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genome and kinetoplast maxicircle confirms a strong genetic
structure among closely related parasite discrete typing units
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Abstract

Chagas disease is a zoonotic, parasitic, vector-borne neglected tropical disease that affects the lives
of over 6 million people throughout the Americas. 7rypanosoma cruzi, the causative agent,
presents extensive genetic diversity. Here we report the genome sequence of reference strain
SC43cl1, a hybrid strain belonging to the TcV discrete typing unit (DTU). The assembled diploid
genome was 79 Mbp in size, divided into 1236 contigs with an average coverage reaching 180x.
There was extensive synteny of SC43cl1 genome with closely related TcV and TcVI genomes,
with limited sequence rearrangements. TcVI genomes included several expansions not present in
TcV strains. Comparative analysis of both nuclear and kinetoplast sequences clearly separated
TcV from TcVI strains, which strongly supports the current DTU classification.

Résume:
La maladie de Chagas est une zoonose parasitaire tropicale transmise par un vecteur et peu étudiée
qui affecte les vies de plus de 6 millions de personnes a travers les Amériques. Le 7rypanosoma
cruzi, I’agent causal, présente une tres grande diversité génétique. Dans ce travail, les auteurs
rapportent la séquence du génome de la souche de référence SC43c11, une souche hybride
appartenant au groupe (ou DTU pour « discrete typing unit ») TcV. Le génome diploide assemblé
mesure 79 Mb, formé par 1236 contigs dont la couverture moyenne était de 180x. Une grande
synténie, avec peu de réarrangements, a été observée entre le génome de SC43c11 et ceux des
souches apparentées des groupes TcV et TcVI. Les génomes des souches appartenant au groupe
TcVI comprenaient plusieurs expansions qui sont absentes des souches du groupe TcV. Une
analyse comparée des séquences nucléaires et du kinétoplaste ont permis de clairement séparer les
souches des groupes TcV et TcVI, ce qui supporte fortement la classification DTU actuelle.
[Traduit par la Rédaction]
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Introduction

Chagas disease is a zoonotic, parasitic, vector-bome neglected tropical disease that is
endemic to the Americas where it affects the lives of over 6 million people. It is caused by
the protozoan parasite 7rypanosoma cruzi, which belongs to the kinetoplastid group of
flagellated protists that together with the euglenoids makes up the phylum Euglenozoa.
While many kinetoplastids are free-living, three major groups of human pathogens have
been identified, including African trypanosomes, 7. cruzi, and a wide diversity of
Leishmania parasites (El-Sayed et al. 2005b). A key characteristic of these organisms is the
kinetoplast, which is a specialized DNA-containing organelle corresponding to the cell’s
single mitochondria.

Trypanosoma cruzi itself presents extensive genetic diversity. Accordingly, it has been
divided based on selected nuclear markers into seven main lineages referred to as discrete
typing units (DTUs): Tcl to TcVI and Tcbat (Zingales et al. 2009, 2012). These DTUs are
highly stable across the American continent as well as over time. They correspond to a
(near-) clade genetic structuration of the parasite as a species (Tibayrenc and Ayala 2015).
The level of genetic diversity among 7. cruzi DTUs is comparable to that observed among
some species of Leishmania. However, this classification has been challenged based on
kinetoplast markers, which yield three main clades of the parasite (Machado and Ayala
2001).

The characterization of 7. cruziparasite genetic diversity is key to understanding the
dynamics of parasite transmission cycles as well as those of human infection. Indeed, the
genetic diversity of 7. cruziis believed to be associated with a comparable biological
diversity. It is currently hypothesized that different parasite genotypes are associated with
different vertebrate hosts and transmission cycles as well as with the specific disease
progression patterns in mammalian hosts (Zingales 2018).

Several 7. cruzinuclear genome sequences have been reported in recent years, but most have
focused on Tcl strains (Franzen et al. 2011; Grisard et al. 2014; Berry et al. 2019). Very few
studies have examined strains from other DTUs (EI-Sayed et al. 2005a; Baptista et al. 2018;
Berna et al. 2018; Reis-Cunha et al. 2018; Diaz-Viraque et al. 2019), which is critical for a
complete assessment of parasite genetic diversity and its evolution. Here we report the
genome sequence of reference strain SC43, a hybrid strain belonging to the TcV DTU. It
was originally isolated in 1981 from T7riatoma infestans in Santa Cruz, Bolivia (Carreno et
al. 1987; Barnabe et al. 2000). In mouse models, this strain was found to produce mild
disease characterized by a veiy low parasitemia during the acute phase and limited cardiac
damage (Rodriguez et al. 2014). Phylogenetic analysis of the SC43 genome and its
kinetoplast maxicircle in comparison with closely related strains sheds light on the genetic
structure of 7. cruzi.
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Parasite culture and sequencing

Trypanosoma cruzi strain SC43cl1 was obtained from ATCC (#50798) and cultured in liver
infusion tryptose (LIT) medium at 28 °C. Parasites were first cloned by limiting dilution to
ensure that a single clone would be sequenced (Ramirez et al. 2012). Briefly, an aliquot of
SC43cl1 culture was taken, stained with Trypan blue, and parasites were counted in a
Neubauer chamber to adjust cell suspension density to 400 parasites/mL. Parasite serial
dilutions (1:2) in a 96 wells microplates were then incubated at 28 °C and single clones
isolated. DNA was extracted using Qiagen Blood and Tissue DNA extraction kit following
the instructions of the manufacturer.

The variable intergenic region of the mini-exon gene was used to genotype the SC43cl1
parasite culture clones, to ensure the identity of the selected clone with SC43cl1 and the
TcV DTU prior to sequencing. We performed a genotyping PCR using primers reported by
Souto et al. (1996), as in previous studies (Souto et al. 1996; Majeau et al. 2019). A subclone
of Sc43cl1, referred to as Sc43cll.1, was selected for DNA extraction and sequencing.
About 600 ng of SC43cl1.1 genomic DNA was used to generate a sequencing library via the
Illumina Nextera DNA Flex Library prep kit following the manufacturer’s instructions. The
library was then sequenced on the Illumina NextSeq platform.

Genome and kinetoplast maxicircle assembly and analysis

Over 197 million pair-end 75 bp sequences were obtained from SC43cl1.1 and assembled
using the 7. cruzi TCC (belonging to TcVI) diploid genome as a reference (Berna et al.
2018), which represents one of the most complete genome assemblies to date based on the
use of long-read sequencing technology. Assembly was performed in Geneious 11 using five
iterations of the Geneious mapper at medium sensitivity. Kinetoplast maxicircle assembly
was performed similarly using the TCC maxicircle as a reference (GenBank accession:
MN904528), which was also obtained from long-read sequencing (Gerasimov et al. 2020).

Assembled SC43cl1.1 contigs were concatenated and first compared with the concatenated
genome of the TCC strain to assess overall synteny, and a dot plot was generated in Gepard
1.4 (Krumsiek et al. 2007) using a word length of 100 bp. Additional genome sequences for
strains 9280cl2 (TcV), Tula cl2 (TcVI), Esmeraldo, and Y (Tcll) were downloaded from the
National Center for Biotechnology Information Sequence Read Archive (NCBI-SRA) and
assembled as above for farther comparison with the SC43cl1.1 genome. Whole-genome
alignment of multiple 7. cruzistrains was then performed using ProgressiveMauve (Darling
et al. 2010) and concatenated homologous collinear sequences were used for phylogenetic
analysis. Mini-exon sequences from SC43cl1.1 genome were identified by BLAST searches
of the assembled genome and aligned with Muscle with sequences from reference strains
obtained from NCBI GenBank database. These included sequences from Sylvio X10/1 (Tcl,
#CP015667), Esmeraldo (Tcll, #ANOX01015751), SC43 (TcV, #AY367127), MN (TcV,
#AY367128), and CL (TcVI, #U57984). Y (Tcll) and Tc231 (Tclll) mini-exon sequences
were obtained by Blast searches of their respective genomes. Maximum likelihood
phylogenetic analysis was performed with PHYML as implemented in Geneious for all
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sequences. The coding region of SC43cl1.1 kinetoplast maxicircle assembly was similarly
analyzed with KDNA sequences from reference strains, including Sylvio X10/1 (Tcl,
#FJ203996), Esmeraldo (Tcll, #DQ343646), Y (Tcll, #MH144198), Tc231 (Tclll,
#KC987253), and CL Brener (TcVI, #DQ343645). All the SC43cl1.1 sequence data has
been deposited in NCBI under Bioproject PRINA633093, with SRA database accession
SRR11802127. The Whole Genome Shotgun project has been deposited at DDBJ/ENA/
GenBank under the accession JACCJE000000000, and MT554701 for the kinetoplast
maxicircle assembly. The version described in this paper is version JACCJE010000000.

The SC43cl1.1 assembled diploid genome was 79 Mbp in size, similar to the other hybrid
genomes from TcV and TcVI DTUs. It was divided into 1235 contigs, ranging from 325 to
1303015 bp in length, with an excellent average coverage reaching 180x (Table 1). Pairwise
comparison of the SC43cl1.1 genome with the reference TCC genome (TcVI DTU)
indicated a strong synteny over the entire assembled sequence, suggesting a rather close
evolutionary relationship (Fig. 1). Nonetheless, evidence of limited sequence rearrangements
between the two genomes could be detected, suggesting possible recombination.

Because the distinction between TcV and TcVI DTUs has been debated due to their close
relationship, genome sequences from these two DTUs were compared in more detail. Again,
we detected extensive synteny among these closely related genomes, with limited sequence
rearrangements (Fig. 2). However, clear differences between the two DTUs were present at
the whole-genome level, with a greater similarity between SC43cl1.1 and 9280cl2 strains,
and TCC and Tula cl2 strains. Also, TcVI genomes were found to be somewhat larger than
TcV genomes, with an additional insertion of 4-6 assembled Mbp (Fig. 2; Table 1).

A phylogenetic analysis of nuclear genome sequences was performed to better assess their
relationship. First, we analyzed the mini-exon spliced leader, a key marker that has been
extensively used for 7. cruzi genotyping and shown to be able to clearly differentiate the
different DTUs. This analysis clearly confirmed that SC43cl1.1 clustered with other TcV
reference sequences, including the previously sequenced mini-exon marker from the SC43
strain (Fig. 3). Also, as reported before (Lewis et al. 2009; Majeau et al. 2019; Villanueva-
Lizama et al. 2019), in spite of the small sequence length of this marker (about 600 bp),
well-resolved clusters were identified for the closely related sequences from TcVI and Tcll
DTUs, while sequences from Tcl and Tclll DTUs were further apart. The phylogenetic tree
of the corresponding genome sequences confirmed the DTU clustering of these 7. cruzi
strains (Fig. 4A). In particular, the TcV and TcVI genome clusters were clearly
differentiated from one another and separated from both the Tclll and the Tcll parental
DTUs.

The SC43cl1.1 kinetoplast maxicircle sequence was also analyzed. A high-quality assembly
of 39 357 bp (Fig. 5) with an average coverage of 8017x was obtained. It shared 94.8%
identity with the TCC maxicircle, of which there was up to 98.5% identity in the gene-
coding region but only 92.4% identity in the variable/repeat region of the maxicircle.
Phylogenetic analysis of the coding region of the SC43cl1.1 kinetoplast maxicircle with
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other available maxicircle sequences indicated three major clusters, corresponding to Tcl
and Tcll ancestral DTUs as well as a more recent cluster that included kDNA sequences
from Tclll, TcV, and TcVI DTUs (Fig. 4B). These three clusters corresponded to the
previously identified maxicircle clades A, B, and C (Machado and Ayala 2001). However, a
clear substructure of this diverse latter group C could also be detected, and sequences from
Tclll, TcV, and TcVI DTUs were well resolved into smaller clusters with veiy high
bootstrap values. Thus, the phylogeny of KDNA maxicircles matched well that of the nudear
genomes of these parasite strains, strengthening the basis of current DTU classification as
well as the distinction between the TcV and TcVI DTUs. These results also confirm that the
TcV and TcVI DTUs inherited their kinetoplasts from a Tclll ancestor, as previously
hypothesized (Westenberger et al. 2006; Zingales 2018).

Discussion

Analysis of 7. cruzi genetic diversity remains a key step to better understanding the likely
associations between parasite diversity, parasite transmission cycles, and disease
epidemiology. The current parasite genetic structuration into seven DTUs is based on
multiple markers providing different levels of resolution (Zingales et al. 2009, 2012;
Messenger et al. 2015), but there is still limited support for this classification at the genomic
level due to a lack of representative genome sequences from some of these DTUs. We
sequenced here the genome of strain SC43cl1, a reference strain from Bolivia belonging to
the TcV DTU. This represents only the second TcV genome available, following that of
strain 9280 cl2 (Reis-Cunha et al. 2018). Indeed, Bug2148 is a well characterized TcV
strain, but the reported genome sequence (Callejas-Hernandez et al. 2018) is actually that
from a Tcl strain (E. Dumonteil et al., unpublished data).

We obtained a high-quality assembly for the SC43cl1.1 genome in only 1236 contigs with a
high coverage and N50, owing mostly to the availability of the TCC genome reference.
Indeed, the long-read technology used for this genome allowed for a greatly improved 7.
cruzi genome assembly (Berna et al. 2018), as also observed for the Berenice genome
assembly (Diaz-Viraque et al. 2019). Comparison of the SC43cl1.1 genome to closely
related TcV and TcVI genomes indicated extensive synteny and conservation, but a few
sequence rearrangements were nonetheless detected, suggesting genetic recombination.
However, further experimental validation of potential recombination is needed for
confirmation. While there is growing evidence of extensive sexual reproduction in 7. cruzj,
particularly among Tcl strains (Berry et al. 2019; Schwabl et al. 2019), is it also likely
among other DTUs as well (Reis-Cunha et al. 2018). Importantly, the genome structures of
TcV and TcVI parasites appeared to significantly differ, with TcVI strains presenting several
expansions so far not present in TcV strains. Maximum likelihood phylogenetic analysis of
genome further supported the presence of distinct genetic clusters for TcV and TcVI
parasites. This is the first observation confirming DTU structure among these closely related
parasites at the whole-genome level.

The concomitant analysis of the kinetoplast maxicircle provides further support for this
genetic structure. Indeed, as noted before, the 7. cruzihybrid strains present uniparental
inheritance of its kinetoplast DNA and bi-parental inheritance of its nuclear genome, with a
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nuclear genome derived from Tcll and Tclll ancestors and a kinetoplast inherited from a
Tclll ancestor (Machado and Ayala 2001; Westenberger et al 2006; Reis-Cunha et aL. 2018).
Our analysis of the large coding region of kDNA maxicircle from SC43cl1.1 and related
strains agrees with the previously proposed three major KDNA clades (Machado and Ayala
2001). However, we also detected a significant sub-clustering of strains within KDNA clade
C, again with a clear resolution of DTUs Tclll, TcV, and TcVI, strongly supporting the
current DTU classification at the whole-genome level.

In conclusion, the genomic and KDNA sequence of 7. cruzi SC43cl1.1 reported here provide
further understanding of 7. cruzi genetic structure and particularly indicate a significant level
of genetic differentiation between the TcV and TcVI DTUs. While these observations should
be further validated with additional strains from these closely related DTUs, they add to the
growing number of available 7. cruzi genomes and provide a key tool to associate strain
biological characteristics with parasite genetic diversity.
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Fig. 1.

Dot plot comparison of SC43cl1.1 and TCC genomes. SC43cl1.1 contigs were concatenated
(79 Mbp) and compared with the concatenated genome of the TCC strain (87 Mbp) to assess
overall synteny using a dot plot. Note extensive synteny over the entire genome.
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Whole-genome alignment of TcV and TcVI parasite strains. ProgressiveMauve alignment of
genomes from SC43cl1.1, 9280cl2 (TcV), TCC, and Tula cl2 (TcVI) strains. Color blocks

represent homologous collinear sequences that are connected among the respective
genomes. There is extensive synteny, but some sequence rearrangements can be identified.
TcVI genomes also have expanded regions not present in TcV.
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Fig. 3.

Phylogenetic analysis of the mini-exon sequence. Maximum likelihood analysis of mini-
exon sequences from multiple strains. This marker allows for a good resolution of all the

discrete typing units (DTUs), including the closely related Tcll, TcV, and TcVI DTUSs,
which form well-separated clusters. Numbers on branches indicate bootstrap support.
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Comparison of phylogenies based on nuclear genome and kinetoplast maxicircle sequences.
(A) Whole-genome alignment confirmed the clustering of strains according to discrete
typing unit (DTU), and particularly resolve the closely related TcV and TcVI DTUs. (B) The
corresponding ML phylogenetic tree of the kinetoplast maxicircle resulted in the previously

identified three A, B, and C clades. However, there was also a clear substructuring of the

maxicircles from Clade B according to the DTUs Tclll, TcV, and TcVI. Numbers on

branches indicate bootstrap support.
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Fig. 5.
Structure and annotation of SC43cl1 kinetoplast maxicircle. Protein-coding genes are

indicated in green, rRNA genes in red, and the repeat region in orange. MURF, maxicircle
unidentified reading frame; ND, NADH dehydrogenase; COIllI, cytochrome oxidase I11;
Cyb, cytochrome b; CR, cytosine-rich region; RPS12, ribosomal protein S12.
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