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Detecting complex infections
in trypanosomatids using whole genome
sequencing

Jodo Luis Reis-Cunha'” and Daniel Charlton Jeffares'

Abstract

Background Trypanosomatid parasites are a group of protozoans that cause devastating diseases that
disproportionately affect developing countries. These protozoans have developed several mechanisms for adaptation
to survive in the mammalian host, such as extensive expansion of multigene families enrolled in host-parasite
interaction, adaptation to invade and modulate host cells, and the presence of aneuploidy and polyploidy. Two
mechanisms might result in ‘complex”isolates, with more than two haplotypes being present in a single sample:
multiplicity of infections (MOI) and polyploidy. We have developed and validated a methodology to identify
multiclonal infections and polyploidy using whole genome sequencing reads, based on fluctuations in allelic read
depth in heterozygous positions, which can be easily implemented in experiments sequencing genomes from one
sample to larger population surveys.

Results The methodology estimates the complexity index (Cl) of an isolate, and compares real samples with
simulated clonal infections at individual and populational level, excluding regions with somy and gene copy number
variation. It was primarily validated with simulated MOl and known polyploid isolates respectively from Leishmania
and Trypanosoma cruzi. Then, the approach was used to assess the complexity of infection using genome wide SNP
data from 497 trypanosomatid samples from four clades, L. donovani/L. infantum, L. braziliensis, T. cruzi and T. brucei
providing an overview of multiclonal infection and polyploidy in these cultured parasites. We show that our method
robustly detects complex infections in samples with at least 25x coverage, 100 heterozygous SNPs and where
5-10% of the reads correspond to the secondary clone. We find that relatively small proportions (< 7%) of cultured
trypanosomatid isolates are complex.

Conclusions The method can accurately identify polyploid isolates, and can identify multiclonal infections in
scenarios with sufficient genome read coverage. We pack our method in a single R script that requires only a standard
variant call format (VCF) file to run (https://github.com/jaumlirc/Complex-Infections). Our analyses indicate that
multiclonality and polyploidy do occur in all clades, but not very frequently in cultured trypanosomatids. We caution
that our estimates are lower bounds due to the limitations of current laboratory and bioinformatic methods.
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Background

Trypanosomatid parasites are a group of protozoans that
cause devastating diseases, imposing severe health and
economic burdens primarily upon developing countries
[1-3]; (https://www.paho.org/en/topics/chagas-disease).
Among them, African trypanosomiasis, American try-
panosomiasis and leishmaniasis, caused respectively by
Trypanosoma brucei; Trypanosoma cruzi and species
from the Leishmania genus are Neglected Tropical dis-
eases (NTDs), with more than one billion people living
at risk of infection. These diseases are a part of the WHO
NTDs elimination road map for 2021-2030 (WHO/
UCN/NTD/2020.01) [3].

Various mechanisms for immune evasion and adapta-
tion to survive in the mammalian host have evolved in
these parasites; such as antigenic variation in the extra-
cellular parasite T. brucei [4-7]; extensive expansion of
multigene families enrolled in host-parasite interaction
in T cruzi [8-10]; adaptation to invade and modulate
host cells in 7. cruzi and Leishmania [11-13]; and the
presence of aneuploidy and polyploidy [14—16]. Genome
instability, observable within population by variation in
chromosome copy numbers [14], and frequent forma-
tion of triploids and tetraploids [17-20] are also features
of these species. There is also evidence of the occurrence
of multiplicity of infections (MOI) both in the mamma-
lian and in the insect vector, where more than one dip-
loid parasite genotype is observed in the same host. MOI
might have consequences to the parasite biology [21-28]
and is important for the resulting meiotic recombination
within the vectors [29]. Both MOI and allopolyploidy will
result in complex isolates, with more than two haplo-
types being present in a single sample.

The complexity of natural infections is relevant to
understanding trypanosomatid biology and disease con-
trol, as MOI cases provide direct evidence for genetically
diverse infections that could increase the speed in which
virulence and drug resistance genes may be shared in the
population. In general, parasite diversity allows sub-pop-
ulations to be selected in different environments, increas-
ing adaptability [21, 28, 30].

MOI has already been described in Leishmania infec-
tions [22, 23, 31], where there is usually a dominant geno-
type combined with rare genotypes of the same species
[32], and different species of the parasite may cohabit the
same host [33]. This can result in interspecies hybrids
when it occurs in the insect vector [34]. Multiclonal
infections were also described in T. cruzi using micro-
satellite and marker genes, where it appears to be more
prevalent in mammalian reservoirs, such as rodents and
opossums, when compared to human patients [24-26].

There is also evidence of MOI in T. brucei in the mam-
malian host [27], and in the inset vector [35]. Coinfection
with two strains in the mammalian host leads to com-
petitive suppression in T. brucei, enhancing host survival
[36], and also impact clinical outcomes in T. cruzi [37]
and Leishmania [38]; reinforcing that MOI may impact
patient clinical outcomes in these parasites.

Hybridization leading to temporary trisomy/tetra-
ploidy was already demonstrated in trypanosomatids. In
T. cruzi, experimental hybrids originated from diploid
parental strains were mostly tetraploid, and underwent
genome erosion throughout culture passages, reverting
to trisomy [17]. In Leishmania, hybridization was shown
to generate diploid, triploid or tetraploid strains [39],
both in intra species [40, 41], as well as between species
hybrids [42]. This transient presence of four haplotypes
(in allotetraploids) in a single cell might increase genetic
exchange and recombination, increasing the potential
variability, as the parasites revert back to trisomy and
disomy by genome erosion.

Several methods have already been proposed to esti-
mate haplotype phasing, hybridization and multi-
clonal infections, such as STRUCTURE [43], Beagle
[44], Admixture [45] and PoolHap [46]. Several of these
methods require population-wide data to identify hap-
lotypes or populations; or might be heavily impacted by
repetitive region variation that are common in trypano-
somatids. In the present work, we have developed an
alternative and complementary methodology to identify
multiclonal infections and polyploidy in diploid species
using whole genome sequencing (WGS) reads, based on
fluctuations in allelic read depth in heterozygous posi-
tions. This methodology uses the complexity index (CI)
proposed in Franssen et al. [31]. We parameterize this
metric by comparing the allelic read depth at heterozy-
gous sites in real samples to simulated clonal infections,
which were generated using allelic read depths sampling
by binomial trials to generate stochastic allelic depths.
This approach was used to assess the complexity of infec-
tion in 497 trypanosomatid samples, a combination of
primary isolate/stock, clones and strains from four spe-
cies/complexes, L. donovani/L. Infantum (L. donovani
complex), L. braziliensis, T. cruzi and T. brucei based on
genome-wide markers, providing an overview of mul-
ticlonal infection and polyploidy in these parasites. We
show that our method robustly detects complex infec-
tions with at least 25x coverage and at least 100 hetero-
zygous SNPs. We find that a relatively small proportion
(£7%) of cultured trypanosomatid isolates are complex.
For methodological reasons, these proportions represent
a lower bound of complex infections in these species.
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Methods

Overview

We define the complexity index (CI) as the deviation
from the expected 50% of reads in each allele in hetero-
zygous positions, as proposed in Franssen 2021 [31]. It is
estimated by the absolute value of the difference between
the alternate allele read depth (AARD) in heterozygous
positions and 0.5, the expected AARD in diploid, clonal
heterozygous SNPs.

The CI can be impacted by several phenomena, includ-
ing multiclonality (multiple clones or genotypes in a sam-
ple, often present in different proportions), polyploidy
(multiple copies of all chromosomes) and aneuploidy
(multiple copies of some chromosomes). (Fig. 1). In a
non-complex clonal, euploid, diploid isolate, the mean
AARD, meaning the proportion of reads that correspond
to the alternate allele in each heterozygous position,
is expected to be close to 0.5, as there will be a similar
number of reads mapping in both alleles (Fig. 1A). Hence,
when all heterozygous SNPs in a genome are evaluated,
the distribution of the AARDs will have a peak at 0.5.
Some phenomena that have already been observed in
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trypanosomatids, such as multiclonality (Fig. 1-B), poly-
ploidy (Fig. 1-C) and aneuploidy (Fig. 1-D) will alter this
proportion, changing the distribution peaks or flattening
their curve, which may be seen in density plots of AARD
values for all heterozygous SNPs in a sample.

To provide a numeric and statistical large-scale evalua-
tion of this deviation from expected AARD, we estimated
CIL the absolute value of the deviation from the expected
0.5 proportion in each heterozygous SNP position; and
compared real samples with simulated clonal isolates
at individual and populational level. We have estimated
cutoffs for complex isolates based on the mean complex-
ity of simulated clonal isolates from population genomic
data from various trypanosomatid clades, and used the
Cochran-Mantel-Haenszel (CMH) test to support the
evaluation in each isolate.

Heterozygous SNP calling and alternate allele read depth
(AARD) estimation

Representative whole genome sequencing (WGS) read
data from trypanosomatid isolates were downloaded
from the National Centre for Biotechnology Information
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Fig. 1 Phenomena that may alter the complexity of trypanosomatid isolates. (A) Non-complex clonal, euploid, diploid isolate. In this example, the pro-
portion of AARD in a heterozygous position is expected to be close to 0.5, and the genomic distribution of AARD in the real sample (purple) is similar to
the simulated-clonal isolate generated from random-draw binomial trials (cyan). (B) Multiclonality: having more than one parasite clone in an isolate, will
result in deviations from the expected distribution and mean of 0.5 AARD, as the different clones may have different SNP sites or a SNP position may be
homozygous in one clone and heterozygous in the other. This will result in different distributions of genome-wide AARD and a higher Cl, which also vary
depending on the proportion of the secondary clone (see Fig. 2). (C) Polyploidy, having extra copies of the whole chromosomal set also alters the AARD
distribution. While triploid isolates have AARD peaks of ~0.33 and ~0.66, tetraploid isolates will have a combination of AARD peaks in ~0.25, ~0.5 and
~0.75. Higher ploidy would result in even more complex patterns (D) Aneuploidy, having an unbalanced number of chromosomal copies will result in
different AARD distributions in different chromosomes, which could impact whole genome Cl estimations
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(NCBI) Sequence Read Archive (SRA) using Fastq-dump
[47]. Only Illumina sequencing reads from publicly avail-
able datasets were used (Supplementary Table 1, Addi-
tional File 1; Supplementary Table 2, Additional File 2;
Supplementary Table 3, Additional File 3; Supplemen-
tary Table 4, Additional File 4; Supplementary Table 5,
Additional File 5; Supplementary Table 6, Additional File
6; and Supplementary Table 7, Additional File 7). Each
read library was filtered using fastp v2.10.7 [48], with the
parameters: average Q20, minimal length 50 and remov-
ing the read extremities with base quality lower than
Q25. Next, for each species, the reads were mapped to an
appropriate reference genome, listed in Supplementary
Table 8, Additional File 8 using BWA-mem v.0.7.17 [49],
retaining only reads with mapping quality 30 or higher
and removing PCR duplicates using SAMtools v.1.10
[50]. The number of mapped reads was estimated using
SAMtools v.1.10. The genome coverage was estimated by
the mean coverage of all single copy genes in the genome,
using SAMtools depth. The single copy genes were
selected using OrthoFinder v. 2.5.4 [51].

For the SNP calls, read groups were assigned for the
filtered mapped read libraries, using PicardTools v.2.21.6
(https://github.com/broadinstitute/picard). SNPs and
indels were called using the Genome Analysis Tool-
kit (GATK) v.4.1.0.0 HaplotypeCaller and Freebayes v.
1.3.5 (https://github.com/ekg/freebayes), with a mini-
mum alternative allele read count of 5. Only SNP/Indel
positions that were identified by both callers were kept.
For each dataset, the single-sample VCFs were merged
with VCFtools v.0.1.16 and regenotyped using Free-
bayes. Next, the VCF file was filtered using BCFtools
v.1.12 [52], to select only biallelic SNPs, with call qual-
ity above 200, coverage greater than half of the mean
genome coverage (i.e, at least haploid), and lower than
twice the genome coverage (i.e. is not duplicated) with
mapping quality 40 or higher and properly paired reads
((-m2 -M2 -i' TYPE="snp” & QUAL>200 & INFO/
DP>Cov/2 & INFO/DP<Cov*2 & INFO/MQM>40
& INFO/MQMR>40 & INFO/PAIRED>0.9 & INFO/
PAIREDR>0.9). The only exception was the T. cruzi
dataset, as several samples were single-end reads, so the
“INFO/PAIRED>0.9 & INFO/PAIREDR>0.9” were not
used. To remove SNP call bias from repetitive regions
and paralogous genes, only SNPs in single copy genes
were used in subsequent analysis. After filtering, the
multisample VCF was split into single sample VCFs, to
be used in the complexity pipeline (see below). For the
individual sample VCFs, only SNP positions with read
depth>5 in both the reference and alternate alleles were
considered as heterozygous. SNPs where the read depth
in one allele was >5, and between 1 and 4 in the other
allele were classified as dubious, and not used in the

Page 4 of 15

complexity estimation. This was a conservative mea-
sure to remove potential noise and sequencing/mapping
errors.

To control the bias of aneuploidy in the CI estimation,
chromosome(s) with coverage higher than 1.15x or lower
than 0.85x of the genome coverage in a sample were
excluded from downstream analysis. Similarly, to miti-
gate bias from gene copy number variants (CNVs), SNPs
in genes with coverage higher than 1.15x or lower than
0.85x of its chromosome coverage were also removed.
The gene coverage was estimated using SAMtools depth
and the gene coordinates from the General Feature For-
mat (GFF) obtained in TriTrypDB v.55. The chromo-
somal somy for each sample was estimated using the
median read depth coverage of single copy genes in each
chromosome with non-outlier coverage (Grubb’s tests,
with P<0-05), normalised by genome coverage. Data
from Leishmania and Trypanosoma cruzi chromosomes
31 were always excluded, as they are consistently super-
numerary in all isolates from these species [14]. Only
read libraries with genome coverage=25x were used in
posterior analysis.

Complexity evaluation, Cochran-Mantel-Haenszel (CMH)
estimation and AARD distribution

The classification of an isolate as complex was based on
comparisons between the real data with simulated clonal
isolates. Samples that were classified as complex had to
have: A higher CI than clonal simulated isolates, a signifi-
cant CMH p-value associating the real sample to devia-
tions from the expected allele read counts, and an AARD
distribution that deviates from the simulated clonal iso-
late. Only samples that were above both Complexity and
CMH cutoffs were assumed to be complex. Details are
described below.

Complexity

For each SNP site i, CIi is the absolute value of the dif-
ference between the AARD in that position and the
expected AARD in diploid, non-mixed SNP positions,
within a sample (which is expected to be close to 0.5).
To account for the random sampling of reads sequenced
from each allele of heterozygous sites, a simulated
“clonal-diploid” SNP data sample was generated for each
isolate in each population, with the same number of SNPs
and read depth as in the real sample, using series of bino-
mial trials. For each SNP position (i) in the real sample,
we conducted # binomial trials, by randomly sampling
from a binary array (0 or 1), where O represents the refer-
ence allele and 1 the alternate allele, where # is the read
depth in the position in the real sample. The AARD: for
the ith position in the simulated clone was the sum of the
binomial trials (b), divided by the total read coverage at
site i (n);
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AARDi = anb

and the complexity index of this position (CI;) was cal-
culated as the absolute difference between the expected
AARD of 0.5

Cli = |AARDi — 0.5|

The CI of the isolate with i heterozygous SNPs is calcu-
lated as the mean of all CIi values. To classify an isolate
as “potentially complex” the CI had to be higher than
the mean+3 standard deviations (SD) from all simulated
clonal isolates in the population. For an isolate to be clas-
sified as “complex” it had to have a CI value>0.1, which is
slightly higher than the cutoff for the simulated data for
all trypanosomatid populations (see results section). We
recommend the CI threshold of 0.1 be used to classify
samples in projects with a small number of samples.

CMH test

Another metric used to assess the isolate complexity
was the CMH test, which tests the association between
binary predictors (expected counts of reference and
alternate alleles to generate the expected AARD of 0.5)
and binary outcomes (observed counts of reference
and alternate alleles) considering stratification from a
third variable (in our case the position in the genome).
In this case, it was used to compare the combined effect
of all SNP read depth in each allele to classify an isolate
as complex, comparing real samples and binomial trial
simulated clonal-diploid samples. For each isolate with i
heterozygous SNP positions, CMH p-values were gener-
ated using i 2x2 contingency tables using row 1; actual
read depth of each allele at position i, row 2; the result of
n binomial trials (where # is the total read depth at site
i), and columns being the reference and alternate allele
counts. We found that a significance level of p<10~1" was
a reasonable CMH test threshold Supplementary Fig. 1,
Additional File 9. R scripts for both tests are available
on GitHub (https://github.com/jaumlrc/Complex-Infec-
tions.git).

AARD distribution

The AARD distribution for all SNP positions in the real
sample and its paired simulated clonal sample were gen-
erated in R, and deviations from their distributions were
accounted as evidence for complexity.

Assessing complexity on mixed samples

To estimate the accuracy of the combined CI and CMH
tests to identify multiclonal infections with different
proportions of the secondary clone, a collection of 24
L. donovani clones from East Africa (EA) described in
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Zackay 2018 [53] were used (Supplementary Table 1,
Additional File 1). To create artificial multiclonal sam-
ples in silico and assess the impact of the proportion
of a secondary clone in complexity estimations, three
clones, ERR205809, ERR205816 and ERR205819, were
selected. These clones were selected as they are from
the same species (L. donovani) and originated from dif-
ferent primary isolate/stock, respectively GR356, GR383
and GR364 [53]. Each of these three read libraries was
combined with the full library of another of these three
clones, where the secondary strain was downsampled to
2.5, 5,10, 15, 25 and 50% of the full combined data, using
SAMtools v.1.9 [50], to create ‘MIX’ samples. In each
case, the main and secondary clones were permuted,
generating a total of 33 combinations. The results from
these artificially multiclonal samples were compared with
those obtained from clones and simulated clonal isolates,
based on their complexity index and CHM test, as previ-
ously described.

The impact of the number of heterozygous SNPs in the
CI evaluation was examined by sub-sampling the number
of SNP calls at random to 10, 50, 100, 300 SNPs, in 100
iterations, assessing the number of true positives (num-
ber of MIX samples that were classified as complex) and
comparing with the estimations with the full set of SNPs.

Next, we evaluated the complexity of in silico mixed
samples from 10 T cruzi clones or strains (tcMIX),
including two pairs of clones that originated from
the same primary isolate: pair 1: SRR9643478 and
SRR9643443 (clones from THY primary isolate/stock);
and pair2: SRR9643494 and SRR964349 (clones from
the TBM primary isolate/stock) (Supplementary Table
2, Additional File 2). The tcMIX samples were generated
with a pairwise combination of each sample, with 5%,
10% and 20% of the secondary clone, as described for the
Leishmania samples. This resulted in 86 expected com-
plex tcMIX (10 clones x 9 other clones —4 combinations
of clones from the same primary isolate) for each propor-
tion of the secondary clone; 10 clones, 30 self-samples
(10 for each proportion of the secondary clone) and 12
tcMIX with “same isolate clones’, four for each propor-
tion of the secondary clone: SRR9643478 (primary) and
SRR9643443 (secondary), SRR9643443 (primary) and
SRR9643478 (secondary), SRR9643494 (primary) and
SRR9643495 (secondary) and SRR9643495 (primary) and
SRR9643494 (secondary). The complexity results from
the tcMIX were compared with those obtained from
clones, combination of clones from the same primary
isolate and simulated clonal isolates, based on their com-
plexity index and CHM test, as previously described.

Assessing complexity on polyploid samples
Besides multiclonality, another source of complex-
ity is polyploidy, having extra full sets of chromosomal
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copies. To evaluate the impact of polyploidy in the CI
estimations, we used samples from the T. cruzi dataset
described in Matos 2022 [17], containing 8 diploid paren-
tal clones, and 11 triploid or tetraploid hybrids clones,
where the somy of some samples were validated by flow
cytometry [17] (Supplementary Table 3, Additional File
3). As performed for the multiclonal isolates, the SNPs
counts for each sample were downsampled to 10, 50, 100,
300 or full set, in 100 iterations, and the accuracy to clas-
sify each group as complex was evaluated.

To further validate the method, we have also evaluated
the complexity of Leishmania hybrids clones with known
ploidies, described in Louradour 2021 [54] (Supplemen-
tary Table 4, Additional File 4) and in Cata-Preta 2022
[55] (Supplementary Table 5, Additional File 5).

Assessing complexity on publically available

trypanosomatids primary isolate/stocks, clones and strains
After validating our complexity estimations with simu-
lated/controlled data, we went on to evaluate 497 WGS
data sets from publicly available primary isolate/Stock
and strains from four trypanosomatid species/complexes:
L. donovani/L. Infantum (L. donovani complex), L. bra-
ziliensis, T. cruzi and T. brucei (Table 1, Supplementary
Table 6, Additional File 6) [31, 54, 56—72]. We have also
individually evaluated the interspecies hybrids from Sri
Lanka, described in Lypaczewski 2021 (Supplementary
Table 7, Additional File 7) [34]. Only read libraries from
samples with read coverage=>25x and where at least 100
heterozygous SNPs were called where used in this analy-
sis. For these samples, the whole genome CI, as well as
the CI for each chromosome was estimated.

The proportion of chromosomes that were used in the
CI estimation was calculated for each isolate by dividing
the number of chromosomes that were used in CI (had
at least one identifiable SNP and were not aneuploid) by
the total number of chromosomes in the species: L. don-
ovani=36; L. braziliensis=35; T. brucei=11; T. cruzi=41.
The proportion of complex chromosomes in an isolate
was estimated dividing the number of chromosomes
with complexity index>0.1 by the number of evaluated
chromosomes. Even though we removed aneuploid chro-
mosomes that had deviations from the mean genome
coverage from each isolate, the intra isolate chromosome
mosaicism (mosaic aneuploidy, and chromosome imbal-
ance) [71, 73-76] may add noise to complexity measure-
ments in field isolates, by having unbalanced values in
a few chromosomes. Hence, we are only considering as
“complex’, samples that had at least 50% of its evaluated
chromosomes with a mean complexity value higher than
0.1.

The evaluation of statistical differences in the genome
coverage and heterozygous SNPs/Kb in complex and non-
complex samples was performed with Mann—Whitney U
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test, in R. The Pearson correlation between the genome
coverage, SNPs/Kb and complexity was estimated in R.
For both analyses the heterozygous SNPs/Kb were esti-
mated dividing the heterozygous SNP numbers by the
sum of the lengths of the single copy genes, in each set.

We also estimated the number of heterozygous
SNPs in the maxicircle (kDNA) genome, as well as its
coverage (as described for the nuclear genome). To
identify kDNA SNPs, the maxicircle sequence (L. don-
ovani=BK010877.1, L. braziliensis=0Y748431, T
cruzi=MW732647, and T. brucei M94286.1; downloaded
from NCBI) was combined with the genome reference
for the read mapping. Only heterozygous SNPs that were
outside the repetitive region and had at least 5% of the
kDNA genome coverage were considered.

Results

Assessing the accuracy of the Cl to identify multi-clonal
and polyploid isolates, using simulated or controlled data
To evaluate the accuracy of the CI metric to identify mul-
ticlonal isolates, we created sequencing read data sets to
represent multiclonal isolates from L. donovani. This was
done by combining downsampled read files from three
cloned primary isolate/stock, ERR205809, ERR205816
and ERR205819, in various proportions (2.5, 5, 10, 15, 25
and 50% of the reads from the secondary clone), result-
ing in 33 MIX datasets, and comparing with 24 clones
from Zackay 2018 [53]. We evaluated the two features
that could impact the complexity estimations in multi-
clonal infections: the proportion of the secondary clone
and the number of heterozygous SNP positions, using
two parameters: the CI: which had to be higher than the
mean+3 standard deviations (SDEV) from the simulated
clonal isolates in the population; and CMH test to evalu-
ate if the real isolate AARD differs from the expected
clonal isolate, with a p-value lower than 107'° (Fig. 2).
Based on these cutoffs, zero clones (0%), and 26 (79%)
of the MIX samples were classified as complex isolates.
When evaluated separately, the CI parameter was the
most specific, as only one clone was classified as com-
plex (false positive), compared to 3 for CMH. However,
CI was the least sensitive, as it only classified 26/33 (79%)
MIX as complex, when compared to 31/33 (94%) for
CMH (Fig. 2A and B, Supplementary Fig. 2, Additional
File 9).

The CI accuracy was greatly influenced by the propor-
tion of the secondary isolate, where lower proportions
resulted in false negative results. None of the six MIX
samples where the secondary clone read proportion was
2.5% was classified as complex. Increasing the proportion
of the secondary clone resulted in higher accuracy, where
five of the six samples where the secondary clone cor-
responded to 5% of the reads, and all samples where the
secondary clone had 10-50% of the reads were classified
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as complex (Supplementary Fig. 2, Additional File 9). This
was expected, as a low proportion of the secondary clone
had a low impact in AARD distributions (Fig. 2B). Hence,
our method can detect complex isolates when the sec-
ondary clone represents at least 5-10% of the reads.

To evaluate the impact of the number of heterozygous
SNPs in the CI estimation, the heterozygous SNP counts
for each MIX sample was downsampled to 10, 50, 100,
300 or full set, and the accuracy to classify each group

as complex was assessed (Supplementary Fig. 2 I, Addi-
tional File 9). To remove potential SNP sampling bias, the
analysis was repeated in 100 iterations, re-sampling ran-
dom SNP positions each time, and the final results are a
combination of all iterations. When compared with the
full dataset, which had between 978 and 5910 SNPs, the
use of 10 SNPs resulted in poor accuracy in all propor-
tions of the secondary clone. By using 100 and 300 SNPs,
the results were similar to those observed for the full
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set, with lower accuracy only for samples with ~5% of
the reads originating from the secondary clone (Supple-
mentary Fig. 2, Additional File 9; Supplementary Table
9, Additional File 10). Hence, the complexity index esti-
mation requires 100 or more heterozygous SNPs to be
accurate.

Besides multiclonality, another source of complexity
is polyploidy, having extra full sets of chromosomal cop-
ies. To evaluate the impact of polyploidy in the complex-
ity estimations, we used the T. cruzi dataset described in
Matos 2022 [17], containing 8 diploid parental clones,
and 11 triploid or tetraploid hybrids clones, where the
somy of some were validated by flow cytometry Supple-
mentary Table 3, Additional File 3. As performed for the
multiclonal isolates, the SNPs counts for each sample
were downsampled to 10, 50, 100, 300 or full set, in 100
iterations, and the accuracy to classify each group as
complex was evaluated (Fig. 2C and D; and Supplemen-
tary Table 10, Additional File 11).

Using the combination of CI and CHM cutoffs, on
average 4.4, 73.5, 82.5, 90.9 and 100% of the polyploid
isolates, respectively for the 10, 50, 100, 300 or the full
set of SNPs were correctly classified as complex. No
parental diploid clones were classified as complex in any
replicate. As expected, the triploid isolates had a distribu-
tion of AARD with peak distributions in 0.33 and 0.66,
while the tetraploid had peaks in 0.25, 0.5 and 0.75. Both
triploid and tetraploid isolates had an CI higher than the
observed for the diploid isolates (Fig. 2C and D, Supple-
mentary Fig. 3, Additional File 9). These results suggest
that the complexity estimate can also be used to iden-
tify polyploid isolates with reasonable sensitivity (~80%)
when 100 or more heterozygous SNPs are present.

Based on these results, we decided to use the combined
results of CI and CHM tests to identify complex isolates,
and to only evaluate samples with 100 or more SNPs. A
conservative approach that minimises false positives,
accepting some false negatives, especially in cases where
the secondary clone proportion is low.

Validating the Cl accuracy to identify multiclonal infections
with an independent dataset
To further validate the method accuracy in identifying
multiclonal infections, we used 10 T. cruzi clones, includ-
ing two pairs of clones that originated from the same pri-
mary isolate. We choose to further validate the method
with T. cruzi as its genome is more repetitive than Leish-
mania, hence it is a challenging dataset for the method.
We generated tcMIX samples with all pairwise com-
binations of 5%, 10% and 20% of the secondary clones,
and compared these with the results from “clones’, “same
isolate clones” (two clones from the same primary isolate
that were cultivated in different flasks) and “self samples”
(combination of primary data and secondary data from
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the same clone). We identified 58%, 77% and 92% of the
mixed isolates as complex or potential complex respec-
tively for the 5%, 10% and 20% datasets. None of the
clones, “same isolate clones” or “self samples” were clas-
sified as complex or potential complex (Supplementary
Figs. 4 and 5, Additional File 9).

Validating Cl accuracy to identify polyploid hybrids isolates
with independent datasets

To further validate the method accuracy in identifying
polyploid isolates, we estimated the complexity of known
Leishmania polyploid hybrids, described in Cata-Preta
2022 [55] and Louradour 2021 [54]. For the Cata-Preta
2023 dataset, we have correctly classified the 6 Triploid
isolates as complex (LtHyb2, LtHyb3, LtHyb4, LtHyb5,
LtHyb6, LtHyb7), and classified the Diploid hybrid
LtHyb1 as well as the 6 diploid parental controls as non-
complex (Supplementary Fig. 6, Additional File 9).

The Louradour dataset contains data from hybrids
from three species: L. braziliensis; L. tropica and L. don-
ovani. For the L. braziliensis dataset, we correctly classi-
fied the 9 tetraploid and one triploid isolate as complex,
and the four diploid samples as non-complex (Supple-
mentary Fig. 7, Additional File 9). For the L. tropica data-
set, we correctly classified the five tetraploid and one
triploid isolate as complex, and the seven diploid sam-
ples as non-complex (Supplementary Fig. 8, Additional
File 9). Finally, for the L. donovani dataset, from the 17
tetraploid hybrids, we only classified one as complex
(Supplementary Fig. 8, Additional File 9). After carefully
evaluating this dataset, we believe that this was caused by
the very low count of heterozygous SNPs and very high
count of exclusive homozygous SNPs in each parental
strain (Supplementary Fig. 9E, Additional File 9). This
resulted in almost all of the heterozygous SNPs in the tet-
raploid hybrids to be generated by exclusive homozygous
SNPs from each parent, resulting in a “balanced” AARD
close to 0.5, as half of the chromosomes came from each
parental strain. The unbalanced SNPs were also con-
centrated in a few chromosomes (ex: Chrl, 23 and part
of Chr32), resulting in only 4-10% of the chromosomes
having a CI higher than 0.1. Hence, the analysis of this
dataset raised a limitation of the method: The identifica-
tion of complexity in recent tetraploid hybrids, with no
time to accumulate several individual mutations in each
chromosome copy, from parentals that have significantly
higher number of exclusive homozygous SNPs when
compared to exclusive heterozygous SNPs. Similarly,
a multiclonal infection with only two clones and 50%
of each clone from clones that have significantly higher
number of exclusive homozygous SNPs when compared
to exclusive heterozygous SNPs may also be misclassified
as non-complex. This limitation would not happen if the
hybrids were triploid, or if the multiclonal isolate had an
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(See figure on previous page.)

Fig. 3 Overall complexity estimation in Trypanosomatids field isolates. (A) Complexity estimations in each sample from each species. Each box cor-
responds to a clade. From top to bottom: L. braziliensis, L. donovani, T. brucei, T. cruzi. Each dot corresponds to a complex (circles), potential complex
(diamond) or non-complex (triangles) isolates. The X and Y axis represents, respectively, the Cl and proportion of the evaluated chromosomes that had
a Cl1>0.1.The colour corresponds to the proportion of chromosomes that were evaluated in the isolate. The vertical dotted lines represent complexity
cutoffs, and are coloured in accordance to the species from whom they were estimated. The red vertical line is the global complexity cutoff of 0.1, which
separates the potential complex from the complex isolates. (B-E) AARD distribution from the complex (red) and potential complex (orange) isolates. From
top to bottom: L. braziliensis; L. donovani; T. brucei; T. cruzi. The distribution of the simulated clone is represented in white. The AARD density plot for all

isolates from each population can be seen in the Supplementary Fig. 8 to 11, Additional File 9

unbalanced proportion of each clone, or if the parental
(or clones) had a significant number of exclusive hetero-
zygous SNDPs.

Complexity evaluation among trypanosomatid species
After establishing the accuracy and limitations of the CI
metric to identify multiclonal and polyploid samples with
simulated and controlled data, we estimated the com-
plexity in a total of 497 primary isolate/stock, clones and
strains from L. donovani, L. braziliensis, T. brucei and T.
cruzi, identifying a total of 28 complex isolates (Fig. 3;
Table 1, Supplementary Figs. 10-13, Additional File 9).
The CI cutoff was similar among the evaluated species,
with the lowest value in 7. cruzi (0.072) and the highest
in L. braziliensis (0.089), which supports that the method
should also work for other trypanosomatids and even
potentially other diploid organisms. We propose a global
cutoff of 0.1 (slightly higher than the highest cutoff, in L.
braziliensis) as a value that may be used to classify any
trypanosomatid isolate, or possibly other diploid eukary-
otic samples, as complex, which will allow any researcher
to classify single isolates without the need of popula-
tion data to estimate a custom cutoff. Samples with CI
values lower than the global cutoff but still higher than
their species cutoff were classified as “potential complex”
and evaluated separately. Only three potentially com-
plex isolates were identified, two in T cruzi and one in L.
donovani.

The proportion of isolates that were classified as com-
plex varied across clades, where T. cruzi and T. brucei
had the lowest (~2.5%) and L. braziliensis had the high-
est (30%) proportion of complex samples in the evalu-
ated dataset. Complex isolates have more heterozygous
SNPs than non complex samples (Mann-Whitney
p-value=0.003), especially for L. braziliensis (Mann-
Whitney p-value 2.87x107°) and T. brucei (Mann-Whit-
ney, p-value 0.0074). This increase was not observed
in the L. donovani evaluated samples (Supplementary
Fig. 14, Additional File 9).

When each dataset was evaluated separately, from the
85 evaluated L. domnovani samples, 6 primary isolate/
stock were classified as complex (7%), and one as poten-
tially complex. Among the 6 complex isolates, three
ERR205724 (MHOM/SD/82/GILANI), ERR205770
(MHOM/IT/02/1SS2429) and ERR205774 (MHOM/
BR/2003/MAM), were already classified as multiclonal
by Fransen 2020 [59], and one, ERR3956121 (1052_
ToD_1_primary_neg), was classified as complex by Fras-
sen 2021 [31]. In fact, ERR205774 also presented a higher
count of heterozygous SNPs in the maxicircle sequence,
which further corroborates that it is a multiclonal infec-
tion (Supplementary Fig. 15, Additional File 9). Two
isolates, ERR205748 (MHOM/CY/2006/CH32) and
ERR205789 (MHOM/SD/62/LRC-L61), were classified
by Frassen 2020 as hybrids, and had a ARRD distribu-
tion compatible with triploidy in our analysis. The sam-
ple that was classified as potential complex ERR3956143

Table 1 Complexity evaluation of each trypanosomatid group of samples

Species Classification Clone Primary Isolate/Stock Strain Unknown Assessment
L. braziliensis Complex (30%) 10 1 2 0 13 polyploid
42 samples No 4 3 5 17
L. donovani Complex (7%) 0 [§ 0 0 4 multiclonal
85 samples 2 polyploid
Pot.Complex 0 1 0 0
no 0 78 0
T. brucei Complex (2.5%) 2 2 0 0 1 multiclonal
159 samples 3 polyploid
No 1 119 24 1
T.cruzi Complex (2.3%) 0 5 0 0 2 multiclonal
211 samples (chronic cases)
3 triploid
(insect source)
Pot. Complex 2 0 0 0
No 30 174 0 0
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(1073_ToD_1_primary_neg), corresponds to a primary
isolate/Stock obtained from a patient from Ethiopia,
which might be multiclonal.

For the L. braziliensis dataset, from the 42 evaluated
samples, 13 (30%) were classified as complex and all had
previous evidence of being polyploid. From these 13,
10 corresponded to experimental hybrids, described in
[54] and previously used to assess the accuracy of somy
variation estimates; while SRR21604774 corresponded
to a triploid L. braziliensis and Leishmania guyanensis
hybrid. Finally the last two samples, ERR2508271 and
ERR2508272, correspond to read libraries used in the
assembly of the triploid L. braziliensis M2904 genome
[16, 56]. We found no strong evidence of multiclonal
infections in any of the evaluated L. braziliensis samples.

From the 211 T cruzi evaluated samples, five pri-
mary isolate/stock were classified as complex, and two
clones were classified as potential complex. From the
complex samples, three were isolated from the insect
vector: SRR8503553 (Panstrongylus lignarius in Peru);
SRR3676272 and SRR3676273 (Triatoma dimidiata in
Texas) [70, 77, 78]. The AARD density peaks in these
three samples are similar to those expected for trip-
loid isolates (0.33 and 0.66), suggesting that they are
polyploid. The other two complex samples were iso-
lated from chronic chagasic human patients in Panama
(SRR3676281, SRR3676310) [70], and had AARD peaks
that are not similar to what is expected for tri or tetra-
ploid isolates. This suggests that they might be multi-
clonal infections. In fact, SRR3676310 had also a higher
count of heterozygous SNPs in the maxicircle sequence
when compared to other T. cruzi isolates (Supplementary
Fig. 15, Additional File 9), which further support that it is
potentially a multiclonal infection.

For T brucei we identified 4 complex isolates in a
dataset of 159 samples. From those two were clones:
SRR17479764 corresponds to a triploid hybrid from the
J10 and KETRI 1738 strains [60], while SRR17479766
(FIR1) was previously suggested to be a multiclonal
infection, even being cloned [60]. The final two com-
plex T. brucei strains, ERR270813 and SRR6052140 are
primary isolate/stocks that have AARD profiles that are
similar to what is respectively expected for tetraploid and
triploid isolates.

Finally, to assess the complexity of intra-species
hybrids, we have evaluated the Leishmania Sri Lanka pri-
mary isolate/stocks described in Lypaczewski 2021 [34].
From the seven samples that had coverage above 25 and
more than 100 SNPs, 5 were classified as complex and two
as non-complex (Supplementary Fig. 16, Additional File
9). For the samples classified as complex, the AARD was
skewed to 0.25 (SRR6257364, SRR6257365, SRR6257369),
0.25 and 0.5 (SRR6257371) or 0.66 (SRR6257366), which
suggests respectively tetraploid and triploid hybrids. Four
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of the five complex isolates (SRR6257364, SRR6257365,
SRR6257366 and SRR6257369) were classified on the
SL2 sub-group by Lypaczewski 2021, which the authors
have also observed deviations from the 0.5 AARD and
suggested that are characterised by recent hybrids. The
two strains that were classified as non-complex in our
analysis, SRR6257368 and SRR6257370, and one that
were classified as complex, SRR6257371, were classi-
fied by Lypaczewski [34] in SL3, which they suggest is
an ancient hybridization event. Hence, samples from
this group might have had more time to revert to disomy
after hybridization.

Taken together these results suggest that complex iso-
lates represent a small percentage of the primary isolate/
stock and strains for all the TriTryp species evaluated.
This corresponds to the lower bound of potential com-
plex infections compared to what is observed in natural
conditions due to limitations in parasite isolation, culture
and a low proportion of the secondary clone, which ham-
pers complexity detection by our method. We provide
R code for CI estimation on github (https://github.com/
jaumlrc/Complex-Infections.git).

Discussion

In the present study, we identified and characterised two
features that result in more than two haplotypes being
present in a single parasite isolate in trypanosomatids:
multiclonal infections and polyploidy. We developed and
validated a method to assess the complexity of trypano-
somatid samples based on WGS reads, and implemented
the method to evaluate complexity in a representative
collection of Leishmania, T. cruzi and 1. brucei primary
isolate/stock, clones and strains. Our method only uses
chromosomes with similar somy as the genome ploidy,
and removes genes with evidence of duplication/loss, as
these could be confounding factors in the estimations.
We have identified complex (polyploidy or multiclonal)
infections in all evaluated species, and proposed a global
complexity index cutoff that can be used in any trypano-
somatid single sample, and likely other diploid eukaryote
samples.

In the last decade, the reduction in sequencing costs
and the relevance of questions that may be answered
with genomic data have resulted in a large increase in the
number of studies that generate population WGS data for
trypanosomatid parasites [31, 53, 59, 61, 70, 72, 76, 79—
81]. However, the occurrence of multiclonal infection and
polyploidy is not always assessed in these studies. Com-
plex infections also occur in bacterial infections, viruses
and some protozoan parasites as Plasmodium, where the
main stage that infects humans and other mammalian
hosts is haploid [82, 83]. Trypanosomatid parasites are
usually diploid, and often aneuploid and/or polyploid [16,
20, 76, 84], where the somy of different chromosomes
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can vary even within clones [73]. This increases the chal-
lenge of estimating complex infections in these parasites.
Hence, a method is needed to identify complex infections
using WGS in these species at scale, that considers gene
copy number variants and aneuploidy.

By using WGS reads, the method that we propose has
the advantage of assessing genome-wide SNP variation
as evidence for complexity [22, 59]. When compared to
methods based on microsatellite loci and marker genes
[23-25, 27], the use of WGS data allows the removal of
aneuploid chromosomes and duplicated genes based on
read depth values. By evaluating the complexity in each
euploid chromosome from an isolate and only classifying
as complex samples that have complexity evidence sup-
ported by at least half of the evaluated chromosomes, we
could also mitigate the impact of “chromosome instabil-
ity” (CIN) and “mosaic aneuploidy” events [16, 73, 75,
76].

In the current study, we identified a low proportion of
complex infections in all trypanosomatid primary isolate/
stock and strains. We identified around 7% of complex
infections for the L. donovani group, in accordance with
what was identified in [23], where even though different
Leishmania genotypes were identified in different tis-
sues, the number of isolates with MOI in the same tissue
was low. For T. cruzi, we identified a very low propor-
tion of complex infections (~2%), which is lower than
the ~15-17% that was reported in the literature for inter
Discrete Typing Units (DTU) [85] mixed infections in
human patients from Latin America [24, 86, 87]; and to
the ~13% of MOI in the vector Triatoma infestans [88].
This might be caused in part as ~ 15% of the evaluated T.
cruzi samples were cloned prior to sequencing [72]. As
cloned samples could be polyploid, they were still evalu-
ated in this work. Although most of the T. cruzi isolates
had an AARD distribution that matched the expectation
from a “non-complex clonal, euploid, diploid isolate’,
there were some non-complex isolates with perturba-
tions in the AARD distribution and high CI; such as
SRR3676315, SRR3676316, SRR3676317, SRR3676318,
SRR3676319; that had a distribution pattern similar to
the potential complex isolate SRR3676320. These iso-
lates had a high CI in less than half of the evaluated chro-
mosomes, which suggests that they have a high level of
mosaic aneuploidy and CIN [20, 71, 75, 76]. T. brucei
isolates also had a low proportion of complex infections
identified in the WGS data (~2%) with only one isolate
with strong evidence of multiclonal infection, which is
lower than the 8-20% of multiclonal infections reported
in humans and vector infections in East Africa [27].

The proposed method was able to identify complex
infections when the secondary clone corresponded to at
least 5-10% of the sequencing reads. This is in the range
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of what was observed in WGS from clinical samples
with Sure-select sequencing, where in the three identi-
fied complex infections, the proportion of the second-
ary clone was ~6-10% [22]. However, the mean genome
coverage of the primary isolate/stock and strains evalu-
ated here varied from 29 to 56 among the datasets, lim-
iting our potential to identify multiclonal infections to
cases where the secondary clone corresponded to at
least~8-17% of the total reads in the sample (Supple-
mentary Fig. 14G, Additional File 9).

Potential limitations of complexity estimation based on
WGS are data collection, processing and genome cover-
age. Most trypanosomatid WGS data is obtained from
parasites that are isolated from the host and cultured in
axenic media or used to infect mice, which might reduce
complexity when compared to the variation present in
the patient [22, 23].

There is evidence of some degree of sexual recombina-
tion and outcrossing in the three evaluated trypanosoma-
tid groups [29], indicating that different genotypes must
be present in the same insect at some point to undergo
meiosis and outcrossing. Bottlenecks in the number
of parasites transferred to or from vectors may reduce
genetic diversity of infections at the outset, and long
incubation of parasites within mammalian hosts with
selection for the fittest parasite genotype may reduce
genetically complex populations to a single clone. A
reduction in within-host diversity would be expected to
reduce outcrossing, unless vectors frequently feed on
more than one host. We can expect that there will be
alternative explanations for different species and popu-
lations, depending on the frequencies of transmission,
endemicity and within host/within vector population
dynamics. It is our perspective that more study of these
factors will enhance our understanding of transmission
dynamics in trypanosomatids.

Conclusions

The method we describe can accurately identify poly-
ploid and multiclonal infections in samples sequenced
with modest read depth (>25x), as little as 100 heterozy-
gous SNPs, and as little as 5-10% of the secondary geno-
type. We find that multiclonality and polyploidy are not
frequent in cultured trypanosomatid primary isolate/
stock, although there are good reasons to expect that
our estimates are lower bounds. Future projects could
explore new sequencing methods to identify multiclonal
infections, such as single-cell sequencing [89] that could
directly identify different clones; and long-read sequenc-
ing followed by haplotype phasing, to identify different
haplotypes in a sample [90-92]. These methods could
quantify the proportion and number of the different
clones in a mixed infection.
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