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Abstract 

 Safe drinking water is the one which is free of both chemical and microbial contaminants. But these days water borne 

diseases like cholera, typhoid etc. are increasing by the microbial community in drinking water which proves that the current 

disinfection methods are not sufficient. Some organisms are capable of producing bio films and show resistance to treating 

agents like chlorination. There is evidence that drinking water may be the source of infections with non-tuberculous 

Mycobacteria in human. Though chlorination was suggested to be the best method of disinfection, Mycobacterium is still 

resistant to this treatment. The effect of H2O2 and HOCl in Escherichia coli, Bacillus subtilis and Mycobacterium aurum 

were studied in this present work with initial concentrations of 2 to 15 mg/l of hydrogen peroxide and hypochlorous acid for 

test cases (0, 0.05, 0.10, 0.15, 0.20, 0.25 and 0.30 mM). Oxidative stress induced in these microbial cultures and ROS was 

measured along with the cell viability. There was a direct relationship between the superoxide levels and the concentration of 

the treating agents. Treatment with disinfectants produced the expected decrease in cell concentrations. Higher concentration 

levels of disinfectants to larger cell decreases. 
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Introduction 

Safe drinking water is free of chemical and microbial 

contaminants that could cause human illness. Historically, 

drinking water treatment and distribution have focused on 

reducing the morbidity and mortality associated 

predominately with waterborne microbial illness 

(Blackburn, B; 2001-2002) Typhoid, cholera, and a host of 

lesser known pathogenic amoeba, bacteria and viruses 

were responsible for significant illness from drinking water 

in the general population of the United States through the 

early part of the 20th century (Richard, 1993).  Filtration 

and chlorination reduced this illness burden significantly, 

and today, waterborne outbreaks in the U.S. are infrequent 

and generally small.  In India, the illness burden is high, 

and many steps have been taken by the Department of 

Drinking Water, Ministry of Water Resources, to improve 

the situation (Dowds, 1994).  

Chlorination is the predominant disinfection method 

applied in water and wastewater treatment due to low cost, 

ease of application and ability to inactivate with wide 

variety of pathogenic micro-organisms (Eichler, 2006). 

Although the mechanisms involved in microbial 

inactivation by chlorine are not fully understood, it is 

believed that reaction with microbial membranes increases 

cell permeability, which results in leakage of 

macromolecules and cell death (Virto et al., 2004).  More 

recent studies have shown that membrane damage is not 

the main mechanism of inactivation for cells exposed to 

oxidative stresses; more subtle effects such as an 

uncoupling of the electron chain or enzyme inactivation 
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may be dominant (Zweier, 1998; Virto et al., 2005).   

Exposure of bacterial cells to HOCl is known to induce 

hydroxyl radicals (OH-) in them (Dukan and Touati, 1996). 

The OH- radicals are the most damaging of the reactive 

oxygen species (ROS) and have very short half-lives. 

Nevertheless, at appropriate levels, ROS are known to 

mediate a number of important cell processes (Manjula 

Rao and Sureshkumar, 2001).  Oxidative stress results 

when the rate of production of reactive oxygen species 

(ROS) exceeds the capacity of the cell for disposal 

(Nakamura, 2003).  

Chlorine resistant organisms are of particular 

interest in water safety because they persist and remain 

infective in oxidative environments (Georgiou, 1999). The 

naturally occurring microbial flora in water distribution 

systems persist despite the presence of the chlorine residual 

(Schmeisser et al., 2003; Eichler et al., 2006). Resistance to 

free chlorine has been attributed to unique variations in the 

cellular structure and protein composition of different 

organisms (Cloete, 2003). In addition to physical attributes 

that aid in resistance to free chlorine, microorganisms 

defend against oxidative stresses by inherent or adapted 

resistance mechanisms that produce extracellular 

polymeric substances (EPSs) (Helmann, 2003). These 

substances react with the oxidative disinfectant, which 

effectively reduces the concentration of disinfectant at the 

cell wall or cell membrane where cell damage can occur 

(Lisle et al., 1998; Ryu and Beuchat, 2004).  

Mycobacteria have been reported in treated and 

distributed drinking water.  The isolation of mycobacteria 

from both environmental and treated drinking water 

samples was first reported in the early 1900s.  However, it 

has been in the last three or four decades these 

environmental mycobacteria have been recognized as 

pathogens of human disease (Cloete, 2003). It is a 

Pathogen infecting both humans and animals. The risk 

associated with these mycobacteria in water systems has 

been recognized by authorities: the US Environmental 

Protection agency has included Mycobacteria in the 

contaminate candidate list for possible regulation in 

drinking water. Mycobacterium species are chlorine 

resistant organisms and common inhabitants of drinking 

water systems (Carson et al., 1978, 1988). Although some 

studies on the effect of chlorine on Mycobacterium exist 

the mechanism of high tolerance of Mycobacterium to 

chlorine levels is not understood (Horsburgh, 1991). The 

quantitative response of microbiological agents to 

disinfectant has been extensively studied.  For chlorine, the 

contact time (CT) for 3 log inactivation defines the species 

susceptibility, where CT is computed as the initial chlorine 

concentration times the time of exposure. Helbling and 

VanBriesen (2007) report the CT for E. coli and M. aurum 

as 0.032±0.009 and 42.9±2.71 mg-min/L, respectively. A 

related concept is the chlorine demand exerted by the 

suspensions during reaction, representing the total amount 

of chlorine used up in reaction with a cell suspension.  

Helbling and VanBriesen (2007) reported that M.aurum 

demanded chlorine at all initial cell concentrations, while 

E. coli suspensions below 105 CFU/ml did not reduce the 

chlorine concentration by reaction.    

The response of cells to treatment with hydrogen 

peroxide (H2O2) has also been studied, and a bimodal 

pattern has been reported in HeLa cells as well as in E.coli. 

The effect of ROS inducing agents on survival rate of 

bacteria varies with phases of growth. In one case, the 

survival rate after 10 mM H2O2 treatment has been 

reported to be 0.01–0.1% with treatment done in early 

exponential phase (Sies, 1991). This work provides a better 
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fundamental understanding of the mechanism of 

disinfection by chlorine, and also explores interesting 

aspects regarding the sensitivity of mycobacterium to 

chlorine.  

Such an understanding may help to evolve better 

effective strategies for drinking water disinfection.  We 

hypothesized that chlorine based disinfection is mediated 

through ROS. In other words, although the chlorine 

resistant microorganisms exhibit different means to counter 

chlorine such as variations in cellular structure, protein 

composition, EPS levels as mentioned above, the 

fundamental base for such counter mechanisms could be 

the level of specific intracellular ROS. To test the 

hypothesis, we correlated the extent of cell kill by 

chlorination with the specific intracellular ROS levels in 

the cell.  To strengthen the hypothesis that the cell kill is 

mediated through ROS, we studied the relationship 

between the extent of cell kill and ROS, when ROS was 

induced by a method other than chlorination. The 

relationship of disinfectant to ROS formation and 

disinfectant efficacy against specific organisms is the focus 

of the present study.  In this work, oxidative stress was 

induced in microbial cultures with application of HOCl and 

H2O2 and ROS was measured along with cell survival.   

Materials and Methods 

Cultures 

 E.coli (ATCC 11775), B. subtilis 168 trp C2 and 

Mycobacterium aurum (ATCC 23366) were purchased 

from ATCC.  Organisms selected were E. coli (ATCC 

11775), a gram negative inhabitant of water widely used as 

indicator organism and a test for chlorine treatment, 

B.subtilis a common organism well exploited in the work 

group and Mycobacterium aurum (ATCC 23366), an 

organism that is neither gram positive nor gram negative 

and that is considered to be resistant to treatment with 

disinfectants. All the cultures were purchased from ATCC. 

They were grown in batch cultures in liquid growth media 

like M. aurum in Middle brook 7H10 agar along with 

Middle brook OADC Enrichment (Difco) and glycerol 

(Acros Organics); B. subtilis and E. coli in NB (Difco) agar 

(Fisher scientific).  When needed, the cells were separated 

from the media and resuspended in Sorensen’s Phosphate 

buffer. 

Cell Concentration Quantification 

Cell concentration changes were assayed by light 

scatter (optical density, OD) at 610 nm or by colony 

counts. For the OD method, standard curves for each 

organism were developed, and used to assess the 

concentration changes. M. aurum, E. coli and B. subtilis 

were plated and quantified by spread plate method on MB 

7H10 with MB OADC Enrichment and glycerol; and NB 

media with TSB (Difco) agar (Fisher Scientific) plates, 

incubation at 37oC for 15 days and 24 hrs respectively.  All 

measurements were conducted at least in duplicate for each 

experiment. Each set of experimental conditions was 

repeated in triplicate. Means and standard deviations from 

the repeated experiments are reported.  In all experiments, 

replicates agreed within about 7%. Prior to each 

experiment, cell cultures were aseptically transferred to 

sterile plastic tubes and centrifuged at 6000 g for 5 min. 

The liquid growth media was separated from the pellet and 

discarded. Cells were re-suspended in a volume of 0.1 M 

chlorine demand-free Sorensen’s phosphate buffer at a pH 

of 7.4 equal to the volume of the discarded supernatant. 

Sorensen’s phosphate buffer was prepared by combining a 

0.2 M sodium phosphate monobasic stock solution with a 

0.2 M sodium phosphate dibasic anhydrous stock solution 

and deionized water at a volumetric ratio of 57:243:600. 
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Resuspended cells were centrifuged, separated, and re-

suspended in phosphate buffer three additional times in 

order to completely separate the cells from their growth 

media, to avoid interaction of the oxidant and the media 

(Helbling and VanBriesen, 2007). To ensure the purity of 

microbial cultures they were checked continuously by 

staining methods. Gram staining and Ziehl Nielson staining 

were used for E. coli and M. aurum respectively.  

Preparation of 0.1 M KO2 solution in Dimethyl sulfoxide 

using Crown ether 

 Finely powdered KO2 (71.1 mg, 1.00 mmol) and 18-

crown-6 (approx.500-800 mg, 2-3 mmol) were placed in a 

dry 50 ml Schlenk tube containing a Teflon coated 

magnetic stirring bar. The flask was evacuated and flushed 

with dry argon. Dimethyl sulfoxide (10 ml) was introduced 

into the flask by syringe. Stirring the solution for 0.5-3 hr 

gave a clear pale yellow solution. Different concentrations 

of 0.1 M KO2 was taken in different aliquots and the 

volume was made upto 2 ml with dimethyl sulphoxide. To 

this 20 µL of dihydro ethidium dye was added and the 

fluorescent intensity was measured from 520 (emission)-

610 nm (excitation). Superoxide standard graph was 

plotted with milli moles of superoxides in the X axis and 

fluorescent intensity in the Y axis. 

Treatment of cultures with Hydrogen peroxide and 

Hypochlorous acid: Stock Solutions 

HOCl was freshly prepared by dissolving equal 

amount of distilled water and sodium hypochlorite as 1 

mole of sodium hypochlorite reacts with water to give 1 

mole of HOCl. 

H2O + NaOCl                      NaOH + HOCl 

 In the context of chlorination, the term `free chlorine’ 

refers to a group of three species, namely, dissolved Cl2, 

HOCl (hypochlorous acid), and OCl- (hypochlorite).  When 

chlorine is dissolved in water, equilibrium exists between 

these three species, and their ratio depends on the 

temperature and pH (Dukan and Touati, 1996).  The 

equilibrium reaction is as follows:  

Cl2    +   H2O                     HOCl   +   H+   + Cl- 

The equilibrium constant, Keq, for the above reaction is 4.5 

x 10-4 at 25oC (Snoeyink and Jenkins, 1980).  The HOCl 

formed can further dissociate as follows: 

HOCl                           H+   +    OCl- 

With an equilibrium constant of 10-7.54. HOCl is the 

predominant species over most of the pH range of typical 

drinking waters (pH: 5-8), and thus we have focused on the 

effects of HOCl in this work.  To maintain our solutions 

with HOCl dominance, they were buffered at pH 7. pH 

measured before and after each experiment confirmed a 

narrow range of values was maintained (7.3-7.4). 

ROS Measurements: Superoxide Radical Quantification 

Various concentrations of H2O2 were prepared from 

8.8 M stock solution. Hydrogen peroxide and 

Hypochlorous acid solutions from 2-15 mg/L were used for 

test cases (0, 0.05, 0.10, 0.15, 0.20, 0.25 and 0.30 mM).  

This exposure was followed by 15 min of incubation at a 

shaker speed of 200 rpm maintained at 37°C. The residual 

free chlorine was quenched with an equal volume of 0.2 M 

sterile sodium thio-sulfate (Na2SO3) solution. To remove 

the excess sodium thio-sulfate, cells were centrifuged and 

re-suspended in fresh media. Superoxide production was 

obtained by measuring the fluorescent intensity. 

Superoxide levels have been measured in the cultures by 

converting the fluorescence measure into superoxide 

nmol/l with the help of a calibration curve. 

Superoxide radicals were measured using 

hydroethidium (HE) fluorescence due to its specificity for 

this ROS. When HE is oxidized by superoxide it originates 
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ethidium (E+), a fluorescent compound (λexcitation = 520 

nm; λemission = 610 nm). 10 µM of HE was added to the 

bacterial culture and incubated for 15 mins. The culture 

was centrifuged and the cells were collected and washed 

with phosphate buffer saline (PBS) thrice. Finally, the cells 

were suspended in PBS and the fluorescence was taken 

with excitation and emission wavelength of 520 nm and 

610 nm, respectively. Concentration of superoxide was 

found from a calibration curve which was made using 

potassium superoxide from Sigma-Aldrich as standard. To 

make the calibration curve, known amount (mmoles) of 

KO2 were added with 20 µl (1 mM stock in methanol) of 

hydroethidine (HE) dye. Sufficient amount of 

dimethylsulfoxide (DMSO) solvent was added to make the 

final volume to 2 ml (Final concentration of HE becomes 

10 µM). Similarly 20 µl of HE in 2 ml final volume of 

DMSO (without KO2) was taken as blank. Fluorescence 

readings were taken immediately after making the above 

mixture. To get the standard curve fluorescent readings 

were plotted against known concentrations of KO2. The 

detailed procedure of solubilization of KO2 using crown 

ether. 

Hydroxyl radical measurement 

Hydroxyl was measured using 3'-(p-aminophenyl) 

fluorescein (APF). APF is a non-fluorescent molecule until 

it is reacted with either hydroxyl radicals, resulting in 

cleavage of the aminophenyl ring from the fluorescein ring 

system, which is highly fluorescent. APF was used directly 

from the purchased vial without further treatment. Similar 

to superoxide measurement 10 µM of APF was added to 

the cultures followed by the incubation for 30 minutes in 

dark for 37ºC and the fluorescent was taken with the 

excitation and emission wavelength of 490 and 520 nm 

respectively.  

Further, all the glassware used were washed with 

detergents and rinsed with hot water and also with 

deionized water. They were allowed to air dry, and then 

dried overnight in oven capped with aluminium foil. These 

steps were taken to avoid the interferences of organic 

material from the environment (Helbring and VanBriesen, 

2007). Lack of microbial contamination was also ensured 

during the experiments.  For example, the acid-fast stain 

test was used to ensure integrity of the Mycobacterium 

aurum cultures.   

Results and Discussion 

Production of ROS in response to disinfectants specific 

intracellular superoxide and hydroxyl levels 

 Although the intracellular antioxidant enzyme levels 

provide an idea of the ROS activity, a direct quantification 

of the ROS would help towards a better understanding.   

Fig. 1. Superoxide levels formed in microbial suspensions 

treated with H2O2 (panel a) In E. coli and B. subitlis 

superoxide level was observed to be 650 nmol/CFU and 
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660 nmol/CFU respectively. Mycobacterium culture 

showed the production of superoxide of 450 nmol/CFU 

under treatment and HOCl (panel b) Mycobacterium 

culture showed the maximum production of hydroxyl of 

1061 nmol/CFU under treatment with 15 mg/L of 

hydrogen peroxide. Superoxide levels varied from 1000 

nmol/CFU to 1200 nmol/CFU for E.coli and B.subtilis 

respectively 

 Intracellular superoxide is known to act as a 

regulatory molecule of cellular metabolism, and hence we 

quantified the specific intracellular superoxide levels (siS) 

and specific intracellular hydroxyl levels during 

chlorination.  ROS formation was observed in all cell 

suspensions treated with hydrogen peroxide (Fig. 1 panel a 

and b). Superoxide production was observed as high as 450 

nmol/CFU for Mycobacterium. But E. coli and B. subtilis 

followed same level of superoxide production up to 650 

nmol/CFU to 660 nmol/CFU under treatment. In contrast 

hydroxyl radicals were found to be following the same 

trend for all the three organisms indicating further research 

in cell killing. 

Cell viability testing 

Treatment with disinfectants produced the expected 

decreases in cell concentration.  Fig. 2 shows decline in 

viable cell counts (by plating) for all three organisms under 

treatment H2O2 (panel a) and HOCl treatment (panel b).  

Cell concentration decreases are shown normalized by 

computing the difference in the concentration before and 

after treatment and dividing by the initial concentration of 

cells.   As expected, higher concentrations of disinfectants 

lead to larger cell decreases. Also noticeable is the linear 

relationship between HOCl concentration and cell 

decreases for E.coli and B.subtilis with R2 of 0.95 and 0.99, 

respectively.   The chlorine resistant M. aurum shows an 

exponential relationship (R2=0.98) with small changes in 

cell concentrations for low HOCl concentrations (below 

0.1 mM) and more significant changes at higher HOCl 

concentrations.  

Fig. 2. Decline in normalized cell concentration for 

different concentrations of H2O2 (panel a) and HOCl (panel 

b).  

 

H2O2 effect on cells were non-linear with effects on 

cells increasing until 0.25 mM, after which the effect on 

Bacillus subtilis did not change and the effect on E. coli 

and M. aurum decreased for the higher data were 

consistent as shown in the close confidence intervals. 

Finally, Fig. 3 shows superoxide/hydroxyl (Panel a and 

Panel b respectively) concentration and normalized 

decreased in cell concentration. While a general 

relationship between increasing ROS concentration and 

decreasing normalized cell concentration is observed, the 

linearity is poor (R2 =0.35, 0.89, 0.58 for E. coli, B. subtilis 

and M. aurum, respectively). Further, the results suggest 
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more significant effects on M. aurum compared with        

E. coli and B. subtilis for every ROS concentration. This is 

an unexpected result as M. aurum is known to be resistant 

to oxidative disinfectants like hypochlorous acid.   

The results further opens the research in antioxidant 

enzyme levels measurement and cell growth dependencies 

of mycobacterium and ROS quantification to be certain 

about the reasons for cell decline in mycobacteria which is 

initially observed to be highly resistant to disinfectants 

especially chlorination in drinking water. 

Fig. 3. ROS concentration and normalized decrease in cell 

concentration across multiple species for treatment with 

HOCl (Panel a) and H2O2 (Panel b) 

 

 

 

 

 

 

 

Discussion 

 Reactive oxygen species (ROS), which include 

predominantly superoxide (O2
*-), hydroxyl (OH-) and 

hydrogen peroxide (H2O2), are fundamental molecules that 

mediate cellular processes (Manjula Rao and Sureshkumar, 

2001), and also have been shown to have a regulatory role 

in the cell-they participate in cell signaling through 

covalent modifications of target protein. Exposure of 

bacterial cells to HOCl, the predominant chlorine species at 

the pH of interest in aqueous systems, is known to induce 

hydroxyl radicals (OH-) (Dukan and Touati, 1996).  The 

OH- radicals are the most damaging of the reactive oxygen 

species (ROS) in the cell, and have very short half-lives 

(Halliwell and Gutteridge, 2009).  The superoxide radicals 

(O2*-), on the other hand, are believed to participate to a 

larger extent in cell signaling due to their long half-lives 

(D’Autreaux and Toledano, 2007).  Evaluation of the role 

of ROS in chlorine resistance and sensitivity in organisms 

has been limited due to difficulties in direct quantification 

of ROS. Most prior work has focused on the qualitative 

description of ROS based on related enzyme 

characterizations, or on identification of ROS without 

quantification. 

The present work directly quantifies superoxide and 

hydroxyl levels and relates these to chlorination effects to 

provide an improved understanding of the mechanism of 

disinfection by chlorine and the resistance of 

mycobacterium.  As seen in fig. 1 there is a constant 

increase in superoxide and hydroxyl level with increasing 

concentration and time. The results for B. subtilis and       

E. coli showed similarity/they followed a trend in contrast 

to M. aurum. M. aurum showed a mild increase in the 

production of superoxide when compared to E. coli and    

B. subtilis.  Production of hydroxyl radicals was found to 

be similar in all the three organisms. Various reasons could 

influence the ROS production in an organism especially in 

mycobacterial species which are commonly known to be 

resistant to the ROS treatments. The results are quite 

interesting to know what facilitates the organism to survive 

and also provides an opportunity to explore factors which 
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influence the ROS production levels. The result is quite 

unexpected as mycobacterium produced cell decline which 

is meant to be resistant for chlorination. This further opens 

the research to analyze for the levels of antioxidant 

enzymes and EPS (Extra polysaccharide levels) in 

Mycobacterium. 

Conclusion 

From all the above experiments it is clear that there 

is ROS production in all the microbial cultures. As the 

concentration of treating agents increased superoxide and 

hydroxyl production also increased. There is a direct 

relationship between the reactive oxygen species 

production and the decrease in cell concentration (change 

in CFU/l). Mycobacterium aurum when compared to Ecoli 

and Bacillus subtilis produced significant level of hydroxyl 

and showed a mild increase in superoxide levels when 

treated with H2O2. HOCl caused similar changes in ROS in 

all the cultures. 
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