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ABSTRACT

We conducted a study on a model drinking water distribution system to evaluate the impact of nutrient in the form of
sodium acetate on the growth and survival of coliform and heterotrophic plate count (HPC) bacteria for a maximum of
21 days residence time of water in pipes. Our results show that, besides the nutrient added and the absence of any addi-
tional source of contamination and additional supply of nutrient, there was significant growth of the above mentioned
bacteria in the pipes and bottles for a couple of days, after which the bacterial population began to decrease. The results
indicate that the bacteria used the nutrient to grow and multiply until the nutrient was totally consumed and became
depleted in the bulk water phase, after which the bacterial population reached a near stationary level and subsequently
declined. This suggests the death of some of the bacteria and their dead cells were used by other bacteria for growth and
survival. Using a detection limit of 3.3 CFU/100 mL for the coliforms, the study shows that after sometime, no bacteria
were found in the water phase of the pipe, however, the biofilm in the pipes still harbored some of the bacteria. The
results have revealed that the bacteria also have the tendency to move from the water phase to the biofilm since the latter

provides a more suitable environment for bacteria to thrive on and grow, thus prolonging their survival in the system.
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1. Introduction

Unpolluted safe drinking water has been one of the
primary requirements for healthy and sustainable human
life. Understanding the sources of water quality degrada-
tion during distribution has become a priority for water
producers, because research has suggested that such
degradation increases the rate of gastrointestinal illness
[1]. Among the indicators of the presence of disease-
causing bacteria in water are the coliform group of bacte-
ria and heterotrophic plate count (HPC) bacteria.
Members of the coliform group are described as all
aerobic and facultative anaerobic, Gram-negative, non-
spore-forming, rod-shaped bacteria that ferment lactose
with gas and acid formation within 24 - 48 hours at 35°C -
37°C [2], or develop a red colony with a metallic sheen
within 24 hours at 35°C on an Endo-type medium con-
taining lactose [3]. Thermotolerant coliforms are a group
of organisms that are capable of fermenting lactose at
incubation temperatures of 44°C - 45°C. This group com-
prises the genus Escherichia coli (E. coli) and to a lesser
extent, species of Klebsiella, Enterobacter and Citrobac-
ter. E. coli is the most common coliform found in the
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intestines of humans and warm-blooded animals, and its
presence might be principally associated with fecal con-
tamination [3], since it is specifically of fecal origin, and
its presence in water or soil may be indication of fecal
pollution. The unique characteristics of coliforms, which
make them useful as indicators of fecal contamination,
include their presence at higher levels in samples than the
suspected pathogen, and their more resistance to disin-
fectants than the pathogens themselves. Singh and Mc-
Feters [4] also reported that fecal coliform bacteria such
as E. coli are usually long term inhabitants of aquatic
ecosystems as they originate from mammalian intestines.
Consequently, these organisms serve as “indicator bacte-
ria” of recent fecal contamination and may suggest the
presence of potentially harmful pathogens in the water.
Because it is impractical to monitor drinking water for
every possible microbial pathogen such as bacteria, fungi,
yeast and protozoa, a more logical approach is the detec-
tion of organisms such as the coliform group that are
normally present in the feces of humans and other warm-
blooded animals and often associated with the bacteria
[5]. Consequently, the use of normal intestinal organisms
as indicators of fecal pollution rather than the pathogens
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themselves is universally accepted for monitoring and
assessing the microbial safety of water supplies [2]. Thus,
the routine monitoring of the bacteriological quality of
drinking water relies on the extensive use of indicator
organisms such as E. coli, coliforms and HPC bacteria
[6]. For instance, E. coli strains give symptoms of water-
borne diseases such as dysentery with fever, urinary tract
infection, severe bloody and watery diarrhea, abdominal
cramps, nausea, vomiting and possible hemolytic uremic
syndrome that may lead to kidney failure [2,7].

HPC bacteria are naturally present in all aqueous en-
vironments, and they undergo multiplication cycles in
drinking water, especially in closed containers or in tap
water when chlorine levels are dissipated [8], and are
therefore considered a useful indicator of water quality
[9]. They are able to grow and produce visible colonies
on the media used and under the prescribed conditions of
temperature and time of incubation. Colony counts are
usually determined after incubation at 22°C and 37°C to
assess the relative proportions of naturally occurring wa-
ter bacteria unrelated to fecal pollution and of bacteria
derived from humans and warm-blooded animals respec-
tively [2].

The main objective of this study, therefore, was to in-
vestigate the factors that promote the growth and survival
of pathogenic E. coli, total coliforms and HPC bacteria in
drinking water distribution system. The study focused on
the impact of bacterial nutrients and biofilm on these
bacteria in drinking water pipes. The research employed
a laboratory-based experimental model of drinking water
distribution system contaminated with traces of the above-
mentioned bacteria to determine the survival of the mi-
Cro-organisms.

2. Materials and Methodology

2.1. Preliminary Investigation of the State of the
Pipes Used

The study was carried out at the Institute of Environment
and Resources, Technical University of Denmark. Three
previously used galvanized pipes were used for the ex-
periment, and were initially stored in a room with a tem-
perature range of 15°C - 20°C. The laboratory work
commenced by testing the state of the three pipes to be
used for the investigation. This was carried out to deter-
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mine the existence and/or concentrations of coliforms, E.
coli and HPC bacteria in the various pipes.

The drinking water used in this study was tap water
extracted from an aquifer and treated at the Lyngby Wa-
ter Works. The water sample, with a pH of about 8 was
collected at the Microbiological Laboratory of the above-
mentioned institute. To start with, the water was steril-
ized in an autoclave at 121°C for 15 minutes. Afterwards,
the pipes were fully filled with the cool, sterilized water
and kept at room temperature for 24 hours. Triplicates of
50 mL were filtered for coliform quantification and the
same procedure repeated for E. coli. No coliforms and E.
coli were found in the pipes with a detection limit of 0.7
CFU/100 mL (Table 1), indicating the absence of coli-
form and E. coli in the pipes prior to the commencement
of the actual experiment. In the case of the HPC bacteria,
triplicates of 100 uL were spread on R2A agar plates,
which were subsequently incubated at 25°C for 7 days.
The results obtained indicated an initial HPC bacteria
concentrations between 3.4 x 10> CFU/mL and 4.5 x 10?
CFU/mL in each of the pipes (Table 2).

2.2. Source of Contaminating Bacteria

The contaminant used to spike the drinking water in the
pipes was non-chlorinated, secondary effluent obtained
from the Lyngby Taabek Kommune Wastewater Treat-
ment Plant, also located in Lyngby, Denmark. Because of
the anticipated high concentration of bacteria in the
treated wastewater, the sample was diluted 10 times (1
mL of the wastewater and 9 mL of drinking water). The
treated wastewater was used because naturally contami-
nated (i.e., coliform-, E. coli- and HPC-positive) drinking
water samples were not available. The wastewater sam-
ples were collected in sterile 250 mL blue cap bottles on
the day of each experiment. To ensure that the tempera-
ture of the surroundings, which was different from the
effluent temperature, did not affect the bacteria in the
water, the sampled wastewater was refrigerated until it
was ready for use.

2.3. Determination of the Effect of Nutrients on
the Growth and Survival of E. coli, Coliform
and HPC Bacteria

After the tap water had been left to run for 5 - 10 minutes

Table 1. Summarized results of initial coliform and E. coli concentrations in the pipes used.

Coliform E. Coli
Dilution Factor Vol. Filtered (mL) Pipe 1 Pipe 2 Pipe 3 Pipe 1 Pipe 2 Pipe 3
1 50 0 0 0 0 0 0
1 50 0 0 0 0 0 0
1 50 0 0 0 0 0 0
CFU/100 mL <0.7 <0.7 <0.7 <0.7 <0.7 <0.7
Copyright © 2012 SciRes. JEP



510 Nutrient-Induced Growth of Coliform and HPC Bacteria in Drinking-Water Pipes

Table 2. Initial HPC bacteria concentration in the pipes.

HPC Bacteria

Dilution Factor Pipe 1 Pipe 2 Pipe 3
1 22 49 39
1 41 31 56
1 38 55 33
Total CFU 101 135 128
Vol. (107 ml) 300 300 300
CFU/mL 337 450 427

to ensure homogeneity, a 2000 mL blue cap bottle was
filled with the tap water to obtain a volume of 1854 mL,
including 60 mL diluted treated wastewater containing
both total coliform (TC) and E. coli as well as HPC bac-
teria. The prepared sample was then well mixed and di-
vided into 3 equal portions, each having a volume of 618
mL. 10 mL of tap water was added to the first portion in
a 1000 mL bottle, well mixed and subdivided into two
equal parts for pipe 1 and glass control bottle 1. Thus,
each volume of 314 mL contained 10 mL of diluted
treated wastewater, which in turn contained 1 mL undi-
luted treated wastewater.

Sodium acetate (CH;COONa) was added to the re-
maining pipes and bottles to serve as nutrient for the bac-
teria. Each of pipe 2 and control bottle 2 contained 314
mL including 10 mL of diluted treated wastewater, con-
taining 1 mL undiluted treated wastewater. The volume
of 314 mL also included 5 mL of 0.0021 g CH;COONa/L
equivalent to 10 pg ac-C eq/L, which served as nutrient
for pipe 2 and bottle 2. In the case of pipe 3 and its con-
trol bottle 3, the procedure was the same as in pipe 2 ex-
cept that in this case 0.00523 g of CH;COONa/L was
used to obtain a concentration of 25 pg ac-C eq/L in both
the pipe and the bottle.

The glass bottles, which had no biofilm on their inner
walls, were added to distinguish between the impact or
otherwise of biofilm on the bacteria. All the pipes and
their respective bottles were then incubated at 37°C [2]
for maximum 21 days. Both ends of each pipe indicating
inlet and outlet were tightly capped to ensure no leakages
and contamination from external sources. Each cap had
an opening of <50 mm used as the injection point with
10 mL sterile syringes attached to both ends. During the
water retention period, water samples were drawn at
selected intervals. Dilution factors ranged from 1 - 10
for total coliforms and 1 - 10" for E. coli.

The 21-day water retention period was chosen be-
cause studies have shown that these bacteria may survive
for days and weeks in water and sediment. According to
Brandt et al. [10], long retention time of water in the dis-
tribution system can reduce the water’s disinfectant re-
sidual and allows the deposition and accumulation of

Copyright © 2012 SciRes.

sediment. Thus, stagnant water can occur in dead-end
pipes, fire protection storage tanks or finished water stor-
age facilities that are over-sized or have periods of lim-
ited use, and therefore, provides an opportunity for sus-
pended particulates to settle into pipe sediments, for
biofilm to develop, and for biologically mediated corro-
sion to accelerate. Consequently, each pipe arrangement
was assumed to represent a typical situation in Ghana,
where water supply is irregular in many places, for which
reason water could be stagnant in a distribution system
for at least seven days before additional water is released
from storage through the distribution system to various
supply points. To ensure that the pipe was always filled
with water, any volume of water sample drawn from the
pipe through the outlet was replaced with an equal vol-
ume of drinking water at the inlet.

2.4. Enumeration of Bacteria

Total and fecal coliforms were enumerated by the total
coliform membrane filtration technique [11], using mem-
brane lauryl sulphate agar (MLS-agar) medium [12].
Detailed description is given in Rompre et al. [3]. Tripli-
cates of each sample were analyzed to determine how
consistent the results were. Details of the filtration proc-
ess and precautionary measures employed are described
in Miljestyrelsen [12]. Subsequent to the filtration proc-
ess was incubation at temperatures of 37°C = 1°C and
44°C + 1°C for 21 * 3 hours, for coliform and E. coli
detection respectively [3]. After the incubation period,
the yellow colonies formed on each plate were counted
and the total number of the coliform bacteria in 100 mL
of the water sample filtered was calculated using Equa-
tion (1). Plates with more than 100 colonies were re-
jected [12];

31Cx100

PR

Total coliform bacteria in 100 mL =

M

where

Z C is the amount of yellow colonies counted.

ZV total volume of the sample that has been filtered.

To confirm the presence of E. coli, the following pro-
cedure was followed; from the yellow colonies incu-
bated at 44°C = 1°C, 4 - 5 of the colonies were trans-
ferred to LTL Bouillon tubes by a sterile needle with
each colony into each tube. The tubes were again incu-
bated for 24 hours after which 0.3 mL of Kovacs Indol
was added to each tube. A positive E. coli test was sig-
nified by the presence of both red ring in the upper
layer of the bouillon and an air bubble in the Durham
tube. The total number of the E. coli bacteria in 100 mL
of the filtered water sample was calculated using Equa-
tion (2) [12].
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> Cx100xB

Amount of E. coli in 100 mL=~&————
ZVXA

2
where

ZC and ZV are same as in Equation (1).

A is the number of colonies which have been filtered,
and B is the number of the colonies which have been
sub-cultivated to verification.

In the enumeration of HPC bacteria, a Finn pipette was
used to transfer 0.1 mL of the sample onto the R2A Agar
plate in the LAF bench. Metallic pins with triangular head
were used to uniformly spread the sample on the plate.
The metallic pins were continuously sterilized by a gas
flame, after which they were allowed to cool before they
were used for the spreading. Each diluted sample was pre-
pared in triplicate. The plates were then incubated at 25°C
for seven days [13] with the plates always turned upside
down. After seven incubation days the colonies on the agar
plates were counted, using a Stuart scientific colony
counter, for the number of HPC bacteria colonies formed.

In calculating the mean total CFU/mL, figures that ap-
peared odd and inconsistent, and thus making compari-
son impossible were rejected. This was done to avoid the
situation where such values might increase the error of
the mean. It was also observed that the higher digit num-
bers produced the more accurate results. Plates with colo-
nies numbering over 300 that were too many and indis-
tinctive, and in most cases clustered together, which made
counting impossible were rejected [14].

The mean total colony forming units per milliliter and
the corresponding error (o) were calculated using the fol-
lowing relations [14]:

Mean density (Y)= & 3)

2V

Error of the Mean (o) = L 4
2V,
where

C; = individual colonies, and
V; = volume of original sample.

2.5. Bacterial Quantification in Biofilm

To determine the concentration of bacteria in the biofilm,
the pipe was agitated with 14 mL of drinking water in the
respective pipes. This small volume was used because
the emphasis was on the biofilm and not the bulk water
phase. It was assumed that most, if not all, of the bacteria
present would be released into this volume of water. For
each pipe, diluted solutions were prepared from the 14
mL water. The enumeration procedure for total coliform,
E. coli and HPC bacteria were the same as those de-
scribed for the water phase above.

Copyright © 2012 SciRes.

3. Results and Discussions

3.1. Heterotrophic Plate Count (HPC) Bacteria

The results of the study are presented in Tables 3-6. For
the HPC bacteria, the errors of the mean values (o) range
from 3.0% - 9.8% (except two means values whose er-
rors are above 20%), which fall within the range indi-

Table 3. Average concentrations of HPC bacteria in re-
sponse to various acetate concentrations in pipes and bottles
at 37°C for maximum 21 days retention time of water.

Pipel Bottlel Pipe2
Days CFU/mL
0  4727* 4390 4840° 4390 4817" 4390

Bottle 2 Pipe 3 Bottle 3

1 10,938 9375 82,813 79,688 129,091 104,204
2 36,685 30,909 288,855 243,125 465,625 381,818
3 66,667 55454 2,237,069 2,045,181 5,250,000 5,086,957
4 79,688 72,500 4,218,750 4,156,250 7,406,250 6,424,242
5 109,375 103,427 6,727,272 5,652,174 8,608,696 8,363,636
6 146,363 97,583 6,093,750 6,484,848 9,606,061 7,750,000
7 125,000 93,333 5,303,030 5,156,250 8,515,152 6,312,500
10 69,688 60,313 3,812,500 3,218,750 6,312,500 4,625,000

14 27,188 49,375 1,958,065 2,003,021 3,045,154 2,636,637
18 15,625 27,500 292,424 221,515 712,500 659,375
21 5333 3333 71,250 56,875 102,492 72,424

*The sum of HFC bacteria existing in pipe and what was introduced into it;
Pipe 1 and Bottle 1 do not contain any acetate as nutrient (0 pg ac-C eq/L);
Pipe 2 and Bottle 2 contain acetate concentration of 10 pug ac-C eq/L; Pipe 3
and Bottle 3 contain acetate concentration of 25 pg ac-C eq/L.

Table 4. Average concentrations of total coliform in re-
sponse to various acetate concentrations in pipes and bottles
at 37°C for maximum 21 days retention time of water.

Pipel Bottlel Pipe2 Bottle 2 Bottle 3

Days CFU/100 mL
0 7219 7219 7219 7219 7219 7219

Pipe 3

1 126,667 84,333 216,667 200,000 370,000 346,667
2 156,250 116,667 303,226 266,667 406,452 386,667
3 186,667 156,667 359,375 353,125 440,625 438,710
4 150,000 106,667 334,783 290,625 412,903 409,677
5 103,333 72,424 300,000 212,903 371,429 387,097
6 87,097 44,688 277,419 196,667 340,625 336,667
7 44,848 35,454 235484 173,333 316,129 312,903
10 <33 <33 112,903 66,667 216129 160000
14 <3.3 <33 <3.3 <3.3 <3.3 <33
18 <33 <3.3 <3.3 <33 <33 <33
21 <33 <3.3 <3.3 <33 <33 <33

Acetate concentrations in pipes and corresponding bottles are the same as in
Table 3.
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Table 5. Average concentrations of E. coli in response to
various acetate concentrations in pipes and bottles at 37°C
for maximum 21 days retention time of water.

Pipel Bottlel Pipe2 Bottle2 Pipe3 Bottle3
Days CFU/100 mL
0 156 156 156 156 156 156
1 295 287 307 317 321 315
2 305 311 384 306 401 338
3 311 328 290 249 243 248
4 221 185 256 166 226 175
5 168 96 174 148 130 102
6 61 48 84 41 94 58
7 <33 <33 27 <33 23 20
10 <33 <33 <33 <33 <33 <33
14 <33 <33 <33 <33 <33 <33
18 <33 <33 <3.3 <33 <33 <33
21 <33 <33 <33 <33 <33 <33

Acetate concentrations in pipes and corresponding bottles are the same as in
Table 3.

cated by Niemelé [14]. The results obtained show a gen-
eral increase in bacterial concentration after the introduc-
tion of the nutrient. In pipe 1, the bacteria increased 2.5
fold after 24-hour residence time (Table 3).

On reaching its peak after six days (Figure 1(a)), the
bacteria had multiplied 33 times compared to the dose
initially introduced. There was a gradual decrease in
bacterial population afterwards, until it dropped to about
1.2 times the initial concentration. Similarly, concentra-
tions of 10 pg ac-C eq/L (pipe 2) and 25 pg ac-C eq/L
(pipe 3) respectively resulted in HPC bacterial growth
by 19 and 29 times the initial concentration after 24-
hour residence time in the pipes. There was a continu-
ous growth thereafter until maximum concentrations of
6.7 x 10° CFU/mL and 9.6 x 10° CFU/mL were attained
(Table 3), respectively representing 1.5 x 10° and 2.2 x
10° times the initial concentration. It is interesting to
note that on reaching their respective peaks, bacteria in
pipes 2 and 3 with acetate concentrations of 10 pg ac-C
eq/L and 25 pg ac-C eq/L respectively, had grown 46
and 65 times more than those in pipe 1 with no nutri-
ents.

The results show that increased nutrient concentration
corresponds to higher growth rate and subsequent in-
crease in bacterial levels. In all the cases, the HPC bacte-
ria growth reached its peak on days 5 and 6, by which
time all the acetate might have been consumed. The
maximum yield (Y.x) obtained in pipes with acetate
concentrations of 10 pg ac-C eq/L and 25 pg ac-C eq/L
were 6.7 x 10" CFU/g ac-C and 3.8 x 10" CFU/g ac-C
respectively.

Copyright © 2012 SciRes.
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Figure 1. Response of HPC bacteria to different acetate
concentrations in (a) pipes and (b) bottles at 37°C. Pipe
1/Bottle 1 (0 pg ac-C eq/L), Pipe 2/Bottle 2 (10 pg ac-C eq/L)
and Pipe 3/Bottle 3 (25 pg ac-C eq/L).

The HPC bacteria in the control bottles responded
somewhat the same way as those in the pipes (Figure
1(b)). After 24 hours residence time, the bacteria in-
creased from 4390 CFU/mL to 9.4 x 10* CFU/mL, 8.0 x
10° CFU/mL and 1.0 x 10® CFU/mL for acetate concen-
trations of 0 pg ac-C eq/L, 10 pg ac-C eq/L and 25 pg
ac-C eq/L respectively. The maximum growth of 1.0 x
10° CFU/mL, 6.5 x 10° CFU/mL and 8.4 x 10° CFU/mL
respectively was attained on days 5 and 6, representing
growth factors of 23, 1.5 x 10* and 1.9 x 10? respectively
(Table 3).

The acetate concentrations in bottles 2 and 3 produced
maximum yields (Y pnay) of 6.5 x 10'* CFU/g ac-C and 3.4
x 10'* CFU/g ac-C respectively. According to Boe-Hansen
[15], the yield of indigenous bacteria is within the range
of 4.1 x 10" CFU/g ac-C and 1.32 x 10" CFU/g ac-C.
Compared to what is reported in literature [15], our val-
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ues are slightly higher by a factor of about 10%. However,
bacteria growth in the pipes was comparatively higher
than the bottled samples by an average factor of 1.2. The
observed difference in growth might have been caused
by the biofilm in the pipes. The growth in pipe 1 could be
attributed to the use of existing substrate in the pipe by
bacteria as source of energy, whereas the observed growth
in pipes 2 and 3 could be ascribed to the bacteria’s ability
to use the available nutrients to build more cells and as
source of energy for growth [16]. The biofilm may pro-
vide additional organic and inorganic compounds for the
bacteria to grow and later be released to the water phase.
The growth in bottle 1 could be attributed to two factors,
namely; 1) higher water temperature [17,18] and 2) re-
lease of dead cells into the water that were hydrolyzed
and used by other bacteria for growth. In all the scenarios
described above, the decline in the curves shows a de-
crease in the growth rate of the bacteria after a certain
time. The conditions in the bottles were such that, there
were no biofilms to accommodate the bacteria and that
the decline could be caused by the possible death of
those bacteria that could not survive. In the case of the
pipes, the depletion of the nutrient in the water phase
might have caused the bacteria to migrate to the biofilm.

3.2. Total Coliforms

The initial coliform concentration in each pipe or bottle
was 7.2 x 10° CFU/100 mL. From 0 to 24 hours, the
coliform bacteria in the pipes increased to 1.3 x 10°
CFU/100 mL, 2.2 x 10° CFU/100 mL and 3.7 x 10°
CFU/100 mL respectively for acetate concentrations of 0
pg ac-C eq/L, 10 pg ac-C eq/L and 25 pg ac-C eq/L, and
then increased at different rates until attaining maximum
growths of 1.9 x 10° CFU/100 mL, 3.6 x 10° CFU/100 mL
and 4.4 x 10° CFU/100 mL respectively on day 3 (Table
4, Figure 2(a)). At their peak growths, the coliform bac-
teria had grown by factors of 26, 50 and 61 respectively,
compared to the initial concentration. Maximum coliform
yields were respectively 3.6 x 10" CFU/g ac-C and 1.8 x
10" CFU/g ac-C for 10 pg ac-C eq/L and 25 pg ac-C
eq/L. This was followed by a decline in coliform levels.

The bottles also showed similar trends like the pipes,
with a steady increase from an initial coliform concentra-
tion of 7.2 x 10> CFU/100 mL to peak levels of 1.6 x 10°
CFU/100 mL, 3.5 x 10° CFU/100 mL, and 4.4 x 10°
CFU/100 mL respectively for 0 pug ac-C eq/L, 10 pg ac-C
eq/L and 25 pg ac-C eq/L (Table 4 and Figure 2(b)).
These growth patterns resulted in maximum yields of 3.5
x 10" CFU/g ac-C and 1.8 x 10" CFU/g ac-C in bottles
2 and 3 respectively. After attaining the maximum growth
on day 3, there was a continuous decline in the growth.

In both pipes and bottles, the decline in coliform con-
centration continued until no coliform was detected in

Copyright © 2012 SciRes.
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Figure 2. Changes in coliform concentration as a function of
residence time in (a) pipes and (b) bottles at 37°C. Acetate
concentrations in pipes and bottles are the same as in Fig-
ure 1.

the water phase from day 10 for pipe 1/bottle 1, and day
14 for pipe 2/bottle 2 and pipe 3/bottle 3 (Table 4 and
Figure 2). However, in situations where the bacteria con-
centration fell below the detection limit of 3.3 CFU/100
mL, the latter was used in the graphical representation.

A comparison of the pipes and bottles revealed a
slightly higher growth in the pipes than in the bottles by
an average factor of 1.2. Similarly, the decrease in coli-
form levels was more pronounced in the bottles than the
pipes. These observed trends were probably due to the
presence of biofilm which initially enhanced the growth
and subsequently sustained it in the pipes. The observed
bacterial growth in pipe 1, which did not contain any
acetate, could be explained by the higher water tempera-
ture [11,17,18], until the bacteria could no longer with-
stand this effect and then began to die, resulting in the
declining pattern of the growth. The growth patterns of
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total coliform in pipes 2 and 3 were most likely influ-
enced by the combined effects of temperature and nutri-
ent. The higher acetate concentration probably facilitated
the growth of coliform bacteria in both the pipes and the
bottles. The results support the findings by LeChevallier
[19] and LeChevallier et al. [20] who reported that ace-
tate is utilized by coliform bacteria to produce new cel-
lular material and as energy source for survival and
growth. However, the bacteria are able to grow in the
biofilm even if nutrient concentration is low [21].

3.3. E. coli

Prior to the analysis, the initial E. coli concentration in
each pipe and bottle was 156 CFU/100 mL. In situations
where enumeration did not yield any positive E. coli, a
detection limit of 3.3 CFU/100 mL was used to plot the
curves. After 2 - 3 days residence time, the results showed
an increase in E. coli concentration in the pipes from 156
CFU/100 mL to maximum concentrations of 311 CFU/100
mL, 384 CFU/100 mL and 401 CFU/100 mL respectively
for acetate concentrations of 0 pg ac-C eq/L, 10 pg ac-C
eq/L and 25 pg ac-C eq/L (Table 5 and Figure 3(a)).
The corresponding maximum yields of 3.1 x 10® CFU/g
ac-C and 1.3 x 10® CFU/g ac-C for pipes 2 and 3, respec-
tively were obtained. In all the scenarios, the bacteria
showed an average increment of 2 times the initial num-
ber before reaching their respective peaks. Just like the
other figures already discussed, maximum growth was
followed by a decline in growth at different rates until no
E. coli was detected in the water phase on day 7 and be-
yond except for pipes 2 and 3, which recorded coliform
concentrations on day 7.

The growths of E. coli in the bottles were comparable
to those in the pipes. Bottles with concentrations of 10 ug
ac-C eq/L and 25 pg ac-C eq/L recorded an average peak
growth of 249 CFU/100 mL on day 3, representing maxi-
mum yields of 2.5 x 10* CFU/g ac-C and 9.9 x 10’ CFU/
g ac-C respectively. In pipe 1/bottle 1 and pipe 3/bottle 3,
the peak growths in the bottles were 17 CFU/100 mL and
5 CFU/100 mL respectively more than those in the pipes
(Table 5). This could be explained by the fact that the
HPC bacteria present in the pipes were probably competing
with the E. coli for the available substrate. This is because
the concentrations of HPC bacteria were higher than that of
E. coli from days 1 - 3 (Figures 3(a), (b)), indicating that
the conditions favored the former than the latter in the pipes
whilst the reverse occurred in the bottles.

Once the bacteria had attained their respective maxi-
mum growths and the nutrient was most likely totally
consumed, there was a decline in the concentrations of the
bacteria, probably due to starvation which subsequently

led to the death of bacteria that could not survive the stress.

However, the decline in bacteria concentration was
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Figure 3. Changes in E. coli concentration as a function of
residence time in (a) pipes and (b) bottles at 37°C. Acetate
concentrations in pipes and bottles are the same as in Fig-
ure 1.

more pronounced in the pipes/bottles with acetate con-
centration of 0 pug ac-C eq/L, and to a lesser extent 10 pug
ac-C eq/L than in 25 pg ac-C eq/L (Figures 3(a), (b)).
This indicates that the latter scenario had considerable
amount of acetate present for the bacteria to thrive on
and thus prolonged their survival in the pipe. Compara-
tively, the growth rates in the pipes were higher than
those in the control bottles, except for the peak values for
acetate concentrations of 0 pg ac-C eq/L and 10 pg ac-C
eq/L (Table 5) where the reverse was observed.

3.4. Bacteria Survival in Biofilm Compared to
the Water Phase

In drinking-water distribution system, bacteria are known
to move to the biofilms [21,22], which are dominated by
microbial cells and their excretions [23], and therefore
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appear to be more nutritive environments for such bacte-
ria. In this study, samples taken and analyzed on the last
day of the experiment revealed a significantly higher
bacterial count in the biofilm as compared to the bulk
phase. For acetate concentrations of 0 g ac-C eq/L, 10 g
ac-C eq/L and 25 g ac-C eq/L, there were respectively 10,
7 and 12 times more HPC bacteria in the biofilm than in
the water phase. Thus, after 21 days, there was an aver-
age of 10 times more HPC bacteria in the biofilm com-
pared to the water phase. Similarly, coliform bacteria
were higher in the biofilm than the water phase by fac-
tors of 172, 192 and 231 respectively. In contrast, E. coli
bacteria were not detected in both the biofilm and the
water phase (Table 6). According to Rompre et al. [3]
and Reynolds [24], high HPC bacteria growth is likely to
interfere in the analysis of E. coli, resulting in false low
numbers, and this could explain why E. coli was not de-
tected in both the water phase and the biofilm since the
HPC might have overshadowed the presence of the E.
coli.

Total HPC bacterial count in the biofilm ranged be-
tween 1.2 x 10* CFU/em® and 2.7 x 10° CFU/em’. The
lower end of the range is consistent with that of Le-
Chevallier [19] who showed that HPC densities asso-
ciated with a variety of pipe surfaces range between

Table 6. Nutrient effect on the survival of bacteria in the
water phase and biofilm in pipes at 37°C on day 21.

Pipe 1 Pipe 2 Pipe 3
HPC Bacteria
Biofilm (CFU/mL) 55x10°  5.1x10° 12x10
Water vol. in pipe (mL) 14 14 14
CFU/14 mL 77x10°  7.1x107  1.7x10°
Inner surf. area of pipe (cm?)  628.32 628.32 628.32
CFU/em’ 12x10*  1L1x10°  27x10°
Water Phase (CFU/mL) 53x10*  7.1x10°  1.0x10°
Biofilm/Water Phase 10.4 7.2 12.0
Total Coliform
Biofilm (CFU/100 mL) 567 633 763
Water vol. in pipe (mL) 14 14 14
CFU/14 mL 79.4 88.6 106.8
Inner surf. area of pipe (cm?) ~ 628.32 628.32 628.32
CFU/em’ 13x10"  14x10" 1.7x10"
Water Phase(CFU/100 mL) <33 <33 <33
Biofilm/Water Phase 172 192 231
E. coli

Biofilm (CFU/100 mL) <33 <33 <33
Water Phase (CFU/100 mL) <33 <33 <33

Biofilm/water Phase - - -

Acetate concentrations introduced to the pipes are the same as in Table 3.
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1.0 x 10 bacteria/cm” and 4.7 x 10* bacteria/cm®. Coli-
form bacterial count ranged from 1.3 x 10" bacteria/cm’
to 1.7 x 10" bacteria/cm’ (Table 6).

The presence of organic material and algae in the
biofilm probably enhanced the growth of these bacteria
[11], indicating that there was preferential bacteria growth
in the biofilm [21]. The high numbers of background
heterotrophic bacteria were probably responsible for the
decreasing coliform recovery by membrane filter [3,9,25].
These authors indicated that high numbers of HPC bacte-
ria might also interact in the analysis of coliform bacteria
and could possibly be responsible for the non-detection
of E. coli in both the water phase and the biofilm.

The results of this experimental study corroborate that
of LeChevallier [19] who discovered significant bacterial
growth in distribution systems occurring at assimilable
organic carbon (AOC) levels between 10 pg ac-C eq/L
and 50 pg ac-C eq/L. Boe-Hansen [15] also reported con-
siderable microbial growth observed at AOC concentra-
tions less than 10 pg ac-C eq/L. According to Szewzyk et
al. [23], a potential source of degradable organic carbon
in drinking-water systems is the use of inappropriate ma-
terials such as galvanized pipes, tubes and fittings and
the release of organic or inorganic compounds that sup-
port the growth of heterotrophic bacteria or fungi. The
growth could also be due to the possibility of the biofilms
releasing indicator organisms and heterotrophic bacteria
into the water phase in the pipes [26]. As was discovered
in the present study, Szewzyk et al. [23] reported that the
depletion of the nutrient in the water phase in pipes
causes bacteria to migrate to the biofilm, which is domi-
nated by organic and inorganic compounds, making it
ideal habitats for the bacteria to survive and even grow.
However, the death of bacteria in the pipes could also be
ascribed to environmental stress such as starvation which
eventually caused the bacteria concentration to decline
[15].

Generally, for all the bacteria under investigation, sig-
nificant growth was recorded in pipe 1 and bottle 1 even
though no nutrient was introduced to them. This observa-
tion can be attributed to the temperature [20] and the
presence of substrate in the pipes. Thus, the biofilm pro-
vides additional nutrients and favorable conditions for
the bacteria, thereby enhancing the growth rate in the
pipe compared to the bottle, which has no biofilm. In
both cases, bacteria that were not able to survive the tem-
perature and starvation perhaps died and their cells were
probably used as nutrients for surviving bacteria to live
on. Furthermore, the transfer of cells from the water
phase to the inner surface of the pipe causes equilibrium
to be reached between the amount of bacteria in the wa-
ter phase and on the surfaces. The end result is a detach-
ment process influenced by biological factors such as cell
motility within the biofilm, synthesis and release of ex-
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tracellular polymeric substances (EPS) degrading en-
zymes, cell growth rate, grazing activity and cell death/
lysis [15]. The detached bacteria from the surface are
detected in the water phase as suspended bacteria, thereby
increasing the bacterial population. This observation is
buttressed by the findings of Camper et al. [13].

Unlike the conditions under which this experiment was
conducted, if the sources and mechanisms that introduce
these bacteria into drinking water pipes in real time
situations are not contained, the bacteria will continue to
thrive in the system, even in the water phase. As a result,
there may not be a decline in bacterial population with
time, contrary to what was observed in this study. It is
therefore strongly recommended that drinking water pro-
viders put the necessary measures in place to ensure that
cross connections are continually checked to prevent
contamination from surrounding soil and water bodies.
Furthermore, the mechanisms that facilitate the entry of
disease-causing viruses, bacteria and protozoa into dis-
tribution systems, such as poor maintenance practices,
long retention times, and the presence of nutrients should
be strictly monitored and regularly checked to avert any
contamination and regrowth of coliform and HPC bacte-
ria in the systems.

4. Conclusion

The main objective of this study was to investigate the
impact of nutrient on coliform and HPC bacteria in
drinking water pipes. The study has demonstrated the
ability of nutrients, in the form of sodium acetate to sus-
tain bacterial growth in drinking water pipes. Our results
show that nutrients were used up by bacteria for cell
building and growth. This led to an increase in bacterial
population that could be detrimental to the quality of the
drinking water. Once the nutrient was totally consumed
and became depleted in the bulk phase, the bacterial
population reached a near stationary level and subse-
quently declined. The results further demonstrate the
migration of bacteria from the water phase to the biofilm
since the latter provided a more suitable environment and
safe haven for the bacteria to thrive on, thus promoting
their growth and prolonging their survival in the system.
Consequently, degradation of water quality is likely to
last for a much longer time than anticipated. It can also
be concluded from this study that the absence of E. coli
and coliform bacteria in water does not preclude the ex-
istence of these bacteria in drinking water distribution
networks.
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