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ABSTRACT
This study aimed at elucidating the inactivation mechanisms of pathogenic bacteria in drinking water
during chlorine and solar disinfection using a simple plating method. The well-known bacterial model
Escherichia coli was used as pathogenic bacteria for the experiments. The damage mechanisms of E. coli were
evaluated by simple plating method on selective, less selective and non-selective media. Results showed that,
injured E. coli were detected at different levels during chlorine and solar disinfection. The use of selective
media during water quality control showed effectively the destruction of E. coli during solar disinfection while
the removal of E. coli during chlorine disinfection was not ensured. The damage of cell components and/or
metabolic functions showed that there is a primary and mainly damage of E. coli during chorine and solar
disinfection. Chlorination firstly and mainly damaged membrane cell followed by that of enzymatic functions
and nucleic acid; while solar disinfection damaged mainly nucleic acid. The use of simple plating method in
water quality control is limited by the choice of plating media depending on the disinfectant used. The
understanding of the damage mechanisms of pathogenic bacteria cells during disinfection helps improve
drinking water quality control and develops more effective disinfection strategies.
© 2016 International Formulae Group. All rights reserved.
Keywords: Drinking water, pathogenic bacteria, E. coli, damage mechanisms, chlorine disinfection, solar
disinfection.

INTRODUCTION
Over the next decades, water crisis are
inevitable and more than one billion people
have no access to safe drinking water (WHO
and UNICEF, 2014). As a result, millions of
© 2016 International Formulae Group. All rights reserved.
DOI : http://dx.doi.org/10.4314/ijbcs.v10i2.6

people, mostly young children, die every year
of water-related diseases, especially in
developing countries. The detection of
microbial contaminants responsible for these
diseases has so far largely improved and
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researchers have found that several
waterborne
microorganisms
including
pathogenic bacteria may persist in potable
drinking water (Cabral, 2010; Orjiekwe et al.,
2014).
Water
disinfection
has
gained
importance due to the emergence of
waterborne pathogens which are resistant to
conventional water treatment technology
(Richardson and Postigo, 2012; Wahome et
al., 2014). Resistant waterborne pathogens’
deposition and dispersion in the environment
can substantially reduce the quality of
received waters and represent a considerable
risk for human health (Hrudey and Charrois,
2012). Among the traditional water
disinfection technologies, the chlorination
process is the first and foremost disinfection
process, and used for 100 years. However,
there has been an increasing public concern
for over 40 years relating to the formation of
disinfection by-products (DBPs) such as
trihalomethanes,
haloacetic
acid,
and
nitrogenous DBPs (Zogo et al., 2010; Xue et
al., 2014). Moreover, some waterborne
pathogenic bacteria, ubiquitous in biofilms,
are resistant to free chlorine (Ramseier et al.,
2011). The most widespread commercial
alternatives to the use of chlorine-based
oxidants are ozonation and filtration but these
technologies also have their limits.
In recent years, UV light was
increasingly used as a disinfectant, as it
effectively inactivates bacteria and somewhat
forming DBPs that are relatively less than that
upon chlorination (Shah et al., 2012). Solar
irradiation containing UV lights can also be
used for disinfection and the inactivation of
many waterborne microorganisms including
bacteria has already been reported (McGuigan
et al., 2012). Water is already treated in many
sunny areas by solar disinfection or SODIS;
the term SODIS particularly refers to the solar
disinfection of drinking water in PET bottles
on a small household scale (Mcguigan et al.,
2012). The SODIS process relies heavily on
the solar UV-A which, as received at sea
level, is composed of roughly similar portions
of both direct and diffuse electromagnetic

irradiations. Given the diffuse nature of the
UV-A and the cylindrical shape of the bottles,
the use of concentrating systems based on
non-imaging optics with low concentrating
factor has the potential to enhance SODIS.
The primary focus of most studies
provide information on disinfectant doses and
contact times (Cho et al., 2010) required to
adequately control pathogens as public threat.
However, the mechanisms of microbial cells
inactivation are relatively not well established
compared to a large database of inactivation
kinetics, partly because incidences that trigger
the cell death or inhibit further growth involve
diverse and complex methods (Cho et al.,
2010). Generally, the efficacy of water
disinfection processes is monitored by
measurements of bacteria using traditional
plate count techniques. However, inactivation
of specific bacteria or bacterial groups does
not guarantee an acceptable degree of removal
of other waterborne organisms (Rizzo, 2009).
In most cases, conventional cultivation covers
the minority of bacteria occurring only in a
certain habitat. Even bacteria that usually
grow on traditional media can lose
cultivability after chlorine and solar
disinfection and this, despite retaining
viability and infectious capacity (Giannakis et
al., 2014). These underlining showed that not
only water treatment technologies need to be
improved, but also water quality control
methods.
To fully assess water purification
processes, it is important to characterize the
injury, lethal and sub-lethal damage caused by
disinfection processes and identify the
potential for bacterial re-growth (Dunlop,
2011). The damage mechanisms of bacteria
cells involved are most commonly explained
as the destruction of the organism protein
structure and the inhibition of enzymatic
activities as well as the nucleic acid and
morphological structure (Cho et al., 2010). So
far, most research activities focused on the
investigation of bacteria damage with
complex techniques. There have been a few
studies only, in which DNA damage and
repair after chlorine and UV exposure were
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For chlorine disinfection, chlorine was
used. A free chlorine stock solution
(approximately 50 mg.l-1) was prepared by
diluting sodium hypochlorite solution (13%,
Junsei Co., Japan). The concentration was
determined by the DPD colorimetric method
using a DR/2010 Spectrophotometer (HACH
Co., USA). For solar disinfection natural UV
lights from sun was used.

estimated using molecular methods based on
specific antibodies measurement (Al-Adhami
et al., 2007) or the use of polymerase chain
reaction (Escheid et al., 2009). Consequently,
there is still a lack of simple standard method
on the primary pathway of disinfectant
interaction with microorganisms.
This study aimed at elucidating the
inactivation mechanisms of pathogenic
bacteria in drinking water during chlorine and
solar disinfection using a simple plating
method.

Disinfection procedure
Chorine disinfection was performed in
a head-space-free Pyrex piston-type reactor
that could hold 50 ml test solution. The
experiment was initiated by transferring
instantly the concentrated disinfectant stock
solution into the reactor containing PBS (pH
7.1) of bacteria suspension. Chlorine solution
previously prepared was added at dose 0.5
mg.l-1 for cell suspensions. During
experiment, the solution was mixed using a
magnetic stir bar placed inside the reactor. As
control, the same amount of sample was
prepared without chlorine. Samples were
taken at different times (0-4 hours) from the
sampling outlet of the reactor and collected
into sampling bottles without contact with the
atmosphere. The residual disinfectants were
instantaneously quenched using excess
sodium thiosulfate before analysis.
Solar disinfection experiments were
conducted in Ouagadougou, the capital city of
Burkina Faso. The experiment was carried out
in April, in a dry season period, and there was
no rainfall during all the experimental period.
The experiments were conducted with new,
locally purchased smooth-surface 1.5 l PET
bottles. The bottles were exposed to sunlight
from 9:00 a.m. to 5:00 p.m. As control the
same amount of sample was wrapped with
aluminum foil before subjected to sunlight.
The mean meteorological data of the
experimental day were taken from Burkina
Faso’s Meteorology Station. Therefore, from
9:00 a.m. to 5:00 p.m., the average daily level
of solar radiation was 598.4 W.m−2; the
average relative humidity was 48% and the
ambient temperature was 35 °C. Samples were
taken at different intervals time (0-8 hours)
during experience and immediately wrapped

MATERIALS AND METHODS
Bacteria strains and bacterial suspension
preparation
In this study, Escherichia coli was used
as pathogenic bacteria model. The bacterial
strain used was E. coli ATCC 25922 (a
primary indicator of water fecal pollution)
which was purchased from the American
Type Culture Collection (ATCC, USA). The
procedure used for the preparation of bacteria
suspension was based on the method of Cho et
al. (2006). In brief, a freeze-dried pellet of E.
coli was first rehydrated aseptically using
Tryptic Soy Broth (Difco Co., USA) and
grown for overnight at 37 °C. Bacterial cells
were then harvested from the broth by
repeating centrifugation at 1000 g for 10 min
at 4 °C and washing it with 50 ml of
phosphate buffered saline (PBS, 150 mmol.l-1
at pH 7.1). The stock suspension of bacteria
was prepared by re-suspending the final
pellets in PBS stock solution.
Water and disinfectants used
This study was carried out using
ultrapure water to exclude a possible
contribution of any detected compounds, e.g.
organic matter or metals in the process and to
prove that the disinfection effect only exists
due to chlorine concentration or solar UV
irradiation. All experiment solutions were
prepared using ultrapure water obtained by
pure water system (Barnstead Co., USA). All
the glassware was cleaned using distilled
water and further autoclaved at 121 °C for 15
minutes.
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media) selects of E. coli can grow by
metabolizing lactose in the presence of
deoxycholic acid. Gram-positive bacteria are
unable to grow in the presence of deoxycholic
acid because they lack an outer membrane and
their growth is inhibited by its surface-active
effects. Therefore, when E. coli cannot be
detected on DESO, this indicates that its outer
membrane and/or, its nucleic acid and/or its
metabolic function, have been damaged.
Using C-EC (a selective agar media) selects of
E. coli can produce beta-glucuronidase (the
enzyme involved in the metabolism of
peptone, pyruvic acid and lactose). Therefore,
when E. coli cannot be detected on C-EC, it is
assumed that its enzyme activity and/or, its
nucleic acid and/or its metabolic function
have been damaged. By comparing the degree
of inactivation on each media, the damage
components and/or functions of E. coli could
be estimated.

with aluminum foil to keep them in the dark
before analysis.
Seeding of E. coli
E. coli was seeded using the spread
plate method. One milliliter aliquot of sample
was withdrawn from the sample at various
reaction times and a 10-fold serial dilution
was performed up to 1/100,000 dilution ratio
using PBS. Each diluted suspension (0.1 ml)
was spread in duplicate on corresponding agar
media plates. The plates were incubated at 37
°C for 24 h. The results are mean data from at
least three experiments, with the standard
deviations being indicated by error bars.
Media for enumeration damaged E. coli
For evaluating the degree of injury of
E. coli, samples were plating onto two types
of agar media: m-Endo agar (Difco Co., USA)
and mTergitol-7 media (mT7) (Oxoid, USA).
According to McFeters (1990) the degree of
injury of the bacteria was quantified using the
following equation:

Statistical analysis
Values are presented as mean ±
standard deviation. Comparison test of
inactivation rate constant were performed
using the StatView software version 5.0 (SAS
Institute Inc., Cary, NC, USA) at least
significant p<0.05 value.

………. (1)
where mT7 and mEndo represent the
concentration of injured and non-injured
bacteria respectively (measured in CFU ml-1).

RESULTS
Injury of E. coli
The degree of injury of E. coli during
chlorine and solar disinfection was presented
in Figures 1 and 2. The results showed that
injured E. coli were detected at different
levels during chlorine and solar disinfection.
During chlorine disinfection, the number of
injured E. coli increased with time and a total
of 96,43% was detected after 4 hours.
Similarly, during solar disinfection, the
number of injured E. coli increased with time
and a total of 71.54% was detected after 8
hours. So, the addition of chlorine and the
solar exposure significantly enhanced E. coli
inactivation causing injuries. The injury of E.
coli should be due to the stress condition
created by chlorine and solar disinfection.

Media for estimation damage of E. coli
In order to estimate the damage
mechanisms of E. coli, 3 types of agar media
were used. This three media are: Tryptic Soy
Agar (TSA) (Merck, France), Deoxycholate
(DESO) (Merck, France), and X-Gluc and
Magenta-GAL (C-EC) (Compact Dry EC,
Nissui pharmaceutical Co., Japan). According
to their detection principles, the lethal and
sub-lethal damage to E. coli can be assumed
as shown in Table 1 (Kazama and Otaki,
2011).
Using TSA, a non-selective agar media,
E. coli which can metabolize proteins (casein
and soy bean) and growth, can be detected.
Therefore, when the E. coli growth cannot be
detected on TSA, it is assumed that its nucleic
acid and/or its metabolic functions have been
damaged. Using DESO (a selective agar
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involved in the metabolism of peptone,
pyruvic acid and lactose contained in C-EC.
These different cultures of E. coli observed on
TSA, DESO and C-EC, revealed various vital
functions of bacterial cells during chlorine and
solar disinfection.

Inactivation kinetics of E. coli on TSA,
DESO and C-EC during chlorine and solar
disinfection
In this study, we have assumed that
all the experiments were conducted at
approximately constant concentration of
disinfectant and constant UV-light intensity.
Therefore, the way of quantifying the
inactivation rate (N/N0) is that, the
inactivation of E. coli followed a first order
equation.
Chlorine disinfection rate has been
described in the empiric model of Chick and
Watson formulated as:

Damage mechanisms of E. coli
The estimation damage of E. coli
during chlorine and solar disinfection was
evaluated by using inactivation rate constant
on TSA, DESO and C-EC (Table 2). The
inactivation rate constant on TSA, DESO and
C-EC after chlorine and solar disinfection
showed a great difference (Figures 5 and 6).
After chlorine disinfection, the value on
DESO (0.98 h-1) is higher than that on C-EC
(0.67 h-1) and on TSA (0.37 h-1), but there was
no significantly difference between the three
values. This indicated that the main damage of
E. coli was the membrane cell. The
inactivation rate constant value on DESO was
relatively higher than that of C-EC. This
indicated that enzyme activity damage was
followed by nucleic acid damage. Therefore,
the inactivation of E. coli during chlorine
disinfection is primarily and mainly due to
deterioration of membrane cell, then followed
by an attack of metabolic functions and finally
the destruction of nucleic acid.
After solar disinfection, the inactivation
rate constant on TSA (0,84 h-1) was higher
than that on DESO (0,06 h-1) and on C-EC
(0,03 h-1). This indicated that, the main cause
of damage of E. coli was the nucleic acid. At
the same time, the inactivation rate constant
value on both C-EC and DESO was
significantly lower than that on TSA. This
indicated that the damage of the nucleic acid
represents the main cause of damage
occasioned by solar irradiation while the
membrane and enzyme activity damage were
slightly affected. Thus, the inactivation of E.
coli during solar disinfection is due to a slight
attack of the membrane and the metabolic
functions then followed by an important and
prior damage of the nucleic acid.

………….. (2)
where, N and N0 are the concentration of E.
coli in water at time t and 0, respectively; C is
the concentration of disinfectant, k is the
inactivation rate constant, and t is the time of
exposure. In the case of the solar disinfection
and in agreement with Haas (1990), we
replaced the concentration of disinfectant C
with the intensity I of insolation. The
expression of the model then becomes:

..…….…. (3)
The survival ratio of E. coli during chlorine
and solar disinfection are presented in Figures
3 and 4, respectively. The survival ratio of E.
coli during chlorine disinfection showed that
the inactivation was fast on TSA than both on
DESO and C-EC. Nevertheless, it is slightly
faster on DESO than on C-EC. These
indicated that during chlorine disinfection,
both viable and injured E. coli can easily grow
on TSA than on DESO and C-EC. The
survival ratio of E. coli during solar
disinfection showed similar results for
chlorine disinfection. However, the survival
ratio on DESO and C-EC were slightly slow.
These results showed that injured E. coli were
able to metabolize peptone contained in TSA
to ensure their growth. At the same time, they
were able to metabolize sugars in DESO in
the presence of deoxycholic acid, since DESO
is rich in lactose. And finally, they were able
to produce beta-glucuronidase, enzyme
523
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Table 1: Assumed damages on E. coli which results in undetection for each media
(Summarized by Kazama and Otaki, 2011).
Media
TSA
DESO
C-EC

Damage assumed
Nucleic acid and/or Metabolism
Membrane and/or Nucleic acid and/or Metabolism
Enzyme activity and/or Nucleic acid and/or Metabolism

Table 2: Estimated damage of E. coli according to the detection differences among the three
media.
Media
TSA
X
O
O
O

Estimated damage of E. coli
DESO
X
O
X
X

C-EC
X
X
O
X

•
•
•
•

Nucleic acid and/or metabolism
Enzyme activity
Membrane
Membrane and/or enzyme activity

X means detected
O means no detected

Figure 1: Injured E. coli during chlorine disinfection.
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Figure 2: Injured E. coli during solar disinfection.

Figure 3: Survival ratio of E. coli during chlorine disinfection on TSA, DESO and C-EC.
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Figure 4: Survival ratio of E. coli during solar disinfection on TSA, DESO and C-EC.

Figure 5: Estimation of damaged E. coli during chlorine disinfection.
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Figure 6: Estimation of damaged E. coli during solar disinfection.
bacterial components attacked will be lethal or
sub-lethal to the bacteria depending on the
mechanism of cell death.
The use of selective media during water
quality control after chlorine disinfection
didn’t ensure the removal of E. coli. While,
solar disinfection showed an effective
destruction of E. coli. Therefore, the presence
of pathogenic bacteria in water after chlorine
disinfection is underestimated. According to
Rizzo (2009), the compliance control for
checking microbiological water quality
carried out by detection of indicator
microorganisms such as total coliforms as
well as the selective media used for their
detection is limited. Injured E. coli were
incapable of growth through colony formation
under standard conditions because of
structural and metabolic damage; as a result, a
significant portion of bacteria ought not be
detected leading to erroneous assessment of
microbial water quality (Dadie et al., 2010;
Dunlop et al., 2011). In order to detect injured
bacteria, less selective media must be used too
(Rizzo et al., 2004), because, a non-selective
agar (TSA) allows cells to repair lethal and
sub-lethal damage and recover (Hijnen et al.,

DISCUSSION
The disinfection efficiency on bacteria
inactivation depends on several factors such
as the type of disinfectant used and the contact
time with the bacteria. The addition of
chlorine and solar exposure in disinfecting
water enhanced significantly the inactivation
of E. coli through injuries. The injured E. coli
during chlorine and solar disinfection were
detected at different levels on different culture
media (selective and non-selective). This is an
important characteristic of injured and noninjured E. coli. Due to their sensitivity to
selective media, selective agents could affect
the repair of injured cells and thereby visually
unidentifiable. The comparison of bacterial
colony formation on both selective and nonselective media can be used to characterize the
extent of bacterial injury during disinfection
(Rizzo et al., 2004; Rizzo, 2009). During cell
inactivation by chlorine and solar disinfection,
the surface and the intracellular of bacterial
cell were attacked. Thus, many changes
occurred on the protein release, lipid
peroxidation, cell permeability, intracellular
enzyme, nucleic acid and morphological
structure levels (Cho et al., 2010). The
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2006). So, it is important to characterize the
injury caused by chlorine and solar
disinfection in order to check the efficiency of
the process and avoid the bacteria regrowth in
water.
The damage mechanisms of E. coli,
showed that chlorine disinfection damages
first cell membrane, then enzymatic functions
and finally nucleic acid. According to
Ramseier et al. (2011), during chlorine
disinfection, the cell membranes were
damaged by becoming permeable to staining,
while the total cell concentration remained
constant. This showed that bacterial
membrane integrity and functionality were
lost during chlorine application before the
cells lost their capacity to get stained due to
the DNA is heavily damaged or cell is lyse.
During the chlorination, it appeared that
enzymatic functions and nucleic acid were
also damaged. Ramseier et al. (2011) found in
chlorination experiments with E. coli that
other cellular functions ceased before the
membrane integrity was lost. Chlorine is the
strongest
oxidant
among
chemical
disinfectants and partition into and penetration
through cell’s protective barrier are
accompanied by reaction with various cell
wall components as evidenced by the
significant level of enzyme activity damage.
Until these reactions are sufficiently
completed, penetration into the cell plasma
and direct reaction with intracellular
components are limited. So, the cell death by
chlorine is related to nucleic acid and enzyme
activity damage but primarily and firstly
related
to
cell
membrane
damage.
Experimental results suggested that bacteria
inactivation by chemical disinfectants showed
a consistent pattern, with the greatest level of
membrane damage by free chlorine (Cho et
al., 2010). Therefore, different mechanisms
involved in chlorine disinfection depend on
the type of chlorine-based disinfectants.
The inactivation of E. coli during solar
disinfection was mainly due to nucleic acid
damage. Douki et al. (2003) reported that the
oxidative damage of DNA is the main
inducing damage that occurs by the UV

irradiation which constitutes the largest part of
solar irradiation. During solar disinfection, it
is well known that UV lights specifically
induce direct photochemical damage to
intracellular DNA nucleic acid (Sinha and
Häder, 2002). At the same time, the
inactivation of E. coli showed little or no
membrane damage and enzyme activity.
Therefore, during solar UV disinfection, the
UV irradiation tackled in priority nucleic acid
preceded by a slight attack of membrane and
enzyme activity. Nocker et al. (2007) reported
that DNA nucleic acid of E. coli was
extensively damaged by UV lights while the
membrane was still impermeable to staining.
In contrast, sufficient exposure of E. coli to
UV-A damaged bacterial membrane proteins
(Berney et al., 2008) but not the outer cell
membrane.
Ramseier
et
al.
(2011)
demonstrated that one of the basic differences
between
chemical
disinfection
and
inactivation by UV lights is that UV
inactivation is based on absorption of the
irradiation by bacterial DNA, followed by the
formation of thymine dimmers.
Understanding the damage mechanisms
of bacteria inactivation using water
disinfectants makes it critical to identify the
rate-limiting steps involved in the inactivation
process. Therefore, in order to provide an
explanation on the presence or absence of
synergism in sequential application of these
disinfectants it is important to develop more
effective disinfection strategies. Synergism in
the sequential disinfection scheme is defined
as enhanced disinfection kinetics during the
secondary disinfection due to primary
disinfectant application. For example,
application of solar disinfection followed by
free chlorine could be interesting. Solar
disinfection can damage primary acid nucleic
and chlorination will damage cell membrane
and enzymes functions.
During the experiment, the damage
mechanisms were deduced from growth or
lack of growth on specific media but the mode
of action of chlorine and solar UV had
actually not been studied at the genetic and
epigenetic level. So, other damage
528
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mechanisms not elucidated in this study could
occur. Alternatively, during chlorination the
cell death could be induced without involving
damage in surface structure. In such case,
direct impairment in intracellular functions
would be the primary reason for cell death and
growth inhibition. Chemical disinfectants
might also attack directly intracellular
components without involving significant
surface disruption. For example, Cho et al.
(2010) proposed a protein synthesis disruption
as the primary mechanism of E. coli death
under chlorine dioxide treatment. Gray et al.
(2012) observed damage of cell respiratory
system and
DNA
when
vegetative
microorganisms were inactivated by free
chlorine. Shang and Blatchley (2001) reported
that combined chlorine would readily react
with some amino acids of the bacteria. In the
case of solar disinfection, Blokhina et al.
(2003) investigated the UVA damage of E.
coli under different environmental conditions
and concluded that UVA exposure can alter
the membrane structure of the bacteria by
oxidative mechanisms. Cho et al. (2010)
reported that bacteria have developed several
complex mechanisms, with a considerable
degree of overlap, to allow them to cope with
potential oxidative hazards. Several genes
belonging to different regulatory systems are
known to be involved in the defense against
oxidative stress of bacteria (Lushchak, 2011).
In this study, only E. coli as a model of
pathogenic bacteria for damage estimation
was evaluated. Other pathogens, such as
Salmonella, those in form of cocci or spore
ought to be less affected by inactivation in
drinking water disinfection. Therefore,
inactivation of those more resistant pathogens
had to be considered. On the other hand, the
plating method used in this study for damage
mechanisms was limited because that could
not show the resistance of bacteria which were
decisively determined with cell wall
permeability against specific disinfectant.
However, it should be reminded that the
elimination of bacteria in drinking water is not
synonymous of water quality, other tests and
other treatments were necessary for the

damage mechanisms of pathogenic bacteria to
ensure a quality drinking water after
disinfection. .
Conclusion
This study aimed at elucidating the
inactivation mechanisms of pathogenic
bacteria in drinking water during chlorine and
solar disinfection using a simple plating
method. The results showed that, injured E.
coli were detected at different levels during
chlorine and solar disinfection. The use of
selective media during water quality control
showed effectively a destruction of E. coli
during solar disinfection while, the removal of
E. coli during chlorine disinfection was not
ensure. The damage of cell components and/or
metabolic functions showed that there is a
primary and main damage of E. coli during
chorine and solar disinfection. Chlorination
damaged firstly and mainly the membrane cell
followed by enzymatic functions and nucleic
acid; while solar disinfection damaged mainly
the nucleic acid. The use of simple plating
method in water quality control is limited by
the choice of plating media depending on the
disinfectant used. The understanding of
damage mechanisms of pathogenic bacteria
cells during disinfection helps improve
drinking water quality control and develops
more effective disinfection strategies.
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