do not create oocysts in tick midguts, and sporogony occurs
in tick salivary glands, we speculate that BmASP6 might be synthesised as a precursor
during early sporogony, and that the enzyme could be catalytically activated upon tick
feeding. Mature BmASP6 might thus be involved in the release of sporozoites to tick saliva
and/or sporozoite invasion of host red blood cells.

Interestingly, the clade B member B. microti ASP2 (BmASP2, BMR1_01G02485) is
relatively more expressed in B. microti blood stages. This contrasts with its orthologue
PfPM VI, which is specifically expressed in the vector stages, and is involved in the correct
transition of sporozoites from the oocyst [24]. BmASP2 is relatively lowly expressed in
monitored tick stages (Figure 1B,C), while it appears abundant (up to 27%) in host blood
(Figure 1A). Thus, BmASP2 might be already produced in gametocytes in host blood, and
the protein is first produced upon fertilization in tick midguts due to regulated translation
in the same manner as the clade E PfPM VII [23]. Alternatively, it might play a different
role during the B. microti life cycle than its orthologue PfPM VI [25].

The clade D member B. microti ASP5 (BmASP5, BmR1_04g05270), the PEXEL (TEXEL)-
cleaving P. falciparum PM V [26,27], and T. gondii ASP5 [27,28] orthologue, are expressed
throughout all three selected timepoints of the B. microti life cycle (Figure 1). Since the
exported proteins of B. microti were proposed to lack the PEXEL-like motifs [29] and their
trafficking is most likely mediated via vesicles [30], BmASP5 supposedly plays other roles
throughout the parasite life cycle, e.g., in the intracellular trafficking of proteins to specific
organelles [31], in the development of gametocytes analogous to PfPM V [32], or in the
secretion of proteins interacting with tick tissues during transmission. However, the role of
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B. microti PEXEL processing should not be fully excluded, as only more complex studies on
the B. microti secretome can fully address this point in the future.

Figure 1. Dynamic expression profile of aspartyl proteases (BmAPs) during the life cycle of B. microti.
The qPCR results were obtained with cDNA templates prepared from the total RNA isolated: A—from
mouse blood on the 6th (red asterisk) and 10th (black asterisk) days post parasite injection; B—from
infected midgut and salivary glands of I. ricinus nymphs at fully fed tick stage; C—6 days post detach-
ment of I. ricinus nymphs from the host. DPI: days post-injection; FF: fully fed stage; 6DPD: 6 days
post detachment; ASP2: BmASP2 (BMR1_01G02485, clade B); ASP3: BmASP3a (BmR1_04g07350,
clade C); ASP5: BmASP5 (BmR1_04g05270, clade D); ASP6: BmASP6 (BMR1_03g03850, clade E).
Relative expression of individual BmASP-encoding mRNAs was counted as percentage ratios of the
BmASP mRNA with the highest Ct value (100%) for each cDNA template. The obtained ratios were
used to create the pie charts (100% total).

2.2. Data-Mining and Phylogenetic Analysis of Piroplasmid APs Reveals the Presence of Multiple
AP Isoenzymes Clustering to Several Apicomplexan AP Clades
2.2.1. Clade A

Our data search throughout available Piroplasmida sequence databases did not reveal
a single AP isoenzyme that would cluster into clade A (Figure 2) represented by the di-
gestive vacuole-residing hemoglobinolytic Plasmodium falciparum plasmepsins I, II, and IV
(PfPM I, PfPM II, and PfPM IV), or the histo-aspartyl protease (HAP/PfPM III) [33]. This
clade has apparently formed under the evolutionary demand to digest host haemoglobin.
Although both apicomplexan sister orders Haemosporida and Piroplasmida are obligate
intracellular parasites whose propagation strictly depends on nutrients provided by the
host cell [34], their feeding mechanisms likely differ, which is also reflected in their classifi-
cation: Plasmodium spp. intraerythrocytic stages digest a substantial amount (up to 80%)
of host cell haemoglobin (Hb) [35]. Hb proteolysis releases heme, and globin serves as a
source of free amino acids. During Hb digestion within the acidic environment of the food
vacuole (FV), clade F plasmepsins tightly cooperate with cysteine proteases—falcipains,
metalloprotease falcilysin, and other aminopeptidases that complete the degradation pro-
cess [36]. The digestive plasmepsins are the most closely related isoenzymes among the
10 P. falciparum plasmepsins; they share 50–70% amino acid identity, and their encoding
genes are located together on one chromosome [37]. Interestingly, the plasmodial species
outside the primate-infecting group of P. falciparum encode for a single digestive plas-
mepsin, analogous to PfPM IV [37]. The heme moiety originating from host Hb does not
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appear to be metabolised or recycled; instead, it is aggregated and polymerised to the dark
pigmented hemozoin (Hz) (the name of the order Haemosporida) [38–40].

In contrast to Plasmodium spp., piroplasms degrade little if any Hb during host ery-
throcyte infection, and no pigmented Hz is formed [41–43]. Knowledge of the exact routes
of nutrient uptake and processing remains rather unclear and is mainly based on electron
microscopy observations of trophozoites. The FV formation via cytostome has been ob-
served in Theileria spp., where the optical density of this vacuole indicated potential Hb
presence [44]. In addition, T. equi possibly uses another tubular feeding structure that is
formed via the invagination of an erythrocyte plasma membrane enclosing only a minor
amount of ingested cytoplasmic material [45]. Babesia does not possess a cytostome; thus,
the true FV that emerges from its constriction cannot be formed. The ovoid bodies in
Babesia trophozoites, initially considered to be true FVs, have since been recognized as
invaginations of host cell cytoplasm [46]. In B. microti—the basal piroplasmid species
(Babesia microti-like group)—the obscure coiled structure that protrudes from the parasite
into the host cytoplasm has been observed and speculated to contain digestive enzymes.
Similarly, possible haemoglobin-containing vesicles were also observed from B. divergens
trophozoites, indicating—yet not confirming—the endocytic uptake of hemoglobin from
the cytoplasm of host erythrocytes [47]. The role of hemoglobin invaginations in tropho-
zoites of different species of Babesia remains unclear, but could be relevant to the biology
of piroplasms, e.g., by limited digestion of hemoglobin providing the essential source of
heme to these heme auxotrophic organisms. Moreover, the special organelle of B. microti
allegedly contains ferritin, which may be used as a nutrient source for Babesia [46]. Al-
though piroplasms do not encode direct homologues of Hb-digesting plasmepsins, they
do encode several papain-like cysteine proteases [36]. However, these orthologues of
hemoglobinolytic Plasmodium spp. falcipains have not yet been subjected to biochemical
and functional characterization that would reliably validate their contribution to Hb diges-
tion in erythrocyte-residing piroplasms. Thus far, the only evidence of their essential role in
the survival of Babesia spp. parasites has come from the observation of a hampering effect
on B. bovis erythrocyte invasion and in vitro replication by cysteine protease inhibitors [48],
and from the lowered parasitemia observed in B. ovis erythrocyte cultures exposed to
antibodies against ovipain-2, the B. ovis orthologue of falcipain-2 from P. falciparum [49].
The same applies to the falcilysin protein family represented by one or two isoenzymes in
Babesia and Theileria, respectively [36]. A homologue of the P. falciparum heme detoxification
protein (HDP) has already been identified in Babesia and Theileria. However, this homologue
supposedly plays a different role than in Plasmodium spp., since piroplasms do not form the
hemozoin pigment [36]. Overall, the molecular basis of feeding and catabolic metabolism
in piroplasms, and the involvement of individual aspartyl and cysteine proteases in protein
digestion, remain unclear, and should be addressed by future experimental studies.
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Figure 2. Phylogenetic tree of apicomplexan pepsin family aspartyl proteases (AP). Data-mined APs
from selected piroplasmid species cluster into previously determined clades A–F together with their
apicomplexan homologues. The image displays the unrooted maximum likelihood phylogenetic tree
of 106 selected apicomplexan AP sequences, including those from the basal free-living species Vitrella
brassicaformis and Chromera velia; clades A–F are tagged and highlighted with colours. Sequences
were retrieved from EuPathDB and GenBank, and the source organisms are indicated (upper left).
Nodal supports were calculated from 1000 bootstrap replicates; those lower than 50 are not depicted.
For better orientation within the tree, the 7 Toxoplasma gondii ASPs and the 10 Plasmodium falciparum
plasmepsins are highlighted (arrows: yellow-green and magenta dots, respectively). Data-mined
piroplasmid APs are tagged with dark blue dots. Note: The branch leading to clade D was shortened
to 25% of its original length for optimal image display. Multiple alignment data are accessible
as an online supplementary file at Mendeley Data, link: http://dx.doi.org/10.17632/ds3f2j32ny.1,
accessed on 23 September 2021.
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2.2.2. Clade B

Clade B is an independent cluster originally recognized as the ancestral group of
apicomplexan APs by Jean et al. [50]. Some members of this group—for example, the
proteases of T. gondii (TgASP2 and TgASP4), Eimeria tenella (eimepsin), Cryptosporidium
parvum (EAK89992), and Theileria annulata (TA02510)—are predicted to be GPI-anchored,
while plasmepsins VI and VIII lack a sufficiently long hydrophobic region at the C-terminus
for the GPI anchor prediction [17]. Our analyses confirm the phylogenetic relation of clades
B and E (discussed below) and highlight the existence of three subclusters within the clade
B. In addition to the basal subgroup represented by the two Chromera velia isoenzymes,
the two other independent subgroups are represented by plasmepsin VI (PM VI)/TgASP2
and plasmepsin VIII (PM VIII)/TgASP4, respectively (Figure 2). Interestingly, all analysed
piroplasmid species encode for a single clade B AP orthologue clustering with the first
listed group of PM VI/TgASP2. Analogously to PM VI, no GPI anchor is predicted in this
enzyme (data not shown). Clade B member plasmepsins, studied mostly in the rodent
malaria parasite Plasmodium berghei, are primarily expressed in oocysts and sporozoites—
the parasite transmission stages [24,51]. They play a role in midgut sporozoite development.
Functional genomic analyses involving gene disruptions did not confirm the essential roles
of these enzymes for the blood stages of malaria [24,52], but the pm vi gene knockout did
affect sporozoite development from oocysts, resulting in an unsuccessful transmission of
the parasite through the mosquito vector [24]. The role of the plasmepsin VI piroplasmid
orthologues might thus be connected to the penetration and migration of piroplasmid
stages through tick tissues, offering a suitable target to develop transmission-blocking
therapy. However, our dynamic expression profiling (Figure 1) analysis controversially
revealed a higher abundance of BmASP2-encoding mRNA in the blood stages of B. microti
in comparison to the tick tissue isolates. This might be explained by the expression of clade
B piroplasmid APs already encoding mRNA in gametocytes in host blood, and by regulated
protein translation of the clade B AP enzyme later in tick tissues (upon fertilization).

The P. berghei pm viii gene knockout lineage developed in the mosquito midgut, but it
showed a limited ability of the parasites to egress from oocysts. This was accompanied by
a drastic decrease in the number of salivary gland and haemolymph sporozoites with a
defect in gliding motility, leading to the block of transmission to hosts [51]. Interestingly,
the egress phenotype mirrors that seen with PfPM X knockout lineages in intraerythrocytic
parasites (see below). We propose that the reason piroplasms do not possess a direct
homologue of the PfPM VIII/TgASP4 subclade is because they do not create—and do not
need to egress from—oocysts in the tick gut tissue.

2.2.3. Clade C

In recent years, Clade C of apicomplexan APs has gained a lot of attention, as this
group of enzymes have been demonstrated as regulators of invasion and egress of host cells.
This clade comprises P. falciparum plasmepsins IX and X (PfPM IX and PfPM X), and their T.
gondii homologue TgASP3 [21,22]. Our analysis clearly identified two different isoenzymes
clustering to two groups of clade C piroplasmid APs. While the first piroplasmid group
(here termed Babesia ASP3b) firmly clusters together with PfPM X (bootstrap value of
97), and its members might thus be considered as the PfPM X direct orthologues, the
sister relationship of the second piroplasmid cluster (here termed Babesia ASP3a) and the
PM IX + TgASP3 group is not well supported (bootstrap value <50). Clade C APs are be-
lieved to undergo self-catalytic activation, upon which they proteolytically process/activate
a vast number of protein precursors associated with secretory organelles of the apical com-
plex (AC) [19,22,53]. Thus, PfPM IX and PfPM X are the major self-activating maturases
standing at the top of the proteolytic machinery regulating P. falciparum cell invasion and
egress [54]. Although the mechanism of invasion and egress employing the secretory
and non-secretory parts of the AC is relatively conserved among apicomplexan parasites,
species-specific alterations of the generic mechanisms have evolved [55,56]. Babesia and
Plasmodium replicate solely inside host erythrocytes, and the invasion process involves
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initial attachment of the parasite to the host cell via a receptor-ligand-mediated interac-
tion [57]. Both parasites interact with glycophorin receptors on the RBC surface, although
their surface adhesins differ [58,59]. Plasmodium merozoites attach via merozoite surface
proteins (MSPs), erythrocyte-binding ligands (EBLs), and reticulocyte binding-like homo-
logues (RHs)—protein families [60] that undergo proteolytic shedding by PfPM X [53].
Proteins of the merozoite surface antigen (MSA) family that are found on the Babesia
merozoite surface also undergo processing by a yet unidentified sheddase [61]. This role
supposedly might be played by the newly identified Babesia ASP3b isoenzyme. Similarly,
Theileria’s surface coat is shed by an undescribed protease, suggesting an identical role
of the Theileria ASP3b orthologues [62]. Initial attachment of the parasite to the host ery-
throcyte is followed by the reorientation of the apical tip towards the host cell, and the
establishment of the moving (tight) junction (MJ) [63]. The components of MJ—such as
the parasite membrane-associated apical membrane antigen 1 (AMA1) and the host cell
membrane-anchored rhoptry neck protein complex serving as a ligand structure—are
also conserved among piroplasms [63,64]. In P. falciparum, AMA1 is directly cleaved by
PfPM X, and subsequently shed via PfPM X-activated integral membrane serine protease
subtilisin 2 (SUB2) [21]. Since AMA1 of Babesia parasites is also proteolytically processed
at several positions [65–67], we propose that ASP3b might be analogously involved in
AMA1 maturation. However, this concept needs to be experimentally validated because
other proteases, such as the intramembrane-cleaving rhomboids that have been identified
from Babesia [68], cannot be excluded as Babesia AMA-1 sheddases working in the same
manner as shown in T. gondii tachyzoites [69]. Moving junction protein orthologues are
most likely dispensable for the non-motile merozoites of Theileria that enter the host cell
in any orientation via a passive process known as zippering [64,70]. Thus, processing of
Theileria AMA1 via the Theileria ASP3b homologues might be crucial in different motile
invasive stages [71]. Upon its internalization within the host cell, P. falciparum remains
surrounded by parasitophorous vacuole membrane (PVM) and undergoes schizogony.
Later, exoneme-specific serine protease subtilisin 1 (PfSUB1), which is cleaved both au-
tocatalytically and by PfPM X, is in charge of PVM lysis, erythrocyte plasma membrane
poration, and red blood cell rupture [72]. Only minutes prior to the merozoite’s egress from
the erythrocyte, PfSUB1 is secreted into the parasitophorous vacuole (PV) space, where it
cleaves the pseudoprotease serine repeat antigen 5 (SERA5)—the negative regulator of P.
falciparum egress [72,73]—as well as other PV-resident proteins important for egress [74].
Additionally, PfSUB1 initiates the primary processing of merozoite surface protein complex
(MSP1/6/7) [75,76]. Piroplasmid genomes encode for a single subtilisin-like protease
that is believed to represent the direct orthologue of PfSUB1. This protease presumably
undergoes analogous post-translation processing during secretory transport [77]. However,
the analogy in identical protein substrate cleavage by Plasmodium and piroplasmid SUB1
proteases [78], as well as the involvement of the activated SUB1 enzyme in Babesia and
Theileria parasite egress from erythrocytes, remains to be experimentally confirmed. No-
tably, PfPM X mRNA is also transcribed in gametocytes, while the protein can be found in
gametes, zygotes, and ookinetes. In the late stage of ookinete development, PfPM X cleaves
the cell-traversal protein of ookinetes and sporozoites (CelTOS) [21]. This processing is
necessary for ookinetes to pass through arthropod cells to the site of oocyst formation.
Moreover, the disruption of CelTOS abolishes liver infection by P. berghei sporozoites [79].
As CelTOS is conserved among apicomplexan parasites [80], we propose that its processing
by clade C APs plays an important role during the transmission of piroplasmid species
through their tick vectors.

PfPM IX, the second P. falciparum protease member of the apicomplexan clade C APs,
has been previously confirmed to be a key maturase involved in erythrocyte invasion by P.
falciparum merozoites [21]. However, more recent contributions have speculated as to its
multifaceted role throughout the malaria parasite life cycle [53]. PfPM IX processes rhoptry-
associated protein 1 (RAP1) and rhoptry neck protein 3 (RON3), which are released into
the PV during invasion and later aid the parasite’s development within the PV [81,82]. The
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translation initiation of PM IX has been suggested during P. berghei gamete development in
mosquitos, where PM IX cleaves merozoite thrombospondin-related anonymous protein
(MTRAP), enabling the release of gametes from host erythrocytes [83]. When mosquitoes
were infected with PbMTRAP knockout gametocytes, the oocyst formation was aborted.
In addition, these gametocytes were unable to form ookinetes (the motile form of zygote)
in vitro. Particularly, TRAP is a conserved family of proteins that are involved in the gliding
motility of apicomplexan parasites, and are also found in Babesia [68,83]. This suggests that
piroplasmid APs branching together with PM IX might be involved in the development of
zygotes and kinetes within tick tissues, as indicated by the expression of BmASP3 mRNA
following the detachment of tick nymphs from the host (Figure 1C).

2.2.4. Clade D

Clade D is the most derived group of apicomplexan APs within our phylogenetic
analysis (Figure 2); it consists of distant relatives of the human β-site amyloid precursor
protein-cleaving enzyme (BACE) [27]—the major beta secretase generating amyloid-β
peptides in the neurons. BACE is also responsible for the generation of the amyloid-β pep-
tides that aggregate in the brains of Alzheimer’s patients and, thus, represents a valuable
target for drug development [84]. These proteases have a long C-terminal extension with a
trans-membrane domain that serves for their anchoring to membranes. The most studied
member of this clade is PfPM V—a P. falciparum endoplasmic reticulum (ER)-resident
protease that has been demonstrated to cleave proteins containing the Plasmodium export
element RxLxE/Q/D (PEXEL) motif [26]. These effector proteins are then secreted through
the PV surrounding the parasite during the intracellular infection and multiplication to
host erythrocytes [26,27]. PfPM V has also been shown to be essential for gametocyte devel-
opment [32]. Thus, specific inhibition of PfPM V activity appears to be a highly convenient
therapy targeting both the asexual and sexual stages of malaria [32,85]. Interesting findings
have been made with PM V’s corresponding T. gondii orthologue TgASP5—a Golgi-resident
AP that processes TEXEL (T. gondii PEXEL-like) motif containing dense-granule proteins
(GRAs) [86]. Analogously to its orthologue PfPM V, TgASP5 plays an important role during
intracellular parasite survival and multiplication [87], as well as modulation of host cell
responses [28]. Another T. gondii isoenzyme, TgASP7, which also clusters within clade D,
is not expressed in the tachyzoite stage, and its functional role remains unknown [17].

Our phylogenetic analysis revealed piroplasmid clade D APs to be a single subgroup
that clusters alongside Cryptosporidium and Plasmodium PM V. Thus, we propose that they
play a similar role in the secretory pathway of piroplasms—the cleavage of PEXEL-like
containing proteins in the ER of the cell—although we expect significant differences due to
the different strategy of piroplasms in persisting inside infected cells. Shortly upon host cell
invasion, Babesia and Theileria parasites are surrounded by a PVM that is derived from the
host cell cytoplasmic membrane, but unlike the Plasmodium and Toxoplasma PVM, it starts
its disintegration after parasite internalization [31,88,89]. It has been discussed previously
that the PVM breaks down either because piroplasms are not able to incorporate lipids
into the PVM during parasite intracellular growth, or because they have developed this
strategy as a more convenient way to transport effector proteins into infected host cells in
order to alter their morphology and physiology [90]. The persistence of piroplasms directly
in host cell cytoplasm is thus different to P. falciparum residing in the PV surrounded by the
PVM. In the malaria parasite, the PEXEL-containing protein precursors are cleaved by the
ER-resident PM V immediately upon their translation. This facilitates them for export to the
PV, PVM, and all the way to the host cell [26]. The PEXEL-motif-containing exportome of P.
falciparum is estimated to include ~463 proteins [26]. On the other hand, TgASP5 recognizes
only several identified TEXEL-motif-harbouring proteins, but also appears to be important
for the trafficking of other (non-TEXEL)-secreted proteins during intracellular infection
with T. gondii tachyzoites [91]. Both Plasmodium and Toxoplasma use sophisticated protein
transporting complexes PTEX (plasmodium translocon of exported proteins) and the MYR
translocon, respectively, which are incorporated into the PVM [92,93]. Unsurprisingly,
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piroplasms do not encode for components of the Plasmodium translocon machinery [29],
with the single exception of the PTEX complex protein component HSP101, which is
expressed across all piroplasms [62].

The PEXEL-like motif (PLM) has also been recognized in various piroplasmid proteins.
This supports the above-given hypothesis of functional analogy between the piroplasmid
clade D APs and plasmodial PM V enzymes [94]. PLM has been recognized in B. bovis
variant erythrocyte surface antigens (VESAs) [95] involved in erythrocyte adhesion and
antigenic variation of the red blood cell surface—sophisticated parasite-driven mecha-
nisms enabling the infected erythrocytes to evade host immune responses [96]. VESA1-like
proteins have also been described from the genomes of other piroplasmid species—the
Babesia sensu stricto group [97], and the B. microti-like group [98]—indicating that VESA
processing by clade D APs might be an immunoevasive strategy shared across Babesia
species. Small open reading frame protein families (SmORFs) and spherical body protein-2
protein family members (SBP2) also contain PLM [94]. While SmORFs are also involved in
erythrocyte adhesion [95,96], SBP2 proteins concentrate under the red blood cell cytoplas-
mic membrane and are believed to alternate the red blood cell surface [99]. Although PLM
has not yet been detected in Theileria [62,97], the apparent conservation of clade D APs
within the phylum suggests the preserved mode of protein processing across Piroplasmida.
Further studies on clade D APs should further elucidate the exact role of these enzymes in
the trafficking mechanisms of Babesia spp. effector proteins affecting infected host cells.

2.2.5. Clade E

This group of apicomplexan APs is clearly determined by our phylogenetic analysis
as the sister clade to clade B, which includes PM VII and TgASP6 (Figure 2). PM VII is thus
sometimes classified together with clade B PM VI and PM VIII as the transmission-stage
plasmepsins [37]. PM VII is produced in the ookinetes of P. falciparum, supposedly upon
fertilization, as PM VII is not detected in P. falciparum gametocytes [23]. Its role remains
unknown—it has been proven to be disposable for the parasite, as the PM VII knockout
had no effect on any stage of the P. berghei life cycle [23]. However, the authors of this study
also note that redundancy exists among transmission-stage-expressed plasmepsins—and
especially clade B member PM VIII, which shares a similar expression profile with PM VII,
may thus compensate for its loss of function [100]. This would probably not be the case for
piroplasms, which do not possess direct homologues of PM VIII, but produce a single clade
E AP orthologue. If the clade B PM VI orthologues play a role in regulating sporogony
in tick salivary glands, the remaining function for clade E piroplasmid APs might thus
insist in parasite invasion of tick tissues upon zygote formation. This is in accordance
with the obtained expression profile of BmASP6 in stages developing within the vector
midgut (Figure 1). However, some role of BmASP6 and other clade E piroplasmid APs in
sporogony should not be fully excluded, as BmASP6 mRNA is also present in the salivary
glands of infected tick nymphs (Figure 1).

2.2.6. Clade F

This is a diverse group of apicomplexan APs first identified in our 2016 contribution [16],
and now once more confirmed by our current phylogenetic analysis (Figure 2). This group is
represented by TgASP1 and its coccidian homologues, as well as some APs of gregarines
and free-living basal Apicomplexa. TgASP1 is an enzyme associated with the secretory
pathway in non-dividing cells, which re-localizes in close proximity to the nascent inner
membrane complex (IMC) of daughter cells during replication [17]. However, it’s role is
non-vital for T. gondii [101], and Haemosporida and Piroplasmida genomes apparently
do not encode any of the clade F homologues as they might have lost these disposable
proteases as a part of their adaptation to the parasitic lifestyle and the evolution of specific
intracellular multiplication mechanisms differing from T. gondii endodyogeny [102].
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3. Conclusions

Babesia and other Piroplasmida encode for several pepsin (cathepsin-D-like) family AP
isoenzymes. Their phylogenetic relation to malarial plasmepsins and analogous enzymes
from other apicomplexan parasites enable the prediction of their various roles within the
lifecycle of these erythrocyte-infecting parasites (Figure 3). These roles are associated with
their different protein structures, time-expression profiles, and intracellular localization.
As these enzymes have been long considered and recently validated as great therapeutic
targets for malaria, they are worthy of scientific attention when proposing novel therapeutic
strategies for babesiosis (piroplasmosis).
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Figure 3. The role of Babesia plasmepsin-like APs marked within the generic life cycle of Babesia
parasites. Sporozoites are transmitted from the salivary glands of an infected tick to the vertebrate host
bloodstream during tick feeding. They invade red blood cells, where they start asexual multiplication
(merogony). The cyclic egress and invasion of host red blood cells by haploid merozoites represents
the intraerythrocytic cycle, causing the symptoms of babesiosis in vertebrates by time the first sexual
stages (gametocytes) occur in the bloodstream. When another naïve tick feeds on the infected host,
gametocytes are ingested with the blood meal, mature, and produce gametes in the tick gut lumen
(gamogony). Newly developed gametes fuse in a zygote, which passes through the peritrophic matrix
into tick gut epithelial cells. Meiotic division and subsequent mitosis give rise to primary kinetes,
which invade and multiply in different tick tissues. Newly emerged secondary kinetes undergo
multiplication in salivary glands (sporogony). Upon the tick metamorphosis, motile sporozoites
are transmitted to the host with the blood meal (transstadial transmission). Secondary kinetes of
Babesia sensu stricto species are capable of invading and multiplying within adult female ovaries and
can be transmitted to the larval progeny (transovarial transmission), while the Babesia microti-like
group parasites are transmitted solely transstadially [25]. The colour-marked text notes indicate the
positions in the Babesia life cycle positions where the five aspartyl proteases ASP2, ASP3a, ASP3b,
ASP5, and ASP6 supposedly play their herein-deduced roles. White background: part of Babesia life
cycle occurring in the vertebrate host; grey background: part of Babesia life cycle occurring within the
tick vector.
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4. Materials and Methods
4.1. B. microti Propagation in Mice

B. microti (Franca) Reichenow (strain Peabody mjr) was obtained from ATCC (ATTC®

PRA-99™, USA). Two BABL/c mice, supplied by Charles River Laboratories (VELAZ),
were intraperitoneally injected with 150 µL of B. microti-infected murine blood (50% par-
asitemia, 800 × 106 of infected red blood cells). One mouse was kept under general
anaesthesia, and the blood was collected from the carotid artery into sodium citrate-
phosphate-dextrose solution (ratio 1:25, Sigma-Aldrich) on the 6th day post injection (6DPI)
according to 50% parasitemia. Similarly, the blood was obtained from the second mouse
when parasitemia dropped to 5% on the 10th day post injection (10DPI). The murine
experiment was performed repeatedly to confirm the results of expression profiling. All
laboratory animals were treated in accordance with the Animal Protection Law of the
Czech Republic No. 246/1992 Sb., ethics approval No. 25/2018.

4.2. RNA Isolation from Tick Tissues and Murine Blood Cells

Pathogen-free Ixodes ricinus nymphs were obtained from the in-house breeding facil-
ity of the Institute of Parasitology, BC CAS, Ceske Budejovice, Czech Republic. Twenty
individuals were placed on one B. microti-positive BABL/c mouse in the acute phase of
infection (1–4DPI, Figure 1A) and allowed to feed until repletion (around 72 h). The fully
fed (FF) nymphs were collected and surface-sterilized by washing in 3% H2O2, 70% ethanol,
and distilled water (each wash 30 s). Ticks were separated into two groups: first group of
10 nymphs was dissected immediately (FF stage), while the other 10 individuals were
kept at room temperature in a humid chamber until they were dissected on the 6th day
post detachment (6DPD). Dissection of tick tissues (salivary glands and midguts) was
performed under a stereomicroscope (Olympus) on wax dishes with diethyl pyrocarbon-
ate (DEPC)-treated cold phosphate-buffered saline (PBS), and then transferred into RA1
buffer (NucleoSpin RNA II Kit, Macherey-Nagel, Düren, Germany) supplemented with
β-mercaptoethanol (Sigma-Aldrich). Prior to the extraction, the collected tissues were
homogenised using an insulin syringe. Total RNA was extracted from the pool of midguts
and salivary glands originating from 10 individual ticks via the NucleoSpin RNA II Kit,
following the protocol provided by the manufacturer (Macherey-Nagel, Düren, Germany).
Murine blood total RNA was isolated using the previously described protocol [103]. Sam-
ples were collected from two timepoints at 6 and 10 DPI. The quality and concentration
of total RNA were checked by gel electrophoresis and determined using a NanoDrop UV
spectrophotometer (Thermo Fisher Scientific; Waltham, MA, USA), and RNA samples were
stored at −80 ◦C.

4.3. Quantitative RT-PCR

Reverse transcription was performed from 1 µg of total RNA isolate using the Tran-
scriptor High-Fidelity cDNA Synthesis Kit (Roche Diagnostics GmbH; Mannheim, Germany).
The resulting cDNA was used as a template for the quantitative real-time PCR (qRT-PCR)
using a LightCycler 480 (Roche Diagnostics GmbH), the Fast Star Universal SYBR Green
Master Mix (Roche Diagnostics GmbH), and according primer pairs BmASP2 forward: 5′-
TCCGGCGTCTATTGAAGAGT-3′/BmASP2 reverse: 5′-TGAACCGGTGTCAAAA
ACAA-3′; BmASP3 forward: 5′-GGAAGCTTGGGGAGTCTGTA-3′/BmASP3 reverse: 5′-
TGTGCTCCCTGTGTCGAATA-3′; BmASP5 forward: 5′-GCCCAAACACCACCAACTAT-
3′/BmASP5 reverse: 5′-CACCAAATGCGAGATACACG-3′; BmASP6 forward: 5′-GATTGG
GCTTCCCAAACAC-3′/BmASP6 reverse: 5′-ATCCGCCAGTTGAATCTTTG-3′. All qRT-
PCR amplifications were performed in technical triplicates. Relative expressions were cal-
culated using the mathematical model of the ∆Ct method [104] and normalized to B. microti
actin (GenBank XM_012791652; primers—BmActin forward: 5′-GGCCTACTCACAGCCCT
TTA-3′/BmActin reverse: 5′-ACAGGGTTGTAGAGTGTTGGTT-3′). To express the rep-
resentation of all isoenzymes as a percentage per time point, the ASP with the highest
Ct value was set as 100%, and the values for other ASP isoenzymes were accordingly

272



Pathogens 2021, 10, 1241

recalculated. The algorithm applied later adjusted the values to fit the total of 100% in a
pie chart.

4.4. Phylogenetic Analysis

The dataset used for the phylogenetic analysis comprised 106 AP protein sequences of
representatives from the phylum Apicomplexa, and related Vitrella and Chromera spp. Clade
F involving digestive plasmepsins served as an outgroup. All sequences were retrieved
from either GenBank or EuPathDB using the blastp and tblastn BLAST algorithms and an E-
value cutoff of 10−5. Alignment was constructed in Geneious Prime 2020.1.2. using MAFFT
v7.017 [105] with the default parameters for the gap opening penalty (1.53) and the offset
value (0.123). The protein sequences were crosschecked for the presence of DTG/DTG
or DTG/DSG aspartic protease motifs. Poorly aligned N- (signal peptide included) and
C-termini were manually trimmed, which resulted in the final alignment comprising
324 amino acid positions. The phylogenetic tree was reconstructed via maximum likelihood
(ML) method in IQ-TREE v1.6.12 [106], using the WAG + F + I + G4 model selected by
ModelFinder [107]. Bootstraps were based on 1000 replicates. The tree was visualized in
Geneious Prime v2019.0.4 and graphically modified in CorelDRAW graphic suite 2020.

Supplementary Materials: The multiple alignment data used to construct the maximum likelihood
tree in Figure 2 are accessible online at Mendeley Data, link: http://dx.doi.org/10.17632/ds3f2j32ny.1,
accessed on 23 September 2021.
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