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Abstract

Rapid detection of bloodstream pathogens would greatly facilitate
clinicians to make precise antimicrobial treatment in patients with
bacteremia. In this study, 114 plasma samples were collected from
patients with identified or suspected bacteremia, and pathogens
were detected by the conventional blood culture (BC) and cell-free
DNA metagenomics next-generation sequencing (cfDNA mNGS).
The present study indicated that 76% (38/50) of positive conven-
tional blood culture (BC* group) patients were positively detected
by ¢fDNA mNGS, and only 4% were mismatched between cfDNA
mNGS and conventional bacteria culture. Pathogens in 32.8% of
suspected bacteremia patients with negative conventional blood
culture (BC- group) were determined accurately by cfDNA mNGS

combined with analyzing the patients’ clinical manifestations.
Escherichia coli and Klebsiella pneumoniae were the most detected
pathogens in identified bacteremia patients by cfDNA mNGS.
76.2% (16/21) of E.coli and 92.3% (12/13) of K. pneumoniae in
bacteremia patients were identified by conventional blood cultures
that were also detected by cfDNA mNGS. This study demonstrated
that genomic coverage of E. coli and K. pneumoniae were more often
detected in BC* group patients and genomic coverage of Acineto-
bacter johnsonii and Paucibacter sp. KCTC 42545 was more often
detected in BC™ group patients. In conclusion, cfDNA mNGS could
rapidly and precisely provide an alternative detection method for
the diagnosis of bacteremia.
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Introduction

Bacteremia can result in many serious diseases, such
as sepsis, septic shock, and multi-organ failure (Laupland
etal. 2004). Rapid detection of causative pathogens will
be clinically helpful in optimizing accurate antimicro-
bial therapy in patients with suspected bacteremia.
Conventional culture-based diagnostic procedures (e.g.,
blood cultures) currently remain the most reliable and
clinically commonly used method for pathogens detec-
tion in patients with suspected bacteremia. However,
the limitations of the conventional culture-based strat-

egies for microbial tests in clinical practice have been
widely discussed (e.g., it takes over 24 h to get results).
Thus, several culture-independent molecular diagnostic
procedures (such as polymerase chain reaction (PCR)-
based techniques) have been introduced in clinics to
identify the causative pathogens in patients with infec-
tious diseases (Rutanga and Nyirahabimana 2016).
Mounting evidence has demonstrated the diagnostic
values of PCR-based techniques as additional tools to
the conventional culture-based methods for identifying
some known pathogens of patients with bacteremia and
other infectious diseases (Blauwkamp etal. 2019).
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Several recent studies have demonstrated the diag-
nostic values of cell-free DNA metagenomics next-
generation sequencing (cfDNA mNGS) as a rapid and
accurate method for identifying pathogens in patients
with infectious diseases (Simner et al. 2018; Chiu and
Miller 2019). The performance of the cfDNA mNGS for
the identifying infectious microorganisms is based on
the unbiased sequence analyses of the microbiome from
the patient’s plasma (human DNA is removed) (Grumaz
etal. 2016; Long et al. 2016). The conventional bacterial
culture methods are commonly used as a gold standard
for identifying bloodstream pathogens in patients with
suspected bacteremia. Comparing diagnostic values
of cfDNA mNGS and the conventional culture-based
methods is seldomly reported in suspected bacteremia
patients. In this study, the clinical values of the cfDNA
mNGS were compared with the conventional culture-
based methods. Moreover, the utility of cfDNA mNGS
in suspected bacteremia patients was further evaluated
as an alternative detection method.

Experimental
Materials and Methods

Patients and diagnostic standards. One hundred
fourteen patients hospitalized at the Huazhong Univer-
sity of Science and Technology Union Shenzhen Hos-
pital (Shenzhen, China) between August 2017 and May
2020 were enrolled in this study. The pathogen detec-
tion was performed synchronically in the sera of all
114 patients by both the conventional blood culture and
cfDNA mNGS. The clinical diagnosis of these patients
was shown in Table SI, and they were divided into two
groups with identified or suspected bacteremia. Identi-
fied bacteremia patients were defined as those with the
clinical symptoms of bloodstream infection and posi-
tive conventional bacteria culture from the blood sam-
ples (BC* group). Suspected bacteremia patients were
defined as those with the clinical symptoms of blood-
stream infection and negative microbial detection in the
conventional bacteria culture from the blood samples
and other clinical specimens. The clinical symptoms of
bloodstream infection mainly included as the following:
1) fevers with body temperatures >38.0°C and recurrent
chills; 2) clinical evidence of bacterial infection in some
organs or systems; 3) no evidences of fever caused by
non-infectious diseases. Suspected bacteremia patients
were described as the BC™ group in this study.

The conventional blood culture method. The con-
ventional blood culture method was performed accord-
ing to standard operations and incubated in the BD
Bactec™ FX400 system (Becton Dickinson, USA). The
bacterial species and antimicrobial susceptibility of
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blood culture positive samples were identified by the
BD Phoenix™ M50 automated microbiology system
(Becton Dickinson, USA).

Plasma preparation and cfDNA mNGS perfor-
mance. Plasma samples were separated from the whole
blood samples (before antibiotics were used) in EDTA
anticoagulation blood collection tubes. The serum sam-
ples were collected from the whole blood samples in the
tube without an anticoagulant. Plasma samples from
five healthy volunteers were used as negative controls
to calibrate and set detection thresholds. The cfDNA
was extracted from 300 ul of plasma or serum using
the TIANamp Micro DNA Kit (DP316, TIANGEN
Biotech(Beijing)Co.,Ltd., China) according to the man-
ufacturer’s protocol. The nucleic acid concentration was
measured using the Qubit dsDNA HS Assay Kit (Life
Technologies, Invitrogen, China). Library construction
and mNGS were performed according to the sequenc-
ing protocol (BGI, China). DNA library quality was
assessed using an Agilent 2100 Bioanalyzer (Agilent
Technologies, USA) combined with quantitative PCR
to measure the adapters before sequencing. Qualified
DNA libraries were prepared in a OneTouch system by
emulsion PCR and then sequenced on the BGISEQ-100
or BGISEQ-50 sequencing platform (BGI, China).

NGS data processing. Raw data were preproc-
essed by removing short reads, low-quality reads, and
sequencing adapters to generate clean reads. Raw data
generated from the BGISEQ-50 sequencing platform
were filtered using SOAPnuke software (version:1.5.6,
BGI, China, https://github.com/BGI-flexlab/SOAP-
nuke), which included removing reads in which at least
30% of the total reads had quality scores <20, a propor-
tion of unknown nucleotides > 2%, and less than 50 bp,
and trimming adapters sequences. For raw data gener-
ated from the BGISEQ-100 sequencing platform, reads
with less than 50 bp were discarded, and those with
average quality scores of <10 per 15 window lengths
and sequencing adapters were trimmed. The align-
ment and analysis of the cfDNA reads by mNGS were
performed according to the previous reports (Altschul
etal. 1990; Wood and Salzberg 2014). Reads were nor-
malized per 20 million mapped reads according to the
clean reads as the relative abundance. Species with
detection rates >0.8 and sample standard deviations
>0.6 were retained. The ratio of the relative bacterial
abundance in each sample was calculated and placed
in descending order. Criteria for a positive cfDNA
mNGS result were as per Miao and coworkers (Miao
etal. 2018). Consistency between the microbial species
identified by ¢fDNA mNGS and the BC results com-
bined with clinical manifestations was evaluated. For
mNGS*/BC™ samples, whether the pathogen results
were reliable after the combined analysis with clinical
symptoms was assessed by three clinicians.
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Statistical analysis. Data were analyzed using R soft-
ware, version 3.5.0. A chi-square test was used to com-
pare the prevalence of each species and their resistance
and virulence genes between positive and negative BC
samples. p<0.05 was considered statistically significant.
The Wilcoxon rank-sum test was used to calculate dif-
ferences in the relative abundances of the resistance
and virulence genes between positive and negative BC
samples, with p <0.05.

Results

Clinical information and cfDNA quantification
from bacteremia patients’ plasma or serum sam-
ples. The microbes-derivative read numbers of the
cfDNA extracted from bacteremia patients’ plasma and
serum samples were compared. It suggested that more
microbes-derivative read numbers could be detected
in plasma compared to serum ones. It demonstrated
that the plasma was more suitable for detecting cfDNA
mNGS (Fig. 1a). Subsequently, 114 patients were
divided into two groups according to the blood culture
results and the criteria described above. Fifty patients
were diagnosed with bacteremia (BC* group) and 64
with suspected bacteremia (BC™ group), and the diag-
nostic value of cfDNA mNGS in these groups was eval-
uated. The total cfDNA read numbers/concentrations
(copies/ml) by cfDNA mNGS were significantly higher
in the plasma samples of the BC* group compared
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Table I
Comparison of the consistency of the pathogen identification
between cfDNA mNGS and BC.
cfDNA mNGS* | ¢fDNA mNGS- | Consistency
BC* 38 12 36"
BC 26 38 21°
Total 64 50

BC - blood culture, ¢fDNA mNGS - cell-free DNA metagenomics
next-generation sequencing, * - consistency between the microbial spe-
cies identified by ¢fDNA mNGS and the BC results, * - for NGS*/BC"
samples, whether the pathogen results were reliable after the combined
analysis with clinical symptoms were assessed by three clinicians

with the BC™ group (Fig. 1b). The microbes-derivative
cfDNA reads/total cfDNA reads showed no significant
differences between these two groups (Fig. 1¢).
Comparison of the diagnostic value between the
conventional blood culture and cfDNA mNGS. The
diagnostic values of pathogen detection by cfDNA
mNGS and conventional blood culture were com-
pared and are presented in Table L. In this study, 76%
of the BC* group (38/50) were positively recognized by
cfDNA mNGS, indicating that 72% (36/50) were con-
sistent with the BC results, and only two cases were
mismatched between these two methods. Moreover,
among the 64 cfDNA mNGS* samples, 26 were BC",
and 80.7% (21/26) of cfDNA mNGS*/BC- samples were
consistent with the clinical manifestation. This observa-
tion indicated that the pathogens in BC™ samples were
reliable determined by cfDNA mNGS. Thus, to promise
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Fig. 1. a) Comparison of cfDNA reads number/concentrations (copies/ml) of pathogens by cfDNA mNGS between plasma and serum;
b) comparison of cfDNA read numbers/concentrations (copies/ml) between BC* and BC ¢) comparison of the microbes-derivative
cfDNA reads/total cfDNA reads between BC* and BC™ patients.

% — p<0.001, NS - not significant, BC - blood culture, fDNA mNGS - cell-free DNA metagenomics next-generation sequencing,
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Fig. 2. The relative abundance of cfDNA mNGS-detected bacteria and viruses in the 114 samples were shown by Heatmap.
The relative abundance data used in the heatmap were log,-transformed to compare among species. Staphylococcus epidermidis
and Propionibacterium acnes were discarded as contaminants in the downstream analysis.
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Fig. 3. Relative abundances of read numbers of microbial species between the BC* and BC- samples. Confidence intervals
and p-values are indicated for each species, and the differences in proportions were calculated as the mean proportion
of BC- minus BC* samples with 95% confidence intervals.

the accuracy of cfDNA mNGS results in BC™ groups,
performing analysis combined with the clinical mani-
festation is necessary.

In this study, Escherichia coli and Klebsiella pneu-
moniae were the most detected pathogens in identified
bacteremia patients by cfDNA mNGS (Fig. 2). cfDNA
mNGS detected 76.2% (16/21) of E. coli and 92.3%
(12/13) of K. pneumoniae in the patients in whom the
bacteriemia was detected by conventional blood culture
(Table SII).

In addition to bacterial pathogens, ctDNA mNGS
indicated that 54.39% of the blood samples (62/114)
came from patients with coexisting viral infections
(Table SIII). The Torque Teno virus (TTV) and human
herpesvirus 4 (EBV) were the top two species detected
in this study. EBV had a significantly higher detec-
tion rate in the BC* samples than in the BC™ group.
Notably, most viral read numbers were <20, and the
relative abundance of the hepatitis B virus (HBV) in
the BC™ group was over 1,000, which nearly equaled
the viral copy number determined by quantitative fluo-
rescent PCR (Fig. 2).

The genomic mapping of the microbes detected by
¢fDNA mNGS in BC* and BC groups. Furthermore,

the whole genome of individual microbial species,
such as E. coli and K. pneumoniae were mapped from
the cfDNA reads detected by mNGS, and compared
between the BC* and BC- groups. This study demon-
strated that genomic coverage of E. coli and K. pneu-
moniae was most often detected in BC* group patients,
and genomic coverage of Acinetobacter johnsonii and
Paucibacter sp. KCTC 42545 was more often detected
in BC patients (Fig. 3).

Proteobacteria was the most common phylum in both
BC* and BC" patients (Fig. 4a). Gammaproteobacteria
had the highest relative abundance ratio at the class level,
and was more abundant in the BC* patients (p=0.03),
whereas Alphaproteobacteria (p<0.001) and Beta-
proteobacteria (p<0.001) were more abundant in the
BC- samples (Fig. 4b). At the order level, Enterobacte-
rales (p<0.001) was significantly abundant in the BC*
samples, whereas Rhizobiales (p=0.001) and Pseudomo-
nadales (p=0.01) were more abundant in the BC~ sam-
ples. At the family level, Enterobacteriaceae (p <0.001)
was significantly abundant in the BC' samples,
whereas Moraxellaceae (p=0.01) and Caulobacteraceae
(p<0.001) were more abundant in the BC™ group. At the
genus level, Escherichia (p <0.001) was relatively higher
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Fig. 5. Comparison of community compositions at the order, family and genus levels. Confidence intervals and p-values are indicated
in each case, and the difference in proportions was calculated by the mean proportion of BC- minus BC* samples
with 95% confidence intervals.

BC - blood culture, * - positive, - — negative

in the BC* samples, whereas Acinetobacter (p=0.01) was
relatively higher in the BC™ samples (Fig. 5).
Dynamics of microbial derivative cfDNA read
numbers determined by mNGS during antibiotic
treatment. The read numbers of cfDNA from the
plasma samples collected from three patients at dif-

ferent time points were analyzed to investigate the
dynamic changes of the microbial derivative cfDNA
read numbers during antimicrobial treatment (Fig. 6).
In patients of A47 and A45, the cfDNA read numbers of
K. pneumoniae and E. coli significantly decreased after
of the effective antimicrobial treatment. It showed that
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Fig. 6. Antibiotic treatments and relative pathogen abundances at different times after disease onset.

the dynamics of the bacterial read numbers in these two
cases reflected the efficacy of the antibiotic treatment.
However, the cfDNA read numbers of Staphylococcus
aureus in patient A48 remained positive with a transient
increase of cfDNA read number after eight days of anti-
biotic treatment with remission of clinical symptoms.

Subsequently, with persistent antibiotic treatment, the
S. aureus cfDNA read numbers decreased and became
negative (Fig.6). With the decrease of cfDNA read
numbers, the fever symptoms gradually improved, and
while blood cells, C-reactive protein, and procalcitonin
were gradually reduced (Fig. 7).
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WBC - white blood cells, CRP - C-reactive protein, PCT - procalcitonin, MRSA - methicillin-resistant S. aureus,
NGS - cell-free DNA metagenomics next-generation sequencing

Discussion

An ideal diagnostic test would enable the simultane-
ous detection and identification of pathogens from var-
ious clinical specimens, including rare or unculturable
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ones. cfDNA-based mNGS has been widely reported as
a promising diagnostic tool for detecting microorgan-
ism from various clinical samples, such as bronchoal-
veolar lavage fluid and cerebrospinal fluid (Horiba et al.
2018; Miao et al. 2018; Miller etal. 2019). However, the
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evaluation of the diagnostic values of cfDNA mNGS for
microbial testing of bacteremia patients’ blood samples
has rarely been reported. Here, our data showed that
cfDNA mNGS could detect pathogens in plasma sam-
ples independently of BC tests, demonstrating that 72%
of the mNGS-positive samples were consistent with the
gold standard approach of BC.

One of the most urgent needs in clinics is to evalu-
ate the clinical significance of cfDNA mNGS for deter-
mining microbial species in the BC™ group. i.e., patients
with suspected bacteremia (Horiba etal. 2018). Our
data indicated that cfDNA mNGS yielded accurate
microbial results in 32.8% of the BC~ group of patients
with suspected bacteremia, supporting the future appli-
cation of this approach in clinics. Although the cost of
cfDNA NGS is five to six times that of conventional
blood culture method, it takes only 24 hours from
blood sample collection to NGS detection, bioinfor-
matics analysis, and final results. Especially for those
patients with severe bloodstream infections, it might
be helpful to obtain a clinical prognosis in the shortest
time and start timely anti-infection treatment.

Previous studies have indicated that herpes viruses
(cytomegalovirus, Epstein-Barr virus, herpes simplex
virus types 1, and human herpesviruse types 6), poly-
omaviruses (JC and BK), and an anellovirus (Torque
Teno virus) are significant and commonly found in
plasma samples of septic patients (Béland etal. 2014;
Walton etal. 2014). Whether the increased pro-
pensity for infections with relatively weakly patho-
genic organisms results from viral-mediated effects
to impair immunity and whether viral reactivation
occurs more readily in more profoundly immunosup-
pressed septic patients remains unknown. Applying
cfDNA-based NGS may facilitate monitoring serum
viral titers and identifying viral reactivation or flare
in serum samples of patients with identified or sus-
pected bacteremia. Therefore, discovering occult DNA
viruses in host plasma samples may be an advantage
in the future.

The antimicrobial susceptibility of traditional
microbial culture depends on the microbial isolation
and identification. Some molecular diagnostic meth-
ods, such as PCR, can both analyze the microbial spe-
cies and determine the antimicrobial-resistance genes
to provide the additional guidance for the antibiotic
treatments (Gu etal. 2019). Previous researches have
indicated that mNGS detection of clinical samples can
reveal information about both the microbial species
and the antimicrobial gene distribution, which can
facilitate undertaking treatment choices for bactere-
mia patients (Grumaz etal. 2016; Horiba etal. 2018;
Charalampous et al. 2019). In this study, blood culture
results showed that these bacteria were not resistant
to commonly used antibiotics, so we did not conduct
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in-depth analysis of resistance genes in cfDNA mNGS
sequencing results. This study was probably limited by
its single-center nature, and small number of patients.
Thus, to some extent, it may affect the accuracy and
reliability of the results.

Conclusion

In conclusion, cfDNA mNGS may be an alterna-
tive detection method for pathogen identification in
the patients with bacteremia. Applying cfDNA mNGS,
especially combined with BC and clinical manifestation,
can significantly enhance the detection rate and accu-
racy of cfDNA microbial detection in patients with bac-
teremia. High read numbers of microbial cfDNA will
facilitate using cfDNA mNGS to determine the antimi-
crobial susceptibility and dynamical detection of the
cfDNA-derivative microbial read numbers. The achieve
the accurate diagnosis by cfDNA mNGS one should
avoid the operational contamination and exclude the
interference from the extra or occult microbial species.
Additional clinical trials are needed to determine the
sensitivity and specificity of this NGS method.
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