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EXECUTIVE SUMMARY
The purpose of a water distribution system is to supply the consumer with potable
water and to ensure good hygienic sanitary conditions. However, this is not always
the case. Although potable water is disinfected prior to entering the distribution
system, the manner or type of disinfection used is not always suitable for maintaining
the water quality. It is known that breakthrough may occur which results in the
regrowth and aftergrowth of organisms in the distribution system. The occurrence of

bacterial aftergrowth in water distribution systems has been well documented.

Biofims consist of immobilised cells which do not wash out as rapidly as their
suspended counterparts. This results in the accumulation of refatively large cell
populations within the distribution system. Biofilms have also been recognized as
complex microbial ecosystems consisting of various microorganisms, e.g. diatoms,
algae, filamentous and rod shaped bacteria, yeasts, fungi, and micro-invertebrates.
All these microorganisms are kndwn to cause a deterioration in taste, odour and
appearancevof drinking water. Biofilm formation also effects the bdcteriolbgical quality
of potable water. The presence of opportunistic pathogens such as Fseudomonas,
Mycobacterium and Klebsiella in biofilms may pose a threat to public health.

Legionefla pneumophila was found to proliferate in hot water systems,

The aims of the study have been as follows: (j) to conduct an in-depth study on
biofim composition and formation in a potable water distribution system; (i) to study
the effect of biofilm formation on the quality of the final drinking water, and (i) to

assess the extent of biofilm formation and evaluate the possible risk to human heatth.

Total coliforms were isolated from 33% of the samples tested. Ten percent of the
samples contained more than 5 total coliforms per 100 m¢ which is above the
maximum allowable limit as recommended by Watertek. Faecal coliforms were isolated
from 10% of the samples tested and counts were found to vary from 0 to 7 CFU per
100'mf. No faecal coliforms are allowed per 100 m¢ of drinking water. Twenty-five
different fungal cultures .were isolated from the distribution system and counts fungal
counts were found to vary between 0 and 3 755 org. per 100 md. Most of the
organisms (95%}) isolated were identified as members of the genus Bacillus. Other
organiéms isolated were identified as Staphylococcus, Micrococcus, Acinetobacter,
Flavobacterium, Aeromonas, Klebsiella, Citrobacter and E. coll Legionella bacteria

were also isolated occasionally.



Bacterial numbers counted in the distribution system of apartment buildings were
found to be much higher than in private houses. The age of the building and of the
plumbing system was found to play an important role in the potable water quality of
the building. Substantially higher bacterial counts were found in water samples
collected from older buildings. The bacterial population of biofilms were found to
concur with the sessile population found in the water samples. Mild stee| was found
to be the best supporter of bacterial growth in water distribution systems and copper
the best inhibitor. Higher corrosion tempos were found in_relatively older buildings
than those found in relatively new buildings.
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1. INTRODUCTION

The purpose of a water distribution system is to supply the consumer with potable
water and to ensure goaod hygienic sanitary conditions. The water distribution system
can therefore be considered as a channel in which the finél water is distributed to the
consumer's home. Such a channei should be free of any adverse effects on the quality
of the water, /e, the water consumed should be of a similar quality to that of the water
'leaving the waterworks. However, this is not always the case. Although potable water
is disinfected prior to entering the water distribution system, the manner or type of
disinfection used, does not always provide for maintaining a desired water quality, it
is known that breakthrough may occur which results in the regrowth and aftergrowth
of organisms in the distribution system. The occurrence of bacterial aftergrowth in
water distribution systems has been well documented (LeChevallier et al, 1982;
LeChevallier & McFeters, 1985; McFeters et al, 1986; Van der Koolj, 1982). -

Drinking water contamination, resulting from the breakthrough of microorganisms,
remains one of the difficulties faced by producers of potable water world-wide. This
eventuélly, as already mentioned, leads to the regrowth of bacteria, resulting in biofilm
formation. Biofilm formation within the water distribution system has not been well
studied and little definitive information is available on the many factors -inﬂuencing
microbial growth and survival (Reasoner, 1988). The study of microbial behaviour and

the relationships within the distribution system are therefore challenging and complex.

Biofims consist of immobilized cells which do not wash out as fast as their suspended
counterparts. This results in the accumulation of relatively large cell populations within
the distribution system. It has been established that on average, there are as many as
10 000 sessile organisms for every planktonic organism present in recirculating water.
Biofilms have also been recognized as complex microbial ecosystems consisting of
various microorganisms, ie. diatoms, algae, filamentous and rod shaped bacteria,
yeasts, fungi and micro-invertebrates (Hinzelin & Block, 1985). All these
microorganisms are known to cause a deterioration in taste, odour and appearance
of drinking water (Victoreen, 1974).

The formation of a biofilm in a water distribution system may disturb waterflow and
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intensify corrosion of the materials used in the construction of the system. Sulphate
reducing bacteria were identified as the single most causative organisms responsible
for most of the corrosion in distribution systems (Von Holy, 1987: Bondonno, 1990},
These bacteria play a dual role in causing corrosion. They initially act as cathodic
depolarisers after which corrosive hydrogen sulphide is produced (Von Holy, 1987),
Other microorganisms directly involved in corrosion include the sulphur-oxidizing
bacteria and iron bacteria. Algae and fungi are indirectly involved in corresion as these
organisms are involved in biofilm formation, Biofiim formation also affects the
bacteriologicalquality of potable water (Geldreich etal, 1972), Athreatto public health
may also be posed by the presence of opportunistic pathogens such as
Pseudomonas aerugfnbsa, Mycobacterium kansassi and Klebsiefia Pheurnoniae in
biofilms. Other opportunistic pathogens ie. Legionelia pneumophila were found to
proliferate in hot water systems {Grabow et af, 1991) | '

£

The formation of a biofilm wil only take place if an energy source (organic or inorganic
hydrogen) and other compounds required for the synthesis of biomass are present
in sufficient -amounts. Bacteria growing in the water distribution system, particularly
those contributing to the colony counts of potable water, were found to be
chemoheterotrophic (Van der Kooijj et al, 1982}, Berg and co-workers (1981) also
found bacteria growing under low nutrient conditions to be more resistant fo
disinfectant actions than bacteria growing under high nutrient conditions, Escherichia
-colf has been shown, when attached to a clean glass surface, to be 11 times more
resistant to free chlorine than Unattached cells (Grabow, 1989).'

The Health Programme of the Division of Water Technology (Watertek) undertook to
research and assess microbiological growth in the water reticulation and d.istributibn
system of a major metropolitan area. The aims of the study have been as follows: (i)
to conduct an in-depth study on biofilm composition and formation in a potable water
distribution system; (ii) to study the effect of biofilm formation on the quality of the final
drinking water; (iii) to assess the extent of biofilm formation with reference to possible
risk to human health,




2. RESEARCH APPROACH

A detailed literature survey has been completed using the available services
(WATERLIT & SARIS) supplied by the Division of Information Technology, CSIR and
datareceived from overseas experts in the field. Attempts have been made to address

different aspects of microbial growth in potable water distribution systems.

In an attempt to assess the problems that might arise from microbiological growth in
the water distribution and reticulation systems, questionnaires (Appendix A) were
compiled and sent out 1o 25 municipalities and water boards throughout South Africa,
They were selected actording to the size of their distribution system. in an attempt to
ascertain the existence and extent of complaints about taste and or odours in a major

metropolitan area, an in-house questionnaire (Appendix A) was compiled.

Due to logistical problems it was decided to concentrate, for the purpose of this study,
on one metropolitan area only. Water and biofilm samples were collected at random
over a three year period (January 1988 - December 1990) from private houses,
apartment buildings, and other institutions. Apartment buildings were considered to be
high rise buildings with one or two central reservoirs serving the whole building. An
attempt was made to include sampling points in both "old and new" suburbs, thereby
facilitating comparison studies between private houses and apartment buildings, as
well as comparison studies between relative old and new buildings. Sampling points
were also selected in a manner which ensured a correlation study betweén water

quality (microbiological, chemical and physical) and distance from the water source or
reservoir.

Various piping materials were also studied in order to evaluate their relative support
to biofilm formation. The final water quality and biofilm formation and compaosition were
also evaluated in order to facilitate correlation studies between the quality of the
potable water and extent of regrowth. A modern approach to biofilm monitoring is the
development of replaceable sampling surfaces which allowed for more detailed
observations of relatively undisturbed portions of the biofilms. An example of such a

sampling system is the Pedersen’s device (Fig. 1). This device will be described in full
in paragraph 3.4.



3. MATERIALS AND METHODS
3.1.  Microbiological analyses

Grab samples were collected at the various sites in sterile two litre Nalgene bottles and
analyzed within six hours of collection. Two millilitres of a 30% sodium thiosulphate
solutioh were added to each bottle to neutralize any chlorine present at the time of
collection. Water samples were analyzed for total coliforms, faecal coliforms, injured
6o!iforms, fungi, actinomycetes and total and heterotrophic plate counts. The
membrane filtration technigue (APHA, 1985) was used for the enumeration of tota| ang
faecal coliforms, injured coliforms and fungi. Culture media used inciuded dehydrated
m«Endo_agar Les, m-FC agar, m-T7 agar (LeChevallier ot al, 1982) and Potato
dextrose agar (PH 3,5) (Hinzelin & Block, 1985) respectively. Total‘and heterotrdphic
plate counts were done according to APHA (1985) using Totai plate counting agar and
R2A agar respectively. Actinomycetes were enumerated using Actinomycetesisolation

medium, Czapek’s agar, Chitin agar and Starch-casein agar (Waksman, 1961: Williams
ef al, 1989),

A number of water samples were also tested for the presence of opportunistic
pathogens such as Legionella, Klebsiella, Aeromonas and Pseudomonas aeruginosa,
Legionefia bacteria were enumerated using a Buffered charcoal yéast extract agar
(BCYE) according to Grabow et af (1991). In short, an appropriate volume of the
sample was filtered through a membrane (pore size = 0,45 gm). The membrane was
placed in a wide necked bottle containing 10 m¢ of sterile tap water, and sonicated
for 10 min to rélease the bacteria from the ‘membrane. Quantities of 0,1 m¢ of this
concentrate or dilutions thereof were streaked on the BCYE agar plates. These plates
~ were incubated for three to five days ét 37°C, after which they were examined for the
presence of Legionella by staining smears of these colonies with a commercially

avaifable antibody conjugéte specific for L, pneumophila and L. micdadei (Zeus
Technologies, inc.).

Ampicillin dextrose agar (Havelaar et af, 1887) was used for the enumeration of
Aeromonas. A modified McConkey agar (MCIC) (APHA, 1985) was used for the
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enumeration of Klebsiella. The mPA-B medium, as recommended by Havelaar of al.

(1985), was used for the enumeration of Pseudomonas aerugfnosa.

3.2.  Chemical/physical analyses

Grab samples were collected in sterile one litre Schott bottles. Parameters tested
(APHA, 1988) included: iron, zinc, sulphate, potassium, magnesium, chloride,
hardness, alkalinity, total suspended solids (TSS), dissolved organic carbon (DOC),
total organic carbon (TOC) and conductivity. The Lovibond 2000 comparator MK.I|
{Tintometer GMBM, West Germany) was used to determine free and total chlorine on
site, Results were confirmed in the laboratory, using the DPD Ferrous Titrimetric
method (APHA, 1985). Temperature (°C) was determined on éite, while pH was
determined in the laboratory at room temperature, The Langelier cdrrosion index was
also caiculated (Langelier, 19386).

3.3.  Assimilable organic carbon assay

The assimilable organic carbon (AOC) assay, as developed by Van der Kooij and co-
workers (1982), was applied. Test water samples were pasteurized, cooled and
inoculated with a small number of test organisms from a stock culture of
Pseudomonas fluorescens strain P-17. The inoculated water samples were incubated
at 15°C and sampled repeatedly to establish the maximum density (N, ) of test
organisms in the water samples. Organisms were enumerated as colony forming units
(CFU) using the spread plate technique. The CFU values were converted into AOC
concentrations using an empirically derived yield factor. The yield factor (g AOC per
CFU) was determined by adding known concentrations of acetate to a test water
sample. Linear regression was used to estimate the relationship between the density
of the CFUs and acetate concentration after correcting for any AOC present in the
water before adding acetate,



3.3.1. Preparation of stock culture

The method, described by Van der Kooij and co-workers (1982) was used for the
preparation of a stock cutture of Pseudomonas fluorescens strain P-17. Precultures
were prepared by inoculating 50 me sterjie tap water, containing one mgy/s acetate,
with a turbid suspension of a 24 hour old cell culture, grown on a Lab Lemco slant.
With this inoculum, an initial colony count of +500 CFU/me¢was introd uced. Incubation
at 25°C for one week results in 4x10° CFU/me. The precultures were then stored at
4°C and used to inoculate the test water samples,

3.3.2. Preparation of glassware

Biological oxygen demand .(BOD) bottles were thoroughly cleaned to remove a{ny
traces of AOC from the glassware. Cleaning was achieved using chromic acid, and
alternative finses with hot tap water and a 10% nitric acid solution. Graduated pipettes
(1 my were also cleaned with chromic acid and repeatedly rinsed in streaming tap

water. The pipettes were then heated overnight at 250°C before use. Cotton plugs
were not used.

3.3.3. Preparation of water samples

Clean, sterilized BOD botties were carefully filed at selected sampling points. Care was

taken to minimize contamination of the water by pipe materials, sediments or dust,

After the samples were returned to the laboratory, ail vegetative bacterial cells in the

water were killed by pasteurization at 80° C for two hours. After cooling, samples were

inoculated with precultured cells of F. fluorescens strain P-17 and incubated at

15+0,5°C without shaking until a maximum cell concentration (Nme) Was reached.
- Growth was measured daily by plate colony counté, using Tryptic soy agar. Colony
forming u'nits were counted after a 48 hour incubation period at 25+0,5°C. All growth
experiments were carried out in triplicate. '




3.4 Biofilm formation and corrosion tempos

A modified Pedersen’s biofilm reactor (Fig. 1) was used to determine the aftergrowth
potential of microorganisms and biofilm development on different supporting materials
(Pedersen, 1982). This unit is constructed of cast iron and contains replaceable
coupons (76mm x 256mm x 1mm), manufactured from different materials, The coupons
can be removed individually without draining the system. The 4'6-diami-dino-2-
phenylindole (DAPI) fluorescing stain method, as described by Wolfaart et a/. (1990)
was used to determine the numbers of sessile microorganisms colonizing the surface
of the different material coupons. Biofilm compositibn was determined by sonicating
the coupons in 10 m¢ sterile water for 10 min, after which samples were plated on R2A
agar. Representative colonies were then picked off and identified. Each sample was
also tested for the presence of sulphate reducing bacteria. Total corrosion tempos

(CR) for each of the materials used were determined according to Mittelman & Geesey
(1987).

3.5.  Biotoxicity and mutagenicity assays

Bioassays were carried out according to standard procedures as described by the

United States Environmental Protection Agency (EPA, 1985), using waterfleas (Daphnia

pulex). A LC50 was determined after 24 and 48 hours. The method described by Ames

and co-workers (1975) as modified by Kfir and co-workers (1982) was used for the
detection of rhutagens in water. Mutagenic activity is reported as a mutation ratio (MR

value), which is a calculated ratio between the formation of mutant colonies and

spontaneous mutation levels.

3.6. Identification of microorganisms

Bacterial colonies, representing the total population on each plate were maintained on
Tryptic soy agar slant after isolation and purification, using standard microbiological
techniques. Samples from the enrichment studies were streaked out on Tryptic soy
agar to obtain single colonies. Gram stains were perfofmed on heat-fixed smears of
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24 hour old cuitures. The staining method was carried out as described by Holdeman
ot al (1977). The results were confirmed with the lysis of cells in a two percent (m/v)
potassium hydroxide solution (Gregerson, 1 978). CéH morphology was determined by
a phase contrast examination of wet mounts (Pfennig & Wagener, 1986) and bright
field microscopy of Gram stained preparations. Endospore formation was determined
on one week old cultures, grown on Tryptic soy agar stants, as well as 5 sporulation
medium. Bright field microscopic examinations of Schaeffer-Fulton stained smears
(Doetsch, 1981) were carried out, as well as, phase contrast examinations of wet |
mounts. The sporulation medium consisted of (9/)): peptone, 5: meat extract, 3;
MnS80,4H,0, 0,008; agar, 15,

Further physiological characteristics, needed for the final identification of the microbial
isolates (Krieg & Holt, 1984), were done according to Gerhardt et af (1981).

3.7.  Statistical analysis of the results

Results were analyzed using the personal computer package Statgraphics 4.0 (STSC,
1989).

4, RESULTS AND DISCUSSION

41. Literature survey

A detailed literature survey has been completed and is attached as an appendix
(Appendix D) to this report. The study reviews the following topics: 'the source of
microbial growth in the system: the water distribution layout with reference to structure
and materials used: factors affecting microbial growth in the system with special
reference to total organic carbon levels and disinfection; health-related aspects of the
microbial growth and the microbial quality of the final drihking water. The literature
study indicated the merit of investigating the extent of microbial growth in water
distribution systems in South Africa,




4.2, Questionnaires

Twenty-five questionnaires were sent out to various water suppliers, of which only 16
were completed and returned. Seven ofthe 16 questionnaires answered, indicated that
taste and odour problems do exist. Only one water supplier identified the taste and
odour problem positively as being due to bacterial growth. One water supplier
indicated geosmin and another an excess chlorine smell as the reasons for the taste
and odour complaints. According to the water suppliers, taste and odour problems
were treated either by relocating intake water from one place to another, or by flushing

the hydrants until a residual chlorine was measured. Activated carbon filtration was
also used.

The water purification treatment performed by all water suppliers, consisted of a
flocculation/coagulation process. Pre-chlorination followed by flocculation was applied
by four of the water suppliers. A sedimentation process, using lims and ferrichloride,
was used by only one. All water suppliers surveyed, performed filtration followed by
chlorination of the finat water. Residual chlorine concentrations reported in the final
water ranged from 0,02 mg/t to 1,5 mg/t. However, most of the returned
questionnair.és (56%) indicated a residual chlorine concentration between 0,1 and 0,2
mg/e. Héported bacterial counts for water in the distribution system ranged for total
coliform counts between 0 to more than 1000 CFU per 100 me and for standard plate
counts from @ to 100 CFU per 1 mq.

Sixty-nine individuals, representing 38 different suburbs, participated in the in-house
questionhaire. Thirty-three percent complained about taste and odour problems, Only
two individuals reported the problem to the authorities. Fifty-eight percent of the

complaints were dus to taste (6 - chlorine; 13 - "other") and 17 to odour (5 - chlorine;
12 - "other").

Data collected from both questionnaires clearly indicates that bacterial aftergrowth
occurs in wat'er distribution systems of most of the country's major metropolitan
centres. It also shows that the treatment processes do not always meet the
requirement to maintain a safe microbiological water quality as specified by the SABS

(SABS, 1984) and recommended by the CSIR (Kiir, 1989). However, it must be stated
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that this assumption is based on the occasional monitoring of the water quality -as
supplied to the final user and might be a once only situation.

4.3.  An evaluation of the extent of biofilm formation in private houses.

During the first phase of this study (January 1988 - December 1989), biofilm samples
were collected from several private houses in various suburbs in one of South Africa’s
major metropolitan areas. The first set of samples were collected from two houses
situated in two relatively new suburbs, Members of the local municipality assisted in
the sampling process by opening pipes leading to the houses, Biofilm samples were
collected from the inside walls of the pipe and tested for the presence of various
microorganisms, Microbiological analyses performed were total coliforms, faecal
coliforms, Klebsielia, Aeromonas, Pseudomonasand Legionelta. The potable water was
not tested. Although heavy background growth oceurred, none of the specific
- organisms tested could be enumerated, The residual chlorine cencentration for both
sampling points was less than 0,2 mg/t. A second set of samples were then collected
from older suburbs. Sampling procedures and microbiological analyses used were
simiar to those used during previous studies, except for the implementation of an
enrichment step in buffered peptone water and nutrient broth before 'streaking onto
selective media. Atthough bacterial growth occurred in the enrichmént media, none of
the microorganisms tested for, using different selective media, could be enumerated.
In both studies no chemical/physical analyses were included.

As a result of the unsuccessful attempts to directly isolate any health-relatéd
microorganisms from the scrapings collected from the reticulation system, it was
decided to collect samples from underground pipes believed not to have been opened
in 40 years. Water samples and scrapings from the inside walls of the pipes were
collected from two different locations in a relatively older suburb, Sampling procedures
were the same as for the previous study. Results are summarized in Tables 1 and 2,
No chemical or physiéal parameters were included in this study. Although heavy
background growth occurred in both types of enrichment media of the potable water
samples collected from house no. 1, none of the opportunistic pathogens tested could
be enumerated. Similar results were found for enrichment studies of scrapings
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collected from the pipe.

Total colfforms and faecal coliforms were enumerated from enrichment media of
scrapings collected from house no. 2. None of the opportunistic pathogens, including
total and faecal coliforms, could be enumerated. Potable water samples collected from
house no. 2 were also negative for any of the organisms selected, However, a total
plate count of 177 CFU per me was found in the potable water collected from house
no. 2, compared with the 19 CFU per m¢ counted in potable water collected from
house no. 1. These results confirmed biofim formation in the water distribution and
reficulation systems in this area. Results (heavy background growth) from samples
collected in other suburbs of the same metropolitan area also confirm biofilm
formation. However, no pathogenic or opportunistic pathogens could be isolated.'As
this was the first initial stage of the research project, this could be due to improper

enrichment of the samples rather than to a total absence of these organisms from the
distribution system. '

44, An evaluation of the potable water quality and the identification of
microbial growth in the reticulation system. '

In an attempt to identify problem areas for further studies, it was decided to evaluate
the water quality in different suburbs in the same metropolitan area used in previous
studies. Eighty different water samples were collected from apartment buildings,
private houses and other institutions during the period January 1989 to December
1990. Microbiological analyses performed on these samples included total coliforms,
faecal coliforms, filamentous yeast and fungi, standard plate counts and heterotrophic
plate counts, Before testing for the presence of Klebsiella, Aeromonas and
Pseudomonas species, water samples were enriched using Tryptic soy broth. All
chemical and physical parameters were tested for, as has already been described.

Total coliform counts varied from 0 to 26 CFU per 100 m¢ (Fig. 2) and were isolated
from 33% of the samples tested. Ten percent of the samples contained more than 5
total coliforms per 100 m¢. Injured coliform counts varied from 50 CFU per 100 m¢

to 850 CFU per 100 m¢. The relatively high injured coliform counts, compared with the
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fotal coﬁform counts, indicate that these bacteria, although present in the distribution
system, cannot always be detected using conventional methodology. These bacteria
are injured due to the treatment processes and are in need of special favour.able
conditions. By using the m-T7 agar one caters for such favourable conditions (
LeChevallier et af, 1 882). Such favourable conditions can also be found in the
reticulation system, resulting in regrowth of total coliform bacteria. The detection of
injured coliforms in drinking water provides a more sensitive and accurate database
that can assist in finding microbiological problems at an earlier stage (McFetérs &
Singh, 1988). Injured coliforms can also be of public health significance, since
opportunistic pathogenic bacteria are more resistant to injury than coliforms,
Opportunistic pathogens reported to be enumerated- using the m-T7 agar are
Klebsiella, Pseudomonas, Aeromonas, Cifrobacter, FPasteurella, Acinetobacter and
Flavobacterium (Skadsen, 1990y,

Faecal coliforms counts varied from bto 7 CFU per 100 my (Fig. 3) and were isolated
from 10 % of the samples tested. Heterotrophic plate counts varied from 1,65x 10% to
6,59 x 108 (Fig; 4) and were found to be 2 logs higher {geometrical mean) than the
standard plate count (Figs. 4 & 5). Fungal counts were found to vary between 0 and
3 755 organisms per 100 m¢ (Fig. 8). Various types of imperfect fungi were isolated
from water distribution systems in recent years (Rosenzweig & Pipes, 1988). it has
been shown in laboratory studies that fungal spores and mycelia can be inactivated
by low concentrations of chlorine, but survive in SOme habitats within the water
distribution system. Of 38 chlorinated drinking water samples analyzed by Hinzelin &
Block (1985), 50 % were found to be contaminated by yeasts and 81 % by filamentous
fungi. Most of the samples tested in this study were also found to be contaminated
with fitamentous fungi only. Elevated storage tanks open fo the atmosphere appear to

be a significant source of fungal input to the water distribution system (Rosenzweig &
Pipes, 1988).

Members of the actinomycetes were isolated from two samples only, collected in one
- of the suburbs studied. Unfortunately these actinomycetes cultures could not be further
identified, Members of the actinomycetes are known to produce secondary metabolites
such as 2-methylisoborneol (2-MiB) and geosmin, causing an earthy-musty taste and
odour inwater (Gerber, 1883). This normally occurs under conditions of okygen stress,
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Many reservoirs have been shown to be troubled by the production of these two
metabolites (Aoyama, 1990).

Most of the organisms (95 %) isolated from the enrichment studies were identified as
members ofthe genus Bacifus (aerobic, Gram-positive endospore-forming bacilli). This
is to be expected, as all the water samples tested were exposed to treatment
processes which should eliminate most other vegetative cells. Endospores are resistant
to treatment processes and can easily enter the water distribution system, where they
can multiply. The genus Bacillus are known to contain species péthogenic to humans
and animals (Starr et af, 1981). Other Gram-positive organisms were found to be

cocai. These organisms were identified ds members of the genera Staphylococcus and
Micrococcus.

Most of the Gram-negative organisms isolated were identified as Pseudomonas
ﬂuorescens Pseudomonas aeruginosa was never isolated from any of the samples
tested. Other Gram-negative organisms isolated were identified as members of the
genera Acinetobacter, Flavobacterium, Aeromonas, Klebsiella, Enterobacter and
Citrobacter. Escherichia colf was isolated only once from samples collected from an
apartment building. These results are similar to those found by other researchers.
Families most freqUentty isolated by Gambasinni and co-workers (1990) were
Bacillaceae (57,6% of total population), Micrococcaceae (43,9% of total population)

Pseudomonadaceae (40,9% oftotal population) and Enterobacteriaceae (22,7% oftotal
population),

Members of the genus Legionelia were the only organisms isolated using selective
media. These organisms were isolated from both houses and apartment buildings. No
trend was found for any type of building. Legioneffa counts were found to vary from
between 36 and 231 organisms per 100 m¢. These organisms are also known to grow
in close association with blue-green algae and other chemolitotrophic organisms. Their
presence may therefore confirm the presence of biofims in the water distribution
systems of the metropolitan area studied.

Twenty-five different fungal cultures were isolated and purified from the water samples

tested. These organisms were found to be members of the genera Aspergillus,
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Penicillium, Fusarium, Fhialophora, Curvularium and Mucor. The genera Aspergiflus,
Curvularium, Penféillfum and Fusarium are known to contain human pathogens (Wilson
& Plunkett, 1967: Marcus et al, 1981). Itis also known that fungal spores may cause
allergic reactions in some humans upon consumption. The pathogenic yeést, Candida
albicans was not Isolated from any of the water samples tested. However, although

yeasts other than Candida albicans were found in this study, they were not recorded
or identified,

~ Results of the chemical/physical parameters are summarized in Table 3 and Fig. 7. All
parémeteré were found to comply with the SABS standards (maximum permissible
limit) for drinking water (SABS, 1984; Kempster & Smith, 1985). Seven percent of the
samples tested contained more than 0,03 mg/¢ iron (Fe). Zinc concentrations were
found to vary from less than 25 pg/t to 625 pg'/a. Total chlorine levels varied batween
0 and 0,2 mg/e. No residual chiorine was recorded with only one excéption where 0,01
Mg/t was measured. A minimal residual chlorine cbncentration of 6,2 mg/tis needed
for effective disinfection, |

No correlation was found between bacterial counts and the Chemical/physical
parameters of the various houses and apartment buildings. Similar resuits were found
by Bondonno (1990), However, bacterial counts were found to correlate with
chemical/physical parameters when sampling was conducted along the distribution
system on the same date. A correlation coefficient of -0,9487 was found between
bacterial counts and total chiorine concentration in the water. This indicates that the
higher the chlorine concentration, the lower are the bacterial counts recorded,
Correlation data of other parameters are given in Table 3. The high correlatioh found
between hardhess and conductivity does not necessarily indicates a direct relation
between these two parameters and bacterial counts. |

4.5, A comparison of the water quality coliected from apartment buildings and
private houses.

The difference in the bacterial water quality of apartment buitdings and private houses
was evajuated. The results (Fig. 9 - 13) clearly indicate the water quality in apartment
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buildings to be of a lower standard than that of private houses. Bacterial counts
(heterotrophic plate count, total plate counts and fungi) were 2 log or more higher in
apartment buildings (Fig. 11 - 13), All faecal coliforms isolated during the second
phase of this study were isolated from water samples collected in apartment buildings.
Of the total coliforms isolated, 79% were isolated from apartment buildings. This can
probably be ascribed to the presence of a central reservoir in apartment buildings
which supplies the whole building with water. Maintenance of such reservoir is often
neglected. During the collection of samples for this study, two reservoirs were found
standing open on top of the buildings. This may resuit in the contamination of the
plumbing system by dust and organic matter such as leaves and birds. The water
quality of apartment buildings a'nalyzed during this study, although not repeatedly
analyzed, does not comply with the SABS limits for drinking water in general. A total
plate count of 222 CFU/m{ (geometrical mean) was found for apartment buildings,
compared with the 57 CFU/mit (geometrical mean) for private houses.

46. Biotoxicological studies.

Bioassays were carried out on all the water samples. Only o.ne sample collected from
a school showed a 100% Daphnia lethality within 24 hours. A second sample, and
samples from surrounding houses were immediately collected and analyzed, Results
showed a 40% lethality after 24 hours and a 100% lethality after 48 hours for the
second sampie collected. The remaining samples showed a lethality of less than 10%
after 48 hours. A lethality of less than 10% is interpreted as an absence of toxicity.

No excessive microbidlogical activity, relative to other samples, was observed for the
samples collected from the school. The chemical parameters of the isolated sample
did not exceed the limits stated for drinking water (SABS, 1984; Kempster & Smith,
1985). However, a strong petroleum/oil-like smell was noticed in these samples. This
smell probably originated from unconventional substances (oils and greases) used
during the installation of the school plumbing system. These substances probably
caused the Daphnia lethality as Daphnia are known to be a very sensitive organisms
(Slabbert, 1991). The first sample was collected immediately after a school holidays

during which water was not used, This could have resulted in a build-up of these
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substances. The reduction in toxicity after ré-sampling indicates a dilution or removal
of the substances from the plumbing system.

All samples collected from apartment buildings and private houses showed a Daphnia
lethality ‘of less than 10% after 48 hours. Sariples collected from a research facility
showed a lethality of 30% or less after 24 hours and a lethality of 75% or less after 48
hours, Totai chlorine fevels in these water samples varied from betwesn 0,01 ang 0,2
mg/t. As Daphnia pulex is known to be highly sensitive to chlorine the lethality
observed might be due to the chlerine levels recorded (Slabbert, 1991),

Several samples, collected in the metropolitan area, were tested for the presence of
potentially mutagenic activity (Ames test). Mutagenic activity could not be detected in
any of the samples tested. Govender and co-workers (1 990) found Mutation Ratio (MR)
values to vary from between 1,3 and 6,3, depending on the Salmonelia strain used in
their study, in"dr_inking water for the _seime metropolitan area. A MR value greater than
2 indicates that a drinking water sample is mutagenic. However, Govender and co-
workers (1990) have used a ditferent concentration method in which large volumes
(200 9 of potable water were éoncentrated using XAD-7 resin.

As most of the samples tested for toxicity, using Daphnra pulex, showed negative
results, it was decided not to carry out the endotoxin test. in studies carried out by
Burger and co-workers {1989) very low endotoxin concentrations ‘( <70 EU/md) were
detected in drinking water of the same metropolitan area, Presentiy, there are no limits
for endotoxin levels in potabie water. The occurrence and health implications thereof
are as yet unclear and a controversial subject. ' '

4.7.  Different matérials_supporting microbiological growth.

Results from the questionnaires sent out to different water suppliers, indicated the
piping material most frequently used in the major cities in South Africa consisted of
cast-iron, concrete, PVC, polyethylene, bitumen lihed steel and asbestos. in the light
of these data and after consulting with technical experts, it was decided to evaluate the
following materials /e, stainfess steel, galvanized_ steel, mild steel, copper and PVC in
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this study. Other materials were not commercially available in the desired thickness (1
mm).

A Pedersen’s device was installed in a relatively old building, bufiding no. 1 (32 years
old) and a relatively new building, building no. 2 (3 years old). This was undertaken
to allow for a comparison of the effect of the "age " of the plumbing system on biofilm
formation. The surfaces of the selected materials were exposed to municipal running
drinking water for a period of 12 weeks. The location of the device in both buildings
was similar to allow for as close as possible conditions of flow and retention of water,

Samples were collected after 1, 2, 4 and 12 weeks, The fesults obtained are
summarized in Figs. 14 to 18.

In order to study the change in biofilm composition with time, for each of the materials
mveshgated a total of 197 bacterial cultures were isolated and purified from biofiims
grown on the materials tested (PVC, 46; stainless steel, 29; galvanized steel, 26; mild
steel, 52; copper, 44). The methods used for the identification of the organisms have
been described in paragraph 3.6. The results are summarized in Tables 5 and 8.

4.7.1. Mild steel

Heterotrophic plate counts indicate mild steel to be the best supporter of bacterial
growth (Fig. 14). Members of the genus Pseudomonas were found to be the dominant
organisms growing on this material for the period of the first two weeks after which the
genus Bacillus became dominant. This was found for both buildings no. 1 and no. 2
(Tables 5 & 6). Other organisms isolated were predominantly Gram-positive cocci, viz,
Staphylococcus, Deinococcus, and Micrococcus. Members ofthe genus Acinetobacter
(Gram-negative organisms) were Isolated from building no. 1 after one week (Table 1).

4.7.2. Stainless steel

Helatively high bacterial counts were found on stainless steel (Fig. 17). The genus
Bacillus was found to be the dominant brganism in the biofilm formed on stainless



replaced from the second week on by Bacillus, similar to the finding for building no.

1 (Table 6). Other organisms (Serratia, Alcaligenes, Flavobacterium, Serratia and
Pseudomonas) were isolated only from building no. 2.

4.7.3. Galvanized steel

genera Pseudomdnas, Staphylococcus and Micrococceus, Sulphate-reducing bacteria
were isolated from galvanized steel after 12 weeks. From the resylis (Tabie 5), it
appeared as if members of the genus Flavobacterium wers- intermedia\tely the
dominant population (Week 1 & 4). No sulphate reducing bacteria were isolated from

Fseudomonas and Mforococcus,

4.7.4, Copper

Copper was found to be the best inhibitor of bacterial growth (Fig. 16). The dominant -
population found on copper in building no. 1 was identified as the genus Bacilfus,
Members of the genus FPseudomonaswere foundtobe the dominant group on copper
in building no. 2 (Table 6). Other organisms isolated were Bacillus, Staphyiococcus,
Aeromonas (building no. 1) and Micrococcus {building ne, 2,

4.7.5. PVC

In comparison with galvanized steel and copper, relatively high bacterial counts were
found on PVC (Fig. 18}, The genus Fseudomonas was found to be the dominant
population in building no. 2 (Table 6). In building no. 1, the dominant population was
found to be of the genus Achromobacter (week 1) and Pseudomonas (week 2) (Table
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5}. However, after the fourth week, the genus Bacillus became the dominant
population. Other organisms isolated were Acinetobacter (building no. 1) and
Staphylococcus (building no. 2) and Micrococcus (b'uilding nos i &2).

4.7.6. Comparison with other findings

The results of this study are compare well with those of Gambassini and co-workers
(1990). In another study carried out by Schoenen (1989) members of the genera
Pseudomonas and Flavobacterium were the dominant organisms growing on the
surface of different materials. Alcaligenes spp. and Acinetobacter spp. were frequer{tly
found and members of the genera Bacillus, Micrococcus, and Planococcus were only
found sporadicaily. However, this is in contrast with the results found in this study and
the study carried out by Gambassini and co-workers {1990). The constant and

repeated isolation of the genus Baciflus can be attributed to its resistance to the action
of chiorine. '

4.8. A comparison between the DAPI method and heterotrophic plate count
method for counting planktonic cells

Heterotrophic plate counts are mostly applicable to chemoheterotrephic bacteria (Van
der Kool et al 1982). Chemoheterotrophic bacteria normally contribute to colony
counts in distribution system. This group of bacteria includes opportunistic pathogens
and other health-related bacteria (Geldreich et af, 1972). Chemolitotrophic and
chemoorganotrophic bacferia were also found to be presentin the distribution system.
Their absence in the bacterial pdpulations found in this study might be due to the way
water samples were enriched, rather than to an absence of these organisms from the
reticulation system. This might explain the relatively higher DAPI counts (Fig. 14 - 18)
which may be due to bacterial growth not being able to grow under the enrichment
methods used in this study. All coupons showed overgrowth of bacteria after two
weeks and dilutions were required prior to the counting of baéterial numbers using the
DAPI technique. The variation in DAP! counts from one week to ancther (Tables 5 &
6) could be attributed to the deposition of debris which was found to interfere with the
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counting procedure.

4.9.  Corrosion tempos of different plumbing materials

Total corrosion tempos (CR) were determined for each of the materials tested. CR
values were calculated after exposure of each of the coupons to municipal drinking
water for a period of 12 weeks. Results are Summarized in Fig. 19. Aithough relatively
high counts were found on the stainless steel coupoh'(Fig. 17), twas found to be the
most resistant material to corrosion. The hfghest corrosion tempo was found for mild

steel, followed by galvanized steel and PVC. These results also indicate PVC to be less
stable and inert than expected,

4.10. A comparison of the water quality of a relative old buiiding and a relative
new building _ '

Results of the bacterial analyses of the different coupons clearly indicate a much
higher count for building no. 1 than for building no, 2 (Fig. 14 - 18). Similar results
were found for bacterial counts in the water samples collected (Fig. 20 - 24). Since the
source and flow rate of the water were the same, it can be concluded that the "age"
of the plumbing system plays an important role in the rate of biofilm formation, and
indirectly influences the water quality. The isolation of fagcal coliforms during the first

phase of this study supports this conclusion. Higher CR values were also found for
building no. 1 (Fig. 19).

5. CONCLUSIONS

- Although drinking water is treated using accepted and conventional treatment
processes, taste and/or odour problems due to microbiological regrowth and

aftergrowth occasionally do exist in the major centres in South Africa according
to reports by water suppliers.




bacteria, were isolated,

Reservoirs on top of apartment buildings, where low levels of maintenance are
practised, may pose a health risk to the inhabitants,

well as biofim samples collected from afder buildings,

- The bacterial Population of biofilms were found to concur with the Population
found in water samples,

- Mild steel was found to be the best Supporter of bacteria) growth in water
distribution systems and copper the best inhibitor,

- Higher corrosion tempos are found in older buildings than those found in
relatively new buildings,
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Questionnaire sent out to municipalities and waterboards



DIVISION OF WATER TECHNOLOGY
HEALTH PROGRAMME

QUESTIONNAIRE

Name and address of Institution: '
Tel:

1.

2

10.

11.

12,

Volume of water supplied per year;

"\
\

Estimate totaj length of the pipes in km:

What is the water source if there is more than one. Please Specify 'the main

ones.

From what materiais are the pipes constructed?: :
I

——————

if the water js treated, what are the stages?:

The water at the distribution system is maintained under Mg/t of residuaj
chlorine, )

Average number of coliform bacteria in the raw water is:

—_—
—_—

Average number of total bacterig) count at the distribution system s
organisms/ms, o

Ca _mg/e g_ mg/e;, P __Mg/t;  NO, mg/e;
X ___ Permanganate demand mag/e. :

mg/e, P mg/t;  NO,
» Permanganate demarg mg/e.

How was it discovered - physicai, chemical, flow measurements, or other
means?:




13.

14.

15B.

16.

17.

18.

18.

20.

21

22,

23.

24,

Was there any difference in bacterial growth appearance at points close to the water
treatment plant, or at points that are at the end of the distribution system?:

Were any pathogenic bacteria isolated from Raw, Finished, Distribution water. Please
indicate Y = yes; N = no, at the right place?.
R ; F ; D

If known, what was the name of the bacteria and numbers isolated?:

Was there at anytime a trail to get rid of the bacterial growth?:

If yes - what steps were taken?:

Did it help? , if Yes, for how long was it effective?:

Were there at any times complaints from the public concerning objectionable taste or
odour (or both) in the system?:

What type of treatment was introduced in order to overcome it?

For how long was it useful?:

Did you have 1o repeat the treatment procedure?:

Was the cause of taste , odour (or both) identified?:

If the answer to 22 is YES, would you mention the name of the organism responsible
for it?:

Thank you for your patience and cooperation



In-house questionnaire
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1. INTRODUCTION

counts inthe final drinking water have been reported ( Earnharht, 1980; Goshko etal,

2. DRINKING WATER DISTRIBUTION SYSTEMS

Water distribution systems carry water from its source or treatment plant to the

The ideal aim Js to bring to the consumer potahle water of an identical quality to that
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leaving the treatment plant. However, it has been weli documented that water leaving

the waterworks is often of superior microbiological and sometimes chemical quality to
that which reaches the consumer’s tap.

2.1.  Contamination of water in the drinking water distribution system

Oifferent parameters may affect the quality of the drinking water during its passage
through the distribution system. The drinking water distribution system is often not a
totally closed or sealed entity. Due to this, a possibility of external contamination exists.
' Hazardous situations, in which the system may be polluted, may arise accidentally or
more rarely, intentionaily. The water distribution system should be designed to prevent
externai contamination. Service reservoirs, which are used as storage units for potable
water, may constitute a weak link in the layout of water supply distribution systerﬁs.
Often reservoirs are not completely sealed, and in some cases are open. If the tanks
or reservoirs are underground, possibly in close proximity to sewage, cross
contamination due 16 sewage overflow may occur. Open reservoirs may be

contaminated by birds (especially gulls), flying insects, and algal growth due to day
light (Jones et al, 1978).

In some apartment buildings, roof reservoirs have been built. if such reservoirs are not
completely covered, contamination by rain can occur. Heavy bacterial contamination,
including £. coliand other coliforms of different origins (bird as well as domestic pets),

has been shown. This is especially true after the first heavy rainfall following a dry spell
(Anon, 1984).

It is recommended that reservoirs for storage of potable water be situated and built in
such a way as to lower the risk of sewage or any other contaminants being introduced
to the water distribution system,



22, Contamination of drinking water via back_ siphonage ang cross
connections '

siphonage. Substantia) micrabial contamination may resuit, depending on the system
outlay. A study carried out by Gih‘ii!an.(1971) in England, showed that although 859
of the properties studied posed a risk of back siphonage as assessed in terms of the

specific requirement, very Iow'probability ot actual occurrence of back siphonage was
reported,

water supply and other pipes carrying water or any other liquid of another source,
Water distribution systems in industrial areas in particular are at risk, but Plumbing of

private househoids is sometimes also affected. Accidental connection between potable
and discharged waters is rare.

microbial poilution of Potable water could be attributed to the utilization of these natural
‘Mmaterials (Taylor, 1947; Burman & Colbourne, 1976; Schoenen & Scholer, 1985),
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From the 1950's onwards, mainly synthetic materials have been used in the
construction of potable water distribution” systems. Most are derived from the oil
industry. According to Colbourne (1985), the change in the type of material used has
disregarded to a great extent the support provided by such materials for bacterial
growth or its effects on the microbial and chemical quality of the final water, By the mid
1960's and early 1970's studies had shown growth of bacteria on glass reinforced

tanks and on polyvinyichlorine (PVC), as well as on an epoxy used for lining (Burman
& Colbourne, 1978; Schoenen & Schéier, 1985),

In England a microbial growth test and a toxicity test was impleménted in order to test

the su;tablllty of materials for use in the water industry, including water distribution
(Ashworth & Colbourne, 1987).

24. Dead ends and their contribution to microbial growth

The layout of water supply distribution systems is often such that dead ends, in which
very little flow occurs, are unavoidable. Accumulation of debris occurs in such dead
ends where no free chlorine is available. Bacteria and fungi can utilize the debris for

growth and development, which can eventuaily lead to the deterioration of the water
quality,

The problem can be overcome by designing systems to avoid dead ends. Where dead
ends already exist, proper flushing should take place and regular sampling should be
carried out (Anon, 1984). '

3. MICROBIAL GROWTH IN THE WATER DISTRIBUTION SYSTEM

3.1, Definitions of microbial growth in the system

Regrowth - recovery of disinfected injured bacteria originating in the water treatment
plant.
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Injured organisms - a form of reversibie injury. Often coliforms in an injured state do

not form colonies on m-Endo agar Les, but may be recovered on a special medium
developed for injured coliforms,

(a) breakthrough-bacteria escaping disinfection {or injured bacteria); (b) growth, The
two are often relatéd since without initia breakthrough no growth will occur in the
system. . Different factors will support breakthrough and growth in the system,
Excessive microbiaj growth will result in: (a) unhygienic water which is a heatth hazard:
{b) deterioration of the pipe material, leading to increased growth; (c) tubercles which
will cause flow friction, flow resistance and increase pumping costs: (d) taste and
odour problems. '

Biofilms - mibrobial cells which are attached to Plpe surfaces, to extra polymeric
substances, tubercleg {mineraf deposits) or to sediment deposits. McFeters (1984)

defined biofilms ag microorganisms and their extracellular products associated with a
~ Substratum. '

Planktonic cells - bacterial cslls which are unattached and may flow with the stream
of water, and appear in the final drinking water,

The level of minerals or other nutrients in the water is of great importance to microbial
growth. Raw waters differ in their mineral composition and levels of organic carbon.




6
Although most raw water used as a source for public water supplies will contain
adequate amounts of minerals which will support bacterial growth, the specific mineral
composition will determine which type or species of bacteria occur (Anon, 1984), Raw
waters also differ greatly in their levels of organic carbon. Ground water is often very
low in organic matter while surface waters generally are rich in organic matter and wil
support substantial microbial growth. The major part of the organic matter in the raw
waters consists of humic substances which are usually resistant to biodegradation and
are utilized very slowly for bacterial growth. Usually, only specialized bacteria are

capable of biodegrading humic substances while many other bacteria are capable of
utilizing the biodegradation products.

Different water treatment processes will contribute to the removal of bacteria and
organic matter from the raw water. '

Atum coagulation - will remove humic substances by inclusion in the alum flog,

Slow sand filtration - provides suitable conditions for growth of bacteria which will
biodegrade organic matter. In some water works, a chlorinated backwash step is
included in the water treatment to reduce bacterial growth. This step often results in

increased growth of bacteria in the water distribution system as more organic matter
enters the system.,

pH and lime treatment - The results of a study by Martin and co-workers {1982)
indicate a delicate balance between bacterial growth in the water distribution system,
and the pH of the water and the level of the chlorine residual. The effect of the pH
might be dominant. Increase of pH by lime addition was shown to be effective in the
elimination of coliform growth in the water distribution system.

Disinfection - the final step in most water treatment processes is an oxidation process,
by either chlorination or ozonation, This step is introduced to remove bacteria or other
microorganisms which escape prior treatment processes. As the disinfection is not a
sterilization process, viable or injured microorganisms may escape this step and
multiply in the water distribution system. The oxidation process, while r'emoving or

partially removing microorganisms, also oxidizes any remaining organic matter not
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biodegraded in the previous treatment steps. This yields a more readily available
substrate,_ which can be easily utilized by microorganisms as an energy source, Thus
ozonation or chlorination may increase microbial growth in the system. In order to
avoid such growth the disinfection step should produce only enough residual
disinfection to prevent growth in the system (Anon, 1984).

3.3.  Relationship between turbidity and microbial quality of water in the system

Turbidity has been used as a measure of water quality for many yearé. In the U.S.A.
alimit of 1 NTU has been set for water leaving the water treatment plant (EPA, 1976),

but no reguiations for the water leaving or within the water distribution system are
available,

Herson and -co-workers (1984) showed that turbidity correlates with the presence of
-nutrfehts in the system. The presencé of nutrients may result in microbial growth and
deterioration of water quality. Ridgeway and Olson (1982) showed that increased
' turbidity relates to high chlorine demand and decreased availability of residuél
disinfectant in the water distribution system. LeC_hevéi!ler and co-workers (1984)
suggested a relationship between high levels of turbidity and increased growth,
Increased turbidity means an availability of a matrix for the transport of microorganisms
through the system or a way of introducing the microorganisms,

However, recent studies showed that the usefuiness of turbidity as an indicator of
bacteriological quality is at best variable (Reilly & Kippin, 1883), and most distribution

systems show only a relatively weak correlation between microbial quality and turbidity
(McCoy & Olson, 1986). ' '

Growing evidence suggests that turbidity as a standard may be inadequate as a
predictive measure of the microbial safety of a water supply. McCoy and Qlson (1986)
studied the relative role of turbidity and particle sizes, counts and distribuﬂon, as weil
as bacterial counts, in chiorinated and unchlorinated water distribution systems. The
change in these parameters, and their relationship as water moves from the source to
the consumer, were investigated. They concluded that although turbidity and particle
counts showed a direct positive relationship, this is not consisting throughout the
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system due to variability in the measurements. Their most important conctusion was
that there is no predictive relationship between bacteriological quality and turbidity or

particle size in the system, with the exception of events where high numbers of
bacteria (breakthrough) were shown.

3.4.  Biofilm formation in the water supply water distribution system

The phenomenon of attached microorganisms and microbial growth on the inner
surface of drinking water distribution systems is well documented (Allen, 1980,
Touvinen et al, 1980; Ridgeway & Olson, 1981; Touvinen & Hsu, 1982; Nagy & Olson,
1985; LeChevallier ef al, 1987). Attached microbial populétions have been sampled
and measured in a variety of ways. Studies include mechénisms of attachment, type
of bacterié attached to different surfaces, density of bacteria attached, factors affecting
attachment and detachment, and characteristic qualities of bacteria grown in biofilm,
eg. increased chlorine resistance. Bryers and Characklis (1982) indicate a sirong.
relationship between the biofilm formation rate and factors such as transport and

attachment of cells to the pipes; cell reproduction rate; bioproduct formation and
availability; detachment.

The main factor which affects the extent of biofiim growth is the substance loading rate
in the system. Characklis (1988) has formulated an equation in which different
parameters are related to the substrate loading rate (Ns). Ns is dependent upon the
concentration of the substrates (S), the volumetric flow rate in the pipe (F), the surface

area of the pipe (A), the mean fluid velocity (V), the pipe length (L) and the pipe
diameter (d).

SF _ Svd

Nz

According to this equation, 800 g of biofilm per day can be produced in a pipe of 4,65
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m diameter where the flow rate js 500 ¢/min and the total organic carbon (TOC) is 0.6
mg/t. This mass is equivalent to 105107 cells/100 me of water,

3.4.1. Total organic carbon (TOC) and assimilable organic carbon (AOC)

The carbon which is easily available to the microorganisms to utilize as an energy
Source is calculated as AQC. The value of AOC is often 4-20% of the TOC in the
system. One milligram of AQGC per litre was calculated as equal to 10°-107 bacterial
cells per 100 me. Thus low levels of assimilable organic carbon ¢an support high
pophfations of microbié'lgrowth in the water distribution system. Van der Kooij and co-
workers (1982a) showed a correlation between levels of AOC and microbial growth in
the water, also defined as the aftergrowth potentiai of the water. An equivalent of
growth pote.ntial may .be caiculaté‘d py growing a strain of Pseudomonas bacteria in
sterilized wafer samples and measuring the formation of acetate carbon (Van der Koaij
ot al, 1982a). According to Van der Kooij _and co-workers (1982b), bacterial
aftérgrowth is limited to AOC levels of less_than 50 ug of acetate carbon equivalent per
litre of.water. Kemmy and co-workers (1 98'8) introduced a modification to the Van der
‘Kooi] method and built a system in which mixtures of 2-4 different bacterial strains are
used for inoculating the sterile water samples, Van der Kooij and Hijnen (1988) aiso
demonstrated the capability of Klebsiolia preumoniae to grow in water containing low
concentrations of substrates,

3.4.2. Bacterial attachment to pipe surfaces

The physiéal/chemical forces by which bacteria may attach to surfaces have been
studied. Attachment of bacterial cells to a solid surface may provide a more favourable
environment for bacterial colf growth. A living organism, such as a bacterial cell, can
produce materiaf to change its surface properties, and the properties of material
surfaces nearby (Lion et al, 1988). Some bacteria may adhere by hydrophobic
interaction while others form well-defined appendages to assist their attachment, These
may include holdfast and pili. The majority 'pf the bacteria will attach to surfaces or
each other by exopolymers, Acoording to Geesey and co-workers (1988) bacteria bind
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metal ions by extracellular polymers. Bacteria form chemically and structurally unique
acidic polysaccharides (which form the exopolymers) with affinities to different metal
ions (Mitteiman & Geesey, 1985),

According to Tamper (1987), there are several mechanisms or factors which enable
bacteria to attach to surfaces, including Van der Waal's forces, ionic binding, covalent
coupling, cross-linking in gel, microcapsules and fibre.

Lion and co-workers (1988) refer to two phases of bacterial attachment, the first being
instantaneous and reversible while the second is time-dependent and irreversible. The
first step is explained as repuision-attraction mechanisms involving Van der Waal's

forces and electrical double layer forces. Formation of the extraceltular polymeric fibriis
occurs during the second step. . ' i

Attachment of bacterial cells and biofilm formation in the water distribution system was
shown by Ridgeway and Olson (1981). Using scanning electron microscopy, these
investigators studied the nature and extent of the association of microorganisms with
pipe surfaces. They documented attachment mediated by extraceilular fibrillar

appendages and showed particles of 10-50 pm to be colonized with 10-10° bacterial
cells per particle.

It has also been shown that pipe materials will support attachment to different degrees
(Colbourne, 1985). Legionelia bacteria were shown to prefer rubber and to adhere to
silicon and stainless steel, while attachment to dopper was minimal (Schofield & Locci,
1985). Haudidier and co-workers {1988) showed bacterial biofilm formation on cement
and PVC materials while other studies indicated that under laboratory conditions

bacterial growth in the form of a biofim may also occur on glass surfaces (LeChevallier
et al, 1988).

4, TYPES OF MICROORGANISMS GROWING IN THE DRINKING WATER
DISTRIBUTION SYSTEM

Microorganisms, especially bacteria, growing in water distribution systems are often
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difficult to characterize. These microorganisms are difficult to cultivate in pure cultures
and the use of biochemical identification patterns often results in a classification of
non-precise taxonomical groupings (Anon, 1984).

Groups of microorganisms which have been identified thus far include Flavobacterium,
Pseudomonas, Aeromonas, Arthrobacter, Caulobacter, coliforms, Klebsiolla, Bacillus,
E col;i Enterobacter, Citrobacter, Acinetobacter, Prosthescomfcrobium, Alcaligenes,
Serratia and Actinolegionella (Van der Kooij & Zoetemann, 1978; Ridgeway & Olson,

1981; Martin ef al, 1982; Olson,. 1982; Olivieri et al, 1885; Schofield & Locci, 1985
| Herson et af, 1987). Cytophaga, actinomycetes, yeasts, many iron bacteria and
sulphate reducers were found to colonize in the systerﬁ (Touvinen et af, 1980;
Ridgeway & Olson, 1981}, |

By the use of scanning electron microscopyHidgeway and Olson (1f981) observed
groups of autotrophic iron-oxidizing bacteria, Galiionella, in biofim formation, The
bacterium was recognized by its characteristic spiral stalk, composed of several
_zdelicatefy_wound protein fibrils. Galionelia have also often been isolated from potabie
_évater. The bacteria obtain their energy chemolitotrophically, presumably by enzymatic
igg_(idation of soluble ferrous iron to the ferric state (Kuznsetsow, 1970). Other studies
;howed tubercles containing other chemolitotfophic bacteria, such as sulphate
reducers, nitrate reducers and nitrate, ammonia and sulphate ‘oxidizing bacteria

(Touvinen et al, 1980; Touvinen & Hsu, 1982),

Ridgeway and Olson (1981) aiso observed other filamentous bacteria, such as the
genus Prosthecomicrobium, with cell sizes of up to 1 um in'diameter, Members of this
genus are often found in low nutrient aquatic environments (Stanley, 1968),

Martin and co-workers (1 982) have shown isalation of coliform bacteria from the water
distribution system of Nova Scotia in the summer of 1977, The majority of the coliforms
were identified as Klebsiella. Klebsisiia pneumoniae was aiso isolated by other
researchers from water distribution system biofilms as well as from drinking-Water.
(Seidler et al, 1977, Clark et af, 1982; Olivieri ot al, 1985; Geldreich & Rice, 1987).

Edge and Finch (1 987) isolated Aeromonas hydmphila_in'iarge numbers from potable
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water in East Anglia. LeChevallier (1982) isolated Asromonas sobria from drinking
water.

In recent years fungi have been isolated from water distribution systems in different
parts of the world, including the U.K., North America, Finland and France (Bays et al,
1970; Nagy & Olson, 1982; Niemi et a/. 1982; Hizelin & Block, 1985), The fungiisolates
are often soil hypomycetes, which are imperfect fungi. Although at first the fungi
presence in the water was assumed 1o be the result of contamination by airborne .
Spores, research by Rosenzweig and Pipe (1988) indicated that the numbers of fungi
detected in potable water of the water distribution system were too high to be
explained by adventitious spores in the system. Initial levels of residual chiorine
- reported were sufficient to eliminate fungal spores, but the high demand for chiorine
in the system and the resultant low level of residual disinfectant provnded condmons
conducive to the development of fungal spores.

Another microorganism which was recently found to colonize the water distribution
system, especially the hot water system, is the bacterium Legionella pneumophila.
These bacteria were also shown to be present in potable and domestic hot water.
(Dennis et al, 1982; Best ot al., 1983, Schofield & Loccei, 1985; Colbourne et at, 1988).
Warm temperature, stagnation and the use of unsuitable fixtures and fittings can
provide favourable conditions 'suitable’ for the growth of Legionella bacteria in the
water distribution system (Barrow 1986).

5. SURVIVAL OF MICROORGANISMS IN THE WATER DISTRIBUTION
SYSTEM

5.1.  Detection of bacteria in the water distribution system

The total count of bacteria in drinking water is often used for the evaluation of
microbiological quality of drinking water. Cliver and Newman (1987) found
methodologies differing from country to bountry. It was found that although nutrient
agar was used in West Germany, peptone agar was the most commonly used in
France, yeast extract agar in the U.K, and tryptone agar in Canada. Growth conditions



such as incubation temperatures and the period of incubation also differ. In some
countries the incubation period used is 24 hor 48 h at a7 °C, or 72 h at 20-22 °C,
Only in certain countries is a combination of both 37 °C and 22 °C used, As a result
of the different enumeration procedures the final resylts also differ, New isolation

_methods, in which growth agar and conditions vary, were developed by Fiksdal and
co-workers (1982) and Reasoner and Geldreich (1985).

The most direct method for detection of viable Bacteria in water is the use of the
epifluorescence technique using acridine orange. McCoy and Olson (1986) compared
the method for the detection of heterotrophic bacterial piate counts using Reasoner's
Fi2A low nutrient agar medium (Reasaner & Geldreich, 1985) and incubation of plates
at 23 ° Cfor 7 days with the epiflucrescent direct cell counting technique (Daley, 1979),
The results of this study indicate the heterotrophic plate count 10 underestimate the
epifluorescent direct cell counts by a factor of at least 500, but showed a direct
proportionality between the two methods, Some studies report coliforms in the system
-and relate the absence of coliforms in the water tested directly after treatment to
.injured bacteria which may be recovered on mT7 agar rather than the cemmonly used
;M-Endo (LeChevallier et af, 1983; LeChevallier ér al, 1987). Hence, using different
E::—_;,;r;__‘nethodofogy different- numbers of microorganisms can be isolated from the same
Tdrinking water sample, '

5.2.  Survival mechanisms of bacteria in the water distribution’s chiorinated
water

Experiments have shown that bacteria when attached to surfaces show greater
resistance to disinfection (LeChevallier et af, 1988). A 150-fold increase in resistance
to disinfection over unattached bacteria was found with Klebsiella pneumoniae when
growing on glass microscope slides in a high nutrient agar. Hersen and co-workers,
- (1987) studied the effect of attachment of Enterobacter cloacae to particles in water
distribution systems on its resistance to chlorination. They concluded that the attached
organisms were highly resistant to chlorine, Attachm_ent of organisms to surfaces has
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such as starvation, heavy metals and chlorine (Stotzky, 1967; Hudson et al, 1983
Backer, 1984; LeChevallier 1984), Olivieri and co-workers (1985) reported coliform
recovery in free residual chlorine concentrations of 5-8 mg/¢ in the water distribution
system, whereas the same bacteriai culture showed no difference in resistance pattern
to other bacteria when grown unattached to any surface. The question of the mode
of action in which the chlorine resistance of a biofilm is achieved, is still unanswered.
Whether the chlorine is consumed (high chlorine demand in the system was shown)
or simply does not penetrate the biofilm still remains to be determined,

Other factors that were shown to influence disinfection resistance are the age of the

biofilm, bacterial encapsulation and previous growth conditions (growth medium and
growth temperaturs).

The type of residual disinfectant in use showed an influence on the type of resistance
mechanism observed. The efficacy of disinfection by free chlorine was affected by
bacterial attachment to surfaces, age of the biofim encapsulation and nutrient levels.
Wolfe and co-workers (1985) found that a number of bacterial genera found in
chlorinated water demonstrated a variety of disinfection resistant patterns to free
chlorine and monochloramines. '

Ward and co-workers (1982) reported that Flavobacterium strains were more sensitive
- to monochloramine than free chlorine. The efficacy of disinfection by monochloramines
depends on the attachment of the bacterial cells to surfaces.

5.3. 'Additional factors limiting growth of bacteria in the water distribution
system

Martin and co-workers (1982) showed growth of bacteria in water to be highly

influenced by the pH of the water. Fifty percent of the organisms tested survived only
1 hour at pH 9.

Rosenzweig (1987) showed the importance of two phosphate based corrosion
controlling chemicals in the distribution system. He studied the influence of phosphate
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-addition on the microbial growth in the system and found no stimulated coliform
growth,

In another study the role of bicarbonate in bacterial growth in drinking water was
investigated (Fransolet et al, 1988). The results of thig study indicated that several
strains of heterotrophic bacteria can assimilate inorganic carbon significantly, and may
develop in bicarbonated water even when the organic content is low. Potassium was
also observed as a limiting factor it the microbial growth,

8. HEALTH RELATED ASPECTS OF MICROBIAL GROWTH IN THE WATER
DISTRIBUTION SYSTEM '

l.arge numbers of heterotrophic bacteria can be isolated from drinking.water systems
by using standard microbiological techniques. Many of these bacteria have been
shown to be human secondary opportunistic pathogens, In recent years growth of
fungi and bacteria in the water distribution system has been shown to be of
significance to human health. Different studies have shown the presence of

Opportunistic pathogens and fungi in water distribution systems throughout the world.
Some of these are discussed balow.

Apart from direct health hazards, the growth of bacteria and fungi in the systern can
introduce another problem, as their presence may mask other indicator organisms
resulting from a real breakthrough of the treatment process,

6.1.  Pseudomonas aeruginosa

Pseudomonas aeruginosais an opportunistic bacteria which may cause eye and ear
infections, as well as infection ‘of wounds and burns. Studies have shown
contamination of ice cubes with the bacteria to be the causative agent for serious post-
operative infection in tonsitlectomy patients and in hospital burn units (Louwbury et at,
1970; Newson, 1968). The bacterium was also found to produce an enterotoxin which
results in severe diarrhoea (Anon, 1984). So far no limits for P, aeruginosain water are
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available, but the German drinking water Iegis!atidn considers the bacterium to be a
human pathogen. '

6.2,  Aeromonas hydrophila

Aeromonas hydrophila was found in water distribution systems in East Anglia (Edge
& Finch, 1987). it is well-documented that these organisms are capable of causing
disease in man (Hauson, 1977). Asromonas spp. also pose an increased risk for
patients undergoing renal dialysis. Some strains of Aeromonas produce enterotoxins
which cause severe gastroenteritis (Rosner, 1964). The rate of production and stability
of the toxin in water is as yet unknown (Edge & Finch, 1987). Moyer (1987) reported

Aeromonas spp. 1o cause acute diarrhoea in children and traveller's diarrhoea in
adults.

6.3. Klebsieila pneumoniae

Klebsiella pneumoniae has been reported to be a dominant coliform organism in water
distribution-systems (Seidler et al, 1977; Clark et al, 1982; Geidreich & Rice, 1987).
- The bacteria grows in sediments which provide a level of protection from disinfection
(Martin et al, 1982). Klebsiella pneumoniae is a pathogen which can indicate the

presence of faecal pollution and has been shown to cause inflammation of the lungs.

6.4. Enterobacter cloacae

Enterobacter cloacae is the most frequently isolated Enterobacter species from man
and-animal. It is an opportunistic pathogen isolated from urine, sputum, the respiratory
tract, puss and occasionally from blood and spinal fluid. It has been shown to be of
increasing importance in hospitals, especially in intensive care units, emergency units
and urology units (Krieg & Holt, 1984). Victoreen (1977) isolated £, cloacae from
tubercles of water distribution systems.
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6.5,  Legionella pneumophila

Legionellapneumophilais also a known human opportumstlc bacterial pathogen which
can cause either Legionnaire’s disease (a pneumonia-like disease} or pontiac fever.
Studies have shown Legionella bacteria to be present in potable water and a
correlation has been shown between bacterial presence in domestic hot shower
systems and pneumonia cases in populations studied (Dennis ef al, 1982),

6.6. Flavobacterium

Flavobacterium spp. were isolated from water distribution b|of|Ims (LeChevaliier et ai,
1887). Species of Flavobacterium are recognized as the cause of neonatal meningitis,
menlng|t|s in adult, bacteremia and respiratory tract mfechons Flavobacterium are
known as opportunistic pathogens which will mfect the seriously ilf (Krieg & Holt, 1 984),

8.7, Other bacteria

- Bacteria such as Moraxella, Acinetobacter, Bacillus, Alcaligenes and Achromobacter
have been recovered from drinking water distribution systems, Allthese genera mclude
species which are known opportunistic human pathogens,

Another bacterium isolated by Victoreen (1977) is Serratia marcescens which is a
prominent opportunistic pathogen in hospitalized burn patients. Other Serraﬂa spp.
can cause bacteremia (Krleg & Holt, 1984).

Olson (1982) isolated £, cofi bacteria from biofilm material in mortar lined plpes of the
water distribution system. These bacteria are normally used to indicate the possibie
contamination of water by faecal matter. The species are also known to contain
enterotoxigenic strains (Camper ot al, 1985).
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6.8, Fungi

Growth of fungi in the water distribution system has been shown to be a health hazard
as a result of the formation of mycotoxins and of allergies. Acute toxins, such as
mycotoxins have been associated with the growth of fungi on food, Exposure to fungal
spores while using hot baths has been shown to cause respiratory symptoms

(Atterholm et af, 1977). Antibodies against fungus grown were shown in people using
baths (Anon, 1984).

6.9. Pathogens

Camper and co-workers (1985) showed'aﬁachment of pathogenic bacteria such as
Yersinia enterolitica, Salmonelia typhimurium and enterotoxigenic £. cofito particles of
" a granular activated carbon bed. They also showed that pathogens may attach to
particles in a mature biofilm, thus indicating a possibility of survival and presence of
such pathogenic bacteria in the water distribution system.
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