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Abstract: Sarcocystis aucheniae is a coccidian parasite that produces macroscopic sarcocysts in South
American camelid (SAC) muscles and causes a disease known as SAC sarcocystosis. This parasitosis
hampers the commercialization of llama and alpaca meat, a vital economic activity in the Andean
regions. No control or prevention methods are available, and diagnosis is based on postmortem
visual inspection of carcasses. The aim of this study was to identify S. aucheniae B-cell epitopes
suitable for the development of diagnostic methods for SAC sarcocystosis. To this end, sarcocyst
immunoreactive protein bands were analyzed via mass spectrometry, and proteins in each band were
identified in silico by searching in the parasite transcriptome. Five highly antigenic, hydrophilic
B-cell epitopes, predicted not to cross-react with antibodies against other coccidia, were selected
for future development of peptide-based serological tests. In addition, conserved domains present
in the identified proteins allowed us to unravel metabolic pathways and mechanisms active in
the parasitic stages present in sarcocysts, including aerobic respiration, antioxidant activity, signal
transduction, protein synthesis and processing, and host–pathogen interactions. This study provides
novel information on the biology of S. aucheniae, as well as new protein sequences that can be used
for the development of diagnostic tests and chemotherapeutic approaches for SAC sarcocystosis.

Keywords: South American camelids; macroscopic sarcocysts; sarcocystosis; llamas; alpacas;
diagnostics; B-cell epitopes; chemotherapeutic targets

1. Introduction

The genus Sarcocystis (Phylum: Apicomplexa, Family Sarcocystidae) comprises more
than 200 species of coccidian protozoans infecting mammals, birds, and reptiles [1,2]. They
display dixenous life cycles, which encompass a predator and prey, the definitive and
the intermediate host, respectively. Typical to these parasitic infections is the formation
of sarcocysts in the tissues of the intermediate hosts, which essentially consist of wall-
encapsulated vesicles containing live parasites. After a predator ingests sarcocyst-infected
tissues of the prey, the parasites undergo sexual reproduction in the host intestine, leading
to the release of infective forms in the feces. Upon ingestion of contaminated water or food
by the intermediary host, the parasites gain access to its intestinal mucosa and then the
general circulation, finally reaching their destination tissues, where they encyst [1,3].
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Depending on the Sarcocystis species, sarcocysts formed in the tissues of the intermedi-
ate host range in size from microscopic (as in S. capracanis, S. cruzi, and S. tenella, among
others, which infect goat, cattle, and sheep, respectively) to macroscopic (as in S. buffalonis,
S. cafferi, S. cameli, and S. gigantea, among others, which infect water buffalo, African buffalo,
dromedary, and sheep, respectively). Also, the cell wall varies among species, with over 80
different structures, as well as the tissue where sarcocysts are formed, which can be striated
muscle, cardiac muscle, or the nervous system [1,3].

Sarcocystis sp. infections are generally asymptomatic but can be occasionally accompa-
nied by eosinophilic myositis (EM), a striated muscle inflammatory disease caused mostly
by leukocyte accumulations, particularly eosinophils. EM has been sometimes recorded
along with other symptoms such as anorexia, fever, anemia, weakness, weight loss, neuro-
logical symptoms, and diarrhea [4,5]. It has mostly been detected in cattle [1]. Clinically, the
afflicted animals may look normal. Most observations occur at the abattoir level, leading to
carcass condemnation with important economic losses [1].

Sarcocystis neurona is an unusual case among Sarcocystis spp. because it shows tropism
towards the gray and white matter of the nervous system of horses, producing a severe
neurological syndrome known as equine protozoal myeloencephalitis (EPM). EPM clinical
cases have different degrees of severity and can provoke incoordination, lameness, muscular
atrophy, paralysis of certain muscles, and, on rare occasions, seizures and collapse [6,7].
Sarcocystis neurona has attracted considerable research efforts, and its genome is the only
one sequenced for this genus to date [8].

For three Sarcocystis spp., S. hominis, S. heydorni, and S. suihominis, humans can act as
definitive hosts, with intestinal infections that can be accompanied by nausea, abdominal
discomfort, and diarrhea. More infrequently, humans can act as intermediate hosts by the
ingestion of sporocysts of certain species, such as S. nesbitti. Sarcocyst formation in human
muscles is typically asymptomatic but can be associated with fever, myalgia, weakness,
eosinophilia, and bronchospasm [9].

Llamas (Lama glama) as well as alpacas (Vicugna pacos) are domestic South American
camelids (SACs) raised in the Andean regions of Argentina, Bolivia, Peru, Chile, and
Ecuador [10]. These animals portray an ancestral Andean bio-cultural heritage, and their
breeding constitutes an important part of the life strategy of rural communities [11]. SACs
are well adapted to extreme environmental conditions, such as high altitude, lack of water,
steep slopes, high radiation, and frost. They can also thrive under varied climatic and
topographic conditions and have been introduced as livestock to other regions of the world,
such as Australia [12]. Importantly, due to their unique anatomical and physiological
characteristics, their impact on ecosystems is much less than that of European livestock,
such as cattle and sheep [13].

Besides their provision of fiber, transport, and manure for fuel, llamas and alpacas have
long constituted a major source of animal protein for Andean rural communities [11,14,15].
In addition, given its low cholesterol/protein ratio and good taste, combined with a
low SAC ecological impact, this type of meat constitutes an attractive food for local and
foreign gourmet cuisine [16]. However, an important limitation of the production and
commercialization of SAC meat is the frequent infestation of skeletal muscles with oval-
shaped macroscopic cysts that resemble rice grains. The etiological agent of this parasitosis
has been molecularly confirmed to be Sarcocystis aucheniae, and the disease is known as SAC
sarcocystosis [1,17,18]. Finding of cysts upon postmortem examination leads to confiscation
of carcasses by sanitary authorities or devaluation of their commercial value. In addition,
ingestion of insufficiently cooked cyst-infested meat provokes gastroenteritis [3,12,14]. This
is due to the presence of a peptidic enterotoxin in the cysts, like what has been observed
with S. fayeri [19,20]. There is a paucity of information on the pathogenic effects of S.
aucheniae in SACs. Infections are considered essentially subclinical, and only two cases of
EM have been reported in alpacas [4,5].

Given the constraints imposed by S. aucheniae infections on SAC meat commercializa-
tion, the development of diagnostic and control strategies for SAC sarcocystosis can bring
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important economic benefits to the Andean region [21]. It is possible to detect S. aucheniae
DNA in SAC blood using specific and sensitive semi-nested PCR protocols, albeit positive
results probably correspond only to the early stages of the infection and are not predictive
of the presence or absence of cysts in muscles [22,23]. Serological diagnosis might better
reflect previous exposure of the animal to the parasite. The detection of anti-Sarcocystis sp.
antibodies in llamas has been carried out using immunofluorescence and an indirect ELISA
based on an immunogenic protein fraction of S. aucheniae cysts [24,25]. However, these
methods have not yet been validated regarding their capacity to predict cyst infestation,
and as they are based on the use of whole parasites or parasite fractions as antigens, they
are prone to low reproducibility and are not easily scaled up. Moreover, investigations on
proteins relevant to host–pathogen interactions that could be useful for the development of
vaccines, diagnostic methods, or chemotherapeutic approaches are very limited [21].

In the present study, an immunoproteomics approach was used to identify B-cell
epitopes suitable to be applied for the development of peptide-based serodiagnostic tests
for S. aucheniae. At the same time, it was possible to unravel the sequences of several pro-
teins predicted to participate in various metabolic pathways and cellular mechanisms,
contributing the first information for the genus Sarcocystis on gene expression in the
parasitic stages that thrive inside sarcocysts, as well as new potential drug targets for
SAC sarcocystosis.

2. Results
2.1. Llama Anti-S. aucheniae IgG Antibodies Recognize Six Immunoreactive Protein Bands
from Sarcocysts

The reactivity of 43 sera from S. aucheniae-positive llamas against proteins of S. auche-
niae cysts was determined in immunoblots (Figure 1). All positive sera reacted with one
or more protein bands of 23, 26, 33, 38, 45, and 73 kDa, which were recognized by 21, 15,
63, 53, 14, and 23% of the tested S. aucheniae-positive sera, respectively. No cyst protein
bands were recognized by sera of S. aucheniae-negative llamas (data not shown). Triton
X-114 phase separation showed that the detected immunoreactive proteins preferentially
partitioned into the soluble fraction (Figure 1).
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Figure 1. Detection of immunoreactive protein bands in S. aucheniae sarcocysts. Proteins present in an
S. aucheniae sarcocyst lysate (T) were separated by SDS-PAGE and either stained (A) or transferred to
a nitrocellulose membrane (B) or first partitioned into membrane (P) and soluble (S) proteins with
Triton X-114 and then stained or transferred. The membrane was cut in strips and incubated with sera
of S. aucheniae-positive llamas and revealed with peroxidase-labeled anti-llama IgG and a colorimetric
substrate (brown bands). A representative experiment is shown.
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Incubation with isotype-specific anti-llama immunoglobulin monoclonal antibodies
showed that the reaction was, in all cases, due to G-type immunoglobulins (IgG) with no
involvement of IgM antibodies (data not shown).

S. aucheniae sarcocyst protein bands of 23, 26, 33, 38, 45, and 73 kDa were subjected to
mass spectrometry. Data obtained from the mass spectrogram were analyzed by BLAST
against an S. aucheniae transcriptome database available from previous work [21]. Be-
tween 3 and 15 peptides could be identified in each immunoreactive protein band. A total
of 44 transcripts were identified in the transcriptome database, which, after subtracting
those that were found more than once, resulted in a total of 35 newly identified proteins
(Table S1). Of these, most were predicted to be either cytoplasmic or secreted, based on the
absence of transmembrane domains and GPI-anchor signals and the absence or presence
of a signal peptide, respectively, which agrees well with the preferential partitioning of
immunoreactive bands into the Triton X-114 soluble fraction (Table S1, Figure 1). However,
in some cases, only incomplete peptide sequences could be predicted from the transcrip-
tome database, likely due to partial degradation of the corresponding transcripts, which
prevented the analysis of their subcellular localization and other features (Table S1).

2.2. Sarcocystis aucheniae Immunoreactive Bands Contain Soluble B-Cell Epitopes Not Conserved
in Other Coccidia

The protein in each immunoreactive band displaying the highest antigenic index was
selected for further analysis. The most likely B-cell epitopes recognized by S. aucheniae-
infected llama sera were identified in each band using two different algorithms (Table 1).

Table 1. Sarcocystis aucheniae highly antigenic proteins identified by immunoproteomics and their
selected B-cell epitopes. For each identified epitope, the algorithm used is indicated (S: SVMTrip; B:
Bepipred), as well as their solubility in water and their propensity of cross-reactivity with proteins of
other coccidia. Predicted B-cell epitopes that could be applied to the development of a peptide-based
serological test are shown in bold.

Band
Size

Protein
ID

Antigenicity
Index B-Cell Epitope Algorithm Score Water

Solubility

Cross-
Reactivity
Propensity

23 kDa OR538339 0.64

SATLVLYSSMVSHLKRDT S 1.000 Poor no

IELALDLTDKGSEDIERV S 0.942 Good no

RDTEILANSIRDFAVRYA S 0.917 Good yes

DINGYEV B Good no

NVQSTMQ B Poor no

26 kDa OR538349 0.9
EKRTLSSCTLATIEIDSL S 1.000 Good yes

EARGGTN B Good yes

33 kDa OR538360

IRLGLALNYSVFFYEILN S 1.000 Poor yes

0.93 TLIMQLLRDNLTLWTSDL S 0.942 Poor yes

DEEEKAAE B Good yes

38 kDa OR538361 0.87
RCVLKIGEHTPSSLAIME S 1.000 Good no

VRSLSPVADPRSSTATPRQP B Good yes

45 kDa OR538336 0.93

RRCLNGNLVENRMCLEEE S 1.000 Good no

GEGVGGGVGGGAA B Poor yes

PPAAEGGAP B Good yes

GDEAGAGE B Good yes

73 kDa OR538343 0.93 VQKDTELHTYDFSRLKWN S 1.000 Good no
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To analyze the suitability of the predicted B-cell epitopes for the development of
peptide-based serological diagnostic tests, their water solubility, and the degree of con-
servation with proteins of the closely related coccidia Toxoplasma gondii, Neospora caninum
and Eimeria spp. were further investigated. Conservation of 80% or more contiguous
amino acids in a B-cell epitope predicted for these coccidia was considered to indicate a
propensity for cross-reactivity, while a lack of conservation or conservation with a non-
epitope region was considered to indicate no propensity for cross-reactivity. Twelve B-cell
epitopes were predicted to have good solubility in water, and five of them have no potential
cross-reactions and could therefore be used in peptide-based serologic tests. (Table 1).

2.3. Conserved Domains Reveal Metabolic Pathways and Cellular Mechanisms Active in Sarcocyst
Parasitic Stages

Putative roles could be assigned to 33 of the newly identified proteins via the identifi-
cation of conserved domains and studies carried out on their homologues in T. gondii. This
allowed us to infer active metabolic pathways and molecular mechanisms that operate in
the parasite stages inside S. aucheniae sarcocysts. Proteins involved in gliding motility and
host cell invasion, cyst formation, aerobic respiration, antioxidant activity, energy storage
via gluconeogenesis, protein synthesis, processing and regulation, lipid metabolism, and
signal transduction, among other cellular mechanisms, could be distinguished. Two identi-
fied proteins lacked conserved domains. One of them has homologous proteins in other
coccidia, while for the second, no homologous sequence could be found in other coccidian
genera (Table 2 and Table S1). In the latter case, the S. neurona genome was also searched
to evaluate if this protein is conserved across the Sarcocystis genus, yet no significant hits
were retrieved.

Table 2. S. aucheniae bradyzoite cellular mechanisms and proteins unraveled by immunoproteomics.

Process Protein Name Protein ID Comment

Motility, host cell invasion, and
cyst formation

Surface protein (SRS domain)
OR538334 Host cell recognition and

attachmentOR538335

MIC 12 OR538336
Glideosome, host cell invasion

GAP-45 OR538337

Dense granule protein GRA9 OR538338 Cyst formation

Host protein degradation for
nutrition and egress

from host cells

Secreted metalloprotease OR538339 M16; in T. gondii: toxolysin 1

Trypsin OR538340 S1 serine protease

Leucine aminopeptidase OR538341 M17 metalloprotease

Alanyl aminopeptidase OR538342 M1 metalloprotease

Serine peptidase OR538343 S9 prolyl oligopeptidase

Protein synthesis, regulation,
and processing

Elongation factor 2 OR538344 Protein synthesis

Ubiquitin OR538345 Tagging of proteins for processing
in the proteasome

Threonine protease OR538346 T1; protein degradation in
the proteasome

Heat-shock protein 60 OR538347

Chaperone: protein foldingHeat-shock protein 70 OR538348 OR538349

Heat-shock protein 90 OR538350

Serpin OR538351 Serine protease inhibitor

Energy storage Fructose 1,6 bisphosphatase OR538352 Gluconeogenesis

Lipid metabolism
Phosphatidylserine decarboxylase OR538353 Phosphatidylethanolamine

synthesis

Phosphatidylcholine-sterol
O-acyltransferase OR538354 Cholesteryl ester synthesis,

phospholipase A2 activity?
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Table 2. Cont.

Process Protein Name Protein ID Comment

Cell division and assorted
metabolic pathways

Tudor
domain-containing protein OR538355 RNA metabolism, DNA repair

Chromosome-segregation
protein OR538356 Chromosome partition

Pyridine nucleotide-disulphide
oxidoreductase OR538357 Redox reactions

Histidine phosphatase OR538358 Metabolic regulation and
development

DnAK-TPR OR538359 Protein–protein interactions

14-3-3 protein OR538360 Signal transduction

Cellular respiration

Glyceraldehyde 3-phosphate
dehydrogenase OR538367

GlycolysisFructose-bisphosphate aldolase OR538361

Enolase 2 OR538362

Lactate/malate dehydrogenase OR538363 Tricarboxylic acid cycle

Membrane-bound ATPase OR538364 ATP production in the electron
transport chain

Protection from free radicals Superoxide dismutase OR538365 Antioxidant

Unknown
Conserved hypothetical protein OR538333

Unknown
Hypothetical protein OR538366

3. Discussion

In the present study, we took advantage of a previously obtained transcriptome
database for S. aucheniae sarcocyst stages to unravel specific B-cell epitopes that could be
used in the development of serological diagnostic tests [21]. Peptides of immunoreactive
bands identified by mass spectrometry were used to search in the predicted protein pool
derived from this transcriptome, and the most antigenic protein in each band was used
for B-cell epitope prediction. This led to the identification of 12 B-cell epitopes of high
antigenicity and water solubility. Importantly, contrary to the more common approach of
in silico search for B-cell epitopes in whole genomes, the present study identified peptides
that are indeed expressed by the parasite in the intermediate host. Five of these epitopes
showed no propensity for cross-reactivity with antibodies raised against other coccidia
that can also infect SACs, T. gondii, N. caninum, and Eimeria sp. [24,26,27]. This type of
study could not, however, be carried out for S. masoni, another SAC parasite that forms
microscopic cysts in striated and cardiac muscles, due to the unavailability of genomic
sequence data [18]. Although the antigenicity of the identified B-cell epitopes and their lack
of cross-reactivity need experimental confirmation, the information provided in this study
can be highly useful for the future development of peptide-based serological diagnostic
methods, as has been described for T. gondii [28]. In addition, those B-cell epitopes with high
antigenicity and water solubility but that showed significant conservation with proteins of
other coccidia could be used for the development of peptide-based vaccination approaches.
An additional pool of predicted B-cell epitopes was obtained from other proteins present in
each immunoreactive band with somewhat lower antigenicity indexes (data not shown).
However, they have not been included in the present study, which focuses on the most
likely proteins to be recognized by sera of S. aucheniae-positive llamas.

None of the studied immunoreactive protein bands was recognized by all positive
sera in immunoblots, which suggests that a combination of B-cell epitopes might be needed
to develop a highly sensitive serological test.

We have previously identified the array of predicted glycosylphosphatidylinositol
(GPI)-anchored proteins using a bioinformatic pipeline that detected transcripts encoding
hydrophilic proteins with a signal peptide and a GPI-anchor signal in their N and C-
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termini, respectively [21]. Some coccidian GPI-anchored proteins bear a SAG/SRS domain
(PF04092), initially described for Surface Antigen 1 of T. gondii, with a function in receptor–
ligand interactions that regulate host–cell attachment [29]. In the case of S. aucheniae, 13 of
the identified GPI-anchored proteins bear such a domain [21]. In the present study, two
additional proteins with an SAG/SRS domain were identified (MS21, MS22), but they lack
a signal peptide and a GPI anchor signal and thus passed unnoticed in the mentioned
previous study. Since SAG/SRS domains are only associated with GPI-anchored-bound pro-
teins, these newly identified ones likely correspond to truncated transcripts. GPI-anchored
proteins of other pathogenic protozoa are abundantly present on the parasites’ surfaces
and elicit strong humoral responses, thus constituting attractive diagnostic antigens [30,31].
It might seem surprising not to have detected membrane-bound S. aucheniae GPI-anchored
proteins, expected to be immunodominant, in the present study. However, it needs to be
considered that the experimental approach here applied to obtain an S. aucheniae sarcocyst
lysate essentially excludes membrane-bound proteins that remain attached to the glass
beads used in the homogenization process. This is likely why only very few of the identified
proteins had transmembrane domains and, also, immunoreactive bands mostly partitioned
into the Triton X-114 soluble fraction (Figure 1, Table S1). Importantly, the B-cell epitopes in
soluble S. aucheniae proteins recognized in the present study can be added to the diagnostic
toolbox for this parasite, together with those present in GPI-anchored proteins, which are
currently under investigation in our laboratory.

The set of proteins identified by mass spectrometry and searches in the transcriptome
database of S. aucheniae sarcocysts were also analyzed regarding molecular weight, homol-
ogy to proteins of related coccidia, and possible functions. As shown in Table S1, several of
the identified proteins show different molecular weights when predicted by either their
SDS-PAGE mobility or translation of their corresponding transcripts. This variation could
be due to post-translational processing, including protease cleavage or addition of func-
tional groups, aberrant electrophoretic mobility, or, in some cases, truncated transcripts.
We recognize that further work is required to establish the detailed basis of this variation.

Sarcocysts contain two parasite stages: the round to oval metrocytes (“mother cells”),
specialized in multiplication, and the “banana-shaped” bradyzoites (“slow cells”), which
do not divide and are specialized in the invasion of the intestinal cells in the definitive
host. Accordingly, metrocytes, the dominant stage in immature cysts, do not display
most apical complex organelles associated with invasion, such as micronemes and conoid
and polar rings, but have a large nucleus and abundant mitochondria and ribosomes.
Bradyzoites, the dominant stage in mature cysts, bear a complete apical complex and
show gliding motility [3]. When a medium-sized sarcocyst, such as those used in the
present study, is cut open and the semi-liquid content is observed under the microscope,
large numbers of banana-shaped parasites with oscillating movement—presumed to be
bradyzoites—are observed [17]. However, a number of metrocytes are expected to be
present in the sarcocyst to ensure the continuation of parasite proliferation until the cyst
reaches its final size. Mass spectrometry data and in silico searches of the sarcocyst transcrip-
tome allowed us to identify several proteins that are expressed in S. aucheniae metrocytes
and/or bradyzoites. Thus, identified proteins associated with chromosome separation dur-
ing mitosis and protein synthesis and folding are likely expressed in the actively dividing
metrocytes. On the other hand, proteins associated with special secretory organelles of
Apicomplexans (rhoptries, micronemes, and dense granules) are expected to be present
in bradyzoites. One such protein (OR538336, Table 2) is the S. aucheniae homologue of T.
gondii microneme MIC12 and Eimeria tenella MIC4. Micronemes are rod-like structures
clustered at the apical complex of Apicomplexan parasites and appear to be particularly
abundant in Sarcocystis spp. [3]. Micronemes undergo exocytosis by fusing with the plasma
membrane at the apical end to discharge their contents of adhesin complexes and perforins
that participate in critical events for parasitic life, including host cell invasion and egress
and gliding motility (see below, [32]). Interestingly, both T. gondii MIC12 and E. tenella MIC4
were found to be strongly immunogenic when screening a protein microarray or a phage
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display library, respectively, with immune sera against the respective parasites [33,34].
Consistently, in the present study, S. aucheniae MIC12 displayed the highest antigenicity
among the proteins of its corresponding immunoreactive band and was one of the proteins
selected for epitope B identification (Table 1, Supplementary Table S1).

Apicomplexan parasites use an ATP-powered actin and myosin-based machine for
gliding motility, known as a glideosome. It is located at the pellicle, between the plasma
membrane and the inner membrane complex, and includes three glideosome-associated
proteins: GAP50, GAP45, and GAP40 [35]. The assemblage of the glideosome is strictly
regulated by post-translational modifications, which are controlled by a calcium-depended
signaling cascade [36]. GAP45, which was identified in S. aucheniae in this study, is respon-
sible for recruiting Myosin A, and it also mediates the association of the inner membrane
complex and the plasma membrane, maintaining the structural integrity of the pellicle
architecture. Transient adhesions to the substrate or to the host cell surface, through a
set of parasitic actin-bound adhesins, generate sufficient traction to allow the parasite to
propel itself forward. Gliding motility is used by apicomplexans for migration through
host tissues and cells, as well as host cell invasion and egress, which are essential activities
of these obligatory intracellular parasites [37].

Dense granules or dense bodies are also considered part of the apical complex, al-
though they are not necessarily located at the apical end and release their contents elsewhere
on the parasite surface. In SAC Sarcocystis spp., they have been observed as electron-dense
vesicles in the central and caudal regions of bradyzoites [38]. Their secretions are thought
to participate in post-invasion processes that allow the parasites to take advantage of their
new intracellular environment [39]. An S. aucheniae homologue of Eimeria sp. dense granule
protein GRA9 was identified in the present study (Table 2). Notably, homologues of this
S. aucheniae protein were not found in other organisms outside the Eimeria genus, indicating
polymorphisms among GRA proteins of coccidians. GRA proteins are characterized as
being relatively small and have an N-terminal signal peptide [39]. In the present study,
no signal peptide was found in S. aucheniae GRA9, likely because the sequence identified
is only partial (Supplementary Table S1). Although their exact function is unknown, it
has been hypothesized for T. gondii that they are involved in building the parasitophorous
vacuole upon parasite invasion of the host cell, contributing to transforming this new space
into a metabolically active compartment that can acquire host cell nutrients. They have also
been involved in building the tissue cyst wall [40].

This study also evidenced the expression of several proteases in sarcocysts. Proteases
fulfill a large variety of essential roles for cell functioning of all organisms, including
regulation of fate, localization, and activity of many proteins; modulation of protein–
protein interactions; and generation of new bioactive molecules. In addition, in parasites,
they can also participate in immune evasion, invasion, and egress from host cells; tissue
penetration; degradation of host proteins destined for nutrition; and other processes. Given
their essential roles, several proteases have been proposed as chemotherapeutic targets
or vaccine candidates against different pathogenic microorganisms [41,42]. Proteases
identified in this study include a secreted metalloprotease belonging to the family M16,
which is a homologue of T. gondii toxolysin 1. This protease has been shown to be localized
in T. gondii rhoptries and to be secreted during invasion, with a proposed role in host
protein cleavage [43]. In addition, two components of the parasite proteasome system
were identified, mainly ubiquitin and a threonine protease (Table 2). Proteasomes are
large, multi-component protein complexes that degrade poly-ubiquitinated proteins in
the cytosol and nucleus of all eukaryotic and archaebacterial cells. Interestingly, the use
of drugs that target the proteasome has been identified as an effective chemotherapeutic
strategy against several protozoan pathogens [44].

The activity of cellular proteases is tightly controlled by an array of protease inhibitors.
One of them, serpin, an inhibitor of serine proteases such as trypsin, is also expressed in
sarcocysts. In T. gondii, serpin has been shown to have anti-inflammatory effects, and a
recombinant form of this protease has been proposed as an asthma therapy [45].
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Fructose-1,6-bisphosphatase, another identified protein expressed in sarcocysts, cat-
alyzes the reaction from fructose 1,6-bisphosphate into fructose-6-phosphate as part of
gluconeogenesis. This process has been associated in T. gondii with the synthesis in brady-
zoites of amylopectin, a complex polysaccharide that forms part of tissue cysts. Interestingly,
fructose-1,6-bisphosphatase appears to be present only in the coccidian branch of the Api-
complexa and absent in other Apicomplexan protozoa such as Plasmodium, Theileria, or
Cryptospordium [46]. So far, the composition of sarcocyst walls has not been unraveled.
However, amylopectin granules have been described in Sarcocystis sp. bradyzoites [47,48].
These might serve as carbon source storage and be secreted to form the sarcocyst wall as
well, although these assumptions need experimental confirmation.

Heat shock proteins (HSPs) are phylogenetically conserved molecular chaperones
participating in the correct folding of nascent proteins. Under stress conditions, they
play an essential role in cell survival, participating in either repairing or denaturing dam-
aged proteins, thus maintaining protein homeostasis. For this reason, HSPs of T. gondii
and other intracellular protozoan parasites have been proposed as targets for new drug
discovery [49,50]. The four S. aucheniae HSPs identified in this study, HSP60, two HSP70
variants, and HSP90 (Table 2), might provide amenable foci for drug development against
SAC sarcocystosis.

Our study also unraveled the expression in sarcocysts of two enzymes that take part
in lipid metabolism. One of them, phosphatidylserine (PS) decarboxylase, catalyzes the
synthesis of phosphatidylethanolamine (PE) from PS—one way, in addition to de novo
synthesis and scavenging from host cells, that parasites use for the acquisition of PE, the
second most abundant phospholipid in cell membranes [51,52]. The other is a homologue of
T. gondii phosphatidylcholine-sterol O-acyltransferase (TgLCAT). When there is an excess of
cholesterol in the parasite environment, TgLCAT produces cholesteryl esters, transferring
acyl groups from phospholipids to free cholesterol, which can be stored in lipid bodies.
In addition, TgLCAT has been shown to possess phospholipase A2 activity, with a role
in parasite egress from the host cell by producing lysolecithin, which has membrane-
destabilizing effects [53]. It remains to be investigated whether TgLCAT homologues in
other coccidias, such as Sarcocystis sp., display a similar role.

Several of the cellular mechanisms active in metrocytes and/or bradyzoites unraveled
in this study, such as parasite multiplication, protein synthesis, apical complex forma-
tion, gliding motility, and gluconeogenesis, require the provision of energy. No previous
studies have investigated the type of cellular respiration carried out by S. aucheniae para-
sites inside sarcocysts. We here show that several enzymes that participate in glycolysis
(glyceraldehyde 3-phosphate dehydrogenase, fructose-bisphosphate aldolase, enolase), the
tricarboxylic acid cycle (lactate/malate dehydrogenase), and the phosphorylation chain
(membrane-bound ATPase) are expressed in sarcocysts, indicating the occurrence of aerobic
respiration. In agreement, the genes encoding the different enzymes of the aerobic respira-
tion pathway have been identified in the S. neurona genome [8]. Additionally, superoxide
dismutase, an enzyme that protects cells from oxidative damage, was also identified. These
observations indicate an aerobic milieu for parasites inside the sarcocyst and suggest the
existence of a tight connection between the host circulatory system and a porous sarcocyst
wall that assures oxygen diffusion inside the cyst.

Two identified proteins lacked conserved domains, and thus their putative function
could not be inferred. One has homologues in other coccidia, and its function might be
related to coccidia-specific cellular pathways. The second has no homologues in T. gondii,
N. caninum, Eimeria sp., or S. neurona, indicating that this protein could be specific for
S. aucheniae. However, given that the analyzed transcript is truncated, a better analysis
of the conservation of this protein, as well as its predicted location and function, will be
possible once the S. aucheniae genome has been sequenced and the complete gene sequence
is available.

Previous research from our group identified the S. aucheniae GPI biosynthetic pathway
by in silico searches in a transcriptome database. Since both free and protein-bound
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GPIs are of high importance for host cell recognition and invasion by the parasite, this
pathway constitutes a potential chemotherapeutic target for SAC sarcocystosis. Also, as
mentioned above, GPI-anchored proteins of this parasite constitute attractive diagnostic
and vaccination targets for this and other protozoan infections [21]. The present study
adds novel information to other cellular mechanisms displayed by S. aucheniae, providing a
glimpse of the parasite life inside a sarcocyst, which is expected to serve in the design of
new control tools. Importantly, this is the first dataset of proteins of a species belonging to
the genus Sarcocystis verified to be expressed in sarcocysts since the only available gene
expression studies were carried out in S. neurona in vitro cultured cells [54,55]. Moreover,
our study has also unraveled hydrophilic and specific B-cell epitopes that can be applied to
peptide-based serological methods for SAC sarcocystosis.

4. Materials and Methods
4.1. Serum Samples

Serum samples were obtained from llamas (Lama glama) destined for meat commer-
cialization at an Argentine slaughterhouse in the province of Jujuy. An aliquot of 5 mL of
blood was aseptically collected by a veterinarian from the jugular vein of each living animal
following good laboratory practices, and serum was separated by centrifugation and stored
at −20 ◦C after addition of 0.02% (w/v) sodium azide (final concentration). Before use in
immunoblots, llama sera were pre-adsorbed with an Escherichia coli homogenate to decrease
unspecific reactions. To this aim, an overnight E. coli culture in Luria–Bertani (LB) broth
was centrifuged at 1000× g for 15 min, and the supernatant was discarded. The pellet
was suspended in 5 mL lysis buffer (50 mM K2HPO4, 400 mM NaCl, 100 mM KCL, 10%
glycerol, 0.5% Triton X-100) with the addition of 1 mM phenylmethylsulfonyl fluoride
(PMSF) and 1 mg/mL lysozyme, and sonicated in ice (2 × 15 s, maximal potency). After
centrifugation at 2000× g for 20 min, the supernatants were collected, and the protein
concentration was measured by the Micro BCA Protein Assay Kit (Thermo Fisher Scientific,
Waltham, MA, USA). Each serum sample was incubated for 1 h at 37 ◦C with 0.1 mg/mL
of this supernatant immediately before use in immunoblots. After the sacrifice of llamas,
visual inspection of the skeletal muscles of the neck was carried out in each sampled animal
to search for S. aucheniae macroscopic sarcocysts. A total of 43 and 7 sera corresponding
to sarcocyst-positive and sarcocyst-negative llamas, respectively, were selected as positive
and negative sera for further analysis via immunoblotting.

4.2. Electrophoretic Separation of S. aucheniae Cyst Proteins

Ten S. aucheniae cysts of about 2–3 mm in diameter were separated from the muscle
fibers of a llama, suspended in 500 µL PBS, and homogenized by FastPrep-24 (MP Biomed-
icals, Santa Ana, CA, USA) using 3 pulses of 25 s each in the presence of glass powder
(Sigma-Aldrich, St. Louis, MO, USA). Protease inhibitor cocktail (1 mM, Sigma-Aldrich)
and 1 mM PMSF were added to prevent protein degradation. Protein concentration was
determined using the Micro BCA Protein Assay Kit and a curve of different concentrations
of bovine serum albumin (BSA). Cyst proteins were separated by preparative electrophore-
sis in five 12% polyacrylamide minigels (0.48 mg per gel) under denaturing conditions
(SDS-PAGE) using a Mini PROTEAN 3 electrophoresis system (Bio-Rad, Hercules, CA,
USA), at 120 V. An aliquot of Page Prestained Protein Ladder (Thermo Fisher Scientific) was
run in the single individual well as a molecular weight standard. One minigel was stained
overnight with Colloidal Coomassie blue (Bio-Rad) and de-stained following standard
procedures, while the rest were used for immunoblots, as described below.

4.3. Determination of Immunoreactivity of Llama Sera against S. aucheniae Cyst Proteins via
Western Blot

Four minigels with electrophoresed S. aucheniae cyst proteins were subjected to im-
munoblotting. To this end, proteins were transferred to Hybond nitrocellulose membranes
(Thermo Fisher Scientific) using a Bio-Rad wet miniblotter. Membranes were blocked with
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PBS-T-milk (PBS/0.1% Tween-20/3% skim milk) for 1 h at 37 ◦C, with stirring, and then cut
vertically into 4 mm wide strips. Each strip was incubated with a 1:50 dilution in PBS-T-
milk of a different serum sample, previously pre-adsorbed with an E. coli lysate. After three
washes with PBS-T, strips were exposed to a 1:5000 dilution of peroxidase labeled-anti-llama
IgG antibodies (Bethyl Laboratories, Montgomery, AL, USA) in PBS-T-milk, for 1 h at room
temperature, with stirring. Membranes were then washed with PBS containing decreasing
concentrations of Tween-20 (0.2, 0.1, 0.05, and 0%) and then incubated with a colorimetric
substrate (0.62 mg/mL 3,3′-diaminobenzidine tetrahydrochloride (DAB, Sigma-Aldrich) in
20 mM Tris-HCl/150 mM NaCl, pH 7.4 (TBS), containing 0.03% (v/v) hydrogen peroxide).
After the appearance of brown spots, reactions were stopped with double-distilled water.
Protein bands recognized by 10% or more of the S. aucheniae-positive llama sera were
considered for further analyses, and their sizes were recorded by comparison with the
molecular weight standard.

4.4. Determination of Immunoglobulin Isotype Reacting with S. aucheniae Proteins

Twelve nitrocellulose membrane strips with S. aucheniae proteins were obtained, as
described above. Six representative sera were selected and incubated with two strips
each in 1:50 dilution. After washings, as before, strips were incubated with in-house
prepared mouse ascites (1:100) containing monoclonal antibodies either against llama
IgG or IgM in PBS-T-milk for 1 h with stirring [56]. After 3 washes under stirring with
PBS-T, strips were incubated with anti-mouse IgG conjugated with horseradish peroxidase
(Bethyl Laboratories) in a 1:1500 dilution in PBS-T-milk. Washes and incubation with the
colorimetric substrate took place as described above.

4.5. Discrimination between Soluble and Membrane-Bound Proteins by Triton X-114 Partition

To analyze the hydrophobicity/hydrophilicity of the immunoreactive bands, 1 mL of
S. aucheniae cyst protein sample (6 mg) was subjected to Triton X-114 partition following
standard procedures [57]. The phases containing soluble and membrane-associated proteins
were subjected to SDS-PAGE and immunoblot using representative sera, following the
above-described procedures.

4.6. Mass Spectrometry Analysis of Immunoreactive Bands

Selected bands were excised from the Colloidal Coomassie blue-stained minigel with
a scalpel and sent to the Service of the School of Exact and Natural Sciences, University
of Buenos Aires (https://exactas.uba.ar/sic/espectrometria-de-masas-cgl-masass/) to be
processed and analyzed by mass spectrometry (MS) in an LC-MS/MS Q Exactive (Orbitrap)
equipment (Thermo Fisher Scientific). Peptides were identified by bioinformatic searches
in the S. aucheniae transcriptome available from a previous study [21].

4.7. Bioinformatic Analysis

A total of 66 transcripts were identified in the S. aucheniae transcriptome database
using the peptides obtained by mass spectrometry as queries. Double transcripts and those
corresponding to the host (Lama glama), as assessed by BLASTp, were eliminated. In a few
cases where different peptides identified transcripts of different sizes corresponding to the
same protein, according to BLASTp and conserved domain analyses, peptides were aligned
by Clustal omega multiple sequence alignments (www.ebi.ac.uk/Tools/msa/clustalo/ [55],
edited and integrated into a single peptide. This analysis resulted in 35 predicted peptides
that were deposited in the Genbank under accession numbers OR538333-OR538367. Anti-
genicity of each peptide was calculated by Scratch Protein Predictor (scratch.proteomics.
ics.uci.edu/). Then, B-cell epitopes were identified in the most antigenic protein of each
immunoreactive band by two different algorithms, SVMTrip [58] and Bepipred Linear
Epitope Predictor 2.0 [59]. The selection criteria for SVMTrip were a length of 20 residues
and an antigenicity threshold of 0.9, and for Bepipred, a minimum length of 7 amino
acids with an antigenicity score above 0.63. Water solubility of identified B-cell epitopes

https://exactas.uba.ar/sic/espectrometria-de-masas-cgl-masass/
www.ebi.ac.uk/Tools/msa/clustalo/
scratch.proteomics.ics.uci.edu/
scratch.proteomics.ics.uci.edu/
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was assessed by PepCalc (pepcalc.com). Conservation of B-cell epitopes in Toxoplasma
gondii (taxid 5811), Neospora caninum (taxid 29175), and Eimeria spp. (taxid 5800) was
analyzed by BLASTp (blast.ncbi.nlm.nih.gov/Blast.cgi [60,61] and by Clustal omega [62],
followed by manual localization of epitopes. The propensity of cross-reactivity was esti-
mated as highly likely when 80% or more contiguous identical amino acids were found
in a protein of other coccidia corresponding to a B-cell epitope. All identified peptides
were in silico characterized to predict molecular weight (web.expasy.org/protparam/),
presence of a signal peptide (SignalP_5.1, www.cbs.dtu.dk/services/SignalP/, [63]), trans-
membrane domains (TMHMM, /www.cbs.dtu.dk/services/TMHMM/ [64]), presence
of a GPI anchor (big PI Predictor; mendel.imp.ac.at/gpi/gpi_server.html [65]; GPI SOM;
gpi.unibe.ch [66]; PredGPI, busca.biocomp.unibo.it/predgpi/ [67]), and presence of con-
served domains (InterPro, www.ebi.ac.uk/interpro/ [68]; Pfam, pfam.xfam.org [69]; and
Conserved Domains database of the National Center for Biotechnology Information,
www.ncbi.nlm.nih.gov/cdd). Conservation with S. neurona was checked by BLAST at
VeuPathDB (https://veupathdb.org/veupathdb/app).

5. Conclusions

This study has focused on S. aucheniae, a parasite well-known to SAC producers but
mostly neglected by the scientific community. The development of control and diagnostic
methods is essential to strengthen the Andean regional economies that depend on the
commercialization of SAC meat. The B-cell epitopes that we have unraveled can be applied
in future experimental approaches for the development of new serological methods. On the
other hand, the discovered proteins and cellular mechanisms active in sarcocysts throw new
light on the biology of these successful parasites and provide possible targets for vaccines
and/or chemotherapeutic interventions against SAC sarcocystosis. Importantly, our results
can contribute to the research carried out on other Sarcocystis spp. of veterinary and/or
medical importance that also urgently require the development of control strategies.
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33. Döşkaya, M.; Liang, L.; Jain, A.; Can, H.; Gülçe Iz, S.; Felgner, P.L.; Deǧirmenci Döşkaya, A.; Davies, D.H.; Gürüz, A.Y. Discovery
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