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Abstract 

Background Blood-feeding insects are important vectors for an array of zoonotic pathogens. While previous efforts 
toward generating molecular resources have largely focused on major vectors of global medical and veterinary 
importance, molecular data across a large number of hematophagous insect taxa remain limited. Advancements in 
long-read sequencing technologies and associated bioinformatic pipelines provide new opportunities for targeted 
sequencing of insect mitochondrial (mt) genomes. For engorged hematophagous insects, such technologies can be 
leveraged for both insect mitogenome genome assembly and identification of vertebrate blood-meal sources.

Methods We used nanopore adaptive sampling (NAS) to sequence genomic DNA from four species of field-col-
lected, blood-engorged mosquitoes (Aedes and Culex spp.) and one deer fly (Chrysops sp.). NAS was used for bioin-
formatical enrichment of mtDNA reads of hematophagous insects and potential vertebrate blood-meal hosts using 
publically available mt genomes as references. We also performed an experimental control to compare results of 
traditional non-NAS nanopore sequencing to the mt genome enrichment by the NAS method.

Results Complete mitogenomes were assembled and annotated for all five species sequenced with NAS: Aedes 
trivittatus, Aedes vexans, Culex restuans, Culex territans and the deer fly, Chrysops niger. In comparison to data generated 
during our non-NAS control experiment, NAS yielded a substantially higher proportion of reference-mapped mtDNA 
reads, greatly streamlining downstream mitogenome assembly and annotation. The NAS-assembled mitogenomes 
ranged in length from 15,582 to 16,045 bp, contained between 78.1% and 79.0% A + T content and shared the antici-
pated arrangement of 13 protein-coding genes, two ribosomal RNAs, and 22 transfer RNAs. Maximum likelihood phy-
logenies were generated to further characterize each insect species. Additionally, vertebrate blood-meal analysis was 
successful in three samples sequenced, with mtDNA-based phylogenetic analyses revealing that blood-meal sources 
for Chrysops niger, Culex restuans and Aedes trivittatus were human, house sparrow (Passer domesticus) and eastern cot-
tontail rabbit (Sylvilagus floridanus), respectively.
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Conclusions Our findings show that NAS has dual utility to simultaneously molecularly identify hematophagous 
insects and their blood-meal hosts. Moreover, our data indicate NAS can facilitate a wide array of mitogenomic sys-
tematic studies through novel ‘phylogenetic capture’ methods. We conclude that the NAS approach has great poten-
tial for broadly improving genomic resources used to identify blood-feeding insects, answer phylogenetic questions 
and elucidate complex pathways for the transmission of vector-borne pathogens.

Keywords Culicidae, MinION, Mitochondrial genomes, Molecular barcoding, Phylogenetic capture, Tabanidae

Background
Hematophagous insects are major disease vectors that 
transmit a wide variety of pathogens to their blood-meal 
hosts. From a One Health perspective, blood-feeding 
insects are responsible for considerable morbidity and 
mortality across global human, livestock and wildlife 
communities [1]. Yet, despite their global importance, 
vector-borne diseases remain difficult to study and ade-
quately control. Vector-borne pathogens are often main-
tained in complex enzootic transmission cycles which 
frequently involve numerous species of both vector and 
vertebrate hosts. Even among groups of hematophagous 
insects (e.g. mosquitoes) there exists a wide diversity of 
disparate species which may individually exhibit sub-
stantial differences in their host feeding preferences and 
other natural history characteristics which impact their 
ability to serve as disease vectors (i.e. vector competence) 
[2–5].

From a broader perspective, the global diversity of 
hematophagous insect species presents a challenge to 
vector-borne disease research, as accurate species iden-
tifications are difficult in the absence of trained ento-
mologists and region-specific taxonomic keys. For these 
reasons, straightforward methodologies that leverage 
molecular species barcoding without requiring a pri-
ori knowledge are of special interest to the global One 
Health community. Fortunately, the advancement of 
molecular tools and bioinformatic pipelines throughout 
the past decades has helped to inform many complex 
aspects of vector-borne pathogen transmission [6–9]. In 
particular, DNA barcoding—accomplished through PCR 
amplification and sequencing of select phylogenetically 
informative loci—has facilitated species identification 
efforts across hematophagous insect taxa [10, 11] and has 
been successfully applied to the molecular identification 
of vertebrate hosts from arthropod blood meals [12–15].

Across metazoan organisms, mitochondrial (mt) genes 
have emerged as the most popular targets for species 
barcoding efforts. In comparison to most nuclear genes, 
those encoded by mt genomes (mitogenomes) are well-
suited for molecular species identification and phyloge-
netic reconstruction due to their relatively conserved 
evolutionary origins, indispensable cellular functions, 
predominantly uniparental inheritance and elevated 

mutation rates combined with very low rates of recom-
bination [16]. Animal mitogenomes are circular in struc-
ture, relatively small in size (approx. 16  kb) and contain 
the same core set of 13 protein-coding genes (PCGs), 
22 transfer RNAs (tRNAs) and two ribosomal RNAs 
(rRNAs) [16, 17]. Furthermore, mitogenomes are present 
at many copies within each cell, making them convenient 
targets for molecular analyses using a variety of biologi-
cal sample types [17–23]. Sequence data of numerous mt 
loci (e.g. those encoding cytochrome c oxidase subunit 1 
[COI or cox1], cytochrome b [cyt-b] and mtDNA D-loop) 
are well-documented for their phylogenetic and phy-
logeographic utility, having variable rates of evolution 
that can be leveraged to test taxonomic hypotheses and 
elucidate evolutionary histories [10, 11, 15, 24, 25]. The 
majority of barcoding efforts, including those focused on 
blood-feeding insects and blood-meal analysis, have lev-
eraged traditional PCR followed by Sanger sequencing 
of either the COI and cyt-b genes [10, 11, 15, 26–30]. In 
particular, the Barcoding of Life Initiative has identified 
the COI gene as an ideal locus for the global standardiza-
tion of sequence-based animal species identification [31]. 
Although such molecular barcoding has proved useful 
for identifying particular taxonomic lineages, it remains 
limited in its generation of singular-gene sequence data 
and potential for negative results due to PCR failure.

The weaknesses of PCR-based species barcoding and 
blood-meal analysis are largely overcome using de novo 
next-generation metagenomic sequencing approaches. 
Previously, high-throughput applications (i.e. Illumina 
sequencing) have been shown to provide the ample 
depth-of-coverage required for de novo taxonomic 
classification of blood-meal hosts [26, 32, 33]. Despite 
technological and bioinformatic advancements, second-
generation sequencing methods (e.g. Illumina sequenc-
ing) are time-consuming, frequently require large 
brick-and-mortar sequencing laboratories and can be 
cost prohibitive. In the context of the global burden of 
vector-borne diseases, second-generation metagenomic 
approaches are largely out of reach due to their limited 
availability.

Nanopore sequencing technologies have increased 
accessibility, both financially and computationally, 
to genomic data. In particular, the Oxford Nanopore 
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Technologies (ONT; Oxford, UK) MinION sequenc-
ing platform is a portable device that can be used both 
in laboratory and field settings for a variety of sequenc-
ing applications [34–36]. An important aspect of the 
MinION platform is that it sequences individual DNA 
or RNA molecules across a microfluidic flow cell. Dur-
ing a MinION experiment, single-molecule nucleotide 
sequences of the sequencing library are typically pro-
duced at a rate of approximately 450 bases per second, and 
hundreds of DNA/RNA fragments are analyzed simulta-
neously. Given the novelty of nanopore-based real-time 
sequencing, a variety of bioinformatic tools have been 
developed that effectively leverage the single-molecule 
aspect of the technology. For example, nanopore adaptive 
sampling (NAS) is a powerful bioinformatic method that 
selectively sequences individual DNA, complementary 
DNA (cDNA) or RNA molecules in real-time [23, 37, 38]. 
NAS utilizes real-time mapping against a user-specified 
reference file to compare nucleotides of individual DNA 
molecules (approx. 200–400 bp, every approx.  0.4  s) as 
they are being sequenced. This dynamic method has a 
wide number of applications and can selectively enrich 
DNA or RNA targets of interest (e.g. particular genes, 
RNA species, mitogenomes, etc.) and reject unwanted 
molecules during a sequencing experiment [37, 38].

Combined with the long-read sequencing capabilities 
of the MinION platform, NAS is particularly well-suited 
for the selective enrichment and assembly of complete 
mitogenomes in animal species [23]. Moreover, NAS 
mitogenome sequencing can effectively capture mtDNA 
sequences having at least 75% identity with a given ref-
erence; thus, the method can be used for mitogenome 
assembly of a variety of taxa for which references are 
absent (Fig.  1) [23]. For these reasons the NAS method 
has great potential as a molecular/bioinformatic tool that 
can be leveraged to advance One Health research efforts 
focused on hematophagous insects and their blood-meal 
hosts. Here, we use NAS to molecularly characterize the 
mitogenomes of four mosquito species and a biting deer 
fly, and we show proof-of-concept of its utility for blood-
meal analysis. We posit that NAS holds great promise for 
a variety of vector-borne disease research projects aimed 
at elucidating hematophagous insect diversity and associ-
ated pathogen transmission pathways.

Methods
Specimens examined
Mosquitoes were opportunistically collected using dry 
ice-baited CDC Miniature Light Traps (model 512; 
John W. Hock Company; Gainesville, FL, USA) hung 
approximately 6 feet above ground in Ramsey County, 
St. Paul, Minnesota, USA. Mosquito traps were set at 
1700 hour and recovered at 1000 hour the following 

day. A single blood-fed Chrysops deer fly was oppor-
tunistically collected while conducting fieldwork 
within Washington County, Minnesota, USA (Afton 
State Park; as approved by the Minnesota Department 
of Natural Resources: permit 202145). All specimens 
were cold anesthetized and morphologically examined 
under a stereomicroscope. Blood-fed female mosqui-
toes were separated from non-target insects, and ini-
tial taxonomic identifications were based on standard 
morphological features [39]. For downstream nucleic 
acid extractions and sequencing experiments, female 
mosquito specimens were visually inspected to ensure 
that they appeared fully engorged and free of visible 
eggs, which suggested that all mosquitoes had obtained 
their blood meals within roughly 24 h of specimen col-
lection. All specimens were submerged in RNAlater 
(Sigma-Aldrich, St. Louis, MO, USA) and subsequently 
preserved at –  80 °C prior to nucleic acid extraction 
and molecular analyses. A list of the specimens exam-
ined is provided in Additional file 1: Table S1.

DNA extraction and ONT library preparation
Genomic DNA was individually extracted from a small 
subset of blood-fed Culex and Aedes mosquitoes, includ-
ing Culex restuans (n = 3), Culex territans (n = 1), Aedes 
vexans (n = 1) and Aedes trivittatus (n = 1), and from one 
deer fly (Chrysops niger; n = 1), using a Qiagen DNeasy 
Blood and Tissue Kit following manufacturer’s instruc-
tions (Qiagen, Hilden, Germany). The resulting extracts 
were quantified using a Qubit 4 Fluorometer (Invitro-
gen, Thermo Fisher Scientific, Waltham, MA, USA). 
Genomic DNA libraries for ONT sequencing were pro-
duced for each specimen using Sequencing Ligation Kits 
SQK-LSK109 and SQK-LSK110, following standard ONT 
protocol. For each sample, 0.3–1.5 μg of initial DNA was 
used for ONT sequencing library construction. Sam-
ples were barcoded using the ONT kit EXP-NBD104, 
pooled, and five libraries were sequenced until comple-
tion for approximately  22–48  h on a MinION Mk1b 
device using R9.4 flow cells. All sequencing was per-
formed on a Linux desktop computer with the following 
specifications: Intel C600/X79 series i9-10920X 12 core; 
Linux 5.4.0–77-generic x86_64; Ubuntu 18.04; Nvidia 
Quadro RTX 4000 GPU. The five sequencing experi-
ments are denoted here as follows: A: C. niger NAS (2 
barcodes, with 1 barcoded sample consisting of midges 
not included in the present study); B: Cx. restuans and 
Cx. territans barcoded NAS; C: Ae. vexans NAS (no bar-
code); D: Cx. restuans unenriched control sequencing 
(no barcode and no NAS); and E: Cx. restuans and Ae. 
trivittatus barcoded NAS (2 additional barcoded samples 
not included in the present study) (see Table 1).
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Basecalling
Sequencing was initiated using the MinKNOW GUI, 
v4.3.20, software (ONT) in which adaptive sampling is 
integrated. Reference files containing publicly available 
mitogenome sequences and select barcoding genes (i.e. 
those encoding COI, cyt-b) were compiled in FASTA 
format and used for NAS-based enrichment. For NAS 
sequencing experiments A (C. niger), B (Cx. restuans and 
Cx. territans) and E (Cx. restuans and Ae. trivittatus), we 

manually curated a reference FASTA containing mitog-
enome assemblies of related (i.e. genus level) blood-
feeding insects, as well as an assortment of mammalian 
and avian mitogenomes based on species considered to 
be potential blood-meal hosts for our study location (a 
list of GenBank accession numbers is provided in Addi-
tional file 2: Table S2). For NAS experiment C (Ae. vex-
ans), we elected to use the NCBI RefSeq download of 
the complete mt genome database (downloaded 16 Sept 

Fig. 1 Experimental design for dual insect and blood-meal mitochondrial DNA (mtDNA) sequencing using nanopore adaptive sampling (NAS). a 
Hematophagous insects having had recent blood meals are collected from natural populations. Whole genomic DNA is extracted from individual 
or pooled insects. b Genomic DNA is prepared for sequencing on an Oxford Nanopore Technologies device (MinION platform) with access to the 
NAS bioinformatic pipeline. NAS is performed on blood-feeding insect DNAs with a reference file containing mtDNA sequences of congeneric 
or conspecific insect species and a diverse selection of putative blood-meal hosts. Exact species matches are not needed for NAS references as 
the method will retain sequences sharing at least 75% identity, which are suitable for guided discovery of cryptic insects and blood-meal hosts. 
c Mitochondrial sequences from NAS vector and host matches are quality filtered, and species barcoding genes (i.e. those encoding COI, cyt-b, 
D-loop, etc.) are used for phylogenetic analyses and species identification. d Complete mitogenomes are recovered from the sampled insect, thus 
expanding molecular resources for vector species. Recovered mt sequences of blood-meal hosts elucidate potential disease transmission pathways. 
Collective results of NAS experiments directly inform One Health initiatives focused on hematophagous insect biology and vector-borne disease 
transmission. COI, Cytochrome c oxidase subunit 1; cyt-b, cytochrome b;  mtDNA D-loop, mt displacement loop
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2021). Real-time basecalling was performed using the 
FAST basecalling model in Guppy and mapped to a pro-
vided reference file using the NAS. After completion of 
the sequencing runs, post-hoc high-accuracy basecalling 
was performed using Guppy (v5.0.11; release with GPU-
enabled basecalling for Ubuntu) prior to downstream 
analyses. The NAS software pipeline provides an optional 
immediate readout of reads mapping to particular ref-
erence sequences, and real-time alignment data can be 
recorded in the resulting sequencing summary output 
text file. For experiments C and E, this optional readout 
was utilized to extract individual sequences based on 
successfully aligned reads contained in the sequencing 
summary output text file. For the remaining NAS experi-
ments (A and B), targeted mtDNA reads were mapped 
using Minimap2 (v2.17-r941) and indexed using SAM-
tools (v1.9) in post-hoc bioinformatic analyses.

NAS versus control sequencing
A control nanopore sequencing experiment (experiment 
D) was conducted to test the effectiveness of NAS. This 
experiment generated sequences from genomic DNA of a 
single mosquito (Cx. restuans) without NAS for approxi-
mately 45 h. During the sequencing runs, basecalling was 
accomplished using the FAST model, and post-hoc base-
calling was conducted using the high-accuracy model of 
Guppy to keep all other sequencing variables (other than 
NAS) equivalent. Sequences from experiment D were 
filtered based on a quality score of 10 and read lengths 
between 1 and 16  kb using NanoFilt v2.7.1 [40]. Fil-
tered reads were subsampled at random using seqtk v1.3 
(https:// github. com/ lh3/ seqtk) and used in comparison 
analyses. Randomly sampled reads were mapped to the 
Cx. pipiens mitogenome using the program Minimap2 
v2.17 [41] and the percentage of assembled reads were 

noted. Experiment D was compared to NAS experiment 
B for Cx. restuans and Cx. territans, using the same filter 
parameters, random subsampling technique and map-
ping program.

Mitogenome assemblies and phylogenetics
Reads were filtered for mitogenome assembly using 
NanoFilt with a minimum Q-score of 10 and read lengths 
of between 1 and 16 kb [40]. Filtered reads for individual 
samples were de novo assembled using Flye v2.8.3 follow-
ing methods outlined in Wanner et al. [23]. Subsequent 
mitogenome assemblies were polished to produce more 
accurate assemblies using Medaka v1.4.3 (https:// github. 
com/ nanop orete ch/ medaka). Open reading frames 
(ORFs) were identified and annotated using MITOS2 
web server (http:// mitos2. bioinf. uni- leipz ig. de/ index. py) 
with specification for metazoan RefSeq and invertebrate 
genetic code [42]. Each annotated mitogenome was visu-
ally inspected using Geneious Prime software v2021.2.2, 
and aligned against a published and annotated mitog-
enome of another member in each genus. Where neces-
sary, the start and end positions of particular genes were 
manually adjusted based on those of previously charac-
terized mitogenomes. Polished and assembled mitog-
enomes were visualized using OGDRAW v1.3.1 (https:// 
chlor obox. mpimp- golm. mpg. de/ OGDraw. html) [43].

After annotation of the mt genomes, COI gene 
sequences were used in phylogenetic analyses to ver-
ify species identification. COI sequences were down-
loaded from GenBank for each appropriate species 
(Culex, Aedes and Chrysops) to build phylogenies. 
Appropriate outgroup samples also were downloaded 
from GenBank and included in each analysis to root 
the phylogeny. Sequences were aligned using MAFFT 
v7.475 [44], and subsequent alignments were used in 

Table 1 Individual nanopore sequencing experiments conducted to sequence genomic DNA from five blood-fed insects

NAS Nanopore adaptive sampling

NCBI accession numbers for NAS enrichment files are provided in Additional file 2: Table S2
a N50 metric: sequence length of the shortest contig at 50% of the total assembly length
b Data from these experiments were used for downstream insect mitogenome assemblies

Experiment ID NAS technique Species Run time Total bases Number of 
reads (in 
millions)

Average read length 
(N50) per experiment 
(in bp)a

Ab Enriched using user-generated reference file Chrysops niger 22 h 42 m 600 Mb 1.5 401

Bb Enriched using user-generated reference file Culex restuans 45 h 47 m 1 Gb 2.5 462

Bb Enriched using user-generated reference file Culex territans 45 h 47 m 2 Gb 4.5 462

Cb Enriched using mitogenome database as refer-
ence

Aedes vexans 21 h 7 m 4 Gb 10.8 536

D Control run: no NAS Culex restuans 44 h 58 m 5 Gb 6.2 1960

E Enriched using user-generated reference file Culex restuans 27 h 15 m 350 Mb 1.0 347

Eb Enriched using user-generated reference file Aedes trivittatus 27 h 15 m 200 Mb 0.6 347

https://github.com/lh3/seqtk
https://github.com/nanoporetech/medaka
https://github.com/nanoporetech/medaka
http://mitos2.bioinf.uni-leipzig.de/index.py
https://chlorobox.mpimp-golm.mpg.de/OGDraw.html
https://chlorobox.mpimp-golm.mpg.de/OGDraw.html
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a maximum likelihood analysis with the following 
parameters in RAxML v8.211 [45]: (i) model of evolu-
tion was set to GTRGAMMAI; and (ii) analyses were 
performed using 1000 bootstraps. The resulting best 
tree for each analysis was visualized using FigTree 
v1.4.1 (https:// github. com/ ramba ut/ figtr ee). Initial 
putative blood-meal identifications were determined 
by real-time alignment to vertebrate mt genomes dur-
ing each sequencing experiment (see Additional file 2: 
Table S2). Following post-hoc high-accuracy basecall-
ing, confirmation of blood-meal host identifications 
were achieved using Minimap2 and SAMtools to re-
map reads across vertebrate mt genomes to character-
ize successfully mapped reads. Average coverage was 
calculated for the human blood meal (experiment A), 
and phylogenetic trees were generated (using the same 
parameters described above) for the house sparrow 
(Passer domesticus) and eastern cottontail (Sylvilagus 
floridanus) blood meals to determine statistical nodal 
support as mtDNA coverage was considerable in reads 
derived from these vertebrate hosts.

Results
Output and performance of nanopore sequencing 
experiments
Genomic DNA was isolated from five species of blood-
fed insects (species identifications were confirmed 
using COI barcoding, as described below): C. niger 
(n = 1), Cx. restuans (n = 3), Cx. territans (n = 11), Ae. 
vexans (n = 1) and Ae. trivittatus (n = 1). Molecular 
data for each specimen was generated across five ONT 
sequencing runs (Table  1). The number of bases gener-
ated for each sample ranged from 200 Mb to 5 Gb, and 
the number of reads generated ranged from 0.6 million 
to 10.8 million. Average read length (N50) was lower in 
sequences generated from NAS runs (347–536 bp) than 
those generated in the control experiment (1.96  kb), as 
expected (Table 1). Raw FASTQ files generated for each 
sequencing run were submitted to the Sequence Read 
Archive (SRA) at NCBI (Bioproject: PRJNA775614; 
Biosamples: SAMN22604479-SAMN22604483; 
SAMN22888850-SAMN22888851).

Comparison of NAS and control sequencing 
for mitogenome enrichment
Our comparison of the NAS method versus a control 
nanopore sequencing experiment (i.e. NAS off; experi-
ment D) revealed that approximately 65.8% and 75% of 
reads in the NAS active experiment (experiment B: Cx. 
territans and Cx. restuans, respectively) mapped to the 
Cx. pipiens reference, whereas 1.8% of reads in the con-
trol experiment (experiment D) mapped to the same 
reference (Table  2). Given that experiment D consisted 
of a single mosquito, we performed sequence subsam-
pling analyses and found similar percentages (NAS: > 65% 
reads mapped; control: approx. 2% reads mapped; Addi-
tional file 3: Table S3).

Assembly and annotation of mt genomes
For each species sequenced using NAS enrichment, we 
assembled a single, circular contig from aligned mtDNA 
reads. Mean assembly coverage for each mitogenome is 
reported as follows: C. niger: 56×; Cx. restuans: 612×; 
Cx. territans: 1342×; Ae. trivittatus: 46×; Ae. vexans: 
750×. In addition to these successfully assembled mitog-
enomes, we also attempted assembly using aligned reads 
generated during the control experiment (experiment D: 
Cx. restuans). Here, we noted that 19 contigs of high cov-
erage (1846×–2428×) and short lengths (426 bp–958 bp) 
were generated during Flye assembly and this ultimately 
precluded our ability to obtain a high-quality mitog-
enome in the absence of NAS-based enrichment. The 
five NAS-derived mitogenomes were all of an intermedi-
ate size, ranging from 15,582 to 16,045 bp in total length 
(Fig. 2; Additional file 4: Figure S1). Nucleotide bias was 
also consistent across all five mitogenomes and ranged 
from 78.1% A + T to 79.0% A + T in total nucleotide 
content.

Annotation of our assemblies indicated that each 
encoded a total of 37 genes, which included the expected 
assemblage of PCGs (n = 13), tRNAs (n = 22) and 
rRNAs (n = 2). A short region lacking gene content (i.e. 
control region) at the suspected site of replication initia-
tion was also observed in each sequenced mitogenome. 
Among our Aedes and Culex mitogenomes, the majority 

Table 2 Percentage of total reads mapping to a Culex pipiens mitochondrial genome reference (NC_015079) for nanopore adaptive 
sampling versus control sequencing experiments

Analyzed samples consisted of a single Culex restuans within the control ONT (Oxford Nanopore Technologies Inc) sequencing experiment (experiment D) and 2 
barcoded samples (Cx. restuans and Cx. territans) from an NAS-enabled experiment (experiment B) for mitochondrial DNA enrichment

Experiment ID Species Number of sequences after 
filtering

Number of sequences mapped Percentage of 
reads mapped

D Culex restuans 1,609,492 29,289 1.8

B Culex restuans 9664 7247 75.0

B Culex territans 18,736 12,299 65.6

https://github.com/rambaut/figtree
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strand (J-strand) was found to encode nine PCGs and 
13 tRNAs, while the minority strand (N-strand) was 
found to encode four PCGs, nine tRNAs and both rRNA 
genes. Overall, this organization of gene content as well 
as the specific order of genes was found to be identical 
among our three mosquito mitogenomes and consist-
ent with that reported in other members of the Culicidae 

family [46, 47]. Our C. niger deer fly mitogenome differed 
slightly in that the J-strand encoded nine PCGs and 14 
tRNAs, with the N-strand encoding the remaining four 
PCGs, eight tRNAs and both rRNAs. Importantly, this 
organization is consistent with previously sequenced 
mitogenomes for dipteran members of the suborder 
Brachycera [48]. Complete annotated mitogenome 

Fig. 2 Circular mt genome maps for the four mosquitoes sequenced using nanopore adaptive sampling. The circular diagram for Chrysops niger is 
presented in Additional file 4: Figure S1. Orientation of transcription for protein coding, ribosomal RNA and transfer RNA genes is denoted by gray 
arrows. Genes encoded on the majority strand (transcribed counterclockwise) are shown on the outer portion of each circular diagram, while those 
encoded on the minority strand (transcribed clockwise) are shown on the inner portion. Relative A + T content is visualized as a percentage on the 
innermost circle in light gray
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assemblies were submitted to the NCBI Organelle data-
base (Additional file 2: Table S2).

Molecular identification of insect species and blood meals
Genetic identification for each vector species was deter-
mined using the complete COI gene that was anno-
tated from the assembled mitogenomes reported herein 
(experiments A-C) or from consensus sequences gener-
ated by mapping to a COI gene reference (experiments D 
and E). The resulting best trees generated from a boot-
strapped maximum likelihood analysis are reported in 
Additional file  5: Figure S2. Each vector COI sequence 
generated for this study was statistically supported and 
formed a monophyletic clade of the appropriate species.

A blood meal identified as human was successfully 
sequenced from C. niger (experiment A). We recov-
ered over 200 mtDNA sequences of the human blood 
meal, and mapped reads primarily ranged from approxi-
mately 100 to approximately  8  kb in length, with a sin-
gle read spanning nearly the entire human mitogenome 
(16,123  bp; Fig.  3). Experiment E generated blood-meal 
sequencing reads for two vector species. For the Cx. res-
tuans vector, 16 reads mapped to the house sparrow (P. 
domesticus) mitogenome, ranging in length from 106 to 
2475 bp. Of these 16 mapped reads, three reads mapped 
to the control region (CR) of the house sparrow mt 
genome. A maximum likelihood analysis revealed that 
the sequences generated from the CR formed a statisti-
cally supported clade with P. domesticus (1.0% divergence 
within the P. domesticus clade; Fig. 4a; Additional file 6: 
Table  S4). The Ae. trivittatus vector from experiment E 
resulted in a blood-meal host identified as an eastern cot-
tontail rabbit (S. floridanus) with a single read (955 bases 
long) mapping to the 12S gene. A phylogenetic analysis of 
the 12S gene supports the molecular identification of the 
blood meal to S. floridanus (2.0% divergence within the S. 
floridanus clade; Fig. 4b).

Discussion
In the present study we demonstrate the dual utility of 
NAS for mitogenome assembly and blood-meal iden-
tification in hematophagous insects. Using data gener-
ated through NAS, we successfully enriched mtDNA, 
and assembled and annotated entire mt genomes of 
four mosquito species (Ae. vexans, Ae. trivittatus, Cx. 
restuans, Cx. territans) and the black deer fly (C. niger) 
(Fig. 2). Of these, the mt genome assemblies for Ae. triv-
ittatus, Cx. restuans, Cx. territans, and C. niger are the 
first to become available for the respective species. Using 
a meta-mt barcoding approach, we confirmed the verte-
brate sources of the blood meals of Cx. restuans (house 
sparrow), Ae. trivittatus (eastern cottontail rabbit) and C. 
niger (human) (Figs. 3, 4; experiments A and E).

NAS is a relatively new bioinformatic tool [38], thus 
comparisons to traditional nanopore sequencing runs 
are essential. The analyses presented herein and those of 
others [23, 37, 38, 49, 50] clearly show that NAS consist-
ently enriches reference sequences (herein, mt sequence 
data) at levels ranging from 0.96-fold to 5.4-fold versus 
control ONT experiments. The NAS experiments con-
ducted herein successfully captured entire mitogenomes 
of the hematophagous insects, with coverages ranging 
from 56× (C. niger) to 1342× (Cx. territans). Moreover, 
the mitogenome of the control run (experiment D; NAS 
off; Cx. restuans) was not fully assembled into a sin-
gle, circular contig. This finding is interesting given we 
secured an estimated coverage of over 23,000 sequences 
from the control experiment (based on reference-guided 
mapping to the Cx. pipiens mt genome). In light of our 
failure to assemble a complete circular contig from these 
control data, we posited that there were likely numerous 
nuclear mtDNA segments (NUMTs) that survived filter-
ing, ultimately resulting in the generation of 19 short, 
linear contigs during the Flye assembly process. To evalu-
ate this further, we subsampled these mapped approxi-
mately 23,000 reads from the control run (experiment D) 
and characterized them using BLAST (Basic Local Align-
ment Search Tool) against the NCBI nucleotide database. 
For a majority of these subsampled reads, we observed 
BLAST matches to Culex mtDNA which consisted of 
only a short percentage (approx. 5–10%) of the overall 
read query. Further analysis of the flanking regions on 
these subsampled reads most closely matched against 
nuclear regions of Cx. pipiens pallens (NCBI assembly 
accession: GCA_016801865.1) and Cx. quinquefasciatus 
(NCBI assembly accession: GCA_015732765.1) whole-
genome assemblies, suggesting that these reads did 
indeed contain NUMTs with mt pseudogenes. NUMTs 
are common across eukaryotes and have been reported 
in a variety of mosquito taxa [46, 51, 52]. Our find-
ings suggest that targeting mtDNA using NAS—which 
bases its enrichment through reference-based mapping 
of the initial 200–400 bp for each read sequenced—may 
help resolve the issue of inadvertent NUMT capture, as 
NUMTs contained within long stretches of nuclear DNA 
would not map against our mtDNA references and be 
rejected from complete sequencing using our approach. 
Thus, NAS can work to streamline sequencing and 
assembly for mitogenomes while avoiding the confound-
ing effects of NUMTs that remain challenging with tradi-
tional molecular methods.

Similar to Wanner et  al. [23], the results reported 
herein clearly document the utility of NAS for the 
enrichment and downstream assembly of complete mt 
genomes. In light of these observations, we posit that 
NAS will be a particularly useful tool for a multitude of 
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studies, ranging from the inter- and intra-species charac-
terization of mitogenome variation to biodiversity assess-
ments of a wide variety of taxa wherein mt-based species 
barcoding is routinely conducted [31]. For hematopha-
gous insects in particular, taxonomic identification can 
be challenging for both novice and skilled entomolo-
gists using morphological characters alone, especially 

for cryptic species. Moreover, given the range of expan-
sions associated with climate change and anthropogenic-
driven introductions, traditional morphological keys for 
a given geographic area may be unable to resolve species 
status for resident hematophagous insects. For these rea-
sons, a robust molecular-based approach that facilitates 
the taxonomic identification of blood-feeding insects will 

Fig. 3 Circos diagram showing nanopore adaptive sampling reference-guided mitogenome mapping results for a Minnesota black deer fly 
Chrysops niger (left; reference Chrysops silvifacies from China NCBI KT225292.1) and its human blood meal (right; reference human mitogenome NCBI 
NC_012920.1). Outer layers depict individual ONT reads mapping to reference mitogenomes where reads > 2 kb are identified in purple, reads with 
length 1-2 kb in blue and reads < 1 kb in gray. Reference mitogenomes for C. silvifacies and human are identified on the left and right, respectively, 
with labeled major tick marks every 1 kb and unlabeled minor ticks every 100 bp. ONT, Oxford Nanopore Technologies Inc
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greatly aid vector-borne disease research and vector bio-
surveillance. In the present study, we demonstrate how 
our NAS approach will directly contribute to such efforts 
by beginning with unidentified field-collected speci-
mens and successfully producing complete mitogenome 
assemblies and molecular identifications for our sampled 
species. We highlight the natural history of the insects 
sampled herein to demonstrate the power of our end-to-
end NAS mtDNA approach.

Aedes vexans is a cosmopolitan species and often rep-
resents the most common mosquito species collected in 
the Upper Midwest, USA [53]. It is considered a com-
petent vector of a variety of pathogens, including West 
Nile virus, Eastern and Western encephalitis virus, Zika 
virus, St. Louis encephalitis virus, Rift Valley fever virus 
and Dirofilaria immitis, although is rarely considered 
a species of significant disease concern [54–56]. Aedes 
trivittatus shares many ecological characteristics with 
Ae. vexans and is an abundant summer floodwater mos-
quito throughout the American Midwest; Ae. trivitta-
tus appears to feed chiefly on mammals, including the 

eastern cottontail rabbit (S. floridanus), [57–59], a feed-
ing preference which is supported by our blood-meal 
analysis findings. Similar to Ae. vexans, Ae. trivittatus 
is likely a competent vector of both West Nile virus [60] 
and D. immitis [61], although its precise role in patho-
gen transmission in North America has not been well-
characterized. The Ae. trivittatus mt genome assembly 
provided herein and deposited into NCBI (accession 
number OL471015) is the first to be reported for this 
species. Culex restuans is distributed throughout the 
USA and Canada [39, 62]; it is increasingly being rec-
ognized as an important vector of West Nile virus, par-
ticularly in urban and suburban areas [63], and is likely 
capable of transmitting St. Louis encephalitis virus 
[64]. Notably, adult female Cx. restuans mosquitoes are 
largely indistinguishable from North America’s primary 
West Nile virus vector, Cx. pipiens, based on external 
morphological features [65, 66]. The Cx. restuans mt 
genome assembly provided herein (accession number 
OL351548) is the first to be reported for this species 
and represents an important resource for the molecular 

Fig. 4 Phylogenetic trees constructed of Culex restuans and Aedes trivittatus blood meals. Barcoded sequences generated from Cx. restuans and Ae. 
trivittatus (experiment E) are denoted by a red star, and statistically supported nodes (≥ 75) are denoted with a single asterisk (*). Genbank accession 
numbers of sequences included in both phylogenetic analyses are provided in Additional file 6: Table S4. a Maximum likelihood analysis with 1000 
bootstrap replicates for the control region (i.e. D-loop) of Passerine birds. b Maximum likelihood analysis with 1000 bootstrap replicates for the 12S 
gene of rabbits (genera Lepus and Sylvilagus)
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differentiation of these medically important West Nile 
virus vectors. Culex territans is widespread in the 
Eastern USA where it feeds on frogs [67]. It transmits 
a hepatozoon parasite to frogs but is unlikely to serve 
a major role in mammalian disease transmission [68]. 
The Cx. territans mt genome assembly provided herein 
and deposited on NCBI (accession number OL351549) 
is the first reported for this species. The deer fly C. 
niger is widely distributed in Eastern USA and south-
eastern Canada and is associated with marshy areas 
where its larvae feed on organic matter in soil [69]. It is 
a common pest of livestock [70]. Other members of the 
genus are involved in the mechanical transmission of 
Fransicella tularensis in Western USA [71]. The C. niger 
mt genome assembly provided herein and deposited on 
NCBI (accession number OL351550) is the first  to be 
reported for this species.

Regarding our NAS-based recovery of the mitog-
enomes of the C. niger deer fly, the only available mt 
genome for reference within the genus was from C. silvi-
facies collected from China. Our de novo assembly of the 
C. niger mitogenome is separated by a genetic distance 
of approximately 9.4% Kimura-2 Parameter values from 
C. silvifacies. Likewise, we used the mt genome for Cx. 
pipiens collected from Tunisia as reference for our Cx. 
restuans and Cx. territans NAS sequencing. The de novo 
assembled mitogenomes generated herein for Cx. restu-
ans and Cx. territans have a genetic distance of approxi-
mately 5.5% and approximately 8.0% from Cx. pipiens, 
respectively. These results show that the NAS method 
can be used with distantly related, yet congeneric species 
references to successfully identify species having no ref-
erence available; we coin this approach as ‘phylogenetic 
capture.’ The broader implications of these findings is that 
NAS-based recovery of mtDNA sequences requires only 
a single mt genome from a given genus. It is also possi-
ble that by strategically selecting reference sequences for 
NAS that effectively span the phylogenetic distance of 
a given clade (i.e. basal and terminal clades, ≥ 1 mem-
bers of a polytomy, 1 of 2 sister taxa, etc.) will enhance 
the discovery and identification of taxa wherein refer-
ence sequence data are absent or unavailable. We note 
that the NAS reference file for experiment C (Ae. vexans) 
included all publicly available mitogenomes on the NCBI 
organelle database at the time of our experiment (11,982 
mitogenome sequences; accessed 16 Sept 2021). We 
observed no indication that the MinKNOW software or 
NAS method was impacted by this number of reference 
sequences. The implication of this observation is that a 
single mitogenome reference file spanning the tree of life 
can be used for the NAS phylogenetic capture method. If 
accurate, this approach has far-reaching implications for 
species barcoding and molecular systematics that extend 

beyond the scope of the analyses presented herein (e.g. 
pathogen discovery).

We were unable to recover blood-meal identifications 
for mosquitoes sampled in NAS experiments B (Cx. ter-
ritans, Cx. restuans) and C (Ae. vexans). In experiment 
B, one possible explanation for this observation is that 
blood meals may have been from a vertebrate source not 
included in our initial enrichment FASTA. For example, 
Cx. territans is known to feed from a variety of vertebrate 
sources, including reptiles and amphibians [57], groups 
which were not represented as enrichment references 
during this sequencing experiment. To overcome this 
potential limitation during subsequent experiments C 
and E, we elected to increase the number of representa-
tive mitogenomes and taxa in our references to increase 
the likelihood of positive blood meal-associated read 
recovery. As reviewed by Kent [3], there are several vari-
ables which either individually, or combined, could addi-
tionally influence successful blood-meal identification 
using molecular methods, including: (i) time between 
feeding event and sample preservation (longer times 
result in more host blood being digested); (ii) mamma-
lian hosts having enucleated red blood cells (RBCs; suc-
cessful identification dependent upon leukocytes present 
in a mammalian sample; increased chance of success if 
host has nucleated RBCs [e.g. birds, reptiles, amphib-
ians]); and (iii) a high percentage of hematophagous 
insect DNA within extracts (bulk, whole individual DNA 
extracts result in majority of DNA originating from the 
hematophagous insect). Despite these observations, NAS 
for blood-meal identification has several advantages over 
traditional PCR approaches, in particular: (i) NAS is not 
confounded by PCR inhibitors (i.e. heme) present in 
blood [72];  and (ii) the method can detect multiple hosts 
within a heterogeneous blood meal when using a refer-
ence file of substantial phylogenetic breadth. Moreover, 
because nanopore sequencing is a single-molecule tech-
nology, NAS data negate the need for cloning and Sanger 
sequencing of mixed, multi-host PCR products that are 
the result of PCR primers targeting highly conserved 
regions.

Our NAS data consisted of enriched mtDNA sequences 
ranging from hundreds to thousands of nucleotide bases 
of a given sample, and downstream bioinformatic pro-
cesses yielded de novo mitogenome assemblies for four 
insects for which no previous mitogenome existed (i.e. 
unavailable on public nucleotide repositories). The vast 
majority of available sequences for mt-based molecu-
lar barcoding consist of COI sequences (approx. 9.87 M) 
managed by the Barcode of Life Data System (BOLD; 
www. bolds ystems. org). Thus, when combined with the 
BOLD database, NAS mitogenome sequencing is par-
ticularly useful for the molecular identification of insect 

http://www.boldsystems.org
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vectors (as demonstrated above). Select mtDNA genes 
that are frequently used for species barcoding (i.e. genes 
encoding COI, cyt-b) are easily extracted from de novo 
assembled mitogenomes of hematophagous insects (and 
their corresponding blood meals), for rapid BLAST and 
phylogenetic analyses facilitated by the BOLD initiative. 
We anticipate that the availability of complete mitog-
enome assemblies will increase exponentially with the 
usage of single-molecule long-read sequencing method-
ologies (e.g., ONT and Pacific Biosciences [Menlo Park, 
CA, USA]). Reference mitogenomes of hematophagous 
insects will provide important insights into the evolu-
tionary histories of disease vectors and will greatly assist 
with accurate taxonomic identification efforts of cryptic 
species.

Conclusions
Nanopore sequencing through adaptive sampling is a 
revolutionary approach that can be leveraged to address 
many biological questions [37, 49, 50, 73–76]. Long-read 
single-molecule sequencing is ideally suited for recov-
ering entire mitogenomes across the tree of life, thus 
opening the door to enhanced mt barcoding. Here, we 
demonstrate how NAS can be utilized to dually iden-
tify hematophagous insects and their blood-meal hosts 
through complete mitogenome sequencing and char-
acterization of recovered mt barcoding genes. Our data 
indicate that NAS can generate sequence data enriched 
for mt reads over unenriched ‘traditional’ nanopore 
sequencing to improve downstream mitogenome assem-
blies. Importantly, the NAS-based strategies outlined 
here can be leveraged to sequence a wide diversity of 
arthropod taxa, as publicly available mitogenome ref-
erences at the genus level are sufficient to capture mt 
reads for related species whose complete mitogenome 
has not yet been sequenced (i.e. ‘phylogenetic capture’). 
Given the well-documented ease of use and portability of 
ONT MinION instruments [34, 77, 78], we envision that 
similar NAS-based mt barcoding efforts, in addition to 
metagenomic pathogen surveillance, can be performed 
within individual research laboratories, including field-
based locations, worldwide. Thus, we posit that NAS-
based surveillance of hematophagous insects will greatly 
advance global One Health research projects and biosur-
veillance initiatives.
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