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Abstract: Babesia bovis, a tick-transmitted apicomplexan protozoon, infects cattle in tropical and
subtropical regions around the world. In the apicomplexans Toxoplasma gondii and Plasmodium
falciparum, rthomboid serine protease 4 (ROM4) fulfills an essential role in host cell invasion. We thus
investigated B. bovis ROM4 coding genes; their genomic organization; their expression in in vitro
cultured asexual (AS) and sexual stages (SS); and strain polymorphisms. B. bovis contains five rom4
paralogous genes in chromosome 2, which we have named rom4.1, 4.2, 4.3, 4.4 and 4.5. There are
moderate degrees of sequence identity between them, except for rom4.3 and 4.4, which are almost
identical. RT-qPCR analysis showed that rom4.1 and rom4.3/4.4, respectively, display 18-fold and
218-fold significantly higher (p < 0.01) levels of transcription in SS than in AS, suggesting a role in
gametogenesis-related processes. In contrast, transcription of rom4.4 and 4.5 differed non-significantly
between the stages. ROM4 polymorphisms among geographic isolates were essentially restricted to
the number of tandem repeats of a 29-amino acid sequence in ROM4.5. This sequence repeat is highly
conserved and predicted as antigenic. B. bovis ROMs likely participate in relevant host—pathogen
interactions and are possibly useful targets for the development of new control strategies against
this pathogen.

Keywords: tick-borne diseases; bovine babesiosis; thomboid serine proteases; Babesia bovis gene

expression; inter-strain polymorphism
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1. Introduction

Babesia bovis is a highly pathogenic tick-transmitted apicomplexan protozoon causing
bovine babesiosis, which affects the welfare and productivity of cattle in vast tropical and
subtropical regions of the world [1-3].

The genus Babesia belongs to the order Piroplasmida, which is characterized by a
dixenous life cycle, and alternating asexual reproduction in a vertebrate and sexual and
asexual reproduction in an ixodid tick host. Similarly to other related apicomplexans,
B. bovis is an obligate intracellular parasite, and thus the processes of invasion and egress
from host cells are essential for its survival [4]. In the case of B. bovis, Rhipicephalus microplus
is the most common vector worldwide [5]. In the vertebrate bovine host, B. bovis, pertaining
to Babesia sensu stricto (Clade VI) [2,3], thrives and divides exclusively within erythrocytes
by merogony. During a blood meal on an infected animal, parasitized erythrocytes are
ingested by ticks, and in the tick’s gut, parasites are released and transformed into charac-
teristic isogametic ray bodies. After gamete fusion, the resulting zygotes migrate across
the gut epithelium into the hemolymph, undergo meiosis and mature into kinetes, which
invade different tick tissues where they propagate by sporogony. Importantly, colonization
and invasion of tick ovaries and oocytes allow vertical transmission of the parasite to the
next tick generation (transovarial transmission). Upon kinete invasion of the epithelial
cells of the tick salivary glands, additional sporogony results in the production of a large
quantity of infective sporozoites. Sporozoites are injected with tick saliva into the bovine
dermis upon a blood meal, reach the capillaries, invade erythrocytes and undergo asexual
merogony, closing the cycle [3,4,6].

In naive adult cattle, the ensuing parasitemia is accompanied by fever and anemia. A
particular feature of B. bovis infection is the accumulation of infected erythrocytes within
capillaries, provoking ischemia, which leads to nervous signs and respiratory shock [5].
Infection of naive adult animals is often fatal if untreated, and in some cases, fetal infection
and abortion in pregnant females has been reported [5,7].

Many of the details of the mechanisms of pathogenicity and interactions of B. bovis
with its bovine and tick hosts remain unknown, yet elucidation may potentially lead to the
development of novel control strategies [8,9].

Proteases of several parasitic protozoa have been described as key players in host—
pathogen interactions [10]. Among them, rhomboid serine proteases (ROMs) are partic-
ularly remarkable. They are characterized by several transmembrane domains (TMDs)
folding through the membrane, where the active site lies; thus, notably, catalytic cleavage
of substrates takes place within a hydrophobic environment. ROMs are present in all king-
dom:s of life, fulfilling a large variety of essential functions [11]. In Plasmodium falciparum
and Toxoplasma gondii, nine ROM subfamilies altogether, designated ROM1, 2, 3,4, 6,7, 8,
9 and 10, have been described, although not all are present in both microorganisms. Of
these, ROM4, a subfamily confined to Apicomplexan parasites, has attracted particular
interest, since it has been shown to be involved in adhesin cleavage—that is, dismantling
adhesive junctions formed between parasite and host cell membranes, allowing invasion of
the host cell [12-15]. Importantly, in piroplasmids, only subfamilies ROM4, 6, 7, and 8 have
been reported, and it has been hypothesized that ROM4 exerts a similar critical function in
erythrocyte invasion [16].

We have previously shown that B. bovis contains five ROM4-coding paralog genes [16].
Functional studies are still pending on whether any of these ROM4 paralogs fulfills a
similar role in invasion of host cells as their P. falciparum counterpart. Recent transcriptomic
studies showed that two of the five B. bovis rom4 genes display increased expression
(highly significant) in the tick hemolymph compared to bovine blood stages. This finding
suggests that ROM4's functions in B. bovis extend beyond erythrocyte invasion, and may
be associated with processes that occur in the tick milieu [17].

The present study was designed to characterize rom4 gene paralogs of B. bovis, includ-
ing their genomic positions, topologies and polymorphisms among geographic isolates. In
addition, we analyzed whether a differential expression pattern, similar to the one found
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in bovine blood and tick stages, could also be observed in in vitro cultured and in in vitro
induced sexual stages of B. bovis.

2. Results
2.1. Genomic Location of rom4 Paralogs

The genome of B. bovis strain T2Bo contains five paralogous genes within a 36 kb-
segment of chromosome (chr) 2, encoding four rhomboid serine proteases (ROMs), which
we have designated ROM4.1, ROM4.2, ROM4.3, ROM4.4 and ROM4.5 (Figure 1; Table 1).
B. bovis rom4 genes have 3-7 introns (data not shown). Rom4.3, 4.4 and 4.5 genes are
tandemly arranged head to tail, separated by 678 and 748 bp intergenic regions, respectively.
A 6 kb segment, which contains two orfs, one of which corresponds to a subtilisin-like
protease (XP_001610126), separates the oppositely-oriented rom4.1 and rom4.2 genes. On
the other hand, rom4.2 and rom4.3 genes are separated by a 19 kb segment, where 11 orfs are
encoded, only one of which corresponds to a 20S proteasome-related threonine protease
(XP_001610115). In addition, immediately upstream of rom4.5 lies a gene encoding ubiquitin
fusion degradation protein (XP_001610110), also associated with proteasome function.
Rom4.2 is encoded in the opposite strand to the remaining rom4 gene paralogs (Figure 1).
No other rhomboid genes are encoded in chr 2.

chr 2: 1,729,419 bp

nt 1,336,694 nt 1,384,167
l « +— - - -« I
1 kb U4s5 4443 T 42 s 41
19 kb 6 kb
36 kb

Figure 1. Babesia bovis rom4 locus. A section of chromosome 2 (nt. 1,336,694 to 1,384,167) containing
the paralogs in Table 1. (4.1, 4.2, 4.3, 4.4 and 4.5, yellow rectangles) is shown in scale. Genes coding
for proteases or protease-related functions (U: ubiquitin fusion degradation protein; T: threonine
protease of the 20S proteasome; S: subtilisin-like protease) are marked in green. Orfs not related to
proteases are marked in orange and intergenic regions in grey. Arrows mark the orientation of the
rom4 orfs.

Table 1. Babesia bovis ROM4 paralogs.

Active Site

Proposed Designation Protein ID Size (aa) MEROPS ID (aa) Gene Locus
ROM4.1 EDO06560.2 * 547 MER1081995 238-341 BBOV_I1006100
ROM4.2 EDO06557.2 * 498 MER1079457 193-330 BBOV_I1006070
ROM4.3 XP_001610113 629 BBOV_I1005950
ROM4.4 XP_001610112 641 MER0112671 308-486 BBOV_I1005940
ROM4.5 XP_001610111 783 MER1075434 468-621 BBOV_I1005930

(*) Protein sequences re-annotated as described in [17].

Interestingly, the intergenic regions (IGs) upstream of the three most closely similar and
tandemly arranged genes, rom4.3, 4.4 and 4.5, also display a high degree of overall sequence
identity. The IGs between rom4.4 and rom4.5 are 87% identical, and show 52% and 47%
sequence identity with the IG upstream of rom4.3, respectively. Since the rom4.3 upstream
IG is shorter (467 bp) than the other two (747 bp each), 467 bp fragments conserved in
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the 5’ regions of rom4.4 and 4.5 IGs were compared to rom4.3 IG. Levels of identity were
83% (rom4.4 vs. rom4.5 1Gs), 75% (rom4.3 vs. rom4.5 1Gs) and 80% (rom4.4 vs. rom4.5
IGs). A highly polymorphic, roughly 120 bp-long segment starts 514 bp upstream of
the start codon of rom4.3 and 231 bp upstream of the start codons of rom4.4 and 4.5
(Supplementary Figure S2).

2.2. In Silico Characterization of ROM4 Proteins

Comparison of the predicted amino acid (aa) sequences of the five B. bovis T2Bo ROM4
paralogs showed that ROM4.3 and 4.4 encode almost identical protein sequences, which
display higher levels of identity with ROM4.5 than with the remaining two ROMs (Table 2,
Figure S1). The highest levels of similarity among the five paralogs were found in the
C-terminal half, corresponding to the region of TMDs (Supplementary Figure S1, Table 1,
Figure 2). No sequence similarities exist between rom4 genes and the other protease-related
genes that lie in close proximity to them in the genome.

Table 2. Percentages of identity/similarity between pairs of ROM4 protein paralogs.

ROM4.1 ROM4.2 ROM4.3 ROM4.4
ROM4.2 26.9/37.3 - - -
ROM4.3 25.6/36.2 33.1/454 - -
ROM4.4 25.8/36.4 33.3/45.6 100/100 -
ROM4.5 25.9/35.6 33.1/44.8 73.9/78.7 72.5/77.2
ROM4.1 ROM4.2

e SS— S | e — N L B ey

probabilty
probability

probability
probability

0 100 200 300

Figure 2. Predicted topology of Babesia bovis ROM4 paralogs. Purple, blue and red lines on top of
each graph correspond to protein regions predicted as facing the extracellular milieu, the cytoplasm
or inserted in the membrane, respectively. A: active site region. ROM4.3 and 4.4 are displayed in a
single graph because their amino acid sequences are identical.

Each B. bovis ROM4 protein contains 5-7 predicted TMDs. In addition, these proteins
present hydrophilic regions in the N and C termini. In all cases, the active site lies in the
region of TMDs, within the rhomboid family domain (c121536) (Figure 2). ROMs do not
possess a canonical signal peptide in their N-termini.

Importantly, all B. bovis ROM4 paralogs are predicted to be active and bear the con-
served functional aa signatures corresponding to these families of proteins: (Y/F)R in Loop
1, HxxxN in TMD2, GxSG in TMD4 and (A/C/1/S)H and GxxxG in TMDé (Figure 3) [16].
However, ROM4.2 has been wrongly annotated in the MEROPS database as a non-protease
homologue, likely because the analysis was carried out on an incomplete orf. This has been
recently revised and corrected [17].
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(F/S/Y)R HXXXXHXXXN

41 SSDAPNERVYNLLGGLSTNVMRNYEEY FCQIQALWIIEPD 239
4 2 RISEPGSQSLTVLGAVDTNHIRIYGEWFR RLIHFIVLYIIEPE 234
45 PPDGPNYRIGTIVGALSANTIRIYGEYSR LMNMLLLYVIEPD 518
4_3 VVDGPNVRIASIIGAVSANEVRLYNEHFR AGFTHLETNLMNMLLLYVIEPD 365
4 4 VVDGPNVRIASIIGAVSANEVRLYNEHFR AGFTHLETNILMNMLLLYVIEPD 365
*, 2 sk, 2.% 3% % % T 3 XKpikRkg
4 1 WGFMRTMGLFLISGIGGNLTGAVLSPCGLTYGSSGRMYGLYGAMIPYCIEYWNTIPRPVF 299
4 2 WGFYRTLLGYFVTGCGSYLAGAVFIPCLRQIGSSGYHFGFIGAIAPYCVENWYRMGSPVI 294
4 5 WGFKRTLALYIFGGYSANLVHASMSPCIPCWGASGPLFSLYGAFIPYTVEHWDNLRSPMA 578
4 3 WGFKRTSLLYLVAGIGGNLVHTSMSPCIPCWGASGPLFGLYGAFIPYTIEHWDNLRSPLL 425
4 4 WGFKRTSLLYLVAGIGGNLVHTSMSPCIPCWGASGPLFGLYGAFIPYTIEHWDNLRSPLL 425
*x kX% *k == * i k. = ' 'k'A: *k :'k * = 'A:
(a/C/I)H
41 LFCYNIITLIIGFLMGLAPNVDN [ FECVEGQULWGFATIKSVSSCDKCTIVERSLLCP 359
4 2 VLSLSLLVPLLDLCI-KEADIGIQH YIFGMLYGFSTIKAVTLFDKGVPYYRFTIKF 353
4 5 LIVIAITISLLEIIL-PGVGVSNHRH FAFQLCFGFATLKSVSAFDRGALWSRIALRF 637
4 3 LLLISVAFVSIEFFS-FVRGVSKHRH FAFQLCFGFATLKSVSAFDRGALWSRIALRF 484
4 4

LLLISVAFVSIEFFS-FVRGVSKHRHLGGFAFGLCFGFATLKSVSAFDRGALWSRIALRE 484
A .. . S - R

Figure 3. Alignment of the region, including the catalytic active site of Babesia bovis ROM4 paralogs
showing the ROM-specific signature motifs of functional importance. Positions with fully conserved
residues, residues that share strongly similar properties and residues that share weakly similar
properties are marked with an asterisk, a colon and a period, respectively.

2.3. Synteny Analysis of B. bovis rom4 Paralogs

We analyzed the syntenic relationships of rom4 gene paralogs between different piro-
plasmid lineages (Table 3). The rom4.1 gene, the ortholog to P. falciparum rom4, has syntenic
counterparts in Babesia sensu stricto (s.s.), Babesia sensu lato (s.l.), Theileria s.s., T. equi and
Cytauxzoon felis. Syntenic paralogs to rom4.2 could only be found in B. divergens and Babesia
sp. Xinjiang, both of which represent s.s. Babesia. Interestingly, rom4.4 and 4.5 are jointly
syntenic to a single gene in other Babesia s.s. species, a situation referred to as co-orthology.
With the exception of rom4.1, no synteny was found for the remaining B. bovis rom4 genes
for Babesia s.1., Theileria s.s., T. equi or C. felis.

Table 3. Synteny analysis of rom4 gene paralogs of B. bovis with corresponding orthologs in other
piroplasmid lineages (clade designation is given according to Schnittger et al. [2].

. : B. bovis rom4 Gene Paralogs
Phylogenetic Placement PI?Pla.S mid
pecies rom4.1 rom4.2 rom4.3 rom4.4 rom4.5
B. bigemina BBBOND_0104040 - - BBBOND_0104210
Babesia s.5. (Clade VI) B. ovata BOVATA_022110 - - BOVATA_021930
" B. divergens Bdiv_004020c Bdiv_003990 - Bdiv_003860c
Babesia sp. Xinjiang BXIN_2807 BXIN_2802 - BXIN_2789
Babesia s.1. (Clade I) B. microti BMR1_02g02777 - - - -
T. annulata TA13905 - - - -
Theileria s.s. (Clade V) T. orientalis TOT_020000558 - - - -
T. parva TpMuguga_02g02170 - - - -
Theileria s.1. (Clade IV) T. equi BEWA_023690 - - - -
Cytauxzoon (Clade IIIb) C. felis CF003707 - - - -

2.4. Expression of Two rom4 Genes Is Significantly Increased in Xanthurenic Acid-Induced Xexual
Stages of B. bovis Compared with Non-Induced Merozoite Suspensions

In vitro cultured B. bovis T2Bo merozoites were exposed to xanthurenic acid at 26 °C
for 24 h (a) or incubated for the same time under normal culture conditions in the absence
of this reagent (b). At the end of the incubation period, parasites were observed outside or
inside of erythrocytes in (a) and (b), consistent with the presence of SS and AS, respectively.

Subsequently, quantitative PCR protocols were set up to analyze the transcription
levels of these gene paralogs in SS compared to AS. First, a housekeeping gene was
selected as a control for data normalization, and melting curve analysis and efficiency tests
were carried out. Two primer pairs (topo 1F/R and topo 2F/R) targeting topoisomerase
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(BBOV_II1004820) and one pair of primers each for actin (BBOV_IV009790) and gadph
(BBOV_I1002540) genes were selected. Plasmid DNA or SS and AS cDNA samples were
used as templates (Supplementary Table S1). All primer pairs yielded efficiencies of >80%
and >90% when tested with plasmids and cDNA, respectively, which are considered
adequate (Supplementary Table S52). Actin primers showed low specificity, as evidenced
by the appearance of double peaks in the melting curve analysis. On the other hand, topo
and gadph primer sets yielded single peaks, showing high specificity when tested with
both plasmid and cDNA templates (Supplementary Figure S3). However, the Ct values
obtained for gadph primers were considerably lower in SS as compared to AS samples,
whereas topo primers gave similar Ct values for both types of samples and thus yielded the
best results among those tested as normalization control genes for qPCR. The fopo 2 primer
set was finally chosen, since it gave the lowest Ct results when tested with plasmid DNA
(Supplementary Table S2).

Transcript levels of rom4.1, rom4.2, rom4.3/4.4 and rom4.5 were evaluated by qPCR
using cDNA obtained from SS and AS parasite suspensions. Transcription of all genes
was verified in both types of preparations. Data were normalized with respect to the
transcription level of topoisomerase and compared. The transcript levels of rom4.1 and
rom4.3/4.4 were increased 18 and 218-fold in SS compared to AS (p < 0.01), respectively
(relative SS/AS log2 ratio of 4.17 and 7.77). In addition, a non-significantly increased
transcription level (p > 0.05) in SS compared to AS was observed for rom4.2 (1.9-fold).
Finally, rom4.5 showed non-significant differences (p > 0.05) in AS as compared to SS
(Figure 4).

*
> 8 ps
o
=
o
w
o %

a

s 4

)]

=

5

1)

’ |

rom4.1 rom4.2 rom4.3/4.4 rom4.5

Figure 4. Relative transcription levels of rom4 gene paralogs in xanthurenic acid-induced Babesia
bovis cultures compared with non-induced cultures. Values were normalized based on the tran-
scription level of topoisomerase as a control gene. Data are shown as the averages + SD of triplicate
determinations, and are representative of two independent experiments. (*) p < 0.01.

2.5. Sequence Conservation of ROM4 Paralogs among Distinct B. bovis Geographic Isolates

As a first step to investigate whether polymorphism in B. bovis ROM4 sequences
could be found between geographic isolates, the amino acid (aa) sequence of each ROM4
paralog of the reference strain B. bovis T2Bo available in Genbank was compared with the
experimentally analyzed corresponding ROM4 sequences of the B. bovis R1A vaccine strain
from Argentina. For both ROM4.1 and ROM4.2, peptide sequences showed 100% identity
between these two strains. The rom4.3 and 4.4 gene paralogs were amplified and analyzed
together, since they showed identical aa sequences (Table 2). In this case, identity of 93%
corresponding to a similarity of 97% was found for ROM4.3/4.4 between strains T2Bo
and R1A.

Notably, in the case of ROM4.5, polymorphisms between T2Bo and R1A were ex-
clusively found in the N-terminal half of the protein, which is predicted as a hydrophilic
surface-exposed region (Supplementary Figure S5). This region contains a highly conserved
29 aa sequence that is 3.5 and 8.5 times tandemly repeated in the strains T2Bo and R1A,
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respectively (Figure 5, Supplementary Figure S5). In a second step, the N-terminal half of
ROM4.5 from eight additional geographical isolates of B. bovis from Argentina, Mexico,
South Africa, Israel and Australia were analyzed. This revealed a different number of
tandem repeats of the 29 aa repeat sequence in each strain (Figure 5).

1 2 3 1/2
A T2B 2 USA
1 783

367

1.2
B 1
o8
=
g 06
=
04 F
02
[+
1 2 3 4 5 6 7 Sle
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1 2 1/2

S2P i, T
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338

1 2 3 2
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367
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1 2 3 412 .
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1
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Figure 5. Schematic representation of a tandem repeat sequence found in ROM4.5 proteins of diverse
Babesia bovis geographical isolates. (A) Scheme of whole length B. bovis ROM4.5 of the reference
sequenced strain T2Bo from the USA, showing the positions and number of repeats. (B) Secondary
structure of ROM4.5 of B. bovis T2Bo, showing the region that was sequenced in geographic isolates
of diverse origin. (C) Schemes of amino acid sequences of the hydrophilic extracellular regions of
ROM4.5 alleles from geographical isolates of B. bovis, indicating the positions and number of repeats.
Green: 100% conservation among isolates; light brown boxes: perfect 29 aa tandem repeats present in
different copy numbers in isolates from North America (T2Bo, Mo7), Brazil (B4), South Africa (SA2)
and Argentina (R1A, M2P, and S2P); dark brown boxes: imperfect 29 aa tandem repeats found in
different copy numbers in isolates from Australia (Al and A15) and Israel (I3). Smaller boxes with a

% sign correspond to truncated repeats.

The 29 aa repeat sequence was found to be 100% conserved in isolates from North and
South America and South Africa, resulting in perfect tandem repeats. In contrast, imperfect
tandem repeats were observed in the Israeli I3 strain, which had four slightly different vari-
ants of the 29 aa repeat sequence, and in the A1 and A15 strains from Australia, which had
three and four different 29 aa repeat sequence variants, respectively. When all 29 aa repeat
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sequence variants were aligned and compared, nine positions were found to be polymor-
phic (Figure 6, Supplementary Figure S6). In all analyzed strains, the repeat region is flanked
by the conserved aa motifs SVSGVSK and SKLST (Supplementary Figures S5 and S7).

Weblogod.7.4

Figure 6. Sequence logo of an alignment of the 29 aa repeat sequences in ROM4.5 alleles of Babesia
bovis isolates of different geographic origins. The alignment was generated using the twelve 29 aa
slightly different repeats identified in B. bovis isolates originating from North and South America,
South Africa, Australia and Israel. Red arrows mark nine polymorphic positions found in the
analyzed sequences. The overall height of each position gives the grade of sequence conservation in
bits, and the height of each aa in a given stack corresponds with its relative frequency. Hydrophilic
aa are shown in blue; neutral aa are shown in green; and hydrophobic aa are shown in black.

Amino acids in the repeat sequence are mostly hydrophilic or neutral (Figure 6).
Noteworthily, the repeat region contains a B-cell epitope, predicted by all used programes,
with high surface accessibility, as illustrated in Figure 7 for the Argentine R1A strain of B.
bovis. Despite observed moderate sequence polymorphisms, the corresponding amino acid
regions in the Israeli and Australian strains are also predicted to have high antigenicity.

065
0E0
l id
- A
g oas
o
a0
03s
030
= 2 40 60 B0 100120 140 160 180 200 220 2490 260 280 300 320 340 360 380 400 420 440 250 480 500 520
Fosition

30

o0

SUN— e SN S TUY SUUT SUDT ST VU SN VUOY T VUY SO Uy
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Fosition

Figure 7. Prediction of B-cell epitopes (A) and surface accessibility (B) in the N-terminal hydrophilic
region (aa 1-512) of ROM4.5 of the Babesia bovis Argentine R1A strain. Prediction of a B-cell epitope
with high surface accessibility (yellow peaks) falls within the repetitive region.
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The average ratio of non-synonymous over synonymous substitutions (dN/dS) was
calculated for the repeat region, using the nucleotide sequences encoding the different
repeat variants found among B. bovis geographical isolates: (n = 1 for American isolates,
n =1 for the South African isolate, n = 7 for the two Australian isolates and n = 4 for
the Israeli isolate). An average dN/dS value of 0.24 was obtained, strongly indicative of
negative selection (Supplementary Figure S6).

Apart from the diversity in the number of repetitive sequences and the slight differ-
ences found in the repeat sequence of Israel and Australia, the remainder of the N-terminal
regions had little or no polymorphisms. As an example, Supplementary Figure S6 shows
an alignment of this region between B. bovis Mo7 from Mexico and A15 from Australia,
two geographic isolates of very distant origins.

3. Discussion

ROMs were first discovered in Drosophila melanogaster, in which they were shown to be
involved in the epidermal growth receptor signaling pathway. Soon after, ROM representa-
tives were found in all kingdoms of life, and recognized as part of an ancient, large family
of intramembrane proteases containing members with and without protease catalytic ac-
tivity [14,15,18]. The molecular mechanisms and functions where ROMs are involved are
diverse, ranging from cell signaling in animals to quorum sensing in bacteria, and from
flower development in plants to host cell invasion in apicomplexan protozoa [11,19]. In
Apicomplexa, research on ROMs was first carried out in T. gondii, where five different
members that received the denomination ROM1 to ROM6 were described. ROM4 and
5 are paralogs and both belong to the ROM4 family (sometimes referred to as ROM4/5),
whereas ROM2 is confined to T. gondii. It was later observed that the ROM repertoire
varies considerably among members of the Apicomplexa phylum [12]. Indeed, it has been
found that P. falciparum has not only orthologs of T. gondii ROM1, 3,4/5 and 6, but contains
four additional members of this family, which received the denomination ROM?7 to 10 [20].
Moreover, piroplasmids share with P. falciparum the presence of ROM4, 6, 7 and 8, but
ROM1, 3, 9 or 10 are absent in the first. Notably, while P. falciparum has only one ROM4
member, piroplasmids have an expanded number of two to five ROM4 paralogs, with B.
bovis showing the highest number of five paralogs among the studied organisms [16].

As mentioned before, the ROM4 of P. falciparum and T. gondii have been demonstrated
to cleave adhesins on the parasite surface, a prerequisite to allowing parasite internalization
into the host cell [13,14]. The release of two such adhesins, AMA-1 and TRAP, from
the parasite surface into the extracellular medium, has been verified in B. bovis in vitro
cultures, but the protease involved in this cleavage has not yet been identified [21,22]. We
hypothesize that of the five B. bovis ROM4 paralogs, ROM4.1 exerts this role, since it is the
ortholog of ROM4 of P. falciparum and T. gondii [16].

The particular expansion of the rom4 locus to a gene family of five paralogs in B. bovis is
intriguing. The fact that all are transcriptionally active in AS and SS and in bovine and tick
stages suggests their functional relevance. It remains to be explored if these five paralogs
exert different roles associated with the interaction of the tick and mammalian host cell. The
tandemly arranged rom4.3, 4.4 and 4.5 have a single syntenic counterpart in other Babesia s.s.
parasites which, together with their high sequence similarity, suggests they have expanded
recently into this rom4 subgroup in B. bovis, representing true in-paralogs. Importantly,
the presented synteny data confirm the orthology results obtained by bidirectional best
hit (BBH) using BLAST and phylogenetic analysis in a previous study [16]. Given that
the only rom4 paralog with syntenic counterparts in all piroplasmids is rom4.1, we can
speculate that this corresponds to the ancestral rhomboid 4 gene of B. bovis, which, through
duplications and subsequent sequence divergence, gave rise to the currently existing
paralogs. Likely, the tandemly arranged rom4.3, 4.4 and 4.5 originated from the most recent
of these duplication events.

In the present study, we show that rom4.1 and rom4.3/4.4 transcription levels are
significantly increased in xanthurenic acid-induced parasite suspensions as compared to



Pathogens 2022, 11, 344

10 of 17

non-induced ones. Xanthurenic acid is a metabolite present in the gut of mosquitoes that
induces gametogenesis in P. falciparum [23,24]. Correspondingly, incubation of erythrocyte
suspensions infected with B. bigemina, B. bovis or B. ovata with this compound has been
shown to yield extracellular suspensions of parasites, which are morphologically different
from merozoites and express sexual stage-specific markers. These parasite stages are
considered to represent haploid gametocytes and diploid zygotes. Accordingly, xanthurenic
acid-induction protocols have been used to study the life cycle of Babesia spp. and antigen
expression patterns in SS [25-28].

The patterns of rom4 expression in xanthurenic induced SS and non-induced AS
cultures observed by RT-qPCR showed some agreement with those in tick and merozoite
stages observed by RNAseq in the study of Ueti et al. [17]. B. bouvis tick stages show a
dramatic increase in transcription of rom4.1 of 1.3 x 10*-fold as compared to bovine stages,
and in the present study, we observed the same tendency but a more modest increase in 18-
fold in the transcription of this gene, analyzed by RT-qPCR in xanthurenic acid-induced SS
as compared to non-induced AS. It is possible to hypothesize that certain processes in which
ROMA4.1 is involved and that are critical for the parasitic stages that take place in the tick
milieu, such as gamete formation and fusion, are elicited in vitro by exposure to xanthurenic
acid. Additionally, in the case of rom4.5, expression was increased 14-fold in asexual bovine
stages as compared to sexual tick stages [17]. In our study, a 1.8-fold increase was observed
in AS, as compared to SS, although this difference was non-significant (p > 0.05). In vivo
and in vitro results of the expression of the other rom4 paralogs did not correlate. Our
study showed a significant increase in rom4.3/4.4 transcription levels in SS as compared
to AS. However, rom4.4 was found to be upregulated in bovine stages compared to tick
stages by RNAseq. No significant differences were found for rom4.3. Finally, tick stages
showed upregulation of rom4.2, though no significant differences in transcription of this
gene were found in our study between AS and SS [17]. Our study indicates that it is not
possible to directly extrapolate the results of the xanthurenic acid-induction studies to the
complex events that take place in the tick environment, although they are sometimes useful
as an indication of which antigens are relevant for sexual parasitic stages. Importantly,
Babesia sp. s.s. parasite stages present in tick hemolymph are likely dominated by kinetes,
with activated mechanisms for tick cell invasion and asexual replication [4]. Xanthurenic
acid-induced B. bovis parasite suspensions, on the other hand, are characterized by the
presence of gamete-like forms with projections and surface ruffles, which can fuse, forming
multinucleated syncytia. Completion of kinete formation with nuclear fusion, which is
assumed to be eventually followed by meiosis, has not been observed in this type of
suspensions so far [26]. These different moments of parasitic life surely have specific
processes where ROM proteins are involved. Future functional studies with available gene
editing tools for B. bovis will help to elucidate the functional relevance of ROM4 paralogs
in the parasite life cycle [9].

It is interesting to note that a differential regulation was observed for in vivo and
in vitro AS and SS for the tandemly arranged rom4.3, rom4.4 and rom4.5 genes in spite of
overall high sequence identity among their upstream intergenic regions. However, the
presence of a distinctive, ~120 bp polymorphic region could be connected to gene-specific
regulatory protein binding sites. Other mechanisms that guarantee the specific expression
control of each of these genes, such as enhancers, cannot be ruled out.

Notably, ROM4.5 contains a highly conserved 29 aa sequence bearing a predicted
B-cell epitope expanded to up to eight repeats in the analyzed strains, in a hydrophilic,
surface-exposed and accessible region of the protein. We thus hypothesized that this region
is subject to positive selection pressure of the host immune system. To test this hypothesis,
we analyzed the average ratio of the number of non-synonymous substitutions per non-
synonymous site to the number of synonymous substitutions per synonymous site, as an
indication of selective pressure exerted on the coding sequence of the repetitive region. An
average dN/dS value of 0.24 was estimated, which does not support the hypothesis of
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the existence of positive selection in this region. However, analysis of a larger number of
isolates would be important to strengthen this conclusion.

It can be speculated that the repeats region acts as a decoy for the host immune defense
system, diverting the responses against other functionally relevant molecules required for
invasion of the host cell by the parasite, as has been suggested for surface antigens reported
in B. bovis and other piroplasmid species [29,30]. However, the immunogenicity of this
region needs experimental confirmation to substantiate this hypothesis. Noteworthily, poly-
morphisms observed among rom4.5 alleles might provide a tool for strain genotypification.

As for other protease-coding genes, transcription of rom4 paralogs in the bovine
asexual stage of B. bovis did not differ significantly between the virulent T2Bo strain and an
attenuated strain derived from it by serial blood passages in splenectomized cattle. This
indicates that the pathogenic/attenuated phenotype does not depend on a differential
transcription of these genes [31].

In addition to ROM4, ROMS6, 7 and 8 have been described in B. bovis and in all
other piroplasmids analyzed [16]. B. bovis ROM6 (XP_001609020) is the only piroplasmid
rhomboid not exclusive to apicomplexans. It is encoded in chromosome 1 (chrl); has
mitochondrial localization; and participates in various physiological processes within
this organelle, including apoptosis, electron transport chain and homeostasis [32]. No
function has yet been assigned to the catalytically active ROM7 (XP_001611188), encoded
in chr3 of B. bouis; or the inactive ROMS8 (XP_001610508), encoded in chr4 of B. bovis. Since
their presence is shared by Plasmodium spp. and piroplasmids, their function may be
related to intraerythrocytic processes taking place in the Aconoidasida, to which both
groups of protozoa belong [16]. In addition to the mentioned ROMs, B. bovis possesses
two members of the “derlin” subfamily, XP_001612151 and XP_001611988, encoded in
chr4 (Florin-Christensen, M. and Schnittger, L., unpublished observations). This type of
catalytically inactive rhomboid was discovered in yeasts, and later found to be represented
in many different lower and higher eukaryotes. Their function appears to be related to
retrotranslocation of misfolded proteins from the endoplasmic reticulum to the cytoplasm,
where they are ubiquitinated and degraded in the proteasome [33].

Currently, the only available vaccines against B. bovis are based on suspensions of
erythrocytes infected with live attenuated parasites. Although generally effective and safe
in younger animals, these vaccines can cause disease in adult cattle, can co-transmit other
pathogens and have a cumbersome production process. Thus, the search for alternative
vaccination strategies and formulations is an active field of research. A substantial amount
of information about B. bovis antigens expressed in the vertebrate stage that could serve in
vaccine formulations against sporozoites and merozoites has accumulated during the last
two or three decades. The search for possible antigens has mostly focused on proteins that
fulfill relevant roles in host—pathogen interactions of the merozoite stage, which are able
to elicit an adequate humoral and cellular immune response in the bovine host [1,34]. On
the other hand, information about antigen expression in tick stages has lagged behind [9].
However, recent in vivo and in vitro expression analyses of individual genes and transcrip-
tomic studies are rapidly filling this gap. Antigens that are particularly relevant for the
parasite developmental stages in the tick are attractive candidates for transmission-blocking
vaccines [9,25,26,35-38]. Antigens that fulfill essential roles both for the intraerythrocytic
merozoite stage and for tick stages, as might be the case for ROM4.1, for example, could be
of particular interest for the development of vaccine formulations to block parasite growth
in the bovine and block transmission by the tick. Further studies to elucidate the role(s)
fulfilled by this protein are needed to furnish this speculation.

Importantly, ROM4s of other Apicomplexan parasites have shown potential as vaccine
candidates. Indeed, vaccination of chicken with a recombinant form of Eimeria tenella ROM4
elicited a cellular and humoral response and high protection levels against challenge with
the homologous E. tenella strain [39]. Similarly, mice vaccinated with a plasmid encoding
T. gondii ROM4, or with a combined vaccination scheme of T. gondii rom4-DNA plasmid
followed by a ROM4 peptide, showed humoral and cellular responses, increased survival
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rates and fewer brain cysts upon challenge with a virulent T. gondii strain [40,41]. Since
ROM functional domains are not surface-exposed, the mode of action of these ROM-based
vaccines is intriguing. It might be hypothesized that antibody blockading of surface regions
relevant for their catalytic function results in impaired parasite growth, but this needs
experimental confirmation.

ROMs are also considered attractive targets for chemotherapeutic measures against
different pathogens, and several ROM-specific inhibitors have been developed [42—44]
Two of them, rhomboid-inhibiting ketoamide (RiKa) and rhomboid-inhibiting boronate
(RiBn), were recently shown to specifically hamper in vitro P. falciparum invasion of ery-
throcytes [45].

In summary, this study presents new information regarding the structures, tran-
scription levels and sequence polymorphisms of ROM4 paralogs and their products in
B. bovis, suggesting several possible roles in host—pathogen interactions. This knowledge
may facilitate the development of novel control tools against bovine babesiosis and other
piroplasmid-caused diseases of domestic animals and humans.

4. Materials and Methods
4.1. In Silico Analysis

Locations, lengths and introns of rom4 paralogs, and the presence of other protease-
coding genes in the proximity of rom4 genes, were analyzed in the NCBI website (www.
ncbi.nlm.nih.gov/, accessed on 15 October 2021) for the sequenced B. bovis T2Bo strain [46].
Transmembrane domains were predicted using the TMHMM algorithm (services.healthtech.
dtu.dk/service.php? TMHMM-2.0), and the presence of a signal peptide was investigated
with SignalP 5.0 (services.healthtech.dtu.dk/service.php?SignalP-5.0). Discovering the
location of the active site and prediction of catalytic activity were carried out in the
MEROPS server (www.ebi.ac.uk/merops/). Multiple sequence alignments were per-
formed by Clustal omega (www.ebi.ac.uk/Tools/msa/clustalo/). Percentages of iden-
tity and similarity were calculated at the SIAS website (imed.med.ucm.es/Tools/sias.
html). Synteny analysis was carried out at Piroplasma DB (piroplasmadb.org/piro/
app). Conservation of amino acids in the repeat sequences was visualized using We-
blogo (weblogo.berkeley.edu/logo.cgi). B-cell epitopes were predicted in the following
web servers: ABCpred (crdd.osdd.net/raghava//abcpred/); Emboss Antigenic server
(www.bioinformatics.nl/cgi-bin/emboss/antigenic); Bepipred Linear Epitope prediction
2.0 (tools.immuneepitope.org/bcell/). Accessibility was evaluated with the Emini Sur-
face Accessibility Prediction (tools.immuneepitope.org/bcell /). The average ratio of non-
synonymous vs. synonymous substitutions (dN/dS) in the repeat region variants was
calculated with SNAP v2.1.1. (hcv.lanl.gov/content/sequence/SNAP /SNAP.html).

4.2. Production of cDNA of In Vitro Cultured AS and SS

B. bovis T2Bo strain merozoites were in vitro propagated in microaerophilic stationary
phase (MASP) culture following established procedures [38]. Infected erythrocytes were
harvested by centrifugation, suspended in a solution of HL-1 medium, bovine serum,
antibiotic and antimycotic, and incubated with 100 uM xanthurenic acid for 24 h at 26
°C in air, or without xanthurenic acid in a CO, incubator at 37 °C, to obtain SS or AS,
respectively, as described in [25]. Suspensions were then harvested by centrifugation and
the pellets suspended in RNAlater (Ambion) and kept at —20 °C until use. Total RNA
was extracted from both types of cultures using RNAqueous® Kit (Ambion), following
the manufacturer’s recommendations and quantified in a NanoDrop (ThermoScientific,
Waltham, MA, USA) equipment. The removal of genomic DNA was confirmed by RT-PCR
targeting a 259 bp fragment of rom4.3/4.4 using primers F: TCAGCCAGAGCAACCCGA
and R: GCCTATGAATGAAAGTGTC, with and without addition of reverse transcriptase,
and with AS and SS RNA as template, following standard conditions (Supplementary
Figure S7). ¢cDNA was synthesized from 150 ng total RNA of each sample with the
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Superscript® First-strand cDNA synthesis kit (Invitrogen, Waltham, MA, USA) following
the manufacturer’s recommendations.

4.3. Transcriptional Analysis

Specific oligonucleotides to be used in qPCR for each B. bovis T2Bo rom4 paralog,
and for the housekeeping genes coding for topoisomerase 1I (BBOV_II1004820), actin
(BBOV_IV009790) and gadph (BBOV_I1002540), were designed using the PrimerExpress 2.0
software (Applied Biosystems), considering the following parameters: a length of 20-22 nt,
an amplicon size of ~60-240 bp, a hybridization temperature between 50 and 60 °C, ~50%
GC content and a hybridization target within gene exons (Supplementary Table S1).

Recombinant plasmids containing each target sequence were prepared to be used
in the qPCR set-up. To this end, the corresponding DNA fragments were amplified by
direct PCR using DNA from the T2Bo as template in a final volume of 25 uL containing
2.5 mM of each dNTP, 20 uM of each primer, 2.5 U PFU polymerase (Thermo Scientific,
Waltham, MA, USA) with its corresponding buffer and 6.6 ng DNA as template or water
as negative control. The cycling conditions consisted in a denaturing period at 95 °C for
3 min; 35 cycles of denaturing at 95 °C for 30 s, hybridization at 58 °C for 30 s and extension
at 72 °C for 1 min; and a final extension period at 72 °C for 10 min. Amplicons were
visualized in ethidium bromide-containing 1% agarose gels and band sizes were assessed
by comparison with a 1 kb Plus DNA marker (Invitrogen). Amplicons were cloned in
Clone]et (Thermo Fisher Scientific), and recombinant plasmids were used to transform
competent E. coli DH5« cells. After plating in ampicillin-containing LB-agar plates, colonies
containing recombinant plasmids were selected by colony PCR and grown overnight in
LB-ampicillin. Plasmids were purified from cultures using a DNA Puriprep P-kit (Inbio
Highway, Argentina) and quantified spectrophotometrically.

gPCR reactions were carried out using the SYBR Green qPCR Master Mix (Thermo
Scientific) in a final volume of 10 uL, containing 0.2 uM of each primer, 1 uL of cDNA or
plasmid template and 0.2 uL. ROXdye (Thermo Scientific) as a passive reference control to
normalize PCR-unrelated fluorescence variations. Each reaction was run in parallel with
a negative control containing 1 pL ultrapure water instead of DNA. Amplification was
carried out in a StepOne Plus thermocycler (Applied Biosystems) with a cycling protocol
of 5 min at 95 °C, followed by 40 cycles of 95 °C for 1 min, 55 °C for 30 s and 72 °C for
40 s. The qPCR protocol was designed following MIQE international rules [47]. Primer
efficiency and Cts were evaluated using the LinRegPCR software [48]. The specificity of
each reaction was analyzed by melting curve analysis using the StepOne Software v2.3
software incorporated in the StepOne Plus thermocycler (Applied Biosystems, Waltham,
MA, USA).

Once the primer efficiency and reaction specificity had been verified and a housekeep-
ing gene target had been chosen (see Section 2.4; Supplementary Table S2), transcription
levels were determined in three biological replicas of AS and SS cultures, each of which was
evaluated in triplicate qPCR reactions. Ct data were normalized to the transcription levels
of the chosen housekeeping gene target qPCR values using the fgStatistics software. The
same software was used to calculate the statistical significance of the data (p < 0.05) [49,50].

4.4. DNA Samples

DNA samples of B. bovis geographical isolates from Argentina (R1A, S2P, M2P), Brazil
(B4), Mexico (Mo7), Australia (A1l and A15), Israel (I3) and South Africa (SA2) were used
as templates for PCR amplification of rom4 alleles. Data on these strains are included in
Supplementary Table S3.

4.5. Sequence Analysis of rom4 Alleles

Alleles of rom4 paralogs from different B. bovis geographical isolates were amplified
by PCR, cloned and sequenced for polymorphism analysis. The whole sequences of rom4.1,
rom4.2, rom4.3/4.4 and rom4.5 of the R1A Argentine vaccine strain; and the N-terminal
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hydrophilic-coding sequences of rom4.5 from different geographical isolates were analyzed.
Primers were designed to amplify overlapping segments of ~500-1500 bp for each gene
(Supplementary Table S4; Supplementary Figure S8). PCR amplification, cloning and
plasmid purification were essentially carried out as mentioned in Section 4.3, adjusting
the hybridization temperature in the PCR to each primer pair. Sequencing of both strands
was carried out using the Sequencing Service of the National Institute of Agricultural
Technology (INTA, Argentina) or Macrogen (South Korea). Sequences were edited using
BioEdit and deposited in the GenBank under Accession numbers OM320986 to OM320997.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/pathogens11030344/s1, Table S1. Oligonucleotides used in qRT-PCR;
Table S2. Ct and efficiency values obtained by qPCR targeting potential reference genes of Babesia bovis;
Table S3. Information on the Babesia bovis strains used to study rom4 sequence polymorphism; Table
S4. Primers used to amplify rom4 segments for polymorphism studies; Figure S1. Clustal omega
alignment of ROM4 paralogs of Babesia bovis, T2Bo strain; Figure S2. Clustal omega alignment of
intergenic regions upstream of rom4.3 (Int3), rom4.4 (Int4) and rom4.5 (Int5); Figure S3. Melting curve
analysis to select an adequate housekeeping gene as normalization control of transcription in Babesia
bovis, as determined by qPCR; Figure S4. Clustal omega alignment of nucleotide sequences of rom4.5
alleles of Babesia bovis T2B and R1A; Figure S5. Clustal omega alignment of the N-terminal region of
ROM4.5 of Babesia bovis T2Bo and R1A; Figure S6. Analysis of polymorphism and synonymous and
non-synonymous substitutions in the repeat region of ROM4.5; Figure S7. Clustal omega alignment
between N-terminal regions of ROM4.5 of the Mexican Mo7 strain and the Australian A15 strain of
Babesia bovis; Figure S8. PCR and RT-PCR amplification of Babesia bovis rom4.3/4.4; Figure S9. Scheme
of PCR amplification of rom4 alleles for polymorphism analysis. References [51-58] are cited in the
Supplementary Materials.
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