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ABSTRACT Zinc concentrations in cation-adjusted Mueller-Hinton broth (caMHB)
from different manufacturers have been found to differ. Here, we evaluated the
impact of utilizing different brands and lots of commercially available caMHB on
the classification of the antimicrobial susceptibility of metallo-�-lactamase (MBL)-
harboring Enterobacteriaceae. We also evaluated the addition of EDTA to caMHB as a
means of achieving zinc-limited media. Fifteen clinical Enterobacteriaceae isolates
(harboring NDM [n � 7], VIM [n � 3], IMP [n � 2], or KPC [n � 3]) and nine different
commercial lots from three caMHB manufacturers (Becton, Dickinson; Oxoid; and
Sigma-Aldrich) were utilized. Zinc-limited media were prepared by the addition of
EDTA at concentrations ranging from 3 to 300 �g/ml. Meropenem MICs were deter-
mined in triplicate for each lot of conventional caMHB and zinc-limited media by
broth microdilution. The zinc concentration in each lot of conventional caMHB was
determined by inductively coupled plasma mass spectrometry. Up to 8-fold differ-
ences in meropenem MICs were observed between the commercial lots, resulting in
different classifications of susceptibility among MBL-harboring isolates. Mean zinc
concentrations were highest among conventional Becton, Dickinson caMHB lots rela-
tive to those for Oxoid and Sigma-Aldrich broth. Among MBL-harboring isolates, the
impact of EDTA on MICs was dependent on the lot, correlating with initial zinc avail-
ability (i.e., less MIC reduction with higher initial zinc concentrations), while MICs for
KPC-harboring isolates were unchanged. In summary, zinc variability was observed
among commercial lots of caMHB, resulting in different classifications of susceptibil-
ity among MBL-harboring Enterobacteriaceae. The addition of EDTA at concentrations
of �30 �g/ml was sufficient to provide a zinc-limited medium, resulting in MICs that
reflect in vivo meropenem activity.

KEYWORDS antimicrobial susceptibility testing, Enterobacteriaceae, metallo-�-
lactamase, zinc

Antimicrobial susceptibility testing (AST) has long been established as a critical
component of patient care and microbiology. Susceptibility data are used by

clinicians to predict the likelihood of treatment success and the potential for failure as
well as for epidemiological surveillance purposes (1, 2). Current phenotypic AST meth-
ods routinely incorporate a variety of solid and liquid culturing media to provide
nutrient conditions for the organism to be evaluated (3, 4).

The influence of medium composition on AST has been known for decades, result-
ing in several revisions to the manufacturing and preparation processes over the years.
For example, prior to the standardization of cation-adjusted Mueller-Hinton broth
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(caMHB), historic MHB contained only trace amounts of calcium and magnesium
cations, resulting in in vitro-in vivo discordance upon aminoglycoside susceptibility
testing of Pseudomonas aeruginosa. Data suggested that MHB required Ca2� and Mg2�

supplementation to attain physiologic levels, but this recommendation was revised to
match free, unbound cation concentrations after the use of total concentrations was
found to be suboptimal (5–8). In addition to concerns with aminoglycosides, suscep-
tibility testing with several antimicrobial agents, such as colistin/polymyxin B, dapto-
mycin, tigecycline, and cefiderocol, against certain bacterial strains has been shown to
be influenced by cation concentrations, requiring medium modifications (9–13).

We have previously evaluated the impact of zinc concentrations on mediating
metallo-�-lactamase (MBL) resistance (14). Relative to MICs determined in conventional
caMHB (BD BBL; Becton, Dickinson and Company, NJ, USA), those determined in
zinc-depleted broth (caMHB plus EDTA) provided better correlation with in vivo mero-
penem activity against MBL-harboring Enterobacteriaceae in an animal infection model
(14). While calcium and magnesium concentrations are standardized per CLSI and
EUCAST (ISO) guidelines and the medium is referred to as caMHB, zinc concentrations
have been shown to differ across different batches of media (11, 15–18). Given the
dependence of MBLs on zinc to hydrolyze �-lactams (19), understanding the impact of
differences in zinc concentration across different commercially available broths is
important to MBL AST and has significant implications for the clinic and drug devel-
opment.

To that end, the objectives of this study were (i) to determine the impact of utilizing
different brands and lots of commercially available MHB on antimicrobial susceptibility
testing of MBL-harboring Enterobacteriaceae and (ii) to evaluate the addition of various
EDTA concentrations to caMHB as a means of achieving zinc-limited media.

MATERIALS AND METHODS
Bacterial isolates. A total of 15 clinical Enterobacteriaceae (Escherichia coli, Klebsiella pneumoniae,

Enterobacter cloacae) isolates harboring a variety of �-lactamases, including MBLs (NDM [n � 7], VIM
[n � 3], and IMP [n � 2]) and serine-based carbapenemases (KPC [n � 3]), were utilized in the study.
Seven of these isolates were obtained from the FDA-CDC Antimicrobial Resistance Isolate Bank (AR
Isolate Bank, Atlanta, GA, USA). The remaining isolates were obtained from the Center for Anti-Infective
Research and Development (CAIRD) isolate repository. P. aeruginosa ATCC 27853 was tested as a quality
control strain as per CLSI recommendations (20). Isolates were maintained at �80°C in skim milk prior to
being subcultured twice on Trypticase soy agar with 5% sheep blood (BD Biosciences) and grown for 18
to 20 h at 37°C under 5% CO2.

Media and antimicrobial susceptibility. In vitro testing of susceptibility to meropenem was
compared using nine different commercial lots of dehydrated MHB from three manufacturers as follows:
Becton, Dickinson and Company, NJ, USA (BD BBL caMHB II; product no. 212322, lot no. 9141514 [lot A],
9239528 [lot B], and 9324795 [lot C]); Oxoid, Thermo Scientific, Basingstoke, United Kingdom (Oxoid;
product no. CM0405, lot no. 2472852 [lot D], 2871198 [lot E], and 2871200 [lot F]; and Sigma-Aldrich, St.
Louis, MO, USA (Sigma; product no. 90922, lot no. BCCB1508 [lot G], BCCC4989 [lot H], and BCCD4873 [lot
I]). All BD and Sigma MHB lots were purchased as cation-adjusted powders, while the three Oxoid MHB
lots required cation adjustment per CLSI recommendations (20 to 25 �g/ml calcium and 10 to 12.5 �g/ml
magnesium) (20).

Zinc-limited broth was prepared by aseptic addition of EDTA (Sigma-Aldrich, St. Louis, MO, USA;
product no. 324503, lot no. 3152151) to an aliquot of autoclaved BD, Oxoid, or Sigma caMHB. EDTA was
added to achieve final zinc concentrations of 3 �g/ml, 10 �g/ml, 30 �g/ml, 100 �g/ml, and 300 �g/ml,
resulting in a range (n � 5) of zinc-limited broths per caMHB lot.

Analytical-grade meropenem (Sigma-Aldrich, St. Louis, MO, USA; lot no. LRAB7853) was utilized for
susceptibility testing (MIC tray range, 0.06 to 64 �g/ml). Meropenem MIC values were determined in
triplicate and concurrently for each lot of conventional caMHB and zinc-limited media using the broth
microdilution methodology outlined by CLSI, and modal MICs were reported (20). The relationship
between MICs and broth (conventional and zinc limited) was evaluated. MIC values were log2 trans-
formed so that a 1-unit increment in log value on the graph corresponds to a doubling of the MIC.

Measurement of zinc concentrations. The zinc concentration in each lot of conventional caMHB
was measured in triplicate by inductively coupled plasma mass spectrometry (ICP-MS). ICP-MS analysis
was performed by PureHoney Technologies (Billerica, MA), using an Agilent 7500 CE instrument (Agilent
Technologies, USA) with a lower limit of detection of 0.002 �g/ml.

RESULTS
Comparison of MIC values across distinct lots of commercial caMHB. Suscepti-

bility tests were performed for all clinical isolates across nine distinct lots of caMHB
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(Table 1). All 12 MBL-harboring Enterobacteriaceae demonstrated in vitro resistance to
meropenem in each lot of BD (MIC range, 16 to �64 �g/ml) and Oxoid (MIC range, 4
to �64 �g/ml) broth. MIC values for each isolate were similar (�1 log2 dilution) across
the three lots purchased from BD and from Oxoid. In contrast, there was marked MIC
variation between the lots from Sigma; MICs ranged from 0.25 to 64 �g/ml, 2 to
�64 �g/ml, and 4 to �64 �g/ml in lots G, H, and I, respectively. As a result, several MBL
isolates tested as susceptible or intermediate per CLSI and EUCAST criteria. For exam-
ple, KP 470 (VIM-1) was either susceptible, intermediate, or resistant to meropenem
depending on the caMHB brand and lot utilized. Overall, MIC values were elevated and
consistent between lots from BD and Oxoid, while lot-to-lot variation was observed
with caMHB from Sigma. In addition, there was a trend toward lower MICs among
VIM-harboring isolates than among isolates harboring NDM and IMP subtypes, irre-
spective of the caMHB lot utilized and suggestive of different zinc sensitivities.

To serve as controls, serine carbapenemase-harboring isolates were examined. All
three KPC isolates were meropenem resistant and resulted in similar MIC values (�1
log2 dilution) across all nine caMHB lots and manufacturer brands. P. aeruginosa ATCC
27853 was utilized as a quality control strain and was consistently within an acceptable
susceptibility testing range across all lots.

Zinc concentrations. Samples of BD, Oxoid, and Sigma conventional caMHB utilized
in the AST studies were assayed to determine total zinc concentrations (Table 2). Zinc
concentrations were highest among the lots purchased from BD, approximately 3- to
4-fold higher than zinc concentrations in Oxoid and Sigma lots. Zinc concentrations
were generally comparable between lots from each caMHB manufacturer.

Impact of EDTA on distinct lots of commercial MHB. Because the utility of EDTA
in creating zinc-limited media depends on initial total zinc availability, we evaluated the
impact of the addition of fixed amounts of EDTA on different lots of caMHB. In vitro
susceptibility testing of meropenem was conducted in a variety of zinc-limited media,
reflecting the addition of EDTA to all nine distinct lots in order to assess MIC variability
among MBL- and KPC-harboring isolates (Fig. 1). Across all isolates, the impact of EDTA

TABLE 1 Genotypic and phenotypic profiles of MBL- and serine carbapenemase-producing isolates determined in different commercial
lots of cation-adjusted Mueller-Hinton broth

Isolate ID (�-lactamase[s])a

MIC (�g/ml) of meropenem determined in caMHB from:

BD Oxoid Sigma

Lot A Lot B Lot C Lot D Lot E Lot F Lot G Lot H Lot I

EC 492 (NDM-1, CTX-M-3, TEM) �64 �64 �64 �64 64 64 2 64 32
ECL 101 (NDM-1, LAP-2, ACT-17, TEM-1) �64 �64 �64 �64 �64 64 8 64 64
KP 593 (NDM-1, SHV-11, CTX-M-15, OXA-1) 64 64 64 32 32 16 0.5 2 4
ECL 163 (NDM-6, SHV-12, TEM-OSBL, CTX-M-15) �64 �64 �64 64 64 64 8 32 32
KP 667 (NDM-1, CTX-M-15, OXA-1, TEM-1B)b �64 �64 �64 64 64 64 4 16 64
EC 677 (NDM-5, CTX-M-15) �64 �64 �64 �64 �64 64 64 �64 �64
KP 880 (NDM-7, SHV-12, TEM-OSBL, CTX-M-15) 64 �64 �64 �64 �64 64 32 64 �64
KP 470 (VIM-1) 64 64 64 8 8 4 0.25 2 4
KP 655 (VIM-1, OXA-9, SHV-12, TEM-1A)c 32 32 64 16 8 8 0.5 8 16
KP 682 (VIM-1, SHV-30)d 32 32 32 16 16 8 1 16 16
KP 474 (IMP-26) 64 64 64 64 64 32 32 64 64
KP 684 (IMP-4, OKP-B-2, OXA-1, SFO-1, TEM-1B)e 32 32 16 16 16 16 16 16 32
KP 651 (KPC-2, TEM-1D)f 64 64 64 64 64 64 64 64 64
KP 652 (KPC-3, OXA-9, TEM-1B)g 64 64 64 64 64 32 64 64 64
EC 548 (KPC-3, OXA-9, TEM-1A)h 8 8 16 8 16 8 8 8 16
aIsolate IDs begin with EC for E. coli, with KP for K. pneumoniae, and with ECL for E. cloacae. Isolate identification and corresponding meropenem MIC values as
provided by the FDA-CDC Antimicrobial Resistance Isolate Bank for KP 667, KP 655, KP 682, KP 684, KP 651, KP 652, and EC 548 are listed in footnotes b to h.

bAR Bank no. 0158 (MIC, �8 �g/ml).
cAR Bank no. 0135 (MIC, 8 �g/ml).
dAR Bank no. 0076 (MIC, 4 �g/ml).
eAR Bank no. 0080 (MIC, 4 �g/ml).
fAR Bank no. 0120 (MIC, �8 �g/ml).
gAR Bank no. 0125 (MIC, �16 �g/ml).
hAR Bank no. 0061 (MIC, 4 �g/ml).
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on MICs was dependent on the lot, correlating with initial zinc availability. For example,
at an EDTA concentration of 3 �g/ml, MIC values in BD lots (i.e., lots with the highest
zinc concentrations) were unchanged, while substantial MIC reductions in Oxoid and
Sigma broth were observed. Of note, the impact of EDTA on MIC reduction was also
dependent on the MBL subtype. Indeed, at each EDTA concentration, the greatest
reductions in MIC values were observed for VIM-harboring isolates, followed by NDM-
and IMP-harboring isolates.

As expected, susceptibility testing in zinc-limited media had no impact on the serine
carbapenemase-harboring isolates (Fig. 2). All KPC isolates were highly resistant to
meropenem, with MIC values within a 1-fold dilution regardless of increasing concen-
trations of EDTA. No impact of EDTA was observed in the growth control wells for all
isolates. Furthermore, the quality control strain P. aeruginosa ATCC 27853 consistently
tested within the acceptable MIC range across all zinc-limited media, demonstrating no
inhibition by EDTA at the concentrations evaluated.

DISCUSSION

AST remains the cornerstone method for characterizing the in vitro relationship
between an organism and an antibiotic under a set of standardized conditions. To be
clinically meaningful, these conditions must be consistent and reproducible and must
represent the in vivo environment in which the antibiotic, pathogen, and host would
biologically interact. To that end, a set of harmonized and standardized guidelines exist
for AST, including criteria for inoculum size, incubation time, and cation composition
(specifically calcium and magnesium) (20). However, the current study confirms that the
zinc content of commercially available media varies and, most importantly, that these
differences in zinc concentration are of sufficient magnitude to result in different
classifications of susceptibility among MBL-harboring Enterobacteriaceae. MIC shifts
from resistant to intermediate/susceptible occurred in commercial lots with lower zinc
concentrations, a finding concordant with expectations that a reduction in zinc cations
available to MBL-harboring organisms mediates the magnitude of antimicrobial resis-
tance. Notably, MIC variability in Sigma broth also suggests that as we approach lower
zinc concentrations, noncationic broth components may impact susceptibility results.

To provide in vivo relevance, the isolates evaluated in this study were selected from
clinical isolates utilized in previous studies of animal models infected with MBL- or
KPC-harboring organisms (14, 21). In those studies, MBL-harboring isolates demon-
strated in vitro meropenem resistance (MICs, 16 to �64 �g/ml) in conventional caMHB
and in vitro susceptibility (MICs, �0.06 to 1 �g/ml) in two different types of zinc-
depleted broth (EDTA broth and Chelex broth). In the corresponding animal infection
model, meropenem showed no efficacy against KPC-harboring isolates that served as
study controls while demonstrating �1-log bacterial killing of MBL-harboring isolates
(14, 21). A similar magnitude of kill was observed for wild-type isolates, with mero-

TABLE 2 Total concentrations of zinc in commercial lots of cation-adjusted Mueller-Hinton
broth

caMHB manufacturer and lot Total zinc concn (�g/ml)

BD
Lot A 1.181 � 0.034
Lot B 1.318 � 0.095
Lot C 1.262 � 0.077

Oxoid
Lot D 0.333 � 0.007
Lot E 0.400 � 0.005
Lot F 0.400 � 0.002

Sigma
Lot G 0.282 � 0.013
Lot H 0.371 � 0.005
Lot I 0.244 � 0.007
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penem MICs of �0.06 to 0.5 �g/ml (22, 23), suggesting that MICs for MBL-harboring
isolates in conventional caMHB do not reflect the in vivo pharmacodynamic profile.

Lessons learned from the early development of AST methodology indicate that
achieving physiologic free, unbound cation concentrations in media provides in vitro-in
vivo parity (8). While total zinc concentrations in human serum range from 0.6 to
1.4 �g/ml, protein binding has been reported to be about 80 to 90%, effectively
reducing the amount of zinc freely available to interact with cells (24–28), and in
contrast to what is observed for Ca2� and Mg2� (i.e., macrominerals), the concentra-
tions of free zinc (a trace mineral) are further reduced during an acute infection or
inflammation (14, 29–31). The importance of these host factors cannot be overempha-
sized, as demonstrated in direct-from-blood-culture carbapenemase detection assays,

FIG 1 Differences in meropenem MIC reduction among MBL-harboring Enterobacteriaceae upon the addition of EDTA to nine commercial lots of cation-adjusted
Mueller-Hinton broth. Each data point represents a modal MIC (a minimum of 3 MIC replicates).
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where zinc has to be added to blood to improve MBL detection, further reinforcing the
evidence that free zinc concentrations are low in vivo (32). Unsurprisingly, in the
blood-modified carbapenem inactivation method assay, zinc supplementation is not
required, given the extra dilution step in tryptic soy broth (33). Undoubtedly, reducing
supraphysiologic zinc concentrations in media to match free physiologic concentra-
tions will result in clinically relevant MBL AST results. To further highlight AST discrep-
ancies, meropenem MIC values as reported by the FDA-CDC AR Isolate Bank for three
of the four MBL-harboring CDC isolates included in this study are lower than the
majority of the MICs we generated (Table 1), suggesting that without rapid molecular
testing, MBL-harboring isolates are currently being treated solely on the basis of MICs
that can potentially span all three susceptibility classifications.

Our findings therefore challenge the appropriateness of commercial caMHB as a
means of characterizing MBL resistance, without zinc content standardization. The
nonphysiologic zinc concentrations and inconsistent brand-to-brand performance of
the caMHB lots have significant implications for clinical microbiology and drug devel-
opment laboratories that perform MBL AST and in vitro time-kill assays. The composi-
tions of media within commercial microdilution systems and rapid automated methods
will require similar examination and standardization to provide results consistent with
those obtained by the reference broth microdilution standard (once optimized to
mimic in vivo free zinc concentrations). In addition, the CLSI-recommended zinc con-
centration target (0.5 to 1 mg/liter) of iron-depleted, cation-adjusted Mueller-Hinton
broth may require revision, since this target was based on zinc concentrations present
in broth before cation depletion, and no formal studies were conducted (34). Robust
clinical and microbiological studies are certainly needed to determine the ideal zinc
concentration range appropriate for MBL AST. The impact of zinc content and medium
components on other clinically relevant MBL-harboring bacterial species, MBL variants,
and �-lactam antimicrobials also warrants investigation.

Zinc variations have implications for the development of zinc-limited media.
Through resin binding and subsequent resupplementation with cations, the Chelex
methodology for zinc reduction as described previously would be optimal (14); how-
ever, because EDTA is more frequently utilized as a means to reduce zinc availability for
the evaluation of MBL activity, we also assessed the impact of the addition of fixed
amounts of EDTA on the different lots of caMHB. EDTA sequesters several metal cations,
including zinc, and influences the ratio of total to free cation without changing the total
amount of cation in the medium. For each MBL-harboring isolate, the same amount of
EDTA resulted in varied reductions in the MIC in the different lots of caMHB, indicative
of different baseline zinc concentrations in each lot. It is worth noting that while MICs
in zinc-limited media with high EDTA concentrations (i.e., 100 and 300 �g/ml) appear
to plateau at 0.06 �g/ml, this is a function of the range of MICs (64 to 0.06 �g/ml) tested
on the broth microdilution tray; thus, MIC values could potentially be lower. Nonethe-
less, reductions in MIC values appear to mirror reductions in freely available zinc
concentrations in each of the lots, and for the majority of the MBL isolates evaluated,

FIG 2 Differences in meropenem MIC reduction among serine carbapenemase-harboring Enterobacteriaceae upon the addition of EDTA to nine commercial lots
of cation-adjusted Mueller-Hinton broth. Each data point represents a modal MIC (a minimum of 3 MIC replicates).
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the clinically relevant restoration of meropenem susceptibility was observed at EDTA
concentrations of �30 �g/ml. Other broth manufacturers, unfortunately, should be
assumed to have different concentrations of zinc, and if these are higher than the
concentrations observed in this study, they may require a different EDTA concentration
to reproduce a zinc-limited environment.

It is also worth noting that the sequestration of other cations by EDTA is expected
to impact the testing of susceptibility to specific drugs, i.e., tetracyclines and aminogly-
cosides; thus, this zinc-limiting approach should be limited to �-lactam susceptibility
testing of MBL-harboring organisms until future studies suggest otherwise. We ac-
knowledge the practical challenge of not being able to measure zinc in zinc-limited
media in this study; ICP-MS analyses provide data on the total amount of zinc in the
media and cannot distinguish between EDTA-bound zinc and zinc that is freely
available to organisms (35, 36). Finally, a decision on the clinical relevance of MBL-
harboring Enterobacteriaceae demonstrating susceptibility to meropenem must await
supporting data from preclinical pharmacokinetic-pharmacodynamic and clinical out-
come studies.

Conclusion. In summary, these data demonstrate that variations in the zinc content
of commercially available caMHB significantly influence MBL AST and the development
of zinc-limited media using EDTA. As evidence of carbapenem efficacy against MBL-
harboring Enterobacteriaceae in animal infection models continues to mount (14, 37,
38), a harmonized consensus on the appropriate amount of zinc that culture media
should contain will be paramount to optimizing current antimicrobial agents and the
development of novel therapeutics.
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