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Abstract

This study investigated the RNA virome associated with the phlebotomine sand fly Pinto-
myia fischeri using a metatranscriptomic approach applied to the Meta29 library, composed
of 21 specimens collected at the São Paulo Zoo, Brazil. Read-based taxonomic analysis
revealed a diverse viral community composed of viruses associated with the families
Iflaviridae, Narnaviridae, Partitiviridae, Reoviridae, Solemoviridae, Tombusviridae, Totiviridae, and
Tymoviridae, in addition to highly abundant unclassified RNA viruses related to the ShiM
2016 group. Assembly and annotation analyses enabled the characterization of four viral
RNA genomes associated with the families Partitiviridae (PfPartitiV-1a-SP, PfPartitiV-1b-SP,
and PfPartitiV-2-SP) and Narnaviridae (PfNarnaV-1-SP). Sequence comparisons revealed
low amino acid identity relative to currently available reference viral sequences, supporting
the classification of these sequences as highly divergent and potentially novel viral lineages.
Structural modeling of the RNA-dependent RNA polymerase (RdRp) proteins identified
the viral polymerase-specific catalytic motifs A, B, and C. Phylogenetic analyses further sup-
ported the evolutionary divergence of the identified viruses relative to currently described
taxa. Overall, these findings expand current knowledge of viral RNA diversity associated
with Neotropical sand flies and highlight the value of metatranscriptomic approaches
for the detection and characterization of previously undescribed viruses associated with
medically important insect vectors.

Keywords: Pintomyia fischeri; Partitiviridae; Narnaviridae; metatranscriptomics; divergent
viruses; sand fly

1. Introduction
Sand flies (Diptera: Psychodidae) play a critical role in global public health, acting as

biological vectors for a wide range of pathogens, including Leishmania protozoa, arboviruses,
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and bacteria [1]. In the Neotropical region, urbanization has increasingly brought these
vectors into close contact with human populations. Among them, Pintomyia fischeri is
particularly notable in Southeastern Brazil due to its high abundance in anthropically
altered environments and forest fragments within the Greater São Paulo area [2].

This species is recognized as a vector of American Cutaneous Leishmaniasis [3–5] and
has been associated with human cases of cutaneous and mucocutaneous lesions [6,7]. More
recently, its implication as a potential vector of Visceral Leishmaniasis [7,8], combined with
its opportunistic feeding behavior (i.e., feeding on a wide variety of available vertebrate
hosts, such as humans and domestic animals) and ecological adaptability, has reinforced
the need to investigate its potential involvement in the circulation of sand fly-associated
viruses [9].

Although the association between Pi. fischeri and Leishmaniasis has been extensively
investigated, its role in the maintenance and circulation of arboviruses remains poorly
understood, leaving a critical blind spot for public health and surveillance. Sand fly-borne
viruses are well-known pathogens capable of causing disease in humans and non-human
primates, as exemplified by the Toscana virus (TOSV) in the Mediterranean basin [10].
Since Pi. fischeri is a highly anthropophilic species that frequently colonizes peri-urban
areas and forest fragments, characterizing its virome is essential to predict transmission
risks. In Brazil, however, records of Phlebovirus and Vesiculovirus are largely restricted
to the Amazon [11,12], leaving substantial gaps regarding viral diversity and associated
transmission risks in the Central-South region.

Despite the epidemiological importance of Pi. fischeri, no metatranscriptomic investi-
gation has yet characterized the virome associated with this species, and viral diversity in
populations from the State of São Paulo remains unknown. This limitation is particularly
relevant given the growing evidence that insect-specific viruses (ISVs) are associated with
ecological interactions and may influence pathogen dynamics within vector populations.
Furthermore, the detection of viruses associated with arthropods, plants, fungi, and pro-
tozoa may provide important insights into viral evolution and the ecological networks
that shape host–virus interactions in complex environments, such as forest fragments,
peri-urban transition zones, and anthropically modified landscapes.

To address this knowledge gap, the present study employed a metatranscriptomic
approach to investigate the viral diversity associated with Pi. fischeri collected at the São
Paulo Zoo. This site was selected as a strategic sampling area because it is a peri-urban forest
fragment with high human visitation, where rich wildlife diversity creates a unique setting
for vector-host interactions. While the intrinsic vector virome is classically defined by
ISVs and arboviruses [13], metatranscriptomics of wild-caught individuals also captures an
‘ecological virome’—including viral sequences associated with the insects’ diet, microbiome,
and environmental interactions. Thus, we hypothesized that Pi. fischeri harbors a highly
diverse RNA virome, comprising not only intrinsic ISVs and potential arboviruses but
also viruses associated with plants, fungi, and other organisms present in its habitat. In
addition to identifying and characterizing viral sequences, the study quantified the relative
abundance of the detected viruses, enabling the assessment of viral representativeness and
distribution within the metatranscriptomic library.

By integrating qualitative and quantitative virome analyses, this work expands current
knowledge of viral diversity in medically important sand flies and contributes to a broader
understanding of virus–host–environment interactions. Furthermore, the identification
of dominant and highly represented viral groups provides insights into the ecological
structuring of viral populations associated with Pi. fischeri.
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2. Materials and Methods
2.1. Study Sites and Sample Collection of Pi. fischeri

The sand flies were collected at the São Paulo Zoological Park (current Direto-
ria de Biodiversidade e Biotecnologia/DBB), located in the city of São Paulo, Brazil.
The collections were carried out in 2020: 5–7 May; 6–9 October; 2–3 November; and
30 November–1 December. Specific trap locations within the zoological park were selected
based on microecological criteria favorable to sand fly biology. These included proximity
to animal enclosures housing potential mammalian and avian hosts, presence of preserved
forest patches with dense canopy cover, and high relative humidity coupled with shaded
organic soil, which serve as typical resting and breeding sites for phlebotomines. The
selection of these collection points followed the methodology described previously [14,15].

Sixteen traps equipped with different light sources and carbon dioxide (CO2) were
positioned at five dispersed points throughout the park. At each sampling point, two traps
were installed at different forest strata: one at ground level (1.5 m) using white light, and
another in the canopy (between 6 and 10 m high) using ultraviolet (UV) light. Both setups
were baited with CO2. The traps remained active for 12 consecutive hours, from dusk
to dawn.

The coordinates of the collection sites are site R61 (23◦39′01.5′′ S, 46◦37′03.0′′ W),
located near the bird watching area; site R69 (23◦39′11.2′′ S, 46◦36′59. 7′′ W), situated near
a small lake and an enclosure with several bird species; site L70 (23◦39′08.1′′ S, 46◦37′03.9′′

W), positioned on the shore of the lake, near the park boundary; site Extra (23◦38′48.2′′

S, 46◦37′14.4′′ W) outside the visitor area in a region close to buildings; and site R113
(23◦38′58.3′′ S, 46◦37′03.9′′ W) in the visitor area designated for birds of prey (Figure 1).

Figure 1. Location of collection points in the São Paulo Zoo, Brazil. Locations R61 and R69 are
near a small lake and different bird enclosures; L70 is located on the lakeshore and close to the park
boundary, as well as the Extra site; R113 is an area near the raptor enclosure.

https://doi.org/10.3390/microorganisms14081723

https://doi.org/10.3390/microorganisms14081723


Microorganisms 2026, 14, 1723 4 of 21

The captured insects were immediately placed in properly labeled cryotubes, frozen
alive in liquid nitrogen, and subsequently transported to the laboratory, where they were
stored in a freezer at −80 ◦C. Detailed information about each collection, such as the
methodology used, weather conditions, dates, number of tubes collected, and duration of
the collection, was documented in specific reports. Adult females that had not engorged
were identified morphologically on a cold table at −20 ◦C, with the aid of a stereoscope,
using taxonomic keys proposed by Forattini (2002) [16], Consoli and Lourenço-de-Oliveira
(1994) [17], and Lane (1953) [18] at the Vector-Borne Diseases Section of the Pasteur Institute
of São Paulo, Brazil.

This study was conducted in accordance with the Ethical Principles for Animal Re-
search and approved by the Ethics Committee of the Institute of Tropical Medicine of the
University of São Paulo (CPE-IMT/398A, on 8 February 2019) and the Ministry of the
Environment (SISBIO No. 67527–4, on 12 April 2022).

2.2. RNA Extraction and Sequencing

The present study focused exclusively on the Meta29 library, which consisted of a pool
of 21 Pi. fischeri specimens obtained from five sampling sites within the São Paulo Zoo (Fig-
ure 1), including both ground-level and canopy collections. Samples collected were pooled
into a single library. This pooling strategy was adopted to ensure a sufficient mass of total
RNA required for robust metatranscriptomic sequencing, focusing on providing a compre-
hensive characterization of the total viral diversity associated with Pi. fischeri. The number
of individuals contributed by each sampling site is detailed in Supplementary Table S1.

The selection of the Meta29 pool was based on the results of an initial metatran-
scriptomic screening, in which this library exhibited the highest diversity of viral RNA
signatures and contained viral contigs with low similarity to currently available reference
sequences. Therefore, the objective of the present study was not to estimate viral preva-
lence, spatial distribution, or population-level representativeness, but rather to perform
an in-depth genomic and phylogenetic characterization of novel RNA viruses associated
with Pi. fischeri.

The pool Meta29 was homogenized in FastPrep-96 (MP Biomedicals, Santa Ana, CA,
USA) for 1 min at 1500 rpm, using 900 µL of Hanks’ buffered saline solution (HBSS) and
1 g of ceramic beads. The homogenized material was centrifuged for 10 min at 14,000 rpm
at 4 ◦C, and 500 µL of the supernatant was filtered through 0.45 µm membranes (Merck
Millipore, Billerica, MA, USA). The filtrate was subjected to a mixture of nuclease enzymes
containing 7 µL of TURBO DNase and 3 µL of RNase Cocktail Enzyme Mix (Thermo Fisher
Scientific, Waltham, MA, USA).

RNA extraction was performed using the Maxwell 16 Viral Total Nucleic Acid Purification
kit (Promega, Inc., Madison, WI, USA), according to the manufacturer’s instructions. cDNA
synthesis was performed with SuperScript IV (Thermo Fisher Scientific, Waltham, MA, USA).

The second strand of cDNA was synthesized using DNA Polymerase I Large (Klenow)
Fragment (Promega Inc., Madison, WI, USA). The DNA library was prepared using the
Nextera XT DNA Library Preparation Kit (Illumina Inc., San Diego, CA, USA), following
the manufacturer’s recommendations. Sequencing was performed on the Illumina MiSeq
platform using paired-end sequencing chemistry (2 × 150 bp) at the Central Laboratory of
the Hospital das Clínicas of the University of São Paulo.

2.3. Bioinformatics Analysis

Raw reads were processed with Trimmomatic v0.39 [19] for adapter removal and
quality trimming. Adapter sequences were removed using the ILLUMINACLIP mod-
ule (NexteraPE-PE.fa:2:30:10:8:true), and low-quality bases were trimmed with the SLID-
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INGWINDOW:4:30 parameter. Reads shorter than 50 bp after trimming were discarded.
Sequencing quality before and after trimming was assessed with FastQC v0.12.1 [20], includ-
ing read length distribution, GC content, and per-base sequence quality. Raw sequencing
data comprised 633,564 reads (170.9 Mb), whereas 529,596 reads (64.4 Mb) were retained
after trimming and quality filtering, exhibiting Phred quality scores predominantly above
Q30. Host depletion was not performed because no complete reference genome is currently
available for Pi. fischeri.

De novo virome assemblies were generated using rnaviralSPAdes v3.15.5 [21], opti-
mized for RNA virus reconstruction from transcriptomic datasets, using default parameters
in Galaxy Europe Server (https://usegalaxy.eu/login/start; accessed on 10 August 2025).
Redundant contigs were subsequently clustered using CD-HIT-EST v4.8.1 [22] at ≥98%
nucleotide identity, retaining representative sequences for downstream analyses.

To evaluate relative viral abundance and coverage, quality-filtered reads from the Meta29
library were mapped against a custom viral reference composed of the viral genomic se-
quences assembled in this study (PfNarnaV-1-SP, PfPartitiV-1a-SP, PfPartitiV-1b-SP, and
PfPartitiV-2-SP). Read alignment was performed using Bowtie2 v2.5.5 [23] (Galaxy Version
2.5.5 + galaxy0) in end-to-end mode with the very-sensitive preset. SAM/BAM files were
processed, sorted, and indexed using Samtools v1.11 [24]. Coverage statistics, mapping
quality metrics, and duplication rates were obtained using Qualimap 2 BamQC [25] (--collect-
overlap-pairs, -nw 400, --paint-chromosome-limits, -hm 3, and --skip-duplicated). Per-position
coverage profiles were generated using SAMtools depth [24] to assess coverage uniformity
across the full length of each viral genome. Read quantification was performed using feature-
Counts (Subread package; Galaxy Version 2.1.1 + galaxy0) [26]. Gene models were generated
in GTF format from coding sequence (CDS) annotations predicted with Prokka v1.14.6 using
the “Viruses” mode (--kingdom Viruses, --gcode 1, e-value 1 × 10−6) [27]. Read counting
was restricted to CDS regions (-t CDS) using the “ID” attribute (-g ID, --minOverlap 1, -Q 0,
-s 1). Viral abundance was normalized using the RPKM (Reads Per Kilobase of transcript per
Million mapped reads) metric, calculated based on CDS length and the 529,596 retained reads,
to estimate the relative representation of each viral genome within the library [28].

To identify and characterize the RNA virome at both the read and contig levels, all
assembled sequences and quality-filtered reads were screened using DIAMOND v2.1.9 [29]
in BLASTx mode against a curated RNA-dependent RNA polymerase (RdRp) database
from the Serratus project (https://serratus.io; accessed on September 2025). Searches were
performed using default sensitivity settings, the BLOSUM62 substitution matrix, tantan
masking, bidirectional strand search, and an e-value threshold of 1 × 10−3, reporting up to
25 matches per query. No minimum identity or alignment coverage thresholds were applied
during this initial screening to maximize sensitivity for highly divergent RNA viruses.
Read-level taxonomic profiles were visualized using MEGAN Community Edition v6.25.10
for hierarchical classification (Figure 2) [30]. Contig-level taxonomic assignments were
determined based on the best-supported hit, considering bit-score, alignment coverage,
and taxonomic consistency.

To refine viral annotation, contigs were additionally compared against the NCBI
RefSeq Viral protein database using BLASTx and BLASTp (https://blast.ncbi.nlm.nih.gov/
Blast.cgi; accessed on 12 August 2025) [31]. Reference sequences from the Narnaviridae
and Partitiviridae families were included following ICTV recommendations (accessed on
13 August 2025) [32] to support taxonomic confirmation. Viral genomic segments were
aligned using MAFFT v7 [33], and the RdRp ORF was predicted using ORFfinder v0.4.3
(accessed on 12 August 2025) [34], configured with the standard genetic code, a minimum
ORF length of 75 nucleotides, and restricting the search to open reading frames initiated
strictly with the ATG start codon. Conserved RdRp domains and motifs were identified
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using the Conserved Domains Tool v0.4.4 [35] and Motif Finder (https://www.genome.
jp/tools/motif/, accessed on 12 August 2025) [36]. Novel virus candidates were validated
using LucaProt [37] and PalmAnnot (https://github.com/rcedgar/palm_annot; accessed
on 20 September 2025) [38].

Figure 2. Relative abundance of the assembled viral genomes detected in the Meta29 metatran-
scriptomic library of Pintomyia fischeri. Viral abundance was estimated by remapping sequencing
reads to each assembled viral genome and normalized as transcripts per million (TPM), accounting
for differences in genome length and sequencing depth. Only assembled viral genomes supported
by read remapping were included in the abundance analysis. TPM values represent relative tran-
script abundance rather than absolute viral genome abundance because the sequencing library was
generated using a total RNA metatranscriptomic approach.

2.4. Homology Modeling of RdRp Proteins

The amino acid sequences of the RNA-dependent RNA polymerases (RdRps) from
PfPartitiV-1a-SP [PX992747], PfPartitiV-1b-SP [PX992748], PfPartitiV-2-SP [PX992749], and
PfNarnaV-1-SP [PX992750], available in GenBank, were individually submitted to the
SWISS-MODEL platform (https://www.swissmodel.expasy.org/interactive, accessed on
20 September 2025) [39] for three-dimensional structural prediction by homology modeling.

For each RdRp, sequence–template alignments were generated using the HHblits al-
gorithm, and structural models were built with ProMod3 v3.6.0. Template selection was au-
tomatically performed by the SWISS-MODEL (https://swissmodel.expasy.org/interactive;
accessed on 12 June 2026) [39] server based on sequence similarity, structural coverage,
and template quality, using experimentally resolved structures available in the Protein
Data Bank (PDB). Model quality was assessed using the default SWISS-MODEL scoring
metrics, including GMQE and QMEANDisCo. Molecular visualization and mapping of the
conserved catalytic motifs A, B, and C were performed using UCSF Chimera v1.17 [40].

2.5. Phylogenetic Analysis

Phylogenetic analyses were performed exclusively using amino acid sequences of the
RNA-dependent RNA polymerase (RdRp). Multiple sequence alignments were generated
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with MAFFT v7.520 using the L-INS-i algorithm [33]. Maximum-likelihood phylogenetic
trees were inferred with IQ-TREE v2.2.6 under the best-fit substitution model selected
by ModelFinder (https://iqtree.github.io/; accessed on 28 July 2026) [41], with branch
support assessed using 1000 ultrafast bootstrap replicates [42].

The resulting phylogenetic trees were visualized and edited in FigTree v1.4.2 (http://tree.
bio.ed.ac.uk/software/figtree/; accessed on 28 September 2025) [43]. The sequencing data
generated from the Meta29 sample are publicly deposited in the NCBI Sequence Read Archive
(SRA) under BioProject PRJNA1465927, BioSample SAMN59824430, and SRA SRR38603290.
The sequences of the RdRp coding regions of the four viruses identified in this study are
available in GenBank under the accession numbers PfPartitiV-1a-SP (PX992747), PfPartitiV-1b-
SP (PX992748), PfPartitiV-2-SP (PX992749), and PfNarnaV-1-SP (PX992750).

3. Results
3.1. Viral Mapping and Abundance Analysis

Sequencing of the Meta29 library generated 633,564 raw reads, totaling 170.9 Mb
of data. After adapter removal and quality filtering, 529,596 reads (83.6% retention),
corresponding to 64.4 Mb, were retained for downstream analyses.

Remapping of the filtered reads against the four assembled viral genomes resulted
in 26,909 aligned reads, corresponding to 5.08% of the processed dataset (Supplementary
Table S2). Alignment quality metrics indicated a mean mapping quality of 30.09, a global
mean coverage depth of 964.10×, and an estimated error rate of 2.99%. The mean GC
content was 43.55%, while the duplication rate reached 77.55%, suggesting low library
complexity and the overrepresentation of a subset of highly abundant viral sequences.

Abundance estimates obtained through taxonomic classification and genome remap-
ping are not directly comparable. Taxonomic classification was performed using individual
reads queried against reference databases, whereas remapping statistics consider only
reads aligned to the four viral genomes recovered after de novo assembly. Thus, reads
assigned to certain viral groups may correspond to fragmented sequences, low-abundance
viruses that were not assembled, or genomic regions not represented in the final contigs.
Consequently, differences between counts obtained by both approaches are expected and
do not represent numerical inconsistencies.

Coverage analyses revealed marked differences in the relative abundance of the
recovered viruses. Among the four assembled genomes, PfPartitiV-2-SP showed the highest
representation, with 5,095,434 mapped bases, a mean coverage of 3095.65×, and 9875 reads
assigned by featureCounts. The genomes PfPartitiV-1a-SP and PfPartitiV-1b-SP exhibited
mean coverages of 734.89× and 452.49×, with 2358 and 1391 assigned reads, respectively.

RPKM values corroborated this abundance pattern, confirming PfPartitiV-2-SP as
the most abundant virus in the library (12,582.98), followed by PfPartitiV-1a-SP (2998.29),
PfPartitiV-1b-SP (1769.26), and PfNarnaV-1-SP (27.37) (Supplementary Table S2).

In the case of PfNarnaV-1-SP, although only 31 reads were assigned to the viral CDS
by featureCounts, remapping against the complete genome resulted in 21,210 aligned bases
and a mean coverage of 8.95× across 2369 nt. This difference arises because featureCounts
quantifies only reads overlapping annotated coding regions, whereas coverage statistics
include all bases aligned to the viral genome. This value represents the sum of coverage
depth across the genome, not the length of individual reads.

Aligned reads were distributed across nearly the entire genomic sequence, covering
2364 of 2369 positions (99.8%), with a mean depth of 8.97×, supporting the recovery of a
near-complete genome. Although the coverage depth was lower than that observed for
the other viruses, the extensive positional coverage provides additional support for the
recovery and characterization of PfNarnaV-1-SP.
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Overall, the results revealed marked differences in the relative abundance of the
recovered viruses, with a predominance of sequences belonging to the Partitiviridae family,
particularly PfPartitiV-2-SP, while PfNarnaV-1-SP showed lower representation. These
differences may reflect both the biological dynamics of viruses associated with Pi. fischeri
and limitations inherent to the sequencing depth employed.

3.2. Viral Abundance Based on Normalized Transcript Counts

The abundance of the assembled viral genomes recovered from the Meta29 meta-
transcriptomic library was estimated by remapping sequencing reads to each assembled
genome and calculating transcript abundance as transcripts per million (TPM), thereby
accounting for differences in genome length and sequencing depth.

Three partitiviruses dominated the assembled virome. PfPartitiV-2-SP was the most
abundant viral genome, accounting for 729,052.63 TPM (72.92% of the total normalized
viral transcripts), followed by PfPartitiV-1a-SP (168,259.58 TPM; 16.80%) and PfPartitiV-
1b-SP (101,097.87 TPM; 10.12%). In contrast, PfNarnaV-1-SP exhibited substantially lower
transcript abundance (1589.92 TPM; 0.16%), despite being recovered as a complete viral
genome through de novo assembly and supported by read remapping (Figure 2; Table 1).

Table 1. Read mapping statistics and normalized abundance of the assembled viral genomes recov-
ered from the Meta29 metatranscriptomic library of Pintomyia fischeri.

Virus Genome
Length (bp)

Genome
Length (kb)

Assigned
Reads RPK TPM Percentage (%)

PfNarnaV-1-SP 2369 2.369 31 13.08 1589.92 0.16
PfPartitiV-1a-SP 1703 1.703 2358 1384.67 168,259.58 16.80
PfPartitiV-1b-SP 1672 1.672 1391 832.36 101,097.87 10.12
PfPartitiV-2-SP 1646 1.646 9875 5999.39 729,052.63 72.92

Total — — 13,655 8229.50 1,000,000.00 100.00

Because the sequencing library was generated using a total RNA metatranscriptomic
approach, TPM values represent the relative abundance of viral transcripts rather than
absolute viral genome copy numbers. Consequently, these estimates may be influenced
by viral transcriptional activity, genome organization, RNA stability, and biases associated
with library preparation and sequencing.

Only assembled viral genomes supported by read remapping were included in the
abundance analysis presented in Figure 2 and Table 1. In contrast, low-confidence taxo-
nomic assignments derived solely from individual read similarity searches were excluded
to avoid overinterpretation of extremely low-abundance signals.

Assigned reads correspond to sequencing reads remapped to the assembled viral
genomes and quantified using featureCounts. Genome length is reported in base pairs
(bp) and kilobases (kb; bp/1000). RPK (Reads Per Kilobase) was calculated by normalizing
read counts according to genome length, whereas TPM (Transcripts Per Million) further
accounts for sequencing depth, allowing comparisons of relative viral transcript abundance
among assembled viral genomes. Detailed mapping statistics and genome coverage metrics
are provided in Supplementary Tables S2 and S3.

3.3. Novel Virus Discovery
3.3.1. Genome Characterization

A total of four viral sequences (PfPartitiV-1a-SP, PfPartitiV-1b-SP, PfPartitiV-2-SP,
and PfNarnaV-1-SP) were identified in the sand fly Pi. fischeri. Similarity searches were
performed at both nucleotide and amino acid levels using BLASTn and BLASTp against
sequences available in the NCBI databases (Supplementary Table S4). All viral sequences
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corresponded to complete or near-complete genomic segments containing the RdRp-coding
region, enabling downstream comparative and phylogenetic analyses.

The PfNarnaV-1-SP genome comprises 2369 nucleotides (nt) and contains two open
reading frames (ORFs). ORF1 encodes an RNA-dependent RNA polymerase (RdRp) of
786 amino acids (aa), in which the Mitovirus RNA-dependent RNA polymerase domain
(Mitovir_RNA_pol) was identified, including the conserved catalytic motifs A and B
characteristic of the family Narnaviridae.

ORF2 encodes a putative viral protein (VP1) of 712 aa associated with the DUF7103
domain, which is currently classified as a domain of unknown function. BLASTp analysis
revealed similarity to Orius laevigatus narnavirus 1 (GenBank: XGU09087.1; Orius laevigatus,
Spain) [44], with 92% query coverage and 44.59% amino acid identity (Supplementary
Table S4). The combination of high alignment coverage and relatively low amino acid
identity suggests that PfNarnaV-1-SP represents an evolutionarily divergent lineage within
the family Narnaviridae.

The PfPartitiV-1a-SP (1703 nt) and PfPartitiV-1b-SP (1672 nt) sequences exhibited
highly similar genomic organizations, differing mainly in genome length. Both genomes
contain a single ORF encoding a 494 aa RdRp associated with the conserved RdRP_1 and
RdRP_4 domains, as well as the canonical catalytic motifs A, B, and C characteristic of the
family Partitiviridae (Supplementary Table S4).

BLASTp searches identified sequence WWV86526.1 (GenBank; detected in Rhinolo-
phus pearsonii, China, collected between 2015–2017) as the closest match, sharing amino
acid identities of 53.23% and 52.80% and query coverages of 87% and 89%, respectively.
The relatively low amino acid identities despite the extensive alignment coverage indi-
cate substantial evolutionary divergence from currently available reference sequences,
suggesting that these viruses represent distinct and highly divergent partiti-like lineages
(Supplementary Table S4).

The PfPartitiV-2-SP genome, comprising 1646 nt, also contains a single ORF encoding
a 493 aa RdRp associated with the RdRP_1 and RdRP_4 domains. Similarity analyses
identified the closest match as Hubei partiti-like virus 57 (APG78229.1), originally detected
in Odonata from China in 2013 [45], with 89% query coverage and 53.25% amino acid
identity. As observed for PfPartitiV-1a-SP and PfPartitiV-1b-SP, the combination of extensive
alignment coverage and relatively low amino acid identity supports the classification of
PfPartitiV-2-SP as a highly divergent partiti-like virus.

Collectively, these findings expand current knowledge of RNA viruses associated
with Pi. fischeri and reveal the presence of evolutionarily divergent viral lineages related
to the families Partitiviridae and Narnaviridae. The low amino acid identities observed in
comparison with publicly available sequences, together with their distinct phylogenetic
placement, support the hypothesis that these viruses represent previously undescribed
viral taxa circulating in Neotropical phlebotomine sand flies, an insect group that remains
largely unexplored from a viromic perspective.

3.3.2. Structural Modeling of RdRp Proteins

Homology modeling of the RdRp proteins from PfPartitiV-1a-SP, PfPartitiV-1b-SP,
PfPartitiV-2-SP, and PfNarnaV-1-SP generated structural models with architectures consis-
tent with RNA-dependent RNA polymerases, despite the low sequence identity relative to
available templates.

The models generated for PfPartitiV-1a-SP, PfPartitiV-1b-SP, and PfPartitiV-2-SP
showed approximately 82% structural coverage, with GMQE values ranging from 0.40
to 0.42 and QMEANDisCo Global scores between 0.47 ± 0.05 and 0.50 ± 0.05, indicating
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moderate structural confidence. Sequence identity relative to the selected templates ranged
from 13.15% to 14.64%.

In contrast, the PfNarnaV-1-SP model exhibited lower structural coverage (24%), with
a GMQE value of 0.12 and a QMEANDisCo Global score of 0.46 ± 0.06, indicating limited
structural reliability. Therefore, structural interpretations derived from this model should
be considered preliminary. Nevertheless, the conserved RdRp motifs A, B, and C were
independently identified through PalmAnnot and sequence-based analyses and were
subsequently mapped onto the predicted structures for visualization purposes [38].

Overall, the taxonomic assignment of the identified viruses was corroborated by mul-
tiple independent lines of evidence, including sequence similarity searches, detection of
conserved RdRp motifs, validation using LucaProt, PalmAnnot and phylogenetic inference.
Structural modeling was employed as a complementary tool for visualization of the pre-
dicted RdRp architecture, particularly for the Partitiviridae-associated viruses, and not as a
basis for functional inference [37,38].

3.3.3. Description of the RdRp Domain

The PfPartitiV-1a-SP, PfPartitiV-1b-SP, PfPartitiV-2-SP, and PfNarnaV-1-SP sequences
encode RNA-dependent RNA polymerase (RdRp) proteins, enzymes essential for the
replication of positive-sense single-stranded RNA viruses (+ssRNA) [46].PfPartitiV-1a-
SP, PfPartitiV-1b-SP, and PfPartitiV-2-SP contain two domains: viral RNA-dependent
RNA polymerase (RdRP_1, PF00680), and viral RNA-directed RNA polymerase (RdRP_4,
PF02123). RdRP_1 corresponds to the catalytic region responsible for the synthesis of new
RNA strands from the genomic template, while RdRP_4 acts in maintaining the enzymatic
conformation and controlling replicative fidelity (Supplementary Table S5).

The RdRP_4 domain, conserved in RNA viruses that do not have a DNA interme-
diate in their cycle, is essential for the synthesis of complementary RNA [46,47]. The
replication occurs through a biphasic mechanism [48]. In the first phase, called initiation,
RNA synthesis is initiated at the 3′ end of the template or in adjacent regions through a
primer-independent (de novo) process. This process involves the binding of a nucleotide
triphosphate (NTP) to the 3′-OH end of the initiator NTP. In the subsequent phase, called
elongation, NTPs are sequentially added, forming the complementary RNA strand through
repeated nucleotide transfer reactions [48].

The PfNarnaV-1-SP sequence exhibited a distinct genomic organization character-
ized by the presence of the Mitovirus RNA-dependent RNA polymerase domain (Mi-
tovir_RNA_pol, PF05919) and the DUF7103 domain (PF23396), currently annotated as
a domain of unknown function. The Mitovir_RNA_pol domain has been previously re-
ported in members of the family Narnaviridae, particularly in viruses related to the genus
Mitovirus [49]. In contrast, the DUF7103 domain remains poorly characterized, and no ex-
perimentally validated biological function has yet been established for proteins containing
this domain.

3.3.4. Description of the Domain’s Motifs

The structural and comparative characterization of the PfPartitiV-1a-SP, PfPartitiV-
1b-SP, PfPartitiV-2-SP, and PfNarnaV -1-SP RNA-dependent RNA polymerase (RdRp)
sequences of viruses associated with the sand fly Pi. fischeri showed significant conservation
of catalytic motifs A, B, and C among representatives of the Partitiviridae and Narnaviridae
families. Three-dimensional models of the proteins show that these motifs are organized in
the catalytic palm domain, with similar positioning among viral variants (Figure 3a,b).
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Figure 3. Structural modeling and comparative analysis of the catalytic motifs of RNA-dependent
RNA polymerases (RdRps) from PfPartitiV viruses associated with the sand fly Pi. fischeri (Parti-
tiviridae). (a). Three-dimensional structures of RdRps PfPartitiV-1a-SP and PfPartitiV-1b-SP, with
catalytic motifs highlighted: Motif A (residues 244–255, red), Motif B (residues 310–323, blue), and
Motif C (residues 343–350, green), located within the catalytic palm domain between RdRP_1 and
RdRP_4. (b). Three-dimensional structure of RdRp PfPartitiV-2-SP showing Motif A (243–254), Motif
B (309–322), and Motif C (342–349), also positioned in the palm domain. (c). Multiple sequence
alignment of PfPartitiV-1a-SP, PfPartitiV-1b-SP, and PfPartitiV-2-SP showing the initial consensus
sequences: Motif A (VGxDISxFDxxx), B (SGSYxTxLIDSxVN), and C (VLGDDSIF). Comparison
with representative Partitiviridae members (WWW86562.1, AGP78292.1, CBW774361.1, AEJ07892.1)
revealed broader conserved patterns: Motif A (xxxDxxxFDxxx), Motif B (SGSYxTxxIxSxxN), and
Motif C (xxGDDSxx). Motifs A, B, and C are highlighted in red, blue, and green, respectively, and the
WebLogo representation illustrates residue frequency and conservation at each position, emphasizing
central catalytic residues.

In the comparative analysis, it was observed that the RdRps of the PfPartitiV-1a-
SP, PfPartitiV-1b-SP, and PfPartitiV-2-SP viruses have the RdRP_1 and RdRP_4 domains,
in addition to the essential catalytic motifs: Motif A (VGLDISSFDTAV and VGIDIS-
GFDSSI, residues 244–255 and 243–254, respectively), Motif B (SGSYYTSLIDSVVN and
SGSYFTQLIDSIVN, residues 310–323 and 309–322), and Motif C (VLGDDSIF and VL-
GDDSIF, residues 343–350 and 342–349).

This motif, together with consensuses from different members of the Partitiviridae fam-
ily, such as WWW86562.1_Partitiviridae_sp, AGP78292.1_Hubei_partiti_57, CBW774361.1
_Party_Delta_FCV, and AEJ07892.1_Party_Delta_PCV2, resulted in the following conserved
patterns: A (xxxDxxxFDxxx), B (SGSYxTxxIxSxxN), and C (xxGDDSxx) (Figure 3c).

Thus, the graphical representation of WebLogo (Figure 3c) highlights the frequency
and conservation of amino acid residues at specific positions throughout multiple aligned
sequences, reinforcing the functional importance of these regions in the enzymatic activity
of RdRps.
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In contrast to viruses of the Partitiviridae family, the RdRp protein of the PfNarnaV-1-SP
virus, belonging to the Narnaviridae family, presents a distinct three-dimensional structure,
evidenced by ribbon modeling, in which the catalytic motifs A, B, and C are distributed in
specific regions and highlighted by circles (Figure 4). This structure is organized around
the Mitovir_RNA_pol domain, which spans residues 372–619 and corresponds to the
functional region of RNA polymerase. The identified conserved motifs include Motif A
(VSTDLTSATDYI, residues 378–389), Motif B (MGTPLSFITLCLLH, residues 453–466), and
Motif C (IRGDDCIG, residues 482–489) (Figure 4a). Comparison with RdRps from other
representatives of the same family, for example, XGU09087.1_Orius laevigatus narnavirus
1, AAC98925.1_Narnavirus ScNV 20S 37 4C, and AAC98708.1_Narnavirus ScNV 23S 37 4C.
These conserved patterns are Motif A (xSxxxxxxxDxx), Motif B (MGxPxxxxLxLxH), and
Motif C (xxGDDxxxx) (Figure 4b).

Figure 4. Structural modeling and comparative analysis of the catalytic motifs of PfNarnaV-1-SP RdRp
(Narnaviridae). (a). Three-dimensional structure of the RdRp highlighting motifs A (VSTDLTSATDYI,
red, residues 378–389), B (MGTPLSFITLCLLH, blue, residues 453–466), and C (IRGDDCIG, green,
residues 482–489), located in the palm domain. (b). Multiple sequence alignment with Narnaviridae
representatives showing conserved motifs visualized using WebLogo: Motif A (xSxxxxxxxDxx), Motif
B (MGxPxxxxxLxLxH), and Motif C (xxGDDxxxx). Each logo displays stacks of symbols representing
sequence conservation and the relative frequency of amino acids at each position, providing a detailed
representation of motifs A, B, and C beyond simple consensus sequences.

These consensuses, graphically represented through WebLogo and multiple alignment,
highlight the functional conservation of catalytic residues in a specific position, reinforcing the
structural and enzymatic importance of RdRps from the Narnaviridae family. To understand
the functional particularities of these regions, each catalytic motif was examined individually,
highlighting its structural relevance and the degree of conservation among viral families.

Motif A contains conserved aspartate residues that are known to coordinate divalent
metal ions (Mg2+ or Mn2+) during RNA synthesis, playing a central role in the catalytic ac-
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tivity of RNA-dependent RNA polymerases [50–52]. The sequences identified in PfPartitiV-
2-SP (VGIDISGFDSSI) and PfPartitiV-1a/1b-SP (VGLDISSFDTAV) retain the characteristic
aspartate-containing core observed in other members of the family. Similarly, PfNarnaV-1-
SP (VSTDLTSATDYI) preserves the conserved catalytic aspartate residue despite sequence
divergence, indicating conservation of this hallmark RdRp feature.

Motif B is commonly associated with nucleotide triphosphate (NTP) recognition and
positioning within the polymerase active site. Conserved aromatic and polar residues,
including tyrosine, phenylalanine, and threonine, contribute to substrate interaction and
polymerase [53,54]. The motifs identified in PfPartitiV-2-SP (SGSYFTQLIDSIVN), PfPartitiV-
1a-SP (SGSYYTSLIDSVVN), and PfPartitiV-1b-SP (SGSYFTSLIDSVVN) exhibited high
similarity to those reported for other partitiviruses. In contrast, PfNarnaV-1-SP displayed a
distinct motif composition, consistent with the evolutionary divergence between members
of the families Partitiviridae and Narnaviridae.

Motif C contains the highly conserved GDD catalytic core that is characteristic of RNA-
dependent RNA polymerases and is directly involved in phosphodiester bond formation
during RNA elongation [52,55,56]. The motif VLGDDSIF identified in PfPartitiV-1a-SP,
PfPartitiV-1b-SP, and PfPartitiV-2-SP, as well as the motif IRGDDCIG identified in PfNarnaV-
1-SP, retain the canonical GDD signature. The conservation of these catalytic residues
provides additional evidence supporting the annotation of these proteins as viral RNA-
dependent RNA polymerases.

3.4. Phylogenetic Trees

In total, four viral RdRp protein sequences were identified in metatranscriptomic
libraries generated from Pi. fischeri specimens collected at the São Paulo Zoo (DBB). For
comparative and taxonomic purposes, these sequences were analyzed individually against
reference RdRp sequences, including 17 sequences from the family Narnaviridae and 36 from
Partitiviridae, as well as related unclassified viral sequences available in public databases.

Maximum likelihood phylogenetic inference reconstructed well-supported taxonomic
groupings consistent with current classifications within both families. According to the
Bayesian Information Criterion (BIC) [57], ModelFinder selected LG+F+R4 and VT+F+I+G4 as
the best-fitting amino acid substitution models for Narnaviridae and Partitiviridae, respectively.

Three of the identified sequences clustered robustly within the family Partitiviridae
(Figure 5a) and were designated as: Pi. fischeri partitivirus 1-SP (PfPartitiV-1a-SP and
PfPartitiV-1b-SP) and Pi. fischeri partitivirus 2-SP (PfPartitiV-2-SP). The remaining sequence
grouped within the family Narnaviridae (Figure 5b) and was designated as Pi. fischeri
narnavirus 1-SP (PfNarnaV-1-SP).

BLASTp searches further supported these phylogenetic placements. Sequences
PfPartitiV-1a-SP, PfPartitiV-1b-SP, and PfPartitiV-2-SP shared their highest amino acid
similarities with previously described partiti-like viruses, such as Hubei partiti-like virus
57 and sequence WWV86526.1, exhibiting identity values of 53.27%, 52.83%, and 53.25%,
respectively. Conversely, PfNarnaV-1-SP showed 93% query coverage and 44.59% amino
acid identity to Orius laevigatus narnavirus 1.

The taxonomic identity of these novel lineages was independently confirmed by the
machine-learning and catalytic-signature tools LucaProt [37] and PalmAnnot [38]. Further-
more, structural analysis revealed the presence of characteristic and functionally conserved
domains and catalytic motifs of RdRp in all sequences. Taken together, the convergence of
phylogenetics, local similarity profiles, protein domain integrity, and independent machine-
learning classifications consistently supports the assignment of these sequences as divergent
viral lineages within Partitiviridae and Narnaviridae.
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Figure 5. Maximum likelihood phylogenetic trees inferred from RNA-dependent RNA polymerase
(RdRp) amino acid sequences of viruses belonging to the families Partitiviridae and Narnaviridae.
Phylogenetic analyses were performed using IQ-TREE, with the best-fit substitution models selected
by ModelFinder: VT+F+I+G4 for Partitiviridae (a) and LG+F+R4 for Narnaviridae (b). Branch support
was estimated using 1000 ultrafast bootstrap replicates, and only bootstrap values ≥70% are shown
at the nodes. Viral sequences identified in this study are highlighted in purple (PfPartitiV-1a-SP,
PfPartitiV-1b-SP, PfPartitiV-2-SP, and PfNarnaV-1-SP).
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4. Discussion
In this study, we used a metatranscriptomic approach to characterize the virome of

Pi. fischeri collected at the São Paulo Zoo. The viral community identified revealed a
predominance of RNA viruses associated not only with arthropods but also with plants,
fungi, and protists. This diversity likely reflects the species’ feeding habits and life cycle.
When compared to existing literature on sand fly viromes, our findings align with a growing
body of evidence showing that phlebotomine sand flies harbor highly diverse communities.
Metatranscriptomic studies in both the Old World (e.g., Phlebotomus species in Europe
and Asia) and the Neotropics (e.g., Lutzomyia longipalpis and other species in Brazil) have
consistently identified core insect-specific viruses alongside a vast array of plant-, fungi-,
and protist-associated viral sequences [58,59].

The presence of these non-arthropod viruses is a common ecological signature of
phlebotomines, directly reflecting their terrestrial breeding sites and diverse feeding habits.
This is clearly illustrated by the detection of viruses belonging to the families Partitiviridae,
Narnaviridae, Tymoviridae, and Solemoviridae in Pi. fischeri, which likely stems from the
constant contact of sand fly larvae with soil-dwelling fungi and plants in their organic-rich
breeding sites [60–62]. Consistent with this, similar associations with fungal-associated
Partitiviridae and Narnaviridae have been reported in wild-caught Phlebotomus and Lutzomyia
populations, suggesting that these viral families represent stable, widespread components
of the sand fly ecological virome rather than isolated occurrences.

A striking finding was the high abundance of unclassified viruses belonging to the
unclassified RNA viruses ShiM 2016 group [45], originally described in a global arthropod
virosphere survey. Although frequently detected in metagenomic studies, this group is not
formally recognized by the ICTV, and its taxonomic position remains unresolved. Their
high representation in Pi. fischeri suggests that these viruses may represent recurrent
components of the viral community associated with this species, although their biological
relevance remains unknown.

The identification of four highly divergent viral sequences belonging to the families
Partitiviridae and Narnaviridae expands the currently known diversity of RNA viruses as-
sociated with Neotropical sand flies. The relatively low amino acid identities observed
in comparisons with publicly available sequences, together with their phylogenetic place-
ment and conserved RdRp motifs, support the interpretation that these viruses represent
divergent lineages within their respective families. According to current ICTV demarcation
criteria for Partitiviridae and Narnaviridae, the levels of sequence divergence observed are
consistent with the possibility that these viruses represent previously undescribed taxa, al-
though formal taxonomic classification will require additional genomic and biological data.

In addition to phylogenetic characterization, read remapping and abundance analyses
revealed marked differences in the representation of viral genomes within the metatran-
scriptomic library. Among the identified viruses, PfPartitiV-2-SP showed the highest
abundance, genome coverage, and number of mapped reads, whereas PfNarnaV-1-SP
was represented by substantially fewer reads and lower coverage values. These differ-
ences may reflect distinct replication dynamics, persistence patterns, host associations,
or differences in viral load within the analyzed sample. The genomic coverage obtained
for the partitiviruses, coupled with the identification of fully intact open reading frames
(ORFs) containing conserved RNA-dependent RNA polymerase (RdRp) motifs, supports
the reliability of the assemblies and reduces the likelihood that these sequences represent
assembly artifacts. The combination of high, uniform read coverage and structural genome
integrity serves as a robust bioinformatic proxy for the authenticity of these viral infections.

The detection of PfNarnaV-1-SP despite nuclease treatment is particularly intriguing.
Members of the family Narnaviridae are characterized as capsidless RNA viruses that lack
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a protective protein shell. Because our experimental design included enzymatic enrich-
ment using TURBO DNase and an RNase cocktail to remove exogenous nucleic acids,
exposed viral genomes would theoretically be susceptible to degradation. Nevertheless,
a near-complete genome of PfNarnaV-1-SP was recovered and characterized through in-
dependent annotation, conserved motif analyses, and phylogenetic inference. Several
non-exclusive hypotheses may explain this observation. First, narnavirus RNAs may occur
in association with RNA-dependent RNA polymerase molecules, forming ribonucleopro-
tein complexes that provide partial protection against nuclease [63,64]. Second, viral RNA
may be compartmentalized within intracellular structures, such as mitochondria, vesicles,
or membrane-associated complexes, thereby limiting enzymatic accessibility prior to cell
lysis [65]. Alternatively, a relatively high intracellular viral load may have contributed to
the persistence of viral RNA throughout sample processing. Although these hypotheses
remain speculative, they provide biologically plausible explanations for the recovery of a
capsidless virus following nuclease treatment.

The characterization of the Pi. fischeri virome carries important implications for un-
derstanding Leishmania transmission, as this sand fly species is a recognized vector of the
parasite in Neotropical regions. The potential influence of ISVs on sand fly vector com-
petence for Leishmania has been increasingly discussed; however, no functional evidence
was generated in the present study to support such interactions [66,67]. Recent studies
have further reinforced the importance of metatranscriptomic approaches for understand-
ing viral ecology in phlebotomine sand flies. In Phlebotomus chinensis, metatranscriptomic
analyses revealed a complex community of viruses, bacteria, and other microorganisms,
highlighting the diversity of biological interactions occurring within these insects [58]. In
parallel, functional studies demonstrated that sand fly-derived cells activate RNA interference
(RNAi)-mediated antiviral responses against Toscana virus infection, suggesting that ISVs may
influence vector immune pathways [68]. More recently, single-cell transcriptomic analyses
showed that Leishmania development within sand flies is highly heterogeneous, emphasizing
the complexity of interactions among parasites, hosts, and associated microbiota [69].

Together, these findings indicate that virome characterization should be interpreted
within a broader ecological framework, in which viral diversity, host immune responses,
and parasite dynamics may collectively influence vector competence and transmission
processes. Therefore, while any direct association between the viruses identified here
and Leishmania transmission remains hypothetical and must be interpreted cautiously, our
genomic survey identifies candidates and provides a critical baseline for future functional
studies. Controlled infection assays, tissue tropism analyses, and longitudinal surveys
will be necessary to determine whether ISVs influence parasite development, immune
responses, or ecological fitness in Pi. fischeri.

This study has several limitations. First, the analysis was based on a single pool
containing 21 individuals, which restricts the assessment of individual, spatial, and seasonal
variation in the virome. Therefore, the virome described here should not be interpreted
as representative of the broader Pi. fischeri population from the São Paulo region. Second,
host-read depletion was not performed because no reference genome is currently available
for this species, and therefore the proportion of viral reads should be interpreted with
caution. Third, no experimental validation, such as RT-PCR or Sanger sequencing, was
performed, and all viral genomes were identified through in silico assembly and annotation.
Although multiple assembly strategies and independent validation tools were employed to
reduce the likelihood of artifacts, experimental confirmation will be important in future
studies. Finally, some low-frequency viral signals, such as the single read assigned to
Rotavirus A, most likely represent environmental or laboratory contamination, a common
occurrence in metatranscriptomic datasets.
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Despite the implementation of stringent bioinformatic pipelines, metatranscriptomic
approaches remain susceptible to environmental contamination and low-level cross-sample
contamination. The recovery of four viral genomes with consistent genomic coverage sub-
stantially reduces the likelihood of assembly artifacts but does not eliminate this possibility
entirely. Recent studies have emphasized that low-frequency contaminants may generate
false-positive signals, particularly for highly divergent viruses and for viral groups that
remain underrepresented in reference databases [45].

Furthermore, the absence of experimental validation, such as RT-PCR or Sanger
sequencing, limits the level of confidence that can be assigned to genome completeness.
In addition, this study was based on a single metatranscriptomic library generated from
total RNA, which was designed for viral transcript discovery rather than small RNA
profiling. Consequently, virus-derived small RNA analyses could not be performed using
the available dataset. Although RT-PCR or RT-qPCR validation would provide additional
experimental support for the assembled viral genomes, such experiments require additional
biological material and were therefore beyond the scope of the present study.

Nevertheless, the combined evidence from de novo genome assembly, sequence
similarity searches, conserved motif analyses, phylogenetic inference, read remapping,
genome-wide coverage profiles, and transcript abundance estimates strongly supports
the authenticity of the viral genomes reported here. Future studies including additional
biological samples, small RNA sequencing, and experimental validation will be important
to further investigate the prevalence, biological relevance, and replication of these viruses.

Taken together, this study expands current knowledge of viral diversity associated
with Neotropical sand flies and highlights the utility of metatranscriptomic approaches for
uncovering previously unrecognized viral lineages. By integrating genome assembly, taxo-
nomic classification, phylogenetic inference, structural characterization, and abundance
analyses, this work provides new insights into the diversity of RNA viruses associated
with Pi. fischeri. These findings contribute to our understanding of virus–host associations
in phlebotomine sand flies, expand the currently known diversity of RNA viruses associ-
ated with these insects, and provide a foundation for future ecological, evolutionary, and
taxonomic investigations.

5. Conclusions
This study demonstrates that the virome of Pintomyia fischeri is highly diverse, char-

acterized by a predominance of highly divergent and formally unclassified RNA virus
lineages. Even within a geographically restricted setting, such as an urban zoological park,
the characterization of these novel viral genomes underscores the complexity of ecological
interactions among the vector, its hosts, and its viral microbiome. These findings reinforce
the role of phlebotomine sand flies as key reservoirs of unrecognized viral diversity at
neotropical interfaces between urban and wild environments.

Beyond significantly expanding the catalog of sand fly-associated viruses, this work
highlights the power of metatranscriptomic approaches to uncover previously hidden
viral lineages, offering new perspectives on the ecology and evolution of vector viromes.
Although the biological relevance of these viruses warrants further experimental valida-
tion, our results raise critical hypotheses regarding the potential role of insect-specific or
symbiotic viruses in modulating vector competence for Leishmania and influencing broader
aspects of sand fly biology.

Taken together, these findings establish a robust foundation for future ecological,
evolutionary, and taxonomic investigations into virus–host associations, contributing to a
more comprehensive understanding of viral diversity in medically important vectors. In
the long term, this knowledge provides strategic baseline data to support virological and
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epidemiological surveillance while enhancing our understanding of the ecological drivers
involved in the emergence and maintenance of vector-borne pathogens.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/microorganisms14081723/s1: Table S1: Summary of the sampling
sites from which Pi. fischeri individuals were collected for the metatranscriptomic analysis. The table
includes geographic coordinates, capture environment (ground or canopy), number of individuals
obtained at each site, and additional notes regarding trap height or specific conditions. A total of
21 sand flies were included in the final pooled sample; Table S2. Coverage and abundance statistics
of the viral genomes assembled from the Meta29 metatranscriptomic library. The table summarizes
genome length, mapped bases, mean sequencing coverage, coverage variability (standard deviation),
and the number of reads assigned to coding sequences (CDSs) using featureCounts; Table S3: Global
alignment statistics of the Meta29 metatranscriptomic library. This table summarizes the global
alignment metrics obtained after mapping the filtered Meta29 reads to the assembled viral reference
sequences, including read counts, mapping rates, coverage distribution, sequencing error profiles,
and base composition; Table S4: Protein-level similarity statistics (BLASTp) of viral ORFs identified
in the Meta29 library. This table summarizes amino acid–level similarity searches (BLASTp) for the
predicted viral proteins encoded by the assembled contigs; Table S5: Conserved protein domains
identified in viral ORFs using Pfam. This table summarizes the conserved domains detected in the
predicted viral proteins using Pfam, including domain identifiers, descriptions, positions within the
protein, and statistical significance (i-Evalue).
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