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Staphylococcus aureus is a human commensal and pathogen that is capable of forming biofilms on a variety of host tissues and
implanted medical devices. Biofilm-associated infections resist antimicrobial chemotherapy and attack from the host immune
system, making these infections particularly difficult to treat. In order to gain insight into environmental conditions that influ-
ence S. aureus biofilm development, we screened a library of small molecules for the ability to inhibit S. aureus biofilm forma-
tion. This led to the finding that the polyphenolic compound tannic acid inhibits S. aureus biofilm formation in multiple biofilm
models without inhibiting bacterial growth. We present evidence that tannic acid inhibits S. aureus biofilm formation via a
mechanism dependent upon the putative transglycosylase IsaA. Tannic acid did not inhibit biofilm formation of an isaA mutant.
Overexpression of wild-type IsaA inhibited biofilm formation, whereas overexpression of a catalytically dead IsaA had no effect.
Tannin-containing drinks like tea have been found to reduce methicillin-resistant S. aureus nasal colonization. We found that
black tea inhibited S. aureus biofilm development and that an isaA mutant resisted this inhibition. Antibiofilm activity was elim-
inated from tea when milk was added to precipitate the tannic acid. Finally, we developed a rodent model for S. aureus throat
colonization and found that tea consumption reduced S. aureus throat colonization via an isaA-dependent mechanism. These
findings provide insight into a molecular mechanism by which commonly consumed polyphenolic compounds, such as tannins,
influence S. aureus surface colonization.

Staphylococcus aureus is a Gram-positive bacterium that exists
both as a commensal, commonly colonizing humans, and as a

deadly pathogen, possessing the ability to cause a multitude of
infections (1–3). The ability of S. aureus to colonize surfaces con-
tributes to its lifestyle as both a commensal and a pathogen (4).
When colonizing a surface, S. aureus forms a structured commu-
nity called a biofilm, in which cells are encased in a polymeric
matrix. Although the exact composition of this matrix varies
greatly from strain to strain and between different growth condi-
tions, its components include extracellular DNA, polysaccharides,
proteins, and amyloid fibers (5, 6). The variability among biofilms
formed by S. aureus contributes to its ability to colonize humans
and cause many different kinds of biofilm-associated infections,
including osteomyelitis (7), endocarditis (8), and implanted de-
vice infections (9).

Management of biofilm infections is extremely difficult due to
their inherent resistance both to antimicrobial chemotherapies
and to the host immune response (4, 10).

New approaches are needed to overcome the challenge of an-
timicrobial resistance. Enzymatic disruption of the biofilm matrix
and alteration of gene expression to induce biofilm disassembly
are currently among the alternatives being investigated (6). In
addition, much research has focused on understanding the envi-
ronmental conditions and bacterial molecular mechanisms that
influence S. aureus biofilm development. Several environmental
factors, such as glucose, osmolarity, ethanol, hemoglobin, tem-
perature, and anaerobiosis, have been reported to affect biofilm
formation and disassembly (6, 11–13).

Beyond these examples, little is known about the contribution
of other environmental conditions and the molecular mecha-
nisms that respond to them to control biofilm development. It is
hoped that a deeper understanding of these environmental cues
will lead to innovative treatments for S. aureus biofilm infections.

Therefore, we set out to look for novel environmental factors that
could influence S. aureus biofilm development by screening a
small chemical library.

This approach led to the finding that tannic acid inhibits S.
aureus biofilm formation without inhibiting cell growth. Further
analysis revealed increased levels of the protein IsaA (immuno-
dominant staphylococcal antigen A) in culture supernatants when
strains were grown in the presence of tannic acid. IsaA is expressed
during infections and is antigenic, as high titers of antibody
against IsaA are readily found in individuals that have had an S.
aureus infectious disease (14). IsaA is a putative lytic transglyco-
sylase and has been shown by zymography to cleave peptidoglycan
(15). Lytic transglycosylases are a unique class of lysozyme-like
enzymes that catalyze cleavage of the �-1,4-glycosidic bond be-
tween N-acetylmuramic acid (MurNAc) and N-acetylgluco-
samine (GlcNAc) (16).

MATERIALS AND METHODS
Strains and plasmids. The bacterial strains and plasmids used in this
study are described in Table 1. Strains of Escherichia coli were grown in
Luria-Bertani broth or Luria agar plates. For selection of chromosomal
markers or maintenance of plasmids, E. coli antibiotic concentrations
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were 100 �g/ml for ampicillin and 10 �g/ml for chloramphenicol. Except
where noted, S. aureus strains were grown in tryptic soy broth (TSB) or
tryptic soy agar (TSA). For selection of chromosomal markers or mainte-
nance of plasmids, S. aureus antibiotic concentrations were 10 �g/ml for
erythromycin and 10 �g/ml for chloramphenicol. All reagents were pur-
chased from Fisher Scientific (Pittsburg, PA) or Sigma (St. Louis, MO),
unless otherwise indicated. pKP1 was created by PCR amplifying the isaA
open reading frame from strain SH1000 using primers o82 (5=-ATGCGG

TACCCTTGCACTACGACATTCAAATTC-3=) and o83 (5=-ATGCGAA
TTCCTCTCCCCAATTTCTATGGG-3=) and ligating this fragment into
the multiple-cloning site of pALC2073. pKP1-IsaA.EQ was created by
PCR amplifying the pKP1 vector with overlapping primers o172 (5=-TC
ATCGCTCGTCAATCA-3=) and o173 (5=-TGACCATTTGATTGACGA
G-3=), both of which contain the desired point mutation. The PCR prod-
uct was treated with DpnI to remove the template plasmid and
transformed. Mutated plasmids were verified by DNA sequencing.

Growth assays. SH1000 cultures were grown in TSBg (66% TSB with
0.2% glucose). The optical density at 600 nm (OD600) was measured every
30 min, and ODs from early and late log phase were used to calculate
doubling times. Doubling times presented are averages from three biolog-
ical replicates. To calculate population density in stationary phase, cul-
tures were grown for 24 h, washed in phosphate-buffered saline (PBS),
bath sonicated for 4 min, serially diluted, and plated on TSA. The num-
bers of CFU were counted on the following day. CFU counts presented are
averages from four biological replicates.

Biofilm assays. Microtiter plate biofilms were grown as previously
described (11). Briefly, late-log-phase S. aureus cultures were diluted
1:200 in a final volume of 200 �l 66% TSB in wells of a 96-well microtiter
plate (164688; Nunc). Glucose was added to a final concentration of 0.2%
to induce biofilm formation. Plates were incubated overnight at 37°C with
shaking at 200 rpm. After incubation, medium was removed by pipetting
and wells were gently washed with 150 �l sterile water. One hundred
microliters of 0.1% crystal violet was added, and the mixture was allowed
to sit for 10 min. Crystal violet was removed by pipetting, and wells were
again washed with 150 �l sterile water. Plates were air dried and photo-
graphed. To quantitate crystal violet stain, 150 �l of 40 mM HCl in etha-
nol was added to each well, the contents were pipetted to mix, and the
plates were allowed to sit for 5 min. The contents of the wells were again
mixed, 100 �l of stain was moved to a new plate, and the absorbance at 595
nm was measured. All microtiter plate quantitations with multigroup
comparisons were analyzed by analysis of variance and found to have P
values of �0.05. Data sets were analyzed post hoc by a Dunnett’s test, and
the P values of these tests are listed in the applicable figure legends.

Drip-flow biofilms were set up and grown as described previously (5),
with the growth medium being 2% tryptic soy broth (0.6 g/liter) with
0.2% glucose (2 g/liter). After 5 days of growth, coupons were removed
with sterile tweezers and biofilm cells were harvested into 10 ml sterile
PBS. Samples were bath sonicated for 10 min, serially diluted, and plated
in plate count agar. Colonies were counted on the following morning.

Flow-cell biofilms were grown in 2% tryptic soy broth (0.6 g/liter) with
0.2% glucose (2 g/liter) supplemented with tannic acid, as indicated in the
figure legends. Confocal scanning laser microscopy and image analysis
were performed as described previously (11). Biofilms were treated with
330 nM Syto9 (LIVE/DEAD BacLight bacterial viability kit; Invitrogen,
Carlsbad, CA) 15 min prior to visualization.

Cotton rat oropharynx colonization model. To assess the ability of S.
aureus to colonize the throat, a cotton rat throat colonization model was
developed on the basis of previous studies done in mice studying Strepto-
coccus pyogenes throat colonization (25). Animal work was carried out in
strict accordance with the recommendations in the Guide for the Care and
Use of Laboratory Animals of the National Research Council (26). The
protocol was approved by the Committee on Use and Care of Animals
(UCUCA) of the University of Michigan (permit number 10394). All
efforts were made to minimize pain and discomfort during the procedure.
Female cotton rats were obtained from Harlan Laboratories and housed at
3 per cage in a room kept at 23°C � 2°C with 50 to 60% relative humidity
and a 12-h light and 12-h dark cycle. Rats were given tap water and rodent
chow ad libitum and were acclimated to the laboratory environment for a
minimum of 6 days before inoculation. S. aureus (strain BB2146 or
BB2497) was grown overnight in TSB, harvested by centrifugation,
washed, and resuspended in PBS. Female cotton rats were anesthetized,
and a 100-�l aliquot containing 1 � 105 CFU was instilled into the throat
of anesthetized animals via gavage. Throat swab samples for culture were

TABLE 1 Strains and plasmidsa

Strain or
plasmid Relevant genotype Resistance

Reference or
source

S. aureus strains
BB1209 SH1000/pALC2073 Cm 17
BB2146 SH1000 spectinomycin

resistant
Spec 13

BB2183 isaA::Tetr Tet 15
BB2184 isaA::Tetr/pSK5630 Cm 15
BB2185 isaA::Tetr/pMEL4 Cm 15
BB2242 SH1000/pKP1 Cm This work
BB2333 SH1000/pKP1.IsaA.EQ Cm This work
BB2515 Dripper isolate None This work
BB2518 Dripper isolate None This work
BB2519 Dripper isolate None This work
BB2520 Dripper isolate None This work
BB2521 Dripper isolate None This work
BB2522 Dripper isolate None This work
BB2523 Dripper isolate None This work
BB2524 Dripper isolate None This work
BB2527 Dripper isolate None This work
BB2528 Dripper isolate None This work
BB2529 Dripper isolate None This work
BB2585 Rat isolate Spec This work
BB2586 Rat isolate Spec This work
BB2587 Rat isolate Spec This work
BB2588 Rat isolate Spec This work
BB2589 Rat isolate Spec This work
BB2590 Rat isolate Spec This work
BB204 Newman 18
BB206 RN6390 19
BB207 RN6911 20
BB248 FRI1169 21
BB607 Blood isolate 5
BB608 Blood isolate 5
BB609 Blood isolate This work
BB610 Bone isolate This work
BB611 Bone isolate This work
BB612 Bone isolate This work
BB687 MW2 22
BB1263 LAC 23
BB707 Nasal isolate This work
BB759 UAMS 24

Plasmids
pSK5630 Cm 15
pMEL4 isaA under the control of

native promoter
Cm 15

pALC2073 Cm 17
pKP1 isaA under the control of

Tet promoter
Cm This work

pKP1.IsaA.EQ E183Q-isaA under the
control of Tet
promoter

Cm This work

a Cm, chloramphenicol; Spec, spectinomycin; Tet, tetracycline.
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taken using an alginate swab inserted into the oropharynx of anesthetized
rats at the indicated time points. The swab was streaked onto mannitol salt
agar containing spectinomycin at 100 �g/ml, and these plates were incu-
bated for 24 h at 37°C. The growth of S. aureus colonies on these plates was
interpreted as the animal being colonized. Tea was given to the indicated
animals at 2, 5, and 8 days after the initial S. aureus colonization by slowly
delivering 200 �l of room temperature tea (prepared as described below)
into the anesthetized animal’s throat via gavage. Control animals were
given the same volume of water. Animals were held upright during gavage
and monitored closely to avoid pulmonary aspiration.

Protein gel and Western blot analyses. Cultures were grown over-
night at 37°C with shaking in 66% TSB with 0.2% glucose. Cultures were
normalized by the OD600, and cells were removed by centrifugation. Cul-
ture supernatants were concentrated by trichloroacetic acid (TCA) pre-
cipitation, boiled for 10 min in SDS running buffer, run on a 14% poly-
acrylamide gel, and stained with Coomassie. Western blotting was
performed by boiling normalized culture supernatants for 10 min in SDS
running buffer and separating on a 14% polyacrylamide gel. Proteins were
transferred to a polyvinylidene difluoride membrane and probed with a
polyclonal anti-IsaA antibody. The IsaA antibody was generated in rabbits
using the peptide DQLNAAPIKDGAYD, which corresponds to amino
acids 48 to 61 of the IsaA protein.

Tea. Black tea was brewed by adding 100 ml boiling water to one bag of
Twinings English breakfast tea and steeped for 7 min. Tea was cooled to
room temperature and filter sterilized. Milk was made from powder to a
concentration of 100 mg/ml (approximately the same concentration used
to make milk from powder for consumption). To precipitate tannins from
tea, 5 �l milk was mixed with 25 �l tea and 20 �l water. The mixture was
allowed to sit at room temperature for 1 h before use.

RESULTS
Tannic acid inhibits S. aureus biofilm formation in multiple
biofilm models. To identify chemicals and environmental condi-
tions that influence S. aureus biofilm formation, we screened a
collection of compounds contained in Biolog plates PM1 to PM20
for the ability to inhibit surface colonization by strain SH1000.
Briefly, the contents of each well of the Biolog plates were resus-
pended in 102 �l distilled water, and 50 �l of this resuspension
was added to a microtiter plate assay and screened for the ability to
inhibit biofilm formation. Of the 1,920 conditions tested, 41 in-
hibited S. aureus biofilm formation (for a complete list, see Table
S1 in the supplemental material). Among these compounds was
tannic acid, a common component in teas and other plant-derived
foods. Because S. aureus colonizes the oropharynx and oral cavity
(2, 27, 28) and is likely to encounter this compound during colo-
nization, we focused our efforts on tannic acid. We first confirmed
and expanded the result from the screen, showing that tannic acid
inhibited S. aureus biofilm formation at low micromolar concen-
trations in a concentration-dependent manner (Fig. 1). Tannic
acid inhibited surface colonization in several biofilm model sys-
tems (Fig. 1B and C).

To ensure that tannic acid’s biofilm-inhibitory activity was not
specific to SH1000, we tested its effect on biofilms of 15 other
strains in microtiter plate assays (see Fig. S1 in the supplemental
material). These strains included both clinical isolates and estab-
lished lab strains. Because many of these strains did not grow
robust biofilms in the tryptic soy broth used for SH1000, we also
tested these 15 strains in a peptone-based medium that promotes
amyloid fiber formation in the biofilms (5). The overwhelming
majority of these strains formed less robust biofilms in the pres-
ence of tannic acid, suggesting that this effect is broadly applicable.

Tannic acid is a mix of plant-derived polyphenolic com-

pounds, and two of the most abundant and consistently isolated
components of commercially available tannic acid are gallic acid
and pentagalloyl glucose (29). Therefore, we also tested the ability
of these compounds to inhibit S. aureus biofilm formation. Gallic
acid failed to inhibit S. aureus biofilm formation, whereas
pentagalloyl glucose inhibited S. aureus biofilm formation at con-
centrations similar to those observed with tannic acid (Fig. 1D).

Tannic acid at 20 �M does not inhibit growth of S. aureus.
Because tannic acid is known to have antimicrobial activity, we
investigated whether it affected S. aureus growth at the concentra-
tions where we see antibiofilm activity. We grew cultures in 66%
TSBg supplemented with up to 20 �M tannic acid and observed
growth (Table 2). In log phase, the doubling times of cultures
grown with and without tannic acid were not statistically signifi-
cantly different. We also allowed the cultures to grow to stationary
phase and counted the numbers of CFU in each culture. There was
no statistically significant difference between final CFU counts.

S. aureus supernatants display increased levels of IsaA in the
presence of tannic acid. To begin elucidating how tannic acid
exerts its antibiofilm effect, we grew planktonic cultures of S. au-
reus in the presence of various concentrations of tannic acid. We
examined changes in the extracellular protein profile of culture
supernatants by SDS-PAGE. One band, migrating at approxi-
mately 26 kDa, became more pronounced with increasing con-
centrations of tannic acid (Fig. 2A). This protein band was excised
and identified by mass spectrometric analysis to be immunodom-
inant staphylococcal antigen A (IsaA). IsaA is a putative lytic
transglycosylase that has previously been implicated in cleaving
peptidoglycan (15). A polyclonal antibody was generated against
IsaA, and subsequent Western blot analysis confirmed that in-
creased levels of IsaA were present in culture supernatants supple-
mented with tannic acid (Fig. 2B).

An isaA mutant resists tannic acid-mediated biofilm inhibi-
tion. Since tannic acid affected IsaA abundance, we asked whether
IsaA has a role in tannic acid biofilm inhibition. An isogenic isaA
mutant was assessed for its ability to form biofilms in the presence
of tannic acid (Fig. 3A and B). In contrast to what we observed
with the wild type, increasing the tannic acid concentration up to
20 �M had no effect on the ability of an isaA mutant to form a
biofilm. However, complementation of the isaA mutant by ex-
pressing isaA from its native promoter on a plasmid restored the
susceptibility of this strain to the antibiofilm effects of tannic acid.
Taken together these results suggest that the antibiofilm effects of
tannic acid are dependent upon the presence of IsaA.

IsaA expression prevents S. aureus biofilm formation. Since
tannic acid increases the level of IsaA found in culture superna-
tants and results in reduced biofilm formation, we hypothesized
that overexpression of IsaA would inhibit biofilm formation. To
test this hypothesis, we cloned the isaA gene behind an inducible
promoter and assessed biofilm formation. Induction of IsaA ex-
pression did not interfere with growth (data not shown) and re-
sulted in no biofilm formation, whereas noninducing conditions
or the empty vector allowed biofilm formation (Fig. 4A). The
overexpression vector pALC2073 that we used is known to be
leaky (30), and therefore, IsaA levels in the absence of inducer
were higher than those in the empty vector controls (Fig. 4B). This
increase in IsaA abundance under the noninducing conditions did
not affect biofilm formation. Taken together, these results suggest
that it is possible to increase IsaA levels somewhat without having
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an effect but that once IsaA levels hit a certain threshold, biofilm
formation is inhibited.

The putative transglycosylase active site is necessary for
IsaA’s antibiofilm activity. To investigate if the putative transgly-
cosylase activity was required for the antibiofilm activity of IsaA,
we constructed a mutant with a point mutation in the conserved
transglycosylase active site that would be expected to abolish ac-

tivity. Family 1 lytic transglycosylases, including IsaA, share a con-
served E-S motif, with the glutamyl residue being essential for
catalysis (31, 32). In Salmonella enterica, the peptidoglycan-di-
gesting activity of two lytic transglycosylases was dramatically re-
duced by replacing the conserved glutamyl residue with a glu-
tamine (33). We made the analogous mutation in IsaA’s
conserved active site (E183Q) and expressed it from the plasmid
pKP1.IsaA.EQ. Western blot analysis revealed that this construct
produced a protein whose size was consistent with the size of the
wild-type protein (Fig. 4B). However, overexpression of
pKP1.IsaA.EQ did not result in biofilm inhibition (Fig. 4A), sug-
gesting that the IsaA putative transglycosylase activity is responsi-
ble for the protein’s antibiofilm effects.

Spontaneous mutants that resist tannic acid biofilm inhibi-
tion fail to produce IsaA. Although tannic acid inhibits biofilm
formation in drip reactors grown for 3 days (Fig. 1), we noticed

FIG 1 Tannic acid inhibits biofilm formation in S. aureus. (A) S. aureus does not form a biofilm in a microtiter plate assay when grown with micromolar
concentrations of tannic acid (TA). Biofilm formation was induced by supplementing the growth medium with 0.2% glucose. Error bars represent standard
deviations. *, P � 0.005 compared to the control with glucose and without tannic acid. (B) S. aureus biofilm formation in a flow cell is dramatically reduced by
treatment with 20 �M tannic acid. Shown are three-dimensional image reconstructions of a z series created with Velocity software. Confocal laser scanning
microscopy images are representative of three separate experiments, and each side of a grid square represents 15 �m. (C) S. aureus forms significantly less biofilm
in drip reactors when grown with 20 �M tannic acid. Drip-reactor biofilms were grown for 3 days and photographed before harvesting. Arrowhead indicates
visible biofilm. Cells were harvested from four replicate drip reactors, and the numbers of CFU were counted. Error bars represent standard deviations. *, P �
0.01 compared to untreated control. (D) Two major components of commercial tannic acid are compared for antibiofilm activity. Pentagalloyl glucose (PGG)
significantly inhibits biofilm formation. Gallic acid (GA) causes no significant inhibition. Error bars represent standard deviations. *, P � 0.01 compared to the
control with glucose and without tannic acid.

TABLE 2 Growth rate and final culture density when grown in the
presence of tannic acid

TA concn
(�M)

Doubling time
(min)

No. of CFU (109)/ml
after 24 h

0 35.6 � 0.4 1.35 � 0.77
5 34.6 � 2.6 1.4 � 0.66
20 36.2 � 0.8 1.65 � 1.03
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that extending the drip biofilm growth period to 5 days allowed a
significant biofilm to form in the presence of tannic acid. This
tannic acid-resistant biofilm was broken up by sonication and
plated onto nutrient agar to isolate single colonies. In testing 11
isolates, we found that 3 resisted tannic acid biofilm inhibition
(Fig. 5A). Western blot analysis of culture supernatants revealed
that the three tannic acid-resistant isolates also failed to produce
IsaA (Fig. 5B), further strengthening the link between IsaA and
tannic acid-mediated biofilm inhibition.

Tea inhibits S. aureus biofilm formation in an isaA-depen-
dent manner. Tannic acid is a variable mixture of plant-derived
polyphenols, consisting primarily of gallotannins (29), that has
historically been used to precipitate proteins from solution
(34). Tannins are an abundant component of vascular plant
tissue and help protect plants against bacterial and fungal in-
fection (35). In addition, tannins are thought to be partially
responsible for the astringent taste of red wines and tea (36,
37). We therefore wondered if a tannin-containing drink, such
as tea, would directly affect biofilms by the same isaA-depen-
dent mechanism as tannic acid. We added various concentra-
tions of brewed black tea to a biofilm formation assay. In the
wild-type background, very low concentrations of brewed tea
(1:500 dilution of brewed tea) significantly inhibited biofilm
formation (Fig. 6A). However, an isaA mutant formed a bio-
film in the presence of tea at any concentration tested, and this
phenotype could be complemented by expression of isaA from
its native promoter on a plasmid (Fig. 6C).

Since tannins and proteins readily coprecipitate (38), we tested
whether the addition of milk (protein) to tea would affect the
antibiofilm properties of tea. Milk was added to freshly brewed
black tea at a concentration of 5 mg/ml. The mixture was vortexed
briefly and allowed to sit at room temperature for 1 h before it was
directly added to microtiter plate biofilm assays. Unlike tea alone,
the tea-milk mixture failed to inhibit biofilm formation (Fig. 6B).

This lack of biofilm inhibition corresponded to the removal of
polyphenols from the tea (39, 40).

Tea inhibits S. aureus throat colonization in an isaA-depen-
dent manner. Emerging evidence suggests that, in addition to the
nasopharynx, S. aureus commonly colonizes the oropharynx and
oral cavity (2, 27, 28). Since tea is a commonly consumed beverage
that inhibits surface colonization in our in vitro models, we tested
if tea could impact S. aureus colonization in a rodent model. The
cotton rat has previously been used to study S. aureus nasal colo-
nization (41), so we first assessed if S. aureus would also colonize
the cotton rat oropharynx. Oral inoculation with 1 � 105 S. aureus
CFU resulted in reproducible oropharynx colonization, with 5 out
of 6 animals displaying detectable oropharynx colonization over a
period of 19 days (Fig. 7A).

To determine if tea ingestion influenced S. aureus oropharynx
colonization, 200 �l of black tea was administered via gavage to
colonized rats at 2, 5, and 8 days after initial colonization. Tea
ingestion reduced the number of animals colonized with wild-

FIG 2 Tannic acid increases levels of IsaA in S. aureus culture supernatants.
(A) Western blot of TCA-precipitated supernatants from overnight cultures of
S. aureus grown in 66% TSB supplemented with 0.2% glucose and with the
indicated concentrations of tannic acid. When cultures are grown with higher
concentrations of tannic acid, a band (indicated with an arrowhead) appears
with an apparent molecular mass slightly below 26 kDa. The band was excised,
and the protein was identified by mass spectrometry as IsaA. (B) Western blot
of unprecipitated supernatants from overnight cultures probed with poly-
clonal anti-IsaA antibody. IsaA levels in culture supernatants increase when
the culture is grown with tannic acid.

FIG 3 isaA is necessary for tannic acid-induced biofilm inhibition. (A) Strain
SH1000 (BB386), a mutant isaA::Tetr strain (�isaA; BB2183), an isaA::Tetr

strain with an empty vector (�isaA � EV; BB2184), and a mutant isaA::Tetr

strain with an isaA complement (�isaA � isaA; BB2185) were assayed in a
microtiter plate for tannic acid-induced biofilm inhibition. Strains lacking
functional isaA were resistant to inhibition. *, P �� 0.001 compared to isogenic
untreated control. (B) SH1000 (BB386), a mutant isaA::Tetr strain with an
empty vector (BB2184), and a mutant isaA::Tetr strain with an isaA comple-
ment (BB2185) were assayed in a flow cell for tannic acid-induced biofilm
inhibition. The isaA mutant was resistant to inhibition.
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type S. aureus in the oropharynx, with 5 out of 6 animals not being
colonized after tea ingestion versus 1 out of 6 animals in a water
gavage control group not being colonized (Fig. 7B). In addition,
we tested six colonies from the rat that remained colonized with S.
aureus after tea ingestion for IsaA production. Three of the six
isolates produced no detectable IsaA, and one produced dramat-
ically lower levels of IsaA than the wild type (Fig. 7C). Finally, an
isaA mutant appeared to maintain higher levels of colonization
upon tea ingestion. Four out of six animals colonized with an isaA
mutant versus one out of six colonized with the isogenic wild-type
parent remained colonized after tea ingestion (Fig. 7D and B).
These results suggest that consumption of polyphenolic com-
pounds, like those in tea, may reduce S. aureus oropharynx colo-
nization in an isaA-dependent manner.

DISCUSSION

The ability of S. aureus to colonize surfaces and form biofilms
contributes to its success as a commensal and pathogen. S. aureus
lives as a commensal attached to surfaces such as the skin, naso-
pharynx, and oropharynx (2). As a pathogen, S. aureus can attach
to internal tissues such as bone, heart valves, or implanted medical
devices (7–9). Colonization by S. aureus increases the incidence of
infection, and biofilm infections represent a serious clinical situ-
ation, based on their recalcitrance to antibiotics, their persistence,

and the propensity of organisms to detach and colonize new sites
(6). Relatively little is known regarding how natural products that
are common in the human diet can influence S. aureus coloniza-
tion and biofilm development. Therefore, understanding how S.
aureus responds to natural products and different environmental
conditions is an important issue that warrants further investiga-
tion.

In this work we demonstrate that the polyphenolic compound
tannic acid can inhibit S. aureus surface colonization in a multi-
tude of biofilm models (Fig. 1). Analysis of liquid culture super-
natants revealed increased levels of the protein IsaA when strains
were grown in the presence of tannic acid (Fig. 2). An isaA mutant
was not susceptible to the biofilm inhibition effects of tannic acid,
and this phenotype was complemented by expressing isaA under
the control of its native promoter in trans (Fig. 3). Expression of
IsaA from an inducible promoter inhibited biofilm formation,
and this was dependent upon a catalytic residue at the putative
IsaA transglycosylase active site (Fig. 4). After prolonged incuba-
tion in drip-flow biofilms, isolates that were resistant to the anti-
biofilm effect of tannic acid appeared, and these isolates failed to
produce IsaA (Fig. 5). Black tea, a common source of tannic acid
in the human diet, inhibited biofilm formation in vitro in an isaA-
dependent manner (Fig. 6). Finally, we developed an animal
model for S. aureus throat colonization and found that tea re-
duced throat colonization in an isaA-dependent manner (Fig. 7).

Tannic acid has long been known to have antibacterial prop-
erties (42), bacteria are known to actively modulate gene expres-
sion in response to tannins (43, 44), and recently, it has been

FIG 4 Induced expression of IsaA inhibits biofilm formation. (A) SH1000
harboring empty vector (BB1209), isaA (BB2242), or E183Q-isaA (BB2333)
under a tetracycline-inducible promoter was grown with 0.2% glucose and 250
ng/ml anhydrotetracycline (aTet). No biofilm formed when IsaA was overex-
pressed. A biofilm formed when E183Q-IsaA was overexpressed. Error bars
represent standard deviations. WT, wild type; *, P �� 0.001 compared to the
isogenic control with glucose and without anhydrotetracycline. (B) Wild-type
IsaA and E183Q-IsaA are overexpressed when induced with 250 ng/ml anhy-
drotetracycline. The Western blot is of SH1000 harboring strains with an
empty vector (BB1209), isaA (BB2242), or E183Q-isaA (BB2333) under a tet-
racycline-inducible promoter, with and without anhydrotetracycline induc-
tion, probed with polyclonal anti-IsaA antibody.

FIG 5 Biofilm resistance to tannic acid is coincident with a reduction in IsaA
expression. Strains derived from 11 S. aureus colonies isolated from a tannic
acid-treated biofilm were tested for resistance to tannic acid-induced biofilm
inhibition, as well as for IsaA production. (A) Three of 11 strains (BB2519,
BB2520, and BB2524) are robustly resistant to tannic acid-induced biofilm
inhibition in a microtiter plate biofilm assay. (B) The same 3 strains also do not
have detectable IsaA in their culture supernatants. The Western blot is of
culture supernatants from the 11 strains isolated from a tannic acid-resistant
biofilm (along with wild type) probed with polyclonal anti-IsaA antibody.
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suggested to have antibiofilm properties (45). Pentagalloyl glu-
cose (one of the major components of commercial tannic acid)
and ellagic acid (another plant-derived polyphenolic compound)
have also been shown to inhibit biofilm formation in S. aureus (46,
47). To the best of our knowledge, no genetic mechanism for the
antibiofilm properties of tannic acid or related polyphenols in S.
aureus has been proposed. In this report, we show that tannic acid
causes an increase in extracellular IsaA levels and that increased
levels of IsaA are able to inhibit biofilm formation in S. aureus. At
this time, the molecular mechanism leading to increased extracel-
lular IsaA levels is not known. Several possible mechanisms that
would lead to this outcome are under investigation, including
differential regulation of isaA and altered protein stability.

Lytic transglycosylases have been extensively studied in E. coli,
where they have been shown to cleave peptidoglycan at the �-1,4-
glycosidic bond between N-acetylmuramic acid (MurNAc) and
N-acetylglucosamine (GlcNAc) (16). By virtue of their ability to
cleave the polysaccharide backbone of the peptidoglycan layer,
lytic transglycosylases are thought to play a role in synthesis and
degradation of the peptidoglycan. It has been proposed that lytic

transglycosylases play important roles in cellular elongation, sep-
tation, recycling of muropeptides, and pore formation (48).

To the best of our knowledge, this is the first report describing
a specific function of the lytic transglycosylase IsaA in S. aureus.
The mechanism by which IsaA leads to biofilm inhibition remains
unclear, but the evidence that we present in this paper demon-
strates that this activity depends on IsaA’s catalytic function as a
lytic transglycosylase. There are several ways in which cleavage of
peptidoglycan could lead to a reduction in biofilm formation. For
example, peptidoglycan cleavage could change the composition of
proteins and teichoic acids displayed on the cell wall, cleaving
away factors necessary for surface colonization. Alternatively,
peptidoglycan cleavage could release a signaling molecule (49),
leading to modulation of biofilm-related gene expression. Work is
under way to elucidate how IsaA activity leads to biofilm inhibi-
tion.

S. aureus nasal colonization is a significant risk factor for sev-
eral infections, including bacteremia, postoperative infections,
and diabetic foot ulcer infections, and contributes to the spread of
this pathogen in hospital environments (50–53). Many hospitals

FIG 6 Black tea inhibits biofilm formation in S. aureus. (A) Black tea inhibits biofilm formation in a dose-dependent manner. Biofilm formation was induced
in a microtiter plate biofilm assay by supplementing the medium with 0.2% glucose. Error bars represent standard deviations. *, P �� 0.001 compared to the
control with glucose and without tea. (B) When black tea is mixed with milk, the tea loses its biofilm-inhibitory effect. Error bars represent standard deviations.
*, P �� 0.001 compared to the control with glucose, without tea, and without milk. (C) isaA is necessary for tea-induced biofilm inhibition. Strain SH1000
(BB386), a mutant isaA::Tetr strain (BB2183), a mutant isaA::Tetr mutant strain with an empty vector (BB2184), and a mutant isaA::Tetr mutant strain with an
isaA complement (BB2185) were assayed in microtiter plates for tea-induced biofilm inhibition. Strains lacking functional isaA were resistant to inhibition. Error
bars represent standard deviations. *, P �� 0.001 compared to an isogenic control with glucose and without tea.
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employ rigorous S. aureus infection control policies, including
active surveillance of nasal colonization for patients and person-
nel, contact precautions, and isolation of colonized patients (54).
Current decolonization strategies involve applying topical agents
such as mupirocin to the nose. Several recent studies have identi-
fied the oropharynx as another common site of S. aureus coloni-
zation (2, 27, 28). Because hospital efforts to track and eliminate S.

aureus colonization focus primarily on the nasal cavity, these ap-
proaches are not likely to affect throat carriage, and therefore, this
reservoir for future infection may persist.

Our finding that tea inhibited S. aureus biofilm development in
vitro and reduced throat colonization in an animal model may
have important consequences. In addition to helping us under-
stand the function and role of IsaA, it gives us a safe, effective tool
for decolonizing a second common site of S. aureus colonization,
aiding in hospitals’ efforts to reduce the risk of infection and
spread of this deadly pathogen. Hot tea or coffee has previously
been associated with reduced methicillin-resistant S. aureus nasal
colonization, suggesting that our results may translate to human
colonization (55). Understanding the effects of tannic acid and tea
in decolonizing this reservoir, as well as the genetic mechanism
underlying this effect, could lead us to more effective treatments
for S. aureus colonization and infection.
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