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sistance to these compounds among L. monocytogenes isolates
that successfully colonize the processing plants and that subsequently become transferred to foods through postprocessing
recontamination of the products. It is therefore important to
investigate the resistance of L. monocytogenes from the foodprocessing plant environment to BC and other QACs. Only a few
studies, primarily in Europe, have investigated BC resistance in L.
monocytogenes from the environment of food (primarily seafood)processing plants (1, 28). Thus, limited information is currently
available on BC resistance in isolates from diverse types of processing plants, especially in the United States.
Studies with L. monocytogenes isolates implicated in the
1998–1999 hot dog-related outbreak in the United States (2)
revealed that some of the isolates were resistant to BC (26).
Investigations in our laboratory have shown that BC-resistant
strains from this outbreak were also resistant to the heavy
metal cadmium and that the resistance determinants were harbored on a large (ca. 80-kb) plasmid (7), identified through the
genome sequencing of one of the strains, H7858 (23). Resistance to heavy metals, especially cadmium and arsenic, has
been extensively used for strain-subtyping purposes in L.
monocytogenes (10, 20, 31), and cadmium resistance has been
found to be associated with a transposon (Tn5422) commonly
harbored on plasmids (16, 18). However, no information has
been available on possible associations between BC resistance
and resistance to heavy metals in L. monocytogenes from the
processing-plant environment. In this study, we investigated
the prevalence of resistance to BC, and to the heavy metals
cadmium and arsenic, among L. monocytogenes isolates from
the environments of several turkey-processing plants in the
United States.

Listeria monocytogenes causes listeriosis, a relatively rare but
serious food-borne disease with symptoms such as stillbirths or
abortions, septicemia, and meningitis or encephalitis. It has a
high mortality rate (ca. 20%) for at-risk populations, which
include pregnant women and their fetuses, neonates, and those
who are elderly and/or immunocompromised (25). Strains of
three serotypes (1/2a, 1/2b, and 4b) are associated with most
human listeriosis cases. A substantial fraction of sporadic cases
and the majority of food-borne outbreaks are due to serotype
4b strains (12, 25). However, strains of serotype 4b tend to be
underrepresented in foods, and the majority of food isolates
are of serotype 1/2a or 1/2b (11, 14, 27). The environment of
food-processing plants is considered to play a key role in contamination of processed ready-to-eat foods, and substantial
evidence points to the ability of certain strains to colonize the
processing-plant environment and to persist there, frequently
over extended periods of time (for reviews, see references 12
and 13).
Benzalkonium chloride (BC) and other quaternary ammonium compounds (QACs) are extensively used as disinfectants
in the food-processing industry (19, 22). Frequent use of BC
and other QACs in food-processing plants may constitute a
selective pressure for the emergence and establishment of re-
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The resistance of Listeria monocytogenes to cadmium and arsenic has been used extensively for strain
subtyping. However, limited information is available on the prevalence of such resistance among isolates from
the environment of food-processing plants. In addition, it is not known whether the resistance of such isolates
to heavy metals may correlate with resistance to quaternary ammonium compounds extensively used as
disinfectants in the food-processing industry. In this study, we characterized 192 L. monocytogenes isolates (123
putative strains) from the environment of turkey-processing plants in the United States for resistance to
cadmium and arsenic and to the quaternary ammonium disinfectant benzalkonium chloride (BC). Resistance
to cadmium was significantly more prevalent among strains of serotypes 1/2a (or 3a) and 1/2b (or 3b) (83% and
74%, respectively) than among strains of the serotype 4b complex (19%). Resistance to BC was encountered
among 60% and 51% of the serotype 1/2a (or 3a) and 1/2b (or 3b) strains, respectively, and among 7% of the
strains of the serotype 4b complex. All BC-resistant strains were also resistant to cadmium, although the
reverse was not always the case. In contrast, no correlation was found between BC resistance and resistance
to arsenic, which overall was low (6%). Our findings suggest that the processing environment of turkeyprocessing plants may constitute a reservoir for L. monocytogenes harboring resistance to cadmium and to BC
and raise the possibility of common genetic elements or mechanisms mediating resistance to quaternary
ammonium disinfectants and to cadmium in L. monocytogenes.
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MATERIALS AND METHODS
Bacteria and growth conditions. The 192 L. monocytogenes isolates used in this
study were from our laboratory’s Listeria strain collection and are listed by
serotype in Tables S1 to S3 in the supplemental material. Of the 192 isolates, 80
were of serotype 1/2a (or 3a), 46 of 1/2b (or 3b), 13 of 1/2c (or 3c), and 53 of the
serotype 4b complex (serotype 4b, 4d, and 4e). The isolates were obtained
between 2003 and 2006, as described previously (6), from selective enrichments
of environmental samples from six different turkey-processing plants in the
United States, with the majority being derived from three plants, A (n ⫽ 133), B
(n ⫽ 28), and C (n ⫽ 14) (see Tables S1 to S3 in the supplemental material). The
description of the results of this survey regarding the prevalence of L. monocytogenes (including different serotypes and genomic fingerprints) and other Listeria spp. in the plants throughout the survey period will be published elsewhere.
Serotype designations were determined by multiplex PCR as described earlier
(5), and the genotypic characterization of several isolates of the serotype 4b
complex was described previously (6). The serotyping scheme that was employed
determined that the isolates were of serotype 1/2a (or 3a), 1/2b (or 3b), or 1/2c
(or 3c) or of the serotype 4b complex (4b, 4d, and 4e) (5).
Of these 192 isolates, 87 were derived from multiple (2 to 10) colonies obtained from selective enrichments of 18 different samples (see Tables S1 to S3 in
the supplemental material). When isolates representing multiple colonies from
the same enrichment shared the same serotype, the same heavy-metal and BC
susceptibility profile, and, when known, the same genomic fingerprints based on
pulsed-field gel electrophoresis with AscI and ApaI done as described previously
(6), only one isolate was included to determine the prevalence of resistance to
BC, cadmium, and arsenic. This was done in order to avoid possible bias stemming from inclusion of multiple isolates representing the same strain and sharing
the same susceptibility profiles. Thus, a total of 123 strains, including 53 of
serotype 1/2a (or 3a), 39 of 1/2b (or 3b), 27 of the 4b complex, and 4 of 1/2c (or
3c), were used for evaluations of the prevalence of resistance to cadmium, BC,
and arsenic (see Tables S1 to S3 in the supplemental material). L. monocytogenes
H7550, a cadmium- and BC-resistant strain of serotype 4b from the 1998–1999
hot dog-related multistate outbreak (2), and L. monocytogenes J1735, a cadmiumand BC-susceptible strain of serotype 4b from the 2002 turkey delicatessen
meat-related multistate outbreak (3), were used as positive and negative controls, respectively, for both cadmium and BC resistance. L. monocytogenes J2213
(an arsenic-resistant serotype 4b sporadic clinical isolate; 2002) was used as a
positive control for arsenic resistance. These three strains were provided by the
Centers for Disease Control and Prevention (Atlanta, GA) and were chosen based
on previous results obtained in our laboratory. The bacteria were routinely grown on
blood agar plates containing 5% sheep blood (Remel, Lenexa, KS) at 37°C for 36 h,

and long-term storage was at ⫺80°C in brain heart infusion (Becton Dickinson and
Co., Sparks, MD) with 20% glycerol (Fisher Scientific, Fairlawn, NJ).
Determination of heavy-metal and quaternary-compound resistance. A single
colony (ca. 1- to 2-mm diameter) from a blood agar plate culture was suspended
in 100 l of tryptic soy broth (Becton Dickinson and Co.). To determine resistance to cadmium, 3 l of the suspension was spotted in duplicate onto isosensitest agar (ISA) (Oxoid, Basingstoke, England) (control) and ISA containing 70
g/ml cadmium chloride anhydrous (Sigma, St. Louis, MO). The medium and
concentration were based on those employed by McLauchlin et al. (75 g/ml of
cadmium chloride monohydrate) (20). For determination of resistance to arsenic, the cell suspension (3 l) was spotted in duplicate on ISA containing 500
g/ml sodium arsenite (Fluka, Buchs, Steinheim, Germany) (20). To determine
resistance to BC, the cell suspensions were spotted in duplicate on MuellerHinton agar (Mueller Hinton broth with 1.2% Bacto agar (Becton Dickinson and
Co.), containing 10 g/ml benzalkonium chloride (Acros, New Jersey) and 2%
defibrinated sheep blood (BBL, Sparks, MD). This concentration of BC (10
g/ml) was selected after evaluating the MICs for a panel of strains, including
those reported to be BC resistant and BC susceptible (26), following the protocol
of Soumet et al. (28). Each plate contained the panel of test strains, as well as the
designated positive and negative control strains. The plates were incubated at
37°C for 48 h, and the quantity of growth on the test plates was compared with
that on the control ISA plates.
Statistical analysis. Statistical analysis was done using chi-square tests through
SAS (version 9.1.3; SAS Institute, Cary, NC).

RESULTS
The prevalence of resistance to BC, cadmium, and arsenic
was evaluated based on the data for the population of 123
strains obtained following exclusion of isolates from multiple
colonies from enrichments of the same sample and harboring
the same serotype, susceptibility profile, and (when known)
genomic fingerprint. Resistance to cadmium and to BC was
frequently encountered in this population; it was detected in 81
(66%) and 57 (46%), respectively, of the 123 strains. In contrast, resistance to arsenic was much less common, being detected in only seven (6%) of the strains (Fig. 1). All 57 BCresistant strains were also resistant to cadmium, although the
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FIG. 1. Prevalence of resistance to cadmium, BC, and arsenic among isolates of L. monocytogenes of different serotypes from the
environment of turkey-processing plants. Resistance and susceptibility were determined as described in Materials and Methods. Cd-R,
cadmium resistant; BC-R, BC resistant; As-R, arsenic resistant; Cd-R, BC-S, resistant to cadmium but susceptible to BC; Cd-R, BC-R,
resistant to both cadmium and BC.

1466

MULLAPUDI ET AL.

APPL. ENVIRON. MICROBIOL.

TABLE 1. Prevalence of resistance to cadmium, BC, and arsenic in isolates of L. monocytogenes of different serotypes and
from different turkey-processing plants
No./total (%) or % of serotype resistant toa:
Plant (n)

Serotype 1/2a, 3a

Serotype 1/2b, 3b

Serotype 4b

Serotype 1/2c, 3c

Total

Cd

BC

As

Cd

BC

As

Cd

BC

As

Cd

BC

As

Cd

BC

As

A (75)
B (28)
C (14)
D-F (6)

38/38
1/2
0/8
5/6

31/38
0/2
0/8
1/6

0/38
0/2
0/8
3/6

23/26
3/10
2/2
1/6

18/26
0/10
1/2
1/6

0/26
0/10
0/2
0/6

1/9
4/16
0/2
NA

1/9
1/16
0/2
NA

0/9
4/16
0/2
NA

2/2
NA
1/2
NA

2/2
NA
1/2
NA

0/2
NA
0/2
NA

64/75 (85)
8/28 (29)
3/14 (21)
6/6 (100)

52/75 (69)
1/28 (4)
2/14 (14)
2/6 (33)

1/75 (1)
4/28 (14)
0/14 (0)
3/6 (50)

Total
%

44/53
83

32/53
60

3/53
6

29/39
74

20/39
51

0/39
0

5/27
19

2/27
7

4/27
15

3/4
75

3/4
75

0/4
0

81/123
66

57/123
46

7/123
6

Cd, cadmium; As, arsenic. NA (not applicable), no isolates of the indicated serotype were available from the indicated processing plant.

reverse was not the case; 30% of the 81 cadmium-resistant
strains were susceptible to BC. Furthermore, all seven arsenicresistant strains were also resistant to cadmium (but only one
of the seven was also resistant to BC). Thus, only 1 of the 123
strains was found to be resistant to all three compounds.
The prevalence of resistance to BC, cadmium, and arsenic
varies noticeably among serotypes. The prevalence of L.
monocytogenes with cadmium resistance was much higher in
serotypes 1/2a (or 3a) (83%) and 1/2b (or 3b) (74%) than in
the serotype 4b complex (19%) (P ⬍ 0.0001) (Fig. 1 and Table
1). The prevalence of BC resistance was also significantly
higher in strains of serotypes 1/2a (or 3a) and 1/2b (or 3b)
(60% and 51%, respectively) than in those of the serotype
4b complex (7%) (P ⬍ 0.0002 for 1/2a [or 3a] versus the 4b
complex and P ⬍ 0.0013 for 1/2b [or 3b] versus the 4b complex). Simultaneous resistance to BC and cadmium was frequent
among serotype 1/2a (or 3a) and 1/2b (or 3b) strains (60 and 51%,
respectively), with all BC-resistant organisms also being resistant
to cadmium, as mentioned above. The prevalences of strains
resistant to cadmium but susceptible to BC in serotype 1/2a (or
3a) and 1/2b (or 3b) were similar (ca. 23%) (Fig. 1).
In contrast to the results with resistance to cadmium and
BC, resistance to arsenic was found more frequently in strains
of the serotype 4b complex (15%) than in those of serotypes 1/2a
(or 3a) (6%) and 1/2b (or 3b) (not detected). The sole strain
among the entire collection that was coresistant to all three compounds (strain 1497) indeed belonged to the serotype 4b complex.
Resistance to arsenic was encountered in only 3 of the 53 serotype
1/2a (or 3a) strains and was not detected among any of the 39
strains of serotype 1/2b (or 3b) (Fig. 1 and Table 1).
Plant-specific prevalence of resistance to BC, cadmium, and
arsenic. Even though L. monocytogenes isolates were obtained
from six plants, the majority were derived from three plants (A,
B, and C) (Table 1). Analysis of resistance prevalence data
from these three plants revealed significant differences. The
prevalence of BC resistance was higher among strains from
plant A (69%) than among those from plants B and C (4% and
14%, respectively) (P ⬍ 0.0001 for A-B and P ⫽ 0.0012 for
A-C). Differences were noted in the prevalence of resistance to
cadmium (85, 29, and 21% in strains from plants A, B, and C,
respectively) (P ⬍ 0.0001). Interestingly, arsenic resistance was
found only among plant B strains (14%) and among strains
from some of the other plants, but not among any of the strains
from plant A or C (Table 1).

The prevalence of BC resistance among strains of the same
serotype also varied noticeably among plants. BC resistance
was more prevalent in serotype 1/2a (or 3a) and 1/2b (or 3b)
strains from plant A (82% and 69%, respectively) than in
strains of these serotypes obtained from other plants (excluding plants yielding ⬍5 isolates). Similar plant-specific effects
were observed in the prevalence of resistance to cadmium in
serotype 1/2a (or 3a) and 1/2b (or 3b) strains (Table 1). This
was especially pronounced in the case of serotype 1/2a (or 3a)
strains from plant C, which were uniformly susceptible to cadmium and constituted the majority (eight of nine) of the cadmium-susceptible strains of this serotype (the other one was a
single strain from plant B) (Table 1). Similarly, cadmium resistance was noticeably lower in serotype 1/2b (or 3b) strains
from plant B than in those from plant A (P ⫽ 0.0018), and
plant B isolates contributed the majority (7/10) of the cadmiumsusceptible strains of serotype 1/2b (or 3b) (Table 1).
Plant-specific trends in BC resistance were difficult to detect
in strains of the serotype 4b complex, due to the low overall
prevalence of BC resistance in these strains; only one strain
from plant A (1/9) and one from plant B (1/16) were resistant
to BC (see Table S3 in the supplemental material). Resistance
to cadmium was also low overall among strains of this serotype,
regardless of the plant of origin. However, strains from plant B
were more likely to be resistant to this heavy metal (25%) than
those from plant A (11%) (Table 1).
None of the serotype 1/2a (or 3a) and 1/2b (or 3b) strains
from plant A, B, or C were resistant to arsenic. Arsenic-resistant strains of serotype 1/2a (or 3a) were obtained only from
plant D (two of three strains) and plant E (one of two strains),
but the small total numbers of strains from these plants compromised the ability to identify plant-specific trends. None of
the serotype 1/2b (or 3b) isolates were resistant to arsenic,
regardless of the plant of origin. A possible plant-specific contribution was identified in strains of the serotype 4b complex,
since all four arsenic-resistant strains of this serotype were
derived from one facility (plant B) (see Table S3 in the supplemental material).
DISCUSSION
Resistance to heavy metals (especially cadmium and arsenic)
has been extensively employed as a strain-subtyping tool for L.
monocytogenes (10, 20, 31), but the possible role of such resis-
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complex that were investigated here may reflect the relatively
low propensity of serotype 4b strains to harbor plasmids. Earlier studies indicated that plasmids were more common in
serogroup l strains (35%) than in strains of serogroup 4 (15%)
(16). However, it must be kept in mind that at least two multistate outbreaks have involved serotype 4b strains with plasmid-borne cadmium resistance and, in the case of the 1998–
1999 strains, BC resistance as well (7, 23). Thus, resistance to
BC and cadmium, even though relatively rare overall in serotype 4b, may still represent an important adaptation for strains
implicated in food contamination and human illness.
Interestingly, our findings indicate that resistance to arsenic
was more prevalent in strains of the serotype 4b complex than
in other serotypes. Similar findings were reported with food
and clinical strains in earlier studies (20). Such findings suggest
that serotype 4b strains may have a fitness advantage in habitats with arsenic contamination. It is noteworthy that, in addition to natural and industrial sites with heavy-metal contamination, the arsenic burden is also likely to be elevated in
conventional, intensive poultry production systems due to the
frequent administration of organoarsenates (e.g., roxarsone) as
coccidiostatic agents (4). This may represent a previously unrecognized selective pressure for serotype 4b strains in such
environments and is worthy of further investigation.
Arsenic resistance was not encountered among any of the
serotype 1/2b (or 3b) strains that we investigated, and in other
studies, it was also found to be rather rare in food and clinical
strains of serotype 1/2b (20). This is intriguing, considering the
fact that 1/2b and 4b strains are members of the same evolutionary branch within L. monocytogenes (12, 32). Further studies are needed to identify possible barriers to acquisition of
arsenic resistance determinants by strains of serotype 1/2b and
to characterize dissemination mechanisms for arsenic resistance in L. monocytogenes.
In this study, surveys of different plants suggested heterogeneity in the prevalence of resistance to the compounds that
were tested. For instance, serotype 1/2a (or 3a) strains from
plant C were uniformly susceptible to BC and cadmium and in
fact were the major contributors to the average estimates for
susceptibility to cadmium and BC among strains of this serotype. Accurate determinations of plant-specific impacts on
prevalence were compromised by the fact that the numbers of
strains from the different plants were variable, and in several
cases they were low (due to small numbers of L. monocytogenes-positive samples from some of the plants). Nonetheless,
the current data suggest the importance of including strains
from more than one plant, both for overall evaluations of
resistance prevalence and for evaluations of resistance among
strains of a specific serotype. Previously, a genotypic comparison of strains of the serotype 4b complex from two of the
plants (plants A and B) revealed plant-specific strains (6), and
similar preliminary data have been obtained with serotype 1/2a
(or 3a) and 1/2b (or 3b) strains (S. Mullapudi, R. M. Siletzky,
and S. Kathariou, unpublished results). The presence of plantspecific strain types has also been reported in other studies
focusing on different types of processing plants (8, 30). We are
currently investigating the possible associations between resistance to BC, cadmium, and arsenic and the apparent dissemination and persistence of the organism in the processing plant.
In one earlier study, strains repeatedly isolated from foods
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tance in the ecology of the bacterium in habitats of relevance
to food contamination, e.g., the food-processing environment
and foods themselves, has remained elusive. Substantial attention has been directed to attributes that may contribute to the
establishment and persistence of the pathogen in the environment of food-processing plants, including (but not limited to)
the abilities to form biofilms, to colonize surfaces, and to resist
disinfectants (13). However, possible correlations between
heavy-metal resistance and disinfectant resistance in L. monocytogenes have not been recognized. The findings from this
study provide for the first time, to our knowledge, strong evidence that in L. monocytogenes from the processing-plant environment resistance to the quaternary ammonium disinfectant
BC is strongly correlated with resistance to the heavy metal
cadmium. Without exception, all isolates found to be BC resistant were also resistant to cadmium. However, ca. 30% of
cadmium-resistant strains lacked resistance to BC, suggesting
that cadmium and BC resistance were not always linked.
The molecular mechanisms responsible for BC resistance
always being accompanied by resistance to cadmium remain
unknown at this time. Genetic studies have shown that efflux
systems mediating resistance to cadmium are associated with a
transposable element (Tn5422) frequently harbored on plasmids (16–18). Genome-sequencing studies have revealed additional cadmium efflux systems on plasmids pLM80 of L.
monocytogenes H7858 (23) and pLI100 of Listeria innocua
CLIP 11262 (9) and, in the case of L. monocytogenes strain
EGDe, on the chromosome (9). Preliminary studies in our
laboratory suggested that BC resistance is also mediated by a
plasmid-borne efflux system (7), even though chromosomal
genes involved in multidrug resistance have also been implicated in acquired resistance to this disinfectant (21, 26). One
may speculate that the strains characterized in the current
study acquired BC resistance determinants in addition to preexisting cadmium resistance plasmids. Such plasmids have
been identified before in L. monocytogenes, especially in serogroup 1/2 (16). Since selective pressure for BC resistance may
be relatively recent, this may account for such resistance always
being accompanied by the earlier acquired trait of resistance to
cadmium.
In this study, resistance of L. monocytogenes to BC (51 to
60%) was significantly more prevalent than observed in previous studies (10% or lower) (1, 21). The high prevalence of BC
resistance and cadmium resistance (74 to 83%) observed in the
current study in strains of serotype 1/2a (or 3a) and 1/2b (or 3b)
is significant, considering that strains of these serotypes make
a major contribution to the environmental L. monocytogenes
burden in processing plants. Overall, serotype 1/2a (or 3a) and
1/2b (or 3b) were recovered from 48% and 39%, respectively,
of the L. monocytogenes-positive samples from the turkey-processing plants from which the strains investigated here were
derived (R. M. Siletzky and S. Kathariou, unpublished findings). Similar predominance of strains with these serotypes
from processing-plant environmental samples has been reported by others, as well (15, 24, 28, 29). Earlier studies also
reported that resistance to cadmium in food and clinical strains
of serotypes 1/2a and 1/2b was significantly higher than in
serotype 4b strains (20).
One may speculate that the lower prevalence of BC and
cadmium resistance among the isolates of the serotype 4b
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were found to be more likely to be resistant to cadmium than
sporadic strains (10).
In conclusion, investigation of strains from turkey-processing plants has revealed a previously unidentified correlation
between resistance to the quaternary ammonium disinfectant
BC and to the heavy metal cadmium. Concurrent resistance to
these agents was common in serogroup 1/2 strains from some
plants, whereas resistance to arsenic was most commonly encountered in strains of the serotype 4b complex. Further studies are needed to characterize the underlying resistance mechanisms and to evaluate the possible impact of such resistance
attributes on the ecology and adaptations of L. monocytogenes
isolates that contaminate the environment of these and other
food-processing plants.
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