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Amplicon Sequencing Reveals Complex Infection in
Infants Congenitally Infected With Trypanosoma Cruzi
and Informs the Dynamics of Parasite Transmission
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Congenital transmission of Trypanosoma cruzi is an important source of new Chagas infections worldwide. The mechanisms of
congenital transmission remain poorly understood, but there is evidence that parasite factors are involved. Investigating
changes in parasite strain diversity during transmission could provide insight into the parasite factors that influence the process.
Here we use amplicon sequencing of a single copy T. cruzi gene to evaluate the diversity of infection in clinical samples from
Chagas positive mothers and their infected infants. Several infants and mothers were infected with multiple parasite strains,
mostly of the same TcV lineage, and parasite strain diversity was higher in infants than mothers. Two parasite haplotypes were
detected exclusively in infant samples, while one haplotype was never found in infants. Together, these data suggest multiple

parasites initiate a congenital infection and that parasite factors influence the probability of vertical transmission.
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Trypanosoma cruzi is the causative agent of Chagas disease and
is estimated to infect almost 6 million people worldwide [1].
Effective vector control has decreased the number of new infec-
tions, but congenital transmission has become an increasing
concern, particularly in nonendemic areas. An estimated 22%
of new Chagas cases occur via congenital transmission, and ap-
proximately 5% of mothers infected with T cruzi will transmit
the parasite to their newborn [2-4]. The role that parasite
genetics plays in transmission and congenital infection is
poorly understood. By identifying parasite strains that are
more likely to be vertically transmitted, researchers can uncov-
er mechanisms underlying this growing source of new cases,
which may lead to improved detection and treatment of con-
genital T cruzi infection.
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Studies examining parasite diversity within T cruzi infections
are often performed with a focus on T cruzi’s 6 Discrete Typing
Units (DTUs), Tcl through TcVI, which are distinct genetic
groups that segregate by genotyped markers. However, diversity
has been observed within individual DTUs, both across isolates
and within single infections [5-7]. Therefore, using DTUs alone
likely underestimates parasite diversity, because several clones
of the same DTU may possibly coinfect a patient [8-10].
Moreover, T cruzi has 2 hybrid DTUs, TcV and TcVI. Each of
these are ancient hybrids of TcII and TcIII, with each homolo-
gous chromosome of the parasite thought to approximately
match one of these ancestral parental haplotypes. In some par-
asite clones, there may be complex recombination events pre-
sent between these parental haplotypes resulting in mosaic
alleles [11]. Diversity arising from these events can only be iden-
tified by characterization of each individual haplotype.
Whole-genome sequencing of clinical isolates can circumvent
this problem and identify complex hybrids, but this is typically
not feasible due to the low parasitemia during chronic infection.
To ameliorate the problem of low parasitemia, some studies
have targeted high copy number genes, such as the miniexon lo-
cus, to evaluate the complexity of T cruzi infection [12-14].
These genes frequently display variability, even within a single
parasite strain, however, artificially raising the apparent number
of parasite clones [5, 15].
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In this study, we use amplicon sequencing of a single-copy gene,
TcSC5D, to characterize the clonal diversity in clinical samples of
Chagas-positive infants and mothers, including several twins.
More importantly, this gene contains nucleotide polymorphisms
that are distinct across several DTUs, allowing an additional rough
DTU determination [16]. Our results reveal haplotypes that are
present exclusively in infant or mother samples, indicating a pos-
sible relationship between parasite genotype and transmission.
We also observed an increase in parasite diversity in infant sam-
ples relative to maternal samples, which suggests that congenital
transmission may be the result of multiple colonizing parasites
that infect the infant during pregnancy.

METHODS

Study Information

Mothers who tested positive for Chagas disease were recruited
from Percy Boland Women’s Hospital in Santa Cruz, Bolivia be-
tween the 2016 and 2018. Three hundred microliters of maternal
venous blood and 300 pL of infant blood from heel puncture was
taken at birth. For longitudinal timepoints at 1, 3, and 9 months,
300 puL of infant venous blood was taken. Mothers recruited to the
study were given a survey regarding obstetrics and demographic
characteristics. Analysis of these epidemiological characteristics
are described elsewhere [17]. This collection protocol was ap-
proved by the ethics committee of the Bolivian Catholic
University, international registration Federal Wide Assurance
(FWA) 0017928 and PRISMA 00001219. Study analysis was given
exempt status by the Institutional Review Board (IRB) at the
University of North Carolina at Chapel Hill (IRB 19-3014).

Sample Processing and Amplicon Sequencing

Deoxyribonucleic acid (DNA) was extracted at the Infectious
Diseases Research Laboratory of the Universidad Peruana
Cayetano Heredia in Lima, Peru. Quantitative polymerase chain re-
action (qQPCR) was performed as previously described [18]. In this
study, we do not estimate parasitemia and instead use the cycle
threshold (CT) value as a proxy for number of parasites in the blood.
Amplicon PCR, library preparation, and sequencing were per-
formed at the University of North Carolina at Chapel Hill. Details
of nested PCR and library preparation are described in
Supplementary Methods. Raw sequencing data are available in
National Center for Biotechnology Information (NCBI) Sequence
Read Archive (SRA) under accession number PRJNA891347.

Haplotype Calling

Demultiplexed reads were adapter-trimmed using CutAdapt
[19]. After trimming, any read pairs less than 100 base pairs
long were removed to eliminate adapter dimers and off-target
amplicons from the pipeline. After adapter trimming, reads
were aligned to a custom BLAST search against the target am-
plicon to remove nonspecific reads and orient amplicons in the

same direction before calling haplotypes. Filtered reads were
then run through DADA?2 using a maximum expected error
of 2 for both the R1 and R2 reads [20]. Any amplicon sequence
variants that made up less than 0.01% of the total population of
reads were removed from the analysis, and any sample that had
fewer than 200 total reads after all filtering steps was removed
from the analysis.

Two of the recovered haplotypes were identical, except for a
small insertion at the end of the amplicon. Because it is possible
that the shorter amplicon could be amplified in samples con-
taining the longer amplicon, they were merged into 1 amplicon
for the analysis. This amplicon sequence is available in the
Supplemental Data as haplotype number 12, and it was merged
with haplotype 0 for subsequent analysis.

The DTU typing was done by comparing called amplicons to
previously published sequencing data targeting the same locus
on reference DTUs. Sanger sequencing data were obtained
from data previously published by Cosentino and Agiiero
[16], and whole-genome data were from TriTypDB. The
SRA numbers for these sequences are provided in the
Supplemental Methods.

Haplotype Diversity Analysis

Parasite diversity was measured using Shannon’s diversity in-
dex using the Vegan R package [21]. Only haplotypes detected
in both sample replicates were counted when analyzing the fre-
quency of appearance of each haplotype (in Figure 1C), except
in cases in which only 1 sample replicate passed filtering; in
these cases, every detected haplotype was counted. All scripts
used to process raw data, call haplotypes, and generate figures
for analysis are available at https:/github.com/MugnierLab/
Hakim2022.

RESULTS

Haplotype Sequences Were Largely Similar and Mostly Belonged to
Hybrid Discrete Typing Unit TcV or TcVI

Amplicon sequencing targeting the TcSC5D gene was per-
formed in duplicate on DNA extracted from peripheral blood
from 75 total individuals. After eliminating samples with low-
quality sequencing data, 44 participants were included in the
analysis. These 44 individuals included 8 mother-infant sets
(2 sets of twins, 6 singletons), 2 mothers without a matching in-
fant sample, and 10 infants (including 1 set of twins) without a
matching mother sample. All collected epidemiological data as-
sociated with these samples are available in Supplemental
Table 1, alongside the total number of reads each sample repli-
cate received. TcSC5D haplotypes were identified in each sam-
ple using DADA2 [20]. This tool, optimized for calling
haplotypes from amplicons, corrects for both PCR and se-
quencing errors. Thus, haplotypes present in only 1 PCR repli-
cate are mostly likely due to under sampling, rather than
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Figure 1.

Many haplotypes belonged to the same Discrete Typing Unit (DTU). (A) Heatmap showing percentage identity between haplotypes, clustered by similarity. (B)

Table of all single-nucleotide polymorphisms (SNPs) across haplotypes found. The position of each polymorphism within the amplicon is noted at the top of each column.
Whole-genome data (white background) of Tcl, Tcll, Telll, and TcVI as well as Sanger sequencing data (gray background) for a portion of the amplicon from Tcl, Tcll, Telll, TeV,
and TcVl are included for reference. Bases are colored based on similarity to reference DTU data; only positions that are unique to a reference haplotype are colored. Asterixis
denote informative SNP sites for DTU calls. (C) UpSet plot describing the frequency and co-occurrence of each haplotype and haplotype combination. Dots represent a hap-
lotype or haplotype combination, with the frequency of that combination represented on the bar graph above. Colored bar graphs on the side represent the number of samples

in which the haplotype was found.

sequencing or PCR errors. Supporting this assumption, every
haplotype except for 1 was detected in more than 1 infection.
We therefore considered a haplotype detected in either PCR
replicate to be present in that infection.

The 12 unique haplotype sequences identified in the study
population showed between 90.9% and 99.8% sequence simi-
larity (Figure 1A). Using reference whole-genome data as
well as Sanger sequencing data at the same locus as a reference,
we assigned each recovered haplotype a tentative DTU designa-
tion. The DTU TcVI is an ancestral hybrid of a TcIII and TcII
strain, and both Esmeraldo (resembling the TcIII ancestor) and
non-Esmeraldo (resembling the TcII ancestor) homologous
included

Figure 1B shows a table of all single-nucleotide polymorphisms

chromosomes were as reference haplotypes.
(SNPs) across the recovered haplotypes and reference sequenc-
es. Haplotype 6 shared 100% sequence identity to the T¢I Sylvio
strain, whereas all other haplotypes have some similarity to

phased haplotypes of the hybrid CL Brener strain.

Haplotypes 3, 8, and 11 had unique SNPs not found in the ref-
erence strains or in any other haplotype. Several haplotypes had
stretches of similarity matching the TcII SNP pattern, before
switching to match the TcIIl pattern, and vice versa.
Similarly, haplotypes 0, 3, and 8 have loci that suggest they
may belong to TcII, but at site 82 all 3 have a nucleotide asso-
ciated with TcIIL. These patterns are consistent with recombi-
nation between homologous chromosomes in the hybrid
strains. Although we cannot call these haplotypes’ DTU desig-
nation specifically, it is apparent that they are all hybrids, mak-
ing them either TcV or TcVIL

We analyzed the combinations of haplotypes detected in
each infection to determine whether certain haplotypes were
more likely to co-occur or occur alone. Four haplotypes, haplo-
types 0, 1, 5, and 6, were detected as the only clone within some
infections (Figure 1C). This could indicate that these haplo-
types represent individual parasite clones in which both homol-
ogous chromosomes contain the same sequence at the
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amplicon locus. It is unlikely that the same novel mutation in a
conserved gene would occur in 2 independent infections. Thus,
the fact that most haplotypes occur in multiple independent in-
fections suggests that they are not novel mutations arising in in-
fants, but instead they represent parasite clones that were
transmitted to the infant from the mother. The analysis re-
vealed 11 samples containing 3 or more haplotypes, which, be-
cause of T cruzi’s diploid genome, likely indicates infection with
at least 2 parasite clones. All of these samples were infant sam-
ples, with only 2 complex infections detected in the 14 maternal
samples (Supplemental Figure 1).

Parasite Strain Diversity Is Higher in Infants Than in Mothers

Given the presence of multiple parasite clones in many samples,
we assessed the changes in parasite diversity that occur during
congenital transmission. Under many modes of infectious
transmission, a bottleneck occurs, and the colonized site has
less strain diversity than the source. However, we find that ma-
ternal samples are less diverse, as measured by Shannon’s diver-
sity, than samples of infants at birth (Figure 2A). Shannon’s
diversity is more robust to sampling error than comparing
the number of detected haplotypes, because it considers the
proportion at which each haplotype is found [22]. Diversity ap-
pears to gradually decrease as infants get older, although this
effect is not statistically significant. A potential explanation
for this observation could be that the low parasitemia in the
maternal blood sample causes undersampling of the true ma-
ternal diversity of circulating parasites. We found that the para-
sitemia of each patient as measured by qPCR was correlated to
the Shannon’s diversity for each sample (Spearman’s rho =
—0.62, P=2.3e-4) (Figure 2B). However, because there were
no chronically infected maternal samples of a high enough par-
asitemia to directly compare to the acutely infected infant sam-
ples, and because there may be a causative link between blood
parasite load and parasite diversity, it is impossible to eliminate
the role that sampling may play in the reduced parasite diver-
sity found in mother’s blood.

Several Haplotypes Were Exclusive to the Mother or the Infant

Parasite genetics may play a role in the probability of congenital
transmission of T cruzi. To address this possibility, we searched
for haplotypes that were more or less likely to be transmitted
from the mother to her infant. Haplotypes found in a mother,
but not her infant, could represent clones that are less likely to
be congenitally transmitted. For this analysis, we counted the
number of times a haplotype was found in a mother, her paired
infant, or in both the mother and her infant (Figure 3A).
Haplotypes 0, 1, and 7 appeared in both samples of some
mother-infant pairs, indicating that these haplotypes were like-
ly to be transmitted and detected in maternal blood.
Haplotypes 3, 5, and 6 were only found in mothers and not
paired infants. Haplotypes 4 and 9 were only ever found in

the infant samples of mother-infant pairs. To further explore
the effect of haplotype on transmission, we also analyzed hap-
lotype presence in samples without considering the mother-
infant pairs (Figure 3B). Among these samples, haplotypes 5
and 6 were no longer exclusive to the mother and were found
in some infant samples, whereas haplotype 3 remained exclu-
sive to mothers. It is interesting to note that haplotypes 4 and
9 remain exclusive to infant samples. This indicates that these
haplotypes are highly likely to be transmitted, and that there
may be additional biological mechanisms resulting in the lack
of these haplotype’s detection in the maternal blood at time
of birth.

By examining individual families, we observed diverse trans-
mission patterns (Figure 3C, Supplemental Figures 2 and 3).
Family 1507 shows the maternal detection of haplotype 1,
whereas within the infant sample we detect haplotype 1 in ad-
dition to several other haplotypes, consistent with our previous
observation of increased diversity in infant samples relative to
mother’s samples. Transmission within family 4296 is perhaps
the most informative. In this case, 2 haplotypes are detected in
the maternal sample, whereas a larger number of haplotypes are
detected in each of the 2 fraternal twins. It is notable that the
haplotype distribution in each twin is almost identical.
Because these were fraternal twins of discordant sex, with 2 sep-
arate placentas, this finding supports the hypothesis that trans-
mission is not the result of a single inoculating parasite.

DISCUSSION

These data describe the changes in parasite diversity that exist
during the process of T cruzi congenital transmission and sug-
gest a role for parasite genetics in the likelihood of transmis-
sion. By directly sequencing blood samples from patients and
targeting a single-copy gene by amplicon sequencing, we
were able to identify complex infections in mother and infant
samples in an endemic setting and determine changes in para-
site strain diversity that occur during the process of transmis-
sion. Although our findings are somewhat limited by small
sample sizes, our approach allows a direct assessment of para-
site diversity beyond simple DTU classification and reveals new
features of congenital transmission of T cruzi that warrant fur-
ther investigation.

The method used in this paper allows us to avoid overesti-
mating complexity of infection for a sample. In this study, we
assume the single locus gene occurs twice per parasite, with a
unique allele on each homologous chromosome, thereby po-
tentially underestimating the parasite diversity. This assump-
tion of exclusive diploidy may not always hold; karyotypic
instability has been found in T cruzi, and gene duplication com-
monly occurs [23, 24]. However, duplicated genes often encode
surface genes involved in immune evasion, and the conserved
metabolic gene targeted in this work is not thought to be
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expressed on the surface and is likely not under selective pres-
sure. An additional strength of this work is that parasites were
sequenced directly from patient samples and did not undergo
expansion and potential strain selection in culture. Thus, we
avoid the possibility of selecting for clones that are better adapt-
ed to culture at the expense of the true parasite diversity. This
study demonstrates the feasibility of this approach for charac-
terizing parasite diversity across congenital infection.

The majority of the haplotypes detected in our samples were
hybrid DTUs, likely TcV considering other strain typing work
from the same setting [2, 25, 10]. In this study, we observe po-
tential ancestral recombination events between the parental
Tcll and TcIII alleles in our recovered haplotypes. This suggests
additional diversity exists in the hybrid strains beyond what has
been sequenced in the reference CL Brener strain. Within these
hybrid DTU types, we observed several haplotypes that oc-
curred exclusively in mother or infant samples. This suggests
that there may be genetic factors within DTUs that influence
parasite transmission and underscores the fact that current
DTU designations are insufficient to appropriately assess the
diversity of parasite strains in a single infection. Investigation
into specific virulence factors, either by transcriptomic or geno-
mic analysis, rather than DTU typing, is likely to be required to
uncover the factors that influence transmission. An analysis in-
cluding mothers infected with a more diverse set of parasite
DTUs and mothers who did not transmit to their infant may
shed light on the degree to which DTU alone can influence
the probability of transmission.

Although parasite genetics may influence the probability of
transmission, we found complex infections observed in both
mother and infant samples. Surprisingly, we observed an

increase in parasite diversity after transmission, with many
haplotypes recovered in the infant that were undetectable in
maternal blood. This finding is corroborated in a similar study,
in which Lewellyn et al [26] found novel strain types in infants
compared to their paired mothers using a diverse low copy
number gene. In that study, it was unclear whether the ob-
served “strain types” represented individual parasite clones or
diversity that was generated during infection, because the locus
analyzed was a variant surface protein that is likely to diversify
during the course of infection. Because our approach analyzes a
single-copy metabolic gene and most haplotypes were identi-
fied independently in multiple infections, we are able to more
confidently assume that detected haplotypes were not the result
of diversification during infection.

The increased diversity in the infant samples may be ex-
plained in several ways. Perhaps most intriguing is the possibil-
ity that some parasite clones prefer the placental environment,
remaining undetectable in the maternal blood. If these T cruzi
clones are sequestered in the placenta, they might not circulate
at detectable levels in the mother’s blood. In a previous study,
researchers performed kDNA PCR on mothers who tested pos-
itive for Chagas disease and found multiple patients with neg-
ative bloodstream but positive placental PCR, and in 2 cases
they found placental minicircle fragments that were not detect-
able in the bloodstream of the same patient, which suggests pla-
cental tropism for specific parasite clones [27]. Placental
tropism of specific T cruzi strains has also been observed in
mouse models of infection [28, 29].

An additional explanation is that parasite transmission oc-
curs throughout pregnancy. If parasite clones cross the placenta
during multiple waves of infection, the composition in the
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Figure 3. Certain haplotypes are found only in mothers or only in infants. (A) Among families with paired infant-mother samples, the number of times a haplotype was
found only in the mother sample, only in the newborn sample, or in both the mother and the newborn sample. (B) Number of times a haplotype was found in any mother or any
newborn, regardless of family, including samples without mother-infant pairs. (C) Representative plots of relative haplotype abundance in each sample grouped by family.

Read count was normalized to total reads in each sample.

circulation of the infant would reflect the set of parasite clones
present in the mother throughout pregnancy, even if these
clones are absent from the mother’s circulation at the time of
delivery. It is possible that waves of parasitemia lead to the ex-
pansion of different parasite clones at different time points in
the maternal blood during pregnancy, and that clones found
in the maternal blood at birth may not represent the true diver-
sity of parasite clones infecting the mother.

Although compelling biological explanations for this ob-
served increase in diversity exist, it remains possible that this
observation is simply a matter of sampling. The lower parasite-
mia of chronically infected mothers means that fewer parasites
are sampled from mothers for sequencing, potentially biasing
diversity estimates. The correlation between parasitemia and
Shannon’s diversity means we cannot preclude this possibility.

More importantly, however, the observation of complex in-
fections in infants is not affected by these issues. If infants are
infected with multiple clones, regardless of each clone’s pres-
ence in the mother, this is most likely the result of several par-
asites successfully colonizing the infant. Little is known about

the dynamics of congenital transmission of T cruzi, but the rel-
atively low rate of congenital transmission (estimated at 5%)
might suggest that it occurs as a result of a single parasite occa-
sionally breaching the placental barrier. Contrary to this model,
our data suggest that congenital infection is the result of several
parasites infecting the infant. The parasite profile from frater-
nal twin samples, distinct from the mother but identical be-
tween siblings, supports this model of transmission. Each of
the 2 placentas were infected with the same set of clones, prob-
ably during multiple independent infection events during their
gestation. The temporal dynamics of this process remain un-
clear. Parasites may cross the placenta at certain times during
infection, which is in line with previous reports showing that
parasitemia during the third trimester is most predictive of
congenital infection [27]. Alternatively, parasite clones might
cross the placenta during multiple waves of infection. Why
transmission of multiple parasites occurs in some pregnancies,
whereas most others result in no infection, will be a central
question going forward. The fact that multiple parasites cross
the placenta suggests that host factors, including the integrity
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of the placental barrier and the potency of the maternal im-
mune response, likely influence the probability of transmission.

CONCLUSIONS

In this study, we define the changes in parasite diversity that oc-
cur during congenital transmission and raise interesting ques-
tions about the mechanism of the process. We find infant
samples with increased parasite diversity compared with ma-
ternal samples, which, together with haplotype data from the
fraternal twins in this study, support a model in which multiple
parasites colonize the infant during pregnancy. Moreover, we
detected 2 haplotypes unique to newborn samples that were
not detected in maternal peripheral blood, which together
with previously published data suggest a link between parasite
genetics and transmission probability [9]. Understanding the
mechanisms influencing transmission of T' cruzi may help in-
form better diagnostics and lead to more effective treatment,
limiting the global burden of Chagas disease.
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author.
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