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The antimicrobial resistance of Staphylococcus spp. and Gram negative strains present in air samples from
waste sorting facilities was assessed. Phenotypic studies have revealed a high percentage of strains of
Staphylococcus spp. resistant to methicillin. Genotypically and by RT-PCR, it was found that the mecA gene
usually associated with methicillin resistance was present in 8% of the Staphylococcus strains isolated.
About 30% of the Gram negative strains from the same samples also displayed resistance to meropenem
and 79% of these were resistant to multiple antibiotics from different classes, namely cephalosporins and -
lactams. The results suggest that in professional activities with high levels of exposure to biological agents,
the quantification and identification of the microbial flora in the work environment, with the determina-
tion of the presence of potential agents displaying multi-resistances is of relevance to the risk assessment.
The personal protection of workers is particularly important relevance in these cases, since many of the
strains that exhibit multi-resistance are potential opportunistic agents.
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Introduction

Antimicrobial resistance (AMR) is, nowadays, a sig-
nificant threat to global health [1, 2]. Risk assessment in
professional activities where exposure to biological
agents can be frequent and intense, has been per-
formed. However, current risk assessment models are
inadequate to evaluate the effect of antibiotics and anti-
biotic resistance genes (ARGs), especially in non-clinical
environments [3]. When biological agents are introduced
into workplaces as part of the process, for example in a
laboratory or in biotechnology, workers usually show
high levels of awareness of the biological hazards to
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which they are exposed, knowing and using correct pro-
tective measures. However, this level of consciousness
does not exist in other workplaces where biological
agents are present, not as an integral part of the activi-
ties performed, but as contaminants.

The “Expert Forecast on Emerging Biological Risks
Related to Occupational Safety and Health” of the Euro-
pean Agency for Safety and Health at Work stated that
the introduction of new treatment technologies and
manual sorting brought new risks to workers involved in
collecting, sorting, recovery, and final disposal of waste
[4]. The waste management and recycling sector is thriv-
ing and the number of workers is sharply increasing [5],
although it has not been subject to many studies on bio-
logical risk assessment. Associated with this theme we
can observe an increasing trend to find antibiotic resis-
tant bacteria (ARB) in the community. This fact, com-
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bined with the existence of opportunistic strains, usually
considered of reduced risk of infection but potentially
carriers of multiple resistance genes, are factors of
increased risk for workers whose magnitude is, in fact,
virtually unknown.

The purpose of this study was the evaluation of
antibiotic resistance in a set of microorganisms, namely
by characterising the antimicrobial resistance of
Staphylococcus spp. and Gram negative strains isolated
from air samples from waste sorting facilities.

Methods

Strains of Staphylococcus spp. isolated from air samples

Forty-nine strains isolated from a total of 409 air
samples collected in glass waste sorting facilities pre-
viously identified as Staphylococcus spp. [5], were pre-
served at -80C in BHI (Biokar Diagnostic, France) with
15% (v/v) glycerol (Merck, Germany) and regenerated in
5 ml of BHI medium at 37°C (Sanyo Incubator, Japan)
overnight. After inoculation by streak plate of TSA
medium (Biokar Diagnostics) on Petri plates (0 = 90 mm)
and incubation at 37C for 18-24 h, colonies were used
for antibiotic susceptibility testing.

Screening and isolation of Gram negative strains resistant
to meropenem

Colony suspensions preserved at -80C in phosphate
buffer saline (PBS) with 15% (v/v) glycerol, of 133 air
samples obtained from the analysis of waste sorting
facilities and containing Enterobacteriaceae [5], were
thawed overnight at 4C. After keeping for 1 h at 30C
(Certomat H, B. Braun Biotech International, Germany),
100 pl of each suspension were initially inoculated in
5 ml of BHI medium with 2 pg/ml meropenem (Sigma
Aldrich, Germany) and incubated at 37°C during 18-24 h.
The cultures that showed growth after 24 h at 37C were
inoculated by streak plate on MacConkey agar (Biokar
Diagnostics, France) containing 2 ug/ml meropenem and
incubated during 18-24 h at 37C. The colonies obtained
were then transferred to plates with TSA medium and
incubated 18-24 h at 37C for further studies.

Antimicrobial susceptibility testing by agar diffusion

method
Antimicrobial susceptibility test was performed by the
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agar disc diffusion method using Mueller-Hinton (MH,
Oxoid, England) agar and the methods described by and
according to CLSI and EUCAST standards [6-8].

Isolated colonies grown on TSA, plates were resus-
pended in sterile 0.85% (w/v) NaCl (VWR, USA). After
homogenization in the vortex (Stuart Scientific CO,
Great Britain), turbidity (Biolog, USA) was measured
and the concentration of the suspension adjusted until
its turbidity corresponds to that of a standard 0.5 Mac-
Farland solution. The MH plates were inoculated with
the inoculum prepared previously, with a swab in order
to completely fill the plate. The antibiotic discs, stored in
the freezer at -20 = 5C, were removed and placed at
room temperature 1h before being used. The discs were
aseptically placed at least 1.5 cm apart from each other
and from the wall of the Petri dish. The inhibition halos
were read after 18 £ 2 h of incubation, according to the
EUCAST guide [9].

The plates were incubated at 37C overnight. Zones of
inhibition on the agar plates were measured and the
results were recorded and antimicrobial susceptibility
classified according to corresponding internationally
accepted breakpoints.

Table 1. Antimicrobial agents used in disc diffusion assays
for antimicrobial susceptibility determination.

Disc potency

Class Antimicrobial agent

(ng)

Glicopeptides Vancomycine' 30
Teicoplanin? 30

Fluoroquinolones  Ciprofloxacin' 5
Nalidixic acid? 30

Macrolideos Erythromycin' 15
Aminoglycosides  Gentamicin' 10
Amikacin' 30

Neomicin? 10

Cefalosporinas Cefoxitin? 30
Cefalotin? 30

Penicillins Ampicillin 10
Penicillin? 10

Amoxicillin + clavulanic acid' 30

Tetracyclines Tetracycline? 30
Rifamycins Rifampicin’ 5
Carbapenems Meropenem? 10

Note: 'Used to test susceptibility of Staphylococcus spp. and Gram(-)
isolates; 2Used to test susceptibility of Gram(-) isolates.



Susceptibility of Staphylococcus spp. and presumptive
Enterobacteriaceae (Gram negative) strains to antimi-
crobial agents was tested using several different antimi-
discs (Oxoid) as described in Table 1.
Antimicrobial agents relevant in terms of the type of

crobials

microorganisms being tested were chosen and from as
many different classes of antimicrobial agents as possi-
ble to assess multiresistance.

Antimicrobial susceptibility testing in agar dilution plates

Susceptibility to antimicrobial agents using agar
dilutions was tested according to CLSI and EUCAST
standards [7-10]. Mueller-Hinton agar was prepared
from a dehydrated base following the manufacturer's
instructions. After autoclaving for 15 min at 1217C, it
was allowed to cool to approximately 60C and the anti-
biotic solution prepared as described in the CLSI Stan-
dards [10] was added and considered with the data
provided by the supplier regarding the purity and
potency of the antibiotic. After homogenization, the
medium was distributed in Petri plates (diameter
90 mm) to an approximate height of 4-5 mm. For
oxacillin sensitivity tests, dehydrated MH media was
prepared (Oxoid, UK) and after autoclaving, oxacillin
was added at concentrations of 0.25 pg/ml, 0.5 pg/ml,
1 pg/ml, 2 ug/ml and 4 pg/ml.

For inoculation, 1 pl calibrated loops were used, and
the cell suspension with turbidity equivalent to a stan-
dard 0.5 MacFarland solution was diluted 1:10 in sterile
PS (Merck, Germany) solution to give a concentration of
10" CFU/mlL The application of 1 ul of this dilution
resulted in a final inoculum of 10* CFU according to
CLSI recommendations. Each sample was inoculated at
all antibiotic concentrations being tested. Adjusted sus-
pensions were used for final inoculation up to 15 min
after preparation. Inoculated plates remained at room
temperature until the inoculum was absorbed into the
medium for no longer than 30 min. The plates were then
inverted and incubated (Sanyo Incubator, Japan) at 37T
for a period of 18 + 4 h. Plates were placed on a dark,
non-reflective surface to determine endpoints. Minimum
Inhibitory Concentration (MIC) was recorded as the low-
est concentration of antimicrobial agent that completely
inhibits growth, discarding any single colony or slight
turbidity caused by the inoculum.
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DNA isolation, purification and PCR amplification

The Staphylococcus spp. strains tested, preserved at
-80C in BHI with 15% (v/v) glycerol, were regenerated
in BHI medium at 37°C during the night. After regenera-
tion of the cultures, DNA extraction was performed
using the Wizard® Genomic DNA Purification kit
(Promega, USA). Extraction was carried out according to
the manufacturer's instructions with some modifica-
tions. Cells were pretreated with 70% ethanol (Fisher
Chemical, UK) according to the procedure described by
Kalia, A. and colleagues [11]. Cells were further incu-
bated at 37C for 60 min after addition of 100 ul 40 mg/
ml lysozyme (Sigma, USA) to facilitate lysis. Isolated
DNA was analyzed by electrophoresis and kept at -20C
until used.

Each of the PCR reactions for the detection of mecA
and mecC was a mix (13 ul) containing 1.5 pl of each
10 uM primer (STAB VIDA, Portugal), 6.5 pl of SsoFast
EvaGreen® Supermix dNTP (Bio-Rad, USA) and 3 pl of
DNA from each strain. Specific primers were used for
each target gene. Namely mecAl and mecA2 for gene
mecA [12] . DNA amplification reactions were performed
on RT-PCR equipment (Bio-Rad CFX96™ Real-time
System) under the following conditions: initial denatur-
ation at 95C for 5 min, followed by denaturation over 30
cycles of 15 s at 95C, 50 s at 55C (annealing). After
ligation of the primers, an extension occurred at 72C for
30 s. One final step of extension occurred at 72C for
10 min. The primers used for the detection of genes
mecC were mecC F and mecC R [13].

The amplification reaction took place over 30 cycles
under the following conditions: an initial denaturation
at 95C for 5 min, followed by 30 cycles of 15 s at 95T
(denaturation), 60 s at 59°C and 60 s at 72C. One final
extension step at 72C for 10 min was performed. V3F
and V3R primers [14] were used as internal amplifica-
tion control.

After amplification, 5 pl of each PCR product were
mixed with 2 pl of 6x concentrated sample buffer: 10 mM
Tris (Merck), 500 mM EDTA (Sigma), glycerol (Schar-
lau, Spain), 0.03% bromophenol blue (Sigma) and xylene
cyanol FF 0.05% (Sigma).

PCR products were analyzed on 2% agarose gel
(Sigma) in 0.5x TBE buffer (composed of 10 mM Tris,
boric acid (Sigma), 500 mM EDTA and distilled water)
with 0.5 pl/ml of ethidium bromide (Sigma). As a molecular
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weight standard, DNA ladder (5 pl) (Cleaver Scientific,
UK) was used on the same agarose gel. Electrophoresis
was performed on horizontal electrophoresis equipment
(Horizon® 58, Life Technologies, USA) for 2 h at constant
50 V. Subsequently the gel was visualized by UV illumi-
nation (Uvitec, UK) in which the migration of the DNA
Ladder bands was compared with the migration of the
PCR products from the samples and the respective
controls.

Results

Staphylococcus spp. strains antibiotic susceptibility
Susceptibility of Staphylococcus spp. isolates can be
observed in the Table 2. Of the 49 strains isolated from
the air of waste sorting facilities [5], forty-eight strains
were coagulase-negative staphylococci (CoNS). A low
prevalence of resistance to gentamicin and ciprofloxacin
(4% and 2%, respectively) was observed and 13 (26.5%)
isolates, including the coagulase positive strain, demon-
strated sensitivity to all antibiotics tested. A significant
level of resistance to B-lactam antibiotics was observed,
as 32 isolates were resistant to at least one B-lactam
antibiotic (65.3%), 25 were resistant to only B-lactam
antibiotics (51%) and 8 were resistant to B-lactams and
other antimicrobial classes (16.3%). About 4% of all
rifampicin resistant strains were also resistant to eryth-
romycin. About 10% of all the erythromycin resistant
isolates (20.8%) were also oxacillin resistant, followed by
8% to ampicillin, 4% to rifampicin and lastly to ciproflox-
acin and gentamicin (2%). Of the studied isolates 24%

Table 2. Antimicrobial susceptibility of the Staphylococcus
spp. isolates.

% of resistant

Class Antimicrobial agent CONS isolates

[B-lactams Ampicillin 22.9%

Amoxicillin + clavulanic acid 2.1%

Oxacillin 52.1%
Glicopeptides Vancomycin 2.1%
Fluoroquinolones  Ciprofloxacin 2.1%
Macrolides Erythromycin 20.8%
Aminoglycosides  Gentamicin 4.2%

Amikacin 2.1%
Rifamycins Rifampicin 4.2%
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displayed multi-resistency, of which 18% are resistant to
2 antibiotics and 6% to 3 or more antibiotics.

Using the method of agar dilutions, twenty five strains
(51%) demonstrated resistance to oxacillin (methicillin
resistant), with MICs ranging from 0.5 mg/l to 4 mg/l,
while 12 had a MIC greater than 2 mg/l. The PCR ampl-
icon of 564 bp size corresponding to the amplification of
the mecA gene, was only detected in 8% of the resistant
strains to oxacillin and the mecC gene could not be
detected in any strain.

Meropenem resistant Gram negative strains susceptibility
to antimicrobial agents

The screening carried out in the presence of mero-
penem in mixed cultures preserved at -80°C, allowed to
obtain a total of 37 Gram negative isolates from all the
air samples analysed. The susceptibility of these strains
to different antimicrobial agents was studied and, as can
be seen in Table 3, the highest incidence of resistance is
to B-lactam antibiotics, cephalothin and cefoxitin (cepha-
losporins), penicillin, ampicillin and amoxicillin-clavu-
lanic acid (penicillins), all above 45%. No inhibition halo
was observed in 35% of the isolates when tested with

Table 3. Antimicrobial susceptibility of the Gram-negative
isolates.

. . Resistant
Class Antimicrobial agent CoNS isolates
Penicilllins Ampicillin 62%
Amoxicillin + clavulanic acid 46%
Penicillin 68%
Glicopeptides Vancomcin* 8%
Teicoplanin® 35%
Fluoroquinolones  Ciprofloxacin 8%
Nalidixic acid 24%
Aminoglycosides  Gentamicin 3%
Amikacin 8%
Neomycin* 14%
Cefalosporinas Cefalotin 70%
Cefoxitin 59%
Carbapenems Meropenem 51%
Tetracycline* 3%
Macrolides Erythromycin* 0%
Rifamycins Rifampicin* 8%

Note: *Considered as resistant only strains which did not present
any halo.



teicoplanin, 14% with neomycin, 8% with vancomycin,
and 3% with rifampicin.

Due to the instability of the meropenem after prepara-
tion (in solution and in plate), the susceptibility of all
strains was confirmed by diffusion in agar with mero-
penem discs, in order to avoid the occurrence of false
positives. Only 51% of the strains isolated from the
screening were confirmed positive for resistance to mero-
penem. Thus, considering all the initial presumptive
Enterobacteriaceae isolates tested, 12% of them were
resistant to meropenem. Of the 62% ampicillin-resistant
strains, 59% are also resistant to cefoxitin and cephalo-
tin, followed by 62% to penicillin, 54% to amoxicillin -
clavulanic acid, 49% to meropenem, 3% to gentamycin
and no strain displayed resistance to ciprofloxacin,
amikacin and tetracycline. Analyzing the strains
resistant to amoxicillin - clavulanic acid we found that
59% present simultaneous resistance to cefoxitin and
cephalotin, 57% to penicillin, 54% to ampicillin, 49% to
meropenem and 3% to gentamycin. Strains resistant to
cephalothin or meropenem show resistance simultane-
ously to all antibiotics tested except for amikacin.

In summary, only 5% of the isolates presented suscep-
tibility to all of the tested antimicrobial agents and 95%
of the isolates showed resistance to at least 1 antibiotic,
with 16% showing resistance to 2 antibiotics, followed by
11% to 3 antibiotics, 3% to 4 antibiotics, 19% resistant to
5 antibiotics, 43% resistant to 6 antibiotics and 3% resis-
tant to more than 6 antibiotics.

Discussion

Despite 51% of the Staphylococcus spp. isolates
demonstrated resistance to oxacillin, resistance to other
B-lactamic antibiotics was found to be significantly lower
than that reported in other studies [15-17]. Of all the
samples tested, only three Staphylococcus spp. strains
showed resistance to three antibiotics. One of these
strains showed resistance at least to three antimicrobial
classes, considered, therefore, to be multidrug resistant,
according to Magiorakos and colleagues classification
[15, 18]. The vancomycin resistant strain is a coagulase
negative Staphylococcus spp., but nonetheless a poten-
tial reservoir of drug resistance, and waste sorting facili-
ties workers may acquire this potential opportunistic
resistant microorganism in their work environment.
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Once acquired by the working community it can be
spread to the wider community and consequently
become a public health problem.

Rapid and accurate detection of methicillin resistance
in Staphylococcus spp. is important for treating serious
infections. Methicillin resistance is mediated by the pro-
tein PBP 2a (penicillin-binding protein), encoded by the
mecA gene, which is an integral part of a mobile genetic
element called SCCmec, Staphylococcal cassette chromo-
some mec [19], and the presence of the mecA gene cor-
relates with oxacillin resistance also in Staphylococcus
coagulase negative (CoNS) strains [20]. This gene is
often heterogeneously expressed, so conventional sensi-
tivity testing methods may fail to detect methicillin
resistance. Current detection of the mecA gene by poly-
merase chain reaction (PCR) is considered to be the
main test for classifying strains as methicillin resistant
although there is currently at least one homologue
(mecC) gene that confers methicillin resistance in Staph-
ylococcus spp. [21]. We have found the mecA gene in only
a small fraction of the oxacillin resistant isolates, but in
2012, in a study of CoNS mutiresistance, the presence of
the mecA gene was also found in only 67.8% of the oxa-
cillin resistant strains [15]. In a study by Olayinka and
colleagues (as cited in [22]), the phenomenon found in
some phenotypically S. aureus MRSA isolates was not a
classical resistance mediated by the presence of the cor-
responding genetic element, but probably caused by an
overproduction of B-lactamase.

Since multiresistance in Enterobacteriaceae has been
described in 1990, it that has been emerging in the com-
munity [23]. In fact, 95% of the strains isolated are resis-
tant to more than one antimicrobial agent and 43%
displayed resistance to 6 of the tested antibiotics. The
high incidence of resistance to meropenem can be worry-
ing, since carbapenems are considered as the preferred
antibacterial agents in the treatment of ESBL-produc-
ing Enterobacteriaceae [23, 24]. Considering that 60% of
the Gram negative isolates presented resistance to at
least 3 classes of antibiotics these strains are therefore
classified as multidrug-resistant (MDR) according to the
criteria proposed by Magiorakos and collaborators [18].
Regarding antibiotics used in the groups evaluated, 54%
demonstrated resistance to penicillins, 8% demonstrated
resistance to fluoroquinolones and glycopeptides and
68% demonstrated resistance to cephalosporins. Regard-
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ing aminoglycosides, resistance to antibiotics from the
same group was not found. These data confirm that the
highest incidence of resistance consistent with is to ceph-
alosporins and penicillins, as also found in works previ-
ously published [23-25]. It is known that carbapenemases-
producing Enterobacteriaceae are resistant to B-lactams,
including cephalosporins, penicillins and monobactams
[24].

Douwes and colleagues [26], and Brooks and col-
leagues [27] reported that a wide variety of health prob-
lems, including infectious diseases, acute toxic effects,
allergies, cancer, respiratory symptoms and changes in
lung function in workers exposed to bioaerosols in the
occupational environment. The potential danger of
bioaerosols depends on the pathogenicity of microorgan-
isms, environmental factors, as well as the pools of
bacteria genes, including antibiotic resistance genes.
According to Paterson and colleagues [24], Gram neg-
ative bacteria from the Enterobacteriaceae family are
major causes of urinary tract infections (UTI), blood-
stream infections, pneumonia associated with health-
care, and various intra-abdominal infections.

Carbapenemase-producing strains are characterized
by their resistance to virtually all B-lactam antibiotics
and to many other antibiotic classes [25]. Its rapid emer-
gence poses a considerable threat to public health due to
the capacity to spread easily between humans, contami-
nated food, and water.

Conclusion

The present study, provide of evidence that waste sort-
ing facilities can be a source for carbapenem resistant
Gram negative bacteria and Staphylococcus spp. strains.
Their circulation between the environment and workers
presents a risk not usually taken into account when risk
assessment is performed.

The fact that waste sorting facilities and landfill work-
ers are subjected to the exposure to high levels of biologi-
cal agents naturally makes these workers more frequent
targets of potential exposure to multidrug-resistant
pathogenic or opportunistic organisms. The present
study can contribute to a better understanding of this
reality, and raise awareness among the various opera-
tors in the sector of a risk that is not usually considered.
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