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Abstract: Cattle can be severely infected with the tick-borne protozoa Babesia bovis, giving rise to
serious economic losses. Invasion of the host’s RBCs by the parasite merozoite/sporozoites depends
largely on the MSA (merozoite surface antigens) gene family, which comprises various fragments,
e.g.,, MSA-1, MSA-2al, MSA-2a2, MSA-2b and MSA-2¢, highlighting the importance of these anti-
gens as vaccine candidates. However, experimental trials documented the failure of some developed
MSA-based vaccines to fully protect animals from B. bovis infection. One reason for this failure may
be related to the genetic structure of the parasite. In the present study, all MSA-sequenced B. bovis
isolates on the GenBank were collected and subjected to various analyses to evaluate their genetic
diversity and population structure. The analyses were conducted on 199 MSA-1, 24 MSA-2al, 193
MSA-2b and 148 MSA-2c isolates from geographically diverse regions. All these fragments dis-
played high nucleotide and haplotype diversities, but the MSA-1 was the most hypervariable and
had the lowest inter- and intra-population gene flow values. This fragment also displayed a strong
positive selection when testing its isolates for the natural selection, which suggests the potential
occurrence of more genetic variations. On the contrary, the MSA-2¢ was the most conserved in com-
parison to the other fragments, and displayed the highest inter- and intra-population gene flow
values, which was evidenced by a significantly negative selection and negative neutrality indices
(Fu’s Fs and Tajima’s D). The majority of the MSA-2c tested isolates had two conserved amino acid
repeats, and earlier reports have found these repeats to be highly immunogenic, which underlines
the importance of this fragment in developing vaccines against B. bovis. Results of the MSA-2al
analyses were also promising, but many more MSA-2al sequenced isolates are required to validat-
ing this assumption. The genetic analyses conducted for the MSA-2b fragment displayed borderline
values when compared to the other fragments.

Keywords: Babesia bovis; MSA-1; MSA-2al; MSA-2b; MSA-2c¢; genetic diversity; population
structure

1. Introduction

Tick-borne diseases impede the growth of the worldwide cattle industry and cost
farmers billions of dollars each year [1,2]. Various tick-borne Babesia and Theileria species
can cause life-threatening infections giving rise to serious economic consequences [3-5].
Bovine babesiosis is economically significant in terms of the potential production losses
(e.g., deaths, abortions, decreased meat and milk output) and expensive control measures
other than the restrictions enforced due to the effects this disease on the cattle trade [1,2].
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B. bovis, Babesia bigemina and Babesia divergens are the main species that cause bovine
babesiosis, with B. bovis infections being associated with more severe disease and higher
mortality, which makes this species the most virulent [3,6-8].

Variable merozoite surface antigens (VMSA) of B. bovis are surface-exposed glyco-
proteins that are attached to the cell membrane via glycosyl-phosphatidylinositol (GPI)
moieties [9-11]. The variable merozoite surface antigen (VMSA) gene’s family is made up
of the merozoite surface antigen 1 (MSA-1) and MSA-2, which encode 42- and 44-kDa
proteins, respectively, as well as babr genes [10]. The MSA-1 is a single copy gene [12]
whereas, the locus 2 contains four tandemly organized copies of MSA-2-related genes;
MSA-2al, MSA-2a2, MSA-2b and MSA-2c [11]. An earlier study suggested that the immu-
nodominant 42- and 44-kDa merozoite polypeptide epitopes are not conserved across B.
bovis strains from different geographic areas [13]. In addition, the antigenic polymorphism
of the MSA-1 is demonstrated between B. bovis strains as a result of different alleles en-
coding distinctly different proteins [12].

Based on their surface location and neutralizing activity, the VMSA members are
thought to play key functions in the invasion of RBCs by the parasite merozoite and tick-
derived sporozoites [10,12,14-16]. The variability of the MSA genes allows the B. bovis
parasites to elude the host’s defense mechanism [17]. Various Epidemiological surveys
have been conducted to evaluate the genetic situation of B. bovis. These surveys have
mostly recruited a few numbers of B. bovis field isolates from different countries, and were
based on the phylogenetic analysis employing a single or at most double MSA fragment,
particularly the MSA-1, and occasionally the MSA-2b and MSA-2c. Nevertheless, only one
study conducted haplotype analysis on MSA-2b and MSA-2c gene sequences based on a
few numbers of isolates (33 and 37, respectively) [18]. Therefore, the present study aimed
for a comprehensive genetic analysis of all published nucleotide sequences of the global
B. bovis MSA-tested isolates. This analysis would be beneficial in expanding the current
knowledge in order to use these gene fragments as molecular markers in future epidemi-
ological studies. Another objective of this study is to determine the conserved peptides in
the MSA gene that might be useful as antigen and vaccine candidates.

2. Methods
2.1. Collection of B. bovis-MSA Nucleotide Sequences

The National Centre for Biotechnology’s website (http://www.ncbinlm.nih.gov ac-
cessed on 13 June 2023) was searched in June 2023 to retrieve the nucleotide sequences
and the corresponding amino acid sequences of B. bovis merozoite surface antigens that
had been deposited in the GenBank from various countries. The term B. bovis was used in
various combinations with the following key words: MSA-1, MSA-2al, MSA-2a2, MSA-
2b and MSA-2c. All B. bovis-MSA nucleotide sequences were collected, but those shorter
than 500 bp were excluded from our analysis. In addition, published articles citing the
accession numbers were retrieved. Data describing the collected sequences were extracted
and organized in a Microsoft Excel® spreadsheet. The following information was ex-
tracted: GenBank accession numbers, isolate country and hosts, authors and publication
year (Supplementary Table S1). The collected nucleotide and amino acid sequences were
aligned using the Clustal Omega Multiple Sequence Alignment tool on the EMBL-EBI
server [19].

2.2. Phylogenetic and Population Structure Analyses

The pairwise distances among isolates of each MSA fragment were calculated using
the software MEGA X, and the same software was used to calculate the dn/ds (relationship
between the amount of non-synonymous substitutions per non-synonymous site and the
amount of synonymous substitutions per synonymous site), employing the codon-based
Z test for selection based on the modified Nei-Gojobori method (Jukes—Cantor correc-
tion). The MEGA X was also used to construct phylogenetic trees for the aligned
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nucleotide sequences employing maximum likelihood phylogeny analysis based on Ha-
segawa—Kishino—Yano (HKY) Model. The phylogenetic trees were then optimized using
the online tool ITOL V6 [20]. MEGA (7) was then used to convert the nucleotide sequences
into Nexus format [21], which was used to establish the haplotype networks using the
Minimum Spanning Model of PopArt 1.7. Various haplotype networks were established
for isolates of each MSA fragment in relation to type of the host (cattle, water buffalo and
tick vectors), as well as the geographic locations including the country and the continent
[22].

The population structure analyses were conducted using the software DnaSP6 [23].
The collected nucleotide sequences for each MSA fragment were grouped according to
their hosts, country and continent. Values for various diversity, neutrality and fixation
indices were calculated including: numbers of polymorphic sites (S), total number of mu-
tations (Eta), nucleotide diversity (7t), average number of pairwise nucleotide differences
(k), haplotypes number (H), haplotype diversity (Hd), sequence conservation (C), Tajima’s
D [24], Fu’s Fs [25], pairwise genetic difference (Fst), genetic differentiation index based
on the frequency of haplotypes (Gst), average number of pairwise nucleotide differences
(Kxy), gene flow (Nm), nucleotide substitution per site (Dxy) and net nucleotide substitu-
tion per site (Da) between various groups (populations).

3. Results

A total of 594 partial nucleotide sequences were retrieved during the GenBank search
for B. bovis isolates that had been tested for various MSA gene (MSA-1, MSA-2al, MSA-
2b and MSA-2c) fragments (Table S1). The majority of these sequences were published in
studies (n = 22). A few isolates (n = 8) for the MSA-2a2 fragment were found deposited in
the GenBank, thus this fragment was defined unsuitable for conducting the analysis. The
alignment of the MSA-1 nucleotide sequences revealed multiple insertion—deletion poly-
morphisms (INDELs) throughout the reading frames as well as single nucleotide poly-
morphisms (SNPs). Therefore, the genetic diversity indices were based on both INDELs
and SNPs without further trimming of the aligned sequences. On the contrary, the align-
ment of the MSA-2al, MSA-2b and MSA-2c partial gene sequences revealed INDELSs at
the both ends only. Thus, their sequences were trimmed from both sides (723bp, 408bp,
618bp, respectively) and the diversity indices were based only on single nucleotide poly-
morphisms (SNPs).

3.1. MSA-1 Isolates

A total of 199 B. bouis isolates tested for the MSA-1 fragment were revealed during
our database search and were used for the analyses conducted in the present study. All of
these isolates belonged to cattle from various continents, but not Europe. No isolates from
water buffalo or the tick vectors were found. After alignment, these isolates yielded a se-
quence length of 1014 bp with 505 polymorphic sites and 1014 total mutations, which gave
rise to a very high nucleotide diversity value (0.40) in comparison to the other tested frag-
ments. This was also demonstrated by the very low sequence conservation value (0.078)
when compared to those of the other tested fragments. In addition, MSA-1 isolates com-
prised 107 haplotypes with a haplotype diversity of 0.986 (Table 1). When these isolates
were tested for natural selection, statistically significant positive selection was revealed,
indicating the dominance of nonsynonymous over synonymous substitutions (Table 2).
Interestingly, a positive high value for the Fu’s Fs (18.416) index was detected suggesting
the recent population bottleneck. Likewise, the Tajima’s D neutrality index displayed a
positive, but statistically insignificant, value (Table 1).

Phylogenetically, the 199 MSA-1 isolates comprised three ancestral groups, of which
a small group included only 10 isolates mostly from Asia, except a single isolate from
Australia. Likewise, the 112 isolates that formed the third ancestral group came mostly
from Asia, except two isolates from Brazil. On the contrary, the second ancestral group
included 77 isolates from cattle in various countries worldwide, including the remaining
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Asian, Brazilian and Australian isolates, the African isolates and the Mexican isolates
(Supplementary Figure S1). Notably, the tested isolates included two B. bovis vaccinal
strains (K and T) that were isolated from cattle in Australia. Both strains were clustered in
the second ancestral group, and formed two separate haplotypes, each comprising a single
isolate from cattle in Australia beside the vaccinal strain (Figure S1). These phylogenetic
patterns suggest population separation which was confirmed via the population structure
analysis. When the MSA-1 isolates from various continents were compared, low gene flow
(Nm) and high genetic differentiation (Gst) values were revealed, even between isolates
from the Americas (North and South) (Supplementary Table 52). Country—country com-
parisons also supported this suggestion; low gene flow values were observed among iso-
lates from various countries even in the same continent. Notably, the African isolates
(from Ghana) exhibited the lowest gene flow values compared to the other worldwide
isolates (Table S2).

Table 1. Diversity indices of various B. bovis isolates tested at four fragments of the MSA gene.

Gene Fu’s Fs Tajima’s D
Fragment L 5 Ea K n H Hd Statistic Value Significance
MSA-1 199 1014 505 1014 219.74255 0.40246 107 0986 0.078 18.416 0.87536 >0.10
MSA-2al 24 723 283 320 8293478 0.11471 23 0.996 0.609 -1.358 -0.12975 >0.10
MSA-2b 193 408 283 409 7193469 0.18074 104 0981 0.287 -2.543 0.08555 >0.10
MSA-2¢ 148 618 409 546  59.23727 0.09648 122 0.995 0.333 -39.751 -1.29882 >0.10
n, number of sequences tested; L, base pair length of the aligned sequences; S, number of segregating
(polymorphic/variable) sites; Eta, total number of mutations; 7, nucleotide diversity; K, average
number of pairwise nucleotide differences; H, number of haplotypes; Hd, haplotype diversity; C,
sequence conservation.
Table 2. Natural selection values for the tested nucleotide sequences of various MSA fragments of
B. bovis.
Neutral Selection Positive Selection Negative Selection
Gene Fragment (HA: dn =/=ds) (HA: dn > ds) (HA: dn < ds)
Value p-Value Value p-Value Value p-Value
Msa-1 8.29 0.00 8.01 0.00 -8.19 1.00
Msa-2al -2.24 0.03 -2.25 1.00 227 0.01
Msa-2b 1.62 0.11 1.59 0.06 -1.59 1.00
Msa-2c -3.21 0.00 -3.21 1.00 3.15 0.00

HA, Hypothesis alternative; dv: nonsynonymous substitutions. ds: synonymous substitutions. Val-
ues are statistically significant when p-value < 0.05.

3.2. MSA-2al Isolates

Only 24 MSA-2al isolates, from four countries (Sri Lanka, Mexico, Argentina, Israel),
were revealed during our GenBank search. The length of the aligned sequences was 723
bp with 283 polymorphic sites and 320 total mutations. Isolates of this fragment had the
highest sequence conservation value (C = 0.609) in comparison to the three other frag-
ments (Table 1). The MSA-2al nucleotide sequences displayed statistically significant,
negative selection. However, 23 haplotypes out of the 24 isolates were detected, including
a single shared haplotype (Hap-21) comprising two isolates from cattle in Sri Lanka. The
haplotype network suggested that the Argentinian isolates and a single isolate from Israel
were evolved from this haplotype. The remaining Israeli isolates were clustered with
those from Mexico (Figure 1). Nonetheless, comparing isolates from both countries (Israel
and Mexico) displayed a low gene flow value (Nm = 5.04). On the contrary, the Israeli
isolates showed high gene flow values (Nm = ~34) when compared to those from Argen-
tina or Sri Lanka (Supplementary Table S3). Moreover, all tested isolates displayed insig-
nificant negative values for the Fu’s Fs and Tajima’s D neutrality indices (Table 1).
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Figure 1. Haplotype network of B. bovis MSA-2al gene fragment describes the distribution of the
revealed haplotypes in relation to countries, which is indicated by different colors. The circle size is
consistent with the haplotype frequency. The number of mutations distinguishing the haplotypes is
shown by hatch marks.

3.3. MSA-2b Isolates

A total of 193 isolates tested for the MSA-2b fragment were found during the Gen-
Bank search. These isolates belonged mostly to cattle (n = 176), but a few numbers be-
longed to water buffalo (n = 10) and tick vectors (n = 7). The isolates came from various
countries across four continents (Africa, Asia and the Americas). Aligned nucleotide se-
quences (409 bp in length) of these isolates revealed 283 polymorphic sites as well as 405
total mutations, giving rise to a nucleotide diversity of 0.18, which was around half that
of the MSA-1 fragment. On the contrary, the sequence conservation value for the MSA-2b
tested isolates (0.287) was much higher than that of the MSA-1 tested isolates (0.065); none-
theless, both fragments displayed positive selection (Table 2). The 193 MSA-2b isolates
varied genetically by 0.0 to 59.0% (pairwise distance), and comprised 104 haplotypes giv-
ing rise to 0.981 haplotype diversity value (Table 1). Of the 104 haplotypes, 27 were shared
and included 2-15 isolates.

No specific patterns were revealed for distribution of certain haplotypes in relation
to the host or the country, i.e., isolates from various countries were intermingled with each
other in various clades (Supplementary Figure 52). For the hosts, the MSA-2b haplotypes
that belong to water buffaloes or tick vectors were evolved from those of cattle. In
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addition, some water buffalo isolates shared two haplotypes (H15 and H41) with those
from cattle, suggesting their phylogenetic association (Figure 2).

10 sampies
L sampe
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/, ‘ Water-buffalo,
HaT D
Livee © Ticks

H52 35 . Ha2

Figure 2. Haplotype network of B. bovis MSA-2b gene fragment describes the distribution of the
revealed haplotypes in relation to hosts and indicated by different colors.

The phylogenetic analysis also illustrated circulation of a few haplotypes among the
sampled continents, but particularly Asia and Africa (Figure 3). For example, seven out of
ten haplotypes that circulated among various continents included isolates from Africa and
Asia, and four out of these ten haplotypes circulated between Asia and North America
(Figure 3).

This would account for the high gene flow values between isolates from Asia when
compared to those from Africa (Nm = 28.51) and North America (Nm = 32.93) (Supple-
mentary Table 54). Interestingly, the lowest gene flow value (Nm = 13.78) was detected
when comparing isolates from the Americas (North and South), despite their very close
geographic borders. This was also the case when comparing isolates from two neighbor-
ing African countries: South Africa and Mozambique; a very low gene flow value (Nm =
6.77) was detected. However, the former isolates expressed a high gene flow value (35.42)
compared to those from a country outside Africa (China). Likewise, isolates from Sri
Lanka, located in Asia, displayed high gene flow value (43.21) when compared to those
from Mexico, located in North America. On the other hand, the China-Philippines com-
parison provides the only example for the high gene flow between isolates from two coun-
tries in the same continent (Table 54).
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Figure 3. Haplotype network of B. bovis MSA-2b gene fragment describes the distribution of the
revealed haplotypes in relation to continents and indicated by different colors.

3.4. MSA-2c Isolates

During the GenBank database search, a total of 148 B. bovis isolates tested for the
MSA-2c fragment were revealed. The majority (n =134) of these isolates belonged to cattle
from various countries across four continents (Asia, Europe, and the Americas). A few
isolates from water buffalo (n = 11) and tick vectors (n = 3) were also found. Nucleotide
sequences of these isolates displayed 409 polymorphic sites and 546 total mutations in 618
bp aligned nucleotide sections, giving rise to the lowest nucleotide diversity value
(0.09648) among all tested MSA fragments (Table 1). In addition, a strong negative selec-
tion was hypothesized after testing the MSA-2c isolates for natural selection, suggesting
the dominance of synonymous over nonsynonymous substitutions (Table 2). Despite hav-
ing a higher sequence conservation value (0.333) than the MSA-2b (0.287) or MSA-1 (0.078)
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fragments, this fragment also had a high haplotype diversity value (0.995); the 148 MSA-
2c isolates formed 122 haplotypes, which varied genetically by 0.0-50.2% (Table 1).

Similarly to the MSA-2b isolates, the MSA-2c isolates from water buffalo as well as
ticks were evolved from those from cattle, which points to absence of specific patterns for
host or country-related distribution of the haplotypes. However, among the 148 isolates,
10 (represented by haplotypes # 10, 11, H31-H34, and H36-H37) from cattle in Brazil, the
Philippines, China and Sri Lanka, as well as an isolate from ticks in Israel (H35) showed
considerable identity between each other, but greatly varied genetically from the remain-
ing isolates (Figure 4).

H104 H2

2o H74 H29 9,

_ H2s
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H120 S 4 w232
H105 =W

o]

! L
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H44 H39 4 o
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Figure 4. Haplotype network of B. bovis MSA-2c gene fragment describes the distribution of the
revealed haplotypes in relation to countries and indicated by different colors.

At the continent level, there was no specific pattern for the distribution of various
MSA-2c haplotypes in various continents (Figure 5). In addition, the inter-continental
comparisons revealed higher gene flow and lower genetic differentiation values for the
MSA-2c isolates against those of the MSA-1 or MSA-2b isolates (Supplementary Table S5).
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In contrast to the MSA-2b isolates, comparing the MSA-2c isolates from the Americas re-
vealed a very high gene flow value (176.75). This was clearly demonstrated when compar-
ing isolates from Mexico (North America) and Brazil (South America); a very high gene
flow value (1858.72) was estimated (Table S5). In addition, high gene flow values were also
detected when comparing isolates from various countries in Asia, e.g., Vietnam—Philip-
pines (Nm = 52.87), Mongolia—Israel (Nm = 90.00), and Philippines-Sri Lanka (Nm =
59.84). Notably, the European isolates from Turkey displayed slightly high gene flow val-
ues when they were compared to isolates not only from geographically related countries
(China and Mongolia), but also to other countries worldwide (e.g., Mexico and Brazil).
The inter- and intra-continental high gene flow values among the MSA-2c isolates (Table
S5, Supplementary Table 56) in comparison to those of the other MSA fragments were
evidenced by a significantly negative estimated value for the Fu’s Fs index (-39.751), sug-
gesting population expansion (Table 1).

10 samples

1 sample

® asia,

Europe,
® North_America,
® South_America

Figure 5. Haplotype network of B. bovis MSA-2c gene fragments describes the distribution of the
revealed haplotypes in relation to continents and indicated by different colors.

3.5. Detecting the Conserved Regions in the Aligned Amino Acid Sequences of Various MSA
Gene Fragments

Three short repeats, each consisting of 20 amino acids (aa) in the MSA-1 fragment,
(PEGSFYDDMSKFYGAVGSEFD, NALIKNNPMIRPDLENATIV,
TDIVEEDREKAVEYFKKHVY) were detected within 41 isolates, specifically in 36, 31 and
38 out of the 199 MSA-1 isolates, respectively. It is noteworthy that these isolates came
from various countries including Ghana, Mongolia, Thailand, Sri Lanka, Mexico and Bra-
zil. For the MSA-2c fragment, three aa repeats with variable lengths were noticed. Out of
the 148 MSA-2c tested isolates, 114 contained the 23 aa motif “HDALKAVKQLIKTDAP-
FNTSDFDT”, and 131 contained the 7 aa motif “FINPSST”. On the other hand, four con-
served regions in the MSA-2al as well as the MSA-2b fragments were evaluated. Out of
the 193 MSA-2b isolates tested, 96 had the ten aa motif “EFNAFLNDNP”, 117 had the four
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aa motif “YYKK” and 169 had the six aa motif “VKFCND”. These motifs were also found
in 11, 12 and 23 of the 24 MSA-2al isolates, respectively. However, all MSA-2al and MSA-
2b isolates had a four aa motif “SPFM”.

4. Discussion

B. bovis has long been known to have different strains and subpopulations based on
a variety of molecular markers [26,27]. These markers include the merozoite surface anti-
gen (MSA), a protein-coding gene that has been widely used and displays high genetic
diversity among B. bovis isolates in various geographical regions and hosts, predominately
including cattle, but also water buffalo and tick vectors. A few other genetic markers were
occasionally used, but displayed low genetic diversity levels, e.g., the 185 rRNA, rhoptry-
associated protein 1 (RAP-1a), Spherical Body Protein-2 (sbp-2), Spherical Body Protein-4
(sbp-4) and the Thrombospondin-Related Anonymous Protein (trap) [5,27-29]. Since the
MSA gene is very important for RBC invasion by Babesia merozoites/sporozoites, and
there have been many B. bovis isolates tested for this gene, the present study provides the
first comprehensive genetic analysis for all partial nucleotide sequences of B. bovis-MSA-
tested isolates published on the GenBank from 22 studies [11,18,30—-49]. These isolates rep-
resent various MSA gene fragments including the MSA-1 (n =199 isolates), MSA-2al (n =
24), MSA-2b (n = 193) and MSA-2c (n = 148). Several intra- and inter-fragmental genetic
comparisons were conducted, and all have confirmed the very high genetic diversity of
this gene family.

The MSA-1 nucleotide sequences displayed the greatest nucleotide diversity and the
lowest sequence conservation in comparison to sequences from the other MSA gene frag-
ments, most likely due to the multiple polymorphisms, either INDELs or SNPs, through-
out the MSA-1 reading frames. Earlier reports have also documented greater sequence
diversity among the MSA-1 field isolates, as well as extensive sequence variation in all
MSA-1 vaccination breakthrough isolates [38,50,51]. This is particularly important be-
cause a great polymorphism may result in a partial-to-complete absence of MSA-1 B- and
T-lymphocyte cross-reactivity among B. bovis strains [12,13,52-54]. This was evidenced by
the failure of the recombinant MSA-1 vaccination to provide immunity against a virulent
B. bovis (T2Bo strain) challenge [54], raising concerns about the validity of the MSA-1 gene
fragment as a vaccine candidate. In addition, the MSA-1 isolates analyzed in the present
study displayed strong positive selection when tested for the natural selection, indicating
the dominance of nonsynonymous over synonymous substitutions. Non-synonymous
mutations can modify the amino acid sequence of the protein encoded, whereas synony-
mous mutations are functionally silent and assumed not to alter the encoded protein
[55,56]. Positive selection can therefore cause genetic variations to become more prevalent
or to remain in the population. On the contrary, negative selection can lessen the existence
of genetic variants or eliminate them from the population [57]. Similarly, strong positive
selection has also been documented in the highly immunogenic RhopH protein of Plas-
modium falciparum [58]. This shows that these parasites are selected based on their ca-
pacity to evade host recognition [59], and hypothesizes the limited usefulness for such
positively selected genes in vaccination against these parasites. However, Cuy-Chaparro
et al. [60] have identified three MSA-1 non-overlapping peptides derived from function-
ally constrained regions that can specifically bind to a sialoglycoprotein located on the
surface of bovine erythrocytes, two of these peptides exhibit a helical structure and con-
served patterns across all MSA-1 strains/isolates tested (n = 37). When these peptides
(PEGSFYDDMSKFYGAVGSFD, NALIKNNPMIRPDLENATIV,
TDIVEEDREKAVEYFKKHVY) were searched within the aligned protein sequences of the
199 MSA-1 isolates analyzed in the present study, they were detected within only 41 iso-
lates, which suggests a lack of conserved regions in the hypervariable MSA-1 gene locus
across the global B. bovis population. Moreover, the 41 isolates came from various coun-
tries (e.g., Ghana, Mongolia, Thailand, Sri Lanka, Mexico and Brazil), and these conserved
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amino acid motifs were never detected in all the isolates from a certain country, suggest-
ing also a lack of country-based selection in vaccine targets.

On the other hand, the MSA locus 2 contains four tandemly arranged copies of MSA-
2-related genes including the MSA-2al, MSA-2a2, MSA-2b and MSA-2c [11]. Three (MSA-
2al, MSA-2b, and MSA-2c) of them were analyzed in the present study and displayed
lower genetic diversities in comparison to that of the MSA-1 gene. Relatively lower genetic
variations have also been documented among the MSA-2 genes, either in the vaccinal
strains or breakthrough isolates in comparison to those of the MSA-1 [61]. The MSA-2al
and -2a2 have the most similar protein structure with around 90% identity and only two
different regions [11]. The differences are represented by a 24-amino acid repeat, which is
present once in MSA-2a2 but duplicated in MSA-2al. In addition, there is a 32-amino acid
recombination region that differs between MSA-2al and -2a2, but is identical when com-
paring MSA-2a2 to MSA-2b. This region is surrounded by strictly conserved segments of
10 (EFNAFLNDNP) and 6 (VKFCND) amino acids, and is thought to be highly immuno-
genic [11]. We have observed both motifs in the aligned amino acid sequences of many
MSA-2al and MSA-2b isolates analyzed in the present study. The second one (VKFCND),
in particular, was detected in 23 and 169 out of the 24 MSA-2al and 196 MSA-2b tested
isolates. This recombination area also includes a conserved 4 aa (YYKK) central motif
[11,17] that was also detected in 12 and 117 out of the analyzed isolates for both gene
fragments, respectively. Moreover, a different 4 aa motif that has been previously found
conserved [61] and occurs in a hydrophilic region, was interestingly identified in all MSA-
2al and MSA-2b isolates analyzed in the present study. Although many more MSA-2al
sequenced field isolates are required to confirm their genetic structure, evaluating the an-
tigenic properties of these conserved motifs, including the induction of neutralizing anti-
bodies and cellular Thl immune response, may be promising and can highlight the role
of both gene fragments (MSA-2al and MSA-2 b) in the vaccination strategy against B. bo-
vis.

Out of the four analyzed gene fragments in the present study, the MSA-2c appears to
be the most conserved. The MSA-2c isolates had (1) the lowest nucleotide diversity, (2),
the greatest inter- and intra-population gene flow values and (3) high sequence conserva-
tion, in comparison to the other gene fragments. However, 11 of the 148 MSA-2c analyzed
isolates from various countries were greatly differed from the others, most likely due to
the existence of recombination and functional mutations in this gene. The remaining 137
isolates were genetically similar and displayed a lower mean overall genetic distance (p-
distance = 0.05) in comparison to that of the whole 148 isolates (p-distance = 0.10). The
inter- and intra-continental high gene flow values among the MSA-2c isolates were evi-
denced by a significantly negative estimated value for the Fu’s Fs index and insignificant
negative Tajima’s D. Low nucleotide diversity and high haplotype diversity together point
to a rapid expansion from limited population size which is demonstrated by the clustering
of isolates from different countries into major blocks and suggests the usefulness of this
marker in genotyping studies. The MSA-2c fragment also exhibited a strong statistically
significant negative selection. Once again, negative selection lessens the occurrence of ge-
netic variants, and limited genetic variations are required for successful vaccinations.
Thus, the MSA-2c fragment is hypothesized to have a substantial role in developing diag-
nostics and vaccines against B. bovis. This assumption has been confirmed in several stud-
ies, which have demonstrated that antibodies against the MSA-2c can neutralize the inva-
sion of erythrocytes via B. bovis merozoites [11,14,15]. In addition, the MSA-2c possesses
highly immunogenic and conserved B- and T-cell epitopes [15,62]. This makes Bono et al.
[63] suggest the MSA-2c recombinant protein as an antigen candidate for the diagnosis of
bovine babesiosis caused by B. bovis.

Moreover, the presence of functionally restricted regions can result in such negative
selection of the MSA-2c fragment. Apart from the 11 genetically different MSA-2c isolates,
the remaining 137 isolates displayed two conserved amino acid motifs including the 23 aa
motif “HDALKAVKQLIKTDAPFNTSDFDT” that was detected in 114 isolates and the 7
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aa motif “FINPSST” that was detected in 131 isolates. Both motifs have interestingly been
defined as highly immunogenic [62]. Additionally, the “FINPSST” motif has promising
antigenic properties such as generation of neutralizing antibodies in vitro and induction
of a higher percentage of activated CD4 +/CD45RO+ T cells. This motif also triggers the
production of v interferon (IFN-y) in PBMCs from vaccinated cattle, indicating the pres-
ence of a long-lasting Thl immune response [62]. However, immunization with the re-
combinant MSA-1 and MSA-2c¢ proteins expressed from the Mexico RAD B. bovis strain
was insufficient to prevent clinical symptoms after challenge exposure [64]. Nonetheless,
the MSA-1 (accession number EF640955) and MSA-2c (EF640942) fragments of this strain
contain the previously mentioned immunogenic regions, which underline the need for
many more studies to evaluate the antigenic characters of various MSA proteins.

5. Conclusions

This study is the first comprehensive analysis of diversity across B. bovis MSA family
genes using global population isolates. The MSA-2c is a promising gene in terms of mo-
lecular epidemiological studies for clustering isolates from different geographical regions
based on sequences diversity. The negative selection of this gene and the presence of
highly antigenic and functionally restricted regions such as the 7 aa motif “FINPSST” sug-
gested it to be a suitable candidate for recombinant vaccination along with other B. bovis
immunogenic gene peptides.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/genes14101936/s1, Figure S1. An unrooted phylogenetic tree
of B. bovis MSA-1 gene constructed using the Maximum likelihood method based on Hasegawa-
Kishino-Yano (HKY) Model. Numbers at the nodes represent the bootstrap values with more than
50% bootstrap support from 1000 replicates; Figure 52. An unrooted phylogenetic tree of B. bovis
MSA-2b gene fragment constructed using the Maximum likelihood method based on Hasegawa-
Kishino-Yano (HKY) Model. Numbers at the nodes represent the bootstrap values with more than
50% bootstrap support from 1000 replicates; Table S1. Data describing the GenBank retrieved nucle-
otide sequences of B. bovis isolates that tested for various MSA fragments; Table S2. Genetic indices
among different populations of B. bovis calculated after amplification of the MSA-1 gene. Numbers
of the tested isolates from each population are given in parenthesis; Table S3. Genetic indices among
different populations of B. bovis calculated after amplification of the MSA-2al fragment of the MSA-
2 gene. Numbers of the tested isolates from each population are given in parenthesis; Table S4. Ge-
netic indices among different populations of B. bovis calculated after amplification of the MSA-2b
region of the MSA-2 gene. Numbers of the tested isolates from each population are given in paren-
thesis; Table S5. Genetic indices among different populations of B. bovis calculated after amplifica-
tion of the MSA-2c region of the MSA-2 gene. Numbers of the tested isolates from each population
are given in parenthesis; Table S6. Intra-population genetic diversity of B. bovis MSA genes isolates
based on their country of origin.

Author Contributions: Conceptualization, E.-S.E.-A., I.A. and M.A.R,; data search, R.E.; data extrac-
tion and organization, R.E., E.-S.E.-A,, S.A.E.-S.E.-S. and I.A.; genetic analysis, .A. and E.-S.E.-A;
writing —original draft preparation, I.A., E.-S.E.-A., M.AR. and S.A.E.-S.E.-S.; writing—review and
editing, LA, M.AR,, R.E. and E.-S.E.-A. All authors have read and agreed to the published version
of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable

Data Availability Statement: All data generated or analyzed during this study are included in this
published article and its supplementary information files.

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



Genes 2023, 14, 1936 13 of 15

References

1. Suarez, C.E.; Noh, S. Emerging perspectives in the research of bovine babesiosis and anaplasmosis. Vet. Parasitol. 2011, 180, 109-125.

2. Garcia, K.; Weakley, M.; Do, T.; Mir, S. Current and future molecular diagnostics of tick-borne diseases in cattle. Vet. Sci. 2022,
9,241.

3. Schnittger, L.; Rodriguez, A.E.; Florin-Christensen, M.; Morrison, D.A. Babesia: A world emerging. Infect. Genet. Evol. 2012, 12,
1788-1809.

4. Mans, BJ,; Pienaar, R.; Latif, A.A. A review of Theileria diagnostics and epidemiology. I[JP-PAW 2015, 4, 104-118.

5. Schnittger, L.; Ganzinelli, S.; Bhoora, R.; Omondji, D.; Nijhof, A.M.; Florin-Christensen, M. The Piroplasmida Babesia, Cytauxzoon,
and Theileria in farm and companion animals: Species compilation, molecular phylogeny, and evolutionary insights. Parasitol.
Res. 2022, 121, 1207-1245.

6. Bock, R.; Jackson, L.; De Vos, A.; Jorgensen, W. Babesiosis of cattle. Parasitology 2004, 129 (Suppl. 1), 5247-5269.

7. Gohil, S.; Herrmann, S.; Glinther, S.; Cooke, B.M. Bovine babesiosis in the 21st century: Advances in biology and functional
genomics. Int. ]. Parasitol. 2013, 43, 125-132.

8.  Suarez, C.E.; Alzan, H.F,; Silva, M.G.; Rathinasamy, V.; Poole, W.A.; Cooke, B.M. Unravelling the cellular and molecular path-
ogenesis of bovine babesiosis: Is the sky the limit? Int. J. Parasitol. 2019, 49, 183-197.

9.  Hines, S.A.; McElwain, T.F.; Buening, G.M.; Palmer, G.H. Molecular characterization of Babesia bovis merozoite surface proteins
bearing epitopes immunodominant in protected cattle. Mol. Biochem. Parasitol. 1989, 37, 1-9.

10. 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.

11. 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. Im-
mun. 2002, 70, 3566-3575.

12.  Suarez, C.E.; Florin-Christensen, M.; Hines, S.A.; Palmer, G.H.; Brown, W.C.; McElwain, T.F. Characterization of allelic variation
in the Babesia bovis merozoite surface antigen 1 (MSA-1) locus and identification of a cross-reactive inhibition-sensitive MSA-1
epitope. Infect. Immun. 2000, 68, 6865—-6870.

13. Palmer, G.H.; McElwain, T.F.; Perryman, L.E.; Davis, W.C.; Reduker, D.R; Jasmer, D.P.; Shkap, V.; Pipano, E.; Goff, W.L,;
McGuire, T.C. Strain variation of Babesia bovis merozoite surface-exposed epitopes. Infect. Immun. 1991, 59, 3340-3342.

14. Mosqueda, J.; McElwain, T.F.; Palmer, G.H. Babesia bovis merozoite surface antigen 2 proteins are expressed on the merozoite and
sporozoite surface, and specific antibodies inhibit attachment and invasion of erythrocytes. Infect. Immun. 2002, 70, 6448—-6455.

15. Wilkowsky, S.E.; Farber, M.; Echaide, I.; De Echaide, S.T.; Zamorano, P.I.; Dominguez, M.; Suarez, C.E.; Florin-Christensen, M.
Babesia bovis merozoite surface protein-2c (MSA-2c) contains highly immunogenic, conserved B-cell epitopes that elicit neutral-
ization-sensitive antibodies in cattle. Mol. Biochem. Parasitol. 2003, 127, 133-141.

16. Yokoyama, N.; Okamura, M.; Igarashi, I. Erythrocyte invasion by Babesia parasites: Current advances in the elucidation of the
molecular interactions between the protozoan ligands and host receptors in the invasion stage. Vet. Parasitol. 2006, 138, 22-32.

17. Carcy, B.; Précigout, E.; Schetters, T.; Gorenflot, A. Genetic basis for GPI-anchor merozoite surface antigen polymorphism of
Babesia and resulting antigenic diversity. Vet. Parasitol. 2006, 138, 33—49.

18. Mendes, N.S.; de Souza Ramos, L. A.; Herrera, H.M.; Campos, ].B.V.; de Almeida Alves, ].V.; de Macedo, G.C.; Machado, R.Z.;
André, M.R. Genetic diversity of Babesia bovis in beef cattle in a large wetland in Brazil. Parasitol. Res. 2019, 118, 2027-2040.

19. Madeira, F.; Pearce, M,; Tivey, A.R.; Basutkar, P.; Lee, J.; Edbali, O.; Madhusoodanan, N.; Kolesnikov, A.; Lopez, R. Search and
sequence analysis tools services from EMBL-EBI in 2022. Nucleic Acids Res. 2022, 50, W276-W279.

20. Letunic, I; Bork, P. Interactive Tree of Life (iTOL) v5: An online tool for phylogenetic tree display and annotation, Nucleic Acids
Res. 2021, 49, W293-W296.

21. Maddison, D.R.; Swofford, D.L.; Maddison, W.P. NEXUS: An extensible file format for systematic information. Syst. Biol. 1997,
46, 590-621.

22. Leigh, ]JW,; Bryant, D. Popart: Full-feature software for haplotype network construction. Methods Ecol. Evol. 2015, 6, 1110-1116.

23. Rozas, J.; Ferrer-Mata, A.; Sanchez-DelBarrio, J.C.; Guirao-Rico, S.; Librado, P.; Ramos-Onsins, S.E.; Sanchez-Gracia, A. DnaSP
6: DNA sequence polymorphism analysis of large data sets. Mol. Biol. Evol. 2017, 34, 3299-3302.

24. Tajima, F. Statistical method for testing the neutral mutation hypothesis by DNA polymorphism. Genetics 1989, 123, 585-595.

25. Fu, Y.X. Statistical tests of neutrality of mutations against population growth, hitchhiking and background selection. Genetics
1997, 147, 915-925.

26. Wilkowsky, S.E.; Moretta, R.; Mosqueda, J.; Gil, G.; Echaide, L; Lia, V.; Falcon, A.; Christensen, M.F.; Farber, M. A new set of
molecular markers for the genotyping of Babesia bovis isolates. Vet. Parasitol. 2009, 161, 9-18.

27. Simas, P.V.M.; Bassetto, C.C.; Giglioti, R.; Okino, C.H.; de Oliveira, H.N.; de Sena Oliveira, M.C. Use of molecular markers can
help to understand the genetic diversity of Babesia bovis. Infect. Genet. Evol. 2020, 79, 104161.

28. Gunasekara, E.; Sivakumar, T.; Kothalawala, H.; Abeysekera, T.S.; Weerasingha, A.S.; Vimalakumar, S.C.; Kanagaratnam, R.;
Yapa, P.R.; Zhyldyz, A.; Igarashi, I; et al. Epidemiological survey of hemoprotozoan parasites in cattle from low-country wet
zone in Sri Lanka. Parasitol. Int. 2019, 71, 5-10.

29. Niu, Q; Liu, Z,; Yu, P,; Yang, J.; Abdallah, M.O.; Guan, G.; Liu, G.; Luo, J.; Yin, H. Genetic characterization and molecular survey

of Babesia bovis, Babesia bigemina and Babesia ovata in cattle, dairy cattle and yaks in China. Parasites Vectors 2015, 8, 518.



Genes 2023, 14, 1936 14 of 15

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Altangerel, K,; Sivakumar, T.; Battsetseg, B.; Battur, B.; Ueno, A.; Igarashi, I.; Yokoyama, N. Phylogenetic relationships of Mon-
golian Babesia bovis isolates based on the merozoite surface antigen (MSA)-1, MSA-2b, and MSA-2c genes. Vet. Parasitol. 2012,
184, 309-316.

Borgonio, V.; Mosqueda, J.; Genis, A.D.; Falcon, A.; Alvarez, ].A.; Camacho, M.; Figueroa, J.V. msa-1 and msa-2c gene analysis
and common epitopes assessment in Mexican Babesia bovis isolates. Ann. N. Y. Acad. Sci. 2008, 1149, 145-148.

Byaruhanga, C.; Makgabo, S.M.; Choopa, C.N.; Mulandane, F.C.; Vorster, I.; Troskie, M.; Chaisi, M.E.; Collins, N.E. Genetic
diversity in Babesia bovis from southern Africa and estimation of B. bovis infection levels in cattle using an optimised quantitative
PCR assay. Ticks Tick-Borne Dis. 2023, 14, 102084.

Dominguez, M.; Echaide, I.; de Echaide, S.T.; Mosqueda, ].; Cetrd, B.; Suarez, C.E.; Florin-Christensen, M. In silico predicted
conserved B-cell epitopes in the merozoite surface antigen-2 family of B. bovis are neutralization sensitive. Vet. Parasitol. 2010,
167, 216-226.

Diizlii, O.; Yildirim, A.; Inci, A.; Avcioglu, H.; Balkaya, 1. Babesia bovis ve Babesia bigemina’nin Real-Time PCR ile arastirilmasi ve
izolatlarin molekiiler karakterizasyonu. Ank. Univ. Vet. Fakiiltesi Derg. 2015, 62, 27-35.

Diizlii, O.; inci, A.; Yildirim, A. Molecular Characterization of Babesia bovis Isolates Collected from Cattle in Black Sea Region.
Saglik Bilim. Derg. 2011, 20, 18-29.

Genis, A.D.; Mosqueda, J.J.; Borgonio, V.M.; Falcon, A.; Alvarez, A.; Camacho, M.; Munoz, M.L.; Figueroa, J.V. Phylogenetic
analysis of Mexican Babesia bovis isolates using msa and sstTRNA gene sequences. Ann. N. Y. Acad. Sci. 2008, 1149, 121-125.
Genis, A.D,; Perez, J.; Mosqueda, ].J.; Alvarez, A.; Camacho, M.; de Lourdes Munoz, M.; Rojas, C.; Figueroa, J.V. Using msa-2b
as a molecular marker for genotyping Mexican isolates of Babesia bovis. Infect. Genet. Evol. 2009, 9, 1102-1107.

LeRoith, T.; Brayton, K.A.; Molloy, J.B.; Bock, R.E.; Hines, S.A.; Lew, A.E.; McElwain, T.F. Sequence variation and immunologic
cross-reactivity among Babesia bovis merozoite surface antigen 1 proteins from vaccine strains and vaccine breakthrough iso-
lates. Infect. Immun. 2005, 73, 5388-5394.

Matos, C.A.; Gongalves, L.R.; Alvarez, D.O.; Freschi, C.R;; Silva, ].B.D.; Val-Moraes, S.P.; Mendes, N.S.; André, M.R.; Machado,
R.Z. Longitudinal evaluation of humoral immune response and merozoite surface antigen diversity in calves naturally infected
with Babesia bovis, in Sdo Paulo, Brazil. Rev. Bras. Parasitol. Vet. 2017, 26, 479-490.

Matos, C.A,; Silva, ].B.D.; Gongalves, L.R.; Mendes, N.S.; Alvarez, D.O.; André, M.R.; Machado, R.Z. Genetic diversity of Babesia
bovis studied longitudinally under natural transmission conditions in calves in the state of Rio de Janeiro, Brazil. Rev. Bras.
Parasitol. Vet. 2020, 29, e021220.

Molad, T.; Fleiderovitz, L.; Leibovich, B.; Wolkomirsky, R.; Erster, O.; Roth, A.; Mazuz, M.L.; Markovics, A.; Shkap, V. Genetic
polymorphism of Babesia bovis merozoite surface antigens-2 (MSA-2) isolates from bovine blood and Rhipicephalus annulatus
ticks in Israel. Vet. Parasitol. 2014, 205, 20-27.

Nagano, D.; Sivakumar, T.; De De Macedo, A.C.C.; Inpankaew, T.; Alhassan, A.; Igarashi, I.; Yokoyama, N. The genetic diversity
of merozoite surface antigen 1 (MSA-1) among Babesia bovis detected from cattle populations in Thailand, Brazil and Ghana. J.
Vet. Med. Sci 2013, 75, 1463-1470.

Simking, P.; Saengow, S.; Bangphoomi, K.; Sarataphan, N.; Wongnarkpet, S.; Inpankaew, T.; Jittapalapong, S.; Munkhjargal, T.;
Sivakumar, T.; Yokoyama, N.; et al. The molecular prevalence and MSA-2b gene-based genetic diversity of Babesia bovis in dairy
cattle in Thailand. Vet. Parasitol. 2013, 197, 642—-648.

Sivakumar, T.; Okubo, K,; Igarashi, I.; de Silva, W K.; Kothalawala, H.; Silva, S.S.P.; Vimalakumar, S.C.; Meewewa, A.S.; Yoko-
yama, N. Genetic diversity of merozoite surface antigens in Babesia bovis detected from Sri Lankan cattle. Infect. Genet. Evol. 2013,
19, 134-140.

Tattiyapong, M.; Sivakumar, T.; Ybanez, A.P.; Ybanez, R H.D.; Perez, Z.0.; Guswanto, A.; Igarashi, I.; Yokoyama, N. Diversity
of Babesia bovis merozoite surface antigen genes in the Philippines. Parasitol. Int. 2014, 63, 57-63.

Tattiyapong, M.; Sivakumar, T.; Takemae, H.; Simking, P.; Jittapalapong, S.; Igarashi, I.; Yokoyama, N. Genetic diversity and
antigenicity variation of Babesia bovis merozoite surface antigen-1 (MSA-1) in Thailand. Infect. Genet. Evol. 2016, 41, 255-261.
Wang, J.; Yang, J.; Gao, S.; Wang, X.; Sun, H,; Lv, Z; Li, Y.; Liu, A; Liu, J.; Luo, J.; et al. Genetic Diversity of Babesia bovis MSA-
1, MSA-2b and MSA-2c in China. Pathogens 2020, 9, 473.

Yavuz, A.; inci, A.; Diizli, O,; Bigkin, Z.; Yildirim, A. Molecular Characterization of Babesia bovis msa-2c Gene. Turk. Parazitol.
Derg. 2011, 35, 140-144

Yokoyama, N.; Sivakumar, T.; Tuvshintulga, B.; Hayashida, K.; Igarashi, I.; Inoue, N.; Long, P.T.; Lan, D.T.B. Genetic variations
in merozoite surface antigen genes of Babesia bovis detected in Vietnamese cattle and water buffaloes. Infect. Genet. Evol. 2015,
30, 288-295.

Lau, A.O.; Cereceres, K.; Palmer, G.H.; Fretwell, D.L.; Pedroni, M.].; Mosqueda, J.; McElwain, T.F. Genotypic diversity of mer-
ozoite surface antigen 1 of Babesia bovis within an endemic population. Mol. Biochem. Parasitol. 2010, 172, 107-112.
Liyanagunawardena, N.; Sivakumar, T.; Kothalawala, H.; Silva, S.5.P.; Battsetseg, B.; Lan, D.T.B.; Inoue, N.; Igarashi, I.; Yoko-
yama, N. Type-specific PCR assays for Babesia bovis msa-1 genotypes in Asia: Revisiting the genetic diversity in Sri Lanka,
Mongolia, and Vietnam. Infect. Genet. Evol. 2016, 37, 64—69.

Brown, W.C.; Palmer, G.H.; Mcelwain, T.F.; Hines, S.A.; Dobbelaere, D.A.E. Babesia bovis: Characterization of the T helper cell
response against the 42-kDa merozoite surface antigen (MSA-1) in cattle. Exp. Parasitol. 1993, 77, 97-110.

Shkap, V.; Pipano, E.; McElwain, T.F.; Herzberg, U.; Krigel, Y.; Fish, L.; Palmer, G.H. Cross-protective immunity induced by Babesia
bovis clones with antigenically unrelated variable merozoite surface antigens. Vet. Immunol. Immunopathol. 1994, 41, 367-374.



Genes 2023, 14, 1936 15 of 15

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Hines, S.A.; Palmer, G.H.; Jasmer, D.P.; Goff, W.L.; McElwain, T.F. Immunization of cattle with recombinant Babesia bovis mer-
ozoite surface antigen-1. Infect. Immun. 1995, 63, 349-352.

Shabalina, S.A.; Spiridonov, N.A.; Kashina, A. Sounds of silence: Synonymous nucleotides as a key to biological regulation and
complexity. Nucleic Acids Res. 2013, 41, 2073-2094.

Goodswen, S.J.; Kennedy, P.J.; Ellis, ].T. A gene-based positive selection detection approach to identify vaccine candidates using
Toxoplasma gondii as a test case protozoan pathogen. Front. Genet. 2018, 9, 332.

Escalante, A.A.; Cornejo, O.E; Rojas, A.; Udhayakumar, V.; Lal, A.A. Assessing the effect of natural selection in malaria para-
sites. Trends Parasitol. 2004, 20, 388-395.

Iriko, H.; Kaneko, O.; Otsuki, H.; Tsuboi, T.; Su, X.Z.; Tanabe, K.; Torii, M. Diversity and evolution of the rhoph1/clag multigene
family of Plasmodium falciparum. Mol. Biochem. Parasitol. 2008, 58, 11-21.

Aguileta, G.; Refregier, G.; Yockteng, R.; Fournier, E.; Giraud, T. Rapidly evolving genes in pathogens: Methods for detecting
positive selection and examples among fungi, bacteria, viruses and protists. Infect. Genet. Evol. 2009, 9, 9656-670.
Cuy-Chaparro, L.; Ricaurte-Contreras, L.A.; Bohdrquez, M.D.; Arévalo-Pinzén, G.; Barreto-Santamaria, A.; Pabon, L.; Reyes, C.;
Moreno-Pérez, D.A.; Patarroyo, M.A. Identification of Babesia bovis MSA-1 functionally constraint regions capable of binding to
bovine erythrocytes. Vet. Parasitol. 2022, 312, 109834.

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.

Hidalgo-Ruiz, M.; Mejia-Lépez, S.; Pérez-Serrano, R.M.; de Larrea, G.Z.L.; Ganzinelli, S.; Florin-Christensen, M.; Suarez, C.E.;
Hernandez-Ortiz, R.; Mercado-Uriostegui, M.A.; Rodriguez-Torres, A.; et al. Babesia bovis AMA-1, MSA-2¢c and RAP-1 contain
conserved B and T-cell epitopes, which generate neutralizing antibodies and a long-lasting Th1 immune response in vaccinated
cattle. Vaccine 2022, 40, 1108-1115.

Bono, M.F.; Mangold, A.J.; Baravalle, M.E.; Valentini, B.S.; Thompson, C.S.; Wilkowsky, S.E.; Echaide, L.E.; Farber, M.D.; de
Echaide, S.M.T. Efficiency of a recombinant MSA-2c-based ELISA to establish the persistence of antibodies in cattle vaccinated
with Babesia bovis. Vet. Parasitol. 2008, 157, 203-210.

Alvarez, A].; Lopez, U.; Rojas, C.; Borgonio, V.M.; Sanchez, V.; Castafieda, R.; Vargas, P.; Figueroa, ].V. Immunization of Bos
taurus steers with Babesia bovis recombinant antigens MSA-1, MSA-2c and 12D3. Transbound Emerg. Dis. 2010, 57, 87-90.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-
thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.



