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Background.  Febrile neutropenia (FN) is a frequent complication in immunocompromised patients. However, causative micro-
organisms are detected in only 10% of patients. This study aimed to detect the microorganisms that cause FN using next-generation
sequencing (NGS) to identify the genome derived from pathogenic microorganisms in the bloodstream. Here, we implemented a
metagenomic approach to comprehensively analyze microorganisms present in clinical samples from patients with FN.

Methods. FN is defined as a neutrophil count <500 cells/pL and fever >37.5°C. Plasma/serum samples of 112 pediatric patients with
FN and 10 patients with neutropenia without fever (NE) were sequenced by NGS and analyzed by a metagenomic pipeline, PATHDET.

Results.  The putative pathogens were detected by NGS in 5 of 10 FN patients with positive blood culture results, 15 of 87 FN pa-
tients (17%) with negative blood culture results, and 3 of 8 NE patients. Several bacteria that were common in the oral, skin, and gut
flora were commonly detected in blood samples, suggesting translocation of the human microbiota to the bloodstream in the setting
of neutropenia. The cluster analysis of the microbiota in blood samples using NGS demonstrated that the representative bacteria of

each cluster were mostly consistent with the pathogens in each patient.

Conclusions.

NGS technique has great potential for detecting causative pathogens in patients with FN. Cluster analysis, which

extracts characteristic microorganisms from a complex microbial population, may be effective to detect pathogens in minute quan-

tities of microbiota, such as those from the bloodstream.
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Metagenomic next-generation sequencing was used to diag-
nose pathogens in 17% of pediatric patients with febrile neu-
tropenia with negative blood culture test results. Metagenomic
blood analysis suggested translocation of the human microbiota
into the bloodstream in neutropenia.

Febrile neutropenia (FN) is a frequent complication among
patients with solid tumors and hematologic malignancies
undergoing cytotoxic chemotherapy and hematopoietic stem
cell transplantation [1] that occurs in approximately 10%-60%
of cases [2]. The mortality rate of FN is high if proper antibi-
otic treatment is not given [3], and prompt empirical antibi-
otic administration is recommended for initial treatment [4].
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Knowledge of expected pathogens and antimicrobial suscep-
tibility patterns is required to optimize empiric treatment. In
pediatric patients with FN, however, only 10% of patients had
documented bacteremia whereas approximately 80% of patients
exhibited fever of unknown origin [2]. Similarly, for adult FN,
clinically documented infections occur in only 20%-30% of
cases [4]. Poor microorganism detection is due to the lack of
a nonexclusive culture system for covering all possible patho-
gens present in blood samples. Therefore, blood culture tests
need to be assisted by more sensitive and comprehensive sys-
tems such as molecular biological tests. Establishing a method
for the detection of bloodstream pathogens contributes to the
improvement of disease prognosis and prevents the occurrence
of drug-resistant bacteria.

Next-generation sequencing (NGS) is suitable for the com-
prehensive analysis of nucleic acids within a sample. In the
field of clinical microbiology, NGS is considered to have the
potential to detect traces of microbial genetic material from
clinical samples of patients with infectious diseases [5]. In
comparison with the 16S ribosomal DNA (rDNA) method,
which is exclusively used for bacterial profiling, metagenomic
NGS allows us to obtain entire genomic information of all
microorganisms, including bacteria, viruses, fungi, and
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parasites, present in a clinical sample [6, 7]. Recently,
metagenomic NGS has been reported as a clinical application
for diagnosing infectious diseases [8-11], and we also previ-
ously reported that metagenomic NGS can be used to detect
causative pathogens of bloodstream infections [12], acute en-
cephalitis/encephalopathy [13], acute liver failure [14], se-
vere respiratory failure [15] and acute myocarditis [16]. The
present study aimed to detect causative pathogens in blood
samples from pediatric patients with FN using metagenomic
NGS analysis. Additionally, contamination from the exper-
imental and bioinformatic analytical processes and translo-
cation from the microbiota of the gut, oral cavity, skin, and
vagina were analyzed. Moreover, clustering analysis was
proposed to determine the pathogens in patients with FN.
Metagenomic NGS has great potential for detecting putative
pathogens in patients with FN.

MATERIALS AND METHODS

Patient Consent Statement

The study design and methods were approved by the
Institutional Review Board of Nagoya University Hospital
(IRB number 9069). The methods were carried out in accord-
ance with approved guidelines. Written informed consent was
obtained from all patients or their guardians.

Patients and Samples

We enrolled 122 pediatric patients at Nagoya University
Hospital between August 2016 and October 2016 and between
April 2018 and July 2018. A total of 112 FN patients were diag-
nosed using the following criteria: (1) neutrophil count <500
cells/pL or a higher count with a predicted decrease to <500/
pL within 24 hours; and (2) fever >37.5°C. The remaining 10
patients showed neutropenia of <500 cells/uL without fever
(hereafter “NE”). Patients” characteristics are shown in Table 1.
All enrolled patients were under prophylactic use of anti-
microbial agents: 99% of the patients took sulfamethoxazole-
trimethoprim and fluconazole. All FN patients received
additional antibiotic treatment (Supplementary Tables 1 and 2).
Finally, their neutrophil count recovered (>500 cells/uL) and
they were in the defervescence phase (<37.5°C). Blood samples
were collected at the same time as blood culture when patients
were diagnosed with FN, and 8 patients were administered anti-
biotics before sampling. The samples were stored at —30°C until
further analysis. Blood culture was performed according to the
method described previously [12].

Sample Preparation and Sequencing

The NGS library was prepared from DNA extracted from
140 pL of 112 FN plasma, 10 NE plasma, and 3 distilled water
used for library preparation as described previously [12].
Bioanalyzer high-sensitivity DNA assays (Agilent, Santa Clara,
California) were used for sample quality control for NGS

Table 1. Characteristics of the 104 Patients

Neutropenia
Febrile Neutropenia  Without Fever

Characteristic (n=97) (n=7)
Age, y, median 7 6
Age distribution, No. (%)
2y 17 (17.5) 1 (16.7)
3-6y 24 (24.7) 2 (33.3)
6-10y 22 (22.7) 3 (50.0)
11-15y 27 (278) 1 (16.7)
>16y 7 (72) 0 (0)
Sex, male, No. (%) 67 (69.0) 4 (57.1)
Cause of neutropenia, No. (%)
Cancer chemotherapy 80 (82.5) 5 (71.4)
HSCT 12 (12.4) 1 (14.3)
Underlying disease 5 (5.2) 1 (14.3)
Primary medical condition, No. (%)
Leukemia 43 (44.3) 3 (50.0)
Solid tumors 34 (35.1) 2 (33.3)
Bone marrow failure 9 (9.3 1 (16.7)
Lymphoma 5 (5.2) 0 (0)
CNS tumors 4 (4.1) 1 (16.7)
Primary immunodeficiency 2 2.1 0 (0)
Clinical symptoms, No. (%)
Oral 16 (16.5) 1 (14.3)
Skin 5 (5.2) 0 (0)
Gastrointestinal 20 (20.6) 0 (0)
Other(s) 5 (5.2) 0 (0)
Blood culture test positive, No. (%) 10 (10.3)

Fifteen FN patients and three NE patients were excluded due to low quality of their sam-
ples for sequencing.

Abbreviations: CNS, central nervous system; HSCT, hematopoietic stem cell
transplantation.

libraries. NGS libraries without the insertion sequence were
excluded from sequencing except for those prepared from dis-
tilled water. Digital PCR using primers specific for the Illumina
library adapter sequence by QX200 Droplet Digital PCR System
(Bio-Rad, Richmond, California) was used for quantification
of NGS libraries. NGS libraries of <12 copies/uL (equivalent
to 0.1 nM) were excluded except for those prepared from dis-
tilled water. NGS libraries were then sequenced on the HiSeq
system (Illumina, San Diego, California) with the 2 X 150-bp
paired-end protocol or the MiSeq system (Illumina) with the
2 X 250-bp paired-end protocol.

Metagenomic Analysis of Obtained Sequencing Data

The NGS data generated by the Illumina sequencing plat-
form were processed in the metagenomic pipeline PATHDET
for the detection of pathogen-derived sequences [17]. The
PATHDET pipeline comprises several steps conducted by dif-
ferent open-source software programs. First, as preprocessing,
possible remaining sequencing adaptors were trimmed by
Trim Galore [18] and quality filtered by PRINSEQ [19],
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and duplicates were identified and removed by CD-HIT
[20]. Quality control was performed by FastQC [21] before
and after preprocessing and summarized by MultiQC [22].
Second, as human genome subtraction, remaining sequence
reads mapped to the human genome database by Bowtie2
[23] and Kraken2 [24] were removed. Third, Kraken2 and
MegaBLAST [25] were used to search for highly similar spe-
cies in the National Center for Biotechnology Information
RefSeq database [26] from sequences that could not be classi-
fied by Kraken2. In addition, the ResFinder database [27] was
used to detect acquired antibiotic resistance genes. Finally,
the PATHDET pipeline integrated all the microorganisms
found and reported candidates for pathogens. In detail, path-
ogen candidates were selected according to the following
procedure. First, reads assigned Cutibacterium acnes were
excluded from all analyzed data because C. acnes is likely to
be a nonpathogenic/frequent contaminant of the NGS library
[12]. Second, the PATHDET pipeline calculated 3 indicators:
the total number of reads assigned microorganism per million
total sequencing reads (PR), the number of reads assigned mi-
croorganism per million total sequencing reads (RPM), and
Shannon diversity index (H’) based on each taxonomic hier-
archy. Third, microorganisms satisfying PR >650, RPM >200,
and H” <3.0 were listed as pathogen candidates. These thresh-
olds were set based on the analysis data of 7 patients with
bacteremia in our previous study [12] (Supplementary Table
3 and Supplementary Figure 1).The mapping coverage in
the reference genome was also calculated and used to eval-
uate pathogen candidates. PATHDET pipeline processed all
data of sequenced samples. Samples for which the number
of sequencing reads was <500 000 were excluded because of
insufficient reads for analysis. We compared the results by
the PATHDET pipeline with those from blood culture, DNA
virus quantification, and the patient’s clinical course.

Microorganism abundance in each blood sample was de-
scribed using the z score, which was normalized RPM as
the number of standard deviations above or below the mean
RPM for the total microorganisms in the sample at the family,
genus, and species taxonomic hierarchy. Microorganisms
with z scores >2.0 were defined as frequently detected micro-
organisms. The z score was calculated for microorganisms,
including C. acnes, to account for contaminant microorgan-
isms in all processes. The detection frequency of representa-
tive microorganism species of the human microbiome in the
bloodstream [28, 29] was also compared between these sam-
ples. Comparison of microbiota among blood samples from
patients was analyzed as follows using R packages “vegan” and
“labdsv”: calculation of Morisita-Horn similarity index, hier-
archical clustering by Ward method, selecting the number of
clusters with silhouette analysis, and extraction of indicator
species of each cluster by the IndVal method [30].

RESULTS

Pathogen Candidates Detected in Blood Samples by Metagenomic NGS
Blood samples fromall 122 enrolled pediatric patients were pro-
cessedinto NGSlibraries. Sixlibraries prepared from 4 FN and 2
NEpatientsampleswereexcluded duetolowquality (Figure 1A).
All 3 libraries prepared from distilled water were of low quality
but were sequenced and analyzed as negative controls to assess
contamination from the experimental procedure and environ-
ment. Total sequencing reads from distilled water were insuf-
ficient to detect putative pathogens (68 580 reads, 7104 reads,
and 5874 reads). The majority of microorganisms detected in
distilled water were C. acnes (82.9%, 86.5%, and 65.8%). Other
microorganisms detected in distilled water did not exceed 10%
of the total reads. An average of 6 573 252 reads per sample
was sequenced and 12 cases (11 FN and 1 NE) were excluded
because of an insufficient number of sequencing reads. The
PATHDET pipeline reported 31 microorganisms as putative
pathogens from 20 patients with FN (Table 2 and Figure 1B).
Pathogen candidates were reported in 5 of 10 patients with
positive blood cultures. The results for 3 (FN008, FN021, and
FNO070) of these 5 patients were consistent with the cultured
bacteria (Supplementary Figure 2A). Thus, pathogen candi-
dates by NGS were not identical to the results of blood culture
in 7 of the 10 patients with positive blood cultures. However,
each cultured bacterium in the 10 patients with positive blood
cultures was detected by NGS for at least 1 sequencing read.
Streptococcus mitis/oralis was not reported as a putative path-
ogen in all 3 FN patients with blood cultures positive for
S. mitis/oralis. In FN patients with negative blood cultures,
15 of 87 patients (17%) had pathogen candidates detected by
NGS (Supplementary Figure 2B). In 4 of these 15 patients,
the pathogens were identified at the species level of taxo-
nomic hierarchy: Acinetobacter soli, Burkholderia cepacia, and
Klebsiella variicola. In addition, the pathogens were identified
at the genus level in 6 patients (eg, Escherichia) and were iden-
tified at the family level in 5 patients (eg, Staphylococcaceae).
In 3 of 8 patients with NE, Acinetobacter, Pseudomonas, and
Brevundimonas were reported as pathogens at the genus level,
even though these patients had no symptoms of infection.
Forty-two FN patients had clinical symptoms other than fever
(oral, skin, gastrointestinal, and other symptoms). Five of
these patients were negative for blood culture and were pos-
itive for the presence of putative pathogens based on NGS.
Antimicrobial resistance genes were investigated using NGS
data from 104 FN and NE patients. A total of 108 resistance
genes in the 45 patients are shown in Supplementary Table 4.
No viruses were reported as putative pathogens in the
PATHDET pipeline. DNA viruses were detected in 19 patients
(15 FN and 4 NE patients): Epstein-Barr virus in 1 case, human
cytomegalovirus in 6 patients, human herpesvirus 6B in 2 pa-
tients, and torque teno virus in 13 patients. Fungus, Malassezia
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Study Sample (n=122)
Nagoya University Hospital
Aug 2016, Oct 2016, Apr 2018, Jul 2018
FN: 112
NE (control): 10

6 failed to pass
quality check of library

and PATHDET analysis (n = 116)
FN: 108; NE: 8

NGS

12 did not have
sufficinet sequencing reads

PATHDET Report (n=104)
FN: 97; NE: 7

Culture test and NGS
detected pathogens
25.8%

NGS detected
pathogens
20.6%

Figure 1.

Only
culture test
positive

3

Culture test
positive
10

Febrile
neutropenia

n=97

Culture test negative
87

NGS negative
72

Flowchart and pie charts of the results in patients with febrile neutropenia (FN) and patients with neutropenia without fever (NE). A, Flowchart of the patient

selection and comparison. B, Comparison of the results between next-generation sequencing (NGS) analysis and blood culture in patients with FN. The ratio of positive

results in patients with FN is shown as a pie chart.

restricta, was detected as a pathogenic microorganism candi-
date in 1 case (FN070).

Commonly Detected Bacteria in Blood Samples and Translocation of the
Human Microbiota to the Bloodstream

Microorganisms commonly detected in blood samples with FN are
shown in Supplementary Table 5. Frequently detected microorgan-
isms were similar among FN and NE patients, but patients with FN
had more varied species compared with NE patients. In particular,
C. acnes, which is frequently included in the skin microbiota, was
the most abundant in blood samples of FN patients.
Translocation of human microbiota was investigated for af-
fecting bacteremia in patients with FN. The frequency of com-
monly detected bacteria in blood samples was demonstrated as

a heatmap in each respective group consisting of representative
microorganism species in the oral cavity, skin, gut, or vagina
(Figure 2). There was no difference in microorganism species be-
tween FN and NE patients. Streptococcus and Corynebacterium
belonging to oral cavity flora and 3 bacteria belonging to skin
flora were frequently detected by NGS.

Cluster Analysis of the Microbiota in Blood Samples

The microbiota in blood samples was classified into 6 clusters by
Ward method and silhouette analysis, which yielded a maximum
silhouette score of 0.53 (Figure 3). After the clustering, we identified
indicator species, the species that characteristically appeared in each
cluster, to estimate the microorganisms associated with FN. The in-
dicator species of each cluster were as follows: Propionibacteriaceae
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Table 2. ldentification of Putative Bacteria by Next-Generation Sequencing From Study Samples
Patient Category Blood Culture Test Taxonomic Hierarchy NGS-Identified Pathogen RPM? (Reads), No. Coverage, %
FNOO6 FN Negative Family Sphingomonadaceae 513
Caulobacteraceae 487
FNOO8 FN Rhizobium radiobacter Genus Agrobacterium 312
FNO10 FN Negative Family Sphingomonadaceae 282
FNO21 FN Acinetobacter ursingii Species Acinetobacter ursingii 247 671 85.5
FNO22 FN Negative Genus Pseudomonas 1395
Ralstonia 977
FN025 FN Negative Genus Pseudomonas 290
FNO34 FN Negative Family Sphingomonadaceae 500
Comamonadaceae 379
Pseudomonadaceae 283
FNO37 FN Negative Species Acinetobacter soli 1170 3.6
FNO61 FN Negative Genus Brevundimonas 1426
Acinetobacter 312
FNO63 FN Negative Family Staphylococcaceae 261
FNO70 FN Streptococcus mitis/oralis Species Acinetobacter soli 1266 14.7
Streptococcus mitis 687 28.1
Brevundimonas sp DS20 334 75
Malassezia restricta 228 3.4
FNO71 FN Negative Species Burkholderia cepacia 345 1.0
FNO73 FN Negative Genus Escherichia 319
Acinetobacter 237 .
FNO88 FN Streptococcus mitis/oralis Species Acinetobacter soli 758 6.9
Brevundimonas sp DS20 268 5.6
FN093 FN Negative Genus Roseomonas 452
FN099 FN Streptococcus mitis/oralis Genus Methylobacterium 430
FN100 FN Negative Species Acinetobacter soli 306 35.3
FN101 FN Negative Species Klebsiella variicola 406 6.8
FN104 FN Negative Genus Acinetobacter 505
Brevundimonas 262
FN106 FN Negative Family Enterobacteriaceae 551
Staphylococcaceae 203
NEO1 NE Genus Acinetobacter 617
NEO4 NE Genus Acinetobacter 396
NEO7 NE Genus Pseudomonas 1590
Brevundimonas 205

Bacteria detected in blood cultures are shown in bold.

Abbreviations: FN, febrile neutropenia; NE, neutropenia without fever; NGS, next-generation sequencing.

®RPM indicates the number of reads assigned each pathogen per million total sequencing reads.

and Staphylococcaceae (cluster 1); Moraxellaceae (cluster 2);
Enterobacteriaceae, Colwelliaceae, and Sporocadaceae (cluster
3); Streptococcaceae, Pasteurellaceae, and Alcaligenaceae (cluster
4), Pseudomonadaceae and Burkholderiaceae (cluster 5); and
Bradyrhizobiaceae, Sphingomonadaceae, and Comamonadaceae
(cluster 6). In 18 of the 23 cases (78.3%) where the PATHDET
pipeline identified putative pathogens, the bacteria detected by
NGS were consistent with the indicator species.

DISCUSSION

To our knowledge, this is the first study to demonstrate the clin-
ical application of metagenomic NGS for FN on a large scale.
Interestingly, S. mitis was cultured in 3 of 5 FN patients who

were blood culture positive but NGS negative. This may be due
to poor bacterial DNA extraction of S. mitis due to the pres-
ence of a peptidoglycan layer that is difficult to destroy. DNA
extraction was reported to have the largest effect on the out-
come of metagenomic analysis in comparison with differences
due to library preparation and sample storage [27]. In that
study, 21 representative DNA extraction protocols were tested,
and ascertainment biases were found to exist in estimates of
community diversity and the ratio between gram-positive and
gram-negative bacteria in the analyses for human fecal samples.
Improvement of DNA extraction methods is required for com-
prehensive identification of putative pathogens by NGS. Next,
previous reports have described the use of NGS methods for
detecting pathogens in infectious diseases [9, 31, 32]. In these
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Frequency of representative bacteria in blood samples from patients with febrile neutropenia assigned to the oral cavity, skin, gut, or vagina. The heatmap was

drawn using the z score, which was normalized microbial reads as the number of standard deviations above or below the mean microbial reads for the total abundance of

microorganisms in the sample at the family level of taxonomic hierarchy.

studies, threshold numbers of microbial sequencing reads were
adopted for diagnosis, although there were differences between
studies, such as requiring their own internal controls. However,
this threshold has not yet been standardized. In our previous
study [12], we considered that bacterial reads >200 were signif-
icant for diagnosis. To evaluate the microbial sequencing reads,
the percentages of the reads of the dominant bacteria and mi-
crobial diversity were also calculated.

Putative pathogen candidates were found in 3 of 7 blood
samples of NE patients. In these NE patients, blood collected via
a central venous catheter at routine blood testing was used for
NGS analysis. One explanation is that bacteria-forming colo-
nies in the catheter lumen were detected by NGS. We previously
reported that pathogenic bacteria were detected from catheters
in patients who subsequently developed bloodstream infections
[12]. However, NE patients whose pathogen was identified by
NGS did not develop fever during the observation period.

Putative pathogens were detected in 15 of 87 FN patients
(17.2%) with negative blood cultures. This detection rate in pa-
tients with negative blood cultures seems low in comparison
with previous reports where pathogens were found by shotgun
metagenomic sequencing in 22%-24% of patients undiagnosed
for pathogens [9, 31]. This difference may be related to disease

type; that is, these previous studies investigated meningitis, en-
cephalitis, and sepsis, not FN. Different applications of NGS
analysis also influence the detection rate of causative pathogens.
There are 2 major applications: comprehensive metagenomic
analysis and targeted 16S ribosomal RNA (rRNA) analysis.
In a previous study, 16S rRNA analysis was performed using
blood samples collected at onset of FN and demonstrated that
the positivity rate was 13.3% (4 of 30 FN patients with nega-
tive blood cultures) [33]. This result is similar to ours using the
metagenomic analysis. There is another point of comparison
between these 2 applications: 16S rRNA sequencing provides
only microbiome data at the family or genus level and does not
include quantification of each microorganism and species-level
identification. The metagenomic analysis in the present study
is more useful in terms of specifying pathogenic microorgan-
isms at the species level. In addition, all bacteria identified by
metagenomic NGS from blood samples of FN patients with
negative blood cultures could be cultured by blood culture
procedures. The reason why these bacteria were not cultured
may be that the patients were receiving prophylactic antibiotic
treatment.

There were some commonly detected microorganisms in
blood samples analyzed in this study. One interpretation is
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that environmental microorganisms may be contaminants of
blood collection techniques and experimental procedures;
that is, microorganisms detected by metagenomic NGS may
not be derived from blood samples [34, 35]. Cutibacterium
acnes was a representative bacterium that was detected by
metagenomic analysis of distilled water, suggesting this
was likely to be introduced by experimental procedures.
Therefore, we excluded C. acnes from causative pathogen
candidates. Recently, incomplete references in the database
occasionally caused both false-positive and false-negative
results [36]. Toxoplasma gondii, which is unlikely to exist
clinically, may be a representative bioinformatics contam-
inant. Therefore, continued understanding of potential da-
tabase contaminants and improving the reference database
for infectious disease diagnosis are important. In our study,
we found that the microorganisms listed in Supplementary
Table 5 are potential false positives; further investigation is
required. Moreover, the translocation of human microbiota
plays a decisive role in bacteremia [37, 38]. There is a high
risk of bloodstream infection due to human microbiota in
the setting of neutropenia. As shown in Figure 2, several bac-
teria of oral, skin, and gut florae were commonly detected,
suggesting that translocation of the human microbiota to the
bloodstream may contribute to FN.

We attempted to classify metagenomic data into several
clusters represented by indicator putative pathogens. These
indicator pathogens were determined by comparing the
composition of DNA data derived from microorganisms in
blood samples. The indicators were also associated with pu-
tative pathogens and common contaminants in metagenomic
composition from blood samples. This method may help to
interpret complex metagenomic data and highlights patho-
genic candidates in the process of bioinformatics analysis.
In patient FN040, NGS was negative as defined by our di-
agnostic criteria and Moraxellaceae were not detected as
a pathogen candidate. However, cluster analysis demon-
strated that Moraxellaceae could be the pathogen candi-
date (Figure 3, cluster 2). Similar results were observed for
Streptococcaceae in patients FN053 and FNO068 in cluster 4
and Pseudomonadaceae in FNO033 in cluster 5. Thus, this ana-
lytic method can be improved by accumulating metagenomic
data for diagnosing causative pathogens in infectious
diseases.

In conclusion, metagenomic NGS has great potential for
detecting causative pathogens in patients with FN. Our data
also demonstrated the probability of contamination from ex-
perimental and bioinformatic analytical processes and trans-
location of microbiota from other organs to the bloodstream.
Finally, cluster analysis showing each indicator bacterium and
other composition bacteria provides useful information to de-
lineate pathogens in infectious diseases.
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