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In sepsis, early and appropriate antibiotic therapy is key but is frequently challenging due to the in-
creasing incidence of multidrug-resistant bacteria. The feasibility of shotgun metagenomics (SM) has been
scarcely assessed in urinary tract infections (UTIs). In this study, the feasibility of SM to detect both the
microbiome and the resistome in patients with confirmed UTI-related sepsis was evaluated. Urine sam-
ples were obtained from 40 adult patients with UTI-related sepsis. Conventional culture was used as a
Keywords: reference. Following total DNA extraction and depletion of human DNA, SM was performed using lon
Shotgun metagenomics Proton™ technology. Bioinformatics analysis was conducted using Geneious® software as well as online
Sepsis tools from the Center for Genomic Epidemiology. For the microbiome, SM was consistently concordant
Urinary tract infection when urine culture was positive with only one bacterium (mainly Escherichia coli). For the resistome,
Antimicrobial resistance results were in agreement with antimicrobial susceptibility testing with no major discrepancies. SM con-
Microbiome sistently identified blacrx.v genes responsible for resistance to third-generation cephalosporins. Resistance
Resistome to aminoglycosides and fluoroquinolones was identified in all patients. This pilot study confirms that SM
can provide clinically relevant information both on the microbiome and the resistome from urine samples
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of patients with UTI-related sepsis.

© 2019 Elsevier B.V. and International Society of Chemotherapy. All rights reserved.

1. Introduction

Sepsis is a leading cause of mortality worldwide and remains a
major health burden since its incidence is increasing over time [1].
Early identification of the causative micro-organism and determi-
nation of its antimicrobial resistance phenotype are key [2]. Unfor-
tunately, conventional culture usually requires 36-48 h to identify
the causative pathogen of sepsis and to determine its antimicro-
bial susceptibility. In addition, the choice of empirical antibiotic
therapy may be challenging because of increasing antimicrobial
resistance rates, especially of Gram-negative bacteria (GNB) with
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the emergence of multidrug-resistant bacteria producing extended-
spectrum B-lactamases (ESBLs) or carbapenemases [3].

To shorten this delay, molecular biology techniques have been
developed [4,5]. However, they provide little information on an-
timicrobial susceptibility. In the field of clinical microbiology, next-
generation sequencing (NGS) had brought new insights. Two differ-
ent NGS approaches can be used [6]. Metagenomics targets the 16S
rDNA and can deeply describe the microbial community within a
sample; however, this targeted amplicon approach does not pro-
vide access to the resistome. Shotgun metagenomics (SM) is an-
other approach able to sequence the whole DNA content of a sam-
ple allowing access both to the microbiome, with a higher taxo-
nomic resolution, and to the resistome. Besides its expensive cost,
its main issue lies in the fact that large quantities of eukaryotic
DNA can be present and sequenced, requiring a preliminary step of
human DNA depletion. Although clinical metagenomics reports are
increasing exponentially [6], use of SM on urine samples has been
scarcely studied [7,8]. The epidemiology of urinary tract infections
(UTIs) is quite stable with regard to causative micro-organisms,
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with Escherichia coli remaining the main species responsible [9];
however, the resistance profiles of GNB are challenging to predict
[3]. Thus, we sought to determine the feasibility of SM to detect
both the microbiome and the resistome directly from urine sam-
ples of septic patients with UTI, using conventional culture as a
reference.

2. Materials and methods
2.1. Study population

This was an ancillary study of an observational project accepted
by the Ethics Committee of Limoges University Hospital (Limoges,
France). A total of 40 adult patients with UTI-related sepsis were
enrolled from 2012-2014 in emergency departments and intensive
care units from eight French hospitals [10]. Patients with a history
of antibiotic treatment in the last 10 days were excluded. The di-
agnosis of UTI was confirmed by two blinded intensivists. For each
patient, a urine sample was collected before any antibiotic treat-
ment.

2.2. Conventional culture and antimicrobial susceptibility testing
(AST)

Microbiological analysis of urine samples was performed as
recommended by the European Society of Clinical Microbiology
and Infectious Diseases (ESCMID) (http://www.escmid.org/escmid_
publications/manual_of_microbiology). Briefly, 10 pL of urine was
inoculated onto CLED (cystine-lactose-electrolyte-deficient agar)
agar plates (bioMérieux, Marcy-I'Etoile, France) and was incubated
for 16-24 h at 35 & 2 °C in an aerobic atmosphere. Negative cul-
ture plates were incubated until 48 h. The bacterial count was de-
termined from 102 CFU/mL to >10% CFU/mL. Bacterial identifica-
tion and AST were performed using a VITEK™ MS and VITEK®2
system (bioMérieux), respectively.

2.3. Shotgun metagenomics

DNA was extracted using a NucliSENS® easyMAG™ system
(bioMérieux) from 1 mL of urine with an elution volume of 50 pL.
Depletion of human DNA was performed using a NEBNext® Mi-
crobiome DNA Enrichment Kit (New England Biolabs, Evry, France)
according to the manufacturer’s recommendations with an initial
quantity of DNA between 250 ng and 1 pg.

An Ion Proton™ system (Thermo Fisher Scientific, Illkirch-
Graffenstaden, France) was used for SM. For each sample, 50-100
ng of DNA was submitted to enzymatic shearing using an lon
Shear™ Plus Reagent Kit (Thermo Fisher Scientific). Libraries from
four samples were mixed in equimolar proportions, i.e. 100 pM,
and were loaded on an Ion PI Chip v3 microarray (Thermo Fisher
Scientific). Reads of approximately 200 bp were obtained. Reads
were first aligned against the human genome hg19. Contigs were
obtained from unaligned reads following de novo assembly using
MIRA (Mimicking Intelligent Read Assembly) software.

2.4. Bioinformatics analysis

The microbiome was determined using three different method-
ologies. (i) All contigs were analysed using SpeciesFinder 1.2
software (http://www.genomicepidemiology.org). (ii) Contigs were
aligned using Geneious® software (Biomatters Ltd., Auckland, New
Zealand) with the whole sequence of the 16S rDNA of an E. coli
strain (FN554766). Overlapping parts of contigs aligned with this
reference sequence were extracted and were compared with the
GenBank database. Bacterial species with a percentage homology
>99.9% on >500 bp were considered. And (iii), contigs longer than

10 000 bp were compared with the GenBank database using BLAST
software (https://blast.ncbi.nlm.nih.gov). When query coverage and
identity were both >99% for a complete genome, bacterial species
were considered. Results from these three methodologies were
pooled and were compared with those of bacterial species iden-
tification obtained from conventional culture.

For the resistome, acquired antimicrobial resistance genes
(ARGs) and chromosomal point mutations were identified using
ResFinder 3.0 (http://www.genomicepidemiology.org) [11]. Genes
with a 40% minimum length and a percentage of identity >98%
were considered. For blapmpc genes that are not present in the
ResFinder database, their presence in urine samples for which a
Klebsiella aerogenes or Enterobacter cloacae was present was manu-
ally checked using Geneious. The blaympc sequences of K. aerogenes
EA1509E (NC_020181) and E. cloacae ATCC 13047 (NC_014121) were
used as references. As currently accepted [12], strains with one
mutation in the quinolone resistance-determining regions (QRDRs)
of the gyrA, gyrB, parC or parE genes were considered resistant
to nalidixic acid. Strains with at least two mutations in the QR-
DRs were considered resistant to fluoroquinolones. The PointFinder
module of ResFinder 3.0 allowed detection of QRDR mutations only
for E. coli. For urine samples with other bacterial species, muta-
tions were checked manually with Geneious using the gyrase genes
of E. coli str. K-12 substr. MG1655 (NC_000913) as reference. Re-
sults from the resistome were compared with AST results used as
reference.

Initially, the investigator who analysed SM data was aware of
the results of conventional microbiology (Group 1). Subsequently,
patients were independently selected at random by a physician,
and the investigator who analysed SM data had no access to micro-
biological results (Group 2). This study design aimed at confirming
the results obtained in Group 1 in a blinded manner in Group 2.

3. Results

The characteristics of the 40 enrolled patients are presented in
Supplementary Table S1, and raw data from SM are presented in
Supplementary Table S2. Regarding culture (Table 1; Supplemen-
tary Tables S3 and S4), one bacterium was isolated in 28 patients
and two bacteria were isolated in 7 patients; one urine sample was
polymicrobial with four different bacterial species and four urine
samples were negative. Escherichia coli was the most frequently
isolated species.

3.1. Microbiome detection (Table 1; Supplementary Table S3)

The three bioinformatics methodologies provided different re-
sults (Supplementary Table S3). Using SpeciesFinder, identification
of a single bacterium was achieved in 24 patients (60%). One or
several bacteria were identified in 38 patients (95%) by 16S rDNA
sequence analysis and in 34 patients (85%) by analysis of contigs
longer than 10 000 bp. The three methodologies provided identi-
cal results in 19 patients (48%). Altogether, pooled analysis yielded
bacterial documentation in 38 patients (95%). The microbiome was
fully concordant with conventional culture in 27 patients (68%),
reaching 78% (31 patients) when only considering bacterial species
able to grow on CLED agar plates. Some anaerobes (e.g. Bacteroides)
and fastidious bacteria (e.g. Actinotignum) were only detected by
SM since they are unable to grow on CLED agar plates. When cul-
ture identified a single GNB (n=28), data were consistently con-
cordant. In four of these patients, SM revealed the presence of
one or two additional micro-organisms. When culture was posi-
tive for two bacteria (n=7), SM correctly identified both bacte-
ria in two patients (including one with a third GNB) and only
one of two bacteria in the remaining patients. When urine culture
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Table 1
Results from shotgun metagenomics (SM) compared with conventional urine culture and antimicrobial susceptibility testing (AST)

Patient Bacterial culture (CFU/mL) Microbiome Concordance: Resistance by AST? Resistome: associated ARGs  Concordance:
culture vs. AST vs.
microbiome resistome

A007  Escherichia coli (>10°) Escherichia coli Total B-Lactams: AMX, TIC, CTX, CAZ blacrx-m-15 Total

(ESBL)

Aminoglycosides: GEN, TOB aac(3)-1la

Quinolones: fluoroquinolones gyrA (Ser83Leu; Asp87Asn),
parC (Ser80lle; Glu84Val),
parE (1le529Leu)

SXT dfrA17, sull

A022  Negative Escherichia coli NoP Not performed NA NA

A027  Escherichia coli (>10°) Escherichia coli Total B-Lactams: AMX, TIC, AMC, TZP  blatgm-1a Total

A028  Escherichia coli (>10°) Escherichia coli Total B-Lactams: AMX, TIC, AMC blatgm-1p Total

SXT dfrA7, sull, sul2
A029  Escherichia coli (10°) Escherichia coli Total B-Lactams: AMX, TIC, AMC blargm-18 Total
G003 Escherichia coli (>10%) Escherichia coli Total® B-Lactams: AMX, TIC, AMC, CTX, blacrx-m-3, blaoxa-1, blarem-1a  Total
CAZ (ESBL)
Aminoglycosides: TOB, AMK aac(6')-1b-cr
Quinolones: fluoroquinolones gyrA (Ser83Leu; Asp87Asn),
parC (Ser80lle; Glu84Val),
parE (1le529Leu),
aac(6')-1b-cr
Lactobacillus gasseri
G046  Escherichia coli (103) Escherichia coli Total B-Lactams: AMX, TIC, AMC blatem-213 Total
G085  Klebsiella oxytoca (106) Klebsiella oxytoca Total® B-Lactams: AMX, TIC (intrinsic blaoxy-2-10 Total
resistance)
Pseudomonas aeruginosa
Citrobacter amalonaticus
G096  Escherichia coli (10%) Escherichia coli Total B-Lactams: AMX, TIC, AMC blargm-1a Total
Klebsiella pneumoniae (10°) Klebsiella pneumoniae B-Lactams: AMX, TIC, AMC, TZP,  blacrx-m-15, blaoxa-1
CTX, CAZ (ESBL)
Aminoglycosides: GEN, TOB aac(3)-1la, aac(6’)-1b-cr
Quinolones: fluoroquinolones aac(6')-Ib-cr
SXT dfrA14, sul2
G107  Escherichia coli (10°) Escherichia coli Total B-Lactams: AMX, TIC blargm-18 Total
SXT dfrA17, sul2
L021 Escherichia coli (10%) Escherichia coli Total No acquired resistance None detected Total
L029 Klebsiella pneumoniae (>10%)  Klebsiella pneumoniae Total B-Lactams: AMX, TIC, AMC, TZP,  blacrx.m-15, blaoxa-1, blatgm-1p  Total
CTX, CAZ (ESBL)
Aminoglycosides: GEN, TOB, AMK aac(3)-Ila, aac(6')-Ib-cr
Quinolones: fluoroquinolones parC (Ser80lle), aac(6')-Ib-cr,
0gxA, 0gxB
SXT dfrA1, dfrA14, sul2
L030 Polymicrobiald Pseudomonas aeruginosa Partial® Not performed NA NA
Providencia stuartii

L034  Klebsiella aerogenes (>106) Klebsiella aerogenes Total B-Lactams: AMX, AMC (intrinsic  blaampc Total

resistance)

L049 Escherichia coli (>10°) Escherichia coli Total B-Lactams: AMX, TIC, AMC, CTX  blacrx.m-14, blarem-1s Total

(ESBL)
Quinolones: fluoroquinolones gyrA (Ser83Leu), parC
(Ser80Arg)
SXT dfrA12, sull, sul2
L063 Escherichia coli (10°) Escherichia coli Total No acquired resistance None detected Total
L067 Escherichia coli (>106) Escherichia coli Total® No acquired resistance None detected Total
Bacteroides fragilis
L082 Enterobacter cloacae (10%) Enterobacter cloacae Total B-Lactams: AMX, TIC, AMC, TZP,  blaampc, blacrx-m-1s, blaacr.16,  Total
CTX, CAZ (ESBL) blaoxa.1, blatem-18
Aminoglycosides: GEN, TOB, AMK aac(3)-Ila, aac(6')-1b
Quinolones: fluoroquinolones parC (Ser57Thr; Ser80lle),
qnrB1
SXT dfrA1, dfrA14, sull, sul2
L090  Escherichia coli (10%) Escherichia coli Total B-Lactams: AMX, TIC, CTX, CAZ blacrx-m-15, blargm-1s Total
(ESBL)
Aminoglycosides: GEN, TOB aac(3)-1ld
Quinolones: fluoroquinolones gyrA (Ser83Leu; Asp87Asn),
parC (Ser80lle; Glu84Val),
parE (1le529Leu)
SXT dfrA17, sull, sul2

L098  Escherichia coli (>10°) Escherichia coli Total B-Lactams: AMX, TIC, AMC, TZP  blatgm-1c Total

L136 Escherichia coli (10°) Escherichia coli Total No acquired resistance None detected Total

L154 Negative Clostridiales bacterium No¢ Not performed NA NA

L158  Klebsiella pneumoniae (>10%)  Klebsiella pneumoniae Partial B-Lactams: AMX, TIC (intrinsic blaspy-q Total

Escherichia coli (10%)

resistance)
No acquired resistance

None detected

(continued on next page)
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Table 1 (continued)
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Patient Bacterial culture (CFU/mL) Microbiome Concordance: Resistance by AST? Resistome: associated ARGs  Concordance:
culture vs. AST vs.
microbiome resistome

L182  Escherichia coli (>10°) Escherichia coli Total B-Lactams: AMX, TIC, AMC, CTX  blacrx-m-14, blarem-1s Total

(ESBL)
SXT dfrAl, sull, sul2
L200 Escherichia coli (106) Escherichia coli Partial B-Lactams: AMX, TIC, AMC blatem-1s Total
SXT dfrA8, sul2
Streptococcus agalactiae Not performed NA
L207 Escherichia coli (10%) Escherichia coli Total® B-Lactams: AMX, TIC blargm-18 Total
SXT dfrA1, dfrA5, sul2
Bacteroides sp.
Ruminococcus sp.
MO005  Escherichia coli (10%) Escherichia coli Total No acquired resistance None detected Total
P0O08  Escherichia coli (10°) Escherichia coli Partial B-Lactams: AMX, TIC blasyy-1 Partial
Quinolones: nalidixic acid None detected
Proteus mirabilis (10°) B-Lactams: AMX, TIC, AMC blasyy-q
P021 Escherichia coli (106) Escherichia coli Total B-Lactams: AMX, TIC, AMC, TZP,  blacrx.m-1, blatem-1p Total
CTX, CAZ (ESBL)
Quinolones: fluoroquinolones gyrA (Ser83Leu; Asp87Asn),
parC (Ser80lle)
SXT dfrA17, sul2
P022 Escherichia coli (106) Escherichia coli Total® B-Lactams: AMX, TIC, AMC blatem-1c Total
Quinolones: fluoroquinolones gyrA (Ser83Leu), parE
(Ile529Leu)
Acinetobacter baumannii (10°) A. baumannii No acquired resistance None detected
Proteus mirabilis None detected
P034  Escherichia coli (>10°) Escherichia coli Total B-Lactams: AMX, TIC, AMC, TZP,  blacrx.m-3, blatem-1s Total
CTX (ESBL)
Quinolones: fluoroquinolones gyrA (Ser83Leu; Asp87Asn),
parC (Ser80lle)
SXT dfrA17, sull, sul2
P036 Escherichia coli (>10°) Escherichia coli Total B-Lactams: AMX, TIC, AMC, TZP,  blacrx-m-15, blaoxa-1 Total
CTX, CAZ (ESBL)
Aminoglycosides: GEN, TOB aac(3)-1la, aac(6')-Ib-cr
Quinolones: fluoroquinolones gyrA (Ser83Leu; Asp87Asn),
parC (Ser80lle; Glu84Val),
parE (1le529Leu),
aac(6')-1b-cr
SXT dfrA17, sull

P038  Escherichia coli (>10°) Escherichia coli Total No acquired resistance None detected Total

RO07  Klebsiella oxytoca (10%) Klebsiella oxytoca Total B-Lactams: AMX, TIC (intrinsic blagxy.2-2 Total

resistance)

RO09  Escherichia coli (106) Escherichia coli Total No acquired resistance None detected Total

TO10  Negative Negative Total Not performed NA NA

T034  Escherichia coli (10°) Escherichia coli Partial® No acquired resistance None detected Total

Enterococcus faecalis Not performed NA
Actinotignum schaalii
T039  Escherichia coli (10°) Escherichia coli Total B-Lactams: AMX, TIC None detected No
T048 Escherichia coli (106) Escherichia coli Partial No acquired resistance None detected No
Klebsiella pneumoniae (10°) B-Lactams: AMX, TIC (intrinsic None detected
resistance)
TO50 Negative Negative Total Not performed NA NA

AMC, amoxicillin/clavulanic acid; AMK, amikacin; AMX, amoxicillin; ARG, antimicrobial resistance gene; CAZ, ceftazidime; CTX, cefotaxime; ESBL, extended-spectrum S-

lactamase; GEN, gentamicin; NA, not applicable; SXT, trimethoprim/sulfamethoxazole; TIC, ticarcillin; TOB, tobramycin; TZP, piperacillin/tazobactam.
2 Resistance to fluoroquinolones refers to resistance to ofloxacin + ciprofloxacin. When present, an ESBL phenotype is indicated.

b SM detected additional bacterial species compared with conventional culture.

¢ SM detected additional bacterial species compared with conventional culture that were not able to grow (fastidious bacteria, anaerobic bacteria, etc.).
4 New urine culture revealed the presence of Pseudomonas aeruginosa, Providencia stuartii, Staphylococcus aureus and Enterococcus faecalis.

was polymicrobial (n=1), SM identified two different species. Fi-
nally, when urine culture was negative (n=4), SM identified GNB
in one patient (E. coli) and an anaerobic bacterium (Clostridiales)
in another patient; no bacteria were detected in the two remaining
patients.

3.2. Resistome detection (Table 1; Supplementary Table S4)

AST was not performed in 5 patients having negative urine
cultures (n=4) or polymicrobial cultures (n=1); thus, AST was
performed in 35 of the 40 patients. SM was fully concordant
in 32 (91%) of the 35 patients, whereas discrepancies were ob-
served for 3 patients. In one patient with UTI related to Kleb-

siella pneumoniae (T048), the chromosomal blasyy gene was not
detected. In two other patients, SM failed to explain acquired
resistance, including one to nalidixic acid (P008) and the other
to amoxicillin and ticarcillin (T039). For the 32 concordant pa-
tients, ARGs were in agreement with AST and explained the ob-
served resistance to S-lactams, aminoglycosides, fluoroquinolones
and trimethoprim/sulfamethoxazole (SXT). When strains were fully
susceptible to these four antibiotic families, no ARGs was detected.
All ESBL phenotypes conferring resistance to third-generation
cephalosporins were due to the presence of blacrx.y genes, and
most resistance to fluoroquinolones was due to mutations in GyrA
and/or ParC. Other ARGs conferring resistance to non-tested and
non-clinically relevant antibiotics were identified.
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3.3. Analysis of shotgun metagenomics data: Group 1 and Group 2

When blinded for Group 2 analysis, the investigator efficiently
determined both the microbiome and resistome. Overall perfor-
mance of SM was similar to that observed in Group 1 (Supplemen-
tary Tables S3 and S4).

4. Discussion

To date, few studies have applied SM on biological samples
from infected patients, [7,8,13,14], most of them focusing on 16S
rDNA targeted amplicon sequencing [6]. The current pilot study
purposely targeted patients with UTI-related sepsis, which is fre-
quently due to resistant GNB, including multidrug-resistant bacte-
ria [15]. Since SM still requires mastering of bioinformatic tools,
a two-step pilot study was designed. Urine samples of patients
from Group 1 allowed for the lay user to fully master technical
and bioinformatical requirements, whilst urine samples of patients
from Group 2 allowed subsequent validation of the approach and
to determine its feasibility in reproducing similar results with the
same investigator blinded from the results of conventional culture.

For microbiome detection, the three methodologies gave differ-
ent results, with SpeciesFinder being the least sensitive, suggesting
the need to use different complementary overlapping methodolo-
gies. Once pooled, methodologies provided a total concordance for
the detection of bacterial species in the 28 patients with a sin-
gle GNB. SM detected only one microorganism in five of seven
patients with two isolated strains. This lack of sensitivity can be
explained by (i) differences in CFU between the two bacteria, (ii)
the difficulty of assembling reads to reconstitute two different con-
tigs of 16S rDNA sequences from two phylogenetically close bacte-
ria or (iii) an insufficient number of reads and contigs. In a 94-
year-old patient (T034), SM allowed the detection of Actinotignum
schaalii. This Gram-positive bacterium is an emerging uropathogen
in elderly patients and thus was considered of clinical signifi-
cance [16]. Of note, SM identified bacteria in two of four patients
with negative urine culture. This ability of SM has been reported
previously [7]. Overall, SM analysis appears to be as sensitive as
conventional urine culture for monomicrobial cultures and more
sensitive than negative cultures, however the main weakness is
that SM is less sensitive when dealing with polymicrobial cultures.
This could have been circumvented by a 16S rDNA-targeted se-
quencing strategy [17] but, first, we wanted to avoid the risk of
false-positive identifications and second, our main objective was
to focus on the resistome that is the clinically relevant feature for
UTl-related sepsis. In all cases, detection of bacterial gene material
should be carefully interpreted in light of its clinical relevance to
avoid excessive antibiotic therapy.

For resistome detection, we purposely focused on the most clin-
ically relevant antibiotics used in the treatment of UTIs [15]. SM
consistently identified all of the blactx. genes responsible for re-
sistance to third-generation cephalosporins; moreover, all mecha-
nisms involved in resistance to aminoglycosides, fluoroquinolones
and SXT were also identified. These results validate the reliabil-
ity of SM in detecting resistance to clinically relevant antibiotics.
The three discrepancies observed were minor and without clinical
consequence, since they involved resistance to narrow-spectrum f-
lactams or nalidixic acid that are not used empirically. Chromoso-
mal B-lactamase not detected by SM could have been anticipated
based on the bacterial species (K. pneumoniae).

SM has limitations that currently preclude its routine use in
clinical practice. It requires a long turnaround time of 3-4 days
[18] and a major human intervention with the use of several soft-
ware hardly accessible for lay users. The duration of SM should
dramatically decrease in the near future and promises to be avail-
able in a few hours owing to technological advancements, such as

third-generation sequencing and faster ready-to-use bioinformatics
tools [8,19]. Presumably, the current fairly long turnaround time
will be dramatically reduced with the use of automatic sample
processing systems as well as faster assemblers and standalone
software; other important considerations such as harmonisation,
validation and quality assurance also promise to be solved [20].
Overall, we can reasonably anticipate that the SM timeframe will
be shorter than conventional culture, allowing clinicians to pre-
scribe earlier a more targeted therapy in the near future.

5. Conclusions

This pilot study confirms the feasibility of using SM directly on
urine samples. Microbiome analysis was in agreement with con-
ventional culture for all monomicrobial cultures. Resistome analy-
sis accurately identified clinically relevant ARGs. These promising
results remain to be confirmed by larger-scale studies involving
other sites of infection.

Funding: This work was supported by grants from the Ministére de
la Recherche et de I'Enseignement supérieur, the Institut National
de la Santé et de la Recherche Médicale (INSERM), the Conseil Ré-
gional du Limousin and the Fondation pour la Recherche Médicale
[FRM DEQ20150331742].

Ethical approval: This was an ancillary study of an observational
project accepted by the Ethics Committee of Limoges University
Hospital (Limoges, France) [No. 99-2012-24].

Competing Interest: None declared.

Acknowledgment

The authors thank the BISCEm platform team for technical and
bioinformatic assistance, notably Valentin Tilloy.

Supplementary materials

Supplementary material associated with this article can be
found, in the online version, at doi:10.1016/j.jjantimicag.2019.09.
009.

References

[1] Cecconi M, Evans L, Levy M, Rhodes A. Sepsis and septic shock. Lancet
2018;392:75-87.

[2] Kumar A, Haery C, Paladugu B, Symeoneides S, Taiberg L, Osman ], et al. The
duration of hypotension before the initiation of antibiotic treatment is a criti-
cal determinant of survival in a murine model of Escherichia coli septic shock:
association with serum lactate and inflammatory cytokine levels. J. Infect. Dis.
2006;193:251-8.

[3] Roca I, Akova M, Baquero F, Carlet J, Cavaleri M, Coenen S, et al. The global
threat of antimicrobial resistance: science for intervention. New Microbes New
Infect. 2015;6:22-9 Erratum in: New Microbes New Infect 2015;8:175.

[4] Mancini N, Carletti S, Ghidoli N, Cichero P, Burioni R, Clementi M. The era of

molecular and other non-culture-based methods in diagnosis of sepsis. Clin.

Microbiol. Rev. 2010;23:235-51.

Mencacci A, Leli C, Cardaccia A, Montagna P, Moretti A, Bietolini C, et al. Com-

parison of conventional culture with SeptiFast real-time PCR for microbial

pathogen detection in clinical specimens other than blood. ]. Med. Microbiol.
2011;60:1774-8.

Forbes |D, Knox NC, Peterson CL, Reimer AR. Highlighting clinical metage-

nomics for enhanced diagnostic decision-making: a step towards wider im-

plementation. Comput. Struct. Biotechnol. J. 2018;16:108-20.

Hasman H, Saputra D, Sicheritz-Ponten T, Lund O, Svendsen CA, Frimod-

t-Meller N, et al. Rapid whole-genome sequencing for detection and charac-

terization of microorganisms directly from clinical samples. J. Clin. Microbiol.
2014;52:139-46.

Schmidt K, Mwaigwisya S, Crossman LC, Doumith M, Munroe D, Pires C,

et al. Identification of bacterial pathogens and antimicrobial resistance directly

from clinical urines by nanopore-based metagenomic sequencing. ]. Antimi-
crob. Chemother. 2017;72:104-14.

Foxman B. The epidemiology of urinary tract infection. Nat. Rev. Urol.

2010;7:653-60.

(5

(6

(7

[8

[9


https://doi.org/10.1016/j.ijantimicag.2019.09.009
http://refhub.elsevier.com/S0924-8579(19)30252-3/sbref0001
http://refhub.elsevier.com/S0924-8579(19)30252-3/sbref0001
http://refhub.elsevier.com/S0924-8579(19)30252-3/sbref0001
http://refhub.elsevier.com/S0924-8579(19)30252-3/sbref0001
http://refhub.elsevier.com/S0924-8579(19)30252-3/sbref0001
http://refhub.elsevier.com/S0924-8579(19)30252-3/sbref0002
http://refhub.elsevier.com/S0924-8579(19)30252-3/sbref0002
http://refhub.elsevier.com/S0924-8579(19)30252-3/sbref0002
http://refhub.elsevier.com/S0924-8579(19)30252-3/sbref0002
http://refhub.elsevier.com/S0924-8579(19)30252-3/sbref0002
http://refhub.elsevier.com/S0924-8579(19)30252-3/sbref0002
http://refhub.elsevier.com/S0924-8579(19)30252-3/sbref0002
http://refhub.elsevier.com/S0924-8579(19)30252-3/sbref0002
http://refhub.elsevier.com/S0924-8579(19)30252-3/sbref0003
http://refhub.elsevier.com/S0924-8579(19)30252-3/sbref0003
http://refhub.elsevier.com/S0924-8579(19)30252-3/sbref0003
http://refhub.elsevier.com/S0924-8579(19)30252-3/sbref0003
http://refhub.elsevier.com/S0924-8579(19)30252-3/sbref0003
http://refhub.elsevier.com/S0924-8579(19)30252-3/sbref0003
http://refhub.elsevier.com/S0924-8579(19)30252-3/sbref0003
http://refhub.elsevier.com/S0924-8579(19)30252-3/sbref0003
http://refhub.elsevier.com/S0924-8579(19)30252-3/sbref0004
http://refhub.elsevier.com/S0924-8579(19)30252-3/sbref0004
http://refhub.elsevier.com/S0924-8579(19)30252-3/sbref0004
http://refhub.elsevier.com/S0924-8579(19)30252-3/sbref0004
http://refhub.elsevier.com/S0924-8579(19)30252-3/sbref0004
http://refhub.elsevier.com/S0924-8579(19)30252-3/sbref0004
http://refhub.elsevier.com/S0924-8579(19)30252-3/sbref0004
http://refhub.elsevier.com/S0924-8579(19)30252-3/sbref0005
http://refhub.elsevier.com/S0924-8579(19)30252-3/sbref0005
http://refhub.elsevier.com/S0924-8579(19)30252-3/sbref0005
http://refhub.elsevier.com/S0924-8579(19)30252-3/sbref0005
http://refhub.elsevier.com/S0924-8579(19)30252-3/sbref0005
http://refhub.elsevier.com/S0924-8579(19)30252-3/sbref0005
http://refhub.elsevier.com/S0924-8579(19)30252-3/sbref0005
http://refhub.elsevier.com/S0924-8579(19)30252-3/sbref0005
http://refhub.elsevier.com/S0924-8579(19)30252-3/sbref0006
http://refhub.elsevier.com/S0924-8579(19)30252-3/sbref0006
http://refhub.elsevier.com/S0924-8579(19)30252-3/sbref0006
http://refhub.elsevier.com/S0924-8579(19)30252-3/sbref0006
http://refhub.elsevier.com/S0924-8579(19)30252-3/sbref0006
http://refhub.elsevier.com/S0924-8579(19)30252-3/sbref0007
http://refhub.elsevier.com/S0924-8579(19)30252-3/sbref0007
http://refhub.elsevier.com/S0924-8579(19)30252-3/sbref0007
http://refhub.elsevier.com/S0924-8579(19)30252-3/sbref0007
http://refhub.elsevier.com/S0924-8579(19)30252-3/sbref0007
http://refhub.elsevier.com/S0924-8579(19)30252-3/sbref0007
http://refhub.elsevier.com/S0924-8579(19)30252-3/sbref0007
http://refhub.elsevier.com/S0924-8579(19)30252-3/sbref0007
http://refhub.elsevier.com/S0924-8579(19)30252-3/sbref0008
http://refhub.elsevier.com/S0924-8579(19)30252-3/sbref0008
http://refhub.elsevier.com/S0924-8579(19)30252-3/sbref0008
http://refhub.elsevier.com/S0924-8579(19)30252-3/sbref0008
http://refhub.elsevier.com/S0924-8579(19)30252-3/sbref0008
http://refhub.elsevier.com/S0924-8579(19)30252-3/sbref0008
http://refhub.elsevier.com/S0924-8579(19)30252-3/sbref0008
http://refhub.elsevier.com/S0924-8579(19)30252-3/sbref0008
http://refhub.elsevier.com/S0924-8579(19)30252-3/sbref0009
http://refhub.elsevier.com/S0924-8579(19)30252-3/sbref0009

808 0. Barraud, C. Ravry and B. Frangois et al./International Journal of Antimicrobial Agents 54 (2019) 803-808

[10] Levy MM, Fink MP, Marshall JC, Abraham E, Angus D, Cook D, et al. 2001
SCCM/ESICM/ACCP/ATS/SIS International Sepsis Definitions Conference. Crit.
Care Med. 2003;31:1250-6.

[11] Zankari E, Hasman H, Cosentino S, Vestergaard M, Rasmussen S, Lund O,
et al. Identification of acquired antimicrobial resistance genes. J. Antimicrob.
Chemother. 2012;67:2640-4.

[12] Vanni M, Meucci V, Tognetti R, Cagnardi P, Montesissa C, Piccirillo A, et al. Flu-
oroquinolone resistance and molecular characterization of gyrA and parC
quinolone resistance-determining regions in Escherichia coli isolated from poul-
try. Poult. Sci. 2014;93:856-63.

[13] Ruppe E, Lazarevic V, Girard M, Mouton W, Ferry T, Laurent F, et al. Clinical
metagenomics of bone and joint infections: a proof of concept study. Sci. Rep.
2017;7:7718.

[14] Joensen KG, Engsbro ALO, Lukjancenko O, Kaas RS, Lund O, Westh H,
et al. Evaluating next-generation sequencing for direct clinical diagnostics in
diarrhoeal disease. Eur. J. Clin. Microbiol. Infect. Dis. 2017;36:1325-38.

[15] Majeed A, Alarfaj S, Darouiche R, Mohajer M. An update on emerging therapies
for urinary tract infections. Expert. Opin. Emerg. Drugs 2017;22:53-62.

[16] Cattoir V. Actinobaculum schaalii: review of an emerging uropathogen. J. Infect.
2012;64:260-7.

[17] Siddiqui H, Lagesen K, Nederbragt AJ], Eri LM, Jeansson SL, Jakobsen KS.
Pathogens in urine from a female patient with overactive bladder syndrome
detected by culture-independent high throughput sequencing: a case report.
Open. Microbiol. J. 2014;8:148-53.

[18] Sherry NL, Porter JL, Seemann T, Watkins A, Stinear TP, Howden BP. Outbreak
investigation using high-throughput genome sequencing within a diagnostic
microbiology laboratory. J. Clin. Microbiol. 2013;51:1396-401.

[19] Didelot X, Bowden R, Wilson DJ, Peto TEA, Crook DW. Transforming clinical mi-
crobiology with bacterial genome sequencing. Nat. Rev. Genet. 2012;13:601-12.

[20] Angers-Loustau A, Petrillo M, Bengtsson-Palme ], Berendonk T, Blais B,
Chan KG, et al. The challenges of designing a benchmark strategy for bioin-
formatics pipelines in the identification of antimicrobial resistance determi-
nants using next generation sequencing technologies. F1000Res. 2018:7 pii:
ISCB Comm ]-459. doi:10.12688/f1000research.14509.2.


http://refhub.elsevier.com/S0924-8579(19)30252-3/sbref0010
http://refhub.elsevier.com/S0924-8579(19)30252-3/sbref0010
http://refhub.elsevier.com/S0924-8579(19)30252-3/sbref0010
http://refhub.elsevier.com/S0924-8579(19)30252-3/sbref0010
http://refhub.elsevier.com/S0924-8579(19)30252-3/sbref0010
http://refhub.elsevier.com/S0924-8579(19)30252-3/sbref0010
http://refhub.elsevier.com/S0924-8579(19)30252-3/sbref0010
http://refhub.elsevier.com/S0924-8579(19)30252-3/sbref0010
http://refhub.elsevier.com/S0924-8579(19)30252-3/sbref0011
http://refhub.elsevier.com/S0924-8579(19)30252-3/sbref0011
http://refhub.elsevier.com/S0924-8579(19)30252-3/sbref0011
http://refhub.elsevier.com/S0924-8579(19)30252-3/sbref0011
http://refhub.elsevier.com/S0924-8579(19)30252-3/sbref0011
http://refhub.elsevier.com/S0924-8579(19)30252-3/sbref0011
http://refhub.elsevier.com/S0924-8579(19)30252-3/sbref0011
http://refhub.elsevier.com/S0924-8579(19)30252-3/sbref0011
http://refhub.elsevier.com/S0924-8579(19)30252-3/sbref0012
http://refhub.elsevier.com/S0924-8579(19)30252-3/sbref0012
http://refhub.elsevier.com/S0924-8579(19)30252-3/sbref0012
http://refhub.elsevier.com/S0924-8579(19)30252-3/sbref0012
http://refhub.elsevier.com/S0924-8579(19)30252-3/sbref0012
http://refhub.elsevier.com/S0924-8579(19)30252-3/sbref0012
http://refhub.elsevier.com/S0924-8579(19)30252-3/sbref0012
http://refhub.elsevier.com/S0924-8579(19)30252-3/sbref0012
http://refhub.elsevier.com/S0924-8579(19)30252-3/sbref0013
http://refhub.elsevier.com/S0924-8579(19)30252-3/sbref0013
http://refhub.elsevier.com/S0924-8579(19)30252-3/sbref0013
http://refhub.elsevier.com/S0924-8579(19)30252-3/sbref0013
http://refhub.elsevier.com/S0924-8579(19)30252-3/sbref0013
http://refhub.elsevier.com/S0924-8579(19)30252-3/sbref0013
http://refhub.elsevier.com/S0924-8579(19)30252-3/sbref0013
http://refhub.elsevier.com/S0924-8579(19)30252-3/sbref0013
http://refhub.elsevier.com/S0924-8579(19)30252-3/sbref0014
http://refhub.elsevier.com/S0924-8579(19)30252-3/sbref0014
http://refhub.elsevier.com/S0924-8579(19)30252-3/sbref0014
http://refhub.elsevier.com/S0924-8579(19)30252-3/sbref0014
http://refhub.elsevier.com/S0924-8579(19)30252-3/sbref0014
http://refhub.elsevier.com/S0924-8579(19)30252-3/sbref0014
http://refhub.elsevier.com/S0924-8579(19)30252-3/sbref0014
http://refhub.elsevier.com/S0924-8579(19)30252-3/sbref0014
http://refhub.elsevier.com/S0924-8579(19)30252-3/sbref0015
http://refhub.elsevier.com/S0924-8579(19)30252-3/sbref0015
http://refhub.elsevier.com/S0924-8579(19)30252-3/sbref0015
http://refhub.elsevier.com/S0924-8579(19)30252-3/sbref0015
http://refhub.elsevier.com/S0924-8579(19)30252-3/sbref0015
http://refhub.elsevier.com/S0924-8579(19)30252-3/sbref0016
http://refhub.elsevier.com/S0924-8579(19)30252-3/sbref0016
http://refhub.elsevier.com/S0924-8579(19)30252-3/sbref0017
http://refhub.elsevier.com/S0924-8579(19)30252-3/sbref0017
http://refhub.elsevier.com/S0924-8579(19)30252-3/sbref0017
http://refhub.elsevier.com/S0924-8579(19)30252-3/sbref0017
http://refhub.elsevier.com/S0924-8579(19)30252-3/sbref0017
http://refhub.elsevier.com/S0924-8579(19)30252-3/sbref0017
http://refhub.elsevier.com/S0924-8579(19)30252-3/sbref0017
http://refhub.elsevier.com/S0924-8579(19)30252-3/sbref0018
http://refhub.elsevier.com/S0924-8579(19)30252-3/sbref0018
http://refhub.elsevier.com/S0924-8579(19)30252-3/sbref0018
http://refhub.elsevier.com/S0924-8579(19)30252-3/sbref0018
http://refhub.elsevier.com/S0924-8579(19)30252-3/sbref0018
http://refhub.elsevier.com/S0924-8579(19)30252-3/sbref0018
http://refhub.elsevier.com/S0924-8579(19)30252-3/sbref0018
http://refhub.elsevier.com/S0924-8579(19)30252-3/sbref0019
http://refhub.elsevier.com/S0924-8579(19)30252-3/sbref0019
http://refhub.elsevier.com/S0924-8579(19)30252-3/sbref0019
http://refhub.elsevier.com/S0924-8579(19)30252-3/sbref0019
http://refhub.elsevier.com/S0924-8579(19)30252-3/sbref0019
http://refhub.elsevier.com/S0924-8579(19)30252-3/sbref0019
https://doi.org/10.12688/f1000research.14509.2

	Shotgun metagenomics for microbiome and resistome detection in septic patients with urinary tract infection
	1 Introduction
	2 Materials and methods
	2.1 Study population
	2.2 Conventional culture and antimicrobial susceptibility testing (AST)
	2.3 Shotgun metagenomics
	2.4 Bioinformatics analysis

	3 Results
	3.1 Microbiome detection (Table 1; Supplementary Table S3)
	3.2 Resistome detection (Table 1; Supplementary Table S4)
	3.3 Analysis of shotgun metagenomics data: Group 1 and Group 2

	4 Discussion
	5 Conclusions
	Acknowledgment
	Supplementary materials
	References


