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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

The 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. cruzimultigene

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 (TcI) strain (13, 14). Multigene family content also

varies within nonhybrid strains, such as Brazil (TcI) and Y (TcII) (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. cruzimultigene 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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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 (TcI), Ycl6

(TcII), and CL Brener (TcVI) was evaluated using Illumina reads from TcI, TcII 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 (TcI-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 “TcI” 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. cruzimultigene 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

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 TcI 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 TcI, TcII, TcIII, TcIV, TcV, and TcVI are represented, respectively, by the colors blue, red, pink, orange, purple, and green. The number

6277 corresponds to the sample SRR3676277.
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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. cruzimultigene 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); (ii) number of clusters (Fig. 2B); (iii) 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). TcI strains had an overall smaller number of different k-

mers and clusters compared with TcII-TcVI (Fig. 2A and B). The overall copy number of the

three multigene families was lower in TcI and TcII compared with TcIII-TcVI (Fig. 2D). The

lower number of different clusters (Fig. 2B) but similar copy number (Fig. 2D) in TcI compared

with TcII suggested an expansion of redundant sequences in TcI. 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 (ii) 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 TcI and TcII 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 TcIII and TcII 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 TcIII than to TcII, 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, TcI and TcII 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 TcIII based on TcMUC cluster counts

(Fig. 3D), to TcII for MASP (Fig. 3E); and both CL Brener and SRR3676277 grouped closer to

TcIII and Tulahuen closer to TcII 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

TABLE 1 Overall number of different k-mers and clusters in T. cruzi strainsa

Gene family K-mer Totalb Conservedc Conserved (%)d Cluster total Conserved Conserved (%) K-mer/Clustere

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.
cConserved: 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.
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core-genome phylogeny, where most of the incongruences occurred in small branches

within DTUs or the Tc231 (TcIII), CanIII (TcIV) 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. cruzimultigene 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 TcMUC, 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 TcIII and TcIV 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. 4C). 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.

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.

Count” and (C) “K-mer.Cluster.ratio” correspond, respectively, to the total number of different k-mers, clusters, and mean a number of k-mer in each cluster

for each T. cruzi strain. These counts were only based on presence/absence without accounting for the copy number of each k-mer and cluster. (D) “Sum.cluster.Copies”

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.
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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 TcI, TcII, 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 (ii) 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 TcI, TcII, 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 TcI, TcII, 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 TcI (11 to 34)

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) TcMUC, (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, TcI, TcII, TcIII, TcIV, 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).
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and TcVI (8 to 22), and by a discrete decrease in the number TcII-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

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 = 0.469, P = 0.0042); TS (rho = 0.627, P = 6.14 � 1025) (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 test: MASP (P = 3.19 � 1023); TcMUC (P = 1.29 � 1023); TS

(P = 5.26 � 1023). (C) 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 � 1027); TcMUC (rho = 0.778, P = 2.236 � 1028); TS (rho = 0.752, P = 6,941 � 1027). (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 = 3.39 � 1025); TcMUC (P = 1.39 � 1023); TS (P = 2.39 � 1025).

TABLE 2Multigene families representative peptides selectiona

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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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. cruzimultigene 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)

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 TcI, TcII, 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.
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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. cruzimultigene 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.

TcI strains presented a reduction in k-mer variability, and TcI and TcII in cluster copy

numbers compared with TcIII-TcVI strains (Fig. 2 and Table S1). The lower number of

FIG 6 Antigenicity of peptides derived from the multigene families with sera of Chagasic human patients infected with TcII 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.

Accessing Multicopy Genes Variability using NGS Reads mBio

November/December 2022 Volume 13 Issue 6 10.1128/mbio.02319-22 9

D
o
w

n
lo

ad
ed

 f
ro

m
 h

tt
p
s:

//
jo

u
rn

al
s.

as
m

.o
rg

/j
o
u
rn

al
/m

b
io

 o
n
 3

0
 N

o
v
em

b
er

 2
0
2
3
 b

y
 1

5
0
.1

6
4
.1

8
0
.1

5
8
.



different clusters but similar copy numbers in TcI compared with TcII suggested that the

expansion of multigene families in TcI is mainly caused by redundant sequences. The low

copy number of TcMUC and MASP clusters observed in some TcII 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 TcI strains have an expansion of redundant clusters with lower

variability, compared with TcII-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 TcI isolates compared to TcII isolates. The overall smaller content of multi-

gene families in TcI, compared to TcVI hybrid strains, is also in accordance with previous

studies that compared multigene family’s content between TcI (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; (ii) 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 TcI) (11, 13). It is important to note

that the evaluated TcIII and TcIV nonhybrid DTUs had a similar copy number to the hybrid

strains. A higher number of isolates from TcIII-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 TcI and TcII, 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 TcI, TcII, 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 motifs 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 TcIII, TcIV, 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
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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 ANDMETHODS

Ethics statement. All the design and methodology involving mice were performed in accordance

with the guidelines of Colégio Brasileiro de Experimentação 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 Illumina technol-

ogy; (ii) reads must have a size between 100 and 150 nucleotides; (iii) genome coverage of at least 30�; 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 TcI, TcII, and TcVI isolates (Text S1).

Generating k-mers from each T. cruzimultigene family. To generate representative k-mers for each of

the three major T. cruzimultigene 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 (ii) 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 10� 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 (TcI, TcII, TcIII, and TcIV), twomethodologies 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; (ii) exact k-mer presence in all T. cruzi eval-

uated strains; (iii) 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 (TcI), Y (TcII), 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 TcII 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 (TcI), Y (TcII) or CL Brener (TcVI); uninfected mice; or with the pool of sera

from 9 chronic-Chagasic patients infected with parasites from the TcII DTU, or 14 healthy individuals. The im-

munoblotting and densitometric analysis are further described in Text S1.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.

TEXT S1, DOCX file, 0.02 MB.

FIG S1, PDF file, 1.5 MB.

FIG S2, PDF file, 0.4 MB.

FIG S3, PDF file, 0.3 MB.

FIG S4, PDF file, 1.3 MB.

FIG S5, PDF file, 0.4 MB.

FIG S6, PDF file, 0.2 MB.

FIG S7, PDF file, 0.5 MB.

TABLE S1, XLSX file, 0.02 MB.

TABLE S2, XLSX file, 0.04 MB.

ACKNOWLEDGMENTS

This work was supported by the Brazilian Federal Agency for Support of Graduate

Education (CAPES), Brazilian Council for Scientific and Technological Development (CNPq),

Minas Gerais State Agency for Research and Development (FAPEMIG), National Institute for

Science and Technology in Vaccines (INCTV) and Pró-reitoria de Pesquisa, Universidade

Federal de Minas Gerais. D.C.B., L.L.B., and R.T.F. are CNPq research fellows.

A.C.-d.-S., S.A.P.C., L.P.M., L.A.V., and M.S.C. received scholarships from CNPq and NRMH

from CAPES.

We also thank Michele Matos for her technical support.

REFERENCES

1. Metzker ML. 2010. Sequencing technologies - the next generation. Nat Rev

Genet 11:31–46. https://doi.org/10.1038/nrg2626.

2. McCombie WR, McPherson JD, Mardis ER. 2019. Next-generation sequencing

technologies. Cold Spring Harb Perspect Med 9:a036798. https://doi.org/10

.1101/cshperspect.a036798.

3. Baptista RP, Kissinger JC. 2019. Is reliance on an inaccurate genome sequence

sabotaging your experiments? PLoS Pathog 15:e1007901. https://doi.org/10

.1371/journal.ppat.1007901.

4. El-Sayed NM, Myler PJ, Blandin G, Berriman M, Crabtree J, Aggarwal G,

Caler E, Renauld H, Worthey EA, Hertz-Fowler C, Ghedin E, Peacock C,

Bartholomeu DC, Haas BJ, Tran A-N, Wortman JR, Alsmark UCM, Angiuoli S,

Anupama A, Badger J, Bringaud F, Cadag E, Carlton JM, Cerqueira GC, Creasy

T, Delcher AL, Djikeng A, Embley TM, Hauser C, Ivens AC, Kummerfeld SK,

Pereira-Leal JB, Nilsson D, Peterson J, Salzberg SL, Shallom J, Silva

JC, Sundaram J, Westenberger S, White O, Melville SE, Donelson JE,

Andersson B, Stuart KD, Hall N. 2005. Comparative genomics of trypanosomatid

Accessing Multicopy Genes Variability using NGS Reads mBio

November/December 2022 Volume 13 Issue 6 10.1128/mbio.02319-22 13

D
o
w

n
lo

ad
ed

 f
ro

m
 h

tt
p
s:

//
jo

u
rn

al
s.

as
m

.o
rg

/j
o
u
rn

al
/m

b
io

 o
n
 3

0
 N

o
v
em

b
er

 2
0
2
3
 b

y
 1

5
0
.1

6
4
.1

8
0
.1

5
8
.



parasitic protozoa. Science 309:404–409. https://doi.org/10.1126/science

.1112181.

5. Reis-Cunha JL, Valdivia HO, Bartholomeu DC. 2018. Gene and chromo-

somal copy number variations as an adaptive mechanism towards a parasitic

lifestyle in trypanosomatids. Curr Genomics 19:87–97. https://doi.org/10.2174/

1389202918666170911161311.

6. Garg S, Aach J, Li H, Sebenius I, Durbin R, Church G. 2020. A haplotype-

aware de novo assembly of related individuals using pedigree sequence graph.

Bioinformatics 36:2385–2392. https://doi.org/10.1093/bioinformatics/btz942.

7. Majidian S, Kahaei MH, de Ridder D. 2020. Hap10: reconstructing accurate

and long polyploid haplotypes using linked reads. BMC Bioinformatics 21:

253. https://doi.org/10.1186/s12859-020-03584-5.

8. El-Sayed NM, Myler PJ, Bartholomeu DC, Nilsson D, Aggarwal G, Tran A-N,

Ghedin E, Worthey EA, Delcher AL, Blandin G, Westenberger SJ, Caler E,

Cerqueira GC, Branche C, Haas B, Anupama A, Arner E, Aslund L, Attipoe

P, Bontempi E, Bringaud F, Burton P, Cadag E, Campbell DA, Carrington

M, Crabtree J, Darban H, da Silveira JF, de Jong P, Edwards K, Englund PT,

Fazelina G, Feldblyum T, Ferella M, Frasch AC, Gull K, Horn D, Hou L,

Huang Y, Kindlund E, Klingbeil M, Kluge S, Koo H, Lacerda D, Levin MJ,

Lorenzi H, Louie T, Machado CR, McCulloch R, McKenna A. 2005. The ge-

nome sequence of Trypanosoma cruzi, etiologic agent of Chagas disease.

Science 309:409–415. https://doi.org/10.1126/science.1112631.

9. Arner E, Kindlund E, Nilsson D, Farzana F, Ferella M, Tammi MT, Andersson

B. 2007. Database of Trypanosoma cruzi repeated genes: 20,000 additional

gene variants. BMC Genomics 8:391. https://doi.org/10.1186/1471-2164-8-391.

10. Weatherly DB, Boehlke C, Tarleton RL. 2009. Chromosome level assembly

of the hybrid Trypanosoma cruzi genome. BMC Genomics 10:255. https://

doi.org/10.1186/1471-2164-10-255.

11. Berná L, Rodríguez M, Chiribao ML, Parodi-Talice A, Pita S, Rijo G, Alvarez-

Valin F, Robello C. 2018. Expanding an expanded genome: long-read

sequencing of Trypanosoma cruzi. Microb Genom 4:e000177. https://doi

.org/10.1099/mgen.0.000177.

12. Reis-Cunha JL, Bartholomeu DC. 2019. Trypanosoma cruzi genome assem-

blies: challenges andmilestones of assembling a highly repetitive and com-

plex genome. Methods Mol Biol 1955:1–22. https://doi.org/10.1007/978-1

-4939-9148-8_1.

13. Franzén O, Ochaya S, Sherwood E, Lewis MD, Llewellyn MS, Miles MA,

Andersson B. 2011. Shotgun sequencing analysis of Trypanosoma cruzi I

Sylvio X10/1 and comparison with T. cruzi VI CL Brener. PLoS Negl Trop

Dis 5:e984. https://doi.org/10.1371/journal.pntd.0000984.

14. Franzén O, Talavera-López C, Ochaya S, Butler CE, Messenger LA, Lewis

MD, Llewellyn MS, Marinkelle CJ, Tyler KM, Miles MA, Andersson B. 2012.

Comparative genomic analysis of human infective Trypanosoma cruzi lin-

eages with the bat-restricted subspecies T. cruzi marinkellei. BMC Genomics

13:531. https://doi.org/10.1186/1471-2164-13-531.

15. Wang W, Peng D, Baptista RP, Li Y, Kissinger JC, Tarleton RL. 2021. Strain-spe-

cific genome evolution in Trypanosoma cruzi, the agent of Chagas disease.

PLoS Pathog 17:e1009254. https://doi.org/10.1371/journal.ppat.1009254.

16. Bartholomeu DC, Cerqueira GC, Leão ACA, daRocha WD, Pais FS, Macedo

C, Djikeng A, Teixeira SMR, El-Sayed NM. 2009. Genomic organization and

expression profile of the mucin-associated surface protein (masp) family of

the human pathogen Trypanosoma cruzi. Nucleic Acids Res 37:3407–3417.

https://doi.org/10.1093/nar/gkp172.

17. Reis-Cunha JL, Valdivia HO, Bartholomeu DC. 2017. Trypanosomatid ge-

nome organization and ploidy. Front Parasitol 16:61–103.

18. Callejas-Hernández F, Rastrojo A, Poveda C, Gironès N, Fresno M. 2018.

Genomic assemblies of newly sequenced Trypanosoma cruzi strains

reveal new genomic expansion and greater complexity. Sci Rep 8:14631.

https://doi.org/10.1038/s41598-018-32877-2.

19. Stoco PH, Wagner G, Talavera-Lopez C, Gerber A, Zaha A, Thompson CE,

Bartholomeu DC, Lückemeyer DD, Bahia D, Loreto E, Prestes EB, Lima FM,

Rodrigues-Luiz G, Vallejo GA, Filho JdS, Schenkman S, Monteiro KM, Tyler

KM, de Almeida LGP, Ortiz MF, Chiurillo MA, de Moraes MH, Cunha OdL,

Mendonça-Neto R, Silva R, Teixeira SMR, Murta SMF, Sincero TCM,

Mendes TdO, Urmenyi TP, Silva VG, DaRocha WD, Andersson B, Romanha

AJ, Steindel M, de Vasconcelos ATR, Grisard EC. 2014. Genome of the avir-

ulent human-infective trypanosome–Trypanosoma rangeli. PLoS Negl

Trop Dis 8:e3176. https://doi.org/10.1371/journal.pntd.0003176.

20. De Pablos LM, Osuna A. 2012. Multigene families in Trypanosoma cruzi

and their role in infectivity. Infect Immun 80:2258–2264. https://doi.org/

10.1128/IAI.06225-11.

21. Zingales B, Andrade SG, Briones MRS, Campbell DA, Chiari E, Fernandes

O, Guhl F, Lages-Silva E, Macedo AM, Machado CR, Miles MA, Romanha

AJ, Sturm NR, Tibayrenc M, Schijman AG, Second Satellite Meeting. 2009.

A new consensus for Trypanosoma cruzi intraspecific nomenclature: sec-

ond revision meeting recommends TcI to TcVI. Mem Inst Oswaldo Cruz

104:1051–1054. https://doi.org/10.1590/s0074-02762009000700021.

22. Zingales B, Miles MA, Campbell DA, Tibayrenc M, Macedo AM, Teixeira MMG,

Schijman AG, Llewellyn MS, Lages-Silva E, Machado CR, Andrade SG, Sturm

NR. 2012. The revised Trypanosoma cruzi subspecific nomenclature: rationale,

epidemiological relevance and research applications. Infect Genet Evol 12:

240–253. https://doi.org/10.1016/j.meegid.2011.12.009.

23. Miles MA, Llewellyn MS, Lewis MD, Yeo M, Baleela R, Fitzpatrick S, Gaunt MW,

Mauricio IL. 2009. Themolecular epidemiology and phylogeography of Trypano-

soma cruzi and parallel research on Leishmania: looking back and to the future.

Parasitology 136:1509–1528. https://doi.org/10.1017/S0031182009990977.

24. Baptista RP, Reis-Cunha JL, DeBarry JD, Chiari E, Kissinger JC, Bartholomeu DC,

Macedo AM. 2018. Assembly of highly repetitive genomes using short reads:

the genome of discrete typing unit III Trypanosoma cruzi strain 231. Microb

Genom 4:e000156. https://doi.org/10.1099/mgen.0.000156.

25. Grisard EC, Teixeira SMR, de Almeida LGP, Stoco PH, Gerber AL, Talavera-

López C, Lima OC, Andersson B, de Vasconcelos ATR. 2014. Trypanosoma

cruzi clone Dm28c draft genome sequence. Genome Announc 2:e01114-

13. https://doi.org/10.1128/genomeA.01114-13.

26. Callejas-Hernández F, Gironès N, Fresno M. 2018. Genome sequence of

Trypanosoma cruzi strain Bug2148. Genome Announc 6:e01497-17.

https://doi.org/10.1128/genomeA.01497-17.

27. Treangen TJ, Salzberg SL. 2011. Repetitive DNA and next-generation

sequencing: computational challenges and solutions. Nat Rev Genet 13:

36–46. https://doi.org/10.1038/nrg3117.

28. Burgos JM, Altcheh J, Bisio M, Duffy T, Valadares HMS, Seidenstein ME,

Piccinali R, Freitas JM, Levin MJ, Macchi L, Macedo AM, Freilij H, Schijman AG.

2007. Direct molecular profiling of minicircle signatures and lineages of Trypa-

nosoma cruzi bloodstream populations causing congenital Chagas disease.

Int J Parasitol 37:1319–1327. https://doi.org/10.1016/j.ijpara.2007.04.015.

29. Westenberger SJ, Barnabé C, Campbell DA, Sturm NR. 2005. Two hybrid-

ization events define the population structure of Trypanosoma cruzi.

Genetics 171:527–543. https://doi.org/10.1534/genetics.104.038745.

30. de Freitas JM, Augusto-Pinto L, Pimenta JR, Bastos-Rodrigues L, Gonçalves VF,

Teixeira SMR, Chiari E, Junqueira ACV, Fernandes O, Macedo AM, Machado CR,

Pena SDJ. 2006. Ancestral genomes, sex, and the population structure of Trypa-

nosoma cruzi. PLoS Pathog 2:e24. https://doi.org/10.1371/journal.ppat.0020024.

31. Cerqueira GC, Bartholomeu DC, DaRocha WD, Hou L, Freitas-Silva DM,

Machado CR, El-Sayed NM, Teixeira SMR. 2008. Sequence diversity and

evolution of multigene families in Trypanosoma cruzi. Mol Biochem Para-

sitol 157:65–72. https://doi.org/10.1016/j.molbiopara.2007.10.002.

32. Matos GM, Lewis MD, Talavera-López C, Yeo M, Grisard EC, Messenger LA,

Miles MA, Andersson B. 2022. Microevolution of Trypanosoma cruzi

reveals hybridization and clonal mechanisms driving rapid genome diver-

sification. Elife 11:e75237. https://doi.org/10.7554/eLife.75237.

33. Durante IM, La Spina PE, Carmona SJ, Agüero F, Buscaglia CA. 2017. High-

resolution profiling of linear B-cell epitopes from mucin-associated surface

proteins (MASPs) of Trypanosoma cruzi during human infections. PLoS Negl

Trop Dis 11:e0005986. https://doi.org/10.1371/journal.pntd.0005986.

34. De Pablos LM, Díaz Lozano IM, Jercic MI, Quinzada M, Giménez MJ, Calabuig

E, Espino AM, Schijman AG, Zulantay I, Apt W, Osuna A. 2016. The C-terminal

region of Trypanosoma cruzi MASPs is antigenic and secreted via exovesicles.

Sci Rep 6:27293. https://doi.org/10.1038/srep27293.

35. Schocker NS, Portillo S, Ashmus RA, Brito CRN, Silva IE, Mendoza YC, Marques

AF, Monroy EY, Pardo A, Izquierdo L, Gállego M, Gascon J, Almeida IC, Michael

K. 2018. Probing for Trypanosoma cruzi Cell Surface Glycobiomarkers for the

Diagnosis and Follow-Up of Chemotherapy of Chagas Disease, p 195–211. In

Witczak ZJ, Bielski R (ed), Coupling and Decoupling of Diverse Molecular Units

in Glycosciences. Springer International Publishing, Cham.

36. Pitcovsky TA, Buscaglia CA, Mucci J, Campetella O. 2002. A functional net-

work of intramolecular cross-reacting epitopes delays the elicitation of

neutralizing antibodies to Trypanosoma cruzi trans-sialidase. J Infect Dis

186:397–404. https://doi.org/10.1086/341463.

37. Rassi A, Jr., Rassi A, Marin-Neto JA. 2010. Chagas disease. Lancet 375:

1388–1402. https://doi.org/10.1016/S0140-6736(10)60061-X.

38. dos Santos SL, Freitas LM, Lobo FP, Rodrigues-Luiz GF, Mendes TA de O,

Oliveira ACS, Andrade LO, Chiari E, Gazzinelli RT, Teixeira SMR, Fujiwara RT,

Bartholomeu DC. 2012. TheMASP family of Trypanosoma cruzi: changes in gene

expression and antigenic profile during the acute phase of experimental infec-

tion. PLoSNegl TropDis 6:e1779. https://doi.org/10.1371/journal.pntd.0001779.

39. Seco-Hidalgo V, De Pablos LM, Osuna A. 2015. Transcriptional and pheno-

typical heterogeneity of Trypanosoma cruzi cell populations. Open Biol 5:

150190. https://doi.org/10.1098/rsob.150190.

Accessing Multicopy Genes Variability using NGS Reads mBio

November/December 2022 Volume 13 Issue 6 10.1128/mbio.02319-22 14

D
o
w

n
lo

ad
ed

 f
ro

m
 h

tt
p
s:

//
jo

u
rn

al
s.

as
m

.o
rg

/j
o
u
rn

al
/m

b
io

 o
n
 3

0
 N

o
v
em

b
er

 2
0
2
3
 b

y
 1

5
0
.1

6
4
.1

8
0
.1

5
8
.



40. Leguizamón MS, Campetella O, Russomando G, Almiron M, Guillen I,

Ganzález Cappa SM, Frasch AC. 1994. Antibodies inhibiting Trypanosoma

cruzi trans-sialidase activity in sera from human infections. J Infect Dis

170:1570–1574. https://doi.org/10.1093/infdis/170.6.1570.

41. Leguizamón MS. 2019. Diagnostic applicability of neutralizing antibodies

to Trypanosoma cruzi trans-sialidase. Methods Mol Biol 1955:239–246.

https://doi.org/10.1007/978-1-4939-9148-8_18.

42. Hoft DF, Eickhoff CS, Giddings OK, Vasconcelos JRC, Rodrigues MM. 2007.

Trans-sialidase recombinant protein mixed with CpG motif-containing oli-

godeoxynucleotide induces protective mucosal and systemic trypanosoma

cruzi immunity involving CD81 CTL and B cell-mediated cross-priming. J

Immunol 179:6889–6900. https://doi.org/10.4049/jimmunol.179.10.6889.

43. García EA, Ziliani M, Agüero F, Bernabó G, Sánchez DO, Tekiel V. 2010.

TcTASV: a novel protein family in trypanosoma cruzi identified from a subtrac-

tive trypomastigote cDNA library. PLoS Negl Trop Dis 4:e841. https://doi.org/

10.1371/journal.pntd.0000841.

44. Pereira IR, Vilar-Pereira G, Marques V, da Silva AA, Caetano B, Moreira OC,

Machado AV, Bruna-Romero O, Rodrigues MM, Gazzinelli RT, Lannes-Vieira J.

2015. A human type 5 adenovirus-based Trypanosoma cruzi therapeutic vac-

cine re-programs immune response and reverses chronic cardiomyopathy.

PLoS Pathog 11:e1004594. https://doi.org/10.1371/journal.ppat.1004594.

45. Haolla FA, Claser C, de Alencar BCG, Tzelepis F, de Vasconcelos JR, de

Oliveira G, Silvério JC, Machado AV, Lannes-Vieira J, Bruna-Romero O, Gazzinelli

RT, dos Santos RR, Soares MBP, Rodrigues MM. 2009. Strain-specific protective

immunity following vaccination against experimental Trypanosoma cruzi infec-

tion. Vaccine 27:5644–5653. https://doi.org/10.1016/j.vaccine.2009.07.013.

46. Zingales B, Bartholomeu DC. 2022. Trypanosoma cruzi genetic diversity:

impact on transmission cycles and Chagas disease. Mem Inst Oswaldo

Cruz 117:e210193. https://doi.org/10.1590/0074-02760210193.

47. Pinto CM, Kalko EKV, Cottontail I, Wellinghausen N, Cottontail VM. 2012.

TcBat a bat-exclusive lineage of Trypanosoma cruzi in the Panama Canal

Zone, with comments on its classification and the use of the 18S rRNA

gene for lineage identification. Infect Genet Evol 12:1328–1332. https://

doi.org/10.1016/j.meegid.2012.04.013.

48. Li H. 2013. Aligning sequence reads, clone sequences and assembly con-

tigs with BWA-MEM. arXiv. https://arxiv.org/abs/1303.3997

49. Marçais G, Kingsford C. 2011. A fast, lock-free approach for efficient paral-

lel counting of occurrences of k-mers. Bioinformatics 27:764–770. https://

doi.org/10.1093/bioinformatics/btr011.

50. Edgar RC. 2010. Search and clustering orders of magnitude faster than BLAST.

Bioinformatics 26:2460–2461. https://doi.org/10.1093/bioinformatics/btq461.

51. Reis-Cunha JL, Rodrigues-Luiz GF, Valdivia HO, Baptista RP, Mendes TAO,

de Morais GL, Guedes R, Macedo AM, Bern C, Gilman RH, Lopez CT, Andersson

B, Vasconcelos AT, Bartholomeu DC. 2015. Chromosomal copy number varia-

tion reveals differential levels of genomic plasticity in distinct Trypanosoma cruzi

strains. BMCGenomics 16:499. https://doi.org/10.1186/s12864-015-1680-4.

52. Frank R. 1992. Spot-synthesis: an easy technique for the positionally

addressable, parallel chemical synthesis on a membrane support. Tetra-

hedron 48:9217–9232. https://doi.org/10.1016/S0040-4020(01)85612-X.

Accessing Multicopy Genes Variability using NGS Reads mBio

November/December 2022 Volume 13 Issue 6 10.1128/mbio.02319-22 15

D
o
w

n
lo

ad
ed

 f
ro

m
 h

tt
p
s:

//
jo

u
rn

al
s.

as
m

.o
rg

/j
o
u
rn

al
/m

b
io

 o
n
 3

0
 N

o
v
em

b
er

 2
0
2
3
 b

y
 1

5
0
.1

6
4
.1

8
0
.1

5
8
.


	RESULTS
	Collapsed multicopy genes in long-reads T. cruzi genome assemblies.
	T. cruzi isolates phylogeny and whole-genome variability.
	T. cruzi multigene families k-mer generation and clusterization.
	T. cruzi multigene families’ clusters were variable among DTUs and correlated with phylogeny.
	T. cruzi multigene family’s variability correlated with genome size and hybrid nature.
	Antigenicity of T. cruzi multigene families.

	DISCUSSION
	MATERIALS AND METHODS
	Ethics statement.
	Whole-genome sequencing libraries acquisition and processing.
	Generating k-mers from each T. cruzi multigene family.
	K-mer clustering parametrization.
	Multigene family clusters generation and comparison among T. cruzi strains.
	Comparison between clusters variability in hybrid and nonhybrid DTUs.
	Comparison between cluster copy number and genome size or somy variation.
	In silico selection of conserved and potentially immunogenic k-mers.
	Sera libraries.
	Spot synthesis and immunoblotting.

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

