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ARTICLE INFO ABSTRACT

The equine parasite Theilera equi continues to curtail global equine commerce due primarily to its ability to
persist indefinitely in the immunocompetent horse. Details regarding the parasite life cycle, pathogenesis and
mechanism of persistence remain unclear. The recently discovered T. haneyi is also capable of persistence in the
horse, creating a potential reservoir for additional infections. These two divergent parasites share a unique gene
family that expresses surface merozoite antigens, or equi merozoite antigens (EMAs). The EMA family was
maintained in number and size in both parasites despite a species divergence of over 30 million years ago. This
family is unique amongst Theilerias in number, structure and biochemical properties. In silico analysis revealed
no evidence of selection for diversity within this family, indicating a role in host adaptation and persistence
rather than antigenic variation and immune escape. Biochemical analysis revealed the presence of a conserved
domain, homologous to the hemolysin toxin found in cobra venom. This finding combined with data from
protein interaction prediction models may indicate interaction with the structural components of the host er-
ythrocyte and a role in merozoite entry or escape. Additional predicted protein interactions focus on disruption
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of the enzymatic functions of the host cell, potentially resulting in enhanced parasite survival.

1. Introduction

Theileria equi is a tick-borne, apicomplexan parasite of equids and
one of the causative agents of Equine Piroplasmosis. Naive animals
experience clinical symptoms of hemolytic anemia and associated sys-
temic sequelae. Resolution of initial infection invariably results in life-
long persistence and transmission risk. Global equine commerce is
curtailed due to restricted movement of infected horses (Wise et al.,
2013). The mechanisms by which T. equi persists remain unknown due
to voids in knowledge concerning parasite's life cycle, ability to undergo
antigenic variation and host immune responses. Data support the hy-
pothesis that the erythrocytic merozoite stage of T. equi causes ery-
throcyte rupture and is the persistent form of the parasite (Melhorn and
Schein, 1998).

Infected horses produce high levels of antibodies to merozoite sur-
face antigens, termed equi merozoite antigens or EMAs (Knowles et al.,
1992; Melhorn and Schein, 1998). Antibody responses to EMA proteins

are the basis for several diagnostic and regulatory tests, and EMA1-3 are
known to interact with the internal cytoskeleton of the erythrocyte
during infection (Kumar et al., 2004; Silva et al., 2013; Wise et al.,
2017). Completion of the genome sequence of T. equi led to the dis-
covery that the EMA proteins were not encoded by single copy genes as
is the case of the orthologs found in T. parva (mMPSA), T. annulata
(TAMS1) and T. orientalis (MSPS), but instead members of a larger, nine
member multigene family (emal-9) (Kappmeyer et al., 2012). These
single copy orthologs of the ema genes found in other Theileria species
are immunodominant and functional roles in antigenic variation and
erythrocyte interaction have been hypothesized and reported (Gubbels
et al., 2000; Jenkins and Bogema, 2016; Hayashida et al., 2013, Skilton
et al., 2000). In T. orientalis, MPSP was demonstrated to be involved in
merozoite entry into the erythrocyte and TAMS1 in T. annulata has been
thoroughly investigated for its role in antigenic variation and immune
escape (Katzer et al., 2002; Takemae et al., 2014).Additional informa-
tion about the uniquely structured ema family was obtained with the
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recent discovery of the closely related, novel, equid parasite T. haneyi
(Knowles et al., 2018). As with T. equi, T. haneyi also has 9 ema family
genes, rather than the single copy genes found in all other Theileria
species. Phylogenetic and syntenic analysis indicates that the ema fa-
mily underwent expansion prior to the speciation event that led to se-
paration of T. equi and T. haneyi approximately 33 million years ago. In
the T. haneyi genome, six of the nine ema homologs identified are
syntenic orthologs to T. equi. The T. equi ema genes, emal, ema3, and
ema4 have no detectable orthologs in T. haneyi but T. haneyi contains
three distinct emas, named emal1-13, bringing the total number to nine
as in T. equi. The infection dynamics of T. haneyi in the horse remain
unclear but the erythrocytic merozoite stage predominates in cases of
inapparent, persistent infection in the horse (Knowles et al., 2018).

The purpose of this study was to investigate the expanded ema fa-
milies of both T. equi and T. haneyi in regard to genetic diversity,
structure and potential function. Since roles in antigenic variation leave
signatures of historical diversifying selection to achieve immune es-
cape, we will leverage the 30 million years of divergent evolution be-
tween T. equi and T. haneyi to test for signatures of positive selection.
We will also investigate signatures of negative selection (conservation)
in ema genes at unprecedented resolution by applying codon site-wise
analysis, and utilize protein interaction partner predictions to further
refine understanding of ema function.

2. Materials & methods
2.1. Genomic analysis

The published genomes of T. equi and T. haneyi underpin the ad-
vanced analyses in this study (Kappmeyer et al., 2012, Knowles et al.,
2018). Alignment of the Theileria sp EMA sequences was done using CLC
Genomics Workbench version 10.1.1 (Qiagen Bioinformatics, Redwood
City, CA, USA) Create Alignment function. Once an alignment of the full
length T. equi and T. haneyi family members was complete, segments of
the aligned proteins overlapping the EMA1 and EMA2 hemolysin do-
main were displayed as a subset alignment (Knowles et al., 1997). Total
protein length, isoelectric points, and molecular mass, and domains
were determined through the ExPASy Bioinformatics Resource Portal
(https://web.expasy.org/compute_pi/). To assess the predicted protein
structure for each EMA in T. equi and T. haneyi, sequences were ana-
lyzed using InterPro (https://www.ebi.ac.uk/interpro), ExPASy Bioin-
formatics Resource Portal (https://web.expasy.org/compute_pi/) and
KohGPI (http://gpi.unibe.ch) (Fankhauser and Méser, 2005; Finn et al.,
2017).

2.2. Codon site-wise analysis for historical positive and negative selection

Evidence for signatures of historical selection (positive and nega-
tive) acting on the ema gene family expansion in T. equi was tested
using gene sequences from the T. equi EMA1-EMA9 and T. haneyi
EMA2, EMA5-EMA9, and EMA11-EMA13 (Accession numbers in Table
S1) (Kappmeyer et al., 2012; Knowles et al., 2018). Additional analyses
of EMAS were performed using sequences from T. equi and T. haneyi, as
well as T. annulata, T. parva, and T. orientalis (Hayashida et al., 2013;
Bogema et al., 2018; Pain et al., 2005). Phylogeny-aware codon-based
multiple alignment was performed using PRANK software specifically
to minimize concerns about possible historical insertion-deletion events
on positive selection analysis (Jordan and Goldman, 2012; Loytynoja
and Goldman, 2008; Loytynoja and Goldman, 2010). Codon site-wise
analysis for positive selection was performed using analytic measures
from two separate software packages. Specifically, the likelihood ratio
tests for site models (M1a versus M2a and M7 versus M8 models) im-
plemented in PAML 4 software (Yang, 2007) and the site-wise like-
lihood ratio (SLR) test (Massingham and Goldman, 2005; Sanchez et al.,
2011) were both used for assessing positive selection. Codon-based
alignment by MUSCLE (Edgar, 2004) in MEGA (Kumar et al., 2016)
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supported codon site-wise negative (conservative) selection analysis by
SLR. For this analysis, Hochberg step-up adjusted P-values were used to
determine support for conservative selection (Massingham and
Goldman, 2005).

2.3. Host protein interaction partner prediction for EMA proteins

The Red Blood Cell Collection (RBCC) database provided a list of
1286 proteins expressed in red blood cells with high confidence
(Hegedtis et al., 2015). These peptide sequences were queried for po-
tential interaction partners for EMA proteins using the machine
learning-based system HOPITOR (Host Pathogen Interaction predictor)
(Basit et al., 2018). Hopitor leverages machine-learning from known
host-pathogen protein interactions, and those known interactions are
biased in favor of human host proteins. Furthermore, human gene exon
definition and protein sequence annotation are much more complete
than for equids, so human red blood cell protein sequences as well as
horse protein sequences were utilized to maximize discovery of all
possible protein interaction partners for the EMA proteins (Jonsson
et al., 2014; Wade et al., 2009; Zerbino et al., 2018). Gene Ontology
term overrepresentation analysis was performed using PANTHER with
the GO database release date of September 6, 2018 (Mi et al., 2016). All
host genes predicted by HOPITOR to interact with 15 or more EMA
family proteins were included in analyses compared to the input list
utilizing a binomial test with Bonferroni correction for multiple testing.
Annotation datasets included GO molecular function, GO biological
process, and GO cellular component.

3. Results
3.1. Genomic analysis

Although the alignment of the 18 EMA polypeptides (Fig. 1a) de-
monstrates the amino acid variability that extends throughout the
length of the comparison, the overall primary structure of each pre-
dicted protein is conserved. A comparison of the predicted peptide
length of each of the 6 full length shared genes as well as the 3 genes
unique to each organism is quite similar, ranging from 267 to 289
amino acids. As previously reported, the predicted amino acid identity
amongst all EMA family members of T. equi and T. haneyi ranges from
34% to 81% with emall-13 being the most similar (Knowles et al.,
2018). Ema9 is truncated in T. equi yet is full length in T. haneyi. In
contrast, EMA 7 is truncated in T. haneyi but full length in T. equi.

Analysis of the predicted structure of the EMA proteins in both
species revealed that each of the full length proteins contain a signal
peptide, a C terminal transmembrane domain and a GPI anchor. This is
consistent with the previous findings for T. equi EMA1 and EMA2
(Kappmeyer et al., 1993; Knowles et al., 1997).

All 18 ema family members have an overall acidic isoelectric point
with the exception of the ema7 in T. haneyi, the truncated EMA member
of that species. Within these acidic predicted proteins, a basic domain at
approximately the 140-170aa location (Table 1) was identified in all 18
family members. This domain was previously identified in T. equi emal,
ema2, T. parva mMPSA and T. annulata TAMS1 as a homolog to an
elapid venom hemolysin toxin (Fig. 1b) (Katzer et al., 2002; Knowles
et al., 1997).

3.2. Codon site-wise analysis for historical positive and negative selection

Repeated tests failed to detect signatures of historical positive se-
lection at any amino acid site in the EMA gene family. Neither like-
lihood ratio test from the PAML package (M1a versus M2a, M7 versus
MS8) detected evidence for positive selection (all P > 0.05) for EMA
within T. equi, within T. haneyi, or in the omnibus analysis including
EMA from both T. equi and T. haneyi. Further, the SLR test did not
detect evidence for any site with historical positive selection in any of
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Fig. 1. a/b: Alignment of EMA family polypeptides predicted from genome coding sequences for Theileria equi (Tequi) and Theileria haneyi (Thaneyi) with EMA
common name designations and comparative lengths. Fig. 1a shows the entire alignment. Fig. 1b shows only the alignment of the hemolysin domains. Gaps are
indicated with (—). A sequence logo indicating predominant residues at each position is in the style of Schneider and Stephens, and with a polarity color scheme
where nonpolar (A, G, F, I, LM, V, W) are black and uncharged (N, Q, S, T, Y) residues are green, while charge-contributing residues emphasized with acidic residues
in red, and basic residues in blue. The values 4.2 and 0 bits indicates the sequence information content per position based on the comparable height of the residue
designations from calculation in CLC Genomics Workbench alignment tool (Schneider and Stephens, 1990) (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.).
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Fig. 1. (continued)

these analyses (all nominal P > 0.05 and Hochberg P > 0.05).
However, negative selection analysis did identify numerous codon

sites with evidence of historical negative selection (Supplementary Figs.
S1 & S2). Supplementary Fig. S1 shows an overall alignment of all EMA
family members from both T. equi and T. haneyi. This analysis high-
lights evidence for conservative selection at 134 sites with at the 95%
confidence and 25 sites with 99% confidence. Supplementary Fig. S2
shows an alignment of EMAS orthologs across 5 Theileria species, and
highlights evidence for conservative selection at 13 sites at 95% con-
fidence and 18 at 99% confidence.

Table 1
EMA family member comparison for T. equi and T. haneyi. *T. equi ema9 and T.
haneyi ema7 are truncated in that species but full length in the other species.

Common Predicted Molecular Overall PI  PI - hemolysin
Name peptide length ~ mass (kda) domain only
emal 272 aa 28.1 5.38 10.58

emaZ2 equi 274 aa 27.4 5.71 10.18

ema2 haneyi 277aa 30.1 6.09 10.46

ema3 280 aa 28.1 5.24 10.29

ema4 275 aa 28.3 5.13 10.58

ema5 equi 286 aa 29.6 5.81 10.58

ema5 haneyi 289aa 32 5.48 10.46

ema6 equi 285 aa 28.1 5.12 8.43

ema6 haneyi 275aa 30.6 4.92 9.53

ema7 equi 274 aa 29.1 4.98 8.52

ema7* haneyi  150aa 17.2 7.89 10.00

ema8 equi 273aa 28.2 6.14 9.53

ema8 haneyi 271aa 30.7 5.82 9.53

ema9* equi 144 aa 16.4 5.89 10.30

ema9 haneyi 267aa 30 4.87 10.30
emall 274aa 30.1 5.93 11.33
emal2 271aa 29.8 5.78 11.33
emal3 270aa 29.4 5.33 11.33

3.3. Host protein interaction partner prediction for EMA proteins

HOPITOR analysis results, using 1286 known red blood cell proteins
and each of the 18 EMAs, identified 905 human proteins and 523 horse
proteins that had a predicted interaction with at least one member of
the EMA family (Tables S2 and S3). In the human analysis, 69 proteins
interacted with at least 15 of the EMAs and in the horse, 25 fit this
criterion. Eighteen of these proteins in both the human and horse
genomes were predicted to interact with at least 15 of the 18 members
of the EMA family, the most notable of which are described in Table 2.

Gene Ontology analysis for GO cellular component terms with
human proteins from the HOPITOR interaction prediction set high-
lighted three terms with significant enrichment, cullin-RING ubiquitin
ligase complex (P = 0.015, 10.1-fold enrichment), nuclear chromosome
part (P = 0.049, 5.5-fold enrichment), and Unclassified (P < 0.001,
1.85-fold enrichment). Genes highlighted for the term cullin-RING
ubiquitin ligase complex included CAND1, CUL1, CUL2, DDBI,
FBXL20, and SKP1. Genes highlighted for the term nuclear chromosome
part included only histone genes (Table S2). Similar analysis from the
horse protein interaction prediction set showed two significantly en-
riched terms, cullin-RING ubiquitin ligase complex (P = 0.031, 15.5-
fold enrichment) and Unclassified (P < 0.001, 1.85-fold enrichment).
Genes highlighted for the term cullin-RING ubiquitin ligase complex
included CUL1, CUL2, DDB1, and SKP1. No terms showed significant
enrichment for GO molecular function or GO biological process in ei-
ther predicted interaction set (all P > 0.05).

4. Discussion

Infections with T. equi continue to have a significant, negative im-
pact on global equine commerce and trade. The mechanism by which
this parasite persists within the immunocompetent horse remains un-
clear. The life stage that invades the horse via an infected tick is the
sporozoite. Like the closely related cattle parasites Theileria parva and T.
annulata, it first invades peripheral blood mononuclear cells yet the role
of PBMC infection in the pathogenesis of T. equi is unknown (Ramsay
et al., 2013). Data supports the hypothesis that the persistent stage of T.
equi is the merozoite (Melhorn and Schein, 1998). Parasite encoded
antigens have yet to be identified on the surface of infected erythrocytes
and the lysis of infected erythrocytes is not through adaptive immune
recognition of erythrocyte surface embedded parasite antigens
(Knowles et al., 1994). Thus persistent infection is maintained through
asexual reproduction within the erythrocyte prior to rupture of the cell,
release of daughter merozoites, which then enter additional ery-
throcytes. If the acute infection is not fatal, horses enter a carrier phase
of infection where they are generally asymptomatic yet serve as a re-
servoir for transmission.

Identification of the mechanisms by which the parasite persists is of
paramount importance in the pursuit of prevention and treatment of
this insidious disease. The role that the recently discovered T. haneyi
plays in the equine piroplasmosis disease complex has yet to be fully
elucidated but given its similarities to T. equi, is likely to be an integral
aspect. Genomic analysis of T. equi and T. haneyi did not indicate that
the ema family possesses characteristics consistent with a typical api-
complexan multi-gene family capable of antigenic variation, yet inter-
species conservation of this unique gene family lends itself to functional
importance for the parasite. This body of research compared the ema
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Table 2
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HOPITOR Analysis Results (See Tables S2 and S3 for complete analysis results). Proteins from both the human and horse database strongly predicted to interact with

the EMA proteins.

Gene (Protein) name

Number of EMA proteins predicted to interact

Average probability score Function of the protein within the erythrocyte

CALR (Calreticulin) 17
DDB1 (Damage specific DNA binding) 18
SKP1 (S phase kinase) 18
CAL1 (Cullin 1) 18
CAL2 (Cullin 2) 17
FBXL20 (F box/Leucine rich repeat) 18
GAPDH (glyceraldehyde dehydrogenase) 17
TUBAI1A (Alpha tubulin) 18
TUBB (Tubulin beta) 18
TUBA1C (Alpha tubulin) 18

0.767
0.858
0.908
0.959
0.847
0.853
0.888
0.935
0.904
0.953

Ubiquitin binding ligase
Cullin RING ubiquitin ligase complex components®

Glycolytic enzyme; vesicular transport
Microtubule proteins

* Predicted probability of interaction is considered significant at > 0.5.

2 Additional ubiquitin associated proteins (CAND1 - human; YOD1 - horse) were also identified but not in both species.

families of T. equi and T. haneyi, including putative function, by ex-
ploring the potential effects of natural selection.

The nine-member ema family of T. equi was originally described as a
10-member family (emal-10). The emalO gene model (BEWA_047350)
was clustered with the first 9 by TribeMCL based only on conserved N-
terminal residues typical of a hydrophilic signal peptide, and hydro-
phobic C-terminal residues typical of a transmembrane domain
(Kappmeyer et al., 2012). Intervening sequence bears no resemblance
in sequence length and conserved residues seen in all other EMAs, and
lacks the hemolysin domain. This further analysis leads the authors to
exclude it as an EMA family member, and likely has no ancestor genetic
relationship to the other EMAs. Further, with discovery of the EMA
gene family in T. haneyi, no ortholog to BEWA_047350 was found to
exist, and those authors determined to name unique family members
EMA 11-13 to avoid confusion with the previous reference to EMA 10
(Knowles et al., 2018). A detailed cross-species, ema gene-based phy-
logenetic analysis was presented in their work, especially in Fig. 3
(Knowles et al., 2018). Numerous T. equi isolates are present across the
world and analyses of geographic diversity have been presented pre-
viously (Cunha et al., 2002; Knowles et al., 1997), but the ema family
remains highly conserved regardless of location (Hall et al., 2013;
Knowles et al., 1991a). Originally, T. haneyi was thought to be a new
isolate of T. equi but phylogenetic evidence supports that T. haneyi di-
verged from T. equi approximately 33 million years ago. Data indicates
that the ema family first expanded within T. equi prior to the speciation
event that occurred resulting in T. haneyi (Knowles et al., 2018). Despite
this divergence the ema family maintained the same number, bio-
chemical structure and presumably function in both species.

Sequence analysis demonstrates that T. haneyi emal1-13 duplicated
from the existing ema genes. Predicted amino acid identity amongst all
EMA family members of T. equi and T. haneyi ranges from 34% to 81%
with emal1-13 being the most similar at 74-81%. Based on phylogeny,
emal gave rise to all ema other ema genes and emal1-13 is most closely
related to ema5 (Knowles et al., 2018). EMA1 and EMA2 have been
previously described in the literature as immunodominant, surface ex-
pressed proteins. The highly conserved EMAL is the basis for the nPCR
test and for the regulatory cELISA diagnostic test due to the fact that
infected horses globally have high titer responses to EMAL1 in both the
acute and chronic phases of disease (Knowles et al., 1991b). Antibodies
against EMA1 and 2 are correlated with protection, yet they are unable
to eliminate the parasite completely (Cunha et al., 2006). Little in-
formation is currently available regarding the EMAs of T. haneyi during
infection in equids but its lack of EMA1 at least partially explains why
infected horses test negative on the cELISA and the nPCR for T. equi.
EMAs in both species have a unique yet conserved amino acid structure.
Analysis for predicted protein structure supports the previous reports
for EMA1 and 2; that the EMA proteins are surface expressed and
membrane bound via a GPI anchor (Kappmeyer et al., 1993; Knowles
et al., 1997).

157

PAML and SLR are complementary programs that use coding DNA to
detect patterns at each codon site within a given alignment. The
= dN/dS ratios for each site are calculated by comparing the rates of
nonsynonymous (codon altering) substitutions to synonymous (silent)
substitutions. Diversifying selection leads to many more nonsynon-
ymous substitutions than silent changes, so the dN/dS ratio is > 1.
Conversely, purifying selection leads to more silent substitutions than
nonsynonymous changes, so the ratio is < 1. PAML uses a maximum
likelihood approach and a likelihood ratio test to determine sig-
nificance for positive (diversifying) or negative (purifying) selection.
SLR uses a Bayesian approach, but both provide codon site-wise insight
into types of historical selection.

None of the tests for genetic diversity found evidence for positive
selection during the expansion of the EMA family of T. equi or T. haneyi
at any codon site. This finding is not consistent with the hypothesis that
the ema family's primary role in T. equi and T. haneyi persistence is
antigenic variation. Additionally, there were many sites identified with
significant evidence of negative (purifying) selection (Supplementary
Fig. S1). This is consistent with either general conservation of roles for
the EMA proteins as the family expanded, or diversification of roles for
the EMA1-9 proteins without selection pressure. Signatures such as
these indicate a role in host adaptation and persistence rather than
antigenic variation and immune escape, supporting the hypotheses
addressed herein.

Of the 18 EMAs, EMAS is the closest syntenic ortholog to the mer-
ozoite proteins identified in T. annulata, T. parva and T. orientalis. A
separate analysis and comparison of EMAS to its orthologs in these
species revealed no evidence of positive diversifying selection at any
position but several sites with significant evidence for conservation.
This is largely in agreement with conservation identified in the EMA
family members within T. equi and T. haneyi (Supplementary Fig. S2).
This finding strengthens the assumption that these proteins in the ex-
amined Theileria species consistently lack evidence of diversifying se-
lection. Previous publications regarding T. parva and T. anuulata pro-
vided evidence of negative and positive selection but the analyses were
focused on the gene level and did not include the same codon sitewise
analysis included in this manuscript (Hayashida et al., 2013; Pain et al.,
2005; Weir et al., 2010). Overall, the finding of historical negative,
purifying selection focuses inquiry on more evolutionarily stable roles
for EMAs.

To further investigate the potential interaction of the EMA proteins
with the erythrocyte, human and equine proteins were analyzed
alongside the EMA proteins for predicted interactions and the results
support that the EMA family members are most likely to interact with
structural and enzymatic proteins within the erythrocyte. The
HOPITOR analysis is a computational approach to determine protein-
to-protein interactions. This technique uses an improved machine-
learning technique with a database of known protein interactions to
offer a probability of interaction between host and pathogen proteins
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from outside the training set. The positive controls are created using
proteins that have been shown to interact using more traditional, bio-
chemical methods. The predicted probability of an interaction is con-
sidered significant at a value of > 0.5 (Basit et al., 2018). This analysis
identified at least three classes of predicted host-pathogen protein in-
teractions with important functional properties: cullin-RING ubiquitin
ligase complexes, GAPDH, and microtubule proteins (Table 2).

The first group of predicted protein interactions include components
and regulators of the cullin-RING ubiquitin ligase complexes. In gen-
eral, these complexes add ubiquitin groups that target proteins for a
variety of functions including degradation within the host cell (Bosu
and Kipreos, 2008). In T. annulata, this protein group exhibits an ap-
parent role in host cell proliferation and transformation and in Plas-
modium falciparum, the ubiquitin system is important to parasite per-
sistence and proliferation (Hamilton et al., 2014; Marsolier et al., 2015;
Zhao et al., 2017). These proteins were significantly enriched in pre-
dicted interactions from both human (P = 0.0073) and horse
(P = 0.031) erythrocyte proteins, and the large term enrichment (10.9-
fold in human, 15.5-fold in horse) further supports the importance of
these complexes. T. equi and T. haneyi might employ EMA family pro-
teins in part to combat degradation of parasite proteins and/or host
proteins important for parasite survival and reproduction.

The second is GAPDH, a glycolytic enzyme in the erythrocyte
membrane, which was demonstrated to mediate the connection be-
tween merozoite ligands of P. falciparum and the host erythrocyte (Pal-
Bhowmick et al., 2012). This protein is also known to have anti-
microbial properties for organisms as diverse as Gram-negative bacteria
and fungi (Wagener et al., 2013). It is reasonable to consider the pos-
sibility that GAPDH might also inhibit growth of Theileria, and having a
way to circumvent this limitation might provide a strong advantage for
T. equi and T. haneyi.

The third group includes both alpha and beta tubulin, components
of microtubules expressed in the erythrocyte. Microtubule binding has
been implicated in the process that occurs in Theileria species during
host cell entry and specifically, a Theileria annulata protein (TaSE) binds
to alpha tubulin with a proposed function related to parasite localiza-
tion within the cell (Jalovecka et al., 2018; Schneider et al., 2007). For
T. equi and T. haneyi, the details regarding merozoite entry, localization
within and escape from the equid erythrocyte are unclear. Merozoites
from other closely related Theileria parasites have been shown to en-
counter their host cell randomly and enter through a rapid “zippering”
process that allows the parasite to be free within the host cell cytoplasm
while being associated with the microtubule system (Jalovecka et al.,
2018). The EMA ortholog in T. oritentalis, MSPS, binds to the red blood
cell surface through heparin binding components (Takamae et al.,
2014). Using IFAT, both EMA1 and 2 were identified on the surface of
the horse erythrocyte prior to T. equi invasion (Kumar et al., 2004). The
overall negative charge on the surface of the erythrocyte would, in
theory, make it difficult for a protein with a low isoelectric point, like
an EMA (average PI of 5) to interact with the cell membrane. If the
proteins are involved in erythrocyte binding like T. oritentalis MSPS, the
EMAs ability to interact may be explained by the presence of the con-
served basic domain in each EMA. This basic domain, with a PI range of
8.4-10.6, was originally reported for EMA 1 and 2 and this domain has
identity to elapid cytotoxin proteins found in cobra venom (Knowles
et al., 1997). The ringhals cobra species Hemachatus haemachatus pro-
duces a variety of toxins within its venom including cytotoxins 1 and 2
(also reported as hemolytic toxin 12B and A respectively) (Joubert,
1977). These toxins have numerous biological functions, one of which
is to cause hemolysis by acting as a phospholipase (Condrea, 1979). The
hemolytic toxins are non-enzymatic and are classified as 3 finger toxins
because of the unique secondary structure that resembles 3 “fingers”.
The fingers are formed by the disulfide bonds that arise between the
frequently occurring cysteine residues (Utkin, 2013). The amino acid
structure of this domain in the EMA proteins lacks any cysteine re-
sidues, indicating an alternate structure, perhaps one influenced by the
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conserved arginine and lysine residues, is present.

It is also possible that rather than or in addition to being involved in
entry into the erythrocyte, the hemolysin domain and EMA proteins
function in parasite escape from the erythrocyte and hemolysis after
maturation. In other hemolysis inducing Theileria organisms like T.
annulata and T. orientalis, the details of pathogenesis also remain un-
clear. During infection with either parasite, normal protective bovine
erythrocyte antioxidant compounds are decreased which, in conjunc-
tion with an increase in lipid peroxidase activity, results in membrane
asymmetry and is hypothesized to lead to hemolysis (Razavi et al.,
2011; Shiono et al., 2003). Similar findings of biochemical alterations
to the erythrocyte surface were reported in donkeys infected with T.
equi (Ambawat et al., 1999).

The localization of the EMA proteins during the intra-erythrocytic
phase of infection is important in determining the potential role in
merozoite escape. EMA 1 and 2 are expressed simultaneously on the
surface of the intra-erythrocytic merozoite after invasion. During the
later maturation phases within the erythrocyte, EMA2 was observed to
be shed into the cytoplasm and to be adhered to the inner membrane of
the host cell. This was not observed for EMA1 (Kumar et al., 2004).
Similarly, EMA3 was identified on the surface of the merozoite and to
be adhered to the inner surface of the infected erythrocyte after inva-
sion (Ikadai et al., 2006). Additionally, EMA1 and 2 were shown to
interact with the erythrocyte structural membrane proteins spectrin and
actin (Kumar et al., 2012). Interestingly in our protein interaction
analysis, several isoforms of actin and spectrin were tested and while a
number of interactions were detected, none of these proteins were
predicted to bind with > 50% of the EMAs and none of the isoforms
were predicted to interact with EMA1 or 2 (Tables S2 and S3). This
topic warrants additional investigation.

Interestingly, both T. equi and T. haneyi infect equid red blood cells,
which are prone to form rouleaux through attractive forces (Lording,
2008; Skalak et al., 1981). It is possible that these forces complicate
entry and/or escape from the red blood cells by occluding surface area
and/or reinforcing membranes to increase the total force needed for
penetration (Griffith and Eng, 1921). This could explain why only
Theilerias of equids possess 9 EMA family genes, but more work will be
required to address this possibility.

5. Conclusions

The results of this study indicate that the EMA family of T. equi and
T. haneyi demonstrates no evidence of historical diversifying selection.
This family maintained the same number and biochemistry despite the
speciation event that occurred at least 33 million years ago. Structurally
their mixture of amino acid conservation and variability through their
length is unique but not related to antigenic variation. When this
analysis was extended to compare the orthologs in other closely related
Theilerias at the codon level, the findings were consistent and demon-
strated only evidence of purifying selection at numerous sites. The
identification of the hemolysin domain and predicted interaction with
structural components of the erythrocyte may indicate a role in mer-
ozoite invasion, localization or escape. Additionally, this predicted in-
teraction with important enzymatic mechanisms may indicate function
related to parasite survival and propagation. This information warrants
additional investigation into the specific function of this important fa-
mily in both parasites' life cycle and persistence in the host.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.meegid.2018.12.020.
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