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Research ArticleDeciphering Trypanosoma lainsoni kDNA minicircles: insights into genetic diversity, mRNA editing, and molecular diagnosis

Déchiffrement des minicercles d'ADNk de Trypanosoma lainsoni : aperçus sur la diversité génétique, l'édition des ARNm et le diagnostic moléculaire
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Abstract

The mitochondrial genome of kinetoplastids, organized in a unique DNA net called the kinetoplast, presents significant complexity compared to other eukaryotic mitochondrial genomes. Minicircles, which constitute over 90% of the kinetoplast mass, are essential for the post-transcriptional editing of maxicircle transcripts. This study focuses on Trypanosoma lainsoni, a trypanosomatid first discovered in northern Brazil and later reported in Argentina. Utilizing a combined second and third generation sequencing approach, we conducted an in-depth analysis of the kDNA minicircles of three Argentinian isolates of T. lainsoni. Through de novo assembly, minicircle molecules with two conserved regions interspaced by two hypervariable regions 180° apart, were identified. Guide RNAs encoded within hypervariable regions were inferred and the mitochondrial mRNA editing cascades mediated by these guide RNAs were fully reconstructed. We also developed a PCR-based approach for the detection and confirmation of T. lainsoni kDNA using minicircle-specific primers. A deeper analysis on the diversity of minicircle hypervariable regions revealed that the three isolates correspond to different genotypes circulating in the region. This research significantly advances our understanding of the genomic architecture of T. lainsoni and offers valuable tools for its molecular identification, differentiation from other trypanosomes, and the study of kinetoplastid biology.

Résumé

Le génome mitochondrial des Kinetoplastida, organisé en un réseau d'ADN unique appelé kinétoplaste, présente une complexité significative comparée à celle des autres génomes mitochondriaux eucaryotes. Les minicercles, qui constituent plus de 90 % de la masse du kinétoplaste, sont essentiels à l'édition post-transcriptionnelle des transcrits des maxicercles. Cette étude porte sur Trypanosoma lainsoni, un trypanosomatidé découvert initialement dans le nord du Brésil et signalé ultérieurement en Argentine. Grâce à une approche de séquençage combinée de deuxième et troisième génération, nous avons mené une analyse approfondie des minicercles d'ADNk de trois isolats argentins de T. lainsoni. Par assemblage de novo, des molécules de minicercles présentant deux régions conservées séparées par deux régions hypervariables diamétralement opposées (180°) ont été identifiées. Les ARN guides codés dans les régions hypervariables ont été identifiés et les cascades d'édition de l'ARNm mitochondrial qu'ils régulent ont été entièrement reconstituées. Nous avons également mis au point une méthode PCR pour la détection et la confirmation de l'ADNk de T. lainsoni à l'aide d'amorces spécifiques des minicercles. Une analyse plus approfondie de la diversité des régions hypervariables des minicercles a révélé que les trois isolats correspondent à différents génotypes circulant dans cette région. Ces travaux contribuent de manière significative à notre compréhension de l'architecture génomique de T. lainsoni et offrent des outils précieux pour son identification moléculaire, sa différenciation des autres trypanosomes et l'étude de la biologie des Kinetoplastida.

Key words: Trypanosoma lainsoni / kDNA / Minicircles / Next Generation Sequencing


Edited by Jean-Lou Justine.



⋆ These authors contributed equally to this work.



Introduction
Trypanosoma (Megatrypanum) lainsoni Naiff & Barrett, 2013 is an apparently non-pathogenic kinetoplastid belonging to the subclass Metakinetoplastina, order Trypanosomatida, and family Trypanosomatidae [28]. It was first isolated from the rodent Mesomys hispidus (Rodentia, Echimyidae) in the State of Amazonas, northern Brazil, but was later identified in other mammals in the same country [29–31, 34, 39]. Our research group reported T. lainsoni in Argentina for the first time infecting Leopardus geoffroyi (Le29 isolate) and Calomys spp. rodents (Ca37 and Ca47 isolates) [16]. Despite these records, its epidemiologic significance remains unclear, and its distribution may be broader than currently recognized. The difficulties in culturing T. lainsoni in vitro represent a major challenge, hindering its biological and molecular characterization [28]. Although our research group recently reported the mitochondrial maxicircle genome of T. lainsoni [35], genomic information for this species remains extremely limited. This lack of information limits our understanding of its biology and the identification of potential molecular targets for PCR-based detection methods.
In this sense, our work focused on the minicircle component of the kinetoplastid mitochondrial genome (kDNA). kDNA is organized as a network of catenated minicircles and maxicircles [41]. Maxicircles are homologous to the mitochondrial DNA of other eukaryotes and encode several enzymes involved in the mitochondrial electron transport chain and ribosomal RNAs. Most protein-coding genes in maxicircles are encrypted and require post-transcriptional modification by editing the pre-mRNA through guide RNAs (gRNAs) encoded by minicircles [27]. The kDNA minicircles represent more than 90% of the kinetoplast mass. Depending on the species, these molecules can vary in size from 0.3 to 10 kb. Examples of this diversity include the minicircles of: Leishmania braziliensis, ~0.7 kb [9]; T. cruzi, ~1.4 kb [7, 9]; T. brucei, ~1 kb [11]; and T. avium notable for its ~10 kb minicircles, whose large size alters the shape of the kDNA disk [26]. At a structural level, minicircles have one or more conserved regions (CR) of 100–200 bp and one or more hypervariable regions (mHVRs). Trypanosoma cruzi parasites commonly have minicircles with four hypervariable regions interspersed with four conserved regions, while in Leishmania spp., minicircles have a single hypervariable region and a single conserved region [6, 44]. On the other hand, the minicircles of T. brucei also contain one conserved region, while those of Crithidia fasciculata contain two that are 180° apart. Despite minicircle size being constant within the same network, their gRNA-coding mHVRs are highly diverse [20, 38]. These diverse regions can encode for one to five different gRNAs, depending on the species, and even non-coding mHVRs can be found [11, 37, 42].
Due to their high copy number per cell, minicircles are interesting targets for DNA-amplification-based diagnosis methods [15, 38, 44, 50]. Primers for DNA amplification are mostly based on minicircle conserved regions. These structural components are characterized by the presence of three conserved sequence blocks (CSBs): CSB-1, CSB-2, and CSB-3 [33]. The CSB-1 block is a 10 bp sequence in which residues 1 and 10, and a main hexanucleotide sequence, are highly conserved in minicircles of all trypanosomatids. The CSB-2 block is an octanucleotide sequence in which six nucleotides are almost perfectly conserved in all trypanosomes. Lastly, CSB-3, also known as the Universal Minicircle Sequence (UMS), is a 12 bp block universally conserved in kinetoplastids and functionally represents the replication initiation site [22, 34]. Additionally, the heterogeneity of mHVRs has proven to be useful for trypanosome typing and species differentiation using methods such as LSSP-PCR [1, 17], qPCR [10], and PCR amplification followed by Sanger sequencing of amplicons [40] in Leishmania spp. Also, an NGS sequencing pipeline based on mHVRs has shown high resolution in the differentiation of the lineages and genotypes of T. cruzi [36, 38].
Genomic characterization is essential for identifying potential molecular targets for parasite detection, screening, and confirmation. Here, we characterized the structure of T. lainsoni kDNA minicircle molecules in Argentinian isolates, through deep sequencing and de novo assembly. Additionally, we explored the mRNA editing cascades mediated by guide RNAs, providing insights into the functionality of minicircles. Finally, a PCR-based approach using minicircle-derived primers was developed for the detection and confirmation of T. lainsoni kDNA.
Materials and methods

Trypanosoma lainsoni isolate culture and DNA extraction
The isolates were defrosted in biphasic medium composed of a solid phase (4% agar supplemented with rabbit blood) and a liquid phase composed of Liver Infusion Tryptose (LIT) medium supplemented with 20% fetal bovine serum (FBS), hemin 20 μg/mL, penicillin 100 IU, and streptomycin 100 μg/mL under shaking at 25 °C. Total DNA was extracted from the Le29, Ca37, and Ca47 T. lainsoni isolates. Total genomic DNA was extracted using a commercial kit following the manufacturer’s instructions (Quick-DNA MiniPrep, Zymo, Irvine, CA, USA). DNA quantification and quality assessment was performed using Nanodrop (Thermo Fisher Scientific, Waltham, MA, USA). DNA integrity was assessed through 0.8% agarose gel electrophoresis.
Whole genome sequencing of T. lainsoni
The total DNA of isolates Le29, Ca37, and Ca47 was sequenced using an Illumina Novaseq 6000 platform (Novogene, Sacramento, CA, USA) with a paired end 2 × 150 bp kit. Additionally, the Le29 isolate was sequenced using the MinION Mk1C platform (Nanopore Technologies, ONT, Oxford, UK) after preparing the library with SQK-NBD112-24 kit (ONT). The library was run for 48 h in an R10.4 FLO-MIN112 (ONT) flow cell starting from 1 μg of total genomic DNA. Reads were deposited on Sequence Read Archive (SRA) and are available as part of the BioProject PRJNA1250468 (https://www.ncbi.nlm.nih.gov/bioproject/PRJNA1250468).
Assembly of T. lainsoni minicircles from sequences obtained with Illumina technology
Illumina reads were evaluated using FastQC v0.12.1 (https://www.bioinformatics.babraham.ac.uk/projects/fastqc/), and then filtered and trimmed with Trimmomatic v0.32 [2] by applying the following parameters: LEADING:3 TRAILING:3 SLIDINGWINDOW:4:15 MINLEN:36. Pre-processed genomic reads from the three T. lainsoni isolates were used to assemble mitochondrial minicircles using the KOMICS bioinformatics pipeline [18, 48]. The assembly was carried out by running the “komics assemble” command with a list of 79, 99, and 119 k-mers allowing the extraction of possible linear minicircle contigs based on the presence of the highly conserved sequence block CSB-3 (GGGGTTG[G/A]TGTA). The k-mer size list was optimized to obtain a greater proportion of circularized minicircles in the assembly. After the assembly and identification of the minicircle contigs, the “komics circularize” and subsequently the “komics polish” commands were run by default to detect circular sequences, eliminate duplicates, and reorient the minicircles by placing CSB-1 at the beginning of each circularized contig. The quality of the assembly for each isolate was evaluated by mapping Illumina reads against assembled contigs using BWA-MEM2 v2.2.1 [49]. Mapping statistics, including the percentage of mapping reads, percentage of mapping reads containing CSB-3, and read depths were calculated using the KOMICS script “mapping_stats.sh”. Fully circularized minicircles were filtered based on their length and were then aligned using MEGA11 [43] to identify the conserved region containing CSB-1, CSB-2, and CSB-3 blocks.
To further validate the circularity of the assembled minicircle sequences, additional mapping was performed using Illumina reads. An in-house script was developed to extract the last 100 bases of each sequence and append them to the first 100 bases immediately after them to simulate a continuous circular structure. Illumina reads were next mapped against these modified sequences. If coverage was observed at the junction between the original last 100 bases and the appended first 100 bases, the sequence was confirmed to be circular. Coverage was visualized using IGV v2.16.2 [45].
Identification of T. lainsoni minicircles in third generation sequencing reads

Trypanosoma lainsoni minicircles were identified from long-read whole-genome sequencing data of Le29, generated using the MinION ONT platform. A quality report of the reads was obtained using Nanoplot v1.41 [14], and reads were subsequently filtered with a minimum quality threshold of Q10 using Filtlong v0.2.1 (https://github.com/rrwick/Filtlong). Quality-filtered long reads were used to run a local nucleotide BLAST (blastn) search [8], using the CR of the assembled minicircles obtained in the previous step as query. Reads with more than 100 bp alignment against the CR and a e-value <0.05 were retained. The identified minicircles were filtered based on the most frequent length using a Python script, taking the length of KOMICS assembled minicircles as reference. To correct errors in these sequences, Illumina short reads were mapped to the minicircles identified in ONT long reads using BWA-MEM2 and three consecutive rounds of polishing were executed with Polypolish v0.5.0 [51] using the default parameters.
The polished Le29 minicircles identified in ONT reads were reoriented using Circlator 1.5.5 [21] command “circlator_fixstart” and the T. lainsoni CR as a query with ≥60% identity. These sequences were later aligned in MEGA to minicircle contigs previously obtained by the assembly of Illumina reads. Circularity was verified by inspecting the terminal alignments using MEGA.
Validation of T. lainsoni minicircle structure by PCR
The primer design for the amplification of a T. lainsoni minicircle fragment was based on ~1,200 bp circularized minicircle sequences obtained using the KOMICS pipeline. Forward and reverse primers were designed to anneal to the CR, enabling full amplification of the hypervariable region. Primer selection was performed by visual inspection of aligned minicircle sequences, choosing ~20-nucleotide sequences that preferably included some of the CSBs. Several primer pairs were then tested in silico using the Primer3Plus web interface [46] to ensure they met the desired criteria, including melting temperature (with less than 1.5 °C difference between primers), GC content, length, and self-priming conditions for optimal annealing to the target. The primers were further validated by alignment in MEGA against all assembled minicircles, including those obtained by ONT sequencing. Primers were also tested through alignments using Primer-BLAST [52] against genomes stored in NCBI (https://www.ncbi.nlm.nih.gov/) of T. cruzi, L. braziliensis, and L. infantum, with negative results. The selected primer pair (LaimHVR_L: CGATACATGTTCCCCGTACAAT, Tm: 53 °C; LaimHVR_R: GCCCAAAATTTTGAACGCCC, Tm: 52 °C) was synthesized by GenBiotech (Buenos Aires, Argentina).
The optimal annealing temperature, primer concentrations, and template DNA dilutions were standardized to ensure the correct amplification of mHVRs in T. lainsoni isolates. Trypanosoma cruzi and Leishmania spp. DNA samples were included to assess specificity. PCR amplifications were performed in a Veriti thermocycler (Applied Biosystems, Foster City, CA, USA) in a final volume of 50 μL, using 0.3 μM forward and reverse primers and 0.1 ng of DNA. Reactions followed the GoTaq G2 DNA polymerase protocol (Promega Corporation, Madison, WI, USA) with the following cycling conditions: initial denaturation at 95 °C for 120 s, followed by 30 cycles of 30 s at 95 °C, 30 s at 50 °C, and 60 s at 72 °C, with a final extension at 72 °C for 300 s. Amplification products were analyzed by 1.5% agarose gel electrophoresis at 90 V for ~45 min.
Diversity analysis of minicircle hypervariable regions of T. lainsoni
Illumina paired-end reads from each T. lainsoni isolate were mapped against a reference file containing all mHVRs obtained from the genome assembly using BWA-MEM2 v2.2.1, and BAM files were filtered to retain mapped reads. Sorted and indexed BAM files were generated using Samtools v1.21 [13], and per-base coverage (.bedgraph) files were produced with Bedtools v2.31.1 [32]. An in-house Python script processed .bedgraph files by filtering positions with coverage ≥20 reads, retaining mHVRs with ≥340 covered bases, calculating median coverage per mHVR, and exporting results to .tsv files. Coverage tables from all isolates were merged into a table of mHVRs relative abundances using a Python algorithm. This table was imported into QIIME 2 v2024.10 [3] for diversity analysis. To ensure comparability across samples, rarefaction was applied to standardize sequencing depth prior to diversity estimation. Core diversity metrics were computed to provide insight into community structure differences among isolates. Diversity metrics included the observed features index as an indicator of alpha-diversity and Bray-Curtis dissimilarity for beta-diversity. A Principal Coordinate Analysis (PCoA) plot was generated from the Bray-Curtis dissimilarity matrix.
Guide RNA identification
Guide RNAs (gRNAs) located within the mHVRs of T. lainsoni, which guide the editing of maxicircle-encoded mRNAs, were identified using the algorithm described by Rusman et al. 2021 [37]. Edited mRNAs corresponding to ATP synthase subunit 6 (ATPase 6), cytochrome c oxidase subunit III (COIII), C-rich region 3 (CR3) with unknown-function (also called G-rich region 3, G3), C-rich region 4 (CR4) with unknown-function (also called G-rich region 4, G4) [23], NADH dehydrogenase subunit 3 (ND3), NADH dehydrogenase subunit 7 (ND7), NADH dehydrogenase subunit 8 (ND8), NADH dehydrogenase subunit 9 (ND9), and ribosomal protein S12 (RPS12) were predicted based on T. lainsoni maxicircle DNA sequences [35] and following the methodology described by Rusman et al. [37]. A gRNA class was defined as a group of gRNAs targeting the same mRNA region. Editing cascades were reconstructed and visualized for each T. lainsoni isolate. The gRNA position within the mHVRs was determined as the region where at least one gRNA was mapped using the algorithm proposed by Rusman et al. [37].
Results
Structure of T. lainsoni minicircles
De novo assembly of minicircles using Illumina reads generated 2,654 linear contigs containing CSB-3, of which 638 were classified as circularized by KOMICS (Supplementary Table 1). On average, 8.22% of the total Illumina reads from each of the three isolates were mapped to minicircle contigs. Relatively high read depths were observed in all contigs, suggesting robust coverage and high accuracy of the obtained sequences. The mapping statistics are summarized in Supplementary Table 2. Based on length frequencies of the assembled sequences, 2,476 contigs smaller than 1,600 bp were retained. Alignment of the assembled minicircles allowed for the identification of a consensus sequence of approximately 138 bp, representing the CR of T. lainsoni minicircles which includes the three conserved blocks: CSB-1, CSB-2, and CSB-3. The size-filtered contigs were then classified into short contigs (582–607 bp, mean 593.6 bp) showing one CR, and long contigs (1,157–1,213 bp, mean 1,184.4 bp) showing two CRs interspaced by two hypervariable regions of 441–469 bp (Fig. 1A, Supplementary Table 3). Minicircle contigs with two CRs were the most frequent. In addition, Illumina reads mapped to the merged ends of these contigs showed high coverage in the junction region, which is consistent with a continuous circular sequence (Supplementary Figure 1).
	[image: Thumbnail: Figure 1 Refer to the following caption and surrounding text.]	Figure 1 Length frequency histograms of Trypanosoma lainsoni minicircles. A) KOMICS-circularized contigs were grouped into two categories based on their length (in base pairs): short contigs (blue shades, 25%) and long contigs (purple shades, 75%). Dark bars represent Le29 isolate, intermediate shades represent Ca37, and light shades represent Ca47. B) ONT reads filtered by BLAST alignment to the minicircle CR. The most frequent read lengths (600–1,600 bp) are shown. Reads between 900–1,300 bp, representing 77.3% of filtered reads, are highlighted in purple. C) Length frequency histograms of ONT-derived minicircles grouped by the number of CRs. The upper panel shows minicircles with a single CR; 79.0% of these falls within the 900–1,300 bp range (highlighted in purple). The lower panel shows minicircles with two CRs; 74.8% fall within the same range.



In addition, complete minicircle sequences were identified in ONT reads through a BLAST search using the CR sequence identified in Illumina contigs as a query. A total of 535 alignments with identities ranging from 82.4% to 100% were obtained. These alignments correspond to 348 reads with lengths between 296 bp and 40 kb. The most frequent lengths were retained, ranging from 600 to 1,600 bp, thereby removing potential sequencing artifacts. A total of 308 sequences were obtained, of which 77.3% were between 900 and 1,300 bp (Fig. 1B). A total of 127 minicircles contained two CRs, whereas 181 contained only one CR (Fig. 1C, Table 1). Sequences with a single CR were further analyzed using BLAST to identify a second CR that might not have been fully aligned. The presence of at least one of the three CSBs was detected in 25 minicircles between positions 600–800. Furthermore, a comparison of length distributions between these two groups of minicircles showed that those with two conserved regions ranged from 944 to 1,558 bp, whereas those with a single conserved region ranged from 676 to 1,595 bp (Fig. 1C).
Table 1 
Minicircle sequences identified in ONT sequences by BLAST.

Illumina reads were mapped against the minicircle ONT sequences to correct errors. Three consecutive rounds of polishing were executed with Polypolish. On average, the length of the sequences before and after polishing was 1,174.40 bp and 1,181.1 bp, respectively. This last length was close to the average length of 1,184.4 bp of long contigs assembled using Illumina reads. There were no modifications at the ends of the minicircle sequences due to a low sequencing depth in these regions. These observations would confirm the length of the T. lainsoni minicircles to be around 1,184 bp and that short contigs obtained with KOMICS were assembly artifacts. The circularity of ONT minicircle sequences was assessed by alignment to the circularized minicircles assembled by KOMICS, confirming the correct alignment of CRs.
Minicircle Conserved Region sequence analysis
Consensus CR sequences (~138 bp) from KOMICS-assembled and ONT-derived minicircles of T. lainsoni are shown in Figure 2A and Supplementary Figure 2, respectively. The three conserved blocks: CSB-1, CSB-2, and CSB-3 were identified and showed no variations among the three isolates. The conserved blocks of T. lainsoni were highly similar to those of other trypanosomatids. A substitution (A → G) was observed at the first position of CSB-1 in T. lainsoni. This substitution was shared with T. lewisi, although this species showed an additional substitution at the second position of CSB-1 (G → A). In contrast, the CSB-2 sequence of T. lainsoni was conserved relative to Leishmania spp., while one and two substitutions were observed compared with the CSB-2 sequences of T. cruzi and T. lewisi/T. brucei, respectively. The distance between CSB-2 and CSB-3 was shorter than in T. cruzi, but longer than in other trypanosomatids (Fig. 2B). As expected, CSB-3 was perfectly conserved in the T. lainsoni sequence.
	[image: Thumbnail: Figure 2 Refer to the following caption and surrounding text.]	Figure 2 Conserved Region alignments. A) Sequence logo of Trypanosoma lainsoni kDNA minicircle conserved region. Nucleotide frequency in each position of a multiple alignment of minicircle assembled sequences is shown. Each base is represented by its corresponding letter and the height of each symbol represents its frequency. Dashed lines indicate CSB-1, CSB-2, and CSB-3 conserved blocks. B) Sequence comparison of conserved blocks shared by different trypanosomatids species. CSB-1, CSB-2, and CSB-3 blocks in T. lainsoni minicircles are highly conserved against the trypanosomatids conserved blocks consensus sequence. However, CSB-1 presents a substitution at the first position (A → G). The CSB-1/CSB-2 distance is conserved in T. lainsoni with respect to T. brucei, T. lewisi, L. braziliensis, and L. orientalis, while the CSB-2/CSB-3 distance is variable, being similar to Leishmania and two nucleotides shorter than in T. cruzi.



Validation and detection of T. lainsoni minicircle by PCR
An amplification product of the expected size (~580 bp) was obtained from the three T. lainsoni isolates by using LaimMHVR_L and LaimHVR_R primers (Fig. 3). No amplification was observed in the specificity control with L. braziliensis and L. infantum isolates. However, a ~ 350 bp product was detected in the T. cruzi PCR reaction. The PCR results empirically confirmed the length of the conserved and hypervariable regions of T. lainsoni minicircles, as described in previous sections based on the combined analysis of second- and third-generation sequencing data. Figure 4 illustrates the inferred structure of the T. lainsoni minicircle and the annealing positions of the primers in the conserved regions.
	[image: Thumbnail: Figure 3 Refer to the following caption and surrounding text.]	Figure 3 1.5% Agarose gel stained with ethidium bromide showing PCR amplification products using primers designed for Trypanosoma lainsoni mHVRs. Lanes: 1) 100 bp molecular weight marker, 2) T. lainsoni Le29, 3) T. lainsoni Ca37, 4) T. lainsoni Ca47, 5) T. cruzi, 6) L. braziliensis, 7) L. infantum, and 8) Blank.



	[image: Thumbnail: Figure 4 Refer to the following caption and surrounding text.]	Figure 4 Schematic representation of the Trypanosoma lainsoni minicircle (1,184 bp) from Le29 isolate. The outermost ring (yellow) highlights the positions of the conserved sequence blocks (CSB-1, CSB-2, and CSB-3) in each CR (green segments). The inner ring (grey) shows the expected PCR amplification product obtained with the primers LaimHVR_L and LaimHVR_R (red), which bind to the conserved regions flanking the mHVRs (blue segments).



Diversity analysis of minicircles hypervariable regions of T. lainsoni
Based on coverage analysis of Illumina reads mapped against the 2,440 assembled mHVR sequences (mHVR classes), the following relative abundances of mHVRs were obtained for each isolate: 256,864 for Ca37, 516,961 for Ca47, and 160,080 for Le29. Principal Coordinate Analysis (PCoA) based on Bray–Curtis dissimilarity was performed to visualize beta diversity among samples. The PCoA plot (Fig. 5A) clearly differentiates the three isolates based on their mHVR composition. This pattern was further supported by the heatmap analysis (Fig. 5B), which showed that the composition of mHVR classes is largely unique to each isolate, with only a few shared classes among them: 38 out of 2440 mHVR classes were present in all isolates. The limited overlap in mHVR classes suggests a high degree of genetic differentiation, aligning with the observed distribution of isolates in the PCoA plot.
	[image: Thumbnail: Figure 5 Refer to the following caption and surrounding text.]	Figure 5 Beta diversity and abundance of mHVRs among Trypanosoma lainsoni isolates. A) Principal Coordinate Analysis (PCoA) based on Bray–Curtis dissimilarity, illustrating beta diversity among T. lainsoni isolates. The plot shows three distinct clusters (Ca37, Ca47, and Le29), indicating clear differences in composition and abundance of mHVRs. The separation along Axis 1 (57.62%) and Axis 2 (42.38%) suggests significant dissimilarities in genetic patterns among isolates. B) Heatmap showing the abundance and distribution of mHVR classes across isolates. The y-axis represents different mHVR classes, while the x-axis corresponds to the isolates. The abundance of sequences in each mHVR class is represented using a gradient color scale. C) Rarefaction curves showing the number of mHVR classes as a function of sequencing depth for T. lainsoni isolates (Ca37, Ca47, and Le29). The curves reach a plateau, indicating that sequencing depth was sufficient to capture the total diversity of each sample. Differences in alpha diversity among isolates suggest variations in richness of mHVR profiles.



Alpha diversity analysis was conducted to assess richness, and rarefaction curves indicated that sequencing depth was sufficient to capture the total diversity of mHVRs classes, as all curves reached a plateau (Fig. 5C). These results highlight notable dissimilarities among samples based on their mHVR profiles and confirm that sequencing depth was adequate to represent mHVR diversity, further supporting the presence of distinct genetic patterns among T. lainsoni isolates.

Trypanosoma lainsoni mHVRs encode complete gRNA repertories
Editing cascades were reconstructed for the nine genes whose edited mRNA sequences were previously predicted. Editing cascades for COIII, a pan-edited gene, and the remaining mRNAs are shown in Figure 6 and Supplementary File 1, respectively. Between 1,161 and 1,449 gRNA classes were predicted for each isolate. The number of gRNA classes found for each edited mRNA is summarized in Supplementary Table 4. Nearly complete editing cascades were obtained for all genes. Additionally, the estimated position of the guide RNA in the hypervariable region of the minicircle was found between 77 bp and 202 bp downstream of CSB-3 (Supplementary Figure 3).
	[image: Thumbnail: Figure 6 Refer to the following caption and surrounding text.]	Figure 6 Editing cascades of COIII mRNA, predicted from the sequencing reads of each Trypanosoma lainsoni isolate: A) Le29, B) Ca47, and C) Ca37. Guide RNAs are shown aligned below the COIII mRNA (light blue line) according to their editing position. The x-axis represents the mRNA position, while the y-axis shows the cumulative number of gRNA classes up to that position. gRNA classes are color-coded according to sequence abundance as follows: red (1–19 reads), black to green (20–1,000 reads), and light green (>1,000 reads).



Discussion
Due to its recent discovery, several biological aspects of the kinetoplastid protozoan T. lainsoni remain unknown. So far, this species has been found to parasitize a wide variety of flying and terrestrial mammals [16, 28–31, 34, 39]. However, key aspects such as its life cycle, vectors, pathogenicity, and potential to cause diseases in humans or other animals remain undescribed. In this context, the availability of mitochondrial genomic data for this organism could provide valuable insights into its biology and diversification. This study represents a significant step forward in understanding the mitochondrial genomic organization of T. lainsoni, shedding light on the structural and functional complexity of its minicircles. By integrating second- and third-generation sequencing, we successfully assembled and characterized minicircle sequences from three Argentinian isolates (Le29, Ca37, and Ca47), describing their architecture with two hypervariable regions interspaced by conserved regions.
In the first stage, minicircles were assembled using the KOMICS bioinformatics pipeline. Assembled sequences with atypical lengths (6.71%) were observed, which could have originated from the nuclear genome or maxicircles. As no reference genomes were available, the origin of these sequences could not be determined; therefore, a cut-off criterion of 1,600 bp was established based on the most frequent lengths to ensure the exclusion of assembly artifacts. However, since the structure of assembled contigs was expected to be circular, sequences were filtered to retain only those that were fully circularized. Most (75%) of the circularized contigs recovered were sequences between 1,157 and 1,213 bp (mean: 1,184.4 bp) and the rest were short circularized contigs between 580 and 620 bp. Alignment analysis of the assembled minicircle contigs enabled the identification of the conserved region (138 bp) containing its three characteristic conserved sequence blocks (CSB-1, CSB-2, and CSB-3). The ultrastructure of the minicircles was further confirmed by identifying full-length minicircles in third-generation sequencing data from the Le29 isolate, using the previously identified CR sequence as a query. On average, the length of the filtered sequences before polishing was 1,174 bp, while after polishing, it was 1,181 bp. This result confirmed that short minicircle contigs were likely artifacts from the assembly process and supported the mean length (~1,184 bp) obtained from the Illumina-based assemblies. Additionally, the presence of two conserved regions interspersed with two hypervariable regions was corroborated by third-generation sequencing data. The circularity of these molecules was thoroughly verified by aligning the circularized molecules obtained with KOMICS against the minicircles identified in ONT reads, along with additional circularity verification using a mapping strategy. The minicircle size and structure were validated by PCR, which yielded a single amplicon of the expected size for all three isolates.
Minicircle structural arrangement varies among trypanosomatids: in Leishmania spp. and T. brucei, minicircles contain a single CR [5, 12, 24, 42], whereas in T. cruzi, minicircles typically contain four CRs arranged at ~90° intervals [7, 19, 25]. Other species, such as T. rangeli and T. copemani, exhibit variable numbers of CRs [4, 47]. Here, we describe T. lainsoni minicircles with two hypervariable regions (mHVRs) with an average length of 454 bp. The alignment of circularized, non-circularized, and long reads resulted in the confirmation of the CR–mHVR–CR–mHVR pattern for minicircles sequences. The two mHVRs exhibited similar sizes and maintained a consistent separation between conserved regions, resulting in a symmetrical minicircle structure, with conserved regions positioned approximately 180° apart. This structural organization is similar to that of T. lewisi minicircles, which also contain two CRs separated by ~180° [25]. An interesting observation in ONT-derived minicircle sequences was that 181 sequences contained a single CR, whereas 127 had two CRs. Sequences with two CRs (944–1,558 bp) showed a more homogeneous length distribution (σ = 107.9) than those with one CR (676–1,595 bp, σ = 163.3). A deeper analysis of minicircle sequences with a single CR revealed that at least 25 sequences contained additional CSBs, suggesting the presence of an incomplete second CR. The higher error rate associated with ONT sequencing could partly explain why a completely conserved region could not be detected in some cases. However, the presence of minicircles with a single conserved region cannot be ruled out. If such minicircles exist, it is unlikely that they would be detected as amplicons with larger hypervariable regions, since the PCR reaction designed here would probably favor the amplification of the ~450 bp mHVR region located between the primers. Further studies are required to confirm the existence of minicircles containing only one conserved region.
Importantly, diversity analyses of mHVRs from the three isolates revealed high dissimilarity, suggesting the presence of distinct genotypes circulating in the study area, potentially aiding epidemiologic surveillance and ecological studies. Deep sequencing of mHVRs and cluster analysis have previously been proposed as tools for lineage and genotype identification in T. cruzi [38]. Similar differences have also been observed in guide RNA (gRNA) sequences, suggesting a link between genotype and minicircle functionality in different T. cruzi lineages [37].
In this study, we reconstructed the complete editing cascades of mRNAs guided by minicircle encoded gRNAs. Unlike other trypanosomatids, such as T. cruzi and L. tarentolae, where incomplete editing cascades have been reported for some genes of the respiratory complex I [37, 42], T. lainsoni appears to retain a fully functional editing system for all the studied genes. This suggests that the edited mRNAs encode functional enzymes, which may have implications for parasite metabolism and adaptation. Further studies are needed to determine whether this complete editing cascade is a conserved feature among different T. lainsoni isolates and how it influences mitochondrial function.
Finally, T. lainsoni minicircle sequences obtained in this study were used to develop a PCR assay for detecting this parasite in DNA samples. This assay allowed empirical testing of the expected size of the mHVRs. Amplification of a ~ 580 bp product was observed in the three available isolates of T. lainsoni, which allowed differentiation of this species from L. braziliensis and L. infantum, where no amplification was observed. However, a band corresponding to a T. cruzi minicircle fragment of approximately 350 bp was observed, which was smaller size than that obtained for T. lainsoni. A detailed comparative analysis of the CR with those from other trypanosomatids revealed that, as expected, CSB-2 and CSB-3 were highly conserved relative to a consensus sequence. In contrast, CSB-1 was only partially conserved, with an A → G substitution at position 1 compared to the CSB-1 block in other trypanosomatids. Although in silico specificity testing was performed, PCR primers were designed to target the conserved CSB-1 and CSB-2 blocks. Therefore, it is not surprising that they also amplified T. cruzi minicircles. However, the resulting amplicons were easily distinguishable by size, as the T. cruzi fragment (~350 bp) was notably smaller than the T. lainsoni product (~580 bp). This work lays the groundwork for further studies to optimize and validate this PCR assay, including a more comprehensive evaluation of its sensitivity and specificity using additional trypanosomatid species, T. lainsoni isolates, and biological samples obtained from field studies. Therefore, the assay presented here should be considered a preliminary approach for the molecular detection of T. lainsoni. Future research should focus on the biological and epidemiologic significance of T. lainsoni, and its potential hosts and vectors. The findings in this work not only expand our knowledge of T. lainsoni genetics but also contribute to the development of molecular diagnostic tools with implications for parasite surveillance.
Conclusions
In this study, we successfully assembled and accurately described the complete structure of T. lainsoni minicircles by combining second- and third-generation sequencing technologies. The T. lainsoni minicircles consist of circular DNA molecules with an average length of 1,184 bp, containing two highly conserved regions of 138 bp positioned approximately 180° apart and separated by two hypervariable regions of ~454 bp each. The conserved regions harbor the canonical CSB1, CSB2, and CSB3 sequence blocks, which were found to be highly conserved among the three isolates, as well as in comparison to other trypanosomatids. The structural arrangement of the minicircles was further supported through the development of a preliminary PCR-based assay, which enabled the detection of the parasite in DNA samples. Although additional optimization and validation studies are still required to assess its sensitivity and specificity, this approach represents a promising tool for the future identification of potential hosts and vectors. Additionally, the minicircle-derived sequences were used to reconstruct complete mRNA editing cascades guided by minicircle-encoded gRNAs. These analyses suggested that T. lainsoni retains a fully functional editing system for all studied genes, potentially linked to conserved mitochondrial function and to parasite metabolic adaptation. The diversity analysis of mHVRs revealed considerable sequence heterogeneity among the isolates, suggesting that the method was effective in capturing the complexity of minicircle variation and could be applied to differentiate among circulating genotypes. This work contributes valuable information to our understanding of T. lainsoni mitochondrial genomics and establishes a basis for future studies exploring its biology, epidemiology, and the development of molecular tools for surveillance.
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	[image: Thumbnail: Supplementary Figure 1: Refer to the following caption and surrounding text.]	Supplementary Figure 1: Circularization analysis of minicircle sequences of Le29 isolate obtained through mapping and visualization in IGV. The compressed graphs show the alignment between paired-end Illumina reads (1), represented as horizontal lines, and the merged sequences (2), displayed along a 201 bp axis. Merged sequences were obtained by extracting the last 100 bases of each sequence and appending them to the beginning of the first 100 bases of such sequences. The bars represent coverage at each position of the axis (3). Red lines indicate forward-strand reads, and blue lines indicate reverse-strand reads. A vertical line (4) marks the junction where the ends merge, and the box (5) highlights the region where overlap is expected to verify circularity. A) Coverage of Illumina reads in a non-circularized contig. Moderate coverage is observed at the junction region, and no reads were found to be shared between both ends. B) Alignment of Illumina reads against correctly circularized contigs shows high coverage at the junction position of the merged sequence, with reads shared between both ends.



	[image: Thumbnail: Supplementary Figure 2: Refer to the following caption and surrounding text.]	Supplementary Figure 2: Sequence Logo represents the conserved region of minicircle sequences of T. lainsoni obtained by ONT. The graph shows the frequency of nucleotides in each minicircles multiple alignment position. Dotted lines mark conserved blocks CSB-1, CSB-2, and CSB-3. Similarly to minicircle contigs obtained with Illumina sequencing, these blocks show a high conservation level despite the higher error rate during ONT base calling.



	[image: Thumbnail: Supplementary Figure 3: Refer to the following caption and surrounding text.]	Supplementary Figure 3: Mapping of estimated guide RNA (gRNA) sequences to the hypervariable region (mHVR) of T. lainsoni minicircles. The number of estimated gRNAs mapped to each base position in the mHVR is shown. The distribution indicates that the estimated positions of gRNAs range from approximately 77 bp to 202 bp downstream of CSB-3.





Supplementary File 1: Editing cascades of ATPase 6, CR3, CR4, ND3, ND7, ND8, ND9, and RPS12 mRNAs, predicted from the sequencing reads of each T. lainsoni isolate: Le29, Ca47, and Ca37. Guide RNAs are shown aligned below the mRNA sequences according to their editing position. The x-axis represents the mRNA position, while the y-axis shows the cumulative number of gRNA classes up to that position. gRNA classes are color-coded according to sequence abundance as follows: red (1–19 reads), black to green (20–1,000 reads), and light green (>1,000 reads).
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Supplementary Table 1: Summary of contigs obtained by KOMICS pipeline.
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Supplementary Table 2: Mapping statistics of Illumina reads against contigs obtained by KOMICS.
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Supplementary Table 3: Summary of size filtered T. lainsoni minicircle contigs.
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	[image: Thumbnail: Figure 1 Refer to the following caption and surrounding text.]	Figure 1 Length frequency histograms of Trypanosoma lainsoni minicircles. A) KOMICS-circularized contigs were grouped into two categories based on their length (in base pairs): short contigs (blue shades, 25%) and long contigs (purple shades, 75%). Dark bars represent Le29 isolate, intermediate shades represent Ca37, and light shades represent Ca47. B) ONT reads filtered by BLAST alignment to the minicircle CR. The most frequent read lengths (600–1,600 bp) are shown. Reads between 900–1,300 bp, representing 77.3% of filtered reads, are highlighted in purple. C) Length frequency histograms of ONT-derived minicircles grouped by the number of CRs. The upper panel shows minicircles with a single CR; 79.0% of these falls within the 900–1,300 bp range (highlighted in purple). The lower panel shows minicircles with two CRs; 74.8% fall within the same range.
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	[image: Thumbnail: Figure 2 Refer to the following caption and surrounding text.]	Figure 2 Conserved Region alignments. A) Sequence logo of Trypanosoma lainsoni kDNA minicircle conserved region. Nucleotide frequency in each position of a multiple alignment of minicircle assembled sequences is shown. Each base is represented by its corresponding letter and the height of each symbol represents its frequency. Dashed lines indicate CSB-1, CSB-2, and CSB-3 conserved blocks. B) Sequence comparison of conserved blocks shared by different trypanosomatids species. CSB-1, CSB-2, and CSB-3 blocks in T. lainsoni minicircles are highly conserved against the trypanosomatids conserved blocks consensus sequence. However, CSB-1 presents a substitution at the first position (A → G). The CSB-1/CSB-2 distance is conserved in T. lainsoni with respect to T. brucei, T. lewisi, L. braziliensis, and L. orientalis, while the CSB-2/CSB-3 distance is variable, being similar to Leishmania and two nucleotides shorter than in T. cruzi.
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	[image: Thumbnail: Figure 3 Refer to the following caption and surrounding text.]	Figure 3 1.5% Agarose gel stained with ethidium bromide showing PCR amplification products using primers designed for Trypanosoma lainsoni mHVRs. Lanes: 1) 100 bp molecular weight marker, 2) T. lainsoni Le29, 3) T. lainsoni Ca37, 4) T. lainsoni Ca47, 5) T. cruzi, 6) L. braziliensis, 7) L. infantum, and 8) Blank.
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	[image: Thumbnail: Figure 4 Refer to the following caption and surrounding text.]	Figure 4 Schematic representation of the Trypanosoma lainsoni minicircle (1,184 bp) from Le29 isolate. The outermost ring (yellow) highlights the positions of the conserved sequence blocks (CSB-1, CSB-2, and CSB-3) in each CR (green segments). The inner ring (grey) shows the expected PCR amplification product obtained with the primers LaimHVR_L and LaimHVR_R (red), which bind to the conserved regions flanking the mHVRs (blue segments).
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	[image: Thumbnail: Figure 5 Refer to the following caption and surrounding text.]	Figure 5 Beta diversity and abundance of mHVRs among Trypanosoma lainsoni isolates. A) Principal Coordinate Analysis (PCoA) based on Bray–Curtis dissimilarity, illustrating beta diversity among T. lainsoni isolates. The plot shows three distinct clusters (Ca37, Ca47, and Le29), indicating clear differences in composition and abundance of mHVRs. The separation along Axis 1 (57.62%) and Axis 2 (42.38%) suggests significant dissimilarities in genetic patterns among isolates. B) Heatmap showing the abundance and distribution of mHVR classes across isolates. The y-axis represents different mHVR classes, while the x-axis corresponds to the isolates. The abundance of sequences in each mHVR class is represented using a gradient color scale. C) Rarefaction curves showing the number of mHVR classes as a function of sequencing depth for T. lainsoni isolates (Ca37, Ca47, and Le29). The curves reach a plateau, indicating that sequencing depth was sufficient to capture the total diversity of each sample. Differences in alpha diversity among isolates suggest variations in richness of mHVR profiles.
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	[image: Thumbnail: Figure 6 Refer to the following caption and surrounding text.]	Figure 6 Editing cascades of COIII mRNA, predicted from the sequencing reads of each Trypanosoma lainsoni isolate: A) Le29, B) Ca47, and C) Ca37. Guide RNAs are shown aligned below the COIII mRNA (light blue line) according to their editing position. The x-axis represents the mRNA position, while the y-axis shows the cumulative number of gRNA classes up to that position. gRNA classes are color-coded according to sequence abundance as follows: red (1–19 reads), black to green (20–1,000 reads), and light green (>1,000 reads).
In the text



	[image: Thumbnail: Supplementary Figure 1: Refer to the following caption and surrounding text.]	Supplementary Figure 1: Circularization analysis of minicircle sequences of Le29 isolate obtained through mapping and visualization in IGV. The compressed graphs show the alignment between paired-end Illumina reads (1), represented as horizontal lines, and the merged sequences (2), displayed along a 201 bp axis. Merged sequences were obtained by extracting the last 100 bases of each sequence and appending them to the beginning of the first 100 bases of such sequences. The bars represent coverage at each position of the axis (3). Red lines indicate forward-strand reads, and blue lines indicate reverse-strand reads. A vertical line (4) marks the junction where the ends merge, and the box (5) highlights the region where overlap is expected to verify circularity. A) Coverage of Illumina reads in a non-circularized contig. Moderate coverage is observed at the junction region, and no reads were found to be shared between both ends. B) Alignment of Illumina reads against correctly circularized contigs shows high coverage at the junction position of the merged sequence, with reads shared between both ends.
In the text



	[image: Thumbnail: Supplementary Figure 2: Refer to the following caption and surrounding text.]	Supplementary Figure 2: Sequence Logo represents the conserved region of minicircle sequences of T. lainsoni obtained by ONT. The graph shows the frequency of nucleotides in each minicircles multiple alignment position. Dotted lines mark conserved blocks CSB-1, CSB-2, and CSB-3. Similarly to minicircle contigs obtained with Illumina sequencing, these blocks show a high conservation level despite the higher error rate during ONT base calling.
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	[image: Thumbnail: Supplementary Figure 3: Refer to the following caption and surrounding text.]	Supplementary Figure 3: Mapping of estimated guide RNA (gRNA) sequences to the hypervariable region (mHVR) of T. lainsoni minicircles. The number of estimated gRNAs mapped to each base position in the mHVR is shown. The distribution indicates that the estimated positions of gRNAs range from approximately 77 bp to 202 bp downstream of CSB-3.
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      Figure 1 

      
        [image: Figure 1 Refer to the following caption and surrounding text.]
      

      
        Length frequency histograms of Trypanosoma lainsoni minicircles. A) KOMICS-circularized contigs were grouped into two categories based on their length (in base pairs): short contigs (blue shades, 25%) and long contigs (purple shades, 75%). Dark bars represent Le29 isolate, intermediate shades represent Ca37, and light shades represent Ca47. B) ONT reads filtered by BLAST alignment to the minicircle CR. The most frequent read lengths (600–1,600 bp) are shown. Reads between 900–1,300 bp, representing 77.3% of filtered reads, are highlighted in purple. C) Length frequency histograms of ONT-derived minicircles grouped by the number of CRs. The upper panel shows minicircles with a single CR; 79.0% of these falls within the 900–1,300 bp range (highlighted in purple). The lower panel shows minicircles with two CRs; 74.8% fall within the same range.

      

    

  
    
      Table 1 

      Minicircle sequences identified in ONT sequences by BLAST.

      
        


	No. of CRs
	Number of sequences
	Mean length
	Median length
	SD





	1
	181
	1,125.2
	1,138
	165.30



	2
	127
	1,244.4
	1,274
	107.90



	Total
	308
	1,174.4
	1,209
	155.74





      

    

  
    
      Figure 2 

      
        [image: Figure 2 Refer to the following caption and surrounding text.]
      

      
        Conserved Region alignments. A) Sequence logo of Trypanosoma lainsoni kDNA minicircle conserved region. Nucleotide frequency in each position of a multiple alignment of minicircle assembled sequences is shown. Each base is represented by its corresponding letter and the height of each symbol represents its frequency. Dashed lines indicate CSB-1, CSB-2, and CSB-3 conserved blocks. B) Sequence comparison of conserved blocks shared by different trypanosomatids species. CSB-1, CSB-2, and CSB-3 blocks in T. lainsoni minicircles are highly conserved against the trypanosomatids conserved blocks consensus sequence. However, CSB-1 presents a substitution at the first position (A → G). The CSB-1/CSB-2 distance is conserved in T. lainsoni with respect to T. brucei, T. lewisi, L. braziliensis, and L. orientalis, while the CSB-2/CSB-3 distance is variable, being similar to Leishmania and two nucleotides shorter than in T. cruzi.

      

    

  
    
      Figure 3 
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        1.5% Agarose gel stained with ethidium bromide showing PCR amplification products using primers designed for Trypanosoma lainsoni mHVRs. Lanes: 1) 100 bp molecular weight marker, 2) T. lainsoni Le29, 3) T. lainsoni Ca37, 4) T. lainsoni Ca47, 5) T. cruzi, 6) L. braziliensis, 7) L. infantum, and 8) Blank.

      

    

  
    
      Figure 4 
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        Schematic representation of the Trypanosoma lainsoni minicircle (1,184 bp) from Le29 isolate. The outermost ring (yellow) highlights the positions of the conserved sequence blocks (CSB-1, CSB-2, and CSB-3) in each CR (green segments). The inner ring (grey) shows the expected PCR amplification product obtained with the primers LaimHVR_L and LaimHVR_R (red), which bind to the conserved regions flanking the mHVRs (blue segments).

      

    

  
    
      Figure 5 
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        Beta diversity and abundance of mHVRs among Trypanosoma lainsoni isolates. A) Principal Coordinate Analysis (PCoA) based on Bray–Curtis dissimilarity, illustrating beta diversity among T. lainsoni isolates. The plot shows three distinct clusters (Ca37, Ca47, and Le29), indicating clear differences in composition and abundance of mHVRs. The separation along Axis 1 (57.62%) and Axis 2 (42.38%) suggests significant dissimilarities in genetic patterns among isolates. B) Heatmap showing the abundance and distribution of mHVR classes across isolates. The y-axis represents different mHVR classes, while the x-axis corresponds to the isolates. The abundance of sequences in each mHVR class is represented using a gradient color scale. C) Rarefaction curves showing the number of mHVR classes as a function of sequencing depth for T. lainsoni isolates (Ca37, Ca47, and Le29). The curves reach a plateau, indicating that sequencing depth was sufficient to capture the total diversity of each sample. Differences in alpha diversity among isolates suggest variations in richness of mHVR profiles.

      

    

  
    
      Figure 6 

      
        [image: Figure 6 Refer to the following caption and surrounding text.]
      

      
        Editing cascades of COIII mRNA, predicted from the sequencing reads of each Trypanosoma lainsoni isolate: A) Le29, B) Ca47, and C) Ca37. Guide RNAs are shown aligned below the COIII mRNA (light blue line) according to their editing position. The x-axis represents the mRNA position, while the y-axis shows the cumulative number of gRNA classes up to that position. gRNA classes are color-coded according to sequence abundance as follows: red (1–19 reads), black to green (20–1,000 reads), and light green (>1,000 reads).

      

    

  
    
      Supplementary Figure 1: 
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        Circularization analysis of minicircle sequences of Le29 isolate obtained through mapping and visualization in IGV. The compressed graphs show the alignment between paired-end Illumina reads (1), represented as horizontal lines, and the merged sequences (2), displayed along a 201 bp axis. Merged sequences were obtained by extracting the last 100 bases of each sequence and appending them to the beginning of the first 100 bases of such sequences. The bars represent coverage at each position of the axis (3). Red lines indicate forward-strand reads, and blue lines indicate reverse-strand reads. A vertical line (4) marks the junction where the ends merge, and the box (5) highlights the region where overlap is expected to verify circularity. A) Coverage of Illumina reads in a non-circularized contig. Moderate coverage is observed at the junction region, and no reads were found to be shared between both ends. B) Alignment of Illumina reads against correctly circularized contigs shows high coverage at the junction position of the merged sequence, with reads shared between both ends.

      

    

  
    
      Supplementary Figure 2: 
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        Sequence Logo represents the conserved region of minicircle sequences of T. lainsoni obtained by ONT. The graph shows the frequency of nucleotides in each minicircles multiple alignment position. Dotted lines mark conserved blocks CSB-1, CSB-2, and CSB-3. Similarly to minicircle contigs obtained with Illumina sequencing, these blocks show a high conservation level despite the higher error rate during ONT base calling.

      

    

  
    
      Supplementary Figure 3: 
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        Mapping of estimated guide RNA (gRNA) sequences to the hypervariable region (mHVR) of T. lainsoni minicircles. The number of estimated gRNAs mapped to each base position in the mHVR is shown. The distribution indicates that the estimated positions of gRNAs range from approximately 77 bp to 202 bp downstream of CSB-3.
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