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Carbapenem-resistant Acinetobacter baumannii (CRAB) and Pseudomonas aeruginosa (CRPA), as well as
polymyxin-resistant A. baumannii (PMR-AB) and P. aeruginosa (PMR-PA), were used to test different enrichment
strategies from spiked stools. Three procedures were compared, namely, direct inoculation on selective plates
and plating after a 24-h enrichment step in tryptic soy broth with or without antibiotics. Selective agar plates
were used including CHROMagar-Pseudomonas supplemented with meropenem (2 mg/L), and CHROMagar-
MDR-Acinetobacter agar and CHROMagar COL-APSE plates. Use of enrichment broths significantly enhanced
the recovery of CRAB, CRPA, PMR-AB, and PMR-PA. However, supplementing or not the pre-enrichment broth
with antibiotics had no impact. The proposed strategy for screening multidrug-resistant nonfermenters is of
low cost, is easy to implement, and might be useful for outbreak containment.
nc. This is an
© 2020 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Carbapenem-resistant Acinetobacter baumannii (CRAB) and
multidrug-resistant Pseudomonas aeruginosa such as carbapenem-
resistant P. aeruginosa (CRPA) have been recently classified, respec-
tively, as urgent and serious threats by the CDC (2019) and of priority
pathogens by theWHO (2017a). Thosemultidrug-resistant (MDR) bac-
teria constitute the main sources of carbapenem-resistant Gram-
negative bacilli worldwide (Gniadek et al., 2016; Nordmann and Poirel,
2019), being sources of hospital-acquired infections and causing a sig-
nificant mortality and morbidity in high risk-patient populations.

Although carbapenem resistance in Enterobacterales is often related
to the production of acquired carbapenemases, it is most of the time
caused by permeability defects in P. aeruginosa, accounting for 15–20%
of all P. aeruginosa clinical strains (Rossolini and Mantengoli, 2005;
Eichenberger and Thaden, 2019).

On the other hand, resistance to carbapenems (mainly associated to
class D β-lactamases) in A. baumannii accounts for ca. 60% of the isolates
recovered from hospitalized patients worldwide (WHO, 2017b).

Owing to this high rate of carbapenem resistance in nonfermenting
Gram-negatives and clinically relevant bacterial species, polymyxins
open access article und
are now increasingly used as last-resort antibiotics for treating corre-
sponding infections. However, increasing occurrence of polymyxin-
resistant A. baumannii (PMR-AB) and P. aeruginosa (PMR-PA) is now
being reported (Potron et al., 2015; Poirel et al., 2017). To our knowl-
edge, no guidelines have been published to optimally detect those
PMR-AB and PMR-PA. However, implementation of screening strategies
is required for instance in the context of outbreaks (Martischang et al.,
2019).

When dealing with Enterobacterales, screening strategies include
broth enrichment (CDC, 2009) followed by direct culture using corre-
sponding selective media (e.g., CarbaSmart for carbapenem resistance).
Molecular assays can also be useful for the direct detection of
carbapenemase genes from stools and rectal swabs (Simner et al.,
2016). Recently, we demonstrated that optimal detection of
polymyxin- or carbapenem-resistant Enterobacterales may be achieved
by using respective pre-enrichment steps that can be even optimized by
supplementing the enrichment broth with the corresponding selective
antibiotic (Sadek et al., 2020).

The aims of this studywere i) to determine the optimal selectiveme-
dium for the detection of CRAB, CRPA, PMR-AB, and PMR-PA; ii) to im-
plement a selective medium for carbapenem-resistant P. aeruginosa;
and iii) to determine whether the detection of MDR nonfermenters di-
rectly from stools could be improved by an enrichment step prior to in-
oculation on selective plates.
er the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Our evaluation of the different detection strategies focused on 4 clin-
ically relevant MDR Gram-negatives bacilli, i.e., CRPA, CRAB, PMR-AB,
and PMR-PA.

2. Material and methods

2.1. Bacterial strains

Well-characterized collections of P. aeruginosa and A. baumannii clini-
cal strains fromworldwide origin and from the Swiss National Reference
Center for Emerging Antibiotic Resistancewere included in the study. Re-
sistancemechanisms had been previously characterized for each strain at
the molecular levels. This collection consisted in i) carbapenemase-
producing P. aeruginosa including producers of VIM-1 (n = 1), VIM-2
(n = 6), VIM-4 (n = 4), VIM-53 (n = 3), NDM-1 (n = 4), IMP-1 (n =
1), IMP-4 (n = 1), and IMP-7 (n = 1); ii) carbapenem-resistant but
carbapenemase-negative P. aeruginosa including OprD porin-deficient
strains (n = 4); iii) OprD-deficient strains overproducing their intrinsic
AmpC ß-lactamase (n = 5); iv) strain overproducing its intrinsic AmpC
(n= 1); v) carbapenemase-producing A. baumannii including producers
of OXA-23 (n= 6), OXA-40 (n= 2), OXA-58 (n= 2), and NDM-1 (n=
1); vi) colistin-resistant P. aeruginosawith chromosomally encoded resis-
tance mechanisms (n = 9); and vii) colistin-resistant A. baumannii with
chromosomally encoded resistance mechanisms (n= 10).

2.2. Susceptibility testing

Firstly, antimicrobial resistance profiles for each isolate were deter-
mined by disk diffusion method on Mueller–Hinton (MH) agar plates
(Bio-Rad, Cressier, Switzerland). Detection of AmpC was assessed by
comparison of the susceptibility of β-lactams on MH agar plates and
on MH agar plates supplemented with 2 mg/L of cloxacillin (Acros Or-
ganics, Geel, Belgium). Amoxicillin, amoxicillin/clavulanic acid,
ticarcillin/clavulanic acid, piperacillin, piperacillin/tazobactam,
temocillin, ceftazidime, cefotaxime, cefoxitin, aztreonam, imipenem,
ertapenem, meropenem, gentamicin, amikacin, ciprofloxacin, tigecyc-
line, trimethoprim-sulfamethoxazole, and fosfomycin (Bio-Rad) were
tested by disk diffusion. MIC values for imipenem, ertapenem, and
meropenem were then determined by Etest (bioMérieux) on MH agar
plates overnight at the optimal temperature of 37 °C for A. baumannii
and 30 °C for P. aeruginosa. Diameters of inhibition were measured by
a caliper. Broth microdilution was performed for the determination of
colistin (Mast Group, Amiens, France) MICs in cation-adjusted MH
(Bio-Rad). MIC values were taken as the lowest concentration without
visible bacterial growth. Escherichia coli ATCC25922 was added in the
susceptibility testing of colistin as a control strain. The values of MIC
and zonediameterswere interpreted as susceptible, intermediate, or re-
sistant according to EUCAST/CLSI joint guidelines (www.eucast.org;
CLSI, 2018).

2.3. Molecular analysis

Polymerase chain reaction (PCR) amplification of carbapenemase
genes was performed for all P. aeruginosa and A. baumannii isolates
using specific primers as reported (Woodford et al., 2006; Poirel et al.,
2011). PCR amplification of the mcr genes was undergone for all
colistin-resistant strains (Lescat et al., 2018; Wang et al., 2018; Yang
et al., 2018; Kieffer et al., 2019). Sequencing of each PCR amplicon was
outsourced (Microsynth, Balgach, Switzerland) to confirm the exact na-
ture of each produced carbapenemase.

2.4. Preliminary studies

Preliminary studies were performed to implement the optimal
screeningmethod for the best yield of each species and their antibiotic re-
sistance phenotype. A series of 10-fold dilutions froman original standard
inoculum of 0.5 McFarland in 0.85% NaCl (~1.5 × 108 CFU/mL) was per-
formed for 4 wild-type and 4 resistant strains belonging to each species
tested in our study. These dilutionswere separately inoculated on respec-
tive specific media and on LB agar plate as counting control, in biological
triplicate and technical duplicate. Following an overnight incubation at
the optimum temperature, colonies were counted and results from the
specific media and the control LB agar media were compared. Selective
mediawith the highest yield over all the collection of strainswere consid-
ered for the spiking experiment.

The following selective media were compared: Drigalski supple-
mented with meropenem, CHROMagar-Acinetobacter-MDR (Wareham
and Gordon, 2011), and modified CHROMagar-Pseudomonas. For CRPA
isolates, no specific selective medium was commercially available.
Therefore, the modified CHROMagar-Pseudomonas supplemented with
meropenemwas implemented. Different concentrations of meropenem
were tested in this medium, namely, 1, 2, and 4 μg/mL (Sigma-Aldrich,
Buchs, Switzerland), as described above. In addition, different concen-
trations of meropenem (0.1, 0.5, 1, and 2 μg/mL) supplemented in en-
richment broth medium were tested, considering their concentrations
being below that for the resistance breakpoint value.

For colistin-resistant nonfermenters, the following selective media
were compared, namely, SuperPolymyxin (ELITech, Paris, France)
(Nordmann et al., 2016; Jayol et al., 2018), CHROMID colistin R agar
(bioMérieux), and CHROMagar COL-APSE (CHROMagar, Paris, France)
(Abdul Momin et al., 2017), as described above. In parallel, the pre-
enrichment step was evaluated with four different colistin concentra-
tions, namely, 0.1, 0.5, 1, and 2 μg/mL, and were compared as described
above.

2.5. Spiking experiments

A bacterial suspension of the tested isolates (cf. table strains) was
made with an optical density at 0.5 McFarland standard in 0.85% NaCl.
The primary spiked aliquot was made from 900 μL of fecal solution
spiked with 100 μL of bacterial suspension. The fecal solution was ob-
tained by suspending 5 g of fresh feces from healthy volunteers (n =
3) in 50 mL of distilled and sterile water. Following this primary step,
serial 10-fold dilution was made from the primary aliquot in fecal sus-
pension to obtain dilution from 107 to 101 CFU/mL. Fecal solution with-
out the addition of bacteria was used as a control. The spiked mixture
was then processed in 3 different procedures: i) to quantify the viable
bacteria, 100 μL of spiked stools was plated onto screening media and
incubated overnight at optimal temperature. Count of colonies were
made the following day; ii) 100 μL of spiked stools was inoculated in
5mL of tryptic soy broth (TSB) (Sigma-Aldrich, Buchs, Switzerland). Di-
lutions of the enrichment were streaked on selective plates. Colonies
were counted after overnight incubation; iii) 100 μL of spiked stools
was inoculated in 5 mL of TSB supplemented with 0.1 μg/mL colistin
or meropenem 1 μg/mL. Dilution was made of the cultured TSB prior
to inoculation on selective plates. Following an overnight incubation,
colonies number was recorded.

Stool suspensions of PMR-AB and PMR-PA were directly plated
on CHROMagar COL-APSE or plated after a 24-h growth either
into i) 5mL TSB or ii) 5mL TSB supplementedwith colistin (0.1 μg/mL).

For CRPA, the same procedure was used but plating i) directly onto
CHROMagar-Pseudomonas supplemented with 2 μg/mL of meropenem,
ii) after a 24-h growth into 5 mL of nonselective TSB, or iii) after a 24-h
growth into 5 mL of TSB supplemented with 1 μg/mL of meropenem.

For CRAB, the procedure was identical except that the CHROMagar-
Acinetobacter-MDR selective plates were used for screening.

All experiments were performed at least in triplicate. In addition,
each dilution was inoculated on LB agar to assess the bacterial count.
All results were recorded, averages of the replicate were calculated,
and corresponding data were statistically analyzed by the software
SPSS using Wilcoxon signed rank test. Standard deviation did not ex-
ceed 20% of the median values.

http://www.eucast.org


Table 2
Evaluation of direct plating on CHROMagar AcinetobacterMDR agar of spiked stools, with
andwithout an 18-h enrichment step in TSB and in TSB+meropenem (MER) at 1 μg/mL,
for the detection of CRAB.

Strain Carbapenemase
determinant

MIC of
meropenem
(μg/mL)

CHROMagar
Acinetobacter
MDR Agar
(CFU/mL)

Enrichment broth
(CFU/mL)

TSB TSB + MER

R2270 WT b0.125 0 0 0
R112 WT b0.125 0 0 0
R1386 WT b0.125 0 0 0
R1387 WT b0.125 0 0 0
R4 OXA-23 N128 1 × 101 5.01 × 108 1.51 × 109

R6 OXA-23 64 2.63 × 101 8.92 × 1010 4.24 × 1011

R163 OXA-23 N128 3.67 × 100 1.51 × 1010 2.51 × 1010

R3395 OXA-23 N128 7.33 × 101 1.11 × 109 3.45 × 109

R3557 OXA-23 N128 8 × 100 1.7 × 109 1.56 × 1010

R623 OXA-23 N128 7 × 100 1.5 × 109 5.11 × 1010

R8 OXA-58 128 7.8 × 101 4 × 109 3.18 × 1010
1 8 9
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3. Results

For carbapenemase-producing A. baumannii, the CHROMagar-
Acinetobacter-MDR medium showed the best performance in term of
bacterial yield recovery and was therefore used.

Amodified CHROMagar-Pseudomonaswas implementedwith differ-
ent concentrations of meropenem to screen specifically for CR-PA. The
maximal number of colonies compared to other media (e.g., Drigalski
supplemented with meropenem) was observed at a concentration of
2 μg/mL of meropenem after overnight incubation. This medium
showed a 100% specificity and sensitivity of with the 8 controls strains
tested.

The comparison of different media for screening colistin-resistant
bacteria (SuperPolymyxin, CHROMagar COL-APSE, and CHROMID colis-
tin) showed that the CHROMagar COL-APSEmediumwas themost suit-
able selective one, with a maximal yield obtained after 18 h of
incubation.
R842 OXA-58 16 3.52 × 10 6.92 × 10 9.28 × 10
R14 OXA-40 N128 1.8 × 101 4.15 × 108 1.56 × 109

R2536 OXA-40 N128 3.37 × 101 1.51 × 1010 2.51 × 1010

R655 NDM-1 128 2.97 × 101 3.5 × 109 6.46 × 109

Bacterial counts are average. Standard deviations did not exceed 20% of the mean.
3.1. Spiking experiments

Detection of CRABwas found to be significantly improved by using a
pre-enrichment step prior to plating compared to direct plating onto
CHROMagar-Acinetobacter-MDR (P b 0.05) (Table 2). On the other
hand, the use of selective broth enrichments step containing
meropenem (1 or 2 μg/mL) did not significantly improve the detection
of CRAB compared with nonselective broth (Table 2).

A significant benefit was observed in terms of detection of CRPA
when using an enrichment step prior to inoculation of CHROMagar-
Pseudomonas supplemented with meropenem (2 μg/mL) (Table 1) The
Table 1
Evaluation of direct plating of carbapenem-resistant P. aeruginosa isolates on CHROMagar Pseud
ment step in TSB and TSB + meropenem (MER) at 1 μg/mL.

Strain Carbapenem
resistance
determinanta

MIC of MER
(μg/mL)

N382 WT b0.125
N414 VIM-2 4
N926 VIM-2 128
N1073 VIM-53 N128
N1053 VIM-53 N128
N922 VIM-2 N128
N792 VIM-1 N128
N650 VIM-53 N128
N16 VIM-4 N128
N17 VIM-4 64
N18 VIM-4 128
N19 VIM-4 64
N419 VIM-2 8
N310 VIM-2 N128
N342 VIM-2 N128
N1090 NDM-1 N128
N682 NDM-1 N128
N899 NDM-1 64
N885 NDM-1 N128
R66 IMP-1 N128
N687 IMP-4 N128
N1029 IMP-7 N128
N705 AmpC overexpression 128
R128 OprD deficient + AmpC overexpression 128
N928 OprD deficient + AmpC overexpression N128
N104 OprD deficient + AmpC overexpression 128
N323 OprD deficient + AmpC overexpression N128
N538 OprD deficient + AmpC overexpression N128
N693 OprD deficient 4
N34 OprD deficient 18
N968 OprD deficient + AmpC overexpression 32
N151 OprD deficient 4

Bacterial counts are average. Standard deviations did not exceed 20% of the mean.
a Carbapenemase enzymes are in bold.
detection rate was found to be significantly identical between selective
and nonselective enrichment broth (Table 1).

An overnight pre-enrichment culture allowed to recover a higher
yield of colonies on CHROMagar COL-APSE compared with direct plating
from stools (P b 0.05) (Tables 3 and 4). However, the use of selective en-
richment with colistin did not improve the detection of colistin-resistant
strains (P b 0.05), regardless the concentration of polymyxin used.
omonas+ 2 mg/L of meropenem agar of spiked stools, with and without an 18-h enrich-

CHROMagar
Pseudomonas + MER Agar
(CFU/mL)

Enrichment broth
(CFU/mL)

TSB TSB + MER

0 0 0
1.4 × 101 2.28 × 1011 1.13 × 1013

2.63 × 101 3 × 106 2.75 × 109

5.2 × 101 3.3 × 1010 2.49 × 1010

5.4 × 101 3.7 × 1010 5.5 × 1010

6.8 × 102 4.2 × 1010 4.1 × 1010

1.76 × 102 3.13 × 1010 2.94 × 1010

4.64 × 102 2.15 × 1011 5.76 × 1011

1.38 × 103 3.7 × 1010 1.28 × 1011

7.3 × 101 4.86 × 1010 2.17 × 1010

4.32 × 102 2.8 × 1010 2.9 × 1010

1.92 × 102 2.56 × 1010 1.98 × 1010

2.8 × 101 2.4 × 1010 8.96 × 1010

4 × 102 3.58 × 1010 8.96 × 1010

1.4 × 102 1.36 × 1011 1.2 × 1011

2.3 × 101 1.81 × 1011 8.72 × 1011

5.56 × 102 1.54 × 108 5.03 × 109

1.92 × 102 3.45 × 1010 4.6 × 1010

8.4 × 101 7.15 × 1010 6.4 × 1010

3 × 100 1.5 × 1011 5.15x × 1010

5.3 × 101 1.37 × 109 1.75 × 1010

1.61 × 102 8.19 × 1010 7.17 × 1010

1.6 × 101 1.96 × 109 1.46 × 1010

1.67 × 101 2.35 × 1011 7.32 × 109

1.52 × 102 1.84 × 108 2.72 × 108

1.1 × 101 2.91 × 109 1.53 × 1012

7 × 100 7.5 × 108 3.84 × 109

4.96 × 102 1.37 × 1010 1.6 × 1010

2 × 100 8.7 × 1011 3.25 × 1012

6.1 × 101 8.93 × 1010 1.83 × 1012

2.7 × 101 6.47 × 1011 2.44 × 1011

7.3 × 101 1.4 × 1011 2.08 × 1011



Table 3
Evaluation of direct plating on CHROMagar COL-APSE agar plates of spiked stools,with and
without an 18-h enrichment step in TSB, and selective enrichment in TSB + colistin (CST)
at 0.1 μg/mL for the detection of PMR-PA.

Strain Resistance
mechanism

MIC of
colistin
(μg/mL)

CHROMagar
COL-APSE Agar
(CFU/mL)

Enrichment broth
(CFU/mL)

TSB TSB + CST

N4 WT b0.125 0 0 0
N14 WT b0.125 0 0 0
R128 WT 0.5 0 0 0
R2565 WT 0.25 0 0 0
N69 Chromosomal 8 2.76 × 102 9.2 × 108 2.7 × 108

N76 Chromosomal 4 2.71 × 103 3.97 × 1010 2.95 × 1010

N142 Chromosomal 4 7.6 × 101 5.63 × 10 1.02 × 1010

R3419 Chromosomal 32 1.72 × 102 1.37 × 1010 6.03 × 109

R3421 Chromosomal 16 1.1 × 102 5.2 × 109 1.8 × 109

R3422 Chromosomal 8 8.1 × 102 2 × 109 5.41 × 109

R3425 Chromosomal 8 2.53 × 103 3.52 × 109 1.24 × 1010

R3418 Chromosomal 4 8.96 × 102 1 × 109 1.41 × 1010

R142 Chromosomal 8 5.2 × 101 1.96 × 1010 1.82 × 1010

Bacterial counts are average. Standard deviations did not exceed 20% of the mean.
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4. Discussion

By evaluating theperformances of detection of CRPA, PMR-PA, CRAB,
and PMR-AB, remarkable differences were observed between direct
plating and precultures in nonselective/selective broth enrichment.
These data correspond to the first evaluation of optimal selection of
CRAB, CRPA, PMR-AB, and PMR-PA. Simner et al. (2016) previously ob-
served a lack of significant difference between direct plating and pre-
enrichment with carbapenem-resistant organisms, but this study was
performed on a small panel of strains. Indeed, only KPC producers
were tested, and only MacConkey with or without ertapenem disks
and CHROMID CARBA selective plates were evaluated.

The use of enrichment broth culturewithmeropenemdid not signif-
icantly improve the detection of CRAB compared to nonselective enrich-
ment step. To our knowledge, this study is the first comparison of
methods for the specific detection of CRAB. Also, selective enrichment
did not significantly improve the detection of CRPA, PMR-AB, and
PMR-PA compared to nonselective enrichment. The detection limit
was between 10 and 100 CFU/mL in stools, corresponding to the usual
fecal carriage load of MDR bacteria (Louie et al., 2015; Islam et al.,
2019). To our knowledge, no study had been previously performed to
compare screening protocols for the detection of PMR-AB and PMR-
PA, although there is a real need for detection tools with regard to
carbapenem-resistant nonfermenters, to eventually detect all
Table 4
Evaluation of direct plating on CHROMagar COL-APSE agar plates of spiked stools,with and
without an 18-h enrichment step in TSB, and selective enrichment in TSB+ colistin (CST)
at 0.1 μg/mL for the detection of PMR-AB.

Strain Resistance
mechanism

MIC of
colistin
(μg/mL)

CHROMagar
COL-APSE Agar
(CFU/mL)

Enrichment broth
(CFU/mL)

TSB TSB + CST

R3390 WT 0.5 0 0 0
N298 WT 0.25 0 0 0
N313 WT b0.125 0 0 0
N370 WT b0.125 0 0 0
R3393 Chromosomal 8 1.3 × 101 7.88 × 109 1.28 × 109

R3395 Chromosomal 64 3.13 × 102 1.09 × 1010 2.16 × 109

R3396 Chromosomal 4 3.95 × 101 5.95 × 108 3.15 × 1010

R3397 Chromosomal 16 1.5 × 101 3.08 × 109 4.9 × 108

R3398 Chromosomal 128 1.57 × 102 2.08 × 1010 1.91 × 1010

R3400 Chromosomal 32 1.5 × 100 1.04 × 1010 9.2 × 1010

R3401 Chromosomal 32 1.35 × 101 2.67 × 1010 3.15 × 1010

R3402 Chromosomal 32 1.3 × 101 1.14 × 1010 4.9 × 108

R3403 Chromosomal N128 5 × 100 1.63 × 1010 1.91 × 1010

R3804 Chromosomal 16 3 × 101 5.41 × 1010 9.2 × 1010

Bacterial counts are average. Standard deviations did not exceed 20% of the mean.
carbapenem-resistant organisms and limit their spread, as underscored
by Gniadek et al. (2016).

Currently, no selective medium for the screening of CRPA only was
available. A screeningmediumwas implemented here for the detection
of CRPA possessing variable resistance mechanisms, such as efflux
pump overproduction, porin deficiency, and/or AmpC overexpression,
but also carbapenemase-producing P. aeruginosa. This strategy was
found optimal here with a sensitivity of 93% when testing clinical iso-
lates (data not shown).

Hence, we present here clear evidence of the benefit of enrichment
steps in terms of sensitivity of detection of colistin- and carbapenem-
resistant nonfermenters. In the context of an outbreak, wemay propose
the following strategy, which has to be to performed in parallel: i) direct
plating of the stools on the selective medium and ii) inoculating an en-
richment broth to be further plated on the selectivemedium, eventually
improving the sensitivity of detection of those MDR nonfermenters, if
no growth could be observed with direct plating. That strategy might
be efficient for saving time, and to detect all carbapenem-resistant iso-
lates, regardless of the corresponding resistance mechanism
(carbapenemase or not).

As stated by the French guidelines (Rémic, 2018), screeningmethod
to detect A. baumannii and P. aeruginosa require 2 sampling sites,
namely, the gut (rectal swab or stools) and the respiratory tract (bron-
choalveolar aspirate or throat swab). We therefore propose that our
proposed screening strategy could be implemented for those 2 sample
types either in the context of outbreaks but also for performing prospec-
tive surveys.
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