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Abstract: Biofilms constitute the predominant microbial style of life in natural and engineered ecosystems. At the harsh 

environmental conditions microorganisms accumulate reactive oxygen species (ROS), potentially encountering a dangerous 

condition called oxidative stress. An investigation into the mechanisms activated by biofilms in response to different oxidative 

stress levels could have important consequences from ecological and economic points of view, and could be exploited to 

propose alternative strategies to control microbial virulence and deterioration. In this respect, the aim if this study is to evaluate 

the influence temperature and pH of the medium, its osmolality and the presence of heavy metal ions on the growth of the 

biomass of biofilm formed by B. subtilis 170 and E. coli K- 12 strains and their relationship in them. Тhis study was used the 

methods for a static cultivation of biofilm by co-cultures of B. subtilis 170 and E. coli K- 12 strains and determination of 

colony forming units in their structures to evaluate of the relationships between them. The results of the present study show 

that temperature of 20°C and pH-value in the range of 5.0-6.0 help to maximum growth of biomass of biofilm formed by co-

cultivation of B. subtilis 170 and E. coli 1655 strains. The competitive relationships are observed at a temperature of 20°C, at 

pH-value in the range from 5.0 to 6.0 at low osmolality of the medium of 100 to 150 mM, at content of Fe
+ 2

 from 5 µM to 100 

µM. The increase of the temperature above 30°C and the pH of the medium, the high osmolality of 200 mM triggers 

antagonistic interactions between B. subtilis 170 and E. coli K- 12 strains, while at content of Fe
+ 2

 of 50 µM was observed 

symbiosis in the structure of biofilms in this study. 
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1. Introduction 

Bacteria were distributed in nature in the form of biofilms 

that are formed with the participation of two or more species 

[1-3]. The basis of their formation and their resistance toward 

various effects of the environment in the nature stand 

interactions between microbial species that include 

competition for nutrients of the composition of the 

environment, symbiosis and antagonism [2]. Therefore, the 

structure of biofilms and the composition of the microbial 

community in them are determined by the fluctuations in 

values of environmental factors [2-4].  

Harsh environmental conditions such as high temperature, 

osmolality and pH of the medium, presence of heavy metal 

ions (Fe
2+

 or Fe
3+

 or Cu
+
) creates conditions for formation 

and accumulation of intracellular free radicals such as 

superoxide anion, hydrogen peroxide, singlet oxygen, 

hydroxyl radicals (oxidative stress), which in the high (lethal) 

concentrations have a cytotoxic effect and prevent biofilm 

formation process. Main mechanisms for protection of 

microbial species against their impact during the formation of 

biofilms is concluded in the presence of complex genetically 

regulatory network, responsible for the transition of cells 

from plankton state to attached mode of existence, and the 

formation of extracellular matrix, whose content is 

dominated by extracellular polysaccharides [5]. 

The aim if this study is to evaluate the influence 

temperature and pH of the medium, its osmolality and the 

presence of heavy metal ions on the growth of the biomass of 

biofilm formed by B. subtilis 170 and E. coli K- 12 strains 
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and their relationship in them. 

2. Material and Methods 

2.1. Bacterial Strains 

In this study were used B. subtilis 170 from collection, 

deposited in National Bank of Industrial Microorganisms and 

Cell Cultures, Sofia, Bulgaria, and E. coli 1655 from the 

collection of the Institute of Molecular Biotechnology, Jena, 

Germany. All strains were inoculated into 9 ml of a liquid 

culture medium and incubated at 37°C for a period of 18 

hours before the beginning of each determination. 

2.2. Method of Static Cultivating of Biofilms 

Liquid cultures were diluted in 5 ml medium M63 in 

different ratio between KH2PO4 and K2HPO4, so that the pH 

of the medium to be 5.0; 6.0; 7.0; 8.0. Study of influence of 

the temperature was carried out by incubating the cultures at 

20°C, 30°C, 35°C and 40°C in medium M63 (0.02 M 

KH2PO4, 0.04 M K2HPO4, 0.02 M (NH4)2SO4, 0.1 mM 

MgSO4 and 0.04 M glucose).  

Immediately after that was carried cultivation of biofilms 

in environments M63, containing NaCl of 100 mM, 150 mM 

and 200 mM for taking into account the effects of osmolality 

on their growth. This was followed by carrying out a series of 

cultivation of biofilms in modified M63 medium to which is 

add FeSO4.7H2O, so that the content of Fe
+2

 to be 5 µМ, 50 

µМ and 100 µМ.  

2.3. Determination of Biomass Growth of Biofilms 

After incubation at 20°C for 24 h from each well separated 

carefully culture medium, after washing three times with 

saline solution staining of biofilms in half of the wells was 

carried out with 200 µl 0,1% solution of crystal violet over a 

period of 15 min, gently release and washing of dye in each 

well, then were added 200 µl of 70% ethanol. Immediately 

after that it was determinated the optical density at 540 nm 

on "ELLIZA Reader ELTA 90".  

2.4. Determining of Number of Colonies in the Biofilms 

In the second half of the wells were added 200 µl 0.85% 

sodium chloride solution. Using a sterile knife the biofilm 

was separated carefully. For each variant were made in 6 

wells. Solutions with a release biofilm were collected in 

sterile eppendorff tubes. The number of colonies in the 

biofilms was determined according to the method of Koch 

[6] after inoculation on Meat Peptone Agar (NCIPD-Bull 

Bio, Sofia, Bulgaria) to evaluate of total number of colonies 

and on MacConkey agar (NCIPD-Bull Bio, Sofia, Bulgaria) 

for counting of number of colonies of E. coli 1655strain.  

2.5. Statistical Treatment of Results 

All experiments were performed three times, presented 

results represent the average of three independent each other 

determinations. It was used a Student test, the differences of 

individual values were considered statistically significant at p 

<0.05. 

3. Results and Discussion 

Biofilms, which are formed by the participation of 

different bacterial species are highly distributed in nature. In 

the process of their forming establish different relationships 

between microorganisms that include competition for 

nutrients of the composition of the medium, antagonism or 

symbiosis. The process of formation of these organized 

structures on different surfaces strongly conditioned on the 

fluctuations in environmental factors [1]. 

The strains of the B. subtilis and E. coli species during the 

process of independent and co-culturing of biofilms maintain 

intracellular pH in narrow range from pH 7,2 to pH 7,8 at 

changing the pH of culture medium from 5.0 to 8,0 (Figure 

1). The pH - value of the medium in the range of from pH 5,0 

to pH 6,0 provides the presence of cells of E. coli K-121655 

strain in the structure of the biofilm in association with B. 

subtilis 170 strains, which may be associated with the 

presence of potassium ions that contribute to the 

sustainability of cells against acid stress. However, the 

percentage of their population in the resulting biofilms is 

relatively small compared to the number of colonies of B. 

subtilis 170 strain, which indicates a competitive relationship 

(Table 1). 

Table 1. Influence of the pH and temperature on the number of colonies of B. subtilis 170 and E. coli K-12 1655 strains in the structure of monospecies and 

mixed biofilms. 

№ рН of medium  
Number in biofilms of B. subtilis 170 

cfu/ml 

Number in biofilms of E. coli K-12 

1655, cfu/ml  

Number in mixed biofilms cfu/ml  

B. subtilis 170 E. coli K-12 1655 

1. 5,0 9,05±0,18.106 1,62±0,12.106 9,55±0,13.106 3,16±0,12.106 

2. 6,0 8,11±0,07.106 0,26±0,03.106 35,91±0,05.106 0,40±0,05.106 

3. 7,0 0,56±0,07.106 0 10,95±0,13.106 0 

4. 8,0 0,23±0,03.106 0 6,18±0,20.106 0 

 

№ Temperature, °С  
Number in biofilms of B. 

subtilis 170 cfu/ml 

Number in biofilms of E. coli K-

12 1655, cfu/ml  

Number in mixed biofilms cfu/ml 

B. subtilis 170 E. coli K-12 1655  

1. 20 6.65±0.1.106 0,4±0.0.106 46.31±0.33.106 6.01±0.03.106 

2. 30 7.06±0.07.106 0 32,4±0.13.106 0 

3. 35 0.63±0.05.106 0 4.65±0.05.106 0 

4. 40 0.56±0.08.106 0 0.42±0.07.106 0 
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Figure 1. Effect of pH and temperature on the growth of biofilms: ■B. 

subtilis 170; ■ B. subtilis 168; ■ E. coli 1655; ■ B. subtilis 170+ E. coli 

1655; □ B. subtilis 168+ E. coli 1655. 

Higher pH - value of culture media are created conditions 

for the emergence of antagonistic relationships, as result the 

biofilms are formed only with the participation of cells of the 

B. subtilis strains. The obtained values for the structure of the 

microbial population in the biofilms formed at a pH from 7,0 

to 8,0 due to the fact that maintenance of pH - homeostasis in 

E. coli K-12 1655 strains in alkaline media is due to low 

activity of the system of antiport between sodium ions and 

protons, which determines their weak adaptive capacity 

under conditions of cultivation. On the another hand, the 

antagonistic activity of the B. subtilis 170 strain is associated 

with the creation of optimal conditions for action of secreted 

antimicrobial proteins whose biosynthesis is a function of the 

temperature of cultivation.  

The temperature of cultivation influences on the growth of 

the biomass of biofilms formed by the participation of strains 

of B. subtilis and E. coli species, highest values are reported 

at 20°C (Figure 1). The reduction of the total biomass by 

increasing of temperature in the range from 30°C to 40°C is 

probably associated with the process of oxidation processes 

that leads to damage of the cell and cell proteins, chain of 

DNA [5-8]. Moreover, in the structure of the biofilm is 

established competitive relationships between the B. subtilis 

170 and E. coli K-12 1655 strains at a temperature of 

cultivation of 20°C, while the increasing of its value in the 

range from 20 to 40°C creates conditions for the 

development of antagonistic relationships, as a result of 

which the structure of the biofilm is dominated by cells of B. 

subtilis 170 strain, but the number of their colonies is 

decreasing from 32,4±0.13.10
6
 cfu/ml to 0.42±0.07.10

6 

cfu/ml in the structure of the biofilm formed by co-

cultivation of pair of B. subtilis 170 and E. coli K-12 1655 

strains (Table 1).  

The osmolality of the medium influences on biofilm 

formation of a large number of bacterial species [9]. The 

increase of content of sodium chloride from 100 mM to 200 

mM results in a reduction of growth of the biomass of 

biofilms of B. subtilis 170 strain (Figure 2). The significant 

increase of numbers of cell population in the biofilm 

structure of E. coli K-12 1655 strain from 1±0,2.10
3
 cfu/ml to 

12,53±0,21.10
3
 cfu/ml probably relates to the activation of 

transcription of the pga operon, which is responsible for the 

biosynthesis of proteins, necessary for the formation of 

polyacetylglucosamine, that is the part of the composition of 

the matrix [9,10]. Joint development with B. subtilis 170 

strain doesn’t t determine its dominate role in the formation 

of structures of biofilms, given to the repression of genes for 

curly-fringe at the influence of products of life activity of 

strains of B. subtilis species. Accordingly, the content of 

sodium chloride of 200 mM in the medium leads to absent of 

cells of the E. coli K-12 1655 strain in biofilms at his 

association with the strains of B. subtilis species, which is an 

indication to perform the transition from competitive 

relationships to antagonism at increasing osmolality of the 

medium (Table 2).  

 

 
Figure 2. Effect of osmolality and Fe+2 of the medium on the growth of 

biofilms: ■B. subtilis 170; ■ B. subtilis 168; ■ E. coli 1655; ■ B. subtilis 

170+ E. coli 1655; □ B. subtilis 168+ E. coli 1655. 
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Table 2. Effect of concentration of sodium chloride in the medium on number of colonies of B. subtilis 170 and E. coli K-12 1655 strains in the structure of 

monospecies and mixed biofilms. 

№ 
Concentration of NaCl, 

mM 

Number in biofilms of B. 

subtilis 170 cfu/ml 

Number in biofilms of E. coli K-

12 1655, cfu/ml  

Number in mixed biofilms cfu/ml 

B. subtilis 168 E. coli K-12 1655 

1. 100 36,5±0,62.103 1±0,2.103 116,43±0,97.103 31,56±0,32.103 

2. 150 10,26±.103 0,22±.103 39,46±0,72.103 21,13±0,21.103 

3. 200 10,3±0,26.103 12,53±0,21.103 13,5±0,3.103 0 

№ Concentration of Fe+2, µM  
Number in biofilms of B. 

subtilis 170 cfu/ml 

Number in biofilms of E. coli K-12 

1655, cfu/ml  

Number in mixed biofilms cfu/ml  

B. subtilis 170 E. coli K-12 1655 

1. 5 4.63±0.3.103 4.83±0.30.103 42.96±0.40.103 5.23±0.15.103 

2. 50 56.23±0.21.103 19.46±0.21.103 53.03±0.49.103 40.26±0.25.103 

3. 100 4.5±0.2.103 5.43±0.32.103 102.93±0.29.103 8.86±0.15.103 

 

On the other hand, iron belongs to the trace elements, 

which content influences on the nature of relationships 

between strains of B. subtilis and E. coli species during 

formation of biofilms [11]. The change of content of ferrous 

ions in the medium in the range from 5 µM to 100 µM is 

accompanied by the increase in biomass of mixed biofilms 

(Figure 2), optical density at 540 nm changed in a range from 

0,163 to 0,184 as a result of the interaction between B. 

subtilis 170and E. coli K-12 1655 strains. Low concentration 

of ferrous ions than 5 µM in the medium catalyzes processes 

of intracellular accumulation of •OH, which reacts with 

biomakromolecules of cells [12] and provides a connection to 

cell surface protein in E. coli K-12 1655 strains and 

repression of genes for colonic acid biosynthesis, which 

explains their poor spread in the structure of biofilms at their 

interaction with B. subtilis 170 strain [10] (Table 2). The 

value of ferrous ion of 50 µM stimulated symbiosis between 

investigated pair strains which may be attributed to the 

establishment of a balance between the generation of free 

radicals in cells of the both strains and the activity of 

superoxide dismutase enzyme systems, resulting in lowering 

the cytotoxic effect of the generated free radicals at both 

strains [13-15].  

4. Conclusions 

The effect of temperature of cultivation, pH, osmolality, 

presence of Fe
+ 2

 on the growth of biofilms formed by a 

mixed population of strains of B. subtilis and E. coli species 

was investigated. Temperature of 20°C and the pH value of 

the medium in the range from pH 5,0 to pH 6,0 maximally 

stimulate growth of biofilm biomass of B. subtilis 170 and E. 

coli K-12 1655 strains. 

Changes of pH–value, the temperature of cultivation, 

osmolality of medium and the presence of iron ions affect the 

nature of the interaction between strains of B. subtilis and E. 

coli species in presen study, competitive relationships are 

observed at a temperature of 20°C, the pH in the range from 

5.0 to 6.0 at low osmolality of the medium of 100 to 150 

mM, at content of Fe
+ 2

 from 5 µM to 100 µM. The increase 

of the temperature above 30°C and pH of the medium, high 

osmolality of 200 mM triggers antagonistic interactions 

between test pairs strains, while at content of Fe
+ 2

 of 50 µM 

was observed symbiosis during process of formation of 

biofilms. 
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