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Abstract: Acute febrile illness (AFI) and severe neurological disorders (SNDs) often present diagnostic
challenges due to their potential origins from a wide range of infectious agents. Nanopore metage-
nomics is emerging as a powerful tool for identifying the microorganisms potentially responsible
for these undiagnosed clinical cases. In this study, we aim to shed light on the etiological agents
underlying AFI and SND cases that conventional diagnostic methods have not been able to fully
elucidate. Our approach involved analyzing samples from fourteen hospitalized patients using a com-
prehensive nanopore metagenomic approach. This process included RNA extraction and enrichment
using the SMART-9N protocol, followed by nanopore sequencing. Subsequent steps involved quality
control, host DNA/cDNA removal, de novo genome assembly, and taxonomic classification. Our
findings in AFI cases revealed a spectrum of disease-associated microbes, including Escherichia coli,
Streptococcus sp., Human Immunodeficiency Virus 1 (Subtype B), and Human Pegivirus. Similarly,
SND cases revealed the presence of pathogens such as Escherichia coli, Clostridium sp., and Dengue
virus type 2 (Genotype-II lineage). This study employed a metagenomic analysis method, demon-
strating its efficiency and adaptability in pathogen identification. Our investigation successfully
identified pathogens likely associated with AFI and SNDs, underscoring the feasibility of retrieving
near-complete genomes from RNA viruses. These findings offer promising prospects for advancing
our understanding and control of infectious diseases, by facilitating detailed genomic analysis which
is critical for developing targeted interventions and therapeutic strategies.
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1. Introduction

Acute febrile illness (AFI) is a clinical syndrome characterized by fever (≥38.0 ◦C)
and often accompanied by various non-specific symptoms such as headache, rash, and
muscle and joint pains. This illness frequently necessitates hospitalization and extensive
investigations to determine its cause, which is primarily due to infectious pathogens that
vary epidemiologically around the world. For instance, malaria is the predominant cause
of AFI in Africa, whereas in Latin America and Asia, dengue and leptospirosis are more
common causes of this syndrome [1,2].

Despite advancements in medical diagnostics, a significant proportion of AFI cases re-
main unresolved. Conventional diagnostic approaches often yield inconclusive or negative
results. Studies indicate that nearly 50% of AFI cases remain undiagnosed, a figure that
may be higher due to the frequent misdiagnosis of AFI as arboviral disease in primary care
settings, where no further investigations are conducted [3,4].

Severe neurological disorders (SNDs) encompass a range of conditions that impact the
brain, spinal cord, and nerves. Symptoms of SNDs may include headaches, taste and smell
dysfunction, muscle weakness, paralysis, a loss of sensation, poor coordination, confusion,
seizures, and pain. SNDs are the second leading cause of death globally, with various
causes including infectious bacteria, fungi, and particularly viruses [5,6].

Due to the non-specific symptoms and the wide range of associated infections, SNDs
and AFI present significant diagnostic challenges. In many cases, supplementary method-
ologies are necessary to determine the etiological origins of these complex diseases. Among
these methodologies, metagenomics has emerged as a revolutionary approach. It provides
a comprehensive analysis of the microbial composition within biological samples. This
technique facilitates the identification of potential emerging and re-emerging pathogens
through nucleotide sequence analysis and generates valuable genomic data. These in-
sights enhance our understanding of disease biology, host–pathogen interactions, and
epidemiology [7].

The application of metagenomics in the detection of infectious agents, especially
those elusive to conventional diagnostic methods, has seen a marked increase in recent
years [8,9]. Metagenomic analysis leverages a variety of next-generation sequencing (NGS)
technologies. Among these, the MinION sequencing platform is increasingly favored
due to its capacity to rapidly generate substantial data volumes. Its long-read sequencing
capabilities address the challenges associated with ambiguous repetitive regions, enhancing
genomic contiguity. The portability and cost-effectiveness of this technology further bolster
its adoption in genomic research [10]. As the epidemiological landscape of infectious
diseases continues to shift, the relevance of sophisticated metagenomic methodologies
becomes more pronounced. These technologies are crucial in elucidating the intricate
interactions between pathogens and their hosts, aiming to mitigate the public health burden
of diseases such as AFI and SND. They are instrumental in safeguarding public health in
an era characterized by the frequent emergence and re-emergence of infectious diseases.

In light of these capabilities, this study sought to employ the nanopore sequencing
platform to identify and characterize microorganisms linked to febrile or neurological
disorders of unknown etiology. The investigation focused on a cohort of hospitalized
patients with undiagnosed cases of AFI or SND, demonstrating the utility of metagenomics
in resolving complex diagnostic challenges in clinical settings.

2. Materials and Methods
2.1. Clinical Sampling

The Eduardo de Menezes Hospital in Belo Horizonte, Brazil, plays a crucial role in
healthcare by conducting etiological investigations for patients hospitalized with condi-
tions such as acute febrile illness or severe neurological disorders. The hospital ensures
the highest biosafety standards during the collection and identification of samples, fol-
lowing medical requests. Collaborating with the Ezequiel Dias Foundation (FUNED), the
hospital aims to uncover possible links between infections with inconclusive diagnoses
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and microbial infections. This is carried out through extensive serological and molecular
biology investigations targeting arboviruses, hepatitis, rickettsiosis, hantavirus, leptospiro-
sis, and other pathogens. Samples are collected based on clinical information and medical
requests and may include serum, whole blood, swabs, or cerebrospinal fluid. If an RNA
virus is suspected, blood is also collected in a Tempus tube, which contains chemicals that
preserve RNA for a longer period. Despite these efforts, in 2022, fourteen patients had
inconclusive results even after serological and molecular biology investigations. As an
alternative approach to identify the etiological agents, these patient samples were subjected
to metagenomic analysis (Figure 1).
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Figure 1. Metagenomic workflow analysis of AFI and SND in hospitalized patients. (1) Sample
collection: Collection of biological samples from hospitalized patients diagnosed with acute febrile
illness [AFI] or severe neurological disorder [SND] of unidentified origin. (2) Laboratory Processing:
Samples underwent RNA extraction using the SMART-9N protocol, followed by metagenomic
sequencing employing nanopore technology. (3) Data Analysis: Sequences were subjected to quality
control, the removal of host genetic material, and the generation of contigs through de novo genome
assembly. These contigs were then classified taxonomically. (4) Pathogen Identification and Further
Analysis: Identified pathogens with coverage exceeding 80% were used to assemble a consensus
genome. The completeness of these genomes was assessed, culminating in the construction of a
phylogenetic tree.

2.2. RNA Extraction and Nanopore Sequencing

RNA was extracted from a range of 200 to 500 µL of biological samples using the High
Pure RNA Isolation Kit (Hoffmann–La Roche, Basel, Switzerland) and concentrated using
the RNA Clean & Concentrator-5 (Zymo Research, Irvine, CA, USA). The samples then
underwent the SMART-9N PCR protocol [11], utilizing a three-random-primed SMART-Seq
model compatible with Oxford Nanopore Technologies (ONT) adapters. This protocol is
particularly effective in enhancing the detection and sequencing of pathogen genomes,
including RNA viruses, and facilitates the identification and sequencing of DNA viruses,
bacteria, fungi, eukaryotes, and archaea. Library preparation involved multiple steps:
PCR purification using AMPure XP beads (Beckman Coulter, Indianapolis, IN, USA), the
normalization of DNA concentration, purification, end repair, and dA-tailing using the
Ultra II End Prep Kit (New England Biolabs, Ipswich, MA, USA). This was followed by
further purification, native barcode ligation using the PCR Barcoding Expansion (Ox-
ford Nanopore Technologies, Oxford, UK), and adapter ligation with the Adapter Mix II
Expansion protocol (Oxford Nanopore Technologies, UK).
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The genomic material at each step was quantified using the Qubit dsDNA Quantifica-
tion Assay Kit (Life Technologies, Carlsbad, CA, USA). Following barcoding, the samples
were pooled and loaded into an Oxford Nanopore MinION R9.4.1 flow cell, primed accord-
ing to the manufacturer’s instructions using the Flow Cell Priming Kit (Oxford Nanopore
Technologies, UK). Sequencing was conducted on the ONT MinION Mk1B device using
MinKNOW software.

The initial sequencing run generated raw data in FAST5 format, capturing electrical
signals. These files were processed for base calling, converting them to FASTQ format, and
demultiplexed using Guppy software, developed by ONT [12].

2.3. De Novo Genome Assembly and Taxonomic Classification

The resulting FASTQ files were analyzed using the open-source metagenomic cloud-
pipeline provided by the Chan-Zuckerberg IDseq platform [13]. This analysis involved a
series of steps: initial quality assessment using Fastp software [14], followed by the removal
of human host sequences using minimap2 [15]. Subsequently, the remaining reads were
de novo-assembled using Flye software, specifically employing the metaFlye parameter
tailored for metagenomic analysis [16]. The resulting contigs and unaligned reads were
then classified using the DIAMOND software [17] and cross-referenced with the NCBI
Nucleotide database (NT). The complete list of detected microorganisms is provided in
Supplementary Table S1.

2.4. Phylogenetic Analysis

Pathogens with genome coverage exceeding 80% were subjected to genome assembly
using the Genome Detective online tool [18]. The resulting consensus genomes were
then assessed for quality and completeness using CheckV software [19]. These genomic
sequences were aligned to reference genomes retrieved from the NCBI database using
MAFFT with default parameters [20]. Manual curation was performed using Aliview [21]
to eliminate biological artifacts. Phylogenetic trees were constructed using Maximum
Likelihood (ML) estimation performed by IQ-TREE2, employing the general time reversible
(GTR) model of nucleotide substitution and supported by 1000 bootstrap replicates, with
the command iqtree -s archive.fasta -m GTR+F+R5 -bb 1000. The final visualization of the
phylogenetic trees was facilitated using FigTree software. The datasets used to build the
phylogenetic trees are in Supplementary Table S2.

3. Results

In this study, nine hospitalized patients were diagnosed with acute febrile illness (AFI),
while three exhibited symptoms indicative of severe neurological disease (SND). Notably,
two AFI patients lacked sufficient epidemiological data, resulting in their exclusion from
further analysis. Table 1 summarizes the epidemiological data of the included patients,
showing an age distribution ranging from 14 to 61 years. The gender distribution was
equal, with 50% female and 50% male participants. All patients were residents of Minas
Gerais, predominantly from Belo Horizonte, although some were from nearby cities such
as Ouro Preto or Ribeirão das Neves.

Clinically, the hospitalized patients presented a variety of symptoms that necessitated
their admission. Those with AFI commonly reported fever, myalgia, arthralgia, and
headaches. In contrast, SND cases were primarily associated with symptoms like headaches,
seizures, and potential neurosyphilis. A total of 14 samples were analyzed from these
12 patients, with 2 individuals (patients 7 and 11) contributing 2 samples each. The types
of samples included five whole blood, two cerebrospinal fluid, five serum, and two RNA
Tempus blood samples.
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Table 1. Epidemiological information from the patients analyzed in this study.

Patient Gender Age City State Clinical
Classification Symptoms Sample

1 Male 53 Belo
Horizonte Minas Gerais SND Headaches Serum

2 Female 38 Belo
Horizonte Minas Gerais AFI

Fever, myalgia, arthralgia,
fatigue, headache, and skin

lesions (rash)
Tempus

3 Male 38 Belo
Horizonte Minas Gerais SND Headache, convulsive seizure,

and neurological symptoms Whole blood

4 Male 53 Ouro Preto Minas Gerais SND Suggestive of neurosyphilis
and bacterial meningitis Whole blood

5 Female 43 Belo
Horizonte Minas Gerais AFI Myalgia, arthralgia, fatigue,

and petechiae Serum

6 Male 34 Belo
Horizonte Minas Gerais AFI Fever, myalgia, headache, and

petechiae Whole blood

7 Female 27 Ribeirão das
Neves Minas Gerais AFI Fever, cough, myalgia, fatigue,

and petechiae
Tempus,
serum

8 Female 14 Belo
Horizonte Minas Gerais AFI Fever, myalgia, and headache Whole blood

9 Male 37 Belo
Horizonte Minas Gerais AFI Fever Serum

10 Male 61 Betim Minas Gerais AFI Fever Serum

11 Female 23 Belo
Horizonte Minas Gerais AFI Fever and subacute

myeloradiculopathy
Cerebrospinal

fluids

12 Female 32 Belo
Horizonte Minas Gerais AFI

Fever, myalgia, skin lesions,
immunosuppression, and

acute hepatitis
Whole blood

Among the patients, 25% were clinically classified as SND cases (n = 3), while 75%
were classified as AFI cases (n = 9) (Figure 2A). Among the SND cases, nine microorganisms
were identified, with three pathogens (34%) associated with SND: Escherichia coli (33%),
Clostridium sp. (33%), and Dengue virus type 2 (33%) (Figure 2B,C).

Regarding the AFI cases, a total of 21 microorganisms were identified, with 8 (38%)
of them being pathogens associated with AFI symptoms (Figure 2D). Bacterial detection
was predominant, with Escherichia coli (76%) being the most prevalent, followed by Strep-
tococcus sp. (8%). Furthermore, viruses were identified in two cases, including Human
Immunodeficiency Virus 1 (HIV-1) (8%), and Human pegivirus (HPgV) (8%) (Figure 2E).

Among the bacteria and fungi detected, Escherichia coli was identified in all types
of collected samples and was associated with a variety of symptoms including fever,
myalgia, arthralgia, fatigue, headaches, skin lesions, petechiae, and non-specific signs
of neurosyphilis and meningitis. While E. coli is often considered part of the normal
microbiome, it can also act as a pathogen, particularly when it is the sole pathogen detected
or depending on the type of sample in which it is found.

Clostridium species were identified in a serum sample from a hospitalized patient
with SND presenting severe headache symptoms. Given the range of diseases caused by
different species of Clostridium, their detection cannot be overlooked. A similar situation
occurred with Streptococcus species, which were found in a whole blood sample from an AFI
patient exhibiting symptoms of fever, myalgia, headaches, and petechiae. In the sequencing
control, no microorganisms were detected in the contigs, which highlights the absence of
cross-contamination.

The disease-associated bacterial detections had a diverse range of read counting, with
some bacterial detections presenting a high number of reads. However, all exhibited very
low coverage and depth, which hindered further analysis (Table 2). In contrast, the viruses
detected were sequenced with a high number of reads and great quality, allowing the
assembly of near-complete genomes of HIV, HPgV, and Dengue virus type 2 (DENV-2)
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with the current protocol. This enabled the construction of a phylogenetic tree to identify
viral lineages associated with these infections (Figure 3).

Genes 2024, 15, x FOR PEER REVIEW  6  of  13 
 

 

 

Figure 2. Overview of the proportion of cases per classification and microorganisms identified. (A) 

Percentage of cases per clinical classification. (B) Proportion of SND‐associated microorganisms in 

the  samples.  (C) SND‐associated microorganisms  identified: Clostridium  sp.  (light green), E.  coli 

(dark green) and DENV‐2 (light orange). (D) Proportion of AFI‐associated microorganisms in the 

samples. (E) AFI‐associated microorganisms identified: E. coli (dark green), Streptococcus sp. (light 

green), HIV (orange) and HPgV (dark orange). 

Among the bacteria and fungi detected, Escherichia coli was identified in all types of 

collected samples and was associated with a variety of symptoms including fever, myal‐

gia, arthralgia, fatigue, headaches, skin lesions, petechiae, and non‐specific signs of neu‐

rosyphilis and meningitis. While E. coli is often considered part of the normal microbiome, 

it can also act as a pathogen, particularly when it is the sole pathogen detected or depend‐

ing on the type of sample in which it is found. 

Clostridium  species were  identified  in a  serum sample  from a hospitalized patient 

with SND presenting severe headache symptoms. Given the range of diseases caused by 

different species of Clostridium, their detection cannot be overlooked. A similar situation 

occurred with Streptococcus species, which were found in a whole blood sample from an 

AFI patient exhibiting symptoms of fever, myalgia, headaches, and petechiae. In the se‐

quencing control, no microorganisms were detected in the contigs, which highlights the 

absence of cross‐contamination. 

The disease‐associated bacterial detections had a diverse range of read counting, with 

some bacterial detections presenting a high number of reads. However, all exhibited very 

low coverage and depth, which hindered further analysis (Table 2). In contrast, the viruses 

detected were sequenced with a high number of reads and great quality, allowing  the 

assembly of near‐complete genomes of HIV, HPgV, and Dengue virus type 2 (DENV‐2) 

with the current protocol. This enabled the construction of a phylogenetic tree to identify 

viral lineages associated with these infections (Figure 3). 

Figure 2. Overview of the proportion of cases per classification and microorganisms identified.
(A) Percentage of cases per clinical classification. (B) Proportion of SND-associated microorganisms
in the samples. (C) SND-associated microorganisms identified: Clostridium sp. (light green), E. coli
(dark green) and DENV-2 (light orange). (D) Proportion of AFI-associated microorganisms in the
samples. (E) AFI-associated microorganisms identified: E. coli (dark green), Streptococcus sp. (light
green), HIV (orange) and HPgV (dark orange).

Genes 2024, 15, x FOR PEER REVIEW  7  of  13 
 

 

Table 2. Sequencing data from the detected disease‐associated microorganisms. 

Patient  Sample Type  Pathogen  Reads  Contigs  Coverage  Depth 

1  Serum  Clostridium sp.  6554  1  0.8%  0.25× 

2  Tempus  E. Coli  63  1  0.1%  0.005× 

3  Whole blood  DENV‐2  72,078  3  99.8%  1145× 

4  Whole blood  E. coli  6939  1  0.1%  0.61× 

5  Serum  E. coli  10,968  1  0.3%  1× 

6  Whole blood 
HPgV  511  2  86.2%  41× 

E. coli  4635  1  0.4%  0.18× 

7 
  Streptococcus sp.    1347  1  0.1%  0.17× 

Tempus    E. coli  173  1  0.7%  0.012× 

  Serum  E. coli  9889  1  0.1%  0.95× 

8  Whole blood  E. coli  5280  1  0.1%  0.41× 

9  Serum 
HIV‐1  52,420  2  92%  1805× 

E. coli  13,778  1  0.2%  1.2× 

10  Serum  E. coli  22,622  1  0.1%  1.6× 

11 

Cerebrospinal 

fluid 1 
E. coli  2084  1  0.1%  0.19× 

Cerebrospinal 

fluid 2 
E. coli  1703  1  0.2%  0.11× 

12  Whole blood  ‐  ‐  ‐  ‐  ‐ 

13  Negative control  E. coli  27  0  ‐  ‐ 

 

Figure 3. Genome coverage of the viral pathogens identified. (A) The genome coverage of the HIV 

genome, (B) the genome coverage of the HPgV genome, and (C) the genome coverage of the Dengue 

virus 2 genome. 

The significance of these findings is highlighted by the identification of specific viral 

subtypes, as demonstrated by the confirmation of HIV in a serum sample from a patient 

diagnosed with acute febrile  illness (AFI). This virus was phylogenetically classified as 

HIV  type 1,  subtype B  (Figure 4),  thereby elucidating  the viral  subtype present  in  the 

Figure 3. Genome coverage of the viral pathogens identified. (A) The genome coverage of the HIV
genome, (B) the genome coverage of the HPgV genome, and (C) the genome coverage of the Dengue
virus 2 genome.



Genes 2024, 15, 922 7 of 12

Table 2. Sequencing data from the detected disease-associated microorganisms.

Patient Sample Type Pathogen Reads Contigs Coverage Depth

1 Serum Clostridium sp. 6554 1 0.8% 0.25×
2 Tempus E. coli 63 1 0.1% 0.005×
3 Whole blood DENV-2 72,078 3 99.8% 1145×
4 Whole blood E. coli 6939 1 0.1% 0.61×
5 Serum E. coli 10,968 1 0.3% 1×

6 Whole blood
HPgV 511 2 86.2% 41×
E. coli 4635 1 0.4% 0.18×

7
Streptococcus sp. 1347 1 0.1% 0.17×

Tempus E. coli 173 1 0.7% 0.012×
Serum E. coli 9889 1 0.1% 0.95×

8 Whole blood E. coli 5280 1 0.1% 0.41×

9 Serum
HIV-1 52,420 2 92% 1805×
E. coli 13,778 1 0.2% 1.2×

10 Serum E. coli 22,622 1 0.1% 1.6×

11
Cerebrospinal fluid 1 E. coli 2084 1 0.1% 0.19×
Cerebrospinal fluid 2 E. coli 1703 1 0.2% 0.11×

12 Whole blood - - - - -
13 Negative control E. coli 27 0 - -

The significance of these findings is highlighted by the identification of specific viral
subtypes, as demonstrated by the confirmation of HIV in a serum sample from a patient
diagnosed with acute febrile illness (AFI). This virus was phylogenetically classified as HIV
type 1, subtype B (Figure 4), thereby elucidating the viral subtype present in the patient.
This classification enhances our understanding of the pathogenic landscape within the AFI
patient cohort.
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The HPgV-positive sample was obtained from a whole blood specimen, which also
tested positive for Escherichia coli and Streptococcus species. This sample was associ-
ated with symptoms typical of AFI, including fever, myalgia, headaches, and petechiae
on the skin. The genome analysis of the sample yielded an 86% complete genome of
HPgV. Subsequent phylogenetic analysis classified this virus as belonging to the human
strain HPgV-1 (Figures 3C and 5), providing insights into the viral strains affecting this
patient population.

From the DENV-2 positive case, a genome was recovered with 99% coverage (Figure 4,
which was classified as belonging to genotype II, also known as the cosmopolitan lineage
(Figure 6). This virus was detected in a whole blood sample from a patient diagnosed with
a severe neurological disorder (SND), presenting with symptoms including headaches,
convulsive seizures, and other nonspecific neurological symptoms.

Figure 5. Phylogenetic tree of the HPgV genome analysis. The study’s sample is the one that is
highlighted in the human clade.
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4. Discussion

The utilization of metagenomic analysis to elucidate the etiology of AFI and SNDs
with unknown origins presents a significant advancement in clinical medicine. The ability
to identify a specific etiology can greatly enhance the efficacy of treatments for hospitalized
patients. In our research, the application of metagenomic techniques facilitated the iden-
tification of diverse microorganisms. This detection capability potentially elucidates the
etiological factors underlying the symptoms and resultant hospitalizations of the patients
included in the study. Notably, Escherichia coli was the most commonly identified pathogen.
While E. coli is a typical constituent of the human microbiome, under certain conditions,
pathogenic strains can lead to various diseases, including acute febrile and neurological
disorders [22–26]. The detection of E. coli in critical samples such as cerebrospinal fluid,
whole blood, and serum necessitates heightened attention due to its potential to trigger
systemic inflammatory responses, potentially leading to septicemia [27]. Additionally, our
metagenomic analysis recovered nearly complete genomes of several viruses, facilitating
further analyses to determine their lineages and genotypes. Such information is crucial for
developing targeted treatment strategies and understanding the epidemiological character-
istics of these viruses within the population. For example, HIV was identified and classified
phylogenetically as HIV type 1, subtype B, which is prevalent both globally and in the
Minas Gerais state [28,29]. This subtype was also detected in a patient who had previously
reported being HIV-positive but had elected not to pursue treatment in 2020. This case
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underscores the utility of metagenomic analysis in identifying secondary infections that
could explain the patient’s hospitalization for AFI.

The study also highlighted the controversial pathogenicity of HPgV, detected in a
sample co-infected with Streptococcus. While some studies do not associate HPgV with any
specific human diseases, others suggest potential links to conditions such as lymphoma
or brain encephalitis [30]. This ambiguity points to the need for further research to clarify
the clinical significance of HPgV, particularly when found in conjunction with typical
arbovirus-like symptoms such as fever, myalgia, headache, and petechiae. Our findings
also identified pathogens associated with SNDs, including Clostridium sp. and DENV-2.
The presence of the Clostridium genus, known for its association with severe neurologi-
cal symptoms, raises public health concerns, although the specific species could not be
determined [31,32]. Moreover, DENV-2 is a well-known neurological pathogen [33,34],
which genetically belonged to the genotype II cosmopolitan lineage, recently reported to be
spreading in Brazil and also specifically in Minas Gerais State [35–37]. This lineage was
first detected in the region in April 2022 and has since been prevalent, highlighting the
benefits of metagenomic analysis in tracking the spread and evolution of pathogens.

5. Conclusions

In conclusion, our metagenomic analysis has yielded significant insights into the
pathogens associated with AFI and SND. This comprehensive approach has delineated
a spectrum of bacteria, fungi, and viruses, illuminating their potential roles in the patho-
genesis of these conditions. The precise identification of these pathogens, along with their
genetic profiles and involvement in co-infection scenarios, substantially augments our
capacity to formulate timely and specifically targeted therapeutic strategies. Furthermore,
this study underscores the critical need for continued research into the pathogenicity of
relatively unexplored microbes such as HPgV. The outcomes of this research not only
contribute to a deeper understanding of infectious disease dynamics but also enhance the
implementation of metagenomic methodologies in clinical diagnostics and public health,
thereby laying the groundwork for future exploratory and applied research in this field.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/genes15070922/s1, Table S1: Complete List of Detected
Microorganisms; Table S2: Datasets Used for Phylogenetic Tree Construction.

Author Contributions: Conceptualization, L.C.J.A. and M.G.; methodology: K.M.F.M., V.F., L.M.R.T.,
N.R.G., M.T.L., E.d.C.B., H.M.F., T.A., F.C.d.M.I., T.O.F., M.C.A., T.G.B., V.A.d.A., L.C.J.A. and
M.G.; formal analysis, K.M.F.M.; investigation, K.M.F.M., M.T.L., T.A., E.d.C.B. and H.M.F.; data
curation, K.M.F.M., V.F. and H.M.F.; writing—original draft preparation, K.M.F.M., L.M.R.T., and
M.G.; writing—review and editing, K.M.F.M., V.F., L.M.R.T., N.R.G., M.T.L. and M.G.; visualization,
K.M.F.M. and M.G.; supervision, M.G., V.F. and L.C.J.A.; project administration, L.C.J.A., M.G., V.F.,
F.C.d.M.I. and V.A.d.A.; funding acquisition, L.C.J.A. and M.G. All authors have read and agreed to
the published version of the manuscript.

Funding: This study was in part financed by the Coordination for the Improvement of Higher
Education Personnel, Brazil (CAPES). This study was supported by the National Institutes of Health
USA grant U01 AI151698 for the United World Arbovirus Research Network [UWARN] and the
CRP-ICGEB RESEARCH GRANT 2020 Project CRP/BRA20-03, Contract CRP/20/03. M. Giovanetti’s
funding is provided by PON “Ricerca e Innovazione” 2014–2020.

Institutional Review Board Statement: This study received approval from the Ethics and Research
Committee of the Federal University of Minas Gerais, under the registration CAAE: 90249218.6.1001.5248.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study are openly available in FigShare at
https://figshare.com/account/home#/projects/201114 accessed on 17 June 2024.

Acknowledgments: The authors would like to acknowledge the Global Consortium to Identify +and
Control Epidemics—CLIMADE. We are grateful for the support from all funding institutions.

https://www.mdpi.com/article/10.3390/genes15070922/s1
https://figshare.com/account/home#/projects/201114


Genes 2024, 15, 922 11 of 12

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Mbidde, E.K.; Lutwama, J.J.; Perniciaro, J.L.; Nicholson, W.L.; Bower, W.A.; Bwogi, J.; Blaney, D.D. Investigating the etiology of acute

febrile illness: A prospective clinic-based study in Uganda. BMC Infect. Dis. 2023, 23, 411. [CrossRef] [PubMed] [PubMed Central]
2. Tam, P.Y.I.; Obaro, S.K.; Storch, G. Challenges in the Etiology and Diagnosis of Acute Febrile Illness in Children in Low- and

Middle-Income Countries. J. Pediatr. Infect. Dis. Soc. 2016, 5, 190–205. [CrossRef] [PubMed] [PubMed Central]
3. Moreira, J.; Bressan, C.S.; Brasil, P.; Siqueira, A.M. Epidemiology of acute febrile illness in Latin America. Clin. Microbiol. Infect.

2018, 24, 827–835. [CrossRef] [PubMed] [PubMed Central]
4. Bressan, C.D.S.; Teixeira, M.L.B.; Gouvêa, M.I.F.D.S.; de Pina-Costa, A.; Santos, H.F.P.; Calvet, G.A.; Lupi, O.; Siqueira, A.M.; Valls-de-

Souza, R.; Valim, C.; et al. Challenges of acute febrile illness diagnosis in a national infectious diseases center in Rio de Janeiro: 16-year
experience of syndromic surveillance. PLoS Negl. Trop. Dis. 2023, 17, e0011232. [CrossRef] [PubMed] [PubMed Central]

5. Chen, X.; Laurent, S.; Onur, O.A.; Kleineberg, N.N.; Fink, G.R.; Schweitzer, F.; Warnke, C. A systematic review of neurological
symptoms and complications of COVID-19. J. Neurol. 2021, 268, 392–402. [CrossRef] [PubMed] [PubMed Central]

6. Wouk, J.; Rechenchoski, D.Z.; Rodrigues, B.C.D.; Ribelato, E.V.; Faccin-Galhardi, L.C. Viral infections and their relationship to
neurological disorders. Arch. Virol. 2021, 166, 733–753. [CrossRef] [PubMed]

7. Chiu, C.Y.; Miller, S.A. Clinical metagenomics. Nat. Rev. Genet. 2019, 20, 341–355. [CrossRef] [PubMed] [PubMed Central]
8. Ciuffreda, L.; Rodríguez-Pérez, H.; Flores, C. Nanopore sequencing and its application to the study of microbial communities.

Comput. Struct. Biotechnol. J. 2021, 19, 1497–1511. [CrossRef] [PubMed] [PubMed Central]
9. Deng, Q.; Cao, Y.; Wan, X.; Wang, B.; Sun, A.; Wang, H.; Wang, Y.; Wang, H.; Gu, H. Nanopore-based metagenomic sequencing for

the rapid and precise detection of pathogens among immunocompromised cancer patients with suspected infections. Front. Cell
Infect. Microbiol. 2022, 12, 943859. [CrossRef] [PubMed] [PubMed Central]

10. Latorre-Pérez, A.; Villalba-Bermell, P.; Pascual, J.; Vilanova, C. Assembly methods for nanopore-based metagenomic sequencing:
A comparative study. Sci. Rep. 2020, 10, 13588. [CrossRef] [PubMed] [PubMed Central]

11. Claro, I.M.; Ramundo, M.S.; Coletti, T.M.; da Silva, C.A.M.; Valenca, I.N.; Candido, D.S.; Sales, F.C.S.; Manuli, E.R.; de Jesus, J.G.;
de Paula, A.; et al. Rapid viral metagenomics using SMART-9N amplification and nanopore sequencing. Wellcome Open Res. 2023,
6, 241. [CrossRef] [PubMed] [PubMed Central]

12. Wick, R.R.; Judd, L.M.; Holt, K.E. Performance of neural network basecalling tools for Oxford Nanopore sequencing. Genome Biol.
2019, 20, 129. [CrossRef] [PubMed] [PubMed Central]

13. Kalantar, K.L.; Carvalho, T.; de Bourcy, C.F.A.; Dimitrov, B.; Dingle, G.; Egger, R.; Han, J.; Holmes, O.B.; Juan, Y.F.; King, R.;
et al. IDseq-An open-source cloud-based pipeline and analysis service for metagenomic pathogen detection and monitoring.
GigaScience 2020, 9, giaa111. [CrossRef] [PubMed] [PubMed Central]

14. Chen, S.; Zhou, Y.; Chen, Y.; Gu, J. fastp: An ultra-fast all-in-one FASTQ preprocessor. Bioinformatics 2018, 34, i884–i890. [CrossRef]
[PubMed] [PubMed Central]

15. Li, H. Minimap2: Pairwise alignment for nucleotide sequences. Bioinformatics 2018, 34, 3094–3100. [CrossRef] [PubMed] [PubMed
Central]

16. Kolmogorov, M.; Bickhart, D.M.; Behsaz, B.; Gurevich, A.; Rayko, M.; Shin, S.B.; Kuhn, K.; Yuan, J.; Polevikov, E.; Smith, T.P.L.;
et al. metaFlye: Scalable long-read metagenome assembly using repeat graphs. Nat. Methods 2020, 17, 1103–1110. [CrossRef]
[PubMed] [PubMed Central]

17. Buchfink, B.; Xie, C.; Huson, D.H. Fast and sensitive protein alignment using DIAMOND. Nat. Methods 2015, 12, 59–60. [CrossRef]
[PubMed]

18. Vilsker, M.; Moosa, Y.; Nooij, S.; Fonseca, V.; Ghysens, Y.; Dumon, K.; Pauwels, R.; Alcantara, L.C.; Vanden Eynden, E.; Vandamme,
A.M.; et al. Genome Detective: An automated system for virus identification from high-throughput sequencing data. Bioinformatics
2019, 35, 871–873. [CrossRef] [PubMed] [PubMed Central]

19. Nayfach, S.; Camargo, A.P.; Schulz, F.; Eloe-Fadrosh, E.; Roux, S.; Kyrpides, N.C. CheckV assesses the quality and completeness
of metagenome-assembled viral genomes. Nat. Biotechnol. 2021, 39, 578–585. [CrossRef] [PubMed] [PubMed Central]

20. Katoh, K.; Misawa, K.; Kuma, K.; Miyata, T. MAFFT: A novel method for rapid multiple sequence alignment based on fast Fourier
transform. Nucleic Acids Res. 2002, 30, 3059–3066. [CrossRef] [PubMed] [PubMed Central]

21. Larsson, A. AliView: A fast and lightweight alignment viewer and editor for large datasets. Bioinformatics 2014, 30, 3276–3278.
[CrossRef] [PubMed] [PubMed Central]

22. Minh, B.Q.; Schmidt, H.A.; Chernomor, O.; Schrempf, D.; Woodhams, M.D.; von Haeseler, A.; Lanfear, R. IQ-TREE 2: New Models
and Efficient Methods for Phylogenetic Inference in the Genomic Era. Mol. Biol. Evol. 2020, 37, 1530–1534, Erratum in Mol. Biol.
Evol. 2020, 37, 2461. [CrossRef] [PubMed] [PubMed Central]

23. Rambaut, A. FigTree v1.3.1. Institute of Evolutionary Biology, University of Edinburgh, Edinburgh. 2010. Available online:
http://tree.bio.ed.ac.uk/software/figtree/ (accessed on 17 June 2024).

24. Kaper, J.B.; Nataro, J.P.; Mobley, H.L. Pathogenic Escherichia coli. Nat. Rev. Microbiol. 2004, 2, 123–140. [CrossRef] [PubMed]
25. Schuppner, R.; Maehlmann, J.; Dirks, M.; Worthmann, H.; Tryc, A.B.; Sandorski, K.; Bahlmann, E.; Kielstein, J.T.; Giesemann, A.M.;

Lanfermann, H.; et al. Neurological Sequelae in Adults After E coli O104: H4 Infection-Induced Hemolytic-Uremic Syndrome.
Medicine 2016, 95, e2337. [CrossRef] [PubMed] [PubMed Central]

https://doi.org/10.1186/s12879-023-08335-4
https://www.ncbi.nlm.nih.gov/pubmed/37328808
https://www.ncbi.nlm.nih.gov/pmc/PMC10276394
https://doi.org/10.1093/jpids/piw016
https://www.ncbi.nlm.nih.gov/pubmed/27059657
https://www.ncbi.nlm.nih.gov/pmc/PMC7107506
https://doi.org/10.1016/j.cmi.2018.05.001
https://www.ncbi.nlm.nih.gov/pubmed/29777926
https://www.ncbi.nlm.nih.gov/pmc/PMC7172187
https://doi.org/10.1371/journal.pntd.0011232
https://www.ncbi.nlm.nih.gov/pubmed/37011087
https://www.ncbi.nlm.nih.gov/pmc/PMC10101631
https://doi.org/10.1007/s00415-020-10067-3
https://www.ncbi.nlm.nih.gov/pubmed/32691236
https://www.ncbi.nlm.nih.gov/pmc/PMC7370630
https://doi.org/10.1007/s00705-021-04959-6
https://www.ncbi.nlm.nih.gov/pubmed/33502593
https://doi.org/10.1038/s41576-019-0113-7
https://www.ncbi.nlm.nih.gov/pubmed/30918369
https://www.ncbi.nlm.nih.gov/pmc/PMC6858796
https://doi.org/10.1016/j.csbj.2021.02.020
https://www.ncbi.nlm.nih.gov/pubmed/33815688
https://www.ncbi.nlm.nih.gov/pmc/PMC7985215
https://doi.org/10.3389/fcimb.2022.943859
https://www.ncbi.nlm.nih.gov/pubmed/36204638
https://www.ncbi.nlm.nih.gov/pmc/PMC9530710
https://doi.org/10.1038/s41598-020-70491-3
https://www.ncbi.nlm.nih.gov/pubmed/32788623
https://www.ncbi.nlm.nih.gov/pmc/PMC7423617
https://doi.org/10.12688/wellcomeopenres.17170.2
https://www.ncbi.nlm.nih.gov/pubmed/37224315
https://www.ncbi.nlm.nih.gov/pmc/PMC10189296
https://doi.org/10.1186/s13059-019-1727-y
https://www.ncbi.nlm.nih.gov/pubmed/31234903
https://www.ncbi.nlm.nih.gov/pmc/PMC6591954
https://doi.org/10.1093/gigascience/giaa111
https://www.ncbi.nlm.nih.gov/pubmed/33057676
https://www.ncbi.nlm.nih.gov/pmc/PMC7566497
https://doi.org/10.1093/bioinformatics/bty560
https://www.ncbi.nlm.nih.gov/pubmed/30423086
https://www.ncbi.nlm.nih.gov/pmc/PMC6129281
https://doi.org/10.1093/bioinformatics/bty191
https://www.ncbi.nlm.nih.gov/pubmed/29750242
https://www.ncbi.nlm.nih.gov/pmc/PMC6137996
https://www.ncbi.nlm.nih.gov/pmc/PMC6137996
https://doi.org/10.1038/s41592-020-00971-x
https://www.ncbi.nlm.nih.gov/pubmed/33020656
https://www.ncbi.nlm.nih.gov/pmc/PMC10699202
https://doi.org/10.1038/nmeth.3176
https://www.ncbi.nlm.nih.gov/pubmed/25402007
https://doi.org/10.1093/bioinformatics/bty695
https://www.ncbi.nlm.nih.gov/pubmed/30124794
https://www.ncbi.nlm.nih.gov/pmc/PMC6524403
https://doi.org/10.1038/s41587-020-00774-7
https://www.ncbi.nlm.nih.gov/pubmed/33349699
https://www.ncbi.nlm.nih.gov/pmc/PMC8116208
https://doi.org/10.1093/nar/gkf436
https://www.ncbi.nlm.nih.gov/pubmed/12136088
https://www.ncbi.nlm.nih.gov/pmc/PMC135756
https://doi.org/10.1093/bioinformatics/btu531
https://www.ncbi.nlm.nih.gov/pubmed/25095880
https://www.ncbi.nlm.nih.gov/pmc/PMC4221126
https://doi.org/10.1093/molbev/msaa015
https://www.ncbi.nlm.nih.gov/pubmed/32011700
https://www.ncbi.nlm.nih.gov/pmc/PMC7182206
http://tree.bio.ed.ac.uk/software/figtree/
https://doi.org/10.1038/nrmicro818
https://www.ncbi.nlm.nih.gov/pubmed/15040260
https://doi.org/10.1097/MD.0000000000002337
https://www.ncbi.nlm.nih.gov/pubmed/26871766
https://www.ncbi.nlm.nih.gov/pmc/PMC4753860


Genes 2024, 15, 922 12 of 12

26. Soedarmono, P.; Diana, A.; Tauran, P.; Lokida, D.; Aman, A.T.; Alisjahbana, B.; Arlinda, D.; Tjitra, E.; Kosasih, H.; Merati, K.T.P.;
et al. The characteristics of bacteremia among patients with acute febrile illness requiring hospitalization in Indonesia. PLoS ONE
2022, 17, e0273414. [CrossRef] [PubMed] [PubMed Central]

27. Daga, A.P.; Koga, V.L.; Soncini, J.G.M.; de Matos, C.M.; Perugini, M.R.E.; Pelisson, M.; Kobayashi, R.K.T.; Vespero, E.C. Escherichia
coli Bloodstream Infections in Patients at a University Hospital: Virulence Factors and Clinical Characteristics. Front. Cell Infect.
Microbiol. 2019, 9, 191. [CrossRef] [PubMed] [PubMed Central]

28. Junqueira, D.M.; Almeida, S.E. HIV-1 subtype B: Traces of a pandemic. Virology 2016, 495, 173–184. [CrossRef] [PubMed]
29. Da Silva, G.J.; Aleixo, A.W.; Tupinambás, U. Prevalence of HIV-1 transmitted drug resistance and its impact on the effectiveness

of antiretroviral therapy—Minas Gerais state, Brazil. Braz. J. Health Rev. 2022, 5, 1044–1059. [CrossRef]
30. Yu, Y.; Wan, Z.; Wang, J.H.; Yang, X.; Zhang, C. Review of human pegivirus: Prevalence, transmission, pathogenesis, and clinical

implication. Virulence 2022, 13, 324–341. [CrossRef] [PubMed] [PubMed Central]
31. Finsterer, J.; Hess, B. Neuromuscular and central nervous system manifestations of Clostridium perfringens infections. Infection

2007, 35, 396–405. [CrossRef] [PubMed]
32. Cai, S.; Kumar, R.; Singh, B.R. Clostridial Neurotoxins: Structure, Function and Implications to Other Bacterial Toxins. Microorgan-

isms 2021, 9, 2206. [CrossRef] [PubMed] [PubMed Central]
33. Trivedi, S.; Chakravarty, A. Neurological Complications of Dengue Fever. Curr. Neurol. Neurosci. Rep. 2022, 22, 515–529.

[CrossRef] [PubMed] [PubMed Central]
34. Kulkarni, R.; Pujari, S.; Gupta, D. Neurological Manifestations of Dengue Fever. Ann. Indian. Acad. Neurol. 2021, 24, 693–702.

[CrossRef] [PubMed] [PubMed Central]
35. Giovanetti, M.; Pereira, L.A.; Santiago, G.A.; Fonseca, V.; Mendoza, M.P.G.; de Oliveira, C.; de Moraes, L.; Xavier, J.; Tosta, S.;

Fristch, H.; et al. Emergence of Dengue Virus Serotype 2 Cosmopolitan Genotype, Brazil. Emerg. Infect. Dis. 2022, 2, 1725–1727.
[CrossRef] [PubMed] [PubMed Central]

36. Amorim, M.T.; Hernández, L.H.A.; Naveca, F.G.; Essashika Prazeres, I.T.; Wanzeller, A.L.M.; Silva, E.V.P.D.; Casseb, L.M.N.;
Silva, F.S.D.; da Silva, S.P.; Nunes, B.T.D.; et al. Emergence of a New Strain of DENV-2 in South America: Introduction of the
Cosmopolitan Genotype through the Brazilian-Peruvian Border. Trop. Med. Infect. Dis. 2023, 8, 325. [CrossRef] [PubMed]
[PubMed Central]

37. Arboviruses Epidemic. Available online: https://www.saude.mg.gov.br/component/gmg/story/18774-epidemia-arboviroses
(accessed on 12 April 2024).

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1371/journal.pone.0273414
https://www.ncbi.nlm.nih.gov/pubmed/36074783
https://www.ncbi.nlm.nih.gov/pmc/PMC9455855
https://doi.org/10.3389/fcimb.2019.00191
https://www.ncbi.nlm.nih.gov/pubmed/31245301
https://www.ncbi.nlm.nih.gov/pmc/PMC6563721
https://doi.org/10.1016/j.virol.2016.05.003
https://www.ncbi.nlm.nih.gov/pubmed/27228177
https://doi.org/10.34119/bjhrv5n1-090
https://doi.org/10.1080/21505594.2022.2029328
https://www.ncbi.nlm.nih.gov/pubmed/35132924
https://www.ncbi.nlm.nih.gov/pmc/PMC8837232
https://doi.org/10.1007/s15010-007-6345-z
https://www.ncbi.nlm.nih.gov/pubmed/18034207
https://doi.org/10.3390/microorganisms9112206
https://www.ncbi.nlm.nih.gov/pubmed/34835332
https://www.ncbi.nlm.nih.gov/pmc/PMC8618262
https://doi.org/10.1007/s11910-022-01213-7
https://www.ncbi.nlm.nih.gov/pubmed/35727463
https://www.ncbi.nlm.nih.gov/pmc/PMC9210046
https://doi.org/10.4103/aian.AIAN_157_21
https://www.ncbi.nlm.nih.gov/pubmed/35002126
https://www.ncbi.nlm.nih.gov/pmc/PMC8680870
https://doi.org/10.3201/eid2808.220550
https://www.ncbi.nlm.nih.gov/pubmed/35876608
https://www.ncbi.nlm.nih.gov/pmc/PMC9328905
https://doi.org/10.3390/tropicalmed8060325
https://www.ncbi.nlm.nih.gov/pubmed/37368743
https://www.ncbi.nlm.nih.gov/pmc/PMC10305074
https://www.saude.mg.gov.br/component/gmg/story/18774-epidemia-arboviroses

	Introduction 
	Materials and Methods 
	Clinical Sampling 
	RNA Extraction and Nanopore Sequencing 
	De Novo Genome Assembly and Taxonomic Classification 
	Phylogenetic Analysis 

	Results 
	Discussion 
	Conclusions 
	References

