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Introduction: Methicillin-resistant Staphylococcus aureus (MRSA) presents a profound 
hazard to public health. MRSA colonizing skin, mucous membranes, and the anterior nares 
without clinical symptoms is termed “colonizing MRSA”. Upon manifestation of clinical 
symptoms, it is termed “infectious MRSA”. Here, we characterize and differentiate coloniz-
ing and infectious MRSA, and analyze the phenotypic-genotypic and antibiotic susceptibility 
correlations.
Methodology: Clinical MRSA isolates were recovered from intensive care units (ICUs) 
of two major Egyptian hospitals and their biofilm formation ability was tested. 
Antibiograms against 16 antibiotics were determined, in addition to the minimum inhi-
bitory concentrations (MICs) of vancomycin and linezolid. The entire collection was 
typed by enterobacterial repetitive intergenic consensus (ERIC)-PCR, as well as multi- 
locus sequence typing (MLST). Representative resistance and virulence genes were 
detected by PCR amplification.
Results: Forty-nine isolates were confirmed as MRSA, of which 30 isolates were infectious 
and 19 were colonizing. Versatile resistance patterns were observed in both groups of 
isolates. We report a higher tendency for biofilm-formation and borderline minimum inhibi-
tory concentrations among infectious isolates. A Positive antibiotic correlation was observed 
between susceptibility to protein synthesis inhibitors and cell wall inhibitors. Positive 
correlations were observed between isolation site and rifampicin resistance: nasal samples 
were enriched in rifampicin-resistant isolates, while urine and blood samples were enriched 
in susceptible ones. Furthermore, biofilm formation ability was slightly associated with 
amikacin resistance, and an association between teicoplanin resistance and the presence of 
the Panton-Valentine leukocidin gene was the only significant phenotype-genotype correla-
tion observed. Finally, ERIC typing and MLST had congruent results.
Conclusion: Linezolid and vancomycin are still the most convenient choice for MRSA 
treatment. ERIC PCR and MLST show promising typing combination that could be easily 
used periodically for tracking the genotypic changes of MRSA, especially within the 
healthcare facilities. Several correlations were established between groups of antibiotics 
and the genotypes/phenotypes of the selected isolates.
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Introduction
Staphylococcus aureus is an ordinary member of the skin 
microbiota, primarily colonizing the anterior nares. 
S. aureus is an adaptable human pathogen as well and 
can cause diseases ranging from relatively mild infections 
of the skin and soft tissue to life-threatening sepsis.1,2 

Being one of the ESKAPE pathogens (Enterococcus fae-
cium, Staphylococcus aureus, Klebsiella pneumoniae, 
Acinetobacter baumannii, Pseudomonas aeruginosa, and 
Enterobacter species), it has a tremendous contribution to 
nosocomial infections worldwide.3 Methicillin-resistant 
S. aureus (MRSA) is defined as a group of S. aureus that 
is resistant to most beta-lactam antibiotics. Their multi 
resistance limits treatment options and augment the 
human vulnerability to their serious infections.4–6

MRSA can be classified, according to manifesting clin-
ical symptoms, into colonizing or infectious MRSA. The 
presence, growth, and multiplication of the organism in 
one or more body sites without observable clinical symp-
toms or immune reaction gives rise to the colonization 
state. It is estimated that 20% of individuals are persistent 
nasal carriers of S. aureus, 30% are intermittent carriers, 
whereas about 50% are noncarriers.7–9 Meanwhile, infec-
tion is defined as a condition whereby the bacteria, after 
invading a body site mostly as a consequence of S. aureus 
inoculation into an open wound, are multiplying in tissue 
and causing clinical manifestations.10

Identification and typing of bacterial isolates are cru-
cial for tracking their dissemination. Pulsed-field gel elec-
trophoresis (PFGE) of genomic macro-restriction 
fragments is the “gold standard” for MRSA typing,11 yet, 
the DNA sequence-based approaches became more 
appealing owing to their reproducibility across the 
laboratories.12 Among the techniques used are single- 
locus DNA sequencing of repeat regions of the coa gene 
and the spa gene. The spa typing is based on sequencing 
of the polymorphic X region of the protein A gene (spa), 
present in all strains of S. aureus.13 Furthermore, the PCR- 
based methods such as enterobacterial repetitive intergenic 
consensus (ERIC-PCR) and multi-locus sequence typing 
(MLST) are frequently used as well. The two techniques 
are widely used as they are both relatively simple and 
straightforward in with ERIC-PCR having the additional 
advantage of being relatively efficient economically.14 In 
ERIC -PCR, repetitive units of DNA are amplified by 
a single primer which yields a DNA fingerprint. This 
approach allows tracking the spread of certain strains and 

may expedite the analysis of transmission and support in 
infection control measures.15 Meanwhile, in MLST char-
acterizing bacterial species is based on single nucleotide 
variation, usually using the internal sequence fragments of 
seven house-keeping genes.16,17

In the present study, our aim is to characterize and 
differentiate both colonizing and infectious MRSA iso-
lates, collected from ICU patients, and determine their 
genetic relatedness using biochemical, molecular, and typ-
ing techniques.

Materials and Methods
Ethical Approval
The study was approved by the Faculty of Pharmacy, 
Cairo University Safety and Occupational Health 
Committee. Approval Number (MI357). The committee 
approved that no consent was needed for collection of 
the MRSA isolates. All isolates were originally bio- 
banked at the hospitals from which they were collected. 
There was no direct or indirect contact with any patient 
and consequently no informed consent was required.

Sample Collection, Laboratory Processing 
and Characterization
One hundred clinical isolates of known sample origins 
were recovered from the stocks in the clinical laboratories 
of two major Egyptian hospitals between 2014 and 2017. 
The isolates were retrieved from patients with no coloniz-
ing or infectious MRSA at the admission time but devel-
oped the colonization or infection while hospitalized. All 
isolates were cultivated on mannitol salt agar (MSA) 
selective medium for Staphylococcus aureus (Difco, 
USA) and then cultured on ORSAB chromogenic media 
(Oxoid, UK) to select for MRSA. Culture media identifi-
cation was followed by conventional laboratory 
approaches including Gram stain, catalase production, oxi-
dation/fermentation pattern, coagulase, DNase and gelati-
nase testing. Finally, confirmation was carried out using 
API Staph-test (Bio-Merieux, France) and dry spot staphy-
tect plus kit (Oxoid, UK).

Biofilm Formation Assay (Crystal 
Violet-Based Method)
All isolates were screened for their biofilm formation 
ability in 96-well plates using the crystal violet-based 
assay.18 Briefly, 18 h trypticase soya broth (TSB) cultures 
of tested staphylococci isolates were normalized to an 
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optical density (OD) of one at 600 nm, and then diluted 
1:100 with fresh TSB. Volumes of 200 μL of the diluted 
cultures were used to fill the wells of a 96-well flat- 
bottomed plates which were incubated for 24 h at 37 ◦C. 
Non-inoculated TSB was included as a blank (negative 
control) and S. aureus strains US300 was used as 
a biofilm forming positive control.19 The biofilms were 
washed three times with PBS and left to dry overnight 
after discarding the growth medium and the unattached 
cells. Crystal violet (0.4% w/v) was used to stain the 
adherent cells at room temperature for 15 min. Then, 
wells were washed, 150 μL of absolute ethanol was 
added, and absorbance at OD595 was recorded.18 An iso-
late was classified as strong biofilm former if the OD595 

was more than 0.24, moderate (0.12–0.24) and weak (non- 
biofilm forming) if OD595 was less than 0.12.20,21

Antibiogram and Minimum Inhibitory 
Concentration Determination
Antimicrobial agents’ choice: Sixteen antibiotics were 
selected belonging to four different groups according to 
their mechanisms of action. The antibiotic groups (and 
content in µg per disc) were as follows: Group I: protein 
synthesis inhibitors; doxycycline 30 µg, amikacin 30 µg, 
clindamycin 2 µg, erythromycin 15 µg, fusidic acid 10 µg, 
quinupristin-dalfopristin 15 µg, mupirocin 5 µg and line-
zolid 30 µg. Group II: cell wall synthesis inhibitors; eg, 
cefoxitin 30 µg, teicoplanin 30 µg, amoxicillin-clavulanic 
30 µg, meropenem 10 µg and vancomycin 30 µg. Group 
III: DNA/RNA synthesis inhibitors; eg, levofloxacin 5 µg, 
eg, rifampicin 5 µg. Group IV: metabolic pathway inhibi-
tors; eg, Sulfamethoxazole-trimethoprim 25 µg. All anti-
biotic discs were purchased from (Bioanaylase, Turkey).

The susceptibility of MRSA isolates to different anti-
microbial agents was measured in vitro by disc diffusion 
method on Mueller-Hinton agar plates according to Kirby- 
Bauer method.22 Isolates were classified into susceptible, 
intermediate or resistant according to the Clinical and 
Laboratory Standards Institute (CLSI) guidelines.23

MIC against the two antibiotics vancomycin and line-
zolid was performed using the two-fold broth microdilu-
tion method. MRSA isolates of MIC ≤ 4 μg/mL to 
linezolid were considered susceptible, while those of 
MICs ≤2 μg/mL to vancomycin were considered to be 
sensitive according to the Clinical and Laboratory 
Standards Institute (CLSI) guidelines.23 The MIC against 
the two antibiotics was evaluated after 24 h incubation at 

37◦C and scored visually as the lowest concentration that 
completely inhibits bacterial growth. The MIC was deter-
mined in triplicate for each isolate and MRSA USA300 
strain was used as quality control strain. Wells with culture 
media only were used to ensure sterility and wells with 
media and organism were used as a positive control.

Molecular Typing of Isolates
DNA from all tested strains was extracted using QIAamp 
DNA mini kit (Qiagen, Germany) according to the manu-
facturer’s instructions and was subsequently used in PCR 
reactions. Exact concentration of the DNA extracted from 
the cells and its purity were determined using a nanodrop 
device (Implen, CA, USA).

Detection of Multidrug Resistance and 
Virulence Determinants Using PCR
A total of 8 colonizing and 12 infectious isolates were 
randomly chosen to be tested for two resistance genes: 
mecA gene (responsible for beta-lactam resistance) and 
cfr gene (responsible for antibiotic resistance to linezolid), 
in addition to the virulence gene: Panton-Valentine leuko-
cidin toxin gene (pvl gene). MRSA USA300 was used as 
a positive quality control strain for mecA gene and nega-
tive control with no DNA was always included in all 
reactions. PPCR amplifications were carried out in a final 
reaction volume of 25 µL using master mix to which 10 
pmoles of each primer, 0.5 units of taq polymerase, 
40–200 ng DNA (according to the clinical isolate used) 
and water up to 25 µL were added. PCR conditions were 
initial denaturation at 95◦C for 2 minutes, followed by 30 
cycles of denaturation 95°C 30 sec, annealing at 
52◦C-58◦C (the exact temperature was adjusted for the 
different primer pair) for 30 sec, extension at 72◦C for 
30–60 sec and final extension at 72◦C for 5–10 min.

ERIC-PCR Fingerprinting
PCR reactions for enterobacterial repetitive intergenic con-
sensus (ERIC) polymerase chain reaction (PCR) were 
done using master mix to which 10 pmoles primer, 1 
unit of taq polymerase, 1 ng DNA, and water were 
added to 25 µL. PCR conditions were initial denaturation 
at 95°C for 2–5 minutes followed by 30 cycles of dena-
turation 95°C 1 min, annealing at 25°C −35°C for 1–5 
min, extension at 72°C for 4–5 min and final extension at 
72°C for 8 min. The PCR patterns were visually com-
pared, and a binary value (0 or 1) designating the absence 
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or presence of each band was assigned to each pattern. 
Cluster analysis was performed by ExPASy UPGMA, and 
dendrograms were visualized using FigTree v1.4.4.24

Multi Locus Sequencing Typing (MLST)
Based on ERIC1 typing, three colonizing isolates (11, 15 
and 19) of no close clone types were selected as well as three 
highly close infectious isolates (26, 34 and 37) for MLST. 
Seven housekeeping genes designated for S. aureus: carba-
mate kinase (arcC), shikimate dehydrogenase (aroE), gly-
cerol kinase (glpF), guanylate kinase (gmk), triosephosphate 
isomerase (tpi), acetyl coenzyme A acetyltransferase (yqiL) 
and phosphate acetyltransferase (pta) were selected as direc-
ted. The PCR mixture was done as mentioned in ERIC 
analysis. Negative PCR controls were carried out with 
each primer set using sterile DNA-free water as template. 
The PCR cycling parameters for all housekeeping genes 
were as follows: 95°C for 2 min, 30× cycles of 95°C for 
30 sec, 55°C for 30 sec and 72°C for 30 sec and 72°C for 5 
min. Purified PCR products were sent for Sanger 
Sequencing at Macrogen labs (Cairo, Egypt) using ABI 
PRISM BigDye terminator cycle sequence system 
(Applied Biosystems, Carlsbad, CA, USA). The sequences 
of the seven housekeeping genes were retrieved from MLST 
database (https://pubmlst.org/multilocus-sequence-typing/) 
and compared to our sequenced products.

Detection of all amplified genes was done by agarose gel 
electrophoresis using 1% W/V gel in 1% TAE buffer except 
for ERIC reactions (1.5% W/V gel in 1% TAE buffer). In 
case needed, PCR products were purified using Qiaquick 
PCR purification kit (Qiagen, Germany) according to the 
manufacturer’s instructions to be sequenced. All primers 
used in the study are listed in Table 1.

Statistical Analysis
Potential associations between all possible pairs of phenotypes 
(isolate type, source, specimen: blood or nasal, biofilm ability, 
and antibiogram) and tested genes were tested by Fisher’s 
exact test. In addition, the potential correlation between 
many of these variables (those that are either numeric or that 
could be converted into pseudo-numeric values) was tested by 
Pearson’s correlation and represented as a correlation plot, 
highlighting the significant associations, as well as others 
that are less obvious. For all statistical analyses, p-values 
<0.05 were considered significant. All analyses were carried 
out in R-Studio version 1.2.1335. Specific R package that was 
used in statistical analysis or data visualization is corrplot. All 
other plots were generated using GraphPad Prism (v6) 
(GraphPad, California, CA, USA).

Results
Laboratory Identification, Biochemical 
Testing, and Isolates Differentiation
Out of the 100 screened isolates, 85 isolates were identi-
fied as S. aureus by their growth pattern and yellow color 
formation on mannitol salt agar. Growing the isolates on 
ORSAB medium identified 49 isolates as MRSA, as they 
showed blue colonies. Microscopical examination of the 
49 MRSA isolates showed Gram-positive cocci and con-
ventional biochemical laboratory testing followed and its 
results were typical for MRSA. API was used as a final 
confirmation for the identity of the isolates.

Clinical isolates were classified according to symptom 
manifestation into colonizing or infectious MRSA.10,25 Out 
of the 49 confirmed MRSA isolates, 30 were considered as 
infectious MRSA (with symptom manifestation on the patient) 
and 19 were colonizing (bacteria present with no symptoms) 

Table 1 List of Primers Used in the Current Study and Predicted Size of PCR Products

Gene Forward Primer (5ʹ to 3ʹ) Reverse Primer (5ʹ to 3ʹ) Size Reference

arcC TTG ATT CAC CAG CGC GTA TTG TC AGG TAT CTG CTT CAA TCA GCG 456bp (Enright, et al, 2000)
aroE ATC GGA AAT CCT ATT TCA CAT TC GGT GTT GTA TTA ATA ACG ATA TC 456bp (Enright, et al, 2000)

cfr GACTTTCGGCACCGGTAAT CAGTAGTCCATTCATATTTG 745bp (Shore, et al, 2010)
glpF CTA GGA ACT GCA ATC TTA ATC C TGG TAA AAT CGC ATG TCC AAT TC 465bp (Enright, et al, 2000)

gmk ATC GTT TTA TCG GGA CCA TC TCA TTA ACT ACA ACG TAA TCG TA 430bp (Enright, et al, 2000)

Luk-pvl ATCATTAGGTAAAATGTCTGGACATGATCCA GCATCAAGTGTATTGGATAGCAAAAGC 430bp (Zhang, et al, 2004)
mecA GTAGAAATGACTGAACGTCCGATAA CCAATTCCACATTGTTTCGGTCTAA 310bp (Zhang, et al, 2004)

pta GTT AAA ATC GTA TTA CCT GAA GG GAC CCT TTT GTT GAA AAG CTT AA 475bp (Enright, et al, 2000)

tpi TCGTTCATTCTGAACGTCGTGAA TTTGCACCTTCTAACAATTGTAC 402bp (Enright, et al, 2000)
yqiL CAGCATACAGGACACCTATTGGC CGTTGAGGAATCGATACTGGAAC 516bp (Enright, et al, 2000)

ERIC 1 ATGTAAGCTCCTGGGGATTCAC (Candan, et al, 2013)
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MRSA. Infectious isolates were originally clinical samples of 
the following sources: urine (20%), blood (23%), sputum 
(10%), pus (9%), intratracheal intubation (4%), in addition to 
unknown sites (34%). For further statistical analysis, pus and 
intratracheal samples were combined. Colonizing isolates ori-
ginally were clinical samples from the groin (63%) and nasal 
area (37%) areas as localized body sites (Figure 1).

Biofilm Formation Ability
The 49 isolates were classified into weak (Non-biofilm 
forming) or moderate or strong (Biofilm forming). It was 
noted that infectious isolates had a higher tendency for 
biofilm formation with a percentage of biofilm forming 
isolates of 76.7% when compared to the colonizing iso-
lates that had a percentage of 52.6% (Figure 2 and 
Supplementary Table 1).

Vancomycin and Linezolid MICs Patterns 
in MRSA from Different Isolate Types
To investigate any differences in patterns of vancomycin 
and linezolid MICs for MRSA isolates recovered from 
different sources, we compared MICs. The MIC break-
point of vancomycin was ≥2 µg/mL, while for linezolid it 
was ≥4 µg/mL as per CLSI guidelines.23 No vancomycin 
or linezolid resistant MRSA strains were detected. 
Borderline MIC of 2 µg/mL for vancomycin was shown 
in three infectious strains and was not noted in any colo-
nizing isolate. Most of the isolates showed an MIC of 0.5 
µg/mL towards vancomycin. Linezolid MICs of the infec-
tious isolates showed the following results: seven isolates 
had a borderline MIC of 4 µg/mL and the remaining 23 
strains had an MIC of 2 μg/mL. On the other hand, 
colonizing isolates had only one borderline isolate, eight 

Figure 1 Distribution of isolates according to symptoms manifestation. Pie charts showing (A) the relative distribution of colonizing and infectious isolates, as well as (B) 
the detailed sites of isolation of both types.

Figure 2 Distribution of biofilm formation ability among both colonizing and infectious isolates. (A) A stacked bar plot indicating the percentage of colonizing isolates with 
biofilm and non biofilm forming ability. (B) A stacked bar plot indicating the percentage of infectious isolates with biofilm and non biofilm forming ability. The X-axis 
represents the percentage of either biofilm forming isolates (dark grey bars) or non biofilm forming isolates (light grey bar). The number written inside each bar represents 
the number of isolates constituting the final percentage.
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isolates with an MIC of 2 μg/mL and ten isolates with an 
MIC of 1 μg/mL (Figure 3).

In vitro Antibiotic Susceptibility Profile of 
the Isolates
Using the disc diffusion method, the whole collection of 
49 isolates were tested for their antibiotic susceptibility 
against 16 different antibiotics belonging to various 
classes. Versatile patterns of resistance and susceptibility 
were observed among both groups of isolates (Figure 4). 
Both infectious and colonizing groups exhibited full sen-
sitivity towards linezolid, quinupristin-dalfopristin, cefox-
itin and vancomycin. Almost an equal resistance pattern 
was observed in both groups towards amikacin, merope-
nem, erythromycin, clindamycin and amoxicillin- 
clavulanic acid. Colonizing isolates had a higher resistance 
pattern towards fusidic acid, rifampicin, and sulfamethox-
azole-trimethoprim and erythromycin compared to infec-
tious isolates. Colonizing isolates had higher sensitivity 
towards doxycycline as well, while infectious isolates 
showed higher sensitivity towards levofloxacin. Finally, 
two colonizing isolates showed resistance to teicoplanin 
with a zone diameter of 10 mm, while no infectious iso-
lates were teicoplanin resistant.

Detection of Resistance and Virulence 
Genes
All isolates were tested for the presence of mecA gene 
(responsible for beta-lactam resistance). All colonizing 
isolates were positive for the tested gene except one colo-
nizing isolate. Meanwhile, all the infectious isolates tested 
positive for the tested gene. All tested isolates were nega-
tive for cfr gene, responsible for antibiotic resistance to 
various groups of antibiotics including oxazolidinones, 
lincosamides, streptogramin A, phenicols and pleuromuti-
lins. Two colonizing and two infectious isolates tested 
positive for the Panton-Valentine leukocidin toxin (pvl 
gene), a prophage encoded bicomponent pore-forming 
protein associated with primary skin infections and necro-
tizing pneumonia.

Molecular Typing
ERIC Typing
The entire isolate collection was subjected to molecular 
typing by ERIC-PCR. The profiles obtained had amplified 
DNA fragments that extended in size from 150 to 1000 bp. 
According to these band pattern data, a dendrogram was 

generated using the Unweighted Pair Group Method with 
Arithmetic Mean (UPGMA) and visualized with Figtree 
(Figure 5). ERIC analysis revealed 19 distinct patterns of 
MRSA isolates with similarity >80%. According to the 
generated dendrogram, isolates (01 and 40), (37, 26 and 
30), (06,15 and 03), (20 and 24), (22 and 21), (46 and 45), 
(27, 33 and 04) and (10, 25 and 16) showed high similar-
ity, signifying that those isolates constitute a clonal line-
age. The whole isolates collection was classified, based on 
ERIC typing, into seven pure colonizing groups, seven 
pure infectious groups and five mixed combinations of 
both colonizing and infectious isolates.

Multi-Locus Sequence Typing
Sequencing of the seven housekeeping genes showed 
that the three chosen colonizing isolates had high varia-
bility within each other and were of no closeness in the 
seven detected genes. The seven HKG were assigned to 
different alleles by MLST and to different strains by 
BLAST servers (Table 2), one colonizing isolate came 
from the S. aureus clonal lineage CC45, the second 
isolate belonged to CC15 that was deposited from 
a nasal swab in Norway and the last matched the 
S. aureus FORC_001 strain. Meanwhile, the three infec-
tious isolates showed high similarity towards several of 
the HKG using both BLAST and MLST servers (Table 
2) and all belonged, with minimum four or more gene 
hits, to clonal complex CC8.

Antibiotic Correlations
It was expected that the isolates may have similar resis-
tance patterns towards antibiotics of the same or close 
chemical classes. To test this hypothesis, we investi-
gated the correlation matrix generated (Figure 6) to 
find out the relationships between different tested anti-
biotics, with exclusion of linezolid and vancomycin, to 
which all isolates were sensitive. This analysis indicated 
positive and negative correlations depending on the 
groups of antibiotics tested. It was noted that protein 
synthesis inhibitors were correlated together and were 
also correlated to cell wall synthesis inhibitors. For 
example, positive correlation was detected between ami-
kacin (AMK) and both meropenem (MEM) and doxycy-
cline (DOX) (correlation coefficient =0.589 and 0.6, 
respectively). Clindamycin (CLX) was strongly corre-
lated to meropenem (MEM), amikacin (AMK), doxycy-
cline (DOX) and erythromycin (ENX) (correlation 
coefficient = 0.46, 0.5, 0.464 and 0.515, respectively). 
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Figure 3 Minimum inhibitory concentration patterns. (A) Comparison of linezolid MICs of both colonizing and infectious isolates. (B) Comparison of vancomycin MICs of 
both colonizing and infectious isolates. Grey bars represent colonizing isolates and black bars representing infectious ones.

Figure 4 Antibiogram of the tested colonizing and infectious isolates. (A) Colonizing isolates antibiogram results tabular representation towards the 16 tested antibiotics. 
(B) Infectious isolates antibiogram results tabular representation towards the 16 tested antibiotics; classification was done as follows “resistant (R), intermediate (I) and 
sensitive (S)”. (C) Bar charts showing the percentages of resistant isolates towards the 16 different antibiotics used. The black bars represent the infectious isolates, and the 
grey bars represent the colonizing isolates. 
Abbreviations: VAN, vancomycin; LZD, linezolid; AMK, amikacin; MEM, meropenem; SXT, trimethoprim/sulfamethoxazole; ENX, erythromycin; RIF, rifampicin; AMX, 
amoxicillin clavulanic; DOX, doxycycline; CLX, clindamycin; FD, fusidic; LVX, levofloxacin; MUP, mupirocin; FOX, cefoxitin; TEC, teicoplanin; QD, quinupristin-dalfopristin.
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On the other hand, the only negative correlation was 
between trimethoprim/sulfamethoxazole (SXT) and dox-
ycycline (DOX) (correlation coefficient = −0.4, Fisher’s 
Exact Test p-value= 0.03).

Meropenem (MEM) showed three more associations 
with fusidic (FD), doxycycline (DOX) and levofloxacin 

(LVX), Fisher’s Exact Test p-value =0.044, 0.04 and 
0.012. Levofloxacin (LVX) was strongly correlated to 
clindamycin (CLX) (correlation coefficient = 0.544, 
Fisher’s Exact Test p-value =0.00049). Finally, erythro-
mycin (ENX) and rifampicin (RIF) were found to be 
correlated (Fisher’s Exact Test p-value =0.01).
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Figure 5 ERIC-PCR analysis of the tested MRSA isolates. Unweighted pair group method using arithmetic overage algorithm (UPGMA) clustering method, showing the 
genetic similarity among MRSA isolates by enterobacterial repetitive intergenic consensus (ERIC) genotyping. Radial dendrogram, in decreasing nodes order, was generated 
with FigTree v1.4.4. Blue labels represent the colonizing isolates and black labels represent the infectious isolates.

http://doi.org/10.2147/IDR.S296000                                                                                                                                                                                                                                    

DovePress                                                                                                                                                      

Infection and Drug Resistance 2021:14 1564

Nour El-Din et al                                                                                                                                                    Dovepress

http://www.dovepress.com
http://www.dovepress.com


Phenotype-Antibiotic Correlations
Nasal isolates, in particular, were correlated with rifampi-
cin (RF) (correlation coefficient =0.586 and Fisher’s Exact 
test p-value 0.002). Blood isolates showed no significant 
correlations. Isolate type had two significant association 
with two tested phenotypes. The first one was the associa-
tion with fusidic acid (FD) (Fisher’s Exact test p-value 
0.034). The second one was with linezolid MIC (Fisher’s 
Exact test p-value 0.0005). The source of the samples 
(Groin, nasal, blood, sputum, urine, other and unknown) 
had three significant associations. The first one was with 
rifampicin (RF) (Fisher’s Exact test p-value 0.013). For 
example, six out of seven nasal isolates were resistant to 
rifampicin while all urine samples were sensitive. 
The second correlation was with both linezolid MIC and 
linezolid status (Fisher’s Exact test p-value 0.0005 and 
0.0374, respectively), as seven infectious isolates had bor-
derline MIC towards linezolid. Finally, biofilm formation 
ability was slightly associated with amikacin (AMK) 
(Fisher’s Exact test p-value 0.043).

Phenotype-Genotype Correlations
The only significant association between one of the mea-
sured phenotypes and a gene detected by PCR was the 
association between teicoplanin resistance (TEC) and the 
presence of the Panton-Valentine leukocidin (pvl) gene 
(Fisher’s Exact test p-value = 0.038).

Discussion
Infections caused by MRSA are harder and more finan-
cially burdening to treat than infections caused by methi-
cillin-sensitive Staphylococcus aureus strains.26,27 

Colonization with MRSA has been suggested to intensify 
the hazard of developing subsequent infections by provid-
ing a reservoir for the pathogen and such colonization 
threatens both the carrier and the community.28,29

The present study aimed to characterize both coloniz-
ing and infectious MRSA and analyze their phenotypic- 
genotypic variations. A total of 49 MRSA isolates (30 
infectious and 19 colonizing isolates) were properly iden-
tified. Biofilm formation ability, a bacterial survival 

Table 2 MLST Results Using MLST Database (Bold), BLAST, or Both (Bold and Underlined)

Isolates MLST Genes

arcC aroE glpF gmk pta tpi yqiL

Colonized-1(11) CA-347 

99%

No match CA-347 

98%

Allele 6 Allele 14 
100%

FORC_001, 

99%

FORC_001, 

99% 

Allele 2 
2 diff

Colonized-2 (15) Allele 13 
100%

Allele 13 
100%

Allele 93 
4 diff

Strain 79, 

99% 

Allele 1 
1 diff

Strain 502A 

100% 

Allele 12 
3 diff

Strain 79, 

97% 

Allele 209

Allele 13 

99%

Colonized-3 (19) Staphylococous aureus subsp. aureus strain FORC_001, complete genome

Infectious-1 (26) FORC_001 

99% 

Allele 2 
100%

Strain 27b, 

MRSA 

99% 

Allele 3 
100%

Strain 79, s10 

genome 98% 

Allele 93 
3 diff

No match Strain 27b, 

MRSA 

99% 

Allele 4 
100%

No match Strain 27b, 

MRSA 

99% 

Allele 3 
100%

Infectious-2 (34) S. aureus strain 

FORC_001 100% 

Allele 2 
100%

Strain 27b 

MRSA 

99% 

Allele 3 
99%

Strain 79, 

97% 

Allele 93 
3 diff

Strain 27b 

MRSA 100% 

Allele 1 
100%

Strain 27b MRSA 

100% 

Allele 4 
100%

Strain 27b MRSA 

97% 

Allele 154 
100%

Strain 27b MRSA 

99% 

Allele 3 
100%

Infectious-3 (37) S. aureus strain 

FORC_001 100% 

Allele 2 
100%

Strain 27b 

MRSA 

99%

Strain KIBGE- 

MB99 99% 

Allele 93 
8 diff

Strain 79, 

100% 

Allele 1 
100%

Strain 27b MRSA 

100% 

Allele 4 
100%

No match Strain 27b MRSA 

99% 

Allele 3 
100%
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strategy,2 was tested and our results revealed that infec-
tious isolates have a higher biofilm formation ability com-
pared to colonizing isolates. These results indicate that 
infectious MRSA can persist more in clinical settings, 
elevating their chances of increased resistance and viru-
lence. It was noted that colonizing nasal isolates had 
a higher biofilm formation ability in comparison to groin 
isolates. This is a logical finding, as nares is the main 
ecological niche of colonizing isolates.30

Antibiogram analysis revealed that both colonizing and 
infectious isolates exhibited almost equal resistance to 
amikacin, amoxicillin-clavulanic acid and clindamycin. 
These results were expected as those antibiotics belonged 
to classes to which MRSA strains were resistant.31,32

Moreover, a high number of erythromycin-resistant and 
intermediate isolates was observed among both colonizing 
and infectious samples. The high resistance pattern towards 
both clindamycin and erythromycin could be attributed to the 
presence of erm(A) gene.33 This was previously reported in 
a study conducted in a Belgian acute-care hospital that inves-
tigated the macrolide/lincosamides (ML) resistance. MRSA 
strains resistant to macrolides or macrolides/lincosamides 
harbored the gene erm(A) in 71% of such isolates.34

Sensitivity towards antibiotics used for decolonization 
therapy, in the form of combinations, indicated higher 
resistance among colonizing isolates to sulfamethoxazole- 
trimethoprim and rifampicin compared to infectious iso-
lates. In previous studies conducted in Saudi Arabia, it was 
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reported that sulfamethoxazole-trimethoprim showed 
a low susceptibility pattern of around 33.8% and 
21.1%35,36 or even full resistance.37 Hence, sulfamethox-
azole-trimethoprim should not be used at least as an 
empirical treatment for MRSA isolates. Regarding rifam-
picin, resistance emerges easily specifically in MRSA 
strains. Rifampicin acts by interacting with bacterial 
RNA polymerase encoded by the gene rpoB, hence, multi-
ple mutations in this gene lead to resistance.38

Colonizing isolates also had a higher resistance pattern 
towards fusidic acid; a topical agent that was used for 
MRSA decolonization but has now been replaced by 
mupirocin,9 which shows lower resistance as indicated in 
the results. The above results reflect that the overuse of 
decolonizing agents, even just topically, may select for 
resistant members of the skin microbiota.

The possible mechanisms for fusidic acid resistance are 
either alteration of the drug target site, owing to mutations 
in fusA (encoding EF-G) or fusE (encoding ribosome pro-
tein L6). Another mechanism is protection of the drug 
target site through the FusB-family proteins that usually 
cause low levels of resistance towards fusidic acid.39 It is 
important to note that topical agents have the benefit of 
achieving high drug concentration at the site of coloniza-
tion with slight risk of adverse reactions.40

Both colonizing and infectious samples were comple-
tely sensitive to linezolid, quinupristin-dalfopristin, vanco-
mycin, cefoxitin and teicoplanin (aside from two 
colonizing isolates that showed resistance to teicoplanin). 
This sensitivity pattern makes those four antibiotics of 
high preference to be used in hospital settings. 
Teicoplanin and vancomycin are equally effective against 
MRSA; however, adverse effects such as nephrotoxicity, 
skin rash and red man syndrome are lower with 
teicoplanin.41 Hence, teicoplanin would make a better 
treatment option, specifically for patients with kidney 
malfunctions.

In terms of sensitivity to linezolid and vancomycin, our 
results agree with the study of Kishore and coworkers,31 in 
which no clinical linezolid resistant strains were isolated. 
Herein, we report infectious strains with borderline MICs 
against linezolid, in a process known as “MIC creep”: defined 
as a gradual reduction in susceptibility pattern.42 On the other 
hand, both colonizing and infectious isolates did not show 
such an obvious pattern against vancomycin. Linezolid, an 
oxazolidinone antibiotic, is available in a rapidly absorbable 
oral form with no monitoring recommendations.43 Adds on, 
oxazolidinones do not display cross resistance with existing 

agents. Given all the above, we suggest that linezolid should 
be cautiously used to retain its efficacy and edge over other 
treatment options available against the increasingly resistant 
MRSA clinical isolates.

Several typing techniques are currently used for the 
characterization and differentiation of isolates. Molecular 
methods are often preferred over phenotypic methods 
owing to their high discriminatory power.44 Among the 
widely used typing techniques is the multilocus sequence 
typing (MLST) analyzing seven housekeeping genes that 
are pivotal to cellular functioning of microorganisms. The 
availability of a web-based database with all reported 
allelic profiles and strain types added to the ease of data 
comparison and ranked this technique as a global epide-
miological tool.45

Enterobacterial repetitive intergenic sequences (ERIC- 
PCR) is also a simplified typing strategy for a vast number 
of organisms. This typing technique is highly reproducible 
and requires no disease-specific reagents, making it an 
agreeable strategy for hospital-settings.46 There is no one 
ideal single typing method, as every method has its merits 
and shortcomings as well. Hence, more than one typing 
method could be combined depending on the study objec-
tives. In our study, ERIC typing classified the isolates into 
pure colonizing groups, pure infectious groups, and the 
rest were combinations from both isolates’ types. The 
presence of “mixed” ERIC groups shows the tendency of 
colonizing MRSA to transform into infectious MRSA, as 
well as the presence of other overlapping genetic factors. 
Multi Locus Sequence Typing (MLST) was used to vali-
date the correlation obtained by ERIC technique. Six iso-
lates were selected as representative of the collection from 
both classes to study their pattern by MLST. The results 
revealed that the first colonizing isolate came from the 
S. aureus clonal lineage CC45, which is a prevalent colo-
nizer of healthy individuals in northern Europe. 
The second isolate belonged to clonal complex CC15 
that was deposited in the PubMLST as a nasal swab in 
Norway. The colonized sources referred to in those results 
matched the source from which we obtained the two iso-
lates, as both came from colonizing patients. The third 
colonizing isolate belonged to the strain S. aureus 
FORC_001 originally isolated from contaminated food. 
Different virulence-factors encoding genes of this strain 
were classified,47 one of which was the luk-pvl gene which 
was found in our colonizing isolate and matching the 
MLST result. In the other three infectious isolates, 
MLST results were highly similar towards several of the 
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HKG (Table 2) and all were closely related to CC8. Clonal 
complex 8 (CC8) is known to be one of the most prevalent 
clones throughout the world and a significant proportion of 
health-care-associated infections is related to strains 
belonging to this clonal complex.44,48

The methicillin resistance (mecA) gene, which encodes 
for the altered penicillin-binding protein (PBP2a) produc-
tion, responsible for classical methicillin resistance,49 was 
found in all isolates except for one colonizing isolate. This 
may be explained by the presence of alterations in the 
existing PBPs. Strains with such alterations are termed 
moderately resistant S. aureus (MODSA) and are known 
to be less virulent than the classical MRSA.50 Another 
explanation is the development of a variant of the mecA 
gene known as the mecC gene with a genetic similarity of 
70%,51 which could explain the finding in our study. Our 
result was confirmed by ERIC typing that classified this 
isolate as a single clone, with regards to its classification, 
suggesting a unique genetic lineage, and providing further 
justification for its mecA-negative PCR.

The second resistance gene was the chloramphenicol– 
florfenicol resistance cfr gene (cfr) that encodes a methyl 
transferase that affects the binding of at least five chemi-
cally unrelated antimicrobial classes: phenicols, lincosa-
mides, oxazolidinones, pleuromutilins and streptogramin 
A antibiotics.52 All tested isolates were free from this 
gene, this came in agreement with the antibiogram results 
that showed all isolates 100% sensitive to linezolid. The 
third gene investigated was the virulence gene Panton- 
Valentine leukocidin toxin (pvl) linked to skin and soft 
tissue infections as well as life-threatening diseases.53 The 
presence of pvl in four of our MRSA isolates should make 
us more aware of the possible horizontal gene transfer to 
other MRSA isolates in the same hospital setting, making 
them more virulent and subsequently more difficult to deal 
with. This was proven to be correct and of high incidence 
in other study done in Nepal.54

Antibiotic-antibiotic correlation showed an expected 
strong association between antibiotics belonging to similar 
classes. Meanwhile, phenotypic-antibiotic correlations 
confirmed that nasal isolates were enriched in rifampicin 
resistance. Rifampicin is one of the decolonization anti-
biotics used in hospitals and it is usually not used alone 
owing to the high resistance risk of rifampicin 
monotherapy.55 Another association was between the iso-
late type and fusidic acid, as colonizing isolates in general 
were more resistant to this antibiotic that is used as 
a topical agent for S. aureus decolonization. Finally, 

phenotype-genotypic correlations delineated a positive 
correlation between the presence of pvl gene and teicopla-
nin resistance. This correlation most likely poses little 
clinical risk, given that both factors were of low frequency 
among the isolates; i.e. only four isolates were pvl-positive 
and only two were teicoplanin resistant.

Taken together, the above analyses reflect the genetic 
diversity/heterogeneity among clinical isolates with similar 
phenotypes. Various assortments of resistance and virulence 
genotypes exist within each of the colonizing or infectious 
group. Such heterogeneity may be a warning sign that, through 
horizontal transfer of single virulence or resistance genes, 
a colonizing isolate may pose a risk of becoming infectious.

Conclusions
MRSA is a problematic organism posing a major health 
concern especially at hospitals; hence, infection control 
units should offer a regularly updated decolonization pro-
tocol according to the resident MRSA to prevent transfor-
mation of colonization into infection. It is noticeable that 
linezolid and vancomycin are still the most convenient 
choice for MRSA treatment owing to their high sensitivity 
patterns, yet linezolid should be cautiously used to avoid 
resistance emergence. Finally, ERIC PCR and MLST show 
promising typing combination that could be used periodi-
cally for genotyping of MRSA isolates from inpatients to 
aid in the correct treatment.
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