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ORIGINAL ARTICLE

Resistance to Zinc and Cadmium in Staphylococcus aureus
of Human and Animal Origin

Rajeshwari Nair, MPH;'? Dipendra Thapaliya, MPH;® Yutao Sw;' Tara C. Smith, PhD'"?

OBJECTIVE. Studies conducted in Europe have observed resistance to trace metals such as zinc chloride and copper sulfate in livestock-
associated Staphylococcus aureus. This study was conducted to determine the prevalence of zinc and cadmium resistance in S. aureus isolated
in the United States.

DESIGN. Cross-sectional study of convenience sample of S. aureus isolates.

pARTICIPANTS. Three hundred forty-nine S. aureus isolates, including methicillin-resistant S. aureus (MRSA) and methicillin-susceptible
S. aureus (MSSA) obtained from human, swine, and retail meat were included in the sample set.

METHODS. Polymerase chain reaction was used to test for the presence of genes for zinc and cadmium resistance (czrC), methicillin
resistance (mecA), and staphylococcal complement inhibitor (scn). Antibiotic susceptibility of isolates was tested using the broth microdilution
method. Data were analyzed using the multivariable logistic regression method.

RESULTS. Twenty-nine percent (102/349) of S. aureus isolates were czrC positive. MRSA isolates were more likely to be czrC positive
compared to MSSA (MRSA ¢zrC positive: 12/61, 19.6%; MSSA czrC positive: 12/183, 6.6%). After adjustment for oxacillin and clindamycin
susceptibility in analysis, multidrug-resistant S. aureus was observed to have low odds of being czrC positive (P = .03). The odds of being
czrC positive were observed to be significantly high in tetracycline-resistant S. aureus isolated from noninfection samples (P = .009) and
swine (P < .0001).

CONCLUSIONS. Resistance to zinc and cadmium was observed to be associated with MRSA, a finding consistently observed in European
studies. Prolonged exposure to zinc in livestock feeds and fertilizers could propagate resistance to the metal ion, thereby hindering use of

zinc-based topical agents in treating S. aureus infections.
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Methicillin-resistant Staphylococcus aureus (MRSA) was first
identified among hospitalized patients and considered to be
predominantly acquired nosocomially for almost 3 decades.’
MRSA infections originating in the community have been
reported to be a common occurrence after the bacteria’s ap-
pearance in the United States.” MRSA strains of clonal com-
plex 5 (CC5) and CC8 are identified to be the largest and
most diverse. In addition, many other MRSA clones are ob-
served to be in circulation worldwide.>* CC398 has emerged
as an important colonizer mainly among food-producing an-
imals, particularly swine, and in humans reporting close con-
tact with these animals (designated livestock-associated
MRSA [LA-MRSA]).>* Studies on LA-S. aureus (LA-SA) have
also observed infections due to both MRSA and methicillin-
susceptible S. aureus (MSSA) CC398 in humans and ani-
mals.”® Additionally, studies conducted in Europe’ and the
United States™ have suggested retail meat to be a potential

vehicle for MRSA CC398. However, prevalence and the type
of meat contaminated with CC398 may vary by geography.

Previous studies have hypothesized that tetracycline use in
the animal industry may function as a driving force in the
emergence of the MRSA CC398 sequence type.'"'? Subsequent
research suggested that resistance to antimicrobial metals may
be a larger driver of antibiotic resistance than use of specific
antimicrobials, as animals are frequently fed supplements
containing metal products.*" This is particularly noted for
metals such as zinc and copper that are observed to have
antibacterial and antimycotic effects against diarrhea and
growth depression in weanling pigs.'*'> However, resistance
to these trace elements was observed in S. aureus strains iso-
lated from livestock."

Extensive studies identified heavy metal-resistant deter-
minants against compounds such as zin¢, cadmium, mercury,
and arsenic to be coded on plasmids and mercury on the
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FIGURE 1.

Staphylococcus aureus study isolate source and characteristics. mecA, scn, and czrC genes were tested by polymerase chain reaction.

czrC, gene encoding zinc and cadmium resistance; mecA, gene encoding methicillin resistance; scn, gene encoding staphylococcal complement

inhibitor.

chromosome.'*"* Hence, it was speculated that resistance de-

terminants to other metals such as zinc and cadmium could
also be located on a chromosomal mobile element capable
of horizontal transfer among S. aureus strains.'® This hy-
pothesis was supported by identifying a gene responsible for
resistance to zinc and cadmium (czrC) linked to the staph-
ylococcal chromosome cassette (SCC)mec element in MRSA
(CC398 isolates.'” A similar finding showed clustering of metal
resistance determinants on the SCCmec element, closely link-
ing it to the mecA gene.' The loss of resistance determinants
for zinc and tetracycline, both frequently used in farming,
resulted in complete or partial loss of the SCCmec element.'”?

This relationship between phenotypic and genotypic pres-
ence of zinc and cadmium resistance and methicillin resis-
tance was further strengthened when all tested MSSA isolates
were found to be negative for the czrC gene.'"” Staphylococcus
aureus isolated from livestock, environmental, retail meat, and
humans from both colonization and infection samples was
tested, but antibiotic susceptibility data, potential genetic pre-
dictors for livestock association (scn), and their interactions
with zinc and cadmium resistance were not tested. It is crucial
to include such data when modeling transmission or spread
of S. aureus in humans and livestock.

Our study objective was to identify prevalence of the czrC
gene in S. aureus colonizing and infecting isolates from hu-
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mans, swine, and retail meat contamination samples mostly
obtained in lowa. Associations between potential risk factors
and presence of the czrC gene as determinants for zinc and
cadmium resistance will also be analyzed for the tested iso-
lates. In addition, lowa contributes about 30% to the pro-
duction of hogs in the United States, and MRSA CC398 has
been identified among Iowa swine and swine workers.”**
Individuals with farm and swine exposure in lowa may also
be at an increased risk for colonization with multidrug-
resistant S. aureus (MDRSA) and tetracycline-resistant strains
(Wardyn et al, unpublished observations). The presence of
LA-SA strains and the dependence on agriculture and live-
stock warrant testing for zinc and cadmium resistance and
its impact on resistance to other antibiotics.

MATERIAL AND METHODS

An observational study was conducted to assess the preva-
lence of czrC, and a descriptive analysis was conducted to
identify predictors for genotypic resistance to zinc and cad-
mium in S. aureus. A convenience sample of 349 S. aureus
isolates obtained from 2008 to 2013 was tested (Fig-
ure 1).'%”% Most isolates were obtained from human nasal
and throat colonization and infection samples collected via
a longitudinal cohort study of individuals with agricultural
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exposures (via the Iowa Agricultural Health Study) and those
living in rural areas but without farming occupations (via the
Towa voter registration database). Infection surveillance was
carried out using a subset of Iowa’s clinical diagnostic lab-
oratories. Characteristics for farm workers (such as work
grade) and patient information for infection surveillance iso-
lates were not available for comparison. Staphylococcus aureus
isolated from retail meat contamination swabs (raw pork)
from lowa, Minnesota, and New Jersey was also tested for
the czrC gene. Information on antibiotic and metal ion ex-
posure in sampled asymptomatic swine and retail meat was
not available for analyses.

Staphylococcus aureus strain types identified to be sequence
types (ST) 398 and ST9 in previous studies were included in
this study. Isolates were also included if they belonged to spa
types within 6 steps of t034 (ST398) and t193 (ST9) using
the Based Upon Repeat Pattern (BURP) algorithm®™ or be-
longed to these sequence types on multilocus sequence type.
Additionally, we included isolates identified as spa type t002
and its BURP cluster. Previous studies have identified S. au-
reus 1002 in livestock; hence, we included these spa types
regardless of origin.” Isolates were also included if they dem-
onstrated complete or intermediate resistance to tetracycline,
given the association of resistance with livestock strains.’*”

This study was approved by the University of lowa Human
Subjects Office as an exempt study. Isolates were grown and
confirmed to be S. aureus as described previously.”

Staphylococcus aureus Genetic Analysis

Amplification of the spa fragment was performed using meth-
ods and primers as described previously.”” Identification of
spa type for each isolate and spa cluster complexes using
BURP was performed using Ridom StaphType (ver 2.2.1;
Ridom).”®* All isolates were tested for methicillin resistance
(mecA gene),” staphylococcal complement inhibitor (scn
gene),”" and zinc-cadmium resistance (czrC gene),"”*" as per
previously published standard polymerase chain reaction
(PCR) protocols. Positive and negative controls were used in
all molecular assays.

Antimicrobial Susceptibility Testing (AST)

The antimicrobial susceptibility of isolates was tested by the
broth microdilution method for susceptibility to oxacillin,
gentamicin, erythromycin, clindamycin, tetracycline, tri-
methoprim/sulfamethaxozole, imipenam, levofloxacin, line-
zolid, vancomycin, and daptomycin, in accordance with Clin-
ical Laboratory Standards Institute standards. High-level
resistance to mupirocin (MIC > 512 mg/L) and inducible
clindamycin resistance were also examined. All AST-con-
firmed MRSA isolates were considered to be MDR. MSSA
isolates nonsusceptible to 21 antimicrobial agent in >3 dis-
crete antimicrobial classes were also classified as MDR, as per
a recently published report on standardization of bacterial
antimicrobial resistance profiles.”® Of the 349 S. aureus iso-
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lates, 244 (70%) were tested for antibiotic susceptibility. Re-
sults on antimicrobial susceptibility and risk predictors for
being czrC positive are presented for these 244 observations
to maintain completeness of data.

Statistical Analysis

Presence or absence of czrC was analyzed as the outcome
variable. Prevalence of genetic and antibiotic susceptibility
predictors was compared between S. aureus czrC-positive and
czrC-negative groups using the x* (or Fisher’s exact) test for
categorical variables. Due to limitations of sample size, ex-
posures such as the origin of sample (swine, human, retail
meat), S. aureus strain type (LA, non-LA, nontypeable) and
results on antibiotic susceptibility (susceptible, resistant/in-
termediate) were analyzed individually and as groups in broad
categories (sample origin: swine and other, strain type: LA
and non-LA, antibiotics: susceptible and resistant).

Effect modifications between covariates were investigated
using the Cochran-Mantel-Haenszel method. Multivariable
analyses were performed using PROC LOGISTIC to observe
for crude and adjusted associations. Variables with P values
<.2 in the bivariate analysis were included in model selection.
Predictors for zinc and cadmium resistance were identified
using a manual backward selection process. The Hosmer-
Lemeshow test, Akaike’s Information Criterion, and the ¢
statistic were used to assess fit for the final parsimonious
model. Data analysis was performed using SAS statistical soft-
ware (ver 9.3; SAS Institute).

RESULTS

Of the 350 S. aureus isolates tested and analyzed, 235 were
isolated from humans, 89 from swine, 25 from retail meat,
and 1 from a wildlife study. The wildlife isolate was excluded
from final analysis. Roughly 61% of S. aureus isolates were
from noninfection samples (214/349) and MSSA (209/349,
59.9%). Presence of czrC was observed in 102/349 (29%) of
S. aureus isolates (Table 1).

There was good concordance between methicillin resis-
tance tested by broth microdilution and PCR. Eight isolates
were observed to have discordant oxacillin resistance phe-
notype-genotype.

Antibiotic Drug Resistance Phenotypes

Complete or intermediate resistance was observed with all
tested antibiotics except clarithromycin, rifampin, imipenem,
linezolid, daptomycin, tigecycline, and chloramphenicol in
the tested isolates. Multidrug resistance was observed in 105/
244 (43%) of tested S. aureus isolates and 44/183 (24%) of
MSSA isolates. Prevalence of MDR was significantly greater
in czrC-negative isolates (89/105, 84.8%) compared to czrC-
positive isolates. Resistance to oxacillin, ciprofloxacin, and
clindamycin was significantly different among czrC-negative
and czrC-positive S. aureus (Table 2).
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TABLE 1. Characteristics of Staphylococcus aureus Isolates by Origin of Sample
Noninfection/ Methicillin Livestock Zinc and cadmium
infection resistance association resistance

NI I mecA+ mecA— scn— sen+ czrC+ czrC— Total
Human 116 119 60 175 126 109 23 212 235
Swine 73 16 64 25 86 3 70 19 89
Retail meat 25 0 16 9 23 2 9 16 25
Total 214 135 140 209 235 114 102 247 349
~NoTE. Data on the wildlife isolate were excluded. A plus sign indicates that the gene was gene present; a minus sign indicates

that it was absent. czrC, gene encoding zinc and cadmium resistance; I, infection isolates; mecA, gene encoding methicillin
resistance; NI, noninfection (includes colonization and retail meat swab samples); scn, gene encoding staphylococcal complement

inhibitor.

Predictors of Zinc and Cadmium Resistance in S. aureus

Bivariate analysis of the association between exposures and
resistance to zinc and cadmium is shown in Table 3. The
proportion of zinc- and cadmium-resistant isolates was sig-
nificantly different by mecA, scn, MDR, oxacillin, erythro-
mycin, and clindamycin resistance; origin of sample (swine
vs other), and source of sample (noninfection vs infection).
Isolates positive for mecA (odds ratio [OR], 3.5; 95% con-
fidence interval [CI], 1.48-8.25), negative for scn (OR, 2.7;
95% CI, 1.05-7.16), and MDR (OR, 2.94; 95% CI, 1.21-7.17)
were observed to have significantly greater likelihood of being
czrC positive compared to mecA-negative, scn-positive, or
non-MDR 8. aureus, respectively. Additionally, S. aureus non-
infection isolates (OR, 4.09; 95% ClI, 1.47-11.3) and isolates
of swine origin {OR, 29.78; 95% CI, 7.06—125.7) had signif-
icantly greater odds of being czrC positive compared to S.
aureus isolated from infections and nonswine samples (ie,
human and meat).

Staphylococcus aureus isolates negative for scn were more
likely (OR, 2.54; 95% CI, 0.96-6.7; P = .05) to be czrC
positive after controlling for MDR. We also observed a sig-
nificant association between MDR and czrC adjusted for scn
(OR, 2.78; 95% CI, 1.13-6.84; P = .02). Additionally, we
observed an increased odds (OR, 4.7) of czrC-positive S. au-
reus in noninfection isolates adjusted for tetracycline suscep-
tibility (95% CI, 1.38-16.2; P = .009). Staphylococcus aureus
isolates were also observed to differ in presence of the czrC
gene by origin (swine vs other) after controlling for tetra-
cycline susceptibility (P < .0001).

Several multivariable analyses were performed including
variables from bivariate analysis in the logistic regression
model. We included the variable tetracycline susceptibility in
models since at least 1 study has observed czrC and tet(K)
to be encoded in the same region in the SCCrmec complex of
porcine S. aureus isolates, suggesting the potential for selective
antibiotic resistance.” Table 4 shows the crude and adjusted
multivariable models. Methicillin resistance variables by PCR
and AST were both included in multivariable models. MRSA
was observed to have increased odds of being czrC positive
compared to MSSA on both crude (P = .76) and adjusted
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(P = .0005) analysis. The odds of zinc and cadmium resis-
tance in scn-negative S. aureus significantly decreased when
adjusted for oxacillin and clindamycin susceptibility (OR,
0.21; P = .11). MDRSA was also observed to have signifi-
cantly lower odds of being czrC positive compared to non-
MDRSA on adjusted analysis (OR, 0.06; P = .03). The ¢
statistic for the final model is 0.86.

Subgroup Analysis

We conducted a subgroup analysis to establish observed as-
sociations for zinc and cadmium resistance in human colo-
nization and infection samples. This analysis included 209 S.
aureus isolates, of which only 8 (3.8%) were czrC positive.
Roughly 22% were MRSA isolates, 101 (48.3%) scn negative,
and 82 (39.2%) were MDR. Forty-three percent of 209 S.
aureus human isolates were from colonization samples, and
53% were identified as study-defined LA-SA strains.

Human MRSA isolates were observed to have greater odds
of being czrC positive compared to human MSSA isolates,
although the association was not statistically significant (OR,
1.26; 95% CI, 0.25-6.5). Additionally, we observed lower odds
of LA-SA strains isolated from humans being czrC positive
(OR, 0.52; 95% CI, 0.12-2.22) compared to non-LA strains.
Factors such as scn-negative S. aureus, MDR, and noninfec-
tion strains were observed to have a low odds of being czrC
positive in humans, albeit not significant.

DISCUSSION

Findings from the study document that zinc and cadmium
resistance exists in human and livestock S. aureus isolates in
the United States. Of the 349 tested isolates, roughly 79% of
S. aureus isolated from swine was positive for the czrC gene,
compared to 10% of human and 36% of retail meat contam-
ination S. aureus isolates. Our study observed 19.6% of MRSA
isolates to be czrC positive compared to other studies from
Europe that observed prevalence of 74% (MRSA from swine
farms)," 58% (human and swine MRSA),” 70% (swine
MRSAY), and 41% (veal MRSA).”" The relatively low prevalence
could be due to exclusion of S. aureus isolates that were MRSA
by presence of the mecA gene but lacked antibiotic susceptibility
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Antibiotic Susceptibility Pattern in Zinc- and Cadmium-Resistant and Zinc- and Cadmium-Susceptible

Metal resistance testing by PCR

czrC positive

czrC negative

No. of isolates tested

Antibiotics % resistant % susceptible % resistant % susceptible for antibiotic P
Penicillin 13.6 86.4 26.4 73.6 128 28
Ampicillin 0 100 9.3 90.7 106 .35
Oxacillin 50 50 22.3 77.7 244 .003
Augmentin 0 100 10.5 89.5 106 2
Unasyn 0 100 10.5 89.5 106 2
Cephalosporins 0 100 14.6 85.4 116 12
Ciprofloxacin 0 100 18.4 81.6 130 .04
Levofloxacin 8.3 91.7 17.3 82.7 244 .39
Norfloxacin 0 100 1.3 98.7 95 1.00
Moxifloxacin 0 100 2.1 97.9 115 1.00
Erythromycin 37.5 62.5 35.3 64.7 242 .83
Clindamycin 54.2 45.8 33.3 66.7 237 .04
Azithromycin 0 100 1.3 98.7 97 1.00
Clarithromycin 0 100 0 100 94 .
Gentamicin 0 100 5.2 94.9 217 .6
Rifampin 0 100 0 100 216 .
Imipenem 0 100 6.3 93.7 100 .58
Meropenem 0 100 6.3 93.7 100 .58
Nitrofurantoin 0 100 1.02 98.98 119 1.00
TMP/SMX 0 100 8.2 91.8 244 23
Linezolid 0 100 0 100 211

Daptomcyin 0 100 0 100 202

Tigecycline 0 100 0 100 109
Chloramphenicol 0 100 0 100 100 e
Synercid 4.4 95.6 2.8 97.2 199 53
Tetracycline 83.3 16.7 72.7 27.3 244 33
Vancomycin 0 100 0.5 99.5 244 1.00
MDR 16/105 (15.2%) 89/105 (84.8%) .01
NoTES. Antimicrobial susceptibility was tested by broth microdilution method. Multidrug-resistant (MDR) iso-

lates are resistant to >3 antibiotics. P < .05 is significant. czrC, gene encoding zinc and cadmium resistance; PCR,
polymerase chain reaction; TMP/SMX, trimethoprim/sulfamethaxozole.

results for analysis. Previous studies observed all tested MSSA
isolates of human and swine origin to be susceptible to zinc
and cadmium.""*' However, our study observed genotypic zinc
and cadmium resistance in 6.6% of MSSA isolates, suggesting
a potential reservoir for this resistance in MSSA. The odds of
zinc and cadmium resistance were observed to be 48% lower
in study-defined LA-SA strains isolated from human samples.
These results in conjunction with our finding of significantly
increased odds of ¢zrC positivity in swine isolates potentially
suggest a relatively strong link of zinc and cadmium resistance
in livestock S. aureus, particularly swine. This finding is sup-
ported by data on the use of zinc in fertilizers and livestock
feeds, particularly in weanling and nursery pigs (initially about
2,975 ppm, later reduced to 83 ppm before sending to market)
to increase market production.”™”** Breeding (gestation and
lactation) sows are also exposed to 150 g/t of zinc in their
feed.™® These practices pose a concern for the emergence of
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resistance to metals such as zinc and cadmium in organisms
of livestock origin. There is also potential for the spread of
such organisms to humans, resulting in coresistance to different
antimicrobials, adding to the burden of existing antimicrobial
resistance.

We observed a significant association of zinc and cadmium
resistance with methicillin resistance on bivariate and ad-
justed analysis. This finding is consistent with results observed
in European studies, further strengthening the evidence of
the czrC gene on the SCCmec element.'”?' A recent study on
antimicrobial resistance classified MRSA as MDR due to
coresistance to other B-lactams and cephalosporins.® This
explains the association of S. aureus zinc and cadmium re-
sistance with MDR observed in our study. However, the as-
sociation between MDR and ¢zrC was reversed on adjusting
for oxacillin susceptibility. This finding suggests that oxacillin/
methicillin resistance could be a strong predictor for zinc and
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TABLE 3. Phenotypic and Genotypic Characteristics of Staphylococcus aureus by Zinc and Cadmium
Susceptibility
czrC positive,  czrC negative,
n =24 n = 220 OR (95% CI) p

Methicillin resistance (mecA)

MRSA 12 (50) 49 (22.3) 3.5 (1.48-8.25) .0029
scn

Negative 18 (75) 115 (52.3) 2.74 (1.05-7.16) .03
MDRSA

Yes 16 (66.7) 89 (40.5) 2.94 (1.21-7.17) .01
Oxacillin-resistant S. aureus

Yes 12 (50) 49 (22.3) 3.49 (1.48-8.25) .0029
Tetracycline-resistant S. aureus

Yes 20 (83.3) 160 (72.7) 1.88 (0.62-5.71) 33
S. aureus strain

LA 16 (66.7) 118 (53.9) 1.71 (0.7-4.17) 23
Levofloxacin-resistant S. aureus

Yes 2 (8.3) 38 (17.3) 0.44 (0.09-1.93) 39
Erythromycin-resistant S. aureus

Yes 8 (38.1) 15 (17.1) 2.9 (1.06-8.48) .03
Clindamycin-resistant S. aureus

Yes 12 (57.4) 12 (13.6) 8.44 (2.93-24.31) <.0001
Ciprofloxacin-resistant S. aureus

Yes 0 (0) 7 (7.9) 34
Synercid-resistant S. aureus

Yes 1 (4.8) 0 (0) .19
Noninfection/infection

Noninfection 19 (79.2) 106 (48.2) 4.09 (1.47-11.3) .005
Origin of S. aureus

Swine 7 (29.2) 3 (1.4) 29.78 (7.06-125.7)  3.649E—06°

NOTE.

Data are no. (%) unless otherwise indicated. The Staphylococcus aureus strain was categorized

as livestock-associated (LA) and non-LA based on Based Upon Repeat Pattern (BURP) clusters. ST398/
ST9 strains and clusters were included in the LA (t034, t571, t1451, t2876, t3075, t3275, t5462, t5883,
17880, t011, t1250, t4247, 12971, 19418, t3446, t337, t193, t1456, t4571) and the non-LA (t179, t548,
14032, t002, 1306, 1688, 12049, t359, t267, 631, t021, t127, t304, t1149, t524, t731) groups. Four isolates
were excluded from BURP due to nontypeability; nontypeable isolates were included in non-LA. Only
isolates tested by AST were included in analysis. CI, confidence interval; czrC, gene encoding zinc and
cadmium resistance; MRSA, methicillin-resistant S. aureus; MDRSA, multidrug-resistant S. aureus; OR,

odds ratio; scn, gene encoding for staphylococcal complement inhibitor.

* P value for Fisher’s test reported.

cadmium resistance in S. aureus compared to other antimi-
crobials. This change in direction of association was also ap-
plicable to scn-negative isolates due to a strong interaction
between MDR and scr-negative S. aureus. We did not observe
a significant difference in tetracycline resistance between czrC-
positive and czrC-negative isolates. However, we did observe
a significant interaction between tetracycline susceptibility
and origin of S. aureus, causing us to hypothesize that tet-
racycline susceptibility could be an important effect modifier
in the causal pathway between origin of S. aureus (swine vs
other) and zinc and cadmium resistance.

Studies with larger sample size and extensive testing on an-
timicrobial susceptibility are warranted to validate these results.
Nevertheless, these findings could be important when consid-
ering antimicrobial treatment options in patients with direct
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(occupation) or indirect (residential proximity) livestock
exposure.

Our study has several limitations. One of the major draw-
backs was the absence of antibiotic susceptibility results on
all included isolates, resulting in potentially spurious findings
such as the misclassification of isolates as MDR (or non-
MDR) and bias due to loss of information. Additionally, ex-
clusion of isolates may have potentially reduced the power
to detect a significant association between methicillin resis-
tance and zinc and cadmium resistance in S. aureus isolated
from humans. We also did not conduct phenotypic testing
for zinc and cadmium resistance. Preceding landmark studies
have observed excellent agreement (Kappa coefficient 0.91*'
and 100% concordance') between susceptibility results and
presence of ¢zrC on PCR, suggesting accuracy of our study
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results. Our study included a convenience sample of S. aureus
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TABLE 4. Crude and Multivariable Model for Predictors of Zinc and Cadmium Resistance in Staph-
ylococcus aureus

Crude Adjusted

Variable OR (95% CI) P OR (95% CI) p
Origin (swine vs other) <0.001 (<0.001 to >999.99) .71 84.74 (11.35-632.62) <.0001
Noninfection vs infection 0.23 (0.04-1.46) 12 2.95 (0.64-13.6) 16
Strain (LA vs non-LA) 1.03 (0.18-5.81) .97 1.27 (0.28-5.71) .75
mecA (MRSA vs MSSA) 0.64 (0.04-11.01) 76 23.57 (3.99-139.39) .0005
scn (negative vs positive) 1.23 (0.19-7.72) .82 0.21 A1
MDR (yes vs no) >999.99 (<0.001 to >999.99) .81 0.06 .03
Oxacillin (R vs S) 11,900.5 (0 to 2.109E—30) .76

Clindamycin (R vs S) 0.002 (0 to 2.391E—61) 94
Tetracycline (R vs S) 0.49 (0.09-2.53) .40 0.85 (0.17-4.29) .84
Erythromycin (R vs S) 0.08 (0 to 3.97E—131) .98
scn * MDR 14.09 .04

scn—, MDR+ vs MDR~
scn+, MDR+ vs MDR—
MDR—, scn— vs scn+
MDR+, scn— vs scnt

0.87 (0.16-4.8)

0.06 (0.005-0.74)
0.21 (0.03-1.39)
3.01 (0.36-24.96)

NOTE. Variables were significant at P <.2. The model was adjusted for susceptibility to oxacillin and
clindamycin. 95% Cls are not available for scn and MDR due to inclusion of interaction terms. An
asterisk denotes interaction between the variables. A plus sign indicates that the gene was present; a
minus sign indicates that it was absent. CI, confidence interval; LA, livestock-associated; MDR, mul-
tidrug resistant; MDR+ = MDR S. aureus; MDR— = non-MDR S. aureus; mecA, gene encoding
methicillin resistance; MRSA, methicillin-resistant S. aureus; MSSA, methicillin-susceptible S. aureus
OR, odds ratio; R, resistant; S, susceptible; scn, gene encoding for staphylococcal complement inhibitor.
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isolates, both MRSA and MSSA, limiting generalizability of
results to other S. aureus strain types or geographical varia-
tions. Nevertheless, we observed consistent associations be-
tween presence of ¢zrC and methicillin resistance.

To summarize, zinc and cadmium resistance was observed
in both MRSA and MSSA isolates in sampled regions in the
United States. A statistically significant association was ob-
served between methicillin resistance and zinc and cadmium
resistance, although roughly 7% of MSSA isolates exhibited
this resistance. A greater proportion of S. aureus isolated from
swine was observed to be ¢zrC positive, possibly resulting from
consumption of zinc in feeds. Staphylococcus aureus isolated
from humans also demonstrated zinc and cadmium resistance,
potentially due to contact with fertilizers via skin or inhalation.
However, these results could not be substantiated due to un-
availability of fertilizer or feed exposure data in both humans
and animals. Further research with sufficiently powered, pro-
spective studies is warranted to establish a causal association
of zinc and methicillin coresistance in S. aureusand unfavorable
outcomes of exposure to zinc compounds.
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