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Staphylococcus aureus (S. aureus) is themost common pathogen causing infections from skin to systemic infections.-e success of
S. aureus infections can partially be attributed to its antibiotic resistance and to its ability to form biofilm. An increasing prevalence
of methicillin-resistant S. aureus (MRSA) becomes a global public health problem in recent decades. Here, the effects of tea
catechin extracts on the growth and biofilm formation of three MRSA strains were investigated. -e results revealed that tea
catechin extracts potently suppressed MRSA growth, and the minimal inhibitory concentration of tea catechin extracts against
these MRSA strains was 0.1 g/L. -en, tea catechin extracts inhibited biofilm formation of these strains in a dose-dependent
manner measured with a colorimetric method, and the inhibitory effect was also demonstrated by scanning electron microscopy
assay. Moreover, adhesin genes biofilm-associated protein (bap), bone sialoprotein-binding protein (bbp), collagen-binding
protein (cna), clumping factors A (clfA), fibronectin binding protein A and B (fnbA and fnbB), and intercellular adhesion gene BC
(icaBC) were scanned, and the results shown that fnbA and icaBC were present in these three strains. Furthermore, tea catechin
extracts depressed fnbA and icaBC expression in the strains. -erefore, inhibition of biofilm formation by tea catechin extracts
probably was associated with downregulation of fnbA and icaBC expression in these strains.

1. Introduction

Staphylococcus aureus (S. aureus) is among the most com-
mon pathogens that cause community- and hospital-ac-
quired infections including mild skin infections, bacteremia,
sepsis, toxic shock syndrome, and staphylococcal food
poisoning [1–3]. -e bacterium has special capacity to ac-
quire resistance. Methicillin-resistant S. aureus (MRSA),
often associated with hospital-acquired infections, is a type
of Staphylococci that is resistant to beta-lactam antibiotics
[4]. -ey are difficult to treat and related to a higher
mortality rate than those caused by methicillin-susceptible
S. aureus [5]. In addition, S. aureus are always encased in
biofilms. Biofilms are aggregated structured communities of
bacteria embedded in a matrix, which is composed of
protein, DNA, and polysaccharide. During growth in bio-
films, S. aureus may evade host defenses and become to be
resistant to the action of antimicrobial drugs, making biofilm
infections particularly difficult to eradicate [6, 7]. Recent

studies also showed that biofilms formed by S. aureus and
MRSA strains may represent a hidden pathway for con-
tamination of food and human handlers, by colonizing
equipment and materials used in the food industry [8].
Biofilm formation in S. aureus isolates is facilitated via the
microbial surface components recognizing adhesive matrix
molecules (MSCRAMMs) and the biofilm-associated pro-
tein (bap) [9]. -e protein components of MSCRAMMs
have a high ability to interact with the host extracellular
matrix proteins such as collagen-binding protein (cna), fi-
bronectin binding proteins A and B (fnbA and fnbB),
clumping factors A and B (clfA and clfB), and bone sialo-
protein-binding protein (bbp) [10]. -e accumulation phase
of biofilm formation appears to be dependent on polysac-
charide intercellular adhesin encoded by the icaADBC op-
eron [11].

Green tea is a popular drink worldwide. -e con-
sumption of green tea has been shown to have many health
benefits [12]. Catechins are the main constituents of green
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tea. -ere are four main catechins in green tea: (−)-epi-
catechin (EC), (−)-epicatechin-3-gallate (ECG), (−)-epi-
gallocatechin (EGC), and (−)-epigallocatechin-3-gallate
(EGCG). EGCG is the most abundant and accounts for
approximately 59% of the total catechins [13]. Catechin has
been recommended as a potential candidate for targeting
antimicrobial agents due to a broad spectrum of antimi-
crobial properties [14]. However, the effect of catechin ex-
tracts on biofilm formation of MRSA has not been clearly
elucidated. -us, the influence of catechin on three MRSA
isolates was investigated in the present study.

2. Materials and Methods

2.1. Bacterial Plate Counting. -ree MRSA isolates (isolated
from 229 ready to eat food samples including pot-stewed
meat, spicy slips, cold dishes randomly collected from retail
outlets in Chengdu, Sichuan province, China, in June 2015;
MRSA strains and the type of staphylococcal cassette
chromosome- (SCC-) mec were characterized by PCR
analysis of mecA gene and SCC-mec type I to V as SCCmec
type IVa), named 1 to 3, were used in this study. Tea catechin
extracts (Zhengzhou Green Banko Trade Ltd., China) were
2-fold gradient diluted to 0.8 g/L, 0.4 g/L, 0.2 g/L 0.1 g/L, and
0.05 g/L. 2×105 cfu MRSA isolates were inoculated in
250mL tryptone soya broth (TSB) with or without different
concentrations of tea catechin and incubated at 37°C for 24
hours. -en, 1mL cell suspension was collected for viable
plate counting.-eminimal inhibitory concentration (MIC)
value was determined as the lowest concentration of tea
catechin that inhibited the growth of 100% bacteria [15], as
recommended by the Clinical and Laboratory Standards
Institute.

2.2. Biofilm Formation Assay. Biofilm formation was assayed
by crystal violet staining in 96-well polystyrene microtiter
plates (Costar, Cambridge, MA, USA) [16]. 105 CFU MRSA
strains were inoculated into sterile 96-well polystyrene
microtiter plates in the TSB medium containing 0.25% glu-
cose (TSB-glucose) supplemented with 0.05 g/L, 0.025 g/L,
0.0125 g/L, or 0 g/L tea catechin and incubated for 24 hours at
37°C. At the same time, the growth of each S. aureus isolate
was monitored by resuspending the biomass of at least three
wells per strain and the measurement of the OD600. -e
remaining wells (at least 3 per S. aureus isolates) were used for
biofilm quantification. -e supernatant with the planktonic
bacteria was removed, and the remaining biofilm was dried.
-en, surface-attached material was fixed with 100 μL
methanol for 10min. -ereafter, the biofilm was stained with
0.5% crystal violet for 20min and solubilized with 30% glacial
acetic acid for 15min. OD595 was measured to quantify the
amount of biofilm. Wells filled with sterile TSB medium
containing 0.25% glucose (TSB-glucose) supplemented with
0.05 g/L, 0.025 g/L, 0.0125 g/L, or 0 g/L tea catechin were
included in every experiment as a sterile control and served as
blank for the OD600 andOD595measurements.-e amount of
biofilm was normalized to the respective growth as assessed
by OD600.

2.3. Biofilm Visualization by Scanning Electron Microscopy.
MRSA strain 2 was selected and cultured overnight in TSB
broth containing 0.25% glucose supplemented with 0.05 g/L,
0.025 g/L, 0.0125 g/L, or 0 g/L tea catechin extracts and then
inoculated onto the glass coverslips in the wells of a 6-well
plate (Costar, Cambridge, MA, USA). After static incubation
at 37°C for 24 hours, the biofilm was washed with PBS, fixed
with 2.5% formaldehyde at 4°C for 2 hours, and dehydrated
in increasing concentrations of ethanol. -e coverslips were
fixed on aluminum stubs, covered with gold-palladium film,
and examined in a FEI Inspect scanning electronmicroscope
(S-4800, Hitachi, Japan).

2.4. PCR. PCR was employed to determine the distribution
of bap, bbp, cna, clfA, fnbA, and icaBC in these S. aureus
isolates. After incubation overnight, 200mL cell suspension
was collected and centrifuged at 10,000 g for 15min. Total
chromosomal DNA was extracted from the isolates using a
DNeasy kit (Qiagen Inc., China) according to the manu-
facturer’s instructions. All primer sets for adhesion genes
were previously described by Tang et al. [17] as shown in
Table 1 and were synthesized by Sangon company. PCR was
performed with the following program: an initial denatur-
ation step at 95°C for 5min, 35 amplification cycles, each at
95°C for 40 s; 50 s at different annealing temperatures for
different genes (Table 1); and 50 s at 72°C, followed by an
additional extension step of 10min at 72°C.

2.5. Real-TimeQuantitativePCR. 2×105CFUMRSA isolates
were inoculated in 250mL TSB and incubated at 37°C for 24
hours with or without 0.125 g/L tea catechin. 1mL cell sus-
pension was collected for viable plate counting, and the cells
in 1mL cell suspension were also harvested by centrifugation
at 10,000 g for 15min.-en, the bacteria were lysed by 200 μg/
mL lysostaphin in TE buffer (10mM Tris-HCl, 1mM EDTA,
pH 8.0). RNA was extracted using bacteria total RNA iso-
lation kit (B518625, Sangon Biotech Co., Ltd., Shanghai,
China) according to the manufacturer’s instructions. In brief,
bacterial cells were washed with 500 μL diethyl pyrocar-
bonate-treated ddH2O in 900 μL buffer Rlysis-B for 3min.
-en, 200 μL chloroform was added and centrifuged at
10,000 g for 5min. RNA was precipitated using 1/3 volume
ethanol, washed twice by 75% ethanol, and finally dissolved in
30 μL diethyl pyrocarbonate-treated ddH2O. Real-time
quantitative PCR was used to detect the relative mRNA levels
of fnbA and icaBC in these MRSA isolates treated with
0.0125 g/L tea catechin. -e specific primers for icaBC are
presented in Table 1, and the primers for fnbA were fnbA-qF:
5′-ACCGTCAAACGCAACACAAG-3′ and fnbA-qR: 5′-
TTCTGATGCCGTTCTTGGCT-3’. Protocols for PCR am-
plification were 120 s at 95°C, followed by 39 cycles of 10 s at
95°C, 30 s at 55°C, and 30 s at 72°C. FtsZ (primers: FtsZ-F 5′-
TGAAGATGCAATCCAAGGTG-3′ and FtsZ-R 5′-
GTTAATGCGCCCATTTCT.TT-3′) was used to normalize
data. Real-time quantitative PCR was performed using a
fluorescence temperature iCycler (Bio-Rad, Hercules, CA,
USA). -e threshold cycle (CT) was analyzed with a 2−ΔΔCt

method [18].
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2.6. Statistical analysis. Data were shown as mean± SEM,
and the differences between tea catechin extracts treatments
and controls were statistically analyzed using SPSS13.0
(SPSS, Chicago, IL, USA). Results were considered to be
statistically significant where P< 0.05.

3. Results

3.1. Bacterial Plate Counting. Growth of the three MRSA
isolates in TSB broth containing tea catechin extracts at
different concentrations was determined by viable plate
counting as shown in Figure 1. Tea catechin extracts de-
pressed all of the three MRSA isolates growth in a con-
centration-dependent manner. Especially, 0.8, 0.4, 0.2, and
0.1 g/L tea catechin extracts absolutely inhibited bacteria
with 24-hour incubation. -us, the MIC of tea catechin
extracts on these MRSA strains was 0.1 g/L.

3.2. Biofilm Formation Assay. After the biofilm was fixed
with methanol and stained with crystal violet, it was solu-
bilized in glacial acetic acid. -e amount of biofilm biomass
was measured using a colorimetric method. -e result
revealed that tea catechin extracts also inhibited biofilm
formation of all the threeMRSA isolates in a dose-dependent
manner as shown in Figure 2. -erefore, tea catechin ex-
tracts potently impaired biofilm formation of these MRSA
strains.

3.3. Scanning Electron Microscopy Assay. Strain 2 was se-
lected for the following visual assay by scanning electron
microscopy. As shown in Figure 3, there were a lot of
biofilms accumulated on the coverslip without tea catechin
extracts challenge. But tea catechin extracts suppressed the
formation of biofilm to about 50% at the concentration of
0.0125 g/L, to about 15% at the concentration of 0.025 g/L,
and a little of biofilm was observed at the concentration of
0.05 g/L.-erefore, consistent with colorimetric analysis, tea
catechin extracts inhibited biofilm formation of MRSA
strain 2.

3.4. Diversity of Adhesin Genes. Prevalence of adhesin genes
bap, bbp, clfA, cna, fnbA, fnbB, and icaBC was detected by
PCR. -e results in Table 2 show that the adhesin genes
varied among different S. aureus strains. Genes bap, bbp,
clfA, cna, and fnbB did not appear in the three strains, while
fnbA and icaBC were found in all these strains.

3.5. 3e Effect of Tea Catechin Extracts on fnbA and icaBC
Gene Expression. Furthermore, to explore the mechanism
underlying the effect of tea catechin extracts on biofilm
formation of MRSA strains, the expression of fnbA, and
icaBC was examined by real-time quantitative PCR. As
summarized in Figure 4, the expression level of fnbA gene

Table 1: Primers for amplification of the adhesin genes of Staphylococcus aureus.

Gene Primer sequences (5′-3′) Product sizes (base pairs) Annealing temperature (°C)

bap GAGCCAAGACAAAGGTGAAG 873 58GTAGCCATAGCACGGAACAT

bbp CTTAGCAGTTCAACAGGGTG 1662 56TTGGCTTTATTGTGATGGTC

cna CGATAACATCTGGGAATAAA 716 54ATAGTCTCCACTAGGCAACG

clfA AGTACCAAATGAGGCTGTTC 796 56AAATGCTACTTCGTTGTCCC

fnbA TCCGCCGAACAACATACC 952 54TCAAGCACAAGGACCAAT

fnbB TCTGCGTTATGAGGATTT 452 54ACAGTAGAGGAAAGTGGG

icaBC GCCTATCCTTATGGCTTGA 182 56TGGAATCCGTCCCATCTC
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Figure 1: -e effect of tea catechin extracts on the growth of
methicillin-resistant S. aureus (MRSA) strains. 2×105 cfu MRSA
isolates were inoculated in 250mL tryptone soya broth (TSB)
supplemented with 0.8 g/L, 0.4 g/L, 0.2 g/L 0.1 g/L, and 0.05 g/L tea
catechin extracts and incubated at 37°C for 24 hours. -en,
1mL cell suspension was collected for viable plate counting. Data
are mean± SEM of three independent experiments (∗P< 0.05,
∗∗P< 0.01, and ∗∗∗P< 0.001).
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Figure 2: -e influence of tea catechin extracts on the biofilm formation of MRSA isolates. Biofilm formation was assayed by crystal violet
staining in 96-well polystyrene microtiter plates. Growth of each S. aureus isolate was monitored by resuspending the biomass of at least
three wells per strain and the measurement of the OD600. -e amount of biofilm was normalized to the respective growth as assessed by
OD600. Data were the mean± SEM of three independent experiments (∗∗∗P< 0.001).
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Figure 3: Scanning electron microscopy. MRSA strain 2 was cultured overnight in TSB broth containing 0.25% glucose supplemented with
0.05 g/L, 0.025 g/L, or 0.0125 g/L tea catechin extracts at 37°C for 24 hours, and the biofilm was fixed with 2.5% formaldehyde at 4°C for
2 hours, dehydrated in increasing concentrations of ethanol, and examined using a scanning electron microscope.
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was significantly decreased in strains 1, 2, and 3 with
0.0125 g/L tea catechin extracts administration compared
with controls. -e expression of icaBC was also depressed in
strains 1 and 3, but did not significantly vary in strain 2.
-erefore, tea catechin extracts inhibited fnbA and/or icaBC
gene expression in these MRSA strains.

4. Discussion

S. aureus is an important nosocomial and food-borne
pathogen, which causes infections ranging from skin to
systemic infections [19]. -e emergence of S. aureus resistant
to antimicrobial agents has also provoked considerable
concern due to its presence in associated foodstuffs [20]. -e
success of S. aureus infections can partially be attributed to its
antibiotic resistance [9]. An increasing prevalence of MRSA
leaves fewer effective treatment options, which has become a
global public health problem in recent decades [4]. Noso-
comial infections are often associated with MRSA, commonly
transmitted either by direct contact with colonized healthcare
workers or as a result of invasive medical procedures in-
cluding surgeries and the introduction of medical implants
[21]. -ere is a risk that MRSA have an inherent ability to
form biofilms on various surfaces [8]. Bacteria in the biofilm
matrix are more resistant to neutrophils and macrophages
and are difficult to inhibit with antibiotics [22]. -erefore, in
order to reduce the risk of colonization and dissemination of
MRSA biofilm-producing strains, we investigated the

inhibitory effect of tea catechin extracts onMRSA growth and
found tea catechin extracts potentially inhibiting the growth
of 3 MRSA strains, which suggested that tea catechin extracts
can be used as a food preservative factor to prevent biofilm
formation during food production.

In addition to antibiotic resistance, S. aureus infections
associated with biofilm are difficult to treat because the
biofilm matrix and phenotypic characteristics of the bacteria
confer resistance to the host immune response and the
action of antimicrobial drugs [6]. -e major tea catechin
extracts possesses a range of biological and medicinal
properties, including antioxidant, anticarcinogenic, anti-
obesity, antibacterial, antiviral, and antienzymatic effects.
Recently, Bai et al. demonstrated tea catechin extracts could
inhibit the growth of Streptococcus mutans [23]. Wu et al.
also confirmed tea catechin epigallocatechin-3-gallate
(EGCG) against biofilm formation by S. mutans [24]. In the
present study, all the 3MRSA strains formed biofilm, and tea
catechin extracts suppressed biofilm formation of all the
strains in a dose-dependent manner with a colorimetric
method. Furthermore, scanning electron microscopy assay
demonstrated the inhibitory effect of tea catechin extracts on
biofilm formation. Our results showed tea catechin extracts
had a striking effect to inhibit biofilm formation and damage
MRSA bacterial cells.

Fibronectin binding proteins A and B (fnbA and fnbB)
mediate adhesion of Staphylococcus aureus to fibrinogen,
elastin, and fibronectin [25]. fnbA protein has been shown to

Table 2: Diversity of adhesin genes in the three MRSA strains.

Gene/strains bap bbp clfA cna fnbA fnbB icaBC
1 _ _ _ _ + _ +
2 _ _ _ _ + _ +
3 _ _ _ _ + _ +
+, the gene was found. −, the gene was not found.
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Figure 4: fnbA and icaBC expression in MRSA isolates treated with tea catechin extracts. MRSA isolates were incubated with 0.0125 g/L tea
catechin extracts overnight. Real-time quantitative PCR was used to detect the relative mRNA level of fnbA (a) and icaBC (b). Data were
mean± SEM of three independent experiments (∗P< 0.05 and ∗∗P< 0.01).
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promote biofilm formation on polystyrene surfaces in
hospital- and community-acquired MRSA isolates [26]. In
this study, tea catechin extracts decreased the expression
level of fnbA gene of these strains. -us, the inhibitory effect
of tea catechin extracts on biofilm formation was probably
associated with fnbA gene downregulation in these MRSA
strains. At the same time, tea catechin extracts also depressed
icaBC expression in strains 1 and 3, which indicated that it
impaired polysaccharide intercellular adhesin in these
strains.

In conclusion, methicillin-resistant S. aureus (MRSA) is
an important public health problem. Tea catechin extracts
effectively inhibit 3 MRSA strain growth and impaired
biofilm formation of these strains, which would be of great
interest to the food industry. -e inhibitory effect on biofilm
formation was probably related to fnbA (and icaBC)
downregulation.
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