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Abstract: Bovine babesiosis is an acute and persistent tick-borne global disease caused mainly by the
intraerythrocytic apicomplexan parasites Babesia bovis and B. bigemina. B. bovis infected erythrocytes
sequester in blood capillaries of the host (cytoadhesion), causing malaria-like neurological signs.
Cytoadhesion and antigenic variation in B. bovis are linked to the expression of members of the
Variant Erythrocyte Surface Antigen (VESA) gene family. Animals that survive acute B. bovis infection
and those vaccinated with attenuated strains remain persistently infected, suggesting that B. bovis
parasites use immune escape mechanisms. However, attenuated B. bovis parasites do not cause
neurological signs in vaccinated animals, indicating that virulence or attenuation factors play roles in
modulating parasite virulence phenotypes. Artificial overexpression of the SBP2t11 protein, a defined
attenuation factor, was associated with reduced cytoadhesion, suggesting a role for this protein as a
key modulator of virulence in the parasite. Hereby, we propose a model that might be functional
in the modulation of B. bovis virulence and persistence that relies on the interplay among SBP2t,
VESA proteins, cytoadhesion, and the immune responses of the host. Elucidation of mechanisms used
by the parasite to establish persistent infection will likely contribute to the design of new methods for
the control of bovine babesiosis.
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1. Introduction

Apicomplexa is a phylum of obligatory parasitic protozoans that are comprised of the obligate
endoparasites of animals and humans, which share complex apical structures in their zoite stages and
are specialized for cell attachment and invasion [1]. Apicomplexans are among the most successful
parasitic organisms existing in nature due to their ability to invade and survive inside different hosts [2].
Although the structure of the apical complex varies slightly among apicomplexans, typically it includes
secretory organelles known as micronemes, rhoptries, and dense granules or spherical bodies (Figure 1).
Other structures associated with the apical complex are the conoid (only present in coccidian) and polar
rings [1]. Additionally, apicomplexan parasites have a non-photosynthetic plastid structure (apicoplast),
which probably originated from a red alga by a process of endosymbiosis [3]. The complement of
secretory organelles contains proteins needed for cell invasion, a critical parasite function that usually
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causes pathological consequences for the host, and thus at least some apical complex molecules could
be considered as virulence factors. Babesia are tick-borne apicomplexan parasites that are the causative
agents of babesiosis: one of the most common arthropod-borne infections of free-living animals
worldwide [4]. More than 100 species of Babesia can infect numerous tick vectors and mammalian
hosts, and among them, Babesia bovis and B. bigemina (the causative agents of bovine babesiosis) have a
large impact on the beef and dairy industries in many tropical and semi-tropical regions worldwide.
The incidence of bovine babesiosis is increasing due to the lack of available effective vaccines together
with an expansion of the geographical range of its tick (Riphicephalus spp.) transmission vector (mainly
R. microplus), largely driven by climatic change and other human interventions. Other important
risk factors include increased presence of acaricide-resistant tick vectors, and, in the case of the USA,
the increase in cattle importation from endemic countries [5]. An additional source of concern is the risk
of transmission resulting from free-moving wild animals that are infested with Babesia-infected ticks [6].
Since babesiosis is geographically restricted to tropical and subtropical areas due to environmental
requirements by their tick vectors, climate change results in the expansion of the geographical niche of
the tick vectors able to transmit the disease into regions that were previously considered as non-endemic
in recent years [7]. Overall, babesiosis has a large and significant economic impact on the beef and
dairy industries due to mortality, ill-thrift, abortions, loss of milk and meat production, treatment cost,
and ultimately, impact on international cattle trade [6].
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bodies, conoid, and polar rings. Apicomplexan parasites have an apicoplast (Cryptosporidium does not 
have apicoplast). Cryptosporidium have mitochondria reduced in size and function known as a 
mitosome. 

2. Babesia Life Cycle 

The life cycle of Babesia spp. consists of merogony, gametogony, and sporogony (Figure 2). 
Babesia is naturally transmitted transovarially by the bite of infected Ixodid tick larva and nymphs for 
B. bovis and B. bigemina, respectively. Motile sporozoites stored within the salivary glands of the ticks 
are injected into the mammalian host, where they infect erythrocytes [8]. Once inside the erythrocyte, 
sporozoites develop into trophozoites where binary fission occurs forming merozoites. Merozoites 
egress from infected erythrocytes and re-infect other erythrocytes. Some trophozoites undergo 
gametogenesis in the midgut of the tick and develop into Strahlenkörper forms. These fuse to form 
zygotes, which then develop into motile kinetes. Through the hemolymph of the tick, motile kinetes 
invade different tick organs, including the ovary, where they can access tick eggs, thus leading to 
transovarial transmission. Finally, the parasites reach the salivary glands of the larva of the next 

Figure 1. General Apicomplexa structure. Apicomplexan parasites, in addition to nucleus, ribosomes,
endoplasmic reticulum, mitochondria, and Golgi complex, have a characteristic apical complex that
includes the secretory organelles known as micronemes, rhoptries, dense granules or spherical bodies,
conoid, and polar rings. Apicomplexan parasites have an apicoplast (Cryptosporidium does not have
apicoplast). Cryptosporidium have mitochondria reduced in size and function known as a mitosome.

2. Babesia Life Cycle

The life cycle of Babesia spp. consists of merogony, gametogony, and sporogony (Figure 2). Babesia
is naturally transmitted transovarially by the bite of infected Ixodid tick larva and nymphs for B. bovis and
B. bigemina, respectively. Motile sporozoites stored within the salivary glands of the ticks are injected
into the mammalian host, where they infect erythrocytes [8]. Once inside the erythrocyte, sporozoites
develop into trophozoites where binary fission occurs forming merozoites. Merozoites egress from
infected erythrocytes and re-infect other erythrocytes. Some trophozoites undergo gametogenesis in
the midgut of the tick and develop into Strahlenkörper forms. These fuse to form zygotes, which then
develop into motile kinetes. Through the hemolymph of the tick, motile kinetes invade different tick
organs, including the ovary, where they can access tick eggs, thus leading to transovarial transmission.
Finally, the parasites reach the salivary glands of the larva of the next generation of ticks, where the
parasites form multi-nucleated sporoblasts. Resulting sporozoites are then injected into the mammalian
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host as the ticks acquire a blood meal [9]. Inoculation of Babesia sporozoites by larva (B. bovis) or nymph
(B. bigemina) stages of the vector Riphicephalus ticks into naïve animals may result in acute babesiosis.
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Figure 2. Babesia bovis life cycle. It consists of merogony, gametogony, and sporogony. A female
Riphicephalus microplus feeds on an infected host. The sexual reproduction occurs in the definitive host,
the tick. Some of the merozoites transform into sexually reproductive cells, which join in pairs and
form gametes (gametogenesis). Pairs of gametes then fuse to form zygotes. The zygote differentiates in
a motile kinete, which travel through the hemolymph. Kinetes invade different tick organs including
the ovary, so when the tick lay eggs, these eggs are already infected. These eggs developed in infected
larvae, where new sporozoites are generated and stored in the salivary glands (sporogony). The infected
larvae infect the mammalian host (intermediate host), invading the erythrocytes. Intraerythrocytic,
the parasite undergoes asexual reproduction (merogony) and the cycle begins again.

3. Acute and Persistent Babesia Infections

Acute symptoms of babesiosis are broad, ranging from a sub-clinical infection to a fulminant
malaria-like disease, which can be fatal [4]. The severity of the disease depends on the age of the
mammalian host, the competency of the host immune system, and co-infection with other pathogens [4].
The only method available to prevent acute bovine babesiosis, at least to some degree, is the use of
live-attenuated vaccines. Such vaccines comprise attenuated parasite strains that are derived from
virulent strains that have undergone a series of rapid passages in calves [10–12]. The B. bovis attenuated
vaccine strains are generated by rapid serial passages (usually 22 to 28) of blood containing infected
erythrocytes in splenectomized calves [11,13], while B. bigemina vaccine strains are generated by serial
passages of infected erythrocytes in spleen intact calves [14]. Again, the attenuated parasites cause mild
disease in vaccinated animals, but these parasites also can transit into persistent disease, on the face of
the immune response of the hosts. The mechanisms involved in the attenuation of Babesia parasites by
passage in calves remain unknown. However, among other possibilities, attenuation may be due to the
selection of a preexisting attenuated subpopulation in the virulent strain by the successive passages,
or due to the occurrence of genetic or epigenetic changes in the parasites resulting in changes of their
virulence phenotype. Regardless of the mechanisms involved, comparisons of virulent/attenuated,
genetically-related pairs of parasites using genomic and transcriptomic approaches allowed the
discovery of genes that are differentially expressed in attenuated parasites, as described below.

Although highly genetically related, B. bovis and B. bigemina cause distinct pathologies in infected
cattle. While both parasites are responsible for increased fever and anemia, and for other signs
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related to massive destruction of erythrocytes, B. bigemina causes milder acute disease followed by
persistent disease in surviving animals. In contrast, virulent strains of B. bovis cause acute infections,
characterized by neurological signs such as ataxia, lethargy, and inappetence [15]. Neurovirulence is
most likely related to the cytoadhesion of infected erythrocytes to vascular endothelial cells and
their subsequent sequestration in the cerebral microvasculature [16,17], resulting in altered blood
flow and inflammation [18]. Neither sequestration nor neurological signs occur in animals infected
with B. bigemina. However, the receptors involved in the interactions between B. bovis infected
erythrocytes and host endothelial cells remain unknown. It is possible that changes in the surface
architecture of the infected erythrocytes, such as ridges mediated by the parasites, facilitate this
process. In addition, parasite proteins expressed on the surface of the infected erythrocyte, such as the
members of the Variant Erythrocyte Surface Antigen (VESA) family, have been identified as possible
candidates for mediating such interactions, but it is possible that other still uncharacterized molecules
participate directly or indirectly in this mechanism. Less is known about molecules expressed on
the endothelial cells lining the vasculature that can bind to receptors expressed on the surface of
infected erythrocytes. Animals infected with virulent strains of Babesia parasites also suffer from
hyperthermia (≥39 ◦C) for three or more days, with decreases in hematocrit greater than 40%. These,
combined severe clinical signs, usually require chemotherapeutic intervention to prevent the fast demise
of infected animals. In contrast, B. bovis attenuated strains derived artificially from the virulent parental
strains do not induce neurovirulence in inoculated young calves, which are usually more resistant
to infection [17,18]. Additionally, hosts infected with attenuated strains display reduced erythrocyte
sequestration, less hyperthermia, and a lower decrease in hematocrit [17,18]. These vaccinated animals
survive with no chemotherapeutic intervention, and thus live vaccines based on attenuated B. bovis
strains are frequently used in endemic countries. Cytoadhesion of infected erythrocytes remains an
important mechanism that enables the development of persistent infection, which is subsequent to the
acute stage. A feature of persistent infection is low levels of fluctuating parasitemia, which results in the
occurrence of asymptomatic cattle in endemic areas that function as reservoirs that assure transmission
of the parasite.

Immunological studies have demonstrated that an important mechanism that protects cattle from
severe manifestations of the disease is the clearance of the parasites from the circulation mediated
by macrophages in the spleen [19–21]. However, there is consensus that the ability of B. bovis to
sequester in capillaries of the host (mainly in the brain and kidney, as well as in other organs) helps
the parasite to avoid the immune responses of the hosts, and particularly, the trapping of infected
erythrocytes mediated by macrophages residing in the spleen of the hosts. This ‘parasite escape’
strategy is similar to the mechanisms used by Plasmodium parasites to avoid clearance by the host
immune system [22,23]. Furthermore, and in a fashion similar to Plasmodium, sequestration of infected
erythrocytes in brain microvasculature is also responsible for the generation of the neurological
symptoms [17,24]. The mechanisms involved in sequestration of B. bovis remain poorly defined, but it
is known that B. bovis express proteins that can produce important modifications in the architecture of
the infected erythrocyte [25–29]. In addition to cytoadhesion and sequestration, the parasite is also able
to generate antigenic diversity in the molecules exposed on the erythrocyte surface, such the members
of the VESA family, to escape the antibody responses of the host [30,31]. In summary, cytoadhesion and
rapid antigenic variation acting together are widely considered as the main mechanisms used by
B. bovis to allow persistent infections.

4. Immune Mechanisms of Persistent Babesia Infections

The outcome of a B. bovis infection depends on the balance between host and parasite responses to
the inflammatory response induced by the parasite. After acute infection, animals either die or recover
from the infection either naturally or after drug treatment. After recovery, the parasite establishes
persistency and the host become chronically infected [19].
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Following a tick bite, at the site of infection, an innate immune response against infected
erythrocytes or free Babesia merozoites is initiated [8]. Different Babesia pathogen associated molecular
patterns (PAMPs) bind to mammalian toll-like receptors (TLRs) expressed on neutrophils or monocytes,
a process responsible for the initiation of the host innate immune response. Mainly, non-methylated
CpG motifs of DNA bind to bovine TLR9 [32,33]. Monocytes or phagocytic neutrophils release
cytokines such as IL-B, TNF-α, and Nitric Oxide (NO) in Babesia infections [34] and in chemokines that
attract immature dendritic cells (iDC). Also, Natural Killer cells (NK) have been identified in the early
stages of Babesia infection [35]. NKs release interleukin (IL) IL-12, IL-18, and IFNγ [21,36]. Mature DC
(mDC) migrate to secondary lymphoid tissue, such as the spleen or lymph nodes, at the beginning
of the acute infection, which is characterized by high parasitemia, fever, anemia, drop of hematocrit,
and organ failure. In the spleen, the mDC present Babesia antigens to naïve T cells. Spleen macrophages
activated by IFNγ [21,36] kill the parasite by phagocytosis and the activity of toxic metabolites such
as NO [34]. The important role of macrophage activation was demonstrated by in vitro experiments
where macrophages secreted products such as 1L-1β, 1L-12, and TNF-α, which inhibited in vitro
B. bovis growth [21] (Figure 3).
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Figure 3. Immune regulation of Babesia infection toward Persistence. During the bite, the ticks insert
their mouthparts into the skin on their host and cause tissue injury, creating hemorrhagic pools where
Babesia sporozoites stimulate host innate immune response. Babesia pathogens associated molecules
patterns (PAMPS) bind to the mammalian toll-like receptors (TLRs) on neutrophils or monocytes.
Monocytes or phagocytic neutrophils release cytokines such as IL-B, TNF-α, and Nitric Oxide (NO),
and chemokines attract immature dendritic cells (iDC). Natural Killer cells (NK) release interleukines
(IL) such as IL-12, IL-18, IFNα, and IFNγ. iDC release IL-12 and IL-15. Mature DC (mDC) migrate to
secondary lymphoid tissue such as the spleen or lymph nodes. In the spleen, the mDC present Babesia
antigens to naïve T cells. Spleen macrophages activated by IFNγ kill the parasite by phagocytosis,
and kill the activity of toxic metabolites such as NO and secreted products such as 1L-1β, 1L-12,
and TNF-α, which inhibit B. bovis growth. The mature DC present antigens to CD4+ T cells. CD4+ T
cells produce IFN-γ and IL-4. B cells produce IgG1 and opsonizing IgG2 antibodies. Control of acute
Babesia infection results in the development of chronic disease and persistence where adaptive immune
response is present. During persistent B. bovis infection, there are not evident clinical symptoms,
but the animals still have low fluctuating parasitemia because infected erythrocytes cytoadhered to the
host microvasculature.
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Acquired immunity after immunization with a B. bovis vaccine or recovery from infection
is based on CD4+ T cells, macrophages, and antibody production [20]. The mature DC present
antigens to CD4+ T cells. CD4+ T cells levels were high from animals protected against B. bovis
infection [37]. Activated spleen macrophages produce cytokines, such as IFN-α, IL-12, and IL-18,
that stimulate CD4+ T cells. CD4+ T cells produce IFN-γ and IL-4 [38]. IFN-γ is required for activating
macrophages to produce babesiacidal molecules and for enhancing an opsonizing IgG2 antibody
response. IL-4 produced by CD4+ enhances IgG1 production. Both antibody and activated CD4+ T cells
are important for maintaining protective immunity in B. bovis [20] (Figure 4). However, because Babesia
parasites reside inside erythrocytes, which do not express MHC molecules, mechanisms involving
direct effector activities of lymphocytes, such as cytotoxic lymphocytes, are not considered relevant for
effective control.
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Figure 4. Proposed model of a possible mechanism of attenuation in Babesia bovis. SBP2 and SBP2
truncated proteins (SBP2t7, SBP2t9, and SBP2t11) might be involved in protein-protein interactions,
in a mode that inhibits or regulates ridge formation in B. bovis infected erythrocytes. In the virulent
B. bovis infected-erythrocytes (right figure), sbp2 truncated transcripts are down-regulated, which could
correlate to their protein levels; Variant Erythrocyte Surface Antigen (VESA) proteins forming the
heterodimer VESAαβ are expressed on the surface on infected erythrocytes, especially in the tips
of numerous ridges. Thus, the VESA heterodimer is interacting with undefined receptors on the
endothelial cells. These receptors could be EC receptors, I-CAM1, CD36, P-selectin, CSA, or CD31 as it
occurs in Plasmodium. Thus, cytoadhesion in a virulent strain to endothelial cells is highly abundant.
On the left side, in the attenuated B. bovis strain infected erythrocyte, sbp2 truncated transcripts
are up-regulated, which could correlate to their protein levels; VESA proteins are not forming the
heterodimer VESAαβ, and the number of ridges is reduced. Thus, the binding to VESA-receptors
is interrupted and cytoadhesion to endothelial cells is reduced. Additionally, undefined erythrocyte
cytoskeleton proteins (Spectrin, Band 3, Band 4.1, Ankyrin R, and Actin) could be interacting with SBP
proteins as well.

The outcome of the acute infection depends on the timing, production, and quantity of cytokine
response. Innate response is protective when IFNγ and IL-12 are produced before IL-10 production.
However, the innate response is not protective when IL-10, IL-12, and IFNγ are produced at the
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same time [39]. Control of acute Babesia infection results in the development of chronic disease and
persistence where adaptive immune response is present. During persistent B. bovis infections, there are
not evident clinical symptoms because the infection is controlled, but the animals still have low
fluctuating parasitemia. It is possible that parasite persistence, in the face of a strong immune response,
is aided by the cytoadhesion of infected erythrocytes to the host microvasculature, which allows the
parasite to avoid elimination by spleen macrophages. It has been suggested that it is beneficial for the
parasite to induce sufficient protective immunity that would prevent death of the host, facilitate parasite
persistence, and assure further transmission to a new host [19] (Figure 3). Thus, persistence results in a
balance where the parasite assures its transmission to the host and its survival. It is also possible that
the parasite puts into action mechanisms that facilitate persistence in an unfavorable environment
where it can co-exist with the strong defenses mediated by the immune system of the host, such as
antigenic variation and sequestration, and/or by modulating its virulence. In addition, Babesia parasites
can also use mechanisms of persistence based on the modulation or interference with the effector arms
of the immune system, as exemplified by the expression of immunoglobulin receptors on the surface
of infected erythrocytes by B. bigemina [40].

5. Interplay among Babesia and Its Hosts

Babesia parasites have co-evolved with their definitive arthropod tick vectors and the intermediate
vertebrate hosts developing mechanisms that lead to parasite perpetuation. These mechanisms involve
the production and interplay of virulence and attenuation factors. However, the interactions among
the parasite and the vertebrate host are also strongly influenced by the responses of the immune
system. The immune system of the bovine is known to generate a massive humoral immune response
against the detection of bovine babesiosis [41–43], upon controlling acute infections. The result of these
interactions is usually a balance that is mainly reached upon the establishment of persistent infections
where the parasite assures its transmission and host survival.

The restriction on the expansion of parasite numbers in persistently infected animals occurs
despite the expression of variable VESA antigens (see below) on the surface of the infected erythrocytes,
which is regarded as an escape strategy of the parasite. This observation suggests that effective control
of the number of circulating parasites could be due mainly to the destruction of free merozoites,
rather than infected erythrocytes. This is supported by the large amount of surface merozoites antigens
recognized by sera of persistently infected cattle, including antigens of the Variable Merozoite Surface
Antigen family (VMSA) [44] and the absence of clinical manifestations, such as splenomegaly and signs
of hemolytic anemia, in persistently infected animals. The VMSA is a family of antigens, that includes
MSA-1 and MSA2a, b, and c, that is not subjected to fast antigenic variation, but it is in contrast highly
variable among distinct strains of the parasite [45–47]. Overall, these observations suggest the existence
of a unique interplay between the parasite and the immune system of the host where both the host and
the parasites are benefited.

On the other hand, cytoadhesion thus prevents infected erythrocytes from circulating through the
spleen where they would be eliminated by phagocytosis. This mechanism seems to be operative during
both acute and persistent infections and is central to control the infection. Paradoxically, parasite survival
relies on the occurrence of an effective immune system, which can regulate uncontrolled development
of the parasite in the host for its survival at the population level, and thus expresses attenuation factors
that can modulate the virulence and move the tip in the direction of survival for both the host and
the parasite.

6. Possible Role of Attenuation Factors in Modulating Persistent Infection and Virulence

The mechanism underlying parasite attenuation through passage is not fully understood, but some
evidence of changes occurring at the genomic, transcriptomic, proteomic, and pathophysiological
levels has been collected so far. First, comparative genomic analysis of B. bovis virulent and attenuated
strain pairs suggested minimal changes at the coding level among the virulent and attenuated strain
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pairs, and attenuation may be a strain-specific acquired phenotype, although all attenuated derivatives
consist of significantly reduced genomic content [48].

Second, the subsequent transcriptome analysis of two virulent and attenuated strain pairs revealed
significant differential gene expression. Specifically, three spherical body protein (SBP) 2 gene family
members were found up-regulated in the Argentina and Texas attenuated strains: sbp2t7, sbp2t9,
and sbp2t11 [49]. Additionally, sbp2t11 was found consistently up-regulated in multiple attenuated
strains, when compared to their virulent counterparts [50]. This altered gene expression pattern,
exclusive to the attenuated strains, suggests that sbp2t11 may be a universal attenuation marker for
B. bovis [49,50].

Third, there is likely a connection between low cytoadhesion and attenuation [34]. As it was
mentioned previously, cytoadhesion in bovine babesiosis occurs as B. bovis infected erythrocytes adhere
to capillary endothelial cells in vivo, resulting in the concentration of infected erythrocytes in the host
microvasculature [16,51]. This parasite strategy has been proposed to result in the avoidance of parasite
splenic clearance while it facilitates establishing persistent infection [52]. The observation that significant
differences in the number of sequestered parasites in cerebral capillaries were detected between animals
infected with Texas virulent and attenuated strains [17] suggests that cytoadherence is a mechanism
that might be closely correlated with virulence. Consistent with this postulate, artificial up-regulation
of the attenuation marker sbp2t11 was also associated with low cytoadhesion [53].

Fourth, there remains an unexplored relationship between VESA and attenuation. The Variant
Erythrocyte Surface Antigen 1 (VESA) protein is the largest protein family in B. bovis and it has been
associated to cytoadherence and antigenic variation [29,54]. VESA protein is a heterodimer formed by a
1α and a 1β subunit [55]. Ves genes encode the VESA proteins; the VESA1α subunit is encoded by >150
Vesα genes and theβ subunit is encoded by >80 vesβ genes [56]. Vesα and vesβ are divergently oriented
and hypothesized to be transcribed at the locus of active transcription, resulting in the expression of
VESA1αβ heterodimer on the erythrocyte surface [54,55,57]. Previously, it was demonstrated that
antibodies generated during acute babesiosis infection disrupted infected erythrocytes and endothelial
cells bonds [58]. Also, a variable, polymorphic doublet VESA1 protein was immunoprecipitated from
this serum using Babesia hyperimmune IgG serum to precipitate L-35S methionine-labeled parasite
proteins [58]. In addition, VESA proteins were found to be associated with ridges that are present in the
surface of B. bovis infected erythrocytes. Such ridges are also likely to be responsible for facilitating the
cytoadherence of infected erythrocytes to vascular endothelial cells [58], and certain attenuated B. bovis
strains display reduced numbers of ridges [59,60]. Collectively, these data suggest the possibility
that cytoadherence is associated with the expression of VESA proteins [58]. In addition, since VESA
proteins are known for their high degree of variation and differential patterns of expression through
the infection, it has been suggested that they may also assist the parasite to escape the host immune
system. According to a transcriptome analysis [49], in virulent B. bovis strains, the variant erythrocyte
surface antigen (ves) αβ pair genes are up-regulated and divergently oriented meanwhile sbp genes are
down-regulated. On the other hand, in attenuated B. bovis strains, ves genes are up-regulated but the
heterodimers are unpaired, meanwhile sbp genes are up-regulated [49].

The actual molecular mechanisms explaining the relationships among sbp2t11 levels and
cytoadherence remain unknown. VESA proteins and/or other erythrocyte cytoskeleton proteins
could be interacting with Babesia proteins such as the SBP proteins in a similar panorama as previously
reported for Plasmodium [61–63]. P. falciparum erythrocyte membrane protein (PfEMP1) mediates
cytoadhesion in P. falciparum, undergoes antigenic variation, and is encoded by the var multigene family.
Thus, the PfEMP1 pattern of expression influences the severity of the malaria disease [64]. Both the
N-terminal and the C-terminal portion of PfEMP1 participate in important interactions: the extracellular
N-terminal portion of PfEMP1 interacts with different host receptors such as I-CAM1, CD36, P-selectin,
and chondroitin sulfate A (CSA); meanwhile, the intracellular C-terminal portion of PfEMP1 interacts
with the knob-associated histidine-rich protein (KAHRP), which has been implicated in the formation
of knobs on the surface of P. falciparum-infected erythrocytes [65]. KAHRP contains a 63-amino
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acid histidine-rich region, two variable repeat tandem regions, and several protein-binding domains
that facilitate the interaction with different parasite and host proteins involved in a cytoadhesion
complex [62,66]. Disruption of genes involved in PfEMP1 trafficking and the kahrp gene cause dramatic
reduction in the formation of knobs and cytoadherence, which may be equivalent to the ridges present on
the surface of B. bovis infected erythrocytes [65,67]. Additionally, down-regulation of chaperone proteins
involved in PfEMP1 transport may affect var gene regulation in severe malaria [68]. Like KAHRP,
sbp2t11 has an N-terminal signal peptide and a PEXEL-like motif responsible for its maturation and
trafficking to spherical bodies. Some proteins staged within the spherical bodies, such as the Smorf
proteins, undergo release during or immediately following erythrocytes invasion. SBP2t11 may be
involved in staging of proteins, or may directly influence cytoadhesion. Data so far collected from
Babesia infected erythrocytes do not distinguish between these possibilities. No significant sequence
homology exists between Plasmodium and Babesia proteins known to be involved in cytoadhesion,
and it is likely that these proteins have evolved independently because of convergent evolution,
perhaps playing similar functional roles in these two distinct parasites.

7. Concluding Remarks: Proposed Model of a Possible Mechanism of Attenuation in Babesia bovis

Based on experimental data, it is reasonable to speculate that the B. bovis VESA and SBP2
proteins have similar characteristics and roles as PfEMP1 and KAHRP in P. falciparum, respectively.
VESA proteins have been involved in cytoadhesion and have undergone antigenic variation encoded
by the ves multigene family. The VESA proteins are responsible for the adherence to unknown host
receptors and, like the Plasmodium PfEMP proteins, are deemed as B. bovis virulence factors (Figure 4).
Yet, although no significant sequence similarities exist between the PfEMP and VESA proteins, they both
seem to share similar features and functional roles. The intracellular C-terminal portion of VESA could
also be interacting with the parasite proteins involved in the formation of ridges and cytoskeleton host
proteins (Figure 4) as is the case with PfEMP and KAHRP in Plasmodium [62,63]. Similar to KAHRP,
the SBP2 proteins contain an N-terminal signal peptide, PEXEL motif, form tandem repeat regions
(just in SBP2) and protein binding domains.

Based on recent experimental evidence and similar findings in related parasites, we propose a
model of modulation of virulence based on the interplay of parasite proteins that are secreted into
the erythrocyte cytoplasm and on the surface of the infected erythrocyte. We based our model on the
known VESA proteins, the only so far well-characterized virulence factor in B. bovis and the SBP2t11
protein, the first attenuation factor described, but no doubt, other still uncharacterized proteins may
play important roles in this process (Figure 4). This model suggests that SBP2 truncated proteins,
such as SBP2t11, might be involved in protein-protein interactions in a mode that inhibits or regulates
ridge formation in B. bovis infected erythrocytes. Thus, overexpression of the truncated SBP2t11
may tip the balance on the attenuation side by decreasing the number of ridges in infected cells,
concomitant with reduced cytoadhesion and parasite virulence (Figure 4). This model is supported
by the structural features shared among sbp2t11 and similar exported PEXEL processed Plasmodium
proteins involved in knob formation, which is the confirmed observations that SBP2 truncated protein,
especially SBP2t11, is over-expressed in attenuated phenotypes, and the findings of the current
study demonstrate that infected erythrocytes overexpressing SBP2t11 have a reduced cytoadhesion
phenotype [53]. In summary, current data are consistent with the hypothesis that over-expression of
SBP2t11 interposes with the protein network described for the virulent phenotype, reducing ridge
formation, and cytoadherence in attenuated parasite, suggesting SBP2t11 as a possible modulator of
virulence in B. bovis (Figure 4). More research to identify novel attenuation and virulence factors in
B. bovis is therefore needed to clarify this process further, filling a research gap that can be exploited for
generating new vaccines and methods for the control of bovine babesiosis.



Pathogens 2019, 8, 97 10 of 13

Author Contributions: All authors contributed to the critical review and approval of the final manuscript.
G.M.G.-L. helped with literature review, ideas, data analyses and figures design. C.E.S. and B.M.C. provided
oversight, leadership responsibility, management and coordination, including mentorship for the project leading
to this publication. G.M.G.-L., C.E.S. and B.M.C. contributed to the preparation and writing of the manuscript.

Funding: This work was funded by the United States Department of Agriculture-Agriculture Research Service
Current Research Information System Project No. 2090-32000-039-00D, the International Development Research
Centre (IDRC) (Canada) project 108525-001 and The Australian Research Council (DP180102584).

Acknowledgments: The authors would like to acknowledge Audrey Lau, Vignesh Rathinasamy, William Poole,
Paul Lacy and Jacob Laughery, who contributed intellectually and technically to the work discussed in
this manuscript.

Conflicts of Interest: None of the authors has declared a conflict of interest.

References

1. Suarez, C.E.; Bishop, R.P.; Alzan, H.F.; Poole, W.A.; Cooke, B.M. Advances in the application of genetic
manipulation methods to 5 apicomplexan parasites. Int. J. Parasitol. 2017, 47, 701–710. [CrossRef] [PubMed]

2. Innes, E.A.; Bartley, P.M.; Rocchi, M.; Benavidas-Silvan, J.; Burrells, A.; Hotchkiss, E.; Chianini, F.; Canton, G.;
Katzer, F. Developing vaccines to control protozoan parasites in ruminants: Dead or alive? Vet. Parasitol.
2011, 180, 155–163. [CrossRef] [PubMed]

3. Janouškoveca, J.; Horáka, A.; Oborníkb, M.; Lukešb, J.; Keeling, P.J. A common red algal origin of the
apicomplexan, dinoflagellate, and heterokont plastids. Proc. Natl. Acad. Sci. USA 2010, 107, 10949–10954.
[CrossRef] [PubMed]

4. Homer, M.J.; Aguilar-Delfin, I.; Telford, S.R., 3rd; Krause, P.J.; Persing, D.H. Babesiosis. Clin. Microbiol. Rev.
2000, 13, 451–469. [CrossRef] [PubMed]

5. De Vos, A.J.; Bock, R.E. Vaccination against bovine babesiosis. Ann. N. Y. Acad. Sci. 2000, 916, 540–545.
[CrossRef] [PubMed]

6. Bock, R.; Jackson, L.; de Vos, A.; Jorgensen, W. Babesiosis of cattle. Parasitology 2004, 129 (Suppl. 1), S247–S269.
[CrossRef] [PubMed]

7. Medlock, J.M.; Hansford, K.M.; Bormane, A.; Derdakova, M.; Estrada-Pena, A.; George, J.C.; Golovljova, I.;
Jaenson, T.G.; Jensen, J.K.; Jensen, P.M.; et al. Driving forces for changes in geographical distribution of
ixodes ricinus ticks in europe. Parasites Vectors 2013, 6, 1. [CrossRef] [PubMed]

8. Chauvin, A.; Moreau, E.; Bonnet, S.; Plantard, O.; Malandrin, L. Babesia and its hosts: Adaptation to
long-lasting interactions as a way to achieve efficient transmission. Vet. Res. 2009, 40, 1–18. [CrossRef]

9. Hunfeld, K.P.; Hildebrandt, A.; Gray, J.S. Babesiosis: Recent insights into an ancient disease. Int. J. Parasitol.
2008, 38, 1219–1237. [CrossRef]

10. Benavides, E.; Vizcaino, O.; Britto, C.M.; Romero, A.; Rubio, A. Attenuated trivalent vaccine against babesiosis
and anaplasmosis in colombia. Ann. N. Y. Acad. Sci. 2000, 916, 613–616. [CrossRef]

11. Callow, L.L.; Dalgliesh, R.J.; de Vos, A.J. Development of effective living vaccines against bovine babesiosis–the
longest field trial? Int. J. Parasitol. 1997, 27, 747–767. [CrossRef]

12. Bock, R.E.; de Vos, A.J. Immunity following use of australian tick fever vaccine: A review of the evidence.
Aust. Vet. J. 2001, 79, 832–839. [CrossRef] [PubMed]

13. de Waal, D.T.; Combrink, M.P. Live vaccines against bovine babesiosis. Vet. Parasitol. 2006, 138, 88–96.
[CrossRef] [PubMed]

14. Dalgliesh, R.J.; Callow, L.L.; Mellors, L.T.; McGregor, W. Development of a highly infective babesia bigemina
vaccine of reduced virulence. Aust. Vet. J. 1981, 57, 8–11. [CrossRef] [PubMed]

15. Nevils, M.A.; Figueroa, J.V.; Turk, J.R.; Canto, G.J.; Le, V.; Ellersieck, M.R.; Carson, C.A. Cloned lines of
babesia bovis differ in their ability to induce cerebral babesiosis in cattle. Parasitol. Res. 2000, 86, 437–443.
[CrossRef] [PubMed]

16. Wright, I.G. An electron microscopic study of intravascular agglutination in the cerebral cortex due to babesia
argentina infection. Int. J. Parasitol. 1972, 2, 209–215. [CrossRef]

17. Sondgeroth, K.S.; McElwain, T.F.; Allen, A.J.; Chen, A.V.; Lau, A.O. Loss of neurovirulence is associated with
reduction of cerebral capillary sequestration during acute babesia bovis infection. Parasites Vectors 2013,
6, 181. [CrossRef]

http://dx.doi.org/10.1016/j.ijpara.2017.08.002
http://www.ncbi.nlm.nih.gov/pubmed/28893636
http://dx.doi.org/10.1016/j.vetpar.2011.05.036
http://www.ncbi.nlm.nih.gov/pubmed/21680094
http://dx.doi.org/10.1073/pnas.1003335107
http://www.ncbi.nlm.nih.gov/pubmed/20534454
http://dx.doi.org/10.1128/CMR.13.3.451
http://www.ncbi.nlm.nih.gov/pubmed/10885987
http://dx.doi.org/10.1111/j.1749-6632.2000.tb05333.x
http://www.ncbi.nlm.nih.gov/pubmed/11193669
http://dx.doi.org/10.1017/S0031182004005190
http://www.ncbi.nlm.nih.gov/pubmed/15938514
http://dx.doi.org/10.1186/1756-3305-6-1
http://www.ncbi.nlm.nih.gov/pubmed/23281838
http://dx.doi.org/10.1051/vetres/2009020
http://dx.doi.org/10.1016/j.ijpara.2008.03.001
http://dx.doi.org/10.1111/j.1749-6632.2000.tb05346.x
http://dx.doi.org/10.1016/S0020-7519(97)00034-9
http://dx.doi.org/10.1111/j.1751-0813.2001.tb10931.x
http://www.ncbi.nlm.nih.gov/pubmed/11837905
http://dx.doi.org/10.1016/j.vetpar.2006.01.042
http://www.ncbi.nlm.nih.gov/pubmed/16504404
http://dx.doi.org/10.1111/j.1751-0813.1981.tb07075.x
http://www.ncbi.nlm.nih.gov/pubmed/7236153
http://dx.doi.org/10.1007/s004360050691
http://www.ncbi.nlm.nih.gov/pubmed/10894468
http://dx.doi.org/10.1016/0020-7519(72)90008-2
http://dx.doi.org/10.1186/1756-3305-6-181


Pathogens 2019, 8, 97 11 of 13

18. Florin-Christensen, M.; Suarez, C.E.; Rodriguez, A.; Flores, D.; Schnittger, L. Vaccines against bovine
babesiosis: Where we are now and possible roads ahead. Parasitology 2014, 141, 1563–1592. [CrossRef]

19. Brown, W.C. Molecular approaches to elucidating innate and acquired immune responses to babesia bovis,
a protozoan parasite that causes persistent infection. Vet. Parasitol. 2001, 101, 233–248. [CrossRef]

20. Brown, W.C.; Palmer, G.H. Designing blood-stage vaccines against babesia bovis and b. Bigemina. Parasitol.
Today 1999, 15, 275–281. [CrossRef]

21. Shoda, L.K.; Palmer, G.H.; Florin-Christensen, J.; Florin-Christensen, M.; Godson, D.L.; Brown, W.C.
Babesia bovis-stimulated macrophages express interleukin-1beta, interleukin-12, tumor necrosis factor alpha,
and nitric oxide and inhibit parasite replication in vitro. Infect. Immun. 2000, 68, 5139–5145. [CrossRef]
[PubMed]

22. Allred, D.R. Immune evasion by babesia bovis and plasmodium falciparum: Cliff-dwellers of the parasite
world. Parasitol. Today 1995, 11, 100–105. [CrossRef]

23. Smith, J.D.; Rowe, J.A.; Higgins, M.K.; Lavstsen, T. Malaria’s deadly grip: Cytoadhesion of plasmodium
falciparum infected erythrocytes. Cell. Microbiol. 2013, 15, 1976–1983. [CrossRef] [PubMed]

24. Storm, J.; Jespersen, J.S.; Seydel, K.B.; Szestak, T.; Mbewe, M.; Chisala, N.V.; Phula, P.; Wang, C.W.; Taylor, T.E.;
Moxon, C.A.; et al. Cerebral malaria is associated with differential cytoadherence to brain endothelial cells.
Embo Mol. Med. 2019, 11, e9164. [CrossRef] [PubMed]

25. Jasmer, D.P.; Reduker, D.W.; Perryman, L.E.; McGuire, T.C. A babesia bovis 225-kilodalton protein located
on the cytoplasmic side of the erythrocyte membrane has sequence similarity with a region of glycogen
phosphorylase. Mol. Biochem. Parasitol. 1992, 52, 263–269. [CrossRef]

26. Terkawi, M.A.; Seuseu, F.J.; Eko-Wibowo, P.; Huyen, N.X.; Minoda, Y.; AbouLaila, M.; Kawai, S.; Yokoyama, N.;
Xuan, X.; Igarashi, I. Secretion of a new spherical body protein of babesia bovis into the cytoplasm of infected
erythrocytes. Mol. Biochem. Parasitol. 2011, 178, 40–45. [CrossRef] [PubMed]

27. Hines, S.A.; Palmer, G.H.; Brown, W.C.; McElwain, T.F.; Suarez, C.E.; Vidotto, O.; Rice-Ficht, A.C. Genetic and
antigenic characterization of babesia bovis merozoite spherical body protein bb-1. Mol. Biochem. Parasitol.
1995, 69, 149–159. [CrossRef]

28. Ruef, B.J.; Dowling, S.C.; Conley, P.G.; Perryman, L.E.; Brown, W.C.; Jasmer, D.P.; Rice-Ficht, A.C. A unique
babesia bovis spherical body protein is conserved among geographic isolates and localizes to the infected
erythrocyte membrane. Mol. Biochem. Parasitol. 2000, 105, 1–12. [CrossRef]

29. O’Connor, R.M.; Lane, T.J.; Stroup, S.E.; Allred, D.R. Characterization of a variant erythrocyte surface antigen
(vesa1) expressed by babesia bovis during antigenic variation. Mol. Biochem. Parasitol. 1997, 89, 259–270.
[CrossRef]

30. Allred, D.R. Variable and variant protein multigene families in babesia bovis persistence. Pathogens 2019,
8, 76. [CrossRef]

31. Allred, D.R.; Cinque, R.M.; Lane, T.J.; Ahrens, K.P. Antigenic variation of parasite-derived antigens on the
surface of babesia bovis-infected erythrocytes. Infect. Immun. 1994, 62, 91–98. [PubMed]

32. Brown, W.C.; Estes, D.M.; Chantler, S.E.; Kegerreis, K.A.; Suarez, C.E. DNA and a cpg oligonucleotide
derived from babesia bovis are mitogenic for bovine b cells. Infect. Immun. 1998, 66, 5423–5432. [PubMed]

33. Brown, W.C.; Norimine, J.; Goff, W.L.; Suarez, C.E.; McElwain, T.F. Prospects for recombinant vaccines
against babesia bovis and related parasites. Parasite Immunol. 2006, 28, 315–327. [CrossRef] [PubMed]

34. Johnson, W.C.; Cluff, C.W.; Goff, W.L.; Wyatt, C.R. Reactive oxygen and nitrogen intermediates and products
from polyamine degradation are babesiacidal in vitro. Ann. N. Y. Acad. Sci. 1996, 791, 136–147. [CrossRef]
[PubMed]

35. Goff, W.L.; Johnson, W.C.; Horn, R.H.; Barrington, G.M.; Knowles, D.P. The innate immune response in
calves to boophilus microplus tick transmitted babesia bovis involves type-1 cytokine induction and nk-like
cells in the spleen. Parasite Immunol. 2003, 25, 185–188. [CrossRef] [PubMed]

36. Goff, W.L.; Storset, A.K.; Johnson, W.C.; Brown, W.C. Bovine splenic nk cells synthesize ifn-gamma in
response to il-12-containing supernatants from babesia bovis-exposed monocyte cultures. Parasite Immunol.
2006, 28, 221–228. [CrossRef] [PubMed]

37. Brown, W.C.; Logan, K.S. Babesia bovis: Bovine helper T cell lines reactive with soluble and membrane
antigens of merozoites. Exp. Parasitol. 1992, 74, 188–199. [CrossRef]

38. Brown, W.C.; Woods, V.M.; Dobbelaere, D.A.; Logan, K.S. Heterogeneity in cytokine profiles of babesia
bovis-specific bovine cd4+ t cells clones activated In Vitro. Infect. Immun. 1993, 61, 3273–3281.

http://dx.doi.org/10.1017/S0031182014000961
http://dx.doi.org/10.1016/S0304-4017(01)00569-6
http://dx.doi.org/10.1016/S0169-4758(99)01471-4
http://dx.doi.org/10.1128/IAI.68.9.5139-5145.2000
http://www.ncbi.nlm.nih.gov/pubmed/10948137
http://dx.doi.org/10.1016/0169-4758(95)80166-9
http://dx.doi.org/10.1111/cmi.12183
http://www.ncbi.nlm.nih.gov/pubmed/23957661
http://dx.doi.org/10.15252/emmm.201809164
http://www.ncbi.nlm.nih.gov/pubmed/30610112
http://dx.doi.org/10.1016/0166-6851(92)90058-R
http://dx.doi.org/10.1016/j.molbiopara.2011.02.006
http://www.ncbi.nlm.nih.gov/pubmed/21406202
http://dx.doi.org/10.1016/0166-6851(94)00200-7
http://dx.doi.org/10.1016/S0166-6851(99)00167-X
http://dx.doi.org/10.1016/S0166-6851(97)00125-4
http://dx.doi.org/10.3390/pathogens8020076
http://www.ncbi.nlm.nih.gov/pubmed/8262654
http://www.ncbi.nlm.nih.gov/pubmed/9784553
http://dx.doi.org/10.1111/j.1365-3024.2006.00849.x
http://www.ncbi.nlm.nih.gov/pubmed/16842268
http://dx.doi.org/10.1111/j.1749-6632.1996.tb53520.x
http://www.ncbi.nlm.nih.gov/pubmed/8784495
http://dx.doi.org/10.1046/j.1365-3024.2003.00625.x
http://www.ncbi.nlm.nih.gov/pubmed/12940961
http://dx.doi.org/10.1111/j.1365-3024.2006.00830.x
http://www.ncbi.nlm.nih.gov/pubmed/16629708
http://dx.doi.org/10.1016/0014-4894(92)90046-D


Pathogens 2019, 8, 97 12 of 13

39. Goff, W.L.; Johnson, W.C.; Parish, S.M.; Barrington, G.M.; Tuo, W.; Valdez, R.A. The age-related immunity
in cattle to babesia bovis infection involves the rapid induction of interleukin-12, interferon-gamma and
inducible nitric oxide synthase mrna expression in the spleen. Parasite Immunol. 2001, 23, 463–471. [CrossRef]

40. Echaide, I.E.; Hines, S.A.; McElwain, T.F.; Suarez, C.E.; McGuire, T.C.; Palmer, G.H. In Vivo binding of
immunoglobulin m to the surfaces of babesia bigemina-infected erythrocytes. Infect. Immun. 1998, 66,
2922–2927.

41. Battsetseg, B.; Sivakumar, T.; Naranbaatar, K.; Narantsatsral, S.; Myagmarsuren, P.; Enkhtaivan, B.;
Davaasuren, B.; Mizushima, D.; Weerasooriya, G.; Igarashi, I.; et al. Serosurvey of babesia bovis and
babesia bigemina in cattle in mongolia. Vet. Parasitol. Reg. Stud. Rep. 2018, 13, 85–91. [CrossRef] [PubMed]

42. Sivakumar, T.; Lan, D.T.B.; Long, P.T.; Viet, L.Q.; Weerasooriya, G.; Kume, A.; Suganuma, K.; Igarashi, I.;
Yokoyama, N. Serological and molecular surveys of babesia bovis and babesia bigemina among native cattle
and cattle imported from thailand in hue, vietnam. J. Vet. Med. Sci. 2018, 80, 333–336. [CrossRef] [PubMed]

43. Guswanto, A.; Allamanda, P.; Mariamah, E.; Munkjargal, T.; Tuvshintulga, B.; Takemae, H.; Sivakumar, T.;
AbouLaila, M.; Terkawi, M.; Ichikawa-Seki, M.; et al. Evaluation of immunochromatographic test (ict) strips
for the serological detection of babesia bovis and babesia bigemina infection in cattle from western java,
indonesia. Vet. Parasitol. 2017, 239, 76–79. [CrossRef] [PubMed]

44. Hines, S.A.; Palmer, G.H.; Jasmer, D.P.; McGuire, T.C.; McElwain, T.F. Neutralization-sensitive merozoite
surface antigens of babesia bovis encoded by members of a polymorphic gene family. Mol. Biochem. Parasitol.
1992, 55, 85–94. [CrossRef]

45. Lau, A.O.; Cereceres, K.; Palmer, G.H.; Fretwell, D.L.; Pedroni, M.J.; Mosqueda, J.; McElwain, T.F.
Genotypic diversity of merozoite surface antigen 1 of babesia bovis within an endemic population.
Mol. Biochem. Parasitol. 2010, 172, 107–112. [CrossRef] [PubMed]

46. Berens, S.J.; Brayton, K.A.; Molloy, J.B.; Bock, R.E.; Lew, A.E.; McElwain, T.F. Merozoite surface antigen 2
proteins of babesia bovis vaccine breakthrough isolates contain a unique hypervariable region composed of
degenerate repeats. Infect. Immun. 2005, 73, 7180–7189. [CrossRef] [PubMed]

47. Florin-Christensen, M.; Suarez, C.E.; Hines, S.A.; Palmer, G.H.; Brown, W.C.; McElwain, T.F. The babesia
bovis merozoite surface antigen 2 locus contains four tandemly arranged and expressed genes encoding
immunologically distinct proteins. Infect. Immun. 2002, 70, 3566–3575. [CrossRef]

48. Lau, A.O.; Kalyanaraman, A.; Echaide, I.; Palmer, G.H.; Bock, R.; Pedroni, M.J.; Rameshkumar, M.;
Ferreira, M.B.; Fletcher, T.I.; McElwain, T.F. Attenuation of virulence in an apicomplexan hemoparasite
results in reduced genome diversity at the population level. Bmc Genom. 2011, 12, 410. [CrossRef]

49. Pedroni, M.J.; Sondgeroth, K.S.; Gallego-Lopez, G.M.; Echaide, I.; Lau, A.O. Comparative transcriptome
analysis of geographically distinct virulent and attenuated babesia bovis strains reveals similar gene
expression changes through attenuation. Bmc Genom. 2013, 14, 763. [CrossRef]

50. Gallego-Lopez, G.M.; Lau, A.O.T.; Brown, W.C.; Johnson, W.C.; Ueti, M.W.; Suarez, C.E. Spherical body
protein 2 truncated copy 11 as a specific babesia bovis attenuation marker. Parasite Vectors 2018, 11, 1–8.
[CrossRef]

51. Wright, I. Ultrastructural changes in babesia argentina-infected erythrocytes in kidney capillaries. J. Parasitol.
1973, 59, 735–736. [CrossRef] [PubMed]

52. Allred, D.R. Babesiosis: Persistence in the face of adversity. Trends Parasitol. 2003, 19, 51–55. [CrossRef]
53. Gallego-Lopez, G.M.; Lau, A.O.T.; O’Connor, R.M.; Ueti, M.W.; Cooked, B.M.; Laughery, J.M.; Graça, T.;

Madsen-Boutersea, S.A.; Oldiges, D.P.; Allred, D.R.; et al. Up-regulated expression of spherical body protein
2 truncated copy 11 in babesia bovis is associated with reduced cytoadhesion to vascular endothelial cells.
Int. J. Parasitol. 2019, 49, 127–137. [CrossRef] [PubMed]

54. Al-Khedery, B.; Allred, D.R. Antigenic variation in babesia bovis occurs through segmental gene conversion
of the ves multigene family, within a bidirectional locus of active transcription. Mol. Microbiol. 2006, 59,
402–414. [CrossRef] [PubMed]

55. Xiao, Y.P.; Al-Khedery, B.; Allred, D.R. The babesia bovis vesa1 virulence factor subunit 1b is encoded by the
1beta branch of the ves multigene family. Mol. Biochem. Parasitol. 2010, 171, 81–88. [CrossRef] [PubMed]

56. Jackson, A.P.; Otto, T.D.; Darby, A.; Ramaprasad, A.; Xia1, D.; Echaide, I.E.; Farber, M.; Gahlot, S.; Gamble, J.;
Gupta, D.; et al. The evolutionary dynamics of variant antigen genes in babesia reveal a history of genomic
innovation underlying host–parasite interaction. Nucleic Acids Res. 2014, 42, 7113–7131. [CrossRef] [PubMed]

http://dx.doi.org/10.1046/j.1365-3024.2001.00402.x
http://dx.doi.org/10.1016/j.vprsr.2018.04.003
http://www.ncbi.nlm.nih.gov/pubmed/31014894
http://dx.doi.org/10.1292/jvms.17-0549
http://www.ncbi.nlm.nih.gov/pubmed/29249730
http://dx.doi.org/10.1016/j.vetpar.2017.04.010
http://www.ncbi.nlm.nih.gov/pubmed/28413078
http://dx.doi.org/10.1016/0166-6851(92)90129-8
http://dx.doi.org/10.1016/j.molbiopara.2010.03.017
http://www.ncbi.nlm.nih.gov/pubmed/20371255
http://dx.doi.org/10.1128/IAI.73.11.7180-7189.2005
http://www.ncbi.nlm.nih.gov/pubmed/16239512
http://dx.doi.org/10.1128/IAI.70.7.3566-3575.2002
http://dx.doi.org/10.1186/1471-2164-12-410
http://dx.doi.org/10.1186/1471-2164-14-763
http://dx.doi.org/10.1186/s13071-018-2782-z
http://dx.doi.org/10.2307/3278875
http://www.ncbi.nlm.nih.gov/pubmed/4198651
http://dx.doi.org/10.1016/S1471-4922(02)00065-X
http://dx.doi.org/10.1016/j.ijpara.2018.05.015
http://www.ncbi.nlm.nih.gov/pubmed/30367864
http://dx.doi.org/10.1111/j.1365-2958.2005.04993.x
http://www.ncbi.nlm.nih.gov/pubmed/16390438
http://dx.doi.org/10.1016/j.molbiopara.2010.03.001
http://www.ncbi.nlm.nih.gov/pubmed/20226217
http://dx.doi.org/10.1093/nar/gku322
http://www.ncbi.nlm.nih.gov/pubmed/24799432


Pathogens 2019, 8, 97 13 of 13

57. Huang, Y.; Xiao, Y.P.; Allred, D.R. Unusual chromatin structure associated with monoparalogous transcription
of the babesia bovis ves multigene family. Int. J. Parasitol. 2012, 43, 163–172. [CrossRef] [PubMed]

58. O’Connor, R.M.; Allred, D.R. Selection of babesia bovis-infected erythrocytes for adhesion to endothelial
cells coselects for altered variant erythrocyte surface antigen isoforms. J. Immunol. 2000, 164, 2037–2045.
[CrossRef]

59. Hutchings, C.L.; Li, A.; Fernandez, K.M.; Fletcher, T.; Jackson, L.A.; Molloy, J.B.; Jorgensen, W.K.; Lim, C.T.;
Cooke, B.M. New insights into the altered adhesive and mechanical properties of red blood cells parasitized
by babesia bovis. Mol. Microbiol. 2007, 65, 1092–1105. [CrossRef]

60. Aikawa, M.; Rabbege, J.; Uni, S.; Ristic, M.; Miller, L.H. Structural alteration of the membrane of erythrocytes
infected with babesia bovis. Am. J. Trop. Med. Hyg. 1985, 34, 45–49. [CrossRef]

61. Weng, H.; Guo, X.; Papoin, J.; Wang, J.; Coppel, R.; Mohandas, N.; Ana, X. Interaction of plasmodium
falciparum knob-associated histidine-rich protein (kahrp) with erythrocyte ankyrin r is required for its
attachment to the erythrocyte membrane. Biochim. Biophys. Acta 2014, 1838, 185–192. [CrossRef] [PubMed]

62. Watermeyer, J.M.; Hale, V.L.; Hackett, F.; Clare, D.K.; Cutts, E.E.; Vakonakis, I.; Fleck, R.A.; Blackman, M.J.;
Saibil, H.R. A spiral scaffold underlies cytoadherent knobs in plasmodium falciparum–infected erythrocytes.
Blood 2016, 127, 343–351. [CrossRef] [PubMed]

63. Helms, G.; Dasanna, A.K.; Schwarz, U.S.; Lanzer, M. Modeling cytoadhesion of plasmodium
falciparuminfected erythrocytes and leukocytes common principles and distinctive features. Febs Lett.
2016, 590, 1955–1971. [CrossRef] [PubMed]

64. Flick, K.; Chen, Q. Var genes, pfemp1 and the human host. Mol. Biochem. Parasitol. 2004, 134, 3–9. [CrossRef]
[PubMed]

65. Kumar, G.A.; Priyatosh, R.; Ashutosh, K.; Sarovar, B.N. Dynamic association of pfemp1 and kahrp in knobs
mediates cytoadherence during plasmodium invasion. Sci. Rep. 2015, 5, 1–9.

66. Dixon, M.W.; Kenny, S.; McMillan, P.J.; Hanssen, E.; Trenholme, K.R.; Gardiner, D.L.; Tilley, L. Genetic ablation
of a maurer’s cleft protein prevents assembly of the plasmodium falciparum virulence complex. Mol. Microbiol.
2011, 81, 982–993. [CrossRef]

67. Rug, M.; Prescott, S.W.; Fernandez, K.M.; Cooke, B.M.; Cowman, A.F. The role of kahrp domains in knob
formation and cytoadherence of p falciparum-infected human erythrocytes. Blood 2006, 108, 370–378.
[CrossRef]

68. Tonkin-Hill, G.Q.; Trianty, L.; Noviyanti, R.; Nguyen, H.H.T.; Sebayang, B.F.; Lampah, D.A.; Marfurt, J.;
Cobbold, S.A.; Rambhatla, J.S.; McConville, M.J.; et al. The plasmodium falciparum transcriptome in
severe malaria reveals altered expression of genes involved in important processes including surface
antigen±encoding var genes. PLoS Biol. 2018, 16, e2004328. [CrossRef]

© 2019 by the authors. 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 (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.ijpara.2012.10.018
http://www.ncbi.nlm.nih.gov/pubmed/23178996
http://dx.doi.org/10.4049/jimmunol.164.4.2037
http://dx.doi.org/10.1111/j.1365-2958.2007.05850.x
http://dx.doi.org/10.4269/ajtmh.1985.34.45
http://dx.doi.org/10.1016/j.bbamem.2013.09.014
http://www.ncbi.nlm.nih.gov/pubmed/24090929
http://dx.doi.org/10.1182/blood-2015-10-674002
http://www.ncbi.nlm.nih.gov/pubmed/26637786
http://dx.doi.org/10.1002/1873-3468.12142
http://www.ncbi.nlm.nih.gov/pubmed/26992823
http://dx.doi.org/10.1016/j.molbiopara.2003.09.010
http://www.ncbi.nlm.nih.gov/pubmed/14747137
http://dx.doi.org/10.1111/j.1365-2958.2011.07740.x
http://dx.doi.org/10.1182/blood-2005-11-4624
http://dx.doi.org/10.1371/journal.pbio.2004328
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Babesia Life Cycle 
	Acute and Persistent Babesia Infections 
	Immune Mechanisms of Persistent Babesia Infections 
	Interplay among Babesia and Its Hosts 
	Possible Role of Attenuation Factors in Modulating Persistent Infection and Virulence 
	Concluding Remarks: Proposed Model of a Possible Mechanism of Attenuation in Babesia bovis 
	References

