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Background: Methicillin-resistant Staphylococcus aureus (MRSA) causes a wide variety of 

serious infections worldwide. There are few studies on the prevalence, antimicrobial suscep-

tibility, and molecular characteristics of MRSA contamination in the environment of airports.

Materials and methods: A cross-sectional survey was conducted in Guangzhou Baiyun 

Airport. Environmental surface sampling was conducted in frequently touched locations for 

S. aureus analysis. All isolates were characterized by multilocus sequence typing (MLST) and 

tested for antimicrobial susceptibility, resistance genes, and virulence genes. Data were analyzed 

by chi-squared test and correspondence analysis.

Results: Of the 1,054 surface samples, the contamination rate was 7.2% (76/1,054) for S. 

aureus and 2.2% (23/1,054) for MRSA. There were 62.9% (56/89) S. aureus isolates classified 

as multidrug resistant (MDR), with six linezolid-resistant isolates and two cfr-carrying isolates. 

The most prevalent S. aureus genotypes were CC6 (ST6), CC59 (ST59), and CC188 (ST188), 

with ST59-MRSA-IV (pvl–) as the predominant MRSA. There were significant differences 

between methicillin-resistant and methicillin-sensitive isolates in rates of resistance to tetracy-

cline (P<0.001) and sek carriage (P=0.029). The correspondence analyses revealed significant 

corresponding relationships between genotypes and phenotype–genotype characteristics of S. 

aureus isolates.

Conclusion: Our findings revealed a potential risk of cross-transmission of MRSA between 

human beings and environments, suggesting more stringent contamination control measures. 

In addition, this study revealed significant corresponding relationships between genotypes and 

phenotype–genotype characteristics of S. aureus isolates, which may provide new ideas for 

monitoring the latest epidemiological trends.

Keywords: Staphylococcus aureus, methicillin-resistant S. aureus, environment, molecular 

characterization, antimicrobial susceptibility

Introduction
Staphylococcus aureus is a major human pathogen, and methicillin-resistant S. aureus 

(MRSA) causes a wide variety of infections worldwide, including hospital-associated 

MRSA (HA-MRSA) and community-associated MRSA (CA-MRSA) infections.1,2 

Previously, many studies have focused on assessing CA-MRSA infections, which were 

associated with health care or hospital contact.2,3 To date, more and more epidemiologi-

cal studies have reported the CA-MRSA infection in the population without established 

health care risk factors.4,5 The emergence of cross-transmission of CA-MRSA and 

HA-MRSA in hospital settings poses a potential public health risk.6,7 Therefore, future 

studies should pay more attention to explore the potential transmission route for MRSA 
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isolates, especially for closely monitoring environmental 

MRSA contamination.

To date, most studies mainly focused on MRSA con-

tamination in the environment of public transports, indi-

cating that environment surfaces in public transports may 

be a hazardous reservoir for the transmission of S. aureus 

(including MRSA) to passengers.8,9 A study of airport door 

handles revealed that the contamination rate was 5.5% for S. 

aureus and 0.3% for MRSA.10 In addition, the latest report 

described the introduction of various multidrug-resistant 

(MDR) bacteria through a patient repatriated after hospital-

ization abroad and family members receiving this repatri-

ated patient who were also colonized with MDR bacteria, 

which emphasize the importance of adherence to isolation 

precautions for returning patients.11 International travelers 

with skin and soft tissue infections also promote the emer-

gence and spread of highly virulent or antibiotic-resistant S. 

aureus in their home countries, proposing a network for the 

surveillance of imported S. aureus.12 Airports are important 

travel hubs for the global spread of antimicrobial-resistant 

bacteria, but the characteristics of MRSA transmission in the 

environment of airports remain uncertain. In addition, few 

studies have attempted to assess the potential relationships 

between phenotype–genotype characteristics and molecular 

typing of S. aureus isolates. Therefore, this study aimed to 

examine the contamination, antimicrobial susceptibility, 

virulence genes, and molecular typing of S. aureus isolates 

at the Guangzhou Baiyun International Airport. In addition, 

this study adds to existing literature by using correspondence 

analysis to explore the potential relationships between phe-

notype–genotype characteristics and molecular typing of S. 

aureus isolates.

Materials and methods
Environmental sample collection
This cross-sectional study of surface sampling was con-

ducted between October and November 2017 in Guangzhou 

Baiyun International Airport, which is the only airport in 

Guangzhou, China. In 2017, this airport was China’s third 

busiest and world’s 13th busiest airport by passenger traf-

fic, with 65,806,977 passengers handled. Environmental 

surface sampling was conducted in six types of locations, 

including luggage trolleys, self-service machines, escala-

tors, seat handles, luggage detectors, and water dispensers. 

These locations were chosen because they are frequently 

touched and are more likely to be contaminated with bacte-

ria. Swabs moistened with sterile normal saline were used 

to sample surfaces, and the sample area of each swab was 

approximately 10 cm ×  10 cm. In total, there were 1,054 

non-duplicate environmental samples collected, including 

251 from luggage trolleys, 244 from self-service machines, 

233 from escalators, 219 from seat handles, 68 from luggage 

detectors, and 39 from water dispensers.

Bacterial isolation and identification
Swabs were soaked into 5 mL enrichment broth (0.25% yeast 

extract, 1% mannitol, 1% tryptone, and 7.5% NaCl) at 4°C 

during transportation for about 20 minutes and incubated 

at 35±1°C for 24 hours. Then, a loopful of the broth was 

plated onto mannitol salt agar and incubated at 37°C for 

24–48 hours. Suspected colonies were selected and subcul-

tured to 5% sheep blood agar plates and incubated at 35±1°C 

overnight. S. aureus isolates were identified by a combination 

of Gram staining, morphology, hemolysis pattern, catalase 

test, tube coagulase test, and DNase test. PCR assays were 

also used to test the staphylococci 16SrRNA and nuc and 

mecA genes.13 All S. aureus isolates carried the 16S rRNA 

and nuc genes. The mecA-positive S. aureus was identified 

as genotypic MRSA.

Antimicrobial susceptibility testing
The Kirby-Bauer disk diffusion method was used to test sus-

ceptibility to antibiotics, and diameter interpretations were 

based on the recommendations of the Clinical and Labora-

tory Standards Institute (CLSI, 2013). All S. aureus isolates 

were assessed for susceptibility to a panel of 11 antibiotics: 

cefoxitin (30 µg), erythromycin (15 µg), clindamycin (2 µg), 

tetracycline (30 µg), chloromycetin (30 µg), trimethoprim–

sulfamethoxazole (23.75 µg), ciprofloxacin (5 µg), gentami-

cin (10 µg), rifampicin (5 µg), quinupristin–dalfopristin (15 

µg), and linezolid (30 µg). The reference S. aureus ATCC 

25923 was used for quality control, and S. aureus ATCC 

29213 was used for positive control. Cefoxitin-resistant 

isolates were identified as phenotypic MRSA. The detec-

tion of inducible clindamycin resistance was done using the 

D-test method. Erythromycin resistance phenotypes were 

classified as the inducible macrolide–lincosamide–strepto-

gramin B (MLS
B
; resistance to erythromycin and inducible 

resistance to clindamycin), constitutive MLS
B
 (resistance 

to both erythromycin and clindamycin), or M resistance 

(resistance to erythromycin but susceptibility to clindamy-

cin). S. aureus isolates were classified as MDR if they were 

non-susceptible (including both intermediate and resistant 

isolates) to ≥3 classes of antibiotics,14 including mild MDR 

(non-susceptible to 3–4 classes of antibiotics) and extended 

MDR (non-susceptible to ≥5 classes of antibiotics). Specifi-
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cally, all MRSA isolates were classified as MDR, including 

mild MDR (non-susceptible to ≤4 classes of antibiotics 

besides beta-lactams) and extended MDR (non-susceptible 

to ≥5 classes of antibiotics besides beta-lactams).

Molecular characterization
Multilocus sequence typing (MLST) of the seven housekeep-

ing genes (arcC, aroE, glpF, gmk, pta, tpi, and yqiL) was 

conducted for all S. aureus isolates.15 The sequence types 

(STs) for each isolate were determined by comparing the 

sequence obtained to known alleles at each locus in the MLST 

database (http://saureus.mlst.net), and the clonal complexes 

(CCs) were determined using the eBURST algorithm (http://

eburst.mlst.net). In addition, specific PCR tests were used to 

detect the staphylococcal cassette chromosome mec element 

(SCCmec) type (I–V), the Panton–Valentine leukocidin toxin 

gene (pvl), the immune evasion cluster (IEC) genes (scn, chp, 

sak, sea, and sep), the hemolysin genes (hla, hlb, and hld), 

the exfoliative toxin genes (eta, etb, and etd), the enterotoxin 

genes (sea, seb, sec, sed, see, seg, seh, sei, sej, sek, sel, sem, 

sen, seo, sep, seq, ser, and seu), the toxic shock syndrome 

toxin-1 gene (tsst1), and the linezolid-resistant gene (cfr).16–21

Statistical analyses
The differences in categorical variables between groups were 

compared by logistic regression or exact logistic regression. 

Correspondence analysis shows or summarizes a set of data 

in two-dimensional graphical form, which will provide a use-

ful graphic and statistical method for exploring the internal 

relationship between categorical variables.22 It is conceptu-

ally similar to principal component analysis, but applies 

to categorical rather than continuous data. So, we used the 

correspondence analysis to explore the potential relationships 

between CC typing and phenotype–genotype characteristics 

(including resistance pattern, IEC genes, enterotoxin genes, 

and hemolysin genes) of S. aureus isolates. The statistical 

analysis was conducted using STATA version 14.0 (StataCorp 

LP, College Station, TX, USA). A two-sided P-value of <0.05 

was considered to be statistically significant.

Results
Prevalence of S. aureus and MRSA
A total of 1,054 surface samples were collected in this study 

(Table 1). Among 76 S. aureus-contaminated samples, we 

identified 89 S. aureus isolates (including one strain iso-

lated from each of the 63 samples and two strains isolated 

from each of the other 13 samples) and 28 MRSA isolates 

(including 18 isolates with both phenotypic and genotypic 

resistance, seven isolates with only genotypic resistance and 

three isolates with only phenotypic resistance). The overall 

prevalence of S. aureus contamination was 7.2% (76/1,054) 

and was significantly higher in self-service machines (OR 

=4.55, 95% CI 2.06–10.06) and luggage detectors (OR 

=3.75, 95% CI 1.35–10.40) than in escalators. The overall 

prevalence of MRSA contamination was 2.2% (23/1,054) 

and was significantly higher in self-service machines (OR 

=12.47, 95% CI 2.77–56.15), luggage detectors (OR =11.12, 

95% CI 1.82–67.82), and seat handles (OR =5.63, 95% CI 

1.08–29.25) than in escalators and luggage trolleys.

Antimicrobial susceptibility and resistance 
genes
As to resistance phenotypes for 89 S. aureus isolates, most of 

the isolates showed low resistance percentage to gentamicin 

(3.4%) and linezolid (6.7%), but one-third of the isolates 

were resistant to erythromycin (36.0%) and clindamycin 

(33.7%; Table 2). Among the 32 erythromycin-resistant iso-

lates, 59.0% (19 isolates) expressed the constitutive MLS
B
 

and 41.0% (13 isolates) expressed the M resistance, but no 

isolates expressed the inducible MLS
B
. Notably, 56 (62.9%) 

Table 1 Prevalence of S. aureus and MRSA contamination in 1,054 samples collected from different sites

Characteristics No. of samples 
(%)

S. aureus MRSA

n1 (%) OR (95% CI) P-value n2 (%) OR (95% CI) P-value

Total 1,054 (100.0) 76 (7.2) 23 (2.2)
Sampling sites
Escalators 233 (22.1) 8 (3.4) 1.00 (reference) 2 (0.9) 1.00 (reference)a

Luggage trolleys 251 (23.8) 11 (4.4) 1.29 (0.51–3.26) 0.592 0 (0.0) 1.00 (reference)a

Self-service machines 244 (23.1) 34 (13.9) 4.55 (2.06–10.06) <0.001 12 (4.9) 12.47 (2.77–56.15) 0.001
Luggage detectors 68 (6.5) 8 (11.8) 3.75 (1.35–10.40) 0.011 3 (4.4) 11.12 (1.82–67.82) <0.001
Seat handles 219 (20.8) 13 (5.9) 1.77 (0.72–4.37) 0.212 5 (2.3) 5.63 (1.08–29.25) 0.040
Water dispensers 39 (3.7) 2 (5.1) 1.52 (0.31–7.44) 0.605 1 (2.5) 6.34 (0.56–71.54) 0.135

Notes: aBoth escalators and luggage trolleys were used as the reference group. n1, frequency of S. aureus-positive samples; n2, frequency of MRSA-positive samples.
Abbreviations: MRSA, methicillin-resistant S. aureus; S. aureus, Staphylococcus aureus.
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isolates were classified as MDR, and the most common MDR 

pattern was co-non-susceptibility to erythromycin, clindamy-

cin, and quinupristin–dalfopristin (19 isolates, including six 

linezolid-resistant isolates; Figure S1). Notably, there were 

two isolates (belonged to MRSA) carrying the cfr gene, 

which were resistant to linezolid, cefoxitin, erythromycin, 

clindamycin, quinupristin–dalfopristin, trimethoprim–sulfa-

methoxazole, ciprofloxacin, tetracycline, and chloromycetin.

Molecular typing and virulence genes
Among 89 S. aureus isolates, we observed 33 unique STs 

belonging to 10 CCs, except for four untypeable isolates. 

The most prevalent S. aureus STs were ST6 (nine isolates), 

ST 188 (nine isolates), ST30 (six isolates), and ST59 (six 

isolates), with the predominant MRSA being ST59-MRSA-

IV. Notably, two livestock-associated MRSA isolates (one for 

ST398 and the other for ST5) were also found in this study. 

The most common S. aureus CCs were CC6 (nine isolates), 

CC59 (nine isolates), CC188 (nine isolates), CC30 (seven 

isolates), CC5 (six isolates), CC20 (six isolates), CC398 

(six isolates), and CC7 (five isolates), with the predominant 

MRSA being CC59-MRSA-IV.

As to the IEC genes (Table 2), sak (82.0%) predomi-

nated, followed by chp (52.8%), sea (16.9%), scn (12.4%), 

Table 2 Phenotypic and molecular characteristics of MSSA and MRSA isolates

Characteristics S. aureus OR (95% CI)a P-value

Total
(n=89)

MSSA
(n=61)

MRSA
(n=28)

Phenotype (resistance)
Clindamycin 30 (33.7) 21 (34.4) 9 (32.1) 0.90 (0.30–2.55) 0.999
Tetracycline 20 (22.5) 6 (9.8) 14 (50.0) 8.88 (2.65–33.73) <0.001
Erythromycin 32 (36.0) 20 (32.8) 12 (42.9) 1.53 (0.55–4.23) 0.476
Trimethoprim–sulfamethoxazole 21 (23.6) 12 (19.7) 9 (32.1) 1.92 (0.61–5.94) 0.282
Gentamicin 3 (3.4) 2 (3.3) 1 (3.6) 1.09 (0.02–21.82) 0.999
Chloramphenicol 11 (12.4) 6 (9.8) 5 (17.9) 1.98 (0.43–8.67) 0.312
Rifampin 20 (22.5) 13 (21.3) 7 (25.0) 1.23 (0.36–3.91) 0.786
Ciprofloxacin 26 (29.2) 15 (24.6) 11 (39.3) 1.97 (0.68–5.70) 0.210
Quinupristin–dalfopristin 22 (24.7) 14 (23.0) 8 (28.6) 1.34 (0.42–4.09) 0.603
Linezolid 6 (6.7) 4 (6.6) 2 (7.1) 0.40 (0.0–3.29) 0.304
MDR 56 (62.9) 28 (45.9) 28 (100.0) 44.48 (7.31–∞) <0.001
IEC genes (positive)
Scn 11 (12.4) 8 (13.0) 3 (10.7) 0.80 (0.13–3.69) 0.999
Chp 47 (52.8) 30 (49.2) 17 (60.7) 1.59 (0.59–4.43) 0.365
Sea 15 (16.9) 12 (19.7) 3 (10.7) 0.49 (0.08–2.07) 0.372
Sak 73 (82.0) 50 (82.0) 23 (82.1) 1.01 (0.28–4.16) 0.999
Sep 8 (9.0) 5 (8.2) 3 (10.7) 1.34 (0.19–7.52) 0.999
Enterotoxin genes (positive)b

Seb 7 (7.9) 5 (8.2) 2 (7.1) 0.86 (0.08–5.71) 0.999
Sek 3 (3.4) 0 (0.0) 3 (10.7) 8.93 (1.01–∞) 0.029
Sem 10 (11.4) 8 (13.3) 2 (7.1) 0.51 (0.05–2.83) 0.495
Seo 2 (2.3) 2 (3.3) 0 (0.0) 0.89 (0.0–11.67) 0.564
Seg 20 (22.5) 14 (23.0) 6 (21.4) 0.92 (0.25–2.98) 0.999
Sei 14 (15.7) 9 (14.8) 5 (17.9) 1.25 (0.30–4.73) 0.758
Sej 1 (1.1) 0 (0.0) 1 (3.6) 2.18 (0.06–∞) 0.315
Sep 1 (1.1) 1 (1.6) 0 (0.0) 2.18 (0.0–84.96) 0.999
Hemolysin genes (positive)
Hla 60 (67.4) 43 (70.5) 17 (60.7) 0.65 (0.23–1.86) 0.466
Hlb 52 (58.4) 32 (52.5) 20 (71.4) 2.25 (0.80–6.85) 0.109
Hld 60 (67.4) 43 (70.5) 17 (60.7) 0.65 (0.23–1.86) 0.466
tsst1 (positive) 6 (6.7) 6 (9.8) 0 (0.0) 0.25 (0.0–1.81) 0.171
Exfoliative toxin genesc 0 (0.0) 0 (0.0) 0 (0.0) –d –d

pvl (positive) 0 (0.0) 0 (0.0) 0 (0.0) –d –d

Notes: Values are expressed as the number of isolates with characteristics (the proportion of isolates with characteristics), except where specified otherwise. aORs were 
estimated by the exact logistic regression. bAll isolates were negative for some enterotoxin genes, including sea, sec, sed, see, seh, sel, sen, seq, ser, and seu. cAll isolates were 
negative for all exfoliative toxin genes, including eta, etb, and etd. dNo estimate was provided due to the lack of occurrence of the outcome of interest in the two groups.
Abbreviations: IEC, immune evasion cluster; MRSA, methicillin-resistant Staphylococcus aureus; MSSA, methicillin-sensitive Staphylococcus aureus.
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and sep (9.0%). In terms of the enterotoxin genes, the pre-

dominant gene was seg (22.5%), followed by sei (15.7%), 

sem (11.4%), seb (7.9%), sek (3.4%), and seo (2.3%). 

However, several enterotoxin genes (including sea, sec, sed, 

see, seh, sel, sen, seq, ser, and seu) were absent from all 

S. aureus isolates. With regard to the hemolysin genes, hla 

was detected in 67.4%, hlb in 58.4%, and hld in 67.4% of 

the S. aureus isolates. In addition, the tsst1 gene was only 

identified in six isolates, and pvl gene was absent from all 

S. aureus tested.

Phenotypic and molecular characteristics 
of MRSA and methicillin-sensitive S. 
aureus (MSSA)
In terms of the resistance phenotypes (Table 2), the MRSA 

isolates had a significantly higher rate of resistance to tet-

racycline (50.0% vs 9.8%; OR =8.88, 95% CI 2.65–33.73; 

P<0.001) than MSSA isolates. However, no significant 

differences were found for the rates of resistance to other 

antibiotics. In addition, the rate of multidrug resistance was 

significantly higher in MRSA isolates than in MSSA isolates 

(100.0% vs 45.9%; OR =44.48, 95% CI 7.31–∞; P<0.001). 

In terms of virulence genes, the rate of carrying sek gene was 

significantly higher in MRSA isolates than in MSSA isolates 

(10.7% vs 0.0%; OR =8.93, 95% CI 1.01–∞; P=0.029), but 

no significant differences were observed for the carriage of 

other virulence genes.

Relationship between CC typing and 
phenotype–genotype characteristics
The first correspondence analysis revealed a significant cor-

responding relationship between CC typing and resistance 

pattern (χ2=34.46, P=0.044; Figure 1A), suggesting that 

CC5/CC20/CC59/ST288 isolates were associated with being 

extended MDR, CC30 and CC672 isolates were associated 

with mild MDR, and CC6/CC7/CC8/CC45/CC188/CC398 

isolates were associated with non-MDR. The second cor-

respondence analysis revealed a significant corresponding 

relationship between CC typing and the number of IEC 

genes (χ2=41.14, P=0.008; Figure 1B). For example, CC6/

CC7/CC20/CC30/CC45/CC59/CC188/CC398 isolates were 

associated with carrying two to four IEC genes, CC5 and 

CC672 isolates were associated with carrying one IEC gene, 

and ST288 isolates were associated with the absence of these 

IEC genes. As summarized in Table 3, CC6 and CC30 isolates 

were associated with carrying sak and sea, CC20/CC45/

CC59/CC188/CC398 isolates were associated with carrying 

sak and chp, CC7 isolates were associated with carrying sak 

and sep, and CC5 and CC672 isolates were associated with 

carrying sak.

In addition, the third correspondence analysis indicated 

a significant corresponding relationship between CC typing 

and the number of enterotoxin genes (χ2=79.47, P<0.001; 

Figure 1C). For example, CC672 isolates were associated 

with carrying three or four enterotoxin genes (sem, seg, and 

sei), CC20 and CC45 isolates were associated with carrying 

two enterotoxin genes (seg and sei), and other isolates were 

associated with carrying only one enterotoxin gene or the 

absence of these genes (Table 3). The fourth correspondence 

analysis indicated a significant corresponding relationship 

between CC typing and the number of hemolysin genes of S. 

aureus isolates (χ2=61.30, P=0.002; Figure 1D). For example, 

CC8/CC20/CC59/CC188/CC672 isolates were associated 

with carrying three hemolysin genes (hla, hlb, and hld), CC6/

CC30/CC45/CC398 isolates were associated with carrying 

two hemolysin genes (hla and hld), CC5 and CC7 isolates 

were associated with carrying only one hemolysin gene (hlb 

for CC5; hla or hld for CC7), and ST288 isolates were asso-

ciated with the absence of these hemolysin genes (Table 3).

Notably, all virulence genes (including IEC genes, 

enterotoxin genes, and hemolysin genes) were absent from 

the ST288 isolates. In addition, this study showed that all tsst-

1-positive isolates belonged to CC30, including five isolates 

for ST30 and one for ST435. The abovementioned analysis 

revealed that the most prevalent clones of S. aureus were CC6 

(sak–sea–hla–hld), CC59 (chp–sak–hla–hlb–hld), CC188 

(chp–sak–hla–hlb–hld), CC30 (sak–sea–hla–hld–tsst1), 

CC5 (sak–hlb), CC20 (chp–sak–seg–sei–hla–hlb–hld), and 

CC398 (chp–sak–hla–hld; Table 3 and Figures 2 and 3). The 

predominant clones of MRSA were CC59-IVd (chp–sak–

hla–hlb–hld), CC6 (sak–hla–hld), CC188-II (chp–sak–hla–

hlb–hld) and CC5 (sak–hlb; Figure 2).

Discussion
In the current study, the contamination rate was 7.2% for S. 

aureus and 2.2% for MRSA, which is similar to the results 

observed in metro systems in China (11.3% for S. aureus and 

2.5% for MRSA),8,9 railway–coach stations in China (7.6% 

for S. aureus and 1.6% for MRSA),8,9 and public transports 

in Japan (2.3% for MRSA).23 However, low MRSA con-

tamination rate was found in toilet door handles from 136 

airports in 59 countries (0.25%),10 and no MRSA isolates 

were recovered from public transports in London and Ser-

bia.24,25 In addition, this study revealed significantly high S. 

aureus and MRSA contamination in self-service machines 

and luggage detectors. Thus, relevant departments need to 
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take more stringent disinfection and surveillance measures 

in Guangzhou Baiyun Airport, especially for self-service 

machines and luggage detectors.

Linezolid is one of the few clinically effective agents 

against MRSA infections. Data from global surveillance 

studies reported that resistance to linezolid was observed very 

rarely among S. aureus (0.03%),26 but linezolid resistance in 

staphylococci has been increasing in recent years.27 It should 

be noted that six linezolid-resistant isolates were found in 

this study, which is consistent with Chinese studies in metro 

systems and railway–coach stations.8,9 The rate of multidrug 

resistance among S. aureus was high in 62.9%, which is 

similar to the results from metro systems (55.6%), railway–

coach stations (62.1%), and busses (65.0%).8,9,28 Notably, 

two MRSA isolates expressed the multiresistance cfr gene, 

and the latest studies in China and European countries have 

also reported the occurrence of cfr-mediated multiresistance 

in staphylococci from animals and livestock-related human 

beings.29–31 In addition, the predominant MDR pattern in this 

study was co-non-susceptibility to clindamycin, erythromy-

cin, and quinupristin–dalfopristin, which is consistent with 

the findings from human-related and livestock-related MRSA 

in China.32-36 These findings suggest that cross-transmission 

of MRSA between animals, human beings, and environ-

Figure 1 Correspondence analysis for the relationship between CC and resistance pattern (A), the number of IEC genes (B), the number of enterotoxin genes (C), or the 
number of hemolysin genes (D) of S. aureus isolates.
Abbreviations: CC, clonal complex; IEC, immune evasion cluster; MDR, multidrug resistant; S. aureus, Staphylococcus aureus.
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ments is possible. Therefore, both linezolid-resistant and 

MDR isolates must be monitored in prospective surveillance 

programs to assess the prevalence, resistance patterns, and 

resistance mechanisms.

The results of molecular features may broaden our insights 

into S. aureus and MRSA in the nonhospital environment and 

their associations with human-related isolates. In this study, 

the most common S. aureus CCs were CC6, CC59, CC188, 

CC30, CC5, CC20, CC398, and CC7, with ST59-MRSA-

IV(pvl–) as the predominant MRSA. For surface samples 

from Chinese metro systems, the predominant STs were ST5 

and ST188 for S. aureus and ST398-MRSA-II for MRSA,8 

while for a study in railway and coach stations in China, the 

most prevalent STs were ST5 and ST72 for S. aureus and 

ST15-MRSA-IVa for MRSA.9 In public transports in Portu-

gal, ST22-MRSA-IV was the most prevalent genotype for 

MRSA.37,38 These findings exhibit marked clonal diversity and 

regional difference in genotype distribution. Notably, ST59 is 

the most common CA-MRSA in China and other Asia-Pacific 

regions, and many CA-MRSA ST59 isolates have spread into 

hospital settings, suggesting that the burden of MRSA ST59 

infection in the Asia-Pacific regions has been increasing.39-41 

The ST59-MRSA-IV(pvl–) was the predominant clone found 

in China, Taiwan, and other Asia-Pacific countries, while both 

Table 3 Relationship between predominant CCs and phenotype–genotype characteristics of S. aureus isolates

Variables CC5 CC6 CC7 CC8 CC20 CC30 CC45 CC59 CC188 ST288 CC398 CC672

Total 6 9 5 4 6 7 4 9 9 5 6 4
Resistance phenotype (non-susceptible)
Penicillin 5 6 4 4 6 7 4 8 9 4 6 4
Clindamycin 5 2 0 1 4 5 2 7 4 4 1 0
Tetracycline 2 1 1 0 2 0 0 6 3 0 0 2
Erythromycin 4 3 0 1 4 7 1 7 3 4 1 1
SXT 2 2 1 1 0 0 0 4 1 3 3 4
Gentamicin 1 0 0 0 0 0 0 0 1 1 0 0
Chloramphenicol 2 0 1 0 0 0 0 2 1 1 1 1
Cefoxitin 3 1 0 0 1 0 1 6 1 1 1 0
Rifampicin 1 2 1 0 3 2 4 2 1 1 4 0
Ciprofloxacin 0 4 2 1 5 0 0 3 2 4 1 4
QD 2 4 1 1 3 5 0 4 3 1 3 0
Linezolid 0 1 0 0 1 0 0 0 1 1 0 0
IEC genes (positive)
Scn 0 1 0 0 0 1 1 0 3 0 2 1
Chp 3 4 2 2 4 1 4 8 7 1 4 2
Sak 6 8 3 1 5 7 4 9 9 2 6 4
Sea 0 6 0 0 0 7 0 2 0 0 0 0
Sep 1 0 3 1 0 0 0 0 2 0 0 1
Enterotoxin genes (positive)
Seb 0 1 0 0 0 0 0 2 3 0 0 0
Sek 0 0 0 0 0 0 0 3 0 0 0 0
Sem 1 0 0 0 3 0 0 0 1 0 0 3
Seo 0 0 0 0 1 0 0 0 0 0 0 1
Seg 2 0 0 0 5 2 4 0 1 0 0 4
Sei 1 0 0 0 4 0 3 0 1 0 0 3
Sej 1 0 0 0 0 0 0 0 0 0 0 0
Sep 0 0 1 0 0 0 0 0 0 0 0 0
Hemolysin genes (positive)
Hla 3 6 3 4 6 5 4 8 8 0 4 4
Hlb 5 5 2 3 4 1 1 9 8 2 2 3
Hld 3 6 3 4 5 5 4 8 8 0 5 4
tsst1 (positive) 0 0 0 0 0 6 0 0 0 0 0 0

Notes: Values are expressed as the number of isolates. All isolates were negative for pvl and some enterotoxin genes (sea, sec, sed, see, seh, sel, sen, seq, ser, and seu).
Abbreviations: CC, clonal complex; IEC, immune evasion cluster; QD, quinupristin–dalfopristin; S. aureus, Staphylococcus aureus; SXT, trimethoprim–sulfamethoxazole.
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ST59-MRSA-IV(pvl–) and ST59-MRSA-V(pvl+) were the 

major clones observed in the clinical MRSA infections in 

China.42 However, both ST59-MRSA-IV(pvl–) and ST59-

MRSA-V(pvl+) are characterized by potential pathogenicity 

based on their cytotoxicity and ability to adhere. In addition, 

a number of clinical studies have found that MRSA ST188/

ST6/ST7 clones were associated with colonization and 

community-associated infection and were also associated 

with hospital-associated infection.39–41,43 So, the environment 

MRSA pollution may pose an unpredictable future risk to 

human beings. Future research is needed to better assess the 

relationship between environment MRSA pollution and the 

risk of human MRSA infection or colonization. Surprisingly, 

livestock-associated MRSA ST398 and ST5 were observed 

in the present study, which were rarely reported in previous 

studies.39–41 Therefore, we cannot rule out the possibility 

that livestock-associated MRSA was transmitted by human 

beings contacting with contaminated meats, animals, and 

waste releases from livestock farms.

Previous studies have used some statistical methods 

(such as principal component analysis and cluster analysis) 

to explore potential relationships among multidimensional 

phenotype and genotype characteristics of S. aureus. For 

example, the study of public transport in Japan indicated 

that the MRSA ST5 isolates were resistant to multiple 

drugs,23 and MDR ST59 and ST45 isolates were found in 

US beaches,44 suggesting potential relationships between CC 

typing and resistance phenotypes by statistic tables. A novel 

aspect of this study was to reveal a significant corresponding 

relationship between CC typing and resistant pattern of S. 

aureus isolates using correspondence analysis, suggesting 

that CC5/CC20/CC59/ST288 isolates were associated with 

being extended MDR and CC30 and CC672 isolates were 

associated with mild MDR. These findings support growing 

concern about MDR S. aureus in the airport characterized 

by high population density. Livestock-associated CC398 

isolates were prevalent in livestock and related workers in 

European–American countries and were associated with 

extensively drug resistance.45,46 However, CC398 isolates in 

this study were associated with non-MDR, which may be due 

to human origin of these isolates, instead of animal origin. 

Notably, the tsst-1 gene encoding the toxic shock syndrome 

toxin TSST-1 was mainly found in CC30 isolates, which is 

consistent with the clinical analysis of bloodstream isolates.47 

In addition, the study of food S. aureus revealed that specific 

genotypes (eg, CC5, CC9, CC20, CC50, and CC72) carried 

more toxin genes than other CCs.48 Another report also found 

a relationship of CC5, CC20, and CC72 with a high content 
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Figure 2 Clonal dendrogram and detailed molecular characteristics of 28 MRSA isolates.
Abbreviations: CC, clonal complex; IEC, immune evasion cluster; MRSA, methicillin-resistant Staphylococcus aureus; ST, sequence type; NT, non-typeable.
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of toxin genes.49 This study first used the correspondence 

analysis to reveal good consistency between CC typing and 

multiple molecular characteristics, indicating that CC6/CC7/

CC30/CC59/CC188/CC398 isolates were associated with 

carrying IEC–hemolysin genes, and CC20 and CC45 isolates 

were associated with carrying IEC–enterotoxin–hemolysin 

genes. This study also found that the dominant clones were 

CC6 (sak–sea–hla–hld), CC59 (chp–sak–hla–hlb–hld), and 

CC188 (chp–sak–hla–hlb–hld). These findings adequately 

reveal the necessity of differentiating S. aureus clones based 

on multiple phenotype–genotype characteristics, which may 

provide new ideas for monitoring the latest epidemiological 

trends.

Although increasing epidemiological studies have 

focused on studying MRSA and MSSA based on antimicro-

bial resistance, few studies have attempted to differentiate 

MRSA and MSSA based on multiple molecular character-

istics. Previous studies of environment-related and human-

related MRSA have revealed that the MRSA isolates have 

a higher risk of being resistance to specific antimicrobial 

and being multidrug resistance than MSSA isolates,8,9,32–34 

which is consistent with our results. Notably, we observed 

that linezolid resistance was found in MSSA isolates and 

similar results were also found in human research in Iran 

and China.32–34 These results support growing concern 

about the emergence of linezolid-resistant MSSA, which 

may have potential negative effects on human beings. The 

previous Iranian report of clinical isolates demonstrated 

that MSSA and MRSA have similar distribution patterns 

of enterotoxin genes (eg, sea, seb, sec, sed, and sed), tsst-
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ST 398 CC398 – + + – – – – – – – – – – + – +
ST 398 CC398 – + + – – – – – – – – – – – – +
ST 398 CC398 – + + – – – – – – – – – – + – +
ST 398 CC398 + – + – – – – – – – – – – + – +
ST 6 CC6 – + + + – + – – – – – – – + + +
ST 6 CC6 – – + + – – – – – – – – – + – +
ST 6 CC6 – + + + – – – – – – – – – – + –
ST 6 CC6 – – + + – – – – – – – – – + – +
ST 6 CC6 + – + + – – – – – – – – – + + +
ST 6 CC6 – – – – – – – – – – – – – – – –
ST 2114 CC5 – – + – – – – – – – – – – + + +
ST 2750 CC5 – – + – – – – – – – – – – – – –
ST 149 CC5 – + + – – – – – – – – – – – + –
ST 7 CC7 – + – – + – – – – – – – – – – –
ST 7 CC7 – – + – + – – – – – – – – + – +
ST 7 CC7 – – – – – – – – – – – – – – – –
ST 7 CC7 – – + – – – – – – – – – – + + +
ST 789 CC7 – + + – + – – – – – – – + + + +
ST 72 CC72 – + + – – – – + – + + – – + + +
ST 72 CC72 – – + – – – – + – + + – – + + +
ST 288 Singleton – – – – – – – – – – – – – – + –
ST 288 Singleton – – + – – – – – – – – – – – – –
ST 288 Singleton – + + – – – – – – – – – – – + –
ST 288 Singleton – – – – – – – – – – – – – – – –
ST 630 CC8 – – – – + – – – – – – – – + – +
ST 630 CC8 – – – – – – – – – – – – – + + +
ST 15 CC15 – + – – – – – – – – – – – + – +
ST 331 Singleton – – + – – – – – – – – – – – – –
ST 9 CC9 + – + – – – – – – – – – – – – –
ST 9 CC9 – – + – – – – – – – – – – – + –
ST 188 CC188 + – + – – + – – – – – – – + + +
ST 188 CC188 – + + – – – – – – – – – – + + +
ST 188 CC188 – + + – – – – – – – – – – – – –
ST 188 CC188 + + + – – + – – – – – – – + + +
ST 188 CC188 – + + – – – – – – – – – – + + +
ST 188 CC188 + – + – – + – – – – – – – + + +
ST 432 CC1 – + + – – + – – – – – – – + + +
ST 1735 CC1 – + – – – – – – – – – – – – – –
ST 20 CC20 – + + – – – – + – + – – – + + +
ST 20 CC20 – + + – – – – + + + + – – + + +
ST 1281 CC20 – – + – – – – – – + + – – + – +
ST 2631 CC20 – + + – – – – + – + + – – + + +
ST 2631 CC20 – – – – – – – – – – – – – + – –
ST 672 CC672 + + + – + – – + + + + – – + + +
ST 672 CC672 – + + – – – – + – + + – – + + +
ST 672 CC672 – – + – – – – – – + – – – + – +
ST 672 CC672 – – + – – – – + – + + – – + + +
ST 88 CC8 – + – – – – – – – – – – – + + +
ST 88 CC8 – + + – – – – – – – – – – + + +

7.14
28.57

35.71

35.71

8.73

4.87

1.59

42.86

7.14

7.14

7.14

7.14

7.14

7.14

7.14
21.43

14.29

2.38

12.22

1.53

35.71

35.71

22.45

5.33

15.31
7.14

7.14

7.14

7.14
4.76

11.90

27.78

6.22

22.10

4.10

1.10

38.10

44.85

4.46

5.66

1.95

4.02

21.43

21.43

1.02

8.16

20.54

12.37

3.27

1.64

Figure 3 Clonal dendrogram and detailed molecular characteristics of 61 MSSA isolates.
Abbreviations: CC, clonal complex; IEC, immune evasion cluster; MSSA, methicillin-sensitive Staphylococcus aureus; ST, sequence type.
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1gene, and eta gene, but etb was more frequent in MRSA 

isolates than in MSSA isolates.32–34 In addition, there were 

no significant differences in enterotoxin genes (eg, sea-sep, 

ser, and seu), tsst-1 gene, and etd gene between clinical 

MSSA and MRSA isolates.50 In accordance with previ-

ous data, there is similar distribution between our MSSA 

and MRSA in the carriage of virulence genes, except for 

sek. These findings support that MSSA should be taken 

as seriously as MRSA due to harboring broad virulence 

gene spectrum.

To the best of our knowledge, this study is the first 

attempt to explore the multidimensional corresponding 

relationships between CC typing and phenotype–genotype 

characteristics of S. aureus isolates using the correspon-

dence analysis. However, this study also has some limita-

tions. First, this cross-sectional study was conducted at 

only one time point, so we could not determine whether the 

contamination rate of MRSA was persistent or transient. 

Second, no samples were obtained from airport workers, 

so it could not determine whether there exists the risk of 

MRSA transmission to human beings through environ-

ment contact. Third, samples were cultured on mannitol 

salt agar to isolate S. aureus, which might be less sensitive 

than selective, chromogenic agar plates. Fourth, consistent 

with previous studies,51,52 the present study observed some 

MRSA isolates with only genotypic or phenotypic resis-

tance, suggesting that the MRSA definition based only on 

genotypic or phenotypic resistance may underestimate the 

true prevalence. Future studies should direct more attention 

to identify any mecA variants (such as mecC). Finally, we 

observed four untypeable isolates. Since the novel Staphy-

lococcus argenteus is phenotypically similar to S. aureus, 

these untypeable isolates may be recognized as this novel 

species.53,54

Conclusion
This study revealed that 62.9% S. aureus isolates were clas-

sified as MDR, with six linezolid-resistant isolates and two 

cfr-carrying isolates, supporting concern about linezolid-

resistant and MDR S. aureus in environmental surfaces. 

Notably, both phenotype and genotype characteristics reveal 

a potential risk of cross-transmission of MRSA between 

human beings and environment, suggesting more stringent 

contamination control measures conducted in Baiyun Air-

port. In addition, this study first used the correspondence 

analysis to reveal corresponding relationships between CC 

typing and phenotype–genotype characteristics of S. aureus 

isolates, which may provide new ideas for monitoring the 

latest epidemiological trends.
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Figure S1 Heat map showing antibiotic resistance profiles of 56 MDR S. aureus isolates. Each row represents one isolate tested for the susceptibility from an MDR S. aureus-
positive participant.
Abbreviations: CHL, chloramphenicol; CIP, ciprofloxacin; CLI, clindamycin; ERY, erythromycin; FOX, cefoxitin; GEN, gentamicin; LZD, linezolid; MDR, multidrug-resistant; 
QD, quinupristin–dalfopristin; RD, rifampicin; S. aureus, Staphylococcus aureus; SXT, trimethoprim–sulfamethoxazole; TET, tetracycline.
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