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Abstract. Surveillance methods that permit rapid detection of circulating pathogens in low-resource settings are des-
perately needed. In this study, we evaluated a mosquito bloodmeal-based surveillance method (“xenosurveillance”) in
rural Guatemala. Twenty households from two villages (Los Encuentros and Chiquirines) in rural southwest Guatemala
were enrolled and underwent weekly prospective surveillance from August 2019 to December 2019 (16weeks). When
febrile illness was reported in a household, recently blood-fed mosquitoes were collected from within dwellings and
blood samples taken from each member of the household. Mosquitoes were identified to species and blood sources
identified by sequencing. Shotgun metagenomic sequencing was used to identify circulating viruses. Culex pipiens
(60.9%) and Aedes aegypti (18.6%) were the most abundant mosquitoes collected. Bloodmeal sources were most com-
monly human (32.6%) and chicken (31.6%), with various other mammal and avian hosts detected. Several mosquito-
specific viruses were detected, including Culex orthophasma virus. Human pathogens were not detected. Therefore,
xenosurveillance may require more intensive sampling to detect human pathogens in Guatemala and ecologically similar
localities in Central America.

INTRODUCTION

The ability to detect circulating pathogens rapidly in re-
mote, resource-limited areas is inhibited by a lack of a sur-
veillance infrastructure. Rural populations with limited access
to healthcare and biomedical support are frequently excluded
from traditional surveillance methods due to extreme logisti-
cal complexities.1,2 Noninvasive surveillance in these settings
could have a significant impact by enabling early detection of
viruses. Xenosurveillance is a novel surveillance approach
that takes advantage of mosquito feeding behavior to identify
bloodborne pathogens that may be circulating in human and
animal hosts. This approach circumvents invasive blood
sampling of individuals and results in an abundant sample
source derived from both humans and animals. We therefore
have proposed that xenosurveillance may be a useful method
for disease surveillance in rural, resource-limited areas.
The detection of bacteria, viruses, and parasites from

mosquito bloodmeals via membrane and animal blood feed-
ing has been previously demonstrated.3–5 Using field-caught
blood-fed Anopheles mosquitoes from Liberia and Senegal,
we previously detected non–mosquito-borne viruses such
as canine distemper virus, Epstein–Barr virus, GB virus C,
and hepatitis B virus.3,6 The utility of this approach in the
American tropics, however, where the main human-biting
mosquitoes are Aedes and Culex, not Anopheles, has not
been addressed.
Accordingly, in the present study, we evaluated the utility

of xenosurveillance in rural southwest Guatemala, where
Culex and Aedes mosquitoes are highly abundant. We con-
ducted xenosurveillance and human-directed biosurveillance

in parallel to evaluate the logistical and technical feasibility to
detect circulating bloodborne pathogens in humans over the
course of a 16-week study. We also determined the species
composition of mosquitoes collected from within Guatemalan
dwellings and their host feeding preferences.

MATERIALS AND METHODS

Study site. This study was performed through the Center
for Human Development located in the coastal lowlands of
southwestern Guatemala, approximately 20 km from the
border with Chiapas, Mexico.7 The population in the region
suffers from high levels of food insecurity, poverty, and poor
access to healthcare; diarrheal, respiratory, and other com-
municable diseases are frequent, especially in children.7,8

Many households use pit latrines, which can flood during
heavy rain and create ideal environments for mosquito breed-
ing. Chickens, ducks, pigs, rats, dogs, and cats are common
in households and have close contact with families.
Study design/enrollment. Twenty households from two

villages, Los Encuentros and Chiquirines, adjacent to the Cen-
ter for Human Development, were enrolled in August 2019.
Requirements for enrollment included having at least three
animals in the household and ability and willingness to con-
sent to participate. Once consent was obtained, capillary
blood samples of all enrolled humans in addition to mosquito
bloodmeals (described subsequently) were collected at enroll-
ment. We also collected epidemiologic data, including demo-
graphics, animals (indoor, outdoor, grazing), and risk factors
for infection (water features, septic system, mosquito expo-
sure, contact with animals, etc.) through participant inter-
views. The study was approved by the Colorado Multiple
Institutional Review Board (COMIRB) and the University del
Valle de Guatemala (UVG) Ethics Committee. The local Com-
munity Advisory Board for Research agreed to the study. The
protocols for blood extraction and animal handling were
approved by the Colorado State University Institutional Animal
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Care and Use Committee (IACUC; Protocol #1091) and by the
UVG IACUC (Protocol #I-2019).
Prospective syndromic surveillance. From August 22,

2019 to December 12, 2019, study nurses contacted (in per-
son or over the phone if not home) enrolled households weekly
to survey for the presence of fever, rash, or body aches in
household members at any point over the week. If symptoms
were present in any household member, human capillary
blood and mosquito bloodmeals were collected at time of
screening as described subsequently. The study team was
prepared to provide supportive medications to symptomatic
household members and triage individuals to higher levels of
care if they exhibited WHO danger signs.9 However, no such
danger signs were observed over the course of the study.
Sample collection and pre-processing. Human and

mosquito samples were collected at enrollment and during
symptomatic illness as described earlier.
Mosquito bloodmeals. Local technicians were trained on

mosquito collection, identification, and sample processing
methods before the start of the study. Mosquitoes were col-
lected using an InsectaZooka aspirator (BioQuip Products,
Rancho Dominguez, CA) from the indoor areas of enrolled
households, specifically targeting resting blood-fed mosqui-
toes on the walls and surfaces. Attempts to collect mosqui-
toes were usually made in the morning and placed in a
–20�C freezer for at least 2 hours or overnight to ensure
death and processed within 24hours of collection. Blood-
fed mosquitoes (female) were identified according to a sim-
plified version of a previously published key for mosquitoes
in Guatemala10 and individual mosquito bloodmeals were
expressed onto FTA cards (Whatman, Maidstone, United
Kingdom). Forceps were dipped in ethanol and wiped clean
between each mosquito. Fifty microliters of RNAlater was
added to each mosquito dried blood spot (M-DBS) at the
end of each processing session.
Human capillary blood. Blood was collected from all mem-

bers of the household during enrollment and when a febrile
illness occurred in the household. The subject’s index finger
was disinfected with an alcohol swab before using a sterile
lancet to prick the finger. Blood was expressed from the fin-
ger and dabbed onto a labeled FTA card, and 100mL of RNA
was added to each human dried blood spot (H-DBS) by the
end of the day. FTA cards were stored at –80�C until they
were shipped (at room temperature) to Colorado State Uni-
versity, where they were again stored at –80�C until fur-
ther processing.
RNA/DNA extraction. H-DBS and M-DBS were removed

using a Harris 3-mm micro-puncher (GE Healthcare Life
Sciences, Chicago, IL) and soaked in 70mL RNA rapid
extract solution for 8 to 18hours at 4�C. Fifty microliters was
subsequently used for nucleic acid extraction using the
Mag-Bind Viral DNA/RNA kit (Omega Bio-Tek, Norcross,
GA) with the King Fisher Flex Magnetic Particle Processor
(Thermo Fisher Scientific, Waltham, MA) according to the
manufacturer’s protocol. Nucleic acid was eluted in 50mL
nuclease-free water and stored at –80�C until processing.
Mosquito speciation and bloodmeal identification.

Mosquito species was determined for all M-DBS by polymer-
ase chain reaction (PCR) and Sanger sequencing using pri-
mers directed against the cytochrome oxidase I (COI) gene as
described previously.11 To identify the mosquito bloodmeal
host source, COI DNA was PCR amplified with M13-tagged

primers as previously described.12 PCR products were sepa-
rated on an agarose gel, and the corresponding �800-bp
piece was excised. DNA was purified using the NucleoSpin
Gel and PCR Clean-Up kit (Machery-Nagel, Allentown, PA)
and Sanger sequenced with M13 primers. Obtained
sequences were trimmed for quality and blasted against
the Barcode of Life COI database13 to identify the blood-
meal source. Samples with no visible band or poor-quality
sequencing were rerun before being designated as
“No Match.”
Shotgun metagenomic sequencing library preparation.

A subset of H-DBS and M-DBS from seven symptomatic
episodes, comprising 43.6% of all samples, were used to
identify circulating viruses using shotgun metagenomic
sequencing. Sample sets (all DBS from a household collec-
tion event) were chosen based on the week in study, number
of symptomatic individuals, number of mosquito samples,
and recurrent sampling events. DBS nucleic acid samples
were pooled by volume according to time of collection and
household. A total of seven human and seven mosquito
libraries were generated and sequenced along with water
and a blank extracted FTA card as negative controls
(Supplemental Table 1). RNA extracted from HeLa cells was
used as a positive control for virus detection. Solid phase
reversible immobilization (SPRI) bead clean-up was used
between each step in the following library preparation proto-
col. Samples were DNAse-treated and rRNA-depleted using
methods described previously.14 Previously designed mos-
quito probes14 were used on M-DBS and human probes
(NEB) were used on H-DBS and HeLa cell RNA control.
Water and FTA-negative controls received both human and
mosquito probes. The sequence-independent, single primer
amplification (SISPA) was used to generate and amplify
cDNA as described previously.15 Briefly, cDNA was created
via the Superscript IV First-Strand Synthesis System (Invitro-
gen, Waltham, MA) following the standard protocol, except
for the use of tagged random primers: CATAGTCGTACGTA-
TACATC-(Nx12). Second strand synthesis was performed
using a Klenow DNA polymerase I fragment (NEB). Primers
aligning to the above tag were used to amplify dsDNA frag-
ments and increase sensitivity of detection. Libraries approxi-
mately 300bp in length were prepared using the Nextera XT
DNA Sample Preparation kit (Illumina, San Diego, CA). Dual-
indexed libraries were pooled together using DNA concentra-
tion measured with a Qubit Fluorometer (Thermo Fisher
Scientific, Waltham, MA) and normalized for the number of
individual samples included in each library. Size and quality
of the pooled libraries were determined using the TapeStation
high sensitivity DNA system (Agilent, Santa Clara, CA). A final
concentration was determined via library quantification quan-
titative PCR (qPCR; New England Biolabs, Ipswich, MA) and
the pooled library was sent to Genomics and Microarray
Core at the University of Colorado–Denver Cancer Center
for 2 3 150 paired-end sequencing on an Illumina Nova-
Seq6000 platform.
Shotgun metagenomic sequencing analysis. Shotgun

metagenomic sequencing datasets were processed to iden-
tify and tally viral reads. An existing taxonomic identification
pipeline was modified for use in this study.6,16,17 Reads were
quality assessed using FastQC.18 Low-quality, adapter, and
SISPA sequences were removed using cutadapt tool version
1.14.19 The CD-HIT-EST tool version 4.6.8 was used to

MCMINN AND OTHERS1304

/view/journals/tpmd/109/6/article-p1303.xml?tab_body=supplementary-materials


remove PCR duplicates.20 FastQC was again used to assess
sequence quality post trimming and filtering. Human and
mosquito bowtie indices were created to remove host reads
using Bowtie version 2.2.9. The human index (GRCh38.p3) was
used on H-DBS and HeLa cell libraries. The mosquito index
was created using four mosquito genomes (Ae. aegypti
GCF_002204515.2, Ae. albopictus GCA_006496715.1, Anoph-
eles darlingi GCA_000211455.3, C. pipiens GCF_000209185.1)
and was used to filter M-DBS libraries. No host filtering was
done on water and FTA negative control libraries. The remain-
ing reads were assembled using SPAdes genome assembler
version 3.6.1.21 Contigs and nonassembled reads were taxo-
nomically assigned using the BLASTn alignment tool version
2.9.01.22,23 Taxonomic assignment was based on the highest
alignment score and an E value , 1028. If not able to be taxo-
nomically assigned based on nucleotide sequence, DIAMOND
version 0.9.30 was used to search reads against the NCBI nr
database.24 Identified viral sequences (excluding phage) were
tallied according to NCBI taxonomic ID with a minimum cutoff
of 30 hits. Taxonomic identifications were validated by reblast-
ing contigs (NCBI BLAST nucleotide) and mapping reads
to indexed reference genomes using Bowtie versus 2.2.9
(Supplemental Table 2).
Sample screening by quantitative PCR. The H-DBS and

M-DBS nucleic acid samples were pooled by volume (n 5 8
per pool) before screening. Quantitative PCR (qPCR) was
run using the Express SuperMix Universal One Step system
(Invitrogen, Waltham, MA) on a Quant Studio machine
(Applied Biosystems, Waltham, MA) according to the manu-
facturer’s instructions. The following primers and probes
were used: dengue virus (DENV)-2 primers as previously
described,25 DENV-3 forward TGGCAACAGGTCCCTTTCTG,
DENV-3 reverse TGGCGTTGGATGCTAGTCTAAGA, COPV
forward TGCAATCAAGAGCCATACAGACT, COPV reverse
TCGTCCACACTGGTACCCA. DENV-3 primer sequences
were kindly provided by Dr. Laura St. Clair and Dr. Rushika Per-
rera (Colorado State University, Ft. Collins, CO). DENV-2 and
DENV-3 positive controls were provided by Dr. Irma Sanchez
(Colorado State University, Fort Collins, CO). Melt curves were
used to determine the validity of all amplified products.

RESULTS

Study demographics and household features. Two
communities in rural southwest Guatemala were targeted for
participation in this study: Los Encuentros and Chiquirines.

Of 37 households screened for participation by convenience,
32 (86.5%) were eligible, 20 (62.5%) were enrolled (10
from each village), and 19 (95.0%) completed the study.
Households that were not enrolled either did not meet the
enrollment requirements (13.5%) or declined to participate
(32.4%) largely due to daytime availability. Of enrolled
households, nearly all dwellings consisted of cement block
structures without screened windows or doors. All house-
holds had open water wells or tanks on the property, and
many had additional sources of standing water (potted
plants, tires, natural water); 50.0% of households did not
have a septic system (Supplemental Table 3).
Households had a median of 4.5 people enrolled; 46.7%

were under age 18, and 60.2%were female (Table 1). Animals
were abundant in households (interquartile range: 16–34 per
household) and often found in and around the home. The
most abundant animal were chickens (55% of all animals,
excluding humans), although pigs, dogs, cats, and horses
were also present (Supplemental Table 4).
Symptomatic episodes and samples collected. During

16weeks of observation, there were 15 symptomatic epi-
sodes, all of which included at least one report of fever, rash,
or body aches. Seven of 15 episodes reported more than one
symptom, and symptoms were reported in multiple household
members for four episodes. Two households reported illness
in two separate episodes, and a single household reported
three instances of febrile illness. Most of the reported illness
(15 of 20 reported episodes) occurred in Los Encuentros
(Tables 1 and 2). Including enrollment, 1,200 mosquitoes were
collected during the study, 507 (42.3%; Figure 1 and Table 2),
of which appeared to have taken a bloodmeal in the past
36hours observed by a dark red/black bloated abdomen.26,27

Indoor mosquitoes were most abundantly collected at the end
of the rainy season (September–October) (Figure 1); 488 of
517 (94.4%) blood-fed mosquito samples were speciated by
PCR. Culex, Aedes, Mansonia, Anopheles, and Psorophora
mosquitoes were collected, although Culex pipiens was by far
the most abundant (60.9%) (Table 3).
Mosquito abundance and bloodmeal identification.

Five genera of mosquitoes were identified: Culex, Aedes,
Mansonia, Anopheles, and Psorophora. Culex mosquitoes
were most abundantly identified as Cx. pipiens though Cx.
nigripalpus also were collected. Aedes mosquitoes included
Ae. aegypti, Ae. taeniorhynchus, and Ae. albopictus, from
highest to least abundant (Supplemental Table 5). Cx. pipiens
and Ae. aegypti were the most frequently collected species,

TABLE 1
Demographics and reported symptoms of study participants

Characteristic Los Encuentros Chiquirines Total

Households, n 10 10 20
Median participants per household (IQR) 4.5 (3–6) 4.5 (4–6) 4.5 (3–6)
Participants, n 49 49 98
Children , 18 years, n (%) 25 (51.0) 21 (42.9) 46 (46.9)
Female, n (%) 29 (59.2) 30 (61.2) 59 (60.2)
Median age (IQR) 17 (9–32) 19 (7–37) 18.5 (9–36)
Reported symptoms
Episodes, n subjects (n households) 15 (10) 5 (5) 20 (15)
Fever, n (%) 13 (86.7) 4 (80.0) 17 (85.0)
Rash, n (%) 2 (13.3) 1 (20.0) 3 (15.0)
Body aches, n (%) 9 (60.0) 1 (20.0) 10 (50.0)
IQR5 interquartile range.
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accounting for 60.9% and 18.6% of identified mosquitoes
respectively (Table 3). To identify mosquito bloodmeal
sources, we used a previously described protocol to amplify
and sequence vertebrate cytochrome oxidase 1 (CO1)
sequences. We successfully amplified 464 of 488 (95.1%)
total bloodmeal samples, indicated by the presence of a
band corresponding to�800 base pairs on an agarose gel. In
total, 343 of 488 (70.3%) amplified samples were able to be
host-identified. Unidentified samples were a result of poor
sequencing results, indicating potential mixed hosts (i.e.,
mosquito feeding on multiple species). Of the 343 identified
mosquito bloodmeal samples, our results demonstrate that
humans and chickens were the most common sources of
blood, accounting for 32.6% and 31.8% of identified blood-
meals respectively. All mosquito genera (excluding Psoro-
phora, which had no identified bloodmeals) fed on humans.
Cx. pipiens fed most abundantly on chickens and other avian
hosts (63.6%), whereas Ae. aegypti fed mainly upon humans
(91.7%) (Figure 2 and Supplemental Table 5).

Virus identification in human and mosquito dried blood
spots. Human and mosquito dried blood spots (H-DBS,
M-DBS) collected during seven symptomatic episodes were
used to identify viral agents using a shotgun metagenomic
sequencing approach (Supplemental Table 1). Retrospective
bloodmeal analysis of the mosquitoes used for sequencing
revealed 33.0%M-DBS derived from human hosts. To increase
our sensitivity of detection using the SISPA method, all libraries
underwent a high degree of amplification, thus even FTA and
water control libraries produced reads from spurious sequence
contaminants (Figure 3A). No human or animal viruses were
detected in any library except in HeLa cells, which are stably
infected with human papilloma virus and act as a control
for virus detection. Insect-specific viruses were detected in
H-DBS, water, and FTA control libraries though did not exceed
27 identified reads. Thus, a threshold of 30 reads was used to
identify viruses that were present above background. Many
insect-specific viruses were detected at high levels in M-DBS
(Figure 3B and C). The most abundantly identified insect-
specific viruses (ISVs) were Culex orthophasma virus (COPV;

TABLE 2
Reported symptoms and obtained samples

Week Village Household ID Subjects with fever Subjects with rash Subjects with body aches H-DBS obtained M-DBS obtained

Enroll Los Encuentros All NS NS NS 49 105
Chiquirines All NS NS NS 49 84

1 Los Encuentros 1007 1 0 0 6 13
Chiquirines 2013 1 0 1 5 13

2 Los Encuentros 1001 1 0 0 4 9
Chiquirines 2002 1 0 0 7 3

3 Los Encuentros 1016 1 0 1 6 9
4 Los Encuentros 1019 0 0 1 6 51

Chiquirines 2012 0 1 0 4 32
Chiquirines 2014 1 0 0 2 14

5 Los Encuentros 1003 1 0 1 3 21
6 Los Encuentros 1002 2 1 1 7 31
7 NR NR NR NR NR 0 0
8 Los Encuentros 1001 2 0 2 4 30
9 NR NR NR NR NR 0 0
10 NR NR NR NR NR 0 0
11 Los Encuentros 1019 0 1 0 6 35
12 Chiquirines 2002 1 0 0 4 28
13 NR NR NR NR NR 0 0
14 NR NR NR NR NR 0 0
15 Los Encuentros 1020 2 0 1 4 12
16 Los Encuentros 1019 3 0 2 5 17
Total 17 3 10 171 507

H-DBS5 human dried blood spots; M-DBS5mosquito dried blood spots; NR5 none reported; NS5 not surveyed.

FIGURE 1. Total and blood-fed mosquitoes collected increases
over rainy season. Total mosquitoes collected per household during
symptomatic episodes over the 16-week study (gray dashed line).
Blood-fed mosquitoes collected per household (black solid line).
Rainy season indicated by shaded background.

TABLE 3
Mosquito species identified during course of study. 488 of

507 (96.3%) were able to be species-identified by cytochrome
oxidase I sequencing

Species Los Encuentros Chiquirines Sum (% of identified)

Aedes aegypti 61 30 91 (18.6)
Aedes albopictus 2 1 3 (0.6)
Aedes taeniorhynchus 0 3 3 (0.6)
Anopheles sp. 0 2 2 (0.4)
Anopheles albimanus 3 5 8 (1.6)
Culex sp. 36 14 50 (10.2)
Culex nigripalpus 9 1 10 (2.0)
Culex pipiens 194 103 297 (60.9)
Mansonia dyari 11 9 20 (4.1)
Mansonia titilans 1 1 2 (0.4)
Psorophora ferox 2 0 2 (0.4)
Total identified 319 169 488
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Phasmaviridae, previously known as Culex phasma-like virus28)
and Hubei reo-like virus 7 (HRLV7; Reoviridae-like). Terena
virus (TV; unclassified Bunyavirales-like) was also abundantly
detected. However, upon validation of identified ISVs, we
found 100% of reads identified as TV mapped to the COPV
reference genome with 97.7% identity. We then discovered
the S and M genes of TV are 99.1% and 99.3% identical to
COPV, respectively. Reads identified as TV were therefore
reattributed to COPV. Pooled reads from M-DBS resulted
in 98.6% identity (98.9% coverage) to the COPV reference
genome (Supplemental Table 2). qPCR for COPV was used
to validate these results and screen the remaining M-DBS
samples. Estimated prevalence for COPV was 24.6% (95%
CI: 18.0–32.5) based on 60 or 67 positive pools (507 total
samples).29 H-DBS were negative for COPV by qPCR. During
the time of our study, DENV 2/3 were circulating in southwest
Guatemala. However, DENV 2/3 was not detected in either
H-DBS or M-DBS via shotgun metagenomic sequencing
or qPCR.

DISCUSSION

The rise of global pandemics, coupled with the complexity
and uncertainty associated with predicting pathogen emer-
gence, emphasizes the need for minimally invasive, accessi-
ble, low-cost surveillance methods that are applicable under
field conditions. We therefore evaluated xenosurveillance in
rural Guatemala, a region that is of interest for three principal
reasons. First, it is a region that has a high burden of infec-
tious diseases with significant needs for and barriers to
effective health surveillance.7 Second, there is a high rate of
human migration within and through the region, providing
an important sentinel population for emerging infectious
disease surveillance.7 Finally, and perhaps most important,
the region is quite different from those where we have previ-
ously conducted pilot studies of xenosurveillance, in that
Culex and Aedes mosquitoes, which tend to be less

anthropophilic compared with Anopheles gambiae, are the
main mosquitoes that fed on humans indoors. Therefore, we
sought to assess the extent to which xenosurveillance may
be effective in this type of environment.
We collected and identified several mosquito genera,

including Culex, Aedes, Mansonia, Anopeheles, and Psoro-
phora. Culex pipiens (60.9%) were most abundant and fed
mainly on birds, whereas Ae. aegypti (18.6%) fed mostly on
humans. Thus, the feeding patterns of Cx. pipiens and Ae.
aegypti at our site are typical for these species.30,31 The dis-
proportionate number of Culex samples skewed our blood
samples toward those derived from birds, in contrast to our
prior study in which An. gambiae6 accounted for 80% of the
collection and strongly prefer to feed on humans. These
observations present challenges and opportunities for imple-
mentation of xenosurveillance in Latin America; more inten-
sive sampling may be required to capture human infection
adequately, but surveillance of domestic and peridomestic
animals may be enhanced.
Analysis of M-DBS and H-DBS revealed no human viruses

present, in contrast to prior detection of human viruses (GB
virus C, Epstein–Barr virus, and hepatitis B virus) from Anoph-
eles bloodmeals in Liberia.3,6 Many factors likely contributed
to the lack of human virus detection in the present study. First,
the number of blood-fed mosquitoes was not sufficient for
virus detection in humans. As previously described, the abun-
dance of Cx. pipiens in this study limited the retrieval of
human-sourced mosquito bloodmeals because the majority
were derived from chickens and other birds. In addition, multi-
ple samples are likely needed for adequate detection of blood-
borne viruses from any one individual,32 although the absence
of viruses detected in H-DBS suggests circulating bloodborne
viruses were not present at the time of collection. Second,
symptom surveillance was done once weekly, resulting in
samples that were not collected at the time of illness. We may
therefore have missed critical windows where mosquitoes
may have sampled circulating viremia.33 Finally, virus discov-
ery was performed on a chosen subset of samples and thus
could result in missed human viruses. Collectively, these
results suggest that efficient detection of human pathogens in
this setting may require more frequent and abundant sam-
pling, or that human pathogens were not circulating at detect-
able levels.
Although no human viruses were detected, analysis of

M-DBS revealed the presence of ISVs. The detection of ISVs
was expected because excretion of the mosquito bloodmeal
onto FTA cards is accompanied by mosquito tissues (e.g.,
the midgut) that may be infected by ISVs. ISVs have been
described in xenosurveillance-based studies published pre-
viously17 and provide an additional internal control for our
ability to detect viral RNA by our sample processing and
analysis procedures. We found several ISVs that were highly
abundant in M-DBS, including COPV and HRLV7. TV was
also identified, although on further analysis, we found reads
mapped solely to regions that were highly identical to COPV;
thus, we reattributed TV-identified reads as COPV. COPV
has been identified in a number of Culex mosquito collec-
tions in Australia,34 Brazil,35,36 and Grenada.34 Similarly,
HRLV7 has been described in both Aedes and Culex mos-
quitoes on three continents, as well as in this study.37,38

There have been a few recent studies showing decreased
vector competence and replication of pathogenic flaviviruses

FIGURE 2. Many bloodmeals obtained from avian species due to
large numbers of Culex pipiens. The cytochrome oxidase 1 gene was
amplified and sequenced to perform a BLAST search using the Bar-
code of Life database. A total of 343 of 488 (70.3%) species-
identified mosquito samples were able to be traced to a single host
source. (A) Percent of mosquito bloodmeals identified as mammal or
avian host sources for each mosquito species. (B) Percent of all iden-
tified host sources Cx. pipiens mosquito bloodmeals. (C) Percent of
all identified host sources of Ae. aegyptimosquito bloodmeals.
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after cells or mosquitoes undergo primary infection with
ISVs.39,40 Despite the clear abundance of these ISVs around
the world, there is currently comparatively little information
on how they affect mosquito biology, arthropod-borne virus
evolution, and pathogen transmission.
During this study, we identified several benefits and chal-

lenges in conducting xenosurveillance in Guatemala. We were
successful in enrolling and maintaining a household cohort
for this 16-week study. This was facilitated by The University

of Colorado Center for Human Development, which has devel-
oped a good relationship with the surrounding communities.
Notably, all household enrollments, interviews, sampling of
blood and mosquitoes, and mosquito identification was per-
formed by locally trained Guatemalan study nurses, highlighting
the importance of developing local connections and expertise
to conduct surveillance efficiently. We collected numerous
blood-fed mosquitoes for this study using the Insectazooka,
although mosquitoes were somewhat damaged, which makes

FIGURE 3. Shotgun metagenomic sequencing reveals many insect-specific viruses but no human viruses. Extracted nucleic acid from DBS were
pooled by volume according to household, collection time, and type (human or mosquito) in addition to water, FTA card, and HeLa cell controls.
Shotgun metagenomic sequencing libraries were created and obtained sequencing reads were run through a taxonomic assessment pipeline as
described. Viral reads were tallied by unique taxonomic ID. (A) Total number of reads obtained per n in sample for each library type. (B) Proportion
of identified reads aligning at the super-kingdom level to viruses. (C) Virus read tallies (excluding phage) in mosquito libraries with a cutoff value of
30 hits.

MCMINN AND OTHERS1308



species identification difficult and error-prone without extensive
training and processing time. We were successful in detecting
viral RNA from M-DBS; however, more frequent sampling or
targeted detection of human pathogens, is needed.
In summary, xenosurveillance has some potential as a useful

surveillance strategy in low- to middle-income countries; how-
ever, mitigating the described challenges and maximizing the
unique opportunities presented by the lack of host-specificity
of most human-biting mosquitoes in Guatemala requires further
work and development. In particular, the frequency of mosquito
collection and feeding behavior (including the peak feeding
times and host preferences) should be carefully considered.
Building local capacity for beginning to end sample processing
and analysis would ultimately benefit the application of this sur-
veillance method. Technologies such as nanopore sequencing
(Oxford Nanopore Technologies, Oxford, United Kingdom) and
BioFire (BioFire Diagnostics, Salt Lake City, UT) could be useful
tools for on-site virus identification. Our evidence suggests that
abundant and frequent sample sources are essential for early
detection of circulating pathogens. We therefore foresee xeno-
surveillance being useful as a targeted approach in regions
where zoonotic outbreaks are inevitable.
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