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Trypanosoma vivax is a parasite widespread across Africa and South America. Immunological methods using
recombinant antigens have been developed aiming at specific and sensitive detection of infections caused by T.
vivax. Here, we sequenced for the first time the transcriptome of a virulent T. vivax strain (Lins), isolated from an
outbreak of severe disease in South America (Brazil) and performed a computational integrated analysis of
genome, transcriptome and in silico predictions to identify and characterize putative linear B-cell epitopes from
African and South American T. vivax. A total of 2278, 3936 and 4062 linear B-cell epitopes were respectively

characterized for the transcriptomes of T. vivax LIEM-176 (Venezuela), T. vivax IL1392 (Nigeria) and T. vivax
Lins (Brazil) and 4684 for the genome of T. vivax Y486 (Nigeria). The results presented are a valuable theoretical
source that may pave the way for highly sensitive and specific diagnostic tools.

1. Introduction

Parasites of the genus Trypanosoma (Trypanosomatidae:
Kinetoplastea) are the etiological agents of trypanosomiasis, a group of
neglected tropical diseases affecting humans and domestic animals.
Animal African Trypanosomiasis (AAT), also known as nagana, is
caused by Trypanosoma vivax, Trypanosoma congolense, and
Trypanosoma brucei brucei, the two former being the most important
pathogens for livestock in Africa [1,2]. T. vivax is disseminated across
Sub-Saharan Africa and South America, with high prevalence in cattle,
sheep, and buffaloes [3-6] and reported in horses, donkeys, and camels
[7,8]. Tsetse flies (Glossina spp.) are the only vectors responsible for
cyclical transmission of T. vivax, whereas tabanids and other biting flies
are responsible for mechanical transmission in tsetse-free areas in
Africa and South America [2,4,8].

T. vivax is difficult to grow in laboratory conditions, with the West

African T. vivax IL1392 currently being the only strain well-adapted to
both mice and culture, enabling experimental infections addressing
parasitological, immunological, and pathological aspects [9-11]. Mi-
crosatellite and ITS rDNA genotyping revealed that despite being clo-
sely related, South American and West African T. vivax populations are
genetically different, and they largely differ from those circulating in
East Africa [12-15]. In general, West African isolates are more patho-
genic to livestock than East African T. vivax. In South American regions
of enzootic stability (Amazonian lowlands, Venezuelan Llanos, and the
Brazilian Pantanal), T. vivax infections are mostly asymptomatic in
cattle and water buffaloes. However, a recent outbreak in a water
buffalo herd from an endemic setting in Venezuela [3] and the in-
creasing number of outbreaks throughout non-endemic Brazilian re-
gions with high mortality rates reinforce the role of T. vivax as a pre-
valent agent of nagana in South America. T. vivax causes hematological
and neurological disorders in dairy cattle, goats, sheep, and horses
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[16-18]. Experimental infections of calves using T. vivax Lins obtained
from one outbreak of severe acute disease in Brazilian dairy cattle
corroborated the pathogenicity and virulence of this strain reported in
field-infected animals [19].

In general, T. vivax is an extracellular trypanosome species, re-
maining mainly in the host's bloodstream, intravascular spaces, and
connective tissues. However, recent studies demonstrated T. vivax in-
vading the central nervous system during highly parasitemic stages in
natural and experimental infections [16,20-22]. Like all other African
trypanosome agents of AAT, the presence of the VSG (Variant Surface
Glycoprotein) coat is fundamental for parasite evasion from the host
immune response [23]. T. vivax, considered the most basal species of
the clade constituted by trypanosome agents of AAT, displays reduced
VSG repertoire compared with other trypanosomes [24,25]. A wide
transcriptomic study revealed the presence of many exclusive proteins
expressed in the cell-surface of T. vivax bloodstream forms, which are
then promising candidate targets for vaccine and diagnostic approaches
[11].

Diagnosis of trypanosomiasis can be performed using para-
sitological, molecular, and serological approaches. PCR methods
[26,27] permit specific and sensitive diagnosis of T. vivax infection,
even in animals showing extremely low parasitemias [28,29]. Ser-
ological methods enable the diagnosis of chronically infected animals,
and are highly appropriate for epidemiological studies because they can
be automatized and adapted to many devices suitable for large-scale
field studies. However, all African trypanosomes share many antigens,
and the use of crude extracts of parasites, and even purified native
antigens, for immunological diagnosis revealed high cross-reactivity
among all species, including T. vivax. Immune-diagnostic assays based
on recombinant antigens also showed cross-reactivity and exhibit low
sensitivity [30-34]. Antigen-capture methods have also been developed
for T. vivax diagnosis, with previously tested methods lacking both high
sensitivity and specificity [30,35]. The recently developed easy to use
pen-side lateral flow test (LFT) device based on an recombinant in-
variant surface glycoprotein (ISG) specific of T. vivax (selected by
proteomic approaches) improved the sensitivity and specificity (92%
and 89.8%, respectively) of T. vivax serological diagnosis. Tests using
sera from experimentally infected animals suggested that the selected
ISG antigen do not routinely cross-react with T. congolense, a very
prevalent trypanosome in cattle often mixed with T. vivax across Africa,
and it is suitable for epidemiological surveys [36]. High species-speci-
ficity is desirable to undoubtedly distinguish T. vivax from other un-
gulate trypanosomes. A previously developed LFT based on re-
combinant GM6 antigen [31] exhibit lower sensitivity and cross-reacts
with sera from cattle infected with multiple trypanosome species, thus
being useful for pan-diagnosis of AAT. Therefore, improved serological
diagnostic tests are required to detect T. vivax with high specificity and
sensitivity permitting early and appropriated treatment of acutely
(many times lethal) and chronically (progressive wasting and re-
productive disorders) infected animals. The development of highly
sensitive and specific method is crucial for successful strategies aiming
control and tracking of T. vivax outbreaks and dispersal, as sometimes a
single T. vivax-infected animal lacking patent parasitemia and showing
very low levels of antibodies specific to T. vivax, can trigger outbreaks
of high mortality. T. vivax is the only African trypanosome agent of AAT
that can disperse out of Sub-Saharan Africa, in regions free of tsetse
flies.. Consequently, the identification of species-specific linear B-cell
epitopes, expressed by blood forms of African and South American
strains of T. vivax, is urgently required for the development of more
specific and sensitive immune-diagnosis of T. vivax infections.

T. vivax can be experimentally expanded in ruminant models such as
calves, sheep, and goats. Despite the availability of culture and murine
models for the T. vivax IL1392 strain [9,10], the production of large
amounts of T. vivax antigens remains a very difficult task. Recombinant
proteins or synthetic peptides have been valuable for species-specific
serodiagnosis and serotyping (identification of infraspecific genotypes)
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as recently shown for T. cruzi [29,37,38].

The use of recombinant protein or peptide technology allowed for a
great improvement over native parasite protein extracts, resulting in
lower cross-reactivity and better standardization of diagnostic methods.
Nowadays, designing synthetic peptides is a faster option to test the
antigenicity of hundreds of peptides in a single experiment [29,39].
Bioinformatics tools can help to select potential linear B-cell epitopes
expressed and/or secreted by bloodstream forms of trypanosomes that
can be used to improve immunological diagnosis. The main goal of this
study was to identify and characterize the best theoretical epitope
candidates for the development of specific and sensitive immunological
diagnosis of T. vivax. With this purpose, we characterized through
whole transcriptome surveys the repertoires of T. vivax-specific linear
B-cell epitopes shared by American and African isolates, as well as
epitopes isolate-specific useful for genotyping.

2. Materials and methods
2.1. Trypanosoma vivax Lins samples preparation and sequencing

RNA was obtained from blood of two goats experimentally infected
with the strain T. vivax Lins recovered from an outbreak of cattle try-
panosomiasis in the municipality of Lins, state of Sao Paulo, Brazil [17].
The experimental infection and all animal procedures were performed
at the Universidade Estadual Paulista, Jaboticabal, state of Sao Paulo,
Brazil, as previously reported [17]. When parasitaemia reached
~3 x 10° trypanosomes/ml, parasites were purified using Percoll gra-
dient as previously described [40]. RNA preparations were obtained
using Dynabeads® mRNA DIRECT™ Kit (Thermo Fisher Scientific).

The RNA-seq was performed preparing a double-stranded cDNA li-
brary with about 80 ng of RNA using the TruSeq Stranded mRNA LT
Sample Preparation Kit (Illumina, San Diego, CA, USA). Library quality
control was performed using the 2100 Bioanalyzer System with the
Agilent High Sensitivity DNA Kit (Agilent, Santa Clara, CA, USA). The
library was quantified via qPCR using a KAPA Library Quantification
Kits for [llumina platforms (KAPA Biosystems, Wilmington, MA, USA)
and sequenced in an MiSeq sequencing system (Illumina) with paired-
end reads (2 X 75bp) obtained using MiSeq Reagent Kits v3 (150-cy-
cles). Samples are available at SRA repository under the accession
numbers SRR5934425 and SRR5934426.

All the experimental procedures using goats were in accordance
with the principles and guidelines adopted by the Brazilian College of
Animal Experimentation (COBEA) and approved by the Animal Care
Ethics Committee/UNESP (CEEA).

2.2. Trypanosoma vivax bloodstream transcriptomes

Transcriptome data from bloodstream forms of three T. vivax strains
were analyzed. Transcriptome for the African T. vivax IL1392 strain was
acquired from bloodstream forms maintained in vivo by continuous
passages in mice [11]. Trimmomatic v0.32 [41] was used for trimming
the reads. All replicates in fastq format (SRA accession numbers:
ERR236859, ERR236860, ERR236861, and ERR236862) were com-
bined and aligned to the reference genome of T. vivax Y486, version
2013-01-16, downloaded from TriTrypDB [42] using TopHat2 [43].
Samtools v0.1.18 [44] was used to filter reads with mapping quality
=10. To assemble these reads into contigs, the PASA [45] pipeline
[http://pasa.sourceforge.net/#A_ComprehensiveTranscriptome] com-
bining de novo and genome-guided assemblies were applied. For each
assembly, the Trinity [46] package was used. In order to filter con-
taminants from the Mus musculus host genome present at de novo as-
sembly, all contigs were blasted [47] against both the T. vivax Y486 and
Mus musculus genomes, removing all sequences with best hit associated
with mouse sequences. Finally, to determine highly probable protein-
coding regions, Transdecoder [http://transdecoder.sourceforge.net/]
was run with final assembled transcripts, requiring a minimum protein
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length of 30 codons.

Replicates from bloodstream transcriptome for the South American
T. vivax Lins strain were also combined and assembled using Trinity
[46] and the Capra hircus (GCF_000317765) genome as reference for
filtering contaminants.

Reads from bloodstream transcriptome of T. vivax Venezuelan iso-
late (LIEM-176) were downloaded from the SRA database (SRR527163
and SRR527235), and used only for FPKM quantitative analysis.
Assembled transcripts were downloaded from http://bioinformatica.
fcien.edu.uy/Tvivax [25]. Protein-coding regions were equally pre-
dicted with Transdecoder as above. To calculate FPKM values, reads
were aligned to assembled transcripts with bowtie 2 [48] and HTSeq
v0.5.4p5 (http://www-huber.embl.de/users/anders/HTSeq/doc/over
view.html) was used to count reads uniquely aligned to predicted
protein-coding regions. Transcriptome assembly completeness was as-
sessed with BUSCO [49] v1.22, using 429 benchmarked universal
single-copy genes from the Eukaryotes dataset and e-value cutoff of 1e-
05.

2.3. Prediction of cell-surface and secreted proteins

Annotated proteins from a fourth strain, T. vivax Y486, were
downloaded from TriTrypDB [42] (Build 28) and analyzed together
with predicted proteins from transcriptomic data, through the screening
of both predicted cell-surface/secreted and non-cell-surface/secreted
proteins, based on a procedure described by Staats et al. [50]. Briefly,
an automatic PERL pipeline was used with the MySQL database. In-
itially, all coding sequences smaller than 30 codons were removed. To
detect a signal peptide, we combined predictions by both SignalP v4.1
[51] (with default D-score cutoffs 0.45 for SignalP-noTM networks and
0.50 for SignalP-TM networks; http://www.cbs.dtu.dk/services/SignalP/
) and TargetP v1.1 [52] (LOC = S; http://www.cbs.dtu.dk/services/
TargetP/). To predict GPI-anchors, PredGPI [53] (FRate < 0.005) was
used (http://gper2.biocomp.unibo.it/predgpi/pred.htm). WoLF PSort
v0.2 [54] (Extr or plas = 17) and ProtComp v9.1 (LocDB and PotLocDB,
using NNets an Integral prediction; http://www.softberry.com) tools
were combined to infer protein localization. Finally, to assign sequences
associated with the Endoplasmic Reticulum, PROSITE scan [55] was
used to search for pattern PS00014 (Endoplasmic reticulum targeting
sequence). Any sequence not predicted as secreted or exposed at plasma
membrane by both WoLF PSort and ProtComp was classified as non-
cell-surface/secreted.

2.4. In silico prediction of linear B-cell epitopes

Complete protein sequences were screened for linear B-cell epitopes
using BepiPred 1.0 [56] and LBtope [57]. Usually about five amino
acids in each epitope and paratope sequences are the key contributors
to the binding energy, but about 15 amino acids are present in this
interaction, therefore, a PERL script was developed to screen for 15mer
peptide windows with BepiPred mean score = 1.3 and overlapping
windows were combined into one. This combination may decrease the
final mean somewhat below 1.3 due to the summation of local mini-
mums. Selected peptides were then screened with LBtope (Lbtop_Con-
firm as database). Complete protein sequences from predicted linear B-
cell epitopes were further screened with Immune Epitopes Database
Analysis Resource (IEDB) tools for the prediction and analysis of linear
B-cell epitopes: Chou & Fasman Beta-Turn Prediction, Emini Surface
Accessibility Prediction, Karplus & Schulz Flexibility Prediction, Ko-
laskar & Tongaonkar Antigenicity, and Parker Hydrophilicity Prediction
[58] (http://tools.immuneepitope.org/main/). LBtope and IEDB tools
were used for characterization purposes only. The median scores ob-
tained in each method for each protein were taken as thresholds and the
percentages of residues at regions corresponding to the epitopes above
the thresholds were computed. Additionally, intrinsically unstructured/
disordered regions were predicted with IUPred [59] for
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characterization using complete protein sequences, calculating the
percentage of residues in predicted epitopes which individual scores
were above developers indicated cutoff of = 0.5.

2.5. BLAST screening

A filtering step was performed to select only T. vivax-specific pep-
tides, comparing sequence similarities between genomes from other
Trypanosomatid TriTrypDB genomes, using tBLASTn search. This step
aimed to reduce the possibility of cross-reactivity with other species
capable of infecting T. vivax hosts. This filtering strategy does not ex-
clude the possibility that selected B-cell epitopes will be recognized by
T. vivax non-infected animals sera, which can only be tested by ex-
perimental validation. The selected genomes were: T. brucei TREU927,
T. congolense IL3000, T. evansi STIB805, T. cruzi CL Brener, T. cruzi
Dm28c, T. cruzi Esmeraldo, T. cruzi JRcl4, T. cruzi marinkellei B7, T.
crugi Sylvio X10-1, T. cruzi Tula cl2, L. braziliensis MHOM/BR/75/
M2904, L. donovani BPK282Al, L. infantum JPCM5, and L. major
SD75.1. BLAST parameters were adjusted for short peptide match
(Word size = 2, SEG filter off, Composition-based Statistics, e-
value = 20,000, and PAM30 score matrix). Linear B-cell epitopes con-
taining alignments with =15mer and =70% identity were removed.
Finally, BLASTp and tBLASTn searches using the complete protein se-
quences from each selected linear B-cell epitope against NCBI nr/nt
databases (e-value < 1e ~°%) were performed removing those with no
significant hits found in the Trypanosoma genus, to eliminate the chance
of including uncharacterized sequences from any sort of contamination.
Clustering of peptide sequences was performed with local OrthoMCL
[60] v2.0.9 with BLAST adjusted parameters for short sequences and
OrthoMCL similarity cutoff (percentMatchCutoff) was set to 70%.

3. Results and discussion
3.1. T. vivax transcriptomes and epitope predictions

Parasites in the host's bloodstream trigger immune responses with
activation of B-cells by specific regions present in antigens, known as B-
cell epitopes. B-cell epitopes are recognized by both their linear amino
acid sequences and three-dimensional structures, the former being ea-
sier to be predicted by bioinformatics tools as no prior knowledge of
protein conformational structure is required. Hundreds or even thou-
sands of linear B-cell epitopes can be predicted from complete genomes,
making laborious the screening of antigenic and immunogenic epitopes
[61] using recombinant antigens, as compared to methodologies using
high-density peptide arrays [62]. Recently, the usage of synthetic
peptides has shown high sensitivity and specificity for B-cell epitope
diagnostic procedures [63], representing an important advance over
recombinant technologies, but at elevated costs, when several peptides
are to be tested [38]. In the present study, we have combined several
bioinformatics tools in a complete pipeline (Fig. 1A and B), from RNA-
seq assembly to epitope prediction, in order to characterize and allow
the selection of the best linear B-cell epitope candidates for future ex-
perimental tests in the pursuit of efficient and species-specific ser-
ological tests for the diagnosis of T. vivax infection.

Transcriptomic data from bloodstream forms were analyzed for one
Western African strain, TvIL1392: T. vivax IL1392 from Nigeria [9,11]
(a clone derived from TvY486: T. vivax Y486) and two South American
isolates: TvLins (T. vivax Lins, from Sao Paulo state, Brazil) and
TVvLIEM-176 (T. vivax LIEM-176, from Venezuela). The annotated
genome of the Western African strain (TvY486, from Nigeria) was also
included. Our study comprised the most representative dataset of T.
vivax strains compared to date.

The transcriptome of TvIL1392 assembly yielded 9249 transcripts,
which generated 21,697 putative protein sequences (13,829, or 63.7%,
are complete Open Reading Frames — ORFs; and 11,021, or 50.8%,
=100 residues). Similarly, the assembly for TvLins yielded 11,544
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Fig. 1. Bioinformatics workflow. A) Complete pipeline from RNA-seq assembly to protein sequences and linear B-cell epitope predictions. B) Complete pipeline for classification of
secreted proteins or potentially localized at cell-surface membrane.

Table 1

Main features from the three most expressed linear B-cell epitopes from the assembled transcriptomes of Trypanosoma vivax 1L1392 (TvIL1392), Trypanosoma vivax Lins (TvLins), and
Trypanosoma vivax LIEM-176 (TvLIEM-176).

Strain Epitope ID Annotation Sequence Size FPKM
TvIL1392 asmbl_2096_m27533_1 Hypothetical protein, conserved in T. vivax NKAQVFPGPSPEVTSAQDAARKA 23 3362.2
TvIL1392 asmbl_7052_m114735_1 Hypothetical protein, conserved in T. vivax RRSHDEEKGKSKNSRKSK 18 2919.0
TvIL1392 asmbl_3484_m64070_1 Conserved hypothetical protein EAKKLEKEKGDKPSKGEA 18 1933.9
TvLins 6278_g1 i1 m131269_1 Surface glycoprotein GSTKCGNETWTTSGPADYDTQAGKC 25 16,914.5
TvLins 6278 g1 i1 m131269_2 Surface glycoprotein ETETRRAAKEQTGPEAQKREQKEGNADMTTRAK 33 16,914.5
TvLins ¢5909_¢g1_i1_m130763_1 Surface glycoprotein GSTKCGNETWTTSGPADYDTQAGKC 25 13,888.1
TvLIEM-176 GCI4HUNO2IGEU4_166066_1 Hypothetical protein ASPQEGKGGRTKDSALG 17 2468.8
TvLIEM-176 GCI4HUNO2FNGMF_164965_1 Hypothetical protein, conserved AMERDAQTTASGDRR 15 1869.9
TvLIEM-176 TvMiraNov_c69_49206_1 Putative nucleoside diphosphate kinase VLLGATNPADSQPGDDPWA 19 1580.8

Features for all linear B-cell epitopes are displayed in Additional File 2.
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Table 2
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Protein cellular localization and linear B-cell epitope parameters for the three epitopes with the highest BepiPred mean scores for all Trypanosoma vivax strains.

Strain Epitope ID Localization” BepiPred LBtope probability Mean IEDB methods (%)
mean score scale % IUpred
score Chou & Emini Karplus & Kolaskar & Parker
Fasman Schultz Tongaonkar

TvIL1392 asmbl_4468_m84358_1 E/C/E 1.82 77.68 0.81 60.87 66.67 78.26 13.04 82.61
TvIL1392 asmbl_1223 m5649_4 N/N/N 1.76 66.81 0.80 77.08 66.67 87.50 4.17 95.83
TvIL1392 asmbl_2838_m46579_2 N/E/M 1.76 59.15 0.73 94.44 38.89 82.35 50.00 72.22
TvLins ¢6312_g1_i4. m131330_1 C/C/E 1.83 64.85 0.65 94.23 84.62 86.54 11.54 86.54
TvLins asmbl_8120_.m118522_1 G/G/E 1.78 100.0 0.75 89.09 60.00 89.09 29.09 87.27
TvLins ¢8205_g1_i3_.m144643_1 Cc/c/C 1.78 100.0 0.75 83.64 60.00 78.18 32.73 81.82
TvLIEM-176 F35ERS101APT4532246.1 E/E/E 1.84 67.81 0.65 82.69 67.31 84.62 17.31 82.69
TvLIEM-176 TvMiraNov_c11077_22717.1 N/N/N 1.81 78.97 0.95 53.85 48.15 52.00 42.31 53.85
TvLIEM-176 F35ERS101AT76C_15521_1 G/G/C 1.78 68.45 0.65 100.00 73.68 100.00 0.00 100.00
TvY486 TvY486_0028930_1 E/E/E 2.13 36.15 0.63 90.71 84.39 86.62 8.18 88.10
TvY486 TvY486_1010870_1 PM/PM/PM  2.12 80.58 0.77 85.00 68.12 77.99 32.50 81.88
TvY486 TvY486_0303314_1 PM/PM/PM  2.04 62.14 0.73 82.14 71.43 100.00 17.86 100.00

2 Protein cellular localization predicted with: ProtComp Neural Nets/ProtComp Integral prediction/WoLF Psort. C: Cytoplasmic; E: extracellular; G: Golgi; M: mitochondrial; ME:

Membrane bound or extracellular; N: nuclear; PM: Plasma Membrane.

b Percentage of epitope residues above threshold. Minimum, maximum, and threshold values obtained for each protein sequence are available in Additional File 2. TvIL1392: T. vivax

1L1392, TvLins: T. vivax Lins, TVLIEM-176: T. vivax LIEM-176, TvY486: T. vivax Y486.

transcripts with 21,370 putative proteins (12,686, or 59.4%, complete
ORFs; and 10,355, or 48.5%, =100 residues). The assembled tran-
scriptome [25] for TVLIEM-176 had a much higher number of contigs
(67,850) from which 42,893 putative proteins were predicted (only
8735, or 20.4%, of complete ORFs; and 9841, or 22.9%, =100 re-
sidues), indicating a fragmented assembly. This difference in TvLIEM-
176 assembly is probably related to low coverage, distinct sequencing,
and assembling procedures. For comparison, the TvY486 reference
genome currently has 11,885 predicted proteins (9530, or 80.2%,
complete ORFs; and 11,605, or 97.6%, =100 residues).

Completeness of transcriptome assemblies was assessed by mea-
suring and comparing the number of detected genes from benchmarked
universal single-copy orthologs, using the BUSCO [49] software. The
assembled transcriptomes, with the exception of TvLIEM-176, pre-
sented results comparable or better than the completely annotated
genomes. The genome of TvY486 presented 74.4% of the expected
eukaryote orthologs while the transcriptomes of TvIL1392, TvLins, and
TvLIEM-176 presented 73.9%, 77.2% and 23.8%, respectively (Addi-
tional File 1).

A pipeline (Fig. 1B) was applied to protein sequences in order to
discriminate between those predicted to be localized at cell-membrane
and those secreted to extracellular media or intracellular. Extracellular
proteins have an enhanced probability of exposing B-cell epitopes, but
it is known that intracellular-derived B-cell epitopes are also re-
cognized, probably due to the parasite destruction with subsequent
release of intracellular content [29]. Bloodstream forms of trypano-
somes express a repertoire of such exposed proteins such as Variant
Surface Glycoprotein. We detected the presence of the secretory
pathway targeting signal peptide at N-terminal portion [64], the cell-
membrane  signaling  C-terminal = GPI-anchor  (Glycosylpho-
sphatidylinositol) [65], and used bioinformatics tools commonly ap-
plied to predict protein cellular localization, totaling 4322 (19.9%),
4411 (20.6%), 10,206 (23.8%), and 1278 (10.8%) protein sequences
from TvIL1392, TvLins, TvLIEM-176, and TvY486, respectively. All
proteins were submitted to linear B-cell epitope predictions, combining
three highly sensitive tools. Epitopes were first predicted by BepiPred
1.0 Server, a method based on the hidden Markov model and propensity
scale, whose predictions have already been experimentally validated
for T. cruzi [29,38,63] and L. braziliensis [66]. Selected linear B-cell
epitopes were further analyzed by LBtope, which is a method based on
the Support Vector Machine (SVM). Next, five Immune Epitope Data-
base (IEDB) methods were used for characterization: Chou & Fasman
Beta-Turn Prediction, Emini Surface Accessibility Prediction, Karplus &
Schulz Flexibility Prediction, Parker Hydrophilicity Prediction, and

Kolaskar & Tongaonkar Antigenicity [58]. Finally, to ensure that pep-
tides come from naturally disordered regions in the native protein, with
higher accessibility, IUPred was used to screen for amino acid compo-
sition that does not allow favorable interactions to form well-defined
tertiary structures.

To avoid possible cross-reactivity, we conducted a tBLASTn search
against complete genomes of other trypanosomatids. For instance, since
wild and domestic ungulates such as sheep, goats, cattle, and horses
may be sporadically infected with T. cruzi and Leishmania [67,68],
genomes of these species were also included in this filtering step. This
similarity filtering accounted for the elimination of 72.4%, 72.1%,
71.8%, and 73.5% of all predicted epitopes for TvIL1392, TvLins,
TVvLIEM-176, and TvY486, respectively. Unfortunately, genomes of
different genotypes of T. congolense and other species of trypanosome
infective to ungulates are not currently available. However, the high
stringency of our filtering strategy including T. cruzi and Leishmania
that are more distantly related from T. vivax than all African trypano-
somes will most likely reduced the probability of cross-reactive epi-
topes.

The final sets of T. vivax-specific epitopes are presented in
Additional File 2 and examples are shown in Tables 1 and 2. A total of
3936, 4062, 2278, and 4684 linear B-cell epitopes were selected for
TvIL1392, TvLins, TVvLIEM-176, and TvY486, respectively (Additional
File 2). Complete nucleotide and protein sequences are available in
Additional File 3-6. As predictions for TvY486 were made from the
completely annotated genome, a higher number of epitopes was ob-
served, as opposed to TvLIEM-176, which presented a fragmented
transcriptomic assembly.

Most of the selected sequences (81.2%) from the four T. vivax strains
predicted to be present at cell-surface or secreted and containing pu-
tative linear B-cell epitopes were annotated as hypothetical proteins
(Additional File 2). For TVLIEM-176, it has been shown that about 56%
and 41% of cell-surface expressed proteins were VSGs and hypothetical
proteins [25], respectively. As a comparison, for T. brucei the VSGs
represent about 97% of protein membrane composition. Among the
analyzed strains, several other linear B-cell epitopes were found to be
present in proteins with annotated functions such as putative mannose-
specific lectin, putative major facilitator superfamily (MFS) transporter,
putative methyltransferase, glucose transporter, cysteine peptidase C,
heat shock protein 70-related protein, and major surface protease gp63
(Additional File 2).

The expression levels were determined through fragments per kilo-
base of transcript per million mapped reads (FPKM) metric for
TvIL1392, TvLins, and TVLIEM-176, revealing the presence of
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Fig. 2. Boxplots with distinct metrics for all selected epitopes and a control set from Trypanosoma cruzi. A) Epitope sizes. B) Mean BepiPred score. C) LBtope probability. D) Mean IUpred
score. E) Percentage of epitope residues above thresholds for IEDB methods, Chou: Chou & Fasman Beta-Turn Prediction, Emini: Emini Surface Accessibility Prediction, Karplus: Karplus &
Schulz Flexibility Prediction, Kolaskar: Kolaskar & Tongaonkar Antigenicity and Parker: Parker Hydrophilicity Prediction. MS: Complete protein sequences predicted as Membrane-bound
or Secreted; N: Complete protein sequences not predicted as Membrane-bound or Secreted. TvIL1392: T. vivax IL1392, TvLins: T. vivax Lins, TVLIEM-176: T. vivax LIEM-176, TvY486: T.

vivax Y486 and Tcruzi: Trypanosoma cruzi.

hypothetical proteins as the most abundant linear B-cell epitopes con-
taining proteins (Table 1 and Additional File 2). The higher observed
FPKM values from the selected TvLins surface glycoprotein (16,914.5),
TvLIEM-176 (2468.8), and IL1392 (3362.2) hypothetical proteins were
originated from 0.19%, 0.05%, and 0.01% of reads mapped to their
final transcriptome assemblies, respectively. To put into perspective,
the percentages of mapped reads corresponding to the highly expressed
VSGs, and alpha and beta tubulins in TvLIEM-176, were estimated as
0.7%, 0.18% and 0.33%, respectively [25]. This leads to the assumption
that these hypothetical linear B-cell epitopes containing proteins are
less abundant but may play important biological roles.

412

3.2. Linear B-cell epitope characterization

TvY486 complete protein sequences have been clustered with T. b.
brucei and T. congolense into ortholog families and organized in a
comprehensive database of African trypanosome genes predicted to
encode cell-surface proteins (Cell-surface Phylome — CSP) [69]. A total
of 368 TvY486 epitopes (7.9%) were observed in proteins assigned to a
CSP family, from which 279 (75.8%) were from T. vivax-specific CSPs
(from Fam23 to Fam45, Additional File 2). Although care was taken to
remove those with significant similarity to other trypanosome species,
some proteins assigned to other CSP families grouping T. vivax, T.
brucei, and T. congolense were found. The reason behind this is that even
though the whole proteins were classified as orthologs, regions
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Fig. 3. Epitope clustering. Veen diagram with clustered epitopes with 70% BLAST
identity for the four T. vivax strains. Numbers inside parentheses represent unclustered
sequences. TvIL1392: T. vivax IL1392, TvLins: T. vivax Lins, TVLIEM-176: T. vivax LIEM-
176, TvY486: T. vivax Y486.

corresponding to the linear B-cell epitope residues were highly variable
(Additional File 7).

All the linear B-cell epitope parameters were evaluated and com-
pared to a control set of 34 linear B-cell epitopes retrieved from ex-
perimental validation from T. cruzi with mice sera [29]. The article
from Oliveira Mendes et al. originally describes the validation of 36
peptides, but we removed a duplicated and inconsistent epitope se-
quence (TcCLB.506401.320; epitope: PIELVLWMPTLCRAN) with ne-
gative mean BepiPred prediction score. Epitope sizes ranged from only
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15 to 269 residues (both minimum and maximum were observed in
TvY486, Fig. 2A and Additional File 2) with mean values of approxi-
mately 20 residues. The mean BepiPred scores were maintained near
the selected threshold of 1.3 (Fig. 2B and Additional File 2), a value
with specificity of 0.96 according to the software developers [56], al-
though a significantly higher mean of 1.7 was observed for the control
set. The LBtope mean probabilities were above 65% (Fig. 2C and Ad-
ditional File 2), while the control set mean was close to the re-
commended threshold of 60% [57]. As indicated by the mean IUPred
scores above the recommended threshold of = 0.5, the linear B-cell
epitopes seemed to be located at intrinsically disordered regions
(Fig. 2D and Additional File 2), increasing the chances of exposition.
Curiously, proteins not predicted as membrane-bound or secreted pre-
sented more disordered linear B-cell epitopes and the control set
showed the higher mean (0.64).

For IEDB methods, the higher mean scores (Chou & Fasman, Emini,
Karplus & Schulz and Parker) and the lower mean score (Kolaskar &
Tongaonkar) were all observed for the T. cruzi control epitopes, with
similar values among the T. vivax strains (Fig. 2E and Additional File 2).
Similarly to the observed for the disordered values, differences are
evident between intracellular and exposed proteins. Based on the con-
trol set mean values, a subset was filtered for each strain as the most
promising linear B-cell epitopes for future experiments (Table 3). It is
worth mentioning that although being valuable tools, these methods
were mainly trained with complete absence of Trypanosoma sequences
and more specific software is still required to increase prediction ac-
curacy.

3.3. Clustering linear B-cell epitopes

Strain-specific linear B-cell epitopes may be useful for genotyping
while T. vivax conserved epitopes (or a combination of genotype-

Fig. 4. Graphical view of BepiPred prediction for a portion
of TvY486_1103740 protein sequence containing a selected
epitope. A red line represents the mean score of 1.3. Protein
sequence alignment is representing the linear B-cell epitope
above the red line and shared between the Trypanosoma
vivax strains. TvIL1392: T. vivax IL1392, TvLins: T. vivax
Lins, TvLIEM-176: T. vivax LIEM-176, TvY486: T. vivax
Y486. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of
this article.)
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specific sequences) can improve the efficiency of species-specific ser-
odiagnosis. To detect exclusive and common linear B-cell epitopes from
the four strains, we clustered their sequences considering 70% of si-
milarity (Fig. 3 and Additional File 8). A multiple sequence alignment
including a common linear B-cell epitope is represented in Fig. 4 (from
K179 to E209 on TvY486_1103760). The peptide was observed only in
T. vivax strains. A graphical view of BepiPred output is also shown,
evidencing the amino acid scores above threshold. Additionally, the
two Western African strains (TvIL1392 and TvY486) and the two South
American strains (TvLins and TvLIEM-176) shared 482 and 200 ex-
clusive linear B-cell epitopes, respectively (Fig. 3). Common and spe-
cific epitopes were detected for all strains, but the fragmentary nature
of the TVLIEM-176 transcriptome assembly influenced the clustering
and the excessive number of observed TvLIEM-176 specific sequences.
Recently, quantitative proteomics was employed to identify candi-
date diagnostic antigens in whole T. vivax lysate that bound selectively
to the immobilized IgG from T. vivax infected calves [36]. Two proteins
selected in Fleming's study (TvY486_0045500 and TvY486_0019690)
tested by ELISA exhibited high sensitivity and specificity for T. vivax
when compared with T. congolense. These proteins presented linear B-
cell epitopes identified in our analyses. In the TvY486_0045500 protein,
the peptide “KEKKRQAIGGDSEGPKSSDAKSTDATPTSSASQKV” from
K296 to V330 was selected, although it was eliminated in the BLAST
filtering steps due to shared similarities with translated genomic re-
gions from T. brucei. For the TvY486_0019690 protein, three peptides
were detected: “AEEESKEWEKEQQDAESDL” from A185 to L203;
“EIKEKKRQANNGDSEGPKSSDSKSADATPTSSASQKV” from E294 to
V330; and “QTADKPSSANNSKLSP” from Q349 to P364. The peptide
from E294 to V330 shares = 89% identity with TvY486_0045500 se-
lected residues, and was equally discarded in our analysis, while the
other two were retained and analyzed (Additional File 2). The presence
of peptides of experimentally tested proteins among the selected linear
B-cell epitopes reinforces the potential of this in silico workflow.

3.4. Experimental validation

In order to provide a preliminary experimental evidence of the pi-
peline potential, we have randomly selected, among the complete list
(Additional File 2), a peptide sequence containing a putative B-cell
epitope (Additional File 9). The sequence was cloned and used to per-
form serological validation using sera from 11 mice infected or not with
T. vivax. Mice sera obtained after T. vivax infection significantly re-
cognized the peptide at 15 and 30 days post-infection. The results show
highly significant reactions, as compared to sera from non-infected
mice. Further experiments to test this, and preferentially a higher
amount of B-cell epitopes, with sera from wild animals infected or not
with T. vivax and other parasites are still required.

4. Conclusions

Here we present the first in silico linear B-cell epitope prediction and
characterization for South American and African T. vivax strains, based
on a complete bioinformatics pipeline designed to select the best pu-
tative species and strain-specific candidates for T. vivax diagnosis.
Parameter comparisons with positively tested T. cruzi peptides allowed
for the selection of a subset of T. vivax linear B-cell epitopes with high
diagnostic potential. The applied control set was based on a limited
amount of validated sequences due to the lack of equivalent data in the
literature, therefore, biases could be incorporated. Stringent criteria
were deliberately applied to provide a filtered list for more accessible
short scale validations, representing time and cost savings, even at the
cost of loosing true positives. The findings provided in this in silico
analyses require further and broader experimental validation in order
to specify its efficacy. Only preliminary experimental results could be
evidenced for a single peptide encompassing a selected B-cell epitope in
the current work, however, the usage of high scale experiments, such as
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high-density peptide arrays, would allow the validation of all the
thousands of putative linear B-cell epitopes provided in this study in a
single experiment. Proving the efficacy of the selected epitopes will
certify the pipeline and serve as a reference for additional searchers.
Finally, new transcriptomic data for the highly pathogenic T. vivax Lins
strain were made available and will be useful for further comparative
analyses.
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