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Objectives: Antimicrobial susceptibility testing (AST) of anaerobic bacteria has until recently been done
by MIC methods. We have carried out a multi-centre evaluation of the newly validated EUCAST disk
diffusion method for AST of Bacteroides spp.
Methods: A panel of 30 Bacteroides strains was assembled based on reference agar dilution MICs,
resistance gene detection and quantification of cfiA carbapenemase gene expression. Nordic clinical
microbiology laboratories (n ¼ 45) performed disk diffusion on Fastidious Anaerobe Agar with 5% me-
chanically defibrinated horse blood (FAA-HB) for piperacillin-tazobactam, meropenem and
metronidazole.
Results: A total of 43/45 (95.6%) laboratories carried out disk diffusion per protocol. Intraclass correlation
coefficients were 0.87 (0.80e0.93) for piperacillin-tazobactam, 0.95 (0.91e0.97) for meropenem and 0.89
(0.83e0.94) for metronidazole. For metronidazole, one media lot yielded smaller zones and higher
variability than another. Piperacillin-tazobactam and meropenem zone diameters correlated negatively
with cfiA expression. A meropenem zone diameter of <28 mm in B. fragilis indicated presence of cfiA.
Piperacillin-tazobactam had the most false susceptible results. Categorical errors for this antimicrobial
were particularly prevalent in cfiA-positive strains, and piperacillin-tazobactam had the highest number
of comments describing zone reading difficulties.
Conclusions: Inter-laboratory agreement by disk diffusion was good or very good. The main challenges
were media-related variability for metronidazole and categorical disagreement with the reference
method for piperacillin-tazobactam in some cfiA-positive strains. An area of technical uncertainty specific
for such strains may be warranted.
© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Bacteroides fragilis is the most prevalent anaerobic bacterial
species associated with invasive infections [1]. Increased resistance
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rates to antibiotics used in empirical treatment of severe infections,
such as meropenem, piperacillin-tazobactam and metronidazole,
have been reported in B. fragilis [2], and varying prevalences of
resistance to clinically relevant antibiotics have been observed in
different countries [3]. This underlines the importance of routine
antimicrobial susceptibility testing (AST) of clinical isolates to
support empiric and targeted therapeutic decisions.
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Testing (EUCAST) publish clinical minimum inhibitory concentra-
tion (MIC) breakpoints for anaerobes. Prior to 2022, these break-
points were not species-specific, and disk diffusion was not part of
EUCAST methodology. Recently, EUCAST published a novel method
for disk diffusion AST of anaerobic bacteria on Fastidious Anaerobe
Agar with 5%mechanically defibrinated horse blood (FAA-HB), with
zone diameter breakpoints [4e7].

The main purpose of this study was to evaluate the performance
of the EUCAST disk diffusion method for AST of Bacteroides spp. in a
multi-centre format, mimicking typical use of the method in a
diverse group of routine clinical microbiology laboratories in the
five Nordic countries.

The chromosomal CfiA carbapenemase encoded by the cfiA gene
is of particular concern in B. fragilis. The cfiA gene is present in a
subset of B. fragilis known as division II, which may be considered a
separate genospecies [8,9]. The CfiA carbapenemase can confer
resistance or reduced susceptibility to carbapenems and
piperacillin-tazobactam [10]. In the absence of a mobile element
directly upstream, cfiA is usually weakly expressed, conferring only
low-level resistance, with MICs potentially in the susceptible range
[9]. High-level resistance, typically with MICs >32 mg/L for carba-
penems, usually results from an insertion sequence (IS) carrying
promoter sequences being inserted upstream of the gene [10e13].
Reduced susceptibility to carbapenems due to other mechanisms
such as efflux, altered penicillin-binding proteins or other beta-
lactamases is also possible [8], but cfiA-mediated resistance ap-
pears to be by far the most commonmechanism [9]. Imipenem and
meropenem MICs correlate with cfiA expression [10,11,14,15], but
this association has not been explored for other beta-lactams such
as piperacillin-tazobactam, which is extensively used as empiric
therapy for serious infections involving anaerobes. A secondary aim
was therefore to examine whether the presence and/or expression
of cfiA influenced the accuracy of AST for meropenem and piper-
acillin-tazobactam.

2. Materials and methods

Bacterial strains. Candidate strains for the study were identi-
fied from cryostore records of clinical Bacteroides spp. isolates from
blood cultures or with unusual resistance phenotypes at the
Department of Microbiology, Vestfold Hospital Trust (n ¼ 31), the
Department of Clinical Microbiology, Odense University Hospital
(n ¼ 14) and the Norwegian National Advisory Unit on Detection of
Antimicrobial Resistance (n ¼ 8). After reference analyses
(described below), a panel of 27 clinical strains isolated between
2003 and 2017 with variable levels of susceptibility against
metronidazole, piperacillin-tazobactam and meropenem was
assembled. The panel was supplemented with three copies of the
quality control (QC) strain B. fragilis ATCC 25285 (Table 1, Fig. 1).
Strain characteristics were blinded to the participants.

Species identification and MIC determination. Species iden-
tificationwas performed byMALDI-TOF MS (Maldi Biotyper, Bruker
Daltonics, Bremen, Germany). Reference MICs for piperacillin-
tazobactam, meropenem and metronidazole were determined by
agar dilution as described by the Clinical and Laboratory Standards
Institute (CLSI) [16] at the coordinating institution (Department of
Microbiology, Vestfold Hospital Trust). Reference MICs were
consensus values based on at least duplicate testing; B. fragilis ATCC
25285 and B. thetaiotaomicron ATCC 29741 were used as QC strains
for the agar dilution reference analysis [17].

Expression of the cfiA gene. B. fragilis strains possessing cfiA
were identified by PCR [13]. For cfiA expression analysis, strains
were cultured anaerobically (42h) on chocolate agar supplemented
with 5 mg/L menadione, inoculated into thioglycolate broth, and
incubated anaerobically (18e20h). Total RNA was isolated from
2

500 mL of broth using RNEasy Protect Bacteria Mini Kit (Qiagen
Corporation, Hilden, Germany). Genomic DNA was removed using
QIAGEN RNase-Free DNAse Kit (Qiagen Corporation) and Heat&Run
gDNA Removal Kit (ArcticZymes, Tromsø, Norway). RNAyields were
measured using Qubit RNA BR Assay (Thermo Fisher Scientific,
Waltham, Massachusetts, USA). cDNA was synthesised using
QuantiNova Reverse Transcription Kit (Qiagen Corporation) with
150 ng RNA. The cDNA synthesis was carried out in three technical
replicates for each strain. PCR was performed using QuantiNova
Probe PCR Kit (Qiagen Corporation) on a LightCycler 480 II (Roche
Diagnostics, Rotkreuz, Switzerland), with 0.5 mM primers, 0.25 mM
probe and the program 2 min 95�, 45*(15 sec 95�, 30 sec 60�).
Primers and probes used were cfiA F, cfiA R, and cfiA-probe [13] for
cfiA, and AllBac296f, AllBac412r, and AllBac375Bhqr [18] for 16S
rRNA. The cfiA positive strain with the lowest meropenem MIC
(Strain 4, Table 1) was selected as a calibrator. The expression of
cfiA, normalised to 16S rRNA, was calculated relative to the cali-
brator with 95% confidence intervals using the DDCt method [19]. A
standard series of six tenfold dilutions of gDNA, plus two inter-
mediate dilutions, was analysed in three technical replicates to
validate the assumption of equal PCR efficiencies for cfiA and 16S
rRNA.

Whole-genome analysis. Whole genome sequencing has pre-
viously been carried out for strains 18 (BFO85), 21 (BFO17), 23
(BFO18), and 28 (BFO42) [20]. The remaining strains were
sequenced at Vestfold Hospital Trust using Ion S5 XL (Thermo
Fisher Scientific). De novo assembly was done using SPAdes version
3.1.0 [21], with k-values 21, 33, 55, 77, 99, and 127, and IonHammer
read correction enabled.

The presence of the cfiA carbapenemase gene or nim nitro-
imidazole reductase genes was determined for all strains by BLAST
against the ResFinder [22] and NCBI AMRFinderPlus [23] databases
(both accessed April 15, 2021) using ABRicate v. 1.0.1.

To overcome contig breaks associated with IS elements [24], the
presence of an IS upstream of cfiA was determined by PCR and
electrophoresis as described [25]. An amplicon size of approxi-
mately 350 bp indicated no IS. Longer amplicons were excised,
extracted using ZymoClean Gel DNA Recovery Kit (Zymo Research,
Irvine, California, USA), and Sanger sequenced (Eurofins GATC,
Cologne, Germany). IS elements were identified by BLAST against
the ISfinder database [26]. Strains were classified according to
whether a mobile element was present upstream of cfiA or not.

Multi-centre AST study. Nordic clinical microbiology labora-
tories were invited to participate through the Nordic Committee on
Antimicrobial Susceptibility Testing (NordicAST, www.nordicast.
org). Forty-five laboratories enrolled in the study (Denmark
n¼ 6; Finland n¼ 4; Iceland n¼ 1; Norway n¼ 17; Sweden n¼ 17).
One laboratory was a specialized reference laboratory, whereas the
rest were general clinical microbiology laboratories that routinely
use the EUCAST disk diffusion method for aerobic bacteria. The
participants received bacterial strains and disks (Oxoid Ltd.,
Basingstoke, UK): piperacillin-tazobactam (30-6 mg), meropenem
(10 mg), and metronidazole (5 mg). FAA plates with 5% mechanically
defibrinated horse blood (FAA-HB, agar depth 4 mm) were pre-
pared by SSI Diagnostica, Hillerød, Denmark, and distributed
directly to the participants. For logistic reasons, laboratories were
divided into two equal groups performing the study two weeks
apart (weeks 2 and 4 of 2019), using different lots of agar plates.
One laboratory entered the trial later and received a third lot. Par-
ticipants were instructed to suspend each strain in sterile saline to
1.0 McFarland turbidity, streak the suspension onto two FAA-HB
plates, apply two disks per plate and incubate the plates anaero-
bically within 15 min of disk application (35e37 �C, 16e20h) before
reading inhibition zone diameters. Furthermore, the participants
were instructed to read the “obvious” zone edge and ignore haze,

http://www.nordicast.org
http://www.nordicast.org


Table 1
Relevant characteristics of the bacterial strains included in the study.

No. Species Reference MIC (mg/L)a Resistance
genesb

cfiA expression
(95% CI)c

Mobile element
upstream of cfiAc

Strain name and GenBank accession no.

PT MP MZ cfiA nim

1 B. fragilis division II 4 32 0.5 cfiA e 23 (16e50) none Tbg-23,
JAPPUG000000000

2 B. fragilis division II >128 128 64 cfiA nimE 310 (210e460) IS614B Tbg-26,
JAPPUE000000000

3 B. fragilis division I 0.125 0.125 8 e nimE NA NA Tbg-20,
JAPNXN000000000

4 B. fragilis division II 0.25 1 0.5 cfiA e 1 (calibrator) none Tbg-12,
JAQFWE000000000

5 B. fragilis division II 64 64 0.5 cfiA e 23 (16e33) IS1187 Tbg-11,
JAPMNF000000000

6 B. fragilis division II >128 >128 4 cfiA e 45 (32e65) IS614B Tbg-43,
JAPPTV000000000

7 B. thetaiotaomicronf 8 1 1 e e NA NA Tbg-2,
JAPPUI000000000

8 B. fragilis division I 0.125 0.125 16 e nimE NA NA Tbg-36,
JAPPTY000000000

9 B. fragilis division I 0.25 0.125 0.5 e e NA NA Tbg-45,
JAPPTT000000000

10 B. faecisf 8 0.25 1 e e NA NA Tbg-41,
JAPPTW000000000

11 B. uniformis 0.5 0.125 1 e e NA NA Tbg-38,
JAPPTX000000000

12 B. ovatus 8 2 1 e e NA NA Tbg-4,
JAPPUH000000000

13 B. fragilis division Id 0.25 0.125 0.5 e e NA NA NCTC 9343,
UFTH00000000

14 B. fragilis division II �0.06 4 0.5 cfiA e 1.2 (0.9e1.8) none Tbg-29,
JAPPUB010000000

15 B. fragilis division II >128 128 1 cfiA e 180 (120e260) Tn7563e Tbg-22,
JAPONC000000000

16 B. fragilis division II 0.25 4 1 cfiA e 8.2 (5.5e12.2) none Tbg-27,
JAPPUD000000000

17 B. fragilis division II 1 4 64 cfiA nimE 6.5 (4.5e9.4) none Tbg-25,
JAPPUF000000000

18 B. fragilis division II 2 8 0.5 cfiA e 23 (17e31) none DCMOUH0085B,
CP037440

19 replicate of specimen 13d

20 B. fragilis division I 0.25 0.125 8 e nimE NA NA Tbg-32,
JAPPTZ000000000

21 B. fragilis division II >128 >128 64 cfiA nimJ 110 (77e170) IS614B DCMOUH0017B,
CP036539-CP036541

22 B. fragilis division II 0.25 4 0.5 cfiA e 9.8 (6.5e15) none Tbg-31,
JAPPUA000000000

23 B. fragilis division II 64 128 16 cfiA nimD 240 (160e350) ISBf12 DCMOUH0018B,
CP036542-CP036545

24 B. caccae 4 0.125 16 e nimE NA NA BC_BC_ODE_DK_2015, JAPUBL000000000
25 B. fragilis division I 0.25 0.25 8 e nimE NA NA Tbg-44,

JAPPTU000000000
26 replicate of specimen 13d

27 B. fragilis division II 0.25 4 0.5 cfiA e 2.4 (1.6e3.6) none Tbg-28,
JAPPUC000000000

28 B. fragilis division I 0.25 0.125 4 e nimA NA NA DCMOUH0042B,
CP036550-CP036552

29 B. ovatus 4 0.25 32 e nimE NA NA BO_FA_ODE_DK_2015_87_3, JAPUBM000000000
30 B. fragilis division II 1 16 0.5 cfiA e 34 (23e50) none Tbg-21,

JAPNXO000000000

a PT: piperacillin-tazobactam, MZ: metronidazole; MP: meropenem.
b -: not detected.
c NA: Not applicable (cfiA not present).
d Specimen 13 is the reference isolate B. fragilis ATCC 25285.
e Strain 15 (Tbg-22) had a promoter carried by Tn7563, a novel integrative and conjugative element that was present upstream of cfiA.
f B. thetaiotaomicron and B. faecis are closely related, were not reliably distinguished by the participants (data not shown), and were both classified according to breakpoints

for B. thetaiotaomicron.
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but take into account isolated colonies within the zone. The
anaerobic incubation system was optional, e.g. an anaerobic
workstation, gas-generating envelopes or an automatic jar-filling
device.

Participants tested each strain once and submitted zone
3

diameters for each strain/drug combination, as well as an optional
free-form comment for each strain, through a web form.

The study protocol and the technical manual distributed to
participants are available as supplementary materials.

Analysis of AST results. Only laboratories that submitted



Fig. 1. Reference MIC distributions of the study strains for (a) piperacillin-tazobactam, related to the presence of cfiAwith or without a strong promoter; (b) meropenem, related to
the presence of cfiA with or without a strong promoter; (c) metronidazole, related to the presence of nim genes.
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complete responses were included in the analyses of disk diffusion
results.

To assess accuracy, each laboratory's readings for the three
replicates of B. fragilis ATCC 25285 were compared with accepted
QC ranges as recommended by EUCAST [5]. The difference between
the highest and lowest zone diameter values for the three replicates
was also calculated to assess reproducibility.

Since the reported observations were not independent (clus-
tered by strain and laboratory), analyses of AST results were carried
out with strains, rather than individual observations, as unit of
analysis, except for the subanalyses of factors influencing labora-
tories’ proportions of correctly categorized strains, for which lab-
oratories were used as unit of analysis. The intraclass correlation
coefficient (ICC) was used to assess inter-laboratory agreement for
each of the included antimicrobial disks. The ICC is an ANOVA-
based measure comparing variance between subjects (in this case
strains) with variancewithin the same subject, ranging from 0.00 to
1.00 [27]. ICCs were calculated using SPSS Statistics 25 (IBM Cor-
poration, Armonk, New York, USA) with a single-rater, absolute-
agreement, two-way random effects model [28]. ICCs >0.75 were
considered good, and >0.9 very good [27,28].

Interpretation of MIC values and zone diameters with catego-
rization as susceptible (S) or resistant (R) was done according to
EUCAST clinical breakpoints for Bacteroides spp. (version 13.0) [6].
The error rate for a particular strain/drug combination was
considered high if a categorical error was observed for at least ten
percent of the participants. The zone diameter distributions were
visualized as boxplots with reference MIC, median and quartile
zone diameters, overlaid with each single observation as a point.

The participants’ free-form comments were categorized as to
which antimicrobial they concerned, or as general (not related to one
specific antimicrobial), and into the following themes: “difficulty
identifying the zone edge”, “irregular zone shape”, “double zone”,
“haze”, “colonies in zone” or “poor growth”. Comments unrelated to
the AST process (e.g. about species identification) were ignored.

Statistics. Correlations were assessed with Spearman's r.
Comparisons between groups were done with nonparametric tests.
Analyses were done with SPSS Statistics 25 (IBM Corporation,
Armonk, New York, USA).

3. Results

Species and reference MICs. Species distribution and reference
MIC values are shown in Table 1. The clinical strains included in the
study panel were B. fragilis division II (n ¼ 15), B. fragilis division I
4

(n ¼ 6), B. ovatus (n ¼ 2), B. caccae (n ¼ 1), B. faecis (n ¼ 1),
B. thetaiotaomicron (n¼ 1), or B. uniformis (n¼ 1). MIC50 values and
MIC ranges (mg/L) were piperacillin-tazobactam 1 (�0.06 e >128),
metronidazole 1 (0.5e64), and meropenem 4 (0.125 e >128).

Resistance genes. A cfiA carbapenemase genewas present in 15/
27 clinical strains (56%), while a nitroimidazole reductase (nim)
gene was present in 11/27 (41%) (Table 1). Fig. 1 shows reference
MIC distribution versus resistance genes.

Promoter region and expression of the cfiA gene. Nine of
15 B. fragilis division II strains did not have any detectable mobile
genetic element upstream of cfiA, five had an upstream IS element,
and one (strain 15) had promoters carried by a novel integrative
and conjugative element, which will be further characterized in a
separate study (registered as Tn7563 in the Transposon Registry,
manuscript under preparation) (Table 1). Reference MICs were
positively correlatedwith cfiA expression for meropenem (r¼ 0.93;
p < 0.01) and piperacillin-tazobactam (r ¼ 0.87; p < 0.01). The six
strains with upstream promoters (strains 2, 5, 6, 15, 21, and 23) had
the highest MICs (�64 mg/L) for both meropenem and piperacillin-
tazobactam.

EUCAST disk diffusion. In total, 43/45 (95.6%) laboratories
returned complete disk diffusion results. One participant failed to
return results for three strains (no growth), and one did not report
piperacillin-tazobactam results for one strain (inhibition zone
difficult to discern).

Median differences between the lowest and highest measure-
ment of the QC strain ATCC 25285 for each laboratory were 2 mm
(range, 0e13) for piperacillin-tazobactam, 2 mm (0e8) for mer-
openem, and 2 mm (0e22) for metronidazole. The proportions of
laboratories achieving a difference of �3 mm between measure-
ments of were 77% (33/43) for piperacillin-tazobactam, 81% (35/43)
for meropenem, and 67% (37/43) for metronidazole. The pro-
portions of laboratories with all results within accepted QC ranges
were 72% (31/43) for piperacillin-tazobactam, 81% (35/43) for
meropenem, and 51% (22/43) for metronidazole. Fig. 2 shows zone
diameters by FAA-HB lot for the QC strain. For the metronidazole
disk, but not for other agents, there was a difference between the
FAA-HB lots, with lot 1 (median, 28 mm; range, 6e35 mm) yielding
smaller zones and higher variability than lot 2 (median, 33 mm;
range, 27e39 mm). Lot 1 yielded significantly lower median
metronidazole zone diameters per isolate than lot 2 also for the
clinical strains (p < 0.001, Wilcoxon signed-rank test), and poorer
discrimination among the strains with MICs in the 1e8 mg/L range
(Fig. 3). No such difference was seen for piperacillin-tazobactam or
meropenem.



Fig. 2. Distributions of zone diameters reported for the ATCC 25285 QC strain for piperacillin-tazobactam, meropenem and metronidazole, by FAA-HB lot used.

Fig. 3. Example of differences between FAA-HB lots for strains with metronidazole
MICs in the 1e8 mg/L range: Boxplots of metronidazole zone diameters for strains 3, 6,
28 and 7 according to FAA-HB lot used.
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The proportion of clinical strains correctly categorized for
metronidazole was lower (p < 0.01, Mann-Whitney U test) for
laboratories reporting zones within the QC ranges for all replicates
of ATCC 25285 (median 0.90, range 0.73e0.93) than for those who
did (median 0.93, range 0.87e0.97). No significant difference was
found for meropenem or piperacillin-tazobactam (Supplementary
Figs. S1eS3).

Inter-laboratory agreement for the clinical strains assessed by
ICCs was very good for meropenem (0.94, 95% CI 0.91e0.97), and
good for piperacillin-tazobactam (0.87, 95% CI 0.80e0.93) and
metronidazole (0.89, 95% CI 0.83e0.94).

Median zone diameterereference MIC correlations were
r¼�0.89 for piperacillin-tazobactam, r¼�0.91 for metronidazole
and r ¼ -0.96 for meropenem (all p < 0.01).

In cfiA-positive B. fragilis, a significant negative correlation was
seen between cfiA expression and median zone diameter for the
piperacillin-tazobactam (r ¼ e0.80) and meropenem (r ¼ �0.86)
disks (both p < 0.001).

Full overviews of zone diameter readings for all strains are
shown in Figs. 4e6. For piperacillin-tazobactam (Fig. 4), four
strains had high error rates: high false susceptibility rates were
5

seen for the resistant strains no. 5 (33%, 14/43) and 23 (40%, 17/43),
both B. fragilis with MIC 64 mg/L possessing a strongly expressed
cfiA gene. Conversely, high false resistance rates were observed for
the susceptible non-B. fragilis strains 12 (88%, 38/43) with MIC
8 mg/L and 29 (14%, 6/43) with MIC 4 mg/L. Strains 7 and 10
(B. thetaiotaomicron) could not be categorized due to
B. thetaiotaomicron lacking a clinical breakpoint for piperacillin-
tazobactam. Several B. fragilis division II strains with strong cfiA
expression and MIC �64 mg/L had bimodal distributions, with a
sizable minority of laboratories reporting zone diameters over-
lapping those of susceptible strains.

For meropenem (Fig. 5), high false resistance rates were
observed for the two susceptible strains 7 (98%, 42/43) and 4 (91%,
39/43), both with reference MIC 1 mg/L. Strain 4 was a B. fragilis
carrying a weakly expressed cfiA gene (Table 1). The remaining
strains had low error rates. The EUCAST zone diameter breakpoint
of S � 28/R < 28 mm separated the division I (cfiA negative) and
division II (cfiA positive) B. fragilis populations.

For metronidazole (Fig. 6), high false resistance rates were
observed for the three susceptible strains 6 (100%, 43/43), 28 (91%,
39/43), and 7 (35%, 15/43). Strains 6 and 28 (MIC 4 mg/L) were both
B. fragilis, while strain 7 (MIC 1 mg/L) was B. thetaiotaomicron. Only
strain 28 had a nim gene (nimA) (Table 1). The median metroni-
dazole zone diameter per isolate was lower among participants
incubating plates in jars versus those using an anaerobic worksta-
tion (p < 0.01, Wilcoxon signed-rank test), but the difference was
small (ranging from �4 to þ1 mm, 12 negative differences, 2 pos-
itive differences and 16 ties). Laboratories using jars tended to have
a lower proportion of correctly categorized strains (Supplementary
Fig. S4), but the difference was not statistically significant (p ¼ 0.17,
Mann-Whitney U test). We did not find any difference between
using gas-generating envelopes or a jar-filling device for making
jars anaerobic (data not shown).

Participants’ comments. A total of 80 free-form comments
about the AST process were entered by 25 laboratories about 24
strains, concerning piperacillin-tazobactam (n ¼ 49), meropenem
(n ¼ 17), metronidazole (n ¼ 12), or general comments (n ¼ 9). A
summary of the comments is shown in Supplementary Table S1.
Some high-frequency comments were identified: for piperacillin-
tazobactam, double zone (n ¼ 19), haze (n ¼ 12) and colonies in
the zone (n ¼ 14), and for meropenem, double zone (n ¼ 10).
Notably, the comments for piperacillin-tazobactam concerned 18
strains, including all of the 15 B. fragilis division II (cfiA positive)
strains, plus two B. fragilis division I (cfiA negative), and one non-
B. fragilis species.



Fig. 4. Plots of all reported piperacillin-tazobactam zone diameters per strain after 16e20 h incubation. Solid black lines indicate EUCAST clinical breakpoints for MICs and zone
diameters. *: ATCC 25285 QC strain; **: B.thetaiotaomicron/faecis which lack clinical breakpoints.
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4. Discussion

Our observations indicate that the newly published EUCAST disk
diffusion method for AST of anaerobes generally performs well
when applied on Bacteroides spp. in a routine setting, providing a
simple, accurate and low-cost alternative to MIC determination.

The multi-centre study format, using a challenge panel of well-
characterized strains enriched with clinically relevant resistance
mechanisms, is suited for assessing real-world feasibility, agree-
ment between laboratories, and the impact of specific resistance
mechanisms on AST accuracy. Notably, it is not suited for setting or
evaluation of clinical breakpoints; this requires a larger sample of
unselected strains [29] and has been carried out separately [4,7,30].

Our results show that a clear majority of the participants
managed to carry out disk diffusion per protocol. However, the
results for the three replicates of QC strain B. fragilis ATCC 25285
revealed some challenges, as a sizable number of labs did not report
zone diameters within the QC ranges for all three replicates. It
should be noted that the participants used the method for the first
time, with no opportunity for calibration, training or optimization,
as normally would be done before introducing a new method into
routine use, and only carried out the tests once for each strain.
Furthermore, in order to make sure that zone readings were un-
biased, the study protocol did not disclose information about QC
strains or accepted QC ranges, which were still tentative and un-
published at the time of the study. Anaerobic disk diffusion has
specific reading guidelines on how to identify zone edges [31],
which were less clear at the time of the study than the ones now
published with photographic examples, and an opportunity to
6

calibrate one's performance and reading by repeated analysis of a
QC strain would likely have improved performance, whereas the
present study only offered participants one opportunity to test each
isolate.

A specific issue was identified for metronidazole, as there was
considerable variability between media lots, leading to lower
overall precision and accuracy for the metronidazole disk
compared to the other drugs. Comparing metronidazole to the
other agents with regard to results for the QC strain, inter-
laboratory agreement and correct categorization of strains, the
performance of lot 1 for metronidazole appears aberrant and sig-
nals a problemwith this lot not present in lot 2. The specific reason
has not been conclusively determined; however, insufficient
anaerobiosis is a well-known cause of metronidazole AST errors,
and factors such as dissolved air or trapped air bubbles in the
medium are known to impair anaerobic conditions [32]. A warning
about this phenomenon is warranted, underlining the importance
of careful quality control of new agar lots and of the anaerobic at-
mosphere in each setup. In sum, the laboratories’ ability to achieve
results within the accepted QC ranges was moderate for metroni-
dazole, and good for piperacillin-tazobactam and meropenem.

Overall inter-laboratory agreement, as measured by ICC, was
good or very good for the three evaluated disks. Notably, the per-
formance of the metronidazole disk was affected by media lot
variability and would likely be improved with proper QC. The ICC
takes into account intra-rater as well as inter-rater variance and,
although little used in microbiology, it is the preferred statistical
approach for assessment of overall test reliability (i.e. to which
extent measurements can be replicated) in a situation where



Fig. 5. Plots of all reported meropenem zone diameters per strain after 16e20 h incubation. Solid black lines indicate EUCAST clinical breakpoints for MICs and zone diameters. *:
ATCC 25285 QC strain.

T.T. Stubhaug, C.G. Giske, U.S. Justesen et al. Anaerobe 81 (2023) 102743
multiple observers test the same panel of subjects (in this case
strains) [27].

We found strong correlation between median inhibition zone
and reference MIC for the three disks. With the strain panel used in
this study, the frequency of categorical errors was low for most
strain/drug combinations, and the overall number of combinations
with high proportions of false resistance was higher than the
number of combinations with high proportions of false suscepti-
bility (seven and two, respectively).

For metronidazole and meropenem, false resistance was the
predominant type of categorical errors, consistent with the vali-
dation carried out by EUCAST [30]. Strains with high proportions of
false resistance by disk diffusion had detectable resistance genes
(nimA or cfiA) or MICs similar to such strains. As both cfiA and nim
genes have variable expression patterns, this may indicate that disk
diffusion is somewhat more influenced by weakly expressed
resistance mechanisms than the reference method. The EUCAST
clinical zone diameter breakpoint for meropenem classified all
B. fragilis division II as resistant, consistent with the findings from
EUCAST's validation [4,30].

For piperacillin-tazobactam, the two strains with high pro-
portions of false susceptible results were B. fragilis with high
expression of cfiA; these had high zone variability with bimodal
distributions. B. fragilis division II strains with low cfiA expression
generally had low piperacillin-tazobactam error rates, whereas
strains with moderate or high cfiA expression had greater inter-
laboratory variation and higher frequencies of categorical errors in
both directions. B. fragilis division II strains were also over-
represented among strains where participants reported that reading
7

the piperacillin-tazobactam zone diameter was difficult due to
double zones, haze or colonies in the zone. These observations
suggest that AST for piperacillin-tazobactam is inherently chal-
lenging in cfiA-carrying strains. As a consequence, apparent sus-
ceptibility to piperacillin-tazobactam in meropenem-resistant
B. fragilis should be interpreted with caution, and an area of tech-
nical uncertainty (ATU) specific for meropenem-resistant strains
(potentially with a recommendation discouraging use of
piperacillin-tazobactam) may be warranted. The fact that reference
MIC determination for piperacillin-tazobactam uses a fixed tazo-
bactam concentration of 4 mg/L, whereas disk diffusion involves a
gradient of both piperacillin and tazobactam, may contribute to
discrepancies between the two methods. High proportions of false
resistant results for piperacillin-tazobactam were only seen in two
non-B. fragilis strains. The results suggest that species-specific zone
breakpoints for Bacteroides non-fragilis species could be appropriate.

The strength of this study is the large number of participating
laboratories from five countries, allowing estimation of inter-
laboratory agreement, and evaluation of the method's robustness
in a typical-use scenario. There are some limitations. The number of
Bacteroides non-fragilis species was limited, making it difficult to
draw any specific conclusions for these species. Only one lot and
manufacturer of disks was tested. Further, participants did not have
access to QC guidelines, and only tested each strain once. Finally,
clindamycin, which is one of only four agents with clinical break-
points for Bacteroides spp. defined by EUCAST, was also tested by
the participants, but the results had to be excluded due to a change
in disk content from 10 to 2 mg between the study date and the final
publication of the EUCAST method.



Fig. 6. Plots of all reported metronidazole zone diameters per strain after 16e20 h incubation. Solid black lines indicate EUCAST clinical breakpoints for MICs and zone diameters. *:
ATCC 25285 QC strain.
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In conclusion, the study showed that the novel EUCAST disk
diffusion method is a feasible and accurate option for routine ASTof
Bacteroides, despite participants carrying out the method for the
first time with no opportunity to perform standard QC measures.
We also detected specific factors adversely impacting accuracy for
metronidazole (vulnerability to variation of the FAA-HBmedia) and
piperacillin-tazobactam (difficulty interpreting zones in cfiA-car-
rying B. fragilis). Knowledge of these pitfalls will allow laboratories
to optimize their reading, carry out the necessary quality control,
and minimize categorical errors due to these factors.
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