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Abstract The icaADBC gene locus of Staphylococcus
aureus and its polysaccharide intercellular adhesin (PIA/
PNSG) were recently identified, but biofilm formation
has rarely been detected in vitro. In this study we eval-
uated a tissue culture plate (TCP) assay and a tube test,
as well as Congo red agar, using the two basic media
trypticase soy broth (TSB) and brain heart infusion
(BHI) broth with different sugar supplements for de-
tection of biofilm formation in 128 ica-positive S. aureus
isolates. Of the S. aureus strains, 57.1% displayed a
biofilm-positive phenotype under optimized conditions
in the TCP test. The tube test correlated well with the
TCP test for strongly biofilm-producing strains, whereas
weak producers were not safely discriminated from
biofilm-negative strains. Screening on Congo red agar
displayed a strong correlation with the TCP and the tube
test for only 3.8%, and is therefore not recommended
for investigation of biofilm formation in S. aureus.
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Introduction

Staphylococci are the most important pathogens in
foreign body-related infections. The predominant spe-
cies isolated in these infections are Staphylococcus
epidermidis and Staphylococcus aureus [42, 46]. In
S. epidermidis the major pathogenetic factor is the ability
to form a biofilm on polymeric surfaces [28]. This phe-
notype is sometimes described by the ambiguous term
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slime production [22]. For biofilm formation synthesis of
an intercellular polysaccharide adhesin (PIA) is neces-
sary mediating cell-to-cell adhesion [24]. PIA is synthe-
sized by the gene products of the icaADBC locus [18,
20]. The significance of PIA expression and biofilm
formation as a major pathogenetic factor of
S. epidermidis was demonstrated in different animal
models [43, 44, 45]. Recently homologous icaADBC
genes were identified in S. aureus [9] and a closely PIA-
related polysaccharide (PIA/PNSG) as well as biofilm/
slime formation in vitro was observed in some of the ica-
positive S. aureus strains [2, 3, 9, 16, 34]. Since elucida-
tion of the mechanisms of biofilm formation of S. aureus
may lead to new preventive measures, this phenotype is
in the focus of present research [34]. Additionally, the
differentiation of S. aureus with respect to its biofilm
phenotype might help to eclucidate the impact of
S. aureus isolates in diagnosis of foreign body-related
infections.

Different tests for the characterization of the biofilm
phenotype have been established for S. epidermidis,
which display a good correlation between a biofilm-
positive phenotype and PIA expression [25]. The tests
most often used are the qualitative tube test and the
quantitative tissue culture plate (TCP) assay first estab-
lished by Christensen et al. [7, 8] and modified by dif-
ferent investigators [14]. Additionally, screening on
Congo red agar (CRA) was established by Freeman et al.
[17], which has also been modified by different investi-
gators [13, 19].

Investigation of the relation of ica genotype and
biofilm formation of S. aureus using different methods
led to contradictory results by different investigators.
Cramton et al. [9] and Fowler et al. [16] characterized a
total of 25 S. aureus isolates that were all ica-positive
using PCR methods specific for the S. aureus ica locus.
Only 4 of these isolates were biofilm-positive in a TCP
assay, whereas the majority of the isolates were biofilm-
negative. McKenney et al. [34] described 52 PIA/PNSG-
positive strains out of 207 S. aureus isolates and 8
ica-positive strains by PCR specific for the ica gene locus
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of S. epidermidis. Recently, Aricola et al. [2, 3] described
detection of ica in only 25 out of 38 S. aureus strains by
PCR specific for S. epidermidis icaA and icaD. In con-
trast to the results of the other investigators, all ica-
ADBC-positive strains displayed a biofilm/slime-positive
phenotype on CRA, whereas all icadDBC-negative
strains were biofilm-negative on CRA. However, corre-
lation of CRA and TCP assays for biofilm formation of
S. aureus are unknown at present.

In this study we therefore evaluated the reliability of
the indicated three methods for detection of biofilm
formation in S. aureus and optimized the TCP assay for
S. aureus.

Materials and methods

Bacteria and culture conditions

In total 128 non-copy S. aureus isolates were investigated. These
included 82 blood culture isolates and 46 nasal S. aureus isolates of
healthy medical students that were identified by standard micro-
biological techniques including colony morphology, clumping fac-
tor (Slidex Staph-Kit; bioMerieux, Lyon, France), and ID32Staph
(bioMerieux). As controls the well-characterized icaADBC-posi-
tive, biofilm-producing S. epidermidis strains 1457, 9142, and 1057
and their isogenic biofilm-negative ica4-mutants 1457-M10, 1057-
M10, and 9142-M10 were used [26, 30, 36]. Cells were grown in
trypticase soy broth (TSB, Becton Dickinson, Cockeysville, Md.;
Lot no. 1000G2DKUL), TSB supplemented with 1% glucose
(TSBg) or 2% glucose and 2% sucrose (TSByc/suc), and brain
heart infusion broth (BHI, Oxoid, Basingstoke, UK ; Lot no.
204999) supplemented with 3.6% sucrose (BHIg,.) or 2% glucose
and 2% sucrose (BHIgc/uc) at 37°C. For the CRA screening,
TSBgyc (CRAtsp) and BHI,. (CRAgy;) were supplemented with
additional 0.08% Congo red (Merck, Darmstadt, Germany) and
1% agar (Becton Dickinson).

Genotypic and phenotypic characterization

For detection of ica, a PCR was established with oligonucleotides
specific for icad in S. aureus (SAicaA sense 5-TGG CTG TAT
TAA GCG AAG TC-3’ and SaicaA antisense 5’-CCT CTG TCT
GGG CTT GAC C-3’). Amplification of the resulting DNA frag-
ments was performed using the DyNazyme DNA Polymerase Kit
(Finzyme, Espoo, Finland) as described by the manufacturer.
S. aureus strains were suspended in sterile water and boiled for
30 min. Of this suspension 5 pl was used as template in PCR
reaction.

TCP assay was performed in the appropriate media in 96-well
tissue culture plates (NunclonDelta; Nunc, Roskilde, Denmark) for
24 or 48 h as described [8, 29]. For the tube test, bacteria were
grown in TSB for 5-6 h. Cultures were then diluted 1:100 in the
appropriate media as indicated and incubated in glass tubes at 37°C

without shaking for 48 h. Tubes were washed three times with
deionized water and dried in an inverted position. Biofilms were
stained with gentian violet (Merck). For the CRA screening, bac-
teria were plated on the respective agar and incubated at 37°C.
Colony morphology and color were evaluated after 24, 48, and
72 h.

Results

The CRA screening as well as the tube test and the TCP
test are well established for the detection of biofilm
formation of S. epidermidis [14]. However, use of these
tests for characterization of S. aureus biofilm formation
has led to contradictory results by different investigators
[2, 3,9, 16, 34].

In our study in 128 S. aureus strains no icaADBC-
negative strain was detected by a icad-specific PCR,
indicating that all S. aureus strains harbor this gene
locus.

In the TCP assay, the standardized test for detection
of S. epidermidis biofilm formation in our laboratory,
which allows semiquantitative detection of biofilm for-
mation, only 4 of 128 investigated S. aureus strains
(3.1%) displayed a biofilm-positive phenotype in TSB
after incubation for 24 or 48 h. Incubation for 48 h lead
to better discrimination between biofilm-negative and
biofilm-positive S. aureus strains. Therefore, a incuba-
tion time of 48 h was used for the further characteriza-
tion of these strains (Table 1, Fig. 1).

Arciola et al. [2] reported that all icad-positive
S. aureus strains were strong slime producers on CRA
composed from BHI supplemented with 3.6% sucrose
(CRAgH). As biofilm formation of S. aureus varies de-
pending on the environmental conditions [11, 38], we
evaluated our strain collection in BHI,. in the TCP test.
Surprisingly 37 strains (28.9%) displayed a biofilm-
positive phenotype in BHI,. (Table 1, Fig. 1). Addition
of 0.08% Congo red to the medium seemed to inhibit the
primary attachment to the polystyrene surface and no
biofilm formation could be detected (data not shown).
Therefore, Congo red was omitted from all other media
for TCP assays and tube tests.

In other studies CRA prepared from TSB supple-
mented with 1% glucose (CRA1sg) was used [19]. We
therefore also evaluated TSBy in the TCP assay. In this
medium 49 strains (38.3%) were biofilm-positive
(Table 1, Fig. 1). Interestingly, 14 of these strains were
biofilm-negative in BHI,., whereas for 9 of the biofilm-

Table 1. Biofilm formation of

128 Staphylococcus aureus iso- Biofilm formation TSB TSBgc TSBgic/suc BHI,,¢ BHIi¢/suc Total
lates (7'SB trypticase soy broth, -
BHI brain heart infusion, Neg.a.tlve 124 79 83 9l 85 55
Positive 4 49 45 37 43 73

TSByi/ TSBgje/suc TSB supple- . a

& . 81T . Medium dependent - 8 6 2 3 19
mented with 1% glucose/2% Basi i 6 2 13
glucose and 2% sucrose, dsic me 11%’m

dependent

BH[.W(‘/BHIg/c,/’su(‘ BHI Supple_

mented with 3.6% sucrose/2%
glucose and 2% sucrose)

“Number of strains with biofilm-positive phenotypes in only this single medium
"Number of strains with biofilm-positive phenotypes in only one of the different basic media with

supplementation by different sugars
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positive strains in BHI,. a biofilm-negative phenotype
was observed in TSBy. (Table 1). We therefore tested
two additional media, TSB and BHI, both supplemented
with 2% glucose and 2% sucrose (TSBgic/suc, BHIic/suc)s
to investigate the influence of the basic medium and
the respective sugar supplement (Table 1, Fig. 1). In
TSBgie/suc 45 S. aureus strains (35.2%) were biofilm-
positive. Six of these strains were only biofilm-positive in
this medium, and 6 additional strains were only biofilm-
positive in the media composed from TSB. In BHI¢/suc
43 strains (33.6%) displayed a biofilm-positive pheno-
type. Three of these strains were only biofilm-positive in
this medium, and 7 additional strains formed biofilm
only in media composed from BHI. In total, 73 (57.1%)
of the investigated S. aureus isolates were biofilm-posi-
tive in at least one tested medium. The 4 strains with a
biofilm-positive phenotype in unsupplemented TSB were
positive in all media used.

The influence of the used media on biofilm formation
differed between the clinical S. aureus isolates and the
nasal isolates of healthy carriers. In sugar supplemented
media composed from TSB, significantly more clinical
isolates displayed a  biofilm-positive  phenotype
(Table 2). In contrast, in media composed from BHI no
statistical significant difference with respect to biofilm
formation between clinical and nasal isolates was de-
tected (Table 2). When evaluating the performance of all
media used, significantly more clinical than nasal iso-
lates were able to form biofilm in vitro (Table 2).

The tube test displayed a good correlation with the
TCP assay for strongly biofilm-positive isolates in all
tested media. However, for weakly biofilm-positive
strains near the cutoff of the TCP assay a objective
classification in biofilm-positive or biofilm-negative was
difficult (data not shown).

TSBg]c TSBgIc/suc BHIsuc BHIglc/suc

For the evaluation of the CRA screening method,
two different media CRAtgg and CRAgy; were used.
Colony morphology was evaluated after 24, 48 and 72 h
of incubation at 37°C. On CRArtgg the majority of
strains displayed black colonies on red agar without the
typical dry crystalline morphology of the colonies
known from biofilm-positive S. epidermidis strains,
which were described as indeterminate by Freeman et al.
[17]. Only five strains displayed the typical dry crystal-
line morphology. Four of these were the strains initially
biofilm-positive in TSB and another strain strongly
biofilm-positive strain in all supplemented media (ex-
amples of colony morphology are shown in Fig. 2). On
CRA~sp, only few (less than seven) strains displayed the
red colony morphology typical for biofilm-negative
S. epidermidis strains. Screening on CRA was controlled
by three different biofilm-positive S. epidermidis wild-
type strains and their corresponding biofilm-negative
transposon mutants, which always exhibited the ex-
pected typical colony morphology. No significant
changes in colony morphology was detected after 24, 48
and 72 h of incubation on CRAgg.

On CRAgy;, all strains displayed red (ranging from
pink to orange) colonies. A dry crystalline morphology
of these red colonies was observed after 24 h for the five
S. aureus strains with dry crystalline morphology on
CRA~sg as well as with the three S. epidermidis wild-
type control strains (examples of colony morphology are
shown in Fig. 2). This dry crystalline morphology ex-
tenuated after 48 and 72 h and the colonies lost their dry
morphology beginning from the center of the colony.
Few strains displayed colonies with an irregularly
shaped contour without a dry crystalline morphology
(Fig. 2). During incubation the agar changed its color
from red to black after 2448 h.

Table 2. Distribution of bio-

film positive clinical and nasal TSB TSBgc TSByiejsue  BHlsue BHIgc/sue  Total
f,c‘m"gg s (;f;;‘éii:snd signifi- Nasal isolates - 10 8 12 14 21
21.7% 17.4% 26.1% 30.4% 45.7%
Clinical isolates 4 39 37 25 29 52
4.8% 47.6% 45.1% 30.5% 35.4% 63.4%
Significance® P>0.1 P<0.01 P<0.01 P>0.5 P>04 P<0.01

3Significance was determined by Chi’-test; significant values are underlined
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Fig. 2A-K. Colony morphologies of S. aureus on CRA. Different
S. aureus isolates were cultivated on CRATsg (A—E) or CRAgy;
(F-K). Four biofilm-positive strains had the typical dry crystalline
morphology seen in E and K. All other strains had morphologies
consistent with biofilm-negative S. epidermidis strains (A, F) or
intermediate morphologies (B-D, G-I) not correlating with their
biofilm phenotype (CRA Congo red agar, TSB trypticase soy
broth, BHI brain heart infusion)

With the exception of strains with dry crystalline
morphology, no correlation of colony morphology on
CRA and biofilm formation in the TCP assay was ob-
served.

Discussion

The ability of S. aureus to form biofilm is a long known
fact [4, 5, 6, 15, 31, 32, 33, 37], but the icaADBC gene
locus and the polysaccharide PIA/PNSG mediating cell-
to-cell adhesion was only described recently [9, 34]. With
tests established for biofilm detection in S. epidermidis,
contradictory results were obtained in respect of biofilm
formation (0-100% of icaADBC-positive strains) by
different investigators. Additionally, differential results
were obtained in respect of the incidence of icaADBC in
S. aureus by PCR and hybridization methods [2, 3, 9, 16,
34]. Therefore, we tested 128 well-characterized
S. aureus strains for the presence of ica, and tried to
optimize conditions for the detection of biofilm forma-
tion by S. aureus in vitro.

In our collection of 82 blood culture S. aureus iso-
lates and 46 nasal isolates of healthy medical students,
all strains harbored the ica locus as detected by a
S. aureus icaA-specific PCR. These data correlate well
with those reported by Fowler et al. [16] and Moore
and Lindsay [35], who detected ica in all of 61 S. aureus
isolates by PCR or hybridization techniques. The lower
incidence of icaADBC reported by Arciola et al. [2, 3]
could be due to the primers used for PCR amplification
containing significant mismatches to the published

icaADBC sequence of S. aureus [40]. In summary, 203
out of 212 (95.8%) S. aureus isolates with characterized
icaADBC genotype were ica-positive and some of the
additional strains might be falsely negative. These data
suggest that icaADBC is present in virtually all
S. aureus strains.

In the TCP assay with TSB used as the standard as-
say for detection of biofilm formation of S. epidermidis
only 4 of 128 tested S. aureus strains (3.1%) displayed a
biofilm-positive phenotype. This fact correlates favor-
ably with the observations of other investigators in
which only few or no biofilm producing S. aureus strains
were detected [9, 16, 34]. Surprisingly, supplementation
of TSB or BHI media with different sugars (TSByg,
TSByic/sucs BHIgue, BHIgi¢/suc) increased biofilm forma-
tion significantly, and 57.1% of the investigated isolates
formed biofilm in at least one of the used media. No
significant difference was detected between clinical iso-
lates and nasal isolates. It is noticeable that biofilm
formation of 32 out of 73 strains (43.8%) was detectable
in only one of the supplemented media or depends on
one basic medium (TSB or BHI). These results indicate a
strong dependence between biofilm formation in
S. aureus and the environmental conditions of growth,
which seems to be even more pronounced than in
S. epidermidis [10, 23, 27, 29, 38, 39, 41, 47].

Interestingly, a significant difference of these effects
was observed between clinical and nasal isolates in the
TCP assay. Using TSB as the basic medium significantly
more clinical isolates were able to form biofilm. In
contrast, using media with BHI as the basic medium the
number of biofilm-positive strains increased for the na-
sal isolates and decreased for the clinical isolates, leading
to a statistically non-significant difference of these pop-
ulations. These results suppose that different regulatory
mechanisms could be active in expression of biofilm in
infectious and commensal S. aureus, as is also indicated
by the observation that infectious and commensal
S. aureus clones represent different but overlapping
clonal lineages [12].



The tube test correlates well with the TCP test for
strongly biofilm-producing S. aureus strains. In contrast,
weakly biofilm-producing strains were separated from
biofilm-negative strains only with difficulty due to the
variability and subjectivity of this assay.

For both CRA used in this study, a positive corre-
lation of colony morphology and biofilm formation was
observed for only 5 out of 128 strains (3.9%). These
strains displayed typical dry and crystalline colonies
with a black color on red agar on CRA1sg and a red
color on black agar on CRAgy;. For all other strains
many different colony morphologies without any cor-
relation to biofilm formation in the TCP or tube test was
observed. We expect that the different colony morpho-
logies were induced by interaction of Congo red with
different capsular polysaccharides produced by the ma-
jority of S. aureus strains [1, 21] independent of the
production of PIA/PNSG.

For further investigations the use of the TCP assay
with both TSB,. and BHIjc/s,c is recommended, which
detected 65 out of 73 strains (89%) with the potential of
biofilm expression in vitro. It is possible that due to
differences in the composition of media additional single
strains could be induced to form biofilm, as it was the
case with the 8 strains that were not detected in the two
recommended media, but the efforts to detect these
strains may exceed the advantage in diagnosis. The tube
test may be an easy screening assay for strongly biofilm-
producing strains, but we cannot recommend this test as
a general screening assay for biofilm formation due to the
difficult classification of weakly biofilm-positive S. aureus
strains. The CRA method cannot be recommended at all
as a method for detection of biofilm formation in
S. aureus because there is almost no correlation between
colony morphology and biofilm-positive or biofilm-
negative phenotype in the TCP or tube test. It could be a
useful method for screening for phase variants or mu-
tants with reduced biofilm formation of strongly biofilm-
positive S. aureus strains, which display the typical dry
crystalline morphology on this agar.
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