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Interactions withwater bacteria affect thecorporationof pathogens intdiofilms and
thuspathogen contrah drinking water systemd his studywas toexaminethe impact of
static versuglow conditions oninteractionsbetweena pathogen and a water bacterium
on pathogemiofilm formationunderlaboratory settings.

M ethods.and Results

A pathegen surrogatEscherichia coli and adrinking waterisolate Stenotrophomonas
maltophiliawas selectedor this study Biofilm growth wasexaminedunder o distinct
conditions;in flow cellswith continuousmedium supply &rsusin staticmicrotiter plates
with batch culture E. coli biofilm was greatly smulated (~21000x faster) with the
preseneeof,S. maltophilia in flow cells but surprisingly inhibited (~6595% less
biomass) inmicrotiter plates These divergenteffects were explaired through various
aspects includingsurface attachmentcellular growth, extracellular signals, and
autoaggregation.

Conclusions

Interactionswith the samevaterbacteriumresultedin differenteffects onkE. coli biofilm
formationwhenculture conditions changefidom static to flow

Signifreance and I mpact of Study

This_study highlights the complexity of species interactionsiofilm formation and
suggests that environmental conditions such as the flow reganébe taken into

consideration fothe management of microbial contaminatiomrinking water systems.

Keywords

Biofilms; Drinking water;E. coli; Microbial contaminationEnvironmental

I ntroduction

Biofilms=are ubiquitous in drinking water distribution syste3WDS) and premise
plumbing (RP) (Simoes et al. 2006Wang et al. 2014 Many waterborne disease
outbreaksarelinked tobiofilm growth (au and Ashbolt 2009 Incorporation irbiofilms
can protectbacterial pathogens which can be introduced throughinfiltration or
contamination,from residual disinfectantand other harsh stress@d/ingender and
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Flemming 2011 Schwering et al. 20138urmolle et al. 2014SanchezVizuete et al.
2015) As a result,pathogens often survive and evproliferae in DWDS and PP
(Szewzyk et al. 20QMonohue et al. 20)5A critical factor that determineshethera
pathogencan beincorporated ima biofilm is its interactiors with persistingbacteriain
water systems Synergistic interactiongromoteits biofilm formation, while antagonistic
interactions/limitits embedding and growth imofilms (Elias and Banin 2031Burmolle
et al' 2014 Rendueles and Ghigo 201%Vhether annteractionis synergisti¢ neutral,or
antagonisticdepends orthe interactingwater bacteriaand environmental conditions
(Simoes et al. 2007 Klayman et al. 2009b Environmental factorsespecially
hydrodynamics, andarbon/nutrientevels canmodify mixed species biofilm formation
(Stoodley et al. 1998Manuel et al. 2007Zhang et al. 2013,3Shen et al. 2005 The
modificationsby hydrodynamics fora complex, multiplespeciescommunity can be
achievedby_selecting for certain bacterggainst othes as microbial composition in
water biofilms change with flow conditigfbouterelo et al. 20)6Within a duaispecies
communityy the modificatioomay work by changinginteractionsbetween the twoas
suggestedby one study showingmpact of flow gradientson dualspeciesbiofilm
formatien_Zhang et al. 2003 However, it is unclear tavhat degree the interactions can
changefrom flow to static conditions andvhether this changeill result in significant
differences in pathogen survival Although mixedspeciesinteractions on biofilm
formation tave been widely investigated, surprisinglgry few studieshave compared
this contrasting environmental conditidiiow versusstatic when evaluatinglualspecies

interactions.

Contrastinglow conditiors are relevanib pathogen control iDWDS. Various sections

of DWDS;"such as storage tank®eid mainpipes, differ greatly in water flow and
correspondingutrient replenishmentSurveillance of drinking wateelated outbreaks
reveded some cases of contaminatmniginating from storage tanKKramer et al. 1996
and'athers from DWDS and PP pig8sunkard et al. 203, 1Beer et al. 2015 One study
particularly found that higher occurrence of coliforms was associated with DWDS
containing more water tankgLeChevallier et al. 1996 These reports suggested

differential pathogen survival in pp and water tank$iow contrastingflow conditiors
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may contributeto such difference deserves systematic investigationwell controlled
and replicéle laboratorysettings.

Laboratory studies to evaluate the interactions betweeterid isolatesare mostoften
conducted-eitheusingstatic conditios, nanely microtiter plates as the mostommonly
used apparatus, or icontinuousflow systemssuch as flow cells or flow chambers
(Stoodley et al. 199&hang et al. 20LzBurmolle et al. 201} Very few studiesuse both
conditionsto investigate interactionbetween the samieacteria We hypothesizedhat
interactionshbetween thesametwo bacteria andhe resultingimpact onbiofilm growth
canchangérom static to flow conditionsSmilar observations were reported feingle
speciesor complex multiplespeciesbiofilm formation in flow/no-flow conditions
(Mampel-et=al. 2006Manuel et al. 2007 We aimed taest this hypothesis, by usirg
dual spe@s modelconsisting ofa bacteral strain isolated from drinking watemd a
pathogen surrogateand culturing the two bacteriain static microtiter platesand

continuoudlow cells.

Escherichiacali is an indicatobacteriumof fecal contamination in wateesourceslts
detectionsuggestshe presence giathogens originatg from fecal contamination. Thus,

it was'used as a surrogafer pathogenicspecies.Senotrophomonas maltophilia is
frequentlydetectedamong heterotrophic plate cousblaesfrom DWDS and PP water
andbiofilms,(Critchley et al. 2003Simbes et al. 20Q7and especially irhospital potable
water (Safdar and Rolston 20D7The relativeabundance o&enotrophomonas spp.was
reported“to bel-6% amongsolatesfrom various sampling sitea a pilotscaleDWDS
(Norton and LeChevallier 2000S maltophilia is the third most common isolates
(13.5%) from treated, tap, and haemodialysis efflweater (Arvanitidou et al. 2008
The number oS maltophilia reached 49 CFUnI™ in water reservoirs of dental clinics
(Szymanska©2007) and was recently detected at relativédigh levels in biofilms
collected from faucet aerators in 15 ha@sing gPCR targeting the 23S rRNA gene
(Haig et alw2015 It is also of clinical relevance as one of the most frequently isolated
opportunistic pathogens among tysfibrosis patients(Wates et al. 201L S
maltophilia wasthus usedhereto represena persistingvater bacteriumBecauséoth E.

coli and S. maltophilia have been isolated together from water systemsand other
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environments where biofilms are importgAtvanitidou et al. 2003Rudi et al. 2008 a
scenario otheir co-existence anthteractiors is plausible and relevant.

We aimed to evaluate the impact of contrasting flow/static conditions orspleciles
interactions'with regard t&. coli biofilm formation under laboratory settings. We studied
how a (drinking wateibacteriumS. maltophilia affectedbiofilm formation of a pathogen
surrogateE. coli in flow cells and static platesepresenting differerftow conditions in
drinking waer systemsWe further explored several aspects of biofilm formatiohE.
coli, ingluding cell growth, surface attachment, diffusible signafe] @Il aggregationin
order to'understandthe observed dferernce in species interactionslue to culture
conditions.

M aterials and methods

Bacterial strainsand cultures

E. coli K-12,PHL644andS. maltophilia wereused in this studyThe E. coli strainis a
good biofilm-former due toa mutation in gen®mpR and thus exhibits anncrease in
curlizexpression(Vidal et al. 1998 It was chosen to simulate a woisEsescenario in
pathogen.control where the incomipgthogensare efficient in biofilm formatiorby
themselvesThe S maltophilia strainwasisolated fromdrinking waterand identified by
sequencing itsull length 16S rRNA geneBoth strains were testetd be sensitive to
tetracycline and gentamicifio facilitate the differentiation of the two strainsagmids
pMP4655GFP and pBPFMCherry weretransformed intoE. coli and S maltophilia,
respectivelysby electroporation using Gene Pulser Electroporation System {BRax,
Hercules;=CA) following the manufacture’s protocollransformedE. coli and S
maltophilia were selectedy culturingonto LuriaBertani (LB) agar with 4Qug mr*
tetracycline Jor with 2Qig mI* gentamicin(SigmaAldrich, St. Louis, MO) respectively.
The constitutively expressed green fluorescence protein (GRPE. coli and red
fluoreseence proteifmCherry in S. maltophilia were both confirmed with fluorescese
microscopy. @wth rate and biofilm formatioof transformedstrains werenot different
from the ones witbut a plasmid (data not shown$trains were stored in LB broth with

20% glycerol in -80°C. For ae® culture, strains werdrsakedfrom glycerol stock®nto
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147 LB agar with antibiotic§40 pg mi* tetracyclinefor E. coli or 20 ug mi* gentamicinfor

148 S maltophilia). Single coloniesrom agar platesere usedo inoculatebroth cultures.

149  Broth mediumwas 104old diluted LB broth (0.X%LB). Thisdiluted broth was choseto
150 approximate oligotrophiarinking water but to still have higher levels ofessential
151 nutrients than typicalrinking water taallow biofilmsto grow and maturevithin daysfor
152 laboratory, study(Table S). Other media such asdiluted Reasoner's 2A (R2Apr
153 diluted Trypticase Soy Broth (TSBVith similar nutrientlevels and ionic strengtlas in
154  our 0.XLB havebeenused to study biofilm formation of drinking wateratedbacteria
155 (Table S] (Simoes et al. 200 Klayman et al. 2009bSimoes et al. 20)0Antibiotics
156 weresupplemented into 0xLB to maintain plasmidsBroth cultures wereincubated at
157 30 °C overnight (13 h) with vigorous shaking (250 rpm). To wash off any residual
158 antibiotics, ells of E. coli or S maltophilia were pelleted by centrifugation (3,041 3
159 min) and_resuspended imantibioticfree fresh 0.kLB for inoculation into biofilm
160 sysems*Cell densities oE. coli andS. maltophilia in inoculumwerequantifiedby plate

161 counting.

162 Biofilm culturesin flow cells

163 Flow systems were assembled with thckannel glasbottom flow cells (Stovall,
164 Greensboro, NCQ)each channekith dimensions D1x4x40 mm Antibiotic-free 0.1xLB

165  broth was_suppliedat 0.12 m min™, resulting alaminar flow (Regnolds number =0)8

166 and low flow velocity (=0.5 mns™*) which isin thelow range of flowsin DWDS. The

167 medium=flow was paused for inoculation. One milliliter celbculum of E. coli, S

168 maltephiliarer a mixture of the two was injected into each flow cell, and allowed to attach
169 onto surfaces for one hour. Five flow cells were run in parallel (E1,18)bE EO.1,

170 EO.1mix) Labels E1 and EO.1 representGfold difference in the inoculum d&. coli

171 (10° CFU mi* and 16 CFU ml™, respectively). Inoculate8 maltophilia was 1§ CFU

172 ml*in.both mixed cultures (E1mix, EO.1mignhd thepure culture contio(S). Medium

173 flow was resumed and this time point was recorded as 0 h. Growth of biofilms was
174 monitored with confocal laser scanning microsc@gegtails in the section of ‘Imaging

175 biofilms’) at various time points until mature biofilms developed witholbservable
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change in biomass or structue 96 h. The flow cell system was operated at°#)and

replicated independently.

Biofilm culturesin static plates

Moné=(ET;"E0.1, S) and mixespecies (E1mix, E1mix E0.1mix) biofilms were grown

in 96-well Nundon microtiter plates (Fisher Scientific, Pittsburgh, PA) and inval
glassbottom plates (MatTek, Ashland, MA). Respended cells from overnight
planktonic cultures wereashed anéhoculated into 0.2LB broth (100 ul per well) with

no antibioties supplemented in either pure or mixed cultures. Labels E1 and EO.1
representan inoculum of 1 pl 10° CFU mi* and 18 CFU mI* per 100 pl medium,
respectively. Inoculate& maltophilia was 1 pl 10° CFU mI™* per 100 ul medium in
E1mix"E0mix and S, but f@ld less(1 pl 108 CFU ml*) in E1mix’. The plates were

left static for biofilm growth at 20C for 22 h. Planktonic cells in each well were gently
removed and washed three times with phosphate buffered salinegRBS?). Biofilm
growth_in_96well plate was quantified using @ystal violet (CV) staining method
(O'Toole and Kolter 1998nd biomass was shown as OD600 (optical density at 600 nm)
in arbitrary units. Four replicate cultures were grown for each type ofrbiofithe same
plate. Biofilm in 24well plate was imaged with confocal laser scanning microscopy
(details In the section of ‘Imaging biofiln)sBiofilm cultures were replicated three times
independently.

Test the effect of diffusible signals

Planktonic cltures ofS. maltophilia were harvested at 4 h (exponential phase) and 15 h
(stationary phase) after inoculatiorio 0.1xLB broth. No antibiotics were supplemented

in thesewculturesSupernatant was acquired by filtering planktonic cultures through
membrae filters (0.22um, Millipore, Billerica, MA). Culture medium (0:2.B broth)

was supplemented with equal volumetloé supernatant for biofilm growth in 9&ell
micretiter plates.

To test the impact of diffusible signalspfiim cultures weralsoconducted in Transwell
systens (Corning, NY). Each Transwell consists of a 24vell microtiter plateand 24

insers, one permwell. The insert has polycarbonate membrane (Opn) bottom to
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separate bacterial cells grown in the ingesin those grown in # microtiterwell, but
allowing the culturenedium and diffusible signalseing exchangeldetween each pair of
insert and welduringthe period ofncubation E. coli was inoculatednto the microtiter
wells (1 pl 10° CFU mi* per 100 pul medium), while S maltophilia or amixture ofE. coli
with S maltophilia (equal numbepool) wasinoculatedinto the insertg1 pl 10° CFU ml
! per 100 ulmedium). After 22-h incubation in static &0 °C, the inserts were discarded
and'E."coli“biofilms grown in the24-well microtiter plates were quantified with the

method of'CV staining.

Initial attachment assay

Overnight cultures oE. coli andS. maltophilia were resuspended in fresh &IB (no
antibioties)yand adjusted tde 16 CFU ml™. PureE. coli, S maltophilia or their 1:1
mixtures'were added into a-9&ll plate (100ul perwell) and left static at 20C for the

1-h initial attachment. Suspended cells were gently removed and washed three times with

PBS. Biomass of attached cells was quantified with the methG¥ staining.

Cell autoaggregation

Overnightseultures oE. coli andS. maltophilia were resapended in PBS buffeE. coli
suspensiony or mixed suspensioneofcoli with 10-fold less or the same amount &f
maltophilia cells were preparedhree mililiter of these suspensionsre added inta 5-

ml test-tube(Fisher Sientific, Pittsburgh, PARnd set static for 24 h. Colony forming
unit of E. coli in the topnostsuspension column (sampled at 0 h and 24 h after satiing)
the test tubesvere measured by plate counting with no santfgenogenization The
reduction of CFU density reflected the deg of E. coli cell aggregation The

experiments'were repeated independently twice.

Biofilm invasion

PureE. coeli"or S. maltophilia were allowed foran 1h initial attachment in microtiter
platesthe same way as described ahddieer the %h initial attachment, suspendedlls

of this speciesvere either gently removed &ept in the well. 8spension of the other
species waadded into the wello invade the prattached species. The invasion lasted

for one hour. Attached biomass was then washed and quantifiedh&itGV staining
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method. A similar invasion experiment was also performed usingdee#loped (2h
growth after the inoculationrather thanthe 1h preattached biofilms in gladsottom
plates (MatTek, Ashland, MA)Biofilms before and after invam were imaged with
fluorescence microscopy (Olympus, Wirtz, VA). The invasion experiments wergedpe

three times. with similar results.

Imaging biofilms

Images, of biofilms were acquired with a confocal laser scanning osciope
(Fluoview™y, Olympus, Wirtz, VA) with filter sets for monitorinGFP and mCherry
fluorescencen E. coli andS. maltophilia, respectively. Images were obtained randomly
from three to six spots in the center of each flow chamber or each well widiaiter
plates=Biofilms grown near the edge of a flow chamber were acquired only dllso c
were observed in the center of a flow chamber inpghee E. coli culture with low
inoculation (system EO0.1). Threimensional images were reconstructed usihg
software Volocity 3.2 (Improvision Inc., Waltham, MA) from a stack of confocal
microscopy /images for the-y sections of biofilm samples. Stacks of confocal images
weresalso-analyzedfor biomass quantification following the manual of COMSTAT
(Heydorn_etal. 2000

Motility test and statistics

The swimming and swaning ability ofE. coli andS. maltophilia was tested on soft agar
LB plates(0.3% agar for swimming and 0.5% fewarming) similar to previously
described“protocqDezel et al. 200 Student t tests were performedtestwhether the
differencebetween two groups was significant (p<0.05) or not.

Results

The presence of S. maltophilia stimulated E. coli biofilm growth in flow cells

To investigate hovi. coli biofilm growth was affected bys. maltophilia, we compared
two mixedspeciescultures(E1mix and EO.1mix)n flow cells withtwo monospecie<.
coli culturesascontrols(E1 and E0.1) (Figurd). Biofiims wereimagedat various time
points. Threedimensional images were construcsttbwing both straind={gure S1)or
showing onlyE. coli cells Figure 1A) to facilitate thecomparison ofE. coli biofilm
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formation among different cultureBiomassof E. coli or S maltophilia was quantified
based omicroscopy imagegfFigures 1B and S2).

Cells of E. coli initially attachedonto surfacs in all flow cells during theonehour of
inoculation~beforeflow was started However most attachedcells in monespecies
systems werguickly (<5hin EO.]) or gradually €33 hin E1) washed awaynce flow
resumedMore than99% and 8% of E. coli biomass wasletachedrom biofilmsin a 7-
h time period(from 1 h to 8 h after starting the floyvin pure culture EO.1 and E1,
respectivelyE. coli biomassfurther decreased and reached a lowest val@3 h after
staring the flowin system El(biomass0.09 um®pum?). Afterwards biomass increased
slightly until'microcoloniesgrew (55 h after starting the flojvand spreadintil a blanket
of biofilmsformed 80 hafter starting the flowbiomasss.47 pm*um?). In system EO.1,
very fewsE=coli cells wereobservedn theflow cellsbetweerb5 h and®6 hafter starting
the flow. Some loosely attached cells were obsemearthe edge othe flow chambey
where shear_force is close to zetbiomass <0.04 pm%um?). Massive detachment of
initially. attached cellsaused by thdlow seens to be themajor obstacleof E. coli

biofilm-development.

In contrast,detachmenbf E. coli wastransient andnuchlessseverein mixed-species
flow cells. In E1mix, less than 10% d&. coli biomasswas lost ina 7-h time periodfrom

1 h to 8h.after starting the floyv E. coli biomass steadilincreasd and reached a similar
level (559%um*um® as in monospeciesculture E1 (5.47 pm*um? at 80 h) in
approximately half théime (45h, ~2x faste). The stimulation was more obvious when
10-fold lessE. coli cells were inoculated (EO.1mis EO0.1). Thebiomassof biofiims
increasedsteadilyfrom the first time point andeached a biomassvel of 4.89 um®/um?
at45 hinsE@:1mix, in comparisoto theno observable biofilmé<0.01pm*um?) in E0.1
by 96 h(=2000x faster) Based on thee observationsthe transient and greatly reduced
detachmenof initially attachecE. coli in the presencef S maltophilia contributed to its

expeditedviefilm formationin mixed culturdn flow cells.

A monospeciesS. maltophilia flow cell (S) wasrun as anotherontrol A single layer @

cells was initially attachedA steady increasef biomasswas observedFigure S2).
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Biomass gantificaion of S. maltophilia based orconfocal microscopic imagesas not
performedbeyond 17 tafter starting the flowasaccuratequantificationof biomassvas
impossible since the fluorescent proteirmCherry faded severelyafter 17 h The
fluorescere fadingwasrecognized wheromparingfluorescent images with white light
images of.biofilms within the same scope field of view, an exangslevhichwas shown
in Figure_S3 The growth ofS maltophilia in mixed-species bialms was similar toits
growth™in““monospecies culturewithin the first 17 h when accurate biomass
guantification was availabl@=igure S2). No loss of initially attache®. maltophilia was
observedat least within the first 17 hourgdicatingits robust surfacattachmentThis
solid attachmentseemed to help retai. coli cells on the surfacewhich resultedn

stimulatedg: coli biofilm growthdescribed above

The presence of S. maltophiliainhibited E. coli biofilm formation in static plates

Plastic.mcrotiter plates were inoculatexhd incubatedstatically for biofilm growth in
monospeciesnamed a¥1, E0.1, and Sand mixedspeciesultures(hamed ag£1mix,
E1mix®u EQ:Amix) The bomassof biofilms (mixed or monospecies)was quantified
after22 _hourof incubation The monospecieskt. coli biofilm had the highegbhiomass
level of 2:73 @rbitrary unit a®ptical density at 600 nmn E1, a slightly lowerbiomass
in EO.1 @.07),while pureS maltophilia biofilm had a biomaskevel of only 0.17 (94%
less than E192% less than E0.1p<0.01) Figure2A). All threemixed-speciediofilms
hadsignificantlyless biomasghan purek. coli cultures (E1 or EO0.1) (biomass=0.15-0.95,
~65-95%less,p<0.001) regardless ofhe inoculum ratis of E. coli and S. maltophilia
(1:1 infEImix, 0.1:1 in E0.1mix, and 1:0.1 in E1MiXThese results suggessignificant
inhibition of E. coli biofilm formation in mixed culture, although theontribution of each
speciedo the totalbiomassof mixedspecies biofiimgould not be determined withe

CV staining.method

Thegobservedinhibition to E. coli biofilm formation was independenbf the surface
materias when running with0.1X_B broth, as asmilar inhibition wasobserved irglass
microtiter plategFigure 2). We examinedhe species composition ehesedualspecies
biofilms using microscop images PureE. coli formed amulti-layer biofilm (E1), while

S maltophilia (S) barely formed a single layer ofcells (Figure 2B). Mixed-species
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biofilms (E1mix, E1mixX) containeda single layer ofS maltophilia interspersed with
microcolonies oE. coli, whosebiomassvasmuchless than than E1 (quantified as-10%
for ELmix, Figure 2C). Theimagesconfirmedthe inhibition onE. coli biofilm formation

whenco-culturedwith S. maltophilia.

E. coliexhibited less planktonic cell growth in mixed culturethan in pureculture

To identifyswhethethe divergenteffectsin theflow cells versusthe static culturswere
due to-cell=growtidifferencesrather thanto differences related to biofilgrowth, we
measuredyrowth rates and yields of the two species in planktonic csltBrecoli had a
slightly_lower maximum growth ta (generation time 67+5 min) the® maltophilia
(generation/timé&9+2 min, p>0.05)We thenmeasuredyields of E. coli by quantifying
its cell numberdn planktonic culturesvith the same inoculumnder thesame conditins
usedfor the biofilm cultures in microtiter platesThe number oE. coli cellsin mixed
cultures (E1mix and E1mikwas18-33% kssthan inE. coli pure culture(E1, p>0.05)
(Figure,3)-Thelessgrowth of E. coli in mixed alture wasmore obvious whestarting
from 10fold/lessE. cali (66%lessE. coli in EQ.1mix compared to in EO.1, p<0.05).

Diffusible’signals of S. maltophiliaimpacted E. coli biofilm formation

To explore whether diffusible signals 8f maltophilia played a role inthe observed
divergent effects in the two systems hawvestedthe supernatarstof S. maltophilia from
an exponational and atationary growth phase and supplied thero ithe growth
medium (1:1 mixed with 04_B broth to make it comparable with the OLB<broth)for
culturing’E™coli biofilms in microtiter platesThe biomass oE. coli biofilms was no
differenttothe no supernatant conti@ligure S4). Consideringhat extracellularsignals
may have a short shellife after being produced, thusay be missedfrom the
supernatantharvesing at the two predetermined timepointsve usedthe Transwell
systens (Cerning, NY)to testthe impact ofsignalsproduced andliffused anytime
duringsthegrowth phase These Transwell systeralowed thesepardbn of a pureE.
coli biofilm growth in amicrotiter well from the growth ofS. maltophilia cells or a
mixed-culture in theinsertof thatwell by a 04 um membrane. Signals smaller than 0.4

um should be allowedto diffusefrom theinsertinto the well We observed 44%-21%
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decrease iii. coli biofilm formationin the bottom wellwhen S maltophilia or mixed
species were growm theinsert(p<0.05, Figure 4)Sincenutrientsand organic carbon
canalso freelydiffuse betweenthe inserts andvells, we cannotompletelyexclude the
potentialimpactof resource competitionn E. coli biofilm formation in these Transwell
systems Thus, diffusible signalsfrom S. maltophilia, possiblycombined wih nutrient
competitioncan induceup to 20% ofobserved inhibition ork. coli biofilm growth in

stati€¢ batch culture.

E. coli exhibits weak surface attachment

Different bacteriain mixedspeciesbiofilms compete forlimited surface areauring
attachment We explored hows maltophilia affectedE. coli during surface attachment
while excludingpotential cofacta of cellular growth, nutrient competition ardiffusible
signals by depositinthe same amount d&. coli andS. maltophilia cellsin fresh medium
into microtiter platesThe :h initial attachmentKigure5) showed the same trendtas
longer-term(22h) biofilm growth in microtiter platesHigure2A). After 1 h contact with
the surfaceE. coli exhibited four-fold greaterattachedbiomassthan S maltophilia
(p<0.05, Figure 5)However, when mixed witls. maltophilia, the overall attachment
dropped=t029% (p<0.05, Figuré), suggesting that initial attachment Bf coli was
greatly reducedh the presencef S. maltophilia cells These resultsrere acquired when
themicrotiter plate wageptstatic.

In flow cells, shear force due t@ontinuousflow impacts surface attachmentwWe
introduced_some star force intothe microtiter culture by very gently shakintpe
microtiter plate (60 rpm). As a resuli, coli formed 70% less biofilms compadto that

in static=eulture, whileés. maltophilia biofilm growth was barely affectedrigure S5). It
suggestshatthe attachment dE. coli cellsto the solid surfacevasfairly weak, whileS.
maltophilia showed the oppositéess in biomass but relatively strong in the attchment. It
corresponded well with thebservation of thenassive loss of attachéfl coli cells but
not S maltophilia in flow cells aftertheflow resumedFKigure 1).

We furtherperformed a series of invasion experinsgiot examine whetheone species

canoutcompetethe otherin surface attachmen€Cells of one specie@nvaded species)
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were deposited imicrotiter welk for the 1-h pre-attachmentWith or without removing
planktoniccellsof theinvadedspeciessuspension ahe other pecies(invading species)
were addednto the wellsto invade the prattached biofm. About 92% of pe-attached
E. coli_biomass wadost after the invasion b maltophilia cells (Figure 6).It was
reasonable to assurtieat S maltophilia cells can “remove’the majority ofpre-attached
E. coli cells<The presence of planktonit coli cells showed no effect on the invasion of
S maltophilia. In contrastthe presence of plankton® maltophilia affected thenvasion
of E. coli"to"the pre-attachedS. maltophilia. Only whenplanktonicS. maltophilia cell
wereremovedwerethe invasion ok. coli successful with an increased biofibromass
which was3.9x more (Figure 6) Similar results were observeghen well-developed
(grown*for24 h)E. coli biofilms on glass surfaceereinvaded byS. maltophilia cells
resulting in ‘'great loss of attachel. coli cells and a replacement of a layer &f
maltophilia_cells (Figure S6). The microscopic imagegFigure S6) confirmed the
assumption thaattachedE. coli can be‘removed” by S maltophilia cells, while in the
other wayiE: coli cellsbarely succeeded in attching omateurfaceto whicha single layer
of S maltophilia cells had occupiedvhile with the presence dfeeliving S. maltophilia

cellsareund

Autoaggregation of E. coli reduced in the presence of S. maltophilia cells

Cell autoaggregatiors critical for biofilm growth TheE. coli strain used in this study
canautoaggregate due to a mutatiortie ompR gene Vidal et al. 1998 We exammned
how the, presence ob maltophilia affectedthe aggregation oE. coli cells In a static
suspension column,ells aggregat® and may settle downby gravity, resulting a
decreasedell densityin the top layerf the column, especially when cell density was
measured with the method of plate counting (one aggregate grows into one colony
forming unit, CFU) The E. coli cell densityin the top layershowedthree orders of
magnitudedecrease in its CFHdfter beingstatic for 24 HFigure7), while S. maltophilia
showedno, decreasedatanot shown) The decrease was alleted toonly one or two
orders of magnitutevhen E. coli was mixed with an equalnumber or a 10old less
numbers ofS maltophilia cells Figure 7), respectively. lindicatedthat planktonicS.
maltophilia cells can reductheautaggreatiorof E. cali cells.
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Discussion

We found thatcontrastingculture conditiongesultedin completely divergenimpactsof

S. maltophilia on E. coli biofilm formation which wasinhibited under static batch culture
but greatly=stimulated in continuous flowAlthough biofilm formation and species
interactionsareexpected to changeith culture conditions in genergbimoes et al. 2006
Zhang'et al. 2013 the turnover ofnteractionsfrom antagonistic to synergistizetween
the same two bacteriaas surprising. he resulthighlighted the complexity ofspecies
interactionsieven betweentwo bacteria It suggested that hanging evironmental
condtionssmayconverta water bacteriastrainfrom a helpeto a repellent with regard to
pathogen biofilm formationwhich is critical for its survival iDWDS. Taking a step
furthergenvironmentatonditions such as flow regimesay be intentionallyusedto

control,pathogens in drinking water systems.

The observed diverging interactions canrd@tedto the specificstrains selecteth this
study.Due tothe increased curli expressi@viidal et al. 1998 theE. coli strainshowed
high autoaggregationF{gure 7) andinitial attachment(Figure 5)in undisturbed, static
condition. Jight disturbancedue toplate shakingcaused70% reduction inits biofilm
formationy suggestinghatits attachmento the solid surfacevas fairly weak.Thus, itis
not surprisingthat themajority 8599%) of E. coli cells initially adhered during the
inoculation periodietachedjuickly underthe disturbance dfow (Figure 1).In contrast,
S maltephilia showedmore robust surface adherenbankE. coli, as its attachment was
barelyaffectedby thesamedisturbancesHigureS2 andS5), and could not be challenged

by thelinvasion oE. coli (Figure §.

The "oppositeimpacs of S maltophilia on biofilm formation of E. coli also were
attributable to different challengesor biofilm growth underthe two culture conditions.
Shear forceswas the primachallenge fomiofilm growthin flow cells (Stoodley et al.
2002), Pre-attached cells neet withstandlocal shear forcen orderto reman on the
surface The surfaceadherence of. maltophilia wassufficiently strong to resist the shear
force associated witlthe flow rate 0of0.5 mms* usedin this study resultingin a steady
increase of biomag&igureS2). In contrastE. coli itself failed to remain on the surface

in its pure cultureunder continuous flowThe presencef S. maltophilia altered the
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440 circumstanceresulting a greatly expeditdalofilm formationfor E. coli in mixedspecies
441 cultures Thestrong surfacéinding spees S maltophilia, helped thegpoor colonizerE.
442  coli, to attachand form biofilms similar to the previous observatiobnstweerE. coli and
443 other specigssuch asPseudomonas putida (Castonguay et al. 20p@nd Pseudomonas
444  aeruginosay.although he mechanism were unclear Co-aggregation is onefdhe best
445 studiedmechanismgxplainingsynergistic interactionamong mangpecieqCastonguay
446 et al! 2006 Klayman et al. 2009a However we did not observe eaggregatesf the
447 two speciesReduceddcal shear forcby the strog colonizemwas a possible explanation
448 for the protection ofE. coli from detachingin mixedspecies culture Biofilm
449 colonizationcandecrease localedflow velocity near the surfade as much a§0% (de
450 Beer etal."@94), which will reducethe shear force proportionallAnother explanation
451 is the modification ofthe abioticsurfaceby S. maltophilia thoughthe production of
452 extracellular polymeric substanc€Sutherland 200Llor surfactantgCastonguay et al.
453 2006), whichmay facilitate the adhean recognition andattachmenof E. coli. A third
454  explanationfwas unigue to the cell shap&.ahaltophilia in biofilms. Long filamentous
455 cells of 'S."maltophilia were observeth flow cells (and not in suspended cultugeen in
456 an extended 7B growth (FigureS3), which werealsoreportedpreviously Ryan et al.
457 2008)«The long filaments formed metlike matrix, which may facilitatethe physical
458 trappingof E. coli and provide the protection & coli from beingwashedaway.

459 In contraststatic cultursin microtiter plates differ fronflow cells inmany wayswhich
460 may help explainthe observed turnovelin species interactionsReplicaion from
461 planktoniescellscan beaccumulated in microtiter platedut hardly in flow cells
462 Planktoniesreplicatiorand cell sedimentatiomather thangrowth fromsessile cefi may
463 haveTesuled in the formation othe thick monospecieskt. coli biofilms in microtiter
464 plates as reported similarly fotegionella pneumophila (Mampel et al. 2006 The
465 second differenceelates tocarbon and nutrients that are replaced continuously in flow
466 cells but depleted with time in microtiter plates. Competition Vthmaltophilia for
467 limited substratén batch culture ragtedin less cellular growth d&. coli (Figure 3, and
468 thus mayhave contributedo the observed inhibitiorHowever, there werstill more
469 freeliving E. coli cells inmicrotiter wellswith mixed-species biofilns (1.0-8.0x10CFU
470 ml?) than that with pure E. coli biofilms (1.2x10 CFU mIl%), suggesting that the
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inhibition from S. maltophilia was more likely towardsell attachmentather than cell
growth. Thusmediumreplacemenduring culture in microtiter plates, performedto
approximate nutrient supply in flow cellsmay not reversethe inhibition. Moreover,
diffusive signals weremorelikely to accumulate in microtiter plateblany signals hae
been identifiedo be responsibléor the competitive interactions amoracterialspecies
(Kreth'et al. 2005Ryan et al. 2008 These two factors contributesd small proportion
(up t0"20%)to the observed inhibition ork. coli biofilm growth (Figure 4). The rest
majority ofiinhibition resuledfrom two types ofS. maltophilia cells, free-living ones and
surfaceattachednes. Freeliving cells of S. maltophilia accumulated in microtiter plates
upto 1@ GEU mlI™. These cellsanprevent planktoni€&. coli cellsfrom autoaggregation
or surfaceattachment (Figures 5 and7), andcan“remove” already attache#. coli cells
(Figure 6).As a highly mobile strainRigure S7), the swimming and twitching dhe
10°freeliving S maltophilia permililiter mediummay introducedisturbancecomparable
to the'one caused bygentle shaking, which was shown greatly reduce biofilm
formation=ofE. coli (FigureS5. SurfaceattachedS. maltophilia also prevengd E. coli
from attachingin microtiter plates Attached biomassof E. coli onto a surfacepre-
covered,byS. maltophilia wasstill only 23%compared to thabn a naked surfacefter
excludingtheimpact from planktonic cell@igure6). Live S maltophilia rather thanust
the abiotic biofilm matrix were required for suchprevention,becauseUV treatedS
maltophilia biofilm showed nanhibition to E. coli biofilm formationin microtiter plates

(data net'shown).

Still, questions remain to fully understand the diverging interactions beti#@emh and
S maltophilia. Why biofilm of the samespeciesS maltophilia, behaved so opgady to
the attachment oE. coli in the two culturing systems may be related ddferent
morphologes gene expressignandadhesinproductionsof both speciesFor the curk
producingE..coli strain,its curli fimbriae are ofparticularimportanceasa mediatoiin its
intefactiors with S maltophilia. Curli fimbriae are critical for surfaceanchorage and
multi-layer cell clusteringf E. coli via inter-bacterial bundldormation according t@a
previously presentetiofiim model (PrigentCombaret et al. 20Q0/an Gerven et al.
2015). Environmental conditions includingutrient and growth phasevhich differed
here betweefiow cells and batch cultureare known to affectwrli biosynthesis though
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the curlipromoterCsgD and sigma factof¥an Gerven et al. 20}5Disturbance from
mobile S maltophilia cells as describedabove mayimpair the assembly of curli
monomer CsgAthat takes placeextracellularly, and may block the bundle formation
amongk. colj cells (PrigentCombaret et al. 2000A difference in S. maltophilia biofilm
matrix inflow cells andin static culturemay be another influential factoAttachedS
maltophilia.cells switchedrom rod cell shapeo filamentousorm in flow cells (Figure
S3),"but'neverso in microtiter plateseven after an exteed threeday culturing.Gene
expression“ancédhesinproductionof the same speciasan change significantlywith
culture conditionsas well & whenin contact with other speci€Mashburn et al. 2005
Jakubovicsyet al. 2008Expressions of mangene can bedifferent betweenthe rod-
shaped=and filamentous cells & maltophilia. One example isthe filamentous
hemagglutinin proteins, which were shownmediate species interact®(Ryan et al.
2009).Biofilm matrix compogion is also expected to diffdvetweenthe single layer of
rod-shapedS. maltophilia in microtiter plates andoluminousbiofilms in flow cells.One
extracellular polysaccharideolanic acid is known to affect E. coli biofilm formation
(PrigentCombaret et al. 2000Identifying the expression and transcription of curli genes
of E."eali_as well as genes dradhesin®f S maltophilia in co-cultureis of high value
and may lead tethe uncoveringf molecular mechanisnaboutinteractiors between the

two speciesbutis beyond the scope of this study.

The divergent duakpeciesinteractions in this study suggestthat environmental
conditionsneed to be considered when evaluatihg nature of interactionsetween
bacteria-ofinterest. Many reactordhave been used to study biofilmsder simulated
conditions=GGomes et al. 2034 Yet, most of time onlyone of them was used in a
particular-study in the literatur@he natureof species interactiong.g., synergistic or
antagonstic,,was thenconcludedbased on thaparticularculture condition. Our study
highlighted_thevalue of testingdifferent conditiols such aswater flow, nutrient level,
water,.chemistryandsurface materiasome ofwhich hadbeenwidely evaluatedManuel
et al. 2007Guo et al. 2013).

There are limitations towecognize before extrapolatimpur discoveryin a laboratory

settingto realisticDWDS. For example, w selectedwo contrasting conditiosy absolute
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532 stagnancy ersusuninterruptedflow to conduct this studyBut flow conditions inreal
533 DWDS are likely to be somewherein between thus thediverging effect of species
534 interactionson E. coli biofilm formation may be less maticamong different sections
535 of DWDS. In addition, gmilar to many other studie€Simoes et al. 20QKlayman et al.
536 2009h Simoes et al. 2030we used diluted medium taonductresearctabout drinking
537 water related bacteriaAlthough diluted, these media differ from drinking water
538 especially‘imutrient leves andionic strengthBacteriaare expecedto grow fasterform
539 biofiimsmerequickly, and reach a higher cell densitythis mediunthan in oligotrophic
540 drinking water It is possible thathe sameE. coli and S maltophilia may behave
541 differentlyshad theypbeengrown in drinkingwater At a minimumiit is expected that the
542 number=ofcells would banorder of magnitudéower in drinking water We includel a
543 10-fold lower inoculation ofE. coli as a comparison in this studihe stimulation on its
544  biofilm formation in flow cellsby S maltophilia was more obvious than that with more
545 concentratecE. coli (Figure 1) and the inhibition istatic culturewas alsoobserved
546 (Figures2)=Theseesultssuggest thathe divergent effectaould still be observable in

547 oligotrophie’environment withekscell growth such as in drinking water.

548 Baring these limitations, there are merits and implicationsur study forpathogen
549 controlin realistic scenarios Firstly, our resultsstrongly imply tha pathogenbiofilm

550 formation and itsurvival candiffer greatly at various séohs. Some are more likely to
551 becomehot spotsthan others, depending on interactions with existing water bacteria
552 This implication corresponds well with previous surveillance that some outbreaks
553 originated«from water tanks with most likedyagnant wate(Krameret al. 199¢, while

554  the oethersssourced from main pipes where watsflowing (Brunkard et al. 201, 1Beer

555 et al™™201% "Moreover,our study highlightedadditional complexitythat envirormental

556 conditions maypose topathogen survival imealistic DWDS. In addition to selecting for
557 different bacteridby shapinghe microbial community of water biofilsnDouterelo et al.
558 2016).environmental conditionare likely toalsomanipulate the relationshippetween a
559 pathogen and theacterihcommunity. Thus,iHe same bactetisommunity may be a foe
560 in onescenarig but becomga friend in another situation. As relationshghange, the
561 survival of a pathogen can be altered. This additional complecaty be used

562 intentionallyfor a flexible pathogen control strategy. Persisting microbial species and
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biofilms can bemanagedo repel, rather than to help, the embedding of pathogens into
the biofilm matrix by altering environmental conditiofiis probiotic approach should
be taken into consideration for a more effectmoval of microbial contaminatioand

biofilm management plan in drinking water systems (Douterelo et al. 2016).

To summarizewe discovered that interactiongith a water bacteriungan changérom
synergisic to antagonisc with regard to biofilm formation of a pathogen surrogate,
when cultured in static mode in comparison to flow mod&milar turnover maytake
placefor theinteractionsbetween other water bacteria and contaminating pathogens in
real DWDS. This relationship change may be utilizgaurposely for effective
management of microbial ctaminationby changing environmentalonditions such as

flow.
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Figurelegends

Figure 1. E.'coli biofilm growth in flow cells

Growth of E. coli biofilms in monespecies cultures (E1, E0.1) and in mbsgekcies
cultures (E1mix, EO.1mix) in flow cells shown as (A)a@nstructed D images and (B)
quantified-biomass based on confocatnmscopy images. Inoculated wasnl 10° CFU

mi™* E”€6li(E1, E1mix) or 1€fold less, 16 CFU mI™ E. coli (E0.1, E0Q.1mix), mixed

with 1®*CFU ml™ S maltophilia (E1mix, E0.1mix).E. coli carried a constitutively
expressed green fluorescent protein and thus was shown as green cells in the images.
Images of the same row in (A) were taken at the samepoimts unless specifically
labeled, and always from the center of flow path except where edge of flow cell was
indicated. Grid size is 26.dm. Flow cell culture systems®() pure culture E1; @)

mixed culture E1mix; &) pure culture EO.1;4) mixed culture EO.1mix
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Figure 2. Biofilm growth in static microtiter plates

Mono-species (E1, E0.1, S) and mixsgecies (E1mix, E1mixE0.1mix) biofilms were
grown in static microtiter plates with plastic (A) or glass (B @pdurfacesThe biomass

of biofilms was quantified with the method of crystal violet staining (A), or with the
COMSTAT. program hsed on confocal microscopy images (C). Panel B shows the
reconstructed B images of biofilms. Labels E1 and EO.1 indicatee inoculum ofl ul

10° €FU'mI* and 106fold less, 18 CFU mI™ E. coli cells, respectively, per 100l
medium™nAoculated. maltophilia was 1ul 10° CFU mi™ per 100ul mediumin S and
E1mix, but 16fold less, 18 CFU mI™tin E1mixX’. Error bars are standard deviations from
three replicated culture (A) or from three stacks of images in the same culture (C). * and
** indicate p<0.05 in comparison to E1 and EO.1, respectivielcoli carried a GFP and
was shown'as green cells, whemaltophilia with fluorescent protein mCherry shown
as red in (B). Grid size is 26 in panel B.

Figure3. E.coli cel growth in planktonic pure and mixed cultures

Underthe'same inoculurand culture conditions as used for biofilm growth in microtiter
plates fefer to Figure 2legend, densities ofE. coli from planktonic cultures were
guantified by plate counting and shownnasmalizedvalues ¢ that of E1. Error bars are
standard deviations from three measurements. * indicates pwBdfbcomparing t& 1.
Figure 4. Effect of diffusible signalson E. coli biofilm growth in Transwell systems

E. coli biofilms grew in a 24well microtiter plate. Each well was coupled with a
Transwell tsert made of a 0.4 pm membrane, which separated cells grown in the insert

from these grown in the well, but allowing diffusible signals or nutrients exEha
between the well and insertS. maltophilia (S) or two species mixtures (S&kjere
inoculated into the inserts. Biomass Bf coli biofilms grown in these wells was
normalized.to that with no inoculation in the insert (none). Error bars are standard
deviations.of 3-4 replicates. * indicates p<0.05 when comparing to the ‘none’ control.
Figureb5s0One hour initial attachment of cell suspension

E. coli (E),»S. maltophilia (S), and their 1:1 mixed suspentions (E&S) were deposited into
96-well microtiter plates{0° CFU mf*, 100pul per wel) and remain static for one hour.

Attached biomass was quantified and normalized to th& obli (E, as 100%)Error
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775 bars are standard deviations of three replicated cultures. * indicates p<0.05ingrtgar
776 E.

777 Figure 6. Robustness of surface attachment of E. coli and S. maltophilia

778 Robustness_of surface attachment was examined by invading preattached cells of one
779 species(EE. coli or S:S maltophilia) with suspended cells of the other species. Surface
780 attached biomassas quantified beford () and after ll,l) the invasion (total biomass
781 of attachednvaded/invading species; planktonic cells of the invaded species were kept
782 (W) or‘removed M) prior to the invasion). Biomassas normalized to that of the pre

783 attachecE. coli biofilm (E: set as 100%). Error bars are standard deviations among three
784  replicatess#*,and # indicate p<0.05 comparing the two groups.

785 Figure 7 Ercoli cell autoaggregation in the presence of S. maltophilia cells

786 E. coli cellsiautoaggreated and settled down in static test tubes, resulting @&redtict
787 cell density_in the top layer of cell suspension (24 h vs 0 h). In comparisoks cule

788 cells only (1), E. coli mixed with 10fold less (\) or equal ©) numbes of S

789 maltophiliarcells. Error bars are standard deviations from three measurements.

790 Supporting infor mation

791 Supplemented figureare images of mixedspecies biofilms in flow cellsFigure S1),

792 biomass ofS. maltophilia in biofilms grown in flow cells Figure S2), filamentous cells

793 of S maltophilia in flow cells Figure S3), the effect of supernatant fragnmaltophilia

794  culturesyonrE. coli biofilm formation Figure S4), the effect of physical disturbance on
795 Dbiofilmfformation EFigure S5), fluorescent microscopic images of -grewn biofilms

796 prior to and after invasiorF{gure S6), and swimming and swarming motility Bf coli

797 andS maltophilia (FigureS7). Table Sllists component in used mediacomparison to

798 in drinking water.

799  Supporting infor mation legends

800 Figure'ST. Tmages of mixed species biofilmsin flow cells.

801 Re-constructed D images of mixegspecies biofilms (greek. coli; redS maltophilia

802 in mixed-species cultures (E1mix, E0.1mix) showed the temporal changes itidiueé ra

803 the two bacteria in biofilms within a flow cell. Grid size is 2@1.

804 Figure S2. Biomass of S. maltophiliain biofilms grown in flow cells.
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805 Biomass of S maltophilia was quantified by COMSTAT based on confocal laser
806 scanning microscopy images (red channel only) from mspegties cultures (E1mikd,

807 EO.1mix: A) and the monapecies control (SO). The same amount & maltophilia

808 was inoculated (1 mL £aCFU mL?* per flow cell). Biomass was not quantified beyond
809 17 h afterthe start of the flow because fluorescence of mCherry severely faded.

810 FigureS3. Filamentous cells of S. maltophiliain flow cells

811 A representative white (A) and fluorescent (B) microscopy image oS.th&ltophilia

812 monospecies biofilm cultured in the flow cell system (S) was taken at 33 h after flow
813 resumed. These images illustrate the filamentous cell morphold&ynaftophila. Faded

814 fluoreseenee 0% maltophilia was visible at 33 h. Rulers indicate 20 um in length.

815 Figure $4. The effect of supernatant from S. maltophilia cultures on E. coli biofilm

816 formation

817 The supernatant harvested frddn maltophilia cultures at stationaryroexponential
818 growth\phase was supplemented with LB medium (1:1 mix by volume with 0.2x LB
819 broth) #erE. coli biofilm cultures in static microtiter plates. The biomassEofcoli

820 biofilm'was‘quantified with the method of CV staining and normalized toirthidite no

821 supernatant dosing control. Error bars represent standard deviations from gthcagece

822 cultures™No statistical significance was observed among tested conditions.

823 Figure Sb. The effect of physical disturbance on biofilm formation

824 Physicaldisturbance was introduced to biofilm cultures in microtiter plates by gently
825 shakingrthe, plates at 60 rpm. The relative biomass of biofilm cultured with shaking t
826 that witheut shaking indicated the effect of physical disturbance. Error bars represent
827 standard deviations from three replicated cultures.

828 Figure,S6. Fluorescent microscopy images of pre-grown biofilms prior to and after

829 invason

830 Biofilms of E. coli (A) or S maltophilia (C) were pregrown for 24 h in static microtiter
831 plates,. invaded by suspmed cells of the other species, and resulting biofilms were
832 imaged"24 h after the invasion (B and B).coli was shown as green or yellow cells,
833 while S maltophilia was shown as red cells in the images. One representative image from
834 fluorescent microscopwas shown. Rulers indicate 20 pm in length.

835 Figure S7. Swimming and swar ming motility of E. coli and S. maltophilia
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836 The relative swimming (A) and swarming (B) motility Bf coli and S maltophilia was
837 shown as the relative diameters of colonies onaggzt in motility test.

838 Table S1. Components of culture mediain comparison to drinking water
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