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Abstract: Bovine babesiosis is a tick-borne disease caused by apicomplexan parasites of the
Babesia  genus that represents a major constraint to livestock production worldwide.
Currently available vaccines are based on live parasites which have archetypal
limitations. Our goal is to identify candidate antigens so that new and effective vaccines
against  Babesia  may be developed. The perforin-like protein (PLP) family has been
identified as a key player in cell traversal and egress in related apicomplexans and it
was also identified in  Babesia  , but its function in this parasite remains unknown. The
aim of this work was to define the PLP family in  Babesia  and functionally characterize
PLP1, a representative member of the family in  B. bovis  . Bioinformatic analyses
demonstrate a variable number of  plp  genes (4 to 8) in the genomes of six different
Babesia  species and conservation of the family members at the secondary and tertiary
structure levels. We demonstrate here that  Babesia  PLPs contain the critical domains
present in other apicomplexan PLPs to display the lytic capacity. We then focused on
the functional characterization of the PLP1 protein of  B. bovis,  both  in vitro  and  in
vivo  . PLP1 is expressed and exposed to the host immune system during infection and
has high hemolytic capacity in a wide range of conditions  in vitro  . A  B. bovis plp1
knock out line displayed decreased growth rate  in vitro  compared to the wild type
strain and a peculiar phenotype consisting of multiple parasites within a single RBC,
although in low frequency. This phenotype suggests that the lack of PLP1 has a
negative impact on the mechanism of egression of the parasite and, therefore, in its
capacity to proliferate. It is possible that PLP1 is associated with other proteins in the
processes of invasion and egress, which were found to have redundant mechanisms in
related apicomplexans. Future work will be focused on unravelling the network of
proteins involved in these essential parasite functions.
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Buenos Aires, June 19th, 2020. 

 

International Journal for Parasitology 

Editor-in-Chief 

B. M. Cooke 

 

Dear Editor, 

Please find enclosed the manuscript entitled “The key to escape? Babesia bovis perforin-like 

protein 1 (PLP1) with hemolytic capacity is required for blood stage replication and is involved in the 

egress of the parasite from the host cell” by Dr. Martina S. Paoletta and collaborators. 

This article deals with the identification and characterization of the members of the perforin-like 

protein (PLP) family in parasites of the Babesia genus, focusing in both their structure and function. 

Babesia are tick-borne protozoan parasites that represent a major constraint to livestock production 

worldwide. Our goal is to identify candidate antigens to develop new and effective vaccines against 

Babesia. In this sense, the PLP family has proven to be a key player in life cycle progression in related 

apicomplexans, but its function in Babesia parasite remains unknown. 

In this paper, we identified plp coding genes in different Babesia species and characterized their 

genomic organization, pattern of expression and evolutionary relationships. Furthermore, we 

performed an in vitro functional characterization of B. bovis PLP1, a representative member of the 

family, which displayed high hemolytic capacity in a wide range of conditions. We have also generated 

a plp1 knock out line that showed an abnormal phenotype and a diminished growth rate compared to 

the wild type strain. Overall, our results demonstrate that PLP1 is not essential but plays an important 

role in the egression of the parasite from the host cell.  

Further in vivo studies with the plp1 knock out line will allow us to analyze if the in vitro replication 

defect results in an attenuated phenotype, which can be of great value since knock out strains arise as 

an alternative to traditional live vaccines. 
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Please, find below the highlights of this manuscript. I hope you find this work interesting for 

considering its publication at the International Journal for Parasitology. 

I look forward to hearing from you soon. 

Yours sincerely, 

 

 
 

Dr. Silvina E. Wilkowsky 
Instituto de Agrobiotecnología y Biología Molecular (IABIMO) 

INTA-CONICET 
Buenos Aires - ARGENTINA 

E-mail: wilkowsky.silvina@inta.gob.ar 
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• All Babesia PLPs have the critical domains necessary for pore formation. 

• B. bovis PLP1 is expressed and exposed to the bovine immune system. 

• B. bovis PLP1 has high hemolytic capacity in a wide range of conditions. 

• A B. bovis Δplp1 line shows a slower growth rate in in vitro cultures. 

• Some Δplp1 parasites accumulate in erythrocytes implying a role of PLP1 in egress. 
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Reviewers' comments:  

Reviewer #1:  

I had in my first review asked the authors to test the antiserum (now Fig. S9) against the KO parasite. The 

purpose is to validate that the antiserum is indeed recognizing the correct protein (not that the KO is 

correct which they had shown with other methods). My opinion is that this control must be added to Fig. 

S9.  

Response: We believe that we have already successfully demonstrated the specificity of the antiserum 

against PLP1 with the assays shown in supplementary figure S9.  

We showed that: [A] Mice antiserum raised against the recombinant MACPF domain of PLP1 (42,4 kDa) 

recognizes in Western blot analysis a protein with a size that matches the full-length of PLP1 (108 kDa) 

that is expressed in merozoites of a wild type B. bovis strain (Supplementary Figure S9A, line 3). Pre-

immune mice serum does not recognize any antigen in infected erythrocytes. [B] We also demonstrated 

that the mice antiserum raised against the recombinant MACPF domain of PLP1 reacts with a protein of 

the exact same molecular weight as the recombinant PLP1_MACPF protein recognized by the commercial 

anti histidine antibody (Supplementary Figure S9B lines 3 and 4, respectively). [C] We also showed that the 

recombinant MACPF domain of PLP1 is detected by sera from bovines that were naturally infected with B. 

bovis (Supplementary Figure S9B, line 2). Clearly this antibody response requires expression of PLP1 in 

blood stages, during infection.  

In summary, three independent lines of evidence are consistently in agreement with our contention that   

the mice antibodies against the recombinant MACPF domain of PLP1 recognize the native version of the 

protein, and that PLP1 is expressed in B. bovis merozoites and exposed to the host immune system during 

infection. In addition, expression of PLP1 in the wild type strain, was also demonstrated upon analysis of 

global transcriptomic data sets (Figure 4) and further confirmed by RT-PCR analysis (Supplementary Figure 

S10).  We respect the opinion of the reviewer, but we feel that adding an additional Western blot Figure 

to the manuscript would not serve any additional purposes and it would be redundant. 

 

I have two minor comments that should also be dealt with.  

The supplemental figures should be reordered to be consistent with the text (Fig S1 should be mentioned 

first etc). 

Response to Reviewers



Response: The supplemental figures are already properly ordered in the text, being Figure S1 first 

mentioned in line 228 (Materials and methods section), followed by Figure S2 in line 259 (Materials and 

methods section), Figure S3 to S5 in line 340 (Results section), and so on. 

 

line 539 "in the" repeated twice.  

Response: The sentence was corrected. 

 

Reviewer #2:  

All of my prior comments have been addressed.  

This reviewer is only left with one minor question about the hemolysis assay that does not affect the 

overall conclusions of this manuscript. Most MACPF proteins appear to recognize and bind to the 

membrane via a C-terminal domain. In apicomplexan parasites this would, presumably, occur via the 

APCbeta domain. The hemolysis assay presented in this manuscript was performed with only MACPF 

domain. Do the authors think that the MACPF domain has membrane binding activity that is independent 

of the APCbeta domain? Or is the hemolysis activity observed part of an adventitious non-canonical pore 

forming mechanism that is distinct from the mechanism that likely occurs in full length protein secreted 

from micronemes during egress? 

Response: We hypothesize that, at least in this particular case, the MACPF domain has membrane binding 

activity on its own, while the APCbeta domain might be responsible for regulation of the protein activity 

by, for example, calcium binding or regulating polymerization. This hypothesis is based, among other 

things, on the fact that many Babesia PLPs lack the C-terminal domain and also on hemolysis assays 

performed by Garg et al., 2013 with Plasmodium falciparum PLP1. The authors showed that both the full-

length protein and the isolated MACPF domain had membranolytic activity, where the only difference was 

that the activity of full-length protein was sensitive to calcium while the MACPF domain was active 

independently of the presence/absence of the ion. 

These observations contrast with hemolysis assays done on PLP1 of T. gondii (Guerra and Carruthers, 2017; 

Roiko and Carruthers, 2013) where the APCbeta domain is indispensable for pore formation and, as 



discussed in the manuscript, suggest that the APCbeta domain in Hematozoa might play a different role 

than in Coccidia. However, more experiments should be done to confirm these speculations. 
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Abstract 25 

Bovine babesiosis is a tick-borne disease caused by apicomplexan parasites of the Babesia genus that 26 

represents a major constraint to livestock production worldwide. Currently available vaccines are based on 27 

live parasites which have archetypal limitations. Our goal is to identify candidate antigens so that new and 28 

effective vaccines against Babesia may be developed. The perforin-like protein (PLP) family has been 29 

identified as a key player in cell traversal and egress in related apicomplexans and it was also identified in 30 

Babesia, but its function in this parasite remains unknown. The aim of this work was to define the PLP 31 

family in Babesia and functionally characterize PLP1, a representative member of the family in B. bovis. 32 

Bioinformatic analyses demonstrate a variable number of plp genes (4 to 8) in the genomes of six different 33 

Babesia species and conservation of the family members at the secondary and tertiary structure levels. We 34 

demonstrate here that Babesia PLPs contain the critical domains present in other apicomplexan PLPs to 35 

display the lytic capacity. We then focused on the functional characterization of the PLP1 protein of B. 36 

bovis, both in vitro and in vivo. PLP1 is expressed and exposed to the host immune system during infection 37 

and has high hemolytic capacity in a wide range of conditions in vitro. A B. bovis plp1 knock out line 38 

displayed decreased growth rate in vitro compared to the wild type strain and a peculiar phenotype 39 

consisting of multiple parasites within a single RBC, although in low frequency. This phenotype suggests 40 

that the lack of PLP1 has a negative impact on the mechanism of egression of the parasite and, therefore, in 41 

its capacity to proliferate. It is possible that PLP1 is associated with other proteins in the processes of 42 

invasion and egress, which were found to have redundant mechanisms in related apicomplexans. Future 43 

work will be focused on unravelling the network of proteins involved in these essential parasite functions. 44 

 45 

Keywords 46 

Babesia bovis, perforin-like protein, transfection, hemolysis assay, membrane attack complex/perforin 47 

(MACPF) domain, pore forming protein 48 

  49 
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1. Introduction 50 

Babesiosis is a tick-borne disease caused by apicomplexan parasites of the Babesia genus that replicate 51 

within red blood cells (RBC) of a wide range of hosts. Bovine babesiosis is a major constraint to livestock 52 

production, affecting more than 500 million cattle annually worldwide (Bock et al., 2004). The two most 53 

relevant species affecting cattle are B. bovis and B. bigemina (Bock et al., 2004), however another bovine 54 

species, B. divergens, is also gaining increasing interest as an emerging zoonosis of humans (Gohil et al., 55 

2013). The main symptoms of babesiosis are hemolytic anemia and fever, with occasional hemoglobinuria 56 

and death (Bock et al., 2004). B. bovis is responsible for the most severe form of the disease since it is also 57 

capable of changing the structure of the membrane of the infected RBC which leads to their accumulation 58 

in the capillaries of different organs and the subsequent development of fatal clinical complications (Gohil 59 

et al., 2013). Although vaccine development has been the subject of intense research, to date, the only 60 

effective strategy to prevent acute babesiosis in endemic areas is the use of live attenuated vaccines, 61 

despite the numerous risks and application drawbacks that these vaccines effectuate (de Waal and 62 

Combrink, 2006; Florin-Christensen et al., 2014). 63 

The cycle of replication of Babesia parasites in the bovine host involves invasion of RBCs, duplication by 64 

binary fission and egress from the host cell. This generates high levels of hemolysis concomitant with a high 65 

rate of erythrocyte destruction that contributes to anemia.  66 

The definition of the proteins implicated in life cycle progression of Babesia blood stages is of special 67 

interest to better understand host-pathogen interactions that will lead to the development of novel and 68 

more effective methods to control the disease. While invasion has been studied in more detail and some of 69 

the proteins involved have been characterized, the egress process remains poorly understood. 70 

In the past few years, the perforin-like protein (PLP) family has been identified as a key player in cell 71 

traversal or egress in apicomplexan parasites such as Toxoplasma gondii and various Plasmodium species. 72 

PLPs are defined by the presence of a membrane attack complex/perforin (MACPF) domain with the ability 73 

to form pores in lipid bilayers, and a β-sheet rich domain located in the C-terminal end of the protein, 74 

named APC-β which is unique to Apicomplexa and might play a role in membrane recognition and binding 75 

(Kafsack and Carruthers, 2010; Guerra and Carruthers, 2017; Guerra et al., 2018; Ni et al., 2018). 76 



4 
 

Apicomplexan PLPs generate membrane pores and play different roles depending on the organism and 77 

stage of the life cycle in which they are expressed (Roiko and Carruthers, 2009; Kafsack and Carruthers, 78 

2010; Guerra and Carruthers, 2017). In T. gondii, PLP1 allows the tachyzoites to egress from an exhausted 79 

host cell to re-invade a new fresh one (Kafsack et al., 2009; Roiko and Carruthers, 2013). In Plasmodium sp. 80 

some PLPs are involved in egress while others facilitate the movement of the parasite through different 81 

epithelia (Kadota et al., 2004; Kaiser et al., 2004; Ishino et al., 2005; Ecker et al., 2007; Amino et al., 2008; 82 

Deligianni et al., 2013; Garg et al., 2013; Wirth et al., 2014; Garg et al., 2015; Risco-Castillo et al., 2015; 83 

Wirth et al., 2015; Yang et al., 2017; Deligianni et al., 2018; Garg et al., 2020). So far, all characterized PLPs 84 

are located in micronemes, an apicomplexan type of secretory organelles that play an important role in the 85 

invasion and egress from the host cell, with the exception of P. berghei PLP4, which is located in apical 86 

vesicles different from micronemes (Deligianni et al., 2018). Furthermore, a recent study on P. falciparum 87 

has shown that inhibitors that target PLPs restrict pore formation effectively blocking intraerythrocytic 88 

growth, as well as the hepatic and transmission stages (Garg et al., 2020). 89 

Despite their perceived functional importance in Apicomplexa, the PLP family of Babesia spp. parasites 90 

remains poorly studied. Even though there is evidence of the presence of plp genes and their transcription 91 

levels (de Vries et al., 2006; Brayton et al., 2007; Kafsack and Carruthers, 2010; Wade and Tweten, 2015; 92 

Moreno-Hagelsieb et al., 2017; Elton et al., 2019; González et al., 2019) thorough structural and functional 93 

genomic studies have not been performed yet. 94 

The aim of this study was to identify and characterize the members of the PLP family in parasites of the 95 

Babesia genus focusing on both their structure and function. Hereby, we have identified a variable number 96 

of plp coding genes in the genomes of different Babesia species and characterized the genomic 97 

organization, pattern of expression and evolutionary relationships of their gene families. Based on these 98 

and previous data, we have then selected and expressed PLP1 of B. bovis for performing in vitro and in vivo 99 

functional characterizations. We have generated a plp1 knock out (Δplp1) line which was viable but 100 

displayed an abnormal phenotype and a diminished growth rate compared to the wild type (WT) strain. We 101 

demonstrate here that even though the B. bovis plp1 gene is not essential for the in vitro development of 102 
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erythrocyte stages, its absence has a negative impact on the mechanism of egression of the parasite and 103 

therefore in its proliferative capacity.  104 

 105 

2. Material and Methods 106 

2.1 Database search and sequence analysis 107 

The 20 amino acid motif WX(2)[FL][FI]X(2)[FY]GTHX(7)GG, characteristic of MACPF domains of 108 

apicomplexan PLPs (Kafsack and Carruthers, 2010), was used to search all open reading frames (ORF) that 109 

coded for proteins with this specific sequence in every available Babesia genome (Supplementary Table S1, 110 

Brayton et al., 2007; Cornillot et al., 2012; Jackson et al., 2014; Eichenberger et al., 2017; Yamagishi et al., 111 

2017). The presence of a complete MACPF domain, as well as a signal peptide, was analyzed using 112 

InterProDomain (https://www.ebi.ac.uk/interpro/). The presence of transmembrane domains was assessed 113 

using TMpred (https://embnet.vital-it.ch/software/TMPRED_form.html). The presence of the β-sheet rich 114 

domain in the C-terminal end was determined predicting the secondary structure with Jpred4 115 

(http://www.compbio.dundee.ac.uk/jpred/). OrthoMCL tool (https://veupathdb.globusgenomics.org/, 116 

Fischer et al., 2011) was used to assign Babesia PLP proteins to groups of orthologs present in the database 117 

(https://orthomcl.org/orthomcl/, Release 6.1). To evaluate the synteny of the chromosomal regions 118 

encompassing PLPs, an alignment of the genomic region containing the target gene in different Babesia 119 

species was visualized in PiroplasmaDB (https://piroplasmadb.org/, Aurrecoechea et al., 2017) and the 120 

conservation and distribution of genes was analyzed. B. canis was not included in the synteny analysis since 121 

its genome is not available in this database. 122 

 123 

2.2 Phylogenetic analysis 124 

Amino acid sequence alignments of the complete PLPs, the MACPF and APC-β domains were conducted 125 

with Clustal Omega (Madeira et al., 2019). Phylogenetic analyses were performed with the Maximum 126 

Likelihood method using the Kimura 2-parameter model with T. gondii PLP1 (GenBank: ABK97634.2) 127 

selected as an outgroup. In all cases, bootstrap values were calculated with 1000 replicates. Phylogenetic 128 

analyses were done using MEGA version X (Kumar et al., 2018). 129 
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 130 

2.3 3D structure and function prediction of PLPs 131 

I-TASSER (https://zhanglab.ccmb.med.umich.edu/I-TASSER/, Yang and Zhang, 2015) was used to predict the 132 

tertiary structure of PLP proteins from B. bovis. Separate structural predictions were done for the complete 133 

protein and for the isolated MACPF and APC-β domains. C-scores higher than -1.5 indicate a correct global 134 

topology.  135 

After the structure prediction, I-TASSER uses the TM-align structural alignment program to match the 136 

obtained model to all structures in the PDB library and COACH to predict possible ligand binding sites. A 137 

TM-score takes values between 0 and 1, where 1 indicates a perfect match between two structures and 138 

TM-scores higher than 0.5 indicate the same fold. 139 

The visualization and analysis of the modelled structures was performed with UCSF ChimeraX (Goddard et 140 

al., 2018). 141 

 142 

2.4 Transcription data analysis 143 

Transcriptomic data sets were analyzed to determine the transcription levels of B. bovis plp genes in blood 144 

stages of two strains of contrasting virulence (Pedroni et al., 2013; 145 

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE51560) and in two different life cycle stages 146 

(kinete-tick and merozoite-bovine) of a virulent strain (Ueti et al., 2020; 147 

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE144066). The normalized reads from each of the 148 

plp and housekeeping genes (actin: BBOV_I000300 and fructose-1,6-bisphosphate aldolase: 149 

BBOV_IV000790) were analyzed. Gene transcription was considered significantly and differentially 150 

regulated if |log fold change (FC)| ≥ 1 and false detection rate (FDR) < 5%. 151 

 152 

2.5 Recombinant protein expression and purification 153 

The BboPLP1 MACPF domain (1037 bp) was PCR amplified from genomic DNA (gDNA) of the Argentinean 154 

virulent strain S2P using the primers BboPLP1_MACPF Fw: 5’-ACTGATGCCGAAGGAAG-3’ and 155 

BboPLP1_MACPF Rv: 5’-TCAATCGCGGCGGTACAA-3’. The PCR product was cloned directly into the Gateway 156 
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entry vector pCR™8/GW/TOPO™ (Invitrogen) and further subcloned in the prokaryotic expression vector 157 

Gateway™ pDEST™17 (Invitrogen) in frame with a 6X His-tag in the N-terminal end of the protein. This 158 

plasmid was used to transform chemically competent E. coli strain BL21 AI™ (Invitrogen) that were further 159 

plated in media containing ampicillin. Recombinant BboPLP1_MACPF (rPLP1_MACPF) was expressed by 160 

culturing transformed bacteria in LB medium with ampicillin and inducing the culture with 0.2% arabinose 161 

for 4 h when O.D. reached 0.4-0.6, at 37°C. Protein expression was confirmed by SDS-PAGE followed by 162 

Coomassie Blue staining and immunoblotting using a commercial anti-His antibody (Amersham 163 

Biosciences). Purification from inclusion bodies under denaturing conditions was done using a Ni-Agarose 164 

resin (Probond™, Invitrogen) as mentioned in Wilkowsky et al., 2011. To obtain soluble rPLP1 MACPF 165 

protein for hemolysis assays, expression was induced at O.D. 0.4-0.6 with 0,1% arabinose, at 16°C for 18 h. 166 

Soluble recombinant protein was purified as described in Jaramillo Ortiz et al., 2016. The recombinant 167 

protein SAG-1 from Neospora caninum (rSAG-1) was prepared as previously reported (Wilkowsky et al., 168 

2011). 169 

 170 

2.6 Antisera Production 171 

Polyclonal immune serum against the rPLP1_MACPF was prepared by immunization of 5 mice with four 172 

inoculations, each of 30 µg of protein, at 2-week intervals. First subcutaneous inoculation was emulsified in 173 

Freund’s complete adjuvant (Sigma Aldrich), followed by three subcutaneous inoculations emulsified in 174 

Freund’s incomplete adjuvant (Sigma Aldrich). Sera was collected two weeks after the final immunization 175 

by exsanguination of mice. Western blot analysis was performed to check specificity and optimal working 176 

dilutions (see section below). The care, handling, immunization protocols and euthanasia of animals were 177 

performed according to international standards, under guidelines of the Institutional Committee for the 178 

Use and Care of Experimentation Animals (CICUAE – INTA protocol N. 42/2016). 179 

 180 

2.7 Immunoblot 181 

Recombinant PLP1_MACPF protein or in vitro culture derived cell lysates of B. bovis merozoites of the S2P 182 

strain were separated by SDS-PAGE and transferred to a nitrocellulose membrane. For Western blots, the 183 



8 
 

membrane was incubated with anti-rPLP1_MACPF sera (1:20), anti rRAP-1 sera (1:200), anti-histidine tag 184 

antibody (1:3000, Amersham Biosciences), or bovine sera from animals (n=5) naturally infected with B. 185 

bovis (1:25). For colorimetric detection, secondary antibodies against each species and conjugated to 186 

alkaline phosphatase were used (1:10000, Sigma Aldrich). The reaction was developed with BCIP/NBT Color 187 

Development Substrate (Promega) as indicated by the manufacturer. For chemiluminescent detection, 188 

secondary antibodies conjugated to HRP (1:10000, Abcam) were used and membranes were developed 189 

with an enhanced chemiluminescence detection kit (ECL, Pierce™ ECL Western Blotting Substrate, Thermo 190 

Scientific) following the manufacturer’s procedure.  191 

 192 

2.8 Hemolysis assays 193 

The hemolysis assays were carried out as previously described by Garg et al., 2013 with minor 194 

modifications. Briefly, to obtain RBC, blood samples from healthy bovines were aseptically collected by 195 

jugular venipuncture into a heparinized syringe and centrifuged at 300 × g for 10 min at 4°C. RBC were 196 

washed in 9 volumes of PBS three times. Donor animals are regularly housed at the animal facility at 197 

Instituto Nacional de Tecnología Agropecuaria under standard animal care protocols (CICUAE – INTA 198 

protocol N. 43/2015).  199 

Purified rPLP1_MACPF was incubated at different concentrations with bovine RBC at 2% final hematocrit in 200 

a reaction buffer containing 150 mM NaCl, 1 mM CaCl2, 20 mM Hepes (pH 7.2) for 30 min at 37°C. After 201 

incubation, cells were pelleted by centrifugation at 900 x g for 10 min. Supernatant was collected and the 202 

release of hemoglobin was estimated by measuring absorbance at 405 nm in a 96-well plate 203 

spectrophotometric reader and normalized to 1% Triton X-100 as the maximum lysis value. Negative 204 

controls were done incubating the washed RBC in the reaction buffer without the addition of proteins or 205 

with the addition of the non-lytic rSAG-1 protein. 206 

To evaluate the Ca2+ -dependent lysis, the reaction buffer was prepared either with varying concentrations 207 

of CaCl2 (0.25, 0.5, 0.75 and 1 mM) or with 1mM EGTA. To evaluate the pH -dependent lysis, RBC were 208 

resuspended in PBS of indicated pH (prepared by mixing sodium mono- and diphosphate in different 209 

amounts and adjusting pH with 1N HCl or NaOH), as previously described by Roiko et al., 2014. In both 210 
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assays, 100 nM of recombinant protein were used, and for the pH -dependent lysis assay additional 211 

negative controls were included, in which washed RBC were incubated in PBS of different pH (5, 7 and 9) to 212 

verify that the effect observed was due to changes in protein activity at different pH rather than by changes 213 

of pH itself. 214 

The assays were performed in triplicate and to evaluate the statistical significance of the results, a one-way 215 

ANOVA test was performed, followed by a Dunnett test of multiple comparisons. p <0.001 was considered 216 

significant. Statistical analysis was done using GraphPad Prism version 5.01 for Windows, GraphPad 217 

Software, La Jolla California USA, www.graphpad.com. 218 

 219 

2.9 In vitro culture of B. bovis  220 

The B. bovis S74-T3Bo parental strain and the knock out line generated in this work were cultured in long-221 

term microaerophilic stationary phase culture using 10% of bovine RBC in HL-1 medium supplemented with 222 

bovine serum as previously described (Levy and Ristic, 1980; Rodriguez et al., 1983). Both strains are 223 

maintained as a cryopreserved stabilates in liquid nitrogen when not in use (Palmer et al., 1982). 224 

 225 

2.10 Construction of the transfection plasmid pBbo∆plp1 226 

The transfection plasmid p6-Cys-EKO containing the fluorescent protein eGFP fused to Blasticidin-S 227 

deaminase (BSD) under the control of the ef-1α promoter described by Alzan et al., 2017, was used as a 228 

backbone to construct the pBbo∆plp1 plasmid for stable transfection (Supplementary Fig. S1). The 5’ 229 

untranslated region (UTR) and 3’ UTR of the plp1 gene were PCR amplified from gDNA of B. bovis S74-T3Bo 230 

strain and cloned into the XhoI and BamHI sites of the plasmid, respectively. The 5’ UTR fragment was 231 

amplified by PCR using primers 5’UTR-PLP1-F-XhoI 5’-GCGTGCCTCGAGAAAACCGCTTGTGTTTAACG-3’ and 232 

5’UTR-PLP1-R-XhoI 5’-GCGTGCCTCGAGTGCGATAATAAGTGAAATGTGTC-3’. The 3’ UTR was amplified using 233 

primers 3’UTR-PLP1-F-BamHI 5’-CGCTATGGATCCCAGACATGGTACCCCTGTAAC-3’ and 3’UTR-PLP1-R-BamHI 234 

5’-CGCTATGGATCCCTACCAGTAAGTAATCGGTTGTTTT-3’. After PCR, amplicons were purified and cloned into 235 

pGEM®-T easy vector (Promega) followed by sequential subcloning in the transfection plasmid p6-Cys-EKO 236 

by digestion with either XhoI or BamHI. Restriction digestion of p6-Cys-EKO with these enzymes results in 237 
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the removal of the 6-Cys-E fragments which were replaced with the plp1 UTR fragments. The resulting 238 

transfection plasmid, named pBbo∆plp1, was sequenced in both strands using T7 promoter and T3 239 

promoter primers, at the sequencing facility of IABIMO, INTA-CONICET, Argentina.  240 

Prior to B. bovis transfection, One Shot™ TOP10 Chemically Competent E. coli (Invitrogen) were 241 

transformed with the pBbo∆plp1 plasmid which was subsequently purified with Qiagen Plasmid MidiKit 242 

(Qiagen) following the manufacturer’s instructions. Control plasmid pBluescript was purified identically and 243 

used as a control in transfection experiments. 244 

 245 

2.11 Transfection of B. bovis  246 

The plasmid pBbo∆plp1 was electroporated into B. bovis S74-T3Bo strain as previously described (Suarez et 247 

al., 2006; Suarez and McElwain, 2009). As a negative control of the transfection experiment, parasites were 248 

electroporated with an empty pBluescript plasmid in identical conditions. After transfection, parasite 249 

cultures were transferred to an incubator at 37°C. After 12 h, an inhibitory concentration of blasticidin was 250 

added to the media for selection of transfectants. Cultures were monitored daily for the presence of 251 

transfected fluorescent parasites with a fluorescence microscope (Zeiss) at 60X magnification. After eGFP 252 

fluorescent parasites emerged, cultures were grown for additional 30 days (15 passages) in the presence of 253 

inhibitory concentrations of blasticidin before being submitted for genetic analysis. 254 

 255 

2.12 Genetic characterization of the B. bovis ∆plp1 strain by PCR and sequencing  256 

To verify the integration and disruption of the plp1 gene in the knockout strain, different PCR assays were 257 

performed on gDNA from the wild type (WT) strain S74-T3Bo, the Δplp1 strain and pBluescript transfected 258 

parasites using primers listed in Supplementary Table S2. A schematic representation of the construct and 259 

primer hybridization sites is shown in Supplementary Fig. S2. A PCR targeting the msa1 locus was also 260 

performed in all cases to evaluate the integrity of the gDNA. All amplicons were cloned into TOPO® TA 261 

Cloning vector (Invitrogen) and sequenced using plasmid primers. 262 

 263 

2.13 Enrichment of transfected cultures  264 
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After transfection and selection with antibiotic, the parasite culture was subjected to fluorescence-265 

activated cell sorting using SY3200 FACS (Sony Biotechnology) to obtain a clonal line of ∆plp1 eGFP-266 

expressing parasites. To this end, 500 eGFP-positive and infected RBC were collected and used to start new 267 

cultures. Fluorescence microscopy and flow cytometry analysis were performed on the original and the 268 

enriched cultures to confirm that the latter did not contain detectable non-fluorescent WT parasites. 269 

For the microscopy analysis, the original and the enriched cultures were stained with Hoechst 33342 270 

(Thermo Scientific) to identify the parasite nucleus. Samples were visualized using Leica DMi8 inverted 271 

microscope with bright field, ultraviolet fluorescence and 100X magnification. Images were processed using 272 

Leica LAS X analysis software to produce individual and merged images. 273 

Flow cytometry assays were conducted using a Millipore Guava easyCyte HT flow cytometer. Samples from 274 

the enriched Δplp1 and WT cultures were analyzed, as well as artificial mixtures of 1:1 and 10:1 (Δplp1:WT) 275 

that were used as controls. All samples had been previously stained with hydroethidine (Dihydroethidium 276 

Invitrogen) to confirm the presence of the parasite. Measures of hydroethidine and eGFP were registered 277 

for all analyzed samples. 278 

 279 

2.14 Growth curve assay 280 

To identify the possible impact of the plp1 deletion on the growth of B. bovis, the ability of ∆plp1 parasites 281 

to replicate in in vitro cultures was evaluated and compared to the WT. Cultures of each strain were 282 

initiated at 0.5% parasitemia in triplicate wells. Culture medium was replaced every 24 hs and the 283 

parasitemia was calculated daily for 4 days. Statistical analysis was performed with the Student’s t-test, and 284 

the probability value of less than 5% (p< 0.05) was considered significant. 285 

 286 

2.15 RNA extraction and complementary DNA synthesis 287 

For the generation of cDNA, in vitro B. bovis cultures of either the enriched Δplp1 or the WT strains with 13 288 

and 5.6 percentage of parasitized erythrocytes (PPE), respectively, were used for RNA isolation using Trizol 289 

solution (Ambion, Life Technologies). Cultures were centrifuged and the pellets were resuspended in 3 290 

volumes of Trizol. Total RNA was isolated as indicated by the manufacturer, resuspended in 25 μl of 291 
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diethylpyrocarbonate-treated water and treated with Turbo DNA free-DNase (Ambion, Life Technologies). 292 

Reverse transcriptase-polymerase chain reaction (RT-PCR) was carried out for cDNA synthesis using the 293 

SuperScript™ First-Strand Synthesis System for RT-PCR (Invitrogen) with random hexamer primers (Thermo 294 

Scientific) using current protocols.  295 

 296 

2.16 Quantitative PCR (qPCR) of plp1  297 

qPCR of hsp20 (BBOV_II004080) and plp1 genes were carried out using the primers hsp20_qF: 298 

GAACCCGATTACTTTCAACCCA; hsp20_qR: TGTCAGTGCTGCTGAAACCAG; plp1_qF: 299 

GTTGACCCAGGATACAGGCATC; plp1_qR: GATCCATCCACCCTTAGGCTCT. These primer pairs amplify 300 

fragments of approximately 150 bp. qPCR reactions were done using SsoAdvanced Universal SYBR Green 301 

Supermix (Biorad) in a final volume of 15 µl with 50 nM of each specific primer and 100 ng of cDNA. The 302 

cycling parameters consisted of 1 cycle at 98 °C for 10 min and 40 cycles of 98 °C for 10 s followed by 62 °C 303 

for 60 s. At the end of the cycle, a standard melting curve was performed to verify the specificity of the 304 

generated amplicons. Quantifications were done with the relative standard curve method using the 305 

StepOne™ v2.3 software. The hsp20 gene was used as endogenous control and the cDNA from the WT 306 

strain as reference. In all the cases, three replicates per strain were used. 307 

 308 

3. Results 309 

3.1 Identification of members of the perforin-like proteins gene family in Babesia 310 

Previous work defined a signature motif of 20 conserved amino acids present in the MACPF domain of PLP 311 

proteins of several apicomplexan parasites (Kafsack and Carruthers, 2010). We used this motif to search the 312 

genomes of 11 Babesia species and strains (Supplementary Table S1) for ORFs containing this MACPF motif. 313 

Full conservation of the MACPF domain (ranging from 118 to 232 amino acids) was confirmed in the 38 314 

Babesia ORFs identified, according to the InterProDomain database. In addition, signal peptides were 315 

detected in 60% of the predicted proteins.  316 

As expected, PLP coding genes were identified in all the examined Babesia genomes and the number of 317 

genes varied between the species. In the case of B. bovis, B. ovata and B. microti, six hypothetical PLPs 318 
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were found. In B. bovis and B. microti one of these proteins, PLP3, contained three putative MACPF 319 

domains within a single ORF. In B. bigemina and B. divergens, a total of eight PLPs were identified, each one 320 

containing only one MACPF domain. A smaller number of members of the PLP family was found in B. canis, 321 

with only four plp genes, also with only one MACPF domain.  322 

Moreover, the characteristic APC-β domain was found in PLP proteins of all Babesia species, except for B. 323 

canis in which none of the proteins contained this domain. In particular, this β sheet-rich domain was 324 

present in every PLP1, PLP6 and PLP7, while this domain was not found in any PLP2 or PLP8. In the case of 325 

PLP3, the APC-β domain is absent in all species except for B. bovis in which it is located between MACPF 326 

domains 2 and 3 and not in the C-terminal end of the protein. The APC-β domain in PLP4 is absent only in 327 

the B. bovis ortholog, and in the case of PLP5, this domain is present in all proteins except for the B. microti 328 

ortholog. Table 1 summarizes the relevant information on all the identified PLP proteins. 329 

Another four MACPF-containing proteins were identified in B. ovata, B. bovis, B. bigemina and B. divergens 330 

by a search in PiroplasmaDB (Supplementary Table S3). However, these proteins neither contain the 331 

canonical string of amino acids of the MACPF motif of the PLP family nor the APC-β domain in the C-332 

terminal end. Moreover, their respective gene loci showed no synteny with any PLP coding gene. Based on 333 

these findings, we assume that these proteins are not canonical perforin-like proteins. Whether this is the 334 

result of miss annotation or an evidence of the existence of such non-canonical PLP or non-PLP related 335 

proteins with MACPF domains in Babesia, deserves further confirmation.  336 

Amino acid conservation of the identified Babesia PLPs was evaluated between all analyzed species. When 337 

possible, conservation of protein sequence between strains and between orthologs in related 338 

apicomplexan parasites was also analyzed. Multiple sequence alignments showed that conservation is 339 

limited to the 20 amino acids that comprise the MACPF motif and to the 4 cysteine residues of each 340 

tandem repeat of the APC-β domain, where present (Figure 1 and Supplementary Fig. S3 to S5). The amino 341 

acid sequence of each PLP is 100% conserved among two otherwise distinct strains of B. bovis and B. 342 

divergens, while minimum differences (evolutionary distances ranging from 0.01 to 0.03) were observed for 343 

B. bigemina strains (n=4). In all cases these amino acid substitutions were between residues of same 344 

physicochemical characteristics (data not shown).  345 



14 
 

A phylogenetic tree was constructed based on the MACPF domain of Babesia PLPs showing that the MACPF 346 

domain of each PLP is conserved among the different species of Babesia, maintaining a greater amino acid 347 

identity between orthologous proteins than between paralogs (Figure 2). The phylogenetic tree also shows 348 

that the first MACPF domain of the B. bovis PLP3 protein, named PLP3.1, groups with the PLP3 protein of 349 

the other four species, meanwhile the second and third domains of B. bovis PLP3 (PLP3.2 and PLP3.3) group 350 

with PLP7 and PLP8 of the remaining species, respectively. When the tree was constructed with the amino 351 

acid sequences of the complete PLP proteins, greater differences were observed, yet the topology of the 352 

tree remained unaltered (data not shown). The parasite B. microti was not included in this analysis since it 353 

is a sensu lato Babesia that belongs to the archaeopiroplasmids, an early branching lineage which is distant 354 

from the Babesia sensu stricto group (Criado-Fornelio et al., 2003; Schreeg et al., 2016). 355 

To evaluate orthology, each Babesia PLP was assigned to one of the groups defined in the OrthoMCL 356 

database (Supplementary Table S4). The 38 proteins were assigned to 8 different groups. In particular, 357 

group OG6_121849 contains not only PLPs from Babesia spp. but also previously characterized PLP proteins 358 

from Plasmodium and Toxoplasma. 359 

Additionally, synteny of the chromosomal regions containing plp genes was evaluated. The analysis showed 360 

that the identity and order of genes surrounding plps is highly conserved among the Babesia species 361 

analyzed here (Supplementary Fig. S6). As mentioned before, B. bovis and B. microti plp3 contain three 362 

MACPF domains within the same coding sequence, each having high sequence identity with the domains of 363 

PLP3, PLP7 and PLP8 of the remaining species. By comparing the genomic organization of these genes in the 364 

different species, it is observed that plp3, plp7 and plp8 are adjacent in B. bigemina, B. divergens and B. 365 

ovata. In addition, the respective upstream and downstream genes are syntenic between all the five 366 

species. 367 

 368 

3.2 Prediction of the three-dimensional structure of the PLP proteins 369 

The majority of the hereby identified Babesia proteins show the expected domain architecture for 370 

apicomplexan PLPs that include a N-terminal signal peptide, a central canonical MACPF domain and the C-371 
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terminal APC-β domain, formed by three direct repeats, each containing four conserved cysteine residues 372 

(Figure 3a).  373 

The 3D structure predictions of BboPLP1 are shown in Figure 3b-d (all B. bovis proteins presented similar 374 

results, Supplementary Fig. S7). The structure prediction either of the whole protein (Figure 3b) or of the 375 

isolated MACPF and APC-β domains (Figure 3c) strongly suggests that, at least for B. bovis, all PLPs have the 376 

basic structural characteristics of pore forming proteins. More specifically, the predicted structure of the 377 

MACPF domain (Figure 3c, left) includes the antiparallel chains (yellow) that form the twisted β-sheet, as 378 

well as the two clusters of α-helices (CH1 and CH2, pink) with alternating hydrophobic and hydrophilic 379 

amino acids that are typical features of these class of domains. The predicted 3D structure of the APC-β 380 

domain (Figure 3c, right) evidences a single globular domain with 4 highly conserved cysteine residues in 381 

each repetition, that are located in opposite positions allowing the formation of disulfide bonds between 382 

them, helping stabilize the structure (Figure 3d and e). Furthermore, a possible Ca2+ binding site mediated 383 

by amino acids G866 and E868 was predicted in this domain (Figure 1, blue arrows).  384 

When the predicted structures were compared to other protein structures deposited in PDB, striking 385 

similarities with other well characterized pore forming proteins were observed (Supplementary Fig. S8). In 386 

particular, the closest structure to the complete BboPLP1 protein was the human complement component 387 

C6 (PDB: 3t5o, TM-Score: 0.756), while the isolated MACPF domain was most similar to the lymphocyte 388 

perforin (PDB: 3nsj, TM-Score: 0.811). As for the APC-β domain, high structural concordance with the APC-β 389 

domain of TgPLP1 (PDB: 6d7a, TM-Score: 0.968) was observed. Overall, structural analysis indicates that 390 

conservation of three-dimensional structural features of the members of the PLP family despite the 391 

occurrence of considerable sequence diversity among the PLP proteins is necessary to fulfill functional 392 

requirements during the life cycle of the parasites. 393 

 394 

3.3 Differential expression of PLPs throughout B. bovis live stages  395 

A profile for the pattern of transcription of the B. bovis plp genes in erythrocytic (virulent and attenuated 396 

strains) and tick stage parasites was obtained upon analysis of global transcriptomic data sets generated 397 

previously (Pedroni et al., 2013; Ueti et al., 2020). Dataset analysis revealed that all plp genes are expressed 398 
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by these parasites during life cycle stages that occur in the vertebrate host or in the tick vector. 399 

Interestingly, comparative analysis shows that some genes are differentially transcribed between the two 400 

analyzed stages. More specifically, the plp1 and plp5 genes are mostly transcribed in merozoites, while plp2 401 

shows the highest levels of transcription in kinetes (Figure 4a). On the other hand, the transcriptomic data 402 

set of merozoites from a virulent and its attenuated derivative strain, not only confirmed the stage specific 403 

expression of plp1 but also revealed a different rate of transcription being 1.8 times higher in the virulent 404 

strain compared to its attenuated counterpart (Figure 4b). Thus, transcriptional analysis revealed 405 

differential expression of the members of the PLP family among distinct stages and virulence phenotypes, 406 

suggesting they may play relevant functional roles during life stage transitions and virulence. 407 

 408 

3.4 Functional characterization of B. bovis PLP1 409 

To deepen the study of Babesia PLPs we focused on B. bovis proteins since this species causes the most 410 

severe clinical scenario in infected bovines. We selected for the functional characterization the B. bovis 411 

PLP1 (BboPLP1) protein based on several factors. First, BboPLP1 belongs to the OG6_121849 orthology 412 

group that also contains previously characterized PLPs from Plasmodium and Toxoplasma which have been 413 

proven to be essential for the virulence of these pathogens. Second, the overall tertiary structure of 414 

BboPLP1 has a high degree of similarity with other pore-forming proteins, showing all the elements 415 

necessary for pore formation. Finally, plp1 gene transcription is higher in blood stage and virulent parasites, 416 

which are directly associated with the clinical signs of the disease, suggesting that PLP1 may be a virulence 417 

factor. 418 

The recombinant MACPF domain of BboPLP1 (rPLP1_MACPF; 42,4 kDa) was expressed in E. coli and used to 419 

generate polyclonal antisera that weakly reacted with a protein which size is compatible with the full size of 420 

the PLP1 protein (108 kDa) in lysates of B. bovis merozoites (Supplementary Fig. S9a). Importantly, 421 

antibodies present in a set of sera from B. bovis infected bovines were able to react with rPLP1_MACPF 422 

(Supplementary Fig. S9b), representing the functional domain of PLP1, suggesting that this region contains 423 

B-cell epitopes recognized during infection.  424 
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To evaluate if PLP1 has membranolytic activity that can be associated to the MACPF domain, the purified 425 

rPLP1_MACPF protein was incubated with bovine RBC in different conditions to test for hemoglobin 426 

release. rPLP1_MACPF protein was capable of generating damage in the membranes of RBC reaching 427 

hemolysis levels of 90%, compared to the treatment with 1% Triton X-100 (Figure 5a). In contrast, the non-428 

related protein SAG-1 of Neospora caninum used as negative control did not have any hemolytic effect.  429 

We then evaluated whether rPLP1_MACPF is able to lyse bovine erythrocytes in a dose-dependent fashion. 430 

A dose-response curve was performed with protein concentrations in a range of 30 to 250 nM (Figure 5b). 431 

Results showed that when concentrations are lower than 75 nM, the hemolysis values are below 10%, 432 

while surpassing this concentration generates an abrupt increase in hemolysis, reaching values of more 433 

than 90% when concentration is above 90 nM of protein. This suggests that a critical concentration of the 434 

recombinant protein is required in order to effectively function as a hemolysin.  435 

In addition, we investigated the effect of pH on the hemolytic activity. The highest levels of hemolysis were 436 

observed in the range of pH 5.5 to 9 (Figure 5c). Finally, hemolysis at different Ca2+ concentrations was also 437 

evaluated and although maximum activity was observed at Ca2+ concentrations around 0.5 mM, there were 438 

no large differences in hemolysis in the presence or absence of the ion (Figure 5d). Therefore, our data 439 

indicates that PLP1 has hemolytic activity per se, which can be associated with the region of the protein 440 

that includes the MACPF domain. 441 

 442 

3.5 A B. bovis plp1 knockout line is less fit than the wild type parental line when developing in in vitro 443 

cultures  444 

A plp1 knock out (Δplp1), was generated by transfection of B. bovis with plasmid pBboΔplp1, and 445 

blasticidin-resistant and eGFP fluorescent parasites emerged 5 days after addition of the antibiotic. No 446 

parasites were detected in the culture transfected with the pBluescript empty plasmid after five days of 447 

selection with blasticidin (Figure 6).  448 

Specific integration of the egfp-bds cassette disrupting the plp1 locus by homologous recombination was 449 

evaluated by PCR combining different primer sets (Supplementary Fig. S2) followed by sequencing of the 450 

respective amplicons. Figure 7 shows results obtained for PCRs I and III which target the 5’ and 3’ insertion 451 
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sites of the egfp-bds cassette in the plp1 locus, respectively. Equivalent results were obtained for PCRs II 452 

and IV (data not shown). More specifically, the size and sequence of the PCR products obtained with PCR I 453 

and II were fully consistent with the disruption of the plp1 gene by insertion of the egfp-bds selection 454 

marker. Surprisingly, positive PCR amplification was also obtained for the control PCR III and IV in two 455 

cultures of Δplp1 strain from two independent transfections, suggesting that the cultures contained a 456 

mixed population of WT and Δplp1 parasites.  457 

In view of these findings, we generated the enriched line of B. bovis Δplp1 (eΔplp1) from the mixed Δplp1 458 

strain. The success of the enrichment was first evaluated through fluorescence microscopy observation 459 

(Figure 8). The images demonstrated that, in contrast to the Δplp1 mixed population, all parasites in the 460 

enriched Δplp1 culture express eGFP, a result that was further confirmed by flow cytometry assays (Figure 461 

9). In addition, evaluation of transcription of the plp1 gene in the eΔplp1 line demonstrated the absence of 462 

transcripts of the knock out gene indicating the purity of the parasite line (Supplementary Fig. S10).  463 

The enriched line of B. bovis Δplp1 was used to evaluate the possible contribution of plp1 on the 464 

proliferative capacity of the parasite and the rate of in vitro growth upon comparison with the wild type 465 

S74-T3Bo strain. Significant differences (p < 0.05) were found in the in vitro growth rate at days 2 and 4 466 

among these parasite lines (Figure 10a), suggesting that the parasites in the enriched line of B. bovis Δplp1 467 

are less fit than the wild type parasites to grow in the in vitro culture system. In addition, a striking feature 468 

that appeared in the stained smears of the eΔplp1 line analyzed under the light microscope was the 469 

presence of uncommon structures consisting of more than a pair of merozoites inside the RBC (Figure 10b). 470 

These abnormal structures appeared at a frequency of ≈8% of infected RBC. Thus, significant phenotypic 471 

features are altered in plp1 deficient blood stage parasites, strongly suggesting that expression of plp1 is 472 

required for optimal fitness of the parasite during its development on the bovine host. 473 

 474 

4. Discussion 475 

The egress mechanism of apicomplexan parasites has been understudied and is of special interest to better 476 

understand host-pathogen interaction. Perforin-like proteins have been unequivocally assigned to have a 477 

key role in egress and cell transversal in medically relevant Apicomplexa. Several reports describe the 478 
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presence of genes coding for PLP proteins in Babesia (de Vries et al., 2006; Brayton et al., 2007; Kafsack and 479 

Carruthers, 2010; Wade and Tweten, 2015; Moreno-Hagelsieb et al., 2017; Elton et al., 2019; González et 480 

al., 2019). However, no functional characterization of any member in this genus has been done so far. 481 

In this work, genomic analysis using different bioinformatic tools allowed us to identify and characterize the 482 

complete PLP protein family in different Babesia species. Comparative analyses show that conservation is 483 

limited to the secondary and tertiary structure of the proteins. Meanwhile, primary sequence conservation 484 

is restricted to the 20 amino acids that comprise the MACPFapi motif already described (Kafsack and 485 

Carruthers, 2010) and to the cysteine residues of the APC-β domain when this domain is present (Guerra et 486 

al., 2018; Ni et al., 2018). Our analyses also show greater amino acid identity between orthologs than 487 

between paralogs, a feature also observed for Plasmodium PLPs (Kaiser et al., 2004), suggesting that each 488 

member of the PLP family may have evolved independently to play different functional roles. 489 

Babesia genomes code for a relatively large number of plp genes (6 to 8 depending on the species), except 490 

for B. canis where only 4 plp genes were found. We attribute this to the fragmentation of B. canis genome 491 

in a large number of scaffolds (Eichenberger et al., 2017). It has been reported that incorrect genome 492 

assemblies result in inferring a wrong number of genes belonging to a gene family (Denton et al., 2014), so 493 

the number of plp genes in B. canis should be revised. Genomes of Plasmodium also code for a large family 494 

of plp genes, whereas coccidian parasites such as T. gondii or N. caninum, only have one or two plp genes. 495 

Our analysis on Babesia PLPs support the hypothesis proposed by Kafsack and Carruthers in 2010 that 496 

argues that the expansion of the PLPs family might have been originated by the need to adapt PLP 497 

functions to both their mammalian and arthropod hosts when apicomplexans evolved from a monoxenic to 498 

a dixenic life cycle as in Hematozoa. Interestingly, transcriptomic data of the kinete (tick) and blood 499 

(mammal) stages show that even though all genes are transcribed throughout the parasite´s life cycle, most 500 

of them have variable stage specific transcription levels, providing more support to the hypothesis 501 

mentioned above. 502 

Regarding the architecture of Babesia PLP proteins, a signal peptide was bioinformatically detected in 60% 503 

of them suggesting that they are either secreted or reside in the lumen of organelles. The lack of this 504 

peptide in some of Babesia PLPs is likely due to the difficulty in predicting the start of the first exon of the 505 
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gene or to the fact that the prediction algorithms are trained with prokaryotic organisms and with a limited 506 

number of eukaryotes. Based on previous information of other apicomplexan PLPs (Kadota et al., 2004; 507 

Kaiser et al., 2004; Ishino et al., 2005; Kafsack et al., 2009; Garg et al., 2013), these proteins are expected to 508 

be stored at micronemes prior to being secreted. So far, PLP4 of P. berghei is the only exception since it is 509 

located in vesicles different from micronemes, in the apical end of the parasite (Deligianni et al., 2018). 510 

Most of the PLPs already described in Apicomplexa have only one pore forming domain per protein. The in 511 

silico prediction of the tertiary structure of the MACPF domain for B. bovis PLPs showed the presence of 512 

characteristic α-helix clusters surrounding antiparallel chains that form the β-sheet which play a key role in 513 

the formation of the pore. Interestingly, it has been previously reported that PLP3 of B. bovis and PLP5 of T. 514 

annulata have three MACPF domains within a single ORF (Kafsack and Carruthers, 2010). In this work, we 515 

confirmed that PLP3 has multiple domains in the two B. bovis strains analyzed and also in its ortholog in B. 516 

microti. We also show that each of the MACPF domains of PLP3 from B. bovis and B. microti has high 517 

sequence identity with the equivalent domains of PLP3, PLP7 and PLP8 of the other Babesia species. 518 

Moreover, when comparing the genomic organization of these genes in the different Babesia species, we 519 

observed that plp3, plp7 and plp8 are adjacent in B. bigemina, B. divergens and B. ovata with the upstream 520 

and downstream genes conserved between all the analyzed species. Finally, analyzing the presence and 521 

position of the APC-β domain in these particular PLPs we observed that neither PLP3 nor PLP8 of B. 522 

bigemina, B. divergens and B. ovata have this C-terminal domain while PLP7 does, and that the 523 

multidomain PLP3 of B. bovis has only one APC-β domain between the second and third MACPF domains. 524 

Based on these observations, we hypothesize that the B. bovis and B. microti plp3 gene might have 525 

emerged as a fusion of adjacent genes. 526 

According to the pore forming mechanism proposed by Baran et al., 2009 for the lymphocyte perforin, 527 

MACPF proteins are secreted as monomers that, after binding to the target membrane, oligomerize 528 

forming large ring complexes that undergo a marked structural reorganization creating the pore. Assuming 529 

this model, the increase in the number of MACPF domains within a single protein would minimize the 530 

number of identical monomers required to form the pore, a characteristic that would have been positively 531 

selected since the compaction of genomes in obligate parasites was a frequent event throughout evolution 532 
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(Templeton et al., 2004; Lawrence, 2005; Kuo and Kissinger, 2008; Cornillot et al., 2012). We speculate that 533 

this would be the case of B. bovis and B. microti where the pore would combine monomers of the PLP3 534 

protein. However, in the case of the rest of Babesia species and according to our phylogenetic analysis, the 535 

pore would form in a similar fashion to complement proteins involving monomers of PLP3, PLP7 and PLP8. 536 

This hypothesis is supported by our phylogenetic analysis that showed that putative PLP3 MACPF domains 537 

3.1, 3.2 and 3.3 of B. bovis and B. microti group with PLP3, PLP7 and PLP8 of the other species. 538 

In addition to the MACPF domain, the APC-β domain containing the four conserved cysteine residues in the 539 

tandem repeats that is characteristic of apicomplexan PLPs was also identified in the C-terminal region of 540 

most Babesia proteins. The position of these cysteines is compatible with the formation of disulfide bonds 541 

between them, a structure that is highly conserved with that of the APC-β domain of T. gondii PLP1 (Guerra 542 

et al., 2018; Ni et al., 2018). The absence of the APC-β in some Babesia PLPs suggests that these proteins 543 

may interact with a second protein that could modulate its activity (Kafsack and Carruthers, 2010).  544 

It is important to note that the predicted APC-β domain structures were different when modelled as part of 545 

the complete protein or isolated from the other domains. The model of the complete protein was based on 546 

the human complement component C6 and the APC-β domain is unique to apicomplexan parasites. 547 

Conversely, the APC-β domain was modeled based on the equivalent domain of T. gondii PLP1 and 548 

therefore likely constitutes a more accurate prediction of the structure of the APC-β domain. Despite being 549 

less rigorous, the predicted structure of the complete proteins provides insights on the overall structure of 550 

PLPs and how it resembles that of other pore forming proteins, with a central MACPF domain and a salient 551 

C-terminal domain. 552 

The marked structural conservation of Babesia PLPs with other pore forming proteins, on the face of 553 

otherwise massive sequence polymorphisms, demonstrates an evolutionary restriction to variation and 554 

supports our hypothesis that Babesia PLPs are related to pore formation. To test this hypothesis, we 555 

selected the PLP1 protein of B. bovis to continue with the functional characterization since it is the PLP with 556 

the highest transcription levels in B. bovis blood stage parasites. Besides, the evidence of PLP1 orthologs in 557 

Plasmodium (PPLP1 and PPLP3) (Kadota et al., 2004; Kaiser et al., 2004; Ishino et al., 2005; Amino et al., 558 

2008; Garg et al., 2013; Risco-Castillo et al., 2015) and Toxoplasma gondii (TgPLP1) (Kafsack et al., 2009; 559 
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Roiko and Carruthers, 2013) has shown that these proteins play important and well defined roles in the 560 

parasite´s virulence.  561 

Western blot analysis showed that sera from B. bovis infected bovines have antibodies against the 562 

recombinant MACPF domain of PLP1 confirming that PLP1 is expressed by merozoites and contains B-cell 563 

epitopes that are exposed to the host immune system during infection. However, the fact that these 564 

animals are persistently infected with B. bovis indicates that the anti MACPF antibodies do not prevent the 565 

parasite´s invasion of RBC and support our hypothesis that PLP1 has a predominant role in egression 566 

instead. Another explanation to this observation is that the role of PLP1 on parasite invasion would be 567 

redundant. 568 

We have also demonstrated that polyclonal antisera against rPLP1_MACPF recognized the complete native 569 

PLP1 protein, indicating conservation of B-cell epitopes in the recombinant protein. The low signal in PLP1 570 

detection may imply that this protein is expressed in low amounts in the parasite. 571 

It is remarkable that the MACPF domain of PLP1 is sufficient for pore formation since it is capable of lysing 572 

RBCs, even is when it lacks the context provided by the rest of the protein. It is possible however, that the 573 

tertiary structure and context provided by the full PLP1 protein is required for regulation of the pore 574 

forming activity of PLP1 which likely requires strict control in terms of specificity and timing. Another aspect 575 

to highlight is that PLP1 showed hemolytic capacity in the opposite direction to that expected for a protein 576 

that is secreted from the parasite to the RBC cytoplasm. This is in agreement with previous studies done on 577 

T. gondii PLP1 which is involved in the parasitophorous vacuole membrane rupture prior to egress, and yet 578 

showed cell lysis activity on both the luminal and cytoplasmic sides of the parasitophorous vacuole 579 

membrane (Kafsack et al., 2009). Furthermore, studies done on Plasmodium PLP1 and PLP2 that are 580 

involved in the egress of the parasite from the RBC also showed this reversible hemolytic capacity (Garg et 581 

al., 2013; Wirth et al., 2014).  The molecular mechanisms of PLP1 mediated lysis remain undefined, but it 582 

may be possible to speculate that the receptor(s) required for mediating lysis by PLP1 are expressed at both 583 

sides of the erythrocyte membrane. 584 

Low concentrations of rPLP1_MACPF do not generate hemolysis, while surpassing a threshold 585 

concentration generates maximum levels of RBC damage which is in agreement with the model of Baran et 586 
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al., 2009. This positive-cooperative response suggests that a critical amount of protein is needed in the 587 

membrane before the pore can be formed resulting in subsequent hemolysis. Interestingly, the same 588 

findings were reported for the functional domain of PfPLP1 (Garg et al., 2013) and for the lymphocyte 589 

perforin, a non-apicomplexan pore forming protein (Voskoboinik et al., 2005; Dong et al., 2007; Baran et al., 590 

2009), and are consistent with the proposed mechanism for pore formation previously mentioned. 591 

The rPLP1_MACPF domain showed high levels of hemolysis in a wide pH range including the pH≈7 within 592 

the RBC and in plasma, and a drop of protein activity was observed at pH below 5.5. The predicted 593 

isoelectric point of the recombinant protein is around 5.6 and therefore it is likely that the drop in 594 

hemolysis levels observed at pH below 5.5 is caused by protein aggregation and precipitation, leaving the 595 

protein inactive. 596 

Furthermore, we evaluated hemolysis in different calcium concentrations since it has been reported that 597 

egress of B. bovis from RBC is Ca2+ dependent (Mossaad et al., 2015). We observed no differences in 598 

hemolysis in the presence or absence of the ion, which is in agreement with previous reports on PfPLP1 599 

(Garg et al., 2013) where although the activity of the complete protein is Ca2+ sensitive, the hemolytic 600 

capacity of the isolated MACPF domain does not change in response to this ion. In this sense, the modeling 601 

of the APC-β domain of BboPLP1 performed in this work predicts a possible Ca2+ binding site in the C-602 

terminal region of the protein. This observation suggests that PLP1 has an independent calcium binding 603 

domain outside from the MACPF that may modulate its activity. Previous works on the lymphocyte perforin 604 

(Voskoboinik et al., 2005) and on PfPLP1 (Garg et al., 2013, 2015) showed that the C-terminal region of both 605 

pore forming proteins are responsible for the Ca2+-dependent membranolytic activity. These evidences 606 

allow us to hypothesize that, like its ortholog in P. falciparum, B. bovis PLP1 has a Ca2+ binding site located 607 

outside the MACPF domain, presumably in the APC-β domain, that plays a role regulating the hemolytic 608 

activity of the MACPF domain. These results altogether suggest that the APC-β domain in Hematozoa might 609 

play a different role than the APC-β domain of T. gondii PLP1 (Roiko and Carruthers, 2013; Guerra and 610 

Carruthers, 2017). Those Babesia PLPs that do not have the APC-β domain might be involved in a different 611 

mechanism that is not regulated by Ca2+ or its activity might be regulated by another Ca2+ -sensing protein. 612 
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Finally, to evaluate the role of PLP1 in the parasite’s life cycle, a plp1 knock out strain was generated. The 613 

Δplp1 strain was capable of multiplying and growing in in vitro RBC cultures showing that PLP1 is not 614 

essential for development of parasite’s erythrocyte stages. However, we observed that Δplp1 parasites 615 

grow significantly slower than the WT. This decrease in the replication capacity allows us to conclude that 616 

the absence of plp1 negatively affects the proliferation of the erythrocyte stages of B. bovis.  617 

Interestingly, a low percentage of unusual tetrameric forms in the same RBC were observed in the Δplp1 618 

parasites. In most Babesia species including B. bovis, parasites undergo a single cycle of asexual 619 

reproduction within the RBC prior to egress, therefore tetrameric forms are not expected (Potgieter and 620 

Els, 1977; Mehlhorn and Schein, 1985; Kawai et al., 1986, 1999). A phenotype of similar characteristics was 621 

reported in the knockout of T. gondii for the orthologous gene plp1 (Kafsack et al., 2009; Roiko and 622 

Carruthers, 2013) in which the Δplp1 parasites survive in culture at a lower growth rate and with a greater 623 

number of parasites within an infected cell. The authors assume that due to the lack of the PLP1, knock out 624 

parasites lost their ability to actively egress and continue to replicate inside the same cell for more cycles 625 

than usual. 626 

Here, we propose that once mature merozoites are ready to egress, PLP1 is released from the micronemes 627 

and binds to the RBC membrane where it oligomerizes forming pores in the membranes facilitating the 628 

egress of the parasite. When PLP1 is absent, the merozoite fails to egress efficiently from the RBC after cell 629 

division and undergoes a second round of replication within the same cell, generating the tetrameric forms 630 

observed. Clearly, PLP1 activity for cell egress is dispensable and its function can be replaced by other 631 

proteins, probably other members of the family. Further experiments will be carried out in order to 632 

determine whether the PLP1 mutant line has a distinct pattern for the expression of other members of the 633 

PLP family. 634 

The mechanism by which these pores give rise to the parasite's egress remains unknown, but one 635 

possibility is that the pores change the membrane’s permeability generating an osmotic lysis of the 636 

erythrocyte, which is consistent with the video-microscopies that show that bovine RBC infected with B. 637 

bovis bursts prior to the release of merozoites (Asada et al., 2012). 638 
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Further in vivo studies with the Δplp1 strain will allow us to analyze if the in vitro replication defect impedes 639 

infection of the vertebrate host or if it results in an attenuated phenotype in vivo. Attenuated Babesia 640 

knock out strains arise as a novel alternative to traditional live vaccines since they cause a mild disease that 641 

allows immunization of cattle while remaining genetically stable (Florin-Christensen et al., 2014; Suarez et 642 

al., 2017). This would eliminate the risk of phenotypic reversal plus the advantage of allowing 643 

discrimination between vaccinated and naturally infected animals (Florin-Christensen et al., 2014). In 644 

addition, the effect of the lack of plp1 on transmission through the vector should be tested since PLP1 645 

might also be required for development of tick stages. 646 
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Legends to figures 869 

Figure 1: Multiple sequence alignment of B. bovis PLP1 and its orthologs T. gondii PLP1 and P. falciparum 870 

PLP1 and PLP3. The 20 amino acids of the MACPF motif are underlined in orange, and the 4 cysteine 871 

residues of each of the three repeats of the APC-β domain are indicated with a red star. Blue arrows show 872 

the two residues (G866 and E868) of the B. bovis PLP1 predicted Ca2+ binding site. Amino acids are colored 873 

according to their physicochemical features using the Clustal color scheme. In all alignments, aminoacids 874 

that are conserved in at least 75% of the sequences are colored-shaded. 875 

Figure 2. Phylogenetic analysis of the MACPF domain of Babesia PLPs. Amino acid sequences of the 876 

MACPF domain of each PLP were used for inferring a tree by the Maximum Likelihood method. Bootstrap 877 

values are shown next to branches. The MACPF domain of PLP1 of Toxoplasma gondii RH (ABK97634.2) was 878 

included as outgroup.  879 

Figure 3. Predicted structure of B. bovis PLP1. A. Schematic representation of the domains in B. bovis PLP1. 880 

SP denotes the signal peptide and gray rectangles show each of the direct tandem repeats of the APC-β 881 

domain. B. 3D model of the complete protein. C. 3D model of the MACPF (left) and APC-β (right) domains. 882 

α-helixes are shown in pink while β-strands are shown in yellow. In the MACPF domain, the characteristic 883 

clusters of α-helixes (CH1 and CH2) surrounding the antiparallel chains that form the twisted β-sheet are 884 

indicated in circles. D. Bottom view of the APC-β domain shown in Figure 4c (left) and detail of the position 885 

of the four conserved cysteine residues with the predicted disulfide bridges (yellow lines) that are formed 886 

between them in each of the repeats (right). E. A Hidden Markov Model consensus of a single APC-β repeat 887 

from all Babesia PLPs showing conservation of the four cysteine residues (grey arrows). 888 

Figure 4. Patterns of transcription of B. bovis plp genes. Number of normalized reads obtained by RNA 889 

sequencing for the transcripts of each of the B. bovis plp genes in kinete and merozoite stages (A) and in 890 

blood stages of a virulent strain and its attenuated derivative (B).  891 

Figure 5. Hemolysis assays of rPLP1_MACPF. A. Lysis of bovine erythrocytes using a constant concentration 892 

(100 nM) of protein. B. Dose-response curve using increasing concentrations of protein. C. pH-dependent 893 

hemolysis using 100 nM of rPLP1_MACPF. D. Hemolysis assay using 100 nM of protein in variable Ca2+ 894 

concentration. In all cases hemolysis was expressed as a percentage of maximum hemoglobin release with 895 
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1% Triton X-100 treatment. An unrelated protein of N. caninum (rSAG) expressed and purified as 896 

rPLP1_MACPF was used as negative control. *p < 0.001 with one-way ANOVA and Dunnett post-test. C- 897 

denotes negative control. 898 

Figure 6. Microscopic observation of B. bovis transfected cultures. A. Control culture transfected with 899 

pBluesctipt. B and C. Knock out culture transfected with pBboΔplp1, 5- or 15-days post transfection (dpt). 900 

Upper panels: Smears stained with Diff Quik. Lower panels: transfected parasites under fluorescent light. 901 

Scale-bars: 10 µm. 902 

Figure 7. PCR assays to assess the disruption of plp1 by integration of the egfp-bsd selectable marker. 903 

PCR amplifications were done on genomic DNA extracted from: the S74-T3Bo strain (1), cultures of Δplp1 904 

strain from two independent transfections (2 and 3),  S74-T3Bo culture 2 days post transfection with 905 

pBluescript (4), plasmid pBboΔplp1 (5), negative control (6). msa1 gene was amplified to verify the integrity 906 

of the DNA.  907 

Figure 8. Fluorescence microscopy of Δplp1 and eΔplp1 cultures. Parasites stained with Hoechst 33342 908 

from the B. bovis Δplp1 culture before (Δplp1) and after enrichment (eΔplp1) by FACS. Scale-bar: 10 µm. 909 

Figure 9. Flow cytometry analysis of the enriched culture eΔplp1. Hydroethidine stained cells (yellow 910 

fluorescence) and eGFP expressing cells (green fluorescence) of the enriched line (eΔplp1), the S74-T3Bo 911 

wild type parasites and two artificial mixtures in different proportions (1:1 and 10:1) of eΔplp1: S74-T3Bo 912 

were analyzed by flow cytometry. Yellow and green fluorescence are indicated in the corresponding axes. 913 

Figure 10. Phenotypic evaluation of eΔplp1. A. Comparative in vitro growth curve of B. bovis S74-T3Bo 914 

(WT) and eΔplp1 lines. The assay was done in triplicate wells and data are expressed as arithmetic means ± 915 

standard deviation. *p < 0.05 with a Student’s t-test. B. Unusual tetrads observed in B. bovis Δplp1 cultures. 916 

Culture smears of eΔplp1 and WT lines were stained with Diff Quik and observed under light microscope 917 

(1000X, upper panel). Arrows indicate RBC containing more than a pair of merozoites. Scale-bars: 10 µm. A 918 

digital magnification of an RBC containing a tetrad is shown in the lower panel. 919 

Supplementary Fig. S1. Schematic representation of the B. bovis plp1 locus and the transfection plasmid 920 

pBboΔplp1. A. Structure of the plp1 gene locus in the wild type strain. B. Transfection plasmid pBboΔplp1. 921 

The ef-1α promoter that controls the expression of the egfp-bsd gene and the 3′- region of the rap-1 gene 922 
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are shown in white while 5´and 3´UTR are shown in grey. C. Structure of the resulting locus after homologous 923 

recombination in the plp1 knock out strain. 924 

Supplementary Fig. S2. Schematic representation of PCR assays to evaluate integration of the egfp-bsd 925 

gene in the plp1 locus. PCR primers are indicated as arrows and their numbers correspond to those indicated 926 

in Supplementary Table S2. * indicates that primers hybridize in gDNA sequences that are not included in the 927 

transfection plasmid pBboΔplp1. 928 

Supplementary Fig. S3. Multiple sequence alignment of the six B. bovis PLPs. The complete MACPF domain 929 

is underlined in orange and the wider line denotes the 20 amino acids of the conserved motif. Amino acids 930 

are colored according to their physicochemical features using the Clustal color scheme. 931 

Supplementary Fig. S4. Multiple sequence alignment of the MACPF domain of all Babesia PLPs. The 20 932 

amino acids of the conserved motif are underlined in orange. Amino acids are colored according to their 933 

physicochemical features using the Clustal color scheme. 934 

Supplementary Fig. S5. Multiple sequence alignment of the APC-β domain of all Babesia PLP in which this 935 

domain was found. The stars indicate the four conserved cysteine residues of the three tandem repeats. 936 

Amino acids are colored according to their physicochemical features using the Clustal color scheme. 937 

Supplementary Fig. S6. Synteny of the PLP loci between Babesia species. The dotted lines indicate the 938 

location of the PLP orthologs in other Babesia species. Conservation of surrounding genes is shown as shaded 939 

areas. 940 

Supplementary Fig. S7. Structure of MACPF domains of all B. bovis PLPs. In all the cases the two clusters of 941 

α-helixes on both sides of the antiparallel β-strands that form a β-sheet are evident.   942 

Supplementary Fig. S8. Conservation of the tertiary structure of B. bovis PLP1 and its functional domains. 943 

A. Overlap of the model of complete B. bovis PLP1 (colors) and the structure corresponding to the C6 944 

protein of the human complement system (grey, PDB: 3t5o). B. Overlap of the model of the MACPF domain 945 

of B. bovis PLP1 (colors) and the structure of the lymphocyte perforin (grey, PDB: 3nsj). C. Overlap of the 946 

model of the APC-β domain of B. bovis PLP1 (colors) and the structure corresponding to the APC-β domain 947 

of T. gondii PLP1 (grey, PDB: 6d7a). In all the cases, the secondary structure of the B. bovis protein was 948 

colored based on the secondary structure (α-helixes in pink and β-strands in yellow). 949 
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Supplementary Fig. S9. PLP1 is expressed by B. bovis blood stages during bovine infection. A. Western blot 950 

analysis of a B. bovis merozoite lysate using (1) pre-immune, (2) anti RAP-1, (3) anti rPLP1_MAPCF polyclonal 951 

mouse sera. B. Western blot analysis of rPLP1_MACPF using sera from (1) non-infected cattle, (2) naturally 952 

B. bovis infected cattle, (3) mouse polyclonal anti rPLP1 serum and (4) commercial anti his-tag. All reactions 953 

were developed using a colorimetric method with the exception on lane 3 on figure A that was developed 954 

using chemiluminescence. The black arrow indicates the expected molecular weight of the complete B. bovis 955 

PLP1 protein. 956 

Supplementary Fig. S10. Quantitative PCR assays on cDNA from the wild type and the enriched Δplp1 line. 957 

Relative quantification of plp1 transcription in the wild type S74-T3Bo strain (WT) and in the enriched Δplp1 958 

line (eΔplp1). 959 

 960 

Tables 961 

Table 1: PLPs identified in the different species of Babesia. aa, amino acids. Chr., chromosome. NA, genes 962 

not assigned to chromosomes since the genome is not assembled to that level. SP, signal peptide. TM, 963 

transmembrane domain. a indicates proteins with multiple MACPF domains. b indicates positions in amino 964 

acids.  965 

Species Class 
of PLP 

Locus tag Protein 
length 
(aa) 

# 
Exons 

Chr. SPb MACPFb TMb APC-β 

B. bovis 
T2B 

PLP1 BBOV_IV001370 978 1 4 1-25 422-646 694-711  Yes 

PLP2 BBOV_II007150 752 1 2 - 518-744 553-572; 615-638  No 

PLP3a BBOV_III000410 1272 17 3 1-21 247-423; 
548-700; 
1076-1255 

763-784; 837-854  Yes 

PLP4 BBOV_II002020 420 7 2 1-22 183-371 282-301  No 

PLP5 BBOV_II001970 559 8 2 1-21 157-354 142-162; 442-459  Yes 

PLP6 BBOV_III000320 512 6 3 - 99-294 326-343; 479-512  Yes 

B. ovata 
Miyake 

PLP1 BOVATA_036650 1057 1 NA - 552-777 788-808; 897-917  Yes 

PLP2 BOVATA_023240 1004 1 NA - 767-992 856-875  No 

PLP3 BOVATA_042350 424 3 NA 1-21 206-419 - No 

PLP4 BOVATA_032330 604 10 NA 1-19 178-396 - Yes 

PLP6 BOVATA_042230 536 6 NA 1-20 145-330 400-422  Yes 

PLP8 BOVATA_042310 592 8 NA - 353-575 186-210  No 

B. 
bigemina 
BOND 

PLP1 BBBOND_0402480 966 1 4 - 462-686 807-826  Yes 

PLP2 BBBOND_0103080 1206 1 1 1-21 972-1197 934-953  No 

PLP3 BBBOND_0301750 450 4 3 1-21 247-445 211-235  No 

PLP4 BBBOND_0202000 696 9  2 1-25 181-399 - Yes 

PLP5 BBBOND_0201960 651 6 2 1-15 154-386 247-268; 288-310; 
474-491; 599-615  

Yes 

PLP6 BBBOND_0301590 563 7 3 1-25 146-340 - Yes 
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PLP7 BBBOND_0301700 637 10 3 1-24 159-373 470-494; 520-536  Yes 

PLP8 BBBOND_0301690 386 6 3 - 129-351 - No 

B. 
divergens 
1802A 

PLP1 Bdiv_013880c 894 2 NA - 387-613 - Yes 

PLP2 Bdiv_014980 513 2 NA - 269-494 - No 

PLP3 Bdiv_018170c 460 4 NA 1-21 259-454 263-282  No 

PLP4 Bdiv_011150 660 11 NA 1-29 178-396 263-281; 445-463; Yes 

PLP5 Bdiv_011160c 610 12 NA 1-21 152-366 480-498; 593-610  Yes 

PLP6 Bdiv_018050c 562 7 NA 1-23 140-339 269-290  Yes 

PLP7 Bdiv_018160c 621 11 NA 1-28 172-377 541-562  Yes 

PLP8 Bdiv_018150c 364 6 NA - 121-342 528-553  No 

B. microti 
RI 

PLP1 BMR1_02g00320 879 6 2 1-21 347-575 336-354; 613-633; 
706-722  

Yes 

PLP2 BMR1_01G03475_2 352 4 1 - 131-346 216-235  No 

PLP3a BMR1_04g09590 982 12 4 - 42-252; 
356-584; 
751-970 

835-853  No 

PLP4 BMR1_01G02875 614 12 1 1-21 133-365 - Yes 

PLP5 BMR1_01G02876 357 4 1 1-21 121-336 - No 

PLP6 BMR1_04g09550 504 8 4 - 109-317 - Yes 

B. canis 
BcH-CHIPZ 

PLP1 Bc-CHIPZ-H003086 602 - NA 1-18 420-598 - No 

PLP2 Bc-CHIPZ-H001240 371 - NA - 179-362 - No 

PLP3 Bc-CHIPZ-H001168 259 - NA - 123-241 - No 

PLP8 Bc-CHIPZ-H001159 164 - NA - 19-147 - No 
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