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DARBA VISPAREJS RAKSTUROJUMS

Temas aktualitate

Visparigi pienemts, ka fekala piesarnojuma indikatororganisma - Escherichia coli
klatbutne tdensapgades sisttmas norada uz nesenu piesarnojumu vai neefektivu tdens
attiriSanas procesu. Tomér, ne vienmér ir izdevies izskaidrot visus E. coli izraisitus
uzliesmojumus [18] vai atseviskus inficéSanas gadijumus [15]. Ka iesp&jamie iemesli tiek
mingéti:

1) Dazado transporta mehanismu un atskirigas dezinfekcijas izturibas dél, E. coli
klatblitne dzeramaja tideni ne vienmgr sakrit ar patogénu koncentraciju [1];

2) lesp&ja identificét mikrobiologisko piesarnojumu, izmantojot esoSo rutinas
paraugu ievakSanas metodiku (atseviski tidens paraugi no dazadam vietam apgades sisteéma),
ir zema [40];

3) Bojajumu vai argja stresa rezultata dalu no E. coli nevar kultivét standarta
mikrobiologiskajas barotnés [34]. Promocijas darba plasak tiek aplikota tieSi $1 faktora
nozime.

Zinams, ka tdent stresa apstaklos (zemas baribas vielu koncentracijas, oksidétaju,
piem., hlors, klatbatne) E. coli var nonakt nekultivéjama bet dzivotsp&jiga stavokli (viable but
non-culturable state, VBNC) [26, 31], ko uzskata par Stnu izdzivo$anas strat€égiju [29].
Udens apgades sistémas eso§a biopléve, kas darbojas ka aizsargbarjera pret nelabvéligu
apkartgjo vidi (aktivais dezinfektants vai strauja apstaklu maina sistéma), var kalpot ka
izdzivosanu veicino$s faktors. Atrodoties biopléve, Siinas var atgiit sp&ju vairoties [4, 42], kas
var izraisit to pastiprinatu atdaliSanos no biopléves un tadgjadi ietekmét dzerama udens

pateérétaju [8].



Darba meérkis un uzdevumi

Promocijas darba meérkis bija novértét nekultivéjamas Escherichia coli nozimi
dzerama tdens apgades sisteémas. Mérka sasniegSanai tika izvirziti sekojosi jautajumi:

1) Vai kimiska un mehaniska dezinfekcija var neitralizét VBNC E. coli, ja tiek lietota
tada koncentracija, kas pielaujama dzeramajam tdenim?

2) Vai E. coli uzkrajas un izraisa tdens piesarnojumu tdensapgades sisteému biopleve?

3) Vai E. coli var vairoties tidensapgades sistému biopléve?

Lai atbildetu uz izvirzitajiem jautajumiem tika definéti sekojosi uzdevumi:

1. Atlasit un parbaudit dazadas molekularas metodes neliela skaita kopgo un
nekultivéjamo E. coli §tinu identificé$anai dzeramaja tideni un biopléve.

2. Eksperimentali parbaudit mehaniskas (hidrodinamiska kavitacija) un kimiskas
(hlorésana) dezinfekcijas efektivitati E. coli dazadu fiziologisko stavoklu
neitraliz&Sanai.

3. Lauka pétijumos analizét E. coli koncentracijas izmainas koncentréta dzerama tidens
un biopléves paraugos.

4. Lauka pétijumos noteikt baribas vielu ietekmi uz E. coli skaita izmainam dzerama

tidens apgades sist€ému biopleve.

Darba zinatniska novitate un praktiskais pielietojums

Escherichia coli piemérotiba tidens mikrobiologiskas kvalitates novertésanai tiek
apSaubita jau vairakus gadus [1]. Zinams, ka E. coli var ne tikai bat patogéna (O157:H7) [15],
bet arT izdzivot dzeramaja tideni un augt oligotrofa vidé laboratorijas apstaklos [42].

Promocijas darbs parada, ka zemas koncentracijas VBNC E. coli var biit sastopama
ar1 visiem standartiem atbilstosa dzerama tidens apgades sist€éma, un to koncentracija tideni un
bioplévé palielinas atkariba no tdens uzturéSanas laika tikla. Bez tam, mazinoties stresa
apstakliem, Sis bakterijas ir sp&jigas augt. Kvantitativa mikrobiologiska riska novértgjuma
(quantitative microbial risk assessement, QMRA), kas ieklauts ari Pasaules Veselibas
organizacijas (WHO) rekomendacijas par Udens drosibas planu ievieSanu [45], aprekini
paradija, ka dzeramaja tdeni sastopamas VBNC E. coli koncentracijas uzrada paaugstinatu

risku, salidzinot ar lidz $im analiz€tajam kultivéjamam bakterijam.



Sobrid visi inZenierckonomiskie aprekini par @idens dezinfekcijas efektivitati ir
balstiti uz mikroorganismu sp&ju vairoties mikrobiologiskajas barotnés, kur, pieméram, E.
coli, tiek uzskatits par salidzinosi jutigu. Promocijas darba iegitie rezultati parada, ka, lai
pilniba neitralizétu E. coli, nepiecieSsamas daudz augstakas aktiva dezinfektanta koncentracijas

un to iedarbiba uz dazadiem Stinas dzivotsp€jas parametriem ir atskiriga.

Promocijas darba laika iegtitie rezultati tika zinoti un apspriesti 10 starptautiskas
konferences:
e 2007. g. no 10.-14. septembrim Tokija, Japana ,,14th International Symposium on

Health-Related Water Microbiology™.

e 2007. g. no 10.-11. decembrim Riga, Latvija ,,Advances and applications of FISH
technology: drinking water, environmental and foodstuff analyses”.

e 2008. g. no 28.-30. maijam Edinburga, Lielbritanija ,,Water and Sanitation in
International Development and Disaster Relief”.

e 2008. g. no 6.-8. oktobrim Minhens, Vacija ,Biofilms IlI: 3™ International
Conference”.

e 2009. g. 12. marta Bohuma, Vacija ,,How dead is dead? Survival and final inactivation
of microorganisms”.

e 2009. g. no 5.-7. oktobrim Singaptra ,,Global Conference on Microbial Contaminants
in Drinking Water”.

e 2010. g. no 2.-4. junijam Maskava, Krievija ,,Water and wastewater treatment plants
in towns and communities of the XXI century: technologies, design & operation”.

e 2010. g. no 1.-3. septembrim Vincestera, Lielbritanija ,,Biofilms IV”.

e 2011. g. no 6.-8. junijam Edinburga, Lielbritanija ,,Fecal Indicators: Problem or
solution?”.

e 2011. G.no 16.-17. Junijam Tubingena, Vacija ,,How dead is dead II: The ins and outs

of bacterial dormancy”.



Darba struktiira un apjoms

Promocijas darbs sastav no ievada, 5 nodalam, kop€jas diskusijas un secinajumiem.
2. — 5. nodala sastav no atseviSka ievada, materialu un metozu, rezultatu un diskusijas, ka art
secinajumu dalas. Promocijas darbs uzrakstits uz 152 lapam ar 276 literatiiras avotiem, 60
att€liem un 10 tabulam.

Pirma nodala sastav no vispariga literatiiras apskata par dzerama tidens sagatavosanu,
nekultivéjamiem mikroorganismiem, E. coli un tas Tpasibam.

Otraja nodala ,,Escherichia coli fiziologisko stavoklu novérté$ana” aprakstitas
popularakas molekularas metodes specifiskai E. coli identificé$anai vides paraugos, ka ari
vairakas metodes Siinu aktivitates novertéSanai. Darba gaita tika veikti p&tijumi par So metozu
praktisko pielietojumu un rezultatu kvalitati, kur labako kombinaciju izmantoja talakajos
petijumos.

Tresaja nodala ,,Escherichia coli neitralizacijas efektivitate ar kimisko un mehanisko
dezinfekciju” laboratorijas pétijjumu rezultata tika noskaidrota tris dezinfekcijas metozu
efektivitate un nepiecieSamas devas, lai neitralizétu kultivéjamas, dalities sp€jigas un
metaboliski akttvas E. coli Stnas.

Ceturtaja nodala ,,Escherichia coli dzerama tGdens apgades sisttémas un tas ietekme
uz veselibu” aprakstiti lauka pétfjumi, kur gada laika ievaca dzerama iidens un biopléves
paraugus no Rigas dzerama tidens apgades sist€mas. Paraugos tika noteikta kultiv€jamo un
dalities sp€jigo Stinu koncentracija. Lai identificétu draudus cilvéka veselibai, izmantojot
lauka pétijumos noteikto Stinu koncentraciju, tika veikti QMRA aprékini.

Piektaja nodala ,,.Labilo organisko savienojumu ietekme uz Escherichia coli sp&ju
vairoties dzerama tdens apgades sistémas” lauka pétijumos tika veikts E. coli koncentracijas
izmainu monitorings Rigas dzerama tidens apgades tikla viena vieta. P&éc tam tika analiz€ta So
bakteriju sp&ja vairoties bioplévé, ja sistémai pievieno viegli noardamus organiskos

savienojumus tada koncentracija, kas raksturiga biologiski nestabilam Gidenim.



LITERATURAS APSKATS

Pasaulg ik gadu 1.8 miljoni cilvéku mirst no diarejas izraisitam saslimSanam [3, 44].
Neskatoties uz plasajam informacijas kampanam un detaliz€tiem kvalitates novertéSanas
standartiem, ari attistitajas valstis, joprojam ik gadu tiek registréti daudzi dzerama tdens
izraisiti saslim$anu gadijumi [6, 24, 35].

Eiropas Savieniba dzerama tidens kvalitati kontrole atbilstosi 98/83/EC direktivai
"Par dzerama tdens kvalitati" [5, 27], kur galvenie nosakamie mikrobiologiskie raditaji ir
fekala piesarpojuma indikatororganismi — visbiezak Escherichia coli. Atbilstosi prasibam,
100 ml dzerama tdens parauga nedrikst saturét vairak par 0 kvv E. coli [27]. Tiek uzskatits,
ka So organismu klatbiitne dzeramaja tideni netieSi norada arT uz citu patog€nu klatbiitni,
kurus lielas dazadibas un sarezgitas identificéSanas dé] atseviSski nenosaka [5]. Test&jamos
paraugus (100 — 500 ml @idens) ievac dzerama tdens apgades sistémas atseviskas vietas, ko
nosaka tidens piegadatajs atbilstosi sarazota idens daudzumam.

Parasti uzskata, ka Shigella spp., Salmonella spp., un citi patogéni nonak dzerama
tdens sistema fekala piesarnojuma rezultata, tomer reiz€ém noveroti inficéSanas gadijumi ari
kvalitativas tidensapgades sistémas [11]. Noskaidrots, ka biezi vidé sastopamo patogéno
mikroorganismu, un TpaSi rezistento vienstnu, skaits nesakrit ar indikatororganismu
koncentracijam [1, 3] un biopléves ka patogénu aizsargbarjeras nozime netiek pietiekosi
novertéta. Ka arm pieradits, ka dala no patogéniem vai fakultativi patog€niem
mikroorganismiem, pieméram, Pseudomonas spp., Mycobacter spp., Campylobacter spp.,
Legionella spp., Helicobacter vai Salmonella spp., ir spg&jigi vairoties tidensapgades sistémas
[25]. V&l biezak, nonakot oligotrofa vide, Sie mikroorganismi var pariet dzivotsp&jiga, bet
nekultivéjama stavokli (VBNC) [29]. Pieradits, ka pat fekala piesarpojuma
indikatororganisms E. coli klust nekultivéjams, ja ideni nonak 4°C temperatiira [26].

Piepemts, ka atrodoties VBNC stavokli mikroorganismi nav kultivéjami
mikrobiologiskajas barotnés, tomér saglaba savu metabolisko aktivitati. Plasie p&tijumi par
VBNC S$anu fiziologiju, biokimiju un izmaipam génu limeni, liela méra apstiprinajusi to
nozimi medicina, bioattiriSana un indikatororganismu pielietojuma [28]. Neskatoties uz to, ka
zinams, ka kultivéjami mikroorganismi var pariet VBNC stavokli [2, 19, 30], to nozime uz
cilveka veselibu vél joprojam nav pilnigi izpétita. Gadijjuma, ja $adas Siinas biitu sp&jigas
atgtit savu kultiv§jamibu, to nozime butu neparprotama [22, 28]. V&l pavisam nesen tika
uzskatits, ka E. coli nav spgjigas izdzivot un vairoties apkartgja vide, piem., tdeni, tomer
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pétijumi pieradijusi, ka tas ne tikai sp&jigas izdzivot (ari VBNC stavokli) [12, 39], bet var ar
augt [42].

Drosa dzerama tidens sagatavoSanai, piegadei un uzraudzibai WHO iesaka ieviest
Udens drosibas planus, kas paredz: 1) Dabas idenu aizsardzibu; 2) Udens attirisanu, lai
maksimali samazinatu piesarnojumu un 3) Udens atkartotas piesarno$anas novérsanu
uzglabasanas, apgades un uzturéSanas laika [7]. TieSi pédgja faktora nozime tiek Tpasi
uzsverta, kops noskaidrots, ka piesarnojums tidens apgades sistémas var nonakt ne tikai
neefektivas attiriSanas rezultata, bet ari caur tiklu, caurulu savienojumu vietas, negativa
spiediena rezultata, nepareizas sistémas laboSanas un uzturésanas dél. Piesarnojums uzkrajas
bioplévé, un vélak atkartoti nonak sistéma. Noskaidrots, ka, palielinoties Gidens apgades
sisttmu vecumam, un samazinoties Gdens biologiskajai stabilitatei, palielinas risks patogénu
nonaksanai sistéma caur tdensapgades tiklu [9]. Vispargjai mikrobiologiska piesarnojuma
risku noveértesanai un infekcijas varbiitibas noteikSanai izmanto QMRA metodiku, kas ieklauj
riska identificé$anu, efektivas devas noteikSanu, riska raksturoSanu un riska vadibu [23].

Ta ka patiesa E. coli nozime dzerama tGdens apgades sistémas vél joprojam nav
noteikta, pasakumi tidens aizsardzibai (Udens droS§ibas plani) var bit nepietiekami, un
tadejadi nevelami ietekmét cilveéka veselibu. Vel jo vairak, ta ka visi inzenierekonomiskie
aprekini par tdens attiriSanu (daudzpakapju attiriSanas sistémai) un dezinfekcijas efektivitati
(CT vertibas) ir balstiti uz datiem, kas iegiiti mikroorganismu kultivéSanas rezultata, tie var

nebiit precizi.
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DARBA IZMANTOTAS METODES

Kopéja un VBNC E. coli identific€Sanai dzeramaja tideni un biopléve tika parbaudita
vairaku dzivotsp€jas noteikSanas metozu piemérotiba lietoSanai kopa ar fluorescento in situ
hibridizaciju (FISH). Tika analiz€ta Siinu membranas integritate (Live/Dead® BacLight
krasoSanas metode), enzimatiska aktivitate (esterazes aktivitate), elposanas aktivitate (CTC
metode) un daliSanas potencials (tie$sas dzivotsp&jas uzskaitiS8anas metode - direct viable
count, DVC). FISH metodei izmantoja ieprieks aprakstitu PNA zondi [17, 33].

Laboratorijas pétijumos tika veikti trauku eksperimenti dezinfekcijas efektivitates
noskaidro$anai un pielietoti reaktori E. coli dzivotsp€jas izmainu novértéSanai. Reaktorus
uzpildija ar sterilu, E. coli nesaturoSu maksligi pagatavotu tdeni, inokul&ja ar E. coli un
uzturgja vairakas dienas (Gidens uzturé$anas laiks — 16.7 stundas, samaisiSanas atrums — 0.1
m/s, 20°C). Regularos laika intervalos tika ievakti biopléves un tidens paraugi un noteikts
kopgjais E. coli skaits (ar FISH un PCR), dalities sp&jigas (DVC-FISH) un kultivéjamas $tinas
(membranu filtracijas metode atbilstosi ISO [16, 27]). Kopg&ja mikroorganismu skaita
noteikSanai un populacijas monitoringam tika veiktas ATP, AOC un DAPI krasoSanas
analizes.

Elektrokimiskas dezinfekcijas efektivitates novertéSana, lai neitralizétu E. coli
(tirkultora, ~ 10° §unas/ml), tika veikta Tpasi pagatavota elektrolizes §una, kas sastavéja no
TinO2n-1 keramiska anoda (virsmas laukums 12.1 c¢m?) un neriisgjosa térauda katoda (virsmas
laukums 18 cm?). Apstradi veica 23 + 2 ° C temperatiira, pH 7. Stravas stiprums, apstrades laiks
un hlorida jonu koncentracija (0 — 250 mg/l) mainijas atkariba no eksperimenta. Lidzigi tika veikti
petijumi par hidrodinamiskas kavitacijas ietekmi uz E. coli (tirkultira, ~ 10° $unas/ml)
dzivotsp&ju. Paraugus apstradaja kavitacijas iekarta, kas sastav€ja no rezervuara (2 litri) un
kavitatora (plaksne ar savstarp€ji rot€joSiem diskiem). 3 [idz 9 miniSu ilga apstrade (Iidz tdens
temperatiira sist€éma sasniedza 38°C) tika veikta pie 0.14 W/cmzs (8.7 A, 220 V) lidz 0.49 W/cms
(8.7 —-9.3 A, 220 V) jaudas blivuma. Apstradatos un kontroles paraugus no abam sistémam talak
analiz€ja ar CTC, DVC-FISH un kultivéSanas metodém.

Lauka pétijumos sezonali ievaca biopléves paraugus no neattirita un attirita dzerama
tdens sisttmam (1. att.). Tajas pasas vietas ievaca koncentrétus tidens paraugus [41]. Divas
nedélas vecos biopléves paraugos un aptuveni 400 reizes koncentrétos tidens paraugos tika
noteikts kop€jais mikroorganismu skaits, heterotrofo bakteriju koncentracija, kop€ja, dalities
spejigo un kultivéjamo E. coli koncentracija. Dzivotsp&jigo E. coli koncentracijas ietekmes

novertésanu uz cilvéka veselibu veica izmantojot QMRA apréekinus (Monte Carlo simulacija
12



ar Oracle©Crystal Ball datorprogrammu), kur tika noteikta iesp&jama dienas un gada

inficéSanas varbutiba.

1. att€ls. Rigas dzerama Gidens apgades sist€éma ar 12 biopléves un tidens paraugu ievaksanas
vietam, ieskaitot ideni pirms attiriSanas (G-RW — neattirits ezera tidens; S-RW - neattirits
virszemes tidens), attiriSanas procesa laika (S-OZ — virszemes tidens p&c otras ozonésanas; S-
RF — virszemes tidens péc pirmajiem atrfiltriem, S-BF — virszemes tidens péc biofiltriem) un
péc attiriSanas (S-DW — virszemes tidens péc pédg&jas hlorésanas; G-DW — infiltréts pazemes
tdens péc pedgjas hlorésanas), ka arT ideni no tikla — S-NET1, S-NET2, G-NET1 un G-
NET?2. Cipari 1 un 2 norada uz tidens uzturéSanas laiku tikla, kur “1” reprezent€ 1sako

uzturé$anas laiku.

Lai noteiktu E. coli koncentracijas izmainas dzeramaja tdeni, lauka p&tijumos
tdensapgades tikla viena vieta (pazemes tdens avots, ~ 28 h tidens uzturéSanas laiks, AOC ~
100 pgC/1) kopuma tris atseviskas reizes tika pieslégts pilnigas sajaukSanas tipa reaktors un
darbinats 5 nedglas. Ikned€las analiz€s biopléve un ieplistosaja un izplastosaja ideni noteica
kopgjas populacijas izmainas (kop&jais mikroorganismu skaits, ATP) un E. coli koncentraciju
(FISH, DVC-FISH un kultivéjamas $§tinas). Péc tam sistémai pieslédza un vienados apstaklos
darbingja divus reaktorus, lidz maksimalai E. coli koncentracijai bioplévé (dati no
iepriek$gjiem eksperimentiem). Vienam no reaktoriem pievienoja ultra-filtrétu notekiideni
(<100 sunas/l, < 5 E. coli sanas/l) vai sterilu glikozes-salu skidumu un dozgja ta, lai galgja
AOC koncentracija tident neparsniegtu 500 pgC/l. Notekiidens vai glikozes dozgsana notika
attiecigi 14 vai 8 dienas. Kopgjas populacijas un E. coli koncentracijas izmainu dinamika tika

analizeta ka ieprieks.
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REZULTATI UN DISKUSIJA

Escherichia coli fiziologisko stavoklu novértésana

Sobrid noteikumi dzerama wdens kvalitates kontrolei (98/83/EC) paredz tikai
kultivéjamo E. coli uzskaitiSanu, tap&c, lai noteiktu kopg&jo E. coli koncentraciju dzeramaja
tident, nepiecieSams lietot citas, pieméram, molekularas, metodes.

Promocijas darba otraja nodala aprakstita fluorescentas in situ hibridizacijas, kas
pamatojas uz specifisku fluorescentas zondes piesaistiSanos Stinas rRNS, piemérotiba dzerama
tdens un biopléves paraugu analizéSanai. Darba gaita tika veiktas izmainas eso$aja protokola,
kas paredzéts PNA zondém [20, 33], lai samazinatu paraugu apstradei nepiecieSamo laiku,
samazinatu S$tnu skaita zudumus un autofluorescenci, ka ari samazinatu mikroskopijas
metozu noteikSanas robezu. Rezultati paradija, ka pat 1.5 stundu laika ir iesp&ams iegiit
paraugus ar intensivi fluoresc&josu E. coli un zemu fona fluorescenci. Neskatoties uz to, ka
FISH metode ir augsti specifiska un jutiga, ta tiesi neraksturo identificétas Siinas dzivotsp&ju,
jo rRNS zinamu laiku var biit sastopamas ari mirusas $inas [38]. Lai varctu diferencét
dzivotspé&jigas — metaboliski aktivas Stnas, tika apliikotas vairakas dzivotsp€jas noteikSanas
metodes un to potencialais pielietojums kopa ar FISH metodi. Eksperimentalie pétijumi
paradija, ka visticamakie un vieglak interpret€jamie rezultati ieglistami, ja tiek lietota tiesas
dzivotsp€jas uzskaites (DVC) metode. Darba gaita fluorescentas mikroskopijas tehnika tika
attistita lidz tadam Iimenim, ka, izmantojot DVC-FISH metodi, parauga noteikSanas robeZa

bija tikai 5 $tinas.
Escherichia coli neitralizacijas efektivitate ar kimisko un mehanisko dezinfekciju

Attirot dzeramo tdeni, ka ped€jo drosSibas barjeru pirms tidens nonaksanas sist€éma
izmanto dezinfekciju. Udensapgades tikla aktivais dezinfektants pasarga tdeni no neliela
piesarnojuma un mikroorganismu savairo$anas [11, 45]. Sobrid visi dzerama tdens
dezinfekcijas efektivitates inzenierekonomiskie aprékini ir balstiti uz mikroorganismu sp&ju
vairoties baribas vielam bagatas barotn&s, un fekala piesarnojuma indikatororganisms E. coli
tiek uzskatits par viegli neitraliz€jamu [43]. Tomér plasas informacijas par dezinfekcijas
devam dazadu E. coli metabolisko stavoklu neitralizacijai nav.

Otraja nodala tika izvert€ta kimiskas un fizikalas dezinfekcijas efektivitate, lai
efektivi neitralizétu E. coli. HloréSanas eksperimentu rezultati paradija, ka apstradajot E. coli
ar 0.54 mg/l hlora (kopgjais) jau péc 1 miniites netika konstatétas kultivéjamas E. coli $tinas,

tomer 15% vél joprojam saglabaja savu metabolisko aktivitati (elposanas sp&ju).

14



Pirmas kartas kinétiskas konstantes Kk (hlora patéring) aprékini paradija, ka k vértibas
metaboliskai aktivitatei, daliSanas potencialam un kultiv€jamibai ir attiecigi 2.2, 2.3 un 13.6
min!. Lidzigas k vértibas kultivéjamam E. coli novérotas ari ieprieks [13, 36].

Piepemot, ka kop&ja hlora koncentracija laika nemainas, tika aprékinatas CT vértibas
99% E. coli $tnu neitralizéSanai (1. tabula).

1. tabula
CT vértibas, lai neitralizétu E. coli dzivotsp&ju par 2-log (99%).

Dzivotspéjas stavoklis | CT vértiba (mg/l min™)

Kultivéjamiba 0.27
DaliSanas potencials 1.08
Metaboliska aktivitate 1.10

CT vertibu salidzinajums dazadiem metaboliskajiem stavokliem paradija, ka, lai
pilniba neitralizétu E. coli metabolisko aktivitati un potencialu dalities, nepiecieSamas vairak
ka Cetras reizes augstakas hlora devas neka tiek rekomendeéts.

Talakajos pétijjumos E. coli neitralizé€sanai tika analizéta elektrokimiskas
dezinfekcijas efektivitate, kur aktivais dezinfektants (hlors), elektrolizes procesa laika
veidojas no pasa tident esosajiem hlora joniem. Rezultati paradija, ka aktivo hloru iesp&jams
ieglt arT no tadiem tdens paraugiem, kur hlora jonu koncentracija neparsniedz loti tiros
tidenos sastopamas koncentracijas. levietojot paraugus sterila buferéta tident ar 6.8 mg/l hlora
jonu koncentraciju un apstradajot ar 0.002 A stravu, kultivéjamo un dalities sp&jigo E. coli
Stinu koncentracija eksponenciali samazinajas (pirmas kartas atruma konstante). Vienlaikus
paraugi saturgja 0.5 mg/l aktiva hlora. Lidzigs samazinaSanas atrums tika novérots gan
kultivéjamam, gan dalities sp&jigam $tnam (2. att.). Peéc 15 vai 20 minG$u apstrades attiecigi
netika identific€tas nevienas kultiv€jamas vai dalities sp€jigas Siinas. Cita koncentracijas
samazinasanas tika nove€rota $iinu metaboliskajai aktivitatei — strauj§ samazinajums pirmajas

tris apstrades mintités un praktiski nemainigs visu atlikuso apstrades laiku.
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2. attels. Apstrades laika ietekme uz dezinfekcijas efektivitate (6.8 mg/I hlora joni, 0.002 A
stravas stiprums, pH 7 £ 0.2, t° =23 + 2°C).

No visam testétajam dezinfekcijas metodem viszemako efektivitati uzradija fizikala
dezinfekcija (hidrodinamiska kavitacija), jo neatkarigi no apstrades rezima neaktivo — miruso
Stnu koncentracija palielinajas tikai par 10%. Tomér, lai apturétu E. coli $inu dali$anos,
apstrade ar hidrodinamisko kavitaciju bija efektiva. 3 miniiSu apstrade 490 W/l rezima
samazinaja dalities sp&jigo E. coli koncentraciju par 75%, izveidojot lielu metaboliski aktivu
bet dalities nespgjigu E. coli populaciju. Sadi novérojumi aprakstiti jau ieprieks un dalgji tiek
izskaidroti ar strauju stresa stavokla iestasanos $tinam [14]. Kaut ari E. coli p&c apstrades ar
hidrodinamisko kavitaciju nebija sp€jigas dalities, tas saglabaja savu metabolisko aktivitati,

noradot uz atskirigo dzivotspé€jas stavoklu dazadiem neitraliz€Sanas mehanismiem.

Escherichia coli dzerama udens apgades sistémas un tas ietekme uz veselibu

Laboratorijas pétijumi par E. coli uzvedibu nonakot oligotrofa vide€ paradija, ka,
inokul&jot sistému ar lielu E. coli koncentraciju, vairak neka 90 % Stnu pirmajas 24 stundas
bija sastopamas tidens faze, tomér eksperimenta laika E. coli koncentracija tideni samazinajas
par 1 kartu un vienlaikus uzkrajas bioplévé. Sakotngji DVC un kultivgjamo E. coli
koncentracija bija vienada, tomér p&c 24 stundam tikai 10 % no dalities sp&jigam E. coli bija
kultivéjamas. P&c Cetram dienam reaktora netika konstatétas kultivéjamas E. coli, kamér
dalities sp€jigo Stnu koncentracija samazinajas tikai nedaudz un pat tika noverots neliels
augSanas atrums bioplévé (~ 0.03 h™), noradot uz biopléves analizu nozimigumu un tieo

identificéSanas metozu praktisko pielietojumu dzerama tidens kvalitates kontrole.
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Lauka pétijumi par VBNC E. coli sastopamibu neattirita un attirita tdeni paradija, ka
attirisanas process ir pietiekosi efektivs, lai samazinatu E. coli koncentraciju par 3 kartam.
Tikko attirita ident dalities sp&jigo E. coli koncentracija neparsniedza 0/1000 ml (2. tabula),
kas sakrita ar kultiv€Sanas metozu rezultatiem. FISH analizu rezultati tikla un, talit péc
attiriSanas paradija, ka Katrs divas nedglas vecas biopléves cm? satur vismaz 5 E. coli §tinas
(2. tabula) un, ka visi biopléves un 25 tidens paraugi bija E. coli pozitivi. No visam bioplevé
esosajam FISH pozitivajam E. coli sinam 53 % bija dalities sp&jigas. Taja pasa laika tident
identificgja tikai loti nelielu kultivéjamo E. coli skaitu, un no biopléves neizdalija nevienu
kultivéjamu E. coli.

2. tabula
Kopégja kultivéjamo, FISH pozitivo un dalities sp&jigo (DVC pozitivo) Escherichia coli

koncentracija biopléves un tidens paraugos.

Parauga Kultiv§jamas FISH pozitivas E.  DVC pozitivas E.
Parauga nemsSanas  veids*  E. coli, kvv/cm?  coli, $tinas/cm? coli, $tinas/cm?
vieta vai kvv/I** vai $tinas/| vai $tinas/|
S-RW U 26.74 n/d (2.52+0.17)*10°

B 0 4421 +34.72 1.99 +2.54
S-DW U 0 n/d 0

B 0 8.40 + 3.92 2.95+5.14
S-NET1 U 0 n/d 093 +1.61

B 0 111.58 £57.87 45.20 +30.25
S-NET2 U 0.13 n/d 9.30+4.13
G-RW U 30.24 n/d (2.99 + 0.94)*10°

B 0 9.39 +1.67 0.66 +0.85
G-DW U 0 n/d 1.01+1.75
G-DW* U 0 n/d 0

B 0 1444 £4.94 3.54+4.79
G-NET1 U 0.06 n/d 0.94 +£1.62

B 0 70.62 +19.97 84.75 £ 57.37
G-NET2 U 0.006 = 0.01 103.97 +20.05 52.41 £58.72

Noraditas vertibas ir vid€jais no skaits no ¢etriem paraugu ievaksSanas periodiem a standartnovirzi, kas
reprezente minimalo un maksimalo vertibu.

* U — iidens, B- biopléve

** Bjopléves paraugiem rezultats tiek izteikts ka kvv vai §inas uz cm? virsmas; dens paraugiem ki kvv vai
Stnas uz L Gdens.

N/D — netika noteikts

Pétijumi par E. coli koncentracijas izmainam virszemes un pazemes tideni paradija,
ka dzivotsp&jigo Siinu skaits pieaug palielinoties Tidens uzturé$anas laikam neatkarigi no
sezonas (2. tabula). Abiem udens veidiem, daudz izteiktaka skaita palielinasanas tika
novérota bioplévé nevis tidens fazé. Dzivotsp&jigo un kultivéjamo E. coli skaita korelacija
tdeni netika novérota, ka tas iepriekS aprakstits dabas tdeniem [12]. Augosas E. coli

koncentracijas dalgji izskaidrojamas ar to rezistenci pret dezinfekciju, nepietickamam aktiva
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dezinfektanta devam tikla un zemu pléséju daudzumu [37, 46]. Talaka So Stinu atdaliSanas no
biopléves [32] var€tu radit nevélamu ietekmi uz cilvéka veselibu, pasi gadijumos, ja VBNC
stavoklT atrodas ar patogénas E. coli [19].

Lai novértétu VBNC E. coli ietekmi uz cilvéku veselibu, QMRA analizes tika
veiktas Gdens paraugiem, kas ievakti tikla no G-NET2. Uznemto devu aprékinaja ka dalities
sp&jigo vai kultivejamo E. coli daudzumu, kas uznemts iedzerot. Tika veiktas simulacijas
diviem variantiem, pirmkart, ja visas uzskaititas Stinas ir augsti patogénas (infekcioza deva <
100 siinas), un otrkart, ja infekcioza deva ir augsta (> 10° Stinas). legitie aprékini paradija, ka
pirmaja gadijuma risks ir Joti augsts, un pat aprékinos izmantota kultivéjamo Siinu
koncentracija parsniedz pielaujamo risku par divam kartam. Otraja gadijuma, ja uzskaititas E.
coli nav izteikti patogénas, infic€Sanas risks no kultivéjamo $tinu koncentracijas ir zems, bet
nedaudz parsniedz pielaujamo normu dalities sp&jigo Sunu gadijuma. Ietekmes faktoru
analizes paradija, ka neatkarigi no izvéletas simulacijas, 95 % gadijumu iegiito rezultatu

ietekm@ $tinu vai kvv koncentracija, nevis uznemtais iidens daudzums.

Labilo organisko savienojumu ietekme uz Escherichia coli speju vairoties dzerama

iidens apgades sistemas

Promocijas darba 5. nodala tika analizéta viegli noardamo organisko savienojumu
ietekme uz dzerama tdens apgades tikla esoSam dzivotsp€jigam un kultivéjamam E. coli.
Koncentracijas izmainu novertésanai izvelgjas vietu Rigas tidensapgades tikla (G-NET2) ar
tidens uzturé$anas laiku vismaz 28 stundas, un augstako E. coli koncentraciju atbilstosi 4.
nodala iegltajiem rezultatiem. AtSkiriba no ieprieks€jiem pétijjumiem [2, 10, 37], netika
izmantotas iepriek$ mikrobiologiskajas barotn€s izolétas E. coli kultiras un veikta sist€émas
papildinasana ar E. coli $tinam.

Piecu nede]u koncentracijas izmainu noveroSana paradija, ka viens dzerama tidens ml
satur vid&ji vienu E. coli $tnu, un var sastadit 1idz pat 1 % no kopgja stnu skaita. Neskatoties
uz nedaudz palielinato E. coli koncentraciju reaktora izplud€, aprékinata atSkiriba nebija
butiska (P > 0.05).

E. coli koncentracijas izmainu novértésana biopléve paradija, ka visaugstaka E. coli
koncentracija ir sastopama péc 3 nedélam, kam seko talaka skaita samazinaSanas. Vidgji 58 +
23 % no visam bioplévé uzskaititajam E. coli bija dalities sp&jigas. Vienlaikus E. coli
koncentracija bioplévé neparsniedza 0.0047% no kopgja bakteriju skaita. Vidgja DVC

pozitivo E. coli skaita salidzinajums tris atseviskos pétijumos (atskirigos laikos) paradija, ka
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iegttais DVC pozitivo E. coli skaits butiski neatSkiras (P > 0.05), kas norada uz novérojuma
sistematiskumu un DVC-FISH metodes piemérotibu $adu p&tijumu veiksana.

Ta ka maksimala E. coli koncentracija tika novérota péc 3 nedelam, Sis atskaites
punkts tika izmantots talakajos pétijumos par labilo organisko savienojumu ietekmi. Tiklam
pievienoja divus reaktorus, kuros pirmajas tris nedélas netika novérotas butiskas atSkiribas
DVC pozitivo E. coli koncentracija (P = 0.16). Tad vienam no reaktoriem 14 dienas tika
dozets ultra-filtréts notekiidens (beigu AOC ~ 500 pgC/l). Doz€Sanas rezultata kop€jo
mikroorganismu skaits izpltidé un biopléve palielinajas tikai divas reizes un pavisam nedaudz
palielinajas dzivotspéjigo E. coli koncentracija biopléve (3.att. pa kreisi) (P > 0.05). Kontroles
reaktora (bez dozés$anas) nenovéroja kopéja E. coli skaita palielinaSanos, ka ar ieplides un

izplides Gidens analizes neuzradija E. coli augsanu.

1000 1000

—+— kortrole +— kontrale

—m— notekidens —m— dlikoze

100 1a0 A

Dalties spéigas E. coli sdnasi cm2
=

10

Dalties zp&&s E. coli #0nas/! om2

i 5 10 15 20 25 30 35
dienas dienas

0 5 10 15 20 25 30 35

3. attéls . Dalities sp&jigo (DVC pozitivo) E. coli koncentracija bioplévé divos identiskos
Propella™ reaktoros. Kontroles — nedozats reaktors (peleka Iinija) un reaktors, kam dozéts vai
nu notekiidens (pa kreisi) vai glikozes-salu skidums (pa labi). Vertikala melna linija
reprezenté dozeéSanas uzsaksanas bridi viena no reaktoriem. Standartnovirze reprezenté datu

izkliedi starp tris paraugiem.

Talakai viegli noardamo savienojumu ietekmes noveértéSanai tika uzstadita vél viena
reaktoru sist€éma un vienados apstaklos darbinata 3 ned€las. Tad vienam no reaktoriem tika
dozets sterils glikozes-salu skidums (beigu AOC ~ 500 pgC/1). Rezultati paradija, ka astonu
dienu laika kop€jais mikroorganismu skaits dozeéta reaktora bioplév€ un izplides tdeni
palielingjas par 1 kartu. Taja pasa laika dzivotsp&jigo E. coli koncentracija biopléve
palielinajas 6 reizes un pieauga dalisanas potencials (3. att. pa labi) (P < 0.05). Vienlaikus

koncentracijas pieaugums kontroles reaktora netika noveérots.
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Dzivotspgjigo E. coli koncentracija ar glikozi dozéta reaktora izplides tdeni
palielinajas par nepilnu vienu kartu (3. att. pa labi), tom&r visa sist€mas darbibas laika no

reaktora biopléves ar standarta kultivéSanas metodém netika izol&ta neviena E. coli.

SECINAJUMI

1. Kimiskas (hloréSana) un mehaniskas (kavitacija) dezinfekcijas metodes bija
pietiekosi efektivas, lai neitralizétu kultivéjamas E. coli $tinas. Lai pilniba neitralizetu Stnu
metabolisko aktivitati un daliSanas potencialu bija nepiecieSamas daudz augstakas aktiva
dezinfektanta devas. Noteiktas CT vértibas pilnigai E. coli neitraliz€8anai ar hloré$anu bija
lielakas par 1.0 mgCl/l min®, kas vismaz divas reizes parsniedz pielaujamas aktiva
dezinfektanta devas tidensapgades tikla.

2. Neatkarigi no dazadajiem neitraliz€Sanas atrumiem un devam hloréSanai,
elektrokimiskajai dezinfekcijai un hidrodinamiskajai kavitacijai, tika novérota vienada
neitraliz€Sanas tendence. Vispirms samazinajas Stnu kultiv§jamiba, p&c tam daliSanas
potencials un tikai tad Sinu metaboliska aktivitate, tapéc kultivésanas pielietojums
dezinfekcijas efektivitates novertéSana nevar biit uzskatams par pietiekosi reprezentativu.

3. Kaut arT tikai neliels daudzums kultivéjamu E. coli (0.13 kvv/l) ir sastopams
visiem standartiem atbilstoSas dzerama tidens apgades sistémas tideni un neviena biopleve,
tika noskaidrots, ka biopléve satur 1 — 50 dalities sp&jigas E. coli $iinas/cm? (~ 53% no kopgja
E. coli stnu skaita bioplévé) ar tendenci koncentracijai palielinaties pieaugot tdens
uzturéSanas laikam sist€éma neatkarigi no sezonas.

4. Lai gan aprékinatais inficé$anas risks no kultivejamam un dalities sp&jigam E.
coli dzeramaja Gdent nav liels, vid&jais ikgad€jais risks patérgjot dzivotsp&jigas E. coli Stnas
divas reizes parsniedza pielaujamo normu, noradot uz iesp&jamu inficé$anas risku lietojot E.
coli saturo$u dzeramo tdeni.

5. Labilo organisko savienojumu koncentracijas palielinasana dzeramajam tidenim
lidz koncentracijai, kas sastopama biologiski nestabila tideni, palielinaja dalities sp&jigo E.
coli koncentraciju biopléve sesas reizes, noradot uz E. coli sp&ju augt, mainoties baribas vielu

koncentracijai tiden.
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GENERAL DESCRIPTION

Introduction - topicality

Traditionally the occurrence of fecal indicator organism E. coli in the network is
linked to the recent pollution of source or ineffective treatment, thus, it is regarded as a
conservative tracer. However, occasionally this approach has not been able to explain
sporadic contamination cases of drinking water [15] and avoid waterborne outbreaks,
including several major ones [18]. The possible reasons for these failures are:

1) The presence of E. coli does not always correlate with other pathogens due to
their different rates of transport in aquatic environment and resistance to disinfection [1],

2) The probability of detecting microbial pollution by routine sampling (grab water
samples in several locations of water distribution networks) is estimated to be low [40] and

3) Some of E. coli could be injured or stressed and unable to reproduce on routine
growth media used for their detection [34]. The importance of this factor is the focus of this
Thesis.

Under the stress, such as low nutrient concentration and presence of oxidants (e.g.
chlorine) in the water, E. coli can attain a state of non-cultivability often referred as viable but
not culturable (VBNC) [26, 31] which is believed to be a survival strategy [29]. Additional
factor supporting their survival in drinking water systems is provided by the biofilm, where
these bacteria can be entrapped and protected from unfavorable conditions (disinfectant
residual or rapid changes in the system itself) and again show growth [4, 42]. Further their

discharge in the water, can then pose a health risk for the consumer [8].
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The objective and tasks

The overall objective of this thesis was to assess the significance of non-culturable
Escherichia coli in drinking water systems. The assessment was limited to answering to the
following questions:

(1) Is chemical and mechanical disinfection able to neutralize VBNC E. coli at the doses
permissible for drinking water treatment?
(2) Is E. coli accumulating the biofilm and can it act as a source of secondary contamination
of drinking water?
(3) Is E. coli able to multiply in biofilms of the drinking water distribution networks?
To answer the questions following tasks were defined:

1. To select and evaluate a molecular based method for enumeration of low number of
total and non-culturable E. coli in water and biofilm samples.

2. To test the effect of mechanical (hydrodynamic cavitation) and chemical
(chlorination) disinfection on the viability of E. coli in batch scale studies.

3. To monitor of E. coli concentration dynamics in full scale studies by analyzing
water concentrates and biofilm samples.

4. To determine the effect of addition of nutrients on the amount of E. coli in the

reactor which is connected to a water distribution network of a large city.

Scientific novelty and application

The true applicability of E. coli as an indicator of fecal pollution is under doubt for
many years [1]. Apart from existence of pathogenic strains (O157:H7) [15], it has been shown
that E. coli is able to survive in drinking water and can show growth in laboratory based
oligotrophic conditions [42].

This Thesis shows that low concentration of VBNC E. coli can be found in drinking
water distribution system meeting all standards and their concentration in the biofilm and the
water increase with water residence time in the network. Moreover, these bacteria found in
the network can show growth when opposed to more favorable conditions. Quantitative
microbial risk assessment (QMRA as a part of Water Safety Plans) [45] on the amount of
water based E. coli showed that VBNC forms contribute to much higher risk than traditionally
analyzed culturable cells.

At the moment all engineering calculations on disinfection effectivity are based on E.
coli ability to grow on nutrient rich media, however, the data obtained in this Thesis show that
much higher disinfectant concentrations are needed to fully inactivate E. coli (no signs of
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metabolic activity) and the inactivation mechanisms of multiple viability states (cultivability,

ability to divide and respire) are different.

The results of the thesis have been reported and discussed in 10 international
conferences:

e “l14th International Symposium on Health-Related Water Microbiology” in Tokyo,
Japan, 10-14 September, 2007.

e “Advances and applications of FISH technology: drinking water, environmental and
foodstuff analyses” in Latvia, Riga, 10-11 December 2007.

e “Water and Sanitation in International Development and Disaster Relief” in UK,
Edinburgh, 28-30 May, 2008.

e “Biofilms IlI: 3" International Conference” in Germany, Munich, 6 -8 October, 2008.

e “How dead is dead? Survival and final inactivation of microorganisms” in Germany,
Bochum, 12 March 20009.

e “Global Conference on Microbial Contaminants in Drinking Water” in Singapore, 5-7
October, 2009.

e “Water and wastewater treatment plants in towns and communities of the XXI
century: technologies, design & operation” in Russia, Moscow, 2-4 June, 2010.

e “Biofilms IV” in United Kingdom, Winchester, 1.-3. September, 2010.

e “Fecal Indicators: Problem or solution?” in United Kingdom, Edinburgh, 6-8 June,
2011.

e “How dead is dead II: The ins and outs of bacterial dormancy” in Germany, Tubingen

16-17 June, 2011.
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Scope of the work

The thesis consists of: General introduction, Background, General discussion,
General conclusions and 4 chapters with individual introduction, materials and methods,
results and discussion and conclusion parts. There are 152 pages with 276 references, 60
figure and 10 tables in the thesis.

Chapter 1 involves general literature review on issues regarding drinking water
quality, VBNC bacteria and vulnerability of engineering systems with respect to growth of
microbial pollution.

Chapter 2 “Assessment of Escherichia coli in different physiological states” involved
selection and evaluation of current molecular methods to rapidly and sensitively identify low
concentration of VBNC E. coli in water and biofilm samples.

Chapter 3 “Effectivity of chemical and mechanical disinfection on ability to
neutralize Escherichia coli” involved laboratory scale studies on the effectivity of three
disinfection methods (chlorination, electrochemical disinfection and hydrodynamic
cavitation) to neutralize E. coli in different viability states (metabolically active, able to divide
and culturable).

Chapter 4 “Fate of Escherichia coli in water distribution networks and health risks
associated with it” involved full scale environmental sample analyses from Riga drinking
water distribution system over a period of year to determine the occurrence of able to divide
and culturable E. coli in drinking water and biofilm. After quantitative microbial risk
assessment (QMRA) was performed to analyze the health risks from the concentrations of E.
coli found in the study.

Chapter 5 “The effect of addition of labile organic carbon on Escherichia coli ability
to divide in drinking water biofilms” involved full scale monitoring of E. coli concentration
changes in one place of the distribution system, followed by studies on the effect of supply of

labile organic carbon on E. coli ability to grow in biologically unstable water.
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BACKGROUND AND LITERATURE REVIEW

Despite of wide campaigns and regulations for drinking water quality improvement
and maintenance, many waterborne outbreaks are still registered annually [6, 24, 35] and are
the major cause of morbidity and mortality worldwide. It is estimated that around 1.8 million
people die each year from diarrheal diseases [3, 44].

The quality of drinking water in European Union is monitored according to The
Drinking Water Directive 98/83/EC [5, 27]. The regulations for monitoring and control of
microbiological parameters include regular control for presence of fecal indicator bacteria —
mainly E. coli. The amount of bacteria per 100 ml of drinking water should not exceed 0
colony forming units [27]. These bacteria are considered to indicate the potential presence of
pathogens in the environment, since detection and enumeration of all possible pathogens is
impossible [5, 21]. Traditionally the sampling of water is performed by grab sample technique
— 100 — 500 ml of water is taken from sites chosen by water supplier. It is accepted that
bacteria like Shigella spp., Salmonella spp., pathogenic E. coli enter the distribution system
through fecal contamination. However, occasionally the disease has been reported in well-
maintained systems too [11]. Environmental pathogenic bacteria or highly resistant protozoa
mostly do not correlate with the presence of commonly used drinking water indicators [1, 3],
the role of the biofilm as pathogen harbor is not taken into account, there is evidence that
some pathogenic or opportunistic pathogens like Pseudomonas spp., Mycobacter spp.,
Campylobacter spp., Legionella spp., Helicobacter pylori or Salmonella typhimurium can
multiply in the distribution network [25] and more often it is reported that these bacteria can
attain a state of non-cultivability or often referred as viable but not culturable state [29].
Moreover, it has been shown that fecal indicator - Escherichia coli can enter VBNC state in
natural water held at 4°C [26].

It is assumed that bacteria in VBNC state fail to grow on the routine bacteriological
media on which they would normally grow and develop into colonies, but are alive and
capable of renewed metabolic activity [28]. The VBNC state has been studied extensively and
there is abundant information about the physiology, biochemistry and genetics of such cells.
The significance in medicine, bioremediation and the use as fecal indicators is becoming
increasingly evident [28]. Despite the existence of VBNC state [2, 19, 30], there still is a lack
of evidence on the importance of those organisms on human health. However, if the VBNC
cells were able to become culturable again, i.e. underwent a process of resuscitation, their role
would be obvious [22, 28]. Until recently it was believed that E. coli does not survive in the

environment and do not grow in secondary habitats, such as water [12, 39]. However, studies
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have shown that E. coli is not only able to survive in oligotrophic conditions in a non-
culturable state [19], but also show growth [42].
To ensure safe drinking-water through good water supply practice World Health Organization
employs the introduction of Water Safety Plans which aim: 1) To prevent contamination of
source waters; 2) To treat the water to reduce or remove contamination that could be present
to the extent necessary to meet the water quality targets; and 3) To prevent re-contamination
during storage, distribution and handling of drinking-water [7]. The later factor is regarded as
especially important since it is estimated that, apart from ineffective treatment pathogens can
enter the distribution system via a variety of pathways (leaking pipes, cross-conections,
backflow improper treatment and maintenance works etc) and become entrained in the
biofilm for later release. It is estimated that the risk for pathogen intrusion increase with the
age of the distribution system, hydraulic fluctuations, pipe material and decline in biological
stability of water [9]. To assess the risks from microbial agents and define the statistical
probability of an infection QMRA with hazard identification, exposure assessment and dose-
response, risk characterization and risk management [23] is used.

However, if the actual behavior of E. coli is still not clearly understood, the measures
for safeguarding drinking water (e.g. in Water Safety Plan) may me inadequate, thus putting a
large number of water consumers under the risk. Moreover, since all engineering calculations
on water treatment (e.g. risk assessment for multibarrier treatment) and disinfection efficiency
(e.g. CT values in treatment or after repair works or installation of new pipes) are based on
results obtained by culture methods, the underestimation of disinfection efficiency is

probable.
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MATERIALS AND METHODS

To identify total and VBNC E. coli in drinking water and biofilm multiple viability
assays, e.g. cell membrane integrity (Live/Dead® BacLight staining), enzymatic activity
(esterase activity), respiratory activity (CTC staining), ability to divide (direct viable count),
were tested for their applicability and possibility to be combined with Fluorescent in situ
hybridization. The PNA probe used for specific identification of E. coli was chosen according
to Perry-O'Keefe et al [17, 33].

Laboratory scale studies involved batch experiments for disinfection experiments and
fully mixed reactor installation which was supplied with sterile, synthetic E. coli free water
and spiked with E. coli culture and run for several days (water retention time 16.7 hours,
velocity 0.1 m/s, temperature approx. 20°C). On a regular basis biofilm and water samples
were collected and analyzed for total E. coli concentration (FISH and PCR methods), viable
(DVC-FISH) and culturable cells (Membrane Filtration according to 1SO) [16, 27]. For total
population (TBN) monitoring ATP, AOC and DAPI staining was applied.

The effect of electrochemical disinfection on E. coli pure culture (~ 10° cells/ml) was
tested in a specially made electrolytic cell consisting of TinOz2n-1 containing ceramic anode with
an area 12.1 cm? and a cathode made of stainless steel, with a total surface area of 18 cm?. The
electrolysis process was carried out at, temperature 23 + 2 ° C, pH 7 and with variable current
intensity and treatment time. The concentration of chloride ions varied from 0 to 250 mg/l.
Similarly, all pure culture E. coli samples (~ 10° cells/ml) were processed with hydrodynamic
cavitation in a laboratory scale system, consisting of a reservoir (2 liters) and cavitation device
made from a plate in which a rotating disk was located. The disk was driven by the motor.
Treatment regimes differed for each experiment ranging from 0.14 W/cms (8.7 A, 220 V) to 0.49
W/cms (8.7 — 9.3 A, 220 V) and lasted from 3 till 9 minutes (depending on the moment when
temperature in sample holder exceeded or reached 38°C. Samples from both systems were further
analyzed with CTC staining, DVC-FISH and culture based assays.

Full scale studies involved seasonal environmental sample analyses with installation
of stainless steel coupon collectors into the raw water sources and drinking water supply
system (Fig. 1). Subsequently concentrated water samples [41] were collected from the same
places. The two week old biofilm and approximately 400 times concentrated water samples
were analyzed for TBN, heterorophic plate counts (HPC), total, viable and cultivable E. coli.
To assess the impact of viable E. coli concentration on human health QMRA was performed
and Monte Carlo simulations (Oracle© Crystal Ball) were used to determine the probable

daily and yearly risk.
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Figure 1. Riga drinking water distribution network with 12 biofilm and water sampling sites
including water before (G-RW — raw lake water; S-RW — raw surface water), during (S-OZ —
surface water after second ozonation, S-RF — surface water after first rapid filters, S-BF —
surface water after biofilters) and after treatment (S-DW - surface water after final
chlorination; G-DW - infiltrated groundwater after final chlorination) and in the network S-
NET1, S-NET2, G-NET1 and G-NET2. Numbers 1 and 2 indicate the residence time after

treatment — “1” having shorter residence time.

To monitor the concentration dynamics of E. coli a completely mixed reactor was
installed in a drinking water supply system (groundwater water source, residence time ~ 28h,
AOC ~100 pgC/1) in total 3 times and run for 5 weeks each. Overall population dynamics
(TBN, ATP) and E. coli concentration (FISH, DVC-FISH, cultivable cells) was monitored on
a weekly basis in the inlet and outlet waters and in the biofilm of the reactor. After, two
reactors were installed in parallel run for biofilm harbored E. coli concentration to reach the
maximum (as estimated previously) and then either ultrafiltrated wastewater (<100 cells/I; E.
coli free) or sterile glucose-salt solution was supplied to one of the reactors (final AOC ~ 500
ugC/1) for 14 or 8 days respectively. The monitoring of concentration dynamics in the inlet

and outlet water and in the biofilm was performed as previously for total bacteria and E. coli.
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RESULTS AND DISCUSSION

Assessment of Escherichia coli in different physiological states

When working according to The Drinking Water Directive 98/83/EC only culturable
E. coli are detected, however, to analyze total E. coli concentration and differentiate between
total, VBNC and culturable cells molecular methods must be employed.

In chapter 2 of the Thesis the applicability of Fluorescence in situ hybridization for
drinking water and biofilm samples was tested. The work included modification of the current
protocol for PNA probes [20, 33] to decrease the time necessary for analyses, minimize cell
loss and increase cell-to-noise ratio. The results showed that within 1.5 hours it is possible to
obtain samples with highly fluorescent E. coli. Despite high specificity and sensitivity, FISH
itself is not a cell viability marker, since nucleic acids can be present in dead cells for a long
period of time [38]. Thus, the applicability of FISH with currently available viability assays
was analyzed. The results indicated that the most reliable, robust and sensitive data were
obtained when Direct viable count method was used in combination with Fluorescnce in situ
hybridization (DVC-FISH). The fluorescent technique and microscopy analyses were

developed to the level that as few as 5 cells per sample could be detected.

Effectivity of chemical and mechanical disinfection on ability to neutralize Escherichia

coli

The final security barrier applied to treated water is disinfection. Maintenance of
residual disinfectant in the system is used to provide a safeguard against low-level
contamination and growth within the distribution system [11, 45]. At the moment all
engineering calculations on disinfection effectivity of drinking water are based on cell ability
to form colonies on nutrient rich media. Traditionally the fecal indicator E. coli is regarded as
relatively susceptible to disinfection and easily inactivated [43], however, the data on
disinfection effectivity of different viability states of this bacterium is limited.

In chapter 3 the effectivity of chemical and physical disinfection on different
viability states of E. coli were evaluated. The results showed that that no cultivable E. coli
were observed after 1 minute of exposure to 0.54 mg/l total chlorine, whereas about 15% of
metabolically active (CTC positive) cells were still detected at this exposure time.

The calculation of disinfection first order kinetic constant k (equal to chlorine

demand), showed that k values were 2.2, 2.3. and 13.6 min respectively for CTC, DVC, and

29



cultivable bacteria which corresponds to previously reported results for cultivable E. coli [13,
36].
Assuming that total chlorine concentration did not change over time CT values for

99% kill of E. coli were calculated (exponent n = 1). Results are shown in table 1.

Table 1

CT values for various viability states of E. coli to obtain 2-log (99%) kill.

Viability state CT value (mg/l min™)

Cultivability 0.27

Ability to divide (DVC 1.08

positive)

Metabolic activity 1.10

(respiration)

The comparison of the CT values for different viability states showed that to reduce
cell metabolic activity or ability to divide by the same log as cultivability 4 times higher CT
value is necessary.

To further investigate the disinfection mechanisms electrochemical disinfection was
applied to batch E. coli culture where during the process of electrolysis active disinfectant is
generated from ions naturally occurring in the water. The results showed that active
disinfectant can be generated even from low concentration of chlorine ions (concentrations
found in pristine waters). After the sample was exposed to 6.8 mg/l chlorine ion concentration
and treated with 0.002 A current intensity, cultivable and able to divide E. coli concentration
decreased rapidly following exponential decay rate (viz. first-order rate constant) and
estimated active chlorine concentration at the same time was around 0.5 mg/l. The rate of
decrease was similar for both cultivable and able-to-divide (DVC) E. coli (Fig. 2). After about
15 minutes of exposure no cultivable or able-to-divide E. coli were detected in the samples.
At the same time the respiratory ability of E. coli decreased with different trend: more rapidly
at the beginning and nearly stopped after 3 minutes of test — the phenomenon which would

require further investigation.
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Figure 2. Effect of treatment time on disinfection efficiency (concentrations of chlorine ions
6.8mg/I, current intensity 0.002 A, pH 7 + 0.2, t° =23 + 2°C).

From all disinfection techniques applied physical disinfection with hydrodynamic
cavitation showed to be the least efficient one, since the proportion of inactive — dead cells
increased for only 10% irrespective of the treatment regime applied. However, hydrodynamic
cavitation was very effective in stopping multiplication of E. coli. A treatment as short as 3
minutes with energy input of 490 W per liter was sufficient to reduce E. coli ability to divide
by 75%, resulting in a large metabolically active, but non-dividing population of the cells.
This condition already discussed in different studies [14], might be caused by rapid setting of
stress on the bacterial cells. Even though bacteria were not dividing they still possessed the
ability to continue to carry out respiratory process, thus, indicating on different inactivation

mechanisms for cultivability and metabolic activity.

Fate of Escherichia coliin water distribution networks and health risks associated with
it

Laboratory scale studies on behavior of E. coli when subjected to oligotrophic
conditions showed that when inoculated with high concentration of the cells during the first
day more than 90% of Escherichia coli remained suspended in water, however, throughout
the experiments the E. coli cell number in water decreased for 1 log and increased in the
biofilm. For the inoculated E. coli, DVC and CFU correlation was close to 100%. However,
after one day only 10% of DVC positive E. coli cells were cultivable. After 4 days no
culturable E. coli were detected in the reactor, at the same time the cells retained their ability

to divide and even show a low growth rate (~ 0.03 h™) at the expense of the biofilm,
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indicating the importance of biofilm analyses and application of direct methods in drinking
water quality control.

The analyses on the occurrence of VBNC E. coli in raw water and freshly treated
drinking water showed that the treatment process itself is effective enough to reduce the
concentration of E. coli for more than 3 log and no able to divide E. coli were found in water
samples just after the treatment (Table 2) which corresponded to the data obtained with
culture based assays. However, the results of FISH analyses in the supply system and just
after the treatment showed that each cm? of two week old biofilm contained a minimum of 5
E. coli cells (Table 2) and all biofilm and 25 of water samples were positive for E. coli. From
all FISH positive E. coli in the biofilm 53% of cells showed the ability to divide. At the same
time no culturable E. coli were detected in the biofilm and only trace amounts in the water.

Table 2.
Total cultivable, FISH positive and DVC positive (viable) Escherichia coli in the biofilm and

water samples.

Sample Cultivable FISH positive E. DVC positive E.

type* E. coli, cfu/cm?or  coli, cells/cm?or coli, cells/cm? or
Sampling site cfu/l** cells/I cells/|
S-RW W 26.74 n/d (2.52+£0.17)*10°

B 0 4421 £34.72 1.99 £2.54
S-DW w 0 n/d 0

B 0 8.40+3.92 295+5.14
S-NET1 W 0 n/d 093 t1.61

B 0 111.58 +£57.87 4520 +£30.25
S-NET2 W 0.13 n/d 9.30+4.13
G-RW W 30.24 n/d (2.99 + 0.94)*10°

B 0 9.39+1.67 0.66 £ 0.85
G-DW W 0 n/d 1.01 £1.75
G-DW* w 0 n/d 0

B 0 14.44 + 4.94 3.54+4.79
G-NET1 W 0.06 n/d 094 £1.62

B 0 70.62 £ 19.97 84.75 £ 57.37
G-NET2 W 0.006 £ 0.01 103.97 £20.05 52.41 £ 58.72

Values are the average for four seasons with standard deviation specified as a maximum and minimum
interval.
* W — water, B- biofilm
** For biofilm samples the results are represented as cfu or cells per cm?, for water samples — cfu or cells per
Liter of water.
N/D — not determined

The analyses on E. coli concentration changes showed that for both surface and
groundwater the amount of viable E. coli increased with increasing water residence time and
it happened irrespective of the season (Table 2). For both water types a more intense increase
in cell concentration was observed for biofilm samples. The concentration increase in water
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samples was less significant. There was no correlation between culturable and viable E. coli
numbers in drinking water, unlike previously observed for raw water samples [12]. The high
and increasing numbers of E. coli could be connected with their resistance to chlorine, low
chlorine levels at all in the network or low protozoan grazing [37, 46]. Subsequently their
release from biofilm by detachment [32] could have a serious effect on human health,
especially if VBNC forms of bacteria, including E. coli O157:H7 are present [19].

To assess the importance of VBNC E. coli on human health QMRA analyses were
performed for water samples in G-NET2 location. The estimated dose was determined as the
amount of able to divide or cultivable E. coli detected per volume of water consumed. Two
scenarios were simulated by assuming the case when all cells counted represent highly
pathogenic E. coli (infectious dose < 100 cells) and less pathogenic E. coli (infectious dose >
10° cells). The results showed that for the first case the risk is very high and even in the case
of cultivable cell concentration it is 2 log above the allowed threshold. The second
assumption involving less pathogenic E. coli showed the risk for cultivable counts to be very
low and slightly above the threshold for able to divide cells. Nevertheless, the sensitivity
analyses showed that more than 95% of the risk contributed to the amount of cells consumed

and the risk from able to divide cells exceeded the culturable proportion for 4 log.

The effect of addition of labile organic carbon on Escherichia coli ability to divide in

drinking water biofilms

In Chapter 5 it was investigated if addition of labile organic carbon at the levels
found in drinking water may change the concentration of both culturable and VBNC E. coli in
the biofilm. The site chosen for the concentration monitoring was in Riga drinking water
distribution network (G-NET2) with a water residence time of at least 28 hours and the
highest concentration of total and viable E. coli according to results obtained in Chapter 4. In
contrast to previous studies [2, 10, 37] E. coli used in these studies were not previously
isolated on culture media and no spiking of drinking water was performed.

The 5 week monitoring on E. coli concentration dynamics showed that on average
there is one E. coli cell for each milliliter of drinking water, representing up to 1% of total
population. Despite slight increase in the amount of E. coli leaving the reactor, the estimated
difference was not significant (P > 0.05).

The monitoring of biofilm showed that the highest total and able to divide E. coli
concentration in the biofilm is obtained after 3 weeks, then followed by a decrease. On

average 58 + 23% of the E. coli had the potential for dividing. At the same time the amount of
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E. coli in the biofilm never increased 0.0047 % from total bacterial numbers. The comparison
of mean DVC positive E. coli data obtained throughout 3 separate reactor installation periods
(5 week each) showed that no significant difference (P > 0.05) is observed in DVC positive
counts between each installation, showing that the observed trend is regular to the system and
the results obtained with DVC-FISH method are representative enough.

Since the observed maximum concentration of E. coli in the biofilm was after 3
weeks, this time was chosen as a time when supply of labile organic carbon to one of the
reactors was initiated. Prior monitoring showed that there is no significant difference between
the reactors (P = 0.16) with respect to E. coli. When ultrafiltrated wastewater was supplied
(final AOC ~ 500 pgC/l) the observed increase in total bacterial counts in the biofilm and
outlet water was only two times and only slight increase in viable E. coli in the biofilm was
observed (Fig. 3. right) (P > 0.05). In the control unsupplied reactor no increase in total E. coli
counts was observed with a 20% increase in DVC positive cells. In the mean time the inlet
and outlet water analyses showed no growth of E. coli in the reactor.

Another setup with the supply of glucose (final AOC ~ 500 pgC/1) increased the
amount of total bacterial counts in the biofilm and outlet water for more than 1 log after 8
days. During this time the amount of viable E. coli in the biofilm increased 6 times and
showed a distinct trend of increasing potential for dividing (Fig. 3 left) (P < 0.05). At the
same time no increase in the amount of viable E. coli was observed for control — not supplied

reactor.

1000 -

1000 -

—#— Control —o— Control

—— Glucose

—— Wastewater
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o

Viable E. coli cells fcm?
Viable E.coli cells/cm?

0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
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Figure 3. Concentration of able to divide (DVC positive) E. coli in the biofilm of two
identical Propella™ reactors. Control reactor represents the unsupplied (grey) and the
supplied reactor is represented as either wastewater (left) or glucose-salt solution (right).
Vertical black line represents the moment of the initiation of supply to one of the reactors.

The standard deviation represents the dispersion of the results of three repetitions.
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The amount of viable E. coli in the outlet water of supplied reactor increased for
almost 1 log, indicating the growth of E. coli (Fig. 3. right), however, at the same time when
using standard culture based assays no culturable E. coli from the biofilm during 8 days of

glucose-salt solution dosage was collected.

CONCLUSIONS

1. Chemical (chlorination) and mechanical (cavitation) disinfection techniques
showed to be effective to neutralize cultivable, E. coli. To fully inactivate cell metabolic
activity or ability to divide much higher concentrations of disinfection agent are necessary.
The estimated CT value for full inactivation of E. coli was more than 1.0 mg/l min™* which at
least 2 times exceeds the permissible concentration of residual disinfectant in the distribution
system.

2. Apart from the different inactivation rates for chlorination, electrochemical
disinfection and hydrodynamic cavitation the overall neutralization trend was observed in the
following order: cultivability > ability to divide > metabolic activity (respiration). Thus, the
application of cultivation methods showed to be not representative enough for disinfection
effectivity.

3. Even if only traces of culturable (max 0.13 CFU/I) cells were detected in drinking
water meeting current microbiological quality standards and none in the biofilm in the
distribution system, biofilm contained able to divide E. coli (1 — 50 cells/cm?, representing
53% from total E. coli) with the increasing concentration further in the network irrespective
of the sampling period.

4. Even if the estimated health risk from concentrations of culturable E. coli in the
water of the distribution system is low, the average yearly risk from viable E. coli exceeded
the accepted threshold for more than 2 times indicating a possible human health risk with
respect to E. coli from consumption of drinking water.

5. The supply of labile organic carbon to E. coli found in biofilm of drinking water
distribution system increased the concentration of viable E. coli for more than 6 times

indicating on the growth of E. coli in biologically unstable water.
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kvantitativa mikrobiologiska riska
novertesana

Ribosomala ribonukleinskabe

virszemes tidens péc biofiltriem
attirits virszemes tidens péc pedgjas
hlorg$anas

attirits virszemes tidens no dzerama udens
apgades sist€émas

virszemes tidens p&c otras ozon&Sanas
virszemes tidens péc pirmajiem atrfiltriem
neattirits virszemes tidens

kopgjais mikroorganismu skaits

dzivotspgjigs bet nekultivejams
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