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ABSTRACT. The tools available to vector control districts (VCDs) to collect mosquito surveillance data are con-
stantly evolving. As more VCDs obtain real-time polymerase chain reaction (PCR) instruments and the costs associated
with computing power and next-generation sequencing continue to decrease, the option of generating useful molecular
data in-house becomes more viable. Measures such as arbovirus testing and genotyping for insecticide resistance muta-
tions using RT-qPCR, and identifying species used for mosquito bloodmeals with next-generation sequencing or Sanger
sequencing are examples. In this study we identify mosquito host bloodmeal species using Nanopore sequencing from
Oxford Nanopore Technologies. We used MinION and Flongle flow cells and a Mk1C device to sequence 96 barcoded
amplicon samples in a single sequencing run, and share details of data analysis using the free-to-use Galaxy bioinfor-
matics platform. After sequencing the same samples with Sanger sequencing, we conclude that Nanopore sequencing is
better at identifying species in mixed bloodmeals. This work demonstrates a potential use of nanopore sequencing by
VCDs with basic biology laboratory and computing equipment.

KEY WORDS Barcode gene, bloodmeal ID, COI gene, mixed species bloodmeals, mosquito bloodmeal host
species identification, Nanopore sequencing, Sanger sequencing

INTRODUCTION

Diseases caused by arboviruses such as West Nile
virus, Saint Louis encephalitis virus, and LaCrosse
virus negatively impact human health, and the con-
trol of mosquito vectors of these viruses often relies
on the use of chemical insecticides. Continued effec-
tive use is constrained by factors such as the financial
resources needed to purchase and properly apply the
product, as well as the need to manage insecticide
resistance. Resistance can arise when insecticides are
overused or misused, and its presence makes vector
control challenging. Effective decisions regarding
chemical control are the result of conducting surveil-
lance to procure data such as the infection rate in
mosquitoes, the presence and degree of resistance,
and whether humans are being used as bloodmeal
hosts. When robust surveillance data are in the hands
of vector control districts (VCDs), decisions about
where and when to spray can be made that slow the
development of resistance.
Many VCDs possess the capacity to procure quality

surveillance data. As well, partnerships sometimes exist
with entities such as state public health laboratories, or
local universities who offer assistance with obtaining
data on the metrics named above. However, such part-
nerships are not ubiquitous. As the need for generating
good surveillance data has increased, the costs associated
with performing molecular work such as qPCR (quanti-
tative polymerase chain reaction) and deoxyribonucleic
acid (DNA) sequencing have come down. Thus, a case
can be made that conducting this kind of work has
become more feasible for VCDs over time.
Here, we focus on assays to conduct bloodmeal

host species identification. Mosquito feeding behavior,

including host preference, is thought to have a genetic
basis (Hamer et al. 2009, Takken and Verhulst 2013,
Noreuil and Fritz 2021). However, some species are
also opportunistic feeders and will take a bloodmeal
from a human when their preferred hosts are absent.
Making host bloodmeal identifications can help deter-
mine which species are amplifying hosts for emerging
or under-studied arboviruses (Hannon et al. 2019) and
can also contribute to estimates of risk of arboviral
transmission to humans (Riccetti et al. 2022).

Early methods to conduct host bloodmeal species
identification used a variety of serological techniques
reflecting that DNA sequencing was mostly unavail-
able (Kent 2009). Modern approaches generally uti-
lize PCR-based assays that detect DNA sequence
differences among vertebrate species to make blood-
meal host identifications, although other techniques
are also used such as mass spectrometry (Tandina
et al. 2020) and enzyme-linked immunosorbent assay
(ELISA; Lardeux et al. 2007). Among the targets of
PCR-based assays are mitochondrial genes and
regions such as the Cytochrome B gene (Kocher
et al. 1989), 12S and 16S regions (Cawthorn et al.
2012), the NADH1 gene (Saccone et al. 1999), the
d-loop (Nicholls et al. 2014) and the cytochrome
oxidase subunit 1 (COI) gene, also referred to as the
Barcode Gene (Folmer et al. 1994, Hebert et al. 2003).
Advantages of using the COI gene include a phyloge-
netically informative rate of mutation, a lack of indels
that could hamper alignments (Doyle et al. 2000), and
an extensive database of curated sequences [the Barcode
of Life Database (BOLD); (Ratnasingham and Hebert
2007)] readily available for comparison.

Methods for sequencing the results of host blood-
meal identification assays include Sanger sequencing
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and next-generation sequencing (NGS). Sanger
sequencing is methodologically straightforward, but
requires instrumentation beyond a regular PCR ther-
mal cycler, as well as trained personnel to run and
maintain the instrument. Sanger sequencing produces
one forward and one reverse read per sample, which
are computationally assembled into a consensus sequence.
That sequence is Basic Local Alignment Search Tool
(BLAST) searched on the NCBI (National Center for
Biotechnology Information) website (Altschul et al.
1990) to look for matches to sequences in the Gen-
Bank database. Ideally, BLAST searches return a result
with a high percent identity, indicating the sequence in
the bloodmeal DNA closely matches a species in the
database. A drawback of directly Sanger sequencing
PCR amplicons is its inability to detect mixed blood-
meals, that is, samples where a mosquito has fed on
more than one host. One way to address this issue is to
clone amplicons into plasmid vectors and sequence sev-
eral colonies per sample. However, the process requires
additional time, equipment, and reagent resources. Host
bloodmeal identification data are relevant to surveil-
lance efforts. Samples with mixed bloodmeals are often
uninterpretable or do not sequence properly because
there are two organisms’ DNA in the sample, and thus
are failed samples.

Nanopore sequencing is an emerging NGS platform
from Oxford Nanopore Technologies (ONT) that
lends itself well to multiplexed amplicon sequencing
(Makunin et al. 2022, Whitford et al. 2022). Analysis
tools are available on several free or mostly-free to
use platforms including Linux command line, the
free-to-use bioinformatics platform Galaxy (Galaxy
Community 2024) and ONT’s own Epi2Me platform
available on GitHub (Oxford Nanopore Technologies
2024a). Although several sequencing devices are
available from ONT, we focus here on MinION
R10.4.1 flow cells and their associated devices in this
study. Samples for amplicon sequencing are prepared
from an initial PCR reaction, followed by library prep-
aration with proprietary library kits and loaded onto
flow cells for sequencing. MinION devices accept
either the standard sized MinION flow cells, which
can be washed and reused for up to approximately
72 h of run time, or the smaller Flongle R10.4.1 flow
cells, which have approximately one tenth of the capac-
ity and cost, and are discarded after use. Requirements
to conduct amplicon sequencing on the ONT platform
after purchasing a device include a basic molecular
biology laboratory equipment, a regular thermal cycler
and a computer that meets ONTs IT requirements
(Oxford Nanopore Technologies 2024b). The low cost
of entry to using Nanopore sequencing, as well as sup-
port and resources available from ONT aimed at new
users, represents an opportunity for VCDs to conduct a
portion of their own molecular surveillance.

We demonstrate an example of such surveillance
with host bloodmeal species identification and Nano-
pore sequencing. We then share a data analysis work-
flow using Galaxy to create de novo assemblies of

Nanopore sequencing reads to identify species in
vector mosquito bloodmeal homogenates. Our objec-
tive was to demonstrate that Nanopore sequencing
produced results equivalent or better than Sanger
sequencing.

MATERIALS AND METHODS

Sample collection and processing

Deoxyribonucleic acid was extracted from 90 field
collected, single specimen bloodmeal homogenates
left over from previous surveillance efforts and
stored at –80° (six of these were used twice to make
96 total samples that would utilize all available barc-
odes in the kit). Samples from New Jersey were part
of a previously published study (Fagre et al. 2024),
whereas samples from Arizona and Texas were from
unpublished surveillance work and had no metadata
associated with them besides year and state in which
they were collected. Samples were prepared from
individual blooded abdomens that had been removed
from the rest of the body and placed into individual
2ml tubes. To each sample was added one copper BB
and 1ml of BA-1 diluent (made in-house at CDC),
and samples were homogenized for 4 min at 20
shakes per min on a Qiagen TissueLyser. The DNA
was extracted from 300ml of cleared homogenate
using a Kingfisher Flex instrument with a Mag Max
DNA Ultra 2.0 Multi Sample kit (Thermo, Waltham,
MA) and the kit’s protocol to perform DNA purifica-
tion with 96 deep well format plates. Purified DNA
was eluted with 80ul of EB buffer.

Bloodmeal host identification

Host bloodmeal identification PCR of COI gene
amplicons proceeded with primers described initially
by Ivanova et al. (2007; Supplemental File 1) and
PCR as in Crabtree et al. (2013) with the following
minor changes: we used Amplitaq Gold 360 2x Hot
Start PCR master mix (Thermo), and PCR was per-
formed on a Bio-Rad T1000 thermal cycler (Bio-
Rad, Hercules, CA) with the protocol adjusted to
include a 3 min hot start at 95°C. The PCR products
were cleaned using a 0.7x bead ratio of Ampure XP
beads (Beckman Coulter, Brea, CA) and the purified
PCR product was eluted in a final volume of 23ul EB
buffer from the DNA Ultra 2.0 extraction kit. Sample
concentration was assayed with a Qubit Flex fluo-
rometer with DNA BR or HS reagents (Thermo) and
a portion was diluted to the proper concentration for
subsequent Nanopore sequencing, or used undiluted
for Sanger sequencing.
Sanger sequencing followed a standard protocol

where 3ul bead-cleaned PCR product served as template
in each of two 20ml sequencing reactions consisting of
8ul Big Dye master mix, 0.65ml 10uM forward or
reverse primer cocktails as per Ivanova et al. (2007) and
8.35ml molecular grade water. Sequencing PCR reactions
were conducted on a Bio-Rad T1000 thermal cycler
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using the following program: 96° C for 1 min, followed
by 25 cycles of [96° C for 10 sec, 50° C for 5 sec, 60° C
for 4 min] and a 4° C hold. Sequencing was performed
on an ABI 3500XL instrument (Advanced Biosystems
Inc., Foster City, CA). The resulting forward and reverse
sequencing reads per sample were assembled into a con-
tig using SeqMan Pro (Lasergene, Madison, WI) and
exported as a fasta file, which was BLAST searched to
make host bloodmeal species identifications. The top
hits were examined to eliminate closely related species
not expected to be present in the collection location, and
the remaining top hit was deemed the result.
We performed Nanopore sequencing using the ONT

Native Barcoding 96 kit (SQK-NBD114.96; ONT,
London, UK) and a protocol (Supplemental File 2)
specifically for sequencing pooled, barcoded ampli-
cons, which required the purchase of reagents from
New England Biolabs (NEB; Ipswich, MA). We pre-
pared libraries for 96 samples (Table 1) and pooled
them in a single sequencing run. Briefly, 200 fmol of
purified PCR product was end-prepped using the NEB
kit reagents, followed by barcode ligation, pooling into
one sample, and ligation of sequencing adapters. Librar-
ies were diluted to obtain the recommended mass of
5-20 fmols (depending on flow cell size), loaded onto
flowcells and sequenced. We used a Mk1C device
and a MinION flow cell, and repeated the run with
the same library on the same device using a smaller
capacity Flongle flow cell. Each sequencing run was
performed with the default settings (i.e., the Fast
basecalling option). The MinION flow cell was run
for 4 h and the Flongle for 15 h. Data were output in
the proprietary POD5 file format.

Nanopore sequencing data analysis

Data were rebasecalled with the command line
version of the basecaller Dorado (Oxford Nanopore
Technologies 2024c) to increase accuracy of the
results on a system with faster processing speed than
was locally available. We used the default HAC
(high accuracy basecalling) model with options to
retain reads with quality scores $ 15. We did not
guide basecalling with a reference sequence, as we
wanted to be able to detect mixed bloodmeals. The
rebasecalled data were output initially as a single
BAM file, which was subsequently demultiplexed by
barcode with Dorado using the demux command that
included the –emit-fastq option to output one fastq

file per barcode for downstream analyses. The demux
command proceeds using a modified Needleman-
Wunsch method, which examines each read for each
24 bp barcode sequence, scoring along the way for
similarity. The reads having the highest scores for a
particular barcode are binned together as being from
the same sample. As a further quality metric, we
selected the option –barcode-both-ends, which car-
ries forward only reads that have the same barcode
on either end of the read. The last step of the demux
command trimmed barcodes and adapters from all
reads. Finally, we used the command summary to
generate a tab-delimited text file that contained run
metrics. Details about the code used for analyses is
in Supplemental File 3.

The basecalled fastq files were uploaded to Gal-
axy, along with the summary file. The tool pycoQC
(Leger and Leonardi 2019) was used to generate run
metrics from the Dorado summary file. We made a
Galaxy workflow (Fig. 1; link) with the following
steps to generate de novo assembly contigs. First, the
tool Sickle (Joshi and Fass 2001) was used to remove
short (,100bp) reads. Next, the trimmed reads were
submitted to the de novo assembler SPades (Banke-
vich et al. 2012) with the following options: careful
correction, automatic selection of k-mers and a user-
specified coverage cutoff of 20, which produced con-
tigs with at least 20x coverage.

The first 10 contigs for each barcode were submit-
ted to NCBI BLAST, using the megablast option. The
results were examined for species identifications with
the highest percent identity with alignment lengths
close in size to the PCR amplicon (approximately
700 bp). As well, results were examined for evidence of
mixed bloodmeals, where more than one species was
identified with$98% identity across the 10 contigs.

RESULTS

Nanopore de novo

The results were similar between the two different
sized flow cells (data not shown) in terms of number
of reads generated and read quality. Thus, going

Table 1. Collection information for bloodmeal homogenates
used in this study.

Poulation
abbreviation State N

Year
collected

AZ Arizona 15 2015
NJ New Jersey 421 2021
TX Texas 33 2013
1 Six NJ specimens were used with two different barcodes to

make N ¼ 96 samples.

Fig. 1. Representation of the data analysis pipeline
developed for this study.
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forward we present results for the run conducted on a
MinION flow cell. Because Flongle flow cells are
disposable, we let them run overnight and retrieved
the data the next day. Some of the run metrics, spe-
cifically the translocation speed and the read quality,
stayed constant for the first 6–8 h of the run and then
became more variable. Therefore, data were retrieved
from the prior time frame only. By comparison, it
took approximately 4 h of running the MinION flow
cell to obtain sufficient reads to generate unambigu-
ous consensus sequences.

The pycoQC tool indicated a total of 883,574 reads
were generated for the set of 96 samples with an N50
of 708 bp, a median read length of 704 bp and a
median PHRED score of 17. The number of reads
per barcode after the initial trim steps during Dorado
(basecalling that removed reads with a quality score
of ,15 and a second trim after the demux command
to remove barcodes and adapters) ranged from 3,373
to 14,569. After trimming with Sickle, the number of
reads per barcode ranged from 2,871 to 14,078.
SPades’ ability to put distinct species into separate
contigs, which facilitated the detection of mixed
bloodmeals, appeared to decrease when fewer, larger
contigs were made by increasing the depth of cover-
age parameter past 25, so the original parameters
stated above were retained. The BLAST searching
more than the first 10 contigs did not identify addi-
tional bloodmeal host species in our samples.

Supplemental File 4 presents length and coverage
data for the contigs generated by SPades, as well as
additional details of the BLAST hits including acces-
sion numbers, E-values and lengths of alignments.
Contig size in samples where a positive species iden-
tification was made ranged from 273 bp to 1694 bp,
and coverage ranged from 15X to 4989X.

Nanopore versus Sanger sequencing

A direct comparison of bloodmeal host species
identifications from Sanger and Nanopore sequenc-
ing is shown in Table 2. All identified species were
birds. New Jersey and Arizona had approximately
the same diversity of species, where 15 species were
observed among the 42 New Jersey samples, and five
species identified for the 14 Arizona samples. There
was slightly less diversity in the Texas samples, with
10 species identified for 34 samples. There were dif-
ferences between the two sequencing platforms in
terms of samples from which no identifications could
be made. A total of 15 Sanger sequenced samples
failed to produce viable BLAST identifications,
whereas fewer (five) samples failed with Nanopore
sequencing. All of the samples that failed with Nano-
pore sequencing also failed with Sanger sequencing,
suggesting the presence of several degraded blood-
meals from which viable DNA was not obtainable.
Between 5% and �20% of the New Jersey samples,
collected in 2021, failed (2 with Nanopore sequenc-
ing and 9 with Sanger sequencing), suggesting that
the age of the sample was not necessarily a factor in

whether a sample would fail. By comparison the
Texas samples, collected in 2013 had 4 failures with
Sanger sequencing (12%) and three failures with
Nanopore sequencing (9%).
For samples where at least one bloodmeal host

was identified, the percent identity values obtained
with Sanger sequencing ranged from 80.7 to 99.8%.
The Nanopore sequencing values were higher, rang-
ing from 93.7 to 100%. Interestingly, the two lowest
percent identities were for the same species, Poecile
carolinensis (Audobon) with the remaining values $
98%. A total of 26 Nanopore sequenced contigs
returned BLAST hits with 100% identity. The length
of the BLAST alignment using Sanger sequencing
ranged from 247bp-712bp, and for Nanopore
sequencing the length ranged from 145bp-725bp.
The E-values for BLAST hits associated with Nano-
pore sequencing were generally closer to 0.0 than for
Sanger sequenced samples. The species identifica-
tions were congruent between sequencing platforms
where an identification was made.
Nanopore sequencing and subsequent de novo

assemblies detected mixed bloodmeals in 24/90
unique homogenates (27%; barcodes 91–96 were
repeats of samples already in the study). In mixed
bloodmeals, a 2nd species identification was well
supported with a high percent identity value. For
example, across the 1st and 2nd species determina-
tions, only 2/116 Nanopore identifications had a per-
cent identity , 98%. In 1 case (barcode23), 3 species
were identified.

DISCUSSION

Host bloodmeal identifications are one of the factors
VCDs take into account when making decisions about
chemical insecticide application locations and timing.
The degree to which humans are at risk for contracting
arboviral diseases can be estimated from these and
other kinds of surveillance data, which in turn allows a
more targeted and responsive approach to using chemi-
cal insecticides that minimizes the development of
resistance. In this study, we demonstrated a workflow
using Nanopore amplicon sequencing coupled with
straightforward data analysis to identify the bloodmeal
host species present in a set of mosquito homogenates.
Nanopore sequencing was superior to Sanger sequenc-
ing in terms of its ability to detect mixed bloodmeals,
and it produced contigs that returned BLAST hits with
higher percent identities.
Although most of the samples returned BLAST hits

with high percent identities, some samples failed to
yield any viable sequence. This could be because of the
length of time between when the mosquito took the
bloodmeal, and when it was collected. Since blood is
digested to promote egg development, it degrades over
time. Another reason a sample may have failed is that
the mosquito took a small bloodmeal the volume of
which was insufficient to serve as template for our
PCR reaction (Kent and Norris 2005).
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A somewhat unexpected result was the degree to
which mixed bloodmeals were present in our sam-
ples. Over 25% of the samples contained COI gene
sequences from more than one bird species. In one
case, more than two species in different genera were
detected. The bloodmeal homogenates from New Jer-
sey were from Culiseta melanura (Coquillett), a spe-
cies documented to take multiple bloodmeals, thus
the results are consistent with the biology of the mos-
quito (Lorenz and Scott 1996, Mahmood and Crans
1997). The mosquito species associated with the other
samples are unknown. Our results suggest routine
Sanger sequencing of purified PCR products lacks the
ability to detect multiples species in a bloodmeal in a
way that compares to Nanopore sequencing.

Nanopore sequencing thus is appealing for several
reasons. With reasonable molecular biology labora-
tory and IT requirements, a VCD can conduct mos-
quito host bloodmeal identifications in-house, which
can significantly decrease the time between sample
collection and species identification because samples
do not have to be transferred to another location for
sequencing. As well, ONT provides support for new
users through instructional videos and opportunities
to communicate with their technical support staff and
other users through the Nanopore Community on
ONT’s website. In addition, although we presented
data from a full-sized MinION flow cell run, we
found that the less expensive Flongle flow cells per-
form in an equivalent manner and can accommodate
96 barcodes worth of amplicon sequencing data in
one 6–8-h run. Unlike Illumina or Ion Torrent
sequencing instruments, Nanopore sequencing
devices can be stopped when sufficient data are gen-
erated. Because of this, it is possible to go from
extracted DNA to basecalled Nanopore data in a day.
Finally, Nanopore sequencing is less expensive per
sample than Sanger sequencing, partly because only
one sequencing reaction is needed per sample. The
cost of off-site Sanger sequencing services is approx-
imately $7–$15 for the 2 reads needed per sample
(internet search of companies that offer mail-in
Sanger sequencing services). In contrast, the cost per
sample for the Nanopore sequencing kit, plus the
NEB reagents was calculated here to be $5.29.

A small number of studies have also targeted the
COI gene for mosquito bloodmeal host identification,
demonstrating the wide applicability of Nanopore
sequencing to this area of vector biology. Mirza et al.
(2024) included host bloodmeal identification in a
workflow that also sequenced mosquito species and
arboviral sequences in one sample. Their metage-
nomic approach showed potential for that type of
broad molecular surveillance approach, with the
drawback of there being low odds of detecting virus in
individual mosquitoes. A recent study by Kipp et al.
(2023) used a feature of Nanopore sequencing called
adaptive sampling in an assay that started with genomic
DNA, not PCR product. Reference sequences were
uploaded into the basecalling software, and sequences

that matched were preferentially sequenced, resulting
in the desired COI gene sequences. It is likely that the
number of these kinds of studies and assays will grow.
Improvements to assays that inform decisions

about vector control are an important component of
reducing the spread of arboviral diseases. We demon-
strated that Nanopore sequencing is a practicable
alternative to Sanger sequencing to identify mosquito
bloodmeal host species, and offers several advan-
tages including the ability to multiplex up to 96 sam-
ples in one sequencing run, in addition to time and
cost savings. It is our hope that VCDs with an inter-
est in generating surveillance data such as bloodmeal
species identification take advantage of some of the
tools available.
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