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Background. Infantile central nervous system infections (CNSIs) can be life-threatening and cause severe sequelae. However, 
the causative microorganism remains unknown in >40% of patients with aseptic infections. This study aimed to analyze the 
metagenome for detection of pathogens and the transcriptome for host immune responses during infection in a single 
cerebrospinal fluid (CSF) sample using 2 different next-generation sequencing (NGS) platforms, Nanopore and Illumina.

Methods. Twenty-eight CNSIs patients (<12 months) were enrolled, and 49 clinical samples (28 CSF and 21 blood) were 
collected. The DNA extracted from all 49 samples was sequenced using the Illumina sequencer for the detection of pathogens. 
Extracted RNA was obtained in sufficient quantities from 23 CSF samples and subjected to sequencing on both Nanopore and 
Illumina platforms. Human-derived reads subtracted during pathogen detection were used for host transcriptomic analysis from 
both Nanopore and Illumina sequencing.

Results. RNA metagenomic sequencing using both sequencing platforms revealed putative viral pathogens in 10 cases. DNA 
sequencing using the Illumina sequencer detected 2 pathogens. The results of Nanopore and Illumina RNA sequencing were 
consistent; however, the mapping coverage and depth to the detected pathogen genome of Nanopore RNA sequencing were 
greater than those of Illumina. Host transcriptomic analysis of Nanopore sequencing revealed highly expressed genes related to 
the antiviral roles of innate immunity from pathogen-identified cases.

Conclusions. The use of Nanopore RNA sequencing for metagenomic diagnostics of CSF samples should help to elucidate both 
pathogens and host immune responses of CNSI and could shed light on the pathogenesis of these infections.

Keywords. central nervous system infections; metagenomics; Nanopore sequencing; next-generation sequencing; 
transcriptomics.

Infantile central nervous system infections (CNSIs) are partic-
ularly frequent for those under the age of 1 year and can be life- 
threatening and cause severe sequelae in encephalitis and 
bacterial meningitis [1–3]. Early diagnosis and prompt treat-
ment with appropriate antimicrobials are highly important. 
The gold standard for diagnosing CNSI is the detection of path-
ogens from cerebrospinal fluid (CSF) [4]. However, this 

approach can be challenging for the limited availability and vol-
ume of CSF samples, particularly in infants. Conventional mi-
crobiological methods, such as polymerase chain reaction 
(PCR), have failed to detect microorganisms in ∼60% of aseptic 
meningitis cases with negative bacterial and fungal cultures [5] 
and in 40%–50% of encephalitis [6, 7]. This is because the mi-
croorganisms that cause CNSIs are diverse, and assays that can 
deal with all of them have not been put into practical use. 
Currently, there is a need for more sensitive and comprehen-
sive assays to diagnose CNSIs.

Next-generation sequencing (NGS) has enabled the simulta-
neous decoding of a large number of nucleotide sequences pre-
sent within a sample. Currently, there are 2 major platforms for 
this technology: short-read sequencing and long-read sequenc-
ing [8]. Metagenomic NGS can detect a wide variety of 
pathogens using a single technique [9]. This approach is 
effective for identifying unrevealed pathogens in cases that can-
not be diagnosed using conventional microbiological methods. 
Metagenomic NGS using short-read sequencing has been used 
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clinically for the diagnosis of infectious diseases [10–12]. We 
have also previously reported the detection of pathogens by 
metagenomic NGS using short-read sequencing of pediatric 
CSF samples [13, 14], blood samples [15, 16], and bronchoalveo-
lar lavage fluid samples [17]. In the field of clinical infectious dis-
eases, Nanopore sequencing, one of the long-read sequencing 
methods, is also attracting attention because of its simplicity 
and rapidity for real-time sequencing [18]. However, the num-
ber of reports on the application of Nanopore sequencing for the 
detection of pathogens in clinical samples is limited, compared 
with reports using short-read sequencing [19, 20].

This study aimed to detect the causative pathogens in CSF 
and blood samples of patients with infantile CNSI using meta-
genomic NGS analysis. The extracted RNA from CSF samples 
was analyzed on 2 different sequencing platforms, Nanopore 
sequencing for long reads and Illumina sequencing for short 
reads, to compare their performance with regard to pathogen 
detection. Finally, host transcriptome analysis associated with 
metagenomic NGS was performed using Nanopore and 
Illumina sequencing.

METHODS

Patient Consent

The study design and methods were approved by the 
Institutional Review Board of Nagoya University Hospital 
(No. 9069). The methods were carried out in accordance with 
approved guidelines. Written informed consent was obtained 
from the guardians of every patient.

Patients and Samples

Twenty-eight pediatric patients, treated between June 2012 and 
April 2020, were enrolled in this study. Eligible patients <1 year 
of age underwent evaluation for CNS infection. CNS infection 
was identified in patients with fever (>37.5°C) during the pre-
senting illness and 1 or more of the following: a depressed or al-
tered level of consciousness, seizures and/or focal neurological 
findings, CSF pleocytosis, abnormal results of an electroenceph-
alogram, and abnormal neuroimaging results. A total of 49 clin-
ical samples (28 CSF and 21 blood samples) from 28 pediatric 
patients were collected as residual samples after routine clinical 
testing in the microbiology laboratory. Five CSF samples were 
unavailable for RNA extraction. All patients underwent CSF 
and blood culture. Blood culture was performed as previously 
described [15]. CSF cultures were performed manually with 
CO2 culture on sheep blood agar and chocolate agar, and 
with aerobic culture on bromothymol blue (BTB) lactate agar 
and Sabouraud agar. Blood and CSF samples were obtained in 
the acute phase. PCR screening for herpes simplex virus using 
previously described methods [21] yielded negative results. 
The multiplex PCR assays were not performed in the participat-
ing hospitals. All sequencing assays were performed at the 

Research Institute of Environmental Medicine, Nagoya 
University.

Illumina Sequencing Library Preparation and Sequencing

The Illumina sequencing libraries were prepared from DNA 
extracted from 200 μL of CSF and blood samples using a 
QIAamp DNA Blood Mini Kit (Qiagen, Hilden, Germany). 
RNA was extracted from 200 μL of CSF using a NucleoSpin 
Blood Kit (Macherey-Nagel, Düren, Germany). Thereafter, 
cDNA was synthesized and amplified as previously described 
[22]. DNA and cDNA sequencing libraries were prepared using 
a Nextera XT Library Prep Kit (Illumina, San Diego, CA, USA) 
according to the manufacturer’s instructions with slight modi-
fications [15]. TapeStation high-sensitivity DNA ScreenTape 
assays (Agilent, CA, USA) were used for the sample quality 
control of the libraries. Digital PCR with primers specific to 
the Illumina library adapter sequence for the QX200 Droplet 
Digital PCR System (Bio-Rad, Richmond, CA, USA) was 
used for quantification of the libraries. Illumina sequencing li-
braries were then sequenced on the HiSeq × system (Illumina) 
using the 2×150-bp paired-end protocol.

Nanopore Sequencing Library Preparation and Sequencing

In all samples, extracted DNA was not available in sufficient 
quantities to prepare DNA libraries for both Nanopore and 
Illumina sequencing; thus, only Illumina sequencing was 
done. Synthesized cDNA was simultaneously used to construct 
the Nanopore sequencing libraries. Nanopore sequencing li-
brary preparation was performed according to the manufactur-
er’s instructions for a Ligation Sequencing Kit (SQK-LSK109; 
Oxford Nanopore Technologies, Oxford, UK) and a Native 
Barcoding Expansion (EXP-NBD104 and EXP-NBD114; 
Oxford Nanopore Technologies). TapeStation genomic DNA 
ScreenTape assays (Agilent) were used to control the quality 
control of cDNA and the libraries. Sequencing was performed 
on a PromethION platform (Oxford Nanopore Technologies) 
using R9.4.1 flow cells. MinKNOW, version 20.06.9 (Oxford 
Nanopore Technologies), was used to collect and demultiplex 
the raw sequencing data and simulate the output of sequencing 
reads at sequence time. Guppy, version 4.0.11 (Oxford 
Nanopore Technologies), was used for base calling of the raw 
data after the sequencing runs were completed.

Metagenomic NGS Data Processing of Nanopore and Illumina Sequencing

The DNA sequencing data of blood and CSF samples generated 
by the Illumina sequencing platform were processed with the 
metagenomic pipeline PATHDET as described previously, 
and pathogen candidates were identified [16]. The National 
Center for Biotechnology Information (NCBI) nucleotide col-
lection (nt) database [23] was used for this process. RNA se-
quencing data from the Nanopore sequencing platform were 
processed as follows. Quality filtering was performed using 
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NanoFilt [24], and quality control was performed using 
NanoPlot [24]. Next, the remaining sequence reads, mapped 
to the human genome database using Minimap2 [25] and 
Kraken2 [26], were removed. Kraken2 and BLAST [27] were 
used to search for highly similar species in the nt database 
from sequences that could not be classified by Kraken2. RNA 
sequencing data from the Illumina sequencing platform were 
processed using PATHDET as well as the DNA sequencing 
data. From both Nanopore and Illumina RNA sequencing anal-
ysis data, we collected RNA viruses as pathogen candidates as 
follows. The sequencing reads assigned to viruses were stripped 
off for reagent-derived contamination [28], and subtracted with 
0.056% (Nanopore sequencing) [29] and 0.47% (Illumina se-
quencing) [30] for the most detected reads in each sample to 
avoid cross-contamination due to multiplex sequencing. To 
avoid making calls based on potentially spurious alignments, 
the following criteria were used for identification of pathogen 
candidates: (1) at least 3 different reads specific to a particular vi-
ral species, (2) reads distributed over the whole genome, and (3) 
detection of >10 reads of viral sequences in total [13, 31].

Hybrid metagenome assemblies on Nanopore and Illumina 
RNA sequencing read data were performed using 
metaSPAdes [32]. Contigs with high length (>500 bases) and 
high similarity to RNA viruses in the nt database by BLAST 
search were collected as pathogen candidates.

Validation by PCR and Sanger Sequencing

In patient N05, human parvovirus B19 was validated by PCR as-
say as previously described [33]. In patients N01, N13, N15, N16, 
N17, N18, N19, N20, N23, and N26, in whom enterovirus or par-
echovirus was detected, nested reverse transcription PCR assays 
were performed targeting the viral protein 1 (VP1) region [34] or 
VP4/VP2 region [35] for enterovirus and VP3/VP1 region [36] 
for parechovirus A. The PCR products were subsequently sub-
jected to Sanger sequencing as previously described [37]. 
Genotypes were identified based on BLAST analysis [27].

Transcriptome Analysis

The Nanopore FASTQ files were aligned to the human reference 
sequence file (hg38) using Minimap2 with default parameters, 
and the Illumina FASTQ files were aligned using HISAT2 [38] 
after the trimming. Next, the alignments were passed to 
StringTie for transcript assembly, transcript abundance was esti-
mated, and read-count values were calculated based on an estab-
lished method [39]. Finally, the TCC package was used for 
normalization of read count by trimmed mean of M values and 
an exact test of edgeR and identification of DEGs between sam-
ples with default options [40]. The threshold of differential ex-
pression was set at P < .05, found using the TCC package. The 
TCC package also drew heat maps and volcano plots to visualize 
transcriptome analysis. Metascape was used for gene set and the 
protein–protein interaction enrichment analysis [41, 42].

Statistical Analysis

Nanopore and Illumina sequence read data were analyzed as 
follows. First, the Shapiro-Wilk test was used to test whether 
the Nanopores or short reads were normally distributed. If 
both were significant, Wilcoxon’s signed-rank test was applied; 
otherwise, a corresponding t test was applied. All statistical 
analyses were performed using R, version 4.0.4, and the R pack-
age “Rcmdr” [43]. A receiver operating characteristic (ROC) 
analysis was constructed for each of the genes, followed by 
area under curve (AUC) with sensitivity and specificity for pos-
itive NGS result using the R package “pROC” [44]. Statistical 
significance was set at P < .05.

RESULTS

Patients and Sequencing

In total, 28 CSF samples and 21 blood samples were collected 
from 28 pediatric patients. Patient characteristics are shown 
in Table 1 and Supplementary Table 1. None of the patients re-
ceived antimicrobial treatment before CSF and blood samples 
were collected. No causative pathogens were found in 26 pa-
tients. One patient had a positive CSF culture for Proteus mira-
bilis (N14). Two patients had positive blood cultures (N08, 

Table 1. Clinical Characteristics of 28 Patients

Characteristic

Infantile Central Nervous 
System Infections  

(n = 28)

Age, median (range), d 23.5 (3–311)

Sex, male, No. (%) 13 (46)

Length of stay, median, d 8 (5–113)

Clinical signs and symptoms, No. (%) … …

Depressed or altered level of consciousness 16 (57)

Poor feeding 13 (46)

Vomiting 2 (7)

Seizure 3 (11)

Upper respiratory symptom 3 (11)

Diarrhea 3 (11)

Bulging fontanelle 5 (18)

Systemic inflammatory response syndromea 8 (29)

Pleocytosisb 23 (82)

Cerebrospinal fluid test, median … …

Cell count,/μL 255 (1–1301)

Neutrophil’s count,/μL 46.5 (0–875)

Protein, mg/dL 84 (14–271)

Glucose, mg/dL 52.5 (19–203)

Blood tests, median … …

White blood cell count,/μL 11 250 (1100–47 500)

C-reactive protein, mg/dL 0.22 (0–6.8)
aSystemic inflammatory response syndrome was defined by 4 parameters: body 
temperature, tachycardia, hyperventilation, and white blood cell count. Specifically, it was 
diagnosed when body temperature was > 38.5°C or <36.0°C, leukocytosis or 
leukocytopenia was present, and 2 or more parameters were present.  
bPleocytosis was defined as the following: cerebrospinal fluid cell count >30/μL for 
newborns (0–8 weeks), >5/μL for infants (>8 weeks).
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Streptococcus agalactiae; N14, P. mirabilis); however, 1 of these 
patients (N08) had no blood sample available for this study.

To allow for comprehensive microbial detection and com-
parison of the Nanopore and Illumina sequencing platforms, 
each CSF sample was subjected to multiple metagenomic ap-
proaches (Figure 1A). From the collected CSF samples, 28 
DNA and 23 RNA samples were extracted in sufficient quanti-
ties to allow for NGS library preparation. From the blood sam-
ples, 21 samples of DNA were also extracted. All the extracted 
DNA was sequenced using Illumina sequencing. All extracted 
RNA was sequenced using both Nanopore and Illumina se-
quencing (Supplementary Table 2).

Pathogen Candidates in CSF and Blood Samples by Metagenomic NGS

In CSF samples, pathogen candidates were reported in 12 
(43%) of 28 patients (Figure 1B, Table 2). RNA sequencing of 
CSF detected enterovirus B or parechovirus A as the candidate 
pathogen in 10 patients. In 6 cases using RNA sequencing, 
>80% of the reads were aligned to 3 specific serotypes: 
coxsackievirus B5, echovirus E7, and human parechovirus 
3. PCR products were produced in 4 of 9 enterovirus-positive 
samples (N01, N16, N20, and N26), and all serotypes 
were matched between NGS hybrid assembly and Sanger 
sequencing (Supplementary Table 3). In patient N17, NGS 
and Sanger sequencing resulted in the same genotype, human 
parechovirus A3.

DNA sequencing revealed 2 candidate pathogens: human par-
vovirus B19 and P. mirabilis. The presence of human parvovirus 
B19 in patient N05 was confirmed by PCR. P. mirabilis, cultured 
from CSF and blood in patient N14, was detected as the pathogen 
candidate by metagenomic NGS in CSF. No candidate pathogens 
were detected in the blood samples using metagenomic NGS. 
However, P. mirabilis was the most sequenced microbe in the se-
quencing reads from N14’s blood. We could not detect S. agalac-
tiae in sequencing of CSF from patient N08, whose blood culture 
test was positive for this pathogen.

Comparison of Nanopore Sequencing and Illumina RNA Sequencing

Both Nanopore sequencing and Illumina RNA sequencing de-
tected the same viral species as pathogen candidates. Nanopore 
sequencing output contained significantly more human 
genome–derived sequencing reads (P < .001) (Figure 2A) and 
pathogen-derived reads (P = .008) (Figure 2B) than Illumina 
sequencing output. In the hybrid assembly, contigs of viral 
species were generated in 11 cases. Nine contigs were of the 
same viral species and serotypes as the pathogen candidates 
for metagenomic NGS (Table 2). For these 9 cases, the mapping 
statuses of Nanopore sequencing and Illumina sequencing were 
compared, as shown in Supplementary Figure 1. In this analy-
sis, the viral genomes of serotypes selected from the hybrid as-
sembly results were used for the mapping reference genome. 
Nanopore sequencing generated significantly greater mapping 

coverage (P = .008) (Figure 2C) and mapping depth (P = .008) 
(Figure 2D) than Illumina sequencing.

Nanopore sequencing allows for the retrieval of sequence 
data even while the sequencing is still running. We simulated 
sequence reads at several sequencing run times (1, 2, 4, 8, 12, 
24, and 48 hours) to analyze the mapping coverage for the 
pathogen candidate of each patient. The mapping coverage 
reached >80% after 2 hours of sequencing run time in 5 cases 
(Figure 2E). In all cases, the mapping coverage did not change 
after >24 hours of sequencing. These observations suggest that 
Nanopore sequencing can provide the sequencing data re-
quired for pathogen detection in a relatively short time.

Transcriptome Analysis

After screening for pathogens from metagenomic NGS data, 
human-derived reads were used for host transcriptomic analysis 
from both Nanopore and Illumina sequencing. A multidimen-
sional scaling plot based on gene counts for all RNA-sequenced 
samples did not produce clusters relevant for pathogen detection 
by metagenomic NGS (Supplementary Figure 2). Comparing the 
2 patient groups (the 12 patients with identified pathogens via 
metagenomic NGS and the 9 patients with an unidentified path-
ogen), 638 differentially expressed genes (DEGs) were identified 
(Supplementary Figures 3A and 4, Supplementary Table 4) 
through Nanopore sequencing, and 107 DEGs were identified 
in the Illumina sequencing data comparison (Supplementary 
Figures 3B and 5, Supplementary Table 5). All DEGs from 
Nanopore and Illumina sequencing were enriched to the corre-
sponding gene ontology (GO) categories using Metascape. 
Seven DEGs, IDO1, MX1, ISG15, OAS1, WARS1, USP17L5, 
and SIGLEC14, were common to both the Nanopore and 
Illumina sequencing. ROC curves and AUCs were also calculated 
for these 7 DEGs (Supplementary Figures 6 and 7). Of these, 
MX1, ISG15, and OAS1 were annotated as negatively regulated 
viral genome replication (GO:0045071). In the group of 
pathogens detected in the CSF, the terms innate immune re-
sponse (GO:0045087, −log10P = 15.9) and deubiquitination 
(R-HAS-5688426, −log10P = 14.7) were found to be enriched in 
Nanopore sequencing (Figure 3A). The term negative regulation 
of viral genome replication (GO:0045071, −log10P = 12.8) was 
enriched in Illumina sequencing (Supplementary Figure 8A). 
These GO terms were not enriched in the group negative for 
pathogens. For further interpretation, protein–protein 
interaction enrichment analysis was performed (Figure 3B; 
Supplementary Figure 8B). The resulting network was composed 
of densely connected network components identified from the 
input DEG list (Figure 3C; Supplementary Figure 8C). In the net-
work from Nanopore sequencing, the terms innate immune re-
sponse (GO:0045087, −log10P = 18.2), interferon signaling 
(R-HAS-913531, −log10P = 15.5), and defense response to virus 
(GO:0051607, −log10P = 15.4) were enriched. For Illumina se-
quencing, the terms negative regulation of viral genome 
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replication (GO:0045071, −log10P = 15.0), interferon alpha/beta 
signaling (R-HSA-909733, −log10P = 14.5), and interferon sig-
naling (R-HSA-913531, −log10P = 14.4) were enriched. In the 
group negative for pathogens, GO terms that overlapped with 
these ones were not enriched.

The transcriptome analysis was also performed with and with-
out pleocytosis and with and without C-reactive protein (CRP) 
elevation. Multidimensional scaling plots based on gene counts 
for all RNA-sequenced samples did not generate clusters relevant 
for pleocytosis or CRP elevation (Supplementary Figure 9). 

There were 53 genes in Nanopore sequencing and 13 genes in 
Illumina sequencing as upregulated DEGs in the pleocytosis 
group, but no DEGs were common in both sequencing platforms 
(Supplementary Figure 10A, Supplementary Tables 6 and 7). In 
the pleocytosis group, the terms negative regulation of execution 
phase of apoptosis (GO:1900118, −log10P = 6.7) and natural 
killer cell–mediated cytotoxicity (hsa04650, −log10P = 6.1) 
were found to be enriched in Nanopore sequencing 
(Supplementary Figure 10). There were 3160 genes in 
Nanopore sequencing and 26 genes in Illumina sequencing as 

Figure 1. Flowchart and pie charts for patients with central nervous system infections (CNSIs). A, Flowchart of an overview of DNA and RNA library preparation from blood 
and cerebrospinal fluid (CSF) samples and sequencing platform selection. Nanopore DNA sequencing was not available due to insufficient extracted DNA quantities. B, 
Results of next-generation sequencing (NGS) and a pie chart of detected pathogen candidates using DNA/RNA workflows.
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upregulated DEGs in the CRP elevation group, and 11 DEGs 
were common in both sequencing platforms (Supplementary 
Figure 11A, Supplementary Tables 8 and 9). In the CRP elevation 
group, the enriched terms are shown in Supplementary 
Figure 11. The 11 common DEGs were enriched to the term in-
tracellular protein transport (GO:0006886, −log10P = 3.5).

DISCUSSION

In this study, we have shown that CSF samples from 28 infantile 
CNSIs were performed with metagenomic NGS on 2 sequenc-
ing platforms, Nanopore sequencing and Illumina sequencing, 
to reveal pathogenic microorganisms in 11 cases without a def-
inite diagnosis for pathogens from a culture test and human 
simplex herpes virus PCR (42%). In addition, P. mirabilis cul-
tured with conventional CSF testing could be detected by 
Illumina DNA sequencing. Seventy-five percent of the newly 
detected microorganisms were enteroviruses. Human parecho-
virus 3 and human parvovirus B19 were also detected. 
Enteroviruses are the most common cause of pediatric viral 
meningitis [3]. All patients in whom enteroviruses were detect-
ed by metagenomic NGS developed CNSI between June and 
August (data not shown), which coincides with the enterovirus 
epidemic period in Japan [45]. Case N17, in which human par-
echovirus 3 was detected by metagenomic NGS, was 6 days old, 
consistent with the epidemiology of parechovirus CNSI, which 
occurs mainly in young infants [46]. Human parvovirus B19 is 

also considered a potential CNSI-causing virus, although less 
frequently [47]. Thus, all the viruses detected by metagenomic 
NGS were clinically plausible. In 5 enterovirus-positive sam-
ples, PCR confirmation was not possible despite relatively 
high mapping coverage in the Nanopore and Illumina sequenc-
ing. The degradation of the stored RNA was a possible reason 
for negative results. Enterovirus samples with a low number 
of sequencing reads might have viral loads below the detection 
level of the PCR assay.

We also compared the performance of Nanopore and 
Illumina sequencing in 23 cases of RNA sequencing. We found 
the pathogen candidates in 10 cases, and those from Nanopore 
and Illumina sequencing were matched at the taxonomic rank 
of species. Gu et al. also reported that the sensitivities and spec-
ificities for bacterial and fungal detection across Illumina and 
Nanopore sequencing are comparable in DNA sequencing in 
independent Illumina (n = 127) and Nanopore (n = 43) valida-
tion sets [19]. Hybrid metagenome assembly using Nanopore 
and Illumina sequencing, which reconstructs highly accurate 
pathogen genome sequences, could infer viral serotypes. In 
our study, the criteria for the identification of viral candidates 
in RNA sequencing are based on the number of sequencing 
reads and mapping status to the reference genome. 
Sequencing of more definitive cases would make these cutoff 
value settings even more precise. By reanalyzing both sequenc-
ing data using the serotype genomes from the hybrid assembly 
as a reference, we found that the Nanopore sequence had more 

Table 2. Pathogen Candidates Detected in CSF Samples by Nanopore and Illumina Sequencing

Patient Sequencing Methods Pathogen Candidates (Species) Reads Major Serotype (Occupancy) Hybrid Assembly (Accession Number)

N01 Nanopore RNA Enterovirus B 19 242 Echovirus E7 (98%) Echovirus E7 (KU355273.1)

Illumina RNA Enterovirus B 5956 Echovirus E7 (88%)

N05 Illumina DNA Primate erythroparvovirus 1 13 623 Human parvovirus B19 (79%) NA

N13 Nanopore RNA Enterovirus B 3901 Coxsackievirus B2 (52%) Coxsackievirus B2 (KU574632.1)

Illumina RNA Enterovirus B 7428 Coxsackievirus B2 (58%)

N14 Illumina DNA Proteus mirabilis 49 284 NA NA

N15 Nanopore RNA Enterovirus B 937 Coxsackievirus B4 (26%) Coxsackievirus B4 (MW015043.1)

Illumina RNA Enterovirus B 205 Coxsackievirus B4 (32%)

N16 Nanopore RNA Enterovirus B 6576 Coxsackievirus B5 (99%) Coxsackievirus B5 (MW015056.1)

Illumina RNA Enterovirus B 2825 Coxsackievirus B5 (98%)

N17 Nanopore RNA Parechovirus A 1650 Human parechovirus 3 (99%) Human parechovirus 3 (LC043127.2)

Illumina RNA Parechovirus A 1281 Human parechovirus 3 (90%)

N18 Nanopore RNA Enterovirus B 193 Coxsackievirus B5 (98%) Coxsackievirus B5 (MW015056.1)

Illumina RNA Enterovirus B 67 Coxsackievirus B5 (100%)

N19 Nanopore RNA Enterovirus B 93 Coxsackievirus B4 (40%) None

Illumina RNA Enterovirus B 71 Coxsackievirus B4 (51%)

N20 Nanopore RNA Enterovirus B 1007 Coxsackievirus B5 (100%) Coxsackievirus B5 (MW015056.1)

Illumina RNA Enterovirus B 357 Coxsackievirus B5 (100%)

N23 Nanopore RNA Enterovirus B 148 Coxsackievirus B5 (96%) Coxsackievirus B5 (MW015056.1)

Illumina RNA Enterovirus B 84 Coxsackievirus B5 (100%)

N26 Nanopore RNA Enterovirus B 92 Coxsackievirus B4 (28%) Coxsackievirus B4 (MN590273.1)

Illumina RNA Enterovirus B 94 Coxsackievirus B4 (33%)

Abbreviation: CSF, cerebrospinal fluid.
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Figure 2. Performance of Nanopore and Illumina sequencing for pathogen detection. A, The number of reads of human genome origin per million reads of sequencing 
output (reads per million [RPM]) was compared. B, The number of reads mapped to the pathogen genome per million reads of sequencing output. The reference genome 
for the mapping was selected based on hybrid metagenome assembly. Additionally, 100 000 reads randomly extracted from the sequencing output were mapped to the 
reference genome to determine (C) mapping coverage and (D) mapping depth. E, Based on the sequencing recordings of PromethION, we simulated the sequence output 
for each run time and calculated the mapping coverage. **P < .01 (B–D); ***P < .001 (A).
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Figure 3. Enrichment analysis of differentially expressed genes from Nanopore sequencing. A, Heatmap of enriched terms across differentially expressed gene lists from 
Nanopore sequencing, colored based on P values. B, Protein–protein interaction network and (C) molecular complex detection (MCODE) components are identified from the 
gene lists. Pathway and process enrichment analysis has been applied to each MCODE component independently. Functional description of the lowest P values of the cor-
responding components is shown.
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reads of both host and pathogenic microbes than the Illumina 
sequence. Furthermore, the mapping coverage and depth nor-
malized by the sequencing total output were also greater in 
Nanopore sequencing. It is reasonable to assume that this oc-
curred because Nanopore sequencing, which is a long-read se-
quencing technology, has many bases per read; thus, more 
bases of Nanopore sequencing aligned to the reference genome 
in comparison with Illumina short-read sequencing. It is 
known that Illumina sequencing can not only identify a patho-
genic virus in the CSF of a patient but can also identify the sin-
gle nucleotide polymorphisms of the viral genome [48]. 
Nanopore sequencing as well as Illumina sequencing may pro-
vide useful information for clinical diagnostics, such as the ge-
notype and specific gene regions of microorganisms. In 
addition, Nanopore sequencing can acquire output data during 
sequencing. Our simulations showed that a maximum of 
24 hours of sequencing was sufficient to obtain enough data 
for pathogen genome analysis. This is equivalent to Illumina se-
quencing, which takes ∼1 day [11], and is faster than culture- 
based pathogen identification, which can take several days. 
More importantly, Nanopore sequencing has the potential to 
identify pathogens in several hours, as has been shown in pre-
vious studies [19, 49]. It has been suggested that the time re-
quired for microbial diagnosis could be shortened by setting 
the sequencing time to several hours for use in clinical settings.

Transcriptome analysis was performed using the human- 
derived data leftover from metagenomic NGS analysis. 
Patients with identified pathogens via metagenomic NGS 
were found to have a distinct gene expression pattern com-
pared with those without it. MX1, ISG15, and OAS1 were found 
to be differentially expressed in both the Nanopore and 
Illumina data and were associated with antiviral roles in innate 
immunity. MX1 is induced by type I and II interferons and an-
tagonizes the replication of viruses [50]. ISG15 is a ubiquitin- 
like protein that is conjugated to intracellular target proteins 
by activation by type I interferons and that inhibits viral repli-
cation [51]. OAS1 activates endoribonuclease L, which inhibits 
viral replication and limits the spread of infection [52]. Most of 
the pathogens detected by metagenomic NGS in this study were 
RNA viruses, and the expression of these genes would be a rea-
sonable result of the impact of their infections. We also identi-
fied the GO term of deubiquitination by enrichment analysis 
for the set of Nanopore sequencing genes in patients with iden-
tifiable for pathogens. The GO term for deubiquitination was 
derived from 35 genes, including XBP1, which is involved in 
the inhibition of enterovirus entry [53]. Protein–protein inter-
action enrichment analysis also identified this GO term, sug-
gesting that it is part of the host response to viral infection. 
Therefore, transcriptome analysis supports the results of meta-
genomic NGS and elucidates the host immune response [54]. 
These results may be useful for understanding the pathophys-
iology of various pediatric CNSIs. However, the transcriptome 

analysis alone would not be sufficient to observe an actual in-
nate immunity activity in CNSIs. Thus, it is necessary to con-
firm the actual product using measurement of the cytokine 
protein profiles of spinal fluids [48].

The limitations of this study are that it was a retrospective 
study, and the inclusion only of infants under 1 year of age 
did not allow for extra clinical specimens for more analysis. 
Thus, DNA sequencing of the blood and CSF could not be per-
formed on the Nanopore sequencing platform. However, we 
found that P. mirabilis derived sequencing reads from 
Nanopore and Illumina RNA sequencing data in N14; 
Conversely, we did not find sequencing data in N05 for human 
parvovirus B19 (data not shown). These results might suggest 
that CNSIs in N05 were no longer metabolically active but 
had occurred at some time in the past. For Nanopore sequenc-
ing, PrometION was selected in this study to handle multiple 
samples. However, the low-end platforms MinION and 
Flongle may be useful in clinical practice, allowing on-demand 
sequencing by using 1 sample per flow cell. Further research is 
needed to optimize sequencing settings using these platforms. 
In this study, only 23 patients with infantile CNSIs were eligible 
for transcriptome analysis. Therefore, additional studies with a 
larger number of patients with confirmed CNSIs are needed to 
obtain robust results.

In conclusion, both Nanopore sequencing and Illumina se-
quencing were able to detect pathogens in infant CNSI, and 
transcriptome analysis could be performed simultaneously. In 
addition, there were more host- and pathogen-derived reads 
obtained through Nanopore sequencing than with Illumina se-
quencing; Nanopore sequencing also showed the potential to 
analyze pathogen and host immune responses with a lower out-
put than Illumina sequencing. Because Nanopore sequencers 
can process data in real time, they may be attractive for the field 
of clinical infectious diseases, where results need to be known 
in a short time. The use of Nanopore sequencing would help 
to elucidate both pathogens and host immune responses for ba-
sic infectious disease research and may help clarify the patho-
genesis of many cases of CNSI.
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