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Abstract

Background Trypanosoma cruzi, the protozoan causing Chagas disease, is responsible for a neglected tropical
disease affecting millions in Latin America. Its genome contains rapidly evolving multigene families, such as mucins
(TcMUQ), trans-sialidases (TS), and mucin-associated surface proteins (MASP), which are essential for parasite
transmission and disease mechanisms. However, methodological challenges in genome assembly and annotation
have limited the characterization of these gene families, particularly MASPs.

Results We developed a bioinformatic pipeline for the automatic identification, characterization, and annotation

of MASPs directly from T. cruzi genome assemblies. This algorithm, based on a manually curated MASP database

and HMM-based identification of MASP diagnostic motifs, enables the robust classification of these molecules into
canonical MASPs, MASP-related molecules (mostly pseudogenes), and chimeric sequences combining MASPs and
TcMUC/TS genes. Validation against a rigorously annotated dataset demonstrated high accuracy, and allowed us to
reclassify misanotated sequences and, more crucially, to accurately identify previously unrecognized canonical MASPs
and MASP chimeras. This algorithm was then used to explore the MASP repertoire in the genomes of 13 parasite
strains from different evolutionary lineages, revealing patterns of diversity. For instance, Tcl and Tcll strains exhibited
higher ratios of canonical MASP/MASP-related molecules and a greater abundance of MASP chimeras, suggesting that
their genomes are under strong selective pressures towards maintaining a broader panel of full-length MASP genes at
the expense of pseudogenes. On the contrary, structural features of canonical MASPs, MASP-related sequences, and
MASP-chimeras were largely conserved across parasite genomes.
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Conclusions This novel pipeline automates the annotation of MASPs, a key surface protein family unique to T. cruzi,
improving genome annotation and enabling robust comparative analyses. It provides an essential tool for exploring
the evolutionary dynamics of multigene families in T. cruzi and could be extended to other gene families.

Keywords Trypanosoma cruzi, Mucin-associated surface proteins (MASP), Hidden Markov Models (HMM), Molecular

signatures, Genome annotation

Background

Chagas disease is a zoonosis of great medical and socio-
economic importance, caused by the protozoan Try-
panosoma cruzi [1]. In endemic Latin American areas,
infection with this parasite occurs mainly by the vecto-
rial route, i.e., through contact of mucous membranes or
wounds with the feces of infected hematophagous triato-
mine bugs. However, humans can also become infected
with T cruzi through ingestion of tainted food and fluids,
contaminated blood transfusion or organ transplanta-
tion, and from mother-to-child during pregnancy/deliv-
ery. Current chemotherapy is only effective in acute cases
and may display severe side effects, hence pressing the
need to identify new potential diagnostic and therapeutic
targets [2].

T. cruzi presents a highly structured population, with
multiple strains showing differential eco-epidemiologi-
cal features and extensive genetic/phenotypic diversity
[3]. Certain studies have also shown a partial correlation
between the parasite genotype and the clinical course
of the infection [3, 4]. Biochemical and genetic typing
schemes converged in the delineation of 7 evolutionary
lineages or discrete typing units (DTUs), named TcI to
TcVI and TcBat [5]. Tcl, Tcll, Tclll and TcIV have more
ancient origins whereas TcV and TcVI are clusters of
hybrid strains, the product of relatively recent genetic
crosses between Tcll and TclIl parentals. The seventh
DTU named TcBat is genetically affiliated to Tcl, and has
been mostly found in neotropical bats [3].

The first draft of the T cruzi genome (CL Brener clone,
TcVI) was produced in 2005, using Sanger technology [6].
The resultant genome revealed a great complexity, with
over 50% of the parasite genome lacking synteny, i.e.,
conservation of gene order and disposition, with those of
phylogenetically related organisms such as Trypanosoma
brucei and Leishmania major [6]. Due to its repetitive
nature, the T. cruzi genome determined a highly frag-
mented assembly, in which chromosome number and
structure could not be obtained [6]. In 2009, however, a
total of 41 large contigs (‘pseudo chromosomes’) for each
haplotype could be assembled using BAC end sequences
and synteny maps with the 7. brucei genome [7].

More recently, the application of next-generation
sequencing (NGS) methods based on long reads, such
as PacBio and nanopore sequencing, has significantly
improved T. cruzi genome assembly [8—13]. In particu-
lar, these technologies allowed for the resolution of the

non-syntenic fraction of the genome, which was found to
segregate from the syntenic or “core” compartment based
on gene composition and GC content, leading to its des-
ignation as the “disruptive” compartment [8]. The latter,
turned out to be enriched in repetitive sequences, mainly
represented by highly evolving gene families made up of
tens or hundreds of alleles with varying degree of poly-
morphism [7, 14, 15]. These code for virulence factors
that play pivotal roles in parasite-host interaction such as
mucins (TcMUQ), trans-sialidases (TS), Gp63, Dispersed
Gene Family-1 (DGF-1), Serine-, Alanine-, Proline-rich
proteins (SAP) and Retrotransposon hot spot proteins
(RHS) [14, 16, 17]. Structural features of the T. cruzi
genome were found to correlate with its genomic archi-
tecture and epigenetic modifications [18-20].

Sequencing of the T. cruzi genome also revealed a large
and novel family of polymorphic sequences (>1,300
copies), which were termed mucin-associated surface
proteins (MASP) because they were found to be prefer-
entially linked to TcMUC genes [6]. Subsequent genetic
sequencing and annotations of strains belonging to the
DTUs Tcl, Tcll and TcVI yielded from 1,045 to 1,398
MASP sequences per genome [8, 10, 11]. As verified for
TcMUC, MASP expression is largely coordinated from
multiple Joci and up-regulated on infective, trypomas-
tigote forms [15, 21-25]. MASP deduced products are
characterized by the presence of flanking regions coding
for a signal peptide (SP) and a glycosylphosphatidylino-
sitol (GPI)-anchoring signal, a diagnostic feature of T
cruzi surface-associated molecules [26]. Likely due to
their key role in MASP surface disposition, these flanking
regions are under strong selection pressure against diver-
sification. Within the central region, however, MASP
proteins display a mosaic-like structure, made up of strik-
ingly variable and repetitive, 8 to 50 amino acid (aa)-long
sequence blocks shuffled among its members [6, 15, 27].
These central regions display a biased aa composition
and are predicted to undergo substantial post-transla-
tional modifications, including phosphorylation and gly-
cosylation [28-30]. Functional studies, though restricted
to a few molecules, have shown that surface-displayed
MASPs may be involved in the engagement with host cell
receptors, thereby contributing to parasite invasion [31,
32].

From a genetic standpoint, the MASP mosaic-like con-
figuration suggests that new variants majorly emerge via
recombination, either between alleles showing partial
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sequence conservation or within a single Jocus due to
the fairly common presence of repeated sequences [13,
15]. Retrotransposon-like elements frequently found
in MASP loci vicinities may also play a role in this phe-
nomenon, most likely by promoting the occurrence of
DNA lesions [13, 33, 34]. Though not proven, the idea
of recombination as the driving force in MASP evolu-
tion finds additional support in (i) the presence of mul-
tiple pseudogenes; and (ii) the identification of chimeras
showing sequences from MASPs and other gene families
such as TS, TcMUC or SAP [6, 15]. Further accumulation
of point mutations and/or indels, particularly in the cen-
tral and mature region of MASP molecules, contribute to
increase their inter-allelic diversity.

Independently of the underlying mechanisms of
evolution, amplification and diversification of MASP
sequences, and of the multigene families in general,
seems to be an adaptive trait of the T. cruzi genome [35,
36]. In this framework, studies aimed at assessing the
differences in their dosage and extent of allele variation
across strains are expected to provide relevant insights
into parasite biology and pathogenesis. However, only
a few of such studies, and limited to a short number of
genomes, were so far undertaken. More importantly,
these studies were often biased by methodological con-
straints, as they compared genomes assembled using
different sequencing technologies and annotated using
different protocols, most of which migrate errors intro-
duced at the time of CL Brener genome annotation, thus
creating a negative feedback loop [8, 9, 11-14, 35, 37]. To
tackle this issue, a new Illumina read-based methodol-
ogy was recently developed. This approach relies on the
counting of short sequences (~30 nt-long) diagnostic of
each gene family, and is thereby independent of allele-
specific read mapping and of de novo genome assembly
and annotation [38]. Implementation of this method
allowed for a more accurate estimation of differences in
copy number and sequence variability of MASP, TcMUC,
and TS genes among T. cruzi strains [38]. Unfortunately,
intrinsic limitations of the method, i.e. impossibility of
sorting genes from pseudogenes and/or chimeras, nar-
rowed the appreciation of the entire genetic landscape of
these multigene families.

In this work, we introduce an automatic algorithm
designed for the identification, classification and anno-
tation of MASPs directly from 7. cruzi genome datasets.
This algorithm leverages a combination of bioinformatics
and molecular parasitology strategies, and may be easily
extended to the study of other T cruzi multigene fami-
lies. This gene annotation-independent approach lays
the foundation for robust comparative and evolutionary
genomics studies in this relevant pathogen.
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Methods

Database compilation, curation, and protein analysis
MultiFASTA files containing annotated proteins from 7.
cruzi Brazil A4 and TCC strains, available in the public
database TriTrypDB [39], were compiled. Python scripts
were used to filter sequences based on the information
provided in their headers, selecting those that contained
the acronym ‘MASP. Redundant sequences were identi-
fied by GenomeTools using the sequniq command [40].
Protein alignments were generated in Clustal W and visu-
alized in Jalview [41, 42]. Divergent MASP sequences,
characterized as those lacking a defined terminal end—
either due to being chimeric, truncated, or associated
with potential pseudogenes—were manually identified
in the alignments and either discarded or edited prior to
inclusion in the final database. Additionally, sequences
containing the MASP GPI signal but extending down-
stream due to stop codon shifts were included. To vali-
date these cases, raw genomic data were mapped to
the corresponding contigs using Artemis v.17.0.1 [43]
confirming frameshifts and the absence of stop codons
within the reading frame of the annotated MASP
sequence. The presence of functional SP and GPI signals
was assessed using the SignalP 6.0, predGPI and NetGPI
1.1 servers [44, 45]. The aa composition of sequences was
calculated using a custom Python script. To validate the
novel MASP sequences, multiple sequence alignments
were conducted using MAFFT v.7 [46] (web interface)
with the BLOSUM45 scoring matrix and leaving all the
remaining parameters as default values. The resulting
alignment was encoded using the same scoring matrix,
processed through custom Python scripts. Principal
component analysis (PCA) was then performed on this
encoded data using the PCA tool available in the scikit-
learn library [47]. The MASP database used for com-
parative purposes included the 1,249 curated sequences
from the TCC and Brazil A4 strains. Putative parental
sequences for MASP-chimeras were identified through
BLASTn (default parameters) analysis against the avail-
able T. cruzi database, selecting the best hits based on
the lowest Evalues. Chimerization events were further
analyzed using RDP4 v.4.101 [48], with default param-
eters, by gene-wide pairwise comparison between
MASP-chimeras and putative parental sequences. For the
generation of TcMUC and TS databases, the same cura-
tion pipeline described for MASP was employed. In these
cases, annotated MultiFASTA files from TCC, Brazil A4
and CL Brener strains were compiled and sequences con-
taining the acronyms ‘trans-sialidase’ and ‘TcMUC’ on
their headers were selected.
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Identification of molecular signatures and generation of
probability matrices

N- and C-terminal ends (30 and 40 aa, respectively) from
MASPs, TS or TcMUC sequences included in curated
databases were extracted separately, filtered by redun-
dancy using GenomeTools and aligned with ClustalW.
For MASPs, repeated sequences from the conserved N-
and C-terminal ends (23 and 35 aa, respectively) were
filtered out by redundancy, re-aligned and the aa vari-
ability assessed using probability matrices generated with
PyHMMER 0.10.14 [49]. For TcMUC and TS, Regular
Expressions (RegEx) were generated upon tables with
aa per position using a custom Python script. Sequence
logos were created using WebLogo3 [50].

MASP classification algorithm assembly and annotation
pipeline

The algorithm was developed using Python 3.11.5,
incorporating the Pandas 1.4.2 and PyHMMER 0.10.14
libraries. The pipeline consists of several modules, each
designed for specific tasks in the assembly and annota-
tion process. The annotation module takes any protein
multiFASTA file and processes it to search for MASP
molecular signatures as described below. Since genomic
datasets were the main target of our analysis, a pre-pro-
cessing pipeline is previously executed to find, extract,
translate, and compile ORFs>120 bp from genomic
assemblies into a multiFASTA file. This task is performed
using the GetORF tool from EMBOSS [51], with the fol-
lowing settings: -find 1; -minsize 120. The multiFASTA
file containing the translated ORFs is then used as input
for our annotation program. The algorithm first takes
each ORF and scrutinizes it for internal Met residues that
could define shorter polypeptides. The ORF predicted by
GetORF and the set of ORFs derived from it (and being
>40 aa), are compiled in a multiFASTA file as members
of the same ‘holo-ORF. It must be noted that all ORFs
belonging to the same holo-ORF are encoded in the same
frame and share the same STOP codon. Information
for each holo-ORF (sequences, genomic coordinates)
is also stored. In the second step, each ORF is scanned
for MASP diagnostic motifs within its N- and C-termi-
nal regions (30 and 40 aa, respectively) using probability
matrices generated with PyHMMER. Based on this analy-
sis, ORFs are classified as ‘M ASP’ (if motifs are present at
both termini), ‘M ASP-related’ (if a motif is found at either
terminus), or ‘non-MASP’ (if motifs are absent at both
termini). MASP-related molecules are re-scanned on
their terminal ends, now looking for TcMUC or TS spe-
cific signatures. In case of positive results, they are classi-
fied as ‘M ASP-chimera’; otherwise, they remain classified
as ‘M ASP-related’ To prevent overestimation, we imple-
mented a hierarchical ranking system to annotate one
ORF per holo-ORF: (i) MASP; (ii) MASP-chimera; (iii)
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MASP-related and (iv) Non-MASP. The ORF with the
highest-ranked classification is annotated at the corre-
sponding genomic position. In cases where the highest-
ranked classification is shared by two or more members
of the same holo-ORE, the longest sequence is selected
for annotation. To further prevent overestimation, if two
MASP-related sequences are located on the same DNA
strand, within less than 1,800 bp of each other -which
approximates the maximal length observed for annotated
MASP genes [8, 11]- and one sequence contains only
the N-terminal motif while the other contains only the
C-terminal motif, they are considered parts of the same
sequence. These sequences are concatenated, generat-
ing a single sequence that possesses both MASP termini
and classified as “M ASP-related” The algorithm produces
several outputs:

1. Comprehensive CSV Table: Contains detailed
information for each sequence, including identifiers,
genomic coordinates, strand orientation, final
classification, N- and C-terminal types, E values, and
bit scores for each MASP match.

2. multi-FASTA and GFF Files: Lists sequences
according to their MASP classification—MASP,
MASP-related, and MASP-chimeras.

3. multi-FASTA File of Holo-ORFs: Includes all holo-
ORFs generated by the algorithm.

4. README File: Summarizes user-provided
information and presents the final count of classified
MASP types.

Evalue and bit score cutoff settings

We separated the annotated proteins from the T. cruzi
Dm28c strain [40] into two categories “M ASP” and “non-
MASP” according to their existing annotations. The
complete proteome was combined with 90,000 random
peptides (70 aa-long each) in a multiFASTA file. These
peptides were generated using a custom Python script
and labeled as ‘non-MASP’ and created randomly with-
out any specific selection criteria. The generated peptides
and the Dm28c proteins were analyzed exclusively using
the HMMER module, omitting the internal methionine
(Met) scanning step described earlier. Default parameters
were applied (E value<10; bit score>0). The HMMER
search was restricted to the N-terminal (first 30 aa) and
C-terminal (last 40 aa) regions of each input sequence.
For each match, the E value and bit score were recorded
and plotted using GraphPad Prism v8.0.2. Based on these
plots, optimal cutoff values were established manu-
ally: for the N-terminal region: E value<107> and bit
score>25, and for the C-terminal region: E value <107’
and bit score > 30.
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Complete genomes

Genomes of T. cruzi isolates Brazil A4 (Tcl), Dm25 (TcI),
Dm28c (Tcl), Bug2148 (Tcl), Berenice (TclI), YC6 (TclI),
TCC (TcVI), Tula cl4 (TcVI) and of T. brucei Lister 437
strain were retrieved from NCBI (https://www.ncbi.nlm
.nih.gov/genome) and TritrypDB (http://tritrypdb.org/tr
itrypdb). For the evaluation of the algorithm, the Dm28c
-version 66- annotated protein and GFF files were used.
Though initially reported as TcV [52], multiple evi-
dences indicate that Bug2148 belongs to Tcl [53-56]. We
also included in the analysis the genomes of T. cruzi RA
(TcVI), which was recently obtained at IIBio-UNSAM/
CONICET using PacBio RSII technology (Balouz et al.,
unpublished data), and the genomes of T. cruzi Merjo
(TclIIl), MT3663 (TcIIl), Jose Julio (TcIV) and BolFc10A
(TcV), which were sequenced at the Instituto Pasteur
using PacBio and Nanopore technologies (Greif et al.,
unpublished data). A list of manually identified Dm28c
MASP pseudogenes was kindly provided by Florencia
Diaz-Viraqué (Institut Pasteur de Montevideo, Uruguay).

Results

An algorithm for MASP identification, classification and
annotation

In order to identify MASP diagnostic molecular signa-
tures, we started by generating a MASP database from
the T. cruzi Brazil A4 and TCC isolates. These strains
represent different parasite DTUs (Tcl and TcVI, respec-
tively), with high-quality genomes [8, 11]. Due to its
hybrid nature (bearing Tcll-like and TcllII-like haplo-
types), the inclusion of TCC was expected to contribute
further to the diversity of the database. Indeed, from the
total of 1,423 MASPs initially retrieved, 941 were from
TCC and 482 from Brazil A4 (Table 1 and Additional
Table 1).

After redundancy filtering, unique sequences were
aligned and those showing evident structural divergence
were pinpointed. Some of them presented deletions or
truncations, which preferentially affected their C-termi-
nal region. They were more frequent in Brazil A4 (n=90,
17.6%) than in TCC (=15, 1.6%), and all of them were
discarded (Table 1). Other divergent sequences (n =42, all

Table 1 Generation of MASP database
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from TCC) displayed the insertion of a peptide of vari-
able length upstream of the conserved sequence block at
the N-terminal end of most MASPs (Additional Fig. 1).
These were manually edited, i.e. the N-terminal end was
removed and an internal Met residue that coincides with
the one determined as the initial for the bulk of MASPs
was assigned as the translation initiation site. Following
the N-terminal editing, neo-sequences were predicted to
have gained a functional SP, hence supporting the validity
of this procedure (Additional Fig. 1).

Although in smaller numbers, we also identified MASP
sequences (n=5, all from Brazil A4) that exhibited a
slightly divergent C-terminus. A closer inspection of their
DNA sequences revealed that these MASPs turned out
not to be actual sequences but artifacts generated dur-
ing genome annotation [11], and were therefore excluded
from our database (Table 1). Finally, and considering the
proposal of chimeric MASPs [6, 15], the N- and C-ter-
minal ends of sequences showing polymorphisms at
these otherwise highly conserved blocks were subjected
to BLAST analysis against the parasite protein database.
This exercise revealed 30 MASPs displaying>90% iden-
tity with members of TcMUC or TS at either terminal
end, which were also removed (Table 1 and Additional
Fig. 1).

Our final set of MASPs included 1,249 sequences, 877
from TCC and 372 from Brazil A4 (Table 1 and Addi-
tional Table 1). These molecules bore as low as ~20%
sequence identity between them, though they were uni-
fied by certain structural features. The length range and
aa composition, for instance, were very similar between
strains, and closely matched those calculated for an inde-
pendently annotated MASP dataset (Additional Fig. 1)
[11]. In addition, all of them showed the typical modular
design of T. cruzi MASPs, with highly conserved N- and
C-ends and a strikingly variable central region (Addi-
tional Fig. 2). Considering this general structure, genera-
tionof molecular signatures was focused on the terminal
regions. To that end, sequences from the N- and C-end
of each protein were extracted and compiled in separate
lists, both of which were then filtered for redundancy and

Step Procedure TCC Brazil A4 Total
Collection of sequences Extraction of ‘MASP’annotated sequences 941 482 1,423
Curation of divergent sequences Redundancy 30% 9* 39%
Truncations/deletions 15% 85*% 100%
N-terminal extensions 4% 0 4%
Terminal frameshifts 0 5% 5%
Chimeras 19% 1% 30%
Final database 877 372 1,249

* These sequences were not included in the final MASP database

** These sequences were manually edited and included in the final MASP database
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aligned to generate probability matrices using HMMER
(Additional Fig. 2).

To enable the algorithm to not only identify MASPs but
also detect MASP chimeras, we also looked for molecu-
lar signatures in the flanking regions of TcMUC and
TS. Briefly, we generated curated databases for TcMUC
and TS molecules following basically the same protocol
described above (Additional Files 1 and 2). These data-
sets were independently aligned and sequence logos
were derived from terminal ends (Additional Figs. 3 and
4). At variance with what has been observed in MASPs,
TcMUC and TS molecules presented more variability in
their flanking regions, which allowed for the formation
of several homology groups. Maximal heterogeneity was
found in the C-terminal region of TS, upon which 9 clus-
ters could be defined (Additional Fig. 4). Based on these
sequence clusters, TcMUC and TS molecular signatures
were generated using RegEx. Of note, and despite some
extent of overlapping, our grouping of TcMUC and TS
based on their flanking regions did not exactly match
previous attempts of clusterization of these families
based on whole-sequence alignments [57-59]. A diagram
showing the collection and curation of MASP, TcMUC
and TS sequences, and the generation of molecular sig-
natures upon them is presented in Fig. 1A.

When implemented on protein datasets, the algo-
rithm directly takes input sequences and scans them for
MASP signatures. Considering MASP overall structure
(Additional Fig. 2), the search space was restricted to 30
and 40 aa from the N- and C-terminal regions, respec-
tively. Proteins showing hits at both ends are classified as
‘MASP; whereas those yielding double negative results
are classified as ‘non-MASP’ In a third possible scenario,
proteins may be recognized as MASP solely by one end.
Such molecules are annotated as ‘M ASP-related’ and re-
scanned on their terminal ends, now looking for TcMUC
or TS specific signatures. In the case of positive results,
they are classified as ‘M ASP-chimera’; otherwise, they
remain classified as ‘M ASP-related’ (Fig. 1B).

We also developed a module for MASP identification
and classification directly from genome assemblies. On
a first step, ORFs>120 bp are identified throughout the
dataset, translated and compiled using the GetORF tool
from EMBOSS. The resulting file is used as input of the
algorithm, and each translated ORF is next scrutinized
for Met residues that could mark the initial position of
internal, shorter polypeptides. The original ORF pre-
dicted by GetORF and the set of ORFs>40 aa derived
from it, are compiled as members of the same ‘holo-
ORF. On a second step, each ORF is scanned for MASP
diagnostic motifs in its flanking regions (and eventually
for TcMUC/TS signatures) and classified as described
above. Following the assessment of all ORFs, classifica-
tions obtained by the members of the same holo-ORF
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are ranked using the following hierarchical order: (1)
MASP, (2) MASP-chimera, (3) MASP-related, (4) Non-
MASP. The ORF displaying the best ranked classification
is annotated in the corresponding genomic position. In
cases where the best ranked classification is shared by
two or more members of the holo-ORE, the longest of
them becomes annotated (Fig. 1B).

Calibration of the algorithm parameters

The resolution power of our algorithm relies on the
positive/negative recognition of signatures within input
sequences, which in turn depends on the established
homology cutoffs. Therefore, we first calibrated HMMER
parameters (E value and bit score) by assessing the accu-
racy of predictions on the annotated proteome of the T.
cruzi Dm28c strain [8]. For simplicity, we re-categorized
this well-defined dataset, made up of 15,319 proteins,
into two groups of molecules: MASPs (n=736) and non-
MASPs (n=14,583), the latter comprising all annotated
proteins with no reference to ‘M ASP’ in the header and/
or description. To simulate more stringent conditions,
such as those encountered when evaluating genomic
datasets, we supplemented the non-MASP group with
70 aa-long random peptides (7=90,000). The flanking
regions of each sequence from either group were evalu-
ated using HMMER default parameters (E value cut-
off <10; bit score >0), and the E value and bit score of the
actual matches were informed.

For the N-terminus, 673 out of 736 MASPs (91.4%)
yielded positive results, with mean E values of 6.3 x 10™*
and mean bit scores of 53.89 (Fig. 2). Manual inspection
of the 63 apparent ‘false negative’ results, i.e. sequences
annotated as MASPs but not identified by our algorithm
through N-terminal scanning, revealed that they corre-
spond either to chimeras (n=12), all of them displaying
a typical TcMUC N-terminal region and a MASP C-ter-
minus, or to MASP sequences likely translated from a
premature START codon (n=>51), similar to those found
during database curation (Table 1 and Additional Fig. 1).
As for the 104,583 non-MASP sequences (14,583 pro-
teins from Dm28c+90,000 random peptides), only 1 of
them yielded a positive match (Fig. 2). This corresponded
to a chimera displaying MASP N-terminal region and
TS C-terminal domain, that has been annotated as TS
(Fig. 2, inset 1).

A larger fraction of MASPs (725/736, 99%) were rec-
ognized by the C-terminus (mean values of 2.65x 10"
and 71.21 for E value and bit score, respectively; Fig. 2).
Of the 11 apparent ‘false negatives, 4 turned out to be
MASP-chimeras displaying TS C-terminal sequences,
3 corresponded to MASP sequences truncated at
their C-terminal region and the remaining 4 to MASP
sequences displaying an insertion downstream of the
GPI-anchor motif. In addition, 1 of the 725 positive hits
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showed very poor scores (Fig. 2). A closer inspection of
this sequence revealed a MASP molecule with a diver-
gent C-terminal region, which is nevertheless predicted
to encompass a functional GPI-signal (Fig. 2, inset 2).
Further analysis of genomic sequences allowed us to
identify part of the canonical MASP C-terminal signa-
ture and the STOP codon in a different reading frame
(Fig. 2, inset 2). This finding suggests the occurrence
of a ‘terminal’ frameshift, caused by a sequencing error
and/or a single nt indel, underlying the variability of this

allele. A similar phenomenon could be invoked to explain
the above-mentioned 4 MASP sequences displaying an
insertion downstream of the GPI-anchor motif, and also
the 5 discordant Brazil A4 MASPs identified during data-
base curation (Table 1). Out of the 104,583 non-MASP
proteins, 13 (0.01%) were recognized by the MASP C-ter-
minal signature, though with very poor homology scores
(E values>1 and bit scores <10, Fig. 2). These ‘false posi-
tives’ corresponded to TS, Gp63 or TASV [60] sequences
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displaying a GPI-anchoring motif with a rather similar
structure to that of MASPs (Fig. 2, inset 3).

Based on these results, we established the follow-
ing cutoff values for our HMMER searches: N-terminal
region, E value<107® and bit score>25; C-terminal
region, E value<10~7 and bit score>30 (Fig. 2). Disre-
garding erroneous annotation cases already discussed,
these cutoffs allowed the algorithm to perform with max-
imal accuracy (100% sensitivity and 100% specificity) on
the Dm28c annotated proteome while, at the same time,

they are not so stringent as to preclude the capture of
MASP diversity.

Evaluation of the algorithm

We next assessed the overall functioning and output of
the algorithm by carrying out de novo MASP identifica-
tion and classification upon the genome of the Dm28c
strain. As was the case for TCC and Brazil A4 strains, this
is a high-quality genome, obtained using NGS technolo-
gies [8, 11]. Importantly, this genome has been solved
using PacBio, based on long-reads technology, which
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results in less collapsing of repetitive regions and multi-
gene families (such as MASPs) during the assembly.

A total of 303,265 ORFs were de novo identified by
GetORF on the Dm28c genome. Each ORF was further
expanded to a holo-ORF through internal Met scan-
ning, thereby broadening the repertoire of sequences to
be evaluated, and each holo-ORF was finally classified
as MASP, MASP-related, MASP-chimera or non-MASP
as described above (Fig. 1B). This classification was then
contrasted with the complete annotated dataset from
Bern4 et al. [8], which consisted of 736 MASPs and 18,210
non-MASPs. The latter included 14,583 non-MASP pro-
teins, 1,629 pseudogenes and 1,998 sequences display-
ing other types of annotations such as tRNAs, ncRNAs,
rRNAS, transposons, etc. For a better comparison, a set
of manually identified MASP pseudogenes (n=249) was
included in the analysis as a separate category.

From the 790 MASPs identified, 713 have been already
annotated as MASPs (and at the same genomic coordi-
nates), whereas 77 were ‘novel, rescued either from the
non-MASP pool (n=4), the non-annotated fraction of
the genome (n=1) or, mainly (n=72), from the set of
MASP pseudogenes (Fig. 3A). Further characteriza-
tion of the 77 ‘novel’ MASPs showed that they bear the
overall structure (length, aa composition) of canonical
MASPs (Fig. 3B). A principal component analysis (PCA)
also revealed that the novel MASP sequences cluster with
sequences from our curated MASP dataset, suggesting
the presence of related molecules in the TCC and/or Bra-
zil A4 strains (Fig. 3B). However, PCA results should be
taken cautiously due to the limitation of the represented
variances. Further details of these novel Dm28c MASPs
are provided in Additional Table 2.

Our algorithm also allowed for the identification of 317
MASP-related molecules in the Dm28c genome (Fig. 3A),
which presented a different overall structure than canoni-
cal MASPs (Fig. 3C, left panel). Most of them were found
in the non-annotated fraction of the genome (n=141) or
were listed as MASP pseudogenes (n=130), with only a
minor fraction (n=23) coming from the non-MASPs
pool. In addition, 23 MASP-related sequences identified
by our algorithm have been annotated as MASP by Berna
et al. (Fig. 3A), hence warranting further inspection. A
closer look at these sequences supported our ‘MASP-
related’ classification: 8 of them presented C-terminal
truncations (and thereby lacked a functional GPI anchor)
and the remaining 15 corresponded to MASP-chimeras
(Fig. 3C).

As for the non-MASPs, we found 43 minor ‘discrep-
ancies, i.e. sequences classified as non-MASP by our
algorithm that were included in the list of MASP pseu-
dogenes (Fig. 3A). Though not further analyzed, these
may correspond to heavily corrupted MASP sequences,
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displaying remnants of the central and mature region but
lacking recognizable terminal signatures.

A total of 27 MASP-chimeras were identified by our
algorithm, either among MASP genes (n=15, see above),
MASP pseudogenes (n=10) or the non-MASP pool
(n=2). One of the latter corresponded to the MASP-
chimera displaying a typical TS C-terminal domain and
annotated as TS previously described (Fig. 2, inset 1).
Notably, the configurations of Dm28c MASP-chimeras
were not random: TcMUC signatures (# = 15) were invari-
ably detected at the N-terminus and always involved the
most abundant type of N-terminal TcMUC motif (#2,
Additional Fig. 3). TS signatures (n=12), on the other
hand, were always found at the C-terminus of MASP-
chimeras, and corresponded to TS C-terminal motifs #8
or #9 (Additional Fig. 4), which largely corresponded to
previously described TS groups IV and V [58].

To get further insights into MASP-chimeras, we per-
formed genome-wide BLAST searches using these
sequences as bait. For two of them (one TcMUC-MASP
and one MASP-TS), a detailed similarity analysis with
putative ‘parentall MASP and TS/TcMUC sequences
retrieved in our screenings was undertaken. Both MASP-
chimeras display a mosaic structure, with TS/TcMUC
sequences extending well into the central region of the
molecule (Fig. 3D).

Assessing MASP diversity in T. cruzi

We finally used our algorithm to explore the global
diversity of the MASP family in T. cruzi. NGS genomes
sequenced using long-read-based methodologies from
13 parasite isolates from six major DTUs were analyzed
using the pipeline described in Fig. 1B. As a control, we
also scanned the T. brucei Lister 437 genome. Though
devoid of MASPs, the T. brucei genome is rich in SP-
and/or GPI-containing molecules that may display struc-
tural resemblance to MASP terminal signatures [61].
For each genome, ORFs were de novo predicted, further
expanded to holo-ORFs through internal Met scanning
and classified.

E values and bit scores obtained for every match found
in each set of classifications (MASP, MASP-related and
non-MASP molecules) is provided in Fig. 4. Notwith-
standing subtle differences, all these profiles (value
ranges, mean/median values, dispersion of the data)
were highly conserved across T. cruzi strains. This trend
applied to Tcl and TcVI isolates, i.e. strains bearing gen-
otypes ‘related’ to the genomes used to assemble our
MASP database, as well as to those bearing more distant
genotypes such as Berenice (TclIl), YC6 (TcllI), Merjo
(TclIIl), MT3663 (Tclll), Jose Julio (TcIV) and BolFc10A
(TcV). Though preliminary, these findings suggest that
most of the variability of MASP terminal regions was
contemplated in our curated repository, and hence in the
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(See figure on previous page.)

Fig. 3 Evaluation of the algorithm. (A) Total counting of MASP classifications on the genome of the Dm28c strain as assessed by our algorithm and by
Berna et al. (2018) [8]. The percentage of agreement between classifications is indicated with a color scale. MASP-chimeras are indicated between paren-
theses, as part of the algorithm-predicted MASP-related group. (B) Novel MASPs identified in the Dm28c genome (n=77) display quite similar structure
(functionally predicted SP and GPI are highlighted in green) (i) and aa composition (i) than Dm28c MASPs previously annotated by Berna et al. (n=713),
and to those comprised on our curated MASP database (n=1,249). The abundance of each aa was determined by summing its total occurrences across
the MASP sequence and dividing the result by the sequence length and expressed as percentage. iii) PCA analyses showing the relationship between
MASP proteins from our curated database (gray dots) and novel MASP proteins found in Dm28c (blue dots). (C) Schematic illustration of the structure
and length-range of canonical MASP, MASP-related molecules and MASP-chimeras found in Dm28c. SP, Signal peptide; GPI, GPl-anchoring signal. (D)
Sliding-window Simplot graphs showing changing patterns of sequence similarity between MASP-chimeras (C4B63_33g47, left, C4B63_100g73, right)
and putative ‘parental’ MASP, TS and TcMUC genes. Simplots were generated using sequence alignment of the three indicated genes with a window size
of 200 nt and a step size of 20 nt. Diagrammatic representations of the ensuing MASP-chimeras are shown above each panel. Breakpoint confidence
intervals (99%) are indicated in gray, and the track of the 'non-MASP’ part of the sequence is highlighted in pink

HMMER matrices derived thereupon. More interestingly,
our results also revealed close similarity between the
data profiles recorded for MASP and MASP-related mol-
ecules, independently of the strain and/or the signature
analyzed in Fig. 4). These findings suggest that the secre-
tory signals for both kinds of molecules are under similar
selection pressures against diversification.

Though more heterogeneous, the profiles recorded for
non-MASPs were also similar among strains, and also
similar to 7. brucei which, as expected, yielded only non-
MASP classifications (Fig. 4). These non-MASP matches
were notably reduced in numbers and, most importantly,
they presented much worse homology scores as com-
pared to those of MASP and MASP-related molecules
(Fig. 4). As shown, the vast majority of E values and bit
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Fig. 4 Diversity of MASP signatures found in T. cruzi. ORFs were de novo predicted upon the genome of the indicated T. cruzi strains, evaluated by our
algorithm and annotated accordingly. Individual £ values and bit scores of MASP signatures at the N- or C-terminal region of each classification group
(MASPs, MASP-related or non-MASPs) is shown. For each data population, the median + interquartile range for the £ values and the mean +SD bit scores
are also shown. The cutoffs established during the calibration of the algorithm are indicated with dotted lines
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scores recorded for non-MASP matches from every pop-
ulation fell well below the cutoffs established during the
calibration of the algorithm (indicated with dotted lines).
Moreover, the few that displayed ‘positive’ bit scores were
still classified as non-MASP due to ‘negative’ E values,
thus reinforcing the importance of in parallel evaluation
of both homology parameters during HMMER searches
(Fig. 4).

The total counting of MASP classifications obtained
from the genomes is shown in Fig. 5A; Table 2. Even
though quantitative/qualitative differences on the MASP
repertoire among strains may be due in part to differ-
ences in the accuracy of genome sequencing and/or
assembly, certain strain- or DTU-specific patterns may
be appreciated. For instance, and as previously suggested
[8, 9, 11, 37], hybrid DTUs (TcV and TcVI) displayed a
higher MASP dosage (including MASPs, MASP-related
and MASP-chimeras) as compared to Tcl, Tcll, TcIII and
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TclV lineages. These dosages ranged from 1,307 to 1,511
sequences in TcV/TcVI to 952-1,469 sequences in ances-
tral DT Us (Table 2). However, it should be noted that this
trend was reversed after normalization by genome size.
As shown in Table 2, hybrid strains, except for Tula cl4
(26.97 sequences/Mb), exhibited lower MASP densities
than ancestral TcI-TcIV strains (16.55-19.88 vs. 20.78—
23.63 sequences/Mb). Of note, ancestral strains Dm25
(Tcl, 17.47 sequences/Mb) and MT3663 (Tclll, 17.22
sequences/Mb) displayed M ASP densities well within the
range observed for hybrid strains (Table 2).

With the aim of conducting an exploratory qualita-
tive study, we analyzed the MASP/MASP-related ratios
across DTUs. Tcl (except for Brazil A4) and Tcll strains
displayed the highest MASP/MASP-related ratios (1.79—
2.72) (Table 2). TcIIl and TclV strains, on the other hand,
presented much lower MASP/MASP-related ratios
(ranging from 0.58 to 0.67), whereas hybrid TcV and TcVI
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Fig. 5 MASP diversity in T. cruzi. (A) Dosage (relativised to genome size, in Mb) of MASP, MASP-chimeras and MASP-related molecules, as determined by
our algorithm on the genomes of the indicated T. cruzi isolates and the T. brucei Lister 437 genome. (B) Box-plots showing the length-range of MASP and
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Table 2 MASP repertoire in T. cruzi strains
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DTU Isolate Genome size (bp) MASP* MASP-chimera* MASP-related®* Non-MASP* MASP/MASP-related ratio
Tcl Dm25 84,079,963 1,029/1224 29/034 411/4.89 469,755/ 5,587.00  2.50
Bug2148 55,157,397 777 /14.09 21/038 432/7.83 306,597 /555858  1.80
Dm28c 53,271,887 790/ 14.83 27 /051 290/5.44 303,265/5,692.78 272
Brazil A4 45,556,784 534/11.72 17/037 428/9.39 256,507 /563049 1.25
Tcll Berenice 40,801,262 617/15.12 177042 318/7.79 225,861/553564 194
YCé 47,218,089 663 /14.04 16/0.34 317/671 268,520/5,686.80 2.09
Telll Merjo 55,977,494 477 /852 19/034 802/14.33 314,118/561151 059
MT3663 63,532,971 437/6.88 13/0.20 644 /10.14 358474/564233 068
Tclv Jose Julio 58,064,173 499/859 16/0.28 857/14.76 325978/5614.10 0.58
TeV BolFC10A 73,971,694 692 /935 18/0.24 761/10.29 413,732/5,593.11 091
Tevi Tula cl4 48,462,332 709/14.63 30/062 568/11.72 270,698 /5,585.74  1.25
TCC 87,060,361 904/10.38 27/031 600/ 6.89 473,826 /544250 150
RA 91,340,476 882 /9.66 277030 602 /6.59 468,041 /5,124.14 147
Tbrucei  Lister437 50,081,021 0/0 0/0 0/0 201,109/4,01567 NA.

*Values are expressed as dosages (above) and densities (in copies/Mb, below)

strains displayed an intermediate scenario, with MASP/
MASP-related ratios ranging from 0.90 to 1.51 (Table 2).
These findings suggest that the genomes of hybrid strains
compile the MASP allele repertoire from both parental
strains and, more importantly, that TcI and TclI lineages
are under strong selective pressures towards maintaining
a broader panel of full-length MASP genes at expenseof
MASP-related molecules (putatively pseudogenes).
A preliminary characterization of the complete set of
MASP and MASP-related molecules identified by our
algorithm revealed that they exhibit quite similar struc-
tural features across strains (Fig. 5B).

MASP-chimeras were detected in every analyzed
strain (Fig. 5A). In quantitative terms, Tcl and TclI iso-
lates showed the highest (0.34—0.51 copies/Mb) and
TcIll and TcIV had the lowest MASP-chimera densities
(0.20-0.34 copies/Mb). As verified for the MASP/MASP-
related ratios, hybrid strains showed intermediate values
of MASP-chimeras (0.24—0.31 copies/Mb) compared to
Tcll and TclII (Table 2). Of note, Tula cl4 (TcVI), which
showed an extremely high MASP dosage, also presented
the highest density of MASP-chimeras (0.62 copies/
Mb, Table 2). In qualitative terms, preliminary analyses
indicate that most (but not all) of the identified MASP-
chimeras displayed the same structural features as those
observed during database curation and algorithm evalu-
ation, i.e. TcMUC-MASP and MASP-TS arrangements
(Cepeda Dean et al., unpublished data). The comprehen-
sive evolutionary, structural, and functional character-
ization of the T. cruzi MASP repertoire across strains,
including MASP chimeras, is currently underway.

Discussion

The generation and upholding of MASP genetic variabil-
ity seems to be under strong selective pressure. Though
not experimentally proven, the display of variable MASP

molecules on the T. cruzi surface coat may contribute
in the undermining of the mammalian immune system
and/or in the exploration of a broad range of replication
niches [16, 22, 32, 62]. Indeed, functional studies carried
out on selected MASP molecules have shown that they
are involved in the engagement with host cell receptors
[31, 32]. In this framework, a deeper understanding of
the MASP repertoire, and of its diversity across parasite
strains, is expected to provide valuable insights into T.
cruzi biology and pathogenesis.

As a first step towards this goal, we herein undertook
the assembly of a MASP repository based on the anno-
tated proteomes of strains belonging to extant parasite
lineages (TCC and Brazil A4). The intrinsic diversity of
the MASP family and the lack of functional information
led us to adopt structural criteria to guide sequence cura-
tion: (i) positive prediction of functional surface localiza-
tion or secretion signals and (ii) length, aa composition,
and overall homology with currently known MASPs.
Within the set of collected MASPs we identified several
molecules exhibiting structural divergence, i.e. trunca-
tions, insertions or frameshifts. The levels of representa-
tion of each type of event were found to be strain-specific
and appear to be the result of annotation issues rather
than genomic evolution. For instance, a clear bias in the
frequency of artifactual sequences displaying atypical
C-terminal sequences was identified in the proteome of
Brazil A4, in which annotation was based on DNA-level
identity searches [11]. On the other hand, an enrichment
in MASP proteins lacking a functional SP was revealed
in the TCC proteome. These sequences were most likely
translated from a premature START codon, as they dis-
played a peptide of variable length upstream of the con-
served sequence block at the N-terminal end of most
MASPs. In addition, and as previously reported [6, 14,
15], both datasets contained putative chimeric MASPs.
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These molecules showed TcMUC or TS fingerprints at
their N- and C-terminal regions, respectively. No puta-
tive chimeric MASP with SAP or any other T. cruzi gene
family was observed.

As a result of this comprehensive curation protocol,
which incorporated bioinformatics tools and manual cor-
rections, we obtained a high-quality MASP protein data-
base that accurately represents the global diversity of this
family. This repository contains only 77.18% of the anno-
tated sequences in Brazil A4 and 84.82% of those in TCC,
further stressing the impact of errors introduced during
CL Brener genome annotation and the necessity for tools
that facilitate the accurate identification and classifica-
tion of MASPs.

Sequences from MASP conserved terminal blocks were
used to generate HMMER probability matrices. This
method detects homology by comparing a sequence with
an ad hoc constructed Hidden Markov model, thus allow-
ing a certain degree of flexibility and enabling positive
recognition of ‘novel’ MASP signatures, not strictly repre-
sented in the database [49]. In addition, HMMER provides
two independent scoring values (E value and bit score)
that can be fine-tuned to suit the specific goals of the
study. The relevance of using both parameters becomes
evident when analyzing complex datasets such as parasite
genomes, in which up to 5x10° holo-ORFs (represent-
ing>1x10° actual sequences) need to be evaluated. As
shown in Fig. 4, certain terminal sequences coming from
non-MASP molecules and exhibiting a bit score that met
the established cutoff criteria were nonetheless assessed
as false positives due to their lower-than-cutoff E values.

A major advantage of our algorithm is that every input
sequence is scanned at both terminal ends for the pres-
ence of MASP diagnostic motifs. This strategy enables
the robust identification of canonical MASPs, but it also
allows for the classification of novel categories, such as
MASP-related molecules and MASP-chimeras. In addi-
tion to contributing to a better understanding of MASP
diversity, the distinction of these novel classifications
(particularly MASP-chimeras) will pave the way for func-
tional studies on these potentially relevant molecules.
Indeed, our study shows that bona fide MASP-chimeras
with similar structural features can be found in every
analyzed strain, suggesting that they emerged early dur-
ing MASP evolution and were conserved across the para-
site lineages. Moreover, our molecular characterizations
strongly suggest that MASP-chimeras are genuine chi-
meric genes that emerged by recombination-mediated
event(s) between members of distinct multi-gene fami-
lies rather than by accumulation of mutations leading
to TS/TcMUC sequence convergence on their terminal
ends. Preliminary analysis of the 5" and 3’ UTR regions of
MASP-chimeras further support this hypothesis (Cepeda
Dean et al, unpublished data).
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As for the MASP-related molecules, and despite the
variety of sequences that can be found within this clas-
sification, it is worth noting that they mostly correspond
to pseudogenes, a major signature of multigene families
in trypanosomatids [33]. Interestingly, we found a close
similarity between MASP signatures present in MASP
and MASP-related molecules (Fig. 4), thereby suggest-
ing either a recent origin for MASP-related molecules or,
more likely, that their secretory signals are under strong
selection pressure against diversification. These findings
support the idea that MASP-related sequences are not
merely by-products of MASP evolution but rather an
additional reservoir of variability for the generation of
novel and functional variants.

In order to assess the overall functioning and output
of our algorithm, we applied our pipeline to the Dm28c
strain genome and compared the output with the previ-
ously annotated proteome [8]. Both methods exhibited
a high overall concordance. However, our results under-
scored the relevance of incorporating new classifications
into our algorithm, which enabled us to reclassify mis-
anotated sequences, e.g. MASP-chimeras and MASP-
related molecules within the pool of previously annotated
MASPs and, more crucially, to accurately identify 77 pre-
viously unrecognized canonical MASP.

The robustness of our algorithm allowed for the explo-
ration and classification of the MASP repertoire in dif-
ferent strains, representative of T. cruzi genetic diversity.
As previously reported, hybrid DTUs displayed a higher
overall dosage of MASP (i.e. canonical, chimeric and
related) compared to ancestral strains Tcl, Tcll, TcIII and
TclV [8,9, 11, 37, 38]. Nevertheless, when normalized by
genome size, hybrid DTUs (except Tula cl4) had lower
MASP densities compared to ancestral lineages. On this
basis, the observed differences in genome size (which
is larger in hybrid strains) are likely associated with the
sequencing technologies used and, mostly with the level
of resolution between the haplotypes, which is higher
in hybrid strains. In line with this, the nearly complete
and phase-assembled genome of Dm25 (Tcl) presented
a genome size well within the range of hybrid strains
(Table 2).

Tcl and Tcll exhibited higher MASP/MASP-related
ratios and a greater abundance of MASP-chimeras com-
pared to other DTUs, suggesting positive selection to
maintain functional MASP genes within these groups.
In contrast, Tclll and TclV strains exhibited the lowest
MASP/MASP-related ratios and a very modest content
of MASP-chimeras. A notable compartmentalisation was
observed in the TcIV strain, which displayed the high-
est MASP-related density and, consequently, the low-
est MASP/MASP-related ratio. Additional isolates from
TcIV are needed to draw definite conclusions. With the
exception of Tula cl4, hybrid strains (bearing TclII- and
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TcllI-like haplotypes) displayed intermediate densities of
MASP-chimeras and intermediate MASP/MASP-related
ratios, suggesting that their genomes compiled the MASP
allele repertoire from both parental strains.

Although several attempts to quantify and compare
MASP sequences among strains/DTUs have been pub-
lished [8, 9, 11, 35, 37], a recent read-based methodology
aimed at estimating the variability and copy numbers of
the multigene-repetitive families MASP, TS and TcMUC,
represents, to our knowledge, the most robust effort to
date [38]. However, it must be noted that several differ-
ences exist between this methodology and our pipeline.
The read-based method relies exclusively on Illumina
reads, whereas our algorithm accepts protein sequences as
input and is easily adaptable for long-read NGS genomic
sequences by a pre-processing step. The most remark-
able difference lies in the outputs: while the read-based
approach brings an estimation of the quantity and pro-
vides a global idea of the variability of the MASP repertoire
in a strain (understood as the number of clusters in which
the ~30 nt k-mers can be grouped), our algorithm deliv-
ers a detailed count of the classified molecules in distinct
categories: ‘MASP;, ‘MASP-chimera, and ‘MASP-related,;
along with a list of the hits belonging to each category.
Consequently, the read-based tool can only be interpreted
comparatively against other strains, whereas our output is
easily interpretable and facilitates the development of fur-
ther functional studies on the identified molecules.

While significant progress has been made in character-
izing the MASP family, our study underscores the ongo-
ing nature of this research and the necessity for continued
refinement of bioinformatics tools for multigene family
annotation. Overall, we presented an automated algorithm
developed for the identification, classification, and anno-
tation of MASPs directly from T. cruzi genomic datasets
that can be adaptable for the analysis of other multigene
families. This tool facilitated the discovery of several novel
MASP and MASP-chimeric molecules that had been pre-
viously overlooked due to limitations in the different meth-
odologies used for genome annotation. Moreover, this
gene annotation-independent strategy lays a solid foun-
dation for comprehensive comparative and evolutionary
genomics research on this important pathogen, paving the
way towards a better understanding of T cruzi variability.

Conclusions

This study addresses the challenges of capturing MASP
diversity in T cruzi. By developing a new bioinformatic
pipeline and methodology, we created a flexible algorithm
that allowed us to identify and classify the full repertoire of
MASP sequences, including MASP genes, "M ASP-related’
molecules, and, for the first time "M ASP-chimeras’, which
have not been annotated in 7. cruzi genomes until now. This
achievement significantly enriched the dataset available for

Page 15 of 17

future comparative genomic studies. The high concordance
rate achieved when validating our algorithm against a rig-
orously annotated dataset demonstrates its accuracy and
potential applicability. Implementation of this pipeline to a
set of T. cruzi genomes allowed us to analyze the repertoire
of MASP across strains and to find previously unanno-
tated sequences. Although our findings may be influenced
by the precision of genome sequencing and assembly, they
indicate that the diversity of the MASP repertoire (includ-
ing genes, pseudogenes, and chimeras) is specific to each
strain. Our work lays the groundwork for post-genomic
studies in T cruzi, offering valuable insights into the evolu-
tion and genetic landscape of the MASP family.
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