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ABSTRACT Repetitive elements cause assembly fragmentation in complex eukaryotic
genomes, limiting the study of their variability. The genome of Trypanosoma cruzi, the
parasite that causes Chagas disease, has a high repetitive content, including multigene
families. Although many T. cruzi multigene families encode surface proteins that play piv-
otal roles in host-parasite interactions, their variability is currently underestimated, as their
high repetitive content results in collapsed gene variants. To estimate sequence variability
and copy number variation of multigene families, we developed a read-based approach
that is independent of gene-specific read mapping and de novo assembly. This methodology
was used to estimate the copy number and variability of MASP, TcMUC, and Trans-Sialidase
(TS), the three largest T. cruzi multigene families, in 36 strains, including members of all six
parasite discrete typing units (DTUs). We found that these three families present a specific
pattern of variability and copy number among the distinct parasite DTUs. Inter-DTU hybrid
strains presented a higher variability of these families, suggesting that maintaining a larger
content of their members could be advantageous. In addition, in a chronic murine model
and chronic Chagasic human patients, the immune response was focused on TS antigens,
suggesting that targeting TS conserved sequences could be a potential avenue to improve
diagnosis and vaccine design against Chagas disease. Finally, the proposed approach
can be applied to study multicopy genes in any organism, opening new avenues to access
sequence variability in complex genomes.

IMPORTANCE Sequences that have several copies in a genome, such as multicopy-gene
families, mobile elements, and microsatellites, are among the most challenging genomic
segments to study. They are frequently underestimated in genome assemblies, hampering
the correct assessment of these important players in genome evolution and adaptation.
Here, we developed a new methodology to estimate variability and copy numbers of repet-
itive genomic regions and employed it to characterize the T. cruzi multigene families MASP,
TcMUC, and transsialidase (TS), which are important virulence factors in this parasite. We
showed that multigene families vary in sequence and content among the parasite’s line-
ages, whereas hybrid strains have a higher sequence variability that could be advantageous
to the parasite's survivability. By identifying conserved sequences within multigene families,
we showed that the mammalian host immune response toward these multigene families is
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usually focused on the TS multigene family. These TS conserved and immunogenic pep-
tides can be explored in future works as diagnostic targets or vaccine candidates for
Chagas disease. Finally, this methodology can be easily applied to any organism of interest,
which will aid in our understanding of complex genomic regions.

KEYWORDS multicopy genes, variability, copy number variation, complex genomes, T. cruzi,
MASP, mucins, transsialidases, antigenicity

he low costs and increasing efficiency of sequencing technologies have enabled the

assembling of genomes at an impressive rate (1, 2). However, despite many advances,
the difficulties in assembling repetitive regions resulting in gene collapsing limit studies into
the variability and evolution of these sequences (3). Many parasites’ genomes harbor large
multigene families encoding surface antigens that play pivotal roles in host-parasite interac-
tions (4, 5). Besides, most complex protozoan reference genomes and especially field isolates
were not sequenced and assembled with methodologies that have enough resolution to
generate both haplotypes from a diploid genome (6, 7). Therefore, only a mosaic haploid ge-
nome representation is usually available in public databases. Methodologies that explore
the data directly from reads at high coverage can be an alternative to capture the complete
genome variability, including collapsed repeats and sequence polymorphisms not incorpo-
rated into the assembled haploid genome representations.

The expansion of multigene families is especially remarkable in the genome of
Trypanosoma cruzi, the etiological agent of Chagas disease, where multicopy genes
encoding surface proteins, transposons, and other repeats encompass approximately 50%
of the parasite genome (8), with evidence of collapsed regions (9). These T. cruzi multigene
family genes are grouped in genomic clusters, which can span hundreds of kb and vary in
size and content among the parasite DTUs (8, 10-12). These clusters are regions of loss of
synteny not only between DTUs, but also between the haplotypes from the hybrid TcVI CL
Brener strain (8, 10, 11), and account for 5.9 Mb of the genome size difference between CL
Brener (TcVI) and the nonhybrid Sylvio (Tcl) strain (13, 14). Multigene family content also
varies within nonhybrid strains, such as Brazil (Tcl) and Y (Tcll) (15). The gene organization
of these clusters is complex, where genes of each multigene family are not clustered to-
gether, but instead alternate in a nonorderly fashion, constantly altering the coding strand.
It was speculated that this pattern of gene organization would avoid sequence homogeni-
zation through gene conversion (8, 16, 17). The largest T. cruzi multigene families are trans-
sialidases (TS), mucin-associated surface proteins (MASPs), and mucins (TcMUCs), in which
estimated gene copy numbers in each isolate can vary from 700 to 1,800 among families
and DTUs (8, 11, 18). T. rangeli, a closely related parasite to T. cruzi that is nonpathogenic
to the mammalian host, has a massive reduction in the gene counts of these multigene
families (19), reinforcing their importance to mammalian host-parasite interaction proc-
esses. Although T. cruzi multigene families are crucial to host-parasite interplay (for a
review see reference (20)), few studies compare their variability, which is usually performed
at the level of assembled genomes, using a very limited number of strains (4, 8, 11, 13, 18,
19). Comparative studies of the repertoire of these families among DTUs are relevant
because different groups have a specific pattern of geographical distribution, and not all
DTUs are commonly found infecting humans (21-23). Accessing direct orthologs and esti-
mating gene copy numbers in these families is complicated, not only due to genes collaps-
ing during genome assembly but also due to the loss of synteny in these regions (8, 11,
12). Finally, assigning short reads to a specific gene in these large multigene repetitive
families is challenging, as several conserved blocks are larger than the read length. Hence,
the correct extent of their variability among T. cruzi DTUs and their biological impact is still
poorly understood. To address these issues, we developed a read-based approach to esti-
mate sequence variability and copy number variation of multigene-repetitive families that
is independent of gene-specific read mapping and de novo assembly. Our approach was
based on recovering reads that map to any member of each multigene family, followed
by the estimation of variability, and copy number of k-mers and clusters generated by
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FIG 1 Phylogeny and whole-genome variation comparison of T. cruzi strains and isolates. (A) Unrooted maximum likelihood phylogenetic tree of the 36 T. cruzi
strains based on 1,563 single copy genes (51), with 1000 bootstrap replicates. (B) Zoomed in on the Tcl branch to ease visualization. (C) PCA based on SNPs of
the 36 T. cruzi strains. In this image, the x-axis and y-axis represent 45.28% and 15.96% of the variability observed in the evaluated isolates, respectively. In both
images, the T. cruzi DTUs Tcl, Tcll, Tclll, TclV, TcV, and TcVI are represented, respectively, by the colors blue, red, pink, orange, purple, and green. The number

6277 corresponds to the sample SRR3676277.

these reads. Our results showed large variability in multigene families, with DTU-specific
patterns. We also employed this methodology to select representative sequences to assess
the multigene families’ antigenicity, showing that these families were differentially tar-
geted by the hosts’ immune response. This was the first work to compare the variability of
multigene families from the six T. cruzi DTUs based on a large data set of sequencing reads
and their antigenicity at a large scale. The proposed methodology can also be applied to
assess the variability of multigene families or other repeats in any organism, once a refer-
ence genome was available.

RESULTS

Collapsed multicopy genes in long-reads T. cruzi genome assemblies. To assess
the potential collapsing of multigene family’s sequences in T. cruzi genomes assembled
with long-reads, the coverage of each position in each chromosome of the DM28 (Tcl), Ycl6
(Tcll), and CL Brener (TcVI) was evaluated using lllumina reads from Tcl, Tcll and TcVI isolates.
As seen in Fig. S1, there were several spikes of coverage in genomic regions containing clus-
ters of multigene families, reinforcing the need for an alternative method to estimate genomic
variability in these regions.

T. cruzi isolates phylogeny and whole-genome variability. To provide a broad
evaluation of the T. cruzi multigene family content and variability, whole-genome sequence
(WGS) libraries from 36 parasite isolates, including at least one representative of each DTU that
infects humans (Tcl-TcVI) were used (Table S1). Initially, to confirm the phylogenetic classifica-
tion of the 36 T. cruzi isolates, the maximum likelihood (ML) phylogeny based on 1,563 single
copy genes (totalizing 2,355,325 nucleotides) (Fig. 1A and B), as well as a principal component
analysis (PCA) based on single nucleotide polymorphism (SNP) variations in the whole
genomic sequence of these isolates, were estimated (Fig. 1C). Both analyses showed a
clear separation between samples from the different DTUs. The T. cruzi isolate
SRR3676277, which was described in SRA as a “Tcl” strain, clustered with the TcVI strains
in the ML phylogeny as well as in the PCA, which implies that it was also a hybrid strain. All
downstream results obtained with this sample also support this assumption. Therefore, we
reclassified SRR3676277 to the TcVI DTU.

T. cruzi multigene families k-mer generation and clusterization. To generate rep-
resentative k-mers for MASP, TcMUC and TS multigene families, each of the 36 WGS read
libraries was mapped in a representative reference genome file as described in Materials
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TABLE 1 Overall number of different k-mers and clusters in T. cruzi strains®

mBio

Gene family K-mer Total® Conserved® Conserved (%)? Cluster total Conserved Conserved (%) K-mer/Cluster®
TcMUC 971,444 2,628 0.27 16,913 3,388 20.03 57.44
MASP 2,520,564 6,439 0.26 44,633 13,680 30.65 56.47
TS 4,500,268 26,913 0.60 55,204 24,050 43.57 81.50

aVariability of different k-mers and clusters in the 36 evaluated T. cruzi strains.

bTotal: total number of different k-mers or clusters in all strains.

<Conserved: number of k-mer or clusters shared among all T. cruzi strains.

dConserved (%): percentage of conserved k-mers or clusters.

eK-mer/Cluster: represents themean number of k-mers in each cluster.

and Methods. Reads which were mapped in any gene or pseudogene from MASP, TcMUC,
or TS were recovered and used to generate 30 nt-long k-mers for each family. Redundancy
and small variations among k-mers were removed by clustering based on sequence similar-
ity (clustering parameter selection can be seen in Text S1). Table 1 summarizes the k-mers
and cluster metrics. The clusterization step resulted in a higher shared proportion of sequences
among T. cruzi isolates (~20 to 40%) compared with k-mers (0.27 to 0.60%). This shows that,
although there were substantial differences in multigene families when all sequence variations
were considered (k-mers), there were a significant number of conserved blocks (clusters)
among DTUs (Table 1). TS was the most conserved family, presenting a mean of 81.52 k-mers/
cluster, and ~40% of shared clusters in all evaluated strains (Table 1).

T. cruzi multigene families’ clusters were variable among DTUs and correlated with
phylogeny. To estimate the multigene family’s variability within each parasite isolate,
the 36 T. cruzi strains were compared based on four parameters: (i) number of different k-mers
(Fig. 2A); (i) number of clusters (Fig. 2B); (ii) mean number of k-mers per cluster (Fig. 2C); and
(iv) sum of coverages of all clusters, which was proportional to the multigene family copy
number in a given strain/isolate (Fig. 2D). We selected the sum of coverages of clusters in a
family as a metric to represent its copy number, as it was proportional and more representa-
tive than the most conserved cluster, especially for pseudogenes in the TS family (Text S1).
Because genes in each family have similar sizes in the evaluated reference genomes, the
potential bias of using the sum of counts for comparing the copy number of each family
among isolates was low (Text S1). Tcl strains had an overall smaller number of different k-
mers and clusters compared with Tcll-TcVI (Fig. 2A and B). The overall copy number of the
three multigene families was lower in Tcl and Tcll compared with Tclll-TcVI (Fig. 2D). The
lower number of different clusters (Fig. 2B) but similar copy number (Fig. 2D) in Tcl compared
with Tcll suggested an expansion of redundant sequences in Tcl. The isolate SRR3676277 pre-
sented a cluster copy number and variability compared to the observed TcV-TcVI hybrid
strains (Table S1), reinforcing its classification as a TcVI strain.

The multigene family’s variability among strains was assessed based on two parameters: (i)
the presence or absence of clusters (i.e, motifs) using the Jaccard coefficient (JC); and (i) the
motif copy number, using the Manhattan distance of the cluster copy numbers. When only
the presence/absence of motifs was assessed, the isolates from Tcl and Tcll DTUs formed
clear distinct groups (Fig. 3A to C), suggesting the occurrence of DTU-specific motifs. This
could be caused by their long evolutive divergence and possible low occurrence of recom-
bination between DTUs. Strains from hybrid DTUs, TcV, and TcVI, grouped with
SRR3676277, and closer to Tclll and Tcll strains, their parental DTUs, reinforcing their hybrid
nature. In addition, the JC distance of multigene family cluster variability grouped TcV and
TcVI strains closer to Tclll than to Tcll, which suggests that a larger content of multigene
family’s different clusters was shared between them and these parental DTUs. When the
motif copy number was assessed, Tcl and Tcll strains also formed separated groups
(Fig. 3D and Fig. E, Fig. S3). However, the clustering of TcVI hybrid strains was complex. CL
Brener, Tulahuen, and SRR3676277 grouped closer to Tclll based on TcMUC cluster counts
(Fig. 3D), to Tcll for MASP (Fig. 3E); and both CL Brener and SRR3676277 grouped closer to
Tclll and Tulahuen closer to Tcll for TS (Fig. 3F). This could be a result of a differential reso-
lution of the hybridization event by CL Brener/SRR3676277 and Tulahuen, or could
also be caused by differences in chromosomal duplications, which vary between these
strains. There was a high correspondence between the multigene families dendrograms and
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FIG 2 K-mers and clusters variability and copy number within each T. cruzi strain. Each dot corresponds to a T. cruzi isolate. (A) “K-mer.Count,” (B) “Cluster.
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corresponds to the sum of coverage of each cluster for a given strain, which was proportional to the multigene family copy number in the genome. Strain-specific

values can be seen in Table S2.

core-genome phylogeny, where most of the incongruences occurred in small branches
within DTUs or the Tc231 (Tclll), Canlll (TclV) and Tc9280 (TcV) strains (Fig. S4).

T. cruzi multigene family’s variability correlated with genome size and hybrid
nature. To evaluate if there was a correlation between T. cruzi multigene family cluster vari-
ability and copy number and the parasite genome size, the number of different clusters and
the sum of coverage of clusters were compared with the estimated genome size for all 36 T.
cruzi strains (Fig. 4). There were moderate correlations between the multigene family’s cluster
copy number and the genome size for MASP and TcMUG, and strong for TS (Fig. 4A), with a
significant increase in the copy number of clusters in the hybrid compared to nonhybrid DTUs
(Fig. 4B). The single isolates from Tclll and TclV DTUs had a comparable cluster copy number
with the hybrid strains for MASP and TS multigene families (Fig. 4A). More isolates from these
DTUs were needed to evaluate if their copy numbers were consistently similar to the hybrid
strains. Next, the correlation between multigene family’s cluster variability (number of different
clusters with above zero coverage) in each isolate, was compared with the genome size
(Fig. 4Q). Strong positive correlation was observed for the three multigene families, suggesting
that the increase in genome size results in an increased diversification of these multigene fam-
ily sequences. Hybrid strains have a higher cluster variability than nonhybrid strains (Fig. 4D),
reinforcing that the multigene family content from both parental strains was partially main-
tained after the hybridization event, resulting in an increased sequence variability. There was
no strong correlation between somy variation and cluster copy numbers (Text S1). However,
this lack of correlation may be caused by the differential expansion of multigene families in dif-
ferent chromosomes among strains.
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FIG 3 Heatmap of the cluster variability and copy number among T. cruzi isolates. Cluster variability was estimated by the Jaccard Coefficient (JC)
based on the presence/absence of clusters for each multigene family: (A) TcMUC, (B) MASP, and (C) TS. JC values are represented on a scale from
green (low) to white (medium) to red (high) similarity. Cluster copy number variability was estimated by Manhattan distance for each multigene
family. (D) TcMUG, (E) MASP, and (F) TS. Manhattan distance values are represented in a scale from green (high), white (medium) to red (low) distances.
In this image, each line and column correspond to a T. cruzi isolate. The DTU of each isolate was represented by colored lateral strips, where blue, red,
pink, orange, purple and green correspond to, respectively, Tcl, Tcll, Tclll, TclV, TcV, and TcVI. Lateral dendrograms were generated by UPGMA clustering.

A larger version of each image with the names of each isolate is available in (Fig. S2).

Antigenicity of T. cruzi multigene families. As surface proteins are one of the main
interfaces between the parasite and the host, the observed MASP, TcMUC, and TS variability
may impact the mammalian host's immune response to the infection. To assess if the
observed variability impacts the antigenicity of these multigene families, a total of 335 repre-
sentative peptides, comprising 40, 113, and 182 k-mers, respectively, for the multigene fami-
lies TcMUC, MASP, and TS (Table 2 and Text S1), were screened by immunoblotting. Two
sera panels were used: (i) sera from C57BL6 mice experimentally infected with Tcl, Tcll, and
TcVI strains, collected during acute and chronic phases of T. cruzi infection to assess the vari-
ability in host recognition in the acute and early chronic stages of the infection (Fig. 5 and
Table S2), and (i) sera from chronic Chagasic patients to assess variability in host recognition
in the long-lasting chronic human infection (Fig. 6).

When the peptide array was screened with sera from mice infected with T. cruzi
strains from the Tcl, Tcll, or TcVI DTUs (Fig. 5A), a total of 209 (62.38%) and 219 (65.37%) pep-
tides were reactive to the sera pools, respectively, obtained in the acute or chronic stages of
the infection. Of those, 151 (45.37%) were reactive with sera from both acute and chronic
infection, suggesting that the recognition of these peptides was present throughout the infec-
tion. The distribution of reactive peptides among sera from Tcl, Tcll, and TcVI strains during
acute, chronic, or both acute and chronic infections is depicted in Fig. 5B to D. The infection
chronification was accompanied by a decrease in the number of peptides that were reactive
to all strains (130 to 111), by an increase in the DTU specific reactive peptides for Tcl (11 to 34)
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FIG 4 Correlation between cluster copy number, variability, and genome size in hybrid and nonhybrid DTUs. (A) Correlation between genome size and cluster copy
number in the 36 T. cruzi strains. In this image, each dot corresponds to a T. cruzi strain, the y-axis corresponds to the sum of the copy number of all clusters in
each strain and the x-axis corresponds to the genome size. The correlation between these two axes was estimated using Spearman’s rank order: MASP (rho = 0.393,
P = 0.0183); TcMUC (rho = 0469, P = 0.0042); TS (rho = 0.627, P = 6.14 x 10~°) (B) Boxplot of the cluster copy number in hybrid (Hyb) and nonhybrid (NH) DTUs.
The statistical significance between the groups was estimated using the Mann-Whitney testt MASP (P = 3.19 x 1073); TcMUC (P = 1.29 x 1073); TS
(P =526 x 1073). () Correlation between genome size and cluster variability in the 36 T. cruzi strains. In this image, each dot corresponds to a T. cruzi strain, the
y-axis corresponds to the number of different clusters in each strain and the x-axis corresponds to the genome size. The correlation between these two axes was
estimated using Spearman'’s rank order: MASP (rho = 0.749, P = 7.562 x 107 7); TcMUC (rho = 0.778, P = 2236 x 108); TS (tho = 0.752, P = 6,941 x 1077). (D)
Boxplot of the cluster variability in hybrid (Hyb) and nonhybrid (NHyb) DTUs. The statistical significance between the groups was estimated using the Mann-
Whitney test: MASP (P = 339 x 107°); TcMUC (P = 1.39 x 1073); TS (P = 239 x 107°).

and TcVI (8 to 22), and by a discrete decrease in the number Tcll-specific reactive peptides (18
to 14) (Fig. 5B and C). When the seroreactivity of each multigene family was evaluated sepa-
rately, there was an increase in variability of the reactive peptides in different DTUs with chron-
ification, which was more evident for the MASP family (Fig. S5). This shows that there was an
expansion of DTU-specific reactivity with chronification in the mice model.

Next, the seroreactivity of late-chronic Chagasic patients to the 335 peptides was eval-
uated, where 27.50% (11/40), 7.96% (9/113), and 32.96% (60/182) of TcMUC, MASP and TS
derived-peptides were reactive, respectively (Fig. 6). Even though the percentage of reactive
peptides from TcMUC and TS was similar (Fig. 6A and B), 9 from the top 10 most reactive
peptides were from the TS family (Fig. 6C), reinforcing the relevance of TS reactivity in
human chronic infections.

DISCUSSION

In this work, we presented a new methodology to study the sequence variability and
copy number variation of multicopy genes in complex genomes. This read-based approach
is de novo assembly independent and does not require gene-specific read mapping, reducing
the impact of collapsed genomic regions in copy number estimations. Here, it was applied to

TABLE 2 Multigene families representative peptides selection?

Gene family Total K-mers High copy Conserved Non-Pseudogene B-cell epitope Non-redundant Im. score >0.42
TcMUC 971,444 2,628 1,928 1,456 600 59 40

MASP 2,520,564 6,439 3,434 2,443 600 150 113

TS 4,500,268 26,913 14,481 13,763 600 182 182

aThe selection of representative peptides for the three multigene families was based on conservation, high copy number, and high B-cell epitope prediction score. Im score,
immunogenicity score.
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FIG 5 Antigenicity of peptides derived from the multigene families using sera of mice infected with different T. cruzi DTUs. (A) Each dot
corresponds to a peptide, and the white boxes in each panel separate the peptides from the MASP (left), TcMUC (middle), and TS (right)
multigene families. The reactivity of each peptide is represented on a scale from black (low reactivity), orange (median reactivity) to
white (high reactivity). The panels representing the reactivity of the sera from mice in the acute phase were circumvented horizontally
by a pink box, while the ones representing the sera from mice in the chronic phase are by a cyan box. The plots vertically circumvented
by white, blue, salmon, and green boxes represent, respectively, the reactivity from the peptides to the sera of noninfected mice (NC), or
mice infected with Tcl, Tcll, or TcVI strains. Venn diagrams representing the number of peptides with above cutoff reactivity for the pool of sera
collected during the acute (B), chronic (C), or both acute and chronic (D) phases of infection. Percentage values correspond to the fraction of
the reactive peptides that were observed in each quadrant.

the study of the variability of the three largest T. cruzi multigene families, MASP, TcMUC, and
TS, which are important virulence factors in the parasite, providing an unprecedented resolu-
tion in the study of T. cruzi multigene families. We showed that these families vary among and
within the parasite DTUs and were differently recognized by the host immune system.

The study of T. cruzi multigene families has always been challenging, due to their large
expansion in the parasite genome and highly repetitive content (8, 10, 12). Even after
the sequencing and assembly of T. cruzi reference genomes (8, 11, 13-15, 18, 24-26),
some genes from these families were still collapsed (Fig. S1) and read-mapping programs
are not able to assign gene-specific mapping for a considerable proportion of the reads.
To deal with multi-mapped reads, researchers opt for one of three approaches. (i)
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% of reactive

C)

peptides

TcMU(

mBio

MASP TS

Peptide Sequence Multigenic Family  Reactivity

EVPLTGEAP
RVTGSRGRR
RTHNRRRVT
SNDGSSGKK
MTGSSGRRR
APCTHNRRR
NGERRVPNG
VTGSSGRRR
QRPNMSRRV
EATGTGESP

Ts 93772.5
15 35417.5
15 34165.5
Ts 33619.5
15 32775.5
Ts 26816.5
Ts 26692.5
TS 25826.5
TS 25528.5
TcMUC 24235.5

FIG 6 Antigenicity of peptides derived from the multigene families with sera of Chagasic human patients infected with Tcll strains. (A) Each dot corresponds to a
different peptide, where the white boxes in each panel separate the peptides from the MASP (left), TcMUC (middle), and TS (right). The reactivity of each peptide is
represented on a scale from black (low reactivity), orange (median reactivity) to white (high reactivity). (B) Percentage of the peptides from each multigene family

that presented reactivity above the cutoff. (C) Top 10 peptides with the highest human sera reactivity.

Remove reads that map in more than one gene, which underestimates gene counts; (ii)
Report all matches of reads that have a similar matching score, overestimating counts in some
genes; (iii) Let the mapping program randomly assign the reads to genes with the same
matching score, which could inflate counts from low copy genes and deflate counts for high
copy genes (27). The proposed methodology overcomes these issues because it does not
require gene-specific mapping. In addition, the use of reads instead of assembled sequences/
genes as the unity of comparison was very informative because it contains the entire repertoire
of sequences, including potentially collapsed repetitive sequences in genome assemblies, and
allelic variants, and accounts for recombined and mosaic genes. Finally, it allows the assess-
ment of the variability in a wide range of isolates that have sequencing read libraries but no
genome assembly. This methodology is, however, affected by the quality of the reference
genomes where miss-annotation and miss-assemblies may impact the variability and copy
number estimations. Because the T. cruzi reference genome does not have telomere to telo-
mere sequence assemblies to all chromosomes, this may result in some missing genes and
underestimated variability. Nevertheless, the methodology was robust to compare the copy
number and variability of multigene families among isolates in relation to a reference genome.

T. cruzi multigene families are composed of conserved gene blocks, as seen for the MASP
MEMEs, in which motifs vary in size between 8 (motif 3) to 50 (motif 14) amino acids, as well
as in copy number and ordering among genes (8). Hence, the shortest MASP motifs (~8 to 10
amino acids, which are equivalent to 24 to 30 nucleotides) are considerably smaller than the
median 100 nt Illumina sequencing read length. Hence, we generated 30 nucleotide-long k-
mers from the reads and clustered them by global similarity to remove redundancy.
Clustering was important to minimize the impact of subtle sequence variations that are
expected in these long-diverging parasites (28-30). The relevance of the clustering became
clear when the numbers of shared k-mers and clusters (motifs) among all parasite DTUs
were compared. While only ~0.25 to 0.6% of the exact k-mers were found in the 36 T. cruzi
strains/isolates, around 20 to 43% of the clusters were shared among them (Table 1). This
showed that, although variable at the nucleotide level, T. cruzi multigene families are formed
by several conserved motifs. Because they were shared among 36 strains, these conserved
motifs could be important to the core functions of each family, and the antigenicity of some
of them was evaluated in the present work.

Tcl strains presented a reduction in k-mer variability, and Tcl and Tcll in cluster copy
numbers compared with Tclll-TcVI strains (Fig. 2 and Table S1). The lower number of
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different clusters but similar copy numbers in Tcl compared with Tcll suggested that the
expansion of multigene families in Tcl is mainly caused by redundant sequences. The low
copy number of TcMUC and MASP clusters observed in some Tcll strains as S11 and S154a
and the low copy number for all three families in S23b and S44a (Table S1), associated with
a high cluster variability (Table S1), suggested that these isolates have variable low copy
clusters. This assumption was also supported by their low k-mer/cluster ratio. Taken together,
these results suggested that Tcl strains have an expansion of redundant clusters with lower
variability, compared with Tcll-TcVI strains. These results are in accordance with the study by
Cerqueira et al. (31), which showed greater intragenomic conservation of some multi-
gene families in Tcl isolates compared to Tcll isolates. The overall smaller content of multi-
gene families in Tcl, compared to TcVI hybrid strains, is also in accordance with previous
studies that compared multigene family’s content between Tcl (Dm28 and Sylvio) and TcVI
(CL Brener and TCC) strains (8, 11, 13, 18).

The patterns of cluster variability and copy number grouped T. cruzi strains by DTU
(Fig. 3). Because these genes are directly enrolled in host-parasite interaction processes, vari-
ation in their functional motifs could be important to the potentially different niches occu-
pied by the parasite DTUs (20, 22). Differences observed in cluster variability (Fig. 3A to C) and
copy number (Fig. 3D to F) could be caused by several factors, such as (i) strain or DTU-specific
motif sequences; (i) gene and segmental duplications and genome size; (iii) chromosomal
somy variation patterns, and (iv) in the case of hybrid DTUs, different resolution of the hybrid-
ization events. The latter is supported by the different clustering of hybrid DTUs based on clus-
ter presence or copy number (Fig. 3). Alternatively, this pattern might be generated by differ-
ent hybridization events. While a strong correlation was observed between the genome size
and TS cluster counts, only moderate association was detected for MASP and TcMUC
(Fig. 4), suggesting that expansion of these multigene families may have differential contri-
butions to T. cruzi genome size variations. We observed a higher copy number of clusters
in hybrids compared to nonhybrids strains (Fig. 4B), which is in accordance with previous stud-
ies that showed a larger gene count of multigene families in CL Brener and TCC (both TcVI
hybrid strains) compared with SylvioX10 and Dm28 (both Tcl) (11, 13). It is important to note
that the evaluated Tclll and TclV nonhybrid DTUs had a similar copy number to the hybrid
strains. A higher number of isolates from Tclll-TcVI DTUs are needed to correctly evaluate the
correlation between genome size and multigene family copy numbers in all T. cruzi groups.

There were strong correlations between the genome size and cluster variability in T. cruzi
strains for all three gene families (Fig. 4C and D). Hybrid strains had a statistically significant
higher variability of multigene families compared with nonhybrid isolates, showing that they
retain a larger variability of the multigene family’s repertoire. This was observed even in cases
where the overall copy number was not different from the observed in Tcl and Tcll, as in
Tulahuen (TcVI). After the hybridization, there could be a selective pressure to maintain a
broader set of variant multigene families, keeping alleles from both parental strains, which is
in accordance with a process of hybridization followed by temporary tetrasomy and genome
erosion, recently confirmed to occur in T. cruzi (32). This assumption is further supported by
the synteny loss in genomic regions encoding multigene families when comparing both hap-
lotypes in CL Brener and TCC hybrid strains (8, 11). The SRR3676277 strain presented a pattern
of cluster copy number and variability comparable to hybrid strains, corroborating the phylo-
genetic analysis based on the single-copy genes that classified it as a TcVI (Fig. 1). However, its
estimated genome size was smaller than the observed in the evaluated TcV and TcVI strains,
which suggests that it could be a result of a different hybridization event.

As surface proteins are important targets for the host’'s humoral immune response
(20, 33-35), we evaluated the antigenicity of k-mers-encoded peptides. We were able
to identify antigenic determinants in these multigene families that are simultaneously
present in isolates from all T. cruzi DTUs, providing a unique data set for the compari-
son of the host immune response across the parasite subgroups. The host humoral
immune response against k-mers-derived peptides was initially evaluated using sera
from mice infected with strains from Tcl, Tcll, and TcVI DTUs (Fig. 5), as they are the
most prevalent T. cruzi DTUs associated with human infections (22, 23). A similar proportion
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of peptides were reactive to the sera of the mice infected with at least one T. cruzi strain,
both in the acute (62.38%) and chronic stages (~65.37%). However, there was a lower count
of peptides that were simultaneously reactive to the sera of the mice infected with all three
T. cruzi DTUs in the chronic (33.13%) compared to the acute (38.80%) stage. This suggests
that there are core conserved sequences in these families, which are constantly recognized
by the host immune system. With chronification, there is an increased diversification in the
antigen’s recognition among the parasite’s subgroups (Fig. 5C). It is known that during T.
cruzi's initial infection, a complex combination of different variants of multigene family’s pro-
teins is coexpressed resulting in a “smoke screen” effect, where the host immune system
must simultaneously respond to variable immunogenic antigens, leading to a diffuse immune
response (36). This phenomenon, caused by the large combination of variable antigens, could
be one of the reasons for the long acute phase observed in T. cruzi infection (37).

Next, the reactivity of each multigene family was evaluated separately (Fig. S5). While the
proportion of TS peptides reactive to the sera of mice infected with the three DTUs slightly
increased from 65.62% to 69.17% with chronification, MASP reactivity had a drastic reduc-
tion from 54.55% to 20.54%. This reduction was accompanied by the highest DTU-specific
reactivity (Fig. 5), which suggests the occurence of variations in the pattern of MASP being
expressed during chronification or a selective IgM to IgG class switching. This could be im-
portant to parasite survival and chronification, as parasites expressing different variants
could evade the host’s immune response. Changes in MASP expression were already reported
after several passages in culture cells and mice (38, 39), and a dispersed immune response for
MASP antigens was observed in high-density peptide arrays (33). These peptide arrays have
shown that the most antigenic MASP moitifs are localized in its central hypervariable region,
which is in accordance with a potential immune evasion function for the family (33).

A reduced immune response to MASP and enhanced immune response to TS during the
chronic stage of the infection were also observed in the sera of chronic Chagasic patients. Only
8% of the MASP peptides were reactive with the sera of human patients in the chronic stage of
the disease, compared to reactivity levels of, respectively, 27.5% and 32.96% of the TcMUC and
TS (Fig. 6B). Even though a comparable proportion of TS and TcMUC were reactive to the sera
of human patients in the chronic stage, the reactivity score of the TS peptides was higher, where
9 of the top 10 most reactive peptides were from the TS family (Fig. 6C). The higher reactivity
and conservation of immune response to TS during the chronic stage reinforces that immune
response against this family is important for controlling T. cruzi infection. Antibodies inhibiting
TS function are important for parasite control (40, 41), and TS members were already proposed
to be used in the Chagas disease serodiagnosis (41), and vaccine candidates (42-44). TS sequen-
ces that are widespread among family members and conserved among DTUs could constitute
a promising vaccine for Chagas disease, circumventing the lack of cross-DTU protection (45).

Taken together, the approach presented here allows the study of the variability of
multigene families based only on genomic read libraries and a reference genome. It does not
require gene-specific read mapping and allows a comparison of the variability of gene families
of many isolates that have sequencing read libraries but no isolate-specific genome assembly.
By using this methodology, we showed that clusters from TcMUC, MASP, and TS multigene
families vary among and within DTUs, where hybrid strains present a higher variability com-
pared to nonhybrid strains. The impressive repertoire of different motifs derived from these
surface proteins may allow the parasite to explore a large range of hosts and niches (46). In
addition, albeit these families were variable, they contain core sequences that are conserved
in all evaluated strains. These family signatures could be important for the protein function,
participate in crucial host-parasite interaction processes, and could be potential targets for vac-
cine or diagnostic tests for Chagas disease. The sequencing of other T. cruzi isolates, especially
from the less studied Tclll, TclV, and TcV DTUs could help the elucidation of the real extent
of variability of all multigene families among T. cruzi DTUs. The genome sequencing, assem-
bly at the chromosomal level, and careful annotation of the genomes of T. cruzi close-related
parasites, such as T. rangeli and Tcbat (19, 47), which were also present these multigene fam-
ilies but are nonpathogenic or low pathogenic to humans, could contribute to a better
understanding of the parasitism evolution in trypanosomatids. RNA-seq and proteomic

November/December 2022 Volume 13 Issue 6

10.1128/mbio.02319-22

mBio

11

Downloaded from https://journals.asm.org/journal/mbio on 30 November 2023 by 150.164.180.158.



Accessing Multicopy Genes Variability using NGS Reads

analysis could also be used to evaluate if the expansion of clusters in these families results in
increased gene expression and protein levels, providing functional relevance for these
genomic expansions. Finally, the approach proposed here can also be used to study the var-
iability of multicopy genes in any organism.

MATERIALS AND METHODS

Ethics statement. All the design and methodology involving mice were performed in accordance
with the guidelines of Colégio Brasileiro de Experimentacao animal COBEA, strictly following the Brazilian law
for “Procedures for the scientific use of animals” (11.794/2008) and were approved by the animal-care ethics
committee of Universidade Federal de Minas Gerais (protocol number 143/2009).

The study protocol involving human samples was approved by the Ethics Committee of the
Universidade Federal de Minas Gerais (UFMG) under protocol number 0559.0.203.000-11. All subjects
provided written informed consent before blood samples were collected.

Whole-genome sequencing libraries acquisition and processing. A total of 36 whole-genome
sequence read libraries were downloaded from the NCBI's Sequencing Read Archive (SRA), with at least
one representative of each of the six T. cruzi DTUs. The full description of the T. cruzi strains can be seen in
Table S1. The selection of the read libraries was based on the four criteria: (i) sequenced using lllumina technol-
ogy; (i) reads must have a size between 100 and 150 nucleotides; (i) genome coverage of at least 30x; and
(iv) at least 80% of its reads mapped to the T. cruzi CL Brener reference genome. The accession number, ge-
nome coverage, total number of reads and read length of each library are described in Table S1. The evaluation
of the read quality, estimation of genome coverage, and size were performed with standard tools and are
described in Text S1. The phylogeny of the T. cruzi isolates was estimated by maximum likelihood, using the
concatenated partial sequence of 1,563 single-copy genes (Text S1). To evaluate if there were multigene family
genes collapsed in current genomes assembled with long reads, the coverage of each position in each chro-
mosome was evaluated using reads from Tcl, Tcll, and TcVI isolates (Text S1).

Generating k-mers from each T. cruzi multigene family. To generate representative k-mers for each of
the three major T. cruzi multigene families MASP, TcMUC, and TS, each WGS read library was mapped, using BWA-
MEM.v.1.22 (48) in a representative reference genome file, containing the combination of (i) all the assembled CL
Brener genomic regions (41 pseudochromosomes from the Esmeraldo-like and Non-Esmeraldo-like haplotypes
and the CL Brener unassigned contigs), and (i) the Dm28 reference genome MBSY00000000.1 obtained from the
NCBI (https://www.ncbi.nlm.nih.gov/). For each library, the reads that were mapped in genes from each of the
three T. cruzi major multigene families were recovered using SAMtools v1.1 as well as the corresponding gene
coordinates from the GFF annotation file. These reads were submitted to Jellyfish v2.2.4 (49) to generate and count
the occurrence of 30 nt-long k-mers for each family, which was size compatible with the smallest conserved motifs
that constitute these families (8). K-mer counts were normalized by genome coverage, and only k-mers with a
count of at least 30% of the genome coverage and a minimum depth of 10x were used in downstream analysis.

K-mer clustering parametrization. To reduce k-mer redundancy and generate clusters that repre-
sent the multigene families’ motifs, the high-performance greedy clustering program UCLUSTv1.2.22
was used (50). The selection of UCLUST's best global identity cutoff to cluster k-mers was estimated
using the peptide sequences of the 20 MASP MEMEs described in El-Sayed et al. (4), as a gold standard
(8) (Text S1). Based on these analyses, the global identity of 0.75 was selected for downstream analysis.

Multigene family clusters generation and comparison among T. cruzi strains. The k-mers from
each of the three multigene families generated from the 36 T. cruzi strains were clustered using UCLUST
v1.2.22 with the —optimal and —-nofastalign; —rev; —nucleo and —id 0.75, representing a global identity similarity
threshold of 75%. Next, the copy number of each k-mer was normalized by the genome coverage, and the
normalized coverage of each k-mer in a cluster was summed and assumed as the cluster copy number. To
compare the different clusters in each strain, the pairwise Jaccard Coefficient (JC) (intersection/union) of clus-
ters with counts higher than zero were estimated, and clustered by UPGMA based on Jaccard distance (1-JC),
in R. To compare cluster variability and copy number among T. cruzi DTUs, the pairwise Manhattan distance of
the clusters copy number from all evaluated DTUs were estimated, and clustered by UPGMA. The images were
generated in R, using gplots (https://cran.r-project.org/web/packages/gplots/index.html). To compare the clus-
ter copy number variation among the three multigene families, and the phylogeny based on the single copy
genes, tanglegrams were generated for each pair of comparisons. To that end, a distance-based clustering
analysis for each multigene family was generated using hclust in R, based on the Manhattan distance and the
UPGMA clustering method. The comparative tanglegram for each pairwise comparison of the MASP, TcMUC,
TS, and single copy genes phylogeny was generated using the dendextend tanglegram function, in R and
rooted in the Tc9280 strain. Dendrograms with bootstrap support based on the cluster copy number of each
strain were also generated, with the R package Pvclust (https://cran.r-project.org/web/packages/pvclust/index
.html), using Manhattan distance, average clustering method, and 1,000 bootstrap replicates.

Comparison between clusters variability in hybrid and nonhybrid DTUs. To evaluate if there
were differences in the expansion of clusters among DTU-hybrid strains (TcV and TcVI) compared to non-DTU-
hybrid strains (Tcl, Tcll, Tclll, and TclV), two methodologies were applied. First, to evaluate if there was an expansion
in the copy number of multigene families in hybrid strains, compared with nonhybrid strains, the sum of the cov-
erage of all clusters for each T. cruzi isolates was estimated. The sum of cluster counts directly correlates with the
copy number of the most conserved cluster for each family (Text S1) and was a suitable metric to compare each
family copy number among isolates. The median of the sums of clusters from nonhybrid strains was compared
with the ones from hybrid strains, using the Mann-Whitney test, with a significant P value of 0.05 in R. To evaluate
if there was an expansion in the variability of multigenic clusters in hybrid strains, the number of clusters with
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coverage above “0" in each strain was estimated and the values obtained for hybrid strains were compared with
the values obtained for nonhybrid strains using Mann-Whitney test, with the significance P value of 0.05.

Comparison between cluster copy number and genome size or somy variation. To evaluate if the ge-
nome size impacts the cluster’'s composition, the Spearman correlation between the genome size, clus-
ter copy number, or cluster variability was estimated using Rv3.6.0. The genome size of each strain was
estimated by dividing the total number of generated nucleotides (read number x read size) by the ge-
nome coverage. The total copy number of clusters was estimated as the sum of the coverage of all clus-
ters in each strain. The “cluster variability” was estimated as the number of clusters with coverage above
zero in each strain. The methodology used to compare the cluster expansions and aneuploidies is avail-
able in Text S1.

In silico selection of conserved and potentially immunogenic k-mers. The selection of conserved
and potentially immunogenic k-mers-derived peptides from T. cruzi multigene families was performed in silico,
using five steps: (i) high copy number in all T. cruzi evaluated strains; (i) exact k-mer presence in all T. cruzi eval-
uated strains; (jii) k-mer encoded by complete genes; (iv) rank of the k-mer-generated peptide sequences based
on B-cell epitope and disorder predictions; (v) filtering identical and highly similar peptides. A further description
of each of these steps can be seen in Text S1.

Sera libraries. To evaluate the antigenicity of the peptides derived from multigene families, the
reactivity of the selected peptides to the sera of mice infected with strains from different T. cruzi DTUs in
the acute and chronic infection stages, as well as sera from chronic Chagasic patients, were evaluated. The
sera from C57BL/6 mice infected with T. cruzi Colombiana (Tcl), Y (Tcll), or CL Brener (TcVI) strains in the
acute or chronic stage, and noninfected mice were obtained. This is further described in Text S1.

To access the multigene family’s antigenicity in human infections, a total of 9 sera from chronic
Chagasic patients infected with parasites from the Tcll DTU (51) and the sera from 14 healthy humans
(negative control), were used in immunoblotting assays.

Spot synthesis and immunoblotting. A total of 335 peptides were selected as above, and five control
peptides were synthesized in a cellulose membrane, using an automatic synthesizer ResPep SL (Intavis) and
the program MultiPep (Intavis), according to the SPOT synthesis technique described in (52). This membrane
was used in immunoblotting assays with pools of sera from six C57BL/6 mice acutely and chronically infected
with the T. cruzi strains Colombiana (Tcl), Y (Tcll) or CL Brener (TcVI); uninfected mice; or with the pool of sera
from 9 chronic-Chagasic patients infected with parasites from the Tcll DTU, or 14 healthy individuals. The im-
munoblotting and densitometric analysis are further described in Text S1.
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