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ABSTRACT

Bacterial biofi lms are involved in the aggravation 
and recurrence of clinical mastitis in dairy herds. Several factors 
such as pH, temperature, concentration of O2 and glucose can 
affect their induction and growth rates. In this study, biofi lm 
production was demonstrated by 27 Escherichia coli strains 
isolated from bovine mastitis at different pH values depending 
on the availability of glucose, mimicking conditions found in 
mammary glands affected by the disease. Biofi lm formation was 
analyzed by spectrophotometric analysis in microtiter plate with 
16 different culture media and by scanning electron microscopy. 
Biofi lm formation was greater in isolates cultured under conditions 
associated with low glucose availability (0.5% or 1.5%) and with 
either an acidic (5.5) or alkaline (8.5) pH, compared to conditions 
associated with high glucose availability (2.5% or 3.5%) and 
near-neutral pH (6.5 or 7.5). Results indicate possible favoring 
of biofi lm production in the later stages of the infectious process 
caused by E. coli, when the gland environment is less propitious 
to bacterial growth due to the stress conditions mentioned above; 
contrasting with the environment of the healthy mammary gland, in 
which there is no limitation on nutrients or conditions of particular 
alkalinity or acidity. Thus, knowledge of the stage in which is the 
infection and environmental conditions of the mammary gland that 
cause increased production of biofi lms is of paramount importance 
to guide the most appropriate control strategies to prevent relapse 
after treatment of bovine mastitis, an economically important 
disease in dairy cattle worldwide.

Key words: mammary gland, Escherichia coli, milk, acidity, 
sugar.

RESUMO

Biofi lmes bacterianos estão envolvidos no 
agravamento e recorrência de mastite clínica em rebanhos leiteiros. 
Vários fatores, tais como o pH, temperatura, concentração de O2 

e glicose podem afetar sua indução e suas taxas de crescimento. 
Neste estudo, a produção de biofi lme foi demonstrada por 
27 isolados de Escherichia coli de mastite bovina a valores 
de pH diferentes, dependendo da disponibilidade de glucose, 
simulando as condições encontradas nas glândulas mamárias 
afetadas pela doença. A formação de biofi lme foi analisada por 
espectrofotometria em microplaca com 16 diferentes meios de 
cultura e por microscopia eletrônica de varredura. A formação 
de biofi lmes foi maior em isolados cultivados em condições 
associadas com baixa disponibilidade de glucose (0,5% ou 1,5%) 
tanto com pH ácido (5,5) como alcalino (8,5), em comparação 
com as condições associadas com a disponibilidade de alto 
teor de glucose (2,5% ou 3,5% ) e pH próximo à neutralidade 
(6,5 ou 7,5). Os resultados indicam o possível favorecimento da 
produção de biofi lmes em fases posteriores do processo infeccioso 
de mastite causada por E. coli, quando o ambiente da glândula 
é menos propício ao crescimento bacteriano devido às condições 
de estresse acima mencionados, em contraste com o ambiente da 
glândula mamária saudável, no qual não há nenhuma limitação de 
nutrientes ou condições de alcalinidade ou acidez em particular. 
Ainda, o conhecimento da fase em que se encontra a infecção 
e as condições ambientais da glândula que causariam maior 
produção de biofi lmes é de grande importância para orientar as 
estratégias de controle mais adequadas para prevenir recidivas 
após o tratamento da mastite bovina, uma doença economicamente 
importante na bovinocultura leiteira em todo o mundo.

Palavras-chave: glândula mamária, bactéria, leite, acidez, açúcar.

INTRODUCTION

Biofi lms are highly organized communities 
of microorganisms structured within an array of 
exopolysaccharides (EPS), and adhering to a living 
or inert surface with the function of protecting the 
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microorganisms in stress environments. The sessile 
cells arranged in biofi lms tend to be more resistant to 
antimicrobial therapy compared with planktonic free 
cells, due to the slow diffusion of the antimicrobial 
in the inner layers of the biofi lm (MELCHIOR et 
al., 2006). They are associated with antimicrobial 
treatment failure (COSTERTON et al., 1999; 
MELCHIOR et al., 2006). Several environmental 
and nutritional factors, besides the presence of 
sub-inhibitory concentrations of an antimicrobial, 
can infl uence biofi lm formation by bacterial cells 
(MELCHIOR et al., 2006; COSTA et al., 2012). 
Preview study have shown that environments rich in 
sugars did not favor adhesion and subsequent biofi lm 
formation by Streptococcus sp., while alkaline 
environments triggered greater adhesion by group B 
Streptococcus (KAUR et al., 2009). 

Bovine mastitis is considered the most 
signifi cant disease of dairy cattle in the world 
(STEENEVELD et al., 2011). It is estimated that 
losses of billions of liters of milk per year occur due 
to this disease, making it of great concern for the dairy 
sector worldwide (HUIJPS et al., 2009). Escherichia 
coli is a leading microorganism involved in cases 
of mastitis, and is strongly associated with clinical 
infection (STEENEVELD et al., 2011). However, it 
has been demonstrated that some strains of E. coli 
have greater ability to adhere to and replicate in breast 
tissue and may lead to persistent infections in the host 
(DOGAN et al., 2006; FONTAINE & SMITH, 2006). 
The mastitis treatment is based primarily on intra-
mammary administration of antimicrobial agents 
to the animal, which may also be delivered by the 
parenteral route depending on the severity of the case. 
However, studies have shown that in many cases the 
success of the therapy is frustrated, being unable to 
eliminate the agent from the mammary gland, and 
allowing the development of persistent and recurrent 
cases of the disease (MELCHIOR et al., 2007; 
SIMOJOKI et al., 2012). One hypothesis to explain 
this fact is the ability of some microorganisms to form 
biofi lms on the surface of mammary gland tissue, 
thus presenting resistance to several antimicrobials 
(MELCHIOR et al., 2006).

The mechanisms by which sessile cells 
become resistant can be attributed to several factors, 
among them phenotypic changes in bacterial cells 
in biofi lms, inactivation of antimicrobials by EPS, 
the physical barrier exerted by the EPS matrix and 
nutrient limitation, reducing the bacterial growth 
rate (CLUTTERBUCK et al., 2007). Moreover, 
distribution of an antimicrobial in the breast tissue 
can be blocked by pathophysiologic changes in the 

mammary gland such as ischemia and necrosis, 
leaving the antimicrobial either unable to reach the site 
of action or arriving at sub-inhibitory concentrations 
(BENGTSSON et al., 2009).

The fermentation by microorganisms in 
infected mammary gland makes that concentrations of 
lactose and glucose achieve lower levels than normal. 
As E. coli breaks down the lactose in galactose 
and glucose in raw milk and this last is the main 
carbohydrate used by this bacteria, lower levels of 
glucose could provide a stressful environment to the 
bacteria which could result in increased production 
of biofi lms during specifi c phases of the disease 
(ANDREWS et al., 2008).

Given the economic implications for the 
cattle industry in Brazil and worldwide, the increasing 
numbers of mastitis caused by E. coli and the 
possible involvement of biofi lms in persistent and/or 
recurrent cases of the disease, knowledge of factors 
that may infl uence their production are essential for 
establishing more effective treatment strategies.

This study aimed to evaluate biofi lm 
formation by isolates of E. coli obtained from bovine 
mastitis under conditions of different pH and glucose 
availability, mimicking conditions found in mammary 
glands affected by the disease.

MATERIAL   AND   METHODS

Twenty-seven isolates of E. coli biofi lm 
producers obtained from mastitic milk belonging 
to Brazilian Agricultural Research Corporation, 
EMBRAPA - Dairy Cattle and the Laboratory of 
Bacterial Diseases of the Veterinary Medicine 
Department of the Federal University of Viçosa, 
were used. The isolates were stored in microtubes 
containing Brain Heart Infusion broth (BHI, Oxoid, 
Cambridge, England) supplemented with 20% 
glycerol and stored at -80°C until use.

We prepared 16 different minimal 
culture media (MM) associating four glucose 
concentrations to four pH values (Table 1). These 
MM were comprised of a carbon source at different 
concentrations (glucose - Table 1) a nitrogen source 
(peptone 10g) and a salt (sodium chloride 5g) and 
distilled water (1000ml). The isolates were reactivated 
in each MM and incubated at 37°C for 24 hours. The 
detection of biofi lm formation was realized according 
STEPANOVIĆ et al. (2000) with modifi cations. The 
cultures were diluted to a concentration of 1.0x108CFU 
ml-1, and 300μL of the diluted culture were added 
to the wells of microtiter plates (Nunc-Iimmuno 
plates, Denmark), and incubated at 37°C for 24h. 
The production of biofi lms was analyzed by optical 
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density readings (OD550) in an absorbance microplate 
reader (Bio tek ELx800, Winooski, EUA), comparing 
the values of the samples with those of the negative 
control. All procedures were performed in triplicate. In 
addition to the 16 tested media two MM, one without 
glucose and the other non-inoculated as a sterilization 
control, were also set up for comparison purposes.

Scanning electron microscopy (SEM) 
was used to visualize the typical architecture of 
biofi lms formed in different MM, according to the 
methodology of ABDI-ALI et al. (2006). The SEM 
was performed for four randomly selected isolates 
(two weak and two strong biofi lm producers identifi ed 
by OD) grown under conditions favoring higher 
and lower production of biofi lms. Were prepared 
polystyrene slides measuring 1.0x0.5cm, simulating 
the surface of the microtiter plates used. These 
slides were placed in glass tubes containing 5mL 
culture of each isolate in BHI broth at 1.0x108CFU 
mL-1 and they were incubated at 37ºC for 24 hours. 
Slides were fi xed in 2.5% glutaraldehyde in 0.1M 
phosphate buffer, pH 7.2 for a period of 24 hours at 
a temperature of 4°C. After fi xation a post-fi xation 
was carried out in 1% osmium tetroxide for 2 
hours to 4°C, dehydration and critical point drying 
Balzers CPD 020, mounting support and cover with 
aluminum gold “sputter coater” (Balzers ACS 010). 
Subsequently, the material was analyzed by SEM 
Leo 1430VP with increasing magnitudes.

The results were submitted to analysis 
of variance (ANOVA) and a comparison of biofi lm 

production in the different media conditions was 
performed using the Minitab 15 software package, 
employing the Kruskal-Wallis test followed by 
Dunn’s test for multiple comparisons. For both tests, 
differences were considered signifi cant when P<0.05.

RESULTS

All isolates were able to attach and form 
biofi lms, though in different numbers and with 
different biomasses, in all tested MM. These results 
are presented in a boxplot graph with the distribution 
of biofi lm production of these 27 E. coli isolates in all 
tested MM (Figure 1). The results were clustered into 
three groups based on biofi lm production: Group 1 
(high production), Group 2 (intermediate production) 
and Group 3 (low production).

In culture media A2, A3, D2 and D3 
(Group 3) the combination of a pH close to neutral 
(pH 6.5 or 7.5) and a high glucose concentration 
(2.5% or 3.5%), appeared to exert an antagonistic 
effect, resulting in reduced production of biofi lms 
by the bacteria (Figures 1 and 2). Biofi lm production 
was signifi cantly higher (P<0.001) for the B1 and 
B4 media (Group 1). In this case the association 
between a reduced availability of glucose (0.5% or 
1.5%) at pH values further from neutral (pH 5.5 or 
8.5), provided stress conditions to the bacterial cells and 
favored greater biofi lm production (Figures 1 and 2). 
Culture media A1, A4, B2, B3, C1, C4, D1 and D4 
(Group 2) also triggered a considerable increase in 
biofi lm production, however less than those in Group 
1. In this case just one of the factors, either pH or 
glucose availability, provided a stressful environment 
to the bacteria. These data confi rm that pH (5.5 and 
8.5) or glucose (0.5% and 1.5%) individually infl uence 
the production of biofi lms by E. coli and when they are 
associated there seems to be a synergistic effect, giving 
an increased production (Figure 1). 

An atypical case was found for C2 and C3 
in that although they had low availability of glucose 
(1.5%), their outcomes were statistically equivalent 
to biofi lm production by Group 3 (P>0.05). There 
were statistical differences in the ability to form 
biofi lms between Groups 1, 2 and 3 (P<0.001). The 
same was true when comparing Group 2 with Group 3 
(P<0.001). However, no difference was found when 
comparing the means between each medium within a 
group (P>0.05).

Through SEM was possible to visualize 
a higher biomass formation of biofi lms under 
conditions that provided greater biofi lm formation 
(Figure 2) identifi ed by spectrophotometric analysis, 

Table 1 – Different culture media, used to analyze biofilm
production by Escherichia coli isolates from mastitic
milk.

Minimum media Glucose (%) pH

A1 2.5 5.5
A2 2.5 6.5
A3 2.5 7.5
A4 2,5 8.5
B1 0.5 5.5
B2 0.5 6.5
B3 0.5 7.5
B4 0.5 8.5
C1 1.5 5.5
C2 1.5 6.5
C3 1.5 7.5
C4 1.5 8.5
D1 3.5 5.5
D2 3.5 6.5
D3 3.5 7.5
D4 3.5 8.5
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showing good correlation between the results of the 
two techniques.

DISCUSSION

In a similar study KAUR et al. (2009) 
found that Group B streptococci isolated from 
clinical cases of vaginitis in humans produced large 
quantities of biofi lms in alkaline media with limited 
glucose compared to acidic or neutral media rich 
in glucose. In another study, MICHU et al. (2011) 
observed increased production of biofi lms by isolates 
of Staphylococcus epidermidis grown in media with 
lower concentrations of glucose compared to isolates 
cultured in higher concentrations.

The differences in the production of 
biofi lms under different environmental and nutritional 
conditions are possibly explained by the ability of some 
microorganisms to respond to external stimuli, such as 
population density, limiting nutrients, osmolarity, pH or 
composition of the medium, activating genes responsible 
for the expression of surface proteins that promote 
adhesion and the production of EPS directly involved in 
the production of biofi lms (FRANK et al., 2007).

The results also reveal that the culture 
media that most favor the production of biofi lms, 
Group 1, have similar conditions as the mammary 
gland in the later stages of infl ammation, after the 

onset of clinical signs. The pH of the gland lumen 
may vary from alkaline to acidic as the disease 
progresses (VANGROENWEGHE et al., 2005; 
ANDREWS et al., 2008). According to ANDREWS 
et al. (2008), at the start of clinical symptoms, the pH 
tends to be high due to large amounts of alkalizing 
substances produced by the body to offset the acidity 
produced by bacterial fermentation. Moreover, at this 
stage, high levels of immune cells from the plasma 
reach the lactiferous alveoli through the bloodstream, 
which increase the pH due to the alkaline nature of 
the plasma, reaching a maximum of 8.3 to 8.7. As the 
infectious process progresses, larger amounts of acids 
are produced from infl ammation and fermentation of 
sugars by bacteria, causing the pH to decrease and 
reaching near 5 (VANGROENWEGHE et al., 2005; 
ANDREWS et al., 2008). Such fermentation by 
microorganisms also makes the concentrations of 
glucose and lactose in the lumen of the mammary 
gland affected by the disease achieve lower levels 
than normal, near 0.5% (ANDREWS et al., 2008), 
values that tested at work, showed greater production 
of biofi lms. It is important to highlight that the MM 
that were less favorable to the production of biofi lms 
(Group 3) had conditions similar to the environment 
of healthy mammary gland, rich in sugar and with pH 
values close to neutrality (RADOSTITS et al., 2007; 
ANDREWS et al., 2008).

Figure 1 - Boxplot graph presenting the distribution, and average, of biofi lm production (O.D 
550nm) by 27 Escherichia coli isolates obtained from mastitic milk evaluated in 16 
different minimal media (MM): A1 (pH=5.5 and 2.5% glucose), A2 (pH=6.5 and 2.5% 
glucose), A3 (pH=7.5 and 2.5% glucose), A4 (pH=8.5 and 2.5% glucose), B1 (pH=5.5 
and 0.5% glucose), B2 (pH=6.5 and 0.5% glucose), B3 (pH=7.5 and 0.5% glucose), B4 
(pH=8.5 and 0.5% glucose), C1 (pH=5.5 and 1.5% glucose), C2 (pH=6, 5 and 1.5% 
glucose), C3 (pH = 7.5 and 1.5% glucose), C4 (pH=8.5 and 1.5% glucose), D1 (pH=5.5 
and 3.5% glucose), D2 (pH=6.5 and 3.5% glucose), D3 (pH=7.5 and 3.5% glucose), D4 
(pH=8.5 and 3, 5% glucose). Statistical Dunn’s test differences are presented by letters 
a, b and c (P<0,05).
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Thus the results indicate possible favoring 
of the production of biofi lms in later stages of the 
infectious process in mastitis caused by E. coli, when 
the gland environment is less propitious to bacterial 
growth due to the stress conditions mentioned above, 
in contrast to the environment of the healthy mammary 
gland, in which there is no limitation on nutrients or 
conditions of particular alkalinity or acidity. Thus, 
knowledge of the stage in which is the infection and 
environmental conditions of the mammary gland 
that cause increased production of biofi lms is of 
paramount importance to guide the most appropriate 
control strategies to prevent relapse after treatment of 
bovine mastitis, an economically important disease in 
dairy cattle worldwide.
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