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J. M I R ,  J. MORATO AND F. RIBAS. 1997. T h e  disinfectant properties of chlorine have been 
known for centuries but in the last few years water chlorination has attracted 
some criticism due  to its secondary effects and the increased resistance of bacterial 
strains to chlorine inactivation. I n  this paper the kinetics of inactivation by chlorine of 
different Gram-positive and  Gram-negative bacterial strains isolated from chlorinated 
water is studied. The Gram-positive strains were more resistant to chlorine and the behaviour 
of some of them in the  presence of chloramphenicol suggests either the synthesis of 
unique proteins or aggregation of the bacteria as mechanisms of resistance to inactivation. 
T h e  concept of K,, the inactivation rate constant, by comparison with K, in Michaelis- 
Menten enzyme kinetics (considering enzymic saturation), or with K, in Monod 
growth kinetics (considering limiting rates of transport and metabolism of substrates), 
may be an  interesting parameter to define microbial resistance to disinfectants and toxics. 

INTRODUCTION 

The disinfectant properties of chlorine and its compounds 
have been known for many years, and Javelle water has been 
in use in France since 1792. However, until the germ theory 
of disease was established in the mid-l880s, the meaning of 
disinfection practices was unknown (Laubusch 1971). 

Large-scale chlorination of water supplies as routine treat- 
ment began early in this century and its expansion was rapid. 
Water treatment processes include specialized disinfection 
for harmful or otherwise objectionable organisms. Classically, 
disinfection processes have been applied with the purpose 
of destroying or inactivating pathogenic organisms of faecal 
origin, but their use does not necessarily imply complete 
destruction (sterilization) of all living organisms (Scarpino et 
al. 1974). 

Although in the last few years, due to its secondary effects, 
water chlorination has attracted some criticism, there is no 
doubt that it has been one of the greatest advances in water 
purification, since it permits water authorities to use many 
supplies which would otherwise not have attained the 
required standard of purity. 

On the other hand, more information and theoretical con- 
siderations about the mechanisms of microbial inactivation 
by chlorine (Green and Stumpf 1946 ; Knox et al. 1948 ; Hugo 
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1970 ; Schalenkamp 1986) and several models of inactivation 
kinetics, based on Chick's Law (first order decay kinetics) 
and others (Sykes 1958 ; Prokop and Humphrey 1970), have 
been available. 

In order to evaluate the performance of chlorine as a dis- 
infectant in the environment, bacteria grown under laboratory 
conditions have normally been used. Moreover, the indicator 
organism most commonly employed in such testing is Escher- 
ichia coli. 

At least three assumptions were implicit in this. First, that 
the susceptibility of E. coli to inactivation is indicative of the 
susceptibility of pathogens in the water supply. Second, that 
the sensitivity of laboratory-grown bacteria is a reliable mea- 
sure of the sensitivity of natural populations. Third, that 
bacteria not able to grow on agar plates are irreversibly inac- 
tivated. 

However, the occurrence of coliform bacteria in otherwise 
high quality drinking water with high chlorine content has 
recently shown that the maintenance of a chlorine residual 
cannot be relied on to prevent Public Health problems 
(Earnhardt 1980; Olivieri et al. 1985; LeChevallier et al. 
1988). It is also known that not all bacterial strains show the 
same sensitivity to chlorine. 

Over the last few years, several authors have suggested a 
number of mechanisms by which micro-organisms may 
become resistant to, or protected from disinfection : encap- 
sulation (Rudd et al. 1982 ; LeChevallier et al. 1988), growth 
conditions and antecedent growth environment (Carson et al. 
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1972; Berg et a/. 1982; Kutcha et a/. 1984; Harakeh et al. 
1985 ; Matin and Harakeh 1990), attachment to surfaces (Hoff 
1978; JdeChevallier et NI. 1981, 1984; Ridgway and Olson 
1982 ; Camper et (11. 1986), aggregation (Hoff 1978 ; LeChet-- 
allier et ul. 1988; Matin and Harakeh 1990), starvation and 
other stressing or injuring factors (Sherman and Albus 1923 ; 
Berg et nl. 1982; Harakeh et (11. 198.5; Slatin and Harakeh 
1990; Blom et nl. 1992). 

In spite of the abilitl- of the standardized laborator!- 
methods to evaluate the real performance of disinfectants in 
environmental conditions, it seems that these methods can 
be useful to compare sensitivities to chlorine of different 
strains at identical experimental conditions. 

In this paper the kinetics of inactil-ation b!- chlorine of four 
Gram-positive and two Gram-negative bacterial strains have 
been studied. We have based our results on the disinfection 
model of Chick and Watson, in order to get deca!- rate ( D )  
for each strain and chlorine concentration tested. 

These strains were isolated from water at different steps 
of a treatment plant with relativel! high chlorine concen- 
tration. -411 the strains have been precultured in the laboratory 
before their use in inactivation studies. Although this protocol 
could affect correlations with sensitivity values for the dif- 
ferent strains to the inactkating factors in Treatment Plants, 
the main purpose of this study, to compare the beha\-iour of 
the strains under different chlorine concentrations and con- 
tact times, has not been affected. 

These experiments were also performed adding chlor- 
amphenicol (inhibitor of the protein synthesis) to the 
medium, in order to assess differences in kinetic profiles. 

Finally, the T.ariation of inactiution deca!- rates for the 
bacterial strains a5 a function of chlorine concentration has 
been fitted to the allosteric enzymes sigmoidal kinetics model, 
derived from Monod and Michaelis-AIenten hyperbolic kin- 
etics and, b!- analog!., the concept of apparent inactkation 
rate constant (K,) is proposed. 

MATERIALS AND METHODS 

Bacterial strains 

In order to compare their kinetics of inactil-ation several 
bacterial strains were tested. In a nater treatment plant, 
Staphy/o~~oi.cus sp, and Brci.iilus vycuirles were isolated from 
prechlorinated water before sedimentation, respectivel>- 
before and after the addition of flocculants ; Curynebacterium 
sp. \\-as isolated from sedimented water, Pseudurnonm stutzeri 
from filtered water, and Psruihiionas putrt@ciens and Micro- 
coccus luteus from post-chlorinated water (highest free chlorine 
concentration). ‘Fable 1 shows the total and free chlorine and 
pH of the samples where different strains were isolated from. 

The bacterial strains used for the inactivation studies were 
maintained and stored on agar slopes at 4”C, after being 

purified and characterized. The bacterial cultures were re- 
cot-ered from the slopes and grown in MR-VP broth (Merck 
5712) for the inactivation experiments. 

In parallel, several vials of the different strains were also 
maintained between -20°C and -4O”C, in MR-VP broth 
.vrith 1590 glycerol. 

Chlorine determination 

Total and free chlorine were measured by the DPD method 
(Anon. 1992). The  combined chlorine was determined as the 
difference between total and free chlorine. 

cfu determination 

In all experiments (kinetics of inactivation) the enumeration 
of viable bacteria at different time intervals was performed in 
triplicate, by plating 0.1 ml of the samples on Standard I 
.%gar (Merck 7881). The  plates were incubated for 48 h at 
37°C. 

Kinetics of bacterial inactivation 

inactivation by chlorine. A -500 ml Erlenmeyer flask con- 
taining 200 ml of sterile saline buffer (8 g NaCl in 1000 ml 
water), was inoculated with 10 ml of a recovered bacterial 
suspension in stationary phase to achieve a bacterial con- 
centration of 10”-104 cfu ml-’. 

T o  avoid the loss of chlorine due to organic compounds in 
the culture broth, 1 ml was first added to 10 ml of sterile 
buffered saline and filtered through a 0.22 pni membrane. 
The  filter was then carefully rinsed with sterile buffered 
saline to an appropriate sterile flask, up to 10 ml. This was 
added to the 200 ml of sterile buffered saline in the 500 ml 
Erlenmej-er flask. 

Several dilutions from a solution of chlorine in water (6 
mg C1 1-’) were added to the flasks. The concentrations tested 
were 0.05, 0.1, 0.2, 0.3, 0.5 and 1 mg C1 I-’.  

The  flasks were kept a t  room temperature (22  f 1°C) dur- 
ing the exposure to chlorine. At different intervals ( 2 ,  5 ,  10, 
15, 20, 30, 45 and 60 min) three 0.1 ml replicates were 
subsampled from the flasks and after measuring chlorine 
concentration, were incubated on agar plates for 48 h at 37°C. 
-4fter measuring it, remaining chlorine in those subsamples 
was neutralized by the addition of NaN02. 

Simultaneously with each series of inactivation experi- 
ments, controls of two kinds were performed. 

In order to check that the various concentrations of chlorine 
used did not disappear spontaneously during the inactivation 
experiments and that the pH did not change, the experiments 
(from 0.05 to 1 mg l-’) were also performed in duplicate, 
without any bacterial inoculum. At different intervals, from 

- 
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Table 1 Characteristics of the 
environment where the bacterial strains Total chlorine Free chlorine 

plant) 
were isolated from (water treatment Origin Strain (mg CI I-') (mg CI I-') PH 

A Staphylococcus sp. 2.00 1.10 7 . 5 5  
B Bacillus mycoides 2.40 1 .00 7-40 

D Pseudomonns stutzen 1.40 0.70 7.54, 
E Ps. putrefaciens 3.00 2.00 7.36 
E Micrococcus luteus 3.20 2.00 7.36 

C Cwynebacterium sp. 2.40 1 .00 7.40 

A, Pre-chlorinated water ; B, pre-chlorinated water after the addition of flocculants ; C, 
sedimented water ; D, filtered water; E, .post-chlorinated water. 

2 to 60 min, total and free chlorine concentrations, and pH 
were determined on the controls. 

In all cases, chlorine concentration was constant during 
the test, and the pH of the sterile saline buffer was 7.  After 
chlorine addition, the pH of the flasks decreased depending 
on the initial chlorine level, from 0.2 (0.05 mg I-' of chlorine) 
to 0.5 pH units (1 mg 1-' of chlorine). In this range of pH, 
hipochlorous acid-a stronger disinfectant than hypochlorite 
ion-is the predominant form (from 65 to 8O%), so we 
assumed that inactivation capacity of chlorine was constant. 

In order to check that the bacteria used in the experiments 
were stable (neither multiplying nor becoming non-viable 
during the test) the different strains were inoculated to 200 
ml of sterile saline buffer in the absence of chlorine. At 
different intervals, from 2 to 60 min, 0.1 ml of subsamples 
for heterotrophic plate count were spread on agar. 

Inactivation by chlorine and chloramphenicol. The protocol 
was similar to that above described to determine the kinetics 
of inactivation by chlorine, but 180 ml instead of 200 ml of 
sterile saline buffer were placed in the Erlenmeyer flask at 
the beginning. Before the inoculation of bacteria, 20 ml of a 
chloramphenicol solution in sterile methanol (1 mg ml-I) was 
added, so that the final concentration of the antibiotic in the 
flask was 100 pg ml-'. 

At similar intervals as in chlorine kinetic studies, sub- 
samples for heterotrophic plate count were spread on agar. 
Before plating, chloramphenicol and methanol were removed 
by filtering samples through a 0.22 pm membrane, then the 
filter was carefully washed with sterile saline buffer, and 
finally rinsed in 5 ml of sterile saline buffer and plated. 

Chlorine was measured and neutralized as described above. 
Simultaneously with these inactivation studies, controls 

were also performed to assess the viability of test bacteria, 
respectively in methanol and in chloramphenicol. 

A control to assess the viability of tested bacteria in a 
10% methanol solution (v/v in saline buffer), without either 
chlorine or chloramphenicol, was performed. 

Finally, a last control consisted of a sample without chlorine 

but with methanol and chloramphenicol, at the same con- 
centration as in the inactivation studies. The protocol was as 
stated above. 

Observation of bacterial aggregates 

Bacteria in chlorinated media were examined using acridine 
orange staining and epifluorescence microscopy. 

A 0.5-3 ml sample was filtered through a Nuclepore filter 
(0.2 pm pore and 22 mm diam.), previously treated with 1 
ml of Triton solution (0.2 ml of Triton detergent in 96 ml of 
distilled water and 4 ml of formaldehyde 40%). The filter 
was then stained with acridine orange solution : 0.04 g of the 
dye was dissolved in 90 ml of distilled water and 10 ml 
of formaldehyde (40% w/v stabilized with methanol), the 
mixture was filtered and the pH adjusted with HCI to 6.7. 

Microscopy was performed using a yellow filter (0530) 
and U.V. lamp, at x 1000 magnification, by epifluorescence 
microscopy. 

Calculations 

Inactivation decay rates (D) were obtained using a statistical 
program (Statgraphics, vs. 4.0, 1989), while Ki (inactivation 
rate constant) and C, (threshold chlorine concentration) were 
fitted using a data analysis program (Kaleidagraph, vs. 2.1.1, 
1990). 

RESULTS 

Inactivation kinetics 

The results of the experiments to determine the kinetics 
of inactivation by chlorine (in the absence or presence of 
chloramphenicol), corresponding to the six strains tested 
(four Gram-positive and two Gram-negative), are shown in 
Tables 2 and 3, where survival bacteria (as logN,/N,, where 
N,  is the surviving bacteria at the time t and No the initial 
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Table 2 Inactivation kinetics by 
chlorine of bacterial strains (data expressed 
as - log ( N J  No))  

Chlorine concentration (mg 1- ' )  
'Time 

Strain (min) 04M 0.05 0.10 0.20 0.30 0.50 1.00 

Sruphylococc us sp 0 
2 

10 
1 -i 
20 
30 
45 
60 

3 

Micrococcus luteus 0 
2 

I 0 
1 .i 

3 0 
45 
60 

3 

20 

0 
2 

10 
15 
20 
30 
45 
60 

3 

Corynebucterrirm sp. 0 
2 
5 

10 
15 
20 
30 
45 
60 

Pseuciomorzns putrcfuc rcrr~ 0 
2 

10 
15 
20 
30 
4 .i 
60 

3 

Ps. srutzrti 0 
2 
3 

0.00 

0.0 1 

0.00 

0.00 

0.02 

0.00 

042 

0.00 

0.00 

0.04 

0.01 

0.00 

0.05 

0.8 1 

owl 

0.04 

0.0 1 

0.00 

o m  

0.00 0.00 0.00 
0.11 0.63 0.49 
0.24 0.37 0.30 
0.20 0.00 0.58 
0.12 040 0.59 
0.04 0.27 0.03 
0.21 0 4 2  0.16 
0.25 0.14 0.20 
0.28 0.13 0.21 

0.00 0.00 0-00 
0.08 0.06 0.17 
0.11 0.05 0.21 
0.08 0.09 0.15 
0.08 0.22 0.24 
0.11 0.10 0.04 
0.16 0.05 0.05 
0.52 0.12 0.24 
0.56 0.40 0.79 

0.00 0.00 0.00 
0.34 0.27 0.75 
0.30 044  0.48 
0.33 0.35 043 
0.70 0.40 0.79 
0.36 0.52 0.66 
0.59 0.90 0.72 
0.62 042  0.72 
0.59 0 4 6  0.66 

0.00 0.00 0.00 
0-68 1.45 1.09 
> 3  > 3  > 3  
> 3  > 3  0.78 
1.78 > 3  0.68 
1.48 > 3  > 3  
1.78 > 3  > 3  
> 3  > 3  > 3  
> 3  >3 > 3  

0.00 0.00 0.00 
1.15 1.84 > 3  
2.39 > 3  > 3  
> 3  2.82 > 3  
2.39 > 3  > 3  
> 3  > 3  > 3  
> 3  > 3  > 3  
> 3  > 3  > 3  
> 3  > 3  > 3  

N T  0.00 0.00 
N T  0.79 > 3  
YT > 3  1.63 

0.00 0.00 0.00 
0.94 1.39 > 3  
1.01 2.68 2.72 
1.22 > 3  > 3  
1.32 > 3  > 3  
1.38 > 3  > 3  
1.64 > 3  > 3  
2.12 > 3  > 3  
2.54 > 3  > 3  

0.00 0.00 0.00 
0.05 0.18 > 3  
0.06 0.19 > 3  
0.13 0.23 > 3  
0.32 0.25 > 3  
0.15 0.28 > 3  
0.15 0.26 > 3  
0.25 0.67 > 3  
0.60 0.79 > 3  

0.00 0.00 0.00 
044 0.56 1.53 
> 3  0.68 1.35 
> 3  > 3  1.35 
> 3  > 3  > 3  
> 3  0.86 1.83 
> 3  2.16 > 3  
> 3  2.16 1.83 
> 3  > 3  > 3  

0.00 0.00 0.00 
> 3  > 3  > 3  
0.73 1.04 1.91 
> 3  1.22 > 3  
> 3  1.52 > 3  
> 3  > 3  > 3  
> 3  > 3  > 3  
> 3  > 3  > 3  
> 3  > 3  > 3  

0.00 0.00 0.00 
> 3  > 3  > 3  
> 3  > 3  > 3  
> 3  > 3  > 3  
> 3  > 3  > 3  
> 3  > 3  > 3  
> 3  > 3  > 3  
> 3  > 3  > 3  
> 3  > 3  > 3  

0.00 0.00 0.00 
1.48 > 3  > 3  
> 3  > 3  > 3  
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Table 2 (continued) 
Chlorine concentration (mg 1-') 

Time 
Strain (min) 0.00 0.05 0.10 0.20 0.30 0.50 1.00 

10 N T  1.69 > 3  > 3  > 3  > 3  
15 0.00 N T  >3 > 3  > 3  > 3  > 3  

30 0.00 N T  > 3  > 3  > 3  > 3  > 3  

60 0.00 N T  > 3  > 3  > 3  > 3  > 3  

20 N T  > 3  > 3  > 3  > 3  > 3  

45 N T  > 3  > 3  > 3  > 3  > 3  

NT. Not tested. 

amount of bacteria) for different contact times and different 
initial chlorine concentrations are expressed. 

Previously, bacterial concentrations in controls (saline 
buffer, 10% methanol in saline buffer and 10% methanol in 
saline buffer containing chloramphenicol) were found to be 
constant (at least during 60 min) with the exception of Cory- 
nebacterium sp., which showed a slight decrease. Data for 
saline solution only (control) are shown as chlorine con- 
centration 0.00 in Table 2 and data for 10% methanol (con- 
trol) in saline buffer containing chloramphenicol correspond 
to chlorine concentration 0.00 in Table 3. 

In order to simplify calculations, when bacterial survival, 
related to the initial concentration, was less than 1 per 1000, 
the considered value was always -3. As in the tables the 
values are expressed in its positive form (mortality instead of 
survival), when three consecutive values in time for the same 
chlorine concentration had the value 3, all the following values 
were assumed to be 3. Below this border we have considered 
that remaining bacteria are insignificant. 

In general terms, greater numbers of bacterial mortality 
values were observed in Gram-negative strains (90% of the 
data in Table 2) than in Gram-positive strains (36% of the 
data). 

When chloramphenicol was added (Table 3), the number 
of bacterial decay values of 3 decreases (from 36 to 21% 
for Gram-positive and from 90 to 48% for Gram-negative 
strains). However, in order to interpret correctly these dif- 
ferences it is necessary to account for the reduction in obser- 
vations in chlorine + chloramphenicol experiments due to the 
omission of the samples at times 30 min and 1 h. The  inclusion 
of these times would probably have increased the number of 
- 3 observations. 

The model of Chick and Watson 

When the results from contact time M bacterial survival 
(expressed as log N,/No) for each chlorine concentration 
tested were plotted, data for samples following two con- 
secutive values of - 3, were omitted from the calculations. 

When the graphs obtained for different inactivation kin- 
etics (not shown) were compared with the more usual math- 
ematical models (Prokop and Humphrey 1970), some of the 
individual curves fitted the theoretical predictions made by 
Chick, Komemushi or Brannen, but other curves showed 
unusual profiles. These profiles were more frequent in Gram- 
positive strains at lower chlorine concentrations (04-0.20 
mg C1 I-'), showing increased bacterial resistance (decreases 
of inactivation rates), between 10 and 30 min exposure. 

As the point of this work was to compare different bacterial 
sensitivities rather than to fit the best mathematical model to 
the data, the simplest model (the Chick-Watson law) was 
chosen for the data. 

This law is expressed as follows : 

Log(NJN0) = -DC"l 

where No and N, are the bacterial concentrations respectively 
at the beginning and after a contact time t ,  D is the decimal 
decay rate constant, C is the disinfectant concentration and n 
is an exponent of dilution. 

Adjusting the results of log (N,/No) shown in Tables 2 and 
3 as a function of time by linear regression, the slopes (decay 
rates), coefficients of determination (2) and probability levels 
(P)  for different strains and different chlorine concentrations 
are shown in Table 4 (chlorine inactivation kinetics) and 
Table 5 (chlorine inactivation kinetics with chloramphenicol). 

In general, it can be seen that more significant values 
are obtained when chloramphenicol is added to the medium 
( P  < 0.05, 69% of the values) than with chlorine only 
(P < 0.05, 47.6% of the values). This is more evident for 
Gram-positive strains ( P  < 0.05,75% us 43% of the values). 

Thus, when chloramphenicol is added, the results can be 
better fitted to Chick-Watson's law. 

Inactivation rate constant 

By analogy with the saturation constant (KJ  in growth or 
enzymic kinetics, a similar concept for inactivation kinetics in 
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Table 3 Inactivation kinetics by 
chlorine and chloramphenicol of bacterial Chlorinc concentration (mg 1 - ') 

Time strains (data expressed as 
Strain (min) 0.00 0.05 0.10 0.20 0.30 0.50 1.00 - log ( f l - , / w , ) )  

0 
2 
5 

10 
20 
45 

0 
2 

10 
20 
45 

0 
2 

10 
20 
45 

0 
2 

10 
20 
45 

7 

7 

3 

Ps. st1rrcerr 0 
2 

10 
20 
45 

3 

0.00 
0.02 
0.04 
0.07 

0.07 

0.00 
04i 
0.1 5 
0.17 

0.7 1 

0.00 
0.04 
0.10 
0.15 

046  

0.00 
0.17 
0.28 
0.34 

0.39 

0.00 

0.02 

0.00 

0.00 

0-00 0.00 0.00 0.00 0.00 0.00 
0-13 0.18 0.13 0.14 0.11 042 
0 - 3 2  0.09 0.13 0.14 0.16 0.35 
0.12 0.14 0.06 0.30 0.29 047 
0.08 0.11 0.14 0.48 0.29 047  
0-39 047  0.61 0.73 0.37 1.51 

o no 0.00 0.00 0.00 0.00 0.00 
0.31 0.29 070 0.73 0.7.5 > 3  
0.99 0.33 0.97 0.87 > 3  1.30 
0.56 0.32 0.88 1.03 > 3  > 3  
0.54 0.19 0.65 040 > 3  > 3  
1.15 0.98 0.88 0.48 > 3  > 3  

0-00 0.00 o m  0.00 0.00 0.00 
0-23 0.50 049  048 > 3  > 3  
0.32 0.33 0.17 0.63 > 3  > 3  
0.33 0.29 1.02 0.35 > 3  > 3  
0 33 0-47 0.46 0.88 > 3  > 3  
0-59 1.23 > 3  1.58 > 3  > 3  

0-00 0.00 0.00 0.00 0.00 0.00 
0-11 0.01 0.05 0.40 1.11 > 3  
0.12 0.21 0.12 0.96 145  > 3  
0.15 0.31 0.39 0.51 2.22 > 3  
0.39 0.37 0.23 040 > 3  > 3  
0.87 1.53 0.90 1 4 2  > 3  > 3  

0.00 0.00 0.00 0.00 0.00 0.00 
1.87 2.72 2.92 2.80 2.85 > 3  
1.64 2.92 2.32 2.59 > 3  > 3  
2.44 2.11 2.37 2.85 2.77 > 3  
1 88 2 4 8  > 3  2.82 2.82 > 3  
> 3  2.11 > 3  > 3  > 3  > 3  

0~00 0.00 0.00 0.00 0.00 0.00 
0.72 0.93 1 4 2  1.35 > 3  > 3  
1.62 1.10 1.89 > 3  > 3  > 3  
1.32 0.98 > 3  > 3  > 3  > 3  
1.62 1.28 > 3  > 3  > 3  > 3  
1-92 > 3  > 3  > 3  > 3  > 3  

disinfectants and/or toxicants can be designed : the apparent 
inactil-ation rate constant (K,),  i.e. the chlorine concentration 
at  which D (inactivation deca!~ rate, which can be related to 
the inactii-ation speed) is half of the maximum (in this case, 
0.73). The comparison between the obtained Ki for different 
strains could reflect the different sensitivities to chlorine. 
This concept can also be applied to other bactericides. 

A maximum decay rate (DmJ of 1.5 has been considered, 
because this value is the calculated slope for the highest 
inactivation that can be obtained (due to the designed experi- 
ments) if all bacteria are inactivated at the shortest contact 
time (2 min) tested. 

We have considered that the variation of inactivation decay 
rates for the bacterial strains as a function of chlorine con- 
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Table 4 Decay rates (slopes) for 
chlorine inactivation kinetics Chlorine concentration (mg I - ' )  

Strain 0.00 0.05 0.10 0.20 0.30 0.50 1.00 

Staphylococcus sp. slope 0.000 0-003 -0.002 -0-003 0.033 0.028 0.221 
? 1,000 0.401 0.050 0.061 0.856 0.816 0.434 
P 0.000 0.067 0.563 0.521 0.0003 0.096 0.342 

Micrococcus luteus slope 0.000 0.009 0.004 0.008 0.008 0.010 1.500 
? 1.000 0.875 0,551 0.512 0.727 0.879 1.000 
P 0.000 0.0002 0.022 0.030 0.003 0.0002 0.000 

Bacillus mycoides slope 0.000 0.007 0,005 0.005 0.033 0.035 0,031 
r2 1,000 0,463 0.214 0,206 0.306 0,361 0.417 
P 0.000 0.043 0.210 0.219 0.123 0.087 0.060 

Corynebacterium sp. slope 0,013 0.030 0.593 0.069 0.195 0,071 0.210 
? 0.716 0.309 0.991 0.181 0.298 0.218 0.418 
P 0.033 0.120 0.061 0.400 0.454 0.350 0.354 

PsezrrZomonasputr~aciens slope 0.000 0.121 0159 1,500 1.500 1.500 1.500 
? 1.000 0.632 0.567 1.000 1.000 1.000 1.000 
P 0.000 0.059 0.142 0.000 0.000 0.000 0.000 

Ps. stutneri slope 0.000 NT 0.162 0.207 0.593 1.500 1.500 
rz 1.000 - 0.553 0.397 0.989 1.000 1.000 
P 0.000 - 0.149 0.370 0.068 0.000 0.000 

?, Coefficient of determination ; P, probability level ; NT, not tested. 

centration can be explained following the allosteric enzymes 
sigmoidal kinetics model, derived from Monod and Michaelis- 
Menten hyperbolic kinetics. 

Globally, a first adjustment according the late kinetics did 
not fit our experimental data so well. 

The equation to fit the data according to the sigmoidal 
model is as follows : 

Dmax D =  1 + enrr(c-c,,)-K,l 

were D is the inactivation decay rate, D,,, (substituted in this 
case by 1.5) is the maximum inactivation decay rate, Sg is 
the minimum chlorine concentration with disinfectant effect 
(threshold chlorine level), Cis the chlorine concentration and 
K, is the apparent inactivation rate constant. 

Significant decay rates ( P  < 0.15) for each bacterial strain 
us chlorine concentration were plotted (when at least four 
from the seven possible data were available), in the absence 
(Fig. 1) or presence (Fig. 2 )  of chloramphenicol. The data of 
both figures have been fitted to the sigmoidal model, except 
those corresponding to Micrococcus luteus in Fig. 2 .  

In Table 6, K, values for all the tested strains in inactivation 

kinetics by chlorine with or without chloramphenicol are 
shown, considering its probability level and coefficient of 
determination, according to the sigmoidal model. When less 
than four significant values for decay rates are available, only 
K, is indicated. Micrococcus luteus does not fit the sigmoidal 
model when its inactivation is performed by chlorine in the 
presence of chloramphenicol, as three of the significant values 
of decay rates are grouped between 0.01 and 0.02, while the 
highest one is 0.61. In this case, a better adjustment was made 
to the exponential model. 

Considering a confidence level of 90% ( P  < 0.100), onlj 
Gram-negative strains fit well the proposed sigmoidal model 
for chlorine inactivation, while for chlorine + chlor- 
amphenicol experiments, several Gram-positive strains fit 
also the sigmoidal or exponential model. 

Observation of aggregates 

In order to evaluate if the observed differences in inactivation 
kinetics behaviour were attributable to the addition of chlor- 
amphenicol to the medium, some microscopic observations 
by epifluorescence were performed. 
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Table 5 Decay rates (slopes) for 
chlorine inactivation kinetics, in the Chlorine concentration (mg I - ' )  

Strain 
presence of chloramphenicol 

0.00 0.05 0.10 0.20 0.30 0.50 1.00 

Sti~phylococrzrs sp. slope 04102 0.005 0.008 0.012 
I' ' 0.890 0.380 0.778 0.860 
P 0.005 0.192 0,020 0.008 

Mirroi oicus luteirr slope 0.011 0418 0.017 0.008 
r' 0.762 0491 0.761 0-157 
P 0.023 0.121 0,023 0 4 3 7  

Bacillus  my^ o d e (  slope 0.009 0.010 0.022 0.060 
r' 0,887 0.745 0.827 0.843 
P 040.i 0.027 0.012 0.010 

Coqwehrrl /ertiini 5p dope 0.005 0419 0,033 0.019 
I? 0,718 0-987 0.952 0.888 
P 0 4 3 3  04001 0.0009 0.005 

Ps. .i/titzn slope 0400 0.030 0.055 0.253 
I' 1.000 0.508 0.884 0.910 
P 0.000 0.112 0405 0.046 

0.015 0.007 0,028 
0.939 0.693 0.891 
0.001 0.040 0.005 

-0.002 0.613 0.202 
0-005 0.973 0.364 
0.892 0.106 0,396 

0.030 1.500 1.500 
0.873 1.000 1.000 
0.006 0.000 0400 

0.022 0.134 1.500 
0-578 0,883 1.000 
0.079 0.018 0.000 

0.032 0030 1.500 
0.224 0.180 1.000 
0.343 0402 0.000 

0,596 1.500 1.500 
0.997 1.000 1.000 
0.036 0.000 0.000 

~ ~ ~ ~~~ ____ ~~ ~ 

r', Coefficient of determination ; P, prohahilit\ le\el 

.-.--- 
*' I 1.5 

Chlorine concentration (mg I-') 

Fig. 1 Sigmoidal fitting of significant ( P  < 0.15) deca! rates 
corresponding to different chlorine concentrations for tested 
bacterial strains in chlorine inactiration experiments. A, 
Stnpl~)~/oco~.~.rrs sp. ; 0, .Ilwi-or.or i-us liiieus ; 0, Bacrllirs nycoirfes ; ., 
Preur/r~tno~r~rs p/rtr.c/itr/ci/.i ; , P.s. s/iitctw 

Burillits q v o i d u s  shows differences in formation of aggre- 
gates in the presence and absence of' chlorine (1 mg I - ' )  in 
saline solution in Figs 3 and 4. 

In the first case, aggregation level is much more important. 

0 0.2 0.4 0.6 0.8 1 
Chlorine concentration (mg I-') 

Fig. 2 Sigmoidal fitting of significant ( P  < 0.15) decay rates 
corresponding to different chlorine concentrations for tested 
bactcrial strains in chlorine + chloramphenicol inactivation 
esperiments. A, Staphylococcus sp. ; 0, Micrococcus luteus ; 0, 
B(ici1lirs nlycoirles ; A, Corynehacterium sp. ; a, Pseudomonas 
strctzeri 

Although these observations have to  be considered as pre- 
vious results, it seems reasonable to point out that chlorine 
can promote bacterial aggregation, probably as a bacterial 
strategy to survive in adverse conditions. 
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Table 6 Apparent inactivation rate 
constant values for different Chlorine Chlorine + chloramphenicol 
Gram-positive and Gram-negative 
strains (adjustment of the data Strain n K i J P  n K, I.’ P 
corresponding to the significant 
decay rates to the sigmoidal model) Sta~h~~ococcus sp. 4 1.80 0.616 1.074 6 3.66 0.762 0.820 

Micrococcus luteus 7 0.69 0.999 0.229 4* 0.53 0.988 0.006 
Bacillus tnycoides 5 4.86 0.404 3.336 7 0.37 0.999 0.093 
Co ynebacterium sp. 3 8.73 - - 7 0.65 0.999 0.046 
Pseurlomonasputrefaciens 7 0.13 0.996 0,013 3 0.35 - - 

Ps. stutzeri 5 0.32 0.989 0.015 7 0.32 0.994 0.009 

n, Number of significant decay rates (P < 0.15); Ki, apparent inactivation rate constant; r’, 
coefficient of determination ; P, probability level of K, values (considered as significant when 
P < 0.10); *, adjustment of these data to the exponential model. 

Fig. 3 Acridine orange staining of Bacillus mycoides in sterile 
saline buffer (without chlorine) observed by epifluorescence 
microscopy 

oratory (data not shown) with bacterial strains isolated from 
river water (Staphylococcus sp., Corynebactevaunz sp., Psrud-  
monas putrefaciens and E. col i )  agree with these results. 

The differences in behaviour between Gram-positive and 
Gram-negative strains are probably associated with dif- 
ferences in bacterial membrane and wall structures. Anal- 
ogously, differences in chlorination resistance attributable to 
encapsulation (Rudd et al. 1982) or concentration of nutrients 
in the media (Clark 1984; Harakeh et al. 1985) have been 
described. As it is known, either the formation or the modi- 
fication processes of membrane accessory components involve 
protein synthesis (Walsh and Bissonette 1983, 1987 ; Singh 
et al. 1986). 

On the other hand, unique proteins are synthesized b! 
bacteria as a response to stress, which can enhance resistance 
(Jenkins et al. 1988; Schultz and Matin 1988; Matin and 
Harakeh 1990). Escherichia cola, Salmonella typhtmziviuni and 
different marine bacteria exposed to nutrient deprivation syn- 
thesize unique proteins, which suggests a global response of 
gene regulation at the onset of starvation (Amy and Morita 
1983; Groat and Matin 1986; Groat et al. 1986; Jouper-Jan 
et al. 1986; Spector et al. 1986; Schultz and Matin 1988). 
It appears that starvation proteins confer enhanced stress 
resistance on E. coli (Jenkins et al. 1988 ; Schultz and Matin 
1988). Blom et al. (1992) found that the exposure of E. coli 
to nine different organic and inorganic micropollutants led 
to the induction of a set of different proteins, some of which 
were specific but others were overlapped with heat shock and 
carbon starvation proteins that gave resistance to chlorine 
disinfection. The studies performed in the genera Escheyichia, 
Salmonella and Vi6rio showed that most of the proteins are 
induced at the onset (0-3 h) of starvation (Morton and Oliver 
1 994). 

Fig. 4 Acridine orange staining of Bacillus mycodes in sterile 
saline buffer (after 60 min of contact with 1 mg 1-’ of chlorine) 
observed by epifluorescence microscopy 

DISCUSSION Although the maximum exposure time to chlorine tested 
in our experiments (1 h) is low in comparison with what . .  

In general, the Gram-positive strains tested are more resistant 
to chlorination, i.e. their decay rates are lower for the same 
chlorine concentrations. Previous observations in our lab- 
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thesis is blocked, bearing in mind the obserl-ations in the 
literature discussed above. Chloramphenicol is an inhibitor 
of protein synthesis in procaryxic cells and it has also been 
described as an inhibitor of bacterial aggregation (Finlay et 
nl. 1989 ; Matin and Harakeh 1990). This is the reason why 
the kinetics of inactivation by chlorine in the presence of 
chloramphenicol has been studied. 

In general, when inactivation kinetics with and without 
chloramphenicol are compared, the presence of the antibiotic 
improves the fitting to the sigmoidal curve model for the 
different strains. In Table 6, K, defined values have a globally 
lower P and there is a higher number of kinetics significantl!. 
probable ( P  < 0.10) when chloramphenicol is added. 

As cited above, n-hen chlorine inactkation kinetics are 
observed, it can be assumed that, in general, chlorine has 
greater effects over the Gram-negatir-e strains tested (lower 
K, values). 

On the other hand, the general tendenc!. is that at higher 
chlorine level the decay rates (in absolute values) are also 
higher, although, as stated above, some values of the last 
parameter for Gram-positive strains are lower at intermediate 
times (between 10 and 30 min) and low chlorine doses 
(between 0.05 and 0.20 nig C1 1 - '). 

However, in the presence of chloramphenicol, the aspect 
of the curves is different. The increase in bacterial counts 
after 10-30 min of contact following an initial decrease, that 
can be observed in results without chloramphenicol in some 
Gram-positive strains, was not obser\-ed to the same extent. 

-41~0, as shown in Table 6, the K, values were higher, in 
general terms, for Gram-positive strains, when the inac- 
tivation experiments \\ere performed without chlor- 
amphenicol. 

These phenomena can be interpreted in two ways. One 
possible interpretation would be an inhibition of protein syn- 
thesis by chloramphenicol, lowering an initial resistance prob- 
abll- associated u ith the presence of unique proteins. As 
observed by Morton and Ol ix r  (199.C), most of these proteins 
are induced at the beginning (from 0 to 3 h) of stress 
conditions, or assuming that bacterial aggregates ma!- con- 
tribute to the heterotrophic plate count. Each of these aggre- 
gates can contain a high and variable number of cells (Hicks 
and Rowbury 1986; Van Loosdrecht 1988; Stewart et a/. 
1990). The promotion of bacterial aggregates is a passive 
(defensive) mechanism against the action of disinfectants, in 
such a wa! that only the outer cells are targets for chlorine 
attack (IxChevallier rt  at. 1987). The  decrease of cfu detected 
for Coi-ynrhacterium sp., even in saline solution without chlorine, 
could be also associated \I-ith the formation of aggregates. 

The formation of bacterial aggregates in the first minutes 
of contact with chlorine could explain the rapid decrease in 
cfu. The subsequent cfu increase could be interpreted as a 
destruction of aggregates, in such a way that plate counts 
provisionally increase before the definitive decrease, as a 

consequence of the final inactivation by chlorine in better 
conditions of attack. 

Both theoretical interpretations of the experimental obser- 
vations can, rather than being contradictory, be comp- 
lementary when considering the influence of protein synthesis 
on inactivation. The  aggregation can be attributed to bacterial 
adhesion, and this adhesion to the protein structure of exter- 
nal membranes and cell walls. Chloramphenicol has also been 
described as an inhibitor of bacterial adhesion, which is 
reduced in Salmonella by 970/0, by preventing bacteria from 
synthesizing specific membrane proteins (Finlay et al. 1989). 
In spite of previous microscopic observations that seem to 
support it, Fig. 3 shows how the presence of chlorine pro- 
motes bacterial aggregation in Bacillus m.ycoides, and similar 
microscopic observations (not presented) for Stuphylococcus 
sp. and Micrococcus luteus have been obtained. 

As observed by Bossier and Verstraete (1996) the starvation 
could promote bacterial aggregation or cell surface changes- 
like the increase of hydrophobicity-which might facilitate 
aggregation. Because micro-organisms growing in aggregates 
are sheltered from adverse environmental conditions, it seems 
reasonable to point out that chlorination can lead towards 
gene activation facilitating aggregation. However, the aggre- 
gate hypothesis needs further work before its influence on 
bacterial resistance to chlorine can be confirmed. 

In Figs 1 and 2, for some Gram-positive strains, a mini- 
mum chlorine concentration (between 0.3 and 0.5 mg 1-') 
has a bactericidal effect (threshold chlorine concentration). 
For Gram-negative strains tested, the threshold is lower 
(around 0.05 mg 1-I). 

On the other hand, the Ki values seem not to agree with 
the data in Table 1 : the results of the kinetics of inactivation 
by chlorine performed in the laboratory may conflict with 
field observations, since the concentration of chlorine in the 
environment in which Gram-negative and some Gram-posi- 
tive bacteria were isolated was higher than that at which they 
\?-ere effectively inactivated in the laboratory. An explanation 
could be that the strains exposed to disinfectant had been 
cultured on rich laboratory media for generations, which 
could decrease their resistance to chlorine. A resistance to 
chlorine nine times higher in a strain coming from chlorinated 
water than in the same strain coming from a rich medium 
has been described (Carson et ul. 1978). 

In our experiments, the more resistant bacteria (Bacillus 
m.ycoides and Stuph,ylococcus sp.) were not isolated from the 
water samples with highest chlorine content, while the Gram- 
positive strain (Micrococcus luteus) isolated from the sample 
with highest chlorine was not so resistant. Paradoxically, the 
less resistant strain (Pseudomonus putwficiens) was isolated 
from a sample with the maximum free chlorine. 

However, besides the information given about the behav- 
iour of different bacterial strains of remote aquatic origin 
when inactivated by chlorine at different contact times and 
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concentrations, the consideration of inactivation rate constant 
(KJ  concept constitutes an interesting tool to use in inac- 
tivation studies. This  inactivation rate constant, designed by 
analogy with the saturation constant in Michaelis-Menten or 
Monod models, is probably a representative parameter of the 
microbial sensitivity to disinfectants or toxicants, simpler in 
its expression, easier in its formulation and even conceptually 
clearer than extensive sets of data considering inactivation 
conditions. 

New experiments using higher concentrations of dis- 
infectant will need to be designed in order to calculate Ki 
with accuracy, especially when its value is higher than 0.5 mg 
1-’. 

Also, from the microbial ecology point of view, further 
inactivation experiments, directed to define Ki in strains 
directly isolated from chemostats with monospecific popu- 
lations or biofilms, in controlled nutrient conditions (includ- 
ing starvation and physico-chemical stresses) would be 
interesting for a better understanding of the behaviour of the 
bacterial strains under more realistic environmental 
conditions. 
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