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Abstract: Coagulase-negative staphylococci (CoNS) are an important group of opportunistic
pathogenic microorganisms that cause infections in hospital settings and are generally resistant
to many antimicrobial agents. We report on phenotypic and genotypic virulence characteristics
of a select group of clinical, mecA-positive (encoding penicillin-binding protein 2a) CoNS isolates.
All CoNS were resistant to two or more antimicrobials with S. epidermidis strain 214EP, showing
resistance to fifteen of the sixteen antimicrobial agents tested. Aminoglycoside-resistance genes were
the ones most commonly detected. The presence of megaplasmids containing both horizontal gene
transfer and antimicrobial resistance genetic determinants indicates that CoNS may disseminate
antibiotic resistance to other bacteria. Staphylococcus sciuri species produced six virulence enzymes,
including a DNase, gelatinase, lipase, phosphatase, and protease that are suspected to degrade tissues
into nutrients for bacterial growth and contribute to the pathogenicity of CoNS. The PCR assay for
the detection of biofilm-associated genes found the eno (encoding laminin-binding protein) gene in all
isolates. Measurement of their biofilm-forming ability and Spearman’s rank correlation coefficient
analyses revealed that the results of crystal violet (CV) and extracellular polymeric substances
(EPS) assays were significantly correlated (ρ = 0.9153, P = 3.612e-12). The presence of virulence
factors, biofilm-formation capability, extracellular enzymes, multidrug resistance, and gene transfer
markers in mecA-positive CoNS clinical strains used in this study makes them powerful opportunistic
pathogens. The study also warrants a careful evaluation of nosocomial infections caused by CoNS and
may be useful in studying the mechanism of virulence and factors associated with their pathogenicity
in vivo and developing effective strategies for mitigation.
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1. Introduction

While coagulase-negative staphylococci (CoNS) live as normal microflora of skin and mucous
membranes in humans and animals, they also are increasingly recognized as important pathogenic
bacteria that cause hospital-acquired infections [1,2]. They have been associated with bacteremia,
bloodstream infections, bone and joint infections, endocarditis, osteomyelitis, urinary tract infections,
and wound infections. CoNS are especially a threat to immunocompromised patients, such as those
with anticancer therapy, intensive care, premature birth, and transplant, and patients with implanted
foreign body materials [3]. Distinguishing pathogenic and contaminating commensal isolates remains
a major challenge in clinical practice because various CoNS have different capabilities to cause
infection [1].

Formation of biofilm plays a pivotal role in the virulence of CoNS by allowing cells to persist in
the human body and evade the host immune defense system [4]. Therefore, biofilm formation may
be a useful indicator to measure the virulence characteristics of pathogenic CoNS. Biofilms contain
polysaccharide intercellular adhesion (PIA) and biofilm-associated protein (Bap) [5]. PIA is synthesized
by N-acetylglucosaminyltransferase encoded by the icaADBC gene cluster. Other cell surface-associated
proteins, including bone sialoprotein binding protein (bbp), clumping factors A and B (clfA, clfB), collagen
binding protein (cna), elastin binding protein (ebpS), fibronectin binding proteins A and B (finbA, finbB),
and laminin binding protein (eno), also contribute to biofilm formation [6]. CoNS are observed to form
biofilms on or around a variety of medical devices, such as central venous catheters, prosthetic heart
valves, and pacemakers [7]. Biofilm protects bacteria residing inside of the structure against antibiotics
used to treat infections [8]. Furthermore, reduced metabolic activity due to slow growth of bacterial cells
inside the biofilm matrix lowers uptake of antibiotics. Therefore, cells in a biofilm can develop a high
level of antibiotic resistance that reaches up to one thousand-fold that of planktonic cells [8]. Resistance
to antimicrobial agents has a close association with pathogenicity mechanisms in CoNS [9]. Not only
are CoNS resistant to multiple antibiotics, like β-lactams, aminoglycosides, and macrolides that are
currently used for treatment of methicillin-resistant S. aureus infections, but they also can be a reservoir
for transmission of antimicrobial resistance genes to other pathogenic bacteria [4]. The prevalence of
methicillin-resistant CoNS has been reported in many sources, such as the hospital environment, nares
of healthy humans, outpatients, bacteremia, and bloodstream infections [10,11]. Methicillin-resistant
CoNS carry a mecA gene, which codes for the membrane-bound penicillin-binding protein 2a (PBP 2a),
and can be disseminated by horizontal transfer from one staphylococcal strain to another [12]. Barbier
and coworkers reported that a high prevalence of mecA-positive CoNS might increase the transmission
of mecA to S. aureus strains, promoting the emergence of new methicillin-resistant S. aureus clones [13].
Additionally, the high frequency of methicillin-resistant CoNS has increased the use of glycopeptide
antibiotics like vancomycin and teicoplanin [14].

CoNS produce other virulence factors, including deoxyribonuclease (DNase), gelatinase, lipase,
proteases, and toxins [1]. By producing DNase, CoNS are able to degrade extracellular DNA, thereby
avoiding the immune response [15]. The lipase of staphylococci has been known to inactivate
bactericidal lipids and assist bacterial survival in human skin [16]. The same enzyme may resist
attacks by phagocytes and granulocytes and play a key role in biofilm formation. Proteases inactivate
elastin, immunoglobulins (IgA, IgG, and IgM), plasma proteinase inhibitors, and tissue adhesion
molecules [17]. Gelatinase, a zinc metalloprotease, can hydrolyze gelatin, collagen, casein and other
proteins; it is involved in biofilm production and is responsible for endocarditis [18].

Whereas there have been many studies regarding virulence characteristics of methicillin-resistant
S. aureus, limited studies have been reported on CoNS [19,20]. Therefore, investigation of phenotypic
and genotypic virulence characteristics in clinical CoNS isolates is of great value for understanding their
roles in pathogenesis. In this study we investigated antibiotic resistance, virulence factors, and biofilm
formation characteristics of CoNS obtained from human clinical samples.
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2. Materials and Methods

2.1. Bacterial Strains

Twenty-nine mecA-positive clinical CoNS isolated from various sources, including nasal, catheter,
blood, urine, perirectal, and wound, during January 2010 to October 2011 were used in this study
(Table 1). The bacterial isolates were grown at 37 ◦C overnight in brain heart infusion broth (BHI, BD,
Franklin Lakes, NJ, USA) or on trypticase soy agar (TSA) containing 5% sheep blood (BD) depending
on the experimental needs.

2.2. Antimicrobial Susceptibility

Assays for antibiotic susceptibility were performed using the Kirby–Bauer disk-diffusion
method [21]. The antibiotics used for disk diffusion assays included ampicillin (AMP, 25 µg),
bacitracin (BAC, 10 units), cefazolin (CEF, 30 µg), ciprofloxacin (CIP, 5 µg), erythromycin (ERY, 15 µg),
gentamicin (GEN, 30 µg), kanamycin (KAN, 30 µg), lincomycin (LIN, 2 µg), novobiocin (NOV, 30 µg),
oxacillin (OXA, 1 µg), penicillin (PEN, 10 units), polymyxin B (POL, 300 units), rifampicin (RIF,
5 µg), streptomycin (STR, 10 µg), tetracycline (TET, 30 µg), and vancomycin (VAN, 30 µg). Antibiotic
discs were purchased from Thermo Fisher Scientific (Wilmington, DE, USA). Zones of inhibition
were measured after growth of bacteria overnight at 37 ◦C on Mueller–Hinton (MH, BD) agar plates,
and according to CLSI guidelines the susceptibility of test isolates to antimicrobials was interpreted [22].
S. aureus ATCC 25,923 was used as a quality control.

2.3. Chromosomal and Plasmid DNA Isolation

CoNS were grown at 37 ◦C overnight in BHI broth and chromosomal DNA was extracted by
using a QIAamp DNA Mini Kit (Qiagen, Valencia, CA, USA), following the supplier’s instructions.
A modified alkaline lysis method was used to extract plasmid DNA [23]. An overnight broth culture
was centrifuged and the pellet was mixed with alkaline lysis solution (20 mM Tris-HCl (pH 7.0),
50 mM EDTA (pH 8.0), 0.58 M sucrose) and lysostaphin (1 mg/mL) (Sigma-Aldrich Co., St. Louis, MO,
USA). Then, the mixture was incubated at 37 ◦C for 30 min. The second lysis buffer (0.1 M NaOH, 1%
sodium dodecyl sulfate (SDS)) was added and incubated on ice for 5 min. After that, 1.5 M potassium
acetate (pH 4.8) was added to the mixture and incubated on ice once again for 5 min. The lysate
was centrifuged and the supernatant was mixed with phenol:chloroform:isoamyl alcohol (25:24:1).
Plasmid DNA in the aqueous layer was precipitated with cold 100% ethanol at −80 ◦C, washed with
70% ethanol, and dissolved with TE buffer (10 mM Tris-HCl (pH 7.5), 1 mM EDTA (pH 8.0)). After
DNA extraction, each 1.5 µL of the DNA sample was loaded on top of the sensor of a Nanodrop 2000
UV spectrophotometer (Thermo Fisher Scientific) and DNA purity was measured by the absorbance at
260 and 280 nm. DNA profiles were revealed by 0.8% agarose gel electrophoresis at 100 V for 4 h and a
supercoiled DNA from Agilent Technologies (Santa Clara, CA, USA) was employed as a molecular
size marker.
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Table 1. Phenotypic and genotypic antimicrobial resistance and transfer genes in clinical coagulase-negative staphylococci (CoNS) isolates.

Strain Species Source AMP BAC CEF CIP ERY GEN KAN LIN NOV OXA PEN POL RIF STR TET VAN Antibiotic Resistance and Transfer Genes
10SC sciuri Nasal aac(6′)-Ie-aph(2′)-Ia, mecA, prepSK41
20SC sciuri Nasal aac(6′)-Ie-aph(2′)-Ia, mecA
30SC sciuri Nasal aac(6′)-Ie-aph(2′)-Ia, mecA
40SC sciuri Nasal aac(6′)-Ie-aph(2′)-Ia, mecA
50SC sciuri Nasal aph(3′)-IIIa, aac(6′)-Ie-aph(2′)-Ia, ermB, mecA, prepSK41
60SC sciuri Nasal aac(6′)-aph(2”), aph(3′)-IIIa, aac(6′)-Ie-aph(2′)-Ia, sat4, blaZ, mecA, traL
70SC sciuri Nasal aac(6′)-aph(2”), aph(3′)-IIIa, aac(6′)-Ie-aph(2′)-Ia, ermB, sat4, mecA
80SC sciuri Nasal aph(3′)-IIIa, aac(6′)-Ie-aph(2′)-Ia, ermB, mecA, prepSK41, prepT181

91HA haemolyticus
Arterial

line
catheter

aac(6′)-aph(2”), ant(4′)-Ia, aph(3′)-IIIa, aac(6′)-Ie-aph(2′)-Ia, ermB, blaZ, mecA, prepSK41

101HA haemolyticus Nasal
aac(6′)-aph(2”), aph(3′)-IIIa, aac(6′)-Ie-aph(2′)-Ia, ermB, sat4, tetL, blaZ, mecA,

prepSK41, prepT181

111HA haemolyticus Nasal
aac(6′)-aph(2”), aph(3′)-IIIa, aac(6′)-Ie-aph(2′)-Ia, ermB, sat4, tetL, blaZ, mecA,

prepSK41, prepT181
121HA haemolyticus Nasal aac(6′)-aph(2”), aph(3′)-IIIa, aac(6′)-Ie-aph(2′)-Ia, ermB, sat4, mecA, prepT181, traL

132LE lentus Nasal
aac(6′)-aph(2”), ant(4′)-Ia, aph(3′)-IIIa, aac(6′)-Ie-aph(2′)-Ia, ermB, mecA,

prepSK41, prepT181
143AU auricularis NA ant(4′)-Ia, aph(3′)-IIIa, aac(6′)-Ie-aph(2′)-Ia, ermB, tetK, blaZ, mecA, prepSK41, prepT181

153AU auricularis Blood
aac(6′)-aph(2”), aph(3′)-IIIa, aac(6′)-Ie-aph(2′)-Ia, ermB, tetK, blaZ, mecA,

prepSK41, prepT181
163AU auricularis Blood aac(6′)-aph(2”), aph(3′)-IIIa, aac(6′)-Ie-aph(2′)-Ia, blaZ, mecA, prepT181
174EP epidermidis Blood ermB, mecA, prepT181

184EP epidermidis Wound
foot aph(3′)-IIIa, aac(6′)-Ie-aph(2′)-Ia, ermB, sat4, mecA, prepT181

194EP epidermidis Wound
buttock tetK, mecA, prepT181

204EP epidermidis NA aac(6′)-aph(2”), ant(4′)-Ia, aac(6′)-Ie-aph(2′)-Ia, mecA, prepSK41, prepT181

214EP epidermidis
Arterial

line
catheter

aac(6′)-aph(2”), ant(4′)-Ia, aph(3′)-IIIa, aac(6′)-Ie-aph(2′)-Ia, ermB, tetK, blaZ, mecA,
prepSK41, prepT181

224EP epidermidis Perirectal aac(6′)-aph(2”), aac(6′)-Ie-aph(2′)-Ia, ermB, tetK, tetL, mecA, prepSK41, prepT181

235HO hominis Blood
aac(6′)-aph(2”), ant(4′)-Ia, aph(3′)-IIIa, aac(6′)-Ie-aph(2′)-Ia, ermB, mecA,

prepSK41, prepT181

245HO hominis Wound
foot aac(6′)-Ie-aph(2′)-Ia, mecA, prepT181

255HO hominis Urine aac(6′)-Ie-aph(2′)-Ia, mecA

266LU lugdunensis Wound
foot aac(6′)-Ie-aph(2′)-Ia, mecA, prepT181

276LU lugdunensis Arm
abscess

aph(3′)-IIIa, aac(6′)-Ie-aph(2′)-Ia, ermB, mecA, prepSK41, prepT181

287SI simulans Wound
thigh aph(3′)-IIIa, aac(6′)-Ie-aph(2′)-Ia, blaZ, mecA, prepT181

297SI simulans Blood aac(6′)-Ie-aph(2′)-Ia, mecA

* AMP: Ampicillin, BAC: Bacitracin, CEF: Cefazolin, CIP: Ciprofloxacin, ERY: Erythromycin, GEN: Gentamicin, KAN: Kanamycin, LIN: Lincomycin, NOV: Novobiocin, OXA: Oxacillin,
PEN: Penicillin, POL: Polymyxin B, RIF: Rifampicin, STR: Streptomycin, TET: Tetracycline, VAN: Vancomycin, ** Solid: Resistant, Grey: Intermediate, Clear: Sensitive. *** Antimicrobial
resistance genes are regular and transfer genes are bold; str, tetM, tetS, tetW, class I integron, nespSK41, traE, traG, traK, and traM were PCR-negative for all CoNS. **** NA: Source is
not available.
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2.4. Amplification of Antibiotic-Resistance, Horizontal Transfer, and Pathogenicity-Associated Genes by PCR

Antibiotic resistance, horizontal transfer and virulence-associated genes were detected by primers
that were previously reported [24–36] (Supplementary Tables S1–S3). PCR reactions were carried out
in 50 µL total volume containing 25 µL Thermo Scientific DreamTaq PCR master mix (2×) (Thermo
Scientific, Oakwood Village, OH, USA), 2 µL of 10 µM forward and reverse primer mix, and 10 ng
of genomic DNA extract. PCR cycling conditions were as follows—initial denaturation for 3 min at
95 ◦C, 35 cycles of denaturation for 30 sec at 95 ◦C, annealing for 30 sec at an appropriate temperature
depending on melting temperature of the primers, extension for 1 min at 72 ◦C, and final extension
for 15 min at 72 ◦C. PCR amplicons were run on a 1.0% agarose gel stained with 1x GelRed (Biotium,
Inc., Fremont, CA, USA), and visualized using a Molecular Imager® Gel Doc™ XR System (BIO-RAD,
Hercules, CA, USA). Presumptive positive PCR products or bands were purified by using a QIAquick
Gel Extraction kit (Qiagen) and sequenced by Retrogen, Inc. (San Diego, CA, USA). Each sequenced
amplicon was aligned and analyzed using DNASTAR Lasergene software package v. 12 (Madison,
WI, USA).

2.5. Tests for Virulence Factors and Invasion

Tests for the production of coagulase were performed using rabbit plasma (Hardy Diagnostics,
Santa Maria, CA, USA) [37]. CoNS were grown in BHI broth at 37 ◦C for 20 h and then 50 µL of bacterial
suspension was mixed with rabbit plasma. Then, clotting of the rabbit plasma was checked after
incubation at 37 ◦C for 4 h. Toluidine blue broth (Hardy Diagnostics), containing 0.01% toluidine blue
O as a color indicator and casein and soy peptones as nutrient sources, was utilized for the detection of
DNase. A suspension of CoNS at 4.0 McFarland standard was inoculated into the broth and a color
interpretation was read following 6 h incubation [38]. In a gelatinase test, a fresh CoNS culture of high
cell density was stab-inoculated deep into 12% nutrient gelatin (Hardy Diagnostics) and incubated at
25 ◦C for up to 7 days. Gelatinase-positive strains showed hydrolysis of gelatin when the tubes were
incubated in an ice bath for 30 min [39]. For detection of lipase activity, bacteria were incubated for
72 h at 37 ◦C on spirit blue agar (BD) supplemented with lipase reagent, tributyrin and polysorbate
80 [40]. Lipase-positive isolates produced colonies with clear halos. Casein agar plates (Thermo
Scientific Remel, Lenexa, KS, USA) containing instant nonfat dry milk were used for testing protease
activity [38]. Inoculated CoNS on casein agar were cultured at 35 ◦C for up to 21 days to confirm
clear halo zones around colonies. Phosphatase and urease tests were done by the VITEK 2 automated
system (bioMerieux, Hazelwood, MO, USA) according to the manufacturer’s recommendations.

2.6. Biofilm Formation Test by CV, EPS and MTT Methods

For the crystal violet (CV) biofilm formation assay [41], an overnight-grown culture of CoNS
was diluted with fresh tryptic soy broth (TSB) (BD) media in 96-well microplates (Sigma-Aldrich
Co.). After incubation of bacteria in static conditions for 20 h at 37 ◦C, the microplates were
washed three times with filter-sterilized water and stained with a 0.1% solution of crystal violet
(CV) (Sigma-Aldrich Co.). Then, the microplates were washed with filter-sterilized water and
air-dried. The CV bound to the biofilm was solubilized with a 30% solution of glacial acetic acid
(Sigma-Aldrich Co.) and the optical density was determined at 550 nm using a Synergy 2 Multi-mode
microplate reader (BioTek Instruments, Inc., Winooski, VT, USA). To compare biofilm-forming
ability, a 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) (Sigma-Aldrich
Co.) reduction assay was employed [42]. As in the CV method, MTT was used for staining.
Following solubilization of MTT-stained material by dimethyl sulfoxide (DMSO) (Sigma-Aldrich
Co.), the absorbance was measured at 570 nm. To measure the production of extracellular polymeric
substances (EPS), TSB and Congo red (0.5 mM) (Sigma-Aldrich Co.) were added to the biofilm, which
was washed with phosphate-buffered saline (PBS) (Sigma-Aldrich Co.) [43]. After incubation for 2 h at
37 ◦C, the medium was centrifuged at 10,000 rpm for 5 min and the optical density of the supernatant
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was read at 490 nm. All biofilm experiments employed the same inoculum concentration (OD600 = 0.1)
and were performed in triplicate. S. epidermidis RP62A and S. aureus ATCC 25,923 were used for
positive and negative controls, respectively.

Statistical data were analyzed by R statistical software [44]. The ANOVA assumptions were
tested for the data of the CV, EPS and MTT assays. The Anderson–Darling Goodness of Fit test was
conducted to determine normality. Since the null hypothesis was rejected at the 0.05 significance level,
nonparametric analysis was used to compare the assays and explore the relationship of methods with
each isolate. Spearman rank correlation coefficients were calculated to determine associations among
the different methods of biofilm formation testing and their relationships were described by principal
component analysis (PCA). The confidence level for significance in all tests was 95%.

2.7. Field Emission Scanning Electron Microscopy (FESEM) and Negative-Stain Transmission Electron
Microscopy (NS-TEM)

A CoNS biofilm was grown on Thermanox polyester coverslips (Thermo Fisher Scientific) in BHI
broth overnight at 37 ◦C. The coverslips were rinsed three times with PBS for 15 min and dehydrated
using 15%, 30%, 50%, 70%, 90%, and 95% ethanol for 20 min and absolute (100%) ethanol for 30 min at
room temperature. The samples were dried in an Autosamdri-815, Series A automatic critical point
drier (Tousimis Research Corporation, Rockville, MD, USA) using liquid CO2 and sputter-coated with
gold (Denton Vacuum, Moorestown, NJ, USA). Images then were visualized using a Zeiss-Merlin
FESEM (Carl Zeiss Microscopy, Thornwood, NY, USA). For NS-TEM, overnight-grown biofilm cells
were washed with PBS. A drop of the biofilm cells was placed onto a formvar/carbon-coated nickel
grid (Polysciences, Warrington, PA, USA) and washed with PBS. Negative staining was carried out
using 2% uranyl acetate and the samples were observed with a JEOL 2100 TEM (Peabody, MA, USA).

3. Results

3.1. Phenotypic and Genotypic Antimicrobial Resistance

All CoNS isolates were multidrug resistant and all S. haemolyticus isolates showed resistance to at
least ten or more antibiotics (Table 1). Almost ninety percent (26/29) of the CoNS were resistant to
PEN. Antimicrobial resistance for OXA, AMP, BAC, ERY, CIP, LIN, and STR were 75.9%, 72.4%, 69%,
58.6%, 55.2%, 55.2%, and 48.3%, respectively, but VAN resistance was found only in the S. epidermidis
174EP isolate (Table 1). S. epidermidis strain 214EP showed resistance against the largest number
(13/16) of antimicrobial agents. Among aminoglycoside antibiotic resistance determinants, the most
dominant gene was aac(6′)-Ie-aph(2′)-Ia (93.1%), followed by aph(3′)-IIIa (58.6%), aac(6′)-aph(2”) (44.8%),
and ant(4′)-Ia (20.7%). Only two S. epidermidis isolates, 174EP and 194EP, had no aminoglycoside
resistance determinants. tetK and tetL were detected at low rates between 10–20%. The str, tetM,
tetS, tetW, and class I integron genes were not found in any isolate. Although most S. sciuri isolates
carried only megaplasmids, other CoNS strains carried multiple plasmids with various sizes (Figure 1).
Regarding horizontal transfer genes, the pre relaxase genes of the staphylococcal mobilizable plasmids
pT181 and pSK41 were found in 62.1% (18/29) and 48.3% (14/29), respectively. The traL gene was
detected in only two isolates, S. sciuri strain 60SC and S. haemolyticus strain 121HA. All CoNS were
negative for PCR amplification using primers designed to amplify the other transfer genes, including
the nes relaxase genes of pSK41, traE, traG, traK, and traM.
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DNase activity was observed in most isolates (27/29) except S. lentus strain 132LE and S. hominis 
strain 235HO (Table 2). Gelatinase and protease were found in most S. sciuri strains. Urease activity 
was found in S. epidermidis, S. hominis, S. lugdunensis and S. simulans. All CoNS species were shown 
to be positive for lipase by splitting tributyrin and polysorbate 80, except for S. haemolyticus. 

Table 2. Phenotypic virulence enzymes in clinical CoNS isolates. 
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10SC − + − + + − − 
20SC − + + + + + − 
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Figure 1. Plasmid DNA profiles of Staphylococcus species. Agarose gel electrophoresis (0.8%) was run
at 100 V for 4 h and a supercoiled DNA ladder from Agilent Technologies was used as a molecular
size marker. First and last lanes are supercoiled plasmid DNA ladders. Staphylococcus strains in lanes
1-29—10SC, 20SC, 30SC, 40SC, 50SC, 60SC, 70SC, 80SC, 91HA, 101HA, 111HA, 121HA, 132LE, 143AU,
153AU, 163AU, 174EP, 184EP, 194EP, 204EP, 214EP, 224EP, 235HO, 245HO, 255HO, 266LU, 276LU, 287SI,
and 297SI.

3.2. Phenotypic and Genotypic Virulence Factors in Clinical CoNS Isolates

DNase activity was observed in most isolates (27/29) except S. lentus strain 132LE and S. hominis
strain 235HO (Table 2). Gelatinase and protease were found in most S. sciuri strains. Urease activity
was found in S. epidermidis, S. hominis, S. lugdunensis and S. simulans. All CoNS species were shown to
be positive for lipase by splitting tributyrin and polysorbate 80, except for S. haemolyticus.

Genes for fibrinogen-binding protein (clfA) and intracellular adhesion protein (icaA) were detected
by PCR at higher percentage (40–50%) than other virulence genes, such as fnbB, fib, bap, clfB, icaB,
and icaD (Table 3). Enolase (eno), encoding a laminin-binding protein, was present in all CoNS,
but other virulence genes, including collagen-binding protein (cna), elastin-binding protein (ebpS),
fibronectin-binding protein (fnbA), bone sialoprotein-binding protein (bbp), hemolysins (hla, hlb),
staphylococcal enterotoxins (sea, seb, sec, sed, see, seg, seh, sei, sej), toxic shock syndrome toxin (Tst),
exfoliative toxins (eta, etb), and Panton–Valentine leukocidin (pvl), were not present in any isolate.

3.3. Biofilm Formation

When biofilm was measured by CV staining, CoNS isolates showed a various range of OD550

from 0.11 to 0.43 (Figure 2). Seven CoNS strains (OD550 > 0.25) formed biofilms very strongly on the
polystyrene surfaces. High EPS production (OD490 > 0.2) was seen in S. sciuri strains 10SC and 70SC,
S. haemolyticus strain 91HA, S. auricularis strains 143AU, S. epidermidis strain 194EP and S. simulans
strain 297SI (Figure 3). The MTT biofilm-formation assay showed that six CoNS strains had higher
than 0.30 normalized OD (Figure 4). A three-dimensional space was reduced to a two-dimensional
space with Components 1 and 2 by PCA (Figure 5). All quantitative biofilm assays were positively
correlated along the Component 1 axis, indicating that higher Component 1 values corresponded to an
increase of biofilm formation in CoNS. S. epidermidis strain 194EP and S. auricularis strains 143AU were
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described as good biofilm formers by Component 1. Component 2 indicated that EPS and CV methods
were inversely correlated with MTT. These observations calculated by PCA were consistent with the
results of Spearman rank order correlation coefficients. A high correlation coefficient (ρ = 0.9153,
P = 3.612e-12) for CV and EPS was identified (Table 4). Other pairwise comparisons also showed
significant correlations between 1.751e-04 and 7.596e-05. None of the correlation coefficients between
the prevalence of biofilm-associated genes and biofilm formation assays were significantly different
(ρ = −0.01964, 0.06048, and 0.06895 for CV, EPS, and MTT, respectively) (supplementary Table S4).

Table 2. Phenotypic virulence enzymes in clinical CoNS isolates.

Strain COG DNA GEL LIP PHO PRO URE

10SC − + − + + − −

20SC − + + + + + −

30SC − + + + + + −

40SC − + + + + + −

50SC − + − + + − −

60SC − + + + + + −

70SC − + + + + + −

80SC − + − + + − −

91HA − + − − − − −

101HA − + − − − − −

111HA − + − − − − −

121HA − + − − − − −

132LE − − − + + − −

143AU − + − + − − −

153AU − + − + − − −

163AU − + − + − − −

174EP − + − + + + +

184EP − + − − − − +

194EP − + − + − − +

204EP − + − + + − +

214EP − + − + + − +

224EP − + − − + − +

235HO − − − − − − +

245HO − + − + − − −

255HO − + − − − − +

266LU − + − + + − +

276LU − + − + + − +

287SI − + − + − − +

297SI − + − − − − +

* COG: Coagulase, DNA: DNase, GEL: Gelatinase, LIP: Lipase, PHO: Phosphatase, URE: Urease, PRO: Protease.
** +: positive, −: negative.
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Table 3. Genotypic virulence factors in clinical CoNS isolates.

Strain eno fnbB fib clfA clfB bap icaA icaB icaD

10SC + − - - − − − − −

20SC + − − − − − + − −

30SC + − − − − − + − −

40SC + − − − − − + − −

50SC + − − − − − + − −

60SC + + − + − − + − −

70SC + − − − − − + − −

80SC + − − + − − − − −

91HA + − − − − − − − −

101HA + − − − − − − − −

111HA + − − − − − − − −

121HA + + − − − − + − −

132LE + − − + − − − − −

143AU + − − + − + − − −

153AU + − + + − − − − −

163AU + − + + − − − − −

174EP + + − + + − + + +

184EP + − − + − − − − −

194EP + − − + − − + − −

204EP + − − − − − − − −

214EP + − − + − − + + +

224EP + − − − − − − − −

235HO + − − − − − − − −

245HO + − − − − − − − −

255HO + − − − − − − − −

266LU + − − + − − + − −

276LU + − − + − − + − −

287SI + − − + − − + − −

297SI + − − + − − − − −

* All negative results in genotypic tests—cna, ebpS, fnbA, bbp, hla, hlb, sea, seb, sec, sed, see, seg, seh, sei, sej, Tst,
eta, etb, pvl.

Table 4. Pairwise Spearman rank order correlation coefficient (ρ) for biofilm analysis methods.

EPS CV

CV ρ: 9.153 × 10−1

p value: 3.612 × 10−12

MTT ρ: 6.677 × 10−1

p value: 7.596 × 10−5
ρ: 6.418 × 10−1

p value: 1.751 × 10−4
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Figure 2. Biofilm formation of Staphylococcus species shown by crystal violet (CV) staining. Experiments
were run in triplicate and each bar represents the mean ± standard deviation from the mean.
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Figure 3. Biofilm formation of Staphylococcus species shown by extracellular polymeric substances
(EPS) assay. Experiments were run in triplicate and each bar represents the mean ± standard deviation
from the mean.
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were run in triplicate and each bar represents the mean ± standard deviation from the mean.
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Among good biofilm formers, S. sciuri strains 10SC and 70SC were chosen since they had only a
single (eno) or two (eno, icaA) biofilm-associated genes. S. simulans strain 297SI and S. lugdunensis strain
266LU were selected as intermediate and poor biofilm formers. FESEM and NS-TEM analyses of the
biofilms in S. sciuri strains 10SC and 70SC, S. lugdunensis strain 266LU, and S. simulans strain 297SI were
carried out to examine their architectures (Figures 6 and 7). They had large amounts of extracellular
matrix materials or nanofibers extending from the surface that connected bacteria to one another
(Figure 6). NS-TEM showed more detailed images of amorphous, loosely adherent extracellular matrix
present on the surfaces of the bacterial cells and between cells (Figure 7). Compared to S. lugdunensis
strain 266LU (Figure 7C), S. sciuri strain 70SC showed distinct extracellular components.
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Figure 6. Field emission scanning electron microscopy (FESEM) images of biofilm. The scale bar in all
the images corresponds to 1.0 µm. (A): S. sciuri strain 10SC, (B): S. sciuri strain 70SC, (C): S. lugdunensis
strain 266LU, (D): S. simulans strain 297SI.



Microorganisms 2020, 8, 659 13 of 19

Microorganisms 2020, 8, 659 14 of 20 

 

Figure 6. Field emission scanning electron microscopy (FESEM) images of biofilm. The scale bar in all 
the images corresponds to 1.0 μm. (A): S. sciuri strain 10SC, (B): S. sciuri strain 70SC, (C): S. lugdunensis 
strain 266LU, (D): S. simulans strain 297SI. 

 
Figure 7. NS-TEM images of biofilm. The scale bar in all the images corresponds to 1.0 μm. (A): S. 
sciuri strain 10SC, (B): S. sciuri strain 70SC, (C): S. lugdunensis strain 266LU, (D): S. simulans strain 
297SI. 

4. Discussion 

In the present study all CoNS isolates demonstrated multidrug-resistance properties, each 
exhibiting resistance against more than two antimicrobials. Most CoNS were resistant to β-lactam 
antibiotics and their resistance rates of PEN, OXA and CEF, were 89.7%, 75.9%, and 38.0%, 
respectively. On the other hand, the resistance rates of VAN and RIF were very low, showing 3.5% 
and 13.8%, respectively. Although some CoNS (24.1%) were susceptible to OXA, the mecA gene was 
also detected in those isolates. It was reported that staphylococci could exhibit sensitivity to OXA but 

1.0 μ

A B 

C D 

Figure 7. NS-TEM images of biofilm. The scale bar in all the images corresponds to 1.0 µm. (A): S. sciuri
strain 10SC, (B): S. sciuri strain 70SC, (C): S. lugdunensis strain 266LU, (D): S. simulans strain 297SI.

4. Discussion

In the present study all CoNS isolates demonstrated multidrug-resistance properties,
each exhibiting resistance against more than two antimicrobials. Most CoNS were resistant to
β-lactam antibiotics and their resistance rates of PEN, OXA and CEF, were 89.7%, 75.9%, and 38.0%,
respectively. On the other hand, the resistance rates of VAN and RIF were very low, showing 3.5% and
13.8%, respectively. Although some CoNS (24.1%) were susceptible to OXA, the mecA gene was also
detected in those isolates. It was reported that staphylococci could exhibit sensitivity to OXA but could
harbor mecA [45–47]. Similarly, we observed that S. sciuri strains 40SC, 50SC, 60SC, and S. epidermidis
strain 224EP carried aac(6′)-Ie-aph(2′)-Ia, aph(3′)-IIIa, and aac(6′)-aph(2”), and they were susceptible to
aminoglycoside antibiotics, including gentamicin, kanamycin, and streptomycin. These phenomena
have been attributed to the silencing of those resistant genes [48]. Zhu and coworkers also described
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discordance between genotypic and phenotypic patterns in aminoglycoside resistance in staphylococcal
isolates [49].

To better understand the transferability of antibiotic-resistance genes we screened for horizontal
transfer genes of conjugative pSK41 and mobilizable pT181 plasmids that are common in
staphylococci [50,51]. The presence of megaplasmids and detection of pT181, pSK41, and traL
genes in some strains indicate that they could carry pT181- or pSK41-type plasmids containing
multidrug resistance genes. Recently, several groups have reported that staphylococcal isolates harbor
these transfer genes, implying the potential for dissemination of antimicrobial resistance genes to
neighboring bacteria [36,52,53]. The presence of genes involved in the transfer of anitimicrobial
resistance along with other genes such as DNase, gelatinase, lipase, phosphatase, protease, and urease
have been suspected in degrading tissues into nutrients for bacterial growth and contribute to the
pathogenicity of CoNS [54].

Among CoNS strains included in this investigation, S. sciuri produced five enzymes, including
DNase (8/8), gelatinase (5/8), lipase (8/8), phosphatase (8/8), and protease (5/8). These results are in
agreement with a previous report indicating the presence of a wide spectrum of virulence factors in
S. sciuri [38]. We also found the presence of urease, another known virulence factor, in S. epidermidis,
S. hominis, S. lugdunensis and S. simulans. Urease is normally found in the urinary tract pathogen
S. saprophyticus [55]. Its presence also been confirmed in other CoNS species, namely S. capitis subsp.
ureolyticus, S. caprae, S. epidermidis, S. hominis, and S. warneri [56].

Apart from the virulence factors stated above, the biofilm-forming ability of S. aureus and CoNS
makes them even more successful pathogens [6,57,58]. It has been shown earlier that S. epidermidis
has the ability to form biofilms on various biomaterial surfaces and is frequently isolated from
patients who suffer from infections of implanted medical devices [59]. Among six S. epidermidis
isolates used in our study, four isolates were good biofilm formers and S. epidermidis species contained
seven biofilm-associated genes (eno, fnbB, clfA, clfB, icaA, icaB, icaD). One of the S. epidermidis strains,
particularly 174EP, carried the highest number of biofilm-associated genes. Moreover, several adhesin
genes such as clfA and fnbB in S. sciuri, clfA and eno in S. lentus, clfA and fib in S. auricularis, clfA, clfB,
and fnbB in S. epidermidis, and clfA in S. lugdunensis were, to the best of our knowledge, the first that we
observed in CoNS isolates.

Many different quantitative methods have been used to measure biofilm formation, including
CV, EPS, MTT, Congo red agar plates and colony count assays [60]. EPS plays a major role in biofilm
formation; their essential components are polysaccharides, lipids, extracellular DNA, metabolites
and proteins secreted by bacteria within the biofilm [61]. The amount of EPS produced is considered
to be proportional to biofilm formation [62]. The MTT assay has been used to measure respiratory
activity of live cells and could be useful to determine the bacterial numbers in biofilm cells [63,64].
Among biofilm formation testing methods, while the CV assay had a good correlation (ρ = 0.9153)
with the EPS assay, it had a low correlation (ρ = 0.6418) with the MTT assay. Several studies agreed
that there is a close association between biofilm formation estimated by the CV method and EPS
production [43,65,66]. Studies that assessed correlation between CV and MTT methods have reported
conflicting results. Although some studies found that the CV assay was positively correlated with
MTT [67–69], other studies did not [70–72].

There was no significant relationship between the prevalence of biofilm-associated genes and
biofilm formation (supplementary Table S4). For example, although S. sciuri strain 60SC had eno, fnbB,
clfA, and icaA genes, its biofilm-forming ability was very poor compared to the good biofilm formers
(S. sciuri strains 10SC and 70SC) that harbored eno only or eno and icaA, respectively. Furthermore,
the ica operon was not associated with biofilm formation. Several researchers documented that
multidrug-resistant bacteria were able to form biofilms better than susceptible bacteria [73,74]. However,
we found no correlation between antibiotic resistance and biofilm formation. High variability in
biofilm formation was found among different species as well as within the same species.
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In summary, our study found that the mecA-positive CoNS clinical strains possessed a variety of
virulence factors, including biofilm formation capability, extracellular enzymes, multidrug resistance
and genetic components essential for resistance transfers. Biofilm-forming CoNS strains resistant
to many antimicrobials and harboring several virulence enzymes could be of particular concern
for critically ill hospitalized patients undergoing antimicrobial therapy, especially when infections
associated with medical devices are related to biofilms. Our study highlights a critical need,
understanding and continuous monitoring of CoNS-associated nosocomial infections and their
trend to elucidate the precise functions of virulence mechanisms and their interactions with host cells
under in vivo conditions. We believe that the study could be useful in developing the mitigation
strategies to manage and control CoNs infections.
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