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Background. Conventional blood cultures were compared to plasma cell-free DNA-based 16S ribosomal RNA (rRNA) gene
polymerase chain reaction (PCR)/next-generation sequencing (NGS) for detection and identification of potential pathogens in pa-
tients with sepsis.

Methods. Plasma was prospectively collected from 60 adult patients with sepsis presenting to the Mayo Clinic (Minnesota) Emergency
Department from March through August 2019. Results of routine clinical blood cultures were compared to those of 16S rRNA gene NGS.

Results. Nineteen (32%) subjects had positive blood cultures, of which 13 yielded gram-negative bacilli, 5 gram-positive cocci, and 1
both gram-negative bacilli and gram-positive cocci. 165 rRNA gene NGS findings were concordant in 11. For the remaining 8, 16S rRNA
gene NGS results yielded discordant detections (n = 5) or were negative (n = 3). Interestingly, Clostridium species were additionally detected
by 16S rRNA gene NGS in 3 of the 6 subjects with gastrointestinal sources of gram-negative bacteremia and none of the 3 subjects with
urinary sources of gram-negative bacteremia. In the 41 remaining subjects, 16S rRNA gene NGS detected at least 1 potentially pathogenic
organism in 17. In 15, the detected microorganism clinically correlated with the patients syndrome. In 17 subjects with a clinically defined
infectious syndrome, neither test was positive; in the remaining 7 subjects, a noninfectious cause of clinical presentation was identified.

Conclusions.  16S rRNA gene NGS may be useful for detecting bacteria in plasma of septic patients. In some cases of gram-negative

sepsis, it may be possible to pinpoint a gastrointestinal or urinary source of sepsis based on the profile of bacteria detected in plasma.
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Sepsis is the second leading cause of noncardiac death in the
United States and its incidence has increased over the past several
decades [1]. Mortality in patients with sepsis and septic shock
remains high despite extensive research in this field [2]. Blood
cultures are the most frequent microbiologic test performed in
patients with suspected sepsis. However, they have limitations,
including slow turnaround time and low yield. Historically, only
about 30% of septic patients have a causative organism identi-
fied, even in cases with high clinical suspicion for infection,
limiting targeted and maximally effective treatment [3]. Other
non-culture-based diagnostic tests, including serologic and most
molecular tests, are limited by their ability to detect a single to a
handful of pathogens. Rapid detection of pathogens has the po-
tential to alter therapeutic management and ultimately reduce
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inappropriate antimicrobial use and associated side effects, po-
tentially improving patient outcomes. Over the last decade,
several small studies utilizing molecular diagnostics have been
conducted in patients with sepsis; however, large studies need to
be done to inform the utilization of these novel techniques [4-6].

Cell-free DNA (cfDNA), which refers to fragments of freely
circulating DNA, is found in almost all body fluids. cfDNA
was first described by Mandel and Metais in 1948 and has now
found its use in detection of fetal aneuploidies and transplant
rejection as well as in noninvasive diagnosis of malignancies
[7-10]. More recently, studies evaluating the role of cfDNA-
based next-generation sequencing (NGS) in the diagnosis of
infections, including infective endocarditis, and atypical bacte-
rial and mycobacterial infections, among other infection types,
have been published; however, more data are required to inform
clinical utilization of these techniques [11-15].

We compared traditional blood cultures to plasma cfDNA-
based 16S ribosomal RNA gene polymerase chain reaction
(PCR)/next-generation sequencing (16S rRNA gene NGS)—a
targeted metagenomic sequencing approach—for detection and
identification of bacteria in septic patients.
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MATERIALS AND METHODS

Study Overview and Subjects

This is a single-center noninterventional prospective study in
which plasma samples were collected from 60 patients who pre-
sented to the Mayo Clinic emergency department from March
through August 2019. Adult patients (>18 years old) were
screened if upon presentation they had suspected infection as
defined by the need to obtain blood cultures and receipt of anti-
biotics and were admitted to the hospital. Samples for 16S rRNA
NGS were obtained at the same time as blood cultures in pa-
tients with clinical suspicion of sepsis in the emergency depart-
ment. Following sample collection, the investigator reviewed
the patient’s medical record to determine if the patient met
study criteria. Patients with sepsis or septic shock according to
new sepsis definitions (Sepsis-3) were included [16]. Specimens
from patients who did not meet study criteria were discarded.
Patients who met study criteria were approached for consent.
If individuals were unable to provide consent (eg, due to seda-
tion for mechanical ventilation or encephalopathy), a legally au-
thorized representative was approached for informed consent.
If consent was not obtained, the specimen was discarded. This
study was approved by the Mayo Clinic Institutional Review
Board.

Sample Collection and Processing

Blood Cultures

The standard blood culture included 2 sets, with each set
consisting of 2 BD BACTEC Plus Aerobic/F bottles and 1
BD BACTEC Lytic Anaerobic/F bottle (Becton Dickinson,
Heidelberg, Germany) with each bottle inoculated with a tar-
geted 10 mL of whole blood. Blood culture bottles were in-
cubated for 5 days in the Division of Clinical Microbiology’s

Clinical Bacteriology Laboratory, Mayo Clinic, on the BD
BACTEC FX platform.

DNA Extraction/Purification

Sample preparation and NGS analysis are depicted in Figure 1.
Ten milliliters of whole blood was processed to plasma in the
Mayo Clinic Central Clinical Laboratory/Central Processing
within 4 hours of obtaining the sample, by centrifugation for
10 minutes at 1900g at 4°C. DNA extraction and purification
was performed using 2 mL plasma with the Qiagen (Hilden,
Germany) QIAamp Circulating Nucleic Acid kit. The fol-
lowing modifications to the manufacturer’s protocol were im-
plemented: An additional 150 pL elution buffer was applied to
the QIAamp Mini membrane after initial elution with 150 uL of
elution bulffer, yielding 300 pL of eluted DNA. The Zymo DNA
Clean and Concentrator-5 kit was then used to concentrate the
eluted DNA to 60 pL following the manufacturer’s protocol.

16S rRNA Gene NGS

Quantitative real-time PCR and amplification of the 16S rRNA
gene was conducted on a Roche LightCycler 480 Instrument
IT with SYBR Green DNA detection using dual priming oligo-
nucleotides targeting the V1-V3 hypervariable (forward primer
5-AGAGTTTGATCMTGGCTCAIIIIIAACGC-3" and reverse
primers reverse (1) 5-CGGCTGCTGGCAIIAITTDGC-3’
and reverse primers 5-CGGCTGCTGGCAIIAITTDGC-3"
and 5-CGGCTGCTGGCAHIAITTDGT-3") regions of the 16S
rRNA gene. PCR thermal cycling and sequencing conditions
were as previously described [17]. Library preparation was done
using the MiSeq Reagent Nano Kit version 2. The process in-
cluded an adapter PCR using a forward primer (5TCGTCGGC
AGCGTCAGATGTGTATAAGAGACAGAGAGTTTGATCM
TGGCTCAG) and reverse primer (5-GTCTCGTGGGCTCG
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QlAamp® Circulating Nucleic
Acid kit
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Zymo DNA Clean and
Concentrator™

Bioinformatic analysis
Ripseq by Pathogenomix
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Figure 1. Workflow showing sample preparation and next-generation sequencing analysis. Abbreviation: DPO, dual priming oligonucleotide; rRNA, ribosomal RNA.
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GAGATGTGTATAAGAGACAG CGGCTGCTGGCA-3’) and
the following cycling conditions: initial incubation at 95°C for
3 minutes followed by 25 cycles of 30 seconds at 95°C, 30 sec-
onds at 55°C, and 30 seconds at 72°C with final incubation at
72°C for 5 minutes. PCR product was then purified and quan-
tified. Index PCR was done utilizing Illumina Nextera Unique
Dual Indexes using KAPA HiFi HotStart ReadyMix with the
following cycling conditions: initial incubation at 95°C for 3
minutes followed by 8 cycles of 30 seconds at 95°C, 30 seconds
at 55°C, and 30 seconds at 72°C, with final incubation at 72°C
for 5 minutes. The library was then quantified, normalized,
and pooled to a final library concentration of 1.3-1.7 ng/uL.
The MiSeq Reagent Kit version 2 Nano (Illumina, San Diego,
California) was used (approximately 28 hours of run time). On
average, each run consisted of 50 samples. Bioinformatic anal-
ysis was performed using the Ripseq NGS web application by
Pathogenomix, Inc (Santa Cruz, California). The Ripseq da-
tabase contains clinically relevant bacteria and is based on in-
formation from GenBank. Only bacteria with >98% sequence
identify to sequences in the database were included in the
analysis. Bacteria previously described as pathogenic or clini-
cally relevant were considered significant, whereas those that
are well-known contaminants were excluded from the analysis.
Processing time for the entire process of 16S rRNA NGS was
approximately 72 hours.

RESULTS

Between March and August 2019, 233 patients who presented
to the emergency department were screened; 109 were ap-
proached for consent and 60 were included in the study (Figure
2). The mean patient age was 63 years and 68% were male. The
mean leukocyte count was 13.7 x 10° cells/uL. The median du-
ration of hospitalization was 5 days. Overall, 35% (n = 21) re-
quired admission to the intensive care unit (ICU) with a median
duration of ICU stay of 2 days; 57% (n = 12) of these patients
required vasopressors. Comorbidities included hypertension
(n = 15 [25%]), ischemic heart disease (n = 9 [15%]), chronic
kidney disease (n = 6 [10%]), active malignancy (n = 23 [38%]),
organ transplantation (n = 5 [8%]), and cirrhosis (n = 2 [3%]).
Underlying infectious syndromes included respiratory (n = 15
[25%]), abdominal (n = 13 [22%]), urinary tract (n = 5 [8%]),
catheter/device related (n = 3 [5%]), skin/soft tissue (n = 10
[17%]), and other/unknown (n = 2 [3%]) infections, and neu-
tropenic fever (n = 4 [7%]). Thirteen percent (n = 8) of cases
in which infection was suspected on admission were eventually
diagnosed as having a noninfectious condition.

Blood cultures were positive in 32% (n = 19) of the patients,
whereas 16S rRNA gene NGS detected a potentially pathogenic
organism in 47% (n = 28). Among those with positive blood
cultures, 16S rRNA gene NGS had concordant results in 58%
(n = 11), whereas in 8 cases, 16S rRNA gene NGS was either

233 patients screened

77 excluded

Did not meet study criteria

156 meeting criteria

Unable to consent
-Discharged; or
Away for test/ procedure
N=47

109 approached for
consent

49 refused participation

60 consented patients

Figure 2. Patient disposition.

negative (n = 3) or yielded discordant identifications (n = 5)
compared with blood cultures.

Samples With Positive Blood Cultures

Nineteen (32%) subjects had positive blood cultures, of which
68% (n = 13) yielded gram-negative bacilli and 26% (n = 5)
gram-positive cocci; 1 individual had combined Escherichia coli
and Staphylococcus aureus bacteremia. 16S rRNA gene NGS re-
sults were concordant with blood cultures in 11 (8 gram-nega-
tive bacilli, 2 gram-positive cocci, and the polymicrobial case).
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For the remaining 8, 16S rRNA gene NGS showed discordant
identifications or was negative.

Concordant 16S rRNA Gene NGS Results

In 11 cases, 16S rRNA gene NGS results were concordant
with blood cultures (Table 1). All except 1 represented
monomicrobial bacteremia. Most patients in this subset had
gram-negative bacteremia (72%). In 4 cases, bacteremia was
from a urinary source, 5 from a gastrointestinal source, and
2 from a central line- or cardiac device-associated infection.
In those with a gastrointestinal source of bacteremia, addi-
tional fecal bacteria were detected by 16S rRNA gene NGS in
4 of 5 cases, compared to none of those with urinary tract in-
fection as a source of bacteremia. Most patients (4 of 5) with
an abdominal source of bacteremia received anaerobic cov-
erage as part of their antimicrobial regimen. In 2 patients
with bacteremia from a urinary source, organisms tradition-
ally considered urinary tract colonizers were detected as well,
including Lactobacillus crispatus in the case with Klebsiella
pnueumoniae bacteremia and Lactococcus lactis in the case
with E. coli bacteremia. In the patient with E. coli and S. aureus
bacteremia, 16S rRNA gene NGS identified both organisms.
This was a case of febrile neutropenia with a rectal abscess;
16S rRNA gene NGS additionally identified Clostridium
species. Time to blood culture positivity was variable (3-92
hours) with a median time of positivity of 12 hours. More than
half of the patients (n =7 [64%)]) required ICU care with a me-
dian duration of ICU stay of 1.5 days and a median duration of
hospitalization of 5 days. Three of these patients also required
Vasopressors.

Discordant 16S rRNA Gene NGS Results

Eight patients had positive blood cultures with negative (n = 3)
or discordant (n = 5)16S rRNA gene NGS results. Among these
cases, 5 were gram-negative and 3 gram-positive bacteremias
(Table 2). Pseudomonas aeruginosa was not detected by 16S
rRNA gene NGS in 2 patients. In 1 of these patients, 1 of 6
bottles was positive, and infection was from a urinary source,
whereas in the other, 4 of 6 bottles were positive and the source
was pneumonia. In a patient with E. coli bacteremia secondary
to ascending cholangitis, 16S rRNA gene NGS was negative for
E. coli despite 6 of 6 bottles being positive; however, Clostridium
species was detected. In a patient with Proteus mirabilis bacte-
remia from a urinary source, 2 of 2 bottles were positive with
a time to positivity of 21 hours; however, 16S rRNA gene NGS
was negative. In a patient with neutropenic fever, 1 of 6 bot-
tles were positive for Fusobacterium nucleatum with a time to
positivity of 60 hours, whereas 16S rRNA gene NGS detected
Bacteroides vulgatus. Gram-positive organisms not detected
by 16S rRNA gene NGS included Staphylococcus epidermidis,
Streptococcus pyogenes, and Enterococcus faecalis. In the patient
with E. faecalis bacteremia secondary to liver abscess and an-
other with S. pyogenes bacteremia related to abdominal wall
cellulitis, all 6 blood culture bottles were positive. In both cases,
16S rRNA gene NGS detected Enterobacterales. 16S rRNA gene
NGS failed to detect S. epidermidis in a case of central line-as-
sociated S. epidermidis bacteremia.

Blood Culture Negative and 16S rRNA Gene NGS-Positive Results
In 17 cases, blood cultures were negative whereas 16S rRNA
gene NGS was positive (Table 3). In 1 of these cases, the eventual

Table 1.

Concordant Culture and 16S Ribosomal RNA Gene Polymerase Chain Reaction Followed by Next-Generation Sequencing Results

Time to Posi- 16S rRNA Gene PCR Followed Clinical Syndrome Causing
Blood Culture Results Bottles Positive tivity by NGS Results Sepsis
Klebsiella oxytoca/Raoultella 3/3, 3/3 3h Enterobacterales, Clostridium Chronic fistulizing Crohn
ornithinolytica species disease
K. pneumoniae 2/3,1/3 13 h Enterobacterales, Lactobacillus UTI with bacteremia
crispatus
Escherichia coli 1/3, 0/3 92 h Enterobacterales, Allobaculum Necrotizing pancreatitis, ab-
stercoricanis dominal fluid collection
E. coli 3/3, 3/3 11 h Enterobacterales, Lactococcus UTI with bacteremia
lactis
E. coli 1/3, 0/3 28 h Enterobacterales Refractory cholangitis
E. coli, Staphylococcus aureus E. coli3/3, 1/3 S. aureus com- 9 h (E. col)) 10 h Enterobacterales, S. aureus Neutropenic fever with
complex plex 2/3, 1/3 (S. aureus) complex, Clostridium species rectal abscess
Citrobacter freundii complex 3/3, 3/3 12h C. freundii, Clostridium species Abdominal abscess
Pseudomonas aeruginosa 1/3,0/3 17 h Pseudomonas aeruginosa, Allograft pyelonephritis
Haemophilus parainfluenzae
K. oxytoca/R. ornithinolytica 3/3, 3/3 1 h Enterobacterales UTI
Staphylococcus warneri 3/3, 3/3 13h Staphylococcus warneri CLABSI
S. aureus complex 2/2, 2/2 10h S. aureus complex Cardiac device-associated
infection

Abbreviations: CLABSI, central line—associated bloodstream infection; NGS, next-generation sequencing; PCR, polymerase chain reaction; rRNA, ribosomal RNA; UTI, urinary tract infection.
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Table 2. Discordant Culture and 16S Ribosomal RNA Gene Polymerase Chain Reaction Followed by Next-Generation Sequencing Results

Bottles Positive Time to 16S rRNA Gene PCR Followed by  Clinical Syndrome Causing
Blood Culture Results (Set 1, Set 2) Positivity, h ~ NGS Result Sepsis
Staphylococcus epidermidis 2/3,1/3 i Negative CLABSI
Streptococcus pyogenes 3/3, 3/3 10 Enterobacterales Cellulitis
Enterococcus faecalis 3/3, 3/3 10 Enterobacterales Polymicrobial liver abscess
Pseudomonas aeruginosa 2/3, 2/3 16 Negative Pneumonia
P aeruginosa 2/3, 2/3 20 Enterobacterales Unknown source of bacteremia
Fusobacterium nucleatum 1/3, 0/3 60 Bacteroides vulgatus Neutropenic fever
Escherichia coli 3/3, 3/3 10 Clostridium species Proctitis
Proteus mirabilis 2/2° 21 Negative UTI, septic thrombophlebitis

Abbreviations: CLABSI, central line-associated bloodstream infection; NGS, next-generation sequencing; PCR, polymerase chain reaction; rRNA, ribosomal RNA; UTI, urinary tract infection.

“Only 2 bottles were obtained in this case.

diagnosis was noninfectious (cardiogenic shock) with 16S
rRNA gene NGS detecting Enterobacterales. In another case
with diabetic foot infection, multiple pathogenic organisms
(Streptococcus agalactiae, Enterobacter cloacae, Streptococcus
salivarius, and Staphylococcus lugdunensis) were detected by
16S rRNA gene NGS. In 2 patients with Clostridioides difficile
infection, anaerobic gastrointestinal bacteria (Prevotella bivia
and B. vulgatus, 1 in each of the subjects) were detected.
In 3 patients with abdominal sources of infection, patho-
genic enteric organisms were detected; Clostridium species in
pancolitis, Fusobacterium periodonticum in cholecystitis, and
Enterobacterales in abdominal abscess.

In a patient with Legionella pneumophila serotype 1 pneu-
monia diagnosed by Legionella urine antigen, 16S rRNA gene

NGS detected L. pneumophila. In 6 patients with pneumonia,
Enterobacterales (n = 2), Stenotrophomonas maltophilia (n = 2),
and E nucleatum (n = 2) were detected. In a case of septic arthritis
in which operative cultures were negative, Enterobacterales
were detected by 16S rRNA gene NGS. Six (35%) of the patients
with negative blood cultures and positive 16S rRNA gene NGS
required an ICU stay, with 2 requiring vasopressors.

Negative Blood Cultures and 16S rRNA Gene NGS Results

In 24 cases, neither 16S rRNA gene NGS nor blood cultures
were positive. The final diagnoses in these cases included skin/
soft tissue or musculoskeletal infection (n = 8 [33%]), pneu-
monia (n = 7 [29%]), intra-abdominal infection (n = 2 [8%]),

and noninfectious conditions (n =7 [33%]).

Table3. Cases With Negative Blood Culture and Positive 16S Ribosomal RNA Gene Polymerase Chain Reaction Followed by Next-Generation Sequencing

Results

16S rRNA Gene NGS Results

Clinical Syndrome

Fusobacterium periodonticum
Enterobacterales
Streptococcus species
Clostridium saudiense
Bacteroides vulgatus
Prevotella bivia

Legionella pneumophila

Streptococcus agalactiae, Enterobacter cloacae, Streptococcus salivarius, Staphylococcus lugdunensis

Fusobacterium nucleatum

F: nucleatum, Capnocytophaga species
Enterobacterales

Enterobacterales

Stenotrophomonas maltophilia

S. maltophilia

Acidovorax species

Clostridium species

Enterobacterales

Enterobacterales

Cholecystitis

Abdominal abscess

Neutropenic fever

Pancolitis

Clostridioides difficile colitis

C. difficile colitis, pneumonia

Legionella pneumophila serotype 1 pneumonia

Diabetic foot infection

Pneumonia

Necrotizing pneumonia

Pneumonia with cystic fibrosis exacerbation

Pneumonia

Pneumonia

Pneumonia

Newly diagnosed acute myelogenous leukemia,
fever with functional neutropenia

Cardiogenic shock

Probable septic arthritis

Abbreviations: NGS, next-generation sequencing; rRNA, ribosomal RNA.
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DISCUSSION

In this study, 16S rRNA gene NGS identified a potentially
pathogenic organism in 47% (n = 28) of cases compared to
32% (n = 19) with blood cultures. A novel finding was the
ability of NGS to possibly point to the source of sepsis (ab-
dominal or genitourinary) in several cases based on the pro-
file of identified organisms. Anaerobic gastrointestinal tract
organisms were detected in 4 patients with sepsis from gas-
trointestinal sources, with genitourinary organisms detected
in 2 patients with urinary tract infections [18]. Additionally,
in 1 patient with E. coli bacteremia from an abdominal source,
Allobaculum stercoricanis was identified; this organism has
previously been isolated from dog feces [19]. Interestingly, the
involved patient had a dog. The gastrointestinal tract is the
most common source of anaerobic bacteremia, and patients
with gram-negative bacillary bacteremia from gastrointestinal
sources are frequently given anaerobic antibiotic coverage [20,
21]. Interestingly, in 2 patients with bacteremia secondary to
urinary sources, potential genitourinary organisms, which are
usually considered colonizers of the urinary tract, were de-
tected (Lactococcus lactis and Lactobacillus crispatus) [22]. Tt
is unclear if these organisms contributed to sepsis or if there
is a need for targeted treatment; however, the findings suggest
that if detected, these organisms may point to a genitourinary
source of infection.

Four patients had febrile neutropenia; 16S rRNA gene NGS
detected S. aureus, Enterobacterales, and Clostridium species
in a patient with S. aureus and E. coli bacteremia, B. vulgatus
in a patient with F nucleatum bacteremia, Streptococcus spe-
cies in a case with negative blood cultures, and Acidovorax plus
Clostridium species in another case with negative blood cul-
tures. Hematologic diseases are known to increase the risk of
anaerobic bacteremia [23]. Streptococci are among the most
common causes of bacteremia in patients with febrile neutro-
penia [24-27]. Acidovorax species has previously been iden-
tified in a patient with hematologic malignancy as well as in
another case without malignancy [28, 29], although it may al-
ternatively have represented an assay contaminant.

In 2 cases with C. difficile colitis, anaerobic organisms
(B. vulgatus and P. bivia) were detected. Secondary bloodstream
infections after C. difficile have been reported, most commonly
due to Candida species followed by Enterobacterales [30-32].
No such cases of secondary bloodstream infection were found
in this cohort. In 1 patient with non-C. difficile pancolitis,
Clostridium species was identified by 16S rRNA gene NGS; this
may have been the result of microbial translocation into the
blood in the context of mucosal damage.

In 1 patient with sepsis secondary to a diabetic foot infection,
multiple pathogenic organisms were detected by 16S rRNA gene
NGS (S. agalactiae, E. cloacae, S. salivarius, and S. lugdunensis).
Diabetic foot infections are frequently polymicrobial and the

organisms detected by 16S rRNA gene NGS potentially reflect
microbial pathogens in infected tissue [33]. This patient under-
went debridement after receiving several days of broad-spec-
trum antimicrobials, at which time, tissue cultures were
negative.

A limitation of blood cultures is the low yield of fastidious
organisms, such as Legionella species. Legionella species are
typically not isolated from routine blood cultures unless blind
subcultures are performed; sequencing may be more useful in
these cases [34]. In 1 case of sepsis secondary to severe pneu-
monia from L. pneumophila serotype 1, L. pneumophila was de-
tected from the patient’s plasma by 16S rRNA gene NGS. In a
mouse model, Legionella PCR was positive in blood samples up
to 8 days after infection compared to 4 days in bronchoalveolar
lavage fluid [35]. However, in humans, previous studies have
shown low sensitivity of Legionella PCR from blood [36, 37].
cfDNA-based molecular testing directly from plasma could be
a noninvasive way for diagnosing legionellosis in cases with a
high suspicion of disease when urine testing is negative; how-
ever, further studies need to be done to better assess the sensi-
tivity and specificity of such an approach.

In 2 patients with negative 16S rRNA gene NGS findings and
positive blood cultures (P. aeruginosa and F. nucleatum), only 1
of 6 bottles were positive; it is unclear to what degree bacterial
burden affects results of 16S rRNA gene NGS as there were 3
incidences in which 16S rRNA gene NGS was able to identify
organisms found in single-positive blood culture bottles.

Enterobacterales were detected in 2 patients with sepsis
secondary to pneumonia. Community-acquired pneumonia
secondary to gram-negative organisms is uncommon, so it is
unclear if Enterobacterales were the etiological agents respon-
sible for pneumonia, or a result of microbial translocation in the
setting of sepsis [38, 39].

Several cases were missed by 16S rRNA gene NGS as well,
including gram-positive and gram-negative bacteria. Among
those that were 16S rRNA gene NGS negative and culture pos-
itive, 2 had low-grade bacteremia; however, 16S rRNA gene
NGS was negative in some cases with all or most blood cul-
ture bottles positive. In 3 cases with discordant 16S rRNA gene
NGS results in which a member of the Enterobacterales was de-
tected by 16S rRNA gene NGS, an underlying infectious syn-
drome was polymicrobial liver abscess (E. faecalis bacteremia),
pneumonia (P, aeruginosa bacteremia), and abdominal cellulitis
(S. pyogenes bacteremia). In a patient with neutropenic fever and
Fusobacterium bacteremia, although 16S rRNA gene NGS did
not detect E nucleatum, B. vulgatus was detected. Both organ-
isms are part of gastrointestinal microbiota, pointing to possible
microbial mucosal translocation in the setting of neutropenia.

PCR can be falsely negative for a variety of reasons, including
the need for effective lysis of microbes, interference of human
DNA, or other inhibitory substances in blood. Additionally,
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cfDNA has a short half-life and delays in processing can lead to
falsely negative results. The overall sensitivity of 16S rRNA gene
NGS from plasma is limited by the amount of microbial DNA in
the volume of plasma tested (which is substantially less than the
volume of blood cultured in blood cultures), whereas specificity
is limited by microbial contaminants from reagents and the en-
vironment [40-42]. Due to limited sensitivity of most molec-
ular assays performed directly from blood, none has the ability
to replace blood cultures; there is a need to optimize sensitivity.

16S rRNA gene NGS-based approaches may offer advan-
tages, including the ability to detect multiple organisms;
however, molecular approaches do not differentiate between
viable and nonviable organisms, which may be beneficial in
the context of antecedent antimicrobial therapy. Also, cur-
rent molecular approaches such as that described here are
limited by their inability to provide antimicrobial suscepti-
bility results and can therefore only serve as a supplement
to culture-based methods. Larger studies need to be done
in diverse patient populations to better understand these
modalities.

Our ability to obtain delayed informed consent was a sig-
nificant strength of the study since it allowed us to compare
samples collected at the same time for blood culture and 16S
rRNA gene NGS, thereby limiting bias. This approach was used
because pre-procedural consent was not practical in this pop-
ulation for a number of reasons. In patients with sepsis, anti-
biotics need to be administered within an hour of presentation,
providing a short window to obtain informed consent directly
from the patient or a legally authorized representative of the pa-
tient. The blood draw required for the intended study popula-
tion is time sensitive as results may change after the initiation
of antibiotics. Also, if blood samples are obtained after initia-
tion of antibiotics, there is not a fair comparison of molecular
methods with the blood cultures. Residual blood is not always
readily available and delays in processing to plasma may affect
the cfDNA concentrations. Patients with sepsis are usually criti-
cally ill and may not be able to provide informed consent at the
time of presentation. Also, some patients require mechanical
ventilation, which makes informed consent difficult to obtain
in the intended study population in a timely manner. A large
proportion of patients with sepsis may have encephalopathy or
altered mentation at the time of presentation. This emphasizes
that the study results are only generalizable to scenarios where
samples for 16S rRNA gene NGS are collected at the same time
as blood culture and not as an afterthought when blood cultures
return negative.

There are important limitations to this study. As shotgun
metagenomic sequencing was not performed, viral, parasitic,
and fungal organisms were not identifiable. The small sample
size does not allow definitive conclusions; future studies will be
necessary to confirm the described findings. Enterobacterales
were not identified to a genus- or species-level in most cases and

it is to be determined if these represent pathogens or contam-
ination. Despite these limitations, results of this study suggest
that findings of 16S rRNA gene NGS can potentially point to the
source of bacteremia in some cases. Finally, a large proportion
of samples did not yield a positive blood culture result but were
positive by 16S rRNA gene NGS. Even though several organ-
isms detected by NGS were conceivably pathogenic, some iden-
tified species have been described as contaminants. Defining
the ground truth in such scenarios can be challenging.

A targeted metagenomic 16S rRNA gene-based sequencing
approach performed on plasma may be useful for detecting
bacteria in sepsis and may hypothetically point to the source of
bacteremia in some cases, based on detection of gastrointestinal
or genitourinary bacteria.
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