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Escherichia coli is a highly adaptive microorganism, and its ability to form biofilms under certain conditions can be critical for
antimicrobial resistance. The adhesion of four E. coli isolates from bovine mastitis to bovine mammary alveolar (MAC-T) cells,
biofilm production on a polystyrene surface, and the expression profiles of the genes fliC, csgA, fimA, and luxS in the presence of
enrofloxacin, gentamicin, co-trimoxazole, and ampicillin at half of the MIC were investigated. Increased adhesion of E. coli iso-
lates in the presence of antimicrobials was not observed; however, increased internalization of some isolates was observed by
confocal microscopy. All of the antimicrobials induced the formation of biofilms by at least one isolate, whereas enrofloxacin
and co-trimoxazole decreased biofilm formation by at least one isolate. Quantitative PCR analysis revealed that all four genes
were differentially expressed when bacteria were exposed to subinhibitory concentrations of antimicrobials, with expression
altered on the order of 1.5- to 22-fold. However, it was not possible to associate gene expression with induction or reduction of
biofilm formation in the presence of the antimicrobials. Taken together, the results demonstrate that antimicrobials could in-
duce biofilm formation by some isolates, in addition to inducing MAC-T cell invasion, a situation that might occur in vivo, po-
tentially resulting in a bacterial reservoir in the udder, which might explain some cases of persistent mastitis in herds.

Mastitis is the most important disease in the dairy industry and
causes a decrease in milk production, increased health care

costs, and even animal death (1). The major mastitis pathogens
include Staphylococcus aureus, Escherichia coli, Streptococcus
uberis, S. dysgalactiae, and S. agalactiae (2). These bacteria are
capable of biofilm formation in vitro, which is an important mech-
anism of protection and resistance to antimicrobials (1, 3) and
plays an important role in the virulence of the microorganisms
(4). Adhesion of microorganisms to a surface, followed by cell
division under suitable growth conditions (nutrients and temper-
ature), results in colonization of the surface and is considered
biofilm establishment (5).

Biofilms probably represent the most important mechanism of
microorganism attachment and colonization in nature (6) and are
structured communities of microorganisms organized in a com-
plex structure that adheres to an inert or living surface (6). Field
strains of E. coli from cases of bovine mastitis demonstrate a large
variation in biofilm formation in vitro, and their significance in
the pathogenesis of mastitis is still unknown (7).

Treatment with antimicrobials is able to kill only planktonic
cells, which abandon the sessile form to spread when treatment
ceases (8). Furthermore, some antimicrobial agents can stimulate
the production of biofilms by microorganisms (9–11). Subinhibi-
tory concentrations of aminoglycosides, such as gentamicin, to-
bramycin, and amikacin, induce biofilm production in Pseudomo-
nas aeruginosa and E. coli isolates from patients with cystic fibrosis
(12). Antimicrobials used in the treatment of clinical mastitis,
such as gentamicin (aminoglycoside) and enrofloxacin (quino-
lone), at subinhibitory concentrations induce biofilm formation
by E. coli isolates from cases of mastitis (9). This might have clin-
ical relevance, as bacteria are exposed to sub-MICs of antimicro-

bials at the beginning and end of a dosing regimen (between
doses) or continuously during low-dose therapy (13).

In response to external stimuli, biofilm production is related to
several genes that encode various structures, such as proteins and
extracellular polymeric substances (EPS), involved in the develop-
ment and establishment of biofilms (14, 15). Previous studies have
examined the genes that are differentially expressed during bio-
film formation by E. coli by using DNA microarrays (15, 16).
However, little is known about the induction of biofilm formation
by antimicrobial agents used for the treatment of diseases.

In E. coli, a molecule similar to autoinducer 2 (AI-2) produced
by Vibrio harveyi (the luxS gene encodes AI-2 synthase) is involved
in biofilm formation. When present in the extracellular medium
at a limiting concentration, it can initiate a cascade of signal trans-
duction that culminates in a change in the behavior of the cell
population (17, 18). Other structures play important roles during
biofilm formation in different phases on the bacterial surface,
such as flagella (the fliC gene encodes flagellin, the main compo-
nent), which are responsible for motility, and drive the cells to-
ward a favorable colonization surface (19). In addition, the flagella
might be directly associated with fixation, allowing bacteria to
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reach the surface to be colonized by facilitating proliferation and
dissemination (20). The type I fimbriae (the fimA gene encodes
the larger subunit) is the most common adhesin produced by E.
coli and mediates adhesion to mannose-containing glycoproteins
found on the surface of many eukaryotic cells (21). This has
proven to be important for the initial interaction with abiotic
surfaces, since it is known that its absence results in virtually no
attachment to the surface to be colonized (20). The curli fimbriae
(csgA encodes the major subunit) play a role in the adherence of E.
coli K-12 C600 when in contact with the host and interact specif-
ically with matrix proteins such as fibronectin, laminin, and plas-
minogen to start accession and colonization (22–24).

Generally, mastitis caused by E. coli has a short duration, re-
sulting in either bacterial clearance or death of the host (25). How-
ever, persistent intramammary infections (IMI) caused by the
same clone (26) are observed, with prevalence estimates between 5
and 24% of all mastitis cases caused by E. coli (26, 27). One of our
possible hypotheses to explain resistance to therapy is the ability of
E. coli to grow in biofilms in infected tissues, thus developing a
physiological resistance to almost all therapeutic agents. The aims
of this study were to evaluate the ability of E. coli obtained from the
milk of mastitic cows to adhere to bovine mammary alveolar cells
(MAC-T) and to form biofilms on a polystyrene surface, as well as
to determine the expression profile of the fliC, csgA, luxS, and fimA
genes in the presence of antimicrobials used for the treatment of
mastitis.

MATERIALS AND METHODS
Bacterial isolates. Four E. coli strains were isolated from milk samples
obtained from cases of clinical bovine mastitis at dairy farms located in the
regions of Viçosa and Juiz de Fora, in Minas Gerais, Brazil. These isolates
were previously characterized phenotypically and genotypically, includ-
ing biofilm production, virulence markers, and serology (Table 1) (28).
Four isolates were selected for further study, two weak biofilm producers
(WBP), E. coli 5 and 30, and two strong biofilm producers (SBP), E. coli 51
and 53. Bacterial isolates were stored at �80°C and subcultured on Mac-
Conkey agar (Oxoid, Powai, Mumbai, India) for 24 h before use in exper-
iments. The isolates were routinely grown in brain heart infusion (BHI;
Oxoid, Powai, Mumbai, India) broth at 37°C for 6 h (to mid-log phase)
without shaking.

Mammalian cell culture. A bovine cell line, MAC-T (29), was used for
adhesion assays. Monolayers of MAC-T cells were maintained in Dulbec-
co’s modified Eagle’s medium (DMEM; Gibco-BRL, Grand Island, NY)
supplemented with 10% (vol/vol) fetal bovine serum (FBS; Cultilab,
Campinas, SP, Brazil), penicillin (100 �g/ml), and streptomycin (100 �g/
ml) (Sigma-Aldrich, St. Louis, MO) at 37°C in 5% (vol/vol) CO2. For
adhesion assays and biotic surface inoculations, 106 MAC-T cells were
plated into each well of 24-well polystyrene plates (Sarstedt AG & Co.,
Nümbrecht, Germany) without the addition of penicillin and streptomy-

cin. Epithelial cell viability was unchanged (as determined by visual in-
spection) during the experiments.

Antimicrobial agents. Ampicillin, gentamicin, enrofloxacin, and co-
trimoxazole (trimethoprim-sulfamethoxazole), which are commonly
used in the treatment of E. coli bovine mastitis, were purchased from a
pharmacy (Formullarium Farmácia de Manipulação, Viçosa, Minas
Gerais, Brazil). Stock solutions (1 mg/ml) of all antimicrobial agents were
prepared in sterile water, sterile filtered (0.22-�m pore diameter; Schlei-
cher & Schuell BioScience GmbH, Dassel, Germany), aliquoted, and
stored at �20°C for 1 month. The concentrations tested are shown in
Table 2.

Antimicrobials were tested at half the MIC (0.5� MIC), which was
previously selected by using the antimicrobials at five concentrations,
one-fourth, one-third, one-half, three-fifths, and three-fourths of the
MIC, to evaluate biofilm production after 24 h of incubation (data not
shown). It was found that 0.5� MIC was the highest concentration at
which biofilm formation occurred. This concentration was also used in
several previous studies (30–32).

Adhesion assay. To quantify the total cell-associated (intracellular
and surface-adherent) bacteria, an adhesion assay was performed as pre-
viously described (33), with modifications. Briefly, bacteria were grown
on MacConkey agar overnight and one colony was incubated for 6 h (to
mid-log phase) at 37°C in 5 ml BHI broth without shaking. Bacteria were
harvested by centrifugation (5 min at 5,000 � g), washed twice with 2 ml
of 1 M phosphate-buffered saline (PBS, pH 7.4; Laborclin, Produtos para
Laboratórios Ltd., Paraná, Brazil), and resuspended in cell culture me-
dium to �108 CFU/ml, and antimicrobials were added to obtain a final
concentration equal to 0.5� MIC. Confluent monolayers of MAC-T cells
grown in 24-well polystyrene plates (Sarstedt AG & Co., Nümbrecht, Ger-
many) were washed three times with 2 ml of PBS and infected with a
multiplicity of infection (MOI) of 100 (the ratio of infectious agents to
infection targets was 100:1). After 1 h of incubation at 37°C in 5% (vol/
vol) CO2, culture supernatants were removed and monolayers were
washed three times with PBS and lysed with 1 ml of 0.25% (wt/vol) trypsin
(Sigma-Aldrich, St. Louis, MO) and 0.25% (vol/vol) Triton X-100 (Am-
ersham, Arlington Heights, IL) in PBS for 10 min. Lysates were serially
diluted and plated on BHI agar, and bacterial concentrations were deter-
mined from the colony counts after incubation at 37°C for 24 h. Control
wells (without antimicrobials) were incubated as described above to de-
termine bacterial adhesion to MAC-T cells. Adhesion was expressed as the
total number of CFU/ml recovered per well. Each assay was performed
with triplicate samples.

TABLE 1 Phenotypic and genotypic characteristics of the four strains used in this studya

E. coli
isolate

Phenotypic characteristics Genotypic characteristics

Biofilm
production Serogroup

K1 capsular
antigen

Type 1
fimbriae K99 F41 F17 F165 CS31A eae ipaH

5 WBP O12:HNT � � � � � � � � �
30 WBP O93:H4 � � � � � � � � �
51 SBP ONT:H7 � � � � � � � � �
53 SBP OR:H21 � � � � � � � � �
a Table adapted from reference 28. �, gene present; �, gene absent. K99, F41, F17, and F165 are fimbrial adhesins; CS31A is a surface antigen; eae is the E. coli attaching and
effacing gene; ipaH is the invasion antigen gene.

TABLE 2 Antimicrobial concentrations used for the strains in this study

E. coli
isolate

0.5� MIC (�g/ml) of:

Ampicillin Enrofloxacin Gentamicin Co-trimoxazole

5 2 0.10 4 0.25
30 3 0.07 4 0.50
51 3 0.03 0.50 0.50
53 3 0.02 0.50 0.25
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Cytotoxicity. Antimicrobials (each at a concentration of 10 �g/ml)
were added to MAC-T cells to determine cytotoxicity. Briefly, confluent
monolayers of MAC-T cells grown in 24-well polystyrene plates (Sarstedt
AG & Co., Nümbrecht, Germany) were washed three times with 2 ml of
PBS and then added to 1 ml of DMEM supplemented with 10% (vol/vol)
FBS, and an antimicrobial at 10 �g/ml. After 24 h of incubation at 37°C in
5% (vol/vol) CO2, MAC-T cells were observed through an Olympus IX70
inverted microscope (Olympus Corporation, Shinjuku, Tokyo, Japan).
Cytotoxicity was assessed qualitatively by microscopic examination for
changes in the general morphology, vacuolization, detachment, or cell
lysis.

Differential staining of extra- and intracellular E. coli. MAC-T cells
were seeded onto coverslips, grown to confluence overnight, and then
infected with E. coli 5 (WBP) or 51 (SBP) under the same conditions
described for the adhesion assay. After 1 h of incubation, cells were washed
three times with PBS and fixed with 3.7% (wt/vol) formaldehyde (Sigma-
Aldrich, St. Louis, MO) for 15 min. Immunofluorescence staining of ex-
tracellular and intracellular bacteria was performed as previously de-
scribed (25), with the following modifications. Polyclonal rabbit anti-E.
coli antibody (B65001R; Biodesign, Saco, ME) was diluted 1:50 in PBS
containing 10% (vol/vol) FBS (primary antibody) and incubated for 30
min at room temperature. Extracellular bacteria were stained with
fluorescein isothiocyanate-conjugated goat anti-rabbit IgG antibodies
(F0382; Sigma-Aldrich, St. Louis, MO) diluted 1:50, and intracellular bac-
teria were stained with tetramethylrhodamine isothiocyanate-conjugated
goat anti-rabbit IgG antibodies (T677; Sigma-Aldrich, St. Louis, MO)
diluted 1:50 (secondary antibodies) and incubated for 30 min at room
temperature. After staining, the coverslip was sealed with nail varnish
onto glass slides and viewed with a confocal laser scanning microscope
(LSM510 META; Carl Zeiss Inc., Thornwood, NY).

Biofilm production. (i) Quantitative evaluation by spectrophotom-
etry. Biofilm formation in the presence of subinhibitory antimicrobial
concentrations (0.5� MIC, based on pre-established MICs) was evalu-
ated with a static system as in other studies (34, 35). The procedure was
performed according to the methodology described by Hoffman et al.
(12) and Moreira et al. (36), both with modifications. Each antimicrobial
agent (60 �l of a predetermined concentration) was mixed with 190 �l of
E. coli culture (approximately 5.0 � 105 CFU/ml) and added to 96-well
microtiter plates (Nunc-Immuno MaxiSorp Plates; Nalge Nunc Interna-
tional, Rochester, NY). Distilled water (60 �l) was used instead of antimi-
crobials as the positive control for bacterial growth, and BHI broth (190
�l), without bacteria, supplemented with 60 �l of antimicrobial solution
was used as the negative control. The microplates were incubated at 37°C
for 24 h, and biofilm production was analyzed by taking readings of opti-
cal density at 550 nm (ELx800; BioTek, Winooski, VT) and comparing the
values of the samples with those of the positive control. All procedures
were performed with triplicate samples.

(ii) Qualitative assessment by SEM. The scanning electron micros-
copy (SEM) methodology used was an adaptation of that of Abdi-Ali et al.
(37), and polystyrene coverslips (0.5 by 0.5 cm) were used to simulate the
surface of the microtiter plates used. The coverslips were cleaned by im-
mersion in 2% (vol/vol) sodium hypochlorite for 30 min, rinsed in auto-
claved distilled water, immersed in 70% (vol/vol) ethanol, and washed
with autoclaved distilled water. After cleaning, they were dried for 5 min
and then exposed to UV radiation for 20 min in a laminar-flow cabinet.

E. coli 5 (WBP) and 51 (SBP) biofilm formation was assessed by SEM.
Cleaned coverslips were placed on 24-well plates containing 1 ml of cul-
ture at 1.0 � 105 CFU/ml in BHI broth with antimicrobials (0.5� MIC)
and incubated at 37°C for 24 h. Bacterial cultures without antimicrobials
served as the controls. Slides were fixed in 2.5% (vol/vol) glutaraldehyde
in 0.1 M phosphate buffer (pH 7.2) for 1 h at room temperature, postfixed
in 1% (wt/vol) osmium tetroxide (Sigma-Aldrich, St. Louis, MO) for 1 h
at room temperature, dehydrated, critical point dried (Balzers CPD 020;
BAL-TEC AG, Balzers, Liechtenstein), mounted onto a support, and sput-
ter coated with aluminum-gold (Balzers ACS 010; BAL-TEC AG, Balzers,

Liechtenstein). Coverslips were analyzed by SEM (Leo 1430VP; LEO
Electron Microscopy Ltd., Singapore) with magnification at �3,000 or
�5,000.

Expression of genes luxS, fliC, csgA, and fimA. (i) Abiotic surface
inoculation. Bacterial cultures (5.0 � 105 CFU/ml) with or without anti-
biotics (0.5� MIC) were added to wells of 24-well polystyrene plates
(abiotic surface) and incubated at 37°C for 0, 6, 12, and 24 h. Planktonic
cells were harvested at 0, 6, 12, and 24 h, while biofilm samples were
harvested at 24 h and all were processed for quantitative PCR (qPCR). All
procedures were performed with triplicate samples, and BHI plus an an-
timicrobial was used as a negative control.

(ii) Biotic surface inoculation. MAC-T cells (biotic surface) were
washed three times each with 2 ml of PBS (to remove nonadherent cells
from the surface of the culture plate) and infected at an MOI of 100. The
cell culture medium contained DMEM supplemented with 10% (vol/vol)
FBS and an antimicrobial at 0.5� MIC. After 0 h, 30 min, 1 h, and 2 h of
incubation at 37°C in 5% (vol/vol) CO2, well supernatants were removed,
the monolayers were washed three times with PBS, and cells were pro-
cessed for qPCR.

(iii) Total RNA extraction, cDNA synthesis, and qPCR analysis. To-
tal bacterial RNA was isolated from planktonic cells, biofilm, and adher-
ent cells. Briefly, biofilm or cells were washed three times with PBS to
remove nonadherent cells (33) and RNA samples were prepared with
TRIzol reagent (Invitrogen, Grand Island, NY) according to the enclosed
protocol. RNA samples were quantitated with the NanoDrop Lite
(Thermo Fisher Scientific, Inc., Waltham, MA), and the concentration
was confirmed by electrophoresis in a 1% (wt/vol) agarose gel and stain-
ing with GelRed (Biotium, Hayward, CA). A minimum of three samples
were harvested and extracted.

cDNA was synthesized from 300 ng of total RNA as follows. RNA was
mixed with 0.5 �l Random Hexamer Primer (Fermentas Inc., Glen Bur-
nie, MD), 1 �l of a deoxynucleoside triphosphate mixture (10 mM dATP,
dCTP, dGTP, and dTTP), and 10.5 �l of nuclease-free water (Fermentas
Inc., Glen Burnie, MD) and then incubated at 65°C for 5 min and on ice
for 1 min. Reagents (4 �l of 5� First-Strand Buffer [Invitrogen, Wash-
ington, DC], 2 �l of 0.1 M dithiothreitol [Invitrogen, Washington, DC],
and 1 �l of RNaseOUT [Invitrogen, Washington, DC]) were then added,
and the mixture was incubated at 37°C for 2 min. The RNase was inacti-
vated according to the manufacturer’s instructions, 1 �l of the Moloney
murine leukemia virus reverse transcriptase (M-MLV RT) (Invitrogen,
Grand Island, NY) was added, and the mixture was incubated at 25°C for
10 min, 37°C for 50 min, and 70°C for 15 min. qPCR for the quantification
of cDNA was executed with the Maxima SYBR Green/ROX qPCR master
mix (Fermentas Inc., Glen Burnie, MD) and the Eco real-time PCR system
(Illumina Inc., San Diego, CA) according to the procedure recommended
by the manufacturer. The primers designed for qPCR are shown in Table
3. The following PCR conditions were used: 50°C for 2 min, 95°C for 10
min; 40 cycles of 95°C for 30 s and 60°C for 1 min; followed by 95°C for 15
s, 55°C for 15 s, and 95°C for 15 s. The glyceraldehyde-3-phosphate dehy-
drogenase gene was used as an internal control for normalization (38).
The fold changes in the AI-2 synthase (luxS), flagellin (fliC), major curli
subunit (csgA), and major type 1 subunit fimbrin (fimA) expression levels
were calculated by the comparative cycle threshold (CT) method (38).

P values were calculated by two-way analysis of variance (ANOVA),
followed by Bonferroni’s multiple-comparison test (P � 0.05) (GraphPad
Prism version 5.00 for Windows; GraphPad Software, San Diego, CA).

Statistical analysis. A significance level of 5% (P � 0.05) was used for
statistical analyses. The Kolmogorov-Smirnov normality test was used to
evaluate the normal distribution of data. Differences in CFU/ml in adhe-
sion assays were analyzed by the Kruskal-Wallis test, and Dunn’s test was
used to determine differences between groups. Separately, the Mann-
Whitney test was used to identify possible differences between the num-
bers of CFU/ml obtained in the adhesion assay with WBPs and SBPs.

A one-way ANOVA for one factor was used to identify possible differ-
ences in the production of biofilms in the presence of antimicrobials, and
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Tukey’s test was used to find the differences between the groups. All
graphic evaluations were made with GraphPad Prism version 5.00 for
Windows (GraphPad Software, San Diego CA).

RESULTS AND DISCUSSION

The capacity of E. coli isolates to adhere to MAC-T cells was not
significantly increased by the presence of antimicrobials (Table 4).
However, in the absence of antimicrobial agents, SBP isolates
showed greater adhesion (P � 0.05) than WBP isolates. There
were no cytotoxic effects of antimicrobials at a concentration of 10
�g/ml on MAC-T cells.

Qualitative analysis of confocal microscopy results (Fig. 1 and
2) confirmed the results obtained for adhesion assays and showed
that E. coli 51 (SBP) had more adherent bacterial cells than E. coli
5 (WBP) in the absence of antimicrobials. Flagella were noted on
planktonic E. coli 51 cells but not on E. coli 5 cells. Figure 1B to E
shows increased internalization of E. coli 5 (WBP), which suggests
that internalization was induced by the antimicrobials present in
the medium. Internalization of E. coli 51 (SBP) was not observed
in either the control (Fig. 2A) or cultures treated with any of the
(four) antimicrobials (Fig. 2B to E). These results agree with data
obtained by Pratt and Kolter (20) suggesting that flagella might be
related to the adhesion capacity of E. coli obtained from mastitic
milk. Furthermore, flagella may not be required for invasion, be-
cause the absence of flagella from intracellular bacteria was dem-
onstrated (Fig. 1). A similar finding has been reported for uro-
pathogenic E. coli (39).

It was observed that internalization ability may not be associ-
ated with bacterial adhesion. This event might provide a distinct
survival advantage that allows the pathogens to avoid the action of
antimicrobials present in the medium and to resist detection and
elimination by the defense mechanisms of the innate and adaptive
immune systems, as well as give them access to a more nutrient-
rich environment. Döpfer et al. (33) reported the invasion of cul-
tured MAC-T cells by E. coli strains associated with mastitis and
suggested that this phenomenon might be responsible for the de-
velopment of an E. coli reservoir during the pathogenesis of
chronic IMIs.

Biofilm formation by some isolates was induced by the pres-

TABLE 3 Genes, primers, and amplicons used for qPCR analysis

Genea Primerb

Amplicon
size (bp)

luxS F, 5=-ATGAGCAGCGTGTTGCTGATGC-3= 122
R, 5=-CAACGAGTGCATCTGGTAAGTGC-3=

fliC F, 5=-ATTAACAGCGCGAAGGATGACG-3= 180
R, 5=-TACCGTCAGTTCACGCACACG-3=

csgA F, 5=-GATCTGACCCAACGTGGCTTCG-3= 178
R, 5=-GATGAGCGGTCGCGTTGTTACC-3=

fimA F, 5=-CTCTGGCAATCGTTGTTCTGTCG-3= 119
R, 5=-GCAAGCGGCGTTAACAACTTCC-3=

gapA* F, 5=-GATTACATGGCATACCTG-3= 244
R, 5=-CAGACGAACGTTCAGGTCAA-3=

a luxS, AI-2 synthase gene; fliC, flagellin gene; csgA, major curli subunit gene; fimA,
major type 1 subunit fimbrin gene; gapA*, glyceraldehyde-3-phosphate dehydrogenase
gene (internal control for qPCR).
b F, forward; R, reverse.
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ence of antimicrobials (Fig. 3). This induction was different
among the isolates, even within groups of WBP and SBP. Induc-
tion was observed in the presence of ampicillin and gentamicin in
E. coli 51 (SBP) (P � 0.05) (Fig. 3C) and in the presence of enro-
floxacin in the two WBP isolates (E. coli 5 and 30) (P � 0.05) (Fig.
3A and B). However, enrofloxacin also caused a significant reduc-
tion in the biofilm-forming capacity of the SBP E. coli 53 (P �

0.05) (Fig. 3D). Increased biofilm production by E. coli 30 in the
presence of co-trimoxazole was observed (Fig. 3A) (P � 0.05),
whereas a reduction in that by E. coli 51 and 53 was observed (Fig.
3C and D) (P � 0.05).

Boehm et al. (40) reported an induction of biofilm formation
by strains derived from E. coli K-12 MG1655 exposed to 	-lactams
(ampicillin, amoxicillin, and penicillin G), fluoroquinolones

FIG 1 E. coli 5 (WBP) adherence after 1 h of incubation in cell culture with antimicrobials at 0.5� MIC, visualized by confocal microscopy. Panels: A, control
(without antimicrobial); B, ampicillin; C, enrofloxacin; D, gentamicin; E, co-trimoxazole. White arrows indicate internalized E. coli cells.
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(enoxacin and ciprofloxacin), and trimethoprim (sulfonamide
present in the antimicrobial co-trimoxazole). Previous studies
showed that subinhibitory concentrations of gentamicin (amin-
oglycoside) and enrofloxacin (quinolone), both used in the treat-
ment of clinical mastitis, induced the formation of E. coli biofilms
(9, 12). Therefore, these results, together with the data in this
study, suggest that antimicrobials present at sub-MICs can signif-

icantly induce in vitro biofilm formation by E. coli obtained from
mastitic milk. This might have clinical relevance, as bacteria are
exposed to sub-MICs of antimicrobials at the beginning and end
of a dosing regimen (between doses) or continuously during low-
dose therapy (13).

SEM analysis confirmed the biofilm production results ob-
tained. Differences were observed in biofilm development with

FIG 2 E. coli 51 (SBP) adherence after 1 h of incubation in cell culture with antimicrobials at 0.5� MIC, visualized by confocal microscopy. Panels: A, control
(without antimicrobial); B, co-trimoxazole; C, gentamicin; D, enrofloxacin; E, ampicillin.
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time, with variations in the number of adherent cells, as well as in
extracellular matrix production (Fig. 4 and 5). The micrographs of
biofilms formed by E. coli 5 (WBP) revealed an increase in surface-
adherent cells in the presence of antimicrobials without visible
extracellular matrix formation compared to the control (Fig. 4).
For E. coli 51 (SBP), treatment with gentamicin resulted in a
higher biofilm biomass, while a greater number of adherent bac-
terial cells and significant amounts of deformed fibrous struc-
tures, possibly exopolysaccharides (EPS), surrounding the cells
were observed (Fig. 5B).

The luxS, fliC, csgA, and fimA genes showed differences in ex-
pression during biofilm formation. Alterations in gene expression
on the order of 1.5- to 22-fold occurred, which varied according to
the ability of bacteria to produce biofilm, the target gene, and the
collection time (see Fig. S1 to S8 in the supplemental material).

Most of the genes were upregulated in expression when cells
were treated with antimicrobials at 0.5� MIC. Increased luxS
(AI-2 synthase) and fliC (flagellin) gene expression (P � 0.05) was
observed in planktonic WBP and SBP cells in the presence of an-
timicrobials (see Fig. S1 and S3 in the supplemental material).
Expression varied with respect to the collection time, with larger
increases detected after 12 and 24 h of incubation with antimicro-
bials. Sessile cells also showed an increased in luxS gene expres-
sion, with �22-fold (P � 0.05) higher expression observed in
cultures of E. coli 51 treated with enrofloxacin than in the un-
treated control (see Fig. S1C). Unlike the results of luxS gene ex-

pression in cells on an abiotic surface, expression in bacterial cells
that adhered to cells in culture increased (P � 0.05) in the pres-
ence of antimicrobials at all of the time points tested (0.5, 1, and 2
h) (see Fig. S2). In the presence of the antimicrobial agents, luxS
expression in bacterial cells that adhered to MAC-T cells in culture
differed from that seen when bacteria were attached to an abiotic
surface.

González Barrios et al. (41) showed that upregulation of AI-2
increases biofilm formation. However, it was not possible in this
study to associate increased expression/induction of AI-2 synthase
with biofilm formation or adhesion to MAC-T cells, as the gene
was also expressed under conditions that induced or reduced the
formation of biofilms. When E. coli 30 and 51 were treated with
enrofloxacin and gentamicin, respectively, luxS gene expression
increased (P � 0.05) (see Fig. S1B and C in the supplemental
material), concomitant with an increase in biofilm formation
(P � 0.05) (Fig. 3B and C). However, co-trimoxazole treatment
also increased luxS (P � 0.05) expression in E. coli 51 and 53 (see
Fig. S1C and D), even though biofilm formation decreased (P �
0.05) (Fig. 3C and D).

The highest relative level of fliC gene expression was observed
in E. coli 5 treated with co-trimoxazole, which was 13-fold (P �
0.05) higher than that in the untreated control (see Fig. S3A in the
supplemental material). Unlike planktonic cells, sessile cells
showed a low level of fliC expression (P � 0.05), whereas bacteria
that adhered to cells in culture showed increased expression (P �

FIG 3 Biofilm production of four E. coli isolates treated with ampicillin, enrofloxacin, gentamicin, and co-trimoxazole at 0.5� MIC. Control, without
antimicrobial. *, significant at P �0.05.
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0.05) in the presence of antimicrobials at all collection times (0.5,
1, and 2 h) (see Fig. S4).

The expression of fliC was similar to that reported by Domka et
al. (15), verifying flagellar gene induction, and a 10-fold increase
in the expression of the flagellar biosynthesis operon flgBCEF was
observed. Flagella facilitate the dispersion process, allowing the
cells to spread over the surface and the absence or suspension of

flagellum synthesis might lead to decreased biofilm formation
(20). Furthermore, expression of the flagellar gene fliC was virtu-
ally unchanged in cells present in biofilms, as the cells were fixed to
a surface and did not need to move.

Planktonic cells of WBP and SBP isolates showed greater csgA
(major curli subunit) expression (P � 0.05) in the presence of the
antimicrobials tested than the controls did. Expression varied ac-

FIG 4 Adherent E. coli 5 cells (WBP) after 24 h of incubation in BHI broth
with antimicrobials at 0.5� MIC. Panels: A, control (without antimicrobials);
B, enrofloxacin; C, co-trimoxazole. Magnification, �3,000.

FIG 5 Adherent E. coli 51 cells (SBP) after 24 h of incubation in BHI broth
with antimicrobials at 0.5� MIC. Panels: A, control (without antimicrobials);
B, gentamicin; C, ampicillin. Magnification, �5,000.
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cording to collection time, with a major increase (P � 0.05) ob-
served at 24 h (see Fig. S5 in the supplemental material). A 13-fold
(P � 0.05) increase in csgA expression was observed in E. coli 5
when it was treated with gentamicin at 0.5� MIC (see Fig. S5A). A
high level of expression of this gene was noted in sessile cells,
which increased up to 5-fold in E. coli 30 (P � 0.05) treated with
enrofloxacin (see Fig. S5B). Expression of csgA in bacterial cells
that adhered to cell cultures was similar to that observed for bac-
teria on abiotic surfaces (see Fig. S6), with increased expression
(P � 0.05) at all collection times (0.5, 1, and 2 h).

Expression of the csgA gene increased (P � 0.05) even before
cells attached to the inert surface, suggesting that this structure
might play an important role in increasing bacterial attachment.
Research has shown that curli fimbriae are required for biofilm
formation and bacterial autoaggregation (35, 42). The presence of
antimicrobials in the growth medium might have provided con-
ditions that favored the expression of this gene, which might assist
in the formation of biofilms. These structures are essential for
initial adhesion to the surface to be colonized and mediate cell-cell
interactions in strains of E. coli (35, 42, 43).

The expression of fimA (which encodes the large subunit of
type I fimbriae) increased (P � 0.05) in WBP and SBP planktonic
cells that were treated with antimicrobials and was dependent
upon the collection time. Larger increases were observed at 12 and
24 h (P � 0.05) (see Fig. S7 in the supplemental material), whereas
sessile cells had low levels of expression of this gene (P � 0.05).
Ampicillin and gentamicin induced the expression of fimA by
8-fold in E. coli 51 and 22-fold (P � 0.05) in E. coli 5 (see Fig. S7A
and C). The expression of fimA in bacterial cells that adhered to
cells in culture was higher (P � 0.05) than in those on abiotic
surfaces (see Fig. S8) and increased (P � 0.05) at all collection
times (0.5, 1, and 2 h). Expression of the fimA gene was greater
(P � 0.05) in bacteria that adhered to cells in culture than in those
that adhered to an abiotic surface. This difference might be due to
the presence of glycoprotein on the MAC-T cell surface, which
stimulated the expression of this gene, since type I fimbriae medi-
ate adhesion to mannose-containing glycoproteins found on the
surfaces of many eukaryotic cells (21).

The fimA gene showed increased expression (P � 0.05) at sub-
inhibitory doses of antimicrobials. This resulted in biofilm forma-
tion by gentamicin-treated E. coli 51 (Fig. 3C), whereas co-tri-
moxazole inhibited biofilm formation by E. coli 53 (Fig. 3D). fimA
expression (P � 0.05) was much higher when biofilm formation
was induced than during antimicrobial inhibition. An increase in
fimA of up to 16-fold at the first collection times (6 and 12 h)
indicates the possible involvement of this structure in initial at-
tachment and bacterial autoaggregation. Previous studies have
also reported fimA induction in planktonic cells during the pro-
cess of E. coli biofilm formation (15, 16).

Data from this study showed that genes involved in adhesion
(csgA and fimA), motility (fliC), and quorum sensing (luxS) were
expressed significantly more highly (P � 0.05) during biofilm de-
velopment in E. coli obtained from mastitic bovine milk in the
presence of antimicrobial agents at 0.5� MIC. However, it was
not possible to correlate the gene expression profile with biofilm
formation or adherence/invasion of MAC-T cells, which indicated
that other factors might influence these phenotypes. One major
factor might be a lack of correlation between mRNA levels and
functional protein for the same gene (44). This phenomenon was

observed in a WBP isolate in which fliC gene expression increased
(P � 0.05) even though flagella were not observed (Fig. 1A to C).

The results of this study suggest that greater care should be
taken in choosing the correct antimicrobial treatment for mam-
mary infections in cattle, because subinhibitory concentrations of
antimicrobials can induce biofilm formation by some isolates, in
addition to stimulating invasion of host cells. This is of concern,
considering that these protective mechanisms might promote the
creation of a bacterial reservoir in the udder of the cow, which
might explain some cases of persistent mastitis in herds.
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