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Abstract

Development of biofilms occurring on the inner surface of storage vessels offers a suitable

medium for the growth of microorganisms and consequently contributes to the deterioration

of treated drinking water quality in homes. The aim of this study was to determine whether

the two point-of-use technologies (biosand zeolite silver-impregnated clay granular (BSZ-

SICG) filter and silver-impregnated porous pot (SIPP) filter) deployed in a rural community

of South Africa could inhibit the formation of biofilm on the surface of plastic-based contain-

ers generally used by rural households for the storage of their drinking water. Culture-based

methods and molecular techniques were used to detect the indicator bacteria (Total coli-

forms, faecal coliform, E. coli) and pathogenic bacteria (Salmonella spp., Shigella spp. and

Vibrio cholerae) in intake water and on the surface of storage vessels containing treated

water. Scanning electron microscopy was also used to visualize the development of biofilm.

Results revealed that the surface water source used by the Makwane community was

heavily contaminated and harboured unacceptably high counts of bacteria (heterotrophic

plate count: 4.4±4.3 Log10 CFU/100mL, total coliforms: 2.2 Log10 CFU/100 mLÐ2.1 Log10

CFU/100 mL, faecal coliforms: 1.9 Log10 CFU/100 mLÐ1.8 Log10 CFU/100 mL, E. coli: 1.7

Log10 CFU/100 mLÐ1.6 Log10 CFU/100 mL, Salmonella spp.: 3 Log10 CFU/100 mL -8

CFU/100 mL; Shigella spp. and Vibrio cholerae had 1.0 Log10 CFU/100 mL and 0.8 Log10

CFU/100 mL respectively). Biofilm formation was apparent on the surface of the storage

containers with untreated water within 24 h. The silver nanoparticles embedded in the clay

of the filtration systems provided an effective barrier for the inhibition of biofilm formation on

the surface of household water storage containers. Biofilm formation occurred on the sur-

face of storage plastic vessels containing drinking water treated with the SIPP filter between

14 and 21 days, and on those containing drinking water treated with the BSZ-SICG filter

between 3 and 14 days. The attachment of target bacteria on the surface of the coupons

inoculated in storage containers ranged from (0.07 CFU/cm2±227.8 CFU/cm2). To
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effectively prevent the development of biofilms on the surface of container-stored water,

which can lead to the recontamination of treated water, plastic storage containers should be

washed within 14 days for water treated with the SIPP filter and within 3 days for water

treated with the BSZ-SICG filter.

Introduction
Appropriatesanitationfacilitiesandpipedwatersystemshavebeenreportedto bethekeyto
reducingor eveneradicatingtheburdenof waterbornediseases[1±4].However,theestablish-
mentof thesetypesof infrastructurecouldtakedecades,especiallyin impoverishedrural
communitiesof African countries[5].Failureto provideadequatesafedrinking waterin devel-
opingcountriesthroughcentralisedsystemshasledto arenewedinterestin point-of-usetreat-
mentmethods.Decentraliseddrinking-watersystemshavebeenfound to beanimportant
aspectin theprocessof providingsafedrinking waterto rural andperi-urbanareasof develop-
ing andtransitioncountriesascentralisedsystemsareoftendeficientor non-existentin these
areas[1±8].

Varioustypesof householdwatertreatmentandsafestorage(HWTSS)systemshavebeen
reportedin theliteratureduring thepastdecade.Studieshavedemonstratedthatstoragemeth-
odsandrelativelyinexpensivehomewatertreatmentsystemshavecontributedtremendously
to thesubstantialimprovementin themicrobialqualityof drinking waterandthereductionin
therisk of diseasesanddeath,evenin theabsenceof improvedsanitation[1±4,7,8].However,
factorssuchashandlingpracticesandtheconditionsunderwhichthewaterisstoredin homes
aswellasthetypesof storagecontainershavethepotentialto reversethebenefitgainedfrom
thesedrinking watertreatmentmethods[9,10].

Furthermore,biofilm formationon theinner surfaceof storagevesselshasbeenreportedto
offerasuitablemediumfor thegrowthof microorganismsandconsequentlyto contributeto
thedeteriorationof drinking waterqualityin homes[9,10].Studieshaveshownhighcountsof
heterotrophicbacteria[11,12]andfaecalcoliforms[11,13]in storeddrinking water,whichby
far exceededthelimits setfor humanconsumption.Giventheright conditions,asmallnum-
berof microorganismsin watermayalsoprovideaseed,whichwill allowthemto multiply in
thestoragecontainers.A studyby [14] hasshownthatmicroorganismsattachedon thesurface
wallof suchcontainersduring storagemultiplied at theexpenseof low concentrationsof car-
bon in water.Theseauthorsfoundadirect relationshipbetweenthedegreeof bacterialre-
growthon drinking waterstoragevesselsandthestoragematerialsandthequalityof theintake
water[(suchastemperature,turbidity andconcentrationsof organicnutrient (dissolved
organiccarbon±DOC)].A comparisonof thequalityof drinking waterstoredin polyethylene
(PE)andgalvanizedsteel(GS)containersby therural communitiesof SouthAfrica revealeda
higherre-growthof total coliformson PEthanon GScontainersastheformercontained
higherDOC concentrationsthanthelatter[14]. However,plastic-basedmaterialsarethemost
widelyusedfor waterstoragecontainersin thedevelopingworld asrural communitiescan
affordtheseproducts.Thereis thereforeaneedto improvethequalityof drinking waterstored
in theseplastic-basedvessels.

Deteriorationof drinking waterqualityduring storageisoneof themajordifficultiesnot
only experiencedin decentralisedsystems,but alsobypotablewatersuppliersin centralised
systems.Themostalarmingsituationis theoccurrenceof pathogenicandopportunistic
bacteriasuchas���������� spp.,	
����
���
, ������������
, ��
����������, ����
�����,
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����
���
, ������������ ������, ���
������ and�. ���� within biofilms [15]. It is therefore
important for suppliersof homedrinking watertreatmenttechnologiesto makesurethat
thetechnologiesprovidesafedrinking wateraftertreatmentandduring storagein homes.
Althoughvarioussystemsanddeviceshavebeenextensivelyreportedto improvethequalityof
waterandthehealthof thepopulation,scantattentionhasbeengivento thepotentialsustain-
ability of thesedevicesandverylittle guidanceisavailablein termsof maintenanceto prevent
thedevelopmentof biofilmsduring storage.Takinginto considerationthedeteriorationof the
storedwaterandthehealthrisk associatedwith pathogenicmicroorganismswithin this typeof
water,thisstudyinvestigatedtheefficiencyof thehouseholddrinking watertreatmenttechnol-
ogiesdevelopedby theTshwaneUniversityof Technology(TUT) in inhibiting thegrowthof
biofilmson themostwidelyusedwaterstoragecontainerprior to their deploymentin South
African rural communities.Wewerealsoableto provideinformation regardingtheir potential
sustainabilityaswellasguidancein termsof their maintenance.

Materials and methods

Description of householddrinking water treatment technology
Prior to thecommencementof thestudy,ethicalclearancewasreceivedfrom TshwaneUni-
versityof TechnologyResearchandEthicsCommittee.In apreviousstudyseriesby [5,6], it
wasrevealedthatacombinedbiosandandzeolite(BSZ)filter andasilver-impregnatedporous
pot (SPP)filter manufacturedby theTUT WaterResearchGroupcouldplayamajor role
in providingaccessto safedrinking waterto rural communities.However,prior to being
deployedin rural householdsof theMakwaneVillagein theLimpopoProvinceof South
Africa,somemodificationswererequiredto enhancetheir performance.TheSIPPfilter was
modifiedin termsof theflow ratewhichincreasedfrom 2.5L/h to 27.5L/h. A layerof silver-
impregnatedgranularclaywasaddedto theBSZfilter to form aBSZ-SICGfilter. Theflow rate
of this filter increasedfrom 19L/h to 38.6L/h. With theseimprovedflow rates,bothhousehold
watertreatmentsystems(HWTS)achievedtherequiredvolumeof 25L/person.d.A schematic
representationof thecross-sectionof theinitial householdBSZfilter isgivenin Fig1andthe
cross-sectionof themodifiedsystem,calledtheBSZ-SICGfilter, isgivenin Fig1.In Fig2 a
schematicrepresentationof theSIPPfilter isgiven.During thestudyperiod,two setsof SIPP
filters,whichhaddifferentinitial silverconcentrations(SIPP-Hwith 0.18mg/L andSIPP-L
with 0.101mg/L) wereevaluatedasshownin Fig3.Thebiosandfilterscomprisedthe
BSZ-SICGfilter with aninitial silverconcentrationof 0.1mg/L in theclaylayerandtheBSZ
filter without thesilver-impregnatedgranularclaylayer.

Experimentalstudydesign
Thestudywasconductedin accordancewith theDeclarationof Helsinki,andapprovedby
theFacultyof ScienceResearchEthicsCommittee(FCRE)at theTshwaneUniversityof
Technology(TUT), wherethestudywasregisteredRef:FCRE2014/05/20(SCI)seealsoS1
Filefor downloadableconsentform. Furthermore,theauthorizationto conductthestudyin
MakwaneVillagewasobtainedfrom EliasMotswalediMunicipality'sManager,theMunici-
palCouncillorandtheCommittee.Theinformedconsentwasobtainedfrom thepartici-
pantsof theselectedhouseholdsprior to commencementof theproject.All theproject
expectationsandrespectiveobligationsby both theparticipantsandtheresearcherteam
wereclearlyexplainedto thecommunityusingthelocallanguage.It is important to notethat
theparticipationof theMakwanecommunityin theprojectwasvoluntaryandthepartici-
pantswerenot subjectedto risksof anykind becauseof theproject.Dueto thelackof coop-
erationof thehouseholdersin termsof thefield studyrequirementsto conductthebiofilm
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studyin thehomes,thiscomponentof thestudywasdiscontinuedandthebiofilm experi-
mentalstudywasthenconductedonly in alaboratorysetting.Theexperimentalstudywas
performedin triplicate.

Collection andassessmentof the intake waterquality
Watersampleswerecollectedeverytwo weeksbetweenMarchandJune2015from ariver that
servesasthemainwatersourceto theMakwaneVillage,using500mL sterilesamplingbottles
and50L sterilewaterdrums.Watersamplescollectedin 500mL sterilebottleswereusedas
controlsto determinetheinitial concentrationsof thetargetbacteriain thetestwater,while
the50L drum watersamplesweretreatedusingthehouseholddevicesto ascertaintheir effi-
ciencyin inhibiting biofilm formationon thesurfaceof thestoragevessels.Prior to use,the
bottlesandthedrumswerewashedproperlywith detergents,rinsed,tightly closedandprop-
erly labelledto avoidfurther contamination.Thebottleswereautoclavedat121ÊC,while the
drumswereexposedovernightto theUV light in alaminarflow.Thesampleswereanalysed
within 24h aftercollectionfor thedetectionof indicatorbacteria(total coliforms,faecalcoli-
forms,�. ����) andpathogenicbacteria(���
������ 
��., �������� 
��. and������ ��������) and
thedeterminationof physicochemicalcharacteristicsof theintakerawwater.ThepH andtur-
bidity weremeasuredusingapH meter(Metrohm Co.Model713)andaHach2100Pportable
turbidity meter(EutechInstrumentsTurbidimeterTN-100),respectively.Thetemperatureof
thewatersampleswasdeterminedusingaconductivitymeter(HachCo.Sension7).Thephysi-
cochemicalandmicrobiologicalqualityparametersof theuntreatedwaterwerethencompared

Fig 1. Schematicrepresentation of modified HWTSÐ( 1) BSZ-SICG; (2) modified BSFwith zeoliteandsilver-impregnated
granular clay;(3) layersof the modified BSF(AÐ7 mm gravel;BÐ0.95 mm coarsesand;CÐ3 mm natural zeolite;DÐsilver -
impregnatedgranular clay;EÐdiffusion plate;andFÐ0.15 mm fine sand);(4) acompleteBSZ-SICG.

https://doi.org/10.1371/journal.pone.0194715.g001

Inhibition of biofilm formation by BSZ-SICG and SIPP

PLOS ONE | https://doi.org/10.1371/journal.pone.0194715 April 5, 2018 4 / 25



with thestandardssetbySANS241[16]. It isworth noting thatmostthehouseholdsin the
MakwaneVillagerelyon thiswatersourcefor drinking andotherdomesticpurposeswithout
anyprior treatment.

Treatment of the intake waterand inoculation of plastic-basedmaterial
slides
Treatmentof watersamplesandthebiofilm studywereconductedatTUT WaterResearch
Groupusingboth improvedBSZ-SICGandSIPPfiltersandtheBSZfilter. Watersamples
werefiltereddaily througheachdevicein thelaboratoryasfollows:10L/d for theSIPPfilter

Fig 2. Schematicrepresentation of the SIPPfilterÐA: silver-impregnatedporouspot; B: 10L bucketwith claypot
inside;C:20L bucketfor the collection of treatedwater;D: acompleteSIPPfilter.

https://doi.org/10.1371/journal.pone.0194715.g002
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and20L/d for theBSZ-SICGandBSZfilters.Foreachdevice,thetreatedwaterwascollected
in a25L improvedstoragecontainerwith atapinstalled5 cmfrom thebaseof thiscontainer
Fig1.Plastic-basedcoupons(like theplasticmaterialof thecontainercommonlyusedby the
communityto storetheir drinking water)with thesizeof amicroscopeslide(75mm x 25mm
x 1mm) wereplacedin thelidsof sterilePetridishes,whichweresuspendedin 25L storage
vesselsduring thestudyperiod.Thetiny holesin thelidsof thePetridishesallowedthetreated
waterto freelypassthroughthelids andkeptthemfloatingin thestoragevessels.During the
studyperiod,thecouponswerealsosuspendedin astoragevesselwhichwasusedasacontrol
andit containedrawwaterwithout treatment.Prior to use,all thesevesselsandcouponswere
thoroughlywashedwith steriledistilledwaterandplacedovernightunderaUV light with
laminarflow.Their sterilitywasmicrobiologicallytestedto preventanycontaminationof the
treatedwater.

To mimic thesituationin rural areas,thefilterswererun dailywhiledecreasingthequan-
tity of thetreatedwaterin thestoragecontainersthroughtheconnectedtapsin casethecon-
tainersbecamefull. Therawwaterin thecontrol vesselwasalsoreplaceddaily.To establish
theperformanceof thehouseholddrinking watertreatmenttechnologiesin inhibiting thefor-
mationof biofilmsandto determinetherelevanttime periodfor thecleaningof collectionves-
sels,thestoragecontainerswerenot washedbeforetheapparentformationof biofilmson the
surfaceof coupons.Oncethisoccurred,newcouponswerere-suspendedin thewashedcon-
tainersandtheseseriesof experimentswererepeatedtwiceduring thestudyperiod.Thiswas
imperativein makingthenecessaryrecommendationsin termsof hygienicconditionsof these
vesselsduring storage.Thestoragecontainerswereopenedonly undertheUV laminarflow
to asepticallyremovetwo couponsafterDay1,Day2,Day3,Day7,Day14andDay21.The
physicochemicalcharacteristicsof thestoreduntreatedwerealsodeterminedconcomitantly
on thedaysof thecouponremovals.

Fig 3. Amount of silver leachedfrom BSZ-SICG,SIPP-HandSIPP-Lfilters.

https://doi.org/10.1371/journal.pone.0194715.g003
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Microbiological analysisof the intake and treatedwatersamplesand
inoculatedcouponslidesusingculture-basedmethods
Thetargetbacteriawereisolatedfrom therawintakewaterandtreatedwatersamplesandon
thesurfaceof containerstored-waterslidesaccordingto standardprocedures[17] usingselec-
tivemedia.For theintakeandtreatedwatersamples,thecolonieswerecountedandrecorded
asCFU/100mL. Foreachhouseholddrinking waterdeviceandthecontrol storagevessel,one
of thetwo couponswasimmersedin 50mL sterilecentrifugetubeswith 30mL sterilesaline
water.Theattachedbacteriawerereleasedfrom thecouponsbyvortexingfor 2min usinga
vortexmixer.Thefollowingequationwasusedto calculatethenumberof indicatorand
presumptivepathogenicbacteriafoundon thecouponsandthecountswereexpressedin
CFU/cm2:

���� ���� ���� �	
 �� ��
� ��…�� �=�� 2†ˆ � � �=�
	� ��� �� ��
 ��� ��
 ��

where� = averagenumberof coloniesand� = dilution factor.
Heterotrophic platecount bacteria. Heterotrophicplatecountagar(Merck,SA)waspre-

paredaccordingto themanufacturer'sinstructions.In brief, thespread-platetechniquewas
appliedwhereby100�L of watersamplewasspreadacrossthesurfaceof anutrient agarplate
andincubatedatatemperatureof 35ÊCfor 48h [17]. After incubation,plateswereremoved
from theincubator,andthenumberof colonieswascountedandrecordedasCFU/100mL for
theintakerawwater.Thenumberof attachedbacteriawascalculatedusingtheequationgiven
above.TheattachedHPCbacterialcountswererecordedasCFU/cm2.

Total and faecalcoliforms. Thewatersampleswereanalysedfor thepresenceof totaland
faecalcoliformsbacteriausingthemembranefilter techniqueasdescribedin StandardMeth-
ods[17]. Briefly,agarplateswerepreparedaccordingto theinstructionsof themanufacturers;
100mL of rawwateror 100mL of treatedwatersampleswasfilteredthrougha0.45�m pore-
sizemembrane,andthemembranefilter paperwasthenplacedon M-Endoagar(Acumedia,
USA)andM-FC agar(Acumedia,USA)platesfor totalandfaecalcoliforms,respectively.
Plateswereincubatedat37ÊCand44ÊCfor 24h, respectively.All thesamplesweretestedin
duplicate.ColonieswereenumeratedandrecordedasCFU/100mL for theintakerawwater.
Thecountsof attachedtotalor faecalcoliform bacteriawerecalculatedusingtheequation
givenaboveandreportedasCFU/cm2.

Pathogenicbacteria. Theisolationanddetectionof pathogenicbacteria(�. ����, ���
��
����� sppand������ spp)wereperformedusingthemembranefilter techniqueasdescribedin
StandardMethods[17]. MacConkeyagar(Merck,SA),XLD agar(Merck,SA)andTCBSagar
(Merck,SA)wereusedasaculturemediumandtheplateswereincubatedat37ÊCovernight.
ColonieswereenumeratedandrecordedasCFU/100mL for theintakerawwater.Thecounts
of attachedpathogenicbacteriawerecalculatedusingtheequationmentionedaboveandthey
werereportedasCFU/cm2.

Molecular identification of presumptivepathogenicbacteriaisolates
Followingtheisolationanddetectionof targetpathogenicbacteria,no presumptivepathogenic
bacteriaweredetectedin treatedwaterandon thesurfaceof coupons.Consequently,five(5)
characteristiccoloniesfor presumptive���
������ spp.,�������� spp.and������ spp.wereran-
domlyselectedonly from differentplatesfor theintakewatersourceandtransferredonto the
selectivemediaby thestreak-platemethodandincubatedat36ÊC� 1ÊCfor 24h. Furthermore,
thecolonieswerepurified by thesamemethodsat leastthree(3) timesusingnutrient agar
(BioLabInc.) andthereaftertheyweresub-culturedonto their respectiveselectivemediathree
timesprior to beingusedfor molecularidentification.
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Extraction of the total genomicDNA
Individual isolateswereharvestedandgrownin anutrient broth, followedby incubationat
37ÊCfor 24h. Thereafterthepelletswerewashedwith nuclease-freewater.Thetotalgenomic
bacterialDNA wasextractedusingboiling methodasdescribedby [18]. Thequalityandquan-
tity of theisolatednucleicacidsweredeterminedusingtheNanoDrop2000�spectrophotome-
ter (ThermoScientific)andagaroseelectrophoresis(BioRad).

Amplification of presumptivepathogenic�. ���� isolates
PCRwasperformedwith a25�L reactionmixture containing2.5�L of templateDNA,
12.5�L of mastermix DreamTaq�DNA polymerase(2 X DreamTaq�GreenBuffer,dATP,
dCTP,dGTP,anddTTP,0.4mM each,and4 mM MgCl2) and0.2�L of eachprimer (Table1).
Nuclease-freewaterwasaddedto obtainafinal volumeof 25�L. Theamplificationcyclescon-
sistedof aninitial DNA denaturationat94ÊCfor 7 min, followedby39cyclesof denaturation
at94ÊCfor 30seconds,primer annealingat57ÊC,for 30seconds,extensionat72ÊCfor 1 min,
andafinal extensionat72ÊCfor 10min. Negativecontrolsconsistingof theDNA template
with nuclease-freewater(Inqaba,SA),wereincludedin all PCRruns.DNA extractedfrom �.
���� ATCC25922(QuantumBiotechnologies,SA)wasusedasapositivecontrol.PCRproducts
(8 �L) wereevaluatedwith a1.5%(wt/vol) agarosegel(Life Technologies,SA)at120mV for
60min. A molecularmarker(100bpDNA ladder;Inqaba,SA)wasrun concurrently.All
resultswerecapturedusingageldocumentationsystem(Syngene,Cambridge,U.K.).

Amplification of presumptive�����	
��� and ����
��� isolates
PCRamplificationwasperformedin afinal volumeof 25�L consistingof 12.5�L DreamTaq�
mastermix (InqabaBiotech,Pretoria,SA),0.5�L solutionof eachprimer and2.5�l of the
DNA template.Nuclease-freewaterwasaddedto afinal volumeof 25�L andsubjectedto 30
cyclesfor amplificationin athermocycler(LASEC,Pretoria,SA).All theprimer sequences,
sizeof PCRampliconsandPCRconditionsthatwereusedin thisstudyarepresentedin
Table2.Thecyclingconditionswereasfollows:heatdenaturation94ÊCfor 4 min, followedby
30cyclesat94ÊCfor 1 min, annealingatatemperatureof 55ÊCfor 1 second,extensionat72ÊC
for 1 min andfinal extensionat72ÊCfor 10min. DNA extractedfrom ���
������ ATCC
14028and�������� ��
�������� 11835(QuantumBiotechnologies,SA)wasusedaspositivecon-
trols.ThePCRproductswereanalysedbyelectrophoresison 2.0%w/v agarosegel(Merck,
SA)at100V for 60min. A molecularmarker(100bp DNA ladder;Inqaba,SA)wasrun

Table1. Oligonucleotidesusedin this studyfor amplification of pathogenic genesof �. ���� strains[30].

Primer name Sequences5'to 3' Targetgenes Size

EHEC-423 F-�7�*�*�$�$�$�$�$�&�7�&�$�*�7�*�&�&�7�&�7- Stx1 423bp

R- �&�&�$�*�7�&�&�*�7�$�$�$�7�7�&�$�7�7�&�7-

EPEC-300 R- �*�*�$�$�7�&�$�*�$�&�*�&�$�*�$�&�7�*�*�7�$�*�7- bfpA 300bp

F- �*�*�$�$�*�7�&�$�$�$�7�7�&�$�7�*�*�*�*�*�7�$�7-

ETEC-187 F- �*�&�7�$�$�$�&�&�$�*�7�$�*�$�*�*�7�&�7�7�&�$�$�$�$- ST 187bp

R- �&�&�&�*�*�7�$�&�$�*�$�*�&�$�*�*�$�7�7�$�&�$�$�&�$-

EIEC-508 R- �&�$�&�$�&�*�*�$�*�&�7�&�&�7�&�$�*�7�&- IpaH 508bp

F- �&�&�&�&�&�$�*�&�&�7�$�*�&�7�7�$�*�7�7�7-

lEAEC-215 R- �$�&�*�$�&�$�&�&�&�&�7�*�$�7�$�$�$�&�$�$- aaic 215bp

F- �$�7�7�*�7�&�&�7�&�$�*�*�&�$�7�7�7�&�$�&-

https://doi.org/10.1371/journal.pone.0194715.t001
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concurrently.All resultswerecapturedusingageldocumentationsystem(Syngene,Cam-
bridge,U.K.).

Amplification of presumptive
. ����
��
 isolates
About 2 �L of bacterialDNA wasusedfor multiplexPCRamplification.ThePCRreaction
mixturecontained10�L of DreamTaq�mastermix (InqabaBiotech,Pretoria,SA),0.75�L of
eachprimer,andnuclease-freewaterwasaddedto makeup thefinal volumeof 20�L. All
primersusedin thisstudyarelistedin Table3.Thecyclingconditionswereasfollows:heat
denaturationstepat94ÊCfor 3min; 35cyclesof denaturationat94ÊCfor 1 min, annealingat
55ÊCfor 1.5min andextensionat72ÊCfor 2.5min followedby final extensionat72ÊCfor 10
min. DNA extractedfrom �. �������� ATCC10259(QuantumBiotechnologies,SA)wasused
aspositivecontrol.ThePCRproductswereanalysedbyelectrophoresison 2.0%w/v agarose
gel(Merck,SA)at100Vfor 60min. A molecularmarker(100bp DNA ladder;Inqaba,SA)
wasrun concurrently.All resultswerecapturedusingageldocumentationsystem(Syngene,
Cambridge,U.K.).

Visualisation of biofilm formation on the surfaceof inoculatedcoupon
slides
Theremainingcouponsremovedfrom thetreatedwaterandthecontrol storagevesselswere
rinsedwith sterileMilli-Q waterfor 30sto removeanyunattachedcells.Thereafterthecou-
ponswerefixedandtreatedsequentiallywith 20mL of 2.5%glutaraldehyde(30min); 0.15M

Table2. Oligonucleotidesusedin this studyfor amplification of pathogenic genesof �����	
� �� and ����
��� spp[31].

Organism Targetgene Primers Sequence5' to 3' Amplicon size

����
��� genus ipaH1 ipaH1 F �*�7�7�$�&�&�7�*�7�$�&�7�&�&�&�7�*�&�7�7 204bp

R �&�7�&�$�$�&�7�7�&�$�*�&�$�*�$�7�$�&�&�$

����
��� ������ Wzy Wzy F �$�&�&�$�$�*�*�$�*�7�7�*�7�7�&�$�7�*�$ 305bp

R �*�$�$�*�&�&�&�7�*�*�7�$�$�$�*�7�*�&

����
��� ��		
� wbgZ wbgZ F �$�7�*�7�7�*�&�7�$�$�7�$�&�&�$�*�7�7�*�* 460bp

R �7�$�*�$�*�$�*�$�$�&�7�7�&�$�&�$�&�*�*�7

����
��� ��
�	
�� ipaH ipaH F �7�*�$�*�$�$�7�7�7�*�&�&�7�&�&�$�&�$ 595bp

R �&�7�$�*�&�&�7�7�&�&�7�7�*�7�*�&�$�$

�����	
� �� 
	�
���� invA invA F �*�$�*�*�$�$�$�$�$�*�$�$�*�*�*�7�&�* 780bp

R �&�7�$�*�&�&�7�7�&�&�7�7�*�7�*�&�$�$

https://doi.org/10.1371/journal.pone.0194715.t002

Table3. Oligonucleotidesusedin this studyfor amplification of genesof 
����� spp[32].

Organism Targetgene Primers Sequence5' to 3' Amplicon size


. ������
�� ������� Flaeaceace VPAR F �&�$�&�7�&�$�&�&�7�&�7�&�7�&�*�$�$�&�7�& 400bp

R�7�$�*�&�*�7�7�*�7�7�&�*�*�$�$�7�7�$�&�7


. ��������� ompW VFLU F �7�$�7�$�&�7�$�7�&�&�*�$�&�*�$�&�7�*�*�& 250bp

R�7�7�&�*�7�$�*�$�7�$�7�7�&�*�*�$�*�*�$�$


. ���	������ SodB VVUL F �$�7�7�7�&�$�&�&�7�&�7�$�&�$�&�7�&�*�*�$ 350bp

R�7�$�*�&�*�7�7�*�7�7�&�*�*�$�$�7�7�$�&�7


. ����
��
 rfb VCHO F �7�$�7�$�&�7�$�7�&�&�&�*�*�$�*�*�$�$�&�$�& 600bp

ctxA R�$�7�$�7�7�7�&�$�&�&�7�&�7�&�7�&�*�$�$�&�7�&


. ����
����� ��� toxR VPRO F �&�&�7�&�7�&�7�&�*�$�$�&�7�&�&�*�*�$�* 150bp

R�*�7�7�*�7�*�*�$�$�7�7�$�&�7�&�*�*�$�*�*�$�$

https://doi.org/10.1371/journal.pone.0194715.t003
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phosphate-buffer(3 min x 15min); 50%ethanol(1 min x 15min); 70%ethanol(1 min x 15
min); 90%ethanol(1 min x 15min) and100%ethanol(3 min x 15min). Theyweredried in a
critical point dryer for 3h. Finally,thedriedsampleswerecoatedwith goldplasmasoasto
makethemvisibleunderthescanningelectronmicroscope(SEM)(JEOLJSM840).

Monitoring of silver leachlevels
Theleachingof silverin waterfilteredby theSIPPandtheBSZ-SICGfilterswasmonitored
monthly for thedurationof thestudy.TheSpectroArcosICPspectrometer(Spectro,RSA)
wasusedto detectanddeterminetheconcentrationof silverin treatedwatersamples.

Statisticalanalysis
Biofilm formationdataobtainedon theinterior surfacesof waterstoragecontainerscontain-
ing rawwaterandwaterfilteredthroughthevarioushouseholddrinking watersystemswere
analysedutilising thestatisticalsoftware.Comparisonsfor meanswerecarriedout usinga
one-wayanalysisof variance(ANOVA), while testsfor correlationbetweenattachedbacterial
countsandturbidity valueswerecarriedout usingthePearson'scorrelationcoefficientindex.

Results

Physicalandchemicalcharacteristicsof intake water,stored-untreatedand
-treatedwatersamples
Thephysicochemicalcharacteristicsof therawwaterbeforeandaftertreatmentwerecom-
paredwith theSouthAfrican NationalStandard(SANS)[16]. Theintakerawwatersamples
prior to storagehadameanpH rangingbetween7.6and8.2;thesevalueswerewithin the
range(6.5±8.5)setbySANS241guidelines.ThehighestpH of 8,2 wasnotedin June2015,
followedbyMay(pH 7.9).A similarpH of 7.6wasrecordedin MarchandApril 2015.The
meantemperaturesof theintakerawwatersamplesrangedbetween19.6and24.8ÊC,which
werealsowithin thelimits setfor drinking water.While March(24.8ÊC)andApril (23.1ÊC)
showedhighertemperaturevalues,lowertemperatureswereobservedin May(19ÊC)andin
June(19.6ÊC).

Themeanturbidity valuesof therawintakewaterrangedbetween75and160NTU, which
by far exceededtheguidelinelimits setby theSouthAfrican NationalStandardSANS241for
settledwaterthemeanturbidity wasfound to be5NTU andfor filteredwaterprior to disinfec-
tion it was<1 NTU. Overall,thehighestturbidity value(with anaverageof 160NTU) was
found in April 2015,followedbyMarch(156NTU) andMay(122NTU). Thelowestturbidity
valuewasobservedin June.

Table4, illustratesthephysicochemicalcharacteristicsof untreatedandtreatedwatersam-
plesduring thestorageperiod.After theinoculationof thecoupons,therewasno major

Table4. Averagephysicochemicalanalysisvaluesof untreatedandtreatedwatersamples(D = days).

Water sources pH Temperature (ÊC) Turbidit y (NTU)

Time (Days) D1 D2 D3 D7 D14 D21 D1 D2 D3 D7 D14 D21 D1 D2 D3 D7 D14 D21

Raw 7.4 7.7 7.6 7.8 8.1 8.2 24.9 24.8 25.0 25.1 24.9 25.1 158 160.5 160 166 171 188

SIPP-H 7.4 7.8 8.1 8.0 7.9 7.5 22.0 22.1 22.3 23.1 22.5 23.0 0.2 0.3 0.38 0.65 1.8 2.6

SIPP-L 7.8 7.9 7.9 8.0 7.8 7.0 21.8 22.0 22.1 22.8 22.3 22.9 0.35 0.33 0.45 0.78 2.1 3.0

BSZ-SICG 7.9 8.0 7.9 8.0 8.0 7.8 19.8 19.9 20.4 19.8 21.0 20.8 0.66 0.85 0.95 1.6 3.4 5.1

BSF-Z 7.0 8.0 7.9 7.8 8.1 8.0 19.9 20.5 24.8 25.1 24.9 25.1 2.8 5.6 5.8 6.1 8.0 10.6

https://doi.org/10.1371/journal.pone.0194715.t004
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increasein thepH of thestoredrawwaterandtreatedwater.In general,thepH valuesranged
between7.0and8.1,whichwerealsowithin thelimits setby theWHO andSANS241.
Althoughthemeantemperaturevaluesfor bothuntreatedwaterandtreatedwaterwerealso
within therecommendedlimits, therewerevariationsaccordingto thetypesof storedwater.
Untreatedstoredwaterhadthehighesttemperaturevaluesrangingbetween24.8and25.1ÊC,
comparedto thetreatedwater.For thewatertreatedby theSIPPfilter, thetemperatureranged
between21.8and23ÊC,althoughslightdifferenceswerenotedbetweenthewatertreatedby
theSIPP-Hfilter andthewatertreatedby theSIPP-Lfilter, whichshowedaslightgradual
increasein temperaturefrom day1 (21.8ÊC)up to day21(22.9ÊC).Thetemperatureof the
watertreatedby theBSZ-SICGfilter fluctuatedbetween19.8ÊCand21ÊC.In spiteof these
fluctuations,thewatertreatedby this filter hadthelowesttemperaturecomparedto thewater
treatedbyotherfilters.For theBSZfilter, thewatertemperaturerangedbetween19.9and25.1
0C,althoughfluctuationsoccurredfrom time to time.Therewasagradualincreasein thetur-
bidity valuesof theuntreatedwaterfrom day1 (meanturbidity value:158NTU) up to day21
(meanturbidity value:188NTU) andthesevaluesby far exceededthelimit setbyWHO guide-
lines(5 NTU). In general,all thehouseholdfiltration technologiesresultedin significant
reductionof theturbidity of thewateralthoughtherewasaslightprogressiveincreasein tur-
bidity valuesfrom day1 up to day21.Comparedto theotherfilters,theSIPPfiltersproduced
drinking waterwith thelowestturbidity valueswhichwerewithin therecommendedlimits
(SANS214:< 1 NTU; WHO: 5 NTU), especiallybetweenday1 andday7.Within thetwo
SIPPfilters,lowerturbidity valueswererecordedin drinking waterproducedby theSIPP-H
filter (meanturbidity range:0.2±2.6NTU) comparedto theSIPP-Lfilter (meanturbidity
range:0.35±3.0NTU). Drinking waterproducedby theBSZF-SICGfilter wasfound to have
acceptableturbidity valuesrangingbetween0.66and5.1NTU during thestudyperiod;how-
ever,alowerturbidity limit of < 1NTU assetbySANS241wasrecordedbetweenday1and
day3.With theexceptionof day1,thewaterproducedby theBSZfilter wasfound to havetur-
bidity values(rangeof meanturbidity values:2.8±10.6NTU) abovetherecommendedlimits
setbySANS241.

Leachingof silver ions from SIPPandBSZ-SICGfilters during storage
During thestudyperiod,theleachingof silverionsfrom bothSIPP-H(0.189mg/L) and
SIPP-L(0.100mg/L) filters into thetreatedwaterremainedconstantin both initial andrepeat
experiments.However,for theBSZ-SICGfilter, agradualdecreasein silverconcentrationwas
notedin treatedwaterduring therepeatexperiment.Thesilverion concentrationdecreased
from 0.101mg/L to 0.045mg/L.

Microbial quality of intake watersamplesand inoculatedcouponslides
Fig4,depictsthebacterialqualityof drinking waterof theMakwaneVillageusingculture-
basedmethods.Resultsrevealedhighcountsof heterotrophicplatecount(HPC)bacteriarang-
ing between4.4and4.3Log10CFU/100mL from Marchto June2015.Thetotal coliform (TC)
countsrangedbetween2.225Log10CFU/100mL and2.114Log10CFU/100mL, while faecal
coliform countsrangedbetween1.9Log10CFU/100mL and1.8Log10CFU/100mL. Out of all
thepathogenicbacteriaenumerated,�. ���� wasfound to bemoreprevalentwith thecounts
rangingfrom 1.7Log10CFU/100mL to 1.6Log10CFU/100mL, followedby ���
������ spp.,
whichhadcountsrangingfrom 1.079Log10CFU/100mL to 0.8Log10CFU/100mL. ��������
spp.and������ spp.weretheleastdetectedwith their countsrangingfrom 0 Log10CFU/100
mL to 0.4Log10CFU/100mL. With theexceptionof faecalcoliforms,thehighestbacterial
countsweregenerallyfound in Marchandthelowestin June.
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Fig5,illustratestheattachmentof targetbacteriaon thesurfaceof thecouponsinoculated
in storagecontainers.During thestorageperiod,agradualincreasein theaveragecountsof
HPC(2.3±5.76CFU/cm2), total coliform bacteria(0.48±4.26CFU/cm2) andfaecalcoliforms
(0.26±3.2CFU/cm2) wasapparenton couponsinoculatedin untreatedwaterfrom thefirst day
to thelastdayof thestorageperiod(Fig5A,5Band5C).A similar trendwasnotedon coupons
inoculatedin thetreatedwaterproducedbyBSZfilter (HPC:20.2±227.8CFU/cm2) andtotal
coliforms(5±35.4CFU/cm2) with theexceptionof thefirst dayof storagewhereno evidence
of attachedbacteriaon couponswasobserved(Fig5A and5C).Attachmentof indicatorbacte-
ria occurredon couponsinoculatedin treatedwaterproducedbySIPP-L(HPC:0.29±0.37
CFU/cm2, andtotal coliform:0.08±0.1CFU/cm2) andBSZ-SICG(HPC:0.26±0.48CFU/cm2

andtotal coliform:0.07±0.21CFU/cm2) filtersbetweenday14andday21(Fig5A and5C).As
to thecouponsinoculatedin thetreatedwaterproducedbySIPP-H,theindicatorbacteria
adheredon couponsonly after21daysof storage(HPC:0.21CFU/cm2 andtotal coliform:0.1
CFU/cm2) (Fig5A and5C).No faecalcoliform bacteriaweredetectedon couponsinoculated
in thetreatedwaterproducedbyanyof thefilters(Fig5B).Amongthetargetpathogenicbacte-
ria, only presumptive���
������ spp.(0.1±0.16CFU/cm2) (Fig5) andpresumptive�. ����
(0.64±2.56CFU/cm2) weredetectedon thesurfaceof couponsinoculatedin vesselscontaining
untreatedwaterduring thestorageperiod,whileno evidenceof their attachmentwasshown
on couponsinoculatedin treatedwaterproducedbySIPP-H,SIPP-H,BSZ-SICGandBSZfil-
ters(Fig5E).

Asillustratedin Table5,resultsobtainedfrom molecularstudiesconfirmedthat the
selectedcoloniesof presumptive���
������ and�. ���� detectedin surfacewatersamplesand
on thesurfaceof couponsinoculatedin thevesselcontainingstoreduntreatedwaterweredefi-
nitely ���
������ Typhimurium and�. ���� (EPEC,ETEC,EHECandEAEC).

Analysisof variance(ANOVA) wasperformedto comparetheefficiencyof thefivedevices
in inhibiting thebacterialregrowthanddataarepresentedin Table6.Statisticalanalysis
revealedno significantdifferencesin biofilm formationon couponsinoculatedin SIPPH,
SIPPLandBSFZ-SICGasthesetreatmentswerefound to besimilar in inhibiting bacterial
regrowth(�>0.05) whencomparedto otherdevices.However,significantdifferencesin bio-
film formationwerefoundbetweenSIPPHandrawwaterin termsof total coliformsand����

������ attachmenton coupons.Therewerealsosignificantdifferencesin biofilm formation

Fig 4. Monthly observationson prevalenceof indicator andpresumptivepathogenic bacteriain surfacewater that
servesasadrinking watersourcein Makwanecommunity.

https://doi.org/10.1371/journal.pone.0194715.g004
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in termsof fecalcoliformson couponsexposedto rawwaterandothersilverembeddedsys-
tems.Theperformanceof rawissignificantlydifferentfrom all thedevices(�<0.05).

All thetargetbacteriaattachedon couponsinoculatedin theuntreatedwaterexhibited
strongpositivecorrelations,exceptfor ���
������ thatshowedanegativecorrelation(� =
-0.6906).The�-valuesshowedsignificantdifferencesbetweenall otherattachedbacteriaand

Fig 5. Indicator bacteriaandpathogenicpresumptive bacteriaattachedon the surfacesof couponsinoculatedin
untreatedwaterand treatedwaterproducedby varioushouseholddrinking water treatment systemsduring the
storageperiodÐA : heterotrophic platecount; B: faecalcoliforms; C: total coliforms; D: �����	
��� ; andE:�. ����.

https://doi.org/10.1371/journal.pone.0194715.g005

Table5. Enteropathogenicbacteriaconfirmed by PCRfrom surfacewater in Makwanecommunity andstorage
vessels.

Organismsisolated Presence/Absence

EHEC +

EPEC +

ETEC +

EAEC +

���
����� � Typhimurium +

���
����� � �������� -

�������� spp. -

������ spp. -

https://doi.org/10.1371/journal.pone.0194715.t005
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thelengthof storageof theuntreatedwater,exceptedfor ���
������ (� = 4.98412).For the
treatedwatersources,correlationswerefoundonly betweenHPCandtotal coliformsattached
on couponsandthelengthof thestorage.Apart from HPCattachedon couponsimmersed
in watertreatedby theBSF-Zfilter, the�-valuesshowedno significantdifferencesfor other
treatedwater(Table6).Asno growthof othertargetbacteriawasobservedin treatedwateras
wellason thesurfaceof thecoupons,thesignificantdifferenceandthecorrelationscouldnot
beestablished.

Asseenin Table7,positivestrongcorrelationswerenotedbetweentheturbidity andall
thetargetbacteriaattachedon couponsinoculatedin untreatedwater,exceptfor ���
������
thatshowedanegativecorrelation(� = -0.6428).Statisticalevidencealsoshowedsignificant
differencesbetweentheturbidity of theuntreatedwaterandHPC,total coliformsand�. ����
attachedon coupons.

In all treatedwatersources,strongpositivecorrelationswerefoundbetweenturbidity and
HPCandtotal coliformsattachedon coupons,whileno growthof faecalcoliforms,�. ���� and
���
������ wereobservedon thesurfaceof couponsaswellasin thetreatedwater.Conse-
quently,thecorrelationcouldnot beestablishedfor thesebacteria.Table8depictsthecorrela-
tionsbetweenthemicroorganismsattachedon couponsinoculatedin differentsources

Table6. ANOVA to compareperformanceof devicesacrossall environmental watersource.

Water sources (�) HPC FC TC �. ���� �����	 
���

SIPPHvsSIPPL 	 0.0000 NG 1.0000 NG NG

SIPPHvsBSFZ 	 0.9763 NG 1.0000 NG NG

SIPPHvsBSFZ-SICG 	 0.9914 NG 0.9999 NG NG

SIPPHvsRAW 	 0.1458 0.0000 0.0000 0.9914 0.0513

SIPPLvsBSFZ 	 0.9762 NG 0.0000 NG NG

SIPPLvsBSFZ-SICG 	 0.9913 NG 0.9996 NG NG

SIPPLvsRAW 	 0.1456 0.0000 1.0000 0.9914 0.0513

BSFZvsBSFZ-SICG 	 0.9999 NG 0.9996 NG NG

BSFZvsRAW 	 0.3817 0.0000 1.0000 0.9914 0.0513

BSFZ-SICGvsRAW 	 0.3116 0.0000 0.9999 0.9914 0.0513

https://doi.org/10.1371/journal.pone.0194715.t006

Table7. Pearson'scorrelation valuesshowingrelationship betweenthe attachedmicroorganismsfrom the couponsinoculatedin different sources(untreated
water,water treatedwith SIPP,water treatedwith BSZandwater treatedwith BSZ-SICG) andTurbidity (�ÐCorrelati on; �<0.05; NG: no growth of bacteriaon
coupons).

Water sources Correlation coefficientbasedon turbidity HPC Total coliform Faecalcoliform �. ���� �����	 
���

Untreatedwater r 0.9716 0.9693 0.9554 0.8954 -0.6428

p 0.0059 0.0100 0.0035 0.0004 8.89E-10

SIPP-H r 0.8028 0.8028 NG NG NG

p 0.0197 5.3200 NG NG NG

SIPP-L r 0.9831 0.9713 NG NG NG

p 0.9831 0.9713 NG NG NG

BSF-Z r 0.9002 0.9702 NG NG NG

p 0.9002 0.9702 NG NG NG

BSZ-SICG r 0.8911 0.8824 NG NG NG

p 0.8911 0.8824 NG NG NG

NG:no growthof bacteriaon coupons

https://doi.org/10.1371/journal.pone.0194715.t007
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(untreatedwater,watertreatedwith SIPP,watertreatedwith BSZandwatertreatedwith
BSZ-SICG)andthelengthof storage(Days1±3,Day7,Day14andDay21).

SEMvisualization of biofilm formation on couponslides
Scanningelectronmicroscopeobservationsconfirmedbiofilm formationon thesurfaceof the
couponsinoculatedin storagecontainerswith waterfrom differentsystems.To providethe
communitywith potentialguidancein termsof maintenanceof thewaterstoragecontainers,
preservationof theintegrity of treatedwaterqualityandpreventionof thedevelopmentof bio-
films on thesurfaceof container-storedwater,whichledto therecontaminationof treated
waterduring storage,thetreatmentof watersamplesandthebiofilm studywererepeated
twiceafterwashingthestoragecontainersandre-suspendingthenewcoupons.

Couponsinoculatedin thestoragecontainerswith untreatedwatershowedaninitial
developmentof biofilm within thefirst 24h of storage,whichdrasticallyincreasedat theend
of 21daysof thestorageperiodFig6.Formationof biofilmson thesurfaceof couponsinocu-
latedin treatedwaterproducedby theSIPP-Hfilter (with aninitial silverconcentrationof
0.189mg/L) occurredafterDay21Fig7,while theevidenceof biofilm formationon coupons
inoculatedin treatedwaterproducedby theSIPP-Lfilter (0.101mg/L) wasobviousfrom
Day14anddrasticallyincreasedbyDay21Fig8.Similarresultswerefoundduring theinitial
andtherepeatof theexperimentalstudyserieswith theSIPPfiltersastheleachedsilvercon-
centrationsremainedconstantin thetreatedwaterduring thestudyperiodFig8.With the
biosandfilters,biofilm developmentwasapparentfrom Day2 on thesurfaceof coupons
inoculatedin treatedwaterproducedby theBSZfilter (abiosandfilter without silver)and
progressivelyincreaseduntil Day21Fig9.Thesameobservationswerealsonotedafter
washingthestoragecontainerandthere-suspensionof thecoupons.Asto theBSZ-SICG
filter, theformationof biofilmson thesurfaceof couponsinoculatedin treatedwaterwas
apparentfrom Day14for thefirst experimentalstudyseries.However,afterwashingthe
storagecontainerandre-suspendingthenewcoupons,thebiofilm developmentwas
observedearlierthanexpected,afterDay7 Fig10.

Discussion
Surfacewaterisanimportant sourceof drinking waterfor populationsaroundtheworld and
it mustbeproperlymanagedandprotected[19].It is imperativethatdrinking waterthat is

Table8. Pearson'scorrelation valuesshowingrelationship betweenthe attachedmicroorganismsfrom the couponsinoculatedin different sources(untreated
water,water treatedwith SIPP,water treatedwith BSZandwater treatedwith BSZ-SICG) and the length of storage(Days1±3,Day7,Day14andDay21).

Water sources Correlation coefficient HPC Total coliform Faecalcoliform �. ���� �����	
���

Untreatedwater � 0.996122 0.9897 0.9890 0.9643 -0.6906

� 0.0011 0.0454 0.0174 0.0026 4.9841

SIPP-H � 0.8011 0.8011 NG NG NG

� 0.0731 1.5840 NG NG NG

SIPP-L � 0.9562 0.9543 NG NG NG

� 0.6750 2.7824 NG NG NG

BSF-Z r 0.9332 0.9840 NG NG NG

p 0.0039 5.5446 NG NG NG

BSZ-SICG r 0.9656 0.9453 NG NG NG

p 0.9368 4.9714 NG NG NG

�ÐCorrelat ion; �<0.05; NG:no growthof bacteriaon coupons

https://doi.org/10.1371/journal.pone.0194715.t008
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meantfor humanconsumption,complieswith theSANS241:2015standardsetnationally
[16] andinternationally[20] in termsof physical,chemicalandbacteriologicalparameters.
Theseparametershavebeenusedto determinethegeneralqualityof drinking water,world-
wide.Resultsof thepresentstudyrevealedthat thesurfacewaterusedby theMakwanecom-
munity hadmeanalkalinityandtemperaturevalueswithin thelimits setby [16] (pH 7.0±8.12),
temperature;� 25ÊC)for drinking wateranddomesticpurposes.Thisrangeof alkalinity levels
in drinking waterreflectsthepresenceof bicarbonateion, whichprovidesbufferingaction
againstacidiceffects[21]. While thepH andthetemperatureof theMakwanewatersource
cannotcauseanypublichealthrisk, their surfacewatersourcewasfound to havehighaverage
turbidity levels,up to 260NTU, whichby far exceededthelimit (5 NTU) setbyWHO guide-
lines.Turbidity isoftencausedby thepresenceof suspendedclay,silt, organicmatter,inor-
ganicmatter,planktonandothermicroscopicorganisms[17]. Themeasurementof turbidity
providesonly anindicationof theextentof thepollution of thewatersource[22]. Conse-
quently,high turbidity levelsin thewaterareassociatedwith poorwaterqualityandpromote
thesurvivalof microorganisms[17].This factcanclearlyexplainthehighcountsof indicator
bacteriafound in theMakwaneVillagesurfacewatersourceFig4.

Theheterotrophicplatecount(HPC) testalsocalledªtotal countºor ªplatecountº isused
to estimatethetotalnumberof bacteriain awatersamplethatwill developinto coloniesdur-
ing aperiodof incubationin anutrient solution.This testdetectsabroadspectrumof bacteria
includingpathogenic,indicatorandopportunisticpathogens[17].Thecurrentstudyshowed
thenumberof HPCbacteriain Makwanesurfacewaterrangingbetween4.4and4.3Log10

Fig 6. SEMimagesdepicting attachmentof microorganismson the surfaceof couponsinoculatedin untreated
water(A: initial experiment, B: repeat).

https://doi.org/10.1371/journal.pone.0194715.g006
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CFU/100mL, whichby far exceededthelimit setbyWHO 2015for drinking water.According
to UNESCO(2003)statesthathighHPClevelsindicatethepoormicrobiologicalqualityof
drinking water[23]. SuchelevatedHPClevelsmayplacetheMakwaneVillagecommunity,
especiallythechildren,elderlypeopleandimmuno-compromisedindividuals,at risk of con-
tractingwaterbornediseaseswhendrinking waterfrom thisnon-improvedwatersourcewith-
out anyprior treatment.Furthermore,theMakwaneVillagemainsourceof watersupplydid
not only containhighnumbersof heterotrophicbacteria,but alsohighcountsof coliform bac-
teriagroup,whichincludedtotalandfaecalcoliformsand�. ���� Fig4.Thisgroupof coliform
bacteriaalsoby far exceededthelimits setby theSouthAfrican WaterQualityGuidelinesfor
humanconsumption(SANS241:2015),which iszeroper100mL watersamplefor faecalcoli-
form or for �. ���� [16]. Suchhigherconcentrationsof coliform bacteriamaybedetrimentalto
thecommunityasawhole,takinginto accountthatsurfacewateris thesolewatersourcein
thisvillage.However,total coliformscompriseaheterogeneousgroupthat includesbacteria
from thegenera�
���������, �����������, ������������, ����
�����, �������� and �������.
Althoughmostof thesebacteriaaremembersof thefamily Enterobacteriaceae,their presence
mayindicatethepossiblepresenceof pathogenicbacteriasuchas���
������ spp.and��������

Fig 7. SEMimagesdepicting attachment of microorganismson the surfaceof couponsinoculatedin treatedwaterproducedby
SIPP-Hsystemwith an initial concentration of silver of 0.189mg/L (A: initial experiment, B: repeat).

https://doi.org/10.1371/journal.pone.0194715.g007
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spp.,especiallywhendetectedin conjunctionwith otherfaecalcoliforms[20]. Thepresenceof
faecalcoliformsand�. ���� indicatesthecontaminationof thewaterbodieswith humanor ani-
malwastes.Microorganismspresentin thissurfacewatersourcemaycauseacuteinfections
characterizedbysymptomssuchasdiarrhoea,cramps,nausea,headachesandothersymp-
toms.Theymayposeahealthhazardto infants,youngchildren,someof theelderlypeople
andtheimmuno-compromised individuals[24].

Amongpathogenicbacteriatargetedduring thestudyperiod,thepresenceof pathogenic�.
���� strains(EHEC,EPEC,ETECandEAEC)and���
������ !����
����
 in theMakwane
watersourcewasconfirmedusingmoleculartechniquessuchasconventionalPCR.It hasbeen
reportedthatpathogenicbacteriamayoccurin surfacewaterin higherconcentrationsdueto
thepracticeof faecalexcretionor bynaturallyoccurringin theenvironment[24].Thiscanbe
appliedto thesurfacewatersourceof theMakwaneVillageasresultsof thesurveyrevealed
thatopendefecationiscommonin thiscommunity,with 40.9%of householdslackingaccess
to improvedsanitationfacilitiesand96.5%disposingof wastewaterin their yards.These
practicesclearlyexplaintheprevalenceof thesepathogenicbacteriain their watersourceand
corroboratethefindingsof otherinvestigatorswhohavepointedout that thepresenceof ����

������ spp.in surfacewatermaybeattributableto contaminationfrom domesticsewage,

Fig 8. SEMimagesdepicting attachment of microorganismson the surfaceof couponsinoculatedin treatedwaterproducedby
SIPP-Lsystemwith an initial concentration of silver of 0.101mg/L (A: initial experiment, B: repeat).

https://doi.org/10.1371/journal.pone.0194715.g008
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agriculturalpollution andstormwaterrunoffs[25]. ���
������ spp.causestwo typesof salmo-
nellosis:1) typhoid feverandparatyphoidfever;and2) gastroenteritis[24].This impliesthat
properwastemanagementeducationandpersonalhygienemaymitigatetheincidenceof gas-
troenteritisandtyphoid/paratyphoidfeverin thecommunity.Althoughthe������ spp.and
�������� spp.werenot confirmedby themolecularstudy,it iswellknown that their presencein
waterbodiesindicatesthecontaminationfrom birds,frogs,toads,andfishpercentin aquatic
environments[25]. ������ spp.,especially������ ��������, hasbeenimplicatedin thedisease
cholerain humans[26]. Thus,protectingthewatersourceswouldgoalongwaytowards
reducingtheconcentrationof ������ spp.in thewaterbodies.Thepresenceof �������� spp.in
surfacewatermaybeattributedto unsanitaryconditionsof theenvironmentandsecondary
faecalcontaminationfrom intermediarysources.Theimplicationof this is therisk of possible
outbreakof shigellosis.Thusit is imperativeto initiate aproperinterventionprogramme
aimedateducatingthepublicabouttherisksof indulging in unsafehygieneandsanitation
practices.Thedetectionof pathogenicbacteriain surfacewaterin thisarearevealedanalarm-
ing situationin termsof contractingwaterbornediseases.Thisstudyfurther highlightsthe
needfor implementationof householdwatertreatmentsystemsto mitigatetherisk of expo-
sureto bacterialpathogens.

Fig 9. SEMimagesdepicting attachment of microorganismson the surfaceof the couponsinoculatedin treatedwater
producedby BSZfilter (filter without silver).

https://doi.org/10.1371/journal.pone.0194715.g009
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Resultsof thisstudyhaveshownthat theimprovedSIPPandBSZ-SICGhouseholddrink-
ing watertreatmentsystemswereableto deliverwaterthatcompliedwith theSANS241and
WHO guidelinelimits in termsof physicochemicalparametersanalysed,especiallyturbidity
Table4.Thisfinding is in agreementwith theresultsof otherstudiesthatevaluatedtheeffi-
ciencyof theinitial versionof theseimprovedsystems[5,6].Theseauthorsalsopointedout
thesignificantpositivecorrelationbetweentheturbidity reductionin thetreatedwaterandthe
efficiencyof thesesystemsto producedrinking waterof highmicrobialquality.

Althoughthepresentstudyfocusedonly on theformationof biofilmson thesurfaceof
waterstoragecontainers,resultsrevealedstrongpositivecorrelationsbetweenthewatertur-
bidity levelsandtheattachmentof bacteriaon thesurfaceof thecouponsinoculatedin water
storagecontainersTable4 andFig5.Thehighestturbidity levelin theuntreatedwaterTable4
resultedin anearlybiofilm developmenton thesurfaceof couponswithin thefirst 24h Fig5.
In contrast,asignificantreductionof turbidity levelsin treatedwatersafterusingthehouse-
hold drinking watertreatmenttechnologywasfound to beoneof thefactorswhichsignifi-
cantlycontributedto thedelayof biofilm developmenton thesurfaceof couponsTable4.

Fig 10. SEMimagesdepicting attachment of microorganismson the surfaceof couponsinoculated in treatedwaterproduced
by BSZ-SICGsystem(after washingthe storagecontainer andre-suspensionof newcoupons,with a residualsilver
concentration of 0.045mg/L).

https://doi.org/10.1371/journal.pone.0194715.g010
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Significantlylowerturbidity levelswereobservedin waterproducedbySIPPfilterscompared
to thosein waterproducedby thebiosandfilter systems.Thehighestturbidity reductions,
from aninitial turbidity of 158±166NTU to afinal turbidity of 0.2±0.78NTU, wereobtained
with theSIPPfilters,ahomewatertreatmenttechnologythatalsoexhibitedbiofilm develop-
mentonly after14daysfor theSIPP-Lfilter andafter21daysfor theSIPP-Hfilter during
treatedwaterstorageFigs7 and8 andTable3.Theseresultssuggestthat theSIPPfilters,espe-
ciallytheSIPP-Hfilter, wereableto inhibit biofilm formationon thesurfaceof container-
storedwaterup to Day21whentheattachmentof bacteriabecameapparentFig7.A similarity
wasfoundbetweentheeffectivenessof theSIPP-Lfilter andthatof theBSZ-SICGfilter in
inhibiting thedevelopmentof biofilms from Day1 whencomparedto theeffectivenessof BSZ
filter system,afilter without silverFigs7 to 9.Biofilm developmentoccurredafter14dayson
couponsinoculatedin treatedwaterproducedbybothSIPP-LandBSZ-SICGfiltersasthese
two systemsdid not showsignificantdifferencesin theturbidity reductionduring drinking
watertreatment.Veryhigh turbidity levelsin thewatertreatedbyBSZsystemsresultedin
earlydevelopmentof biofilms from 48h of storagecomparedto therestof thefilters.

Thesilvernitrate(AgNO3) embeddedin theclayof thesetreatmentsystemsremainedthe
mostimportant factorthatpreventedearlydevelopmentof biofilmson couponsduring the
storageperiod.This impliesasignificantpositivecorrelationbetweentheconcentrationof the
silverleachedin thetreatedwaterandtheinhibition of bacterialgrowthon couponsinoculated
in watertreatedbySIPPandBSZ-SICGfilters.A comparisonbetweentheuntreatedwater
storedin thecontrol vesselandtheSIPP/BSZ-SICGfiltersshowedsignificantdifferencesin
biofilm developmenton couponsFigs6 to 8.Significantdifferencesin biofilm development
werealsoshownbetweentheBSZfilter without silverandtheSIPPfilter or BSZ-SICGfilters.
Theleachingof thesilverin treatedwaterproducedby thesefiltersmadethesedrinking water
treatmenttechnologiesmoreeffectivein inhibiting biofilm formationon thesurfaceof the
container-storedwaters.ThisalsosuggeststhatAgNO3 embeddedin thefiltersensuredthe
removalof bacteriafrom waterwhile inhibiting theattachmentof thesebacteriaon thesurface
of thecouponswhichrepresentedthestoragecontainers.Thesefindingsconfirm thoseof pre-
viousinvestigatorswhoreportedthat thesilvernanoparticlesembeddedin theclayduring
manufacturingcontributeto highpathogen-removalefficiency[5,6,27].Otherstudieshave
alsorevealedtheeffectof Ag in awater-purificationapplication,irrespectiveof substrateand
theantiviralandbacteriostaticpropertiesof Ag ions[28]. A studybymwabialsodemonstrated
thatonly theAg-impregnatedpot wassignificantlymoreeffectivein removing�. ����, com-
paredto thecontrol pot without impregnatedAgNO3 [5]. High performanceof theSIPPand
theBSZ-SICGfilters in inhibiting theearlydevelopmentof biofilmson thecontainercoupons
wasthereforeattributedto theAg nanoparticlesembeddedin themicroporesof theclaypot of
theformeror theclaygranularlayerof thelatter.

Thebacterialremovalefficiencyof SIPPandBSZ-SICGhomedrinking watertreatment
technologieswasalsofoundto bedependenton theinitial concentrationof thesilverembedded
in theclay.Resultsof thisstudyrevealedsignificantdifferencesbetweenbacteriaattachedon
thesurfaceof couponsinoculatedin treatedwaterproducedby theSIPP-H(with aninitial sil-
verconcentrationof 0.189mg/L) andthoseattachedon couponsinoculatedin treatedwater
producedbySIPP-L(0.101mg/L AgNO3) or byBSZ-SICG(0.100mg/L AgNO3). This implies
that thehighertheconcentrationof Ag embeddedin microporesof theclay,thebettertheinhi-
bition of biofilm formationon thecontainer-storedwaterfor alongperiodof thestorage.How-
ever,theinitial amountof silverthat leachedout into thetreatedwaterproducedby theSIPP-H
filter exceededtherecommendedlimit by [20] for drinking water,whichis0.1mg/L.Thefactis
that to date,theonly knownhealthconsequenceof excessivesilverintakeisacondition known
asargyria,whichresultsin thediscolorationof skinandhair bysilveraccumulation.According
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to [29], thisconditionmaydevelopdueto improperexposureto chemicalformsof theelement
silver.Thisauthorfurther maintainedthat thisconditionhasbeenlinked to excessiveconsump-
tion of medicationscontainingsilverandbut not to theuseof silverin drinking-waterdisinfec-
tion devices.

Strongpositivecorrelationswerefoundbetweenthelengthof storageandbacteriaattached
on coupons,especiallyfor thoseinoculatedin untreatedwaterTable6 andFig5.This typeof
watersourcealsoresultedin astrongnegativecorrelationfor ���
������ spp.On theone
hand,thesefindingsimply adirect relationshipbetweenthelengthof storageandall target
indicatorbacteria(HPC,total coliforms,faecalcoliform and�. ����) attachedon couponsinoc-
ulatedin untreatedwaterFig5.On theotherhand,therewasanindirect relationshipbetween
thelengthof storagetime of untreatedwaterandattached���
������ spp.This finding indi-
catesthatwhenthestoragetime wasreduced,theattachmentof ���
������ on thecontainer-
storedwaterincreasedandviceversa.Thereisaneedfor aneffectivebarrier to preventbiofilm
formationon thesurfaceof householdwaterstoragecontainers.While theconcentrationof
thesilverleachedout in treatedwaterfrom SIPPandBSZ-SICGfilterssuccessfullydelayed
bacterialadhesionon thecoupons,thelongstorageperiodfactorcouldnot beignoredasthis
factorreversedtheefficiencyof thesystems.Strongpositivecorrelationsfoundbetweenthe
lengthof storagetime andlimited indicatorbacteria(HPCandtotal coliforms)attachedon
couponsinoculatedin treatedwaterimply thatonly HPCandtotal coliform bacteriahadthe
capabilityto growon thesurfaceof plasticcontainersduring anexcessivelylongperiodof
drinking-waterstorage.Thestorageperiodvariedbetween14and21daysfor SIPP-Land
between7 and21daysfor theBSZ-SICGfiltersFig7.Thissignificantdifferencein thegrowth
of bacteriaon thesurfaceof container-storedwaterwasdueto aprogressivedecreasein silver
concentrationthatoccurredin thewatertreatedby theBSZ-SICGfilter during thestorage
period,whereasthesilverconcentrationwasfound to remainconstantin watertreatedby the
SIPPfilter. Thelongstorageperiodautomaticallyledto therecontaminationanddeterioration
of thetreatedwaterquality.Findingsof thisstudyarein agreementwith thoseof [14], who
alsofound that thelengthof storagetime resultedin re-growthandsurvivalof indicatorbacte-
ria on thesurfaceof householdcontainersusedfor thestorageof drinking waterin rural com-
munitiesof SouthAfrica.Asdemonstratedby theseauthors,bothpolyethyleneandgalvanized
steelcontainerssupportedthepersistenceof indicatorbacteriaon thesurfaceof thecontainer-
storedwaterdueto thedeteriorationof thequalityof thetreatedwaterduring storage.To pre-
ventthedeteriorationof treatedwaterquality in storagecontainers,thisstudysuggeststhatall
containersshouldbewashedafter7 dayswhenusingBSZ-SICGfiltersandafter14dayswhen
usingtheSIPPfiltersduring thestorageperiod.

Conclusions and recommendations
Surfacewater,which is thesolewatersourcefor therural communityof theMakwaneVillage,
ischaracterisedbypH andtemperaturevalues,whicharewithin thelimits setby theSouth
African NationalStandard[16] andtheWorld HealthOrganization.In contrast,theturbidity
valuesof thiswatersourcefar exceededtherecommendedlimits. Moreover,thewatersource
isheavilycontaminatedandharboursunacceptablyhighcountsof indicatorbacteriasuchas
HPC,faecalcoliformsand�. ����. Prior to treatment,molecularstudiesrevealedthepresence
of all pathogenicstrainsof �. ���� (EHEC,EPEC,ETECandEAEC)and���
������ Typhimur-
ium in thissurfacewatersourceusedby thecommunityfor multiple purposes,including
drinking andcooking.Theabsenceof thesetargetorganismsafterthetreatmentof surface
waterindicatestheeffectivenessof theBSZ-SICGandSIPPfilters in producingsafedrinking
waterandprovidinganeffectivebarrier for theinhibition of biofilm formationon thesurface
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of householdwaterstoragecontainers.Factorssuchastheturbidity of thewater,theinitial sil-
verconcentrationembeddedin microporesof theclayduring manufacturingandthelength
of storagetime playamajor role in preventingtheadhesionof bacteriaon theinner surfaceof
thestoragecontainers.To effectivelypreventthere-growthof bacteriaon thesurfaceof the
storagecontainersandthedeteriorationof thetreatedwaterquality,thisstudyrecommends
that thestoragecontainersbewashedwith disinfectantwithin 14daysof thestorageof the
watertreatedwith SIPPfiltersandwithin 7 daysfor thewatertreatedwith BSZ-SICGfilters.
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