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A novel method to detect resistant faecal Enterobacteriaceaewas developed by applying MIC-gradient strips di-
rectly onto agar plates inoculatedwith faeces. Themethod provided the susceptibility pattern (MICs) of the dom-
inant bacterial population directly on the plates and also detected smaller resistant subpopulations with a
sensitivity of 1/105.
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Antibiotic resistance is an increasing worldwide problem, and resis-
tance among Gram-negative enterobacteria is especially worrisome
(European Food Safety Authority and European Centre for Disease
Prevention and Control, 2016; World Health Organization, 2014). The
faecal flora may serve as a reservoir of resistant bacteria and genetic re-
sistance elements that may spread between different bacterial strains
and species and between individuals (Bailey et al., 2010; Canton et al.,
2012; Karami et al., 2007; Sommer et al., 2009; Tande et al., 2010;
Valverde et al., 2008). Therefore, surveillance of faecal carriage of antibi-
otic-resistant organisms is important. Different methods have been
used for this purpose, including random selection of separate colonies
(Kothari et al., 2013; Osterblad et al., 2000), selective methods with an-
tibiotic-containing agar plates (Millar et al., 2001; Nys et al., 2004;
Sturod et al., 2014) and the replica plating method (Osterblad et al.,
1995). Methods applying antibiotic-containing disks directly onto agar
inoculatedwith faecal material have been assessed and found to be sen-
sitive and cost-effective to detect antibiotic-resistant Escherichia coli
(Bartoloni et al., 2006; Kronvall et al., 2005; Lester et al., 1990;
Moorhouse and McKay, 1968).

As part of a larger research project on the prevalence of faecal car-
riage of resistant Enterobacteriaceae in children,we aimed at developing
a sensitive method for detection of resistant Enterobacteriaceae in stool
samples by applying MIC-gradient strips directly onto agar plates inoc-
ulated with faeces; the Direct MIC-gradient Strip Method (DMSM). We
compared thismethodwith a Random SelectionMethod in a pilot study
of 53 faecal samples from 24 children with cancer and 19 healthy chil-
dren aged 1–15 years. Written, informed consents were obtained from
the participants' parents and from the participants themselves when
12 years or older. The study was approved by the Regional Ethics Com-
mittee of South-East Norway.

The stool samples were collected in the hospital ward or at home
with equipment containing a standardized small spoon. Two spoonfuls
of faeceswere immediatelymixed into 4.5mL Carey-Blair transportme-
dium and stored at 4 °C before being brought to the laboratory. Primary
platingwas donewithin 1–5 days after the samples were taken by inoc-
ulating the specimens onto BTB lactose agar plates (Biolife, Milan, Italy)
incubated at 35 °C for 18–24 h in ambient air. For the Random Selection
Method one of each morphologically distinct colony was picked from
the lactose agar plates for species identification and susceptibility test-
ing. The faeces-Carey-Blair suspension (1.5–2 mL) was mixed with
2 mL Greaves' medium (Greaves, 1960) and stored at −80 °C until
the DMSM was performed.

For the DMSM, the thawed stool sample suspension was mixed
using vortex agitation, and 100 μL of the suspension was swabbed di-
rectly onto each of two 14 cm diameter Mueller-Hinton agar plates
(Becton Dickinson, Sparks, MD, USA). Six Etests (bioMeriéux, Marcy
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L'Étoile, France, formerly AB Biodisk, Solna, Sweden) were then applied
onto each of theMueller-Hinton agar plates: ampicillin, aztreonam, cef-
otaxime, cefoxitin, ceftazidime, ciprofloxacin, colistin, gentamicin,
imipenem, tetracycline, trimethoprim-sulfamethoxazole and vancomy-
cin. The plates were incubated for 18–24 h at 35 °C in ambient air. Only
colonies of bacteria with the morphology of Gram-negative bacteria
were included. In cases of suspected Gram-positive bacteria (typically
much smaller colonies than the Gram-negatives on Muller Hinton
agar), most often there was a typical growth pattern of small colonies
within the aztreonam and colistin ellipses (Fig. 1) and no growth
when inoculated onto lactose agar. In cases of uncertainty, Gram-stain-
ingwas done. The directly inoculatedMueller-Hinton plates with Etests
applied were read as follows: the MICs for the dominant populations
were registered. In addition, growth within the inhibitory ellipses was
noted (Fig. 1). In the case of growth within the Etest ellipses (due to
assumingly more resistant organisms than the dominant population)
1–2 colonies of each morphotype were selected for species identifica-
tion and susceptibility testing. To further assess the dominant bacterial
populations of confluent growth along the Etest strip, a loop-full next
to the strip at the highest MIC value with growth was inoculated onto
a lactose agar plate. One colony of each morphotype was subsequently
selected for species identification and susceptibility testing. For both
the Random Sampling Method and the DMSM, the three-tube fermen-
tation system (Lassen, 1975) and Maldi-TOF MS (Seng et al., 2009)
were used for species identification. All pure cultures of the collected
enterobacterial isolates were tested against 11 antibiotics (ampicillin,
aztreonam, cefotaxime, cefoxitin, ceftazidime, cefuroxime, gentamicin,
imipenem, ciprofloxacin, tetracycline and trimethoprim-sulfamethoxa-
zole) according to the EUCAST disk diffusionmethod (www.eucast.org),
as shown in Supplementary Table S1. If the disk diffusion zones showed
intermediate resistance, Etests were applied for MIC determination.

In order to assess the accuracy of the MICs for the dominant
Gram-negative population on the directly inoculated plates, three
E. coli isolates were picked from each of five different DMSM plates.
MICs of the pure cultures of E. coli corresponded well with the direct-
ly read MICs of the dominant Gram-negative population; with only a
variation of ±1 dilution step. Reproducibility was confirmed by plat-
ing five different samples in parallels of three. All three parallel
DMSM plates gave the same susceptibility patterns for each of the
five samples.

To assess how sensitive the DMSM was to detect subpopulations of
resistant bacteria, a suspension of 108 CFUs/mL of a susceptible E. coli
strain (ATCC 25992) was mixed with 108 CFUs/mL of a resistant E. coli
strain. Subsequently, 10-fold dilutions of the resistant strain was

mixed with the constant amount of the susceptible strain (Fig. 2). The
sensitivity of the DMSM for detecting resistant bacterial subpopulations
was 1/105. This was shown for three different resistant E. coli strains
(ESBLA, ESBLM and non-ESBL) as well as for an ESBLA–positive Klebsiella
pneumonia strain (Giske et al., 2009).

The prevalence of antibiotic-resistant E. coli isolates in the 53 faecal
samples analysedwith theDMSMcomparedwith theRandomSelection
Methodwas not statistically significantly different (Table 1), but in 13 of
the 53 samples the DMSM detected resistant E. coli isolates that were
not detected by the Random Selection Method. These were mainly
strains resistant to ampicillin (8 strains) and/or tetracycline (6 strains).
In two of the three samples containing E. coli strains resistant to a third-
generation cephalosporin, this was detected only by the DMSM. The
DMSM also revealed isolates of Enterobacteriaceae other than E. coli re-
sistant to third-generation cephalosporins in 6 of the 53 samples: two
strains of Enterobacter cloacae, two strains of Enterobacter asburiae,
one strain of Morganella morganii and one strain of Hafnia alvei. All
these isolates were detected within the inhibitory ellipses of the cefo-
taxime and ceftazidime Etest.

In this studywe developed a newmethod to detect faecal carriage of
resistant Enterobacteriaceae by applying MIC-gradient strips directly
onto plated faecal samples. The DMSM detected resistant strains that
were not detected by the Random Selection Method. The sensitivity of
the method to detect resistant subpopulations was similar to the Direct
Disc Method described by Lester et al. (1/104–1/105) (Lester et al.,
1990). The Etest system is claimed to be inoculum-tolerant (Zebouh et
al., 2008), and the directly read MIC-values for the dominant popula-
tions corresponded well with MICs from the pure cultures of E. coli de-
spite the natural concentration variations in faecal inoculum. This
makes the DMSM a suitable rapid screening method providing both
the susceptibility pattern of thedominantGram-negative population di-
rectly and also smaller, resistant subpopulations in faecal samples. Up to
six different antibiotics can be assessed simultaneously on the same
14 cm diameter agar plate. Other selective methods using agar plates
containing fixed concentrations of antibiotics will only detect isolates
with MIC-values above the applied concentration, and the most useful
antibiotic concentration of the agar may be difficult to decide. Due to
the concentration gradient of antibiotics of the MIC-gradient strips,
the DMSM will detect populations with a wide range of MIC values.
Themain limitation of themethod is the relatively high cost of Etests, al-
though newMIC-gradient strips are now on themarket and prices may
decrease over time.

In conclusion, we found the DMSM to be an effective, easy and sen-
sitive method to assess faecal carriage of resistant Enterobacteriaceae,

Fig. 1. Photos of two direct MIC-gradient strip plates with faecal inoculum. For the dominant population with confluent growth, the MIC-values can be read directly. Gram-negative
colonies appear much bigger than Gram-positive colonies, sometimes with semi-confluent growth as seen on the left plate within the tetracycline (TC) ellipse and other times with
very scarce growth as seen on the right plate within the ampicillin (AM) ellipse. The tiny colonies inside the aztreonam (AT) ellipse on the right plate were confirmed to be Gram-
positives by lack of growth on lactose agar.
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