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There is considerable interest in both Europe and the USA in the effects of microbiological fouling on stainless

steels in potable water. However, little is known about the formation and effects of biofilms, on stainless steel in
potable water environments, particularly in turbulent flow regimes. Results are presented on the development of
biofilms on stainless steel grades 304 and 316 after exposure to potable water at velocities of 0.32, 0.96 and 1.75 m

s™*. Cell counts on slides of stainless steel grades 304 and 316 with both 2B (smooth) and 2D (rough) finishes
showed viable and total cell counts were higher at the higher flow rates of 0.96 and 1.75m s -1, compared to a flow
rate of 0.32 m s ~*. Extracellular polysaccharide levels were not significantly different ( P < 0.05) between each flow
rate on all stainless steel surfaces studied. Higher levels were found at the higher water velocities. The biofilm
attached to stainless steel was comprised of a mixed bacterial flora including Acinetobacter sp, Pseudomonas spp,
Methylobacterium sp, and Corynebacterium/Arthrobacter  spp. Epifluorescence microscopy provided evidence of
rod-shaped bacteria and the formation of stands, possibly of extracellular material attached to stainless steel at

high flow rates but not at low flow rates.
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Introduction steel does not have the biocidal potential of copper. Still
Biofilms are of great inconvenience to the water industry,gzzg}sn;n;rmnsﬁgﬁ#;;ggn'r:ge;?](t:gvoeneggﬁﬁag Z'tggllms and
especially as thousands of miles of pipe surfaces have t Of the two types of stainless steel used in potable water

be monitored and controlled for bacterial colonisation ; ; .
- L : . _systems, type 304 stainless steel is generally used in low
[16,17,22]. Particularly in industrial applications the behav chloride (200 mg L chlorides) waters whereas type 316

iour of the water flowing through pipe systems influences_, _. . . ?
both bacterial attachmgnt andgdeaapchmiznt and uItimateIgz)a;'rglgi‘:’)":’1 Srteeggte\:\gggh igogéae'gswrﬁggy%?ﬁgfgggr;mg[]%\;‘egs
development of the biofilm. ; ; ' '

Within potable water pipe systems two extremes of rowhlgher chloride levels and low pH<(5) are encountered

generally exist: laminar and turbulent [21]. Whilst laminar and_ an |mpr0\{ed corrosion resistance Is rgquwed [35].
flow is smooth flow with no lateral mixing, turbulent flow Stainless steel is also an alternative to PVC piping [23] and

is often defined as irregular and chaotic. As most wate o cast iron pipes and has been accepted for the water facili-

flow in engineered systems is turbulent, this study was s§ es in Tokyo which has suffered serious leaks and frac-

e . res [33].
up to look at the effects of flow on biofilm formation on There is controversy regarding water velocity and

gtainless steel, .whic'h i.s now being seen as a great alternBi'ofilm development. Generally, biofilm development is
tive to copper, in drinking water environments. reduced at high water velocities due to high shear rates.

There is Cl_JrrentIy con5|dera_ble Interest in bOth. EurOp'%—|owever, particularly in water environments, biofouling
and the USA in the effects of microbial fouling, particularly can be more evident at higher velocities, contrary to the

corrosion, on stainless steel in freshwater environments; ; :
The freshwater interests include both potable water [28]consensus [14]. Velocity of water may also influence the

. . mount of extracellular polymeric substances found within
the food industry and areas such as cooling water systenis biofilm [2]. This is a very important factor for biofilm

[18]. There is a move in the UK and the rest of Eumpercontrol, particularly as the efficacy of penetrating biocides

away from c_opper‘ to the u,se of st_alnle_ss_ steel piping fOIS affected by the levels of extracellular polysaccharide.
carrying particular ‘problem’ waters in buildings where cor- The physical and chemical characteristics of a solid sur-

rosion causes failures in copper [25]. However, little is o . . ;
: L face affect biofilm formation in flowing systems
known about the formation and the effects of biofilms on 2.15,30]. Therefore, as well as looking at the effects of

stainless steel in these environments, especially as stainle ! L .
P y itfferent grades of stainless steel on biofilm formation, sur-

face roughness was also worthy of study. Surface roughness
Correspondence: Dr SL Percival, Microbiology Research Group DepartuItimate'y affects bacterial adhesion [24,28]. Water distri-

ment of Biological Sciences, Un’iversity College Chester, Park’gate Rdw,b.Utlon plpe'S and domestic plumblng'plpes .harbour pqtentlal
Chester CH1 4BJ, UK sites for biofilm development despite being classified as
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microbial adhesion and subsequent colonisation of surfacesxperimental rig system were degreased in acetone (by son-

[13,34]. The degree of surface roughness may well be &ating in a water bath for 2 min), and then sterilised in

critical factor in biofilm development but research focused70% boiling alcohol for 15 min. The stainless steel surfaces

on this area is scarce, as is the effect of flow on stainleseere examined using scanning electron microscopy (SEM)

steel in potable water. for surface effects of this cleaning and sterilisation process;
This study examines the effect of turbulent flow at threenone were observed.

different water velocities on biofilm growth on stainless

steel grades 304 and 316 in drinking water and also studieBiofiim development on stainless steel in potable

the effects of surface roughness on this development. Theater

effects of turbulent flow on biofilm growth, colonisation Stainless steel slide sections were taken from the test site

and species diversity were also examined. every month over a 5-month period. Four slide sections

2 cm longx 1.9 cm wide with a 2D and 2B surface finish

were used for a comparison of viable cell counts and het-

erotrophic bacteria flora. Another four sections<(2.9 cm)

Surface roughness measurements of stainless steel were used for total counts and the final four sections

slide sections (4 x 1.9 cm) of each grade and finish of stainless steel were

Surface roughness of stainless steel was assessesd prioruged to monitor dry weight and extracellular polysacchar-

growth of the biofilms, using both taly surf and atomic ide levels.

force microscopy as outlined elsewhere [26].

Materials and methods

Viable bacterial counts

The effect of water flow rate on biofilm growth Slide sections were washed gently in sterile distilled water
The rig system, composed of stainless steel grades 304 amol remove loosely attached bacteria. Biofilm on the 2D and
316, used to study biofilm formation in potable water, is2B slide sections was scraped and swabbed from specifi-
shown in Figure 1. The physical and chemical propertiecally sectioned areas, using a sterile scalpel blade and a
of these two stainless steels have been reported [26]. Eactterile cotton wool swab. After biofilm removal, sections
stainless steel pipe was 2 metres long, with an internalvere checked by epifluorescence microscopy, after staining
diameter of 20 mm and a wall thickness of 2 mm. The pipe-the slide surface in acridine orange (0.001%) to determine
lines were sectioned every 20 cm and joined together witltell removal efficiencies. Preliminary tests using this
22-mm brass compression joints. Within each 20-cm pipenethod were shown to have recovery efficiencies of 80%
section were two 10-cm length stainless steel slides. Eacbf the total number of sessile cells on both the 2B and
slide had a wall thickness of 2 mm and width of 19 mm. 2D slide surfaces. The removed biofilms were suspended
The underside had a 2D rough matt finish and the topsiden 10 ml sterile saline solution and vortexed for 30 s. The
a 2B smooth finish. All stainless steel samples used in theuspended biofilm was then serially diluted in sterile saline
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Figure 1 The experimental system used to study flow rate effects on biofilm development on stainless steel grades 304 and 316.
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buffer and 0.1-ml aliquots were plated on the surface ofResults
R2A agar [29]. Three replicates were used for each slid
section analysed. Colony-forming units were enumerate
after 7 days incubation at 28.

??hemica/ composition and surface roughness of
Stainless steel
Differences in surface microgeometry were clearly visible
when viewed under SEM and atomic force microscopy in
the as-received condition. On the 2B finished slides, grain
cpoundaries, formed as a result of the oxide film before
Xposure to potable water, were clearly apparent. SEM and
FM micrographs showed stainless steel grade 304 to con-
tain slightly smaller grains than that of 316 stainless steel
with deeper grain channels. Grain boundaries were not evi-
Odent on the surface of 2D finished slides. However, 2D
gurfaces appeared to be much rougher, with a large number
pf crevices, which aid attachment. The 2B surface finish
howed numerous scratches, grooves and deformation

Detection of attached bacteria using epifluorescence
microscopy

Stainless steel was washed gently in distilled water t
remove unattached or loosely bound microorganisms. Th
washed surfaces were air dried and stained for 2 min wit
filtered sterilised (0.22sm pore size filter) acridine orange
(Difco, Detroit, MI, USA). After washing the samples with
sterile distilled water, the slide sections were air dried an

of stainless steel were taken to analyse biofilm buildup ove
time at each flow rate studied. The numbers of cells adher2 . ; : ;
ing to the surfaces were estimated by counting fluorescin arks on the 304 grade steel, favouring microbial adhesion
cells within a known area of a microscopic field. One hun- hen compared to the stainless steel grade 316.

. Stylus surface roughness values, (measured with a Rank
dred and twenty fields were randomly selected and counte
on stainless steel slides of each surface finish and the nurg_aylor Taly-surf) showed that grade 304 2B, 316 2B, 304

D and 316 2D had a mean surface roughness (Ra) of 0.210
ber converted to cells cthof surface. (+0.227), 0.115 £0.070), 1.198 £0.041) and 0.557
(£ 0.301)um, respectively. The Ra values of 2D surfaces
Organisms isolated on R2A agar were identified by colonyV€re significantly higherR < 0.05) than the 2B surfaces.
Surface roughness measurements made using the atomic

morphology, colour, Gram stain, motility, oxidase, catalasef rce mior tablished that there w anificant
transmission electron microscopy for the presence of polalD C€ microscope establishe at there was a signitica

: P difference P < 0.05) between stainless steel grades 304
f;?garllla ,aLedrnEgt)at::g{O;(l)del:ltE) rEB(?fonqnlgr(i:gjg, gggir%gg(he atand 316. For grade 304 the Ra values for the 2B surface

Hants, UK) strips were used for both Gram-negative andvere calculated at 0.47& (0.108)um while the equivalent

it - : value for the 2B finish of grade 316 was 0.1520(074)
Gram-positive bacteria has been outlined elsewhere [27]'Mm- Poor roughness profiles were obtained with 316 2D

finish surfaces, and 304 2D finishes were too rough to
enable accurate profiling measurements on the AFM.

Identification of bacteria

Dry weight and extracellular polysaccharide

Biofilms were removed from the slides by scraping them
with a sterile scalpel into 10 ml of sterile double distilled ) o
water. The suspended biofilm was then freeze dried andVater supply and hydraulic characteristics of the
weighed. To the dried samples 2 ml of double distilled €Xperimental system _ _

water was added, the suspension vortexed for 2 min andh€ rig system was supplied with potable water. Every
then centrifuged at 30000 g for 30 min. A second centri- month the potable water was assayeo! for chlorine levels
fugation step was carried out on the supernatant to increadg 0-01 ppm), pH (7.2), planktonic viable cell counts
purity and to remove cellular debris. The supernatant wa2-4* 10° CFU mi™* after 14 days incubation at 28) and
then dialysed, using viscose tubing (boiled in EDTA) for planktonic total cell counts (2.810* cells mr?). In order _
24 h in distilled water at C, to remove all non-polymeric for flow rate to be maintained, athree-speed_ central heating
material. The sample was then analysed for extracellulaPUmp was used. Water was continually fed into the system
polysaccharide using the phenol sulphuric acid method oft"d waste water was removed at known flow rates. The

Duboiset al [10], with d-glucose as standard. temperature of the water was maintained at 1G.5At
' water velocities of 0.32m™§ 0.64m s*and 1.75m ¢,
Scanning electron microscopy (SEM) the Reynolds number was calculated at 5540, 16620 and

For the analysis of biofilm development in mains water at30297, respectively.

different water velocities, 1-cm sections of stainless steel

were air dried, sputter coated with gold and analysed usind he effect of grade of stainless steel on biofilm

a JSM Joel series 1 (Welwyn Garden City, Herts, UK) ordevelopment

a Cam series 4 SEM (Cambridge, Cambs, UK). The metho@verall, stainless steel grade 304 was found to be colonised

used here for SEM samples was employed since standa@t @ significantly higherR < 0.05) level than grade 316

preparation techniques (involving fixation, alcohol dilution (data not given). This was evident at each water velocity.

and freeze drying) resulted in detachment of the biofilmDry weight and exopolysaccharide levels were not signifi-

from the stainless steel surface. cantly different P < 0.05) between grades or finishes of
stainless steel.

Statistical evaluation of the results

All experiments involving statistical analysis were analysedThe effect of flow on biofilm cell counts

using Student'd-test and analysis of variance on Minitab All biofilm viable cell counts on all grades and surface fin-

(version 9.2). ishes of stainless steel were significantly higher( 0.05)
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Figure 2 The effect of water velocity (0.32, 0.96 and 1.75 m) ©n the viable cell count in biofilms developed on stainless steel 304 with 2B or 2D
surface finish.

at water flow rates of 0.96 and 1.75 m' shan at 0.32m were also found. Cell counts on stainless steel grade 304

st (Figure 2). When a comparison between 0.96 andwvere significantly higherR < 0.05) at the higher velocity

1.75m s' was made, significant differenceP « 0.05) of 0.96 m s compared to 0.32 m™%(Figure 3).

were evident with a higher biofilm viable cell count at the When a water flow rate of 1.75 nt’swas compared to

higher velocity on both grades and finishes of stainles®.32 m s?, total cell counts were significantly highd? &

steel. Viable counts on slides of 304 2B were significantly0.05) for the first 3 months, on 304 2D slide, at the higher

higher P < 0.05) at a flow rate of 1.75 mscompared velocity of 1.75 m s and only significantly differentR <

to 0.96 m st (Figure 2). The relation between flow and 0.05) on the 316 2D slide at month 3. A similar result was

viable cell count on stainless steel grade 316 was similaobtained with the 2B slide sections. Most 2B and 2D sur-

to that of grade 304. faces were colonised at a significantly high€r < 0.05)
When a comparison was made of total cell counts orevel at 1.75 m § than at 0.96 ms.

stainless steel grades 304 and 316 (2B finish), cell counts

for the first 3 months were significantly highd? € 0.05)  The effect of flow on biofilm mass

at a flow rate of 0.96 m™$ than at 0.32 m 3 (Figure 3).  Overall, no significant difference® (< 0.05) between flow
Differences in total cell counts on the 2D slide sectionsrates and dry weight/extracellular polysaccharide levels
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Figure 3 The effect of water velocity (0.32, 0.96 and 1.75 m)n the total cell count in biofilms developed on stainless steel 304 with 2B or 2D
surface finish.
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Figure 4 The effect of water velocity (0.32, 0.96 and 1.75 m) ©on the dry weight levels in biofilms developed on stainless steel 304 with 2B or 2D
surface finish.

were observed at the three different flow rates (Figures 4iofilm, which consisted predominantly of rod-shaped
and 5). This may be due to the small sample size used arzblonising bacteria and diatoms. Small numbers of fila-
the crude method used to sample the biomass. mentous bacteria and fungal hyphae were also identified.
Dry weight levels were higher initially at the higher flow No change in the surface appearance ie corrosion, after
rate (1.75 m §) when compared to the flow rates at 0.32 removal of the biofilm, was evident on either grade of stain-
and 0.96 m ¥ on both grades and finishes of stainless steelless steel after exposure to flowing water at any flow rate
In contrast extracellular polysaccharide levels were highethroughout the experiments, despite areas of heavy fouling.
initially at 0.96 m s* when compared to 0.32 nTls At There was greater evidence of biofilm accumulation (as
month 4, the levels on 304 2B slide sections increaseghown by SEM) on stainless steel slides exposed to mains
markedly at a water velocity of 1.75 ni*svhen compared water at a velocity of 0.96 m™% than those at a velocity
to the lower velocities. This result was also evident on theof 0.32 m s. Fibrillar strands of extracellular polymeric

2D slide sections and on stainless steel grade 316. substances (EPS) were evident covering the surface (Figure
6). The presence of fibrillar strands was confirmed under

The effect of flow on community structure and epifluorescence microscopy; these were present on both

biofilm formation grades of stainless steel 304 and 316. Filamentous bacteria

Direct examination of biofilms under SEM, at a flow rate and yeast cells (Figure 7) were also identified as being
of 0.32m s?, identified the major components of the attached to stainless steel, often associated with diatoms.

8l Slide 304 2B 0.32 ms-1

O 8lide 304 2D 9.32 ms-1
& Siide 304 2B 0.96 ms-1
# Slide 304 2D 0.96 ms-1

B Slide 304 2B 1.75 ms-1

| mSlide 304 20 1.75 ms-1 |
S

Biofilm extraceliufar poiysaccharide
(ugom™)

Month

Figure 5 The effect of water velocity (0.32, 0.96 and 1.75 m)on the extracellular slime polysaccharide levels in biofilms developed on stainless
steel 304 2B or 2D surface finish.
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water, drying the biofilm for viewing under SEM, was evi- 157

dent. This severely distorted the image profiles, preventing
accurate determination of many of the biological entities.

The effect of flow on community size and structure
The planktonic bacterial population in potable water was
measured before each new velocity was established. There
were no obvious differences in colony types (diversity) on
grades or finishes of stainless steel, suggesting that surface
finish and composition does not have a major effect on the
diversity of heterotrophic bacteria growing in a biofilm.
Overall, when a comparison is made between sessile bac-
teria and water flow ratécinetobactesp was the principle
pioneering bacterium, together withArthrobacter/
Corynebacteriunmspp on stainless steel at low flow rates
(Table 1). At higher flow rates the pioneering bacterium
Acinetobactersp was also present together wiseudo-
monasspp.

Throughout the 5-month long studies other bacteria were
present as part of the biofilms, includiMgethylobacterium
sp, Flavobacteriumsp, Alcaligenessp andStaphylococcus
sp.Pseudomonaspp dominated the biofilms developed on
Figure 6 Scanning electron micrograph of extracellular polymeric Stainless steel during the latter stages of biofilm growth at
strands attached to stainless steel 304 2B slide after exposure to potakgd| three water velocities. These results suggest Altate-
water at a water velocity of 0.96 ms(Bar = 3.84.m). tobactersp andArthrobacter/ Corynebacteriurspp, whilst
dominating the biofilm at low velocities, are not able to
compete with Pseudomonasspp which dominate the
biofilms at the higher flow rates. No significant differences
(P < 0.05) were evident with respect to grades or finishes
of stainless steel.

Discussion

Epifluorescence microscopy on samples taken from
biofilms at the lowest velocity of 0.32 nT'sshowed patchy
biofilms with rod-shaped bacteria which were often located
in an amorphous gel. At velocities of 0.96 and 1.75M s
strands or ‘streamers’, possibly of EPS, were evident with
which the bacteria were associated. It is unclear at present
why there were differences in the mode of microbial attach-
ment on the stainless steel surfaces in the low and high
flow regions. However, these ‘streamers’ of extracellular
polymers allow for firm adhesion of bacteria to surfaces
and also aid in binding adjacent cells together allowing for
microcolony formation [9,15,30,36]. Streamers may also
increase attachment to surfaces by improving resistance of
the biofilm to shear stress and they may increase the surface
area of the biofilm.
Figure 7 Scanning electron micrograph of yeast cells associated with Analysis unc_ie( the eplfluorescence_ ml-crOSCOpe of
biofilm and attached to stainless steel 304 2B slide after exposure t amples f.rom biofilms formed at 0.32 m fighlighted the
potable water at a water velocity of 0.96 it ¢Bar = 3.84um). PS matrix after 5 months exposure to potable water. How-
ever, at 0.96 m3 this was evident on both stainless steel
grades 304 and 316 at month 3, indicating more rapid and
At 1.75 m s*, SEM highlighted the presence of filamen- extensive biofilm development at the higher velocities. At
tous bacteria and possible ‘streamers’. It is possible thaa water velocity of 1.75 m™3 the EPS matrix/gel was not
this phenomenon is due to dehydration of the biofilm duringevident, as fibrillar structures with which bacteria were
preparation for SEM. However, these structures were alsattached dominated the stainless steel surface.
identified under epifluorescence microscopy. Larger Both grades of stainless steel at the higher velocities of
amounts of detritus were also evident at this higher velo0.96 and 1.75 m 3 showed evidence of periodic fluctu-
city, when compared to the SEM micrographs at the lowelations in cell counts, which could suggest the occurrence
velocities. Because the biofilm is primarily composed ofof sloughing [19]. Results from other areas of research indi-
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Table 1 Composition of bacterial communities in biofilms growing on stainless steel after exposure to potable water at velocities of 0.32, 0.96 «
1.75 m s* for 5 monthg

Stainless steel Genus % lsolated bacteria of each genus at a flow rate of:
0.32m st 0.96 m st 1.75m s*
304 2B slide Acinetobacter 43 7 19
Corynebacterium/Arthrobacter 42 26 7
Pseudomonas 11 50 71
Flavobacterium 1 1
Methylobacterium 3 17 2
316 2B slide Acinetobacter 43 15 22
Corynebacterium/Arthrobacter 44 24 9
Methylobacterium 3 2 5
Pseudomonas 10 59 64
304 2D slide Acinetobacter 51 15 22
Corynebacterium/Arthrobacter 35 18 11
Methylobacterium 3 24 3
Flavobacterium 2
Staphylococcus 2
Pseudomonas 11 41 62
316 2D slide Acinetobacter 44 7 30
Corynebacterium/Arthrobacter 35 18 6
Methylobacterium 2 18 3
Flavobacterium 3
Alcaligenes 1 2
Pseudomonas 16 56 59

aMean % were calculated from all values determined over 1-5 months.

cate that some of these events would influence biofilntities (0.5 m s') biofilm grew more rapidly and thicker
development [3,5,6,20,30]. However, other research hathan at high velocities (2.5 nT3. The thinner film at the
shown that higher flow rates provide higher nutrient levelshigher velocity may be attributed to the effects of increased
and consequently higher bacterial growth. Many engineerfiuid shear at 2.5 m™$ compared to that at low velocities.
maintain that the higher the velocity the greater the scour The results support the observations made by Geesey and
action and hence removal of slime and scale. HoweverCosterton [12] who found that bacterial settlement was
Howsam [14] reported that at velocities of 0.4—4 ™ ¢he  greatest in cavities and grooves on a roughened surface.
worst biofouling occurs at the faster flow rates. It would Surface roughness influences the transport and attachment
appear that biofilms are able to compress under pressurd microbial cells for many reasons; it increases mass trans-
and exhibit a high resistance to shear. Turbulent flow, irport, provides shelter from shear force and increases surface
addition to providing enhanced nutrient uptake conditionsarea for the attachment of bacteria [6]. Substratum rough-
at the biofilm surface, enhances chemical nucleation leadiess seems to some extent to influence bacterial colonis-
ing to precipitation of compounds which contribute to ation, with an increase of adhesion evident with increasing
biofouling. Rheological measurements conducted with thegoughness of the substratum [7,12].
Weissenburg rheogoniometer on an situ mixed-popu-
lation biofilm [4] indicate that the biofilm is viscoelastic. acknowledgements
The viscous properties of the biofilm contribute to .
increased fluid frictional resistance in flow conduits [g]. We thank Stelco Hardy (British Steel) for the supply of
Therefore, biofilms may not be sloughed off at these higheptainless steel piping.
velocities but become more compact and stabilised.
Duddridgeet al [11] showed a drastic reduction in the References

amount of biofilm when fluid velocity is increased in a Sys- 1 Brading M, JD Boyle and HM Lappin-Scott. 1995. Biofilm formation
tem which is already colonised with pre-existing biofilm.  in laminar flow using Pseudomonas fluorescer&X 101. J Ind
Santoset al [31] observed less stable biofilms at low velo-  Microbiol 15: 297-304. _ _
cities of 0.5 m st, and suggested a biofilm was formed with 2 Brading M, JD Boyle and HM Lappin-Scott. 1996. The influence of

. laminar flow and surface type on bacterial adhesion. Proc | ChemE
a less robust character. These authors also found the biofilm geg \ig 25-27.
at this velocity to be more open and ‘fluffy’ than that for- 3 Bryers JD and WG Characklis. 1981. Early fouling biofilm formation
med at 2.5 m 3. Moreover, Santogt al [32] found that in a tubular flow system: overall kinetics. Wat Res 15: 483-491.
when filtered tap water was used to grow biofilms, a biofilm 4 Characklis WG. 1980. Biofilm development and destruction. Final
grown at 2.5 m & was much thicker than one grown at {St%orfﬁill:c’)RAl\l(t:c)S_]c-;SAL Project RP 902-1, Electric Power Research Insti-
0.5 m s*. However, when distilled water was used instead 5 characklis WG. 1981. Fouling biofilm development: a process analy-
of tap water, the opposite effect occurred. At lower velo- sis. Biotechnol Bioeng 23: 1923-1960.



Biofilm formation in drinking water g
SL Percival et al g

6 Characklis WG and KE Cooksey. 1983. Biofilms and microbial foul- 21 Munson BR, DF Young and TH Okishi. 1990. Fundamental Fluid 159
ing. Adv Appl Microbiol 29: 93-138. Mechanics. John Wiley, London.

7 Characklis WG. 1984. Biofilm development: a process analysis. In:22 Olson BH and LA Nagy. 1984. Microbiology of potable water. Adv
Microbial Adhesion and Aggregation (Marshall KC, ed), pp 137-157, Appl Microbiol 30: 73-132.

Springer, New York. 23 Pate K. 1991. Destruction of trace organics of high purity deionised
8 Christensen BE and WG Characklis. 1989. Physical and chemical; water. Ultrapure Water 8: 22—29.

properties of biofims. In: Biofilms (Characklis WG and Marshall KC, 24 pedersen K. 1990. Biofilm development on stainless steel and PVC
eds), pp 93-130, John Wiley-Interscience, New York. surfaces in drinking water. Wat Res 24: 239-243.

Dempsey MJ. 1981. Ma_rine bacterial fouling: a scanning electronss percival SL, IB Beech, RGJ Edyvean, JS Knapp and DS Wales. 1997.
microscope study. Mar Biol 61: 305-308. ) Biofilm development on 304 and 316 stainless steels in a potable water
10 Dubois M, KA Gilles, JK Hamilton, PA Rebers and F Smith. 1956. system. J Instn Wat Environ Management 11: 289-294.

Colorimetric method for determination of sugars and related sub- ;
stances. Anal Chem 28: 350-356. 26 Percival SL, JS Knapp, DS Wales and R Edyvean. 1998. The effects

Duddridge SC, CA Kent and JF Laws. 1982. Effect of shear stress on I(;]fgt hgrﬁhéilﬁilsn?t;? (lnglsialglge ss steel 304 and 316 on bacterial foul-
Ejh;ir?éga%gcqveg;n%i;iusd%?;zgﬁnf(IJlIJ()Brﬁ)secr?gﬁ sztélallnig;s_lsstiel under 27 Percival SL, JS Knapp, DS Wales and R Edyvean. 1998. Biofilm
12 Geesey GG and JW Costerton. 1979. Microbiology of a northern river: ~ 4SVeloPment on stainless steel grades 304 and 316 in potable water.

- DT ; : ; Wat Res 32: 243-253.
bacterial distribution and relationship to suspended sediment an . o
organic carbon. Can J Microbiol 25: 1058—1062. %8 Percival SL, JS Knapp, DS Wales and R Edyvean. 1998. Biofilm,

e ; ; tainless steel and mains water. Wat Res 32: 2187-2201.
13 Geesey GG, RJ Gillis, R Avci, D Daly, WA Hamilton, P Shope and __ S : ‘ .
G Harkin. 1996. The influence of surface features on bacterial colonis29 Reasoner DJ and EE Geldreich. 1985. A new medium for enumeration
ation and subsequent substratum chemical changes of 316L stainless @nd subculture of bacteria from potable water. Appl Environ Microbiol

1

[N

steel. Corros Sci 38: 73-95. 49: 1-7. ' .
14 Howsam P. 1995. A question of scale and slime. Water and Waste30 Rogers J, AB Dowsett, PJ Dennis, JV Lee and CW Keevil. 1994.
water Treatment April: 39-47. Influence of plumbing materials on biofilm formation and growth of
15 Kerr CJ, KS Osborn, GD Robson and PS Handley. 1997. The effect Legionella pneumophilan potable water systems. Appl Environ
of substratum on biofilm formation in drinking water system. In:  Microbiol 60: 1179-1183.

Biofilms: Community Interactions and Control (Wimpenny J, Handley 31 Santos R, ME Callow and TR Bott. 1991. The structuré®séudo-
P, Gilbert P, Lappin-Scott HM and Jones M, eds), pp 167-174, Third  monas fluorescenkiofilms in contact with flowing systems. Biofou-
Meeting of the British Biofilm Club, Gregynog Hall, Powys, 26-28 ling 4: 319-336.

September 1997, Bioline, Cardiff. 32 Santos R, ME Callow and TR Bott. 1992. Coated surfaces in relation
16 Lappin-Scott HM and JW Costerton. 1989. Bacterial biofilms and sur-  to biofilm formation. In: Biofilms Science and Technology (Melo TF,
face fouling. Biofouling 1: 323-342. Bott TR, Fletcher M and Capdeville B, eds), pp 105-110, NATO ser-

17 LeChevallier MW, RJ Seidler and TM Evans. 1980. Enumeration and ies, Kluwer Academic, London.
characterization of standard plate count bacteria in chlorinated and ra@3 Sekine Y. 1990. Water supply in fast-growing cities—Tokyo, Japan.
water supplies. Appl Environ Microbiol 40: 922—-930. Aquas 39: 86-95.
18 Lutterbach MTS and FP de Franca. 1996. Biofilm formation in water34 Tebbs SE, A Sawyer and TS Elliot. 1994. Influence of surface mor-
cooling systems. World J Microbiol Biotechnol 12: 391-394. phology onin vitro bacterial adherence to central venous catheters. Br
19 Marshall KC. 1980. Bacterial adhesion in natural environments, In:  j Apnaesth 72: 587—591.
Microbial Adhesion to Surfaces (Berkeley RCW, ed), pp 187-196, 35 Tythill AH and AE Avery. 1994. Survey of stainless steel performance

Ellis Horwood, Chichester, UK. in low chloride waters. Pub Works 125: 49-52.

20 Marshall KC. 1985. Mechanisms of bacterial adhesion at solid-wateig \an Loosdrecht MCM. J Lyklema, W Norde and AJW Zehnder. 1990.
interfaces. In: Bacterial Adhesion (Savage DC and Fletcher M, eds),  fjyence of interfaces on microbial activity. Microbiol Rev 54: 75-87.
pp 133-161, Plenum Press, NY.



