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Real-Time Genome Sequencing of Resistant Bacteria Provides
Precision Infection Control in an Institutional Setting
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The increasing prevalence of multidrug-resistant (MDR) bacteria is a serious global challenge. Here, we studied prospectively
whether bacterial whole-genome sequencing (WGS) for real-time MDR surveillance is technical feasible, returns actionable re-
sults, and is cost-beneficial. WGS was applied to all MDR isolates of four species (methicillin-resistant Staphylococcus aureus
[MRSA], vancomycin-resistant Enterococcus faecium, MDR Escherichia coli, and MDR Pseudomonas aeruginosa) at the Univer-
sity Hospital Muenster, Muenster, Germany, a tertiary care hospital with 1,450 beds, during two 6-month intervals. Turnaround
times (TAT) were measured, and total costs for sequencing per isolate were calculated. After cancelling prior policies of preemp-
tive isolation of patients harboring certain Gram-negative MDR bacteria in risk areas, the second interval was conducted. Dur-
ing interval I, 645 bacterial isolates were sequenced. From culture, TATs ranged from 4.4 to 5.3 days, and costs were €202.49 per
isolate. During interval II, 550 bacterial isolates were sequenced. Hospital-wide transmission rates of the two most common spe-
cies (MRSA and MDR E. coli) were low during interval I (5.8% and 2.3%, respectively) and interval II (4.3% and 5.0%, respec-
tively). Cancellation of isolation of patients infected with non-pan-resistant MDR E. coli in risk wards did not increase transmis-
sion. Comparing sequencing costs with avoided costs mostly due to fewer blocked beds during interval II, we saved in excess of

€200,000. Real-time microbial WGS in our institution was feasible, produced precise actionable results, helped us to monitor
transmission rates that remained low following a modification in isolation procedures, and ultimately saved costs.

he increasing prevalence of multidrug-resistant (MDR) bacte-

ria, e.g., methicillin-resistant Staphylococcus aureus (MRSA),
vancomycin-resistant enterococci (VRE), or multidrug-resistant
Gram-negative bacilli, poses serious challenges to global health
(1). Infections caused by MDR bacteria present limited or even no
therapeutic options, especially in nosocomial settings. To trace
intrainstitutional spread, besides epidemiological investigations
that take place, time, and patient information into consideration,
molecular typing adds a fourth dimension, i.e., the genotype, to
confirm similarity or the absence of similarity among such patho-
gens more precisely. However, the resolution of classical typing
methods is limited. This changed dramatically with the introduc-
tion of next-generation whole-genome sequencing (WGS), which
can elucidate the origin and spread of bacterial pathogens in a
rapid manner due to the availability of benchtop next-generation
sequencers since the large Shiga toxin-producing Escherichia coli
(STEC) O104:H4 outbreak in 2011 (2, 3). Currently, WGS not
only provides highly discriminatory typing data (4-7) but also
enables a richer profiling of virulence traits and antibiotic resis-
tance genes in pathogens (8, 9). Furthermore, in contrast to clas-
sical typing methods, WGS is a universal method that does not
require species-specific protocols. Together, these advantages
have generated an abundance of data in support of the theoretical
value of molecular typing (10, 11), but these studies have been
either retrospective molecular reconstructions of transmission
events or used under dedicated study conditions (4, 12). Here, we
prospectively applied WGS over two 6-month intervals in a clin-
ical diagnostic microbiology laboratory and used these data to
inform infection control measures that were applied in the second
interval. In interval I, we sequenced the four most common MDR
bacterial pathogens at our hospital (MRSA, VRE, Escherichia coli,
and Pseudomonas aeruginosa) to determine if prospective and
daily real-time WGS is technically feasible and whether results can
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be made available in a clinically actionable time frame for infec-
tion control-relevant decisions. After scaling back isolation pro-
cedures during interval II, we compared transmission rates in the
two intervals. Moreover, we investigated the extent to which WGS
genotyping efforts are economically justifiable.

MATERIALS AND METHODS

Experimental design. The study was conducted at the University Hospital
Muenster, Muenster, Germany, a tertiary care hospital with 1,450 beds,
between 15 October 2013 and 15 April 2014 (interval I) and between 15
October 2014 and 15 April 2015 (interval IT). We prospectively subjected
all MRSA, VRE, MDR E. coli, and MDR P. aeruginosa isolates from pa-
tients (one phenotypic variant per patient/case) to WGS. These four spe-
cies account for >90% of all MDR isolates at our hospital. In addition to
bacteria from routine clinical testing, isolates from screening efforts, e.g.,
to determine the nasal carriage of MRSA, were analyzed. At our hospital,
all patients receive a screening (combined nasal/pharyngeal swab) for
MRSA at admission. For VRE and Gram-negative MDR bacteria, no
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general screening procedures are implemented. Patients harboring
Gram-positive MDR bacteria, i.e., MRSA and VRE, were treated under
strict isolation procedures. Patients carrying Gram-negative bacteria
with resistance to the four substances/groups piperacillin, cefotaxime/
ceftazidime, ciprofloxacin, and imipenem/meropenem (4MDR-GN)
were similarly treated. In interval I, patients infected or colonized with
Gram-negative bacteria that were resistant to the three substances/
groups piperacillin, cefotaxime/ceftazidime, and ciprofloxacin but
susceptible to imipenem/meropenem (3MDR-GN) were isolated only
in dedicated risk areas, such as intensive care units (ICUs) and cancer
wards, in accordance with national guidelines (13). Before interval II,
starting from 11 July 2014, we stopped isolation of patients harboring
3MDR-GN in all risk wards except the neonatal ICU and the bone
marrow transplantation unit. WGS results were not used for individ-
ual patient treatment. The study was approved by the Ethical Commit-
tee of the Aerztekammer Westfalen-Lippe and of the Medical Faculty,
University of Muenster (vote no. 2013-302-£-S).

WGS and data analysis. MDR bacterial isolates were delivered to our
laboratory on working days immediately after detection, and WGS was
performed on a single MiSeq instrument (Illumina, San Diego, CA, USA).
Two or three runs were completed weekly, depending on specimen avail-
ability. For subsequent WGS, a single colony was inoculated into nutrient
broth (Heipha, Eppelheim, Germany) and incubated overnight (37°C).
Genomic DNA was purified using a MagAttract HMW DNA kit (Qiagen,
Hilden, Germany) following the manufacturer’s instructions with the ad-
dition of 120 U Lysostaphin (Sigma, Taufkirchen, Germany) to lyse
MRSA. Subsequently, 1 ng of genomic DNA was introduced into library
preparation with a Nextera XT DNA sample preparation kit (Illumina)
and paired-end sequenced with a MiSeq Reagent kit v2 250 bp (Illumina)
with an average insertion size of 300 bp. Libraries were scaled to reach
100-fold sequencing coverage for an average genome size of 5 MB. Only
sequencing runs that fulfilled the manufacturers’ specifications (Illumina)
with respect to cluster density and Q30 were further analyzed. The result-
ing sequence files (fastq file format) were de novo assembled using CLC bio
genomics workbench version 6.5 (Qiagen) during the first period as de-
scribed previously (14). The resulting sequence assembly files (ACE file
format) were analyzed in Ridom SeqSphere ™ software version 1.0 (Ridom
GmbH, Muenster, Germany) (15). During the second period, the auto-
mated quality trimming and de novo assembly pipeline of SeqSphere™*
software version 2.2 was used. Core genome target definition, de novo
assembly, and allele calling parameters were exactly the same as described
previously (16).

To analyze the genomic data with respect to the molecular epidemiol-
ogy and to enable continuous surveillance, we applied the core genome
multilocus sequence typing (cgMLST) approach (2, 17). This approach
relies on species-specific schemes with a fixed number of chromosomal
target genes (see Tables S1 and S2 in the supplemental material) as the
basis for genome-wide gene-by-gene comparison on an allelic level. This
strategy is analogous to classical multilocus sequence typing (MLST),
where for each gene—independently of the number of single nucleotide
polymorphisms (SNP)—and for each unique sequence a new allele is
assigned to mitigate the effects of recombination (18). For MRSA, we
applied the published and public cgMLST scheme (8). For the other three
species, we created ad hoc local schemes using the SeqSphere™ target de-
finer and all available NCBI RefSeq genomes (see Tables S1 and S2). For
backwards compatibility with conventional typing efforts, we also ex-
tracted the MLST sequence types (ST) and spa types (14) from the genome
sequences.

After quality control of the sequencing run, we checked the sequence
quality of every sample by assessing the percentage of successfully ex-
tracted cgMLST targets, which required sequence similarities of 90% and
100% overlap. Genomes containing =95% of the successfully extracted
cgMLST targets of the respective gene set (see Tables S1 and S2 in the
supplemental material) were accepted; otherwise, genome sequencing
was repeated starting from the library preparation step. After passing the

December 2016 Volume 54 Number 12

Journal of Clinical Microbiology

Real-Time Genome Sequencing of MDR Bacteria

quality control, numerical allele designations were assigned to the draft
genome sequences by the SeqSphere™ software. The combination of all
alleles resulted in an allelic profile, i.e., the typing result. In parallel, clin-
ical and epidemiological data of all patients harboring MDR bacteria were
compiled. To illustrate the clonal relationships between different isolates,
minimum-spanning tree analyzes were used based on the determined
allelic profiles. Thresholds of differences of >6, >8, >10, and >14 alleles
in a pairwise comparison of genotypes were applied to exclude transmis-
sion for MRSA, VRE, MDR E. coli, and MDR P. aeruginosa, respectively.
For the remaining isolates, we used epidemiological data such as clinic/
ward and sampling date to determine whether or not a transmission event
was likely (see Table S3). In all situations where isolates were detected
within 1 month and where the corresponding patients were located at the
same or related wards, genotypic clusters were rated as probable transmis-
sion events. During interval II, genotyping results were immediately used
to inform infection control personnel and target control procedures. Fish-
er’s exact test was used to access statistical significance. A P value of <0.05
was deemed statistically significant.

Cost calculation. During the study, we captured all costs for sequenc-
ing consumables. For the MiSeq instrument and the analysis computer,
we calculated full depreciation over a period of 3 years while assuming a
throughput of 1,500 isolates/year. For labor, we used the labor costs to the
employers of an experienced laboratory technician according to the na-
tional labor agreement in Germany. All costs include the value-added tax
(VAT), which is 19% in Germany, and are provided in euros (€).

Accession number(s). Raw reads are deposited at European Nucleo-
tide Archive (ENA) under study accession numbers PRJEB7089 and
PRJEB8084.

RESULTS

During interval I, we analyzed a total 645 MDR bacterial isolates
(412 MRSA, 102 MDR E. coli [all were 3MDR-GN, i.e., Gram-
negative bacteria that were resistant to the three substances/
groups piperacillin, cefotaxime/ceftazidime, and ciprofloxacin
but susceptible to imipenem/meropenem], 79 VRE, and 52 MDR
P. aeruginosa [28 were 4MDR-GN, i.e., Gram-negative bacteria
with an additional resistance to imipenem/meropenem]). The 645
genome sequences were determined in 58 runs on the MiSeq in-
strument with a mean of 13.0 samples per run. Only once, because
of overclustering and a resulting low Q30 value (59%), the MiSeq
instrument failed, necessitating one repeat run. After quality con-
trol of each single sample, 561 (87%) isolates were immediately
successfully sequenced with a mean measured turnaround time
(TAT) of 4.4 days (Table 1). Among the remaining 84 isolates
(13.0%) requiring a second sequencing run, the most common
cause for repeating this analysis was failure to achieve at least 95%
successfully extracted cgMLST targets because the level of se-
quencing coverage was too low (n = 56, 66.7%). This problem was
more common with P. aeruginosa, which has the largest genome of
the pathogens in this study. Repeated sequencing increased the
turnaround time for all isolates overall to 5.3 days. In total, de-
pending on the species, 97.2% to 99.2% of the cgMLST targets on
average were successfully extracted (Table 1; see also Tables S2 and
S3 in the supplemental material).

Figure 1A displays the epidemiological curve of all 412 MRSA
isolates and their spa type distribution. Because only a few pre-
dominant spa type clones were putatively circulating in our insti-
tution in this interval, differentiation between sporadic cases and
nosocomial transmissions based on classical typing applied to ep-
idemiological data is very difficult. Therefore, we based our anal-
ysis on the precedent of the enhanced discriminatory power of
WGS. Most notably, we illustrate the power of WGS to differen-
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TABLE 1 Summary statistics of sequencing results, turnaround times, and reasons for sequencing failures during interval I

Mean % of No. (%) of isolates Mean (SD) turnaround
successfully that required Mean (SD)“ turnaround time (in days) for all
No.of  extracted repeated time (in days) for all samples, including Reasons for sequencing failure (no. of
Organism isolates cgMLST targets sequencing samples without repeaters failed samples samples)®
S. aureus 412 98.5 38(9.2) 4.4 (1.6) 5.0 (2.6) Low coverage (22), sequencing run failure (12),
primary base-calling failure (4)
E. coli 102 99.2 11 (10.8) 4.4 (1.4) 5.3(3.0) Low coverage (10), sequencing run failure (1)
E. faecium 79 97.2 20 (25.3) 4.1 (1.5) 6.2 (4.6) Low coverage (14), mixed culture (5),
sequencing run failure (1)
P. aeruginosa 52 97.8 15 (28.8) 4.8 (1.8) 6.8 (4.0) Low coverage (10), sequencing run failure (5)
Total 645 98.4 84 (13.0) 4.4 (1.5) 5.3(3.2) Low coverage (56), sequencing run failure (19),

mixed culture (5), primary base-calling
failure (4)

“SD, standard deviation.

b The low coverage led to a failure to achieve at least 95% successfully extracted cgMLST targets.

tiate the 66 livestock-associated (LA)-MRSA isolates of spa type
t011 (MLST ST398) (19). As they are considered to represent a
very recently emergent clone and thus to have had little time to
diverge (20), it was interesting to see if WGS could more precisely
differentiate among these isolates. Indeed, the addition of WGS-
based cgMLST analysis identified a bona fide cluster, where the
identical LA-MRSA isolate (0468) was transmitted to two other
patients at the same ward (one patient [isolate 0539] had already
been transferred to another ward at the time of sampling) (Fig.
1B). A second pair of isolates (0798 and 0809) also exhibited iden-
tical genotypes; further investigations demonstrated that the two
originated from the same specimen exhibiting different colony
morphologies. The ability to detect their commonality attests to
the high reproducibility of the method. All other LA-MRSA iso-
lates differed by 3 to 78 alleles (Fig. 1B). Applying a threshold of a
>6-allele difference in a pairwise comparison for a secure exclu-
sion of transmission, which is a threshold based on our previous
experience (8), we confidently excluded the intrainstitutional
spread of 59 of the 66 LA-MRSA isolates. Focused epidemiological
investigation refuted a nosocomial transmission of the two iso-
lates (01346 and 01360) that differed in only 3 alleles. We also
observed a similar situation in MDR E. coli of ST131, the globally
most common MDR E. coli clone (21), where nosocomial trans-
mission could be disproved for most isolates by the use of a
threshold of >10 differing alleles for a secure exclusion of a
nosocomial transmission (Fig. 2). Here, only four pairs of iso-
lates (shaded in gray in Fig. 2) warranted further investigations;
however, either these bacterial isolates (0297 and 01390) orig-
inated from the same patient during different hospital stays or
there were no plausible epidemiological links between the hosts
that harbored them.

Due to overall low transmission rates, only the rates for our two
most commonly identified species are summarized in Table 2.
Here, we counted all genotypically determined strain clusters and
retrospectively performed in-depth epidemiological investiga-
tions. This resulted in an assessment of whether or not each cluster
was part of probable transmission events. Finally, the number of
patient cases involved in these clusters was counted. Overall,
transmission rates of MRSA and MDR E. coli were low, i.e., 5.8%
and 2.3%, respectively.

These results prompted us, in agreement with our managing
board, to cease the policies of isolating patients harboring
3MDR-GN in all risk wards with the exception of the neonatal
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ICU and the bone marrow transplantation unit. For MRSA, VRE,
and 4MDR-GN, the infection control procedures remained un-
changed. After the staff members adapted to the reduced infection
control measures implemented on 11 July 2014, we started inter-
val II. In total, we analyzed 550 MDR bacterial isolates (325
MRSA, 120 MDR E. coli [all 3MDR-GN], 56 VRE, and 49 MDR P.
aeruginosa [18 4MDR-GN]) (see Table S3 in the supplemental
material). In addition, 48 isolates of 11 other MDR species were
detected during this interval (see Table S4).

Again, we determined the number of probable transmissions
of MRSA and MDRE. coli (Table 2, interval IT). The overall MRSA
transmission rate slightly decreased from 5.8% to 4.3%. On risk
wards where the intervention took place, the same trend was
noted (Table 2). Therefore, negative effects of the intervention on
general hygiene procedures could be excluded. For MDR E. coli,
the number of transmission events was low. Overall, an increase of
transmissions (from 2.3% to 5.0%) in interval IT was noted, but on
risk wards with discontinued policies of isolating patients harbor-
ing 3MDR-GN, transmission rates even decreased (Table 2).
Opverall, there were no statistically significant changes of risk ward
transmission rates between interval T and II for MRSA (P =
0.0980) and MDR E. coli (P = 0.4967), respectively.

Finally, we calculated the aggregate costs per isolate associated
with the sequencing. Overall, including all repetitions, the costs
were €202.49 per patient isolate. These costs consisted of 70.4%
sequencing consumables (€142.45), 19.9% hardware depreciation
and software costs (€40.27), and 9.7% labor expense (€19.69). To put
this into context, we calculated that the less discriminatory and some-
times misleading pulsed-field gel electrophoresis (PFGE) procedure
(22) cost approximately €100 for consumables and labor expenses
per isolate with a similar TAT. In total, we spent €130,608.84 and
€111,371.88 for WGS in the first and second intervals, respec-
tively. To test the cost-benefit of WGS-based surveillance of MDR
bacteria, during the second interval, we compared the overall se-
quencing costs with cost reductions that arose mainly from the
decreased number of blocked beds due to the reduction of isola-
tion measures for SMDR-GN at risk wards (45 patients harbored
E. coliand 11 P. aeruginosa, respectively). These indirect costs were
calculated together with direct costs related to the extra workload
reported by Herr et al. for MRSA precautions on a German surgical
non-ICU ward in 2000 as being €305.74 and €66.21 per day and bed,
respectively (23). These costs (in total, €371.95), a mean bed occu-
pancy of 85.3% in our hospital in 2014 and 2015, and the assumption

December 2016 Volume 54 Number 12


http://jcm.asm.org

]

Week 42/2013
Week 43/2013
Week 44/2013
Week 45/2013
Week 46/2013
Week 47/2013
Week 48/2013
Week 49/2013
Week 50/2013
Week 51/2013
Week 52/2013
Week 01/2014
Week 02/2014
Week 03/2014
Week 04/2014
Week 05/2014
Week 06/2014
Week 07/2014
Week 08/2014
Week 09/2014
Week 10/2014
Week 11/2014
Week 12/2014
Week 13/2014
Week 14/2014
Week 15/2014
Week 16/2014

—~
-—
N
~N
_
35

(O 1003 (n=72 isolates) () 1011 (n=66) () 1015 (n=6) (O 1032 (n=93)

@ t008 (n=5) O 1014 (n=4) O 1020 (n=7) @ 1034 (n=64) @ 1304 (n=4)
O Other spa types (61 different spa types) with < 4 isolates per spa type (n=84)

~
~

0
PN @ f
5 5
32 9

19 100507 @ 00798
@ o Y6 00809 01049 @ @
: X ©
00952 (00825
@ @ 9 26 — @ (o0ss2 22 @
24 /22

(o797) 2 [21
4 - 2 43 (0049
4
@ 41 24
. . il

6

7 8

H 30 0 @ 25

00726)

2 ooy X
CIERC, e,

24

:

©

(@es114)
55 |45

OO O O ciinic 1, Wards A, C-E O @ clinic 7, Wards A, B QO clinic 12, Ward A O © ciinic 18, Wards A, B
O OO O clinic 2, wards A-D O © ciinic 8, Wards A, B O O clinic 14, Wards A, B @ ciinic 19, Ward A
© ciinic 3, Ward E OO O O ciinic 9, Wards A-D © O ciinic 15, Wards A, B O Clinic 20, Ward A
@ clinic 4, Ward F O O ciinic 10, Wards A, B O O cilinic 16, Wards A, E @ clinic 21, Ward A
@ ciinic 5, Ward C (O clinic 11, Ward A O clinic 17, Ward A QO clinic 22, Ward A
O @ O clinic 6, Wards A-C

FIG 1 Prospective real-time WGS-based typing of all MRSA isolates exhibiting 71 different spa types. (A) Epidemic curve over interval I for all MRSA isolates
detected. Each box represents a single isolate; the 10 most common spa types (=4 isolates per spa type) are color coded. (B) Clonal relationship of all 66
livestock-associated (LA) MRSA indistinguishable by MLST (all ST398) and spa typing (spa type t011) in a minimum-spanning tree based on whole-genome
sequencing. Each circle represents a single genotype, i.e., an allelic profile based on up to 1,861 target genes present in the isolates with the “pairwise ignoring
missing values” option turned on in the SeqSphere " software during comparison. The circles are named with the isolate identifiers (IDs) and colored according
to ward, and the sizes are proportional to the number of isolates with identical genotypes. The number on connecting lines represents the number of alleles that
differ between the connected genotypes.
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connecting lines represents the number of alleles that differ between the connected genotypes.

of one blocked bed per isolated MDR patient were used to calculate
the avoided costs of isolation of patients with 3MDR-GN on risk
wards. For the affected 56 patients, which had a mean residence time
after MDR detection of 17.9 days, the avoided costs were €317,180.37.

DISCUSSION

Here we demonstrate that continuous real-time WGS-based bac-
terial gene-by-gene allele (cgMLST) typing is a powerful adjunct
to classical epidemiological information and should be considered
when implementing infection control measures. To facilitate in-
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terlaboratory communication for public cgMLST schemes, cg-
MLST allelic profiles of very closely related genomes are “lumped”
together in a numerical cluster type (8, 16). The technology is
sufficiently rapid and accurate, the costs for sequencing are dimin-
ishing, and we are now at a point where the data and the speed can
be applied to real-world settings and result in cost savings. On top
of this continuous genomic surveillance, in outbreak situations
genomic data can be immediately used to design an outbreak-
specific PCR for rapid screening of a large number of patients
within 24 h (24).
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TABLE 2 Comparison of transmission rates of MRSA and 3MDR-GN E. coli during the two study intervals

Pathogen (no. of

isolates/total no. of ~ No. of genotypic clusters

No. of cases in risk wards
with changed infection
control procedures for

Total no. of cases
involved in

Study  patient cases/no. of  (maximal distance for probable 3MDR-GN (%) during
interval cases at risk wards)  cluster recognition) Epidemiological assessment of genotypic clusters  transmissions (%) interval II
1 MRSA (412/397/68) 32 (=6 alleles) 8 clusters with probable transmissions, 23 (5.8) 15 (22.1)
16 clusters with unlikely transmissions,
isolation 8 times from same patient but different
colony morphology/phenotype results
E. coli (102/86/51) 13 (=10 alleles) 1 cluster with probable transmission, 2(2.3) 2(3.9)
1 cluster with unlikely transmissions,
isolation 11 times from same patient but different
cases/colony morphology/phenotype results
1I MRSA (325/325/57) 15 (=6 alleles) 6 clusters with probable transmissions, 14 (4.3) 6 (10.5)"
9 clusters with unlikely transmissions
E. coli (120/120/45) 8 (=10 alleles) 1 cluster with probable transmissions, 6 (5.0) 0(0)"

7 clusters with unlikely transmissions

“ Results of comparisons of transmission rates between interval I and II were not statistically significant for MRSA (P = 0.0980) or MDR E. coli (P = 0.4967).

There is a broad global consensus that strict isolation proce-
dures, frequently represented by isolation in a single room, are
required for all MRSA-, VRE-, and 4MDR-GN-positive patients.
Nevertheless, we purposely included them in our study, although
we could not immediately realize any cost savings, to monitor the
general efficacy of our hygiene measures. For example, WGS-
based typing of MRSA enabled us to immediately exclude the
majority of isolates (Table 2) as being transmitted nosocomially,
which would have necessitated further investigations with less-
discriminatory methodologies. The few detected transmission
events allowed us to improve measures in a focused manner to
prevent further transmission. Moreover, the continuous genomic
monitoring of the epidemiology of MDR bacteria enhanced also
the surveillance of 3MDR-GN in non-risk wards, where patients
with these pathogens have never been isolated.

During interval II, we wanted to determine if we could reduce
extensive and costly hygiene measures, namely, isolation proce-
dures in rooms with single occupancy, for patients colonized or
infected with 3MDR-GN. These pathogens are increasing in prev-
alence, and their control measures are not well validated (25-28).
The German “Protection against Infection Act” of 2011 and its
related guidelines for infection control procedures recommend
isolation of patients harboring 3MDR-GN in ICUs and in other
high-risk areas that have to be defined by the managing board of
each hospital (13). During the first interval, patients positive for
such pathogens were isolated in a manner consistent with these
guidelines. However, our data from interval I suggested that most
patients infected with SMDR-GN, as exemplarily shown for MDR
E. coli ST131 (Fig. 2), were not members of identifiable institu-
tional clusters. Therefore, we stopped the general preemptive iso-
lation of SMDR-GN on most risk wards during the second interval
and restricted isolation to confirmed outbreak situations only.
Indeed, typing and epidemiological data did not show an increase
of nosocomial transmissions (Table 2). Interestingly, recent data
suggest high levels of asymptomatic gut colonization with these
organisms in the community (29).

Before we reduced isolation procedures for 3MDR-GN at our
hospital, current national recommendations (13) had the unin-
tentional consequence of blocked beds in our setting, as all inten-
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sive care unit (ICU) rooms and the vast majority of our other ward
rooms are multibed rooms. We therefore compared our overall
sequencing costs in interval II (€111,372 for WGS-based typing of
550 isolates) with avoided direct costs related to the extra work-
load and indirect costs that would have resulted from these
blocked beds. We conservatively calculated a cost saving of
€205,808 based on the data of a German surgical ward in 2000
(23). However, we believe that, 15 years later and for risk wards
such as ICUs, costs for isolation have at least doubled. As a positive
side effect, we could increase the quality of patient care by avoid-
ing the negative effects of isolation (30, 31). Overall, these results
convinced our managing board after the study to retain and ex-
pand WGS to all MDR bacterial species and to cost with institu-
tional resources, i.e., these efforts are financed by the hospital and
are not reimbursed by the patients’ health insurance providers.

To reduce turnaround time (TAT), during interval II, we im-
plemented an analysis pipeline within the SeqSphere™ software,
which continuously monitors the MiSeq output (and as soon as
sequences are generated, the reads are automatically quality-
trimmed, de novo assembled, and subsequently uploaded into the
SeqSphere™ database for allele assignment). After the study was
completed, we further reduced TAT and the costs of the labora-
tory processes: we have adapted a published rapid method for
WGS directly from a single colony without the need of an over-
night broth culture prior to DNA extraction (32) and have re-
duced the costs of library preparation by halving the sample vol-
ume. Another point of action is a modification of the sequencing
protocol, currently the most time-consuming process (40 h in our
setting). We have chosen the 2-by-250-bp sequencing protocol to
balance throughput, costs per sample, and turnaround time.
However, new sequencing technologies, e.g., single-molecule se-
quencing, will further reduce instrument time, increase plasmid
sequence reconstitution, and ultimately enable point-of-care test-
ing (POCT) (33).

There are some limitations in our study that warrant further
comments. As there is no general screening for Gram-negative
MDR in our hospital, we detect only transmission events that are
associated with an infection. The first transmission emanating
from an unrecognized colonized patient is impossible for us to
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detect. Thus, we overlook these transmission events, resulting in a
potential underestimation of our Gram-negative MDR transmis-
sion rate. However, as soon as a second patient is affected by an
infection, WGS genotyping would at least reveal precisely a pair of
highly related isolates, i.e., a genotypic cluster, although we would
still miss the index patient. This cluster triggers focused and in-
tensified infection control measures in our setting to prevent fur-
ther transmissions and to identify the infection source. Moreover,
transmission rates in our setting are of course also dependent on
factors such as quantity and quality of staff members, general in-
fection control procedures, and other infrastructure variables.
Also, our cost-benefit analysis is biased by institutional character-
istics such as the nearly exclusive presence of multibed rooms and
the mean bed occupancy rate. Furthermore, we did not perform
any resistance prediction from WGS data, although, for example,
knowing whether a resistance phenotype is plasmid mediated
would have helped us to make more risk-based decisions. Finally,
use of WGS in a hospital with higher transmission rates would
very likely not lead to dropping of isolation precautions. As dem-
onstrated here in interval I, a baseline of transmission rates needs
to be determined anyway before considering changes in infection
control procedures.

It is conceivable that this technology could provide virulence
and antimicrobial resistance potential data from WGS (8, 9, 34) to
further characterize isolates independently of culture and to de-
velop microbiologically informed individual risk assessment for
colonized or infected patients (35). However, this personalized
WGS usage is still hampered in many countries due to missing test
accreditation and reimbursement regulations. For example, in the
United States, current accreditation test regulations, including those
promulgated by the Medical & Medicaid Services (CMS) under the
mandate of the Clinical Laboratory Improvement Amendments
(CLIA), the College of American Pathologists (CAP), and the U.S.
Centers for Disease Control and Prevention, focus on human ge-
netics and have not included microbial genomics (36). This prob-
lem is compounded in using laboratory-developed tests (LDT), in
view of complex jurisdictional considerations (37, 38). In con-
trast, in Europe, oversight of LDT is not envisioned to be done by
anational agency like the FDA and the regulation is still within the
responsibility of each single laboratory according to EN ISO
15189. Therefore, we completed recently the EN ISO accreditation
and the first audit of our microbial genomic genotyping workflow.
Finally, compensation for these tests will need to be addressed.
However, our data suggest that WGS can provide cost savings to
health care systems by increasing the ability to implement epide-
miologically appropriate infection control policies, rather than
blanket interventions, and that investment in WGS could easily be
recouped.

In summary, in our setting, prospective real-time microbial
WGS is feasible, clinically actionable, and most likely cost-benefi-
cial and helps to improve patient safety.
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