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Abstract 

Triatoma dimidiata is a primary vector of Trypanosoma cruzi, the parasite responsible for Chagas 
disease, which impacts millions worldwide. Its distribution extends from central Mexico to northern 
Ecuador and Peru, with marked ecological and epidemiological variations across this range, leading 
to taxonomic challenges and the recognition of T. dimidiata as a cryptic species complex. Despite 
efforts using morphological and molecular markers, phylogenetic analyses remain inconclusive, 
complicating its classification. Resolving these taxonomic issues is essential for creating effective, 
targeted vector control strategies. Given that traditional molecular markers have proven 
insufficient, genome-scale analyses offer a promising alternative. However, the lack of an annotated 
reference genome for T. dimidiata has hindered comprehensive genome-wide studies. To address 
this, we assembled and annotated a high-quality, chromosome-level haplotype-resolved reference 
genome of T. dimidiata, integrating PacBio High Fidelity (HiFi), Illumina DNA paired-end, Hi-C, and 
RNAseq reads. The resulting assemblies, with lengths of 1.31 Gb and 1.30 Gb, demonstrate high 
completeness and contiguity. Approximately, 95% of these sequences were organized into 10 and 
12 pseudochromosomes, respectively. Additionally, repetitive content analysis revealed that more 
than 50% of the genome comprises repetitive elements. Using assembled transcriptomes, ab initio 
methods, and protein homology for gene prediction, we identified 338,033 potential genes. This 
genome resource fills a crucial gap in T. dimidiata genomics, paving the way for functional genomics 
and population studies. It will facilitate the discovery of genetic markers associated with vital traits 
like insecticide resistance and ecological adaptation, providing insights essential for developing 
targeted control measures. Our assembly establishes a foundation for further research into T. 
dimidiata’s biology, population dynamics, and vector competence, advancing global efforts to 
combat Chagas disease. 

Resúmen (Spanish) 

Triatoma dimidiata es un vector principal de Trypanosoma cruzi, el parásito responsable de la 

enfermedad de Chagas, que afecta a millones de personas en todo el mundo. Su distribución se 

extiende desde el centro de México hasta el norte de Ecuador y Perú, con variaciones ecológicas y 

epidemiológicas marcadas a lo largo de este rango, lo que conlleva a desafíos taxonómicos y al 

reconocimiento de T. dimidiata como un complejo de especies crípticas. A pesar de los esfuerzos 
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realizados con marcadores morfológicos y moleculares, los análisis filogenéticos siguen siendo 

inconclusos, dificultando su clasificación. Resolver estos problemas taxonómicos es fundamental 

para desarrollar estrategias de control de vectores eficaces y específicas. Dado que los marcadores 

moleculares tradicionales han demostrado ser insuficientes, los análisis a escala genómica ofrecen 

una alternativa prometedora. Sin embargo, la ausencia de un genoma de referencia anotado para 

T. dimidiata ha limitado estudios genómicos de amplio alcance. Para abordar esta necesidad, 

ensamblamos y anotamos un genoma de referencia de alta calidad y resolución haplotípica a nivel 

cromosómico para T. dimidiata, integrando lecturas de alta fidelidad de PacBio (HiFi), secuenciación 

Illumina de extremos emparejados, Hi-C y RNAseq. Los ensamblajes resultantes, con longitudes de 

1,31 Gb y 1,30 Gb, demuestran alta completitud y continuidad. Aproximadamente, el 95% de estas 

secuencias fueron organizadas en 10 y 12 pseudo-cromosomas, respectivamente. Además, el 

análisis del contenido repetitivo reveló que más del 50% del genoma se compone de elementos 

repetitivos. Utilizando transcriptomas ensamblados, métodos ab initio y homología de proteínas 

para la predicción de genes, identificamos 338,033 genes potenciales. Este recurso genómico llena 

un vacío crucial en la genómica de T. dimidiata, allanando el camino para estudios de genómica 

funcional y poblacional. Facilitará el descubrimiento de marcadores genéticos asociados a rasgos 

importantes como la resistencia a insecticidas y la adaptación ecológica, proporcionando 

conocimientos esenciales para desarrollar medidas de control específicas. Nuestro ensamblaje 

establece una base para investigaciones adicionales sobre la biología, la dinámica poblacional y la 

competencia vectorial de T. dimidiata, avanzando en los esfuerzos globales para combatir la 

enfermedad de Chagas. 

Keywords 

Reference genome, haplotype, Triatominae, Chagas disease, annotation, PacBio, Illumina, RNAseq. 

Introduction 

Triatoma dimidiata (Latreille, 1811) sensu lato (s.l.) is a key vector of Trypanosoma cruzi, the 

parasite responsible for Chagas disease (CD). Currently, around 8 million people globally are infected 

with T. cruzi, while an additional 75 million are at risk (1,2). The primary route of transmission is 

through vector-borne means, where insects from the subfamily Triatominae transmit the parasite 

(3). However, there are other important transmission routes, including oral transmission (via 

consumption of contaminated food or drink), blood transfusions or organ transplants from infected 

donors, vertical transmission (from mother to child), and accidental exposure in laboratory settings 

(4–13).  

Triatoma dimidiata is distributed throughout Latin America, from central Mexico to southern 

Ecuador and northern Peru, with infection rates reaching as high as 70% in some regions (14–16). 

While it is the primary vector for T. cruzi in Central America, in countries like Colombia, Ecuador, 

and Peru, T. dimidiata acts as a secondary vector, reflecting regional differences in vector ecology 

and transmission dynamics. Molecular studies further support these ecological variations, 
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suggesting that T. dimidiata may actually comprise a cryptic species complex, with genetic 

differentiation observed across its geographic range (17–21). 

Triatoma dimidiata is a nocturnal insect that responds to light, odors, and the movements of 

potential hosts. Its attraction to artificial light, especially in females, often leads it to invade homes, 

posing significant challenges for vector control (22–25). During the day, it hides in sheltered areas, 

but at night it emerges to feed, primarily on human blood. However, T. dimidiata also feeds on other 

mammals, including domestic animals like dogs and cats, as well as cows, birds, marsupials, 

opossums, small rodents, bats, and other mammals such as buffalo, donkeys, sloths, and pigs (26–

28). 

At the molecular level, T. dimidiata populations show distinct patterns of domestication and gene 

flow. In Guatemala, highly domesticated populations with limited movement between sylvatic and 

domiciliary environments have been associated with poor housing conditions, which offer favorable 

habitats for the insects and result in low levels of gene Flow (29–31). In contrast, populations from 

the Yucatán Peninsula in Mexico and from Colombia exhibit greater gene flow, indicating higher 

mobility between sylvatic and domestic habitats (32–34). 

Numerous studies have investigated the phylogenetic and taxonomic relationships within Triatoma 
dimidiata. Initially, its morphotypes were considered separate species (35,36), but due to low 
morphological differentiation, they were later synonymized under T. dimidiata (37). However, 
subsequent research using morphological, cytogenetic, and molecular markers uncovered multiple 
taxa, including at least one cryptic species (38–41). Molecular analyses with markers such as ITS-2 
and mitochondrial DNA have identified distinct clades, leading to subspecies classifications. Yet, 
some phylogenetic studies have not supported monophyletic groupings (15,17,18,42–45). 
 
Further research, including studies using mitochondrial markers and genotyping-by-sequencing 
(GBS), has divided T. dimidiata into distinct species, confirming the presence of cryptic species  
(21,46). GBS identified three monophyletic lineages, although challenges remain in achieving 
taxonomic resolution due to factors like homoplasy and biases in SNP selection (17,47). These 
findings underscore the complexity of resolving taxonomic conflicts within T. dimidiata and highlight 
the need for a high-quality genome assembly to better explore deep phylogenetic relationships and 
key genetic insights. 
 
Existing research on triatomine genomics is limited, focusing mostly on cytogenetic methods for 
determining karyotypes and estimating genome sizes (43,44,48). To date, only two members of the 
Triatominae subfamily, Rhodnius prolixus and Triatoma rubrofasciata, have published complete 
genome assemblies (49–51). However, draft genome assemblies for other Triatominae members, 
such as Triatoma infestans, Triatoma sanguisuga, and Panstrongylus geniculatus, can be found in 
databases like NCBI (52–55). Karyotypic studies of T. dimidiata reveal that it has 20 autosomes, with 
an X1X2Y system in males and X1X1X2X2 in females. Flow cytometry estimates its haploid DNA 
content at 0.980 pg, corresponding to a genome size between 898.56 Mb and 1015.92 Mb (43). 
Despite this, little is known about other key genomic features, such as gene content, functional 
elements, repetitive sequences, and structural variants, emphasizing the need for a high-quality 
genome assembly. 
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While advancements in triatomine genomics have been limited, significant progress has been made 
in transcriptomic research. RNAseq studies have provided insights into various biological aspects, 
such as saliva and salivary gland function, metabolism, and the immune, reproductive, sensory, and 
detoxification systems of Chagas disease vectors (56–67). RNAseq has also been valuable for 
taxonomic and systematic research (59,68). A reference genome with comprehensive functional 
annotation would further enhance these studies by providing a detailed map of gene locations, 
regulatory elements, and coding sequences, facilitating deeper understanding of triatomine 
molecular biology (69).  
 
Recent developments in sequencing technologies, such as PacBio HiFi and Oxford Nanopore, 
combined with chromatin conformation capture techniques (e.g., Hi-C, Pore-C), have significantly 
improved the quality of genome assemblies, even at the chromosomal level. Although this approach 
has only been applied to T. rubrofasciata among T. cruzi vectors, similar efforts for other insect 
vectors of neglected tropical diseases have resulted in high-quality reference genomes that inform 
control strategies (70–74). A notable example is Aedes aegypti, the vector for various arboviruses. 
Its genome was sequenced using these technologies, which enabled a genome-wide population 
genetic screen in the Yucatán Peninsula, identifying SNPs associated with pyrethroid resistance via 
changes in voltage-gated sodium channels (VGSC), a key pyrethroid target  (72,73). These advances 
highlight the importance of creating a reference genome for T. dimidiata to explore vector 
competence, resistance mechanisms, and resolve taxonomic conflicts, which would inform species-
specific and targeted vector control strategies 
 
Generating a high-quality reference genome for T. dimidiata will not only help resolve these 

taxonomic conflicts but also provide a deeper understanding of how its genetic characteristics relate 

to its biology and ecology. Additionally, this genomic resource will enable the study of the genetic 

background of T. dimidiata's vector traits, allowing for more informed and effective vector control 

strategies. In this study, we aim to generate a high-quality, chromosome-level annotated genome 

assembly for T. dimidiata, using a combination of PacBio long reads, Illumina short reads, and 

RNAseq data from colony individuals in Boyacá, eastern Colombia. 

 

Materials and methods 
 
Sample acquisition 
 
On August 6, 2023, eleven adult Triatoma dimidiata specimens were collected from a laboratory 
colony maintained by the Biología y Control de Enfermedades Infecciosas (BCEI) research group at 
Universidad de Antioquia in Medellín, Colombia. The colony was originally established using 
individuals collected in Socotá, Boyacá, Colombia, at an average altitude of 2,413 meters above sea 
level, where the average temperature is 17°C (Supplementary Fig. 1). These insects were captured 
by the staff of the Boyacá Health Secretariat during active searches in peridomestic areas between 
October and December 2021. 
 
After collection, the insects were sent to the BCEI laboratory, where they were identified using the 
taxonomic key for Triatominae (Hemiptera: Reduviidae) by Lent & Wygodzinsky (1979). They were 
then reared under controlled conditions in the insectary, with temperatures between 24-26°C, 
relative humidity of 60-70%, and a 12:12 hour photoperiod. The insects were fed on chickens (Gallus 
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gallus). The selected eleven specimens were further identified and subsequently transferred to the 
Centro de Investigaciones en Microbiología y Biotecnología de la Universidad del Rosario (CIMBIUR) 
in Bogotá, Colombia, for further processing. 
 
These specimens were then prepared for export as part of the Wellcome Sanger Institute’s Tree of 
Life (ToL) project. The ToL project aims to sequence, assemble, and annotate the genomes of 
thousands of species, contributing to a comprehensive genomic reference library to support 
research into biodiversity, species adaptation, and evolutionary relationships. Given T. dimidiata's 
role as a vector of T. cruzi, CIMBIUR was invited to participate in the ToL project's focus on species 
of public health importance, aligning with its broader goals of advancing scientific knowledge for 
both conservation and health-related research. 
 
To facilitate the export to the Wellcome Sanger Institute, the required permits were obtained, 
including an export permit from Colombia’s National Environmental Licensing Authority (ANLA), 
granted under authorization number 3258 on May 16, 2023. Additionally, the UK Animal and Plant 
Health Agency issued the corresponding import permit (ITIMP23.0761). All export and import 
procedures adhered to the requirements of the Darwin Tree of Life project, under agreement 
number 255420. 

 
Nucleic acid extraction 
 
High molecular weight (HMW) DNA extraction, essential for generating PacBio High Fidelity (HiFi) 

and Hi-C reads, was conducted at the Wellcome Sanger Institute's Tree of Life Core Laboratory. The 

extraction followed a standard workflow, including sample preparation, homogenization, DNA 

extraction, fragmentation, and purification (75). The objective was to obtain long DNA fragments 

suitable for PacBio HiFi sequencing, known for producing highly accurate long reads. Using the 

Automated MagAttract v2 protocol (76), DNA was extracted and then fragmented into 12–20 kb 

pieces using the Megaruptor 3 system (77). The DNA was further purified with AMPure PB beads to 

remove shorter fragments and concentrate the high-quality, long DNA necessary for sequencing 

(78). This process yielded 58 Gb of HiFi reads, crucial for achieving chromosomal-level resolution in 

the genome assembly. Additionally, 90 Gb of Hi-C reads were produced to capture chromatin 

conformation, ensuring accurate scaffolding of the genome. 

At Universidad del Rosario, DNA and RNA were extracted using the DNeasy Blood & Tissue Kit 

(Qiagen) and TRIzol (ThermoFisher Scientific), respectively, following the manufacturers' protocols. 

These extracted samples were prepared for Illumina sequencing, which generates high-quality reads 

that enhance overall accuracy. Illumina sequencing not only helps correct errors that may occur 

during the initial genome assembly from PacBio long reads but also ensures a more reliable and 

comprehensive analysis. The Illumina sequencing produced 90 Gb of data, which was used to polish 

and refine the PacBio-based assembly. Additionally, 12 Gb of RNAseq data were generated, playing 

a crucial role in functional genome annotation by linking genetic sequences to their biological 

functions. The quality and integrity of the nucleic acids were assessed using a NanoDrop 

spectrophotometer and a Qubit fluorometer before being sent to Novogene for sequencing. 
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Library Preparation and Sequencing 

Pacific Biosciences HiFi circular consensus sequencing libraries were constructed following the 
manufacturer’s protocols, and DNA sequencing was performed by the Wellcome Sanger Institute's 
Scientific Operations Core using a PacBio Revio instrument. 

Hi-C data were generated using the Arima-HiC v2 kit from whole Triatoma dimidiata specimens. 
Tissue fixation in a formaldehyde-containing TC buffer crosslinked the DNA, which was then 
digested with a restriction enzyme master mix. The resulting 5’-overhangs were filled and labeled 
with biotinylated nucleotides. The biotinylated DNA was subsequently fragmented, enriched, 
barcoded, and amplified using the NEBNext Ultra II DNA Library Prep Kit. Hi-C sequencing was 
carried out on an Illumina NovaSeq 6000, generating paired-end reads of 150 bp. 

For the DNA and RNA samples prepared at Universidad del Rosario, sequencing was also conducted 
at Novogene using an Illumina NovaSeq 6000 instrument. The sequencing service handled sample 
preparation, library construction, and quality control, producing paired-end reads of approximately 
150 bp. 

Genome assembly 

Before proceeding with downstream analysis, an additional round of adapter filtering was 
performed on the HiFi reads using HiFiAdapterFilt (79). Canonical k-mers were then calculated using 
31-mers from the PacBio HiFi reads with KMC v3.2.1 (80). Next, genome profiling of Triatoma 
dimidiata was carried out using HiFi and Illumina DNA reads with GenomeScope v2.0 (81). 

The initial genome assembly was conducted with Hifiasm (82) utilizing the HiFi reads along with Hi-
C reads. The Hi-C Integrated Assembly option, under default parameters, was used to produce two 
haplotype assemblies. Haplotype duplications in each assembly were removed using purge_dups 
(83) (Fig. 1).  
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Figure 1. This graphic represents the complete workflow for genome assembly and annotation. Blue 
squares highlight the raw data and its specific use within the workflow. White squares denote 
intermediate steps, while yellow squares represent the final outputs. Arrows between the squares 
indicate the tools used at each stage to generate new results. 

Three additional steps were completed with the Hi-C data and resulting assemblies before 
scaffolding. First, genome assemblies were indexed using Samtools (84) and BWA (85). Next, Hi-C 
reads were aligned to both assemblies using BWA-MEM (85), and Pairtools (86)  was used to record 
valid ligation events. The resulting file was then sorted using the "sort" function from Pairtools. 
Finally, PCR duplicates were removed with the "dedup" function in Pairtools, and the final BAM file 
for scaffolding was generated using the "split" function from Pairtools, followed by sorting the file 
with Samtools. 
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Finally, each haplotype was scaffolded using YaHS (87) with the mapped Hi-C reads and polished 
with the paired-end DNA reads using Polca (88). The assemblies were decontaminated using FCS 
adaptor (89) and FCS-GX (90), and haplotype duplications were removed with purge_dups (Fig. 1). 

Assembly evaluation was conducted using Gfastats (91) and BUSCO (92). The mitochondrial genome 

was assembled and annotated using MitoHiFi  with MitoFinder (93), which utilizes previously 

reported mitochondrial genomes and their annotations to select the final contig and ensure 

sequence quality. The "findMitoReference.py" script from MitoHiFi was used to retrieve a suitable 

mitochondrial reference genome (Fig. 1). The final mitochondrial assembly and its annotations were 

visualized using Geneious Prime v.2025.0.1 

To compare our mitochondrial assembly with previously reported T. dimidiata mitochondrial 

genomes, a phylogenetic reconstruction was performed. First, a BLAST search was conducted using 

the term "Triatoma dimidiata mitochondrial complete genome," and all available complete 

mitochondrial genomes were downloaded. A mitochondrial genome sequence of Rhodnius prolixus 

was included as an outgroup. The retrieved sequences were aligned using the Geneious alignment 

tool, and the phylogenetic tree was reconstructed using a Neighbor-Joining approach in Geneious 

Prime v.2025.0.1 (94). 

Assembly Curation 

Hi-C contact maps were generated for each assembly using Juicer (included within YaHS) and Juicer 

Tools, with the scaffolding output files as inputs. The contact maps were then loaded into Juicebox 

v2.17.00 (95), where the assemblies were manually inspected and corrected. Afterward, the 

corrected Hi-C maps were processed using Juicer's post-processing function, and final Hi-C contact 

maps were generated for both assemblies (Fig. 1). 

Repeat annotation and genome masking 

Haplotype two was selected for annotation, as it was less fragmented and exhibited a higher degree 

of completeness compared to haplotype one (see Results section). The first step in annotating the 

T. dimidiata genome assembly was to identify repetitive elements using RepeatModeler v.2.0.5 (96) 

and the Dfam database (Release 3.8) (97). For this analysis, partitions 0 and 8 of the Dfam database 

were used to configure both RepeatModeler and RepeatMasker (Fig. 1). RepeatModeler annotated 

the genome sequences by matching them to known genes in the Dfam database or labeling them 

as unknown if no matches were found. This information was then fed into RepeatMasker. 

To complete the repeat annotation and masking, three rounds of RepeatMasker were run on the 

genome assembly, using the RepeatModeler dataset of known and unknown genes, as well as the 

selected Dfam partitions. The resulting masked genome assembly was subsequently used for 

downstream analyses. 
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Genome annotation 

To annotate the Triatoma dimidiata genome, we employed a combined strategy that included gene 

prediction based on homology, transcriptomic evidence from pooled RNAseq data, and ab initio 

methods (Fig. 1). First, the clean RNAseq data was assembled using Trinity (98), applying both de 

novo and genome-guided approaches. PASA was then used to identify open reading frames (ORFs) 

from the resulting transcriptome assemblies (99).  

The ab initio gene prediction was carried out using Augustus (100), utilizing the two assembled 

transcriptomes and known genes from Triatoma rubrofasciata (50). For protein homology-based 

gene prediction, tblastn (101) was used to align available protein sequences from the NCBI protein 

database for Aedes aegypti, Drosophila melanogaster, Triatoma infestans, Rhodnius prolixus, Cimex 

lectularius, Halyomorpha halys, and Oncopeltus fasciatus. Splice sites and exons from the aligned 

sequences were located using Exonerate, and genes with coding regions smaller than 150 bp were 

discarded (Fig. 1). 

Evaluation of the Final Assembly 

The genome assembly statistics were analyzed using Gfastats (91), which provided key metrics such 

as total assembly size, N50, and the number of contigs, offering insights into the quality and 

contiguity of the assembled genome. N50 is particularly important, as they reflect the length of the 

shortest contig required to cover 50% of the total assembly and the number of contigs contributing 

to this 50%, respectively. A higher N50 indicates a more contiguous assembly. Additionally, BUSCO 

scores were computed using the "hemiptera_odb10" and "insecta_odb10" datasets (92), evaluating 

the completeness of the assembly by assessing the presence of highly conserved single-copy 

orthologs. These scores provide a measure of how well the assembly captures the expected gene 

content for hemipteran insects and more broadly for the insect class. High BUSCO scores indicate a 

high-quality, complete genome assembly, while lower scores suggest missing or fragmented regions 

in the assembly. 

Results 

Genome size estimation 
 
Results from GenomeScope 2.0 revealed a haploid genome size of 1,089,739,802 bp (Fig. 2). The 
percentage of unique 31-mers is 74.5%, suggesting that around 25% of the genome is repetitive 
content. Heterozygosity configurations are represented by “aa” (99.5%) and “ab” (0.516%). Mean 
k-mer coverage for heterozygous bases is 23.9, with a read error (“err”) of 0.409% and an average 
read duplication rate (“dup”) of 1.01. The k-mer length used was 31 and the inferred ploidy is 2. 
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Figure 2. The genome profile generated by GenomeScope 2.0 provides a detailed insight of the 
genomic properties of T. dimidiata. On top: calculated haploid genome length (“len”), proportion of 
the genome comprised by non-repetitive sequences (“uniq”), heterozygosity configurations are 
represented by “aa” and “ab”, mean k-mer coverage for heterozygous bases (“kcov”), read error 
(“err”) and average read duplication rate (“dup”). The graph shows the observed coverage 
frequency and the modeled distribution of unique sequences, errors, and k-mer peaks. 
 

Genome assembly 
 
The initial assembly generated with Hifiasm, integrating Hi-C reads, produced two assemblies—one 
for each haplotype. Haplotype 1 consisted of 27,575 contigs, with an N50 of 1.30 Mb, a maximum 
contig length of 44 Mb, and a total genome size of 1.95 Gb. Haplotype 2 consisted of 5,623 contigs, 
with an N50 of 5.56 Mb, a maximum length of 48 Mb, and a total size of 1.48 Gb (Table 1). Following 
the removal of haplotypic duplications, haplotype 1 underwent a 12.43% reduction in size, 
decreasing from 1.95 Gb to 1.72 Gb, while the N50 dropped to 2.98 Mb, with the maximum contig 
length remaining similar to the initial assembly. In contrast, haplotype 2 remained unchanged, as no 
haplotypic duplications were identified for removal (Table 2). 
 
Both assemblies were evaluated using BUSCO, revealing a high degree of completeness. Haplotype 
1 exhibited 93.6% complete BUSCOs, while haplotype 2 showed 99% completeness, with both 
assemblies containing less than 5% missing BUSCOs (Table 3). These metrics indicate the strong 
quality and robustness of both assemblies. 
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Table 1. Assembly statistics for each haplotype after initial assembly. All values shown correspond 
to base pairs. 
 

 Value Haplotype 1 Haplotype 2 

N50 1,309,957 5,567,295 

N60 93,425 3,429,777 

N70 55,760 1,942,275 

N80 36,772 240,038 

N90 23,712 72,903 

N100 3,581 4,659 

Gaps 0 0 

N count 0 0 

Largest 44,042,886 48,133,479 

N 27,575 5,623 

Average 70,907.57 263,834.00 

Sum 1,955,276,355 1,483,538,600 

  
Table 2. Assembly statistics for each haplotype after removal of haplotypic duplications. All values 
shown correspond to base pairs. 
  

Value Haplotype 1 Haplotype 2 

N50 2,980,894 5,567,295 

N60 483,939 3,429,777 

N70 79,223 1,942,275 

N80 49,361 240,038 

N90 30,245 72,903 

N100 3,581 4,659 

Gaps 0 0 

N count 0 0 

Largest 44,042,886 48,133,479 

N 18,172 5,623 

Average 95,059.62 263,834.00 

Sum 1,727,423,351 1,483,538,600 

 
Table 3. Results of quality assessment of haplotype assemblies with BUSCO. Each haplotype has the 
percentage, and the corresponding number of genes found for each database. 
 

Value Hemiptera Insecta 

Haplotype 1 Haplotype 2 Haplotype 1 Haplotype 2 

Complete  93.1% 2337 99.0% 2485 94.3% 1289 98.8% 1350 

Single copy 89.5% 2246 96.8% 2430 81.6% 1115 95.0% 1298 

Duplicated 3.6% 91 2.2% 55 12.7% 174 3.8% 52 

Fragmented 1.1% 27 0.6% 14 1.5% 21 0.8% 11 

Missing 5.8% 146 0.4% 11 4.2% 57 0.4% 6 

Total 100% 2510 100% 2510 100% 1367 100% 1367 

 



 

15 
 

 
After scaffolding the contigs of each haplotype assembly into pseudochromosomes, we obtained 
two assemblies with significantly improved contiguity. Over 90% of both assemblies were 
successfully anchored to 10 pseudochromosomes. However, for haplotype 2, two additional 
pseudochromosomal molecules were identified, potentially corresponding to sex chromosomes, 
which contributed to the observed difference in genome size between haplotypes. 
 
For haplotype 1, the final assembly consisted of 17,727 contigs, with an N50 of 88 Mb, a maximum 
contig length of 148 Mb, and a total genome size of 1.72 Gb. In contrast, haplotype 2 had 5,259 
contigs, with an N50 of 92 Mb, a maximum length of 149 Mb, and a total genome size of 1.48 Gb. 
After manual curation, genome sizes were adjusted to 1.08 Gb for haplotype 1 and 1.17 Gb for 
haplotype 2, addressing previously undetected haplotypic duplications, resulting in 1,892 and 1,348 
scaffolds, respectively. The final BUSCO scores remained consistent with initial evaluations, 
confirming the completeness of both assemblies. 
 
A Hi-C contact map was generated for both haplotypes (Fig. 3), and the length of each chromosome 
was calculated (Table 4). Final assembly statistics for both haplotypes are provided in Table 5, and 
comparisons to other available assemblies from closely related Triatominae species are provided in 
Table 6, showcasing significant improvements in contiguity, completeness, and resolution. 
 

 

 
 
Figure 3. Genome-wide Hi-C heatmap of the haplotype assemblies of Triatoma dimidiata. A) 
Genome-wide Hi-C heatmap of haplotype 1 of T. dimidiata. B) Genome-wide Hi-C heatmap of 
haplotype 2 of T. dimidiata. The blue squares represent chromosomes and the small green squares 
inside the blue squares represent contigs that make up the chromosome. 
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Table 4. Chromosome lengths for Triatoma dimidiata across haplotype 1 and haplotype 2. The 
values represent the length of each chromosome in base pairs (bp). Chromosomes are listed from 1 
to 12, with values provided for both haplotypes where available. Missing data is indicated as "NA" 
where haplotype information is not available. 
 

Chromosome Haplotype 1 Haplotype 2 

1 147,752,925 147,380,600 

2 134,095,334 134,689,094 

3 115,015,212 114,207,885 

4 113,614,872 113,811,786 

5 93,656,895 93,830,915 

6 92,806,257 92,212,520 

7 90,314,915 89,893,439 

8 87,088,030 87,548,738 

9 85,284,227 85,019,853 

10 72,722,340 73,894,870 

11 NA 59,359,128 

12 NA 31,304,854 

TOTAL 1,032,351,007 1,123,153,682 

 
Table 5. final assembly statistics for both haplotypes of T. dimidiata, including metrics such as N50, 
N60, N70, N80, N90, N100 (which represent the contig or scaffold lengths containing respective 
percentages of the genome), gaps, N count (unknown bases), largest contig or scaffold, total number 
of contigs, average contig length, and the sum of all contig lengths 
 

Value Haplotype 1 Haplotype 2 

N50 92,806,257 92,212,520 

N60 90,314,915 87,548,738 

N70 85,284,227 85,019,853 

N80 242,257 59,359,128 

N90 88,554 211,282 

N100 59,827 57,237 

Gaps 49,900 46,100 

N count 499 461 

Largest 147,752,925 147,380,600 

N 2,961 1,348 

Average 441,393.61 977,651.81 

Sum 1,306,966,488 1,317,874,641 
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Table 6. Comparison of genome assembly statistics for Triatoma dimidiata (haplotype 2) with other 
key vector species, including Rhodnius prolixus (versions RproC1 and 3.0.3), Triatoma rubrofasciata, 
Triatoma sanguisuga, Triatoma infestans, and Panstrongylus geniculatus. The table presents the 
number of scaffolds, N50 values (in megabases), and total genome lengths (in gigabases or 
megabases). N50 is a metric used to assess genome assembly contiguity, with higher values 
indicating better assembly quality. The comparison highlights the relatively low fragmentation and 
greater contiguity of the T. dimidiata haplotype 2 assembly compared to other insect vectors. 
 

Statistic T. dimidiata 
(haplotype 2) 

R. prolixus 
RproC1 

(51) 

R. prolixus 
3.0.3 
(49) 

T. rubrofasciata 
(50) 

T. 
sanguisuga 

(52) 

 
T. infestans 

 
P. geniculatus 

# Scaffolds 1,348 27,872 17,755 1,303 Not 
scaffolded 

14,951 1,308 

N50 92 Mb 1.1 Mb 47 Mb 50.7 Mb 95 Mb 108,8 Kb 112.1 Mb 

Total length 1,17 Gb 702.6 Mb 706.8 Mb 680 Mb 1.2 Gb 1.3 Gb 1.4 Gb 

 
MitoHiFi’s findMitoReference.py script identified mitochondrial genome accession number 
AF301594.1, assembled from a T. dimidiata specimen collected in Guatemala, as the best available 
reference (102). Using this reference, MitoHiFi produced a final circular mitochondrial assembly of 
17,103 bp, containing 36 annotated genes, including 13 protein-coding genes, two rRNA genes, and 
22 tRNA genes (Fig. 4A).  
 
Our phylogenetic reconstruction, which included previously assembled T. dimidiata mitogenomes, 
showed no clear differentiation between our sequence and other T. dimidiata sequences from 
Central America. This suggests a high degree of mitochondrial genome conservation with minimal 
differentiation across individuals from different geographical regions (Figure 4B). 
 
 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
Figure 4. A) Annotation of the mitochondrial genome of Triatoma dimidiata produced by MitoHiFi. 
Final assembly reported a genome size of 17,388 bp and 36 genes annotated, arrows indicate the 
direction in which the gene codes. Size of the purple squares represent the size of the gene in the 
mitogenome. B) Phylogenetic reconstruction of the mitochondrial genomes of Triatoma dimidiata 
using a Neighbor-Joining approach in Geneious Prime. The tree includes samples from Mexico, 
Colombia, Costa Rica, and Guatemala, with Rhodnius prolixus as the outgroup. Branches are labeled 
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with accession numbers and bootstrap values indicating support for each grouping. Flags denote 
the geographic origin of the samples, and the data is sourced from Aguilera-Uribe et al. (2020) and 
Dotson et al. (2001). 

 
Repeat-content identification and annotation 
 
The repeat analysis of the Triatoma dimidiata genome assembly revealed that approximately 
50.46% of the 1.17 Gb genome consists of repetitive elements. Retroelements occupy 17.55% of the 
genome, with long interspersed nuclear elements (LINEs) accounting for the largest portion 
(12.90%). Within LINEs, the RTE/Bov-B family is the most abundant (2.80%), followed by 
R1/LOA/Jockey (1.90%) and L2/CR1/Rex (1.59%). Short interspersed nuclear elements (SINEs) make 
up a smaller fraction (1.73%), with Penelope elements contributing 0.02%. LTR retroelements, 
including BEL/Pao (1.20%) and Gypsy/DIRS1 (1.34%), constitute 2.93% of the genome 
(Supplementary Table 1). 
 
DNA transposons represent 5.57% of the genome, with the most abundant families being Tc1-IS630-
Pogo (2.98%) and hobo-Activator (1.43%). Other families, such as PiggyBac (0.34%) and 
Tourist/Harbinger (0.12%), make smaller contributions. Rolling-circle elements comprise 13.51%, 
and unclassified elements account for 10.76% of the genome, reflecting a large portion of repetitive 
sequences that remain poorly characterized. Small RNA sequences and simple repeats add 1.36% 
and 2.30%, respectively. Overall, interspersed repeats account for 33.90% of the genome, 
underscoring the diversity and complexity of repetitive sequences in T. dimidiata (Supplementary 
Table 1). 
 
The gene prediction analysis for T. dimidiata yielded the following results: For ORF identification, 
the genome-guided (GG) transcriptome identified 734,140 ORFs, corresponding to 34,694 genes and 
mRNA sequences, 85,079 five prime UTR regions, 287,523 exons, 183,755 coding sequences (CDS), 
and 73,701 three prime UTR regions. The de novo (DN) transcriptome identified 621,564 ORFs, 
corresponding to 28,242 genes and mRNA sequences, 75,381 five prime UTR regions, 244,927 
exons, 150,596 CDS, and 65,934 three prime UTR regions. Ab initio predictions from Augustus 
identified 87,719 genes, including 20,344 genes and mRNA sequences, 23,050 CDS, 9,920 start 
codons, 8,480 stop codons, and 5,581 introns. Additionally, protein-homology methods resulted in 
575,777 protein hits. These combined results provide a comprehensive overview of gene prediction 
for T. dimidiata using multiple approaches (Table 6). 
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Table 7. This table compares the results from three gene prediction approaches: ORF identification 
(genome-guided and de novo), ab initio prediction using Augustus, and protein-homology methods. 
The Genome-Guided, ORF Identification and De Novo ORF Identification columns show the number 
of ORFs, genes, mRNA sequences, exons, coding sequences (CDS), and untranslated regions (five 
prime UTR and three prime UTR) predicted from transcriptome assemblies. The Augustus column 
presents ab initio predictions, including the number of genes, mRNA sequences, CDS, start codons, 
stop codons, and introns identified. The Protein-Homology column shows the total number of 
protein hits identified via homology searches. This comparative table highlights the outputs of each 
method in terms of genome feature prediction. 
 

Feature Genome-Guided 
ORF 

Identification 

De Novo ORF 
identification 

Augustus Protein-
Homology 

ORFs 734,140 621,564 NA NA 

Genes 34,694 28,242 20,344 NA 

mRNA 34,694 28,242 20,344 NA 

Exons 287,523 244,927 NA NA 

CDS 183,755 150,596 23,050 NA 

Five prime UTR 85,079 75,381 NA NA 

Three prime UTR 73,701 65,934 NA NA 

Start codon NA NA 9,920 NA 

Stop codon NA NA 8,480 NA 

Introns NA NA 5,581 NA 

Protein hits NA NA NA 575,777 

 
Discussion 
 
A reliable chromosome-level genome assembly is essential for advancing genomic research across 
species. In this study, we produced a high-quality, haplotype-resolved de novo genome assembly 
for Triatoma dimidiata using individuals from a laboratory colony originating from Boyacá, Colombia 
(Supplementary Fig. 1). This assembly was generated through a combination of PacBio High Fidelity 
(HiFi) reads, Hi-C technology, and Illumina DNA sequencing, enabling a comprehensive and accurate 
representation of the genome (Fig. 1). The total assembly lengths assigned to chromosomes—1.02 
Gb for haplotype 1 and 1.12 Gb for haplotype 2 (Table 4)—align with our estimated genome size of 
1.08 Gb (Fig. 2), consistent with previously reported flow cytometry estimates (43,44) (Table 5). The 
assembly demonstrates high completeness, confirmed by BUSCO analysis, and strong contiguity, 
with N50 values of 92 Mb for both haplotypes (Table 3). Additionally, the number of chromosomes 
identified in each assembly aligns with previously reported values for T. dimidiata (Table 4; Fig.4) 
(43,44,48). This assembly fills a crucial gap in genomic resources for T. dimidiata, which, to the best 
of our knowledge, lacked a plausible reference genome until now. 
 
Before this study, genome assemblies for Chagas disease vectors were available only for Rhodnius 
prolixus and Triatoma rubrofasciata (49–51),  with unpublished assemblies for Triatoma infestans, 
Triatoma sanguisuga, and Panstrongylus geniculatus listed in the NCBI database (53–55). While 
these assemblies provided valuable insights into T. cruzi vectors, the genome of T. dimidiata 
remained unresolved. Our assembly shows significantly less fragmentation and greater contiguity 
compared to those of R. prolixus and T. infestans, improving upon the contiguity of the T. 
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rubrofasciata assembly (Table 6). It also exhibits similar statistics to the assemblies of P. geniculatus 
and T. sanguisuga, which were generated using similar sequencing technologies (Table 6). This 
highlights the advantages of combining long-read sequencing with chromatin capture data to 
produce more contiguous genome assemblies. Generating a highly contiguous reference genome 
with minimal fragmentation is critical for downstream applications such as population genetic 
variation studies, molecular marker development, and comparative genomics (103,104). The 
consistency of our assembly with previously reported genome sizes and chromosome numbers 
supports its accuracy and completeness, minimizing the risk of structural errors (105). This is 
especially significant for non-model organisms like T. dimidiata, where genomic resources are 
limited. Our assembly will enable more reliable research on evolutionary biology, species 
adaptation, and public health (106–110). 
 
To date, five mitochondrial genome assemblies have been reported for T. dimidiata, all describing 
similar mitochondrial structures (Fig. 4). These assemblies consistently identify 13 protein-coding 
genes, 22 tRNAs, and ribosomal subunits, but the reported lengths vary. Dotson & Beard (2001) 
reported a length of 17,019 bp, while Aguilera-Uribe et al. (2020) and Gunter et al. (2024) reported 
lengths between 15,440 bp and 16,077 bp (102,111,112). Our assembly presents the longest 
mitochondrial genome to date at 17,103 bp (Fig. 4A), likely due to the use of long-read sequencing, 
which can more accurately resolve repetitive regions (113–115). This more complete mitochondrial 
genome will provide valuable insights into evolutionary relationships and population genetics, as 
well as support functional studies of mitochondrial genes (116). 
 
Our phylogenetic reconstruction shows that the mitochondrial sequences of T. dimidiata individuals 
collected from various geographic locations lack the level of mitochondrial differentiation needed 
to make population-level inferences (Fig. 4B). This finding aligns with previous studies that used 
different mitochondrial markers to address taxonomic uncertainties in T. dimidiata, where 
consistent differentiation patterns to define subspecies could not be identified (21,117). However, 
as more mitochondrial genomes become available and high-throughput sequencing becomes 
increasingly accessible, future population genetic analyses at the whole-mitochondrial scale could 
offer a more robust approach to resolving these taxonomic conflicts. 

 
Our repeat content analysis reveals that 50.46% of the T. dimidiata genome consists of repetitive 
sequences, a pattern consistent with other triatomine species. For example, T. infestans has about 
40% repetitive DNA, while T. delpontei shows 59.64% (118,119). The repeatome of T. dimidiata is 
dominated by retroelements (17.55%), with LINEs being the most prevalent (12.90%). DNA 
transposons, including the hobo-Activator and Tc1-IS630-Pogo elements, account for 5.57%, which 
are often associated with developmental processes in other insects (Supplementary Table 1) (120). 
Notably, T. dimidiata has significantly less satellite DNA (only 1,465 bp; Supplementary Table 1) 
compared to T. delpontei, where satellite DNA comprises over 48% of the genome. This divergence 
may be attributed to species-specific amplification, deletion, and variation in repetitive sequences, 
as observed in other species like Drosophila (121–123). Understanding repetitive elements is vital 
for deciphering genome size, structure, and stability. These elements influence chromosomal 
architecture, gene expression, and evolutionary dynamics. In T. dimidiata, repetitive sequences may 
also play a role in traits like insecticide resistance and ecological adaptation, both critical for 
effective vector control strategies (124–127). Such information paves the way for new research 
focused on exploring the functional roles of repetitive elements across various biological aspects of 
T. dimidiata, potentially uncovering their influence on vectorial capacity, adaptation to 
environmental pressures, and interactions with host and pathogen. 
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Preliminary annotation results revealed a high number of coding sequences (CDS) in the 
transcriptomes, although ab initio predictions indicated fewer CDS (Table 7). Both methods 
identified similar numbers of genes and mRNAs, suggesting that the discrepancy in CDS counts is 
due to differences in approach. ORF identification focuses on coding regions, while ab initio 
prediction incorporates annotated genes from closely related species like T. rubrofasciata (Table 7) 
(99,100). Protein homology results further reflect the genome’s completeness, as many sequences 
shared orthologs with other epidemiologically relevant species (Table 7). We estimate the final 
annotation will include between 12,000 and 16,000 protein-coding genes, consistent with related 
species (50,51). This comprehensive annotation will advance understanding of T. dimidiata biology, 
providing essential insights into gene functions, regulatory networks, and metabolic pathways. By 
identifying key coding sequences, it opens new avenues for research into specific biological 
mechanisms, such as pathways linked to insecticide resistance, which are crucial for devising 
effective vector control strategies and mitigating resistance development (128). 

While this genome assembly establishes a strong foundation for future research on T. dimidiata, 
annotating complex genomes like this one remains challenging. Successful annotation—accurately 
identifying genes, regulatory elements, and other functional regions—requires significant 
computational power and access to high-quality, tissue-specific RNA sequencing data. For research 
groups with limited funding and computational resources, these demands are especially daunting, 
as advanced sequencing platforms and the computational capabilities needed to process large 
datasets are often cost-prohibitive, creating barriers to comprehensive, high-quality annotations 
(129–132). Additionally, one limitation of this study is that DNA and RNA were extracted from 
different individuals, which can introduce variability and potentially impact the coherence of the 
genome assembly, complicating the interpretation of sequence data across samples. To address 
this, we used individuals from a laboratory colony of T. dimidiata originating from Boyacá, Colombia, 
to provide a more genetically consistent sample pool, thereby reducing genetic variability and 
supporting a more coherent assembly. Ultimately, despite these limitations, this genome assembly 
represents an essential step forward, offering a foundational resource that can drive new 
discoveries and promote more effective strategies for addressing the challenges associated with T. 
dimidiata as a vector of T. cruzi. 

Despite these challenges, our study highlights the critical role of collaboration and advanced 
sequencing technologies in global efforts to control Chagas disease. This genome assembly serves 
as a foundational tool for future research, enabling studies that can offer insights into various 
ecological and biological traits of T. dimidiata. Through such studies, researchers may better 
understand the vector’s adaptability to selective pressures, like insecticides and abrupt 
environmental changes (71,72), as well as uncover genomic factors that drive its blood-feeding 
behavior and long mobility ranges (133). Additionally, this resource supports efforts to resolve 
longstanding taxonomic uncertainties surrounding the species and to carry out population genomic 
studies (46). From an epidemiological perspective, the genome assembly provides a valuable basis 
for establishing genomic surveillance networks in regions where T. dimidiata plays a primary role in 
T. cruzi transmission. Such networks would allow public health agencies to develop proactive 
interventions informed by genomic epidemiology, helping to prevent parasite transmission before 
it impacts communities (134). Ultimately, this study lays a strong foundation for research and public 
health strategies that address both the biological complexity and public health significance of T. 
dimidiata. 
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In conclusion, we have produced a high-quality annotated genome assembly for Triatoma dimidiata, 
a key vector of Chagas disease. The final assembly consists of 10 pseudochromosomes 
corresponding to the organism’s 10 autosomal chromosomes (Fig. 3; Table 4). Over 50% of the 
genome is composed of repetitive elements (Supplementary Table 1), and we have provided a 
robust estimate of coding sequences, informed by data from closely related species (Table 7). This 
high-quality assembly will serve as an invaluable resource for future research, with the ultimate goal 
of improving vector control measures and halting the transmission of T. cruzi. 

The high-quality, chromosome-level annotated genome assembly of Triatoma dimidiata presented 
in this study marks a significant advancement in genomic resources for this important vector of 
Trypanosoma cruzi, the causative agent of Chagas disease. By generating haplotype-resolved 
assemblies with high contiguity and completeness, this study addresses a critical gap in genomic 
data, as T. dimidiata previously lacked a reliable reference genome. The assembly's consistency with 
previous estimates of genome size and chromosome number further supports its accuracy, 
enhancing its value for downstream applications such as comparative genomics, evolutionary 
biology, and vector control studies. 

This assembly paves the way for various functional studies, including the identification of genetic 
markers related to insecticide resistance, behavior, and ecological adaptation. These insights are 
essential for developing targeted vector control strategies and for exploring the genetic basis of key 
traits that influence T. dimidiata's role as a vector, as has been done with other species (71,72). 
Additionally, the repeat content analysis reveals significant differences in genome architecture 
across species, highlighting the dynamic nature of repetitive elements and their role in genome 
evolution (135). 

Supplementary material 
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Supplementary figure 1. This map shows the municipality of Socotá, Boyacá, Colombia, highlighted 
in red as the capture zone for Triatoma dimidiata individuals. These insects were collected between 
October and December 2021 by the Secretaría de Salud de Boyacá during an active search in 
peridomestic areas. The captured individuals were subsequently used to establish colonies 
maintained by the Biología y Control de Enfermedades Infecciosas (BCEI) research group at the 
Universidad de Antioquia in Medellín, Colombia. 

Supplementary table 1.  Composition of repetitive elements within the genome of Triatoma 
dimidiata, categorized by element type, number of elements, total length (in base pairs), and 
percentage of the genome they occupy. 

Element class Number of 
elements 

Length 
occupied 

Percentage 
of sequence 

Retroelements 782911 221351575 bp 17.55 % 

 SINEs 

Penelope 

LINEs 

165972 21787451 bp 1.73 % 

 1468 262578 bp 0.02 % 

 558684 162667246 bp 12.90 % 

  CRE/SLACS 0 0 bp 0.00 % 

  L2/CR1/Rex 57420 19997969 bp 1.59 % 

  R1/LOA/Jockey 80335 23961266 bp 1.90 % 
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