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Abstract. Biofilm formation in water-related systems may cause bacteria to develop resistance to
various chemical biocides. Resistance developed to biocides by bacteria is thought to be similar
to the plasmid-mediated antibiotic resistance. In this present study, the resistance exhibited by 61
biofilm bacteria isolated from a wastewater treatment system to commercially widely used WET-
TREAT 2002 and WET-TREAT 2008 biocides was researched. It was intended to put forward the
relationship between the biocide resistance of bacteria whose resistance was detected and plasmids
they carried. At the end of the study, bacteria treated with 10 different doses (1, 0.5, 0.2, 0.1, 0.01,
0.001, 0.0001, 0.00001, 0.000001, and 0.0000001%) of each of the two biocides for 24, 48 and 72
h were determined to develop resistance at different amounts depending on the exposure time and
dose. This resistance to different biocides at different concentrations was determined to originate
from a single or multiple plasmids the bacteria had.
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AIMS AND BACKGROUND

Biocides are chemical substances formed by one or more active substances, and
can control or kill microorganisms containing bacteria, fungi, algae, mold, or yeast.
They are inorganic or synthetic organic molecules. They are chemical agents used
as antiseptics and disinfectants for disinfection, sterilisation of surfaces and protec-
tion of materials against microbial degradation!?. Among the widespread biocide
applications are the control of microbial growth in foodstuffs, textile products,
construction materials, corrosion formation and petroleum products®*. Today it
is known that bacteria could develop resistance to biocides due to the extensive
use of biocides in industrial environments’$. Mechanisms involved in resistance to
biocides are the prevention of permeability, biofilm formation, efflux systems, plas-
mids, target site mutations and overexpression of the target’!!. Biofilm formation on
surfaces in aqueous systems starts to play a role of a reservoir which significantly
increases the number of microorganisms. Biofilm sloughing leads to the spread
of infections and contamination of remote areas of the water system and thus is
important in terms of clinical and public health'2. It is reported that bacteria are
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10-100 times more resistant to antimicrobials, antiseptics and industrial biocides,
due to metabolic changes they develop when they are in the biofilm structure!>-'3.
It should be remembered that overdoses of biocides are not preferred because they
adversely affect environmental cycles and have toxic effects!. Therefore, correct
selection and application of the biocides ensure effective results in the fight against
industrial problems. In order to achieve this result, sensitive tests should be used
to show that biocides are effective against microorganisms existing in industrial
environments, and application methods and concentrations should be determined
accurately'?. Whether it is used for industrial purposes or in clinical trials, selec-
tion of an appropriate biocide is very important. Therefore, within the scope of the
development of the control program, data on the killing capacity of the biocide,
the cost of the biocide and the system should be determined. This present study
investigated the destruction of unwanted biofilms formed by bacteria in the water
treatment system with two commercial biocides and the resistance developed by
the biofilm bacteria against biocides.

EXPERIMENTAL

Bacteria. In this study, isolations from the biofilm structures having caused
problems in the Wastewater Treatment Plant affiliated with Koycegiz Dalyan
Environmental Protection Directorate (Mugla, Turkey) were performed, and 61
bacteria thought to be different according to the identification studies were used.

Biocide resistance testing of bacteria. In the present study, the following 2 biocides
were used: WET-TREAT 2002 (W-2002) (2.2-dibromo-2-cyanoacetamide) and
WET-TREAT 2008 (W-2008) (the isothiazolinone-based biocide). The chemical
compositions and some chemical and physical properties of these biocides are
shown in Table 1. By diluting with sterile distilled water, 1000, 2000, 5000, 10000
mg/l (0.1 — 0.2 - 0.5 - 1%) and 0.001, 0.01, 0.1, 1, 10, 100 mg/I (0.0000001 —
0.000001 — 0.00001 — 0.0001 — 0.001 — 0.01%) concentrations of both biocides
were prepared according to their prospectuses?’. During biocide resistance trials,
suspensions turbidimetrically prepared from 24-h active cultures of the bacterial
strains with sterile physiological serum in accordance with Mc Farland No 1 stand-
ard were used. The suspensions included 3 x 108 CFU (Colony forming units)/
ml of live bacteria?'. To determine the bacteria resistance to biocides, different
concentrations of biocides (0.0000001 — 0.000001 — 0.00001 — 0.0001 — 0.001 —
0.01-0.1-0.2-0.5 - 1%) and an appropriate amount of neutraliser (0.5% sodium
thiosulphate, or 0.4% sodium dodecyl sulphate) were added to the sterilised Tryptic
Soy Agar (TSA) in aseptic conditions. The media prepared this way were placed on
empty sterile Petri dishes and frozen so that no water droplets would remain in the
media. Then they were kept at the room temperature until they dried completely.
Five pl of 18-24 h fresh bacterial cultures adjusted to the 0.5 McFarland standard
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were taken with a micropipette and inoculated on the pre-numbered surfaces of the
Petri dishes for each bacterium through spotting. The growth status of the bacteria
inoculated on Petri dishes was recorded after 48-h incubation at 30°C (Ref. 22).

Table 1. Characteristics of biocides label and prescribing information

Trade Chemical Application Physical features pH Solu- Manu-
name composi- bil- facturer
tion con- tem- me- phase odor colour ity in

centra- pera- thod water
tion-  ture
density
W-2002 2,2-dibro- 1.10 cold dip solid odour- clear (20°C, good PETEC
mo-2-cy- g/cm’ water wash less 1%) > solu- Chemi-
anoaceta- 4.0 ble cal
mide

W-2008 Isothiazo- 1.00 cold dip  solid odour- clear 6.0- good PETEC
lin based g/ cm? water wash less 9.5 solu- Chemi-
(20°C) ble cal

Statistical analysis. In the present study, in order to determine the effects of bioc-
ides on biofilm formation and bacterial growth, the computer program GraphPad
(Prism) 2.01 was used. For the statistical comparisons, one-way Analysis of
Variance (ANOVA) was used. For the statistical analysis, P value of < 0.05 was
considered significant.

Plasmid DNA isolation from bacteria showing resistance to biocides. To perform
the isolation, procedures described in the instructions of the geneJET™ Plasmid
Miniprep Kit (Thermo Scientific, USA) were performed as instructed.

Plasmid electrophoresis and identification of plasmids. At the end of this procedure,
15-20 pl sample of the solution containing plasmid DNA obtained from each bac-
terium as described above was loaded onto 0.6% agarose gel containing 0.5 x TBE
buffer and 0.5 pl ethidium bromide and the obtained content was electrophoresed
at 100 V. Plasmid DNA bands in the ethidium bromide-stained gel were visualised
with the Gel Imaging System and then their photographs were taken. After the
photographs were loaded on to a computer, the sizes of the plasmids were deter-
mined by comparing them with the plasmids of two reference strains whose sizes
were known. Escherichia coli V517 (carrying plasmid pVAS517C) and Salmonella
typhimurium isolate (carrying plasmid-90 kbps) were used as reference strains.
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RESULTS AND DISCUSSION

Biocide resistance of biofilm bacteria. Of the 61 biofilm-derived isolates examined
in the present study, 9 showed susceptibility or resistance to the W-2002 biocide
at different levels, the remaining 52 bacteria did not develop resistance to any
concentration of the biocide (in other words they reproduced in the medium).
Hence, the experiments with biocide were continued with 9 bacteria. The other 52
bacteria were not given in Tables 2 and 3. Of the 9 bacteria resistant to the W-2002
biocide, 3-9 developed resistance in 24 h, 3-9 in 48 h and 3-9 in 72 h (Table 2).
Because 24 of the 61 biofilm bacteria showed susceptibility or resistance to the
W-2008 biocide at different rates, while the remaining 37 bacteria did not show
resistance to any concentration of the biocide (in other words they reproduced
in the medium), the trials with this biocide were continued with 24 bacteria. The
other 37 bacteria were not given. Of the 24 bacteria resistant W-2008 biocide,
5-19 developed resistance in 24 h, 5-22 in 48 h and 5-22 in 72 h (Table 3). The
results obtained regarding each of the two biocides used in this study revealed that
biofilm-producing bacteria could develop quite high levels of resistance to many
other commercially widely used biocides.

Table 2. Resistance of bacteria against W-2002 biocide by using spotting method

Concentra- Sensitive n (%) Resistant n (%) Sensitive + resistant

tion (%) (n=9) Toplam
24h  48h 72h 24h  48h 72h 24h  48h 72h

1 9(100) 9(100) 6(66.6) 0 0 3(33.3)

0.5 3(33.3) 3(33.3) 3(33.3) 6(66.6) 6(66.6) 6(66.6)

0.2 6(66.6) 6(66.6) 6(66.6) 3(33.3) 3(33.3) 3(33.3)

0.1 5(55.5) 4(44.5) 4(44.5) 4(44.5) 5(55.5) 5(55.5)

0.01 3(33.3) 2(22.2) 2(22.2) 6(66.6) 7(77.8) 7(77.8) 9(100) 9(100) 9(100)

0.001 0 0 0 9(100) 9(100) 9(100)

0.0001 3(33.3) 3(33.3) 3(33.3) 6(66.6) 6(66.6) 6(66.6)

0.00001  3(33.3) 4(44.5) 4(44.5) 6(66.6) 5(55.5) 5(55.5)

0.000001 3(33.3) 3(33.3) 3(33.3) 6(66.6) 6(66.6) 6(66.6)

0.0000001 3(33.3) 3(33.3) 3(33.3)

6(66.6) 6(66.6) 6(66.6)

Sensitive — no growth; resistant — growth; P < 0.05 statistically significant.
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Table 3. Resistance of bacteria against W-2008 biocide by using spotting method

Concen- Sensitive n (%) Resistant 7 (%) Sensitive + resistant
tration (n=24) Toplam
() 24h  48h  72h  24h  48h 72h  24h  48h 72h
1 11(45.8) 9(37.5) 8(33.3) 13(54.2) 15(62.5) 16(66.7)
0.5 9(37.5) 6(25) 3(12.5) 15(62.5) 18(75.0) 21(87.5)
0.2 9(37.5) 5(20.8) 2(8.3) 15(62.5) 19(79.2) 22(91.7)
0.1 10(41.6) 5(20.8) 3(12.5) 14(58.4) 19(79.2) 21(87.5)

0.01 5(20.8) 2(8.3) 2(8.3) 19(79.2) 22(91.7) 22(91.7)
0.001  11(45.8) 4(16.6) 4(16.6) 13(54.2) 20(83.4) 20(83.4)
0.0001  5(20.8) 4(16.6) 4(16.6) 19(79.2) 20(83.4) 20(83.4)
0.00001  19(79.1) 19(79.1) 19(79.1) 5(20.9) 5(20.9) 5(20.9)

24(100) 24(100) 24(100)

0.000001 11(45.8) 4(16.6) 4(16.6) 13(54.2) 20(83.4) 20(83.4)
0.0000001 6(25) 4(16.6) 4(16.6) 18(75.0) 20(83.4) 20(83.4)

Sensitive — no growth; resistant — growth; P < 0.05 statistically significant.

Plasmid profile. Plasmid screening was performed in the colonies growing in the
0.001% concentration in which 8 of the 9 bacteria resistant to the W-2002 biocide
reproduced. Analysis of the plasmid profiles of the bacteria resistant to the W-2002
biocide demonstrated that 6 (75.0%) of the 8 bacteria resistant to the W-2002
biocide carried plasmids of various sizes, and that bacteria numbered 17 and 62
did not carry plasmids (Fig. 1). Five (83.3%) of the 6 bacteria carrying plasmids
carried 7.0 kbp plasmids. Two (40%) of the 5 bacteria (Nos 45 and 47) carried
only that plasmid whereas the other three (60%) bacteria (Nos 31, 35 and 40) car-
ried it with the other plasmids (Fig. 2). Plasmid screening was also performed in
the colonies growing in the 0.001% concentration in which 11 of the 24 bacteria
resistant to the W-2008 biocide reproduced. Analysis of the plasmid profiles of
the bacteria resistant to the W-2008 biocide demonstrated that 10 (90.9%) of the
11 bacteria resistant to the W-2008 biocide carried plasmids of various sizes, and
that bacterium numbered 16 did not carry a plasmid (Fig. 3). The number of the
plasmids carried by the 10 bacteria varied from 1 to 4. While 3 bacteria (Nos 17,
45 and 62) carried 1 plasmid, 2 bacteria (Nos 39 and 40) carried 4 plasmids. The
90-kbp plasmid is the most common plasmid profile carried alone (25%) or with
the other plasmids (75%) (Nos 17 and 62) (Fig. 4). The most common plasmids
among the plasmid profiles of the bacteria showing resistance to the two different
biocides in the study were 57-, 90-, 0.5-, 7.0 and 5.8-kbp plasmids (Table 4). This
resistance determined in this study was considered to be plasmid mediated, because
6 (75%) of the 8 bacteria resistant to W-2002 and 10 (90.9%) of the 11 bacteria
resistant to W-2008 were determined to carry plasmids. In a study, resistance to
quaternary ammonium compounds (QACs) in the different Staphylococcus spe-
cies was encoded by the gacJ gene carried by the 2.65 kbp plasmid which plays
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a role in multidrug resistance?. Another literature review revealed a gap related
to studies investigating resistance regarding 2.2-dibromo-2-cyanoacetami- and
isothiazolinone-based biocides which are widely used in industry?*.
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Fig. 1. Plasmid electrophoresis photograph of W-2002 resistant bacteria (M — marker; R1 —reference;
1 — E. coli V 517; R2 —reference 2: S. typhimurium isolate; 13—62 — bacteria no)

Fig. 2. Schematic view of plasmid electrophoresis photograph (see Fig. 1) of W-2002 resistant
bacteria. R1 —53.7; 7.2; 5.6; 5.1 kbp, R2 — 90 kbp, 13: 57; 5.8; 4.8 kbp, 17:-, 31: 7,0; 2,5 kbp, 35:
70; 7,0; 2,5 kbp, 40: 7,0; 2,5 kbp, 45: 7,0 kbp, 47: 7,0 kbp, 62: —
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Fig. 3. Plasmid electrophoresis photograph of W-2008 resistant bacteria (M —marker; R1 —reference;
1 —E. coli V 517; R2 —reference 2: S. typhimurium isolate; 13-62 — bacteria no)

Fig. 4. Schematic view of plasmid electrophoresis photograph (see Fig. 3) of W-2008 resistant
bacteria. R1 —53,7; 7,2; 5,6; 5,1 kbp; R2 — 90 kbp, 13: 57; 5,8; 4,8 kbp, 16: —, 17: 90 kbp, 31: 90;
4.0 kbp, 35: 90; 70; 3,0 kbp, 39: 90; 4,0; 3,0; 2,0 kbp, 40: 90; 57; 3.0; 2.7 kbp, 45: 57 kbp, 47: 90;
7.5; 7.0 kbp, 61: 90; 6.5; 6.0 kbp, 62: 90 kbp
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Table 4. Plasmids contained in the plasmid profiles of the bacteria showing resistance to the two
different biocides in the study and the number of bacteria containing these plasmids

Plasmid profiles (kbp) Number of bacteria containing plasmids
applied biocides
W-2002 W-2008

90 - 8
70 1 1
57 1 3
7.5 - 1
7.0 5 1
6.5 - 1
6.0 - 1
5.8 1 1
5.0 - -
4.8 1 1
4.0 - 2
3.0 - 3
2.7 - 1
2.5 3 -
2.0 - 1

Number of bacteria containing 6 10

plasmid

Number of bacteria without 2 1

plasmid

Number of total bacteria 8 11

(-): no plasmid.

CONCLUSIONS

The Biocidal Product Directive defines biocide as active substances and prepara-
tions which contain one or more active ingredients, are introduced to the market
in the ready to use form, exert a controlling effect on harmful organisms, prevent
their action, or destroy them by chemical or biological means. Biocides ensure
the active performance of chemical products and manufacturing processes in in-
dustry. They reduce maintenance and repair costs of products, and protect human
and animal health against microorganisms, have the protection effect against the
reduction of wood, water and fossil fuels, play an active role in the development
of water-based systems and protect the atmosphere by preventing the emission of
volatile organic compounds into the atmosphere. Therefore, the use of biocides
is very important in industrial facilities. However, unwanted biofilm bacteria de-
veloping in the systems or equipment exhibit resistance to biocide applications.
Because biocidal products are biocides, they by nature may have harmful effects
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on humans, animals and the environment. The correct use of biocidal products in
appropriate doses has gained great importance in recent years. In parallel, it was
determined that as the concentration of the two commercial biocides used in this
study increased, biofilm formation decreased in some bacteria but was not affected
in some bacteria, and even resistance was developed to the administered doses of
the biocide. These results were statistically significant (P < 0.05). However, the
study also confirmed that biocides caused biofilm-producing bacteria to develop
resistance at different levels depending on the dose and the duration of the appli-
cations. In addition, it was determined that the biocide resistance was caused by
plasmids and that similar plasmid profiles (2.0 to 90 kbp plasmids) were effective
in this resistance, which is thought to result from the fact that the transfer of plas-
mids between microorganisms was very common due to gene transfers in dynamic
communities such as biofilm. In the literature, although considerable research has
been devoted to antibiotic resistance, rather less attention has been paid to biocide
resistance. In the control of harmful biofilm, there is a need for further research to
enlighten the basis of bacterial resistance and to determine the appropriate dose and
duration. The present study was aimed at contributing to biocide control programs
in the fight against harmful biofilms in water treatment systems.

Acknowledgements. This work was supported by Scientific Research Project Office (SRPO) of
Mugla Sitki Kocman University, Mugla (Project number SRP-13/86).

REFERENCES

1. J. S. CHAPMAN: Disinfectant Resistance Mechanisms, Cross-resistance, and Co-resistance.
Int Biodet Biodeg, 51, 271 (2003).

2. G.MIDELET, B. CARPENTIER: Impact of Cleaning and Disinfection Agents on Biofilm Struc-
ture and on Microbial Transfer to a Solid Model Food. J Appl Microbiol, 97 (2), 262 (2004).

3. C. FERREIRA, A. M. PEREIRA, L. F. MELO, M. SIMOES: Advances In Industrial Biofilm
Control with Micro-nanotechnology. Formatex, 845 (2010).

4. M.BOUKLAH, M. KADDOURI, Y. TOUBI, B. HAMMOUTI, S. RADI, E. E. EBENSO: Cor-
rosion Inhibition of Steel in Hydrochloric Acid Solution by New N,N’-bipyrazole Piperazine
Derivatives. Int J Electrochem Sci, 8, 7437 (2013).

5. M. BENABDELLAH, R. TOUZANI, A. AOUNITI, A. DAFALI, S. El KADIRI, B. HAM-
MOUTI, M. BENKADDOUR: Generalisation of Corrosion Reaction Kinetic Models for Steels
in Inhibited Acidic Media. Mater Chem Phys, 17, 194 (2007).

6. H.ASHASSI-SORKHABI, B. SHAABANI, D. SEIFZADEH: Effect of Some Pyrimidine Schiff
Bases on the Corrosion of Mild Steel in HCI Solution. Electrochim Acta, 50, 3446 (2005).

7. V.MARISCAL, A. HERRERO, E. FLORES: Continuous Periplasm in a Flamentous, Heterocyst-
Forming Cyanobacterium. Mol Microbiol, 65, 1139 (2007).

8. C.L.CASE: The Control of Microbial Growth. Pearson Education, Inc. Copyright, Inc. Lectures,
2013, p. 120.

9. R.M. DONLAN: Biofilms: Microbial Life on Surfaces. Emerging Infectious Diseases Journal,
8(9), 881 (2002).

1221



10.

11.

12.

13.

14.

15.

16.

17.
18.

19.

20.

21.

22.

23.

24.

A. D. RUSSEL: Biocide Use and Antibiotic Resistance: the Relevance of Laboratory Findings
to Clinical and Environmental Situations. Lancet Infect Dis, 3, 794 (2003).

K. POOLE: Mechanism of Bacterial Biocide and Antibiotic Resistance. J Appl Microbiol, 92,
55 (2002).

G. UZEL, S. GURLUK: Water Resources Management, Allocation and Pricing Issues: the Case
of Turkey. J Environ Prot Ecol, 17 (1), 64 (2016).

E. AKAN, O. KINIK: Mechanism of Biofilm Formation and the Effect of Biofilms on Food
Safety. J Food Feed Sci Technol, 14, 42 (2014).

M. SIMOES, L. C. SIMOES, M. J. VIEIRA: A Review of Current and Emergent Biofilm Control
Strategies. LWT — Food Sci and Technol, 43 (4), 573 (2010).

K. SEIFI, H. KAZEMIAN, H. HEIDARI, F. REZAGHOLIZADEH, Y. SAEE, F. SHIRVANI,
H. HOURI: Evaluation of Biofilm Formation among Klebsiella pneumoniae Isolates and Mo-
lecular Characterization by ERIC-PCR. Jundishapur J Microbiol, 9 (1), 1 (2016).

T. K. LU, J. J. COLLINS: Dispersing Biofilms with Engineered Enzymatic Bacteriophage.
Proceedings of the National Academy of Sciences USA, 104, 11197 (2007).

L.J. DOUGLAS: Candida Biofilms and Their Role in Infection. Trends Microbiol, 11, 30 (2003).
A.D.RUSSELL: Antibiotic and Biocide Resistance in Bacteria: Introduction. Journal of Applied
Microbiology Symposium Supplement. 92, 13 (2002).

B. LEE, J. A. HAAGENSEN, O. CIOFU, J. B. ANDERSEN, N. HOIBY, S. MOLIN: Heteroge-
neity of Biofilms Formed by Nonmucoid Pseudomonas aeruginosa Isolates from Patients with
Cystic Fibrosis. J Clin Microbiol, 43, 5247 (2005).

T. E. CLOETE: Resistance Mechanisms of Bacteria to Antimicrobial Compounds. Int Biodete-
rioration Biodegrad, 51, 100 (2003).

K. M. THORMANN, R. M. SAVILLE, S. SHUKLA, A. M. SPORMANN: Induction of Rapid
Detachment in Shewanella oneidensis MR-1 Biofilms. J Bacteriol, 187, 1014 (2005).

R. D. GRACE, N. E. DEWAR, W. G. BARNES, H. R. HODGES: Susceptibility of Legionella
pneumophila to Three Cooling Tower Microbicides. Appl Envir Microbiol, 41 (1), 233 (1981).
J. BJORLAND, T. STENIUM, M. SUNDE, S. WAAGE, E. HEIR: Novel Plasmid-borne Gene
qacJ Mediates Resistance to Quaternary Ammonium Compounds in Equine Staphylococcus au-
reus, Staphylococcus simulans, and Staphylococcus intermedius. Antimicrob Agents Chemother,
47 (10), 3046 (2003).

L. FURI, M. L. CIUSA, D. KNIGHT et al.: Evaluation of Reduced Susceptibility to Quaternary
Ammonium Compounds and Bisbiguanides in Clinical Isolates and Laboratory-generated Mutants
of Staphylococcus aureus. Antimicrob Agents Chemother, 57 (8), 3488 (2013).

Received 6 May 2017
Revised 19 July 2017

1222



