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Introduction: Acute febrile illnesses (AFI) in developing tropical and sub-

tropical nations are challenging to diagnose due to the numerous causes

and non-specific symptoms. The proliferation of rapid diagnostic testing

and successful control campaigns against malaria have revealed that non-

Plasmodium pathogens still contribute significantly to AFI burden. Thus, a more

complete understanding of local trends and potential causes is important for

selecting the correct treatment course, which in turn will reduce morbidity and

mortality. Next-generation sequencing (NGS) in a laboratory setting can be used

to identify known and novel pathogens in individuals with AFI.

Methods: In this study, plasma was collected from 228 febrile patients tested

negative for malaria at clinics across Senegal from 2020–2022. Total nucleic

acids were extracted and converted to metagenomic NGS libraries. To identify

viral pathogens, especially those present at low concentration, an aliquot of

each library was processed with a viral enrichment panel and sequenced.

Corresponding metagenomic libraries were also sequenced to identify non-viral

pathogens.

Results and Discussion: Sequencing reads for pathogens with a possible link

to febrile illness were identified in 51/228 specimens, including (but not limited

to): Borrelia crocidurae (N = 7), West Nile virus (N = 3), Rickettsia felis (N = 2),

Bartonella quintana (N = 1), human herpesvirus 8 (N = 1), and Saffold virus (N = 1).

Reads corresponding to Plasmodium falciparum were detected in 19 specimens,

though their presence in the cohort was likely due to user error of rapid

diagnostic testing or incorrect specimen segregation at the clinics. Mosquito-

borne pathogens were typically detected just after the conclusion of the rainy

season, while tick-borne pathogens were mostly detected before the rainy

season. The three West Nile virus strains were phylogenetically characterized
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and shown to be related to both European and North American clades. Surveys

such as this will increase the understanding of the potential causes of non-

malarial AFI, which may help inform diagnostic and treatment options for

clinicians who provide care to patients in Senegal.
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Senegal, acute febrile illness, next-generation sequencing, viral enrichment, malaria

Introduction

The myriad causes of acute febrile illness (AFI) in West Africa
have been difficult to quantify (Maze et al., 2018), in part due to the
lack of a formal case definition (Crump, 2014; Rhee et al., 2019).
While malaria (Plasmodium spp.) traditionally has been the most
common suspect, its incidence has been steadily decreasing due
to aggressive control campaigns and wide distribution of effective
treatments (D’Acremont et al., 2010; Murray et al., 2012; World
Health Organization [WHO], 2022). The introduction of malaria
rapid diagnostic tests (RDTs) has additionally indicated that a
considerable proportion of AFI cases are non-malarial in nature
(Reyburn et al., 2004; Thiam et al., 2011; Wainaina et al., 2022).
The prevalence and severity of AFI are influenced by population
structure and common comorbidities (Maze et al., 2018), but
also local climate and ecology, which dictate the spatiotemporal
distribution of vector and reservoir species for a variety of common
zoonotic pathogens (Campbell et al., 2015; Ryan et al., 2015;
Carlson et al., 2016, 2023).

West Africa is one of the most climatologically diverse
regions on the planet, ranging from the arid Sahara Desert
to tropical moist deciduous forests in a north-south span
of only 1,000 km (Nicholson, 2018). The southern part
of the region is strongly influenced by a June-to-October
monsoon and is prone to natural hazards such as floods,
droughts, and heat waves (Nicholson, 2013; Raj et al., 2019).
Numerous surveys have linked these climatic boundaries to
the natural ranges of pathogen-carrying ticks, mosquitoes,
and other hematophagous insects; for example, Ornithidoros
ticks carrying Borrelia spp. prefer latitudes receiving less
than 750 mm of rainfall per year (Trape et al., 1996, 2013)
and Plasmodium spp. require sustained temperatures under
25–29◦C to optimally transmit (Mordecai et al., 2013;
Villena et al., 2022).

Since targeted diagnostics for non-malarial AFIs are rarely
available in clinics, next-generation sequencing (NGS) in a research
laboratory setting can be used to identify known and novel
pathogens in individuals with AFI. A major benefit of this
technology is its ability to multiplex large cohorts of specimens
(Radford et al., 2012; Chiu, 2013; Kapuscinski et al., 2021; Ko
et al., 2022). This can be performed in an unbiased fashion
(metagenomics; mNGS) to surveille or discover any pathogen
present in a specimen (Chiu and Miller, 2019; Ko et al., 2022),
or it can be targeted via targeted enrichment (teNGS) to expedite
identification of known pathogens, even at low concentration
(O’Flaherty et al., 2018; Yamaguchi et al., 2018; Deng et al., 2020;
Orf et al., 2021).

The Republic of Senegal reports well over one million cases
of AFI per year (Thiam et al., 2011). It straddles three major
climatic zones of West Africa (Sahel tropical shrubland, tropical dry
forest, and tropical moist deciduous forest) which risk boundary
changes, and thus range changes for disease-vectoring arthropods
(Carlson et al., 2023), due to climate warming trends and
desertification (Evans and Munslow, 2021). Since 2007, malaria
RDTs have supplemented clinical assessment in screening AFI
patients, leading to a case management algorithm that recommends
broad-spectrum antibiotics and antipyretics for patients testing
negative for malaria (Thiam et al., 2011). However, in the
face of biological and sociological factors such as antimicrobial
resistance and urbanization, the etiologies of AFI in Senegal should
be documented as broadly as possible to keep clinicians and
public health authorities informed and motivate updated case
management algorithms. The timely reporting of the circulation
of any new or re-emerging pathogens will also be especially
important. In this study, we performed both teNGS and mNGS to
identify viral and non-viral pathogens, respectively, in a cohort of
prospectively collected plasma specimens from 228 Senegalese AFI
patients.

Materials and methods

Patients and specimen collection

Plasma specimens were collected as part of a prospective
pathogen discovery and surveillance study. Three clinics located in
Bounkiling, Ziguinchor, and Tivaouane were utilized as collection
sites. The investigation protocol was approved by the National
Ethics Committee for Health Research (Comité National d’Ethique
pour la Recherche en Santé; CNERS) of the Senegalese Ministry of
Health, under approval number 000129/MSAS/CNERS.

During the enrollment periods, individuals suspected
of an acute febrile illness (including recent or current
fever ≥ 38 C, without significant respiratory symptoms) were
screened in the clinic by malaria RDTs (SD Bioline Malaria
Ag Pfal, detecting HRP2 protein) provided by the Ministry
of Health, and any individuals testing negative were offered
enrollment in the study. An accounting of the testing numbers
and an evaluation of the sample size can be found in the
Supplementary Information. Additionally, the Tivaouane
site was a regional hospital with available capacity to perform
COVID-19 molecular diagnostics in a core laboratory; individuals
screened at this site were only considered for enrollment
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after receiving a negative COVID-19 test. Written informed
consent for participation was provided by the enrollees,
or by their legal guardians/next of kin. Physical data (i.e.,
age, sex, and weight) and symptomatology were collected
alongside a venous blood draw between 2.0–3.5 ml stored
in EDTA tubes. Plasma was separated by centrifugation. All
enrollee metadata and plasma were de-identified prior to
laboratory analysis.

Nucleic acid extraction and preparation
of NGS libraries

Aliquots of each plasma specimen were pre-treated with
Benzonase nuclease (> 250 units/µl, Sigma-Aldrich, St.
Louis, MO) at 37 C for 3 h to decrease the abundance of
human background nucleic acids (718 µl plasma + 80 µl of
10 × buffer + 2 µl Benzonase). Total nucleic acids (TNA)
were extracted from 500 µl of each Benzonase-treated plasma
specimen on an m2000sp system using a laboratory-defined
assay (Abbott Molecular, Des Plaines, IL). The automated
extraction protocol uses magnetic microparticles for capture
and modified m2000 buffers to recover both RNA and DNA
(Orf et al., 2021). Each extraction contained four positive controls
(viral stocks spiked into HIV-positive plasma at 3.0 log copies/ml),
one negative control (normal human plasma), and one no-
template control (phosphate-buffered saline) per ninety primary
specimens.

The RNA component of the resulting TNA was reverse-
transcribed using SuperScript IV reverse transcriptase for first-
strand synthesis and Sequenase v2 polymerase for second-strand
synthesis (ThermoFisher Scientific, Waltham, MA). The resulting
DNA/cDNA was purified using AMPure XP cleanup beads
(Beckman Coulter, Indianapolis, IN) and converted into NGS
libraries using a Nextera XT kit in conjunction with IDT for
Illumina non-biotinylated unique dual index barcode adapters
(Illumina, San Diego, CA). The resulting libraries were assessed
for size and concentration using a TapeStation 4200 system
(Agilent Technologies, Santa Clara, CA) and Qubit Flex fluorimeter
(ThermoFisher Scientific, Waltham, MA, USA), respectively.

Viral target enrichment

An aliquot of each metagenomic library was subjected to viral
sequence enrichment using the Comprehensive Viral Research
Panel (CVRP; Twist Biosciences, South San Francisco, CA, USA)
(Berg et al., 2020). Briefly, libraries were pooled on an equimolar
basis in sets of 16–24 (each set containing a positive and negative
control) such that each pool contained ∼3 µg total DNA, as
assessed by a Qubit Flex fluorimeter. The pools were dried
down using a vacuum centrifuge, then resuspended in a solution
of Human Cot-1 DNA and xGen Universal Nextera Blockers
(Integrated DNA Technologies, Coralville, IA). Hybridization
of the CVRP probes to the NGS libraries was performed per
manufacturer’s instructions for 16 hr. Hybridized sequences were
separated from non-hybridized sequences by affinity interaction
on Streptavidin beads (Twist Biosciences), amplified using a

KAPA library amplification kit (Roche, Basal, Switzerland), and
re-purified using magnetic PCR beads (Twist Biosciences). The
resulting libraries were analyzed for size and concentration as
above.

NGS and bioinformatic analysis

Groups of 48 CVRP-enriched libraries (e.g., two enrichment
pools) were multiplexed for sequencing (target-enriched
sequencing; teNGS) on a MiSeq instrument using a MiSeq v2
300 cycle kit (Illumina, San Diego, CA), while groups of 48
unbiased metagenomic libraries were multiplexed for sequencing
(metagenomics; mNGS) on a NextSeq 1000 instrument using a
P2 300 cycle kit (Illumina, San Diego, CA). The resulting FASTQ
files were uploaded to either the SURPI pipeline (Naccache et al.,
2014) or in-house “DiVir3” pipeline for bioinformatic analysis,
including known and divergent pathogen read identification.
An in-house implementation of BLAST (Altschul et al., 1990)
was also utilized for sequence comparison with nucleotide and
protein databases. Specific pathogen reads in each specimen were
normalized per million total sequenced reads (“reads per million”;
RPM) to compare across different specimens. RPM for each
pathogen in each specimen was compared against the RPM of the
same pathogen in any no-template control; this value, called “RPM
ratio” (RPM-r) or “RPM fold-above controls” here, was used to
gauge the probability of the pathogen being truly present (Miller
et al., 2019). Any specimen with a pathogen showing RPM-r > 10
was further investigated via read mapping in CLC Genomics
Workbench (Qiagen Corp., Germantown, MD, USA) to confirm
that at least three regions of the pathogen’s genome was covered
with high-quality paired-end reads.

Phylogenetic tree reconstruction

For phylogenetic analysis of viral genomes of interest,
sets of closely-related genomic sequences were retrieved from
GenBank and aligned using the L-INS-i algorithm implemented
in MAFFT version 7.487 (Katoh and Standley, 2013). Phylogenetic
reconstruction using the maximum likelihood (ML) method was
performed using IQTREE version 2.1.3 (Minh et al., 2020). Briefly,
the ModelFinder algorithm (Kalyaanamoorthy et al., 2017) was
first used to automatically find a suitable nucleotide substitution
model using Bayesian Information Criterion as a scoring method.
Initial ML tree reconstruction was achieved using a stochastic
algorithm and then optimized using the Nearest Neighbor
Interchange (Robinson, 1971; Moore et al., 1973) heuristic method.
The tree with the best log-likelihood score was retained, and
branch supports were provided using 1,000 replicates of Ultrafast
Bootstrapping (Hoang et al., 2018). Inference of rooted molecular
clock phylogenies and elimination of temporal outliers were
iteratively performed using TreeTime v.0.10.1 (Sagulenko et al.,
2018). After all temporal outliers were identified and removed,
a discrete state phylogeographic analysis was also performed
using TreeTime. Output trees were visualized and annotated
with associated metadata using the ggplot2 and ggtree packages
(Wickham, 2016; Yu et al., 2017) for the R programming language.
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FIGURE 1

Geographic location, demographics, and symptom profile of the study population. (A) Partial map of western Africa, centered on Senegal, overlaid
with the year 2010 ecological zones (ecoregions) as defined by the United Nations. The clinic locations are highlighted, with a temporal breakdown
of enrollee count. (B) Demographic pyramid of the enrollees (left) and total national population (right). (C) An accounting of the recorded symptoms
from enrollees and their relation to fever criteria at the time of clinical intake.

Use of public domain data

Global administration zone shapefiles were obtained from
Natural Earth via www.naturalearthdata.com (accessed on 2023-
05-25). Global ecological zone shapefiles were obtained from the
map catalog of the Food and Agriculture Organization of the
United Nations via data.apps.fao.org/map/catalog/ (accessed on
2023-05-25). Historic meteorological data (particularly daily air
temperature and precipitation data from Ziguinchor and Diourbel
weather stations) was obtained from the National Centers for
Environment Information of the United States National Oceanic
and Atmospheric Administration via1 (accessed on 2023-06-29).
These datasets are public domain and may be reproduced without
permission. All data utilized in this study, unless otherwise denoted,
were organized and visualized using the tidyverse and ggplot2
packages for the R programming language (Wickham, 2016).

Results

Febrile patients were enrolled across
three sites over 3 years

From 2020 to 2022, individuals complaining of symptoms
consistent with acute febrile illness were received at clinics at
three locations in Senegal: Bounkiling, Ziguinchor, and Tivaouane
(Supplementary Table 1). The clinics span two major ecological

1 https://www.ncei.noaa.gov/cdo-web/datasets/GHCND/locations/FIPS:
SG/detail

regions (Figure 1A): Tivaouane is situated in the Sahel tropical
shrubland about 100 km to the northeast of the capital Dakar,
and Bounkiling and Ziguinchor in the southwestern tropical
deciduous forest. Study enrollment occurred from October 2020-
July 2022 in Bounkiling, from November 2020-April 2021 in
Ziguinchor, and from August 2021-July 2022 in Tivaouane.
Patients were administered malaria RDTs (during the enrollment
period−Bounkiling: 3,597; Ziguinchor: 1,003; Tivaouane: 2,537)
and those determined to be negative by a clinician (cumulatively
5,925/7,137; 83%) were considered for enrollment in this study.
Overall, the malaria positivity rate in the clinics during the
enrollment periods was much higher in the southwestern
deciduous forest region (Bounkiling/Ziguinchor; 25.3% positivity)
than in the northern shrubland region (Tivaouane; 1.8% positivity).
Across the three sites, 228 individuals in total agreed to be enrolled
(Bounkiling: 164; Ziguinchor: 14; Tivaouane: 50). Additionally,
all patients enrolled from Tivaouane received negative COVID-19
diagnostic test results at the clinic.

There was an even split between males and females amongst the
cohort (50.4% and 49.6%, respectively), with average and median
ages of 33.7 yr and 30.0 yr, respectively (Figure 1B). There was an
underrepresentation of younger age groups (< 20 yr) compared
to the national demographic structure (Figure 1B), however, the
clinicians at the sites intentionally focused their collections on
adults. At time of blood draw, 47 enrollees presented with a body
temperature below 38◦C (despite recent history of fever ≥ 38◦C),
with the most noted symptoms being headache and asthenia
(Figure 1C). One-hundred fourteen enrollees (50%) presented with
a body temperature between 38.0–38.9 C (i.e., mild to moderate
fever) and 64 enrollees (28%) presented with a body temperature
over 39 C (i.e., high to severe fever). Overall, the most noted
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symptoms across the cohort were headache, fatigue, body aches,
and vomiting. Respiratory symptoms (e.g., cough) were observed
in 24 enrollees and 4 enrollees showed severe neurological signs or
symptoms (i.e., coma).

Eight species of virus, four of bacteria,
one of fungus, and two of parasite were
detected by NGS

Using teNGS and mNGS approaches in tandem, we recovered
sequencing reads corresponding to a known cause of AFI in
51/228 (22.4%) of specimens, of which four cases (4/50; 8.0%)
were dual infections (Table 1 and Supplementary Figures 1–3). In
Bounkiling, 39 cases (39/164; 23.8%) had one or more pathogens
identified, in Ziguinchor, 4 cases (4/14; 28.6%) had a pathogen
identified in NGS, and only 8 cases (8/50; 16.0%) had a pathogen
identified in Tivaouane.

Despite pre-screening by malaria RDTs, the most common
pathogen found across the cohort was Plasmodium falciparum
(19/50 cases; 38.5%), with most occurring at the southern
Bounkiling (17/19; 89.4%) site (Figure 2). Leftover plasma aliquots
of these specimens were retested with the same model of RDTs
in the laboratory, all returning positive, indicating user error
or incorrect specimen segregation at the clinical site. These 19
specimens were nonetheless retained in the cohort to assess
potential co-infections. Amongst these malaria cases, 14/19 (73.7%)
had a fever above 38◦C (14/19; 73.7%) at the clinic (though all
complained of a recent history of fever), 13/19 (68.4%) complained
of headache, and 8/19 (42.1%) complained of fatigue.

One other mosquito-borne pathogen was detected: West
Nile virus (WNV), twice at Bounkiling and once at Ziguinchor.
Other pathogens transmitted by non-mosquito arthropods were
also identified. Of these, Borrelia crocidurae, the cause of Tick-
Borne Relapsing Fever (TBRF) in West Africa was definitively
detected three times in Bounkiling and three times in Tivaouane.
A seventh low-confidence hit to the Borrelia genus (28 reads)
was also identified in a Bounkiling patient (BK020), with
species such as B. crocidurae, B. duttoni, and B. recurrentis
represented among classified reads; however, the established
geographic ranges of these species (Trape et al., 2013) suggest
that this is most likely a B. crocidurae infection. Amongst the
seven patients with B. crocidurae infection, the most reported
symptoms were mild fever, headache, and fatigue. The louse-
vectored Rickettsia felis (flea-borne spotted fever) and Bartonella
quintana (trench fever) were also detected: R. felis once in
Bounkiling and once in Tivaouane, and B. quintana once in
Bounkiling.

Though likely unrelated to AFI, the chronic bloodborne
infection Hepatitis B virus (HBV) was detected 10 times (7 times in
Bounkiling and 3 times in Tivaouane), human immunodeficiency
virus 1 (HIV-1) was detected 5 times (3 times in Bounkiling, and
one time in both Ziguinchor and Tivaouane), and Hepatitis C virus
(HCV) was detected once in Bounkiling (Figure 2). Patients were
not denied enrollment into this study based on HIV/HBV/HCV
status.

We detected human herpesvirus 8 (HHV-8; also known
as Kaposi’s sarcoma-associated herpesvirus) in one specimen

from Ziguinchor (FZ006). Between viral target enrichment and
metagenomic NGS, over 40,000 reads were recovered for HHV-
8 in this specimen, allowing for > 97% coverage of its ∼140 kb
genome. HIV-1 was not detected in this individual by NGS. HHV-
8 is endemic in sub-Saharan Africa and may cause fever upon
primary infection or be latently reactivated (possibly resulting
in sarcoma) in certain scenarios (Andreoni, 2002). Its genome
was found to be 99% identical at the nucleotide level to
strains recently recovered from Cameroonians (Marshall et al.,
2022). Saffold virus (SAFV), recently discovered in 2007, was
also detected in a single specimen from Bounkiling from a
patient with fever and respiratory symptoms such as cough. This
virus has been observed in association with fever, respiratory
tract infections, or diarrhea, though its overall prevalence and
relationship with humans is still not well-established. This
specimen of SAFV is most closely related (88% nucleotide
identity) to strains of a novel subtype recently detected in the
gut virome of diarrheic Cameroonian patients (Yinda et al.,
2019).

Though respiratory, enteric, and opportunistic pathogens
are not optimally detected in plasma, SARS-CoV-2 was found
once in Bounkiling from a patient (BK247) received in April
2021; despite only recovering 8% of the genome, enough
coverage in the spike protein was present to putatively assign
it to the Alpha variant (lineage B.1.1.7), which was indeed
present in the country at the time (Ahouidi et al., 2021; Perez
et al., 2022). We also identified human rotavirus A (HRV-A)
infections in two adults from Bounkiling (BK080 and BK183);
of these two, the patient corresponding to specimen BK183
presented to the clinic with fever and vomiting, consistent with
rotavirus infection. The genomes of neither strain could be fully
assembled, though they each bear the highest homology to HRV-
A genotype G1P[8] strains from Europe, North Africa, and the
United States. Lastly, two opportunistic pathogens were tentatively
assigned in three specimens from Bounkiling, all in cases of
coinfections. BK046 and BK099 returned reads for the fungus
Aureobasidium pullulans (BK046 was co-infected with HIV-1) and
specimens BK099 and BK160 returned reads for the bacterium
Acinetobacter baumannii. While reads corresponding to these
pathogens were both found at low levels throughout the cohort
(Supplementary Figures 1–3), when compared to the background
level, these three specimens returned well over 100-fold higher
specific mNGS reads per million sequenced than any negative
control.

Mosquito-vectored pathogens were
typically detected just after the
conclusion of the rainy season

Plotting the collection dates of these putative arthropod-borne
pathogen (arbopathogen) infections against historical weather data
produces consistent trends (Figure 3). Typically, the mosquito-
and louse-vectored pathogens were maximally detected during, or
within the 3 months after the conclusion of, the annual monsoon.
At the southern Bounkiling and Ziguinchor sites, these detections
were highest after the 2020 monsoon, which brought more total
rainfall than in 2021 or 2022. Unfortunately, sampling did not
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TABLE 1 Pathogens detected by NGS and the recorded symptoms in the affected patients.

Pathogen
type

Pathogen Specimens Recorded sign or symptom

Viral West Nile virus BK045, BK160, FZ008 Fever > 38 C (2/3; 66.7%)
Headache (2/3; 66.7%)
Fatigue (1/3; 33.3%)
Shortness of breath (1/3; 33.3%)

Rotavirus A BK080, BK183 Headache (2/2; 100%)
Fever > 38 C (1/2; 50%)
Fatigue (1/2; 50%)
Muscle aches (1/2; 50%)
Vomiting (1/2; 50%)

HIV-1 BK046, BK262, BK387, FZ007, TV022 Fever > 38 C (2/5; 40%)
Headache (2/5; 40%)
Cough (2/5%; 40%)
Neurological (vertigo or convulsion; 2/5; 40%)

Hepatitis B virus BK040, BK120, BK245, BK262, BK263, BK307, BK315,
TV012, TV023, TV039

Fever > 38 C (9/10; 90%)
Headache (6/10; 60%)
Fatigue (4/10; 40%)
Muscle aches (2/10; 20%)
Vomiting (2/10; 20%)

Hepatitis C virus BK281 Fever > 38 C
Headache
Muscle aches

Human gammaherpesvirus 8 FZ006 Fever > 38 C

Saffold virus BK399 Fever > 38 C
Cough
Nasal discharge

SARS-CoV-2 BK247 Fever > 38 C
Headache
Muscle aches

Bacterial Acinetobacter baumanii BK099, BK160 Fever > 38 C (2/2; 100%)
Headache (2/2; 100%)
Fatigue (1/2; 50%)

Bartonella quintana BK049 Fever > 38 C
Vomiting

Borrelia crocidurae BK020, BK106, BK232, BK324, TV032, TV045, TV050 Fever > 38 C (6/7; 85.7%)
Headache (6/7; 71.4%)
Muscle aches (3/7; 42.9%)
Vomiting (2/7; 26.8%)
Fatigue (1/7; 14.3%)

Rickettsia felis BK208, TV012 Fever > 38 C (1/2; 50%)
Headache (1/2; 50%)
Fatigue (1/2; 50%)
Shortness of breath (1/2; 50%)

Fungal Aureobasidium pullulans BK046, BK099 Fever > 38 C (1/2; 50%)
Headache (1/2; 50%)
Fatigue (1/2; 50%)

Parasitic Loa loa BK324 Headache
Vomiting

Plasmodium falciparum BK090, BK091, BK092, BK093, BK094, BK096, BK097,
BK207, BK208, BK209, BK234, BK285, BK286, BK295,
BK386, BK388, BK389, FZ001, TV008

Fever > 38 C (14/19; 73.7%)
Headache (13/19; 68.4%)
Fatigue (8/19; 42.1%)
Muscle aches (2/19; 10.5%)
Vomiting (2/19; 10.5%)

Specimen designations have alphabetic prefixes denoting the site that they were collected from: BK, Bounkiling; FZ, Ziguinchor; TV, Tivaouane. Those in bold were found to be dually infected.

begin in Tivaouane until 2021, so no data is available for the 2020
monsoon, although it was not substantially wetter than those in
2021 or 2022. In contrast, 5/7 of the tick-borne B. crocidurae cases

were detected during the dry season from January to August. The
other pathogens (e.g., bloodborne) did not follow a clear seasonal
trend.
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FIGURE 2

Pathogen detections during the study period, binned by month, site, and pathogen type. Pathogens detection counts are shown as bar plots. Each
color legend is specific to its column (i.e., pathogen type). The numbers of specimens collected each month at each site are shown as a line plot
(i.e., in months where this value is zero, this means no patients were enrolled, not necessarily that no patients presented with fever; see
Supplementary Table 1 for full details).

FIGURE 3

Relationship between pathogen detections and historical meteorological data. The detections outlined in Figure 2 are summarized on a biweekly
basis. Historical temperature and precipitation data was synthesized from daily summaries and reported on a biweekly basis as a line plot. Bounkiling
and Ziguinchor are combined due to their proximity (< 100 km) and the availability of meteorological data only from Ziguinchor. Due to the
unavailability of meteorological data directly from Tivaouane, data from the nearby (< 90 km) town of Diourbel is presented.
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Senegalese West Nile virus strains are
related to those circulating in southern
Europe and the United States

Due to the highly mobile nature of WNV, we utilized discrete
phylogeographic analysis to reconstruct international transmission
events in the evolutionary history of the three genomes collected
in this study (Figure 4). We first inferred a maximum-likelihood
molecular clock phylogeny of Lineage 1a of WNV (including
the three new sequences) and rooted using the least-squares
method. This phylogeny reveals a split in the 1950’s between an
African/European-centric clade and a clade that eventually gave
rise to the early 2000’s outbreak in the Americas.

The two WNV genomes collected from Bounkiling (BK045
and BK160) belong to the African/European-centric clade and are
members of a nested clade that share a most recent common
ancestor that emerged in 1998 (Figure 4, bottom right). Prior
to 2020, members of this clade had only been detected in
mosquitos from Senegal and a horse in France. BK045 and
BK160, collected in 2021, were the earliest representatives in this
clade to be detected in humans. Additionally, BK160 shares a
most recent common ancestor in 2008 with a recently identified
Italian cluster of WNV which was observed to cause a higher
incidence of neuroinvasive symptoms in humans. Despite this
connection, no neurological symptoms beyond headache were
reported by the two affected patients. The discrete phylogeography
infers a Senegalese origin of both the 2016 French equine case
and the 2022 Italian human outbreak. Additionally, it indicates
endemicity of this monophyletic group in Senegalese mosquitoes
for well over 20 years. Additionally, analysis of branches basal to
this monophyletic group (Nexus file available for view) reveals
numerous geography-switching events between Senegal and Italy
since at least 1980.

The WNV genome collected from Ziguinchor (FZ008),
collected less than 100 km away from those in Bounkiling, occupies
a different region of the Lineage 1a phylogeny, namely that of the
Americas-centric clade. This sequence, collected in 2021, shares
a most recent common ancestor (in 2011) with a strain found
in an American mosquito. The genome of FZ008 represents the
most recently collected member of a larger monophyletic group
(Figure 4, upper right callout) that originated in late 2009 in the
United States, responsible for infections in both birds and humans.
Members of this monophyletic group have not been regularly
detected since 2012–2015, indicating ongoing cryptic transmission
in the years since.

The combination of metagenomics and
target enrichment allowed for the
detection of co-infections and low
concentration viruses

Coinfections were detected seven times in this study.
Specimen BK208, collected from Bounkiling in November
2020 was infected with both P. falciparum and R. felis. This
patient reported only mild fever, headache, and fatigue at the
time of intake. Amongst the malaria-negative specimens, we

detected an HIV/HBV dual infection (BK262), an HBV/R. felis
dual infection (TV012), an HIV-1/A. pullulans dual infection
(BK046), an A. baumannii/A. pullulans dual infection (BK099), a
WNV/A. baumanii dual infection (BK160), and a B. crocidurae/Loa
loa dual infection (BK324). The patient from which specimen
BK324 was collected reported headaches and vomiting, consistent
with B. crocidurae infection, but did not exhibit skin or ocular
symptoms characteristic of L. loa infection during the study period.

The application of both target enrichment and metagenomic
sequencing allowed for full genome recovery for many of the
detected viral species (Table 2) and prevented missing some
infections with presumably low viral load. For example, one WNV
specimen (BK045) allowed for recovery of few NGS reads; target
enrichment returned 91 reads, whereas metagenomics returned
only 2, thus this infection could have easily been missed (or
dismissed as misassignment or contamination) without target
enrichment. The low read count, combined with this patient’s lack
of fever, suggests that this is a case of resolving or resolved WNV
infection. On the other hand, specimen BK160 allowed for the
recovery of more than 300,000 WNV reads, with target enrichment
providing a 45 × boost in RPM. In other examples like specimens
BK120 or BK399, containing HBV and SAFV, respectively, target
enrichment afforded 100% genome coverage and increased the
coverage depth from < 10x to > 100x. Despite the sequencing
depth available via these two methods, 178/228 specimens collected
in this study (78%) remained without a pathogen identifiable in
blood plasma. Unfortunately, the four comatose patients were also
part of the 178 without an identified pathogen.

Discussion

Globalization, travel, displacement of peoples, changes in
the environment, and encroachment of humans into previously
untouched habitats will increasingly contribute to infectious
disease outbreaks in the future, testing the international capacity
to effectively respond (Morens et al., 2020). The importance of
the early detection and surveillance of disease events (Gostin and
Katz, 2016) has prompted the formation of numerous scientific and
public health networks (e.g., (Mcsweegan et al., 2015; Martin and
Fall, 2021) which seek to narrow the time required to achieve the
early discovery of a pathogen, manufacture accurate diagnostics
at scale, and trial treatment candidates. At the heart of these
efforts lies case finding and scientific capacity building (Carroll
et al., 2021), especially in developing countries where much of the
emerging disease burden lies (Jones et al., 2008). Achieving these
goals requires joint effort between academia, non-profits, the public
health community, and industry partners.

AFI remains a major challenge for clinicians, both in identifying
the correct etiology and providing successful treatment (Iroh Tam
et al., 2016). Despite the wide introduction of malaria control
measures, RDTs, and medication in sub-Saharan African countries,
AFI is still common and can be caused by many non-malarial
agents (Reyburn et al., 2004; Thiam et al., 2011; Wainaina et al.,
2022). In this study, the three clinics in Senegal cumulatively tested
over 7,000 patients for malaria using RDTs during the enrollment
period and reported a 17% test positivity rate (Supplementary
Table 1), comparable to the 18–25% positivity rate observed
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FIGURE 4

Discrete state phylogeographic analysis of lineage 1a of West Nile virus, incorporating the three Senegalese sequences (BK045, BK160, and FZ008)
obtained in this study. A total of 2,156 full genome sequences were determined to conform to a molecular clock signal (GTR model;
rate = 4.362 × 10−4 subs site−1 yr−1; r2 = 0.92) and are included in the tree. Highlighted clades (black) have tips annotated in the format “accession
number | collection country | host” and nodes are annotated with inferred country of origin.

nationwide between 2016–2020 (U.S. President’s Malaria Initiative,
2022). These figures reinforce the notion that not all cases of
AFI are malaria; supplemental testing strategies can help clinicians
understand what other infections are in local circulation and serve
as a warning system for new or re-emerging pathogens (Maze
et al., 2018; Wainaina et al., 2022). Next-generation sequencing
in a laboratory setting is an ideal platform for this research, as
any pathogen can be detected in 1–3 days, with operating costs
decreasing each year (Greninger, 2018; Chiu and Miller, 2019; Ko
et al., 2022). With this goal, we assessed plasma collected from
over 200 patients with negative malaria RDTs read at clinical
intake (Figure 1) using metagenomic and viral target-enrichment
methods. We identified sequencing reads corresponding to at least
one human pathogen in 22% of these specimens (Figure 2).

In this cohort, we identified 8 species of viruses, 4 of bacteria,
1 of fungus, and 2 of parasites. Those transmitted by mosquitos
were detected during or just after the annual monsoon (Figure 3),
consistent with observations across multiple other studies (see a
review in Agboli et al., 2021). The viral pathogens were diverse,
spanning multiple families including flaviviruses, coronaviruses,
herpesviruses, picornaviruses, and others. Based on the numerous
regional reports available using targeted diagnostics like RT-qPCR
(see a review in Wainaina et al., 2022), arboviruses such as
Dengue, Chikungunya, Yellow Fever, or Rift Valley Fever (all
readily detectible in plasma) were expected to be present, but were
missing from our cohort. This observation (or lack thereof) was

likely due to many arboviral infections recurring in cycles separated
on the scale of months to years; our sampling simply did not
overlap in time or space with an outbreak. Nevertheless, a benefit
of metagenomic NGS is its ability to subvert availability bias and
detect any pathogen present in a cohort, regardless of whether it is
pre-conceived to be rare or common.

Our study supports the increasing recognition of TBRF as a
significant cause of AFI in West Africa. While Senegal reports
the most cases in the literature, data exist of the presence of
B. crocidurae in other countries in the region such as Mali,
Mauritania, Morocco, and Algeria (Trape et al., 2013). Our 3%
detection rate of B. crocidurae in AFI cases (7/228 specimens)
was higher than a previous estimate of < 0.5% (Brahim et al.,
2005). Additionally, with the discovery of three patients from the
southern Bounkiling clinic (13.04 N latitude) with evidence of
B. crocidurae infection, the geographic range of TBRF in Senegal
has been pushed further south than has ever been observed before
(in humans or animals) (Trape et al., 2013; Gras et al., 2019).
Additionally, its clinical presentation within our cohort was nearly
identical to that of malaria (Table 1), which, combined with its
low culturability and low detection sensitivity by microscopy,
could confound proper diagnosis and treatment. The time of year
in which TBRF was identified differed between the sites in the
north (Tivaouane) and the south (Bounkiling); in the north, the
three cases were found between May-July, whereas the four in
the south were identified between October-February. Interestingly,
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one of the affected patients in Bounkiling (BK324) was likely co-
infected with the filarial parasite L. loa. This parasite is considered
endemic to central Africa (Kelly-Hope et al., 2018), though there is
documentation of travelers from that region being diagnosed with
loiasis in Senegal [for example, Diagne et al. (2018)]. Despite the
lack of specific symptoms (i.e., no recorded skin lesions or ocular
disturbances), the NGS reads recovered for L. loa in this specimen
were numerous enough (299 total reads, or 17.02 specific reads per
million sequenced) to lend confidence to this finding.

The only mosquito-transmitted virus detected in this study
was WNV. Our phylogenetic analysis of the three detected
strains demonstrates that WNV circulation within Senegal is
affected by transmission chains involving both European and
North American nations (Figure 4). While the importance of
North American-to-African transmission of WNV is unclear and
requires further study, the repeated observations of transmission
between Europe and Africa can be explained by yearly bird
migrations on the Mediterranean-Sahel flyway (Hahn et al., 2009;
Najdenski et al., 2018; García-Carrasco et al., 2022). Our maximum-
likelihood molecular clock phylogeny and accompanying discrete
phylogeographic analysis (Figure 4, bottom right) also revealed the
relatedness of the WNV strains found in Bounkiling with at least
39 strains recently causing a neuroinvasive outbreak in northern
Italy (Barzon et al., 2022a,b). Disconcertingly, the tree also exposes
the need for additional genomic surveillance: the clade containing
the Italian and Bounkiling strains (particularly BK160) shared a
common ancestor more than 15 years ago, without any other
genomic sequences collected during the interim. Without ongoing
collection of genomic data, increases in genetic diversity or effective
reproduction rate (which in turn increase pathogen fitness) cannot
be quantified, preventing health authorities from anticipating or
reacting to potential outbreaks.

A major confounding factor in the diagnosis of AFI is the
occasional occurrence of coinfection. In our study, we identified
seven such cases. In particular, the P. falciparum/R. felis coinfection
is concerning because it would have been missed by our collection
program had we not retained some malaria positives; thus, focusing
on malaria negative specimens alone will not provide a full picture
of the extent of non-malaria AFI etiologies. On the other hand,
we also suggest providing continuing training for clinicians on
correct RDT usage to avoid misdiagnosis, especially when reflex
microscopy is unavailable or when RDTs with low sensitivity are
used. The detection of a range of coinfections across multiple
pathogen types (i.e., viral, bacterial, parasitic, fungal) was only
possible due to our use of unbiased NGS. Though we looked for
divergent pathogens (particularly viruses) and did not find any, our
unbiased NGS methods and prediction algorithms are equipped to
detect them (Berg et al., 2015, 2021; Orf et al., 2023a,b).

A limitation of this study was inconsistent recruitment of
patients over the study period, along with a relative lack of enrolled
children. We seek to remedy this situation in the future through
better communication with clinic personnel and potential enrollees
(or their parents/guardians). We also plan to extend collections to
new sites to represent most ecoregions of the country. Another
limitation of this study was its reliance on the collection of plasma
alone; this reduces the ability to detect AFI-causing enteric or
respiratory pathogens, or bacteria (opportunistic or pathogenic)
generally. This inevitably results in an underrepresentation of
bacterial and parasitic causes of AFI. Despite the burden that
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non-respiratory pathogens put on healthcare systems, the recent
COVID-19 pandemic reinforced that human-to-human respiratory
transmission still poses the greatest risk for the rapid dissemination
of a novel pathogen. In the future, we plan to expand the number
of matrixes collected from patients enrolled in our surveys and
initiate follow-up collections to increase the chance of detecting
an infection at a high titer. Encouragingly, since viral target
enrichment enables the recovery of sequence at low concentration
(Table 2), this increases the window during the viral infection
cycle that a successful detection can be achieved in a patient. The
strengths of viral target enrichment also allowed us to collect full
genomes for, and thus highlight, lesser-appreciated and under-
studied viral infections such as Saffold virus and HHV-8. In the case
of the latter, the prevalence of AFI caused by herpesviruses will be
interesting to monitor going forward due to the observation that
COVID-19 can reactivate latent infection (Shafiee et al., 2023).

The efforts described in this study embody the objectives of
the Abbott Pandemic Defense Coalition (Averhoff et al., 2022).
Senegal represents an ideal setting for conducting case finding
and pathogen identification for non-malarial febrile illnesses.
Collaboration between established scientific programs in developed
countries and those in developing countries will be necessary to
identify new or re-emerging pathogens and respond appropriately.
We believe that implementing metagenomic and target-enriched
sequencing technology locally where the highest burden of disease
exists will decrease turnaround time and encourage stronger
relationships between local scientists, clinicians, and health
authorities.

Data availability statement

The data presented in the study (viral genomes with greater
than 50% coverage) are deposited in the NCBI GenBank repository,
accession numbers PP445045-PP445060.

Ethics statement

The studies involving humans were approved by the National
Ethics Committee for Health Research (Comité National d’Ethique
pour la Recherche en Santé; CNERS) of the Senegalese Ministry
of Health, under approval number 000129/MSAS/CNERS. The
studies were conducted in accordance with the local legislation
and institutional requirements. Written informed consent for
participation in this study was provided by the participants’ legal
guardians/next of kin.

Author contributions

GO: Data curation, Formal analysis, Investigation,
Methodology, Resources, Software, Visualization,
Writing−original draft, Writing−review and editing. AA:
Conceptualization, Data curation, Investigation, Methodology,
Resources, Validation, Writing−original draft, Writing−review
and editing. MM: Formal analysis, Investigation, Writing−review
and editing. CD: Investigation, Resources, Writing−review
and editing. AM: Resources, Writing−review and editing. AP:

Investigation, Resources, Writing−review and editing. NM:
Resources, Writing−review and editing. AD-d: Resources,
Writing−review and editing. FA: Conceptualization,
Writing−review and editing. MB: Conceptualization,
Methodology, Project administration, Resources, Software,
Supervision, Writing−review and editing. GC: Conceptualization,
Funding acquisition, Project administration, Resources,
Supervision, Writing−review and editing. SM: Conceptualization,
Funding acquisition, Project administration, Supervision,
Writing−review and editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of the article. Funding was
provided by Abbott Laboratories. The funder provided support
in the form of salaries for the authors employed by the Abbott
Laboratories but did not have any additional role in the study
design, data collection and analysis, decision to publish, or
preparation of the manuscript.

Acknowledgments

We acknowledge Mary Rodgers, Julissa Inostroza, and Xinxin
Luo (Abbott Laboratories) for logistical assistance and Sonja
Weiss (Abbott Laboratories) for technical assistance. We also
acknowledge those at the Bounkiling site (Bou Diarra, Banna
Coly, Ibrahima Sow, Awa Mbaye, Elhadji Abou Diop, and Ndeye
Fatou Thiam) and Ziguinchor site (Famara Sané) for assistance in
specimen collection, as well as all patients who provided consent
and participated in this study.

Conflict of interest

GO, MM, FA, MB, and GC are all employees and shareholders
of Abbott Laboratories.

The remaining authors declare that the research was conducted
in the absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmicb.2024.
1362714/full#supplementary-material

Frontiers in Microbiology 11 frontiersin.org

https://doi.org/10.3389/fmicb.2024.1362714
https://www.frontiersin.org/articles/10.3389/fmicb.2024.1362714/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2024.1362714/full#supplementary-material
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/


fmicb-15-1362714 April 9, 2024 Time: 13:17 # 12

Orf et al. 10.3389/fmicb.2024.1362714

References

Agboli, E., Zahouli, J., Badolo, A., and Jöst, H. (2021). Mosquito-associated viruses
and their related mosquitoes in West Africa. Viruses 13:891. doi: 10.3390/v13050891

Ahouidi, A., Rodgers, M., Padane, A., Leye, N., Olivo, A., Mbow, M., et al. (2021).
Emergence of novel combinations of SARS-CoV-2 spike receptor binding domain
variants in senegal. Sci. Rep. 11:23644. doi: 10.1038/s41598-021-02874-z

Altschul, S., Gish, W., Miller, W., Myers, E., and Lipman, D. (1990). Basic local
alignment search tool. J. Mol. Biol. 215, 403–410. doi: 10.1016/S0022-2836(05)80360-2

Andreoni, M. (2002). Primary human herpesvirus 8 infection in immunocompetent
children. JAMA 287:1295. doi: 10.1001/jama.287.10.1295

Averhoff, F., Berg, M., Rodgers, M., Osmanov, S., Luo, X., Anderson, M., et al.
(2022). The Abbott Pandemic Defense Coalition: A unique multisector approach
adds to global pandemic preparedness efforts. Int. J. Infect. Dis. 117, 356–360. doi:
10.1016/j.ijid.2022.02.001

Barzon, L., Montarsi, F., Quaranta, E., Monne, I., Pacenti, M., Michelutti, A.,
et al. (2022a). Early start of seasonal transmission and co-circulation of West Nile
virus lineage 2 and a newly introduced lineage 1 strain, northern Italy, June 2022.
Eurosurveillance 27:2200548. doi: 10.2807/1560-7917.es.2022.27.29.2200548

Barzon, L., Pacenti, M., Montarsi, F., Fornasiero, D., Gobbo, F., Quaranta, E., et al.
(2022b). Rapid spread of a new West Nile virus lineage 1 associated with increased risk
of neuroinvasive disease during a large outbreak in Italy in 2022: One Health analysis.
J. Travel Med. 4:taac125. doi: 10.1093/jtm/taac125

Berg, M., Forberg, K., Perez, L., Luk, K., Meyer, T., and Cloherty, G. (2021).
Emergence of a distinct picobirnavirus genotype circulating in patients hospitalized
with acute respiratory illness. Viruses 13:2534. doi: 10.3390/v13122534

Berg, M., Lee, D., Coller, K., Frankel, M., Aronsohn, A., Cheng, K., et al. (2015).
Discovery of a novel human pegivirus in blood associated with hepatitis C Virus
Co-infection. PLoS Pathog. 11:e1005325. doi: 10.1371/journal.ppat.1005325

Berg, M., Olivo, A., Forberg, K., Harris, B., Yamaguchi, J., Shirazi, R., et al. (2020).
Advanced molecular surveillance approaches for characterization of blood borne
hepatitis viruses. PLoS One 15:e0236046. doi: 10.1371/journal.pone.0236046

Brahim, H., Perrier-Gros-Claude, J., Postic, D., Baranton, G., and Jambou, R. (2005).
Identifying relapsing fever Borrelia, senegal. Emerg. Infect. Dis. 11, 474–475. doi:
10.3201/eid1103.040506

Campbell, L., Luther, C., Moo-Llanes, D., Ramsey, J., Danis-Lozano, R., and
Peterson, A. (2015). Climate change influences on global distributions of dengue
and chikungunya virus vectors. Philos. Trans. R. Soc. B Biol. Sci. 370:20140135. doi:
10.1098/rstb.2014.0135

Carlson, C., Bannon, E., Mendenhall, E., Newfield, T., and Bansal, S. (2023).
Rapid range shifts in African Anopheles mosquitoes over the last century. Biol. Lett.
19:20220365. doi: 10.1098/rsbl.2022.0365

Carlson, C., Dougherty, E., and Getz, W. (2016). An ecological assessment of the
pandemic threat of zika virus. PLoS Negl. Trop. Dis. 10:e0004968. doi: 10.1371/journal.
pntd.0004968

Carroll, D., Morzaria, S., Briand, S., Johnson, C., Morens, D., Sumption, K., et al.
(2021). Preventing the next pandemic: The power of a global viral surveillance
network. BMJ 372:n485. doi: 10.1136/bmj.n485

Chiu, C. (2013). Viral pathogen discovery. Curr. Opin. Microbiol. 16, 468–478.
doi: 10.1016/j.mib.2013.05.001

Chiu, C., and Miller, S. (2019). Clinical metagenomics. Nat. Rev. Genet. 20, 341–355.
doi: 10.1038/s41576-019-0113-7

Crump, J. (2014). Time for a comprehensive approach to the syndrome of fever in
the tropics. Trans. R. Soc. Trop. Med. Hyg. 108, 61–62. doi: 10.1093/trstmh/trt120

D’Acremont, V., Lengeler, C., and Genton, B. (2010). Reduction in the proportion
of fevers associated with Plasmodium falciparum parasitaemia in Africa: A systematic
review. Malaria J. 9:240. doi: 10.1186/1475-2875-9-240

Deng, X., Achari, A., Federman, S., Yu, G., Somasekar, S., Bartolo, I., et al.
(2020). Metagenomic sequencing with spiked primer enrichment for viral diagnostics
and genomic surveillance. Nat. Microbiol. 5, 443–454. doi: 10.1038/s41564-019-
0637-9

Diagne, J., Ka, A., Ndiaye, J., Saheli, Y., De Medeiros, M., Sow, A., et al. (2018).
Migration sous cutanee palpebrale d’une loase: A propos d’un cas. Revue SOAO 1,
27–30.

Evans, M., and Munslow, B. (2021). Climate change, health, and conflict in
Africa’s arc of instability. Perspect. Public Health 141, 338–341. doi: 10.1177/
17579139211058299

García-Carrasco, J., Muñoz, A., Olivero, J., Segura, M., and Real, R. (2022). Mapping
the risk for west Nile virus transmission, Africa. Emerg. Infect. Dis. 28, 777–785.
doi: 10.3201/eid2804.211103

Gostin, L., and Katz, R. (2016). The international health regulations: The governing
framework for global health security. Milbank Q. 94, 264–313. doi: 10.1111/1468-0009.
12186

Gras, E., Bailly, E., Le Brun, C., Lemaignen, A., and Lanotte, P. (2019). Borrelia
crocidurae tick-borne relapsing fever upon return from Senegal. Méd. Maladies Infect.
49, 624–625. doi: 10.1016/j.medmal.2019.05.005

Greninger, A. L. (2018). A decade of RNA virus metagenomics is (not) enough. Virus
Res. 244, 218–229. doi: 10.1016/j.virusres.2017.10.014

Hahn, S., Bauer, S., and Liechti, F. (2009). The natural link between Europe and
Africa - 2.1 billion birds on migration. Oikos 118, 624–626. doi: 10.1111/j.1600-0706.
2008.17309.x

Hoang, D., Chernomor, O., von Haeseler, A., Minh, B., and Vinh, L. (2018).
UFBoot2: Improving the ultrafast bootstrap approximation. Mol. Biol. Evol. 35, 518–
522. doi: 10.1093/molbev/msx281

Iroh Tam, P., Obaro, S., and Storch, G. (2016). Challenges in the etiology and
diagnosis of acute febrile illness in children in low- and middle-income countries.
J. Pediatr. Infect. Dis. Soc. 5, 190–205. doi: 10.1093/jpids/piw016

Jones, K., Patel, N., Levy, M., Storeygard, A., Balk, D., Gittleman, J., et al. (2008).
Global trends in emerging infectious diseases. Nature 451, 990–993. doi: 10.1038/
nature06536

Kalyaanamoorthy, S., Minh, B., Wong, T., Von Haeseler, A., and Jermiin, L. (2017).
ModelFinder: Fast model selection for accurate phylogenetic estimates. Nat. Methods
14, 587–589. doi: 10.1038/nmeth.4285

Kapuscinski, M., Bergren, N., Russell, B., Lee, J., Borland, E., Hartman, D.,
et al. (2021). Genomic characterization of 99 viruses from the bunyavirus
families Nairoviridae, Peribunyaviridae, and Phenuiviridae, including 35 previously
unsequenced viruses. PLoS Pathog. 17:e1009315. doi: 10.1371/journal.ppat.1009315

Katoh, K., and Standley, D. M. (2013). Multiple sequence alignment software version
7: Improvements in performance and usability. Mol. Biol. Evol. 30, 772–780. doi:
10.1093/molbev/mst010

Kelly-Hope, L., Hemingway, J., Taylor, M., and Molyneux, D. (2018). Increasing
evidence of low lymphatic filariasis prevalence in high risk Loa loa areas in Central
and West Africa: A literature review. Parasit Vectors 11:349. doi: 10.1186/s13071-018-
2900-y

Ko, K., Chng, K., and Nagarajan, N. (2022). Metagenomics-enabled microbial
surveillance. Nat. Microbiol. 7, 486–496. doi: 10.1038/s41564-022-01089-w

Marshall, V., Fisher, N., Goodman, C., Cornejo Castro, E., Liu, I., Khanal, S.,
et al. (2022). Systematic analysis of Kaposi’s sarcoma (KS)-associated herpesvirus
genomes from a KS case-control study in Cameroon: Evidence of dual infections
but no association between viral sequence variation and KS risk. Int. J. Cancer 151,
1127–1141. doi: 10.1002/ijc.34136

Martin, R., and Fall, I. (2021). Field epidemiology training programs to accelerate
public health workforce development and global health security. Int. J. Infect. Dis. 110,
S3–S5. doi: 10.1016/j.ijid.2021.08.021

Maze, M., Bassat, Q., Feasey, N., Mandomando, I., Musicha, P., and Crump, J.
(2018). The epidemiology of febrile illness in sub-Saharan Africa: Implications for
diagnosis and management. Clin. Microbiol. Infect. 24, 808–814. doi: 10.1016/j.cmi.
2018.02.011

Mcsweegan, E., Weaver, S., Lecuit, M., Frieman, M., Morrison, T., and Hrynkow,
S. (2015). The global virus network: Challenging chikungunya. Antiviral Res. 120,
147–152. doi: 10.1016/j.antiviral.2015.06.003

Miller, S., Naccache, S., Samayoa, E., Messacar, K., Arevalo, S., Federman, S., et al.
(2019). Laboratory validation of a clinical metagenomic sequencing assay for pathogen
detection in cerebrospinal fluid. Genome Res. 29, 831–842. doi: 10.1101/gr.238170.118

Minh, B., Schmidt, H., Chernomor, O., Schrempf, D., Woodhams, M., von Haeseler,
A., et al. (2020). IQ-TREE 2: New models and efficient methods for phylogenetic
inference in the genomic era. Mol. Biol. Evol. 37, 1530–1534. doi: 10.1093/molbev/
msaa015

Moore, G., Goodman, M., and Barnabas, J. (1973). An iterative approach from the
standpoint of the additive hypothesis to the dendrogram problem posed by molecular
data sets. J. Theor. Biol. 38, 423–457. doi: 10.1016/0022-5193(73)90251-8

Mordecai, E., Paaijmans, K., Johnson, L., Balzer, C., Ben-Horin, T., de Moor, E.,
et al. (2013). Optimal temperature for malaria transmission is dramatically lower than
previously predicted. Ecol. Lett. 16, 22–30. doi: 10.1111/ele.12015

Morens, D., Daszak, P., Markel, H., and Taubenberger, J. (2020). Pandemic COVID-
19 joins history’s pandemic legion. mBio 11:e00812-20.

Murray, C., Rosenfeld, L., Lim, S., Andrews, K., Foreman, K., Haring, D., et al.
(2012). Global malaria mortality between 1980 and 2010: A systematic analysis. Lancet
379, 413–431. doi: 10.1016/S0140-6736(12)60034-8

Naccache, S., Federman, S., Veeraraghavan, N., Zaharia, M., Lee, D., Samayoa, E.,
et al. (2014). A cloud-compatible bioinformatics pipeline for ultrarapid pathogen
identification from next-generation sequencing of clinical samples. Genome Res. 24,
1180–1192. doi: 10.1101/gr.171934.113

Najdenski, H., Dimova, T., Zaharieva, M., Nikolov, B., Petrova-Dinkova, G.,
Dalakchieva, S., et al. (2018). Migratory birds along the Mediterranean - Black Sea

Frontiers in Microbiology 12 frontiersin.org

https://doi.org/10.3389/fmicb.2024.1362714
https://doi.org/10.3390/v13050891
https://doi.org/10.1038/s41598-021-02874-z
https://doi.org/10.1016/S0022-2836(05)80360-2
https://doi.org/10.1001/jama.287.10.1295
https://doi.org/10.1016/j.ijid.2022.02.001
https://doi.org/10.1016/j.ijid.2022.02.001
https://doi.org/10.2807/1560-7917.es.2022.27.29.2200548
https://doi.org/10.1093/jtm/taac125
https://doi.org/10.3390/v13122534
https://doi.org/10.1371/journal.ppat.1005325
https://doi.org/10.1371/journal.pone.0236046
https://doi.org/10.3201/eid1103.040506
https://doi.org/10.3201/eid1103.040506
https://doi.org/10.1098/rstb.2014.0135
https://doi.org/10.1098/rstb.2014.0135
https://doi.org/10.1098/rsbl.2022.0365
https://doi.org/10.1371/journal.pntd.0004968
https://doi.org/10.1371/journal.pntd.0004968
https://doi.org/10.1136/bmj.n485
https://doi.org/10.1016/j.mib.2013.05.001
https://doi.org/10.1038/s41576-019-0113-7
https://doi.org/10.1093/trstmh/trt120
https://doi.org/10.1186/1475-2875-9-240
https://doi.org/10.1038/s41564-019-0637-9
https://doi.org/10.1038/s41564-019-0637-9
https://doi.org/10.1177/17579139211058299
https://doi.org/10.1177/17579139211058299
https://doi.org/10.3201/eid2804.211103
https://doi.org/10.1111/1468-0009.12186
https://doi.org/10.1111/1468-0009.12186
https://doi.org/10.1016/j.medmal.2019.05.005
https://doi.org/10.1016/j.virusres.2017.10.014
https://doi.org/10.1111/j.1600-0706.2008.17309.x
https://doi.org/10.1111/j.1600-0706.2008.17309.x
https://doi.org/10.1093/molbev/msx281
https://doi.org/10.1093/jpids/piw016
https://doi.org/10.1038/nature06536
https://doi.org/10.1038/nature06536
https://doi.org/10.1038/nmeth.4285
https://doi.org/10.1371/journal.ppat.1009315
https://doi.org/10.1093/molbev/mst010
https://doi.org/10.1093/molbev/mst010
https://doi.org/10.1186/s13071-018-2900-y
https://doi.org/10.1186/s13071-018-2900-y
https://doi.org/10.1038/s41564-022-01089-w
https://doi.org/10.1002/ijc.34136
https://doi.org/10.1016/j.ijid.2021.08.021
https://doi.org/10.1016/j.cmi.2018.02.011
https://doi.org/10.1016/j.cmi.2018.02.011
https://doi.org/10.1016/j.antiviral.2015.06.003
https://doi.org/10.1101/gr.238170.118
https://doi.org/10.1093/molbev/msaa015
https://doi.org/10.1093/molbev/msaa015
https://doi.org/10.1016/0022-5193(73)90251-8
https://doi.org/10.1111/ele.12015
https://doi.org/10.1016/S0140-6736(12)60034-8
https://doi.org/10.1101/gr.171934.113
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/


fmicb-15-1362714 April 9, 2024 Time: 13:17 # 13

Orf et al. 10.3389/fmicb.2024.1362714

Flyway as carriers of zoonotic pathogens. Can. J. Microbiol. 64, 915–924. doi: 10.1139/
cjm-2017-0763

Nicholson, S. (2013). The West African Sahel: A review of recent studies on the
rainfall regime and its interannual variability. ISRNMeteorol. 2013, 1–32. doi: 10.1155/
2013/453521

Nicholson, S. (2018). Oxford Research Encyclopedia of Climate Science. Oxford:
Oxford University Press.

O’Flaherty, B., Li, Y., Tao, Y., Paden, C., Queen, K., Zhang, J., et al.
(2018). Comprehensive viral enrichment enables sensitive respiratory virus genomic
identification and analysis by next generation sequencing. Genome Res. 28, 869–877.
doi: 10.1101/gr.226316.117

Orf, G., Forberg, K., Meyer, T., Mowerman, I., Mohaimani, A., Faron, M.,
et al. (2021). SNP and phylogenetic characterization of low viral load SARS-CoV-
2 specimens by target enrichment. Front. Virol. 1:765974. doi: 10.3389/fviro.2021.
765974

Orf, G., Olivo, A., Harris, B., Weiss, S., Achari, A., Yu, G., et al. (2023a).
Metagenomic detection of divergent insect- and bat-associated viruses in plasma
from two African individuals enrolled in blood-borne surveillance. Viruses 15:1022.
doi: 10.3390/v15041022

Orf, G., Perez, L., Meyer, T., Luk, K., Forberg, K., Rodgers, M., et al. (2023b).
Purifying selection decreases the potential for Bangui orthobunyavirus outbreaks in
humans. Virus Evol. 9:vead018. doi: 10.1093/ve/vead018

Perez, L., Orf, G., Berg, M., Rodgers, M., Meyer, T., Mohaimani, A., et al. (2022).
The early SARS-CoV-2 epidemic in Senegal was driven by the local emergence of
B.1.416 and the introduction of B.1.1.420 from Europe. Virus Evol. 8:veac025. doi:
10.1093/ve/veac025

Radford, A., Chapman, D., Dixon, L., Chantrey, J., Darby, A., and Hall, N. (2012).
Application of next-generation sequencing technologies in virology. J. General Virol.
93, 1853–1868. doi: 10.1099/vir.0.043182-0

Raj, J., Bangalath, H., and Stenchikov, G. (2019). West African Monsoon: Current
state and future projections in a high-resolution AGCM. Clim. Dyn. 52, 6441–6461.
doi: 10.1007/s00382-018-4522-7

Reyburn, H., Mbatia, R., Drakeley, C., Carneiro, I., Mwakasungula, E., Mwerinde,
O., et al. (2004). Overdiagnosis of malaria in patients with severe febrile illness
in Tanzania: A prospective study. BMJ 329:1212. doi: 10.1136/bmj.38251.658
229.55

Rhee, C., Kharod, G., Schaad, N., Furukawa, N., Vora, N., Blaney, D., et al.
(2019). Global knowledge gaps in acute febrile illness etiologic investigations: A
scoping review. PLoS Negl. Trop. Dis. 13:e0007792. doi: 10.1371/journal.pntd.000
7792

Robinson, D. (1971). Comparison of labeled trees with valency
three. J. Comb. Theory Ser. B 11, 105–119. doi: 10.1016/0095-8956(71)
90020-7

Ryan, S., Mcnally, A., Johnson, L., Mordecai, E., Ben-Horin, T., Paaijmans, K., et al.
(2015). Mapping physiological suitability limits for Malaria in Africa under climate
change. Vector Borne Zoonot. Dis. 15, 718–725. doi: 10.1089/vbz.2015.1822

Sagulenko, P., Puller, V., and Neher, R. (2018). TreeTime: Maximum-likelihood
phylodynamic analysis. Virus Evol. 4:vex042. doi: 10.1093/ve/vex042

Shafiee, A., Teymouri Athar, M., Amini, M., Hajishah, H., Siahvoshi, S., Jalali, M.,
et al. (2023). Reactivation of herpesviruses during COVID-19: A systematic review
and meta-analysis. Rev. Med. Virol. 33:e2437. doi: 10.1002/rmv.2437

Thiam, S., Thior, M., Faye, B., Ndiop, M., Diouf, M., Diouf, M., et al. (2011). Major
reduction in anti-malarial drug consumption in senegal after nation-wide introduction
of malaria rapid diagnostic tests. PLoS One 6:e18419. doi: 10.1371/journal.pone.
0018419

Trape, J., Diatta, G., Arnathau, C., Bitam, I., Sarih, M., Belghyti, D., et al. (2013). The
epidemiology and geographic distribution of relapsing fever borreliosis in West and
North Africa, with a review of the Ornithodoros erraticus Complex (Acari: Ixodida).
PLoS One 8:e78473. doi: 10.1371/journal.pone.0078473

Trape, J., Godeluck, B., Diatta, G., Rogier, C., Legros, F., Albergel, J., et al. (1996).
The spread of tick-borne borreliosis in West Africa and its relationship to sub-Saharan
drought. Am. J. Trop. Med. Hyg. 54, 289–293. doi: 10.4269/ajtmh.1996.54.289

U.S. President’s Malaria Initiative (2022). U.S. President’s Malaria InitiativeSenegal
Malaria Operational Plan FY. Available online at: https://www.pmi.gov/ (accessed
December 19, 2023)

Villena, O., Ryan, S., Murdock, C., and Johnson, L. (2022). Temperature impacts
the environmental suitability for malaria transmission by Anopheles gambiae and
Anopheles stephensi. Ecology 103:e3685. doi: 10.1002/ecy.3685

Wainaina, M., Vey Da Silva, D., Dohoo, I., Mayer-Scholl, A., Roesel, K., Hofreuter,
D., et al. (2022). A systematic review and meta-analysis of the aetiological agents
of non-malarial febrile illnesses in Africa. PLoS Negl. Trop. Dis. 16:e0010144. doi:
10.1371/journal.pntd.0010144

Wickham, H. (2016). ggplot2: Elegant Graphics for Data Analysis. New York, NY:
Springer-Verlag.

World Health Organization [WHO] (2022). World Malaria Report 2022. Geneva:
World Health Organization.

Yamaguchi, J., Olivo, A., Laeyendecker, O., Forberg, K., Ndembi, N., Mbanya, D.,
et al. (2018). Universal target capture of HIV sequences from NGS libraries. Front.
Microbiol. 9:2150. doi: 10.3389/fmicb.2018.02150

Yinda, C., Vanhulle, E., Conceição-Neto, N., Beller, L., Deboutte, W., Shi, C., et al.
(2019). Gut virome analysis of cameroonians reveals high diversity of enteric viruses,
including potential interspecies transmitted viruses. mSphere 4:e00585-18. doi: 10.
1128/msphere.00585-18 .

Yu, G., Smith, D., Zhu, H., Guan, Y., and Lam, T. (2017). ggtree: An r package
for visualization and annotation of phylogenetic trees with their covariates and other
associated data. Methods Ecol. Evol. 8, 28–36. doi: 10.1111/2041-210x.12628

Frontiers in Microbiology 13 frontiersin.org

https://doi.org/10.3389/fmicb.2024.1362714
https://doi.org/10.1139/cjm-2017-0763
https://doi.org/10.1139/cjm-2017-0763
https://doi.org/10.1155/2013/453521
https://doi.org/10.1155/2013/453521
https://doi.org/10.1101/gr.226316.117
https://doi.org/10.3389/fviro.2021.765974
https://doi.org/10.3389/fviro.2021.765974
https://doi.org/10.3390/v15041022
https://doi.org/10.1093/ve/vead018
https://doi.org/10.1093/ve/veac025
https://doi.org/10.1093/ve/veac025
https://doi.org/10.1099/vir.0.043182-0
https://doi.org/10.1007/s00382-018-4522-7
https://doi.org/10.1136/bmj.38251.658229.55
https://doi.org/10.1136/bmj.38251.658229.55
https://doi.org/10.1371/journal.pntd.0007792
https://doi.org/10.1371/journal.pntd.0007792
https://doi.org/10.1016/0095-8956(71)90020-7
https://doi.org/10.1016/0095-8956(71)90020-7
https://doi.org/10.1089/vbz.2015.1822
https://doi.org/10.1093/ve/vex042
https://doi.org/10.1002/rmv.2437
https://doi.org/10.1371/journal.pone.0018419
https://doi.org/10.1371/journal.pone.0018419
https://doi.org/10.1371/journal.pone.0078473
https://doi.org/10.4269/ajtmh.1996.54.289
https://www.pmi.gov/
https://doi.org/10.1002/ecy.3685
https://doi.org/10.1371/journal.pntd.0010144
https://doi.org/10.1371/journal.pntd.0010144
https://doi.org/10.3389/fmicb.2018.02150
https://doi.org/10.1128/msphere.00585-18
https://doi.org/10.1128/msphere.00585-18
https://doi.org/10.1111/2041-210x.12628
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/

	Next-generation sequencing survey of acute febrile illness in Senegal (2020–2022)
	Introduction
	Materials and methods
	Patients and specimen collection
	Nucleic acid extraction and preparation of NGS libraries
	Viral target enrichment
	NGS and bioinformatic analysis
	Phylogenetic tree reconstruction
	Use of public domain data

	Results
	Febrile patients were enrolled across three sites over 3 years
	Eight species of virus, four of bacteria, one of fungus, and two of parasite were detected by NGS
	Mosquito-vectored pathogens were typically detected just after the conclusion of the rainy season
	Senegalese West Nile virus strains are related to those circulating in southern Europe and the United States
	The combination of metagenomics and target enrichment allowed for the detection of co-infections and low concentration viruses

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	Supplementary material
	References


