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Abstract

The present study aimed to assess the potential of three enteropathogenic bacteria to form single-spe-
cies drinking water-associated biofilms and their capacity to attach to and survive in the multispecies bac-
terial biofilms, pre-existing on polypropylene and polyethylene pipe surfaces, in 63-day batch experiments
with real drinking water. Dynamics of the biofilm formation process of the tested enteropathogens was
studied, and the influence of the inter-species interactions and the type of polymer pipe materials as surface
for attachment were clarified.

It was found out, that the biofilm formation potential was a specific characteristic of each tested en-
teropathogen and was influenced by the pipe material type. The single-species- and multispecies biofilms of
each enteropathogen differed in the culturable cells density and dynamics. The pathogen attachment to the
bacterially pre-colonized surfaces was more significant compared to the non-colonized ones. The culturable
S. dublin 1953 and Y. enterocolitica O:8 8081 cells persisted in the biofilms in a lower number than the E.
coli 0157 cells. The number of culturable pathogen cells in the single-species biofilms decreased faster than
in the mixed bacterial biofilms.
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Pe3rome

[IpencraBenuTe M3cneABaHU LEIIAT J1a CE OLEHU CITIOCOOHOCTTA Ha TPH 1llaMa €HTEPOINaTOreHHU OaK-
Tepuu 1a 00pa3yBaT MOHOBUIOBH OMO(MUIMH U J]a C€ IPUKPETIAT U OIIEIISBAT B ChIIECTBYBAII MHOTOBHU/I0-
BU OakTepuaTHi OMO(PWIMU BhPXY MaTEPHAU TIOJUESTHIICH U MOJUIIPOITMICH B 63-THEBHU €KCIIEPUMEHTH
¢ peanHa nuTeiiHa Boga. M3cnenBana e AuHaMukara Ha 6uopuiIM-o0pasyBaliys Ipolec Ha U3MUTBAHUTE
€HTEePONaTOTeHH U € U3SICHEHO BIUSHUETO Ha MEXTyBUIOBUTE B3aUMOJICHCTBUS U TPHOHUS MaTepuai KaTo
cyOCTpaT 3a pUKpersHe.

YcranoBeHo e, ue Onoduam-oOpasyBamiara CliocoOOHOCT € crienu(uIHa XapaKTePUCTHKA Ha U3CIICI-
BaHUTE €HTEPOIATOTCHHHU IIaMOBE U CE BIIMsE OT TUIA Ha TPHOHUS Marepualn. MOHOBUIOBUIT U MHOTO-
BHJIOBUAT OMO(MIMU Ha M3CIICABAHUTE SHTEPOIATOTCHH CE Pa3jiMyaBar Mo OakTepuaaHa ITBTHOCT | T10
HelHaTa IMHaMUKa BbB BpeMeTo. M3cieiBaHNTe MaToreH! ce MPUKPETAT M0-3HAYUTEIHO KbM ChIIECTBY-
Ball[Te MHOTOBHJIOBU OMO(QHIMU B CPABHEHHUE C HEKOJIOHU3UPAHUTE IOJTUMEPHU TPHOHH MOBBPXHOCTH. B
MHOTOBHJIOBUTE OMODHIMU, KOTUIECTBOTO HA S. dublin 1953 u Y. enterocolitica O:8 8081 B xynTuBupyema
(dhopma e 1mo-majko B cpaBHeHHE ¢ ToBa Ha E. coli O157. B MoHOBUAOBUTE OMODHUIMHU, OPOST HA KYJITHBH-
pyeMUTE MaTOTEHHH KJIETKH C€ PEeIyIHpa MO-0bP30 OTKOIKOTO B CMECEHUTE OaKTepHaTHU OMODUIMH.

Introduction

Biofilm formation is a common phenomenon  in a DWDS and may cause a number of technolog-
in drinking water distribution systems (DWDS) ical and hygienic problems during drinking water
(LeChevallier et al., 1987). Attached microbial bio-  transport and distribution (Flemming et al., 2002).
mass comprises about 95 % of the active biomass ~ Detachment of bacteria from the biofilm or slough-
ing of larger pieces may increase bacteria number
in drinking water. Specific microenvironments in
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niches for survival of the pathogens that pass into
DWDS as a result of insufficient water treatment/
disinfection or can create conditions for cell recov-
ery of the bacteria injured through disinfection (Le
Dantec et al., 2002; Norton et al., 2004; Storey et
al., 2004; Lee et al., 2014). In this way biofilms can
be a continuous source of drinking water contam-
ination together with accidental fecal contamina-
tion and can increase dissemination of waterborne
pathogens.

Most obligate pathogens quickly lose their
vitality and virulence in water, cannot propagate
and decay over time while opportunistic pathogens,
e.g. Mycobacterium avium, Legionella pneumoph-
ila, Pseudomonas aeruginosa and Aeromonas hy-
drophila, are able to proliferate in drinking water
and in water-associated biofilms and may cause
infections and diseases mainly in immuno-compro-
mised persons (Le Dantec et al.,, 2002; Norton et
al., 2004; Storey et al., 2004). The excreted patho-
gens like Campylobacter coli, C. jejuni and Yersin-
ia enterocolitica can be detected in the water as a
result of contamination by excrements of livestock,
wild animals and birds (Buswell et al., 1998; Kot
et al., 2005). The zoonotic Shiga toxin-producing
Escherichia coli O157:H7 emerged as an impor-
tant food- and water-borne pathogen and approxi-
mately 10% of reported E. coli O157:H7 outbreaks
were related to the consumption of contaminated
water or to the use of surface water for recreation
or irrigation (Chekabab ef al., 2013). Viable E. coli
0157:H7 cells had been isolated from water sourc-
es that met all hygienic requirements for drinking
water quality (Schets ef al., 2005) and a prolonged
survival (from 14 to 64 days) had been determined
in private wells (Artz and Killham 2002). There is
data showing that E. coli O157:H7 strains could
form biofilms on biotic and abiotic surfaces outside
the host (Ryu et al.,, 2004; Klayman et al., 2009),
but little data is available on Yersinia enterocolitica
survival in water and water-associated biofilms.

Biofilm formation by pathogens has attracted
much attention mainly in the medical and food pro-
duction fields, where most studies considered sin-
gle-species biofilms (Giaouris ef al., 2015). Since
biofilms in nature mostly comprise multiple spe-
cies, in recent years there has been a shift in focus
towards examining the complexity and interactions
in multispecies biofilms (Elias and Banin, 2012;
Rendueles and Ghigo, 2012). It is now known that
the data from the studies of the planktonic cells or
single-species biofilms cannot readily be extrapo-
lated to multispecies biofilm consortia (Simoes et
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al., 2007; Giaouris et al.,, 2015). Examinations of
single- and dual-species biofilms of intergeneric
bacteria which were isolated from drinking water
found cooperative advantages, neutral interaction
or antagonism in the dual-species biofilms (Simoes
et al., 2007). It has also been found that intra- and
interspecies interactions have a profound influence
on the development, structure and physiology of
the mixed bacterial biofilms. For example, Wang et
al. (2013) determined that the participation of an
E. coli O157:H7 strain in the mixed biofilm was
dependent on the EPS production of the compan-
ion strain Salmonella enterica. Uhlich et al. (2010)
indicated that retention of non-biofilm-forming E.
coli O157:H7 strains on bacterially pre-colonized
surfaces was due to biofilm-forming partner strains.
Klayman et al. (2009) found that a waterborne E.
coli O157:H7 strain required a colonizing partner:
its planktonic cells were unable to attach alone, but
could co-adhere together with P aeruginosa and
best attach to the surfaces pre-colonized with P.
aeruginosa.

Despite the increased understanding of the
biofilm formation process of enteropathogenic E.
coli, the majority of the data has been received by
microtiter plate assays using different culture me-
dia. The data on the fate of emerging pathogens, e.g.
Y. enterocolitica in drinking water and in water-as-
sociated biofilms is scarce, despite the striving for
provision of safe drinking water to the consumers.
Consequently, the present study aimed to establish
the biofilm formation potential of some entero-
pathogenic bacteria in a water environment. The
main aim of this study was to assess the individual
capacity of the pathogenic bacteria E. coli O157, S.
dublin 1953 and Y. enterocolitica O:8 8081 to form
single-species biofilm on polymer pipe materials in
drinking water and attach to bacterially pre-colo-
nized pipe surfaces (i.e. to the multispecies biofilms
pre-established on the surfaces).

The present study focused on:

1) the dynamics of the enteropathogen den-
sity in both biofilm types;the survival time of the
enteropathogens in the drinking water-associated
biofilms;

i1) the influence of the pipe material as sub-
stratum for biofilm attachment.

Materials and methods

The experimental study included parallel as-
sessments of:

a) the individual potential of the selected en-
teropathogenic bacteria to form single-species bio-



films on sterile pipe surfaces which were in contact
with bacteria-free drinking water, as well as the dy-
namics of pathogen density and survival time;

b) the pathogen attachment and persistence in
the multispecies bacterial biofilms pre-established
on the pipe surfaces in contact with protozoa-free
drinking water.

Both tests enabled comparisons between:

1) the biofilms of each particular pathogen
developed on two polymer pipe materials in bac-
teria-free and in non-sterile protozoa-free drinking
water;

2) the dynamics and survival of each particu-
lar pathogen in both the monoculture and in the
multispecies biofilms.

Materials

1) Drinking water from the local municipal
water supply system, which met all of the quality
requirements, was used. It was dechlorinated and
filtered for protozoa removal. Bacteria-free tap wa-
ter was obtained through 0.45 um membrane filtra-
tion.

2) Pathogenic bacteria strains E. coli O157,
S. dublin 1953 and Y. enterocolitica O:8 8081 used
in the study were taken from the collection of the
Stephan Angeloff Institute of Microbiology. The
pure culture prepared by streaking of a single colo-
ny on TSA agar for 24-hour incubation at 35°C was
suspended in physiological solution and was used
for the inoculation of the water samples.

3) Pipe tubes made from both polypropylene
(PP) and polyethylene (PE) were used: the PP pipe
was produced by Devorex Ltd and the PE version
by Filbo Ltd. The tubes were cut into pieces - each
piece with a total surface (i.e. inner plus outer) of 50
cm?. The pieces were autoclaved and then soaked in
sterile distillated water for 24 hours.

4) For the development of multispecies bio-
film of indigenous aquatic bacteria, half of the pipe
pieces were dipped into the dechlorinated proto-
zoa-free tap water and were incubated at 20°C for
20 days. The biofilms formed were analyzed for
heterotrophic plate count (HPC) by the pour plate
count technique (R2A agar/7 d/22°C).
Experimental procedure

The experimental procedure included incuba-
tion of test pieces from a pipe material into enter-
opathogen inoculated samples of membrane filtered
water and into non-sterile protozoa-free drinking
water for a certain period of time, as well as regular
analysis of the pathogen density of the developed
biofilms:

1) Six sterile glass jars were filled with 900
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ml of non-sterile protozoa-free water; six other jars
were filled with membrane filtered water.

2) Six test pieces from each pipe material
were dipped into water in a test jar. Three of the six
jars containing PP pieces were filled with the pro-
tozoa-free water and the other three - with filtered
water. The same procedure was repeated for the PE
pieces.

3) Two jars containing filtered tap water (one
with dipped sterile PP pieces and one with PE piec-
es) and two jars containing protozoa-free water
(with PP or PE pieces covered by pre-established
mixed bacterial biofilm) were inoculated with 1 ml
suspension of one of the pathogens to a rough con-
centration of 1 x 10° CFU/ml. The procedure was
repeated for each examined pathogen.

The inoculated water samples were analyzed
to determine the actual pathogen numbers (Mac-
Conkey agar/24 h/35°C). These inoculated water
samples contained respectively: E. coli O157 cells
of 9.1 £ 1.2 x 10° CFU/ml; Y. enterocolitica O:8
8081 0of 1.0+ 0.1 x10° CFU/ml; S. dublin 1953 cells
of 8.0 +£ 2.9 x 10° CFU/ml.

All vessels were incubated at 20°C for 63
days. At regular intervals one test piece was taken
from each jar and used for biofilm analysis.

4) The biofilm formed on each test piece was
washed with 20 ml of sterile physiological solution.
Next, the test surface was wiped with a sterile cot-
ton swab dipped in 50 ml physiological solution
and treated for 5 min in ultrasonic bath (Appronex;
40 kHz). The biofilm suspension was analyzed for
enumeration of culturable pathogen cells (MacCon-
key agar/48 h/35°C). Multispecies biofilm samples
were analyzed for HPC (R2A agar/7 d/22°C).
Statistical tools

A t-test for comparison between biofilm sam-
ples was used to show whether the difference be-
tween the logarithms of two compared values was
significant at level o = 0.05. One-way analysis of
variance was used to analyze the effects of the pres-
ence/absence of preexisting bacterial colonization
on the pipe surfaces, the enteropathogen species,
and the pipe material type on the biofilm formation
potentials.

Results and Discussion
Dynamics of the single-species- and multispecies
biofilms

The data presented in Fig. 1. shows the dy-
namics of the single-species biofilm formation pro-
cess on the PE and PP pipes and the enteropatho-
gens’ capabilities to attach to the pre-established
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Fig. 1. Dynamics of enteropathogen density of the single-species biofilms formed on the PE and PP pipes
in inoculated membrane filtered drinking water (PE-mf and PP-mf) or in preexisting multispecies biofilms
in inoculated non-sterile water with: (a) E. coli O157; (b) Y. enterocolitica; (¢) S. dublin; d — days; HPC of

the multispecies biofilms.
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multispecies bacterial biofilms in the drinking wa-
ter samples (which had been inoculated with cul-
ture of a particular pathogen).

The data on the E.coli O157 dynamics in the
biofilms (Fig. 1a) revealed rapid colonization on the
PP and PE surfaces (registered on the 2" day) and a
trend towards initial increase in pathogen densities -
except for the monoculture biofilm on PE. On the
30" day after inoculation, the pathogen density of
the mixed biofilms reached its highest level. Subse-
quently, the pathogen numbers decreased, especial-
ly in the monospecies biofilms, which decreased by
2 logs. Culturable E. coli cells still persisted within
all biofilms at the end of the test (on the 63" day).

The dynamics of Y. enterocolitica O:8 8081
biofilm formation showed fast pathogen attachment
except for the monospecies biofilm on PP (Fig. 1b).
The pathogen density of the biofilms quickly de-
creased over time with the multispecies biofilm on
PE undergoing a lower rate up to the 35" day. The
Y. enterocolitica number decreased most quickly in
the monospecies biofilm on PP, where culturable
cells were absent on the 35" day in contrast to the
other biofilms.

The single-species S. dublin 1953 biofilms
(Fig. Ic) also initially showed a significant cell
density followed by a rapid reduction of up to 20
CFU/cm? and pathogen absence in the biofilm on
the PE pipe after the 56" day. In the multispecies
biofilms, the S. dublin 1953 cells increased up to 6
x 10* CFU/cm?, then slightly decreased; however,
up to 10° CFU/cm? still remained within the bio-
films at the end of the test.

Biofilm formation potential

In order to rank the individual biofilm for-
mation capability of the examined enteropathogens
on each material, the data on both the single-spe-
cies- and multispecies biofilms was compared sepa-
rately. The resulting data demonstrated the specific
biofilm formation potential of each pathogen and
a different pathogen persistence time in culturable
form within the biofilms.

The comparison between the single-species
biofilms (made separately for each particular ma-
terial) revealed significant differences between the
biofilm densities of the pathogens (p <0.01), except
for the biofilms of E. coli O157 and Y. Enterocoliti-
ca O:8 8081 on PE and the biofilms of Y. enteroco-
litica O:8 8081 and S. dublin 1953 on PP (p > 0.05).

The E. coli O157 biofilms had the highest
bacterial density while the Y. enterocolitica O:8
8081 showed a higher biofilm formation potential
than the S. dublin 1953 on PE, but predominately
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lower one on PP. The single-species biofilms of the
Y. enterocolitica 8081 were significantly dependent
on pipe material (p<0.05) with higher biofilm den-
sity on PE than on PP.

The comparison between the multispecies
biofilms of the examined pathogens on each ma-
terial determined significant differences between
their pathogen densities (p<0.05). The E. coli 0157
biofilm had the highest density. Although the initial
attachment of the Y. enterocolitica O:8 8081 cells
on both materials showed the highest values, it was
followed by rapid reduction of their culturability.
Similarly, initially, the percentage of the Y. en-
terocolitica O:8 8081 cells among the HPC of the
mixed biofilms peaked (14% in the biofilm on PP
and 19% on PE) on the 2" day, but soon afterwards,
the E. coli O157 part rose to 40-73% as a result of
the increased attachment and remained the highest,
whereas the Y. enterocolitica O:8 8081 part reduced
to 1-8%.

Single-species - versus multispecies biofilm

Comparisons between the densities of each
particular pathogen in both the single-species- and
multispecies biofilms showed better pathogen at-
tachment to the preexisting mixed bacterial biofilms
than on the non-colonized abiotic surfaces. The bi-
ofilm production was different - higher pathogen
density was found in the multispecies biofilms. The
difference between the single-species- and mul-
tispecies biofilms of each tested pathogen was sta-
tistically confirmed: the pathogen densities in the
multispecies biofilms on both materials were sig-
nificantly higher than in the single-species biofilms
(»<0.05). The only exception was the E. coli O157
biofilms on PP (p>0.05); an insignificant difference
between the single-species and multispecies biofilm
samples was determined by the #-test only for two
sampling points - on the 15" day (|¢] of 1.5<¢ . .
of 4.3) and on the 36™ day (|¢| of 2.0<¢, 5.5, 0F 3.2).

The experimental data revealed differing sur-
vival times of the pathogens in the biofilm types. In
the single-species biofilms, the culturable cells per-
sisted to a different extent for different periods of
time: at the end of the test, 10>-10* CFU/cm? of the
E. coli O157 was detected on both materials, but
only 20 CFU/cm? of the S. dublin 1953 on PP. The
number of culturable Y. enterocolitica O:8 8081
cells decreased faster than the other two pathogens,
especially on PP. In the multispecies biofilms, the
culturable E. coli 0157 cells of 10* CFU/cm?or the
S. dublin 1953 cells of 10* CFU/cm? were detected
at the end of the test, while the Y. enterocolitica O:8
8081 cells were absent by the 55" day.



The examined pathogens attached more suc-
cessfully and survived longer in the mixed bacterial
biofilms than in the single-species ones, however,
there is insufficient data to assess the full survival
time. The observed prolonged enteropathogen ex-
istence in the mixed biofilms supported the under-
standing that the multispecies biofilm community
could play a crucial role in pathogen survival under
unfavorable environmental conditions. The better
attachment, higher biofilm formation potential and
prolonged survival of the enteropathogens could
be associated with the contribution of colonization
partners and with the spatial and metabolic interac-
tions between species within the biofilm commu-
nity that could drive ecological advantages by pro-
viding improved nutrient entrapment and environ-
mental stress protection (Simoes et al., 2007; Elias
and Banin 2012; Lee ef al., 2014; Giaouris ef al.,
2015). The higher pathogen density in the multispe-
cies biofilms (especially in either Y. enterocolitica
0:8 8081 or S. dublin 1953) when compared to the
single-species biofilms, demonstrated interspecies
interactions of co-operation. Although that co-op-
erative effect was somewhat less pronounced for
the E. coli O157, it was in line with the established
contribution of colonization partners to more eftec-
tive attachment of E. coli O157:H7 cells and coex-
istence in the multispecies community (Klayman et
al., 2009; Uhlich et al., 2010; Wang et al., 2013).

Specific attachment and survival of the exam-
ined enteropathogens in the preexisting mixed bio-
films was in conformity with the research findings
on other pathogens. There is data showing that the
biofilm potential of C. jejuni was strain specific and
relied on the mixed biofilm population (Buswell
et al., 1998; Teh et al., 2010), and that its second-
ary attachment to biofilms could prolong survival
in external environments and condition different
structures and activities, such as preserved cultura-
ble state in the mixed biofilm versus the viable but
not culturable state in the monoculture biofilm (Ica
etal., 2012).

In addition, the derived data demonstrated
an influence of the type of pipe material. The data
showed that the attachment of Y. enterocolitica O:8
8081 cells was significantly influenced by the type
of pipe material, probably as a result of the strain
specific surface characteristics of the bacterial cells
in addition to the pipe surface properties. Although
the S. dublin 1953 and E. coli O157 biofilms were
less affected by material than Y. enterocolitica O:8
8081, the observed effect of the pipe material sup-
ported the findings for material-dependent attach-
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ment and biofilm formation of other pathogens
(Armon et al., 1997; Reeser et al., 2007; Yu et al.,
2010).

Conclusions

It could be summarized that in a drinking
water environment, the examined enteropathogen-
ic bacteria were capable of forming single-species
biofilms or co-existing in the multispecies biofilm
consortia of preexisting mixed bacterial biofilms.
Both types of biofilms of each enteropathogen test-
ed differed in the culturable cells’ density and dy-
namics.

The biofilm formation potential was a specif-
ic characteristic of each tested pathogenic bacteria
and was influenced by the type of pipe material.
The studied enteropathogens had different biofilm
formation potential with the highest being the E.
coli O157 strain.

The enteropathogen attachment to bacterial-
ly colonized pipe surfaces was more efficient than
the attachment to the non-colonized surfaces: the
pathogen density of the multispecies biofilms was
higher and the pathogen survival was longer than in
the monospecies biofilms.

The data on the prolonged survival times of
enteropathogens in drinking water-associated bio-
films revealed a concern for the safety of drinking
water and a potential health risk to consumers in
cases of insufficient water disinfection or accidental
fecal contamination. The study provides new infor-
mation about the survival of three enteropathogenic
bacteria outside the host and shows that drinking
water-associated biofilms may have an important
role in enteropathogen transmission.
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